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Background: Signaling mediated by serine/threonine phosphatases during bacterial pathogenesis is not completely
understood.
Results: In Group B Streptococcus (GBS), Stp1 controls serine/threonine kinase function, post-transcriptional regulation of
hemolysin, autolysis, and virulence.
Conclusion: Although not essential for growth, Stp1 is critical for GBS pathogenesis.
Significance: The importance of Stp1 in virulence and autolysis accentuates the possibility of using phosphatase inhibitors to
decrease GBS infections.

Elucidating how serine/threonine phosphatases regulate
kinase function and bacterial virulence is critical for our ability
to combat these infections. Group B streptococci (GBS) are
�-hemolytic Gram-positive bacteria that cause invasive infec-
tions in humans. To adapt to environmental changes, GBS
encodes signaling mechanisms comprising two component sys-
tems and eukaryotic-like enzymes. We have previously
described the importance of the serine/threonine kinase Stk1 to
GBS pathogenesis. However, how the presence or absence of the
cognate serine/threonine phosphatase Stp1 affects Stk1 func-
tion and GBS virulence is not known. Here, we show that GBS
deficient only in Stp1 expression aremarkedly reduced for their
ability to cause systemic infections, exhibit decreased �-hemol-
ysin/cytolysin activity, and show increased sensitivity to autoly-
sis. Although transcription of genes important for�-hemolysin/
cytolysin expression and export is similar to the wild type (WT),
294 genes (excluding stp1) showed altered expression in the stp1
mutant and included autolysin genes. Furthermore, phospho-
peptide enrichment analysis identified that 35 serine/threonine
phosphopeptides, corresponding to 27 proteins, were unique to
the stp1 mutant. This included phosphorylation of ATP syn-

thase, DNA and RNA helicases, and proteins important for cell
division and protein synthesis. Collectively, our results indicate
that Stp1 is important for appropriate regulation of Stk1 func-
tion, hemolysin activity, autolysis, and GBS virulence.

Signaling systems are essential for organisms to adapt to
dynamic changes in their environment. Signaling in prokary-
otic organisms is primarily achieved by two-component signal-
ing systems that regulate gene expression in response to exter-
nal/environmental signals, such as chemical gradients, Mg2�

concentration, osmolarity, and the presence of autoinducing or
antimicrobial peptides (1–5). A typical two-component system
comprises a membrane-associated sensor histidine kinase that
responds to an environmental signal and phosphorylates its
cognate DNA binding response regulator at an aspartate resi-
due. Phosphorylation often alters the affinity of the response
regulator to its target promoters, thus regulating gene
expression.
In eukaryotes, adaptive responses and regulation of gene

expression rely heavily on signaling mediated by multiple ser-
ine/threonine and tyrosine kinases and phosphatases. More
than 600 members of these kinase-phosphatase families are
present in humans (6), and deviation from normal phosphoryl-
ation events increases the risk of disease (7). The existence of
eukaryotic-like serine/threonine phosphatases (STP)3 and ser-
ine/threonine kinases (STK) in prokaryotic organisms was
described recently (for reviews, see Refs. 8–10). STK have been
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shown to be important for virulence of pathogenic bacteria,
including Yersinia,Mycobacteria, Streptococcus sp., Enterococ-
cus faecalis, and Staphylococcus aureus (11–23). However,
many of these studies have primarily focused on the role of the
kinase (STK) in these bacterial pathogens. Consequently, the
role of serine/threonine phosphatases in regulation of kinase
activity and bacterial pathogenesis is not completely under-
stood (9, 10).
Although a few studies have described the role of serine/

threonine phosphatases in bacteria (22, 24, 25), the inability to
derive strains deficient only in Stp1 in certain bacteria (e.g.
Streptococcus sp.) also led to the notion that it may be essential
(9, 10, 26). Recently, Agarwal et al. (27) described the impor-
tance of the Stp1 homologue (SP-STP) of Group A Streptococ-
cus (GAS) to its pathogenesis. Although the amino acid
sequence of GBS Stp1 is 73% homologous to GAS SP-STP, the
GBS Stp1 enzyme is not secreted as observed in GAS (18, 27,
28), suggesting mechanistic differences in regulation of Stk1 by
Stp1 in bacterial pathogens. This study focuses on the role of
Stp1 in regulation of Stk1 function andpathogenesis ofGroupB
Streptococcus, a human neonatal pathogen.

Group B Streptococcus (GBS) or Streptococcus agalactiae are
�-hemolytic, Gram-positive cocci with marked clinical patho-
genesis in humans. GBS are the most common cause of bacte-
rial infections in human newborns and are emerging pathogens
of adult humans (29). These bacteria reside as commensal
organisms in the lower gastrointestinal and genital tracts of
healthy adult women. Transmission of GBS to the newborn can
occur in utero due to ascending infection or from aspiration of
contaminated amniotic/vaginal fluids during birth. GBS dis-
ease in human newborns includes pneumonia, sepsis, andmen-
ingitis (for reviews, see Refs. 29–31). Ascending GBS infections
are also linked to intraamniotic infection, preterm birth, and
stillbirth (32–36). The diverse host niches encountered by GBS
during its disease cycle indicate that the pathogen efficiently
adapts to the host environment.
Our long term interest is to understand mechanisms that

enable GBS to adapt during its transition from commensal
environments to invasive niches (31). Signaling systems are
critical for environmental adaptation of GBS. Previous studies
from our laboratory have identified that GBS encodes two
eukaryotic-like signaling enzymes known as a serine/threonine
kinase, Stk1, and a serine/threonine phosphatase, Stp1 (18).We
have extensively described the importance of Stk1 to virulence
of GBS (18, 37–40). However, given that signaling via phospho-
rylation is exploited by organisms due to their reversible nature,
the lack of information on the cognate phosphatase Stp1 has
resulted in inadequate understanding of eukaryotic-like signal-
ing in bacterial pathogens, such as GBS. Therefore, we con-
structed an Stp1 mutant (�stp1) to evaluate its role in GBS
pathogenesis. Our studies indicate that GBS deficient only in
Stp1 expression are significantly attenuated for their ability to
cause systemic infections. Consistent with this finding, we
observed that activity of the pluripotent GBS toxin �-hemoly-
sin/cytolysin (�-H/C) was severely decreased in the �stp1
mutant, and complementation restored normal hemolytic
activity. Notably, the decrease in (�-H/C) in the �stp1mutant
did not correlate to decreased expression of cyl genes encoding

�-H/C. However, in vivo phosphopeptide enrichment analysis
indicated increased serine/threonine phosphorylation of sev-
eral GBS proteins, including those involved in ATP synthesis,
that are critical for the activity of ABC transporters, which
mediate export of �-H/C (41). Microarray analysis revealed a
marked increase in expression of phage-encoded autolysin
genes that correlated with increased sensitivity of the �stp1
mutant to autolysis in vitro. Collectively, these data indicate
that Stp1 plays a critical role in regulation of kinase function
and GBS virulence.

EXPERIMENTAL PROCEDURES

General Growth—The strains, plasmids, and primers used in
this study are listed in supplemental Table S1. The wild type
(WT) GBS strain A909 is a serotype 1a capsular polysaccharide
clinical isolate (42). Strain LR128 is isogenic to A909 and is
deficient in CovR expression as described previously (39). Rou-
tine cultures of GBS were performed in tryptic soy broth (TSB;
Difco) in 5% CO2 at 37 °C. Routine cultures of Escherichia coli
were performed in Luria-Bertani broth (LB; Difco) at 37 °C. All
chemicals were purchased from Sigma-Aldrich unless men-
tioned otherwise. GBS cell growth was monitored at 600 nm
after incubation in 5% CO2 at 37 °C unless otherwise indicated.
Antibiotics were added at the following concentrations when
necessary: for GBS, kanamycin (1000 �g/ml), erythromycin (1
�g/ml), chloramphenicol (5 �g/ml), and spectinomycin (300
�g/ml); for E. coli, erythromycin (300 �g/ml), spectinomycin
(50 �g/ml), kanamycin (40 �g/ml), and chloramphenicol (10
�g/ml).
Construction of theGBS stp1Mutant—Approximately 1 kb of

DNA located upstream of stp1was amplified using the primers
PF3:5� and PR1�:5� and high fidelity PCR (Invitrogen). Like-
wise, 1 kb of DNA that encoded the last 10 amino acids of Stp1
and the region downstream was amplified using primers NEW
PF2�:5� and PR4:5� as described above. The gene conferring
kanamycin (�km-2) resistance was amplified from pCIV2 (43)
using primers PF1:5� andNEWPR2:5� for allelic replacement of
stp1. Subsequently, strand overlap extension PCR (44) was per-
formed to introduce the antibiotic resistance gene between the
flanking regions of stp1 described above. Note that the �km-2
gene was engineered to be in frame with the last 10 amino acids
of Stp1 in the downstream flanking region to retain the 1-bp
overlap between stk1 and the upstream gene. The PCR frag-
ment was then ligated into the temperature-sensitive vector
pHY304 (45), and the resulting plasmid pKJ2 (�stp1::km) was
electroporated into GBS A909 as described previously (18).
Selection and screening for the double crossover (�stp1::km)
was performed as described (18). PCR was used to verify the
presence of �km-2 and the absence of stp1. The �stp1 strain
(LR154) was used as the parent strain to derive the double
�stp1�covRmutant using methods described previously (39).
Construction of GBS Strains Deficient in DivIVA, DivIVA

Domain, and FtsZ—Approximately 1 kb of DNA located
upstream of SAK_0586 (DivIVA), SAK_0373 (DivIVA domain
protein), and SAK_0581 (FtsZ) was amplified using the primers
SAK_0586 5�XhoI/SAK_0586 5� �Kan 5�; SAK_0373 5�XhoI/
SAK_0373 5� �Kan 5�; and SAK_0581 5�XhoI/SAK_0581 5� �
Kan 5� and high fidelity PCR (Invitrogen). Similarly, the follow-
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ing primers were utilized to amplify 1 kb of DNA downstream
of SAK_0586, SAK_0373, and SAK_0581: SAK_0586 3� � Kan
3�/SAK_0586 3� SacII; SAK_0373 3� � Kan 3�/SAK_0373 3�
SpeI; and SAK_0581 3� � Kan 3�/SAK_0581 3� XbaI, respec-
tively. The gene conferring kanamycin (�km-2) resistance was
amplified from pCIV2 (43) using the following primers: Kan
5� � SAK_0586 5�/Kan 3� � SAK_0586 3�; Kan 5� � SAK_0373
5�/Kan 3� � SAK_0373 3�; andKan 5� � SAK_0581 5�/Kan 3� �
SAK_0581 3�, respectively. The PCR fragments were then
ligated into the temperature-sensitive vector pHY304 (45), and
the resulting plasmids pJC1–3 were electroporated into GBS
A909 as described previously (18). Selection and screening for
the double crossovers were performed as described (18). PCR
was used to verify the presence of �km-2 and the absence of
SAK_0586 (DivIVA), SAK_0373 (DivIVA domain protein), or
SAK_0581 (FtsZ).
Autophosphorylation Assay—GBS were grown to an A600 of

0.6, and membrane fractions were enriched from total cellular
extracts using ultracentrifugation as described previously (18).
Protein concentrations in membrane fractions were estimated
using the Bradford reagent (Sigma). 10 �ci of [�-32P]ATP
(PerkinElmer Life Sciences) was added to�50�g of totalmem-
brane protein fromeach strain. The reactionswere incubated at
37 °C for 15 min, and then the products were resolved on 10%
SDS-PAGE and exposed to the PhosphorImager (Amersham
Biosciences) as described previously (18, 38).
Virulence Analysis—All animal experiments were approved

by the Institutional Animal Care and Use Committee (IACUC
protocol 13311), Seattle Children’s Research Institute, and per-
formed using accepted veterinary standards.
Neonatal Rat Model of GBS Infection—Virulence analysis

using the neonatal rat sepsis model of infection was performed
as described (46). Briefly, time-mated, female Sprague-Dawley
rats were obtained from Charles River Laboratories. GBS
strains were grown to an A600 of 0.3, washed, and resuspended
in phosphate-buffered saline and used as the inoculum. Groups
of six rat pups (24–48 h of age) were given 10-fold serial dilu-
tions of each strain by intraperitoneal injection, and the pups
were checked for signs of morbidity every 8 h for 72 h. The
lethal dose 50 or moribund 50 estimates were derived using
logistic regression models for the probability of death condi-
tional on dose and strain as described (47). The experiment was
repeated twice, and p values of �0.05 were considered
significant.
AdultMurineModel of GBS Infection—Themurinemodel of

GBS sepsis was used to compare virulence potential of strains
used in this study. Briefly, 6-week-oldmaleCD-1mice obtained
from Charles River Laboratories were injected via the tail vein
with 3 � 107 cfu of either WT A909 or isogenic �stp1 mutant
(n� 5 per group). Blood, spleens, and brains from infectedmice
were collected aseptically 48 h after inoculation. Bacterial
counts in blood, spleen, and brain homogenates were deter-
mined by plating serial 10-fold dilutions on TSB agar.
Sialylation of GBSCapsular Polysaccharide—Sialic acid con-

centrations in capsular polysaccharide isolated from WT GBS
and the �stp1 mutant were estimated as described (48). To
quantitate the amount of sialic acid associated with the CPS of
the strains, purifiedCPS fromeach strainwas hydrolyzed under

mild acid conditions, and the amount of sialic acid released was
quantitatively determined by HPLC as described (48).
Growth inHuman Serum—Growth of GBS in normal human

serum was examined as described (49). Briefly, fresh blood,
obtained with the consent of human volunteers, and serum
were prepared as described (50). GBS strains grown to an A600
of 0.3 were centrifuged, washed, and resuspended to the origi-
nal volume in PBS. 5 �l of the GBS cell suspension containing
�105 cfu was added to 1.5 ml of normal human serum and
incubated at 37 °C for a period of 24 h. Aliquots were removed,
serially diluted, and plated to estimate GBS cfu as described
previously (49).
Adherence and Invasion of Human Brain Microvascular

Endothelial Cells (hBMEC)—The hBMEC line, immortalized
by transfection with the SV40 large T antigen (51), was used in
these studies. Propagation of hBMEC and GBS adherence,
invasion, and intracellular survival were performed as
described previously (52). A 2-fold increase or decrease in
adherence or invasion compared with the isogenic WT A909
was considered significant as described previously (52).
Barrier Integrity Analysis with hBMEC—Changes in transen-

dothelial electrical resistance across hBMECmonolayers in real
time were measured using electric cell-substrate impedance
sensing (ECIS) (53–56) as described previously (21). Briefly,
hBMECmonolayerswere established on gold-plated electrodes
in 8-well array slides attached to a computer-operated sensing
apparatus to allow measurements in real time. The hBMEC
monolayers were infected with GBSWT A909, isogenic �stp1,
�covR, �covR�stp1, and control �cylE at 1 � 105 cfu/well as
described (21) and followed for a period of 20 h. The ECIS
system measures the cell membrane capacitance (Cm), the
resistance from the cell-electrode interaction (�), and the bar-
rier function properties of the cell monolayer (Rb). Deconvolu-
tion of the overall ECIS signal into these parameters was per-
formed by the ECIS software by fitting themathematical model
derived in Ref. 54 to the experimental data by least-square opti-
mization procedures. Data are represented as a decrease in
resistance as a proportion of the control over time. Uninfected
wells served as controls for background levels of electrical
resistance as described (21).
hBMECMicroarrays—hBMECmicroarrays were performed

as described previously (57). Briefly, hBMEC monolayers were
cultured, washed, and infected with GBS strains as described
(57). Subsequently, total RNA was isolated from hBMEC
monolayers, and cDNA synthesis and labeling was performed
as described (57). Hybridization of cDNA to the HumanWG-6
v3 array from Illumina Inc. was also performed as described
previously (57). A statistical algorithm developed for high den-
sity oligonucleotide arrays was used for data analysis, and a
2-fold increase or decrease in gene expression was considered
significant (57). hBMECmicroarrays were performed with two
independent biological replicates of each strain (WT A909,
�stp1) and medium (PBS)-only controls. cDNA synthesis and
quantitative PCR for IL-6, IL-8, CCL20, and GAPDHwere per-
formed using primers and methods described previously (58).

�-Hemolysin/Cytolysin Assays—Hemolysin activity assays
were performed on GBS strains using methods described pre-
viously (39, 59). Briefly, �109 cfu for each GBS strain was cen-
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trifuged and resuspended in one-tenth the original volumewith
PBSGS (PBS � 1% glucose � 2% starch) and incubated at 37 °C
for 1 h. Subsequently, the cells were centrifuged, and superna-
tants containing starch-bound �-H/C were collected. 2-Fold
serial dilutions of the �-H/C extract in PBSG (PBS � 0.2% glu-
cose) from each strain were incubated with an equal volume of
1% sheep red blood erythrocytes in 96-well plates at 37 °C for
1 h. Subsequently, the plates were spun at 1,000 � g for 10 min
to pellet unlysed sheep red blood erythrocytes. The superna-
tants were transferred to a replica 96-well plate, and hemoglo-
bin release was measured by recording the absorbance at 420
nm. Positive and negative controls included wells that con-
tained sheep red blood erythrocytes with 0.1% SDS or PBSG,
respectively. The hemolytic titer for a given strain was deter-
mined as the reciprocal of the greatest dilution producing 50%
hemoglobin release compared with the SDS control as
described previously (39, 59).
Western Blots—GBS strains were grown to anA600 of 0.6 and

centrifuged. For preparation of total cell lysates, the cell pellets
from above were washed in PBS and resuspended in cell lysis
buffer (20 mM Trizma base, 10 mM MgCl2, 50 units/ml DNase
(Qiagen, Inc., Valencia, CA), 50 �g/ml RNase, and 5 �g/ml
protease inhibitor mixture). Cells were disrupted using a Fast-
Prep FP101 bead beater (Bio 101) with three 30-s bursts at a
power setting of 6, followed by clarification of cell lysates by
centrifugation. The supernatant containing total proteins was
quantified using the Bradford total protein assay (60). An equal
amount of protein from each strain (30 �g) was mixed with 5�
SDS sample buffer, heated at 95 °C for 10 min, and subjected to
12% SDS-PAGE. Following electrophoresis, the proteins were
transferred to either nitrocellulose or 0.45-�mpore size Immo-
bilon-P polyvinylidene difluoride (PVDF) membrane (Milli-
pore, Billerica, MA) by a wet transfer method in a buffer con-
taining 20%methanol (v/v), 0.3% Trizma base (w/v), and 1.44%
glycine (w/v) for 1.5 h at 90 V and 4 °C. The membrane was
blocked in 1:1 Odyssey blocking buffer (LI-COR Biosciences,
Lincoln, NE) in PBS and incubated at room temperature for 1 h
with a 1:2000 dilution of primary Stp1 antibody (28), respec-
tively. Subsequently, Alexa Fluor 680 goat anti-rabbit (Invitro-
gen) secondary antibody was added at 1:10,000, and washes
were performed following theOdyssey LI-COR infrared imager
instructions (LI-COR Biosciences).
Phosphopeptide Enrichment and Mass Spectrometry—Total

protein was isolated from WT A909 and �stp1 mutant as
described previously (22, 40) with a few modifications. Briefly,
each sample was normalized to contain an equal amount of
protein, and the proteins were denatured and reduced in 5 mM

DTT containing 0.1% Rapigest (Waters) at 50 °C for 30 min.
Subsequently, the reduced cysteines were alkylated with 15mM

iodoacetamide for 1 h in the dark, and the samples were
digested overnight at 37 °C using sequencing grade trypsin
(1:100, trypsin/total protein). Rapigest was removed, and sam-
ples were desalted using Sep-Pak C-18 columns according to
the manufacturer’s instructions (Waters) and dried using a
SpeedVac. From the peptide samples of each strain (1 mg),
phosphopeptides were enriched and captured using soluble
nanopolymer (PolyMAC) as described (61). Unbound non-
phosphopeptides were washed, and phosphopeptides were

eluted as described (61). The sampleswere analyzed by capillary
liquid chromatography-nanoelectrospray tandem mass spec-
trometry (�LC-nanoESI-MS/MS) using a high resolution
hybrid linear ion trap (LTQ-Orbitrap Velos, Thermo Fisher)
coupled with Eksigent Ultra2D nanoflow HPLC and methods
described previously (40, 62). Data were searched using Pro-
teome DiscovererTM software with the SequestTM algorithm at
10 ppmprecursormass accuracy cut-off, andMS/MS tolerance
was set at 0.8 Da. The searches included static modification on
cysteine residues (�57.0214) and variable modifications on
methionine (�15.9949) and serine and threonine residues
(�79.997) to identify phosphorylation as described (21, 40, 62).
Spectra were searched against the GBS A909 genome database,
NC_007432, with a 1% false discovery rate cut-off based on the
reverse database decoy search. Proteome Discoverer generates
a reverse “decoy” database from the same protein database, and
any peptides passing the initial filtering parameters that were
derived from this decoy database are defined as false positive
identification. The minimum cross-correlation factor (Xcorr)
filter was readjusted for each individual charge state separately
to optimally meet the predetermined target false discovery rate
of 1% based on the number of random false positive matches
from the reverse decoy database. Thus, each data set had its
own passing parameters. Unique phosphopeptides identified
were thenmanually validated. Phosphorylation site localization
from collision-induced dissociation mass spectra (63) was
determined by SEQUESTXcorr scores, and only one phospho-
rylation site was counted using the top scored phosphopeptide
for any phosphopeptide with potential ambiguous phosphoryl-
ation sites as described (61).
Isolation and Purification of GBS RNA—Total RNA from

GBS was isolated as described previously (37). In brief, GBS
strains were grown to an A600 of 0.6, centrifuged, washed in 1:1
mixed RNA Protect (Qiagen, Inc.) and TE buffer, and resus-
pended in kit-supplied RLT buffer. The cell suspensions were
lysed through the use of a FastPrep FP101 bead beater (Bio 101),
followed by clarification of the lysates via centrifugation. The
supernatants were then purified and DNase-digested (Qiagen,
Inc.) as described by the RNeasy Minikit manufacturer’s
instructions. RNA integrity and concentration were deter-
mined using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA) or a NanoDrop 1000 (NanoDrop,Wilm-
ington, DE) for use in microarrays or qRT-PCR, respectively.
GBS Microarrays and qRT-PCR—RNA was isolated from

three independent biological replicates for each strain andpuri-
fied as described above. Purified RNA was sent to NimbleGen
Systems, Inc. (Madison, WI) for full expression services.
NimbleGen performed cDNA synthesis, labeling of the cDNA,
and hybridization of the labeled cDNA to the chip S. agalactiae
A909 (catalog no. A6703-00-01, NimbleGen Systems, Inc.)
according to company protocols. The chips were composed of
18 probes/target sequence, and each probe was replicated two
times (see the NimbleGen Systems Web site). Microarray data
were interpreted and analyzed using the program GeneSpring
GX version 7.3.1 (Agilent Technologies). Genes with statisti-
cally significant differences among groups were calculated
using theWelch t test (parametric, with variances not assumed
equal) with a p value cut-off of 0.05 and an associated Benjamini
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and Hochberg false discovery rate multiple testing correction
(about 5.0% of the identified genes would be expected to pass
the restriction by chance (64)). Standard error propagation was
calculated using the delta method for ratios of means from the
three independent biological replicates for strains A909 (WT)
and LR154 (�stp1). All -fold changes were defined as relative to
A909WT. The entire set of microarray data is deposited at the
Gene Expression Omnibus (GEO), accession number
GSE21564. qRT-PCR was performed using a one-step Quanti-
Tect SYBR Green RT-PCR kit (Qiagen, Inc.) as described pre-
viously (37). The reference gene used for all runswas the house-
keeping ribosomal protein S12 gene rpsL (47).
GBS Autolysis—Autolysis of GBS was determined using

methods described previously (65) with the exception that Tri-
ton X-100 was not included. Briefly, GBS strains grown to an
A600 � 0.7 at 37 °C were centrifuged, washed in PBS, and resus-
pended to the original volume in 0.05 M Tris-HCl (pH 7.5). The
initial A600 was measured (T0). The cultures were then incu-
bated at 30 °Cwithout shaking, and theA600 was recorded every
30 min for a period of 3 h. Autolysis for each strain is shown as
a percentage of the initial A600 reading at T0.
Statistical Analysis—Unless mentioned otherwise, the

Mann-Whitney test or unpaired t test was used to estimate
differences between GBS strains. These tests were performed
using GraphPad Prism version 5.0 for Windows (GraphPad
Software, San Diego, CA).

RESULTS

GBS Deficient in Stp1 Expression Exhibit Attenuated
Virulence—TheGBS stp1 gene encodes a 26.5-kDa cytoplasmic
protein that is homologous to eukaryotic-type PP2C protein
phosphatases (18). Biochemical analysis revealed that Stp1 is a
manganese-dependent phosphatase that dephosphorylates
Stk1 in vitro (18). In GBS, the stp1 gene has a 1-base overlap
with the downstream gene encoding stk1. Our previous
attempts to construct a GBS strain that was deficient only for
Stp1 expressionwere unsuccessful due to theweak endogenous
promoter, which did not permit antibiotic (i.e. chlorampheni-
col) selection (for details, see Ref. 18). To evaluate the role of
Stp1 inGBS virulence, we utilized allelic replacement to replace
only the gene encoding stp1 with a gene that conferred resist-
ance to kanamycin (km; see “Experimental Procedures”). We
then confirmed that Stk1 expression in the �stp1 strain was
similar to the WT using an Stk1 autophosphorylation assay
(Fig. 1) and qRT-PCR (see supplemental Table S2A). These
results confirm that Stk1 is functional in the �stp1mutant and
indicate the absence of polar effects of the allelic replacement.
The �stp1 mutant was also similar to WT for growth in labo-
ratory media, such as TSB (supplemental Fig. S1A).
We next examined whether the absence of Stp1 affects viru-

lence of GBS. The neonatal rat sepsis model of GBS infection
(18, 46) was used to compare virulence properties of the �stp1
mutant with those of the isogenic WT strain, A909. Briefly,
bacteria grown to early log phase (A600 � 0.3) were used as the
inoculum (for details, see “Experimental Procedures” and Refs.
18 and 46). Moribund 50 (MD50; formerly lethal dose 50 or
LD50) estimates of the �stp1 mutant were significantly higher
than the WT strain (	3 log cfu compared with WT; see Table

1), indicating that the �stp1 mutant is significantly attenuated
for GBS virulence. Because the �stp1 strain demonstrated
decreased ability to cause bloodstream infections in neonatal
rats, we hypothesized that this strain would also be attenuated
for its ability to survive in the bloodstreamof adultmice. To test
this hypothesis, we used the adult murine model of GBS blood-
stream infections (57). CD-1 mice (n � 5) were infected with
3 � 107 cfu of either WT or the �stp1 strain as described (21,
57). At 48 h postinfection, blood, spleen, and brain were har-
vested, homogenized, serially diluted, and plated on TSB agar
for quantitative bacterial counts (cfu). As shown in Fig. 2, A–C,
the number of cfu recovered from the blood, spleen, and brain
of mice infected with the �stp1 strain was significantly lower
compared with mice infected with the WT strain.
Growth in human serum is often used as an ex vivo assay to

evaluate GBS growth defects that can occur in vivo (49, 68, 69).
The�stp1mutant was comparedwithWTGBS for its ability to
grow/survive in normal human serum for a period of 24 h as
described (49) (also see “Experimental Procedures”). These
results indicate that the overall growth of the �stp1 mutant in
human serum was not significantly different from that of WT
(supplemental Fig. S1B, p � 0.17). Although sialylation of the
capsular polysaccharide is critical for GBS bloodstream infec-
tions and virulence (66, 67), the �stp1 mutant was similar to
WT for the sialic acid capsular polysaccharide levels (see sup-
plemental Fig. S1C).

�stp1 Mutant Shows Decreased Blood-Brain Barrier Activa-
tion andBarrierDisruption—Thedramatic decrease in survival
of the �stp1 mutant during GBS systemic infection (Fig. 2,
A–C) prompted us to examine if Stp1 affects GBS penetration
of the blood-brain barrier (BBB). The tissue culturemodel con-
sisting of immortalized hBMEC (51) has been extensively used
to evaluate the ability ofGBS to adhere to, invade, and penetrate
the BBB (21, 52, 57). Adherence and invasion of WT GBS and
the �stp1mutant to hBMEC were performed as described (52,
57). These studies indicated that adherence and invasion of the
�stp1 strain to hBMEC were similar to those with WT A909
(supplemental Fig. S2).
Studies have also shown that in response to GBS, the BBB

endothelium elaborates changes in gene expression that pro-
mote the neutrophilic inflammatory response characteristic of

FIGURE 1. The �stp1 mutant is similar to WT for Stk1 autophosphoryla-
tion. In vitro phosphorylation reactions were performed using equal amounts
(50 �g) of membrane proteins isolated from WT (A909) and the �stp1 mutant
as described (38) (also see “Experimental Procedures”). As controls, equal
amounts of membrane proteins isolated from the Stk1-deficient GBS strains
(�stk1 and �stp1�stk1) are included. Note that autophosphorylation of Stk1
is observed in membrane fractions of WT (A909) and �stp1 (-fold difference
�2) and that Stk1 autophosphorylation is not observed in strains deficient for
Stk1.
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acute bacterial meningitis (57, 70). To determine if Stp1 affects
the hBMEC response to GBS infection, microarray analysis was
used to compare the transcriptional response of hBMEC to

infection with WT GBS and �stp1 as described (57, 58). We
observed an approximately 5-fold decrease in transcription of
genes encoding the proinflammatory cytokines and chemo-
kines (e.g. IL-8, CCL20, IL-6, andTNF�; see Table 2) in hBMEC
infected with the �stp1 strain when compared with hBMEC
infected with WT. Furthermore, a significant decrease (5–20-
fold) in transcription of genes encoding nuclear receptor family
proteins, oncogenes, and transcriptional factors involved in cell
growth and differentiation (FOS, FOSB, and ATF3; Table 2)
was observed in hBMEC infected with �stp1 compared with
hBMEC infected withWT A909. Levels of mRNA correspond-
ing to housekeeping genes, such as �-actin and GAPDH, were
similar for samples infected with either GBSWTor�stp1 (data
not shown). Collectively, these data indicate that although the
�stp1 strain is proficient for invasion of hBMEC (supplemental
Fig. S2), this strain is unable to elicit the characteristic proin-
flammatory signaling response to GBS infection. To confirm
the results obtained from themicroarray, qRT-PCRwas used to
compare the transcript abundance of genes involved in proin-
flammatory signaling pathways. Consistent with the microar-
ray analysis, transcript levels of IL-6, IL-8, and CCL20 were
significantly decreased in cells infected with �stp1 compared
with hBMEC infected with the WT A909 (Fig. 3A; p � 0.005).
These data suggest that the absence of Stp1 affects the ability of
GBS to modulate the BBB endothelial response during
infection.
GBS penetration of the BBB involves a combination of events

that lead to failure of barrier function.We recently showed that
hypervirulent GBS strains (e.g. CovR mutant (�covR)) elicit a
significant inflammatory response that accelerates BBB failure
(21). We hypothesized that the decrease in inflammatory
response observed in hBMEC infected with �stp1 may corre-
late with decrease of barrier function. Barrier resistance of
hBMEC to �stp1 infection was determined by measuring the
transendothelial electrical resistance across hBMEC monolay-
ers in real time using ECIS as described (21). The results shown
in Fig. 3B indicate that the decrease in hBMEC resistance in
response to GBS infection was markedly delayed with �stp1
when compared with WT, �covR, and the control �cylE. Col-
lectively, our studies indicate that although the�stp1mutant is
capable of hBMEC invasion, the strain is attenuated for its abil-
ity to induce an inflammatory response and compromise BBB
integrity.
Stp1 Is Important for GBS �-H/C Activity—The surface-as-

sociated toxin known as �-hemolysin/cytolysin is critical for
the induction of the BBB inflammatory response and GBS vir-
ulence (21, 57, 59, 71–74). We previously showed that the ser-
ine/threonine kinase Stk1 can phosphorylate the two-compo-
nent response regulator CovR at a threonine residue in position
65 to relieve CovR repression of cylE encoding �-H/C (37, 39).
Wehypothesized that if Stk1 activity is enhanced in the absence
of Stp1, this can lead to increased threonine phosphorylation of
CovR, transcription of cylE (�-H/C), and virulence of GBS.
However, the attenuated virulence of the �stp1mutant (Figs. 2
and 3 and Tables 1 and 2) suggests that �-H/C expression may
be decreased. To test this hypothesis, we compared �-H/C
activity between WT and the �stp1 mutant using sheep blood
agar, and the results are shown in Fig. 4. Consistent with its

FIGURE 2. The �stp1 mutant shows decreased survival during GBS systemic
infections. Five 6-week-old female CD-1 mice were intravenously injected with
3�107 cfu of WT or the�stp1 mutant. At�24–48 h postinfection, blood, spleen,
and brain were harvested from the infected mice, and cfu were enumerated. A
significant decrease in cfu was observed in the blood (see A; p �0.05), spleen (see
B; p � 0.05), and brain (see C; p � 0.05) of mice infected with the �stp1 mutant
when compared with mice infected with the WT strain A909.

TABLE 1
The GBS �stp1 mutant is attenuated for virulence
Moribund 50 (MD50) estimates and confidence intervals were calculated as
described under “Experimental Procedures.” The p value compares the value of the
mutant strain with the WT A909 (p values of �0.05 were considered significant).
NA, not applicable.

Strain MD50 95% confidence interval p value

cfu
A909 (WT) 3.9 � 105 1.8 � 105 to 8.3 � 105 NA
�stp1 5.3 � 108 9.5 � 107 to 3 � 1010 �0.001
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virulence properties, we observed that hemolytic activity was
severely decreased in the �stp1 mutant (Fig. 4A). �-H/C was
also extracted from WT, �stp1, and the control �-H/C-defi-
cient strain (�cylE) (75), and hemolytic activity was quantified
as described (39, 59). These results indicate that whereas the
hemolysin activity forWTA909was 4 units, both�stp1 and the
�cylE strain had a hemolytic titer of �1 (-fold decrease of
	0.25; see Table 3).
To confirm that the loss of hemolytic activity in the �stp1

mutant was due to the absence of Stp1, we performed comple-
mentation studies. The gene encoding stp1 was previously
cloned in the complementation vector pDC123 to construct
pStp1 (18). To generate complementing GBS strains, the plas-
mid encoding stp1 (pStp1) and the vector control (pDC123)
(76) were introduced into the �stp1 strain as described (18). Of
note, the plasmid pDC123 is routinely used as a complementa-
tion vector in GBS (18, 52, 75–77). The vector pDC123 was
derived from the broad host range, high copy number plasmid
pJS3, and constitutive tetM and cat promoters of pJS3 drive the
expression of genes inserted in the multiple cloning site (for
details, see Ref. 76). Western blot analysis was performed on
total cellular proteins using antibodies to the Stp1 homologue
in Streptococcus pyogenes (SP-Stp) (28). These results con-
firmed that Stp1 expression was abolished in the GBS �stp1

mutant and restored in the complementing strain (�stp1/
pStp1; Fig. 4B). We then compared hemolytic activity between
these strains. As shown in Fig. 4C, hemolytic activity is not
observed in the GBS �stp1 strain containing only the vector
pDC123 (see �stp1/pDC123). In contrast, hemolytic activity is
restored to WT levels in the �stp1 mutant that is comple-
mented or restored for Stp1 expression (compare �stp1/pStp1
with A909/pDC123 in Fig. 4C). Hemolytic titer of the comple-
mented Stp1 strain was similar to that ofWT (titer � 4). These
data confirm that the decrease in �-H/C in the �stp1mutant is
due to the loss of Stp1. The complemented strain was not
included in virulence studies due to the unstable nature of the
complementation vector (pDC123) in the absence of antibiotic
(chloramphenicol) selection (for details, see Ref. 18).
Post-transcriptional Regulation of �-H/C by Stp1—We next

examined whether the decrease in hemolytic activity observed
in the �stp1 strain correlated with decreased transcription of
the gene encoding hemolysin (cylE). To this end, qRT-PCRwas
performed onWT and isogenic �stp1 grown to an optical den-
sity (A600) of 0.6 as described (37). These studies indicated that
transcription of the cylE gene in the �stp1mutant was not sig-
nificantly differentwhen comparedwith the isogenicWT (-fold
difference compared with WT � 0.92 
 0.1; Table 3). In GBS,
the two-component regulator CovR binds to the promoter of

TABLE 2
Decreased transcription of hBMEC genes after infection with �stp1
Gene expression is denoted as -fold difference relative to theWTGBS strain A909. Only genes that showed a 	2-fold change (p � 0.05) in expression compared withWT
A909 are listed.

�stp1

Chemokines and cytokines
Chemokine (C-C motif) ligand 20 (CCL20) 0.246
Interleukin-6 (IL-6) 0.237
Tumor necrosis factor (TNF�) 0.191
Interleukin-8 (IL-8) 0.167
Cardiotrophin-like cytokine factor 1 (CLCF1) 0.038
Colony-stimulating factor 2 (granulocyte-macrophage) (CSF2) 0.030

Transcriptional factors/signal transduction
Baculoviral IAP repeat (BIRC3) 0.278
Serpin peptidase inhibitor, clade E (SERPINE1) 0.156
Dual specificity phosphatase 5 (DUSP5) 0.123
Leukemia inhibitory factor (cholinergic differentiation factor) (LIF) 0.117
Sprouty homolog 4 (SPRY4) 0.109
Protein phosphatase 1, regulatory subunit 15A (PPP1R15A) 0.105
Heparin-binding EGF-like growth factor (HBEGF) 0.094
Immediate early response 3 (IER3) 0.094
FBJ murine osteosarcoma viral oncogene homolog B (FOSB) 0.094
Jun oncogene (JUN) 0.090
Brain cytoplasmic RNA 1, (BCYRN1) 0.078
Tumor necrosis factor �-induced protein 3 (TNFAIP3) 0.071
Kruppel-like factor 6 (KLF6) 0.070
Basic helix-loop-helix domain (BHLHB2) 0.067
Angiopoietin-like 4 (ANGPTL4) 0.059
Phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1) 0.058
AXIN1-up-regulated 1 (AXUD1) 0.054
Nuclear receptor subfamily 4, group A, member 3 (NR4A3) 0.052
Myeloid cell leukemia sequence 1 (BCL2-related) (MCL1) 0.045
Chromosome 2 open reading frame 26 (c2orf26) 0.040
Pim-3 oncogene (PIM3) 0.031
RNA, 7SK, nuclear (RN7SK) 0.030
Baculoviral IAP repeat-containing 3 (BIRC3) 0.025
Cysteine-rich, angiogenic inducer, 61 (CYR61) 0.014
GTP-binding protein overexpressed in skeletal muscle (GEM) 0.013
Tribbles homolog 1 (TRIB1) 0.011
Nuclear factor of � light polypeptide gene enhancer in B-cells inhibitor, � (NFKBIZ) 0.010
Down syndrome critical region gene 1 (DSCR1) 0.010
RAS, dexamethasone-induced 1 (RASD1) 0.007
Nuclear factor, interleukin-3-regulated (NFIL3) 0.002

Unknown Function
Hypothetical protein LOC387763 0.041
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hemolysin (PcylX) and represses transcription of the cyl operon,
including cylE (37, 47, 49, 78). Because Stk1 regulates cylE tran-
scription through phosphorylation of CovR (37), it was of inter-
est to examine whether Stp1 regulation of �-H/C required the
hemolysin repressor, CovR. To this end, using �stp1 as the
parent strain, we derived GBS strains that were deficient in
CovR expression as described (39, 47). We then compared
hemolysin (cylE) transcription and expression between �covR
and �covR�stp1. Of note, covR mutants are hyperhemolytic
due to an approximate 10-fold increase in transcription of cylE
comparedwith the isogenicWTA909 (37, 39). As shown in Fig.
4D and Table 3, hemolytic activity of the �covR�stp1 strain,
although greater than �stp1, was significantly lower than
�covR. Despite the decrease in hemolytic activity, transcription
of cylE (�-H/C) in �covR�stp1 was comparable with the iso-
genic �covR strain (i.e. transcription of cylE in �covR�stp1 and
�covR was �11-fold greater when compared with WT A909;
see Table 3). These results indicate that decreased�-H/C activ-
ity in �stp1 is independent of transcriptional regulation of cylE
and is observed even in the absence of CovR. Consistent with
the above observations, we observed that the decrease in
hBMEC resistance to GBS infection was slightly delayed with

the double �covR�stp1 mutant when compared with the iso-
genic �covR (Fig. 3B).
Increased Serine/Threonine Phosphorylation of GBS Proteins

Are Observed in Absence of Stp1—We next hypothesized that
the decrease in �-H/C activity in the �stp1 mutant could be
attributed to deregulated kinase (Stk1) activity, which can lead
to increased and/or altered Ser/Thr phosphorylation in GBS.
To test this hypothesis, we compared Ser/Thr phosphopeptides
present in the�stp1mutant toWTA909using phosphopeptide
enrichment and mass spectrometry as described (22, 40) (also
see “Experimental Procedures”).Of note, Ser/Thr phosphopep-
tides identified in the �stk1mutant were recently described by
us (40). Consistent with our previous findings (40), phospho-

FIGURE 3. The �stp1 mutant is attenuated for its ability to induce an
inflammatory response (A) and decrease barrier integrity (B) of hBMEC.
A, qRT-PCR was performed on RNA isolated from hBMEC cells infected with
either WT A909 or the �stp1 strain. Note that transcription of IL-6, IL-8, and
CCL20 was significantly decreased in hBMEC that were infected with the
�stp1 mutant compared with the WT A909 (p � 0.005). Error bars, S.E.
B, time-dependent decrease in hBMEC resistance due to infection with �stp1
was compared with WT, �covR, �cylE, and �covR�stp1. Resistance was
assessed by ECIS and is normalized to the uninfected or medium-only control.

FIGURE 4. Stp1 is important for �-hemolysin/cytolysin (�-H/C) activity of
GBS. The zone of clearing observed around the colonies on the sheep blood
agar plate represents �-H/C activity. A, the �stp1 mutant shows no hemolytic
activity, unlike the isogenic WT strain A909. B, Western blots on total cell
lysates were performed using antibodies to the Stp1 homologue of Group A
Streptococcus (28). These confirm that the expression of Stp1 is absent in the
GBS �stp1 mutant and restored in the complemented strain. C, complemen-
tation restores normal �-H/C activity to the �stp1 mutant. D, the decrease in
�-H/C activity in �stp1 is also seen in the absence of the �-H/C repressor, CovR
(compare �covR and �covR�stp1).
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peptides corresponding to Stk1 were only identified in strains
expressing Stk1 (WT A909 and �stp1; Table 4 (top)). Of inter-
est, 35 Ser/Thr phosphopeptides corresponding to 27 proteins
were uniquely identified in the�stp1 strain (i.e. these phospho-
peptides were not identified in WT A909; Table 4 (middle)).
Phosphopeptides unique to the �stp1 strain included proteins
predicted to be involved in cell division, such as PcsB, FtsZ,
DivIVA, and DivIVA domain (also known as GpsB); some of
these phosphopeptides were also previously identified in the
GBS double �stp1�stk1 mutant that overexpressed Stk1 on a
plasmid (40). Additional Ser/Thr phosphopeptides identified in
�stp1 corresponded to proteins belonging to the F0F1-ATP
synthase complex, ATP-dependent RNA and DNA helicases,
elongation factor Tu (EF-Tu), signal recognition particle FtsY,
regulator of cell septum formation EzrA, ribosomal proteins, a
peptidase of the collagenase family, proteins of as yet unknown
functions, and the molecular chaperone GroEL (see Table 4
(middle) and supplemental Table S3). Representative phospho-
peptides from �stp1 that showed neutral loss of phosphoric
acid during collision-induced dissociation in the mass spec-
trometer are shown in Fig. 5, A–C.

The increase in phosphorylation of proteins predicted to be
involved in cell division prompted us to examine their role in
GBS hemolysin activity, cell segregation, and virulence. We
hypothesized that enhanced Ser/Thr phosphorylationmay lead
to decreased function of GBS proteins associated with cell divi-
sion (leading to phenotypes similar to mutations in these
genes). The role of PcsB in GBS cell wall separation was
described previously (79). To further understand the role of
Stp1, we constructed GBS strains deficient in expression of its
targets that regulate cell division (i.e. DivIVA, DivIVA domain
(GpsB), and FtsZ) and evaluated their role in hemolysin expres-
sion and GBS virulence. Hemolytic activity of GBS mutants
deficient in expression of DivIVA, DivIVA domain, and FtsZ
was similar to that ofWTA909 (Fig. 6A). Also, virulence ofGBS
lacking FtsZ, DivIVA, or DivIVA domain was not significantly
different from that of WT A909 (p 	 0.05; see supplemental
Table S4). We predict that the decreased hemolysin expression
observed in the �stp1mutant may be due in part to decreased
activity of the essential F0F1-ATP synthase that is critical for the
function of the ABC transporters associated with hemolysin
export and/or other targets uniquely phosphorylated in �stp1
(see “Discussion”). Because GBS deficient in expression of
DivIVA,DivIVAdomain, and FtsZ showed the presence of long
chains, similar to the�stp1mutant (see Fig. 6B), these observa-

tions suggest that increased post-translational modification of
the cell division proteins is responsible for the abnormal chain-
ing phenotype of the �stp1mutant.
Changes in GBS Gene Expression in �stp1—Because the

absence of Stp1 led to increased phosphorylation of a number
of GBS proteins (Table 4 (middle)), we also tested the hypoth-
esis that these can lead to changes in gene expression. Global
transcriptional profiling analysis was performed using RNA
isolated from WT A909 and the isogenic �stp1 strain as
described under “Experimental Procedures.” These results con-
firmed that transcription of stp1 (SAK_0388) was decreased in
the �stp1 strain (370.3-fold less than WT; see supplemental
Table S2B) and that Stk1 transcriptionwas similar to that of the
WT (shown in supplemental Table S2A). The microarray anal-
ysis also revealed that 132 genes showed increased expression,
and 162 genes (excluding stp1) showed decreased expression in
the stp1mutant (supplemental Table S2B). Genes that showed
altered expression in �stp1 are grouped into functional catego-
ries based on their predicted function in theGBS genome. Con-
sistent with our previous observations (Table 3), transcription
of the gene encoding hemolysin (cylE) and other genes of the cyl
operon in the �stp1 mutant were comparable with WT A909.
Furthermore, a comparison of genes that showed altered
expression in the�stp1mutantwith those regulated byCovR in
GBS A909 (21) indicated that only a few CovR-regulated genes
(e.g. FbsA, FbsB, and SAK_0607 to SAK_0648) showed changes
in expression in �stp1 (see asterisks in supplemental Table
S2B). These data further confirm that Stp1 regulation of hemol-
ysin and GBS virulence is independent of CovR regulation of
gene expression.
Genes that showed decreased expression in �stp1 included a

few known virulence factors, such as C protein� and the fibrin-
ogen-binding proteins FbsA and FbsB. Other genes that
showed decreased expression include a two-component system
(SAK_0380/0381), the stand alone transcriptional regulator of
the MarR family, the putative competence protein, ABC trans-
porters implicated in metal transport, precursors of purine and
pyrimidine biosynthesis, and proteins of as yet unknown func-
tion in GBS (supplemental Table S2B). Genes that showed
increased expression included transcriptional regulators of the
AraC and RpiR family, ABC transporters that are implicated in
the uptake of amino acids and oligopeptides, metallopepti-
dases, and proteins important for carbohydrate metabolism
and autolysis (see below for details on autolysis).

TABLE 3
Stp1 regulates GBS hemolytic activity independent of cylE transcription

�-H/C activity
Hemolytic titera Change in hemolytic titer Change in cylE transcriptionb

-fold -fold
A909 (WT) 4 NAc 1
�cylE �1 	0.25 NA
�stp1 �1 	0.25 0.92 
 0.1
�covR 128 32 11 
 0.2
�covR�stp1 32 8 11 
 0.13

a Hemolytic titers were estimated as described (39, 59). The experiment was performed in triplicate, and changes that are 	2-fold compared with WT GBS A909 are consid-
ered significant.

b qRT-PCR was performed as described under “Experimental Procedures.” Gene expression is denoted as -fold difference relative to the WT GBS strain A909. S.E. is
indicated.

c NA, not applicable.
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To determine if changes in gene expression can be correlated
with increased phosphorylation observed in �stp1, we com-
pared genes that showed altered expression in �stp1 (supple-
mental Table S2, A and B) with proteins that were uniquely
phosphorylated in�stp1 (Table 4,middle). These analyses indi-
cated that only SAK_0651 (a hypothetical protein), which
showed a 32-fold increase in expression in�stp1 (supplemental
Table S2B), was also uniquely phosphorylated (Table 4, mid-
dle). Increased expression of SAK_0651 in �stp1 may, in part,
contribute to its increased phosphorylation. However, expres-
sion of the remaining 26 proteins that were identified as
uniquely phosphorylated in�stp1 (Table 4, middle) was similar
to that ofWT.Thus, phosphorylation of these proteins in�stp1
cannot be attributed to an increase (or decrease) in their
expression.

�stp1 Mutant Is More Sensitive to Autolysis—Interestingly,
the microarray analysis indicated a 30–50-fold increase in
expression of phage-encoded lysin and holin genes (SAK_0652
and SAK_0653) in the�stp1mutant (supplemental Table S2B).
Therefore, we tested the hypothesis that increased expression
of these genes may promote autolysis of the �stp1mutant. The
programmed action of the two-component holin and lysin pro-
teins regulate bacteriophage-mediated lysis of host cells (for
reviews, see Refs. 80–82). Although not much is known about
mechanisms that trigger autolysis inGBS, previous studies have
indicated that the autolysin protein had the ability to lyse GBS
and other streptococci (83, 84). To determine if increased
expression of lysin and holin promote autolysis of �stp1, we
compared survival of GBS (WT, �stp1) with autolysis as
described under “Experimental Procedures.” These results

TABLE 4
Increased serine/threonine phosphorylation in �stp1
Phosphopeptide enrichment was performed as described previously (22) (also see “Experimental Procedures”). Phosphopeptides indicated above showed neutral loss of
phosphoric acid in theMS analysis. The phosphorylated threonine or serine residue is indicated with a lowercase letter “t” or “s”, respectively. SAK numbers correspond to
the ORF of the gene in the GBS A909 genome (88).

Protein Description

Phosphopeptides identified in both A909 (WT) and �stp1
VTSTVSSLTtEQLLR SAK_0389 Serine/threonine protein kinase Stk1 (Stk1)
sLGNGIDPMDVIEK SAK_0547 Valyl-tRNA synthetase (ValS)
VLDEDDALPVVDDTESFDAtR SAK_0586 Cell division protein DivIVA
LTHLIsQNEVNDD SAK_0862 HPr kinase/phosphorylase (HprK)
VSGQTILDQEtK SAK_1559 Conserved hypothetical protein
FSDQEtKEFASSLSK SAK_1681 Glutamyl-tRNA(Gln) amidotransferase, C subunit (GatC)
sVGGFVLAGASHDATK SAK_2014 Chaperonin GroES (GroES)

Phosphopeptides unique to �stp1
IAATDSVINtLSGQQAAAQK SAK_0050 PcsB protein (PcsB)
FQAAAGQLEKtAR SAK_0099 Ribosomal protein L29 (RpmC)
VNVNtEQLAFQATR SAK_0178 Fructose-1,6-bisphosphate aldolase, class II (Fba)
IYYtHSMYPGGLK SAK_0276 Ribosomal protein L13 (RplM)
LDtEMIGLVK SAK_0361 ATP-dependent RNA helicase, DEAD/DEAH box family
NSGtAMYNQKPIAQSATNFDILK SAK_0373 DivIVA domain protein (GpsB)
AGItEEDSILDK SAK_0375 Conserved hypothetical protein
SSDFANLDtASLDDFIK SAK_0375 Conserved hypothetical protein
LVFNDTEStKTLPK SAK_0389 Serine/threonine protein kinase Stk1 (Stk1)
DNISRPtEGELDSK SAK_0581 Cell division protein FtsZ (FtsZ)
KDKTNQVSGFtTSAPTNQAPSER SAK_0581 Cell division protein FtsZ (FtsZ)
TGQEtSFDFDK SAK_0583 Conserved hypothetical protein
ESLSQSVILAQEtAER SAK_0586 Cell division protein DivIVA
QLEESGLLDtNNFQMEEPINLGETQTFK SAK_0586 Cell division protein DivIVA
LEtGDVALEDAIAEFQK SAK_0598 Exodeoxyribonuclease VII, small subunit (XseB)
LGKtEDDIIVNK SAK_0651 Conserved hypothetical protein
AEEHtIALGQITEQIPAIVAK SAK_0709 Septation ring formation regulator EzrA (EzrA)
VTHALDLYEtLQK SAK_0709 Septation ring formation regulator EzrA (EzrA)
TsEVPVAEDDSFLELER SAK_0853 Signal recognition particle-docking protein FtsY (FtsY)
APEtKVEDIVIDYK SAK_0865 Conserved hypothetical protein
DKASEYsNLAVDTFK SAK_0865 Conserved hypothetical protein
FESGELTtEDIVSAVK SAK_0865 Conserved hypothetical protein
GLDtGFYDFDPSTVK SAK_0867 Peptidase, U32 (collagenase) family
DTDKPLLLPVEDVFSItGR SAK_0887 Translation elongation factor Tu (EF-Tu, Tuf)
REEELSNAKtEANQIIDNAK SAK_0982 ATP synthase F0, B subunit (AtpF)
ELEAFtQFGSDLDAATQAK SAK_0984 ATP synthase F1, � subunit (AtpA)
IGHtAYQVTQNSATEHAFTGK SAK_1026 Methionine-R-sulfoxide reductase (MsrB)
EQPtQFGQGMSLQQALQAR SAK_1228 ATP-dependent DNA helicase PcrA (PcrA)
SSEFRtTENVPDIDLK SAK_1628 Conserved hypothetical protein
tAQLMADYEAQR SAK_1628 Conserved hypothetical protein
MTtENLGEIVISPR SAK_1706 Conserved hypothetical protein
NTEItRLYEQLK SAK_1774 Conserved hypothetical protein
TILEEEPIDEEAsRR SAK_1774 Conserved hypothetical protein
sQMEATTSDFDREK SAK_2013 Chaperonin GroEL (GroEL)
LTAPSVQFDEtTGDYSR SAK_2048 Ribosomal protein L32 (RpmF)

Phosphopeptides unique to WT A909
sIWESQKEPIQEAITSFK SAK_0186 IgA-binding � antigen (Bag)
sLQDFIPLNEGK SAK_0270 Cysteinyl-tRNA synthetase (CysS)
sQFLQGSWNYER SAK_0433 PTS system, IID component, mannose/fructose/sorbose family
sLQLLAQNYLHDR SAK_0483 R3H domain protein
sFEGLYDLHNK SAK_0897 Peptide chain release factor 3 (PrfC)
sFDFITK SAK_1544 Ribosomal protein L11 (RplK)
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indicate that the �stp1 mutant is more sensitive to autolysis
when compared withWT A909 (Fig. 7). As expected, the com-
plemented strain is similar to WT for resistance to autolysis
(see �stp1/pStp1 in Fig. 7).
Collectively, our studies indicate that Stp1 is important for

regulation of Stk1 function and transcriptional and post-tran-
scriptional processes that mediate GBS autolysis and virulence.
Further studies will provide novel insight into how eukaryotic-
like signaling systems regulate mechanisms important for bac-
terial pathogenesis. These will provide the basis for evaluation
of Stp1 as an antimicrobial target in strategies to prevent bac-
terial infections in humans.

DISCUSSION

Signaling systems are essential for all living organisms to
respond to their dynamic external environment. Signal trans-
duction in bacteria typically involves reversible phosphoryla-

tion of histidine and aspartate residues. Although examples of
serine/threonine phosphorylation are increasingly encoun-
tered in bacteria and other prokaryotes (for recent reviews, see
Refs. 9 and 10), our understanding of the signal transduction
mechanism is not complete.We have extensively described the
role of the serine/threonine kinase Stk1 in regulation of GBS
virulence (18, 21, 38–40). Because these studies have exclu-
sively focused on the kinase (i.e. Stk1), the role of the cognate
serine/threonine phosphatase Stp1 in regulation of Stk1 func-
tion and GBS virulence has remained unknown.
Our studies indicate that GBS strains deficient only in Stp1

expression are significantly attenuated for their ability to cause
systemic infections. Furthermore, the �stp1mutant was atten-
uated for its ability to induce proinflammatory signaling path-
ways and disrupt barrier integrity of brain endothelium. The
dramatic decrease in virulence of the �stp1 mutant is consist-
ent with the decrease in toxin (�-H/C) activity and increased

FIGURE 5. MS spectra of threonine-phosphorylated peptides corresponding to PcsB (A), hypothetical protein SAK_0375 (B), and ATP synthase F1,
�-subunit, AtpA (C). The mass spectra show neutral loss of phosphoric acid from representative phosphopeptides that were identified uniquely to the �stp1
strain (i.e. not detected in WT A909; also see Table 4 (middle)). A, the m/z of the doubly charged precursor ion corresponding to PcsB is 1034.01. Note that the
peak depicting neutral loss of phosphoric acid (H3PO4) has an m/z of 984.89 due to the loss of 49 Da from the doubly charged peptide. B, the peak depicting
neutral loss of phosphoric acid (H3PO4) from the precursor ion corresponding to SAK_0375 has an m/z of 921.25 due to the loss of 49 Da from the doubly
charged peptide. C, the peak depicting neutral loss of phosphoric acid (H3PO4) has an m/z of 1013.43 due to the loss of 49 Da from the doubly charged peptide
corresponding to ATP synthase F1, � subunit, AtpA.
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sensitivity of themutant to autolysis. The decrease in hemolytic
activity observed in the�stp1mutant is independent of changes
in transcription of the cylE gene encoding �-H/C and CovR/S-
mediated transcriptional regulation of the cyl operon. Previous
studies have indicated that components of an ABC transporter
(i.e. the ATP binding protein CylA and the permease protein
CylB) are required for�-H/C export inGBS (41). Because phos-
phopeptides corresponding to AtpA and AtpF (encoding � and

B subunits of the F0F1-ATP synthase) were identified only in
�stp1, one possibility is that the decrease in hemolytic activity
is, in part, due to by decreased function of F0F1-ATP synthase,
leading to decreasedCylA/CylB function. Evidence that protein
phosphorylation inhibits the F0F1-ATP synthase is provided by
recent studies that indicate that protein kinaseC� (PKC�) phos-
phorylation of AtpB inhibits the activity of the mitochondrial
F0F1-ATP synthase (85, 86). Similarly, phosphorylation ofAtpA
by the serine/threonine protein kinase of Sulfolobus solfataro-
cus P2 is also suggested to decrease ATP synthase activity (87).4
Our efforts to constructGBSmutants deficient in the F0F1-ATP
synthase subunits, AtpA and AtpF, were unsuccessful and may
be due to the essential nature of these genes. Support for this
conclusion is provided by observations that only a single
operon encoding subunits of the F0F1-ATP synthase complex is
present in theGBSA909 genome (SAK_0980–SAK_0987) (88),
and these genes are essential in Streptococcus pneumoniae (89).
Alternatively, it is also likely that the decrease in hemolytic
activity observed in the Stp1 mutant can be attributed to a
cumulative effect of increased phosphorylation and changes in
gene expression that mediate protein synthesis and stability
(Table 4 (middle)). Although we raised peptide antibodies to
�-H/C (positions 2–19 (i.e. KDDNKLKISEASLEDYSE) and
positions 644–662 (i.e. MFKRNSPYATNVSITEYR)), these
antibodies failed to recognize �-H/C in starch extracts with
hemolytic activity (e.g. GBS WT, hyperhemolytic �covR; data
not shown), which is consistent with previous conclusions that
�-H/Cmay be non-immunogenic (74). The non-immunogenic
nature of�-H/Cposes an impediment on understandingmech-
anisms that regulate its secretion and development of vaccines.
Contrary to our hypothesis that the absence of Stp1 would

enhance Stk1 (threonine) phosphorylation of CovR, leading to
increased �-H/C (cylE) transcription and GBS virulence, our
studies described here indicate the opposite. In S. pneumoniae,
Stk1 and Stp1 homologues known as StkP and StpP form a
ternary complex with their phosphorylated substrate, RitR (9,
90). Based on these observations and our findings, we predict
that Stk1 phosphorylation and regulation of CovR function in
vivo (i.e. in GBS) may require the interaction of CovR with both
Stk1 and Stp1. In the absence of Stp1, it is likely that the substrate
specificity of Stk1 is altered, leading to the phosphorylation of a
target(s) that mediates post-transcriptional regulation of hemoly-
sin and increased expression of autolysin genes. Support for this
hypothesis is provided by our observations that phenotypes of the
�stp1mutant (lackofhemolyticactivity independentofchanges in
cylE transcription and increased sensitivity to autolysis) are not
observed in the double�stp1�stk1mutant (supplemental Fig. S3),
suggesting that the phenotypic changes of �stp1 are linked to the
presence of Stk1. These observations implicate a key regulatory
role for Stp1 in Stk1 function.
Changes in transcriptionof genes observed in the�stp1mutant

can be attributed to altered expression of transcriptional regula-
tors and phosphorylation of the ATP-dependent DNA and RNA
helicases. Although the role of these proteins in GBS is not com-
pletely understood, helicases have an important role in unwinding

4 R. A. Redbird and P. J. Kennedy, unpublished data.

FIGURE 6. Stp1 targets, such as FtsZ, DivIVA, and DivIVA domain, do not
regulate GBS hemolytic activity (see A) but are important for normal cell
segregation (see B). A, note that hemolytic activity of GBS deficient in
expression of the cell division proteins (�ftsZ, �divIVA, and �divIVA domain) is
similar to WT A909, in contrast to �stp1, which lacks hemolytic activity. B,
Gram-stained images of GBS are at 100� magnification. Note that the �stp1
mutant indicates the presence of long chains in contrast to WT A909 or the
complemented strain. Increased chain length is also seen in GBS strains defi-
cient in expression of FtsZ, DivIVA, and DivIVA domain.

FIGURE 7. Increased autolysis of the �stp1 mutant. The rate of GBS autoly-
sis was determined as described under “Experimental Procedures.” Note that the
stp1 mutant was more sensitive to autolysis when compared with WT A909 (p �
0.001). Autolysis of the complemented strain was similar to WT (p � 0.1).
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DNAandRNAduplexes (91, 92) for transcriptional andpost-tran-
scriptional processes. Protein kinase-mediated phosphorylation
had opposite effects on the activity of humanDNAandRNAheli-
cases (e.g. phosphorylation of the human DNA helicase II by the
DNA-dependent serine/threonine protein kinase (DNA-PKcs)
increased DNA unwinding (93), whereas phosphorylation of the
humanP68RNAhelicaseby the serine/threonineproteinkinaseC
abolished RNA binding (94)). Studies that elucidate the role of
DNAandRNAhelicases in transcription and post-transcriptional
regulation of specific GBS genes and understanding of how Stp1
mediates repressionof autolysin geneswill providenovel informa-
tion on GBS pathogenesis.
The abnormal chainingmorphology observedwith the�stp1

mutant can be attributed to post-translational modifications of
cell division proteins, such as FtsZ, DivIVA, DivIVA domain, and
PcsB. Studies in other bacteria have indicated that serine/threo-
nine phosphatases play a critical role in phosphorylation of cell
divisionproteins (e.g. serine/threoninephosphatasePppLmutants
of Streptococcusmutans show abnormal growth and irregular cell
division (95)). In Mycobacteria, increased phosphorylation of
DivIVA has distinct effects on cellular morphology (96), and ser-
ine/threonine kinase (PknA)phosphorylationof FtsZ is important
for cell division during oxidative stress (97). Understanding the
effect on Ser/Thr phosphorylation in the function of PcsB, FtsZ,
DivIVA, andDivIVAdomainwill provide further insight intoGBS
cell division/cell separation.
It is also noteworthy that until recently, the inability to derive

mutants deficient only in Stp1 expression, particularly in Strep-
tococcus sp. (e.g. S. pneumoniae and previously in GBS and
S. pyogenes), had led to the notion that Stp1 may be essential
(10, 18, 26–28).Our studies of Stp1 in protein phosphorylation,
autolysis, and GBS virulence may provide further insight into
its role in other prokaryotes andwill help determine if increased
expression of autolysin genes is a conserved feature among
�stp1 mutants. Similar to our findings with GBS, Listeria
monocytogenes deficient in Stp1 have been described to exhibit
attenuated virulence and increased phosphorylation of EF-Tu;
phosphorylation of EF-Tu is thought to regulate protein syn-
thesis and impact virulence functions of Listeria (25). In GBS,
Stp1 is important for regulation of Stk1 function and transcrip-
tional and post-transcriptional processes that mediate autoly-
sis, hemolysin activity, and virulence. Further studies on the
role of Stp1 in bacteria will provide greater insight into signal-
ing mechanisms that are conserved between prokaryotes and
eukaryotes. These studies will be valuable for identification of
specific inhibitors to the PP2C class of phosphatases (e.g. see
Ref. 98) in treatment of bacterial infections.
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