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The group A streptococcus (GAS) is a human pathogen capable of causing a broad range
of symptoms from mild erythema to severe tissue destruction. The multigene regulator of
the GAS, or Mga, has been shown to bind DNA and activate transcription of virulence
genes implicated in colonization and immune evasion in response to environmental
conditions. Several different avenues of investigation were undertaken in the present

study with an overall goal of identifying and characterizing functional domains within the



protein. The first section of this study uses a naturally occurring mutant, previously
identified to be deficient in transcriptional activation, as a guide to map functional
residues within Mga. Electrophoretic mobility shift assays using purified proteins
determined that the defect was not a result of the inability to bind DNA, so gain-of-
function mutants were used to restore transcriptional activity to the mutant and pinpoint
the residues necessary for full activation. In the second section, a genetic screen was
undertaken to identify novel domains within the protein. From this screen, a domain was
found within the extreme N-terminus. Sequence homology revealed several proteins in
other pathogenic streptococci that shared this motif. As a result, it was named CMD-1
for conserved Mga domain 1, while the group of proteins was subsequently designated as
the Mga family of putative virulence gene regulators. Alanine scanning mutagenesis
demonstrated the importance of CMD-1 for transcriptional activation in several members
of this family. This established that the results yielded from investigations of Mga could
be broadened beyond the GAS to provide global insight into possible mechanisms of
virulence regulation in other pathogenic streptococci. Finally, an in silico analysis of
Mga was performed, revealing several areas with differing degrees of structural similarity
to known domains of other bacteria including a receiver domain and a PTS-regulatory
domain. FEach region was explored to determine if it was functionally active in Mga.
Since both domains have been implicated in forming higher order structures, the
oligomeric state of Mga was also determined. Overall, characterization of Mga has

helped unravel the mechanisms of virulence regulation in pathogenic streptococci.
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CHAPTER ONE:

INTRODUCTION

The group A streptococcus (GAS) or Streptococcus pyogenes is a Gram-positive
pathogen that can elicit a wide variety of diseases at numerous locations throughout its
human host. The severity of a GAS infection can range from an asymptomatic carrier
state to life threatening invasive disease. With over a million cases of GAS pharyngitis
and 10,000-15,000 cases of invasive GAS disease occurring per year in the United States
alone (http://www.cdc.gov/ncidod/biotech/strep/doc.htm), understanding how GAS is
able to infect and overcome the defenses of a healthy immune system is important for the
development of novel vaccines and drugs to combat this pathogen.

Interpretation of studies involving a GAS infection is complicated by the large
number of virulence genes that it possesses and their regulation at the different stages of
disease progression. Thus, elucidation of how the GAS regulates its arsenal of virulence
genes is essential not only for a complete understanding of how the bacteria cause disease
but also to shed light on mechanisms that may prevent an infection from becoming
severe, eliminate associated sequelae and identify specific targets for drug therapy. One
common mechanism of gene regulation is through global transcriptional regulators,
which act as an efficient way to simultaneously activate or inactivate transcription of

groups of genes in response to a particular stimulus. The present study looks at one such
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global regulator in the GAS known as the multigene regulator of the group A
streptococcus or Mga. Previously, it has been shown that in different GAS serotypes,
Mga regulates as many as nine different virulence genes involved in colonization and
immune evasion of the host in a growth phase-dependent manner (126). Exactly how
Mga is able to sense its environment and interact with only the specific subset of
virulence genes that it regulates is of particular interest. Here, mutational analysis of this
protein was undertaken to help unravel its mechanism of control.

This study begins with a further characterization of the mga-2 allele found in
B514, an M50 serotype strain naturally deficient in activation of genes regulated by Mga.
Using gain-of-function mutants and a heterologous GAS background, the particular
amino acids of Mga involved in the transcriptional deficiency are defined and the
conclusion that Mga alone is responsible for the deficiency is supported. Differences
between the two divergent alleles of mga are also illuminated by demonstrating that an
amino acid substitution equivalent to the one found to make M50 Mga dysfunctional does
not lead to a loss of function in an M6 Mga, which is encoded by the mga-1 allele.

This report also describes a novel Mga domain involved in the transcriptional
activation of Mga-regulated promoters identified using a random PCR mutagenesis
screen. A sequence alignment reveals that this domain exists not only in all GAS Mga
proteins but is conserved amongst orthologues of Mga found in several other pathogenic

streptococci. Mutational analysis provides evidence that this domain is functionally



equivalent in orthologues implying that mechanisms of activation common to all
members of the Mga family of virulence gene regulators may also exist.

In addition, an initial investigation into two putative domains of the Mga protein
is also provided. The first motif shows homology to a receiver domain of the response
regulator of a two-component system while the second is homologous to a
phosphoenolpyruvate phosphotransferase system regulatory domain. Taken as a whole,
the data lends insight into the regulatory processes by which Mga governs the expression

of important virulence genes in the progression of a GAS infection.



CHAPTER TWO:

REVIEW OF THE LITERATURE

I. Identification and Classification of Streptococci

A. Classical features of the Streptococcus

The genus Streptococcus is a large collection of Gram-positive non-motile cocci,
which are often found growing in pairs or chains. These facultative anaerobes grow by
fermentation regardless of the presence of oxygen and are differentiated from most
Staphylococci because they are catalase-negative. Each species within the genus differs
in its requirements for optimum growth and demonstrates a defining hemolytic reaction
on blood agar plates. Although not all members are pathogenic, one unifying theme of
those that are is their ability to colonize a broad range of tissue sites in humans and/or

animals (63), causing a wide variety of infections throughout the host (Table 1).

B. Identification based on hemolytic activity

Over time, multiple methods have arisen in an attempt to categorize the different
species of streptococci. One of the earliest classification schemes was based on the

ability or inability of the bacteria to lyse red blood cells (19). This method separates the



Table 1: Species classification of commonly isolated pathogenic streptococci

Lancefield

Pattern of

Species Group Hemolysis Origin Commonly Caused Infections
S. pyogenes A B Human Variety of respiratory, skin and other
infections. Also causes sequelae.
S. agalactiae B B,y Human, Sepsis and meningitis in neonates.
Bovine Invasive infections in susceptible adults.
S. pneumoniae Not o Human Respiratory infections, otitis media and
applicable meningitis
S. anginosus (group) A CFG o, B,y Human Purulent infections
or None
S. bovis (group) D o,y Human Endocarditis and bacteremia
S. mutans (group) Not o, Y, B Human Dental caries and endocarditis
applicable
S. salivarius (group) Not o, Human Endocarditis and meningitis in
applicable compromised hosts
S. mitis (group) Not o Human Endocarditis and bacteremia in neutropenic
applicable patients
S. dysgalactiae
subsp. equisimilis A,C, G, L B Human, Cellulitis, septicemia, respiratory and deep
Animal tissue infections
subsp. dysgalactiae C,L o,y Animal Mastitis in cows and suppurative
polyarthritis in lambs
S. equi
subsp. equi C B Animal Strangles in horses
subsp. zooepidemicus C B Animal, Bovine mastitis, equine respiratory
Human infections and infertility. Nephritis in
humans
S. canis G B Dog, Necrotizing fasciitis and STSS in dogs.
Human Sepsis in humans.
S. porcinus E,P,U,V B Swine, Cervical lymph node infections in swine.
or None Human Stillbirths in humans.
S. iniae None B Dolphin, Fish  Skin lesions in dolphins and meningitis in
Human fish. Bacteremia and cutaneous infections
in humans.
S. phocae C,F B Seal Pneumonia and sinusitis in seals
S. didelphis None B Opossum Suppurative dermatitis, septicemia and
hepatic fibrosis in opossums
S. suis R,S, T o Swine, Arthritis and pneumonia in pigs.
Human Meningitis in humans and pigs.
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bacteria by the three different phenotypes seen when plated on blood-containing agar: 1)
a zone of clearing caused by complete lysis of the cells (B-hemolytic); 2) a greenish
colored area caused by a partial destruction of red blood cells (a-hemolytic); and 3) an
inability to lyse the red blood cells (y- or nonhemolytic).

Even though this system is still used by both clinicians and taxonomists, several
caveats do exist. For example, ambiguous results may be seen with certain strains such
as S. suis, which show a-hemolysis on sheep blood agar but demonstrate -hemolysis on
horse blood agar (97). Differentiating between the three types of hemolytic reactions can

be important because in humans -hemolysis is the dominant pattern seen with infectious

strains (Table 1).

C. Sherman and Lancefield’s classification methodologies

Sherman used not only hemolysis but also other biochemical properties such as
tolerance to salt, high pH and temperature to subdivide the streptococci into four groups
(205). His four classes were named pyogenic, viridans, enterococcal and lactic. The
pyogenic division remains relatively the same today although members of many of the
other divisions have been reclassified.

Rebecca Lancefield devised a different classification system that used
immunological properties as a way to subdivide the most prevalent group pathogenic to
humans or the B-hemolytic streptococci (Table 1) (132). This system is based on the

different carbohydrates that exist within the bacterial cell wall. Again, this system is not
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without its flaws including the inability to identify non-B-hemolytic streptococci because
these isolate may display a variety of antigens or none at all (Table 1). An additional
flaw to the system is that the groupings do not always correspond with the genetic
relatedness as predicted by 16S rRNA (20). Regardless, most human pathogenic strains

contain the group A carbohydrate and thus the name the GAS.

D. Classification based on M protein

Due to their clinical importance, Lancefield also developed a system for
classifying members of the group A streptococci based on the surface protein known as
the M protein. To type the different species, the M protein was first solublized by
treating the bacteria with a solution of boiling hydrochloric acid and then used in an
antibody precipitin test (130). Structurally, the N-terminal portion of the M protein is an
alpha-helical coiled-coil dimer (175) that extends outwards from the surface of the cell,
while the C-terminus acts as the membrane anchor (71). Within the N-terminus is a
hypervariable region (HRV), which can differ from strain to strain. Antibodies produced
against this region are type-specific and form the basis of the antibody test (70, 131).
Currently, 124 different M-genotypes have been identified (64), which have been
subdivided into two classes (class 1 and class II) to reflect the ability to react with
antibodies against a more conserved domain within the surface-exposed region of the M
protein (15). M classes tightly correlate with virulence (133) and serotypes containing
class I emm genes (e.g., M1, M6 and M24) are generally associated with throat infections

whereas those possessing class II emm genes (M2, M4 and M49) are associated with both
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skin and throat infections, although these lines cannot be considered absolute (17, 113).
Recently, molecular methods have been used to sequence the emm gene, which encodes
for the M protein. The nucleotide differences within the sequences reflect the specific
genotypes to which each bacterium belongs. This method has replaced the need for every
laboratory to possess antisera to every M type and has eliminated the difficulties involved

in sample solubility.

E. T-protein slide agglutination method

In 1934 Griffith adopted a separate approach to differentiate amongst the
streptococci. He used a different surface protein, known as T protein, for the basis of his
slide agglutination test to type the organisms. This method is used on whole cells, thus
eliminating the need for soluble antigen and it is also not limited to typing only the group
A streptococci (111, 133). Unfortunately, the M and T typing systems do not always
correlate. In general, there appears to be a greater diversity among tee alleles compared
to emm alleles (111) and unlike the M antigen, the T antigen does not seem to correlate
with virulence (58). Regardless of the system used, a particular subtype has yet to be

shown to correlate 100% with a given disease.

I1. Clinical Presentation, Diseases, Diagnosis and Treatment
Although several different species of streptococci cause human disease (Table 1),

this study shall focus mainly on the most prominent cause or the GAS. Interestingly, the
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GAS is able to cause various diseases throughout the human host ranging from a mild
self-limiting infection such as pharyngitis, impetigo and erysipelas to life threatening
illnesses such as necrotizing fasciitis and streptococcal toxic shock-like syndrome. After
the initial infection has subsided, a variety of immune mediated sequelae may arise
including acute rheumatic fever and poststreptococcal glomerulonephritis.  Specific
disease manifestations of several of the more common diseases along with the clinical
diagnosis of GAS infections and treatments are discussed in detail below. For a more

thorough review Mandell, Douglas and Bennett’s Principles and Practice of Infectious

Diseases should be consulted (21).

A. Superficial diseases

Tonsillopharyngitis is a self-limiting infection, lasting between three to five days,
which localizes to the tonsillopharynx. Infected patients often present with the following
symptoms: a rapid onset of fever, pharyngeal erythema and exudates, cervical
adenopathy, and an elevated white blood count. Presence of a cough or nasal discharge
can rule out infection by the GAS over viral causes of pharyngitis. From mid-winter to
early spring infection rates are at their highest point with the most susceptible host being
children ranging from toddlers to adolescents (176). Asymptomatic carriage is also
common in these individuals, with rates estimated to be as high as 15 to 20% for school-
aged children (21). This population is targeted because children younger than two are

protected from an acquisition of maternal immunity and a decreased ability of the GAS to
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attach to their epithelial cells. By adolescents, a protective immunity has been built from
contact throughout the previous years of life.

Pyoderma or impetigo is characterized by lesions that are usually located on the
face or lower extremities. The lesions begin as papules that swiftly progress into vesicles
and then to pustules. The pustules enlarge and then break down over the course of four to
six days, leaving a characteristic thick crust and depigmented area on the surface of the
skin. Infectious strains can also be transferred to and carried asymptomatically in the
upper respiratory tract of infected individuals. Initially, the bacteria colonize the skin and
only infect once this barrier is breached. For this reason, athletes and those whose
occupations entail recurrent lacerations or skin abrasions have an increased risk of
infection (1, 66). The most common population infected are impoverished children
between two and five that live in tropical or subtropical regions because their poor
hygiene promotes colonization of the skin.

Erysipelas is another superficial cutaneous GAS infection occurring most often on
the face and/or lower extremities. It affects only layers of the epidermis and is
distinguish by a well-defined raised red rash, which demarcates infected from uninfected
areas. Erysipelas may cause localized pain, swelling and erythema in conjunction with
more systemic symptoms like fever and chills. With facial erysipelas, a patient’s eyes are

often swollen shut.
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B. Invasive infections

Not all GAS infections are superficial. Several are considered invasive, which are
defined by the presence of bacteria at a normally sterile site. The subcutaneous invasive
disease known as cellulitis is noted by symptoms similar to that of erysipelas, except the
infected area is not raised or demarcated. In addition, cellulitis often results from a more
substantial injury such as a burn or surgical incision than from a mild skin trauma.

Necrotizing fasciitis, also known as the “flesh-eating disease”, is an infection of
the deep subcutaneous tissues. Approximately 24 hours after a minor trauma, the initial
infection will rapidly progress, completely destroying the superficial and deep fascia
while the only signs on the skin’s surface is a slight purple hue and possibly a fluid filled
bullae. Massive inflammation and bacteremia may also be present at this time. Four to
five days later, myositis (swelling of the muscle) and gangrene become evident and their
effects are far reaching. This life-threatening infection often strikes otherwise apparently

healthy young adults (215).

C. Toxin-mediated diseases

Scarlet fever is a complication of a GAS pharyngeal infection, resulting only
when the infectious strain carries a phage with the ability to produces pyrogenic toxins
(199). The toxins cause a diffuse erythematous rash, which starts on the upper chest and
spreads to the rest of the body excluding the area around the mouth (circumoral pallor),
palms, and soles of the feet (85). The tongue may be covered by a yellowish white coat,

which will shed to make the tongue appear beefy red in color (strawberry tongue). The
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rash lasts for about a week and is followed by desquamation. This disease was prevalent
in the late 19th century but is not as common today (189).

Streptococcal toxic shock-like syndrome or STSS is thought to result from the
production of pyrogenic exotoxins by the GAS acting as superantigens (84) and is
characterized by three phases of disease progression. During the first phase, flu-like
symptoms including fever, chills, nausea, vomiting and diarrhea may be present with
patients often complaining of pain, which will increase in severity throughout the
remaining phases. In the second phase, patients develop a high-grade fever, tachycardia
(rapid heart beat) and tachypnea (rapid breathing). By the third phase, patients are
hypotensive and there is a rapid onset of shock and multiorgan failure. Patients that have
progressed to this stage will die within 24 to 48 hours (216). This infection is also seen

in apparently healthy individuals.

D. Non-suppurative sequelae

Acute rheumatic fever (ARF) is a non-suppurative sequelae, which appears
between one to five weeks after the clearing of an initial GAS pharyngeal infection. ARF
manifests itself as an acute systemic febrile illness and is known to affect several areas
including the heart, joints, subcutaneous tissues and the central nervous system.
Although for the most part ARF is self-limiting, the damage that it causes can be chronic
and, years later, lead to cardiac failure and possibly an early death. Since this disease is
associated with prior pharyngeal infections that are most commonly found in childhood,

AREF is also found primarily in children between the ages of five to fifteen. Recurrent
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attacks later in life are only common if a patient has previously suffered from ARF.
Current theories predict that ARF is an autoimmune disorder, which results from
antistreptococcal antibodies that cross-react with host tissues (115).

Another sequelae known as poststreptococcal glomerulonephritis is the leading
cause of acute nephritic syndrome (85). It occurs primarily in young children, with a bias
towards males over females (49) and can take anywhere between seven to forty-two days
after a streptococcal infection to develop. Latency periods at the lower end of this
spectrum follow throat infections, while those at the upper end tend to follow infections
of the skin. Edema, hypertension, hematuria and red or smoky urine are all clinical signs
of infection. Like ARF, this disease also appears to be the result of an autoimmune
reaction. Interestingly, although both rheumatic fever and poststreptococcal

glomerulonephritis can follow a throat infection, they rarely coexist in patients (206).

E. Spread

GAS infections are spread through direct contact with an infected individual and
via inhalation of contaminated droplets of saliva or nasal secretions. Crowded living
conditions such as barracks or schools often facilitate spread. Documented epidemics
cause by a contaminated food source can also be found although they are not especially
common (74, 141). Contaminated clothing, bedding, or other fomites, however, have not
been reported to play a significant role in transmission (21). Transmission rates between
individuals are drastically reduced after only 24 hours of treatment with penicillin (see

below) (176).
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F. Diagnosis

Early diagnosis and treatment of GAS infections can be critical for decreasing
both the associated morbidity and mortality, especially with the severe invasive diseases
and GAS sequelae. A positive culture for B-hemolytic streptococci on sheep blood agar
that shows sensitivity to bacitracin is considered the gold standard (19), while an elevated
white blood count exceeding 12,000/mm’ in conjunction with an increase in
polymorphonuclear leukocytes can also be diagnostic of a GAS infection (21). Because
the results from a throat culture can take to two to three days to obtain, a rapid strep test
has been developed. This test is based on antibody-antigen interactions and can detect a
GAS pharyngitis infection within minutes. For infections other than pharyngitis where a
positive culture is not practical or obtainable (as in the case of sequelae), clinical
manifestations alone are used to make the diagnosis. This is common for infections such
as impetigo, cellulitis, scarlet fever and glomerulonephritis. In addition, clinically
relevant algorithms have been developed, such as the one by Centor and co-workers or
Jones, that use the presence or absence of a multitude of symptoms to diagnose GAS
infections like pharyngitis or ARF, respectively (36, 211). Certain severe invasive
streptococcal diseases such as necrotizing fasciitis require surgical investigation for
diagnosis and determination of the extent of destruction before an appropriate treatment

can be given.
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G. Treatment

Currently, penicillin is the antibiotic recommended by the American Academy of
Pediatrics Red Book Committee, the American Heart Association, and the Infectious
Diseases Society of America for treatment of most GAS infections (21, 176). A ten-day
course of oral Penicillin V is frequently prescribed, although a single intermuscular dose
of penicillin G benzathine can be given instead (19). Treatment of skin infections often
require a penicillinase-resistant penicillin because the area is commonly co-inhabitated by
beta-lactamase producing Staphylococcus (176).  Erythromycin is the suggested
alternative for any individual with an allergy to penicillin (21, 176). Although the
immune system is capable of clearing most infections, antimicrobials are still used
because they not only ease the clinical manifestations and stop spread, but can help
prevent the occurrence of rheumatic fever if given within the first nine days of the initial
throat infection (34). Because of this, asymptomatic carriers usually do not undergo
treatment since they are not at risk for developing sequelae (21).

When antibiotics are used however, they are not always effective. Studies over
the past 30 years have reported a failure rate between 5 to 35 % for penicillin treatment
(176). Several hypotheses concerning the reasons for treatment failure have evolved,
including the co-colonization with beta-lactamase producing bacteria as discussed earlier
(176), an inability of the antibiotic to affect the bacteria once it has reached stationary
phase (also know as the “Eagle” effect), and an inaccessibility due to internalization of

the streptococcus into the epithelial cells (165, 171). A tonsillectomy is sometimes
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performed on those with reoccurring episodes of pharyngitis but is considered a radical
measure and should be reserved for only the most severe cases.

Treatment of the more serious deep infections like necrotizing fasciitis and STSS
should include surgical debridement of the infected area. With necrotizing fasciitis,
amputation of a limb is frequently necessary to prevent spread to uninfected areas.
Mortality rates are high for these types of invasive infections without early detection and
treatment. Other modes of treatment besides antimicrobials are also under investigation.
For example, the use of intravenous immunoglobulin from recovered patients to treat

STSS may become a useful tool in the future (167).

H. Vaccines

Although both human and animal studies have shown that antibodies to the highly
antigenic amino-terminus region of the M protein are protective, they are also type
specific (70, 131). Because it is neither economical nor feasible to make a vaccine for
each M type, research into a multivalent vaccine is currently underway (122).
Unfortunately, antibodies to the M protein can be cross-reactive with human epitopes (52,
148) and thus a multitude of candidates other than the M protein are also being

investigated as possible vaccine targets (reviewed in (157)).
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ITI. Model of GAS Infections
The GAS is considered a pathogen because it not only colonizes the human host,
but also causes harm to its host in the form of the diseases discussed above. The
infection process begins when the GAS is able to bind and adhere to host tissues. This
adherence keeps the bacteria from being repelled by the many mechanical barriers that
are meant to protect the host. Adhesion is thought to occur as a two-step process. The
first step brings the organism into close contact with host cells and allows for a second
tighter binding reaction to occur through a variety of different molecules along the
bacterial surface (89). The organism then establishes itself by acquiring nutrients and
employs several mechanisms to avoid elimination by the immune system. Depending
upon the initial site of colonization and the infecting strain, the GAS may disseminate to
other locations resulting in both local and/or systemic damage. The ability of the GAS to
exist as a pathogen has evolved from the assortment of virulence genes that the organism

has at its disposal.

IV. Virulence Factors

Encoded within its genome are factors that allow the bacteria to adhere,
circumvent the natural defenses of the host, internalize, spread to distant sites, and
damage the host. Even though these factors are known to play a role in virulence, it is
possible that they have additional cellular functions that have yet to be determined.

Regardless, only the role(s) that each virulence factor plays in pathogenesis is presented
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below. To avoid redundancy because so many products have multiple functions, the
virulence factors have been divided according to their placement within the context of the
cell. For an overview of their contribution to the infection process see

Figure 1.

A. Cell-associated virulence factors

Lipoteichoic acid: The cell wall of the GAS is composed of lipoteichoic acid
(LTA), which aids in its ability to bind to epithelial cells (9). LTA is thought to act at the
initial step in the binding process where the organism is brought into close proximity with
host cells, allowing subsequent higher affinity adhesins to bind (89). This initial binding
appears critical because treating mice with LTA or pretreating bacteria with anti-LTA
blocks colonization of the animals (51).

Fibronectin-binding proteins: The GAS contains many fibronectin-binding
proteins. Collectively, these proteins help the organism to bind to host tissues and
include PrtFI/Sfbl, PrtF2 (106), Sfbll (127), SOF (44), Fbp54 (45), Ptbp (194), FbaA
(220), FbaB (221), and M-protein (200); (which is discussed in greater detail below).
The GAS also produces a protease known as SpeB, which is discussed with the other
secreted proteins, that actively removes these proteins from the cell surface to abrogate

the binding (38).
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Figure 1: Interaction between the GAS and the host.
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The GAS uses many different virulence factors throughout the course of infection. The key factors
involved are listed beneath the corresponding stage in the infection process.
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Protein F1 (prtF), also known as streptococcal fibronectin-binding protein Stbl
(sfb), facilitates adherence to respiratory epithelial (88) and Langerhans cells (169). It
has also been shown to bind to IgG through the Fc portion of the molecule (158).
Because expression is enhanced under oxygen rich conditions, PrtF1 has been suggested
to be important for binding to the surface of the skin (77). Besides being an adhesin,
PrtF1 is also thought to be a critical component for internalization of the GAS into
nonphagocytic cells (105, 160). Fbp54 is similar to PrtF in that it facilitates binding to
epithelial cells (42), but unlike PrtF, Fbp54 is highly conserved and present in all strains
tested (119, 227).

Strains that lack PrtF1 but still bind fibronectin contain PrtF2 or protein F2.
PrtF2, like PrtF1, is regulated by changes in the oxygen concentration (106). Both Pfbp
and FbaB have been found to be homologous to PrtF 2 (186). FbaB along with FbaA,
another fibronectin-binding protein identified in a genome search for proteins containing
the surface-anchoring motif LPXTG, are involved not only with adherence but also
invasion (220, 221).

The protein Sfbll is antigentically distinct from PrtF/Sfbl, yet serves the same
purpose (127). It has been shown to have an apoproteinase activity in addition to its
fibronectin-binding function and thus is classified as a serum opacity factor (125). The
serum opacity factor (sof) is similar to Sfbll, in that it is bifunctional with a domain
involved in binding fibronectin and another involved in opacification of serum (43, 44,

185). It exists as both a membrane-bound and free form (86, 238) and is usually
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associated with strains that cause skin infections (234). The sof gene is transcribed in an
operon with another fibronectin-binding protein encoded by s/b.X (107).

Streptococcal collagen-like proteins: Even though the role of the streptococcal
collagen-like proteins SclA/Scll and Scl2 in virulence is not entirely understood, it has
been shown that mutants affect adherence to human fibroblasts and are attenuated for
virulence in mice (144). Both proteins can be produced simultaneously, although the
mode of regulation for each protein is different, with SclA being controlled at the level of
transcription by Mga (188) and Scl2 being controlled at the level of translation (144).

CD15s-related antigen and plasminogen-binding proteins: The exact benefit of
the CD15s-related antigen and plasminogen binding proteins is unclear, although it is
known that both mimic host proteins involved in binding. For example, neutrophils and
monocytes express CD15s to allow them to bind to vessel walls and pass from the vessel
into the adjacent tissues (163). It has been suggested that the GAS uses its CD15s-related
antigen in a similar fashion, allowing the bacteria to spread (93). Because the host
expresses a similar antigen, this mimicry may also act to camouflage the bacteria from
immune detection.

Three streptococcal proteins, the plasmin receptor protein or glyceraldhyde-3-
phosphate dehydrogenase (239), a-enolase (172), and plasminogen-binding group A
streptococcal M-like protein (PAM) (12), also mimic the functions of their eukaryotic
receptor counterparts in binding to plasminogen or the proteolytic active form, plasmin.

Although a definitive reason for this has not been demonstrated, it is thought that either
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the binding of plasmin aids in dissemination by breaking down fibrin barriers or that
binding of the hosts plasminogen helps decrease the amount available to the host (55,
155)

HtrA: HtrA, a homologue of the DegP protease of Gram-negative bacteria
involved in degrading proteins damaged by thermal or oxidative stress, was found during
an in silico analysis of the GAS. HtrA seems to serve the same function in the
streptococcus, which may also play a part in virulence (110). Insertional inactivation
mutants overexpress streptolysin S and do not process the SpeB zymogen, both of which
are discussed below (145).

a-macroglobulin and GRAB: One regulator of proteolytic activity along the
bacterial surface is op-macroglobulin.  Although this molecule is a host protease
inhibitor, it is thought to bind to the bacterial cell surface and provide protection for
important virulence factors from cleavage by host or GAS proteases (187). It is bound to
the bacterial surface via GRAB or the protein G-related alpha,-M-binding protein. Since
GRAB can bind host alpha,-macroglobulin, current theory predicts that it may play a role
as an adhesion.

M protein: The M protein is a multifaceted protein, which has a role in adhesion
(46), immune evasion, and internalization (47). It has been shown to bind to plasma,
matrix proteins (200), collagen (57), and kininogen (11). Protein production is
upregulated in CO,-rich conditions, implying that it may be more important for binding

to deeper layers of the skin or the dermis (18). M protein has also been shown to inhibit
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phagocytosis by human neutrophils, allowing the GAS to grow rapidly in whole blood
(70). Exactly how M protein inhibits phagocytosis is unclear although several models
have been proposed. The first two models are based upon limiting complement
deposition via factor H, with one hypothesizing that the M protein binds directly to factor
H (99) and the second hypothesizing that the M protein binds fibrinogen, which in turn
binds factor H (100). A third possibility involves the binding of the hypervariable region
(HVR) of the M-protein to the human complement control components known as C4b-
binding protein (C4BP) and factor H-like protein (FHL-1) to inhibit phagocytosis (13,
109, 162). However, not all strains can bind C4BP, implying that another mechanism
must also exist (222).

Mrp, Enn and Arp: The M-protein is part of a superfamily of proteins, which are
share structural similarity with the M protein. Included in this family are the protein
Mrp/Fcr and Enn. Like M protein, they also affect phagocytosis resistance (182) and are
capable of binding immunoglobulins. Different family members show different affinities
for a particular substance. For example, Mrp binds to both IgG and fibrinogen (213),
while Arp or the IgA receptor protein, binds tightly to IgA, weakly to IgG and does not
bind fibrinogen at all (139, 213). Although the role of binding immunoglobulins in
virulence remains unclear, it is thought to be involved with the clinical manifestations of
streptococcal sequelae (27, 28).

C5a peptidase: Another way that the GAS avoids being destroyed by the immune

system is through C5a peptidase (ScpA). This endopeptidase specifically cleaves the
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complement component C5a in order to inactivate the chemotactic signal (41).
Inactivation of the signal prevents immune cells from infiltrating the area and destroying
the bacteria (108, 236).

Capsule: The capsule of the GAS is composed solely of hyaluronic acid, which
is structurally identical to that found in humans. Its production can vary from strain to
strain (3), giving the highly encapsulated strains a mucoid phenotype. Like many other
GAS virulence factors, encapsulation protects the bacteria in multiple ways. The first
way is by allowing the bacteria to resist phagocytic killing (235). This is thought to work
by providing a physical barrier, which prevents the phagocytes from interacting with the
opsonic complement proteins bound to the surface of the bacteria and thus may take
precedence over M protein in heavily encapsulated strains (53). Capsule may also play a
role in adhesion, by binding to collagen (57), and invasion, by inducing cytoskeleton
rearrangement of host cells by binding to the host hyaluronic acid receptor, CD44, on
epithelial cells in the pharynx (50, 201).

Streptolysin S: Most strains of the GAS produce at least two known hemolysins,
streptolysin S and streptolysin O (explained below); (6). Streptolysin S (Sls), is oxygen-
stable and exists primarily in a surface-bound form (78). This hemolysin actively forms
pores in erythrocytes, neutrophils, lymphocytes and a variety of other cells (79, 102) by
insertion of a lysin complex into the cell membrane (33). Sls is encoded for on the
streptolysin S-associated gene (sag) locus, an operon encoding for nine genes and a

regulatory RNA known as pel within the promoter region of the first gene in the operon.
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Although pel affects the transcription of other virulence genes (137), single-gene
complementation analysis has demonstrated that Sls is involved in both resistance to

phagocytic killing and host cell injury (54).

B. Secreted virulence factors

Streptolysin O: Streptolysin O (Slo), is an oxygen-labile hemolysin secreted by
the streptococcus (6). Slo produces its toxic affects by binding cholesterol and forming
aggregates in the membrane of cells including erythrocytes, macrophages, leukocytes and
platelets (204). These aggregates have been shown to form pores in the cell through
which effector molecules can be introduced into the host cell cytosol in a similar fashion
to the type III secretion apparatus (146).

SpeB: The pyrogenic exotoxin type B or SpeB is one of the most widely studied
virulence factors in the GAS, however, these studies often give conflicting results and
thus its role is still under intense debate. It is known that this enzyme is produced as a
zymogen (140), which in its mature form acts as a cysteine protease, cleaving matrix
metalloproteases (26), fibronectin, vitronectin (118) and the IL-1f precursor (117). This
cleavage contributes to the inflammation and can possibly lead to shock (117). In
addition, it can solublize both M and M-like proteins (60). Since it shows a high degree
of conservation and is found in all GAS strains (118, 240), it has been investigated as a
possible vaccine target (116).

Streptokinase: Streptokinase (Ska) was originally called fibrinolysin and was

found to be involved in the spread of the organism by specifically lysing human fibrin
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clots (224). It is now known that this activity stems from its ability to convert
plasminogen into the proteolytically active plasmin form (142), and that this activity is
not inhibited by the mechanisms that normally inhibit plasmin (35). Deposits of Ska has
been suggested to play a role in the development of acute poststreptococcal
glomerulonephritis by activating the complement cascade locally in the kidneys (166).

Secreted inhibitor of complement: The secreted inhibitor of complement (Sic)
serves many functions in the streptococcus. Its name originates from its ability to inhibit
complement-mediated killing by binding to the C5-7 components of the membrane attack
complex (68). It has also been shown to inactivate two different antibacterial peptides,
human neutrophil alpha-defensin and LL37, produced by the host innate immune
response (72). In addition, Sic helps avoid internalization by PMNs by binding to ezrin, a
protein involved in bridging the actin cytoskeleton with the plasma membrane (94).
Other components of the innate immune response such as lysozyme were also found to be
inhibited by Sic (67)

Mac or IdeS: Mac, also known as immunoglobulin G-degrading enzyme of S.
pyogenes (IdeS), protects the streptococcus in multiple ways. This proteinase is able to
cleave the hinge region of IgG, which prevents phagocytosis (231). In addition, it serves
to protect cells from killing by inhibiting the production of reactive oxygen species by
PMN:s (135).

Hyaluronidases: Several different hyaluronidases are produced by the GAS. Not

only is a hyaluronate lyase encoded for on the chromosome but one is also encoded for
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on a bacteriophage (discussed in the subsequent section). Hyaluronidases work by
breaking down the hyaluronic acid in host connective tissues and allowing the organism
or its toxins to spread (104). Exactly why the GAS produces an enzyme that can degrade
its own protective capsule is not known although is has been speculated that regulation of
capsule production is necessary only during certain stages of disease progression with the
capsule being produced early and then being degraded in later stages after other

protective factors have been produced.

C. Phage-encoded virulence factors

Phages are defined as movable genetic elements that can infect bacteria. There
are approximately four to six phages in each of the three streptococcal genomes
sequenced (18). Phages are thought to play a critical role in the passage of virulence
factors via horizontal gene transfer amongst the streptococci (233).

Hyaluronidase: In addition to the hyaluronate lyase encoded on the chromosome
of the streptococcus discussed above, one is also encoded on the phages that infect the
organism. This enzyme is thought to degrade the capsule to allow entry of the phage into
the cell (104). Whether or not it plays an additional role in the disease process is not
known although antibodies to it are detectable post infection (87).

DNases: The GAS produces four different DNases (A-D) all of which degrade
DNA. They appear to play a role in immune evasion through degradation of innate
immune structures that allow neutrophils to trap bacteria and kill them in an extracellular

fashion (218). DNase B, also known as streptodornase, has been shown to be identical to
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SpeF. (62). This molecule contains two separate epitopes, one responsible for the DNase
activity and the other involved in mitogentic activity. Why almost all of the DNases are
phage-encoded (25) is not known, but antibodies to them can be found in patient serum
(101, 114).

Streptococcal pyrogenic exotoxins: Superantigens are antigens that are potent
stimulators of the T cells. They act by binding to the T-cell receptor and the major
histocompatibility complex protein outside of the normal peptide-binding site, allowing
for stimulation of a large number of cells. Stimulation in this fashion does not lead to a
pathogen-specific immune response but instead to a massive release of cytokines,
resulting in systemic toxicity and suppression of the adaptive immune response. The
streptococcal pyrogenic exotoxins (Spe) are toxins that act as superantigens, with many
of them including SpeA, SpeC (A and C are scarlet fever toxins), SpeF, SpeH, Spel and
SSA (29) being encoded for by prophages. A direct link between the toxin production
and its role in the infection process has yet to be established, outside of their implication
as the causative agent of the clinical symptoms such as hypotension and multiorgan
failure seen with scarlet fever and streptococcal toxic shock syndrome (198, 199). It has
been suggested that the effects may depend more on susceptibility of the host to the toxin

than on the properties of the toxin itself (37).
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V. Immune Response/Evasion
Opsonization, phagocytosis and subsequent killing by polymorphonuclear
leucocytes (PMNs) is the major host defense against GAS infections. In order to cause
disease, the bacteria must be able to evade the host immune response. Thus, the GAS has
developed ways to interfere with the different steps of the classical and alternative
complement pathways. Because each virulence factor was discussed in detail above, a
summary of the factors and their effects is presented (Table 2), which describe the

interplay between the bacteria and the immune response.

Table 2: Mechanisms of immune evasion

Reactive
Ab Interaction Opsonization Phagocytosis Recruitment Oxygen
Species
Capsule
M-like proteins M protein Fibrinogen-binding proteins
MAC Fibrinogen-binding proteins | Collagen-binding proteins | C5A peptidase | HtrA protease
SpeB SIC
MAC

Products produced by the GAS are listed below the corresponding step of the immune response that they
inhibit.

VI. Modes of Transcriptional Regulation

Bacterial survival depends not only on the repertoire of virulence genes that the
pathogen possesses, but also on its ability to regulate their expression, creating an
appropriate response to the specific environmental conditions. Differential gene
expression in bacteria is controlled at the level of transcription by a variety of

mechanisms, with the two most common being alternative sigma factors and
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transcriptional regulators. The only known alternative sigma factor in the group A
streptococcus is ComX (170), which shares 40% identity to the known regulator in
Streptococcus pneumoniae involved in competence (134). Since ComX has not been
reported to be directly involved with virulence regulation, it is considered beyond the
scope of this report and will not be discussed here.

The other method that bacteria have evolved to regulate large networks of genes
is through transcriptional regulators. Regulators respond to a variety of different cues
ranging from environmental conditions occurring outside the cell to the metabolic
components that exist within the cell. Overall, the GAS has been estimated to encode for
more than 100 transcriptional regulators, with more than thirty-six transcription factors

shared amongst the sequenced stains (69, 209).

A. Metabolism regulators

Of particular interest to this study are transcription factors that use metabolic
intermediates as a signal for regulation in the cell. Many regulators that respond to this
type of signal contain a phosphoenolpyruvate phosphotransferase regulatory domain or
PRD. These regulators exert their affects by acting as either antiterminators or
transcriptional activators, which bind to RNA or DNA, respectively. The subset that act
as transcriptional activators often contain a DNA-binding motif and two PRDs. The
PRDs undergo phosphorylation on conserved His residues (each domain may contain one
or two conserved His residues), which causes the protein to change its oligomeric state.

Whether this state is active or inactive depends upon the regulator because some, such as
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LicR, are activated by phosphorylation (225) and others, such as LevR, are inactivated
(147).

Regardless of the activated state, phosphorylation of a PRD is part of a cascade in
which the phosphate is initially transferred from phosphoenol pyruvate (PEP) to the
soluble enzyme I (EI) component, and then to the heat stable protein (HPr) (Figure 2).
Depending upon which residue of HPr is phosphorylated, either the Ser at position 46 or
a His at position 15, two different outcomes may arise. HPr is phosphorylated on Ser-46
when glycolytic intermediates are at high levels, which allows it to form a complex with
a regulator known as the catabolite control protein (CcpA) (56). This complex binds to
catabolite-responsive elements (cre) within promoters and either inhibits or activates
transcription of genes involved in sugar metabolism (73). However, when HPr is
phosphorylated on His-15, it will either transfer the phosphate to the membrane-bound
sugar specific enzyme II (EII) components, to import the sugar if external levels of
substrate are high, or it will phosphorylate a regulatory protein that contains a PRD, if
substrate levels are low. In addition to phosphorylation by HPr, EII can also donate its
phosphate directly to a PRD if a sugar is not available for uptake/ phosphorylation by the

protein (147).
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Figure 2: PTS-regulatory system in the GAS.

The PTS system is responsible not only for the uptake of a number of different sugars but also for the
regulation of genes encoding enzymes used in the metabolic pathways. This system is regulated by a
phosphorylation cascade that begins with the transfer of a phosphate from phosphoenolpyruvate (PEP) to
enzyme I (EI), which in turn phosphorylates HPr. The phosphate on HPr can then be transferred to either
the enzyme II components (EIIA and EIIB) ending with the membrane bound sugar specific enzyme
(EIIC), which allows for phosphorylation of the incoming sugar, or to regulatory proteins that contain
phosphoenol-pyruvate regulatory domains (PRDs). This phosphorylation occurs on a His residue in the
PRD and acts to activates or inactivates the PRD containing protein. HPr is not the only source of
phosphorylation for PRDs. These domains may also be phosphorylated by IIB if the sugar concentration
on the exterior of the cell is low and thus there is not an incoming sugar to phosphorylate.
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B. Two-component regulatory systems

Bacterial two-component signal transduction systems are another type of
transcriptional regulator that play a critical role in converting an environmental stimulus
into a cellular response. The system is made up of a sensor protein, which often spans
the membrane of the cell acting as a receptor for the environmental stimulus, and a
response regulator, which transmits the signal from the receptor to either activate or
inhibit transcription from specific gene promoters. Upon receipt of an activating signal,
the sensor kinase undergoes an autophosphorylation reaction on a histidine within the
protein. The phosphate is then transferred from the sensor kinase to an aspartate residue
that lies within an acidic pocket of a response regulator. This causes the response
regulator to undergo a conformational change (involving a critical lysine residue), which
activates/inactivates the protein, resulting in an alteration of transcriptional activity.
Mutational analysis using both the key aspartate and lysine residues has been undertaken
in several different response regulators including the model system CheY.

Mutational analysis of model response regulators: CheY mutants have provided
several insights into the way a response regulator functions and its requirements for
activation in vivo. One key feature is that when the site of phosphorylation (D57) was
mutated to an Ala (D57A) a loss of activity was seen, demonstrating the necessity of this
Asp (23). However, when this position was changed to an Asn (D57N) two different
phenotypes were noted. This mutant could be phosphorylated at an alternative site (the

serine at position 56) and was inactive in the presence of the dephosphorylating molecule
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CheZ (24, 143, 197) but active in its absence (8). In contrast, when the same residue was
changed to a Glu (D57E), the mutant could still be phosphorylated at position 57, yet it
no longer retained its in vivo activity. It was concluded that activation of the response
regulator was not merely determined by the phosphorylation state of the protein, but also
by the ability of the phosphorylation to “reposition key residues”.

A Lys residue also appears to be critical for the proper repositioning of the
protein, although it is not directly involved in the phosphorylation event. Mutational
analysis of CheY at this Lys revealed that a K109R mutant was not active even though
the protein was phosphorylated (143). It was suggested that the inactivation resulted
from an inability of the mutated side chain to interact with the phosphorylated D57
residue and thus it was not able to change into an active conformation.

After the initial studies with CheY, corresponding mutations were produced in
other response regulators such as NtrC (nitrogen regulator I in both E. coli and S.
typhimurium) and RcsB (a regulator of capsule synthesis in E. coli). Analysis of these
regulators demonstrated that a change from an Asp to an Asn at the active site resulted in
an inactive phenotype (83, 121, 161). Mutants exchanging the Asp for a Glu in these
systems were shown to be constitutively active, which sharply contrasted to that seen
with CheY. Even proteins mutated at the conserved Lys residue were active, once again
a phenotype opposite to that for CheY. Overall, it appears as though mutations that act
universally on all response regulators may not exist and thus each regulator must be

considered individually within its system (208).
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Two-component regulatory systems in the GAS: An understanding of two-
component systems is imperative when studying pathogenesis since virulence factors are
often controlled by such systems. This type of system is advantageous for a bacterium
because it allows a rapid adaptation to varying conditions by changing the repertoire of
genes produced. To date, thirteen two-component systems have been identified in the
GAS (69), of those characterized, three have been found to be involved in virulence
regulation.

CovR/CovS: The first two-component regulatory system involved in virulence
was initially called CsrR/CsrS for capsule synthesis regulator because it was originally
identified during a transposon screen as a mutant with an increased production of capsule
(136). It has since been renamed CovR/CovS for control of virulence genes and has been
found to affect approximately 15% of the GAS genome including genes such as sag4,
speB (91), ska, and mac/ides in addition to its own expression (65, 135). CovR binding
to target DNA 1is phosphorylation-dependent (14) and appears to influence the
transcription of genes expressed during log or stationary phase (65). So far the only
environmental signal identified to activate CovS is Mg®", which is thought to initiate the
phosphorylation of CovR by CovS (82).

FasBCAX: The second two-component system, called FASBCAX, regulates
fibronectin binding, hemolysis, and transcription of streptokinase (124). This system is
unique because it contains two potential histidine kinases (FasB and FasC), one response

regulator (FasA) and one effector RNA molecule (FasX). A homologue has been found
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in the GCS, although the homologue does not contain the second histidine kinase (212).
Like CovR, it influences the transcription of late stationary phase genes, including the
global regulator known as ropB/rgg.

Ihk/Irr: The Ihk/Irr two-component regulatory system or isp-adajacent histidine
kinase and isp-adajacent response regulator was named after its placement in the genome
upstream of isp. Its proximity to the virulence gene regulator known as Mga, discussed
below, implicates that it too may play a role in virulence. Not much is known about how
this system works except that it plays an essential role in survival following phagocytosis

by PMNs (232).

C. Stand-alone regulators

Not all transcriptional regulators that respond to environmental stimuli are part of
an established two-component system. For example, the GAS contains several
transcriptional regulators, which respond to environmental stimuli but contain no known
sensory components (126). The term “stand-alone response regulator’” has been coined to
define these regulators. The three that are known to be involved in virulence regulation
are Mga, RALPs, and RopB/Rgg. Since Mga is the main focus of this work, it will be
discussed in great detail in a subsequent section.

RALPs: Regulators within the RALP family are all functionally similar to rof4
and are appropriately named the RofA-like proteins. This family contains four members:
RofA, Nra, and other forms which are similar to these (81). Most genes under the control

of these regulators, such as prtF and prtF2, are positively regulated and encode factors
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involved in adhesion (10). However, RALPs have been shown to repress expression of
some genes such as mga and sped. Even though both RofA and Nra regulate expression
of genes during stationary phase, their activities appear to be regulated by different
mechanisms in the cell.

RopB/Rgg: The regulator of protease or RopB is homologous to an activator of
the glucosyl transferase gene known as Rgg. ropB is located immediately upstream of
speB, one of the genes that RopB positively regulates (39) primarily during stationary
phase (40). RopB/Rgg can be considered a regulator of regulators because a mutant
lacking this factor affects expression of mga, covR/covS, fasBCAX, and ihk/irr.
Therefore, RopB/Rgg appears to act both directly and indirectly on the genes that it
regulates (164).

Regulation of virulence gene expression by sensing changing host environments
is a major reason for the success of the GAS as a pathogen. Because of this, deciphering
these mechanisms will be an important step towards controlling GAS infections. The
present study focuses on the stand-alone regulator Mga and how it is able to function

within the context of the cell.
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VII. The Multigene Regulator of the Group A Streptococcus

A. Discovery of Mga

The multigene regulator of the group A streptococcus (Mga) was identified
independently by two different research laboratories. In 1987, the Cleary lab began
investigations of a deletion strain originally described by Spanier et al. to be reduced in
M protein production even though the deletion was located 400 bp upstream from the
emm coding sequence (192, 210). They called this upstream region the virR (virulence
regulator) locus (207). In the same year, Caparon and Scott identified a gene through a
transposon screen that was deficient in emm transcription (32). They named this gene
mry for M protein RNA yield.

It was not until 1995 that the protein came to be known as Mga (202). Mga is a
trans-acting factor (174) that is composed of approximately 530 amino acids (a slight
variation is seen amongst the different GAS serotypes), has a molecular weight of 62
kDa, and a predicted pl of 6.3. Since its initial discovery, much has been learned about

its function in the cell; the highlights of which are discussed in the following sections.

B. Regulation by Mga

Mga has been classified as a "stand-alone" response regulator. Like other
regulators in this class, Mga has been shown to positively activate the expression of
genes, including itself (154, 168), in response to signals such as increased CO, levels,

body temperature, and exponential phase growth (30, 150, 152, 181). Although the
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mechanisms by which Mga is able to sense this stimuli remain a mystery, many of the
genes that it regulates have been identified.

The mga locus on the GAS chromosome always includes at least one emm-family
gene (emm, arp, emmlL) and the downstream gene scpA (178). Certain serotypes encode
additional genes such as the M-like proteins (mrp, enn), which reside between mga and
scpA (49, 95, 237), or the fibronectin-binding protein (fba/orfX) (184, 220), which is
located immediately 3’ to scpA. These genes make up the core mga regulon (156, 179)
and are regulated in trans by Mga (174) (Table 3). Unlike the genes located downstream,
the gene immediately upstream of mga, known as isp or the immunogenic secreted
protein, does not appear to be regulated by Mga (153). Not all genes regulated by Mga
reside within the mga regulon. Several genes such as speB and sof have been shown to
protein, does not appear to be regulated by Mga (153). Not all genes regulated by Mga
reside within the mga regulon. Several genes such as speB and sof have been shown to
exist outside the core regulon. Regardless of gene placement, all Mga-regulated genes
appear to be involved in adhesion or immune evasion. In addition, they all are positively
regulated, with the exception of streptolysin S, whose expression appears to be negatively

regulated by Mga (120).
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In Core mga

Gene Name Regulon Function Reference
Cell associated
Factors
scnA No Bacteriocin (Streptococcin A) (184)
speB No Cysteine protease (184)
emm Yes Adhesion, an;i(—);l)::i(;cytic surface (156, 179, 181)
sph Yes IgG Fc-binding protein (protein H) (120)
arp Yes IgA binding protein (139)
mrp/fcrA Yes IgG binding protein (156, 179)
enn Yes IgG binding protein (179)
scpA Yes C5a peptidase (156, 179)
fbaA/ orfX Yes Fibronectin-binding protein (184, 220)
scld No Collagen-like adhesion (4, 181, 188)
sof No Fibronectin binding lipoprotease (156, 185)
sfbX No Fibronectin-binding protein (107)
dpp operon No Dipeptide permease (180)
opp operon No Oligopeptide permease (184)
Secreted
Factors
sic Yes Inhibitor of complement (2, 120)
sagA No Hemolysin (streptolysin S) (120)
Autoregulation
mga Yes Regulator of virulence genes (154)
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Using a maltose-binding fusion protein, it has been shown that Mga binds directly

to the promoter regions of the genes that it regulates (149, 154). Further analysis of the
promoter regions using DNase-protection assays revealed that Mga binds to a single 45
bp region overlapping the —35 region in the promoter of both emm and scp4 (149). The
consensus sequence derived from the study is unusual in that it contains a string of 13
bases that are highly conserved followed by a variable region of 11 bp and terminates
with another string of 16 that are highly conserved (149). Since that initial study, other
Mga-regulated promoters have been investigated such as Pmga and Pscl4 (4, 154). From
these studies differences in both the number of binding sites and the area of protection
has been noted; thus, it was determined that the binding of Mga is variable at the different

promoters.

C. Regulators of mga

One unique promoter that Mga regulates is that of mga itself. The mga gene is
transcribed from two different promoters, one distal to the start of transcription (P1) and
another located proximal to the transcriptional start site (P2) (75, 168). Studies have
shown that the mga promoter is stimulated by signals such as growth phase (152),
increased levels of CO, and decreased levels of O, (168). Although it has not been
determined how these environmental signals are sensed, it is possible that Mga itself is
directly involved. DNase protection assays of the mga promoter revealed that Mga binds
to two separate 59 base-pair regions located between P1 and P2 in the mga promoter

(154). However, Mga may not be the only factor responsible for the promoter
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stimulation, since both binding sites reside between the two promoters, yet 473 base pairs
of DNA upstream of the coding sequence is necessary for autoregulation (75, 168).
These 473 base pairs include sequence upstream of even the P1 promoter.

In contrast to the positive regulation by Mga, mga expression has been shown to
be negatively regulated by the RALPs (10, 183). In addition, a mutation in the gene for
the lipoprotein of S. pyogenes (Lsp) was found to have a decreased level of transcription
of mga, nra and csrRS (61). Whether the effect on mga is direct or indirect (due to
decreased transcription of another gene that regulates mga) remains to be seen.

Another Mga-regulating factor besides those involved in global regulation was
identified during a transposon screen (191). This factor is known as AmrA (activation of
the Mga regulon) and is a putative integral membrane protein involved in cell wall
polysaccharide synthesis. How this protein regulates mga expression is unknown, but
several hypotheses exist including either a direct interaction or the possibility that Mga
senses a signal produced by the transporter, like cell wall turnover, which leads to

activation of the mga regulon.

D. Two alleles of mga

While all strains of the GAS contain mga (16), the architecture of the mga regulon
differs from strain to strain in both gene composition and arrangement (95, 237).
Furthermore, two divergent mga alleles have been described within the GAS (mga-1 and
mga-2) based upon the ability to hybridize to an oligonucleotide probe (96). Each allele

has been associated with different gene patterns at the mga locus and tissue tropism of the
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serotype (95). The Mga proteins produced from the two alleles are most divergent within
the C-terminal end of the protein (7), showing a maximal amino acid divergence of
20.7% (16). Despite the divergence, a mga-2 allele has been shown to functionally

complement a mga-1 deletion strain (7).

E. Orthologues

S. pyvogenes is not the only species of streptococci that appears to contain a gene
analogous to mga. Geyer and Schmidt identified an orthologue in S. dysgalactiae subsp.
equisimilis named mgc (76) for the multigene regulator of the group C streptococcus
(GCS). Mgc 1s 51% identical and 64% similar to the Mga (mga-1) from the serotype M6
GAS strain D471 (76). Another orthologue of the GCS designated as DmgB, exhibiting
45% 1identity and 61% similarity to Mga, has been identified in S. dysgalactiae subsp.
dysgalactiae (230). The mgc and dmgB loci closely resemble that of the GAS mga in that
a gene encoding an M protein homologue (emm and demB, respectively) lies directly
downstream of the aforementioned GCS genes. Recently, a virulence regulator showing
51% similarity and 25% identity to Mga from the GAS was found in S. preumoniae
called MgrA for the Mga-like repressor A (90, 92). In contrast to Mga and DmgB/Mgc,
MgrA appears to repress transcription of genes in the unlinked r/r4 pathogenicity islet in
the S. pneumoniae TIGR4 genome (92). Chapter five of this study describes a family of
virulence gene regulators showing similarity to Mga that includes additional predicted
regulators found in the genome sequences of other streptococcal species, including S.

equi, S. gordonii, and S. mitis. Currently, only Mga from the GAS has been
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characterized, therefore, it serves as the model system for this family of Mga-like

virulence regulators.

F. Domains of Mga

Despite its established role in the pathogenesis of GAS infections, we currently
know very little about how Mga functions. Previous studies using the serotype M6 Mga
(mga-1) identified a major (HTH-4) and a minor (HTH-3) helix-turn-helix DNA-binding
domain within the amino-terminus of Mga (151). HTH-4 was determined to be
absolutely essential for binding to all targets while HTH-3 serves an accessory role
primarily involved in autoregulation from Pmga (151). Two putative response regulator
receiver domains have also been suggested to exist in Mga based on homology to other
two-component systems (174); however, no molecular evidence for these domains has
been demonstrated. Aside from its DNA-binding abilities, little is known about how Mga
is able to sense environmental stimuli and activate virulence gene transcription. Hence,
the purpose of the following study is to identify novel domains within Mga that are

necessary for its function in the GAS.



CHAPTER THREE:

MATERIALS AND METHODS

1. Bacterial Strains and Plasmids

A. E. coli strains

E. coli strains were grown in Luria-Bertani broth (LB) and growth was measured
by absorbance at 600 nanometers on an Ultrospec 2000 spectrophotometer. Broth
cultures were grown at 37°C with agitation under normal atmospheric conditions. All
stock cultures were stored at -80°C in a 20% (v/v) glycerol solution. When required, the
following concentrations of antibiotics were used: ampicillin at 100 pg/ml, erythromycin
at 500 pg/ml, kanamycin at 50 pg/ml, and spectinomycin at 100 pug/ml. E. coli DH5a
(hsdR17 recAl gyrA endAl relAl) (New England Biolabs) was used as a host for plasmid
constructions, while E. coli SA2817 (149), BL21[DE3] containing the T7 RNA

polymerase (217), and JM109 were used for protein purification (Pharmacia).

B. GAS strains

GAS strains were grown in Todd-Hewitt medium supplemented with 0.2% yeast
extract (THY). Growth of the GAS was measured by absorbance on a Klett-Summerson
photoelectric colorimeter using the A filter. When required, the following concentrations

of antibiotics were used: erythromycin at 1 pg/ml, kanamycin at 300 pg/ml,
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spectinomycin at 100 pg/ml, and streptomycin at 1000 pg/ml. All strains of the GAS that
were used in this study are listed in Table 4 along with a brief description of their

corresponding phenotype. Cultures were grown statically at 37°C under atmospheric

conditions. All stock cultures were stored at -80°C in a 20% (v/v) glycerol solution.

Table 4: GAS strains

Strain Relevant Characteristics Ref. or Source
AL168-mga Heterologous Amga M22 strain (223)
AP4 Serotype M4 GAS clinical strain (213)
B514-Sm Streptomycin-resistant derivative of the M50 GAS strain B514 (138)
JRS4 Streptomycin-resistant derivative of the M6 serotype M6 strain (203)
JRS519 Amga kanamycin-resistant derivative of the JRS4 (152)
KSM148 RTG229 derivative containing a single copy Pemm-gusA reporter

at an ectopic location within the chromosome (191)
KSM148.150 KSM148 derivative containing an insertional inactivation of mga J. Lawson

and the single copy Pemm-gusA reporter in the chromosome (Unpublished)
KSM148.174 Amga M6 KSM148 derivative containing a single copy Pemm-gusA

reporter at an ectopic location within the chromosome (229)
KSM149 Amga M6 VIT231 derivative containing a single copy Pmrp-gusA

reporter at an ectopic location within the chromosome (229)
KSM231.310 Amga M6 VIT231 derivative containing a single copy Pmga6-gusA

reporter at an ectopic location within the chromosome (228)
RTG229 JRS4 derivative containing an erythromycin-resistant transposon

inserted at an ectopic location within the chromosome (75)
VIT230 RTG229 derivative containing a spectinomycin-resistant transposon

inserted at an ectopic location within the chromosome (229)
VIT231 Amga derivative of the VIT230 containing a spectinomycin-

resistant transposon at an ectopic chromosomal location (229)
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C. Strain and plasmid construction

Construction of the Amga allele in the M6 Pemm-gusA reporter strain
KSM148.174. A deletion encompassing the 2.1 kb mga coding sequence and its 493 bp
promoter region (Pmga) was generated by inverse PCR from the plasmid pJRS515 (149),
which contains the wild-type serotype M6 mga locus, using the diverging primers
Mgadel-L2 and Mgadel-R2 (Table 5). The resulting 5.4 kilobase (kb) product was re-
ligated to form the mga-16 deletion allele marked with a new Stul restriction site in the
plasmid pJRS547. A 2.5 kb BamHI/HindIII fragment containing the mga-16 deletion
allele from pJRS547 was subsequently cloned into the counter-selectable gene-
replacement vector pJRS9160 (151) to generate pKSM174 (Table 6). An mga-deleted
derivative of the serotype M6 VIT strain KSM148 (191) was constructed through an
allelic replacement of the wild-type mga at the native locus with the unmarked mga-16
deletion allele using pKSM174 as previously described (151) to produce KSM148.174

(Table 4).
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Non-complementary sequences are in lower case, mutagenic nucleotides are in bold and

introduced restriction sites are underlined.

Target/Primer

Sequence

Reference

23S rRNA
rRNA-23SL
rRNA-23SR

mga6
Mga6-150
Mgadel-L2
Mgadel-R2
MgaHis-BglII
Mga-Petl Nde
Mga-Pet2 Xho
OYR-29
RMut1-R2
RMut2-L

Mutagenic mga6 oligos
DR1A-a

DRI1A-b
DRIE-a
DRIE-b
DRIN-a
DRIN-b
KRIR-a
KRIR-b
DR2A-a
DR2A-b
DR2E-a
DR2E-b
DR2N-a
DR2N-b

KR2R-a

GGAAGGTAAGCCAAAGAGAG
TCCTAGTTGTCTGTGCAACC

gegtcaaagettcta ATCTCCTGATACTTGTACGG
CGAGGCCTTAGCTTTTTGATGGCATCATGG
CCCTTGGACTTTCATCGC
geegagatctGCGAGAAAGG
2gegcatATGTATGTAAGTAAGTTGTTT
aactcgagAGTTGTGGAGGGGG
AAACCAACGCCTATTTGACGCATAC
cccgectcgagAAAGAAGGGTATACAAGG
TCGACCTGCAGgcatgcaaa

GGGATACTCTGCCGTCTACGcCAACAAAAAAACCAGTCAC
CGT
ACGGTGACTGGTTTTTTTGTTGgCGTAGACGGCAGAGTATC
CcC
CAAGGGATACTCTGCCGTCTACGAgGAACAAAAAAACCAGT
CACCG
CGGTGACTGGTTTTTTTGTTcTCGTAGACGGCAGAGTATCC
CTTG
CAAGGGATACTCTGCCGTCTACaACAACAAAAAAACCAGT
CACCG
CGGTGACTGGTTTTTTTGTTGTtGTAGACGGCAGAGTATCC
CTTG

GCGTTTGATAGCATCAgGCAAGACTCGCCAACGGGC
GCCCGTTGGCGAGTCTTGCcTGATGCTATCAAACGC
ACAGTATGATGTGATCGTGACAGeTGTTATGGTAGGAAAA
AGCGA
TCGCTTTTTCCTACCATAACAgCTGTCACGATCACATCATA
CTGT
AGTATGATGTGATCGTGACAGAgGTTATGGTAGGAAAAAG
CGATG
CATCGCTTTTTCCTACCATAACCTCTGTCACGATCACATCA
TACT
GTATGATGTGATCGTGACAaATGTTATGGTAGGAAAAAGC
GATGA
TCATCGCTTTTTCCTACCATAACATtTGTCACGATCACATCA
TAC
CCCCTTGGACTTTCATCGCAgAGAGCTTACCTTACCCACTC
CC

(191)
(191)

(228)
(229)
(229)
(229)
4
4)
(229)
(228)
(228)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
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Target/Primer

Sequence

Reference

KR2R-b
M6 M461R-a

M6 M461R-b
M6 mga Q10R-a

M6 mga Q10R-b
M6 mga Q11A-a
M6 mga Q11A-b
M6 mga Q11R-a
M6 mga Q11R-b
M6 mga W12A-a
M6 mga W12A-b
M6 mga W12R-a
M6 mga W12R-b
M6 mga R13A-a
M6 mga R13A-b
M6 mga H204A-a
M6 mga H204A-b
M6 mga H204D-a
M6 mga H204D-b
M6 mga H324A-a
M6 mga H324A-b
M6 mga H324D-a

M6 mga H324D-b

GGGAGTGGGTAAGGTAAGCTCTeTGCGATGAAAGTCCAAG
GGG
GATGTGATCGTGACAGATGTTAgGGTAGGAAAAAGCGATG
AG
CTCATCGCTTTTTCCTACCcTAACATCTGTCACGATCACATC
GTTGTTTACAAGTCgACAGTGGAGAGAACTAAAATTAATC
TCATACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTCTCCACTGTcGA
CTTGTAAACAAC
GTTGTTTACAAGTCAAgeGTGGAGAGAACTAAAATTAATCT
CATACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTCTCCACgeTTGAC
TTGTAAACAAC
GTTGTTTACAAGTCAACEgGTGGAGAGAACTAAAATTAATC
TCATACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTCTCCACeGTTGA
CTTGTAAACAAC
GTTGTTTACAAGTCAACAGgcGAGAGAACTAAAATTAATCT
CATACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTCTCgeCTGTTGAC
TTGTAAACAAC
GTTGTTTACAAGTCAACAGcGGAGAGAACTAAAATTAATC
TCATACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTCTCCgCTGTTGAC
TTGTAAACAAC
GTTTACAAGTCAACAGTGGgcAGAACTAAAATTAATCTCAT
ACGTAACGG
CCGTTACGTATGAGATTAATTTTAGTTCTgeCCACTGTTGAC
TTGTAAAC
CGATGTGAGGGTTAATTTTACGTTATTTCAGgcCCTTAAAA
TACTAAGCTCAG
CTGAGCTTAGTATTTTAAGGEgcCTGAAATAACGTAAAATTA
ACCCTCACATCG
CGATGTGAGGGTTAATTTTACGTTATTTCAGEACCTTAAAA
TACTAAGCTCAG
CTGAGCTTAGTATTTTAAGGTcCTGAAATAACGTAAAATTA
ACCCTCACATCG
CCAACAAATATGAAGTAGCTGTCATCCTTgeTAACACTACC
GTTTTGAAAG
CTTTCAAAACGGTAGTGTTAgcAAGGATGACAGCTACTTCA
TATTTGTTGG
CCAACAAATATGAAGTAGCTGTCATCCTTgATAACACTACC
GTTTTGAAAG
CTTTCAAAACGGTAGTGTTATcAAGGATGACAGCTACTTCA
TATTTGTTGG

This study
(229)

(229)
(228)

(228)
(228)
(228)
(228)
(228)
(228)
(228)
(228)
(228)
(228)
(228)
This study
This study
This study
This study
This study
This study
This study

This study
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Target/Primer

Sequence

Reference

M6 mga E14A-b
M6 mga L15A-a
M6 mga L15A-b

mgad, mga50

DivMga-5’blunt
DivMga-3’HIII
DivMga-Petl
DivMga-Pet2
DivMga-R5
DivMga-R9
DivMga-Sph
MgaHis-Sph

Mutagenic mga4 oligos

M4 mga Q11R-a
M4 mga Q11R-b
M4 mga R13A-a
M4 mga R13A-b

M4 mga HTH4-a
M4 mga HTH4-b

CCGTTACGTATGAGATTAATTTTAGTgCTCTCCACTGTTGA
CTTGTAAACAAC
GTTTACAAGTCAACAGTGGAGAGAAgcAAAATTAATCTCAT
ACGTAACGG
CCGTTACGTATGAGATTAATTTTgeTTCTCTCCACTGTTGAC
TTGTAAAC

CATGTAAGTAAATTGTTTACTAGCCAACAATGGAG
gegtcaaagcttCTGAAATCCTATGATGATGTTGC
ggecatatgCATGTAAGTAAATTG
ggectcgagTGATGATGTTGCTTGTTT
TGGATCCATCTATTAGATGAG
ccccaagcttGATAAGGACATGAAGTTAAT

ccgeatgcctatgatgatgttgettg
cgcatgcCTATGATGATGTTGCTTG

GCATGTAAGTAAATTGTTTACTAGCCAACEGATGGAGAGAA
TTGAAACTG
CAGTTTCAATTCTCTCCATeGTTGGCTAGTAAACAATTTAC
TTACATGC
GTTTACTAGCCAACAATGGEcAGAATTGAAACTGATTTCAT
ATTTAACAG
CTGTTAAATATGAAATCAGTTTCAATTCTgeCCATTGTTGGC
TAGTAAAC
GCTGAAGAGCTGTTTGTCAGCgcAgCTACCCTCAAACGCC
GGCGTTTGAGGGTAGeTgeGCTGACAAACAGCTCTTCAGC

Mutagenic mga50 oligos

Mga50 P361A-a

Mga50 P361A-b

Mga50 R461M-a

Mga50 R461M-b
mrp49

mrp49-L1
mrp49-R1

Mutagenic dmgB oligos

dmgB Q11R-a
dmgB Q11R-b
dmgB R13A-a

dmgB R13A-b

CACCCTCGCATTTATGAGECCTTTGTGACAAGTGTCGAGAA
GC
TCTTCTCGACACTTGTCACAAAGGeCTCATAAATGCGAGGG
TG
CAGTACGATGTTATCGTGACAGATGTTAtGGTGGGTAAAA
GCGAAG
CTTCGCTTTTACCCACCaTAACATCTGTCACGATAACATCG
TACTG

CAAGCTAAGCTAGATACAGCAACT
CGCCTGTTGACGGTAATT

CTCTTTACAACAAAACgGTGGAGAGAATTGGAGCTAATTG
ggE}CAATTAGCTCCAATTCTCTCCACcGTTTTGTTGTAAAG
[équTTTACAACAAAACAGTGchAGAATTGGAGCTAATTGC
ggGCAATTAGCTCCAATTCTgcCCACTGTTTTGTTGTAAAG
AG

(228)
(228)
(228)
(229)
(229)
(229)
(229)
(229)
(229)
(229)
(229)
(228)
(228)
(228)
(228)

(228)
(228)

(229)
(229)
(229)
(229)
(229)
(229)
(228)
(228)
(228)

(228)
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Target/Primer

Sequence

Reference

dmgB L42A-a
dmgB L42A-b

dmgB HTH4-a

dmgB HTH4-b
Parp

Parp4-L

Parp4-R
Pemm

Pemm-L1

Pemm-R1
Pmga

OYL-25

OYR-25

Pmga-B

Pmga-X
Pmrp

Pmrp4-L

Pmrp4-R

Pmrp4-EcoRI

Pmrp4-BglIl
PrpsL

GASrpsL-EcoRI

GASrpsL-Hind
Other

Spacl

T7-term

GTGTGAGAGATTAAACTGCTCACTCgcAACTTTACAATCAT

GTG

CACATGATTGTAAAGTTgecGAGTGAGCAGTTTAATCTCTCA

CAC

GAGCTGTTTGTCAGCgcGgCAACACTCAAGCGTTTGATTG
CAATCAAACGCTTGAGTGTTGeCgeGCTGACAAACAGCTC

CATTGACAGTGATCGCATCT
AAGCGAATACTGTTTATTCG

GCATGGATCCCATCGCAAAGAGCTTA
GCGGCTCGAGTAGTGTCTATTCGTGTTATT

TACCATAAAATACCTTTC
GGTTGTACCATAACAGTC
gcgggatccTAAGTTAACCAGTTCACAAA
ggctcgagACCTTGTATACCCTTCTTTT

AGCCAGACAATTCAGTTAAA
CTCAGTGAATAGAGTTTGTTTG
gcgegaattcTCAATTTCTAAGAATTGTG
gcggagatctGGATTTCAGACGTCAT

ggecgaattcTGTCTAAAATCACATCTTCG
gegeaagcttGGTTGATATAGCACTTGGTGAC

CTACATCCAGAACAACCTCTGC
CTAGTTATTGCTCAGCGG

(228)
(228)

(228)
(228)

(229)
(229)

(151)
(151)

(151)
(151)
(154)
(154)

(229)
(229)
(229)
(229)

(229)
(229)

(229)
Novagen
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Plasmid Relevant Characteristics Ref. or Source
pBlue-gus#2 gusA under Pmga6 in Bluescript vector

pBluescriptll KS- Blue/white cloning vector Stratagene
pE14A M6 mga mutant E14A under constitutive Pspac This study
pET21a 6X-His vector Novagen
pH204A M6 mga mutant (H204A) under the native Pmga6 This study
pH324A M6 mga mutant (H324A) under the native Pmga6 This study
pJRS312 Spectinomycin cassette (196)
pJRS515 WT mga6 in pBluescript IT KS- (149)
pJRS547 Deletion of 2.1 kb of mga and Pmga (mga-16) (229)
pJRS2050 WT mga6 under the native Pmga6 (7
pJRS9160 Counter-selectable gene-replacement vector (151)
pKSM140 promoterless gusA4 in pCIV2 suicide vector (229)
pKSM152 S. dysgalactiae locus containing both WT dmgB and demB  (228)
pKSMI155 N-terminal MBP fusion to M4 Mga (229)
pKSM156 N-terminal MBP fusion to M50 Mga (229)
pKSM162 WT mga6 under constitutive Pspac (151)
pKSM164 WT mga6-his under native Pmga6 This study
pKSM170 WT M6 mga-his in E. coli expression vector @)
pKSM174 mga-16 deletion allele in pJRS9160 (229)
pKSM300.A M6 mga mutant (D225A) under the native Pmga6 This study
pKSM300.N M6 mga mutant (D225N) under the native Pmga6 This study
pKSM301.A M6 mga mutant (D459A) under the native Pmga6 This study
pKSM301.N M6 mga mutant (D459N) under the native Pmga6 This study
pKSM302.A M6 mga mutant (D225A) under constitutive Pspac This study
pKSM302.N M6 mga mutant (D225N) under constitutive Pspac This study
pKSM303.A M6 mga mutant (D459A) under constitutive Pspac This study
pKSM303.N M6 mga mutant (D459N) under constitutive Pspac This study
pKSM315 WT mga50 under constitutive Pspac (229)
pKSM317-H mga50-his (S26N) under constitutive Pspac (229)
pKSM318 WT mga6-his under the constitutive Pspac (229)
pKSM318.1H M6 mga mutant in HTH-1 under constitutive Pspac (228)
pKSM318.4H M6 mga mutant in HTH-4 under constitutive Pspac (228)
pKSM320 WT mga4-his under constitutive Pspac (229)
pKSM321 WT mga50-his under constitutive Pspac (229)
pKSM322 WT mga4-his under native Pmga4 (229)
pSKM323 mga50-his (S26N) under native Pmga4 (229)
pKSM324 WT mga4-his under constitutive PrpsL (229)
pKSM325 WT mga50-his under constitutive PrpsL (229)
pKSM326 mga50-his (S26N) under constitutive PrpsL (229)
pKSM327 mga50-his (P361A) under constitutive PrpsL (229)
pKSM328 mga50-his (R461M) under constitutive PrpsL (229)
pKSM329 WT mga50-his under native Pmga4 (229)
pKSM330 mga50-his (R461M) under native Pmga4 (229)
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Plasmid Relevant Characteristics Ref. or Source
pKSM331 mga50-his (S26N/R461M) under native Pmga4 (229)
pKSM332 mga50-his (S26N/R461M) under constitutive PrpsL (229)
pKSM333 WT mga6-his under constitutive PrpsL (229)
pKSM336 mga50-his (P361A) under native Pmga4 (229)
pKSM337 mga6-his (M461R) under the native Pmga6 (229)
pKSM338 mga6-his (M461R) under constitutive PrpsL (229)
pKSM339 dmgB mutant (Q11R) under the native PdmgB promoter (228)
pKSM340 dmgB mutant (R13A) under the native PdmgB promoter (228)
pKSM341 dmgB mutant in HTH-4 under the native PdmgB promoter (228)
pKSM342 dmgB mutant (L42A) in HTH-1 under the native promoter (228)
pKSM344 M6 mga-his mutant (Q11R) in E. coli expression vector (228)
pKSM345 M6 mga-his mutant (R13A) in E. coli expression vector (228)
pKSM346 M4 mga-his mutant (Q11R) under native Pmga4 (228)
pKSM347 M4 mga-his mutant (R13A) under native Pmga4 (228)
pKSM348 M4 mga-his mutant in HTH-4 under native Pmga4 (228)
pKSM349 M6 mga mutant (H204A) under constitutive PrpsL This study
pKSM350 M6 mga mutant (H324A) under constitutive PrpsL This study
pKSM352 M6 mga mutant (H204D) under constitutive PrpsL This study
pKSM353 M6 mga mutant (H324D) under constitutive PrpsL This study
pKSM354 M6 mga-his mutant (W12R) in E. coli expression vector (228)
pKSM355 M6 mga-his mutant (E14A) in E. coli expression vector (228)
pKSM358.A M6 mga mutant (Q11A) under native Pmga6 (228)
pKSM358.R M6 mga mutant (Q11R) under native Pmga6 (228)
pKSM359 M6 mga mutant (R13A) under native Pmga6 (228)
pL15A M6 mga mutant (L15A) under constitutive Pspac (228)
pMal-c2 malE MBP fusion vector NEB
pMga4-4 WT mga4 in pLZ12-Spec @)
pMga50-His WT mga50 gene with C-terminal 6X-His (229)
pP361A-H mga50-his (P361A) under constitutive Pspac (229)
pPmga-blue Pmga in pBluescript 11 KS- (229)
pPmga-gusA gusA under Pmga6 in the VIT vector (229)
pPmrp-gusA gusA under Pmrp in the VIT vector (229)
pQ10R M6 mga mutant (Q10R) under constitutive Pspac (228)
pQIl1A M6 mga mutant (Q11A) under constitutive Pspac (228)
pQIl1IR M6 mga mutant (Q11R) under constitutive Pspac (228)
pRI3A M6 mga mutant (R13A) under constitutive Pspac (228)
pR461M-H mga50-his (R461M) under constitutive Pspac (229)
pVIT164 The GAS vector for integration 31
pWI12A M6 mga mutant (W12A) under constitutive Pspac (228)
pWI2R M6 mga mutant (W12R) under constitutive Pspac (228)
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Construction of the Amga allele in the M6 Pmrp-gusA reporter strain KSM149. An
mga-deleted derivative of the serotype M6 VIT strain RTG229 (75) was constructed as
follows: to allow the use of the erythromycin-resistant pKSM174, the erythromycin
cassette found in the VIT locus of RTG229 was replaced with the spectinomycin
resistance cassette from pJRS312 (196) to generate VIT230 (Table 4). An mga-deleted
VIT230 strain was created by allelic replacement of its wild-type mga at the native locus
with the mga-16 deletion allele from pKSM174 as previously described (151) to produce
VIT231 (Table 4).

An mga-deleted serotype M6 VIT strain containing a single-copy transcriptional
fusion of the serotype M4 Mga-regulated mrp promoter to gusd (Pmrp-gusA) was
constructed as follows: a Pmga-gusA fusion was first produced by amplification of a 493
bp Pmga fragment from serotype M6 JRS4 gDNA using the primers Pmga-B and Pmga-
X (Table 5). The resulting fragment was digested with BamHI and cloned into
BamHI/Smal-digested pBluescript II KS- (Table 6) to produce pPmga-blue. A 1.9 kb
EcoRI/HindIII fragment containing the promoterless gusA4 gene from pKSM140 (191)
was inserted into EcoRI/HindIII-digested pPmga-blue to generate pBlue-Gus#2. The
resulting 2.4 kb Hpal/Sall Pmga-gusA fragment was excised from pBlue-Gus#2 and
cloned into Smal/Sall digested pVIT164 (31) to produce pPmga-gusA. Pmrp was
amplified from serotype M4 AP4 gDNA using primers Pmrp4-EcoRI and Pmrp4-BglIl
(Table 5). Pmga was excised from pPmga-gusA following digestion with EcoRI/Hpal

and replaced with EcoRI-digested Pmrp to produce pPmrp-gusA. This construct was
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linearized with Xmnl and transformed into the mga-deleted strain VIT231 to generate

KSM149 (Table 4).

Construction of an M6 Pmga-gusA reporter strain KSM231.310 containing a
APmga-mga allele. KSM231.310 (Table 4) was generated by transforming the mga-
deleted M6 VIT strain VIT231 with pPmga-gus4 (229) linearized by Xmnl, which
created a Amga reporter strain containing a single-copy transcriptional fusion of the

native M6 mga promoter to gusA (Pmga-gusA).

MBP-Mga fusion proteins for over expression of Mga in E. coli. Plasmids
expressing amino-terminal fusions of maltose binding protein (MBP) to the wild-type
(WT) Mga from serotypes M4 and M50 (MBP-Mga) were constructed as follows: a 1.9-
kb DNA fragment of only the mga coding sequence was amplified from genomic DNA
(gDNA) from both AP4 (M4) or B514-Sm (M50) using the primers DivMga-5’blunt and
DivMga-3’HIII (Table 5). The resulting PCR fragments were digested with HindIII and
inserted into Xmnl/HindIII-digested vector pMal-c2 (New England Biolabs) to generate
the malE-mga fusion alleles for purification of M4 (pKSM155) and M50 (pKSM156)

MBP-Mga, respectively (Table 6).

Construction of the Pspac-mga-his plasmids. A wild-type mga50 gene

containing a 3’ 6X-his tag under the constitutive promoter Pspac (Pspac-mga50-his) was
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generated as follows: the mga50 gene was amplified from serotype M50 B514-Sm
gDNA using primers DivMga-R9 and DivMga-Sph (Table 5), digested with HindIII/Sphl
and cloned downstream of Pspac in HindIII/Sphl digested pKSM162 (152), to create
pKSM315. To produce an mga50-his fusion, the mga50 allele was amplified from
serotype M50 B514-Sm gDNA using primers DivMga-Petl and DivMga-R9 (Table 5),
digested with Ndel/Xhol and cloned into the Ndel/Xhol-digested pET21a (Novagen),
creating pMga50-His. The C-terminal 996 bp fragment of the mga50-his gene was
amplified from pMga50-His using primers DivMga-R5 and MgaHis-Sph (Table 5),
digested with BamHI/Sphl and cloned into the BamHI/Sphl-digested pKSM315,
producing pKSM321 (Table 6). The Pspac-mga4-his allele was generated as follows:
mga4 was amplified from pMga4-4 (7) using primers DivMga-R9 and DivMga-Pet2
(Table 5), digested with HindIIl/Xhol and cloned into the HindIIl/Xhol-digested
pKSM321 to produce pKSM320 (Table 6). The S26N mutation in M50 mga was
constructed as follows: the 917 bp HindIII/BamHI fragment from pKSM320 was cloned
into HindIII/BamHI-digested pKSM321, producing pKSM317-H. Site-specific mutants
of Mga50 P361A and R431M were generated in pKSM321 as described above using the
mutagenic primers Mga50 P361A-a, Mga50 P361A-b, Mga50 R461M-a, and Mga50

R461M-b (Table 5) resulting in pP361A-H and pR431M-H, respectively (Table 6).

Construction of the PrpsL-mga-his plasmids. The wild-type and mutant mga

alleles were placed under the constitutive promoter PrpsL as follows: a 385 bp region of
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the rpsL promoter was amplified from serotype M6 JRS4 gDNA using the primers
GASrpsL-EcoRI and GASrpsL-Hind (Table 5). Pspac was excised from pKSM320
following digestion with Xmnl/HindIII and replaced with the HindIII-digested PrpsL
fragment to produce pKSM324 (Table 6). Plasmids pKSM325, pKSM326 and
pKSM327 were all constructed in a similar fashion using pKSM321, pKSM317-H, and
pP361A-H, respectively, as template vectors instead of pKSM320. The PrpsL-mga50-his
allele containing the R461M mutation was constructed by inserting a 1.9 kb HindIII/Sphl
fragment containing the R461M mutation from pR431M-H into HindIIl/Sphl-digested
pKSM324 to produce pKSM328 (Table 6). A double mutant of Mga50 (S26N and
R461M) was generated in pPKSM326, which already contains the S26N mutation, using
the mutagenic primers Mga50 R461M-a and Mga50 R461M-b (Table 5) resulting in

pKSM332 (Table 6).

Construction of the Pmga4-mga-his plasmids. An mga4-his fusion under the
native mga4 promoter (Pmga4) was generated as follows: the 988 bp BamHI/Sphl
fragment containing mga4-his from pKSM320 was cloned into BamHI/Sphl-digested
pMga4-4 (7), which contains Pmga4-mga4, producing pKSM322. An S26N allele was
constructed using the 988 bp BamHI/Sphl fragment from pKSM321 cloned into the
BamHI/Sphl-digested pKSM322 to produce pKSM323 (Table 6). Pmga4-mga50-his was
generated as follows: the 1.9 kb Nsil/Sphl fragment containing the mga50-his fusion

from pKSM321 was cloned into Nsil/Sphl-digested pMga4-4 producing pKSM329.
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Plasmid pKSM330 (Pmga4-mga50[R461M]-his) was constructed in a similar fashion
extracting the Nsil/Sphl fragment from pR431M-H instead of pKSM321. The Pmga4-
mgaS0[S26N, R461M]-his double mutant was produced by excising a 707 bp
BamHI/Xhol fragment from pKSM332 and inserting it into BamHI/Xhol-digested
pKSM322 vector producing pKSM331 (Table 6). A Pmga4-mga50[P361A]-his was
generated as described above using the mutagenic primers Mga50 P361A-a, and Mga50

P361A-b (Table 5) in pKSM329 resulting in pKSM336.

Construction of M6 mga Mutant Alleles (M461R) Under Pmga6 and PrpsL. A
Pmga6-mga6-his plasmid containing the M461R mutation was generated in pKSM164
(4) via site-specific mutagenesis using the mutagenic primers M6 M461R-a, and M6
M461R-b (Table 5) to produce pKSM337 (Table 6). The wild-type and mutant mga6
genes were placed under the constitutive expression of PrpsL as follows: a 3' 1.5 kb
region of mga6-his was amplified from pKSM164 (4) using the primers OYR-29 and
MgaHis-BglIl (Table 5) and digested with Spel/Bglll. The 3' end of Pspac-mga6 was
excised from pKSM162 (151) following digestion with Spel/BglIl and replaced with the
digested PCR fragment to produce pKSM318. The mga6-his gene was then amplified
from pKSM318 using the primers Spacl and T7-term (Table 5), digested with
Xhol/HindIII and into Xhol/HindIlI-digested pKSM328, producing pKSM333 (Table 6).
An M6 Mga M461R was generated using the mutagenic primers M6 M461R-a, and M6

M461R-b (Table 5) in pKSM333 resulting in pKSM338 (Table 6).
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Construction of the site-specific Pspac-mga6-his plasmids pQI0R, pQlIA,
PWI2A, pWI2R, pRI3A, pE14A, and pL15A. Site-specific mutants of M6 Mga
produced from the constitutive promoter Pspac and containing a carboxy-terminal 6X-
His tag were generated as described above using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene), pKSM318 (Table 6) template DNA, and the corresponding

mga6 mutagenic oligonucleotides (Table 5), resulting in the respective plasmids.

Construction of the site-specific Pmga6-mga6-his mutant plasmids pKSM358.A4,
PKSM358.R and pKSM359. Site-specific mutants of M6 Mga produced from the native
promoter Pmga6 and containing a carboxy-terminal 6X-His tag were generated using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene), pKSM164 (Table 6) template
DNA, and the mutagenic oligonucleotides pairs M6 mga Q11A-a and M6 mga Q11A-b;
M6 mga Q11R-a and M6 mga Q11R-b; or M6 mga R13A-a and M6 mga R13A-b (Table

5) to create plasmids pKSM358.A, pKSM358.R and pKSM359, respectively.

Construction of the control Pspac-mga6-his plasmids pKSM318.1H and
PKSM318.4H. Plasmids that contained mutations to either disrupt the essential DNA-
binding HTH-4 motif or two non-essential residues of M6 mga under the constitutive
Pspac were constructed as follows: the 464 bp HindIIl/Spel fragment containing either

the HTH-4 motif or K31A/D32A from pKSM164.4c or pPKSM164.1c (151), respectively,



60
was cloned into HindIIl/Spel digested pKSM318 (229) to produce pKSM318.4H and

pKSM318.1H.

Construction of the Pmga4-mgad4-his mutant plasmids pKSM346, pKSM347,
and pKSM348. Site-specific mutants of the class II serotype M4 Mga Q11R and RI13A
were generated as described above using the mutagenic oligos M4 mga Q11R-a, M4 mga
Q11R-b, M4 mga R13A-a, and M4 mga R13A-b (Table 5) in pKSM322 (Table 6),
resulting in pKSM346 and pKSM347, respectively. A mutant disrupting the HTH-4
domain, named pKSM348, was also constructed by site-specific mutagenesis of

pKSM322 using the mutagenic oligos M4 mga HTH4-a and M4 mga HTH4-b (Table 5).

Construction of the PdmgB-dmgB mutant plasmids pKSM339, pKSM340,
PKSM341 and pKSM342. Site-specific mutations at positions 11 and 13 were
constructed in the Mga orthologue from S. dysgalactiae, DmgB, using the mutagenic
oligos dmgB QI11R-a, dmgB Q11R-b, dmgB R13A-a, and dmgB R13A-b (Table 5) in
pKSM152 (Table 6), resulting in pKSM339 and pKSM340, respectively. Control
plasmids containing either mutations in the HTH-4 domain, pKSM341, or an arbitrary
mutation at position 42, pKSM342, were also constructed by site-specific mutagenesis of
pKSM152 using the mutagenic oligos dmgB HTH4-a, dmgB HTH4-b, dmgB L42A-a and

dmgB 142 A-b, respectively (Table 5).
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Mga-His fusion proteins for overproduction of Mga mutants in E. coli.
Plasmids producing carboxy-terminal 6X-His fusions to M6 Mga mutants Q11R, W12R,
R13A and E14A were constructed as follows: a 1.6-kb DNA fragment of the mga coding
sequence was amplified from plasmid DNA encoding the corresponding mutant pQ11R,
pWI2R, R13A and pE14A using the primers Mga-Pet]l Nde and Mga-Pet2 Xho (Table
5). The resulting PCR fragments were purified, digested with Ndel/Xhol, and inserted
into Ndel/Xhol digested vector pKSM170 (4) to generate the mga-his fusion alleles for
purification of Q11R-His (pKSM344), W12R-His (pKSM354), R13A-His (pKSM345)

and E14A-His (pKSM355), respectively (Table 6).

Construction of the M6 mga receiver domain mutations under the constitutive
Pspac promoter. Plasmids that contained a mutation changing the Asp residues to either
an Ala, Asn or an Glu in both receiver domain 1 and 2 under the constitutive promoter
Pspac were constructed as follows: the 1.3 kb Spel/Sphl-digested fragment from
plasmids pKSM300.A, pKSM300.N, pKSM300.E pKSM301.A, pKSM301.N and
pKSM301.E (Table 6), which contain the receiver domain mutations, were cloned into
the Spel/Sphl-digested vector containing Pspac (pKSM162), resulting in plasmids
pKSM302.A, pKSM302.N, pKSM303.A and pKSM303.N. The precursor plasmids
pKSM300.A, pKSM300.N, pKSM300.E, pKSM301.A, pKSM301.N, and pKSM301.E
containing the site specific receiver domain mutants of the M6 Mga (D225A, D225N,

D225E, D459A, D459N, and D459E, respectively) were under the control of the native
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promoter Pmga6 and were generated using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene) with the mga6 mutagenic oligonucleotides DR1A-a, DR1A-b, DR1E-a,
DRI1E-b, DRIN-a, DRIN-b, DR2A-a, DR2A-b, DR2E-a, DR2E-b, DR2N-a and DR2N-b
(Table 5) and pJRS2050 (Table 6) as template DNA.

Plasmids that contained a mutation changing the Lys residues to an Arg in both
receiver domain 1 and 2 under the constitutive promoter Pspac were constructed as above
except the 1.3 kb Spel/Sphl digested fragments were from plasmids pKSM304.R or
pKSM305.R (Table 6), which contain the receiver domain mutations. They were cloned
into the Spel/Sphl digest vector containing Pspac (pKSM162) resulting in plasmids
pKSM306.R and pKSM307.R. The precursor plasmids pKSM304.R and pKSM305.R
containing the site-specific receiver domain mutants of the M6 Mga (K285R and K512R
respectively) were under the control of the native promoter Pmga6 and were produced
using the QuickChange Site-Directed Mutagenesis Kit (Stratagene), pJRS2050 (Table 6)
template DNA, and the mga6 mutagenic oligonucleotides KR1R-a, KR1R-b, KR2R-a,

and KR2R-b, (Table 5).

Construction of the M6 mga PRD domain mutations under the constitutive
PrpsL promoter. Site specific-mutants of the class I serotype M6 Mga H204A and
H324A were first generated under the native mga promoter using the mutagenic oligos
M6 mga H204A-a, M6 mga H204A-b, M6 mga H324A-a, and M6 mga H324A-b (Table

5) in pKSM164 (Table 6), resulting in plasmids pH204A and pH324A, respectively.



63

Then, a 793 bp Spel/Xmnl fragment containing the mutated mga from pH204A and

pH324A was ligated into the Spel-Xmnl-digested vector pKSM333 creating pKSM349
and pKSM350, respectively. Transformants were sequenced for accuracy.

Site-specific mutants H204D and H324D under PrpsL were generated using the

mutagenic oligos M6 mga H204D-a, M6 mga H204D-b, M6 mga H324D-a, and M6 mga

H324D-b (Table 5) in pPKSM333 (Table 6) according to the Quickchange Mutagenesis kit

(Stratagene) resulting in pKSM352 and pKSM353, respectively.

II. DNA Manipulation

A. Isolation and manipulation of plasmid DNA from E. coli

Plasmid DNA was isolated from E. coli via alkaline lysis using the Wizard
Miniprep kit (Promega), the Plasmid Midi Kit (Qiagen), or the HiSpeed Plasmid Maxi
Kit (Qiagen) according to the manufacture’s protocol. DNA fragments were purified
from agarose gels with the QIAquick gel extraction kit (Qiagen) using the manufacturer’s
microcentrifugation purification instructions. Plasmid DNA was manipulated with the
appropriate enzymes from New England Biolabs and buffer exchanges were performed

using the QIAquick PCR purification system (Qiagen) as necessary.
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B. Isolation of plasmid DNA from the GAS

Cells from a 50 ml overnight culture were resuspended in P1 solution (Qiagen)
(Table 7) containing 20 mg/ml lysozyme, mixed and incubated for 30 min at 37°C.
Samples were lysed with the FastPrep Cell Disruptor (Biol01), allowed to settle and the
supernatant was mixed with 300 pl of a 1% SDS, 0.2 M NaOH solution. After 5 min at
room temperature, 300 ul of 2.5 M potassium acetate pH 4.5 was added, mixed by
inversion, and centrifuged (5 min, 13,000 rpm). The supernatant was applied to a mini

prep column (Qiagen) and plasmid DNA eluted using the manufacturer's protocol.

C. Fast DNA GAS chromosomal prep

Genomic DNA was isolated from a 50 ml overnight culture using the FastDNA
prep and a FastPrep cell disruptor (Biol01). Briefly, cells were homogenized using two
4 inch ceramic spheres in conjunction with the garnet matrix and the cell lysis solution
TC. Sample was centrifuged at 14, 0000 X g to pellet debris and lysing matrix. The
supernatant was transferred and a binding matrix added. The matrix was washed with an

EtOH solution and then the DNA eluted from the matrix using DNase-free water.



Table 7: Solutions and buffers

The solution or buffer name is underlined with its components written directly beneath.

5X Band Shift Buffer
10X Transcription buffer
50 ng/ul poly[d(I-C)]
500 pg/ml BSA
(Stored at 4°C)

Coomassie Blue Stain

0.25% (w/v) Coomassie brilliant blue

45.4% (v/v) methanol
9.2 % (v/v) glacial acetic acid

Coomassie Blue Destain
5% (v/v) methanol
7.5% (v/v) glacial acetic acid

5X Cracking 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
(Heated at 55°C until
SDS goes into solution)

CsCl Cushion
5.7MCsClin 0.1 M EDTA

Gel Drying Solution
3% (v/v) glycerol
20% (v/v) EtOH

Lower Gel Stock
1.5 M Tris HC1 pH 8.8
0.4% (w/v) SDS

Lysis Solution
0.5 M Tris pH 7.0

20 mM EDTA
10% (w/v) SDS

Lysozyme Solution
100 mM Tris pH 7.0
2 mM EDTA
2mg/ml lysozyme

MBP Column buffer
2 M Tris base
2 M glycine
1% (w/v) SDS

P1 Buffer
0.05M Tris pH 7.5
10 mM EDTA
200 pg/ml RNase A
(Stored at 4°C)

8X PBS for chromatography
79 mM NazHPO4 2H20
80 mM NaH,PO, H,0O
4 M NaCl
(adjust pH to 7.4)

PBS-Tween
0.0l M PBS pH 7.4
0.5% Tween-20

10X SDS Running Buffer
3% (w/v) Tris base
14.4% (w/v) glycine
1% (w/v) SDS

10% SDS Resolving Gel

26% (v/v) Lower gel stock
25% (v/v) 40% Acrylamide/bis solution
0.5% (v/v) 10% ammonium persulfate
0.1% (v/v) tetramethylethylene diamine

12% SDS Resolving Gel

26% (v/v) Lower gel stock
32% (v/v) 40% Acrylamide/bis solution
0.5% (v/v) 10% ammonium persulfate
0.1% (v/v) tetramethylethylene diamine

6% SDS Stacking Gel
25% (v/v) Upper gel stock
15% (v/v) 40% Acrylamide/bis solution
0.5% (v/v) 10% ammonium persulfate
0.1% (v/v) tetramethylethylene diamine
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5X TBE
5.4% (w/v) Tris base
2.75% (v/v) boric acid
0.5 M EDTA pH 8.0

TE Buffer
10 mM Tris pH 7.4
I mM EDTA pH 7.5

10X Transcription Buffer
120 mM HEPES pH 7.5
10 mM EDTA
6 mM DTT
600 mM KCl1
50 mM MgCl,
(Store at —20 °C)

10X Transfer Buffer
250 mM Tris base
2 M glycine
(dilute 10X to 1X in 20% methanol
and store at 4°C)

Tris Solution
100 mM Tris pH 7.0
2mM EDTA
0.06% Sodium azide

Upper Gel Stock
0.5 M Tris HCl pH 6.8

0.4% (w/v) SDS

Western Stripping Solution
2% (w/v) SDS
50 mM DTT
50 mM Tris HC1 pH 7.0

X-Gluc
40 mg/ml in N-N-dimethyl formamide

D. Polymerase chain reaction

Polymerase chain reaction (PCR) was performed using either Taq (NEB),

Platinum Taq (Invitrogen) or Pfu Turbo DNA polymerase (Stratagene) according to the

manufacturer’s protocol. Amplification was performed on an Eppendorf Mastercycler

gradient using the following parameters: an initial denaturation step of 95°C for 3 min

followed by thirty cycles of denaturation at 95°C for 30 seconds, annealing for 1 min at a

temperature ranging from 48-65°C depending upon the specific primer set (Table 5), and

extension at 72°C for 1.5 min/kb of DNA to be amplified. The final cycle consisted of an

extra extension step at 72°C for 3 min to ensure the production of full-length products.
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Resulting amplification products were purified with the QIAquick PCR purification

system (Qiagen).

E. PAGE purification of oligonucleotides

Oligonucleotides were purified by resuspending the lyophilized oligonucleotide
pellet in 100 pl dH,O plus 20 pl of 5x Formamide Stop Solution (Epicentre SequiTherm
Excel II Kit). The entire solution was loaded onto a 10% sequencing gel (Amresco) and
electrophoresed at 400 volts for 2 hrs. The top plate was removed, the gel was covered
by saran wrap, and exposed to short wave UV light to locate the oligonucleotides. The
major product was excised and crushed via pestle. The slice was soaked in 1 ml of 10
mM Tris pH 8.0 and incubated at 37°C with agitation overnight. The next day the gel
debris was separated by centrifugation and the soluble fraction transferred to clean tube.
The supernatant was separated using a phenol:chloroform extraction before undergoing
ethanol precipitation. The precipitated pellet was resuspended in 100 pul 10 mM Tris pH

8.0 and the concentration determined from the OD»g.

F. Phenol:chloroform extraction

The following phenol:chloroform extraction was performed as a step in various
protocols involving both DNA and oligonucleotide purification. One volume of
phenol:chloroform (1:1) was added to the sample. The sample was mixed via inversion
and spun at 13,000 rpm for 3 to 6 min at RT. The aqueous phase (top) was transferred to

a clean tube. The phenol was subsequently removed from the sample by the addition of
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one volume of chloroform:Iso-Amyl alcohol (24:1). The sample was mixed, spun and
transferred to a clean tube as above. The nucleic acids were then pelleted via ethanol

precipitation.

G. Ethanol precipitation

Both DNA and RNA were precipitated in the following manner. Cold 100%
ethanol in an amount equivalent to 2.5 times the total reaction volume and 3 M sodium
acetate pH 5.2 equivalent to 1/10 the reaction volume was added to the DNA or RNA
containing sample. The solution was mixed by inversion and incubated at -20°C for 30
min. The solution was then spun at 13,000 rpm for 15 min at 4°C to pellet the sample.
The sample was washed with 500 pl 75% ethanol. The ethanol was removed and the
pellet was dried for 10 min at RT. The pellet was then resuspended in either 10 mM Tris

pH 8.0 or H,O.

H. Site-specific mutagenesis and random mutagenesis screen

All site-specific mutations were generated with the QuickChange Site-Directed
Mutagenesis Kit (Stratagene) using mutagenic oligonucleotides synthesized by Integrated
DNA Technologies. DNA sequencing was done by the McDermott Center sequencing
core facility at UT Southwestern Medical Center.

Random mutagenic PCR was performed across the 5° region of mga using the
GeneMorph PCR Mutagenesis Kit (Stratagene) on plasmid pKSM162 (151) using

primers RMut1-R2 and Mga6-150 (Table 5) with an initial amount of DNA of 0.110 pg.
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The resulting PCR product was digested with Aval/Spel, ligated with Aval/Spel-digested
pKSM318 (229), transformed into E. coli DH5a and grown overnight in 10 mL LB broth
containing spectinomycin. A similar procedure was performed for the 3° portion of mga
except primers OYR-29 and RMut2-L were used on various concentrations of pKSM162
ranging from 0.055 pg to 0.838 ug. Also both the PCR product and the vector pKSM318
were digested with Spel/Sphl for this fragment. Plasmid DNA was extracted from the
entire overnight culture, and 1 pg of plasmid DNA was transformed into the reporter
strain KSM148.174 (229). Following selection on THY agar containing spectinomycin
and 175 pg/ml X-glu (Gold Biotechnology), GAS transformants that were either light
blue or white in color on plates were subjected to western analysis to determine protein
levels as described. Plasmid DNA was extracted from the selected clones and amplified
via subsequent transformation into E. coli DH5a for DNA sequencing. Sequence
alignments were performed with the Vector NTI software (Invitrogen) using the
ClustalW algorithm, and genes containing more than two mutations were discarded from

further analysis.
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III. Transformation of Bacterial Strains

A. Drop dialysis

To remove excess salts prior to electroporation samples were dialyzed against
dH,O using a 25 mm, type-VS Millipore membrane with a pore size of 0.025 pm.

Samples were incubated for at least 30 min at room temperature.

B. Preparation of electrocompetent E. coli cells

Two 500 ml cultures were grown to an ODgg of 0.5 to 0.8 before being chilled on
ice for 30 min. Cultures were pelleted by centrifugation at 5,500 rpm at 4°C for 15 min.
The pellet was washed once with 300 ml cold dH,O and once with 20 ml of a cold 10%
glycerol (v/v) solution before the final resuspension in 800 ul cold 10% glycerol. Cells

were stored in 50 pl aliquots at -80°C.

C. Preparation of electrocompetent GAS cells

Cultures were grown in 150 ml THY containing 20 mM glycine to an ODggg of
0.2-0.4 except the GAS strain B514-Sm, which was grown in 2X BHI supplemented with
2% isovitalex, 85 pg/ml hyaluronidase and 20 mM glycine to an ODggo of 0.6. Cells
were pelleted by centrifugation at 8,000 rpm for 20 min at 4°C. Pellets were washed
twice with a cold 10% glycerol solution. Cells were resuspended in 1ml of a cold 10%

glycerol solution before being stored at -80°C in 200 ul aliquots.
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D. Electroporation of E. coli and the GAS strains

Dialyzed plasmid samples were placed in a prechilled cuvette containing 50 pl of
the appropriate E. coli strain. Electroporation was carried out using a Bio-Rad gene
pulser set at a resistance of 200 ohms, a capacitance of 25 pF and a voltage of 2.5 kV.
After electroporation, samples were grown for 1 hour at 37°C in 1 ml of LB before being
plated on LB agar containing the appropriate antibiotics. The GAS strains were
electroporated as above with the following modifications: 200 pl of the appropriate GAS
strain was used, the Bio-rad gene pulser was set at a resistance of 400 ohms and a voltage
of 1.75 kV and samples were outgrown for 2 hour at 37°C in 10 ml of THY before being

plated on THY agar with the appropriate antibiotics.

E. Allelic replacement using a temperature-sensitive plasmid

To inactivate mga through double homologous recombination in the GAS, a
fragment internal to the coding region was cloned into the vector pJRS9160, which is
temperature sensitive for replication. Approximately 30 pg of the resulting plasmid was
electroporated into the parent GAS strain and outgrown at the permissive temperature of
30°C for 3 hours. The cells are then pelleted at 6,000 rpm for 20 min at 4°C, resuspended
in 500 ul saline, and plated onto THY agar with erythromycin. The plates were
incubated at 30°C for 3 days at which time single colonies were chosen for overnight
growth in 10 ml THY containing erythromycin at 30°C. Fresh THY broth with

erythromycin was inoculated with 10 ul of culture from the previous day and incubated at
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the non-permissive temperature of 37°C overnight. 10 pl of this culture was then
passaged at 37°C overnight in THY broth that does not contain any antibiotics. From this
culture, serial dilutions were plated on THY agar plates containing streptomycin and
grown overnight at 37°C. Transformants were screened using PCR to ensure the allelic

exchange event occurred.

IV. Protein Production, Purification and Analysis

A. Protein expression and purification

MBP-Mga proteins were purified from E. coli as previously described (149).
Briefly, cultures of E. coli SA2817 containing either pKSM155 or pKSM156 were grown
in LB broth containing ampicillin at 30°C and protein producation induced by the
addition of 6 mM IPTG (isopropyl-B-D-thiogalactopyranoside) for 2 hours. Whole-cell
lysates were obtained by passing cells twice through a pre-chilled French pressure cell.
MBP-Mga proteins were purified from soluble lysates on an amylose resin column (New
England Biolabs) and proteins were eluted from the affinity resin with 10 mM maltose.
Protein concentrations were determined using a protein assay kit (Bio-Rad). Protein
purity was assessed by SDS-PAGE stained with Sypro Ruby (Sigma) and by western blot
analysis probed with aMBP antisera (New England Biolabs) as described below.

Mga-His proteins were purified from E. coli as previously described (4). Briefly,

E. coli strains containing the appropriate fusion plasmid were grown in LB broth
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containing ampicillin at 30°C and protein producation induced by the addition of 6 mM
IPTG (isopropyl-B-D-thiogalactopyranoside) for 2 hours. Whole-cell lysates were
obtained by passing cells twice through a pre-chilled French pressure cell. His tagged
proteins were purified from soluble lysates on an NiNTA resin column (Amersham) and
proteins were eluted from the affinity resin with 250-500 mM imidazole. Protein
concentrations were determined using a protein assay kit (Bio-Rad). Protein purity was
assessed by SDS-PAGE stained with Coomassie and by western blot analysis probed

with aHis antisera (Novagen) as described below.

B. Whole-cell protein extraction from E. coli

Whole-cell lysates were extracted from E. coli by resuspending pelleted samples
in cracking buffer (Table 7). Samples are then boiled for 5 min and centrifuged to
remove debris. Soluble lysates are separated by SDS-PAGE and visualized by

Coomassie stain.

C. Whole-cell protein extraction from the GAS

Whole-cell GAS proteins were extracted as previously described (151). Briefly,
mid-logarithmic phase GAS cultures were harvested by centrifugation and resuspended in
saline containing 1X Complete protease inhibitor cocktail (Roche). Cells were lysed
using a FastPrep cell disruptor (BiolOl, Inc.) and soluble lysates recovered by
centrifugation. Total protein concentrations were determined using the Protein Assay kit

(Bio-Rad).
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D. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Samples for SDS-PAGE were mixed with 1X cracking buffer (Table 7) and
boiled for 5 min. Samples were separated on either 10 or 12% polyacrylamide gels with
a 6% stacking gel (Table 7) using the Mini-Protean 3 cell (Bio-Rad). Gels were

electrophoresed at 150 volts at 4°C in 1X SDS running buffer (Table 7).

E. Western blot analysis

Proteins were analyzed by western blot as previously described (151). Briefly,
proteins were separated by either 10% or 12% SDS-PAGE, transferred to nitrocellulose
membrane, and incubated with a 1:2,000 dilution of either aHis-tag (Novagen), aMBP
antiserum (New England Biolabs), or a 1:1,000 dilution aMga-pep2 antiserum (151). Blots
were then incubated with a 1:25,000 dilution of either anti-mouse (Chemicon), anti-rabbit
(Sigma), or a-rat (Santa Cruz Biotechnologies) horseradish peroxidase-conjugated secondary
antibody, respectively, and visualized using the Western lighting chemiluminescense system
(Perkin Elmer) followed by exposure to film. As a loading control, blots were stripped at
70°C for 30 min in a solution of 2% SDS, 50 mM DTT and 50 mM Tris-HCI pH 7.0 and then
probed with a 1:50,000 dilution of mouse aHsp60 antiserum (StressGen Biotechnologies

Corp.) and visualized as described above.
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F. Sequence Alignments

A sequence alignment of different Mga and Mga-like protein sequences was
performed using the ClustalW algorithm in the AlignX module of VectorNTI
(Invitrogen). The alignment included Mga protein sequences representing mga-1 alleles
from the GAS serotypes M1 SF370 (GI-15675800) and M6 JRS4 (GI-153733) as well as
mga-2 alleles from the GAS serotypes M4 AP4 (GI-1246852) and M49 531 (GI-
56808536). Protein sequences for S. pneumoniae MgrA (GI-17368568), S. dysgalactiae
subsp. equisimilis Mgc (GI-6782393), and S. dysgalactiae subsp. dysgalactiae DmgB
(GI-6689248) were also utilized. Additional Mga-like proteins were obtained by BLAST
interrogation of the unfinished genomes for S. equi (Sanger Institute), S. mitis (TIGR),
and S. gordonii (TIGR). Conserved regions were defined as amino acids with > 70%

identity amongst homologues and spanned more than two adjacent residues.

G. Size exclusion chromatography

Size exclusion chromatography was performed at 4°C using a phosphate buffer
solution (PBS) or PBS with 500 mM imidazole added as the eluent (Table 7). Elution
profiles were obtained using an Mga-His protein (purified from E. coli lysates as
described above) on either a Superdex 200 preparative grade or a Superdex 200 10/300
GL analytical grade column using an AKTA FPLC system (Amersham). The flow rate

was set at 0.5 ml/min with fractions collected at 0.5 or 0.3 ml intervals.
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V. Electrophoretic Mobility Shift Assay (EMSA)

EMSA was performed as previously described (149). Briefly, promoter probes
were generated by PCR amplification of the appropriate genomic DNA using the relevant
primer pairs (Table 5). PCR fragments were end-labeled with [y-*P]-ATP by T4
polynucleotide kinase (NEB) and the resulting labeled probes were purified from a 5%
polyacrylamide gel by crush-and-soak elution. Constant amounts of probe end-labeled
with [y-**P]-ATP were incubated with increasing concentrations of purified MBP-Mga or
Mga-His protein for 15 min at 16°C before being separated on a 5% polyacrylamide gel.

Gels were dried under vacuum at 80°C and exposed to film or a phosphoimager cassette.

VI. RNA Analysis

A. FastRNA RNA isolation

Total RNA was isolated from a 10 ml culture of the GAS using the FastRNA Pro
Blue isolation kit (Bio101). Cultures were spun at 7,000 rpm to pellet the cells, pellet
was resuspended in 1 ml RNApro Solution and transferred to a 1 ml tube containing
lysing matrix B. Cells were lysed using the FastPrep cell disruptor at a speed of 6 for 40
sec. The tubes were chilled on ice for 5 min and then spun at 13,000 rpm for 5 min at
4°C. The liquid phase was removed and incubated for 5 min at RT before 300 ul of
chloroform was added. The solution was vortexed for 10 sec and respun in order to

separate the phases. The soluble phase was extracted and precipitated with 500 pul cold
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100% ethanol. The precipitated pellet was resuspended in 100 pl DEPC-dH,O.
Concentrations were determined using the NanoDrop 3.0.0 (NanoDrop Technologies)
and samples were stored at —20°C. When necessary, samples were treated with DNase to

remove DNA contaminants.

B. Triton X-100 RNA isolation

RNA was isolated by using Triton X-100 according the protocol by Kidon Sung
(219). Briefly, cell pellet was resuspended in 1 ml TE buffer containing 0.2% Triton X-
100. The sample was boiled for 10 min, cooled and the RNA was isolated from the
lysate using a chloroform extraction followed by ethanol precipitation. RNA
concentrations were determined using the NanoDrop 3.0.0 (NanoDrop Technologies) and

samples were stored at -20°C.

C. CsCl RNA isolation

RNA was prepared in large quantities using the CsCl isolation method of Glisin
(80). Briefly, a 50 ml culture (grown to mid-log phase) was mixed with 50 ml frozen
Tris solution and gently swirled until thawed. Cells were pelleted by centrifugation at
10,000 rpm for 15 min at 4°C. Pellets were brought up in 2.7 ml cold lysozyme solution
and incubated for 20 min on ice. Lysis buffer (0.3 ml) was added and samples were
boiled for 5 min. Samples were then mixed with 60 pl of 1M KCl, incubated on ice for
30 min and centrifuged at 7,000 rpm for 20 min at 4°C. A 0.5 ml mixture of 0.4 M

EDTA, 50 pul 2-mercaptoehtanol and CsCl (1 g/2.5 ml) was added to the supernatants and
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incubated at 37°C. The RNA-CsCl solution was layered onto a CsCl cushion and spun
overnight at 35,000 rpm at 20°C. RNA pellets were washed and resuspended in DEPC-
dH,0. The NanoDrop 3.0.0 (NanoDrop Technologies) was used to determine RNA

concentrations and samples were stored at -20°C.

D. Random labeling of probes

DNA Probes were radiolabeled using the RadPrime DNA Labeling System
(Invitrogen) according to the manufactures protocol. In short, 25 ng of a DNA probe was
incubated with random hexanucleotide primers, dNTPs, the Klenow large fragment of
DNA polymerase, and o’’P-dATP at 37°C for 30 min. Unincorporated label was
removed from the reaction using a TE select-D, G-25 Sephadex column (Roche). The

activity of 1ul of probe was determined on a Beckman LS 6500 scintillation counter.

E. Northern and slot blot analysis

Northern blot analysis was performed on total RNA using the NorthernMax
system (Ambion) as previously described (191). Briefly, a specified amount of total
RNA was separated on a formaldehyde-agarose gel before being transferred to a nylon
membrane. Blots were prehybridized for 30 min at 42°C in ULTRAhyb solution
followed by an overnight hybridization with 5 X 10° ¢.p.m. of a randomly labeled DNA
probe. Blots were exposed to a phosphor screen, and scanned using a Storm 820
phosphor imager (Amersham) for visualization. As a loading control, blots were stripped

with 2X SSC/50% formamide at 68°C for 2 hrs. and probed again with a 23S rRNA
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probe amplified from serotype M6 JRS4 genomic DNA (Table 5). Slot blot analysis was
performed as previously described (152). In brief, heat denatured samples of total RNA
were transferred to a nylon membrane using the Bio-dot SF apparatus (BioRad). Blots
were prehybridized, hybridized with a randomly labeled DNA probe and visualized as

described above.

VII. GusA-Reporter Assay

GusA activity was determined for each lysate as described by Ribardo et al.
(191). Concisely, whole-cell lysates of a GAS culture were harvested from 2-3 ml of
mid-log cells using the FastPrep cell disruptor (Biol01) as described previously. GusA
activity was determined by a colorimetric assay using 100 pl aliquots of sample
incubated at 37°C with pNitrophenyl B-D glucuronide until a yellow color develops.
Total protein concentrations were determined using a protein assay kit (Bio-Rad). GusA

units are defined as the OD4,¢/ total protein concentration of the lysate.



CHAPTER FOUR:
RESIDUES RESPONSIBLE FOR THE DEFECTIVE MGA

PRODUCED BY THE NATURAL OCCURING M50 MUTANT

I. Introduction

Although the GAS is considered a strict human pathogen, one serotype, classified
as M50, has been found to primarily infect mice. Historically, this serotype was
uncovered as the causative agent of several outbreaks of fatal cervical lymphadentis in
mouse colonies at various institutions dating back to the 1930’s (98). Since that time,
serotype M50 B514 has only been isolated from the throats of individuals if they were
working directly with the organism, demonstrating that it retains the capacity to colonize
humans although this is not its natural reservoir (128). Initial investigations of the
serotype M50 B514 strain using the spontaneous streptomycin resistant derivative B514-
Sm revealed a Mga protein that was defective in activation of transcription of the
downstream genes mrp50, encoding an M-like protein, and emm50, encoding a class II M
protein (241, 242). Furthermore, the defective M50 mga-2 allele exhibited 98%
nucleotide identity to mga encoding a fully functional Mga found in other class II
serotype M4 and M49 strains, which express mga-2 alleles (242). In that study, the four
amino acids at positions 26, 361, 461, and 521 (denoted as a star in Figure 3) were

reported to be different between the M50 Mga protein and M4 and M49 Mga. However,
80
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in this study only the first three amino acid differences were found to exist and an amino
acid alignment revealed that none of the changes resided within the established HTH
DNA-binding motifs (151) or at other sites predicted to be important for Mga activity
(242) (Figure 3). To date, the specific residues responsible for the reduction in activation
have not been characterized; therefore, mutational analysis of the differing residues was
used to establish which amino acids are important for Mga-specific transcription of the

downstream gene mrp and autoactivation of mga-2 in these strains.

26 361 461

=[S []]] P R =2 M50 Mga

Class 11 | |
s N| | | ] A M = M4 Mga

Class1 ==D|]]| A M = M6 Mga

100 200 300 400 500

Figure 3: Schematic comparison of class I and class II Mga proteins

Mga homologues are found in all serotypes of the GAS and can range in size from 530 amino acids (M6) to
533 amino acids (M4 and M50). Based upon amino acid alignment, both class I and class Il Mga proteins
contain two N-terminal HTH domains (white boxes). The three non-conservative amino acids differences
detected between Mga4 and Mga50: positions 26, 361, and 461 are indicated with their respective amino
acids shown in each homologue. A fourth non-conservative change at position 521 identified in a previous
study (242), but not in the present study, is also indicated (*). Solid black lines represent residues or
domains relevant to this study that are 100% conserved among the proteins.
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II. Results

A. M50 MBP-Mga fusion protein exhibits DNA-binding activity.

Previous studies have shown that the mga-2 alleles found in serotypes M50 and
M4 are almost identical at the amino acid level. Yet, Mga from the M50 strain is
defective in activating transcription of downstream Mga-regulated genes compared to its
fully functional M4 counterpart (241, 242). M50 Mga was originally thought to possess
four amino acid changes that differed from Mga proteins produced by serotypes M4 and
M49 (242). We now report that after multiple independent rounds of sequencing from
the original serotype M50 strain B514-Sm gDNA only three of these non-conservative
amino acid changes were observed (Figure 3; S26, P361, and R461). Although none of
the changes were located within the two recently established helix-turn-helix DNA-
binding domains of Mga (151), it was important to rule out the possibility that the three
mutations in M50 Mga resulted in a structural alteration affecting its DNA-binding
activity, leading to the observed reduction in gene activation.

Electrophoretic mobility shift assays (EMSAs) were performed to investigate the
ability of purified M4 and M50 Mga proteins to bind to DNA targets in vitro. Plasmids
containing malE-mga fusion alleles encoding MBP-Mga4 (pKSM155) and MBP-Mga50
(pKSM156) were generated and Mga was purified from E. coli lysates containing these
plasmids using an amylose affinity resin column. Comparable amounts of each 103 kDa
protein were assessed for purity by SDS-PAGE followed by staining for total protein

using Sypro Ruby and specific detection of the fusion protein using western analysis with
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oMBP antisera (Figure 4A). Increasing amounts of the purified MBP-Mga proteins were
incubated with a constant amount of radiolabeled promoter probes corresponding to two
Mga-regulated promoters from the serotype M4 strain AP4. Because the mga operon of
the AP4 strain does not contain an emm gene, the two native promoters Parp (Figure 4B)
and Pmrp (Figure 4C) were chosen for use as probes. EMSA reactions containing 5 pg
of either M4 MBP-Mga or M50 MBP-Mga showed reduced mobility of each probe,
indicative of a protein-DNA interaction when compared to 5 pg of the purified MBP
control protein alone (Figure 4B and C). Thus, the activation-defective M50 Mga
exhibited the ability to bind to DNA from the promoter regions of the Mga-regulated
genes mrp and arp, although the bands resulting from M50 MBP-Mga bound to each
promoter probe were more diffuse and required more protein for a definitive shift than

observed for M4 MBP-Mga bound to the same targets (Figure 4B and C).
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Figure 4: Electrophoretic mobility shift analysis of M4 and M50 MBP-Mga binding to class II Mga-
regulated promoters

A) Purification of M4 and M50 MBP-Mga fusion proteins from E. coli lysates using an amylose affinity
resin. Purified protein was assessed by SDS-PAGE stained with Sypro Ruby (left) and western blot probed
with aMBP antisera (right). Purified M4 MBP-Mga (lanes 1 and 4), M50 MBP-Mga (lanes 2 and 5), and
MBP control (lanes 3 and 6) are shown. Electrophoretic mobility shift assays (EMSA) were performed on
two M4 Mga-regulated promoters, B) Parp and C) Pmrp. Identical amounts of each radiolabeled promoter
probe were incubated for 15 min at 16°C with an increasing amount (1, 2, and 5 pg) of either the purified
M4 MBP-Mga (lanes 2-4) or M50 MBP-Mga (lanes 5-7) fusion protein before being separated on a 5%
polyacrylamide gel. Binding was also assessed in the presence of no protein (lane 1) or 5 ug MBP alone
(lane 8) for each.
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B. Establishment of PrpsL as a constitutive promoter in the GAS.

In order to remove any contribution that the promoter may have on overall
transcript levels as a result of autoregulation by Mga, each allele was placed under the
control of a constitutive promoter. Although the spac promoter (Pspac) has been used in
other studies for low-level constitutive production of M6 Mga in the GAS (59, 151, 152),
expression of M4 and M50 Mga proteins from Pspac did not produce a detectable level
of protein, nor did it show activation of a Mga-regulated GusA reporter to a level
significantly above background (Figure 5). Therefore, the promoter for the ribosomal
protein S12 gene rpsL (PrpsL) from the GAS was tested as a constitutive promoter.
Expression of mga4 from PrpsL resulted in Mga-regulated GusA expression levels
significantly above background and produced a detectable amount of Mga-His, albeit at a
lower level than mga4 expressed from its native promoter Pmga (Figure 5). Thus,
different mga alleles were cloned under the control of PrpsL for low-level constitutive

expression in the GAS (Table 6).
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Figure 5: Steady-state protein levels of Mga produced from both the native and various constitutive
promoters

GusA activity of whole-cell lysates (top). Production of B-glucoronidase activity was determined for
lysates from an mga-deleted Pemm-gusA reporter strain KSM148.174 containing plasmids expressing
either vector only (lane 1) or the mga4 allele from the following promoters: Pspac (lane 2), Pmga4 (lane
3), and PrpsL (lane 4). GusA units are a measure of absorbance (Agy)/protein concentration (pg/mL).
Western analysis (middle) was performed on whole-cell lysates using a aHis antibody for the detection of
Mga-His protein in samples. Amido black stain (bottom) of total protein on membranes was used as a
loading control. Blots are a representation of data from two independent experiments.
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C. Low-level constitutive expression demonstrates a functional importance of
residue 461.

To determine the contribution of the three amino acid differences found in the
M50 Mga (Figure 3; S26, P361, and R461) on its reduced transcriptional activation in
vivo, each residue was mutated to the corresponding residue found in M4 Mga to test for
a 'gain-of-function' phenotype. Plasmids were constructed which contained mga4,
mga50, or mga50 in which either one or two of the targeted amino acids in M50 Mga was
changed to resemble M4 Mga (Table 6). Since antibodies recognizing M4 and M50 Mga
are not available, each construct also contains a carboxy-terminal fusion to 6X-His to
allow for the detection of protein by western blots using oHis monoclonal antibodies
(Novagen). Transformation of the plasmids into a class I mga-deleted GAS reporter
strain (KSM149) containing gusA fused to the promoter of a native Mga-regulated gene
mrp from the M4 strain AP4 (Pmrp-gusA) in single copy (Table 4) allowed for direct
quantitation of Mga-regulated activity by measuring the level of GusA activity in cell
lysates (see Materials and Methods).

Mga-regulated GusA activity and steady-state levels of Mga-His were assessed in
the Pmrp-gusA reporter strain KSM149 expressing the different PrpsL-mga-his plasmids
(Figure 6A). Expression of M50 Mga from PrpsL in the reporter strain produced reduced
activity (ca. 67%) compared to the M4 Mga, but well above the background seen for
vector alone (Figure 6A). This finding agrees with previous studies comparing M50 Mga

activity to that for M4 Mga (242). Two of the mutated mga50 alleles producing amino
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acid changes S26N (pKSM326) and P361A (pKSM327) did not substantially increase the
level of GusA activity above that seen for the native M50 Mga (pKSM325), indicating
that these mutations did not improve the ability of M50 Mga to activate Pmrp-gus4. In
fact, the P361 A mutation actually resulted in a more defective protein (Figure 6A). In
contrast, GusA levels similar to those observed for the M4 Mga were seen for the strain
containing both R461M and the S26N/R461M double mutation (Figure 6A). The levels
of Mga-His protein detected in each strain were not equivalent compared to the loading
control Hsp60 (Figure 6A). These data suggest that the amino acid change at residue 461
is important for the reduced activity of M50 Mga compared to M4 Mga and may affect its

steady-state levels in the cell when expressed from the constitutive promoter PrpsL.
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Figure 6: In vivo transcriptional activity of mutant M50 mga alleles expressed from a constitutive
PrpsL promoter.

A) GusA activity of whole-cell lysates (top). Production of B-glucoronidase activity was determined for
lysates from an mga-deleted Pmrp-gusA reporter strain KSM149 containing plasmids expressing the
following mga alleles from the PrpsL promoter: M4 Mga (lane 1), M50 Mga (lane 2), vector only (lane 3)
and M50 Mga mutants S26N (lane 4), P361A (lane 5), R461M (lane 6), and S26N/R461M (lane 7). GusA
units are a measure of absorbance (Agyo)/protein concentration (ug/mL). Percent activity compared to M4
Mga is indicated above each bar. Western analysis was performed on whole-cell lysates using both a aHis
antibody for Mga-His protein levels (middle) and with aHsp60 antibodies as a control for loading (bottom).
B) Northern analysis of Mga-specific transcriptional activation. Transcript levels for the Mga-regulated
gene mrp was determined using total RNA (5 pg) isolated from an mga-inactivated M22 strain AL168-mga
containing plasmids expressing the following Mga alleles from the PrpsL promoter: M4 Mga (lane 1), M50
Mga (lane 2), vector only (lane 3) and M50 Mga mutants S26N (lane 4), P361A (lane 5), R461M (lane 6),
and S26N/R461M (lane 7). Blots were stripped and reprobed with 23S rRNA to serve as a loading control
(directly below). Western analysis was performed on whole-cell lysates using both a aHis antibody (third
panel) and aHsp60 antibody (bottom). C) Slot blot analysis of mga transcripts produced from the
constitutive PrpsL promoter. Total RNA (1ug) was isolated from the mga-inactivated M22 strains above
and probed for M50 mga (column A) and 23S rRNA as a loading control (column B).
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To investigate the effect of the different M50 Mga mutants on transcriptional
activation in a class II background, the PrpsL-mga-his plasmids (Table 6) were
introduced into the mga-inactivated M22 strain AL168-mga (223) (Table 4). Northern
blot analysis was performed on total RNA isolated from each strain using a radiolabeled
probe to the Mga-regulated gene mrp22. As observed above, the strain expressing M50
Mga was reduced in activation of mrp22 compared to wild-type M4 Mga. Furthermore,
mrp22 transcript levels in only those strains containing the R461M or the S26N/R461M
mutations were comparable to the levels found with M4 Mga (Figure 6B). In this system,
both the S26N and P361A mutations appeared to further reduce activation of mrp22
compared to wild-type M50 Mga (Figure 6B). Again, the steady-state levels of Mga-His
detected in each strain directly correlated to the observed transcript levels for mrp22;
although this result was more apparent in the M22 strain AL168-mga (Figure 6B). This
variation in levels of Mga-His protein was not reflected at the level of transcription, since
slot blot analysis of mga-specific transcripts in the samples exhibited equivalent
expression in contrast to the variable protein levels detected (Figure 6C). Taken together,
changing only amino acid 461 from arginine to methionine in the defective M50 Mga
resulted in a restoration of activity comparable to M4 Mga. Furthermore, the varying
level of Mga-His protein produced amongst the mutant alleles, all of which were
expressed from the low level constitutive PrpsL, may reflect a destabilized conformation

when certain residues are present.
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D. Expression from the native promoter demonstrates that both residues 26
and 461 are important for transcriptional activation.

To determine whether the varying protein levels observed for the mutants
expressed from PrpsL reflected in vivo expression levels, each allele was placed under the
control of the native Pmga4 found upstream of the fully functional M4 mga. The
resulting plasmids (Table 6) were transformed into the mga-deleted Pmrp-gusA reporter
strain KSM149, and the level of Mga-regulated GusA activity was measured. In contrast
to the PrpsL results (Figure 6A), levels of Mga-His protein resulting from Pmga4 were
comparable across strains, excluding the vector alone negative control (Figure 7A and B).
Similar to previous results, Pmrp-gus4 expression was reduced in the strain expressing
M50 Mga to approximately 52% of the levels seen for M4 Mga strain (Figure 7A).
However, only the amino acid change P361A (pKSM336) failed to restore Mga-regulated
GusA levels to those seen in M4 Mga (pKSM322). As before, the P361A mutation
appeared to further reduce M50 Mga activity. Under Pmga4, mutations in both R461M
(pKSM330) and S26N (pKSM323) resulted in GusA levels comparable to M4 Mga
(Figure 7A), indicating that both positions are involved in transcriptional activation of
Mga-regulated genes when expressed from Pmga4. In addition, the S26N/R461M double
mutant had a slightly increased activation of Pmrp-gus4 over either S26N or R461M
mutants alone.

The results of the Pmga4 studies in the GusA reporter strain were confirmed via

Northern analysis of transcript levels of mrp22 in the mga-inactivated M22 strain AL168-
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Figure 7: In vivo transcriptional activity of mutant M50 mga alleles expressed from a native mga4
promoter.

A) GusA activity of whole-cell lysates (top). Production of B-glucoronidase activity was determined for
lysates from an mga-deleted Pmrp-gusA reporter strain KSM149 containing plasmids expressing the
following Mga alleles from the Pmga4 promoter: M4 Mga (lane 1), M50 Mga (lane 2), vector only (lane 3)
and M50 Mga mutants S26N (lane 4), P361A (lane 5), R461M (lane 6), and S26N/R461M (lane 7). GusA
units represent a measure of absorbance (A4)/protein concentration (ug/mL) and is an average of three
independent experiments. Percent activity compared to M4 Mga is indicated above each bar. Western
analysis was performed on whole-cell lysates using both an oHis antibody for Mga-His protein levels
(middle) and with antibodies to Hsp60 as a control for loading (bottom). B) Northern analysis of Mga-
specific transcriptional activation. Transcript levels for the Mga-regulated mrp was determined using total
RNA (5 pg) isolated from an mga-inactivated M22 strain AL168-mga containing plasmids expressing the
following mga alleles from the Pmga4 promoter: M4 Mga (lane 1), M50 Mga (lane 2), vector only (lane 3)
and M50 Mga mutants S26N (lane 4), P361A (lane 5), R461M (lane 6), and S26N/R461M (lane 7). Blots
were stripped and reprobed with 23S rRNA to serve as a loading control (directly below). Western analysis
was performed on whole-cell lysates using both a aHis (third panel) and aHsp60 antibodies (bottom). All
blots shown are representative of data from thee independent experiments.
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mga. Transcript levels of mrp22 in each strain exhibited the same profile seen in the
GusA reporter (Figure 7B), with the R461M mutant and the S26N/R461M double mutant
producing mrp transcript levels similar to those seen for strains expressing M4 Mga
(Figure 7B). The S26N mutant did show a positive effect on M50 Mga activity but to a
somewhat lesser degree than R461M. Once again, protein levels produced from Pmga4
were consistent from strain to strain. Overall, these data indicate that both residues 461
and 26 are responsible for the reduced transcriptional activation of M50 Mga when
expressed from the native Pmga4. Furthermore, they suggest that the high expression
level from Pmga4 may be able to mask the instability of several M50 mutant proteins.

However, this is not the case when expression is from the lower level 7psL promoter.

E. Residue 461 is not important for activity in a divergent serotype M6 Mga.

Upon alignment of primary amino acid sequences for Mga from multiple GAS
strains, it was noted that the methionine residue at position 461, but not the serine at
residue 26, was conserved amongst all Mga proteins, with the exception of M50 Mga
(Figure 3). To test whether the conserved M461 was also important for full activation
and stability in Mga expressed from an mga-1 allele, a site-specific mutation leading to a
M461R change was made in the mga-1 allele from the serotype M6 strain JRS4 under its
native promoter Pmga6 (pKSM337). Since mrp is not a native target in the M6 strain, the
resulting M461R mutant plasmid (Table 6), a wild-type Pmga6-mga6 (pKSM164) and a
vector control (pLZ12-Spc), were transformed into the mga-deleted Pemm6-gusA reporter

strain KSM148.174 (Table 4) to assess activation of a single copy Mga-regulated
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promoter (Pemmo6) in its native M6 background. No significant differences in Mga-
regulated GusA levels were seen between the wild-type M6 Mga protein and the M461R
Mga (Figure 8A). To ensure that the activation defect observed in M50 Mga was not
restricted to certain Mga-regulated genes, the plasmids were also transformed into the
Pmrp-gusA reporter strain KSM149 and analyzed for GusA activity (Figure 8B).
Alteration of M461R in M6 Mga again did not significantly change its ability to activate
expression of Mga-regulated Pmrp (Figure 8B). Western analysis of all samples showed
steady-state levels of Mga were comparable for each strain, indicating the M461R
mutation does not appear to play a significant role in the stability of M6 Mga. Thus, the
conserved M461 residue does not appear to be important in a M6 Mga, which is produced

from an mga-1 allele, regardless of the downstream target gene.
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Figure 8: In vivo transcriptional activity of a mutant M6 mga allele at different promoters.

GusA activity of whole-cell lysates are shown (top). Production of B-glucoronidase activity was
determined for lysates from either A) an mga-deleted Pemm-gusA reporter strain KSM148.174 or B) an
mga-deleted Pmrp-gusA reporter strain KSM149. Both strains contained plasmids expressing wild-type
M6 Mga (lane 1), mutant M461R M6 Mga (lane 2) and vector alone (lane 3) from the native Pmga6
promoter. GusA units represents a measure of absorbance (A4,g)/protein concentration (pg/mL) and is the
average of at least three independent experiments. The percent activity compared to M6 Mga is indicated
above each bar. Western analysis was performed on whole-cell lysates using both an aHis antibody for
Mga-His protein levels (middle) and with antibodies to Hsp60 as a control for loading (bottom). Blots
shown are representative of data from three independent experiments.
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III. Discussion

A. Significance of the naturally occurring serotype M50 Mga.

Initial characterization of M50 B514-Sm revealed an Mga regulatory protein
defective in activation of its Mga-regulated virulence genes (mrp and arp) even though it
was 98% identical to other fully functional Mga proteins expressed in other similar class
IT serotypes such as M4 and M49 possessing an mga-2 allele (242). Yung et al.
previously proposed that the activation defect of M50 Mga might result from an inability
to bind properly to target promoter DNA based on the observation that one of the three
amino acids differences in M50 Mga (S26N) was located within a putative HTH DNA-
binding motif (242). However, the DNA-binding domains have since been shown to be
located elsewhere (151) and do not overlap any of the amino acids in question.
Furthermore, our results indicate that M50 Mga does retain its ability to bind to DNA
(Figure 4). Thus, determination of why the naturally occurring M50 Mga mutant is
defective could provide insight into the relationship between the primary amino acid

sequence of Mga and novel aspects of its ability to function as a transcriptional activator.

B. Amino acids important for full activity of Mga proteins.

To determine which of the three amino acid changes alone or in combination
affected the ability of Mga to activate target gene transcription, 'gain-of-function' mutants
were introduced in M50 Mga by changing amino acids to their corresponding residues in

the functional M4 Mga. All in vivo analyses of the proteins, from the transcriptional
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reporter fusion in the serotype M6 to the Northern analysis in the M22 serotype, was
performed in heterologous systems to rule out the possibility that a defect other than the
M50 Mga protein alone was the cause of the loss of transcriptional activity seen in the
B514-Sm M50 strain.

Transcription levels resulting from a change in Mga at position 26 from the serine
to an asparagine varied based upon the promoter used to express the mutant mga. When
the rpsL promoter was used, transcription remained at a level equal to that of M50 Mga
and protein levels were variable. In contrast, when the same mga allele was transcribed
from its native promoter, transcriptional activation was elevated and protein levels did
not vary. This fluctuation of steady-state protein levels under the lower level constitutive
rpsL promoter could be an end result of a less stable protein conformation leading to a
more rapid degradation of the protein in the cell. Since a change at position 26 restored
full activation under the native mga4 promoter, where protein levels are higher, one can
assume that in the native bacteria residue 26 plays a more significant role in producing a
functional Mga. This also stresses the importance of Pmga for proper Mga production in
a virulent GAS cell.

It was suggested by Yung et al. that the second amino acid difference, which
changed residue 361 from a flexible alanine to a constrained proline, could alter the
protein conformation of M50 Mga and possibly disrupt its activity (242). However,
altering residue 361 to an alanine never exhibited a gain-of-function phenotype. Instead,

the outcome of a change at residue 361 was independent of the specific amino acid at this
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position. Interestingly, the most detrimental effect was seen with an alanine, not a
proline at position 361 in the context of the M50 Mga (i.e., P361A M50 mutant). This
mutation resulted in a decrease of transcriptional activation below that of the already
deficient native M50 Mga to only slightly above the level seen for background vector
alone. These data suggest that this area may be acting in concert with the other parts of
the protein because the level of activation can fall depending upon the context in which it
is placed and not solely on the amino acid residue at this exact location.

This is not the case for the third mutation at position 461. Changing residue 461
from an arginine to a methionine in M50 Mga always restored the activity to wild-type
levels despite the promoter or context in which the mutant was placed. Therefore, this
position must play an essential role in the activation of mrp and possibly other Mga-

regulated genes.

C. R461 plays an important role in the conformation of Mga.

Several lines of evidence point to a methionine at position 461 as an amino acid
important for correct conformation and thus overall stability of Mga. The first piece of
data comes from a comparison of the R461M mutation under the constitutive PrpsL
promoter. When the level of transcript is constitutive although at a lower level than seen
for the native Pmga (Figure 5) and M50 Mga is mutated to contain a methionine at
position 461, an increase in overall Mga-His protein levels is observed compared to all
other constructs containing an arginine at this position. However, the level of mga

transcription did not increase amongst these constructs (Figure 6). This finding would
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imply that a methionine at position 461 is essential for correct conformation and that the
substitution of an arginine leads to a protein more sensitive to degradation. The mga
promoter is able to mask the effects of degradation (Figure 7) possibly because Pmga
produces more protein than PrpsL (Figure 5). This production could possibly conceal the
low level degradation apparent only with PrpsL.

The second line of evidence stems from the EMSA assays performed in this study
comparing wild-type M50 and M4 MBP-Mga. These data clearly demonstrate that both
proteins bind to DNA from the promoter regions of relevant Mga-regulated genes (Figure
4). Thus, it was inferred that the reduction in M50 Mga activity in vivo is not due simply
to a loss of overall DNA-binding ability. Although both M50 and M4 MBP-Mga each
bound to the promoter probes when 5 pg of protein was used, differences in the overall
binding pattern were observed. For instance, at lower levels of M50 MBP-Mga protein
(2 ng), binding to Parp was not detected compared to M4 MBP-Mga (Figure 4B). Also,
the bound complex formed by M50 MBP-Mga and promoter DNA appeared more diffuse
with both targets than those observed for M4 MBP-Mga, suggesting that differences may
exist in how the two Mga proteins interact at regulated promoters. One possibility for
this difference could be a slight structural change that does not disrupt the ability to bind
but does alter the overall shape of the bound complex and therefore its binding pattern.

Because no higher order structural data exists for the Mga protein, the exact
location of amino acid 461 in relation to the rest of the protein cannot be determined.

The polarity of the position is altered when the non-polar methionine is changed to a
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polar arginine; however, the possible consequences of this change does not appear to be
overly dramatic in a region predicted to have less than 25% but greater than 5% solvent
accessibility according to JNET (48). In addition, the consensus secondary structure

prediction generated from the Jpred server (http://www.compbio.dundee.ac.uk/~www-

jpred) found amino acid 461 located within a beta sheet in which case the presence of a

methionine over an arginine would not appear to have a significant effect.

D. Differences between divergent Mga proteins.

Because secondary structural predictions did not reveal a compelling need for a
methionine at position 461, a primary sequence alignment of all sequenced Mga proteins
was performed to determine the conservation of methionine at this position. Surprisingly,
even though the Mga proteins diverge the most from one another in the extreme carboxy-
terminus, the primary amino acid alignment of all Mga proteins revealed that M461 was
100% conserved with the exception of M50 Mga. Since this was the only amino acid of
the three investigated in this study that demonstrated 100% conservation and was shown
to be essential for activation in M50 Mga (from an mga-2 allele), this residue was
mutated to an arginine in a divergent M6 strain containing an mga-1/ allele to determine if
a loss of activation would be seen. However, this mutation did not show a transcriptional
defect at either a native M6 Mga-regulated gene emm or the M4/M50 Mga-regulated
gene mrp. This finding illustrates that the importance of M461 is not universal, contrary
to what may be predicted based on its conservation and the fact that the Mga proteins

have been shown to be functionally equivalent in vivo (7). These data also reinforce the


http://www.compbio.dundee.ac.uk/~www-jpred
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divergence between the two classes of Mga; implying fundamental differences may also
exist between the functional residues used by each class to activate transcription of Mga-

regulated virulence genes.



CHAPTER FIVE:
DOMAINS REQUIRED FOR TRANSCRIPTIONAL ACTIVATION
SHOW CONSERVATION IN THE MGA FAMILY OF VIRULENCE

GENE REGULATORS

I. Introduction

Not only do all serotypes of the GAS possess one of two divergent mga alleles
(mga-1 or mga-2), but Mga orthologues have also been identified in other pathogenic
streptococci besides the GAS (76, 90, 92, 230). Of these orthologues, only Mga from a
GAS mga-1 allele has been extensively characterized and thus serves as the model
system for this family of Mga-like virulence regulators. It has been demonstrated
previously that a serotype M6 Mga (mga-1) activates transcription by binding to sites
located within regulated (Pemm, PscpA, PsclA) and autoregulated (Pmga) promoters (4,
149, 154). Two amino-terminal helix-turn-helix (HTH) domains were deemed necessary
for this DNA-binding and transcriptional activation (151). Aside from the HTH motifs,
little is known about Mga so a genetic screen was devised to uncover functional domains
of this protein within a serotype M6 Mga (mga-1) important for transcriptional activation
of the Mga-regulated emm gene. In addition to mutations in the established DNA-

binding domains, the screen revealed mutations within a region that was conserved

102
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amongst several Mga orthologues. Alanine scanning was performed across this
conserved Mga domain (CMD-1), which spanned from residue 10 to 15 of the protein, to
help define its function. Western blotting analysis revealed that the two flanking amino
acid residues were likely involved in protein stability while transcriptional reporter
analyses demonstrated a role of CMD-1 for activation of Pemm and autoactivation of
Pmga in the serotype M6 Mga. Mutational analyses showed that both CMD-1 and HTH-
4 were also necessary for activation of the promoter target Pmrp in a divergent serotype
M4 Mga (mga-2), signifying a conserved functionality for these domains. However, in
contrast to M6, the M4 Mga mutants did not show a defect in autoregulation suggesting
that differences exist between divergent Mga proteins and their contribution to
autoregulation. Mutagenesis of conserved residues in the Mga-like regulator DmgB from
S. dysgalactiae subsp. dysgalactiae showed that CMD-1 and HTH-4 are also critical for
transcriptional activation in this orthologue, implying that some common mechanisms of

virulence gene activation may also exist among members of the Mga family of regulators.

I1. Results

A. Random mutagenesis screen for transcriptionally defective Mga mutants.

A non-biased strategy using PCR-generated mutations was devised to identify
functional residues within Mga involved in activation of Mga-dependent genes (Figure

9). PCR amplification using a defective DNA polymerase was utilized to generate
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Figure 9: Random PCR mutagenesis screen used to identify domains involved in Mga-dependent
transcriptional activation.

Random mutations were generated in mga using the GeneMorph PCR Mutagenesis kit (Stratagene).
Mutated M6 mga alleles were placed on a plasmid under the constitutive promoter, Pspac, in an mga-
deleted strain containing a promoter fusion of the Mga-regulated Pemm to a promoterless gusA reporter
gene in the chromosome of the M6 GAS. Resulting strains were plated onto THY plates containing X-glu
to reveal clones deficient in transcriptional activation (light blue or white). Whole-cell lysates from clones
showing a defect in activation were extracted, and Mga protein levels were determined using western blot
analysis. Plasmid DNA from clones producing WT levels of protein was isolated, sequenced, and aligned
to the wild-type M6 mga gene to identify mutations.
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random mutations across the 1590 base pair mga gene from the serotype M6 strain JRS4
(see Materials and Methods), which was arbitrarily divided into two fragments (N- and
C-terminal) at a unique Spel site for ease of handling. Mutated mga fragments were then
cloned under the constitutive Pspac promoter in the pKSM318 (229) such that
transcription levels in the screen would not reflect autoactivation from the native Pmga
promoter. The resulting plasmids were transformed into a mga-deleted GAS reporter
strain (KSM148.174) containing a single-copy transcriptional fusion of gusA to the Mga-
regulated Pemm, allowing for direct quantitation of Mga-regulated activity based on a
colorimetric assay (see Materials and Methods). Transformed GAS strains were plated
onto media containing X-glu, which allowed for visual determination of a defective Mga
based on colony color (white or light blue) compared to blue seen with the WT control.
Whole-cell lysates were prepared from clones chosen for further analysis and the steady-
state level of Mga was determined using western blot analysis. Finally, plasmid DNA
from defective clones producing WT levels of protein was sequenced, and mutation sites
were recorded. Although identical mga mutations were found, possibly as a result of the
amplification steps in E. coli, they were not included as separate entries in the overall
results.

In total, 12 independent mutants were identified within the N-terminal Mga
fragment that resulted in either one or two amino acid changes per molecule and
produced WT levels of protein (Table 8 gray highlights). Eight mutants were identified

that contained mutations within the known DNA-binding domains HTH-3 and HTH-4
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(151), resulting in colonies that were either light blue (HTH-3 mutations) or white (HTH-
4 mutations) in color. These activities correlated to the effects previously observed for
mutations in the two Mga HTH domains (151) and served as a strong validation of the
screen. Four additional mutations located outside of the known DNA-binding regions
were also identified that exhibited a light blue colony phenotype in the screen. Two pairs
of mutants (Q11R, W12R/A38T and K33T, V30I/T139]) involved neighboring residues,

suggesting that each might indicate potential functional domains in the N-terminus of

Mga.
Table 8: Mutants found from the random PCR mutagenesis screen
Domain Mutation producing WT protein levels Phenotype*
DNA-binding domain F55C LB
(HTH-3) 162N LB
I71F LB
S117T W
DNA-binding domain S117N A\
(HTH-4) S119L W
T120K W
R123H Y
Q11R LB
Other WI12R/A38T LB
K33T LB
V30I/T1391 LB
C-terminal fragment None LB/W

*LB: light blue, W: white
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Interestingly, no light blue or white colonies producing WT levels of protein were
obtained from repeated screens of the C-terminal fragment of Mga. In fact, 272 C-
terminal mutants exhibiting a defect in Mga activity were analyzed via western analysis
and found to produce little to no detectable Mga (data not shown). Further analysis of a
subset of these mutants found they each contained multiple amino acid changes,
regardless of attempts to decrease the mutation frequency. Therefore, the C-terminus of
Mga appears to be quite sensitive to mutagenesis and, as a result, was not amenable to the

screen used in this study.

B. Two mutations reside within a region conserved amongst Mga
homologues.

Conserved regions in protein families often represent important functional
domains that are retained during evolution. Therefore, a protein sequence alignment was
performed on Mga homologues from various streptococcal species, including Mga
proteins representing divergent mga-/ and mga-2 alleles in the GAS, Mgc from S.
dysgalactiae subsp. equisimilis, DmgB from S. dysgalactiae subsp. dysgalactiae, MgrA
from S. pneumoniae as well as putative Mga-like transcriptional regulators found in the
unfinished genomes of S. equi (Mge), S. gordonii (Mgg), and S. mitis (Mgm) via BLAST
analysis (Table 9 and Figure 10). This group of homologous and orthologous proteins is

termed the Mga family of virulence gene regulators.
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Table 9: Mga family of virulence gene regulators

Gene Name Organism GI# Sill\f[lzl?\l;[igfo Lzs:ag)t h
M6 Mga S. pyogenes 153733 100% 531
M1 Mga S. pyogenes 1675800 97% 529
M4 Mga S. pyogenes 1246852 79% 533
M49 Mga S. pyogenes 56808536 79% 533

Mgc S. dysgalactiae subsp. equisimilis 6782393 49% 513
DmgB S. dysgalactiae subsp. dysgalactiae 6689248 41% 496
Mge S. equi N/A * 42% 505
Mgg S. gordonii N/A** 20% 493
Mgm S. mitis N/A** 19% 494
MgrA S. pneumoniae 17368568 16% 357

* Sequence has been reanalyzed for similarity using the ClustalW algorithm and thus may not correspond
exactly with previously published results. N/A: Not applicable. Sequence is part of the unfinished genome
from the * Sanger Institute or **TIGR.
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Figure 10: Sequence alignment of Mga orthologues reveals conserved domains.

A sequence alignment of the Mga orthologues from various streptococcal species, including the GAS (M6,
M49, M4, and M1), S. dysgalactiae (subsp. equisimilis and dysgalactiae, respectively), S. equi, S. gordonii,
S. mitis and S. pneumoniae, was used to derive a consensus sequence for conserved domains located within
the first 143 amino acids of the proteins (see Materials and Methods). A conserved domain was defined as
an area containing more than two consecutive residues exhibiting > 70% identity amongst homologues.
Amino acids identical to the consensus are in bold type. Black bars depict the locations of the two known
DNA-binding domains in the GAS M6 Mga while the gray bar denotes CMD-1. The two mutations found
outside of the DNA-binding domains during the random mutagenesis screen are indicated (*).
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A large region of conservation encompassed the essential HTH-4 domain of Mga,
suggesting that this DNA-binding domain is likely serving a similar function in many of
the orthologues (Figure 10). Several other groups of conserved residues were also found
by the alignment outside of the HTH domains (Figure 10). Two of the four mutants
identified in our activity screen (Table 8; K33T, V30I/T139I) did not fall within one of
these conserved domains and were not investigated further in this study. However, the
remaining two Mga mutants (Table 8; Q11R, W12R/A38T) contained mutations within a
region of amino acid conservation (noted as asterisks in Figure 10) spanning from the
glutamine at position 11 to the leucine at position 15. The glutamine at position 10 also
showed a high degree of conservation, and thus the region encompassing residues 10 to

15 was named conserved Mga domain 1 (CMD-1).

C. CMD-1 of an M6 Mga (mga-1) is involved in transcriptional activation.

To establish whether the entire CMD-1 was important for Mga activity, we
utilized site-specific mutagenesis to construct mutant mga alleles that encoded for a
single amino acid change in Mga at residues 10-15 (Q10R, QI11A, W12A, R13A, E14A
and L15A). In addition, the original Q11R mutant and a site-specific W12R mutant,
which recapitulated the original W12R/A38T double mutant, were used. As in the initial
screen, the resulting CMD-1 site-directed mutant alleles were cloned under the
constitutive Pspac in pKSM318 to produce pQI10R, pQI11A, pQl1R, pWI12A, pWI12R,
pR13A, pE14A and pLI5SA (Table 6). A double Mga mutant K31A/D32A

(pKSM318.1H), which has been shown not to affect Mga-dependent activation, and an
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established HTH-4 mutation (pKSM318.4H), which leads to a DNA-binding deficiency
and loss of Mga-dependent activation, were constructed as controls (151). All of the
plasmids were introduced into two mga-deleted serotype M6 GAS GusA reporter strains.
The first, the Amga Pemm-gusA strain KSM148.174 (229), determined Mga-regulated
activity at a downstream promoter; while the second, the Amga Pmga-gusA strain
KSM231.310, assessed the ability to autoregulate.

Mga mutants Q10R, Q11A, QI11R, WI2R, RI13A, E14A, L15A and the HTH-4
control mutant showed a reduction in activity at the mga-regulated promoter Pemm when
compared to WT Mga (Figure 11A). These same mutants also showed a reduction in
autoactivation at the native Pmga with the exception of Q11A, which appeared to have
WT activity only in the Pmga strain (Figure 11B). In contrast, mutations W12A and the
negative control mutant K31A/D32A demonstrated WT promoter activity at both Pemm
and Pmga (Figure 11B). The steady-state levels of Mga detected in the strains expressing
CMD-1 mutants in residues 11 to 14, as well as the control strains, were equivalent to
WT when compared to the loading control Hsp60 (Figure 11C). However, flanking
mutations at either end of CMD-1 (residues 10 and 15) show a reduction in protein level.
Taken together, mutations in residues 11 through 14 in CMD-1 appear to affect activation
without changing the overall steady-state levels of Mga; whereas, amino acids 10 and 15

likely play a role in protein stabilization.
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Figure 11: In vivo transcriptional activity of mutant M6 mga alleles under a constitutive promoter.

A) GusA activity of whole-cell lysates. Production of B-glucuronidase activity was determined for lysates
from a mga-deleted Pemm-gusA reporter strain KSM148.174 or B) a mga-deleted Pmga-gusA reporter
strain KSM231.310 containing plasmids expressing the following M6 Mga alleles from a constitutive
Pspac promoter: WT M6 Mga, vector only, the M6 Mga mutants Q10R, Q11A, Q11R, W12A, WI12R,
R13A, E14A, and L15A. An arbitrary mutant K32A/D33A (no defect) and a known DNA-binding mutant
in HTH-4 (defective) are included as controls. GusA units represent a measure of absorbance
(A4p0)/protein concentration (ng/mL) and is the average of three independent experiments. C) Western
analysis was performed on whole-cell lysates from the above samples using both an aMga antibody for
detection of protein levels (top) and an aHsp60 antibody as a control for loading (bottom).
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As an independent verification of the role of CMD-1 on autoregulation at Pmga,

the Q11A, Q11R, and R13A mutants in M6 Mga were produced from the native Pmga in
the Amga Pemm-gusA reporter strain KSM148.174 (Figure 12). As predicted by the
Pmga reporter studies (Figure 11B), those mutants showing a defect in Pmga-gusA
activation (Q11R and R13A) did not produce wild-type levels of mutant protein from
Pmga; whereas, Q11A was normal for Pmga activation and showed levels of protein
comparable to the wild-type control (Figure 12). Overall, most mutants in CMD-1 in M6
Mga are defective for both activation and autoregulation; however Q11A is only

defective at downstream promoters.

D. CMD-1 and HTH-4 are important for transcriptional activation in a
divergent Mga.

Since an mga-2 allele has been shown to functionally complement an mga-1 allele
in vivo (7), we predicted that CMD-1 would play a similar role in a divergent Mga. To
investigate the effects of CMD-1 mutations in a divergent Mga, we introduced mutations
into the mga-2 allele from the serotype M4 strain AP4. Given that an antibody against
the M4 Mga is not available, all of the alleles were modified to produce a carboxy-
terminal 6x-His fusion to allow detection with a-His monoclonal antibodies. Plasmids
containing either the WT M4 mga-his allele or mga-his possessing the Q11R, R13A and
HTH-4 mutations under their native Pmga4 promoter were transformed into the Pmrp-
gusA GAS reporter strain KSM149. This strain has been used previously to study

transcriptional activation by divergent Mga proteins (229).
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Figure 12: In vivo transcriptional activity of mutant M6 mga alleles expressed from the native
promoter.

Activity of mutants expressed from the native promoter. Activity levels for both WT and the M6 Mga
mutants Q11A, Q11R and R13A were examined for each allele when expressed from the native mga
promoter using the aforementioned Amga Pemm-gusA reporter strain (top). Protein production was also
determined via western analysis (bottom) as described above. Percentages indicate level of GusA activity
compared to wild-type control.

GusA analysis demonstrated that the HTH-4 DNA-binding domain, which shows
100% 1dentity within all Mga proteins from the GAS, is necessary for full transcriptional
activation of Pmrp by a divergent Mga. Furthermore, a decrease in activation at Pmrp
was also observed when the M4 Mga was mutated at either amino acids 11 or 13,
implying that CMD-1 is important for Mga-specific activation in a divergent Mga as well
(Figure 13). Interestingly, all of the mutant alleles produced steady-state levels of Mga-

His from Pmga4 equivalent to WT protein levels (Figure 13), suggesting that the R13A
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and HTH-4 mutations are not defective for autoregulation as observed for the divergent

M6 Mga (Figure 11B).
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Figure 13: In vivo transcriptional activity of mutant M4 mga alleles expressed from the native Pmrp
promoter.

GusA activity of whole-cell lysates (top). Production of B-glucoronidase activity was determined for
lysates from a mga-deleted Pmrp-gusA reporter strain KSM149 containing plasmids expressing the
following different M4 mga alleles from the native Pmga promoter: WT M4 Mga (lane 1), vector only
(lane 2), the M4 Mga mutants Q11R (lane 3) and RI13A (lane 4), and a DNA-binding mutant in HTH-4
(lane 5). GusA units are a measure of the absorbance (A4y)/protein concentration (ug/mL) and are the
average of three independent experiments. Western analysis was performed on whole-cell lysates of each
sample using a aHis antibody for detection of Mga-His protein levels (bottom). Percentages indicate level
of GusA activity compared to wild-type control.
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E. CMD-1 and HTH-4 are important for transcriptional activation in the
Mga orthologue DmgB.

Since the CMD-1 and HTH-4 domains are important in both mga alleles from the
GAS, we investigated whether these domains were also necessary for transcriptional
activation in an Mga orthologue from another pathogenic streptococcus. A plasmid
containing both the Mga-like regulator gene dmgB and the linked DmgB-regulated gene
demB from S. dysgalactiae subsp. dysgalactiae (230) under the native PdmgB promoter
were introduced into the Amga M6 GAS strain JRS519 (152). Northern analysis was
then used to monitor DmgB-mediated activation of demB in the Amga GAS background
(Figure 14). Expression of WT dmgB leads to high levels of demB transcripts compared
to vector alone (Figure 14: lanes 1 and 2). Introduction of the HTH-4 mutation or the
CMD-1 mutations QI1R and R13A into DmgB resulted in a dramatic reduction in demB
transcript levels compared to the WT allele (Figure 14). As a control, mutation of an
arbitrary amino-terminal residue (L42A) of DmgB had little effect on its ability to
regulate demB expression (Figure 14: lane 5). Overall, both CMD-1 and HTH-4 are
necessary for activation of corresponding virulence genes, not only in Mga, but also in

other members of the Mga family of virulence regulators.
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Figure 14: Transcriptional activation of demB by mutant Mga orthologue DmgB from S.
dysgalactiae subsp. dysgalactiae.

Northern analysis of transcript levels of the DmgB-regulated gene demB was determined using total RNA
(5 pg) isolated from the GAS mga-inactivated M6 strain JRS519 harboring plasmids containing demB and
the following dmgB alleles under the native dmgB promoter: WT dmgB (lane 1), vector only (lane 2) and
the dmgB mutants Q11R (lane 3), R13A (lane 4), an arbitrary mutant L42A (lane 5), and an HTH-4 DNA-
binding domain mutant (lane 6). Blots were stripped and reprobed with 23S rRNA to serve as a loading
control (directly below). Blot shown is representative of data from three independent experiments.

F. DNA-binding activity of CMD-1 Mga mutants.

Binding of Mga to promoter targets is essential for transcriptional activation of
Mga-regulated genes in the GAS (151). To elucidate the contribution of CMD-1 to
DNA-binding, electrophoretic mobility shift assays (EMSAs) were performed to
determine the ability of Mga mutants to bind to Mga-regulated DNA targets in vitro.
Plasmids containing either WT M6 mga-his (pKSM162) or the mutant M6 mga-his
alleles: Q11R (pKSM344), WI2R (pKSM354), RI3A (pKSM345), and EI14A
(pKSM355) were transformed into E. coli and mutant Mga proteins purified from each
respective lysate. Increasing amounts of the purified Mga-His proteins were incubated
with a constant amount of radiolabeled promoter probe corresponding to the M6 Mga-

regulated promoters Pemm (Figure 15A) and Pmga (Figure 15B). EMSA reactions
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Figure 15: Electrophoretic mobility shift assays of CMD-1 Mga mutants binding to Mga-regulated
promoters.

A) Electrophoretic mobility shift assays (EMSAs) of Mga-regulated promoter Pemm. C-terminal 6X-His
fusion proteins (Mga-His) were purified from E. coli lysates. Identical amounts of the radiolabeled
promoter probe Pemm were incubated for 15 min at 16°C with an increasing amount (0.5pg, 5 ug and 10
ng) of either the WT (lanes 2-4 and 12-13), Q11R (lanes 5-7), W12R (lanes 8-10), R13A (lanes 14-16),
E14A (lanes 17-19), or no M6 Mga-His (lanes 1, 11) prior to separation on a 5% polyacrylamide gel. B)
EMSAs of the native Pmga promoter were performed as described above using 0.5pg and 5 pg of the WT
(lanes 2-3), Q11R (lanes 4-5), W12R (lanes 6-7), R13A (lanes 8-9), E14A (lanes 10-11) or no Mga-His
protein (lane 1).
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containing the WT Mga (Figure 15A: lanes 2-4, 12, 13 and Figure 15B: lanes 2-3) and
mutant Mga proteins Q11R (Figure 15A: lanes 5-7 and Figure 15B: lanes 4-5) and E14A
(Figure 15A: lanes 17-19 and Figure 15B: lanes 10-11) showed reduced mobility of both
promoter probes compared to wild type. However, neither W12R (Figure 15A: lanes 14-
16 and Figure 15B: lanes: 6-7) nor R13A (Figure 15A: lanes 8-10 and Figure 15B: lanes
8-9) were able to bind at WT levels to either of the two probes. Thus, two of the CMD-1
mutants (W12R, R13A) were defective for binding to DNA targets, whereas two other
flanking CMD-1 mutants (Q11R, E14) exhibited normal DNA-binding activity.
Therefore, the loss of its DNA-binding ability alone does not explain the defect in

transcriptional activation observed with some CMD-1 mutations.

III. Discussion

A. HTH-4 and CMD-1 are functional domains of Mga.

Despite its established role in the pathogenesis of GAS infections, we currently
know very little about how Mga functions. Previous studies using a serotype M6 Mga
(mga-1) identified a minor (HTH-3) and a major (HTH-4) helix-turn-helix DNA-binding
domain within the amino-terminus of Mga (151). Importantly, mutations in HTH-4 led
to a defect in M6 Mga-dependent activation in vivo and established DNA-binding as an
essential function of Mga. Finding additional functional domains in Mga would provide

insights into its mechanism of action.
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To address this issue, we utilized a genetic screen to look for random mutations in
the serotype M6 Mga (mga-1) that lead to a defect in its ability to activate Mga-regulated
gene transcription in vivo. The screen identified both the HTH-3 and HTH-4 DNA-
binding domains of M6 Mga (Table 8), providing further evidence of their importance
and acting as a strong validation of the screen. The analysis also revealed two amino
acids (Q11 and WI12) involved in M6 Mga activity that were conserved amongst
divergent Mga proteins in the GAS and orthologues found in other pathogenic
streptococci (Figure 10). Site-directed mutagenesis within the conserved Mga domain 1
(CMD-1; amino acids 10-15) verified the importance of CMD-1 for transcriptional
activation of M6 Mga-regulated genes (emm) as well as its own autoregulation (mga) in
this background (Figure 11). Therefore, CMD-1 represents a new Mga functional
domain involved in its ability to regulate virulence gene expression in the GAS.

To date, most of the functional studies performed on Mga have been done using
the serotype M6 (mga-1) allele (151, 154). The previous chapter found that some amino
acids important for M4 Mga (mga-2) activity did not serve the same function in a
divergent M6 Mga (mga-1). Thus, it was important to see if functional domains
identified in the M6 Mga were also required in a divergent M4 Mga (mga-2) allele. Site-
directed mutations in both the HTH-4 and CMD-1 domains of the M4 Mga (mga-2)
resulted in a protein that was unable to activate transcription of the M4 Mga-regulated

gene mrp (Figure 13). This result demonstrates that both motifs appear to serve a similar
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role in divergent Mga alleles and represent a conserved functional domain in all Mga

proteins.

B. Functional role for CMD-1 in Mga activity.

Given that CMD-1 is important for Mga-dependent transcriptional activation,
exactly how the domain contributes to Mga function is of particular interest. The
mutational analysis provided some clues as to the role of specific residues. It was clear
from the mutagenesis of CMD-1 that mutations in either of the two amino acids (position
10 and 15) flanking the conserved region showed diminished activation due to low
steady-state protein levels (Figure 11C), suggesting that these two residues are likely
important in overall Mga stability. Most alanine substitutions within the rest of CMD-1
in M6 Mga resulted in a significant decrease in activity by as much as 83% for Pemm and
65% for Pmga without affecting the levels of protein (Figure 11A and B). Similar trends
were seen for those CMD-1 mutations tested in the divergent M4 Mga, although
differences in the degree of reduction were observed for the Mga Q11R mutation (Figure
13). One M6 Mga mutant (W12A) did not show a decrease in transcription at either
promoter; however, when W12 was mutated to an arginine instead of an alanine, a loss of
activity was observed. This implies that, at least for this residue in CMD-1, the ability of
Mga to activate transcription is contingent upon the particular amino acid at that position,
possibly reflecting the charge or polarity of this site.

Because DNA binding is essential for Mga activity (151), CMD-1 M6 Mga

mutants were tested for their ability to bind probes corresponding to the Mga-regulated
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Pemm and Pmga promoters. It was expected that all CMD-1 mutations would either be
wild type or defective in their ability to bind to regulated promoter targets. Surprisingly,
two of the four transcriptionally defective mutants tested (Q11R and E14A) retained the
ability to bind DNA, while the other two mutants (W12R and R13A) did not (Figure 15A
and B). The inability of the W12R mutant to bind normally may be dependent upon the
amino acid change at that position as discussed above. Since a WI12A mutation at this
same position shows wild-type Mga activity (Figure 11A and B), it is predicted to retain
normal binding activity as well. The other binding mutant R13A occurs at an arginine
residue that is 100% conserved amongst Mga orthologues (Figure 10), and we can only
speculate what effects different mutations at R13 would have on the ability to bind or
activate Mga-regulated promoters. Therefore, at least two residues in CMD-1 are
important for DNA-binding in addition to the established HTH-3 and HTH-4 domains.
The ability of two mutants (Q11R and E14A) to bind DNA normally, while still
being defective in transcriptional activation in vivo, clearly suggests that portions of
CMD-1 contribute to Mga activity independent of DNA-binding. Secondary structure

predictions (Jpred; http://www.compbio.dundee.ac.uk/~www-jpred) suggest that CMD-1

is part of an alpha helix. Mutants at positions 11 and 14 not only demonstrate a similar
phenotype, but they also would reside on the same face of the helix. This aspect of
CMD-1 potentially represents a novel function for this regulator, and further study may

provide us with new insights into the mechanism of Mga regulation.


http://www.compbio.dundee.ac.uk/~www-jpred
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C. Autoregulation and divergent Mga proteins.

The M6 Mga (mga-1) has been shown to bind directly to its own promoter,
resulting in activation of mga expression and amplification of the Mga response (75, 151,
154). In this chapter, constitutive expression of M6 Mga CMD-1 and HTH-4 mutants
unable to activate Pemm also demonstrated a corresponding defect in autoactivating
Pmga (Figure 11A and B). Furthermore, expression of several CMD-1 M6 Mga mutants
from their native M6 Pmga did not produce wild-type levels of protein (Figure 12),
further supporting a direct role of an active Mga in its own regulation. However, because
of the fact that the M6 Mga mutant Q11A when produced from a constitutive promoter
was transcriptionally defective at Pemm and not Pmga (Figure 11A and B), it appears
possible to unlink the ability of Mga to activate itself from its ability to activate
downstream promoters. This hypothesis is further supported by both the differences in
the number, size, and location of Mga binding sites at each promoter when compared to
the start of transcription (149, 151, 154).

Previous studies have suggested a similar ability of an M49 Mga produced from a
divergent mga-2 allele to undergo autoregulation based on Northern analysis (179).
Interestingly, when the same mutations in CMD-1 as well as HTH-4 that affected
autoactivation in M6 Mga were created in the divergent M4 Mga (mga-2) no effect was
seen on their expression from the native M4 Pmga (Figure 13). From this, it appears that
normal expression of M4 Mga from its own promoter is not dependent on an active Mga.

Since the M4 and M49 strains share 99.5% sequence identity across Pmga, it would be
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interesting to determine if all mga-2 alleles share a common mechanism of mga

regulation.

D. Conserved functional domains define an Mga family of virulence
regulators.

Regions of amino acid conservation found between related proteins will often
highlight those areas that are indispensable for function in the cell. In this chapter, we
propose a new family of transcriptional regulators found within various pathogenic
streptococcal species, including established virulence regulators from S. dysgalactiae and
S. pneumoniae, based on their sequence homology to Mga proteins from the GAS. Even
though individual members can vary considerably from one to another, regions of 70-
100% identity were observed in the different regulatory proteins. Two such conserved
domains, CMD-1 and HTH-4, were subsequently found in our genetic screen as being
essential for transcriptional activation in the two divergent Mga proteins tested. Based on
these results, one would predict that these regions might likely serve similar roles in other
members of this family. Using the Mga-like transcriptional regulator DmgB from S.
dysgalactiae subsp. dysgalactiae to test this hypothesis, we found that mutations in both
the conserved HTH-4 and CMD-1 domains resulted in an inactive DmgB as predicted
from our results with Mga (Figure 14). Due to technical reasons, our screen only
investigated the amino-terminal 150 residues of Mga. Thus, there may be a number of
domains in the full-length molecules that will provide interesting targets for further

analysis. Although functional differences are bound to exist amongst the proteins to
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correspond with the variations in regulated genes, vast amounts of knowledge applicable
to the entire Mga family can be gained through exploration of the conserved regions

within family members.



CHAPTER SIX:
PUTATIVE DOMAINS INVOLVED IN POST-TRANSLATIONAL

MODIFICATIONS AND OLIGOMERIZATION

I. Introduction

Expression of the Mga regulon has been shown to be activated in response to
different signals such as increased CO, levels, body temperature, and the exponential
phase of growth (30, 150, 152, 181). However, the mechanisms by which Mga regulates
the expression of its genes in response to such cues remain undefined. Several lines of
investigation will be discussed in this chapter addressing the question of how Mga
responds to its environment.

The first possible mode of regulation is via a two-component regulatory system.
This system is made up of both a sensor protein that spans the membrane of the cell
acting as a receptor for an environmental stimulus and a response regulator, which
transmits the signal from the receptor to the appropriate gene promoters. The domain
within the response regulator that accepts the signal is known as the receiver domain.
Two putative response regulator receiver domains have been suggested to exist in Mga
based on their homology to other known two-component systems (174). Evidence for the
existence of these response regulator domains would define a way for Mga to convert an

environmental stimulus into a transcriptional response. In order to address this, site-
126
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directed mutational analysis of the key aspartate and lysine residues found in these
receiver domains was undertaken to determine if these residues were essential for proper
function in the cell.

In addition to two-component regulatory systems, the GAS also contains a
phosphoenolpyruvate:sugar phosphotransferase system (PTS), which allows the cell to
respond to a change carbohydrate availability within a particular environment. This
response involves a phosphorylation cascade where a phosphate from phosphoenol
pyruvate (PEP) is ultimately transferred to a regulatory protein containing a PTS-
regulatory domain (PRD). This protein, upon changing its oligomeric state, is then able
to positively regulate expression of other genes. Existence of these PRD domains has
been well characterized in many different systems including both Gram-negative and
Gram-positive organisms. An in silico analysis of Mga using a consensus protein
revealed an area of structural homology to the PRD domain in LicT, an antiterminator
protein in Bacillus subtilis.  Site-directed mutational analysis experiments were
conducted to determine if Mga contained a functional PRD domain while gel filtration

chromatography was used to establish the oligomeric state of the Mga protein.
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II. Results

A. The Mga protein exists in a transcriptionally inactive state in stationary
phase.

Previous studies have demonstrated that expression of mga and genes in the Mga
regulon are growth phase-dependent, reaching a maximal level during exponential phase
and drastically decreasing in early stationary phase (152). Protein levels were determined
at various time points across the growth curve (corresponding with the different phases of
growth) in order to determine whether the loss of expression during stationary phase was
the direct result of a drop in protein level or a post-translational modification leading to
an inactive protein state within the cell. Samples were grown statically in THY broth at
37°C and taken during both exponential (4, 4.5 and 5 hrs post-inoculation) and stationary
phases (9.5, 29.5, 53.5 and 77.5 hrs post-inoculation) of growth with each sample being
adjusted for total cell number (Figure 16A). Both RNA and protein were analyzed at
each time point to determine not only the relative amount of mga transcript versus Mga
protein level, but also for the ability of Mga to activate transcription. Identical samples
of total RNA (0.5 and 5 pg) from each time point were probed for mga to establish
transcript levels, the Mga-regulated gene emm to establish the ability of Mga to activate
transcription and 23S RNA to control for loading amongst time points (Figure 16A and
B). Both the level of mga and emm transcripts drastically decreased between 5 hrs and
9.5 hrs of growth post inoculation, which corresponds to late log and stationary phase

(Figure 16B: lane 3 and 4), respectively. However, the level of 23S RNA transcript did
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not decrease between these two time points demonstrating that the cells were not
transcriptionally defective during stationary phase. The level of Mga protein was also
determined for these time points by western analysis of whole-cell lysates with aMga
antibodies (Figure 16A and C). In contrast to the level of mga transcripts, the steady-
state level of Mga protein did not drastically decrease upon entrance into stationary
growth phase. Surprisingly, protein was detected in late stationary phase, up to 3 days
(4650 min) post inoculation (Figure 16C: lane 7). Thus, during late stationary phase,
when transcription of mga has ceased, the Mga protein exists but does not activate
transcription of regulated genes. This finding suggests that Mga may be modified post-

translationally.
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Figure 16: Expression of Mga and the Mga regulon during exponential and stationary phases of
growth.

A) Growth curve of JRS4. Cells were grown statically in THY broth at 37°C for 4 days. Culture growth
was measures by turbidity on a Klett-Summerson colorimeter. Arrows indicate time points at which
samples were removed for RNA and protein isolation. B) Slot blot analysis of transcripts from the Mga
regulon in JRS4 across the growth curve. Total RNA (5 or .5ug) was isolated from samples taken at the
corresponding time points and identical blots were probed for either mga (left), the Mga-regulated gene
emm (middle) or 23S rRNA as a loading control (right). C) Western analysis of Mga across the growth
curve. Whole-cell lysates were extracted from samples taken at the corresponding time points and the level
of Mga was detected using aMga antibodies.
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B. Receiver domain mutations have various phenotypes in vivo.

Perez-Casal et al. suggested that Mga could be a response regulator in a two-
component regulatory system based on two areas, receiver domain 1 (RD-1) and receiver
domain 2 (RD-2), which show limited homology to the receiver domains in a family of
response regulator proteins (174). To establish the existence of the putative RD-1 and
RD-2 domains, site-directed mutagenesis of Mga was undertaken at both the Asp residue
corresponding to the putative site of phosphorylation and the Lys residue corresponding
to the site deemed necessary for the structural change involved in activation of a response
regulator (Figure 17). Based on published studies, the Asp residues 225 and 459 of M6
Mga, which are located in RD-1 and RD-2, respectively, were changed to Ala (to abolish
activation and phosphorylation) (121, 161), Asn (to allow phosphorylation of alternative
sites) (8, 22), and Glu (to mimic the phosphorylated state and constitutively activate) (83,
121, 129, 161). The Lys residues 285 and 519 were changed to Arg so that the protein
would no longer be able to undergo the proper structural change and thus remain in an

inactive state (143).
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Figure 17: Schematic of the putative receiver domains and the corresponding mutation locations.
The location of the putative receiver domain 1 (teal box) and 2 (yellow box) within the M6 Mga protein
(top). Positions of the key Asp and Lys residues of each domain are noted above the schematic. An amino
acid alignment of the two receiver domains of Mga as predicted by Perez-Casal et al. (174) with two other
proteins (VirG and CheY) known to contain receiver domains (bottom). The key Asp and Lys resides
along with the corresponding mutations are listed in red while resides listed in blue have been changed
from or added to the original sequence published by Perez-Casal ef al. (174). Dashed lines indicate gaps
introduced to improve alignment amongst sequences.

Plasmids were constructed that contained the above mutant mga alleles under the
control of the constitutive Pspac promoter to remove any contribution of autoactivation
that is seen with the native promoter. The plasmids were transformed into the
KSM148.150 strain, which contains the emm promoter fused to a promoterless gusA and
an insertional inactivation of mga at its native locus. The level of B-glucuronidase from
each Pemm-gusA reporter strain was measured to examine the effects that each point
mutation had on the activity level of Mga in vivo (Figure 18). Western analysis was also
performed on whole-cell lysates to determine if the mutations altered steady-state protein

levels within the cell.
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Figure 18: In vivo transcriptional activity of receiver domain mutants under a constitutive promoter.

A) GusA activity of whole-cell lysates (top). The B-glucuronidase activity was determined for mga-deleted
Pemm-gusA reporter strains KSM148.150 containing plasmids that constitutively express mutations at
either the Asp (D225A, D225N and D225E) or Lys (K285R) residue within the first putative receiver
domain of mga. Plasmids expressing both WT mga and a vector control were also included for
comparison. GusA units are a measure of absorbance (Asy)/protein concentration (pg/mL). Western
analysis on whole-cell lysates was also performed using an aMga antibody for detection of protein levels
(bottom). B) Strains containing plasmids with mutations at either the Asp (D459A, D459N and D459E) or
Lys (K512R) residue within the second putative receiver domain were also analyzed as above for both [3-
glucuronidase activity (top) and the level of Mga produced within the cell (bottom).
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If Mga was indeed a response regulator, both mutants D225E in RD-1 and D459E
in RD-2 would be predicted to constitutively activate Mga based on prior mutational
analysis involving receiver domains in RcsB from E. coli, NtrC from S. typhimurium and
E. coli, and OmpR from E. coli (83, 121, 129, 161). However, neither mutant produced a
level of B-glucuronidase activity above background or a detectable quantity of protein via
western analysis (Figure 18A and B: lane 5). Because the GusA assay directly correlates
with the amount of Mga within the cell, the results of these mutations were inconclusive
in this study due to the lack of protein. Mutant D225A in RD-1 was similar to the above,
once again showing a lack of both protein and -glucuronidase activity (Figure 18A: lane
3).

The Mga mutants D225N in RD-1 along with D459A and D459N in RD-2 were
expected to abolish Mga-regulated activity in vivo based on previous studies (83, 121,
161). While mutations in RD-2 drastically reduced the level of activity (Figure 18B:
lanes 3 and 4) even though protein levels were similar to WT, the RD-1 mutant (Figure
18A: lane 4) showed only a slight reduction in activity. In order to provide more
substantial evidence for the existence of a receiver domain, an additional mutation at the
Lys residue in both RD-1 and RD-2 was also analyzed. This residue is thought to play a
key role in the conformational change involved in the activation of CheY (143). Once
again, the RD-1 mutant K285R (Figure 18A: lane 6) was only slightly below WT activity
levels whereas the RD-2 mutant K512R (Figure 18B: lane 6) was decreased to

approximately half the WT level. Both mutations produced protein at a comparable level
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to WT. Taken together, RD-2 contains residues important for activity, and appears to be
the only predicted domain to demonstrate characteristics similar to those seen with the

previously characterized response regulators.

C. In silico analysis of the Mga protein predicts new putative domains.

Since all of the known domains of Mga lie within the N-terminal one-fourth of the
protein and the random mutagenesis screen was not applicable to the C-terminus of the
protein, an in silico analysis of Mga was performed (in collaboration with Sara Cheek
from the laboratory of Dr. Grichin) to search for putative domains that demonstrate three-
dimensional homology to other known domains. First a profile for the protein was
constructed by running a PSI-BLAST search for five iterations against the non-redundant
protein database using the M6 Mga as the query sequence. Either the original query
sequence or the profile was then used as the input sequence for the following prediction

methods: RPS-BLAST (available at http://www.ncbi.nlm.nih.gov/), COMPASS (195),

SUPERFAMILY and 3-D Jury (available at http://Biolnfo.PL/Meta/). In addition to the

known DNA-binding domains and the putative CheY-like fold discussed previously, two
new domains known as PTS-regulatory domain or PRDs were also predicted based on

structural similarity (Table 10).


http://www.ncbi.nlm.nih.govbioinfo.pl/Meta/
http://bioinfo.pl/Meta/
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Table 10: Structural prediction methods and values

. RPS- PSI-BLAST COMPASS SUPERFAMILY 3D-JURY
Residues BLAST
e-value * e-value * e-value Score *
e-value
DNA-
binding 1-70 N/A 8.2 1.60e-22 1.1 43.75
domain 1
DNA-
binding 85-150 N/A 1.1 1.63e-07 0.012 44.38
domain 2
CheYlike | 555 539 N/A N/A N/A N/A 4175
fold domain
PRD
. 170-390 N/A 2e-18 4.18e-46 N/A 136.12
domain

* The highest e-value/ score obtained from all hits that covered all but 10 residues at either end of the
database domain is reported here.

D. Mutational analysis of the two putative PTS-regulatory domains in Mga.

Mutational analysis of the His residues within each of the two PRD domains was
undertaken to determine whether the three-dimensional predictions represented functional
domains in Mga. Previous structural/functional mutational analysis has been performed
on several well-characterized PRD containing proteins. From these prior studies it was
demonstrated that by changing the His to an Ala, phosphorylation of the protein was
abolished; changing the same His to an Asp mimicked the phosphorylated state resulting
in a constitutively active protein (147, 226).

Based upon this knowledge, a similar analysis was undertaken on alleles of the
M6 serotype mga in which the His residue of each of the PRDs (Figure 19) was mutated
to either an Ala or an Asp and placed on a plasmid under the control of the constitutive

rpsL promoter. The ability of the mutants to activate downstream genes was determined
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Figure 19: Diagram of the two putative PTS-regulatory domains within the Mga protein.

Based on structural homology, two putative PTS-regulatory domains were predicted to exist within Mga.
The first domain, shown in blue, or PRD-1 spans from reside 170 to 287. The second domain, shown in
pink, or PRD-2 spans from residue 288 to 390. The composition of each domain in the M6 Mga protein is
listed below with the specific His resides predicted to be phosphorylated highlighted in red.

by transforming the plasmids into an Amga M6 strain, JRS519, and detecting the level of
transcription of the Mga-regulated gene emm in each strain via Northern analysis (Figure
20). Western blotting analysis was also performed on whole-cell lysates to ensure that
the mutation did not alter the overall protein level. Samples were taken at three different
time points corresponding to mid-log (70 Klett), late-log (100 Klett), and stationary phase
(3 hours post 100 Klett) in case the mutational affects were growth phase-dependent.
Interestingly, the overall pattern of Mga regulation for WT Mga (Figure 20A and
B: lanes 1, 5, and 8) was similar to that seen for Mga-regulated transcription in vivo when
mga 1is produced from its native promoter, with emm transcripts seen in both mid and
late-log phase but absent in stationary phase (152) even though in this study mga was

under a constitutive promoter. Protein production, albeit at lower levels, is also
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Figure 20: Transcriptional activation ability of an Mga protein containing mutations in the PRD.

A) Northern analysis of Mga-regulated transcriptional activation produced from a Mga containing an His to
Ala substitution at different phases of growth (top). Transcript levels were determined for the Mga-
regulated gene emm in 5 pg of total RNA isolated from the Amga M6 strain containing plasmids expressing
either WT mga (lanes 1, 5 and 8), vector only (lane 2), or an mga gene mutated in PRD-1 (H204A [lanes 3,
6, and 9]) and PRD-2 (H324A [lanes 4, 7 and 10]) from the constitutive »psL promoter. Western analysis
using an aMga antibody was also performed on 7 pg of whole-cell lysates to determine the amount of Mga
in each strain (bottom). B) Analysis of Mga-regulated transcriptional activation produced from an Mga
containing a His to Asp substitution at different phases of growth. Northern (top) and western analysis
(bottom) was performed as above for strains containing WT mga (lanes 1, 5 and 8), vector only (lane 2), or
an mga gene mutated in the PRD-1 (H204D [lanes 3, 6, and 9]) and PRD-2 (H324D [lanes 4, 7 and 10])

from the constitutive rpsL promoter.
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consistent with that seen for Pmga-mga (Figure 16). Similarly, both PRD-2 mutants
H324A, which was expected to eliminate phosphorylation, and H324D, which was
expected to mimic the phosphorylated state, demonstrated the same overall
transcriptional and translational profiles as the WT Mga (Figure 20A and B: lanes 4, 7,
and 10). Because both mutants demonstrated the same phenotype instead of different
phenotypes as would be expected considering the opposing nature that the two mutations
have on the phosphorylation state, it is implied that PRD-2 is not an active domain in the
M6 Mga protein.

In contrast to the PRD-2 mutants, emm transcription was greatly diminished and
Mga was not detected at any of the three phases of growth tested when the His at position
204 was changed to an Ala to eliminate phosphorylation at the site in PRD-1 (Figure
20A: lanes 3, 6, and 9). However, when the same His in PRD-1 is changed to an Asp,
which was expected to mimic the phosphorylated protein, the mutant H204D once again
did not produce WT levels of emm transcription or a detectable level of Mga (Figure
20B: lanes 3, 6, and 9). The fact that both mutants were unable to produce protein
indicates that position 204 is sensitive to mutation and may be involved in stability;
however, a definite conclusion concerning the ability of the putative PRD-1 to act as a

function domain cannot be deduced from these results.

E. Mga can bind to DNA as a monomer

Since many proteins that contain PRDs often function as dimers, the oligomeric

state of Mga was also investigated. Mga-His was first purified from E. coli using a
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NiNTA affinity column before its apparent molecular mass was determined on a
Superdex 200 size exclusion column. The initial eluent (Figure 21A) was a phosphate
buffer solution that contained 20 mM phosphate and 0.5 M NaCl. Using this solution,
three different peaks were seen: the first peak corresponded to the void volume, the
second peak had an apparent molecular mass much greater than the expected size of a
dimer (based on a theoretical molecular mass of 62 kDa for Mga), and the final peak was
equivalent to the calculated size of a monomer. From this, it was determined that in
phosphate buffer alone most of the protein was forming precipitants too large for the
column to separate based on size and thus eluting in the void volume.

Since the Mga protein is known to precipitate out of solution when the
concentration of imidazole in the solution reaches a minimum threshold (A. Almengor,
unpublished data), the experiment was repeated using a second eluent that contained 20
mM phosphate, 0.5 M NaCl, and 500 mM imidazole (Figure 21B). Under these
conditions, only one peak was seen with an apparent molecular weight comparable to that
of a monomer Mga. These results indicate that in the presence of 500 mM imidazole the

Mga protein exists only in a momeric form.
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Figure 21: Oligomerization state of Mga.

Size exclusion chromatographs of Mga-His purified from E. coli on a Superdex 200 column. A) Elution
profile of Mga in a solution of 20 mM phosphate and 0.5 M NaCl. Both the elution volume of each peak
along with the closest corresponding molecular weight (MW) standard is shown at the bottom of the graph.
B) Elution profile of Mga in a solution of 20 mM phosphate, 0.5 M NaCl and 500 mM imidazole. MW
standards and elution volumes are listed along the bottom.
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Because the binding of Mga to its DNA promoter targets is an essential step in
activation of the Mga-regulated genes (151), electrophoretic mobility shift assays were
performed to determine if the purified protein retained its ability to bind DNA under the
same conditions that were used for its elution from the Superdex 200 column (Figure 22).
WT M6 Mga-His was purified from E. coli lysates using a NiNTA affinity resin column
as described previously. 5 pg of the purified Mga-His protein was incubated with a
constant amount of radiolabeled promoter probe corresponding to the M6 Mga-regulated
Pemm in a solution containing either no additional imidazole or 500 mM imidazole
(consistent with the conditions used for the elution of Mga from the size exclusion
column (Figure 21)). Both EMSA reactions showed a reduced mobility of the probe
indicating that Mga was able to perform this initial binding step even in the presence of

500 mM imidazole when only a monomer is present in solution.
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Figure 22: Electrophoretic mobility shift analysis of Mga binding to Pemm in the presence of
imidazole.

Binding analysis of Mga to the Mga-regulated promoter Pemm. C-terminal 6X-His fusion proteins (Mga-
His) were purified from E. coli lysates. Identical amounts of both protein (5 pg) and radiolabeled probe
were incubated for 15 min at 16°C in a solution with (+) or without (-) 500 mM imidazole prior to
separation on a 5% polyacrylamide gel (lanes 1 and 2). A lane that did not contain protein (lane 3) was
added as a control.

III. Discussion

A. Loss of Mga activity in stationary phase is not due to a loss of protein.

A previous study by Mclver and Scott investigated transcription of mga and the
Mga-regulated genes emm and scpA throughout the growth cycle (152), determining that

transcription peaked during exponential phase and that the growth phase dependence
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required the native promoter of mga. However, the mechanism behind this growth phase
dependence was not established. It was shown here that in late stationary phase, hours
after transcription of mga was abrogated, the Mga protein could be detected although it is
no longer able to activate transcription at downstream targets. This finding implies that a
mechanism other than proteolytic degradation must influence Mga-regulated activity
within the cell. Many different explanations could account for this phenomenon such as
the existence of an inhibitor during stationary phase or a post-translationally modified
Mga protein. These possibilities are discussed further in chapter seven of this study,
although further experimentation is necessary to decipher the exact mechanism of
control.

In addition to demonstrating that the protein existed in stationary phase, it was
also shown that the level remained relatively constant over time (Figure 16C: lanes 5 and
6). Although a slight drop was seen in late stationary phase (Figure 16C: lane 7), this
could be the result of an overall drop in viable cell number at this time point, which was
not accounted for in this experiment. Because the level of Mga remains relatively
constant after transcription has ceased, it can be inferred that Mga is relatively stable in
the context of the cell. Nevertheless, until the half-life of the protein is determined this

cannot be stated explicitly.

B. Comparison of Mga with other response regulators.

Previously, several arguments have been made suggesting Mga acts as a response

regulator in a two-component system. The first argument is based on the fact that Mga
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and the genes that it regulates have been shown to respond to environmental stimuli (30,
150, 152, 181). The second is derived from the homology between Mga and other
response regulators such as CheY from E. coli and VirG from Agrobacterium
tumefaciens (174). In addition, the present study has demonstrated that transcription of
the Mga-regulated genes is not always activated in the presence of the protein (Figure
16), thus the protein may exist in both an active and inactive state within the cell. Since
previous attempts at direct phosphorylation were unsuccessful (K. S. Mclver,
unpublished data), site-directed mutagenesis was used to determine if either receiver
domain 1 or receiver domain 2 was functional in Mga.

Upon mutation of the key Asp residue in RD-2, a loss of Mga activation at Pemm
was detected. The drop in activity of the RD-2 mutant D459N was not as drastic as that
seen for D459A, possibly because D459N may act like the equivalent D57N mutation in
CheY being phosphorylated at another residue and thus retaining some activity (8). In
addition, the activity level of the K512R mutant was also reduced, indicating that RD-2
may act as a functional receiver domain. Unfortunately, the Glu mutation at position 459
did not yield protein and thus the results cannot be confirmed by a mutation leading to a
constitutively active phenotype as seen with other response regulators.

In contrast to RD-2, the experimental results of RD-1 conflicted with those
obtained from other response regulators. Of the two mutants that made protein, neither
D225N nor K285R showed a loss-of-function phenotype. The very slight drop in RD-1

activity seen for both mutants was too small to be indicative of a loss-of-function
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mutation indicating that RD-1 probably does not act as a receiver domain in Mga.
However, the possibility cannot be completely ruled out for at least two reasons. The
first reason is that a particular mutation may not have the same effect in all response
regulators. In a study looking for activating mutations, it was suggested that substitutions
that could act universally on all response regulators “are rare in receiver domains, if they
exist at all” (208). This is echoed by the finding that when the key Asp is changed to a
Glu it makes CheY inactive, an effect opposite from the constitutive activity seen with
NtrC (161). The second line of reasoning is based on the experimental evidence that
when a proline is placed four amino acids downstream from the conserved lysine
(resulting in an Ala to Pro exchange at position 113 in CheY and an Iso to Pro exchange
at position 106 in VirG) a constitutively active protein is produced for both CheY and
VirG (23, 173). The corresponding amino acid in Mga at 289 is normally a proline so it
is possible that this domain is already constitutively active and thus the subsequent
mutations show no effect.

Structural analysis of the known regulatory domains reveals that all response
regulators demonstrate a high degree of conservation consisting of five strands with an
alternating pattern of B-strands and a-helices (214). Based on the predicted structure of
Mga, neither domain has the conserved alternating /o pattern. Jpred predicts RD-1 to
consist mainly of a-helices while RD-2 consists mainly of B-strands suggesting that if

either domain is functional it may not act in the traditional sense.
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C. PRD domain mutations are inconclusive.

In addition to the receiver domains, Mga was also predicted to contain two PTS-
regulatory domains. Support for the existence of these domains includes homology to
other known PRD domains (Table 10), the influence of different sugars in the
environment on the transcription of the Mga-regulated gene emm (177), and the
possibility of an active and inactive protein state. Several additional observations also
support the role of sugar metabolism in the regulation of Mga, including evidence that the
catabolite control protein, CcpA, binds to the Mga promoter at a cre site (A. Almengor,
unpublished data) and the regulation of Mga by other proteins involved in sugar
regulation (191). Again, mutagenesis of the putative sites of phosphorylation for each
PRD domain was conducted in order to provide some initial evidence that these residues
were functionally important in the protein. In total two of the three His residues, one in
PRD-1 and the other in PRD-2, was changed to produce the following four mutants:
H204A and H324A, which should no longer accept a phosphate, and H204D and H324D,
which should mimic the phosphorylated state.

Both the WT and all four mutants lacked emm transcript during late stationary
phase even though Mga was under a constitutive promoter (Figure 20A and B lanes 8, 9,
and 10). Since no other transcripts were probed for at this time point, the possibility that
there is an overall degradation of mRNA cannot be ruled out. Alternatively, this could
result from specific inhibition of emm by either loss of an activator that works in

conjunction with Mga, an inactivation of Mga itself, or an active repressor of this gene.
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Aside from the loss of transcription during stationary phase, H204A and H204D

were transcriptionally defective across all phases of growth and showed no detectable
level of protein production. When a loss of protein is seen although the gene is
constitutively transcribed, the general conclusion drawn is that the mutation affected the
stability of the protein. Because this position is located within the C-terminal
mutagenesis fragment from chapter five, this finding once again demonstrates the
sensitivity of the protein to mutation within the region. It is also interesting that this
phenotype is observed upon mutation of amino acid 204 because this His residue is only
conserved amongst the GAS Mga protein compared to the His at position H324, which is
conserved amongst other orthologues of Mga besides Mgc from Streptococcus
dysgalactiae. Overall, further investigations are necessary to deduce the ability of this

domain to function in Mga.

D. Oligomeric state of Mga in the cell

Through the use of size exclusion chromatography, it was demonstrated that Mga
is in a monomeric state in the presence of 500 mM imidazole and that it is able to bind to
the DNA target Pemm in this state. In this study only binding at the emm promoter was
tested, so future investigations should be aimed at determining whether the monomeric
form can also bind to different categories of Mga-regulated promoters such as Pmga.
Unfortunately, these experiments were not able to determine the activity of the

monomeric state. Since a high concentration of imidazole inhibits the in vitro
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transcription system at all promoters (A. Almengor, unpublished data), the ability of the

monomeric state to activate Pemm could not be tested directly.



CHAPTER SEVEN:

CONCLUSIONS AND RECOMMENDATIONS

I. Summary

Overall, this study has provided valuable insight into how the Mga protein may
function within the context of the streptococcal cell. Before this study began, most
investigations involving Mga revolved around identification of the genes activated by
Mga and the binding patterns at the individual promoters. Very little was known about
the protein itself except that it acted as a positive transcriptional regulator and bound
directly to DNA using residues within the two HTH domains spanning from amino acid
53 to 72 and 107 to 126, respectively (151). Now this list of functional residues can be
expanded to include the necessity of amino acid 461, located within the C-terminus, for
activation of the divergent M4 Mga (Chapter Four). Despite the variation that is seen in
the C-terminus compared to the N-terminus of different Mga proteins, residue 461 is
conserved in both GAS mga alleles (mga-1 and mga-2). Nevertheless, it was shown to
be essential only for the function of Mga proteins from the mga-2 alleles. This
demonstrates that these two divergent alleles may use different mechanisms to activate
gene transcription in their respective GAS serotypes.

A novel functional domain was also identified in the extreme N-terminus (amino

acids 10 to 15) of the M6 Mga protein, encoded by an mga-1 allele (Chapter Five).
150
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Mutagenesis revealed that the flanking residues of this domain were important for
stability, while all other residues tested within this domain were important for activation
at the downstream target promoter of emm. They were also necessary for activation at
the native promoter of mga with the exception of one mutant, Q11A. This mutant was
transcriptionally defective at Pemm but not at Pmga, demonstrating that the ability to
autoactivate can be separated from the ability to activate downstream genes. In contrast
to that seen with residue 461, the importance of this domain is very broad and affects
transcriptional activation not only from the two different GAS Mga proteins but also the
Mga-like regulator from the group C streptococcus, known as DemB (Chapter Five).
Interestingly, this domain is conserved amongst the members of an entire family of
proteins identified as putative virulence gene regulators. Thus, it is possible that this
domain is functionally important in all members of this family and indicates that a
common mechanism of activation may also be present.

This study has also divulged new information about how the Mga protein itself is
regulated. It was shown that Mga persists in a transcriptionally dormant state during
stationary growth phase (Chapter Six). With the aid of bioinformatics, different
regulatory domains that may be responsible for this inactivation of the protein were
revealed. Although these investigations were preliminary, they provided several new
areas of study that may help to further explain the control of Mga activity. Several of
these topics related to the Mga protein and its regulation are discussed further in the

remainder of this chapter.
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I1. Putative protein-protein interaction domains of Mga

Many new and interesting questions were generated throughout the course of this
work. A case in point was the identification of two Mga mutants found to retain full
DNA-binding capabilities but yet were transcriptionally silent (Figure 11 and Figure 15).
From this data, it can be concluded that the Mga protein potentially interacts with other
cellular constituents, in addition to DNA, in order to activate transcription. All protein-
protein interactions require a domain or specific contact residue(s) where the associations
occur. Mga could contain a variety of possible domains but only the three most likely are
discussed here.

It is highly probable that Mga may possess a domain allowing for a direct
interaction with RNA polymerase (RNAP). Transcriptional activators often work by
binding directly to RNAP at the promoter. The most common interactions occur between
the activators and either the a or ¢ subunits of RNAP, although some have been shown to
bind to the B or B’ subunits (190). Interactions between Mga and the transcriptional
machinery have yet to be described, but our recent establishment of an in vitro system for
Mga regulation (5) and the use of RNAP mutants will allow us to investigate this
possibility in detail.

A second possible domain would be one that allowed the protein to bind to itself
and form a higher order multimeric structure. Almost all proteins that contain HTH
domains for binding function as homodimers, binding to palindromic or

pseudopalindromic sites on the DNA (103). It is also common for proteins that contain
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PRDs to use multimerization as a way to confer activity to the protein. Dimerization is
also necessary for some response regulators to be able to bind DNA (193). Because
bioinformatics has predicted homologous areas within Mga to all of these motifs, the
possibility exists that Mga may act in the same fashion. Whether the protein forms
higher order structures in vivo is unknown; however, initial in vitro results suggest that
Mga is capable of binding to DNA as a monomer (Figure 22). Nevertheless, this study
did not demonstrate that Mga was transcriptionally active leaving open the possibility
that Mga retains the ability to bind to DNA as a monomer but is not transcriptionally
active in this form. Conversely, Mga could be active in a monomeric state and upon
dimerization become inactive.

Another potential domain would be one involved in a protein-protein interaction
of Mga with either a repressor or an activator of the protein. Given that Mga purified
from E. coli is able to activate transcription in vitro (5) argues against this possibility,
because it implies that the interacting protein must also exist in E. coli and that it must be
co-purifying with the Mga protein. Regardless, this possibility cannot be ruled out until
pure reagents are available for use in the system. Experimental methods such as bacterial
two-hybrid systems or pull-downs may aid in the resolution of any possible interacting
partners. Studies aimed at identifying domains involved in potentially novel functions
for this regulator should be continued because they will provide new insights into the

mechanism of Mga regulation.
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III. Growth-phase regulation of Mga
The existence of Mga in stationary phase, long after not only its own transcription
but also transcription of the genes that it regulates has ceased (Figure 16), signifies that
there must be a mechanism within the cell to turn off the transcriptional activity of Mga.
One explanation outside of the aforementioned protein-protein interactions is that the
Mga protein itself remains active but another protein or regulatory molecule found in
stationary phase inhibits transcription at each of the Mga-regulated promoters. This
explanation seems unlikely given that the point of peak transcriptional activation of emm
was shifted into stationary phase when mga was placed under the control of the
heterologous promoter P$2 (152). However, it cannot be disregarded because the level of
activation seen in stationary phase was much lower than the levels seen during
exponential phase. This implies that there may be a partial inhibition or incomplete
activation of Mga-regulated genes during stationary phase. Another explanation for this
effect would be that P2 is a weaker promoter than Pmga and thus, if this were the case,
the overall level of active protein would also be lower in this strain. The ability to
produce a constitutively active Mga could rule out this possibility since, in theory, a
repressor that acts independently of Mga should not be masked by a mutation in the Mga
protein.
Another possible mechanism that Mga may use to turn off its activity would be to
undergo a post-translational modification during a particular stage in the growth cycle,

which serves to activate or inactivate the protein at the appropriate times. There are
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many advantages to controlling activation at the level of the protein including a quick
response time after stimulation and the ability to reverse the reaction allowing for the
components to be reused without being resynthesized. Given that Mga possesses
homology to both a two-component receiver domain and a PRD, phosphorylation would
be the most probable post-translational modification for Mga to undergo. In vitro
systems exist for the phosphorylation of either a receiver domain (using small
phosphodonors) or a PRD containing protein (using PEP, EI, and HPr) and could be used
to address this issue. Previous efforts at in vitro phosphorylation using the system
designed for receiver domains were unsuccessful (K. S. Mclver, unpublished results),

thus future attempts will be directed towards phosphorylation of the PRD.

IV. Autoregulation of Mga

The M6 Mga (mga-1) has been shown previously to bind directly to its own
promoter, resulting in activation of mga expression and amplification of the Mga
response (75, 151, 154). Supporting this model is the fact that DNA-binding mutants that
affected transcriptional activation at downstream promoters also affected transcription
from the native promoter in the same M6 strain (151). In contrast, mutations within the
divergent M4 Mga (mga-2) that were shown to have an effect on downstream Mga-
regulated genes did not affect the overall level of protein expressed from the native M4
mga promoter as would be expected from an autoregulated protein (Chapters Four and

Five). Therefore, it appears that unlike what was demonstrated for M6 Mga, normal
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expression of M4 Mga from its own promoter is not dependent on the existence of an
active Mga within the cell.

Previous analysis of the mga promoter region from the M49 strain, which also
contains a divergent mga-2 allele, found significant differences at the nucleotide level
when compared to the same region from an M6 (mga-1) strain (179) (Figure 23). An S1
nuclease assay of the M49 promoter region deduced different transcriptional start sites
(Figure 23 gray vs. yellow highlights). Different Mga-binding sites were also predicted
compared to those identified in the M6 strain (154). Even though the binding sites and
thus the possible mechanism of action was different, Northern analysis suggested that
mga in the M49 strain was still autoregulated (179). Reevaluation of these studies in the
M49 strain using the sequence of the Mga-binding site found in the M6 strain (154)
suggests that only one of the two Mga-binding sites may be functional due to a nine
nucleotide insertion at the start of the second Mga-binding site (Figure 23 blue box).
Given that the M4 and M49 strain share 99.5% sequence identity across Pmga, it is likely
that these mga-2 alleles share a common mechanism of mga regulation.

To verify that purified Mga can bind to each of the two binding sites within the
promoter region of the divergent mga, electrophoretic mobility shift assays could be used.
Also, autoactivation of a divergent Pmga could be analyzed using a transcriptional
reporter fusion to determine if activity levels are directly affected by mutations shown to
prevent transcription of Mga such as the HTH-4 DNA-binding deficient mutants. These

experiments should be extended to include both Pmga4 and Pmga49 to help determine



157
whether all divergent alleles are regulated in the same manner or if the lack of
autoregulation is a phenomenon restricted to the M4 strain.

Autoregulation serves as a mechanism to amplify the signal within the cell. One
would assume that in a strain that does not possess this ability, the signal would be
dampened. The response time after stimulation may also be slower in these strains
because there would be less overall protein to activate downstream targets. However,
this may not be the case if Mga is not the limiting substance for activation. For example,
if the expression level of Mga from Pmga4 was equivalent to that seen with Pmga6 under
autoactivating conditions, then the argument over signal strength would not be relevant.
Until antibodies are produced to the divergent M4 Mga, the steady-state level of protein

in this strain under native conditions cannot be deduced.



Pmgad
Pmgadsd
Pmgas

Pmgad
Pmgads
Pmgas

Pmgad
Pmgads
Pmgas

Pmgad
Pmgats
Pmgat

Pmgad
Pmgadsd
Pmgas

Pmgad
Pmgadsd
Pmgas

Pmgad
Pmgads
Pmgas

Pmgad
Pmgads

Figure 23: Nucleotide alignment of the promoter regions from M4, M49 and M6 mga.
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The promoter sequences of M4, M49 and M6 mga are aligned with its corresponding identification
designated on the left. Both gray (M49 mga) and yellow (M6 mga) highlighted areas indicate the positions
of the —35 and —10 regions of the promoters while the Mga-binding sites for the M6 Mga are highlighted in

red. The nine nucleotide insertion site is marked by a blue box in Pmga6.

Identical amino acids are

denoted by dots (.), while gaps (-) have been introduced for maximal alignment. The translational start site
is marked with an arrow (— ).
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V. C-terminal mutants fail to produce WT levels of protein

Another interesting point about the Mga protein raised by this study is that the C-
terminus appears to be highly sensitive to mutations. This sensitivity is underscored by
the fact that during a random mutagenesis screen not a single mutant found in the C-
terminal region produced a WT level of protein. Although many of the mutants from the
screen contained two amino acid changes, single site-specific mutations in the area such
as D225E and D459E also resulted in a lack of a detectable level of protein. Because of
this, it appears as though the protein may be easily misfolded or otherwise affected by
issues of stability. This is interesting because in nature the two divergent groups of Mga
proteins show the largest percentage of diversity in this C-terminal region. Since the
original mutagenesis was performed on an mga-1 allele, it is not currently known if
mutations in a divergent mga-2 allele would have this same phenotype. A similar
strategy to the screen used with the mga-/ allele could be employed to answer this
question.

From an evolutionary standpoint, this would imply that most natural mutations in
Mga would be deleterious to the proteins ability to activate its target genes. Considering
that humans are the only known reservoir for the GAS and that Mga regulates multiple
factors necessary for establishment within the human host, it would be reasonable to
assume that most of the strains containing a mutant protein would be less virulent. This
idea offers an alternative explanation for the cyclic nature of GAS infections that has

been seen throughout time (123). The cycle would begin when a hypervirulent strain
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quickly spread to susceptible hosts causing the start of an epidemic. Over time, point
mutations would reduce the virulence of the strains, which would be considered endemic
at this point, until they are merely carried and passed asymptomatically from person to
person. Eventually, after the bacteria has undergone many rounds of mutations causing it
to become less virulent, a single fully virulent mutant would be produced, possibly
through additional mutations or a horizontal gene transfer event. This single strain could
then start the cycle over by rapidly spreading and causing a new epidemic. Whether this
affect is a direct result of mutations in Mga remains to be seen.

Despite what appears to be a low tolerance for mutation, Mga proteins that are
highly divergent within the C-terminus to the M6 Mga are found in nature. These
homologous proteins are not only stable but can complement the activity of the protein
(7). Since the C-terminus does not appear to be conducive to mutagenesis, other tools
must be employed in order to functionally analyze the protein. A high-resolution crystal

structure of Mga would serve as an excellent means to overcome this challenge.

VI. Mga family of virulence gene regulators

Not only are there homologues of Mga but orthologues of this protein can also be
found. These orthologues exist in a variety of different pathogenic streptococci, ranging
from those that infect primarily humans such as S. pneumoniae, to species that infect
primarily animals such as S. dysgalactiae subsp. dysgalactiae. The similarities in

secondary structure (Figure 24) amongst the different orthologues are astonishing
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Figure 24: Secondary structure alignment of Mga orthologues.

Secondary structures for Mga and its orthologues as predicted by Jpred. Each a-helix is represented by a
cylinder, B-sheets by and arrow and random coils by a line. The relative positions compared to the to the
primary amino acid sequence is indicated by the numbers below. The first 160 amino acids, otherwise
called the N-terminal fragment in this study is presented on the current page while the final amino acids,
otherwise called the C-terminal fragment is presented on the following page due to space limitations of the
page. The proteins of the different species are identified as follows: M4 (M4 Mga from the GAS), M6 (M6
Mga from the GAS), DmgB (from S. dysgalactiae subsp. dysgalactiae), Mge (S. equi), Mgg (S. gordonii),
Mgm (S. mitis) and MgrA (S. pneumoniae).
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considering the different niches that each occupies and the primary amino acid sequence
homologies (Table 9). In general, all of the orthologues contain either a a-helix, B-sheet
or random coil in approximately the same order and at similar positions within the
primary sequence. Because of the strong similarity seen with the secondary structure, it
is reasonable to assume that all of these proteins may also share some common tertiary
structure folds or domains. Until these proteins are crystallized or another method is used
to resolve their structures, these questions will remain largely unanswered.

Not only are these orthologues similar in structure, but they are also similar in the
types of genes that they regulate. Of those studied, all but one appears to be a positive
transcriptional regulator for virulence genes that appear on the surface of the cell and are
important for colonization. The one negative regulator is MgrA from S. pneumoniae (see
Orthologues section in the Introduction for a more detailed discussion). It does not
appear to regulate any genes that are similar to those regulated in the GAS (92). This
orthologue is also the smallest member in the family, with a primary amino acid sequence
that is more than 100 amino acid residues shorter than any of the others identified (Figure
24). Whether or not the loss of primary sequence has resulted in its unusual function has
yet to be determined. Future experimentation utilizing deletion mutants or protein
chimeras may be useful in answering these questions.

It is interesting that both Mga and, in most cases, a Mga-regulated virulence gene
such as emm have been identified in different species considering that in a study of the

genome-wide distribution of genes between four different streptococci species, it was
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concluded that only a limited number of virulence-associated genes were conserved
(159). It was found that most of the conserved genes were housekeeping genes involved
with protein synthesis or metabolism. This same study stated that gene positioning does
not appear to be highly conserved among the different species, yet mga and its
orthologues often reside by the genes in which they regulate. Based on this information,
it can be hypothesized that mga and its corresponding genes were transferred horizontally
as a unit. Although it is currently unclear as to which species the genes originated in,
there has been a report suggesting that more genes are transferred from the GAS to S.

dysgalactiae subsp. dysgalactiae and S. equi subsp. equisimilis (112).

VII. Concluding remarks

In conclusion, the results of this study have provided insight into domains within
the Mga protein functionally important for regulation. Further exploration of a defective
Mga protein pinpointed the exact residues responsible for the loss of transcription that
was noted previously in the strain. In addition, a novel domain was uncovered that
remains to be biochemically characterized, while a bioinformatic analysis of the protein
has provided new avenues for exploration. Many of the tools developed throughout the
course of this study will be useful for future investigations of this regulator. Most
importantly, this study has established that the results yielded from investigations of the

Mga protein can be broadened beyond one specific regulator in the GAS to provide
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global insight into possible mechanisms of virulence regulation in other pathogenic

streptococci.
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