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A Tn917 insertion mutant of an M49 serotype, opacity factor-positive Streptococcus pyogenes, was isolated. It
had the following phenotypes: decreased b-hemolysis mediated by streptolysin S, reduction in the activity of a
secreted cysteine protease and streptokinase, and an altered immunoglobulin and fibrinogen-binding pheno-
type. The site of insertion of Tn917 into the chromosome and the surrounding sequence, the pel region
(pleiotropic effect locus), was determined. Phage A25 transduction confirmed that the pleiotropic changes in
phenotype could be cotransduced with Tn917. The pel region was cloned and sequenced, and the transposon
was found to be inserted upstream of a single open reading frame which led to a failure to transcribe a 500-base
mRNA. The loss of this transcript decreased the transcription of emm and speB genes and reduced the secretion
of streptokinase. Enhanced Pel expression from a nisin-inducible plasmid resulted in increased message levels
for emm in a wild-type organism. Characterization of the pel mutant provides evidence for the coordinated
regulation of secreted and surface proteins and suggests the existence of a new global regulatory factor in S.
pyogenes.

Group A streptococci (GAS) are capable of causing a variety
of human diseases ranging from superficial or deep tissue in-
fections to noninfectious poststreptococcal infection sequelae
(7, 13, 31, 53, 61, 64). Many GAS products, either located on
the bacterial cell surface or secreted by the bacteria, have been
implicated in pathogenesis (8, 22, 39, 48). Recent studies have
demonstrated that GAS can coordinately regulate the expres-
sion and production of certain virulence factors in response to
environmental signals (11, 20, 32, 63).

The most intensively studied regulatory mechanism in GAS
involves the mga gene product (10, 33, 34, 41, 42, 44, 46, 57).
Mga is a transacting positive regulatory protein, which is re-
quired for the full expression of several important GAS viru-
lence factors including M protein, M-like proteins, C5a pepti-
dase, and opacity factor. It was proposed, based on sequence
comparison, that Mga is a transducer protein involved in a
two-component regulatory system. However, the putative sen-
sor protein that responds to environmental signals and acti-
vates Mga remains unidentified.

A second GAS regulator, RofA, which regulates the expres-
sion of protein F, is also a positive transacting protein (18).
Protein F is a fibronectin-binding protein associated with the
attachment of bacteria to the host extracellular matrix. RofA
was identified as a transcriptional activator for the expression
of prtF, which encodes the GAS fibronectin-binding protein,
protein F. Recent data suggested that prtF might be regulated
in response to superoxide levels (20); however, the precise
mechanisms by which environmental signals influence RofA
are still unknown.

Recent studies have also identified a novel negative regula-

tory activity of GAS present in a variety of opacity factor-
positive isolates (47). This negative regulator controls both its
own expression and the regulation of two adjacent operons.
The regulator also influences the expression of mga and dem-
onstrates its effects in a growth phase-dependent manner. Sim-
ilar regulatory effects of growth phase have been reported for
the expression of capsule, SpeB, and other putative virulence
factors in different GAS isolates (14, 26, 33, 56). Interestingly,
Nra and RofA have 62% homology (47); however, these two
genes are not present in all GAS isolates studied. rofA is
present in both opacity factor-positive and -negative isolates,
while nra appears to be preferentially associated with opacity
factor-positive isolates.

With the exception of mga and rofA, little is known about the
environmental regulation of virulence gene expression in GAS,
and only a few potential sensors for virulence gene regulation
have been identified. For example, the oligopeptide and dipep-
tide permeases have been associated with the regulation of
cysteine protease SpeB production (30, 43, 45), and csrS and
csrR form a two-component regulatory system involved in cap-
sule expression (2, 5, 27). More recently, studies by Federle et
al. suggest that this system may regulate the expression of
other virulence factors, including strepokinase and streptolysin
S (SLS) in addition to capsule (17a). These investigators sug-
gest that the CovR-CovS (csrR-csrS) system acts as a multiple-
gene repression system that functions independently of growth
phase regulators in GAS (17a).

Even less is known about molecules in GAS that mediate
signal transduction in control of virulence factor expression.
To date, most differences in gene expression in GAS are as-
sociated with physical or physicochemical conditions, e.g., tem-
perature, oxygen, carbon dioxide tension, pH, or the concen-
tration of iron in the media (20, 32). No peptide signaling
molecules or RNA regulatory mechanisms have been identi-
fied in GAS. Precedents for each of these types of regulation in
gram-positive cocci have been reported, including Com pep-
tides in Streptococcus gordonii and pneumococci (35), sex pher-
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omones in enterococci (4, 19, 25), and regulatory RNA in
Streptococcus aureus (1, 23, 38, 50). Based on these models and
some recent observations of changes in phenotype of GAS M
and M-related proteins expressed by an mga isogenic mutant
following selection for virulence with a skin infection model
(8), we predicted that GAS might express global regulators
that in turn control the expression of mga.

This hypothesis was further supported by analysis of a ran-
domly mutagenized Tn917 library of an M49 serotype GAS
isolate, CS101. During screening of this library, a mutant was
identified that exhibited a pleiotropic defect in expression of
several secreted proteins as well as changes in surface-associ-
ated M and M-related proteins. This mutant contained a single
Tn917 insertion and was stable after repeated subculturing in
selective media. The phenotype of this mutant suggested that a
key gene involved in transcription, translation, or posttransla-
tion regulation, similar to those previously identified in S. au-
reus and other organisms (1, 9, 23, 38, 40, 49, 50), was mutated.

MATERIALS AND METHODS

Bacteria, plasmids, and chemicals. The bacteria used in this study and their
characteristics are described in Table 1. Todd-Hewitt broth (THB) was obtained
from BBL (Becton Dickinson, Cockeysville, Md.), hyaluronidase was purchased
from Sigma (St. Louis, Mo.), and human plasma was obtained from the Amer-
ican Red Cross (Toledo, Ohio).

Tn917-mediated transposon mutagenesis. The Tn917-mediated transposon
mutagenesis was performed as previously described (21, 28). In brief, the tem-
perature-sensitive shuttle vector pTV1-OK was electroporated into GAS isolate
CS101. Transformants were selected based on a temperature-dependent resis-
tance to kanamycin. A single transformed colony was inoculated into 5 ml of
THB containing 0.3% yeast (THY) and erythromycin (5 mg/ml) and grown
overnight at 30°C. This culture was diluted 1:100 in THY, prewarmed to 39°C,
and grown at that temperature for 10 h. An aliquot (100 ml) of the culture was
plated onto THY agar containing 5% heat-inactivated human plasma and either
kanamycin (50 mg/ml) or erythromycin (5 mg/ml). All colonies that were sensitive
to kanamycin but resistant to erythromycin were considered potential Tn917
integrants. Southern blot analysis using biotinylated pTV1-OK as a probe con-
firmed the insertion of a single copy of Tn917 into the chromosome.

Phenotypic characterization. The mutagenized library was screened for a
number of secreted and surface expressed proteins as described below.

b-Hemolysis assay. Initially, individual colonies of mutants were screened for
b-hemolysis on sheep blood agar plates. Potential b-hemolysis-negative colonies
were selected and restreaked onto sheep blood agar plates (erythromycin, 5
mg/ml) and screened for b-hemolysis following overnight growth at 37°C. Anal-

ysis of the contribution of streptolysin O (SLO) and SLS was carried out by the
methods described in reference 29.

Streptokinase assay. Colonies were initially screened for products of strep-
tokinase by using a plate overlay assay described previously (28). Potential
streptokinase-negative colonies were expanded and analyzed by using a sensitive
functional assay in which the activation of human plasminogen was measured
with a plasmin-selective synthetic substrate as described previously (16). Briefly,
the culture supernatants of wild-type CS101 and selected Tn917 mutants were
precipitated by adding ammonium sulfate to 80% saturation at 4°C and stirring
them overnight. The suspension was then centrifuged at 9,000 3 g for 30 min at
4°C, and the resulting pellet was resuspended in 1 ml of 0.01 M phosphate-
buffered saline (pH 7.6) and dialyzed extensively against the same buffer. An
aliquot of the dialysate (100 ml) was mixed with either 1 mg of purified human
plasminogen or buffer and a plasmin-selective synthetic substrate, S-2251 (H-D-
Val-Leu-Lys-paranitroanilide), was added to a final concentration of 400 mM.
Plasmin generation was monitored by reading product generation at 405 nm.

Cysteine endopeptidase assay. Cysteine protease activity present in ammo-
nium sulfate-precipitated culture supernatants was assayed according to the
method of North (37). Briefly, 50 ml of ammonium sulfate-concentrated culture
supernatant, without or with 0.1 mM dithiothreitol, was added to the wells of a
microtiter plate. Following incubation for 30 min at 37°C to allow reduction, 150
ml of the substrate-buffer solution (3.2 ml of 2.5 mM Bz-Pro-Phe-Arg-parani-
troanilide [Sigma]) dissolved in distilled water at pH 4.0 plus 4.8 ml of 100 mM
sodium phosphate, pH 6.0, was added to each well. Cleavage of the substrate was
monitored by measuring the A405 over time in a microtiter plate reader (Biotek,
Winooska, Vt.). The cleavage of substrate and generation of product were
determined to be linear with time to an A405 of 1.5. The cysteine protease-specific
inhibitor, E64 (Sigma), was included in parallel assays at a concentration of 1 mM
to determine if all of the enzymatic activity being measured could be attributed
to the presence of a cysteine protease.

Analysis of immunoglobulin-binding proteins. Mutants were extracted with
CNBr as described previously (48). Solubilized proteins were separated in so-
dium dodecyl sulfate–10% polyacrylamide gels under reducing conditions and
screened for immunoglobulin G (IgG)-binding activity by Western blotting as
described previously (48).

Direct binding assay for fibrinogen or fibronectin. The ability of bacteria to
bind fibrinogen or fibronectin was determined by their ability to bind the specific
radiolabeled ligand. Human fibrinogen and fibronectin were radiolabeled with
125I (Amersham, Chicago, Ill.) by using a lactoperoxidase method (62). Different
numbers of bacteria were incubated with 20,000 cpm of either 125I-labeled
fibrinogen or fibronectin for 60 min at 37°C. The bacteria were pelleted by
centrifugation at 5,000 3 g for 20 min and washed twice with 2 ml of 0.15 M
Veronal buffered saline, pH 7.35, containing 0.1% gelatin. The radiolabel asso-
ciated with the bacterial pellet was quantified with a Beckman automatic gamma
counter.

Determination of hyaluronic acid capsule level. The level of capsular hyal-
uronic acid was determined by a chemical method as described previously (64).

Southern blot analysis. Analysis of chromosomal DNA for the insertion of
Tn917 was carried out as described previously (59). Briefly, chromosomal DNA
was isolated from wild-type CS101 isolates as described previously (31). Chro-

TABLE 1. Bacterial strains, plasmids, and bacteriophage used in this study

Strains,
plasmids, or

bacteriophage
Descriptiona Reference or source

S. pyogenes
CS101 OF(1); emm49 mrp49 sk49 speB sls slo (wild type) 42
CS101:ZQ6 CS101; pel:Tn917 (pel-1; Mrp2 SK2 SLS2 Slo1) This work
1881 OF(2); emm1 ska1 speB (wild type) 48
NZ131 OF(1); emm49 mrp49 sk49 speB (wild type) 55
SF370 OF(2); emm1 ska1 speB (wild type) 60
MGAS 166s OF(2); emm1 ska1 speB (wild type) 6

E. coli
HB101 hsd-520 recA13 supE44 ara-14 galK2 lacY1 proA2 rpsL20 xyl-5 leu mtl-11 mcrB 52
MC1061 D(araA-leu)7697 araD139 D(codB-lac)3 galE15 galK16 mcroAO relAI rpsL150

spT1 mcrB9999 hsdR2
15

Plasmids
pTV1-OK repA(Ts)-pWVO1Ts aphA3 Tn917 (erm) 21
pUC18 lacZa bla Pharmacia, Piscataway, N.J.

Bacteriophage
A25 GAS-transducing bacteriophage 12

a OF, opacity factor.
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mosomal DNA was digested to completion with either EcoRI or HindIII. DNA
fragments were separated in a 0.8% agarose gel and transferred to nylon mem-
branes by blotting. The membrane was probed with biotinylated pTV1-OK probe
and developed with a PhotoGene kit (Life Technologies, Inc., Gaithersburg,
Md.).

DNA cloning. A shotgun cloning strategy was used to recover the gene con-
taining the Tn917 insertion by standard protocols (52). In brief, chromosomal
DNA was isolated from the selected mutant and digested to completion with
HindIII. A sample of pUC18 was also treated with HindIII, dephosphorylated
with bacteria alkaline phosphatase (Life Technologies, Inc.), and then ligated
with the HindIII-digested chromosomal DNA. The ligation mixture was used to
transform Escherichia coli MC1061 by standard methods (15). Transformants
were selected by growing bacteria on Luria-Bertani agar containing erythromycin
(300 mg/ml) and ampicillin (100 mg/ml). Transformants were further analyzed by
determining the size of the insert and by Southern blot analysis with biotinylated
pTV1-OK probe as described previously. Plasmid was recovered from the se-
lected transformants and purified with the Plasmid Maxi-Prep kit (Qiagen, Santa
Clara, Calif.).

DNA sequencing. The isolated plasmid was subjected to DNA sequencing by
an automated DNA sequencer (Ana-Gen, Inc., Palo Alto, Calif.) with a specific
sequencing primer corresponding to the 59 end of Tn917 and extended into the
adjoining streptococcus-derived DNA. DNA sequence analysis was compared to
the GAS DNA sequence database (51) for homology. Potential open reading
frames of the DNA sequence were identified with MacVector (Oxford Molecu-
lar, Oxford, England) computer software.

PCR and XL PCR. PCR was used to amplify the genes from wild-type CS101,
its Tn917 mutants, and transductants. To amplify a potential DNA fragment that
contains the entire Tn917 transposon and flanking sequences, an extra-long PCR
(XL PCR) procedure was performed (3). In this procedure the forward and
reverse primers for specific amplification were designed on the basis of our
sequence data generated during the study and a recently published sequence for
a GAS streptolysin S-associated gene (sagA) (6).

The sequence of the two primers was as follows: forward primer, 59-ACC TAA
ATA TCA CTA CCA CAT-39, and reverse primer, 59-ATG TCT CTT CTT TTA
GGT ATG-39. The optimal conditions for XL PCR were determined empirically.
Optimal product was obtained by using 1 mg of chromosomal DNA, 4 mM
Mg11, 20 pmol of each primer, and 1 U of rtTh polymerase for each 100 ml of
PCR reaction mixture. The PCR cycling parameters were 94°C for 30 s, followed
by 16 cycles of 94°C for 30 s, 50°C for 1 min, and 68°C for 6.5 min followed by
18 cycles of 94°C for 30 s, 50°C for 1 min, and 68°C for 6.5 min with 15 s of
segment extension at 68°C, followed by 72°C for 10 min. The PCR product was
gel purified and subjected to DNA sequencing by an automated DNA sequencer
with two primers specific for either the 59 or 39 end of Tn917.

Transduction. A GAS-virulent bacteriophage, A25, was used to transduce
Tn917 mutations into CS101 and other GAS isolates. The following procedure
was modified from a previously published transduction protocol (12). A lysate of
A25 phage from a Tn917 mutant was prepared by growing the Tn917 mutant of
interest in 10 ml of transduction broth (THY supplemented immediately before
use with 1% heat-inactivated horse serum, 50 mM CaCl2, and 340 mg of hyal-
uronidase per ml) and incubated at 30°C overnight. This culture was diluted 1:50
in transduction broth (without Ca11) and grown to an optical density at 600 nm
(OD600) of 0.7. Then approximately 109 PFU of phage A25 was added to the
broth and incubated at 30°C for another 4 h with gentle shaking. The culture was
cleared by the addition of 100 ml of CHCl3 followed by centrifugation, and the
supernatant was stored at 4°C for later use.

To perform the transduction, the recipient strain was grown in transduction
broth at 30°C overnight. This culture was then diluted in 5 ml of fresh transduc-
tion broth and grown at 30°C to an OD600 of approximately 0.6. Ten microliters
of an A25 lysate, generated as described above, was added to the culture and
incubated at 30°C for 30 min. The cells were then pelleted by centrifugation,
resuspended in 5 ml of THY broth, and incubated for 2 h at 30°C, at which time
the bacteria were harvested by centrifugation. The bacterial pellet was resus-
pended in 0.5 ml of THY, and aliquots containing 0.1 ml of the suspension were
plated onto selective THY agar plates supplemented with 5% human plasma and
5 mg of erythromycin per ml. Potential transductants were selected on the basis
of erythromycin resistance phenotypes and confirmed to contain Tn917 by XL
PCR and sequencing as described above.

RNA techniques. For RNA preparations, serotype M49 GAS strains were
grown aerobically to an OD600 of 0.9, which corresponded to late logarithmic
growth phase. Prior to preparation, cells were sedimented by 2 min of centrifu-
gation at 4°C, suspended in ice-cold 20 mM Tris (pH 7.5) containing 5 mM
MgCl2, 20 mM Na azide, 400 mg of chloramphenicol per liter. RNA preparation
was done according to the protocol of Shaw and Clewell (54). Denaturing
agarose gel electrophoresis and quantitative Northern blot hybridizations with
digoxigenin-dUTP-labeled probes were performed as previously described (43).
Probes were generated by asymmetric PCR, with only 1022 to 1023 of the normal
amounts of the appropriate upstream primers. The sequences of primers used for
asymmetric PCR were described previously in reference 47.

Generation of GAS mutant carrying an inducible pel gene. A 186-bp fragment
containing the pel open reading frame of GAS CS101 was amplified by PCR, with
oligonucleotides pel FOR (59-AGG AGG TAA ACC TTA TGT T-39) and pel
REV (59-GCT AAA TAG ATT ATT TAC CTG-39) as primers. The product was

cloned into the PstI and XbaI sites or plasmid pNZ8048 (17, 24). Plasmid
pNZ8048 harbors a nisin-inducible promoter. The recombinant plasmid was
coestablished with plasmid pNZ9531 in the serotype M49 CS101 wild-type strain.
Plasmid pNZ9531 carries the genes for a nisin-responsive sensor-regulator pair.
The optimum amount of nisin leading to maximum stimulation of the inducible
promoter, while not affecting the growth rate of the bacteria, was 10 mg/liter. For
studying the effects of pel hyperexpression, the recombinant and wild-type iso-
lates of strain CS101 were exposed to 10 mg of nisin per liter and grown to an
OD600 of 0.9. RNA was prepared from these bacteria and analyzed as described
above. These conditions were critical, since the ability to hyperexpress pel in this
system is influenced by as yet unexplained cell cycle-dependent effects.

RESULTS

Identification of Tn917-generated pleiotropic mutants. A
Tn917-mutagenized library of GAS isolate CS101 was
screened for a variety of phenotypic characteristics. These
characteristics included the ability to bind fibrinogen, fibronec-
tin, expression of hyaluronic acid capsule, and expression of
surface Ig-binding M and M-related proteins. In addition, anal-
ysis of b-hemolysis, streptokinase production, and secretion of
a cysteine protease were included in the initial screening as-
says. The focus of these studies was to identify any mutation
that affected both surface and secreted products. The initial
screening was carried out with the assays described in Materi-
als and Methods. Approximately 104 individual colonies were
screened by plate assays, and any mutant colony which dem-
onstrated an apparent change in b-hemolysis as well as a de-
crease in SpeB and streptokinase activity was screened for
changes in surface Ig-binding proteins and a fibrinogen-bind-
ing or fibronectin-binding activity. Emr mutants that had
changes in surface and secreted proteins were characterized
further by more quantitative functional assays.

After this procedure one mutant (designated CS101:ZQ6)
was identified that demonstrated an altered expression of sev-
eral surface (IgG-binding and fibrinogen-binding proteins) and
secreted proteins (Ska and SpeB). The results presented in
Table 2 and Fig. 1 summarize the characteristics of the wild-
type CS101 organism and mutant CS101:ZQ6. Although it was
noted that the expression of selected streptococcal products
can vary with the growth phase (14, 33, 56), the differences
between wild-type CS101 and mutant CS101:ZQ6 could not be
attributed to growth phase variation (data not shown).

Characterization of the Tn917 insertion in CS101:ZQ6. We
next determined the nature of the Tn917 insertion associated
with mutant CS101:ZQ6. Southern blot analysis was per-
formed as described in Materials and Methods and fragments

TABLE 2. Phenotypic comparison of wild-type CS101 and
Tn917 mutant CS101:ZQ6

Phenotype Wild type CS101:ZQ6

b-Hemolysis
SLS Positive Negative
SLO Positive Positive

SK activity Positive Negative
Cysteine protease

Enzymatic activity High Low
E-64 inhibitable Yes No

Fibrinogen binding (%) 100 33
Fibronectin binding (%) 100 100
Capsular hyaluronic acid Positive Positive
Ig bindinga

Emm (IgG3) Positive Negative
Mrp (IgG1, IgG2, IgG4) Positive Negative
Enn (IgA) Positive Negative

a Determined in CNBr extracts of bacteria by Western blotting as described in
reference 48.
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screened for the presence of the transposon by using biotinyl-
ated pTV1-OK as a probe (Fig. 3). There was no binding of the
biotinylated pTV1-OK probe to digested chromosomal DNA
from wild-type GAS isolate CS101. An EcoRI digest of chro-
mosomal DNA from mutant CS101:ZQ6 contained a single
reactive band, while for the HindIII digest three reactive bands
were identified (data not shown). This was consistent with a
single Tn917 insertion since EcoRI does not cut within the
transposon, while there are two HindIII sites present in Tn917
(54). This locus, disrupted by Tn917, was designated pel (pleio-
tropic effect locus).

The next series of experiments were designed to map the
position of pel in the streptococcal chromosome. Chromo-
somal DNA from CS101:ZQ6 was digested with HindIII,
which cut twice inside the Tn917 sequence, leaving the 59 end

sequence containing the erythromycin resistance cassette in-
tact. This digest was cloned into pUC18. The plasmid library
was used to transform E. coli, and colonies resistant to ampi-
cillin and erythromycin were selected. Plasmid DNA from one
of the erythromycin-resistant clones was isolated and shown to
contain Tn917 by Southern blot analysis (data not shown). The
plasmid was sequenced by using a primer that would hybridize
to the 59 end of Tn917 and extend into the flanking GAS
sequence (21). Sequence analysis confirmed that the plasmid
contained the expected sequence of Tn917 and led to the
identification of an additional 240 bp of flanking streptococcal
DNA.

Mapping of pel. Recently, a putative streptolysin-associated
gene, called sagA, was cloned from an M1 GAS isolate and
proposed to be responsible for the SLS-deficient phenotype of

FIG. 1. Direct binding (counts per minute) of human fibrinogen (A) and fibronectin (B) by GAS isolate CS101 and Tn917 mutant CS101:ZQ6. After growth in THB
at 37°C overnight, bacteria were harvested and washed with 0.15 M Veronal buffered saline, pH 7.35, containing 0.1% gelatin. Different numbers of cells were then
incubated with 125I-human fibrinogen or 125I-human fibronectin, as described in Materials and Methods. Following three washings binding was measured in a gamma
counter. All estimations were carried out in duplicate, and ,5% variation was observed between samples.

FIG. 2. Schematic representation of the pleiotropic effect locus (pel) (A) and nucleotide sequence of part of pClone2 (B). The filled arrow represents the putative
pel-sagA protein-coding region. The gray arrow below the line represents the putative pel promoter. The vertical lines indicate the insertion site of Tn917 and potential
ribosome binding site (RBS) and transcription terminator. The hatched box represents the pel mRNA. The size of this mRNA is consistent with the Northern blot
analysis of pel (Fig. 4). The lowercase region is Tn917 sequence derived from pClone2. The 32 nucleotides in bold are 100% homologous to the published sagA sequence
(6). The underlined sequence is part of the putative pel promoter. The remainder of the streptococcal sequence was 93% identical to the corresponding sequence in
the M1 streptococcal genome database. The sequence shown is upstream of the pel gene.
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a Tn917 mutant (6). The first 32 nucleotides of sagA were
100% complementary to the first 32 nucleotides of the 59
sequence of pel after the Tn917 insertion (Fig. 2B). This result
suggested that a sagA-like sequence might be the sequence
immediately flanking the 39 end of the Tn917 insertion in pel.
Based on this prediction, a pair of specific primers were de-
signed for PCR analysis based on the sagA sequence and the 59
flanking sequence shown in Fig. 2A. Assuming that the two
sequences flanked both ends of the Tn917, a single 6.3-kb
fragment should be amplified from the CS101:ZQ6 mutant

chromosomal DNA and an approximately 1.1-kb product
should be amplified from the wild-type strain.

For these experiments an XL PCR strategy was utilized (3).
A 1.1-kb fragment and a 6.3-kb fragment were observed when
the chromosomal DNA from the wild-type isolate and mutant
CS101:ZQ6, respectively, were used as templates (Fig. 3). This
result was consistent with pel and sagA being proximal or over-
lapping. The XL PCR product was sequenced with two se-
quencing primers specific for Tn917 (21). Sequencing data
confirmed that the XL PCR products contained the Tn917
sequence with our cloned DNA sequence flanking the 59 end
and a sagA-like sequence flanking the 39 end (data not shown).
Thus, we were able to locate both ends of the Tn917 insertion.

Based on our cloned partial sequence and the streptococcal
genome sequence of an M1 isolate, we were able to generate a
genetic map of the pel locus. The Tn917 insertion was present
within the promotor region of sagA, and this gene was the only
open reading frame in the region that appeared to have a
promoter, a Shine-Dalgarno sequence, and a ribosome binding
site to enable transcription. This result assumes that the
CS101:ZQ6 mutant contains only a single mutation and that
the entire change in phenotype could be attributed to the
single Tn917 insertion.

To determine whether the pleiotropic phenotypic changes
were due entirely to the disruption of pel or could be attributed
in part to a second spontaneous mutation, a phage transduc-
tion strategy was used. The Tn917-associated mutation in pel,
pel-1, was transduced to the wild-type CS101 strain by using
phage A25 as described in Materials and Methods. Potential
transductants were selected on erythromycin-containing me-
dium and analyzed for phenotypic changes. After conditions
were optimized, numerous transductants were recovered and
five of them were analyzed. Chromosomal DNA was isolated
from each transductant, and XL PCR was performed with the
same primer pairs described previously to amplify the 6.3-kb
pel-1 fragment. This procedure resulted in the amplification of
an identical molecular size fragment (6.3 kb) when DNA from
each transductant was used as a template (data not shown).

A similar strategy was used to transduce the mutation into
three M1 serotype isolates, 1881, MGAS 166s, and SF370, as
well as into an additional M49 serotype isolate, NZ131. Eryth-
romycin-resistant transductants were obtained for all isolates,
and PCR analysis and Southern blotting demonstrated that
they contained the expected Tn917 insertion. This result indi-
cates that the pel region was present in both opacity factor-
positive and -negative isolates. The NZ131 pel mutant strain
had a phenotype identical to that of CS101:ZQ6 (Table 3). The
opacity factor-negative wild-type M1 isolates differed in their
phenotypes from CS101 in that they failed to bind significant

FIG. 3. PCR amplification of the locus of Tn917 insertion from chromosomal
DNA of wild-type (wt) CS101 and Tn917 mutant CS101:ZQ6. The locus con-
taining the Tn917 insertion was amplified either from chromosomal DNA of
wild-type CS101 by a conventional PCR protocol or from chromosomal DNA of
the mutant CS101:ZQ6 by an XL PCR protocol as described in Materials and
Methods. A primer designed specifically for the sagA gene and a second primer
specifically complementary to a sequence about 700 bp downstream of the Tn917
insertion site were used to determine if the proposed insertion site of Tn917 was
correct. The PCR products were separated in a 1% agarose gel and visualized
under UV light, after ethidium bromide staining.

TABLE 3. Analysis of the phenotypes of representative opacity factor-positive and -negative GAS isolates
transduced with phage A25 containing a disrupted pel regiona

Phenotype

% Expression in:

CS101 (M49) NZ131 (M49) 1881 (M1) SF370 (M1) MGAS 166s (M1)

Wild type Transductant Wild type Transductant Wild type Transductant Wild type Transductant Wild type Transductant

SK 100 ,10 100 ,10 100 ,10 100 ,10 100 ,10
SpeB 100 ,10 100 ,10 100 ,10 100 ,10 100 ,10
b-Hemolysis 1 2 1 2 1 2 1 2 1 2
Fibrinogen binding 100 36 100 35 100 42 100 38 100 37

a All transductants were Emr and contained the expected 6.6-kb fragment containing Tn917 (Fig. 4). Expression of each surface or secreted virulence factor in the
transductant was compared to the level of expression of the wild-type isogenic pair, which was designated as 100%. 1, detectable; 2, nondetectable.
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levels of fibronectin, and thus this property could not be used
to monitor changes in the transductants (Table 3).

Transductants of either M1 isolate 1881, MGAS 166s, or
SF370 demonstrated a loss of hemolyzing activity on blood
agar plates, significant reduction in streptokinase and SpeB
activity, and a down-regulation in fibrinogen-binding activity
(Table 3). The latter property is particularly interesting, since
the major fibrinogen-binding activity of opacity factor-negative
M1 isolates is the M protein while in opacity factor-positive
isolates like CS101 this activity is mediated by the mrp gene
product (16), a gene that is not normally present in opacity
factor-negative isolates.

Similar transduction studies were carried out with the Tn916
mutation (sagA) described by Betschtel et al. (6). The resulting
sagA mutants were phenotypically identical to the isogenic
pel-1 mutants (data not shown). The phenotypic differences
reported here for pel and by Betschtel et al. for the sagA
mutant (6) most probably represent differences in the pheno-
typic screening assays performed in the two studies.

Transcription analysis of pel and overexpression of pel. The
results described above indicate that a genetic disruption in the
pel region of either opacity factor-positive or -negative isolates
resulted in a markedly changed phenotype (Table 3). This
involved both surface proteins associated with virulence, e.g.,
M and M-related proteins, and putative secreted virulence

factors, e.g., SpeB and Ska. To analyze whether these effects
were occurring at the transcriptional, translational, or post-
translational level, a series of quantitative Northern blots were
performed, comparing the M49 wild-type strain CS101 and the
corresponding pel mutant. The gene expression monitored in-
cluded that of the pel gene, prtF2, speB, emm, and ska. The
housekeeping gene sod (superoxide dismutase) was used as an
internal standard. In wild-type cells an mRNA of approxi-
mately 500 bases was detected with a pel probe (Fig. 4A). The
size of this mRNA is consistent with the predicted size of the
pel transcript (Fig. 2A). This mRNA was not detected in the pel
mutant strain (Fig. 4A). No transcription from the speB or
emm genes was detected in the pel mutant strain (Fig. 4B and
D). The levels of sod transcripts were decreased approximately
twofold, while the ska gene was reduced two- to fourfold (Fig.
4F and C, respectively). The prtF2 transcript was unchanged
(Fig. 4E). These results suggested that the pel gene product
regulated the transcription of the emm and speB genes but
regulated streptokinase at the translational or posttransla-
tional level.

In order to test whether increased amounts of the pel mes-
sage would have an effect opposite to that of the gene disrup-
tion, the pel gene was cloned downstream of a nisin-inducible
promoter in plasmid pNZ8048. The recombinant plasmid to-
gether with plasmid pNZ9531 harboring the genes for a pair of

FIG. 4. Northern blot transcript analysis of the serotype M49 GAS strain CS101 (wild type [wt]) and its isogenic pel mutant (mutant). mRNA probes used were pel
(A), emm, M protein (B), ska, streptokinase (C), speB, pyrogenic exotoxin B (D), prtF2, protein F (E), and sod, superoxide dismutase (F). Total cellular RNA was
isolated from each strain in late logarithmic growth phase. RNAs were separated by MOPS (morpholinepropanesulfonic acid)-formaldehyde agarose gel electro-
phoresis. The source of the RNA is shown above the lanes, and the amount of RNA loaded is shown below the corresponding lanes. Uniform loading of the gel was
confirmed after electrophoresis by visual inspection of the ethidium bromide-stained RNA. The approximate sizes of the molecular weight markers are shown on the
right. The results shown are representative of those from at least two independent RNA isolations.
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nisin sensor-regulators were transformed into serotype M49
GAS strain CS101. The wild-type strain and the strain carrying
both plasmids were exposed to nisin, and RNA from both
strains was analyzed. In the plasmid-containing strain the pel
and emm messages were clearly increased compared to wild-
type levels (Fig. 5).

DISCUSSION

In this study we described a pleiotropic Tn917 insertion
mutant in an opacity factor-positive M49 Streptococcus pyo-
genes isolate, CS101. A single Tn917 insertion was found to
decrease the expression of a number of secreted products,
including the plasminogen activator streptokinase and a se-
creted cysteine protease, as well as totally inhibiting the activity
of the hemolysin SLS. In addition, decreased expression of
surface fibrinogen-binding and IgG-binding proteins was also
observed in the absence of a change in surface fibronectin
binding or a significant change in the level of hyaluronic acid
capsule.

The Tn917 insertion in CS101 disrupts transcription of the
500-base pel RNA. Since no other RNAs were detected in this
region of the chromosome and the overexpression of pel in-
creases expression of one pel-regulated gene, we conclude that
the phenotypes associated with the Tn917 insertion are due to
the loss of pel transcription.

In related studies, three groups have reported SLS-negative
mutants after Tn916 mutagenesis. Nida and Cleary demon-
strated a Tn916 mutation in an M12 serotype isolate that

lacked SLS activity (36), and Liu et al., studying an M3 sero-
type isolate, found that the inactivation of SLS was associated
with a requirement for riboflavin for growth of the mutant
(29). The site of the mutation in these mutants was, however,
not mapped. Betschel et al. also described an SLS-negative
Tn916 mutant in an M1 serotype isolate (6). This phenotype
negative mutant was associated with disruption of the sagA
gene. The Tn917 mutation in the opacity factor-positive M49
isolate CS101 used in this study and the Tn916 mutation in the
opacity factor-negative M1 isolate used in the study of Betschel
et al. (6) mapped to within 5 bp of each other, and both were
in the promoter region of the gene. Transduction studies using
pel-1 containing Tn917 or sagA containing Tn916 resulted in
similar phenotypic changes in CS101 and M1 strains.

The results presented in this paper suggest that pel has an
important effect on the expression of key virulence factors in
GAS and that this gene region is associated with expression of
only the hemolysin SLS. The genes regulated by pel are not
clustered in a single region of the chromosome, e.g., a patho-
genicity island. Analysis of transcription in the pel mutant sup-
ports a key role for Pel in the global regulation of gene ex-
pression in S. pyogenes. The disruption of expression of the pel
gene results in the absence or reduction of emm message and
speB but had minor effects on the expression of ska, ptrf, or sod
message.

Phenotypically the mutant also demonstrates the absence of
expression of other M-related gene products (Mrp and Enn),
as well as the absence of streptokinase and b-hemolysin activ-
ity. The discrepancy between the discrete reduction of ska
message and the almost complete loss of streptokinase activity
could be attributed to a change in translation efficiency pro-
cessing and/or secretion of functional streptokinase.

The message from the pel gene shown in Fig. 4 is consistent
with a monocystronic transcript that begins upstream of the pel
open reading frame and ends before the predicted start of the
next downstream open reading frame. This suggests that either
the RNA or protein encoded by this gene is a direct global
positive regulator or interacts directly or indirectly with a
global positive or negative regulatory system in S. pyogenes.
The fact that both a loss of pel expression and increased pel
expression influence the expression of several virulence genes
indicates that the pel-associated regulatory mechanism does
not exclusively react to a threshold level of the pel gene product
but quantitatively responds to different levels of pel expression.

Although sequence analysis of Pel suggests a potentially
secreted peptide with a signal peptidase 1-associated leader
sequence (data not shown), it is not currently clear whether pel
encodes a protein that acts as a transcriptional regulator or if
the untranslated Pel mRNA could be involved. Precedents for
each of these types of regulator signals in controlling the ex-
pression of genes in bacteria exists, e.g., RNA regulators in S.
aureus (1, 23, 38, 50), Enterococcus faecalis (4, 19), and E. coli
(58). Further analysis of the nature of pel regulation is now
required to address these questions and to determine the re-
lationship of this regulatory activity to other regulatory circuits
recently described in GAS (2, 5, 17a, 47).

ACKNOWLEDGMENTS

We thank June Scott, Emory University, Atlanta, Ga., for providing
the A25 phage and helpful advice on the transduction strategy, Joyce
de Azavedo, Mt. Sinai Hospital, Toronto, Ontario, Canada, for pro-
viding us with M1 isolate MGAS 166s and the corresponding b-hemo-
lytic Tn916 mutant described in reference 6, A. Flosdorff, for expert
technical assistance, and Carol Hepner for typing the manuscript.

This work was supported by grants from the National Institutes of
Health (M.D.P.B.) A1 43474 and by DFG Sch877/1-2 (A.P.).

FIG. 5. Northern blot transcript analysis of the serotype M49 GAS strain
CS101 (wild type [wt]) and an isogenic strain expressing a nisin-inducible pel
gene. mRNA probes used were pel (A) and emm, M protein (B). Total cellular
RNA was isolated from each strain in late logarithmic growth phase after expo-
sure to nisin. RNAs were separated by MOPS-formaldehyde agarose gel elec-
trophoresis. The source of the RNA is shown above the lanes, and the amount
of RNA loaded is shown below the corresponding lanes. Uniform loading of the
gel was confirmed after electrophoresis by visual inspection of the ethidium
bromide-stained RNA. The approximate sizes of the molecular weight markers
are shown on the right. The results shown are representative of those from at
least two independent RNA isolations.
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