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Abstract

The M protein is a major virulence factor of Streptococcus pyogenes (group A Streptococcus,
GADS). This gram-positive bacterial pathogen is responsible for mild infections, such as
pharyngitis, and severe invasive disease, like streptococcal toxic shock syndrome. M protein
contributes to GAS virulence in multifarious ways, including blocking deposition of antibodies
and complement, helping formation of microcolonies, neutralizing antimicrobial peptides, and
triggering a proinflammatory and procoagulatory state. These functions are specified by
interactions between M protein and many host components, especially C4BP and fibrinogen. The
former interaction is conserved among many antigenically variant M protein types but occurs in a
strikingly sequence-independent manner, and the latter is associated in the M1 protein type with
severe invasive disease. Remarkably for a protein of such diverse interactions, the M protein has a
relatively simple but nonideal a-helical coiled coil sequence. This sequence nonideality is a
crucial feature of M protein. Nonideal residues give rise to specific irregularities in its coiled-coil
structure, which are essential for interactions with fibrinogen and establishment of a
proinflammatory state. In addition, these structural irregularities are reminiscent of those in
myosin and tropomyosin, which are targets for crossreactive antibodies in patients suffering from
autoimmune sequelae of GAS infection.

12.1 Introduction

The M protein is a central virulence factor of the widespread, gram-positive bacterial
pathogen Streptococcus pyogenes (group A Streptococcus, GAS) (Cunningham, 2000).
Extending ~500 A outwards from the GAS surface in the form of hair-like fimbriae
(Fischetti, 1989), the M protein is in a prime location to interact with host components and
guide the course of infection. GAS is responsible for both mild infections, such as
pharyngitis (“strep throat™), as well as severe invasive diseases having high mortality rates
(~30%), such as necrotizing fasciitis and streptococcal toxic shock syndrome (STSS)
(O’Loughlin et al., 2007). GAS infection, especially if untreated, can also lead to delayed
autoimmune diseases, such as acute rheumatic fever (Steer et al., 2009).

M protein contributes to GAS infection in a number of different ways. Most well recognized
is the capacity of M protein to block antibodies and complement from being deposited onto
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the surface of S. pyogenes. This enables GAS to evade phagocytic destruction by leukocytes
and survive in whole blood (Carlsson et al., 2003). M protein is also involved in the adhesion
of GAS to host cells (Okada et al., 1995), intracellular invasion of host cells (Cue et al.,
2000), formation of GAS aggregates that enhance phagocytic resistance and host cell
adhesion (Frick et al., 2000), neutralization of antimicrobial peptides (Nilsson et al., 2008;
Lauth et al., 2009), and assembly of GAS biofilms (Cho and Caparon, 2005). A growing
body of evidence indicates that M protein evokes a proinflammatory and procoagulatory
state that causes severe tissue damage reminiscent of the symptoms of STSS (Herwald et al.,
2004). M protein is also involved in eliciting crossreactive antibodies in autoimmune
sequelae of GAS infection (Cunningham, 2000). The multifarious functions of M protein
depend on its interaction with a sizeable number of host components. Curiously for a protein
of such diverse interactions, the M protein has a seemingly simple a-helical coiled-coil
sequence, albeit one that is nonideal and one that is just beginning to be understood in the
light of the first atomic-resolution structure of M protein (McNamara et al., 2008).

12.2 Antigenic Variation and M Types

The M protein was first described as a type-specific substance that could be extracted by
acid from virulent strains of GAS (Lancefield, 1928). The type-specificity refers to the
antigenic variation of M protein, which has served as the basis for the Lancefield serological
typing of GAS strains. M types are now defined genotypically by the first 160 bases of the
mature protein, which encode the hypervariable region (HVR) (Fig. 12.1) (Facklam et al.,
2002). While greater than 100 M types have been identified, only a few are prevalent in the
human population (Steer et al., 2009).

The M1 protein type is especially notable not only for being the most prevalent M type but
also for being strongly associated with invasive GAS infection and for having
proinflammatory properties (Herwald et al., 2004; O’Loughlin et al., 2007). A subclone of
the M1T1 serotype has been the leading cause of severe invasive GAS infection worldwide
for the past 30 years (Aziz and Kotb, 2008). The M12 and M3 types are also strongly
associated with severe invasive disease (O’Loughlin et al., 2007), but less is known about the
proinflammatory or procoagulatory properties of these M protein types.

12.3 Bacterial Surface and Released Forms of M Protein

M protein is synthesized in immature form with an N-terminal signal sequence and a C-
terminal site for processing by sortase (Fig. 12.1). The N-terminal signal sequence of ~40
residues directs secretion of M protein to the bacterial division septum (Carlsson et al.,
2006), and is removed by signal peptidase. The signal sequence is well conserved among M
protein types, suggesting a functional importance to secretion at the division septum. Once
secreted across the bacterial membrane, M protein is processed by sortase, which cleaves
between the Thr and Gly residues in an “LPXTG” motif located close to the C-terminus.
Sortase then carries out a transpeptidation reaction in which the Thr residue is covalently
attached to the peptidoglycan precursor lipid 11, and eventually to the peptidoglycan itself
(Navarre and Schneewind, 1999). With the removal of these N- and C-terminal regions, the
mature form of M protein contains ~300-400 residues.
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M protein is found not only attached to the GAS surface but also as a released molecule.
Release may occur through cleavage by the streptococcal cysteine protease SpeB (Berge and
Bjorck, 1995). For severe invasive strains which have little or no SpeB expression (Kansal et
al., 2000), M protein is released during infection by the action of neutrophil proteases
(Herwald et al., 2004). In fact, the greater part of M1 protein in patient samples occurs as
released rather than bacterial surface-attached protein (Kahn et al., 2008). Significantly, the
released form of M1 retains its proinflammatory and procoagulatory properties (Herwald et
al., 2004; Shannon et al., 2007; Kahn et al., 2008; Nilsson et al., 2008).

12.4 Repeats and Nonideal Coiled-Coil Sequences

Two features distinguish the sequence of mature M protein. This is true for both the highly
divergent N-terminal half of the protein as well as the more well conserved C-terminal half.
The first distinguishing feature is the presence of imperfect repeats in the sequence. Repeats
in the sequence divergent N-terminal half are designated A-repeats and B-repeats (Fig.
12.1), but somewhat confusingly, the repeats of two different M types need not be closely
related in sequence. A case in point is the B-repeats of M1 and M5, which both bind
fibrinogen (Carlsson et al., 2005). The M1 and M5 B-repeats have no obvious relationship to
one another (~14% identity), and consistent with this divergence, bind fibrinogen
noncompetitively (Ringdahl et al., 2000). In contrast, in the sequence conserved C-terminal
half, the 42-residue long C-repeats of different M types are ~70-95% identical. These are
followed by a ~90-residue D-region, which has up to ~90% identity between M types. While
the D-region is covalently attached to the peptidoglycan and likely buried within it, the C-
repeats are exposed and bind host components (Sandin et al., 2006). Why M protein has
such a preponderance of repeat sequences is not yet clear.

The second distinguishing feature of the M protein sequence is the presence of an a-helical
coiled-coil heptad periodicity (Manjula and Fischetti, 1980). This is true for the divergent N-
terminal half, except for the first ~20 residues of the HVR, as well as the conserved C-
terminal half, except for the last ~50-residues of the D-region. The heptad periodicity is
marked by the recurrence of small hydrophobic residues at the aand d positions. These
small hydrophobic residues form the hydrophobic core of the coiled coil through “knobs-
into-holes” packing (Fig. 12.2a). Parallel as well as anti-parallel associations of a.-helices
are possible in coiled coils (Fig. 12.2a), as are homotypic and heterotypic associations. In
addition, a number of stoichiometries have been observed for coiled coils.

M protein forms a dimeric, parallel a-helical coiled coil structure as directly shown by the
crystal structure of a physiologically relevant fragment of M1 protein encompassing the A-
region and B-repeats, called M1AB (McNamara et al., 2008). The structure also reveals a
substantial number of structural irregularities in the coiled coil (Figs. 12.2b and 12.2c).
These structural irregularities stem from a sequence that is far from ideal at the core aand ¢
positions (Nilson et al., 1995; McNamara et al., 2008). The ideal residues for a dimeric,
parallel coiled coil at the aand o positions are Val and Leu, respectively (Wagschal et al.,
1999; Tripet et al., 2000). Destabilizing residues at a positions are Ala, GIn, His, Lys, Ser,
Glu, Arg, and Gly; and at dpositions Ala, Trp, Asn, His, Thr, Lys, Asp, Ser, Glu, Arg, and
Gly. M protein, regardless of type, has a substantial number of these nonideal residues at
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predicted aand d positions throughout its length (Nilson et al., 1995; McNamara et al.,
2008).

12.5 Structural Irregularities

The consequences of sequence nonidealities in M protein were recently revealed by the
crystal structure of M1AB (McNamara et al., 2008). M14B forms a parallel, dimeric a.-
helical coiled coil through the A-region, while the B-repeats splay apart and engage in an
anti-parallel coiled coil with the B-repeats of an adjoining M14B molecule in the crystal
(Figs. 12.2b and 12.2c). Only two short stretches in M1AB have regular structure. Each of
these short segments consists of ~2 heptads (residues 63-79 in the HVR and residues 106—
119 of the A-region). The rest of the structure is irregular. These structural irregularities
consist of an Ala-stagger due to a cluster of poorly packed Ala residues at contiguous @ and
dpositions in the HVR, superhelical unwinding due to large positively charged residues at
consecutive a positions in the A-region, and splaying apart of the entire B-repeats.

Each of these specific structural features has been seen in the a-helical coiled coil portions
of myosin, tropomyosin, or both (Brown et al., 2001; Li et al., 2003; Brown et al., 2005;
Blankenfeldt et al., 2006). This is notable as patients with acute rheumatic fever have
crossreactive antibodies directed against myosin, tropomyosin, and other host a-helical
coiled coil proteins (e.g. laminin, keratin, and vimentin) (Cunningham, 2000). This raises
the possibility that specific structural irregularities shared between M1, myosin, and
tropomyosin are being recognized by crossreactive antibodies rather than the generic “coiled
coil-ness” of the structure. In support of this notion, sequence idealization of the B-repeats
of M1, in which aand dpositions of the B-repeats were substituted with Val and Leu,
respectively, resulted in decreased recognition by the crossreactive antibody 36.2.2
(McNamara et al., 2008), noted for its cytoxicity against heart cells (Cunningham et al.,
1992). This B-repeat idealized version of M1 retained the capacity to elicit protective
immunity (McNamara et al., 2008), suggesting that sequence idealization may be applicable
to vaccine design.

While the splaying apart of the B-repeats is indicative of the instability of the coiled coil in
this region, it is also possible that the anti-parallel coiled coil reflects a physiologically
relevant state in promoting GAS aggregation (Fig. 12.3a). GAS aggregation is involved in
the evasion of phagocytosis as well as the formation of microcolonies that adhere better to
epithelial cells than single bacterial cells (Caparon et al., 1991; Frick et al., 2000). Evidence
exists that M protein dimers dynamically dissociate and reassociate (Akerstrom et al., 1992;
Cedervall et al., 1995; Nilson et al., 1995; McNamara et al., 2008), making it possible for M
proteins from abutting bacterial cells to associate in anti-parallel form. For the B-repeats and
perhaps for other portions of the M protein, the anti-parallel coil form may be more
favourable than the parallel one (Nilson et al., 1995; McNamara et al., 2008). This is
because the packing in an anti-parallel coiled coil is between a-¢” and @-a “positions (the
prime referring to the residue in the opposing helix) as opposed to the a-a “and d-d“packing
in a parallel coiled coil (Fig. 12.2a). Anti-parallel packing in the B-repeats of M1 avoids
several a-a”charge-charge clashes that would occur in the parallel conformation. Electron

Adv Exp Med Biol. Author manuscript; available in PMC 2017 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghosh

Page 5

micrographs suggest that this sort of interaction occurs (Phillips et al., 1981), and the
importance of M protein to GAS aggregation has been reported (Caparon et al., 1991).

For myosin and tropomyosin, structural irregularities in the coiled coil are correlated with
function. The same appears to be the case for M protein. Idealization of the aand d positions
in the B-repeats of M1 was seen to impart greater stability to the molecule but also reduced
its affinity for fibrinogen (McNamara et al., 2008). The regularity of a coiled coil, while
structurally elegant, appears not to be conducive to conferring specific recognition or
conformational flexibility. These features require nonideal sequences and structural
irregularity, with the cost of this being a diminution in protein stability. This explains a
puzzling feature of M protein, its instability at 37°C (Akerstrom et al., 1992; Cedervall et al.,
1995; Nilson et al., 1995; Cedervall et al., 1997; Gubbe et al., 1997; McNamara et al., 2008).

12.6 B-Repeats and Proinflammatory Effects

The B-repeats of several M protein types are crucial to the evasion of phagocytosis through
the recruitment of fibrinogen to the GAS surface (Ringdahl et al., 2000; Carlsson et al.,
2005). Bound fibrinogen substantially interferes with the formation and deposition of the
classical complement pathway C3 convertase, C4bC2a, (even in the absence of immune
conditions) on the GAS surface (Fig. 12.3b) (Carlsson et al., 2005). Fibrinogen is also
responsible for recruiting plasmin to the GAS surface, which is essential for the transition of
an infection from localized to invasive (Sun et al., 2004; Cole et al., 2006). The B-repeats are
also immunodominant, although the antibodies elicited by this region are honopsonic and do
not provide protection (Fischetti and Windels, 1988; Huber et al., 1994; Stalhammar-
Carlemalm et al., 2007).

A separate role for the B-repeats of released M1 protein in septic shock has been uncovered
in recent years (Herwald et al., 2004). Released M1 binds fibrinogen through the B-repeats
(Herwald et al., 2004; McNamara et al., 2008), and the resulting M1-fibrinogen complex
interacts with B, integrins (i.e. CD11b/CD18) on the surface of neutrophils (Fig. 12.3c).
This brings about neutrophil activation, as seen by an increase of several cell surface
markers (e.g. CD11b) and the release of soluble granule components, including heparin
binding protein (HBP), the antimicrobial peptide LL-37, MMP-9 (gelatinase), and albumin
(Herwald et al., 2004; Soehnlein et al., 2008). This activation event requires both M1 protein
and fibrinogen (Herwald et al., 2004; McNamara et al., 2008; Soehnlein et al., 2008), and
likely occurs through crosslinking of B, integrins on the neutrophil surface as deduced from
the observation that antibody crosslinking of B, integrins has the same effects as M1-
fibrinogen complexes (Gautam et al., 2000; Herwald et al., 2004; Soehnlein et al., 2008).
Neutrophil activation, as monitored by the release of HBP, is substantially enhanced by
binding of 1gG antibodies directed to the S-region of M1 (between the B-repeats and C-
repeats) (Figs. 12.1 and 12.3) (Kahn et al., 2008). These antibodies act through the FcyRII
receptor (Kahn et al., 2008). Neutrophil activation is also promoted by the binding of M1-
fibrinogen complexes to the low-affinity integrin GPIIb/111a on the surface of platelets, in
concert with the binding of 1gGs directed against M1 to FcyRII (Fig. 12.3d) (Shannon et al.,
2007). These interactions lead to platelet activation, aggregation, and generation of thrombi,
and activated platelets in turn stimulate neutrophils and monocytes.
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The most damaging substance released by activated neutrophils is HBP (also called
azurocidin and CAP37). HBP is an inactive serine protease and a member of the serprocidin
family of neutrophil cationic proteins (Gautam et al., 2001; Herwald et al., 2004), and is
stored in azurophilic granules and secretory vesicles (Tapper et al., 2002). Once released,
HBP acts on endothelial cells to cause Ca2*-dependent cytoskeletal rearrangements and
intercellular gap formation (Gautam et al., 2001). These events lead in vivo to vasodilation,
haemorrhage, and acute pulmonary damage resembling the symptoms of STSS (Herwald et
al., 2004; Soehnlein et al., 2008). In agreement with these findings, high plasma levels of
HBP in patients have been found to be a strong indicator for the onset of sepsis and
circulatory failure (Linder et al., 2009).

HBP also synergizes with M1 protein in bringing about the secretion of the proinflammatory
cytokines IL-6, IL-1B, and TNF-a from monocytes (Fig. 12.3e) (Pahlman et al., 2006). HBP
acts on B, integrins on the surface of monocytes, and M1 acts in a TLR2-dependent manner
on monocytes (Pahlman et al., 2006). In fact, M1 binds preferentially to monocytes as
compared to neutrophils and lymphocytes, and M1 and TLR2 appear to colocalize on the
surface of monocytes (Pahlman et al., 2006). Whether this interaction is direct and which
portions of M1 protein are involved are not known. M1, as well as some other M protein
types, upregulate tissue factor on monocytes to produce a procoagulatory state (Pahlman et
al., 2007). The time to clot formation is decreased by these M protein types, with C-terminal
portions of M1 (S-region through the C-repeats) being required for this effect (Pahlman et
al., 2007).

Lastly and somewhat surprisingly, M1 also acts as a superantigen. M1 stimulates T cell
proliferation and causes the release of Thl type cytokines (TNF-B and IFN-y). This effect is
dependent on class II MHC and shows a preference for certain T cell receptor (TCR) VB
chains, which is the case for other superantigens (Pahlman et al., 2008). Presumably, M1
crosslinks class 1l MHC molecules on antigen presenting cells with particular TCRs, but this
has not been shown directly and, again, which portions of M1 are involved is not yet known.

The M1 protein type has been intensively studied for proinflammatory and procoagulatory
properties due to the prevalence of the M1 type among strains causing invasive disease.
Other M protein types have been documented to evoke responses from host cells similar to
that of M1. For example, M3, M5, and M49 have also been found to stimulate the release of
IL-6 from monocytes (Pahlman et al., 2006). More comparative work will be required to
determine whether M1 is especially virulent compared to other M types.

12.7 Hypervariable Region

The very N-terminus of M protein, the HVR (Fig. 12.1), has intriguing functional properties.
Within a particular M type, the HVR sequence is quite stable (Facklam et al., 2002). While
the HVR is non-immunodominant (Stalhammar-Carlemalm et al., 2007), it specifically
elicits protective (i.e. opsonic) antibody responses (Dale et al., 1983; Fischetti and Windels,
1988; Jones and Fischetti, 1988; Persson et al., 2006; Sandin et al., 2006). Due to this
protective feature, a multivalent vaccine composed of portions of the HVRs of 26 prevalent
M types has been tested and shown to be promising (Dale et al., 2005). The sequence
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stability of the HVR in the face of immune pressure suggests a functional importance to this
region.

Consistent with the HVR having functional significance, deletion of the M5 HVR resulted in
a ~50-fold lower competitive index in the liver and spleen of mice (Waldemarsson et al.,
2009). The functional basis for the importance of the M5 HVR is unknown. While the M5
HVR binds factor H-like protein 1 (FHL-1) (Johnsson et al., 1998), an alternative splice
variant of the complement regulatory protein factor H, the interaction with FHL-1 lacks
functional significance (Kotarsky et al., 2001). In contrast to the deletion of the entire HVR,
a smaller deletion of residues 3—-22 of the M5 HVR had no effect on colonization of the
upper respiratory tract of mice (Penfound et al., 2010). This smaller deletion did, however,
lead to decreased binding of lipotechoic acid (LTA) to M5 and decreased GAS adherence to
epithelial cells (Penfound et al., 2010). LTA displayed on M protein acts as an adhesin
(Beachey and Ofek, 1976).

No studies on the virulence of M1 protein lacking its HVR have been carried out, but a
functionally important interaction of the M1 HVR with a host component has been identified
(Lauth et al., 2009). The M1 HVR provides protection against cathelicidin antimicrobial
peptides (i.e. LL-37 and mCRAMP), which kill GAS upon entrapment in neutrophil or mast
cell extracellular traps (Fig. 12.3f) (Lauth et al., 2009). The effect is direct as incubation of
an M1 fragment containing the HVR results in a dose-dependent decrease of LL-37 in
solution. At this point, the structure of the M1 HVR provides little direction in
understanding how cathelicidins are recognized. The first ~15 residues of the M1 HVR are
disordered (Fig. 12.2b). The following ~4 residues are in random coil conformation, after
which the HVR forms an a-helix. This a-helix makes one turn and then engages in a
parallel, dimeric coiled coil, at the end of which is the Ala-stagger (Fig. 12.2b). M1 also
inhibits a second antimicrobial peptide, this one derived from B, glycoprotein I, but the
region of M1 responsible for this activity has not yet been mapped (Nilsson et al., 2008).

Perhaps the most remarkable feature uncovered for the HVR is the astonishing number of
sequence unrelated HVRs that bind the regulatory complement component C4b-binding
protein (C4BP) (Morfeldt et al., 2001; Persson et al., 2006). The soluble glycoprotein CABP
increases the rate of dissociation of the C3 convertase and increases the activity of the
regulatory complement component factor | (Gigli et al., 1979), which cleaves C3b. The
C4BP-binding HVRs, although lacking sequence identity, all bind to the same site on the a
chain of C4BP (Accardo et al., 1996; Jenkins et al., 2006). Recruitment of C4BP to the GAS
surface by the HVR of M protein is crucial for inhibiting phagocytosis through the
interference with deposition of the classical pathway C3 convertase as well as degradation of
the C3 convertase, presumably mediated by factor | (Fig. 12.3b) (Carlsson et al., 2003).
Furthermore, C4BP competes with opsonising antibodies targeted to the HVR (Berggard et
al., 2001; Carlsson et al., 2003).

Sequence analysis has revealed that C4BP-binding HVRs have only four residues that are
well conserved, two Glu residues at predicted outward-facing g positions of the heptad and
two Leu residues at predicted inward-facing ¢ positions (Fig. 12.2a) (Persson et al., 2006).
Individual substitutions of these glutamates in the M22 HVR with Ala had no effect on
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binding to C4BP, while individual substitutions of the leucines in the M22 HVR with Ala
did (Persson et al., 2006). These Glu and Leu residues occur in the ordered coiled-coil
portion of the HVR as determined from nuclear magnetic resonance (NMR) spectroscopy
evidence; by comparison, the N-terminus is unstructured as it is in the M1 HVR (Andre et
al., 2006). Not enough information is available from the NMR data to indicate whether the
coiled coil in the C4BP-binding HVRs of M4 and M22 are structurally irregular (Andre et
al., 2006). Of note, the predicted coiled-coil register of the M22 HVR and other C4BP-
binding HVRs contain several nonideal residues at aand d positions. While C4BP binding is
maintained even when the putatively surface-exposed g position glutamates are substituted
by Ala, recognition by antibodies is compromised (Persson et al., 2006). This suggests that
small variations in the HVR that enable escape from immune pressure are possible without
destroying essential functions. The structural basis for the relatively sequence-independent
interaction between the HVR and C4BP is currently unknown.

12.8 Concluding Remarks

The M protein is remarkable for the number of different functions in GAS virulence that are
specified by its relatively simple, albeit nonideal, a-helical coiled coil sequence. These
functions depend on interactions between M protein and a diverse set of host proteins,
prominent among these being regulators of the complement system and the blood clotting
protein fibrinogen. Deeper knowledge of how the sequence nonideality of M protein relates
to its multifarious functions is beginning to be gained. Recent work has shown that sequence
nonidealities in M1 result in structural irregularities, and that these structural irregularities
are essential for binding fibrinogen and eliciting proinflammatory effects. They also appear
to be involved in antibody crossreactivity. A number of important questions remain to be
addressed. For example, a detailed accounting of how structural irregularities beget specific
recognition and function remains to be furnished. It also remains to be determined whether
structural irregularities in M protein are necessary for recognition of other host components,
such as C4BP. It will also be important to understand whether the M1 protein type has
special proinflammatory and procoagulatory properties that distinguish it from other M
protein types. The convergence of structural, biochemical, genetic, and in vivo studies
promises to shed light on these questions in the coming years.
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Fig. 12.1.
Regions of M protein. 7ogp, the M1 protein type is used as an example to delineate regions.

The signal sequence (SS) is removed proteolytically, and the C-terminal “LPXTG” motif is
cleaved and covalently attached to the peptidoglycan. Mature M1 is constituted by the A-
region, which contains the 50-residue long hypervariable region (HVR); the B-repeats,
which consist of ~2.2 imperfect repeats of a 28-residue sequence; the S-region, which is
unique to M1; the C-repeats, which consist of 3 imperfect repeats of a 42-residue sequence;
and the D-region. Bottom, most of mature M1 has a high propensity for forming an a-
helical coiled coil, with a slight break at the end of the B-repeats
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Fig. 12.2.

Crystal structure of M protein. (a) Knobs-into-hole packing of residues in the aand o
positions, /eftand middle, respectively, in a dimeric, parallel a-helical coiled coil. Both a
and d positions in this example are occupied by Leu, and examples of “knobs” and “holes”
are labelled. Right, knobs-into-hole packing of an Asp at the a position with a Leu in the ¢
position in a dimeric, anti-parallel a-helical coiled coil. This and other molecular figures
were generated with PyMol (http://www.pymol.org). (b) Structure of the M1AB a-helical
coiled-coil dimer. The HVR is in red (with its ~15 initial residues disordered and shown in
an arbitrary position as dashed lines), the rest of the A-region in blue, and the B-repeats in
green. In yellow, residues that form the Ala-stagger and cause unwinding due to large
positively charged residues at a positions. This region is boxed and expanded below. (c) The
B-repeats of the M1AB dimer splay apart and engage in an anti-parallel a-helical coiled-coil
with the B-repeats of a neighbouring molecule. This anti-parallel interaction between two
neighbouring M1AB dimers is shown, with one a-helix of each dimer omitted for clarity
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Fig. 12.3.
Functional interactions of M protein. Bacterial surface-bound M protein contributes to (a)

GAS aggregation through homotypic interactions, and (b) evasion of phagocytosis through
recruitment of fibrinogen or C4BP to the bacterial surface. Bound fibrinogen is also
responsible for recruiting plasmin to the GAS surface, which is associated with a transition
from localized to invasive infection. (c) M protein released by neutrophil proteases from the
bacterial surface interacts with fibrinogen, and M-fibrinogen complexes activate neutrophils
via B, integrins along with 1gGs that bind to M protein and interact with FcyRII. Activated
neutrophils release the vasodilator heparin binding protein (HBP). (d) M-fibrinogen
complexes also activate platelets. This occurs through interaction of these complexes with
the integrin GPIIb/111a along with 1gGs that bind to M protein and interact with FcyRII.
Activated platelets in turn lead to further activation of neutrophils and monocytes. (€) M
protein synergizes in a TLR2-dependent manner with HBP to activate monocytes, which
then secrete proinflammatory cytokines and upregulate the procoagulatory protein tissue
factor. (f) M protein is also responsible for neutralizing the antimicrobial effects of
cathelicidins in neutrophil extracellular traps (NET)
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