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It is well established that prokaryotes and eukaryotes alike utilize phosphotransfer to regulate cellular
functions. One method by which this occurs is via eukaryote-like serine/threonine kinase (ESTK)- and
phosphatase (ESTP)-regulated pathways. The role of these enzymes in Staphylococcus aureus has not yet been
examined. This resilient organism is a common cause of hospital-acquired and community-associated infec-
tions, infecting immunocompromised and immunocompetent hosts alike. In this study, we have characterized
a major functional ESTK (STK) and ESTP (STP) in S. aureus and found them to be critical modulators of cell
wall structure and susceptibility to cell wall-acting 3-lactam antibiotics. By utilizing gene knockout strategies,
we created S. aureus N315 mutants lacking STP and/or STK. The strain lacking both STP and STK displayed
notable cell division defects, including multiple and incomplete septa, bulging, and irregular cell size, as
observed by transmission electron microscopy. Mutants lacking STP alone displayed thickened cell walls and
increased resistance to the peptidoglycan-targeting glycylglycine endopeptidase lysostaphin, compared to the
wild type. Additionally, mutant strains lacking STK or both STK and STP displayed increased sensitivity to cell
wall-acting cephalosporin and carbapenem antibiotics. Together, these results indicate that S. aureus STK- and
STP-mediated reversible phosphorylation reactions play a critical role in proper cell wall architecture, and
thus the modulation of antimicrobial resistance, in S. aureus.

Staphylococcus aureus constitutes a major public health
threat, as it is the most common hospital-associated pathogen
in the world and its prevalence in community-acquired infec-
tions is on the rise (18). This gram-positive coccus is armed
with a wide variety of virulence factors that contribute to dis-
eases ranging from mild food poisoning, skin lesions, and boils
to severe and often fatal endocarditis, osteomyelitis, pneumo-
nia, and toxic shock syndrome (28). Staphylococci are known
for their evolving mechanisms of antimicrobial resistance,
which have resulted in the spread of methicillin-resistant and
even vancomycin-resistant S. aureus, severely limiting treat-
ment options for those infected (41). The signaling cascades
which enable the staphylococcus to evolve such resistance
mechanisms and cause infection remain a major field of study.

A recent comparative analysis of several prokaryotic ge-
nomes suggests that one-component regulatory systems (in
contrast to the conventional paradigm of two-component reg-
ulatory systems) are, in fact, the most abundant signaling sys-
tems in prokaryotes (43). These one-component systems in-
clude eukaryote-like serine/threonine kinases (ESTKs) and
phosphatases (ESTPs), which have emerged as critical signal-
ing molecules in prokaryotes over the past decade (5). Since
the first characterization of an ESTK in soil bacteria (Myxo-
coccus xanthus [34]), similar ESTKs have been reported in
several gram-negative and -positive bacteria, including Pseudo-
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monas aeruginosa (32, 33), Streptococcus agalactiae (39), S.
pneumoniae (14, 35), S. pyogenes (22), Bacillus subtilis (30), and
S. mutans (21), as well as Mycobacterium tuberculosis (reviewed
in reference 3). These enzymes have been implicated in various
steps of bacterial pathogenesis. More specifically, ESTKs are
critical for colonization of the host and establishment of infec-
tion, as they have been shown to affect the abilities of bacteria
to replicate (23, 42), adhere to host cells (22), form biofilms
(21), and cause disease (14, 39, 47).

Currently, no information is available on the role of ESTK-
mediated signaling in S. aureus. In the present investigation,
based on a genome-wide BlastP search, we have identified the
presence of a major putative ESTK (designated STK) and its
cotranscribing ESTP (designated STP) in methicillin-resistant
S. aureus strain N315. We have further characterized the bio-
chemical properties of STK and STP and found them to be
critical modulators of cell wall structure and hence resistance
to specific cell wall-acting B-lactam antibiotics.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are shown in Table 1. Wild-type S. aureus N315 and derived
mutant strains were grown in tryptic soy broth (TSB) or on tryptic soy agar (TSA)
(BD Diagnostic Systems). The media were supplemented with 10 pg/ml chlor-
amphenicol, 12 pg/ml tetracycline, 5 pg/ml erythromycin, 250 pg/ml X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside), and/or 1.5 pg/ml anhy-
drotetracycline (Clontech) where indicated. Escherichia coli strains DHSa, XL~
1-Blue, and BL21(DE3)pLysS were all grown in Luria-Bertani broth or agar (BD
Diagnostic Systems) supplemented with 50 pg/ml carbenicillin or 100 pg/ml
ampicillin where indicated. All bacterial strains were grown at 37°C unless
otherwise stated.

Cotranscription assay. Total RNA was isolated from mid-log phase (optical
density at 600 nm = 0.6) cultures of strain N315 grown in TSB using Qiagen’s
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TABLE 1. Plasmids and strains used in this study

Plasmid or strain Description Source or reference
Plasmids
pET14B N-terminally His-tagged expression vector Novagen
pET14B-STP pET14B containing entire SA1062 gene This study
pET14B-STK pET14B containing entire SA1063 gene This study
pMAD E. coli-S. aureus shuttle vector for gene inactivation 2
pDC123 Source of chloramphenicol acetyltransferase resistance gene (chl) 8
pMADASTKchl pMAD containing up- and downstream regions of SA1063 flanking chl This study
pKOR1 E. coli-S. aureus shuttle vector with ccdB selection and lambda recombination capabilities 4
pKORIASTP pKORI containing up- and downstream regions of SA1062 This study
pKORIASTP/STK pKORI containing regions upstream of SA1062 and downstream of SA1063 This study
pCN36 Source of fet(M) gene for tetracycline resistance 9
pCN40 E. coli-S. aureus shuttle vector 9
pCN40tet pCN40 with ermC gene replaced with tet(M) from pCN36 This study
pCN40tet-STP pCN40tet containing entire SA1062 gene and putative promoter upstream This study
pCN40tet-STK pCN40tet containing entire SA1063 gene and putative promoter upstream of SA1062 This study
pCN40tet-STPSTK pCN40tet containing overlapping SA1062 and SA1063 genes and putative promoter This study
upstream of SA1062
E. coli strains
XL-1-Blue endAI gyrA96(Nal") thi-1 recAI relAl lac ginV44 [F'::Tnl0 proAB™ lacl® A(lacZ)M15] Stratagene
hsdR17(ry~ mg ")
DH5a Subcloning efficiency F~ $80dlacZAM15 N(lacZYA-argF)U169 recAl endAl hsdR17 Invitrogen
(rg~ mg ") phoA supE44 N~ thi-1 gyrA96 relAl
BL21(DE3)pLysS F~ ompT hsdSg(rg~ mg~) gal dem(DE3)pLysS (Cam") Invitrogen
S. aureus strains
RN4220 Restriction-deficient derivative of NCTC 8325-4 24
N315 Methicillin-resistant S. aureus parent strain 26
N315ASTP N315 lacking SA1062 This study
N315ASTK N315 lacking SA1063 This study
N315ASTP/STK N315 lacking both SA1062 and SA1063 This study
N315pCN40tet N315 containing pCN40tet (vector-only control) This study
N315ASTPOSTP Complemented N315ASTP strain containing pCN40tet-STP This study
N315ASTKQOSTK Complemented N315ASTK strain containing pCN40tet-STK This study
N315ASTP/STKOSTP/STK  Complemented N315ASTP/STK strain containing pCN40tet-STPSTK This study

RNeasy Mini Kit and subjected to on-column DNA digestion using Qiagen’s
RNase-free DNase set. A 2.5-ug sample of this RNA was used to create cDNA
using Superscript RTII (Invitrogen) in accordance with the manufacturer’s in-
structions. An identical reaction was performed without reverse transcriptase
(RT) as a negative control. cDNA with or without RT and genomic DNA
(gDNA) were used as templates in PCRs using primer sets specific for the
overlapping (#108/#109) and outermost regions of stp and stk (#44/#107 and
#110/#46), as shown in Fig. 1A.

Production of rSTP and rSTK. Primer sets STP-F/STP-R and STK-F/STK-R
were used to create 744-bp and 1,995-bp fragments, respectively, encoding
SA1062 (stp) and SA1063 (stk) from S. aureus N315 gDNA. These fragments
were inserted separately into the multiple cloning site of His-tagged expression
vector pET14B (Novagen) to create pET14B-STP and pET14B-STK. Expression
of recombinant His-tagged STK and STP was induced in E. coli BL21 for 4 h by
the addition of 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). Recombi-
nant STK (rSTK) and rSTP were purified from the respective cell lysates by
denaturing and nondenaturing methods, respectively, using Ni-nitrilotriacetic
acid column chromatography as recommended in the manufacturer’s instructions
(Qiagen). rSTK was further purified by fast protein liquid chromatography using
a Superdex 200 HR 10/30 column. Eluted proteins were dialyzed overnight
against 25 mM Tris/HCI buffer, pH 8.

In vitro kinase assays. Briefly, 0.5 ug rSTK and/or 1 wg myelin basic protein
(MBP) were incubated separately (control reactions) and in the indicated com-
binations with 1 pCi [y-*P]ATP in 40 pl of kinase buffer (50 mM Tris/HCI [pH
7.5], 1 mM dithiothreitol, 10 mM MgCl, or MnCl,) in the absence or presence
of 1 wg rSTP for up to 30 min at room temperature, as described previously (22).
Phosphorylated and dephosphorylated proteins were resolved by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and identified
by autoradiography.

Thin-layer chromatography. Sites of STK-mediated autophosphorylation and
phosphorylation of MBP were measured essentially as described previously (22).

Briefly, phosphorylated protein bands resolved by SDS-PAGE were excised and
subjected to 6 M HCI hydrolysis at 110°C for 6 h, followed by two-dimensional
thin-layer chromatography using isobutyric acid-NH,OH for the 12-h first-di-
mension run and 2-propanol-HCI-H,O for the 8-h second-dimension run. Phos-
phoamino acid standards were run along with the hydrolyzed proteins. Radio-

A. 44> €107 108> <109

110> €46
[ SA7062 } SA1063
(744bp) (1995bp)
...ggtgataaagtATGAtaggtaaaa...
B- Template: cDNA gDNA cDNA -RT
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300bp—

FIG. 1. stp and stk are cotranscribed. (A) Schematic of overlapping pat-
tern of SA1062 (stp) and SA1063 (stk) and primer annealing sites. The
four-nucleotide overlap is in bold. The stop codon for SA1062 is underlined.
Primer binding sites are indicated by arrows. (B) Results of PCRs using
cDNA, gDNA, or cDNA reaction mixtures lacking RT as templates. Lanes 1,
4, and 7 were performed using primer set 44/107; lanes 2, 5, and 8 utilized
108/109; and lanes 3, 6, and 9 utilized 110/46, annealing on flanking or
overlapping regions of stp/stk as indicated in panel A.
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TABLE 2. Primers used in this study

Use and name

Sequence (5" — 3')*

Restriction site

Cotranscription assay

#44 GCCATGTTAACTTAATTCCTGTCAACC
#107 CGCAACCAATTTTCAGCTTGATG
#108 ACAGATAAACGTGTGAGTCCAGA
#109 CTTCTTCATCAACATCGATCATACTTAC
#110 GAATCGGTAGATGTACCATACACTG
#46 TCGACCTGTCTTCAAAATGGCA
Recombinant proteins
STP-F CTACGGCCATATGCTAGAGGCACAATTTTTTACTGATACTGGAC Ndel
STP-R CCGCGGATCCTCATACTTTATCACCTTCAATAGCCG BamHI
STK-F CTACGGCCATATGATAGGTAAAATAATAAATGAACG Ndel
STK-R CCGCGGATCCTTAAACATCATCATAGCTGACTTCTTTTTC BamHI
Deletion strains
AF GCGGATCCCATAAAGCAGGAGAAGTTGCAAG BamHI
AR CTAGCTAGCTCATACTTTATCACCTTCAATAGC Nhel
BF CTAGCTAGCAATTGAAGTAAATGTACCGAGG Nhel
BR TGCCATGGCACTTACCGACACTGATTGACCAC Ncol
catF CGGCTAGCCGTTGACTTTTAAAAAAGGATTGATTC Nhel
catR CGGCTAGCCTTATAAAAGCCAGTCATTAGGC Nhel
#33 GGGGACCACTTTGTACAAGAAAGCTGGGTGAAACAGATTTTTGAATGGTT
ATATCAA
#34 GTTTCACCGCGGGTTTCTACTTGTCGTTCCTTTGC Sacll
#58 GTTTCACCGCGGAGTATGATAGGTAAAATAATAAATG Sacll
#59 GGGGACAAGTTTGTACAAAAAAGCAGGCTCTGGCTTTTGGAATTGCTGATG
ATGAG
#35 GTTTCACCGCGGATAATTGAAGTAAATGTACCGAG Sacll
#36 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATATCGATTTAATTCAAGAA
Complementation
#73 CGCGGATCCCTTGTGGTCAATTAAGAGCA BamHI
#65 CCGGAATTCTCATACTTTATCACCTTCAATAG EcoRI
#66 CCGGAATTCTTAAATATCATCATAGCTGACTTC EcoRI
#87 CTACGGCCATATGTTGTCTTTACCTCGTTTCTACTTGTCG Ndel
#88 CTACGGCCATATGATGATAGGTAAAATAATAAATGAACG Ndel

“ Restriction sites are in bold, and att recombination sites are in italics.

active spots of the hydrolysates were visualized by autoradiography, while
phosphoamino acid standards were visualized by ninhydrin staining. Specific
phosphorylated amino acids were identified by aligning the autoradiograph with
the stained standards.

Construction of N315ASTK. Primer sets AF/AR and BF/BR were used to
amplify approximately 600 bp upstream and 750 bp downstream of SA1063 (stk).
These primers were designed to keep the cotranscribing SA1062 sequence intact,
including the stop codon-containing four overlapping nucleotides at its 3’ end.
Similarly, primer set catF/catR was used to amplify the 743-bp chloramphenicol
acetyltransferase (car) gene and its promoter from pDC123 (8). These fragments
were digested with the appropriate enzymes (Table 2) and sequentially inserted
into the multiple cloning site of the temperature-sensitive vector pMAD (2) to
create pMADASTKchI such that the car gene was flanked by upstream and
downstream regions of SA1063. This plasmid was passed through S. aureus strain
RN4220 and electroporated into S. aureus strain N315 to create S. aureus strain
N315ASA1063 as described previously (2). The resultant mutant was selected on
TSA containing chloramphenicol and confirmed by PCR, gDNA sequencing, and
Western blotting.

Construction of N315ASTP and N315ASTP/STK. Both mutant strains
N315ASTP and N315ASTP/STK were created by using plasmid pKOR1 (4).
Primer sets #33/#34, #58/#59, and #35/#36 were used to amplify approxi-
mately 1 kb upstream of SA1062, 1 kb downstream of SA1062, and 1 kb down-
stream of SA1063, respectively. The resulting gene products were subjected to
SaclI (New England BioLabs) digestion and ligated (Epicentre Biotechnologies
Fast-Link DNA ligation kit) such that two fragments containing ligated up- and
downstream regions of SA1062 and SA1062-SA1063 were created. The ligation
products were used as templates in two PCRs using primer sets #33/#59 and
#33/#36. Respective PCR products were then inserted separately into temper-
ature-sensitive plasmid pKORI1 by using BP Clonase (Invitrogen Gateway Clo-

nase System). These plasmids were then transformed into E. coli DH5«, verified
by DNA sequencing, passed through S. aureus strain RN4220, and ultimately
electroporated separately into strain N315 for allelic replacement as described
previously (4). Final selection of colonies was made on TSA containing anhy-
drotetracycline. A single chloramphenicol-sensitive transformant was identified
for each strain, and the appropriate deletions were confirmed by PCR, gDNA
sequencing, and Western blotting.

Complementation of mutants with SA1062 and/or SA1063. To enable selection
in erythromycin-resistant S. aureus strain N315, the erythromycin resistance
cassette (ermC) from pCN40 was replaced with the tetracycline resistance cas-
sette [tet(M)] from pCN36 (9) to create pCN40tet. The sequence and location of
the endogenous promoter which facilitates stp and stk transcription in S. aureus
are not known. pCN40 contains the endogenous S. aureus B-lactamase promoter
module immediately upstream of its multiple cloning site (9). In addition to this,
a 53-bp DNA fragment (nucleotides 1201589 to 1201642, located directly up-
stream of cotranscribing SA1062-SA1063 [stp-stk]) was included in frame and
upstream of stp and/or stk to include the endogenous ribosomal binding site in all
complementation constructs (20). To create the appropriate constructs, primer
set #73/#65 was used to amplify SA1062, including the upstream region, to
create pCN40tet-STP. In the same manner, primer set #73/#66 was used to
create pCN40tetSTP/STK, again including the upstream region. Similarly,
primer sets #73/#87 and #88/#66 were used to amplify SA1063 and its upstream
region. These fragments were ligated together after digestion with Ndel and
inserted into the complementation vector to create pCN40tet-STK. All comple-
mentation plasmids were passed through S. aureus strain RN4220 before being
inserted into their respective mutants and verified by sequencing and Western
blotting.

Western blotting. Proteins in total cell lysates of N315, N315ASTP,
N315ASTK, and N315ASTP/STK and their corresponding complemented strains
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were resolved by 12% SDS-PAGE under reducing conditions and transferred to
polyvinylidene difluoride membranes (Bio-Rad). Antisera against rSTP and
rSTK were custom made by Lampire Biologicals using a 50-day express-line
rabbit protocol. These antisera were used to reveal the presence or absence of
STK and STP in the appropriate lysates. As a control, N315 total lysates were
also probed with prebleed serum obtained prior to immunization of the rabbits
with rSTP or rSTK.

Microscopy. Stationary-phase cultures of S. aureus N315 (control) and each
mutant strain grown in TSB were fixed overnight at 4°C in 0.1 M cacodylate
buffer (pH 7.4) containing 2.5% glutaraldehyde and 4% paraformaldehyde.
Fixed cells were washed and embedded in 2% low-temperature-gelling agarose,
cut into blocks, and postfixed in 1% osmium tetroxide. Blocks were then rinsed
in water and stained in 1% uranyl acetate before being subjected to multiwash
dehydration using increasing (50 to 100%) concentrations of ethanol. This was
followed by propylene oxide, 1:1 propylene oxide-Eponate 12 resin, 1:2 pro-
pylene oxide-resin, and 100% resin washes. Blocks were then sectioned, stained
in 2% uranyl acetate and Reynolds lead citrate, and viewed with an FEI Tecnai
G2 Spirit transmission electron microscope (TEM). All procedures subsequent
to fixing were performed at the Campus Microscopy and Imaging Facility at The
Ohio State University.

Lysostaphin susceptibility assays. Lysostaphin susceptibility assays were per-
formed similarly to those described previously (16). Overnight cultures of S.
aureus N315 (control), N315ASTP, N315ASTK, N315ASTP/STK, and the corre-
sponding complemented strains were pelleted, washed once in lysostaphin buffer
(20 mM Tris/HCI [pH 7], 150 mM NaCl, 1 mM EDTA), and resuspended in fresh
buffer to the original culture volume. Lysostaphin (Sigma) was added to each
culture at a final concentration of 0.5 pg/ml. The optical density at 600 nm of
each culture was read (BMG POLARstar Galaxy) at the indicated time points
and plotted as a percentage of the initial reading, which was set at 100% and 0
min. As a negative control and to measure autolysis, lysostaphin buffer alone
(without lysostaphin) was used in identical assays. P values were determined by
using Student’s unpaired ¢ test, and significance was defined as P < 0.05.

Antibiotic susceptibility assays. The MICs, in micrograms per milliliter, of
various antimicrobial agents for each S. aureus isolate were initially determined
by using the MicroScan WalkAway system (Siemens Healthcare Diagnostics).
MicroScan is an automated, commercially available system for rapid identifica-
tion and susceptibility testing of gram-negative and -positive bacteria. Identifi-
cation to the species level was performed by using the Gram-Positive ID/AST
Combo PC29 panel. The MIC determination and quality control protocols used
were in accordance with standards established by the Clinical and Laboratory
Standards Institute (formerly the National Committee for Clinical Laboratory
Standards) (10). MicroScan was performed at the Clinical Microbiology Facility
at The Ohio State University Medical Center. Where indicated, MICs for the
wild-type, mutant, and corresponding complemented mutant strains were deter-
mined by using Etest strips (AB Biodisk) on triplicate samples in accordance with
the manufacturer’s instructions.

RESULTS

Presence of cotranscribing ESTP and ESTK in the S. aureus
genome. Genome analysis (BlastP; NCBI) of methicillin-resis-
tant and vancomycin-sensitive S. aureus strain N315 revealed
the presence of SA1062 and SA1063, which encode a putative
744-bp, 247-amino-acid ESTP (possessing protein phosphatase
2C-specific motifs I to XI [6]) and a 1,995-bp, 664-amino-acid
ESTK (possessing a complete set of STK-specific Hanks motifs
I to XTI [19]), respectively. These genes are predicted to be
cotranscribed based on four overlapping nucleotides (ATGA)
at the junction of their 3" and 5" ends (Fig. 1A). This overlap-
ping pattern and the sequences of both genes are 100% con-
served in all of the methicillin-sensitive and -resistant staphy-
lococcal genomes we examined (Mu50, MW2, N315, RF122,
COL, MRSA252, MSSA476, USA300, and NCTC8325) and
are similar to those of many other gram-positive pathogens
(see the supplemental material to reference 22). Further se-
quence analysis also supported the putative cotranscribing na-
ture of these genes by revealing the presence a typical 13-nucleotide
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staphylococcal stem and 6-nucleotide loop transcriptional termina-
tor (7, 13) downstream of SA1063 but not of SA1062.

To investigate the cotranscribing nature of these two genes,
we performed RT-PCR assays using cDNA or gDNA tem-
plates and stp-stk overlapping-region (#108/#109)-specific and
flanking-region (#44/#107 and #110/#46)-specific primer sets
(annealing sites in Fig. 1A). Flanking region-specific primers
only produced amplicons when gDNA (Fig. 1B, lanes 4 and 6),
but not cDNA (Fig. 1B, lanes 1 and 3), was used as a template,
while overlapping-region-specific primers produced amplicons
when both cDNA and gDNA were used as a template (Fig. 1B,
lanes 2 and 5). This, together with the absence of PCR prod-
ucts in reactions lacking RT and cDNA as a template (Fig. 1B,
lanes 7 to 9) confirmed that SA1062 and SA1063 are encoded
on a common RNA transcript.

STK and STP are functional proteins. To determine bio-
chemical and biological functions of S. aureus STP and STK,
we cloned SA1062 and SA1063, produced purified recombi-
nant proteins (rSTP and rSTK), and examined their roles in in
vitro phosphorylation reactions.

rSTK autophosphorylated and catalyzed phosphotransfer to
a nonspecific model substrate, MBP (Fig. 2A). Addition of
rSTP to the kinase reaction mixture resulted in dephosphory-
lation of both autophosphorylated STK and STK-phosphory-
lated MBP, indicating that both rSTK and rSTP are function-
ally active. STK autophosphorylation occurred in time- and
dose-dependent manners (Fig. 2B) and occurred most effi-
ciently when Mg** was replaced with Mn?* as the sole cation,
suggesting that S. aureus STK-mediated phosphorylation fa-
vors manganese as a cofactor. To further determine phosphor-
ylation specificity, we performed two-dimensional thin-layer
chromatography with acid hydrolysates of autophosphorylated
rSTK and phosphorylated MBP. Alignment of radioactive
phosphorylated amino acid spots that migrated from the hy-
drolysates of autophosphorylated STK (Fig. 2C) and phosphor-
ylated MBP (data not shown) with the ninhydrin-stained phos-
phothreonine standard (Fig. 2C) revealed that S. aureus STK
specifically targets threonine residues in its substrate(s).

Creation and confirmation of N315ASTP, N315ASTK, and
N315ASTP/STK. To study the contributions of STK-mediated
kinase and STP-mediated phosphatase activities in staphy-
lococcal biology, we created three mutant strains lacking
stp (N315ASTP), stk (N315ASTK), or both stp and stk
(N315ASTP/STK). We also validated their functional proper-
ties by using corresponding complemented strains (N315pCN40tet,
N315ASTPOSTP, N315ASTKOSTK, and N315ASTP/STKOSTP/
STK). As shown in Fig. 3A, PCR analysis using primers specific
for stp (STP-F/STP-R) and stk (STK-F/STK-R) confirmed the
absence of the appropriate genes in each deletion strain. Ad-
ditionally, Western blot analysis of total bacterial lysates from
each strain probed with anti-rSTP (Fig. 3B, top) or anti-rSTK
serum (Fig. 3B, bottom) revealed distinct antibody-reacting
bands corresponding to STP (~32 kDa) and STK (~77 kDa)
in the wild-type strain, all complemented strains, and the ap-
propriate mutants. To express the missing gene products in the
mutant strains, pCN40 vectors containing an S. aureus B-lac-
tamase promoter (PblaZ) and the appropriate wild-type gene
were used. Thus, the relatively lower expression level of STP in
the corresponding complemented strain compared to the wild
type is likely due to the use of PblaZ instead of its native
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FIG. 2. Autoradiographs of in vitro kinase reactions. (A) Purified rSTK was incubated in kinase buffer with [y->*P]JATP and Mn”* alone and
in the presence of MBP and rSTP as indicated. Proteins were resolved by SDS-PAGE and visualized by autoradiography. Shown are representative
autoradiographs. (B) Increasing amounts of purified rSTK were added to separate kinase reaction mixtures to observe the dose-dependent effect.
One microgram of rSTK was used for the time course and cation dependency experiments, where minutes and cations are shown above the
autoradiographs. (C) Thin-layer chromatography results showing phosphoamino acid standards stained with ninhydrin (left) and autophospho-
rylated rSTK hydrolysis products revealed by autoradiography (right). The first and second dimensions are indicated by arrows.

promoter, which has not been identified. As described below,
the amount of STK and/or STP expressed in the comple-
mented strains seemed to be sufficient to regain the function-
ality of the wild-type strain. Importantly, the presence of an
STP-reacting band in N315ASTK (Fig. 3B, lane 3) and an
STK-reacting band in N315ASTP (Fig. 3B, lane 2) indicated
that the deletion strategies used left the stp transcript stable in
the absence of stk and had no polar effects on the stk transcript
in the absence of stp.

To determine the function of STK and STP in S. aureus
growth, the isogenic mutant strains were grown on TSA blood
agar plates and their colony morphology and hemolytic pat-
terns were compared to those of the parent N315 strain. We
did not observe any obvious differences among the four strains
in these assays. Additionally, the growth curves of all mutants
and their complemented strains were similar to that of the
wild-type strain (N315) in TSB (data not shown), prompting us
to investigate other effects of the deletions of sfp and/or stk in
S. aureus.

Role of STP/STK in S. aureus cell wall morphology. To more
closely examine any morphological changes between mutants,
we subjected stationary-phase cultures of the three deletion
strains (N315ASTP, N315ASTK, and N315ASTP/STK) and the
wild-type strain (N315) to TEM. Results revealed clear defects
in cell division and cell septum formation when both the stp
and stk genes were deleted (Fig. 4A and B, white arrows).
N315ASTP/STK cells also displayed a noticeable increase in
overall cell size (~25% compared to N315). Although these
changes were not apparent to a significant extent in N315ASTP

or N315ASTK, the cell wall thickness of N315SASTP mutants
was nearly double that of the other three strains (Fig. 4B).
Further examination of cell wall and membrane regions of
N315ASTK and N315ASTP/STK cells at higher resolution
(Fig. 4B) revealed characteristically weak, electron-dense,
wavy, and often interrupted membranes with a fragile appear-
ance, as opposed to the thickly stained, distinctly visible, and
uninterrupted cell walls seen in N315 and N315ASTP cells.
Additional notable observations in the N315ASTP/STK TEM
images included the apparent “peeling” of cell wall or mem-
brane-like material away from the bacterium (Fig. 4A, black
arrows). Notably, deletion of both stk and stp resulted in a
more conspicuous phenotype than deletion of stk or stp alone,
suggesting coordinated roles for STK and STP in the determi-
nation of cell wall structure.

N315ASTP mutants display alterations in lysostaphin sus-
ceptibility. Based on the results obtained by TEM, we sus-
pected that deletion of stp and/or stk may directly affect cell
wall structure. We therefore determined the susceptibility of
each mutant and its corresponding complemented strain to the
peptidoglycan-targeting glycylglycine endopeptidase lyso-
staphin by measuring the decline in cell density (16). Upon the
addition of lysostaphin, the wild-type (N315) and double-mu-
tant (N315ASTP/STK) strains and all complemented strains
(triangles) reached 50% lysis by approximately 20 min (Fig. 5),
while N315ASTP took a significantly longer incubation time
(35 min, P < 0.002 compared to the wild type; Fig. 5B). No-
tably, N315ASTK reached 50% lysis by approximately 25 min
(Fig. 5C), lysing more slowly than N315 but much less signif-
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FIG. 3. Confirmation of mutant strains. (A) PCR analysis of
gDNA isolated from the indicated strains with primers specific for
stp and stk. (B) Western blot assays of total cell lysates probed
separately with (top) anti-rSTP and (bottom) anti-rSTK production
sera (right) and corresponding prebleed (PB, left) sera. Lanes: 1,
N315; 2, N315ASTP; 3, N315ASTK; 4, N315ASTP/STK; 5,

N315pCN40tet; 6, N31SASTPQSTP; 7, N3I1SASTKOSTK; 8,
N315ASTP/STKQSTP/STK. Arrows indicate the locations of STK
and STP within the lysates.

icantly than N315ASTP (P < 0.05 at 20 and 25 min compared
to the wild-type strain). The slopes and standard deviations of
the N315, N315ASTP, N315ASTK, and N315ASTP/STK lyso-
staphin digestion curves determined by a linear regression
analysis of the data points between 5 and 25 min (the time
period in which most of the lysis occurred) were —2.35 = 0.11,
—1.48 = 0.031, —1.90 = 0.06, and —2.17 * 0.15, respectively.
Control reactions carried out in the absence of lysostaphin
showed no significant changes in kinetics, indicating that the
effects observed at the given incubation times were due to
lysostaphin and not autolysis. Based on these results, we con-
cluded that N315ASTP bacteria are more resistant to the ef-
fects of lysostaphin than is the parent strain N315 as a direct
result of the deletion of stp.

N315ASTK and N315ASTP/STK are more susceptible to
cell wall-acting antibiotics. Conspicuous changes in cell divi-
sion and wall morphology (Fig. 4) and altered lysostaphin
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susceptibilities (Fig. 5) in STP- and/or STK-specific mutants
suggested that S. aureus N315 STP and STK may play an
important role in cell division and/or peptidoglycan structure.
Changes in the cell wall of S. aureus have been shown to affect
staphylococcal susceptibility to certain antibiotics, particularly
those which target cell wall structure or synthesis (1, 31).
Hence, we determined the susceptibilities of N315 and its
isogenic mutant strains to 22 antibiotics with various known
targets. N315ASTP did not show any change in susceptibility
compared to the wild-type strain (Table 3). However, the
N315ASTK and, to a greater degree, N31SASTP/STK mutant
strains displayed increased susceptibility to multiple antibiotics
tested (Table 3, bold values). Most appreciably, N315ASTP/
STK bacteria displayed susceptibility increases ranging from
2-fold in the case of cefazolin to more than 50-fold in the case
of ertapenem, compared to N315. The affected antibiotics for
both N315ASTK and N315ASTP/STK included cephalosporins
(cefazolin, ceftriaxone, cefotaxime) and carbapenems (ertap-
enem, imipenem, meropenem), all of which act by interfering
with bacterial cell wall synthesis (12, 36, 37). To verify these
effects, all of the strains were subjected to antibiotic sensitivity
testing with Etest strips containing gradients of representative
antibiotics from each of these groups, specifically, those in
which the MICs changed for both N315ASTK and N315ASTP/
STK (cefotaxime, ceftriaxone, and ertapenem). The MICs for
the wild-type and deletion strains were identical to those ob-
tained by MicroScan (data not shown), while those for
N315ASTKQOSTK and N315ASTP/STKQOSTP-STK returned to
those for the wild-type strain (Table 3), validating the Micro-
Scan data. The increased selective susceptibility of N315SASTK
and N315ASTP/STK to cell wall-acting antibiotics confirmed a
role for STK in staphylococcal cell wall biosynthesis and struc-
ture.

DISCUSSION

In this study, we report for the first time functional roles for
an ESTK and an ESTP in S. aureus. ESTKs and ESTPs are
characterized in a variety of bacteria with different genetic
backgrounds and pathogenic potentials; thus, deletion of one
or more of these enzymes results in different phenotypes based
on the bacteria being studied. For example, deletion of ESTKs
results in extremely long chain formation in Streptococcus aga-
lactiae (39), aggregation in group A Streptococcus (22), and no
significant changes in Enterococcus faecalis grown in nutrition-
ally enriched medium (25). In the present investigation, dele-
tion of both stk and stp in S. aureus resulted in dysregulation of
cell wall components and division machinery, as revealed
by TEM and susceptibility testing to cell wall-acting antibiotics.

Like many other gram-positive ESTKs (22, 40), the extra-
cellular domain of S. aureus STK contains a domain containing
three PASTA (penicillin-binding protein- and serine/threonine
kinase-associated) repeats. PASTA domains contain one to
five PASTA repeats (25, 48), bind peptidoglycan (40), and are
believed to recruit penicillin binding proteins (PBPs) to sites of
cell growth (48). Thus, it is possible that S. aureus STK also
uses PASTA repeats as an external sensor to recognize the
level of unlinked peptidoglycan and mediate appropriate sig-
naling cascades intracellularly via its cytoplasmic N-terminal
kinase domain. Future experimental verification is required to
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FIG. 5. Lysostaphin sensitivity assays. Results indicate the susceptibilities of (A) N315; (B) N315ASTP, (C) N315ASTK, and (D) N315ASTP/
STK; and their appropriate complemented strains (triangles) to lysostaphin. Autolysis (no lysostaphin) control results are shown as closed squares.
Data shown are the averages of three independent experiments. Error bars indicate standard deviations. Data are presented as percentages of the

original culture turbidity. ODy,, optical density at 620 nm.

determine whether this signaling cascade indeed facilitates the
transcription of one or more cell wall synthesis genes or in-
volves direct phosphorylation of PBPs, as has been shown in
mycobacteria (11).

Although dephosphorylation is an essential step in nearly all
signaling networks, information regarding the regulatory
role(s) of ESTPs is limited. This may be due in part to their
requirement for bacterial survival, as ESTP-specific mutations
have proven lethal in S. pyogenes (22). Mutants and variants of
S. agalactiae (39) and S. pneumoniae (35) have been reported,
although detailed characteristics of these mutants are not
available. In the present study, we were able to create both stp
and stp/stk deletion mutants, indicating that in S. aureus N315,
STP is not essential for survival. We speculatively attribute this
to the unique presence of other putative and nonconserved
ESTPs in the N315 genome (SA0140, SA1662, and SA2225).
Notably, out of eight other S. aureus genomes we examined,
homologs of SA2225, but not SA0140 and SA1662, were found

in only five (Mu50, MW2, RF122, MRSA252, and MSSA476,
missing from USA300, NCTC8325, and COL) (http://genomics
.ornl.gov/mist; 44). The presence of an additional noncotrans-
cribing putative STK (SA0077) (44) may play a role in com-
pensating for the loss of stk in the appropriate deletion strains.

Staphylococcal cell wall peptidoglycan is composed of
strands of alternating N-acetylglucosamine and N-acetyl-
muramic acid sugars joined together by amino acid side peptides
which are cross-linked by pentaglycine chains (46). These pen-
taglycine chains serve as a substrate for lysostaphin-mediated
cleavage. Changes in this structure directly affect lysostaphin
binding and cleavage activities in S. aureus (17). The most
notable effects of the stp deletion alone were thicker cells walls
compared to those of wild-type S. aureus (Fig. 4B) and the
perhaps consequential increased resistance to lysostaphin (Fig.
5B). This suggests an alteration in peptidoglycan composition
and/or structure, specifically, pentapeptide bridge composition
and/or cross-linking frequency. Deletion of stk had a minor

FIG. 4. Analysis of cell morphology by TEM. Shown are representative fields of TSB-grown stationary-phase wild-type (control) and mutant
S. aureus strains, as indicated. White arrows indicate abnormal septation; black arrows indicate evidence of apparent wall or membrane shedding.

Magnifications: A, X30,500; B, x120,000.
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TABLE 3. MICs of antibiotics tested

MIC(s) (pg/ml) for strain:

Antibiotic(s) N315ASTP/
N315 N315ASTP N315ASTK N315ASTKOSTK N315ASTP/STK STKOSTP/STK
Most affected
Cefazolin >16 >16 >16 =8
Cefotaxime >256 >256 43 >256“ 12 >256
Ceftriaxone >32 32 =8 >32 =8 >32
Ertapenem >32 >32 18 >32 0.6 >32
Imipenem >8 8 8 =4
Unaffected
Amoxicillin-clavulanate >4/2 >4/2 >4/2 >4/2
Ampicillin-sulbactam =8/4 =8/4 =8/4 =8/4
Ampicillin >8 >8 >8 >8
Clindamycin >4 >4 >4 >4
Erythromycin >4 >4 >4 >4
Gentamicin =4 =4 =4 =4
Levofloxacin =2 =2 =2 =2
Linezolid 2 2 2 2
Moxifloxacin =2 =2 =2 =2
Nitrofurantoin =32 =32 =32 =32
Oxacillin >2 >2 >2 >2
Penicillin >8 >8 >8 >8
Rifampin =1 =1 =1 =1
Synercid =0.5 =0.5 =0.5 =0.5
Tetracycline =4 =4 =4 =4
Trimethoprim-sulfamethoxazole =0.5/9.5 =0.5/9.5 =0.5/9.5 =0.5/9.5

“ The complementation MICs shown are averages of three independent experiments with Etest strips. The antibiotic gradients on the Etest strips were 0.016 to 256

pg/ml (cefotaxime and ceftriaxone) and 0.002 to 32 pg/ml (ertapenem).

effect on lysostaphin susceptibility, while deletion of both stp
and stk did not affect lysostaphin susceptibility (Fig. 5B). This
could be due to compensatory mechanisms (such as the afore-
mentioned noncotranscribing STK and STPs) being activated
in the absence of this primary STP-STK pair, as it is not
uncommon for STKSs to share substrates (23). Additionally, the
absence of the extracellular, environment-sensing PASTA do-
main upon deletion of stk or stp/stk may result in mutants with
defects in the ability to sense unlinked peptidoglycan (40) and
regulate pentaglycine chain formation by way of PBP recruit-
ment (48). The synchronized role of STK and STP may there-
fore be maintaining equilibrium in cross-linking. Increased re-
sistance to lysostaphin digestion in the absence of stp could
thus be due to an absence of substrate or to uncontrolled
recruitment of PBPs and resultant increases in cross-linking.
While our ongoing experiments analyzing cell wall structures in
these mutants may reveal alterations, increased lysostaphin
resistance in the absence of stp is consistent with the increased
cell wall thickness observed (Fig. 4B).

Deletion of stk alone resulted in increased susceptibility to
cell wall-acting B-lactam antibiotics (Table 3), as has been
reported for E. faecalis ESTK PrkC deletion strains (25), and
increased cell wall fragility (Fig. 4). Importantly, deletion of
both stp and stk significantly enhanced these phenotypes, re-
sulting in further selective antibiotic susceptibility (Table 3)
and pronounced defects in cell division (Fig. 4). These additive
effects, combined with the ability of rSTP to reverse STK-
mediated phosphorylation (Fig. 2A) and the cotranscribing
nature of stp and stk (Fig. 1B), suggest that STK and STP are
indeed cognate proteins. Thus, we believe that although STP
and STK, on their own, may contribute to the regulation of

certain cell wall synthesis steps, it is probably their coordinated
reversible phosphorylation which is most critical.

It is important to note that only MICs of B-lactam antibiotics
which specifically target cell wall synthesis were affected by the
deletion of stk or stk and stp. PBPs, which have transpeptidase,
transglycosylase, and/or carboxypeptidase activities to facilitate
peptidoglycan synthesis (29), are often the primary target of
B-lactam antibiotics. Meropenems, and specifically ertapenem,
bind a variety of PBPs to inhibit cell wall synthesis, particularly
PBP2 and -3 in E. coli (36). Cephalosporins also directly in-
teract with PBPs. Ceftriaxone has been shown to bind tightly to
S. aureus PBP1 (12), and a more potent cefotaxime binds S.
aureus PBP1 and -2 with a higher affinity than other PBPs (15,
37). Based on the ceftriaxone- and cefotaxime-sensitive phe-
notypes observed in N315ASTK and N315ASTP/STK in this
study, it is reasonable to believe that STK and coordinated
STP/STK signaling may, in some way, modulate the function-
ality of PBP1 and/or -2. PBPs have also been implicated in a
variety of functions, including cell division and septum forma-
tion, by directly interacting with cell division proteins, includ-
ing FtsZ (29, 38, 45), and modulating peptidoglycan synthesis
in S. aureus specifically (27). Thus, the alterations in cell wall
structure and division and increased antibiotic susceptibility of
S. aureus in the absence of STP and/or STK in the present
study are likely attributable to the altered recruitment and
regulation of S. aureus PBPs and other necessary cell wall
synthesis and division proteins.

Taken together, the results shown in the present study
clearly indicate that S. aureus STP and STK and their coordi-
nated phosphorylation play an important role in cell wall struc-
ture, cell division, and B-lactam antibiotic susceptibility. In the
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context of the dramatic rise in antimicrobial resistance, as well
as the continued prevalence of staphylococci in hospital envi-
ronments, the present study provides an important insight to
consider, as these enzymes have the potential to serve as novel
targets for alternative antibiotic therapy.
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