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Within a genomic locus termed the vir regulon, virR genes of opacity factor-nonproducing (OF~) group A
streptococci (GAS) are known to control the expression of the genes encoding M protein (emm) and C5a
peptidase (scpA4) and of virR itself. Within the corresponding genomic locus, opacity factor-producing (OF*)
GAS harbor additional emm-related genes encoding immunoglobulin G- and immunoglobulin A-binding
proteins (fcrA and enn, respectively). The virR gene region of the OF* GAS M-type 49 strain CS101 was
amplified by PCR, and 2,650 bp were directly sequenced. An open reading frame of 1,599 bp exhibited 76%
overall homology to published virR sequences. By utilizing mRNA analysis, the 5’ ends of two specific
transcripts were mapped 370 and 174 bp upstream of the start codon of this open reading frame. The deduced
sequences of the corresponding promoters and their locations differed from those of previously reported virR
promoters. Transcripts from wild-type fcr449, emm49, enn49, and scpA49 genes located downstream of virR49
were characterized as being monocistronic. The transcripts were quantified and mapped for their 5’ ends.
Subsequently, the virR49 gene was inactivated by specific insertion of a nonreplicative pSF152 vector contain-
ing recombinant virR49 sequences. The RNA from the resulting vir-mut strain did not contain transcripts of
VirR49, fcrA49, emm49, or enn49 and contained reduced amounts of the scpA449 transcript when compared with
wild-type RNA. The mRNA control from the streptokinase gene was demonstrated not to be affected. When
strain vir-mut was rotated in human blood, it was found to be fully sensitive to phagocytosis by human
leukocytes. Thus, the present study provides evidence that virR genes in OF" GAS could be involved in the
control of up to five vir regulon genes, and their unaffected regulatory activity is associated with features

postulated as crucial for GAS virulence.

Streptococcus pyogenes, or group A streptococcus (GAS), is
one of the most important bacterial pathogens. It causes pu-
rulent diseases like pharyngitis, impetigo, and erysipelas and,
less frequently, severe generalized diseases like sepsis and toxic
shock-like syndrome (reviewed by Stevens [53]). Although the
pathogenesis of these diseases is complex, several streptococ-
cal molecules potentially involved in attachment, colonization,
and invasion of the human host have been identified. Some of
these molecules are proteins attached to the streptococcal sur-
face. Among these, a fibronectin-binding protein (50), a plas-
minogen receptor (31, 36), the complement-inactivating CS5a
peptidase (10), two types of immunoglobulin (Ig)-binding pro-
teins, FcrA and Enn (3, 19, 21, 22, 35, 43), and the M protein
(reviewed by Kehoe [27]) have been characterized on molec-
ular and genetic levels.

The genes for M protein (emm) and C5a peptidase (scpA)
and, if present, the genes encoding the M protein-related Ig-
binding proteins (fcrA and enn) are clustered on the strepto-
coccal chromosome (18, 23, 41) (Fig. 1). In a serotype M12
strain isolated from a pharyngitis patient, the expression of
emm and scpA was shown to be under the control of the
positive regulator gene virR (52). The virR gene was found to
be located upstream of emm and scpA (51) (Fig. la). For
consistency with the nomenclature established for other bac-
terial pathogens, the complete cluster was later tentatively
termed the vir regulon (12).

Expression of virulence factors by many bacterial species as
different as Bordetella pertussis or Listeria monocytogenes (re-
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views by Coote [15] and Mekalanos [33]) is controlled by two-
component regulatory systems, which respond to environmen-
tal stimuli. GAS are exposed to a variety of atmospheric and
chemical conditions as they reside on the skin and mucous
membranes or in the bloodstream of the human host. Accord-
ingly, the functional requirements for expression of the differ-
ent streptococcal surface proteins should vary. In fact, in par-
allel experiments that either exposed GAS strains to human
blood or isolated them from the spleen of animals with exper-
imental skin infections, a variation of the expression patterns
of M proteins and Ig-binding proteins could be demonstrated
by Raeder and Boyle (47, 48). Because of the control of M
protein expression by VirR and the association of VirR activity
with environmental parameters such as anaerobic atmosphere
and carbon dioxide tension (6, 34, 45), VirR is thought to be a
part of a crucial regulatory system in GAS, possibly functioning
as the second component in a two-component regulatory sys-
tem. The one or several VirR-interacting receptors for external
stimuli remain unidentified.

Traditionally, two distinct categories of GAS were discrim-
inated by the ability of the bacteria to express serum opacity
factor (OF). OF production (OF ") or nonproduction (OF )
was found to correlate stringently with the expression of class
IT and I M proteins, respectively (which are distinguished by
the reactivity of their C termini with monoclonal antibodies
[3]) and loosely with other clinical and molecular characteris-
tics of the bacteria. For instance, OF " GAS were often isolated
from skin infections and shown to express Ig-binding proteins,
whereas OF ™ strains were demonstrated to be associated with
pharyngitis and not to express Ig-binding proteins (2, 55). With
increasing data on the GAS genomic organization (18, 23, 41),
it became obvious that OF " strains exhibit a uniform structure
of their vir regulons, which always harbor fcrA, class II emm,
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FIG. 1. Maps of representative GAS vir regulons. (a) Map of a vir regulon from selected OF~ GAS, e.g., serotypes M3, M6, and M24 (41). The product of the virR
gene (equivalent name, mry [37]) regulates positively the expression of itself and of the genes encoding M protein (ermm) and C5a peptidase (scpA4) (52). In serotypes
M1 and M12 GAS, the regulatory control is identical, but there are additional undefined sequences between emm and scpA (41). (b) Map of a vir regulon from OF*
GAS. Here the product of the virR gene controls the expression of the genes encoding the FcrA (fcrA4; equivalent name, mrp [35]) and Enn (enn) proteins in addition

to emm, scpA, and probably virR (this study). Both maps were drawn to scale.

and enn genes (Fig. 1b). In contrast, the vir regulon architec-
ture of OF~ GAS could be associated with several different
forms. The loci of these strains always contain a class I emm
gene and frequently do not include fcr4 and/or enn genes.

Thus far, only virR genes of OF~ GAS serotypes not har-
boring fcrA or enn genes have been analyzed. In addition to
virR12 (51, 52), an equivalent locus termed mry (for emm
mRNA yield) was identified as regulating emm expression in a
serotype M6 GAS strain (7). Comparison of the nucleotide
sequences of mry (37) and virR12 (9) revealed 97% homology.
Also, a partial virRI sequence (20) was nearly identical to the
virRI2 sequence. By utilizing Southern hybridizations and
functional assays subsequent to directed mutagenesis experi-
ments, Perez-Casal et al. (38) demonstrated the presence of
virR genes homologous to mry in one strain each of serotypes
M1 and M3.

The locations of the mry promoters were deduced subse-
quent to the identification of the 5’ ends of the specific
mRNAs by performing S1 nuclease protection assays (34). The
mry gene was found to possess two promoters, P, and P,,
located approximately 410 and 120 bp, respectively, upstream
of the mry start codon. P, exhibited a weak constitutive activity,
whereas P, was demonstrated to be a comparatively strong
promoter which needed induction by the Mry protein. Re-
cently, mry expression was described as being potentially even
more complex since under special experimental conditions the
P, promoter showed no constitutive activity (17).

A recombinant mry gene was the first virR-type gene which
was expressed in an in vitro transcription-translation experi-
ment (37). However, only after establishing recombinant re-
porter plasmids containing the emm12 and scpA12 promoters,
in the serotype M12 GAS strain CS24 could the frans-regulat-
ing activity of VirR be unambigously demonstrated (45). Also,
in that study, potential VirR-binding boxes immediately up-
stream of the —35 boxes of emm and scpA4 promoters of OF ™
strains were identified by homology comparisons. Sequences
nearly identical to such boxes were also found in intergenic
regions upstream of fcrA, emm, enn, and scpA genes from OF "
strains, indicating a similar control in OF " strains.

In OF* GAS strains, the presence of genomic regions ho-
mologous to virR has been documented by using two different
approaches, hybridization with recombinant internal virR frag-
ments (18, 23) and a series of PCR assays (40). A similar
conclusion of these studies was that sequences of potential virR
genes from OF™ strains diverged considerably from corre-
sponding ones harbored by OF strains.

In this investigation, the complete sequence of the virR gene
region from an OF" GAS strain is presented. The isolate
chosen for analysis was serotype M49 strain CS101. The archi-
tecture of the potential vir regulon of this strain has been well
documented. Its fcrA49, emm49, and enn49 genes have been
sequenced previously and shown to encode an IgGl1-, IgG2-,
and IgG4-binding protein, the M protein, and an IgA-binding
protein, respectively (19, 22, 42, 43). In this study, by utilizing
insertional inactivation, we provide evidence that virR49 con-
trols expression of fcr449, emm49, enn49, and scpA49 and that
it probably regulates its own expression. Upon the loss of
virR49 function, the mutant did not express Ig-binding proteins
and became sensitive to phagocytosis by human leukocytes.
Finally, by quantifying the different mRNAs, we demonstrated
that other factors are apparently also involved in the control of
some genes of the vir regulon.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Serotype M49 GAS strain CS101 was
provided by P. Cleary, Minneapolis, Minn. The isolate was characterized by
Haanes and Cleary (19). Escherichia coli DH5a (Gibco BRL, Eggenstein, Fed-
eral Republic of Germany) served as the gram-negative host of recombinant
plasmids.

The GAS isolates were grown in Todd-Hewitt broth (THB; Unipath, Wesel,
Federal Republic of Germany) or on Todd-Hewitt agar (TH agar), which is 1.5%
agar added to THB. Alternatively, the strains were cultured on blood agar base
(Unipath) supplemented with 5% sheep blood. After determining the minimum
inhibitory concentration of spectinomycin to be 10 mg/liter for strain CS101
according to National Committee for Clinical Laboratory Standards, TH agar
was supplemented with 60 mg of spectinomycin (ICN, Meckenheim, Federal
Republic of Germany) per liter for selection of recombinant GAS strains. All
GAS cultures were incubated at 37°C in a 5% CO,-20% O, atmosphere.

Recombinant E. coli strains were grown in tryptone soy (CASO) broth
(Unipath) or on disk sensitivity testing agar (Unipath) supplemented with 100
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TABLE 1. Sequences of oligonucleotides used for PCR, sequencing, and primer extension assays

Oligonucleotide

designation® Sequence (5’ to 3") Position no.” Description of target region T, (°C)°
a)
Al AAA CCG TAT CTT TGA CGC ACT 337-357 Upstream of the virR49 promoters 50.8
A3 AGG ACA ATT TGC GAG ATT AG 360-379 Upstream of the virR49 promoters 46.4
AlS8 AAT TTT AGC CAT GTG ACT CTC 514-494 Upstream of the virR49 promoters 45.8
A25 GCT CAA TAG GCG TTC ACA G 1614-1596 Central region of virR49 48.1
A3l CAT TAA CTT CAT GTC CTT ATC TTA055-1033 Upstream of virR49 45.2
A37 GAG CAG GCT AGT TTG TTG AC Upstream of the virR12 promoters 46.6
A38 TGA AGT TAA TGT ATG TAA GTA A 1046-1067 5" End of virR49 42.8
A39 TCC TTA ATA TGG TTC ATA CGG 977-997 Upstream of virR49 46.5
A40 CGG CAA CTT CGT ATT TAT TG 2014-1995 Central region of virR49 48.0
b)
B39 TTG CTC CTT ATT TTT TCA TC 1657-1638 Upstream of emm49 44.2
C26 AGA AAG TCC TAA AAA GCT GGC  2579-2599 Upstream of the scp449 promoter 49.4
C27 GAT TCT CTC CTA GCT GTC CA 2787-2768 Upstream of scpA49 45.7
E15 CTA AAG TTG TTT TGA GAT CTT C 1765-1744 Central region of enn49 42.6
E16 GTA GTC GCG TTT ACC CCT TC 1550-1531 5’ Region of enn49 50.7
F15 TCT TGT TGT TTC AAG TCC TCA 794-774 Central region of fcrA49 47.2
F16 GTT ACT CTA GGA TGT TCC TGA G 344-323 5’ Region of fcrA49 443
©)
pyr for GAT CCC TTT GGC GGC GA 309-315 5’ Region of the pyrase gene 56.6
pyr rev GCG CCC CCT ACA CGT TTT A 922-904 3’ Region of the pyrase gene 55.0
slo for TCT CGT CGC TGG GCT AC 231-247 5’ Region of the streptolysin O gene 55.5
slo rev GGG GTC AGG GTT GAT CGT G 1899-1871 3’ Region of the streptolysin O gene 54.7
ska for TCC AAG CTA TTG CTG GGT A 448-466 5" Region of the streptokinase gene 48.2
ska rev GGT GTC CCT GTA TAA CGC A 1672-1654 3’ Region of the streptokinase gene 48.1
spec for GAT TTT CGT TCG TGA ATA CA 4-23 Region upstream of the spectinomycin 45.2
resistance gene
spec rev TTA CCA ATT AGA ATG AAT ATT TC1124-1102 Region downstream of the spectinomycin 43.0

resistance gene

“ The oligonucleotides were designed with the aid of the OLIGO software.

® The nucleotide position numbers of each A primer refer to the virR49 sequence presented in this study. The other nucleotide position numbers were published
previously as follows: A37 (9); B39 (43); C26, C27, E15, and E16 (19); F15 and F16 (43); pyr for and pyr rev (13); slo for and slo rev (28); ska for and ska rev (24);

and spec for and spec rev (30).

¢ The median melting temperature (7,,,) for hybrids with these oligonucleotides was calculated by the OLIGO software program.

mg of spectinomycin per liter for selection of pSF-based plasmids. Cultures were
grown at 37°C in ambient air.

Plasmid. Plasmid pSF152 was provided by L. Tao, Oklahoma City, Okla. This
suicide vector contains a plasmid pUC19-derived origin of replication, a pUC18-
derived multiple cloning site (54), and a spectinomycin resistance gene (aad9)
active in gram-positive and gram-negative bacteria (30). The plasmid does not
autonomously replicate in GAS and thus can be used as an integrational suicide
vector for these bacteria (54).

Conventional DNA techniques. Chromosomal group A streptococcus DNA
was prepared by the method of Martin et al. (32), and plasmid DNA from E. coli
recombinants was prepared as described by Zhou et al. (56). Conventional
techniques for DNA manipulations like restriction enzyme digests, ligation,
transformation by electroporation, colony blot hybridization, 1% agarose gel
electrophoresis, and Southern blotting by vacuum transfer were performed as
described by Ausubel et al. (1). Transformation of GAS strain CS101 by elec-
troporation followed the protocol of Caparon and Scott (8).

Special DNA techniques. Oligonucleotides used for primers and probes were

ORF

P1 P2
B - -
A37 A1l A18 A3l
B
A3 A38
[
A39

0.5 kb

designed by the aid of the OLIGO software (National Bioscience, Plymouth,
Minn.). This program was also used to calculate the optimum annealing tem-
perature for hybridization and sequencing assays. Sequences and target sites of
the oligonucleotides are shown in Table 1 and Fig. 2, respectively.

The oligonucleotides were synthesized on an Oligo 1000 DNA synthesizer
(Beckman, Munich, Federal Republic of Germany) and subsequently desalted by
running them through a Sephadex G-50 (Pharmacia) minicolumn. If needed as
hybridization probes, the oligonucleotides were labeled at their 3’ ends with
digoxigenin (Dig)-dUTP and terminal transferase (Boehringer GmbH, Mann-
heim, Federal Republic of Germany) as recommended by the manufacturer.

Amplification of specific DNA fragments by PCR was based upon the opti-
mized conditions described by Erlich et al. (16). PCR products for DNA se-
quencing were generated by using only 5 pmol of each primer in a 100-pl assay.
Occasionally, one primer of a pair was biotinylated at its 5" end. If necessary,
PCR products were directly labeled by adding Dig-dUTP (Boehringer) at a final
concentration of 500 nM to the assays.

DNA sequencing. PCR products and recombinant plasmids for sequencing

VvirR 49

-
A25

FIG. 2. Location of target sites for selected oligonucleotides within the virR49 genomic region. On the basis of the results of the present study, the genomic region
of serotype M49 GAS strain CS101 encompassing a potential ORF and the virR49 gene is shown. Upstream of virR49, the sites of the two virR promoters P1 and P2
are shown. Below the map, arrows indicate the orientation and location of oligonucleotides used for PCR assays, RNA analysis, and insertional mutagenesis experiments
with respect to their target within the genomic region. The map was drawn to scale. Sequences and descriptions of the oligonucleotides are given in Table la.
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FIG. 3. Strategy for insertional mutagenesis of the virR49 gene. An internal fragment of virR49 was amplified by PCR (virR49’) and was forced-cloned via BarmHI
and EcoRI 5’ tags of primers A39 and A40 (Table 1a), respectively, into the corresponding sites of plasmid pSF152 (54). This plasmid harbors a pUC19-derived origin
of replication (ori) and thus is able to replicate in E. coli but not in GAS. Conversely, the spectinomycin resistance gene (aad9) of pSF152 includes its own transcription
terminator (tt) and is active in both gram-negative and gram-positive bacteria (30). Under selective pressure in GAS, the recombinant pSF152/virR49 plasmid is
specifically integrated into the genome, thereby creating a virR49’" gene truncated by its 3’ half and another virR49 gene without an active promoter. The map was drawn

to scale. P1 and P2, regular virR49 promoters.

were purified by using the Wizard DNA purification system (Promega, Heidel-
berg, Federal Republic of Germany) and sequenced with Tag polymerase and
the Prism kit (Applied Biosystems, Weiterstadt, Federal Republic of Germany)
as described in the instructions of the manufacturer. Sequencing products were
analyzed on a model 373A automated DNA sequencer (Applied Biosystems);
sequences were compiled and processed by using the PCGENE software (Intel-
liGenetics, Mountain View, Calif.). In the case of primer extension experiments,
5’ biotin-labeled PCR products to be used as templates to generate size stan-
dards upon sequencing were purified by the Streptavidin-Dynabead technique
(Dynal, Hamburg, Federal Republic of Germany) and sequenced with
[«-*3S]dCTP and the T7 polymerase sequencing kit (Pharmacia), again as de-
scribed in the instructions of the manufacturer.

Insertional inactivation experiments. The specific insertional inactivation of
virR49 was performed with a recombinant integrational vector, pSF152 (54). The
generation of the recombinant pSF152 plasmid and its integration into the
genome of strain CS101 are shown in Fig. 3. The specific integration of the
plasmid into virR49 in the resulting strain vir-mut was confirmed by Southern
blot hybridizations using BamHI-, Clal-, and XbalI-digested genomic DNAs from
strains CS101 and vir-mut as targets and directly labeled PCR products gener-
ated with primers A39 and A40 and spec for and spec rev (Table 1) as probes.

RNA preparation. For RNA preparation from GAS strains, 10 ml of THB was
inoculated with bacteria from fresh overnight cultures and incubated in a 5%
CO,-20% O, atmosphere at 37°C until the optical density at 600 nm reached 0.6.
Cells were harvested by centrifugation at 4°C and washed briefly twice in ice-cold
0.2 M sodium acetate. The bacteria were resuspended in 500 pl of 100 mM Tris
(pH 7.0)-1 mM EDTA-25% glucose. After adding 400 pl of lysozyme (2 mg/ml)
and 10 wl of mutanolysin (5,000 U/ml of 0.1 M potassium phosphate [pH 6.2]),
the suspension was incubated for 5 min at 37°C and again collected by centrif-
ugation. The pellet was suspended in 500 pl of acetate buffer (20 mM sodium
acetate [pH 5.5], 1 mM EDTA, 0.5% sodium dodecyl sulfate). After adding 1
volume of acetate buffer-saturated phenol, the cells were disrupted by keeping
them at 60°C for 5 min while vortexing them for a few seconds every minute.

The supernatant was transferred to a new tube, and the phenol extraction was
repeated one more time; a chloroform-isoamyl purification step followed. The
RNA was sedimented by the addition of 3 volumes of ice-cold ethanol and
washed twice with acetate buffer. The RNA pellet was dissolved in pure form-
amide (11) and stored at —20°C. For further processing, the RNA was pelleted

by the addition of 4 volumes of ethanol, subsequently dissolved in diethylpyro-
carbonate-water, incubated for 15 min at 37°C with RNase-free DNase and
RNase inhibitor (Boehringer Mannheim), and finally extracted with phenol as
described above.

RNA analysis. For quantitative Northern (RNA) blot analyses, the RNA was
serially diluted in diethylpyrocarbonate-water and run on denaturing 1% agarose
gels (46). RNA size markers were obtained from Gibco BRL. Transfer to nylon
membranes (Biodyne B; Pall BioSupport, Dreieich, Federal Republic of Ger-
many) was achieved by vacuum blotting using 25 mM sodium phosphate (pH 6.5)
as the transfer buffer. Complete transfer was controlled by ethidium bromide
stain and visual inspection of the gel for residual rRNA bands after 1.5 to 2 h of
incubation under negative pressure. After UV cross-linking (Stratalinker; Strat-
agene, Heidelberg, Federal Republic of Germany) the RNA to the membranes,
the blots were hybridized with Dig-dUTP-labeled PCR products and visualized
by using the Lumiphos system (Boehringer). Specific transcripts were quantified
by assessing the last dilution step of total RNA with which a band of appropriate
size could be visualized. For each quantitation, at least three independent RNA
preparations were analyzed. The obtained values for each kind of transcript were
in the range of one dilution step.

Primer extension experiments and S1 nuclease protection assays were per-
formed with 5 or 20 mg of total RNA per assay, respectively. The oligonucleo-
tides necessary for primer extension experiments and for generating PCR prod-
ucts to be used in the S1 nuclease protection assays are shown in Table 3. The
experimental procedures followed the protocols outlined by Podbielski et al.
(46). Superscript2 reverse transcriptase and S1 nuclease were purchased from
Gibco BRL and Boehringer, respectively. An A31 oligonucleotide (Table 1a)-
primed sequencing reaction of a PCR product containing the virR49 promoter
region served as a size reference. This PCR product was generated by employing
a 5' biotinylated primer Al (40) and a regular primer A31 (Table 1a), purified,
and directly sequenced as described above.

Phagocytosis inhibition assay. A direct bactericidal assay described by Lance-
field (29) was performed to measure resistance to phagocytosis by human gran-
ulocytes of M49 wild-type strain CS101 and isolate vir-mut.

Nucleotide sequence accession numbers. The virR49 and scpA49 sequences
were submitted to the EMBL data library and have been assigned the accession
numbers X68501 and X78055, respectively.
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VirR49 MHVSKLFTSQQWRELKLISYLTENSNAIGVKDKELSKALNISMLTLQSCLTNMQFMKEVGGITYKDSYINIWYHQCCGLQEVYQKALRESPSLKLLELLE‘ 100
Mry(VirR6) .Y......evvirinnnennn. R . 5 T Y NG..T..... - H.Q.F....T.. 100
VirR12 Y e R > T ................. NG..T..... | H.Q.F....T.. 100
|-helix-turn-helix-|

VirR49 FRDFSSLEELAEELFVSLSTLKRLIKKINTYLSHTFAISIVTSPVQVSGDERQIRLFYLKYFSEAYKISEWPFGD ILNLKNCERLLSLLIKEVDVKVHFT 200
Mry (VirR6) e A..T...G.T.L.....oon.n 2 Boveiniinnnnnn . N.. 200
VirR12 e N A..T...G.T.L.......... P L.EMivcovennnennn Moovoannn N.. 200
VirR49 LFQHLKILSGVNLIRYYKGYSCSYNNKKTSHRFSQLIQTSSEIQDLSRLFYLKFGLHLDEYTIAEMFSNHLNDKLEIGCAFEIINQDPTSGGRQVTNWIH 300
Mry (VirR6) S col YL T ...V..Q. Y..DS.K..SPT.C.K...... 300
VirR12 R SR ...V..Q. Y..DS.K. SPT.C.K.. V. 300
VirR1 LHOL L SYL LTl V..Q....Y..DS.K..SPT.C.K....V. 51
VirR49 LLDEMEIKLNLSITNKYEVAVTLHNASVLNEEDITANYLLFDYKKSYLNFYQKEHPRIYEAFVTSVEKLMQADNAQVSKELINQLTYCFFITWENSFLKV 400
Mry(VirR6) ....L..N....V........ - Q... .HL.K...AG..... RSEKEPI.T..T...I.A.....c.ouvun 400
VirR12 T T S I...TT..Kevuvrnn. Fovivrvnnnnn KQ...HL.K...AG..... RSEKEPI....T...I.A. . i.viuvnnn 400
VirR1l P R I...TT..K.vvvnnnn. F..... G....NKQ...IL.~...AG..... RSEKEPI.T..T...I.A. . iveruansn 150
VirR49% NQKDEKVRLLVIERSYNSVGNFLKKYIGEFFSITNFDELDCLTIDLVEIEKQYDVIVTDVMVGKSEELEIFFFYKMIPEAIIDRLNEFLNVSFTDNNVMY 500
Mry(VirR6) ...... I..... A RF ... ieieteeinnnnnnnnns N...A..... Bttt Deveniieiiennennns K..V...I..A.SLPLD 500
Virri2  ...... Ioviianns F oottt N...A..... 2 2 K..A...I..A.SLPLD 500
VirRl1 —  ...... I........ Fooooooa.s Veeeiooann N...A..... Bt i i i e i e Hooonovvnns K..A...I..A.SLPLD 250
VirR49 KNLEAP SSSKSHSDKEVQKPEKPDNSVKQATSS 533

Mry (VirR6) .PIKN.LDFHRKELTLPTP.N.LHAPPSTT 530

VirR12 .PIKN.LDFHRKEVILPTP.N.LHAPPSTI 530

VirR1l .PI-N.LDFHRKEVILPTP.N.LHAPPSTT 279

FIG. 4. Comparison of amino acid sequences deduced from different GAS virR gene sequences. The sequences were taken from Haanes-Fritz et al. (20) (VirR1),
Perez-Casal et al. (37) (Mry), Chen et al. (9) (VirR12), and this study (VirR49). Positions of identical residues are marked by periods. Gaps marked by dashes were
introduced into the VirR1 sequence to obtain optimum alignment. A potential helix-turn-helix motif identified by computer analysis is marked above the corresponding

positions.

RESULTS

Sequencing and analysis of the virR49 gene region. On the
basis of the virR12 sequence (9), a set of PCR primers was
designed to amplify the corresponding regions in OF and
OF™" GAS strains of 36 different serotypes (40). While regions
corresponding to DNA segments approximately 200 bp up-
stream of virRI12 and to the 3’ end of virRI2 appeared to
diverge in the different serotypes, another region at 600 to 650
bp upstream of virR12 was found to be well conserved in all
strains (40). Therefore, primer A1 directed to this region (Ta-
ble 1; Fig. 2) and primer BS directed to the 5’ end of emm49
(41) were used to amplify the intervening virR49 and fcrA49
gene regions from strain CS101. Then, sequences were gener-
ated and assembled as shown in Fig. 4 and 5 by employing
primers listed by Podbielski (40) as well as 12 newly designed
oligonucleotides (not shown). In a separate experiment, prim-
ers A18 and A37 (Table 1a; Fig. 2) were used for PCR ampli-
fication and sequencing of a region from approximately 650 to
1,050 bp upstream of the virR49 gene (Fig. 5).

Within the entire sequenced region, one large open reading
frame (ORF) of 1,599 bp, starting at residue 1054, was iden-
tified. This ORF exhibited approximately 76% overall homol-
ogy to the virR12 and mry sequences. When comparing the
deduced amino acid sequences of these three ORFs (Fig. 4),
the first 484 residues showed 82.3% homology, whereas the 40
C-terminal residues of VirR49 differed completely from the
VirR1, VirR12, and Mry (VirR6) sequences. The C-terminal
40 codons of virR49 were found to be perfectly conserved in
more than 20 other OF* serotypes (data not shown) and thus
could be generally regarded as specific for virR genes of OF "
GAS strains.

A computer analysis for signature sequences predicted a
potentially DNA-binding helix-turn-helix motif at amino acid
residues 107 to 126 of the VirR49 sequence. In this region,
VirR12 and Mry exhibited the largest stretch of contiguous
sequence identity to VirR49 (Fig. 4).

Comparison of the available sequences upstream of virR49,

virR12, and mry demonstrated sequence divergence of the re-
gions between the virR and mry start codons and residues
approximately 400 bp further upstream (Fig. 5). Okada et al.
(34) mapped the P2 promoter of mry within this region. Except
for a small segment which contains an inverted repeat in the
virR12 sequence (9), the sequences of those regions were
nearly identical in the OF ™ serotypes M12 and M6 strains,
whereas the OF" serotype M49-derived sequence differed
from the others by 30.1 and 28.5%, respectively (Fig. 5). Fur-
ther upstream (>400 bp) of that region, the sequences from
the M49 and M12 strains were nearly identical. These highly
homologous segments contained an additional 83-amino-acid
residue ORF possessing a Shine-Dalgarno box and an ATG
start codon. While no consensus —35 and —10 boxes could be
located upstream of this ORF, an inverted repeat and a
poly(T) sequence characteristic for factor-independent tran-
scription termination sites (49) was found downstream of the
ORF (Fig. 5).

Analysis of the virR49 mRNA. To confirm that a specific
mRNA was transcribed from the virR49 ORF, total RNA was
purified from strain CS101 after one passage in the presence of
human blood. Forty micrograms of this RNA was subjected to
denaturing agarose gel electrophoresis. Subsequent to North-
ern blotting, the RNA was hybridized with a directly Dig-
dUTP-labeled PCR product (Table 2). Two virR49 transcripts
of 1.7 and 1.9 kb could be visualized (Fig. 6a). By utilizing a
serial dilution of the CS101 RNA, the minimum amount of
total RNA necessary for detection of the virR49 transcripts was
assessed as 20 pg in our experimental format (Table 2).

Considering the length of the sequenced virR49 gene, the
size of the mRNAs indicated a monocistronic transcription of
virR49. For the localization of the virR49 promoters and tran-
scription termination site, the exact 5’ ends of the transcripts
were mapped by an S1 nuclease protection assay.

The resulting autoradiography of the S1 nuclease protection
assay demonstrated two products with differing intensities (Fig.
6b). The weaker band represented the transcript from a P1



14 PODBIELSKI ET AL.

INFECT. IMMUN.

60 70 i00 110
virR49 AGGCTAGTTTGTTGACCTAT! GTCGTAGGGGTCAAACTCCCAAGACCATAACCCCACAACCAAGAAGCTACCTGCCTGTTGACCAATCTCAAAAAGAGACAGCGTCAACTTAGAATGAQGI 120
L2 5 2 4 B e 1 ¢ 125
start ORF
virR49 TCATCAGLI_GATAAAGAAAGTGACCACCCCGAGTCAAAAAACAAAAAAACGTGTTCG’I‘AATGGCTACCTCCTAAAACTAGGTACAGCCTGTTTACTCTTAAGTATACTCAGTTATGGCAT 240
72 2 3 N 245
virR49 TGGTCTTTTGGGCCAGCCTAGCATGGAAAATACGTTTATGGGAATAGCGAGTGTTGCCATGTTAGGAAGTGTCTGTTTCTTTATTATCTTTGCTCTAAACCGTATCTTTGACGCACTAGA 360
22 365
stop ORF | > === —mmmmmm—m o e |
VirR49 GGACAATTTGCGAGATIAGAGTAATAGGTCARATAATCTTCCAATAATTTAGAGCACAAGCTAAGTTATTGGAAGTTTTTTTGTCTTTTGAGAGCCATGATGCCATCAARAAGCCARACA 480
2% 2 22 U 485
virR49 CTCCTTATGATGTGAGAGTCACATGGCTAAAATTAAAAGCAAAATAGACCCCAAAGCCCTG‘I‘TTTCTCAAAATAGCCAACGAAAAAAGACAAGTTAACCAGTTCATAAAAAA——CATCTT 598
VAIZRIZ ittt vt eenareneonseenssssnnssanesnsssarosssssnasansessansnnsesssnnenans 603
mry 34
-35(P1) -10(P1) +1(P1}
virR49 AGARACGTTTTCAAGAGCTAATGTTGGAGTARATTGACTGAAGTATGATAGAATTTTTAATGAAT! GTGACmGTCACAGAT AAAACCGAAAACAGCAAAAATAATTAAATTGAAT 717
2 2 2 GT...AC..TG.CA....A.CT.A..... T....T...AC....AC......... 723
-35(p1) -10(p1) +1(P1)
MIY ceeeneeenrrecaneaannen Anceeer. W ITGACT. . .o -t e i T...AC..TA.CA....A.CT.A..... TeeeeToolACL o AC . ieenn C.. 154
virR49 ATARAAAAGTTAATTAAGTGAGTGATAATCAAGARATGAAGTTCAAAAAATATAAATARAATAAAACTCAAGARCTGCTARAAGTAGTGAATGACATAAAT GTCGWATA 837
VirRl2 G....... TCevaveaosoeTovuns C..AAT.T....T.Gevviniiinnenenns A...... T..A.T....C..AT.TT..AACAAA..GAG........m—..AT....... G.G. 841
mry Geveoann CCuevivvnnnn T.ov... C..AAG.T B S A...... T..A.T. .C..CT.TT..RATARA..GAG........ ——..AT ....... G.G.. 272
-35(P2) -10(P2) +1(P2)
virR49 GAAGAQT_QTMAATTTCAGTTTTAGGTCAQGmIATGAATGGAAATCAGAATGATGACCTCAA(: TTGTGATTTGCGCG-TCGTTGACCGCTTCCCTCGTTTTAATGAAAGRATTTGAAR 956
|
virRl2 A...-- P P L W P 7 N Y 951
-35(P2)
mry A..A-- T.A. -+ T.T. . TTTGGA.ZTTAATL. . .. . ¢ - - v v e au 382
start virR’
virR49 GATATTTTATGGTATACTTTTCCTTAATATGGTTCATACGGACTTGATAAATCTATTCACAAAAATAATAAARAA-———————= TTAAGAT-AA-GGACATGAAGTTAATG 1056
VIrRl2 .GC. v iinnnannn T ..A.G..G.G.T..... A..G..ATACC....G...TA.CA.G....TCAAGAARA....A.AG..G..TATAC...G..... 1062
-10(P2) +1(P2)
nry .GIATTTT....... A..... T...G....A.G..T...T..... A.CG..ATGCC....G...TA.CA.G....—=—————-, -.A.AG..G..TATAC...G.suu 485

FIG. 5. Comparison of nucleotide sequences upstream of GAS virR genes. The sequences were taken from Perez-Casal et al. (37) and Okada et al. (34) (mry), Chen
et al. (9) (virR12), and this study (virR49) and are aligned to the ATG start codon of virR49 at bp 1054. Sequence numbering refers to the corresponding publications.
Residues identical to those of the virR49 sequence are marked by periods. Gaps marked by dashes were introduced for maximum alignment. Shine-Dalgarno box, start
and stop codons of an upstream ORF, the —35 and —10 boxes, and the transcription start sites of the experimentally identified virR49 and mry promoters P1 and P2
and the virR and mry start codons are underlined and printed in boldface type. A potential VirR49-binding site (45) upstream of the virR49 P2 promoter is underlined.
Inverted repeats present in either the virR49 and virR12 sequences or only the virRI2 sequence are indicated by arrows above the corresponding positions.

virR49 promoter; the stronger band represented that from a P2
virR49 promoter. The corresponding transcription start sites
are located 370 and 174 bp, respectively, upstream of the
virR49 start codon (Fig. 5).

TABLE 2. Transcript analysis of vir regulon and
non-vir regulon genes

. . Minimum amt of
Primer pair

\ . . Tre . d f Sequence Transcript total RNA (pg)
The lack of an inverted repeat combined with a poly(T) rj)‘:is‘i:l'pt ‘e‘;‘zrat‘;gn source or size(s) necessary for
sequence within the 3’ deduced end of the virR49 transcripts £ e probe reference  (10° bases) transcript
suggested the absence of a factor-independent transcription detection’
termination site for virR49 (49). virR49 A38 Table 1a 1.7 and 1.9 20
Analysis of transcripts from vir regulon genes. For the anal- A25 Table 1a
ysis of a potential control of virR49 on the expression of other ferA49 F5 43 1.5 0.6
vir regulon genes, the transcripts from these genes had to be F15 Table 1b
characterized and quantified. For a Northern blot analysis of emm49 Bi14 43 L5 0.13
these transcripts, 20-pg aliquots of the RNA preparation from B18 42
CS101 were run on denaturing agarose gels, transferred onto ennd9 E4 43 1.4 3
A . E15 Table 1b
nylon membranes, and hybridized with PCR-generated
. . scpA49 C1 40 3.8 13
genomic probes (Table 2). Specific mRNAs could be detected
( C4 40
from the four vir regulon genes fgrA49, emm49,‘ enn49,‘and pep pyr for Table 1c 0.8 and 2.7 NAC
scpA49. The lengths of the transcripts were consistent with a pyr rev Table 1c
monocistronic transcription of each gene (Table 2; Fig. 7). slo slo for Table 1c 3.0 NA
Contrary to previously published results (40), the size of the slo rev Table 1c
scpA49 gene resembled that of scpAI2 (3,501 bp [10]) as ska ska for ~ Table Ic 2.0 NA
ska rev Table 1c

judged by the length of the specific transcript. The scpA49 gene
was completely sequenced (EMBL data library accession no.
X78055) and found to exhibit 98% homology to scpA12. The
main difference was located in the six 3’ terminal codons of
scpA12. Here, the corresponding scpA49 sequence showed no
homology and would encode a protein with 3 amino acids
fewer at its C terminus.

“ Transcript sizes were assessed by comparison with an RNA size marker
(Gibco BRL) run in parallel in Northern blot experiments.

® Minimum amounts of total RNA necessary for detection of specific tran-
scripts were measured by subjecting serial dilutions of RNA to Northern blot
hybridizations and subsequent visual inspection for the presence of specific bands
in each dilution step.

¢ NA, not assessed.
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FIG. 6. Analysis of virR49 mRNA. (a) Denaturing agarose gel electrophoresis, ethidium bromide stain (lane I), and subsequent Northern blot hybridization of total
RNA from M-type 49 GAS strain CS101 with a directly labeled PCR product generated with primers A38 and A25 (Tables 1a and 2) (lane II). The sizes (in kilobases)
of the bands of the ethidium bromide-stained bands of the RNA marker are indicated on the left. Two specific virR49 transcripts of 1.7 and 1.9 kb could be distinguished
in lane II. (b) 3?P-labeled products from an S1 nuclease protection assay on total RNA from M-type 49 GAS strain CS101 run in parallel to a corresponding sequencing
reaction of the virR49 promoter region. The primers necessary for the protection assay and the sequencing reaction are listed in Tables 1a and 3. The generation of
appropriate PCR products used for both reactions is described in Materials and Methods and Results. The 5’ ends of the two transcripts correspond exactly to the
nucleotide positions indicated by the sequencing products of identical size. The deduced P1 and P2 promoters are shown in Fig. 5. Of note, the intensities of the bands
generated by the two protection products indicated a relatively strong P2 promoter and a weak P1 promoter.

Next, the transcripts of vir regulon genes were quantified by
serially diluting the RNA preparation from CS101 prior to
Northern blot hybridizations and then assessing the minimum
amount of total RNA necessary to detect the specific mRNAs.
For each of the four vir regulon genes, different transcript
amounts were measured (Table 2; Fig. 7). Under the condi-
tions chosen for incubation of the bacteria prior to RNA prep-
aration, the emm49 message exceeded the messages of virR49,
enn49, and fcrA49 by factors of 150, 16, and 4, respectively.

Since the different transcript amounts of the vir regulon
genes could be due to different structures of their promoters,

the promoters of the four genes were mapped by experimental
means. The primers used for extension experiments and to
generate PCR products to be employed in S1 nuclease protec-
tion assays are shown in Table 3. The sequencing reaction used
for the mapping of the virR49 promoters served as a size
reference.

For the three emm (-related) genes, both assays worked
equally well and gave consistent results (Fig. 8). Only when
mapping the scpA49 promoter did the primer extension not
lead to interpretable bands, probably because of an inverted
repeat located in the 5’ untranslated segment of the scpA49
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FIG. 7. Identification and quantification of transcripts from serotype M49 emm (-like) genes. Serial dilutions of total RNA from GAS serotype M49 strain CS101
were subjected to denaturing agarose gel electrophoresis, subsequent Northern blot transfer, and, finally, hybridization with nonradioactively labeled probes specific
for the fcr449, emm49, and enn49 mRNAs. Photographs of ethidium bromide-stained agarose gels are shown adjacent to the corresponding Northern blots. Above each
lane, the amount of total RNA (in micrograms) applied to the gel is indicated. The sizes of the fragments of the RNA marker are given in kilobases. Of note, the ratios
of specific monocistronic mRNAs contained in a preparation of RNA from GAS grown to the mid-log phase indicate that emm49 is expressed at a 4-fold-higher level

than fcr449 and a 16- to 32-fold-higher level than enn49.

mRNA. A corresponding inverted repeat has been reported to
prevent successful primer extension for mapping of the scp412
promoter (45).

For the fcrA49, enn49, and scpA49 transcripts, a single band
for each was detected as extension and/or protection products.
The deduced promoter sites (Fig. 8) corresponded exactly to
the ones predicted by a homology search (45). The emm49
message consisted of two products exhibiting a four-nucleotide
difference in length.

Control of vir regulon genes by virR49. To test the influence
of virR49 on the expression of vir regulon genes, this gene was
insertionally inactivated, resulting in strain vir-mut (Fig. 3).
The amounts of vir regulon mRNAs and surface Ig-binding
proteins as well as the resistance to phagocytosis of the CS101
wild-type and vir-mut strains were measured and compared.

At first, equal amounts (20 to 40 pg) of total RNA from
strains CS101 and vir-mut were subjected to comparative
Northern blot hybridizations by using PCR-generated probes
(Table 2) directed to five vir regulon genes and three other
GAS genes (Fig. 9).

Although transcripts of each of the virR, fcrA, emm, and enn
genes of wild-type strain CS101 were clearly visible, no mRNA
from these genes could be detected in the total RNA of strain

vir-mut. While still detectable, the amount of wild-type scp449
message exceeded that from strain vir-mut. By utilizing quan-
titative Northern blot hybridization, the difference was mea-
sured to be a factor of 8 to 16 (data not shown).

To demonstrate that equal amounts of total RNA from both
strains were tested and that the insertion of the recombinant
pSF152 plasmid into the genome of strain vir-mut had only
limited and specific effects on control of VirR-related tran-
scription, the mRNAs from three other streptococcal genes
were also compared by applying the methods described above.
In both strains, the transcripts from the streptokinase (Fig. 9),
streptolysin (not shown), and pyrase (not shown) genes were
found to be of identical lengths and present in equal amounts
within the range of one dilution step.

The FcrA and Enn proteins of wild-type CS101 were found
to bind Igs at their Fc ends (22, 42, 43). As judged by the
absence of specific mRNAs, these two proteins would not be
expressed by strain vir-mut, and thus, the Ig-binding activity of
this strain should be reduced. Therefore, the vir-mut strain was
tested for expression of Ig-binding proteins. In vir-mut-derived
preparations of surface proteins, no binding of polyclonal IgG
or IgA could be detected (5).

The expression of M protein by GAS is currently thought to
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TABLE 3. Primers and PCR products used for promoter mapping studies

Results from*:

Analyzed promoter Primer extension analysis

S1 nuclease protection assays

Oligonucleotide

Sequence source

Oligonucleotide Sequence source or reference

VirR49 No result obtained A3 40

A31* Present study (Table 1a)
ferA49 F16* Present study (Table 1b) All 40

F16* Present study (Table 1b)
emm49 B39* Present study (Table 1b) All 40

B5* 41
enn49 El6* Present study (Table 1b) B13 43

El6* Present study (Table 1b)
scpA49 No result obtained C26 Present study (Table 1b)

C27* Present study (Table 1b)

“ Primers marked with an asterisk were labeled with 3P at their 5’ ends prior to further use.

be predominantly responsible for the resistance of the bacteria
to phagocytosis by human leukocytes. Because of the absence
of emm49 mRNA in strain vir-mut, its M49 protein would not
be expressed, and therefore, this isolate should have become
sensitive to phagocytosis. In three consecutive phagocytosis
assays performed with strains CS101 and vir-mut, the number
of CS101 bacteria increased from 80 = 20 to 4,000 + 1,000 (an
average factor of 50) during the entire 3 h of incubation,
whereas the number of vir-mut bacteria was consistently re-
duced from 80 = 20 to 0 during this period of incubation in the
presence of human leukocytes.

DISCUSSION

Depending on the countries surveyed and the diseases on
which the investigations were focused, about half of GAS
strains isolated from human specimens exhibit an OF " phe-
notype (14, 25). Such strains were found to be predominantly
associated with skin infections (55).

Contrary to many pharyngitis-associated OF~ GAS, OF "
GAS are known to contain additional emm-related genes ad-
jacent to emm genes on their genomes (18, 23, 41). In accor-
dance with the control of emm genes from OF~ GAS, the

10 20 30 40 50

cluster of emm (-related) genes from OF* GAS was postulated
to be under transcriptional control of a potential virR gene
(12). But, to date, neither the existence of a virR gene in OF*
GAS nor its control of the expression of other genes has been
shown unambiguously.

Thus, the major objectives of the present study were to
analyze the virR gene from an OF " GAS strain, characterize its
role in the expression of emm (-related) and scpA genes, and,
finally, by proving individual control of monocistronically tran-
scribed genes to justify the term vir regulon for this genomic
region in OF* GAS strains.

In previous studies, sequences exhibiting some homology to
virR genes were found to be located upstream of the emm-
related ferA genes in OF " GAS (18, 23, 40). After sequencing
2,650 bp of this genomic region from M-type 49 GAS strain
CS101, we could show the existence of an ORF encoding 533
amino acids and exhibiting the same transcriptional orienta-
tion as the emme-related genes located downstream of it. Com-
parison of the length and sequence homologies of the ORF
with those of other GAS sequences indicated the virR6-equiv-
alent mry gene to be its closest relative. However, a 24%
sequence difference would place this potential virR49 gene in a

60 70 80 90

TAGGATTTCAGACGTCATGGTAAGAAAAAAAGAATCATTTACAGCCCATAGAGGTAAGGTCAAAAGCTGAAAACAGCTCAAAAAAACTGACCITTACCTT 100
TTGGCTTTTTTTAT TTAGAATAATTTTAT TGGAGAGATGCTTAATAATTTAAGCACAATTCTTAGAAAGTTAAGAATAAGGAGTAAACAALIG (fcrAdd) 192

IARGCCCAACCCACACTATCTTTTCTAGCCCAAGAAAARAAACAAAAAARAGAGGAAGACCATTCCTCTTTTTTTGAACGGTTAAACAGCAARAAGGTCAAR 100
AAGGTACTAAAGTCTCAAAACCTIGGTCITTIACCTTTTACCGCTTATTATTIAGAATIAGAATTATTAGAGAGAAGTCTTAGAAAAATGAGGCTAATTCCCT 200

AAAGATGAAAAAATAAGGAGCAAATAATG (emmd9)

229

TAAGCTATTAGACTGATGCTAAAGCTAAGAGAGAATCARATGATTCTCTCTTTTTGAGTGGCTAAGTAACTAACAATCTCAGTTAGACCAAAAAATGGGA 100
ATGGTICAAAAAGCTGGCCITTACTCCTTTTGATTAACCGTATATAATAAAAACATTAGGAAAATAATAGTAATATTAAGTTTGTTTCCTCAATAARATC 200

AAGGAGTAGATAAIG (enn49)

215

IAAGCCTTTAAAACTTGGTTTTTGTAACGGTGCAATAGACAAAAGCAAGCAAGGCCAAAAACTGAGAAAGTCCTAARAAGCTGGCCITTACCCCTCAARA 100
TTAATGTTTTALAATAAAGATGTTAGTAATATAATTGATAAATGAGATACATTTAATCATTATGGCAAAAGCAAGAAAAATAGCTGTATCATATGCAAAT 200
AACCCCTGTTTGCTCTTTAAAARAGACGTTATCCTTATTTCTCCACGCACAGATGGACAGCTAGGAGAGAATCGTTTGATTCTCTCTTTTCTTAATGGTC 300

ATAAAGACAAAGTCTCTCATCATGAAAGGACGACACAITG (scpA4d9)

340

FIG. 8. Localization of the transcript start sites and deduced promoters of structural vir regulon genes. On the basis of transcript analysis performed with total RNA
from M-type 49 GAS strain CS101, the transcription start sites of the fcrA49, emm49, enn49, and scpA49 genes were mapped. The primers and PCR products employed
in primer extension experiments and S1 nuclease protection assays are listed in Tables 1b and 3. The stop codons of upstream genes, the start codons of the structural
genes analyzed, the —35 and the —10 boxes, and the transcription start sites are printed in boldface type and are underlined. Of note, a second location of the 5" end
of the emm49 mRNA was mapped 4 nucleotide positions downstream of the 5’ end of the major product, indicating the potential existence of a second promoter for
emm49. Potential VirR-binding boxes (45) are underlined. The sequences were taken from Podbielski et al. (43) (fcrA49 promoter region), Haanes et al. (18) (emm49
promoter region), and Haanes and Cleary (19) (enn49 and scpA49 promoter regions).
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FIG. 9. Effect of insertional inactivation of virR49 on transcript amounts from vir regulon genes. Equal amounts of total RNA from the wild-type M49 GAS strain
CS101 and the isogenic strain vir-mut were subjected to denaturing agarose gel electrophoresis and Northern blotting on nylon membranes. Subsequently, the blots
were hybridized with six different specific probes generated by directly labeling PCR products. The sequences of primers used for PCR amplification are listed in Table
1, and the sets of primers directed to the different genes are listed in Table 2. As a control, the amounts of message from the streptokinase genes (ska) from the isogenic
GAS pair were in the range of one dilution step. In the total RNA from mutant strain vir-mut, there were no bands detectable resulting from a virR49, fcrA49, emm49,
or enn49 transcript. As judged by the diminished band intensity, the amount of scp449 mRNA was decreased in this strain. The sizes of the fragments of the RNA

marker (in kilobases) are shown on the right and left.

separate group from the virR sequences of OF ™ strains, which
do not differ from each other for more than 3% in most
portions. The complete dissimilarity of 40 codons of the virR49
3’ end from the corresponding portions of other known virR
sequences confirmed the results from a previous PCR-based
study on virR sequences from OF" GAS (40). Provided that
the different virR genes function identically, the variability of
this region suggests that it is dispensable for specific function.
This is in good agreement with the finding that this virR por-
tion could be involved in recombination and gene fusion events
apparently without affecting the pathogenicity of the bacteria
(44). The assumption does not contradict the experimental
finding of Perez-Casal et al. (37) that a recombinant mry gene
deleted for 87 codons at its 3’ end could not complement the
function of an inactivated chromosomal mry gene.

The differences between virR genes from OF" and OF~
GAS were paralleled by the diversity of their promoter regions,
which accounted for about 30% of the reported sequences.
These differences could reflect the fact that virR genes from the
two GAS groups apparently control partially different arrays of
genes. Therefore, their regulation of virR expression itself
could need different ways of fine-tuning. The deviating local-
ization of the virR49 (Fig. 5 and 6b) and mry (34) transcription
start sites could also result from this necessity. Conversely, the
similar presence of two differently active promoters in both
serotypes and the autoregulation of the P2 promoter not only
by Mry (34) but potentially also by VirR49 may indicate that
the promoter locations are artifactual in one of the strains
analyzed. Since S1 nuclease protection was used for mapping

of both the mry and virR49 promoters, promoter locations
could be confirmed by applying different and RNA-indepen-
dent methods such as in vivo or in vitro footprinting assays.

Sequencing of the virR49 genomic region demonstrated the
presence of an ORF homologous to virR genes, and mRNA
analysis confirmed that the potential virR49 gene was actually
transcribed. The insertional inactivation of virR49 indicated
that a functional virR49 gene was involved in the positive con-
trol of up to five GAS genes. Still, it is possible that the
insertion had a polar effect on the expression of the four
downstream genes. However, since the five genes are mono-
cistronically transcribed, the insertion in virR49 carries a tran-
scription terminator at its 3’ end, and a residual transcription
of one gene (scpA49) in the vir-mut strain was detected, a polar
effect of the insertion is unlikely. The establishment of an
additional functional virR49 gene at a different genomic site in
the mutant and the resultant expression of the virR49-con-
trolled genes could confirm these results.

Another formal possibility is that the decreased transcrip-
tion of all five genes results from a phase variation as reported
for OF M12 strains (51). However, phase variation, which
would also include an altered colony morphology in CS101,
was never observed in the course of these studies. In addition,
phase variation was reported to affect emm and scpA expres-
sion to the same extent, which is not the case in the vir-mut
strain. Furthermore, phase variation was found to be a revers-
ible process leading to the simultaneous presence of both phe-
notypes in one culture. Such a reversion was not found in the
vir-mut strain, even when passaging it on several occasions in
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human blood, which would strongly select for the wild-type
phenotype.

The completely abolished transcription of emm (-related)
genes in strain vir-mut compared with only a decreased
amount of scp449 mRNA in this isolate indicated a differential
effect of virR49 on the control of vir regulon genes. To some
extent, the different amount of mRNAs from vir regulon genes
also observed in the wild-type strain at any given point in time
supports the idea of superimposed regulatory mechanisms.

The characterization of the promoter regions of the five
query genes presented in this study could provide clues to
mechanisms of differential control. Except for the virR49 pro-
moters, the —35 and —10 boxes of the vir regulon genes from
strain CS101 exhibited a high degree of conservation. The
sequence homologies included the potential VirR-binding
boxes (45) upstream of and adjacent to the promoters. Such
homologies would be a prerequisite for a synonymous activity
of a specific DNA-binding regulator such as the virR49 gene
product. A genomic segment exhibiting some homology to a
potential VirR-binding box was also localized upstream of the
P2 promoter of virR49 (Fig. 5). This finding would correspond
to the autoregulation of virR49 expression indicated to occur
by our data. In addition, it was in good agreement with the
results of Okada et al. (34) regarding the P2 promoter of their
mry gene: these authors could show that the P2 promoter was
upregulated upon induction with appropriate stimuli. The de-
viation of the virR49 P2 promoter sequences from the other
identified virR promoter consensus sequences (45) could ex-
plain its comparably weak activity even after being appropri-
ately induced.

The fcrA49, enn49, and scpA49 genes were all transcribed
only from their virR consensus promoters. However, their ex-
pression differed by up to a factor of 16 when transcript
amounts of fcrA49 and enn49 were compared (Table 2; Fig. 4).
That the scpA49 promoter region harbored an inverted repeat
like that already identified to decrease scpAI2 transcription
could explain the difference between transcript amounts from
fcrA49 and scpA49. No such structural element was contained
in the promoter region of enn49. Still, transcripts from this
gene were less abundant than those from any other structural
gene of the vir regulon, which corresponded to experimental
data on emmL2.1 and emmlL2.2 transcript ratios reported by
Bessen and Fischetti (4). These low amounts of enn transcripts
could indicate the existence of a negative regulator specifically
affecting transcription from the enn gene. However, a possible
role of message stability in producing different levels of mRNA
currently cannot be ruled out.

Overall, the results presented in this investigation provide
evidence that the OF" GAS strain CS101 contains a virR49
regulator gene which synergistically controls the expression of
four genes involved in GAS virulence and thus, at least indi-
rectly, the phenotype of resistance to phagocytosis. On the
basis of the data presented here, it should become feasible to
further characterize the virR49 gene product and its interaction
with specific DNA sequences as well as its similarities to and
differences from virR gene products from OF~ GAS, which
control a smaller number of virulence genes. Furthermore, it
will be of interest to elucidate virR involvement in control of
genomic regions downstream of scpA449, which are typical for
OF" GAS (39), as well as to investigate the conserved region
upstream of virR49, which could harbor genes for signal recep-
tors interacting with virR. Together, these data could provide a
better understanding for the largest GAS regulon known to
date.
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