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serine/threonine phosphatase (SP-STP) remains elusive.
Results: SP-STP is crucial for GAS pathophysiology.
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Conclusion: SP-STP is not essential for GAS survival, but its optimal concentration is critical for cognately maintained

Significance: This work opens up avenues to understand the role of secretory SP-STP as an important virulence determinant in
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Reversible phosphorylation is the key mechanism regulating
several cellular events in prokaryotes and eukaryotes. In pro-
karyotes, signal transduction is perceived to occur primarily via
the two-component signaling system involving histidine kinases
and cognate response regulators. Although an alternative regu-
latory pathway controlled by the eukaryote-type serine/threo-
nine kinase (Streptococcus pyogenes serine/threonine kinase;
SP-STK) has been shown to modulate bacterial growth, division,
adherence, invasion, and virulence in group A Streptococcus
(GAS; S. pyogenes), the precise role of the co-transcribing ser-
ine/threonine phosphatase (SP-STP) has remained enigmatic.
In this context, this is the first report describing the construc-
tion and characterization of non-polar SP-STP mutants in two
different strains of Type M1 GAS. The STP knock-out mutants
displayed increased bacterial chain lengths in conjunction with
thickened cell walls, significantly reduced capsule and hemoly-
sin production, and restoration of the phenotypes postcomple-
mentation. The present study also reveals important contribu-
tion of cognately regulated-reversible phosphorylation by
SP-STK/SP-STP on two major response regulators of two-com-
ponent systems, WalRK and CovRS. We also demonstrate a dis-
tinct role of SP-STP in terms of expression of surface proteins
and SpeB in a strain-specific manner. Further, the attenuation of
virulence in the absence of STP and its restoration only in the
complemented strains that were generated by the use of alow
copy plasmid and not by a high copy one emphasize not only
the essential role of STP in virulence but also highlight the
tightly regulated SP-STP/SP-STK-mediated cognate func-
tions. SP-STP thus is an important regulator of GAS virulence
and plays a critical role in GAS pathogenesis.
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Streptococcus pyogenes (group A Streptococcus; GAS)? is a
Gram-positive pathogen that colonizes and invades human epi-
thelia, leading to an array of diseases, ranging from mild phar-
yngitis and impetigo to severe necrotizing fasciitis and autoim-
mune sequelae (1). The ability of this pathogen to colonize and
persist within the host and trigger infections is dependent on its
wide range of virulence factors and complex regulatory net-
works that modulate gene expression in response to fluctuating
environmental conditions (2, 3). Of these complex networks,
signal transduction is one of the key regulatory processes that
occur through reversible protein phosphorylation. In pro-
karyotes, the sensing of extracellular signal and transduction of
information is primarily governed by a two-component signal
transduction system, consisting of a sensor histidine kinase and
its cognate response regulator (4). Parallel to this signaling
pathway, prokaryotes also possess a eukaryote-type alternative
signaling mechanism mediated by serine/threonine kinases
(ESTKSs) and co-transcribing phosphatases (ESTPs) (reviewed
in Ref. 5). The latter possesses conserved I-XI motifs belonging
to a distinct class of metal-dependent PPM/PP2C-type serine/
threonine phosphatase (6). ESTKs found in many prokaryotic
pathogens, including GAS and S. aureus, have been implicated
in various cellular functions, such as stress response, biofilm
formation, cell wall biosynthesis, sporulation, metabolic and
developmental processes, drug resistance, and virulence (5, 7,
8). The co-transcribing nature and similar amino acid target
specificity suggest that the functions of ESTKs are biochemi-
cally and physiologically coupled to ESTPs, and they are prob-
ably cognately regulated. Despite the significance of dephos-
phorylation events in bacterial signaling cascade(s), the precise
regulatory role of ESTP still remains enigmatic (5). The STP
mutants have been reported only in the organisms harboring

3 The abbreviations used are: GAS, group A Streptococcus; STK, serine/threo-
nine kinase; STP, serine/threonine phosphatase; ESTK, eukaryote-like ser-
ine/threonine kinase; ESTP, eukaryote-like serine/threonine phosphatase;
SP-STP, S. pyogenes serine/threonine phosphatase; SP-STK, S. pyogenes
serine/threonine kinase; SP-WalR, SP-CovR, and STKK, S. pyogenes WalR,
CovR, and kinase domain of serine/threonine kinase, respectively; shRBC,
sheep red blood cell; gRT-PCR, quantitative RT-PCR; SFA, saturated fatty
acid; UFA, unsaturated fatty acid; TCS, two-component system.
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multiple homologs of STP, such as in Myxococcus xanthus,
Bacillus subtilis, Listeria monocytogenes, and Staphylococcus
aureus (9, 10). Based on the phenotypic characteristics, the
functional roles of STP in these organisms have been incrimi-
nated in spore formation, biofilm formation, cell wall synthesis,
and virulence (11). Importantly, the ability to generate either
ESTK or ESTK-ESTP double mutants but not ESTP mutants in
S. pyogenes, Streptococcus agalactiae, and Bacillus anthracis (7)
indicated that STP is probably essential for bacterial survival.
However, recent reports on partial characterization of STP
mutant in Streptococcus mutans (12) and the existing yet
uncharacterized STP mutant in Streptococcus pneumoniae (13)
prompted us to revisit this unsettled issue of whether STP is
indeed essential for GAS survival (7). In the present investiga-
tion, we effectively addressed this by successfully deriving non-
polar STP mutants in M1SF370 and M1T15448 GAS strains
and studied several morphological, growth, biochemical, and
biological functional parameters, including virulence. Our
present study reveals that STP of S. pyogenes is not essential for
bacterial survival but is essential for GAS virulence and plays an
important role in GAS pathogenesis.

EXPERIMENTAL PROCEDURES
Bacterial Strain, Growth Conditions, and Cell Culture

The wild-type GAS strains M1SF370 (ATCC 700294) (14)
and M1T15448 (referred to as M1T1 hereafter) (15) and the
derived mutants were grown at 37 °C in Todd-Hewitt broth
(Difco) supplemented with 0.5% (w/v) yeast extract (THY)
with or without kanamycin (300 wg/ml). Escherichia coli
strains DH5a, MC1061, and BL21(ADE3) were used (supple-
mental Table S1). The high copy/multicopy pDC123 (16)
(chloramphenicol: 10 wg/ml for E.coli and 5 ug/ml for
S. pyogenes) and low copy pREG696 (17) and pJRS9508 (18)
vectors (spectinomycin: 200 wg/ml for E. coli and 100 pg/ml
for S. pyogenes) were used for the complementation studies
(supplemental Table S1). Detroit 562 human pharyngeal cell
line (ATCC CCL138) was cultured and maintained as
described (7).

Construction of STP Mutants in GAS

The M1SF370 and M1T1 strains of S. pyogenes were used
for generating stp/pppL (SPy1626 and the equivalent one in
MI1T1) mutant employing a non-polar pVPNP-1 vector,
which was derived from pFW6 plasmid (19). The pFW6 vec-
tor was modified to introduce the BstEII site (for ease in
cloning of different antibiotic resistance cassettes). For this,
a240-bp fragment was PCR-amplified using specific primers
(supplemental Table S2) and was digested with HindIII-Pacl
and cloned into pFW6, yielding pFW-HBP. The pFW-HBP
plasmid was then digested with BstEII-EcoRI and ligated
with a 1430-bp BstEII-EcoRI-amplified fragment encom-
passing the kanamycin resistance gene (kan”) from pFW13
using specific primers (supplemental Table S2). The result-
ing vector construct was designated as pVPNP-1 (3.877 kb).
The aforementioned 1430-bp fragment (kan”) placed in this
pVPNP-1 vector contains a ribosomal binding site at its
5'-end for the expression of this cassette. The stop codon
and the intact ribosomal binding site contributed by the
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remaining 3'-end sequences (62 bp) of the stp gene allowed
the independent expression of the downstream co-tran-
scribing stk gene in the operon following homologous
recombination.

To create a mutant strain lacking the full-length stp gene, the
upstream 810-bp and downstream 930-bp regions were PCR-
amplified with primer pairs 5/6 and 7/8 and cloned into MCS-I
and MCS-I], respectively (supplemental Tables S1 and S2). The
resulting plasmid pVP-SN1ASTP was used to transform both
the wild-type GAS strains, M1SF370 and M1T1, as described
previously (20) to obtain M1ASTP and M1TI1ASTP mutants,
respectively. The double crossover homologous recombination
event was confirmed by PCR using flanking forward primer 9 in
combination with kanamycin reverse primer 10, and kanamy-
cin forward primer 11 along with flanking reverse primer 12
along with gene-specific primer pair 13/14 (supplemental Table
S2). The integrity of the mutant (i.e. the replacement of stp with
kanamycin cassette) was confirmed by DNA sequencing of the
amplicon obtained using primer pair 13/14. The expression of
STP was ascertained in the total cell lysates and extracellular
fractions of the wild-type and mutant strains by immunoblot-
ting using anti-SP-STP polyclonal antibody (7). Similarly, SP-
STK in the total cell lysates was assessed by anti-SP-STK poly-
clonal antibody (7). The blots were probed with anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody.
The signal was visualized using chemiluminescence substrate
(SuperSignal West Pico, Pierce). The expression of SDH/
GAPDH in the total cell lysates was taken as loading control (7,
21).

Complementation of M1ASTP and M1T1ASTP Strains with
High and Low Copy Plasmids

A DNA fragment encoding STP along with N-terminal
His, tag and a ribosomal binding site was obtained by BglII/
BamHI digestion of pET-His-SP-STP plasmid (7) and cloned
downstream to the tetracycline promoter (P,,) of the
pDC123 complementation vector (22) to obtain a high
copy complementation construct, pDC123.stp. The result-
ing complementation vector pDC123.stp was used to trans-
form MIASTP and MITIASTP mutants to generate
MI1ASTP::pDC.stp and M1T1ASTP::pDC.stp, respectively,
and M1SF370 and M1T1 wild-type GAS strains to generate
STP-overexpressing strains, M1-WT:stp and MI1T1-
WT:stp, respectively.

To generate the low copy complementation construct,
pREG696.stp, the gene encoding STP was cloned downstream
of the Pspac promoter in a pIB167 plasmid (23) (supplemental
Tables S1 and S2), followed by amplification and cloning of the
entire promoter-gene cassette in pPREG696 vector (supplemen-
tal Tables S1 and S2). To generate the low copy complementa-
tion construct, pJRS9508.stp, the stp gene was cloned down-
stream of the P,; promoter in pJRS9508 vector (supplemental
Tables S1 and S2). The pJRS9508.stp and pREG696.stp con-
structs were used to transform MI1ASTP and MI1T1ASTP
mutants, respectively, to generate MI1ASTP::pJRS.stp and
MI1T1ASTP::pREG.stp strains. The expression of STP in both
of the complemented mutant strains was analyzed in the cul-
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ture supernatants and total cell lysates using anti-SP-STP anti-
body as described above.

Fatty Acid Composition Analysis

The fatty acid methyl esters were extracted from bacteria
grown until late logarithmic phase. Total fatty acid content and
the composition of individual fatty acids in the wild-type and
mutant strain of M1SF370 were custom analyzed by gas chro-
matography (Microbial ID) as described (24). The fatty acid
profiles were analyzed with the Sherlock® pattern recognition
software.

Microscopic Analyses

Light and Fluorescence Microscopy—The wild-type and
mutant strains of M1SF370 and M1T1 were Gram-stained and
visualized under a Nikon Eclipse E600 microscope. The bacte-
rial cultures grown until early log phase (A4, = 0.4) were
stained by Fl-Van (BODIPY Fl-conjugated vancomycin
(Molecular Probes); 3 ug/ml) for 2 h. Stained bacterial cells
were spread on poly-L-lysine-coated microscopic slides fol-
lowed by 4/,6'-diamidino-2-phenylindole (DAPI) staining (0.2
pg/ml; Molecular Probes). The cells were observed under a
confocal microscope at the Ohio State University Campus
Microscopy and Imaging Facility.

Transmission Electron Microscopy—The wild-type and
mutant strains of M1SF370 and M1T1, grown in THY broth
until late log phase (44,, = 0.8) were processed for transmis-
sion electron microscopy, employing a cryo-capable digital
transmission electron microscope (Technai G* Spirit, EFI) at
the Ohio State University Campus Microscopy and Imaging
Facility as described previously (7).

Expression Analysis of CdhA (CHAP Domain-containing and
Chain-forming Cell Wall Hydrolase)

To assess the expression of CdhA/SibA in the GAS mutant
strains devoid of STP, extracellular fractions were immuno-
blotted using anti-CdhA antibody (1:5000) (20), and the
immunoreactive bands were visualized by nitro blue tetrazo-
lium/5-bromo-4-chloro-3-indolyl ~ phosphate  substrate
solution.

Cloning, Expression, and Purification of Response Regulators,
SP-WalR and SP-CovR, Belonging to Two Major Two-
component Systems (TCSs)

The genes encoding WalR (SPy0528, 711 bp) and CovR
(SPy0336, 687 bp) were cloned in pET-14b plasmid using gene-
specific primers (supplemental Tables S1 and S2). The recom-
binant His,-tagged SP-WalR and SP-CovR were expressed and
affinity-purified using Ni*"-NTA chromatography as de-
scribed (7). The authenticity of the recombinant proteins was
evaluated by Western blotting using custom made rabbit anti-
SP-WalR and anti-SP-CovR polyclonal antibodies (supplemen-
tal Fig. S3).

In Vitro Phosphorylation and Two-dimensional Thin Layer
Chromatography (TLC)

Phosphorylation of the SP-WalR and SP-CovR, 10 ug each,
was carried out in the presence or absence of the recombinant
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SP-STKK (1 ug) in an in vitro kinase assay as described (7).
Recombinant SP-STP (1 ug) (7) was included to study the
reversible dephosphorylation. The SP-STKK-phosphorylated
protein bands were excised from the SDS-polyacrylamide gel,
followed by acid hydrolysis and identification of the phos-
phorylated amino acids by TLC as described previously (7).

Attributes of GAS Virulence

Bacterial Adherence and Invasion Assays—The ability of
wild-type GAS, its mutant, and complemented strains to
adhere to Detroit 562 cells was determined. The confluent cul-
tures of Detroit 562 cells were infected with the indicated
strains (multiplicity of infection, 100:1, bacteria/cell) for 3 h,
and the adherent bacteria were enumerated as described (7).
Parallel to this, internalization of the adhered population was
evaluated for each strain as described previously (7). The exper-
iments were performed twice in six independent wells. The
results were statistically analyzed, and the p value significance
was determined by a non-parametric ¢ test with Welch’s cor-
rections using GraphPad Prism 4.

Phagocytosis/Bactericidal Assay—The ability of wild type,
mutants, and complemented GAS strains to resist phagocytosis
and survive in human blood was analyzed in bactericidal assays
essentially as described previously (7). Bacterial growth (multi-
plication factor) was calculated as the ratio of the mean number
of cfu recovered after 3 h and the initial mean number of cfu
added at ¢ = 0. The required Ohio State University Institutional
Review Board approval was obtained prior to withdrawing the
blood from two healthy individuals. Results were statistically
analyzed by non-parametric ¢ test as described above.

Hemolysin Assay—The hemolysis assay was performed as
described previously (25). Briefly, the supernatants of wild-
type, STP mutant, and complemented strains grown until late
log phase (A4, = 0.8) were mixed with an equal volume of 2.5%
(v/v) thoroughly washed defibrinated sheep red blood cells
(shRBCs) and incubated at 37 °C for 1 h. The hemoglobin
released from the lysed shRBCs was measured spectrophoto-
metrically at 570 nm (Polarstar Galaxy). Complete lysis of
shRBCs was achieved upon the addition of 1% Triton X-100 and
was treated as control (100%). Samples containing only shRBCs
and PBS were treated as blank or negative control. Percentage
hemolysis was calculated by the equation, ((sample A — blank
A)/(100% lysis A)) X 100.

Estimation of Hyaluronic Acid in the Capsule—Capsular hya-
luronic acid content present in 10 ml of late log phase culture of
the wild-type, mutant, and complemented GAS strains was
determined as described previously using Stain-All (Sigma) (7).
The amount of capsule was measured based on the standard
curve generated with known concentrations of hyaluronic acid.

In Vivo Bacterial Virulence Assays—Virulence potential of
the wild-type, STP mutants, the mutants complemented with
high copy pDC123.stp (10 mice/group), low copy pJRS9508.stp
and pREG696.stp (10 mice/group), and the wild-type GAS
strains complemented with the s¢p gene (overexpressing STP, 8
mice/group) was assessed employing an experimental mouse
infection model of peritonitis. A group of indicated mice (CD-1,
5 weeks old, 20 —22 g; Charles River Laboratories) were injected
intraperitoneally with 1 X 10® cfu. Morbidity and mortality in
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FIGURE 1. Construction of non-polar stp mutants in M1SF370 and M1T1 strains. A, schematic representation of the genome organizations of
wild-type and mutant strains of S. pyogenes stp/stk operon. The numbers and arrows depict the primers used for confirming gene deletion in the
mutants. The indicated nucleotide sequence shows the replacement of the stp gene with the sequence encoding the kanamycin resistance cassette and
uninterrupted stk gene sequence. The transcription terminator after kan” and the ribosomal binding site for the stk are also highlighted. Shown are
growth characteristics of the wild-type M1SF370 (B) and M1T1 (C) in comparison with their respectively derived isogenic mutants and complemented
strains, grown in THY. D, the growth profile of stp-overexpressing M1SF370 and M1T1 wild-type strains. Each data point of the spectrophotometrically
(Aso0) Mmonitored growth curve represents an average of three independent readings. The panels below each graph represent the cfu of the indicated

strains grown until Agy, = 0.8. Error bars, S.D.

the infected animals were observed twice daily for 10 days. The
data presented in the mortality/survival curve were statistically
evaluated using the log rank test using GraphPad Prism4 soft-
ware. All animal experiments were performed in accordance with
the Ohio State University Institutional Animal Care and Use Com-
mittee-approved protocol as described previously (20).

Quantitative Real-time Reverse Transcription-PCR (qRT-PCR)

Total RNA was extracted from three independently (biolog-
ical replicates) grown late log phase cultures of wild-type and
mutant GAS strains using the Qiagen RNeasy kit. The purity
and integrity of RNA were confirmed by an Agilent 2100 Bio-
analyzer (Agilent Technologies, Palo Alto, CA). First strand
c¢DNA was generated (Roche Applied Science), and the mRNA
levels were quantitated for selected genes using SYBR Green
qRT-PCR master-mix (Roche Applied Science) and specific
primers (supplementary Table S3) in a LightCycler® 480
(Roche Applied Science). The copy numbers for all of the genes
were normalized with the housekeeping gene, proS, using three
biological and three technical replicates. The linear -fold change in
the mRNA expression levels of each gene in the mutant strains
with respect to their corresponding wild-type strains were ana-
lyzed using Exor4 software (Roche Applied Science). 2-fold up- or
down-regulation was considered as a significant change.
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RESULTS

Construction, Integrity, and Growth Characteristics of the
Non-polar Serine/Threonine Phosphatase (STP) Mutant of
S. pyogenes—Because stp/pppL and stk are co-transcribed (7),
with stp transcription preceding the stk (Fig. 1A), to prevent the
downstream polar effects following stp gene deletion, the pFW6
with spectinomycin-resistant gene marker (aad9) and a tran-
scription terminator was modified to generate a non-polar vec-
tor, pVPNP-1, which resulted in the generation of STP mutants
in M1SF370 and M1T1 GAS strains. The genotype of the stp
mutants, MIASTP and M1T1ASTP, was confirmed by PCR
using primers 9/10 (supplemental Fig. S1A, lanes 3 and 7),
11/12 (supplemental Fig. S1A, lanes 4 and 8), and stp gene-
specific primers 13/14, showing the replacement of the stp gene
in the wild type (supplemental Fig. S1A4, 741 bp, lanes 1 and 5)
with kanamycin resistance cassette in both of the mutants (sup-
plemental Fig. S1A4, 1430 bp, lanes 2 and 6). The identity and
integrity of the M1IASTP and M1T1ASTP mutants were further
confirmed by DNA sequencing of the amplicon generated by
the 13/14 primer pair (Fig. 1A4).

Deletion of the stp gene in the mutant strains at the transcrip-
tional level was assessed by qRT-PCR analysis. Western blot
analysis was performed to assess the level of STP protein in the
cell lysates of the wild type and the mutant strains. The blots
probed with anti-SP-STP antibody show the absence of STP in
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the cell lysates of M1ASTP and M1T1ASTP mutant strains
(supplemental Fig. S1B, lanes 2 and 4) unlike the wild-type
strains (supplemental Fig. S1B, lanes 1 and 3). Because SP-STP
is a secretory protein (7), the extracellular fractions were also
analyzed for the STP protein to obviate the possibility of its
presence in the extracellular medium of the mutant strains. We
did not observe STP in the extracellular secretion of the
mutants (supplemental Fig. S1C, lanes 2 and 4) when compared
with the wild-type strains (supplemental Fig. S1C, lanes 1 and
3), confirming the integrity of the mutants in both of the GAS
strains.

Torestore the expression and function of STP in the mutants
and also to determine the suitability of complementation plas-
mids, high and low copy complementation plasmids were used.
Complementation of the M1ASTP and M1T1ASTP mutants
with the wild-type stp using multicopy plasmid pDC123 yielded
an expected high level of STP expression (supplemental Fig.
S2A). However, when these mutants were complemented with
a low copy plasmid pJRS9508 (P, promoter, in M1ASTP) and
PREG696 (P, promoter in MIT1ASTP), the wild-type levels
of SP-STP were restored (supplemental Fig. S2B), indicating
the strain-specific efficiency of transcription from a distinct
promoter in driving the STP expression.

Along with the absence of STP described above, the follow-
ing findings confirmed the non-polarity of these mutants: (i)
Western blot analysis of the cell lysates obtained from the
mutant strains showing an intense anti-STK-reacting protein
band (supplemental Fig. S1D, lanes 2 and 4) comparable with
their corresponding wild types (supplemental Fig. S1D, lanes 1
and 3); (ii) the maintained mRNA expression levels of stk
(SPy1625) (see Fig. 6, C and D; see also supplemental Table S4);
and (iii) the DNA sequence showing the presence of a strong
Rho-independent  transcription  terminator (UUCUU-
UUUAACUACU, AG = —15.9 kcal/mol) (26) after the stk gene.

The growth patterns of both of the STP mutants (Fig. 1, B
and C), monitored over a period of 10 h in THY broth, were
comparable to those of their corresponding wild-type GAS
strains. Further analysis of the growth patterns of the com-
plemented strains, M1ASTP::pDC.stp, M1T1ASTP::pDC.stp,
MI1ASTP::pJRS.stp, M1T1ASTP::pREG.stp, and STP-overex-
pressing wild-type GAS strains M1:stp and M1T1:stp (Figs. 1,
B-D), in comparison with their respective wild types, revealed
no discernible differences in their doubling time, thus confirm-
ing no aberrant effect on the growth patterns as a result of
complementation.

Enumeration of cfu after 8 h of growth revealed that the STP
mutant, stp-complemented, and stp-overexpressing wild-type
strains grew equally well as their respective wild-type strains
(Fig. 1, B-D, bottom).

Role of Serine/Threonine Phosphatase in Cell Division/Septa
and Chain Formation—The phenotypic characteristics like
colony size and morphology of the GAS mutants were compa-
rable with those of their corresponding wild types (data not
shown). The Gram staining showed formation of long chains in
the M1ASTP and M1T1ASTP mutant strains compared with
their respective wild-type strains, indicating a plausible role of
STP in cell division (Fig. 24).
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Fl-Van staining of the M1IASTP and M1T1ASTP mutants
and their respective wild-types strains with comparable vanco-
mycin susceptibilities (MIC 0.25 ug/ml) revealed unusual
staining patterns with multiple asymmetric and parallel
septa formation (Fig. 2B). Similar defects observed by trans-
mission electron microscopy (Fig. 2, Cand D) in conjunction
with relatively thicker cell walls indicated that SP-STP plays
a role in the regulation of septa formation and in turn cell
division in GAS.

CdhA-regulated Cell Division in GAS Is Cognately Controlled
by SP-STK/STP-mediated Reversible Phosphorylation of WalR—
Our previous results demonstrating the correlation between
long chain formation with the overexpression of CdhA (20), the
STP mutants displaying long chain-forming phenotypes, loss of
plane recognition, and multiple parallel septa formation led us
to hypothesize that the loss of STP directly or indirectly affects
CdhA in a temporal fashion. We validated this hypothesis by
demonstrating an increase in the level of CdhA protein in the
culture supernatants of early log phase-grown mutant strains,
MI1ASTP (Fig. 3A) and M1T1ASTP (Fig. 3B). In accordance
with the increased CdhA levels, we also observed a correspond-
ing up-regulation in the mRNA transcript encoding CdhA
(2.8 -3-fold) during the early growth phase in both of the
mutant strains (Fig. 3, tabulated below A and B).

Because STK has been shown previously to positively regu-
late cdhA (20) and its pneumococcal homolog is controlled by
the WalRK regulon in S. pneumoniae (27, 28), we attempted to
explore the possibility of reversible phosphorylation of
SP-WalR by SP-STK/STP couple. The in vitro phosphorylation
assay revealed that SP-STK was able to phosphorylate SP-WalR
(Fig. 3C) specifically at threonine residues, as is evident by TLC
(Fig. 3D). The SP-STP was able to dephosphorylate the SP-
STK-phosphorylated SP-WalR (Fig. 3C), demonstrating that
this couple functions as a cognate kinase-phosphatase pair. In
support of this, we also observed a simultaneous up-regulation
of walR (2.7-3.2-fold) transcript at an early time point in both
of the strains (Fig. 3, table below A and B).

Deletion of stp Adversely Affects Capsule Biosynthesis and SagA-
mediated Hemolysin Production in GAS—Our previous study on
the MIASTK mutant of GAS demonstrated that upon deletion of
SP-STK, capsule biosynthesis (encoded by the has operon) and
hemolysin expression (encoded by sagA) (7) are up-regulated. In
both of the STP mutants, we observed a 3—4-fold decrease in the
capsule production (Fig. 44) and 14 —100-fold down-regulation of
the corresponding has transcript as revealed by qRT-PCR (supple-
mental Table S4; see also Fig. 6, C and D).

The significant decrease in the hemolytic activity of the
MI1ASTP (30%, p < 0.05) versus only 10% decrease in the
MI1T1ASTP (Fig. 4B) strain concurred with the down-regula-
tion of sagA-specific mRNA transcript (3.4-fold) in the
MI1ASTP mutant strain (Fig. 6C; see also supplemental Table
S4) and the unaltered mRNA transcript in the M1T1ASTP
mutant (Fig. 6D; see also supplemental Table S4). These results
thus indicated that the STP-mediated sagA regulation is
strain-specific.

CovRS TCS has been shown to govern capsule and hemol-
ysin production in GAS (29). Based on the phenotypes with
contrasting characteristics observed for the SP-STK mutant
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FIGURE 2. STP is involved in cell division and septa and chain formation. Shown are Gram-stained (A) and FL-Van-stained (B) images of the wild-type and
mutant GAS strains. The arrows shown in the overlay images of green FL-van and blue DAPI point to the distinct septum in each case with the scale bars shown.
Transmission electron micrographs of the wild type (M1SF370 (C) and M1T1 (D)) and their respectively derived stp-deleted mutant strains are shown at the

indicated magnification.

in our previous study (7) and SP-STP mutants in the present
study, we hypothesized that CovR could be a possible sub-
strate for SP-STK-mediated reversible phosphorylation. We
demonstrated that the SP-STK was able to catalyze the phos-
phorylation of CovR in vitro (Fig. 4C). The specificity of SP-
STK mediated CovR phosphorylation was confirmed by its
subsequent dephosphorylation by the cognate SP-STP (Fig.
4C). Also, the TLC revealed that SP-STK mediates phospho-
rylation of CovR specifically at its threonine residues (Fig.
4D).

Strain-specific Role of STP in Bacterial Adherence and Invasion
of Human Pharyngeal Cells—Upon close examination of the elec-
tron micrographs of the STP mutant strains (Fig. 2, C and D), we
observed a substantial loss of the outermost electron dense fuzzy
layer, which is contributed primarily by several surface proteins.
Notably, these changes were more obvious in the MIASTP mutant
strain (Fig. 2C) as compared with the M1T1ASTP mutant (Fig.
2D). This prompted us to evaluate whether the ability of the
mutant strains to adhere to the pharyngeal cells is strain-specific.
The results showed a significantly reduced adherence pattern for
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the M1ASTP strain and unaltered adherence for the M1T1ASTP
mutant in comparison with their corresponding wild-type strains
(Fig. 5A). Further, the M1ASTP mutant was found to be more
invasive than the M1T1ASTP mutant, reiterating the strain-spe-
cific STP-mediated regulation in GAS adherence and invasion
(Fig. 5B). Upon complementation with stp, the altered phenotypes
regained characteristics comparable with those of the wild-type
strains (Fig. 5, A and B).

STP Deletion Abrogates Anti-phagocytic Activity of GAS—
Capsule, which was found to be severely down-regulated in
both of the mutant strains, is an important determinant in
imparting anti-phagocytic activity to GAS. In bactericidal
assays, both of the M1ASTP and M1T1ASTP mutants were
effectively phagocytosed and were rapidly cleared from the
whole blood (Fig. 5C). The complementation of the mutants
with STP led to the restoration of both capsule expression (Fig.
4A) and concomitant anti-phagocytic activity (Fig. 5C), indicat-
ing that SP-STP, being a cognate phosphatase to SP-STK, par-
ticipates in the regulation of “has” transcription via CovR and
thus impacts capsule production in GAS.
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FIGURE 3. The chain formation in STP mutants is attributed to CdhA
controlled by SP-WalR. Shown is Western blotting of the extracellular
fractions obtained from the wild-type M1SF370 and MTASTP (A) and the
wild-type M1T1 and M1T1ASTP (B) using anti-CdhA (SPy0019) antibody.
The arrows indicate detection of an immunoreactive band at ~45 kDa
corresponding to CdhA. C, in vitro phosphorylation of SP-WalR by SP-STKK
and dephosphorylation by SP-STP are shown in the autoradiogram. The
arrows and arrowheads point toward the phosphorylated SP-STKK and
SP-WalR, respectively. The parallel Coomassie-stained gel depicting the
integrity of the proteins in each case is shown. M, migration of molecular
mass standards. D, two-dimensional TLC of phosphorylated SP-WalR
revealing phosphorylation at threonine in the autoradiogram and the
migration of phosphoamino acid standards (tyrosine (pY), serine (pS), and
threonine (pT)) by ninhydrin.

Role of STP in Fatty Acid Biosynthesis of GAS—Unlike the
wild-type GAS strains, the overnight liquid cultures of
MI1ASTP and M1T1ASTP mutant strains remained in suspen-
sion and did not settle. The increase in the capsule production
had conferred increased buoyancy to the M1ASTK mutant (7).
Because we observed significant down-regulation of capsular
polysaccharides in the STP mutants, we speculated that this
increased buoyancy could be due to the increased total lipid
content. The total lipid content analysis (fatty acid methyl
ester) of the wild type and its corresponding STP mutant
revealed that both saturated fatty acid (SFA) and unsaturated
fatty acid (UFA) content in the mutant were 2—3-fold up-regu-
lated (Table 1). This was reflected in the overall 3-fold increase
in total lipid content. Interestingly, in the wild-type M1SF370
strain, distribution of SFA and UFA was relatively equal (UFA/
SFA = 1.03), whereas in the M1ASTP, this ratio was found to be
1.37, indicating a significant increase (34%) in the unsaturated
fatty acid synthesis. The total lipid composition analysis also
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FIGURE 4. Capsule and hemolysin production is cognately regulated by
SP-STK/STP-mediated reversible phosphorylation of CovR. A, the
comparison of capsule content based on the biochemical estimation of
the hyaluronic acid for the STP mutants and complemented GAS strains
with respect to their corresponding wild-type strains. Error bars, S.D. of
two independent experiments performed in six wells. B, hemolysin pro-
duction in the wild-type M1SF370 and M1T1 and their corresponding
mutant and complemented strains. Complete lysis of shRBCs achieved
upon the addition of 1% Triton X-100 was taken as control (100%). Error
bars, S.D. of two independent experiments performed in six wells. C, auto-
radiogram showing phosphorylation of SP-CovR by SP-STKK and its
dephosphorylation by SP-STP in an in vitro kinase assay. Arrows and arrow-
heads point toward the phosphorylated SP-STKK and SP-CovR, respec-
tively. The parallel Coomassie-stained gel is shown to assess the integrity
of the proteins in each case. M, migration of molecular mass standards.
D, two-dimensional TLC of phosphorylated SP-CovR revealed phosphor-
ylation at threonine residues in the autoradiogram and the migration of
phosphoamino acid standards (tyrosine (pY), serine (pS), and threonine
(pT) by ninhydrin.

revealed the absence of C15:0 anteiso and C17:0 cyclopropane
fatty acids in the M1ASTP mutant strain (Table 1).

STP Is Essential for GAS Virulence—The defective cell divi-
sion pattern in the STP mutants, their reduced ability to adhere
to the host, and their increased susceptibility to phagocytosis
indicated that SP-STP positively regulates GAS virulence and
plays an important role in GAS pathogenesis. To confirm this,
we employed the mouse infection model of peritonitis. Mice
intraperitoneally infected with the wild-type M1SF370 strain
showed 90% mortality in 2-3 days, whereas the M1ASTP
mutant was completely attenuated for virulence because no
morbidity or mortality was observed in the infected mice for the
entire observation period (10 days) (Fig. 64). On the other
hand, whereas wild-type M1T1 caused 100% mortality in mice
within 3 days postinfection, the virulence of MITI1ASTP
mutant was significantly reduced (p < 0.0001) and caused mor-
tality only in 40% of the infected mice (Fig. 6B).

The real-time PCR analyses of 38 genes (including 19 virulence-
associated genes, 13 metabolism-related genes, and six one- or
two-component regulators) for both of the mutant strains
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FIGURE 5. Lack of STP affects bacterial adherence to human pharyngeal cells and abrogates GAS anti-phagocytic function. The ability of the mutants
and stp-complemented strains to adhere to and invade Detroit 562 human pharyngeal cells in comparison with that of the wild-type strains was determined
by calculating adherence (percentage of initial inoculum) (A) and invasion (percentage of adherence) (B) indices. The multiplicity of infection was 100:1
(bacteria/cell). Error bars, S.D. of three independent experiments, each performed in six wells. C, phagocytic index of the wild-type M1SF370 and M1T1 and their
corresponding mutant and complemented strains. The phagocytic index was measured as multiplication factor (M.F.), demonstrating the ability of the GAS
strain to multiply in the whole human defibrinated blood as described. Error bars, S.D. of the two independent experiments performed in triplicates using blood

drawn from two healthy donors.

revealed different expression patterns (Fig. 6, C and D; see also
supplemental Table S4). Except for the up-regulation of SpeB
(16-fold) in M1ASTP, in essence, the majority of the genes (10
of 19) (SPy0128-pilin, SPy0711-SpeC, SPy0738-sagA, SPy1302-
amyA, SPy1600-hyaluronidase, SPyl1979-ska, SPyl983-scl,
Spy2010-scpA, SPy2016-sic, and SPy2200-hasA) in M1ASTP
were significantly (2—14-fold) down-regulated. Although in the
MI1TI1ASTP strain, only 6 of 19 virulence genes (slo, pilin
(SPy0128 equivalent), speB, speA2, hasA, and amyA) were
down-regulated (3—-500-fold), 5 of 19 genes (nga, scl, scpA, speJ,
and speC) were significantly (4 to >5000-fold) up-regulated.
Additionally, in both the mutants, the majority of the metabo-
lism-related genes were also found to be down-regulated (Fig. 6,
C and D). Together, these results (Fig. 6, A-D) clearly demon-
strated that STP is essential for GAS virulence, and this regula-
tion is strain-specific with more pronounced effects on the
expression profile of the natively hypervirulent M1T1 strain
(30).

STP Complementation with High and Low Copy Plasmids
Differentially Affects the in Vivo Virulence—Because pDC123 is
the most commonly used multicopy plasmid, we initially
complemented MI1ASTP and MITIASTP mutants using
pDC123.stp plasmid. Despite the increased expression of STP
in M1ASTP::pDC.stp and M1T1ASTP::pDC.stp (supplemental
Fig. S1D), it could minimally restore the virulence in M1ASTP
strain (i.e. only 20% mortality was observed) (Fig. 7A). On the
other hand, complementation of the MIT1ASTP strain using
the same construct could not restore the virulence, and 100%
survival was obtained (Fig. 7B). We therefore hypothesized that
this observed attenuation in the virulence despite complemen-
tation could be either due to the instability of the plasmid in the
host, as reported earlier (16), or due to the overexpression of
STP from a multicopy plasmid, resulting in the aberrant
dephosphorylation.

To obviate the problems associated with the plasmid insta-
bility and copy number, we harnessed the potential of two low
copy number plasmids expressing SP-STP driven by two differ-
ent promoters (M1ASTP::pJRS.stp and M1T1ASTP::pREG.stp)
(supplemental Fig. S1E). Both the pREG696 and pJRS9508 plas-

DECEMBER 2,2011+VOLUME 286+NUMBER 48

mids with the stp gene placed under the control of P,  and P,;
promoters, respectively, also harbor the toxin-antitoxin (axe-
txe) locus, which imparts substantial segregational stability
when propagated in the host (17). The virulence potential of
these aforementioned complemented strains revealed 60%
mortality in mice infected with M1ASTP:pJRS.stp and 90%
mortality in M1T1ASTP:pREG.stp (Fig. 7, A and B). These
results thus indicated that the STP expression levels are crucial
to restore the virulence.

Wild-type GAS Strains Overexpressing SP-STP Are Substan-
tially Attenuated for Virulence in Mice—To precisely address
the hypothesis pertaining to the adverse effect of STP overex-
pression on GAS virulence, we constructed two wild-type GAS
strains overexpressing STP by complementing them with
pDC123.stp. The mice infected with both of the STP overex-
pressing strains, M1::stp and M1T1::stp, displayed a substantial
decrease in the mortality (80% survival in M1:stp (p < 0.0006)
and 40% survival in M1T1:stp (p < 0.0001)) as compared with
their respective wild-type strains (Fig. 8, A and B). These results
thus provide a supporting explanation in favor of the observed
inability of the complemented strains to restore the wild-type
virulence using a high copy plasmid, pDC123, which seemed to
remain stable throughout the observation period.

In accordance with the in vivo experimental mouse infection
studies, the qRT-PCR analysis for the 12 major virulence-asso-
ciated genes revealed substantial down-regulation of the major-
ity of the genes analyzed in both of the STP-overexpressing
wild-type GAS strains (Fig. 8, Cand D, and supplemental Table
S5). Thus, these results clearly indicated that the overexpres-
sion of a regulator beyond its physiological concentration can
have adverse effects on the bacterial physiology and virulence.

DISCUSSION

Reversible phosphorylation is the key mechanism regulating
cell growth, division, differentiation, pathogenicity, and sec-
ondary metabolism in both prokaryotes and eukaryotes.
Although ESTKs are recognized as important one-component
regulators controlling a variety of cellular functions in GAS (7)
and other Gram-positive pathogens (5), the mechanism under-
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TABLE 1

Total fatty acid analysis in the wild-type M1SF370 and its isogenic
MT1ASTP mutant strain

Unless otherwise indicated, values indicate weight in ug. The ratio of UFA/SFA in
MI1-WT and M1ASTP is 1.02 and 1.33, respectively. -Fold change in SFA and UFA
in M1ASTP versus M1-WT is 1.74 and 2.27, respectively. N.D., not detected; N.C.,
not calculated. Shaded rows, no significant difference.

MI-WT MIASTP Fold -
Fatty acids p valuef | Change
Mean+S.D. | Mean+S.D.
12:0 1.09+0.1 1.70+0.09  0.002 1.56
12.0 20H 0.36* N.C.
12:0 30H 0.29* 0.32+0.04 N.C.
14:0 2.85+0.27  3.44+0.19  0.027 1.2
15:0 iso 1.19+0.03  0.36+0.03  <0.0001 -3.3
15:0 anteiso 1.15+0.09 N.D. N.C.
15:0 0.39+0.06  0.324+0.03  0.07
16:1 w9c 3.74+0.27  7.18+0.27  0.0003 1.92
16:1 w7c 7.5540.96  13.19+0.63 0.0017 1.75
16:1 w5c 0.66+0.06  1.49+0.03  0.0009 2.25
16:0 13.06+1.42 26.64+0.94 0.0004 2.04
17:1 iso w5c 0.28+0.02  0.49+0.17  0.0863
17:1 w8c 0.42+0.05  0.46+0.05 0.226
17:0 cyclopropane  0.7+0.07 N.D. N.C.
17:1wéc 0.39+0.12 N.C.
17:0 0.4+0.05 0.57+0.04  0.0084 1.43
18:1 w9c 2.34+0.24  5.76+0.23  0.0002 2.46
18:1 w7c 6.41+0.81  18.68+0.76 0.0002 291
18:1 w5c 0.34+0.03 1.10+0.06  0.0011 3.67
18:0 1.3440.15  3.46+0.14  0.0002 2.58
19:1iso 1 0.54+0.08  0.94+0.01  0.0068 1.74
19:0 iso 0.37+0.01  0.5+0.01 0.0001 1.35
Wet weight (mg) 27.67+9.86 21.0£2.65 0.189 N.C.
Total 44.76+4.93 87.21+3.33 0.0006 1.95
Percent FA 0.18+0.07 | 0.42+0.04 | 0.0149 2.33

* Amount detected only in one sample.
9 Significance p values were statistically calculated by non-parametric ¢ test using
one-tailed parameter and applying Welch correction.

lying their regulatory functions is not well understood. This is
in part due to the paucity in the knowledge of the role of co-
transcribing ESTP-mediated physiologically relevant func-
tions. In the present investigation, by creating and characteriz-
ing the non-polar, viable STP mutants in two different Type M1
GAS strains, we have bridged this important knowledge gap,
which existed due to the inability to generate an STP-specific
knock-out mutant in GAS.

Because ESTKs and ESTPs are co-transcribing proteins and
belong to a one-component system (31), several affected func-
tions in our SP-STP mutants were found to be cognately regu-
lated by the SP-STK/SP-STP-mediated reversible phosphory-
lation (7). In this context, the long chain formation in
M1/M1T1ASTP mutants is reminiscent of our recent report on
the implications of the overexpression of the CdhA protein
(SPy0019) in GAS chain formation and cell division-plane rec-
ognition (20). Because STK positively regulates CdhA expres-
sion (20), we speculated that this regulation is mediated via
WalR/VicR/YycF, a two-component response regulator (32).
Because STK and STP mediated reversible phosphorylation of
WalR in vitro, we believe that in the absence of STP, the con-
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stitutively phosphorylated STK will phosphorylate WalR,
thereby facilitating its binding to the cdhA promoter, resulting
in its transactivation and increased CdhA expression, leading to
the chain-forming phenotype. The cell division defects
observed at the level of septa formation could be a consequence
of decreased cdhA transcript (2.3-fold) at the later stages of
growth.

The bacterial cell division and cell wall synthesis are closely
related and interdependent phenomena (33), wherein penicil-
lin-binding proteins (PBPs) play an important role (34). How-
ever, unaltered expression profiles of several pbp genes in the
MI1ASTP and M1T1ASTP mutants (supplemental Table S4)
displaying thick cell walls indicate that in the absence of SP-
STP, the SP-STK with its kinase activity enhances cell wall syn-
thesis and modulation. As a result of this, the STP mutants
display relatively thicker cell walls and unaltered antibiotic sus-
ceptibility patterns for cell wall-acting antibiotics (supplemen-
tal Table S6), a phenotype similar to the STP mutant derived
from S. aureus N315 (8). The defective cell wall synthesis and
extreme susceptibility to the cell wall-acting antibiotics in the
STK mutants derived from S. aureus and GAS (8, 20) further
signify the cognate regulation by SP-STK and SP-STP in mod-
ulating bacterial cell division and cell wall synthesis.

The GAS mutants lacking SP-STK display increased capsule
as well as hemolysin production (7), both of which have been
shown to be regulated by CovRS two-component regulatory
system (29). Similar evidence of cognate regulation was also
observed for hemolysin production in the STP mutants of
S. agalactiae (35) and S.awreus (10). The significantly
decreased expression of the sasA and sagA genes with a corre-
sponding decrease in the hyaluronic acid content and hemoly-
sin production in the M1ASTP and MITIASTP mutants
underscores the cognate regulation and the importance of
reversible phosphorylation carried out by SP-STK and SP-STP.
Because the expression levels of covR and covS transcripts
remained unaltered in these mutants (supplemental Table S4
and Fig. 6, Cand D), it is rational to propose that the capsule and
hemolysin production in GAS is also regulated by the reversible
phosphorylation of CovR by SP-STK and SP-STP in addition to
CovsS, with one compensating for the function of the other in
GAS. In fact, the present study also demonstrates the in vitro
phosphorylation of CovR by STK, indicating that this one com-
ponent signal transduction pair (SP-STK/STP) integrates with
the known TCSs to coordinately regulate GAS physiology and
pathogenesis.

The significantly decreased adherence pattern of the
M1SF370-derived STP mutant can be attributed to the several-
fold down-regulation of transcripts encoding surface proteins,
such as pilin (SPy0128) (5-fold), scpA (2.4-fold), sic (2.3-fold),
and scl (4.5-fold), which is also responsible for the evident loss
of the surface electron-dense layer (Fig. 2C). However, in con-
trast to this, we did not observe a significant reduction in the
outermost fibrillar electron-dense layer in the M1T1-derived
STP mutant strain (Fig. 2D), which corroborated with the
observed up-regulation of the transcripts encoding two surface
proteins, sc/ (4.0-fold) and scpA (5.6-fold), which is conse-
quently reflected in the unaltered adherence pattern of this
mutant strain.
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FIGURE 6. Deletion of STP attenuates GAS virulence in an experimental mouse intraperitoneal infection model. Effects of the deletion of the stp gene on
GAS virulence of CD-1 mice (n = 10) as observed for the wild-type and mutant strains of M1SF370 (A) and M1T1 (B). Survival/mortality for the strains was
monitored for 10 days, and the data were statistically evaluated and analyzed by the log rank test using GraphPad Prism 4 software. For real-time (qRT-PCR)
analysis, the expression profiles of 19 virulence-related genes, 13 metabolism-related genes, and the other six one-/two-component transcription regulators
in the stp-deleted mutant strains derived from M1SF370 (C) and M1T1 (D) were compared with respect to their corresponding wild-type strains. The transcripts
were quantified by a SYBR Green-based real-time PCR assay as described under “Experimental Procedures.” The gray zone across the y axis depicts the threshold

for determining significant (=2-fold) change.

One of the intriguing phenomena to be noted in the present
study, as also we observed previously for the M1IASTK mutant
(7), is that although the M1ASTP mutant lost the ability to
adhere to pharyngeal cells, the adherent mutant strain was
6-fold more invasive. We believe that this is in part due to ~14-
fold up-regulation of the speB gene in M1ASTP and several fold
down-regulation of this gene in M1T1ASTP mutant strain.
Although the role of SpeB in GAS invasion is debatable, the
recent reports have clearly demonstrated that the direct cys-
teine protease activity may confer an advantage to GAS in tissue
invasion, and its presence in systemic infection may remain
disadvantageous for GAS because its secreted proteolytic activ-
ity degrades GAS anti-phagocytic surface proteins, rendering
them vulnerable to host innate immunity (36). On the other
hand, GAS with down-regulated SpeB status is shown to be
more invasive and able to cause metastatic lesion through the
bloodstream due to unaffected intact anti-phagocytic mole-
cules on its surface (37). Therefore, in support of the former
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hypothesis, the M1ASTP mutant strain producing elevated lev-
els of SpeB, although it remains highly invasive in vitro, was
attenuated for in vivo virulence in mice.

The role of lipid biosynthesis in virulence regulation has been
studied for S. pneumoniae (38), S. aureus (39), and L. monocy-
togenes (40) but not for GAS. Like S. pneumoniae, the FAS-II
operon in the M1SF370 GAS strain is constituted by SPy1743 to
SPy1755. Fatty acid biosynthesis (FAS-II) in Streptococcus spe-
cies is regulated by the fabT transcription regulator (41), which
negatively regulates the expression of FAS-II operon genes (41).
As in the case of S. pneumoniae (38), we also observed down-
regulation of the fabT homolog of GAS, marR/SPy1755 (3—6-
fold), in both of the mutant strains (supplemental Table S4; see
also Fig. 6, Cand D) and a concomitant increase in the total fatty
acid content in M1ASTP. Further, 3—10-fold down-regulation
of enolyl-CoA hydratase encoding SPy1758/phaB in both of the
mutants (supplemental Table S4; see also Fig. 6, C and D)
responsible for fatty acid catabolism correlates with the 4-fold
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FIGURE 7. In vivo virulence of the STP mutants complemented with
high copy (pDC123) and low copy (pPREG696 and pJRS9508) plasmids.
Effects of the stp complementation on GAS virulence in CD-1 mice (n = 10)
for the wild-type and complemented strains of M1SF370 (A) and M1T1 (B)
are shown. Survival/mortality for the strains was monitored for 10 days,
and the data were statistically analyzed as described above in the legend
to Fig. 6.
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FIGURE 8. Effect of overexpression of STP on GAS virulence. CD-1 mice
(n = 8) infected with STP-overexpressing M1SF370 (A) and M1T1 (B) strains
were compared with their respective wild types using an experimental
mouse model of peritonitis. Survival/mortality curves for all of the strains
were monitored and evaluated as described in the legend to Fig. 6. Real-time
PCR analysis was used to evaluate the changes in the expression profile of
major virulence genes in the M1SF370-derived (C) and M1T1-derived (D) STP-
overexpressing strains in comparison with their corresponding wild-type
strains. The transcript abundance was quantified and analyzed as described
in the legend to Fig. 6.
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increased total lipid content in the M1ASTP mutant (Table 1).
Our study showing increased fatty acid biosynthesis in the
MI1ASTP mutant is in agreement with the recently demon-
strated role of SP-STK in positively regulating fatty acid biosyn-
thesis (42). This highlights another level of cognate regulation
mediated by this SP-STK/STP couple in controlling metabolic
processes within GAS and is speculated to be manifested by
SP-STK-mediated phosphorylation of the fabT repressor. The
deletion of the FAS-II operon in S. mutans resulted in
decreased fatty acid biosynthesis with attenuation for virulence
(43), which is contrary to the M1ASTP mutant showing com-
plete virulence attenuation despite the increased fatty acid bio-
synthesis, which calls into question the precise role of FAS-II
genes in regulating GAS virulence. Interestingly, the absence of
C15:0 anteiso branched chain fatty acid in the M1ASTP mutant
(Table 1) is attributed to the 4 —10-fold down-regulation of the
fabH gene (SPy1754), which is involved in the branched chain
fatty acid synthesis (44). The down-regulation of the fabH/
SPy1754 in M1ASTP and corresponding absence of the C15:0
anteiso branched chain fatty acid (44) corroborate with the
attenuation of virulence, as was also observed in S. aureus (45)
and L. monocytogenes (40). Further, the undetected C17:0
cyclopropane fatty acid, which is responsible for conferring
acid tolerance to bacteria by altering the membrane rigidity and
fluidity (46), may play an indirect role in reduced survival of the
M1ASTP mutant within the host, especially while encountering
an unfavorable intracellular environment.

Based on the transmission electron microscopy data, qRT-
PCR analyses, and animal experiments, the observed pheno-
types of stp mutants in two evolutionarily distinct M strains of
the same type, allow us to conclude that SP-STP and its dephos-
phorylation activity seem to interface directly or indirectly with
several regulatory networks, including those governed by two-
component regulatory systems and stand-alone regulators that
regulate expression of several genes associated with virulence,
carbohydrate metabolism, lipid metabolism, and cell division
(3, 47). In essence, the effect on the expression levels of many
genes, especially those associated with virulence, was more pro-
nounced in the M1T1ASTP strain than in the MIASTP strain,
possibly due to the fact that M1T1 strain inherently produces
more nga-encoded NADase, slo-encoded streptolysin-O, and
amyA-encoded cyclomaltodextrin glucanotransferase (30).

In the present study, STP mutants showing observed strain-
specific variation in the expression of SpeB and other virulence
factors and resulting variation in the virulence phenotypes is
not unprecedented (48). The observed differences in the SpeB
expression could likely be due to the strain-specific differences
in the rgg expression (supplemental Table S4) because intact
expression of Rgg is essential for SpeB expression (36). The
strain-associated differences in the regulon are probably due to
the ability of STP and STK to interface with various other reg-
ulatory systems, including Rgg. The latter in turn interacts with
other subregulons, which are found to be species-specific (48).
Therefore, it can be inferred that the deletion of STP will not
only affect the genes that are directly under its control but will
also have multifarious effects on the genes that are indirectly
controlled by other regulators, as is also highlighted clearly in
Fig. 9.
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Further, the results of the complementation experiments
provide an important message with regard to the SP-STK/SP-
STP-mediated regulation. They emphasize that the signal
transduction events regulated by the reversible phosphoryla-
tion process demand a crucial balance of phosphorylation and
dephosphorylation. Thus, on one hand, the inability to restore
the lost function by the use of commonly employed multicopy
plasmid pDC123 (22) clearly indicated that the increased
expression of STP is not only deleterious to the STP mutants
(Fig. 7) but also to the wild-type GAS strains (Fig. 8). On the
other hand, the ability to restore the wild-type functions by the
use of a low copy plasmid emphasizes the fact that the optimal
concentration of any multifunctional regulatory protein is a
prerequisite to maintain the cellular homeostasis.

Thus, GAS pathogenesis is multifactorial and is regulated by the
interplay of highly dynamic and temporally regulated processes. In
summary, because the phosphatase activity plays a key role in sig-
naling events both in eukaryotes and prokaryotes, SP-STP-medi-
ated GAS virulence is invariably an outcome of the cumulative
effects of (i) the expressed virulence factors under their direct or
indirect regulation, (ii) the nature of the host response to those
expressed virulence factors, (iii) GAS strain specificity, and (iv) the
host that they are infecting. Considering these factors in perspec-
tive, the activity of SP-STP and its secretory nature (7) could have
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important implications in host signaling events. Based on the pres-
ent study, we believe that the overexpression and hence accumu-
lation of STP within GAS might be detrimental to its pathogenic-
ity. Thus, despite not having a classical signal sequence, GAS has
strategically devised a hitherto unknown mechanism in favor of its
secretion during the late log phase of its growth. We are presently
investigating this hypothesis. In conclusion, our study is a first sig-
nificant step in understanding the role of SP-STP in regulating
strain-specific GAS virulence and host-specific GAS pathogenesis.
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