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The group A streptococcus (GAS) is a strict human pathogen, which causes a
broad spectrum of diseases ranging from the self-limiting diseases such as
pharyngitis and impetigo to the more severe invasive disease such as necrotizing
fasciitis. The coordinate expression of a wide array of virulence factors in
response to the changing host environment represents a key step in the ability of
the GAS to mediate disease in the human host. The present study investigates the
role of the primary mediator of sugar metabolism regulation, carbon catabolite
control protein (CcpA), in the regulation of virulence of the GAS. A putative

CcpA-binding site or catabolite response element (cre) was identified upstream of



the promoter for the virulence gene regulator, Mga. CcpA was shown to
specifically bind to this cre, and activate the transcription of mga. In addition,
both transcription of mga and expression of Mga were reduced in a ccp4 mutant
strain; however, the expression of the Mga-regulated genes were not affected.
Additional studies analyzing the role of CcpA in pathogenesis of the GAS,
showed a “hypervirulent” phenotype in the absence of CcpA using two mouse
infection models. Microarray analysis of the AccpA strain determined that CcpA
significantly represses the expression of sagA, the gene encoding the potent
cytolysin, streptolysin S (SLS). Moreover, hemolytic activity due to SLS was
increased in the AccpA strain, and expression from Psagd demonstrated strong
catabolite repression during growth in glucose compared to sucrose. Furthermore,
purified GAS CcpA was shown to bind directly to the cre present in PsagA. The
role of SLS in the increased pathogenesis of the AccpA strain was investigated by
the creation of a double mutant strain, which lacks the ability to secrete SLS.
Importantly, systemic infection of mice with the AccpA sagB double mutant
resulted in complete attenuation of virulence and determined that the increased
SLS expression is responsible for the “hypervirulent” phenotype in the absence of
CcpA. Overall, these results have demonstrated a strong link between sugar

metabolism regulation and virulence gene expression in the GAS.
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CHAPTER ONE:

Introduction

The group A streptococcus (GAS) is a strict human pathogen, which is
responsible for a wide array of diseases ranging from the self-limiting, pharyngitis, to the
severe invasive, necrotizing fasciitis (51). The incidence of GAS infection ranges from
over 10 million cases of non-invasive to approximately 10,000 cases of invasive
streptococcal disease. Although, the annual USA healthcare costs for treatment of GAS
disease is approaching 500 million dollars per year, they are mainly associated with self-
limiting infections; while the worldwide mortality rate, approximately 500,000 deaths per
year, is associated with invasive streptococcal disease (156). GAS infections are also
linked to several secondary sequelae including acute rheumatic fever, and
glomerulonephritis, which necessitate treatment. While a vaccine is not available for
prevention of GAS infections, self-limiting GAS infections are still treatable with
penicillin; however, treatment of invasive GAS infections is not always successful.

Global transcriptional regulation of its many virulence genes represents a key step
in the ability of the GAS to proliferate in the human host and cause such a wide variety of
diseases (116, 153). The GAS senses the surrounding environment and in response,
coordinately regulates the expression of factors required for survival. One of the major
changes in the host environment that the GAS senses, are the availability of nutrients
such as sugars. The GAS preferentially metabolizes glucose and therefore has
adapted a regulatory system to prevent the ineffective utilization of alternative sugar
sources when glucose is present. This mechanism, called carbon catabolite repression

(CCR), is mediated by the transcriptional regulator carbon catabolite control protein A

1



(CcpA). CcpA mainly represses genes involved in alternative metabolism, but has
recently been shown to regulate the expression of virulence factors in several closely
related Gram-positive organisms. In addition to CcpA, there are many other global
transcriptional regulators in the GAS, including the multi-gene regulator of the group A
streptococcus (Mga), which regulates the gene encoding the major surface component, M
protein as well as those for several other factors associated with virulence and evasion of
the host immune response. Although, mga expression is autoregulated and is known to
be strongly growth phase dependent, a specific signal for initiation of regulation has yet
to be identified.

This study begins with the identification of a putative catabolite response element
(cre) upstream of the Pmga promoter. CcpA was found to specifically bind to this cre,
and activate expression of mga. The cre was required for full expression from Pmga, and
shown to be required for expression from the P1 promoter. In the absence of CcpA, mga
transcription and Mga expression were significantly reduced; however, expression of the
Mga regulon was not affected. Further studies investigated the influence of sugar
metabolism on transcriptional activation of mga. The results of these experiments
support a model for CcpA-mediated activation of Pmga P1, which leads to the production
of Mga and further autoamplification of expression.

The second focus of research within this study assessed the role of CcpA in the
pathogenesis of the GAS. A deletion of ccp4 was made in a virulent strain of GAS, and
was analyzed in vivo using two different mouse models of infection. Interestingly, the
ccpA mutant strain resulted in a hypervirulent phenotype in both infection models. A

transcriptome analysis identified that expression of sagd, the gene encoding streptolysin



S (SLS), which is a potent cytolysin, was highly upregulated in the ccp4 mutant strain. It
was shown that CcpA directly represses expression of sagA4 by binding to a cre present in
the promoter. Moreover, the increased expression of SLS was found to be responsible
for the hypervirulent phenotype seen in the mouse models of infection. The results
presented within this dissertation indicate that CcpA contributes to both regulation of

virulence and pathogenesis of the GAS.



CHAPTER TWO:

Literature Review

HISTORICAL PERSPECTIVE

Many in the 19" century had observed the presence of spherical organisms in
chains, including Louis Pasteur, who identified these organisms in abscesses (187). In
1795 Gordon, had suggested that these spherical organisms were the communicable agent
for puerperal or childbed fever (60). However, it was not until 1874, when Billroth
described them using the Greek words streptos, for twisted chain, and kokhos, for berry
or seed, that the name streptococcus became widely used (60). The streptococci were
beginning to become associated with many other diseases as well, including epidemic
outbreaks of pharyngitis and scarlet fever; pneumonia, and the common skin infections
erysipelas and impetigo. The early nomenclature for the streptococci consisted of
naming the species after the type of disease caused. This nomenclature system led to

some confusion as to the classification of the individual organisms.

CLASSIFICATION

Hemolysis phenotype

The early nomenclature system for the streptococci resulted in the identification
of many different streptococcal species, making the classification of these organisms
more complicated. For example, the organisms isolated from patients of pharyngitis
outbreaks, puerperal fever, Scarlet fever, and erysipelas became known as Streptococcus

epidemicus, Streptococcus puerperalis, Streptococcus scarlatinae, and Streptococcus

4



erysipelatis, respectively. The classification of the streptococci became more ordered in
the early 1900’s when Schotmiiller and later Brown began to separate the various
streptococci based on their hemolytic reactions on blood agar plates (60). Their
observations led to the current definitions of hemolysis where a greenish or partial
clearance of the blood cells is called alpha (o) hemolysis, a full zone of clearing
surrounding the bacteria is beta (B) hemolysis, and no clearance or lysis is gamma ()

hemolysis.

Lancefield grouping

To classify the B-hemolytic streptococci, which she called Streptococcus
haemolyticus, Rebecca Lancefield used an antisera-precipitin test for the presence of
differing undefined antigens, termed C-antigens, from the various streptococci isolated
from both human and animal origins. From her results, she concluded that the group A
antigen in the precipitin reaction correlated to the strains isolated from human infection,
whether it be Scarlet fever, tonsillitis or pneumonia (122). Further, she was able to
determine that the specific antigen for the group A was carbohydrate in nature, later this
was shown to be true for the other group antigens (B-E) as well. From Lancefield’s
pioneering experiments, the classification of the streptococci began to take shape and the

group specific nomenclature for the streptococci is still used today.

M and T antigen and opacity factor typing
In addition to classifying the streptococci by carbohydrate antigen, Lancefield
also developed a method for determination of the M-antigen present in the group A

streptococcus (GAS). This method mixed acid extracts of the GAS, containing the M-



antigen, with a library of streptococcal antisera to determine the specific M-type based on
the presence or absence of precipitate formation (120). Later, she was able to adapt her
M-antigen typing protocol to a capillary precipitin test making it more practical for
laboratory diagnostics and classification (211).

Griffith, who was also interested in the GAS, began to characterize the human
isolates of B-hemolytic streptococci, which he, like others, was beginning to believe were
all the same organism, S. pyogenes. Similar to Lancefield, Griffith was interested in
associating the various streptococcal diseases to the presence of certain antigens. To
further his studies, he developed a slide agglutination test to classify the type of T-antigen
present in the streptococcal extracts isolated from many types of diseases (84). Griffith’s
test was much more simple than Lancefield’s initial M-antigen precipitin test, and thus
was more readily used.

Another method for classification of the GAS is the characterization of an
individual strain’s ability to opacify serum. Developed in 1938 by Ward et al., this
method mixed the same streptococcal acid-extraction as Lancefield described with horse
serum and then observing the opacity of the serum.  Serum opacity was found to
correlate specifically with M-type and was initially thought to be a property of the M
protein (139). Since, all strains are not positive for opacity factor (OF), and due to its

association with specific M-type, OF testing became useful in classification of the GAS.

Class determination
Although there were some factors that caused cross-reaction with the M protein,
not much was known about them until 1989 when Bessen et al. determined that these

factors were variable regions of the M protein (19). It was shown that one class of the



GAS appeared to have an extended conserved surface region of the M protein, whereas
the other class seemed to lack this region of M protein but were mostly positive for serum
OF. This led to the distinction of two different classes of the GAS; class I, containing an
extended M protein, and class II, which lacks this conserved region of M protein but
contains the added ability to opacify serum. Sequencing of many different genes has
provided a stronger correlation to class based on the differing alleles present for a variety

of genes including emm (15), mga (235), and the presence or absence of sof-

CLASSIC CHARACTERISTICS

Microscopy and staining

One of the hallmark features of the streptococci is the chained-cocci appearance
under the microscope, which many used to implicate the streptococci in specific diseases.
Gram’s staining technique showed that the streptococci, like the staphylococci, stained
Gram-positive, indicating the presence of only one cell membrane and a thick
peptidoglycan layer. While the streptococci share many identifying features in common,

the GAS has a few characteristics that separate it from the other streptococci.

Genetics

There have been 12 different strains of the GAS sequenced encompassing 9
different M-serotypes (95). The GAS genome ranges in size from 1.83 to 1.93 Mbp, with
the difference related to the number of bacteriophage present. The number of prophage

can vary between strains, and currently strains have been found with the number of phage



ranging from as little as 2 to as many as 8 different prophage. Additionally, the number
of predicted coding sequences varies from 1,697 to 1,987.

The first sequenced strain of GAS was the M1 serotype SF370 (72). This
sequence showed a 38.5% G+C content, similar to other low G+C organisms in the lactic
acid bacteria family. Sequencing identified that the GAS contains a complete glycolytic
pathway, 14 different PTS-sugar transport systems, but lacks the genes necessary for a
tricarboxylic acid cycle. In addtion, it was found that the GAS only contains the genes
for synthesis of a few amino acids, however, there is a dedicated polyamine ABC
transporter.

The SF370 genome is predicted to contain more than 40 different virulence
factors, some of which will be discussed in the following sections. There were 13
predicted surface proteins containing the LPXTG motif and 6 new superantigen-like
proteins identified. The genome from another M1 strain of S. pyogenes, named
MGASS5005, has also been sequenced (206). This strain was isolated from the
cerebrospinal fluid of an infected patient and contained the superantigen sped2 allele.
MGASS5005 was later found to be more virulent in animal models of infection and has an
invasive phenotype due to a mutation in CovS (130). The MGASS5005 strain was also
found to contain 36 Kb of an M12-like region with the additional virulence determinates

Streptolysin O and NAD-glycohydrolase (206).

Growth requirements
The GAS is a facultative anaerobe, and is grown at 37°C in either ambient air or at

5-10% CO,. Like all streptococci, the GAS is both catalase and oxidase-negative. The



GAS is a nutritionally fastidious organism and has strict requirements for growth. S.
pyogenes does not contain the necessary enzymes for a functional tricarboxylic acid cycle
nor do they contain oxidative-cytochromes for electron transport; therefore they rely fully
on fermentation of glucose for growth and energy production. The GAS is a member of
the lactic acid bacteria and is homofermentative for lactic acid production from glucose
fermentation (113). The specific components of the growth media for the GAS include
neopeptone extracts, dextrose or glucose as the carbon source, and a complex mixture of
nutrients from beef-heart infusion as first described by Todd and Hewitt in 1932 (216).
The addition of 2% yeast extract to the Todd-Hewitt media (THY) was shown to further
improve growth (222). The GAS is considered a multiple amino acid-auxotroph

requiring nearly all amino acids to be present in the growth media (135).

CLINICAL DISEASE PRESENTATION

The GAS although only a strict human pathogen, causes a broad spectrum of
clinical diseases ranging from the self-limiting to the severe invasive. For example, acute
pharyngitis and the common skin infections impetigo and erysipelas are typical self-
limiting GAS infections. Whereas, streptococcal toxic shock syndrome, septicemia, and
necrotizing fasciitis are representative of severe invasive GAS disease. In addition to
acute disease presentations, S. pyogenes-mediated disease is associated with several
nonsuppurative sequelae, including acute rheumatic fever (ARF) and acute
poststreptococcal glomerulonephritis (PSGN). The individual characteristics of each will
be discussed, as well as diagnostic tests, available treatment options, and potential

vaccines.
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Streptococcal throat infections

Pharyngitis

Pharyngeal infections or abscesses of the throat were recognized as important in
children’s health in 1472 by Bagellardo (194). Today, the GAS is the most common
bacterial cause of pharyngeal infection in children. In fact, GAS-mediated pharyngitis, or
strep throat, comprises 15-20% of acute pharyngitis within children aged 5-15 (23). The
major identifying clinical symptoms of streptococcal pharyngitis include: rapid onset,
fever, swollen cervical lymph nodes, presence of erythema and exudates found on the
tonsils and pharynx, occurrence of petechiae on the soft palate, and the absence of cough,
diarrhea, runny nose, and conjunctivitis (194).

The current gold standard for diagnosis of strep throat involves swabbing of the
throat, including the pharynx and tonsilar area, and culturing onto blood agar plates with
incubation at 37°C in 5-10% CO, for 24-48 hours. The plate is then checked for the
presence of B-hemolytic streptococci. Initial diagnosis is further confirmed by various
methods, including microscopy, resistance to bacitracin, or latex agglutination tests (102).
In 1993, a new diagnostic system for GAS-mediated pharyngitis was developed, which
consists of an optical immunoassay that detects the Lancefield group A carbohydrate
(90). This diagnostic system, known as the rapid-strep test, has provided a means for
rapid diagnosis of strep throat, allowing clinicians to begin antibiotic therapy
immediately. However, the rapid strep-test lacks sensitivity, and can yield a false
negative. Therefore, those found to be negative should also be cultured onto blood agar

for accurate diagnosis (102).
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Since primary streptococcal infections are often self-limiting, the treatment of a
such a disease, seems to be unnecessary. However, the association of streptococcal
disease with rheumatic heart disease makes the complete eradication of this organism
from the human host necessary. The GAS was first found to be susceptible to
sulfonamides in the early 1940’s. Although sulfonamides were not completely effective
in eradication of the bacterium, they were still used to treat outbreaks of pharyngitis in
attempts to reduce the spread of disease and as a prophylaxis (194). From the discovery
of the antibiotic penicillin in 1928, to now, at least 60 years since mass production of this
drug began, the GAS is still sensitive to penicillin and it remains the drug of choice for
treatment of GAS-mediated pharyngitis (52). Additionally, for treatment of those with
allergies to penicillin, the macrolide erythromycin is commonly used, although there are

recent reports indicating that resistance is developing to this drug (234).

Scarlet fever

Although scarlet fever was once a more prevalent illness with a mortality-rate
approaching 25-35%, the occurrence of this disease today is very rare and much more
mild in nature (201). Due to a clinical appearance that is similar to measles, scarlet fever
wasn’t recognized as an individual disease until Sydenham noted the differences between
the two, in the late 1800’s. The clinical symptoms of scarlet fever were classified by
Weaver into 2 major categories: benign or malignant (202). The benign cases could
range from mild to moderate and would usually present with pharyngitis, a rash across
the chest, fever, erythema of the cheeks, and strawberry tongue (41). The malignant
forms of scarlet fever include a toxic and a septic variety, which are more severe and

often result in death. The clinical manifestations of the toxic form of scarlet fever
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includes a more acute form of benign disease with exceptionally high fever ranging from
107°-108°F, delirium, and painful swollen cervical lymph nodes. A more severe case of
toxic scarlet fever might present an even higher fever, convulsions, and death within 24
hours of onset of disease (202). The toxins mediating this severe variety of scarlet fever
are the streptococcal pyrogenic exotoxins A and C, which have historically been
associated with more severe outbreaks (24). The septic form of scarlet fever is more
invasive in nature and historically has been described by many as the anginose form.
Again the common features are similar, although more severe than benign scarlet fever,
with the added local soft-tissue invasion at the site of infection. This leads to further
complications such as necrosis of the tonsils and surrounding area leading to airway
blockage, severe otitis media with rupture of the eardrum, and death (202). Scarlet fever
epidemics were frequent prior to the introduction of antibiotics, and either due to the
increased use of antibiotics or an attenuation of S. pyogenes, has diminished the incidence

of this often-fatal childhood disease.

Streptococcal skin infections

Impetigo

Another common disease manifestation caused by the GAS is the skin infection
called streptococcal pyoderma or impetigo. This disease is an infection of the dermis not
extending beyond the deeper layers of the epidermis (8). A small lesion on the skin of
the extremities usually the legs, characterizes typical disease, which is most common in
children aged 2-5. This lesion can have the release of a characteristically clear fluid,

which can build up into a crust surrounding the lesion. Staphylococci are also frequently
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recovered from pyodermic lesions, which has led to confusion as to the specific disease-
causing agent. Treatment of known streptococcal-mediated impetigo is penicillin, just as
for normal streptococcal pharyngeal infection. However if the identity of the infecting
agent is unknown, the use of antistaphylococcal drugs like erythromycin should be used
for treatment instead (8). Several serotypes of GAS have been associated specifically
with skin infection, notably strains that were initially thought to lack M protein
production and were found to have similar T-antigen patterns (13). Unlike streptococcal
pharyngitis, which is linked to the secondary sequelae of rheumatic fever, impetigo is
linked to acute glomerulonephritis, both of which will be discussed later in this chapter.
The incidence of streptococcal pyoderma is usually limited to warmer, humid climates

and occurs more frequently during the summer months (41).

Cellulitis and erysipelas

Cellulitis is a streptococcal infection of the sub-cutaneous layer of the skin.
Cellulitis results from skin irritation such as a burn or a puncture wound that can push the
bacteria deep into the epidermis layers. Additionally, cellulitis is frequently associated
with individuals that have chronic poor circulation. The symptoms are swelling, redness
and heat at the site of infection, and fever may be present. Cellulitis usually responds
well to penicillin treatment, and is typically cleared within a week (201).

Erysipelas is a more acute localized form of cellulitis, affecting the superficial
layers of the skin. Erysipelas was recognized by Fehleisen in 1882, as its own disease
and was referred as S. erysipelatis (60). Erysipelas comes from the Greek words meaning

red skin, which along with presence of fever, is the defining characteristic for this
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infection. Often the reddened skin has a raised border, and as the lesion begins to spread
the point of origin for infection is apparent (41). Although it was a common disease in
the 19" century, it occurs rarely today and is mostly seen in young children and elderly
patients, who can have frequent recurrences of infection (41). Usually this disease occurs
on the face or extremities but the torso variety is more severe especially without

treatment. As with other GAS infections, penicillin is the treatment of choice.

Severe invasive streptococcal disease

Puerperal fever

One of the most significant diseases of the 19" century was childbed or puerperal
fever. This disease of women who had recently given birth had a very high associated
mortality rate. This disease often would sweep through the maternity wards in epidemic
proportions. Puerperal fever is essentially a systemic disease caused by infection of the
genital tract of postpartum women, which can lead to infection of the endometrial lining
of the uterus and spread to the bloodstream (201). Although this disease was known to
be communicable since 1795, it wasn’t until the mid 19" century when Thomas Watson
and Oliver Wendell Holmes suggested that physicians were responsible for transmitting
puerperal fever. Semmelweis, whose pivotal presentation in 1846 showed that puerperal
fever was indeed caused by lack of hand washing by doctors, further cemented the need
for better hygiene and sterile technique within the hospital setting to prevent disease
outbreaks (60). This disease was once responsible for the deaths of many women bearing
children. However, the incidence of puerperal fever today is infrequent and with early

diagnosis and antibiotic treatment it is rarely fatal.
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Streptococcal toxic shock syndrome and bacteremia

Although, disease caused by the GAS is normally localized to the throat and skin,
in some occasions, infection can spread to the bloodstream. Bacteremia, caused by the
GAS, is occasionally found in burn patients, those with varicella (chickenpox) infection,
the immunocompromised, young children, and intravenous drug users. Cases of sepsis
from GAS in children typically result from streptococcal pharyngeal infections, whereas
in the elderly it more commonly emanates from skin infections (202). Streptococcal
bacteremia is a severe infection that will usually end in death without prompt intravenous
antibiotic treatment.

More recently, the GAS has been associated with streptococcal toxic shock
syndrome (STSS). Toxic shock refers to the hyper-response of the immune system that
can cause multiple organ failure and ultimately death. The main cause for the severe
symptoms of toxic shock is related to the superantigens found in the GAS. Most of the
GAS superantigens are streptococcal pyrogenic exotoxins (Spe), which have been
acquired from phage. Superantigens have the capacity to directly bind the T-cell receptor
to the class II MHC without the presence of a specific antigen, which over stimulates the
immune system and leads to T-cell proliferation and extreme production of a variety of
cytokines including TNFa leading to tissue damage (138) (24).

The clinical presentation of STSS consists of rapid onset of fever, high blood
pressure, chills, nausea, confusion and pain. Unlike the staphylococcal form of toxic
shock syndrome, the streptococcal form does not result from tampon use; rather it is often

associated with other streptococcal disease presentations including bacteremia. The
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progression of STSS is extremely fast and can lead to multiple organ failure and death
within 24-48 hours of onset. Specific M-types 1 and 3 have been found to have a higher
association with STSS and invasive disease than other M-types (51). Treatment for STSS
varies, and usually includes i.v. antibiotics; however, penicillin is not very effective and
approximately 50% of patients still die. Nevertheless, recent evidence suggests the use of

the antibiotic clindamycin, an inhibitor of protein synthesis, has a better success rate (51).

Necrotizing fasciitis

Necrotizing fasciitis was identified as a disease associated with hemolytic
streptococcal infection by Pfanner in 1918. However, it was Meleney, in 1924, that
recognized that streptococcal gangrene was an entirely separate presentation of disease
for the GAS (146, 200). Although the GAS is one of the main causes of necrotizing
fasciitis, several other organisms such as Clostridium perfringens, C. septicum,
Staphylococcus aureus as well as a mixture of both aerobic and anaerobic bacteria can
contribute to a similar disease progression. Due to the massive tissue damage occurring
during infection, this disease has been spotlighted in the media as the ‘flesh-eating
disease’. The infection can begin with direct inoculation during a surgical procedure or
with a relatively minor wound, which becomes immediately painful, and swells with heat
produced at the site of infection. Within 24 hours of the initial injury, the redness
surrounding the infection site begins migrating outward. The disease continues to
develop very rapidly as bullae filled with fluid begin to form at 24-96 hours. Destruction
of the tissue is severe and gangrenish as the skin and subcutaneous fascia become
necrotic. At this point in the disease progression, the patient is very weak with fever and

delirium as the organism can enter the bloodstream and cause sepsis and toxic shock.
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Historically, this disease was treated with severe debridement of the tissues surrounding
the site of infection to prevent further spreading, and in severe cases amputation (146).
Through the use of this treatment was associated with a mortality rate as low as 20%, in
modern times the rate has increased to 30-60% despite the use of antibiotics. About half
of the cases of necrotizing fasciitis lead to a more severe form called myositis, which
involves the spread of infection to the muscle tissue and results in a much higher rate of

death approaching 100% (202).

Secondary sequelae

Acute rheumatic fever

Acute rheumatic fever (ARF) is a major nonsuppurative sequel of GAS infections
and necessitates the treatment of even the self-limiting variety. ARF or rheumatic heart
disease was the leading cause of heart disease in children in the 19" and early 20™
centuries. The symptoms of ARF were fully recognized and described by Cheadle in
1898, although it wasn’t until 1931 that the connection between GAS infection and ARF
was made separately by Coburn and Collis (60).

The link between ARF and streptococcal infections, of pharyngeal origin has been
shown to be an autoimmune disorder, where the immune system is triggered by the GAS
antigens and begins cross-reacting with self-epitopes. There is growing evidence
supporting a role for cell-mediated immune response in the advancement of AREF.
Regions of the M protein have been shown to be ligands for stimulation of T cell

activation (87, 228). Further studies have shown specific GAS antigens including the



18

group A carbohydrate and M protein trigger the production of myosin cross-reactive
antibodies (50, 56).

In 1944, Jones developed specific criteria that defined ARF to aid in diagnosis
preventing both over and under identification of this disease (108). The specific Jones
criteria require the identification of two major manifestations or one major manifestation
with two minor manifestations. The major manifestations are as follows: evidence of
carditis with associated heart murmurs, polyarthritis, Sydenham’s chorea, subcutaneous
nodules, and erythema marginatum rash. There are minor manifestations as well
including both the clinically related aspects of previous incidence of ARF, arthralgia, and
fever; and the laboratory aspects of increased presence of acute phase reactants,
sedimentation rate of erythrocytes, presence of C-reactive protein, and prolonged P-R
interval in an electrocardiograph. These characteristics have been periodically reviewed
and subsequently modified to include prior history of GAS disease as a condition of
diagnosis and treatment (53).

The full effects of ARF cannot be cleared by treatment, although the use of the
anti-inflammatory salicylates and steroids have reduced the symptoms of carditis,
arthritis, and fever. In addition, penicillin should be administered prophylactically to
eliminate remaining GAS and prevent further recurrence of this disease (137). ARF can
lead to the severe complication of congestive heart failure requiring immediate treatment

and a lifetime of monitoring and care.
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Acute poststreptococcal glomerulonephritis

Acute poststreptococcal glomerulonephritis (ASPGN) is associated with
preceding GAS infection, which affects the kidneys and can lead to renal failure. This
disease is most common in children aged 2-6, and usually presents as clinical disease
more often in young boys.  ASPGN results after both pharyngeal and GAS skin
infections, although the latent period is longer from the skin infections at about 3 to 6
weeks compared to 1 to 3 from throat infections. Symptoms of ASPGN most often
include high blood pressure, edema, particularly in the kidneys, and the presence of blood
in the urine. Diagnosis of ASPGN requires urinalysis testing for the presence of blood
and proteins, an analysis of the streptococcal antibody profile, and the levels of
complement protein in the blood. The pathogenesis of ASPGN is thought to be due to
the affinity of a streptococcal protein for the glomerulus triggering a localized
complement-mediated response and the build up of antibody complexes (96). Like in
ARF, the M protein also appears to play a significant role in ASPGN, specifically in the
development of antibody complexes found in the glomeruli (109). In addition, certain M-
types including 1, 4, 12, 49, 55, 57, and 60 have been associated with ASPGN and have
been termed nephritogenic strains (230). Although ASPGN infections can spontaneously
clear within a week, the treatment for ASPGN mainly targets lowering the hypertension

and reducing edema, which can usually be accomplished with a diuretic (96).

Vaccine strategies
Several antigens have been suggested as targets for a preventative vaccine against

the pharyngeal strains to protect against the secondary sequelae, and the life-threatening
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diseases caused by invasive strains of the GAS. Most notably, Lancefield showed that
protective antibodies against M protein were produced during GAS infection (121).
Several groups initially identified specific regions of the M protein that produced
protective antibodies against GAS and began tests in humans (14, 165). However, it was
later shown that antibodies to M protein could sometimes be cross-reactive to cardiac
myosin, which limited the release of these vaccines for human use due to their potential
relationship to ARF (56). Moreover, the early vaccine candidates were M-type specific
as attempts to make a vaccine to the conserved region of M protein failed, and would
therefore only provide protection against one M-type. This has led to the recent attempts
to construct multivalent GAS vaccines, originally containing 4 then 8 and now 26, of the
most common M-types (54, 55, 57). In addition to M protein, several other GAS
antigens have been candidates for vaccine targets, including the C5a peptidase (158) and
the group A carbohydrate (184). With the new advances in developing GAS vaccines,

the potential for a viable vaccine in the future seems optimistic.

VIRULENCE FACTORS

The GAS possesses many virulence factors that are necessary for pathogenesis in
both animal models of infection and the human host. There are several different varieties
of GAS virulence factors including those that are surface-associated, those that are
secreted, and those that are phage-associated (Fig. 1). These factors play important roles
in establishing infection in the human host like adhesion, immune evasion, spread, and

nutrient acquisition.
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Fig. 1: Depiction of the GAS virulence factors.
Shown above are surface-associated, secreted, and phage-associated virulence factors
of the GAS.

Surface-associated factors

Microbial Surface Component Recognizing Adhesive Matrix Molecules (MSCRAMMS)
The GAS contains several MSCRAMMs, which generally consist of proteins of
similar structure that have a ligand-binding domain with between 3-6 repeat regions of
40-50 amino-acid-residue motifs (105). The main adhesion targets for the GAS
MSCRAMMs tend to be components of the host extracellular matrix such as fibronectin.

Several different types of GAS MSCRAMMs will be discussed below.
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Lipoteichoic acid

One of the main characteristics of Gram-positive cell walls is the presence of
lipoteichoic acid (LTA), which are the teichoic acid molecules attached by lipid anchors
(Fig. 1). LTA is the main contributor to the hydrophobicity of the GAS cell wall (149).
Although the precise function of LTA remains unknown, LTA does appear to play a role
in adhesion to epithelial cells by binding to fibronectin (91). Additionally, it is known
that LTA is a pathogen-associated molecular pattern (PAMP) recognized by toll-like

receptors in the innate immune response (4).

Hyaluronic acid capsule

The hyaluronic acid capsule of the GAS, encoded by the has operon (hasA-C), is
composed of repeating units of glucuronic acid and N-acetylgucosamine. The presence
of capsule leads to the mucoidy or glossy colony phenotype observed by Todd in 1928
(119). The hyaluronic acid capsule mediates resistance to phagocytosis and has been
established as a virulence factor in several different animal experiments showing the
necessity for the presence of capsule in pathogenesis of the GAS (232, 233). The GAS
hyaluronic acid found in the capsule is identical to human hyaluronic acid, thereby
providing a mechanism to evade the host response. In addition, capsule is important in
adherence and binds the hyaluronic acid receptor CD44 found on epithelial cells, the

same receptor for human hyaluronic acid (185).
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M protein

The major surface protein of the GAS is the M protein, which is encoded by the
gene emm and is a coiled-coil protein with roles in adherence and immune evasion
(Fig.1). M protein initially was important for classification of the GAS, but has since
played a significant role in GAS research. The M protein is highly variable, and thus
there have been over 80 different M-types of the GAS isolated since Lancefield’s early
studies.

As the major virulence factor of the GAS, the M protein is required for the
pathogenesis of GAS. Studies in both mice and baboons showed that M protein mutants
were completely attenuated for virulence (10, 46). One of the main functions of the M
protein is adhesion, it is shown to play a role in binding to many different molecules for
example: sialic acid in both pharyngeal epithelial cells and mucin (183), the complement
regulatory components factor H (106) and C4 binding protein (214), human serum
albumin and IgG (2), and fibronectin (31). In addition, the M protein functions in
immune evasion, by both prohibiting phagocytosis via binding complement factor H, and
preventing the deposition of the complement factor C3b on the surface of the GAS (98).

Most strains of the GAS typically produce 1-3 M or M-like proteins, which in
some cases leads to correlation with disease type (21). The genes encoding the M-like
proteins, including mrp, arp, emmlL, fcrA, sir, enn, and sph, have been categorized by
their structural organization (51). The M-like proteins are structurally related to M

protein, containing similar domains for variable antibody (Ig) binding capabilities (26).
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Streptococcal collagen-like protein

The streptococcal collagen-like protein (SclA) as its name implies is similar to
collagen in structure, and has been shown to be important in adhesion (Fig. 1). It was
found that SclA binds to lung epithelial cells (130) and fibroblasts (170), but not
pharyngeal cells (172). Additionally, studies with mutant strains lacking SclA have
shown the importance of this adhesin in GAS pathogenesis (130, 172). Recently, it has
been shown that SclA binds a potent inhibitor of fibronolysis, and, via the recruitment of
plasmin to the surface of the GAS, activates its anti-immune functions (157). Also, SclA
binds to a,B; integrins leading to internalization and similar to M protein, it interacts with

factor H to inhibit the alternative complement pathway (33, 34).

Fibronectin binding proteins

The GAS encodes a large number of fibronectin (Fn)-binding proteins, although
not all are present in every strain (168). These Fn-binding proteins include Sof (49),
protein F (Stbl) (89), protein F2 (Stbll) (101), StbX (103), FbaA (212) and FbaB (213),
Fbp54 (47), PFPB (181). The presence of multiple Fn-binding proteins strongly indicates
the importance of this function in human host infection. Studies have shown a
relationship between specific Fn-binding proteins with severity of disease (213). Fn-
binding proteins are also important for internalization of the GAS, and therefore

persistence after antibiotic treatment (155).
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CSa peptidase

The C5a peptidase cleaves the complement chemotaxin C5a and prohibits
recruitment of polymorphonuclear leukocytes (42). This surface-associated
endopeptidase is important for virulence in the subcutaneous and intranasal colonization
models of infection (104). In addition, the C5a peptidase as mentioned previously in the
vaccine section, has become a candidate for a GAS vaccine to reduce nasal carriage

(158).

Protein G-related a,-macroglobulin-binding protein

The protein G-related a,-macroglobulin-binding protein (GRAB) is an inhibitor
of both human and GAS proteases (171). The gene encoding GRAB, grab, is found in all
strains of GAS that have been tested (217). Several studies have identified a role for
GRAB in virulence, with GRAB mutants being attenuated in two different mouse models
of infection including a systemic infection and a localized subcutaneous skin infection

model (171, 217).

Serum opacity factor

In addition to being useful in classification, the serum opacity factor (Sof) is an
important adhesin for the GAS. Several studies have shown that Sof binds fibronectin
(49) and fibrinogen (48) as further means for this organism to attach to host cells.
Furthermore, inactivation of sof leads to attenuation in mouse models of infection (49).

Recently, the mechanism of serum opacification was shown to be due to the binding of
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high-density lipoproteins (45), which plays a role in reducing the antagonistic LTA

induced-inflammation (86).

Streptokinase

Streptokinase (SK) is important in the spread of GAS infections, and is a potent
activator of plasminogen. Surface-bound SK interacts with plasminogen that binds
specifically to plasminogen-binding proteins on the surface of the GAS, to activate the
conversion of plasminogen to plasmin. Interestingly, SK can only activate human
plasminogen (178), and studies have shown increased virulence in mice that are
transgenically expressing human plasminogen (209). In addition, the study has shown
that a reduction in human plasminogen by treatment with snake venom reduced mortality
of GAS infection, indicating that human plasminogen is a host susceptibility factor for

pathogenesis of the GAS (209).

Streptolysin S

Streptolysin S (SLS) is an oxygen-stable cytolysin/hemolysin responsible for the
3-hemolytic phenotype seen on a blood agar plate. SLS is primarily cell surface-bound,
which is thought to be due to its association with LTA (Fig. 1). This cytolysin lyses a
variety of cell types including erythrocytes, lymphocytes (99), neutrophils, platelets, and
even intracellular organelles such as mitochondria and lysozomes (110). The cytolytic
capabilities of this toxin make it a potent virulence factor in vivo as studies in mice using

the subcutaneous skin infection model show almost a complete reduction in pathogenesis
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with SLS mutant strains (22, 59, 74). In addition to being able to lyse cells, SLS can also
activate inflammation, and inhibit neutrophil phagocytosis (25, 81).

The structural toxin SLS is encoded by sagA4, a streptolysin-associated gene (sag),
and is the first of a 9-gene operon. It has since been shown that all genes within the sag
operon are required for secretion of the mature toxin and production of the B-hemolytic
phenotype (59). A recent study has assigned functions to the other 8 genes in this operon,
and determined that specific modifications made to the propeptide toxin are heterocycles
(123). Initially, SLS proved difficult to characterize, purify, and develop antibodies
against. However, it was later found that SLS is a propeptide that is stabilized in the
presence of RNA, albumin, or a detergent agent such as Tween (80). Although, SLS is
non-immunogenic in the human host, neutralizing antibodies were developed to the C-
terminus of SLS peptides to inhibit hemolytic function of SLS (32). Furthermore, the
mechanism of lytic activity by SLS was shown to be parallel to that of the complement

pore forming activity (32).

Secreted factors

Streptolysin O

Another secreted cytolysin/hemolysin is the oxygen-labile streptolysin O (SLO)
(Fig. 1). This protein is a cholesterol dependent cytolysin, which like SLS is a pore-
forming toxin. However, due to its sensitivity to oxygen, SLO does not contribute to the
-hemolytic phenotype. SLO is secreted as a monomer, which binds cholesterol to insert
itself into the membrane, a pore as big as 30 nm can be formed when multiple monomers

have inserted into the membrane (190). Recently, it was discovered by Caparon and
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colleagues, that SLO is part of the cytolysin-mediated translocation (CMT) directed
secretion apparatus of the GAS by forming the pore in eukaryotic cell membranes

through which streptococcal proteins are secreted (133).

S. pyogenes NAD-dehydrogenase

The only identified effector protein secreted by the CMT system is S. pyogenes
NAD-dehydrogenase (Spn), whichis encoded by the gene nga. Evidence from early
experiments using SLO mutant strains of GAS, noted that there was a loss of additional
effects on the host cell, which could not be fully attributed to the absence of SLO alone.
It wasn’t until the mechanism of the CMT system was determined that Spn was
discovered to be the cause of the induced apoptosis and cytoskeleton rearrangement
(182). In addition to producing nicotinamide, the GAS Spn also produces cyclic ADP-
ribose, making it more similar to eukaryotic NAD" glycohydrases (27). Moreover, it
was shown that Spn contributed to host-cell cytotoxicity, inhibited bacterial
internalization into host cells by modulating actin rearrangement, and induced apoptosis

likely through increased flux of calcium ions (27).

Streptococcal pyrogenic exotoxin B

Despite the name, the streptococcal pyrogenic exotoxin B (SpeB) is neither
phage-encoded nor currently considered a superantigen, but performs many other
immune-evading functions, including cleavage of streptococcal surface proteins, which
are bound to opsonizing antibodies. SpeB, a cysteine protease, was first characterized in

1945, and was later shown to autocatalytically cleave its zymogen form into the active



29

form (68, 125). SpeB has also been shown to cleave streptococcal IgG binding proteins
such that for the recruitment of complement to occurs away from the bacterial surface
(224). Moreover, SpeB is involved in spread of the organism by cleavage of
streptococcal surface proteins such as fibrinogen binding proteins like Protein F and Fba,
which have tethered the organism to the host cells (169, 231). In addition to
streptococcal proteins, SpeB can also cleave antibodies, specifically IgG, at the flexible
hinge region (44). The link between SpeB and virulence remains unclear; some studies
suggest an impact on pathogenesis (129) via the formation of necrotic lesions (69),
whereas others studies show that reduction in SpeB has no effect on virulence

systemically (9).

IgG degrading enzyme of S. pyogenes

The IgG degrading enzyme of S. pyogenes (IdeS) was identified following the
unexpected cleavage of IgG in the absence of the known IgG-degrading SpeB (225).
Identical to SpeB, IdeS cleaves IgG at the hinge region resulting in the production of 2
Fab fragments and the Fc portion. IdeS, however, is only able to cleave IgG, and does
not exert any proteolytic affect on other antibody classes. IdeS also interferes with Fc-

mediated phagocytosis by PMNs by degrading of the suface-bound IgG (225).

Secreted inhibitor of complement
The streptococcal secreted inhibitor of complement (Sic) was originally shown to
prevent the deposition of the complement membrane attack complex (MAC) on the

surface of S. pyogenes (3). However, due to the large peptidoglycan present in Gram-
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positive organisms, the GAS is intrinsically resistant to complement-mediated lysis by
the MAC. A recent study has identified additional functions of Sic, including the binding

and inhibition of lysozyme, and secretory leukocyte proteinase inhibitor (71).

S. pyogenes cell envelope protease

The S. pyogenes cell envelope protease (SpyCEP) was found to be a protease
capable of degrading human chemokines. SpyCEP was first shown to cleave the
cytokine IL-8, which recruits and activates neutrophils to the site of tissue injury (65).
Moreover, it was shown that SpyCEP additionally functions to cleave both the
granulocyte chemotactic protein 2 and the growth-related onco-gene alpha (208).
Furthermore, SpyCEP was shown to reduce localized lesion size, presumably by the

decreased presence of inflammatory neutrophils at the site of infection (208).

Phage-encoded factors

Pyrogenic exotoxins

Although not all of the GAS pyrogenic exotoxins are phage-encoded, the two
most notable, SpeA and C, are found on streptococcal-phage and are associated with
STSS. In addition, there are many other exotoxins: SpeG, SpeH, Spel Spel, SpeK, SpeL,
SSA, SMEZ, and SMEZ-2. Not all exotoxins are present in all strains, and there are also
different alleles of some, suggesting the potential for varied functions. In addition, not all
exotoxins are phage-encoded, although most of those listed above are present in the
various phage of the GAS. The structures for SpeA, SpeC and SMEZ-2 exotoxins have

been determined, and were found to be similar to the superantigens of S. aureus. As
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discussed in the STSS section, superantigens can simultaneously bind the T-cell receptor
to the class II MHC directly, mediating extreme expression and release of cytokines (24,

138).

DNases

The GAS has many phage-encoded DNases associated with innate immune
evasion and virulence. Not all DNases are present in every strain of GAS due to the
variations in phage present, although every strain tested has DNase function (229).
Several recent studies have implicated the various DNases in evasion of the innate
immune response by degradation of the neutrophil extracellular traps, or NETs (28, 205).
In addition, one of the DNases or streptodornases expressed by some strains of GAS,
SdaD2, has been shown in two different animal models of infection to contribute
significantly to virulence (205). Furthermore, the DNase Sdal has been shown to be

involved in the switch to invasive GAS infection (227).

REGULATION OF VIRULENCE

The GAS controls the expression of virulence factors through a variety of
mechanisms. Unlike E. coli and Bacillus sp., the GAS does not appear to regulate
virulence through alternative sigma factors. The GAS contains 13 two-component signal
transduction systems (TCS), which sense the surrounding environment and coordinately
regulate gene expression. In addition to TCS, GAS has growth-phase specific virulence
regulators, termed stand-alone response regulators (SARR), including Mga, RALPs, and

Rgg/RopB. The SARR coordinately control factors that are important for various phases
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of the GAS host-pathogen life cycle (116). Furthermore, a direct link between sugar
metabolism and regulation of virulence has begun to appear in many pathogenic Gram-

positive organisms including the GAS.

Two-component systems (TCS)

The canonical TCS found most bacteria consists of a histidine kinase (HK) and a
response regulator (RR). The HK usually resides in the membrane and receives a signal
from the surrounding environment, which triggers an autophosphorylation event. This
phosphate is then transferred to the receiver domain on the RR. The RR, a transcription

factor, then mediates gene regulation by binding to DNA.

CovR/S

The most highly studied TCS in the GAS is the CovRS system named for control
of virulence, which is also called CstRS. The CovRS system has been shown to regulate
approximately 10-15% of the GAS genome. CovR represses several important virulence
factors including the genes encoding the hyaluronic acid capsule synthesis operon, SLS,
Ska, SpeB, the DNase Sda (70, 82, 92), and the transcriptional regulator RivR (179).
Interestingly, mutations in CovR and CovS have different effects on gene expression.
CovR mutants show increased virulence in several animal models of infection and lead to
a more severe invasive phenotype, whereas mutations in CovS do not alter gene
expression of the virulence factors SLS and Sda (58). Additionally, CovRS plays an
important role in responding to environmental stresses (58). Recent evidence suggests
that the GAS incurs spontaneous mutations in CovS in vivo that allow further adaptation

to the host environment and a more invasive disease progression (227).
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1hk/Irr

The TCS Ihk/Irr is named for immunogenic secreted protein (Isp)-associated
histidine kinase and response regulator, respectively. Initially it was predicted that Irr
would regulate Isp, located directly upstream from it, however this has never been shown
(70). This TCS is highly expressed during acute pharyngitis and plays a direct role in the

resistance of the GAS to PMN-mediated killing (226).

FasBCAX

The FasBCAX is an unusual TCS in that it contains 2 histidine kinases, a RR, and
a small RNA that appears to be a regulatory component of this system (115). The Fas
TCS regulates genes in a growth-phase dependent manner, and was initially thought to be
a regulatory switch for transitioning from adherence to invasive gene expression (115).
However, it was later shown the FasX regulatory RNA regulates genes important for
adhesion and internalization, as well as cytotoxins, which may lead to induction of the

host cell apoptosis response (112).

TrxRS

Recent work has characterized the tenth TCS or two component regulatory system
X (TrxRS). TrxRS is repressed by CovR and is involved in virulence. A TrxR mutant
was attenuated in the mouse subcutaneous skin infection model.  Furthermore,
microarray studies found that TrxRS positively influences the Mga regulon, which
suggests the likely mechanism for the observed attenuation in the animal studies (T.

Leday, and K. Gold unpublished data).
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Other GAS TCS

Although the GAS contains 13 TCS, only the three discussed above have been
researched in detail. However, 2 recent studies have begun to look at the remaining GAS
TCS. One study assessed the contribution of 4 TCS in vivo, and found that mutations the
MGASS5005 Spy0680/0681 TCS appeared to increase virulence in the soft-tissue mouse
model of infection and up-regulation of several factors important in the host-pathogen
interaction such as C5a peptidase, Sic, SilD, and PrtS (196). Additionally, this study
identified several TCS that appear to be important in regulation of metabolic genes. For
example, the MGASS5005 TCS Spy 0784/0785 appears to regulate the nearby
mannose/fructose PTS operon, and the Spy 0830/0831 TCS is important in malate
transport (196). Lastly, a study evaluating the growth of GAS in human saliva identified

a TCS, SptRS, that enables the organism to persist in saliva (193).

Stand-alone response regulators

Mga

Another well-characterized system in the GAS is the multiple gene regulator of
the group A streptococcus or Mga. Initially, Mga was identified because it was part of a
locus found to regulate the major surface M protein and the loss of Mga resulted in an
avirulent phenotype (197). Later it was shown that Mga had homology to DNA-binding
proteins such as TCS RR (159). Because it lacks the typical sensor kinase, Mga was
classified as a stand-alone response regulator (116).

Beyond regulating the M protein, it was found that Mga regulates several genes

important for early stages of infection. Mga regulates genes important for colonization,
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adherence, and immune evasion in a growth-phase dependent fashion including M
protein, Fba, SclA, C5a peptidase, Sic and Sof (97, 143). Additionally, Mga
autoregulates its own expression and is only transcribed during exponential phase,
although Mga protein persists into stationary phase (145, 175). Furthermore, a recent
study identified another core gene of the Mga regulon using comparative microarray
analysis; this gene was named grm for gene regulated by Mga and currently has no
known function (177). This study also showed that Mga influences the expression of
several metabolic operons.

Mga binds to the Mga binding sites (MBS) present in three different classes of
Mga-regulated promoters, which are determined based on the location of the binding site
relative to the start of transcription. The first class of MBS are located directly upstream
and proximal to the start of transcription and include the emm and scpA MBS (140).
Another class of MBS are those that are distal to the start of transcription and they
include both scl/4 and sof (6, 7). Binding of Mga to its own promoter represents a third
class, which includes 2 separate MBS present between the 2 starts of transcription with
activation leading to high expression from the proximal P2 promoter (145).

Mga responds to several different environmental signals including CO,, the
presence of sugars, iron concentration, temperature, and other growth signals (141).
Additionally, a transposon screen identified AmrA, a putative sugar transporter located
near the rhamnose cell wall operon, as a regulator of Mga activity (176). Mga was
recently found to contain 2 putative phosphotransferase regulatory domains (PRD),
suggesting that metabolism may play a role in regulation (97, 219). Moreover high

expression of mga was observed in exponential phase during studies evaluating growth of
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the GAS in human blood or saliva further suggesting that metabolism plays a role in
influencing Mga activity (83, 191). In addition, recent studies investigating GAS disease
in vivo using the pharyngeal model in cynomologus macaques have shown increased Mga
regulon expression during the acute phase of infection along with several carbohydrate
metabolism operons suggesting a link between carbohydrate metabolism and virulence

expression (223).

RofA-like proteins (RALPs)

The major regulators of virulence at the transition from exponential growth phase
to stationary phase consist of the RALP family of proteins. RofA was the first identified
regulator of this family, and thus the other members of this group including Nra (Ralp2),
Ralp3 and RivR (Ralp4) were designated as RofA-like proteins or RALPs. Not all of the
RALPs are present in every strain, and they seem to have some overlap in function in the
various strains studied, in addition to modulating the expression of the other RALPs. The
RALPs most often function as negative regulators of gene expression, however they

activate the expression of a limited number of genes as well.

RofA4

RofA, initially, was found to positively regulate its own transcription and the
expression of the divergently transcribed gene prtF’ (73). RofA was first shown to
negatively influence the expression of genes important in virulence including, mga, sagA4,
and speB (16). However, it was later shown that there appeared to be strain-specific

variation in RofA regulation (114). A consensus RofA binding sequence was identified in
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the intergenic region between rof4 and prtF (73), however no RofA binding sites were
found near other RofA-regulated genes. This might imply indirect regulation by RofA,
and suggest the need for analysis of the RofA transcriptome, which has not been

completed.

Nra

Nra is a negative regulator of genes encoding adhesins including the collagen-
binding pilus-associated surface protein Cpa (cpa), and the second fibronectin binding
protein Stbll (prtF2). Similar to RofA, Nra negatively regulates the genes encoding the
virulence factors SLS, SpeB, SpeA, and Mga (164). However, unlike RofA and Mga,
there is no published evidence that Nra directly interacts with its regulated targets.
Moreover, a further transcriptome analysis of a Nra mutant in the M49 strain NZ131
found that Nra mainly represses the expression of the genes encoding many virulence
factors including, both the pilus and capsule synthesis operons, the genes involved in the
CMT system, and the genes encoding the transcriptional regulators Rgg, RALP3, and
RivR (117). A recent transcriptome analysis in the M53 skin strain identified Nra as an
activator of the FCT pilus locus and does not affect transcription of mga, unlike the M49
strain (131). Interestingly, in the M53 strain the multiple sugar metabolism regulator,
MsmR, represses nra and the Nra-activated gene cpa. However, in the M49 strain,

MsmR activates the expression of nra while Nra represses cpa (131).
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RALP3

RALP3 was recently shown to activate the expression of the newly described
genomic region, termed ERES, containing the genes eno, ralp3, epf/lsp, and the sagA
operon. In the M49 strain NZ131, RALP3 represses expression of msmR but activates
expression of nra, both of which inversely influence expression of the FCT pilus locus
(117). Interestingly, the presence of RALP3 is currently limited to only a few of the
sequenced serotypes (M1, M4, M12, M28, and M49) and seems to have varied affects in
different strains. Studies in the invasive M1T1 strain indicated that RALP3 represses
speB, the capsule synthesis operon (has4-C), and the epf/lsp fibrinogen binding protein
locus. Furthermore, a RALP3 mutant in this background was attenuated in mouse
infection models and lacked the ability to grow in human blood due to increased

sensitivity to antimicrobial peptides (118).

RivR

The fourth RALP named RivR, a recently characterized activator of virulence, is
directly repressed by the CovRS TCS (179). Both RivR and the associated small RNA,
RivX, can enhance the expression of the Mga regulon, although the mechanism for this
interaction has yet to be identified. Also, both are able to individually complement the
loss of the other for activation of the Mga regulon, suggesting the possibility of a
feedback loop in their regulation. Moreover, a mutant of RivR was attenuated for

virulence in the invasive subcutaneous mouse infection model (180).
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Rgg/RopB

Rgg or RopB is a mediator of global gene expression affecting approximately
30% of the genome in the M49 strain NZ131. Rgg represses expression of genes during
exponential phase and is the main activator of transcriptional regulation during stationary
phase (63). The expression of speB is dependent on activation by Rgg, from which it is
divergently transcribed (132). In addition to speB, Rgg regulates the expression of many
other virulence factors and transcriptional regulators. During stationary-phase, Rgg
represses expression of mga, but activates the expression of the covRS, fasBCAX, ihk/irr,
and [ytRS TCS, suggesting that Rgg may mediate some of its effects indirectly through
alternative regulators (39, 63). The virulence factors influenced by Rgg includes
repression of all the Mga-regulated genes, the genes involved in the CMT system, the
DNases MF-1 and 3, and ska: and activation of the genes encoding the superantigen
SpeG and the surface-localized GRAB protein (38, 40). In vivo studies with an Rgg
mutant demonstrated an increase in virulence that may be attributed to the additional
ability of Rgg to repress the expression of genes important in the oxidative stress
response (36, 167). Furthermore, Rgg activates the expression of the amino acid
catabolism operons for arginine, histidine, and serine and positively influences the
utilization of the alternative sugar sources fructose, sucrose, and mannose. In tandem

these function to make Rgg essential for growth in non-glucose environments (36, 38,

63).
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Other regulators

Pleiotropic effect locus

A unique regulator in the GAS is the regulatory pleiotopic effect locus (pel),
which represents an untranslated RNA located on the same coding strand within sagA4,
the gene encoding the structural toxin for SLS (724), (136). Both studies using either an
M49 or M1 isolate of GAS, identified that mutations within this regulatory RNA had
additional pleiotropic effects on both transcription and translation of a variety genes.
Initially, a mutation resulting in loss of pe/ was found to reduce the transcripts of emm
and speB, as well as decrease secretion of Ska, indicating pel positively affects
transcription and translation (124). Additionally, a pe/ mutant also showed reduced
transcription of sic, emm, and nga, in addition to a reduction in activity of the secreted
cysteine protease, SpeB. Furthermore, this later study defined that pe/ was indeed a
regulatory RNA and determined that its expression was under growth-phase control
(136). The specific region containing the pe/ RNA has not been determined and some

strains have not shown the pleiotropic effect by mutation of the sag4 region (59).

Multiple sugar metabolism regulator

The multiple sugar metabolism regulator (MsmR), activator of the Nra-regulon,
was initially identified in the closely related Streptococcus mutans and a homolog was
subsequently identified in the GAS (154). MsmR is adjacent to the FCT pilus region, and
is only found in strains containing this region (20, 168). Studies on this regulator have

yielded contradictory results, originally it was shown to activate expression of the Nra-
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regulon in an M49 skin strain (154), but the opposite was seen in the M53 skin strain
(131).
CodY

The regulator CodY is involved in regulation of the amino-acid starvation
response in the low G-C Gram-positive bacteria. Several studies have assessed the role
of nutritional limitation and amino-acid starvation on virulence gene regulation (198,
199). CodY was found to up-regulate the virulence-associated TCS, CovRS, with
subsequent repression of the CovRS-regulated gene ska (198). Further studies using a
wild-type M49 strain and a CodY mutant, analyzed the expression of virulence of in
human blood (135). This study determined that CodY positively influences several
different regulators in addition to CovRS including, Mga, the FasBCAX TCS, and the
SptRS TCS. These regulators may then modulate their own regulons, leading to global

changes in virulence gene expression, mediated by CodY (135).

CARBON CATABOLITE REGULATION

Carbon catabolite repression (CCR) is a global regulatory mechanism of carbon
source utilization that both Gram-negative and Gram-positive bacteria employ to
conserve energy by preventing inefficient utilization of alternative carbon sources when
the preferred substrate, usually glucose, is present (215). In a nutrient rich environment,
such as some niches in the human host, bacteria would expend energy needlessly if they
were to simultaneously metabolize all available carbon sources instead of just the

preferred source. Thus, in the presence of glucose bacteria use CCR to inhibit the
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expression of enzymes and transporters necessary for consumption of alternative carbon

Sources.

Phosphoenolpyruvate phosphotransferase system (PTS)

Overview

The PTS is a primary mechanism for modulating sugar intake into the bacterium
and can act as a sensor for the metabolic state of the cell. The PTS system, utilized by
both Gram-negative and Gram-positive, is generally composed of three main
components: the enzyme II complex (EII ABC), enzyme I (EI), and the histidine
containing protein (HPr). Each component of the PTS system plays an important role in
sugar influx. The EII ABC complex consists of a membrane spanning protein, EIIC,
which transports the sugar into the cell, and two phosphate transfer proteins, EIIA and B,
which are sugar specific. EI is a general phosphotransfer protein that receives the
phosphate from the conversion of phosphoenolpyruvate (PEP) to pyruvate in glycolysis
of the incoming sugar. EI transfers this phosphate to a histidine residue of HPr, a
metabolic sensor of the cell, which can then lead to the activation of the CCR systems of

both Gram-negative and Gram-positive organisms (166, 203).

HPr and EI

HPr and EI are the two major phosphotransferase proteins of the PTS system.
Each protein is a part of the general phosphotransfer reaction for the intake of all sugars
through the PTS system. The phosphotransfer reaction, consistent in both Gram-negative

and Gram-positive organisms, results in HPr becoming phosphorylated on the His 15
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residue from the conversion of PEP to pyruvate in glycolysis. Furthermore, each protein
has been characterized and purified from both types of bacteria. Both proteins were
found to be soluble, with the molecular weight of HPr being roughly 7-16 kDa, and EI
much larger at 44-85 kDa.

Interestingly, mutations made in ptsH and ptsl, the genes encoding HPr and EI
respectively, resulted in the inability to yield productive fermentation during growth on
several different carbohydrate sources. However, this growth defect had different
phenotypes in Gram-negative and Gram-positive bacteria, leading to the speculation that
the mechanism for carbon regulation is different. Later, it was found that cyclic AMP
(cAMP) was able to complement this growth deficiency only for Gram-negative

organisms.

Gram-negative CCR/ inducer exclusion

CCR in Gram-negative bacteria was first recognized with the classic paradigm,
inducer exclusion of the Lac operon (166). Inducer exclusion involves the
phosphorylation state of the glucose specific EITA (EITA®) from the PTS system. When
glucose, the preferred carbon source, is present, the EITA®" remains unphosphorylated
and inhibits the permeases of alternative carbon sources. However, in the absence of
glucose, EIIA®" becomes phosphorylated and activates the conversion of ATP to cAMP
via the adenylate cyclase (111). The cAMP can then bind the cAMP receptor protein
(Crp), which activates the expression of alternative catabolic operons. Furthermore,
sequences present in the promoters of several metabolic operator genes led to the
identification of a consensus Crp binding site consisting of a symmetrical 22 base pair

region with the core-binding region being TGTGA (29, 203).
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Gram-positive CCR

General mechanism

In Gram-positive bacteria such as Bacillus subtilis, CCR involves the central
protein of the PTS, HPr (61). HPr, a sensor for the metabolic state of the cell, is
phosphorylated on a serine residue (S46) by HPr kinase during growth in glucose.
Phosphorylated HPr can complex with the carbon catabolite control protein A (CcpA), a
primary regulator of CCR in Gram-positive organisms. The HPr-CcpA complex mediates
CCR by binding to catabolite response elements (cre) present within the promoters or
coding regions of regulated genes. A 14 base-pair consensus cre has been determined in
B. subtilis: TGWAARCGYTWNCW (204), however, slight variations have been
observed in other Gram-positive bacteria (236). Upon binding to these cre, CcpA either
represses expression of genes that might be involved in alternative sugar source
utilization or activates transcription of genes that may function in glucose metabolism

(215) (85) (75).
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Fig. 2: PTS-dependent glucose transport and CCR

Glucose is brought into the cell via the PTS EIIABC transporter, and enters directly
into glycolysis. The resulting PEP transfers the phosphate to EI, which in turn
transfers the phosphate to the Hisl5 residue of HPr. Alternatively, Hpr kinase
recognizes intermediates of glycolysis and phosphorylates HPr on the Ser46 residue.
HPr-P-Ser46 then complexes with CcpA and mediates CCR.
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HPr kinase

HPr kinase (HPrK) catalyzes the ATP-dependent phosphorylation of HPr on the
serine 46 residue upon recognition of glycolytic intermediates to stimulate CCR in Gram-
positive bacteria. Although the specific gene for HPrK (hprK/ptsK) wasn’t identified
until 1998 (76, 174), it was known that in an ATP-dependent reaction a serine-threonine
kinase was responsible for HPr Ser 46 phosphorylation (62). Furthermore, this
phosphorylation of HPr could be demonstrated utilizing crude extracts from S. pyogenes

in vitro, a process still in use today.

Carbon catabolite control protein A

CcpA, a 76 kDa homodimeric protein, is a member of the Lacl/GalR
transcriptional regulator family and controls the expression of a wide variety of genes
important for metabolism in Gram-positive bacteria. CcpA can both activate and repress
gene expression when in complex with Ser-phosphorylated HPr (107). The type of
regulation mediated by CcpA typically depends on the location of the cre site relative to
the start of transcription. Gene expression is usually repressed if the cre is located in the
promoter between the canonical -35 sequence and the start of transcription, or if it is
present in the coding region for the protein. Alternatively, activation by CcpA occurs
when the cre lies upstream of the -35 sequence, typically in multiples of 10 bp or
nucleotides, to position the binding site on the correct side of the DNA helix (236).
Recently, the crystal structure of CcpA from both Bacillus megaterium and Lactococcus

lactis has been determined (126, 195).
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CCR of virulence in Gram-positive bacteria

Listeria monocytogenes

The major activator of virulence in L. monocytogenes, PfrA, was shown to be
under CCR (148). However, the mechanism for CCR-mediated repression of PfrA was
not a result of direct regulation by CcpA (17). Recently, the mechanism for CcpA-
independent CCR of PfrA was found to involve the co-repressor of CCR in Gram-
positive organisms, Ser 46 phosphorylated HPr (94). Inactivation of HPr-K resulted in
reduced PrfA-regulated gene expression. Furthermore, interruption of the PTS
phosphorylation cascade through EI and HPr also lowered expression of the PfrA regulon

(94).

Clostridium perfringens,

In the anaerobic pathogen C. perfringens, expression of enterotoxin (cpe) was
shown to be CcpA-mediated, and that mutations in CcpA prevented efficient sporulation
(221). In addition, CcpA was necessary for the production of the collagenase, and
repressed synthesis of the polysaccharide capsule (79). Recently, CcpA was also shown
to repress expression of the Type IV pilus, which generates the gliding motility for this

organism (147).

Streptococcus pneumoniae
Importantly, in the human pathogen S. pneumoniae, a mutation in the CcpA
homologue RegM attenuates this organism for nasopharygeal colonization and virulence

in the mouse pneumonia model of infection (100). In addition, the CcpA mutant strain
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also showed reduced ability to colonize and infect the lungs of mice in the pneumonia
model. An additional study suggests a role for RegM/CcpA in activation of capsule

synthesis, providing a possible mechanism for attenuation in the animal models (79).

Staphylococcus aureus

Studies on CcpA and CCR in the pathogen S. aureus identified that CcpA-
mediates expression of factors important for antibiotic resistance and other virulence
determinants. A CcpA mutation in a strain of S. aureus that was highly methicillin
resistant showed reduced resistance to the antibiotic oxacillin. In addition, this study
identified that CcpA negatively-influences the expression of the staphylococcal a-
hemolysin, capsule, and protein A. Furthermore, this study showed CcpA-mediated
activation of the virulence regulator RNAIII, an effector molecule for the agr locus

involved in global regulation (189).

Evidence of CCR in the GAS

M protein

Prior to the knowledge of the Mga regulon, the M protein was an intensely
studied factor of the GAS. Many physiological studies assessed the growth of S.
pyogenes in various conditions and evaluated the production of M protein as an end-
point. Interestingly, reducing the amount of glucose from 1% to 0.25% in a semi-
synthetic medium resulted in a significant increase in the production of M protein. This
was attributed to the absence of lactic acid production resulting in a pH above 6.7, which

did not induce expression of the extracellular proteases (43). Further studies by Pine and
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Reeves in the early 1970’s investigated the role of metabolism and sugar source on the
production of M protein (161, 162). Their studies showed that expression of M protein
was highest during exponential growth phase, although they also observed a burst of M
protein production in stationary phase as all growth substrates were being depleted.
Additionally, they showed that the highest levels of M protein were produced when GAS
was grown in medium with glucose as the sole carbon source as compared to sucrose and
trehalose (162). Interestingly, while growth in multiple sugars did not yield the classic
diauxic growth curve, the production of M protein followed this pattern. The conclusions
from these elegant physiological studies began to suggest a link between sugar

metabolism and production of the main virulence factor of the GAS.

SpeB

The influence of metabolism and varied environmental conditions on the
production of SpeB has also been the focus of several studies. Initially, the production of
extracellular proteinases was only evaluated in reference to the level of degradation of M
protein; however this early work identified several conditions that favor production of
GAS proteases. Interestingly, the authors found that normal laboratory growth conditions
for the GAS most often inhibited the production of the proteinases (43). More recent
studies directly assessing the production of SpeB identified that SpeB is only produced in
stationary phase, and that glucose appears to inhibit production (37). Furthermore,
additional studies concluded that SpeB production was dependent on presence of peptides

in the media, and that glucose only inhibited SpeB expression in complex media (163).



CHAPTER THREE:

Materials and Methods

BACTERIAL STRAINS

Escherichia coli strains, media, and growth conditions

E. coli strains used in this study are listed in Table 1. E. coli strain DH5a. was
used as the host strain for plasmid constructions and was cultured in Luria-Bertani (LB)
medium (EM Science). E. coli was grown at 37°C with shaking under normal aerobic
conditions. Growth was measured by a spectrophotometer (Ultraspec 10, Amersham
Biosciences) at ODgoo. Antibiotics were used at the following concentrations: ampicillin
at 100 ug/ml; spectinomycin at 100 ug/ml; kanamycin at 50 ug/ml; and erythromycin at

500 ug/ml.

GAS strains, media, and growth conditions

GAS strains constructed and used in this study are listed in Table 1. GAS was
cultured in Todd-Hewitt medium supplemented with 0.2% yeast extract (THY; Difco)
and growth was assayed by absorbance using a Klett-Summerson photoelectric
colorimeter with the A filter. Chemically defined media (CDM) was prepared according
to the manufacturers instructions (JRH Biosciences) at a 2x concentration, followed by
filter sterilization. Prior to use, freshly prepared sodium bicarbonate (44 mM) and L-
cysteine (6.2 mM) were added in addition to a sugar source at a final concentration
ranging from 0.25-2% (v/v). Antibiotics were used at the following concentrations:

spectinomycin at 100 ug/ml; kanamycin at 300 ug/ml; and erythromycin 1 ug/ml.
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Table 1. Bacterial strains

Strains Description Reference
BL21(DE3) E. coli, F— ompT hsdSB(tB— mB-) gal dcm (DE3) Novagen
DH5a E. coli, hsdR17 recAl gyrA endAl relAl (88)
GA19681 M6 GAS, clinical invasive isolate, Mga+ (177
GA19681.586 M6 GAS, clinical invasive isolate, Mga (177
GA19681.710 M6 GAS, clinical invasive isolate, Mga+, AmrA” This study
JRS4 M6 GAS, streptomycin-resistant derivative of D471 (188)
KSM1438 M6 GAS, Pemm-gusA in VIT locus, Mga" (176)
KSM148.586 M6 GAS, Pemm-gusA in VIT locus, Mga’ (176)
KSM148 Adel M6 GAS, Pemm-gusA in VIT locus, Mga', AmrA” (176)
KSM310 M6 GAS, Pmga (full)-gusA in VIT locus, Mga" (5)
KSM310.150Lg M6 GAS, Pmga (full)-gusA in VIT locus, Mga &)
KSM310.700 M6 GAS, Pmga (full)-gusA in VIT locus, Mga', CcpA™  This study
KSM438 M6 GAS, Pmga (Acre) in native locus (%)
KSM440 M6 GAS, Pmga (full length) in native locus (5)
KSM444 M6 GAS, Pmga (Acre)-gusA in VIT locus, Mga" (%)
KSM444.150Lg M6 GAS, Pmga (P1 only)-gusA in VIT locus, Mga (5)
KSM445 M6 GAS, Pmga (P1 Acre)-gusA in VIT locus, Mga® (%)
KSM445.150Lg M6 GAS, Pmga (P1 Acre)-gusA in VIT locus, Mga’ (%)
KSM777 M6 GAS, Pmga-luc in VIT locus, Mga" This study
KSM778 M6 GAS, Promoterless-/uc in VIT locus, Mga" This study
KSM779 M6 GAS, Pmga-luc in VIT locus, Mga This study
MGAS315 M3 GAS, clinical invasive isolate, Mga" (18)
MGAS315.519 M3 GAS, clinical invasive isolate, Mga (177
MGAS315 233-rmed M3 GAS, clinical invasive isolate, Mga+, AmrA” (176)
MGAS5005 M1 GAS, clinical invasive isolate, Mga', CovS (206)
MGAS5005.718 MI GAS Mga', CcpA™ (AccpA strain) This study
MGAS5005.718 AccpA strain with pCcpA complementation vector This study
(pKSM719)

MGASS5005.718.732  AccpA strain with insertional inactivation of sagB This study
MGAS5005.732 M1 GAS, clinical invasive isolate, Mga', sagB This study
RTG229 M6 GAS containing VIT locus for exchange (78)
RTG231 M6 GAS containing VIT locus for exchange, Mga’ (220)
SF370 M1 GAS (72)
VIT-GusA M6 GAS, Promoterless gusA in VIT locus, Mga" %)
VIT-GusA-586 M6 GAS, Promoterless gusA in VIT locus, Mga’ (5)

DNA MANIPULATIONS
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Plasmid isolation
Plasmid DNA was isolated from E. coli by alkaline lysis using either the Wizard

Miniprep (Promega) or Midi/Maxi prep purification systems (Qiagen) according to the
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protocols provided. DNA fragments were isolated from agarose gels using the QIAquick

gel extraction kit (Qiagen).

Chromosomal DNA isolation

GAS chromosomal DNA was isolated using previously described methods (12,
35). Briefly, cells were grown overnight at 37°C with 20 mM glycine and pelleted in the
morning. Cells were washed in 10 mM Tris, resuspended in Solution I (1 M Tris pH 8,
0.25 M EDTA pH 8, and 50% Sucrose) supplemented with fresh lysozyme (130 mg/ml),
and incubated for 1.5 hrs with rotation. Cells were pelleted and resuspended in Solution
IT (1 M Tris pH 8, 0.25 M EDTA pH 8, 20% SDS) and incubated for 15 min at 37°C.
RNaseA (10 mg/ml) and Proteinase K (20 mg/ml) were added and the cells are incubated
at 55°C for 30 min with frequent inversion. The cell lysate is then phenol-chloroform
extracted, beginning with a phenol extraction (TE-saturated phenol pH 6.6) followed by
several extractions with a 1:1 phenol chloroform-isoamyl alcohol (IAA, 1:24) mix, with
the final extraction in chloroform-IAA alone. The DNA is ethanol (EtOH) precipitated
by adding 1:10 volume of 3 M sodium acetate and 2 volumes of cold 100% EtOH
incubated overnight at -20°C or 30 min at -80°C followed by centrifugation at 13,000 x g
for 15 min at 4°C. The DNA concentration is measured by the A,y absorbance on a

spectrophotometer (Ultraspec 2100 pro, Amersham Biosciences).

Polymerase Chain Reaction
PCR for cloning was performed using Phusion high-fidelity polymerase (New

England Biolabs, NEB). Briefly, annealing temperatures for primers were determined
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using the Finnzymes Tm calculator for PCR (www.finnzymes.fi/tm_determination.html).

Between 30-35 cycles of the following: a denaturation step at 98°C for 10 sec, followed
by a 30 sec annealing step at a pre-determined temperature, an extension step at 72°C for
approximately 15-30 sec per kb of DNA, and with a final extension step of 4 min and the
completion of the reaction. PCR reactions were purified using the QIAquick PCR
purification system (Qiagen). PCR for diagnostic assays was performed using Taqg DNA
polymerase (NEB), with a few modifications to the PCR protocol including: only 29
cycles, denaturation at 95°C, and longer extension times at about 1kb per min. Primer
pairs listed in Table 2 were designed using Vector NTI software package (version 7.0)
and optimum annealing temperatures for Taq reactions were also determined. DNA
sequencing was performed by either the automated sequencing core at the McDermott

Center, UT Southwestern Medical Center, or by GeneWiz, Inc.
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Target  Primer Sequence (5°-3°) Reference
aad9 aad9 R1 CCCGTGTCCATAGTTAA This study
aad9 1.2-bglll gcgeagatctGGGTGACTAAATAGTGAGGAG This study
aad9 R2-bglll gegeagatctGGCATGTGATTTTCC This study
amrA
rmeAL1 AAGAAGTGGCCCTTATGAAA (176)
rmeAR1 TTTAGTCATAGATTGTTGCA (176)
ccpA
ccpAL TTCAATGGCAACCGTTAG This study
ccpA-L2 AAAGTGCGCTTAGCAGGT This study
ccpA-L3 ACACTCGTCCCCAATTTGA This study
ccpA-LS TATTTGGTGATGAATGGT This study
ccpA-PCRS#1 CTACTTGAGCAGCTGTTACACCTGGTTT This study
ccpA-PCRS#2 ATGCTAACAagatct ATTCATTTTTTATCTTCC This study
ccpA-PCRS#3 agatctTGTTAGCATGCGGATGTT This study
ccpA-PCRS#4 CAGAGCTTCTATAAAACCTGGTATATCGG This study
ccpAR TCCTGACACAAAAGCGAT This study
ccpAR1 CCCTAAGGCTGATTTTAGTATT This study
ccpA-R2 GTCAACATCCGCATGCTA This study
ccpA-M6-R3 ATCGCTCGACCAATTCCT This study
M6ccpA Ncol-L  catccatggCTAATACAGATGATACCAT This study
M6ccpA_Xhol-R  gegetegagTTACTTAGTTGTCCC This study
PccpA-L1 GCCAATTCAGCTCCCTTT This study
PccpA-R1 CTTCACGGGCAACATCAT This study
emm
OM6-35 AACAGCAAATTAGCTGCTC (142)
OM6-16 GTTTCCTTCATTGGTGCT (142)
gusA
gusA-PE GTTGGGGTTTCTACAGGACG (6)
Steph-gusA-PE TTGTTTAAACAAATAGACGA (5)
ptsH
ptsH-L2 ggctcgagGTCTTATGCCAATCC This study
pisH-R2 gggecatggCTTCAAAAGACTTTC This study
ptsK
HprK-Ncol-L ggecatggCAACCGTTACTGTAAAGA This study
HprK-Xhol-R geetcgagTCATTGACTCACCTCA This study
luc
lucL geaggagagTTCAGATGGGAGCTCGAATTCCAGCTTGGCA This study
lucR acgegtegacTTACAATTTGGACTTTCCGC This study
lucR1 CGCACTTTGAATTTTGTA This study
M3
1201 M13 Rev AACAGCTATGACCATGATTACG Clonetech
1211 M13 For GTTGTAAAACGACAACCAGT Clonetech
Pmga
Acre-L TTTTTGTGAACTGGTTAA %)
Acre-R_Bam cgggatccAATATTGGAGTAAATTGAC %)
OYL-14-X ggctcgagGTCACTAACTTAATTAGAT This study
OYR-14-B ggggatcc AATTTGCGAGATTAGAGTAAT This study
OYR3 TCTTGATATAGGTCTTAC (145)

Pmga-X

ggctcgagACCTTGTATACCCTTCTTTT

(145)
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PsagA
M1 _sagA-cre L GACATTTCTACTTGATTG This study
M1 _sagA-cre R AAGTAACTGATAAGAACG This study
PsagA-L1-B gcggatccGACATTTCTACTTGATTG This study
PsagA Left-L GAGGCTACTAAAGTATTA This study
PsagA Left-R CTTTTTAATATTATCAAA This study
PsagA-R1-X geetcgagAAGTAACTGATTAAGAACG This study
PsagA Right-L TATTAATCATTTTTTACTATAA This study
PsagA Right-R AATTACCACTTCCAGTAG This study
rpsL
GAS-rpsL6 GTGCGCCACGAACGATATG (144)
Spn-rpsL1 GAATGTAGATGCCTACAATTAACCA (144)
sagB
sagB-L ATACAAACCACTTGTCCTT This study
sagB-R ATGCCGATAACACCTTA This study
spy0515
Spy0515-L GCATGGGCATTCTACAGA This study
Spy0515-R CATCAATTCCTTTCCTCA This study

Table 2. Lowercase letters indicate additional sequence added, and underlined text
denotes added restriction enzyme site. Italicized and underlined lowercase text indicates
region of overlap for PCR sewing.
Enzymatic DNA modifications

Enzymatic DNA modifications were performed using enzymes with the
conditions suggested by the manufacturer. Restriction enzyme digests were performed in
the buffers supplied by the manufacturer (NEB) for 2 hrs to overnight. Ligation reactions
using T4 ligase (NEB) were set up using a 1:3 vector to insert ratio as determined by
agarose gel analysis, with overnight incubations at 16°C. Fill-in reactions were
performed using T4 polymerase (NEB) to create blunt ends with incubation at 12°C for
20 min followed by 20 min at 70°C. T4 polynucleotide kinase (PNK, NEB) was used for
radioactive end labeling of probes and to phosphorylate ends of PCR products for ligation
reactions by incubation at 37°C for 30 min. Antarctic alkaline phosphatase (NEB) was

used to dephosphorylate the vector ends for cloning with incubation at 37°C for 1 hr.
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BACTERIAL TRANSFORMATIONS

E. coli competent cells

To prepare DH5a competent cells, 500 ml of LB broth was inoculated with 5 ml
of an overnight starter culture and grown to an ODggg of 0.6. Cells were then placed on
ice for 30 min to cool cells and stop growth prior to centrifugation at 7,000 x g for 30 min
at 4°C. After pelleting, cells were washed and resuspended in ice-cold sterile 10%
glycerol (EP solution) and washed twice more. After the final wash, cells were
resuspended in 800 pl of EP solution and split into 50 pl aliquots, which were stored at

-80°C for 6 months to one year.

GAS competent cells

To prepare competent GAS cells for transformation, 150 ml of THY broth with 20
mM glycine was inoculated with 7.5 ml of an overnight starter culture and incubated
static at 37°C until ODgop was between 0.2 and 0.4. Cells were kept on ice prior to
centrifugation at 7,000 x g for 30 min at 4°C. The pelleted cells were washed and
resuspended in 20 ml of EP solution, and centrifuged again twice more. Upon
completion of the washes, the pelleted cells were resuspended in 1 ml EP solution and

split into 200 pl aliquots, which were stored at -80°C for 6-8 months.
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Electroporation

To remove excess salts prior to electroporation of DNA into either E. coli or
GAS, the DNA was drop dialyzed against H,O using 0.025 pm membrane filters
(Millipore) for 30 min.

Electroporation of both E. coli and GAS was performed using a GenePulser Xcell
(Bio-Rad). The 50 pl E. coli competent cell aliquot was mixed with drop dialyzed DNA
in a pre-chilled 2 mm cuvette and transformed using the electroporator settings as
follows: 2.5 kV, 200 Q, and 25 pF. Cells were then added to 1 ml LB broth and
outgrown for 1 hr at 37°C with shaking, prior to centrifugation at 13,000 x g. Pelleted
cells were resuspended in 300 pl saline and 100 pl were plated with the appropriate
antibiotic for selection. Transformations into GAS were carried out using the
electroporator settings as follows: 1.75 kV, 400 Q, and 25 pF. After electroporation,
GAS cells were added to 10 ml THY broth and outgrown for 2-4 hrs, at 37°C without
shaking, prior to centrifugation at 7,000 x g. After pelleting, cells were resuspended in

500 pl and plated with the appropriate antibiotic for selection.

Temperature-sensitive allelic exchange

Transformation of GAS with the temperature-sensitive plasmid pJRS233 (Table
3) containing plasmid based erythromycin (Erm) selection for allelic exchange follows a
previously described protocol (160). Briefly, after electroporation, cells are outgrown at
30°C prior to plating with Erm selection at 30°C overnight to allow for plasmid
replication. Isolated colonies are then inoculated into liquid cultures with Erm and other

applicable antibiotics for selection and passaged overnight at 30°C. Cells are passaged
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one more time in fresh media, without Erm selection to allow for possible integration.
Cells are further passaged to fresh media and grown at 37°C without Erm selection but
with other applicable antibiotics still for a total of two times. After passaging is
complete, cells are serially diluted onto THY agar with applicable selecting antibiotics
but not Erm and incubated at 37°C. Isolated colonies are then back screened for
sensitivity to Erm to verify complete loss of the plasmid.

The temperature-sensitive vector pJRS233 was also used to construct insertional-
inactivation mutants using a very similar strategy and was described by Ribardo et. a/
(176). Briefly, transformation and passages followed the same protocol as above,
however Erm is continuously used as the selecting antibiotic to allow selection of the

complete integration of the vector into the chromosome at the permissive temperature.

GENETIC CONSTRUCTIONS

Construction of insertional-inactivation mutation in ccp4 in the Pmga-gusA
reporter strain KSM 310

To produce the ccp4 mutant strain KSM310.700 (Table 1) and the plasmid
pKSM700 (Table 3), a 511-bp internal region of ccp4 was amplified by PCR (described
in detail earlier) from the serotype M6 strain JRS4 genomic DNA (gDNA) using the
primer pair ccpAL/ccpAR (Table 2). The resulting fragment was blunt-ligated into
EcoRV-digested pJRS233 to form pKSM700 and verified by PCR using the primer pair
ccpAL/ccpAR (Table 2). The temperature-sensitive plasmid, pKSM700, was transformed

into the JRS4-derived Pmga-gusA reporter strain KSM310 (Table 1) using an insertional-
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inactivation strategy. Erythromycin-resistant integrants were isolated at 37°C following

serial dilution plating and verified by PCR using the primer pair

1211/PccpA-L1 (Table 2).

Table 3. Plasmids

1201/ccpAR1 and

Plasmids Description Reference
pBluescript IT KS- ColE1 ori Amp' lacZa Stratagene
pJRS233 Temperature sensitive shuttle vector (160)
pJRS525 GAS replicating plasmid with Spec resistance (143)
pJRS9160-Adel AmrA delection construct (176)
pKSM201 Replicating vector for GAS with Kan resistance This study
pKSM700 Internal fragment of M6 ccpA in pJRS233 (5)
pKSM701 Pmga-luc in pBluescript II KS- This study
pKSM702 Initial Pmga-luc vector This study
pKSM703 Initial promoterless-luc vector This study
pKSM710 AmrA deletion plasmid with Km Q cassette This study
pKSM711 M6 his-ccpA in pProEX-HTb This study
pKSM712 Expression vector containing M1 GAS His-HPr This study
pKSM713 Expression vector containing M1 GAS His-HPr Kinase This study
pKSM715 ccpA complementing vector with Spec resistance This study
pKSM716 pBluescript I KS- with PCR-sewn region of ccpA This study
pKSM717 pKSM716 with PCR sewn ccpA region containing aad9 This study
pKSM718 AccpA Mutagenic plasmid with non-polar aad9 This study
pKSM719 ccpA complementing vector with Kan resistance This study
pKSM720 GAS replicating plasmid with firefly luciferase and RBS This study
pKSM721 Pmga-luc This study
pKSM727 GAS replicating plasmid with PsagA running luciferase This study
pKSM728 Km® Pmga-luc This study
pKSM732 sagB Insertional inactivation vector This study
pKSM777 Vector for exchanging Pmga-luc into VIT locus This study
pKSM778 Vector for exchanging Promoterless-/uc into VIT locus This study
pLucMCS Firefly luciferase vector with multiple cloning site Stratagene
pPmga-blue pBluescript I KS- containing Pmga for cloning (220)
pProEX-HTb Expression vector N-terminal 6x His Invitrogen
pSL60-1 Vector containing non-polar aad9 gene (128)
pUC4Km2 pMBI1 ori, QKm?2 (159)
pVIT164 Plasmid vector for integration into Tn9/6 (30)

Construction of the Pmga and promoterless luciferase plasmid-based transcriptional

reporters, pKSM702 and pKSM703

The firefly luciferase gene (luc) was amplified with Platinum pfx (Invitrogen)

from pLuc-MCS (Table 3) using the primers Luc-L and Luc-R (Table 2). The Luc-L
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primer added a Sall restriction site for cloning and a RBS binding site. The /uc PCR
product was digested with Sall and ligated into Sall/EcoRV digested pPmga blue (Table
3) to yield the plasmid pKSM701 (Table 3). Pmga-luc was amplified from pKSM701
with Platinum pfx using the primer pair 1211/1201 (Table 2) and blunt-ligated into
pJRS525 (Table 3) to yield the Pmga-luc reporter plasmid pKSM702 (Table 3). Pmga
was removed by digestion with Pstl and the re-ligated vector resulted in creation of the

promoterless luciferase reporter pPKSM703 (Table 3).

Construction of allelic exchange vector for amr4, pKSM710

As previously described by Ribardo et al. (176), an amrA deletion construct,
pJRS9160-Adel (Table 3), contained homology from both upstream and downstream of
amrA4 and lacked ~500 bp internal to amrd. pUC4QKm?2 was digested with BamHI to
yield the KmQ cassette, which was ligated into BamHI digested pJRS9160-Adel
resulting in the creation of pKSM710 (Table 3).

A Km-marked amrA deletion was made in the M6 strain GA19681 (Table 1) by
transformation with Xmnl-linearized pKSM710, followed by outgrowth and plating at
37°C. The amrA mutation was verified by PCR using the primer pair rme4AL1/R1 (Table

2).

Construction of recombinant GAS CcpA, HPr, and Hpr Kinase expression vectors,
pKSM711, pKSM712, and pKSM713
Amino-terminal fusions of 6x His to CcpA from M6 GAS and HPr and Hpr

Kinase from M1 GAS were constructed as described below. For CcpA a 1,019 bp region
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containing the entire ccp4 gene was PCR amplified from serotype M6 GA19681 (Table
1) gDNA using the primer pair M6ccpA Nceol-L and M6cecpA Xhol-R (Table 2). For
both HPr and Hpr Kinase, a 261 bp region containing ptsH (HPr) and a 930 bp region
containing ptsK (HPr Kinase) were amplified from serotype M1 SF370 (Table 1) gDNA
using the primer pairs ptsHL?2 /ptsHR2 and HprK-Ncol L/HprK-Xhol R (Table 2). For all
three constructs the resulting products were digested with Ncol/Xhol and ligated into
Ncol/Xhol-digested pProEX-HTb to produce pKSM711 (CcpA), pKSM712 (HPr), and
pKSM713 (Hpr Kinase) (Table 3). Following verification by PCR and DNA sequence
analysis, recombinant expression vectors were transformed into BL21 [DE3] Gold (Table

1) for protein expression.

Construction of allelic exchange vector pKSM718 for creation of AccpA strains

PCR sewing was used to delete the ccp4 gene. The primers ccpA-PCRS#1 and
ccpA-PCRS#2 (Table 2) were used to amplify a 1005 bp upstream region containing the
first 6 nucleotides of ccpA, a Bglll site and a 9-bp overlap with the second fragment at the
3’ end. The primers ccpA-PCRS#3 and ccpA-PCRS#4 (Table 2) were used to amplify an
1115 bp downstream region containing the last 100 nucleotides of ccpA, with a BglII site
at the 5’ end. These fragments were then combined as template DNA with the ccpA-
PCRS#1 and ccpA-PCRS#4 primers (Table 2) to generate the deletion. The resulting
product was blunt-ligated into EcoRV-digested pBluescript II KS- to yield pKSM716
(Table 3). The non-polar spectinomycin gene was amplified from pSL60-1 (Table 3)
using the primers aad9-L2-bglll and aad9-R2-bglll (Table 2), digested with BglIl, and

ligated into BgllI-digested pKSM716 to create pKSM717 (Table 3). The BamHI/Xhol
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digested-fragment containing the PCR-sewn AccpA region and the aad9 cassette from
pKSM717 was ligated with BamHI/Xhol-digested pJRS233 to yield pKSM718 (Table 3).

A AccpA mutant was created using a temperature-sensitive allelic exchange as
previously described above (160). Mutants were screened for sensitivity to erythromycin
and verified by PCR using the primers ccpA-L5 and aad9-R1 (Table 2) and by Southern

blot.

Construction of ccpA complementation vector, pKSM719

ccpA with its native promoter was amplified from the serotype MI strain
MGASS5005 (Table 1) using the PCR primers PccpA4-L1 and ccpAR1 (Table 2) and blunt-
ligated into EcoRV digested pJRS525 (Table 3) to create the Sp® CcpA complementing
vector pKSM715 (Table 3). To produce a kanamycin-resistant complementing plasmid,
the aad9 spectinomycin gene from pJRS525 was removed by digestion with AfIIII, the
ends filled in, and further digested with Swal. The aphA3 kanamycin resistance gene
from puc4Qkm?2 was digested with Smal and blunt-ligated into pJRS525 to yield
pKSM201 (Table 3). The PccpA-ccpA fragment from pKSM715 was cloned into
pKSM201 using Pvull/Ncol to create the Km" CcpA complementing vector pKSM719

(Table 3).

Construction of promoterless-Luciferase vector, pKSM720
The firefly luciferase gene (/uc) was amplified from pLuc-MCS (Table 3) using
the primers Luc-L and Luc-R (Table 2). The resulting fragment was blunt-ligated into

EcoRV-digested pJRS525 (Spectinomycin-resistant) to create pKSM720 (Table 3).
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Transformants were screened for orientation using the primers 1211 and Luc-R1 (Table

2).

Construction of Pmga-Luciferase vectors, pKSM721 and pKSM728

Pmga was amplified from MGAS5005 (Table 1) with Phusion high-fidelity
polymerase (NEB) using the primers OYR-14-B and Pmga-X (Table 2). The promoter
PCR fragment was BamHI/Xhol digested and ligated into Bglll/Xhol digested
Spectinomycin-resistant luciferase plasmid pKSM720 to form pKSM721 (Table 3). To
construct a Kanamycin-resistant version, Pmga-/uc was digested with Pvull/Ncol from
pKSM721, gel extracted, and ligated with Pvull/Ncol digested pKSM201 to yield

pKSM?728 (Table 3).

Construction of PsagA-Luciferase vectors pKSM727

The PsagA promoter fragment was amplified from the M1 strain MGAS5005
(Table 1) using the primers Psag4-L1-B and PsagA-R1-X (Table 2), digested with
BamHI/Xhol and ligated into Bglll/Xhol-digested pKSM720 to create the

Spectinomycin-resistant pKSM727 (PsagA-luc) (Table 3).

Construction of sagB insertional-inactivation vector pKSM732

To create non-SLS producing strains, a polar mutation was made in sagB, the
second gene in the sag operon. Briefly, a 500 bp fragment internal to sagB was amplified
from MGASS5005 using the primers SagB-L and SagB-R (Table 2) and blunt ligated into

an EcoRV-digested pJRS233 to yield pKSM732 (Table 3). The resulting plasmid was
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electroporated into both WT and AccpA mutant strain using a temperature-sensitive
inactivation strategy as described previously. Strains were verified by loss of hemolysis

on blood agar plates and PCR using the primers 1211 and SagB-L or SagB-R (Table 2).

Construction of the Pmga and promoterless luciferase reporter strains KSM777,
KSM778 and KSM779

Pmga-luc was excised from Sall/BamHI-digested pKSM701 and religated with
Sall/BamHI-digested pVit164 (Table 3) to yield the plasmid pKSM777 (Table 3), which
was verified by sequencing with the primers LucR, OYR3, and 1211 (Table 2).
pKSM777 was linearized with Xmnl and transformed into the strain RTG229 (Table 1)
as previously described (78, 176) yielding the Pmga-luc reporter strain KSM777.
Additionally, the Mga  strain RTG231 (Table 1) was transformed with linearized
pKSM?777 to yield the strain KSM779 (Table 1).

To create a promoterless-/uc reporter strain, Pmga was removed from pKSM777
by a sequential digestion with Pstl and BamHI, the ends were then filled-in and religated
to form the plasmid pKSM778 (Table 3). pKSM778 was linearized with Xmnl and

transformed into RTG229 resulting in the strain KSM778 (Table 1).

DNA ANALYSES

Agarose gel analysis
DNA from PCR and restriction digests were run on a 1% agarose gel composed of
0.5 g of agarose added to 50 ml of 1x TBE (90 mM Tris-base, 90 mM boric acid, and 2

mM EDTA) with 5 pl of ethidium bromide (10 mg/ml). Samples are mixed with 5x load
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dye (50% glycerol, 50% 10x TBE, 0.001% SDS, with bromophenol blue and xylene
cyanol for color), and run with 1 kb molecular weight ladder (Promega). Gels were run

at a range from 60V to 100V for about 20-40 min depending on the size of the fragment.

Random prime labeling of probes

Radioactive labeling of probes for Southern and northern blotting was completed
using the RadPrime label kit (Invitrogen). Briefly, 500 ng of probe DNA was mixed with
random primers, Klenow fragment, dNTPs, and 20 pCi of [a**P]-dATP (Perkin Elmer)
and incubated at 37°C for 30 min. The probe was then purified over a G-25 sephadex
Quickspin column (Roche), and counted using either a Geiger counter or through an LS

6500 scintillation counter (Beckman-Coulter).

Southern blot analysis

Chromosomal DNA (7.5 pg) was digested with HindIII and separated on a 0.7%
agarose gel. The DNA was denatured in the gel by soaking in 0.4 M hydrochloric acid
for 40 min followed by neutralization with 0.4 M NaOH. The DNA was transferred
downward to a positively charged nylon membrane overnight under alkaline conditions
followed by UV crosslinking in a crosslinker (Strategene). The blot was hybridized for 2
hrs with 5 x 10° cpm of the radiolabeled probe at 42°C in a rotating hybridization oven
(HB1000 UVP laboratory products). Following hybridization the blot was washed twice
in low stringency buffer (0.3 M sodium chloride, 30 mM sodium citrate, and 0.1% (w/v)
SDS) followed by 2 more washes in high stringency buffer (30 mM sodium chloride, 3

mM sodium citrate, and 0.1% (w/v) SDS) each for 20 min at 42°C. Blots were exposed
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to a phosphorimager cassette for 30 min to overnight and scanned using a Storm 860 (GE

Healthcare).

RNA ANALYSES

RNA isolation

RNA was isolated using a Triton X-100 method as previously described (210).
Briefly, 10 ml THY broth was inoculated 1:20 from an overnight starter culture and
grown to the appropriate optical density or Klett unit. Cells were then pelleted by
centrifugation at 7,000 x g for 20 min at 4°C. Cells were resuspended in 1 ml of TE
buffer (10 mM Tris pH 7.4 and 1 mM EDTA) with 0.2% (v/v) Triton X-100 added and
boiled for 10 min. The lysate was chloroform-IAA extracted twice and EtOH
precipitated overnight at -20°C. The precipitation reaction was pelleted at 13,000 x g for
15 min at 4°C and the RNA was resuspended in DEPC treated H,O. To quantify the
RNA, the 260/280 absorbance was determined using a spectrophotometer. The RNA was
assessed for quality on a formaldehyde gel (18% (v/v) formaldehyde, 1% (w/v) agarose,
72% (v/v) DEPC treated H,O, and 10% (v/v) 10x MOPS buffer (0.4 M 3-[N-

Morpholino] propanesulfonic acid pH 7.0, 0.1 M sodium acetate, 0.01 M EDTA).

Northern blot

Northern blots of total RNA were performed using a NorthernMax Protocol
(Ambion) as previously described (175). Briefly, 1-10 pg of total RNA was separated on
a formaldehyde-agarose gel and downward transferred with 20x SSC (3 M sodium

chloride, 0.3 M sodium citrate) to a positively charged nylon membrane and UV
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crosslinked (Stratagene). Hybridization and scanning for the northern blots were done as

detailed for Southern blots above.

DNase I treatment.

RNA for microarray and real-time RT-PCR analysis was treated with DNase I
(Ambion) to remove genomic DNA from the sample. Briefly, approximately 20 pg of
total RNA was incubated with DNase I (Ambion) at 37°C for 30 min according to the
manufacturers instructions. A test PCR reaction was completed on 2 pl of the DNase |

reaction, to verify complete degradation of the gDNA.

Reverse transcriptase PCR (RT-PCR)

RNA for RT-PCR was treated with DNase I to remove residual gDNA. cDNA
was generated using the SuperScript First-strand synthesis kit for RT-PCR (Invitrogen)
according to the protocol provided. Briefly, DNA-free RNA was denatured at 65°C for 5
min, snap cooled on ice, and incubated with dNTP’s and the random hexamer primers for
10 min at 25°C. Reactions with and without reverse transcriptase were then incubated at
50°C for 50 min to allow for cDNA synthesis. Heating to 85°C for 5 min terminated the
reaction, and the original RNA was degraded by treatment with RNase H for 20 min at
37°C. PCR reactions using Taq polymerase (NEB) were then completed on the cDNA
from RT" and RT- ¢cDNA samples, along with a gDNA control using the primer sets as

follows: ccpAL2/R2, ccpAL3/ccpA-M6-R3, and Spy0515L/R (Table 2).
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Microarray Analysis

Microarray experiments were performed as previously described (177). Briefly,
10 pg RNA from 3 biological replicates was isolated from MGAS5005 and the isogenic
AccpA strain MGAS5005.718 using a Triton X-100 isolation protocol (210). RNA was
DNase I treated and analyzed for quality on formaldehyde-agarose gel. RNA samples
were converted to cDNA with an amino-allyl UTP and were labeled with both Cy3 and
Cy5 dye using the Cyscribe Post-Labeling Kit (GE Healthcare) to allow for dye-swap
experiments. Yield and incorporation of dye was determined using a Nanodrop ND-1000
(Nanodrop Technologies). 25 ul of labeled Cy3 cDNA and Cy5 cDNA, were dried under
vacuum, resuspended in 23.8 ul of dH,O and boiled for 5 min followed by cooling on ice
for 1 min. 17 ul of 5x Hyb Buffer (GE Healthcare) and 27.2 ul formamide was added to
the cDNA and applied to array slides under raised cover slip (Lifterslip, Inc). Microarray
slides were hybridized at 50 ‘C overnight in slide chambers (Array It). Slides were
washed twice for 10 min each in the following buffer concentrations and temperatures:
6x SSPE (diluted 20x stock solution: 3 M NaCl, 0.2 M NaH,PO4, 0.2 M EDTA at pH
7.4) with 0.01% Tween-20 at 50 'C, 0.8x SSPE with 0.001% Tween-20 at 50 'C, and 0.8x
SSPE at room temperature. Slides were scanned using a Genepix 4100A personal array
scanner and GenePixPro 6.0 software (Axon Instruments).

Data from the output GenePix results file (gpr) was analyzed using Acuity 4.0
software (Axon Instruments). Microarray data was normalized using the ratio of the
means. Datasets were then generated by analyzing data points whose mean of the ratio
(635/532) was = 2.0 or < 0.50, followed by removal of samples where 4 out of the 6

microarray hybridization experiments (67%) did not show significance. Array data has
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been submitted to the NCBI GEO database and is accessible through series number
GSE11328. Array validation was carried out on 12 differentially regulated genes with
real-time RT-PCR (see below) using real-time primer pairs (Table 4). Correlation
coefficients for the arrays were determined by plotting the log value of the array (X) to
the log value of the real-time RT-PCR (Y). An equation describing the line of best fit

was determined with the resulting R* value representing the fitness of the data, with

higher correlations approaching R*=1.

Table 4. Real-time RT-PCR primers

Target  Primer Sequence (5°-3°)" Reference

amyA

amyA M1 RTL GTTTGGGTACTTGGCAATGG This study

amyA M1 RT R TGGGTGATGTTTTTGAGATGG This study
arcA

arcA M1 RTL GAAAATGGTGGTCAGCACGTTA This study

arcA M1 RT R CGTCTTCGCCGTTCATGAT This study
atpB

atpB M1 RTL AATCTGGCTTTTGACCTTGC This study

atpB M1 RT R TAGCCAAACGTTTCAAATGG This study
bgIP

bglP M1 RTL ACTGCGACGATTGTGTTAGC This study

bgIlP M1 RT R GCAACACTCACTTGCTTTGG This study
ccpA

ccpA M1 RTL GTGAATCGTTGCTGGTGATGAT (177

ccpA M1 RT R TGGTCGTCATCAAGTGATCC (177)
celC

celCM1 RTL TGGTCGTCATCAAGTGATCC This study

celC M1 RT R CTTGCCCAAGAAGCTAGTGG This study
covS

covS M1 RTL CATCTCCTGGCTTGCATGGT This study

covS M1 RT R GGAAAACCCACGATACTGATCTTC This study
emm

emml RT L ACTCCAGCTGTTGCCATAACAG (177

emml RT R GAGACAGTTACCATCAACAGGTGAA (177)
gyrA

grAMI1 RT L CGACTTGTCTGAACGCCAAAGT (177)

gyrA M1 RT R ATCACGTTCCAAACCAGTCAAAC (177)
hasA

hasA M1 RT L CGACTTGTCTGAACGCCAAAGT (177

hasA M1 RT R ATCACGTTCCAAACCAGTCAAAC (177)
malX

malX M1 RTL CCATAACCGGCAATTAAACC This study




70

malX M1 RT R TTTGCTTTTGCCTCTGAACC This study
mga

mga M1 RT L CGCTGAGTTGAGCCTGATTTC (177

mga M1 RT R AGACTCACCAACGGGCTGTC (177

mga M6 RT L AGATGAATCCAGTTGGTCACTTTTC )

mga M6 RT R AAATCGGTTATGCGTTTGATAGC &)

mgaPl 1.2 TAAATAATGAACAAAAAGGAATAATTGCG (5)

mgaPl R2 AATACCTTTCAAATTCTTTCATTAAAATCC  (5)
ptsA

ptsA M1 RTL TTTTTTAAAACCAGGCGAAGC This study

ptsA M1 RT R TTGTCTCAGGGACCAAATCC This study
pyk

pvk M1 RT L GGAAGGCAGATGAATCTAAACG This study

pvk M1 RT R TACCCGGTTGAATCTGTTCG This study
rivR

rivR M1 RT L GACGGCCTGTGTCATAAAGC This study

rivR M1 RT R GATCAATATCAAGGCAACATGC This study
rofA

rofA M1 RT L CGAAGAGTGGATGGCCAAAC (177

rofA M1 RT R CTCGACATAGTGGCAAAAAAGATG (177)
sagA

sagA M1 RT L GCTACTAGTGTAGCTGAAACAACTCAA This study

sagA M1 RT R AGCAACAAGTAGTACAGCAGCAA This study
scpA

scpA M1 RT L TTTCGACACGCATCAAAAGC This study

scpA M1 RT R TGCTCCATCTGAAACGAAAGAAC This study

slo
slo M1 RTL TTGTTGAGGATAATGTAAGAATGTTTAG This study
slo M1 RT R TCCTGGCTTGCAACTGATTG This study
spyl1680
Spyl680 M1 RTL GGCAAGCCCTACTAAAAGAGG This study
Spy1680 M1 RTR  GGAAACGGATTTCAGTCAGC This study

Real-time RT-PCR

Briefly, 25 ng of DNasel-treated total RNA was added to SYBR Green Master
mix (Applied Biosystems) containing 5 ug of each specific real-time primer (Table 4) for
the 1-step protocol. The real-time RT-PCR experiments were completed using a
Lightcycler 480 (Roche) and levels presented represent ratios of WT/experimental
relative to the level of gyrA transcript. The real-time primers were designed using Primer

3: WWW Primer tool (biotools.umassmed.edu/bioapps/primer3 www.cgi).
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PROTEIN ANALYSES

GAS protein extracts

Whole cell GAS protein extractions were performed as previously described
(142). Briefly, GAS cells were inoculated 1:20 into 10 ml THY broth, grown to the
appropriate optical density or Klett unit, and pelleted by centrifugation at 7,000 x g for 20
min at 4°C. Cells were washed in saline, and resuspended in 500 pl of saline. The cells
were lysed by mixing with the FastPROTEIN blue matrix and by bead-beating in a Fast-
prep cell disruptor (Bio101, Inc.) for 45 sec at speed 6. Lysates were rested on ice for 15
min, followed by centrifugation at 13,000 x g for 10 min and the supernatant was
recentrifuged once more to remove all of the lysing matrix. Protein concentration was
assayed using the Bio-Rad protein assay kit and reading the absorbance at 595 nm on the

spectrophotometer.

SDS-PAGE gel analysis

SDS-polyacrylamide gels (SDS-PAGE) were made as follows: a 10-15%
resolving gel was mixed and poured using the components listed in the Table 5 followed
by a 6% stacking gel (Table 5). Upon the gel setting, it was either used immediately or
stored at 4°C for later use. Protein samples were mixed with 5x cracking buffer (Table 5)

and loaded into the wells. SDS-PAGE gels were run at 150 V for about 1 hr.

Western blot analyses
SDS-PAGE gels were transferred to nitrocellulose membranes using the Mini-

Protean apparatus (Bio-Rad) in Ix transfer buffer (Table 5). Blots were blocked
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overnight in blocking solution (5% (w/v) dried milk in PBS-tween). Western blots were
incubated with a 1:1,000 dilution a-Mga-pep2 antiserum (142) followed by three 15 min
washes in PBS-tween (Table 5). Blots were then incubated with a 1:25,000 dilution of a.-
rat (Santa Cruz Biotechnologies) HRP-conjugated secondary antibody and visualized

using the Western Lightning chemiluminescence system (Perkin Elmer) followed by

exposure to X-ray film.

Table 5. SDS-PAGE buffers

10- 15% Resolving gel

6% Stacking gel

26% (v/v) Lower gel stock
25-37.5% (v/v) 40% Acrylamide/ bis sol.
0.5% (v/v) 10% ammonium persulfate
0.1% (v/v) tetramehylethylene diamine

25% (v/v) Upper gel stock
15% (v/v) 40% Acrylamide/ bis sol.
0.5% (v/v) 10% ammonium persulfate
0.1% (v/v) tetramehylethylene diamine

Brought up with H,O Brought up with H,O
Lower gel stock Upper gel stock
1.5 M Tris HCI pH 8.8 0.5 M Tris-HCI pH 8.8
0.4% (w/v) SDS 0.4% (w/v) SDS
Brought up with H,O Brought up with H,O

SDS running buffer

Coomassie blue stain

25 mM Tris 0.25% (w/v) coomassie blue
190 mM Glycine 45.4% (v/v) methanol
0.1% (w/v) SDS 9.2% (v/v) glacial acetic acid
Brought up with H,O Brought up with H,O

Destain solution

Gel drying solution

5% (v/v) methanol

3% (v/v) glycerol

7.5% (v/v) glacial acetic acid 20% (v/v) EtOH
Brought up with H,O Brought up with H,O
5x Cracking buffer Transfer buffer

0.3 M Tris pH 6.8
25% (v/v) 2-mercaptoethanol
51% (v/v) glycerol
10% (w/v) SDS
0.01% (w/v) bromophenol blue
Brought up with H,O
Heated at 55°C

25 mM Tris base
0.2 M glycine
Brought up with 20% methanol

PBS-Tween

0.01 M PBS pH 7.4
0.5% Tween-20
Brought up with H,O
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Protein expression and purification

GAS His-CcepA, HPr, and Hpr Kinase were purified via Ni-NTA resin (Qiagen)
based on the manufacturer's protocol. Briefly, expression of proteins was induced at an
ODgoo of 0.6 for 4 hrs with 1 mM IPTG and resulting cell pellets stored at -80 °C. The
frozen pellets were lysed in the presence of 1 mg/ml lysozyme and 1x Complete Protease
inhibitors (Roche) using a Branson sonicator (5 cycles of 30 sec pulses at 50% duty
cycle, output of 7.5). His-tagged proteins were purified from the resulting lysate over Ni-
NTA resin under native conditions and protein concentration was determined for each
fraction wusing Protein assay reagent (Bio-Rad) wusing an Ultrospec 2100
spectrophotometer (GE Healthcare). Samples from the protein purification were run on
SDS PAGE gel for analysis (Fig. 3). Chosen fractions were dialyzed with two buffer
changes in 4 L of TKED buffer (100 mM Tris-HCI, 150 mM potassium chloride, 1 mM
EDTA, 0.1 mM DTT) and glycerol was added to 10% prior to storage of protein aliquots

at -20°C.

HPr phosphorylation reaction

To produce phosphorylated HPr (HPr-P), 20 pg of GAS His-HPr Kinase and His-
HPr were incubated in a reaction mixture containing 10 mM ATP, 20 mM Tris, 7.5 mM
fructose 1-6 bisphosphate, 5 mM MgCl,, and 1 mM DTT at 37°C for 15 min. Initial
reaction was completed using [y**P]-ATP to verify specific phosphorylation of HPr (Fig.

4).
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Fig. 3: Coomassie-stained SDS PAGE gel of purified proteins
(A) CcpA (B) HPr and (C) Hpr Kinase Ni-NTA column fractions (lanes are indicated in
the list above). Arrow indicates fraction chosen for dialysis and used in further studies.

Lanes
1. Unlabeled HPr/HPr Kinase
2. HPralone w/ [y-*P]-ATP
3. HPr Kinase alone w/ [y-*P]-ATP

4.-9. HPr/HPr Kinase w/ [y-""P]-ATP and increasing
amounts of Fructose 1,6 bisphosphate (0-7.5 pM)

Fig. 4: HPr phosphorylation reaction
(A) Coomassie-stained SDS-PAGE gel (B) Phosphorimage scan of HPr phosphorylation

reaction.



75

Streptolysin S (SLS) hemolysis assay

Hemolysis assays were performed as previously described (173). Briefly, strains
were grown in THY broth supplemented with 10% heat-inactivated horse serum.
Samples were taken every hour for a total of eight hours, and immediately frozen at
-80°C. Bacterial cells were pelleted and a 1:10 dilution was made of the supernatant.
500 pl of this dilution was added to an equal volume of 2.5% (v/v) difibrinated sheep red
blood cells (RBC), which were washed three times with sterile PBS pH 7.4. This mixture
was incubated at 37°C for 1 hr and cleared by centrifugation at 3000 x g. Supernatants
were measured at an absorbance of 541 nm using a plate reading spectrophotometer
(Molecular Dynamics) to determine release of hemoglobin by lysed RBC. Percent
hemolysis was defined as ((Sample Abs - Blank)/ (100% lysis Abs.)) x (100). To assay
for SLO-mediated hemolytic activity, the SLS inhibitor Trypan blue (13 pg/ul) was

added to samples prior to incubation.

TRANSCRIPTIONAL REPORTER ASSAYS

GusA Assay

GusA assays were performed as previously described (67). Briefly, cells were
grown to late logarithmic phase, and protein lysates were collected using a FastPrep cell
disruptor (BiolOl, Inc.) as described above. The lysates were incubated with p-
nitrophenyl B3-D glucuronide for 3 hrs at 37°C until a yellow color developed indicating
GusA activity. Results are reported in GusA units, which are equivalent to the A4, of the

lysate divided by the concentration of total lysate protein (ug/uL).
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Luciferase Assay

Luciferase assays were performed by inoculating 13 ml of liquid THY broth or
CDM with 1:20 dilution of the overnight starter culture. Upon reaching Klett 30, 500 pl
samples were taken every 15 Klett units. Samples were pelleted, and the supernatant was
discarded and samples were placed at -20°C overnight. The luciferase assay was
performed using the Luciferase Assay system (Promega). Pellets were resuspended in
various amounts of 1x Lysis buffer to normalize for cell unit according to the equation
4.5 = (x ml)((Klett 65)/2). The luciferase assay was read using a Centro XS’ LB 960
luminometer (Berthold Technologies) where 50 pl of Luciferin-D reagent was directly
injected. A comparison between the chromosomal-based and the plasmid-based

luciferase system can be seen below (Fig. 4).
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Fig. 5: Comparison between Luciferase transcriptional reporters

Relative Luciferase Units

Relative Luciferase Units

77

Mga +
—o— Mga -
—&— Mga + RLU
—#&— Mga - RLU
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(A) Chromosomal-based or (B) plasmid-based Pmga-luciferase transcriptional reporters.
Shown for each is the growth in Klett units for the wild-type (Mga") and negative control
(Mga) strains. The relative luciferase units (RLU) or luciferase profile for Mga', Mga’
and a promoterless control (NoP RLU) is shown and graphed on the right Y-axis.
Samples for the luciferase experiment were collected every 15 Klett, beginning at Klett 30,

with multiple points taken in stationary phase.
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MURINE INFECTION MODELS

Intraperitoneal (i.p) route

An overnight culture (5 ml) was used to inoculate 75 ml of THY and incubated
static with appropriate antibiotics at 37 °C until late-logarithmic phase. Approximately 2
x 107 colony forming units (CFU)/ml, as determined by microscope counts and verified
by plating for viable colonies, was used to infect 6 to 7-week old female CD-1 mice
(Charles River Laboratories). Mice were injected with 100 pl (2 x 10® CFU) of the cell
suspension by the i.p route and were monitored as necessary for 72 hrs post infection.
Mice were euthanized by CO, asphyxiation upon signs of systemic morbidity (hunching,
lethargy, hind leg paralysis). Survival data was assessed by Kaplan-Meier survival
analysis and tested for significance by logrank test using GraphPad Prism (GraphPad

Software).

Subcutaneous (s.c) route

The invasive skin model of infection was performed as described previously
(186). Briefly, 6 to 7-week old female CD-1 mice (Charles River Laboratories) were
anesthetized and depilated for an ~2 cm” area of their haunch with Nair (Carter Products,
New York, NY) and 100 ul of a cell suspension (2 x10° CFU/mouse) was injected
subcutaneously. Mice were monitored twice daily and were euthanized by CO,
asphyxiation upon signs of morbidity. Lesion sizes (L x W) were measured at 72 hrs post
infection with length (L) determined at the longest point of the lesion. Lesion size data
was analyzed using GraphPad Prism (GraphPad Software) and tested for significance

using an unpaired two-tailed t-test.
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DNA-PROTEIN INTERACTIONS

PAGE oligonucleotide purification

The oligonucleotides for electrophoretic mobility shift assays (EMSA) were
PAGE purified prior to annealing. Briefly, the lyophilized oligonucleotides pellet
(Integrated DNA Technologies) was resuspended in 100 pl dH,O with 20 pl formamide
stop solution (SequiTherm Excel II kit, Epicentre). To pour the gel, 60 ml of the 10%
sequencing gel solution (42% (w/v) urea, 20% (v/v) 5x TBE, 25% (v/v) 40% acrylamide
bis sol.) was added to the polymerizing agents (175 pl 10% ammonium persulfate and 75
ul of tetramehylethylene diamine). The oligonucleotides were loaded and the gel was run
for 1 to 1.5 hrs at 400 V. After the gel was run, the front glass plate was removed, the gel
was placed on an intensifying cassette and a short-wave UV light was flashed to locate
the DNA bands. The bands were excised and extracted by soaking in 10 mM Tris pH 7.4
overnight, followed by a phenol-chloroform extraction the next day to remove

acrylamide.

Annealing double stranded oligonucleotides

Double stranded DNA (dsDNA) probes were generated by annealing 30 bp sense
and antisense oligonucleotide pairs listed in Table 6. Briefly, gel-purified
oligonucleotide pairs were annealed by heating to 85°C for 5 min in 12.5 pg of each pair
in 10 mM Tris-HCI pH 8.0, 5 mM MgCl, and slowly cooling to room temperature for 30
min. Annealed oligonucleotides were end-labeled with [y’*P]-ATP using T4 PNK (NEB)
and the resulting radiolabeled probes were purified across a G-25 sephadex quick spin

column (Roche).



Table 6. Oligonucleotide probes
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Target Primer Sequence (Strand is designated)”
PccpA
5’PccpACRE 5'TTAATTTTTGAAAACTTTTTCAAAAATTAA
3’PccpACRE 3'AATTAAAAACTTTTGAAAAAGTTTTTAATT
PcepA Scr
PccpA Scr Sense 5'ATAAATTATTTTAGAATTCTATTAACTTAA
PccpA Scr Antisense 3'TATTTAATAAAATCTTAAGATAATTGAATT
Pmga
5’PmgaCRE 5'TTAGCTCTTGAAAACGTTTCTACGATGTTT
3’PmgaCRE 3’AATCGAGAACTTTTGCAAAGATGCTACAAA
Pmga Mut
5’mutatedPmgaCRE 5'TTAGCTCTTACGAAAGTTTCTACGATGTTT
3’mutatedPmgaCRE 3’AATCGAGAATGCTTTCAAAGATGCTACAAA
Pmga Scr
5’scrambledPmgaCRE 5’ CATGTATGTCTCAGTCGTTATGTATATTCA
3’scrambledPmgaCRE 3 ' GTACATACAGAGTCAGCAATACATATAAGT
PsagA
PsagACRESense 5'TATTAAAAAGAAAGGGTTTACATATTAATC
PsagACREAntisense 3’ATAATTTTTCTTTCCCAAATGTATAATTAG
rivR
ralp4CRESense 5'CCAATCTTTGATAACGGTTTCAAGCTTATC
ralp4CREAntisense 3’ GGTTAGAAACTATTGCCAAAGTTCGAATAG

*-cre shown in shaded regions

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously (140). For ds oligo EMSA, a
constant amount of labeled ds oligo probe (ca. 1-5 ng) and increasing amounts of purified
GAS His-CcpA (5-20 uM) were used in each reaction. Competition assays were
performed by addition of 700 ng unlabeled double-stranded oligonucleotide probes to
binding reactions. For the PCR probe EMSA, probes were end-labeled as previously
described, extracted by crush and soak elution, and run over a PCR purification column
(Qiagen). 20 pM HPr-P was added to a constant amount (10-25 ng) of end-labeled

probe, and increasing amounts of GAS His-CcpA (1-4 uM) was added. After incubating
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for 30 min at 30 °C, reactions were mixed in 1% (v/v) ficoll, 0.02% (w/v) bromophenol
blue and separated on a 5% polyacrylamide, 10% (v/v) glycerol gel at room temperature.
Gels were dried under vacuum at 80 °C for 1 hr and exposed overnight to a phosphor
imaging screen. Screens were scanned using a Storm860 (Amersham Biosciences) and

resulting data was analyzed with the ImageQuant analysis software (version 5.0).



CHAPTER FOUR:

CcpA-mediated carbon catabolite regulation and sugar metabolism

influence the expression of mga

INTRODUCTION

CCR and sugar metabolism regulation are important factors in virulence
regulation for several Gram-positive pathogens. Several recent studies have highlighted
the significance of CcpA, a major mediator of CCR in Gram-positive organisms, as also
being important for regulation of virulence. For example, in C. perfringens the
expression of the cpe enterotoxin is under CcpA-mediated CCR (221). Furthermore, a
study in the closely related Gram-positive pathogen S. pneumoniae showed that deletion
of ccpA attenuated the organism for pathogenesis and the ability to colonize the
nasopharynx of a mouse model of infection (100).

Although B. subtilis is not a human pathogen, much of the work to define CcpA-
mediated CCR has been completed in this model organism. The studies in B. subtilis has
helped to construct a model for CcpA-mediated CCR in Gram-positive organisms, a
diagram of which can be found in the Review of the Literature section (Fig. 2). Another
major contribution from the B. subtilis studies was the development of a consensus
CcpA-binding site or cre (204). In addition, many CcpA-regulated genes have been
identified such as ack4 encoding for acetate kinase and arcA encoding for an arginine-
deaminase, which are positively and negatively regulated by CcpA, respectively (64,

218).
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Several studies completed in S. pyogenes have identified a role for sugar
metabolism and virulence, specifically in the expression of the major surface virulence
factor M protein. Early physiological studies showed that M protein expression was
higher during growth in glucose compared to growth in sucrose (162). The gene
encoding M protein, emm, has since been found to be directly regulated by the virulence
regulator Mga (140). In the absence of Mga, there are almost no detectable levels of emm
transcription (159), indicating that Mga is required for M protein expression. These data
might suggest that this influence of sugar metabolism on M protein could be mediated
through Mga via regulation at the level of transcription.

The structure of the mga promoter is complex; it contains two transcriptional start
sites separated by two Mga-binding sites from which it can positively autoregulate
expression (145). The proximal Pmga promoter, or Pmga P2, mediates auto-regulation of
mga expression, whereas the distal promoter, Pmga P1 is predicted to be involved in
basal levels of transcription. Several factors have been shown to influence mga
expression including growth phase, CO; levels, and iron concentration, and the recently
identified putative sugar transporter AmrA (141, 176).

A transposon screen looking for regulators of Mga was completed using a GusA
transcriptional reporter strain fused to the Mga-regulated promoter, Pemm. This study
identified the putative sugar transporter AmrA, as a regulator of Mga (176). AmrA
(activation of Mga regulon expression locus A) is located near the rhamnose cell-wall
operon, and is closely related to transporters for several surface localized components
such as teichoic acid. Further experiments with a deletion of amr4 showed that AmrA

alone was responsible for the reduction in both emm and mga expression.
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Given the information from other important Gram-positive pathogens as well as
from the GAS, it was hypothesized that CCR influences virulence expression through
regulation of mga. In the present study, an in silico search for cre sites was completed on
the M1 SF370 GAS genome and a putative cre was identified in the Pmga promoter
upstream of the P1 transcriptional start site. This result along with previous data is
beginning to reveal a link between CCR, sugar metabolism, and virulence gene regulation

in the GAS.

RESULTS

Identification of putative cre in the GAS genome

As an initial step to find GAS genes under CcpA-mediated CCR, the genome of
the serotype M1 strain SF370 was scanned for putative cre based on similarity to the
published B. subtilis consensus sequence TGWAARCGYTWNCW (204). Allowing for
a single mismatch from the consensus, 60 cre were identified on the direct strand, and 58
were identified on the complementary strand, resulting in 98 unique sites scattered
throughout the genome (Appendix I). Many of the putative cre in the M1 genome were
located upstream or within annotated ORFs similar to genes regulated by CcpA in B.
subtilis (150, 152), including ndk, ackA, arcA, IctE and numerous sugar transport operons
(Fig. 6B and Appendix I). The promoter of ccp4, which can be autoregulated (66), was
also found to have a cre similar to the B. subtilis consensus with a single mismatch (Fig.
6B). Thus, the location of cre identified in the GAS genome corresponds to known

CcpA-regulated genes.
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cre -35

5’ ATAAGTTAACCAGTTCACAAAAAAACGTCTTAGAAACGTTTTCAAGAGCTAATATTGGAGTAAA

3’ TATTCAATTGGTCAAGTGTTTTTTTGCAGAATCTTTGCAAAAGTTCTCGATTATAACCTCATTT

P1
-10
TTGACTGAAGTATGATAGAATTTTTAATGGTTGTACCATAACAGTCAAACTTAAAAACTGAAAT 3’

AACTGACTTCATACTATCTTAAAAATTACCAACATGGTATTGTCAGTTTGAATTTTTGACTTTA 5’

B.
cre TGWAARCGYTWNCW
PcepA TGAAAACTTTTTCA
PackA TGAAATCGTTTTCT
ParcA TGTAAGCGATTACT
Pmga * TGAAAACGTTTCTA
Pmga M18 | TGAAAATGTTTCTA

Fig. 6: Location of Pmga cre and alignment of identified cre in GAS genomes

(A) Location of the putative Pmga cre (striped box) relative to the P1 start of transcription in
the M1 SF370 GAS genome. The P1 start of transcription (arrow), -10 and -35 hexamers
(overlines). (B) The putative cre from the Pmga region of the M1 serotype of the GAS is
shown (* also the same for serotypes: M3, M4, M5, M6, M12, M23, M28, M49, and M50),
whereas the M18 serotype has an additional varied nucleotide at position 7. Also shown are
the putative cre identified in the promoters of known CcpA-regulated genes PccpA, PackA,
and ParcA. The B. subtilis consensus cre (shown in red text with degenerate nucleotides)
was used to identify the GAS cre sites with one mismatch allowed.
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One such cre was identified within the mga promoter (Pmga) upstream of the
distal P1 start of transcription (Fig. 6A). The site was found to be highly conserved
among all serotypes of the GAS for which genome sequence is available (Fig. 6B).
Based on CcpA studies in L. lactis, the position of the Pmga P1 cre centered at -54.5 bp
from the start of transcription strongly suggests that it might play a role in activating

Pmga activity (236).

The catabolite control protein, CcpA, specifically binds to Pccp4 and Pmga in vitro

To determine if CcpA interacts with cre identified in the bioinformatic screen of
the GAS M1 genome, electrophoretic mobility shift assays (EMSAs) were performed on
PcepA and Pmga. Double stranded oligonucleotide probes (30 bp) were generated that
contained either the PccpA (positive control) or the Pmga cre (14 bp each) centered
within the sequence (Table 6). To address specificity of CcpA binding, probes consisting
of a random rearrangement of the respective nucleotides (Scrambled PccpA4 and Pmga) or
a probe containing four specific mutations in the Pmga cre (Mutated Pmga) were
generated (Table 6). Since CcpA is capable of binding DNA in the absence of
phosphorylated HPr-Ser in vitro (11), assays were performed using purified GAS N-
terminal 6xHis-tagged CcpA alone (see Materials and Methods).

Studies in other Gram-positive bacteria predict that CcpA will bind to a cre
located within its own promoter (134, 236); therefore, the ability of purified His-CcpA to
bind to the identified GAS PccpA cre probe was tested initially. Increasing amounts of

His-CcpA (5.0 to 7.5 uM) resulted in a mobility shift of labeled PccpA, indicating DNA
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binding (Fig. 7A, lanes 1-3). The ddition of 700 ng of cold PccpA to the reaction was
able to compete for His-CcpA interaction, whereas the addition of the same amount of a
cold scrambled PccpA probe had no effect (Fig. 7A, lanes 4 and 5). Thus, GAS His-
CcpA is able to bind specifically to the PccpA cre in vitro.

The Pmga cre probe also demonstrated slower migration upon addition of
increasing amounts of purified His-CcpA (7.5 to 12.5 pM), indicating protein/DNA
interaction (Fig. 7B). The addition of 700 ng of either cold Pmga or PccpA cre probes to
the reaction was able to compete for binding of His-CcpA to the labeled Pmga probe to
varying degrees (Fig. 7B, lanes 6 and 8). In contrast, a scrambled Pmga cre probe (9/14
mismatches) was not able to compete for His-CcpA (Fig. 7B, lane 9), suggesting that the
interaction with Pmga cre is specific. In support of this conclusion, mutation of only
4/14 nucleotides in the predicted Pmga cre exhibited an intermediate level of competition
(Fig. 7B, lane 7). Thus, GAS His-CcpA is capable of binding directly to the predicted

cre sequences located upstream of the Pccp4 and Pmga P1 promoters in vitro.
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Fig. 7: EMSA of Pmga cre using His-CcpA

(A) EMSA was performed on radiolabeled PccpA-annealed or (B) Pmga-annealed
oligonucleotide probes. A constant amount (1 to 2 ng) of [y->>’P]ATP-labeled probe was
incubated with increasing amounts (5 to 12.5 M) of purified GAS His-CcpA for 30 min
at 30°C prior to separation on a 5% polyacrylamide, 10% glycerol gel. The specificity of
His-CcpA binding to PccpA and Pmga was assayed by addition of 700 ng of unlabeled
competitor annealed oligonucleotide probes corresponding to Pmga (B. lane 6), mutated
(Mut.) Pmga (B. lane 7), PccpA (A. lane 4 and B. lane 8), scrambled (Scr.) PccpA (A. lane
5) and Scr. Pmga (B. lane 9) using the oligonucleotide pairs listed in Table 6.
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The cre is necessary for activation of Pmga

To assess the role that the cre upstream of P1 Pmga plays in activation of mga
expression, quantitative real-time RT-PCR was utilized to assess the effects of deleting
the cre region on the expression of mga. Deletion of the cre upstream of Pmga was
created by allelic exchange with a kanamycin cassette (Acre), and an additional strain
was created with the cassette inserted directly upstream of the cre as a control for the
presence of the cassette (full Pmga). Real-time RT-PCR was completed using total RNA
isolated from the wild type M6 JRS4 strain (Parent), full Pmga, and Acre strains grown to
late logarithmic phase. Given that transcript levels from Pmga P1 are often quite low
(145), both Pmga P1 alone (Fig 8AB) and total Pmga (Fig. 8AC) transcripts were
detected using the mga P1 RT and mga RT primer pairs (Table 4), respectively, and
results were normalized to transcript levels of the housekeeping gene gyr4.

As expected, relative levels of mga transcribed from Pmga P1 alone and total
Pmga were similar between the parent strain, JRS4, and the full Pmga control strain (Fig.
8B and C), indicating that the QKm?2 cassette inserted upstream of Pmga had little effect
on the transcription of mga (Fig. 8B and C). Importantly, deletion of the cre in Pmga
caused an approximately two-fold reduction in the levels of both Pmga P1 and total

Pmga, suggesting that the cre is important in the activation of mga transcription.
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Fig. 8: Real-time RT-PCR analysis of native Pmga P1 and mga transcripts

(A) Real-time RT-PCR was performed on total RNA isolated from the JRS4-
derived strains containing either the Full Pmga promoter, or the P1 Pmga Acre, as
shown in the schematic (lollipops) along with all relevant Pmga elements. The
location of the P1 and the P1 & P2 probes are indicated (dotted lines). (B) Levels of
mga transcribed from the Pmga P1 start site only were assessed using the P1 probe.
(C) Total Pmga transcript levels were assessed using the P1 & P2 probe. Transcript
levels are shown as the fold transcript level above that of the full-length Pmga
promoter that had been normalized to levels of the gyr4 control. Reactions were
performed in triplicate for three independent experiments. Error bars represent
standard errors for the samples.
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The cre is required for transcriptional activation of Pmga P1

In order to further assess the effect of the cre on the activity of Pmga P1 alone, a
gusA transcriptional fusion was made to Pmga P1 with and without the cre into an
ectopic locus of wild type and Mga” M6 GAS to form full length and P1Acre strains,
respectively. Since GusA activity from the reporter strains was too low to detect,
transcript levels were assessed directly using semi-quantitative primer extension. Total
RNA was extracted from late logarithmic phase from cells containing the full length
Pmga P1, the P1 Acre, and the promoterless control gusA reporter strains either in the
presence or absence of a functional mga. Primer extensions were performed
simultaneously for both gus4 and the constitutive rpsL for each of the strains.

Promoter-specific products were not observed in either the absence of RNA (Fig.
9, lane 1) or in the no promoter control strains (Fig. 9, lanes 6 and 7), with the exception
of two light background bands (Fig. 9, *). However, a product of the predicted size for
Pmga P1 was detected in the strains contain the cre (Fig. 9, lanes 2 and 3), while it was
reduced approximately 4.2-fold in the strains without the cre as determined by
densitometry (Fig. 9, lanes 4 and 5). This correlates with the Acre results from the real-
time RT-PCR analysis of Pmga P1 at its native locus (Fig. 8B). As expected from the
absence of Mga-binding sites in P1, Mga had no detectable effect on transcription from
Pmga P1 (Fig. 9, lanes 2-5) when its transcript levels were normalized to rpsL. Thus, the

cre 1s necessary for transcriptional activation from the Pmga P1 start site.
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Fig. 9: Deletion analysis of the Pmga P1 promoter region

Semiquantitative primer extension analysis was performed on total RNA from the full-
length P1, P1 Acre, and no-promoter reporter strains using the radiolabeled antisense
primers Steph gusA-PE for gusA and GAS-rpsL5 for rpsL (Table 2) in the same
reaction. The starts of transcription for gus4 (P1 Pmga) and rpsL (PrpsL) are shown at
the left, and a Pmga P1 sequence ladder is provided at the right. Nonspecific background

bands are indicated with an asterisk. Results presented in this figure were completed by
Dr. Audry Almengor.
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Inactivation of ccpA affects mga expression

The role of CcpA-mediated activation of Pmga on mga expression was assessed
using an insertional-inactivation mutant of ccp4 in an M6 serotype reporter strain
containing a fusion of the full Pmga promoter to gusA. Although the ccpA-defective
strain had a longer lag phase, it did not exhibit any significant growth defects upon entry
into log phase when grown in rich THY media compared to the wild type Mga' strain
(Fig 10A). Inactivation of ccpA resulted in a greater than 3-fold reduction in Pmga-
specific GusA activity compared to the parental Mga strain in samples grown to late-
logarithmic phase in THY broth (Fig. 10B). The resulting GusA activity was slightly
higher than background levels observed in the Mga control strain (Fig. 10B). In
addition, western analysis of whole cell extracts found that steady state levels of Mga
were also reduced in the CcpA™ mutant at the same point in growth (Fig. 10C). These
data indicate that CcpA is important for production of Mga during logarithmic phase, a

point in growth when the Mga virulence regulon shows maximal expression (143).
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Fig. 10: Effect of a CcpA™ mutant on mga expression

(A) Growth curve (B) GusA reporter assay and (C) Western blot analysis for the M6
GAS Pmga-gusA reporter strain (WT), the mga-inactivated derivative (Mga ), and the
ccpA-inactivated derivative strain (CcpA™). (A) Strains were grown in THY broth. (B)
Samples for GusA assay were taken at mid-log phase. GusA data is reported in GusA
units (OD4yo/ (Total protein concentration [pg/ul])) and represents the mean from four
independent experiments with error bars showing standard error. (C) Mga protein
production was assessed using Western analysis on whole-cell protein extracts probed
with an anti-M6 Mga antibody.
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Inactivation of ccpA does not affect Mga-regulated genes

To determine if CcpA influences the expression of other genes in the Mga
regulon, real-time RT-PCR was performed on total RNA isolated from Mga', Mga’, and
CcpA- strains using the real-time RT-PCR primers for the Mga-regulated genes emm and
scpA (Table 4). Unexpectedly, CcpA does not appear to be required for normal levels of
emm and scpA expression, as transcript levels were within the 2-fold range of normal
gene expression (Fig. 11). The ccpA real-time RT-PCR primers (Table 4) were used as a
control to verify the loss of ccp4 in the CcpA” strain, but not the Mga' or Mga™ strains. In
addition, the Mga™ strain showed approximately a 9 and 4-fold reduction in emm and
scpA, respectively but not in ccpA (Fig. 11). Although CcpA activates both the
transcriptional activation of Pmga as well as Mga expression, these results indicate that

CcpA does not directly activate expression of the Mga-regulated genes emm and scpA.

Real-time RT-PCR
ccpA emm scpA

B Mga
B CcpA

Log, Fold-Change

bdoliddihblht o
L ] ] ] ] [ ] ] ] 1

Fig. 11: Real-time RT-PCR analysis of Mga-regulated genes in the ccp4 mutant
Real-time RT-PCR was performed on total RNA isolated from the M6 GAS Pmga-gusA
reporter strain (WT), the mga-inactivated derivative (Mga’), and the ccpA-inactivated
derivative (CcpA’). Results are presented as the Log,-fold change of relative transcript levels
for the sample compared to the gyrA transcript, normalized such that WT = 0. The ccpA,
emm, and scpA real-time RT-PCR primers used in this analysis are listed in Table 4.
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CCR and sugar metabolism affect mga expression and Mga-activity

The GusA reporter strains with Pmga and the Mga-regulated promoter, Pemm,
were used to analyze the affect of various sugar sources on both the activation of mga
expression and Mga activity.  Chemically defined media (CDM) containing a sugar
source of either glucose, sucrose, or a mixture of both sugars was prepared. The Pmga-
gusA reporter strain showed a significant reduction of GusA expression levels when
grown in the non-CCR inducing sugar, sucrose, compared to glucose (P < 0.0367) (Fig.
12A). This reduction in expression from Pmga was also seen in cells grown in the
mixture of both sugars indicating that the presence of sucrose might inhibit Pmga
transcriptional activation and thereby CCR-mediated activation of mga expression.
When analyzing transcriptional activation from the Mga-regulated promoter Pemm,
expression was once again highest when grown in glucose (Fig. 12B). Expression from
Pemm was reduced almost by half when grown in sucrose compared to growth in glucose
(P <0.0026), indicating that sucrose does not induce CCR activation of emm expression,
likely direct through effects on mga expression. Interestingly, cells grown in the
glucose/sucrose mixture had GusA expression similar to cells grown in glucose alone

demonstrating CCR-mediated activation of Pemm when glucose is present.
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Fig. 12: Pmga and Pemm GusA Assays with variable sugar source

(A) Pmga (B) Pemm GusA reporter assays with samples from mid-log phase of cells
grown in CDM containing 2% of one of the following: glucose, sucrose, or a mixture
of both sugars. Data is reported in GusA units (ODayo/total protein concentration
[ng/pl]), and is the mean from 4 independent experiments with standard error shown.

Expression from Pmga varies across growth

In order to assess transcriptional activation across growth, a firefly luciferase
system was implemented. Luciferase, unlike GusA, has a shorter half-life allowing for
monitoring of promoter activity at multiple time points across growth. As indicated in
the Materials and Methods (Fig. SA and B), the plasmid-based luciferase system showed
similar expression trends in mga expression, and was therefore used throughout these
studies due to the ease of transfer between different strains. To begin characterizing
Pmga expression across growth, the clinical M6 strain GA19681 (Table 1), containing
either the Pmga-/uc plasmid or a promoterless-/uc control plasmid, were grown in rich

media (THY broth) or CDM containing glucose. While the promoterless-/uc plasmid did
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not show any detectable expression of Luciferase at any time points in either media, cells
grown in CDM had almost 2-fold higher levels expression from Pmga at all time points,
compared to cells grown in THY broth (Fig. 13). One possible explanation for this might

be the increased levels of glucose present in CDM (2%) compared to THY broth (0.25%).

TH vs CDM Pmga-luc Assay

1 - _
000 CDM 2% G 60
=50
_ s &
> sl =
‘2 100~ =40 =
) o
5 30 £
— B )
< =
S 10 -20 B
% o
5 Lo §
73
14 T T T 0
0 1 2 3 4 6 7 8 9 10 11 12

5
Time (hrs)

& TH Pmga-luc growth  --%-- CDM Pmga-luc growth
—— TH Pmga-luc RLU —¥— CDM Pmga-luc RLU

-—&—- TH No P-/uc growth  -—-e-- CDM No P-luc growth
—a— TH No P-/uc RLU —o— CDM No P-/uc RLU

Fig. 13: Pmga luciferase assay for M6 GAS grown in THY broth or CDM
The growth curve for the Pmga-luc and No promoter-/uc strains are shown in Klett
Units with dashed lines, while the relative luciferase unit profiles for each are
shown in solid bold lines. Samples for the luciferase assay were taken every 15
Klett units beginning at Klett 30 and continuing through late stationary-phase.
Data is representative of 3 independent experiments.
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mga expression inversely correlates to glucose levels

To address the possibility that sugar levels affect expression from Pmga, the
Pmga-luc strain was grown in CDM with varied levels of glucose ranging from THY
broth levels of 0.25% to normal CDM levels of 2% (w/v). Unexpectedly, expression
from Pmga was highest when cells were grown in lower amounts of glucose, with higher
expression in mid-log phase and then peaking at 3-fold higher levels in late stationary
phase (Fig 14). In contrast, cells grown in higher amounts of sugar had much lower
levels of Pmga activation at all time points, and lacked the peak in late stationary phase.
These data show that transcriptional activation of Pmga inversely correlates to glucose
levels. Furthermore, the amount of sugar present along with the composition of the

media begins to suggest a link between sugar utilization and expression from Pmga.
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Fig. 14: Glucose variation Pmga luciferase assay

The clinical M6 strain GA19681 bearing the Pmga-luc reporter plasmid was grown in
CDM containing varied amounts of glucose ranging from 0.25% to 2% (w/v). Growth in
each amount of glucose is shown in the dashed lines, while the relative luciferase profile is
shown in solid bold lines. Samples for the luciferase assay were taken every 15 Klett Unit
beginning at Klett 30 through late stationary phase and at an overnight time point. Data is
the representative of three independent experiments.
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Sugar source affects expression from Pmga

To determine the effect of alternative sugars on Pmga transcriptional activation,
the clinical M6 strain containing the Pmga-/uc plasmid was grown in either 0.25% or 1%
(w/v) of the following: glucose, sucrose, or a glucose/sucrose mix. As before with the
Pmga-gusA reporter strain, cells grown in 0.25% sucrose alone had 2-fold reduced
expression from Pmga at all time points (Fig 15A). However, growth in the
glucose/sucrose mixture restored higher expression levels, although the transcriptional
profile was altered in that there was only a peak present at the transition to stationary
phase instead of the characteristic mid-log phase peak followed by a peak in late
stationary phase. Interestingly, when the cells are grown in 1% glucose or sucrose, the
transcriptional activation of Pmga is reduced compared to the 0.25% levels, further
supporting the inverse correlation between amount of sugar and expression from Pmga
(Fig. 14 and 15B). The transcriptional pattern is also altered with a single peak at the
transition to stationary phase and matches that seen with the 0.25% glucose/sucrose
mixture. While the 1% mixture of glucose and sucrose exhibits the single-peak
transcriptional activation profile, the expression from Pmga is almost 2-fold reduced
compared to growth in 1% of either sugar alone. This data shows that mga expression is
influenced by sugar source, further supporting the link between sugar metabolism and

virulence regulation in the GAS.
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Fig. 15: Luciferase transcriptional reporter assay for Pmga grown in various sugars
(A) Pmga-luc assay for cells grown in CDM containing either 0.25% or (B) 1% (w/v) of
the following sugars: glucose, sucrose, or a mixture of both sugars. Growth in each sugar
is shown in dashed lines, while the relative luciferase profile is shown in solid bold lines.
Samples for the luciferase assay were taken every 15 Klett unit beginning at Klett 30 and
continued through late stationary phase with an overnight time point. Data is
representative of 2 independent experiments.
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Deletion of AmrA reduces mga expression across growth

To further assess the role of AmrA, a putative sugar transporter in mga regulation,
the Pmga-luc plasmid was transformed into the M6 Mga' strain, JRS4, the isogenic Mga®
strain, and the AmrA™ mutant (Adel, Table 1). A previous study within the lab found that
deletion of AmrA resulted in an almost 6-fold reduction in expression from both Pmga
and Pemm (176). The luciferase assay was performed to analyze the affects of a deletion
of AmrA on mga expression across growth because the previous studies were limited to a
single time point assessment. The AmrA deletion strain (AmrA’) showed a 2-fold
reduction in Pmga transcriptional activation at all time points, compared to the WT strain
(Mga") (Fig. 16). The negative control strain (Mga’) did not exhibit any detectable
expression from Pmga. The influence of AmrA on mga expression appears to be in a

global manner.
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Fig. 16: Pmga luciferase assay in AmrA’ strain
The serotype M6 strain JRS4 (Mga', Mga’, and AmrA’) derived strains bearing the
Pmga-luc plasmid grown in THY broth. Growth for each strain is depicted with
dashed lines and reported in Klett units. The relative luciferase units for each
strain are shown in solid bold lines. Samples for the luciferase assay were taken
every 15 Klett units, beginning at Klett 30. Data is representative of 2
independent experiments.
AmrA affects expression of mga and emm in a strain dependent fashion
To verify the effects of loss of AmrA on mga expression, a deletion of AmrA was
constructed in the clinical M6 strain GA19681 (Table 1). Total RNA was extracted from
the WT and isogenic AmrA”™ mutant from three different strain backgrounds, consisting of

a serotype M3 (MGAS315) strain and 2 different M6 (JRS4 and GA19681) strains (Table

1). Quantitative real-time RT-PCR was performed using both the M6 mga and emm
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primers to analyze the effects of AmrA inactivation on mga expression directly, and on
Mga-regulated genes. The results demostrated that while the original AmrA” strain in the
JRS4-derived background showed a reduction of mga transcripts beyond the 2-fold
significance level, the AmrA mutant strains from the serotype M3 strain MGAS315 and
the clinical M6 strain GA19681 were reduced but not within the 2-fold level for
significance (Fig. 17). Furthermore, relative transcript levels of the Mga-regulated gene
emm were also significantly down in the original AmrA mutant, but not in either of the
other AmrA mutant strains. These results suggest that the influence of AmrA on mga

expression is strain dependent.

AmrA™ real-time RT-PCR

1= JRS4 MGAS315  GA19681
I ga

0+ B

Relative transcript fold-change
o
1

Fig. 17: Real-time RT-PCR analysis of mga and emm transcripts in AmrA’ strains
Transcript levels from the AmrA™ strains are shown as transcript fold-change relative to the
corresponding wild type transcript levels normalized to the gyr4 control.
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DISCUSSION

While sugar metabolism has been widely known to influence the growth of
bacteria, its influence on the regulation of virulence is just beginning to be appreciated.
The evidence presented in this study shows direct binding of CcpA to the newly
identified cre in Pmga, which leads to activation of mga transcription and implicates
CCR in the growth-phase control of the virulence regulator Mga. Furthermore, this work
lays the groundwork for future experiments analyzing the influence of sugar metabolism

on virulence regulation in the GAS.

The GAS cre

This study was the first to investigate the role of CcpA-mediated CCR in the
GAS, and identified 98 unique putative cre sites (Appendix I). Many of the cre identified
are located near metabolic operons, regulators of sugar metabolism, and other genes
involved in energy metabolism for example /ctO, manL, celC, arcA, ackA, and licR
(Appendix I). Several of these genes, such as ackA (85), have been shown to be under
CCR in other Gram-positive organisms, providing support for the identification of cre in
the GAS. The in silico analysis was conducted using the B. subtilis consensus cre
sequence with one mismatch allowed, given that only find 1 cre was identified without
allowing a mismatch. This suggests that the GAS cre is divergent from the B. subtilis
consensus cre. Direct binding of CcpA to the cre found in PccpA and Pmga (Fig. 7)
helps to validate the in silico analysis, although more studies showing direct binding are

needed to identify important residues and more fully develop a GAS consensus cre.
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While a majority of cre sites detected in the GAS genome correlate to known
CcpA-regulated genes in other Gram-positive organisms, several cre were identified in or
near virulence factors. These include sites located in the promoters of mga and sagA4 and
in the open reading frames of speB and rivR (Appendix I). The presence of the putative
cre near mga and speB supports previous evidence for CCR of M protein expression and
SpeB repression during growth in glucose (37). Furthermore, identification of these cre
near virulence genes strengthens the link developing between sugar metabolism

regulation and virulence expression in the GAS.

The role of CcpA and the cre in activation of mga expression

The direct binding of CcpA to the cre located in Pmga (Fig. 7), and the
requirement of this cre for activation of transcription from P1 (Fig. 8 and 9) indicates that
CcpA directly regulates mga expression. However, the complex structure of Pmga makes
determining the level of CcpA influence on mga expression more difficult. The
quantitative real-time RT-PCR analysis of mga transcripts from P1 alone versus P1 and
P2 suggests that the absence of the cre reduces the expression of mga from both
promoters equally. Furthermore, studies using a Pmga GusA reporter strain, showed an
almost complete reduction in expression from Pmga in the ccpA-inactivated strain
compared to the wild type parent strain (Fig. 10). These combined results provide strong
evidence that binding of CcpA to the cre upstream of P1 directly activates expression

from Pmga.
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The influence of CCR on Mga-regulated genes

Although the data presented in this study indicate direct activation of mga
expression by CcpA, quantitative real-time RT-PCR analysis showed that inactivation of
ccpA did not significantly affect the Mga-regulated genes emm and scpA (Fig. 11). This
suggests that the limited expression of mga in the absence of CcpA is sufficient to
activate expression of the Mga regulon. Since CcpA activates expression of mga from
the P1 promoter, which does not involve autoregulation, it might suggest that CcpA
initiates mga expression. Thus, in the absence of CcpA, mga expression is reduced at
earlier time points in growth; however, once the level of Mga becomes sufficient, it can
then amplify its own expression through the P2 promoter and further activate expression
of downstream regulated genes.

Interestingly, studies using the Pemm GusA reporter strain indicate that
expression is reduced in a non-CCR inducing sugar such as sucrose compared to growth
in glucose (Fig. 12). Although, results from this study show that emm expression is not
altered in a ccpA inactivated strain, it still may be influenced by an alternative mechanism
of CCR. Further experiments investigating the role of CCR on Mga-regulated genes are

necessary to understand the influence of sugar metabolism on M protein expression.
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Fig. 18: Model of transcriptional activation from Pmga

Early in exponential-phase, during growth in glucose, CcpA activates the
transcription of mga from the P1 promoter via binding to the cre upstream. After
translation of the P1 transcripts, Mga then binds to the Mga-binding sites upstream
of P2 and auto-activates transcription from P2. The plus signs indicate the relative
level of promoter specific transcripts from P1 and P2.
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The influence of sugar metabolism on expression from Pmga

The findings presented in this study provide support for both CcpA-mediated and
CcpA-independent CCR on expression of Pmga. Expression from Pmga was reduced
when the Pmga reporter strains, both GusA and Luciferase, were grown in CDM
containing sucrose as the sole carbon source compared to glucose (Fig. 12 and 15).
Furthermore, this defect in transcriptional activation was not restored when strains were
grown in a mixture of glucose and sucrose, suggesting that the presence of sucrose can
directly inhibit mga expression. Additional studies are necessary to determine the
specific mechanism for inhibition of mga expression by sucrose.

Interestingly, when the Pmga luciferase reporter strain was grown in rich THY
broth compared to CDM containing 1% glucose, the expression from Pmga was much
higher in the CDM (Fig. 14). Initially, the increased expression from Pmga was
hypothesized to be due to the higher amounts of glucose present; however, transcriptional
activation of Pmga was found to inversely correlate to the amount of glucose present in
CDM by luciferase assay (Fig 14). This result suggests that increasing amounts of
glucose can trigger inhibition of transcriptional activation at Pmga. This may be directly
affecting CcpA-mediated regulation at Pmga by increased binding of CcpA, and therefore
more expression from Pl Pmga instead of the autoactivated P2 promoter (Fig. 18).
Another possibility for the increased expression from Pmga in lower amounts of glucose
may be related to the pH of the growth media as the pH of the media decreases as lactic
acid builds up. Testing the pH of the media after growth in the varied amounts of glucose
did show a difference in pH ranging from pH 5 to 6.5 in the highest amount of glucose

compared to the lowest amount of initial glucose present.
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AmrA-mediated activation of Pmga is strain dependent

The putative sugar transporter AmrA was previously shown to positively
influence the expression of mga and the Mga regulon (176). Work presented in this study
shows that AmrA only significantly activates mga and the Mga-regulated gene emm in
the M6 serotype JRS4-derived strain where it was identified, but not in the clinical M6
strain GA19681 or the M3 serotype strain MGAS315 (Fig. 17). A recent transcriptome
analysis across both classes of the GAS comprised of 3 different strains with or without
Mga, determined that the M6 JRS4 strain differs significantly from the other strains
tested (177). A majority of the deviations between JRS4 and the clinical M6 isolate were
genes involved in metabolism, leading to the hypothesis that JRS4 has metabolic defects.
Since the results presented here indicate that only JRS4 strains show that AmrA has an
effect on mga expression, it could be related to the changes in metabolism seen in the
transcriptome analysis. Further mutational analysis in other strains will help to elucidate

the role of AmrA in regulation of mga.



CHAPTER FIVE:

CcpA-mediated repression of streptolysin S expression and virulence in

the group A streptococcus

INTRODUCTION

Bacteria utilize carbon catabolite repression in order to both conserve and use
energy in the most efficient way during metabolism. This global regulatory mechanism
allows bacteria to coordinate their metabolic environment to gene expression. The
mechanism for CCR in Gram-positive organisms involves HPr, a main protein of the PTS
system and CcpA. During growth in glucose, the preferred sugar source, HPr becomes
phosphorylated on a serine residue, and with CcpA, forms a complex that mediates
regulation of gene expression by binding to specific sites present in or near the promoters
of genes called cre for catabolite response elements. The binding of CcpA to cre can
either lead to repression of genes involved in alternative sugar metabolism, or the
activation gene expression of factors involved in glucose metabolism.

Experimental evidence in several important Gram-positive pathogens has begun
to implicate CcpA in virulence gene regulation. For example, in Listeria monocytogenes
the virulence regulator, PfrA, is under CCR (148). In Clostridium perfringens,
expression of both the enterotoxin (cpe) and the Type IV pilus are controlled by CcpA-
mediated regulation (147, 221). Importantly, in the human pathogen Streptococcus
pneumoniae, a mutation in CcpA attenuates this organism for nasopharygeal colonization

and virulence in the mouse pneumonia model of infection (100) and i.p. infection (79).
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These results suggest a major role for CcpA in virulence gene regulation by Gram-
positive pathogens

An in silico analysis of the M1 GAS SF370 genome using the B. subtilis
consensus revealed cre associated with predicted sugar metabolism operons, as well as in
the promoters (mga, sagA) or coding regions (speB) of known virulence regulators and
genes (Appendix I and Chapter 4). CcpA was found to bind specifically to the Pmga
promoter, resulting in early activation of mga expression from the P1 start of
transcription in an M6 GAS background (Fig. 7, 8, and 9). Furthermore, a ccpA mutant
strain showed reduced transcriptional of Pmga, supporting the role of CcpA in regulation
of mga (Fig. 10). It was proposed that this might provide an avenue for direct interaction
between carbon utilization and virulence gene regulation in GAS. However, further
analysis of the parental M6 strain used for creation of the ccp4 mutant was later shown to
have metabolic defects associated with it. Further studies in other GAS strains will be
necessary to uncover the effects of CcpA-mediated CCR, in addition to analyzing the
influence of CcpA on pathogenesis in the GAS.

Interestingly, the putative cre found in PsagAd overlaps the -35 binding site,
indicating a strong likelihood for repression by CcpA. SLS is an oxygen stable
hemolysin/cytolysin that has been shown to contribute to virulence in GAS, especially
following the subcutaneous route of infection (59, 74). The 9-gene sag operon is
required for production and secretion of SLS, with the first gene, sagA, encoding the
structural gene. In addition, sagA4 has also been shown to contain the pel locus in some
serotypes; a regulatory RNA, that positively influences the expression of many virulence

factors (124, 136). Given the implication for CcpA-mediated CCR to influence virulence
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regulation and SLS production in GAS, the role of CcpA in GAS pathogenesis was
assessed. In this study, CcpA is shown to be a global regulator of carbon utilization that

also represses virulence and expression of SLS in GAS.

RESULTS

A AccpA mutant shows increased virulence in mice

To assess the role of CcpA in GAS pathogenesis, a AccpA mutant was constructed
in the mouse-virulent M1 strain MGAS5005. The organization of the ccp4 genomic
region is highly conserved in the GAS (Fig. 19A). Similar to other lactic acid bacteria,
ccpA is divergently transcribed from the upstream pepQ XAA-Pro dipeptidase gene, with
the predicted PccpA promoter and cre present within the intergenic region as previously
described (5). However, GAS specifically possess two genes directly downstream of
ccpA, encoding a glycosyl transferase (5005 Spy0425) and a glucosyl transferase
(5005_Spy0426), respectively, followed by a Rho-independent transcriptional terminator
(Fig 19A). Although ccpA does not appear to be essential in GAS (127), attempts to
inactivate ccpA using polar insertional strategies were unsuccessful. RT-PCR analysis
found that ccp4 and Spy0425 are transcriptionally linked (Fig. 19B), suggesting that

ccpA may be in an operon together with a gene important for growth.
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Fig. 19: MGAS5005 AccpA mutant and complementation

(A) Schematic showing ccpA genomic region from MGASS5005 with downstream
Spy0425 and Spy0426 open reading frames and putative Rho-independent terminator
(lollipop). The predicted transcriptional start (PccpA) is shown (arrow), including the
identified cre at -63 from the start of transcription. Deleted ccpA region replaced with
aad9 (thick bar) is also indicated. Solid vertical lines represent HindlIII sites and dashed
line indicates loss of site. (B) Reverse transcriptase PCR reactions for regions numbered
I, 2, and 3 in panel A. Shown are reactions with RT (+RT), without RT (-RT), a
genomic DNA positive control (gDNA), and a no DNA negative control PCR lane (-).
(C) Southern blot of genomic DNA from WT MGASS5005 (lane 1) and AccpA mutant
(lane 2) using probe labeled (3) in panel A. (D) Northern blot on RNA isolated from
WT MGASS5005 (lane 1), AccpA mutant (lane 2), and complemented AccpA (ccpA)
mutant using the probe labeled (1) in panel A.
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Therefore, an in-frame deletion of ccpA containing a non-polar aad9 spectinomycin
cassette (128) was introduced into the genome of MGAS5005 and the mutation verified
by Southern blot (Fig. 19C). The resulting Accp4 mutant produced a small colony
phenotype on THY agar plates, which has been observed for ccp4 mutants in other
bacteria (100, 236). Although the AccpA strain produced a longer lag phase during
growth in rich liquid media, the mutant had no noticeable growth defects upon entering
logarithmic phase compared to the parent MGAS5005. A complementing plasmid
pKSM719 containing ccpA under the control of its native promoter (PccpA) resulted in
elevated expression of ccpA transcript as demonstrated by northern blot (Fig. 19D).

To determine the role of CcpA in virulence, the AccpA mutant was assayed in two
mouse models of GAS infection. In the first model of systemic infection, CD-1 mice
were infected i.p. with either the WT MGAS5005 containing empty vector, the AccpA
mutant with empty vector, or the AccpA mutant strain complemented with ccpA in trans.
Surprisingly, infection of mice with the Accp4 mutant led to a more rapid death than the
parental MGASS5005, with 90 percent lethality by 17 hours post-infection (Fig. 20A). In
addition, more than half of these mice exhibited severe hemorrhaging from several body
sites such as the rectum and mouth. By comparison, only 50 percent of the MGAS5005
infected mice were dead at the end of 72 hours, which is statistically significant
(P<0.0001). Overexpression of ccpA in the AccpA mutant complemented the increased
virulence to slightly less than WT level, linking CcpA to the observed hypervirulence
phenotype. In a subcutaneous model of GAS skin infection, the Accp4 mutant showed
significantly increased lesion size compared to both WT MGASS5005 and the

complemented mutant (Fig 20B). Interestingly, increased lethality was not observed with
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the AccpA strain, suggesting no enhancement of dissemination from the skin leading to
systemic disease. These data strongly suggest that CcpA acts to repress virulence in the
GAS, leading to increased virulence in mouse models of both systemic and localized

infection.
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Fig. 20: A AccpA mutant shows increased virulence in mice

(A) Survival curve for mice infected by the intraperitoneal route (i.p.) with WT
MGASS5005 (empty vector) (n=30), AccpA mutant (empty vector) (n=32), or
complemented AccpA (ccpA) (n=25) at a range of 1.1 to 2.4 x 10’ CFU. Data shown
represent 4 independent experiments. Significance was determined using Kaplan-Meier
survival analysis and a logrank test. (B) Lesion sizes from mice infected by the
subcutaneous route with WT MGAS5005 (n=9), mutant Accp4 (n=11), complemented
AcepA (ccpA) (n=8) using the a range of 2.0 to 2.4 x 10° CFU. Sizes of ulcerative lesions
were measured (mm?®) at 72 hours post infection and every point represents a single animal
with bars indicating statistical mean. P values were determined using an unpaired two-
tailed t test.
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Determining the CcpA regulon in GAS

To identify the CcpA-regulated genes that might be responsible for the increased
virulence observed in mice, a transcriptome analysis of the Accp4 mutant was undertaken
(see Chapter 3). Wild-type MGAS5005 was compared to the isogenic AccpA mutant
grown to mid-log phase in rich THY media with glucose, a point in growth at which
CcpA-mediated regulation would be expected to be strongest. A decrease (CcpA
activation) or increase (CcpA repression) in transcript levels in the mutant of greater than
2-fold over three biological replicates was considered significant. Under these
conditions, CcpA was found to regulate about 6% of the M1 MGAS5005 genome (124
genes), with the vast majority (116 genes or 90%) showing repression by CcpA
(Appendix II). The microarray analysis was validated by real-time RT-PCR on 15
differentially regulated genes (Table 7), resulting in a strong correlation with an r* value

of 0.925 (Fig. 21).

Array vs Real-Time

1-
b P
= R?=0.925

Fig. 21: Validation of microarray studies

The log of the mean value for both the WT vs. Accp4 microarray and the real-time
RT-PCR data was plotted and a line of linear regression was calculated to determine
the correlation efficient.
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Table 7. AccpA vs. MGAS5005 Microarray and Real-time RT-PCR validation

Spy1275 arginine deiminaseb arcA 0.027 + 0.02 0.044 + 0.01 Y
Spy1065 a-cyclodextrin glycosyltransferase amyA 0.03 =+ 0.01 0.073 £ 0.01 N
SPy0475 PTS system, $-glucosides-specific [IABC bglP 0.038 + 0.01 0.071 + 0.02 N
SPy0562 Streptolysin S (SLS) precursor; pel locus b sagA 0.039 + 0.01 0.052 + 0.01 Y
Spy1067 maltose ABC transporter, periplasmic binding malX 0.077 £ 0.03 0.05 =+ 0.02 N
Spy0780 PTS system, mannose/fructose family nA°® ptsA 0.128 + 0.08 0.124 + 0.04 Y
Spy1746 PTS system, cellobiose-specific IIA celC 0.148 + 0.05 0.759 + 0.33 Y
Spy1381 glycerol kinase gplK 0.192 + 0.11 nt Y
Spy0127 ATP synthase, subunit K° ntpK 0.209 + 0.17 nt Y
Spy1305 2-component response regulator, TCS-10 tes10R 0.275 + 0.28 0.365 + 0.18 Y*
Spy1479 PTS system mannose-specific [IAB b manL 0.361 £ 0.09 nt Y
Spy0926 cardiolipin synthase, putative b 0.408 £ 0.10 nt Y
Spy1635 tagatose 1,6-diphosphate aldolase lacD.2 0.432 + 0.31 nt N
Spy0785 2-component response regulator, yesNM tes5R 0.445 + 0.08 nt Y*
Spy1738 Secr. DNase; Streptodornase B; mitogenic factor spd 046 =+ 0.10 nt N
SPy0141 Streptolysin O (SLO) precursor slo 1.025 £ 0.13 1.076 + 0.21 N
Spy1720 Multigene regulator of virulence - Mga mga 1.087 £ 0.14 1.024 £ 0.06 Y
Spy0283 2-component sensor kinase; virulence assoc. covS 1.187 = 0.16 1.881 + 0.63 N
Spy1851 hyaluronate synthase; capsule synthesis hasA 1.189 + 0.13 1.889 + 0.31 N
Spy0106 RofA; stand alone virulence regulator RofA rof4 1.26 =+ 0.17 1.536 + 0.35 N
Spy0186 RofA-like protein, RALP-4; virulence regulator rivR 1.983 + 0.32 2.223 + 0.29 Y
Spy0988 pyruvate kinase vk 2.345 £ 0.22 3.154 + 0.64 N
Spy0576 ATP synthase subunit 6 b atpB 2.349 + 0.30 2.347 £ 0.27 N
Spy0424 catabolite control protein A; CcpA ccpA 4.615 + 3.05 1261 + 105 Y

Shown above are the array mean values with standard error (SE) and quantitative real-
time RT-PCR + SE for CcpA-regulated genes of interest. Shading indicates CcpA
regulation; repression (Top), activation (Bottom); unshaded indicates neutral (Middle).

* Data are sorted by Array mean value.
® Indicates first gene in CcpA-regulated operon.
¢ Associated with cre present at beginning of operon.
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Similar to studies on the CcpA regulon in other Gram-positive bacteria (152,
236), CcpA repressed multiple operons important for non-glucose sugar utilization,
including those encoding mannose, cellobiose, mannose/fructose, and B-glucosidase PTS
systems, as well as a maltose ABC transporter (Appendix II). It should be noted that not
all alternative sugar utilization operons were regulated, suggesting that other mechanisms
of CCR may exist in GAS (e.g., LacD.1). The arginine deiminase operon (arcA-C) was
strongly repressed by CcpA, supporting previous studies showing that expression of the
arc operon is inhibited by glucose, induced in stationary phase, and likely under CCR
(38). A putative cre was previously identified upstream of arcA4 in an in silico search of
the M1 GAS genome using the B. subtilis consensus cre (5). In fact, 76 of the 124 genes
regulated by CcpA in the microarray study (61%) contained a predicted cre identified in
that search or were associated with a cre present in the beginning of an operon. Ten
percent of the CcpA-regulated genes found encode for transcriptional regulators,
including several two-component system (TCS) response regulators. For example, TCS-
SR (5005 _Spy0785), which has been shown to regulate the adjacent mannose/fructose
PTS operon (196), and the recently characterized virulence associated TCS TrxSR (TCS-
10R; 5005 Spyl1305) (Leday and Gold et al; submitted for publication). This might
suggest a mechanism for further indirect regulation of those genes lacking an identifiable
cre.

As predicted by the infection studies, CcpA also regulates several genes important
for GAS pathogenesis. In particular, the most highly CcpA repressed locus in the array
study represented the entire streptolysin S (SLS) operon (sagA4-I, Table 7 and Appendix

IT). In addition to SLS being a well-characterized cytolysin and virulence factor (59,
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151), the sagA locus also contains the pel regulatory RNA that has been shown to
regulate expression of other virulence genes in GAS (136). However, effects were not
observed on emm, sic, or speB expression that would be predicted by altering pel
expression (136). CcpA was also able to repress expression of spd encoding a secreted

DNase that contributes to the escape of GAS from the innate immune response (205).

Expression from Pmga is reduced in the absence of CcpA

Previous results discussed in Chapter 4, indicate that CcpA activates the
expression of mga by binding to the cre located upstream of the P1 transcriptional start
site in Pmga. However, mga expression was not significantly regulated in the microarray
analysis. To further investigate the influence of CcpA on mga expression, the Pmga-luc
reporter plasmid was introduced into the M1 MGAS5005 AccpA strain, and expression
from Pmga was monitored across growth. Transcriptional activation of Pmga was
consistently reduced at all time points in the AccpA strain in comparison to the WT Mga"
strain; however, it never exceeded a 2-fold difference for significance (Fig. 22).
Although not evident in the array analysis, these results suggest that CcpA does influence

mga expression.
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Pmga Luciferase Assay
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Fig. 22: Pmga luciferase assay in AccpA strain

Luciferase assay with WT MGAS5005 (Mga'), the mga inactivated derivative
KSM165-L.5005 (Mga’), and the AccpA strain MGAS5005.718 (CcpA’) all
containing either of the Pmga-luc reporter plasmids pKSM721 or pKSM728
depending on antibiotic resistance required. Strains were grown in THY broth with
appropriate antibiotic. Samples for luciferase assay were taken every 15 Klett units
beginning at Klett 30. Growth for each strain is shown in the dashed lines, while
relative luciferase units are shown for each strain in solid bold lines.
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Expression of Streptolysin S (sagA/pel) is catabolite repressed by CcpA

The strong repression of sag4/pel by CcpA observed in the transcriptome analysis
would predict a concomitant increase of SLS activity in the Accpd mutant during
exponential phase. To investigate this, SLS-specific hemolytic activity was assayed
using 2.5% defibrinated sheep red blood cells incubated with culture supernatants taken
at 1 hour time points during growth from WT MGASS5005 containing an empty vector,
the AccpA mutant containing an empty vector, and the complemented Accp4 mutant.
SLS hemolytic activity indicated a dramatic increase early in logarithmic phase of the
AccpA mutant and remained elevated well into stationary phase (Fig. 23). In comparison,
both WT MGAS5005 and the complemented AccpA strain exhibited very little SLS
hemolytic activity during logarithmic phase, followed by a rapid increase to maximum
levels at the transition to stationary phase (Fig. 23). In experiments using the SLS
inhibitor Trypan blue, no RBC lysis was seen from any of the samples, indicating all
hemolytic activity is due to SLS and not Streptolysin O. These results correlate with the
CcpA-mediated repression of the sag operon during exponential growth observed with

the microarray study.
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AcepA SLS Hemolysis Assay
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Fig. 23: Streptolysin-S hemolytic activity is repressed by CcpA

WT MGASS5005 (empty vector), AccpA mutant (empty vector), and complemented
AccpA (ccpA) cells were grown in THY broth supplemented with 10% heat-inactivated
horse-serum and supernatant samples were isolated at different time points for analysis
of SLS activity. Data is presented as the average percent hemolysis (solid lines) from 3
independent experiments with standard error bars. The growth for each strain
normalized to growth of WT MGASS5005 is shown in Klett Units from one
representative experiment (dashed lines).
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The CcpA-mediated repression of sagA/pel transcription and SLS activity
strongly suggests that sagA/pel expression is under CCR and is regulated directly by
CcpA. A PsagA-luc reporter plasmid was introduced into WT MGASS5005 and the
resulting strain was grown in chemically defined media (CDM) supplemented either with
0.25% glucose, sucrose (non-repressing), or a mixture of glucose and fructose (non-
repressing) to assay for CCR of sagA/pel expression. The PsagA-luc showed low levels
of luciferase activity across logarithmic phase that increased at stationary phase when
grown in glucose, indicating CCR is occurring (Fig. 24). When the same strain was
grown in a non-CCR inducing sugar such as sucrose, transcriptional activation of PsagA4-
luc was elevated earlier in logarithmic phase compared to glucose and reached higher
overall levels. Importantly, when the strain was grown in a complex sugar environment
consisting of equal parts glucose and the non-CCR inducing fructose, expression from
PsagA demonstrated CCR. Early in growth, PsagA-luc expression mirrored that of
glucose alone; however, it rapidly transitioned to the higher expression level
characteristic of a non-CCR inducing sugar when the glucose became depleted and
fructose was utilized. These results indicate that expression of sagA/pel and SLS is under

CcpA-mediated CCR.
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PsagA Luciferase Assay
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Fig. 24: PsagA luciferase assay with varied sugar source

WT MGASS5005 containing the PsagA-luc luciferase reporter plasmid was grown in
chemically defined media containing either 0.25% (w/v) of glucose, sucrose or a mixture
of glucose and fructose. Samples were taken every 15 Klett unit, beginning at Klett 30
shown in the dashed lines and assayed for luciferase production expressed as relative
luciferase units displayed as solid bold lines. The graph shown is representative of 3
independent experiments.
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CcpA binds directly to a cre in PsagA

During a previous in silico analysis, a putative cre was identified in the promoter
region of sagAd/pel (PsagA) overlapping the predicted -35 region (5). The results at this
point strongly suggested that CcpA directly represses sag4 production through binding to
the PsagA cre. To investigate this possibility, an electrophoretic mobility shift assay
(EMSA) was performed using a radiolabeled PsagA promoter probe (Middle) containing
the putative cre (Fig. 25A). Mobility of the Psag4 Middle probe was slowed in the
presence of increasing amounts of purified GAS His-CcpA (1-3 uM) with 20 uM HPr-P-
Ser in each. However, His-CcpA binding was comparable in the absence of HPr-P-Ser,
suggesting that it was not required under these in vitro conditions (data not shown). The
observed binding could be competed upon addition of cold Psagd Middle probe, but not
with a Psagd probe that does not contain the cre (Right), indicating that CcpA binds
specifically to the middle probe (Fig. 25AB). Interestingly, an upstream probe (Left) that
also lacks the predicted cre appears to compete slightly, suggesting that CcpA may more
weakly bind to other regions of PsagA.

To further demonstrate the specificity of CcpA for the predicted PsagA cre, a 30-
mer double-stranded oligonucleotide (ds-Oligo) probe encompassing the established
PccpA cre was used. Radiolabeled PccpA ds-Oligo cre showed decreased mobility with
increasing amounts of between 5-12.5 uM His-CcpA (Fig. 25C, lanes 1-5). The addition
of 20 uM Hpr-P-Ser does not appear to enhance binding to oligo probes and was not
utilized further. Binding was competed upon addition of cold PccpA ds-Oligo cre, but
not a scrambled version of the same cre probe (Fig. 25C, lanes 6 and 7), showing

specificity of His-CcpA binding. Importantly, cold ds-Oligo probes for the PsagA cre as
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well as cre within Pmga and rivR also compete for binding of His-CcpA to PccpA cre to
varying degrees (Fig. 25C, lanes 8-10). Thus, CcpA binds directly to the cre present in
PsagA and provides a mechanism for the observed CcpA-mediated CCR of SLS

expression.
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Fig. 25: EMSA with the PsagA cre

(A) Schematic showing Psagd region with putative cre on the antisense strand,
overlapping the -35 consensus sequence. Promoter probes Left, Middle, Right and
PsagA cre are shown below. (B) EMSA using Psagd Middle end-labeled probe. A
constant amount of probe (10-25ng) was incubated with increasing amounts of GAS
His-CcpA (1-3uM) and a constant amount of HPr-P-Ser (20uM) (Lanes 2-9). 500 ng of
cold competitor probes are added to lanes 5-8, PccpA, PsagA-Left, PsagA-Middle, and
PsagA-Right, respectively. (C) EMSA using a double-stranded PccpA oligonucleotide
(ds-oligo) end-labeled probe. A constant amount (1-2 ng) of labeled probe was
incubated with increasing amounts (5 to 12.5 uM) of purified GAS His-CcpA (lanes 1-
5). Unlabeled competitor ds-oligo probes corresponding to PccpA (lane 6), scrambled
(lane 7), Pmga (lane 8), PsagA (lane 9), and rivR/ralp4 (lane 10) were incubated with
12.5uM CcpA to assay specific binding.
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Role of Streptolysin S in the CcpA-mediated repression of virulence

Mutation of most genes in the sag operon, including sagB, leads to loss of SLS
activity in GAS (59). To determine if the increased expression of SLS in the AccpA
mutant contributes to the increased virulence seen in mice, the sagB gene was inactivated
in both WT MGASS5005 and the AccpA mutant. Since the mutation of sagB is
downstream of sagA/pel, it would be expected to inhibit SLS production independent of
the pel transcript. Both the sagB single mutant and the sagB AccpA double mutant
showed complete loss of hemolysis on sheep blood agar plates compared to the WT
MGASS5005 (Fig. 26A). In addition, culture supernatants from the sagB AccpA double
mutant did not exhibit any hemolytic activity in the hemolysis assay (Fig. 26B).
However, the sagB single mutant began to regain a small amount of hemolytic activity at
the end of the time-course assay suggesting that the insertional-inactivation mutation
without antibiotic selection may not be fully stable, allowing for reversion to wild-type in

a small percentage of the population (Fig. 26B).
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Fig. 26: Role of SLS in GAS systemic infection in mice

(A) Plate colonies of WT MGASS5005, sagB single mutant, and sagB AccpA double mutant
strains on 5% sheep blood agar plates after growth at 37°C. (B) SLS hemolysis assay with
WT MGASS5005, AccpA, sagB single mutant, and sagB AccpA double mutant strains grown
in THY broth supplemented with 10% heat-inactivated horse-serum and supernatant samples
were isolated at different time points for analysis of SLS activity. Data is presented as the
average percent hemolysis (solid lines) from 3 independent experiments with standard error
bars. (C) Survival curve for WT MGAS5005 (n=5), MGAS5005 AccpA (n=5), single sagB
mutant (n=20) and double sagB AccpA mutant (n=22) i.p. mouse infections. Data shown
represent 2 independent experiments (n=52, total). Significance was determined using
Kaplan-Meier survival analysis and a logrank test.
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To assess the role of SLS in vivo, female CD-1 mice were infected i.p with either WT
MGASS5005, the AccpA mutant, the sagB single mutant, or the AccpA sagB double
mutant at an average dose of 2.73x10’cfu (Fig. 26C). The sagB single mutant had a
small effect on virulence by the i.p. route of infection compared to WT MGASS5005, but
this was not statistically significant (Fig. 26C). Published studies using the same route of
infection also found a similar result (74). In contrast to the sagB single mutant,
inactivation of sagB in the AccpA mutant not only altered its hypervirulence phenotype, it
resulted in significant attenuation (p<0.0001) compared to the sagB single mutant (Fig.
26C). In addition, the sagB AccpA double mutant also showed significant attenuation
(P<0.0254) as compared to the WT MGASS5005. Therefore, the CcpA-mediated
repression of virulence observed following i.p. infection is dependent on SLS production.
Furthermore, in the absence of SLS, loss of CcpA actually leads to attenuation of
systemic virulence in GAS.

To address the stability of the sagB mutation in vivo, the spleen from a moribund
mouse infected with the sagB mutant was extracted and homogenized. Upon serial
dilution and plating on blood agar, only 4 out of 250 colonies, or approximately 98% of
the colony forming units were non-hemolytic. This indicates that while the sagB
mutation may fluctuate without antibiotic selection as seen in the hemolysis assay, the

sagB mutation was mostly stable in vivo.

DISCUSSION
There is growing evidence that sugar metabolism influences disease progression

in many Gram-positive pathogens, including GAS. Carbon catabolite repression (CCR)
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mediated by CcpA represents a conserved pathway in Gram-positive bacteria that
controls sugar utilization, providing an attractive mechanism whereby carbon metabolism
could directly regulate virulence. The results from this study show that CcpA plays a
significant role in GAS pathogenesis by repressing SLS expression and virulence during

systemic infection, providing a regulatory link between sugar utilization and virulence.

Defining the CcpA regulon of GAS

In Lactococcus lactis and Bacillus subtilis, CcpA is a global regulator of gene
expression, primarily affecting operons required for uptake and utilization of non-glucose
sugar sources. However, in the oral pathogen Streptococcus mutans, CcpA was also able
to regulate key virulence genes (1). To assess the CcpA regulon in the pathogenic GAS,
a transcriptome analysis was completed comparing the wild type MGAS5005 with an
isogenic AccpA mutant during exponential growth in rich media, when glucose is present
and CcpA activity would be expected to be highest. This study identified 124 regulated
genes (6% of the GAS genome) either up or down-regulated at least 2-fold with an added
cutoff that 4/6 biological replicates with dye swaps must also be significant (Appendix
IT). This is comparable to the number of regulated genes observed in L. lactis (118 in
early-log, 86 in mid-log) and in S. mutans (170 in mid-log) (1, 236). However, given that
148 CcpA-regulated genes of L. lactis were also identified during the transition from
exponential to stationary growth, the inclusion of later time points in our analysis would
likely reveal even more of the GAS CcpA regulon.

The array analysis found that the majority of the GAS CcpA regulon (90%) is

repressed during exponential growth phase, emphasizing that the primary function of
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CcpA is to down regulate gene expression under high glucose conditions. As expected,
over 60% of the genes regulated by CcpA are involved in metabolism and carbohydrate
transport, which corresponds to studies in other Gram-positive bacteria (Fig. 27) (1, 236).
As might be expected from these results, detectable growth phenotypes can be observed
in a CcpA mutant, such as small colony size on plates and an increased lag phase in
liquid media; although growth rate compared to wild type was not significantly altered.
Thus, CcpA appears to regulate carbon uptake and metabolism in response to glucose in
GAS and the inability to control this process does appear to have effects on GAS

structure and growth.
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Fig. 27: Functions of CcpA-regulated genes
Pie chart shows percentages by category of predicted gene function for all CcpA-regulated
genes.
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Importantly, CcpA also regulates established virulence genes in GAS (Table 7),
including the secreted DNase B (spd) and the entire sag operon necessary for SLS
synthesis and secretion. Several studies have indicated that expression of sagAd/pel was
tightly growth-phase dependent, exhibiting low expression until transition into stationary
phase (77, 136). Combined with the in silico analysis showing a putative cre within the
sagA/pel promoter (Chapter 4, Appendix I), these data strongly suggested that the sag
operon was under CCR. CCR of sagd was confirmed in this study based on the AccpA
transcriptome results, the PsagA-luc luciferase studies, and the SLS activity assays (Table
7, Fig. 23 and 24). Furthermore, EMSA demonstrated specific binding of His-CcpA to
the PsagA cre (Fig. 25) indicating direct repression by CcpA. PsagA is also under direct
repression by the CovRS two-component system both in vitro and in vivo (70, 77, 92,
207). In fact, the PsagA cre characterized here overlaps the -35 region and falls within
the region protected by CovR in DNase I footprints (77). Whether these two systems
interact to control sag/pel expression is not clear. Interestingly, the MGAS5005 parental
strain used here is a covS mutant that exhibits increased sag4 production compared to
wild type strains and correlates with invasive potential in mice (207).  Since both
regulatory systems strongly repress SLS production in GAS, it suggests that this activity
is tightly controlled during infection and only expressed under specific conditions.

CcpA represses the expression of the two-component systems TCSS
(5005_Spy1305/1306) and TrxSR (5005 _Spy0784/0785), as well as activates expression
of the RofA-like protein RivR (Table 7 and Appendix II). TCSS5 has been shown to
positively regulate an adjacent mannose/fructose PTS operon that also appears as

repressed in our CcpA array data (Table 7) (196). RivR has been associated with
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positively influencing expression of the Mga virulence regulon in GAS (179). Although
results from Chapter 4 show that CcpA activates transcription of mga by binding to a cre
upstream of Pmga (Fig. 7), mga was not found to be significantly regulated by CcpA in
the microarray analysis (Table 7). However, luciferase assays showed a consistent,
although not significant reduction in expression from Pmga in the AccpA strain (Fig. 22),
suggesting that CcpA still influences mga expression, just at varied levels in different

strain backgrounds.

Determining a consensus GAS cre

Of the 124 CcpA-regulated genes identified in the AccpA transcriptome analysis,
76 total genes contained 31 unique cre predicted in the previous in silico analysis either
within their promoter regions, the gene itself, or associated with a 5' gene in their operon
(5). Thus, 61% of the CcpA-regulated genes showed the potential for direct CcpA
regulation through a cre identified using the B. subtilis consensus with one mismatch.
The binding studies have now found four cre that are bound specifically by CcpA in
GAS; PccpA, Pmga, PsagA, rivR (Fig. 6 and 23). Alignment of these sites along with the
28 other unique GAS cre associated with CcpA-regulated genes produces a GAS
consensus cre that is more flexible at 5 positions (6, 7, 8, 9, and 13) and more specific at
position 12 than the B. subtilis consensus (Fig. 26). This suggests that our initial screen
was too strict and possibly missed potential sites. A new in silico search using the GAS
consensus (Fig. 26) identified 6 new putative cre and 24 of 31 previously identified cre
showing regulation on the microarray, with the remaining 7 being found with one

mismatch. In addition, 11 more genes are associated with the newly described cre sites.



138

Thus, 93/124 CcpA-regulated genes (75%) found in the array were associated with a cre
using the GAS consensus. Overall, it appears that a GAS cre exhibits more flexibility at
several positions than a B. subtilis cre. However, this consensus will benefit from

studying more CcpA/cre interactions in GAS.

Bacillus spTGWAARCGYTWNCW
GAS consensus: TGWAANSBHTWHHW

Fig. 28: GAS cre.

Sequence logo representing GAS consensus cre of CcpA-regulated genes. The published
Bacillus sp. consensus cre and a GAS consensus cre determined from the sequence logo
are shown below. Underlined-shaded letters indicate difference from Bacillus cre.
Degenerate nucleotide symbols: W=A or T; R=A orG; Y=Cor T; N=A,C,Gor T; S=
CorG;B=C,GorT;H=A,C, or T.
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CcpA represses virulence in mice

In this study, deletion of ccpA in the M1 MGASS5005 led to a surprisingly
dramatic increase in virulence following both systemic (i.p.) and localized (s.c.)
infections of mice (Fig. 20). This was most evident in the i.p. model of systemic
infection, where the animals succumbed faster than wild type, and many exhibited
evidence of severe hemorrhaging from various body sites. The hypervirulence phenotype
in the GAS AccpA mutant was complemented beyond WT levels with ccpA
overexpressed in trans, suggesting that the release of CCR had a significant effect on
virulence gene expression in vivo. These results contrast with published studies in the
closely related organism S. pneumoniae, where AccpA mutants were attenuated for
virulence using three different mouse models of infection, including systemic (i.p.),
pneumonia, and nasopharyngeal colonization (79, 100). The reason for the observed
attenuation in the Accp4 mutant was suggested to be either reduced expression of cell
wall proteins vital for metabolism in vivo, or regulation of polysaccharide synthesis.
However, we did not see comparable changes in GAS for surface proteins or capsule at

mid-logarithmic phase in our array analysis.

SLS is a CcpA-repressed virulence factor during GAS systemic infection

One of the most highly CcpA repressed genes in the array analysis was sagA/pel
and the entire sag operon, leading to an increase in SLS hemolytic activity (Table 7, Fig.
22). This raised the question as to whether the increase in SLS production might be
responsible for the hypervirulence seen in the mouse models of infection. Previous

studies have shown that SLS contributes to the severity of localized necrotic lesions in
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mice (59, 74), and would help to explain this phenotype observed in the subcutaneous
infection model (Fig. 20B). However, SLS-deficient mutants in an M5 GAS background
did not show a significant virulence defect compared to wild type following i.p. infection
of mice (74). The same thing was observed here, where a sagB non-hemolytic mutant of
MGASS5005 did not show a significant difference from the parental strain following i.p.
infection (Fig. 26C). In contrast, inactivation of SLS production in the Accp4 mutant
background (sagB AccpA) showed a dramatic reduction in virulence (P<0.0001),
abrogating the hypervirulence and resulting in an overall attenuation compared to either
MGASS5005 or the sagB single mutant (Fig. 26C). This provides genetic evidence that
the hypervirulent phenotype seen with the Accp4 mutant during systemic infection is
attributable to the increased expression of SLS in this strain. Furthermore, in the absence
of SLS production, a AccpA mutation leads to attenuation.

The high level of CcpA-mediated repression of sag4 might suggest that SLS has a
role in secondary metabolism in the human host, where the function of the cytolysin in
vivo may be to help release nutrients into the immediate environment surrounding the
organism. This damage may have a cost of activating the host immune response,
stimulating neutrophil migration to the site of infection and eliciting an inflammatory
response. This would necessitate strict regulation of SLS expression, either through
CcpA-mediated CCR or via CovRS repression. Thus, SLS expression is normally
repressed in vivo potentially by the presence of high levels of glucose in the peritoneum.
Additional experiments will be necessary to determine if this is also occurring during soft

tissue infection at the skin.
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During the preparation of this dissertation, a study from Shelburne et al. was
published which also described the role of CcpA in the pathogenesis of the M1 GAS
strain MGAS5005 (192). In fact, the parental MGAS5005 strain used in our work was
obtained directly from the same group. Notably, the authors analyzed the transcriptome
of their Accp4 mutant and found that CcpA strongly repressed expression of the sag
operon and SLS activity in addition to other virulence and regulatory genes. In the
majority of cases, the results described here closely mirror their data and help to strongly
validate both studies, with one significant exception. Shelburne et al. found that their
AccpA mutant was attenuated following i.p. infection in female CD-1 mice, whereas the
results described here showed an increase in virulence in the identical background. The
authors did not investigate the mechanism of CcpA-mediated attenuation in their study.
Although the difference could be attributed to a secondary mutation obtained during
mutagenesis of ccpA for one of the groups, successful complementation analysis by both
groups would appear to rule this out. Another possible explanation could be subtle
difference in the execution of the i.p. infection model. Since we observed attenuation in a
AccpA mutant in the absence of SLS production, this provides a potential mechanism for
the differences seen in vivo. Regardless, the two studies clearly demonstrate for the first
time a direct link between carbon metabolism and virulence in GAS. In contrast, the
work described in this section has revealed a significant role for CcpA-mediated
repression of the cytolysin SLS in the severity of GAS systemic infection that was not

previously appreciated.



CHAPTER SIX:

Conclusions and Recommendations

The GAS, a strict human pathogen, is capable of causing a variety of diseases in
the diverse niches to which it has adapted. The ability of this organism to coordinate
virulence gene regulation to growth in various environments is beginning to show a
strong link to metabolism. These studies have shown that CcpA, the main regulator of
CCR in the GAS, was not only able to activate expression of the major virulence
regulator Mga, but was also able to repress a variety of virulence factors including the
potent cytotoxin, SLS. Outside of direct CcpA-mediated regulation of specific virulence
factors, the influence of sugar metabolism is emerging as major factor for global
regulation of virulence expression in the GAS. Overall, this study aimed to investigate
the role of sugar metabolism regulation on virulence and its contribution to the

pathogenesis of the GAS.

Direct link between regulation of sugar metabolism and expression of

the virulence regulator Mga

Prior to this study, only a few factors were known to influence mga expression,
for example, autoregulation, levels of both CO, and iron, and the newly identified
putative sugar transporter AmrA. Beyond the direct binding of Mga to the Mga-binding
sites within Pmga, none of the factors influencing mga expression were associated with a

specific mechanism for regulation. This study determined that mga expression is under

142
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CCR, and CcpA directly activates expression of mga through specific binding to the cre
located upstream of the distal P1 promoter.

Two individual ccp4 mutants were constructed, and while both showed a
reduction in expression from Pmga (Figs. 10 and 22), the levels of mga transcript were
not significantly reduced in the transcriptome analysis using the M1 AccpA strain. The
current model for expression from Pmga suggests that CcpA activates mga expression
through the P1 promoter, which was initially thought to be a low-level constititutive
promoter (Fig. 18). Thus, the effect of CcpA-mediated regulation of mga may occur too
early to detect using a genome-wide approach. Quantitative real-time RT-PCR on the
serotype M6 background strains, with or without the cre, showed a reduction in both P1
and total Pmga transcripts (Fig. 8). However, the levels of P1 mga transcript have not
been tested in either of the ccp4 mutant strains, the results of which might provide further
support to the model for CcpA activation of early mga transcription from P1 (Fig. 18). In
addition, transcriptional reporter assays with P1 Pmga alone might be able to determine
the contribution of CcpA to the activation of Pmga. Preliminary results using a
transcriptional fusion of P1 to luciferase did not show any expression whether the cre was
present or not; however, these experiments may work if CDM is used as the growth
media instead of THY broth. Expression from Pmga was found to be much higher in
CDM when glucose was the carbon source (Fig. 13).

Results presented in this work show that CcpA activates mga expression, while
the same is not true for the Mga-regulated genes emm and scpA4 (Fig. 11). This suggests
that Mga autoregulation can differ from activation of the Mga regulon. One possible

reason for this might be that activation of mga transcription requires additional factors
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that could be affected by CCR as well. Importantly, the Mga-binding sites within Pmga
vary greatly from the consensus binding sequence for both Pemm and PscpA (140, 145).
Thus, Mga autoactivation of mga transcription may require conditions distinct from
activation of the Mga regulon. Furthermore, this suggests that additional factors may be
cooperatively interacting with Mga during activation of mga transcription.

Interestingly, during growth in lower amounts of glucose (0.25%), the expression
from Pmga increased approximately 2-fold across exponential growth and 3-fold in
stationary phase compared to growth in higher levels of glucose (1-2%) (Fig. 14). This
indicates that there may be additional factors affecting the expression of Pmga outside of
CcpA-mediated CCR. The inverse correlation observed between Pmga transcriptional
activation and glucose levels leads to several questions about the cooperative nature of
CcpA and Mga-mediated activation at Pmga. First, do increased levels of glucose induce
more CcpA-mediated activation of Pmga expression, and if so, does it favor transcription
from P1 over the autoregulation of P2? While the results presented in this study seem to
indicate that higher levels of glucose trigger more transcriptional activation from P1, the
role of autoregulation via the P2 promoter was not assessed. Secondly, what does the
increased expression from Pmga during stationary phase indicate? Is it a release of
repression, and if so, what factors are involved? Or is there a more global environmental
change leading to this increased expression, such as a change in pH? Further
experimentation is necessary to completely understand the complex regulation of Pmga
by both CcpA and Mga.

Sugar source also appears to play a role in regulation of mga, through either direct

CcpA-mediated CCR or other mechanisms. Both GusA and luciferase transcriptional
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reporter assays showed a reduction in expression from Pmga when sucrose was the sole
carbon source (Fig. 12 and 15). Although expression was higher in glucose alone
compared to sucrose alone, growth in a mixture of both glucose and sucrose did not seem
to restore the levels of Pmga expression to that seen in glucose alone. These results seem
to contradict the mechanism for CcpA-mediated CCR, and suggest an alternative form of
CCR is also affecting mga expression. Moreover, expression from Pemm seems to show
a pattern that follows CcpA-mediated CCR, where expression is reduced during growth
in glucose, however, as discussed previously, emm transcription was not affected in the
ccpA mutant strains. In addition, physiological studies by Pine and Reeves determined
that levels of M protein expression were significantly reduced during growth in sucrose
compared to growth in glucose, strongly suggesting catabolite repression of M protein
expression (162). This work, along with the transcriptional data presented in this study
implies that the Mga-regulated gene emm is under CCR, but it may not be through a
CcpA-mediated mechanism. This leads to the questions of what other mechanisms are
responsible for the CcpA-independent CCR seen at the level of transcription from Pmga
and Pemm, and are they independent of each other as well? Furthermore, can sucrose
directly inhibit expression of mga and the Mga-regulated genes, and if so how? Future
experimentation utilizing both Pemm and Pmga reporter strains grown in varied
conditions may help determine the CcpA-independent regulation of Mga and the Mga-
regulated genes.

A potential mechanism for the CcpA-independent CCR seen in mga regulation
may involve the putative sugar transporter AmrA. Data presented in this study shows

that AmrA positively influences expression of mga in the M6 strains JRS4 and GA19681
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(Fig. 16 and 17), as well as emm transcription only in the JRS4 strain. Preliminary
experiments where the JRS4 AamrA strain, Adel, was grown in varied sugar sources
indicate that expression from Pmga is completely reduced when sucrose is the sole sugar
source. While this could just be a cooperative reduction in transcriptional activation of
mga, as both sucrose alone and deletion of amrA4 reduce expression from Pmga, it could
also be responsible for the inhibition of Pmga activity seen during growth in sucrose.
Furthermore, this might suggest that AmrA is somehow involved in sucrose transport in,
and, or, out of the bacterium, and the absence of AmrA leads to either a build-up or the
complete lack of sucrose within the cell causing the downstream effects on Pmga. Future
studies using additional AmrA mutant strains and various sugar sources will be necessary
to determine the relationship between AmrA and sucrose-mediated repression of mga.
Although, CcpA-mediated activation was shown at Pmga, expression of the Mga
regulon was not altered. This leaves several questions unanswered about the complex
regulation of Pmga and the differences between Mga-mediated autoactivation versus
activation of the Mga-regulated genes. Additional studies will be necessary to determine
the role, if any, that AmrA plays in influencing expression of mga, and if it is involved in

the CcpA-independent CCR seen in both regulation of Pmga and Pemm.

Identification of the CcpA regulon and its role in GAS pathogenesis
The influence of CcpA has been studied in great detail in the Gram-positive
model organism B. subtilis; however, prior to this study, not much was known about
CcpA-mediated CCR in the GAS. The results of the present study not only define the

CcpA-regulon in the GAS, but also show that CcpA-mediated repression of SLS
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influences pathogenesis of the GAS. Importantly in the GAS, like in other notable
human pathogens such as C. perfringens, S. aureus, and S. pneumoniae, CcpA plays a
significant role in modulating virulence gene expression.

The transcriptome analysis, completed in this work, has identified a subset of the
CcpA regulon in the GAS. As expected, most of the genes identified as part of the CcpA
regulon are involved in energy metabolism, such as PTS operons, other sugar
transporters, and ATPase operons. While these findings helped to validate the array
analysis, they also confirmed that the main function of CcpA is regulation of metabolism.
The transcriptome analysis was completed at only one time point, during the mid-
exponential growth phase when CcpA-mediated regulation would be expected to be at its
peak. However, as shown in L. lactis, CcpA also influences gene expression at all other
points during the growth phase, and therefore many additional CcpA-regulated genes
remain to be identified in future studies (236).

In addition to the expected metabolic genes, it was also shown that CcpA
regulates the expression of several notable virulence factors. This result, although
intriguing, is not completely unique, as CcpA has been shown to regulate virulence
factors in other Gram-positive organisms (1, 100, 147, 189, 221)}. The virulence factors
regulated by CcpA in the GAS include: SLS, a hemolysin; Spd, a DNase; and several
transcriptional regulators of virulence such as RivR and the TrxRS TCS. Beyond
involvement in functions listed, CcpA-mediated regulation may suggest that these
virulence factors have an unknown role in metabolism as well as being required for

survival in the host.
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Unlike in the closely related S. pneumoniae, deletion of ccpA in the GAS resulted
in a hypervirulence in both the systemic (i.p) and localized skin (s.c) mouse models of
infection (Fig. 20). While this result was initially unexpected, the subsequent
transcriptome analysis identified that CcpA represses the transcription of several
virulence genes, thus the expression of these factors are increased in the AccpA strain,
resulting in a hypervirulent phenotype. In contrast to the findings presented within this
dissertation, a recent study also investigating the role of CcpA in GAS pathogenesis
identified that the deletion of ccpA4 had the opposite effect, resulting in attenuation of the
GAS strain (192). The results of the in vivo mouse infection were puzzling, as the
authors of the contradictory study not only utilized the same strain of GAS, but also
identified the same CcpA-regulated virulence factors in a similar transcriptome analysis.
However, both studies were able to complement the opposing effects of ccpA4 and
virulence was restored to wild type levels, suggesting the difference between the parallel
studies may be a CcpA-mediated factor that is altered in one of the strains. To further
verify the effects of the deletion of ccpA, experiments using an alternative animal model
of infection such as the zebrafish model or non-human primates may provide more
insight into the differences between the two CcpA mutant strains.

Notably, the genes encoding SLS (sag4) and the entire operon required for
secretion, were identified as some of the most highly CcpA-repressed genes in the
microarray study (Table 7 and Appendix II). This potent cytolysin plays a significant
role in the pathogenesis of the GAS (59), and is under tight regulation by the virulence
regulator, CovR (70, 93). The role of SLS in GAS infection was previously shown to

only be involved in the subcutaneous mouse infection model (59); however, results
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presented in this study indicate the SLS also plays a role in systemic GAS infection (Fig.
26). Uniquely, the strain used in these studies is a CovS mutant, and therefore lacks
CovR mediated-repression of multiple factors including sag4. Thus, it may be possible
that during the course of a wild type GAS systemic infection, where glucose levels are
high, the expression of sagA remains repressed by both CcpA and CovR, and SLS exerts
only minimal effects on GAS pathogenesis.

In addition to SLS, other factors regulated by CcpA may play a role in GAS
pathogenesis. For example, the transcriptome analysis identified that the chromosomally
encoded DNase, sda (Sda), was repressed 2-fold by CcpA (Table 7). Recent evidence
suggests that the DNases found in the GAS play a role in escaping the innate immune
response by breaking down NETs (28). A previous investigation into the role of the
streptococcal DNases in pathogenesis identified that this function is redundant due to the
presence of multiple DNases in most strains. In the strain used in this study, MGAS5005,
there are two phage-encoded DNases, SdaD2 and Spd3, and one chromosomally encoded
Sda (206). All 3 DNases seem to contribute to virulence, although, the phage-encoded
DNase, SdaD2, appeared to play a more important role in GAS infection. However, this
study also indicated that Spd was only expressed during stationary phase in a growth-
phase dependent manner, which may be directly influenced by CcpA (205). Thus, the
chromosomally encoded DNase, Spd, may play a significant role in virulence of the GAS
in the absence of CcpA.

Another factor potentially regulated by CcpA that may play a significant role in
GAS pathogenesis is the cysteine protease, SpeB. SpeB is a well-characterized virulence

factor of the GAS, which has been implicated in multiple roles of GAS pathogenesis
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including avoidance of complement recruitment by cleavage of surface-associated
proteins and prevention of FcR-mediated phagocytosis by cleavage of IgG. Although not
identified in this study as significantly regulated by CcpA, as it was only repressed 1.5-
fold (Appendix II), several putative cre sites were identified in the 5’ region of the open
reading frame (Appendix I). Previous studies evaluating the expression of SpeB found
higher levels of SpeB in the culture media only after the glucose had been depleted (37).
Moreover, SpeB is only expressed in late stationary phase, and expression is strongly
growth-phase regulated. Interestingly, not all strains of GAS produce the same amount of
SpeB, and MGAS5005, the strain used in this study, is among the strains that produce
lower amounts (Leday and Mclver, unpublished results). These results suggest that SpeB
expression is under CCR, which may be directly mediated by CcpA; however, future
experiments using additional strains that produce SpeB and further biochemical assays
are necessary to complete the connection between CcpA and SpeB.

While the majority of factors regulated by CcpA are involved in metabolism,
several important virulence factors are also under CcpA-mediated CCR. These factors,
such as SLS and possibly Sda and SpeB play a significant role in the pathogenesis of the
GAS in the absence of CcpA. Interestingly, these factors may also have an unidentified
function in metabolism, making CcpA-mediated regulation necessary. Alternatively, the
GAS has adapted this metabolism regulatory mechanism to control virulence factors

relative to the surrounding environment.
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Global influence of metabolism on regulation in the GAS

The GAS is a well-adapted pathogen with the capacity to cause a variety of
diseases in the human host. The ability of this organism to infect multiple sites within the
body including the respiratory tract, the skin, and the bloodstream and to coordinate the
regulation of factors necessary for survival in these various environments is a key area of
research in the GAS. This study presents evidence suggesting that the GAS senses the
availability of nutrients in the surrounding environment and coordinately regulates
virulence factors necessary for survival.

Evidence presented in previous chapters of this dissertation show that the main
mediator of CCR in the GAS, CcpA, influences the expression of numerous factors
involved in virulence including activation of the virulence regulator Mga. Interestingly, a
recent transcriptome analysis of the influence of Mga on the GAS identified that Mga
also positively regulates ccpA4, forming a positive-feedback loop (Fig. 29) (177). Mga
also contains 2 putative PTS-regulatory domains (PRD), which are commonly found on
regulators of sugar metabolism (97, 219). This provides an additional mechanism for
Mga to be influenced by metabolism, and therefore regulate the expression of the Mga
regulon in response to the surrounding environment. Future experiments investigating
the role of these domains will be necessary to determine their role in Mga regulation.

In addition to regulation of Mga, CcpA also positively influences RivR, and
negatively regulates the TCS regulator TrxR. Interestingly, both regulators positively
influence the expression of Mga, and are under repression mediated by the stress
response TCS regulator CovR (Fig. 29) (Leday and Gold, unpublished data) (5, 179,

180). The complex interaction between all of these virulence regulators along with CcpA
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lays a solid foundation for metabolism to influence the expression of many virulence

factors in the GAS.
Grm Sof Fba
CovR \\\ ,1\ / ScpA
_L = Sic

E Mga SclA
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BgaA?
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Sda/ 1 \/
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Fig. 29: Global regulatory interactions in the GAS

Diagram depicts the interactions between the global regulators CcpA, Mga, TrxR, RivR,
CovR, and the regulated virulence factors. Green arrows indicate activation, while red
lines with a bar indicate repression.
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The interactions between these virulence regulators was determined using
transcriptome analysis from cells grown in rich media, however, the question remains as
to the importance of the connection between these factors in the context of human
infection. Several recent studies have looked at the transcriptome of the GAS both
during in vivo infection of a non-human primate model as well as ex vivo in human blood
(83, 223). The data from these studies has provided a comparison relative to GAS
disease at various locations within the human host, and has yielded information on the
regulation of virulence factors during typical infection conditions. The Mga regulon, for
example, was found to be the most highly expressed genes during the acute stage of a
pharyngeal infection of cynomologus macaques (Fig. 30). In addition, expression of the
Mga regulon was very high during the first 30 minutes of cultivation in human blood,
where evasion of the immune response would be most critical. These studies also
evaluated the link between metabolism and pathogenesis, in the non-human primate
model as well as human blood. Glucose metabolism genes were upregulated during the
early stages of both infection and growth, followed by a shift in expression to alternative
carbohydrate metabolic genes (Fig. 30). Correspondingly, CcpA expression follows a
similar pattern with higher expression early during pharyengeal infection and growth in
human blood. SLS was found to be particularly important during growth in human blood
as transcripts accumulated after the initial 30 minutes of growth, supporting a role for this
cytolysin in acquiring nutrients (Fig. 30). Thus, the influence of metabolism on virulence
regulation in the GAS does correlate to human infection, and merits future study to

further elucidate this interesting connection.
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Glucose Levels
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= === SLS Expression

Fig. 30: Expression of the Mga regulon and SLS during the phases of GAS
infection

Depicted in the diagram is the characteristic growth of the GAS, with the
corresponding levels of glucose. Expression of the Mga regulon and SLS are
shown relative to both growth phase and glucose levels.
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Summary

In conclusion, the results of this work have identified the role of CcpA regulation
of several virulence determinants including both activation of mga and repression of
sagA. Beyond direct regulation of these factors, it was found that CcpA plays a
significant role in the pathogenesis of the GAS, helping to adapt the GAS to the changing
environment for better survival within the host. Overall, the results provided within this
dissertation have established a strong link between virulence gene regulation and

metabolism in the GAS.



APPENDIX I:

Putative GAS cre from M1 SF370

Direct Strand

Sequence Start
4829
14497
14842
114510
126272
128900
159861
180206
216908
312036
323925
342637
346423
354025
365565
413360
704617
854327
861325
866706
867168
898807
923872
946889
971132

1005801
1007977
1101305
1103952
1108972
1113492
1157821
1199331
1276058
1285726
1320299
1382095
1406497
1439757
1455834
1464244

Sequence End

4842
14510
14855
114523
126285
128913
159874
180219
216921
312049
323938
342650
346436
354038
365578
413373
704630
854340
861338
866719
867181
898820
923885
946902
971145
1005814
1007990
1101318
1103965
1108985
1113505
1157834
1199344
1276071
1285739
1320312
1382108
1406510
1439770
1455847
1464257

Spy Number
Spy0007
Spy0015
Spy0016
Spy0123

Spy0136/0137

Spy0139/0140
Spy0174
Spy0196
Spy0251
Spy0359
Spy0379

Spy0412/0414
Spy0416
Spy0425
Spy0442

Spy0513/0514
Spy0853
Spy 1046
Spy1052
Spy1057
Spy1057
Spy1098
Spyl1127

Spyl1151/1152

Spy1180/1181

Spy1220/1221
Spy1224
Spy1325

Spy1328/1329

Spy1337/1339
Spy1345
Spy1393
Spy1447
Spy1549
Spy1563

Spy1602/1603
Spy1664
Spy1693
Spy1738
Spy1758
Spy1770
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Gene Name
pth
fisH

PAC (pfl4)
exoA(xth)/lctO
prtS
nrdF.1

pepQ/ccpA
(ndk)
folP
(rluD)

ldh(IctE)/gyrA

(citMHS)/-

-/dpfB(dfp)
pgmA
(licR)

bglA.2/-
rsvA(rsud)/-

pepB(pepF)

ahrC.2

/-
pbpX

manlL
phaB
gatB

Intergenic

ZHAHKRRZHKZZZZAARK KKK AKZZZKAKAARAARA KR ZZKAKKAAARZILKILAKZKZZ
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1520729 1520742 Spy1833 mutY N
1523066 1523079 Spy1836 - N
1532713 1532726 Spy1846/1849 dinP/pfl Y
1551880 1551893 Spy1869/1870 vdp(deoD)/-(crgR) Y
1591144 1591157 - - Y
1602425 1602438 Spy1918 lacF(celC) N
1605779 1605792 Spy1923/1924 lacA.2/lacR.2 Y
1647872 1647885 Spy1979 ska N
1674900 1674913 Spy2007 Imb N
1687459 1687472 Spy2019 mga Y
1699359 1699372 Spy2039 speB N
1699728 1699741 Spy2039 speB N
1710150 1710163 Spy2052 -(celC) Y
1719907 1719920 Spy2065/2066 -/ Y
1728839 1728852 Spyt57/2079 tRNA-Cys/ahpC Y
1734849 1734862 Spy2083 - Y
1746157 1746170 Spy2091/2092 -/rpsB Y
1786119 1786132 Spy2147 - N
1824209 1824222 - - Y
Complementary Strand
Sequence Start Sequence End Spy Number Gene Name Intergenic

57714 57727 - adhA (adhE) Y
106194 106207 SPy0109 ackA Y
126272 126285 Spy0136/0137 -/atoE Y
136525 136538 SPy0148 nipl N
159861 159874 Spy0174 (sgaTl) Y
193827 193840 SPy0216 (ralp4) N
299937 299950 SPy0342 snf N
323925 323938 Spy0379 pfIC (pflA) Y
342637 342650 Spy0412/0414 exoA(xth)/lctO Y
344182 344195 SPy0416 prtS N
365565 365578 Spy0442 - Y
365932 365945 SPy0442 - N
413360 413373 Spy0513/0514 pepQ/ccpA Y
509836 509849 SPy0634/0636 agaF/idnO(fabG) Y
598495 598508 SPy0738 sagA Y
607207 607220 SPy0747 - Y
635774 635787 SPy0777 rexA N
666878 666891 SPy0809 aroD N
704617 704630 Spy0853 - Y
737183 737196 SPy0888/0889 clpL/rpiA Y
770036 770049 SPy0926 recJ N
799564 799577 SPy0976 - Y
861325 861338 Spy1052 (ndk) Y
866706 866719 Spy1057 - Y
892043 892056 SPy1088 - N
911262 911275 SPy1111/1113 -/- Y
923872 923885 Spy1127 (rluD) N




932269 932282 SPy1137 - N
946889 946902 Spy1151/1152 ldh(lctE)/gyrA Y
971132 971145 Spy1180/1181 (citMHS)/- Y
1004677 1004690 SPy1219 - N
1007977 1007990 Spy1224 pgmA Y
1101305 1101318 Spy1325 (licR) Y
1103952 1103965 Spy1328/1329 bglA.2/- Y
1141322 1141335 SPy1373/1374 ptsH/nrdl Y
1146123 1146136 SPy1379 - N
1183361 1183374 SPy1424 - Y
1251274 1251287 SPy1521 fisA Y
1274798 1274811 SPy1547 sagP(arcA) Y
1292699 1292712 SPy1568 valS N
1314366 1314379 SPy1595/1596 -/ Y
1314433 1314446 SPy1595/1596 -/ Y
1320299 1320312 Spy1602/1603 -/ Y
1326808 1326821 SPy1606 - N
1370837 1370850 SPy1651 pepC N
1399987 1400000 SPy1684 glpK Y
1439757 1439770 Spy1738 manL Y
1455834 1455847 Spy1758 phaB Y
1530771 1530784 SPy1844 (recD) N
1560396 1560409 SPy1879 - N
1605558 1605571 Spy1923/1924 lacA.2/lacR.2 Y
1625123 1625136 SPy1952 - Y
1642625 1642638 SPy1972 puld N
1645826 1645839 SPy1976 msmK(malK) Y
1710150 1710163 Spy2052 -(celC) Y
1728839 1728852 Spyt57/2079 tRNA-Cys/ahpC Y
1762139 1762152 SPy2110 nrdD N
1847164 1847177 SPy2211 - N
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cre sites identified in the serotype M1 strain SF370 using the B. subtilis consensus
sequence, with one mismatch allowed. Shading indicates that cre was identified on both
strands. This table was constructed with the help of Dr. Audry Almengor.



APPENDIX II:

MGASSO00S vs. isogenic AccpA mutant microarray results

5(:#05 SSF;)3)'71#0 Gene Annotation (TIGR or NCBI) Mean Main Role cre
0039 SPy0042 adhE  Alcohol/acetaldehyde dehydrogenase 0.291  Energy metabolism Y
0040 SPy0044 adhP  alcohol dehydrogenase 0.065  Energy metabolism Y+
0094 SPy0109 ackA acetate kinase 0.429  Energy metabolism Y
0117 SPy0138 transcriptional regulator, putative 0.291  Regulatory functions ~
0118 SPy0139 transcriptional regulator, LysR family 0.065  Regulatory functions Y+
0125 SPy0147 hypothetical protein 0.429  Hypothetical proteins ~
0126 SPy0148 nipl v-type Na-ATPase 0.291 Energy metabolism "
0127 SPy0149 ntpK ATP synthase, subunit K 0.065 Energy metabolism Y
0128 SPy0150 nipE v-type sodium ATP synthase subunit 0.429 Energy metabolism n
0129 SPy0151 ntpC ATP synthase (C/AC39) subunit 0.291 Energy metabolism n
0130 SPy0152 nipF ATP synthase (F/14-kDa) subunit 0.065 Energy metabolism "
0131 SPy0154 nipA ATP synthase archaeal, A subunit 0.429 Energy metabolism n
0132 SPy0155 nipB ATP synthase archaeal, B subunit 0.291 Energy metabolism "
0133 SPy0157 ntpD V-type ATPase, subunit D 0.065 girr?(rilisrl:g;trzrtﬁns A
0157  SPy0183  opudd  glycine betaine transport; ATP-binding 2.008 E fﬁgfﬁg‘)grz?gns
0158 SPy0184 opuABc glycine betaine transport system 1.834 Eirr?(rilisrll)gogrzrtl:ins
0186 SPy0216 ralp4 RofA-like, putative, RALP-4 1.983 Regulatory functions Y
0212 SPy0251 N-acetylmannosamine-6-P epimerase 0.294 Central %ntermediary Y
metabolism

hypothetical protein 0.356  Unknown function n
0213 SPy0252 conserved hypothetical protein 0.233  Unknown function n
0214 SPy0254 sugar ABC transporter, permease protein 0.321 girr?(rilisrlljggrzrtﬁns "
0215 SPy0255 sugar ABC transporter, permease protein 0.176 Unknown function "
0216 SPy0256 hypothetical protein 0.223 Unknown function Y+
0217 SPy0257 nanH  N-acetylneuraminate lyase 0.155  Unclassified A
0218 SPy0258 ROK family protein, putative 0.212  Energy metabolism "
0340 SPy0414 letO L-lactate dehydrogenase, putative 0.067 Qﬁ;ﬁtﬁgﬁs Y
0342 SPy0416  spyCEP  cell envelope proteinase; IL-8 degrading enzyme 0.607  Cell Envelope YT

hypothetical protein 0.327 Unknown function
0361 SPy0442 glycerol-3-phosphate transporter, putative 0.162  Energy metabolism Y*
0424 SPy0514 ccpA catabolite control protein A 4.615 Regulatory functions Y
0474 SPy0571 licT beta-glucoside operon antiterminator 0.045 Regulatory functions "
0475 SPy0572 bglP PTS system, b-glucosides Ilabc comp. 0.038  Energy metabolism Y
0476 SPy0574 bglA 6-phospho-beta-glucosidase 0.066  Energy metabolism A
0519 SPy0629 agaD PTS permease for mannose subunit [IBMan 0.424 Energy metabolism "
0520 SPy0630 agaW PTS permease for mannose subunit IIPMan, 0.475  Energy metabolism A

putative
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mannose-specific phosphotransferase system
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0521 SPy0631 agaV component ITAB 0.337  Energy metabolism "

0522 SPy0632 unsaturated glucuronyl hydrolase 0.374  Energy metabolism ~

0523 SPy0634 agaF Icréamnggfleejfﬁigc phosphotransferase system 0.482  Energy metabolism Yy

0524 SPy0636 fabG 3-oxoacyl-(acyl-carrier-protein) reductase 0.348  Energy metabolism Y+

0525 SPy0637 Ribose/Galactose Isomerase family 0.636  Energy metabolism n

0526 SPy0638 2-keto-3-deoxygluconate kinase, putative 0.599  Energy metabolism n

0527  SPy0639  eda ﬁ;‘ﬁiﬁ;‘iﬁ_ﬁ;ﬁ;ﬁ;‘;ﬁg1:1)(%01‘1‘;:6“”6 aldolase/d- 501 Energy metabolism

0534 SPy0647 3-ketoacyl-acyl carrier protein reductase 0.139  Unclassified n

0535 SPy0648 acetoacetyl-CoA reductase 0.17 Unclassified A

0536 SPy0649 dinG ATP-dependent helicase, putative 0.417 DNA metabolism Y+

0562 SPy0738 sagA Streptolysin S (SLS); pel locus 0.039  Virulence Y

0563 SPy0739 sagB SagB; SLS operon 0.057 Virulence "

0564 SPy0740 sagC SagC; SLS operon 0.049 Virulence "

0565 SPy0741 sagD SagD; SLS operon 0.067 Virulence "

0566 SPy0742 sagk SagE; SLS operon 0.087 Virulence n

0567 SPy0743 sagF SagF; SLS operon 0.053 Virulence "

0568 SPy0744 sagG ABC transporter; SLS operon 0.09 Virulence n

0569 SPy0745 sagH  SagH; SLS operon 0.083  Virulence A

0570 SPy0746 sagl Sagl; SLS operon 0.099 Virulence n

0571 SPy0747 LPXTG cell wall anchor domain protein 0.187  Unclassified Y+

hypothetical protein 0.157 Unknown function

0576 SPy0755 atpB ATP synthase subunit 6 2.349  Energy metabolism

0577 SPy0756 atpF ATP synthase B chain, putative 1.91 Energy metabolism

0578 SPy0757 atpH  ATP synthase delta (OSCP) subunit 2.39 Energy metabolism

0579 SPy0758 atpA ATP synthase F1, alpha subunit 1.96 Energy metabolism

0580 SPy0759 atpG ATP synthase 2.176 Energy metabolism

0581 SPy0760 atpD ATP synthase F1, beta subunit 2.004 Energy metabolism

0582 SPy0761 atpC ATP synthase, Delta/Epsilon chain 1.863  Energy metabolism

0660 SPy0853 fruR glycerol-3-phosphate regulon repressor 0.45 Regulatory functions

0661 SPy0854 fruB 1-phosphofructokinase 0.513 Energy metabolism n

0662 SPy0854 frud PTS system, fructose-specific IABC component 0.436 girr?(rllisrlljgogrzrtfins A

0663 SPy0856  murl.]  N-acetylmuramidase, putative 0.6 Energy metabolism ~

0780 SPy1057 pisA PTS system, mannose/fructose family ITA 0.12 girr?(rllisrlljgogrzrtfins Y

0781 SPy1058 pisB PTS system, mannose/fructose family 1IB 0.106 T.ran.sport and. "
binding proteins

0782 SPy1059 ptsC PTS system, mannose/fructose family IIC 0.091 T.ran.sport and. "
binding proteins

0783 SPy1060 ptsD PTS system, mannose/fructose family IID 0.081 T.r ans port and. "
binding proteins

0784 SPy1061 yesN sensor histidine kinase, yesN, S.pneumo hk09 0.35 Regulatory functions "

0785 SPy1062 vesM  response regulator, yesM, S.pneumo rr09 0.445  Regulatory functions Y+

0786 SPy1063 iron(III) ABC transporter, periplasmic 0.365 girr?(rllisrlljgogrzrtfins "

0790 SPy1067 gabD  succinate-semialdehyde dehydrogenase 0.182  Energy metabolism Y+

0834 SPy1111 zinc-binding dehydrogenase, putative 0.46 izrtl;)zﬂllirslrtsrmedlary Y

0835  SPyll13 acid phosphatase 0.174 ~ Central intermediary

metabolism
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Central intermediary

0850 SPy1128 pta phosphotransacetylase 0.248 metabolism Y*
0852 SPy1129 3-oxoacyl-(acyl-carrier-protein) reductase, 0.198  Unclassified n
0853 SPy1130 short chain dehydrogenase/reductase 0.269  Unclassified A
0855 SPy1133 prov 1zzrrr(l)ltr:i)nac1d ABC transporter, ATP-binding 0.462 girr?(rllisrllago;trzrtl;ns N
0926 SPy1212 cardiolipin synthase, putative 0.408  Cellular processes n
0927 SPy1213 fhs formate--tetrahydrofolate ligase 0.371 II;I(?;;;EZ;?S "
Biosynthesis of
0928 SPy1214 IplA lipoate-protein ligase A, putative 0.233  cofactors, prosthetic A
groups, and carriers
0929 SPy1215 hypothetical protein 0.227  Hypothetical proteins "
0930 SPy1216 Domain of unknown function, putative 0.305  Unclassified n
0931 SPy1217 glycine cleavage system H protein 0.254  Unclassified "
0932 SPy1218 unknown conserved protein 0.28 Unclassified n
0933 SPy1219 NADH-dependent flavin oxidoreductase 0.274 izrtl;)zﬂllirslrtsrmedlary Y
0934 SPy1220 unknown conserved protein in B. subtilis 0.356  Unclassified Y
0938 SPy1224 pgmA  phosphoglucomutase/phosphomannomutase 0.397 Energy metabolism Y
0944 SPy1232 unknown conserved protein 0.351 II;I(?;;;EZ;?S Y
0988 SPy1282 vk pyruvate kinase 2.345 Energy metabolism
0989 SPy1283 pfk Phosphofructokinase 2.093  Energy metabolism
1056 SPy1292 malM  4-alpha-glucanotransferase/amylomaltase 0.396  Energy metabolism Y+
1057 SPy1293 malR transcriptional regulator, Lacl family, putative 0.341 Regulatory functions
1062 SPy1298 malA MalA protein 0.045  Energy metabolism
1063 SPy1299 malD  maltose ABC transporter, permease 0.039  Energy metabolism
1064 SPy1301 malC  maltose ABC transporter, permease 0.039  Energy metabolism
1065 SPy1302 amyA4 alpha-cyclodextrin glycosyltransferase 0.03 Energy metabolism
1066 SPy1304 amyB glycosyl hydrolase, family 13 0.035 Energy metabolism
1067 SPy1306 malX  Maltose, ABC transporter, periplasmic-binding 0.077 T.r ans port and.
binding proteins
1079 SPy1320 PTS §ystem, cellobiose-specific IIC component, 0394 T.ran.sport anq N
putative binding proteins
1080 SPy1321 ll;”ftzsitis\},/:tem, cellobiose-specific IIC component, 0487 girr?(rllisgl)g;trzrtl;ns N
1081 SPy1323 celC PTS system, cellobiose-specific IIA component 0.535 girr?(rllisrlljgogrzrtfins "
1082 SPy1324 celd PTS system, cellobiose-specific IIB component 0.564 T.ran.sport and. "
binding proteins
1083 SPy1325 licR putative cel operon regulator 0.639  Regulatory functions YT
1085 SPy1328 bglA.2  6-phospho-beta-galactosidase 0.656  Energy metabolism Yt
1093 SPy1339 hypothetical protein 0.147  Energy metabolism Y
conserved hypothetical protein 2.249  Unclassified
1161 SPy1424 formate transporter 1, putative 0.331 T.ran.sport and. Y*
binding proteins
1257 SPy1529 glcK glucose kinase 0.422 Energy metabolism
1269 SPy1539 asnA aspartate-ammonia ligase 0.278 II;I(?;;;EZ;?S ~
1270 SPy1541 arcC carbamate kinase 0.029  Energy metabolism "
1271 SPy1542 Peptidase family M20/M25/M40 superfamily 0.02 Unclassified "
1272 SPy1543 conserved hypoth. transmembrane protein 0.021 Transport and ~

binding proteins
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1273 SPy1544 arcB ornithine carbamoyltransferase 0.025 Amlno ac1(.1 "
biosynthesis
1274 SPy1546 acetyltransferase (GNAT) family 0.023  Unknown function ~
1275 SPy1547 arcA arginine deiminase 0.027  Energy metabolism Y
1276 SPy1548 Bacterial regulatory proteins, crp family 0.217  Regulatory functions "
1277 SPy1549 ahrC2  arginine repressor, putative 0.276  Regulatory functions Y*
1286 SPy1562 conserved hypoth. protein TIGR00287 0.425 EXtrachromosp mal "
element functions
. . Extrachromosomal
1287 SPy1563 conserved hypothetical protein 0.419 clement functions YT
1288 SPy1564 unknown conserved protein in others 0.503 EXtrachromosp mal "
element functions
1289 SPy1565 conserved hypothetical protein 0.592 EXtrachromosp mal ~
element functions
1290 SPy1566 conserved hypothetical protein 0.525 Extrachromosp mal "
element functions
1291 SPy1567 unknown conserved protein in others, putative 0.491 EXtrachromosp mal "
element functions
1300 SPy1582 methyltransferase 0.454 Central 1.ntermed1ary "
metabolism
o Amino acid ~
1302 SPy1584 shikimate 5-dehydrogenase 0.461 biosynthesis
1304 SPy1586 beta-galactosidase 0.342  Energy metabolism ~
1305 SPy1587 tesIOR  response regulator, spt1OR 0.275 Regulatory functions "
1306 SPy1588 tcs10S  histidine kinase; spt10S 0.351 Regulatory functions "
1307 SPy1589 conserved hypothetical protein 0.243 Unknown function "
. . Transport and N
SPy1591 conserved hypothetical protein 0.319 binding proteins
. . Transport and ~
1308 SPy1592 conserved hypothetical protein 0.269 binding proteins
1309 SPy1593 integral membrane protein 0.266 T.r ans port and. "
binding proteins
) Transport and
1310 SPy1595 starch degradation transport system permease 0.361 binding proteins Y
1313 SPy1599 6-phospho-beta-galactosidas, putative 0.358  Energy metabolism ~
1314 SPy1600 hyl hyaluronoglucosaminidase 0.266  Cellular processes n
1315 SPy1602 transcriptional regulator (Lacl family), putative 0.317  Regulatory functions YT
1316 SPy1603 unknown conserved protein in others 0.383  Hypothetical proteins YT
1317 SPy1604 unknown conserved protein in others 0.414  Hypothetical proteins "
] Amino acid
1329 SPy1618 cysM  cysteine synthase A 2.264 e
1376 SPy1678 transaldolase, putative 0.051  Energy metabolism "
1377 SPy1680 Mga-like HTH domain regulator 0.045  Regulatory functions "
1378 SPy1681 NADH oxidase, putative 0.057  Cellular processes n
. . Transport and N
1379 SPy1682 glpF glycerol uptake facilitator protein 0.15 binding proteins
1380 SPy1683 glpO1  glycerol-3-phosphate dehydrogenase 0.569  Energy metabolism A
1381 SPy1684 gplK glycerol kinase 0.192 Energy metabolism Y*
1387 SPy1693 probable aldehyde reductase (EC 1.1.1.-) - 0.393 Central 1.ntermed1ary Y
metabolism
1395 SPy1704 lacD.1  tagatose 1,6-diphosphate aldolase 0.578  Energy metabolism
1396 SPy1705 lacC.1  tagatose-6-phosphate kinase 0.641 Energy metabolism
1397 SPy1707 lacB.1  galactose-6-phosphate isomerase, LacB subunit 0.718  Energy metabolism
1398 SPy1708 lacA.1  galactose-6-phosphate isomerase, LacA subunit 0.699  Energy metabolism
1399 SPy1709 PTS, galactitol-specific component IIC 0.288 Transport and

binding proteins
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Transport and

1400 SPy1710 PTS, galactitol-specific component IIB 0.26 binding proteins
1401  SPy1711 GatA, putative 0381  Lransportand
binding proteins
1479 SPy1738 manl  mannose-specific component IIAB 0.361  Cellular processes Y
1480 SPy1739 manM  PTS, mannose-specific component IIC 0.29 T.ran.sport and. Y
binding proteins
1481 SPy1740 manN  PTS, mannose-specific component IID 0.345 T.ran.sport and. "
binding proteins
Purines, pyrimidines,
1585 SPy1867 deoC  deoxyribose-phosphate aldolase 0.236  nucleosides, and A
nucleotides
. . Transport and ~
1586 SPy1868 nupC  NupC family protein 0.221 binding proteins
Purines, pyrimidines,
1587 SPy1869 deoD  purine nucleoside phosphorylase 0.188  nucleosides, and Y
nucleotides
1607 SPy1889 fba fructose-bisphosphate aldolase (ec 4.1.2.13) 2.186  Energy metabolism
1608 SPy1892 hypothetlcal 2—acety1—lialkylglycerophosph 1824  Unclassified
ocholine esterase, putative
Purines, pyrimidines,
1609 SPy1894 pyrG  CTP synthase 2217  nucleosides, and
nucleotides
1631 SPy1915 salA lantibiotic salivaricin a precursor-related protein 0.609  Cell Envelope "
1632 SPy1916 lacG 6-phospho-beta-galactosidas 0.633  Energy metabolism "
1633 SPy1917 lacE PTS §ystem, cellobiose-specific IIC component, 0595 T.ran.sport anq N
putative binding proteins
1634 SPy1918 lacF PTS system, cellobiose-specific IIA component 0.549 T.ran.sport and. YT
binding proteins
1635 SPy1919 lacD.2  tagatose 1,6-diphosphate aldolase 0.432  Energy metabolism "
1636 SPy1921 lacC.2  1-phosphofructokinase, putative 0.402  Energy metabolism ~
1637 SPy1922 lacB.2  galactose-6-phosphate isomerase, LacB subunit 0.419  Energy metabolism "
1638 SPy1923 lacA.2  galactose-6-phosphate isomerase, LacA subunit 0.546  Energy metabolism ~
1639 SPy1924 lacR.2  transcriptional regulator, DeoR family, putative 0.748  Regulatory functions YT
1661 SPy1947 transaldolase, putative, TalC family, 0.429  Energy metabolism "
1662 SPy1949 SgaT protein, putative 0.439  Unclassified "
1664 SPy1952 unknown conserved protein in bacilli, putative 0.473  Cellular processes YT
. o Transport and
1682 SPy1976 msmK  multiple sugar transport ATP-binding 0.397 binding proteins Y
1720 SPy2019 mga trans-acting positive regulator of M protein 1.087  Regulatory functions YT
1730 SPy2034 conserved hypothetical protein 1.888  Hypothetical proteins
1735 SPy2039 speB pyrogenic exotoxin B; streptopain precursor 0.649  Virulence YT
1738 SPy2043 spd phage deoxyribonuclease; mitogenic factor 0.46 DNA metabolism
1741 SPy2047 gldA glycerol dehydrogenase 0.437 Unknown function n
1742 SPy2048 mipB transaldolase, putative 0.47 Energy metabolism "
1743 SPy2049 pfiD formate acetyltransferase, putative 0.432  Energy metabolism "
1744 SPy2050 celB PTS system, cellobiose-specific 1IC 0.173 T.ran.sport and. A
binding proteins
1745  SPy2051  celd  PTS system, cellobiose-specific I1B 038y  Lransportand A
binding proteins
1746 SPy2052 celC PTS system, cellobiose-specific IIA 0.148 T.ran.sport and. Y
binding proteins
1757 SPy2065 hypothetical protein 2.516  Unclassified
1758 SPy2066 dipeptidase, C-69 family 0.299  Protein fate Y*
1770 SPy2081 hutl imidazolonepropionase 0.179  Energy metabolism
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1779 SPy2091 hypothetical protein 0.212  Regulatory functions Y*

1841 SPy2189 sdhB L-serine dehydratase, beta subunit 2.272  Energy metabolism

Results shown in the table include both the MGAS5005 Spy number and the SF370 number, the
gene name, annotation, array mean, main function, and presence of cre (cre?). The shading
indicates activation. Shown in bolded text are the array means within the 2-fold significance

level. Shown in normal text is the array means that do not meet the 2-fold cutoff level.
Sequential genes or operons are boxed.

Y: presence of putative cre, listed in Appendix I

Y+: cre identified with new GAS cre

Y*: previously identified GAS cre, found with one-mismatch to GAS cre
Y+: putative cre identified, gene not significantly regulated.

A associated with cre
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