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ABSTRACT 

Arcanobacterium pyogenes is a gram-positive, fastidious, facultative anaerobe 

that can persist in a number of animal species both as a commensal and as a pathogen. 

The economic impact from A. pyogenes-related bovine mastitis and liver abscess 

infections makes the characterization of possible targets for vaccine development 

important. One such target, pyolysin (PLO), is a member of the cholesterol-dependent 

cytolysin (CDC) family and a major virulence factor and host protective antigen in A. 

pyogenes pathogenesis. Here, sequence analysis of the chromosomal region surrounding 

plo, which encodes PLO, indicated that the plo gene and an upstream open reading frame, 

orfl21, constitute a genomic islet conserved across geographically diverse isolates. Two 

genes downstream of plo, ftsY and fffx, encode homologues of the protein components of 

the signal recognition particle (SRP) pathway which may be involved in plo expression 

and secretion. However, the role offtsY and ffh in plo expression could not be defined as 

they were found essential in A. pyogenes, and ffh was unable to complement a 

heterologous system. Analysis of plo mRNA and PLO levels across a growth curve 

indicated that plo is transcriptionally or post-transcriptionally regulated. Sequence 

analysis of the plo promoter region identified three 1 l-mer repeats, Rl, R2 and R3, and 

two putative a'°-like promoter sequences, PI and P2. Primer extension experiments 

suggested active transcription from PI and P2 in vitro. Analysis of transcriptional 

fusions of successive truncations of the plo promoter region and site-directed mutations 

in the promoter motifs to a chloramphenicol acetyl transferase {cat) gene, indicated a role 

for each motif in the regulation of plo expression in vitro, with R2 required for activation 
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and P2 being the regulated promoter. While a null mutation in orfl21 did not have a 

significant effect on plo expression in vitro, gel shift analysis confirmed the ability of 

some factor within A. pyogenes soluble cellular extracts to bind specifically to the plo 

promoter region. The identification of cis- and trans-acting factors involved in plo 

expression provides a basis for characterizing PLO expression in vivo, and may lead to a 

better understanding of the global regulation of pathogenesis in A. pyogenes. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Explanation of the Scientific Problem and its Context 

1.1.1 Introduction to Arcanobacterium pyogenes 

Arcanobacterium pyogenes is a gram-positive, or gram-variable, fastidious, 

facultative anaerobe that can exist in the host as both a commensal and a pathogen. As a 

commensal, it has been identified on the mucous membranes of the upper respiratory-, 

urogenital and gastrointestinal tracts of a number of animal species (93,225,329,330). As 

a pathogen, it has been isolated from different lesions and pathologies ranging from skin 

ulcers to localized tissue abscesses, bacteremia and meningitis (Table 1). 

A. pyogenes infections are a major concern due to economic impacts on the cattle 

industry. In dairy cattle, A. pyogenes-mdnccd mastitis results in a significant decrease in 

milk productivity, which in the UK has been estimated to cause a $10 million annual net 

loss (186). Mastitis can also cause chronic fibrosis of the infected quarters, and can lead 

to systemic infection with a 50% mortality rate (59). In beef cattle, A. pyogenes is most 

widely known for its role in the formation of liver abscesses, which are responsible for 

50% of the liver condemnations at slaughter (326). Liver abscesses also result in a 

decrease in field conversion ratios, directly causing weight loss in the animal. 

1.1.2 Understanding/I. pyogenes Virulence 

A. pyogenes has been isolated from infections both in pure and mixed culture, and 

is thought to act as a opportunistic pathogen, invading host tissues after predisposing 

physical or microbial damage (93. 485). It also resides commensally on the mucous 



membranes of a variety of animal species (93). Recently, strains of the same ribotype 

have been found in liver abscesses and on the ruminal wall of the same cattle (330). It 

was suggested that acidotic inflammation of the rumen resulted in the escape of 

A. pyogenes to the portal circulation, followed by deposition in the liver and liver abscess 

formation (212, 330). 

Understanding the role of virulence factors is integral in the elucidation of 

bacterial pathogenesis. In A. pyogenes, putative virulence factors include neuraminidases 

(227, 228, 421), collagen- (132) and fibrinogen-binding proteins (262), a DNase (259), 

serine proteases (422, 480) and a hemolytic exotoxin, pyolysin (PLO) (49, 121, 143). 

While each of these factors may play a role in maintenance of the pathogen, PLO is 

currently thought to have the greatest potential as a virulence factor. PLO, a member of 

the cholesterol-dependent cytolysin (CDC) family (49), is lytic for host cells, including 

erythrocytes, macrophages and PMNs (226). PLO, like other CDCs, is thought to form 

oligomeric pores on the surface of host cells that either lyse the cell directly (47, 312, 

352), or provide a channel by which other bacterial effector molecules may enter (284). 

PLO is also a host protective immunogen (49). However, the mechanism of regulation of 

expression of this toxin both in vivo and in vitro remains to be elucidated. 

1.L3 Regulation of Expression and Secretion of a Virulence Factor 

Understanding the expression and secretion profile of a virulence factor can 

enhance not only the understanding of its role in pathogenesis, but also provide for new 

and specific targets for prophylaxis or therapy. Previous studies suggest that PLO is 



18 

expressed in early stationary phase (121). However, exact profiles of the PLO expression 

pattern, as well as the mechanism by which the expression and secretion of PLO is 

regulated, are not known. Characterization of the regulation and secretion of PLO 

in vitro will indicate factors that may be involved in expression in vivo and provide a 

basis upon which to build hypotheses regarding in vivo function. Understanding PLO 

expression in vitro will greatly help in future research directed toward understanding its 

role in the host. 
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1.2 Literature Review 

1.2.1 Arcanobacterium pyogenes 

1.2.1.1 General Characteristics 

The classification of A. pyogenes has long been under debate. In 1982, it was transferred 

from the genus Corynebacterium to Actinomyces (106, 107) based on biochemical, 

nutritional, physiological, and metabolic characteristics and a lack of similarity to the 

Corynebacterium type species C. diphtheriae. Around the same time, Collins et al. 

(108), defined a new genus, Arcanobacterium, to reclassify a close relative of 

A. pyogenes, Corynebacterium haemolyticum. For a time, it was hypothesized that 

Arcanobacterium haemolyticum was a mutant form of A. pyogenes (27), although 

biochemical characterizations (92, 107, 108, 261) and 16S rDNA sequencing (382) have 

now defined them as distinct species. However, these analyses do indicate that the two 

species are closely related, and in 1984. Actinomyces pyogenes was reclassified as 

Arcanobacterium pyogenes (382). Arcanobacterium pyogenes taxonomy currently reads: 

kingdom Bacteria, phylum Firmicutes, class Actinobacteria, subclass Actinobacteridea, 

order Actinomycetales, suborder Actinomycineae. family Actinomycetaceae, genus 

Arcanobacterium, species pyogenes. Other members of this genus include A. bernardiae, 

A. haemolyticum, and A. phoacea (382). 

A. pyogenes is a gram-positive, or gram-variable, non-motile, non-spore forming, 

non-acid-fast, facultative anaerobe (40). The ceil wall of A. pyogenes is 29-30nm thick, 

with major sugar and peptidoglycan moieties being rhamnose. glucose, and type A5a (L-

Lys-L-Ala-L-Lys-D-Glu). It can appear in several forms, including small slender rods 



(0.2-1.0 X 2-5 |iM), small, clubbed rods and short irregular cocci, which may occur 

singly, in pairs or in small clusters. It can also grow as short filaments, but is not defined 

as filamentous. On nutrient rich media, such as Brain-Heart Infusion Agar (BHI, Difco), 

supplemented with sheep, human, or bovine blood, the organism forms raised, opaque, 

white to gray-white, soft, smooth colonies with entire edges and a narrow zone of beta-

hemolysis (40) (Figure 1). 

A. pyogenes is a facultative anaerobe, with CO2 required for anaerobic growth and 

enhanced aerobic growth, and is characterized by a fermentative metabolism (40). In 

accordance with its facultative characterization, A. pyogenes selectively utilizes various 

carbon and nitrogen sources. When inoculated onto minimal media supplemented with 

amino acids, vitamins, and nucleic acid bases alone, no growth was observed; 

supplementing with various peptides restored growth (384). Therefore, A. pyogenes 

requires a rich medium for optimal growth rates, and grows best in 5% CO2. on media 

supplemented with glucose, NaHCOs, trypticase and hemin (384), at 37°C, but can grow 

between 20 and 40°C. Interestingly, A. pyogenes can survive in the presence of certain 

somewhat toxic compounds, including 20% bile, 2% NaCl, 0.2% sodium taurocholate, 

0.01% potassium tellurite, and 0.005% sodium azide. In summary, A. pyogenes 

possesses a limited, or facultative, metabolism, which requires a niche that provides 

usable nitrogen and carbon sources for survival (40). 

In characterizing an organism, it is also important to determine enzymatic 

properties that enable it to survive in its specific environment. A. pyogenes is 

predominantly a commensal of animal mucous membranes, but can also cause a wide 
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Figure 1. A. pyogenes Streaked on Bovine Blood Agar 
The distinctive ^-hemolytic zone surrounding each colony is caused by the tetnolytic 
activity of PLO. 



array of pathologies (discussed in section 1.2.1.2). In order to survive in these niches, it 

must possess the proper tools to acquire nutrients; it can hydrolyze casein, gelatin, and 

starch, clot and acidify milk and is positive for peptonization (40). It is negative for 

esterase-lipase, esterase, trypsin, and chymotrypsin activities. It cannot hydrolyze 

esculin, tyrosine, xanthine, lecithin, hypoxanthine, guanine, or adenine and is also 

negative for leucine, valine, and cysteine arylamidase activities, as well as acid 

phosphatase and phosphoamidase activities. While it is unable to hydrolyze cenain 

nucleotides, all strains tested have DNase activity, suggesting that it may be able to 

acquire nucleotides directly from the host (40). Other factors which A. pyogenes may use 

to survive in its environments within the host will be discussed in sections 1.2.1.5 and 

1.2.1.6. 

1.2.1.2 A. pyogenes as a Commensal and a Pathogen 

The different environmental niche in which a bacterial pathogen resides often 

determines its longevity and the severity of disease that it can cause. Interestingly. 

A. pyogenes is isolated as both an innocuous commensal organism, and a pathogen from a 

number of different diseases. Determining how A. pyogenes can switch between two 

different environmental niches may eventually lead to the understanding of how to 

suppress its pathogenic potential. 

As a commensal, A. pyogenes has been identified in several different locations in 

several different hosts. In cattle, it has been isolated from the nasopharyn.x. 

retropharyngeal lymph nodes, tonsils (333), uterine sccretions (84). teat skin (288). 
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semen (462), and ruminal wall and contents (330). In sheep, it has been isolated from the 

upper respiratory (381) and reproductive tracts (418), and in swine, from lymph nodes 

(317) and gastric mucosa (225). Given the wide array of locales from which this 

organism has been isolated, it is logical to believe that further environmental screens may 

identify it as a commensal on new hosts. 

When involved in disease formation, A. pyogenes appears to be primarily a 

secondary pathogen, with microbial or physical trauma in its commensal niche as a 

predicator of spread and lesion formation. From lesion sites, which have been found 

dispersed throughout many different hosts (Table 1), it has been isolated both in pure and 

mixed cultures. The commensal nature and the extreme variability of lesions from which 

A. pyogenes has been isolated suggest that the role of A. pyogenes in pathogenesis may be 

more dependent on the resident microbial population and health status of the host, than 

the virulence of the organism. However, various experimental infections have shown that 

A. pyogenes alone can cause diseases such as bovine mastitis (184), abortion (430), 

arthritis, digestive tract lesions and septicemia (367, 368), among others. 

A. pyogenes has been isolated from pathologies in the upper respiratory and 

digestive tracts, the reproductive tract, the mammary glands, the liver, endocardium and 

pericardium, the meninges, the skin, bones and limbs of many different animal species 

(Table 1). In most cases, A. pyogenes is isolated from some form of purulent abscess, but 

has also been isolated from the blood of septicemic cases, possibly the result of an 

abscess rupture. Although A. pyogenes has been isolated from a wide variety of species, 

its effect on the cattle industry is the best studied. In dairy and beef cattle, A. pyogenes is 
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TABLE 1. A. pyogenes Infections 

Host Pathology Reference 
Alpaca Thoracic abscess (3) 

Antelope 
(Chamois) 

Arthritis (266) 

(Duiker) Mandibular/facial abscesses (400) 
(Pronghom) Foot abscess necrobacillosis (531) 
Bison Abscess (539) 

Mastitis (209) 
Camel Lymphadenitis •(318) 

Pyometra (97) 
Cat Otitis externa (51) 

Pyothroax, abscesses (38,118) 
Cattle Arthritis (499) 

Arthritis/ limb cellulitis (336), (335), (214), (337) 
Brain abscess •(470) 
Endocarditis/abscess (331), (377), (147) 
Endometritis and related 
disorders, abortion, uterine 
infections 

(541), (36), (35), (353), (187), (341), 
(342), (471), (492), (333), (214), 
(84), (139), (125), (451), (537), 
(104), (530), (215), (245), (67), (72) 

Keratoconjunctivitis (477), (538), (449) 
Liver Abscesses (39), (330), (325), (482). (419). 

(420), (143), (268), (333), (324) 
Mastitis, teat lesions •(509), (221), 

(267), (59), (70), (277), (294), 
(380), (432), (424), (221), (486). 
(286-288), (219), (388). (160). 
•(431), (459), (358), (134), (175), 
(356), (290), (320), (510), (74), 
(412), (6), (220) 

Necrosis (tail tip) possibly 
leading to septicemia, 
endocarditis 

(285), ^(371), (333) 

Osteomyelitis (135), (506). (28) 
Otitis media (536) 
Pneumonia, bronchiectasis, 
sinusitis 

(105), (264), (213), *(507), (483). 
(26), (172), (54), (520) 

Vesiculitis (474) 
Chicken Nephritis (454) 
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Deer (Elk) Bronchopneumonia with 
pulmonary abscess 

(391), (450) 

Mule Cerebral abscess (216) 
Lung abscess (497) 

White-tailed abscess 
(intracranial)/suppurative 
meningoencephalitits 

(112), (32), *(149) 

abscess (foot 
necrobacillosis) 

(531) 

Mastitis and dissemination (490) 
Metritis, endocarditis, 
abortion 

(408) 

Vasculitis (multifocal)/ 
Thrombosis 

(362) 

Dog Abscesses, cystitis (38),(51) 
Paralaryngeal abscess •(179) 

Elephant Abscess (Fractured tusk) (10) 
Gazelle Chronic infections (393) 
Goat Abscesses, variable (150), (494), (24) 

Mouth, tongue and throat 
abscesses 

(500) 

Mastitis (7) 
Horse (Foal) Septicemia (373) 
Human abscess (abdominal), 

cervical carcinoma, otitis 
media, mastoditis, 
septicemia, prostatic 
carcinoma, superficial 
abscess, cystitis 

(144) 

abscess (pulmonary/renal) (137) 
abscess (lumbar) (128) 
Carcinoma (colon) (29) 
Endocarditis (222), (385), (188) 
Gangrenous feet and 
septicemia 

(22) 

Granulomatous Ulcers (leg) (251-253) 
Meningitis (275) 
Metatarsal osteolysis (128) 
Osteoarthritis (infant) (404) 
Pharyngitis (411) 
Pneumonia (504) 
Septic arthritis. (281), (344) 
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osteomyelitis 
Thoracic empyema (103) 
Tumor, Fungating (103) 
Vulvovaginitis, ulcerative (265) 

Sheep Abortion *(372), (418) 
Abscess, head and neck (168) 
Endometritis (453) 
Infective bulbar necrosis 
(heel abscess) 

(397) 

Laryngitis (90) 
Lingual abscess (405), (130) 
Mastitis (415) 
Pneumonia (26), (73) 

(Big horn) Fatal pneumonia (461), (136) 
(Dall) Fistulated mandible (155) 
Swine Abscess, foot (146) 

Abscess (460), (195), (299) 
Defective spermatogenesis (346) 
Endocarditis/pericarditis (332), *(86), (236) 
Endometritis and abortion (231), (425) 
Lymphadenitis (317) 
Mastitis-metritis-agalactia (250), (321) 
Meningitis (204) 
Necrosis, supperation (478) 
Otitis media (354) 
Pneumonia (189) 
Polyarthritis (339), (182), *(489), (171) 
Purulent osteomyelitis *(85) 

Turkey Osteomyelitis *(25),  (77) 
* Denotes cases where A. pyogenes was isolated in pure culture infections 
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often isolated from cases of mastitis, and liver abscess, respectively, and uterine 

infections leading to retained placenta and abortion (Table 1). Mastitis cases not only 

result in the loss of milk production in the affected quarters, but can cause chronic 

fibrosis, and may even compromise the health of the animal by progression into systemic 

infections, which have a 50% mortality rate (59). In the United States, a 6.5 year study of 

a Florida dairy estimated that mastitis cases, which lasted an average of 6 days, were 

responsible for 52.7% of the days where milk was discarded, and resulted in a loss of 

revenue ranging from $29.73 to $223.98 per lactation, per animal (316). Considering that 

the dairy studied had 1050-1350 cattle over the 6-year period, loss of milk due to mastitis 

accounted for a large loss of revenue (316). In the UK, a 1982 study of summer mastitis 

cases estimated a loss of $US290/ infected animal with a total annual net loss $US10 

million (186). 

In the United States, liver abscesses, which increase in incidence from 12-32% to 

65-80% in cattle fed an all grain diet, are responsible for 50% of all liver condemnations 

at slaughter, with 3 million livers condemned annually (326). Liver abscess formation 

also compromises the health of the animal with a decrease in the ability to utilize feed 

causing decreased feed conversion (326). Feeding of fermentable carbohydrates causes 

acidosis leading to ruminal wall damage and microbial spread to the liver, possibly 

through the portal circulation, and the formation of liver abscesses (212, 325, 329, 330). 

While A. pyogenes has been isolated in pure culture from bovine mastitis, uterine 

infections, and liver abscesses, it is more often isolated in mixed culture. Studies of the 

natural microbial populations within bovine uteri indicate that the presence of LPS and 
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E. coli (125) or anaerobic organisms, such as Bacteroides spp. and Fusobacterium 

necrophorum (36, 67), early in the post-partum period, resulted in a higher incidence of 

A. pyogenes infections (125), while the presence of a-hemolytic streptococci decreased 

the numbers of A. pyogenes-xQ\aX&d disorders (67). Interestingly, soluble products from 

E. coli suppress the phagocytic ability of PMNs in the bovine uteri towards A. pyogenes, 

which may be responsible for the increased pathogenesis observed for A. pyogenes in 

these cases (541). Likewise, exudates taken from cattle experimentally infected with 

both F. necrophorum and A. pyogenes contained factors that impaired PMN function 

(314), inhibiting the phagocytosis of A. pyogenes. In pneumonic cases, there appears to 

be a strong correlation again between A. pyogenes and the presence of other facultative 

anaerobes, such as Pasleurella multocida, in the lungs of cattle (102), elk (391), and 

bighorn sheep (136). Conjoint/i. pyogenes and Peptostreptococcus indolicus infections 

cause a more-severe acute mastitis, with a higher incidence of systematic involvement, 

than when either organism is present alone (184). In bovine liver abscesses, A. pyogenes 

and F. necrophorum are often isolated in mixed culture (268, 419). In a mouse model, 

the presence of A. pyogenes significantly reduced the numbers of F. necrophorum needed 

to infect and cause lesions (447, 448). Lastly, mixed infections of A. pyogenes, 

Spirohaeta penorta and Dichelobacier nodosus resulted in a significantly more severe 

ovine foot rot infections than D. nodosus alone (297). These studies indicate that many 

A. pyogenes infections result from mixed populations of pathogens, which may act 

synergistically to cause more severe pathologies. This possibility makes it ver\' 
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important to study the interrelationship and roles of these organisms in order to determine 

how the removal of one will affect the eradication of the diseases in general. 

The state of the host can affect the expression of virulence by A. pyogenes. For 

instance, the organism is more often responsible for disease in non-lactating than in 

lactating cattle (184, 219). In addition, A. pyogenes and other bacteria were isolated from 

uterine biopsies in the highest concentrations in the first three weeks after abortion, with 

elimination occurring naturally by the fifth week in most cases (233). 

A. pyogenes infections may also be seasonal. The organism was isolated more 

often from mastitic cows in Wisconsin in winter and spring (219); in Sweden, season did 

not appear to affect disease rates (221). Interestingly, the incidence of disease in the 

Netherlands is greater in animals housed on dry sandy soil, less often on peat, and never 

on clay, and seems to coincide with the summer season, hence the name "summer" 

mastitis (457). This seasonal incidence may be attributed to the life cycle of a vector. 

Hydrotaea irritans, a fly that has been associated with transmission of A. pyogenes 

infections, also prefers a dry, sandy soil environment, and is present during summer 

(457). Furthermore, in Thailand, the Oriental eye fly, a species shown to carry 

A. pyogenes, also correlates to the seasonal incidence of human leg ulcers (253). 

Two possible routes for the spread of A. pyogenes to lesion locations within the 

host are postulated. First, A. pyogenes may be introduced into the host through vector 

transmission. As stated in the previous paragraph, in humans, Oriental eye flies carry 

A. pyogenes and are thought to be the vector in the cause of granulomatous lesions of the 

legs of people in Thailand (253). Other biting flies. H. irritans. and Musca autumnalis. 



have been implicated in the spread of summer mastitis in cattle (183, 185, 289), with 

physical trauma to the teats playing a major role in disease presentation (101, 427). 

Studies have also shown that H. irritans can carry A. pyogenes on its surface and within 

its gut for several days (183, 185, 289), indicating that this fly could easily be responsible 

for the transmission of A. pyogenes from infected to healthy animals. Furthermore, the 

use of fly repellant on teats reduced the incidence of mastitis (457). A second insect 

vector, yellow jacket wasps, may also be capable of transmitting bovine mastitis; feeding 

by these insects on the teats of healthy cattle resulted in the development of A. pyogenes-

induced summer mastitis (74). 

Second, it is likely that A. pyogenes also invades from the mucosa to deeper 

tissues after a predisposing physical or microbial trauma (93, 485). This hypothesis is 

supponed by studies demonstrating that isolates from bovine liver abscesses were of the 

same ribotype as isolates from the ruminal wall (330), suggesting that the liver pathogen 

originated as a mucosal resident in the rumen. Furthermore, studies of microbial 

populations in sheep, before and after colchicine-induced abortions, indicated that the 

numbers of naturally occurring A. pyogenes and other pathogenic organisms increased 

significantly, increasing the likelihood of reproductive tract infections and impaired 

fertility (418). These results indicate that mucosal populations of A. pyogenes may, under 

appropriate conditions, initiate disease in distant systems. 
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1.2.1.3/1. pyogenes Host-Pathogen Interaction 

To combat disease effectively, the host has evolved a complicated immune 

response characterized by innate and adaptive stages of immunity (210). Briefly, when 

an invading pathogen first enters the host, it triggers the innate immune response. This 

response, which can be initiated in the absence of a previous infection, consists primarily 

of polymorphonuclear leukocytes (PMNs) and macrophage. These phagocytic cells have 

receptors which recognize evolutionarily conserved structures on the surface of bacterial 

pathogens, triggering phagocytosis. Uptake and destruction of these pathogens triggers 

the release of inflammatory cytokines, which cause the permeability and dilation of blood 

vessels resulting in an increased local blood flow, as well as causing an alteration in the 

endothelial lining such that circulating inflammatory cells, mainly PMNs, stick to and 

migrate between the cells of the blood vessel to the site of infection. The ability of the 

host innate immunity to combat a bacterial pathogen greatly determines the virulence of 

the organism (210). 

If an invading pathogen is able to evade the innate immune system, adaptive 

immunity must take over. Briefly, in adaptive immunity, large populations of circulating 

lymphocytes carry separate antigen receptors, allowing for the recognition of millions of 

different antigens (210). When a specific antigen is recognized, the lymphocyte 

proliferates and produces effector cells, such as B cells and T cells. Antibody production 

to a specific antigen by a subset of B-cells, which is part of the humoral immune 

response, is integral to the adaptive immunity against bacterial pathogens. Antibodies 

that bind to the surface of bacterial cells (opsonization) can trigger phagocytic uptake. 
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By binding toxin, antibodies can also neutralize secreted toxins by inhibiting interaction 

with host receptors. Furthermore, a host that has been previously infected with the 

invading pathogen will have a higher concentration of lymphocytes already primed for 

action, such that the response will be quicker (210). 

The host-pathogen interaction in A. pyogenes infections is not clearly defined. 

While A. pyogenes has been shown to specifically trigger phagocytosis by PMNs (541), 

in the absence of opsonization, PMNs are readily killed (521). When opsonized with 

serum from animals colonized by A. pyogenes, however, PMN phagocytic killing was 

restored and enhanced (521, 522). These results suggest that phagocytosis may be 

triggered by antibody or complement recognition (253), which then stimulates PMNs. 

Antibodies have been identified both in animals, which carry A. pyogenes on their 

mucosa (123, 481) and during active infections (253). Furthermore, antibody production 

is specific for both A. pyogenes cells and secreted factors (123), and appears localized to 

the site of A. pyogenes infection (310). The production of antibodies has also been 

directly correlated to A. pyogenes dependent lesion formation; however, whether the 

lesion is the result of bacterial or antibody mediated effects, has yet to be defined (117. 

474, 523). Interestingly, co-infection of A. pyogenes with either E. coli or 

F. necrophorum inactivated PMN phagocytosis (314, 541), suggesting that A. pyogenes 

may evade the host immune response through protection provided by the microbial 

community. Further studies on A. pyogenes host-interactions are needed to better 

understand A. pyogenes pathogenesis. 



1.2.1.4 Diagnosis, Prophylaxis, and Treatment oiA. pyogenes Infections 

The proper identification of A. pyogenes is integral in defining the true 

pathogenesis of the organism. Several different methods have been used to diagnose 

A. pyogenes infections. Basic techniques include gram-staining with morphological 

identification (220), plating on selective media to isolate A. pyogenes (475), or media, 

such as mannitol agar, which select against A. pyogenes but not other mastitis pathogens 

(134, 519), and immunodiffusion tests to detect antibodies against A. pyogenes secreted 

antigens (478). The preliminary identification of A. pyogenes with these methods is then 

usually confirmed through biochemical testing using several general biochemical kits 

(71, 120, 163, 309, 315, 329). If the proper biochemical tests are not conducted. 

A. pyogenes can be easily confused with A. hemolyticum. A. pyogenes can be identified 

and differentiated from A. hemolyticum by I6S rDNA sequence analysis (225, 382), as 

well as biochemical assays identifying enzymatic differences (144, 261) and fatty acid 

composition (41). The importance of proper identification is supported by studies where 

the re-evaluation of human cases originally attributed to A. hemolyticum. have identified 

A. pyogenes as the causative agent (144, 281). 

After positive identification of A. pyogenes, it can be useful to re-construct the 

isolate lineage, not only to determine A. pyogenes evolution, but also to aid in the 

identification of possible treatment options. A. pyogenes isolates have been sub-typed 

based on their ability to produce, or resist bacteriosin-like substances (260), their 

antibiotic resistance profiles (133.488), and their ribotype pattern (50. 330). 



The control of bacterial infections through vaccination and prophylaxis is 

necessary for maintaining a healthy population. As A. pyogenes infections can be 

facilitated by a predisposing physical trauma, an important step in maintaining a healthy 

population is minimizing potential physical dangers. Reducing the stocking density of 

animals, such that trampling is avoided (285), as well as the use of repellents against 

possible insect vectors, which cause damage to the skin surface (253), can significantly 

lower the levels of physical-trauma-related A. pyogenes infections. 

While vaccination may become a viable tool in preventing A. pyogenes 

pathogenesis in the future, results thus far have been less than satisfactory. Vaccinations 

with bacterin toxoids (A. pyogenes alone (197) or with F. necrophorum (89)), with 

repeated subcutaneous immunizations in mice (88), or autovaccination of cattle (343) 

have given partial protection, but not sustained immunity to A. pyogenes infections. 

Other studies have suggested that competitive exclusion of mastitis pathogens (such as 

A. pyogenes) using innocuous microflora! organisms that naturally inhibit pathogen 

growth, may provide a means of protection as well (532). Further work on identifying 

vaccination targets and design is necessary to develop a more effective means of 

prophylaxis against A. pyogenes pathogenesis. 

Although antibiotic resistance is a common concern when treating animals in 

general, prophylactic treatment with antibiotics is a common means by which to protect 

against disease and promote growth, and has been widely tested. General treatment with 

N-acetyl-beta-D-glucosaminidase (NAGase) significantly decreased the numbers of 

A. pyogenes. Staphylococcus aureus. Streptococcus agalactiae, and 
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Pseudomonas aeruginosa organisms (198), while tilmicosin and oxytetracyciine have 

been shown to significantly reduce the fatality rates of calves by increasing the interval 

before the onset of bacterial-related pneumonia (311). Similarly, significant reductions in 

uterine infections in cattle have also been observed with a combined intrauterine 

inoculation of penicillin, streptomycin, formosulphathiazole, and ethinyloestradiol (124). 

When prophylaxis does not protect against disease, treatment is the next option. 

Although antibiotic susceptibility is variable among isolates (488), it may prove effective 

and efficacious to use antibiotic treatment. Chloramphenicol (464), neomycin (464), 

gentaseptin (13), and amoxicillin and its derivatives (29), have all been successftilly used 

treat A. pyogenes infections. Furthermore, long-acting antibiotics (457), and suspensions 

containing upwards of 20% oil, to decrease absorptive rates, have also improved 

antibiotic effectiveness (129). As A. pyogenes is commonly found in mixed culture 

infections, treatment options must also address commonly associated organisms. EL-

870, or 20-deoxo-20-(3,5-dimethylpiperidin- 1-yl)desmycosin (355), was shown not only 

to inhibit the growth of A. pyogenes, but also several organisms often found in mixed 

cultures, including Pasteurella spp. Mycoplasma hyopneumoniae, Actinobacillus 

pleuropneumoniae, and Streptococcus suis, and may work as a suitable treatment in such 

situations. 

Antibiotic therapy may not be the best or only option in treating certain 

A. pyogenes infection cases, especially in situations where resident populations are highly 

resistant to certain drugs, or treatment must proceed rapidly. In cases where A. pyogenes 

has invaded bone tissues resulting in a lesion that is difficult to treat with antibiotics and 



supplemented nutrients, surgical (116) and radiological (303) treatments, in conjunction 

with bone grafts and walking casts (28), gave good recovery speeds and statistics. 

1.2.1.5 Virulence Factors of A. pyogenes 

In studying bacterial pathogenesis, it is important to look at how the host responds 

to the organisms. It is equally important to study how the bacterium is able to survive in 

a new niche with the switch from commensal to pathogen. By studying virulence factors 

required for survival during pathogenesis, we can not only develop a better understanding 

of host-pathogen interaction, but also define the best targets for vaccination and 

treatment. 

Virulence factors of A. pyogenes have been studied for over half a century (259) 

and include neuraminidases (227, 228, 421), collagen- (132) and fibrinogen-binding 

proteins (262), a DNase (259), serine proteases (422, 480), and a hemolytic exotoxin (49, 

121, 143). 

1.2.1.5.1 Attachment Proteins 

To persist as a commensal or a pathogen within the host, A. pyogenes must be 

able to interact with and bind to host tissues, and travel to the site of a lesion. In order to 

bind to the surface of mucosal cells and other tissues to avoid the peristaltic activities of 

the gut, it must have attachment proteins. A. pyogenes can bind alpha 2- macroglobulin. 

haptoglobin and fibrinogen (259). and adhere to tissue culture cells through the 

expression of bacterial surface exposed hydrophobic proteins (122). Currently, collagen-
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(132) and fibrinogen-binding proteins (262), and neuraminidases (227, 228, 421) have all 

been identified, and may be involved in adherence of A. pyogenes to its host. Of these 

proteins, only the neuraminidases have been thoroughly characterized. Ninety-one 

isolates of A. pyogenes from the ruminal membranes or liver abscesses in feedlot cattle 

had neuraminidase activity (329). A neuraminidase, purified by DEAE ion exchange 

column chromatography, had a molecular weight of 50kDa, with a pH optimum of 6.0, 

and a temperature optimum of 55°C (421). Recently, Jost et al. identified and 

characterized two genes, nanH {111) and nanP (228), encoding proteins that contain the 

RIP/RLP and Asp box motifs found in all bacterial neuraminidases. Insertional 

inactivation of nanH, which resulted in a decrease of neuraminidase activity, did not 

significantly affect the binding ability of A. pyogenes to epithelial cells (227). NanP was 

found in only 64.2% of isolates tested. Not surprisingly, deletion of nanP, while 

reducing neuraminidase activity, also did not affect the adhesion of A. pyogenes to 

epithelial cells. However, insertional inactivation of both nanP and nanH resulted in 

undetectable neuraminidase activity and a significant reduction in adherence (228). 

Neuraminidases can be involved in the binding of host cells by uncovering receptor sites 

by cleaving sialic acid residues on the surface of the host cell that may mask potential 

receptor sites. As binding to host cells was not eliminated in the mutant lacking 

expression of NanP and NanH, other A. pyogenes factors may be involved in adherence, 

such as fibrinogen-binding proteins; fibrinogen-binding by A. pyogenes increases host 

phagocytosis of bovine PMNs (262). suggesting that fibrinogen binding is a factor in 

A. pyogenes survival in the host. 
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1.2.1.5.2 Proteases 

Proteases can be placed loosely into four groups based on the catalytic residue at 

their active site, including cysteine proteases (E.G. 3.4.22), serine proteases (EC 3.4.21), 

aspartate proteases (E.G. 3.4.23), and metalloproteases (E.G. 3.4.24) (174). Proteases 

have several possible roles in bacterial survival. Proteolytic cleavage of proteins in the 

environment can allow organisms to survive in nitrogen-poor environments, can cause 

tissue liquefaction and digestion which leads to nutrient availability, can damage blood 

vessels such that toxic levels of iron and oxygen radicals are released, and perhaps most 

devastatingly, they can intervene in the natural host proteolytic system and trigger the 

bradykinin-generating system. This system causes pain, vasodilation, hypotension, 

shock, and extravasations through the stimulation of the complement system, fibrinolysis, 

and the stimulation of host immune cells, such as PMNs (291). 

Bacterial proteases also aid in the defense against host immunity, possibly 

through the cleavage of IgA and the reduction of mucosal immunity, and the acquisition 

of nutrients, by making available shorter peptides for uptake that are necessary for 

A. pyogenes growth (384). Thus far, proteases have been biochemically characterized in 

A. pyogenes strains, but have yet to be genetically identified. In 1971, antibodies to 

protease were detected in animal sera (138), and immunodiffusion tests using antibody 

generated against the protease antigen from concentrated supernatant fluids have been 

used to diagnose A. pyogenes infections in pigs (478, 481). Further tests using 

immunoelectrophoresis, gel filtration, and protease inhibition assays showed that the 

antibodies were protease-specific (481). DEAE cellulose ion exchange chromatography 
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was used to isolate protease(s), and the relatively purified enzyme(s) were shown to have 

a molecular mass of 37kDa, with a pH optimum at 7.5, and a pi of 5.2. Proteolytic 

activity, in all cases, was inhibited by PMSF, EDTA, and zinc ion (422), suggesting that 

the A. pyogenes proteases may be similar to OmpT (472) and OmpP (237) of E. coli, 

PgtE of Salmonella typhimurium (161), and the plasminogen activator of Yersinia pest is 

(452), which are all serine proteases likewise inhibited by PMSF and zinc ions. 

Zymography, using either gelatin or casein as the substrate, was used to identify 

proteolytic bands on non-denaturing acrylamide gels in bovine and porcine strains (480). 

The gelatin substrate identified three bands with molecular weights of 55, 59, and 69 kDa 

in strains from both sources, a 108 kDa band in swine isolates, and a 102 kDa band in 

bovine isolates. When using casein as the substrate, only the bands observed in both 

species in the gelatin zymographs were observed, suggesting that higher MW bands 

observed for the species independently are possibly a different enzyme active on gelatin. 

All detected proteases were characterized as serine protease, since PMSF, and 

diisopropyl fiuorophosphate, but not other protease inhibitors, inhibited activity (480). 

1.2.1.6 Hemolytic Exotoxin, Pyolysin 

1.2.1.6.1 Identification and General Characteristics 

When grown on solid media containing blood, A. pyogenes colonies produce a 

zone of P-hemolysis (Figure 1) attributed to pyolysin (PLO), the hemolytic exotoxin 

(235, 278, 398, 399, 479). Further biochemical analyses suggested that the toxin is 

sensitive to proteolytic cleavage, extreme temperatures (56 and 100°C) and pH (pH 3 and 
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pH 11), and had an estimated size of 55 to 62kDa (121, 143). Identification and sequence 

analysis of the gene encoding PLO from a bovine isolate, revealed a 1,605 bp open 

reading frame yielding a 57.9 kDa translated product which shares 30-40% identity with 

cholesterol-dependent cytolysins (CDCs) (49). However, in primary sequence, PLO is 

the most diverse member of the CDC family identified thus far. Analysis of the effect of 

monoclonal antibodies generated to the different regions of PLO on hemolytic activity 

(200), determined that the N-terminus of the protein, between 55 and 74aa, is necessary 

for hemolytic activity, and the C-terminus, specifically the undecapeptide portion, which 

is highly conserved in sequence among CDCs (50), is necessary for binding to 

erythrocytes (200) (section 1.2.2.). 

1.2.1.6.2 The Variant Undecapeptide 

While computer modeling has indicated that the overall amino acid structure of 

PLO is comparable to other CDCs (363), several important residues of the undecapeptide 

region are altered from the consensus and may affect structure and enzymatic properties 

within this region. CDCs are characterized as thiol-activated toxins; this property is 

attributed to a cysteine residue in the second position of the undecapeptide (49) (Figure 

2). In PLO, this cysteine is replaced naturally with an alanine, resulting in an absence of 

thiol-activation (49). In a recombinant His-PLO molecule, restoration of this cysteine 

results in an oxygen-sensitive toxin that can be reduced with thiol-agents, giving 30-40% 

wild type PLO activity (53). As the native recombinant His-PLO molecule has wild type 

levels of activity, it is apparent that this cysteine residue is responsible for the lack of 



41 

Pyolysin 
Intermedilysin 
Streptolysin O 
Pneumolysin 
Sullysin 
Listeriolysin O 
Seeligeriolysin 
Ivanolysin 
Perfringolysin O 
Alveolysin 
Cereolysin 

E A T 6 L A W D P W w -

6 A T 6 L A W E P W - R 
E C T G L A W E - w w R 
E C T 6 L A W E - w w R 
E c T 6 L A W E - w w R 
E c T G L A W E - w w R 
E c T G L F W E - w w R 
E c T G L A w E - w w R 
E c T G L A w E - w w R 
E c T G L A w E - w w R 
E c T G L A w E - w w R 

Figure 2. The CDC Undecapeptide Consensus Sequence 
Shaded residues are identical. Note the proline insertion and alanine substitution for the 
conserved cysteine in PLO and Intermedilysin. (Adapted from (50).) 



42 

oxygen-sensitivity and thiol-activation observed in PLO (53). The charge and structure 

of the undecapeptide of PLO may also be altered from other CDCs, as it lacks the 

terminal arginine residue and has a proline residue inserted between the essential 

tryptophan residues (53). Deletion or substitution of this proline residue significantly 

reduced the cytolytic activity of PLO, confirming the importance of this residue in 

hemolytic activity. Substitution of the PLO undecapeptide with the consensus CDC 

undecapeptide (Figure 2) also resulted in a significant reduction in hemolytic activity 

(53), confirming that the variant undecapeptide of PLO is required for full cytolytic 

activity. 

1.2.1.6.3 Roles of PLO in Pathogenesis 

PLO has been characterized as both a host protective antigen and a major 

virulence factor (49, 226). A PLO-deficient mutant of A. pyogenes BBRl was 

constructed such that an erythromycin resistance (Erm*^) cassette was inserted into the 

3'end of plo and recombined onto the chromosome (226). This mutant was found to be 

negative for hemolytic activity and PLO protein production, both of which could be 

complemented by placing plo in trans on a replicating plasmid (226), strongly suggesting 

that PLO is the only hemolysin within this strain of A. pyogenes. Infection studies in a 

mouse model determined that the PLO-mutant was reduced in virulence when compared 

to the wild type (226), with a l.Slogio higher IDso- Complementation of this PLO mutant 

with plo in trans restored wild type levels of infection. Furthermore, co-inoculation of 

the PLO-mutant with the wild type strain at numbers below the required infectious dose. 
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resulted in the rescue of the PLO-mutant, with equal numbers of mutant and wild type 

recovered from multiple sites (226). These results indicated that PLO action aids in the 

persistence of A. pyogenes in the host. 

PLO is also a host-protective antigen. Goat polyclonal antibodies raised against a 

recombinant His-PLO completely neutralized the hemolytic activity of wild type 

A. pyogenes (49). Passive immunization with these antibodies in a mouse model 

protected mice from infection (49). Furthermore, active immunization with a formalin-

inactivated recombinant PLO toxoid also protected mice against A. pyogenes infection 

(226). These results indicate that antibodies which neutralize the activity of PLO can 

protect mice from experimental challenge, and suggest that a PLO-based vaccine may 

provide protection against A. pyogenes-related disease. 

While the exact role PLO plays in pathogenicity is not known, it is lytic for 

erythrocytes, mouse peritoneal macrophages, J774 macrophage and bovine and ovine 

PMNs (226), as well as kidney cell lines (121), suggesting not only a role in nutrient 

acquisition through the lysis of host cells, but also in fighting the host immune response. 

While no clear data exist for a role of PLO in deflecting the host immunity, other CDCs 

do interfere in these systems (section 1.2.2.4). 

1.2.1.6.4 Variation in the Expression of PLO Between Porcine and Bovine Isolates 

Interestingly, porcine isolates have an increased hemolytic activity when 

compared to bovine isolates (485), suggesting that the genes encoding PLO from these 

isolates may differ significantly. However, sequence analysis of plo from a swine isolate 
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revealed only minor sequence variations, with 97.6% identity, and the protein shared the 

biochemical characteristics and amino acid variations attributed to the bovine PLO (199). 

Therefore, it is suggested that the differences in activity observed between swine and 

porcine isolates may instead be due to differences in expression level. 

Analysis of the expression of PLO has identified it as an early stationary phase 

secreted protein (121). Currently, no solid data regarding the regulation of expression of 

this toxin, either in vitro or in vivo, is available. Understanding how and when PLO is 

expressed in the host would greatly increase our knowledge of the role PLO plays in 

pathogenesis. 

1.2.2 Cholesterol-Dependent Cytolysins 

While there are some variations among the various CDCs, their overall amino 

acid conservation (49, 491), as well as similarity in structure (363, 406, 407), indicate 

that their mode of action is similar. Therefore, the following sections should provide a 

general overview of structure and mode of action for PLO and other CDCs. 

1.2.2.1 Identification and General Characteristics 

Twenty-three homologues within the CDC group (11, 438), previously called 

thiol-activated cytolysins, have been identified thus far, and are secreted by 6 different 

genera of gram-positive organisms, including Clostridium. Streptococcus. Bacillus. 

Paenibacillus. Listeria, and Arcanobacterium (50. 359, 491) (Table 2). Each of the 

CDCs, which are single polypeptide chains between 471 (pneumolysin, PLY) (513) and 
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TABLE 2. General Characteristics of CDCs: MW, PI and GenBank Accession 
Numbers 

Genus Species Toxin Accession 
# 

MW pi 

Arcanobacterium pyogenes Pyolysin 6456474 57995.61 9.33 
Bacillus cereus Cereolysin 3334367 53865.52 8.64 
Clostridium perfrigens PerfringolysinO 18309145 55832.72 7.47 
Listeria monocytogenes Listeriolysin 0 126336 58691.13 7.91 

invanovii Ivanolysin 401155 58544.94 6.3 
seeligeri Seeligeriolysin 401156 59184.64 7.89 

Paenibacillus alvei Alveolysin 113672 55270.93 6.64 
Streptococcus pyogenes Streptolysin 0 134527 63641.73 7.89 

equisimilis Streptolysin 0 3334369 63995.23 7.47 
canis Streptolysin 0 3334368 63914.13 7.47 
pneumoniae Pneumolysin 18314328 52901.23 5.35 

• suis Suilysin 3309561 54781.13 5.11 
intermedius Intermedilysin 6729344 58426.06 9.6 
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571 amino acids (streptolysin O, SLO) (241), share 30-70% primary amino acid sequence 

identity (49, 491), and bind cholesterol or a related sterol on the surface of host cells (49, 

349, 379). Most CDCs contain an N-terminal signal sequence which appears cleaved 

upon secretion (359); PLY, the smallest of the CDCs identified thus far, has the basic 

core of the protein required for activity, but does not have an N-terminal signal sequence 

(513) and therefore requires either autolysis (276) or pore formation (295) for release 

from Streptococcus pneumoniae. CDCs are also characterized by a conserved 11 amino 

acid tryptophan-rich region near the C-terminus, sometimes called the undecapeptide, 

which contains a conserved cysteine residue (Figure 2) (68). The cysteine is responsible 

for thiol-activation and corresponding oxygen sensitivity of the protein (68). The 

cysteine, however, is naturally substituted with an alanine in two CDC's, PLO of 

A. pyogenes (49) and intermedilysin (ILY) of Streptococcus intermedius (322, 323), and 

results in an oxygen resistant (non-thiol-activated) protein; in a recombinant His-PLO 

molecule, substitution of the alanine with cysteine results in oxygen-sensitivity, with 

reduction restoring 30-40% wild type hemolytic activity (50, 53), suggesting that the 

cysteine is directly responsible for the oxygen sensitivity of CDCs. In other CDCs where 

cysteine is present naturally (e.g., SLO of Streptococcus pyogenes (370), PLY of S. 

pneumoniae (416), and listeriolysin O (LLO) of Listeria monocytogenes (305)), 

substitution of alanine for this cysteine yields molecules which are also oxygen resistant 

and non-thiol-activated, but which are still active; less structurally conservative 

substitutions at this residue, or chemical modifications (205), result in non-active 

proteins, possibly due to an interruption of the conformation. The tryptophans in the C-



terminus may be inserted into the membrane to act as a minor anchor, after toxin binding 

to cholesterol on the surface of host cells has occurred. Removal or substitution of any of 

these tryptophan residues results in a decreased ability to bind tightly (68) and in PLO, a 

significant reduction in hemolytic activity (53). 

1.2.2.2 Assembly of the Oligomeric Pore 

CDC's are members of a class of p-barrel pore forming toxins (P-PFT) that 

oligomerize on the surface of host cells and form P-barrel structures which traverse the 

membrane to form a pore (181). CDCs form oligomeric structures comprised of 40-50 

monomers with pore sizes up to 20-30 nm in diameter (47, 312, 352) (Figure 3), which 

are formed by the insertion of two amphipathic P-hairpins per monomer (433, 437). The 

large size of these pores may allow secreted bacterial proteins to traverse the host 

membrane, resulting in the formation of the functional equivalent of a type III secretion 

system for gram-positive bacteria (284). Studies on the pathogenesis of S. pyogenes 

infections have shown that the streptococcal NAD-glycohydrolase is dependent upon 

SLO for its insertion into host cells, strongly suggesting that CDCs may be members of a 

cytolysin-mediated translocation system (284) (Figure 4). 

Studies on perfringolysin O (PFO) of Clostridium perfringens, and PLY, have 

given the best information on the actual steps involved in pore formation. 

Crystallographic analyses of the water-soluble monomeric form of PFO (406), and 

computer modeling of PLY (407) and PLO (363), have identified almost identical 
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Figure 3. CDC Oligomeric Pores 
(A) The ghost of a sheep erythrocyte cell after LLO formed numerous pores (bar = 
lOOnm) (Adapted from (503)). (B) PLY pores and incomplete arcs formed in a 
cholesterol-containing liposome (bar = lOOnm) (Adapted from (151)). (C) SLO pores and 
incomplete arcs in the sur&ce of a liposome membrane (Adapted from (359)). 
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Figure 4. Type III Secretion and a Model of the Hypothesized CMT Pathway 
(A) Depicts the Type III Secretion pathway of gram-negative bacteria, which translocates 
bacterial effector molecules into a host ceU. (B) Model of the CMT pathway of gram-
positive species, where the CDC pore formed in the surface of host ceUs. (Adapted from 
(284).) 
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structures (Figure 5). Due to the degree of sequence similarity among CDCs, this 

structure and action of insertion into host membranes may be conserved (406). 

Pore formation is a multi-step process which involves the binding of monomers to 

the surface of host cells, followed by oligomerization and subsequent stuctural changes 

which allow insertion into the host membrane and the formation of a pore. While 

membrane binding is critical for oligomerization (1, 65, 180, 361, 406, 437), and binding 

may occur at lipid- and cholesterol-rich microdomains (2, 78, 170, 511) resulting in 

monomer aggregation, the actual binding site required for oligomerization is under 

debate. Initial studies have indicated that membrane cholesterol is part of the tethering 

process. As the CDC approaches the membrane in water-soluble form (364), domain 4 of 

the monomer interacts with cholesterol on the surface of host cells (68, 205, 439. 525). 

This interaction between the face of domain 4 and the surface of host cells is rapid at both 

high and low temperatures and is fully reversible as long as oligomerization has not 

occurred (360), suggesting a transient interaction regardless of the specific binding site. 

Specifically, substitution of conserved tryptophan residues within the undecapeptide of 

PLY (428) and deletion of the last si.x residues of the C-terminus (357), which may 

disrupt the structure of domain 4, significantly decreasing membrane binding. Other 

studies have revealed that tryptophan residues of the undecapeptide must reside near the 

surface of the lipid bilayer for membrane binding (180), further confirming a role in 

monomer interaction with the host cell. Cholesterol, even in the absence of other lipids 

(284), can cause the inhibition of lytic activity of CDCs (49, 208, 379), but other analyses 

have shown that cholesterol-bound LLO monomers were still able to bind erythrocyte 
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Figure 5. Structure of the PFO Molecule 
(A) Ribbon structure of TMHI (red) and TMH2 (blue) and domains 1-4 identified as Dl-
D4. (B) Representation of the soluble PFO monomer with TMHI, TMH2 and the P-sheet 
core of domain 3 (green) as they extend into the membrane as a duel hairpin structure, 
which is shown on the right. (Modified fi-om (433).) 



membranes (208). Furthermore, binding of PLY to cholesterol itself is not enough to 

cause oligomerization (242). Therefore, it is hypothesized that a second CDC receptor 

exists on the host cell surface. Studies on ILY (322) have shown that pretreatment of 

human erythrocytes with trypsin significantly decreased monomer binding (322), 

suggesting a protein ligand as a second site for attachment. 

Currently, there is a lack of agreement concerning the steps in the formation of a 

pre-pore complex. Studies on SLO and PLY suggest that pore formation occurs via the 

assembly of dimers on the surface of host cells, which then alter their conformation and 

insert into the membrane. Subsequent monomer binding to the surface of the cell and 

association with these dimers results in a can-opener like effect, slowly cutting a pore in 

the surface of the cell (360). This hypothesis is supported by data that show that 

insertion-defective forms of SLO were incubated with wild type SLO, pore formation 

was halted, forming arc structures in the surface of the cell (360). In a supporting study 

of PLY, dimers, but not trimers, were isolated, suggesting that dimerization and insertion 

is the rate limiting step in pore formation, and that following this event, oligomerization 

proceeds rapidly (242). 

A second theory suggests that oligomerization on the surface of the host cell 

precedes pore formation. While PFO monomers can insert individually into the 

membrane (438), further evidence supports the idea that the formation of a pore requires 

a pre-pore assembly on the surface of the cell. Studies using fluorescence quenching 

indicated that the rate of oligomerization was faster than the insertion of (i-sheets into the 

membrane (438), suggesting that oligomerization would naturally occur more quickly 



and prior to insertion. Likewise, under cold temperatures that inhibited insertion, 

complete pre-pore structures formed on the surface of the cell (438). Furthermore, 

oligomerization of PFO occurred prior to erythrocyte lysis (173), which would again 

suggest a pre-pore structure. Two separate experiments provide perhaps the strongest 

supporting evidence of the pre-pore formation theory. In the first, membrane 

conductivity was measured as PFO interacted with host cells. Conductivity jumps 

occurred at intervals, and not gradually as would be expected if arcs were slowly being 

formed, further indicating that PFO oligomers incorporated into the membrane in one 

step (438). In the second experiment, a disulfide bond connecting domains 2 and 3 of the 

PFO monomer inhibited insertion into the membrane, but not the formation of the pre-

pore, with reduction of the disulfide bond resulting in the immediate insertion of the 

oligomer (180). In a similar experiment, mutants of PFO stuck in the pre-pore a-helical 

conformation, bound the surface of host cells but were unable to insert into the 

membrane. However, insertion of a pre-pore complex ensued in the presence of wild 

type PFO (192), suggesting that oligomerization of wild type and mutant forms occurred 

prior to insertion. These results suggest that the pre-pore oligomer forms prior to 

insertion. Although SLO and PLY may insert and form pores by a mechanism separate 

fi-om that of PFO, sequence similarity, which implies a uniform 3D structure among all 

CDCs (406), suggests that the steps in pore formation are conserved. 

While PFO pores are, in most cases, of the same size (438). pre-pore 

oligomerization complexes need not be circular, as arc shapes (47) and minor disruptions 

in the lipid and membrane matrix (66) are often reported (Figure 3). Instead, insertion 
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may be dependent upon a threshold number of monomers bound in the oligomer form 

(181, 312, 352). Regardless, insertion into the membrane requires a specific 

conformational change. After oligomerization, the assembled monomers rotate upon the 

axis between domains 2 and 3, which do not have complementary surfaces or 

hydrophobic contacts, allowing for the uninhibited stretching of six short a-helices in 

domain 3 into two membrane sparming P-hairpins (180, 406), and the subsequent 

formation of a pore in the surface of the cell (180, 193) (Figure 5). This pore is 

characterized by alternating exposure of the P-hairpins to the hydrophobic interior of the 

membrane and the hydrophilic portion of the aqueous channel (433, 437). The ability of 

the protein to keep the p-sheets from unfolding prematurely is hypothesized to be due to 

the separation of the pre-P-sheet structures into two separate 26-residue regions, TMHl 

(Figure 6) and TMH2, and the structure of these domains as three a-helicies (181). After 

insertion into the membrane, PFO oligomers maintain structure even when membranes 

are solubilized with SDS, indicating a highly stable structure (438). 

1.2.2.3 Host Cell Specificity 

Defining host cell specificities of individual CDCs may help define a role for 

PLO in pathogenesis. Studies with SLO and natural cell membranes have demonstrated 

non-lytic structures on the surface of cells, indicating that non-permissive membranes 

exist for CDCs, especially in low toxin concentrations (512). These membranes may 

lack cholesterol or a specific receptor ligand, or may have structures that inhibit toxin 

binding or insertion. PFO binds preferentially to membranes that have 18-carbon-
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Figure 6. TMHl Amphipathic ^-Sheet Structure 
The amino acids comprising the dual stranded amphipathic P-sheets are identified by the 
arrows, as suggested by studies of PFO. Unshaded residues are hypothesized to fece the 
hydrophillic channel, while the shaded residues face the membrane. In PFO, the 
antiparallel sheet folds back on itself at the amino acids between the arrows. (Adapted 
from (437).) 
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containing phospholipid acyl chains surrounding the cholesterol, instead of 16-carbon 

chains (349, 350), while SLO apparently has a stronger toxicity when interacting with 

membranes containing low percentages of ceramide or diacylglycerol, which are cone-

shaped molecules (543). CDCs in general have been shown to have different toxicities 

depending on host cell types, such as ILY, which has a specific affinity for human cells, 

and is not very toxic for other host cell types (322). By defining host-cell specificities of 

CDCs, and then identifying the receptors involved in binding, it may be possible to 

devise a method of protection against pore formation and host cell lysis. 

1.2.2.4 Roles of Four CDCs in Pathogenesis 

The following sections give a brief overview of four major pathogens that secrete 

CDCs in context of how the toxins contribute to pathogenesis. By accumulating more 

knowledge about these roles, it may be easier to define not only PLO's role in 

A. pyogenes pathogenesis, but also build a general model for these toxins in virulence. 

LLO is possibly the most well known of the CDCs because of its unique role in 

the pathogenesis of infections by L monocytogenes, the etiological agent of listeriosis, a 

food borne disease acquired from contaminated soft cheeses, dairy products, smoked fish, 

pates, sausages and other ready-to-eat processed foods (501). Isolated from the only 

known intracellular pathogen that secretes a CDC, LLO is involved in escape from the 

primary phagocytic vacuole after uptake, and in the lateral transfer of L monocytogenes 

to new host cells. As the activity of LLO is ten-fold decreased at physiological, as 

opposed to intraphagosomal, pH, the lethality of the toxin is reduced when the bacterium 



is dividing within the cytosol of the host (148,156, 244). Recently PEST-like sequences 

(P=Proline; E=Glutamic Acid; S=Serine; T=Threonine) were identified in the N-terminus 

of in LLO, which may target the toxin for cleavage by host proteases; removal of PEST 

residues resulted in an accumulation of active toxin in the cytosol resulting in host cell 

lysis (115, 272). Thus, LLO contains its own post-translational, post-secretion regulation 

mechanism that results in reduced LLO concentrations in bacterium-friendly 

environments. Besides its role in intracellular survival, LLO induces endothelial cell line 

activation by up-regulating adhesion molecule expression, chemokine secretion, and NF-

kappa B activation (238), as well as inducing PMN activation (446). Furthermore, 

degranulation and leukotriene formation were solely dependent on LLO expression, 

triggering degranulation and lipid mediator generation (446), and could, in combination 

with phosphatidylinositol-specific phospholipase C, elicit endothelial ceil 

phosphoinositide metabolism, acting as a potent mediator in cell signaling events 

externally (445). Clearly, LLO is a major virulence factor in L monocytogenes 

pathogenesis. 

PLY, the CDC of S. pneumoniae, the causative agent of bilobar pneumonia, 

meningitis, otitis media and sinusitis (15, 16), plays an active role in pathogenicity. 

Interestingly, this CDC is not actively secreted by the bacterium; it may be released by 

bacterial autolysis by LytA (21, 276), or the action of the Cphl holin (295), which forms 

a pore in the surface of the bacterial cell. PLY is cytolytic for PMNs and macrophages 

(307). It can also induce nitric oxide synthesis in macrophages, inhibit human neutrophil 

and monocyte respiratory bursts, chemotaxis. bactericidal activity, and production of 
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lymphokines and immunoglobulins (307). Cytotoxic effects on ciliated bronchial 

epithelial cells, including the reduction of ciliar movement and disruption of the tight 

junctions, results in the reduction of mucous clearance from the lungs and an increase in 

bacterial colonization (383, 465). PLY action against alveolar epithelial cells and 

pulmonary endothelial cells may cause the characteristic edema and hemorrhage 

observed in pneumococcal pneumonia, providing nutrients to the bacteria (409). In otitis 

media and meningogenic deafness, PLY appears to be the main factor responsible for 

cochlear damage (529). PLY can also activate complement through interaction with IgG. 

IgG activates complement by self-associating through its Fc portion, constructing linear 

polymers which activate complement through the classical pathway (366, 533, 534). 

Domain 4 of PLY shares the same folding structure of Fc (33, 406, 407), and is therefore 

hypothesized to interact with the Fc of IgG and activate complement (308, 407). PLY is 

the only CDC demonstrated to have this function, however, if domain 4 is definitively 

shown to activate complement, then sequence homology between all CDCs in this 

domain suggest that this function may be universal for these toxins (151) (Figure 7). 

Activation of complement is thought to play a role in decreasing the phagocytic activity 

of PMNs by reducing serum opsonization (366); it also increases the levels of the 

anaphylatoxins C5a and C3a (217, 218). which may be responsible for serious tissue 

damage in bacterial infections (409). In hypocomplementemic cases, such as patients 

suffering from cirrosis, complement is necessary to remove bacteria from the blood 

stream (190. 300. 376); the complement activating action of PLY. and therefore the 

depletion of already low levels of complement from the blood stream in these patients. 
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Figure 7. The Complement Activation Domain of CDCs 
Amino acid alignment based on the sequence of the complement activation domain of 
Pneumolysin, with the arrows indicating the fimctionaUy important amino acids. Bolded 
amino acids are identical to the Pneumolysin sequence. (Adapted from (50).) 
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results in a lethal septicemia (8). However, in cases where the host is not deficient in 

complement, the pore-forming action of the toxin appears to be more important in 

pathogenesis (328). 

SLO is found in several different streptococcal species, including S. pyogenes, a 

group A streptococcus and the causative agent of scarlet fever and toxic-shock-like 

syndrome, rheumatic fever, and many supperative infections of soft tissues (impetigo and 

necrotizing fascitis), and the pharynx ("strep throat") (55). SLO readily lyses 

erythrocytes, but not nucleated cells, which are able to repair the pores formed by SLO 

(284). SLO triggers expression of TNF-a and IL-l-P from monocytes, which are 

important candidates for mediating shock in severe streptococcal infections (167, 410), 

and to inhibit motility and chemotaxis of human PMNs (498). S. pyogenes also interferes 

with several keratinocyte proinflammatory signaling pathways, with an SLO mutant 

deficient in this activity (410, 518). Further experiments have helped to unravel this 

effect on the host, by demonstrating a link between SLO and S. pyogenes NAD-

glycohydrolase (SPN). SPN, which is encoded by the SLO-linked gene, nga (5). 

catalyzes the hydrolysis of the nicotinamide-ribose bond of NAD^ to yield nicotinamide, 

adenosine diphosphoribose (ADP-ribose), and cyclic ADP-ribose (230), which is 

involved in the signaling cascade modulating Ca""^ levels in eukaryotic cells (164). 

Mutant strains deficient in SLO, SPN, or both proteins, were more readily internalized 

into human keratinocytes, and less able to induce keratinocye apoptosis than wild type 

(76). Therefore, SPN is proposed to modulate host cell signaling pathways to inhibit 
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S. pyogenes uptake, to induce keratinocyte apoptosis, and to aid in SLO-mediated 

cytotoxicity (76). 

Recent experiments suggest that the transmembrane pore SLO forms in host cells 

acts as a type III secretion-like (98, 145) cell-mediated translocation (CMT) system, to 

deliver SPN to the cytosol of the keratinocyte (284). Through analyzing the ability of 

SPN and SLO deficient mutants to deliver SPN into karatinocytes, it was determined that 

translocation of SPN is contact dependent with the majority translocated into the host cell 

(284). Furthermore, mixed populations of SLO and SPN mutants were unable to 

translocate SPN (284). Therefore, these results indicate a co-dependence of SPN on SLO 

for translocation of SPN into karatinocytes, and suggest the presence of a channel 

between the bacterium and host cell (such that extracellular SPN produced by the SLO 

mutant strain could not enter the host through a channel formed by the SPN mutant), or 

that some protein-protein interaction between SLO and SPN must occur for effective 

translocation (284). 

PFO is secreted by C. perfringens, the etiological agent of gas gangrene, food 

poisoning, necrotic enteritis, and several diseases of domestic animals (402). Although 

PFO mutants can cause myonecrosis in mice (18, 467), PFO plays several roles in 

virulence. It lyses endothelial cells of blood vessels when incubated in either high 

concentrations, or for a long period of time (81), and induces the intracellular leukocyte 

adherence molecule-1 (I-CAM-I) (81). These effects on the host may result in disruption 

of endothelial integrity, causing a progressive edema leading to local, regional, and 

systemic vascular dysfunction (81, 466). 



Suilysin (SLY) is produced by S. suis, an extracellular pathogen which can cause 

swine endocarditis (236), meningitis, septicemia, arthritis, and pneumonia, as well as 

human infections (243, 258, 345). SLY is a host protective antigen in mice (206) and 

pigs (207). It also causes damage to epithelial cells (258), and has been reported to aid in 

the invasion of Hep-2 cells, which are derived from the laryngeal epithelium (345). 

While the presence of SLY produces a more virulent pathogen (463), it is not required for 

virulence, as both mutants (9) and wild type strains (426) lacking the gene encoding SLY 

are virulent in swine. Recent analyses have suggested that sly was incorporated onto the 

5. suis chromosome by homologous recombination (476), based on the identification of a 

second open reading frame, orflOI, which is present at the same locus as sly, but in non-

sly containing strains. The regions surrounding sly and orfl 02 do not contain any motifs 

indicative of translocatabie elements, or an altered %G+C (476), making it difficult 

confirm the hypothesis that sly is of foreign origin. 

1.2.2.5 Regulation of CDC Expression 

Defining the regulation of CDCs may aid in the understanding of when and how 

they are expressed in the host, and concurrently, what signals trigger their expression. 

The regulation systems of other CDCs may provide a basis for understanding how PLO 

expression may be regulated. 
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1.2.2.5.1 Listeriolysin O 

hly, the gene encoding LLO, is located in a 9-kb pathogenicity island (Figure 8) 

(95, 255), which has been recently designated as the Listeria pathogenicity island 1 

(LIPI-1) (501). In L monocytogenes LIPI-1, hly is centrally located and monocistronic. 

Upstream are two genes {plcA, which encodes the phospholipase C cytotoxin, and prfA, 

which encodes a Crp/Fnr transcriptional factor) which are transcribed in the opposite 

orientation to hly, either monocistronically, or as a bicistronic mRNA (141, 142, 301). 

Downstream of hly exists the lecithinase operon, comprised of mpl, a protein involved in 

the post-translational processing of phospholipase B (PlcB), plcB, which encodes PlcB, 

and actA, which encodes a protein responsible for polymerizing host actin and facilitating 

mobility and cell-to-cell spread (473, 484, 502). Interestingly, LIPI-1 is not found in 

most non-pathogenic Listeria (95, 255, 501), with L. seeligeri the only exception 

identified thus far (95, 255, 501), and appears to have been inserted in a Tnl545 hot spot 

between a 5'-located prs, encoding phosphoribosyl pyrophosphate and a 3' located Idh. 

encoding lactate dehydrogenase (502). The transposon integration consensus sequence 

was identified as S'TTTNTNsTAAAAAAj' (87). LIPl-1 does not have other 

characteristics defining a pathogenicity island (94, 162, 166), such as differing %G+C. or 

associated mobile genetic elements or tRNA genes (95, 255, 501). However, the tight 

association of virulence factors, the absence of this region in non-pathogenic strains 

which have different gene insertions, and the identification of a transposon integration 

site suggests that this is the example of a pathogenicity island which was incorporated at 

a point early in the evolution of this species (87, 255, 501). 
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Figure 8. Genetic Organization of the LIPI-1 Virulence Gene Cluster of 
L. monocytogenes. 
Genes in grey are components of the LIPI-1, which are inserted between the prs and Idh 
housekeeping genes. Non pathogenic species L. innocua and L. weishimeri do not 
contain a CDC encoding gene. The LIPI-1 is though to have been originally introduced 
by phage transduction. (Adapted from (501).) 
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The regulation of expression hly is tightly controlled (501). Expression is 

environmentally-dependent, with optimal expression of hly occurring in the host, where 

the environment consists of low iron (109, 110, 148), a controlled temperature of 37°C 

(111, 269), and limited levels of fermentable carbohydrates (34, 75, 111, 306, 394). hly 

expression is up-regulated under stressed growth conditions, such as high temperature 

(42°C) or limiting nutrient levels upon entering stationary phase (455, 456), which mimic 

conditions and expression levels observed within a phagocytic vacuole (83). However, 

hly expression occurs best at pH7.0, decreasing pH in vitro represses expression (34, 

111), indicating that the lowered pH encountered in the endocytic vesicle represses 

expression. 

Transposon mutagenesis of L monocytogenes initially identified the possibility of 

global virulence gene regulation involving hly (234). Further studies on these mutants 

(158, 270, 301), as well as heterologous expression studies of the LIPI-1 genes in 

B. subtilis (96, 142, 271, 301), led to the identification of the LIPI-I encoded PrfA as an 

activator of not only hly expression, but also the rest of the LlPl-1 genes. Interestingly, 

introduction of the plcA-prfA operon into non-pathogenic, non-virulence factor-secreting 

L seegleri, resulted in a strain able to express virulence factors, including LSO, an LLO 

homologue, and to escape the phagocytic vacuole and replicate in the host, converting the 

strain to virulence (232). These results suggest that the non-pathogenic status of L 

seeligeri is due to a defective prfA gene. PrfA also activates virulence factors outside of 

the LIPl-1, including the tight regulation of several secreted intemalin genes, such as 

inlC, the partial regulation of other secreted intemalin genes, inlAB. (127, 131. 255, 274. 



301, 395), and the negative regulation of stress response mediator gene clpC (396) and 

the motility-associated genes motA (304), and floA (395). 

PrfA is a member of the Crp/Fnr superfamily of transcriptional factors (254) 

(263). Crp/Fnr members are secreted by a number of plant and animal pathogens (157) 

(254, 526)) and are found in both gram-negative and gram-positive bacteria (201). PrfA 

has the Crp structural motifs that mediate DNA promoter binding and interaction with 

RNA polymerase (RNAP) (176, 435). PrfA also contains motifs responsible for binding 

to the cAMP co-factor, but not the residues implicated in cAMP interaction (176, 249). 

In accordance with this observation, cAMP has not been isolated from gram-positive 

species (194), and the addition of cAMP to L. monocytogenes did not affect PrfA 

regulation (505). These results indicate that the cAMP binding region of PrfA interacts 

with an unknown factor, which may mediate a switch between transcriptionally active 

and inactive forms. PrfA also has 25 amino acids in the C-terminus (which are not 

identified in Crp) that are necessary for regulatory activity and may be involved in the 

dimerization of PrfA (157, 176, 263) (Figure 9). 

The promoters of PrfA-regulated genes consist of a like -10 region, and a 14-

bp palindromic consensus sequence 5'TTAACANNTGTTAA3'. called the PrfA-box. 

whose center is 41.5 bp from the putative +1 of transcription (141, 302, 502) (Figure 9). 

DNA foot printing experiments have conclusively identified the PrfA-box as the PrfA 

binding site (119, 435). The level of transcriptional control appears dependent upon the 

number of mismatches in the PrfA-box; perfect palindromes, like Phly and PplcA, are 

tightly regulated, while less perfect recognition sequences result in higher levels of PrfA 
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(A) 

B C Crp 

HTH ^ZESeihui PrfA 

(B) 
-41.5 -10 

TGAGGCATTAACAttTGTTAACGACGATAAAGGGACAGCAGGaCTAGAATAAAGCTAT Phi y 
ATCGTCGTTMCAAATGW^ATCGGTGAAGATAAAAGTCACTTTAAGMAGGAATA PplcA 
AGAAGAACTAACa^AATOT«A\AGAATATCTGACTGTTTATCCATATAATATAAGCA Pmpl 
TCAACAG«TAACAAtTOITqTTACTGCCTAATGTTTTTAGGGTATTTTAAAAAA P2prfA 

TT2UU»I1I1TGTTJUI Consensus 

Figure 9. Putative Structure of PrfA and its Promoter Recognition Sequences 
(A) Structure of PrfA with comparison to the Crp transcriptional regulator. 
(B) Promoters of hly, plcA, mpl and the second promoter of prfA which are regulated by 
Prfi\, with the Prfi\ recognition site in bold, with an arrow indicating the center of the 
palindrome. The -10 of the promoter is underlined. (Adapted from (503).) 



needed to activate transcription (63, 82, 140, 141, 395, 436, 528). Early work suggested 

that small amounts of PrfA were enough to obtain vacuolar escape, but not cell-to-cell 

spread (91, 140, 141), indicating that low levels of PrfA are sufficient to activate hly and 

plcA, which are needed for vacuole escape, but not to activate the lower affinity act A 

promoter. Recent experiments confirming these results have concluded that expression 

of hly and plcA occur in the phagosomal compartment, while aciA expression is induced 

only in the cytoplasm of infected cells (83). Furthermore, PrfA-mediated expression is 

more efficient in macrophages and macrophage-like cells than epithelial cells, 

hepatocytes or endothelial cells (83). 

In the absence of PrfA, hly is expressed at low, constitutive levels (301), and a 

second, PrfA-independent promoter has been identified (126, 301). Addition of PrfA 

results in transcriptional activation of hly (271, 301) and plcA, in both exponential growth 

and stationary phase. These results suggest that these genes are primarily dependent 

upon PrfA for expression. 

Envirormiental factors also regulate the expression of PrfA-activated genes, 

including hly, either through direct interaction with PrfA, or through a second factor that 

interacts with PrfA. Two candidates have been preliminarily identified as possible PrfA 

interacting components. A proteinaceous substance, termed Paf, for PrfA-activating 

factor, has been theorized to aid in the formation of the PrfA-RNAP complex (61, 62, 

119, 157). Paf was isolated in a PrfA-Paf complex binding to and activating the hly 

promoter; the actual role for Paf in this activation is not clear, as PrfA is able to bind the 

PrfA-box independently of Paf However. Paf can inhibit the binding of PrfA-Paf and 



69 

PrfA alone to the promoter of an intemalin gene, inlA (119). A second low molecular 

weight factor isolated from cell extracts stimulates PrfA-DNA complex formation (157). 

This suggests that there are other factors involved in PrfA regulation that may mediate 

the environmental effects observed on hly expression. 

The transfer of L monocytogenes from a rich to a low nutrient medium that does 

not support growth stimulates virulence gene expression (64, 456). However, whether 

these genes are induced because of environmental triggers, or because of a stress 

response is unknown (503). PrfA-dependent transcription is decreased under conditions 

of low temperature, but is induced at 37°C (111, 269, 395). As previously stated, hly is 

repressed under high iron conditions (110, 148), with Par mediating the iron inhibition of 

the PrfA-Paf complex (62). Furthermore, the amount of fermentable carbohydrates, 

including glucose, fructose, maltose, trehalose, and cellobiose, also affects virulence gene 

expression in L. monocytogenes (34, 75, 111, 306, 394), with high levels of these sugars 

(246, 306, 390, 503) directly repressing PrfA-dependent transcription of hly and other 

virulence factor genes, including plcA and plcB (61, 75, 395). However, the level of PrfA 

protein is not affected under these conditions, indicating that some form of catabolite 

repression of PrfA action must be responsible (306, 390). This hypothesis is supported 

by studies of a wild type strain exhibiting sugar-insensitive expression of hly, a defect in 

prfA was identified (34), further indicating that the sensitivity to sugars on virulence gene 

regulation is mediated by PrfA. Further studies have indicated that this sugar sensitivity 

is dependent on the type of sugar present, with alternate pathways mediating the 

recognition of these different sugars (196. 503. 535). 
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prfA expression is also regulated. Background expression levels of prfA are 

constitutively low, with increased message production in both exponential growth and 

early stationary phase; interestingly, bicistronic messages are observed in early phases of 

expression, and shorter, monocistronic messages in later phases (301). While these 

differences in expression may be attributed to the regulation of expression of prfA, 

studies have also shown that prfA message turnover is rapid (83). Therefore, the 

differences in message size could be attributed either to post-transcriptional processing of 

the message, or transcriptional activation of a second promoter between plcA and prfA. 

A model for the regulation of PrfA expression (503) suggests that PrfA is present 

at low levels at all times, and is then up-regulated under certain environmental conditions 

(395, 505) (Figure 10). In this model, prfA is expressed either by a growth-regulated 

promoter directly in front of prfA, giving low levels even in the presence of repressing 

conditions (140. 141, 301, 389, 390, 505), or through the recognition of the PplcA. which 

gives a bicistronic message including prfA mRNA (91, 140, 141, 301), resulting in auto-

activation critical for PrfA production (269, 301, 390, 395. 505). This model further 

proposes that a second environmentally triggered factor binds to and makes PrfA active, 

resulting in a higher level of PrfA production and, consequently, higher levels PrfA-

dependent virulence gene expression. Therefore, the production hly depends on the 

regulation of the activator PrfA, which is environmentally controlled. 
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(A) 

• 

prfA plcA My 

(B) 

Environmental 
Signal 

prfA plcA 

Figure 10. A Model of PrfA-Mediated Regulation 
(A) PrfA is transcribed, but is in an inactive state (Q) . (B) An environmental signal has 
stimulated some co&ctor that now activates Pr£\ (R). Activated PrfA is able to bind to 
Prfi\-boxes (•) and turn on transcription. This system has an autoregulatory loop, with 
PrfA autoactivating its own expression through the plcA box. Activated Prfi\ is able to 
bind to and activate the promoters driving plcA and hly transcription. (Adapted from 
(503).) 
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1.2.2.5.2 Perfringolysin O 

The gene encoding PFO is located within a region of chromosomal DNA which 

includes pfoR, a putative pfoA regulatory gene, pfoA, which encodes PFO, orf54, a 

putative lactose permease gene, pbg, which encodes p-galactosidase, arcABDC and ahr, 

which encode products involved in arginine metabolism, and colA, the K-toxin structural 

gene which encodes a preprocollagenase (298, 351,441, 443) (Figure 11). The promoter 

region ofpfoA contains several interesting motifs: two possible consensus promoters, 

PI and P2, with two upstream imperfect DNA repeats: 5'CCCAGl I'NTNCAC3' (20) 

(Figure 12). Interestingly, expression from these two promoters appears to be regulated 

differently. Northern blot data indicates that two separate mRNA products are 

transcribed from the pfoA promoter region, with the major promoter being P2, and the 

minor promoter being P1 (20). 

Using DNA footprinting experiments, the imperfect direct repeats in the pfoA 

promoter have recently been identified as VirR binding sites (100) (Figure 12). VirR, the 

response regulator of the two component VirRA'^irS regulatory system, was recently 

identified in C. perfringens as a fiinctional homologue of the two component sensor 

histidine kinase proteins found in many different bacterial species (282, 292, 469). 

Analysis of the genetic sequence including the promoter and coding regions of VirR and 

VirS, indicate that two a^°-like promoters exist, and that the two genes are co-transcribed 

(20, 282) (Figure 12). 

VirS encodes a sensor histidine kinase protein similar to ComP of B. subtilis 

(524), AgrC of Staphylococcus aureus (273), and UhpB of E. coli (202, 203). VirS has a 



orfl pfoR pfoA orfI8 orf54 pbg arc A arcB arcDarcC col A 
orfI9 

1 kb 

Figure 11. The Genetic Organization of the pfoA Region 
(Adapted from (402).) 
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TAATTGGAATTCCCAGTTATTCA^GATTAAAGCCCAGTTCTGCAgAAAGTArTGAATGA 

+ 1 +1 

GATTATTTCCTCTGAlTATATTl^GGGTACTTATTACTTTAGAAtrATTAAGTGAATATTT 

TCTGAATG 

Figure 12. Comparison of the Promoters and VirR Binding Sites of pfoA 
VirR binding sites (CCAGTTNNNCAC) are indicated by the underlining arrows. The 
VirR dependent promoter is boxed with a solid line, and the independent promoter is 
boxed with a broken line; the putative +1 of each promoter is underlined and the first 
codon of the gene is bolded. Note that the promoter region of pfoA contains two 
promoters and the direct repeats indicative of VirR binding and activation. (Adapted 
from (20).) 



hydrophobic N-terminus that includes six putative transmembrane domains (282), and a 

C-terminus that contains the functional DXGXG consensus nucleotide binding motif 

(99) responsible for the interaction with ATP in other sensor histidine kinases (365). 

Topological models predict that both the N and C-termini are located in the cytoplasm 

(99). It is hypothesized that an environmental signal, yet unknown, interacts with the N-

terminal transmembrane domains which in turn initiate a conformational change resulting 

in autophosphorylation of a conserved histidine residue (H255), which is necessary for 

VirS activity (99). Phosphorylated VirS then transfers this phosphate to the D57 residue 

of VirR, thereby activating it for regulation through DNA binding (99). The N-terminus 

of VirR shares sequence similarity to conserved motifs within other response regulators 

(20, 282, 440), and contains conserved aspartate (n=2), glutamate and lysine residues, all 

of which are hypothesized to form the catalytic domain responsible for phosphorylation 

by VirS (37, 100, 458, 468, 508). The C-terminus of VirR. however, is not conserved, 

and does not contain any of the usual response regulator motifs including the helix-loop-

helix (296) or helix-tum-helix motifs (319). Further studies of VirR in C. perfringens are 

necessary to better understand how it specifically interacts with the promoters of genes 

that it transcriptionally regulates. 

Analysis of the C perfringens chromosome identified repeat sequences similar to 

those found in the pfr)A promoter, CCAnTT(n=15)CCAGTT(n=3)Cac in the promoters of 

genes which are directly regulated by VirR, including the hyp7 gene, and three previously 

unknown VirR regulated genes: CPE0845, a gene of unknown function. CPE0846. which 

encodes a newly-discovered virulence factor, a-clostripain (442), and CPE0920, also of 



unknown function. Other genes lack the repeats found in the pfoA promoter, such as pic, 

which encodes a toxin, and colA, which encodes K toxin (20, 23), but, through 

differential display analysis, are known to be regulated by VirR expression, and are 

hypothesized to be regulated by a second transcriptional regulator regulated by VirR 

(442). This hypothesis is strengthened by studies using VirRA^irS mutants which 

indicated that VirR tentatively regulates the expression of pfoR, partially regulates the 

expression of pic, and colA, and tightly regulates pfoA (20); this suggests an intermediate 

in the regulation of the tentatively- and partially-regulated genes. hyp7, which is 

positively regulated by VirR, encodes such a secondary transcriptional activator which 

regulates the expression of pic and colA (23). Interestingly, hsp7 is encoded by an RNA 

molecule, VR-RNA (VirR-regulated RNA), which has a regulatory effect on the 

expression of pic and colA, suggesting that VR-RNA may act as an RNA regulatory 

molecule (444). Activation of pic expression, and other VirR regulated genes, may also 

involve putative DNA bending regions (487), which are adjacent to the promoter (20) 

(Figure 13). 

Originally, it was thought that pfoA was transcriptionally activated by both VirR 

(282, 440) and PfoR (403, 443), with the major promoter, P2 dependent on VirR for 

activation, and the minor promoter, PI, possibly activated by pfoR (20). pfoR, which is 

591 bp upstream of pfoA, encodes a 343 amino acid protein which has several SPXX-like 

domains and a helix-tum-helix motif which indicate that it is involved in gene regulation 

(443). Previous truncation data, where strains deleted in the pfoR, pfoA region were 

complemented with constructs containing differing lengths of this region, indicated that 
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? Environmental 
Stimulus? x-

—•fVirS 

Figure 13. The Putative Regulatory Networks of the VirRA^irS Regulation System 
of C. perfringens 
VirS autophosphorylates VirR which that directly activates transcription pfoA and VR-
RNA. Indirect activation of transcription of pic and colA, and repression of metB is 
mediated through VR-RNA that may interact with an RNA-binding protein. (Adapted 
from (444).) 



the pfoR region of the chromosome, as well as a putative HTH domain, were required for 

an increase in PfoA activity (443). A different group attempted the same general 

experiment, and did not observe a /^^-dependent increase in PfoA activity. 

Furthermore, insertional deletion of the pfoR gene did not affect the activity of PfoA 

in vitro (19). Although these results indicate that PfoR does not significantly regulate the 

expression of pfoA under the conditions tested, it is hard to refute the original data 

without further analyses. 

1.2.2.5.3 Streptolysin O 

While extensive knowledge regarding the regulation of SLO expression is not 

available, two putative promoters and a /ronj-acting factor have been recently identified 

(240, 241). The gene encoding SLO, j/o(240), and SPN, nga (5), are co-transcribed from 

a promoter upstream of nga (284, 417). Evidence also suggests that low-level expression 

of slo occurs from a second promoter 155 bp upstream of the slo start site (240. 241. 

417). Recently, a regulator of SLO expression, SloR. was identified (417). Deletion or 

over-expression of sloR in the wild type background did not significantly effect 

expression of slo (417). However, in a sioR- nga- double mutant strain, where the 

mutation in nga was polar, expression of slo is elevated 2.4-fold (417). These results 

indicated that SloR is a negative regulator of slo, that repression occurs at the 

autonomous promoter adjacent to slo, and that expression of slo from the nga promoter 

under the conditions tested, masks the effect of SloR (417). Interestingly. SloR shares 



79 

sequence homology with PfoR of C. perfringens, suggesting that PfoR has a similarly 

masked role in PFO expression that has yet to be defined (417). 

1.2.3 The Signal Recognition Particle 

Elucidating the mechanisms by which virulence factors are targeted to and 

secreted from the bacterial membrane can be integral in understanding how and when a 

specific factor is expressed in the host. No solid information is available regarding the 

actual factors involved in secretion of any of the CDCs. In A. pyogenes, the identification 

of genes encoding components of the signal recognition particle (SRP) linked to the gene 

encoding plo suggested a possible role of the SRP pathway in the targeting and secretion 

of PLO. The following sections briefly discuss the components of the prokaryotic SRP 

and its role in the targeting of proteins for membrane insertion and secretion. 

1.2.3.1 SRP: A Ubiquitous System 

All kingdoms require the targeting of proteins for incorporation into or secretion 

across cellular membranes. Interestingly, one such set of machinery is conserved across 

all kingdoms. In mammalian hosts, this system localizes proteins to the endoplasmic 

reticulum membrane for translocation through the recognition of a nascent polypeptide 

signal sequence as it is translated by the ribosome, followed by binding to a receptor in 

the membrane (56-58, 514-517). Integral components of this system, called the Signal 

Recognition Particle pathway, or SRP. have also been identified in every genome 

sequenced thus far (43), including prokaryotic species (44, 178,401). 
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In mammals, the SRP is composed of 6 polypeptides and an RNA moiety, but in 

prokaryotes, the SRP consists of a 4.5S RNA, and two proteins, Ffh, which is a 

homologue of the mammalian SRP54, and its receptor, FtsY which shares the C-terminal 

domain of the mammalian SRP-receptor a-subunit (44, 69, 79, 154, 374, 392, 401). In 

every prokaryotic species in which this system has been studied thus far, each SRP 

component identified is essential for growth (80, 153, 279, 369). 

1.2.3.1.1 Prokaryotic SRP Components 

Ffh is the bacterial homologue of the mammalian SRP54 protein (44, 401). The 

C-terminal domain, also referred to as the M domain, is responsible for interaction with 

4.5S RNA and the translating nascent polypeptide. The N-terminal domain, also known 

as the NG domain, is responsible for interacting with FtsY and has a GTP binding site 

(178). Ffh also inhibits the folding of nascent polypeptides (114). Experiments 

concerning the functional conservation of prokaryotic Ffh with mammalian SRP54 

suggest that Ffh can interact with 7SL RNA and bind to the nascent polypeptide, and 

inhibit its translation, which is observed in mammalian system, but carmot translocate the 

protein, suggesting that it cannot bind to the SRP54-receptor (45). In a separate 

experiment, the Streptococcus mutans Ffh was isolated by selecting for its 

complementation of an Ffh deficient E. coli strain (165); however, this experiment did 

not assay the full effects of complementation, and therefore it carmot be concluded that 

the S. mutans Ffh complements a depletion of the E. coli Ffh. 



FtsY is the bacterial homologue of the mammalian SRP54-receptor a-subunit. It 

consists of a 300-residue long C-terminal domain that corresponds to the C-terminus of 

the SRP-receptor a-subunit and the site at which membrane binding seems to occur (378, 

540). The NG domain, which is conserved among the FtsY proteins of many species, 

interacts with the Ffh of SRP and the hydrolysis of GTP. The tip of the N-terminus of 

this protein, which is hydrophobic, is thought to play a role in its targeting to the 

membrane for incorporation (14). 

4.5S RNA is the bacterial functional homologue of the mammalian 7SL RNA. 

The fourth domain of the 4.5S RNA, which contains a short stem-loop with two internal 

loops, is responsible for interacting with Ffh, and is the most conserved part of the RNA 

molecule (31, 229, 239, 423). This domain is thought to stabilize Ffh both in vitro and 

in vivo (211, 542). Interestingly, while the E. coli 4.5S RNA is lacking the Alu domain 

that, in 7SL RNA, interacts with other mammalian SRP components, the B. sublilis 4.5S 

RNA contains this domain, suggesting the presence of other components involved in 

gram-positive SRP pathways that do not exist in E. coli. 

In B. siibtilis, a histone-like protein, HBsu, was purified with the 4.5S RNA/Ffh 

complex (327). HBsu interacts with the Alu domain of 4.5S RNA, but its role in SRP co-

translational targeting is yet unknown. Currently, it is unclear as to whether other factors 

are involved in the SRP pathway in prokaryotic species, although in E. coli, precipitation 

of a RNAP-SRP complex using FtsY revealed only the Ffh and 4.5S RNA components, 

suggesting that no other factors are involved (374, 392). 
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1.2.3.1.2 Proteins Targeted by the Prokaryotic SRP 

SRP is responsible for targeting several different types of proteins to the 

membrane. Although many E. coli pre-secretory proteins are thought to migrate 

independently to the membrane (30), some have special characteristics that require such a 

system to keep them from folding pre-maturely and remaining in the cytoplasm where 

they may cause toxicity. In E. coli, cytoplasmic membrane proteins, such as LacY, and 

other inner membrane proteins (IMPs) require SRP and its receptor for proper folding 

and assembly into the membrane (114, 248, 283, 429, 493, 496). SRP plays an integral 

role in the maintenance of normal growth. Conditional expression strains, in which low 

levels of SRP expression allow cell viability, are induced into the heat-shock response 

and require normally non-essential heat shock proteases for viability (43). From these 

experiments it was hypothesized that decreased levels of SRP could result in an 

accumulation of membrane proteins in the cytoplasm and periplasm, and without the 

action of intracellular proteases, these levels could be toxic (43). It is also hypothesized 

that secretory proteins may also use the SRP pathway to keep from folding prematurely 

prior to secretion (279, 369). In the yeast Saccharomyces cerevisiae, pre-secretor>' 

proteins are targeted to the endoplasmic reticulum by SRP (169), and in gram-positive 

bacterial species, which have one membrane, co-translational targeting of pre-secretory 

proteins may be more ubiquitous, as membrane bound ribosomes may directly feed the 

translating protein across the cell membrane (178). 

In order for a protein to be bound and co-translationally targeted by SRP, it must 

have a hydrophobic nascent chain (495) that is being actively translated from the 
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ribosome (280). The interaction with the nascent chain is thought to be a combination of 

hydrophobic and electrostatic interactions (42). 

In E. coli, the targeting of certain IMPs is not affected when SRP is depleted from 

the cell (334, 493), and may be targeted by other pathways, such as the GroEL-GroES 

complex, which is thought to target pre-secretory IMPs (60, 257), DnaK, a heat shock 

protein thought to be a chaperone for targeting proteins (527), and the SecA/SecB system 

(256, 413, 414). Previous data suggested that proteins targeted by SRP may also be 

targeted by SecB to the Sec translocon for incorporation and secretion. However, recent 

evidence, however, suggests that the SRP and SecA/SecB targeting pathways actually 

constitute two separate mechanisms, each with its own subset of proteins for targeting 

(248). Based on these experiments, it was suggested that in E. coli, IMP proteins are 

predominantly targeted by SRP, while presecretory proteins are targeted by the 

SecA/SecB system, with both pathways converging at the Sec translocon. 

The role of SRP in gram-positive species is not as well defined and may 

encompass the targeting of a larger subset of proteins. Interestingly, a SecB homologue 

has not been identified in B. subtilis, and the signal sequences of secreted proteins in 

B. subtilis tend to be longer, suggesting that SRP may act to target both membrane and 

secreted proteins (348). If this proves true. SRP may be involved in the targeting of 

virulence factors in gram-positive species. 
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1.2.3.1.3 SRP Co-Translational Targeting Model 

A current model of SRP co-translational dependent targeting of nascent 

polypeptides is reviewed in (178) and (177) (Figure 14). An IMP mRNA is targeted to a 

membrane boimd ribosome for translation. As the N-terminus of the translating nascent 

polypeptide emerges from the ribosome, SRP recognizes and binds to the hydrophobic 

domains, inhibiting folding of the protein. As the protein is translated further, and comes 

to completion, SRP interacts with its membrane-bound receptor and GTP-hydrolysis 

stimulated by this interaction results in the release of the polypeptide and transfer to the 

Sec translocon, where the protein is either incorporated into the cytoplasmic membrane, 

or transported across. 
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Figure 14. SRP-dependent Targeting of Nascent Polypeptides to the £1 coli 
Membrane 
A translating ribosome is shown to interact with SRP, by the binding of the hydrophobic 
end of the nascent peptide, and carried to FtsY, where the translating polypeptide is fed 
into the translocon for incorportaion into or secretion across the membrane. (Adapted 
from (178).) 
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1.3 Specific Aims 

The long-term goal of our laboratory is to elucidate the pathogenesis of 

A. pyogenes infections. PLO is a major virulence factor and host protective antigen (49, 

226), whose expression or secretion appear regulated in vitro (121). The primary 

objective of this study was to analyze the mechanisms by which PLO expression may be 

regulated in vitro, as a basis for investigating its production and role in pathogenesis. In 

keeping with this objective, the specific aims of this study were as follows: 

1. To characterize theplo genetic region, with the purpose of identifying factors involved 

in the expression or secretion of PLO, and to identify sequences which may be involved 

in inheritance of this virulence factor. 

2. To determine the role of a putative A. pyogenes Signal Recognition Particle pathway in 

PLO secretion. 

3. To determine the regulation of PLO expression through the identification of cis- or 

trans-dLCling factors that may affect PLO expression at the transcriptional or translational 

levels. 
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CHAPTER 2: DISSERTATION RESEARCH 

This chapter provides a detailed summary of the research directed towards 

answering the specific aims set forth in section 1.3. The format of this chapter proceeds 

with a Materials and Method section, followed by three separate sections, each of which 

addresses a specific aim, giving brief conclusions explaining the relevance of the results. 

For more detailed conclusions and future direction of this work, see Chapter 3. 

2.1 Material and Methods 

2.1.1 Bacterial Strains and Growth Conditions 

A. pyogenes and E. coli strains and plasmids used in this research are found in Table 3. 

A. pyogenes strains were grown in Brain Heart Infusion (BHl, Difco) broth supplemented 

with 10% fetal bovine serum (10% FBS) (Omega Scientific Inc.), shaking at 350 rpm at 

37°C with a liquid to flask volume ratio of 1:4. A. pyogenes was grown on BHl agar 

supplemented with 5% bovine blood at 37°C with 5% CO: for 48 to 72 hours. When 

grown in the presence of antibiotics (Sigma), the concentrations used were as follows: 

kanamycin (Kan) 30 |ig/ml, streptomycin (Str) 200 ng/ml, erythromycin (Erm) 15 ^g/ml. 

E. coli DH5a strains were grown in Luria Bertani (LB. Difco) broth shaking at 

350 rpm at 37°C with a liquid to flask volume ratio of 1:4. E. coli was grown on LB agar 

at 37°C at normal oxygenation. Antibiotics were used at the concentrations: Kan 

50 |ag/ml, Str 50 |ag/ml, Erm 200 |ig/ml, chloramphenicol (Cam) 30 |ag/ml, tetracycline 

(let) 10 |ig/ml, Ampicillin (Amp) 100 |ig/ml. 
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Table 3. Bacterial Plasmids and Strains 

Plasmid Characteristics Reference 
ApHl pLAFR2 BamWl Q ~20-kb partial Sau^AA 

fragment containing A. pyogenes BBRl plo gene (49) 
pAp350 pBluescript SKII+ HindiMXhol n 3.5kb 

EcoRl(JA)IXho\ ApHl carryingp/o A 11 bp (49) 
pBluescriptll KS+ n 

3.0-kb cloning vector. Amp Stratagene 
pDK7 

4.8-kb ?tac expression vector, ?tac, lacfi, Cm*^ (247) 
PGEMt-EASY 

col El T-tail cloning vector, Amp*^ Promega 
pHSS19 

2.5-kb pUC19 derivative, Kan*^ (338) 
pKRP13 

p34H Q 2.0-kb Str*^ cassette (387) 
pJRD215 10.2-kb cloning vector, Str*^, Kan**^, RSFlOlO 

replicon, mob+ (113) 
pJGS79 

pAp350 n Erm*^; Erm*^ inserted into plo (226) 
pJGS92 

pApHl A Kpnl 2.9 kb fragment (48) 
pJGS93 pBluescript SKJI(+) Q 2.9 kb Kpnl fragment 

from pAp350 containing plo (48) 
pJGS137 

pAp350 A £"coRI (223) 
pJGS139 pT7blue Q PGR product containing plo with 

nucleotides for C-terminus 6xHIS tag (48) 
pJGS16I 

pHSS20 Q 2.lkb Sail fragment from pApHI (48) 
pJGS164 

pHSS20 Q 3.0kb Sail fragment from pApHI (48) 
pJGSlTl 

pHSS20 Q 1.8kb £coRl fragment form pApHI (48) 
pJGS174 

pHSS20 4.4 HincRW fragment from pApHI (48) 
pJGSI75 

pHSS20 Q 1.3kb HindiW fragment from pApHI (48) 
pJGS177 

pHSS20 Q 1.2kb HindiW fragment from pApHI (48) 
pJGSlSl 

4.3-kb pEP2 derivative with pUC19 MCS, Str*^ (48) 
pJGS185 pMMB19 EcoRlLlAsplQO 3.5 kb £coRl-

EcoRV fragment from pJGS 184, encoding ermA 
and sacB (223) 

pJGS186 pHSS21 Q 3.5 kb Eco^tXhol fragment from 
ApHl encoding/?/o (223) 

pJGS193 pHSS21 Q 2.3 kb A77ol-£coRI and a non
contiguous 0.4 kb £coRl fragment from pApHI (48) 
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pJGS222 pHSS19 n 3.4-kb//jr::Str'' (1.4-kb//5r PGR 
product containing/jK with Nru\ Q 2.0-kb 
enzyme Str"^ fragment from pFGlP13) This work 

pJGS223 pGEMt-EAS Y Q PGR product containing entire 
This work 

pJGS225 pHSS19 a 3.6^J-Str*^ (1.6-kb ffli PGR product 
EcoKW Q. 2.0-kb enzyme Str*^ fragment from 
pKRP13) This work 

pJGS313 
pHSS 19 Q 0.5-kb ftsY internal fragment This work 

pJGS315 
pHSS19 Q 0.6-kb ffii internal fragment This work 

pJGS340 pKpn-KiSS-Lambda Hindll Q 1.6-kb Erm*^ 
cassette from pNG2 (223) 

pJGS369 pDK7 I.7-kb PGR product containing 
under Ptac This work 

pJGS370 pBluescriptll KS+Q 7.9-kb Nhel fragment 
from ApHI, containing^jK and fflt This work 

pJGS371 
pJRD215 A 1.7-kb^oI/5aA fragment, Kan^ This work 

pJGS429 
pJGS371 SpeUApal a entire ll.4-kb of pJGS370 This work 

pJGS430 pDK7 Smal £l 1.6-kb PGR product containing 
ftsY under Ptac control This work 

pJGS436 pHSS19 Q 2.4-kb PGR product containing 
orfl21 This work 

pJGS438 pJGS436 KpnlUA pol. Q. 1.6-kb £coRV Erm*^ 
fragment from pJGS340 This work 

pJGS439 pJGSlSI EcoRl/Smal Q, 2.4 kb 'smc-orfl2I 
£coR1////>7cII fragment from pJGS436 This work 

pJGS440 pJGSlSl n \3-\ih orfl2I fragment with orfl21 
under ?lac control This work 

pJGS442 pSB2A Q SpellSacW 2.2-kb Pplo+plo fragment 
amplified with primers p/oSpelFl and /?/oSacIIR This Work 

pSB2A RSFlOlO based vector with promotorless cat 
gene (293) 

pJGS443 pSB2A Q Spel/Sacll 2.2-kb Pplo+plo fragment 
amplified with primers p/oSpeIF2 and /j/oSacIIR This Work 

pJGS444 pSB2A fl Spel/SacW 2.2-kb Pplo+plo fragment 
amplified with primers /?/oSpeIF3 and p/oSacIIR This Work 

pJGS445 pSB2A SpeVSacU 2.2-kb Pplo+plo fragment 
amplified with primers /7/oSpeIF4 and p/oSacIIR This Work 

pJGS446 pSB2A Q SpeVSacW 2.2-kb Pplo+plo fragment 
amplified with primers /j/oSpelFS and p/oSacIIR This Work 
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pJGS447 pHSS19 Q 2.2-kb plo fragment amplified with 
primers p/oSpeIF6 and p/oSacIIR This Work 

pJGS448 pSB2A Q SpeHSacW 2.2-kb plo fragment from 
pJGS447 This Work 

pJGS544 pSB2A Q SpeMSacW 2.2-kb ?plo+plo containing 
mutation in R1 generated with the 
p/oRl mutagenic primer during site-directed 
mutagenesis This Work 

pJGS545 pSB2A Q Spel/Sacll 2.2-kb Pplo+plo containing 
mutation in R2 generated with the 
p/oR2mutagenic primer during site-directed 
mutagenesis This Work 

pJGS546 pSB2A Q Spel/Sacll 2.2-kb Pplo+plo containing 
mutation in the -10 of promoter 1 generated with 
the p/o-lOupmutagenic primer during 
site-directed mutagenesis This Work 

pJGS548 pSB2A Q Spel/Sacll 2.2-kb Pplo+plo containing 
mutation in the -10 of promoter 2 generated with 
the p/o-lOdowrmiutagenic primer during 
site-directed mutagenesis This Work 

Strains 
Characteristics Reference 

Arcanobacterium 
pyogenes 
BBRl 

Bovine isolate, wild-type 
(49) Marana. 

AZ 
JGS259 

BBRl plo Q Erm*^ (226) 
JGS529 

BBRl(pJGS371) This Work 
JGS530 

BBRl(pJGS429) This Work 
JGS531 

BBRl(pJGS181) This Work 
JGS532 

BBRl(pJGS440) This Work 
JGS534 

BBRlQpJGS438 (or/727;:ErmR) This Work 
JGS538 

JGS259(pSB2A) This Work 
JGS539 

JGS259(pJGS442) This Work 
JGS540 

JGS259(pJGS443) This Work 
JGS541 

JGS259(pJGS444) This Work 
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JGS542 
JGS259(pJGS445) This Work 

JGS543 
JGS259(pJGS446) This Work 

JGS544 
JGS259(pJGS448) This Work 

JGS668 
JGS259(pJGS544) This Work 

JGS669 
JGS259(pJGS545) This Work 

JGS670 
JGS259(pJGS546) This Work 

JGS672 
JGS259(pJGS548) This Work 

Escherichia coli 

DH5a P- OSOd/acZAM 15^{lacZYA^argF)\J 169 endA 1 
recAl hsdR17{x]/i'mV^ deoR thi-I supE44 
gyrA96 relAl k' Gibco, BRL 

WAMIOO 
F- D/flcC/169 l36rpsL thi relA (369) 

WAM113 F- D/flcC/I69 \36rpsL thi relA ffli::kan 
[attB: :(bla OParaB. jffh araC HacZ)] (369) 

N4156 
polA end thy gyrA {nalAR) (279) 

N4156pAral4'FtsY polA end thy gyrA ftsT ::bla pBR322 ori araC 
ParaB::ftsY (279) 

JGS2376 
DH5a(pSB2A) (48) 

JGS2781 
DH5a(pJGS442) This Work 

JGS2782 
DH5a(pJGS443) This Work 

JGS2783 
DH5a(pJGS444) This Work 

JGS2784 
DH5a(pJGS445) This Work 

JGS2785 
DH5a(pJGS446) This Work 

JGS2786 
DH5a(pJGS447) This Work 

JGS2787 
DH5a (pJGS448) This Work 

JGS2905 
DH5a(pJGS544) This Work 

JGS2906 
DH5a(pJGS545) This Work 

JGS2907 
DH5a(pJGS546) This Work 

JGS2909 
DH5a(pJGS548) This Work 
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E. coli conditional mutant strains N4156pAral4'FtsY and Waml 13, in which ftsY 

or ffh are under the control of the ardQ promoter, were qrown in LB with 0.2% arabinose, 

which is required for induction of wild type expression of these genes (279, 369). N4I56 

and N4156pAraI4'FtsY, also required 0.4% fructose for wild type growth (279). 

2.1.2 Preparation of Culture Samples 

BBRl cultures were grown overnight in 50 ml BHI+10% FBS broth in 250 ml 

flasks inoculated with single colonies from fresh plates. Overnight cultures were 

subcultured to fresh 500 ml BHI+10%FBS broth in 2 L flasks to a starting ODeoo of 0.1. 

Cultures were then grown shaking at 350 rpm at 37°C. 2ml samples were taken for 

analysis starting at 2 hours until the culture was several hours into stationary phase. 

Supematants and cells were separated by centrifugation at 13,000 rpm in a 

microcentrifuge and were tested separately for hemolytic activity and then frozen at 

-80°C. 

E. coli DH5a strains were grown overnight in 50 ml LB broth in 250 ml flasks 

inoculated with single colonies from fresh plates. Overnight cultures were subcultured to 

fresh 50 ml LB broths at an ODeoo of 0.1 and grown with shaking at 350 rpm at 37°C. 

Samples were taken at a desired ODeoo values, with supematants cells separated by 

centrifugation prior to freezing. 
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2.1.3 Preparation of Soluble Cellular Extracts 

Cultures were grown as described in section 2.1.2. Samples for cell extract 

preparation were taken at the same time periods as supernatant, with quantities specific to 

optical density (ODeoo of 0.4 = 50ml; 0.8 = 25ml; 1.6 = 12.5ml; 2.4 = 9.25 ml, 3.2 = 

6.25ml, 4.0 = 5ml, >4.0 = 5ml). Samples were centrifuged at 15,000 rpm in a Sorvall 

centrifuge for 15 min and supematants discarded. Cell pellets were frozen at -80°C until 

use. Cell pellets were resuspended in 5 ml 0.1 MTris-HCl, pH 7.8 and the cells were 

immediately disrupted by two passages through a French pressure cell (Amico) at 

138 MPa. Extracts were then centrifuged at 15,000 rpm in a Sorvall centrifuge at 4°C to 

remove cellular debris. Soluble cell extracts were immediately tested or frozen in 1.5 ml 

aliquots at -80°C. Protein concentrations were determined using the Bradford Protein 

Assay reagent (BioRad) with the method given by the manufacturer. Final protein 

concentrations were determined as the average of duplicate assays. 

2.1.4 DNA Preparation and Techniques 

Genomic DNA of A. pyogenes was isolated in a manner similar to Pospiech and 

Neumann et al. (375), and plasmid DNA isolation and transformation protocols for 

A. pyogenes were essentially performed as previously described (224). £ coli genomic 

DNA isolation and plasmid preparations and transformations were essentially performed 

as described by Ausubel et al. (17). Agarose gel electrophoresis analysis of DNA 

concentrations, restriction digestions, and ligation reactions were performed as previously 

described (17). Agarose gels for Southern blotting were prepared and transferred by 



protocols previously described (17). The preparation of DNA probes and hybridization 

solutions, as well as detection protocols for Southern blots were performed as described 

by The DIG System User's Guide for Filter Hybridization (Boehringer Marmheim). 

2.1.5 PGR Amplification Protocols 

PGR amplification was performed with either Taq DNA polymerase (Promega) or 

PfuTurho (Strategene) using the buffer and reaction conditions determined by the 

manufacturer, with a general amplification protocol consisting of a hot start at 94°C for 

10 min, followed by 35 cycles of denaturing at 94°C for 30 sec, annealing at 5°C below 

Tm of the primer pair (generally 55°C) for 30 sec, and an extension at 72°C with 1 min 

per 1 kb of the amplicon. The cycles were followed by a final incubation at 72°C for 

5 min to finish incomplete ends. See Table 4 for a list of oligonucleotides used. 

2.1.6 Sequencing 

The plo gene was originally identified and sequenced by Billington et al. (49). 

Further sequencing of the flanking regions was performed on subclones of cosmid ApHl 

with primer walking. See Figure 15 for the sequencing constructs and Table 4 for a list 

of primers. Oligonucleotide primers were synthesized by Sigma-Genosys and all 

sequencing reactions were performed by the Laboratory of Molecular Systematics DNA 

sequencing facility at the University of Arizona. Sequencing was performed on both 

strands such that each strand was sequenced completely at least twice. Sequences were 

assembled using Sequencher™ 3.1 (GeneCodes, Ann Arbor, MI.), and database searches 
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Table 4; Oligonucleotide Primers 
Primer Name 
(* denotes reverse 
primer) 

General 
Location 

Sequence 5'->3' Tn, 

SMCFl 3' end smc GACGAGGTCGAGGCAGCAC 68.7 
70576 5' end of 

?plo 
TGCGTTTACCTACGGGTTTGTG 55 

;7/O5'PROMOTERR* T?plo GGATCATGGCAGCAACGC 68.0 
/7/oextlF ?plo CTACGTGTGCGCTCAATAC 59.5 
6-FAM/7/0EXTI* 3' to Pplo I 6GATGTCAACGAGTCAGATCAGC 

TTATTAAC 
67.3 

p/oExtl* 3' to Pplol GATGTCAACGAGTCAGATCAGC 
TTATTAAC 

67.3 

/7/oext2F Pplo CAGAGAGTTGGAGCTACC 54.6 
6-FAMp/oEXT2* 3' to Pplo 2 6GCC1T"! CG 111 CATTTTCCTTCC 

GCCTTCC 
78.1 

ploE\\2* 3' to Pplol GCCTTTCGTTTCATTTTCCTTCC 
GCCTTCC 

78.1 

plo-1 Oupmutagenic Ppi-10#\ 5'Phos-
GTGAGGTCTGCGAATGCCAGGGG 
CTAC 

78.3 

plo-
1 Odownmutagenic 

Pplo-lOU2 5'Phos-
C111 lACACGTCGCCTACCGAAGT 
ATCTC 

70.2 

/7/0RI mutagenic PploRl 5'Phos-
GGGCGAGCATCGCTGCTGGTCAA 
TATCCC 

82.2 

p/oR2mutagenic PploKl 5'Phos-
CGGGCGGGCGATGCGTGCTGGCT 
AGTC 

86.4 

/7/0R3 mutagenic PploR.3 5'Phos-
GTGAAAAAATATGCGTGTGGCTA 
TAAGAG 

67.5 

p/oselectionmutageni 
c 

Tplo 5'Phos-
CTAGTGAGTTACCTCGTTTAACGT 
CGACCTGC 

73.0 

/j/oEcoRl* mid plo CTGCCGAATTCCCGCTCC 70.2 
/7/oSpeIFl 5' Pplo 

{Spe\) 
GCGGGTTTGTGTGACTAGTGG 66.6 

p/oSpeIF2 Pplo {Spel) TTGCTGGTCACTAGTCCGTTT 63.5 
;7/oSpeIF3 Pplo {Spel) GCTGGCTAGTCACTAGTGAAGGT 62.6 
/»/oSpeIF4 Pplo (Spel) CCAGGGGCTACTAGTGCG 63.4 
p/oSpeIF5 Pplo (Spel) AGCTGATCTGACTAGTTGACATCG 63.5 
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/7/oSpeIF6 Pp/o (Spel) TACACGTGTACTAGTGAAGTATCT 
CC 

59.2 

p/oSacIIRl* 3' ofp/o CTCAAATATGTCGCCGCGGTA 68.7 

70577* 3'end of 
?plo 

CATCGTGACAGTTGCTGCTGCG 70 

2125 mid plo GGCCCGAATGTCACCGC 54 

2127* mid plo AACTCCGCCTCTAGCGC 52 
FTSYFNHEI yftsY 

{NheV) 
GCACATGGCGTGCTAGCGGCG 78.6 

FTSY-F2 yxoftsY GTCGTCGTGCATGATCAGGCC 72.3 
FTSYF3 5' to ftsY GGCTACGTCGCAAAGTTCAGGC 70.7 
FTSYF4 5'end in ftsY GGACGTCTGGCCGCTTCTGGTG 76.0 
FTSYR3* 5' ^noxftsY GCAAGTTCCTCGTGTCCG 64.6 
FTSYR4* 5' in ftsY TCCGTAGTTGCCTTGACT 

TTCG 
67.2 

FTSYR5* mid ftsY CCCACGTGGAGAGCTGATCGGC 76.1 
FTSYR6* 3' xnftsY CTTGGCGGTTCCATCGAGCTTC 72.7 
FTSY-R2* 3' to ftsY GCGAGTTAAACATGTATGCCC 63.1 
FTSYRBAMHI* 3' end ftsY 

{BamHl) 
GCACATGGCGTGCTAGCGGCG 72.8 

FTSY-F 3' offtsY GGTGCGCTCTGATCGCGAAGGC 77.7 
FFHFNHEI 5JJh{Nhe\) CTCGCATAGCGGCTAGCGTGG 72.7 

#iF7PstI 5' before ffii 
start 

CTGGCTGCAGGCATAGCGGCG 77.6 

SRB-Fl 5' xofjh CTACCTGAGGGCATACATGTTTA 61.6 
FTSY-R* mid ffh AAGCTGATTGACGGCGTTGGGG 74.7 
SRPF2 mid fjh AACGCCGCAATCAGCTTCAGG 71.3 
SRPF3 mid fjh ATTCACCCTCGATGACTTCCTC 65.4 
SRPR2* mid fjh CTCCTCGCTCCAGGTCTTTTCG 70.2 
smcR2* mid ffh AGTCTCGGCGCTCATCC 64.4 
FFHRBAMHI* yfjh 

(Barnm) 
GGCGTAGCCGCGGATCCCCTCG 80.9 

#iR7XbaI* 3' after ffh 
stop 

GGGTCTAGAGCTCAACCGGCC 70.1 

SRB-Rl* r i o f f h  CGTCAGTGCCCGCAAAGACCC 74.9 
SRPF4 3'end in ffh GGGCGGCGGCTATACGAAGAAG 72.9 
SRPR3* 3'to#; GATCCAGCCATCCCTTTTTCG 68.6 

#;F8 yiojjh GGGGCTGGCACGAGTCATG 71.6 
* reverse primer 
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Figure 15: Vectors and Primers used for Sequencing siifc-of/?5i 
(A) The genetic organization of the smc-orJ353 region shown. In (B), the lines depict the 
region of each of the vectors sequenced in assembling the smc-orJ353 contig. This region 
was sequenced at least twice in each direction, with the final sequence shown in Figure 
18, and vectors described in Table 3. 



were performed using the BlastX and BlastP algorithms (12). Further analyses, including 

the construction of %G+C and codon usage tables, analysis of patterns and possible 

structural characteristics, as well as sequence publishing and multiple sequence 

alignments were conducted using the suite of programs designed by the Genetics 

Computer Group (GCG), Madison, WI and accessed through BioDesk, posted and site 

licensed by the Biotechnology Computing Facility at the University of Arizona 

(http://www.bcfarl.arizona.edu). 

2.1.7 RNA Preparation and Analysis 

Total cellular RNA was isolated by a modified version of the hot-phenol 

extraction method described by Aiba et al. (4). Samples of cell pellets harvested as 

described in section 2.1.2 were resuspended in 370 |il d2H20 containing 20 mg lysozyme 

and incubated at 37°C for 20 min. To this reaction, 5 |il 2 M NaOAc (pH 5.5), 125 j^l 

2%SDS and 1 |il 0.5 M EDTA were added and mixed. 500 |il acid 

phenol:chloroform:IAA (pH 4.3) (Sigma) was carefully added and cells were incubated at 

60°C in a waterbath for 5 min with gentle agitation. The reactions were centrifliged in a 

microfuge at 13,000 rpm and the aqueous phase was removed and re-extracted with 

phenol:chloroform:IAA (pH 4.3). The second aqueous phase was then added to 3 

volumes of 100% ethanol (EtOH) and incubated for 2 hours to overnight at -80°C to 

precipitate RNA. Tubes were then centrifuged 15 min at 13,000 rpm and the precipitate 

was dried and diluted in 500 |il RNA buffer (0.02 M sodium acetate, pH 5.5; 0.5% SDS. 

1 mM EDTA). The sample was then EtOH precipitated twice more, with a final 

http://www.bcfarl.arizona.edu
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resuspension in 500 |il DNase-Free ci2H20. 100 |al of this sample was then incubated 

with RNase-free DNase (Promega) as per manufacturer's conditions for 30 min at 37°C 

to remove DNA. This sample was then extracted with acid phenol:chloroform:IAA 

(pH 4.3) and precipitated twice with EtOH, as above. The final sample was resuspended 

in 50 |il daHaO, its concentration determined as previously described (17) and separated 

into 10 jil aliquotes and frozen at -80°C. RNA samples were never used more than once, 

and were kept on ice at all times. 

RNA dot blots and the preparation of DNA probes were performed as described 

in The Dig System User's Guide for Filter Hybridization (Boehringer Mannheim). For a 

list of probes used, see Table 5. 

2.1.8 Enzymatic Assays 

Hemolytic assays were performed on supernatant and cellular extracts using a 

modification of a microliter method previously reported by Bhakdi et al. (46). Serial 

two-fold dilutions of each sample were performed in 100 fil volumes in a 96 well 

microtiter plate. 100 jal of 0.5 % ovine blood was then added to each well. Hemoglobin 

release was measured at A410, with one hemolytic unit (HU) representing the amount of 

hemolysin required to release 50% of the hemoglobin from 200|il of 0.25% ovine 

erythrocytes in 1 hour. The absorbance value representing the release of 50% of the 

hemoglobin was determined experimentally. 

Chloramphenicol acetyl transferase (CAT) assays were performed on fresh 

extracts as previously described by Shaw (434). Each reaction was performed with a 
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Table 5. Oligonucleotide Probes 
Probe Experiment Primers used for 

Construction 
Template Size (bp) 

plo RNA dot blot /7/oSpeIF6, 
p/oSacIIRl 

BBRl 
Chromosome 

1708 

?plo Gel Shift p/oSpelFl, 70577, 
DIG dNTPs 

BBRl 
Chromosome 

451 

?plOc Gel Shift /7/oSpeIFl, 70577 BBRl 
Chromosome 

451 

ARl Gel Shift /7/oSpeIF2, 70577, 
DIG 

BBRl 
Chromosome 

341 

ARlc Gel Shift /7/oSpeIF2, 70577 BBRl 
Chromosome 

341 

AR1R2 Gel Shift /7/oSpeF3, 70577, 
DIG dNTPs 

BBRl 
Chromosome 

303 

ARlR2c Gel Shift ploSpeF3, 70577 BBRl 
Chromosome 

303 

AR1R2P1 Gel Shift /7/oSpeIF4, 70577, 
DIG dNTPs 

BBRl 
Chromosome 

230 

ARlR2Plc Gel Shift p/oSpeIF4, 70577 BBRl 
Chromosome 

230 

AR1R2P1R3 Gel Shift p/oSpeIF5, 70577, 
DIG dNTPs 

BBRl 
Chromosome 

159 

ARlR2PlR3c Gel Shift p/oSpeIF5, 70577 BBRl 
Chromosome 

159 

AR1R2P1R3P2 Gel Shift p/oSpeIF6, 70577, 
DIG dNTPs 

BBRl 
Chromosome 

141 

ARlR2PlR3P2c Gel Shift p/oSpeIF6, 70577 BBRl 
Chromosome 

141 

Rl* Gel Shift /j/oSpelFl, 70577, 
DIG dNTPs 

pJGS544 451 

Rl*c Gel Shift p/oSpelFl, 70577 pJGS544 451 
R2* Gel Shift p/oSpelFl, 70577, 

DIG dNTPs 
pJGS545 451 

R2*c Gel Shift p/oSpelFl, 70577 pJGS545 451 
PI* Gel Shift p/oSpelFl, 70577. 

DIG dNTPs 
pJGS546 451 

Pl*c Gel Shift p/oSpelFl, 70577 pJGS546 451 
P2* Gel Shift /j/oSpelFl, 70577, 

DIG dNTPs 
pJGS548 451 

P2*c Gel Shift ;7/oSpeIFl. 70577 pJGS548 451 
A=truncation; *=site-directed probe; c =competitor probe, no DIG-dNTPs 
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fresh single use cuvette and kept at a constant temperature of 37°C, by preheating all 

reaction buffers and connecting the spectrophotometer to a 37°C waterbath. Each extract 

was tested in triplicate in the following manner: a fresh cuvette containing 604.5 |al of 

reaction solution, consisting of 0.1 mM acetyl-CoA (Sigma), 0.4 mg 5-5'-dithiobis-2-

nitrobenzoic acid (DTNB, Sigma)/ml, and O.IM Tris-HCl, pH 7.8, was used to blank a 

spectrophotometer at A412. The background rate for each sample was established by 

adding 32.5 (il of extract with an A412 reading taken every 6 seconds over a one minute 

period. To test the CAT activity in the sample, 13 fil 5mM chloramphenicol was added 

and the A412 measured again over a one minute period, with readings taken every six 

seconds. The rates of each reactivity period were then calculated, and the rate of CAT 

activity determined, in order to calculate the final amount of CAT enzyme available in 

each cuvette. A protein assay of each extract was performed to standardize the samples 

against each other, and the values included in the calculations as described by Shaw. 

(434). 

2.1.9 Polyacrylamide Gel Electrophoresis and Western Blotting 

10% sodium dodecyl sulfate (SDS) polyacrylamide gels were used as described 

previously (17). Western blotting was performed on these gels as described previously, 

and immunostained with goat anti-His-PLO (49) and rabbit anti-goat IgG-peroxidase 

conjugate (Kirkegaard & Perry Laboratories), as primary and secondary antibodies, 

respectively. His-PLO was prepared as previously described (49), and run as a control in 

all reactions. 
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2.1.10 Primer Extension 

Primer extension analysis was performed in a modified protocol taken from 

Graentzdoerffer et al. (159). Oligonucleotides were synthesized by Sigma-Genosys and 

designed to anneal 50-100 bp downstream of the putative +1 of the start of transcription 

of the message, and were labeled on the 5'end with 6-FAM, a nucleotide analogue with a 

fluorescent chromophore (Table 4). Reverse transcription was performed on 10 fig of 

total cellular RNA (section 2.1.7) using AMV-Reverse Transcriptase (Promega), and 

Rnasin Inhibitor (Promega), as described by the respective manufacturers. Products were 

then purified on a Centrifile™ Gel Filtration Cartridge (EdgeBioSystems) to remove 

excess salts and analyzed by the Arizona Research Laboratories (ARL) Genomic 

Analysis and Technology Core (GATC) using an ABI 3700 fragment analyzer. Peak 

band sizes were determined by comparison to ladder peaks of known sizes. Positive 

control reactions, consisting of PCR products amplified with forward primers annealing 

to the putative +1 start and the same reverse 6-FAM labeled primers, were analyzed to 

confirm peak size. Negative control reactions, consisting of reactions lacking RNA. 

AMV-RT, or oligonucleotides, were analyzed. 

2.1.11 Site-Directed Mutagenesis 

Site-directed mutants were constructed in a two-step PCR reaction using an 

internal mutagenic and a selection primer, and external cloning primers with P/z/Turbo 

(Stratagene) and Taq polymerase (Promega). See Figure 16 for a depiction of the 

protocol. Site-directed amplification products were initially cloned into pSB2A. with 



1 = p/oSpelFl (introduces Spel site) 
2 = site-directed mutagenesis (*) primer (introduces R1 *, R2*, R3*, PI*, P2*) 
3 = /7/oEcoRI (selection primer- introduces £coRI site (|)) 
4 = /j/oSacIIRl (introduces 5acII site) 

Step 1: Template = BBRI Chromosome 

PGR Reaction A: Primers 1 and 3 

PGR Reaction B: Primers 2 and 4 

-I-
-I-

Step 2: Template = Reaction A, B 
PGR reaction G, Primers 1 and 4 

-I-

^ Extension of the ends 

^ Amplification gives 3 possible products 

I Digestion with £coRI removes 1 product 
• -50% chance of cloning desired product 

Digest ends with Spel and 5acII to clone into pSB2A 
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Figure 16. Site-Directed Mutagenesis Protocol 
Site-directed mutagnesis was carried out as a two-step PGR reaction. In the first step. 
Reaction A introduced the Spel site and amplified the 5' end of the target gene. In 
reaction B, the Sacll site was introduced at the 3' end of the target gene as was the 
mutation with primer 2. In the second step, the two PGR products were mixed, heated 
and cooled slowly to give a heterogenous mixture of products suitable for template. The 
next step specifically extended the ends of the heteroduplex template DNA, followed by a 
PGR, using primers 1 and 4, to generate 3 possible products, and then by £coRI 
digestion. Next, the mixture and vector were similarly digested with Spel and 5acII to 
give compatible ends. Only those products containing both sticky ends and at least 1 
strand carrying the mutation will be compatible for ligation into vector pSB2A and will 
transform E. coli. 
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screening of E. coli DH5a clones with phenotypic alterations in PLO activity on LB + 

2% ovine blood, and were confirmed by sequencing of both strands. Constructs were 

then used to transform JGS259, and analyzed for CAT activity, as described in section 

2.1.8. 

2.1.12 Gel Shift Assay 

Gel shift assays were performed with total cell extracts mixed with probes and 

competitors in binding reactions as described in the DIG Gel Shift Kit protocol from 

Roche, and by Ausubel et al. (17). Target DNA was labeled as described in section 2.1.4 

and competitor DNA was synthesized with the same primers, but lacking DIG-labeled 

dUTP (Table 4). Crude extracts were prepared as described in section 2.1.3. In a 20 |il 

binding reaction, 5-20 fig crude soluble cellular extract was mixed with 2 |ag salmon 

sperm DNA (to inhibit non-specific binding), 15-30 nmol target DNA in 1 x binding 

buffer (20 mM HEPES, pH7.6; ImM EDTA; 10 mM (NH4)2S04; 1 mM DTT; 0.2% 

Tween 20; 30 mM KCl). In some experiments, competitor oligonucleotides were added 

at known concentrations. This reaction was mixed carefully and incubated at 15-25°C for 

15 min, then placed on ice. A high ionic strength 6% native polyacrylamide gel was 

prepared by mixing 8.0ml 5 x Tris-Glycine stock (5 x Tris-glycine stock= 0.25 M Tris 

base; 2 M glycine; 10 mM EDTA; pH 8.5 unaltered), 6.33 ml 30% bis-acrylamide. 2.0 ml 

50% glycerol, 23.7 ml d2H20, with 100 |il 30% ammonium perisulfate and 34 |il 

TEMED added just prior to pouring. Following polymerization, gels were pre-

electrophoresed at 80-100V for 90 min in 1 x Tris-Glycine. 20 ^il binding reactions were 
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mixed with 5 jal loading buffer (0.15 xTBE buffer; 40% glycerol; 0.2% bromophenol 

blue) (10 X TBE stock = 890 mM Tris; 890 mM boric acid; 20 mM EDTA; pH8.0) 

loaded immediately, and subjected to electrophoresis at 80V/cm^ until the loading dye 

migrated 2/3 the length of the gel. 

Probes were transblotted to nitrocellulose in 0.5x TBE for 30min at 400mA. The 

membrane was baked at 120°C for 15-30min, or UV cross-linked at 120mJ on paper pre-

soaked with 2 x SSC. 

Membranes were developed using the immunofluorescence detection method 

dictated for Southern blotting in The DIG System User's Guide for Filter Hybridization 

(Roche Applied Science), which utilizes a-DIG-alkaline phosphatase conjugate (Roche 

Applied Science) and the CSPD substrate (Roche Applied Science). 
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2.2 Molecular Characterization of the plo Genetic Region 

2.2.1 Identification of Smc, FtsY and Ffli Homologues 

The plo structural gene was initially identified on cosmid clone ApHl (49). The 

nucleotide sequences 2,160 bp upstream and 4,121 bp downstream of plo were 

determined from subclones of this cosmid by primer walking on both strands. The 

sequencing of this region was completed and has been published in the GenBank 

database under accession number U84782.2. 

The organization of the open reading frames (ORFs) in the plo region is shown in 

Figure 17, and sequence motifs and translated regions are shown in Figure 18. Analysis 

of the nucleotide sequence upstream of plo identified one complete ORF, orflll, 

encoding a 121 amino acid putative protein, which, when compared to the GenBank 

database did not reveal any significant homologues, and the 3' end of a partial ORF, 

which encodes a protein most homologous to Smc of Streptomyces coelicolor (69% 

identity across the region examined) (GenBank Accession No.: T35661), and Smc of 

other organisms (Table 6). In other prokaryotic species, Smc is responsible for the 

structural maintenance of chromosomes and is essential for chromosome partitioning in 

Bacillus subtilis (313) and E. coli (340). Downstream of the reported plo transcriptional 

terminator (49), are two ORPs encoding translated products which are highly 

homologous to FtsY and Ffh, the protein components of the signal recognition particle 

(SRP). Downstream of fjh is orf353, whose translated product at 353 amino acids in 

length, shares most homology with a S. coelicolor conserved hypothetical protein (35% 

identity) (GenBank accession No.: CAC38796) (386). Analysis of this region in the 
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%G+C 
Content 

orf353 smc 

2.0 kb 4.0 kb 6.0 kb 

Figure 17. The plo Islet has a Decreased %G+C 
Genetic map of the plo region of A. pyogenes strain BBRl superimposed on a plot of the 
corresponding %G+C content (Y-axis) versus kb (X-axis). %G+C plot was generated by 
the Window program (Genetics Computer Group (GCG), WI). 
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10 30 50 
.acgcctcaaatacgaacagctggcagcgaaggcgattgacgatctagggatgagcgccga 

l  k  y e q l a a k a i d d l g m s a e  

70 90 110 
gactttgatcaacgagttcggtcctcacctcatgatcacactcccgcaacccgaagggga 
t l i n e f g p h l m i t l p q p e g e  

130 150 170 
ggagcctcaacctccacgcccgtttgtgcgtgaagagcaggaaagacggttagccaaggc 

e p q p p r p f v r e e q e r r l a k a  

190 210 230 
cgagcgtgacctcgcgcgtttgggcaagatcaacccgttggcgctcgaagagcacgccgc 
e r d l a r l g k i n p l a l e e h a a  

250 270 290 
cctcgaggaacgccaacgctacctctccgagcagctccaggatctgcgccggtcgcgagc 

l e e r q r y l s e q l q d l r r s r a  

310 330 350 
agatctgctgggcattgtggcggacatcgaccagcgggtcaatgacgtgatgacgagcgc 

d l l g i v a d i d q r v n d v m t s a  

370 390 410 
gctcgccgacgtcgcacgcgaattcgaggacaccttccagcggctcttccccggagggaa 

l a d v a r e f e d t f q r l f p g g k  

430 450 470 
aggccggctcgtcctcacggacccagaccaggtcctgactaccggcgtcgatatcgaagc 

g r l v l t d p d q v l t t g v d i e a  

490 510 530 
gcgtccgcctggaaaacgcatcaagcggctttcactgctatccggtggcgaacgatccct 

r p p g k r i  k r l s l l s g g e r s l  

550 570 590 
cactgcggtggctttcctcgtcgcaatttttaaggccaggccctctcccttctatgtgat 

t a v a f l v a i  f k a r p s p f y v m  
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610 630 650 
ggacgaggtcgaggcagcacttgatgacacaaacctgtctcggctcatcgggctgttcca 

d e v e a a l d d t n l s r l i g l f q  

670 690 710 
ggaattgcaagataactcgcagctgctcatcatcacccatcaaaagcgcactatggagat 
e l q d n s q l l i i t h q k r t m e i  

730 750 770 
cgccgacgccctctacggcgtggccatgcgtgaagacggggtgacgaccgtcatttcgca 
a d a l y g v a m r e d g v t t v i s q  

790 810 830 
gcgcgttcaggatctggccagcgattaaacgatcggcatgggatcgaagtgtgagcaaaa 

r v q d l a s  d *  

850 870 RBS 8 9 0  orfl2l 
cgtctgtggcaaagggtgatatttcggtgcgtctgaactagaaaaggaagagtgatgac^ 

m t 

910 930 950 
ctcctgttcagtgcagctgttataggtaccgtcggcggcggcgcctattactttgcgcgt 
l l f s a a v i g t v g g g a y y f a r  

970 990 1010 
gggcgcaaggccgccgagagccgtgaatgggtaggcgagtcggtcaaggcctggcgatcg 
g r k a a e s r e w v g e s v k a w r s  

1030 1050 1070 
aatgagcttgacggcggtcgcttcgaggtgcggatgcaagagacacacctggacgagctg 
n e l d g g r f e v r m q e t h l d e l  

1090 1110 1130 
tttacaaccttcgatcacgacgaatctaatccttactacacgcctgaggaaattgaagag 
f t t f d h d e s n p y y t p e e i  e e  

1150 1170 1190 
aaggtatctaaagcagtcggatcgagcatcccgcataggattctcgacttcacagagctg 
k v s k a v g s s i p h r i l d f t e l  

1210 1230 1250 
gttgttcttcgcgtagtcagtctggccaaagctgcaaaagtcaagattttcggctgactg 
v v l r v v s l a k a a k v k i f g  *  
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1270 1290 1310 
caaacaagaataacgcaatttttgcttgcgtaattcggtgaaaatagcgctaatgatgac 

1330 1350 1370 
gacgcccctctgtgcagcgttgctgccatgatccgtctatggcattagcaggtcatttca 

1390 1410 1430 
gaaattgcaagatatttacaggttatcttgggtgttttcccagcaaaggcgcggtgaaaa 

1450 1470 1490 
ajvtgcgatttcaacgcttatgcgatgcgcgaaaagtgcgtttacctgcgggtttgtgtga 

1510 1530 1550 
ctattggaggatttaagggtgtgggaaaaacgagtcgcgccaatatagtattgactttat 

1570 1590 1610 
GTTAATAGTGTGCATTCGCTTCATGGGCGAGdATTTTTGCTGGtrCAATATCCCGTTTTCG 

-35 (PI) 
1630 1650 1670 

ggcgggcgIatttttgctggIctagtcagtggtgaaggtaacctttttcttgagacctgcgg 

1690 - IO(PI )  1710 1730 
tgtgaggtctgtaaattccaggggctacgtgtgcgctcaatacgctatagtgaaaaaalts 

-35 (P2) 
17 50 1770 1790 

tttttgtg^ctataagagctgttaataagctgatctgactcgttgacatcgccttttaca 

-10 (P2) 
1810 1830 1850 

cgtgtactatcgaagtatctccagagagttggagctaccttattcgaggttgagttaagg 

^^^1870 ]^g9o 1910 
aaggcggaaggaaaatgai^cgaaaggcttttgcatcgctagtggcgagtgtagtcgcag 

m k r k a f a s l v a s v v a a  

1930 1950 1970 
cagcaactgtcacgatgcccacagcatcttttgctgccggattgggaaacagctcgggat 

a t v t m p t a s  f a a g l g n s s g l  

1990 2010 2030 
tgacggacggcttgtcagcgccgcgagcctccatctccccgacggataaagttgacctta 

t d g l s a p r a s  i s p t d k v d l k  
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2050 2070 2090 
AGTCGGCGCAAGAGACCGACGAGACGGGCGTCGATAAGTACATTCGTGGTCTGAAATACG 

S A Q E T D E T G V D K Y I R G L K Y D  

2110 2130 2150 
ATCCCTCTGGTGTACTTGCAGTCAAGGGTGAGTCTATTGAAAATGTGCCGGTTACCAAGG 

P S G V L A V K G E S I E N V P V T K D  

2170 2190 2210 
ATCAGCTCAAGGACGGCACCTACACGGTATTTAAGCATGAACGCAAGAGTTTTAACAATT 

Q L K D G T Y T V F K H E R K S F N N L  

2230 2250 2270 
TGCGTTCGGACATCTCTGCGTTCGATGCGAACAACGCCCACGTCTATCCTGGCGCGCTCG 

R S D I S A F D A N N A H V Y P G A L V  

2290 2310 2330 
TGTTAGCAAATAAAGATCTTGCAAAAGGTAGTCCGACTTCGATCGGAATTGCACGTGCTC 

L A N K D L A K G S  P T 3  I G I A R A P  

2350 2370 2390 
CGCAAACTGTCAGCGTCGACTTGCCAGGATTAGTTGACGGTAAGAATAAGGTCGTCATCA 

Q T V S V D L P G L V D G K N K V V I N  

2410 2430 2450 
ACAATCCCACGAAGAGTTCCGTGACTCAAGGACTGAACGGCCTTCTCGACGGTTGGATTC 

N P T K S S V T Q G L N G L L D G W I Q  

2470 ^ 2490 2510 
AGCGCAATAGCAAGTATCCTGACCATGCTGCAAAGATCTCCTACGATGAGACTATGGTGA 

R N S K Y P D H A A K I S Y D E T M V T  

2530 2550 2570 
CGTCAAAGCGTCAACTGGAGGCAAAGCTTGGCCTCGGATTTGAAAAGGTCTCAGCCWi.GC 

S K R Q L E A K L G L G F E K V S A K L  

2590 2610 2630 
TCAACGTGGACTTCGATGCAATTCATAAGCGTGAACGGCAGGTGGCTATCGCTTCCTTCA 

N V D F D A I H K R E R Q V A I A S F K 
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2650 2670 2690 
AACAGATTTACTACACGGCTAGCGTAGATACACCGACATCTCCACATAGCGTTTTCGGCC 

Q I Y Y T A S V D T P T S P H S V F G P  

2710 2730 2750 
CGAATGTCACCGCACAGGATTTGAAAGATCGGGGAGTCAATAACAAGAATCCTCTAGGAT 

N V T A Q D L K D R G V N N K N P L G Y  

2770 2790 2810 
ACATTTCGTCGGTCAGCTATGGACGCCAGATTTTTGTCAAGCTGGAAACGACCTCGACTT 

I S S V S Y G R Q I  F V K L E T T S T S  

2830 2850 2870 
CCAATGATGTACAAGCGGCTTTTAGCGGCCTGTTCAAAGCTAAGTTCGGCAATCTTTCCA 

N D V Q A A F S G L F K A K F G N L S T  

2890 2910 2930 
CAGAGTTCAAGGCTAAGTATGCCGATATCCTGAACAAGACCCGAGCTACTGTGTACGCTG 

E F K A K Y A D I L N K T R A T V Y A V  

2950 2970 2990 
TTGGTGGCAGCGCTAGAGGCGGAGTTGAAGTTGCAACTGGCAATATCGATGCACTCAAGA 

G G S A R G G V E V A T G N I  D A L K K  

3010 3030 3050 
AGATCATCAAGGAGGAAAGCACCTACTCTACGAAGGTTCCTGCCGTGCCCGTTTCCTATG 

I I K E E S T Y S T K V P A V P V S Y A  

3070 3090 3110 
CCGTCAATTTCTTGAAGGATAATCAGTTGGCAGCTGTTAGGAGCAGCGGTGATTACATTG 

V N F L K D N Q L A A V R S S G D Y I E  

3130 3150 3170 
AAACCACTGCAACGACTTACAAGTCTGGTGAGATCACCTTCCGCCATGGCGGTGGCTACG 

T T A T T Y K S G E I T F R H G G G Y V  

3190 3210 3230 
TCGCAAAGTTCAGGCTGAAGTGGGACGAGATCAGCTACGACCCGCAGGGCAAGGAAjaiTCC 

A K F R L K W D E I S Y D P Q G K E I R  

3250 3270 3290 
GTACACCCAAGACGTGGAGCGGGAATTGGGCAGCCCGCACCCTTGGCTTCCGTGAGACTA 

T P K T W S G N W A A R T L G F R E T I  
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3310 3330 3350 
TTCAACTTCCAGCAAACGCGCGCAACATCCATGTGGAAGCAGGCGAGGCAACTGGCCTAG 

Q L P A N A R N I H V E A G E A T G L A  

3370 3390 3410 
CGTGGGATCCGTGGTGGACCGTTATCAATAAGAAGAATCTCCCCTTGGTGCCACATCGAG 

W D P W W T V I N K K N L P L V P H R E  

3430 3450 3470 
AGATCGTCCTTAAGGGCACGACGCTCAATCCCTGGGTCGAGGACAATGTCAAATCCTAGT 

I V L K G T T L N P W V E D N V K S  *  

3490 3510 3530 
GAGTTACCGCAACGACATATTTGAGGTGGTGATGAGGCGCTCCCCGATTGGGCTGACTTT 3GCGCTCCCCGATTGGG 

•  • • • • • • • • • • • • • • • a  

3550 3570 3590 
TAGTCCAATCGGGGAGCGCGTCGTCGTGCATGATCAGGCCGCACATGGCGTGCCAGTGGC 

RBS ftsY 
3610 3630 3650 ^ 

GAACAGTTGTGAAAAAGCTTTGGCAAAGAGAAAAACCTGGGTCACACTAGAGACGTGACT 
V T 

3670 3690 3710 
ACTGAACAACTCATTATTCTCATTATTGCTGCCGTCTGTGTTCTCATCGGCGCTGGCATC 
T E Q L I I L I I A A V C V L I G A G I  

3730 3750 3770 
GCCCTGTGGACGCGTCGCAGTTCTTCCTCCACGGAGATCTCCGGGCAGACGCGCGAACAG 
A L W T R R S S S S T E I S G Q T R E Q  

3790 3810 3830 
CTCGAGTCTGGTGATGCCGGTTCTGAGCAGGAAACATCCCAGCCAGAGCTACCTAGCGGA 
L E S G D A G S E Q E T S Q P E L P S G  

3850 3870 3890 
CACGAGGAACTTGCCGATCCCGAATCCGCGACCGGCATGCAGGAGTCGGCAGACGATATC 
H E E L A D P E S A T G M Q E S A D D I  

3910 3930 3950 
TTTGTGGAGATCCCCGAAGCGGCGGGATCGCGCCTGGAGCGCCTGCGCGGACGTCTGGCC 
F V E I  P E A A G S R L E R L R G R L A  
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3970 3990 4010 
GCTTCTGGTGCGCTCGGCCGCACCTTACTCTCCATTCTCTCGCGCGGTGACCTGTCGGAA 
A S G A L G R T L L S I L S R G D L S E  

4030 4050 4070 
GCCGATTGGGAAGAGCTTGAAGATACCCTCCTCATGGCCGACGTCGGCCTGGACGCCACC 
A D W E E L E D T L L M A D V G L D A T  

4090 4110 4130 
ACTGAGCTCATGGACATTCTGCGTACCCAGACGAAAGTCAAGGCAACTACGGACGCCGGG 
T E L M D I L R T Q T K V K A T T D A G  

4150 4170 4190 
GAAGTTCGCGCGATCCTTCGCCAGGAGCTCATCAAGCTCGTCGGTGCTGACACGGATCGC 
E V R A I L R Q E L I K L V G A D T D R  

4210 4230 4250 
TCGCTAAACCTGGAGCCGGTGATCGACGACGATTCCCGCCACCCGGCTGCCCTTCTTATA 
S L N L E P V I D D D S R H P A A L L I  

4270 4290 4310 
GTGGGAGTCAACGGAACTGGCAAGACGACGACGACGGGCAAGCTGGCGCGTCTCCTTGTG 
V G V N G T G K T T T T G K L A R L L V  

4330 4350 4370 
GCGGATGGCAAGCGCTTGGTCCTCGGCGCGGCCGATACGTTCCGCGCCGCGGCCGCCGAT 
A D G K R L V L G A A D T F R A A A A D  

4390 4410 4430 
CAGCTCTCCACGTGGGGCGCGCGCGTGGGCGTAGATGTGGTGCGCTCTGATCGCGAAGGC 
Q L S T W G A R V G V D V V R S D R E G  

4450 4470 4490 
GCCGATCCGGCGTCGGTAGCTTTCGAGGCGGTGAGGGTCGCTCGTGAGTCCGCCGCCGAC 
A D P A S V A F E A V R V A R E S A A D  

4510 4530 4550 
GTCGTCATCGTTGATACTGCTGGACGCCTGCAGAACAAGGCCGGCCTGATGGACGAGCTG 
V V I V D T A G R L Q N K A G L M D E L  

4570 4590 4610 
GGCAAGATCAAGCGTGTCATGGAGAAGAGCGCTCCGCTGCGCGAAGTTCTCCTCGTCCTG 
G K I K R V M E K S A P L R E V L L V L  
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4630 4650 4670 
gacgcgaccaccggccagaacggcatgagccaggcgaaggtcttcgcagaggtggcgggc 
d a t t g q n g m s q a k v f a e v a g  

4690 4710 4730 
attacgggtatcgtcttgacgaagctcgatggaaccgccaagggcggaatcgtcatttcg 
i t g i v l t k l d g t a k g g i v i s  

4750 4770 4790 
gttcagcgtgagctgggggttccggtcaagcttgtgggcctcggcgagggcgccgacgac 
v q r e l g v p v k l v g l g e g a d d  

4810 4830 4850 
ctagcgcctttcgaccccacagacttcgtcgattcgctcctgtcctaaaaataactaccc 
l a p f d p t d f v d s  l l s *  

4870 4890 4910 
caggctggctgctcgcatmcggcgtgcgtggggtagacttttgccagtccaattcccta 

RBS 
4930 jSfh 4950 4970 

cctgagggcatacatgttjaactcgctttctgatcgcattaccggttcgcttcgtaacct 
m f n s l s d r i t g s l r n l  

4990 5010 5030 
gcgcaaggcaggccgactttccgagaaagacgtagaggctgtcatcagtgacatccgccg 

r k a g r l s e k d v e a v i s d i r r  

5050 5070 5090 
cgcgcttctcgacgccgacgtggcgctgccggtcgtgcgtcagttcaccgccgcagttcg 
a l l d a d v a l p v v r q f t a a v r  

5110 5130 5150 
cgagaaagcggtgggcgctgtggccagccaagcgctcaacccggcccagcaggttgtcaa 
e  k a v g a v a s q a l  n  p a q q v v k  

5170 5190 5210 
gatcgtcaacgatgagctcatcgaggtgcttggcgggcaggctcgcgaactgaactgggc 

i v n d e l i e v l g g q a r e l n w a  

5230 5250 5270 
ttccgcggctccgacggttatcatgctggcaggcctccagggcgctggtaagacgaccct 
s a a p t v i m l a g l q g a g k t t l  
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5290 5310 5330 
GGCAGGTAAGCTCGGCCGCTGGCTGCGCGAGAACGGCCATCGTCCGCTTCTGGTCGCTTC 
A G K L G R W L R E N G H R P L L V A S  

5350 5370 5390 

CGATCTTCAGCGCCCCAACGCCGTCAATCAGCTTCAGGTAGTCGGCGAACAGGCGGGCGT 
D L Q R P N A V N Q L Q V V G E Q A G V  

5410 5430 5450 
TGAGGTCTTCGCACCCGAGCCGGGCAACGGCGTCGGCAATCCTGTCGAGGTCGCCCGCGA 
E V F A P E P G N G V G N P V E V A R D  

5470 5490 5510 
CTCGATCCTGTTCGCCAAGGAAAACACATTCGACGTCGTCGTGGTAGACACGGCCGGACG 
S  I  L  F A K E N T F D V V V V D T A G R  

5530 5550 5570 
TCTCGGTGTCGACGAAGAGATGATGGCTCAGGCTCGCGACATTCGTGACGCCGTCAACCC 
L G V D E E M M A Q A R D I  R D A V N P  

5590 5610 5630 
CGACGAGATCCTCTTCGTGCTCGACGCTATGGTCGGCCAGGACGCCGTCAACACCTCGAT 
D E  I  L F V L D A M V G Q D A V N T S r  

5650 5670 5690 
CGCTTTCCGTGACGGGGTGGGCTTTACCGGCGTCGTGCTCTCTAAGCTCGACGGCGACGC 
A F R D G V G F T G V V L S K L D G D A  

5710 5730 5750 
GCGTGGTGGCGCTGCGCTTTCGGTTCGCGGCGTGACCGGCCAGCCCGTCCTCTTCGCCTC 
R G G A A L S V R G V T G Q  P V L F A S  

5770 5790 5810 
TACCGGCGAGAAGCTGGATGCCTTTGAACGCTTCCACCCTGATCGTATGGCCTCCCGCAT 
T G E K L D A F E R F H P D R M A S R I  

5830 5850 5870 
TCTCGACATGGGCGATATCCTCACCCTCATCGAGCAGGCCGAAAAGACCTGGAGCGAGGA 
L D M G D I L T L I E Q A E K T W S E E  

5890 5910 5930 
GCAGGCCAAGGATCTGGCATCGAAGATGGCCGGAGGCGAATTCACCCTCGATGACTTCCT 
Q A K D L A S K M A G G E F T L D D F L  
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5950 5970 5990 
CGATCAACTCGGCCAGCTGCGCAAGATGGGGTCGATGAAGAAGCTCATGGGGATGCTGCC 
D Q L G Q L R K M G S M K K L M G M L P  

6010 6030 6050 
TGGGATGGGGCAGTACCGGGAGGCGCTGGATAACTTTGACGAGCGAGAGATCGACCGGCA 
G M G Q Y R E A L D N F D E R E  I  D R Q  

6070 6090 6110 
GGAGGCCATTGTCAAGTCGATGACGCCGGCCGAACGTGCGGATACCCGCATCCTCAACGG 
E A I V K S M T P A E R A D T R I L N G  

6130 6150 6170 
CTCGCGGCGGCTGCGTATTGCTAACGGTTCGGGCACCACCGTCACCGAGGTTAATCAGCT 
S R R L R I A N G S G T T V T E V N Q L  

6190 6210 6230 
TGTGGAACGCTTCGAGGCGGCCAAGAAGATGATGACGAGCGTCTCGCGCGGTGGCATGCC 
V E R F E A A K K M M T S V S R G G M P  

6250 6270 6290 
GAGCATTCCGGGGATGCCGAACATGCCCGGCATGGGCGGCGGCTATACGAAGAAGCAGGC 
S I P G M P N M P G M G G G Y T K K Q A  

6310 6330 6350 
GAAGAAAAAGAAGTCTTCCGGATCGAAAAAGGGGCGCTCGGGCAACCCGGCCAAGCGCCG 
K K K K S S G S K K G R S G N P A K R R  

6370 6390 6410 
TCAGCAAGAGTTGGCCGCGCAGCGTGAGGCTAAGGCTTCGAAGGGCTCCGCCTTCGGCGC 
Q Q E L A A Q R E A K A S K G S A F G A  

RBS 
6430 6450 6470 

GAACGCTGGTCACGGCGATATTAACATCGACGATCTCGCGAGATTTTTGAAGTAGCCGGA 
N A G H G D I N I D D L A R F L K *  

orf353 
6490 6510 6530 

TATGAATGTCCACCTGACCGGGACTTTGCGGGGCACTGACGCAGCCGAAGCGTGGGTGGT 
M  b T ^ V  H L T G T L R G T D A A E A W V V  
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6550 6570 6590 
CGATGGCCGGTTGAGCTTTAAACCCGCTGTCACAAGCGAGGAGATCCGCGGCTACGCCTA 
D G R L S F K P A V T S E E I R G Y A Y  

6610 6630 6650 
CCCAGGTTTGCTTGATGCCCATACTCATCCGGGTATGCGGCGCACTCCCGAACCGCTGGC 
P G L L D A H T H P G M R R T P E P L A  

6670 6690 6710 
GCTGAGCGAGATTCGCCGCCGCCTCGCCGTGCTGGCACGCCACGGTATCACCACTGTTCG 
L S E I R R R L A V L A R H G I T T V R  

6730 6750 6770 
CGACGCCGGTGGCCAACACGATCCAAAGGGCGCTTGGGAACCGGGGCTGGCACGAGTCAT 
D A G G Q H D P K G A W E P G L A R V M  

6790 6810 6830 
GCATTCGGGACAACACATCGCCCGTTTCAAGCGCTACGAGCGCTACCTGGCAGTCGACGT 
H S G Q H I A R F K R Y E R Y L A V D V  

6850 6870 6890 
CGAGCCTGCTGACCTCCCCGCCGAAGCCGTTCGCCAGTTCGAAAAAGGGGATGGCTGGAT 
E P A D L P A E A V R Q F E K G D G W I  

6910 6930 6950 
CAAGATCGTGGGGGACTGGATCGACCGCAGTGTTGGTGATACCACGCCCTTGTGGCCGCG 
K I V G D W I D R S V G D T T P L W P R  

6970 6990 7010 
GCAGGCGCTCATCGATGCCGTGGCTGGCGTACACGATGTTGGCGGCAAGGTCACTGTGCA 
Q A L I D A V A G V H D V G G K V T V H  

7030 7050 7070 
TACTTTTGCGACCGAAACGGTCGATGACCTGTTGGAGGCCGGTGTCGATGGCATCGAGCA 
T F A T E T V D D L L E A G V D G I E H  

7090 7110 7130 
TGGCACTGGCATGACGCGCGATCACCTGCTGGAGGCGGCTGCCCGGGGGATTCTCGTCAC 
G T G M T R D H L L E A A A R G I  L V T  

7150 7170 7190 
TCCCACGGTCCATCAGATTCGCCGTTTTCCGGAGTTTGCGGCCAAGGGGGCGAGGTTTGC 
P T V H Q I  R R F P E F A A K G A R F A  
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7210 7230 7250 
CACATACGTGGAACGCATGCTTGGGATGGACGCCGTGCGTCGTGAGCATCTTGCGCTCAT 
T Y V E R M L G M D A V R R E H L A L M  

7270 7290 7310 
GGTCGAGGTGGGCACGCATTTCCTCATGGGATCCGACACCGCGGAGAATGTCGCGGAGGT 
V E V G T H F L M G S D T A E N V A E V  

7330 7350 7370 
CAACCTCGTCGATGAGCTCATCGACGCCGTCGACGATGGCATGCCCGCCGACGTCGTGAT 
N L V D E L I D A V D D G M P A D V V M  

7390 7410 7430 
GGCTGCGGCAAGTTATGCGGGGCGAGCCAGAATTGGGTTTGGCGTGTGGAGCGCGGGGGA 
A A A S Y A G R A R I G F G V W S A G E  

7450 7470 7490 
GCCTGCGGACGTCGTTATCTACCGCGAAGATCCCGAGAGAAACATCGAGACACTTCGCAA 
P A D V V I Y R E D P E R N I E T L R N  

7510 7530 7550 
TCCGTTGGCTGTATTTGCTGGTGGTGTGCGAGTTTTGTAGAGACGCTCGTATGGAGTAGC 
P L A V F A G G V R V L *  

7570 7590 
GTTGGTGTGTCACACCAAGAAAGGCGCACTATGCGAATTC 

Figure 18. Sequence of the A. pyogenes smc-orf3S3 Genetic Region 
In this figure, from top to bottom, are the anti-sense strand and then the single letter 
amino acid abbreviation. Arrow indicate the starts of ORPs, putative ribosome binding 
sites (RBS) are underlined, putative a'°-like consensus promoters are underlined twice, 
repeats are boxed and stem-loop structures are indicated by broken convergent arrows. 
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Table 6. Amino Acid Sequence Similarity Between the A. pyogenes Smc, Orfl21, 
PLO, FtsY, Ffh, and Orf353 with Homologues from Other Bacteria 

Species/ Protein % Identity' % Similarity' Accession # 
Smc 

Streptomyces 
coelicolor 

68.0 78.5 CAA22420.1 

Mycobacterium 
tuberculosis 
(CDC1551,H37RV) 

59.9 71.7 
NP 337503.1 
NP_217438.1 

Mycobacterium leprae 59.0 70.5 NP_302121.1 
Bacillus halodurans 37.2 48.9 NP_243353.1 
Bacillus subtilis 35.7 48.3 NP_3 89476.1 
Listeria monocytogenes 36.1 48.1 NP_465329.1 

Orfl21 
No significant 
homologies 

PLO 
Streptococcus suis 43.5 51.2 CAC94838.1 
Listeria seeligeri 42.3 50.1 P31830 
Listeria ivanovii 42.0 50.4 S22341 
Streptococcus 
intermedins 

41.3 49.4 BAA89790.I 

FtsY 
Corynebacterium 
glutamicum 

71.8" 78.5" AJ010319 

Streptomyces 
coelicolor 

58.0 66.7 CAA22423 

Mycobacterium 
tuberculosis H37RV 

56.1 63.6 CAA98981 

Mycobacterium leprae 54.4 61.5 CAB 10596 
Thermotoga maritime 51.0 65.2 AAD35655 
Escherichia coli 47.3 58.9 AAC76489 
Bacillus subtilis 45.9 56.0 BAA 10978 

Ffh 
Streptomyces 
coelicolor 

65.4 74.6 CAAI9378 

Streptomyces lividans 65.2 74.6 AAC24713 
Mycobacterium 
tuberculosis H37RV 

60.5 70.5 CAA98978 

Mycobacterium leprae 58.9 69.1 CAB10614 
Bacillus subtilis 50.3 62.4 BAA21691 
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Escherichia coli 50.2 61.7 P07019 

Acidithiobacillus 
49.0 59.6 AAF69242 

ferrooxidans 
49.0 59.6 AAF69242 

Streptomyces 
coelicolor Conserved 
hypothetical 

37.1 48.6 CAC38796.I 

Mycobacterium 
tuberculosis (H37Rv) 
Conserved hypothetical 

33.0 42.5 NP_217431.1 

Bacillus halodurans 
aryldialkylphosphatase 

28.0 38.7 NP_243801.1 

Caulobacter crescentus 
Xaa-Pro dipeptidase, 
putative 

28.6 34.5 NP_419119.1 

Methanothermobacter 
thermautotrophicus 
aryldialkylphosphatase 
related protein 

28.2 37.6 NP_276647.1 

" Identity and similarity values were determined by GAP analysis (GCG). 
'' This sequence is not complete. GAP analysis was conducted over the available region. 
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opposite orientation did not yield any open reading frames. See Table 6 for the most 

closely related homologues of the putative A. pyogenes Smc, PLO, FtsY, Ffh, and 

Orf353. 

Three almost identical repeats, Rl, R2 and R3, and two CT^°-like consensus 

promoter sequences, PI and P2, were identified upstream ofplo, and will be discussed in 

detail in section 2.4.3. Putative ribosome binding sites were also identified, based on 

purine-rich regions, upstream of each of the genes (Figure 18). Analysis of this region 

for rho-independent terminators identified two: the first, which has been previously 

documented, exists between plo and ftsY and is assumed to be a transcriptional terminator 

(49). The second stem loop structure is located between ftsY and ffh from 4855 to 4897 

bp of the sequence shown in Figure 18, but is not followed by the usual string of T's 

associated with this type of transcriptional terminator (Figure 18). 

2.2.2 plo is Located on a Genomic Islet 

smc and ftsV are found linked in many prokaryotic species, including 

C. perfringens (NC_003366), L. monocytogenes (NC_003210), S. aureus (NC_002745) 

B. subtilis (NC_000964), Mycobacterium tuberculosis (NC_00275), M. pneumoniae 

(NC_000912), (Figure 19). In A. pyogenes, they are separated by orfl21 and plo, 

suggesting the insertion of a small pathogenicity islet. Further analysis of this region 

identified an altered %G+C content of orfl21 (51.5%) and plo (54.5%) with respect to 

the %G+C average of A. pyogenes genes previously sequenced (62.5%) and the other 

genes flanking plo and orfl21, including smc (62.3%), ftsY (63.5%), ffli (62.3%) and 



A. pyogenes 

smc orfl2l plo ftsY ffii orf353 

124 

C. perfringens 
spel714 rpsP cpellOI 

smc ftsY ffh cpeJJlI trmD 

L. monocytogenes 

smc ImlSOO lml799 

S. aureus 
sal079 rimM 

smc sal078 ffh rpsP trmD rpsf trm 

B. halodurans 
BH2485 

smc ftsY ffh rpsP 

B. subtilis 

smc 

M. tuberculosis 

smc 

ylxM 
ftsY ylqB ffh rpsP 

• 

ftsY ami glnB glnD RV2917 ffh RV2915c 

M. pneumoniae 

deoD ffh metXorf982 flsY ylxM 

{smc) 
1Kb, 
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Figure 19. Comparison of the A. pyogenes smc-or/353 Chromosomal Arrangement 
to Similar Regions in Other Prokaryotic Species 
Arrangements and genetic distances compiled from genomic sequences available in the 
GenBank database. In Mycoplasma pneumoniae, orf982 is separated from metX by 
378.0 kb. Furthermore, the translated product of orJ982 has domains consistent with Smc 
proteins and is 53% identical to the B. subtilis Smc as determined by BlastP analysis. 
GenBank accession nimibers for the completed genomes are as follows: C. perfringens: 
NC_003366, L monocytogenes: NC_003210, S. aureus: NC_002745, B. halodurans: 
NC_002570, B. subtilis: NC_000964, M. tuberculosis H37RV: NC_000962, and 
M pneumoniae: NC_0009I2. 
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orJ353 (62.1%) (Figure 17). Furthermore, the codon usage of plo and orfl21 is altered 

from the A. pyogenes smc,ftsY,ffli, and orf353, with a significant AT bias in the wobble 

position of the codons for Ala, Gin, Asn, Thr, and His within the plo islet (Table 7). 

Neither inverted repeats flanking this region, or transposon sequences usually associated 

with pathogenicity islands (166), were identified, suggesting that if this region was 

horizontally acquired it may have happened quite some time ago, or by an unknown 

mechanism. 

2.2.3 Conservation of the pto Genomic Islet 

In order to examine the distribution of the plo islet among different isolates, 

several bovine and porcine strains from geographically diverse locations were analyzed 

by PGR for conservation of this region. Primers to the 3' end of smc, SmcFl, and the 5' 

end offtsY, FtsYRj, were used to amplify a 3,253 kb product containing the entire plo 

islet. All isolates tested were positive for this amplification product (Figure 20). ' 

Furthermore, PGR reactions using primers internal to plo, 2125 and 2127, in conjunction 

with SmcFl or FtsYR3, confirmed the location of plo between smc and ftsY in each of the 

isolates. These results indicate that the location of the plo islet is invariant, and that if it 

was horizontally acquired, its introduction occurred prior to isolate diversification and 

may represent an ancestrally derived virulence islet. 
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Table 7. Comparison of the plo islet Codon Usage Versus Other/I. pyogenes Genes 

Amino 
Acids 

Codon Codon Usage' Amino 
Acids 

Codon Codon Usage Amino 
Acids 

Codon 
plo 
islet ^ 

Non-0/0 
islet 

Amino 
Acids 

Codon 
plo 
islet' 

Non-0/0 
islet 

Gly GGG 0.06 0.17 Thr ACG 0.27 0.37 

Gly GGA 0.23 0.11 Thr ACA 0.23 0.09 

Gly GGT 0.29 0.17 Thr ACT 0.27 0.17 
Gly GGC 0.42 0.55 Thr ACC 0.23 0.37 
Glu GAG 0.61 0.67 Phe TTT 0.33 0.43 
Glu GAA 0.39 0.33 Phe TTC 0.67 0.57 
Asp GAT 0.53 0.46 Leu TTG 0.20 0.11 
Asp GAG 0.47 0.54 Leu TTA 0.04 0.01 
Val GTG 0.17 0.31 Leu CTG 0.22 0.29 
Val GTA 0.18 0.06 Leu CTA 0.09 0.04 
Val GTT 0.23 0.16 Leu CTT 0.22 0.17 
Val GTG 0.42 0.48 Leu CTC 0.22 0.38 
Ala GCG 0.22 0.31 Ser TCG 0.20 0.33 
Ala GCA 0.37 0.11 Ser TCA 0.07 0.12 
Ala GCT 0.27 0.20 Ser TGT 0.16 0.11 
Ala GCC 0.15 0.38 Ser TCC 0.15 0.21 
Lys AAG 0.79 0.85 Ser AGT 0.16 0.04 
Lys AAA 0.21 0.15 Ser AGC 0.25 . 0.20 
Asn AAT 0.61 0.23 Arg AGG 0.07 0.12 
Asn AAC 0.39 0.78 Arg AGA 0.03 0.05 
Met ATG 1.00 1.00 Arg CGG 0.10 0.09 
He ATA 0.03 0.05 Arg CGA 0.17 0.07 
He ATT 0.45 0.31 Arg CGT 0.31 0.19 
He ATG 0.52 0.64 Arg CGG 0.31 0.48 
End TAG 0.50 0.31 Gin GAG 0.53 0.83 
End TAA 0.00 0.08 Gin CAA 0.47 0.17 
End TGA 0.50 0.62 His CAT 0.73 0.38 

Trp TGG 1.00 1.00 His CAC 0.27 0.62 
Cys TGT 0.00 0.30 Pro CGG 0.37 0.47 
Cvs TGC 0.00 0.70 Pro CCA 0.15 0.10 
Tyr TAT 0.27 0.30 Pro GCT 0.22 0.15 
Tyr TAG 0.73 0.70 Pro CCC 0.26 0.28 

' Each values listed represents the fraction of times that specific 3^'' base wobble is used 
' ORPs used to generate codon usage: PLO (BAA86937.1), Orfl21 (AAL32276.1) 
^ ORPs used to generate codon usage: SMC (AAL32275.1), FtsY (AAL32277.1), Ffh 
(AAL32278.1), Orf353 (AAL32279.1) 
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1 2 3 4  5 6 7 8 9  1 0  

3.2 kb 

smc orfl2l plo ftsY 

SmcFl' •FtsYR3 

Figure 20. The plo Pathogenicity Islet is Conserved 
Agarose gel electrophoresis of PGR products amplified using primers SmcFl and FtsYR3 
from (1) coli DH5a; (2) A. pyogenes ATCC19411 (porcine isolate); (3) A. pyogenes 
BBRl (bovine isolate, Marana, AZ); (4) A. pyogenes ATCC9732 (bovine isolate); (5) 
A. pyogenes EIDE (bovine isolate, Colorado State University, Fort Collins, CO); (6) 
A. pyogenes #67 (porcine isolate, Victoria Institute of Animal Science, Melbourne, 
Australia); (7) A. pyogenes 98-4277-1 (bovine isolate, Arirona Veterinary Diagnostic 
Laboratory, Tucson, AZ); (8) A. pyogenes 52785-99 (porcine isolate, Rollins Animal 
Disease Diagnostic Laboratory (RADDL), Raleigh, NC); (9) A. pyogenes 14373-00-1 
(porcine isolate, RADDL, Raleigh, NC); (10) no added template. The position of the 
primers is indicated on the gene map below the gel. The 3.2-kb PCR product is indicated 
by the arrow on the right. 
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2.2.4 ftsY and_ffh are Physically Linked in A. pyogenes 

A. pyogenes ftsY, ffli and orflSi are in an operon-like arrangement and may be 

co-transcribed, as ftsY and ffti are separated by only 85-bp and and orJ353 by 10-bp, 

and no obvious transcriptional terminators exist in the intergenic sequences. This is an 

unusual arrangement for ftsY and when compared to other bacteria. Analysis of the 

annotated prokaryotic genomes presently available in GenBank indicate that only in 

C. perfringens (NC_003366), L. monocytogenes (NC_003210), S. aureus (NC_002745), 

Bacillus halodurans (NC_002570), B. subtilis (NC_000964), and M tuberculosis 

(NC_000962) are ftsY and ffh found in close proximity, 527 bp, 458 bp, 345 bp, 478 bp, 

1045 bp, and 6586 bp apart, respectively, but separated by at least one ORF (Figure 19). 

In most prokaryotic species, y/sK and ^ are separated by over 100 Kb. The linked 

association of these genes in A. pyogenes could be indicative of an ancestral organization, 

which has been dispersed through evolution, or a greater dependence of this organism on 

the SRP pathway. 

2.2.5 Summary 

Sequencing of the region surrounding plo identified several interesting characteristics. 

plo and an upstream open reading frame, orfl21, appear to be encoded on a pathogenicity 

islet, due to a significant decrease in G+C% content, an alternate use of codons, and an 

insertion between two genes, smc and ftsY, found associated in other prokaryotic species. 

Furthermore, this islet was conserved across geographically diverse isolates, suggesting 

incorporation into the A. pyogenes chromosome at a point prior to isolate diversification. 
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Sequencing downstream of plo identified two linked genes, ffh and ftsY, which encode 

homologues of the protein components of SRP. The identification of these components 

in A. pyogenes linked to plo suggested that SRP may play a role in the targeting of plo for 

secretion. Studies aimed at addressing this hypothesis are discussed in section 2.3. 

Sequencing of the plo promoter identified several interesting motifs, including 3 repeats, 

Rl, R2, and R3, and two consensus promoters, PI and P2. As is found in the 

regulation of PLO homologues, these motifs may play a role in the regulation of 

expression of plo. The expression profile of plo, as well as the role of the repeats and 

promoters in the regulation of its expression will be discussed in section 2.4. 
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2.3 Characterization of the^. pyogenes SRP Protein Components 

2.3.1 FtsY and Ffh are Essential in A. pyogenes 

The identification of the coding regions of the SRP protein homologues in such 

close association with plo on the chromosome, lead to the hypothesis that SRP may be 

involved in the targeting of PLO to the membrane for secretion. In order to determine the 

effect of ftsY and ffh on the expression of plo, it was necessary to either construct 

A. pyogenes ftsY and ffli mutant or conditionzdly mutant strains, or to work in a 

heterologous system where the A. pyogenes genes could replace the host system and be 

expressed in combination with plo. As conditional expression vectors and constructs are 

not available for use in A. pyogenes, the first approach was to attempt mutagenesis offtsY 

and ffh. 

Two different types of approaches were taken to mutagenize these genes on the 

chromosome. First, y/jF and ffh were cloned independently onto pHSS19, a suicide 

vector in A. pyogenes, and disrupted with a Str resistance (Str*^) casette, to give pJGS222 

and pJGS225, respectively (Table 3, Figure 21). These constructs were electroporated 

into A. pyogenes BBRl and transformants were selected by resistance to Str, and 

screened for sensitivity to vector-borne Kan resistance (Kan*^). Several such strains were 

isolated using this approach, which produced an altered star-like colony morphology, and 

the cells had longer filamentous forms when gram-stained, compared to the wild type, 

which produces round, convex colonies on plates, and short pallisades on gram-stains. 

These strains were confirmed through Southern blotting, but were unstable, as duplicate 
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(A) (B) 

pJGS222 pJGS313 
.Km' 

pHSS19 pHSS19 

ftsY ftsY 

pJGS225 
pJGS315 

.Km' 

pHSS19 pHSS19 

Figure 21. Mutagenesis Constructs forftsYand ffh 
(A) Mutagenesis constructs consisting of ftsY and ffli disrupted by a Str*^ cassette and 
placed on a suicide vector in A. pyogenes such that allelic exchange must occur for a n c 
disruption in gene expression. Double recombinants would be selected by Str , Kan . 
(B) Mutagenesis constructs where an internal fragment offtsV and fjh were cloned into a 
suicide vector, such that a single recombinational event is required for disruption in gene 
expression. Mutants would be selected by Km*^. 



133 

platings resulted in a loss of colony formation. Neither stable ftsY nor ffh mutants were 

isolated from repeated mutagenesis attempts with pJGS222 and pJGS225. 

A second method was devised to construct ftsY and ffli mutants in A. pyogenes. 

Primers were used to amplify internal fragments offtsY and which were then cloned 

into pHSSl9 to construct pJGS313 (ftsY) and pJGS315 (ffli) (Table 3). Using these 

plasmids, single recombination of the internal fragment with the chromosome encoded 

ftsY or _ffh would result in two incomplete copies of the gene disrupted by the vector 

pHSS19 (Figure 21). pJGS313 and pJGS3I5 were then electroporated into A. pyogenes 

strain BBRl, and transformants were selected by Kan*^, indicating integration of the 

suicide vector with the chromosome. ftsY and ffh mutants were not isolated from 

repeated mutagenesis attempts with pJGS313 and pJGS315. 

These experiments suggested that ftsY and ffli were essential for growth in 

A. pyogenes, as had been shown in other prokaryotic species (80, 153, 279, 369) (section 

1.2.3). However, in order to confirm the essential nature of the A. pyogenes ftsY and ffh, 

suggested by the inability to construct stable ftsY or ffh mutants, mutagenesis of these 

genes was attempted in the presence of a second copy of the target gene. A 

complementing hybrid vector, pJGS429 (Table 3), was constructed from pJGS370, which 

contained the ftsY, ffh, and orf353 from ApHl on pBluescriptll KS+ (Stratagene), and 

pJGS371, a Kan^ version of pJRD215, such that it could replicate in A. pyogenes and be 

selected for by Str"^. First, pJGS313 and pJGS315 were used to transfomi BBRl carrying 

either pJGS429, or pJGS371 alone, with recombinants selected by Str*^ and Kan*^ (Figure 

22). Putative mutants were isolated only in the pJGS429, and not pJGS371 non-
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pJGS371 pJGS429 

pJGS429 pJGS371 

Lethal Viable 

Figure 22. Methodology ofj(/7f,y?jF Essential Gene Experiments 
(A) IfftsY and ffh are essential, recombination between pJGS313 or pJGS315, which are 
indicated by the broken circle, and the BBRl chromosome, should occur only in the 
presence of the complementing plasmid, pJGS429 (B). The hollow rectangle indicates 
the presence offtsY and ffh. 
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complementing background, and analyzed by Southern blot. However, it was 

determined that in all cases, homologous recombination had occurred with pJGS429, and 

not with the chromosome. Controls for the experiment, consisting of pEP2, to test the 

competency of the cells, or pJGS79, the construct used to mutagenize plo, to test the 

recombination frequency on a region of DNA near ftsY and ffli of the cells, indicated that 

both the strains carrying either pJGS429 or pJGS371 were equally competent 

(transformation frequency in the range of 5x10'* cfu/^g pEP2, which is maximal 

transformation frequency under these conditions) and that recombination on the 

chromosome did occur (single and double recombination frequency averaging 2.5x10" 

cells/|ag pJGS79). 

As all of the recombination events occurred with the complementing plasmid, and 

not the chromosome, it was hypothesized that the relative copy number of the plasmid 

with respect to the chromosome may be responsible. Therefore, the mutagenesis and 

control plasmids were co-transformed with either pJGS429 or pJGS371 to encourage 

recombination with the already present chromosome. Two Kan*^, Str*^ recombinants 

selected from the pJGS313, pJGS429 transformation, were confirmed to have 

recombination between the mutagenesis construct and the complementing plasmid, and 

not the chromosome. Repeated attempts failed to isolate any allelic exchange mutants 

with the chromosome. 

As indicated, the inability to construct mutants in a pJGS429 background may be 

due to an easier recombination with pJGS429 as a result of plasmid copy number, or may 

be the result of pJGS429 not encoding some downstream essential gene contained within 
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the fP^ operon. Furthermore, it is possible that ftsY and ffli were not expressed at 

appropriate levels from pJGS429 to complement chromosomal allelic exchange mutants 

in either of these genes. While these experiments do not directly confirm that fisY and ffli 

are essential in A. pyogenes, the number of failed attempts to construct stable mutants, 

even in the presence of a complementing plasmid, strongly suggests that they are 

essential under the conditions tested. 

2.3.2 A. pyogenes Ffh does not Complement £*. coii Wamll3 

Since allelic exchange mutations in ftsY or_ffh were not obtained in A. pyogenes, 

the ability of A. pyogenes ftsY and ffh genes to complement conditional mutants in these 

genes in heterologous systems of other bacterial species was attempted. Conditional 

mutants in ftsY and ffh have been constructed in both B. subtilis (191, 347) and £. coli 

strains (279, 369), although only E. coli mutants were available for this study. 

The E. coli conditional mutants, N4156pAral4'FtsY (279) and WamI13 (369) 

have the expression of ftsY or ffli under tight control of the araB promoter, such that 

depletion of the inducer, arabinose, results in severe growth defects, due to depletion of 

the gene expression. The A. pyogenes ftsY and ffh genes were placed on pDK7 (247) 

under the control of P/ac, with isopropyl-P-D-thiogalactopyranoside (IPTG) inducing 

expression offtsY (pJGS430) and ffh (pJGS369) (Table 3). pJGS430 was introduced into 

N4156, and N4I56pAral4'FtsY by electroporation (Table 3). and pJGS369 was 

introduced into Warn 100, and Wamll3 by electroporation, with selection of 
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transformants on Cam and 0.2% arabinose, to select for retention of the plasmid and to 

allow for wild type gene expression and growth. 

To determine if the A. pyogenes homologues could circumvent the cell elongation 

effects observed in the absence of the inducer in these E. coli strains, a range of IPTG 

(1 ^M to 10 mM) was used to induce expression from the plasmids encoding7 or ffh in 

the presence of decreasing arabinose (0.2% to 0.002%) on LB agar (Figure 23). While 

decreasing arabinose alone affected the growth of the WAMl 13(pJGS369) strain, as 

expected, addition of IPTG did not rescue growth. Furthermore, induction of the 

A. pyogenes ffh from pJGS369 with 100 ^M, 1 mM, and 10 mM IPTG, inhibited growth 

of the wild type WamlOO strain. These results not only suggest that the A. pyogenes ffh 

does not complement the ffli deficiency, but that its presence is toxic to E. coli. 

Experiments directed towards analyzing the complementation of the N4156pAral4'FtsY 

conditional mutant strain with the A. pyogenes ftsY were not successful due to a high rate 

of N4156pAral4'FtsY mutants able to grow in the absence of arabinose. While no 

conclusions could be drawn concerning the effect of ftsY complementation, this data 

suggests that induction of fflt does not complement the growth defect observed in the 

WAMl 13 strain in decreasing arabinose, and furthermore, that expression of the 

A. pyogenes ffh negatively affects E. coli growth. 

While the failure of the A. pyogenes genes to complement E. coli defects in either 

ftsY or ffli might have been more clearly observed with growth curve analysis, a high rate 

of spontaneous mutations in the conditional mutants giving rise to arabinose independent 

strains makes such experiments difficult to interpret; the presence of one spontaneous 
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(A) 

WAM113 WAMIOO 
(pDKT) (pDKT) 

WAM113 WAMIOO 
(pJGS369) (pJGS369) 

(C) Decreasing DPTG, no Arabinose 

, V , W 

lOmMIPTG ImMIPTG lOOnMIPTG lO^iMIPTG luMIPTG 

Figure 23. Expression of ffh from an Inducible Promoter in an £*. coU Conditional 
ffh Mutant (Warn 113) 
Plating experiments to determine if A. pyogenes fjfh can complement a growth defect of 
the fjh conditional expression strainWAMl 13. Each plate was streaked with 
WAMlI3(pDK7), WAM113(pJGS369), the parental WAM100(pDK7), and 
WAM100(pJGS369), as shown in (A). pJGS369 is a derivative of pDK7 carrying A. 
pyogenes ffh under the IPTG-inducible, ?tac promoter. In (B), strains were plated on 
decreasing levels of arabinose to confirm the phenotype of WAM113 under limiting 
levels of ffh expression. In (C), strains were plated in the absence of arabinose and 
decreasing levels of IPTG to determine if expression of A. pyogenes ffh could rescue the 
growth defect of WAMl 13. 

(B) Decreasing Arabinose, No IPTG 

0.2% Arabinose 0.02% Arabinose 0.002% Arabinose 
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mutant early-on, would result in wild type growth, falsely suggesting complementation 

by the A. pyogenes genes. In summary, the observation that A. pyogenes ffli does not 

sufficiently complement an E. coli conditional ffii mutant on agar containing decreasing 

levels of arabinose and increasing levels of IPTG, suggests that the A. pyogenes 

homologue is not functional in the E. coli conditional expression strains, and that E. coli 

can not be used as a heterologous system to analyze the effect of ftsY and ffli on the 

expression of plo. 

2.3.3 Ffh Expression in £*. coli DH5a Results in a Lethal Phenotype 

Since increased levels of A. pyogenes ffh in WAMIOO appeared to inhibit growth, 

the effect of A. pyogenes ffh and ftsY expression in a wild type strain, such that wild type 

levels of growth were not dependent upon levels of arabinose, was examined. The ftsY 

and jflx constructs, pJGS430 and pJGS369, as well as pDK7 alone, were used to 

transform E. coli DH5a. These strains were grown in broth culture over night, and 

subcultured into fresh LB cultures with or without 100 |aM IPTG, levels that were found 

to be detrimental, but not completely inhibitory to WamlOO(pJGS369). The optical 

density of these strains were measured over time, and while strains carryingwere not 

affected, strains carrying ffh under the control of the ?tac promoter in the presence of 

IPTG were significantly decreased in growth, as can be observed in Figure 24. 

These results suggest that A. pyogenes ffh encodes an active protein that affects 

normal growth of E. coli into stationary phase, but does not complement the loss of E.coli 

ffh. Therefore, expression of A. pyogenes ffh has a dominant negative effect on the 
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Figure 24. Effect of Heterologous Expression oiA.pyogenes ftsY and fjh in E.coU 
Growth curves of £ coli DH5a strains carrying pDK7 (vector), pJGS430 {?tac:\ftsY), 
and pJGS369 {?tac..fPi). Strains were grown in LB broth with 30 ng/ml Cam with and 
without 100 fiM IPTG. Three independent experiments were performed with each strain, 
and the results shown are from a single representative experiment. 
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normal functioning of the E. coli SRP system. The unaltered growth rate of E. coli in the 

presence of induced A. pyogenes ftsY expression indicates that FtsY does not have a 

significant effect on £. coli growth, either because the A. pyogenes FtsY is unable to 

interact with the E. coli SRP, or because the A. pyogenes FtsY is not expressed in this 

system. In toto, these results suggest that the E. coli system cannot currently be used as a 

heterologous system to study the role of the A. pyogenes SRP on targeting of A. pyogenes 

proteins. 

2.3.4. Summary 

Identification of ORFs encoding SRP homologues downstream of plo lead to the 

hypothesis that that SRP may play a role in the targeting of PLO for secretion. In order 

to address this question, it was necessary to either construct A. pyogenes ftsY and ffii 

mutants, or work in a heterologous system. Several attempts to mutagenize the 

A. pyogenes ftsY and ffli genes were unsuccessful, suggesting that, as is the case in other 

prokaryotic species, that genes are essential for growth in A. pyogenes. Work in the 

E. coli ffh conditional mutant was also unsuccessful; the expression of A. pyogenes ffh did 

not complement the growth defects observed under E. coli ffh depleted conditions. 

However, over-expression of the A. pyogenes ffli appeared to have an inhibitory effect on 

the growth of E. coli, suggesting that the Ffh is a flmctional protein that may interfere 

with the normal functioning of the E. coli SRP system. 

While the role of the A. pyogenes SRP in the expression of PLO could not be 

determined due to an inability to construct ftsY and ffli mutants in A. pyogenes, or identify 
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a heterologous system, the identification of the SRP components still suggests a possible 

role in the targeting of PLO for secretion; however, it is possible that insertion of the plo 

islet in this location is purely coincidental. 



143 

2.4 The Regulation of PLO Expression 

Determination of how and when a virulence factor is made by the bacterium in 

the host can help define its role in pathogenicity. Furthermore, identifying and 

characterizing the cis- and /ra/j^-acting factors involved the expression of the virulence 

factor may provide a basis for the design of new targets against disease. In A. pyogenes, 

it is known that PLO is both a host protective antigen and a major virulence factor (49, 

226), strongly indicating that it is made during pathogenesis. However, little is known 

about how PLO expression is regulated. Defining its regulation in vitro will provide a 

basis for future studies directed towards understanding PLO expression in vivo. 

2.4.1 PLO Production is Growth Phase Dependent 

In the literature, it is stated that PLO is a stationary phase expressed protein (121). 

however, no concrete data concerning its expression has been documented. Therefore, 

the plo expression profile of A.pyogenes strain BBRl was determined. BBRI was grown 

in broth culture with samples taken periodically into stationary phase, and supematants 

were tested for hemolytic activity (Figure 25). Soluble cell extracts from these time 

points were tested by Western blot for PLO protein expression (Figure 25). It was 

observed that protein production and hemolytic activity profiles were similar, with low 

levels throughout log phase and an increase in early stationary phase. These results 

confirmed that PLO production is growth-phase dependent. 
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Figure 25. Growth Curves, Hemolytic Activity and Corresponding PLO Profiles of 
A pyogenes BBRl 
A representative growth curve of A. pyogenes BBRl with (A) optical density versus time, 
(B) culture supernatant hemolytic units vs. time, and (C) a Western blot detecting the 
amount of FLO protein in 50 ug total protein from soluble cellular extracts made from the 
corresponding time points. 
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2.4.2 PLO Production is Regulated at tiie mRNA Level 

The previous experiments indicated that PLO production is growth phase 

dependent, but did not define at what stage in expression this regulation occurs. By 

analyzing the plo transcript profiles across a growth curve and comparing them to the 

levels of PLO produced, it can be determined if regulation is at the transcriptional or 

translational level. BBRl was grown in broth culture and two samples of cells were 

taken at each time point across the growth curve. RNA was isolated from one set of cell 

pellets and analyzed for plo mRNA production by RNA dot blots. Identical dot blots 

were hybridized with either DIG-labeled 16S rDNA probe, to quantify total RNA on the 

membrane from each time point, or DIG-labeled plo probe, to show the amount of plo 

mRNA present. In concert, soluble protein extracts were taken and tested for PLO 

production by Western blot to compare mRNA and protein profiles (Figure 26). These 

results indicated that plo mRNA and PLO levels were low in log phase and increased in 

early stationary phase. 

The correlation observed between plo mRNA, PLO, and hemolytic activity, 

confirmed that plo expression was growth phase dependent, with a significant increase in 

early stationary phase, and suggested that regulation occurs either at the transcriptional or 

post-transcriptional level. Translational or post-translational regulation is not apparent, 

as the protein level and hemolytic activity increase observed directly correlates to the 

increase in mRNA production. However, determination of whether regulation exists 

transcriptionally or post-transcriptionally is not possible from these experiments, as the 
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(A) 

Time (hours) 

(B) 
Time 
(hours) 
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Time 
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Figure 26. plo Expression is Regulated at the mRNA Level 
Time points taken across a growth curve of BBRl (A) were analyzed for plo mRNA 
levels (B) by RNA dot blots which were hybridized with either a DIG-labeled plo probe 
(top) to detect plo transcripts or a DIG-labeled 16S rDNA probe (bottom) as a measure of 
total RNA in each spot. Soluble cell extracts made from the same time points were also 
tested for PLO (C) by Western blot detected with goat aHis-PLO antibody. The box 
indicates the time point at which an increase in plo transcripts and protein were observed. 
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increase in mRNA observed may be due to post-transcriptional modifications and plo 

mRNA stability, rather than an increase in transcription. 

2.4.3 The PLO Promoter Contains Unique Ctf-Elements 

Analysis of the sequence of the promoter region upstream of plo identified two 

possib l e  (T^° - l i ke  p romote r s ,  P I  and  P2 ,  and  th ree  a lmos t  i den t i ca l  11 -mer  r epea t s ,  R l ,  R2  

and R3. The structure of this region is shown in Figure 27. The following description of 

this sequence proceeds in the 5' to 3' direction, with the start of the promoter region at 

Rl, and the end by the previously identified ATG start codon of plo (49). Rl (5'-

AtttttGCTGG-3') is 272 bp upstream from the start codon, and 26 bp upstream of R2 

(5'-AlT nTGCTGG-3'). 29 bp downstream of R2 is the -35 of PI (5'-TTGATA-3'), 

which is 19 bp upstream of the -10 (5'-TAAATT-3'). R3 (5'-ATTTTTGTGG-3') is 44 

bp downstream of PI and 34 bp upstream of the -35 of P2, (5'-TTGACA-3'). The -35 

of P2 is 17 bp upstream fi"om the -10, (5'-TACTAT-3'), which is 65 bp upstream of the 

start codon. 

The identification of these repeats, as well as the reports of VirR activating the 

transcription of PFO through the binding of repeats upstream of a cr'°-like promoter of 

pfo (20), suggests that this region upstream of plo may be regulated by a similar 

mechanism. Interestingly, R3, which separates PI and P2, is lacking a C residue within 

the consensus following the string of T's, which may either enhance or decrease the 

affinity of binding of such a regulator, possibly influencing its ability to affect expression 

of the two putative promoters. The differences in the distances between the -35 and -10 
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1510 1530 1550 
CTATTGGAGGATTTAAGGGTGTGGGAAAAACGAGTCGCGCCAATATAGTATTGACTTTAT 

1570 1590 
GTTAATAGTGTGCATTCGCTTCATGGGCGAGCl 

Repeat 1 
1610 

rCAATATCCCGTTTTCG 

Repeat 2 
1630 

ggcgggcgI 

-10 

1650 1670 
:tagtcagtggtgaaggtaacctttttc| 

+1 

35 Promoter 1 

:ctgcgg 

1690 
tgtgaggtctc 

Repeat 3 ̂  
1750 

1710 1730 
:CAGGGicTACGTGTGCGCTCAATACGCTATAGTGAAAAAATl 

1770 
:tataagagctgttaataagctgatctgactcg| 

+1 

-35 Promoter 2 
1790 

CCGCCTTTTACA 

-10 
1830 1850 

CGTGlHHBcGAAGTirCTCCAGAGAGTTGGAGCTACCTTATTCGAGGTTGAGTTAflH 
4 

1870 1890 1910 
ZGGAAGGAAAATGAAACGAAAGGCTTTTGCATCGCTAGTGGCGAGTGTAGTCGCAG 

M  K  K A F A S  L V A S V V A A  

Figure 27. Features of the plo Promoter Region 
Sequence numbers are identical to those for the published sequence (Figure 18). Repeats 
Rl, R2 and R3 are highlighted in red, orange and blue, respectively. Two a^^-like 
p romote r s  were  iden t i f i ed  by  s imi l a r i t y  t o  E.  co l i  consensus  sequences .  The  f i r s t ,  P I ,  i s  
shown in green, while the second, P2 is shown in purple. The putative starts of 
transcription for these promoters are indicated with a +1. The RBS of plo is highlighted 
in pink, and the start codon is underlined. 
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of PI and P2, 19 bp and 17 bp respectively, may also play a role in the strength of these 

promoters in A. pyogenes. 

2.4.4 The PLO Promoter is Conserved 

Timoney et al. (485) have reported that A. pyogenes isolates from swine are more 

hemolytic than those of bovine origin. This report is consistent with observations from 

strains in our laboratory, where swine isolates produced larger zones of hemolysis on 

blood agar plates than bovine strains (52). To determine if plo promoter sequences were 

different between porcine and bovine isolates, chromosomal DNA was isolated from one 

bovine strain, 6404, and two porcine strains, 0X8 and 0X9, and a 461 bp product 

encompassing the plo promoter region was amplified using primers 70576, 70577 (Tables 

3 and 4 for strains and primers). The amplified products were sequenced and comparison 

of these sequences with that of BBRl indicated that this region was identical across the 4 

strains. These results suggest that the differences observed in PLO activity between 

isolates of A. pyogenes are not dependent upon differences in the promoter sequences of 

these genes, and may instead be related to other regulatory factors. 

2.4.5 Both Putative Promoters are Actively Transcribed 

Two putative a^°-like promoters have been identified in the sequence (section 

2.4.3). However, little sequence information on promoters in A. pyogenes is available 

with this being the first promoter region characterized experimentally in this organism. 

In addition, since plo is located on a genomic islet, possibly inherited by horizontal 
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transfer, its promoter sequences may not resemble those of other A. pyogenes genes. To 

analyze plo transcripts originating from the two identified promoters, primer extension 

analysis was performed. 

Two reverse primers with 5'6-FAM labels, 6-FAM/7/0EXTI and 6-

FAMp/<?EXT2, were designed to anneal to the mRNA products generated by 

transcription from PI or P2 (Table 4 for primer sequences). In a plo mRNA transcript, 6-

FAMp/oEXTl would bind 87 bp downstream of the putative +1 of PI, and 6-

FAMp/oEXT2 would bind 72 bp downstream of the putative +I of P2 (Figure 28). 

Therefore, if both promoters are recognized and transcribed, and the initiation of 

transcription begins at the putative +1 nucleotides, the products produced by a reverse 

transcription reaction using these 6-FAM/7/0EXTI and 6-FAMp/oEXT2 would generate 

87 and 72 bp cDNA products. Negative control reactions without RNA or reverse 

transcriptase were also performed. 

Primer extension reactions were performed on total RNA from BBRl cells taken 

at different time points across a growth curve (Figure 29) and reaction were subjected to 

fragment size analysis (section 2.1.10). Peak sizes are shown in Table 8, with 

representative outputs in Figure 30. Results confirmed the presence of unique bands in 

each of the primer extension reactions, with an average peak size of 80.45 bp for PI and 

67.27 bp for P2. While the size of each of these products varies from the expected size, 

the fact that unique and very similarly sized products were generated over several 

different time points and experiments strongly indicates the presence of two plo 

transcripts. As positive controls, PGR products were amplified using chromosomal 
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1510 1530 1550 
CTATTGGAGGATTTAAGGGTGTGGGAAAAACGAGTCGCGCCAATATAGTATTGACTTTAT 

1570 1590 
GTTAATAGTGTGCATTCGCTTCATGGGCGAGG 

1610 
caatatcccgttttcg 

1630 
ggcgggcgI 

1690 
TGTGAGGTCTG 

-10 

-35 
1650 1670 

tagtcagtggtgaaggtaacctttttcI 
+1 

:ctgcgg 

1710 1730 
:caggg1ct^gtgtgcgctcaatacgctatagtgaaaaaatJ 

-35 
1750 1770 

-10 

tataagagctgttaataagctgatctgactcgI 

+1 

1790 
rcgccttttaca 

-+87 4 
cgtgl 

J.810 1830 1850 
:GAAGTfrcTCCA^GAGTTGGAGCTACCTTATTCGAGGTTGAGTTAi^Bi 

1870 Plo 1890 1910 
:ggaaggaaaatgaaacgaaaggcttttgcatcgctagtggcgagtgtagtcgcag 

m  k  ' r  k a e l - A S L V A S V V A A  

Figure 28. Primer Binding Sites for Primer Extension Experiments 
The plo promoter region is depicted as in Figure 27. The bold underline indicates 6-
FAMp/oExtl complementary sequences. 6-FA^^/oExtl would generate an 87 bp 
product by extension to PI +1, highlighted in green. The dotted line indicates the 
complementary sequence for 6-FA\^/oExt2, which would generate a 72 bp product by 
extension to P2 +1, in purple. The arrows under the line near +1 of PI and P2 indicate 
where p/oextlF and />/oext2F bind for amplification of positive controls with 6-
FA\^/oExtl and 6-FA\^/oExt2. These controls should generate 86 and 67 bp products, 
respectively. 
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Figure 29. BBRl Growth Curve Used for Primer Extension Analysis 
Growth curve of BBRl, with (A) optical density versus time and (B) supernatant 
hemolytic units versus time. 



Table 8. Size Analysis of Primer Extension Products 

ODfioo' 0.7 1.6 3.8 4.1 3.6 

Promoter 1 78.45^ 80.53 81.00 80.65, 
81.53 

80.00 
81.00 

Promoter 2 N/A 67.04 67.11 67.01, 
68.25 

66.92 

' Samples tested correspond to the growth curves shown in Figure 29 
^ Peak values were determined by the ABI3700 fragment analyzer 
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(F) 

2114 

3154 

184.31 

Figure 30. Primer Extension Size Analysis Output 
TIk output displayed here is from the ABI3700 fragment analyzer at the Arizona 
Research Laboratories (LMSE). The products from extension of 6-FAN^/oExtl (PI) are 
shown in (A) the corresponding control, a PCR product generated with 6-FA\^/oExtl 
and /7/oextl F (86 bp) of the same region in (B). Primer extension of 6-FAN^/oExt2 
(from P2) is shown in (C), with the corresponding PCR control of the same region, using 
primers 6-FANV'/oExt2 and p/oext2F (67 bp) (D). Negative controls, no-RNA and no-
reverse transcriptase, are shown in (E) and (F). Red peaks are known standards, whose 
sizes are indicated by the red portion of the tables. Blue peaks are extension products. 
Arrows point to the peaks of interest and their corresponding sizes shown in the table 
below the output. 
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template, with the same labeled oligonucleotide as primer extension reactions, and 

forward primers, p/oextlF and p/oExt2F, which should, based on annealing sites, 

generate 86 and 67 bp products. Furthermore, positive controls, consisting of PGR 

products amplified from chromosomal template with the same labeled oligonucleotide as 

primer extension reactions, and forward primers, p/oextlF and p/oExt2F (Table 4), 

should have generated products 86 and 67 bp in size (Figure 28), but instead gave 80.92 

and 64.27 bp products (Figure 30), indicating a possible shift in the size analysis of the 

primer extension products as well. The decreased peak size could also be attributed to 

message instability at the 5' end, or possibly a transcriptional start ~6 bp further 

downstream than proposed by the hypothesized +1. The possibility also exists that PI 

and P2, while being CT^°-like promoters, are not recognized by A. pyogenes and instead 

other promoter sequences exist within these regions. Sequence gazing, however, did not 

identify any other sequences similar between the two promoter regions which may act as 

promoters of plo transcription. This data suggests that PI and P2 are recognized for 

transcription of plo, or that two sequence motifs generating transcripts reside within these 

regions of DNA. 

2.4.6 Characterization of plo Promoter Elements Using Truncation Analysis 

The promoter region of plo contains several elements which may be involved in 

the regulation of plo expression (section 2.4.3, Figure 27). To test this hypothesis, six 

different PGR products were amplified, that contain successive truncations of the plo 

promoter regions. These constructs also contain plo lacking its 3' transcriptional 
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terminator and were cloned into the low copy number vector pSB2A. For a depiction of 

the primers used and the constructs that were made, see Figure 31. pSB2A contains a 

transcriptional terminator immediately upstream of the insertion site, preventing 

transcription of the cloned DNA from vector sequences. Downstream of the insertion site 

is a promoterless chloramphenicol acetyl transferase (cai) reporter gene. Therefore, in 

these constructs, transcription of plo and cat is dependent upon the plo promoter, with plo 

transcription quantitated by CAT activity, and comparisons to translation efficiency made 

by measuring hemolytic activity and PLO protein levels of the same samples. All 

plasmids were constructed in E. coli DH5a, confirmed by sequencing, and used to 

transform A. pyogenes strain JGS259, in which plo is disrupted by the insertion of an 

Erm*^ cassette in the middle of the gene. 

Initially, it was important to construct a wild type control of the plo promoter 

U-anscriptionally fused to the cat reporter to confirm that the hemolytic activity and PLO 

profiles were comparable to BBRl. Using primersp/oSpelFl andp/oSacIIRl, a 2018 bp 

p roduc t  con ta in ing  t he  p lo  promote r  r eg ion  and  p lo ,  was  ampl i f i ed  f rom BBRl  

chromosomal template, digested with Spe\ and 5acII and cloned directionally into a 

similarly-digested pSB2A. These constructs were transformed into E. coli DH5a, and 

clones were selected on LB + Kan*^ + ovine blood and screened for a hemolytic zone. 

Positive clones were tested by restriction digestion and sequenced to confirm the 

presence of the correct promoter sequences. This wild type plo promoter clone. 

pJGS442, was the introduced into JGS259 by electroporation (Table 3). When 

JGS259(pJGS442) was grown in parallel with BBRI(pSB2A) and JGS259(pSB2A), the 



162 

(A) 
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1510 1530 1550 
ctattggaggatttaagggtg^gaaaaacgagtcgcgccaatatagtattgactttat 
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Figure 31. Construction of plo Promoter Truncations with Transcriptional Fusions 
to cor 
The sequence of the plo promoter is shown in (A) and the first base pair of the truncation 
sites indicated by an underlined base pair and an arrow and a ARl, AR2, API, AR3, and 
AP2 designation. These plo promoter truncations are shown transcriptionally fused to cat 
in (B), and cloning into pSB2A in (C). 
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wild type construct had the same hemolytic activity and PLO protein profiles as BBRl 

(Figure 32), indicating that JGS259(pJGS442) expresses plo in the same manner as wild 

type, and can therefore be used to study the regulation of plo expression. 

To construct successive promoter truncations, primers p/oSpeIF2, /7/oSpeIF3, 

p/oSpeIF4, jo/oSpelFS, or /7/oSpeIF6 were used in combination with the reverse primer 

p/oSacIIRl (Table 4) to amplify BBRl chromosomal template. The products were 

directionally cloned into pSB2A as discussed for pJGS442 (Figure 31). After 

confirmation by sequencing, these clones were transformed into JGS259. To analyze the 

effects of promoter truncations on plo expression, samples of supernatant and cell pellets 

of each promoter truncation strain, including JGS259(pJGS442) and JGS259(pSB2A), 

were taken across growth curves (section 2.1.2). It was noted that all strains had similar 

growth rates, indicating that the introduction of these constructs into JGS259 did not 

affect normal growth (Figure 33). Soluble cell extracts and supematants (sections 2.1.2 

and 2.1.3) were measured for hemolytic activity, using the hemolysis assay (section 

2.1.8), and PLO protein levels, by Western blotting (section 2.1.9). plo message levels 

were estimated by performing CAT assays in triplicate on fresh soluble cell extracts 

(sections 2.1.3 and 2.1.8). 

As shown in the results in Figure 33, JGS259(pJGS442) CAT activity, PLO 

protein production and hemolytic activity all have the same induction profile, indicating 

that CAT activity can be used as an indicator of plo transcription. Truncation of the 

promoter region through R1 eliminated CAT activity, PLO protein production and 

hemolytic activity across the growth curve. Removal of the R1 and R2 resulted in a 
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Figure 32. Comparison ofp/o Expression Profiles of BBRl and plo Mutant Strain 
JGS259 Carrying p/o Under the Control of the Wildtype Promoter (pJGS442) 
Growth curves of BBRl(pSB2A) (squares), JGS259(pSB2A) (circles), and 
JGS259(pJGS442) (triangles), with (A) optical density versus time and (B) culture 
supernatant hemolytic units vs. time. 
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Figure 33. Analysis of pio Promoter Truncations 
Growth curve of promoter truncation strains measured for (A) optical density versus 
time, with soluble cellular extracts taken from time points across the growth curve tested 
for (B) hemolytic units per 50 ^g of protein from soluble extracts taken across the growth 
curve; (C) FLO concentration by Western blot of 50 ^ig of protein from soluble extracts 
taken at the same time points as CAT assays, detected with goat aHis-PLO; (D) CAT 
units, reported as the amount of activity observed per mg of soluble cellular extract, 
versus time for each of the strains, and (B) a size-increased portion of (D) to clarify the 
expression profile of strains with less than 5 CAT units per time point. Strains are as 
follows: Wild type promoter: JGS259(pJGS442) (solid squares); ARl: JGS259(pJGS443) 
(solid circles); AR2: JGS259(pJGS444) (solid triangle); API: JGS259(pJGS445) (open 
squares); AR3: JGS259(pJGS446) (open circles); AP2: JGS259(pJGS448) (open 
triangles); Vector control: JGS259(pSB2A) (solid diamond). (See Figure 31 for strain 
construction.) 
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delayed induction of CAT activity, PLO protein and hemolytic activity, with levels 

nearing wild type late in stationary phase. Truncation through PI resulted in low CAT 

activity, low PLO protein production and low hemolytic activity present at the normal 

time point of PLO induction. Truncation through R3 resulted in a high level of CAT 

activity, PLO protein and hemolytic activity all initiated early in the growth phase. 

Truncation through P2, but not the ribosome-binding site, resulted in no CAT activity, no 

PLO protein production and no hemolytic activity, confirming that expression of plo and 

cat in these constructs was dependent upon the plo promoter region. JGS259(pSB2A) 

was also negative for CAT activity, PLO protein and hemolytic activity, as expected. 

These results were consistent in duplicate experiments. 

These experiments indicated that the entire ?plo region is important for proper 

regulation of plo expression and suggested that each of the three repeats, Rl, R2, R3, 

play a role in plo regulation. The regions including Rl and R2 appear to be important in 

the activation of plo transcription in early stationary phase. While the exact roles of PI 

and P2 are not clear, the region including R3 appears important in down-regulating 

expression of P2, implicating P2 as the regulated promoter. Whether these motifs are 

specific c«-acting factors, or whether /rawir-acting factors are involved in the binding of 

this region, has yet to be determined. 

2.4.7 Site-Directed Mutagenesis of the C»-EIements 

Although the analysis of promoter truncations indicated that different regions of 

the plo promoter may be important in plo regulation, the large deletions of sequences 
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vsdthin the plo promoter may affect plo expression simply by the loss of upstream 

sequences, and not because of the deletion of an important motif Therefore, to clj^fy 

the exact role of Rl, R2, PI, R3, and P2, site-directed mutations were introduced into 

each of these samples using a two step PCR reaction as described in section 2.1.11 

(Figure 34). The amplified products were directionally cloned into pSB2A, transformed 

into DH5a and plated on LB + Kan + ovine blood. Clones were selected based on their 

hemolytic profiles and were confirmed by PCR and sequencing; after multiple attempts, 

constructs containing site-directed substitutions in R3 were not isolated. The Rl, R2, PI 

and P2 site-directed constructs were used to transform JGS259. Rl and R2 were 

mutagenized by substituting the internal 1 1 1 11 with TGCGT, while the -10 of PI and 

P2 were altered by substituting the first, second, and last nucleotides with CGG and 

GCC, respectively (Figure 34). To analyze the effects of base pair substitutions in Rl, 

R2, PI, and P2, these strains, including JGS259(pJGS442) and JGS259(pSB2A), were 

grown in broth culture as described for section 2.4.6 with samples taken throughout the 

growth curve (Figure 35) (section 2.1.2) with soluble cell extracts (section 2.1.3) tested 

for CAT activity levels (section 2.1.8). 

The results, as shown in Figure 35, indicated that substitution of Rl, while 

lowering the CAT activity, did not significantly affect the CAT activity profile when 

compared to JGS259(pJGS442). Substitution of R2, however, did significantly affect the 

CAT activity profile with a reduced level of CAT activity observed and a loss of 

induction of activity in early stationary phase. However, alteration of the -10 of PI did 

not significantly affect the CAT activity profile, while alteration of the -10 of P2 resulted 
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Figure 34. Site-directed Mutations of Sequence Motifs Within theplo Promoter 
Region 
The sequence of the plo promoter is shown in (A). Site-directed substitutions are 
designated •Rl, •R2, *P1, •RJ, and *P2 with the substituted base pairs underlined with 
their replacements shown above the sequence. These plo promoters are shown 
transcriptionally fused to cat in (B), with cloning into pSB2A in (C). 
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Figure 35. Effects of Site-Directed Mutagenesis on Expression of a plo-cat Fusion 
(A) Growth curves of site-directed mutant strains were tested for CAT activity. (B) CAT 
assays were conducted in triplicate on soluble cell extracts taken at different time points 
across the growth curve. Cat units represent the amount of CAT activity observed per mg 
of protein in soluble cellular extract. Strains are as follows: Wild-type promoter: 
JGS259(pJGS442) (solid squares); Rl*: JGS259(pJGS544) (solid circles); R2*: 
JGS259(pJGS545) (solid triangle); PI*: JGS259(pJGS546) (open squares); P2*: 
JGS259(pJGS548) (open triangles); Vector control: JGS259(pSB2A) (solid diamond) 
(See Figure 34 for strain construction). 
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in a low level of CAT activity with no induction what so ever. The wild type construct 

strain, JGS259(pJGS442), and the negative control strain, JGS259(pSB2A), both gave the 

expected profiles. These results indicate that the presence of R2 is crucial for the 

induction of plo in early stationary phase, and that P2 is the regulated promoter in this 

system. The mutation of PI yielded a slight reduction in CAT activity, suggesting that it 

may be transcribed constitutively at low levels throughout growth. 

2.4.8 orfl21 is Not Involved in PLO Expression 

Two homologues of PLO, LLO and PFO, are both regulated by proteins encoded 

by linked ORFs. Analysis of the sequence upstream of plo but within the plo islet, 

identified an ORE, orfl2I (Figure 17). As discussed in section 2.2.1, BLASTP analysis 

of the translated product of orfl2l indicated that it shared no similarity with any 

identified proteins in the GenBank database. Further analysis of the protein did not 

identify any obvious DNA binding motifs, such as helix-tum-helix structures. 

Reverse genetics was used to study the role of orflll in the regulation of plo . 

expression. An allelic exchange mutant of orfl2l was constructed by transforming 

BBRl with pJGS438, a suicide vector containing orfl21 interrupted with an Erm*^ 

cassette (Table 3). Screening for Erm"^ and Kan^ identified several possible mutants, one 

of which, JGS534, was confirmed by PGR using primers SmcFl and 2125 (Table 4) to 

have an insert in the orfl2l gene (Figure 36). 

To determine if the putative product of orfl21 plays a role in the regulation of plo 

expression, the hemolytic activity of supematants collected across a growth curve was 
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smc or/72/.•.Erm plo ftsY 

(C) 
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Figure 36. Analysis of Putative Mutants 
(A) Diagram of the wild-type BBRl chromosome and (B) the orfl2I::ETm^ mutant. 
Arrows indicate where the PCR primers (SmcFl and 2125) would bind to test for the 
insertion of the Erm*^ cassette. The identification of a orfl21::ETm^ mutant (C) by PCR 
amplification of chromosomal template of several different strains using the primers 
indicated by the arrows in A and B. Lanes are as follows: 1) BBRl, 2) pHSS19 + 
orfl21::Enn^, 3) Erm*^, Kan^ mutant (JGS534), and 4) water control (no template). The 
arrows to the left of the gel indicate where a PCR product for orf121 ::Erm^ (4 kb) or 
orfl21 (2.4 kb) would migrate. 
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compared for JGS534 and BBRl. The culture growth rates and supernatant hemolytic 

activities in log and early stationary phase were not significantly different (Table 9). 

These results indicate that that the deletion of orfl2I at this locus has no observable 

effect on plo expression under the conditions tested. 

However, the effects of orfl2l deletion at this locus may be subtle. Furthermore, 

it is possible that orfl2l transcription occurs only in vivo and is not expressed in vitro, 

thereby playing a role only in in vivo plo expression. To test these hypotheses in vitro, 

pJGS440 was constructed, which places orfl21 directly downstream of Viae on pJGSlSl, 

a multi-copy number plasmid that replicates in A. pyogenes (Table 3). In this system, 

orfl2l cloned downstream of a strong promoter should be expressed in vitro, making the 

effects of orfl21 products on plo expression observable. 

Strains of BBRl carrying either pJGSlSl or pJGS440 were grown in broth 

culture with Str selection to retain the plasmid, and supematants were taken across the 

growth curve and tested for hemolytic activity. Both strains demonstrated similar growth 

rates in log phase and similar hemolytic activities in both log and stationary phase. While 

it is possible that orfl2I, or some trans-acting factor necessary for its effect on plo 

expression, is not expressed in either of these systems in vitro, the combined results from 

both of these experiments suggest that orfl21, does not play a role in the expression of 

plo. 

2.4.9 A fra/is-Acting Factor in BBRl Cell Extracts Binds to the plo Promoter 
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Table 9. Role of orfl21 in PLO Expression 

Hemolytic Activity^ (HU/ml) 

Strain Growth Rate' 
(hours) 

Mid-Log 
Phase 

Early Stationary 
Phase 

BBRl 1.4 248 2087 
BBRl 
orfl21::Em^ 1.2 235 1982 

BBR1+Vector 1.6 123 743 
BBRl + 
VQCior.'.orflll 1.6 135 611 

' Doubling time in log phase 
^ Each value represents the average of duplicate assays from one representative 

experiment, and duplicate experiments demonstrated the same trends. 
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Although orfl21 was not found to be involved in plo expression, the data from 

site-directed mutagenesis and promoter truncation experiments still suggests that there 

are cw-acting factors which are involved in the regulation of expression of plo. 

Furthermore, the expression of two homologues of PLO, PFO and LLO, are both 

transcriptionally regulated by the binding of /ra/w-acting factors (section 1.2.2.5). One 

such /ra«j-acting factor, VirR, binds specifically to repeats within the promoter of pfoA, 

activating its transcription. In order to assess whether or not a trans-dxXmg factor is 

involved in the regulation of PLO expression, gel shift assays were performed (section 

2.1.12). 

To determine if some factor within BBRl binds to the promoter region of plo, 

soluble cell extracts were made from culture samples taken across a growth curve 

(sections 2.1.2, and 2.1.3). As a negative control, soluble cell extracts were also made 

from E. coli DH5a cells taken from stationary phase culture. The DNA target, which 

consisted of the entire plo promoter region, was amplified from BBRl chromosomal 

template using primers p/oSpelFl and 70577 and DIG-labeled dUTP, generating a 451 

bp DIG-labeled oligonucleotide probe (section 2.1.4). Target DNA and cell extracts were 

subjected to the gel shift assay as described in section 2.1.12. The results from this first 

experiment, as shown in Figure 37, demonstrate that the plo promoter is shifted by BBRl 

extracts taken at any point across the growth curve. These results suggest not only that 

some trans-acting factor is able to bind to the ?plo, but also that this factor is present 

throughout growth in vitro. However, these results do not confirm that binding actually 

occurs throughout growth of A. pyogenes, as modification of the /ra«j-acting factor may 
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Figure 37. The plo Promoter is Bound by a Frafis-Acting Factor 
(A) 5 ng BBRl soluble cell extract from points across the growth curve were mixed in a 
binding reaction with 0.35 ng probe consisting of the DIG-labeled PLO promoter and 
2 ng yeast carrier DNA. (B) BBRl soluble cellular extract taken from sample ODeoo 3.6 
were mixed with 5, 10, 15 or 20 ng as shown, with 0.35 ng probe and 2 ng yeast carrier 
DNA. Samples were also mixed with 100-fold excess competitor DNA, consisting of the 
same promoter region, unlabeled. As a control, 20 ng E. coli DH5a soluble cellular 
extracts were also mixed in a binding reaction with 0.35 ng of probe and 2 ng yeast 
carrier DNA. Arrows indicate shifted and non-shifted probe. 
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regulate its binding to the promoter, and this modification may be affected by the 

experimental conditions. 

A second experiment was performed to confirm that binding was specific to the 

plo promoter. While saturating amounts of yeast DNA were added to the gel shifting 

assays to inhibit non-specific binding, it was necessary to determine if binding of this 

region was specific to A. pyogenes extract, and if it could be competitively inhibited with 

an unlabeled competitor probe. To determine if binding was specific to A. pyogenes, 

E. coli soluble cellular extract was mixed in a binding reaction with probe consisting of 

the entire plo promoter region. To determine if binding could be competitively inhibited, 

several binding reactions were conducted in which increasing concentrations of 

competitor DNA, amplified with p/oSpelFl and 70577 in the absence of DlG-labeled 

dUTP (section 2.1.4). If the binding of the Vplo promoter observed was specific to this 

region of DNA, excess concentrations of the competitor should out-compete binding to 

the target resulting in a decrease of the visible shifted band. Results, as given in 

Figure 37, showed that 100-fold excess competitor DNA significantly affected the 

migration of the target DNA in an extract concentration-dependent manner, such that 

approximately 50% shifting occurred with 20 |ag extract while no shifting was observed 

with 5 Jig extract, indicating a competitive inhibition of target binding. Furthermore, the 

binding of E. coli extracts, while shifting the target DNA to a small degree, was not 

specific, as the addition of 100-fold excess competitor DNA did not reduce the target 

DNA shifting observed. These results indicated that the plo promoter region is bound 

specifically by a /rawj-acting factor contained within A. pyogenes DNA. 
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2.4.10 Binding is Dependent Upon Cu-Acting Motifs within the plo Promoter 

To better define which region of the plo promoter is bound by the trans-acting 

factor, gel shifts were performed with either truncated segments of the plo promoter, or 

full length sequences containing the site-directed alterations of Rl, R2, PI, and P2 

discussed in section 2.4.7. In the first experiment, target DNA, with DlG-labeling mix, 

was amplified from BBRl chromosomal template using the same primers designed for 

the promoter truncation constructs in section 2.4.6. Competitor DNAs were amplified in 

a similar maimer, but in reactions lacking DIG-labeling mix. Each of these targets were 

then mixed in separate binding reactions with extract made fi-om log phase and early 

stationary phase cultures, and with early stationary phase cultures and the corresponding 

competitor DNA. The results, as presented in Figure 38, showed that truncation through 

Rl did not affect shifting by extracts. Successive truncations through R2 and PI gave 

similar results. However, target DNA consisting of truncations though R3 or P2 were not 

shifted by extract taken either from log or early stationary phase. These results indicated 

that binding of the trans-acting factor to the plo promoter region requires the presence of 

the region including R3. However, these results do not negate the possibility that the 

upstream motifs, specifically Rl and R2, may also be bound by this factor. 

In a second set of experiments to identify whether or not the trans-acting factor 

binds specifically to one motif within the plo promoter region, the site-directed 

mutagenesis constructs in Rl, R2, PI and P2 were tested for shifting. Target DNAs were 

amplified with DIG-labeled dNTPs and primers p/oSpelFl and 70577, as in section 2.4.7. 
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Probe: ARl AR2 API AR3 AP2 

Figure 38. plo Promoter R3 is Required for Binding by A Fraits-Acting Factor 
5 probes consisting of the plo promoter region DIG-labeled DNA amplified from the 
BBRl chromosome were generated in PCR reactions. These probes have successive 
truncations within the promoter region as depicted in Figure 31, but do not contain the 
plo coding region. Lane 1 of each set is a control (0.35 ng probe) without added cellular 
soluble protein extract (20 ^g). Lane 2 is probe mixed with BBRl soluble extracts from 
log phase cultures, and lane 3 is probe mixed with soluble extract from early stationary 
phase cultures, also 20 ^g. Lane 4 of each set is probe mixed in a binding reaction with 
early stationary phase extract and an excess amount of competitor probe (100-fold 
excess), which was amplified using the same primers, but without DIG-label. 
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Competitor DNAs were amplified in a similar manner, but in reactions lacking DIG-

labeling mix. In a series of separate binding reactions similar to the previous experiment, 

each target was bound to extract from log and early stationary phase cultures, and early 

stationary phase cultures with competitor. Results, as given in Figure 39, show that 

alteration of base pairs within Rl, R2, PI or P2 do not affect the shifting of the plo 

promoter region when compared to the wild type target DNA. Similarly, all of these 

targets were competitively inhibited for binding. These results indicate several 

possibilities: the trans-acting factor which binds to the promoter region of plo may bind 

(1) to more than one motif within the promoter region, (2) only to R3, and/or (3) to some 

other motif within this region. 

2.4.11 Summary 

While plo has been characterized as a stationary phase expressed protein, 

specifically how its expression is regulated has not been determined. This research 

confirms that plo is expressed at low levels in log phase, with an increase in plo mRNA. 

PLO protein, and hemolytic activity observed in early stationary phase, indicating 

transcriptional or post-transcriptional regulation influences this gene. Previous analyses 

of different isolates indicated that bovine and porcine strains are altered in hemolytic 

activity (52, 485), however, sequence analysis confirmed the promoter regions were 

identical. Therefore, it is hypothesized that the differences observed are due to trans-

acting factors. Further analysis of the plo promoter region identified three almost 

identical repeats, RI, R2 and R3, and two consensus promoters, PI and P2. Primer 



185 

Probe: wt Rl* R2* Pl» P2* 

( ^\ ^ N ( ^ \ ( ^ S ( ^\ 
^  1  2  3 ^  2  3 ^  ' ^ 1  2  3  ^  ^ 1  2  3 ^  ' ^ 1  2  3 ^  

Figure 39. Site-Directed Mutagenesis of Rl, R2, PI and P2 did not Affect Binding of 
a Trans-Acting Factor 
4 probes consisting of the plo promoter DIG-labeled DNA amplified fi-om the BBRl 
chromosome were generated in PCR reactions. These probes have site-directed 
mutations as depicted in Figure 34. Lane 1 of each set is a control (0.35 ng probe) 
without added cellular soluble protein extract (20 ^g). Lane 2 is probe mixed with log 
extracts, and lane 3 is probe mixed with early stationary extract, also 20 ^g. 
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extension confirmed the presence of two separate transcripts, and suggested that promoter 

recognition sequences existed within the regions of PI and P2. Promoter truncation 

experiments, where successive deletions in the promoter region of plo were constructed 

and transcriptionally fused to a promoterless cat gene (Figure 31), confirmed that the 

regions including the motifs and promoters are important in the regulation of plo 

expression and that without upstream sequences, the initiation of transcription fi-om the 

P2 region was greatly increased (Figure 33). While these analyses demonstrated a role 

for the promoter region in the regulation of plo expression, the unnatural condition of 

sequence tnmcation could falsely affect the regulation of plo expression. Therefore, site-

directed mutations were constructed which had base pair substitutions in important 

residues of Rl, R2, PI and P2 (Figure 34). These promoter mutations were 

transcriptionally fused to a cat gene and analyses of expression indicated that Rl had a 

minor role in activity levels, and R2 alteration removed early stationary phase induction. 

Substitution of nucleotides within the -10 of PI had no significant effect on expression, 

while substitution of nucleotides within the -10 of P2 resulted in minimal activity (Figure 

35). Frustratingly, multiple attempts never resulted in the isolation of an R3 mutant, and 

therefore its role in the regulation of plo can only be hypothesized. Truncation 

experiments removing R3 and upstream sequences resulted in a high level of PLO 

activity. If site-directed mutagenesis removed the repression of P2-dependent 

transcription, possibly by removing repressor binding, toxic levels of PLO may be 

expressed resulting in an inability to isolate R3 mutants. Regardless, these results 
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indicated that the repeats have a role in the regulation of expression of plo, and that P2 

may be the regulated promoter. 

As analyses of these motifs indicated the presence of regulatory elements in plo 

expression, the next step was to identify the presence of rrcr/jj-acting factors, hly, which 

encodes LLO, the PLO homologue from L monocytogenes, is regulated by PrfA, which 

is encoded by an upstream ORP (section 1.2.2.5.1). Sequence analysis identified orfl2l 

within the plo islet. While analyses of or/121 did not identify any motifs suggestive of a 

regulator, its location with respect to plo suggested that it may have a role in plo 

expression. However, mutagenesis of orfl21, or multiple copies of orfl21 under the 

control of a strong promoter did not affect the hemolytic profile of A. pyogenes. 

suggesting that orfl2l does not play a role in plo expression. 

Although orfl21 did not appear to play a role in the expression of plo in vitro, the 

plo promoter truncations and site-directed mutagenesis experiments suggested the 

presence of a /ra«5-activating factor which could bind to the plo promoter region. 

Therefore, gel shift analysis using probes constructed from different lengths of the plo 

promoter and soluble extract taken across the growth curve, indicated that some factor 

binds to the plo promoter in a specific manner, that this factor is present throughout the 

growth curve, and that it may require Rl, R2 or R3 for binding. 

These results all suggest that plo expression is regulated at the transcriptional 

level through the binding of a trans-acx\n% factor, contained in the soluble extracts of 

BBRl, and that this factor is not encoded by orfl21. While these experiments did not 
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identify the actual trans-ocWng factor, the identification of its presence is a major 

contribution to the understanding of how plo is regulated. Furthermore, the 

characterization of the plo promoter region will aid greatly in further studies of plo 

regulation in vivo, and the analysis of other A. pyogenes promoters. 



189 

CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS 

PLC is important in A. pyogenes pathogenesis, but its exact role has not yet been 

defined. Studies on PLO have shown its ability to lyse erythrocytes, and kidney cells 

(121, 226). PLO has also been shown to lyse macrophage and PMNs (121, 226). 

indicating a role in deflecting the host immune system. Furthermore, PLO is both a host-

protective antigen and a major virulence factor in an animal model (49, 226), indicating 

that it is expressed in the host during an infection. However, information regarding the 

regulation of its expression as well as systems that may be involved in its secretion is not 

available. 

Understanding how and when PLO is expressed in the host will aid in defining the 

specific role of PLO in pathogenesis, and may provide further insight into how other 

A. pyogenes virulence factors are expressed. By defining the role of PLO in 

pathogenesis, we will gain a better understanding of A. pyogenes virulence, and will be 

better able to design specific prevention strategies and treatments against A. pyogenes. 

The ability to prevent A. pyogenes-xQlsXcd diseases would greatly benefit, not only the 

cattle industries in halting mastitis and liver abscess incidences, but also a wide array of 

animal species in general which suffer fi-om A. pyogenes infections. 

Studies related to the expression of PLO in vitro can directly aid in the 

understanding of expression in vivo by providing a knowledge base of information 

regarding cis- and /m/75-acting factors of regulation, as well as components involved in 
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its secretion. These factors would most likely have a similar role in both in vitro and 

in vivo expression. As studies in vitro can be more carefully controlled and do not 

generally contain the number of variables intrinsic to in vivo analyses, it is logical to 

begin at this level. After the identification of important factors have been made, then 

studies should progress to an animal model to confirm their role in the expression of PLO 

and A. pyogenes pathogenesis. 

This chapter will provide a summary of the research conducted in chapter 2. 

indicating its relevance to A. pyogenes pathogenesis and the literatiu-e in general. Future 

experiments will then be discussed which would further elucidate how and when plo is 

expressed in vivo. 

3.1 Genetic Orientation and Regulation of Expression of plo 

Analysis of the plo region has lead to the discovery of several important factors 

concerning plo and its relationship to A. pyogenes pathogenesis. The identification of plo 

on a genomic islet indicates, that like the LIPI-I pathogenicity island of 

L monocytogenes which includes hly, the gene encoding LLO (501), the acquisition of 

plo may have turned A. pyogenes into a more virulent pathogen. This research has also 

confirmed that the plo islet is conserved across geographically diverse isolates, indicating 

that it was incorporated into a stable position in a ancestral strain shared by all of these 

isolates. How this islet incorporated onto the A. pyogenes chromosome remains a 

mystery. Insertion via transposition or bacteriophage integration seems unlikely, as 

transposon insertion sequences or inverted repeats generally associated with 
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pathogenicity islands (166) were not identified. It is possible that this islet may have 

inserted into the intergenic region between smc and ftsY via homologous recombination, 

as is hypothesized for sly on the S. suis chromosome (476). However, homologous 

recombination may only occur when a high level of identity exists between the site of 

insertion and the foreign DNA. As the %G+C content of the plo islet in A. pyogenes is 

significantly lower than the flanking regions, it seems unlikely that incorporation would 

have occurred via this mechanism. 

Diagnosis of A. pyogenes involves the presence of a beta-hemolytic zone when 

plated on blood agar. As this zone is dependent upon PLO, it is possible that 

environmental, or maybe even pathogenic variants of A. pyogenes, exist which do not 

carry plo. To isolate such strains, it would be necessary to screen for A. pyogenes 

through other methods, such as 16S rDNA sequencing. 

Analyses of the region surrounding the plo islet also identified ftsY fflj, whose 

translated products are homologues of the protein components of the SRP. In E. coli, 

SRP is primarily a targeting mechanism for inner-membrane proteins (IMPs) (248, 334. 

493). Its role in gram-positive organisms is not as clearly defined, although in B. subiilis, 

it is hypothesized to fiinction in targeting secreted products as well (348). Therefore, an 

interesting hypothesis was formed: SRP may be responsible for targeting PLO for 

secretion in A. pyogenes. While this idea still stands, the research reported here was 

unable to determine a role for SRP in A. pyogenes. Mutants in these genes in A. pyogenes 

were not stable or easily reconstructed. The A. pyogenes ffh was unable to complement 
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an E. coli conditional mutant, and had a negative effect on E. coli growth when induced 

to high levels. These results suggested that the ffli did in fact encode a functional protein, 

which may have negatively impacted the SRP system in E. coli. Alternatively, 

expression of the A. pyogenes ftsY did not have an adverse affect on E. coli growth, 

suggesting that the gram-positive protein may not be able to interact with the gram-

negative membrane or SRP to form a functional receptor. While this work was unable to 

determine the role of SRP in plo secretion, the identification and preliminary 

characterization of these genes will aid future analyses directed towards determining the 

role of SRP in A. pyogenes pathogenesis. However, before such analyses can be 

conducted, either conditional expression strains or a heterologous system must be 

designed and constructed. 

In defining the regulation of plo, it was important to first determine the expression 

profile. In the literature it has been stated that PLO is an early stationary phase expressed 

protein. Data presented here confirms and expands on this statement. PLO is expressed 

in vitro at low levels throughout the growth curve, with an induction in early stationary 

phase. mRNA and protein analysis indicated similar increases at the same time point. 

These results suggest either a form of transcriptional regulation, such that plo message 

production is increased in early stationary phase, or a form of post-transcriptional 

regulation, such as the inhibition of plo message degradation in early stationary phase 

resulting in an increase in stable message for translation. In order to further characterize 

the regulation of plo expression, it was important to look at the plo promoter region itself 

Interestingly, three repeats. Rl, R2, R3 and two a^°-like consensus promoters. PI and P2. 
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were identified. In C. perfringens, the regulation of expression of the PLO homologue 

PFO, is dependent upon the binding of two repeats in the promoter region of pfoA, which 

drives the expression of a a^°-like consensus promoter (20). The identification of a 

similar structure in the promoter of plo indicated that the repeats and promoters may also 

be integral to the regulation of plo expression. Analysis of the promoters through primer 

extension indicated the presence of two transcripts, although the length of the products 

suggested a start of transcription 7 and 8 base pairs from the putative +rs of PI and P2. 

which may be the result of experimental error, as positive controls also varied 3-6 bp 

from the estimated size. While it is possible that A. pyogenes transcriptional machinery 

initiates transcription at 17 and 18 bp from the -10 region of the promoter, it is more 

likely that message degradation or experimental error is responsible for this size 

difference. The possibility also exists that other promoter sequences contained within the 

vicinity of PI and P2 are responsible for driving the expression of plo. A -like 

consensus sequence for the stationary phase sigma factor, of E. coli was identified 15 

bp upstream of R3 (5'-CTATAGT-3'). However, the data presented here does not 

indicate that this putative motif has a major role in the regulation of plo transcription; 

removal of upstream sequences though R3, including the motif, resulted in a high 

level of transcription of plo, and site-directed mutagenesis of only the -10 of P2 removed 

CAT activity, indicating that P2 sequences, and not the motif, are required for plo 

transcription. Furthermore, if transcription initiated from recognition of the 

sequences, a primer extension product -128 bp in size should have been observed in the 

P2 primer extension reaction size analysis experiment. The lack of such a product, in 
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combination with the previous arguments, suggests that the motif does not have a 

significant role in plo transcription. 

To characterize the role of Rl, R2, and R3, as well as PI and P2 in the regulation 

of expression of plo, initially products were amplified with increasing promoter 

truncations, which were still linked to the RBS and coding region of plo, and 

transcriptionally fused these to a promoterless cat expression vector. The plo cat 

transcriptional reporter constructs were introduced into a mutant strain lacking functional 

plo. In this system, CAT activity levels are a measure of the level of plo transcription. 

Increasing deletions of the promoter region suggested that each of the motifs and 

promoters had a role in plo expression. Specifically, these experiments indicated that 

deletion through Rl reduced expression to almost undetectable levels, while removal of 

R2 returned expression, but with a delayed induction, suggesting that presence of Rl and 

R2 are required for normal expression and may be a site of activation. Deletion through 

PI removed transcription all together, while deletion through R3 resulted in high level 

expression. These results suggest the presence of a repressive region between P1 and R3 

that inactivates P2 expression. The high level of P2 e.xpression observed with truncation 

through R3 suggests that P2 is the regulated promoter in this system; however, removal 

of the entire upstream region including PI may also allow for an artificial expression of 

P2. Although the results from these experiments suggest a role of each of these motifs in 

the regulation of plo expression, drastic truncations of the plo promoter region could 

account for the various phenotypes observed. Therefore, a second experiment was 
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designed which altered each of these motifs individually in context of the surrounding 

sequence to better define their role in the expression of plo. 

Site-directed mutants of Rl, R2, PI and P2 were cloned separately into the same 

cat transcriptional fusion expression system. Analyses of the CAT activity of these 

strains indicated that Rl, R2 and P2 substitution had an effect on plo transcription. 

Mutagenesis of Rl caused a slight decrease in transcription without altering the 

expression profile when compared to wild type. However, mutagenesis of R2 removed 

the induction observed in early stationary phase. Mutagenesis of the PI -10 had no 

significant effect on transcription, which suggests a minor role in expression, and may 

indicate PI as the constitutive low-level expressed promoter. However, mutagenesis of 

the -10 of P2 greatly decreased CAT activity to minimal levels, implicating P2 as the 

regulated promoter in this system. The increased PLO expression observed in the 

truncation experiments indicated that R3 might be involved in repression of P2 

expression. Therefore, site-directed mutagenesis of R3 may result in an expression level 

of plo which is toxic to A. pyogenes growth. Site-directed mutagenesis of R3 could be re-

attempted in a construct in which only the promoter of plo is transcriptionally fused to 

cat, such that over-expression of the plo promoter would give a high level of CAT 

activity which may not be toxic to the cell. To compare the role of R3 to the other 

motifs, the wild type promoter region and Rl, R2, PI, and P2 site-directed mutant 

promoters would also be transcriptionally fused to cat for comparative analysis. 
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Bovine and porcine isolates have been reported as having different PLO activity 

levels (52, 485), suggesting a difference in the regulation of expression. Sequencing has 

shown that the promoters are identical, suggesting that the difference observed in 

expression may be due to /rawj-acting factors. Sequence analysis identified an ORP, 

or/121, directly upstream of plo, and contained within the plo islet. The regulation of hly, 

which encodes LLO, is controlled by the product of an upstream ORF, prfA (section 

1.2.2.5.1). Therefore, studies were performed on orfI21 to determine its effect on plo 

expression. However, insertional deletion, as well as multiple copies of this gene in trans 

did not affect the hemolytic activity of these cells, indicating that orfl21 does not play a 

significant role in the regulation of plo expression in vitro under the conditions tested. 

The next step was to determine if some other /ra/75-acting factor binds to the plo 

promoter. Gel shifts were conducted by using probes designed from the plo promoter 

region in binding reactions with soluble cellular extract from A. pyogenes BBRI cultures 

throughout a growth curve in vitro. Data indicated that a factor produced throughout the 

growth of BBRI bound to the plo promoter in a motif dependent maimer, was able to 

bind to the promoter region containing only R3 and P2, but not P2 alone, and that 

individual deletions of either Rl, R2, PI, or P2 did not affect this binding. Specifically, 

these results suggest that the trans-acting factor requires the presence of a repeat within 

the promoter region for binding. While it is possible that R3 is the only repeat bound, it 

is more likely, given the conservation of sequence between the repeats, that Rl and R2 

are bound as well. To determine if binding is specific for the repeat consensus or the R3 

region, probes consisting of successive truncations starting at the 3' end moving to the 5' 
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end of the plo promoter region could be tested for shifting by A. pyogenes extracts. 

These experiments would identify if the /ra/j5-acting factor could bind in the absence of 

R3, indicating if binding is specific to R3 or the repeat motif in general. 

This work not only provides a basis for understanding how plo is regulated in 

A. pyogenes, which will lead to a better model of A. pyogenes pathogenesis, but also 

contributes to the understanding of the regulation of CDCs in general. Currently, 

information regarding the regulation of CDCs is only available for PFO, of 

C. perfringens, LLO, of L. monocytogenes and SLO of S. pyogenes. Studying the factors 

involved in PLO expression will add to the knowledge of A. pyogenes pathogenesis and 

may help to define a general model for studying the regulation of other CDCs. 
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3.2 Model of the Transcriptional Regulation ofp/o 

The data presented in the previous chapter suggests that a rranj-acting factor 

binds to the plo promoter region and regulates the transcription of plo\ however, its 

specific role has yet to be defined. Therefore, two possible models are proposed below. 

In the first, shown in Figure 40, the /mwj-acting factor is a repressor of plo transcription, 

while in the second, shown in Figure 41, it is an activator of transcription. An overview 

of each of the models is presented below and summarized in context of the data generated 

from the plo promoter truncation, site-directed mutagenesis and gels shift assay 

experiments. 

In Figure 40, a /rawj-acting factor acts as a repressor of plo expression, with the 

binding of an environmentally triggered co-factor relieving repression. In log phase, the 

rra/75-acting factor is present as a monomer, and is able to bind to the invariant R1 and R2 

(5'-ATTTTTGCTGG-3'), and R3 (5'-ATTTTTGTGG-3') separately. While binding of 

the repeats in the monomeric form represses transcription from PI and P2, binding is 

transient, allowing low levels of transcription from both promoters. In early stationary 

phase, an environmentally triggered co-factor either binds or alters the rraw^-acting factor 

such that the /raw^-acting factor dimerizes. Dimerization of the trans-acting factor results 

in both a decreased monomer pool, and the binding of the dimer to the invariant R1 and 

R2, but not R2 and R3 or R1 and R3 due to distances between the repeats. As decreased 

monomer concentrations, as well as a possible steric hindrance from the binding of R1 

and R2 lower the binding of the /raw^-acting factor to the variant R3. dimer binding 



199 

(A) 
5' -ATTTTTGCTGG-3' 5' -ATTTTTGTGG-3' 

^ ^ ^ P2 
R1 ^ .in ATG plo -35 -10 -35 -10 

• • • • •  m m m » m  • • • • •  • • • • •  

25 28 18 41 33 16 64 

(B) 

) 

J ATG 

ycrzx ^ 

I ̂  J • 
ATG 1 

(C) 

(D) 

ATG RNAl 



200 

Figure 40. A Model for the Transcriptional Repression of plo 
The promoter region of plo is indicated in (A). Repeats, Rl, R2, and R3 are shown as 
solid lines, and the a'" promoters, PI and P2, as broken lines. The sequences of Rl, R2 
and R3 are also indicated, with the nucleotide absent in R3 underlined. The numbers 
below the line give distances in bp between these sequence motifs. In (B) a model for the 
U-anscriptional regulation of plo is shown during log phase growth. Repressor, R, is 

present as a monomer and able to bind reversibly to Rl, R2, and R3, inhibiting 

transcription from PI and P2. Binding to the repeats is reversible, such that low levels of 

transcription are initiated from both PI and P2 when repressor is not bound. In (C), an 

environmentally triggered co-factor, C, stimulates dimerization of the repressor, and a 
depletion of the monomer pool. In (D), a model for the transcriptional regulation of plo 
is shown during early stationary phase growth. Repressor dimers bind to the closely 
spaced Rl and R2 repeats Inhibiting RNAP binding to PI, but cannot bind R3. Inability 
to bind R3 results in RNAP binding P2 and high levels of plo u-anscription. 
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Figure 41: A Model for the Transcriptional Activation of plo 
The promoter region of plo is indicated in (A). Repeats, Rl, R2, and R3 are shown as 
solid lines, and the promoters, PI and P2, as broken lines. The sequences of Rl, R2 
and R3 are also indicated, with the nucleotide absent in R3 underlined. The numbers 

below the line give distances in bp between these sequence motifs. In (B) a model for the 

transcriptional regulation of plo is shown during log phase growth. Activator, shown as a 
large circle, binds to Rl and R2 (possibly, cooperatively), which activates transcription 

by RNAP bound at PI. In (C), increasing concentrations of activator allows for the 

binding of the imperfect R3, which, in combination with integration host factor (IHF) or a 

similar protein, causing bending of the DNA, allowing for the stabilization of the protein-
DNA complex and melting at P2, giving a higher level of transcription. 

ATG 
I 
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represses transcription from PI, and allows transcription from P2 resulting in the 

induction observed in early stationary phase. 

The second model (Figure 41) suggests that the /rawj-acting factor is 

concentration dependent activator of plo transcription. In log phase, lower levels of 

activator bind preferentially to the R1 and R2 consensus sequences (5'-

ATTTTTGCTGG-S'), and activate the transcription of RNAP bound at PI. Binding of 

the activator is cooperative, such that dimerization is required for promoter binding 

stabilization. When cells enter early stationary phase, the amount of the activator is 

increased, and now binds the imperfect R3 repeat (5'-ATTTTTGTGG-3'), which has a 

decreased affinity for the activator. A tentative integration host factor (IHF) binding site 

(S'-TAACCTTTTTCTTGA-B') is present between R2 and PI, which may allow for the 

binding of IHF, or similar protein, causing the looping of the promoter region DNA. 

Activator binding at Rl, R2, and R3 with the looping of the DNA, results in the 

formation of a trimer complex and the stabilization of R3 binding. Interaction of RNAP 

with this stable complex initiates melting of P2 and a higher level of transcription of plo. 

Truncation experiments indicated that removal of Rl reduced expression to 

almost undetectable levels, while removal of Rl and R2 returned some of the expression 

but delayed induction. In the repressor model, removal of the region including Rl would 

result in the preferential binding of monomers to R2 and R3, repressing expression 

throughout growth. Truncation through R2 would remove dimer binding, allowing 

monomers to bind R3 until depleted from the system, resulting in the delayed time point 

of induction observed. In the activator model, removal of Rl would still allow for 
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binding at R2 and R3 and the normal activation of PI and P2; truncation through R2 

would remove activation of PI at any time, but still allow for normal expression from P2. 

In the activator model, truncation of R1 should not affect transcription unless the 

activator requires R1 and R2 for stable binding. Truncation through R2 and removal of 

the upstream sequences from PI may allow for low level transcription from PI, which 

could block P2 RNAP binding until a high enough concentration of trans-aciing activator 

is present such that looping may not be required for activation of P2, giving the late 

induction phenotype observed. Experimentally, truncation through PI removed 

expression entirely. In the repressor model, removal through PI should result in binding 

of R3 and repression of P2 expression until the monomer pool is depleted. While the 

data does not completely support this model, it is possible that truncation of R1 and R2 

removes the dimer binding induced steric hindrance of monomer binding at R3, allowing 

for an increased duration of monomer binding, resulting in delayed transcription from P2. 

In the activator model, truncation of Pi should not affect binding of R3, and expression 

should be observed in early stationary phase; it is unclear how this model could support 

the data presented. Truncation of R3 resulted in an early and large level of expression of 

plo, presumably from P2. In the repressor model, truncation of upstream sequences 

including R3 would remove repression of P2 completely by eliminating repressor-binding 

sites and would give the phenotype observed. In the activator model, removal of R3 

should abrogate expression of P2, unless binding of R3 is not required for recognition of 

P2 when upstream sequences are removed. 
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In site-directed mutagenesis experiments, substitution of R1 resulted in a 

decreased level of transcription, but the same expression profile as wild type. In the 

repressor model, substitution of the middle portion of the repeat region of R1 may 

decrease the stability of monomer and dimer binding at Rl, which should not affect 

expression in log phase, but may decrease the steric hindrance of R3 binding, giving a 

delayed time point of induction. However, the substitution of the internal residues may 

allow partial dimer binding at Rl, which could still hinder R3 binding and give a similar 

profile as wild type, as was observed. In the activator model, substitution of the internal 

residues of Rl should not affect the expression profile significantly, as is observed. 

Experimentally, substitution of the internal residues of R2 resulted in a decreased level of 

expression with no induction in early stationary phase. In the repressor model, alteration 

of R2 may remove or decrease the stability of monomer and dimer binding to R2. The 

destabilization of dimer binding would predict that the monomer could bind R3 for a 

longer duration until monomer was depleted from the system, giving a much-delayed or 

non-existent increase in expression profile. In the activator model, alteration of R2 may 

affect transcription from PI as well as the stabilization of the looped complex for 

activation from P2. The decreased level of expression observed may be due to a low 

level of activation of PI or P2 expression by transient binding of Rl and R3, respectively. 

Site-directed mutagenesis of PI had no effect on expression while site-directed 

mutagenesis of P2 removed expression altogether. In both the repressor and activator 

models, PI is not the regulated promoter under the conditions tested, so mutagenesis of 

PI should have no significant effect on the expression profile, as was observed. P2 is 
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considered the regulated promoter, so substitution of P2 in both models would abolish 

induction in early stationary phase and significantly lower expression levels, as was 

observed. 

Results from the gel shifting experiments suggested that the promoter region is 

bound throughout growth, is able to bind in the absence of any one motif, but requires the 

presence of at least one repeat region for binding. In both the repressor and activator 

models, the rranj-acting factor binds across the growth curve. However, in each model, a 

migration difference should be observed between log and early stationary phase. In the 

repressor model, three monomers would bind in log phase, while the dimer-cofactor 

complex would bind in early stationary phase. In the activator model, three monomers 

may bind transiently in log phase, while in early stationary phase the structure of the 

promoter region is more compact, but may also be bound by an IHF, which should alter 

the migration pattern observed. As the migration pattern identified in the gel shift 

experiments was the same across the growth curve, it can be suggested that either the 

differences in size of these complexes may be minor, or that the experimental conditions 

used alter the trans-acting factor DNA bound complexes, eliminating binding differences 

between log and stationary phase cultures. 

When comparing the models, the data presented more consistently supports a 

repressive role for the trans-acting factor. Furthermore, site-directed mutagenesis of R3 

is thought to give a lethal phenotype, as multiple attempts never isolated R3 mutants. R3 

may, therefore, be a site of repressor binding, such that removal of R3 in context with the 

surrounding promoter region would result in a very high level of plo transcription which 
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could produce toxic amounts of PLO. In support of this theory, truncation experiments 

through R3 gave a high level of plo transcription, indicating that the presence of R3 

and/or the upstream sequences, repress transcription from P2 in log phase. Hopefully, 

the models presented here in combination with future experiments, will help to define the 

role of the trans-acting factor in plo expression. 
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3.3 Future Directions: Identifying and Characterizing the Trans-Acting Factor 

While it was unfortunate that a site-directed mutant in R3 could not be isolated 

after numerous attempts, and therefore the role of R3 in the regulation of the plo 

promoter could not be confirmed, the focus of ftjture work should be on the identification 

of the /ra/75-acting factor which binds to the promoter region. After this factor has been 

isolated, ftirther studies can be performed to determine specifically when and how it 

binds to the plo promoter region. 

In identifying this trans-acting factor, several obstacles must be overcome. The 

study of A. pyogenes pathogenesis has often been limited by accessibility to genetic tools 

to construct mutants. As this organism requires rich nutrients for growth, expresses 

beta-galactosidase and alkaline-phosphatase activities, and cannot express green 

fluorescent protein or CobA in a maimer that could be observed under the microscope 

(152), an easily assayed reporter system, as well as a system to construct conditional 

mutants, is currently not available for this organism. Transposon mutagenesis has also 

not been successftil with several different transposons (52, 152). Therefore, constructing 

random mutations in the chromosome to either identify promoters that may be active 

under virulence conditions, or genes that are involved in virulence and other ftinctions. is 

limited to physical and chemical mutagens. 

To identify the /rawj-acting factor, one possible method would utilize chemical 

mutagens, such as nitrosoguanidine. After use of such a mutagen, putative mutants 

would be screened for an altered hemolytic profile on blood plates. This method could 
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identify mutations in genes with both regulatory and secretion functions. Increased 

hemolysis on blood plates could indicate a mutation in a repressor gene, while reduced 

and absent hemolytic profiles could suggest a mutation in an activator. Granted, altered 

hemolytic profiles could also be caused by a number of other mutations. In order to 

screen out mutations in the plo structural region, mutants reduced and absent in hemolytic 

activity could be transformed with a complementing plasmid carrying plo, such as 

pJGS442, and screened for restoration of wild type phenotype. Non-complemented 

mutants could then be complemented with a plasmid library of A. pyogenes and screened 

for restoration of the wild type phenotype. Plasmids conferring complementation would 

then be analyzed to determine insert size and the presence of ORFs. Several pitfalls 

could occur with this strategy. Mutagenesis of a repressor gene, or a global repressor, 

may result in a lethal phenotype, with over-expression of PLO being toxic for the cell. 

Furthermore, unlike transposon mutagenesis, chemical mutagenesis may result in 

multiple mutations on the chromosome that may not be complemented. 

Therefore, a second strategy should be attempted to identify the regulatory genes 

involved in plo expression. Identification of a heterologous system in which PLO could 

be secreted, but was not regulated, would provide a nice system to screen for regulator 

genes. While PLO is actively expressed in E. coli, it does not appear to be secreted, 

making analysis of regulation more difficult. Therefore, it may be more advantageous to 

use a gram-positive species, such as C. perfringens, which may be more likely to have a 

similar targeting and secretion system as A. pyogenes, and be able to express and secrete 

PLO. In order to determine if plo could be expressed and secreted in an unregulated 
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manner, transformants carrying pJGS442 could be analyzed for supernatant hemolytic 

activity. Unregulated systems would be identified by hemolytic activities that lacked an 

induction time point. Once such a system was identified, a plasmid library, which was 

compatible with pJGS442, would be used to transform the strain carrying pJGS442, and 

colonies could be screened for altered hemolytic profiles on blood plates, indicating an 

alteration in expression. These complemented strains would then be analyzed for 

supernatant hemolytic activities over a growth curve to confirm a regulatory effect on 

plo. The insert in this plasmid would then be analyzed for size and sequenced to identify 

any putative regulatory factors. Several pitfalls are also present for this experiment. A 

heterologous system, in which pJGS442 can replicate, may not be easily identified, and 

transformation with a library containing regulator genes may not give a visibly altered 

phenotype when plated on blood plates. It is also possible that expression of a regulator 

of PLO may be lethal in such a heterologous system. Furthermore, the trans-sicxxng factor 

may be comprised of more than one component and/or cofactor, making identification of 

the complete /rawj-acting system difficult. 

Therefore, it may be necessary to identify the /ram-acting factor biochemically, 

such as with column chromatography. By fusing the plo promoter DNA to the column, it 

may be possible to fish out the trans-dicimg factor(s) from soluble extract run over the 

column. Elution of bound protein or protein complex would then be analyzed for purity 

on SDS page gels, as well as for binding by gel shift analysis. Purified proteins could 

either be identified by N-terminal sequencing, or by mass spectrophotometr>'. After 

identification, probes could be designed to hybridize a genomic librar>'. Plasmid preps of 
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positive clones would be sent for sequencing and analyzed by Blast analysis for initial 

identification. Several pitfalls are present for the proposed experiment. The /raw5-acting 

factor may not bind tightly to the column, or many proteins may be eluted making 

purification difficult. Several runs may be necessary to acquire enough protein for 

further analysis and N-terminal sequencing or mass spectrophotometry may not provide 

enough information to design a probe for a genomic library. 

While it is possible that regulatory factors will be isolated which do not bind the plo 

promoter, for the purpose of this dissertation, the focus of the following section will be 

on the characterization of trans-acting factors which regulate expression of plo through 

binding to the promoter region. Construction of a mutation in the trans-diCimg factor and 

its purification, possibly through the fusion of a HIS-tag, would be beneficial in defining 

its ability to bind the plo promoter and its role in plo expression. To study factor binding, 

gel shift analysis, using the entire plo promoter region as target DNA, of binding 

reactions including either purified rram-acting factor, soluble cellular extracts from an 

A. pyogenes trans-ac\.\n% factor mutant, or a combination of purified rram-acting factor 

and soluble cellular extract from a trans-zcimg factor mutant could be performed. Such 

analyses would indicate if the trans-ocimg factor alone is sufficient to bind the plo 

promoter region, if other factors in A. pyogenes extracts bind the plo promoter region, 

and if some co-factor present in soluble extracts either enhances or represses this 

binding. DNase foot-printing assays, with purified target and irans-dLCimg factor, could be 

performed to further characterize the binding sites on the target DNA. Similarly, gel shift 

assays of purified trans-achrxg factor mixed with target DNA consisting of only the 
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repeat sequence would show if indeed these motifs were involved and sufficient for 

binding. 

Phenotypic analysis of A. pyogenes /ram-acting factor mutants could help define 

the role of the factor in plo expression By analyzing hemolytic activity and PLO protein 

production across a growth curve, it might be possible to determine if the trans-acting 

factor is an activator or repressor depending on the profile observed; high levels of 

activity throughout growth would indicate a repressive role, while low and non-detectable 

levels would indicate an activator role. To specifically quantitate the effects of such a 

mutation, a plo promoter reporter fusion, such as ?plo-cat, could be introduced into this 

strain for analysis. As the mutation of a regulator may affect A. pyogenes growth in other 

ways, the use of a heterologous system, in which plo is unregulated in expression, may be 

required. By placing the irans-acting factor into such a system, in combination with the 

entire plo gene and promoter, or a plo promoter reporter fusion, analysis of the effects of 

the trans-acimg factor specifically on plo expression may be better observed. However, 

depending on the global nature of the trans-acXing factor, it is possible that its expression 

may adversely affect a heterologous system as well. 

Regardless of how the trans-acimg factor is purified and characterized, the 

discovery of its existence, and the characterization of the motifs within the plo promoter 

region, are a major contribution to the basic understanding of how plo expression is 

regulated. Currently, the knowledge on the regulation of expression of CDCs, in general, 

is based primarily on two PLO homologues, PFO and LLO (section 1.2.2.5). The 

regulators implicated in the expression of these CDCs are tram-aoXing factors that also 



212 

directly control the expression of other virulence genes, and are part of larger regulatory 

cascades. Therefore, the discovery that a /ram-acting factor regulates plo expression in 

A. pyogenes may well lead to the identification and characterization of a global regulatory 

system involved in A. pyogenes pathogenesis. 
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