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The human pathogen Streptococcus pyogenes secretes many proteins to the cell wall and extracellular
environment that contribute to virulence. Rgg regulates the expression of several exoproteins including a
cysteine protease (SPE B), a nuclease (MF-1), a putative nuclease (MF-3), and autolysin. The functional
heterogeneity of Rgg-regulated exoproteins and the lack of a conserved regulatory motif in the promoter
regions of the genes suggested that Rgg interacts with additional regulatory networks to influence gene
expression. DNA microarrays were used to test this hypothesis by comparing genomewide transcript profiles
of S. pyogenes NZ131 and isogenic derivative NZ131 rgg during the exponential phase of growth. Transcripts
of known and putative virulence-associated genes were more abundant in the rgg mutant, including emm, scpA,
orfX, scll, hasAB, slo, sagA, ska, speH, grab, mac, mf-1, and mf-3. Increased transcription of emm, scpA, and orfX
in the rgg mutant was associated with increased production of the corresponding proteins. Differences in the
expression of virulence-associated genes were associated with changes in the expression of several regulatory
genes, including mga, sagA, csrRS, and fasBCA. The results show that Rgg influences the expression of multiple

regulatory networks to coregulate virulence factor expression in S. pyogenes.

Human infection with Streptococcus pyogenes may result in a
variety of diseases, including pharyngitis, impetigo, toxic shock
syndrome, necrotizing fasciitis, rheumatic fever, and acute glo-
merulonephritis. S. pyogenes secretes many proteins to the cell
wall and extracellular environment that directly influence host-
pathogen interactions. Although several of these proteins have
been studied in detail, the functions of many of them are not
known. Insight into the functions of secreted proteins can be
gained by identifying coordinately regulated genes, which are
likely to have related functions. In addition, identification of
virulence-associated regulatory networks may lead to new ther-
apeutic strategies designed to minimize severe disease by in-
hibiting the expression of virulence-associated genes.

Several transcriptional regulators have been described in S.
pyogenes that influence the expression of secreted proteins.
Among these, Mga is the most thoroughly studied. Mga coor-
dinates expression of colinear genes encoding proteins in-
volved in adherence and the ability to resist phagocytosis.
These include the M protein (emm), C5a peptidase (scpA),
OrfX (orfX), and in certain serotypes, M-related proteins such
as Mrp (mrp) and Enn (enn; 5, 22, 35, 38, 42, 47). Mga activates
transcription by binding to defined response elements in the
promoter regions of mga, emm, and scpA (31, 34). Mga also
activates transcription of genes located elsewhere in the chro-
mosome, including sof, which encodes a fibronectin-binding
lipoproteinase designated SOF (35, 44), and sclI, which en-
codes a collagen-like adhesin, Scll (28, 45). Mga is considered
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to be the primary transcriptional activator of these genes; how-
ever, other uncharacterized factors also influence expression
(34).

Inactivation of regulatory genes that influence expression of
secreted proteins often results in a pleiotropic phenotype. For
example, inactivation of the two-component regulator desig-
nated CsrRS, also known as CovRS, enhanced expression of
hasAB, which are required for hyaluronic acid capsule biosyn-
thesis and speB, mf-1, and sagA (3, 14, 17, 25). The speB gene
encodes a secreted cysteine protease (SPE B) that contributes
to virulence in mouse models (21, 27, 29), and mf-1 encodes a
secreted nuclease (MF-1) previously described as DNase B
(49). The sagA locus (also known as pel) has regulatory activity
and encodes streptolysin S (4, 26). Inactivation of sag4 de-
creased expression of emm, speB, and ska, which encodes the
secreted plasminogen activator streptokinase (26). Nra influ-
ences expression of prtF2 (encoding a fibronectin binding pro-
tein), cpa (encoding a collagen binding adhesin), and mga (41).
Nra has an amino acid sequence similar to that of RofA, which
is a positive regulator of the fibronectin binding protein en-
coded by prtF1 (16), and also affects expression of mga, emm,
sagA, and speA, which encodes a secreted superantigen, SPE A
(1). A two-component regulator composed of two histidine
kinases (FasB and FasC) and a response regulator (FasA)
influences expression of ska and sagA (20). These findings
suggest that multiple regulatory networks interact to coordi-
nate expression of virulence-associated genes in S. pyogenes.

Complex regulation may result from the influences of mul-
tiple regulatory networks on gene expression. For example,
transcription of speB is abolished in rgg (ropB) mutants (6, 30),
decreased in mga (42) and sagA (26) mutants, and enhanced in
a csrR mutant (17). Inactivation of dipeptide and oligopeptide
transport operons decreases speB expression (39, 40), and SPE
B production is influenced by the growth phase and the con-
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centration of glucose in the medium (9). Such intricate regu-
lation of gene expression may be particularly important for
proteins, such as SPE B, that can cause significant destruction
of host tissues.

Rgg was initially identified in S. pyogenes as being required
for the expression of speB (6, 30). Recently, Rgg was discov-
ered to influence the expression of additional exoproteins,
including autolysin, MF-1, and MF-3 (10). The absence of a
conserved regulatory motif in the promoter regions of Rgg-
regulated genes and the functional diversity of the gene prod-
ucts suggested that Rgg interacts with additional regulatory
networks to alter gene expression. DNA microarrays and quan-
titative RT-PCR were used to identify and quantitate genome-
wide changes in transcription associated with inactivation of
rgg. The results demonstrate that Rgg interacts with other
regulatory networks to influence the expression of several
genes known to mediate interactions of S. pyogenes with its
human host.

MATERIALS AND METHODS

Strains and media. S. pyogenes NZ131 (serotype M49) and the isogenic de-
rivatives NZ131 speB and NZ131 rgg have been previously described (6, 8). S.
pyogenes was grown with Trypticase soy agar containing 5% sheep blood agar
(Becton Dickinson, Cockeysville, Md.) overnight at 37°C in 5% CO, or with
Todd-Hewitt broth containing 0.2% (wt/vol) yeast extract (THY; Difco Labora-
tories, Detroit, Mich.).

RNA isolation. S. pyogenes was grown in 10 ml of THY broth in 15-ml tubes
(Corning, New York, N.Y.) for 2 to 3 h (4499 = 0.2). Cultures were centrifuged,
and the bacteria were suspended in 200 pl of diethyl pyrocarbonate (Sigma
Chemical Co., St. Louis, Mo.)-treated water and frozen in liquid nitrogen. RNA
was isolated with a FastPrep Instrument (Qbiogene, Carlsbad, Calif.) and a
FastPrep Blue kit (Qbiogene) as previously described (10).

DNA microarray analysis. DNA microarrays were prepared and analyzed as
previously described (48). Briefly, internal regions (approximately 500 bp) of
1,893 open reading frames identified by WIT2 analysis (wit.mcs.anl.gov/WIT2) of
the S. pyogenes SF370 (serotype M1) genome (15) were amplified by using open
reading frame-specific primers designed with Primer3 software (http://www
genome.wi.mit.edu). The PCR products were printed in quadruplicate on CMT-
GAPS slides (Corning) with a Chipwriter robotic arrayer (Virtek, Waterloo,
Ontario, Canada). Fluorescently labeled cDNA probes were prepared with an
ARES DNA labeling kit (Molecular Probes, Eugene, Oreg.). Probes were de-
natured at 100°C for 5 min and hybridized with microarrays in 100 pl of Perfect-
Hyb solution (Sigma) at 55°C for approximately 18 h. The arrays were washed
twice in 0.1X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate)--0.1%
sodium dodecyl sulfate for 10 min at room temperature and twice in 0.1 SSC.
The slides were scanned with a ScanArray 5000 instrument (Packard Bioscience,
Meriden, Conn.), and the data were analyzed with QuantArray software (Pack-
ard Bioscience) as previously described (48).

Quantitative reverse transcription (RT)-PCR. Oligonucleotide primers and
probes (Table 1) were designed with Primer Express 1.0 software (ABI Prism; PE
Biosystems, Framingham, Mass.) and purchased from either MegaBases Inc.
(Evanston, Ill.) or PE Biosystems. Amplification and detection were done with
the ABI Prism 7700 Sequence Detection System (PE Applied Biosystems) by
using TagMan One-Step RT-PCR Master Mix Reagents (PE Biosystems) as
described by the manufacturer. Each assay was done in triplicate with at least two
independently isolated RNA samples. Amplification and analysis were done as
previously described (10). The quantity of cDNA for each experimental gene was
normalized to the quantity of gyr4 cDNA in each sample, and the mean * the
standard error of the mean of independently isolated RNA samples is reported.

Immunoblot analysis. Inmunoblotting was done as previously described (7).
Briefly, 10° streptococci, determined by dilution plating and enumeration of
CFU per milliliter, were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis with a 10% acrylamide resolving gel. Following electrophoresis,
proteins were transferred to nitrocellulose membranes (Millipore Corp., Bed-
ford, Mass.) with Towbin’s buffer (50). Antisera to M49 (provided by J. B. Dale,
Department of Medicine, University of Tennessee, Memphis), C5a peptidase
(provided by P. P. Cleary, Department of Microbiology and Immunology, Uni-
versity of Minnesota, Minneapolis), and OrfX (provided by B. Lei, Laboratory
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of Human Bacterial Pathogenesis, Rocky Mountain Laboratories, Hamilton,
Mont.) were used at a dilution of 1:1,000. The antibody-antigen complexes were
visualized with the enhanced chemiluminescence Western blotting detection
system (Amersham Pharmacia Biotech, Inc., Piscataway, N.J.).

RESULTS

Inactivation of rgg increases transcription of several viru-
lence-associated genes. DNA microarrays and cDNA prepared
from exponential-phase cultures of S. pyogenes NZ131 and
NZ131 rgg were used to identify genomewide differences in
virulence-associated gene transcripts. Transcripts of several
genes encoding known or putative virulence factors were more
abundant in the rgg mutant (Table 2), including well-charac-
terized virulence factors such as M protein, C5a peptidase,
streptolysin S, and streptolysin O (slo). Transcripts of recently
characterized genes likely to contribute to host-pathogen in-
teractions were also more abundant in the mutant, including
(i) scll1, which encodes an adhesin (28, 45), (ii) speH, which
encodes a superantigen (43), (iii) grab, which encodes a cell
wall-associated protein that binds human a,-macroglobulin to
inhibit protease activity (46), and (iv) mac, which encodes a
secreted protein that inhibits opsonophagocytic killing of S.
pyogenes (24).

The role of secreted nucleases in the pathogenesis of S.
pyogenes infection has not been established. However, the tox-
icity of cytolethal distending toxin of Campylobacter jejuni is
dependent on its nuclease activity (23). Transcripts of a known
and putative extracellular nucleases, including mf-1, mf-3, and
spy0747, were more abundant in the rgg mutant (Table 2).

Inactivation of rgg enhances expression of the Mga regulon.
Increased transcripts of the Mga-regulated genes emm, scpA,
and scll in the rgg mutant (Table 2) suggested that Rgg re-
presses expression of the Mga regulon. To test this idea, quan-
titative RT-PCR was used to quantitate Mga-regulated gene
transcripts, including mga, emm, scpA, enn, orfX, scll, and sof.
Transcripts of each gene were more abundant in the 7gg mutant
than in the isogenic wild-type strain (Fig. 1).

Transcripts of 7gg are more abundant in NZ131 speB than in
the isogenic wild-type strain (10). This observation suggested
that inactivation of speB or the lack of speB expression in the
mutant could alter the transcription of genes other than speB.
Because the rgg mutant does not express speB, it was theoret-
ically possible that differences in expression in the rgg mutant
resulted from a lack of speB expression. To assess this possi-
bility, the quantities of Mga-regulated gene transcripts were
determined in strain NZ131 speB. The quantities of gene tran-
scripts in NZ131 speB were similar to those in the isogenic
wild-type strain, albeit slightly elevated (Fig. 1). The results
show that increased transcription of Mga-regulated genes in
the 7gg mutant was not due to a lack of speB expression (Fig. 1).
Importantly, results obtained with DNA microarrays and RT-
PCR were qualitatively cognate.

To determine if the observed changes in transcription of the
Mga regulon were associated with changes in protein produc-
tion, immunoblotting was done following whole-cell electro-
phoresis of wild-type NZ131, speB mutant strain NZ131, and
rgg mutant strain NZ131 harvested in the exponential phase of
growth (Agy = 0.2). NZ131 speB was analyzed to control for
potential degradation of antigens by the SPE B protease. The
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TABLE 2. Increased transcripts of virulence-associated genes in rgg
mutant strain NZ131 identified with DNA microarrays

SPy no. Designation® Mean fold difference + SEM?
0167 slo (SLO) 21x01
0738 sagA (SLS) 21*0.1
0747 None (none) 1.6 0.1
0861 mac (Mac) 1.5+0.1
1008 speH (SpeH) 1.5+02
1357 grab (Grab) 1.6 = 0.0
1436 mf-3 (MF-3) 8.8 03
1983 scll (Scl-1) 33202
2010 scpA (CSa peptidase) 1.5+0.1
2018 emm (M) 1.9 *0.1
2043 mf-1 (MF-1) 28+03

“ Gene designations are in italics, and the corresponding protein designations
are in parentheses.

® The mean difference *+ the standard error of the mean (rgg mutant strain
NZ131 versus wild-type NZ131) in intensity of quadruplicate spots is shown.

rgg mutant expressed more M49, C5a peptidase, and OrfX
than did the isogenic parental strain and the speB mutant (Fig.
2). Production of M49 was dramatically influenced by rgg in-
activation, whereas relatively minor differences in the produc-
tion of C5a peptidase and OrfX were detected. In addition,
faster-migrating species of immunoreactive proteins were re-
peatedly observed following whole-cell electrophoresis of
NZ131 rgg compared to the control strains. The molecular
basis for the aberrantly migrating proteins is not known. Equal
numbers of CFU of each strain were evaluated, and antisera to
the group A streptococcal carbohydrate confirmed that similar
amounts of immunoreactive proteins were analyzed (Fig. 2).

Owt
FlspeB
Mrgg

0 1 2 3 4 5 6 7

Transcript quantities relative to gyrA

FIG. 1. Increased transcription of the Mga regulon in NZ131 rgg.
Total RNA was isolated from exponential-phase cultures of wild-type
(wt) NZ131, speB mutant strain NZ131, and rgg mutant strain NZ131,
and the quantities of gene-specific transcripts were determined by
quantitative RT-PCR. The quantity of cDNA for each gene was nor-
malized to the quantity of gyr4 cDNA in each RNA sample. The values
shown are the mean * the standard error of the mean of at least two
independently isolated RNA preparations analyzed in triplicate.
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FIG. 2. Increased production of M protein, C5a peptidase (SCP),
and OrfX in NZ131 rgg. Production of selected Mga-regulated proteins
was assessed by immunoblotting following whole-cell electrophoresis
of wild-type (wt) strain NZ131 (lane 1), speB mutant strain NZ131
(lane 2), and rgg mutant strain NZ131 (lane 3). M protein (aM49), C5a
peptidase (aSCP), and OrfX (aOrfX) were detected with antisera
specific to the polypeptides, as indicated to the left of each panel. The
migration and size of the molecular mass standards are shown to the
right of each panel. Antisera to the group A streptococcus carbohy-
drate («GAS) was used to confirm that similar amounts of cell wall
antigens were analyzed. The experiment was repeated twice, and a
representative result is shown.

Rgg influences csrRS expression. Transcripts of mf-1 and
sagA were more abundant in the rgg mutant (Table 2), similar
to results previously obtained with csrR mutants (14, 17). To
determine if the changes in expression of these genes were
associated with altered transcription of ¢srRS, the quantities of
csrR, csrS, and CsrRS-regulated gene transcripts were deter-
mined in wild-type strain NZ131, speB mutant strain NZ131,
and rgg mutant strain NZ131. Transcripts of cs7R and csrS were
less abundant in the rgg mutant than in both the isogenic
wild-type strain and an speB mutant (Table 3). The hasABC
gene products catalyze hyaluronic acid biosynthesis (13). Ex-
pression of hasAB is increased in csrR mutants (3, 25). Simi-
larly, transcription of hasA and hasB was enhanced in the
rgg mutant by 3.3- and 2.3-fold, respectively (Table 3). The
hasABC genes are contiguous in the chromosome (11). The
hasC gene is located 192 bp downstream of /asB and encodes
a UDP-glucose pyrophosphorylase that is not required by all
strains of S. pyogenes for capsule synthesis (12). In contrast to
hasA and hasB, no difference in the quantity of hasC tran-
scripts was detected in the 7gg mutant (Table 3). Streptokinase
is an activator of human plasminogen, and certain alleles, in-
cluding ska from strain NZ131, have been associated with
poststreptococcal acute glomerulonephritis in a rabbit model
(37). DNA microarray analysis of the 7gg mutant did not detect
a difference in ska transcription (data not shown). However,
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TABLE 3. Quantitative RT-PCR analysis of CsrRS-regulated genes

Quantity of transcript’ (mean = SEM)

SPy no. Designation” rgg/wild-type ratio®
Wild-type NZ131 speB mutant NZ131 rgg mutant NZ131

0336 csrR (CstR) 595*+0.8 7.81 = 0.6 3.62*+0.3 0.6

0337 csrS (CsrS) 1.15*+0.2 1.23 0.1 0.70 £ 0.0 0.6

0738 sagA (SLS) 632+ 0.5 6.38 = 0.5 26.63 = 3.2 4.2

1979 ska (SKA) 38.39 = 3.0 475339 58.35 = 19.7 1.5

2043 mf-1 (MF-1) 1.00 £ 0.1 092 0.2 448 = 0.5 4.5

2200 hasA (HasA) 0.12 £ 0.0 0.13 £0.0 0.39 £0.3 33

2201 hasB (HasB) 0.03 = 0.0 0.05 0.0 0.07 £ 0.0 23

2202 hasC (HasC) 0.16 £ 0.0 0.18 £ 0.0 0.16 £ 0.0 1.0

“ The gene-specific cDNA values were normalized to the quantity of gyr4 cDNA in each sample. The mean * the standard error of the mean of two independently

isolated RNA samples is given.

 Gene designations are in italics, and the corresponding protein designations are in parentheses.
¢ Quantity of gyr4-normalized cDNA in rgg mutant strain NZ131 + quantity in wild-type NZ131.

ska expression is increased in ¢srR mutants (14). Thus, it was of
interest to quantitate ska transcripts in wild-type NZ131, speB
mutant strain NZ131, and rgg mutant strain NZ131. In contrast
to results obtained with DNA microarrays, ska transcripts were
more abundant in the rgg mutant (Table 3). Quantitative RT-
PCR confirmed that the expression of mf-I and sagA is in-
creased in the rgg mutant (Table 3). The results suggest that
some of the observed differences in gene transcription in the
rgg mutant are due to decreased expression of csrRS.
Confirmation of changes in virulence-associated gene tran-
scription with RT-PCR. DNA microarray analysis of the rgg
mutant detected differences in the transcript levels of several
genes known or thought to contribute to virulence (Table 2).
Quantitative RT-PCR was used to confirm and quantitate dif-
ferences in these transcript levels in wild-type strain NZ131,
speB mutant strain NZ131, and rgg mutant strain NZ131 (Ta-
ble 4). Transcripts encoding the potential virulence factors
SpeG, Isp-1, and Isp-2 were similarly analyzed. The results
confirmed that transcription of mac was increased in NZ131
rgg compared to both the wild-type and speB mutant NZ131
strains (Table 4). However, in contrast to results obtained with
DNA microarrays, quantitative RT-PCR showed that grab
transcripts were less abundant in the rgg mutant than in the
wild-type and speB mutant NZ131 strains (Table 4). Transcrip-
tion of speH was enhanced in the rgg mutant independently of
speB, whereas there was virtually no change in the transcrip-

tion of speG, which also encodes a superantigen (Table 4). The
functions of the extracellular proteins Isp-1 and Isp-2 are not
known; however, Isp-2 is expressed during human infection
with S. pyogenes and may be involved in host-pathogen inter-
actions (33). isp-1, but not isp-2, transcripts were less abundant
in the rgg mutant (Table 4).

MF-1 is a secreted nuclease (49). Expression of a second
putative extracellular nuclease, designated MF-3, was previ-
ously discovered to be up-regulated in NZ131 rgg in the sta-
tionary phase of growth (10). Quantitative RT-PCR confirmed
that transcription of mf-3 and a gene encoding a protein with
homology to nuclease H (SPy0747) was increased in the rgg
mutant (Table 4).

Rgg influences expression of several regulatory genes. Inac-
tivation of rgg altered expression of four previously character-
ized regulatory loci (mga, csrR, csrS, and sagA). To identify
additional changes in regulatory gene expression, the tran-
script levels of genes encoding two-component regulators were
determined. We focused on two-component regulatory systems
because they are important regulators of virulence factor
expression in many pathogenic bacteria. FasABC is a three-
component system involved in the regulation of fibronectin-
and fibrinogen-binding and streptokinase activity (20). Tran-
scription of fasABC was decreased by approximately 50% for
each gene (Table 5), consistent with the previous finding that
transcription of fasABC is polycistronic (20). Additional two-

TABLE 4. Quantitative RT-PCR analysis of virulence-associated gene transcripts

Quantity of transcript” (mean + SEM)

SPy no. Designation” rgg/wild-type ratio®
Wild-type NZ131 speB mutant NZ131 rgg mutant NZ131
01674 slo (SLO) 0.09 = 0.0 0.10 = 0.0 1.25 £ 0.1 13.9
0212 speG (SpeG) 042 = 0.1 0.56 = 0.0 0.33 =0.0 0.8
0747 None (none) 0.31 = 0.0 0.26 = 0.0 1.00 = 0.1 3.2
0861 mac (Mac) 0.03 = 0.0 0.04 = 0.0 0.06 = 0.0 2.0
1008 speH (SpeH) 0.090 = 0.0 0.11 = 0.1 0.18 = 0.1 2.0
1357 grab (Grab) 1.80 = 0.2 1.71 £ 0.3 0.20 = 0.1 0.1
1436 mf-3 (MF-3) 0.14 = 0.0 0.14 = 0.0 3.47 0.0 24.8
1801 isp-2 (Isp-2) 391 =09 336 = 0.9 3.63 =0.8 0.9
2025 isp-1 (Isp-1) 1.07 £ 0.3 0.63 = 0.1 0.46 = 0.1 0.4

“ The gene-specific cDNA values were normalized to the quantity of gyr4 cDNA in each sample. The mean * the standard error of the mean of two independently

isolated RNA samples is given.

 Gene designations are in italics, and the corresponding protein designations are in parentheses.
¢ Quantity of gyr4-normalized cDNA in rgg mutant NZ131 + quantity in wild-type NZ131.
@ Boldface denotes differences in transcripts between wild-type NZ131 and rgg mutant NZ131 of less than 0.5 or greater than 1.5.
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TABLE 5. Quantitative RT-PCR analysis of selected regulatory gene transcripts

Quantity of transcript” (mean = SEM)

SPy no. Designation” rgg/wild-type ratio®
Wild-type NZ131 speB mutant NZ131 rgg mutant NZ131
0242¢ JasB (FasB) 0.50 = 0.1 0.55 = 0.0 0.23 = 0.0 0.5
0244 fasC (FasC) 0.69 = 0.1 0.68 = 0.1 0.28 = 0.0 0.4
0245 JasA (FasA) 0.28 = 0.0 0.29 = 0.0 0.15 = 0.0 0.5
0528 sycF (SycF) 1.74 £ 0.2 355 0.1 2.08 £ 0.0 1.2
0529 sycG (SycG) 1.36 £ 0.2 1.65 £ 0.1 1.31 £0.2 1.0
0874 treR (TrcR)e’f 121 +0.2 1.36 £ 0.0 1.70 £ 0.2 1.4
0875 None (none) 1.25 = 0.0 1.31 = 0.2 2.28 = 0.6 1.8
0895 cpsX (CpsX) 0.92 = 0.1 1.16 = 0.1 1.80 = 0.2 2.0
0898 cpsY (CpsY) 0.34 £ 0.0 0.33 0.0 0.35 0.0 1.0
1061 yesN (YesN) 0.67 = 0.1 0.46 = 0.0 0.59 =0.2 0.9
1062 yesM (YesM) 0.39 £ 0.0 0.34 = 0.1 0.34 = 0.0 0.9
1106 yufM (YufM)*# 0.28 = 0.1 0.39 = 0.0 0.53 = 0.0 1.9
1236 ciaS (CiaS)"’h 133 £04 1.49 £ 04 1.15 0.2 0.9
1237 ciaR (CiaR)e’h 0.73 £0.2 092 +0.1 0.81 =0.2 1.1
1556 zmpS (ZmpS)"’h 0.48 = 0.1 0.44 = 0.1 0.55 0.1 1.1
1587 IytR (LytR)** 0.21 = 0.0 0.15 = 0.0 0.41 = 0.1 2.0
1588 ytS (LytS)%* 134 £22 21779 16.0 £ 0.9 1.2
1908 salR (SalR)* 0.58 = 0.0 0.57 0.1 0.58 = 0.19 1.0
1909 salK (SalK)*/ 295*+0.5 335+0.1 292 £ 0.6 1.0
2026 ihk (Thk) 1.23 £ 0.2 1.18 = 0.1 0.69 = 0.0 0.6
2027 irr (Irr) 0.71 £ 0.2 0.64 = 0.1 0.33 £ 0.0 0.5

“ The gene-specific cDNA values were normalized to the quantity of gyr4 cDNA in each sample. The mean * the standard error of the mean of two independently

isolated RNA samples is given.

 Gene designations are in italics, and the corresponding protein designation are in parentheses.
¢ Quantity of gyr4-normalized cDNA in rgg mutant NZ131 + quantity in wild-type NZ131.
4 Boldface denotes differences in transcripts between wild-type NZ131 and rgg mutant NZ131 of less than 0.5 or greater than 1.5.

¢ Designation based on homology with a similar gene in indicated bacterium.
/ Mycobacterium tuberculosis.

& Bacillus subtilis.

" Streptococcus pneumoniae.

i Staphylococcus aureus.

J Streptococcus salivarius.

component regulatory genes that were differentially expressed
included spy0875, cpsX, yufM, IytR, ihk, and irr (Table 5).

DISCUSSION

Rgg was initially identified in S. pyogenes as a regulatory
protein required for the expression of speB (6, 30). A recent
analysis of culture supernatant proteins showed that Rgg in-
fluenced the expression of several additional exoproteins (10).
The lack of a conserved regulatory motif in the promoter
regions of Rgg-regulated genes and the functional diversity of
the gene products indicated that Rgg may influence gene ex-
pression indirectly by altering expression of additional regula-
tory loci. Consistent with this hypothesis, we discovered
genomewide differences in transcription in the rgg mutant.
Differences of 1.5-fold or greater were selected for further
study. The biological significance of small differences in tran-
script levels is likely to vary; however, at least some differences
of less than twofold are known to be biologically significant
(18). All differentially expressed virulence-associated genes
identified by DNA microarrays were further analyzed by quan-
titative RT-PCR. With the exception of grab, the results were
qualitatively similar. Transcripts of several previously de-
scribed regulatory genes, including csrRS, fasBCA, mga, and
sagA, were altered in the rgg mutant. In addition, transcript
levels of several uncharacterized two-component regulators
such as ihk, irr, lytR, spy0875, cpsX, and yufM were altered. The
changes in transcription of regulatory genes were accompanied

by changes in expression of known or putative virulence fac-
tors, including emm, scpA, scll, hasAB, slo, sagA, ska, speH,
grab, mac, mf-1, and mf-3. The results demonstrate that Rgg is
an important regulatory factor that interacts with several reg-
ulatory networks to coordinate virulence-associated gene ex-
pression in S. pyogenes (Fig. 3).

Transcription of rgg is elevated in NZ131 speB compared to
that in the isogenic wild-type strain (10). The observation in-
dicated that the lack of speB expression in the rgg mutant could
influence gene expression independently of Rgg. To control for
this possibility, the quantities of selected gene transcripts were
determined in wild-type strain NZ131, speB mutant strain
NZ131, and rgg mutant strain NZ131 (Fig. 1; Tables 3 to 5).
Levels of transcripts of emm49, enn, scpA49, and orfX were
slightly higher in the speB mutant than in the wild-type strain;
however, an increase in the corresponding proteins was not
apparent (Fig. 2). In general, the quantities of Rgg-regulated
gene transcripts were similar in the wild-type and isogenic speB
mutant strains. Thus, the observed differences in gene tran-
scription in the rgg mutant are associated with inactivation of
the rgg locus and not with the absence of speB expression.

Rgg differentially regulates expression of SPE B and M
protein. Rgg represses transcription of mga and Mga-regulated
genes (Fig. 1). As previously noted, mga expression is auto-
regulated, which implies that a repressor limits transcription
(34). Deletion of the region of the chromosome containing the
distal mga promoter (designated Mga binding site I) increased
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FIG. 3. Influence of Rgg with other regulatory networks. Positive
regulation and negative regulation of gene expression are designated
by plus and minus signs, respectively. Dashed arrows indicate possible
indirect influences on gene expression. Dashed ovals represent puta-
tive regulatory intermediates.

transcription of mga via the P1 promoter, suggesting that the
putative repressor was interacting with cis elements contained
in the deleted region (34). Our results suggest that Rgg may be
the repressor detected by Mclver et al. (34). However, it re-
mains to be determined if Rgg acts directly or indirectly to
repress mga expression.

The discovery that Rgg positively influences speB expression
and represses emm49 expression contributes to the idea that
the genes encode proteins with contrary functions. Mga and
Mga-regulated genes are maximally expressed in the exponen-
tial phase of growth (32). The phenotype of exponential-phase
S. pyogenes is postulated to be associated with adherence and
resistance to the host immune response (7). In contrast, SPE B
is produced primarily in the stationary phase of growth, which
has been suggested to represent a nonadherent-invasiveness
phenotype (9, 19). Moreover, the SPE B protease can degrade
cell-associated adhesins, including M49, and abrogate interac-
tions (adherence and internalization) of S. pyogenes with cul-
tured mammalian cells (2, 7). We speculate that Rgg coordi-
nates the transition between adherent and disseminating
phenotypes by repressing genes associated with adherence and
activating genes associated with dissemination. Clearly, addi-
tional information is needed regarding genomewide transcript
profiles of S. pyogenes in different stages of growth.

Rgg influences expression of additional regulatory net-
works. The two-component regulator CsrRS was initially dis-
covered as a repressor of the hyaluronic acid biosynthesis
genes hasAB (3, 25). The DNA binding site of CsrR in the
hasA promoter region has been identified (3), which indicates
that CsrR directly regulates expression of capsule biosynthesis
genes. Phosphorylated CsrR also interacts with the promoter
regions of speB, sagA, mf-1, and ska, indicating that CsrR
directly represses expression of these genes (36). Transcription
of csrR and csrS was decreased in an rgg mutant (Table 3),
which was associated with increased levels of transcripts of

INFECT. IMMUN.

hasAB, ska, sagA, and mf-1. Together, the results suggest that
increased transcription of hasAB, ska, sagA, and mf-1 in the rgg
mutant is due to decreased transcription of crsRS. The cellular
concentration of CsrR is important in determining the inter-
action of CsrR with promoter regions (36). Thus, a decrease in
csrR expression could significantly affect the regulatory activity
of CsrR (36). Decreased transcription of ¢srR in the r7gg mutant
was not associated with increased transcription of speB, indi-
cating that speB expression may require direct activation by
Rgg. Nonetheless, we cannot rule out the possibility that Rgg
acts directly to influence the expression of hasAB, sagA, mf-1,
and ska. Similarly, increased expression of speB in ¢srR mu-
tants may be associated with increased expression of rgg.

The quantities of 23 gene transcripts associated with 12
two-component regulatory systems were determined in wild-
type strain NZ131, speB mutant strain NZ131, and rgg mutant
strain NZ131 (Table 5). Transcripts of 11 loci were altered by
at least 0.5- or 1.5-fold in the rgg mutant compared to those in
the isogenic parental strain NZ131 and the speB mutant. Al-
though the majority of two-component regulatory systems have
not been characterized in S. pyogenes, the changes in transcrip-
tion are likely to contribute to the pleiotropic phenotype of the
rgg mutant.

Initial characterization of NZ131 rgg did not identify a gen-
eral defect in the secretion apparatus of the mutant (6). Con-
sistent with this, no significant changes in hemolytic activity,
DNase activity, and streptokinase activity were observed in the
mutant compared to those in the wild-type strain (6). Similar
results were reported for an rgg (ropB) mutant of S. pyogenes
strain HSC5 (30). The previous results differ with the findings
of the present study, which showed elevated transcripts of
genes encoding known and putative extracellular nucleases
(mf-1, mf-3, and spy0747), hemolysins (slo and sagA), and ska
in rgg mutant strain NZ131. In addition, the nuclease MF-1 and
the putative nuclease MF-3 were more abundant in culture
supernatant proteins from stationary-phase rgg mutant strain
NZ131 cultures than in those from the control strain (10).
Several explanations may account for these discrepancies. In
the present study, transcript levels were determined at a single
time point early in the exponential phase of growth. In con-
trast, the plate assays previously used to assess changes in
hemolytic, nuclease, and streptokinase activities represented
the accumulation of exoproteins throughout the exponential
and stationary phases of growth. In addition, production of the
SPE B protease in the wild-type strains may have diminished
protein activity in plate assays. Future studies aimed at deter-
mining the influence of 7gg inactivation on transcription during
additional growth stages and under different culture conditions
are clearly important.

To summarize, inactivation of rgg has genomewide effects on
virulence-associated gene transcription. Many of the changes
are likely the result of changes in the expression of known and
putative regulatory loci. Further genome scale analyses of ad-
ditional regulatory gene mutants are likely to reveal similar
interactions among regulatory networks. Such analysis will re-
sult in a better understanding of how bacteria coordinate gene
expression and may lead to new strategies for the control of
virulence by inhibiting global regulators of virulence-associ-
ated genes.
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