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Virulent for Mice

An M serotype 50 group A streptococcal strain, B514, caused several outbreaks of
natural infections in mice. Because of its natural pathogenicity in mice, this strain was of
interest in developing murine models to study various group A streptococcal virulence
factors. The emm gene cluster of BS14-Sm was first examined by allele-sp‘éciﬁc PCR and
was found to composed of three tandem emm-family genes, a pattern which is consistent
with the proposed evolution of emm locus by gene duplication. SF4 (mrp50), SF2
(emmL50), and SF3 (enm30) genes were cloned individually and the entire gene cluster was
sequenced. The gene cluster showed overall greater than 97% DNA identity to that of a
human M2 strain T2/44/RB4 except for two small divergent regions present immediately after
the signal peptide in both emm and enn genes. Expression of cloned genes in Escherichia coli
showed that Mrp50 and Emm50 bind IgG and that Enn50 binds IgA. The transcript level of
each gene was then investigated by quantitative Northern hybridization was found to be over
30-fold attenuated relative to strain T2/44/RB4. The M-family proteins were barely detectable
even from B514-Sm isolates recently passaged in mice.

A capsule-negative B514-Sm mutant (B514.039) was constructed by inserting a
nonreplicative plasmid into the AasA gene encoding hyaluronate synthase. B514-Sm,
B514.039, and two other isogenic strains constructed by collaborators were tested in a
pneumonia model and a throat colonization model. Of the additional isogenic strains, one
lacked all M protein genes and the other lacked only the gene encoding C5a peptidase.

When B514.039 was placed in the intranasal passage of mice, all bacteria recovered from

the throats of the mice were encapsulated 1 day after inoculation. Encapsulated revertants
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from the mice were analyzed by PCR and, in all cases, the hasA gene had lost the plasmid
insertion and reverted to the normal size. From the pneumonia model, following
intratracheal inoculation with B514.039, the incidence of pneumonia within 72 h was
significantly reduced from that of the parent strain. The additional isogenic strains had no
significant difference from the wild type either in throat colonization or pneumonia models.

Complementation of mga-containing plasmids to BS14-Sm successfully reversed
the attenuated expression of M family proteins. The increase in expression was seen in the
emm transcript and in the quantity of CnBr-extracted proteins. The DNA sequence of
mga50 was determined; mga30 had four amino acids substitutions relative to mga+ and
virR49. One or more of these amino acid substitutions in Mga50 may be rgsponsible for the
attenuated expression of M family proteins in strain B514-Sm. The transcript level of
mga50 was similar to that of mga2. Antiphagocytic assays showed that either the capsule or
the M-family proteins in strain B514-Sm could provide protection from phagocytosis in

human blood.
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INTRODUCTION

Bacterial pathogenicity is related to the ability of a bacterium to cause disease.
Several aspects associated with bacterial pathogenesis are the abilities of bacteria to 1)
infect mucous surfaces, 2) enter the host through mucous surfaces, 3) multiply in the
environment of the host, 4) interfere with host defences, and 5) damage the host. Each
of these steps involves a variety of processes to accomplish the task. The availability of
good animal models can provide vital information concerning the virulence deter-
minants (factors) to fulfill the five requirements for pathogenicity. Streptoéoccus
pyogenes is one of the best-adapted pathogenic microorganisms that causes human
infections. The bacteria display limited, but focused, strategies that exploit weaknesses
of the host defenses. The subject of this dissertation was to investigate the molecular
characteristics of virulence factors of the serotype M50 S. pyogenes strain B514 that is
virulent for mice. This strain is important for its capability to naturally cause infections
in mice. Because of the characteristic of virulence for mice, the animal models
representing S. pyogenes infections would be available by infecting mice with B514.
The mouse models then can be utilized to obtain information about the virulence factors
related to the above five requirements for pathogenicity of S. pyogenes. To accomplish
this purpose, it was necessary to first characterize the molecular basis for the virulence
factors of this strain and thc;.n to combine those with the study of its pathogenic effect in
vivo. This thesis is divided into three major sections. The initial section starts with the
molecule characterization of certain virulence factors, the M-family proteins of this
strain. The second section investigates the requirement for several virulence factors of
strain B514 in mouse models. The requirement for M-family proteins, streptococcal

C5a peptidase, and hyaluronic acid capsule for pathogenicity was studied in two mouse
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(8]

models: a long-term colonization model following intranasal inoculation and a pneu-
monia model following intratracheal inoculation. This study was done as collaborative
work with Dr. Linda Husmann of Emory University. The third section involves further
investigation about the mga gene of this strain. Mga is a positive transcription activator
for the expression of the M-family proteins, C5a peptidase, and some other virulence

genes in group A streptococci.

Streptococcus pyogenes and its infections. Gram-positive streptococci are
classified into Lancefield groups according to the biochemical and antigenic properties of
the carbohydrates of the cell wall (55). One of these groups, the group A streptococci
(GAS) or §. pyogenes, is a major and exclusively human pathogen. The usual
presentations of group A streptococcal infections are pharyngitis or tonsillitis, which occur
most often in children of school age or among adults in contact with them. GAS also cause
skin infections such as impetigo and scarlet fever (98).

Most GAS infections can be cured by a appropriate treatment with antibiotics
(penicillin) treatment. In the absence of antibiotics, two serious complications,
rheumatic fever or glomerulonephritis, are the aseptical sequelae related to GAS
suppurative infections. In recent years, more virulent and complicated diseases caused
by GAS have been reported, and more attention has been directed towards this
pathogen. Streptococcal toxic shock-like syndrome is characterized by shock,
multiorgan system failure, and destructive soft tissue infection (99). Necrotizing
fasciitis is a severe invasive GAS infection occurring in the subcutaneous tissue, in
which the fascia and fat are progressively destroyed (98). Streptococcal myositis and
bacteremia are also life-threatening aspects of invasive streptococcal disease that have

been reported recently (98).
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Virulence factors of Streptococcus pyogenes. The outcome of an infection
depends on the interaction between the virulence factors of the bacterium and the host
immune system. S. pyogenes has evolved an impressive range of strategies to evade the
nonspecific and the specific immune defense systems of humans.

One of the most important virulence factors of S. pyogenes is the antiphagocytic
M protein, which is an alpha helical coiled-coil structure protein with its carboxyl
terminus attached to the cell wall and its amino terminus extending away from the cell
(Fig. 1). In the early twentieth century, Lancefield differentiated the GAS strains into
more than 70 serotypes on the basis of whether the testing strain showed a precipitating
reaction with a member of a panel of antisera to M proteins (56). She also recognized
that M protein-rich strains were resistant to phagocytic killing in nonimmune human
blood and elucidated an important fact that only type-specific antibodies can opsonize
the specific strain and target it for killing by polymorphonuclear leukocytes (PMN)
circulating in the blood (57). The epitopes of some opsonic antibodies have been
mapped to near the end of the amino terminal portion of M proteins on several different
M serotype strains (22, 49). Under the condition that there has been no induction of
serotype-specific antibodies to M proteins, the GAS strain can not be killed by PMN
and will continue to grow in human blood.

The mechanism by which M proteins confer resistance to phagocytes is
complex and may be different among M proteins. Some M proteins bind to the
complement factor H (40), which prevents C3 activation by rendering C3b susceptible
to inactivation by factor [ and restricts the conversion of C3b,Bb (C3 convertase) by
competing for factor B (74), thereby resulting in the reduced deposition of C3b on the
streptococcal surface (23, 40). M proteins also bind to fibrinogen, an abundant protein
in plasma, and the binding contributes to the antiopsonic activity by interfering with

C3b deposition on a nonimmune host surface (41, 113, 114). Besides antiphagocytic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sequerce N

numbering Opsonic Random coil —
antibody [ amino temminus
epitopes
~100 Amino-terminal
Fibrinogen region
Host cross binding site (pepMS5)
—150 reactive
antibody
i -
—200 spitopes Pepsin
cleavage »> ﬁ
site
—250
—300 —
Conserved Carboxy-terminal
T-cell region
—350 epitopes
celi
L 450 cell =
membrane

M5 protein fibrils

FIG 1. A schematic drawing of M proteins on the streptococcal surface
(89). The emmS5 gene cloned from S. pyogenes codes for a protein of 450
amino acids. The M protein coiled-coil dimers are approximately S0 nm long
and project from the streptococcal surface. Fibrinogen was shown to interact
with the amino-terminal half of M proteins (90) and prevents the binding of
antibodies to epitopes located away from the amino terminus (22); antibodies
directed to the extreme amino-terminal ends of M proteins opsonize
streptococci effectively in the presence of bound fibrinogen (90). Opsonic
antibody epitopes have been identified within the amino-terminal ~10 amino
acids in all M types studied (87). Many M proteins elicit antibodies that
crossreact with mammalian tissues, such as myosin and tropomyosin of
human heart tissue (19, 22, 27). The majority of crossreactive antibodies
from mice and humans recognize the epitopes loocated in the amino-terminal
half; those of opsonic antibodies from the extreme amino terminus are not
included (89). Major histocompatibility complex class II-restricted T-cell
epitopes were found to be distributed through the variable amino-terminal and
conserved carboxy-terminal regions of M5 (88).
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activity, M proteins also mediate the binding of the bacterium to keratinocytes of the
epidermis (70, 71).

Besides the antiphagocytic M proteins, there are M-like proteins on the surface
of the cells, and they have DNA sequences similar to those of M proteins. Most M-like
proteins bind the plasma proteins, but their roles in virulence are less clear. M-like
proteins include immunoglobulin-binding proteins, such as Arp (IgA receptor protein)
(58, 68, 96), Mrp (M protein-related protein) (or FcRA) (33, 58, 68, 96), Sir
(streptococcal immunoglobulin receptor) (97), and Enn (6) proteins, which bind to Ig
via the Fc fragment (nonimmune fashion). Raeder and Boyle (84, 85) found a
correlation between the expression level of Ig-binding proteins and the organism's
ability to establish invasive skin infections. Certain Mrp proteins of GAS strains
contribute resistance to phagocytic killing by human granulocytes besides the M
proteins (83). Some M-like proteins bind to the human complement regulator C4BP
through the vaniable N-terminal region and confer antiopsonization activity to the strain
(48, 76). A plasminogen-binding protein, PAM protein (4), and protein H, an
albumin- and IgG-binding protein (25, 29), are also included in the category of M-like
proteins. Not every GAS strain has M-like proteins. The emm (encode M proteins) and
emm-like (encoding M-like proteins) genes have been shown to lie in tandem and are
called the emm gene cluster. The cluster is located downstream from the mga gene and
upstream from the scpA4 gene (38).

Streptococcal C5a peptidase is another virulence factor. It specifically cleaves
the human serum chemotaxin C5a at the PMN binding site and retards the influx of
inflammatory cells and clearance of streptococci at the site of infection (46, 67, 110).
From the nucleotide sequences and deduced amino acids determined by Chen (17),
streptococcal C5a peptidase is a serine protease which possesses a typical bacterial

signal peptide, a catalytic center, and cell-wall spanning and membrane-anchor regions.
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The gene encoding streptococcal C5a peptidase, scpA4 loci, is located at the down-
stream end of the emm gene cluster.

Some strains of GAS grow as "glossy” or mucoid colonies. This is due to the
production of a hyaluronic acid capsule (117). The capsule is composed of a high
molecular weight glucosaminoglycan made of repetitive units of 8 1-4-linked
disaccharide of glucuronic acid and N-acetylglucosamine. The capsule composition is
chemically indistinguishable from hyaluronate of human connective tissue (52). In the
mid-1980s, the number of clinical encapsulated S. pyogenes isolates increased (48).
Focal resurgences of rheumatic fever related to the encapsulated GAS strains, the
serotypes M-1, -3, -5, -6, and -18, have been reported from different areas in the
United States (95). Wessels et al. (108) demonstrated that acapsular mutants of a
serotype M 18 GAS strain showed a loss of survival in human blood and lowered
virulence in mice. They also demonstrated that hyaluronic acid capsule was required by
serotype M24 GAS in order to colonize and induce infection in mice pharynx (107).
These studies provided evidence that the hyaluronic acid capsule functions to protect
GAS from ingestion and killing by phagocytic leukocytes. Besides the antiphagocytic
activity, the hyaluronic acid capsule was reported to act as the ligand for attachment of
GAS on human keratinocytes (92).

Several surface proteins of S. pyogenes can bind to the components of
extracellular matrix and basement membrane, such as protein F, a fibronectin-binding
protein (102) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)-like protein
(73). The adhesion mediated between the extracellular matrix components and these
bacterial adhesins may constitute an important step in colonization of host tissues and
the subsequent infection (2).

Several toxins are secreted by S. pyogenes, especially the invasive strains (98).
Pyrogenic exotoxins (Spe) A, B, and C are the most virulent toxins. SpeA and C can

act as "superantigens” by interacting with MHC class IT molecules and the T cell
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receptor, thereby inducing a T cell response, with the subsequent production of
cytokines capable of mediating shock and tissue injury (64). Streptolysins O and S are
thiol-activated cytolytic toxins which damage the cell membrane by forming pores and
lysing the cells (9).

Unlike the cell-bound streptococcal C5a peptidase, several enzymatic proteins
of S. pyogenes are secreted out of the cells, such as the cysteine protease (12, 104),
hyaluronidase (44), streptokinase (15), and DNAase, amylase, and esterase (20).
These enzymes are related to the destruction of the biological barriers of the eukaryotic

cells and facilitate the invasion of S. pyogenes to deeper tissue sites within the host.

Structural heterogeneity of the emm gene cluster. More than 80
serotypes of S. pyogenes strains have been found based on the serological typing
scheme used by Lancefield (55). Basically, type-specific antibodies are prepared by
taking sera from patients or rabbits recovered from streptococcal infection and
absorbing the sera with heterologous strains until only type-specific antibodies remain.
The antisera contain antibodies specific for surface proteins of S. pyogenes, most of
which are the M proteins. The DNA sequence of an M protein from an M serotype 6
strain--D471- was the first to be determined (36), and many more emm genes have
been sequenced since that ime. When the emm gene sequences are aligned, the
sequences of different M serotype strains show similarity over a large extent of the
molecules (Fig. 2). The overall structure of the molecule from the amino-terminal end
to the carboxy-terminal end is composed of a highly conserved signal sequence, a
variable amino-terminal region, the conserved repeats (A, B, C repeats) with the heptad
periodicity typical for coiled-coil proteins (24), then the proline-glycine rich domain
residing in the peptidoglycan of the cell wall to stabilize the protein. A segment of
LPXTGX motif on the carboxyl end are expected to be cleaved, then the rest of the

molecule is crosslinked to the cell wall components (91). Most M proteins contain C
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repeats, but not all have A or B repeats. The location of serotype specific antibodies
reacting with M proteins is in the highly vanable region of the amino-terminus (22, 49)

Apart from the classical M proteins, the M-like proteins are homologous with the M
proteins and share the same overall structure (50). Some phenotypes of M-like proteins
were described in the previous section. Together, the M proteins and the M-like proteins
are called M-family proteins, the genes are called emm-family genes. Over 100 M-family
proteins and their nucleotide sequences and deduced amino acids have been studied. Some
emm-family genes have "class A molecules" repeats instead of C repeats on their carboxyl
end (68). When the DNA sequences of emm-family genes were aligned, the homology of
DNA sequences increases toward the carboxy-terminal end, but decreases toward the
amino-terminal end of the DNA sequences (29, 37, 97).

By aligning the conserved carboxy-terminal ends of M-family proteins with the
methods of phylogenetic analysis, all known members of this family could be
differentiated into four evolutionary distinct emm subfamilies -SF1 to SF4 (35, 38).
Table 1 lists the emm genes of these four subfamilies and some characteristics within
the SF genes. Each subfamily has its peculiar subsequence in the conserved proline-
glycine rich region which can be used as a marker to ascribe any M-family protein to
one of the subfamilies. By these SF-specific subsequences as a primer paired with a
second primer to a conserved location for polymerase chain reaction of the chromo-
somal DNA, each allele of emm-family genes can be mapped in any GAS strain. It has
been found that one to three tandemly arranged copies of emm-family genes are mapped
in this cluster, but the alleles within the cluster vary among different strains (38). Nine
distinct chromosomal patterns of the genes in the emm gene cluster were found by
analyzing 44 GAS strains representing 32 different M serotypes (35) (Fig. 3). These
nine chromosomal patterns strongly support a model for the generation of the four
emm-subfamily genes in which the genes are the products of evolutionary events in

which the gene duplication is followed by the sequence divergence (35).
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TABLE 1. Summary of emm family genes divided by their subfamily and allele

Subfamily | Subfamily 2 Subfamily 3 Subfamily 4
SF1 genes SF2 genes SF3 genes SF4 genes
emm (36) emm49 (30) enn49 (30) ferA76 (33)
emmJ3 (63) emmlL2.] (6) emmlL2.2 (6) mrp4 (68)
emml2 (87) arp4 (26) enn4 (45) Jerd64/14 (11)
emmi8 (81) arp60 (34) enn64/14 (80) JerA49 (77)
emml9 (37) emm9 (80) enn30 (118) mrp22 (97)
emm24 (66) emm50 (118) mrp50 (118)
emm30 37) sir22 (97)
emm55 (34)
protH (29)
emmS7 (87)
emmGl (18)
ferAV (94)
emml (32)
emmL64/14 (11)
emm3 (78)
emm33 (4)
enn5.8193 (111)

Characteristics associated with each mosaic allele
often antiphagocytic = some antiphagocytic

found in OF strains

react with mAbs

10B6,10F5 (class I)

have C repeats

frequently binds
fibrinogen

some bind IgG3

some bind IgG 14

some bind factor H,

found in OF" strains

don’t react with mAbs
10B6,10F5 (class II)

have C repeats

some bind IgA, IgG3
—arp4, arp60

some bind IgA, IgG1
A--sir22

HAS (human albumn serum)

, plasminogen

found in OF* or OF"

don’t react with mAbs

10B6,10F5 (class IT)
have C repeats

some bind IgA--
enn2

some bind IgG 1-4
-enn33

found in OF or OF

don’t react mAbs

10B6,10FS (class IT)

have A repeats

some bind
fibrinogen

many bind
IgGl1,2,4

: {ndividual :

emm

arp

enn

fer

10

This table cited by permission of Dr. Susan K. Hollingshead (personal information). The

applicable references are included parenthetically.
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FIG. 3. Proposed maps of nine emm chromosomal locus patterns defined by PCR
analysis. Numbers below the lines indicate approximate distances in base pairs; boxes
above the lines indicate the prescence of genes inferred from the amplification products
obtained in PCR reactions (35).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

11



Early studies divide the GAS strains into OF " and OF- groups based on the
strain's ability to express serum opacity factor (31, 103, 115). More recently, this
division was reported to parallel differences in the reactivities of strains with mono-
clonal antibodies against the conserved C-repeats in the carboxy-terminal half of the M6
protein, which differentiated GAS strains to class [ and II (8). From the evolutionary

model of emm locus studied by Hollingshead et al. (35), seven out of nine patterns of

the GAS strains express a OF-, class I M protein (all but patterns 5 and 6) which is
encoded by a SF-1 gene. Substantial heterogeneity of the emm gene clusters

containing SF-1 genes was reported. Strains containing an SF-2 allele are nearly all

OF ™, class IT M protein-expressing strains. This group is more homogeneous and
exhibits either pattern 5 or 6.

It is important to consider these features of the evolution of the emm gene
cluster in order to understand the pathogenesis associated with emm-family genes,
because particular virulence properties may be associated with specific alleles or
suballeles (35). An analysis conducted by Bessen et al. (7) showed that three GAS
diseases, uncomplicated pharyngitis, impetigo (skin infection), or acute rheumatic
fever, were siginificantly correlated to the emm gene cluster chromosomal patterns.
The OF- class I strains are primarily pharyngeal isolates of uncomplicated pharyngitis
or isolates associated with acute rheumatic fever. This group is found to have the emm

gene cluster chromosomal patterns 1 to 3, whereas GAS strains in patterns 4 and 5 are

almost all isolates from impetigo. This group included both OF- class I and OF* class
I strains. From this study, the association of GAS infection types to the composition
of the emm gene cluster of the isolates, on the basis of the conserved 3'emm genes,

could support a notion that M and M-like proteins may contain tissue-specific biologic
function (7). Itis proposed that if the mosaic structure-like emm-family gene products

determine, at least in part, the tissue-specificity of infection, then the horizontal transfer
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of emm-family genes between different GAS strains may play an important role for the
emergence of new clones that have unique pathogenic qualities and lead to a change in

the principal reservoir for transmission of that clone (5, 7, 111).

A signal response regulator-mga gene in a regulon. Upstream of an
emm gene cluster, there is a gene locus called mga (for multigene regulator in GAS).
It was found that when transposon Tn916 was inserted about 1.8 kb upstream of the
structural gene for M protein of a serotype M6 strain-D471, the amount of M protein-
specific mRNA was reduced (14). Later it was detected that the insertion was located
244 bp upstream of an open reading frame, which was later named mry ( M protein
RNA yield). By complementing this inserion mutant with an intact mry gene in a
replicating plasmid, the expression of M6 protein was restored. This result indicated
that Mry can act in frans as a positive transcription regulator of the emmé6 gene (75).
Other evidence about this positive regulator was that there was a deletion of 400 bases
upstream from the transcription start sites of the emm /2 gene, which led to an emm /2-
deleted phase-locked variant—CS64 (87). This gene was also required for the
expression of the genes encoding for streptococcal C5a peptidase (16), M-like proteins
(e.g., mrp, enn, sph) (79), the opacity factor (sof) (62), and a secreted inhibitor of the
complement cascade (sic) (51). These genes, which are all positively regulated by mga
(formerly mry or virR), are now called the mga regulon (79, 93). Mga protein is a
trans-acting positive regulator (75) which binds immediately upstream of and overiaps
the -35 region of emm and scpA promoters with a single 45-bp binding site (60).
Sequences homologous to this binding site were found in the other M-family proteins
and the C5a peptidase of different M serotypes of GAS strains (60). A consensus Mga
binding site has been determined (60). Unlike most DNA binding sites recognized by
bacterial regulatory proteins that have a dyad symmetry (72), in this case, the Mga

protein binds to a single-half site as a monomer of approximately 30 kDa (60). The
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DNA sequences recognized by the Mga protein contain two converging repeat
sequences separated from two central adenines by 6 or 7 nucleotides. The unique
binding pattern of Mga protein may reflect a novel mechanism for protein-DNA
interaction (60).

The Mga protein contains motifs common to the response regulator superfamily
of two-component bacterial signal transduction systems. The typical response regulator
has been studied more thoroughly and in detail in CheY, which functions in chemotaxis
to regulate the flagellar motor (106). CheY is a 14-kDa monomeric protein containing
128 amino acids. When it is phosphorylated by a sensor component, it binds to a
flagellum-associated protein, FliM (106). The structure-function relationships of CheY
have been described in detail (3, 101, 105). In the case of Mga, the number and
location of the predicted interacting domains are unusual (60). Mga is about twice as
large as most proteins of this type (62 kDa), it has three possible helix-tumn-helix DNA
binding domains in the first amino-terminal 130 residues, and there are two putative
CheY-like response regulator domains lying in the carboxyl terminus of the molecule
(1, 75).

Expression of the emm gene of GAS is responsive to environmental changes
(13, 61). The responsiveness is regulated by Mga (13, 69, 82), which is also
regulated, at least by itself, in response to environmental stimuli, such as the level of
CO2 and the growth phase (59, 69). Regulation of mgua expression is complex. Itis
shown that the expression of the mga6 gene requires the participation of DNA
sequences 473 bp upstream of the gene (59, 69), where there is a short segment of
sequences conserved in the target sites of many DNA-binding proteins (28). The DNA

subsequences are located upstream of the P| promoter of the mga gene (69). A study

using S1 nuclease protection assays showed that mga was transcribed from two

promoters Py and P with different transcription efficiency (69). The mga gene was

also found to be autoregulated (59, 69), as the Mga binding site can be located in the
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upstream region of the gene near the Py promoter (79). It is hypothesized that a
possible mechanism may involve differential initiation of transcription from these two
promoters. In this model, P is responsible for low-level transcription under

nonpermissive environmental conditions and P2 is not active. When encountering a

stimulating environment, Mga is activated, possibly by a phosphorylation event with a
histidine protein kinase, and regulates its own expression in a feedback loop by

activating transcription from P5 (69). Nevertheless, Bormann and Cleary (10) pointed

out that transcription from P is required for sufficient expression of Mga to activate

transcription of regulated genes.

All group A streptococci have an mga locus in their genomes located upstream
of the emm gene cluster. DNA sequences of mga genes among the GAS strains are
heterogeneous (38). It was detected by using three different oligonucleotide probes
deduced fronr a pattern 1 strain D471, and many isolates failed to be hybridized (38).
The "divergent" mga was found in all strains of emm gene cluster patterns 3, 4, and 5,
and the mga genes that can be hybridized with the oligo probes are those of pattern 1
and 2 strains (36). The diversity of mga genes is located mainly in the carboxyl termini
(1), which indicates that activation of the response regulators of these two lineages of
Mga molecules differs. Within the same pattern strains, mga sequences have higher
homology, for example, 98% identity between mga4 and virR49 (1, 79). Although
the two lineages of Mga proteins may differ substantially in their carboxyl termini, they
can be complemented (1). For example, Mga4 is able to activate transcription of emm6
gene in a complementation assay, suggesting that considerable amino acid variation in
the carboxy-terminal region of Mga can be tolerated for activation of emm genes as long

as the critical amino acid residues involved in phosphorylation are intact (1).
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A GAS strain B514 virulent for mice—A potential animal model.
The interaction between the virulence factors and the host, and among the virulence
factors is complicated for determining the pathogenesis of a disease. The availability of
an experimental animal model that is susceptible to infection by the pathogen and
develops a disease which mimicks that in human would facilitate studies on the
pathogenic mechanism(s) of individual virulence factors. Although at least 95% of
GAS infections occur in man, occasionally spontaneous infections can occur in
animals. For example, streptococci of M types 50 and 51 have been shown to initiate
spontaneous diseases in mice (54). M serotype 51 was discovered to cause acute
infections in certain regions of the United States among mice (54). Serotype 50
isolated from Swiss albino and Princeton mice in the USA and in Europe, primarily
induced chronic infections (39).

Occasionally, intranasal challenge of mice with type M50 strain can lead to

sepsis and death (39). Later, the lethal dosage that killed all of the mice (LD]qq) of this

strain has been determined in the laboratory for protection studies. The LD g in

NMRI mice was shown to be 105 CFU when administered intranasally and 107 CFU
when administered intraperitonally (53). Recently, Husmann et al. tried to develop a
murine model of GAS infection by inoculating C3HeB/FeJ mice with B514-Sm (a
spontaneous streptomycin-resistant B514 isolate) via the intranasal or intratracheal
routes (43). No correlation was seen between the development of pneumonia in mice
within 1 to 8 days postinoculation and to the doses given to mice via the intranasal
route. The number of mice that developed pneumonia after intranasal inoculation was
not reproducible and reached a plateau of about 60% regardless of the doses. However,
when mice were challenged by the intratracheal route, a relationship was observed
between the number of the mice that developed pneumonia and the doses of bacteria

administered. The dose at which 50% of the mice exhibited signs of pneumonia within

72 h was 1.0 x 107 CFU (43). All of the mice inoculated with B514-Sm by intranasal
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or intratracheal routes eventually became ill, suffering similar lung lesions, with
intensive infiltration of inflammatory cells predominantly into the bronchioles and
alveoli (43). Other organs such as brain, kidney, spleen, liver, and intestine appeared
normal. The majority of mice with pneumonia were also bacteraemic (43).

Husmann et al. (43) successfully developed a pneumonia model by intratracheal
inoculation of S. pyogenes strain B514-Sm to C3HeB/FeJ mice. To understand the
roles of virulence factors of B514-Sm in the development of pneumonia, it is necessary
to compare isogenic strains that differ in their expression of specific virulence factors
and to test the virulence of parent strain and of isogenic mutant strains in the pneumonia
model. Itis also relevant to get information on the molecular aspects of individual
virulence factor, since several complications raise when interpreting the r@lm from
animal models (118). First, GAS are primarily human pathogens, and the capacity of
specific strains to colonize and cause disease in rodents determining the suitability of
the animal model to reflect the human situation. Second, there is often more than one
M-family protein in GAS isolates, rather than a singie M protein, so evaluation of
virulence contributions from those proteins depends upon understanding the entire emm
gene cluster. Third, variable gene expression of the different M-family proteins in the
same strain has been reported (6, 79), so monitoring expression is important. For
these reasons, the most important virulence factor of GAS strain--emm genes--was
first analyzed in this strain, as the commitment of my graduate research committee. The
result about DNA sequences and the expression of emm genes of this strain is
published as the first paper, "DNA sequencing and gene expression of the emm gene
cluster in an M50 group A streptococcus strain virulent for mice." The second paper is
titled "Role of putative virulence factors of Streptococcus pyogenes in mouse models
of long-term throat colonization and pneumonia." This was a collaborative study in
which I isolated a capsule-negative B514-Sm strain by plasmid insertion mutagenesis,

with two other isogenic emm gene cluster or scp4 mutant strains constructed by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

17



18

Husmann et al. (42). The virulence of the wild-type BS14-Sm and three isogenic
mutant strains were tested in two mouse models. The third paper is the continued
studies on mga50 gene according to the results from the previous experiments with
B514-Sm. It was found that the mga gene is defective due to the point mutation(s) in
protein sequence which leads to the attenuated expression of downstream emm gene
cluster. By transforming the mga gene cloned in a plasmid from serotype 4 or 6 GAS
strains, either plasmid can complement the defective MgaS0 and restore the expression

of M-family proteins in B514-Sm.
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ABSTRACT

The strain B514, an M serotype 50 strain, is capable of causing a natural upper
respiratory infection leading to death in mice, as reported by Hook et al. in 1960 (E. W.
Hook, R. R. Wagner, and R. C. Lancefield, Am. J. Hyg. 72:111-119, 1960). Thus,
this strain was of interest for use in developing an animal model for group A
streptococcal colonization and disease. The emm gene cluster for this strain was
examined by PCR mapping and found to contain three emm family genes and cluster
pattern 5. PCR-generated fragments corresponding to the SF4 (mrp50) gene, the SF2
(emmL50) gene, and the SF3 (enn50) gene were cloned and the entire gene cluster was
sequenced. The gene cluster has greater than 97% DNA identity to previously
sequenced regions of the gene cluster of the M2 strain T2/44/RB4 if two small
divergent regions that encode the mature amino-terminus of the SF-2 and the SF-3 gene
products are not included. If expressed, the genes encode proteins which bind human
IgG (Mrp50 and EmmL50) or IgA (Enn50). However, in isolates taken directly after
passage in mouse, the surface proteins arising from these genes were barely detectabie.
The transcription of each gene in the B514 strain was investigated by Northern (RNA)
hybridization, and mRNA transcripts were detected and quantitated relative to those of
the recA gene, a housekeeping gene. Transcription of all three emm family genes was
found to be over 30-fold attenuated relative to transcription of the same genes in the
strain T2/44/RB4. This suggests that the positive regulator, Mga, is either not active in
this strain or has a different requirement for activation; it also suggests that capsule may

be sufficient to inhibit phagocytosis under this circumstance.

INTRODUCTION
Group A streptococci (GAS) are important human pathogens capable of causing
a wide variety of infections, the most common of which are nasopharyngitis and

impetigo. Of greater concern are the invasive infections such as necrotizing faciitis,
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pyom.yositis, and toxic shock syndrome, which appear to have increased in incidence
over the past decade. Rheumatic fever and acute glomerulonephritis are also poorly
understood sequelae of GAS infection. Understanding the complex pathogenesis of the
different group A streptococcal infections is important and will require knowledge of
the functions of many related and unrelated virulence factors. Among these factors are
a family of proteins which form dimeric fibrils projected from their carboxy termini
which are embedded in the wall of the bacterial cell surface (33).

Within this family are the M proteins, defined as such because of their
antiphagocytic function and thought to contain epitopes defining the antigenically
variable determinants of serotype specificity in their amino termini (24, 25). Recent
molecular analyses have revealed over 100 distinct emm family genes which encode
proteins highly similar to the M protein, most of which do not have antiphagocytic
properties but which do have other virulence-related phenotypes (18). For example,
the genes arp4 (27), enn2 (4), fcrA76 (13), and mrp4 (44) encode immunoglobulin-
binding proteins. Additional binding properties associated with members of this family
are fibrinogen, plasminogen, factor H, albumin, and C4b binding protein (1, 22, 38,
46, 49).

All of proteins encoded by emm family genes have highly similar sites towards
their carboxy termini, and by alignment of these carboxy terminal gene regions, four
divergent forms within this gene family, called subfamilies (SF1 to SF4), have been
identified (16). Individual genes in each subfamily may be mapped on the streptococcal
chromosome by PCR amplification with subfamily-specific primers. One to three
distinct copies of emm family genes are found to make up an emm gene cluster in any
one GAS strain, but each strain has a different emm cluster. The emm cluster is located
downstream from a transcriptional regulatory gene (mga, previously termed vir or mry)
(7, 39) and upstream of the scpA gene, which encodes a C5a peptidase (8). Mgaisa

positive transcription factor for the genes in the emm gene cluster and the scpA gene (9,
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32). Atleast five different chromosomal patterns of emm gene clusters have been
found by examination over 300 diverse GAS strains (16, 20), and there are significant
associations of these patterns with tissue site of isolation and with streptococcal class
@, 17).

To understand the roles of M and M-like proteins in disease pathogenesis, it is
necessary to construct and compare isogenic strains that differ in their expression of
specific M and M-like proteins in animal models of disease. There are several com-
plications when interpreting the results from animal models. First, because group A
streptococci are primarily human pathogens, the capacity for animal models to reflect
the human situation is limited to the capacity of individual strains to colonize and cause
disease in rodents. Second, there are often three M or M-like proteins in group A
streptococcal isolates from both humans and mice, rather than a single protein, so
evaluation of virulence contributions depends upon knowledge of the entire cluster.
Third, variable gene expression of the different M and M-like proteins in the same
strain has been reported, so monitoring expression is important. For these reasons we
investigated the virulence gene characteristics of a natural group A streptococcal strain
which is virulent for mice.

The M serotype 50 strain B514 was first identified as the cause of several
outbreaks of natural infections in mice (21). This strain was and is highly mucoid on
blood agar plates, indicating that it is encapsulated. This strain continues to be more
virulent for mice than other GAS strains; when administered intranasally, strain B514
had a 100% lethal dose of 105 CFU, as compared with >107 CFU for five other GAS
strains (26), and as little as 20 CFU can give an intense inflammatory response in the
mouse lymphoid tissue (50, 51). The reasons for the extreme mouse virulence of the
B514 strain are not understood. The B514 strain has also been used to study the
protective effects of vaccination (26, 45) and group A streptococcal pneumonia (23).

Therefore, this strain is of continuing interest for studies of streptococcal pathogenesis.
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To begin examining the role of multiple phenotypes associated with M and M-like
proteins in pathogenesis, the emm cluster of this strain was mapped by PCR, individual
genes of the cluster were cloned, the gene cluster was sequenced and the expression of

each gene was examined by quantitative Northern hybridization analysis.

MATERIALS AND METHODS

Bacterial strains and emm gene family nomenclature. Group A
streptococcal strain B514 is the serotype 50 typing strain, and T2/44/RB4 is the
serotype 2 typing strain (40). T2/44/RB4 was received from D. Bessen (Yale
University, New Haven, Conn.). A streptomycin-resistant spontaneous variant of
B514, recently tested in a mouse model of virulence, was received from M. Caparon
(Washington University, St. Louis, Mo.) and is designated herein as B514-Sm1.
B514-Sm2 is the same strain after an additiona! passage in laboratory medium.

The regulatory gene upstream of the emm gene cluster was previously called
either mry or vir. It is now called mga (43). All homologues of emm are referred to as
emm family genes, but the specific designation emm is reserved for genes encoding
proteins with known antiphagocytic function. Therefore, the functionally neutral terms
mrp, emmL, and enn are used for the SF4, SF2, and SF3 genes, respectively, in this

manuscript.

PCR and gene cloning. B514 chromosomal DNA was isolated by a micro-
wave method described previously (20). PCR was used to map the gene cluster with
subfamily-specific primers, to generate fragments for the cloning of individual genes,
and to generate fragments for gene-specific DNA probes for individual genes. All of
the oligonucleotide primers used in this study are listed in Table 1, and an overview
map of all the PCR fragments is included in Fig. 1. PCR reactions designed to map the

genes in the cluster were carried out as described by Hollingshead et al. (20); a standard
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TABLE 1. Oligonucleotides used for PCR mapping, cloning, and probes

Primer Sequence Descriptiona
For PCR mapping:

SF3-F 5'-GGTAGAGCTGCTCAAACAGCTACAAGACCT-3' 2409-2438 emmL2.2 (4)

SF2-F 5'-AACGCTAAAGTAGCCCCACAAAGCTAACCGT-3' 1076-1105 emmL2.1 (4)

SF4-F 5'-CCAACAAGACCATCACAAAC-3' 1318-1388 fcrA76 (13)

SF2-LDR 5'-AATCTGCAGTATTCGCTTAGAAAATTAAAA-3' 47-68 emmL2.1 (4)

SF4-LDR 5'-GAAATCCAAACAAGCACTACCTACTG-3' 24-249 fcrA76 (13)

DP-2 5'-ATCCCTAATAGTCGCTTTTGAGG-3' 2091-2062 emmé. 1, 674-645 scpA (8, 18)

SF2-R 5’-GTTAGCTTGTGGGGCTACTT-3' 1101-1076 emmL2.1 (4)

SF3-R 5’-GCTGTTTGAGCAGCTCTACC-3' 2429-2409 emmL2.2 (4)

CW-IR 5'-GAATGGGTTAGCTGTTTC-3' Composite from emm gene alignment

For cloning and probes:

UP-8 5'-TGAAAACAGCTCAAAAAAACTGACC-¥ Pair with IG5-R for cloning mrp50 (SF4)

IG5-R 5'-GGCTAGAAAAGATAGTGTGGGTTG-Y Pair with UP-8 for cloning mrp50 (SF4)

SF2-LDR 5'-AATCTGCAGTATTCGCTTAGAAAATTAAAA-3’ Pair with OM2-4 for cloningemmL50
(SF2) and with OM2-3 for cloning enn50
(SF3)

LDRALL 5'-GGATCCCCGGGCATCCGTAGCAGTCGCT-3' Probe of SF4 gene with 2127-R

2127R 5'-TTCTTGGTTGGTTGCTGCTAATT-3' Probe of SF4 gene with LDRALL

915-R 5'-GTTCTTGATAACGTTTTTCTACTTCTCG-3' Probe of SF2 gene with SF2-LDR

Enn50-F 5'-TGGAACTTCTGTAAATAATGG-3' Probe of SF3 gene with Enn50-F

245-R 5'-TTCTTTAGTAGTCTTAGCTAAAGTTGT-3' Probe of SF3 gene with 245-R

“ For all PCR mapping primers except CW-1R, the description includes position (in base pairs), gene,
and (parenthetically) applicable references(s).
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2300 : SF4-LDR/SF2-R

FIG. 1. Chromosomal map of emm gene cluster of serotype M50 strain B514. The
numbers indicate sizes in base pairs. PCR amplification with the subfamily-specific
primers shown in the bottom half of the figure was used to map three genes: an mrp50
(SF4) gene, an emmL50 (SF2) gene, and an enn50 (SF3) gene. Primers for the
amplification products are listed to the right of the lines indicating the PCR products.
Gene-specific PCR fragments that were cloned for nucleotide sequencing and smaller
fragments that were used as DNA probes are indicated below and above the genes,
respectively. The two divergent regions in the emmL50 and ennS0 genes (i.e., regions that
are significantly different from T2/44/Rb4 regions) are indicated by the two small hatched
boxes.
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PCR mixture of 50 pl containing 2.5 mM MgCl2, 200 uM each deoxynucleoside
triphosphate, 50 pmole of each primer, and 2.5 U of 7ag DNA polymerase was used
for all other PCRs, with a cycle of I min at 95 °C, 1 minat62°C, and 5 min at 72°C,
repeated 35 times. For cloning, PCR products were first purified from low-melting-
temperature agarose gels (SeaPlaque agarose; FMC) by GeneClean (BIO 101, Inc., La
Jolla, Calif.) and ligated to the pCR vector (Invitrogen Co.) before transformation into
Escherichia coli INVaF'. White colonies were picked from Luria agar plates containing
50 ug of ampicillin per ml, and the plasmid DNA was isolated to screen for plasmids
containing the DNA insert of the correct size. The plasmids pUABO21, pUAB022, and
pUABO023 contain the SF4, SF2, SF3 genes, respectively, from the emm gene cluster
of B514 that were cloned in the pCR vectors (Fig. 1).

DNA sequencing. Plasmid DNAs from pUABO021, pUABO022, and
pUABO023 were sequenced by the dideoxy chain termination method (41) following
procedures described in Sequenase manual (version 1.0; United States Biochemical
Corp.) with the primers listed in Table 1. The regions between the cloned genes were
sequenced from additional PCR fragments with an Applied Biosciences automated

DNA sequencer.

Surface protein analysis and mouse passage. Strain B514 was
passaged in mice intraperitoneally by inoculating either 106 or 104 bacteria. If death
due to sepsis had not occurred by 48 h, mice were killed at that time, and individual
organs were then dissected and homogenized. The homogenates were plated on sheep
blood agar plates, and individual bacterial colonies from each organ were chosen for
further analysis. CnBr-extracted surface proteins were analyzed by the method of

Raeder et al. (36).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

RNA purification. B514 cultures were grown in 37°C standing cultures in
Todd-Hewitt yeast broth plus 20 mM glycine in a 5% CO2--20% O2 atmosphere. Total
cellular RNA was isolated from streptococcal cultures at optical densities at 600 nm
between 0.6 and 1.0. Total cellular RNA was purified following centrifugation on CsCl

gradients and stored in the presence of vanadyl ribonucleosides as previously described

(19).

Northern hybridization. Total cellular RNA (20 pg) from each strain was
separated by electrophoresis on formaldehyde-containing agarose gels (28) and
transferred to nylon membranes by capillary transfer. The probes used for Northern
hybridization were PCR-generated fragments of each of the three genes in the emm
gene cluster of B514 that include only the gene-specific regions of each gene. These
gene-specific probes, shown on Fig. 1, included bp 181 to 1091 of the SF4 gene
(mrpA50), bp 1643 to 2036 of the SF2 gene (emmL50), and bp 3215 to 3472 of the
SF3 gene (enn50). A recA gene probe of 314 bp was previously cloned from GAS
strain D471 as described by Dybvig et al. (10). All DNA fragments used for probes

were purified from low-gelling-temperature agarose and then radiolabeled with P32 by
random primer labeling (Boehringer Mannheim Corp.). The probes had specific
activities of 2 X 106 to 5 X 106 cpm/pmole, and they were used at the concentrations
of 10 pmol/ml. Northern hybridizations were performed in 6 X SSC (1 X SSC is 0.15
M NaCl plus 0.015 M sodium citrate }—50% formamide at 42°C. Hybridization was

visualized by exposure to XAR-| x-ray film.

Quantitation of transcript levels. Radioactive bands on the blots were
quantitated by using a Molecular Dynamics Phosphorlmager. All blots that were to be

compared were exposed overnight for equivalent time periods on the same screen, and
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counts were taken. The internal radiolabeling method used for the probes allowed the
detection of small quantities of transcript (100-fold below the detection level for the
recA transcript). The recA gene transcript was used as an internal control in order to
compare the relative transcript levels of different genes in the same strain and to roughly
compare transcript levels of the same gene in different strains.

First, quantitation controls were performed to examine potential signal
variability due to loading volumes, transfer procedures, or stripping of blots for
reprobing. There was no loss of signal with stripping of blots, and there was less than
a twofold difference in duplicate samples. For experimental runs, three identical blots
were first probed with the three emm-specific probes; then the blots were stripped and
reprobed with the recA4-specific probe. Ratios of each emm gene transcript to the rec4
transcript from the same lane and the same blot were then calculated for reporting. In
comparing the PhosphorImager counts of different transcripts, corrections for differing
probe length were included. Any differences greater than 10-fold remaining after a

correction for probe length were considered significant.

Nucleotide sequence accession number. The DNA sequence of the emm
gene cluster for serotype M50 has been submitted to GenBank, and the nucleotide

accession number is U520008.

RESULTS
PCR mapping of the gene cluster and cloning of individual genes.
PCRs were carried out with subfamily-specific primer pairs to examine the structure
and order of the emm gene cluster of M50 strain B514 as described previously (20).
Figure 1 shows the approximate sizes and locations of amplified PCR products of the

B514 chromosomal DNA, on the basis of which the strain was shown to have
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chromosomal pattern 5. The order of genes in B514 is SF4 gene-SF2 gene-SF3 gene,
and they are located between the mga and scpA4 genes. In order to sequence the
individual genes from strain B514, PCR products that encompassed most of each gene

were individually cloned in the plasmids pUABO21, pUABO022, and pUABO23 (Fig.

).

DNA sequence. Figure 2 shows the DNA sequence of the entire emm gene
cluster of BS14. The gene cluster of serotype M50 strain-B514 is over 97% identical to
the gene cluster of serotype M2 strain T2/44/RB4 with the exception of two divergent
regions characteristic of mosaic genes. The two small divergent regions between the
M50 and M2 strains (hatched boxes on the map in Fig. 1) are present near the amino
termini, immediately after the signal peptide, in both the SF2 and the SF3 genes. In the
M2 strain, both the SF2 gene (emmL2. I) and the SF3 gene (emml2.2) were
previously characterized for immunoglobulin-binding characteristics and completely
sequenced (4) and the SF4 gene was partially sequenced (5).

The SF4 gene (mrp50) encodes a protein with 97% identity to FcrA76 which
binds the Fc region of human immunoglobulin G1 (IgG1), IgG2, and IgG4 proteins.
Like other SF4 genes, instead of having central C repeat regions, the mrp50 gene has
three A repeat regions which have been characterized in fcr476 and mrp4 genes as
being the binding site for the IgG Fc (13, 31). Therefore, the mrp50 gene encodes an
IgG-binding protein. Protein expressed from this gene in E. coli binds human IgG
when expressed and purified in vitro (data not shown).

The SF2 gene, emmL50, also encodes a potential IgG-binding protein. Its
sequence is highly similar (97% identity) to that of the gene emm/L2. I, in the entire
coding region with the exception of a small region encoding amino acids 1 to 81 of the

mature protein (bp 1749 to 1990). The remaining portion of the mature protein
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FIG. 2. Nucleotide and deduced amino acid sequences of emm gene cluster in the
M350 serotype strain B514. DNA sequence was determined by dideoxy sequence analysis
with the clones and PCR-generated fragments shown in Fig. 1. Putative promoter
sequences (-35 and -10) and ribosomal binding sites are indicated by boldface
underlining. The inverted repeats that may serve as potential transcriptional terminator
structures are indicated by nonbold underlining. Amino acid residue numbers are given,
beginning with the first residue of the processed forms, on the basis of sequence
similarity with the leader sequences of other M and M-like protein genes. The mrp50
(SF4) gene, as indicated here, contains A repeats (A). C repeats (C) are present in
emmL50 and enn50 genes. The intervening spacers (S) are indicated The pound signs are

directly above the IgA binding site in the enn50 (SF3).
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contains regions homologous to protH (SF1), emm49 (SF2), and emmL2. I (also
SF2), all of which bind to the IgG Fc region (4, 11, 12). Mutations in the homologous
region in recombinant molecules of protH and emmL2. I affect IgG binding (6). A
recombinant emm30 gene product expressed in vitro was also shown to bind human
IgG (data not shown).

The 5' end of the SF3 gene of strain B514 contains a domain (amino acids 24 to
32 [ALRGENADLR] ) identical to that required for IgA binding in emmL2.2 (SF3) (2)
and similar to that in the genes arp+ and arp60 (SF2) (14), which are also human IgA-
binding proteins. Again, protein from this gene expressed in vitro was found to bind

human IgA (data not shown), although there is a published report that strain B514 does

not bind IgA (42).

CnBr-extracted surface proteins. The method of Raeder et al. (36) was
used to examine the expression of surface proteins in B514. This procedure
preferentially releases the emm gene family proteins in all streptococcal strains in which
it has been examined (36). CnBr extraction of B514 resulted in very little surface
protein relative to the amounts obtained from extraction of other strains even upon

concentration (data not shown).

RNA transcripts. Transcription of each of the three genes in the emm gene
cluster in B514 was analyzed by Northern hybridization gels. PCR fragments from the
5' end region of each gene were used as the mrp50, emmL50, and enn50 probes (Fig.
1); limiting probes to the 5' end of each gene makes them gene specific and allows the
differentiation of the transcripts of the three separate family members in the emm gene
cluster. A transcript of the recA gene of Streptococcus pyogenes was used as the

internal marker for standardization of the loading quantities of RNA samples.
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Figure 3 displays the autoradiographs of individual gene transcripts of the emm
gene cluster of B514. Monocistronic RNA transcripts of each of the three genes in the
emm gene cluster were detected, with sizes appropriate for previously described
transcriptional start and stop sites of these genes (15, 34). Duplicate cultures and RNA
preparations of the mouse-virulent strain B514 showed the same levels of each relative
transcript. The transcripts of the mrp50 and emmL50 genes were detected in quantities
similar to that of a recA transcript for a housekeeping gene, but the enn50 gene trans-
cription level was nearly 50-fold lower and barely detectable above the background.
The very low level of the enn50 transcript in B514 might explain the inability of Shalen
to detect cell surface binding of human IgA in B514 (42).

In order to quantitate the relative expression levels of these three genes in strains
B514 and T2/44/RB4, ratios of counts detected for emm transcripts to counts detected
for recA transcripts on the same gels were calculated (Table 2). Rough estimates of the
relative transcript levels for genes in the emm cluster of each strain can be made from
the values in Table 2. Thus, the ratio of mrp50 transcripts to emm/L50 transcripts in
strain B514 was roughly 1:1, while the ratios of both mrp50 and emmL50 transcripts to
those of the enn50 gene in B514 were approximately 35:1. In strain T2/44/RB4, the
ratio of transcripts within the gene cluster (mrp:emmL:enn) was similar to the internal
ratio in BS14 (Table 2), but T2/44/RB4 differed from B514 in that it had much more
abundant levels of all three emm family transcripts in cultures grown under identical

laboratory conditions (Fig. 3).

Analysis of emm family gene expression after passage in mice.
To determine if the very low levels of gene expression were significantly different from
the gene expression during passage in mice, individual B5 14 isolates from dying mice
were examined. Bacteria were introduced to mice by the intraperitoneal route, and

individual isolates from dessimination sites such as the spleen, lung, and brain were
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FIG. 3. Northern hybridization to show relative transcript levels in T2/44/RB4 (M2) and two isolates of strain B514
(M50-Sm1 and-Sm2). All strains had been recently passaged in mice, and RNA was extracted from cells grown in vitro
under Mga-positive conditions. In this experiment, DNA probes specific for mrp50, emmL50, and enn50 genes
included only the region that encodes the 5' mature end of each protein (shown in Fig. 1). (A) Transcripts detected with
the mrp50 probe (SF4); (B) transcripts detected with the emmL50 probe (SF2); (C) transcripts detected with the enn50
probe (SF3). Each lane contains 20 g of total cellular RNA from each culture. The exposure time was 4 h (A and B)
and 48 h (C). The positions of two ribosomal RNAs are shown on the left. The bottom half of each panel shows the
recA transcript detected on the same blot, used as the internal standard.
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TABLE 2. Ratios of counts of specific emm gene transcripts
to those of recA control transcript?

Transcript ratio in strain

Gene probe
B514 (M50) T2/44/RB4(M2)
SF4 gene (mrp50) 0.7 32
SF2 gene (emmL50) 0.6 59
SF3 gene (enn30) 0.02 2

a Corrections were made for variations in probe length.

examined for surface proteins by the CnBr extraction method. All of the individual
B514 isolates from mice had undetectable surface protein expression compared with
that of two other group A strains (Fig. 4). Gene cluster expression in fresh passage
isolates was indistinguishable from that in the isolate in which expression was initially
quantitated. We infer that expression of this gene cluster may not be critical for
virulence in this model system and that phase variation to an "on" state is not the usual
outcome of passage of this strain in mice. Additionally, all isolates obtained after
passage in mice were highly mucoid on blood agar plates, suggesting high-level

expression of the capsule in B514 isolates in vivo as well as in vitro.

DISCUSSION
Strain B514 is important for mouse models of group A streptococcal infection
because it causes natural infections in mice. On the basis of the DNA sequence of the
emm gene cluster in strain B514, it is evident that there are two genes that encode
probable IgG- binding proteins and one gene that encodes a probable IgA-binding
protein. Binding studies of proteins produced in vitro from cloned genes showed the
predicted binding capabilities (data not shown); however, our studies show that these

genes are not expressed in the streptococcal host. By PCR mapping, the emm gene
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FIG. 4. CnBr extracts of surface proteins from B514-Sm1, from control
strains, and from individual isolates obtained immediately after passage in mice.
Lane 1, size standards; lanes 2 and 5, protein from an M2 strain and an M55
strain, respectively, isolated from mice (positive controls for strains expressing
emm loci proteins); lanes 6 to 10, CnBr-extracted proteins from isolated obtained

immediately after passage in mice. Stds., standards.
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cluster was characterized as having chromosomal pattern 5, which has SF4, SF2, and
SF3 genes located between mga and scpA genes. This pattem is positively associated

with the ability to produce a serum opacity factor (SOF) that causes mammalian sera to
become opalescent (3, 20). In our collection, 89% of pattern 5 strains are SOF+, while

only 2% of non-pattern 5 strains are SOF™. B514 is SOF-, even though it is a pattern
5 strain, and it fails to produce a serum opacity factor.

The sequence of the M50 gene cluster was >97% identical to that of the gene
cluster of a serotype M2 strain, T2/44/RB4, except for two small regions near the
amino termini of the SF2 gene (81 amino acids) (Fig. 2) and the SF3 gene (23 amino
acids) (Fig. 2). One of these two heterogeneous regions may define the M50 type-
specific domain of B514, differentiating M50 strains from M2 strains in the Lancefield
serotyping system for group A streptococci. Although serotype M2 strains are
frequently reported to be associated with human infections, M2 strains are not virulent
for mice unless they have been passaged several times through mice to select for
virulent variants. In contrast, the serotype M50 strains are not usually found among
human isolates, and are among the very few group A streptococci originating from

multuple mouse colony outbreaks (21).

Low transcript levels for entire cluster in strain BS14. Although
transcripts of all three genes in strain B514 could be detected, quantitation studies
revealed at least 30-fold less transcript in B514 than in strain T2/44/RB4 (Table 2).
The low expression levels were initially surprising because laboratory passage of the
strain had been minimized after recent testing for full virulence in mice and care was
taken to use growth conditions under which maximum expression of emm genes has
been obtained. Low levels of expression were consistently found for multipie RNA

preparations made from the same strains. The low transcript levels did seem to explain
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our inability to detect surface proteins in B514 by a cyanogen bromide extraction
procedure (Fig. 4). In most streptococcal strains, two or more proteins are extracted
by this procedure, but with B514 very little, if any, protein is extracted.

The very low level of transcription of all three genes in the M50 cluster may
represent the uninduced levels of transcription for these genes. These genes are
positively regulated by the protein Mga (previously called Mry or Vir) (7), and the
regulation involves binding of Mga protein to conserved sites present near the -35
region of the promoters of these genes (29, 34). All of the sequences of the promoter
regions are identical in strains B514 and T2/44/RB4 (Fig. 2), so regulation site
differences are unlikely to explain the difference in expression between these two
strains. Thus, the extremely low level of expression in B514 may indicate that the mga
gene is either defective or only active under conditions that differ from those required
by most streptococcal strains. Footprinting experiments have identified an Mga-
binding site for the emm6 gene and the scpA gene located near the -35 region of only
one of the two promoters for these genes identified by primer extension experiments
(37). Itis possible that the basal level of transcription found in the B514 strain results
In transcripts originating from promoters that are not under the control of the Mga gene

product. A defectin Mga expression in this strain may also explain why the strain is

SOF- even though it is a pattern 5 strain. DNA sequence of the sor gene locus

revealed a promoter sequence that matches the consensus for Mga binding (29, 37).

The SF3 gene is poorly expressed relative to other genes. As has
been previously reported for the genes in this regulon (4, 34), there was a large
difference in the relative transcript levels for different genes in the emm gene cluster of
a specific strain. For example, the SF2 transcript was 30-fold more abundant than the
SF3 gene transcript in both the T2/44/RB4 strain and B514 strain (Table 2). This

quantitative estimate of difference in transcription levels is consistent with the over 32-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

fold difference seen by Bessen and Fischetti (4) and the 16-fold difference for
analogous transcripts in strain CS101 seen by Podbielski et al. (34) as well as with
additional reports of low-level expression of a gene in this position (48). This could be
the result of differential regulation of individual promoters or of differences in promoter
strength.

A recent publication highlighted a role for group A streptococcal capsule in
pharyngeal colonization of mice (47). The B514 strain is highly mucoid and
encapsulated. If the roles in pathogenesis for the capsule and the emm gene cluster are
overlapping, encapsulation may be important for the virulence of strain B5 14 for mice
in light of the poor expression of emm genes in this strain. Whether these roles are
equivalent to the roles in human infections is very difficult to address, but strains of
certain M serotypes are frequently heavily encapsulated.

Switching from high to low expression of M proteins is referred to as phase
variation, and the molecular mechanism by which phase variation occurs is unknown
(39). To further test whether in vivo expression of the gene cluster was likely to be
much higher in strain B514, passages in mice were performed and expression of this
gene cluster in multiple isolates sampled from body sites of dissemination was
examined. The low-level-expression or "off " state of this gene cluster in the mouse
isolate appeared to be the usual state (Fig. 4).

The emmL30 gene was found to have a mosaic structure. The heterogeneous
81-bp that was different from emmL2. ] sequence was instead very similar (>80%
identity) to the published sequence of enn5.6183.2, which is from a serotype 5 strain
(48). The enn-3.6183.2 gene is in a subfamily distinct from emmL2. I or emmL50;
genes in different subfamilies show an average divergence of 17-27% while genes in
the same subfamily show an average divergence of 3%. The MS5 strain from which the
enn’.6183.2 gene was isolated has emm gene cluster pattern 2, containing two SF1

genes and none from the other subfamilies. The cluster patterns are also thought to
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have resulted from evolution of this multigene regulon. The mosaicism of the emmL50
gene could be explained if a recombination event occurred between an M2-like strain
and a strain carrying an enn5.6/83.2-like gene. This could result in most of the
emm30 gene being almost identical to an emm2. / gene while another part of the gene is
almost identical to the enn>-like gene. The difference in chromosomal patterns (or gene
context) suggests that past recombination events involved horizontal transfer between
strains that were genetically quite distant from each other, at least with respect to this
particular segment of the chromosome. Evidence for the contribution of horizontal

transfer events in the evolution of the e:mm gene family has recently been discussed (5,

17, 30, 35, 48).

ACKNOWLEDGEMENTS
The work was supported by a grant-in-aid from the American Heart Association
to SKH. Computer support was provided in part by a grant to the Center for AIDS
Research (P30 AI27767) at the University of Alabama at Birmingham.
We are indebted to Terri L. Readdy and to Debra Bessen for discussions
throughout the course of this work and to Linda Husmann and June Scott for sharing

unpublished data regarding the B514 strain animal models.

REFERENCES

1. Berge, A., and U. Sjobring. 1993. PAM, a novel plasminogen-binding
protein from Streptococcus pyogenes. J. Biol. Chem. 268:25417-25424.

2. Bessen, D. E. 1994. Localization of immunoglobulin A-binding sites within M
or M-like proteins of group A streptococci. Infect. Immun. 62:1968-1974.

3. Bessen, D. E., and V. A. Fischetti. 1990. Differentiation between two
biologically distinct classes of group A streptococci by limited substitutions of
amino acids within the shared region of M protein-like molecules. J. Exp. Med.
172:1757-1764.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40



10.

11.

12.

13.

14.

15.

41

Bessen, D. E., and V. A. Fischetti. 1992. Nucleotide sequences of two
adjacent M or M-like protein genes of group A streptococci: different RNA
transcript levels and indentification of a unique immunogiobulin A-binding
protein. Infect. Immun. 60:124-135.

Bessen, D. E., and S. K Hollingshead. 1994. Allelic polymorphism of
emm loci provides evidence for horizontal gene spread in group A streptococci.
Proc. Natl. Acad. Sci. USA 91:3280-3284.

Bessen, D. E., and S. K. Hollingshead. 1995. Horizontal transfer and
mosaic-like emm gene structures in group A streptococci, p. 169-173. InJ.J.
Feretti, M. S. Gilmore, T. R. Klaenhammer, and J. Brown (ed.), Genetics of
streptococci, enterococci and lactococci. Karger, Basel.

Caparon, M. G., and J. R. Scott. 1987. Identification of a gene that
regulates expression of M protein, the major virulence determinant of group A
streptococci. Proc. Natl. Acad. Sci. USA 84:8677-8681.

Chen, C. C., and P. P. Cleary. 1990. Complete nucleotide sequence of the
streptococcal C5a peptidase gene of Streptococcus pyogenes. J. Biol. Chem.
265:3161-3167.

Cleary, P. P., LaPenta, D., Heath, D., Haanes, E. J. and C. Chen.
1991. A virulence regulon in Streptococcus pyogenes, p. 147-151. In G. M.
Dunny, P. P. Cleary and L. L McKay (ed.).Genetics and molecular biology of
streptococct, lactococci and enterococci. American Society for Microbiology.

Washington, D. C.

Dybvig, K., S. K. Hollingshead, D. Heath, D. Clewell, F. Sun,
and A. Woodard. 1992. Degenerate oligonuclectide primers for enzymatic
amplification of recA sequences from gram-nosi: acteria and mycoplasmas. J.
Bacteriol. 174:2729-2732.

Frick, I. M., P. Akesson, J. Cooney, U. Sjobring, K.-H. Schmidt,
H. Gomi, S. Hattori, C. Tagawa, F. Kishimoto, and L. Bjorck.
1994. Protein H—-a surface protein of Streptococcus pyogenes with separate
binding sites for IgG and albumin. Mol. Microbiol. 12:143-151.

Haanes, E. J., and P. P. Cleary. 1989. Identification of a divergent M
protein gene and an M protein-related gene family in Streptococcus pyogenes
serotype 49. J. Bacteniol. 171:6397-64C8.

Heath, D. G., and P. P.Cleary. 1989. Fc-receptor and M-protein genes of
group A streptococci are products of gene duplication. Proc. Natl. Acad. Sci.
USA 86:4741-4745.

Heden, L., and G. Lindahl. 1993. Conserved and variable regions in
protein Arp, the IgA receptor of Streprococcus pyogenes. J. Gen. Microbiol.
139:2067-2074.

Hollingshead, S. K. 1987. Nucleotide sequences that signal the initiation of
transcription for the gene encoding type 6 M protein in Streptococcus pyogenes,
p. 98-100. /nJ.J. Feretti and R. Curtiss III (ed.), Streptococcal genetics.
American Society for Microbiology, Washington, D. C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16.

17.

18.

19.

20.

21.

22.

23.
24.

26.

28.

Hollingshead, S. K., J. Arnold, T. L. Readdy, and D. E. Bessen.
1994. Molecular evolution of a multigene family in group A streptococci. Mol.
Biol. Evol. 11:208-219.

Hollingshead, S. K., and D. E. Bessen. 1995. Evolution of the emm
gene family: virulence gene clusters in group A streptococci, p. 163-169. /nJ.
J. Feretti, M. S. Gilmore, T. R. Klaenhammer and J. Brown (ed.), Genetics of
streptococci, enterococci and lactococci. Karger, Basel.

Hollingshead, S. K., V. A. Fischetti, and J. R. Scott. 1986.
Complete nucleotide sequence of type 6 M protein of the group A streptococcus.
J. Biol. Chem. 261:1677-1686.

Hollingshead, S. K., V. A. Fischetti, and J. R. Scott. 1987. Size
vanation in group A streptococcal M protein is generated by homologous
recombination between intragenic repeats. Mol. Gen. Genet. 207:196-203.

Hollingshead, S. K., T. L. Readdy, D. L. Yung, and D. E.
Bessen. 1993. Structural heterogeneity of the emm gene cluster in group A
streptococci. Mol. Microbiol. 8:707-717.

Hook, E. W,, R. R. Wagner, and R. C. Lancefield. 1960. An
epizootic in Swiss mice caused by a group A streptococcus, newly designated
type 50. Am. J. Hyg. 72:111-119.

Horstmann, R. D., H. J. Sievertsen, J. Knobloch, and V. A.
Fischetti. 1988. Antiphagocytic activity of Streptococcal M protein: selective
bi6n6ding of complement control factor H. Proc. Natl. Acad. Sci. USA 85:1657-
1661.

Husmann, L., and J. R. Scott. Personal communication.

Jones, F. K., and V. A. Fischetti. 1988. The importance of the location of
antibody binding on the M6 protein for opsonization and phagocytosis of group A
M6 streptococci. J. Exp. Med. 167:1114-1123.

Kraus, W., E. Haanes-Fritz, P. P. Cleary, J. M. Seyer, J. B. Dale,
and E. H. Beachey. 1987. Sequence and type-specific immunogenicity of the
amino-terminal region of type 1 streptococcal M protein. J. Immunol. 139:3084-
3090.

Kurl, D. N., A. Stjernquist-Desatnik, C. Schalen, and P.
Christensen. 1885. Induction of local immunity to group A streptococci type
M350 in mice by non-type-specific mechanisms. Acta. Path. Microbiol. Immunol.
Scand. Sect. B Microbiol. 93:401-405.

Lindahl, G. 1989. Cell surface proteins of a group A streptococcus type M4:
the IgA receptor and a receptor related to M proteins are coded for by closely
linked genes. Mol. Gen. Genet. 216:372-379.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular cloning:
%{ laboratory manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, N.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

43

Meclver, K. S., A. S. Heath, B. D. Green, and J. Scott. 1995.
Specific binding of the activator Mga to promoter sequences of the emrm and scpA
genes in the group A streptococcus. J. Bacteniol. 177:6619-6624.

Musser, J. M., V. Kapur, J. Szeto, X. Pan, D. S. Swanson, and
D. R. Martin. 1995. Genetic diversity and relationships among Streptococcus
pyogenes strains expressing serotype M1 protein: recent intercontinental spread
of a subclone causing episodes of invasive disease. Infect. Immun. 63:994-

1003.

O'Toole, P., L. Stenberg, M. Rissler, and G. Lindahl. 1992. Two
major classes in the M protein family in group A streptococci. Proc. Natl. Acad.
Sci. USA 89:8661-8665.

Perez-Casal, J., M. G. Caparon, and J. R. Scott. 199]1. Mry, a trans-
acting positive regulator of the M protein gene of Streplococcus pyogenes with
similanty to the receptor proteins of two-component regulatory systems. J.
Bacteriol. 173:2617-2624. _

Phillips, G. N., P. F. Flicker, C. Cohen, B. N. Manjula, and V.
A. Fischetti. 1981. Streptococcal M protein: alpha-helical coiled coil structure
and arrangement on the cell surface. Proc. Natl. Acad. Sci. USA 78:4689-4693.

Podbielski, A., Flosdorff, A. and Weber-Heynemann, J. 1995. The
group A streptococcal virR49 gene controls expression of four structural vir
regulon genes. Infect. Immun. 63:9-20.

Podbielski, A., B. Krebs, and A. Kaufhold. 1994. Genetic variability of
the emm-related genes of the large vir regulon of group A streptococci: potential
intra- and intergenomic recombination events. Mol. Gen. Genet. 243:691-699.

Raeder, R., R. A. Otten, L. Chamberlin, and M. D. P. Boyle. 1992.
Functional and serological analysis of type II immunoglobulin G-binding
proteins expressed by pathogenic group A streptococci. J. Clin. Microbiol.
30:3074-3081.

Rakonjac, J. V., J. C. Robbins, and V. A. Fischetti. 1995. DNA
sequence of the serum opacity factor of group A streptococci: identification of a
fibronectin-binding repeat domain. Infect. Inmun. 63:622-631.

Retnoningrum, D. S., and P. P. Cleary. 1994. M12 protein from
Strepto-coccus pyogenes is a receptor for immunoglobulin G3 and human
albumin. Infect. Immun. 62:2387-2394.

Robbins, J. C., J. G. Spanier, S. J. Jones, W. J. Simpson, and P.
P. Cleary. 1987. Streptococcus pyogenes type 12 M protein gene regulation by
upstream sequences. J. Bacteriol. 169:5633-5640.

Rotta, J., R. M. Krause, R. C. Lancefield, W. Everly, and H.
Lackland. 1971. New approaches for the laboratory recognition of M types of
group A streptococci. J. Exp. Med. 134:1298-1315.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

Sanger, F., S. Miklen, and A. R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74:5463-5467.

Schalen, C. 1993. Prevalence of IgA receptors in clinical isolates of
Streptococcus pyogenes and Steptococcus agalactiae: serologic distinction
between the receptors by blocking antibodies. FEMS Immunol. Med. Microbiol.

7:39-46.

Scott, R. J., P. P. Cleary, M. G. Caparon, M. Kehoe, L. Heden,
J. M. Musser, S. K. Hollingshead, and A. Podbielski. 1995. New
name for the positive regulator of the M protein of group A Streptococcus. Mol.
Microbiol. 17:799.

Stenberg, L., P. O'Toole, and G. Lindahl. 1992. Many group A
streptococcal strains express two different immunoglobulin-binding proteins,
encoded by closely linked genes: characterization of the proteins expressed by
four strains of different M-type. Mol. Microbiol. 6:1185-1194.

Stjernquist-Desatnik, A., D. N. Kurl, C. Schalen, and P.
Christensen. 1990. Protective effect of heterologous gram-positive vaccine
against lethal upper respiratory tract infection with type M50 group A streptococci
in mice. Vaccine 8:150-152.\

Thern, L. Stenberg, Dahlbick, and G. Lindahl. 1995. Ig-binding
surface proteins of Streptococcus pyogenes also bind human C4b-binding protein
(C4BP), a regulatory component of the complement system. J. Immunol.
154:375-386.

Wessels, M. R., and M. S. Bronze. 1994. Critical role of the group A
streptococcal capsule in pharyngeal colonization and infection in mice. Proc. Natl.
Acad. Sci. USA 91:12238-12242.

Whatmore, A. M., and M. A. Kehoe. 1994. Horizontal gene transfer in
the evolution of group A streptococcal emm-like genes: gene mosaics and
variation in Vir regulons. Mol. Microbiol. 11:363-374.

Whitnack, E., J. B. Dale, and E. H. Beachey. 1984. Common
protective antigens of group A streptococcal M proteins masked by fibrinogen. J.
Exp. Med. 159:1201-1212.

Wildfeuer, A., B. Heymer, W. Schachenmayr, and O. Haferkamp.
1975. Morphological and immunological characteristics of Streptococcus
pyogenes, Group A, type 50. Med. Microbiol. Immunol. 161:193-201.

Wildfeuer, A., B. Heymer, H. Schafer, and O. Haferkamp. 1978.
The cervical lymph nodes in Streptococcus pyogenes, group A, type 50, infection
in mice. Med. Microbiol. Immunol. 165:129-137.

Editor: V. A. Fischetti

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ROLE OF PUTATIVE VIRULENCE FACTORS OF STREPTOCOCCUS PYOGENES
IN MOUSE MODELS OF LONG-TERM THROAT COLONIZATION AND
PNEUMONIA

by

LINDA K. HUSMANN, DER-LI YUNG, SUSAN K. HOLLINGSHEAD, AND
JUNE R. SCOTT

Infection and Immunity, 1996, 65, 1422-1430

Copyright
1996
by
American Society for Microbiology
Used by permission

Format adapted for dissertation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



'ABSTRACT

To investigate the role of putative virulence factors of Streptococcus pyogenes
(group A streptococcus, GAS) in causing disease, we introduced specific mutations in
GAS strain B514, a natural mouse pathogen, and tested the mutant strains in two
models of infection. To study late stages of disease, we used our previously described
mouse model (C3HeB/FeJ mice) in which pneumonia and systemic spread of the
streptococcus follow intratracheal inoculation. To study the early stages of disease, we
report here a model of long-term (at least 21 days) throat colonization following
intranasal inoculation of CS7BL/10SnJ mice. When the three emm family genes of
GAS strain B514-Sm were deleted, the mutant showed no significant difference from
the wild type in induction of long-term throat colonization or pneumonia. We
inactivated the scp4 gene, which encodes a complement C5a peptidase, by insertion of
a nonreplicative plasmid and found no significant difference from the wild type in the
incidence of throat colonization. However, there was a small but statistically significant
decrease in the incidence of pneumonia caused by the scp4 mutant. Finally, we
demonstrated a very important effect of the hyaluronic acid capsule in both models.
Following intranasal inoculation of mice with a mutant in which a nonreplicative
plasmid was inserted into the hasA4 gene, which encodes hyaluronate synthase, we
found that all bacteria recovered from the throats of the mice were encapsulated
revertents. Following intratracheal inoculation with the has4 mutant, the incidence of
pneumonia within 72 h was significantly reduced from that of the control strain (P =
0.006). These results indicate that the hyaluronic acid capsule of S. pyogenes
B514 confers an important selective advantage for survival of the bacteria in the upper
respiratory tract and is also an important determinant in induction of pneumonia in our

model system.
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INTRODUCTION

The group A streptococcus (GAS, Streprococcus pyogenes) is a serious human
pathogen, both because of its prevalence and because some of the diseases it causes are
severe and even fatal. While uncomplicated pharyngitis is the disease syndrome most
commonly associated with this organism, the GAS is also capable of causing a variety
of invasive diseases, including necrotizing fasciitis, myositis, bacteremia, streptococcal
toxic shock syndrome, and pneumonia. In addition, the delayed sequelae of rheumatic
fever and acute glomerulonephritis may follow some types of GAS infection in some
people.

The goal of the present study was to examine the importance of several putative
virulence factors in the early and late stages of GAS respiratory disease in mouse model
systems. For these studies, we used strain B514-Sm, a spontaneous streptomycin-
resistant derivative (19) of GAS B514 (type M50), which was originally isolated from
Swiss Webster mice and is a natural cause of respiratory disease in these animals (18).

The primary virulence factor of GAS is considered to be the surface-located M
protein (23). Although all M proteins have a dimeric coiled-coil structure similar to that
of tropomyosin and are attached to the GAS surface by their carboxyl-terminal regions,
the serological type of M protein differs from strain to strain because the sizes and
sequences of these proteins are highly variable. M proteins are defined by their ability
to protect the GAS from phagocytosis by polymorphonuclear leukocytes, a function
that has been directly demonstrated by the use of isogenic strain pairs for M6 (28, 36)
and M24 (9). The antiphagocytic role of other serological types of M protein has been
demonstrated in other strains by showing that anti-M antibodies inhibit the function of
M protein and allow phagocytosis of the bactena.

A protein with sequence similarity to M proteins is termed M related if the GAS
strain expressing it has not yet been tested in a phagocytosis assay. Adjacent to the

gene encoding the M protein (emm), many GAS strains have one or two genes for M-
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reiated proteins with various degrees of structural relatedness to the M protein. They
are classified into subfamilies 1 to 4 (SF1 to SF4) on the basis of sequence identities in
the conserved carboxyl termini (143 amino acids) required for attachment to the
streptococcal surface (17). Often these predicted proteins also include the conserved C
repeat region and sometimes the heptad amino acid pattern responsible for the coiled-
coil structure of M proteins.

The protection from phagocytosis afforded by M proteins appears to be caused
by interference with the alternative complement pathway (4, 30) and may involve the
binding of fibrinogen (44, 45). Although the only region whose amino acid sequence
is conserved among all M proteins is the C repeat region located near the carboxyl
termini of the molecules (37), this region is not required for fibrinogen binding (1) or
for resistance to phagocytosis (29). An additional potential virulence role for M family
proteins has been suggested on the basis of another function shared by many of them:
the ability to bind one or more types of immunoglobulin (Ig). Ig binding by the GAS
might confer a selective advantage for invaseness (32) or be important for survival of
the bacteria during certain types of disease syndromes (3).

Yung and Hollingshead recently showed that GAS strain B514 has three emm
family genes (SF4 or mrp30, SF3 or enn50, and SF2 or emmL50) arranged in cluster
pattern 5 (48). Recently, several serologically different SF4 M-related proteins (Mrps)
in different GAS strains have been implicated in inhibiting GAS binding to phagocytes
and in survival of some strains of GAS in human blood (31). Although the emm-
related genes of BS14 are expressed little if at all when this strain is grown under
laboratory conditions (48), they may be expressed in vivo, and if so, possibly the SF2
protein (encoded by emmL50) and also the SF4 protein (encoded by mrp50) would be
expected to play an antiphagocytic role (31). In addition, Mrp50 and EmmL50 have
been shown to bind human IgG and EnnS50 to bind IgA (48).
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Another surface protein of GAS considered to be a potential virulence factor is
the C5a peptidase, which cleaves the C5a component of complement both in humans
(43) and in mice (20). Because C5a may be involved in attracting phagocytic cells that
might assist in clearing the infecting GAS, cleavage of C5a is thought to protect the
bacteria from immune detection and may be important in the early stages of infection
(20).

The surface-located hyaluronic acid capsule of the GAS has also recerved
considerable attention as a possible virulence factor (10, 40, 41, 42, 46). Many of the
GAS isolates associated with the resurgence of rheumatic fever during the mid-1980s
were mucoid (21), which suggests that the capsule may be important in certain types of
GAS disease. Strain B514 has a very mucoid phenotype on agar medium, -indicating
that it is encapsulated. Viscosity measurements and microscopic examination confirm
this conclusion (our unpublished data).

To study the role of these potential GAS virulence factors in invasive disease,
we used our recently developed model of pneumonia and systemic spread following
intratracheal inoculation of strain BS14-Sm in C3HeB/FeJ mice (19). To investigate
the earlier stages of disease, we used an inbred mouse strain reported to be less
sensitive to GAS (22), strain C57BL/10SnJ. Following intranasal inoculation, we find
long-term throat colonization of these mice without significant systemic infection.
Thus, we were able to evaluate the role of each of these potential virulence factors in the
establishment of GAS respiratory infections ard in the late stages of GAS disease by

using these mouse models.

MATERIALS AND METHODS
Animals. Virus-antibody-free, 4- to S-week-old female C3HeB/FeJ and 5- to
7- week-old male C57BL/10SnJ mice were obtained from Jackson Laboratories (Bar

Harbor, Maine). Mice were housed on hardwood chip bedding in microisolator cages
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in a room kept at 23 + 2'C with 50 to 60% relative humidity and a 12-h light-dark
cycle. Mice were given tap water and commercial rodent chow (Purina Rodent Chow
2001, Ralston Purina, St. Louis, Mo. U.S.A.) ad libitum. The animals were housed
five per cage, were randomly assigned to treatment groups, and were acclimated to the
laboratory environment a minimum of 6 days before inoculation.

All protocols involving animals were approved by the Institutional Animal Care

and Use Committee.

Bacterial strains. Escherichia coli DH5a (14) was used for molecular
cloning experiments. S. pyogenes B514-Sm (type M50) (19) is a spontaneous
streptomycin-resistant derivative of strain B514/33, a natural mouse pathogen (18). S.
pyogenes JRS4 is a spontaneous streptomycin-resistant derivative of a clinical M6
isolate (strain D471) from the Rockefeller University collection (12). S. pyogenes
JRS145 is a derivative of strain JRS4 in which the chloramphenicol acetyltransferase

gene from Bacillus pumilus is fused to the emm6 promoter in place of the emmo6. /

gene (6).

Media. E. coli was grown in Luria broth (35). §. pyogenes was cultured in
brain heart infusion broth (Remel, Lenexa, Kans.) made up at twice the recommended
concentration (2X) and containing supplement B (Difco Laboratories, Detroit, Mich.)
(19) or on Todd-Hewitt agar (THA). Kanamycin was used at 300 or 500 pg/ml for S.
pyogenes and at 40 pug/ml for £ coli. Spectinomycin was used at 100 ug/ml for both

species.
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Plasmid and strain constructions. The scpA4 gene of strain B514-Sm was
disrupted by insertion of a nonreplicative plasmid as follows. (Because scp4 produces
a monocistronic message, no downstream polar effects of the insertion should occur.)
An internal fragment of scpA (7) was amplified from B514-Sm by PCR with the oligo-
nucleotides GGAATTCCCTCAAAAGCGACTATTAGGGAT (scpAfor) and GGGG-
CCCCGTCTTTTCGACTGATAAAG (scpAl0) (Fig. 1). We found that this amplified
fragment contained an EcoRI site approximately 100 bp from the 3' terminus.
Therefore, we digested this fragment with EcoRI and inserted it into the unique
(polylinker) EcoRI site of pCIV2 to create pJRS4012. Plasmid pCIV2is a pUC18
derivative which has the omega Km-2 interposon (aphA43 kanamycin resistance gene
flanked by transcriptional and translational terminators) (27) in place of the beta-

lactamase gene (25). Plasmid pJRS4012 was electroporated into GAS strain B514-

Sm, and kanamycin-resistant colonies were selected at 37°C. One clone, called
JRS4012, was chosen for further study. Chromosomal DNA from this clone was used
as template for PCR (Fig. 1) to confirm that pJRS4012 had inserted into the scpA4 gene
of this strain. Primer scpal, which binds in the scp4 gene immediately upstream of the
scpA for binding site, was used with M13rev, which binds to the /lacZ promoter region
in pJRS4012, to amplify a 1.1-kb product in strain JRS4012. Furthermore, this primer
pair did not amplify strain B514-Sm or plasmid pJRS4012, verifying insertion of
pJRS4012 into the scpA4 gene.

Simultaneous inactivation of mrp50, emmL50, and enn50 was accomplished as
follows. First, plasmid pUCSpec was constructed for use as a suicide vector in the
GAS. Plasmid pUCSpec is a derivative of pUC18 which has the spectinomycin
adenyltransferase AAD(9) (24) determinant in place of the beta-lactamase gene. This
substitution was accomplished by replacement of the 692 Scal/Ndel fragment of
pUC18 with the 1.1-kb Ndel/HindIIl fragment (blunted with Klenow fragment of
DNA polymerase I) from pDL269 (24). Then, a 0.9-kb fragment internal to the mrp50

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51



52

‘:Pz cepator xﬁlo B514-Sm
ScpA
SCcPA’ ScpA’
? » li Km-2
SR
<
scpal scpafor Mil3rev .cz,, uép;lo

JRS4012

FIG. 1. Construction of insertion mutant JRS4012. The circle represents plasmid
pJRS4012, which is based on pCIV2 (pUC orgin) (25) and which contains an internal
fragment of the scpA gene from GAS strain B514-Sm (striped region) and the omega Km-
2 interposon (aphA3 kanamycin resistance gene flanked by transcriptional and translational
terminators; stippled region) (27). The wild-type scpA gene is shown on the middle
diagram. Homologous recombination between identical scpA sequences (striped regions)
present on both pJRS4012 and the chromosome led to insertion of pJRS4012 within the
scpA gene (bottom diagram). The PCR primers used for cloning and for confirming the
construction are indicated by small arrows. EcoRl restriction sites (E) are indicated. The
maps are not drawn to scale.
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gene of strain B514-Sm (48) was amplified by PCR with the primer pair CGTGT-
TTGATGGCTATACTG (SF4intl)/ GGTTTITAGCTCCTGAAGCTTTAT (SF4int3;
Fig. 2). This fragment was treated with the Klenow fragment of DNA polymerase I and
inserted into the unique (polylinker) Hincll site of pUCSpec, creating pJRS4014. The
2.25-kb BamHI fragment of pUC4omegaKm-2 carrying the omega Km-2 interposon
(27) was then inserted into the unique BamHI site of pJRS4014, located in the
polylinker downstream of the mrp50 insert, to make pJRS4015. A 0.5-kb fragment
internal to the enn50 gene of B514-Sm (48) was then amplified by PCR with the primer
pair GGGGCCGAGGTGAAAATGCCGACCTTA (SF3-1Y GGAATCGGGATGC-
TTCAAGGTCACGGC (SF3-2). This fragment was treated with the Klen_ow fragment
and inserted into the unique (polylinker) Ec/1361 site of pCIV2 (25) to create
pJRS4023. The enn30 insert of pJRS4023 was then removed by digestion with
EcoR1 and Hincll and cloned into pJRS401S5 at its Xmal (blunted with the Klenow
fragment) and EcoRI sites to create pJRS4016. Plasmid pJRS4016 was linearized at a

unique EcoRlI site downstream of the enn50 DNA insert prior to its electroporation into

B514-Sm. Transformants were selected on kanamycin at 37 C and screened for
sensitivity to spectinomycin. One transformant, designated JRS4016, was chosen for
further study. Chromosomal DNA was subjected to PCR using several primers, as
shown in Fig. 2. PCR with primer pair 4032R/OM23R gave a 3.9-kb product from
B514-Sm and a 4.1-kb product from JRS4016, as expected. 4032R/omegal gave the
expected 1.0-kb product from JRS4016 and did not amplify B514-Sm. Primer pair
omegal/OM23R gave the expected 1.3-kb product with JRS4016 and did not amplify
B514-Sm. These results are consistent with replacement of the three emm-related gene
sequences with the omega Km-2 cassette as shown in Fig. 2. With SF2-L/SF2-R, a
1.5-kb fragment was amplified in B514-Sm but not in JRS4016, confirming the

absence of these sequences in the mutant strain.
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FIG. 2. Construction of insertion-deletion mutant JRS4016. The top diagram
represents the chimeric plasmid pJRS4016, shwon linearized at its unique EcoRI site (E).
Plasmid pJRS4016 contains an internal fragment of the mrp50 gene (black region), the
omega Km-2 interposon (stippled region), and an internal fragment of the enn50 gene
(striped region) cloned into pUCSpec, which has a pUC18 origin and the spectinomycin
adenylyltransferase AAD (9) determinant (24). The middle diagram shows the wild-type
emm-related genes (large arrows) present in GAS strain BS14-Sm. Homologous
recombination between DNA sequences present on both the plasmid and the chromosome
leads to allelic replacement of all three emm-related genes with the omega Km-2 interposon
to create JRS4016 (bottom diagram). The PCR primers used for cloning and for verifying
the construction are indicated by small arrows. Restriction enzyme sites shown are H
(Hincll), B (BamHI), X (Xmal), and E (EcoRlI). Parentheses indicate a site destroyed in
cloning. .
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The hasA gene, which encodes hyaluronate synthase, was disrupted in strain
B514-Sm by insertion of a nonreplicative plasmid as follows. An internal fragment of
hasA (11) was amplified from strain B514-Sm by PCR using the oligonucleotides
ACGTTATCGTTCACCGTTCCC (hasA-F) and AGTGACCTTTTTACGTGTTCCCC
(hasA-R). This amplified fragment was cloned into pCRII (Invitrogen, Inc.) to create
pUABO31. A 0.5-kb Sspl fragment internal to the hasA gene fragment in pUABO31
was isolated and inserted into the Smal site of plasmid pSF151 (39) to create pUAB039
(Fig. 3). pSF151 is not able to replicate in S. pyogenes and carries the aphA3
kanamycin-resistance gene, which is expressed in both £ coli and S. pyogenes.
Plasmid pUABO039 was electroporated into strain B514-Sm and kanamycin-resistant
transformants were selected at 37 C. Chromosomal DNA was then was prepared from
a nonmucoid, kanamycin-resistant colony, B514.039, and used as a template in PCR
with the primers hasA-F and hasA-R. A DNA product of 4.8 kb was amplified,
verifying insertion of the entire pUABO039 plasmid into the sas4 gene (Fig. 3).

Electroporation of DNA into E. coli and S. pyogenes was performed as
previously described (13, 26). Restriction endonucleases, T4 DNA ligase, and the

Klenow fragment were used according to the manufacturer's instructions.

Animal inoculations. The mice were anesthetized with ketamine-xylazine

and inoculated either intranasally or intratracheally as previously described (19).

Documentation of infection. The animals were observed daily for signs of
illness. Throat cultures were obtained as previously described (19). The throat culture
swabs were rotated along the surface of a THA plate containing 1 mg/ml streptomycin

sulfate and then cultured directly in Todd Hewitt broth containing 0.2% yeast extract

(THYB) and 1 mg of streptomycin sulfate per ml for 48 h at 37°C. If at least one
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FIG. 3. Construction of insertion mutant UAB039. Plasmid pUABO39 was used to
transform B514-Sm to kanamycin resistance. Plasmid pUAB039 contains an internal
fragment of the hasA gene from B514-Sm (grey region) cloned into pSF151, which is
nonreplicative in streptococci and contains the aphA3 kanamycin resistance gene.
Homologous recombination between hasA sequences on both the plasmid and the
chromosome led to insertion of pUABOQ39 into the hasA gene (bottom line). Some of the
PCR primers usesd to verify this construction are shown (small arrows). Sspl restriction

enzyme sites are indicated.
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colony was seen on agar medium or several cocci in chains were seen in one field from
the broth culture, the throat culture was scored as positive.
Blood, trachea, lung, spleen, nasopharyngeal, and meningeal cultures were

obtained as previously described (19).

Phagocytosis assay. The ability of strain B514-Sm to resist phagocytosis
was assessed as previously described (26) except that 2X brain heart infusion broth

with 2% supplement B (19) was used as the growth medium instead of THYB.

Data analysis. Fifty percent lethal dose values were determined by probit
analysis using the method of Batson (2). Fischer's exact test was performed by using

the InStat program (GraphPad Software, San Diego, CA).

RESULTS
Role of the CSa peptidase in promoting throat colonization. To

examine the role of the antichemotactic C5a peptidase in colonization of the throat,

groups of five C57BL/10SnJ mice were inoculated intranasally with 107 CFU of GAS
strain JRS4012 (scpA4) or BS14-Sm (wild type) or with saline solution (Table 1,

experiment 1). A dose of 107 CFU was used because this was the lowest dose
necessary for induction of throat colonization in ca. 90% of the animals. No significant
difference was found between the rate of colonization by the mutant and the wild type
after 3 weeks.

Since the scp4 mutation in strain JRS4012 is due to an insertion of a
nonreplicating plasmid into the chromosome, it seemed possible that the inserted
plasmid could excise, leading to reversion. In control experiments, no such plasmid

loss was ever detected during growth in vitro. To check for reversion after growth of
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strain JRS4012 in the throats of mice, several colonies from each of the throat swabs
were tested for kanamycin resistance (from day 2 postinoculation and then at weekly
intervals). All colonies were kanamycin resistant, indicating that reversion had not

occurred.

TABLE 1. Effect of mutations in putative virulence genes following intranasal
inoculation of S. pyogenes in C57BL/10SnJ mice

58

Expt  Strain No. with inoculated No. with pneumonia/  No. with

no. (relevant genotype) in throat culture at week total no. meningeal
or control 3/total no. of survivors infection/

total no.

19 JRS4012(scpA) 8/10 0/10 0/10
B514-Sm 9/10 1/11 0/11
Saline 0/5 0/5 0/5

2b JRS4016(mrp50
emmL50 enn50) 8/9 0/10 1/10¢
B514-Sm 7/8 17104 2/104
Saline 0/5 0/5 0/5

3b 514.039(hasA) 0/9€ 0/10 1/10
JRS4016(mrp50
emmL50 enn50) 5/9 1/10 0/10
Saline 0/4 0/4 : 0/4

a 1 X 107 CFU inoculum.
b 2 X 107 CFU inoculum.

¢ One animal had difficulty maintaining balance and was seen to tilt its head to one
side, but the meningeal culture was negative.

d One animal had lung lestons and a positive meningeal culture.
€ Revertant bacteria were cultured from 7 of 9 mice.

Role of the M-like proteins in promoting throat colonization. A
deletion-substitution mutation which replaced the three emm-like genes (mrp50,
emmL50, and enn50) of strain B514-Sm with a kanamycin resistance cassette was used

to test the role of the M-related proteins they encode in the throat colonization model.
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The frequency of surviving mice with a positive throat culture at week 3 following

intranasal inoculation with 2 X 107 CFU of the mutant was similar to that for the wild

type (Table 1, experiment 2).

Role of the hyaluronic acid capsule in promoting throat
colonization. To test the role of the hyaluronic acid capsule in throat colonization,
we constructed a mutation in GAS strain B514-Sm in which a nonreplicating plasmid is
inserted into the hasA gene in the chromosome. Because this plasmid might be abie to
excise from the chromosome to generate encapsulated revertents, the mutant (strain
B514.039) was grown in medium containing kanamycin (500 pg/ml) prior to use in
animals. At the time of inoculation, the B514.039 culture contained 0.6% (3 of 516)
encapsulated organisms. GAS strain JRS4016 (mrp50 emmL50 enn50) was used as
the control strain in this experiment since it carries the same kanamycin resistance
marker as the sAas4 mutant and since it colonized C57BL/10SnJ mice at the same
frequency as the wild-type strain (Table 1, experiment 2).

The frequency of surviving animals that had streptococci in their throats at week
3 following intranasal inoculation was essentially the same for the has4 mutant as for
the control (Table 1, experiment 3). However, 100% of the bacteria recovered at day 4
from the throats of the animals inoculated with the Aas4 mutant were mucoid. To
determine whether incubation of the throat swabs in broth prior to plating altered the
fraction of mucoid colonies, a reconstruction experiment was performed in which strain
B514.039 was passed successively three times in THYB containing 1 mg of
streptomycin per ml and the number of revertents was determined. Following the third
passage, there were 0.23% (8 of 3,523) mucoid colonies, indicating that prior
incubation of the throat swab in broth does not significantly alter the fraction of mucoid

colonies observed.
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Table 2 shows the frequency of reversion in the throat cultures at different times
after intranasal inoculation with B514.039. On the day following inoculation,
significant numbers of encapsulated bacteria were observed in approximately half of the
throat cultures that yielded bacteria. By the second day, this proportion had risen to

two-thirds, although the initial inoculum contained a maximum of 0.6% mucoid CFU.

Molecular examination of the revertant mucoid colonies.  Mucoid
colonies were of two phenotypes, Km! and KmS. To determine whether the mucoid
colonies recovered from mice result from excision of the plasmid from the hasA4 gene or
from mutations at another (hypothetical) locus, PCR analysis was performéd on five
strains (three Km!, two KmS) obtained from the throats of five different mice. The
primer pair hasA-F/hasA-R (see Materials and Methods and Fig. 3) was used to
determine whether the insertion was present in the sas4 gene in the mucoid revertants.
We found that in both the KmS and Km' mucoid colonies, the has4 gene had been
restored to the size present in the wild-type strain, indicating that the plasmid had
excised in both types of revertant.

The presence of the Km! determinant in the resistant revertants and its absence
from the sensitive revertants was confirmed by PCR with the primers aphA3-F and
aphA3-R. When DNA from the Km' revertants was used, these primers generated a
band identical in size to that obtained from pUABO39, the plasmid containing aph43.
However, other primer pairs from within pUABO039 did not generate a PCR product
from these Km! revertants, indicating that only part of the plasmid remains in these

strains. The location of the Km gene was not further examined in these revertants

since it appears that restoration of the has4 gene occurred.
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TABLE 2. Reversion to mucoidy of S. pyogenes B514.039 following intranasal inoculation
of C57BL/10SnJ mice with 2 X 107CFU

% Revertants (no. mucoid colonies/total no.)4 at:

Mouse no.

Day 1 Day 2 Day 4 Day 7 Day 14 Day 21
1 14 (13/931)b <4.5 (0/22) 100 (369/369)Y neg. neg. neg.
2 <1.7 (0/13) <3.6 (0/28) 100 (3/3) 100 (TNTC) 100 (20/20) 100 (96/96)
3 69 (80/116) 71 (10/14) 100 (TNTC) 100 (TNTC) neg. neg.
4 neg. 100 (115/115) 100 (TNTC) 100 (TNTC) 100 (72/72) 100 (44/44)
5 100 (16/16) 100 (356/356) neg 100 (351/351) 100 (TNTC) 100 (4/4)
6 100 (23/23) 100 (95/95) 100 (TNTC) 100 (TNTC) 100(139/139) 100 (6/6)
7 0.64 (1/156) 88 (29/33) 100 (TNTC) 100 (298/298) 100 (TNTC) 100 (5/5)
8 50 (10/20) 94 (215/228) 100 (TNTC) 100(TNTC) 100 (TNTC) 100 (14/14)
9 neg. neg. dead dead dead dead
10 neg. <12 (0/8) neg. neg. 100 (8/8) 100 (6/6)

2 Throat swabs were cultured directly on THA and scored after 48 h at 37°C. neg., throat culture was negatiile; TNTC,
too numerous to count (>500 CFU).

b Tnitial plate culture was negative. Results were obtained by plating the broth culture onto THA (sece Materials and
methods). o
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Iliness observed following intranasal inoculation. Of the 61 animals
that were inoculated intranasally, only 6 developed systemic infection (pneumonia or
meningeal infection or both ). One mouse developed meningeal infection following
inoculation with the has4 mutant, and 99% (106 of 107) of the bacteria recovered from
the meninges, 100% (70 of 70) of the bacteria recovered from the nasopharyngeal
washes, and 58% (284 of 488) of the bacteria recovered from the blood culture
contained mucoid revertants. This supports the suggestion that the capsule is important
for establishment of infection by GAS in this model.

As expected, no streptomycin-resistant bacteria were recovered from the throats
of any of the mice inoculated with saline, and these animals showed no signs of illness
and remained healthy. In total, the frequency of illness following intranasal inoculation
was very low and was not significantly different following inoculation with the wild

type or one of the mutants.

Role of the CS5a-peptidase in causing pneumonia. To examine the
role of these putative virulence factors in the later stages of infection, we used our
recently developed model of pneumonia and systemic spread following intratracheal
inoculation of C3HeB/FeJ mice (19). The importance of the C5a peptidase was tested
by generating a dose-response curve for strain JRS4012 (scpA) (under the conditions
used previously for wild-type strain BS14-Sm (19) (Fig. 4). The curve suggests that

the scpA mutant may be somewhat less virulent than the wild type in this model. Probit

analysis (2) of the results indicates that a dose of 3.3 X 107 CFU would cause 50% of

the animals inoculated with JRS4012 to develop pneumonia within 72 h (95%

confidence interval, 1.9 X 107 CFU to 5.9 X 107 CFU), which is a small but

statistically significant difference from that obtained previously for wild-type strain
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B514-Sm: 1 X 107 CFU (95% confidence interval, 8.1 X 106 to 1.3 X 107 CFU)
(19).

To check for reversion of strain JRS4012 following intratracheal inoculation of
mice, a minimum of 100 colonies (from the spleen, lung, or tracheal culture) from each
of 13 pneumonic animals were scored for kanamycin resistance. All colonies examined
from 12 of the 13 animals were kanamycin resistant. Some kanamycin-sensitive

colonies (122 of 160) were obtained from the lung of one mouse that had been

inoculated with a dose of 2.0 X 107 CFU. This indicates that although reversion can

occur, it happens only rarely in vivo.

Since we observed a small difference in the degree of pneumonia caused by
strains JRS4012, the scp4 mutant, and B514-Sm, a different approach that might be
more sensitive to small differences was tried. Because the C5a peptidase is located on
the surface of GAS and is not secreted, a competition experiment should show whether
the wild-type GAS is better able to establish infection than the scp4 mutant. For this
experiment, the scp4 mutant (JRS4012) and the wild type (B514-Sm) were coino-
culated intratracheally (Table 3). In three separate experiments, the ratio of wild type to
mutant recovered from the lung following the onset of pneumonia did not differ
significantly from the input ratio in most mice. Therefore, in this model, it appears that
the mutant strain is as effective as the wild type in terms of survival in the mouse lower
respiratory tract and establishment of an infection that is characterized by infiltration
primarily of polymorphonuclear leukocytes. The large variability in the output ratio

among different mice is discussed below.

Role of the M-like proteins in pneumonia. The role of the M-like proteins
in promoting pneumonia in C3HeB/FeJ mice was examined following intratracheal

inoculation with two different doses of GAS. When mice were inoculated with either GAS
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strain JRS4016 (mrp50 emmL50 erm50) or the wild type (B514-Sm), the incidences of
pneumonia within 72 h were similar (Table 4, experiments 1 and 2). Thus, the degree of
infectivity observed for strain JRS4016 was not significantly different from that observed

for wild-type strain B514-Sm.

TABLE 3. Effect of intratracheal inoculation of a mixture of S. pyogenes strains
in C3HeB/Fel mice

Expt Mutant strain Dose % Wild type  Mouse % Wild type in
no. (relevant genotype) (CFU) in inoculum no. lung cultured

15 (30/196)
8.2-(8/98)

24 ( 12/49)
<0.51 (0/196)

14 (41/294)
18 (18/98)

14 (28/194)
8.4 (13/154)
21 (31/146)

38 (37/98)
46 (77/167)
45 (66/148)
59 (116/196)
53 (80/151)
66 (165/251)

1 JRS4012(scpA) 5X107 13 (31/232)

2 JRS4012(scpd) 2X 107 12Q25117)

3 JRS4012(scpA) 7X107  47(183/392)

ANAUNEHE W™ WA W™ W~

4  JRS4016

(mrp30 emmL50

enn30) 2X 107 23 (109/466) 73 (120/164)
13 (19/150)
24 (35/146)
9.5 (18/189)
33 (49/150)
<0.67 (0/150)
22 (32/147)
14 (21/151)

OO\ N —

a % Wild type determined by scoring the number of KmS colonies and dividing by the
total number of colonies. The wild-type strain was B514-Sm.

To improve the sensitivity of detection of differences, a competition experiment
was performed in which strains JRS4016 and B514-Sm were coinoculated intra-

tracheally (Table 3). In this experiment, no consistent increase in the fraction of bacteria
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that were wild type was seen, indicating that the wild type had no advantage over the
mutant in establishment and growth in the lungs. Thus, the M-like proteins do not

seem to have an important role in causing infection in this model.

TABLE 4. Pneumonia in C3HeB/FeJ mice following intratracheal inoculation
of §. pyogenes

Expt Strain % with pneumonia
no. (relevant genotype) (no. ill within 72h/total no.)
19 JRS4016 (mrp50 emmL50 enn50) 53 (8/15)
B514-Sm (wild type) 54 (7/13)
26 JRS4016 (mrp350 emmL50 enn30) 60 (9/15)
B514-Sm (wild type) 73 (11/15)
3@  B14.039 (hasA) 0 (0/14)¢
JRS4016 (mrp50 emmL50 enn50) 50 (5/10)

a Dose was 2 X 107 CFU.
b Dose was | X 107 CFU.

¢ By using Fischer's exact test, it was found that P=0.006 when this result was
compared to that for JRS4016 in this experiment.

Role of the hyaluronic acid capsule in pneumonia. Since previous
experiments demonstrated that the hasA4 mutant strain B514.039 can revert, this strain
was again grown in the presence of kanamycin to minimize the number of revertents in
the inoculum. Plating experiments showed that the B514.039 inoculum for this
experiment contained 1.2% (9 of 773) encapsulated organisms. None of the 14
animals inoculated intratracheally with the Aas4 mutant developed pneumonia within 72
h compared to 5 of 10 for strain JRS4016 (mrp50 emm!50 enn50) (Table 4 experiment
3). Strain JRS4016 was used as the control in this experiment since it carries the same

kanamycin resistance marker as the hasA4 mutant and it induced pneumonia at a
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frequency which was not significantly different from that of the wild type (Table 4,
experiments 1 and 2) .

At later times (days 5 and 6), two animals inoculated with the #asA4 mutant
developed pneumonia. Cultures of the nasopharyngeal washings, throat, trachea, lung,
and blood from both of these mice were positive, and all bacteria recovered were
encapsulated. In one of these mice, the spleen culture was also positive and yielded

exclusively mucoid streptococci, indicating that pneumonia in these animals was caused

by an encapsulated revertant.

Role of capsule in protection from phagocytosis. It has been
suggested that in some strains of GAS, the capsule has a major role in protection of the
bacterium from phagocytosis (10, 4042, 46). Because encapsulation is important for
infection in both of our animal models, we tested whether the highly encapsulated strain
B514-Sm can survive in whole human blood. As expected, the positive control (the
M6 wild-type strain JRS4) grew in both whole blood and in plasma (Table 5) and the
negative control (JRS145, a derivative of JRS4 which lacks the M protein gene) grew
in plasma but not in whole blood, presumably due to phagocytosis. Strain B514-Sm
also grew in plasma, but not in whole blood, indicating that this strain is sensitive to

phagocytosis in spite of the presence of its hyaluronic acid capsule.

DISCUSSION
The GAS (S. pyogenes) is a serious human pathogen capable of causing a wide
variety of suppurative and invasive infections. While several putative virulence factors
have been identified for this organism, very little is known about the role of these factors in
vivo in the different stages of disease. To be able to test the role of potential virulence

factors, we developed two different models of GAS respiratory infection in mice. To
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examine the early stages of disease, we developed a model of long-term (at least 21 days)
throat colonization in C57BL/10SnJ mice which we report here. In addition, we
previously reported a model of GAS pneumonia in C3HeB/FeJ mice (19) which we used

here to examine the role of putative virulence factors in the late stages of disease.

TABLE 5. Sensitivity of S. pyogenes strain BS14-Sm
to phagocytosis in human blood

Bacterial concn (CFU/ml) in
Donor no. Strain

Input Plasma Whole blood

1 JRS4 6.0 X 102 3.7X 104 48X 104
JRS145 5.1 X102 2.0X 104 2.0X 10!

B514-Sm 23X 102 33X 103 9.0 X 101

2a JRS4 42X 102 1.6 X 104 1.2 X 104
JRS145 3.2X 102 1.3 X104 4.0X 10!l

B514-Sm 1.8 X 102 8.4 X103 <1.0 X 10!

a This donor had never worked with GAS strain B514 or its relatives.

One surface-located putative virulence factor of the GAS is the C5a peptidase,
which in vitro inactivates the complement component C5a (43), an important
chemoattractant of polymorphonuclear leukocytes. On the basis of a comparison of the
wild-type GAS and mutants with an inactivated scpA4 gene, Ji et al. suggested that the C5a
peptidase also inhibits clearance of the GAS by granulocytes in vivo (20). Our model of
invasive respiratory infection following intratracheal inoculation results in pneumonia
characterized by an influx primarily of polymorphonuclear leukocytes into the alveoli and
bronchioles. Thus, we expected the complement cascade to play a role and anticipated that

inactivating the scpA gene of the infecting bacteria might decrease virulence. We found that

the 50% lethal dose for the scp4 mutant was 3.3 X 107 CFU, while that observed
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previously for the wild-type strain was 1.0 X 107 CFU (19). This difference, while not
large. is statistically significant. so the C5a peptidase may have a small role in invasive
infection following both intradermal (20) and respiratory inoculation in mice. However, in
a competition experiment in which the wild type and scpA4 mutant were coinoculated
intratracheally, we expected selection for the wild type to result in a decrease in the
percentage of mutant bacteria in tissues. Because the mutant strain survived as well as the
parent, it appears that C5a peptidase has little effect on production of pneumonia in this
model.

We found no detectable role for the C5a peptidase during the early stages of
disease either, since the incidence of throat colonization following inoculation of the
scpA mutant was not significantly different from that observed for the wild-type strain.
Furthermore, the mice showed no obvious signs of illness (runny eyes, lethargy,
ruffled fur), and weight loss was seen only during the first week, even though throat
colonization was observed for at least 3 weeks. In all of the mice inoculated
intranasally, we saw only one case of cervical lymphadenitis, suggesting that the
migration of inflammatory cells to the upper respiratory tract following intranasal
inoculation of these mice is minimal.

The M proteins are considered the primary virulence factor of the GAS. These
surface-located proteins are thought to protect the bacteria from phagocytic clearance
(23), possibly by interfering with complement-mediated uptake (4, 30). While the
B514 strain we used does not encode an M protein, it does have genes for M-related
proteins and one group of M-related proteins (Mrp proteins) has been shown to
promote resistance to phagocytosis in some strains of GAS (31).

A second function of the M-related proteins that has attracted attention as a
possible virulence mechanism in some types of GAS disease is their ability to bind
immunoglobulins in a nonimmune fashion (5). Among the GAS strains studied by

Bessen and Fischetti, nearly all those from cases of impetigo bind IgG, suggesting that

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

IgG binding activity may be required for survival on the skin (3). Furthermore, a
comparison of intraperitoneal versus intradermal inoculation suggested that GAS strains
that express an elevated level of Ig binding proteins may have a selective advantage for
invasion (32). Bacteria isolated from the spleen exhibited a higher level of Ig binding
proteins following intradermal inoculation than following intraperitoneal inoculation.

In contrast, in our model of invasive disease following intratracheal inoculation,
we found no detectable role for the M-like proteins; the incidence of pneumonia for the
mrp50 emmL50 enn50 mutant was not significantly different from that observed for the
wild type. Furthermore, when the mutant and wild type were coinoculated intra-
tracheally, the mutant appeared to survive as well as the parent. These data indicate that
in our model persistence in the lower respiratory tract is not dependent on the M-like
proteins and suggest that other factors in strain BS14 promote survival at this tissue
site. In the coinoculation experiment (Table 3), the great variability in the output ratio
of wild type to mutant from mouse to mouse suggests that surviving bacteria may
represent an expansion of a limited population that initiated the infection. A precedent
for initiation of infection by a small fraction of the inoculum was reported for Neisseria
gonorrhoeae in human volunteers in which the recovered bacteria were of a specific
lipooligosaccharide type that constituted only ca. 0.1% of the inoculum (34).

Since in previous studies expression of Ig binding proteins appeared to promote
invasiveness following intradermal inoculation (32), we considered the possibility that
the M-like proteins in our model might be important for dissemination of the bacteria
from the lung rather than for establishment of the bactenia in the lung itself. However,
we observed that following intratracheal inoculation of the mrp50 emmL50 enn50
mutant, the incidence of positive blood or spleen cultures was not significantly different
from that of the wild type (data not shown). We also found no detectable role for the

M-like proteins during the early stages of disease. The incidence of throat colonization
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for the mrp30 emmL50 enn50 mutant was very similar to that observed for the wild-
type strain.

Although for the strain we studied in these mouse models, the C5a peptidase
and M-like proteins do not play a major role in infectivity, our results agree with studies
of other model systems that show that the capsule is important. Using a mutant with a
defined insertion in hasA, which encodes hyaluronate synthase, we found that the
capsule was essential for pharyngeal colonization in our model of inbred mice. On the
day following intranasal inoculation with the #as4 mutant, approximately one-half of
the throat cultures yielded predominantly encapsulated revertents, even though the
inoculum contained only 0.6% revertants. By day 4, all of the bacteria recovered from
the throat swabs were mucoid, indicating a strong selection for capsule prdduction for
survival of the GAS in the upper respiratory tract of these mice.

Our results are similar to those of Wessels et al., who used a type 24 strain in
outbred mice and found that the capsule was essential for pharyngeal colonization (40).
Two mutant strains were used in their study. When a mutant containing a transposon
insertion in the hasA gene was used, all bacteria recovered from the pharynges of mice
were revertents. When a mutant with an insertion in hasA and a deletion of
surrounding DNA was used, the incidence of throat colonization was less than that for
the wild type. However, because additional genes were deleted in this mutant. the
observed effects cannot be attributed solely to the Aas4 mutation. -

In the outbred mouse model using an M type 24 GAS strain (40), systemic
infection and death were often secondary to pharyngeal colonization. In contrast, in
our model with the M type 50 strain in inbred mice, systemic infection was rarely
observed. Therefore, to investigate the late stages of disease, we used our model of
pneumonia following intratracheal inoculation. We found the capsule to be critical for

" induction of this illness. The incidence of pneumonia following inoculation with the

hasA mutant was significantly reduced compared to that following inoculation with the
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wild type, and all surviving bacteria in the lung and blood were encapsulated. This
indicates that the capsule is essential for survival in the lower respiratory tract and
possibly for the ability of the GAS to cross tissue barriers.

Like the competition study between the wild type and the mrp50 emmL50
enn30 deletion mutant, the results of the hasA study suggest that only a small fraction
of the administered bacteria initiate pneumonia and throat colonization in our models.
Capsule production was necessary for survival of the bacteria in the upper and lower

respiratory tracts, and although the #as4 mutant inocula used for intranasal and

intratracheal inoculation contained only 0.6% and 1.2% (of 107 total CFU)
encapsulated bacteria, respectively, throat colonization occurred in the majority of

animals and pneumonia developed in two mice. This means that throat colonization and

pneumonia resulted from a maximum of 10° bacteria (those that had the capsules).

The relative contributions of different surface factors to virulence in GAS
appear to be strain dependent (10). In some strains, The C5a peptidase (20) and M-like
proteins (31) may play a more important role in virulence, and in strains where their
roles are not important, the genes for these proteins may not be expressed. In strain
B514, we found the capsule to be essential for virulence in our models. The hyaluronic
acid capsules on some other strain function like M and M-related proteins to protect the
bacteria from phagocytosis in whole human blood (10, 40-42, 46), and with some
strains there is a correlation between phagocytosis resistance in human blood and
mouse virulence (40, 41, 42). Although we found that strain B514 does not survive in
whole human blood, suggesting that neither the capsule nor the M-related proteins
protect the GAS in this system, a role for the capsule in phagocytosis resistance in the
mouse remains possible since, in vitro, mouse blood has less bactericidal activity than
human blood against encapsulated GAS strains (38, 47).

The GAS capsule may have several different functions in promoting virulence in

mice. In addition to the possibility that the capsule may protect some GAS strains from
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phagocytosis in vivo, it has been suggested that hyaluronic acid might influence the host's
cellular immune response (16). In addition, it seems possible that the capsule could be
involved in adherence, since capsular polysaccharide on other species of pathogenic
bacteria is believed to play this role (8, 15, 33). Although further studies are needed to
investigate the precise role that the GAS capsule plays in virulence, our studies have

substantiated its critical importance in the models we studied.

ACKNOWLEDGMENTS
We thank Dirck Dillehay for his cooperation and helpful discussions and Scott
Clark for assistance with the statistical analysis.
This work was supported by Public Health Service grant R37-AI120723 to
JR.S. and a grant from the American Heart Association to S KX.H. LK. H. is
supported by National Research Service Award AI08881 from the National Institute of

Allergy and Infectious Diseases.

REFERENCES

1.  Akesson, P., H. K. Schmidt, J. Cooney, and L. Bjorck. 1994. Ml
protein and protein H: IgGFc- and albumin-binding streptococcal surface
proteins encoded by adjacent genes. Biochem. J. 300:877-886.

2.  Batson, H. C. 1956. An introduction to statistics in the medical sciences.
Burgess Publishing Co. Minneapolis, Minn.

Bessen, D., and V. A. Fischetti. 1990. A human IgG receptor of group A
streptococci is associated with tissue site of infection and streptococcal class. J.
Infect. Dis. 161:747-754.

(93

4.  Bisno, A. L. 1979. Alternative complement pathway activation by group A
streptococci: role of M-protein. Infect. Immun. 26:1172-1176.

5. Boyle, M. D. P, E. L. Faulmann, R. A. Otten, and D. G. Heath.
1990. Streptococcal immunoglobulin-binding proteins, p. 19-44. In E. M.
Ayoub, G. H. Cassell, W. C. Branche and T. J. Henry (ed.), Microbial
determinants of virulence and host response. American Society for Microbiology.
Washington, D.C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

74

Caparon, M. G., R. T. Geist, J. Perez-Casal, and J. R. Scott.
1992. Environmental regulation of virulence in group A streptococci:
transcription of the gene encoding M protein is stimulated by carbon dioxide. J.
Bacteriol. 174:5693-5701.

Chen, C. C., and P. P. Cleary. 1990. Complete nucleotide sequence of the
streptococcal C5a peptidase gene of Streptococcus pyogenes. J. Biol. Chem.
265:3161-3167.

Colby, S. M., G. C. Whiting, L. Tao, and R. R. B. Russell. 1995.
Insertional inactivation of the streptococcus mutans dexA (dextranase) gene
results in altered adherence and dextran catabolism. Microbiology 141:2929-

2936.

Courtney, H. S., M. S. Bronze, J. B. Dale, and D. L. Hasty. 1994.
Analysis of the role of M24 protein in group A streptococcal adhesion and
colonization by use of omega-interposon mutagenesis. Infect. Inmun. 64:4868-

4873.

Dale, J. B.,, R. G. Washburn, M. B. Marques, and M. R Wessels.
1996. Hyaluronate capsule and surface M protein in resistance to opsonization of
group A streptococci. Infect. Immun. 64:1495-1501.

Dougherty, B. A., and 1. van de Rijn. 1992. Molecular characterization
of a locus required for hyaluronic acid capsule production in group A
streptococci. J. Exp. Med. 175:1291-1299.

Fischetti, V. A., K. F. Jones, and J. R. Scott. 1985. Size variation of
the M protein in group A streptococci. J. Exp. Med. 161:1384-1401.

Froehlich, B. J., and J. R. Scott. 1991. A single-copy promoter-cloning
vector for use in Escherichia coli. Gene 108:99-101.

Hanahan, D. 1983. Studies on transformation of Escherichia coli with
plasmids. J. Mol. Biol. 166:557-580. ’

Hata, J. S,, and R. B. Fick. 1991. Airway adherence of Pseudomonas
aeruginosa:. mucoexopolysaccharide binding to human and bovine airway
proteins. J. Lab. Clin. Med. 117:410-422.

Hiro, D., A. Ito, K. Matsuta, and Y. Mori. 1986. Hyaluronic acid is an
endogenous inducer of interleukin-1 production by human monocytes and rabbit
macrophages. Biochem. Biophys. Res. Commun. 140:715-722.

Hollingshead, S. K., J. Arnold, T. L. Readdy, and D. E. Bessen.
1994. Molecular evolution of a multigene family in group A streptococci. Mol.
Biol. Evol. 11:208-219.

Hook, E. W,, R. R. Wagner, and R. C. Lancefield. 1960. An
epizootic in Swiss mice caused by a group A streptococcus, newly designated
type 50. Am. J. Hyg. 72:111-119.

Husmann, L. K., D. L. Dillehay, V. M. Jennings, and J. R. Scott.
1996. Streptococcus pyogenes infection in mice. Microb. Pathog. 20:213-224.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20.

21.

23.

24.

25.

26.

27.

28.

29.

31.

Ji, Y., L. McLandsborough, A. Kondagunta, and P. P. Cleary.
1996. C5a peptidase alters clearance and trafficking of group A strepto. 5cci by
infected mice. Infect. Immun. 64:503-510.

Kaplan, E. L., D. R. Johnson, and P. P. Cleary. 1989. Group A
streptococcal serotypes isolated from patients and sibling contacts during the
resurgence of rheumatic fever in the United States in the the mid-1980s. J. Infect.

Dis. 159:101-103.

Kurl, D. N., S. Kurl, and O. V. Lindqvist. 1992. Experimental
infections of mice with Lancefield group A types 12 and 50 streptococci.
Zentralbl. Bakteriol. Suppl. 22:437-439.

Lancefield, R. C. 1962. Current knowledge of type-specific M antigens of
group A streptococci. J. Immunol. 89:307-313.

LeBlance, D. J., L. N. Lee, and J. M. Inamine. 1991. Cloning and
nucleotide base sequence analysis of a spectinomycin adenyltransferase AAD(9)
determinant from Enterococcus faecalis. Antimicrob. Agents Chemother.
35:1804-1810.

Okada, N., R. T. Geist, and M. G. Caparon. 1993. Positive
transcriptional control of mry regulates virulence in the group A streptococcus.
Mol. Microbiol. 7:893-903.

Perez-Casal, J., M. G. Caparon, and J. R. Scott. 1992. Introduction
of the emm6 gene into an emm-deleted strain of Streptococcus pyogenes restores
its ability to resist phagocytosis. Res. Microbiol. 143:549-558.

Perez-Casal, J.,, M. G. Caparon, and J. R. Scott. 1991. Mry, a rrans-
acting positive regulator of the M protein gene of Streptococcus pyogenes with
similarity to the receptor proteins of two-component regulatory systems. J.
Bacteriol. 173:2617-2624.

Perez-Casal, J., N. Okada, M. G. Caparon, and J. R. Scott. 1995.
Role of the conserved C-repeat region of the M protein of Streptococcus
pyogenes. Mol. Microbiol. 15:907-916.

Perez-Casal, J., J. Ayres Price, E. Maguin, and J. R. Scott. 1993.
An M protein with a single C repeat prevents phagocytosis of Streptococcus
pyogenes: use of a temperature-spesitive shuttle vector to deliver homologous
sequences to the chromosome of S. pyogenes. Mol. Microbiol. 8:809-819.

Peterson, P. K., D. Schmeling, P. P. Cleary, B. J. Wilkinson, Y.
Kim, and P. G. Quie. 1979. Inhibition of altenative complement pathway
opsonization by group A streptococcal M protein. J. Infect. Dis. 139:575-585.

Podbielski, A., N. Schnitzler, P. Beyhs, and M. D. P. Boyle. 1996.

M-related protein (Mrp) contributes to group A streptococcal resistance to
phagocytosis by human granulocytes. Mol. Microbiol. 19:429-441.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

75



32.

33.

34

37.

38.

39.

40.

41.

42.

43.

45.

76

Raeder, R., and M. D. Boyle. 1993. Association between expression of
immunoglobulin G-binding proteins by group A streptococci and virulence in a
mouse skin infection model. Infect. Immun. 61:1378-1384.

Ramphal, R., and G. B. Pier. 1985. Role of Pseudomonas aeruginosa
mucoid exopolysaccharide in adherence to tracheal cells. Infect. Immun. 47:1-4.

Schneider, H., A. S. Cross, R. A. Kuschner, D. N. Taylor, J. C.
Sadoff, J. W. Boslego, and C. D. Deal. 1995. Experimental human
gonococcal urethritis:250 Neisseria gonorrhoeae MS11mkC are infective. J.

Infect. Dis. 172:180-185.

Scott, J. R. 1974. A turbid plaque-forming mutant of phage P1 that cannot
lysogenize Escherichia coli. Virology 62:344-349.

Scott, J. R., P. C. Guenthner, L. M. Malone, and V. A. Fischetti.
1986. Conversion of an M- group A streptococcus to M+ by transfer of a plasmid
containing an M6 gene. J. Exp. Med. 164:1641-1651.

Scott, J. R., S. K. Hollingshead, and V. A. Fischetti. 1986.
Homologous regions within M protein genes in group A streptococci of different
serotypes. Infect. Immun. 52:609-612.

Stollerman, G. H., M. Rytel, and J. Ortiz. 1963. Accessory plasma
factors involved in the bactericidal test for type-specific antibody to group A
streptococci. II. Human plasma cofactor(s) enhancing opsonization of
encapsulated organisms. J. Exp. Med. 117:1-17.

Tao, L., D. J. LeBlanc, and J. J. Ferretti. 1992. Novel streptococcal-
integration shuttle vectors for gene cloning and inactivation. Gene 120:105-110.

Wessels, M. R., and M. S. Bronze. 1994. Critical role of the group A
streptococcal capsule in pharyngeal colonization and infection in mice. Proc. Natl.
Acad. Sci. USA 91:12238-12242.

Wessels, R. M., J. B. Goldberg, A. E. Moses, and T. J. Dicesare.
1994. Effects on virulence of mutations in a locus essential for hyaluronic acid
capsule expression in group A streptococci. Infect. Immun. 62:433-441.

Wessels, M. R., A. E. Moses, J. B. Goldberg, and T. J. DiCesare.
1991. Hyaluronic acid capsule is a virulence factor for mucoid group A
streptococci. Proc. Natl. Acad. Sci. USA 88:8317-8321.

Wexler, D. E., D. E. Chenoweth, and P. P. Cleary. 1985. Mechanism
of action of the group A streptococcal C5a inactivator. Proc. Natl. Acad. Sci.

USA 82:8144-8148.

Whitnack, E., and E. H. Beachey. 1982. Antiopsonic activity of
fibrinogen bound to M protein on the surface of group A streptococci. J. Clin.
Invest. 69:1042.

Whitnack, E., and E. H. Beachey. 1985. Inhibition of complement-
mediated opsonization and phagocytosis of Streptococcus pyogenes by D

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



77

fragments of fibrinogen and fibrin bound to cell surface M protein. J. Exp. Med.
162:1983-1997.

46. Whitnack, E., A. L. Bisno, and E. H. Beachey. 1981. Hyaluronate
capsule prevents attachment of group A streptococci to mouse peritoneal
macrophages. Infect. Immun. 31:985-991.

47. Wiley, G. G. 1959. The lack of bactericidal effect of mouse blood for non-
virulent group A streptococci. J. Immunol. 82:62-68.

48. Yung, D.-L., and S. K. Hollingshead. 1996. DNA sequencing and gene
expression of the emm gene cluster in an M50 mouse virulent group A
streptococci. Infect. Immun. 64:2193-2200.

Editor: A. OBrien

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COMPLEMENTATION OF A DEFECTIVE mga GENE CORRECTS THE
ATTENUATED EXPRESSION OF THE mga VIRULENCE REGULON
IN AN M50 GROUP A STREPTOCOCCUS STRAIN
VIRULENT FOR MICE

by

DER-LI YUNG, KEVIN S. McIVER, JUNE R. SCOTT AND SUSAN K.
HOLLINGSHEAD

Submitted to Infection and Immunity

Format adapted for dissertation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

ABSTRACT

A group A streptocococcal strain that is naturally pathogenic in mice was
previously postulated to have a defect in its multigene activator, Mga, that led to an
attenuated expression of gene products normally stimulated by Mga (Infection and
Immunity, 1996, 64:2193-2200). Mga is a multigene activator with homology to
response regulators in two-component bacterial signalling pathways. It activates
transcription of a number of monocistronic virulence loci, including a cluster of M and
M-like proteins (emm, mrp, enn), C5a peptidase (scpA4), a secreted inhibitor of
complement (sic), and a serum opacity factor (sof). The DNA sequence of mga50
revealed three amino acid substitutions which might have the potential to affect
function. One substitution occurs in a helix-turn-helix domain that could be involved
in DNA binding for gene activation, and two others fall within a region where the Mga
protein might receive a signal for activation from an unidentified environmental sensor
protein. The defect in mga50 could be complemented for its activation of emm family
genes by providing either the closely similar complete mga+ allele or a more divergent
mga6 allele in frans. During complementation, the level of emm50 transcript was
restored to quantities that equal those found in most human isolates, and expressions of
the M and M-like proteins were also increased. The complementation also allowed
resistance to phagocytosis as judged in bactericidal assays. Resistance was mediated
by M protein because it could be achieved with complementation in the absence of
capsule. The capsule alone could also mediate resistance because encapsulated strains

that were not complemented could also resist phagocytosis.

INTRODUCTION
Streptococcus pyogenes (group A streptococci, GAS) is an important human
pathogen which commonly causes nasopharyngitis (strep throat), impetigo, and

tonsillitis. Severe infections caused by this pathogen include necrotizing fasciitis,
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pyomyositis, bacterial sepsis and toxic shock-like syndrome (42). Two non-
suppurative sequelae, rheumatic fever and acute glomerulonephritis, also occur as a
consequence of some streptococcal infections, and the factors participating these
sequelae are poorly understood. To investigate some of the pathogenetic factors
contributing to disease, the serotype M50 strain B5 14 has recently been utilized (18,
20). B514 was the natural cause of multiple outbreaks of respiratory disease in mouse
colonies (17). Because the interpretation of data from animal model systems is
frequently confounded by the fact that GAS are limited to infection in human hosts, this
strain provided the opportunity to utilize model systems in which the natural infection
and disease in mice paralleled aspects of natural streptococcal disease in humans. A
spontaneous streptomycin-resistant derivative of the B514 strain, B514-Sm, has
proven to be useful in a model of long-term throat colonization following intranasal
infection that depicts early stages of respiratory disease in CS7BL/10SnJ mice, and in a
later stage model of pneumonia and systemic spread of streptococci following
intratracheal infection in C3HeB/FeJ mice (20).

One important prerequisite for pathogenicity or virulence at any body site is
resistance to opsonophagocytosis because resistance permits the spread of the
bacterium within the host. This property is elaborated by both M proteins and the
hyaluronic acid capsule (2, 29, 33, 39, 46, 47). All strains of GAS share the same
chemical composition for their capsular material. The capsule is a hyaluronate, formed
of an alternating polymer of 8 1-4-linked disaccharide of glucuronic acid and N-
acetylglucosamine. Strains may and frequently do vary in the amount of capsular
material, and both rheumatic fever and invasive disease have shown epidemiological
associations with strains that are heavily encapsulated (41). In contrast, different
strains of group A streptococci frequently have distinct and serologically varied M
proteins, the protein mediators of resistance to phagocytosis. The mechanism by which

M proteins confer resistance to phagocytes is complex and may not be the same for all
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M proteins. Many M proteins bind fibrinogen and, for those that do, resistance may be
mediated through this capability (5). Some M proteins bind factor H, and others bind
C4BP, both of which interfere with differing aspects of the complement cascade and
may influence opsonization (10, 22, 34). Many M proteins bind IgG orIgA in a
nonimmune fashion, but this capability has not been well correlated with the
antiphagocytic property (3, 13, 25). Natural isolates of GAS also may vary in the
amount of M protein present on the surface.

When an unstable acapsular isogenic variant of B514-Sm was utilized in mouse
models, a requirement for capsule in both colonization and invasive disease was
supported (20). The natural selective pressure within the nasopharynx resulted in the
reversion of the capsule mutation in each mouse within 24 h, confirming a previous,
similar report (45). A stable mutation which deleted the emm gene cluster was not
found to differ from its parent strain in the above model systems. This was surprising
because M protein is an important virulence factor in human infections, and previous
studies of isogenic strains in mouse (21) or rat (16) colonization models had
demonstrated a role for M protein. The failure to demonstrate the roles of M-family
proteins in B514-Sm may reflect the low expression status of Mga-regulated gene
products that was a property of B514-Sm (49).

Mega is a multiple gene regulator of the GAS. Mga belongs to the response
regulator family of two-component bacterial signalling molecules, and it communicates
information about the external growth environment of the streptococci to the internal
gene expression environment within the bacterial cell. Mga activates several clustered
virulence genes including the M and M-like proteins (emm, mrp, fer, enn, sph) (36),
C5a peptidase (scp4) (23) and secreted inhibitor of complement (sic) (23). It may also
act at a distance on the serum opacity factor gene (sof) (28) and has been reported to
act, perhaps in an indirect fashion, upon expression of other group A streptococcal loci

(speB. scnA, sls) (37). Expression of Mga is growth-phase dependent; mga is
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transcribed throughout exponential phase growth but is shut off during stationary-phase
growth (26). Itis also stimulated during growth in CO2 and can vary with osmolarity,
temperature, and iron limitations (27, 30).

Most response regulators are transcriptional factors which receive a signal from
a sensor component, usually by a phosphorylation, and effect control by binding to
sequences upstream of target genes (44). Among the group of general response
regulators, the number and location of the response regulator domains and the effector
domains of Mga are unusual (26). Mga is about twice as large as most proteins of this
type (62 kDa), with three possible helix-turn-helix DNA binding motifs in the amino-
terminus and two putative response regulator domains lying in the carboxy-terminal
region (1, 32). The expression of mga requires DNA sequences extending 473 bp
upstream region of the mga coding region, and transcription of mga is initiated from
two separate promoters located within this extended regulatory region (30).

To test the hypothesis that the mga50 gene of the strain B514 that was naturally
virulent for mice was defective, plasmids with complete mga genes were electroporated
into B514-Sm and its capsule-negative derivative, B514.039. The complementation
tests showed that the previously attenuated expression of mga-controlled gene products
in this strain could be overcome. Transcription of both mga350 and emm30 was
increased in strains which were complemented with a mga4 gene, but not with the
plasmid vector alone. The mga50 gene was sequenced and analyzed for potential

substitutions that would explain the presumed defective function of Mga50.

MATERIALS AND METHODS
Bacterial strains, media, and plasmids. The strains and plasmids used
in the experiments are listed in Table 1. GAS strain B514-Sm is an M serotype 50
strain (17), and T2/44/RB4 is an M serotype 2 strain (40). B514.039 is a derivative of

B514-Sm in which the sasA4 locus was insertionally inactivated, leading to the loss of
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TABLE 1. Bacterial strains and plasmids used
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Strain or plasmid Relevant properties References

S. pyogenes strains

B514-Sm Suf (18)
B514.039 StTKmThasA- (20)
T2/44/RB4 (3, 40)
D471 Rot Strfemmé6
UABI150 StrfKmfemmé6-

Plasmids
pLZ12-Spc Spcl
pMga4d Spctmga4 (N
pMga6 Spctmga6b (1)
pdPMgaé Spclp¢SKIG-mga6 "~ (26)

capsule (20). UAB150 is an M protein-negative mutant strain of an M serotype 6
strain, D471 Rot, in which the emm6 gene locus was replaced with a kanamycin-
resistance gene cassette by allelic exchange. Andersson et al. (1) constructed pMga4, in
which the blunted EcoRI-Hindlll fragment of of pMGA4-3 containing mga+ with its
predicted promoters P and P, was inserted into the blunted BamHI site of plasmid
pLZ12-Spc; pLZ12-Spc was constructed by Husmann et al. (19) and is derived from
pLZ12 (6) by ligating the blunted 1.7-kb Pvull-Ndel fragment of plasmid pDL269 (8),
containing the spectinomycin-resistance gene, to the blunted 2.2-kb SwI-Sa/l fragment
of pLZ12. pLZ12-Spc is a shuttle vector capable of replication in both Escherichia coli
and S. pyogenes. pMga6 was also constructed by Andersson et al. (1) through a

similar strategy as that used in constructing pMga4. Mclver et al. (26) constructed

pdpMgab, in which the promoter region was placed by the heterologous lactococcal

phage promoter POSKIIG (35). E. coli was grown in Luria broth (LB broth), and S.

pyogenes was cultured in brain heart infusion broth (Remel, Lenex, Kans.) made up at
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twice the recommended concentration (2X) and adding supplement B (Difco Lab.,
Detroit, Mich.) to 2% (20). Antibiotics were used at the following concentrations:
spectinomycin (Spc), 100 pg/ml for E coli and 500 pg/ml for S. pyogenes;
kanamycin (Km), 500 pg/ml for S. pyogenes, and 200 ng/ml each for spectinomycin

and kanamycin when added together.

DNA electroporation and plasmid isolation. Plasmid DNA was
isolated from E. coli by using a QLAGEN plasmid maxi kit (QIAGEN Inc.). The
method for isolation of plasmid DNA from S. pyogenes was adapted from that used to
isolate the plasmid from Lactococcus lactis (19). Electroporation of plasmid DNA to
strains B514-Sm and B514.039 was performed according to the protocol as described
in Simon and Ferretti (9) with the modification of treating competent B514-Sm cells
with hyaluronidase (2.5 ug/ml culture, Sigma Chemical Company) on ice for 15 min
after harvesting the cells. About 0.5 ug of each plasmid DNA was electroporated to
cells at an electric pulse of 2.5 or 2.0 kV, 25 pFD, and 200 Q. After delivering the

electric pulse, the cells were immediately diluted with 1 ml of chilled culture medium

then added to 9 ml of medium. After a 3-h incubation at 37 C, the cells were spread on

sheep blood agar plates containing the appropriate antibiotics.

Cell-surface protein extraction. Overnight culture (0.5 ml) of of each

strain was inoculated in 10 ml (1 to 20 dilution) of 2X BHI plus 2% supplement B with
the optimal antibiotic concentration, and incubated in 5% CO at37°C. The optical
density was measured at 600 nm, and samples of each culture were taken when ODgqq

was between 0.8 and 1.0. The samples were normalized to have similar cell densities.
Surface proteins were extracted by CnBr following the method of Raeder et al. (38).

Extracted surface protein (10 pl, about one-tenth of volume) of each sample was
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analyzed on a polyacrylamide gel containing 12.5% sodium dodecyl sulfate, and then

the protein bands were visualized by Coomassie blue staining.

DNA sequencing of mga50. B514-Sm chromosomal DNA was isolated
following the protocol of Wizard DNA purification kit (Promega Inc.). The oligo-
nucleotide primers used for amplifying and sequencing the mga locus of strain B514-
Sm are listed in Table 2. PCR reactions were performed as described in Hollingshead
et al. (15), with the annealing temperature at 58 C for amplifying segments of the
mga50 gene. The amplified DNA product was cleaned with a GENECLEAN kit (BIO
101, Inc). DNA sequencing was performed with an zutomated sequencer (ABI prism,
377 DNA sequencer) at the DNA Sequencing Facility at the University of Alabama at
Birmingham, and the DNA sequences were analyzed by Sequencher 3.0 software and
MacVector 5.0.

RNA purification and RNA-slot blot hybridization. Strain B514-Sm
and the plasmid-transformed strains were cultured and harvested as previously
described (49), except with the media described above. Total cellular RNA was
purified following centrifugation on CsCl gradients and stored in the presence of

vanadyl nbonucleosides (14). Total cellular RNA of each strain was diluted to certain

concentrations and reacted with formaldehyde at 60°C following the protocol described
in the "GeneScreen & GeneScreen Plus Hybridization Transfer Membranes, Transfer
and Detection" manual (DuPont Inc.). Then the denatured RNA was loaded on nylon
hybridization membrane (DuPont Inc.). The DNA probes used to detect transcripts
mga, emm, and recA were the PCR products amplified from B514-Sm chromosomal

DNA by primers listed in Table 2. The amplified fragments were cleaned with a

GENECLEAN kit (BIO 101, Inc). The products were radiolabeled with [a-32P] dATP
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with a randomly primed DNA labeling kit (Boehringer Mannheim Corp.). The specific

activities of the probes were 2 X 106 to 5 X 106 cpm/pmol, and they were used at
concentrations of 10 pmol/ml. Prehybridization and the following hybridization were
according to the protocol described in the manual; the hybridizations were performed in

5 X SSC (1 X SSCis 0.15 M NaCl plus 0.015 M sodium citrate) and 50 % formamide

at 42°C. Hybridized transcripts were visualized by exposure to XAR-1 X-ray film.
The images of transcripts in RNA-slot blots were scanned by a PhosphorIlmager
STORMS860 (Molecular Dynamics), and the quantitation of the radioactivity of
individual transcript was analyzed with ImageQuant software. Normalized units were
defined as the band intensity for any experimental probe at a particular RNA

concentration divided by that of a recA probe at the same RNA concentration (26).

TABLE 2. Oligonucleotides used for sequencing and probes

Primer Sequence Description?
For DNA sequencing
oryl4 3'-AATCTGCGAGATTAGAGTAAT-3' (personal communication
with J. R Scott)
mga-1F 5'-GTGAATGACATAAATGTCGC-3' 445-465
mga-1R 5'-GTAAGTGTTGGTTTTTTTGATGAGG-3' 1088-1064
mga-2F 5'-GAAATTGGCTGTGCTTTTGAG-3' 1521-1541
mga-2R 5'-TCACTAGGAGTCGTACTTTTTCATC-3' 1928-1904
mga-3F 5'-ATCGTGACAAGTCCAGTGCAGG-3' 1112-1133
mga-3R 5'-AACACCGAAGCGTTATGGAGGG-3' 1659-1680
mga-4F 5'-ACAAAAACCAGGCAAGCCAG-3' 2245-2264
virR49-F 5'-TTATCTACCCTCAAACGCCTCATC-3' 1046-1069
virR49-R 5'-AAAAGCCAAAAGGTAAAGGTCAGT-3' 2379-2402
For probes
Relf1l 5'-AATCTGCAGTATTCGCTTAGAAAATT
AAAA-3 7-68 emmL2.1(3)
915-R S'-GTTCTTGATAACGTTITTTCTACTTCTC
G-3 428-455 emmlL2.]1 (3)
recA-F 5'-ACGAACGTCGAAAGCCCTTG-3' 88-107 recd (24)
recA-R 5'-CGGTTTCTTCTGATGCTACTGCC-3' 1104-1126 rec (24)

@ Primers used for amplification as the probe of mga gene, the description includes
position (in base pairs), gene, and (parenthetically) applicable reference(s).
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Phagocytosis assay. The protocol for testing the antiphagocytic abilities of
strain B514-Sm and its transformed cells was followed (31) except for the medium
used and the inoculum of some strains. All of the strains used in the assay were grown
in 2X BHI plus 2% supplement B with appropriate antibiotics and with the addition of
10% heat-inactivated horse serum (Colorado Serum Company). A logarithmic-phase
culture of the strains was used for the test. Freshly drawn human blood was mixed

with heparin (10 units per ml of blood), and the plasma was obtained by centrifugation

of the blood at 5000 X g for 10 min at 10 C. Growing cultures of the tested strains
were diluted to 200-600 CFU per ml. A mixture of 0.1 ml of culture medium, 0.1 ml

aliquots of the bacterial dilutions, and 0.4 m! of either human blood or plasma (control

for anti-M antibodies) was incubated at 37°C for 3 h with rotation. The cultures were

then plated in 5% sheep blood agar plates plus the appropriate antibiotics and incubated

at37°C.

RESULTS

Restoration of wild-type levels of M-family proteins in strain
B514-Sm by complementation with mga-containing plasmids. In previous
experiments, the expression of the emm gene cluster in B514-Sm virulent for mice was
found to be attenuated relative to the expression of the same gene cluster in a human
serotype M2 strain, T2/44/RB4. A complementation test was performed to see if the
trans-acting Mga proteins from other GAS strains could complement the putative
regulatory defect in strain B514-Sm which led to the attenuated expression of all M-
family proteins. Plasmids containing a mga gene cloned from either a serotype 4 (AP4)
or a serotype 6 (D471) GAS strain were used (Table 1). —Ail plasmids were based on
the shuttle vector pLZ12-Spc, and each contained a mga gene expressed either under its

own native promoter or under a promoter derived from the Lactococcus lactis phage
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SKIIG (Table 1). Plasmid pMga6 contains mga6 with its promoter region in a shuttle
vector, pLZ12-Spc; pdMga6 has the same mga gene except that the promoter region
was replaced by the lactococcal phage promoter; pMga4 contains the mga# gene under
its native promoter in the same shuttle vector (26). These plasmids were individually
transformed into B514-Sm by electroporation. After transformation with the different
mga-containing plasmids, surface proteins of individual transformants were extracted
by CnBr with a standard volume of cells grown to OD 0.8 at 600 nm (38). The major
surface proteins extracted by this procedure are the M-family proteins (38). Equivalent
quantities of protein from each isolate were then visualized by SDS-PAGE gel
resolution and Coomassie blue staining (Fig. 1). Protein levels were compared to those
in the parent B514-Sm and also in the strain T2/44/RB4, whose Mga regulon is closely
related to that in B5S14-Sm and which was previously shown to exhibit wild-type levels
of M-family proteins (48). M-family proteins were equivalent to those in T2/44/RB4 in
transformants containing the plasmid pMga4 (Iane 4). Fewer surface proteins were
detected in B514-Sm transformed with mga6-containing plasmids either in its own
promoter or in the phage promoter (lanes 5 and 6). As was seen previously, barely
detectable surface proteins were observed in the parent strain—-B514-Sm, or in the
plasmid vector-transformed B514-Sm strains (lanes 2 and 3). Furthermore, from this
analysis, Mga4 protein was found to be more effective than Mga6 protein in

complementing the expression of the M-family proteins in strain B514-Sm.

Analysis of mga50 RNA transcript. The attenuated expression of the
emm gene cluster in strain B514-Sm was previously found to occur at or prior to the
transcription of emm-family genes because transcript levels correlated with observed
protein levels (49). This had implicated the Mga regulator as being potentially

responsible for attenuated expression of the emm50 gene cluster. To assess whether
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FIG. 1. CnBr extracts of surface proteins from B514-Sm, T2/44/RB4, and mga
plasmid-transformed B514-Sm cells. Lanes | and 8, size standards; lane 2, B514-Sm; lane
3, B514(pLZ12-Spc); lane 4, B514(pMga4); lane 5, B514(pMga6); lane 6, B514-
(péMgab); lane 7, T2/44/RB4. Stds., standards.
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the complementation of Mga restored wild-type transcription levels, quantitative RNA-
slot blots were performed to detect transcripts of both emm350 and mga30. The recA
transcript was utilized as a factor for normalizing loading amounts because it has
previously been shown to be constitutively expressed (26). Transcript levels were
analyzed in strain B514-Sm, with T2/44/RB4 as a positive control, and in B514-Sm
transformed with pMga4 or B514-Sm transformed with only the vector itself, pLZ12-
Spc. The autoradiographs of the transcripts for mga50 and emm350 and the quantitation
of these transcripts relative to the housekeeping gene recA in different strains are shown
in Fig. 2. The transcript of the mga50 gene was detected in strain B514-Sm, and it was
slightly lower than the mga2 transcript in strain T2/44/RB4 (Fig. 2A, B), with a
calculated ratio of about 1:1.5 after normalization with the recA gene. The emm30
transcript in strain B514-Sm was further reduced as compared to the equivalent emm2
transcript in T2/44/RB4 (Fig. 2A, B), with a calculated ratio of about 1:4. In pMga4-
transformed B514-Sm, the level of emm50 transcript was increased to become
approximately equal with the level of transcript for the same gene in T2/44/RB4. In
B514-Sm cells transformed with vector alone, the levels of mga50 and emm350

transcripts were indistinguishable from those in the parent strain.

Sequencing and analysis of the mga50 gene. The complete nucleotide
sequence of the mga30 structural gene, including 608 bases upstream from the
translation start codon, was completed to allow examination for potential base and
amino acid substitutions that might have altered Mga activity in this strain (Fig. 3). The
nucleotide sequence contains an open reading frame of 1599 nucleotides which encodes
533 amino acids; the molecular weight of this protein is about 62 kDa. When the
upstream 608 bp were compared to the same regions of mga# (1) and virR49 (36), 24
polymorphic sites were found. There were 5 insertions or deletions in either mga+ or

virR49 relative to mga50, and there were 19 substitutions among the three alleles of
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FIG. 2. Expression of mga gene in strain BS14-Sm. (A) Specific RNA transcripts to
each gene (mga, emm, and recA) were detected in strains 1, T2/44/RB4; 2, B514-Sm; 3,
B514 (pMga4) and 4, BS14 (pLZ12-Spc). 2 ug and 0.4 pg of RNA isolated from
different strains at similar ODgq growing phase were loaded per blot in duplicate. The
blot was reacted with DNA probes which were specific to each gene (see Table 2). The
blot would be stripped for hybridization with the other probes. The washing condition of
the blot for each probe was the same. (B) Quantitation of the mga transcript level in strain
B514-Sm from hybridization analyses. Data are represented as normalized units defined
as the band intensity for any experimental probe at a particular RNA concentration
divided by the band intensity of a rec4 internal control probe at the same RNA
concentration (26).
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FIG. 3. Sequence of the 2562-bp DNA fragment encoding Mga and adjacent regions.
The first base in the ATG codon as the start of translation of Mga is designated as *. The
predicted ribosome binding sequences (SD) is indicated as #. Two promoters P1 and P2
required for transcription as designated in virR49 (34) are found in the upstream region,

as indicated by boldface underlining. A region of dyad symmetry in front of P1 promoter
is indicated as ><, and there is a core sequence underlined which is conserved in many

DNA-binding regulatory proteins (10, 29). No obvious p-independent termination signal
was found in the downstream of the coding region as in mga6 (1). The promoter (Prarp)
for transcription of mrp gene is shown in the downstream region of the mga gene. The
first coding base of mrp is indicated as *.
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~-489

AAGACAAGTTAACCAGTTCATAAAAACATOG TAGAAAC ZITTTCAAGAGCTAATG TTGGAG TAAAT TGACTGAAGTATGATAGAN
TTTTTAATGAATGTGACAATAATGTCACAGATAA -369

P1(-10}

AMOCGAAAACAGCAAAATAATTAMTTGAATATAAAAAAGTTAATTAAGTGAGTGATAATCAAGAAATGAAGTTCAAAAAATATAMTAAAATAAAACACAAGAACTGCTAAAAGAAG
-249

P1(-35)

< €<<<<

>323> >

TGAATGACATAAATGTCGCTAAAAAATAGA T AGAAGATICTAMA T T TCAGT T T TAGC TCACTE T T TATGATTTGAAATCAGGATGATGACC TTAAGT TG TGAT TTGOGOGTCATTGAC
~-129

P2(-10)

P2(-35)
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mga in this region (data not shown). Within the coding region, there were 8 poly-
morphic amino acid sites among these three mga genes; (Fig. 4). For four of these sites,
mga30 was synonymous with either the mga+ or the virR+49 allele. For the other four
sites, the amino acids in mga350 are nonsynonymous with either mga + or virR+49. One
nonsynonymous amino acid is residue 26, which is senine in mga50 but is asparagine
in both mga+ and virR49. This amino acid is in one of the helix-turn-helix effector
domains for DNA binding (7). A second nonsynonymous change is residue 361,
which is changed to proline in mga30 and to alanine in the other mga genes. Two
additional nonsynonymous amino acid residues, 461 and 521, fall within a region
where sensor protein(s) might recognize and pass the signal to these respopse-regulator
domains (32). In addition to the single amino acid substitution sites, there is one
frameshift of five amino acids which occurs in virR49 near the carboxyl terminus (Fig.
4). Mga50 matches Mga4 at this location. The frameshift in the Vir49 allele suggests
the extreme carboxy! terminus of the protein is not required for Mga regulation.
Overall, mga50 showed 98% homology to mga+ and virR49 from the available
sequence data. mga50 differs more substantially from the mga gene of an M serotype 6
strain (32); there is only 86% identity, and the majority of variation in this case is found

towards the carboxyl terminus of both proteins (1).

Bactericidal test. The antiphagocytic M protein of GAS is considered a
critical virulence factor because it enables resistance to killing by polymorphonuclear
leukocytes. The capsule of GAS has also been reported to provide some resistance to
phagocytosis, especially when it is in a hyper-expressed state and produces mucoid
colonies on agar plates (5, 45, 47, 48). In the B514-Sm parental strain, the capsule is
overexpressed and the strain is highly mucoid. The strain has given variable results
when used in standard bactericidal assays, and we previously reported that it cannot

survive in human blood (20). The previous susceptibility to phagocytosis was
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FIG. 4. Comparison of amino acid sequences from different GAS mga gene
sequences. These sequences are all emm gene cluster chromosomal pattern 5 strains, mga4
(1), virR49 (36) and mga50 (this study). Positions of 1dep§1cal residues are marked by -.
Three potential helix-turn-helix motifs at the amino termini are marked as boxes. Two
possible domains for sensor proteins to recognize are located at the carboxyl terminus,
which start at residues 172 to 300, and residue 404 to the end of the protein, as described

in 31).
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attributed in part to the attenuated expression of the M-family proteins in this strain
virulent for mice.

To clearly test whether complementation of Mga50 could restore biological
function and result in protection from phagocytic killing, we utilized a version of B514-
Sm in which capsule production had been abolished by the insertional inactivation of
the hasA locus (20). This capsule-negative strain is called B514.039. Each of the
pMga plasmids was transformed into B5S14.039 to exclude the effect of the capsule on
the bactericidal assay. B514.039 clones transformed by pMga4 or pLZ12-Spc plasmid
were analyzed for production and quantity of surface M-family proteins. As had been
observed for the parental strain, complementation of mga50 was achieved, and higher
quantities of protein were produced with the strain B514.039 (pMga4) but not with
B514.039 (pLZ12-Spc) (data not shown). All strains were tested for antiphagocytic
activity in a direct bactericidal test. The relative survival rates of different GAS strains
in human blood are shown in Table 3. It can be observed that the strains that can grow
in human blood as well as in plasma include the strains with normally expressed M
proteins (strain D471.Rot) and the unencapsulated strain in which M protein expression
has been restored by plasmid complementation (strain B514.039 (pMga4)). Strains
that failed to grow in human blood include an isogenic version of D471.Rot strain in
which the emm gene was inactivated (strain UAB150) and the unencapsulated
B514.039 strains in which the M protein is still attenuated (B514.039 and B514.039
(PLZ12-Spc)). In these cases, the streptococci cannot survive in human blood but do
grow in plasma. From these results, it was clear that the increased expression of the
emm gene cluster in the absence of any capsule in strain B514.039 (pMga4) was
sufficient to restore growth in human blood, a biological property of M proteins.

In the current studies, the heavily encapsulated strain B514-Sm did survive in
human blood as well as in plasma. This result differs from our previous observation

concerning this strain (20). Because the experiments were assayed with blood from
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different donors, and possibly the batch of anticoagulant-heparin used was different,
both factors may affect the bactericidal activity of individual human blood for heavily
encapsulated streptococci. Nevertheless, compared with the capsule-negative isogenic
mutant strain B514.039, the encapsulation of B514-Sm has a protective role against

phagocytosis in this test.

TABLE 3. Resistance of mga-transfcrmed capsule-negative B514-Sm strains to
phagocytosis in human blood

Total bacterial CFU in:
Strain o
Input Plasma Whole blood

D471.Rot 2.4 X 102 55X 103 63X 103
UAB150 5.8 X 102 18X 104 6.3 X 102

a
B514-Sm 5.1X102 1.7X 104 1.8 X 104

a
B514.039 57X 102 25X103 1.2 X102
B514.039 (pMga4) 1.7 X 102 50X 102 1.5X 103
B514.039

a
(pLZ12-Spc) 5.0X 102 1.4 X 103 1.6 X 102
a

The number of inoculum is >300 CFU.
DISCUSSION

An M serotype 50 strain B514-Sm is unique among GAS strains in that it
showed a natural pathogenicity for mice and originated from a mouse outbreak of
respiratory disease. Although isolates of the M50 serotype were found in more than
one outbreak in mouse colonies, this serotype has almost never been seen in human
isolates, although serotype M62 appears nearly identical to M50 and is found among
human isolates with rare occurrence (Beall, personal communication). Because of its

mouse virulence, this strain is important for the development of murine models with
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accessible procedures to study group A streptococcal pathogenesis (20). B514-Sm is
highly encapsulated, but surprisingly, the expression of the most important virulence
factors in GAS strains, the emm gene cluster, is rather low compared to the M2 strain
T2/44/RB4, which has a similar emim gene cluster (49). Even though the emm gene
cluster of B514-Sm is composed of three genes, in order, mrp (SF4), emm (SF2) and
enn (SF3) (49), these genes were not associated with bacterial virulence either in the
colonization stage or in the later invasive stage in mice infected with B514-Sm (20).
This result may be because the expression of these genes is low and results in high
pressure selection of the capsule production (48).

In the plasmid complementation expirment, all mga-containing plasmids
successfully reverted the attenuated expression of the emm gene cluster in B514-Sm
(Fig. 1). pMga4 under its own promoter was the most efficient. pMga6, either under
its own promoter or a constitutive phage promoter, was less efficient. This difference
can be explained by the fact that the mga50 gene is more similar to the mga+ gene than
to the mga6 gene. Both mga50 and mga4 genes belong to the strains that have the same
emm gene chromosomal pattern 5, which are more divergent from the mga6 gene that is
in the strain has emm gene chromosomal pattern 1 (15). It is not known why Mga
proteins differentiate into at least two types. In this study, the Mga6 protein can
complement the activity of the inactive Mga50, but not as well as the Mga4 protein,
which was more homogenous to Mga50. At least three parts of these mga genes may
have caused the different efficiency in complementation. One was the upstream
regions, for example, the promoters. This hypothesis was proved, that when the
plasmids with different promoter sequences—pMga4, pMga6, and the ppMga6—were
used to transform into the strain B514.039, these plasmids had different efficiency to
complement the defective mga50 (Fig. 1). The second part was on the carboxyl
terminal region, which the sensor components of B514-Sm may not recognize well in

Mga6. The third part was the helix-turn-helix DNA-binding motifs, in which Mga6,
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after receiving a signal from the sensor proteins, may not interact well enough to
activate the emm gene cluster of B514-Sm. Since the attenuated expression of the emm
gene cluster of B514-Sm can be reverted by complementing with mga-containing
plasmids, it was thought that the mga gene of B514-Sm was inactive. Mga protein is a
positive transcriptional activator of the emm gene cluster, the scp4 gene, and some
other genes. It acts as a two-component bacterial signaling system, in which Mga
protein is a response regulator; after receiving a signal from the sensor protein (usually
a histidine kinase which transfers a phosphory! group); the activated response regulator
then binds to the regulated genes (43). In the DNA and deduced amino acid sequences

of mga50, there are four amino acid differences from both mga+4 and virR49 genes.

One is located in the helix-turn-helix DNA-binding motif—Ser26 (Asn26 in both mga+4

and virR49 genes); two different residues are in the carboxyl terminus containing the
predicted response regulator domains (32)—-Arg46! and Gly>21 (Met#6! and Glu521

in both mga4 and virR49 genes). The residue Met461 is highly conserved in all
published Mga protein sequences (1, 4, 12, 32, 36) and is very close to the proposed
phosphorylation site, the Asp459. Residue 521 is rather diverse among the Mga
proteins (1, 4, 12, 32, 36). Another difference is residue 361, which is alanine in both
mga+ and virR49 but proline in mga50, and the change may affect the protein structure.
This Ala36! residue is also conserved in the Mga proteins. It is not known whether all
four amino acid mutations, or just one or two, cause Mga50 to be inactive. Even
though the variability of amino acids in the carboxyl termini of Mga proteins can be
tolerated (1), the non-synonymous change of residue 461, which is very close to
Asp#39 may affect the following activation. The other possibility for inactive MgaS0
is the expression of this gene. Okada et al. found that the 473 bp upstream of the mga
coding region are required for expression of the mga gene (30). Even though there
were about 20 polymorphisms in this region of mga50 compared to that of mga< or
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virR49, the two promoters (P and P5) found in the virR+9 gene (36) can be located in

the upstream region of mga50 (data not shown). Furthermore, the transcript levels of
mga in B514-Sm and T2/44/RB4 were nearly similar, which were about 22-fold less
than those of the emm gene in T2/44/RB4 and 12-fold less than those of the emm gene
in B514-Sm. From these results, it appeared that the expression of mga30 was not
defective, but that the mutations causing the amino acid changes affected the activity of
Mga50.

The expression level of the emm gene was about fourfold attenuated in B514-
Sm compared to that in T2/44/RB4, according to the RNA-slot blot assays, and is less
attenuated than levels we observed previously (49). This difference in quantity of the
emm transcripts may have resulted from the culture media and the techniques used,
both of which could influence the data concemning the extent of attenuation of emm30
gene cluster of strain B514. Further studies are needed to prove this influence, even
though, without any doubt, the expression of M-family proteins in B514-Sm was
attenuated when cultured in both media. From the experiments of RNA-slot blot assay,
the reverted M-family proteins expressing strain B5 14 (pMga4) are shown to have the
increased transcript level of emm gene, which is correlated to the increased transcript
level of mga gene (Fig. 2).

The group A streptococcal capsule is a virulence factor (5, 45, 47, 48). In our
previous study, two mouse models were used to evaluate the role of some virulence
factors by delivering B514-Sm or isogenic mutant strains intranasally or intratracheally.
It was found that the hyaluronic acid capsule, not the M-family proteins or streptococcal
C5a peptidase, was required for pharyngeal colonization and the induction of
pneumonia (20). The hyaluronate capsule and M proteins were found to be variably
important in the resistance of different GAS to opsonization and phagocytic killing (5).
Dale et al. (5) found that type 24 streptococci bound fibrinogen avidly, and

encapsulated organisms were completely resistant to opsonization only in the presence
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of fibrinogen; and type 18 streptococci bound less fibrinogen than type 24 streptococci
and were resistant to phagocytosis only with encapsulation. Assays of complement
deposition and C3 binding showed that encapsulated type 24 streptococci were fully
resistant to opsonization by C3 only in the presence of plasma. Encapsulated and
unencapsulated type 18 streptococci were equally opsonized by C3 in either plasma or
serum, but only the encapsulated strains can resist phagocytic killing in blood; this
result indicated that opsonization by C3 did not necessarily lead to phagocytic ingestion
(5). In this experiment, it was explained that the different amount of fibrinogen binding
of type 24 and 18 streptococci was possibly due to the number of B repeats of the M
proteins, but the quantities of the M proteins expressed in these two strains may be one
of the reasons that there were differential binding of fibrinogen and the necessity of
encapsulation in these two types of streptococci. In our bactericidal assay, BS14-Sm
could survive in human blood, but the capsule-negative mutant strain B514.039 could
not; this result indicated that the capsule of BS14-Sm does play a role in anti-
phagocytosis, contrary to the results that we previously published: that B514-Sm
cannot survive in human blood (20). The main purpose of performing bactericidal
tests was to determine if the increased expression of M-family proteins in the mga
plasmid-transformed B514-Sm in the absence of capsule correlates to the anti-
phagocytic virulence function of M proteins. The result showed that the increased
expression of M-family proteins by complementing with mga+ gene in the capsule-
negative strain B514.039 endowed the strain with more resistance to phagocytic killing.
It is necessary to revert the attenuated expression of emm geﬁe cluster in this
strain virulent for mice before testing the virulence mechanisms of the products, Mrp,
Emm, and Enn proteins, in the murine models. Correcting the inactive form of Mga50
is one way of achieving this. The hyaluronate capsule of this strain plays an important

role in mouse group A streptococcal infections because of the low expression of the

emm gene cluster.
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CONCLUSIONS

DNA sequencing and gene expression of the emm gene cluster in
an M50 group A streptococcus strain virulent for mice. A serotype M50
strain, B514, can be used for developing murine models of group A streptococcal
infections because it causes natural infections in mice. Even though there are data to
address the pathological effect from B514-infected mice (43, 116), and the protection
studies of inducing systemic or mucosal immunity in the mice challenged by B514 (53,
100), information about the characteristics of individual virulence factors of thxs strain
at the molecular level is scarce. For the purpose of understanding more about the role
of individual virulence factors in the development of pathogenicity in animal models,
we first characterized the antiphagocytic M protein of this strain. The emm gene locus
of this strain was examined by allele-specific PCR mapping technique and was found to
contain three emm-family genes—-SF4 (mrp50), SF2 (emmL50), and SF3 (enn50)—and
was assigned the emm gene cluster of pattern S. PCR-generated fragments
corresponding to the individual genes were cloned, and the entire gene cluster was
sequenced. The gene cluster has greater than 97% DNA identity to that of the M2
strain—T2/44/RB4, except that there are two small divergent regions immediately after
the signal peptides of the SF2 and SF3 genes. These two heterogeneous regions may
define the M5S0 serotype specificity of B514-Sm, differentiating M50 strains from M2
strains in the Lancefield serotyping system. Even though B514-Sm and T2/44/RB4
strains bave similar M-family proteins, serotype M2 strains are not virulent for mice
unless they have been passaged several times through mice to select for virulent

variants. Likewise, M50 strains are not usually found among human isolates.
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On the basis of the DNA sequence of the emm gene cluster in strain B514-Sm,
it was found that mrp30 and emm350 genes encode probable IgG-binding proteins and
that the enn50 gene encodes a probable IgA-binding protein. Binding studies of these
three proteins expressed in vitro showed the predicted binding capabilities. However,
when the expression of these three genes in B514-Sm was analyzed by quantitative
Northern (RNA) hybridization, the transcript levels of all three emm -family genes was
found to be over 30-fold attenuated relative to those of the same genes in strain
T2/44/RB4. The attenuation state of M-family proteins in B514-Sm was not changed
even from B514-Sm isolates recently passaged in mice in an attempt to increase M
protein expression.

Because all the sequences of the promoter regions are identical in strains B514-
Sm and T2/44/RB4, variation in the regulation sites is unlikely to explain the difference
in expression between these two strains (personal communication with S. K.
Hollingshead). Thus, the low level of expression in B514-Sm may indicate that the
mga gene, the positive transcription regulator of the emm gene cluster, is either
defective or only active under conditions that differ from those required by most
streptococcal strains. An Mga-binding site for the emm6 and scpA genes located near
the -35 region has been identified in one of the two promoters for these genes. It is
possible that the basal level of transcription found in the B514-Sm may originate from
promoters that are not under the control of the Mga. Another possibility is that B514-
Sm is highly mucoid and encapsulated, and the capsule may be important for the
virulence of strain B514-Sm for mice because the hyaluronate capsule as well as the M
protein have been proved to have antiphagocytic ability (21, 107, 108, 109). The
redundancy of these two virulence factors in B514-Sm may lead to the attenuated

expression of emm genes in this strain.
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Role of putative virulence factors of Streptococcus pyogenes in
mouse models of long-term throat colonization and pneumonia. This has
been a collaborative project with Dr. Linda Husmann and colleagues at Emory
University, and the purpose has been to investigate the role of putative virulence factors
of GAS in two animal models. For this dissertation, the virulence factors tested in these
studies were emm family proteins, C5a peptidase, and hyaluronate capsule (42). The
isogenic mutant strains for individual virulence factors in BS14-Sm were constructed
by Husmann and coworkers (JRS4016, JRS4012) and us (B514.039) either by
deleting the whole emm gene cluster or by inactivating scp4 and hasA genes (which
encode C5a peptidase and hyaluronate synthease, respectively) by insertion.of a
nonreplicative plasmid in the genes. These mutant strains were tested in two animal
models of infection. The C3HeB/Fe] mouse model in which intratracheal inoculation
results in pneumonia and systemic spread of the streptococcus was used to study the
late stages of diseases (43). A model of long-term (at least 21 days) throat colonization
following intranasal inoculation of C57BL/10SnJ mice was used to study the early
stages of diseases. When a whole emm family genes-deleted mutant was tested in these
models, no significant difference was seen in the induction of long-term throat
colonization or pneumonia compared to the wild-type strain. The incidence of throat
colonization by the inactivated scp4 gene mutant and the wild-type strain was not
significantly different. However, a small but statistically significant decrease was
shown in the incidence of pneumonia caused by the scp4 mutant. Finally, the
hyaluronic acid capsule was demonstrated to be very important for developing disease
in both models. Following intranasal inoculation of mice with the AasA-inactivated
mutant, almost all bacteria recovered from the throats of the mice one day after
inoculation were encapsulated revertants with the loss of the inserted plasmid.
Following intratracheal inoculation with the 4as4 mutant, the incidence of pneumonia

within 72 h was significantly reduced from that of the wild type strain (p = 0.006).
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These results indicate that the hyaluronic acid capsule of B514-Sm confers an important
selective advantage for survival of the bacteria in the upper respiratory tract and is also
an important determinant in the induction of pneumonia in these model systems. The
minimal effect of M-family proteins and C5a peptidase in strain B514-Sm for
establishing disease can be explained by the fact described in the previous study that the
expression of M-family proteins (and possibly the C5a peptidase) was attenuated (118).
From the results of these experiments, the attenuated expression of mga-regulated
genes in strain B514-Sm appears to affect its virulence capability, the expression-level

of emm gene cluster in B514-Sm is not sufficient for their virulent function.

Complementation of a defective mga gene corrects the attenuated
expression of the mga virulence regulon in an M5S0 group A strepto-
coccus strain virulent for mice. The failure of showing any effect on
pathogenicity of emm gene cluster and C5a peptidase of strain B514-Sm can be due to
their naturally attenuated expression. Therefore, in order to understand the role of these
mga virulence regulon in the development of group A streptococcal disease in animal
models, it was necessary to revert the state of attenuated expression of mga regulon to
the wild-type level of expression, as in strain T2/44/RB4, whose mga regulon is similar
to that of B514. One possible cause for the attenuated expression of the mga regulon
is that the response regulator mga gene is defective. To test this hypothesis, the mga
gene of this strain was further characterized. A complementation test was performed to
see if the frans-acting Mga proteins from other strains could complement the putative
defect of Mga in strain B514-Sm. When B514-Sm was transformed with plasmids
containing an intact mga gene from either an M serotype 4 or 6 strain, the expression of
the emm gene cluster was increased. AMga+ under its own promoter was the most
efficient, whereas mga6, under either its own promoter or a constitutively expressed

phage promoter, was less effective. This indicated that the mga gene in strain B514-
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Sm was defective and could be complemented by mga genes from different M
serotypes strains with different effectiveness. To assess whether the defect of mga50
was due to its expression, and to compare the expression levels of mga50 and emm50
in B514-Sm strains transformed with plasmids to those of the wild type strain,
quantitative RNA slot blots were performed to detect transcripts of both genes in B514-
Sm and its transformants. The level of the constitutively expressed rec4 gene was used
for normalizing the loading quantities. The transcript level of the mga gene in strain
B514-Sm was slightly lower than the mga2 transcript in strain T2/44/RB4, with a
calculated ratio of about 1:1.5. The emm50 transcript in strain B514-Sm was further
reduced as compared to the equivalent emm2 transcript in T2/44/RB4, with a calculated
ratio of about 1:4. An increased transcript level of emm gene in strain B514-Sm could
be detected when the strain was transformed with a plasmid containing the mga+ gene.
These results indicated that the transcription of mga50 was not defective, but that the
function of the protein as a positive transcription regulator of the mga regulon was
defective. DNA sequences and deduced amino acid sequences of mga50 were then
determined and compared to the sequences of mga4 and virR49, which occur in strains
all having pattern 5 of the emm gene cluster. There were, in total, eight amino acid
differences from either mga4 or virR49; four out of eight amino acids were different in
both mga genes. One nonsynonymous substitution was at residue 26, which was
located in one of the helix-tum-helix motifs in the effector domain of MgaS0. The other
substitution was at residue 361, which was an alanine in most mga genes but was
changed to a proline in mga50, and which may cause a structural distortion. The two
other substitutions were located in one of the potential CheY-like response regulator
domains, arginine at residue 461, instead of methionine in all mga genes that have been
sequenced so far. This residue is very close to the potential phosphorylation site,
aspartic acid at residue 459. This substitution M461R may affect the phosphorylation

of D459 and interfere with the subsequent activation. The last substitution is glycine at
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residue 521, instead of glutamic acid in both mga# and virR49. This substitution may
also cause a structural distortion. There was also polymorphism found in the upstream
region of the coding sequences; nevertheless, the two promoters deduced from virR+9
can be located in this region, and, according to the result of quantitative RNA slot biots,
the sequence variation in this region did not affect the expression of this gene. From
the results of these experiments characterizing mga350, the defect in mga50 appears to
be a point mutation(s) in the encoding gene.

Since the attenuated expression of M-family proteins can be reverted by com-
plementing the strain B514-Sm with intact mga plasmids, it was important to know if
the increased expression of M-family proteins of this strain could restore biological
function and result in protection from phagocytic killing. The wild-type strain B514-
Sm was found to be able to survive in human blood in the direct bactericidal assay as a
result of the highly expressed hyaluronate capsule. To exclude the factor of capsule,
plasmids were transformed into a previously isolated capsule-negative mutant strain—
B514.039. With the mga4 plasmid transformed in B514.039, as for the parental strain,
complementation was achieved and a larger quantity of M-family proteins was
produced. In the direct bactericidal assay, this transformant was found to survive in
human blood to a greater extent than B514.039. It was apparent that the increased
expression of M-family proteins in the absence of any capsule in strain B514.039
(pMga4) was sufficient to restore growth in human blood, a biological property of M
proteins.

In this dissertation, the emm gene cluster of the highly encapsulated strain B514
(M serotype 50) virulent for mice has been characterized. Itis proposed to use this
strain in an animal model to study the pathogenesis of GAS infections because of its
natural ability to infect mice. Even though there are three emm gene loci in this strain,
which are able to encode three Ig-binding proteins, Mrp, Emm, and Enn, the

expression level of these three proteins are attenuated compared to that of a human GAS
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isolate--T2/44/RB4 (M serotype 2) strain. This finding is correlated to the results from
the in vivo studies which showed that the role of virulence factors, M-family proteins,
and C5a peptidase of B514 strain was minimal, and that the hyaluronic acid capsule
was required for establishing disease. In this dissertation, it is also shown that the Mga
protein, the positive transcription factor of emm gene cluster, scpA4, and some other
genes, is defective. Restoration of the wild-type expression level of M-family proteins
in strain B514 can be achieved by complementation with the intact mga gene from
different serotype strains. Certain amino acid changes in Mga protein of strain B514
may result in the defect. The restored expressing M-family proteins of strain B514 was

proved to be able to protect the bacteria from phagocytic killing,
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