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Streptococcal diseases have been recognized in recorded history for over two thousand years
and remain today as a serious cause of worldwide health problems. Early research revealed
that the streptococci were not only among the first organisms thought to be the cause of
contagious diseases, but their presence initiated the introduction of cleanliness and the use
of sterile procedures into hospital settings. More recent research on streptococci
demonstrated that the hereditary material was DNA, paving the way to present day
molecular and genomic studies. This book is focused on one of the streptococci,
Streptococcus pyogenes (the group A Streptococcus), the bacteria responsible for diseases,
such as scarlet fever, pharyngitis, impetigo, cellulitis, necrotizing fasciitis and toxic shock
syndrome, as well as the sequelae of rheumatic fever and acute poststreptococcal
glomerulonephritis. The goal of the 30 chapters in this volume is to present an up to date
and comprehensive review of research on this organism, including its basic biology,
epidemiology, genetics and pathways that facilitate group A streptococcal infections. Our
intention is that this information will provide an important resource for the general public,
students, researchers, and clinicians in future work towards an understanding of the
mechanism of Streptococcus pyogenes disease, in hopes that it will lead to better methods of
disease control.
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Preface

Diseases caused by Streptococcus pyogenes, also known as the group A streptococcus, have been described since
the early times of written history. While we have come to know a great deal about this human specific pathogen
and its associated diseases, there is still much to learn. The aim of this volume is to present a current summary of
every aspect of this microorganism: in other words, the A to Z of contemporary information about Streptococcus

pyogenes.

The various topics covered in the following chapters are presented in a progression that ranges from basic
biology to clinical manifestations. Early research on Streptococcus pyogenes during the last century was aimed at
developing a vaccine to prevent its many associated diseases, and in the process, provided much of the basic
biology, physiology, and immunology that has been essential for ongoing research. With the advent of genetic
and molecular biology approaches, as well as the new tools of genetic engineering, DNA and protein sequencing,
a new era of —omics appeared, including genomics, proteomics, and metabolomics. Information from these
studies has been applied to the development of vaccines, understanding genetic regulation, and epidemiology.

Infections with Streptococcus pyogenes result in a wider variety of diseases than perhaps any other
microorganism, ranging from throat and skin infections, scarlet fever, puerperal fever, and necrotizing fasciitis,
to the post-infection sequelae of rheumatic fever and acute glomerulonephritis. More recent disease descriptions
in the 1980s and 1990s include diseases such as streptococcal toxic shock syndrome and pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infections (or PANDAS). Epidemiological studies have
been important in defining these recent diseases, as well as providing a greater understanding of their
transmission, control, and prevention. Moreover, a variety of model systems provide new information about
mechanisms of pathogenesis, as well as insights into intracellular invasion and the carrier state. Finally, the
development of a vaccine, as well as new and innovative methods of anti-infective control will be important
areas of continued research.

This book represents a concerted effort by an international group of S. pyogenes researchers, each an expert in
their own area of work, who have generously provided their time and energy to present the current status of
work in their own field. In virtually all areas, their work was supported with financial assistance from various
national and international research institutions, organizations, and foundations. In recognition of this support,
these researchers pay forward their scientific knowledge to the general public, as well as to the next generation of
students, scholars, and researchers. As a living document in an open access format, additions of new information
and updates on each topic can be provided on a regular basis. Our hope is that this volume will serve not only as
an important resource and standard reference for public information, but also an aid to stimulate further
research that will lead to better methods of disease control and treatment.

Editors

Joseph J. Ferretti, Ph.D., is an emeritus professor in the Department of Microbiology and Immunology at the
University of Oklahoma Health Sciences Center in Oklahoma City, Oklahoma. He has worked in the area of
Streptococcus pyogenes research for over 50 years since his early days at the University of Minnesota, where he
trained under the tutelage of Lewis Wannamaker, Elia Ayoub, and Ernest Gray. Following a postdoctoral
fellowship at The Johns Hopkins University, where he worked with Philip E. Hartman in the study of microbial
genetics, he joined the University of Oklahoma Health Sciences Center in 1969. His main research contributions,
supported by years of support from NIH and other agencies, have been in the areas of streptococcal genetics,
regulation of virulence factors, bacteriophages, and genomics. Dr. Ferretti is the author or co-editor of four
books, including Basic Microbiology and Genetics; Streptococcal Genetics; Genetics of Streptococci,
Enterococci, and Lactococci; and the ASM book on Gram-Positive Pathogens.
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Dennis L. Stevens, Ph.D., M.D., is Chief of the Infectious Diseases Section, Director of Research and
Development of the Veterans Affairs Medical Center in Boise, Idaho and Professor of Medicine at the University
of Washington’s School of Medicine in Seattle, Washington. Dr. Stevens obtained a Ph.D. in Microbiology from
Montana State University and an MD from the University of Utah. Dr. Stevens’ major research interests have
been the pathogenesis of serious infections caused by toxin-producing Gram positive pathogens, including
Clostridium perfringens, Clostridium sordellii, group A streptococcus, and methicillin-resistant Staphylococcus
aureus (MRSA). He is a member of the CDC Working Group on Invasive Streptococcal Infections, a consultant
to the WHO, and an invited participant to the NIH Workforce on severe group A streptococcal infections. Dr.
Stevens is editor or co-editor of four books on skin and soft tissue infection, including co-editor with Dr. Edward
Kaplan of the book Streptococcal Infections: Clinical Aspects, Microbiology, and Molecular Pathogenesis.

Vincent A. Fischetti, Ph.D., is Professor and Chairman of the Laboratory of Bacterial Pathogenesis and
Immunology at the Rockefeller University in New York, and received his Ph.D. in Microbiology from New York
University. He has over 50 years of experience in the field of anti-infectives, focusing on understanding the
earliest events in Gram-positive bacterial infections. Over the years, one of his interests has been to examine the
surface molecules on Gram-positive bacteria—particularly the surface M protein on S. pyogenes and its coiled-
coil structure. His work with bacteriophages has led to the development of phage lysins as novel therapeutics. Dr.
Fischetti is a fellow of the American Academy of Microbiology, and is the recipient of two NIH MERIT awards.
He has been editor-in-chief of the ASM journal Infection and Immunity for 10 years, and is a co-editor of the
ASM book Gram-Positive Pathogens.
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Introduction

Streptococcal diseases have been known for centuries, although their delineation into separate disease entities
did not begin to occur until the 16th century AD. The original writings of Hippocrates from the 4th century BC
describe the disease erysipelas (¢pvoinelag, red skin), as well as the symptoms of childbed fever, and “Galen
remarks that not only erysipelas, but also inflammation, when it attacks the impregnated uterus, generally proves
fatal” (Adams, 1849). Centuries later, after epidemic rates of mortality, this particular disease was recognized in
1716 as puerperal fever or childbed fever (Strother, 1716). Many theories about the origin of diseases appeared in
the intervening centuries, including associating their occurrence with natural phenomena like comets and
eclipses; the spread of disease by vapors and smells; “contagion,” or the transferring of diseases from one to
another; and the introduction of non-living matter into a patient (Karamanou, Panayiotakopoulos, Tsoucalas,
Kousoulis, & Androutsos, 2012). It was not until the 18th century that further progress into the etiology of
diseases was made. A major advancement was the invention of the microscope by Anton van Leeuwenhoek
(1632-1723) as well as his descriptions of new life forms, including the shapes of cocci, bacilli, and spirochetes
(Figure 1) (Dobell, 1932). However, as with a number of early scientific and medical discoveries or observations,
the link between the microscopic discovery of these new life forms and diseases was not realized until almost
two centuries later.

Scarlet Fever

Reviews of the writings of ancient scholars found many passages relating to sore throats or ulcerous tonsils, but
lacked comment about an associated rash, which would be typical of what would later be known as scarlet fever.
According to Rolleston (Rolleston, 1928) in his article on the history of scarlet fever, Giovanni Filippo Ingrassias,
a Sicilian anatomist and practitioner, wrote in 1553 (Ingrassia, 1553) the first description of a disease termed
“rossalia” that was characterized by “numerous spots, large and small, fiery and red, of universal distribution, so
that the whole body appeared to be on fire” He also reported that this “rossalia” or rash was different than that
observed in measles. (Rolleston, 1928). According to most scholars, Johann Weyer of the Netherlands was the
first to describe a sore throat occurring during epidemics of scarlatina anginosa, which he did in 1565. In 1578,
Jean Cottyar of Poitiers gave the first definitive description of scarlet fever in France as a “general weariness,
headache, redness of the eyes, sore throat, and fever. Purpura appeared on the second or third day, accompanied
by delirium and soreness of throat”. Daniel Sennert (Sennert, 1628) described an epidemic in Wittenberg in the
beginning of the seventeenth century and was the first to describe scarlatinal desquamation, arthritis, and post-
scarlatinal dropsy and ascites. The term “scarlatina” was first introduced into the medical literature in 1675 by
Sydenham (Sydenham, 1676), who identified it as a separate disease entity from other exanthemas, especially
measles (Rolleston, 1928).

Epidemics of scarlet fever were reported throughout Europe and North America during the 17th and 18th
centuries, some of which were associated with high mortalities. It was not until the 1920s that George and
Gladys Dick showed that scarlet fever was associated with a sore throat caused by hemolytic streptococci that

Author Affiliations: 1 Department of Microbiology and Immunology, University of Oklahoma Health Sciences Center,
Oklahoma City, OK, USA; Email: Joseph-Ferretti@ouhsc.edu. 2 Adolf Reichwein Strasse 16, D-07745 Jena; formerly,
Institute for Experimental Microbiology, Faculty of Medicine, University at Jena, Germany; Email: wkoehler@bknotes.de.

o Corresponding author.
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LEEUWENHOEK'S FIGURES OF BACTERIA FROM THE HUMAN MOUTH
(Letter 39, 17 Sept. 1683)
Enlarged (X 13) from the engravings published in A4rc. Nat. Det., 1695.

Fig. A, a motile Bacillus.

Fig. B, Selenomonas sputigena. C ... . D, the path of its motion.

Fig. E, Micrococei.

Fig. ¥, Leptothriz buccalis.

Fig. G, A spirochste—probably “ Spirochaeta bucealis,” the largest form found
in this situation.

Figure 1. Leeuwenhoek’s drawings of bacteria from the human mouth.

produced a secreted toxin known as scarlet fever toxin, or Dick toxin (Dick & Dick, 1924a; Dick & Dick, 1924b;
Dick & Dick, 1924c). Scarlet fever remained an important infectious disease until the advent of antibiotic
therapy in the 1940s, and prior to that time, a brightly colored quarantine sign was placed on the door of the
house of diseased individuals to isolate the patient and prevent the further spread of this feared disease (Figure
2).

Puerperal Fever

Although streptococcal diseases were not recognized as a cause of puerperal fever at the time, epidemics
associated with high mortality rates during childbirth were reported across Europe and North America in the
18th and 19th centuries. In 1843, the American surgeon Oliver Wendel Holmes, Sr. (Figure 3), published a paper
on “The Contagiousness of Puerperal fever” (Holmes, 1843). Holmes wrote, “This disease seized such women only
as they were visited or delivered by a practitioner, or taken care of by a nurse, who had previously attended
patients affected with the disease” (Holmes, 1843). His observations were the subject of more debate than
application, and many of his contemporaries responded to his report with more ridicule than acceptance.

In 1842, Ignac Semmelweis, a young Hungarian physician (Figure 4) working in the obstetric wards of the
Vienna Lying-in Hospital (Semmelweis, 1983; Semmelweis Society, 2009), independently monitored hospital
mortality rates and observed that the mortality rates of women giving birth attended by physicians in Clinic 1
were almost ten times higher than when midwives attended the deliveries in Clinic 2. He observed that
physicians and medical students who arrived at the hospital in the morning first visited the autopsy rooms
before seeing patients in other wards. Because physicians and medical students did not wash their hands before
going to the obstetric ward, Semmelweis surmised they were physically carrying the disease entity from
cadaverous material directly to patients. In 1847, he ordered all medical attendants to scrub their hands in a
chlorinated lime solution before entering the obstetric ward. After seven months, the mortality from puerperal
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Figure 2. Scarlet Fever Quarantine sign.

fever in Clinic 1 decreased dramatically, from 11.4% to 2.7%. Additionally, he noted that soiled bed sheets
containing blood or other bodily materials were not changed between patients. In 1848, chlorine solution
washings were carried out during the year, and Semmelweis also ordered the changing of sheets between
patients. His recordings showed that the mortality rate that year in Clinic 1 was 1.27% and in Clinic 2 was 1.3%.
Though the results were profound, Semmelweis had no scientific evidence to explain the cause of the disease—
except cleanliness. Nevertheless, his immediate superiors resented Semmelweis’s Lehre (teaching) methods and
treated his findings with skepticism and ridicule. In 1849, Semmelweis returned to Budapest, because his
contract was not renewed at the Vienna Hospital. In 1860, Semmelweis published his detailed observations in a
treatise, The Etiology, Concept and Prophylaxis of Childbed Fever (Semmelweis, 1983). He was an early
revolutionary in the medical sciences in the use of statistical methods to prove his hypothesis that childbed fever
was caused by medical personnel failing to wash their hands and who then transmitted the disease to patients.

A full recognition of Semmelweis’s brilliant work did not come until 14 years after his death in 1865. In a
discussion on puerperal fever at the French Academy of Sciences in Paris in 1879, a physician named Hervieux
elaborated on the causes of epidemics in lying-in hospitals, ascribing them to an undefined “puerperal miasma.
Louis Pasteur interrupted him: ‘None of those things cause the epidemic; it is the nursing and medical staff who
carry the microbe from an infected woman to a healthy one’ And when the speaker replied that he feared the
microbe would never be found, Pasteur went to the blackboard and drew a diagram of the dangerous chain-
forming microbe, saying, “There: This is what it looks like™ (Pasteur, 1879; Schwartz, 1997). A complete and
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detailed history of puerperal fever can be found in two books by Irvine Louden: Childbed Fever, A Documentary
History; 1995 (Loudon, 1995) and The Tragedy of Childbed Fever, 2000 (Loudon, 2000).

Discovery of Streptococci

The first description of streptococcal infection is attributed to the Austrian surgeon, Theodor Billroth (Figure 5),
in 1874, when he described the organism in cases of erysipelas and wound infections (Billroth, 1874; Billroth,
1877). He described these “small organisms (Kettenkokken) as found in either isolated or arranged in pairs,
sometimes in chains of four to twenty or more links (Streptococcus; Gr. strepto, a chain, and coccus, a berry).”
The real importance and formal entry of streptococci to history came in 1879 when Louis Pasteur (Figure 6)
isolated the microorganism from the uteruses and blood of women with puerperal fever (Alouf & Horaud,
1997). He further demonstrated that the streptococcus was the etiological agent responsible for the disease that
caused the highest mortality rates of women and newborns at that time. Additional refinement of the name
streptococcus came from Friedrich Julius Rosenbach in 1884, who examined bacteria isolated from suppurative
lesions, and the species was named Streptococcus pyogenes (Gr., pyo, pus, and genes, forming) (Evans, 1936).
Previously, Fehleisen isolated streptococci from a patient with erysipelas and Rosenbach named the organism S.
erysepaltis (Evans, 1936; Rosenbach, 1884). However, later reviews showed that there was no particular
characteristic associated with organisms isolated from specific diseases, and Andrewes and Christie suggested
that the proposed species names of pyogenes, eryespaltis, scarlatinae, and puerperalis all be included in the
single name Streptococcus pyogenes (Evans, 1936; Andrewes & Christie, 1932).

Differentiation and Classification of Streptococci

The introduction of blood agar plates by Hugo Schottmuller in 1903 was an important step forward for the
differentiation of streptococci (Schottmuller, 1903; Becker, 1916). When mixtures of streptococci were streaked
on blood agar plates, two types of hemolysis were observed: a clear zone surrounding a colony containing
organisms in long chains, termed Streptococcus haemolyticus; and a green zone surrounding a colony with short
chains, termed Streptococcus viridans. Further elaboration by Brown in 1919 (Brown, 1919) resulted in three
classes of hemolytic patterns surrounding a colony on a blood agar plate: 1) “Alpha”—a green zone of
discoloration, which is characteristic of the viridans streptococci; 2) “Beta”—a clear zone of complete hemolysis,
which is found in the S. haemolyticus type organisms; and 3) “Gamma”—no change in the medium, which is
characteristic of the enterococcus and S. faecalis organisms. At the same time, Dochez, Avery, and Lancefield
began using immunological approaches to demonstrate that differences could be demonstrated between strains
of S. haemolyticus (Dochez, Avery, & Lancefield, 1919). In 1933, Lancefield used surface antigen differences
among various streptococci to further subdivide them into groups designated by the letters A through X (Koéhler,
2008). The strains from human diseases were classified as Group A; the strains from bovine and dairy sources as
Group B; the strains from a variety of animal sources as Group C; and so forth. For epidemiological studies, the
determination of the T-antigens by slide agglutination was introduced by Fred Griffith of London in 1934
(Griffith, 1934) and was widely used, even in International Type Distributions Surveys of S. pyogenes at the end
of the 1960s (Kohler, 1974). The Group A strains, Streptococcus pyogenes, were further subdivided according to
the presence of a surface protein named M protein (due to its matte appearance in colony formations) into
different antigenic types. Lancefield was able to demonstrate over 50 different M-types of group A streptococci
during her career (Lancefield, 1962; National Academy of Sciences, 1987), and since then, more than 200 M-
types have been identified using a combination of serological and molecular typing methods. Lancefield also
identified the M protein as the major virulence factor of Streptococcus pyogenes due to its antiphagocytic
property (Lancefield, 1962). Maclyn McCarty considered Lancefield's monumental work as “the opening chapter
in the modern investigation of hemolytic streptococci” (Figure 7) (National Academy of Sciences, 1987). The
importance of this classification system is underscored by its continued development and use in clinical,
bacteriologic, and epidemiologic studies. Facklam has provided a summary of the nomenclature and taxonomy
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Figure 3. Oliver Wendell Holmes Sr., 1809-1894.

Figure 4. Ignaz Semmelweis, 1818-1865.

changes of the Streptococcus genus that have occurred, up to the year 2002 (Facklam, 2002). More recent
descriptions of the “present state of species within the genus Streptococcus and Enterococcus” by Kohler
(Kohler, 2007), and a “phylogenomic analysis of genome evolution in the genus Streptococcus” by Richards et al.
(Richards, et al., 2014) provide important new overviews of the genus Streptococcus.
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Figure 5. Theodor Billroth, 1829-1894.

Figure 6. Louis Pasteur, 1822-1895.
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Figure 7. Walter Bauer, Rebecca Lancefield, and Maclyn McCarty at the Rockefeller Institute.

Biology of the Group A Streptococci

Early research in the first part of the 20th century on the biology of the hemolytic streptococci was perhaps more

intensive than the research conducted on any other species of pathogenic bacteria. These studies focused on the
basic biology and physiology of the organism, with an emphasis on the relationship of the organism to the
important diseases of the day, scarlet fever and rheumatic fever. As mentioned earlier, one of the most important
advances was the study by Lancefield that classified the organisms into various serological groups and identified
the group A streptococcus, Streptococcus pyogenes, as the organism responsible for most of the hemolytic
streptococcal infections in humans (Lancefield, 1941). An overview of many of the early studies on the biology
of the group A streptococci is presented in the following sections; however, more detailed and comprehensive
reviews can be found in McCarty (McCarty, 1952); Wannamaker and Matsen (Wannamaker & Matsen, 1972);
Stollerman (Stollerman, 1975); and Kohler (Kohler, 2008).

An essay about collaborative research by Ferretti (Ferretti, 2008) describes “events during the early 1960s in
which streptococcal research flourished and was propelled by interactions at many levels, particularly
international conferences and symposia. The World Health Organization sponsored an international symposium
on streptococci and streptococcal diseases in 1960 in Prague, Czechoslovakia. Two of the twenty-six participants
in attendance were Werner Kohler from the German Democratic Republic and Dennis Watson from the United
States, both technically non-members of the WHO. Following this conference, Kohler suggested continuation of
these meetings, and three years later in 1963, the second conference was held in Jena, GDR, with a three-fold
increase in attendance. The third conference was held in 1966 in Paris, and a fourth was again held in Jena in
1969. Thus, the first meeting in Jena was a starting point for what is now known as the Lancefield International
Symposium on Streptococci and Streptococcal Diseases.” This symposium has been held every three years in
various cities in the world (as recorded in Table 1) and continues to be an important forum for discussion,
learning, and collaboration about current and new topics in streptococcal research.


http://en.wikipedia.org/w/index.php?title=Walter_Bauer_(biologist)&action=edit&redlink=1
http://en.wikipedia.org/wiki/Maclyn_McCarty

Streptococcus pyogenes

Table 1. Lancefield International Symposium on Streptococci and Streptococcal Diseases

Symposium Year

I

II
III
v
v
VI
VII
VIII
IX

XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX

1960
1963
1966
1969
1972
1975
1978
1981
1984
1987
1990
1993
1996
1999
2002
2005
2008
2011
2014
2017

City

Prague

Jena

Paris

Jena
Amsterdam
Liblice
Oxford
Lund
Yamanaka
Cologne
Siena

St. Petersburg
Paris
Auckland
Goa

Palm Cove
Porto Heli
Palermo

Buenos Aires

Country

Czech Republic

East Germany
France
East Germany

Netherlands

Czech Republic

England
Sweden

Japan

West Germany

Italy

Russia
France

New Zealand
India
Australia
Greece

Italy
Argentina

Fiji

Organizer
Raska, K
Kéhler, W
Caravano, R

Kohler, W

Haverkorn, MJ

Rotta, |

Williams, REO

Holm, SE
Kimura, Y
Litticken, R
Orefici, G
Totolian, A
Horaud, T
Martin, D
Ganguly, NK
Good, MF
Legakis, NJ
Orefici, G
Lopardo, H

Cultural Conditions and Growth

The group A streptococci are fastidious organisms that have complex growth requirements. A highly nutritious
growth medium that provides optimal growth was described in 1932 by Todd and Hewitt that consisted of a
broth of meat extract, peptones, dextrose, and salts (Todd & Hewitt, 1932). This medium was subsequently
prepared in a dehydrated form according to a formula by Updyke and Nickle in 1954, and is still used in present
times for the growth of group A streptococci and other fastidious organisms (Updyke & Nickle, 1954). In order
to further study the nature of extracellular toxins, such as streptolysin O, Bernheimer and Pappenheimer
developed a defined protein-free medium that produced a large amount of growth (Bernheimer &
Pappenheimer, Jr., 1942). Later studies showed that the alteration of environmental conditions could increase the
amounts of various extracellular products. For example, the addition of a digested RNA fraction increased
streptolysin S production (Bernheimer & Rodbart, 1948); while the addition of reducing agents (such as
glutathione) increased streptolysin O production (Slade & Knox, 1950); maintaining a slightly acidic pH
enhanced the production of the cysteine proteinase precursor (Elliott, 1950); and the addition of hyaluronate to
the growth medium increased the production of hyaluronidase (Rogers, 1945). Various formulations of a
chemically defined medium were described thereafter; however, most of these have suffered from the inability to
provide adequate growth yields and/or the production of different virulence factors. A new chemically defined
medium, described by van de Rijn and Kessler in 1980, overcame many of the previous deficiencies and provided
high culture densities as well as adequate amounts of virulence factors, such as M protein and extracellular

Reference

(Kohler, 1964)
(Caravano, 1968)

(Haverkorn, 1974)

(Parker, 1979)
(Holm & Christensen, 1982)
(Kimura, Kotani, & Shiokawa, 1985)

(Orefici, 1992)

(Totolian, 1994)

(Horaud, Bouvet, Leclerq, de Montclos, & Sicard, 1997)
(Martin & Tagg, 2000)

(Chhatwal, 2004)

(Sriprakash, 2006)
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products (van de Rijn & Kessler, 1980). A more detailed description of the metabolism of the group A
streptococci can be found in a subsequent chapter.

Ultrastructure and Cellular Components

In initial studies of the biology of hemolytic streptococci, immunological differences were found to exist among
strains isolated from human disease. These organisms were identified as being strongly Gram-positive and
growing in chains of varying length (Dochez, Avery, & Lancefield, 1919). Colonies formed on agar plates were
identified as small, smooth, and moist in appearance, but capsule formation was not identified at that time.
Almost 20 years later, a polysaccharide composed of N-acetylglucosamine and glucuronic acid was isolated from
encapsulated group A streptococci and was found to be identical to hyaluronic acid found in mammalian tissue
(Kendall, Heidelberger, & Dawson, 1937). This capsular material did not stimulate antibody production, an
observation consistent with the fact that this substance occurs naturally in mammalian tissues. A comprehensive
review of the capsular polysaccharide of group A streptococci and its biochemistry, genetics, and role in
virulence has been reported by Wessels (Wessels, 2006), and in a subsequent chapter in this volume.

The studies of Lancefield and colleagues have provided a great deal of information about the antigenic structure
of the streptococcal cell, particularly about the M protein and its importance as the major virulence factor of the
group A streptococci (Lancefield, 1962). In addition to the 1962 review by Lancefield (Loudon, 2000), detailed
reviews on the streptococcal M protein have been presented by Fox in 1974 (Fox, 1974), Fischetti in 1989
(Fischetti, 1989), and Fischetti et al. in another chapter in this volume.

Besides the M protein, many more proteins have been found on the cell surface by their ability to bind
mammalian serum or secretory proteins, such as immunoglobulins, albumin, fibrinogen, and fibronectin, or by
enzymatic digestion. These include T-protein, serum opacity factor, C5a peptidase, collagen-like protein Scll,
GRAB, and protein F, among others. Fischetti and colleagues have shown that the C-terminal region of these
anchored proteins contains a highly conserved heptapeptide consensus sequence of LPXTG, which is an anchor
signal found in most surface proteins from Gram-positive bacteria for covalent attachment to the peptidoglycans
(Mazmanian, Ton-That, & Schneewind, 2001). Finally, Mora and colleagues reported that group A streptococci
possess pilus-like structures that contain protective antigens and Lancefield T antigens (Mora, et al., 2005). A
recent publication that used microarray analysis identified more than 80 different proteins on the surface of an
M1 strain of group A streptococci (Galeotti, et al., 2012).

A major component of the streptococcal cell wall, making up approximately 50 percent of its weight, was found
to be carbohydrate in nature and was identified as the group-specific carbohydrate (Lancefield, 1941). Eighteen
groups of specific antigens were established by Lancefield, and the group A carbohydrate was subsequently
shown to be composed of a polymer of rhamnose and N-acetylglucosamine (Krause & McCarty, 1961). The next
several chapters of this volume present a more detailed and comprehensive view of the ultrastructure of the
group A streptococci.

Streptococcal Bacteriophages

Bacteriophages were first independently identified by Twort in 1915 and were later confirmed by d'Herelle in
1917. Frederick Twort, an English bacteriologist, discovered agents that he termed “filter-passing viruses” which
required bacteria for growth (Twort, 1915). Twort’s studies were interrupted by World War I, and as a result, he
did not return to research until several years later. Felix d’'Herelle, a French-Canadian microbiologist, first
applied the name “bacteriophage” (from bacteria and the Greek word phagein, "to devour”) to a phage that was
able to kill a number of pathogenic bacteria, including streptococci (d'Herelle, 1915). Subsequent work relating
to these two investigators resulted in the “Twort-d'Herelle Controversy, a topic covered in detail in other
historical reviews (Ackermann, Martin, Vieu, & Nicolle, 1982; Duckworth, 1976; Fruciano & Bourne, 2007;
Summers, 1999).
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In 1924, a report by Dick and Dick (Dick & Dick, 1924a) about the presence of a rash-producing substance in
the culture filtrates of certain hemolytic streptococci stimulated further research on the substance, and was
variously termed as scarlet fever toxin, Dick toxin (Dick & Dick, 1924b), scarlatinal toxin (Trask, 1926), or
erythrogenic toxin (Stock, 1939). Shortly after, the role of a filterable factor (bacteriophage) that was able to
change a non-toxigenic streptococcal strain to a toxigenic strain was reported by Cantacuzene and Bonciu
(Cantacuzene, 1926) in 1926, and Frobisher and Brown in 1927 (Brown, 1927), and was later confirmed by
Bingel in 1947 (Bingel, 1949).

In the intervening years, various investigators found both virulent and temperate phages in streptococci. Clark
and Clark (Clark & Clark, 1927) and Evans (Evans, 1934a; Evans, 1934b; Evans, 1934c), identified virulent
phages isolated from sewage, and Kjems (Kjems, 1955) later described methods to isolate temperate phages from
S. pyogenes. Kjems further observed that the virulent phage obtained from sewage were unable to penetrate the
hyaluronic capsule of S. pyogenes, whereas the temperate phage possessed its own hyaluronidase (Maxted, 1955)
to penetrate the capsule (Kjems, 1958). In a following study, Kjems found that lysogeny was a common
occurrence in group A streptococci and could be found in up to 83% of strains tested (Kjems, 1960).

Transduction by streptococcal bacteriophages was first demonstrated by Leonard et al. of streptomycin
resistance by several group A streptococcal phages (Leonard, Colon, & Cole, 1968). Malke demonstrated the
phage A25-mediated transfer induction of a prophage in S. pyogenes, as well as the transfer of antibiotic
resistance markers in strains of 30 different representative group A streptococcal M types (Malke, 1972; Malke,
1973; Malke & Kohler, 1973). Tagg was able to transduce bacteriocin production and host cell immunity into
three different group A strains (Tagg, Skjold, & Wannamaker, 1976). The advent of molecular cloning and
successful artificial transformation procedures in group A streptococci transcended the further use of
transduction as a tool in the genetic analysis of these organisms, but nevertheless, the importance of this form of
horizontal gene transfer to streptococcal evolution remains an important consideration (McLaughlin & Ferretti,
1995).

In 1964, Zabriskie reported on the conversion of a non-toxigenic S. pyogenes strain T253 to toxin production by
phage T12 isolated from toxigenic strains (Zabriskie, 1964). The new toxigenic strains were T253(T12) lysogens
that produced erythrogenic toxin; or, as later termed, streptococcal pyrogenic exotoxin A(Watson, 1960). These
observations were later confirmed by Nida and Ferretti (Nida, Houston, & Ferretti, 1979; Nida & Ferretti, 1982),
Johnson et al (Johnson & Schlievert, 1984; Johnson, Schlievert, & Watson, 1980), and McKane and Ferretti
(McKane & Ferretti, 1981) employing the same T253 non-lysogen and T12 phage system that Zabriskie reported.
The demonstration that T12 phage contained the structural gene for the streptococcal pyrogenic exotoxin A
(speA) was confirmed independently by Weeks and Ferretti (Weeks & Ferretti, 1984) and Johnson and Schlievert
(Johnson & Schlievert, 1984). In subsequent experiments, the speA containing T12 bacteriophage was shown to
integrate into a gene that encodes a serine tRNA in the host chromosome (McShan, Tang, & Ferretti, 1997).
Further information about bacteriophages can be found in the bacteriophage chapter of this volume.

Extracellular Products

The group A streptococci produce a large number of proteins that are secreted into the extracellular fluid during
growth. Many of these proteins were originally detected by their biological activities or by immunological
detection with human antiserum. Historically, the first extracellular products studied were those thought to be
directly related to diseases; namely, erythrogenic toxin, streptolysin O, streptolysin S, proteinase, streptokinase,
DNase, RNase, and hyaluronidase (McCarty, 1952). As research in the area of genetics and genomics has
increased in recent years, additional secreted extracellular products have been discovered, such as CAMP factor,
streptococcal inhibitor of complement, immunogenic secreted protein, and a number of superantigens.
Additionally, these secreted proteins may be encoded by either chromosomal or bacteriophage-associated genes.
Many of these secreted proteins are known virulence factors and play important roles in colonization, invasion,
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spreading, and pathogenesis. Comprehensive reviews on the topic of group A streptococcus extracellular
products have been published by Alouf (Proft & Fraser, 2006; Alouf, 1980), Ginsburg (Ginsburg, 1972), Hynes
(Hynes, 2004), McCormick et al (McCormick, Peterson, & Schlievert, 2006), and in another chapter in this
volume.

Streptococcal Diseases

Streptococcus pyogenes is a strict human pathogen responsible for a wider variety of human diseases than
perhaps any other microorganism. The classical diseases of the group A streptococci are now known by newer
names. For example, streptococcal pharyngitis is a “strep sore throat,” and if accompanied by a rash, it is known
as scarlet fever. Skin infections categorized as pyoderma or impetigo may include erysipelas and cellulitis, which
infect deeper layers of the skin. If these infections spread to the fascia, the disease is known as necrotizing
fasciitis, which is sometimes referred to as a “flesh-eating disease” by the popular press. This is a severely invasive
disease that, unless given immediate surgical and medical intervention, results in a high mortality rate. Another
severe invasive disease is streptococcal toxic shock syndrome (STSS), a systemic disease entity recognized in the
early 1990s (The Working Group on Severe Streptococcal Infections, 1993; Stevens, 1995) and is described
further in the chapter on toxic shock in the present volume.

Additional diseases that occur as a result of a previous streptococcal infection are referred to as sequelae,
including rheumatic fever (RF) and acute post-streptococcal glomerulonephritis (APSGN). Although the
symptoms of these diseases were recognized in earlier times, the pathogenesis and association with group A
streptococci were not clearly defined until the early 1900s. Excellent historical accounts of rheumatic fever are
presented by Benedek (Benedek, 2006) and Stollerman (Stollerman, 1975), as well as in a subsequent chapter.
Historical descriptions of APSGN are found in a review by Rodriguez-Iturbe and Batsford (Rodriguez-Iturbe &
Batsford, 2007) in this volume.

An illness described in 1998 that may follow a streptococcal infection in children is Pediatric Autoimmune
Neuropsychiatric Disorders Associated with Streptococcal infections (PANDAS) (Swedo, et al., 1998). This
disorder may arise from multiple aetiologies, and its neuropsychiatric symptoms, such as tic disorders and
obsessive-compulsive disorder (OCD), perhaps do not fit any known criteria of association with a streptococcal
infection. However, PANDAS symptoms do seem to have similarities to neuropsychiatric symptoms that are
associated with Sydenham’s chorea, which is a disease associated with a prior group A streptococcal infection.
The interest in this topic is both important to many and controversial to others, but it is nevertheless worthy of
presentation in this volume as presented in a following chapter.

Treatment of Streptococcal Diseases

Treatments of diseases resembling streptococcal infections were described from the earliest writings in the 5th
century BC, e.g., “when erysipelas supervenes, emetics, or purgatives are to be administered. When parts around
the sore are swollen, a cataplasm (poultice) is to be applied” (Adams, 1849). Treatments over the centuries have
also included bloodletting, as well as drugs derived from herbs with emetic, purgative, diaphoretic, or narcotic
properties. Additional cures and remedies prescribed during the Middle Ages for all kinds of diseases can be
found in the book “Fasciculus Medicinae,” a collection of medical treatises compiled in 1491 by the German
physician Johannes de Ketham (Ketham, 1988).

It was not until the 1930s that streptococcal infections were treated with sulphur antibacterials—they were
among the first infectious disease organisms to be treated in this way. Domagk found that certain azo dyes
coupled with sulphur resulted in an antibacterial agent, named Prontosil, which was inhibitory to a highly
virulent strain of Streptococcus hemolyticus (Domagk, 1936; Domagk, 1957). Later modifications of the azo dyes
resulted in the sulphonamides, which were marketed as early as 1937 for the treatment of pneumonia and other
bacterial infections (Bentley, 2009).



12 Streptococcus pyogenes

Prior to the discovery of sulphonamides, the Scottish physician Alexander Fleming began searching for
antibacterial agents that killed invading bacteria. In 1921, he accidentally found that a substance in his own nasal
mucosa was able to dissolve certain bacteria, but not streptococci or staphylococci. This substance was later
found to be lysozyme (Bentley, 2009), an enzyme that cleaves the peptidoglycan found in the cell walls of many
bacteria. In 1928, Fleming made another accidental discovery that a Petri dish containing Staphylococci also
contained a contaminating fungal colony that lysed the bacteria in the surrounding areas. Fleming named the
substance causing the bacterial lysis penicillin, after the Penicillium fungus found on the plate (Fleming, 1929).
He continued work with attempts to isolate the penicillin from culture filtrates, but made little progress in
ensuing years. It was not until 1939 that significant progress was made in the production and isolation of a stable
form of penicillin by the Australian physiologist Howard Walter Florey and his German colleague, Ernst Boris
Chain (Ligon, 2004). They were able to establish large-scale fermentation conditions to produce penicillin in
sufficient quantities to begin effective treatment in the early 1940s. These important discoveries were not only
the beginning of the antibiotic era, but also a new industry, based on fermentation, for the production of
antibiotics and pharmaceuticals. For these outstanding achievements, Fleming, Chain, and Florey were awarded
the 1945 Nobel Prize in physiology or medicine. Streptococcus pyogenes has been and is still extremely sensitive
to penicillin-based antibiotics. In fact, despite being the treatment of choice for decades because of its efficacy
and low toxicity, streptococci resistant to penicillin have not evolved. The reason for this is still unknown, but
may be related to the inability of naked DNA to enter the streptococcal cell because of the presence of DNases in
the cytoplasmic membrane, or that beta-lactamase may not be expressed or may be toxic to the organism (Horn,
et al., 1998).

Genetics and Genomics

Maclyn McCarty is well known for his many contributions to streptococcal research, and his career of
distinguished scientific achievements was documented in an essay by Gotschlich and Fischetti (Gotschlich &
Fischetti, 2005). Along with Avery and MacCleod, McCarty is also known as one of the pioneers of molecular
genetic research. The 1944 demonstration that DNA is the carrier of genetic information (Tagg, Skjold, &
Wannamaker, 1976) was a truly revolutionary finding that transformed and propelled biological research into
the next century (Avery, MacLeod, & McCarty, 1944). An interesting personal account of this historical
discovery can be found in the book, “The Transforming Principle, Discovering that Genes are Made of DNA”
(McCarty, 1986).

A genetic approach to the study of group A streptococci and other factors related to disease had a somewhat
slower start, compared to other microorganisms, due to the lack of a convenient gene transfer mechanism, as
well as the fastidious growth requirements of the organism. Although a bacteriophage transduction system was
available, the lack of convenient selection markers limited the transduction analysis to positive selection
markers, such as antibiotic resistance genes (Malke, 1972; Stuart & Ferretti, 1978), or to the analysis of
transposon-Tn916-generated mutations (Caparon & Scott, 1991). Additionally, although many attempts were
made to effect gene transfer by conjugation or natural transformation, no successful reports were recorded until
artificial transformation was achieved by electroporation and other methods (McLaughlin & Ferretti, 1995).

The introduction of genetic engineering technology in the 1970s provided a new approach to analyze virulence
factors at the gene level, but the power of this technique was not realized until appropriate streptococcal cloning
vectors were made available. The first gene to be cloned in streptococci was an erythromycin resistance
determinant (Behnke & Ferretti, 1980), and shortly thereafter, the genes for streptokinase (Malke & Ferretti,
1984), streptococcal pyrogenic exotoxin A(Johnson & Schlievert, 1984; Weeks & Ferretti, 1984), M protein (Scott
& Fischetti, 1983), and many others were cloned. The availability of these genes allowed sequence analysis to be
completed, as well as overexpression studies for further studies of the individual proteins. Outgrowths of these
molecular studies were the area of the “genome,” the genetic material (DNA) of an organism; the
“transcriptome;” the set of RNAs in an organism; and the “proteome,” the structure and function of the proteins
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of an organism. As they relate to the group A streptococci, these areas are presented in several other chapters of
this volume.

The genome era began with the first complete genome sequence of Hemophilus influenza in 1995 (Fleischmann,
et al., 1995), and was followed by the sequencing of several other microbial genomes. The first complete
sequence of a group A streptococcal genome was reported for an M1 strain in 2001 (Ferretti, et al., 2001), and
since then, numerous complete genomes of other M-type strains have been reported. Their sequences are
available in the NIH genebank at https://www.ncbi.nlm.nih.gov/genome/. Additionally, as the cost of DNA
sequencing has decreased over time, hundreds of draft genomes of group A streptococcal strains were produced
and analyzed, either by public institutions or by industry. One of the more impressive recent genome studies
used the sequences of over 3,600 genomes to delineate the step-wise genetic events that led to the worldwide
epidemic of an M1 serotype strain with increased virulence (Nasser, et al., 2014). A subsequent chapter presents
an overview of comparative genomics of the group A streptococci.

Another important discovery from genome analyses was the identification of clustered regularly interspaced
short palindromic repeats (or CRISPRs), and the associated DNA-cutting enzyme, Cas9 (Koonin & Makarova,
2009; Sorek, Kunin, & Hugenholz, 2008). The CRISPR-Cas modules found in many bacteria are adaptive
immunity systems that defend the organisms against invading genetic elements (Makarova, et al., 2011). This
system also contains elements useful for directly editing or modulating the function of DNA sequences and
provides a trailblazing new technology for genome engineering (Jinek, Chylinski, Fonfara, Hauer, & Doudna,
2012). A complete description of this system is presented in another chapter of this volume.

Conclusion

Diseases caused by Streptococcus pyogenes have been well documented through the ages, and the overall
importance of streptococci in medical history has been appropriately summarized by Schwartz: “not only were
streptococci among the first organisms to be presumed to be the cause of contagious diseases, but also their
existence forced the introduction of hygiene and asepsis into hospital wards” (Schwartz, 1997). Medical research
using streptococci have also played a role in understanding the pathogenesis of infectious diseases, the
development of antibiotics, the role of DNA as a carrier of genetic information, and in genetic engineering.
Future research will be directed toward employing the tools of systems biology: namely, “investigating the
behavior and relationships of all the elements in a particular biological system while it is functioning” (Ideker,
Winslow, & Lauffenburger, 2006); understanding the role of epigenetic gene regulation, especially DNA
methylation resulting in alterations in gene expression (Casadesus & Low, 2006; Euler, Ryan, Martin, & Fischetti,
2007); and deciphering the signals that influence transcriptional regulatory networks and control of virulence (as
in the chapter on this topic). Additional research will focus on understanding the mechanisms of Streptococcus
pyogenes disease, identifying ways to eliminate the carrier state, and better methods of disease control. Finally,
turther identification of the CRISPR-Cas9 system may provide revolutionary new tools for genome engineering
that will have broad applications for basic biology and medicine.
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Preface

Molecules on the surface of S. pyogenes range from a complex coiled coil modular structure, like the M protein,
to conventional globular proteins and polysaccharides. All of the molecules on the bacterial surface have
specifically evolved to enable survival in its human environment like the throat, blood, or skin. In particular, the
M protein molecule has been finely tuned to allow the streptococcus to persist in infected tissues while skillfully
avoiding human immune cells. As the first molecule on S. pyogenes to be completely sequenced, it is considered
the archetypical surface molecule for these organisms and other Gram-positive bacteria; and as a result, in this
chapter, it will be used as a comparator for the other surface proteins on streptococci.

Introduction

Streptococcus pyogenes (or group A streptococcus) is responsible for a number of suppurative human infections,
of which acute pharyngitis and impetigo are the most common. As a consequence of ineffective antibiotic
therapy or no therapy, as many as 3 to 5% of individuals who suffer a group A streptococcal pharyngeal infection
may develop acute rheumatic fever (Wannamaker, 1973; Breese, 1978), a disease that often results in cardiac
damage, particularly to the mitral valve. Rheumatic fever is not currently a major problem in the developed
world; however, it is the leading cause of heart disease in school-age children in developing nations (Agarwal,
1981). Recent estimates indicate that there are at least 517,000 deaths worldwide each year due to group A
streptococcal diseases (such as acute rheumatic fever, rheumatic heart disease, acute post-streptococcal
glomerulonephritis, and invasive infections) (Carapetis, Steer, Mulholland, & Weber, 2005). Rheumatic heart
disease, with a prevalence of at least 15.6 million cases and 233,000 deaths each year, has the greatest disease
burden (Rammelkamp & Weaver, 1953).

The ability of S. pyogenes to persist in infected tissues can be primarily attributed to the cell surface M protein, a
molecule that gives the streptococcus the ability to resist phagocytosis by polymorphonuclear leukocytes in the
absence of type-specific antibodies. The importance of the M molecule is seen in an M-knockout mutant, which
has all the other surface and secretory molecules of the wild-type organism, yet will not survive in human blood
that contains phagocytes (Perez-Casal, Caparon, & Scott, 1992). Resistance to a group A streptococcal infection
is directly related to the presence of type-specific antibodies to the M molecule (Lancefield, 1959; Lancefield,
1962). Since there are >200 different serotypes of M protein (i.e., M6, M12, M18, M24, and so on), an individual
may become infected by more than one group A streptococcal type during a lifetime (Lancefield, 1962). Rebecca
Lancefield identified the streptococcal M protein nearly 90 years ago (Lancefield, 1928). A review by Lancefield
in 1962 (Lancefield, 1962) clearly describes the studies carried out over a 35-year period that defined this
molecule as a major virulence factor for the Streptococcus pyogenes bacterium.

The streptococcal M protein is now probably one of the best-defined molecules among the Gram-positive
bacterial virulence determinants. Its structure, function, immunochemistry, and method of antigenic variation
are unique among known virulence molecules, and may serve as a model for certain microbial systems
(Fischetti, 1989).
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Streptococcal Cell Wall

Like the cell wall of other Gram-positive bacteria, the streptococcal cell wall contains a thick peptidoglycan,
which is intercalated and covered with protein, teichoic acid, and lipoteichoic acid. The group-specific antigenic
determinant for the group A streptococcus, which differentiates it from other streptococci, is the S-linked N-
acetylglucosamine, which caps the polyrhamnose chains that extend from the N-acetylmuramic acids of the
peptidoglycan (Coligan, Schnute, & Kindt, 1975). In contrast, group C streptococci (which cause human and
animal infections) has an a-linked N-acetylgalactosamine as its group-specific determinant (Coligan, Schnute, &
Kindt, 1975; Coligan, Kindt, & Krause, 1978). Surface proteins on streptococci contain an N-terminal signal
peptide for Sec-dependent secretion and may be separated into three main categories: those that anchor at their
C-terminal end (through an LPXTG motif); those that bind by way of charge or hydrophobic interactions; and
those that bind via their N-terminal region (or lipoproteins, which are characterized by a cysteine-containing
Tlipobox' within their signal peptide sequence) (Sutcliffe & Harrington, 2002) (Figure 1).

M Protein

M protein is the major virulence determinant for S. pyogenes, since M~ mutants are unable to survive in
phagocyte-containing human blood (Maxted, 1956), thus all human isolates have surface M-protein, which
appears like the fuzz on a tennis ball when viewed by transmission electron microscopy (Figure 2). It was
subsequently found that protection against infection by these organisms was dependent on the presence of
antibodies directed to the N-terminal region of the M protein (Cunningham & Beachey, 1974; Beachey,
Campbell, & Ofek, 1974), the type-specific segment of the molecule (Beachey, Seyer, Dale, Simpson, & Kang,
1981; Dale, Seyer, & Beachey, 1983). It is known that the region of the M molecule responsible for this type
specificity is limited to 50 or so amino acids on the N-terminus. However, the mechanism by which the sequence
in this region changes to produce a new serotype is unknown.

M protein structure

M protein may be considered the archetypical molecule for those surface proteins that anchor via their C-
terminal region on the Gram-positive bacterial cell wall. A feature of the M molecule, as with many surface
proteins on bacteria, is its multi-domain structure. As Figure 3 shows, the M6 protein is composed of four
sequence repeat domains, with each differing in size and sequence (Hollingshead, Fischetti, & Scott, 1986). The
A-repeats are each composed of 14 amino acids, where the central blocks are identical and the end blocks
slightly diverge from the central consensus repeats. The B-repeats, composed of 25 amino acids each, are
arranged similar to the A-repeats. The C-repeats, composed of 2.5 blocks of 42 amino acids each, are not as
identical to each other as the A and B repeats. There are also 4 short D-repeats, which show some homology
among each other. These repeat segments make up the central helical rod region of the M6 and other M
molecules, because of the high helical potential ascribed to the amino acids found within this region, as
determined by conformational analysis (Fischetti, et al., 1988; Phillips, Flicker, Cohen, Manjula, & Fischetti,
1981). Recombination within the repeats has been shown to cause size variation among and within M proteins
of the same and different serotypes, even in strains isolated from the same outbreak (Fischetti, Jones, & Scott,
1985; Fischetti, Jarymowycz, Jones, & Scott, 1986; Hollingshead, Fischetti, & Scott, 1987). It has been suggested
that this could be a strategy by which the organism could escape immune recognition.

Examination of the sequence within the helical rod region of the M6 molecule revealed a repeating 7-residue
periodicity of non-polar amino acids, a characteristic of a-helical coiled-coil proteins like mammalian
tropomyosin and myosin. Generally, a-helical coiled-coil molecules are constructed from a reiterating 7-residue
pattern of amino acids (a-b-c-d-e-f-g),, where residues in positions 'a’ and 'd" are hydrophobic and form the 'core’
residues in the coiled-coil, while the intervening residues are primarily helix-promoting. Irregularities in the
heptad pattern, which are found especially in the B repeat region and other coiled-coil molecules, probably
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Figure 1. Proteins on the surface of the streptococcal cell wall. Surface proteins are linked by three mechanisms: i) lipoproteins have a
lipid at the N-terminus linked through a cysteine; ii) C-terminal cell wall anchored proteins are attached and stabilized in the
peptidoglycan through a C-terminal complex containing an LPXTG motif (the majority of surface proteins are anchored in this way);
and iii) certain surface proteins are attached through hydrophobic and/or charge interactions to the cell surface (some proteins are
ionically bound to the lipoteichoic acid).

account for the flexibility of the M molecules that has been observed in electron micrographs (Phillips, Flicker,
Cohen, Manjula, & Fischetti, 1981). Based on these discontinuities in the heptad pattern, the central rod region
is divided into three sub-regions, which correlate to the A-, B-, and C-repeat blocks (Fischetti, 1989).

Whereas M6 and other M molecules conform to this general arrangement of amino acids, other M proteins
diverge somewhat from this configuration. A recent analysis of 1086 streptococcal isolates from 31 countries,
representing 175 M protein types, revealed differences in the central rod region of the molecule showing fewer
repeats, in some cases, and a shorter rod as a result (McMillan, et al., 2013). It was found that the A-repeats, in
particular, were missing from the majority of the M proteins, which belonged to pattern D and E M proteins (see
the chapter in this book on the molecular basis of stereotyping for more information).

Despite several attempts to crystallize the whole M molecule, only an N-terminal fragment that contains both
the A and B repeats of the M1 protein was successfully accomplished (McNamara, et al., 2008). The structure
confirmed the presence of significant irregularities in the coiled-coil structure also found in other mammalian
coiled-coil proteins, like tropomyosin and myosin. The authors found that if these irregularities were corrected
in the B-repeat region (a region responsible for fibrinogen binding), a loss in fibrinogen binding occurred, which
suggests that these irregularities are biologically important. The high structural similarity between the M and
host a-helical coiled-coil proteins has led researchers to hypothesize the elicitation of anti-M cross-reactive
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Figure 2. Thin section electron micrograph of a chain of streptococci showing the surface M protein. Magnification 50,000x.

antibodies and T cell receptors directed against these human proteins as a possible cause for S. pyogenes-
associated autoimmune sequelae (Cunningham, 2000).

Swanson et al. (Swanson, Hsu, & Gotschlich, 1969) published the first electron micrographs (EM) of the M
protein on the surface of S. pyogenes. This was the first evidence to show that the M molecule was an elongated
structure. Although at the time, other proteins were reported to also be on the streptococcal surface, they were
not apparent in these EM preparations. Thus, direct visualization of surface molecules is limited to those with
certain physicochemical characteristics. In the case of the M protein, it is the a-helical coiled-coil structure that
allowed for this visualization (Figure 2 & 4).

In experiments designed to answer questions about the synthesis and placement of M protein on the cell wall,
Swanson et al. (Swanson, Hsu, & Gotschlich, 1969) found that after trypsinization to remove existing M protein
on living streptococci, newly synthesized M protein was first seen by EM on the cell in the location of the newly
forming septum. In similar experiments designed after the classical experiments of Cole and Hahn (Cole &
Hahn, 1962), trypsinized streptococci placed in fresh media for ten minutes revealed M protein first at the newly
forming septum (Raz, Talay, & Fischetti, 2012); whereas Sfb (a fibronectin binding protein on streptococci) first
appears at the poles and increases gradually in concentration, as compared to its rapid appearance of the M
molecule. On organisms examined after 40 minutes or more of incubation, M protein was not observed in the
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position of the “old wall,” which suggests that the M molecule is produced only where new cell wall is
synthesized, and confirms the observations of Swanson et al. (Swanson, Hsu, & Gotschlich, 1969). These results
demonstrate a close relationship between the regulation of cell division and protein anchoring (for more
information, refer to the chapter on the spatial regulation of protein sorting in this book).

C-terminal anchor region

Hundreds of proteins from Gram-positive bacteria have now been reported that anchor to the cell wall through
their C-terminal region (Table 1 shows a representative list of streptococcal surface proteins). From sequence
alignments of a variety of surface proteins on Gram-positive bacteria, it became obvious that there was a
common theme within the C-terminal region of these molecules, without exception: all had a similar
arrangement of amino acids (Figure 5). Up to seven charged amino acids are found at the C-terminus, which are
composed of a mixture of both negatively and positively charged residues. Immediately N-terminal to this short-
charged region is a segment of 15-22 predominately hydrophobic amino acids that are sufficient to span the
cytoplasmic membrane of the bacterium. In all these proteins, the sequences found in the hydrophobic and
charged regions are not necessarily identical, but the chemical characteristics of the amino acids used to
compose them are conserved. About eight amino acids N-terminal from the hydrophobic domain is a
heptapeptide with the consensus sequence LPXTG, which is extraordinarily conserved among all the C-
terminal-anchored proteins examined (Fischetti, Pancholi, & Schneewind, 1990). While several amino acid
substitutions are seen in position 3 of the heptapeptide (predominantly A, Q, E, T, N, D, K, and L), positions 1, 2,
4, and 5 are nearly 100% conserved (see Table 1). This conservation is also maintained at the DNA level. The
preservation of this hexapeptide and the high homology within the hydrophobic and charged regions suggest
that the mechanism of anchoring these molecules within the bacterial cell is also highly conserved.

The secretion and anchoring of surface proteins are highly regulated in S. pyogenes. For example, as previously
mentioned, anchoring M-protein to the cell wall occurs exclusively at the septum (Cole & Hahn, 1962; Swanson,
Hsu, & Gotschlich, 1969), along with the biosynthesis of the cell wall (Raz & Fischetti, 2008). The resulting
coupling of M-protein anchoring and cell wall synthesis leads to the coating of the entire cell surface with M
protein. In contrast to M-protein, Stbl (also known as protein E, or PrtF), a major fibronectin-binding protein in
certain streptococcal strains (Talay, Valentin-Weigand, Jerlstrom, Timmis, & Chhatwal, 1992a; Hanski &
Caparon, 1992), is anchored at the old poles (Ozeri, et al., 2001; Raz & Fischetti, 2008). Secretion of M-protein
and Stbl at their respective cellular locations is directed by information found in their signal sequences
(Carlsson, et al., 2006). Proteins that contain a YSIRK/GS motif in their signal sequence are directed for
secretion at the septum, while proteins that do not contain this motif are secreted at the poles, or in a
hemispherical distribution. The N-terminal signal sequence directs these molecules for translocation through
the secretion channel, and translocation is halted when the C-terminal LPXTG sorting signal reaches the
channel. At this point, the LPXTG motif is exposed on the extracellular side of the membrane, the hydrophobic
stretch spans the membrane, and the C-terminus positively-charged residues are within the cytoplasm (Figure 6)
(Schneewind, Mihaylova-Petkov, & Model, 1993; Schneewind, Pancholi, & Fischetti, 1992). At this time, the
membrane-associated transpeptidase sortase then cleaves the LPXTG motif between the threonine and glycine
residues, and connects the freed threonine to lipid II (Marraffini & Schneewind, 2006; Mazmanian, Ton-That, &
Schneewind, 2001a; Perry, Ton-That, Mazmanian, & Schneewind, 2002). The lipid II-protein complex is then
processed by penicillin binding proteins and finally attached to the cell wall. The C-terminal portion of the
cleaved sorting signal, which contains the hydrophobic region and positively charged residues, is released back
into the cytoplasm (Navarre & Schneewind, 1994).
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Figure 3. Characteristics of the complete M6 protein sequence. Blocks A, B, C, and D designate the location of the sequence repeat
blocks. Pro/Gly denotes the proline- and glycine-rich region that is likely located in the peptidoglycan. The hydrophobic region is
composed of a 19 hydrophobic amino acid region, adjacent to a 6 amino acid charged tail. The LPXTG motif is located N-terminal to
the hydrophobic region, which places it outside of the cytoplasmic membrane. The cell-associated region would be imbedded from the
inner side of the cytoplasmic membrane to the top of the surface carbohydrates (this begins at Ala-298). Pepsin identifies the position
of the pepsin-sensitive site after amino acid 228. The helical rod region is essentially the coiled-coil segment of the M molecule.
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Protein H
Protein G
Protein A
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spaP
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ProteinF

Streptococcus pyogenes

LPXTG

. . ONKAPMKETKRQLPSTGETANPFFTAAALTVMATAGVAAVVKRKEEN

. . RSRSAMTQQOKRTLPSTGETANPFFTAAAATVMVSAGMLATLKRKEEN

. - RSRSAMTQQKRTLPSTGETANPFFTAAAATVMVSAGMLATLKRKEEN

. . LETDIPNTKLGELPSTGSIGTYLFKATGSAAMIGATGIYIVKRRKA

. « SKOQVTKQKAKFVLPSTGEQAGLLLTTVGLVIVAVAGVYFYRTRR

. .ONKAPMKETKRQLPSTGETANPFFTAAALTVMATAGVAAVVKRKEEN

. . EAKKDDAKKAETLPSTGEGSNPFFTAAATLAVMAGAGALAVASKRKED

. . PANHADANKAQALPETGEENPLIGTTVEFGGLSLALGAALLAGRRREL

. .APTKKPQSKKSELPETGGEESTNKGMLFGGLFSILGLATLLRRNKKNHKA

. . DRNGQLSTGKGALPKTGETTERPAFGFLGVIVVILMGVLGLKRKQREE

. . STAYQPSSVQETLPNTGVTNNAYMPLLGI IGLVTSFSLLGLKAKKD

. . RKTKQVAKAPESLPQTEGQQSIWLTI IGLLMAATGIKNKKRKKNS

. . STAYQPSSVOKTLPNTGVTNNAYMPLLGI IGLVTSFSLLGLKAKKD

. . SEEEKNHSDQKNLPQTGEGQSILASLGFLLLGAFYLFRRGKNN
.NREKPTKNIPTILPATGDIENVLAFLGILILSVLSIFSLLKNKQSNKKV

Figure 5. Sequence alignment of the C-terminal end of M protein and other streptococcal surface proteins, depicting the charged tail
(blue), hydrophobic domain (green), and LPXTG motif (red). Sequences are aligned at the LPXTG motif.
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Figure 6. Translocation of proteins with an LPXTG motif to the surface of the cell wall for anchoring (Mazmanian, Ton-That, &

Schneewind, 2001b).

Table 1: C-terminal LPXTG-Linked Surface Proteins on Streptococci

NAME / GENE FUNCTION / NAME ORGANISM LPXTG REFERENCE ACCESS#

emmo6 M protein

emm5 M protein

S. pyogenes LPSTG (Hollingshead, Fischetti, & Scott, 1986) M11338
S. pyogenes LPSTG (Miller, Gray, Beachey, & Kehoe, 1988) M20374
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Table 1 continued from previous page.

NAME / GENE FUNCTION / NAME
emml2 M protein

emm?24 M protein

emm49 M protein

emm57 M protein

emm?2 M protein

emm3 M protein

ARP2 IgA binding protein
ARP4 IgA binding protein
Mrp4 IgG/fibrinogen binding
FcRA Fc binding protein
ProtH Human IgG Fc binding
SCP Cb5a peptidase

T6 Protease resistant protein
sof22 Serum opacity factor
Stb Fibronectin binding
ZAG Binds apM, Alb, IgG
PrtF Fibronectin binding
PAM Plasmin binding

bac IgA binding protein
bca alpha C antigen

fnbA Fibronectin binding
fnbB Fibronectin binding
Fnz Fibronectin binding
SeM M-like

SzPSe M-like

Prot G IgG binding protein
EmmG1 M protein

DGI12 Albumin binding protein
GfbA Fibronectin binding
MRP Surface protein*

PAc Surface protein

spaP Surface protein

spaA Surface protein

wapA

Wall-associated protein A

ORGANISM

S. pyogenes

S. pyogenes
S. pyogenes
S. pyogenes

S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes
S. pyogenes

S. zooepidemicus

S. pyogenes

S. pyogenes
Gr. B strep
Gr. B strep

S. dysgalactiae
S. dysgalactiae
S. equi

S. equi

S. equi

Gr. G strep
Gr. G Strep
Gr. G strep
Gr. G. strep

S. suis

S. mutans

S. mutans
S. sobrinus

S. mutans

LPXTG
LPSTG

LPSTG
LPSTG
LPSTG

LPSTG
LPSTG
LPSTG
LPSTG
LPSTG
LPSTG
LPSTG
LPTTN
LPSTG
LPASG
LPATG

LPTTG
LPATG
LPSTG
LPYTG
LPATG
LPQTG
LPAAG
LPQTS
LPSTG
LPQTS
LPTTG
LPSTG
LPSTG
LPATG
LPNTG
LPNTG

LPNTG
LPATG
LPSTG

REFERENCE

(Robbins, Spanier, Jones, Simpson, & Cleary,

1987)
(Mouw, Beachey, & Burdett, 1988)
(Haanes & Cleary, 1989)

(Manjula, Khandke, Fairwell, Relf, & Sriprakash,

1991)

(Bessen & Fischetti, 1992)
(Katsukawa, 1994)

(Bessen & Fischetti, 1992)
(Frithz, Hedén, & Lindahl, 1989)

(O'Toole, Stenberg, Rissler, & Lindahl, 1992)

(Heath, Boyle, & Cleary, 1990)

(Gomi, et al., 1990)

(Chen & Cleary, 1990)

(Schneewind, Jones, & Fischetti, 1990)
(Rakonjac, Robbins, & Fischetti, 1995)

(Talay, Valentin-Weigand, Jerlstrom, Timmis, &

Chhatwal, 1992b)

(Jonsson, Burtsoft-Asp, & Guss, 1995)
(Sela, et al., 1993)

(Berge & Sjobring, 1993)

(Hedén, Frithz, & Lindahl, 1991)
(Michel, et al., 1992)

(Lindgren, et al., 1993)

(Lindgren, et al., 1993)

(Nilsson, et al., 1998)

(Timoney, Artiushin, & Boschwitz, 1997)
(Timoney, Artiushin, & Boschwitz, 1997)
(Olsson, et al., 1987)

(Collins, Kimura, & Bisno, 1992)
(Sjobring, 1992)

(Kline, Xu, Bisno, & Collins, 1996)
(Smith, Vecht, Gielkens, & Smits, 1992)

(Okahashi, Sasakawa, Yoshikawa, Hamada, &

Koga, 1989)

(Kelly, et al., 1989)

(Tokuda, et al., 1991)

(Ferretti, Russell, & Dao, 1989)

29

ACCESS#
U02342

M19031
M23689
X60959

X61276
721845
X61276
X15198
M87831
M22532
M29398
J05229
M32978
U02290
X67947

002290
L10919
722219
X58470
M97256
722150
722151
Y17116
U73162
U73163
X06173
M95774
M95520
U31115
X64450
X14490

X17390
D90354
M19347
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Table 1 continued from previous page.

Streptococcus pyogenes

NAME / GENE FUNCTION / NAME ORGANISM LPXTG REFERENCE ACCESS#
fruA Fructosidase S. mutans LPDTG (Burne & Penders, 1992) 103358
Sec10 Surface protein E. faecalis LPQTG (Kao, Olmsted, Viksnins, Gallo, & Dunny, 1991) M64978
Ascl0 Surface protein E. faecalis LPKTG (Kao, Olmsted, Viksnins, Gallo, & Dunny, 1991) M64978
asal Aggregation substance  E. faecalis LPQTG (Galli, Lottspeich, & Wirth, 1990) X17214
wg2 Cell wall protease S. cremoris LPKTG (Kok, Leenhouts, Haandrikman, Ledeboer, & M24767
Venema, 1988)
Hyall Hyaluronidase S. pneumoniae  LPQTG (Berry, et al., 1994) 120670
nanA Neuraminidase S. pneumoniae  LPETG (Camara, Boulnois, Andrew, & Mitchell, 1994) X72967
glnA Glutamine synthetase Gr. B strep LPATL (Suvorov, Flores, & Ferrieri, 1997) U61271
Protein F2 Fibronectin binding S. pyogenes LPATG (Jaffe, Natanson-Yaron, Caparon, & Hanski, U31980
1996)
Fbe Fibrinogen binding S. epidermidis  LPDTG (Nilsson, et al., 1998) Y17116
SfBP1 Fibronectin binding S. pyogenes LPXTG (Rocha & Fischetti, 1999) AF071083
dex Dextranase S. sobrinus LPKTG (Wanda & Curtiss, 1994) M96978
FAI Fibrinogen/albumin/IgG Group Cstrep  LPSTG (Talay, Valentin-Weigand, Jerlstrom, Timmis, & NA
Chhatwal, 1992b)
SfbII Fibronectin binding S. pyogenes LPASG (Kreikemeyer, Talay, & Chhatwal, 1995) X83303
spy0130 Minor pilin protein S. pyogenes LPSTG (Scott & Ziahner, 2006) NA
Fba Fibronectin binding S. pyogenes LPXTG (Terao, etal., 2001) AB040536

* Surface proteins: proteins that have been identified to have a C-terminal anchor motif, but the function is unknown.
** NA: Not available

Wall-Associated Region

Immediately N-terminal from the LPXTG motif is the wall-associated region, which spans from about 50 to as
many as 125 amino acid residues, and is found in nearly all C-terminal anchored surface proteins analyzed.
Although this region does not exhibit a high degree of sequence identity among the known proteins, it is
characterized by a high percentage of proline/glycine and threonine/serine residues. For some proteins (like the
M protein), the concentration of proline/glycine is significantly higher than threonine/serine, while in others this
relationship is either reversed or nearly equal. Because of its proximity to the hydrophobic domain, which is
imbedded in the cell membrane, this region would be positioned within the peptidoglycan layer of the cell wall
(Wannamaker, 1973), (Figure 4). The reason for the presence of these particular amino acids at this location is
unknown. One hypothesis suggests that the prolines and glycines, with their ability to initiate bends and turns
within the secondary structure of proteins, allow the peptidoglycan to more easily become cross-linked around
these folds, which further stabilizes the molecule within the cell wall (Pancholi & Fischetti, 1988). The function
of the threonines and serines within this region is not immediately apparent. While these amino acids are
commonly used as O-linked glycosylation sites in eukaryotic proteins, such substitutions have not yet been
established in this region of surface molecules.

Surface Exposed Region

As the C-terminal region is characteristically conserved among the various streptococcal surface proteins, the
regions exposed on the cell surface are characteristically unique. Despite their differences, these molecules
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appear to fall into three groups: i) those with several domains; ii) those with repeat domains located close to and
within the cell wall region; and iii) those without any repeat domains (Figure 7). Streptococcal M protein and
protein G may be considered representative molecules of those containing several sequence repeat domains.
However, the most commonly found structures are those with repeats located close to the cell wall and an
extended non-repetitive region N-terminal to this segment.

Conformationally analyzing 12 representative surface molecules through the algorithm of Garnier et al.
(Garnier, Osguthorpe, & Robson, 1978) revealed that those proteins that contain repeat sequences were
predominantly helical within the region containing repeat segments (Figure 7). On the other hand, regions and
molecules without repeat blocks were predominantly composed of amino acids that exhibit a high p-sheet, p-
turn, and/or random coil potential. Generally, within most of these molecules, the presence of repeat segments
usually predicts the location of a helical domain. One of the possible pressures for the maintenance of repeat
blocks is the preservation of the helix potential within specific regions of these molecules, the presence of which
may determine an extended protein structure as has been shown for the M protein (Li, et al., 2013). An
exception to this is found in the Sec10 protein, which is a predominantly helical molecule with limited repeat
segments.

7-residue periodicity

Conformational analysis has revealed that most of the surface molecules that contain repeat sequences were
found to be a-helical in those regions composed of repeats, while molecules without repeat blocks exhibited a
high degree of f-sheet, B-turn, and random coil. However, except for M6 protein, little information is available
to indicate that any of these surface proteins are also in a coiled-coil conformation. To answer this question, an
algorithm was developed (Fischetti, Landau, Sellers, & Schmidt, 1993) and used to determine if a 7-residue
periodicity also exists in those molecules that contain a-helical regions. When this algorithm was applied to
representative sequences, extended regions of 7-residue periodicity were found in Arp4, FcRA, protein H, Pac,
and spaP proteins. This strongly suggests that these molecules may attain a coiled-coil conformation within
these a-helical segments. It is apparent that only those proteins that contained sequence repeats and exhibited
high a-helical potential showed the presence of a 7-residue pattern of hydrophobic amino acids. On the other
hand, even though the protein G molecule exhibited an extensive helix potential, the heptad pattern was only
found in a limited region. Interestingly, however, the PAc protein from S. mutans, only has one small segment
between residues 120 to 520 that displays repeat blocks, and this segment exhibits strong helix potential. This is
precisely the region that was also found to contain a regular 7-residue heptad pattern. When taken together,
these data strongly suggest that the coiled-coil conformation may also be a characteristic of surface proteins
other than the M protein.

Size Variation

Size variation is a unique property of the M molecule. Using a broadly cross-reactive monoclonal antibody as a
probe, the size of the M protein, which was extracted by solubilizing the cell wall from a number of streptococcal
strains with a phage lysin, was examined by Western blot. M protein derived from 20 different serotypes
exhibited variation in size ranging from 41 kDa to 80 kDa in molecular weight, depending on the strain
(Fischetti, Jones, & Scott, 1985). Similar size variation was observed when streptococcal strains of the same
serotype (M6) isolated over a period of 40 years were examined in a similar way. This variation in size may be
explained by the observation that the M sequence contains extensive repeats both at the protein and DNA levels.
Long, reiterated DNA sequences likely serve as substrates for recombinational events or for replicative slippage,
generating deletions and duplications within the M protein gene and leading to the production of M proteins of
different sizes.

Sequence analysis of the M6 gene isolates from local streptococcal outbreaks revealed that they are clonally
related and are not the result of separate acquisitions of unrelated M6 strains during the course of the infection
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Figure 7. Conformational characteristics of the proteins found on the surface of streptococci. Molecules with multiple repeats (like M
protein), molecules with few repeats (usually located close to the wall), and molecules with no repeats are found.

(Fischetti, Jarymowycz, Jones, & Scott, 1986). The observation that size variants occur among these clinical
isolates suggests that the size mutant constituted the major organism in the streptococcal population at the time
of isolation, and also suggests that a given size mutant has a selective advantage under clinical conditions.
Perhaps serological pressure forces the appearance and maintenance of the size variant as a result of a local
immune response.

Size variation is not only found in the M protein molecule but is also seen in other surface proteins on Gram-
positive bacteria that also exhibit sequence repeats; for example, PspA from S. pneumoniae (Wanda & Curtiss,
1994), HagA from P. gingivalis (Kozarov, Whitlock, Dong, Carrasco, & Progulske-Fox, 1998), and protein A from
S. aureus (Cheung & Fischetti, 1988).

Multifunctional Proteins

Of the numerous proteins identified on the surface of streptococci and other Gram-positive organisms, the great
majority contain domains that bind molecules found in body secretions (Table 1), which include
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immunoglobulins (IgA and IgG), albumin, fibronectin (Yamaguchi, Terao, & Kawabata, 2013), and fibrinogen
(Anderson, et al., 2014). Other proteins have also been identified, based on the presence of domains exhibiting
certain enzymatic activity. From current data, it is clear that the majority of these surface proteins are
multifunctional, where the identified function is limited to only one domain of the multi-domain protein. In
several cases, the function of the other region/s has not been identified. For example, as described above, it
appears that many of the surface proteins contain a repeat region close to the cell wall and an extended non-
repetitive domain N-terminal to this (see Figure 7). In most cases, the binding domain (i.e., fibronectin or
immunoglobulin) is localized to the repeat domain, while the N-terminal region exhibits no known function. In
the case of streptococcal serum opacity factor, both domains have been defined (Rakonjac, Robbins, & Fischetti,
1995); the repeats bind fibronectin, while the N-terminal domain has the catalytic function that cleaves ApoAl
of high-density lipoprotein and results in serum opacity. In the case of highly repetitive proteins, such as M
protein and protein G, each repeat domain has a specific function. In M protein, the A repeats bind albumin, the
B repeats fibrinogen (Ryc, Beachey, & Whitnack, 1989; Horstmann, Sievertsen, Leippe, & Fischetti, 1992), and
the C repeats factor H of complement (Horstmann, Sievertsen, Knobloch, & Fischetti, 1988) and keratinocytes
(Okada, Liszewski, Atkinson, & Caparon, 1995). In protein G, one repeat domain binds IgG, while the second
binds albumin. The multifunctional feature of surface proteins is not limited to molecules anchored via their C-
terminal region; proteins bound through hydrophobic/charge interactions also exhibit these same characteristics
(see below).

Thus, in general, surface proteins on streptococci and other Gram-positive organisms are multifunctional
molecules with at least two (and in some cases, three or more) independent functions. Given the fact that several
different proteins that contain multifunctional domains may be found on the cell surface of a single
streptococcus, the complexity associated with the bacterial surface can become enormous.

Surface Proteins Anchored by Charge and/or Hydrophobic
Interactions

While the great majority of proteins identified on the surface of Gram-positive bacteria anchor through their C-
termini, a few have been recently identified to bind through less defined charge and/or hydrophobic interactions.

Surface glycolytic enzymes

An in-depth analysis of the individual proteins identified in a cell wall extract of S. pyogenes revealed that some
proteins were composed of cytosolic enzymes that are normally found in the glycolytic pathway (Pancholi &
Fischetti, 1997). A total of five enzymes have been identified (trios-phosphate isomerase, glyceraldehyde-3-
phosphate dehydrogenase [GAPDH], phosphoglycerate kinase, phosphoglycerate mutase, and a-enolase), which
form a short contiguous segment of the glycolytic pathway (Reiss, Kanety, & Schlessinger, 1986) (Figure 8).
Interestingly, these enzymes form a complex involved in the production of ATP. All five of these enzymes have
been identified on the surface of nearly all streptococcal groups, and certain ones have been identified on the
surface of fungi, such as Candida albicans, and parasites, such as trypanosomes and schistosomes (Table 2).
Thus, given the right substrate, whole streptococci have the capacity to produce ATP on their cell surface,
increasing the complexity and potential of such bacterial surfaces.

Two surface glycolytic enzymes on the streptococcus have been the best characterized, GAPDH and a-enolase
(Pancholi & Fischetti, 1993; Pancholi & Fischetti, 1998). Like other surface proteins on Gram-positives, GAPDH
is a multifunctional protein with binding affinities for fibronectin and lysozyme, as well as cytoskeletal proteins,
like actin and myosin. GAPDH has also been shown to have ADP-ribosylating activity in addition to its GAPDH
activity. a-Enolase, is also multifunctional in its enzymatic activity and has the ability to specifically bind
plasminogen, a plasma protease precursor (Pancholi & Fischetti, 1998). In some pathogens, only enolase is
found on the surface. In these organisms, the surface enolase is used in the invasion of their host cells by binding
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plasminogen. Evidence shows that there is only one gene each for encoding GAPDH and enolase, and that both
are produced in the cytosol and partially (30-40%) translocated to the cell surface (Derbise, Song, Parikh,
Fischetti, & Pancholi, 2004). Since these molecules are not synthesized with an N-terminal signal sequence, it is
unclear how they are ultimately translocated outside the bacteria. Also, because they do not contain an apparent
anchor motif, the ways in which they are attached to the bacterial surface are also unknown. Since they can be
removed with chaotropic agents, it is reasonable to assume that they are bound through charge and/or
hydrophobic interactions.
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Figure 8. A segment of the glycolytic pathway that depicts the enzymes located on the surface of the streptococcal cell wall (box) that

produce NAD and ATP.

Table 2: Enzymes identified on the surface of streptococcal groups, fungi, and parasites
Enzyme Bacteria Fungi Parasites

GAPDH Streptococci Candida  Schistosoma
Pneumonococci M. avium Trypanosome
Staphylococci

PGK Streptococci Candida Trypanosome
TPI Streptococci Trypanosome
PGM Streptococci

Enolase = Streptococci Candida
Pneumonococci
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Lipoproteins

Bacterial proteins may be lipid modified to facilitate their anchoring to the cytoplasmic membrane. Acylation
effectively provides a membrane anchor allowing the now lipoprotein to function the aqueous environment.
Bacterial lipoproteins have been shown to perform various roles, including nutrient uptake, signal transduction,
adhesion, conjugation, and sporulation, and participate in antibiotic resistance, transport (such as ABC
transporter systems) (Sutcliffe & Russell, 1995; Lampen & Nielsen, 1984). While a great deal is known about
lipoproteins in Gram-negative bacteria, little is known about those from Gram-positive bacteria. In the case of
pathogens, lipoproteins have been shown to play a direct role in virulence-associated functions, such as
colonization, invasion, evasion of host defenses, and immunomodulation. Using a sequence-based analysis,
Sutcliffe and Harrington examined the sequence of S. pyogenes for an N-terminal lipidation pattern G+LPP, and
found that at least 25 probable lipoproteins may be present (Sutcliffe & Harrington, 2002). For example,
lipoprotein FtsB in S. pyogenes is a component of the FtsABCD transporter that is responsible for ferrichrome
binding and uptake (Li, et al., 2013). However, lipoproteins isolated from S. pyogenes after treatment with
penicillin were complex, containing penicillin binding proteins, membrane proteins of the ExPortal (a
membrane region responsible for assembly of secreted proteins), and hypothetical proteins (Biagini, et al., 2015).

Conclusion

Based on current information, the surface of the Gram-positive bacterial cell wall is highly complex and could
even be considered a distinct organelle, since it is composed of proteins with specific binding functions,
enzymatic activity, and the ability to generate energy. Considering the fact that there could be more than 25
different proteins (anchored in different ways) on the cell surface, each with the potential of up to three
functional domains, suggests that more than 75 independent functions could potentially be present on the cell
surface—much more than had ever been anticipated.

Because surface proteins on streptococci and other Gram-positives do not have cytoplasmic domains, it is
unlikely that the binding of these molecules to specific ligands induces a signal in the microbe to activate a gene
product. It is more likely that binding initiates a conformational signal on the cell surface to perform a specific
function. For example, streptococci usually infect the pharynx (and particularly the tonsils) through contact
with contaminated saliva. Upon entering the oral cavity, the organism first encounters the mucus, which coats
the mucosal epithelium. Soluble components found in the mucus such as IgA, IgG, albumin, fibronectin, and
others, are able to interact with their respective binding proteins on the streptococcal surface. Among other
functions, this binding may initiate a set of conformational events on the surface of the bacterial particle to drive
the organism through the mucus to the epithelial surface. The energy required for these processes may be
derived from surface glycolytic enzymes necessary to generate ATP. This must all occur quickly or the organism
will be swept into the gut and eliminated. Thus, the molecules necessary to initiate infection at all body sites are
poised and ready on the cell surface.
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Abstract

Group A Streptococcus pili remained undetected until 2005, when immunogold electron microscopy using sera
raised against their protein components revealed long flexible rods that protruded outside the bacteria.
Interestingly, the variable protein that constitutes the pilus backbone turned out to be the target of the Lancefield
T-typing system used for decades to classify Streptococcus pyogenes isolates. In addition to the backbone protein,
S. pyogenes pili are constituted by two ancillary proteins, which are generally found on the pilus tip and its base.
The three pilus subunits are encoded in the highly variable FCT genomic region, together with the sortase
enzymes responsible for their polymerization. Recent protein crystallography studies have revealed the
mechanism of pilus assembly and some unexpected structural features, including the formation of covalent
isopeptide bonds that link different subunits and intramolecular isopeptide bonds that render the pilus proteins
highly stable. The transcription of the FCT genes is controlled by the small RNA FasX and by stand-alone
regulators, which are in turn integrated in the wider S. pyogenes regulatory network. S. pyogenes pili play an
important role in pathogenesis by mediating bacterial adhesion to host cells and the formation of three-
dimensional biofilms. Importantly, the pilus proteins show promise as vaccine targets, as pilus-specific
antibodies were shown to mediate bacterial opsonophagocytic killing and provide animal protection against
streptococcal infection.

Discovery of Streptococcus pyogenes pili and the genomic
organization of pilus islands

The long pili that extend outside the surface of Gram-positive bacteria have remained largely unnoticed over
many years of electron microscopic studies that apply negative staining. Experimental evidence for the presence
of pili in Streptococcus pyogenes was first obtained by Mora and colleagues in 2005 (Mora, et al., 2005), soon after
the discovery of similar structures in Actinomyces naeslundii (Yeung & Ragsdale, 1997), Corynebacterium
diphteriae (Ton-That & Schneewind, 2003) and Streptococcus agalactiae (Lauer, et al., 2005). When labelled with
specific sera, SDS-PAGE/immunoblot analysis showed these pili as a ladder of high molecular weight bands,
while immunogold electron microscopy portrayed them flexible rods about 2 nm wide and >1 pm long that
protrude outside the bacteria.(see panels A and B in Figure 1) (Telford, Barocchi, Margarit, Rappuoli, & Grandi,
2006; Murphy, Janulczyk, Karlsson, Morgelin, & Frick, 2014)

Like in other Gram-positive bacteria, S. pyogenes pilus polymers were shown to be composed of proteins that
bear a C-terminal LPTXG-like motif, covalently assembled and attached to the cell wall by a series of sortase
mediated transpeptidase reactions. In their pioneering study, Mora and coauthors identified four pilus types,
each recognized by a specific serum of the Lancefield T-typing system used for decades to sub-classify S.
pyogenes isolates (Lancefield & Dole, 1946).

A genomic search revealed that the genes encoding the S. pyogenes pilus proteins and their polymerizing
machinery were found to cluster in the FCT region, which was previously known to encode the T6 antigen and
surface adhesins with binding capacity towards human collagen and fibronectin (Bessen & Kalia, 2002;
Kreikemeyer B., et al., 2005). Epidemiological studies uncovered nine different variants of this region that are
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designated FCT types 1-9, which vary in their gene composition and sequence (Kratovac, Manoharan, Luo,
Lizano, & Bessen, 2007; Falugi, et al., 2008).

The 11-16 Kbp highly recombinatorial FCT gene cluster is flanked by the conserved hsp33 and spy0136 genes
and encodes three main protein families: (1) transcriptional regulators, like RofA, Nra and MsmR; (2)
fibronectin-binding proteins, like SfbI/F1 and F2; and (3) pilus-related proteins. This last group includes the
three pilus components; namely, the backbone protein (BP/FctA, which is present in multiple copies per pilus
unit) plus two ancillary proteins (AP1/Cpa and AP2/FctB, of which there is one copy of each per pilus), and the
polymerase machinery, which consists of one or two sortase enzymes (SrtB and SrtC2), plus a putative signal
peptidase (SipA). Analysis of 57 S. pyogenes strains that belonged to the nine FCT types identified a total of 15,
16, and 5 sequence variants of BP, AP1 and AP2 respectively, and the BP alleles in the different S. pyogenes
isolates were confirmed to be the main determinants of the T type (Falugi, et al., 2008).

Biochemical and structural analysis of Streptococcus pyogenes
pilus polymerization

The biochemical characterization of pilus polymers in Gram-positive bacteria followed the discovery of the
mechanism by which sortase enzymes anchor surface proteins to the cell wall. Gram-positive bacteria are devoid
of an outer membrane and use the cell wall peptidoglycan as a scaffold for displaying a wide variety of proteins
on their surfaces. All these cell-wall-anchored proteins contain a signal peptide in their N-terminal region for
Sec dependent secretion, and an LPxTG specific motif followed by a hydrophobic membrane that spans the
domain, as well as a positively charged tail within their C-terminus. In 1992, Schneewind and colleagues
discovered Sortase A of Staphylococcus aureus as a prototype enzyme that cleaves the LPXTG motif between the
T and the G residues, forming a thioester-linked acyl-enzyme intermediate that is subsequently resolved by the
nucleophilic attack of lipid II, the precursor of cell wall peptidoglycan synthesis; consequently, the substrate
protein is incorporated into the cell wall by an amide (isopeptide) bond. A conserved cysteine residue in Sortase
A acts as a nucleophile, and a conserved histidine is involved in the transpeptidation reaction (Navarre &
Schneewind, 1999; Marraffini, Dedent, & Schneewind, 2006)

Pilus assembly in Gram-positive bacteria occurs through a similar mechanism of ordered cross-linking. In this
case, the pilin-specific sortase enzymes encoded in the FCT region cleave membrane-attached precursor pilus
proteins at their LPxTG-like sorting signals, which forms an acyl-enzyme intermediate. Next, a nucleophilic
attack of a lysin side chain amino group present in the neighboring pilus protein is used to generate isopeptide
bonds between two pilin subunits. Finally, covalent attachment of the completed pilus structure to the cell wall is
accomplished by the previously described “housekeeping” sortase A, which is encoded elsewhere in the genome
(Ton-That & Schneewind, 2004; Ton-That & Schneewind, 2003; Hendrickx, Budzik, Oh, & Schneewind, 2011).

The essential role of the FCT encoded SrtB/SrtC2 sortases in the formation of S. pyogenes pili was confirmed by
knockout mutants, which failed to display the pilus proteins on the bacterial surface as well as to build polymers
(Barnett & Scott, 2002; Mora, et al., 2005; Nakata, et al., 2009; Quigley, Zéhner, Hatkoft, Thanassi, & Scott, 2009).

Recently, three-dimensional studies undertaken on S. pyogenes pilus proteins and their sortase enzymes have
elucidated the mechanisms of pilus polymerization and have revealed unexpected structural features. First, Kang
and collaborators have demonstrated the involvement of specific lysine residues withinSpy0128, the BP from a
M1 T1 (FCT-2) strain in pilus assembly (Kang, Coulibaly, Clow, Proft, & Baker, 2007). Although this protein
lacks the pilin motif WxxxVxVYPK that was formerly identified in C. diphtheria as essential for nucleophilic
activity, an invariant lysine was found in Spy0128 (Lys161) and in other BP pilus variants. The crystal of Spy0128
at 2.2 Angstrom of resolution uncovered an extended structure that comprised 2 Ig-like domains with
antiparallel B-strands. Different Spy0128 molecules in the crystal were assembled head-to-tail in columns, with
the side chain of Lys161 close to the C-terminus of the next molecule. This assembly process suggests that the
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Figure 1. S. pyogenes pili as they appear on SDS-PAGE/immunoblot analysis (panel A) and immunogold electron microscopy (panel
B), after labeling with antibodies against the pilus backbone protein.

formation of covalent isopeptide bonds in native pili that linked the C and N domains of different subunits
occurs by the action of the sortase. Mass spectroscopy (MS) analysis of purified M1 T1 (FCT-2) pilus polymers
treated with trypsin did reveal the presence of a non-linear peptide fragment in which the e-amino group of
Lys161 was joined to the carboxyl group of the C-terminal Thr311 from another BP subunit.

Remarkably, 3D and MS analysis also revealed two intramolecular isopeptide bonds in Spy0128 (one in the N
domain and one in the C domain of the protein) that were formed by covalent links between lysine and
asparagine e-amino side chains, in a spontaneous reaction that involved a nearby glutamic acid and a
surrounding cluster of aromatic residues. This autocatalytic process contrasts with the inter-molecular
isopeptide bonds that are exclusively generated by the action of the sortase enzymes. Similar Lys-Asn isopeptide
bonds were later detected in other pilus proteins from S. pyogenes and various Gram-positive bacteria (Kang,
Middleditch, Proft, & Baker, 2009; Kang & Baker, 2012; Walden, Crow, Nelson, & Banfield, 2014), and were
shown to confer high stability to the pilus structure. Indeed, mutant protein derivatives devoid of isopeptide
bonds showed a significant loss of trypsin-resistance and thermal stability. Further, atomic force microscopy
analysis of Spy0128 polymers revealed that the native subunits were unable to extend, even when pulled at forces
of up to 800 pN, while mechanical resilience was greatly reduced by the abrogation of the intramolecular
isopeptide bonds (Alegre-Cebollada, Badilla, & Fernandez, 2010).

The FCT-3 sortase SrtC2 was shown to attach AP1 via the VPPTG motif to the K173 residue of the BP pilin
subunit. However, since assembly between two BP subunits also required the BP residue K173, the two processes
were expected to be mutually exclusive, and AP1 was hypothesized to be located exclusively at the pilus tip. This
hypothesis was confirmed by immunogold labeling and transmission electron microscopy (Quigley, Zahner,
Hatkoft, Thanassi, & Scott, 2009). A covalent bond between the AP1 C-terminal threonine residue and a lysine
residue from the BP was subsequently confirmed by mass spectrometry analysis of trypsin digested M1 T1
(FCT-2) pili (Smith, et al., 2010).

Concerning the location of the second ancillary protein in the pilus structure, Nobbs et al. showed that AP2
from S. agalactiae constitutes the pilus target of the housekeeping Sortase A, during the cell wall anchoring step
that terminates pilus growth. Indeed, knockout mutant bacteria lacking either Sortase A or the AP2 presented
shedding of pili from the cell surface (Nobbs, et al., 2008). A similar location of AP2 at the pilus base was found
in S. pyogenes M1 T1 (FCT-2) (Smith, et al., 2010). Further, the crystal structure of AP2 from an FCT-9 strain
revealed the determinants for AP2 linkage to the proximal subunit of the pilus shaft and by pilus anchoring
(Linke, et al., 2010). In contrast to AP1 and BP, AP2 presents a classical LPXTG-type motif at its C-terminus,
which is consistent with its attachment to the peptidoglycan by Sortase A as the final step of pilus formation.
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Despite low sequence identity between the three S. pyogenes pilins, the striking structural similarity of their
domains explains their recognition by the same class B sortase for the formation of inter-molecular isopeptide
bonds linking AP1 to BP, the BP subunits, and the basal AP2 to BP (Kang & Baker, 2012).

Finally, the putative signal peptidase SipA was shown to be required for pilus formation in both the S. pyogenes
serotype M3 and M49 strains, most likely by acting as a potential chaperon-like protein (Zahner & Scott, 2008;
Nakata, et al., 2009). Young and colleagues (Young, Proft, Harris, Brimble, & Baker, 2014b) recently showed that
the substitution of an FCT-2 SipA by its FCT-3 counterpart allowed for the polymerization of FCT-2 pili, which
implies that the SipA function is conserved across S. pyogenes strains. The authors obtained the crystal structure
of the protein, which contains a peptide-binding groove similar to that of E. coli signal peptidase I, but is devoid
of the catalytic apparatus typical of signal peptidases. They confirmed the lack of peptidase activity and were not
able to detect any interaction with peptide fragments of the pilus proteins. They proposed that SipA could either
function in the direct recognition of pilin sorting signals in concert with class-B sortases, or could form a
scaffold to modify and orientate the pilin proteins for optimal sortase activity; the chemical basis for the involved
interactions remains unknown.

Regulation of pilus expression in Streptococcus pyogenes

The transcription of the pilus-encoding S. pyogenes FCT region is known to be controlled by stand-alone
regulators encoded in the same locus; namely, RofA/Nra and MsmR. Transcription of FCT-2 and FCT-1 proteins
is positively regulated by Rof A(Beckert, Kreikemeyer, & Podbielski, 2001). The roles of MsmR and Nra have
been investigated in detail in FCT-3 strains, where they were shown to exert their function in opposite
directions, acting either as positive or negative regulators depending on the genetic background. In particular, in
a M49 strain, expression of pili and the F2 protein were shown to be repressed by Nra and activated by MsmR
(Nakata, Podbielski, & Kreikemeyer, 2005; Kreikemeyer B. , et al., 2007). Conversely, in a M53 isolate, Nra acted
as an activator of pilus expression without affecting F2, while MsmR repressed pilus transcription and activated
the expression of F2 (Luo, Lizano, & Bessen, 2008).

The FCT pilus region and the associated transcriptional regulators are not an isolated regulatory block. Both are
integrated and cross-linked with other pathogenicity island-like regions in a growth phase-dependent regulatory
network; namely, the Mga locus and the novel ERES-pathogenicity region (Kreikemeyer, et al., 2011).
Additionally, transcriptional analysis indicated a partial down regulation of the gene that encodes BP in in vivo
selected mutations of the two-component regulator covR/S in a M1 T1 (FCT-2) strain background (Sumby;,
Whitney, Graviss, DeLeo, & Musser, 2006).

A newly described post-transcriptional regulatory mechanism of S. pyogenes pilus expression involves the small
RNA FasX (Liu, Trevifio, Ramirez-Pefia, & Sumby, 2012). This SRNA was shown to reduce the stability of the
pilus operon mRNA in a M1 T1 (FCT-2) strain and to anneal to a region upstream the AP1 ORF, thus blocking
the translation of this pilus protein.

Among the environmental signals that affect S. pyogenes pilus expression are the growth temperature (Nakata, et
al., 2009), oxygen availability (Granok, Parsonage, Ross, & Caparon, 2000), and low pH (Manetti, et al., 2010).
The effect of these signals varies between the different FCT types. For instance, despite the fact that FCT-1 and
FCT-2 rofA genes and their inter-genic regions share 98% of their identity, FCT-1 pili were highly and
constitutively transcribed, irrespective of environmental pH, while the transcription of FCT-2 was enhanced
only in acidic conditions (Manetti, et al., 2010). Similarly, Granok and collaborators detected high transcription
rates of the genes located downstream rofA in a M6 T6 (FCT-1) strain both under aerobic and anaerobic
conditions, while in M1 T1 (FCT-2) strains high expression occurred only under aerobic conditions, suggesting
independent regulation pathways in addition to RofA (Granok, Parsonage, Ross, & Caparon, 2000). The exact
mechanism by which the above described regulators are affected by external signals remains unknown.
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Finally, the study of pili in a M49 strain revealed some unexpected expression patterns, in that the pili were
restricted to 20-50% of the cells within an otherwise homogenous population (Nakata, et al., 2009).

Streptococcus pyogenes pili as virulence factors and vaccine
targets

Since their discovery, the highly exposed and tightly regulated pili were expected to play an important role in S.
pyogenes pathogenesis. Genetic modification of pilus components in different background strains has shed light
on the function of these structures during S. pyogenes infection. In the S. pyogenes M1 T1 (FCT?2) strain SF370,
pilus-defective mutants showed a decreased capacity to form three-dimensional biofilms on solid surfaces, to
attach to pharyngeal cells, and to form micro-colonies on the cell surface (Manetti, et al., 2007). Abbot and
colleagues observed that pili also mediated the adhesion of the SF370 strain to human tonsillar epithelium and
primary human keratinocytes, and postulated an adhesive role for the AP1 pilin subunit (Abbot, et al., 2007).
Notably, the three-dimensional structure of the AP1 Spy125 uncovered an internal Cys-Gln thioester analogous
to the reactive thioester bonds used by the human complement proteins for covalent attachment to target
molecules. Removal of this internal thioester by allele-replacement mutagenesis severely compromised the
adhesion of strain SF370 to a human keratinocyte cell line (Pointon, et al., 2010; Walden, Crow, Nelson, &
Banfield, 2014). An additional thioester motif was recently detected in the AP1 Spy125 N-terminal domain. Both
Spy125 thioester domains were shown to react with the polyamine spermidine, indicating a preference for amino
groups (Linke-Winnebeck, et al., 2014).

All of these results point towards the role of pili, and particularly their AP1 ancillary proteins, in the initial steps
of S. pyogenes colonization of human tissues (Danne & Dramsi, 2012). However, the receptors to which the pilus
proteins attach to mediate host cell adhesion have only partially been identified. Several variants of the protein
were found to contain a highly conserved domain that mediated binding to collagen type I(Kreikemeyer B. , et
al., 2005). Additionally, pili of different S. pyogenes serotypes were found to bind to the salivary glycoprotein
gp340, which resulted in bacterial auto-aggregation when exposed to human saliva (Edwards, et al., 2008).

The contribution of pili to S. pyogenes pathogenesis has also been evaluated by in vivo experiments. Lizano and
colleagues found that an in-frame deletion of the gene that encodes AP1 in a FCT-3 strain recovered from an
impetiginous skin lesion presented attenuated virulence in a humanized mouse model of superficial skin
infection; in contrast, a BP knockout mutant that was incapable of forming pili was as virulent as the wild type
(Lizano, Luo, & Bessen, 2007). Another study investigated the role of pili in a hypervirulent M1 T1 (FCT-2) S.
pyogenes clone. In this case, pilus expression was found to promote neutrophil recruitment, bacterial killing
within neutrophil extracellular traps (NETs), and reduced S. pyogenes virulence in murine models of necrotizing
fasciitis, pneumonia, and sepsis (Crotty Alexander, et al., 2010).

The high divergence in the S. pyogenes FCT region suggests that there may be differences in the biological
function between the pilus variants. Indeed, it was shown that M6 T6 (FCT-1) isolates formed stronger biofilms
than the other S. pyogenes FCT types, due to their capacity to highly express pili under diverse growth conditions
(Manetti, et al., 2010). In a further study, the FCT-1 AP1 protein was demonstrated as a strong adhesin that
could also mediate inter-bacterial contact through homophilic interactions, and promoted the formation of
microcolonies on host epithelial cells and enhanced bacterial survival in human blood; in-frame deletion mutant
derivatives lacking this protein showed impaired virulence in a mouse model of S. pyogenes systemic infection
(Becherelli, et al., 2012).

An important feature that has emerged from the study of pili in streptococcal species is that their components
could be used as vaccine targets for the prevention of streptococcal infections. In fact, pilus-specific antibodies
mediated bacterial opsono-phagocytic killing and protection against lethal challenges in different animal models
of infection.
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Mora et al. showed that a combination of recombinant pilus proteins conferred protection against S. pyogenes
challenge in a mouse model of invasive disease (Mora, et al., 2005). Moreover, high levels of pilus expression
during human infection were confirmed by analyzing a collection of sera from S. pyogenes pharyngitis patients
for the presence of anti-pili antibodies; when BPs from S. pyogenes strains that belonged to four different FCT
and M types (M1, M3, M6, and M12) were screened as part of a S. pyogenes protein array, 76% of the sera
reacted with at least one BP variant (Manetti, et al., 2007).

One possible drawback of the use of pili as S. pyogenes vaccine targets may be the high sequence variability of the
pilus proteins, as compared to those of other Gram-positive pathogens. Previous estimates suggested that a
vaccine that contains a combination of 12 BP variants would cover about 90% of the most predominant S.
pyogenes strains in Europe and the US (Falugi, et al., 2008). The modular nature revealed by the crystal structure
of the M6 T6 (FCT-1) BP pilus protein (Young, et al., 2014a) may aid the future design of multivalent vaccine
chimeras, based on the fusion of protective domains from different pilus variants, an approach that has proved to
be highly successful in the case of Group B streptococcal pili (Nuccitelli, et al., 2011).
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Abstract

In the 1920s, it was recognized that a mucoid or matte colony phenotype of Streptococcus pyogenes was
associated with virulence in mice and with resistance to killing by human blood leukocytes. The gelatinous
material produced by the mucoid isolates, currently known as capsule, was later characterized as hyaluronic
acid, a linear polymer of N-acetylglucosamine and glucuronic acid with a high molecular mass that is
structurally identical to hyaluronic acid found in the extracellular matrix of many higher animals, including
human beings. It is now recognized that most (but not all) clinical isolates of group A streptococci produce
hyaluronic acid, which is associated with the cell surface during exponential growth and shed during stationary
phase. This chapter presents a summary of information on the capsule of Streptococcus pyogenes, its
biochemistry, genetics, and role in virulence.

For many years, clinical microbiologists and infectious diseases clinicians have noted that group A streptococci
freshly isolated from patients with pharyngitis or invasive infection often grow as large, wet-appearing,
translucent colonies on blood agar. With prolonged incubation, these “mucoid” colonies collapse and assume an
irregular or “matte” appearance. Laboratory passage of such isolates frequently resulted in loss of the mucoid
phenotype and conversion to small, compact, or “glossy” colonies (Figure 1). In the 1920s, Lancefield and Todd
recognized that the mucoid or matte colony phenotype was associated with virulence in mice and with
resistance to killing by human blood leukocytes (Lancefield & Todd, 1928; Todd & Lancefield, 1928). Kendall
and co-workers characterized the gelatinous material produced by mucoid isolates as hyaluronic acid, a linear
polymer of N-acetylglucosamine and glucuronic acid with a high molecular mass that is structurally identical to
hyaluronic acid found in the extracellular matrix of many higher animals, including human beings (Figure 2)
(Kendall, Heidelberger, & Dawson, 1937). Wilson demonstrated that the growth of such isolates on media
containing hyaluronidase prevented the development of mucoidy, which confirmed that the production of
hyaluronic acid was responsible for the mucoid colony phenotype (Wilson, 1959). It is now recognized that most
(but not all) clinical isolates of group A streptococci produce hyaluronic acid, which is associated with the cell
surface during exponential growth and shed during stationary phase. Presumably because it is recognized by the
host immune system as a self-antigen, the group A streptococcal hyaluronic acid capsule is poorly immunogenic
in animals, including human beings. In contrast to capsular polysaccharides of Streptococcus pneumoniae and S.
agalactiae, hyaluronic acid polymers are not covalently linked to the group A streptococcal cell wall, but rather
are associated with the cell surface in a dynamic fashion, as they are synthesized by a cell membrane-associated
polymerase. Although its mode of attachment to the bacterial surface is more tenuous than that of covalently
bound polysaccharide capsules in other species, there is abundant evidence that the hyaluronic acid capsule is an
important virulence determinant as a modulator of multiple interactions between group A streptococci and their
human hosts.

Genetics and biochemistry of hyaluronic acid biosynthesis

Studies in the 1990s used transposon mutagenesis to identify a chromosomal locus required for hyaluronic acid
production in group A streptococci (DeAngelis, Papaconstantinou, & Weigel, 1993a; Dougherty & van de Rijn,
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Figure 1. Blood agar plate with typical colonies of a mucoid strain of group A streptococcus (left) and non-mucoid (glossy) colonies of
an acapsular mutant (right).
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Figure 2. Repeating unit structure of hyaluronic acid.

1992; Wessels, Moses, Goldberg, & DiCesare, 1991). Further characterization of the locus revealed an operon of
three genes, hasA, hasB, and hasC, each of which encodes an enzyme involved in hyaluronic acid synthesis
(DeAngelis, Papaconstantinou, & Weigel, 1993a; Crater, Dougherty, & van de Rijn, 1995; DeAngelis,
Papaconstantinou, & Weigel, 1993b; Dougherty & van de Rijn, 1993; Dougherty & van de Rijn, 1994) (Figure 3).
The 4.2 kb has operon is highly conserved among group A streptococcal strains, but is notably absent in isolates
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of M-types 4 and 22, which do not produce capsules (Henningham, et al., 2014; Flores, Jewell, Fittipaldi, Beres,
& Musser, 2012). Notably, strains of M-types 4 and 22 produce hyaluronidase, which degrades hyaluronic acid,
while the vast majority of other group A streptococcal isolates harbor an inactivating point mutation in the
chromosomal hyaluronidase gene, hylA (Henningham, et al., 2014; Hynes, Johnson, & Stokes, 2009). This
association suggests an evolutionary branch point in which group A streptococcal strains developed alternative
strategies for adaptation through expression of either the anti-phagocytic hyaluronic acid capsule or
hyaluronidase, which facilitates the spread of secreted toxins by degrading the host’s extracellular matrix, but can
also digest the group A streptococcus capsule.

Hyaluronic acid is synthesized from the nucleotide sugar precursors UDP-glucuronic acid and UDP-N-
acetylglucosamine by a membrane-associated enzyme, hyaluronan synthase, encoded by hasA. High-Mr
hyaluronic acid can be produced by the incubation of cell-free membrane extracts of group A streptococci with
the two substrate UDP-sugars in the presence of divalent cations (Markovitz, Cifonelli, & Dorfman, 1959;
Stoolmiller & Dorfman, 1969; Sugahara, Schwartz, & Dorfman, 1979). The hasA gene product has a predicted
Mr of 47.9 kD and includes at least four predicted membrane-spanning domains, which is consistent with
evidence that the enzyme is localized at the cell membrane where it mediates both polymer formation and
export (DeAngelis, Papaconstantinou, & Weigel, 1993a; Dougherty & van de Rijn, 1994). The group A
streptococcus hyaluronan synthase shares significant similarity with hyaluronan synthases from other microbial
and higher animal species (DeAngelis, Yang, & Weigel, 1994; Weigel, Hascall, & Tammi, 1997). The second gene
of the has operon, hasB, encodes UDP-glucose dehydrogenase, a 45.5 kD protein that catalyzes the oxidation of
UDP-glucose to UDP-glucuronic acid (Dougherty & van de Rijn, 1993). The third gene in the cluster, hasC,
encodes a predicted 33.7 kD protein identified as UDP-glucose pyrophosphorylase (Crater, Dougherty, & van de
Rijn, 1995). This enzyme catalyzes the condensation of UTP with glucose-1-phosphate to form UDP-glucose.
Thus, the reaction catalyzed by the hasC product yields a substrate for UDP-glucose dehydrogenase encoded by
hasB, whose reaction product is, in turn, a substrate for hyaluronan synthase encoded by hasA. While the
enzyme protein encoded by hasC is enzymatically active, it is not required for hyaluronic acid synthesis by group
A streptococci. The inactivation of hasC resulted in no reduction in hyaluronic acid synthesis by a highly
encapsulated strain of group A streptococci—a finding that implies that another source of UDP-glucose is
available within the cell (Ashbaugh, Alberti, & Wessels, 1998a). Furthermore, expression of recombinant hasA
and hasB (without hasC) conferred the capacity to synthesize hyaluronic acid in Escherichia coli and
Enterococcus faecalis (DeAngelis, Papaconstantinou, & Weigel, 1993a; DeAngelis, Papaconstantinou, & Weigel,
1993b). A hasB paralog, hasB2, is widely conserved among group A streptococcus isolates. This gene is located at
a site remote from the has operon; it encodes a protein with the same enzymatic activity as hasB and can support
a reduced level of capsule synthesis in the absence of hasB (Cole, et al., 2012).

Regulation of capsule expression

While the has operon is highly conserved, there is wide variation in production of the hyaluronic acid capsule
among group A streptococcus isolates and under different growth conditions in an individual strain.
Transcription of the has operon and synthesis of hyaluronic acid is maximal during exponential phase in liquid
cultures, and declines to very low levels during the stationary phase (Crater & van de Rijn, 1995; Unnikrishnan,
Cohen, & Sriskandan, 1999). Cessation of capsule synthesis is associated with shedding of hyaluronic acid from
the cell surface into the culture medium. Capsule production is highest in a nutrient-rich environment.
Expression of the has operon is rapidly induced upon introduction of the bacteria into the peritoneal cavity of
mice or into the pharynx of baboons in a non-human primate model of pharyngeal colonization (Gryllos, et al.,
2001). Strain-to-strain variation in capsule production may be partially explained by polymorphisms in the
promoter region upstream of the has operon (Alberti, Ashbaugh, & Wessels, 1998).

The CsrRS (also known as CovRS) two-component system is a critical regulator of has operon transcription in
response to environmental signals. The CsrRS system was discovered by a transposon mutagenesis screen for
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Figure 3. (A) Schematic of the has operon encoding enzymes involved in hyaluronic acid biosynthesis in group A streptococci. (B)
Diagram illustrating the enzymatic function in hyaluronic acid synthesis of the proteins encoded by hasA, hasB, and hasC.

mutants that formed mucoid colonies; a phenotype that is shown to be the result of inactivation of the csrRS
locus (Levin & Wessels, 1998). Subsequent work has shown that CsrRS regulates approximately 10% of group A
streptococcal genes, including several virulence factors, in addition to the has operon (Dalton, Collins, Barnett,
& Scott, 2006; Federle, Mclver, & Scott, 1999; Graham, et al., 2002; Gryllos, et al., 2007; Heath, DiRita, Barg, &
Engleberg, 1999). According to our current model of the CsrRS system, CsrS is a cell membrane-associated
histidine kinase that is activated by extracellular magnesium, and perhaps also by other unknown environmental
signals (Gryllos, et al., 2007; Gryllos, Levin, & Wessels, 2003). Autophosphorylation of the cytoplasmic domain
of CsrS is followed by phosphotransfer to CsrR, which increases the affinity of the latter protein for target
promoters—including the has operon promoter, where it represses transcription and reduces capsule
production. The human antimicrobial peptide LL-37 appears to signal through the CsrRS system in a manner
opposite to that of magnesium: exposure of group A streptococci to 100-300 nM LL-37 (concentrations far
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below those that inhibit bacterial growth) results in stimulation of expression of the has operon (and of other
CsrR-repressed genes) (Gryllos, et al., 2008; Tran-Winkler, Love, Gryllos, & Wessels, 2011). LL-37 has been
shown to bind to the predicted extracellular domain of CsrS in vitro, and studies of smaller peptides have
identified a 10-amino acid internal fragment of LL-37 that is completely devoid of antimicrobial activity against
group A streptococci, but retains its CsrS-signaling activity (Velarde, Ashbaugh, & Wessels, 2014). These findings
suggest that LL-37 signaling reflects a specific interaction with CsrS rather than a response to a non-specific
membrane injury. It has been suggested that the CsrRS system enables group A streptococci to detect the host’s
innate immune response to group A streptococcal infection by sensing any subinhibitory concentrations of
LL-37 secreted by leukocytes and/or epithelial cells. LL-37 signaling through CsrS results in upregulation of
capsule production, as well as that of other antiphagocytic factors that enhance group A streptococcal virulence
(Gryllos, et al., 2008; Tran-Winkler, Love, Gryllos, & Wessels, 2011).

RocA is another regulatory protein that affects capsule expression. Inactivating mutations in rocA have been
shown to reduce expression of CsrR and are associated with increased capsule production (Biswas & Scott,
2003). In M-type 18 strains that form mucoid colonies as a result of abundant capsule production, the RocA
protein is truncated and non-functional. Replacement of the mutated rocA gene with the consensus rocA
sequence in a mucoid M18 strain suppressed the mucoid phenotype (Lynskey, et al., 2013).

Role of the capsule in pathogenesis

Early studies by Lancefield, Todd, and others found an association between the presence of the mucoid colony
type and virulence in mice (Todd & Lancefield, 1928; Ward & Lyons, 1935). However, because mucoid strains
tended to be rich in M protein as well as in hyaluronic acid capsule, it was difficult to confidently ascribe an
independent role in virulence to the capsule. Investigators in the mid-twentieth century found that
hyaluronidase treatment increased the susceptibility of mucoid strains to killing by human blood phagocytes,
supporting a role for the capsule in resistance to phagocytosis (Rothbard, 1948; Foley & Wood, Jr., 1959;
Stollerman, Rytel, & Ortiz, 1963). Kass and Seastone showed that hyaluronidase treatment of mice reduced the
virulence of group A streptococci during experimental infections (Kass & Seastone, 1944). Epidemiological
observations have also suggested a link between capsule expression and virulence. Mucoid strains of group A
streptococci have been associated with invasive infections and with outbreaks of acute rheumatic fever (Johnson,
Stevens, & Kaplan, 1992; Tamayo, Montes, Garcia-Medina, Garcia-Arenzana, & Pérez-Trallero, 2010; Veasy, et
al., 2004).

The development of methods for genetic manipulation of streptococci permitted more direct assessment of the
role of the capsule in pathogenesis. Acapsular mutants derived by transposon mutagenesis and subsequently by
targeted deletion of the hasA gene were found to have reduced virulence in systemic infection models in mice
and in chicken embryos, in a murine model of invasive soft tissue infection, and in airway challenge models in
mice (Wessels, Moses, Goldberg, & DiCesare, 1991; Ashbaugh, Warren, Carey, & Wessels, 1998b; Husmann,
Yung, Hollingshead, & Scott, 1997; Schmidt, Giinther, & Courtney, 1996; Schrager, Rheinwald, & Wessels, 1996;
Wessels & Bronze, 1994). Capsule-deficient mutants have increased susceptibility to complement-mediated
opsonophagocytic killing by human blood leukocytes, as compared to their respective encapsulated parent
strains, and resistance to phagocytosis is thought to be a major mechanism through which the capsule enhances
virulence. The presence of the capsule does not inhibit complement activation or deposition of complement
fragments on the bacterial cell wall, but rather interferes with access of leukocyte receptors for opsonic
complement proteins on the bacterial surface (Dale, Washburn, Marques, & Wessels, 1996).

In a baboon model of group A streptococcal pharyngeal colonization, an acapsular mutant colonized at a similar
efficiency as the parent strain, but was cleared more rapidly (Ashbaugh, et al., 2000). This result suggested that
the capsule contributed to persistence in the pharynx. However, genomic analysis of serial isolates from the
pharynges of experimentally infected macaques showed the development over time of mutations in the has
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operon and promoter that reduced transcription of the hyaluronic acid biosynthesis genes (Shea, et al., 2011).
Similar mutations were detected in sequential group A streptococcal isolates from human pharyngeal samples
(Flores, et al., 2014). When taken together, these observations suggest that the down-regulation of capsule
production may favor chronic pharyngeal carriage.

In vitro studies of group A streptococcal adherence to epithelial cells have shown that the capsule reduces
bacterial attachment (Hollands, et al., 2010; Schrager, Alberti, Cywes, Dougherty, & Wessels, 1998). The capsule
itself can act as an adhesin by mediating attachment to the hyaluronic acid binding protein CD44, which is
expressed on multiple cell types including oropharyngeal keratinocytes (Schrager, Alberti, Cywes, Dougherty, &
Wessels, 1998). The potential role of CD44 as a group A streptococcus receptor was supported by studies
showing reduced pharyngeal colonization in mice after intranasal administration of monoclonal antibody to
CD44 together with a group A streptococcal challenge or after pretreatment with exogenous hyaluronic acid
(Cywes, Stamenkovic, & Wessels, 2000). Mice expressing a CD44 anti-sense transgene targeted to stratified
squamous epithelia also were resistant to group A streptococcal pharyngeal colonization. In addition to the role
of CD44 in adherence, the binding of encapsulated group A streptococcus to CD44 on human oropharyngeal
keratinocytes induces an intracellular signaling cascade that results in disruption of intercellular junctions and
enhancement of group A streptococcal translocation across the epithelial barrier. In this way, CD44-mediated
signaling by the hyaluronic acid capsule may facilitate group A streptococcus tissue invasion (Cywes & Wessels,
2001).
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Abstract

Surface proteins play a critical role in the pathogenesis and survival of Gram-positive bacteria in an infected
host. Anchoring of surface proteins to the cell wall is highly regulated in both space and time, and is coordinated
with cell division. Newly synthesized surface proteins contain an N-terminal signal sequence that targets them
for secretion across the membrane. Depending on the type of signal sequence, proteins are translocated either at
the septum or cell periphery, resulting in distinct cellular distribution patterns. The C-terminus of surface
proteins contain a cell wall sorting signal (CWS), composed of an LPXTG motif, a hydrophobic stretch, and a
few positive amino acids. Translocation of surface proteins stalls when the CWS reaches the secretion channel,
leaving the LPXTG motif exposed outside the membrane. This motif is then cleaved by the enzyme sortase, and
covalently attached to lipid II, leading to cell wall anchoring. Sortase is dynamically localized to membranal foci
that are primarily associated with the division septum, and is recruited to the septum at an early stage. In this
chapter, we review the spatial regulation of surface anchoring in Streptococcus pyogenes and how it relates to
protein secretion and cell division.

The cell wall of Gram-positive bacteria is composed of cross-linked peptidoglycan, teichoic and lipoteichoic
acids, polysaccharides, and proteins (Navarre & Schneewind, 1999; Vollmer, Blanot, & de Pedro, 2008;
Weidenmaier & Peschel, 2008). Many of the proteins found on the surface of gram-positive bacteria are
covalently anchored to the peptidoglycan by sortase (Marraffini, Dedent, & Schneewind, 2006). This section will
discuss the spatial regulation of surface protein anchoring to the Streptococcus pyogenes cell wall. In order to
provide a context for the different patterns of surface protein anchoring, this chapter will begin with a short
overview of cell division. For an in-depth discussion of cell division in streptococci, please refer to two excellent
review articles (Philippe, Vernet, & Zapun, 2014; Zapun, Vernet, & Pinho, 2008).

Recently, the term ovococcus was introduced to describe bacteria that have a slightly elongated spherical form,
such as streptococci and enterococci, and which are distinct from true cocci (Zapun, Vernet, & Pinho, 2008).
True cocci are completely spherical and typically divide in two or three alternating division planes. For example,
division of staphylococci occurs in three altering planes and results in the formation of cell clusters (Tzagoloff &
Novick, 1977). Ovococci, on the other hand, maintain the same division plane from one division to the next, and
in many cases, do not completely separate following division, which results in the formation of chains of
organisms. Cell wall synthesis is carried out by specialized machineries, composed of penicillin binding proteins
(PBPs), a lipid II translocase, and regulatory proteins. While true cocci have a single, septum associated,
peptidoglycan synthesis machinery, ovococci have two such mechanisms. The first mechanism is responsible for
septation, while the second mediates peripheral peptidoglycan synthesis, and is analogous to the one used by
rod-shaped bacteria, such as Escherichia coli and Bacillus subtilis, for cell elongation. While the peripheral
peptidoglycan synthesis machinery is located in foci along the cylindrical surface of the bacteria in those
organisms (Margolin, 2009), in ovococci, both of the peptidoglycan synthesis machineries are localized at mid-
cell (Zapun, Vernet, & Pinho, 2008). Nevertheless, the two fill different functions; for example, S. pneumoniae
Pbp2x (part of the septal machinery) localizes to a ring that closely follows the constriction of the septum, while
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Pbpla (part of the elongation machinery) forms a ring that trails that of Pbp2x during septum closure (Land, et
al., 2013). The presence of a peripheral peptidoglycan synthesis machinery in ovococci is believed to contribute
to their slightly elongated form. S. pyogenes, which is less elongated than many other ovococci, lacks key
components of the peripheral peptidoglycan synthesis machinery, Pbp2b and RodA (Zapun, Vernet, & Pinho,
2008).

Cell division and peptidoglycan synthesis are both controlled by cytoskeletal elements. True cocci, ovococci, and
rod-shaped bacteria all have a FtsZ ring, which is composed of polymerized tubulin-like FtsZ molecules
(Margolin, 2009). The FtsZ-ring is a dynamic structure that assembles at the site of the future division and that
controls the division process through the sequential direct or indirect recruitment of regulatory factors, lipid II
translocase, and penicillin binding proteins (Egan & Vollmer, 2013; Errington, Daniel, & Schefters, 2003;
Goehring & Beckwith, 2005; Mohammadi, et al., 2011; Sauvage, Kerff, Terrak, Ayala, & Charlier, 2008). Rod-
shaped bacteria also have one or more actin-like cytoskeletal elements (MreB, Mbl, MreBH) that are dedicated
to peptidoglycan synthesis regulation along the cylindrical region of the bacteria, but these are absent from both
true cocci and ovococci (Margolin, 2009; Philippe, Vernet, & Zapun, 2014).

Division in ovococci begins with the splitting of the septum into two distinct rings termed “equatorial rings”
(Higgins & Shockman, 1970; Tomasz, Jamieson, & Ottolenghi, 1964). These two equatorial rings are gradually
“pushed” away from each other by the simultaneous synthesis of septal peptidoglycan and the splitting of the
septum to create two new hemispheres. Peptidoglycan synthesis occurs in bands parallel to the short axis of the
cell, which result in concentric rings with the same orientation as the division septum (Andre, et al., 2010;
Wheeler, Mesnage, Boneca, Hobbs, & Foster, 2011). The equatorial rings are prominent features of ovococcal
morphology, and are clearly visible in electron micrographs. They represent the cellular location with the largest
diameter, and as such, are the location for future assembly of FtsZ rings and division septa in the daughter cells.
There is evidence that in some ovococci two consecutive division cycles can overlap; namely, that division can
start in the daughter cell septa (mother cell equatorial rings) before the mother septum is entirely closed.
Classical electron microscopy studies by Higgins and Shockman demonstrated that this occurs in certain
enterococci (Gibson, Daneo-Moore, & Higgins, 1983; Higgins, Carson, & Daneo-Moore, 1980; Higgins &
Shockman, 1970; Higgins & Shockman, 1976). Additionally, fluorescent vancomycin, which labels the D-Ala-D-
Ala moieties found in lipid IT and newly synthesized peptidoglycan (Daniel & Errington, 2003), labels both the
division septum and the equatorial rings of Streptococcus pneumoniae (Daniel & Errington, 2003; Ng,
Kazmierczak, & Winkler, 2004; Wheeler, Mesnage, Boneca, Hobbs, & Foster, 2011), and S. pyogenes (Raz &
Fischetti, 2008). However, the overlap of division cycles was not observed in Lactococcus lactis and Enterococcus
faecalis, where fluorescent vancomycin labels daughter septa only after the mother septum is completely closed
(Wheeler, Mesnage, Boneca, Hobbs, & Foster, 2011).

Surface protein anchoring to the wall of S. pyogenes

Wall-anchored proteins share similar features. These include an N-terminal signal sequence that directs the
protein for secretion through the Sec apparatus, and a C-terminal cell wall sorting signal (CWS), which is
comprised of an LPXTG motif followed by a hydrophobic membrane spanning stretch, along with a few
positively charged amino acids at the C-terminus (Fischetti, Pancholi, & Schneewind, 1990; Schneewind, Model,
& Fischetti, 1992). Translocation of surface proteins through the Sec apparatus is halted when the C-terminal
sorting signal is reached (Schneewind, Mihaylova-Petkov, & Model, 1993; Schneewind, Model, & Fischetti,
1992). The LPXTG motif, which at the stalled state is exposed outside the membrane, is cleaved between the
threonine and glycine residues by the membranal transpeptidase sortase, and the freed threonine is connected to
lipid IT (Marraffini, Dedent, & Schneewind, 2006; Mazmanian, Liu, Ton-That, & Schneewind, 1999; Perry, Ton-
That, Mazmanian, & Schneewind, 2002). The resulting complex is then incorporated into the cell wall through
the action of PBPs.
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Like peptidoglycan synthesis, anchoring of surface proteins is spatially regulated. Early studies by Cole and
Hahn used fluorescence microscopy to examine the manner in which M protein is attached to the wall of S.
pyogenes (Cole & Hahn, 1962; Hahn & Cole, 1963). Labeling the S. pyogenes M protein with fluorescent
antibodies results in a roughly uniform labeling of the bacterial surface. When such labeled cells divide, newly
synthesized peptidoglycan is marked by patches of unlabeled cell wall. Similarly, pre-existing M protein can be
blocked with unlabeled antibodies or removed using proteases, which enables the use of fluorescent antibodies
to detect newly deposited M protein. The combined observations from these experiments conclusively
demonstrated that M protein is exclusively anchored at the division septum, which is also the sole site for cell
wall growth in this organism (Cole & Hahn, 1962; Hahn & Cole, 1963). Similar results were also obtained from
studying the location of M protein anchoring using electron microscopy. M protein, which appears as hair-like
structures in electron micrographs, is regenerated at the septum following proteolytic removal of pre-existing M
protein (Swanson, Hsu, & Gotschlich, 1969). However, the septum is not the only location for protein anchoring
in S. pyogenes. Protein F (PrtF1 or Sfbl), a factor important in the binding of host fibronectin (Hanski &
Caparon, 1992; Talay, Valentin-Weigand, Jerlstrom, Timmis, & Chhatwal, 1992; Yamaguchi, Terao, & Kawabata,
2013), is predominantly found at the cell poles (Ozeri, et al., 2001). For continuity with other sections of this
work, we will refer to this protein as PrtF1.

A major breakthrough in understanding surface protein targeting different cellular regions came from a study by
Carlsson et al. (Carlsson, et al., 2006). This study showed that the signal sequence is the factor that determines
whether proteins are anchored at the septum or the poles. Replacing the signal sequence of M protein with that
of PrtF1 results in a molecule secreted and anchored, like wild-type PrtF1, at the poles. Conversely, replacing the
signal sequence of PrtF1 with that of M protein results in a molecule that is secreted and anchored, like wild-
type M protein, at the septum. A similar phenomenon was later described in Staphylococcus aureus, where the
replacement of the signal sequence of CIfA (normally secreted at the septum) with that of SasF (normally
secreted at the poles) results in a molecule that is anchored at the poles, and vice versa.

The majority of S. pyogenes surface proteins are anchored by the housekeeping sortase, SrtA. This has been
experimentally validated for M protein, PrtF1, C5a peptidase (ScpA), and protein-G-related-a2-macroglobulin-
binding protein (GRAB) (Barnett & Scott, 2002). Depending on the strain, S. pyogenes also has one or more
sortases that are responsible for pilus polymerization, termed SrtB and SrtC (srtC has two alleles, srtC1 and
srtC2) (Barnett, Patel, & Scott, 2004; Barnett & Scott, 2002; Mora, et al., 2005). The role of sortases in the
streptococcal pilus polymerization is addressed elsewhere in this work, though little is known about the spatial
regulation of pilus assembly in S. pyogenes. Sortases are membrane-bound enzymes that are found beneath the
cell wall, and that are therefore not accessible to antibodies. Using the phage lytic enzyme, PlyC, to gently
permeabilize the wall of fixed S. pyogenes cells, we were able to use immunofluorescence microscopy to
determine the localization pattern of SrtA (Raz & Fischetti, 2008). We found that sortase localizes to foci, which
are predominantly associated with the division septum, but are also found in other cellular regions to some
extent. The distribution of sortase foci in the cell depends on the stage of the cell cycle. Sortase begins to
assemble at a new division site before constriction of the septum is apparent, shows distinct septal localization at
mid-division, and remains associated with the septum to a certain extent even after division is complete. In
many cases, sortase foci are found simultaneously at the division septum and the equatorial rings, particularly at
later stages of the cell cycle.

Septal versus peripheral protein anchoring

Super-resolution 3D structured illumination microscopy (3D-SIM) was used to obtain a better understanding of
the pathways that lead to M protein and PrtF1 anchoring. Analysis of a large population of cells following
proteolytic removal of pre-existing surface proteins and two minutes regeneration demonstrated that M protein
and PrtF1 are simultaneously anchored at their respective cellular locations throughout the cell cycle (Raz, Talay,
& Fischetti, 2012). M protein is anchored at a narrow septal band, and is often seen at mother and daughter
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septa within the same cell. Simultaneous anchoring to mother and daughter septa was observed in up to 40% of
the cells in certain stages of the division cycle, even when M protein was regenerated for only 30 seconds (Raz,
Talay, & Fischetti, 2012). This is in agreement with the observed simultaneous localization of sortase foci to both
mother and daughter septa, and with the simultaneous labeling of these location by fluorescent vancomycin (Raz
& Fischetti, 2008).

While PrtF1 shows a clear polar distribution on S. pyogenes cells, anchoring of PrtF1 does not occur exclusively
at the poles, but also in the area between the septum and the equatorial rings. Its anchoring pattern, therefore, is
better described as peripheral (or non-septal), rather than polar. There is a direct correlation between the age of
the pole and the amount of PrtF1 anchored to it—which suggests that PrtF1 accumulates at a steady pace on
peripheral peptidoglycan, and that the accumulation of more PrtF1 on mature poles leads to the observed polar
distribution (Raz, Talay, & Fischetti, 2012). A schematic representation of protein anchoring in S. pyogenes is
presented in Figure 1.

Anchoring of M protein to the wall is dependent on the presence of a functional septum. Disruption of the
septum does not result in a re-direction of M protein anchoring to other cellular locations, but instead causes a
complete shutdown of M protein anchoring. PrtF1 anchoring on the other hand, is not inhibited by the
disruption of the septum (Raz, Talay, & Fischetti, 2012). At a low concentration, methicillin preferentially
inhibits PBP2x, which results in unbalanced peptidoglycan synthesis and can prevent septum closure in some
ovococci (Lleo, Canepari, & Satta, 1990; Pérez-Nuiiez, et al., 2011). Application of a sub-inhibitory methicillin
concentration to S. pyogenes results in the formation of rod-like cells with multiple septa (Raz, Talay, & Fischetti,
2012). M protein is anchored to all the septa within such cells, while PrtF1 is anchored both at the poles and the
extensive inter-septal regions of these rod-like cells, which further demonstrates that PrtF1 is not targeted to the
poles per se, but rather is targeted to any non-septal region. A higher concentration of methicillin completely
inhibits septum formation and M protein anchoring, but not PrtF1 anchoring. Similar inhibition of M protein
anchoring occurs in cells that over-express DivIVA (Raz, Talay, & Fischetti, 2012), an important cell division
regulator (Fadda, et al., 2003; Fadda, et al., 2007; Ramirez-Arcos, Liao, Marthaler, Rigden, & Dillon, 2005). These
cells display abnormal septa and bloated morphology, and while M protein anchoring is drastically reduced,
PrtF1 anchoring increases (Raz, Talay, & Fischetti, 2012).

The different outcomes of septal and peripheral anchoring

Anchoring of M protein concomitantly with peptidoglycan synthesis at the septum assures the coating of the
entire cell wall from the moment it is formed. However, if M protein is lost, it can no longer be attached to
existing peptidoglycan. Extensive coating of the cell wall is likely required for the proper function of M protein,
since wall patches lacking this protein could become targets for complement deposition, leading to opsonization
and clearance of the bacteria from an infected host (Perez-Casal, Caparon, & Scott, 1992). The currently
available data suggest that septal anchoring may be the dominant anchoring pathway in terms of the number of
molecules anchored (although it is possible that a greater variety of molecules is anchored at the periphery; see
below). First, sortase foci are highly enriched at the septum throughout the division cycle, and there is a strong
correlation between sortase and newly anchored M protein in co-localization studies (Raz & Fischetti, 2008).
Secondly, lipid II, the molecule to which surface proteins are anchored, is highly enriched at the septum, as
indicated from the strong fluorescent vancomycin labeling at this location (Raz & Fischetti, 2008). Thirdly, PBPs,
which are required for the incorporation of the lipid II - surface protein complex into the cell wall, are
predominantly associated with the septum (Zapun, Vernet, & Pinho, 2008). And finally, in S. pyogenes cells
harboring a sub-optimal amount of sortase, which results in delayed processing of surface proteins, sorting
intermediates with uncleaved LPXTG motifs are detected primarily at the septum (Raz, et al., 2015).

On the other hand, peripheral anchoring leaves a substantial portion of the wall devoid of anchored proteins, but
creates polar distribution. Localization of virulence factors to the poles is a common phenomenon in other
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M protein == (active M anchoring O)
PrtF1 (¢}

first division second division

Figure 1. A model representation of M protein and PrtF1 anchoring. The regeneration of surface proteins during two division cycles is
presented. M protein (red) is anchored exclusively to newly synthesized peptidoglycan at the septum (sites of active anchoring labeled
yellow). Anchoring of M protein at daughter septa begins before the mother septum is completely closed, which results in simultaneous
anchoring at both locations. Following two generations, M protein is anchored to all newly synthesized, but not pre-existing,
peptidoglycan. PrtF1 (green) is anchored over time in patches to peripheral peptidoglycan, with some preference to the poles.
Following two generations, the oldest poles (I) display the most intense PrtF1 labeling, while one-generation-old poles show less
labeling (II), and newly formed poles (III) show little PrtF1 labeling. The figure was adopted with permission from Raz et al., 2012
(Raz, Talay, & Fischetti, 2012).

bacterial pathogens (Laloux & Jacobs-Wagner, 2014; Rudner & Losick, 2010; Shapiro, McAdams, & Losick, 2002;
Shapiro, McAdams, & Losick, 2009; Treuner-Lange & Segaard-Andersen, 2014). Older poles at the end of
streptococcal chains may be more likely to come in contact with host tissue, which makes polar accumulation of
various factors (such as adhesins) advantageous. It was also observed that the polar distribution of PrtF1 results
in reciprocal clustering of integrins, which form focal complexes on host cells (Ozeri, et al., 2001).

The role of YSIRK G/S motif in the signal sequence of surface
proteins

The signal sequence of S. pyogenes M protein contains a YSLRKx3Gx,S motif that is conserved among various S.
pyogenes serotypes, while PrtF1 does not contain this motif (Carlsson, et al., 2006). This motif is similar to the
YSIRKx3Gx,S (shorthand YSIRK G/S) found in staphylococcal lipases (Gotz, Verheij, & Rosenstein, 1998;
Nikoleit, Rosenstein, Verheij, & Gotz, 1995; Rosenstein & Go6tz, 2000), the majority of S. aureus surface proteins
(Bae & Schneewind, 2003; DeDent, Bae, Missiakas, & Schneewind, 2008), 4 of the S. aureus secreted proteins
(Bae & Schneewind, 2003), and in many S. pneumoniae surface proteins (Tettelin, et al., 2001; Tsui, Keen, Sham,
Wayne, & Winkler, 2011). A YSIRK G/S motif was identified in only a single Enterococcus faecalis surface protein
(Kline, et al., 2009), and is absent from Listeria monocytogenes (Bruck, Personnic, Prevost, Cossart, & Bierne,
2011), bacilli, clostridia, corynebacteria, Streptomyces spp., and Actinomyces spp. (Bae & Schneewind, 2003).

The YSIRK G/S motif is important for efficient processing of the signal sequence of S. aureus protein A by signal
peptidase; however, it is not necessary for anchoring protein A to the cell wall (Bae & Schneewind, 2003). There
is a close correlation between the presence of a YSIRK G/S motif in the signal sequence of S. aureus surface
proteins and secretion at the septum. Five proteins containing a YSIRK G/S motif in their signal sequence
(protein A, CIfA, SdrC, SdrD, FnbpB) are secreted and anchored at the septum, while four proteins that do not
contain this motif in their signal sequence (SasA, SasD, SasE, SasK) are anchored at the poles (DeDent, Bae,
Missiakas, & Schneewind, 2008; DeDent, McAdow, & Schneewind, 2007). Fusion of the signal sequence of the
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staphylococcal lipase (contains YSIRK G/S) to mCherry and a CWS motif results in a molecule that is anchored
at the septum, while a similar fusion protein, which contains the signal sequence of SasF (no YSIRK G/S), is
anchored at the poles. Notably, growth of S. aureus in the presence of sub-inhibitory concentrations of penicillin
or moenomycin leads to the anchoring of both fusion proteins at the septum (Yu & Gotz, 2012). Despite this
close correlation between the presence of a YSIRK G/S in the signal sequence and secretion at the septum, the
YSIRK sequence itself does not appear to be the septum targeting motif, since mutation of the S. pyogenes M
protein YSLRK motif to YAARK or YSAAK did not alter the site of protein secretion (Carlsson, et al., 2006), and
neither did the use of a scrambled YSIRK motif in S. aureus CIfA (DeDent, Bae, Missiakas, & Schneewind,
2008).

Of 20 S. aureus surface proteins, 13 have a highly conserved YSIRK G/S motif in their signal sequence. In
particular, the G/S residues are absolutely conserved, and the distance between the YSIRK G/S motif and the
predicted signal peptidase cleavage site varies by no more than two amino acids (DeDent, Bae, Missiakas, &
Schneewind, 2008). In S. pyogenes on the other hand, the YSIRK G/S motif is both less common and less
conserved (Figure 2A). Of the 16 surface proteins found in serotype M6 S. pyogenes MGAS10394 (Banks, et al.,
2004), only two have a conserved YSIRK G/S motif (M protein and ScpC), while three additional proteins have a
partial YSIRK G/S motif with changes not only in the YSIRK sequence itself but also in the final G/S amino acids
(GRAB, PulA, and a highly altered motif in 5-nucleotidase) (Raz, et al., 2015). Furthermore, the distance
between the YSIRK G/S motif and the predicted signal peptidase cleavage site varies by up to eight amino acids,
as opposed to two in S. aureus. The absence of an intact YSIRK G/S motif from the signal sequence of most S.
pyogenes surface proteins may indicate that those proteins are secreted at the cell periphery. However, given the
high variability observed in the YSIRK G/S motif in S. pyogenes, a systematic analysis of the anchoring location
of additional surface proteins is required.

In addition to M protein, certain streptococcal strains have one or more M-like proteins, which are clustered
together with M protein on the genome, and have likely arisen through gene duplication (Hollingshead, Arnold,
Readdy, & Bessen, 1994). The signal sequence of M-like proteins is very similar to that of M protein, and has an
intact YSIRK G/S motif (Figure 2B). In S. aureus, the presence of a YSIRK G/S motif in the signal sequence
contributes to its efficient processing by signal peptidase (Bae & Schneewind, 2003; Yu & G6tz, 2012). It might
also be important in S. pyogenes, given that M protein is among the most abundant of S. pyogenes surface
proteins, and that it is rapidly anchored at a narrow septal band.

Localized protein secretion and anchoring

To reach their final destination on the cell wall, surface proteins are translocated across the cytoplasmic
membrane through the general secretory pathway (Buist, Ridder, Kok, & Kuipers, 2006; de Keyzer, van der Does,
& Driessen, 2003; Marraffini, Dedent, & Schneewind, 2006; Schneewind & Missiakas, 2014). S. pyogenes surface
proteins are not likely to be translocated through the tween arginine (tat) secretion system, since components of
the tat system are absent from the genome of this organism (Ferretti, et al., 2001). The location of the secretion
apparatus in S. pyogenes is a highly contested issue. Rosch et al. used immunoelectron microscopy to study the
distribution of the ATPase subunit of the translocon, SecA, and found that it localizes to a single microdomain
on the membrane of S. pyogenes cells, termed ExPortal. Secretion of the protease SpeB is localized to this
microdomain, as well as the chaperone HtrA (Rosch & Caparon, 2004; Rosch & Caparon, 2005). This
microdomain is enriched in anionic lipids, and can be visualized using nonyl acridine orange (NAO) (Rosch,
Hsu, & Caparon, 2007). On the other hand, Carlsson et al. have studied the location of SecA on the membrane
of S. pyogenes using similar techniques, and found that SecA is distributed throughout the membrane of this
organism (Carlsson, et al., 2006). The reason for this difference in SecA distribution is still unresolved. There is
evidence that not all proteins are translocated through the same secretory pathway in S. pyogenes. An ffh”
mutant, which lacks a functional signal recognition particle (SRP), does not secrete NAD™ glycohydrolase (SPN)
and streptolysin O (SLO), but can secrete SpeB and M protein (Rosch, Vega, Beyer, Lin, & Caparon, 2008).
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A
M6_Spy0157 Fibronectin binding protein MVSSYMFVRGEKMNNK | FLNKEASFLAHTKRKRRFAVTLYVGVFFMLLACAGAIGFGQVAYA
M6_Spy0160 Fimbria structural protein ..o MTNRRETVREKILITAKKL- --------- MLACLAILAVVGLGMTRV SA
M6_Spy1695 Collagen like protein 1 (Scl1) . e e e MLTSKHHNLNKLVWRYGLTSAAAVLLAFGGVASSVKA
M6_Spy1702 amidase =~ e e o e e oo e e MRYSRRYPSQTRQM- - - LLALLLMTASLQAGAMTTYA
M6_Spy1718 C5A peptidase precursor .- oo oo oo oL MRKKQKLPFDK- - - - - - LAITALMSTSILLNAQSD I KA
M6_Spy0588 Endor family protein =~ - - - - - - - ool s s MINKKCI - - - - - - - - - - IPVSLLTLAITLTSVEEVTS
M6_Spy0670 LRR surface protein =~ e e e e e i e e MKKHLK- - - - - - - - - TVALTLTTVSVVTHNQEVFS
M6_Spy1247 hypothetical peptidase et e e e e e e i e MTSKKA:- -« - -« -« -- CLSSIIVLASLTCGNDTVSA
M6 Spy1173 LPXTG anchored proien oo e e e e e e e e e e e e e e e e e e e i MVAALSSSILFSKVDLAKA
M6_Spy0695 5*-nuclectidase M| YNDYVNLLGDFMKK- - - - - - - - - - YFILKISSV|-ILS[ILTSFTLLVT-------- pvaa
M6_Spy1079 Protein G-related alpha 2 macroglobulin-binding protein (GRAB) - - - - - - - - - - - - - MGK- - - - - EIKVKIYFLRR|SAFGILVANVS-ASVLVGSTV- - - - - -« SA
M6_Spy1688 Pullulanase (PulA) M----NVILNGGLMKKKVNQGSKRYQ|YLLKKWGI|GFVIIAATGTVMLGCTPSILTHQVAA
M6_Spy0367 SepC e MEK- - - - - - - KQRFSLRK|YKS|GTFISVLIGSYVFLMMMTTT- - - - - VA
M6_Spy1719 M protein Lol MAK- - - - NNTNRH|YSLRK|ILKK|GTAISVAVALSVIGAGLVVNTNEVSA
5. aureus ProteinA oLl MKK- - - - - - - KNI|YSIRK|ILGVIG[IA[SVTLGTLLISGGVTPAAN- - AA
YSLRK )
B
NZ131 Spy49_1671c M protein MARKDTNKQYSLRK|LKT|GTA[SVAVAVAVLGAGFANQTEVKA
M49 | NZ131 Spy49_1670c Enn MASHQTKKNYSLRKILKT|GTA|SVAVALTVLGAGFANQTEVRA
NZ131 Spy4g_1672c Mrp MSTRNPNKHYSLRKLLKT|GTA|SVAVALTVLGTGLANTTDVKA
MGAS15252_1560 M protein MARKDTNKQYSLRKLKTGTASVAVAVAVLGAGFANQTEVKA
M58 | MGAS15252_1559 Enn MTRQQTKKN|YSLRK|LKT|GTA[SVAVALTVLGAGFANQTEVKA
MGAS15252_1561 Mrp MSKRNPNKHYSLRKILKT|GTA[SVAVALTVLGTGLANTTDVKA

Figure 2. The YSIRK G/S motif in the signal sequence of S. pyogenes surface proteins is only partially conserved.

A. Screening the genome of S. pyogenes MGAS10394 for proteins with a conserved cell wall sorting signal (CWYS) identified 16 proteins.
SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP) was used to determine the presence of a signal sequence and to predict the signal
peptidase cleavage site. Surface proteins were divided into two groups, based on the presence of a YSIRK G/S motif (including partial
YSIRK G/S motif) in their signal sequence. The predicted signal sequences were aligned using MegAlign pro (DNASTAR, Lasergene
12).

B. The signal sequence of M protein and M-like proteins, Enn and Mrp, from strains NZ131 (M49) and MGAS 15252 (M59) were
aligned in a similar fashion.

Additionally, the cationic antimicrobial peptide polymyxin B disrupts the ExPortal at a sub-lethal concentration
and inhibits the secretion of SpeB and SLO, but not the secretion of streptococcal inhibitor of complement-
mediated lysis (SIC) (Vega & Caparon, 2012). This suggests that only a subset of streptococcal proteins is
translocated through the ExPortal.

The localization patterns of SecA and sortase A have also been described in several other ovococci. Immuno-EM
studies of Streptococcus mutans showed that SecA and sortase A co-localize in a single ExPortal on the bacterial
membrane, suggesting that the ExPortal controls the location of protein anchoring in this organism (Hu, Bian,
Fan, Huang, & Zhang, 2008). Similarly, Inmuno-EM studies of E. faecalis showed that SecA, sortase A, and
sortase C, localize to a single microdomain on the bacterial membrane, which is found at septal or peripheral
regions of the cell (Kline, et al., 2009). Later, however, fluorescence microscopy studies have shown that SecA
and sortase A often localize to a number of foci per cell, and that these are distinctly associated with the septum
(Kandaswamy, et al., 2013). Fluorescence microscopy studies of S. pneumoniae showed that SecA and SecY are
dynamically distributed in the cells, with preferential localization to the septum, and assembly at equatorial rings
early in the division cycle (Tsui, Keen, Sham, Wayne, & Winkler, 2011). S. pneumoniae sortase A localizes to
membranal foci; however, no specific localization pattern was observed (Tsui, Keen, Sham, Wayne, & Winkler,
2011). Finally, a fluorescence microscopy study of Streptococcus agalactiae showed that SecA and Sortase A
localize to the septum (Brega, Caliot, Trieu-Cuot, & Dramsi, 2013).

The extensive research regarding translocation of secreted factors thorough the S. pyogenes ExPortal (Port, Vega,
Nylander, & Caparon, 2014; Rosch & Caparon, 2004; Rosch & Caparon, 2005; Rosch, Hsu, & Caparon, 2007;
Vega & Caparon, 2012; Vega, Port, & Caparon, 2013), as well as reports showing that in some ovococci sortase
localizes to the ExPortal (Hu, Bian, Fan, Huang, & Zhang, 2008; Kline, et al., 2009), warrant discussion of a
possible role for the ExPortal in the translocation of surface proteins in S. pyogenes. Targeting of M protein and
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PrtF1 for translocation at different cellular locations, guided by information within their signal sequence
(Carlsson, et al., 2006), is hard to reconcile with secretion through a single ExPortal. Furthermore, simultaneous
anchoring of M protein and PrtF1 was observed at their respective cellular locations throughout the cell cycle
(Raz, Talay, & Fischetti, 2012), ruling out the possibility that a single ExPortal could facilitate the anchoring of
both proteins by segregating their anchoring to specific stages of the cell cycle. Moreover, following a mere 30
seconds of protein regeneration, M protein was often simultaneously detected at both mother and daughter
septa (Raz, Talay, & Fischetti, 2012), which requires secretion at more than one cellular location at once.
Additionally, surface protein intermediates with an intact LPXTG motif accumulate primarily at the septum of
cells with a sub-optimal amount of sortase, and in larger regions of the membrane of cells lacking sortase
altogether; no accumulation in an ExPortal-like pattern was observed (Raz, et al., 2015). While the ExPortal
localizes to the septum in some cells, in many cells it localizes to other cellular regions (Rosch & Caparon, 2004;
Rosch & Caparon, 2005; Rosch, Hsu, & Caparon, 2007), which is not consistent with the anchoring of M protein
at the septum throughout the cell cycle (Raz, Talay, & Fischetti, 2012). Accordingly, when NAO is used to
localize the membranal anionic lipid microdomain in which the ExPortal resides, only occasional co-localization
with sites of M protein anchoring is seen (Figure 3). Given these observations, the ExPortal is not likely to
control localized surface protein anchoring in S. pyogenes.
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5 minutes regeneration, 10B6 5 minutes regeneration, control

No regeneration, 10B6

M protein (10B6), NAO, DAPI

Figure 3. Poor co-localization between the ExPortal and sites of M protein anchoring. S. pyogenes D471 was grown to the log phase in
the presence of trypsin. Cells were either fixed immediately (“No regeneration” control), or washed and allowed to regenerate M
protein for five minutes in medium without proteases, and then fixed. M protein (red) was labeled with the 10B6 monoclonal antibody
and Alexa Fluor 647 conjugate; anionic lipids (green) were labeled with nonyl acridine orange (NAO); and DNA (blue) was labeled
with DAPI. Images were obtained using deconvolution immunofluorescence microscopy and are presented as maximum intensity
projections, composed of all the Z-sections.
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Abstract

Historically, three serological typing schemes were used to classify Streptococcus pyogenes isolates. All are based
on LPXTG-linked (or similar) surface proteins that exhibit high levels of antigenic heterogeneity. The serological
targets include M proteins, T-antigens (which form pili), and serum opacity factor (SOF). More recently, the
genetic basis for serological typing has been elucidated. Three emm pattern groupings, defined by 3' ends of emm
and emm-like genes (encoding distinct peptidoglycan-spanning domains), display a strong correspondence with
streptococci that tend to cause infection at the epithelium of the throat versus at the skin. Significant correlations
extend to emm cluster groups (defined by surface-exposed, functional portions of M protein genes), and to T-
antigen (FCT-region) and SOF genes as well. A deeper understanding of the genetic organization and
population biology of this species was revealed through analysis of the genes that encode the serological targets.
Horizontal transfer of serotype-related genes and the emergence of new strains/clones may be a result of
selective pressures conferred by the host immune response. Furthermore, against a background of extensive
lateral gene flow, the strong linkage observed among serotype-related genes may signify that M-proteins, T-
antigens and/or SOF (or products of other linked genes) are direct determinants of host tissue site preferences of
infection.

Throughout most of the 20th century, the serological typing of Streptococcus pyogenes led to key insights on the
association of specific serotypes of S. pyogenes with specific diseases. Historically, three serological typing
schemes were used to classify S. pyogenes isolates; the targets are M protein, T-antigens, and serum opacity factor
(SOF). All three schemes are based on LPXTG-linked (or similar) surface proteins that exhibit high levels of
antigenic heterogeneity. More recently, the genetic basis for serological typing has been elucidated, and has led to
a far deeper understanding of the genetic organization and population biology of this species.

M-type-specific antibodies provide protective immunity against organisms sharing the same serotype and
therefore, M-typing has important biological implications beyond simply identifying strains of S. pyogenes. The
molecular basis for the emm sequence-based typing scheme lies within the 5' end region of the emm gene that
encodes the N-terminus of the mature M protein molecule, located at the fibril tips. By setting the threshold for
defining a unique emm type at <92% sequence identity over 30 codons, there is a strong correspondence between
the traditional M serological- and emm sequence type-based assignments (Beall, Facklam, & Thompson, 1996;
Facklam, et al., 1999). At present, 234 distinct emm types have been defined. emm subtypes—of which there are
~1,200—provide finer granularity and are based on SNPs, as described (US Department of Health and Human
Services, 2012).

Numerous epidemiological studies show that there are S. pyogenes strains with certain M-types that have a
strong tendency to cause pharyngitis ("strep” throat), but not impetigo (a superficial skin infection), and
similarly, there is a set of M-types that are often recovered from impetigo lesions, but that are rarely recovered
from cases of pharyngitis (Anthony, Kaplan, Wannamaker, & Chapman, 1976; Bisno & Stevens, 1990;
Wannamaker, 1970). This finding gave rise to the important concept of distinct throat and skin type strains, and
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Figure 1: emm pattern groups and the structure of the emm chromosomal region. The gene content and organization of the emm
region is depicted, based on the four major sub-family (SF) forms of the peptidoglycan-spanning domain. Relative positions of emm
(which contains the emm type-specific determinants) and emm-like (mrp, enn) genes are indicated. S. pyogenes strains with emm
patterns B or C are rare, and are usually combined with pattern A to form the emm pattern A-C grouping.

supports the idea that some degree of specialization exists among S. pyogenes strains. This makes sense because
S. pyogenes strains that cause pharyngitis and those that cause impetigo are widely separated in both time and
space. Not only do the disease-associated S. pyogenes strains tend to infect different tissue sites, but S. pyogenes
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Figure 2: Structure of the FCT region encoding pili. The nine characterized FCT region forms are shown. Genes encode
transcriptional regulators (RofA/Nra, MsmR; green), pilus structural proteins (PB/FctA/Tee, AP1/Cpa/FctX, AP2/FctB; dark blue),
other (putative) fibronectin-binding proteins (PrtF1/Sfbl, PrtF2/Ptbp/FbaB, other FnBP; light blue), and processing enzymes (signal
peptidase, sortases; gray); transposases are not shown. The gene content and organization of the FCT regions is based on either
nucleotide sequence determination or PCR-mapping. Representative M-serotypes are assigned, based on the sequenced genomes of
numerous S. pyogenes strains; our current understanding of the relationship between the T type and the FCT form is incomplete. Data
is based on findings reported in (Beres & Musser, 2007; Bessen, et al., 2015; Falugi, et al., 2008; Kratovac, Manoharan, Luo, Lizano, &
Bessen, 2007).

pharyngitis predominates in temperate regions, whereas S. pyogenes impetigo is mostly found in tropical and
sub-tropical locales. Also, the seasonal peaks for pharyngitis (winter) and impetigo (summer) disease differ.

A detailed understanding of the structure of the non-type-specific portions of emm genes and paralogous emm-
like genes has provided key insights on the genetic organization of this species (Haanes, Heath, & Cleary, 1992;
Hollingshead, Readdy, Yung, & Bessen, 1993; Podbielski, 1993), by virtue of the strong correlation between emm
genotype and strains that have a predilection to cause either pharyngitis or impetigo (Bessen, 2009; Bessen, et
al., 2000; Bessen & Lizano, 2010; Bessen, McShan, Nguyen, Shetty, Agrawal, & Tettelin, 2015; Bessen, Sotir,
Readdy, & Hollingshead, 1996). The extreme 3' ends of emm and emm-like genes encode the peptidoglycan cell
wall-spanning domain, whereby a different sub-family (SF) gene forms provide the basis for the emm pattern
scheme (Figure 1). The emm gene, which contains the emm-type-specific determinant, has two major forms of
the peptidoglycan-spanning coding region, and are known as sub-families 1 and 2 (SF-1 and SF-2)
(Hollingshead, Arnold, Readdy, & Bessen, 1994). In addition, many S. pyogenes strains harbor an emm-like gene
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(known as enn) that lies immediately downstream of emm, which has either an SF-1 or a distinct SF-3 form. A
subset of S. pyogenes strains that have a downstream SF-3 enn gene also have, in addition, an upstream SF-4
emm-like gene (known as mrp). In all, there are five basic chromosomal arrangements of emm and emm-like
genes and their SF forms, which are designated as emm patterns A through E (Figure 1). emm patterns B and C
are rare and are grouped together with pattern A strains (referred to as emm pattern A-C), whereby all have an
SE-1 emm gene and lack mrp. emm pattern D and E strains have mrp and the SF-3 form of enn, but are distinct
in that their emm genes are of the SF-1 and SF-2 forms, respectively. The functional significance of the distinct
cell wall-spanning domains is not known. However, the domains are predicted to be 58 and 39 amino acids in
length for SF-1 and SF-2 emm genes, respectively, and the size differential conceivably reflects adaptations to
distinct cell wall structures.

The large central portion of emm and emm-like genes encode functional domains that bind host proteins, such
as IgG, IgA, and plasminogen. The correlation between emm pattern and functional domains varies. For
example, the plasminogen-binding domain is exclusive to SF-1 emm genes of pattern D strains (Berge &
Sjobring, 1993), whereas the IgA-binding domain can be found in association with either SF-2 emm genes or
SE-3 emm-like genes of pattern E strains (Bessen, 1994; Johnsson, Andersson, Lindahl, & Hedén, 1994). The C
repeat regions of SF-1 and SF-2 emm genes also appear to be antigenically distinct (Bessen & Fischetti, 1990).

For the vast majority of emm types examined, multiple isolates that share an emm type belong to the same emm
pattern group (McGregor, et al., 2004). Thus, emm type is highly predictive of emm pattern group, and
reasonable inferences can be made for emm pattern group, based on knowledge of the emm type (McGregor, et
al., 2004; McMillan, et al., 2013). Organisms (~5,400) of known emm type, derived from 29 population-based
collections of S. pyogenes recovered from cases of either pharyngitis or impetigo throughout the world (Steer,
Law, Matatolu, Beall, & Carapetis, 2009), were evaluated to determine their inferred emm pattern group. Data
show that emm pattern A-C strains account for 47% of pharyngitis isolates but only 8% of impetigo isolates,
whereas emm pattern D strains account for 50% of impetigo isolates, but only <2% of pharyngitis isolates
(Bessen, et al., 2011; Bessen, et al., 2015). Thus, emm pattern A-C strains are considered to be "throat specialists,"
whereas the pattern D strains are "skin specialists." emm pattern E isolates account for almost equal fractions of
throat and skin infections (52 and 42%, respectively) and as a group, they are designated as “generalists.”

In a more recent phylogenetic analysis of the portion of 175 emm genes that encode the entire surface-exposed
regions of M proteins, two major clades (X and Y) were identified (Sanderson-Smith, et al., 2014). Of the pattern
E emm types (i.e., generalists), 98% belong to clade X, whereas 92% of pattern A—-C emm types (namely, throat
specialists) fall into clade Y. Thus, for these two emm pattern groups, the excluded cell wall-spanning domain
(SF-1 for pattern A-C, SF-2 for pattern E) is tightly linked to the phylogeny based on the surface-exposed
portion. In contrast, the pattern D emm types (SF-1) form three major groupings (or clusters) distributed among
both clades. In all, 16 major clusters of emm genes were identified; 90% of pattern D and E emm types belong to
one of the 16 emm-clusters, whereas ~half of pattern A-C emm types stand alone and could not be assigned to a
distinct cluster (Sanderson-Smith, et al., 2014). This latter finding highlights a distinct dynamic for the evolution
of many pattern A-C emm types, which is further underscored by data showing that the emm type-specific
region of pattern A—C emm genes display substantially higher levels (~3- to 5-fold) of positive (that is,
diversifying) selection as compared to pattern D or E emm genes (Bessen, McGregor, & Whatmore, 2008).

The geographic partitioning observed for many throat and skin specialist S. pyogenes strains can potentially
create ecological barriers that may eventually lead to allopatric speciation, due to reduced opportunities for
horizontal gene transfer (HGT). However, when one considers the seven core housekeeping genes that are used
for the multilocus sequence typing (MLST) of S. pyogenes, there is no evidence for genetic divergence between
emm pattern A-C (throat specialist) and emm pattern D (skin specialist) strains (Kalia, Spratt, Enright, &
Bessen, 2002). In fact, numerous studies based on core housekeeping genes point to very high rates of
homologous recombination (following HGT) among S. pyogenes (Feil, et al., 2001; Hanage, Fraser, & Spratt,
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2006; Vos & Didelot, 2009). Thus, despite wide spatiotemporal distances, S. pyogenes of different emm pattern
groups contain the signatures of an extensive past history of HGT events. Furthermore, against a background of
highly random associations among core housekeeping genes, as observed for S. pyogenes, the strong associations
between emm pattern group and preferred tissue sites for infection are indicative of a direct role for emm and/or
emm-linked genes in establishing tissue site tropisms. An emm-linked gene that contributes to establishing the
tissue site specificity for S. pyogenes infection could potentially have a map position close to emm on the
chromosome; or alternately, it is physically distant, and linkage disequilibrium is maintained by strong co-
selection pressures that act to preserve the adaptive phenotype.

Clones of S. pyogenes can be defined by their sequence type (ST) based on MLST (Enright, Spratt, Kalia, Cross, &
Bessen, 2001) (http://pubmlst.org/spyogenes/). The correspondence between emm type and clone (or clonal
complex) varies in accordance with emm pattern group, where isolates of pattern D and E emm types are ~4
times more likely to be associated with multiple, distant genetic backgrounds (a result of HGT), as compared to
emm types of pattern A-C strains (Bessen, McGregor, & Whatmore, 2008). Thus, for pattern A-C strains, most
emm types closely correspond to a single clone (ST) or clonal complex. Furthermore, distinct emm types
assigned to pattern A-C are occasionally observed on the same clonal background (i.e., ST). The recovery of
both types of strain pairs—same emm type/distant ST (patterns D and E), and different emm type/same ST or
clonal complex (pattern A-C)—may reflect serotype replacements that emerge due to positive selection pressures
driven by immune escape. Thus, the relationships between emm type and clone that are uncovered in nature may
have important implications for a differential role of host immune selection in shaping the population genetic
structure of clinically important subsets of strains.

A second major serotyping scheme for S. pyogenes is based on trypsin-resistant surface antigens. The T-antigens
are contained within extended surface pili that consist of covalently-linked polymers of two or three distinct
gene products, following their digestion by trypsin (Mora, et al., 2005). There are ~20 recognized T-serotypes,
and many S. pyogenes strains have multiple T-types (e.g., T3/13/B, T8/25/Imp19). Although the precise
relationship between T-serotypes and antigenic epitopes within the (trypsin-treated) pilus structural proteins has
not yet been fully elucidated, the genetic analysis of pilus genes shows strong correspondence to most T-
serotypes (Falugi, et al., 2008).

The first tee gene whose nucleotide sequence was determined is tee6 (Schneewind, Jones, & Fischetti, 1990),
which was later mapped (Bessen & Kalia, 2002) to a genomic region encoding the fibronectin-binding protein
PrtF1 and transcriptional regulator RofA (Fogg, Gibson, & Caparon, 1994). This genomic region has structural
similarities to another virulence regulon that encodes the RofA-like protein (RALP) known as Nra and a
collagen-binding protein (Cpa) (Podbielski, Woischnik, Leonard, & Schmidt, 1999). This genomic region
became known as the FCT region, in which FCT stands for Fibronectin- and Collagen-binding proteins and T-
antigen (Bessen & Kalia, 2002).

A genetic assessment of >150 S. pyogenes isolates led to the characterization of nine basic forms of the FCT
region (Beres & Musser, 2007; Falugi, et al., 2008; Kratovac, Manoharan, Luo, Lizano, & Bessen, 2007), many of
which have been confirmed by whole genome sequencing (reviewed in (Bessen, et al., 2015) and shown in Figure
2). Each FCT region contains five to 10 ORFs, and all are bounded at one end by either rofA or nra. In addition,
all FCT regions contain genes that encode the major pilin backbone protein (BP, which is often FctA), one or two
accessory pilin proteins (for example, AP2 or FctB), and at least one specialized sortase (Barnett & Scott, 2002;
Falugi, et al., 2008; Kratovac, Manoharan, Luo, Lizano, & Bessen, 2007; Kreikemeyer, et al., 2011; Mora, et al.,
2005; Scott, 2014). The gene that encodes the collagen-binding protein (AP1, or Cpa) is present in many, but not
all FCT region forms. The nine FCT regions also vary in their content of fibronectin-binding protein genes (for
example, prtF1/sfbl and prtF2/pfbpl/fbaB) whose products do not appear to be part of the pilus structure, and a
second transcriptional regulator gene (msmR). Extensive diversity in nucleotide sequencing is observed among
cpa, fctA, and prtF1alleles (Falugi, et al., 2008; Kratovac, Manoharan, Luo, Lizano, & Bessen, 2007). The RALPs
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RofA and Nra regulate the expression of pilin genes, and depending on the S. pyogenes strain, the regulatory
effect can be positive or negative (Kreikemeyer, Beckert, Braun-Kiewnick, & Podbielski, 2002; Luo, Lizano, &
Bessen, 2008; Podbielski, Woischnik, Leonard, & Schmidt, 1999). Thus, not all S. pyogenes strains express pili,
and those with a negative regulator may be T-nontypable organisms.

As previously recognized for M- and T-serotypes (Johnson, Kaplan, VanGheem, Facklam, & Beall, 2006), there is
also a reasonably high concordance between emm type and FCT region, in that multiple S. pyogenes isolates with
the same emm type also have a strong tendency to harbor the same FCT region form (Falugi, et al., 2008;
Kratovac, Manoharan, Luo, Lizano, & Bessen, 2007). However, there is also evidence for a history of horizontal
transfer of FCT region genes between S. pyogenes strains of different emm types, and between S. pyogenes and
related streptococcal species (such as group B streptococci); the emm and FCT regions lie ~250 kb apart on the
~1.8-1.9 Mb S. pyogenes genome. The FCT region forms found in association with the highest number of distinct
emm types are FCT-3 and FCT-4 (Falugi, et al., 2008; Koller, et al., 2010; Kratovac, Manoharan, Luo, Lizano, &
Bessen, 2007). Strikingly, of 113 S. pyogenes strains that represent 112 emm types, 83% of strains that harbor
FCT-3 are emm pattern D (30/36), whereas 84% of strains with FCT-4 are emm pattern E (26/31) (Kratovac,
Manoharan, Luo, Lizano, & Bessen, 2007). Thus, despite their physical distance on the genome (combined with
extensive recombination among core housekeeping genes), there is a strong linkage between the FCT region
form and emm pattern, which supports the notion that the FCT region gene products may play an adaptive role
in establishing tissue tropisms.

Serum opacity factor (SOF) is an LPXTG-anchored, multifunctional surface protein that also appears in a
secreted form. SOF binds fibronectin and enzymatically disrupts the structure of high-density lipoproteins that
are present in blood (Courtney & Pownall, 2010). The original SOF typing scheme was serologically based,
wherein SOF type-specific serum neutralized enzymatic activity. More recently, sof sequence types have been
defined by a 450-bp region at the 5' end of the sof gene (Beall, et al., 2000; Rakonjac, Robbins, & Fischetti, 1995);
the genome map position of sof lies ~16.5 kb from emm. All (or nearly all) emm pattern E strains have a sof gene
and an enzymatically active SOF protein (Beall, et al., 2000; Johnson, Kaplan, VanGheem, Facklam, & Beall,
2006; Kratovac, Manoharan, Luo, Lizano, & Bessen, 2007). Several emm pattern D strains also have a sof gene;
these represent a subset of pattern D strains that are assigned to clade X of the emm cluster scheme (Sanderson-
Smith, et al., 2014). Despite the close physical distance between sof and emm on the chromosome, several emm
types are found in association with >1 sof type (and vice versa), which is indicative of HGT of emm or sof to new
genetic backgrounds (Beall, et al., 2000). Attempts to generate a phylogeny for the sof-specific determinants have
been largely unsatisfactory, due to extensive intergenic recombination (Wertz, McGregor, & Bessen, 2007).
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Introduction

Streptococcus pyogenes (Group A Streptococcus or S. pyogenes) is endowed with a formidable arsenal of virulence
factors that allow it to evade a host’s innate immune responses (Cole, Barnett, Nizet, & Walker, 2011; Olsen,
Shelburne, & Musser, 2009; Olsen & Musser, 2010). Additionally, S. pyogenes responds to a variety of host
environmental conditions to maintain its metabolic fitness (Kreikemeyer, Mclver, & Podbielski, 2003). Together,
these properties enable S. pyogenes to cause a variety of localized and invasive diseases, such as pharyngitis,
impetigo, cellulitis, necrotizing fasciitis, and toxic shock syndromes (Aziz & Kotb, 2008; Chapnick, et al., 1992;
Fox, Born, & Cohen, 2002; Ralph & Carapetis, 2013; Schlievert, Assimacopoulos, & Cleary, 1996; Sharkawy, et
al., 2002). Thus, despite important advances in hygiene and modern methods of prevention, S. pyogenes remains
a very successful pathogen, and is responsible for more than half a million deaths per year worldwide (Carapetis,
Steer, Mulholland, & Weber, 2005; Sanderson-Smith, et al., 2014).

Historical perspective

The desire of researchers to understand and define the metabolism of S. pyogenes is not new, although the
purpose and perspective of such studies have changed over time. Up until the serological differentiation of
human and other groups of hemolytic streptococci (Brown, 1919; Schottmiiller, 1903) was established in 1933,
by Rebecca Lancefield (Lancefield, 1933), B-hemolytic S. pyogenes, like other living organisms, was originally
thought to possess cytochromes for respiration. However, the early attempts of Farrell (Farrell, 1935; Fujita &
Kodama, 1935) to find cytochromes in S. pyogenes were unsuccessful, as the treatment of Streptococcus with
potassium cyanide, which is a potent inhibitor of cytochromes and the respiratory chain, was unable to inhibit
the growth of this bacterium. Instead, S. pyogenes was found to contain peroxidase (but not catalase) as a
hydrogen acceptor and utilized glucose as the sole carbon source for growth (Farrell, 1935). Hewitt investigated
the manner in which S. pyogenes oxidized simple sugars, such as glucose, to identify the end product (Hewitt,
1932); his study found that nearly 75% of the glucose that was initially present was converted to lactic acid. The
early attempts of Chu and Hastings, as well as Farrell, to measure oxygen consumption in the presence of glucose
failed (Chu & Hastings, 1938; Farrell, 1935).

In an attempt to detect respiration, Sevag and Shelburne added yeast extract or normal horse serum to the
glucose medium, which enabled the detection of a significant increase in S. pyogenes respiration (Sevag &
Shelburne, 1942a; Sevag & Shelburne, 1942b). Waring and Weinstein's systematic experimental approaches that
used Warburg’s measurement of oxygen consumption confirmed that the active constituents of heated or non-
heated Sevag’s enriched medium that supported S. pyogenes growth were present in the dialyzable material (i.e.,
amino acids) (Waring & Weinstein, 1946). However, these authors were perplexed by their observations that the
growth of S. pyogenes was inhibited after the addition of glucose in the absence of simple nitrogen. Although the
significance of the simultaneous requirement of carbohydrates and simple nitrogen for the growth of S. pyogenes
was not clear, it supported the earlier findings of Berman and Rettger (Berman & Rettger, 1918), which indicated
that unlike Kendall’s “protein-sparing effect” (Kendall, 1922), S. pyogenes prefers not to utilize carbohydrates
until the nitrogen-containing material is present. Subsequent studies also revealed the importance of glutamine,
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serum, and other bodily fluids for the growth of S. pyogenes (Mcllwain, Fildes, Gladstone, & Knight, 1939).
Additionally, the new growth factor streptogenin, which was required for the growth of S. pyogenes, was initially
identified in a casein hydrolysate basal medium (Sprince & Woolley, 1945; Woolley, 1941; Woolley, 1948).
Subsequently, streptogenin was also detected in the pancreatic digest of casein (Slade, Knox, & Slamp, 1951), in
heated ovalbumin (Slade & Slamp, 1955), and even in Todd-Hewitt broth, the most commonly used growth
medium (Todd & Hewitt, 1932). In 1946, Funk demonstrated that streptogenin is likely to consist of vitamins
adsorbed onto protein fragments (Mcllwain, Fildes, Gladstone, & Knight, 1939). Based on individual amino acid
requirements for the normal and steady-state growth of S. pyogenes, it became clear that S. pyogenes is
auxotrophic for (unable to synthesize) nearly 15 amino acids (Davies, Karush, & Rudd, 1965; Slade H. , 1954).

These early attempts to grow S. pyogenes in a chemically-defined medium (CDM) required either the
supplementation of Todd-Hewitt broth to acclimatize S. pyogenes to a new environment or a large inoculum size
(Mickelson, 1964). However, such attempts yielded growth with either reduced or absent expression of the M
protein, which is a major known virulence factor (Davies, Karush, & Rudd, 1968; Lancefield, 1962), thus
defeating the purpose of growing S. pyogenes in CDM. Finally, the efforts of Van de Rijn and Kessler resulted in a
CDM that had a well-defined formulation of salt, vitamins, amino acids, nucleotides, and metal ions (van de Rijn
& Kessler, 1980). This widely used CDM supports the growth of S. pyogenes as effectively as enriched media.
While these early attempts did not aim to investigate S. pyogenes metabolism per se but instead sought to
determine the basic requirements for obtaining optimal S. pyogenes growth, they set the stage for many
subsequent studies related to the new phase of interest in S. pyogenes metabolism.

Contemporary interest in S. pyogenes metabolism

Information on whole-genome sequence analysis of several S. pyogenes strains belonging to different M types in
the last few decades has had a tremendous impact, not only in understanding the global molecular epidemiology
of S. pyogenes and its mode and spread of infection, but also its mechanisms of pathogenesis (Musser, 1996;
Musser & DeLeo, 2005; Olsen & Musser, 2010; Sanderson-Smith, et al., 2014). A wide spectrum of S. pyogenes
diseases, which range from asymptomatic carriage and self-limiting symptomatic pharyngitis or purulent
pyoderma to invasive and often fatal diseases, such as cellulitis, necrotizing fasciitis, and toxic shock syndrome,
establishes that S. pyogenes can invade, survive, and proliferate within the diverse micro environments of human
cells and tissues (Carapetis, Steer, Mulholland, & Weber, 2005; Ralph & Carapetis, 2013). Thus, in a broad sense,
S. pyogenes infections range from severe invasive (sepsis) and superficial symptomatic diseases (pyoderma,
pharyngitis) to asymptomatic commensal colonization. Each type of infection may occur in isolation, or as
integrated into a sequence progressing in severity. During any of these infections, S. pyogenes primarily replicates
as an extracellular pathogen. However, a subpopulation may be found in an intracellular location, where it may
or may not replicate but can promote various forms of programmed death of the infected cells (Bricker, Cywes,
Ashbaugh, & Wessels, 2002; Medina, Goldmann, Toppel, & Chhatwal, 2003a; Medina, Rohde, & Chhatwal,
2003b; Osterlund, Popa, Nikkild, Scheynius, & Engstrand, 1997). Given such various infection niches, invasive S.
pyogenes diseases likely represent a combination of nutritionally distinct microenvironments that include the
one that allows S. pyogenes to grow extracellularly, and the one that is created intracellularly subsequent to the S.
pyogenes invasion of non-phagocytic cells and/or its phagocytosis by neutrophils and macrophages. All of these
events ultimately lead to host cell death (Agarwal, Agarwal, Jin, Pancholi, & Pancholi, 2012; Barnett, et al., 2013;
Cywes Bentley, Hakansson, Christianson, & Wessels, 2005; Ito, et al., 2013; Marouni & Sela, 2004; Molinari,
Rohde, Guzman, & Chhatwal, 2000). Each of these microenvironments challenges S. pyogenes with a unique
nutritional landscape.

Key differences between these diverse microenvironments include variations in the number and abundance of
different substrates, including sugar/glucose, proteins/amino acids, oxygen/CO3, pH values, and osmolarity.
Since S. pyogenes is a multiple amino acid auxotroph that preferentially uses glucose as a primary source of
energy, progression through each of these diverse environments requires S. pyogenes to adapt its metabolism to
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continuously adjust to a changing host nutritional environment. For example, while blood and plasma are
extremely rich in proteins and amino acids, other body structures and fluids (including skin/sweat) contain a
nearly ten-fold or lower concentration of free amino acids (Calderén-Santiago, et al., 2015; Greiling & Gressner,
1995). Similarly, compared to the glucose content of human blood, the amount of glucose in the saliva (Gough,
Luke, Beeley, & Geddes, 1996), nasal secretions (Wood, Brennan, Philips, & Baker, 2004), lower airway
secretions (de Prost & Saumon, 2007), and skin/sweat (Calderdn-Santiago, et al., 2015) have been reported to be
equally poor in content. Further, as S. pyogenes is a lactic acid bacterium, it relies exclusively on acid-generating
fermentation pathways to generate energy. Thus, during active infection, S. pyogenes must adapt to nutritional
stress caused by the depletion of glucose, as well as to pH stress caused by the accumulation of organic acids that
are its fermentative end products.

Not only does S. pyogenes have to adapt nutritionally to a dynamic host environment, but it must also coordinate
the expression levels of its virulence factors with these changes. Transcriptome analyses of several fully
sequenced genomes of S. pyogenes grown in various in vitro and in vivo models, including primate and non-
primate animal models (Banks, et al., 2004; Beres, et al., 2002; Graham, et al., 2005; Graham, et al., 2006; Green,
et al., 2005; Musser & DeLeo, 2005), have unequivocally established that S. pyogenes metabolism and virulence
are closely linked, which reveals the bidirectional “cause and effect” host-parasite relationship. An important
component of this relationship is the linkage between substrate growth selection and transcriptional regulation
of virulence genes, including those that are not required to metabolize specific substrates, but are required to
resist host defenses. This linkage suggests that S. pyogenes senses a variety of environmental adversities, including
changes in the availability of preferred growth substrates for the global regulation of its virulence network in
both temporal and host compartment-specific patterns, and maintains its reproductive capacity and
transmissibility from one human host to other.

Typically, the life cycle of S. pyogenes starts with asymptomatic carriage on a mucosal or epithelial surface, where
it does not cause acute disease, but simply remains in a quiescent state. Based on the research by Ferrieri et al.
(Ferrieri, Dajani, Wannamaker, & Chapman, 1972), S. pyogenes can maintain a quiescent state on normal skin
for an average period of 8 days before skin lesions develop, and remain in this state for about 2-3 weeks prior to
the establishment of a new niche in the oropharynx. Nutrients in this latter microenvironment are primarily
derived from saliva, and competition with commensal oral bacteria for the limited availability of essential
nutrients forces S. pyogenes to transform its metabolism from a growth mode to a survival mode. As a
consequence, the survival mode is characterized by a temporal induction of several S. pyogenes virulence factors
in response to nutrient depletion, including toxins (Kreikemeyer, Mclver, & Podbielski, 2003), and these
promote sustained asymptomatic colonization. Subsequently, S. pyogenes can invade and proliferate in the
equally nutritionally challenged environment of the host’s intracellular and deeper tissues. In certain hosts, S.
pyogenes can reemerge after an extended period of quiescence (Osterlund, Popa, Nikkild, Scheynius, &
Engstrand, 1997) and overcome a host’s innate immune responses, leading to life-threatening necrotic diseases
(Agarwal, Agarwal, Jin, Pancholi, & Pancholi, 2012; Barnett, et al., 2013; Cywes Bentley, Hakansson,
Christianson, & Wessels, 2005; Ito, et al., 2013; Marouni & Sela, 2004; Molinari, Rohde, Guzman, & Chhatwal,
2000). As part of this lifecycle, the survival mode requires S. pyogenes to confront the challenge of host
neutrophils/host immune cells by adapting its cellular redox status, by detoxifying intracellular oxygen radicals,
and by adapting to low pH and osmotic insults to prevent its elimination from the infection site.

Therefore, contemporary interest in understanding S. pyogenes metabolism has transitioned from the analysis of
coupled biochemical reactions to studies that focus on revealing the molecular and genetic basis of how S.
pyogenes adapts its metabolic status in the context of a dynamic host environment, as well as the consequences of
adaptation on virulence factor expression and pathophysiology. Against the backdrop of these historical and
contemporary perspectives of S. pyogenes metabolism, the purpose of the present chapter is: (i) to describe
various metabolic pathways present in S. pyogenes; (ii) to elucidate the manner in which important nutritional
factors are transported and utilized; and (iii) to set the stage for virulence regulation, which is described in detail
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in one of the subsequent chapters. A unifying theme of this chapter will be to highlight reports that have
addressed important questions about the bidirectional “cause and effect” host-pathogen relationship, such as:
How does S. pyogenes survive in a nutritionally limited environment? What is the metabolic status of the S.
pyogenes carrier state? How does S. pyogenes use its metabolic potential to grow efficiently in different types of
tissues? What is the metabolic status of S. pyogenes during infection of different microenvironments? How does
S. pyogenes adapt its metabolism over time in response to changes in substrate availability, including changes
that are caused by its consumption of nutrients and/or the host’s response to infection?

Any discussion of S. pyogenes metabolism would be incomplete without a consideration of its diverse population
structure. Presently, more than 240 emm serotypes of S. pyogenes have been reported (Carapetis, Steer,
Mulholland, & Weber, 2005; Ralph & Carapetis, 2013; Sanderson-Smith, et al., 2014; Steer, Law, Matatolu, Beall,
& Carapetis, 2009). Type M1 S. pyogenes was the very first serotype. Although the detection of this type through
the early 20th century was fairly common, a new hypervirulent clone (M1T1) bearing a specific prophage that
contained a gene encoding SpeA toxin emerged in the population in early 1980. This newly evolved highly
pathogenic emm type 1 strain became the most commonly isolated emm type in many parts of the world
(Nasser, et al., 2014). Thus, in the present chapter, the gene annotations that correspond to all of the discussed
enzymes/proteins have been adopted from the genome sequence of the type M1 S. pyogenes strain MGAS5005
(Sumby, et al., 2005). Where necessary, they are indicated as the annotated gene name or ORF # Spy_XXXX
(lower-case italics for genes,i.e. “gene” or “spy_XXXX”, or Capitalized non-italics for translated proteins, i.e.
“Gene” or “Spy_XXXX”), where XXXX refers to a specific number of a genetic locus within the open reading
frame of the genome (NCBI, 2015). Annotations of some of the genes or proteins of type M1 S. pyogenes
MGAS5005 are based on genetic, biochemical, and functional analyses carried out by various investigators, or
based on the homology with the annotated genes from other emm types or homologous genes reported in other
Gram-positive pathogens, but that are not annotated in the publicly available type M1 MGAS5005 genome.

The present chapter describes the contributions of numerous investigators who have enhanced our
understanding of (i) sugar and amino acid transport and their utilization during depleted vs. enriched
environments; (ii) factors that neutralize the reactive oxygen-mediated assault during phagocytosis and high
acidic pH in purulent conditions when various metabolic end products, including lactic acid are accumulated;
and (iii) environmental cues that trigger adaptive responses in S. pyogenes that complement the environment-
associated nutrient deficiencies. While the extensive literature on S. pyogenes carbohydrate and amino acid
metabolisms has been published, other well-established metabolic pathways have not yet been investigated in S.
pyogenes. In the forthcoming description in this chapter, those pathways are described in context with published
S. pyogenes genome sequences and transcriptome analyses, or corresponding pathways described in other Gram-
positive pathogens, to emphasize their pathophysiologically relevant contribution to S. pyogenes virulence and
the mechanism of S. pyogenes pathogenesis.

Carbohydrate metabolism

Glycolysis

As glucose is the primary carbon source for obtaining energy, S. pyogenes has an intact glycolytic pathway
(namely, the Embden-Meyerhof-Parnas (EMP) pathway). This pathway is constituted of 12 coupling enzymes
and is responsible for the net gain of 2 ATP molecules and 2 NADH, molecules. These enzymes are:
phosphoglucomutase (Spy_0938 and Spy_1235); glucose-specific transporter IIABC (Spy_1692 and Spy_1693);
glucokinase (Spy_1257); glucose-6-phosphate isomerase (Spy_0185); 6-phosphofructokinase (Spy_0989);
fructose-bisphosphate aldolase (Spy_1707); triosephosphate isomerase (Spy_0509); glyceraldehyde-3-phosphate
dehydrogenase (Spy_0233); NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (Spy_1119);
phosphoglycerate kinase (Spy_1599); phosphoglycerate mutase (Spy_0497, Spy_1164, and Spy_1503); enolase
(Spy_0556); and pyruvate kinase (Spy_0988) (Figure 1). The activation of EMP enzymes is dependent on
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divalent cations (Mg2* or Mn?*) that allow enzymes to bind to negatively charged, energy-rich phosphorylated
substrates. While most individual glycolytic reaction steps are reversible, two steps each in the first and the
second half of the EMP pathway (the conversion of glucose to glucose-6-P and fructose-6-P to fructose 1,6-bis-
P, and the conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate and phosphoenolpyruvate to pyruvate,
respectively) are irreversible. The significance of the presence of multiple copies of phosphoglucomutase and
phosphoglycerate mutase in S. pyogenes is presently unknown, and their presence is likely due to gene
duplication. It is also unknown whether other copies are functionally active and possess a function other than
the glycolytic function. The presence of multiple copies of this enzyme could be another example that may justify
the concept of neofunctionalism (as discussed later in this chapter) for tagatose-6-phosphate metabolism
(Loughman & Caparon, 2007).

All of the enzymes in this pathway typically reside in the cytoplasm in S. pyogenes. However, many of these
enzymes, such as GAPDH and enolase, are also exported to the cell surface through an unknown mechanism.
These proteins are, therefore, known as anchorless surface proteins (Fischetti, 2006; Pancholi & Chhatwal, 2003;
Pancholi & Fischetti, 1992; Pancholi & Fischetti, 1993; Pancholi & Fischetti, 1998). The biochemical properties of
these anchorless surface-exported glycolytic enzymes indicate that they possess multiple virulence-related
functions; some of these enzymes, such as GAPDH, also called streptococcal surface dehydrogenase (SDH),
serve as major virulence determinants (Jin, Song, Boel, Kochar, & Pancholi, 2005; Pancholi & Fischetti, 1992;
Pancholi & Fischetti, 1993; Pancholi & Fischetti, 1997). In fact, the surface exportation of SDH is essential for the
maintenance of S. pyogenes virulence (Boél, Jin, & Pancholi, 2005; Jin, Agarwal, Agarwal, & Pancholi, 2011).

Genome analyses of several strains of S. pyogenes have also revealed that, unlike many other Gram-positive
pathogens, S. pyogenes does not possess the genes that encode enzymes associated with the aerobic tricarboxylic
acid cycle (TCA), also known as the Krebs cycle. However, S. pyogenes contains several genes that encode
enzymes of the specific pathway that leads to the TCA cycle identified in other prokaryotes, such as spy_0751/
acoA (pyruvate dehydrogenase E1 a), spy_0752/acoB (pyruvate dehydrogenase E1 B), spy_0753/acoC (a-ketoacid
dehydrogenase E2), and spy_0755/acoL (dihydrolipoamide dehydrogenase). S. pyogenes represents these
enzymes in the form of a truncated TCA pathway. Although the functional significance of the acoA-C-encoded
enzymes is currently unknown, these enzymes appear to be involved in the conversion of pyruvate to acetyl-CoA
(Figure 1).

Similarly, S. pyogenes also contains an incomplete Entner-Doudoroft (ED) pathway, which is an alternative
glycolytic pathway (Conway, 1992); this incomplete pathway is characterized by the presence of a few key
enzymes. The ED pathway is responsible for the catabolism of glucose to pyruvate via non-phosphorylated
intermediates. S. pyogenes possesses a key gene that encodes keto-hydroxyglutarate aldolase/keto-deoxy
phosphogluconate aldolase (KDPGA/EDA/KgdA) (Spy_0527). The ED pathway differs from the classical
glycolytic EMP pathway, based on the nature of the 6-carbon metabolic intermediate. In the EMP pathway,
fructose 1,6-bisphosphate aldolase catalyzes the conversion of fructose 1,6-bisphosphate to glyceraldehyde-3-
phosphate. In contrast, in the ED pathway, KDPG aldolase catalyzes the conversion of 2-keto 3-deoxy-6-
phosphogluconate to glyceraldehyde-3-phosphate and pyruvate. The pathophysiological significance of this
orphan enzyme is currently unknown, as S. pyogenes cannot convert glucose to gluconolactone and 6-
phosphogluconate to enter the ED pathway (Figure 1). The absence of this pathway makes GAPDH/PIr or SDH
(Spy_0233) the key metabolic enzyme in S. pyogenes. Therefore, the second half of the EMP pathway is crucial to
the formation of pyruvate, which is required for S. pyogenes growth and survival.

Phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS)

S. pyogenes is a human pathogen and uses glucose as the primary carbon source for its growth. During systemic
or deep-wound infection surrounded by blood products and innate immune cells, plasma and serum can
provide a glucose-rich environment for S. pyogenes growth. However, during the colonization of the oral cavity
or skin tissues, where the glucose content is low (Calderén-Santiago, et al., 2015; de Prost & Saumon, 2007;
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Fig.1
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Figure 1: The Embden-Meyerhof-Parnas (EMP) pathway and its association with the incomplete Entner-Doudoroff (ED) and
tricarboxylic acid (TCA) pathways present in Streptococcus pyogenes. S. pyogenes uses glucose as its sole carbon source for energy. The
significance of the presence of incomplete ED and TCA pathways is currently unknown. The EMP pathway is responsible for the net
gain of two ATP molecules and two NADH, molecules. The incomplete nature of alternate energy sources makes many glycolytic
enzymes essential for survival, especially those that belong to the second half of the EMP pathway. The genes that encode the enzymes
involved in the glycolysis process are shown as the ORF numbers (shown in blue fonts) annotated in the genome of the type M1 S.
pyogenes MGAS5005 strain. The choice to use this genome over other published S. pyogenes genomes is based entirely on the worldwide
prevalence of MGAS5005-like type M1 strains.

Gough, Luke, Beeley, & Geddes, 1996; Wood, Brennan, Philips, & Baker, 2004), S. pyogenes is forced to use non-
glucose complex carbohydrates for its growth and survival. Like most bacteria, S. pyogenes also utilizes a salvage
pathway as an alternative energy source; this pathway is activated only when glucose is present in scarce
amounts. When glucose is present in excess, the genes that are responsible for catabolizing complex
carbohydrates to glucose are repressed: a phenomenon known as carbon catabolite repression (CCR). CCR
allows S. pyogenes to adapt quickly to a preferred or rapidly metabolizable carbon and energy source. As early as
the 1960s and 1970s, the relationship between the nature and amount of carbohydrate and the production of
major virulence factors, such as the M protein and streptolysin O, was already established (Davies, Karush, &
Rudd, 1968; Pine & Reeves, 1978; Todd & Hewitt, 1932). However, the detailed mechanism that underlies CCR
in S. pyogenes was not known until recently (Almengor, Kinkel, Day, & Mclver, 2007).
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In virtually all low-GC Gram-positive organisms, including S. pyogenes, CCR is regulated by the
phosphoenolpyruvate (PEP)-dependent phosphotransferase (PTS) system (Deutscher, et al., 2014; Deutscher,
Francke, & Postma, 2006). This system catalyzes the uptake, transport, and phosphorylation cascades of several
carbohydrates. Reizer and Saier’s group first discovered the PTS system in S. pyogenes during their studies of the
transport of B-galactosides in resting cells when they observed the expulsion of sugars (Reizer, Novotny,
Hengstenberg, & Saier, 1984). In particular, those authors observed that resting or starved cultures use the PTS
and the cytoplasmic storage of PEP for the uptake and phosphorylation of PTS sugars. Further, the addition of a
metabolizable PTS sugar elicited the rapid dephosphorylation of intracellular sugar-phosphate and the energy-
independent efflux of the sugar. This energy-independent vectorial system generally consists of sugar/
carbohydrate-specific PTS permeases (also known as enzyme II or EII), enzyme EI (Ptsl or EI, Spy_1120), and a
histidine-containing phosphocarrier protein (PtsH/HPr, Spy_1121). Sugar-specific permeases, in general, are
composed of three/four protein domains that are referred to as EIIA, B, and C/D. Ten sugar-specific permease
systems are present in S. pyogenes. These systems are dedicated to the transport of ascorbate (KEGG spz
MO00283), lactose (KEGG spz M00281), galactitol (KEGG spz M00279), mannose (KEGG spz M00276),
cellobiose (KEGG spz M00275), fructose (KEGG spz M00273), trehalose (KEGG spz M00270), sucrose (KEGG
spz M00269), glucose (KEGG spz M00265), and N-acetylglucosamine.

As Figure 2 illustrates, the phosphotransfer cascade starts with EI and PEP (and is thus PEP-dependent) and
proceeds via HPr to the sugar-specific EIIA and EIIB domains of the PTS permeases. PEP-mediated
phosphorylation of the EI enzyme targets the His15 residue of HPr. HPr can be found in different
phosphorylated forms (Deutscher, Francke, & Postma, 2006). Deutscher, Francke, and Postma (Deutscher,
Francke, & Postma, 2006) demonstrated that HPr is also phosphorylated by HPr kinase/phosphorylase
(HPrK/P) (Spy_0484). This phosphorylation requires ATP or pyrophosphate as a phosphoryl donor, instead of
PEP. HPrK/P-mediated phosphorylation of HPr occurs at the Ser46 residue. The kinase activity of HPrK/P is
primarily activated by fructose 1,6-bisphosphate (FBP). In general, the high FBP stimulates the kinase activity,
and low FBP allows the enzyme to function as a phosphatase (32). The resultant HPrSer46~P serves as a co-
repressor for catabolite control protein A (CcpA, Spy_0424). The CcpA-HPrSer46~P dimer binds more
efficiently to its specific catabolite control element (cre) sites (Almengor, Kinkel, Day, & Mclver, 2007; Deutscher,
Francke, & Postma, 2006; Shelburne, et al., 2008a). Based on 126 B. subtilis consensus “cre” (TGW[A/T]AAR[A/
G]JCGY[C/T]TW[A/T]N[A/T/G/C]CW[A/T]) sites, 98 potential CcpA-binding sites (RegPrecise, 2015) have
been detected in the type M1 SF370 S. pyogenes strain (Almengor, Kinkel, Day, & Mclver, 2007). Several studies
have characterized CcpA networks both biochemically and functionally by using both DNA-binding assays and
comparison of transcriptional profiles of wild-type versus CcpA-deficient mutants (Almengor, Kinkel, Day, &
Mclver, 2007; Kietzman & Caparon, 2010; Kietzman & Caparon, 2011; Kinkel & MclIver, 2008; Shelburne, et al.,
2010). While the kinase activity of HPrK/P plays a key role in the modulation of the DNA-binding affinity of
CcpA, its phosphatase activity is modulated and stimulated in the presence of increased amounts of inorganic
phosphate (P;) which results from the increased catalysis of intracellular ATP and fructose 1,6-bisphosphate
(Deutscher, et al., 2014; Deutscher, Francke, & Postma, 2006). Depending on the metabolic demand, the ATP-
and Pj-dependent dual functions of S. pyogenes HPrK/P coordinate and balance the relative concentrations of
the HPrSer46~P and His15-phosphorylated HPr (HPrHis15~P).. While the former serves as an active CcpA
cofactor but an inactive sugar transport mediator, the latter form plays an active role in the PTS sugar transport
but remains as an inert CcpA-cofactor. Thus, CcpA-mediated CCR activity requires the sustained maintenance
of HPrSer46~P, which also inhibits the E1-mediated HPrHis15~P to exclude uptake of PTS sugars (Deutscher, et
al., 2014; Deutscher, Francke, & Postma, 2006). The detailed mechanism of transcriptional regulation is
described in another chapter in this book.

Complex carbohydrate metabolism and transport

The predilection of S. pyogenes to colonize the oropharynx and cause pharyngitis reflects the dual nature of the
regulation of carbohydrate utilization. During colonization or biofilm formation (Tylewska, Fischetti, &
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Figure 2: Phosphoenol pyruvate (PEP)-dependent phosphotransferase (PTS) pathway and catabolite repression. The PEP-PTS pathway
in S. pyogenes couples the phosphorylation and import of glucose and non-glucose sugars. S. pyogenes possesses 14 PTS and four ABS
transport systems to transport glucose and non-glucose carbohydrates. Some complex carbohydrates are transported via two different
PTS systems. As shown, the cytoplasmic enzymes EI, sugar-specific EII, and phosphocarrier protein (HPr)-kinase/phosphorylase
(HPrK/P), in conjunction with HPr, form the phosphorelay system that transfers phosphate from the energy-rich PEP (AG®= -62.2 kJ/
mol) produced by glycolysis to the incoming sugar. The phosphorylation of HPr by EI at histidine residue 15 forms HPrHis15~P, and
couples sugar uptake to sugar phosphorylation (e.g., glucose-6-phosphate) through the carbohydrate-specific EII enzyme.
Phosphorylated sugars are then channeled into the glycolytic pathways. The bifunctional HPrK/P regulates HPr activity through
phosphorylation at serine residue 46 to form HPrSer46~P in the presence of ATP; this form of the protein is unable to phosphorylate
Ells. HPrSer46~P also activates catabolite repression through the catabolite control protein (CcpA), which dimerizes more efficiently
with HPrSer46~P. The HPr-CcpA dimer then binds to the “cre” locus to execute transcriptional regulatory activity. (+) and (-) denote
transcription stimulation and repression, respectively, depending on whether the targeted “cre” region is located upstream of the -35
and -10 promoter elements and the ribosomal binding site (RBS), or between the -35 and -10 elements and the RBS. When the glucose
content is depleted, the uptake of non-glucose is activated through PTS. The ABC transport system mediates the uptake of certain
carbohydrates. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

Gibbons, 1988; Virtaneva, et al., 2005), the close interaction with saliva and salivary contents with a significantly
lesser amount of free glucose requires S. pyogenes to adjust its metabolism to use complex carbohydrates as key
nutrients for its survival. Maltodextrin, which is an a-1,4-linked glucose polymer (with the dextrose equivalent
value of 3-20), is a major constituent of the saliva and is derived from starch (a common component of the
human diet) as a salivary a-amylase-digested product. Several studies performed by Shelburne et al.
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demonstrated that MalE (Spy_1058) and MalT (Spy_1692) play key roles in the transport of maltodextrin and
maltose/maltotriose, respectively (Shelburne, et al., 2007a; Shelburne, et al., 2008a; Shelburne S. A., Keith,
Davenport, Horstmann, Brennan, & Musser, 2008b; Shelburne, et al., 2007b; Shelburne, et al., 2010; Shelburne, et
al., 2011) (Figure 3). However, as described above, during pharyngitis or deep wound infection, the presence of
glucose or other readily metabolized mono- and di-saccharides in the purulent exudate may direct CcpA to
repress the expression of genes involved in complex carbohydrate utilization (Almengor, Kinkel, Day, & Mclver,
2007; Kinkel & Mclver, 2008; Shelburne, et al., 2010). Similar to CcpA, another LacI/GalR family regulator, the
maltose repressor (Spy_1057/MalR), affects the catabolism of maltodextrin. While CcpA and MalR of S.
pyogenes bind to similar promoter regions (NNGCAARCGNTTGCYR, see above), sequence recognition by
MalR is much more stringent than CcpA, which can recognize a much wider variation from consensus
sequence. As a result, MalR-regulated repression of certain carbohydrate genes is more stringent than that of
CcpA and is restricted primarily to maltodextrin metabolism and maltose transport-encoding genes (Shelburne,
et al., 2011). CcpA extends its influence over maltodextrin metabolism primarily through the regulation of malR
expression by binding to the “cre” site that is located upstream of malR. Subsequently, MalR influences the
conversion of maltodextrin to dextrose by the regulation of several genes responsible for maltose transport and
metabolism, including those that encode a maltodextrin phosphorylase and 2-a-glucanotransferase activity
(spy_1055/malP/glgP and spy_1056/malQ/malM); ABC maltodextrin transporter/permease-mediated transport
(spy_1058/malE, spy_1059/malF, and spy_1060/malG); starch degradation/pullulanase activity (spy_1680/pulA);
maltodextrin degradation (spy_1681/dexB); ATP-dependent multiple sugar transport (spy_1682); maltodextrin
catabolism (spy_1691); and maltose transport (spy_1692/malT) (Figure 3). Dual regulation by CcpA and MalR
ensures that the latter contributes to S. pyogenes virulence in a site-specific manner at the oropharynx. An
additional example is MalR regulation of pullulanase (PulA), an a-glucan binding protein (Shelburne, et al.,
2011) that contributes to S. pyogenes adherence to the oropharyngeal region, but is dispensable for invasive
disease (Shelburne, et al., 2011) (Figure 3). Although PulA is known to degrade and catabolize host cell surface
a-glucan, S. pyogenes does not use this enzyme for carbon source catabolism.

Another regulator important for niche-specific colonization of the oropharynx is the salivary persistence two-
component regulator (SptR) (M5005_Spy_0680 in MGAS5005 or SPy_0874 in M1 GAS SF370 strain)
(Shelburne, et al., 2005). SptR is activated in the presence of human saliva, as it positively regulates carbohydrate
metabolism, and SptR-deficient mutants do not grow in saliva (Shelburne, et al., 2005). Interestingly, a mutant
that lacks SptR is hypervirulent in a murine skin infection model, but not in a peritonitis model (Sitkiewicz &
Musser, 2006). The mechanism that underlies SptR-regulated carbohydrate metabolism and virulence is
currently unknown.

Lactose metabolism and transport

Multifunctional (often termed as “Moonlighting”) enzymes like GAPDH (SDH) and the other metabolic
enzymes described above (Pancholi, 2001; Pancholi & Chhatwal, 2003; Pancholi & Fischetti, 1992; Pancholi &
Fischetti, 1998) defy the one gene-one enzyme theory (Beadle & Tatum, 1941) by performing a variety of
functions required for the maintenance of S. pyogenes virulence. In contrast, S. pyogenes also harbors multiple
paralogous genes that encode proteins that apparently perform the same function. A perfect example is the
multiple operons that contain genes that are responsible for lactose metabolism and transport. The knowledge of
these operons have proven valuable for understanding the functional significance and evolution of paralogous
proteins (Loughman & Caparon, 2007). All S. pyogenes genomes sequenced to date possess two operons (lac.I
and lac.2) that encode components of the tagatose-6 pathway for lactose and galactose metabolism (Figure 4). S.
pyogenes lacks the Laloir pathway that is dedicated to galactose transport and metabolism. Each operon consists
of eight genes, including lacA (lacA.1/spy_1398, lacA.2/spy_1638, 68% identity); lacB (lacB.1/spy_1397, lacB.2/
spy_1637, 76% identity); lacC (lacC.1/spy_1396, lacC.2/spy_1636, 42% identity); lacD (lacD.1/spy_1395, lacD.2/
spy_1635, 72% identity); lacE (spy_1399/ptsIIC, lacE/spy_1633, 13% identity); lacF (spy_1400/ptsIIB-spy_1401/,
ptsIIA lacF/spy 1634, 14% identity); lac.2-specific lacG (lacG/spy_1632, ); lac.1-specific spy_1401/ptsIIA, and the
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Figure 3: Genes and corresponding proteins that are involved in maltose/maltodextrin transport metabolism and metabolic regulation.
(A) Genomic organization of genes involved in maltose/maltodextrin transport metabolism and metabolic regulation. Red arrows
depict positive regulation. Blue blunt-ended arrows depict repression. A black arrow with a dotted line between MalR and CcpA
regulatory pathway at the malR depicts competition between MalR and CcpA at the MalR-binding DNA site. CcpA competes with
MalR for the same binding site, and thus the CcpA-mediated activation of certain genes may occur via MarR derepression. In the
presence of maltose, MalR is released from its DNA binding site, which results in derepression of key genes involved in the maltose/
maltodextrin metabolism. (B) Functional annotation of proteins involved in maltose-maltodextrin transport, metabolism, and
regulation. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

regulator/repressor lacR (lacR.1/spy_1402, lacR.2/spy_1639, 54% identity) (Loughman & Caparon, 2007). While
these two operons likely arose as an outcome of a gene duplication, they have evolved to perform distinctly
separate functions (Loughman & Caparon, 2006b; Loughman & Caparon, 2007).

The lac.2 operon serves as a canonical lac operon with the full set of genes required for lactose metabolism via
the tagatose pathway (Figure 4). Functionally, a PTS transporter (ptsIIABC or LacEF) allows exogenous lactose
or galactose to be transported to the cytoplasm in the form of lactose-6-phosphate, which is then converted to
galactose-6-phosphate by 6-P-f-galactosidase (LacG), or to glucose by B-galactosidase (LacZ/Spy-1304) (Figure
4). Glucose can enter the EMP pathway, while galactose-6-phosphate is metabolized to tagatose-1,6
bisphosphate by the sequential actions of the Lac isomerase and epimerase (LacA/B), and tagatose-6-phospho
kinase (LacC). Finally, tagatose bisphosphate aldolase (LacD) converts tagatose-1,6 bisphosphate to
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glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, both of which can then enter into the EMP
pathway (Figure 2).

In contrast to the functionally active lac.2 operon, the highly conserved lac.1 operon encoded enzymes cannot
catabolize lactose in all S. pyogenes strains,, because it lacks a gene to encode LacG, and the gene spy_1396 that
encodes LacC.1 is truncated by a number of frame-shift mutations. The alternative function of Lac.1 resides in
its LacD.1 aldolase, which possesses a unique function as a transcriptional regulator of several virulence genes,
including the SpeB cysteine protease, in a pH- and salt-concentration-dependent manner (Cusumano &
Caparon, 2013; Loughman & Caparon, 2006b). Although the enzymatic activity of LacD.1 is not required for its
regulatory activity (Cusumano & Caparon, 2013; Loughman & Caparon, 2006b), it retains aldolase enzymatic
activity and can complement a LacD.2 mutant for lactose metabolism (Cusumano & Caparon, 2013; Loughman
& Caparon, 2007). However, the converse is not the case, as LacD.2 cannot complement a LacD.1 mutant for its
regulatory activity (Cusumano & Caparon, 2013; Loughman & Caparon, 2006b). The two LacD proteins (LacD.1
and LacD.2) possess a structural similarity of nearly 82% and an identical catalytic site; however, LacD.1 has a
significantly lower enzymatic efficiency that results from divergence in residues outside of its catalytic site. While
this reduction in enzymatic activity is necessary for its function in transcriptional regulation, it is not sufficient,
as additional divergent residues are also required (Cusumano & Caparon, 2013). This differential enzymatic
activity suggests that a decrease in enzymatic activity may have alleviated an adaptive conflict between the two
enzymes after their duplication, which has allowed LacD.1 to adapt to its regulatory role. The maintenance of
this enzymatic activity suggests that its regulatory function is associated with an ability to sense the
concentration of a specific metabolite. A more refined mutational analysis of its catalytic groove suggests that the
metabolite may be one of the products of its cleavage reaction, dihydroxyacetone phosphate (Loughman &
Caparon, 2006b). The fact that this latter metabolite is a key intermediate in the EMP pathway of carbon and
energy metabolism provides an additional example of the bidirectional link between S. pyogenes metabolism and
regulation of pathogenesis. In the same context, LacR.1 (Spy_1402), but not LacR.2 (Spy_1639) represses the
regulatory function and thus the regulation of LacD.1 expression. In turn, the LacR activity is negatively
controlled by the concentration of tagatose-6-phosphate (Figure 4) (Loughman & Caparon, 2007).

Malate transport and utilization pathway

In lactic acid bacteria, energy-producing fermentation leads to glucose starvation and the accumulation of acid
during in vitro or in vivo growth. As previously discussed, S. pyogenes uses its PTS system for the uptake and
metabolism of non-glucose carbohydrate sources to adapt to a glucose-depleted environment. S. pyogenes also
uses malate, a dicarboxylic organic acid that is abundant in both tissue and in the environment, as a non-
glucose, non-complex carbohydrate source for energy. Among lactic acid bacteria (Neijssel, Snoep, & Teixeira de
Mattos, 1997), two distinct pathways for malate utilization have been identified. The most common is the
malolactic fermentation (MF) pathway, in which the malolactic enzyme converts malate into lactate, which
maintains the ATP pool and provides protection against acid killing (Neijssel, Snoep, & Teixeira de Mattos, 1997;
Zaunmiiller, Eichert, Richter, & Unden, 2006) (Figure 5). While this pathway is commonly found in
Lactobacillus (Landete, Ferrer, Monedero, & Zuiiga, 2013; Landete, et al., 2010) and Streptococcus mutans
(Sheng, Baldeck, Nguyen, Quivey, & Marquis, 2010; Sheng & Marquis, 2007), it does not exist in S. pyogenes.
Instead, S. pyogenes has the genes for the malic enzyme (ME) pathway, in which malate is converted to pyruvate
and CO; in an NAD-dependent manner by malic enzyme (Figure 4). The functional significance of the ME
pathway has been evaluated in Enterococcus faecalis (London & Meyer, 1970; Mortera, et al., 2012), Streptococcus
sp. (Kawai, Suzuki, Yamamoto, & Kumagai, 1997), and Lactococcus (Landete, Ferrer, Monedero, & Zuiiga, 2013;
Landete, et al., 2010), where it primarily contributes to growth yield, with little to no protection against acid
killing. However, the global gene expression profiles of S. pyogenes in vitro and in vivo murine model of soft
tissue infection have revealed that the ME genes, spy_0832/maeP/malP encoding the malate transporter, and
spy_0833/maeE encoding the malic enzyme are highly up-regulated in an acidic environment (Loughman &
Caparon, 2006a; Paluscio & Caparon, 2015; Port, Paluscio, & Caparon, 2013). Their expression is under the
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tagatose-6-phosphate kinase, LacD-tagatose-1,6 diphosphate aldolase.

direct control of a two-component system that consists of a histidine kinase (Spy_0831/MaeK/DpiA) and its
cognate response regulator (Spy_0830/MaeR/DpiB/) (Figure 5) (Paluscio & Caparon, 2015). Malate stimulates
expression of both the ME genes and the genes that encode the regulators; however, a low pH environment (pH
6.0) stimulates only the ME genes (Paluscio & Caparon, 2015) and the regulation in response to both cues
requires the two-component regulator (Paluscio & Caparon, 2015; Sitkiewicz & Musser, 2006). Like many other
non-glucose complex carbohydrate utilization systems, malate utilization is also subject to CCR regulation
(Deutscher, et al., 2014; Deutscher, Francke, & Postma, 2006) and is repressed by glucose (Paluscio & Caparon,
2015), albeit by a CcpA-independent mechanism by utilizing the general PTS proteins PtsI (EI) and HPr
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(Paluscio & Caparon, 2015). The latter is similar to the regulation of the bgIPH operon in B. subtilis (Kriiger,
Gertz, & Hecker, 1996), which prevents the phosphorylation of regulatory transcription factors (Gorke & Stiilke,
2008). In the case of S. pyogenes, this transcription factor has not yet been identified. The loss of either PtsI or
HPrHis15~P blocks the transcription of the two operons that encode the four ME genes (Paluscio & Caparon,
2015). Further, the S. pyogenes mutant lacking MaeE displays enhanced virulence in a murine soft tissue
infection model, indicating that malate metabolism can influence virulence (Paluscio & Caparon, 2015).

Amino acid metabolism

Because S. pyogenes is auxotrophic for at least 15 amino acids (Davies, Karush, & Rudd, 1965; Slade, 1954)
required for growth and persistence, it must overcome the substantially decreased quantity of protein in bodily
fluids vs. the blood (7-8 mg/ml vs. ~70-90 mg/ml). During infection, the progressive exhaustion of protein and
amino acid sources is likely to cause localized nutritional deficiencies for the continued growth of S. pyogenes.
The latter can also occur when S. pyogenes persists in a high density at a given infection or colonization site.
Therefore, it is not surprising that the S. pyogenes genome encodes a plethora of transport, catabolic, and
regulatory genes to facilitate its adaptation to a low-protein environment. For example, like several Gram-
negative and Gram-positive bacteria (Monnet, 2003; Tam & Saier, 1993), S. pyogenes also possesses two
independent operons that encode membrane-associated oligopeptide permease complexes. The latter belong to
the ABC transporter family that contains five genes (Podbielski & Leonard, 1998; Podbielski, et al., 1996). These
operons encode oligopeptide permease (Opp) (Podbielski, et al., 1996) and dipeptide permease (Dpp)
(Podbielski & Leonard, 1998). OppA (Spy_0249, 656 aa) and DppA (Spy_1704, 542 aa) are membrane-
associated lipoproteins that bind to hexapeptide and dipeptide substrates, respectively. OppB-OppC (Spy_0250,
500 aa; Spy_0251, 308 aa) and DppB-DppC (Spy_1705, 325 aa; Spy_1706, 274 aa) are transmembrane
permeases, which form a channel for the passage of the substrate across the membrane. OppD-OppF (Spy_0252,
356 aa; Spy_0253, 307 aa) and DppD-DppE (Spy_1707, 267 aa; Spy_1708, 208 aa) are membrane-associated
ATPases, which energize the transport process. The deletion of either transporter gene does not alter the growth
in complex media or a chemically-defined medium (CDM), suggesting that the transporter genes are
independently regulated and have an overlapping function under these growth conditions (Podbielski &
Leonard, 1998; Podbielski, et al., 1996). However, their functions do not completely overlap as supplementation
with dipeptides or hexapeptides does not restore the growth of Dpp mutants and Opp mutants respectively in
the CDM depleted of two essential amino acids (isoleucine and valine) (Podbielski & Leonard, 1998). S. pyogenes
mutants lacking either Opp (Podbielski, et al., 1996) or Dpp (Podbielski & Leonard, 1998) exhibit significantly
reduced production of the secreted SpeB cysteine protease, indicating that peptide transport directly or
indirectly regulates the expression of protease activity and other secreted virulence factors (Podbielski &
Leonard, 1998; Podbielski, et al., 1996) (Figure 6).

The uptake of amino acids and their metabolism in S. pyogenes are highly regulated. During starvation
conditions, the synthesis of ribosomal proteins and transfer RNAs is inhibited. As in most bacteria, the
starvation triggers the stringent response in S. pyogenes, as a result of the release of RelA from ribosomes, which
then synthesize the “alarmone” (p)ppGpp [guanosine pentaphosphate (pppGpp) or guanosine tetraphosphate
(ppGpp)] from GTP/GDP using ATP as a phosphate donor (Chatterji & Ojha, 2001; Srivatsan & Wang, 2008).
The accumulation of alarmone/(p)ppGpp has a profound effect on cellular processes, as it alters the rates of
transcription, bacterial replication, and protein translation, which leads to the altered expression of virulence,
differentiation, and persistence (Hogg, Mechold, Malke, Cashel, & Hilgenfeld, 2004; Malke, Steiner, McShan, &
Ferretti, 2006; Steiner & Malke, 2000; Wendrich, Blaha, Wilson, Marahiel, & Nierhaus, 2002). As shown in
Figure 6, amino acid deprivation also activates a RelA-independent global transcriptional response (Steiner &
Malke, 2001). The latter is characterized by up-regulated expression of opp and dpp, and several other genes,
resulting in an increased amino acid pool which, in turn, counterbalances the (p)ppGpp-dependent stringent
response. Consequently, the expression of a specific set of virulence factors is repressed. The fact that many other
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Figure 5: The malic enzyme (ME) pathway in S. pyogenes. (A) The arrangement of the open-reading frame that constitutes the ME
locus of S. pyogenes. (B) A schematic presentation of the ME pathway depicts malate utilization via malate permease (MaeP/MalP).
Once transported to the cytoplasm, the intracellular malate is converted to pyruvate in an NAD-dependent manner by malic enzyme
(MaeE). Accumulation of malate during infection activates the two-component system constituted by MaeK (histidine kinase) and
MaeR (response regulator). The activation of MaeKR regulates the expression of genes, maeP and maeE that encode malate permease
and malic enzyme respectively. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

regulators, including virulence-related two-component regulators (such as FasABC and CovR) and standalone
regulators (such as Rgg, MgaA, and CodY) also regulate the expression of Opp and Dpp indicates that amino
acid metabolism and virulence in S. pyogenes are closely linked (Chaussee, et al., 2002; Dmitriev, McDowell,
Kappeler, Chaussee, Rieck, & Chaussee, 2006; Hogg, Mechold, Malke, Cashel, & Hilgenfeld, 2004; Kreth, Chen,
Ferretti, & Malke, 2011; Lyon, Gibson, & Caparon, 1998; Malke & Ferretti, 2007).

The metabolism of both glucose and amino acids also remain interdependent during active S. pyogenes infection,
irrespective of the site of infection. As the glucose concentration is depleted, the catabolism of amino acids acts
to increase the content of nitrogen, which in turn, induces the expression of several amino acid catabolic
pathways as a positive feedback amplification loop. The induction of these pathways also includes the arginine
deiminase pathway (Cusumano, Watson, & Caparon, 2014; Shelburne, et al., 2011). Encoded by the arc operon,
this pathway results in the fermentation of arginine producing citrulline through the action of arginine
deiminase (Spy_1275/ArcA), which is converted to ornithine and carbamoyl phosphate by ornithine carbamoyl



Streptococcus pyogenes Metabolism 103

transferase (Spy_1273/ArcB). Finally, in this pathway, carbamoyl phosphate is converted to ammonia and CO»
by carbamate kinase (Spy_1270/ArcC), producing one molecule of ATP (Figure 7). Ornithine is then exported
out by the ArcD antiporter (Spy_1272) in an exchange with concomitant import of an additional arginine
molecule in a supplemental energy-independent manner. In murine infection models, S. pyogenes arcB knockout
mutants, in comparison to arcA knockout mutants, show severe attenuation, which emphasizes the unexpected
and unusual role of citrulline catabolism in S. pyogenes virulence (Cusumano, Watson, & Caparon, 2014). In
particular, the Arc pathway inhibits the proliferation of peripheral blood mononuclear cells (Degnan, et al.,
1998) and modulates host NO®*/iNOS-mediated innate immunity (Cusumano, Watson, & Caparon, 2014).
Contributions of the Arc pathway include the production of energy in the form of ATP and the release of
ammonia, which plays a beneficial role in reducing acid stress (Cotter & Hill, 2003). Thus, arginine catabolism
helps neutralize the acidic extracellular environment, and the metabolism of citrulline generates ATP to
maintain intracellular pH through the F1Fy-ATPase-mediated extrusion of protons from the cell, at the expense
of ATP hydrolysis (Cusumano & Caparon, 2015). The F1Fo-ATPase will be discussed in more detail later in the
chapter. The retention of GAPDH (also known as SDH or PlIr) or prevention of its surface export from the
cytoplasm of S. pyogenes adversely affects the expression of the Arc operon and the V-type Nat-ATPase (Jin,
Agarwal, Agarwal, & Pancholi, 2011). The biochemical link between GAPDH and arginine metabolism, as well
as the possible role of GAPDH in the regulation of pH balance, are currently unknown.

Acetate metabolism

As elucidated above, S. pyogenes is equipped with a variety of mechanisms that allow it to switch its metabolism
from a program that permits rapid growth when a surplus of nutrients are available to a program that facilitates
its survival in the absence of those nutrients. Another potential survival mechanism is the “acetate switch”
(Wolfe, 2005), which involves the importation and utilization of acetate as an energy source that had been
excreted during growth on glucose. This process of acetate dissimilation (production and excretion) and
assimilation (import and utilization) has previously been studied in detail in E. coli and several Gram-negative
bacteria (Wolfe, 2005; Wolfe, 2008; Wolfe, et al., 2003). Like other streptococcal species, S. pyogenes contains an
intact metabolic pathway for the dissimilation and assimilation of acetate (Figure 8). Although the implication of
this pathway has been analyzed more in detail in pathogenic streptococcal species other than S. pyogenes
(Ramos-Montafez, Kazmierczak, Hentchel, & Winkler, 2010), indirect evidence has implied that this pathway
plays an important role in S. pyogenes (Seki, Iida, Saito, Nakayama, & Yoshida, 2004). Acetate dissimilation first
involves the conversion of pyruvate to acetyl-CoA by different pathways, depending on whether conditions are
oxidative (aerobic) or non-oxidative (anaerobic). The pyruvate dehydrogenase (PDHC) complex (Spy_0751/
AcoA and Spy_0752/AcoB) carries out the oxidative decarboxylation, and generates two additional NADH
molecules per glucose molecule. PDHC can be repressed by high concentrations of NADH and anaerobic
conditions (Wolfe, 2005), and in these cases, pyruvate is converted to acetyl-CoA via the oxygen sensitive
pyruvate formate-lyase (Pfl) enzyme complex (Spy_1569/Pfl and Spy_1743/PfID) (Figure 8). The resultant
acetyl-CoA may then follow two alternate paths ultimately leading to the production of either acetate or ethanol.
The conversion to acetate occurs through the energy-rich intermediate acetyl-phosphate and is catalyzed by
phospho-transacetylase (Spy_0851/PTA) and acetate kinase (Spy_0094/Ack), which results in the production of
two ATP molecules per glucose without consuming any reducing equivalents (Figure 8). The reduction of acetyl-
CoA to ethanol occurs via an acetaldehyde intermediate and is likely to be catalyzed by alcohol dehydrogenase
(Spy_0039/Adh1 and Spy_0040/Adh2). While Pta and Ack in pneumococci and other Gram-positive pathogens
are associated with various cellular processes, including cell division and cell growth/survival (Ramos-
Montanez, Kazmierczak, Hentchel, & Winkler, 2010), the physiological roles of these proteins in S. pyogenes have
not been investigated to date. The energy-rich acetyl~P may globally affect transcriptional regulation by direct
phosphorylation of the response regulators of various two-component systems in the absence of a cognate
histidine kinase (Churchward, 2007). In addition, excretion of acetate creates an acidic environment, which can
induce acid stress and may accumulate to toxic levels.
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Figure 6: RelA-dependent and -independent amino acid starvation response networks of S. pyogenes. Arrows indicate positive
regulation, while blunt-ended arrows indicate negative regulation or repression. The schematically presented network highlights the
up-regulation of several genes including those that encode Opp and Dpp and other virulence regulators that are responsible for
increasing the amino acid pool to counterbalance the (p)ppGpp-dependent stringent response. A schematic diagram in the center
shows the organization of protein complexes formed by Opp and Dpp proteins in the membrane. OppA and DppA are lipoproteins,
transmembrane proteins OppBC and DppBC are permeases, and OppDF and DppDF are ATPases. Together these protein complexes
facilitate the transport of exogenous hexapeptides or dipeptides to the cell cytoplasm. The Spy_xxxx assignments are based on the
strain type M1 S. pyogenes MGAS5005 genome.

Assimilation of acetate is possible because the activities of Ack and PTA are reversible and can convert acetate
and ATP to acetyl~P and ADP, and then to acetyl-CoA and inorganic phosphate. However, this requires the
importation of acetate from the environment. Based on genome sequence analysis, it is not clear whether S.
pyogenes contains an acetate-specific permease (ActP) that is commonly found in Gram-negative bacteria
(Wolfe, 2005). The sequence of the recently published type M14 genome (strain HSC5) contains an open-reading
frame annotated as actP (L897_07030), which is annotated as a gene encoding copper exporting ATPase in other
S. pyogenes strains (such as spy_1405/copA). Thus, it is not known whether this gene encodes a physiologically
relevant acetate permease. Alternately, because acetate can freely permeate across the cell membrane (Llarrull,
Fisher, & Mobashery, 2009), it is possible that a dedicated acetate transport system is not required.
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Figure 7: Schematic diagram showing the arginine and citrulline catabolic pathway in S. pyogenes and its coordination with FFy-
ATPases. Transport and catabolism of arginine and citrulline in S. pyogenes involve a multienzyme arginine deiminase pathway,
wherein ArcD serves as an antiporter and/or an unknown transporter. The transported arginine is then catabolized via the enzymes
ArcA, ArcB, and ArcC, which results in two molecules of ammonia and one molecule of ATP. Catabolism of citrulline, on the other
hand, produces one molecule each of ammonia and ATP. F1Fy-ATPase then exports three protons outside the cell with simultaneous
hydrolysis of ATP to ADP. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

Lipid metabolism and fatty acid biosynthesis

In bacteria, phospholipids comprise approximately 10% of the dry weight of the cell, and each mole of lipid
requires approximately 32 moles of ATP for biosynthesis. Most of the enzymes involved in fatty acid biosynthesis
are cytosolic in nature, but the enzymes required for membrane lipid synthesis are primarily found in
membranes. Like in other bacteria, the fatty acid biosynthesis machinery in S. pyogenes is highly conserved and
involves the type II fatty acid synthase (FASII)-containing multi-enzyme complex. The latter is encoded, along
with other lipid biosynthesis genes, by a 12-gene operon that includes Spy_1484/accD, Spy_1485/accA, Spy_1486/
accC, Spy_1487/fabZ, Spy_1488/accB, Spy_1489/fabF, Spy_1490/fabG, Spy_1491/fabD, Spy_1492/fabK, Spy_1493/
acpP, Spy_1494/fabH and Spy_1495/marR (Figure 9). MarR may serve as a putative transcriptional regulator.
Further, four additional genes are likely involved in lipid biosynthesis, including three genes (Spy_0433,
Spy_0766, and Spy_1496) that encode long chain fatty acid CoA, acyl-ACP-thioesterase, and PhaB/FabM,
respectively, and a truncated version of FabG (Spy_0359) that is likely to be the product of a gene duplication.



106 Streptococcus pyogenes

Fig. 8
Glucose Acetate metabolism
l ADP  ATP NADH* NAD
D-Lactate
Phosphoenol pyruvate/PEP Pyki Pyruvate L dh/
Spy_0988 Spy_0873
2 hydroxy
Pyruvate formate lyase/ ethyl Thpp
Pfl/Spy_1569, PfIDSpy 1743
1 AcoA/B
‘ ‘ AcoC Spy _0751-752
Acetyl CoA:acetyltransferase Spy 075 -
Formate IAcetyI-CoA py_ S-Acetyl dihydro
Lipoamide E
NADH*
Adh2 Spy 0039 P; Phospho

Spy_0119 PP e Transacetylase

Spy_0432 ° ° Pta/Spy_0851 _  TCS-response
Spy_1344 | Acetaldehyde Acetyl~ -------------regulator

Aceto NADH* Acetate kinase activation
Adh2 Spy 0039 AckA/S 0094
Acetyl-CoA P Py
l Ethanol Acetate

Fatty acid biosynthesis

Figure 8: Acetate metabolism pathways for partially oxidized metabolites. Acetate activation pathways involve two key enzymes: Ack
(acetate kinase) and Pta (phospho-transacetylase). These enzymes catalyze the formation of energy rich-acetyl-phosphate (Acetyl~P,
AG® = -43.3 kJ/mol) from acetate and acetyl-CoA, respectively. Acetyl-CoA is derived from pyruvate as the end product of the EMP
pathway, either directly via pyruvate formate lyase (Pfl or PfID) or ApoABC enzymes. Acetate metabolism yields two molecules of
NAD and one molecule of ATP and plays a crucial role in the initiation of fatty acid metabolism. Acetyl~P may participate in the
activation of response regulators of two-component regulatory systems in the absence of an active cognate histidine kinase and may
serve as a global signal. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

Unlike S. aureus and Listeria, S. pyogenes like S. pneumoniae lacks Fabl (enoyl-ACP reductase), and instead
encodes this activity encoded by a non-homologous gene fabK (Spy_1492).

These genes contribute to lipid biosynthesis as follows: The first committed step in the fatty acid synthesis is the
conversion of acetyl-CoA to malonyl-CoA, which is catalyzed by the acetyl-CoA carboxylase complex,
consisting of the carboxyltransferase subunits AccD and AccA, along with biotin carboxylase (AccC) and the
biotin carboxylase carrier protein (AccB). A unique, small, acidic, and highly soluble acyl carrier protein (ACP)
(Spy_1493/AcpP, Spy_0021/AcpP.2; 74 and 80 aa, respectively) participates in fatty acid synthesis by helping to
shuttle the growing acyl chain between enzymatic active sites. The 4’-phosphopantetheine prosthetic group is
transferred from CoA to apo-ACP by the monomeric ACP synthase (Spy_1533) (Figure 9, Step-I). The acyl
intermediates bind to Ser residues of ACP (Ser35 of AcpP or Ser39 of AcpP.2) through a thioester linkage
mediated by acyl-ACP-thioesterase (Spy_0766). The latter promotes the transacylation of malonyl-CoA to ACP
via FabD, which forms malonyl-ACP and adds a two-carbon acetyl unit to a nascent or growing fatty acyl chain
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(Figure 9, Step-II). Subsequently, FabH or FabF catalyzes the initial irreversible condensation of malonyl-ACP
with acetyl-CoA to form acetoacetyl-ACP (Figure 8, Step-1II). The elongation of the acyl chains involves the
participation of four enzymes. These enzymes participate in each iterative cycle of chain elongation. First, FabF
adds two carbon units from malonyl-ACP to the growing acyl-ACP. This ketoester is then reduced by the
NADPH-dependent B-ketoacyl-ACP reductase (FabG), and a water molecule is removed by p-hydroxyacyl-ACP
dehydratase enzyme (FabZ). The last step is catalyzed by enoyl-ACP reductase (FabK) to form a saturated acyl-
ACP, which then serves as the substrate for another condensation reaction (Figure 9, Step-III). Thus, for the
second cycle, the product would be a butyryl group; likewise, the subsequent cycles would generate a hexanoyl
group, an octanoyl group, a decanoyl group, a dodecanoyl group, and so on.

Lipid biosynthesis and its contribution to pathogenesis have been studied only in a small number of Gram-
positive pathogens (Lu, et al., 2006), such as Streptococcus pneumoniae (Lu & Rock, 2006), Staphylococcus aureus
(Balemans, et al., 2010; Parsons, et al., 2014a; Parsons, Frank, Jackson, Subramanian, & Rock, 2014b; Parsons,
Frank, Rosch, & Rock, 2013; Parsons, Frank, Subramanian, Saenkham, & Rock, 2011), and Listeria
monocytogenes (Sun & O'Riordan, 2010). For S. pyogenes, there is evidence from global transcriptome analyses of
S. pyogenes mutants lacking either surface export of SDH/GAPDH (Spy_0233) (Jin, Agarwal, Agarwal, &
Pancholi, 2011) or the gene encoding serine/threonine phosphatase (SP-STP) (Agarwal, Agarwal, Pancholi, &
Pancholi, 2011), suggesting that increased lipid biosynthesis may be associated with a reduction of virulence.
Both of these mutants are attenuated for virulence and display up-regulated genes involved in lipid biosynthesis.
However, a biochemical or physiological link between these genes and lipid biosynthesis remains to be
established. Fatty acid biosynthesis has been demonstrated to play an important role in the maintenance of the
integrity of the ExPortal system, which is responsible for the export of several streptococcal secretory products
(Rosch & Caparon, 2005; Rosch, Hsu, & Caparon, 2007; Vega, Port, & Caparon, 2013), and mutations in fatty
acid biosynthesis genes and regulators are associated with an increased resistance to cationic antimicrobial
peptides (Port, Vega, Nylander, & Caparon, 2014).

Since fatty acid biosynthesis plays an important role in bacterial virulence and the FASII complex found in
bacteria differs significantly from the type I pathway that is involved in mammalian cell fatty acid biosynthesis,
this process has been targeted for therapeutic interventions. In studies to date that have evaluated inhibitors of
FASII in S. aureus and Streptococcus agalactiae (group B Streptococcus), the results have been mixed. While
Gram-positive bacteria are susceptible to these lipid biosynthesis inhibitors under standard culture conditions in
vitro, some species may be able to overcome the direct inhibition of FASII enzymes by importation and
incorporation of host-derived fatty acids in vivo, defeating the action of lipid inhibitors (Brinster, et al., 2009;
Parsons & Rock, 2011). There is little information available on fatty acid biosynthesis in S. pyogenes, and it is
unknown if it can incorporate exogenously added fatty acids. Thus, whether lipid biosynthesis inhibitors are an
effective therapeutic agent is debatable, at present (Parsons & Rock, 2011).

As described above, biotin or vitamin H plays an essential role in one of the early steps of lipid biosynthesis. It
serves as an essential cofactor in carboxylation, decarboxylation, and transcarboxylation reactions. Many plants
and prokaryotes synthesize biotin, including certain bacteria, archaea, and fungi (Lin & Cronan, 2011; Streit &
Entcheva, 2003). However, certain firmicutes, including S. pyogenes, are naturally biotin-auxotrophic. As a result,
biotin must be exogenously provided for S. pyogenes growth. In general, little is known about the mechanisms
underlying the biotin transport in prokaryotic cells. Recently, bioinformatics-based functional genomic and
experimental investigations have presented evidence that, unlike the fungal bioYMN biotin transporter, only
bioY is widespread among bacterial genomes. However, even this gene is absent from many proteobacteria,
including E. coli (Entcheva, Phillips, & Streit, 2002; Rodionov, et al., 2009; Rodionov, Hebbeln, Gelfand, &
Eitinger, 2006; Rodionov, Mironov, & Gelfand, 2002). Homologs of fungal bioMN in prokaryotes share distinct
similarities with the genes encoding CbiO and CbiQ, which are components of a prokaryotic cobalt transporter
(Entcheva, Phillips, & Streit, 2002; Rodionov, et al., 2009). It has been proposed that these bioMN homologs may
encode the components of a biotin transporter. The atypical nature of this putative prokaryotic biotin
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transporter highlights the fact that it is not encoded by a typical bioYMN-type operon—instead, all three genes
are distantly located in the genome. Based on recent reports (Hebbeln & Eitinger, 2004; Hebbeln, Rodionov,
Alfandega, & Eitinger, 2007), biotin transport in S. pyogenes is likely to be mediated by a bioYMN-like module
constituted by bioY/Spy_0177 and homologs of cobalt transporter encoding genes cbiQ/spy_1522/ecfT and cbiO/
spy_1521/ecfl/ecf2 (see also Figure 14). Two other genes also share the function of these genes: spy_1846/ecf1
and spy_1845/ecf2. Experimental evidence obtained from Rhodobacter capsulatum (Hebbeln, Rodionov,
Alfandega, & Eitinger, 2007) suggests that BioY/CbiQ/CbiO ternary complexes are stable, but the BioY/CbiO
complex is unstable for efficient biotin transport. Functional genomic analysis of these genes in S. pyogenes is
required to understand the precise role of biotin transport in lipid biosynthesis and other metabolic activities
affecting S. pyogenes virulence.

Aerobic metabolism and the salvage NAD biosynthesis
pathway

The coenzyme NAD™ is an essential growth factor that serves as a coenzyme in numerous biochemical reactions
that involve NAD*-hydrolyzing enzymes and hydride transfer-catalyzing enzymes. Typical de novo NAD*
biosynthesis in microorganisms involves two enzymatic steps that convert L-aspartate to quinolinic acid (QA),
via an unstable aspartate intermediate, using the enzymes L-aspartate oxidase (NadB) and quinolinic acid
synthetase (NadA) (Figure 10). QA is then successively converted to nicotinate mononucleotide (NaMN) and
nicotinate adenine dinucleotide (NaAD) by QA phosphoribosyl transferase (NadC) and NaMN
adenyltransferase (NadD). NaAD is then converted to NAD' by NAD™ synthetase (NadE). Genomic analyses of
all Streptococcus species, including S. pyogenes, revealed that these organisms lack genes with obvious homology
to those encoding the first two enzymes required for the de novo synthesis of NAD" (i.e., NadB and NadA).
Thus, the organisms are likely to be dependent on the salvage of the exogenous pyridine precursors nicotinamide
(NM) or nicotinic acid (NA) (namely, vitamin B3), which are transported to the cytoplasm via a family of niacin
transporters (NiaX). The salvage pathway involves two enzymes, PncA (Spy_1511) and PncB (Spy_1358), which
convert the transported NM to NA and the NA to NaMN, respectively (Figure 10). Sorci et al. recently reported
that unlike other streptococcal species, S. pneumoniae and S. pyogenes uniquely possess QA phosphoribosyl
transferase (NadC), which is encoded by an orphan gene (Spy_0170) and is not linked to any of the other NAD*
biosynthetic genes involved in the last step of the de novo NADY biosynthesis pathway (Sorci, et al., 2013)
(Figure 10). This unique feature has led to two important discoveries: (i) S. pyogenes is not solely dependent on
its NM/NA salvage pathway to synthesize NAD"; and (ii) S. pyogenes can overcome its niacin (namely, NM/NA)
autotrophy using NadC to salvage quinolate (QA) from the surrounding environment, even in the absence of
pncA and pncB. The unique presence of NadC is likely to be advantageous, as in humans, QA is a product of
tryptophan degradation that accumulates during many diseases, and likely also accumulates during infection
and preceding ongoing sepsis in critically ill patients (El-Zaatari, et al., 2014; Hoshi, et al., 2012; Nifio-Castro, et
al., 2014; Pfefferkorn, 1984; Zeden, et al., 2010). In fact, tryptophan catabolism has been reported to restrict IFN-
gamma-expressing neutrophils and Clostridium difficile immunopathology (El-Zaatari, et al., 2014). The product
of NadC (NaMN) can then be converted into NAD™, using NadD (Spy_0263) and NadE (Spy_1357) (Figure 10).
This functional redundancy between NM/NA and QA salvage pathways, therefore, leaves two enzymes
downstream of the common intermediate NaMN (namely, NadD and NadE) (Sorci, et al., 2013) as the potential
drug targets.

Other aspects of aerobic metabolism

During the initial stages of infection subsequent to colonizing the skin or the oropharynx, S. pyogenes encounters
an environment that is considerably higher in oxygen content. Certain surface proteins, including important
adhesins, such as the fibronectin-binding protein (alternately known as Protein F or Sfb) (Futai, Noumi, &
Maeda, 1989; Gorke & Stiilke, 2008), are expressed in response to oxygen stress (Gibson & Caparon, 1996;
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Figure 9: Fatty acid biosynthesis pathway in S. pyogenes. (A). The genomic organization of genes involved in fatty acid biosynthesis in
S. pyogenes. (B). Fatty acid biosynthesis is divided in to three major steps involving several enzymes.

Step I. In this step, the acetyl-CoA carboxylase reaction is performed in two substeps to form malonyl-CoA. Biotin, which is covalently
attached to the biotin carboxyl carrier protein (BCCP) (AccB), is carboxylated by the carboxylase subunit AccC. The heterodimeric
trans-carboxylase (AccA and AccD) then transfers the CO; to acetyl-CoA, which forms malonyl-CA.

Step II. Step II involves the initiation of fatty acid synthesis. Malonyl-CoA binds to the acyl carrier protein (Acp). Fad (malonyl-CoA
ACP transacylase) transfers the malonyl group from CoA to ACP, and B-ketoacyl-ACP synthase III (FabH) catalyzes the initial
irreversible condensation of malonyl-ACP with acetyl-CoA to form acetoacetyl-ACP.

Step III. Step IIT involves a cycle of fatty acyl chain elongation or fatty acid condensation. As shown, all intermediates in fatty acid
synthesis are shuttled through the cytosol as thioesters of the acyl carrier protein (ACP). p-ketoacyl-ACPreductase (FabG), f-hydroxyl-
ACPdehydratase (FabZ), trans-2-enolyl-ACP reductase (FabK), and B-ketoacyl ACP synthase (FabF) act in a sequential fashion during
elongation. Every cycle adds two carbon acetyl units. MarR is a predicted transcriptional regulator of fatty acid synthesis. FabM/phaB is
involved in long fatty acid chain condensation. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005
genome.

VanHeyningen, Fogg, Yates, Hanski, & Caparon, 1993). The latter stages of S. pyogenes infection are
characterized by intense inflammation, during which the production of various bactericidal reactive oxygen
species (ROS) from immune cells, such as neutrophils and monocytes, contributes to an important component
of host defenses. Thus, despite its strict reliance on fermentation to generate energy, S. pyogenes, as a facultative
anaerobe, contains a number of genes that promote its adaptation to aerobic environments and ROS-induced
stress. The highly reactive, toxic byproducts of oxygen (ROS) include superoxide anion (O;°"), hydroxyl radicals
(OH*), singlet oxygen (O3°), and hydrogen peroxide (H,O;), which are capable of damaging nucleic acid,
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Figure 14: A schematic diagram of the involvement of genes and the corresponding proteins in the transport of various ions (Fe/Mn,
heme, ferrichrome, Co, Cu, and Zn), and their regulation in S. pyogenes. Arrows indicate positive regulation. Blunt-ended arrows
indicate repression/ negative control. The inner circle represents the relative location of iron transport genes in the S. pyogenes M5005
genome. The outer circle depicts the putative cell membrane location of ion transporters and their functions. Directions of arrows on
these transporters indicate efflux or influx of the ions. The broken line arrow indicates a probable regulatory role. The Spy_xxxx
assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

protein as well as cell membranes (Figure 11). Unlike many other bacteria, S. pyogenes contains a single
superoxide dismutase (Spy_1145/SodA) and serves as an antioxidant (Gerlach, Reichardt, & Vettermann, 1998;
Gibson & Caparon, 1996). It allows S. pyogenes to tolerate the accumulated toxic superoxide anion [O2*" ]
during aerobic oxygen stress by converting it to hydrogen peroxide (H,0O;) and O, (McCord & Fridovich, 1969).
S. pyogenes mutant lacking SodA lose the ability to grow aerobically, although they still grow anaerobically
(Gibson & Caparon, 1996). In addition, S. pyogenes is one of the few streptococcal species that accumulates
significant levels of glutathione, a reductant; which, along with the enzyme glutathione reductase (Spy_0627),
maintains reducing conditions in the bacterial cytoplasm. Glutathione also serves as a co-factor for glutathione
(GSH) peroxidase (Spy_0503/GpoA), a selenoprotein oxidoreductase that detoxifies both inorganic and organic
peroxides (Brenot, King, Janowiak, Griffith, & Caparon, 2004). Since the genome of S. pyogenes does not contain
a gene with high homology to the enzymes responsible for the de novo synthesis of glutathione (such as y-
glutamyl cysteine synthase and glutamate-cysteine ligase), S. pyogenes likely salvages glutathione from its
environment. Unlike SodA mutants, GpoA-deficient mutants can grow aerobically. While GpoA mutants are
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Figure 10: A schematic presentation of NAD biosynthesis in S. pyogenes. S. pyogenes lacks the NadA and NadB enzymes in the de novo
NAD biosynthesis pathway (shown in the dotted rectangle). This organism also lacks the nicotinamide phosphoribosyl transferase
(NaPRT/PncB). However, in the de novo pathway, the presence of the nadC gene that encodes quinolinate phosphoribosyltransferase
may help S. pyogenes to utilize quinolinate (quinolinic acid) present in the microenvironment. The accumulation of quinolinate occurs
in certain pathological conditions in humans as a byproduct of tryptophan degradation. The Spy_xxxx assignments are based on the
strain type M1 S. pyogenes MGAS5005 genome.

fully virulent in a model of muscle infection in zebrafish that is notable for its lack of inflammation, they are
attenuated in murine models of soft tissue and systemic infection that feature inflammation (Brenot, King,
Janowiak, Griffith, & Caparon, 2004).

Because S. pyogenes cannot synthesize heme, it lacks cytochromes that are important for respiration in other
bacteria, but can consume oxygen to enhance its aerobic growth. It also lacks catalase, a heme-containing
peroxidase that plays an important role in resistance to HyO» stress in many other bacterial species. However, in
addition to GpoA, S. pyogenes contains several additional non-heme peroxidase and oxidase enzymes that
contribute to its ability to resist oxidative stress and for the utilization of oxygen for growth under aerobic
conditions. Two of these enzymes are NADH-consuming oxidases, Nox-1 (also known as AhpE Spy_1769) that
converts Oy to HyO; and the flavoprotein NOXase (also known as Nox-2, Spy_0872), which uses NADH to
transfer 4 electrons to reduce O directly to HyO (Figure 11). Nox-1 along with AhpC (Spy_1768) are the two
subunits that form alkyl hydroperoxide reductase, which uses the Nox-1 generated H,O5 as an electron acceptor
for the AphC- catalyzed reduction of organic peroxides. AhpC mutants become sensitive to organic peroxide
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stress, but also normally grow under aerobic conditions and are attenuated for virulence in the murine soft-
tissue infection model (Brenot, King, & Caparon, 2005). In contrast, NOXase mutants of S. pyogenes grow poorly
aerobically, but normally grow under anaerobic conditions (Gibson, Mallett, Claiborne, & Caparon, 2000).
Under aerobic conditions, NOXase consumes oxygen and regenerates NAD" from the pool of NADH produced
by the EMP pathway of glycolysis, and thus is likely contributing to aerobic growth under glucose-limited
conditions by re-routing pyruvate from NAD™* regeneration into other energy-generating and anabolic
pathways. However, the restricted aerobic growth of NOXase mutants comes from their over-production of
H,0O; to auto-intoxicating concentrations, which can be reversed by a complementation with a heterologous
NADH peroxidase (NPXase) from Enterococcus faecalis (Gibson, Mallett, Claiborne, & Caparon, 2000).
Interestingly, the S. pyogenes genome contains a gene encoding a putative NPXase (Spy_1378) that has not yet
been characterized, but that may play a role in the inactivation of HyO; generated as a byproduct of the SodA-
catalyzed dismutation of superoxide. An additional HyO,-generating enzyme in S. pyogenes is lactate oxidase
(Spy_0340/LctO) (Kietzman & Caparon, 2010; Seki, Iida, Saito, Nakayama, & Yoshida, 2004), which converts
lactate into pyruvate using NADH to reduce O; to HyO;. Analysis of corresponding mutants has shown that
LctO is responsible for the ability of S. pyogenes to produce auto-toxic concentrations of HyO; during aerobic
growth (Kietzman & Caparon, 2010; Watson, Nielsen, Hultgren, & Caparon, 2013). Since LctO can recover
pyruvate and regenerate NAD™, it likely contributes to growth under aerobic conditions when glucose is
limiting, albeit at the expense of producing toxic HyO;. Not surprisingly, the transcription of IctO is tightly
coupled to glucose concentrations by CcpA (Kietzman & Caparon, 2010; Kietzman & Caparon, 2011). Although
H,O; can be a potent toxin that targets both host cells and other bacteria, the contribution of LctO to
pathogenesis is less clear, as only a subset of S. pyogenes strains is peroxogenic (Seki, lida, Saito, Nakayama, &
Yoshida, 2004) (Figure 11).

The cysteine and methionine residues of proteins are the most susceptible targets for oxidation by ROS, and S.
pyogenes contains several proteins that protect against this type of damage. The oxidation of Met residues in
proteins generates methionine sulfoxide (MetSo), which can induce conformational changes that lead to either
the activation or inactivation of proteins (Drazic, et al., 2013; Drazic & Winter, 2014; Zeller & Klug, 2006).
Although, the key extracellular reducing system constitutes a thioredoxin-like lipoprotein (Etrx1), its paralog
Etrx2 and their redox partners Ccdl, Ccd2, and methionine sulfoxide reductase (MsrAB2) have recently been
shown to be key players in pneumococcal pathogenesis and oxidative stress resistance (Saleh, et al., 2013).
However, unlike the genome of S. pneumoniae D39, in which etrxI and etrx2 are found in two separate operons
(spd_0570-0576 and spd_0884-0889), the homologous proteins in S. pyogenes are encoded by a single operon
(spy_1282/msrAB, spy_1283/tlpA/etrx, and spy_1284 /ccdA/cytochrome C biogenesis protein), and are likely to
function in a similar manner. However, the importance of this redox system in S. pyogenes is presently unknown.

The defenses of S. pyogenes against reactive oxygen species (ROS) are also partially coordinated by the peroxide
stress response transcriptional regulator PerR (Spy_0161) (Brenot, King, & Caparon, 2005; King, Horenstein, &
Caparon, 2000; Wen, et al., 2011). Under unstressed conditions, PerR, as a member of the metal-binding Fur
family of DNA-binding proteins, binds zinc and functions to repress several genes that are involved in ROS
resistance and membrane-associated metal transporter genes (Brenot, King, & Caparon, 2005; King, Horenstein,
& Caparon, 2000; Wen, et al., 2011). PerR represses the expression of the non-membrane metal-binding protein,
MrgA (also known as Dps or Dpr, Spy_1259). MrgA is a ferritin-like protein that contributes to ROS resistance
by binding and sequestering excess free iron, and by binding to DNA to protect it from highly reactive hydroxyl
radicals generated by iron via the Fenton reaction (HyO, + Fe2t>OH*® +OH™ +Fe3*) (Stadtman & Berlett,

1991). MrgA mutants are hypersensitive to HyO stress, but are not attenuated in the murine soft tissue infection
model (Brenot, King, & Caparon, 2005). Interestingly, derepression of the PerR regulon in a PerR mutant results
in hyper-resistance to HyO stress in vitro; however, the mutants are highly attenuated in vivo (Brenot, King, &
Caparon, 2005; Janulczyk, Ricci, & Bjorck, 2003; King, Horenstein, & Caparon, 2000), likely due to altered metal
homeostasis resulting from dysregulation of metal transport (Brenot, Weston, & Caparon, 2007; Janulczyk, Ricci,
& Bjorck, 2003). Metal transport will be described in detail in the latter section of this chapter.
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In addition to enzymatic detoxification of ROS-mediated toxic effects, S. pyogenes also resists oxidative stress in
a non-enzymatic fashion by orchestrating a repertoire of proteins and polysaccharides to counteract ROS
produced by host cells. Those proteins include the M protein, hyaluronan capsule, and Mac-1 like proteins.
Wild-type S. pyogenes strains that produce M or M-like proteins, in comparison to isogenic mutants lacking M
proteins, cause an increased oxidative burst that is characterized by increased production of HyO, upon their
internalization by human neutrophils by inhibiting the fusion of azurophilic granules with phagosomes (Staali,
Bauer, Morgelin, Bjorck, & Tapper, 2006; Staali, Morgelin, Bjorck, & Tapper, 2003). The M protein is also directly
involved in activating neutrophils by triggering the release of heparin-binding protein and heme-dependent
myeloperoxidase, a member of the XPO subfamily of peroxidases that produces hypochlorous acid (HOCI) from
H,0O3 and chloride anion (CI7) or another halide during the neutrophil's respiratory burst (Herwald, et al., 2004;
Macheboeuf, et al., 2011; Soehnlein, et al., 2008). Hyaluronan capsule bearing S. pyogenes grow in aggregates,
which take up oxygen at a slower rate and thus, resist HyO; and other oxygen metabolites (Cleary & Larkin,
1979). Similar to this thwarting effect, S. pyogenes Mac-1-like proteins also seem to inhibit ROS production ex
vivo (Lei, et al., 2001; Persson, Soderberg, Vindebro, Johansson, & von Pawel-Rammingen, 2015; Soderberg,
Engstrom, & von Pawel-Rammingen, 2008; Soderberg & von Pawel-Rammingen, 2008; Voyich, et al., 2003).
Although these surface molecules directly or indirectly participate in the production and inhibition of ROS, the
underlying defined mechanism of their actions is presently unknown. It is likely that the observed eftects are the
outcomes of the down-stream effects of altered interactions of S. pyogenes with human innate immune cells.

Nucleotide Biosynthesis

The metabolic requirement for nucleotides is met by two classes of nitrogenous compounds: purines (i.e.,
adenine, guanine, hypoxanthine, and xanthine) and pyrimidines (i.e., cytosine, thymine, and uracil). Purines are
heterocyclic organic compounds composed of a pyrimidine ring fused to an imidazole ring. Pyrimidines are
aromatic six-membered heterocyclic organic compounds with two nitrogen atoms in the pyrimidine ring at
positions 1 and 3. These compounds occur in the cell as nucleic acids (i.e., AMP, ADP, and ATP) and nucleotide-
containing co-enzymes. The S. pyogenes genome contains the pur operon and the pyr genes, which encode the
enzymes involved in purine and pyrimidine biosynthesis, respectively. However, the pathways for both purine
and pyrimidine biosynthesis for the formation of RNA and DNA are not characterized in S. pyogenes.

Purine biosynthesis

In S. pyogenes, the pur operon is constituted by 11 genes (spy_022-spy_0027, and spy_0029-Spy_0033) that
encode the enzymes involved in purine biosynthesis. This operon is interrupted by Spy_0028 (KEGG, 2015),
which encodes a putative autolysin (Figure 12), the functional significance of which is presently unknown. The
synthesis of purine nucleotides begins with 5-phosphor-ribosyl 1-pyrophosphate (PRPP) and leads to the first
fully formed nucleotide: inosine 5'-monophosphate (IMP). PRPP is synthesized from ribose-1-p or ADP-ribose
and ribose-5 phosphate by phospho-pento(glucose)mutase (Spy_0696/DeoB or Spy_0938/PgmA) and ribose-
phosphate pyrophosphokinase (Spy_0018/PrsA.2 and/or Spy_0845/PrsA.1) in the presence of ATP. The synthesis
of IMP requires five moles of ATP, two moles of glutamine, one mole of glycine, one mole of CO;, one mole of
aspartate, and two moles of formate. PRPP is then converted to -5 phosphoribosylamine (PRA) by amido
phosphoribosyl transferase (Spy_0024/PurF) in the presence of glutamine. In the subsequent series of enzymatic
reactions, PRA is converted to glycinamide ribotide (GAR), formyl-GAR (FGAR), formyl glycinamidine ribotide
(FGAM), and 5-aminoimidazole ribotide (AIR) via PRA-glycine ligase (Spy_0029/PurD). PRglycinamide formyl
transferase (Spy_0026/PurN), PRFG synthetase (Spy_0023), and PRaminoimidazole synthetase (Spy0025/
PurM). The two subsequent reactions are catalyzed by PRAI carboxylase-ATPase (Spy_0031/PurK), PRAI-
carboxylase (Spy_0030/PurE) and PRAI-succinocarboxamide synthase (Spy_0022/PurC) and convert AIR into
5-AI-4N-succinylcarboxamide-R (SAICAR) using one molecule each of ATP and aspartate. In the last three
reactions, SAICAR is sequentially converted to 5-Al-carboxamide-R (AICAR), 5-forma-AICAR (FAICAR), and
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Figure 11: Aerobic metabolism of S. pyogenes and its role in thwarting deleterious effects of reactive oxygen intermediates (shown in
red) generated by enzymes in human neutrophils during infection and phagocytosis. The schematic diagram shows the conversion of
oxygen (O3) to superoxide ion (O,*") following the activation of NOX in neutrophils. Superoxide is converted to HyO; by the S.
pyogenes SodA. Superoxide and hydrogen peroxide are converted to hydroxyl radicals (OH*) during the Fenton reaction. S. pyogenes
iron chelators maintain iron homeostasis and thwart the toxic/bactericidal effect of hydroxyl radicals. During the oxidative burst, the
neutrophils’ enzyme, MPO, also catalyzes the production of hypochlorous acid (HOCI) from H,O in the presence of chloride (Cl)
ion. Potential bactericidal activity of the HyO,-derived HOCI is prevented by detoxifying HyO; by a number of enzymes as indicated.
The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.

finally to IMP by adenylosuccinate lyase (Spy_0033/PurB) and PRAICF-transferase/IMPcyclohydrolase
(Spy_0027/PurH), using one molecule of tetrahydrofolate (N-formyl THF). IMP serves as a branch point for
purine biosynthesis because it can be converted to either AMP via adenylosuccinate [by PurA (Spy_0136) and
PurB (Spy_0033)], or GMP via xanthine monophosphate [by GuaB (Spy_1857) and GuaA (Spy_0919)]. The
AMP and GMP pathways require energy in the form of GTP and NAD/ATP, respectively. The down-regulation
of the Pur operon was observed as one of the important implications of the deletion of serine/threonine kinase
in S. agalactiae (Rajagopal, Vo, Silvestroni, & Rubens, 2005) and S. pyogenes (Pancholi, 2013) and is associated
with the attenuation of bacterial virulence, possibly through effects on RNA synthesis. However, the mechanism
underlying this attenuation is currently unknown.
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Figure 12: Schematic representation of the purine biosynthesis pathway in S. pyogenes. (A). The genomic organization of the 12-gene
“pur” operon (M5005_Spy_0022-0033). 11 genes are involved in the purine biosynthesis. The role of Spy_0028 is presently unknown.
(B). The flow chart shows the steps in the biosynthesis of inosine monophosphate (IMP) and AMP or GMP using phosphoribosyl
pyrophosphate (derived from the pentose phosphate pathway) and L-glutamine as starting substrates. The synthesis of IMP requires
five moles of ATP, two moles of glutamine, one mole of glycine, one mole of CO», one mole of aspartate and two moles of formate, and
is completed in 11 steps.

Step 1: PRPP synthesis from ribose-5-phosphate and ATP by ribose-5-phosphate pyrophosphokinase.

Step 2: 5-Phosphoribosyl-p-1-amine synthesis from a-PRPP, glutamine, and H>O by glutamine phosphoribosylpyrophosphate
amidotransferase.

Step 3: Glycinamide ribonucleotide (GAR) synthesis from glycine, ATP, and 5-phosphoribosyl-p-amine by glycinamide ribonucleotide
synthetase.

Step 4: Formylglycinamide ribonucleotide synthesis from N10-formyl-THF and GAR by GAR transformylase.

Step 5: Formylglycinamidine ribonucleotide (FGAM) synthesis from FGAR, ATP, glutamine, and HyO by FGAM synthetase (FGAR
amidotransferase). The other products are ADP, Pi, and glutamate.

Step 6: 5-Aminoimidazole ribonucleotide (AIR) synthesis is achieved via the ATP-dependent closure of the imidazole ring, as catalyzed
by FGAM cyclase (AIR synthetase).

Step 7: Carboxy aminoimidazole ribonucleotide (CAIR) synthesis occurs through two steps that involve CO;, ATP, and AIR, and are
catalyzed by the AIR carboxylase catalytic ATPase subunit-1 (PurK) and subunit-2 (PurE).

Step 8: N-succinylo-5-aminoimidazole-4-carboxamide ribonucleotide (SAICAR) synthesis from aspartate, CAIR, and ATP by SAICAR
synthetase.

Step 9: 5-Aminoimidazole carboxamide ribonucleotide (AICAR) formation via the nonhydrolytic removal of a fumarate from SAICAR
by adenylosuccinase.

Step 10: 5-Formylaminoimidazole carboxamide ribonucleotide (FAICAR) formation from AICAR and N10-formyl-THF by AICAR
trans-formylase.

Step 11: the dehydration process then yields the authentic purine ribonucleotide IMP. The synthesis of AMP from IMP involves two
reactions that are catalyzed by adenylosuccinate synthetase and adenylosuccinate lyase in the presence of aspartate and GTP. The
formation of GMP from IMP occurs via xanthine monophosphate (XMP) and involves NAD, ATP and glutamine and the enzymes
IMP dehydrogenase and GMP synthetase. The Spy_xxxx assignments are based on the strain type M1 S. pyogenes MGAS5005 genome.
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Pyrimidine biosynthesis

Compared to purine biosynthesis, pyrimidine (i.e., cytosine, thymine, and uracil) biosynthesis is less complex
due to the simple one heterocyclic ring structure of the pyrimidines (Figure 13). The basic pyrimidine
biosynthesis pathway, which forms uridine monophosphate (UMP), is derived from 1 mole each of glutamine,
ATP, CO;, and aspartate. The first important precursor, carbamoyl phosphate, is formed by the heterodimeric
enzyme carbamoyl phosphate synthetase (Spy_0642/CarA and Spy_0643/CarB) in the presence of ATP,
glutamine and CO; (i.e., bicarbonate from the cytosol). The carbamoyl phosphate is converted to carbamoyl
aspartate (CA) via a reaction that is catalyzed by aspartate transcarbamylase (ATcase, Spy_0641/PyrB) and a
condensation with aspartate. CA is then dehydrated to dihydroorotate by CA-hydratase (Spy_709/PyrC). In the
subsequent NAD-dependent dihydroorotate dehydrogenase reaction (Spy_1165/PyrD), the dihydroorotase is
converted to orotic acid. The orotate phosphoribosyl transferase (Spy_0704/PyrE)-catalyzed enzymatic reaction
requires a cytoplasmic source of phosphoribosylpyrophosphate (PRPP) to convert the orotic acid to orotidine
monophosphate, which is then converted to UMP via a carboxylation reaction (orotidine-5-phosphate
carboxylase, Spy_0703/PurF). The UMP is then doubly phosphorylated via UDP by some enzymes (Spy_0240,
Spy_379/uridylate kinase, and/or Spy_0670/774/775 nucleotide/nucleoside diphosphate kinase) in the presence
of ATP to form UTP (Figure 12). An additional one mole, each of glutamine and ATP, are required for the
conversion of UTP to CTP by CTP synthase (Spy_1609-1610/PyrG). RNA synthesis from CTP and UTP is
catalyzed by the RNA polymerase complex (Spy_0070/RpoA, Spy_0083/RpoB, Spy0084/RpoC, Spy_1340/
QRNAP, and Spy_1611/RpoE). Polynucleotide phosphorylase (Spy_1660) catalyzes a similar synthesis from
CDP and UDP.

lon transport

Trace metals, including iron, zinc, manganese, nickel, and copper participate in many structural and enzymatic
functions in both eukaryotes and prokaryotes, including S. pyogenes. Thus, these metals influence physiology,
metabolism, and pathogenesis. While the presence of these ions serves as an indispensable nutrient source for
bacteria, excess amounts of these ions result in deleterious and even toxic effects, which make metal homeostasis
essential to metabolism. The concentrations of these metals vary dynamically in the host environment. Thus as a
successful pathogen, S. pyogenes is required to control the transport and utilization of these metals in a
constantly changing host environment. S. pyogenes is endowed with a variety of mechanisms to tolerate and
utilize available trace metals. The following discussion covers the established and putative ion transport and
trace metal homeostasis mechanisms available for S. pyogenes, and is summarized in Figure 14.

Iron and Manganese

Similar to the S. aureus iron-regulated surface determinant (isd) system (Mazmanian, et al., 2003), S. pyogenes
also acquires iron in the form of heme through a streptococcal iron acquisition relay system (i.e., the Sia system)
that is encoded by a ten-gene operon (Spy_1521-1530) that includes the genes encoding the HtsABC ATP-
binding cassette (ABC) type transporter (Bates, Montaniez, Woods, Vincent, & Eichenbaum, 2003; Lei, et al.,
2003; Ouattara, et al., 2010). In general, the protein components of these systems bind human hemoproteins,
remove the heme molecule, and transport heme through the cell wall and plasma membrane for accumulation in
the bacterial cytoplasm. Once inside the cell, the porphyrin ring of heme is degraded by the heme-degrading
luciferase-like monooxygenase enzyme (Spy_0932), which leads to the formation of free iron for use by the
bacterium as a nutrient source. Recently, the Shr protein of the Sia system (Spy_1530) was demonstrated to
achieve heme binding through its unique N-terminal domain (NTD) and two distinct heme-binding near-iron
transporters (NEAT) motifs (Ouattara, et al., 2013). In the Fe-excess environment (high heme/methemoglobin-
metHb), the heme scavenged by the NEAT1 domain is rapidly transferred to the Shp protein (Spy_1529) for
delivery into the SiaABC transporter (Spy_1528, Spy_1527, and Spy_1526). The heme acquired by the NEAT-2
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Figure 13: A schematic diagram of the pyrimidine biosynthesis pathway in S. pyogenes. This pathway involves six steps.

Step 1: Carbamoyl-P synthesis.

Step 2: The condensation of carbamoyl phosphate and aspartate to yield carbamoyl aspartate is catalyzed by aspartate
transcarbamoylase or ATPcase.

Step 3: The intramolecular condensation is catalyzed by dihydroorotase, which results in the production of dihydroorotate (DHO).
Step 4: The oxidation of DHO by dihydroorotate dehydrogenase generates orotate in an NAD-dependent manner.

Step 5: PRPP provides the ribose-5-P moiety that converts orotate into orotidine 5’-monophosphate, which is a pyrimidine nucleotide.
Step 6: The decarboxylation of OMP by OMP decarboxylase yields UMP. The UMP then is converted into UDP and UTP in the
presence of ATP. UTP is similarly converted to CTP. UTP and CTP are then utilized for RNA synthesis. The Spy_xxxx assignments are
based on the strain type M1 S. pyogenes MGAS5005 genome.

domain of Shr (Spy_1530) is stored, transferred back to NEAT1 when the concentration of heme is limiting. The
replenished source of heme on the NEAT1 domain is then transferred to Shp (Spy_1529). The remaining genes
in this operon appear to be involved in cobalt ion transport, although no report is available to substantiate this
predicted function (Figure 14). As described before, the putative cobalt-transporting gene may have a role in the
transport of biotin required for lipid biosynthesis (Figure 9, Step I).

In addition to HtsABC, S. pyogenes also possesses genes that encode two additional ABC type metal
transporters: MtsABC (Spy_0368, Spy_0369, and Spy_0370) and FtsABCD (Spy_0321/FhuG, Spy_0322/FhuB,
Spy_0323/FhuD, and Spy_0324/FhuA) (Bates, Toukoki, Neely, & Eichenbaum, 2005; Hanks T. S., Liu, McClure,
Fukumura, Dufly, & Lei, 2006; Hanks, Liu, McClure, & Lei, 2005). These transporters are responsible for the
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uptake of Fe3* and Mn?* (Janulczyk, Ricci, & Bjorck, 2003) and ferric ferrichrome (Hanks, Liu, McClure,
Fukumura, Dufty, & Lei, 2006), respectively. Studies are in progress to uncover the complexities and interactions
of the homeostatic regulatory networks that balance expression of the transporters with the availability of certain
metals. For example, MtsR (Spy_0367/scaR) is a Dtx family transcription repressor that itself is a metalloprotein
that plays a key role in the regulatory network (Bates, Toukoki, Neely, & Eichenbaum, 2005; King, Horenstein, &
Caparon, 2000). MtsR binds to DNA in the presence of both Fe3* and Mn?*, but does not regulate the
expression of ftsABCD. In contrast, MtsR regulates both mtsABC and htsABC, but does so according to distinct
patterns, as both Fe>* and Mn2* regulate mtsABC, but only Fe3* regulates htsABC (King, Horenstein, &
Caparon, 2000). The molecular basis of this discrimination and its functional significance has yet to be revealed,
as, unlike PerR mutants, MtsR mutants are not attenuated in the murine soft tissue infection model (King,
Horenstein, & Caparon, 2000).

Zinc

Zinc is the second most abundant transition metal found in human tissues, and like Fe2*, it serves as a structural
element or cofactor for several surface proteins, enzymes, and regulatory proteins. Similar to other metals, S.
pyogenes precisely calibrates the expression of genes encoding proteins that are responsible for Zn2* export and
import to preserve homeostasis and to avoid any excess Zn2* concentration-related cytotoxicity.. An interesting
feature of the S. pyogenes Zn2* regulatory network is that its genome lacks Zur, a transcriptional regulator that
plays an important role in the regulation of Zn* homeostasis in many other Gram-positive pathogens (Hantke,
2005). Instead, the peroxide-stress response regulator PerR (a homolog of Zur) likely serves in a dual capacity by
possessing an additional function as the regulator of Zn2* homeostasis (Brenot, Weston, & Caparon, 2007).
PerR regulates the expression of PmtA (Spy_1167), a putative Zn2* efflux transporter. It also indirectly regulates
several additional genes that are involved in Zn®* metabolism, presumably because de-repression of PmtA
results in unregulated Zn2+ efflux leading to Zn2* starvation. Among the indirectly regulated genes are two
operons regulated by the MarR-family transcription repressor AdcR (Spy_0077) that encode components of an
ABC-family membrane transporter for Zn®* import (Spy_0078/AdcC, Spy_0079/AdcB) and two genes in an
unlinked operon encoding Lsp (Spy_1711) and PhtD (Spy_1710). The former is a cluster 9 family lipoprotein
and the latter a putative histidine-triad family protein, both of which have homology to known Zn?*-binding
membrane proteins. Interestingly, the Adc operon is incomplete, as it encodes the ATPase subunit (AdcC) and
permease subunit (AdcB), but lacks a gene for a putative Zn2*-binding subunit. Analysis of Lsp mutants
indicates that this protein is required for growth under conditions of Zn2* starvation, which raises the intriguing
possibility that Lsp functions as the Zn%*-binding component of the Adc transporter. Should PhtD have a
similar function, it is possible that Lsp and PhtD act as interchangeable high and low-affinity solute-binding
components to fine-tune adaptor affinity to environmental Zn?* concentrations (Elsner, et al., 2002; Weston,
Brenot, & Caparon, 2009). Lsp-deficient mutants are highly attenuated in the murine soft tissue infection model,
which indicates that the PerR/Zn?* homeostasis network is critical for S. pyogenes virulence (Elsner, et al., 2002;
Weston, Brenot, & Caparon, 2009) (Figure 14).

Copper

Like most lactic acid bacteria, the S. pyogenes genome does not contain any known copper-requiring enzyme
(Ridge, Zhang, & Gladyshev, 2008). However, the acid produced by its fermentative metabolism can cause the
release of copper from host enzymes, which may accumulate to toxic levels. Excess copper can damage cells by a
number of mechanisms, including the generation of ROS by participation in the Fenton reaction. The principle
mechanism by which Gram-positive bacteria protect themselves from copper toxicity is by removing copper
from the cytosol via a dedicated P-type ATPase via a dedicated efflux pump, encoded by the cop operon. The
function of this operon has been thoroughly characterized in Enterococcus hirae (Magnani & Solioz, 2005).
However, the S. pyogenes operon most closely resembles the three-gene-containing cop operon that has recently
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been described for Streptococcus mutans (Singh, Senadheera, & Cvitkovich, 2014; Singh, Senadheera, Lévesque,
& Cvitkovich, 2015). In addition to a transcriptional regulator, (Spy_1406/CopY), the P-type ATPase
(Spy_1405CopA) and a copper chaperone (Spy_1404/CopZ), the S. pyogenes genome also contains a gene
(spy_0337/cutC) for an additional protein that may participate in copper homeostasis. The regulation of such
homeostasis in streptococci is expected to follow a variation of the paradigm that has been developed for the
more complex import/efflux system of E. hirae (Magnani & Solioz, 2005; Singh, Senadheera, & Cvitkovich,
2014). In the latter, an excess of free copper is recognized by the CopZ chaperone, which then donates copper to
both the CopA efflux ATPase and the CopY DNA-binding repressor. Donation of copper to CopY results in the
replacement of a molecule of Zn®* and an allosteric change that reduces the affinity of CopY for DNA, which
leads to derepression of the cop operon promoter and transcription of the cop operon genes (Magnani & Solioz,
2005) (Figure 14). To date, neither the details of this paradigm nor the functional significance of this operon for
copper homeostasis and/or virulence has been investigated in S. pyogenes. However, in S. mutans, cop deletion
mutants become hypersensitive to copper toxicity and fail to form biofilms (Singh, Senadheera, Lévesque, &
Cvitkovich, 2015).

Sodium and protons (H*) transport

Genomic analysis of S. pyogenes revealed the presence of two operons containing genes that encode energy-
generating, proton-translocating, heteromultimeric protein complexes. The V1V Na*-ATPase (V-ATPase) and
the F1Fg-ATPase (F-ATPase/synthase) complexes are structurally related, but have distinct ATPase-complexes
that can be found in bacterial cytoplasmic membranes. These complexes are often referred to as proton pumps,
because they couple the passive flux of protons (H*) or sodium ions via the ATPase channel to the synthesis
and/or hydrolysis of ATP, depending on the direction of ion flow: "out" is coupled to hydrolysis, whereas "in" is
coupled to synthesis. However, unlike eukaryotes, the primary function of these complexes in bacteria is to
extrude ions at the expense of ATP.

F-ATPase

Studies of F-ATPases were initially undertaken to study oxidative phosphorylation in mitochondria and
photosynthesis in chloroplasts. These studies identified the F-ATP synthase in E. coli. Together, these studies
demonstrated that the fundamental mechanism of biological energy transformation is similar among all
organisms (Futai, Nakanishi-Matsui, Okamoto, Sekiya, & Nakamoto, 2012; Futai, Noumi, & Maeda, 1989;
Muench, Trinick, & Harrison, 2011). The S. pyogenes genome contains an eight-gene operon (Spy_0575 to
Spy_0582) that encodes proteins that are highly similar to F-ATPase proteins in E. coli, which allows the
structure of the S. pyogenes F-ATPase to be predicted based on the structure described the E. coli complex (Futai,
Nakanishi-Matsui, Okamoto, Sekiya, & Nakamoto, 2012) (Figure 14). The Fy domain is integral in the
membrane and is comprised of three proteins: the Fy-Fq subunit C (65 aa), subunit A (238 aa), and subunit B
(164 aa), with a composition of 12C:1A:2B. These proteins are encoded by spy_0575/atpE, spy_0576/atpB, and
spy_0577/atpF genes respectively. The proteins of the F; domain are peripherally associated with the Fy domain
and are located on the cytoplasmic side of the membrane (Figure 15). The Fy complex is formed by five
polypeptides: a (502 aa), p (468 aa), y (291 aa), § (178 aa), and € (138 aa), with a composition ratio of
3a:3P:1y:16:1e. These proteins are encoded by spy_0579/atpA, spy_0581/atpD, spy_0580/atpG, spy-0578/atpH,
and spy_0582/atpC genes, respectively. During ATP synthesis, a transmembrane proton gradient is generated by
the influx of protons across the membrane by the F-ATPase. The synthesis and hydrolysis of ATP are performed
by the Fy subunit (Figure 15), in which the three B subunits (Spy_581/AtpD) provide the active binding sites for
the substrate, while the three a subunits (Spy_0579/AtpA) provide regulatory substrate binding sites. During the
catalysis of ATP, the rotations of the central stalk (i.e., F1-y and Fy-¢; Spy_0580/AtpG and Spy_00582/AtpC) is
counter-rotational to the H* gradient-driven movement of the Fy-C subunit (Spy_0575/AtpE). Thus, when the
Fo-unit moves counter-clockwise, the F1-unit moves clockwise to convert a chemical gradient into a mechanical
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movement that can be harnessed for ATP synthesis. In contrast, the hydrolysis of ATP can drive the reverse
movement of the subunits, which results in the expulsion of protons from the cell. This latter activity plays a
critical role in correcting the pH imbalance imposed by acid stress, by pumping protons out of the cell against an
H™ gradient to prevent the cytoplasm from acidifying. Since the concentration of ATP can be a limiting factor
under acid stress conditions, accessory metabolic pathways that can supplement the ATP pool can make
important contributions to stress resistance. For example, citrulline enhances survival during acid stress by
producing ATP via the arginine deiminase pathway (Cusumano & Caparon, 2015) (as described above).
However, citrulline-mediated protection can be blocked by specific chemical inhibitors of the F1Fy ATPase, such
as N, N'-dicyclohexylcarbodiimide (DCCD), which demonstrates that the ATP generated by citrulline
catabolism is hydrolyzed for the expulsion of protons via the ATPase (Cusumano & Caparon, 2015).

V1Vo ATPase

The vacuolar ATPase or V-ATPase, which resembles the F-ATPase/F-ATP synthase, also functions as a proton
pump. The structures and functions of these ATPases have been described in detail for Enterococcus hirae (Iwata,
et al., 2004; Murata, Arechaga, Fearnley, Kakinuma, Yamato, & Walker, 2003; Murata, Yamato, Kakinuma, Leslie,
& Walker, 2005b; Murata, et al., 2008; Murata, et al., 2002) and Thermus thermophiles (Maher, et al., 2009;
Makyio, et al., 2005). The E. hirae V-ATPase transports Na*, rather than H*, under physiological conditions.
Hence, this pump is also known as Na-ATPase. In S. pyogenes, the V-ATPase system is encoded by the Ntp
operon, which consists of 7-8 genes (Figure 16). Like the F-ATPase, the V| domain of the V-ATPase is a
peripheral complex that is responsible for ATP hydrolysis. The V| domain complex consists of six proteins: NtpA
(Spy_0128, 591 aa), NtpB (Spy_0132, 471 aa), NtpC (Spy_0129, 332 aa), NtpD (Spy_0133, 208 aa), NtpE
(Spy_0128, 194 aa) and NtpF (Spy_0130, 106 aa). Except for the S. pyogenes type M1 strain SF370, all other S.
pyogenes genomes sequenced to date contain NtpF (Spy_0130). The physiological significance of the absence of
ntpF in SF370 is currently unknown. The A and B subunits (Spy_0131 and Spy_0132) presumably participate in
nucleotide binding with the catalytic site located in NtpA. Three copies of each subunit are presumably arranged
around the central stalk, which is composed of a single copy of NtpD (Spy_0133). Based on studies of E. hirae
V1V ATPase complex, the function of the central stalk is to rotate via a conformational change of the A subunit
(Spy_0131) that is caused by the binding and hydrolysis of ATP. NtpE (Spy_0128) and NtpF (Spy_0130) may
form a subcomplex that constitutes the peripheral stalk. The C subunit (Spy_0129) has no counterpart in F-
ATPases and may connect the foot of the central stalk (Spy_0133/NtpD) to the membrane rotor ring of the V
complex.

The Vj domain is a membrane-associated domain, and is responsible for Na* translocation across the
membrane. Based on the E. hirae V(o domain structure and the F-type AtpC protein (described in Figurel3), the
S. pyogenes Vo domain also contains NtpK (Spy0127, 159 aa), which likely forms a ring with 10-fold symmetry
and a single copy of NtpI (Spy_0126, 673 aa) (Figure 16). The composition of this system in S. pyogenes is
simpler than that of E. hirae, as it lacks two additional components (namely, NtpG and NtpH). The function of
this proton pump has been demonstrated to be similar to that of the F-type proton pump, although recent
structural studies have demonstrated several variations in rotation patterns between the pumps of E. hirae and T.
thermophiles (Maher, et al., 2009; Makyio, et al., 2005; Murata, Yamato, & Kakinuma, 2005a). While the
predicted functions of individual components of the S. pyogenes F- and V-ATPases have not been investigated to
date, global transcriptome analyses of several S. pyogenes mutants have revealed a differential expression of the
corresponding genes, which implies that it plays an adaptive role.

Conclusion

The fact that S. pyogenes remains a successful pathogen, despite its susceptibility to most modern therapies,
reflects its exquisite ability to adapt its metabolism to exploit a variety of adverse environments and host tissues.
Since metabolism is intimately linked to virulence, it is a burgeoning question and a matter of important
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Figure 15: A schematic diagram of the predicted F1-Fq (F)-ATPase transport system in S. pyogenes. (A) The F-ATPase proton pump
and its eight components are encoded by an operon constituted of eight genes: M5005_SPy_0575-0582. (B) A schematic diagram of the
F1-Fo (F)-ATPase pump is based on the F-ATPase structure described for Escherichia coli. The Fy components C and A in a
composition of 12C:1A:2B are found associated with the cytoplasmic membrane. The F1 components are located peripherally and are
composed of a catalytic hexamer (30, 3p) and a stalk (1y, 1¢ ) that are connected to the membrane-located F( proton motor C. The
location of the small § protein is predicted, based on the E. coli Fy-F1 ATPase complex. The direction of the arrow indicates the anti-
clockwise movement of the motor C, the energy for which is provided by the catalytic (a, f) hexamer. The Spy_xxxx assignments are
based on the strain type M1 S. pyogenes MGAS5005 genome.

discussion whether a virulence-promoting alteration to its metabolism comes at too high a cost in fitness and is a
non-adaptive side effect of traits required for superficial symptomatic infection (Wollein Waldetoft & Raberg,
2014). Cumulative evidence has provided unequivocal evidence that diverse metabolic activities enable S.
pyogenes to survive successfully in the presence of a variety of stress conditions. The earlier interest in
understanding the metabolism of S. pyogenes was driven by a need to investigate the biochemical basis for its
growth requirements. The present chapter covers the knowledge obtained from subsequent reports of numerous
investigators who used the established biochemical basis of metabolism to understand the underlying
mechanisms of virulence as to how S. pyogenes, as a successful pathogen, senses its environment and changes its
metabolic status to survive, persist, and proliferate in a broad range of host environments. It is also worth noting
that early studies on S. pyogenes metabolism focused on various aspects of the pathogen’s carbohydrate and
amino acid metabolism. However, its lipid metabolism and membrane transport have received relatively limited
attention, despite the fact that these processes play a crucial role in the secretion of many cellular products,
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Figure 16: A schematic diagram of the predicted V-V (V)-ATPase transport system in S. pyogenes. (A) The V1Vo-ATPase complex is
encoded by an operon that contains eight genes (M5005_Spy_0126-0133), and annotated as shown. (B) The diagram of the predicted
structure of the V-V ATPase is based on the E. hirae V1-Vg Na+/H+ ATPase complex. The basic architecture of this ATPase complex
is similar to that of the F1Fp-ATPase shown in Figure 15. The V| complex is located peripherally near the membrane and is composed
of six protein components (NtpABCDEF). The 3A:3B:D hexameric complex hydrolyzes ATP. Components C and D together form a
central stalk, and components E and F form the peripheral stalk and connect to the motor complex that is constituted of the K and I
proteins, with a composition of 10K:11. The Na*t/H* motor is predicted to rotate clockwise. The Spy_xxxx assignments are based on the
strain type M1 S. pyogenes MGAS5005 genome.

including many virulence factors. As expected, genes that are often responsible for one metabolic function are
arranged in tandem in the form of one operon. However, this paradigm does not apply to all metabolic
functions. With few exceptions, when a defined structural complex is required to perform a metabolic function
(such as proton transport or sugar transport), the responsible genes are typically arranged in one operon. It is
not clear why the genes responsible for EMP pathways are found in tandem in some Gram-positive and negative
bacteria such as Staphylococcus aureus and E.coli, but not in S. pyogenes. These two examples of metabolic
functions, related to their corresponding genomic organization, suggest that metabolic pathways that are not
dependent on a defined structure, even though their intermediary products are dependent on the preceding
enzymatic products, are not necessarily organized in one operon. For the latter case, it is an open question
whether the individual gene products form an arbitrary putative metabolon complex to conserve energy to carry
out a cascade of reactions to achieve the final product in a timely fashion. Further research on such mechanistic
aspects may help understand whether metabolic pathways are compartmentalized within the cytoplasm.
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Another feature that this chapter highlights is the neofunctionalization of Lac.D1 activity for tagatose transport
tagatose-6-phosphate metabolism. The presence of an enzymatically inactive/ nonessential lac.1 operon and an
functionally intact lac.2 operon provides an example of selective advantage to S. pyogenes as a result of gene
duplication. Since both LacD.1 and LacD.2 retain differential tagatose aldolase activity, despite their similar
structures, but only LacD.1 possesses a unique regulatory function because of a truncated LacC.1 gene product,
it is difficult to judge whether this is an example of subfunctionalization or neofunctionalization in the absence
of similar paralogs. As compared to metazoans, examples of such neofunctionalization are relatively rare in
prokaryotes. Although S. pyogenes possesses multiple copies of phosphoglycerate mutase (Spy_0497, Spy_1164,
and Spy_1503), an important enzyme in the EMP pathway with no known other physiologically relevant
significance, there is no report in S. pyogenes other than the duplicated lac-operon that highlights essential
neofunctionalization as a process to provide a selective advantage in adapting to changing environments. It is
likely that subfunctionalization may help preserve duplicated gene copies and serve as a transition state to
neofunctionalization. Future studies on high-resolution analysis of genomes and SNPs observed in genomes of
several strains isolated over long periods may resolve the relative contribution of this gene duplication-related
neo/subfunctionalization of their products to the evolution of S. pyogenes virulence. It is also true that the
functions of a substantial number of genes with defined open reading frames in the S. pyogenes have yet to be
explored. Hence, future efforts towards high-resolution genome analysis may reveal other examples and allow us
to fine-tune our understandings of the mechanisms of S. pyogenes pathogenesis.

High-throughput next-generation sequencing has greatly advanced our understanding of the impact of sequence
variations on the global transcriptome at the individual-strain level; however, mRNA expression data and
proteomic analyses do not tell the true story of what might be happening in a cell. In this regard, future
streptococcal research endeavors in NMR and mass spectrometry-based metabolomics studies, which provide
quantitative analyses of the dynamics of multiparametric metabolic profiles of living systems in response to
pathophysiological stimuli or genetic modification, may give an instantaneous snapshot of the physiology or
metabolic fingerprint of a bacterial cell of interest. However, one of the challenges of systems biology and
functional genomics that may persist is the challenge of efficiently integrating proteomics, transcriptomics, and
metabolomics information to provide a complete picture of living organisms.
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Introduction

Outbreaks of epidemic infections by Streptococcus pyogenes, the group A streptococci, have been known for
centuries to be a major cause of substantial human morbidity and mortality. Early researchers placed great
emphasis on understanding the mechanisms of pathogenesis in order to prevent severe S. pyogenes diseases. The
recent development of genome sequencing has facilitated bacterial research by providing significant information
that could not be obtained from traditional research, which has often focused on phenotypic observations or
manipulations of limited genes. As mentioned in a subsequent section of this chapter, genome-based studies
have previously been carried out on S. pyogenes. These developments include understanding mechanisms of
evolutional differentiation and prevailing gene content of individual strains that make up various epidemic
lineages. This chapter highlights current approaches of comparative genomics in bacteriology, as well as major
findings in S. pyogenes genomics. We review the main studies that have focused on a limited number of S.
pyogenes lineages and describe the significance of molecular events in their evolution. In addition, future
perspectives are discussed in relation to an overall understanding of S. pyogenes itself.

Comparative genomics in bacterial research

Comparative genomics is a growing field in bacterial genomic research because of the rapid appearance of many
new publicly available genomes each year (Alf6ldi & Lindblad-Toh, 2013; Craddock, Harwood, Hallinan, &
Wipat, 2008). Technical improvement in next-generation sequencing has facilitated extensive comparative
genomic analyses in various bacterial species, as well as in non-bacterial organisms. Comparative genomics is
also a powerful approach to understand the biological nature of bacteria, as it can provide information about
which genes are present or absent and/or are modified in a particular bacterial genome. Applications of
comparative genomics can be wide for bacterial populations, and can include geographic and time series
comparisons, as well as phylogenetic delineation. For example, the emergence and spread of drug-resistant
lineages was demonstrated in Mycobacterium tuberculosis through an extensive comparison of worldwide
genomes (Galagan, 2014; Hershberg, et al., 2008). Pneumococcal strains were sequenced to demonstrate the
significance of recombination on its evolution (Chewapreecha, et al., 2014), or to delineate phylogenetically close
strains under high resolution (Harris, et al., 2010).

Genome sequences of S. pyogenes strains

Basic information of the S. pyogenes genome

The genome sequences of numerous S. pyogenes strains have been determined because of their clinical
importance as human pathogens (Table 1). At the time of writing this article (April 1, 2015), the Genomes
OnLine Database (Pagani, et al., 2012) recorded 23 complete genomes and 201 permanent draft genomes of S.
pyogenes. From the selected 19 complete genomes, the basic information of an S. pyogenes genome is as follows:
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the genome is composed of a single chromosome that is approximately 1.8-Mbp long with a GC content of 38.5
+ 0.1% on average, and includes 1,826 + 92 protein-coding regions (CDSs), 5 or 6 rRNA operons, and from 57 to
67 tRNA encoding genes. These values of genome size and GC content are usual for the phylum Firmicutes and
are low in the Eubacterial domain (Bentley & Parkhill, 2004).

The core S. pyogenes genes based on strain SF370 were analyzed and mapped for metabolic pathways using
KAAS (http://www.geno- me.jp/kaas-bin/; (Moriya, Itoh, Okuda, Yoshizawa, & Kanehisa, 2007), and were
visualized using iPath v.2 (Yamada, Letunic, Okuda, Kanehisa, & Bork, 2011), as Figure 1 shows. In addition, the
presence of known virulence genes was determined using BLASTP for all core genes against the virulence genes
described in previous reports (Banks, Lei, & Musser, 2003; Sharma, 2010; Dashper, Seers, Tan, & Reynolds,
2011). A search for novel virulence gene candidates was accomplished using BLASTP against the Virulence
Factor Database (VFDB; last accessed 25 November 2013; (Chen, Xiong, Sun, Yang, & Jin, 2012) and the
microbial database of protein toxins, virulence factors and antibiotic resistance genes for biodefense applications
(MvirDB; last accessed 21 March 2014; (Zhou, Smith, Lam, Zemla, Dyer, & Slezak, 2007). These results are
shown in Supplemental Table 1.

Among the 1,343 core S. pyogenes genes in Supplemental Table 1, 243 and 543 genes were related to virulence, as
determined from the VFDB and MvirDB database analyses, respectively. These observations indicate that many
of the genes in a small genome, such as S. pyogenes, are involved in pathogenicity. Although Ferretti et al.
(Ferretti, et al., 2001) showed only 34 putative virulence genes on the chromosome, the difference in the number
of candidate genes is due to the difference of the threshold on the BLAST search (e-value < 1e-5) and the
databases used, both of which were unavailable in 2001. Nevertheless, the results indicate that many more
intrinsic genes related to virulence may exist in S. pyogenes. Although many virulence factors, including M-
protein and part of the mga virulon, are thought to be found on a pathogenicity island, these factors are
conserved among the 19 genomes sequenced and could be intrinsic and non-phage pathogenic islands acquired
before S. pyogenes speciation (Panchaud, et al., 2009). As previously described (Chaussee, Somerville, Reitzer, &
Musser, 2003; Ferretti, et al., 2001), some metabolic pathways present in the S. pyogenes genome include a
complete glycolytic pathway, fatty acid synthesis, nucleotide synthesis and transport, and carbohydrate transport
and metabolism. The absence of a complete tricarboxylic acid cycle pathway and its accompanying electron
transport systems is consistent with its homofermentative metabolism and the facultative anaerobic environment
in which this organism resides. Only a few amino acids are synthesized, in accordance with the fastidious growth
requirements of the organism. These synthetic pathway deficiencies are offset by scavenging resources from the
environment; that is, ABC transporters that have been identified as amino acid uptake systems in addition to the
other transporter systems that might mediate the uptake of dipeptides and oligopeptides (Podbielski, et al., 1996;
Podbielski & Leonard, 1998). The results are in accordance with the fact that S. pyogenes is a human-specific
pathogen that relies on its host for both catabolic and anabolic substrates (Chaussee, Somerville, Reitzer, &
Musser, 2003).
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Figure 1. Conserved metabolic pathways in 19 S. pyogenes genomes.

Table 1. S. pyogenes strains with complete genome sequence

GC Number of
emm Genome size content Number of Number of rRNA
Strain type (bp) (%) CDS tRNA operon NCBI accession no. Reference
A20 1 1,837,281 38.5 1,808 67 6 NC_018936 (Zheng, et al., 2013)
(Miyoshi-Akiyama,
Watanabe, &
M1-476 1 1,831,128 38.5 1,808 57 5 NC_020540 Kirikae, 2012)
MGAS5005 1 1,838,554 38.5 1,811 67 6 NC_007297 (Sumby, et al., 2005)
SF370 1 1,852,441 38.5 1,811 60 6 NC_002737 (Ferretti, et al., 2001)
MGAS10270 2 1,928,252 38.4 1,913 67 6 NC_008022 (Beres, et al., 2006)
MGAS315 3 1,900,521 38.6 1,912 67 6 NC_004070 (Beres, et al., 2002)
(Nakagawa, et al.,
SSI-1 3 1,894,275 38.6 1,917 57 5 NC_004606 2003)
(Soriano, et al.,
STAB902 3 1892120 38.5 1925 59 5 NZ_CP007041.1 2014)
MGAS10750 4 1,937,111 38.3 1,908 67 6 NC_008024 (Beres, et al., 2006)
Manfredo 5 1,841,271 38.6 1,822 66 6 NC_009332 (Holden, et al., 2007)
MGAS10394 6 1,899,877 38.7 1,868 67 6 NC_006086 (Banks, et al., 2004)
MGAS2096 12 1,860,355 38.7 1,774 67 6 NC_008023 (Beres, et al., 2006)
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Table 1. continued from previous page.

GC Number of
emm Genome size content Number of Number of rRNA
Strain type (bp) (%) CDS tRNA operon NCBI accession no. Reference
MGAS9429 12 1,836,467 38.5 1,782 67 6 NC_008021 (Beres, et al., 2006)
(Port, Paluscio, &
HSC5 14 1,818,351 38.5 1,785 67 6 NC_021807 Caparon, 2013)
MGAS8232 18 1,895,017 38.5 1,908 67 6 NC_003485 (Beres, et al., 2002)
M23ND* 23 1,846,477 38.6 1,842 57 5 CP008695 (Bao, et al., 2014)
MGAS6180 28 1,897,573 38.4 1,864 67 6 NC_007296 (Green, et al., 2005)
(Soriano, et al.,
STAB901 44 1795610 38.5 2029 67 6 CP007024.1 2014)
(McShan, et al.,
NZ131 49 1,815,785 38.6 1,769 66 6 NC_011375 2008)
Alab49 53 1,827,308 38.6 1,791 67 6 NC_017596 (Bessen, et al., 2011)
(Fittipaldi, et al.,
MGAS1882 59 1,781,029 38.5 1,703 57 5 NC_017053 2012)
(Fittipaldi, et al.,
MGAS15252 59 1,750,832 38.5 1,667 57 5 NC_017040 2012)
(Minogue, et al.,
ATCC19615 80 1844804 38.5 1788 67 6 NZ_CP008926.1 2014)
STAB1102 83 1709440 38.6 1624 66 6 NZ_CP007023.1 Unpublished
1,847,191 +
Mean + SD 55,447 385+0.1 1,826+92 64+4 6+0.4

*The genomic information was not contained in the database until recently and not used for further analyses.

CDS homology and distribution among S. pyogenes strains

Beres and Musser (Beres & Musser, 2007) studied the variation in gene content among strains of S. pyogenes to
examine the molecular processes that produce intraspecies genomic diversity and the contribution of specific
genetic differences to host-pathogen interactions by comparative genomics. S. pyogenes is known to cause a wide
variety of infections, and epidemiologic studies have clarified that certain types of M proteins are associated with
particular human infections (Cunningham, 2000; Cunningham, 2008), which meant that a rich phenotypic and
clinical framework was available for interpreting genome sequence information. In addition, the increase in
number of reports describing the emergence of S. pyogenes strains resistant to antimicrobial agents from many
countries required genome sequencing of additional strains (Wong & Yuen, 2012).

Comparative genomics is based on the analyses of both nucleic and amino acid information; thus, its
methodology includes a variety of genetic analyses (Table 2). From the coding DNA sequence (CDS) of a
number of strains in a particular bacterial species, the pan-genome size and the number of core genes can be
estimated. The pan-genome size is expected to increase when the number of strains increases, while the number
of core genes is expected to decrease. These two values were determined in the 19 complete S. pyogenes genomes
by using GET_HOMOLOGUES following CDS clustering by a pan-genome analysis pipeline (PGAP). The
PGAP was used with the default parameters to obtain CDS clusters based on protein homology by amino acid
sequence similarity. Given that # is the estimated value and N is the number of strains, the estimated formulas
are given as the following: n = 1,807N%-1070 for pan-genome size, and n = 1,713N"0-09209 for the number of core
genes (Figure 2). The exponents in the former and the latter formula were between 0 and 1, and less than 1,



Streptococcus pyogenes Genomics 143

respectively, which indicates that S. pyogenes is an open pan-genome species (Tettelin, Riley, Cattuto, & Medini,
2008). This observation suggests that the acquisition of new genes is an additional factor that is responsible for S.
pyogenes evolution.

The PGAP analysis identified both the core genes and the other accessory genes of the 19 S. pyogenes strains. The
34,621 genes in these 19 strains were clustered into 4,246 CDS clusters. Of these 4,246 clusters, 1,342 were core
genes, including 33 multi-copy and 1,309 single-copy genes (Table 3, Table 4, Supplemental Table 2). There were
a total of 2,129 strain-specific genes, with 112.1 + 27.4 as an average + standard deviation for a given strain (for
details, see Supplemental Table 2). Thus, it was shown that, on average, each S. pyogenes strain had core genes
and strain-specific genes as 73.7% and 6.1% of the total genes on the genome (1,342/1,822 and 112/1,822),
respectively. Annotation information showed that at least 69.0% and 11.1% of the strain-specific genes encoded
hypothetical and phage-related proteins (1,470/2,129 and 237/2,129), respectively.


https://www.ncbi.nlm.nih.gov/books/n/spyogenes/genomics/bin/supplemental_t2_genomics.xlsx
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Figure 2. Estimation of pan-genome from 19 S. pyogenes genomes. The software GET_HOMOLOGUES was used to calculate the
number of new genes (# in the upper graph) or pan-genome (# in the lower graph) in each number of genomes (N). Ten values of n
were obtained in each N, and were used for estimation of exponential formulas that are shown in the graph areas.
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Table 2. Available software for CG
Software Examples of executable analyses

Gene clustering, estimation of pan-genome size, SNP calling,
PGAP evolutionary analysis, and functional analysis of orthologous
clusters

GET_HOMOLOGUES Gene clustering, and estimation of pan-genome size

Sequence alignment, distance calculation, and construction of

MEGA phylogenetic tree

RAXML Construction of phylogenetic tree based on maximum likelihood
method

SAMtools NGS read mapping onto a reference genome, and SNP calling

PAML Comparison of phylogenetic trees, likelihood ratio tests, and

estimation of dN/dS ratio

Table 3. Multi-copy core genes in 19 S. pyogenes strains
Annotation

Amino acid transport ATP-binding protein
Nucleoside-binding protein

Peptidoglycan hydrolase, Autolysin2

General stress protein, Gls24 family

ABC transporter ATP-binding protein
Butyrate-acetoacetate CoA-transferase subunit B
Ribose-phosphate pyrophosphokinase
Formate--tetrahydrofolate ligase

Positive transcriptional regulator, MutR family
Butyrate-acetoacetate CoA-transferase subunit A
Phosphate transport ATP-binding protein PstB (TC 3.A.1.7.1)
Competence-specific sigma factor ComX

Foldase protein prsA 1 precursor

Lactose phosphotransferase system repressor
Galactose-6-phosphate isomerase, LacA subunit
Galactose-6-phosphate isomerase, LacB subunit
Immunogenic secreted protein

Tagatose 1,6-bisphosphate aldolase

3-ketoacyl-CoA thiolase @ Acetyl-CoA acetyltransferase
UTP--glucose-1-phosphate uridylyltransferase
Oxaloacetate decarboxylase alpha chain

Mobile element protein

FIG01116026: hypothetical protein

Glycerol uptake facilitator protein

Replicative DNA helicase
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Reference

(Zhao, Wu, Yang, Sun, Xiao, & Yu, 2012)

(Contreras-Moreira & Vinuesa, 2013)

(Tamura, Stecher, Peterson, Filipski, &
Kumar, 2013)

(Stamatakis, 2006; Stamatakis, Ludwig,
& Meier, 2005)

(Li, et al., 2009)

(Xu & Yang, 2013; Yang, 2007)
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Table 3. continued from previous page.
Annotation
Streptodornase B; Mitogenic factor 1

Single-stranded DNA-binding protein

Pleiotropic regulator of exopolysaccharide synthesis, competence and biofilm formation Ftr, XRE family

Quinolinate phosphoribosyltransferase [decarboxylating]
Malonate permease

FIG01114229: hypothetical protein

DNA-entry nuclease (Competence-specific nuclease)

Collagen-like surface protein

Table 4. Single-copy core genes in 19 S. pyogenes strains

Annotation

COG0488: ATPase components of ABC transporters with duplicated ATPase domains

Acid phosphatase
Signal peptidase I

ATPase component BioM of energizing module of biotin ECF transporter

D-beta-hydroxybutyrate permease
Isopentenyl-diphosphate delta-isomerase, FMN-dependent
Serine hydroxymethyltransferase
Glucosamine-6-phosphate deaminase

Transporter

ABC transporter permease protein

Alcohol dehydrogenase

V-type ATP synthase subunit E

Beta-glucosidase

Putrescine transport ATP-binding protein PotA (TC 3.A.1.11.1)
Ribosomal RNA small subunit methyltransferase C
Phosphate transport system regulatory protein PhoU
Lipase/Acylhydrolase family protein

LSU ribosomal protein L28p

Inosine-5'-monophosphate dehydrogenase

Transcriptional regulator, DeoR family

Translation initiation factor 3

Ribosome recycling factor

Ferrichrome transport ATP-binding protein FhuC (TC 3.A.1.14.3)
Ypf] protein, zinc metalloprotease superfamily

Ribosomal RNA large subunit methyltransferase N

Thiol:disulfide oxidoreductase associated with MetSO reductase

Streptococcus pyogenes
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Table 4. continued from previous page.

Annotation

Transaldolase

Pyruvate formate-lyase activating enzyme

Dephospho-CoA kinase

COG2110, Macro domain, possibly ADP-ribose binding module
2-dehydro-3-deoxygluconate kinase

3'->5' exoribonuclease Bsu YhaM

GTP pyrophosphokinase

Thioredoxin reductase

Sucrose operon repressor ScrR, Lacl family

Multiple sugar ABC transporter, membrane-spanning permease protein MsmG
Potassium efflux system KefA protein / Small-conductance mechanosensitive channel
Streptolysin S biosynthesis protein B (SagB)

Cell division protein FtsH

Glyoxalase family protein

Dihydroorotate dehydrogenase, catalytic subunit

Predicted regulator for deoxynucleoside utilization, GntR family
FIG01114764: hypothetical protein

Leucine rich protein

GTP-binding protein HfIX

3-hydroxyacyl-[acyl-carrier-protein] dehydratase, FabZ form

Phage infection protein

Putative iron-sulfur cluster assembly scaffold protein for SUF system, SufE2
Aspartyl-tRNA(Asn) amidotransferase subunit B @ Glutamyl-tRNA(GIn) amidotransferase subunit B
hypothetical protein

Phenylalanyl-tRNA synthetase domain protein (Bsu YtpR)

Chorismate mutase I

4-oxalocrotonate tautomerase; Xylose transport system permease protein xylH
Hypothetical ATP-binding protein UPF0042, contains P-loop
Acetyl-coenzyme A carboxyl transferase alpha chain

Heat shock protein GrpE

Lactoylglutathione lyase

FIG01114175: hypothetical protein

Carbonic anhydrase

Competence-induced protein Ccs4

DNA repair protein RecN

ATP-dependent nuclease, subunit B

RNA methyltransferase, TrmA family

147
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Table 4. continued from previous page.

Annotation

Large-conductance mechanosensitive channel

UPF0135 protein Bsu YqfO

Arginine pathway regulatory protein ArgR, repressor of arg regulon
Phosphoenolpyruvate-protein phosphotransferase of PTS system
Cell division protein FtsW

Predicted nucleoside phosphatase

Ferric iron ABC transporter, iron-binding protein
Phosphoribosylglycinamide formyltransferase

GTP-binding protein YqeH, required for biogenesis of 30S ribosome subunit
3-oxoacyl-[acyl-carrier protein] reductase

Methionyl-tRNA synthetase

ATP-dependent Clp protease, ATP-binding subunit CIpE
N-acetylmannosamine-6-phosphate 2-epimerase

Putative ABC transporter ATP-binding protein, spy1790 homolog
Phosphoribosylaminoimidazole carboxylase ATPase subunit

Alkyl hydroperoxide reductase protein C

Excinuclease ABC subunit A

KH domain RNA binding protein YlqC

Streptococcal histidine triad protein

PTS system, mannose-specific IID component

Glutamine synthetase type I

Glutamate 5-kinase

ATP synthase beta chain

Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily F2 (as in PMID19099556)
Export ABC transporter ATP-binding protein; Streptolysin S export protein (SagG)
FIG01114317: hypothetical protein

ribosomal protein L7Ae family protein

Guanylate kinase

COG1242: Predicted Fe-S oxidoreductase

SSU ribosomal protein S19p (S15e)

Cobalt-zinc-cadmium resistance protein CzcD

Glycine betaine ABC transport system, permease protein OpuAB / Glycine betaine ABC transport
system, glycine betaine-binding protein OpuAC

LSU ribosomal protein L31p @ LSU ribosomal protein L31p, zinc-independent
Predicted transcriptional regulator of pyridoxine metabolism
DNA replication intiation control protein YabA

ABC transporter, predicted N-acetylneuraminate transport system permease protein 2
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Table 4. continued from previous page.

Annotation

Transmembrane component of general energizing module of ECF transporters
Hypothetical protein VC0266 (sugar utilization related?)

Anaerobic ribonucleoside-triphosphate reductase

FIG001886: Cytoplasmic hypothetical protein

Two-component system histidine kinase

ABC transporter substrate-binding protein

3-dehydroquinate dehydratase I

Ribonucleotide reductase of class III (anaerobic), activating protein

DNA polymerase IV

Ribosomal small subunit pseudouridine synthase A

Chromosome segregation helicase

Methionine aminopeptidase

Manganese ABC transporter, periplasmic-binding protein SitA
Two-component response regulator, malate

Phosphatidate cytidylyltransferase

Deoxyribose-phosphate aldolase

ABC transporter, permease protein

RecA protein

Putative two-component responsible histidine kinase

hypothetical protein

Histone acetyltransferase Gen5

Rhodanese domain protein UPF0176, Firmicutes subgroup

SSU ribosomal protein S11p (S14e)

5'-methylthioadenosine nucleosidase @ S-adenosylhomocysteine nucleosidase
Neutral endopeptidase O

Purine nucleoside phosphorylase; N-Ribosylnicotinamide phosphorylase ## possible
2-dehydropantoate 2-reductase

Type I restriction-modification system, DNA-methyltransferase subunit M
A/G-specific adenine glycosylase

FIG001960: FtsZ-interacting protein related to cell division

Lipid A export ATP-binding/permease protein MsbA

LSU ribosomal protein L11p (L12e)

Late competence protein ComGC, access of DNA to ComEA, FIG007487
Transporter associated with VraSR

Cysteine desulfurase

Redox-sensitive transcriptional regulator (AT-rich DNA-binding protein)

PTS system, galactose-specific IIC component

149



150

Table 4. continued from previous page.

Annotation

FIG011440: Integral membrane protein

Rhodanese-like domain protein

Acetylornithine deacetylase/Succinyl-diaminopimelate desuccinylase and related deacylases
Adenylate kinase

Non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase (NADP)

HMP-PP hydrolase (pyridoxal phosphatase) Cof, detected in genetic screen for thiamin metabolic
genes (PMID:15292217)

tRNA pseudouridine synthase B

D-alanyl-D-alanine carboxypeptidase

tRNA (guanine46-N7-)-methyltransferase

Uracil phosphoribosyltransferase / Pyrimidine operon regulatory protein PyrR
DEAD-box ATP-dependent RNA helicase CshA

putative glycosyltransferase - possibly involved in cell wall localization and side chain formation of
rhamnose-glucose polysaccharide

Segregation and condensation protein A

ABC transporter permease protein

Glycerol-3-phosphate dehydrogenase [NAD(P)+]

Putative deoxyribose-specific ABC transporter, permease protein
Hypothetical protein ywlG

D-alanine--poly(phosphoribitol) ligase subunit 1
3-oxoacyl-[acyl-carrier protein] reductase

NAD synthetase

Oligopeptide transport system permease protein OppB (TC 3.A.1.5.1)
tRNA dimethylallyltransferase

2-deoxy-D-gluconate 3-dehydrogenase

Similar to ribosomal large subunit pseudouridine synthase D, Bacillus subtilis YjbO type
LSU m3Psi1915 methyltransferase RlImH

Glycosyltransferase involved in cell wall biogenesis
Hydroxyacylglutathione hydrolase

SSU ribosomal protein S6p

Ribonuclease J2 (endoribonuclease in RNA processing)
FIG01115059: hypothetical protein

Protein:protein lipoyl transferase

NADH peroxidase

Integral membrane protein

Xanthine permease

Phosphate transport system permease protein PstA (TC 3.A.1.7.1)
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Table 4. continued from previous page.

Annotation

2,3-butanediol dehydrogenase, S-alcohol forming, (R)-acetoin-specific / Acetoin (diacetyl) reductase
Catabolite control protein A

Pseudouridylate synthases, 23S RNA-specific

Membrane protein involved in the export of O-antigen, teichoic acid lipoteichoic acids
Lipoate-protein ligase A

Chaperone protein Dna]

Pyruvate kinase

Urocanate hydratase

tRNA-specific adenosine-34 deaminase

Streptolysin S biosynthesis protein (SagF)

Uncharacterized secreted protein associated with spyDAC
Phosphopentomutase

Ribonucleotide reductase of class Ib (aerobic), beta subunit
Cysteinyl-tRNA synthetase related protein

periplasmic component of efflux system

Inosine-5'-monophosphate dehydrogenase / CBS domain

Preprotein translocase subunit SecE (TC 3.A.5.1.1)

LSU ribosomal protein L14p (L23e)

Amino acid ABC transporter, glutamine-binding protein/permease protein
TsaC protein (YrdC domain) required for threonylcarbamoyladenosine t(6)A37 modification in tRNA
ATP synthase F0 sector subunit b

FIG01113961: hypothetical protein

Lysyl-tRNA synthetase (class II)

3-oxoacyl-[acyl-carrier-protein] synthase, KASII

N-acetylmannosamine kinase

Chaperonin (heat shock protein 33)

PTS system, ITA component, putative

Dihydroxyacetone kinase family protein

1-phosphofructokinase

Plasmid stabilization system toxin protein

FIGO011178: rRNA methylase

ABC transporter permease protein

SSU ribosomal protein S12p (S23e)

Surface exclusion protein

508 ribosomal subunit maturation GTPase RbgA (B. subtilis YIqF)

Signal recognition particle receptor protein

Phosphoribosylamine--glycine ligase
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Table 4. continued from previous page.

Annotation

ABC-type multidrug transport system, ATPase component

23S rRNA (guanosine-2'-O-) -methyltransferase rlmB

PTS system, galactose-specific IIA component

Hypothetical protein DUF194, DegV family

Pyridoxamine 5'-phosphate oxidase

Aspartyl-tRNA(Asn) amidotransferase subunit B @ Glutamyl-tRNA(GIn) amidotransferase subunit B
Carbamoyl-phosphate synthase large chain

6-aminohexanoate-cyclic-dimer hydrolase

PTS system, mannose-specific IIC component

tRNA:m(5)U-54 MTase gid

Ribosome-associated heat shock protein implicated in the recycling of the 50S subunit (S4 paralog)
Adenylosuccinate synthetase

L-serine dehydratase, beta subunit

FIG000557: hypothetical protein co-occurring with RecR

Ribosomal protein L11 methyltransferase

Transcription accessory protein (S1 RNA-binding domain)

Transcriptional antiterminator of lichenan operon, BglG family
2-amino-4-hydroxy-6- hydroxymethyldihydropteridine pyrophosphokinase
Nicotinamidase

Cysteine synthase

Integral membrane protein

Lon-like protease with PDZ domain

Cobalt-zinc-cadmium resistance protein

Heme ABC transporter (Streptococcus), ATP-binding protein

Histidine protein kinase

Deoxyuridine 5'-triphosphate nucleotidohydrolase
UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6- diaminopimelate--D-alanyl-D-alanine ligase
PTS system, cellobiose-specific IIC component

Phosphoglycerate mutase

FIG01114242: hypothetical protein

Helicase PriA essential for oriC/DnaA-independent DNA replication
FIG139598: Potential ribosomal protein

Substrate-specific component PdxU of predicted pyridoxine ECF transporter
Substrate-specific component BioY of biotin ECF transporter

Ribonuclease Z

Thioredoxin

ATP synthase alpha chain
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Table 4. continued from previous page.

Annotation

Substrate-specific component RibU of riboflavin ECF transporter
LemA protein

Potassium uptake protein TrkH

ComF operon protein A, DNA transporter ATPase

Cell division protein FtsK

LSU ribosomal protein L13p (L13Ae)

FIG01116435: hypothetical protein

LSU ribosomal protein L16p (L10e)

DNA-directed RNA polymerase beta subunit

YheO-like PAS domain

putative choline binding protein

Hypothetical protein SPy0110

Transcriptional antiterminator with PTS regulation domain, SPy0181 ortholog
Adenylosuccinate lyase

Putative deoxyribonuclease YcfH

Transcriptional regulator in cluster with unspecified monosaccharide ABC transport system
FIG01116936: hypothetical protein

ATPase component of general energizing module of ECF transporters
hypothetical protein

RNA polymerase sigma factor RpoD

FIG001583: hypothetical protein, contains S4-like RNA binding domain
Peptide methionine sulfoxide reductase MsrA

putative N-acetyl-muramidase

3-keto-L-gulonate 6-phosphate decarboxylase

DNA polymerase III alpha subunit

FIG014387: Transcriptional regulator, PadR family

ABC transporter, permease protein EscB

Dipeptide transport system permease protein DppB (TC 3.A.1.5.2)
Heteropolysaccharide repeat unit export protein

Late competence protein ComGG, FIG068335

putative phosphomannomutase

Transcriptional regulator

Aspartate--ammonia ligase

Transport protein SgaT, putative

Transcriptional regulator, GntR family

Two component system response regulator CiaR

Transcriptional regulator, RofA-like Protein (RALP)
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Table 4. continued from previous page.

Annotation

Para-aminobenzoate synthase, aminase component / Aminodeoxychorismate lyase
PTS system, N-acetylgalactosamine-specific IIB component
FIG01114628: hypothetical protein

Phosphoesterase, DHH family protein

Phenylacetic acid degradation protein PaaD, thioesterase
Substrate-specific component PanT of predicted pantothenate ECF transporter
Aspartate carbamoyltransferase

Translation elongation factor Tu

FIG01114171: hypothetical protein

Tagatose-6-phosphate kinase

Protein of unknown function DUF1447

LSU ribosomal protein L3p (L3e)

DNA gyrase subunit B

ABC transporter membrane-spanning permease - macrolide efflux
ABC-type multidrug transport system, permease component
Transcription antiterminator, BglG family

tRNA S(4)U 4-thiouridine synthase (former Thil)
rhamnose-containing polysacharide translocation permease
Oligoendopeptidase F

Negative regulator of genetic competence MecA
Prolyl-tRNA synthetase, bacterial type

Hydrolases of the alpha/beta superfamily

hypothetical protein

RecD-like DNA helicase YrrC

Serine acetyltransferase

Lipoate-protein ligase A

Peroxide stress regulator PerR, FUR family

LSU ribosomal protein L17p

SSU ribosomal protein S3p (S3e)

DNA mismatch repair protein MutL

Transaldolase

Arginine/ornithine antiporter ArcD

Glycyl-tRNA synthetase beta chain

Ribonucleotide reductase of class Ib (aerobic), alpha subunit
Excinuclease ABC subunit C

FIG01114490: hypothetical protein

Cell division protein FtsQ
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Table 4. continued from previous page.

Annotation

Cystine transport system permease protein

Excinuclease ABC subunit B

Lipoprotein signal peptidase

Phosphonate ABC transporter phosphate-binding periplasmic component (TC 3.A.1.9.1)
Acetoin dehydrogenase E1 component beta-subunit

Glutamine ABC transporter, periplasmic glutamine-binding protein (TC 3.A.1.3.2) / Glutamine
transport system permease protein GInP (TC 3.A.1.3.2)

DNA topoisomerase I

FIG01114029: hypothetical protein

DNA polymerase III delta subunit

Oligopeptide transport ATP-binding protein OppD (TC 3.A.1.5.1)
ATP-dependent Clp protease ATP-binding subunit CIpA
Maltose/maltodextrin ABC transporter, substrate binding periplasmic protein MalE
Signal recognition particle associated protein

FIG01115418: hypothetical protein

Mannose-6-phosphate isomerase

hydrolase, haloacid dehalogenase-like family

Regulation of D-alanyl-lipoteichoic acid biosynthesis, sensor histidine kinase
Helicase loader DnaB

Protein serine/threonine phosphatase PrpC, regulation of stationary phase
Transcriptional regulators, LysR family

Malate Na(+) symporter

Conjugation pore forming protein EbsA

membrane protein, related to Actinobacillus protein (1944168)
L-ribulose-5-phosphate 4-epimerase

SSU ribosomal protein S7p (S5e)

Colicin V production protein

Ribosomal RNA small subunit methyltransferase D

Ferredoxin

PTS system, maltose and glucose-specific IIC component / PTS system, maltose and glucose-specific
IIB component / PTS system, maltose and glucose-specific IIA component

Uridine kinase [C1]

PTS system, mannose-specific [IC component
Dihydroorotase

Iron-sulfur cluster assembly protein SufB
Streptolysin S biosynthesis protein D (SagD)

Tellurite resistance protein
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Table 4. continued from previous page.

Annotation

Glucose-6-phosphate isomerase

ABC-type multidrug transport system, ATPase component
Diacylglycerol kinase

Nicotinate-nucleotide adenylyltransferase

ABC transporter, ATP-binding protein
UDP-N-acetylglucosamine 1-carboxyvinyltransferase

PTS system, lactose-specific IIA component

YfaA

16S rRNA processing protein RimM

RNA methyltransferase, TrmA family

Acetylornithine deacetylase/Succinyl-diaminopimelate desuccinylase and related deacylases
Methionine biosynthesis and transport regulator MtaR, LysR family
Putative amidotransferase similar to cobyric acid synthase
hypothetical protein

3-dehydroquinate synthase

hypothetical protein

Transcriptional regulator pfoR

Late competence protein ComGA, access of DNA to ComEA
Segregation and condensation protein B

Chromosome replication initiation protein DnaD
Glycerophosphoryl diester phosphodiesterase

GAF domain-containing proteins

DNA repair protein RadC

Phosphate acetyltransferase

Ferrichrome transport system permease protein FhuG
Multimodular transpeptidase-transglycosylase

Alkyl hydroperoxide reductase protein F

Histidine triad (HIT) nucleotide-binding protein, similarity with At5g48545 and yeast YDL125C
(HNTI1)

Uracil phosphoribosyltransferase

Tyrosyl-tRNA synthetase

Ribosomal silencing factor RsfA (former Iojap)

Glucokinase

PTS system, N-acetylgalactosamine-specific IID component
Adenine-specific methyltransferase

S-ribosylhomocysteine lyase / Autoinducer-2 production protein LuxS

Type I restriction-modification system specificity subunit
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Table 4. continued from previous page.

Annotation

Phage shock protein C, putative; stress-responsive transcriptional regulator
Glutathione peroxidase family protein

Leucyl-tRNA synthetase

Glucan 1,6-alpha-glucosidase

D-alanyl-D-alanine carboxypeptidase
Phosphate:acyl-ACP acyltransferase PlsX

Lactate 2-monooxygenase

Two-component response regulator SA14-24
dTDP-glucose 4,6-dehydratase

Transcription termination protein NusA

internalin, putative

Streptococcal NAD glycohydrolase inhibitor

Holliday junction DNA helicase RuvB
Amidophosphoribosyltransferase

Lipid A export ATP-binding/permease protein MsbA
PhnO protein

Isoleucyl-tRNA synthetase

tRNA (adenine37-N(6))-methyltransferase TrmN6
tRNA uridine 5-carboxymethylaminomethyl modification enzyme GidA
LSU ribosomal protein L5p (L11e)

Lipoteichoic acid synthase LtaS Type Ilc
Phosphopantetheine adenylyltransferase

Putative sugar uptake protein SpyM3_1856/SPs1852
Cadmium efflux system accessory protein

Integral membrane protein

Deoxyadenosine kinase / Deoxyguanosine kinase
possible permease

FIG009439: Cytosolic protein containing multiple CBS domains
Aspartyl-tRNA synthetase

Transketolase

Heme transporter IsdDEF, lipoprotein IsdE

Arsenate reductase

Dihydrofolate synthase @ Folylpolyglutamate synthase
Recombination protein RecR

UDP-N-acetylglucosamine--N-acetylmuramyl- (pentapeptide) pyrophosphoryl-undecaprenol N-
acetylglucosamine transferase

Chloride channel protein
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Table 4. continued from previous page.

Annotation

3'-to-5' exoribonuclease RNase R

Pneumococcal vaccine antigen A homolog

Ubiquinone/menaquinone biosynthesis methyltransferase UbiE

LSU ribosomal protein L1p (L10Ae)

FIG005935: membrane protein

Dihydrolipoamide dehydrogenase of acetoin dehydrogenase

ATP synthase epsilon chain

Glycosyltransferase LafA, responsible for the formation of Glc-DAG
Uridine phosphorylase

dTDP-4-dehydrorhamnose reductase

Ribosomal small subunit pseudouridine synthase A

Preprotein translocase secY subunit (TC 3.A.5.1.1)

tRNA-specific 2-thiouridylase MnmA

Aquaporin (Major Intrinsic Protein Family)

Exodeoxyribonuclease VII large subunit

Biotin carboxyl carrier protein of acetyl-CoA carboxylase

FIG004453: protein YceG like

FIG005686: hypothetical protein

L-proline glycine betaine binding ABC transporter protein ProX (TC 3.A.1.12.1) / Osmotic adaptation
GTP pyrophosphokinase

GTP-binding and nucleic acid-binding protein YchF

FIG001721: Predicted N6-adenine-specific DNA methylase

DNA polymerase III delta prime subunit

ABC transporter, periplasmic spermidine putrescine-binding protein PotD (TC 3.A.1.11.1)
LSU ribosomal protein L23p (L23Ae)

Dolichyl-phosphate mannoosyltransferase, involved in cell wall biogenesis
Transcriptional regulator RegR, rpressor of hyaluronate and KDG utilization
Negative transcriptional regulator-copper transport operon

Ribosome small subunit-stimulated GTPase EngC

Transcriptional regulators, LysR family

1-acyl-sn-glycerol-3-phosphate acyltransferase

ABC transporter permease protein

Histidine ammonia-lyase

Galactosamine-6-phosphate isomerase

Ribonuclease J1 (endonuclease and 5' exonuclease)

FIG01114161: hypothetical protein

DNA-damage-inducible protein ]

Streptococcus pyogenes



Streptococcus pyogenes Genomics

Table 4. continued from previous page.

Annotation

Transcriptional regulator of fatty acid biosynthesis FabT
Unsaturated glucuronyl hydrolase

NADH peroxidase

DNA primase

tmRNA-binding protein SmpB

FIG01116176: hypothetical protein

Cell division transporter, ATP-binding protein FtsE (TC 3.A.5.1.1)
Aspartate aminotransferase

Aminopeptidase C

Glycyl-tRNA synthetase alpha chain

LSU ribosomal protein L21p

D-alanyl-D-alanine carboxypeptidase

Aspartate aminotransferase

Beta-glucoside bgl operon antiterminator, BglG family
Substrate-specific component BL0695 of predicted ECF transporter
Two-component response regulator yesN, associated with MetSO reductase
tRNA-dependent lipid II-Ala--L-alanine ligase

Transcription termination protein NusB

Arginine/ornithine antiporter ArcD

FIG01113973: possible membrane protein

Substrate-specific component QueT (COG4708) of predicted queuosine-regulated ECF transporter
Multidrug resistance protein B

FIG01114068: hypothetical protein

Hypoxanthine-guanine phosphoribosyltransferase

Trk system potassium uptake protein TrkA

Ascorbate-specific PTS system, EIIB component

HMP-PP hydrolase (pyridoxal phosphatase) Cof, detected in genetic screen for thiamin metabolic
genes (PMID:15292217)

putative cationic amino acid transporter protein
FIG015389: hypothetical membrane associated protein
Lanthionine biosynthesis protein LanM
4-alpha-glucanotransferase (amylomaltase)

Cold shock protein CspA

Sensory transduction protein kinase

Transcriptional regulator, TetR family

Kup system potassium uptake protein

ABC transporter ATP-binding protein YvcR
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Table 4. continued from previous page.

Annotation

Peptide chain release factor 1

Transcriptional regulator, LuxR family

Transcriptional regulator, MarR family

Arginine/ornithine antiporter ArcD

Transcription regulator [contains diacylglycerol kinase catalytic domain]
Phosphoenolpyruvate carboxylase

DNA-3-methyladenine glycosylase
Ribosomal-protein-S18p-alanine acetyltransferase

Group B streptococcal surface immunogenic protein

Putative ABC transporter (ATP-binding protein), spy1791 homolog
Long-chain-fatty-acid--CoA ligase

ABC transporter ATP-binding protein

Heat shock protein 60 family chaperone GroEL
Phenylalanyl-tRNA synthetase beta chain

FIG01114562: hypothetical protein

Histidine kinase of the competence regulon ComD
FIG01114660: hypothetical protein
Inositol-1-monophosphatase

Epoxyqueuosine (0Q) reductase QueG

putative transport accessory protein

V-type ATP synthase subunit I

Trehalose-6-phosphate hydrolase

Cell division protein FtsL

Transcriptional regulator SpxAl

Acyl-ACP thioesterase

ATP synthase gamma chain

NAD-dependent glyceraldehyde-3-phosphate dehydrogenase # Plasmin(ogen) receptor
Class B acid phosphatase precursor

LSU ribosomal protein L18p (L5e)

FIG01114729: hypothetical protein

Ribonuclease HIII

Zinc ABC transporter, inner membrane permease protein ZnuB
putative ATP-dependent Clp proteinase (ATP-binding subunit)
Methionine ABC transporter ATP-binding protein
Topoisomerase IV subunit B

GTP-binding protein EngA

COG1939: Ribonuclease IIT family protein
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Annotation

tRNA-guanine transglycosylase

Similar to ribosomal large subunit pseudouridine synthase D, Bacillus subtilis YhcT type
Alpha-mannosidase

Thymidylate kinase

Manganese-dependent inorganic pyrophosphatase

Arginyl-tRNA synthetase

Thymidylate synthase

DNA-directed RNA polymerase delta subunit

FIG01114438: possible membrane protein

ABC transporter ATP-binding protein

FIG01116163: hypothetical protein

MutT/nudix family protein

GTP cyclohydrolase I type 1

V-type ATP synthase subunit B

FIG01055109: hypothetical protein

Biotin operon repressor / Biotin-protein ligase

Peptide deformylase

Manganese ABC transporter, inner membrane permease protein SitD
6-phospho-beta-glucosidase

TsaE protein, required for threonylcarbamoyladenosine t(6)A37 formation in tRNA
Biotinyl-lipoyl attachment domain protein, GevH-like
Peptidoglycan N-acetylglucosamine deacetylase

RopB; Rgg-like transcription regulator

LacI family regulatory protein

hypothetical protein

Tagatose-6-phosphate kinase

membrane protein, putative

Integral membrane protein

Arginine pathway regulatory protein ArgR, repressor of arg regulon
Single-stranded-DNA-specific exonuclease Rec]

Alkaline shock protein

UPF0246 protein YaaA

S-layer homology domain / putative murein endopeptidase

MORN motif family protein

Acyltransferase family

hypothetical protein BH3604

Prolipoprotein diacylglyceryl transferase

161



162 Streptococcus pyogenes

Table 4. continued from previous page.

Annotation

Hydroxymethylglutaryl-CoA synthase

Topoisomerase IV subunit A

Translation elongation factor P

peptidase, U32 family large subunit [C1]

SSU ribosomal protein S20p

Transporter, MFS superfamily

SSU ribosomal protein S8p (S15Ae)

COG4478, integral membrane protein

Dipeptide transport ATP-binding protein DppF (TC 3.A.1.5.2)
Endonuclease III

Thioredoxin reductase

Aspartyl-tRNA(Asn) amidotransferase subunit C @ Glutamyl-tRNA(GIn) amidotransferase subunit C
Thiamin pyrophosphokinase

PTS system, cellobiose-specific IIA component

Hypothetical protein SP1558

HMP-PP hydrolase (pyridoxal phosphatase) Cof, detected in genetic screen for thiamin metabolic
genes (PMID:15292217)

Fructose-bisphosphate aldolase class II

FIG007079: UPF0348 protein family

Streptococcal lipoprotein rotamase A; Peptidyl-prolyl cis-trans isomerase
FIG01114188: hypothetical protein

Transcriptional regulator, TetR family

FIG01114378: hypothetical protein

Transcriptional regulator, CrP/Fnr family

Cytidylate kinase

FIG01116327: hypothetical protein

Putative cysteine desulfurase, associated with tRNA 4-thiouridine synthase
Rossmann fold nucleotide-binding protein Smf possibly involved in DNA uptake
Transcriptional regulator OrfX

SSU ribosomal protein S14p (S29e) @ SSU ribosomal protein S14p (S29e), zinc-independent
L-serine dehydratase, alpha subunit

FIG014356: hypothetical protein

Magnesium and cobalt efflux protein CorC

Deoxyguanosinetriphosphate triphosphohydrolase

Transcriptional regulator SpxA2

Nicotine adenine dinucleotide glycohydrolase (NADGH)

Sucrose-6-phosphate hydrolase (EC 3.2.1.B3)
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Annotation

DNA recombination protein RmuC

Inner membrane protein translocase component YidC, OxaA protein
ATP synthase F0 sector subunit ¢

unknown domain / Nucleoside 5-triphosphatase RdgB (dHAPTP, dITP, XTP-specific)
ADP-ribose pyrophosphatase

Phosphopantothenoylcysteine decarboxylase
Pyrrolidone-carboxylate peptidase

DNA-binding response regulator, AraC family

Duplicated ATPase component BL0693 of energizing module of predicted ECF transporter
Pyrroline-5-carboxylate reductase

FIG01114177: hypothetical protein

Phosphoglycerate mutase family 5

5'-nucleotidase

Peptide methionine sulfoxide reductase MsrB

Flavodoxin

Succinyl-CoA synthetase, alpha subunit-related enzymes

Chaperone protein DnaK

SSU ribosomal protein S2p (SAe)
UDP-N-acetylmuramoylpentapeptide-lysine N(6)-alanyltransferase
Type I restriction-modification system, restriction subunit R
D-tyrosyl-tRNA(Tyr) deacylase (EC 3.6.1.n1)

DNA recombination and repair protein RecF

Zn-dependent hydrolase Yyc]/Wal], required for cell wall metabolism and coordination of cell division
with DNA replication

Hyaluronoglucosaminidase
Lipoteichoic acid synthase LtaS Type Ilc
Phospho-N-acetylmuramoyl-pentapeptide-transferas e

Octaprenyl diphosphate synthase / Dimethylallyltransferase / (2E,6E)-farnesyl diphosphate synthase /
Geranylgeranyl diphosphate synthase

Transcriptional repressor AdcR for Zn(2+)-responsive expression
Alpha-glycerophosphate oxidase

Transcriptional regulator, MerR family

Glycerate kinase

Alanine racemase

Valyl-tRNA synthetase

Bactoprenol glucosyl transferase

oxidoreductase of aldo/keto reductase family, subgroup 1
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Annotation

DNA polymerase III beta subunit

Cell division protein DivIC (FtsB), stabilizes FtsL against RasP cleavage
Heat shock protein HtpX

Transcriptional regulator, TetR family

Short chain dehydrogenase

Two-component response regulator, associated with ferric iron transporter, SPy1062 homolog
Orotate phosphoribosyltransferase

FIG01115301: hypothetical protein

DNA-directed RNA polymerase omega subunit

ATPase component of general energizing module of ECF transporters
FIG001553: Hydrolase, HAD subfamily IITA

Membrane-bound protease, CAAX family

Glycine/D-amino acid oxidases family

Peptide deformylase

FIG000325: clustered with transcription termination protein NusA
DNA-directed RNA polymerase beta' subunit
Phosphoribosylformylglycinamidine cyclo-ligase

tRNA (Guanine37-N1) -methyltransferase

D-alanine--D-alanine ligase

FtsK/SpollIE family

Cell division protein FtsH

Transcription antitermination protein NusG

Membrane protein, putative

ATP synthase delta chain

Two-component sensor kinase, associated with ferric iron transporter, SPy1061 homolog
Laminin-binding surface protein

SAM-dependent methyltransferase, MraW methylase family
Dipeptide-binding ABC transporter, periplasmic substrate-binding component DppA (TC 3.A.1.5.2)
Arginine pathway regulatory protein ArgR, repressor of arg regulon
Putative membrane protein precursor SPs0273

Glycerol kinase

PhnO protein

Shikimate kinase I

DNA repair protein RadA

FIG01114335: hypothetical protein

Heme ABC transporter (Streptococcus), permease protein

Pyridoxal kinase
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Annotation

ABC transporter permease protein

DNA polymerase I

FIG005986: HD family hydrolase

Transcriptional regulator CtsR

LSU ribosomal protein L2p (L8e)

Ribonuclease M5

Lysyl aminopeptidase

tRNA and rRNA cytosine-C5-methylases

Metal-dependent hydrolase YbeY, involved in rRNA and/or ribosome maturation and assembly
Cystine ABC transporter, periplasmic cystine-binding protein FliY
Oxygen-insensitive NAD(P)H nitroreductase / Dihydropteridine reductase
Mn-dependent transcriptional regulator MntR

Adenylate cyclase

Transmembrane component BL0694 of energizing module of predicted ECF transporter
Hypothetical radical SAM family enzyme in heat shock gene cluster, similarity with CPO of BS HemN-
type

Transcriptional regulator, XRE family

Ribosome-binding factor A

Cell division protein FtsA

Streptolysin S self-immunity protein (SagE)

Ascorbate-specific PTS system, EIIA component

SSU ribosomal protein S9p (S16e)

Translation initiation factor 2

periplasmic component of efflux system

Septation ring formation regulator EzrA

Para-aminobenzoate synthase, amidotransferase component
Peptidyl-prolyl cis-trans isomerase

Tryptophanyl-tRNA synthetase

Ribonuclease P protein component

Aminopeptidase YpdF (MP-, MA-, MS-, AP-, NP- specific)

Translation elongation factor Ts

DUF124 domain-containing protein

6-phosphofructokinase

Iron-sulfur cluster assembly ATPase protein SufC

PhnO protein

FIG01118158: hypothetical protein

Multiple sugar ABC transporter, substrate-binding protein
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Table 4. continued from previous page.

Annotation

Streptopain inhibitor

Uracil permease

Alpha-L-Rha alpha-1,3-L-rhamnosyltransferase
membrane protein, putative

Na+ dependent nucleoside transporter NupC

HMP-PP hydrolase (pyridoxal phosphatase) Cof, detected in genetic screen for thiamin metabolic
genes (PMID:15292217)

Late competence protein ComGD, access of DNA to ComEA, FIG038316

SSU ribosomal protein S13p (S18e)

GTP-binding protein EngB

SSU ribosomal protein S1p

Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein OppA (TC 3.A.1.5.1)
Deoxyribodipyrimidine photolyase

Cell surface protein

FIG01115412: hypothetical protein

GTPase and tRNA-U34 5-formylation enzyme TrmE

Spermidine Putrescine ABC transporter permease component PotB (TC 3.A.1.11.1)
Ribonucleotide reductase of class Ib (aerobic), alpha subunit

FIG013576: hypothetical protein

Pyruvate formate-lyase

Histidine transport protein (permease)

Substrate-specific component ThiT of thiamin ECF transporter

Na+ driven multidrug efflux pump

FIG001621: Zinc protease

Glutamate formiminotransferase @ Glutamate formyltransferase

FIG01115625: hypothetical protein

Preprotein translocase subunit YajC (TC 3.A.5.1.1)

Xanthine phosphoribosyltransferase

Mutator mutT protein (7,8-dihydro-8-oxoguanine-triphosphatase)

Xaa-Pro dipeptidyl-peptidase

PTS system, cellobiose-specific IIB component

Secreted antigen GbpB/SagA/PcsB, putative peptidoglycan hydrolase
Substrate-specific component PdxU?2 of predicted pyridoxin-related ECF transporter
6-phospho-beta-galactosidase

Trans-2,cis-3-Decenoyl-ACP isomerase

Late competence protein ComGF, access of DNA to ComEA, FIG012620

Protein YidD
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Table 4. continued from previous page.

Annotation

Integral membrane protein

Ribosomal subunit interface protein

Chromosome partition protein smc

Signal peptidase I

Undecaprenyl diphosphate synthase

Multi antimicrobial extrusion (MATE) family transporter

Putative deoxyribose-specific ABC transporter, permease protein
Dihydrofolate synthase @ Folylpolyglutamate synthase

Mutator mutT protein (7,8-dihydro-8-oxoguanine-triphosphatase)
Ferrichrome-binding periplasmic protein precursor (TC 3.A.1.14.3)
Capsule biosynthesis protein capA

Deoxyribonucleoside regulator DeoR (transcriptional repressor)
L-Cystine ABC transporter, periplasmic cystine-binding protein TcyA
Arsenate reductase

D-beta-hydroxybutyrate dehydrogenase
Formamidopyrimidine-DNA glycosylase

putative ABC transporter (ATP-binding protein)

Streptolysin S export transmembrane permease (SagH)
Two-component system response regulator

V-type ATP synthase subunit K

RNA-binding protein Jag

Methionine ABC transporter substrate-binding protein
Phosphomevalonate kinase

FIG01113992: hypothetical protein

Formiminotetrahydrofolate cyclodeaminase

Sensor histidine kinase Vra$S

PTS system, beta-glucoside-specific IIB component / PTS system, beta-glucoside-specific IIC
component / PTS system, beta-glucoside-specific IIA component

Manganese ABC transporter, ATP-binding protein SitB

Transcriptional repressor of the fructose operon, DeoR family
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

Oxygen-insensitive NAD(P)H nitroreductase / Dihydropteridine reductase
Acetyl-coenzyme A carboxyl transferase beta chain

Sialic acid utilization regulator, RpiR family

ABC transporter ATP-binding protein

Cationic amino acid transporter - APC Superfamily

PurR: transcription regulator associated with purine metabolism
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Table 4. continued from previous page.

Annotation

N-acetylglucosamine-1-phosphate uridyltransferase / Glucosamine-1-phosphate N-acetyltransferase
PTS system, mannose-specific ITA component / PTS system, mannose-specific IIB component
FIG002813: LPPG:FO 2-phospho-L-lactate transferase like, CofD-like

ABC transporter ATP-binding protein

Hypothetical protein, Spy1939 homolog

Lead, cadmium, zinc and mercury transporting ATPase; Copper-translocating P-type ATPase
Cell division protein FtsX

Exodeoxyribonuclease II1

hypothetical protein

Cell division trigger factor

Helicase loader Dnal

Ribonuclease HII

FIG01114077: hypothetical protein

Uridine phosphorylase

Conserved protein

Streptococcal cell surface hemoprotein receptor Shr

Threonyl-tRNA synthetase

INTEGRAL MEMBRANE PROTEIN (Rhomboid family)

peptidase, U32 family small subunit [C1]

INTEGRAL MEMBRANE PROTEIN (Rhomboid family)

Methionyl-tRNA formyltransferase

LSU ribosomal protein L22p (L17e)

Phosphoribosylaminoimidazole-succinocarboxamide synthase

SWE/SNF family helicase

LSU ribosomal protein L27p

ABC transporter ATP-binding protein

Polyribonucleotide nucleotidyltransferase

Cell division protein GpsB, coordinates the switch between cylindrical and septal cell wall synthesis by
re-localization of PBP1

Cell division protein FtsZ

ATP-dependent nuclease, subunit A

Oligohyaluronate lyase

Sodium/glycine symporter GlyP

Gamma-glutamyl phosphate reductase

Glycine betaine ABC transport system, ATP-binding protein OpuAA
Ribonucleotide reductase of class III (anaerobic), large subunit

FIG027054: hypothetical protein
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Table 4. continued from previous page.

Annotation

Probable L-ascorbate-6-phosphate lactonase UlaG (L-ascorbate utilization protein G)
Promiscuous sugar phosphatase YidA, haloacid dehalogenase-like phosphatase family
UDP-N-acetylglucosamine 1-carboxyvinyltransferase

FIG053235: Diacylglucosamine hydrolase like

Multimodular transpeptidase-transglycosylase

ATP-dependent Clp protease ATP-binding subunit ClpX

FI1G009210: peptidase, M16 family

CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase

FIG01120689: hypothetical protein

FIG009886: phosphoesterase

DNA polymerase III subunits gamma and tau

Multiple sugar ABC transporter, ATP-binding protein

COG2740: Predicted nucleic-acid-binding protein implicated in transcription termination
Enolase

LSU ribosomal protein L9p

Proline dipeptidase

Ribonucleotide reduction protein Nrdl

Transcriptional regulator, TetR family

Dipeptide transport system permease protein DppC (TC 3.A.1.5.2)

Cell division protein YImG/Ycf19 (putative), YggT family

Carbamoyl-phosphate synthase small chain

UDP-glucose 6-dehydrogenase

Hypothetical protein in cluster with Ecs transporter (in Streptococci)

Competence protein F homolog, phosphoribosyltransferase domain; protein YhgH required for
utilization of DNA as sole source of carbon and energy

tRNA nucleotidyltransferase

IMP cyclohydrolase / Phosphoribosylaminoimidazolecarboxamide formyltransferase
SSU ribosomal protein S10p (S20e)

membrane protein, putative

Dipeptidase

S1 RNA binding domain

Two component system sensor histidine kinase CiaH
LSU ribosomal protein L30p (L7e)

Carbamate kinase

rRNA small subunit methyltransferase I
Transcriptional regulator, GntR family

putative arylalkylamine n-acetyltransferase
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Table 4. continued from previous page.

Annotation

DNA mismatch repair protein MutS

DNA-directed RNA polymerase alpha subunit

Immunoglobulin G-endopeptidase (IdeS) / Mac/ Secreted immunoglobulin binding protein (Sib38)
SSU ribosomal protein S15p (S13e)

Daunorubicin resistance transmembrane protein

LSU ribosomal protein L19p

Purine nucleoside phosphorylase

Membrane-associated zinc metalloprotease

SSU ribosomal protein S5p (S2e)

Triosephosphate isomerase

Transcriptional regulator DegU, LuxR family

Phosphoglycerate kinase

Ascorbate-specific PTS system, EIIC component

Cysteine desulfurase, SufS subfamily

LSU ribosomal protein L10p (P0)

Lipid A export ATP-binding/permease protein MsbA

Transmembrane histidine kinase CsrS

UDP-N-acetylmuramate--alanine ligase

Succinate-semialdehyde dehydrogenase [NAD]; Succinate-semialdehyde dehydrogenase [NAD(P)+]
Cell envelope-associated transcriptional attenuator LytR-CpsA-Psr, subfamily F1 (as in PMID19099556)
Phosphoglucomutase

Holliday junction DNA helicase RuvA

Dihydrolipoamide acyltransferases

Phosphatidylglycerophosphatase B

Mevalonate kinase

rRNA small subunit 7-methylguanosine (m7G) methyltransferase GidB

FIG00525014: hypothetical protein

Chloride channel protein

FIG01280259: hypothetical protein

Endoribonuclease L-PSP

Non-specific DNA-binding protein Dps / Iron-binding ferritin-like antioxidant protein / Ferroxidase
Trans-acting positive regulator

NAD-dependent protein deacetylase of SIR2 family

Ribonuclease BN

FIG01115860: hypothetical protein

Diadenylate cyclase spyDAC; Bacterial checkpoint controller DisA with nucleotide-binding domain

NAD-dependent malic enzyme
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Table 4. continued from previous page.

Annotation

Probable NADH-dependent flavin oxidoreductase in cluster with COG2110
S-adenosylmethionine:tRNA ribosyltransferase-isomerase

Shikimate 5-dehydrogenase I alpha

D-alanine--poly(phosphoribitol) ligase subunit 2

Oligopeptide transport system permease protein OppC (TC 3.A.1.5.1)
Substrate-specific component CbrT of predicted cobalamin ECF transporter

V-type ATP synthase subunit D

aminoglycoside phosphotransferase family protein

D-alanyl transfer protein DItB

DNA gyrase subunit A

FIG004454: RNA binding protein

TPR-repeat-containing protein

Tyrosine recombinase XerC

Glycerol dehydrogenase

Transcriptional repressor for NAD biosynthesis in gram-positives

Metal-dependent hydrolase

Lipid A export ATP-binding/permease protein MsbA

Tripeptide aminopeptidase

Lantibiotic salivaricin A

Serine/threonine protein kinase PrkC, regulator of stationary phase

Hypothetical protein YggS, proline synthase co-transcribed bacterial homolog PROSC
UDP-N-acetylmuramoylalanyl-D-glutamate--L- lysine ligase

Late competence protein ComEC, DNA transport

Transcriptional repressor of arabinoside utilization operon, GntR family

SSU rRNA (adenine(1518)-N(6)/adenine(1519)-N(6))- dimethyltransferase
FIG01114299: hypothetical protein

Peptide methionine sulfoxide reductase MsrA / Peptide methionine sulfoxide reductase MsrB
Two-component sensor histidine kinase, malate

4-hydroxy-2-oxoglutarate aldolase @ 2-dehydro-3-deoxyphosphogluconate aldolase
Imidazolonepropionase

Malonyl CoA-acyl carrier protein transacylase

DegV family protein in cluster with TrmH family tRNA/rRNA methyltransferase YacO
FIG001614: Membrane protein

Biotin carboxylase of acetyl-CoA carboxylase

Serine protease, DegP/HtrA, do-like

DinG family ATP-dependent helicase YoaA

Nicotinate phosphoribosyltransferase
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Table 4. continued from previous page.

Annotation

Tributyrin esterase

Dihydrolipoamide acetyltransferase component (E2) of acetoin dehydrogenase complex
2-haloalkanoic acid dehalogenase

SSU ribosomal protein S18p @ SSU ribosomal protein S18p, zinc-independent
GTP-binding protein Era

Hydrolase (HAD superfamily)

Transcriptional regulator, GntR family

LSU ribosomal protein L20p

PTS system, mannose/fructose family IIB component

Beta-galactosidase

FIG01115289: hypothetical protein

Phosphoribosylaminoimidazole carboxylase catalytic subunit

Glycosyltransferase LafB, responsible for the formation of Gal-Glc-DAG
FIGO01115071: hypothetical protein

Putative stomatin/prohibitin-family membrane protease subunit YbbK

SSU ribosomal protein S17p (S11e)

Trehalose operon transcriptional repressor

ABC transporter, predicted N-acetylneuraminate transport system permease protein 1

Transcription-repair coupling factor

Methylenetetrahydrofolate dehydrogenase (NADP+) / Methenyltetrahydrofolate cyclohydrolase

Transcriptional regulator ArcR essential for anaerobic expression of the ADI pathway, Crp/Fnr family

FIG009688: Thioredoxin

LSU m5C1962 methyltransferase RImI
Membrane-associated phospholipid phosphatase
Holo-[acyl-carrier protein] synthase

FIG000605: protein co-occurring with transport systems (COG1739)
DEAD-box ATP-dependent RNA helicase CshB
FIG01114159: hypothetical protein

V-type ATP synthase subunit C

FIG01115348: hypothetical protein
Cystathionine beta-lyase

Dipeptidase

C3-degrading proteinase

tRNA pseudouridine synthase A

Transcriptional regulator, RofA

Multidrug resistance efflux pump PmrA

NAD-dependent oxidoreductase

Streptococcus pyogenes
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Table 4. continued from previous page.

Annotation

PTS system, mannose-specific IID component
UDP-N-acetylenolpyruvoylglucosamine reductase
DNA recombination and repair protein RecO
Hypothetical protein SPy1656
Glucose-1-phosphate thymidylyltransferase
putative repressor - phage associated
FIG01114855: hypothetical protein
Hydroxymethylpyrimidine phosphate kinase ThiD
Cytoplasmic copper homeostasis protein CutC
FIG107367: tRNA-binding protein

Alpha-L-Rha alpha-1,2-L-rhamnosyltransferase/alpha-L-Rha alpha-1,3-L- rhamnosyltransferase
proposed amino acid ligase found clustered with an amidotransferase
DNA polymerase III epsilon subunit
Copper-translocating P-type ATPase

DNA ligase

Ribosomal-protein-S5p-alanine acetyltransferase
Response regulator CsrR

Nucleoside diphosphate kinase

Transcriptional regulator, MarR family
Hypothetical mga-associated protein
FIG01114333: hypothetical protein

Chorismate synthase

Multidrug resistance protein B

FIG01116174: hypothetical protein

Ribosomal large subunit pseudouridine synthase B
Exodeoxyribonuclease VII small subunit
FIG01114118: hypothetical protein

Putative membrane protein YeiH

Protein-N(5)-glutamine methyltransferase PrmC, methylates polypeptide chain release factors RF1 and
RF2

Probable aromatic ring hydroxylating enzyme, evidenced by COGnitor; PaaD-like protein (DUF59)
involved in Fe-S cluster assembly

Hemolysin I1I

Enoyl-[acyl-carrier-protein] reductase [FMN]
Histidyl-tRNA synthetase

ABC transporter, ATP-binding protein EcsA

Zinc transport protein ZntB
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Table 4. continued from previous page.

Annotation

Exfoliative toxin A

FIG01114865: hypothetical protein

L-proline glycine betaine ABC transport system permease protein ProV (TC 3.A.1.12.1)
hypothetical protein

Uridine monophosphate kinase

Transaldolase

Ribulose-phosphate 3-epimerase

S1 RNA binding domain
UDP-N-acetylmuramoylalanine--D-glutamate ligase
Peptidyl-tRNA hydrolase

Dipeptide transport ATP-binding protein DppD (TC 3.A.1.5.2)
Recombination inhibitory protein MutS2

Glutamate racemase

GMP reductase

Glutamyl-tRNA synthetase @ Glutamyl-tRNA(GIn) synthetase
5'-nucleotidase

L-asparaginase

Acetate kinase

Alcohol dehydrogenase, zinc-containing

ABC transporter, substrate-binding protein
Glucosamine--fructose-6-phosphate aminotransferase [isomerizing]
C5a peptidase

Glutaminyl-peptide cyclotransferase

Universal stress protein family

Immunodominant antigen A

C3 family ADP-ribosyltransferase

Phosphohydrolase (MutT/nudix family protein)

Ribonuclease IIT

Candidate zinc-binding lipoprotein ZinT

FIG028593: membrane protein

ATP synthase FO sector subunit a

PTS system, trehalose-specific IIB component / PTS system, trehalose-specific IIC component / PTS
system, trehalose-specific IIA component

Calcium-transporting ATPase
Chromosomal replication initiator protein DnaA
Fibronectin/fibrinogen-binding protein

PTS system, cellobiose-specific I[IA component
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Table 4. continued from previous page.
Annotation
Transcriptional regulator, Cro/CI family

Dicarboxylate/amino acid:cation (Na+ or H+) symporter

TsaB protein, required for threonylcarbamoyladenosine (t(6)A) formation in tRNA

Archaeal S-adenosylmethionine synthetase
PTS system IIB component
FIG01115635: hypothetical protein

Molybdopterin binding motif, CinA N-terminal domain / C-terminal domain of CinA type S

FIG00755240: hypothetical protein

Transcription elongation factor GreA
3-oxoacyl-[acyl-carrier-protein] synthase, KASIII
Oligoendopeptidase F

Undecaprenyl-diphosphatase

Glutamyl aminopeptidase

Transcriptional regulator in cluster with beta-lactamase, GntR family
Cysteine and methionine metabolism regulator CmbR, LysR family
Major facilitator:Oxalate:Formate Antiporter
N-acetylglucosamine-6-phosphate deacetylase

Streptolysin S export transmembrane permease (Sagl)

Acyl carrier protein

Toxin to DNA-damage-inducible protein J

Ornithine carbamoyltransferase

3-ketoacyl-CoA thiolase @ Acetyl-CoA acetyltransferase
Thymidine kinase

Phosphate transport system permease protein PstC (TC 3.A.1.7.1)
DNA polymerase III alpha subunit

Manganese superoxide dismutase

Maltodextrin phosphorylase

Heat shock protein 60 family co-chaperone GroES
N-acetylneuraminate lyase

Dihydroneopterin aldolase

Putative regulator of the mannose operon, ManO

Hydrolase (HAD superfamily), YqeK

Translation elongation factor G

Signal recognition particle, subunit Fth SRP54 (TC 3.A.5.1.1)
L-xylulose 5-phosphate 3-epimerase

PTS system, galactose-specific IIB component

Cysteine ABC transporter, permease protein
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Table 4. continued from previous page.

Annotation

Streptokinase

V-type ATP synthase subunit F

Response regulator of the competence regulon ComE
Maltose/maltodextrin ABC transporter, permease protein MalF
NAD kinase

FIG01114318: hypothetical protein
2-keto-3-deoxy-D-arabino-heptulosonate-7- phosphate synthase I beta
Transcriptional regulator

ABC transporter permease protein

Phosphoglucosamine mutase

Additional lipoprotein component of predicted cobalamin ECF transporter
FIG01114555: hypothetical protein

Shikimate/quinate 5-dehydrogenase I beta

Streptolysin S biosynthesis protein C (SagC)

ABC transporter permease protein

Uracil-DNA glycosylase, family 1

LSU ribosomal protein L6p (L9e)

Two-component sensor kinase YesM

Sortase A, LPXTG specific

Salt-stress induced protein

Heat-inducible transcription repressor HrcA

FIG01115320: hypothetical protein

ATP-dependent Clp protease proteolytic subunit

Permease

Short chain dehydrogenase

HIT family protein

RecU Holliday junction resolvase

rRNA small subunit methyltransferase H

ABC-type Fe3+-siderophore transport system, permease component
FIG145533: Methyltransferase

FIG006988: Lipase/Acylhydrolase with GDSL-like motif
FIG01114091: hypothetical protein

Copper chaperone

Phosphopantothenoylcysteine synthetase

Thiol-activated cytolysin # pneumolysin

Ribose 5-phosphate isomerase A

FIG01115531: hypothetical protein
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Table 4. continued from previous page.

Annotation

PTS system, sucrose-specific IIB component / PTS system, sucrose-specific IIC component / PTS

system, sucrose-specific IIA component

Low temperature requirement C protein

GTP-binding protein Obg

FIG01114374: hypothetical protein

16S rRNA (cytosine(967)-C(5))-methyltransferase
Substrate-specific component NiaX of predicted niacin ECF transporter
Diphosphomevalonate decarboxylase

Peptide chain release factor 2; programmed frameshift-containing
PTS system, N-acetylgalactosamine-specific IIC component

LSU ribosomal protein L24p (L26e)

hypothetical protein

Tyrosine recombinase XerD

Pantothenate kinase

Serine endopeptidase ScpC

Regulation of D-alanyl-lipoteichoic acid biosynthesis, DItR
Dihydrofolate reductase

Cell division initiation protein DivIVA

Putative metallopeptidase (Zinc) SprT family

Beta-glucosidase

tRNA-dependent lipid II--L-alanine ligase @ tRNA-dependent lipid II--L-serine ligase

Acetoin dehydrogenase E1 component alpha-subunit
Hypothetical NagD-like phosphatase

predicted 4-deoxy-L-threo-5-hexosulose-uronate ketol-isomerase
Low molecular weight protein tyrosine phosphatase

DNA binding protein, FIG046916

Hypothetical DUF1027 domain protein

Aspartyl-tRNA(Asn) amidotransferase subunit A @ Glutamyl-tRNA(GIn) amidotransferase subunit A

Two-component sensor kinase SA14-24

hypothetical protein

Cadmium resistance protein

putative esterase

Peptide chain release factor 3

Methionine ABC transporter ATP-binding protein

Hypothetical, related to broad specificity phosphatases COG0406
FI1G002344: Hydrolase (HAD superfamily)

Competence protein CoiA
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Table 4. continued from previous page.
Annotation

dTDP-4-dehydrorhamnose 3,5-epimerase
Pyruvate formate-lyase
O-methyltransferase family protein [C1]
Asparaginyl-tRNA synthetase

GMP synthase [glutamine-hydrolyzing], amidotransferase subunit / GMP synthase [glutamine-
hydrolyzing], ATP pyrophosphatase subunit

Magnesium and cobalt transport protein CorA

COG1399 protein in cluster with ribosomal protein L32p, Firmicutes subfamily
Undecaprenyl-phosphate N-acetylglucosaminyl 1-phosphate transferase
Hydroxymethylglutaryl-CoA reductase

Putative tRNA-m1A22 methylase

FIG01114027: hypothetical protein

Alanyl-tRNA synthetase

PTS system, lactose-specific IIB component / PTS system, lactose-specific IIC component
Spermidine Putrescine ABC transporter permease component potC (TC_3.A.1.11.1)
Cytochrome c-type biogenesis protein CcdA homolog, associated with MetSO reductase
bacterial seryl-tRNA synthetase related

ATP-dependent DNA helicase UvrD/PcrA

Maltose/maltodextrin ABC transporter, permease protein MalG

FIG01114293: hypothetical protein

Phage lysin, glycosyl hydrolase, family 25

ABC transporter, predicted N-acetylneuraminate-binding protein

Putative deoxyribose-specific ABC transporter, ATP-binding protein

DegV family protein

Late competence protein ComGB, access of DNA to ComEA
Competence-associated EpuA protein

Short chain fatty acids transporter

Ribosyl nicotinamide transporter, PnuC-like

Ribonucleotide reductase transcriptional regulator NrdR

ABC transporter membrane-spanning permease - glutamine transport
Pyruvate,phosphate dikinase

Branched-chain amino acid aminotransferase

FIG01114845: hypothetical protein

SSU ribosomal protein S4p (S9e)

Pyruvate formate-lyase activating enzyme

tRNA (cytidine(34)-2'-O)-methyltransferase

DegV family protein
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Table 4. continued from previous page.

Annotation

Para-aminobenzoate synthase, amidotransferase component

Two component transcriptional regulator VraR

tRNA(Ile)-lysidine synthetase

Cardiolipin synthetase

Phosphate ABC transporter, periplasmic phosphate-binding protein PstS (TC 3.A.1.7.1)
GTP pyrophosphokinase, (p)ppGpp synthetase I

Late competence protein ComEA, DNA receptor

FIG002958: hypothetical protein

NAD(FAD)-utilizing dehydrogenases

Inner membrane protein translocase component YidC, short form Oxal-like
ATP-dependent DNA helicase RecG

5-Enolpyruvylshikimate-3-phosphate synthase

tRNA dihydrouridine synthase B

N-acetylmannosamine kinase

Transcription regulator [contains diacylglycerol kinase catalytic domain]
L-lactate dehydrogenase

Alpha-D-GlcNAc alpha-1,2-L-rhamnosyltransferase

ABC-transporter (ATP-binding protein) -possibly involved in cell wall localization and side chain

formation of rhamnose-glucose polysaccharide
FIG146085: 3'-to-5' oligoribonuclease A, Bacillus type
putative L-glutamate ligase

FIG001802: Putative alkaline-shock protein

Ribosomal large subunit pseudouridine synthase D
FIG04612: Integral membrane protein (putative)
GTP-sensing transcriptional pleiotropic repressor codY
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
RNA binding methyltransferase FtsJ like

Maltose operon transcriptional repressor MalR, Lacl family
FIG01115002: hypothetical protein

FIG01114110: hypothetical protein

FIG01116268: hypothetical protein

FIG015049: hypothetical protein

Alcohol dehydrogenase; Acetaldehyde dehydrogenase
FIG01114225: hypothetical protein

Phenylalanyl-tRNA synthetase alpha chain
Phosphinothricin N-acetyltransferase

Amino acid ABC transporter, amino acid-binding protein
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Table 4. continued from previous page.

Annotation

Oligopeptide transport ATP-binding protein OppF (TC 3.A.1.5.1)
Ribosomal RNA small subunit methyltransferase E

ATP-dependent RNA helicase YfmL

TsaD/Kael/Qri7 protein, required for threonylcarbamoyladenosine t(6)A37 formation in tRNA

FIG01115656: hypothetical protein

Late competence protein ComC, processing protease
COG2827: putative endonuclease containing a URI domain
hypothetical protein

putative esterase

Oleate hydratase

Cystathionine beta-lyase

Phosphocarrier protein of PTS system
Poly(glycerophosphate chain) D-alanine transfer protein DItD
FIG01114677: hypothetical protein
Beta-phosphoglucomutase

Methionine ABC transporter permease protein

Riboflavin kinase / FMN adenylyltransferase

Fructokinase

Multiple sugar ABC transporter, membrane-spanning permease protein MsmF

Ribonucleotide reduction protein NrdI

[Citrate [pro-3S]-lyase] ligase

Pullulanase

GTP-binding protein TypA/BipA
Formiminoglutamase

GlpG protein (membrane protein of glp regulon)
Two-component sensor kinase yesM, associated with MetSO reductase
Glycerol-3-phosphate transporter

Orotidine 5'-phosphate decarboxylase
FIG01114549: hypothetical protein

DNA-binding protein HBsu

Zinc ABC transporter, ATP-binding protein ZnuC
D-alanyl-D-alanine carboxypeptidase
Voltage-gated chloride channel family protein

Outer surface protein of unknown function, cellobiose operon

Uncharacterized conserved protein, contains double-stranded beta-helix domain

Acyl-phosphate:glycerol-3-phosphate O-acyltransferase PlsY
FIG01115226: hypothetical protein

Streptococcus pyogenes
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Table 4. continued from previous page.

Annotation

Protein export cytoplasm protein SecA ATPase RNA helicase (TC 3.A.5.1.1)
Guanine-hypoxanthine permease

FIG01114610: hypothetical protein

Exodeoxyribonuclease II1

HPr kinase/phosphorylase

FIG01114725: hypothetical protein

Adenine phosphoribosyltransferase

Hypothetical protein DUF901, similar to C-terminal domain of ribosome protection-type Tc-resistance
proteins

CTP synthase

PTS system, cellobiose-specific IIB component

PTS system, hyaluronate-oligosaccharide-specific IIA component
Iron-sulfur cluster assembly protein SufD

Cytidine deaminase

Strepotococcal cysteine protease (Streptopain) / Streptococcal pyrogenic exotoxin B (SpeB)
Immunoreactive protein Se23.5 (Fragment)

FIG01115477: hypothetical protein

Cell division protein FtsI [Peptidoglycan synthetase]
FIG01115236: hypothetical protein

Putative Holliday junction resolvase YggF

PTS system, cellobiose-specific IIC component

Cysteinyl-tRNA synthetase

dCMP deaminase; Late competence protein ComEB
Sodium-dependent phosphate transporter

FIG007491: hypothetical protein YeeN

PTS system, fructose-specific IIA component / PTS system, fructose-specific IIB component / PTS
system, fructose-specific IIC component

hypothetical protein

Arginine deiminase

Multimodular transpeptidase-transglycosylase / Penicillin-binding protein 1A/1B (PBP1)
V-type ATP synthase subunit A

S-adenosylmethionine synthetase

FIG01114264: hypothetical protein

Seryl-tRNA synthetase

LSU ribosomal protein L15p (L27Ae)

Polysaccharide deacetylase

FIG01114304: hypothetical protein
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Table 4. continued from previous page.

Annotation

V-type ATP synthase subunit G

Ribonucleotide reductase of class Ib (aerobic), beta subunit
Glutathione reductase

Luciferase-like monooxygenase

Dihydropteroate synthase

Hypothetical similar to thiamin biosynthesis lipoprotein ApbE
SSU ribosomal protein S16p

FIG00553873: hypothetical protein

Phosphoribosylformylglycinamidine synthase, synthetase subunit /
Phosphoribosylformylglycinamidine synthase, glutamine amidotransferase subunit

Bacteriocin-like peptide M BlpM
FIG01116077: hypothetical protein

Preprotein translocase subunit SecG (TC 3.A.5.1.1)

S. pyogenes genome structure

Bacterial evolution is driven by changes in genome structure, such as rearrangements, recombination either in a
genome or between a genome and exogenous DNA, and occurrence of single nucleotide polymorphisms (SNPs)
(Fraser, Hanage, & Spratt, 2007; Hughes, 2000; Wilson, 2012). The predominant changes in genome structure are
different for each bacterial species; frequent recombinations are evident in Helicobacter pylori and
Porphyromonas gingivalis (Suerbaum, et al., 1998; Watanabe, Nozawa, Aikawa, Amano, Maruyama, &
Nakagawa, 2013b), while the periodontal bacterium Tannerella forsythia exhibits a stable genome structure
without intricate rearrangements (Endo, et al., 2015). By using the Mauve alignment program (Darling, Mau,
Blattner, & Perna, 2004; Darling, Mau, & Perna, 2010), the structural differences between 19 S. pyogenes
genomes show a conserved structure for the S. pyogenes genome (Figure 3). In this figure, conserved regions
among strains can be seen as local colinear blocks (LCBs), which are shown as colored rectangles. The LCBs are
linked by a single line beyond strains if they belong to the same LCB cluster (Darling, Mau, Blattner, & Perna,
2004; Darling, Mau, & Perna, 2010). Considering that complex genome rearrangements were not observed, even
in insertions sequences (IS), the hot spots for recombination in S. agalactiae (Rosinski-Chupin, et al., 2013), it
would appear that S. pyogenes is more likely to conserve its genome structure. However, large-scale genome
rearrangements were reported to derive a new prophage region in S. pyogenes (Nakagawa, et al., 2003), and the
significance of recombination is inferred as an inter-species event for evolution of the genus Streptococcus
(Lefébure & Stanhope, 2007). This may also be the case for the S. pyogenes genome, in which rearrangement and
recombination are driving forces of bacterial evolution—even though they are not the principal mechanism of
genomic structural changes.

Phylogenetic delineation of S. pyogenes strains

To delineate strains in a particular bacterial species, typing methods have been developed that are widely used
for various species (Foxman, Zhang, Koopman, Manning, & Marrs, 2005; Sabat, et al., 2013). The pioneering
work of Lancefield and colleagues established the M protein as a phenotype-based typing method for S. pyogenes
(Gooder, 1961; Widdowson, Maxted, & Grant, 1970). The M protein is a protein exposed on the surface of the
cell and is an antigen that is targeted by host antibodies. It was observed that differences exist among M proteins,
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Figure 3. Alignment of 19 S. pyogenes genomes. Complete genome sequences of 19 S. pyogenes strains were aligned by the software
Mauve, using progressive Mauve mode. Each colored rectangle indicates local colinear blocks (LCBs), which are the conserved regions
among strains.
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as they showed significant antigenic shift and drift, as compared to other surface proteins of S. pyogenes such as
T protein, R protein, capsular polysaccharides, and peptidoglycan.

The serological method for M typing was based on the antigenic diversity of the M protein, and this method
served as the major typing mechanism for S. pyogenes for many years. However, technical difficulties such as the
need for new antiserum with the increasing number of new M protein types discovered prevented the
widespread use of this M typing method. In 2000, serological M protein typing was replaced with emm sequence
typing, which was developed as a comparison of nucleotide sequence of the M protein and was shown to
correlate well with the serologic method (Facklam, et al., 1999; Beall, Gherardi, Lovgren, Facklam, Forwick, &
Tyrrell, 2000). It has been reported that certain relationships exist between emm types and tissue sites where S.
pyogenes infects (Bessen, et al., 2011; McGregor, et al., 2004), and that particular emm types are responsible for
the epidemic prevalence of S. pyogenes (Creti, et al., 2007; Lamagni, et al., 2008).

Multilocus sequence typing (MLST) is a sequence-based genotyping method that is widely used for various
bacterial species. MLST in S. pyogenes uses nucleotide sequences of seven gene loci (glucose kinase, gki;
glutamine transporter protein, gtr; glutamate racemase, murl, DNA mismatch repair protein, mutS;
transketolase, recP; xanthine phosphoribosyl transferase, xpt; and acetyl coenzyme A acetyltransferase, yqiL) to
compare nucleotide differences by sequence alignment (Maiden, et al., 1998; Maiden, 2006). MLST provides a
higher resolution and delineation than pulsed-field gel electrophoresis (PFGE), a method that is based on
fragment length polymorphisms viewed in an electrophoresis image (Sabat, et al., 2013). An advantage of MLST
is that the actual method can be generalized because of the use of nucleotide sequences, as compared to PFGE,
in which band image resolution is sometimes distorted. For S. pyogenes, sequence data of previous MLST
analyses are publicly available online (http://www.mlst.net).

In recent years, phylogenetic delineation based on whole genome sequences has advanced, because of the
emergence of next-generation sequencing technology. Genome-based methods can identify nucleotide regions
and sites with unique phylogenetic signals with a more accurate delineation than other methods, such as MLST,
in which the precise analytic information is limited. A phylogenetic tree of 19 S. pyogenes strains was constructed
that employed sets of its core genes by RAXML analysis. The 1,342 core genes were tested by the Phi test to
exclude those areas in which rearrangement events were possible. This test removed sites that were insignificant
for tree construction, which resulted in 689 core genes. In the constructed tree, some strains were clustered at the
end of a branch; and when emm type information was considered, relationships between the clusters and emm
type were more apparent (Figure 4).

Genetic position of S. pyogenes in the genus Streptococcus

Members of the genus Streptococcus are widespread among various environments, including human, animal, and
natural environments (Kohler, 2007). S. pyogenes is phenotypically distinguished from the other Streptococcus
species by its colony size and hemolytic activity. Lancefield employed eighteen groups of specific carbohydrates
to classify Streptococcus species into groups A to O, and the Lancefield group A corresponded to Streptococcus
pyogenes, which led to its designation as the group A streptococci (Lancefield, 1962). The complete genome
sequences of the genus Streptococcus in the NCBI nucleotide database currently includes organisms that were
originally designated into 27 species, according to bacterial nomenclature, as well as 2 unnamed species (as of
August 2014). By using 300 core genes in 123 complete genomes of the 29 Streptococcus species in the NCBI
database, a maximum likelihood phylogenetic tree was constructed (Figure 5, Table 5). The tree construction
resulted in the delineation of the 29 species into several genetic lineages, including pyogenic, mitis, and salivarius
groups, as reported in the analysis with 16S rRNA gene sequences in the previous study (Thompson, Emmel,
Fonseca, Marin, & Vicente, 2013). S. pyogenes is shown to be genetically closest to Streptococcus dysgalactiae
subsp. equisimilis, but can certainly be distinguished from that species, as supported by an extremely high
bootstrap value (100% support in 100 bootstrap iterations). Recently, Richards et al. (Richards, et al., 2014)
reported a similar phylogenomic tree using 44 species with similar methods. Although the phylogeny is
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Figure 4. Maximum likelihood-based phylogenetic tree of 19 S. pyogenes genomes. Among the 19 S. pyogenes genomes, the core genes
were 1,342 genes, and 689 out of 1,342 were tested and found to be free from rearrangement in the gene. The software RAXML was
used for amino acid sequences of 689 genes to construct a maximum likelihood-based phylogenetic tree under the amino acid
substitution model JTT and 100-times bootstrap iteration. Only the bootstrap values over 95% are shown along the tree branches. The
emm type of each strain is shown as the number in the black circle.

consistent with that shown in Figure 5, the bootstrap value is lower, which results from a limitation of the draft
genomes with a shorter core region compared to the complete genome, and which indicates that a determination
of more complete genomes for each species is required to create an accurate phylogenetic tree.
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Figure 5. Maximum likelihood-based phylogenetic tree of 123 Streptococcus genomes. As well as in Figure 3, we determined 506 core
genes among 123 Streptococcus genes, and 300 out of 506 were free from rearrangement in the gene. A maximum likelihood-based
phylogenetic tree was constructed under the amino acid substitution model WAG and a 100-times bootstrap iteration. In the tree, the
names of strains are omitted, and the species names are shown for the corresponding strains by surrounding the broken lines. Only the
bootstrap values over 95% are shown along the tree branches.

Table 5. Strains of Streptococcus species with complete genome sequence (S. pyogenes strains in Table 1 not included)

Species

Streptococcus sp.

Streptococcus sp.

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus
agalactiae

Strain
I-G2
I P16

09mas018883

2603V/R

2-22

A909

Genome
size (bp)

1,992,567
2,023,580

2,138,694

2,160,267

1,838,867

2,127,839

Number
of CDS

1,853
1,952

2,086

2,134

1,885

2,089

Number
of tRNA

59
84

80

80

72

80

Number
of rRNA
operon

10
13

21

21

17

21

NCBI
accession no.

NC_022584
NC_022582

NC_021485

NC_004116

NC_021195

NC_007432

Reference
Unspecified
Unspecified

(Zubair, et al., 2013)
(Tettelin, et al., 2002)
(Rosinski-Chupin, et al.,

2013)

(Tettelin, et al., 2005)
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Table 5. continued from previous page.

Species

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus
agalactiae

Streptococcus anginosus
Streptococcus anginosus

Streptococcus
constellatus subsp.

paryngis

Streptococcus
constellatus subsp.

paryngis

Streptococcus
constellatus subsp.

paryngis
Streptococcus
dysgalactiae subsp.
equisimilis
Streptococcus
dysgalactiae subsp.
equisimilis
Streptococcus
dysgalactiae subsp.
equisimilis
Streptococcus
dysgalactiae subsp.
equisimilis
Streptococcus
dysgalactiae subsp.
equisimilis
Streptococcus equi
subsp. equi

Streptococcus equi
subsp. zooepidemicus

Streptococcus equi
subsp. zooepidemicus

Strain

GD201008-001

ILRIOO5

ILRI112

NEM316

SA20-06
C1051
C238

C1050

C232

C818

167

AC-2713

ATCC 12394

GGS_124

RE378

4047

ATCC 35246

MGCS10565

Genome

size (bp)

2,063,112

2,109,759

2,029,198

2,211,485

1,820,886
1,911,706
2,233,640

1,991,156

1,935,414

1,935,662

2,076,397

2,179,445

2,159,491

2,106,340

2,151,145

2,253,793

2,167,264

2,024,171

Number

of CDS

2,011

2,149

2,069

2,157

1,842
1,872
2,214

2,012

1,962

1,964

2,111

2,146

2,144

2,113

2,090

2,237

2,121

1,987

Number

of tRNA

77

80

79

80

79
58
58

59

59

59

57

57

57

57

56

66

57

57

Number

of rRNA

operon

20

21

21

21

21
12
12

12

12

12

15

15

15

15

15

18

15

15

NCBI

accession no.

NC_018646

NC_021486

NC_021507

NC_004368

NC_019048
NC_022244
NC_022239

NC_022238

NC_022236

NC_022245

NC_022532

NC_019042

NC_017567

NC_012891

NC_018712

NC_012471

NC_017582

NC_011134

187

Reference

(Liu, Zhang, & Lu,
2012)

(Zubair, de Villiers,
Younan, Andersson,
Tettelin, & Riley, 2013)

(Zubair, de Villiers,
Younan, Andersson,
Tettelin, & Riley, 2013)

(Sitkiewicz, Green, Guo,
Bongiovanni, Witkin, &
Musser, 2009)

(Pereira, et al., 2013)
(Olson, et al., 2013)
(Olson, et al., 2013)

(Olson, et al., 2013)

(Olson, et al., 2013)

(Olson, et al., 2013)

(Watanabe, Kirikae, &
Miyoshi-Akiyama,
2013a)

Unspecified

(Suzuki, et al., 2011)

(Shimomura, et al.,
2011)

(Okumura, et al., 2012)

(Holden, et al., 2009b)

(Ma, et al., 2011)

(Beres, et al., 2008)
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Table 5. continued from previous page.

Species

Streptococcus equi
subsp. zooepidemicus

Streptococcus
gallolyticus

Streptococcus
gallolyticus

Streptococcus
gallolyticus

Streptococcus gordonii

Streptococcus
infantarius

Streptococcus iniae

Streptococcus
intermedius

Streptococcus
intermedius

Streptococcus
intermedius

Streptococcus lutetiensis

Streptococcus
macedonicus

Streptococcus mitis

Streptococcus mutans
Streptococcus mutans
Streptococcus mutans

Streptococcus mutans

Streptococcus
oligofermentans

Streptococcus oralis

Streptococcus
parasanguinis

Streptococcus
parasanguinis

Streptococcus
parauberis

Strain

H70

ATCC 43143

ATCC BAA-2069

UCN34

Challis substr.
CH1

CJ18

SF1

B196

C270

JTHO8
033

ACA-DC 198
B6

GS-5

L]23

NN2025
UA159

AS 1.3089
Uo5
ATCC_15912

Fw213

KCTC 11537

Genome
size (bp)

2,149,868

2,362,241

2,356,444

2,350,911

2,196,662

1,988,420

2,149,844

1,996,214

1,960,728

1,933,610
1,975,547

2,130,034
2,146,611
2,027,088
2,015,626
2,013,587
2,032,925
2,142,100
1,958,690
2,153,652

2,171,609

2,143,887

Number
of CDS

2,126

2,295

2,287

2,273

2,092

1,989

2,094

1,915

1,900

1,873
1,975

2,148

2,033

1,928

1,926

1,924

1,952

2,142

1,845

1,968

2,020

2,235

Number
of tRNA

57

60

80

71

59

68

45

60

60

67
60

70

61

65

65

65

65

50

61

61

61

60

Number
of rRNA
operon

15

15

21

18

12

18

13

12

12

12
18

18

12

15

15

15

15

12

12

12

12

15

NCBI
accession no.

NC_012470

NC_017576

NC_015215

NC_013798

NC_009785

NC_016826

NC_021314

NC_022246

NC_022237

NC_018073
NC_021900

NC_016749

NC_013853

NC_018089

NC_017768

NC_013928

NC_004350

NC_021175

NC_015291

NC_015678

NC_017905

NC_015558

Streptococcus pyogenes

Reference

(Holden, et al., 2009a)

(Lin, et al., 2011)

(Hinse, et al., 2011)

(Rusniok, et al., 2010)

(Vickerman, Iobst,
Jesionowski, & Gill,
2007)

(Jans, Follador, Lacroix,
Meile, & Stevens, 2012)

(Zhang, Zhang, & Sun,
2014a)

(Olson, et al., 2013)

(Olson, et al., 2013)

Unspecified
(Jin, et al., 2013)

(Papadimitriou,
Ferreira, Papandreou,
Mavrogonatou, Supply,
& Tsakalidou, 2012)

(Denapaite, et al., 2010)
(Biswas & Biswas, 2012)
(Aikawa, et al., 2012)
(Maruyama, et al., 2009)
(Ajdié, et al., 2002)

(Tong, Shang, Liu,
Wang, Cai, & Dong,
2013)

(Reichmann, et al.,
2011)
Unspecified

(Geng, et al., 2012)

(Nho, et al., 2011)
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Table 5. continued from previous page.

Species

Streptococcus
pasteurianus

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Strain

ATCC_43144

670-6B

70585

A026

AP200

ATCC 700669

CGSP14

D39

G54

Hungaryl9A_6

INV104

INV200

JIA

0XC141

P1031

R6

SPN032672

SPN033038

SPN034156

SPN034183

SPN994038

Genome
size (bp)

2,100,077

2,240,045

2,184,682

2,091,879

2,130,580

2,221,315

2,209,198

2,046,115

2,078,953

2,245,615

2,142,122

2,093,317

2,120,234

2,036,867

2,111,882

2,038,615

2,131,190

2,133,496

2,024,476

2,037,254

2,026,239

Number
of CDS

2,038

2,317

2,257

2,109

2,175

2,255

2,228

2,070

2,099

2,306

2,209

2,120

2,149

2,105

2,160

2,062

2,196

2,229

2,085

2,114

2,103

Number
of tRNA

60

58

58

58

54

58

58

58

58

58

58

58

58

58

58

58

58

58

58

58

58

Number
of rRNA
operon

15

12

12

13

12

12

12

12

12

12

12

12

12

10

12

12

12

12

12

12

NCBI

accession no.

NC_015600

NC_014498

NC_012468

NC_022655

NC_014494

NC_011900

NC_010582

NC_008533

NC_011072

NC_010380

NC_017591

NC_017593

NC_012466

NC_017592

NC_012467

NC_003098

NC_021003

NC_021004

NC_021006

NC_021028

NC_021026

189

Reference

(Lin, et al., 2011)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Sui, et al., 2013)

(Camilli, et al., 2011)

(Croucher, et al., 2009)

(Ding, et al., 2009)

(Lanie, et al., 2007)

(Dopazo, et al., 2001)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Hoskins, et al., 2001)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)

(Donati, et al., 2010)
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Table 5. continued from previous page.

Species

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pneumoniae

Streptococcus
pseudopneumoniae

Streptococcus salivarius
Streptococcus salivarius
Streptococcus salivarius
Streptococcus sanguinis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis

Streptococcus suis

Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis
Streptococcus suis

Streptococcus suis

Strain

SPN994039

SPNA45

ST556

TCH8431/19A

TIGR4

Taiwanl19F-14

gamPNI0373

1S7493

57.1
CCHSS3
JIM8777
SK36
05ZYH33
98HAH33
A7
BM407
D12

D9

GZ1
JS14
P1/7

S735
SC070731
SC84
SS12

ST1

ST3

Genome
size (bp)

2,026,505

2,129,934

2,145,902

2,088,772

2,160,842

2,112,148

2,064,154

2,190,731

2,138,805
2,217,184
2,210,574
2,388,435
2,096,309
2,095,698
2,038,409
2,146,229
2,183,059
2,177,656
2,038,034
2,137,435
2,007,491

1,980,887
2,138,568
2,095,898
2,096,866
2,034,321
2,028,815

Number
of CDS

2,103

2,232

2,176

2,118

2,178

2,140

2,123

2,248

1,925
1,987
1,946
2,298
2,022
2,012
1,938
2,055
2,092
2,097
1,943
2,048
1,908

1,872
2,044
2,003
2,021
1,986
1,959

Number
of tRNA

58

58

58

58

58

58

57

41

68
68
68
61
56
56
56
56
56
54
49
62
56

56
56
56
59
58
54

Number
of rRNA
operon

12

12

12

12

12

12

10

18
18
18
12
12
12
11
12
12
11
10
12
12

12
12
12
12
12
11

NCBI
accession no.

NC_021005

NC_018594

NC_017769

NC_014251

NC_003028

NC_012469

NC_018630

NC_015875

NC_017594
NC_015760
NC_017595
NC_009009
NC_009442
NC_009443
NC_017622
NC_012926
NC_017621
NC_017620
NC_017617
NC_017618
NC_012925

NC_018526
NC_020526
NC_012924
NC_017619
NC_017950
NC_015433

Streptococcus pyogenes

Reference

(Donati, et al., 2010)

(Donati, et al., 2010)

(Li, et al., 2012)

(Nelson, et al., 2010)

(Tettelin, et al., 2001)

(Donati, et al., 2010)

(Williams, et al., 2012)

(Shahinas, et al., 2011)

(Geng, Huang, Li, Hu,
& Chen, 2011)

(Delorme, et al., 2011a)
(Guédon, et al., 2011)
(Xu, et al., 2007)
(Chen, et al., 2007)
(Chen, et al., 2007)
(Zhang, et al., 2011b)
(Holden, et al., 2009a)
(Zhang, et al., 2011b)
(Zhang, et al., 2011b)
(Ye, et al., 2009)

(Hu, et al., 2011)
(Holden, et al., 2009b)

(Boyle, Vaillancourt,
Bonifait, Charette,
Gottschalk, & Grenier,
2012)

(Wu, et al.,, 2014)
(Holden, et al., 2009b)
(Zhang, et al., 2011b)
(Zhang, et al., 2011b)
(Hu, et al., 2011)
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Table 5. continued from previous page.

Species

Streptococcus suis

Streptococcus suis

Streptococcus suis

Streptococcus
thermophilus

Streptococcus
thermophilus

Streptococcus
thermophilus

Streptococcus
thermophilus

Streptococcus
thermophilus

Streptococcus
thermophilus

Streptococcus uberis

Strain

T15

TL13

YB51

CNRZ1066

JIM 8232

LMD-9

LMG_18311

MN-ZLW-002

NDO03
0140J

Genome

size (bp)

2,240,234
2,038,146
2,043,655
1,796,226
1,929,905
1,856,368
1,796,846

1,848,520

1,831,949
1,852,352

Number

of CDS

2,157

1,948

1,970

1,900

1,982

1,946

1,898

1,945

1,939
1,822

Number

of tRNA

55

56

56

67

67

67

67

57

57
58

Number

of rRNA

operon

11

11

12

18

17

18

18

15

15
15

Factors producing individuality in S. pyogenes

NCBI

accession no.

NC_022665

NC_021213

NC_022516

NC_006449

NC_017581

NC_008532

NC_006448

NC_017927

NC_017563
NC_012004

191

Reference
Unspecified

(Wang, Yao, Lu, &
Chen, 2013b)

(Wang, Chen, Yao, &
Lu, 2013a)

(Bolotin, et al., 2004)
(Delorme, et al., 2011b)
(Makarova, et al., 2006)
(Bolotin, et al., 2004)
(Kang, Ling, Sun, Zhou,

Zhang, & Sheng, 2012)

(Sun, et al., 2011)

The S. pyogenes genome is remarkable for its content of prophages, streptococcal phage-like chromosomal
islands (SpyCls), and other mobile genetic elements (MGEs), such as integrative and conjugative elements
(ICEs) (Bessen, McShan, Nguyen, Shetty, Agrawal, & Tettelin, 2015). This book includes a separate chapter about
streptococcal bacteriophages (see also (Briissow & Hendrix, 2002; Frost, Leplae, Summers, & Toussaint, 2005), as
well as a separate chapter about its acquired immunity system of clustered regularly interspaced short
palindromic repeats (CRISPRs) (Bhaya, Davison, & Barrangou, 2011; Dupuis, Villion, Magadan, & Moineau,
2013; Fabre, et al., 2012; Labrie, Samson, & Moineau, 2010; Mruk & Kobayashi, 2014; Maruyama, et al., 2009).
The CRISPR-associated (Cas) proteins, and specifically the Cas9 enzyme system of S. pyogenes, is also used for
genome editing in eukaryotes based on sequence-specific DNA cleavage (Mali, Esvelt, & Church, 2013; Sander &
Joung, 2014; Zhang, Wen, & Guo, 2014b).

In S. pyogenes, prophage regions have been shown to encode virulence factors such as exotoxins (Ferretti, et al.,
2001; Banks, Lei, & Musser, 2003). In addition, it has been reported that genome rearrangements can generate a
new prophage in an M3 strain (Nakagawa, et al., 2003). Integrative conjugative elements (ICEs) are also
responsible for the transfer of DNA through integration and conjugation (Frost, Leplae, Summers, & Toussaint,
2005). It is known that prophages and ICEs are present on most S. pyogenes genomes (Nozawa, et al., 2011).
These elements produce intra-strain diversity of S. pyogenes (see Supplemental Table 2) and produce an open-
pan-genome (Figure 2). Other than the SNPs described later in this chapter and outside of the prophage and
other mobile elements, most parts of S. pyogenes genomes are essentially colinear with the corresponding parts
in other genomes—with the exception of two regions that consistently show great variation and confer much of
the individuality of a given strain: the ~73-kbp region and the FCT region, both of which were previously
reported (McShan, et al., 2008). The ~73-kbp region is known as a center of virulence of S. pyogenes, where the
gene for the major antiphagocytic M protein (emm) and many other virulence-associated genes (vir regulon) are
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present. The FCT region harbors many genes that encode surface matrix binding proteins, such as protein F and
the streptococcal pilus or T antigen (McShan, et al., 2008). Bessen et al. have summarized these differences nicely
(Bessen, McShan, Nguyen, Shetty, Agrawal, & Tettelin, 2015). As described in this chapter, a strong genetic
linkage to the emm pattern group is observed for several other genes that have an established role in virulence or
another important biological function and tropism. Accessory genes whose presence/absence are strongly linked
to their emm pattern E (e.g., sof, sfbX, spn/ nga, sse, grab, ralp3) might play a dual role in infection of both the
skin and throat epithelial tissue sites (Bessen, McShan, Nguyen, Shetty, Agrawal, & Tettelin, 2015). These
important findings suggest that future studies should include the consideration of isolation sites to understand
the barrier of horizontal gene transfer between different S. pyogenes types and the mechanism of creating
variation in these two genomic positions.

Comparative genomic studies in S. pyogenes

Comparative genomic studies have been conducted in various bacterial species to investigate evolutionary
history and strain differences (Chewapreecha, et al., 2014; Galagan, 2014; Hershberg, et al., 2008; Harris, et al.,
2010). The expansion and evolutionary derivation styles of epidemic lineages are serious and elusive issues in a
medical field. From this perspective, S. pyogenes can represent and serve as an appropriate research model of a
pathogen for comparative genomic studies, because they continue to cause severe cases of worldwide human
infection. Additionally, evolutionary events are spatially limited, because human tissue is the only natural host of
S. pyogenes, which can lead to the exclusion of any other environment as a field of evolutionary change (Bessen,
etal., 2011). The M1 type of S. pyogenes is one of the most studied lineages, as previous studies showed that M1
type strains were prevalent in several epidemic periods (Nasser, et al., 2014). The first report of a complete S.
pyogenes genome sequence was the M1 strain SF370, and its genome sequence has served as a reference and is
widely used in S. pyogenes research (Ferretti, et al., 2001). A subsequent study of over 60 M1 strains revealed that
a contemporary strain, MGAS5005, was genetically different from the reference strain SF370 in terms of its gene
and prophage content (Sumby;, et al., 2005). The analyzed M1 strains were delineated by SNPs into SF370-like or
MGAS5005-like strain lineages. Moreover, it was shown that an M12 lineage was suggested to be a donor of a
36-kbp chromosomal region to the current M1 lineages, which included toxic proteins, such as NAD™-
glycohydrolase (NADase) and streptolysin O (SLO). These findings were supported by a subsequent genome
sequencing study that used 3,615 M1 strains, including those isolated from the 1920s to 2013 (Nasser, et al.,
2014). The authors proposed that the evolutionary pathway to the current M1 strains with increased virulence
occurred in a step-wise manner, with the initial event being the acquisition of a phage that encodes the SpeA1l
variant of the streptococcal pyrogenic exotoxin A. In addition, a single nucleotide change resulted in the SpeA2
variant of the M1 progenitor strain, after which the M12-like 36-kbp region was acquired in a single cell in the
early 1980s, and which carried the 2.6-kbp region that is located between the slo and metB genes and is highly
divergent from the SF370 type.

The data from the massive sequencing effort was able to demonstrate the progression of polymorphisms that are
primarily located in the 36 kbp region, which accumulated in the newly emerged hypervirulent strain in the
early 1980s. These impressive studies also showed that the contemporary M1 strain was more virulent in an
animal model of pharyngitis and necrotizing fasciitis than the pre-epidemic reference strain, which
demonstrates how comparative genomics can track evolutionary events in the same or similar lineages. Similar
findings were recently described by Turner et al. (Turner, et al., 2015) who found a dramatic shift in early M89
populations to the modern M89 strains that appeared in the 1990s by acquiring an NADase and streptolysin O
locus, possibly from an M12 strain. This new variant had an enhanced expression of NADase and streptolysin O
that resulted in a potentially more pathogenic strain with a selective advantage over other M89 variants, as well
as a change in M89 epidemiology.

In a similar manner to the type M1 S. pyogenes strain lineages, type M59 strains have been shown to be prevalent
in the last decade, though the type M59 strains were an uncommon cause of human disease (Fittipaldi, et al.,
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2012; Luca-Harari, et al., 2009; Steer, Law, Matatolu, Beall, & Carapetis, 2009). By employing 601 type M59
strains, including those from a Canadian epidemic and from other countries, the prevalent lineage in Canada
was shown to be phylogenetically distinct from the strains in other countries (Fittipaldi, et al., 2012). The
genome of an invasive type M23 strain in Japan in 1965 also carried distinct characteristics from other known
strains (Bao, et al., 2014). The M23 strain is phylogenetically distant from M1 or M59 strains and shares a
common ancestry with M5, M6, and M18 strains. This M23 strain has unique genomic rearrangements and an
asymmetric replicore that make it different than other sequenced S. pyogenes strains. From the date of its
isolation and phylogenetic divergence, some key factors for an invasive phenotype of S. pyogenes may be
explained by the number and variety of prophages that carry virulence genes and two-component systems
(TCSs), as described below.

Significance of nucleotide polymorphisms in two-component
regulatory systems and two highly variable regions for S.
pyogenes invasiveness and pathogenesis

A subtle alteration in a bacterial genome can be a significant cause of dramatic changes of a phenotype, as
previous studies have demonstrated that SNPs in the genes that encode components of TCSs are closely
associated with the invasiveness of particular S. pyogenes lineages (Churchward, 2007). CovRS (also known as
CsrRS) is a TCS in S. pyogenes and plays a central role in gene regulatory networks (Graham, et al., 2002). A
frameshift mutation in covS was shown to be exclusively present among invasive strains (Sumby, Whitney;,
Graviss, DeLeo, & Musser, 2006). In these particular cases, the mutation caused a loss of the ability to repress
expression of genes that encode virulence factors, such as streptolysin O (SLO) and a serine protease, ScpC,
which led to overproduction of these factors and an impairment of neutrophil migration (Ato, Ikebe, Kawabata,
Takemori, & Watanabe, 2008). In another study, a 1-bp mutation in covS was found to be present in
hypervirulent invasive S. pyogenes strains (Li, et al., 2013). Neutrophils in mice were used to select S. pyogenes
cells that carry this 1-bp mutation, which maximizes the potential to evade neutrophil responses (Li, et al.,
2014). Another inactivating mutation in covS was reported to disturb neutrophil function by exhibiting a potent
binding of host complement inhibitors, which leads to a minimal deposition of complement on S. pyogenes cells
and a weak killing of the bacteria by neutrophils (Agrahari, Liang, Mayfield, Balsara, Ploplis, & Castellino, 2013).
Abrogation of production of the protease SpeB has been found among hypervirulent strains that harbor covS
mutations; however, a recent report has suggested that this abrogation of production was not necessary for the
emergence of invasive S. pyogenes strains (Flores, et al., 2014). Similar to covS, mutations were also found in
covR, the gene that encodes another component of the CovRS system, in invasive S. pyogenes strains; and a single
alteration of an amino acid in CovR was shown to affect both interaction between the protein and DNA, as well
as the structure of the protein (Horstmann, et al., 2011).

These findings suggest that a mechanism exists in S. pyogenes strains to acquire invasiveness; namely, by the
overproduction of multiple virulence factors that are caused by inactivation of the repressing activity in TCS
genes other than CovRS. Another example of a mechanism to acquire invasiveness is found in mutations in the
negative regulator rgg (ropB) that also results in S. pyogenes strains acquiring invasiveness (Ikebe, et al., 2010). S.
pyogenes genomes contain 13 TCSs, on average (Ribardo, Lambert, & Mclver, 2004), and considering that the
TCSs are important for regulation of expression of various genes, mutations in these TCS genes may be a key
factor for the invasiveness of S. pyogenes. Further studies will be required, not only to understand the molecular
interactions between regulated genes and uncharacterized TCS proteins, but also to investigate the invasive role
of certain SNPs.
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Conclusion and Perspectives

Comparative genomic studies provide an important avenue for understanding how particular lineages emerge,
as well as the mechanisms involved in the overall evolution of disease involvement by an organism. S. pyogenes is
a remarkable example of a pathogen that can invade and survive in host human cells (Nakagawa, et al., 2004).
Though it may be captured by autophagosomes in autophagy (Nakagawa, et al., 2004), S. pyogenes can persist in
host cells for a long time, and therefore, the machinery for intracellular survival by host protein degradation and
propagation may also exist in S. pyogenes, as was previously shown in Shigella flexineri and Listeria
monocytogenes (Ogawa, Yoshimori, Suzuki, Sagara, Mizushima, & Sasakawa, 2005; Py, Lipinski, & Yuan, 2007;
Yoshikawa, et al., 2009). Asymptomatic carriage and antibiotic treatment failure suggest that S. pyogenes may be
able to persist in a host after an initial infection. The asymptomatic carriage rates of 2.5% to 32% in school-age
children and 1.3% to 4.9% in adult health care workers and military recruits reminds us that a considerable
reservoir for future infection still remains (Wood, et al., 2009). Future research on pharyngeal tissue will be
required, since it is an environment that appears to be more hydrodynamically and chemically stable for survival
than an extracellular environment. Extensive comparative genomics will support these perspectives by
investigating the differences between invasive and non-invasive S. pyogenes strains. In addition, multiple
comparisons of various emm strains will provide insights into the role of the emm gene in S. pyogenes evolution
and geographic differences.

In conclusion, this chapter has reviewed the current approach and practical application of comparative genomics
to S. pyogenes, and has described the importance of next-generation sequencing in understanding the molecular
events associated with S. pyogenes evolution. Comparative genomics research will continue in the future to
provide significant clues for a further understanding of S. pyogenes itself.
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Abstract

Bacteriophages typically may be grouped into two categories by their life cycle: lytic phages and lysogenic
(temperate) phages. The five decades following the discovery of phages saw numerous investigations on the lytic
phages of S. pyogenes, which included studies on host range, basic biology, and their ability to mediate general
transduction. In contrast to lysogenic phages, lytic phages do not alter the phenotype of the host streptococcal
cell during a long-term genetic relationship, but can shape the host population by eliminating susceptible cells in
a population, or by facilitating genetic exchange by transduction. This chapter also presents a summary of
information on the lysogenic phages of group A streptococci, their distribution and attachment sites,
morphology and genome organization, and associated virulence genes. Additional areas of overview include the
diversity of lysogenic phages and the horizontal transfer of genes from other species. Finally, there is a discussion
of prophages as vectors for virulence genes, phage-like elements that carry antimicrobial resistance genes, and
regulation of host gene expression.

Lytic phages of group A streptococci

Biology and distribution of lytic phages

Bacteriophages may typically be grouped into two categories by their life cycle: lytic phages and lysogenic
(temperate) phages. Lytic phages infect their host cell and begin the viral replicative cycle within a short time
frame. At the end of replication and assembly, the host bacterial cell typically lyses and releases the newly formed
bacteriophage particles. The five decades following the discovery of phages saw numerous investigations on the
lytic phages of S. pyogenes, which included studies on host range, basic biology, and their ability to mediate
general transduction. In contrast to lysogenic phages, lytic phages do not alter the phenotype of the host
streptococcal cell during a long-term genetic relationship, but they can shape the host population by eliminating
susceptible cells in a population, or by facilitating genetic exchange by transduction.

Bacteriophage A25

The best studied lytic phage of S. pyogenes is bacteriophage A25, which was originally isolated from Paris sewage
in the early 1950s (Maxted, 1952; Maxted, 1955) and was found to mediate generalized transduction in S.
pyogenes (Leonard, Coldn, & Cole, 1968). The literature also refers to phage A25 as phage 12204, which is its
designation by the American Type Culture Collection (ATCC 12204). To date, the genome sequence of A25 has
not been determined, but one study estimated its linear dSSDNA genome to be about 34.6 kb in length (Pomrenke
& Ferretti, 1989). Electron microscopy shows that it belongs to the Siphoviridae with an isometric, octahedral
head measuring 58-60 nm across and a long flexible tail that measures 180-190 nm in length and 10 nm in
diameter (Malke, 1970; Zabriskie, Read, & Fischetti, 1972). The tail of this phage is composed of 8nm circular
subunits and terminates in a transverse plate with a single projecting spike that is about 20nm long (Zabriskie,
Read, & Fischetti, 1972; Read & Reed, 1972). In contrast to many lysogenic phages, it appears that A25 does not
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encode a hyaluronidase (hyaluronate lyase) as part of its tail fiber. However, it does encode a lysin that has
activity against groups A, C, G, and H streptococci (Hill & Wannamaker, 1981).

One-step growth experiments have shown that phage A25 has an average burst size that may vary depending
upon the host strain, with a reported average burst sizes of 30 PFU/cell when grown on strain K56 (Malke,
1969a) and 12 CFU/cell on strain T253 (Fischetti, Barron, & Zabriskie, 1968). Peptidoglycan is the cell receptor
for A25, and treatment of the cells with the group C streptococcus phage C1 lysin (PlyC) destroyed the receptor
binding (Cleary, Wannamaker, Fisher, & Laible, 1977). Phage A25 has a broad host range, being adaptable to
group G streptococci after passage (Cleary, Wannamaker, Fisher, & Laible, 1977). Wannamaker and co-workers
showed that phage A25 also could infect 48% of group C strains tested (Wannamaker, Almquist, & Skjold, 1973).
Other S. pyogenes lytic phages in the same study could also infect group C strains at frequencies that range from
34% to 47%. The possibility that phage A25 and other lytic S. pyogenes phages can infect multiple species of
streptococci may have contributed to the horizontal transfer of both host and prophage genes via transduction.
At present, it is unknown whether the A25 phage packages its DNA through a terminase-mediated headful
mechanism or by the recognition of pac sites. However, it is known that the efficiency of transduction by this
phage is not highly stringent, as discussed below.

Transduction in S. pyogenes

Transformation, conjugation, and transduction are common means of genetic exchange in bacteria. In S.
pyogenes, natural transformation may occur when the cells live in a biofilm (Marks, Mashburn-Warren, Federle,
& Hakansson, 2014), but such an exchange has not been seen in the laboratory. Conjugative transposons are
frequent elements in S. pyogenes, but they are not associated with the sort of transfer events seen with the F
plasmid of E. coli. In contrast, generalized transduction occurs in S. pyogenes and is mediated by both lytic and
lysogenic phages.

Transduction in S. pyogenes was first reported in 1968, detailing how five phages (three lytic and two lysogenic)
were able to transduce streptomycin resistance (Leonard, Coldén, & Cole, 1968). Of this group of phages, phage
A25 (phage 12204) was able to transduce antibiotic resistance at the highest frequency (1 X 1070 transductants
per PFU). The transfer was DNase resistant but was sensitive to antiphage serum, which supports generalized
transduction as the mechanism of genetic exchange. The capsule of S. pyogenes is composed of hyaluronic acid,
which was found to be a barrier to A25 infection (Maxted, 1952). Lysogenic phages often encode a
hyaluronidase, but phage A25 apparently lacks such a gene, since this enzymatic activity has not been associated
with it. The state of S. pyogenes encapsulation can vary during the growth phase (Crater & van de Rijn, 1995),
and some strains, such as the recently described M4 isolate from Australia (Henningham, et al., 2014), do not
express a capsule at all. Therefore, the susceptibility of cells to phage-mediated transduction probably varies by
growth state and genetic background, both of which could influence horizontal transfer.

A number of strategies have been used to improve transduction frequencies. Malke showed that transduction
frequencies could be improved by using specific A25 antiserum to block unabsorbed or progeny phages from
infecting transductants that result from the initial adsorption (Malke, 1972). Increased levels could also be
obtained by the use of temperature-sensitive mutants of phage A25 (Malke, 1969a), as could UV irradiation of
transducing lysates prior to adsorption to the host streptococci (Malke, 1972; Coldn, Cole, & Leonard, 1970;
Malke, 1969b).

Lysogenic bacteriophages of S. pyogenes are capable of mediating transfer of antibiotic resistance by
transduction. Strains with bacteriophage T12-like prophages can produce transducing lysates that are capable of
transferring resistance to tetracycline, chloramphenicol, macrolides, lincomycin, and clindamycin, following
lysogen induction. Generalized transduction transfer of erythromycin and streptomycin resistance, following
mitomycin C treatment of endogenous prophages, has also been observed (Hyder & Streitfeld, 1978).
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Transduction may play a role in the dissemination of genes among related streptococcal species. Some
bacteriophages isolated from groups A and G streptococci can infect serotype A, C, G, H, and L strains, and
some were capable of infecting multiple serotypes (Colén, Cole, & Leonard, 1972). The same study showed that
phage A25 could transduce streptomycin resistance to a group G strain. Wannamaker and co-workers further
showed that streptomycin resistance could be transferred to S. pyogenes strains by a temperate transducing phage
isolated from group C streptococcus (Wannamaker, Almquist, & Skjold, 1973). The wealth of S. pyogenes
genome data supports the idea that horizontal gene transfer has been important in the evolution of this
pathogen (Bessen, et al., 2015), and transduction is assumed to play an important role in this process. However,
the molecular mechanisms that would drive this process are not well understood. The majority of studies on
streptococcal transduction were performed before the advent of modern techniques of molecular biology and
genomics, and as a result, this may be an opportune time to reexamine this phenomenon. A better
understanding of streptococcal transduction may prove essential to understanding the flow of genetic
information in natural populations of S. pyogenes and the horizontal transfer of information from other genera.

Lysogenic phages of group A streptococci

Genome prophages, their distribution, and attachment sites

Lysogenic bacteriophages are defined by their ability to integrate their DNA into the host bacterium’s
chromosome via site-specific recombination, becoming a stable genetic element that can be passed to daughter
cells after cell division. Studies from the pre-genomics era suggested that lysogeny was common in S. pyogenes
(Kjems E. , 1960; Krause, 1957; Chaussee, Liu, Stevens, & Ferretti, 1996; Hynes, Hancock, & Ferretti, 1995;
Wannamaker, Skjold, & Maxted, 1970; Yu & Ferretti, 1989), but it was genome sequencing (starting with the first
one completed and confirmed by almost every subsequent one) that demonstrated that toxin-carrying
prophages were not only common, but were prominent genetic features that shaped the fundamental biology of
this bacterial pathogen (Table 1). The number of lambdoid prophages or phage-like chromosomal islands found
in a given genome strain has ranged from a low of one (MGAS15252) to as many as eight (MGAS10394), with
three to four elements being most common. These prophages are found to be integrated into multiple sites on
the S. pyogenes genome, and can be found in each quadrant (Figure 1 and Table 2). The majority of the genome
prophages (72%) are found to be integrated into genes encoded on the lagging strand (relative to oriC). No
prophages have been found to target genes in the hypervariable regions, which include the M-protein (emm) or
the streptococcal pilus. Some sites are frequent targets for prophage integration; the genes for DNA binding
protein HU, tmRNA, and the DNA mismatch repair (MMR) protein MutL are very commonly occupied by a
prophage or prophage-like chromosomal island.

The integration of prophages occurs via a homologous exchange between sequences shared between the phage
and host chromosomes (attP and attB, respectively); this process is mediated by a phage-encoded integrase.
These duplications between the phage and host DNA can be as few as a few nucleotides to over 100 bp, and can
often include the coding regions of the bacterial genome (Campbell, 1992; Groth & Calos, 2004; Fouts, 2006). In
S. pyogenes, the identifiable duplications between attB and attP range from 12 bp (MGAS10394.1) to 96 bp
(T12). An extensive survey of bacterial genome prophages found that prophages usually integrate into a gene
ORF (69% of identified prophages) while integration into an intragenic region, such as that seen in coliphage
Lambda, is less common and accounts for only 31% of prophages (Fouts, 2006). Gene targets included tRNA
genes (33%), tmRNA (8%), and various other genes (28%). Examples of each target site can be observed in the S.
pyogenes genome prophages (Table 2). Most commonly, the duplication occurs between the phage and the 3’ end
of the host gene, and integration leaves the open reading frame intact via the duplicated sequence (Fouts, 2006;
McShan & Ferretti, 2007). However, in S. pyogenes, the 5’ end of genes are frequently targeted for integration,
which could potentially lead to an altered expression of the host gene (Table 2). The best characterized system of
an altered host gene expression is the control of MMR in strain SF370 by SpyCIM1 (S. pyogenes chromosomal
island, serotype M1) where the expression of genes for MMR, multidrug efflux, Holliday junction resolution, and
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base excision repair are controlled by this phage-like chromosomal island, in response to growth (McShan &
Ferretti, 2007; Nguyen & McShan, 2014; Scott, Nguyen, Hendrickson, King, & McShan, 2012; Scott, Thompson-
Mayberry, Lahmamsi, King, & McShan, 2008). Similarly, the phage-like transposon MGAS10394.4 (also known
as Tn1207.3 (D'Ercole, et al., 2005)) separates the DNA translocation machinery channel protein ComEC operon
proteins 2 and 3, which potentially creates a polar mutation that silences protein 3. A number of other
streptococcal genes are targeted at their 5’ ends by prophages, including genes that encode the recombination
protein RecX, a HAD-like hydrolase, and DNA-binding protein HU (Table 2). Other prophages integrate into
the promoter region that precedes the ORF in dipeptidase Spy0713, yesN and a gamma-glutamyl kinase. In the
case of dipeptidase Spy0713 that is targeted by members of the SF370.1 family, integration separates the ORF
from the predicted native promoter and may replace it with a phage-encoded promoter found immediately
upstream of the coding region following integration (Figure 2). This phage-encoded promoter is preceded by a
canonical CinA box (Claverys & Martin, 1998), which suggests that this putative alternate promoter may also
change the transcriptional program of the gene. In another example, two serotype M3 prophages were found to
be integrated into a CRISPR type II system direct repeat; remarkably, this event may have led to the loss of
CRISPR function in these cells. In all of these examples, the integration of a phage or phage-like element into the
5" end of a gene has the potential to alter streptococcal gene expression by blocking transcription or providing an
alternative promoter, and the frequency of such transcription-altering prophages may be an important
regulatory strategy in S. pyogenes.

Not all S. pyogenes prophages inactivate host genes following integration. Those that integrate into the 3’ end of
genes typically preserve gene function through the shared DNA sequence between the DNA molecules, and a
number of examples can be found in the genome prophages (Table 2). Bacteriophage T12 integrates by site-
specific recombination into what was initially identified as a gene for a serine tRNA (McShan, Tang, & Ferretti,
1997), but was correctly identified as a tmRNA gene after the completion of genome sequencing. Genes that
encode tmRNA are frequently used as bacterial attachment sites (a¢¢B) for prophages that infect a range of
bacterial species, including Escherichia coli, Vibrio cholerae, and Dichelobacter nodosus (Fouts, 2006; Williams,
2002). Besides the tmRNA gene, other 3' gene targets used by genome prophages include the histone-like protein
HU, dTDP-glucose-4,6-dehydratase, a putative SNF helicase, and recombination protein recO.
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Figure 1. Prophage attachment sites in the S. pyogenes genome. The locations of the genome prophages are shown as a generalized
chromosome backbone based upon the SF370 M1 genome; each diamond represents a genome prophage that was identified at that site.
The M-type of the host for each prophage is indicated by the number within the diamond, and the circled letter is the identifier linked
to Table 2 for attB gene identification, integration target within that gene (5’ or 3’), and associated prophage virulence genes. The rRNA
operons are indicated as green blocks, while the hypervariable regions that contain virulence genes associated with emm or prtF are
hatched. The origin of replication is indicated (OriC).
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Predicted native promoter

Streptococcus pyogenes
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Figure 2. Integration of prophage SF370.1 may provide an alternate promoter for dipeptidase Spy0713. In strains that lack an
integrated prophage at this site, the native promoter for dipeptidase Spy0713 is downstream from the uncharacterized gene Spy0654;
the predicted sequence is shown above. Integration of phage SF370.1 into Spy0713 separates this gene from that native promoter, and a
predicted promoter encoded by the prophage is now positioned in front of the dipeptidase ORE. This phage-encoded promoter is
preceded also by a canonical CinA box (Claverys & Martin, 1998), which is not part of the native promoter. The transcription of
prophage virulence genes speC and spd1 is from the opposite strand and should not influence transcription of Spy0713. Promoter
predictions were done using the online tool at http://www.fruitfly.org/seq_tools/promoter.html (Reese & Eeckman, 1995).

Table 1. Assembled and annotated genomes of S. pyogenes that are hosts to prophages.

Strain
SF370
MGAS5005
M1 476

A20

MGAS10270
MGAS315
SSI-1
MGAS10750
Manfredo
MGAS10394
MGAS2096
MGAS9429
HKU16
HSC5

M type Prophages (CI)* Origin

Ml
M1
Ml

M1

M2
M3
M3
M4
M5
Mo
M12
M12
Mi12
M14

3(1)
3
3

4 (1)

3(1)
4(1)
7 (1)

w W

USA
Canada

Japan

Taiwan

USA

USA

Japan

USA

USA

USA
Trinidad
USA

Hong Kong
USA

Disease**

Wound

Invasive (CSF)

STSS

Necrotizing
fasciitis
Pharyngitis
STSS

STSS
Pharyngitis
ARF
Pharyngitis
AGN
Pharyngitis
Scarlet fever

Not known

Genome size

(bp)

1852441
1838554
1831128

1837281

1928252
1900521
1894275
1937111
1841271
1899877
1860355
1836467
1908100
1818351

Accession no.

NC_002737
NC_007297
NC_020540.2

NC_018936.1

NC_008022
NC_004070
NC_004606
NC_008024
NC_009332
NC_006086
NC_008023
NC_008021

AFRY00000001

NC_021807.1

Reference

(Ferretti, et al., 2001)
(Sumby, et al., 2005)

(Miyoshi-Akiyama,
Watanabe, & Kirikae,
2012)

(Zheng, et al., 2013)

(Beres, et al., 2006)
(Beres, et al., 2002)
(Nakagawa, et al., 2003)
(Beres, et al., 2006)
(Holden, et al., 2007)
(Beres, et al., 2002)
(Beres, et al., 2006)
(Beres, et al., 2006)
(Tse, et al., 2012)

(Port, Paluscio, &
Caparon, 2013)
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Table 1. continued from previous page.

M type Prophages (CI)* Origin Disease** Genome size  Accession no.  Reference
Strain (bp)
MGAS8232 M18 5 USA ARF 1895017 NC_003485 (Smoot, et al., 2002)
MGAS6180 M28 2(2) USA Puerperal sepsis 1897573 NC_007296 (Green, et al., 2005)
NZ131 M49 3 New Zealand AGN 1815785 NC_011375 (McShan, et al., 2008)
Alab49 M53 3(1) USA Impetigo 1827308 NC_017596 (Bessen, et al., 2011)
MGAS15252 M59  0(1) Canada SSTI 1750832 NC_017040 (Fittipaldi, et al., 2012)
MGAS1882 M59  1(1) USA AGN, pyoderma 1781029 NC_017053 (Fittipaldi, et al., 2012)

* Number of lambdoid prophages (Number of phage-like chromosomal islands)
** AGN, acute glomerulonephritis; ARFE, acute rheumatic fever; CSE, cerebrospinal fluid; SSTI, skin or soft tissue infection; STSS,
streptococcal toxic shock syndrome

Table 2. Prophages of S. pyogenes, and their integration sites and associated virulence genes.

Target gene (attB) Gene target for Associated Phages (Virulence Genes*) Identifier**
Integration (attB)

ssDNA binding protein recO 3’ MGAS10394.1 (sdn) A

RNA helicase snf 3 MGASS8232.1 (speAl) B

Promoter of Hypothetical 5 NZ131.1 (None identified) C

Spy49_0371

Dipeptidase 5 SE370.1 (speC-spdl) D

MGAS10270.1 (speC-spd1)
MGAS10750.1 (speC-spd1)
Man.4 (speC-spdl)
MGAS2096.1 (speC-spd1)
MGAS9429.1 (speC-spd1)
MGAS8232.2 (speC-spdl)

tRNAarg 3 MGAS10394.2 (speA4) E
dTDP-glucose-4,6- 3 SF370.2 (speH-spel) F
dehydratase MGAS10270.2 (spd3)

MGAS10750.2 (spd3)
Man.3 (speH-spel)
MGAS9429.2 (speH-spel)
HKU16.3 (speH-spel)
NZ131.2 (speH)

CRISPR type II system direct 5 MGAS315.1 (None identified) G
repeat sequence SPsP6 (None identified)
tmRNA 3 T12 (speA) H

MGAS5005.1 (speA2)
A20.1 (speA2)

M1 476.1 (speA2)

HSC5.1 (speL-speM)
MGAS315.2 (ssa)

SpsP5 (ssa)

MGAS10394.3 (speK-slaA)
MGAS8232.3 (speL-speM)
MGAS6180.1 (speC-spdl)
Alab49.1 (speL-speM)

trmA 3 m46.1 (mefA) I
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Table 2. continued from previous page.

Target gene (attB) Gene target for Associated Phages (Virulence Genes*) Identifier**
Integration (attB)

comE ND MGAS10394.4 (mefA) ]

DNA-binding protein HU 5 SF370.3 (spd3) K

MGAS5005.2 (spd3)
A20.2 (spd3)

M1 476.2 (spd3)
MGAS315.3 (spd4)
SPsP4 (ssa)
MGAS10750.3 (ssa)
Man.2 (spd4)
MGAS10394.5 (speC-spdl)
MGAS8232.4 (spd3)
HSC5.2 (spd3)

Alab49.2 (speC-spdl)
MGAS1882.1 (speK-slaA)

Promoter of yesN 5 MGAS10270.3 (speK-sla) L
MGAS315.4 (speK-sla)
SPsP3 (speK-sla)
MGAS6180.2 (speK-slaA)

Regulatory protein recX 5 MGAS315.5 (speA3) M
SPsP2 (speA3)
Man.1 (spdl)
MGAS10394.6 (sda)
Alab49.3 (spd3)

Putative gamma-glutamyl 5 MGAS315.6 (sdn) N
kinase SPsP1 (sdn)
tRNAser 3 MGAS5005.3 (sda) (@)

A20.3 (sdaD2)

M1 476.3 (sdaD2)
HKU16.2 (sdaD2)
MGAS2096.2 (sdaD2)
MGAS9429.3 (sda)

HAD-like hydrolase 5 MGAS8232.5 (sda) P

Excinuclease subunit uvrA 5 HSC5.3 (spd3) Q
HKU16.1 (ssa speC)
MGAS10394.7 (spd3)

Conserved hypothetical 5 NZ131.3 (spd3) R
protein Spy49_1532
DNA mismatch repair 5 SpyCIM1 (SF370.4) S
protein mutL SpyCIM2 (MGAS10270.4)

SpyCIM4 (MGAS10750.4)

SpyCIM5 (man.5)
SpyCIM6 (MGAS10394.8)
SpyCIM25

SpyCIM28 (MGAS6180.3)
SpyCIM53 (Alab49.4)
SpyCIM59 (MGAS15252.1)
SpyCIM59.1 (MGAS1882.1)
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Table 2. continued from previous page.

Target gene (attB) Gene target for Associated Phages (Virulence Genes*) Identifier**
Integration (attB)

SSU ribosomal protein S4P 3 MGAS10270.5 (None identified) T
MGAS6180.4 (None identified)
MGAS15252.2 (None identified

* Prophage associated genes: Superantigens: speA, speC, speH, spel, speK, speL, speM, ssa, and their alleles; DNases (streptodornases):
sda, spn, spd, and their alleles; phospholipase: sla and alleles; macrolide efflux pump: mefA.

** Identifier for the phylogenetic tree in Figure 5

ND - not determined

Morphology and genome organization

Tailed phages with dsDNA genomes (Caudovirales) are abundant in the biosphere, and are perhaps the most
frequently found form of life on Earth (Briissow & Hendrix, 2002). Of the Caudovirales, the phage subset
Siphoviridae (icosahedral heads with long, non-contractile tails) comprise about 60% of the total (Ackermann,
2005). A bacteriophage survey from the pre-genomics era found that 92% of phages of the genus Streptococcus
were Siphoviridae by current classification (Ackermann & DuBow, 1987), and the few early electron micrographs
published reflect this prevalence (Kjems, 1958; Malke, 1970; Zabriskie, Read, & Fischetti, 1972; Malke, 1972).
Figure 3 shows the typical Siphoviridae morphology of two well-studied S. pyogenes phages, SF370.1 and T12.
The tail fibers of SF370.1, which contain the hyaluronidase (hyaluronate lyase) used for capsule penetration
during phage infection (Smith, et al., 2005), can be seen in the micrograph. The lytic transducing phage A25 also
has typical Siphoviridae morphology (Malke, 1970; Malke, 1972). While lysogenic phages may be found to be
mostly members of the Siphoviridae, given their probable common pool of genetic modules (see below), other
phage morphotypes may be found in the lytic phages, such as the Podoviridae C1 phage of the related group C
streptococci (Nelson, Schuch, Zhu, Tscherne, & Fischetti, 2003). The coliphage Lambda has been the prototype
for lysogenic prophages, and the genetic organization of most group A streptococcal genome prophages follows a
similar general plan (Desiere, McShan, van Sinderen, Ferretti, & Briissow, 2001; Canchaya, et al., 2002), as they
have identifiable genetic modules for integration and lysogeny, replication, regulation, head morphogenesis,
head-tail joining, tail and tail fiber genes, lysis, and virulence (Figure 4).

Lysogeny module

Temperate phages are defined by their carriage of genes that establish and maintain a stable condition within a
host cell, usually via site-specific integration. Minimally, lysogeny requires genes that encode an integrase
(recombinase) and excisionase to mediate prophage DNA integration and excision, as well as genes that encode
repressor and antirepressor proteins to direct and control this process, following the pattern seen in coliphage
Lambda (Ptashne, 2004). Phage integrases typically mediate a recombination event between an identical
sequence shared between the circular form of the prophage genome (a#tP) and the bacterial chromosome (attB),
and the recognition of these DNA sequences is inherent in a given integrase protein (Groth & Calos, 2004;
Campbell, del-Campillo-Campbell, & Ginsberg, 2002; Argos, et al., 1986). Most lambdoid phages usually have
integrases that belong to the tyrosine integrase family, and the integrases of S. pyogenes prophages belong to this
group. The excisionase gene in Lambda and many other Gram-negative host phages is positioned upstream of
integrase; however, in the lactic acid bacteria and other Gram-positives, its genome location is variable (Bruttin,
Desiere, Lucchini, Foley, & Briissow, 1997; Breiiner, Brondsted, & Hammer, 1999). Indeed, since excisionase
proteins often show little conservation (Lewis & Hatfull, 2001), it is often difficult to identify the correct ORF in
a given prophage. Some excisionase genes may be provisionally identified in the S. pyogenes genome prophages
by their homology to other phages (Desiere, McShan, van Sinderen, Ferretti, & Briissow, 2001); however, to date,
none have been experimentally confirmed.
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Figure 3. Morphology of streptococcal lysogenic phages. Prophages SF370.1 (A) and T12 (B) release typical Siphoviridae virions,
following induction. In this micrograph, the SF370.1 head is about 55nm across and the tail is 168nm in length. In this image, the tail
fibers that contain hyaluronate lyase (hyaluronidase) are visible. The T12 capsid has similar dimensions with the head being about
66nm and the tail length about 196nm. Electron micrographs have been provided by W. M. McShan and S. V. Nguyen.

DNA replication and modification

A region that shows considerable diversity between individual prophages, and which encodes genes involving
DNA replication and modification, follows the lysogeny module. Homologs of DNA polymerases, replisome
organizer, restriction-modification systems, and primase genes are present in these regions, as well as potential
sequences that may function as the origins of phage DNA replication (Desiere, McShan, van Sinderen, Ferretti,
& Briissow, 2001; Canchaya, et al., 2002). Inspection of the genome annotations of these regions also shows that
while many genes are unique to S. pyogenes phages, others have close homologs to phages from other
streptococcal species such as Streptococcus thermophilus or Streptococcus equi, which suggests that a pool of
genetic material is shared by a diverse group of phages (discussed below).

DNA packaging, capsid structural genes and host lysis genes

The next region of prophage genomes is dedicated to the genes that encode the proteins for the assembly of
phage heads and tails, as well as the proteins needed to package the phage DNA into the heads and join this
complex to the tails. The function of many of these genes has been inferred by homology to known phage
proteins or sequences, or by presumption of function due to their relative order in the chromosome. However,
with the exception of the hyaluronate lyase (hyaluronidase) gene found in some S. pyogenes phage tail fibers
(Hynes, Hancock, & Ferretti, 1995; Smith, et al., 2005; Hynes & Ferretti, 1989), most of these genes have not
been experimentally characterized, and as a result, these function assignments remain provisional. The typical
holin-lysin genes that are employed at the end of the lytic phase to lyse the infected bacterial cell and release the
newly formed phage particles follow the capsid genes.
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Figure 4. The genetic structure of streptococcal prophages and phage-like chromosomal islands. The prophages found in the
genomes of S. pyogenes follow a typical lambdoid pattern in their organization with genetic modules for lysogeny, DNA replication,

regulation, head morphogenesis, head-tail joining, tails and tail fibers, lysis, and virulence.

Virulence genes

Finally, at the distal end of the phage chromosome are the genes for host conversion that encode a range of
virulence factors; exotoxins that are often superantigens, as well as DNases like streptodornase, are prominent
(Table 2). The biology of these virulence factors is covered in a separate chapter in this book. The origin of
phage-encoded toxins remains unclear—but since these toxin genes play no known role in the replication of the
phage, it suggests that such genes were acquired at some point late in the phage's evolutionary history. It has
been proposed that virulence factors may be acquired by phages by imprecise excision events (Barksdale &
Arden, 1974), but independently finding known phage-associated virulence genes on the bacterial chromosome
has not been observed. Some superantigen genes are not associated with prophages (Proft, Sriskandan, Yang, &
Fraser, 2003; Proft, Moffatt, Berkahn, & Fraser, 1999), but it remains unclear whether these genes are a genetic
source of prophage superantigens. The lateral gene capture of virulence genes has undoubtedly been important
in their dissemination (Ochman, Lawrence, & Groisman, 2000), and indeed, such exotoxins may have evolved
de novo as elements to increase bacterial host cell fitness (Briissow, Canchaya, & Hardt, 2004). Decayed prophage
remnants with superantigen domains may be seen in the S. pyogenes genome (Canchaya, et al., 2002), and these
regions may serve as a genetic reservoir for virulence genes. Similarly, host-range variants of phages from
different bacterial species (or even genera) are another potential reservoir for toxin genes; for example, the speA
gene of S. pyogenes and the enterotoxins B and C1 of Staphylococcus aureus show a significant degree of
homology, and thus may share a common origin (Weeks & Ferretti, 1986).
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Diversity of lysogenic phages
Structural genes dominate phylogenic relations

In a seminal 1980 paper, Botstein proposed that the product of bacteriophage evolution is not the individual
virus but a pool of interchangeable genetic modules, each of which carries out a biological function in the phage
lifecycle; therefore, natural selection acts at the level of these individual modules (functional units) (Botstein,
1980). Phylogenetic analysis of the Lambdoid S. pyogenes prophages predicts that several prominent groups exist
(Figure 5). Within each branch, considerable group diversity may exist in terms of targeted bacterial attachment
sites and encoded virulence factors (Table 2). Inspection of each group shows that phylogeny is driven by large
shared blocks of genes encoding proteins for DNA packaging, heads and tails, and host lysis (Table 3); for
example, see the analysis of the group of prophages that contain phage T12, where all members of the group
minimally share these structural genes (Figure 6). However, other ones, such as the SF370.1 group, are much
more clonal, with all prophages sharing the same virulence and lysogeny modules. Therefore, the phylogeny of
individual functional modules (such as toxin genes) may be unrelated to other regions of the genome (such as
the lysogeny module or capsid genes). The apparent shufiling of the individual modules may be driven by both
homologous and non-homologous recombination (Desiere, McShan, van Sinderen, Ferretti, & Briissow, 2001;
Ford, Sarkis, Belanger, Hendrix, & Hatfull, 1998; Monod, Repoila, Kutateladze, Tétart, & Krisch, 1997; Juhala, et
al., 2000). The actual driving force behind this engine of prophage diversity in S. pyogenes remains poorly
understood, but some clues have emerged. In a survey of 21 toxin-carrying S. pyogenes strains, 18 were found to
carry a highly conserved ORF adjacent to the toxin genes (Aziz, et al., 2005). This ORE which was named
paratox, may help promote homologous recombination between phages so that toxin genes may be exchanged,
which would lead to phage diversity. Some genome phages or phage-like elements do not readily fall into any
group: MGAS10394.2, HKU16.1, NZ131.1, m46.1, and MGAS10394.4 are phylogenetic outliers that have little
commonality with other prophages. When the prophages are clustered by the M-type of their host cell, some
patterns do emerge (Figure 7). There appears to be a pool of phages shared by M1 and M12 strains; for example,
M3 strains have some phages that appear more frequently within this serotype, but the current sample size is too
small to draw any definite conclusions. More genomic data will be required to obtain a clearer picture of
prophage distribution by serotype.
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Figure 5. Phylogenetic relationships of S. pyogenes prophages. An unrooted phylogenetic tree was created by DNA alignment of the

genome prophages. Prophages MGAS10394.2, HKU16.1, NZ131.1, m46.1, and MGAS10394.4 were so dissimilar from the other
prophages that each occupied an independent branch; consequently, they are not shown on the tree for clarity. The alignment

organized the remaining prophages into six major branches, and the encircled letter identifier by each prophage refers to its associated
attachment site (attB) described in Table 2; each identifier is colored to facilitate viewing. The groups are defined by shared modules for

structural genes (Table 3). The tree was created using the software packages Clustal-omega and TreeGraph 2(Stover & Miiller, 2010;

Sievers, et al., 2011).
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Figure 6. Shared genetic modules of the T12-related prophage family. The top line is the simplified genetic map of bacteriophage
T12, colored by gene or genetic module for the integrase, repressor-antirepressor, DNA replication, DNA modification, DNA
packaging, capsid proteins, lysis, and virulence (speA). Regions of unknown or uncertain function are colored gray. Beneath T12, the
genetic maps of the other genome prophages that share the extended region dedicated to packaging, capsid proteins, and lysis are
shown. DNA regions that are divergent from T12 are not shown. The figure illustrates that a structural gene module can be associated
with divergent attachment sites or virulence genes. The alignment was derived from the phylogenetic tree presented in Figure 5.
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Figure 7. Identity matrix of genome prophages grouped by M-type. The identity matrix presents the Clustal-omega DNA alignment
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Table 3. S. pyogenes prophages, grouped by shared structural modules.

T12 Group SF370.1 group  SF370.2 group SF370.3 group MGAS3151  MGAS315.2 MGAS315.6 MGAS6180.4
group group group group

MGAS5005.1  SF370.1* SF370.2% SF370.3* MGAS315.1*  MGAS10270.1* MGAS5005.3  MGAS10270.5
M1 476.1 MGAS10270.3* MGAS10394.7* MGAS5005.2  SPsP5* MGAS315.2* M1476.3 MGAS6180.4
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Table 3. continued from previous page.
T12 Group SF370.1 group  SF370.2 group SF370.3 group MGAS315.1  MGAS315.2 MGAS315.6 MGAS6180.4
group group group group
A20.1 MGAS315.4*  MGAS9429.2* M1 476.2 MGASS8232.1* SpsP6* A20.3 MGAS15252.2
MGAS10270.2 SPsP3* HKU16.3 A20.2 MGAS10750.1* MGAS315.6*
MGAS315.5  Man.1* HSC5.1* MGAS315.3% Man.4* SPsP1*
SPsP2 MGAS10394.6* MGAS8232.3*  SPsP4* MGAS10394.3* Man.3*
MGAS10750.2 MGAS2096.1* MGAS6180.1  MGAS10750.3* MGAS9429.1*  MGAS10394.1%
T12 HSC5.3* Alab49.1* Man.2* MGAS8232.2*  MGAS2096.2*
MGAS8232.5% MGAS10394.5* MGAS1882.1*  MGAS9429.3*
MGAS6180.2% HKU16.1* HKU16.2
Alab49.3% HSC5.2* NZ131.2*
MGAS8232.4*
NZ131.3*
Alab49.2*

* Contain a hyaluronate lyase (hyaluronidase) as a component of the tail fiber

Prophage hyaluronidase (hyaluronate lyase)

A subset of genome prophages encode a hyaluronidase (hyaluronate lyase, hyaluronoglucosaminidase) gene
(Table 3). Two alleles (hylP and hyIP2) of this gene were originally identified (Hynes, Hancock, & Ferretti, 1995;
Hynes & Ferretti, 1989), and subsequent studies show that this gene exists in multiple alleles that are mainly
distinguished by SNPs and by collagen-like domain indels in some variants (Marciel, Kapur, & Musser, 1997;
Mylvaganam, Bjorvatn, Hofstad, & Osland, 2000). The phage hyaluronidase gene found in the genome
sequences also show considerable diversity that may have resulted from recombination (Hynes, Hancock, &
Ferretti, 1995; Hynes & Ferretti, 1989; Marciel, Kapur, & Musser, 1997; Mylvaganam, Bjorvatn, Hofstad, &
Osland, 2000). It had been suggested that phage hyaluronidase was a potential virulence factor; however, the
crystallization and structural analysis of HylP1 from phage SF370.1 suggested that the function of this enzyme is
to introduce widely spaced cuts in the bacterial hyaluronic acid to cause a local reduction in capsule viscosity
and aid phage invasion during infection (Smith, et al., 2005). Similar structural properties were observed in the
hyaluronidase proteins encoded by prophages SF370.2 and SF370.3 (Martinez-Fleites, Smith, Turkenburg, Black,
& Taylor, 2009).

Horizontal transfer of genes from other species

One observation that comes from extensive genome sequencing is that the lysogenic phages of S. pyogenes share
a gene pool with other streptococcal species, including those that are closely related (such as Streptococcus equi),
as well as those that are more distant (S. pneumoniae). These shared genes include those that are essential to the
basic phage life cycle, such as capsid proteins, as well as virulence genes, like exotoxins and superantigens. For
example, Streptococcus equi prophages share many superantigens or virulence genes with S. pyogenes phages,
including slaA, speL, speM, speH, and spel (Holden, et al., 2009). This study found that phage Seq.4 from S. equi
strain Se4047 was very closely related at the DNA level to S. pyogenes Manfredo phage Man.3, including the two
phage-encoded exotoxins. Similarly, Streptococcus agalactiae phage JX01, isolated in milk from cattle with
mastitis, shares an extensive homology with S. pyogenes prophage MGAS315.2 in the modules that control DNA
replication, tail, head-tail connector, head capsid, and DNA packaging, with over 97% amino acid identity
between their terminase subunits; however, no virulence associated genes were identified in this phage (Bai, et
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al., 2013). The temperate phage MM1 of S. pneumoniae also draws from a common pool of structural genes,
sharing the DNA packaging, head-to-tail joining, and tail genes with phage SF370.1 (Obregon, Garcia, Garcia,
Lopez, & Garcia, 2003). Additionally, this phage and MGAS315.4 share tail and tape measure genes. Some of the
oral streptococci also have phages that contribute to this common pool. The portal, terminase, major capsid
protein, major tail protein, and tape measure protein of Streptococcus mitis phage SM1 share homology with
prophage SF370.3 and a number of other phages of low-GC Gram-positive hosts (Siboo, Bensing, & Sullam,
2003). While acquisition of these phages structural genes from other streptococcal species may not directly
impact virulence in the same way that a novel exotoxin would, these capsid genes may help to expand the host
range within the group A organisms. The dairy species Lactococcus lactis also is included in this pool of shared
phage genes, since prophage SF370.3 closely resembles the cos-site temperate phage r1t of L. lactis (Desiere,
McShan, van Sinderen, Ferretti, & Briissow, 2001; van Sinderen, et al., 1996).

Group A streptococcal prophages and the host phenotype

Prophages as vectors for virulence genes

As described above, the link between bacteriophages and virulence in S. pyogenes may be traced to the earliest
days of bacteriophage research. A considerable range of virulence-associated genes are carried by these
prophages and prophage-like elements, including superantigens (speA, speC, speG, speH, spel, spe], speK, speL,
SSA, and variants), DNases (spd1, MF2, MF3, and MF4), phospholipase A2 (sla), and macrolide resistance
(mefA). It is quite common for a given prophage to carry more than one virulence gene, such as in the case of
phage SF370.1, which contains both speC and spd1. The number and diversity of prophage-associated virulence
genes in S. pyogenes argues that these frequently play an important role in pathogenesis.

The expression of phage-encoded virulence genes, rather than an autonomous event, may be linked to the host
streptococcal cell genetic background (Venturini, et al., 2013) or physiological state (Anbalagan & Chaussee,
2013). For example, the reception of signals from co-cultured human cells influences S. pyogenes prophage
virulence gene expression. Human pharyngeal cells release a soluble factor that stimulates expression of
pyrogenic exotoxin C (SpeC) and phage DNase Spd1, as well as the induction and release of phages by S.
pyogenes grown in co-culture (Broudy, Pancholi, & Fischetti, 2001; Broudy, Pancholi, & Fischetti, 2002). Similar
results were independently observed where the expression of prophage-encoded toxins SpeK and Sla were
enhanced by their co-culture with pharyngeal cells (Banks, Lei, & Musser, 2003). Eukaryotic cells also provide an
environment that promotes the transfer of toxin-producing phages from a lysogen to a new host; this
phenomenon can occur in either in vitro culture or in a mouse model (Broudy & Fischetti, 2003). However, the
genetic background of the streptococcus influences whether or not the acquisition of a new prophage-expressing
DNase results in enhanced pathogenic potential of the resulting lysogen (Venturini, et al., 2013). Some of these
bacteria-phage interactions appear to be linked to the cellular regulatory networks; for example, the S. pyogenes
global regulator Rgg can control the expression of the phage-encoded DNase Spd3 by interacting with phage
promoters of that gene (Anbalagan & Chaussee, 2013). The alteration of streptococcal gene expression may also
impact the levels of phage toxins released during an infection. By employing a murine subcutaneous chamber
model, Aziz and co-workers showed that the expression of S. pyogenes protease SpeB diminished after extended
colonization in the mouse; this loss of protease activity occurred with the simultaneous enhancement of phage-
encoded exotoxin SpeA and streptodornase expression (Aziz, et al., 2004). Notably, these altered expression
patterns were independent events.

Phage-like elements that carry antimicrobial resistance genes

S. pyogenes is known to harbor a number of genetic elements that appear to have phage sequences combined
with sequences from transposons or plasmids, and that are vectors for antibiotic resistance. One example is
®m46.1, the main S. pyogenes element that carries the mefA and tetO genes (Brenciani, et al., 2010). The
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chromosome integration site of ®m46.1 is a 23S rRNA uracil methyltransferase gene, and this phage has high
levels of amino acid sequence similarity to ©10394.4 of S. pyogenes strain MGAS10394.4 and ASa04 of S.
agalactiae A909 (Banks, et al., 2004; Tettelin, et al., 2005). The antibiotic resistance cassette of the PhiM46.1
family may be a recent acquisition: the lysogeny module appears to be split, due to the insertion of a segment
that contains tetO and mefA into the phage’s DNA (Brenciani, et al., 2010). Besides being found frequently in S.
pyogenes, phage ®m46.1 has a broad host range that allows it to transduce antibiotic resistance to strains of S.
agalactiae, S. gordonii, and S. suis (Giovanetti, et al., 2014). All of these species share a highly conserved attB site,
which undoubtedly facilitates the dissemination of this phage. Further, within S. pyogenes, ®m46.1 appears to be
able to infect a wide range of M-types (Di Luca, et al., 2010). The ability of this phage family to mediate the
transfer of antibiotic resistance again shows how frequently S. pyogenes prophages modify the phenotypes of
their hosts to improve fitness.

Phage-like element and regulation of host gene expression

A frequent mobile element found in S. pyogenes genomes are the phage-like SpyCI (Streptococcal pyogenes
chromosomal jslands) that integrate into the 5’ end of the MMR gene mutL (Nguyen & McShan, 2014; Scott,
Nguyen, Hendrickson, King, & McShan, 2012; Scott, Thompson-Mayberry, Lahmamsi, King, & McShan, 2008).
The SpyClI share integrase modules with related phage-like chromosomal islands from Streptococcus anginosus;
Streptococcus canis; Streptococcus dysgalactiae, subsp. equisimilis; Streptococcus intermedius; and Streptococcus
parauberis (Nguyen & McShan, 2014). The DNA replication module is even more widespread among other
species, and in addition to the ones named above, is found in related chromosomal islands found in S. agalactiae,
S. mitis, S. pneumoniae, Streptococcus pseudopneumoniae, Streptococcus suis, and Streptococcus thermophilus
(Nguyen & McShan, 2014). The remarkable defining characteristic of SpyCI is how they regulate MMR and the
other genes in the operon (major facilitator family efflux pump ImrP, Holliday junction resolvase ruvA, and base
excision repair glycosylase tag). The best studied member of this family, SpyCIM1 from strain SF370, is a
dynamic element that excises from the bacterial chromosome during early logarithmic growth and replicates as
a circular episome (Scott, Thompson-Mayberry, Lahmamsi, King, & McShan, 2008). As the bacterial population
reaches the end of the logarithmic phase and enters the stationary phase, SpyCIM1 re-integrates into the unique
attachment site at the beginning of mutL ORF (Figure 8). The result of this cycle is that SpyCIM1 acts as a
growth-dependent molecular switch to control the expression of MMR, which causes SF370 to alternate between
a mutator and wild-type phenotype in response to growth. During rapid cell division and DNA replication, the
integrity of the genome is maintained by an active MMR system; during periods of infrequent cell division,
mutations may accumulate at a higher rate (Scott, Nguyen, Hendrickson, King, & McShan, 2012; Scott,
Thompson-Mayberry, Lahmamsi, King, & McShan, 2008). Preliminary studies suggest that the SpyCI, which
lacks identifiable structural genes, may employ a helper prophage for packaging and dissemination, in a fashion
similar to the well-characterized Staphylococcus aureus pathogenicity islands (SaPI) (Novick, Christie, &
Penadés, 2010). Further, the impact of this genetic regulatory switch upon S. pyogenes gene expression beyond
the MMR operon needs to be characterized.

Conclusions

The association of S. pyogenes with its bacteriophages is a major factor in the biology of this human pathogen,
which influences the distribution of virulence genes, the spread of antibiotic resistance, the horizontal transfer of
host genes, and the population distribution of cells. These relationships can range from simple predator-prey
models to complex symbiotic associations that promote the evolutionary success of both cell and phage.
Furthermore, in prophages, the choice of integration site into the bacterial chromosome may alter the
streptococcal genotype through either gene inactivation or the replacement of normal promoter elements with
phage-encoded ones. The similarity that prophages have to pathogenicity islands can hardly be overlooked, and
the range of prophage-mediated characteristics that add to host survival or virulence can be easily predicted to
increase as new research is conducted. Genome sequencing has greatly contributed to our understanding of
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Figure 8.

A. SpyCIM1 regulation of the MMR operon through dynamic site-specific excision and integration. The MMR operon of S.
pyogenes groups the genes that encode DNA mismatch repair (mutS and mutL), multidrug efflux (ImrP), Holliday-junction resolvase
(ruvA), and base excision repair glycosylase (tag). The orientation of this chromosomal region is shown from the lagging strand to
emphasize the MMR operon transcription. During the exponential phase, SpyCIM1 excises from the chromosome, circularizes, and
replicates as an episome, which restores the transcription of the entire DNA mismatch repair operon (WT). Excision and mobilization
occurs early in logarithmic growth in response to as-yet unknown cellular signals (Insert; adapted from Scott et al., 2014 (Scott,
Nguyen, Hendrickson, King, & McShan, 2012)). As logarithmic growth continues, SpyCIM1 re-integrates into mutL at attB, and by the
time the culture reaches stationary phase, the integration process has completed, again blocking the transcription of the MMR operon.
WT: Wild-type phenotype associated with unimpeded expression of the MMR operon. Reproduced from Frontiers in Microbiology
(Nguyen & McShan, 2014) under the Creative Commons Attribution License (CC-BY 4.0).

B. Phylogenetic tree of the SpyCI. The phylogenetic tree of the SpyCI DNA sequences is presented. The tree was created with
TreeGraph 2(Stover & Miiller, 2010) using previously analyzed data (Nguyen & McShan, 2014).

prophage distribution and genetic composition, and this bank of knowledge has been and will be an important
foundation for future biological studies on the interactions of S. pyogenes and its phages that will be certain to
reveal many novel—and perhaps surprising—relationships.
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