JOURNAL OF BACTERIOLOGY, Feb. 2007, p. 1322–1329
0021-9193/07/$08.00⫹0 doi:10.1128/JB.01256-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Vol. 189, No. 4

Genetic Characterization and Virulence Role of the RALP3/LSA
Locus Upstream of the Streptolysin S Operon in Invasive
M1T1 Group A Streptococcus䌤
Laura A. Kwinn,1 Arya Khosravi,1 Ramy K. Aziz,3 Anjuli M. Timmer,1 Kelly S. Doran,1
Malak Kotb,4 and Victor Nizet1,2*
Department of Pediatrics, Division of Pharmacology & Drug Discovery,1 Skaggs School of Pharmacy & Pharmaceutical Sciences,2
University of California, San Diego, La Jolla, California 92093; Department of Microbiology & Immunology, Faculty of Pharmacy,
Cairo University, Cairo, Egypt3; and Research Center, Veterans Affairs Medical Center, Memphis, Tennessee 381044
Received 9 August 2006/Accepted 2 November 2006

Group A Streptococcus (GAS) is a leading human pathogen associated with a wide spectrum of mucosal and
invasive infections. GAS expresses a large number of virulence determinants whose expression is under the
control of several transcriptional regulatory networks. Here we performed the first mutational analysis of a
genetic locus immediately upstream of the streptolysin S biosynthetic operon in several GAS genome sequences, including that of the M1T1 serotype, the leading isolates associated with serious invasive disease. The
locus consists of a predicted RofA-like stand-alone transcriptional regulator (RALP3) and the largest open
reading frame in the GAS genome, encoding a predicted LPXSG motif cell wall-anchored protein we have
named LSA (for “large surface-anchored” protein). Comparative reverse transcription-PCR analysis of wildtype M1T1 GAS and an isogenic RALP3-deficient mutant identifies RALP3 as a global transcriptional
regulator affecting expression of numerous virulence factor genes, including those for strong repression of the
hyaluronic acid capsule and cysteine protease production. RALP3 contributed to GAS epithelial cell invasion
and bloodstream survival. LSA was found to be under negative regulation by RALP3 and to influence
GAS-epithelial cell interactions and GAS antimicrobial peptide sensitivity. Isogenic M1T1 GAS mutants
lacking either RALP3 or LSA were attenuated in a murine model of systemic infection, indicating that this
locus plays a role in the virulence potential of the organism.
Group A Streptococcus (GAS; Streptococcus pyogenes) is the
causative agent of a wide array of human infections, ranging
from simple pharyngitis to life-threatening necrotizing fasciitis
(NF) and toxic shock syndrome (TSS). GAS is also the trigger
for the postinfectious, immunologically mediated syndromes of
rheumatic fever and glomerulonephritis. The prominence of
GAS as a human pathogen and the diversity of its disease
manifestations reflect a large array of genetically encoded virulence factors that promote attachment to and invasion of host
epithelium, resistance to host immune clearance mechanisms,
and direct or inflammatory response-mediated injury to host
cells and tissues (6, 14, 44). The expression of GAS virulence
factors is controlled at the transcriptional level by an array of
two-component signal transduction systems and “stand-alone”
response regulators (38) and is further modulated posttranslationally by the actions of the broad-spectrum GAS cysteine
protease, SpeB (2, 13).
One well-studied virulence factor of GAS is the cytolytic
toxin streptolysin S (SLS), which is responsible for producing
the hallmark zone of ␤-hemolysis surrounding colonies of the
organism grown on blood agar media. The nine-gene GAS sag
operon has been found to be necessary and sufficient for pro-

duction of the small SLS toxin, which exhibits characteristics of
a bacteriocin-like peptide (48, 49). Targeted mutagenesis of
SLS production yields nonhemolytic mutants with a reduced
capacity to injure eukaryotic cells, resist phagocytic clearance,
or establish infection in a murine model of GAS NF (4, 18, 21,
32, 45).
While GAS strains of many genotypes are capable of producing serious infections, strains representing one globally disseminated M1T1 clone have persisted for over 2 decades as the
most prevalent invasive isolates (8, 11, 12, 46), including those
collected at the nine surveillance centers of the United States
Centers for Disease Control Emerging Infections Program
Network each year from 1997 though 2005 (http://www.cdc.gov
/ncidod/dbmd/abcs). Immediately upstream of the sagA-to-sagI
operon for SLS biosynthesis in the published M1 GAS genome
(23) lies a locus which contains two open reading frames
(ORFs) which have interesting sequence features but whose
potential role in GAS biology and pathogenesis has been unexplored. The first ORF (Spy0737) encodes over 2,000 amino
acids, by far the largest putative protein in the M1 GAS genome, including a C-terminal LPASG cell wall anchor motif,
leading us to name the candidate gene product LSA (for “large
surface-anchored” protein). The second gene (Spy0735), divergently transcribed, is predicted to encode a protein resembling the stand-alone global transcriptional regulator RofA (3,
24) and was recently named RALP3 for inclusion in the RofAlike protein family (26).
In this study, we performed a targeted allelic replacement
mutagenesis of ralp3 in an invasive M1T1 GAS isolate, initially

* Corresponding author. Mailing address: Division of Pharmacology
& Drug Discovery, University of California, San Diego School of
Medicine, Cellular & Molecular Medicine East, Room 1066, 9500
Gilman Drive, Mail Code 0687, La Jolla, CA 92093-0687. Phone: (858)
534-9760. Fax: (858) 534-5611. E-mail: vnizet@ucsd.edu.
䌤
Published ahead of print on 17 November 2006.
1322

VOL. 189, 2007

GAS RALP3 AND LSA

to ascertain whether this gene affected expression of the
nearby sag operon for SLS biosynthesis. We discovered that
RALP3 impacts sagA expression and indeed functions in global
control of several other GAS virulence phenotypes, including
down-regulation of expression of genes encoding streptococcal
inhibitor of complement (sic), hyaluronic acid capsule (hasA),
and cysteine protease (speB). RALP3 also negatively regulates
expression of the adjacent LSA, which through additional mutagenesis studies was found to influence GAS-epithelial cell
interactions. Isogenic ⌬RALP3 and ⌬LSA GAS mutants show
significant loss of virulence potential in vivo, indicating that
this locus plays a role in the pathogenesis of invasive M1T1
GAS infection.
MATERIALS AND METHODS
Bacteria and growth conditions. M1T1 GAS wild-type (WT) strain 5448 is an
isolate from a patient with NF and TSS that is genetically representative of a
globally disseminated clone associated with invasive GAS infections (8). GAS
strains were grown in Todd-Hewitt broth (THB), pH 7.5, or on THB agar plates.
For antibiotic selection, 2 g/ml erythromycin (Em) or 2 g/ml chloramphenicol
was used. Escherichia coli strains were grown in Luria-Bertani broth; antibiotic
selection employed 500 g/ml Em. For functional assays, unless otherwise noted,
bacteria were grown to early log phase, i.e., an optical density at 600 nm (OD600)
of 0.4 (⬃1 ⫻ 108 CFU per ml) in THB and resuspended in appropriate buffers,
and concentrations were confirmed by plating dilutions and enumerating CFU.
Allelic exchange mutagenesis of the GAS ralp3 and lsa genes. Targeting vectors
for precise, in-frame allelic replacement of ralp3 and lsa with the chloramphenicol acetyltransferase gene (cat) were constructed using our published method
(39) along with sequence information from the GAS M1 serotype SF370 genome
(23). Briefly, ⬃500 bp of chromosomal DNA immediately upstream of each gene
was amplified with the primer sets ralp3-upF (5⬘-ACACCCAGACTGACTGAT
GA-3⬘) plus ralp3-upR (5⬘-AACTGAACTCCTTTCATTTTTATA-3⬘) and lsaupF (5⬘-ATGAAGTCGTGTAGGCTCAG-3⬘) plus lsa-upR (5⬘-TCTGTATTC
CCCCTTATTTTTTCA-3⬘), where the two reverse primers were designed to
possess a 25-bp 5⬘ extension corresponding to the negative strand of the 5⬘ end
of cat. Likewise, ⬃500 bp of chromosomal DNA immediately downstream of
each gene was amplified with the primer sets ralp3-downF (5⬘-GCATCCCTGC
GTCCACTACTAG-3⬘) plus ralp3-downR (5⬘-CAGGTATTGCCTATCTGCG
A-3⬘) and lsa-downF (5⬘-GAACCTGGCTTTATCCAAATTGCT-3⬘) plus lsadownR (5⬘-GTAGCACGAAAATTCGCTC-3⬘), where the two forward primers
were engineered to possess a 25-bp 5⬘ extension corresponding to the positive
strand of the 3⬘ end of cat. Fusion PCRs were performed with the ralp3 upstream
amplicon plus a 658-bp amplicon of cat (from pACYC) plus the ralp3 downstream amplicon, or the corresponding series of DNA fragments for lsa. The
resulting PCR products, containing an in-frame substitution of either ralp3 or lsa
with cat in the genomic context, were subcloned into the temperature-sensitive
vector pHY304. Subsequent steps in the transformation of GAS strain 5448,
procedures for antibiotic and temperature selection for single- and doublecrossover events, and final PCR confirmation of the allelic replacement mutants
were performed as previously described (33).
Reverse transcription and real-time quantitative PCR. WT and mutant GAS
strains were grown to logarithmic phase (OD600 ⫽ 0.4) or stationary phase (18-h
culture), and RNA was isolated using QIAGEN⬘s RNeasy minikit with incolumn DNase digestion according to the manufacturer’s protocol. First-strand
synthesis and real-time PCR were performed as previously described (52) in
TaqMan Universal MasterMix SYBR Green (Applied Biosystems, Foster City,
CA) using primer sets for individual GAS genes, each time normalizing rates to
the expression level of gyrase A. The specific primer sets utilized for reverse
transcription-PCR (RT-PCR) detection of mRNA for the GAS genes ralp3, lsa,
speB, hasA, sda1, mga, covR, sagA, spn, sic, grab, emm1, eno, scpC, ska, cpa, scpA,
cfa, mac, endoS, smeZ, pulA, and gyrA are available on request.
Hyaluronic acid and cysteine protease quantifications. Levels of hyaluronic
acid on the GAS cell surface and released into the culture supernatant were
measured using a hyaluronic acid enzyme-linked immunosorbent assay (ELISA)
kit (Corgenix) per the manufacturer’s instructions. GAS strains were grown to
mid-log (OD600 ⫽ 0.4), late log (OD600 ⫽ 0.8), or stationary (18-h culture) phase
for collection of supernatants, with the corresponding cell pellets equilibrated in
PBS before detection. The mature cysteine functional proteolytic activity of
SpeB was measured with a EnzCheck protease assay kit (Molecular Probes) as
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FIG. 1. The ralp3/lsa locus. The ralp3/lsa locus is located upstream
of the streptolysin S biosynthetic (sag) operon in the M1T1 GAS
genome. Mutagenesis of ralp3 and that of lsa were each achieved
through precise, in-frame allelic replacement with the chloramphenicol acetyltransferase (cat) gene.

previously described (34). Two-dimensional gel analysis of secreted GAS proteins was performed using published methods (2).
Epithelial cell adherence and invasion. GAS adherence and invasion assays
with human A549 lung epithelial cells were performed as previously described
(19), with some modifications. Briefly, newly confluent monolayers of ⬃2 ⫻ 105
A549 cells/well in 24-well plates were washed three times with RPMI 1640.
Early-log-phase GAS cells were pelleted, washed with PBS, resuspended in
RPMI 1640 plus 10% FBS, and added to the wells at a multiplicity of infection
of 1:1 (bacteria:epithelial cells). Plates were centrifuged at 200 ⫻ g for 5 min to
place GAS cells on the monolayer surface and incubated at 37°C under 5% CO2.
For adherence assays, the plates were incubated for 30 min, after which the wells
were washed six times with PBS to remove nonadherent bacteria. Monolayers
were disrupted with 100 l of trypsin-EDTA and 400 l of 0.025% Triton X-100,
and dilutions were plated to enumerate total cell-associated CFU. For cellular
invasion assays, after 2 h incubation under the above protocol, monolayers were
washed three times with phosphate-buffered saline (PBS), and RPMI 1640 plus
10% fetal bovine serum, 100 g/ml gentamicin, and 5 g/ml penicillin was added
to kill surface-associated, noninternalized bacteria. After subsequent incubation
for 2 h, monolayers were washed three times with PBS and lysed as described
above for enumeration of intracellular CFU. Assays were performed in quadruplicate and repeated four times.
Whole-blood and antimicrobial peptide killing assays. Human venous blood
was collected from healthy individuals and heparinized. GAS (200 CFU in 100 l
PBS) was added to 300 l of blood and incubated at 37°C with rotation. At
various intervals, 50-l aliquots were removed and plated for quantification. The
murine cathelicidin mCRAMP was synthesized and purified (⬎99%) by the
Louisiana State University Protein Facility. In sterile 96-well microtiter plates,
logarithmic-phase GAS cells were adjusted to 105 CFU/ml in 100 l THB
containing 28 M mCRAMP and incubated at 37°C for 1 h prior to plating for
enumeration of surviving CFU.
In vivo mouse infection model. A murine model of GAS systemic infection was
used to compare the virulence potential of WT and mutant strains (57). GAS
cells were grown to mid-log phase in THB, washed, resuspended, and diluted to
an appropriate concentration in PBS. An equal volume of gastric mucin was
added for a final concentration of 5%. A total of 2 ⫻ 106 CFU were injected
intraperitoneally in 10- to 12-week-old female CD1 mice. Blood samples were
taken at 6 h from tail veins for quantification of bacterial CFU, and mice were
monitored for mortality over a 13-day period.
Statistical analysis. Data were analyzed in Excel using Student’s t test; a P
value of ⬍0.05 was considered significant. The Kaplan-Meyer survival plot was
analyzed using the log rank test in GraphPad Prism (GraphPad Software, San
Diego, CA).

RESULTS
Real-time RT-PCR analysis of specific transcripts in WT
versus ⌬RALP3 mutant GAS identifies RALP3 as a global
transcriptional regulator. Isogenic ⌬RALP3 and ⌬LSA mutants were generated in WT M1T1 strain 5448 by precise,
in-frame allelic replacement (Fig. 1). Each mutant exhibited
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FIG. 2. Real-time RT-PCR analysis of selected GAS virulence genes. A. Real-time RT-PCR (TaqMan) analysis of expression of the ralp3 gene
at various phases of growth. B. RNA was prepared from WT M1 GAS and isogenic ⌬RALP3 mutant cultures at mid-logarithmic (OD600 ⫽ 0.4)
and stationary (18-h culture) phases and analyzed with quantitative real-time RT-PCR. Transcript levels after normalization to the gyrA
housekeeping gene control are shown.

growth characteristics identical to those of the parent GAS
strain in THB medium (data not shown). Due to its homology
to the RofA-like family of stand-alone response regulators, we
predicted that RALP3 could be involved in transcriptional
regulation of GAS genes relevant to disease pathogenesis.
Quantitative real-time RT-PCR analysis of 23 proven or hypothesized virulence factors of M1 was performed to compare
the transcriptional profiles of the WT GAS M1 strain and the
isogenic ⌬RALP3 mutant at logarithmic and stationary phases
of growth. We collected RNA samples from logarithmic-phase
(OD600 ⫽ 0.4) and stationary-phase (18-h growth) cultures of
each strain and performed real-time RT-PCR analysis of selected virulence factor genes using specific primer sets with
transcript amounts normalized to an internal gyrA control.
Transcription of mRNA for the ralp3 gene was evident in all
phases of growth (Fig. 2A), with the greatest level at the midlogarithmic phase.
The results of the RT-PCR studies are reported in Fig. 2B as
a primary data set of expression levels of each transcript normalized to the gyrA housekeeping gene control and in Fig. 3
as the ratios of specific transcript expression levels in the

⌬RALP3 mutant and WT parent strains. Using twofold change
as a cutoff, RALP3 was identified as having either negative or
positive regulatory effects on several genes. Five genes were
upregulated in the ⌬RALP3 mutant strain during both mid-log
and stationary phases, namely, mga, sdaI, speB, hasA, and lsa.
Expression of the multigene regulator Mga, itself involved in
transcriptional control of multiple GAS genes important in
colonization and immune evasion, was increased 2.9-fold at
logarithmic phase and 6.4-fold at stationary phase (43). The
mRNA levels for phage-encoded DNase Sda1, a proven virulence factor promoting M1 GAS escape from neutrophil extracellular traps (7, 55), were also increased (4.2- to 5.1-fold) in
the ⌬RALP3 mutant. The transcript levels for the hyaluronan
synthase gene (hasA) were increased in the ⌬RALP3 mutant in
both logarithmic (6.4-fold) and stationary (3.8-fold) phases.
GAS hyaluronic acid capsule expression is known to play important roles in virulence by promoting phagocyte resistance
and CD44-mediated epithelial cell invasion (15, 58, 59). The
cysteine protease gene speB showed a 3.9-fold increase at both
phases, which is notable since significant SpeB expression by
the WT M1T1 parent strain normally occurs only in late log-
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FIG. 3. Comparison of transcript levels in ⌬RALP3 mutant versus
WT M1 GAS (graphic depiction of RT-PCR data derived from Fig.
2B). Bars extending to the left indicate transcript levels higher in the
⌬RALP3 mutant; bars extending to the right indicate transcript levels
more highly expressed in the WT strain. Dotted lines demarcate a
cutoff ratio of 2.0.

arithmic and stationary phases (35). Finally, the lsa gene, adjacent to and divergently transcribed directly upstream of
ralp3, appeared to be under negative control of the candidate
regulator, with 4.2-fold-greater logarithmic-phase and 3.0-foldgreater stationary-phase transcript levels being found in the
⌬RALP3 mutant.
Three additional genes, slo, spn, and cpa, were upregulated
in the ⌬RALP3 mutant strain compared to the WT only during
logarithmic-phase growth. The gene for streptolysin O (slo),
which plays a role in GAS avoidance of lysosomal killing and
animal virulence (29, 40), was upregulated 2.4-fold, and that
for SPN, a NAD-glycohydrolase exerting toxic effects upon
induction into host cells (41), was upregulated 5.5-fold. The
gene encoding collagen type I-binding surface protein, cpa, was
also negatively regulated twofold in the ⌬RALP3 mutant during logarithmic growth.
Four more genes were found to be upregulated only in the
⌬RALP3 mutant in the 18-h culture analysis, potentially reflecting transcript accumulated in late logarithmic and stationary phases. Strikingly, the structural gene for the SLS peptide,
sagA, adjacent on the chromosome to the RALP3/LSA locus,
was upregulated 15.6-fold in the ⌬RALP3 mutant. Stationaryphase levels of transcript for the CovR response regulator,
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involved in global control of several GAS virulence genes (22),
were increased 4.5-fold in the ⌬RALP3 mutant. Finally, levels
of transcript for GRAB and M protein (emm1) were upregulated in the ⌬RALP3 mutant 2.5- and 2.3-fold, respectively.
Two genes in our analysis appeared to be differentially regulated by RALP3 in logarithmic versus stationary phase. Of
these, sic (streptococcal inhibitor of complement) was the most
significantly changed, with a 25-fold increase compared to the
WT in stationary phase but a 5-fold decrease in logarithmic
phase. These data should be interpreted with caution due to
the very low levels of transcript detected for sic; however,
similar results were found repeatedly and thus can be considered at least qualitatively. An alpha-enolase gene situated immediately downstream of RALP3 in the GAS chromosome
was down-regulated during logarithmic growth 3.4-fold but
upregulated 2.0-fold in stationary phase.
Eight other genes that play important roles in GAS pathogenesis did not show marked (⬎2-fold) differences in expression levels detected by RT-PCR between the ⌬RALP3 mutant
and the WT parent strain in either logarithmic or stationary
growth phase (Fig. 3). These included the genes encoding the
strongly immunoactive superantigen SmeZ, the pore-forming
cytotoxin CAMP factor, streptokinase, pullulanase, EndoS,
Mac, C5a peptidase, and interleukin 8 protease (ScpC).
Hyaluronic acid capsule and cysteine protease expression
are increased in the ⌬RALP3 mutant. Real-time PCR analysis
showed that transcription of the genes hasA, encoding hyaluronan synthase, and speB, encoding streptococcal cysteine
protease, were increased in the ⌬RALP3 mutant compared to
the WT parent strain in both logarithmic and stationary growth
phases. To corroborate these changes at the phenotypic level,
we characterized the levels of hyaluronic acid in the supernatant and on the surface of wild-type and ⌬ralp3 mutant bacteria
by ELISA (Fig. 4A). The levels of hyaluronic acid released into
the supernatant were 36, 47, and 36 times higher in the
⌬RALP3 mutant bacteria at mid-log phase, late log phase, and
18 h of growth, respectively. Levels of hyaluronic acid maintained on the cell surface were nearly equal to that released at
mid-log- and late-log-phase growth but reduced 50% by 18 h of
growth. The ratios of cell surface versus released hyaluronic
acid remained the same, indicating that increased hyaluronic
acid in the ⌬RALP3 supernatant likely mirrored increased
biosynthesis. To compare the expression of cysteine proteinase
SpeB, two-dimensional gel electrophoresis was performed on
the supernatants of WT and ⌬RALP3 mutant cultures grown
in the presence of E64, an inhibitor of cysteine protease activity. At both early log phase (Fig. 4B) and stationary phase
(data not shown), the ⌬ralp3 mutant expressed much more
SpeB protein than WT bacteria. Activity of SpeB in the culture
supernatant was next assayed using a casein substrate, showing
that the ⌬RALP3 mutant had a fourfold-greater level of protease activity than WT GAS (Fig. 4C).
Adherence and invasion of human epithelial cells are modulated by LSA and RALP3. GAS adherence to and invasion of
host epithelial cells are considered an essential early event in
invasive infection (14). Because of its cell wall anchor domain
and large size, suggesting that it could reach far outward from
the bacterial surface, we hypothesized that the LSA protein
could influence GAS interactions with host epithelial cells. The
portion of the LSA ORF corresponding to the N-terminal
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FIG. 4. RALP3 negatively regulates the GAS hyaluronic acid capsule and cysteine protease. A. Hyaluronic acid levels found in the
supernatant and on the surface of bacteria measured by ELISA. B.
Two-dimensional gel electrophoresis of proteins in the supernatant of
WT M1 GAS and the ⌬RALP3 mutant. C. Cysteine protease activity
in supernatants from WT M1 GAS and the ⌬RALP3 mutant as measured using a fluorescent casein substrate assay.

domain possesses multiple repeat sequences with sequence
homology (22 to 26% identity) to that of emb, a 14-kb gene
encoding the major extracellular matrix-binding protein of
Abiotrophia defectiva (42), and 13% identity to ebh, the gene
encoding a 1.1-MDa fibronectin-binding protein of Staphylococcus aureus also hypothesized to play a role in cellular adhesion (10).
The relative abilities of the isogenic GAS ⌬LSA mutant and
the WT M1 GAS parent strain to adhere to and invade human
A549 lung epithelial cells were compared in tissue culture
assays. As shown in Fig. 5, the ⌬LSA mutant adhered to the
epithelial cells similarly to the WT strain but was recovered

FIG. 5. LSA and RALP3 modulate GAS-epithelial cell interactions. The rates of (A) adherence and (B) intracellular uptake of WT
M1 GAS and the isogenic ⌬LSA and ⌬RALP3 mutants to cultured
monolayers of A549 human lung epithelial cells are shown.
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FIG. 6. Effects of LSA and RALP mutation on resistance to whole
blood and antimicrobial peptide killing. (A) Survival of WT M1 GAS
and isogenic ⌬LSA and ⌬RALP3 mutants in fresh human whole blood;
(B) killing of WT M1 GAS and isogenic ⌬LSA and ⌬RALP3 mutants
by the murine cathelicidin antimicrobial peptide mCRAMP (28 M).

intracellularly in twice the numbers (P ⬍ 0.001). No differences
in susceptibility of the WT and ⌬LSA mutant to the antibiotics
(penicillin or gentamicin) or detergent (Triton X-100) used in
the invasion assay were identified (data not shown). The results
indicate that LSA does not play a role in promoting GAS lung
epithelial cell adherence but that expression of LSA decreased
recovery of GAS from infected host cells.
Because RALP3 was found to negatively regulate GAS lsa
expression (Fig. 2), we hypothesized that the effects of eliminating RALP3 on GAS epithelial cell adherence and invasion
might run opposite to those observed in the ⌬LSA mutant.
Conversely, the GAS ⌬RALP3 mutant demonstrated a 3-fold
increase in adherence to A549 cells (P ⫽ 0.01) yet was 12-fold
less invasive in the parallel in vitro invasion assay (P ⬍ 0.001)
(Fig. 5).
Mutation of RALP3 promotes GAS survival in human whole
blood and serum. The GAS phenotype most strongly up-regulated upon elimination of RALP3 was hyaluronic acid capsule
expression, which has a known role in resistance to phagocytic
clearance (59). Compared to the WT strain in a fresh-humanblood killing assay, the ⌬RALP3 mutant exhibited a ⬃100-fold
increase in survival after 3.0 h of incubation (Fig. 6A). Resistance to opsonization per se is not recognized as an attribute of
the GAS hyaluronic acid capsule (16), and therefore the increased resistance to phagocytosis could also reflect in part
increased expression of complement-impairing factors such as
SIC (1, 5) in the ⌬RALP3 mutant. The isogenic ⌬LSA mutant
did not differ significantly from the WT parent strain in the
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DISCUSSION

FIG. 7. RALP3 and LSA contribute to animal virulence. WT M1
GAS and the isogenic ⌬LSA and ⌬RALP3 mutants were injected
intraperitoneally into CD1 mice (10 per group). A. Kaplan-Meyer
survival curve. B. Bacterial CFU in the blood 6 h after inoculation.

blood survival assays (Fig. 6A). Cathelicidin antimicrobial peptides are an important component of the innate immune killing
capacity of phagocytic cells, and mice deficient in the sole
murine cathelicidin mCRAMP are highly susceptible to invasive GAS infection (50). We found that both the ⌬LSA and
⌬RALP3 mutants demonstrate significantly increased sensitivity to mCRAMP killing (Fig. 6B).
RALP3 and LSA contribute to GAS virulence in a mouse
infection model. A murine intraperitoneal challenge model
(57) was used to test the virulence potential of the ⌬RALP3
and ⌬LSA mutants compared to the WT M1T1 GAS strain.
Mice were injected with 2 ⫻ 106 CFU of logarithmic-phase
GAS and monitored for mortality over a 13-day period. Mortality caused by the WT strain was 50% by day 2 and 90% by
day 5 (Fig. 7A). In contrast, the first death among the mice
infected with the ⌬RALP3 mutant occurred on day 3, and only
60% mortality was recorded by the end of the observation
period (P ⬍ 0.0125). Attenuation of the ⌬LSA mutant was
more pronounced, with no deaths until 7 days after challenge
and only 20% total mortality during the monitoring period
(P ⬍ 0.0001). Thus, both RALP3 and LSA are required for the
full virulence potential of M1T1 GAS in this in vivo model.
Although not reaching statistical significance, a tendency toward higher numbers of CFU of the ⌬RALP3 mutant than the
WT strain in blood samples 6 h after intraperitoneal challenge
was observed (Fig. 7B). While this effect of RALP3 deletion
could be seen to correspond to the observed increases in blood
survival of the ⌬RALP3 mutant (Fig. 6A) and its upregulation
of hyaluronic acid capsule expression (Fig. 4), it did not translate into increased mouse lethality during the ultimate infection process.

Immediately upstream of the sagA-to-sagI operon for SLS
biosynthesis in the M1T1 GAS genome lies the a gene locus
containing the RofA-like protein gene ralp3 and lsa, the largest
ORF in the GAS genome, encoding a protein with a characteristic C-terminal LPXSG cell wall anchor motif. In this study,
we use targeted mutagenesis to demonstrate that RALP3 is
involved in the global transcriptional regulation of multiple
GAS virulence genes, including prominently the negative control of hyaluronic acid capsule and cysteine protease expression. Further, we show that LSA plays a role in impeding
intracellular uptake of the bacterium into host cells. RALP3
and LSA each contribute to the virulence potential of M1T1
GAS in an animal infection model.
Several mechanisms of transcriptional regulation have been
characterized in GAS, including two-component signal transduction systems (22, 31, 37) and stand-alone response activators and
repressors (9, 25, 26, 47, 51). RALP3 belongs to a major family of
stand-alone response regulators with homology to RofA, originally discovered as a positive regulator of prtF, which encodes a
fibronectin-binding adhesin in an M6 serotype strain of GAS (25).
In an M49 serotype GAS strain, the negative regulator Nra was
found to share 62% sequence identity with RofA and seen to
suppress expression of prtF2 and a collagen-binding protein gene,
cpa (53). In related bacterial species, at least two additional
RALP family members have been discovered and preliminarily
characterized. Group B Streptococcus expresses RogB, which is
involved regulating the expression of surface pili (20, 28). The
Streptococcus pneumoniae transcriptional regulator RlrA is required for colonization of the nasopharynx but is dispensable
during systemic infection processes (30). Overall, RALPs are similar in size and in having an average of 30% of their predicted
amino acid sequences shared with RofA. However, the predicted
helix-turn-helix DNA-binding region of RofA is not well conserved among the group of RALP proteins, suggesting that the
DNA targets of each stand-alone regulator may vary significantly
(26, 28).
Among the 12 published complete GAS genomes, 7, representing four serotypes (M1, M4, M12, and M28) in the published literature and 1 (M49) available in the public databases,
contain ralp3 homologues. In every case, the lsa gene is colocalized with ralp3 and the ralp3/lsa locus is situated upstream of
the sag operon for SLS biosynthesis. However, each sequenced
strain of the different serotypes is characterized by an lsa gene
of a different length (e.g., 6,180 bp in M1, 5,040 bp in M12,
etc.).
Because of the large size of LSA, we speculate that the
increased recovery of ⌬LSA mutant bacteria versus WT bacteria from infected host epithelial cells could reflect LSA steric
interference or cloaking of key domains in shorter surfaceanchored proteins (e.g., Sfb1, M protein) capable of mediating
cellular uptake. Correspondingly, the significantly decreased
intracellular uptake seen in the ⌬RALP3 mutant could reflect
increased LSA levels on the cell surface.
Two of the most prominent phenotypes under transcriptional control by RALP3 appear to be hyaluronic acid capsule
and cysteine protease expression, each of which is markedly
increased in the ⌬RALP3 mutant. When invasive GAS strains
are passaged in vivo, hyaluronic acid capsule expression is
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increased but cysteine protease expression is decreased (2, 27,
58). These phase shifts are consistent with clinical data correlating mucoid strains of GAS with increased pathogenic potential and the inverse correlation of cysteine protease expression with severity of invasive GAS infection (34, 36). The in
vivo advantage associated with increased capsule expression
likely reflects increased resistance to phagocytosis (59), while
downregulation of cysteine protease expression preserves the
expression of several known GAS virulence factors such as M
protein, DNase, and streptokinase (2, 13, 54). Recently, the in
vivo phenotypic switch to upregulation of capsule gene expression and downregulation of cysteine protease expression has
been attributed to selection for specific mutations in the sequence of either component gene of the global transcriptional
regulator CovR/S (17, 56).
In contrast to CovR, which negatively regulates hasA expression but positively regulates speB expression, we found that
RALP3 negatively regulates both genes. As RALP3 downregulated covR transcription (Fig. 2B and 3), the effect of RALP3
of downregulating speB expression could in part be attributable
to reduced covR transcription; in contrast, RALP3 downregulation of hasA expression could be mitigated by the same pathway. The in vivo challenge with the ⌬RALP3 mutant dissociates the observed in vivo-selected phenotypes of enhanced
capsule expression and decreased cysteine protease expression.
The finding of decreased virulence of the ⌬RALP3 strain compared to the WT suggests that overexpression of the SpeB
cysteine protease and its attendant effects of degrading GAS
virulence factors can effectively negate the expected survival
advantage conferred by increased hyaluronic acid capsule expression.
In sum, we have performed the first characterization of a
two-gene locus situated upstream of the sag operon in invasive
M1T1 GAS and found that both genes contribute to the virulence potential of the pathogen. The RofA family stand-alone
regulator, RALP3, functions in global transcriptional control
of several phenotypes relevant to disease progression and can
be added to the complex network of virulence gene regulators
in this leading human pathogen (38). The mechanism by which
LSA enhances GAS virulence in vivo remains to be elucidated,
although a role in antimicrobial peptide resistance may be a
contributing factor. Because of its large size and predicted
surface localization, LSA may represent an attractive target to
elicit protective immunity against M1T1 GAS and other strains
in which it is expressed.
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