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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 
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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).

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 β-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 α-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 
'lipobox' 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 
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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 α-helical coiled-coil proteins like mammalian 
tropomyosin and myosin. Generally, α-helical coiled-coil molecules are constructed from a reiterating 7-residue 
pattern of amino acids (a-b-c-d-e-f-g)n 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 
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, 

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).
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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 α-helical coiled-coil proteins has led researchers to hypothesize the elicitation of anti-M cross-reactive 
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 

Figure 2. Thin section electron micrograph of a chain of streptococci showing the surface M protein. Magnification 50,000x.
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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 α-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 
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, SfbI (also known as protein F, or PrtF), a major fibronectin-binding protein in 
certain streptococcal strains (Talay, Valentin-Weigand, Jerlström, Timmis, & Chhatwal, 1992a; Hanski & 
Caparon, 1992), is anchored at the old poles (Ozeri, et al., 2001; Raz & Fischetti, 2008). Secretion of M-protein 
and SfbI 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) 
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(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).

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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Figure 4. The appearance of the M molecule on the surface of the streptococcal cell wall. See caption of Figure 3 for more details.
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Table 1: C-terminal LPXTG-Linked Surface Proteins on Streptococci

NAME / GENE FUNCTION / NAME ORGANISM LPXTG REFERENCE ACCESS#

emm6 M protein S. pyogenes LPSTG (Hollingshead, Fischetti, & Scott, 1986) M11338

emm5 M protein S. pyogenes LPSTG (Miller, Gray, Beachey, & Kehoe, 1988) M20374

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.

Figure 6. Translocation of proteins with an LPXTG motif to the surface of the cell wall for anchoring (Mazmanian, Ton-That, & 
Schneewind, 2001b).
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Table 1 continued from previous page.

NAME / GENE FUNCTION / NAME ORGANISM LPXTG REFERENCE ACCESS#

emm12 M protein S. pyogenes LPSTG (Robbins, Spanier, Jones, Simpson, & Cleary, 
1987)

U02342

emm24 M protein S. pyogenes LPSTG (Mouw, Beachey, & Burdett, 1988) M19031

emm49 M protein S. pyogenes LPSTG (Haanes & Cleary, 1989) M23689

emm57 M protein S. pyogenes LPSTG (Manjula, Khandke, Fairwell, Relf, & Sriprakash, 
1991)

X60959

emm2 M protein S. pyogenes LPSTG (Bessen & Fischetti, 1992) X61276

emm3 M protein S. pyogenes LPSTG (Katsukawa, 1994) Z21845

ARP2 IgA binding protein S. pyogenes LPSTG (Bessen & Fischetti, 1992) X61276

ARP4 IgA binding protein S. pyogenes LPSTG (Frithz, Hedén, & Lindahl, 1989) X15198

Mrp4 IgG/fibrinogen binding S. pyogenes LPSTG (O'Toole, Stenberg, Rissler, & Lindahl, 1992) M87831

FcRA Fc binding protein S. pyogenes LPSTG (Heath, Boyle, & Cleary, 1990) M22532

Prot H Human IgG Fc binding S. pyogenes LPSTG (Gomi, et al., 1990) M29398

SCP C5a peptidase S. pyogenes LPTTN (Chen & Cleary, 1990) J05229

T6 Protease resistant protein S. pyogenes LPSTG (Schneewind, Jones, & Fischetti, 1990) M32978

sof22 Serum opacity factor S. pyogenes LPASG (Rakonjac, Robbins, & Fischetti, 1995) U02290

Sfb Fibronectin binding S. pyogenes LPATG (Talay, Valentin-Weigand, Jerlström, Timmis, & 
Chhatwal, 1992b)

X67947

ZAG Binds α2M, Alb, IgG S. zooepidemicus LPTTG (Jonsson, Burtsoff-Asp, & Guss, 1995) U02290

PrtF Fibronectin binding S. pyogenes LPATG (Sela, et al., 1993) L10919

PAM Plasmin binding S. pyogenes LPSTG (Berge & Sjöbring, 1993) Z22219

bac IgA binding protein Gr. B strep LPYTG (Hedén, Frithz, & Lindahl, 1991) X58470

bca alpha C antigen Gr. B strep LPATG (Michel, et al., 1992) M97256

fnbA Fibronectin binding S. dysgalactiae LPQTG (Lindgren, et al., 1993) Z22150

fnbB Fibronectin binding S. dysgalactiae LPAAG (Lindgren, et al., 1993) Z22151

Fnz Fibronectin binding S. equi LPQTS (Nilsson, et al., 1998) Y17116

SeM M-like S. equi LPSTG (Timoney, Artiushin, & Boschwitz, 1997) U73162

SzPSe M-like S. equi LPQTS (Timoney, Artiushin, & Boschwitz, 1997) U73163

Prot G IgG binding protein Gr. G strep LPTTG (Olsson, et al., 1987) X06173

EmmG1 M protein Gr. G Strep LPSTG (Collins, Kimura, & Bisno, 1992) M95774

DG12 Albumin binding protein Gr. G strep LPSTG (Sjöbring, 1992) M95520

GfbA Fibronectin binding Gr. G. strep LPATG (Kline, Xu, Bisno, & Collins, 1996) U31115

MRP Surface protein* S. suis LPNTG (Smith, Vecht, Gielkens, & Smits, 1992) X64450

PAc Surface protein S. mutans LPNTG (Okahashi, Sasakawa, Yoshikawa, Hamada, & 
Koga, 1989)

X14490

spaP Surface protein S. mutans LPNTG (Kelly, et al., 1989) X17390

spaA Surface protein S. sobrinus LPATG (Tokuda, et al., 1991) D90354

wapA Wall-associated protein A S. mutans LPSTG (Ferretti, Russell, & Dao, 1989) M19347
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Table 1 continued from previous page.

NAME / GENE FUNCTION / NAME ORGANISM LPXTG REFERENCE ACCESS#

fruA Fructosidase S. mutans LPDTG (Burne & Penders, 1992) L03358

Sec10 Surface protein E. faecalis LPQTG (Kao, Olmsted, Viksnins, Gallo, & Dunny, 1991) M64978

Asc10 Surface protein E. faecalis LPKTG (Kao, Olmsted, Viksnins, Gallo, & Dunny, 1991) M64978

asa1 Aggregation substance E. faecalis LPQTG (Galli, Lottspeich, & Wirth, 1990) X17214

wg2 Cell wall protease S. cremoris LPKTG (Kok, Leenhouts, Haandrikman, Ledeboer, & 
Venema, 1988)

M24767

Hyal1 Hyaluronidase S. pneumoniae LPQTG (Berry, et al., 1994) L20670

nanA Neuraminidase S. pneumoniae LPETG (Cámara, 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, 
1996)

U31980

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 C strep LPSTG (Talay, Valentin-Weigand, Jerlström, Timmis, & 
Chhatwal, 1992b)

NA

SfbII Fibronectin binding S. pyogenes LPASG (Kreikemeyer, Talay, & Chhatwal, 1995) X83303

spy0130 Minor pilin protein S. pyogenes LPSTG (Scott & Zähner, 2006) NA

Fba Fibronectin binding S. pyogenes LPXTG (Terao, et al., 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 β-sheet, β-
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 α-helical in those regions composed of repeats, while molecules without repeat blocks exhibited a 
high degree of β-sheet, β-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 α-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 α-helical segments. It is apparent that only those proteins that contained sequence repeats and exhibited 
high α-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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(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 

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.
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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 ApoA1 
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 (Rýc, 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 α-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 α-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. α-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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Table 2: Enzymes identified on the surface of streptococcal groups, fungi, and parasites

Enzyme Bacteria Fungi Parasites

GAPDH Streptococci
Pneumonococci
Staphylococci

Candida
M. avium

Schistosoma
Trypanosome

PGK Streptococci Candida Trypanosome

TPI Streptococci Trypanosome

PGM Streptococci

Enolase Streptococci
Pneumonococci

Candida

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.
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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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