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The transcriptional regulator Rgg of Streptococcus pyogenes is essential for expression of the secreted cysteine
protease SpeB. Although all isolates of S. pyogenes possess the speB gene, not all of them produce the protein
in vitro. In a murine model of infection, the absence of SpeB production is associated with invasive disease. We
speculated that naturally occurring mutations in rgg, which would also abrogate SpeB production, may be
present in invasive isolates of S. pyogenes. Examination of the inferred Rgg sequences available in public
databases revealed that the rgg gene in strain MGAS315 (a serotype M3 strain associated with invasive disease)
encodes a proline at amino acid position 103 (Rgg,,sp); in contrast, all other strains encode a serine at this
position (Rgg,qss)- A caseinolytic assay and Western blotting indicated that strain MGAS315 does not produce
SpeB in vitro. Gene-swapping experiments showed that the rgg gene of MGAS31S5 is solely responsible for the
lack of SpeB expression. In contrast to Rgg, s, Rgg,03p does not bind to the speB promoter in gel shift assays,
which correlates with a lack of speB expression. Despite its inability to activate speB expression, Rgg, ,sp retains
the ability to bind to DNA upstream of norA4 and to influence its expression. Overall, this study illustrates how

variation at the rgg locus may contribute to the phenotypic diversity of S. pyogenes.

Streptococcus pyogenes causes non-life-threatening diseases,
such as pharyngitis and impetigo, as well as life-threatening
diseases, such as streptococcal toxic shock syndrome (STSS)
and necrotizing fasciitis. Infection may also precipitate postin-
fection sequelae, including acute rheumatic fever and post-
streptococcal acute glomerulonephritis (12). Worldwide, S.
pyogenes is responsible for the death of approximately 500,000
people each year, primarily due to complications associated
with acute rheumatic fever (6, 26).

All isolates of S. pyogenes possess a highly conserved speB
gene, which encodes a secreted cysteine protease (10). In a
mouse model, invasive S. pyogenes variants arising in vivo have
mutations in covS, which encodes the histidine kinase compo-
nent of the CovRS regulatory system (15, 29, 32). The muta-
tions result in the loss of SpeB expression, which can attenuate
the invasive potential of the pathogen by degrading secreted
virulence factors, including streptokinase (SKA) and a bacte-
riophage-encoded DNase (Sdal) (1, 10, 11, 32). SKA converts
human plasminogen to plasmin, which accumulates on the
surface of the bacteria due to the presence of plasmin-binding
proteins (11, 32). The plasmin activity mediates host tissue
degradation and invasion. Similarly, in the absence of SpeB-
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mediated degradation of Sdal, the nuclease promotes dissem-
ination of the pathogen by degrading neutrophil extracellular
traps (32). The invasive SpeB-negative phenotype is associated
only with mutations in covRS (16, 29) and not with mutations
in speB, suggesting that additional changes in CovRS-mediated
expression contribute to the phenotype. A variety of studies
have revealed that SpeB is not produced in vitro by 58 to 93%
of the S. pyogenes isolates tested, depending on the source and
type of strains collected (8, 19, 27, 30). One possible explana-
tion for the lack of SpeB production by these isolates is the
accumulation of mutations in regulatory genes essential for
speB expression.

The regulatory protein Rgg, also known as RopB, is essen-
tial for speB expression (7, 18). Rgg belongs to a family of
transcriptional regulators (TIGR01716) encoded by genes in
some low-G+C-content gram-positive bacteria, including
Streptococcus gordonii (28) and by gadR in Lactococcus lactis
(25), by mutR in Streptococcus mutans (22), by lasX in Lacto-
bacillus sakei (23), and by rovS in Streptococcus agalactiae (24).
Staphylococci, bacilli, and gram-negative bacteria do not en-
code Rgg-like orthologs. Rgg is characterized by a helix-turn-
helix motif at the amino terminus, which is presumably in-
volved in DNA binding. In addition to controlling speB
expression, rgg inactivation is associated with changes in the
expression of 706 genes in strain NZ131 during both the ex-
ponential and postexponential phases of growth (14). Finally,
the Rgg regulon varies considerably in size and composition in
different isolates of S. pyogenes (13, 16).

To determine if variation of r7gg might be responsible for the
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Description®

Source and/or reference

S. pyogenes strains

MGAS315 M3 serotype ATCC

MGAS315rgg MGAS315 transformed with p40 to create an rgg mutant, Em" This study
MGAS315rgg (Rggi0ss) MGAS315rgg complemented with pKK131, Em" Kan® This study
MGAS315rgg (Rggiozp) MGAS315rgg complemented with pKK315, Em" Kan® This study

NZ131 M49 serotype
NZ131rgg rgg mutant, Em"
NZ131speB speB mutant, Em"*

NZ131rgg (Rgg;o3s)
NZ1317gg (Rgg,3p)

E. faecalis UV202 recA deficient

NZ131rgg complemented with pKK131, Em" Kan"
NZ131rgg complemented with pKK315, Em" Kan"

D. R. Martin, New Zealand
M. S. Chaussee (7)

M. S. Chaussee (7)

This study

This study

K. E. Weaver, University of
South Dakota

E. coli DH10B Invitrogen
Plasmids
pVAS891-2 Cloning vector, Em" H. Malke, Jena, Germany
p40 pVA981-2 containing a 592-bp internal fragment of the rgg gene, Em" 13
pST-Bluel Cloning vector EMD Chemicals Inc., Germany
pMSP3535Va pVA380-1 replicon, nisRK pnisA Kan" G. M. Dunny, University of
Minnesota (5)
pKK1 rgg ORF encoding a serine at amino acid 103 cloned into pMSP3535Va, Kan"  This study
pKK2 rgg ORF encoding a proline at amino acid 103 cloned into pMSP3535Va, Kan"  This study
pKK131 Derivative of pKK1 that is defective for replication in S. pyogenes, Kan® This study
pKK315 Derivative of pKK2 that is defective for replication in S. pyogenes, Kan" This study

“ Em’, resistance to erythromycin; Kan", resistance to kanamycin.

lack of speB expression in certain clinical isolates, we per-
formed rgg gene-swapping experiments. The results showed
that the Rgg variant in strain MGAS315 is solely responsible
for the lack of speB expression in this invasive isolate.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. Bacterial strains and plas-
mids used in this study are described in Table 1. S. pyogenes was grown at 37°C
in a 5% CO, atmosphere without agitation in either Todd-Hewitt broth (Becton
Dickinson, Sparks, MD) containing 0.2% (wt/vol) yeast extract (THY broth) or
chemically defined medium (CDM). When appropriate, erythromycin and
kanamycin were added to media at final concentrations of 2.5 and 500 wg/ml,
respectively. The composition of CDM was described previously (14), and this
medium contained glucose at a final concentration of 2.0% (wt/vol).

Inactivation of the rgg gene in S. pyogenes MGAS315. The rgg gene in
MGAS315 was insertionally inactivated as previously described (13). The recom-
binant suicide vector designated p40 contained a 592-bp internal fragment of the
rgg gene (Table 1). p40 was used to transform wild-type strain MGAS315, and
transformants were selected on agar plates containing erythromycin. Inactivation
of rgg was confirmed by nucleotide sequencing as previously described (13).

Construction of plasmids containing the NZ131 and MGAS315 rgg genes. The
oligonucleotide primers KpnF (5'-GGG GTA CCC CAT ATG GAA ATT GGT
GAA-3') and XbaR (5'-GCT CTA GAG CCT CAG GAC AGT TTA TGT-3"),
which contained KpnI and Xbal restriction sites (underlined), were used to
amplify the entire rgg open reading frame (ORF) from strains NZ131 and
MGAS315. The PCR products were gel purified using a QIAquick PCR purifi-
cation kit (Qiagen Inc., Valencia, CA) and cloned into pSTBlue-1 (EMD Chem-
icals Inc., Darmstadt, Germany). The rgg genes were excised using KpnlI and
Xbal and ligated to the cognate sites in pMSP3535Va (5). The ligation mixtures
were used to electroporate Enterococcus faecalis UV202, and transformants were
selected on agar plates containing kanamycin. E. faecalis was used to maintain
the gram-positive origin of replication for use as a shuttle vector (5). The
recombinant shuttle plasmids were designated pKKI1, which contained the
NZ131 rgg gene (rgg,¢3s), and pKK2, which contained the MGAS315 rgg gene
(r88103p). Integration plasmids were derived from pKK1 and pKK2 following
transformation of E. coli strain DH10B and selection for loss of a functional
gram-positive origin of replication as previously described (5). The resulting
integration vectors containing the NZ131 and MGAS315 rgg genes were desig-

nated pKK131 and pKK315, respectively. Nucleotide sequencing confirmed that
no mutations occurred in the rgg ORFs during passage in E. coli.

rgg allelic replacements in strains NZ131 and MGAS315. The MGAS315rgg
mutant strain was used to express either the Rgg,(sg variant or the Rgg;osp
variant under control of the native 7gg promoter. To do this, the MGAS315rgg
strain was transformed with pKK131 (rgg,o3s) or pKK315 (rgg,03p). Integration
of these plasmids into the 5’ fragment of the interrupted rgg gene resulted in an
intact 7rgg ORF at the native locus and a truncated rgg ORF in the integrated
vector. Construction of the strains was confirmed by PCR and nucleotide se-
quencing (data not shown).

Immunoblot analysis of Rgg in MGAS315. The MGAS315 and MGAS315rgg
strains were grown in 40 ml THY broth. Samples were centrifuged at 4,000 rpm
(3,200 X g) for 10 min at 4°C. The pellets were suspended in 0.5 ml phosphate-
buffered saline (PBS) and transferred to FastPROTEIN Blue tubes (MB Bio-
medicals, LLC, Solon, OH). Samples were lysed using FastPrep FP120 (Qbio-
gene, Inc., Carlsbad, CA) twice at a speed of 6 for 20 s. Lysed samples were
centrifuged, and supernatant fluids were collected. The MGAS315 and
MGAS315rgg proteins were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) independently. Each sample was transferred to
a cellulose membrane using a mini whole-gel eluter (Bio-Rad Laboratories,
Hercules, CA), and proteins with molecular masses ranging from 28 to 40 kDa
were collected according to the manufacturer’s instructions. Samples were dia-
lyzed overnight in 0.25 M PBS and then concentrated from 3 ml to 0.2 ml using
a Savant SPD131DD SpeedVac concentrator (Thermo Fisher Scientific Inc.,
Waltham, MA). Ten microliters of each sample was separated by SDS-PAGE
and transferred to a nitrocellulose membrane. The membrane was blocked in 5%
skim milk in PBS (blocking buffer) for 1 h at room temperature. The membrane
was washed with PBS. Anti-Rgg rabbit antibody diluted 1:2,500 in blocking buffer
was added and incubated for 1 h. Next, the membrane was incubated with
conjugated goat anti-rabbit immunoglobulin G(H+L)-horseradish peroxidase
(Bio-Rad Laboratories, Hercules, CA) diluted 1:5,000 in blocking buffer. Super-
Signal West Pico chemiluminescent substrate (Thermo Fisher Scientific, Rock-
ford, IL) was added to the membrane according to the manufacturer’s instruc-
tions, and the signal was detected by exposure to Amersham Hyperfilm ECL (GE
Healthcare Limited, Buckinghamshire, United Kingdom).

Casein agar assay. Proteolytic activity of SpeB was assessed using agar plates
containing casein as previously described (7).

Supernatant protein isolation, SDS-PAGE, and immunoblot analysis. Culture
supernatant fluids from S. pyogenes strains were passed through a 0.22-um filter
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(Millipore Corp., Bedford, MA), and proteins were precipitated with 100% cold
trichloroacetic acid (final concentration, 10%) and acetone (final concentration,
5%). Proteins were analyzed by immunoblotting with SpeB sera from rabbits as
previously described (7).

Purification of Rgg and gel shift assays. Fusion proteins containing the mal-
tose-binding protein and either the Rgg,(sg variant from strain NZ131 or the
Rggg3p variant from strain MGAS315 were constructed and purified as previ-
ously described (21). A digoxigenin gel shift kit (second generation; Roche
Applied Sciences, Indianapolis, IN) was used to study protein-DNA interactions.
DNA fragments were generated by PCR using genomic DNA isolated from
NZ131 as the template DNA. The 225-bp upstream promoter region of speB
containing the Rgg binding site (21) was generated using primers U3fwd (5'-
GCG GGC ATA GTT TTA TCA ACT GTC ATA T-3') and Ulrev345 (5'-CGC
TGA TGC TTT TAT TGA CTT CTT ATT-3'). The 227-bp norA putative
upstream Rgg binding site was generated using primers norAIRfwd (5'-CGC
TTT TCT CCA AAT ATT CTT TTA CCA AT-3") and norAIRrev (5'-AGA
CTA TAA AGT TTA TTA CTG TGA TGG CCA C-3'). The PCR products
were gel purified using a SpinPrep gel DNA kit (EMD Chemicals, Inc., Gibbs-
town, NJ). The speB and nor4 DNA fragments were end labeled and used in gel
shift reactions according to the manufacturer’s instructions (Roche). Briefly,
different amounts of variant Rgg protein (13.0 pmol, 26 pmol, and 75 pmol) were
added to labeled speB (5.0 fmol) or nor4 (3.3 fmol) DNA, and 1.0 pmol of
unlabeled DNA was added as a competitor in a control reaction. The complexes
were separated on a 6% native polyacrylamide gel in 0.5X Tris-borate-EDTA
buffer and transferred to a Hybond-N+ membrane (Amersham Pharmacia Bio-
tech, Buckinghamshire, England). The membrane was cross-linked by baking it
at 120°C for 30 min. The digoxigenin-labeled DNA fragments were detected by
immunoblotting with anti-digoxigenin-alkaline phosphatase fragment (1:10,000)
and the chloro-5-substituted adamantyl-1,2-dioxetane phosphate (CSPD) chemi-
luminescent substrate (1:100). The signal was detected by exposure to Amersham
Hyperfilm ECL (GE Healthcare Limited, Buckinghamshire, United Kingdom).
The gel shift experiments were repeated four times, and representative images
are shown below.

Mass spectrometric analysis of E. coli-expressed Rgg variants. One micro-
gram of purified protein (either Rgg, o35 or Rgg os3p) in a 50% mixture of
solutions A (water in 0.1% formic acid) and B (acetonitrile in 0.1% formic
acid) was injected into a mass spectrometer (ESI Q-Tof micro; Micromass,
United Kingdom). Data were acquired in positive-ion mode using the follow-
ing parameters: capillary voltage, 3,200 V; sample cone voltage, 30 V; and
molecular mass range, 700 to 1,500 Da. The flow rate was 20 pl/min. Data were
acquired for 4 min, and the spectrum was deconvoluted using the MaxEnt 1 tool
from MassLynx 4.1 software (Micromass, United Kingdom) and the following
parameters: output mass range, 75,800 to 78,000 Da; resolution, 0.6 Da/channel;
damage model; uniform Gaussian width at half-height, 0.75 Da; left minimum
intensity ratio, 33%; right minimum intensity ratio, 33%; and completion op-
tions, iterate to convergence.

RNA isolation. S. pyogenes was grown in 10 ml of THY broth in 15-ml tubes
(Fisher Scientific, Pittsburgh, PA) until the exponential phase of growth (40,
0.3) and the postexponential phase of growth (defined using the first hourly
measurement resulting in a change in the A of less than 0.05). Cultures were
centrifuged at 4,000 rpm (3,200 X g) for 5 min, and the pellets were suspended
in 300 pl of RNAlater (Ambion, Austin, TX) and frozen at —80°C. RNA was
isolated using an RNeasy mini kit (Qiagen, Valencia, CA) according to the
procedure recommended by the manufacturer. The concentration and quality of
the RNA were determined with an Agilent 2100 bioanalyzer (Agilent, Palo Alto,
CA) using an RNA 6000 Nano LabChip kit (Agilent, Palo Alto, CA).

Quantitative RT-PCR. The norA probe and norA primers have been described
previously (14). Amplification and detection were done with the ABI Prism 7700
sequence detection system (PE Applied Biosystems, Foster City, CA) using
TagMan One-Step reverse transcription (RT)-PCR master mixture reagents
(Roche Applied Sciences, Indianapolis, IN) as previously described (14).

RESULTS

rgg variation in sequenced S. pyogenes strains. We specu-
lated that some non-SpeB-producing isolates of S. pyogenes
may be associated with changes in rgg. To examine this idea
further, the nucleotide sequences of rgg in public databases
were compared. Eight rgg alleles from 15 different clinical
isolates were identified. Serotype M3 strains had the greatest
variation, and five alleles were present in six strains. Of par-
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FIG. 1. Rgg is expressed in strain MGAS315. (A) Diagram of Rgg
indicating the position of the N-terminal helix-turn-helix (HTH) motif
and the amino acid variation at position 103. (B) Cytoplasmic proteins
isolated from wild-type MGAS315 (wt) (lane 1) and an isogenic rgg
mutant derivative (lane 2) analyzed by immunoblotting using antibod-
ies to Rgg.

ticular interest was a serotype M3 strain, designated
MGAS315, that was isolated from an invasive disease episode
involving STSS (4). Strain MGAS315 encodes the only Rgg
variant with a proline residue at amino acid position 103 (Fig.
1A), in contrast to all other sequenced variants, which have a
serine at this position. In addition, SpeB was not detected in
strain MGAS315 by immunoblotting (2), suggesting that the
variation at the rgg locus may be responsible for the absence of
SpeB production.

Strain MGAS315 expresses an Rgg variant that does not
activate speB expression. The nucleotide sequence of the Rgg
binding site in the promoter region of speB (21) in strain
MGAS315 was 97% (90 of 92 bp) identical to that in SpeB-
producing strains SF370 and NZ131, suggesting that sequence
variation in the upstream promoter region was probably not
responsible for the lack of speB expression in strain MGAS315.
In addition, the presumptive —35 and —10 sequences of the
speB promoter are identical in strain MGAS315 and SpeB-
producing strains. To determine if the lack of speB expression
in MGAS315 was due to a failure to express rgg, Western
blotting using antiserum to Rgg was used. The results showed
that Rgg is expressed in strain MGAS315 (Fig. 1B).

To determine if the single amino acid difference between the
Rgg proteins of strains NZ131 and MGAS315 (designated
Rgg,oss and Rgg,osp, respectively) was responsible for the
difference in speB expression, the two rgg alleles were used to
complement an MGAS315 rgg mutant strain. The resulting
strains contained identical heterologous DNA, and the vari-
ants were under transcriptional control of the native promoter.
Thus, the strains differed only in the codon for the amino acid
at position 103. PCR and nucleotide sequence analysis con-
firmed the construction of the strains (data not shown).

A casein agar assay was used to assess the influence of the
two Rgg variants on speB expression. Wild-type strain MGAS315,
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FIG. 2. Rgg,(3s variant activates SpeB production in strain
MGAS315. (A) Strains were stab inoculated into casein agar plates
and incubated for 48 h anaerobically. Translucent zones surrounding
the stab sites indicate SpeB caseinolytic activity. (B) Culture superna-
tant proteins analyzed by immunoblotting using antisera to SpeB.

an rgg mutant of MGAS315, and the mutant strain expressing
Rgg,osp did not produce caseinolytic activity (Fig. 2A), which
is primarily due to SpeB activity (7). In contrast, expression of
Rgg, o35 in strain MGAS315 was associated with caseinolytic
activity (Fig. 2A). To confirm the results, culture supernatant
fluids were analyzed by immunoblotting with polyclonal sera to
SpeB as previously described (7). As predicted from the enzy-
matic assay, SpeB was detected in the MGAS315 rgg mutant
expressing Rgg, 55 and the positive control strain NZ131. In
contrast, strains MGAS315, MGAS315rgg, and MGAS315rgg
(Rgg03p) did not produce SpeB (Fig. 2B). Finally, in strains
expressing Rgg, sp, speB transcripts were not detected by real-
time RT-PCR; however, the level of speB transcripts was 16-
fold greater than the level of gyr4 transcripts in the MGAS315
rgg mutant strain expressing Rgg;ss, which confirmed that the
effect was at the level of transcription.

To determine if the results were strain specific, an NZ131 rgg
mutant was complemented with either the Rgg, y55 or Rgg;osp
variant. The strain transformed with Rgg,,;p did not express
speB; in contrast, complementation with Rgg, ;5 did restore
speB expression (data not shown). Together, the results show
that the naturally occurring Rgg variant possessing a proline
residue instead of a serine residue at position 103 is solely
responsible for the absence of speB expression in strain
MGAS315.

The Rgg,,;p variant does not bind to the speB promoter but
does bind to a motif upstream of nor4. Previously, Rgg (RopB)
binding to the speB promoter was characterized in strain
HSCS, which expresses speB in the postexponential phase of
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growth (21). Gel shift assays were used to determine if the
inability of Rgg,;p to activate speB expression was due to a
lack of binding to the speB promoter. To do this, the Rgg;ss
and Rgg, ,5p variants were overexpressed in E. coli as proteins
fused to the maltose-binding protein and were purified using
amylose. The purity of the Rgg proteins was assessed by SDS-
PAGE using Coomassie blue protein staining (data not
shown). To determine if posttranslational modifications oc-
curred during expression in E. coli, the proteins were also
analyzed by mass spectrometry (data not shown), which con-
firmed that the proteins were not modified. Two DNA frag-
ments were prepared for gel shift analysis. The first DNA
fragment consisted of a 225-bp PCR product that corre-
sponded to DNA upstream of speB (positions —596 to —820),
which was previously shown to contain an Rgg binding site
essential for speB expression (21). The second DNA fragment
consisted of a 228-bp PCR product that corresponded to DNA
upstream of the norA gene (positions —68 to 160). The norA
gene was selected because RT-PCR indicated that its expres-
sion was influenced by inactivation of rgg in strain NZ131 and
because norA expression was partially complemented in strain
NZ131 with the Rgg,;p variant (complementation increased
norA expression twofold compared to the expression in the
mutant strain). In addition, the nucleotide sequence of the
putative promoter region was similar, but not identical, to
the binding site of the speB gene (Fig. 3C). As expected, the
Rgg, 35 variant retarded the speB DNA fragment in a concen-
tration-dependent manner (Fig. 3A, lanes 2 to 4), and the
retardation was relieved by addition of unlabeled DNA (Fig.
3A, lane 5). In contrast, the Rgg, (;p variant failed to retard the
speB DNA fragment, even at the highest concentration of
protein (Fig. 3A, lanes 6 to 8), indicating that the presence of
a proline at position 103 abrogates binding to the speB pro-
moter region. The absence of binding correlated with the lack
of speB expression in strains expressing the Rgg,,;p variant.
Both variants, however, specifically retarded DNA fragments
designed to the putative Rgg binding site upstream of norA,
indicating that the Rgg,;p variant could still interact with
DNA in a sequence-dependent manner (Fig. 3B, lanes 6 to 8);
however, it remains to be determined if binding to this site
specifically influences expression of norA. Overall, the results
show that the single amino acid difference at position 103 of
the Rgg protein influences the specificity of DNA binding.

Inactivation of rgg in MGAS315 alters growth. The Rgg
regulon is variable in strains (13). For example, inactivation of
rgg in S. pyogenes strains MGAS5005, SF370, CS101, and
NZ131 alters the transcription of between 3 and 706 genes (13,
14). Although the Rgg protein in strain MGAS315 did not
activate speB expression, it was expressed (Fig. 1B) and bound
to DNA upstream of the norA4 gene (Fig. 3B). Therefore, it was
of interest to determine if an rgg mutant of strain MGAS315
was phenotypically different from the parental strain. To test
this, the growth of wild-type strain MGAS315, the growth of
the isogenic 7gg mutant derivative strain, and the growth of the
mutant strain complemented with the variants encoding either
Rgg, 35 or Rgg,osp Were analyzed. No significant differences in
the growth rate or yield between the strains containing the
different rgg genes and the rgg mutant strain were observed
when peptide-rich THY medium was used (Fig. 4A).

In contrast, when cultured in CDM containing 2% glucose,
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FIG. 3. DNA binding ability of the Rgg, 35 and Rgg,sp variants as assessed by electrophoretic mobility shift assays. (A) Lanes 1 to 9 contained 5.0
fmol of speB DNA fragment. Lanes 2 to 5 contained different amounts of Rgg, s, and lanes 6 to 9 contained different amounts of Rgg,sp. Lanes 5 and
9 also contained 1.0 pmol of unlabeled speB DNA fragment (Cold probe). (B) Lanes 1 to 9 contained 3.3 fmol of a nor4 DNA fragment. Lanes 2 to 5
contained different amounts of Rgg, s, and lanes 6 to 9 contained different amounts of Rgg;sp. Lanes 5 and 9 also contained 1.0 pmol of an unlabeled
norA DNA fragment. (C) Alignment of the Rgg binding site for speB with the predicted binding site in the putative promoter region of norA.

the MGAS315 rgg mutant had a lower growth rate and lower
growth yield than the wild-type MGAS315 strain (Fig. 4B),
similar to results previously obtained with an rgg mutant of
strain NZ131 (9). In addition, the changes in growth were
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FIG. 4. Rgg,y3p variant influences growth in CDM. Strains were
cultured with (A) THY broth or (B) CDM containing 2% glucose as
the primary energy source. Growth was measured by determining the
absorbance at 600 nm at various time points. The data are the means
and standard errors of the means from three independent experiments.

abrogated by addition of 1% neopeptone to the media (data
not shown), a result which is also similar to previous results
obtained with strain NZ131 (9). Complementation with the
Rgg,osp variant restored the growth yield to that of the wild-
type strain, while the Rgg, 55 variant had an increased growth
rate and yield compared to the wild-type strain (Fig. 4B). In
each case, there were minor differences in the exponential
phase of growth compared to the wild-type strain. Nonetheless,
the results suggest that the decrease in the growth yield asso-
ciated with rgg inactivation is specific to loss of the gene, since
the effect can be restored by complementation with either
allele.

DISCUSSION

The transcriptional regulator Rgg is essential for expression
of the extracellular SpeB protease, which is thought to pro-
mote a localized infection by degrading streptococcal invasive
factors such as SKA and DNase I (1, 11, 29, 32). Serotype M3
strains are more likely than strains of many other serotypes to
be associated with current episodes of invasive disease (3, 4). A
previous study reported that a serotype M3 strain, designated
MGAS315, did not produce SpeB in vitro (2). The 7gg gene in
this strain encodes a proline residue at position 103 instead of
the serine residue that is encoded by all other alleles in current
databases. We analyzed strain MGAS315 to determine if the
variation was responsible for the lack of SpeB production. The
results show that the Rgg variant of strain MGAS315 is unable
to activate speB expression both in strain MGAS315 and in a
serotype M49 strain background (strain NZ131). Gel shift as-
says showed that the variant does not bind to the speB pro-
moter region, revealing the molecular basis for the lack of speB
expression in MGAS315. Interestingly, the Rgg,,sp variant
binds to DNA upstream of norA, indicating that variation at
amino acid 103 does not abrogate binding but rather alters the
specificity of binding.
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Previous reports suggested that only a subset of S. pyogenes
isolates produce SpeB in vitro (8, 19, 27, 30); however, it was
not clear if the isolates could produce the protein in vivo
during human infection. Identifying the molecular basis for the
lack of SpeB production in MGAS315 suggests that the genetic
change is stable and thus the isolate probably does not produce
SpeB during human infection. Similarly, a naturally occurring
truncated variant of Rgg was identified in serotype M1 strain
5628, which did not express speB (16). The results are consis-
tent with the idea that invasive disease and SpeB production
are inversely correlated (17); however, it is noteworthy that
most isolates of S. pyogenes, including those obtained from
invasive infections and other serotype M3 isolates, do produce
SpeB in vitro, indicating that there is a role for multiple host
and pathogen factors in determining the clinical fate of S.
pyogenes infection.

The genome sequences of two serotype M3 isolates from
patients with STSS, designated MGAS315 and SSI-1, have
been determined (4, 20). Comparison of the sequences iden-
tified four nonsynonymous differences in chromosomally en-
coded proteins, including Rgg (20). In contrast to the
MGAS315 protein, Rgg encoded by SSI-1 contains a serine at
position 103 of Rgg and a cysteine at position 31 instead of a
tyrosine. SSI-1 produces SpeB (20). The extent of Rgg varia-
tion in serotype M3 isolates and in other serotypes remains to
be determined.

Rgg of S. gordonii is a positive transcriptional regulator of
the adjacent gene gtfG, which encodes a glucosyltransferase
involved in biofilm formation (28). An S. gordonii strain defi-
cient in gtfG expression encoded an Rgg with a single amino
acid difference compared to Rgg in strains expressing normal
amounts of gtfG (31); specifically, the variant encoded a histi-
dine at position 271 instead of an aspartate. Further analysis
showed that the single amino acid difference was responsible
for diminished gtfG expression. In contrast to results reported
here, the variant maintained the ability to bind to the gffG
promoter region, indicating that additional factors were likely
involved (31).

The SpeB protease can potentially alter host-pathogen in-
teractions by modifying a number of host and streptococcal
proteins (10). The changes include (i) alteration of the extra-
cellular matrix by direct degradation of fibronectin and vitro-
nectin and by activation of human matrix metalloproteases, (ii)
degradation of complement factors, including C3b and factor
H, and (iii) degradation or proteolytic truncation of bacterial
surface proteins, including adhesins. Thus, although the occur-
rence and selection in mice of SpeB-negative invasive variants
are associated with mutations in covRS (16, 29), naturally oc-
curring rgg alleles that do not activate speB expression may
influence several aspects of the infectious process, including
adherence, host immune recognition, and tissue invasion.
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