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SUMMARY

Antigenic variation of surface proteins allows microorganisms to evade the immune system of
the infected host. This phenomenon represents an apparent paradox, because the variable
protein must retain an important function, while its antigenic properties vary extensively. The
surface associated M protein of Streptococcus pyogenes, a common human pathogen, exhibits
antigenic variation due to an N-terminal hypervariable region (HVR). The HVRs of many M
proteins bind the human complement regulator C4b-binding protein (C4BP), which down-
regulates deposition of complement on the bacterial surface and thereby protects the bacteria
against complement-mediated phagocytosis. Different immunological, biochemical and
structural aspects of this biologically important interaction is the focus of the four papers
included in this thesis.

C4BP-binding HVRs exhibit remarkable sequence divergence, yet bind the same ligand.
In the first study, we found that such HVRs can be studied in isolated form, as synthetic
peptides, thus allowing us to directly characterize the HVRs and their interaction with C4BP.
Our data indicate that the peptides bind to the same region in C4BP and assume similar folds,
although they are antigenically unrelated. In the second study, we show that such a synthetic
peptide can be used to purify human C4BP by a simple one-step affinity-chromatography
method.

The third study was focused on the sequence divergence among C4BP-binding HVRs.
Remarkably, analysis of seven HVRs demonstrated that they completely lack residue
identities. However, use of site-specific mutagenesis to substitute relatively conserved
residues in the M22 protein indicated that the predicted coiled-coil structure of the HVR is
crucial for ability to bind C4BP. Interestingly, change of single residues that do not affect
C4BP-binding induced major immunological changes. Together, the data in paper III indicate
that HVRs of C4BP-binding M proteins have an extraordinary capacity for sequence change
and antigenic variability, while retaining a specific ligand-binding function.

In paper IV, we studied the three-dimensional structure of C4BP-binding HVRs, using
peptides derived from the M4 and M22 proteins. No structure could be obtained, but the data
clearly indicate that the central parts of the HVRs are folded as coiled-coils, both in solution
and in complex with C4BP, while the termini are flexible. Remarkably, the peptides derived
from M4 and M22 appear to adopt similar structures, in spite of a limited number of residue

identities.



INTRODUCTION

Throughout history, infectious diseases have caused a number of infamous pandemics, each in
its own time killing vast numbers of people. In the 14" century, the Black Death killed 30-
40% of the European population, and smallpox and measles practically eradicated the Aztec
and Inca populations during the 16™ century. More people were killed by the post-World War
I influenza pandemic, the Spanish flu, than by the war itself, and in modern times millions are
dying from AIDS each year (Morens et al., 2004; Harrison, 2006). With the awareness that
arose, in the second part of the 19™ century, of the existence of contagious matter (the germ
theory) and the introduction and soon widespread use of penicillin in the early 20™ century,
the common expectancy was that the era of infectious diseases would soon come to an end. In
the 1960’s, some American scientists therefore declared that “the war against the microbes
has been won”. Today, with newly emerging and re-emerging diseases, and the development
of resistance against antibiotics and other substances in many microbes, it is clear that this
battle is far from being won. At present, >25% of yearly deaths worldwide can be ascribed to
infections, and twice as many people are killed by viruses, parasites and bacteria as by
neoplastic diseases (Morens et al., 2004). Therefore, the necessity of increased knowledge
about microbes and their interplay with the human host is more evident than ever.

In the combat against invading pathogenic microorganisms, the human being has two
defense systems, innate and acquired immunity. The acquired, or adaptive, immune system
evolves throughout life, and adapts to every new microbial encounter. It is composed of B
cells and T cells and is responsible for production of specific antibody responses and
development of immunological memory. The innate immune system is unspecific in its nature
and does not adapt as a result of infection. This system consists of physical barriers such as
skin and mucosal membranes, phagocytic cells such as neutrophils and macrophages, and a
vast number of bactericidal molecules present in blood, mucosa, tears and saliva. An
important part of the innate immune system is the complement system, which plays a key role
in the defense against microbes.

This thesis is focused on the interaction between the surface exposed M protein of the
bacterium Streptococcus pyogenes, which causes disease in humans, and the human plasma
protein C4b-binding protein (C4BP), which is involved in regulation of the complement
system. The binding of C4BP to the surface of S. pyogenes protects the bacterium against
complement-mediated killing and thereby aids the bacterium in the fight for survival and

multiplication in the human host.



THE COMPLEMENT SYSTEM

The complement system is a major part of innate immunity and is essential as an early
participator in the defense against invading microbes. Moreover, the complement system is
implicated in diverse tasks such as clearance of immune-complexes and apoptotic cells, and
stimulation of acquired immune responses. The importance of complement in human
immunity is demonstrated by individuals with certain complement-deficiencies, who suffer
from recurring microbial infections, immune-complex diseases and autoimmune disorders
(Walport, 2001a, b; Verschoor and Carroll, 2004).

At the end of the 19" century, the human complement system was discovered and
described as a “complement” to antibody-mediated killing of microbes and was also found to
have the ability to lyse red blood cells of other species (Morgan and Harris, 1999). Many of
the individual players in the complement system were isolated and characterized in the 1950°s
and 1960’s, and were designated C1-C9, in order of discovery. Notably, the order of action of
these proteins is C1-C4-C2-C3-C5-C6-C7-C8-C9. However, complement also comprises
several other components and is a cascade system of >35 soluble and surface-bound proteins,
where one enzymatically cleaved molecule cleaves and activates the next (Morgan and Harris,
1999; Prodinger et al., 2003). As discussed below, complement can be activated through one
of three pathways, the classical, lectin or alternative pathway, which result in formation of so
called C3-convertases. As signified by their names, the C3-convertases cleave and activate
C3, the key molecule of complement. At the C3 conversion step, the three pathways converge

into one (Figure 1).

Activation of complement

Classical pathway

The classical activation pathway was the first complement pathway described (Morgan and
Harris, 1999). The traditional belief has been that activation of the classical pathway (CP) is
completely dependent on specific antibodies, but it is now accepted that a number of non-
immune activators exist, such as C reactive protein (CRP) or bacterial lipopolysaccaride
(LPS) (Gewurz et al., 1993). Moreover, there is evidence that broadly reacting so called
natural IgM antibodies play an important role in triggering of the CP through spontaneous
low-level activation (Ochsenbein and Zinkernagel, 2000; Manderson ef al., 2001). The first
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Figure 1. Schematic outline of the human complement system and its activation. Modified from

Carlsson (2005) and Sandin (2005).

molecule in the CP is C1, a large hetero-oligomer composed of three types of subunits, Clq,
Clr and Cls, in a 1:2:2 complex. Clq has a collagen-like tail and six globular heads, and the
elongated Clr,:Cls; component binds between these parts in C1q. The Clr,:Cls, component,
which is formed only in the presence of Ca™, is responsible for the enzymatic activity of the
intact C1-complex. The globular heads of the C1q molecule bind to the Fc-part of IgG and
IgM, but importantly, simultaneous engagement of multiple heads must occur to initiate
activation. Such multiple-point interaction can only be caused by aggregated Ig, i.e. 1gG
bound to an antigen, preventing constant triggering of C1 by fluid-phase IgG, or by
insufficient amounts of surface-bound Ig. Upon multiple head engagement, a conformational
change is induced within Clq, inducing the auto-activation of the Clr proenzyme, which in
turn cleaves and activates Cls. Cls then exerts its enzymatic activity on the next molecule of

the cascade, C4. When C4 is cleaved, a short peptide, C4a, is released and a highly reactive
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thioester is exposed in the remaining C4b molecule. The thioester anchors the C4b molecule
to amino or hydroxyl groups on the activating surface, or is rapidly hydrolyzed, if no surface
is present in the immediate vicinity. In an Mg”*-dependent manner, plasma C2 may now bind
to the membrane-attached C4b and may then be cleaved by the C1-complex. The cleavage of
C2 releases the fragment C2b and leaves the larger C2a bound to C4b, causing formation of
the CP C3-convertase C4b2a, which can cleave and activate the key molecule of the
complement system, C3. In plasma, C3 is the most abundant of the complement proteins (1-2
mg/ml), and it is essential for full function of complement, regardless of activation pathway.
Cleavage of C3 by C4b2a causes formation of the anaphylatoxin C3a (see below) and C3b,
which contains a highly reactive thioester and may bind to a neighboring surface, like C4b. At
this step, the CP converges with the lectin and alternative pathways (Morgan and Harris,

1999; Prodinger et al., 2003; Verschoor and Carroll, 2004).

Lectin pathway

The most recently discovered, but probably the most evolutionarily ancient, pathway is the
lectin pathway (LP) (Ikeda ef al., 1987, Fujita, 2002). Activators of the LP are molecules of
the innate immune system: mannose-binding lectin (MBL, a so called collectin) and a group
of proteins known as ficolins (Gadjeva et al., 2001; Holmskov et al., 2003). These proteins
are present in plasma and on mucosal surfaces, and may directly recognize certain bacterial
surface carbohydrates, such as mannose and glucose groups. The activators of the LP all
contain a collagenous region and a carbohydrate-binding part composed of either a C-type
lectin (the collectins) or fibrinogen-like domains (the ficolins). When MBL or a ficolin binds
to a bacterium, the LP is activated by the MBL-associated serine proteases (MASPs). The
MBL/ficolin-MASP complexes share several similarities with the C1-complex, where MBL
and the ficolins structurally resemble Clq, and MASP-2 is a functional equivalent of Cls,
cleaving C4 and C2, thus causing the formation of a classical pathway C3-convertase, C4b2a.
In addition, a MBL-MASP-1 complex may directly cleave C3, but the physiological relevance
of this activity is unclear because of its relative inefficiency (Holmskov et al., 2003). Because
activation of the LP results in formation of the CP C3-convertase, the LP may be considered a
branch of the CP. Interestingly, MBL has been shown to bind to several important pathogens,
among them S. pyogenes (Neth et al., 2000), and more recently, one of the ficolins was
reported to specifically interact with LTA, a constituent of the Gram-positive cell wall (Lynch
et al., 2004), suggesting that the LP may be active in the early defense against invading

bacteria.
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Alternative pathway

In plasma, spontaneous hydrolysis of the internal thioester in C3 to form C3(H,O) occurs
continuously (Pangburn et al., 1981). The C3(H,O) molecule has many features of C3b, but
does not have the ability to attach to adjacent surfaces, thus resides in the fluid phase. Factor
B (fB), a protein with structural and functional similarities to the CP component C2, binds
C3(H,0) in an Mg**-dependent manner and may subsequently become cleaved by factor D, a
serine protease present in plasma in minute amounts. The cleavage product Bb remains
attached to C3(H,0O), resulting in formation of C3(H,O)Bb, a fluid-phase C3-convertase
which probably is continuously formed but rapidly degraded. This soluble C3-convertase may
cleave additional C3, in the same manner as the CP convertase, into C3a and C3b. Via the
exposed internal thioester, C3b may attach to a surface and form the AP C3-convertase,
C3bBb, which then initiates a positive feed-back loop, generating C3b that can deposit onto
the same surface. The formation of this amplification loop is a key property of the AP and
may be its most important function. Notably, C3b does not discriminate between self and non-
self surfaces, but on human cells the amplification loop will normally not arise and cause
complement deposition, due to the presence of surface-bound complement regulators.
Moreover, surface-exposed sialic acid increases the affinity of the soluble inhibitor factor H
(FH, see below) for surface-deposited C3b. Such inert surfaces are referred to as “non-
activating”, while e.g. bacterial surfaces, not containing sialic acid or complement inhibitors,
are referred to as activating surfaces (Morgan and Harris, 1999; Prodinger et al., 2003;
Verschoor and Carroll, 2004).

The constant low-level hydrolysis of C3, or C3 “tick-over”, and subsequent deposition
of C3b on a foreign surface is one mechanism by which the AP and its amplification loop may
be activated. However, it is likely that a more important manner of activation in vivo is
through generation of the first C3b via the classical or lectin pathways, followed by
accelerated C3b deposition through the AP loop (Morgan and Harris, 1999). In agreement
with this proposition, a number of recent studies indicate that initiation of complement
deposition on several important human pathogens occur via the CP (Brown et al., 2002;
Barnes and Weiss, 2003; Carlsson et al., 2003; Ferguson et al., 2004; Ren et al., 2004;
Carlsson et al., 2005).

13



Functions of complement

Opsonization and phagocytosis

The most important function of the complement system is probably to cause opsonization, i.e.
to promote recognition and killing of invading microorganisms by phagocytic cells.
Phagocytosis is promoted by an activated complement cascade through the deposition of C3b
and iC3D (so called inactivated C3b, see “Regulators in plasma”), and to some extent C4b, on
the surface of the foreign particle. A microbe opsonized by complement is visible to
neutrophils and macrophages that display specific complement receptors (CR). There are a
number of receptors specific for different complement components or fragments, where the
main receptor involved in phagocytosis is CR3, which binds iC3b. CR4, another receptor for
iC3b, and receptors for C3b, C4b, C1q and MBL have also been implicated in phagocytosis,
but the function of these receptors in phagocytosis is not as extensively documented as that of
CR3. Invading pathogens may also be opsonized by antibodies, primarily of the IgG class,
and for optimal phagocytosis to occur, complement and CRs act in concert with antibodies
and Fc-receptors (Brown and Gresham, 2003; Prodinger et al., 2003; Verschoor and Carroll,
2004).

Membrane attack complex

The final product of the complement system is the membrane attack complex (MAC), which
is formed through the terminal pathway. The first actors in the terminal pathway are the C5-
convertases, which bind to and cleave component C5. These convertases are formed when an
additional C3b molecule associates with a preexisting C3-convertase, produced via the
classical or the alternative pathway, resulting in formation of C4b2a3b or C3bBb3b,
respectively, and shifting the convertase specificity from C3 to C5. The C2a and Bb units of
the convertases cleave C5 in the last enzymatic step of the complement cascade, generating
the very potent anaphylatoxin C5a and the larger fragment C5b, which remains bound to C3b
in the convertase. Complement components C6 and C7 then associate with C5b. The C5b67
trimer may be inserted into adjacent membranes, where it recruits C8 and C9, causing the
formation of a pore in the affected membrane and lysis of the cell through osmotic shock.
Oligomerization of C9 molecules in the complex widens the pore and is necessary for
efficient lysis. Importantly, only some gram-negative bacteria are sensitive to lytic killing by
MAC. The thick peptidoglycan cell wall of gram-positive bacteria, such as S. pyogenes,
prevents insertion of MAC into the membrane. Thus, gram-positive bacteria are resistant to

lysis mediated by the terminal pathway of complement. Moreover, many gram-negative
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bacteria have surface structures that make them resistant to the MAC. Therefore, the MAC is
much less important than the C3b opsonin for the biological function of the complement

system.

Anaphylatoxins

During the progression of the complement cascade, a number of small fragments are released
upon cleavage of certain components. The C3a and C5a fragments are potent pro-
inflammatory mediators and are known as anaphylatoxins, while no function for C4a has been
found in humans. The anaphylatoxins exert important biological functions, such as
recruitment and activation of leukocytes, release of inflammatory cytokines, contraction of
smooth muscle and upregulation of Fc-receptors on phagocytes (Kumar et al., 2006).
Receptors for C3a and C5a are present on a variety of cells, mainly on myeloid lineage cells
such as neutrophils and macrophages, but also on epithelial and endothelial cells and possibly
also B and T cells (Morgan and Harris, 1999; Prodinger et al., 2003; Verschoor and Carroll,
2004).

Additional roles for complement

Immune complexes (IC) are antigen-antibody aggregates that may be deposited in capillaries
and cause inflammation. ICs with deposited C3- or C4-derived fragments are recognized by
complement receptor 1 (CR1) on erythrocytes and are directed to the liver and spleen for
removal (Morgan and Harris, 1999; Prodinger et al., 2003; Verschoor and Carroll, 2004).
Complement has also been implicated in clearance of cells undergoing apoptosis
(programmed cell death). The C1q, MBL and iC3b components have been reported to play a
role in the uptake of apoptotic cells by macrophages, and the complement regulator C4b-
binding protein, which is studied in this thesis, is recruited to the surface of apoptotic cells,
and may inhibit inflammation by down-regulation of complement activation (Webb et al.,
2002; Kask et al., 2004).

Complement also provides a link between innate and acquired immunity. The surface-
localized protein CR2 (CD21) is a member of the B cell coreceptor complex and may interact
with iC3b, C3dg and C3d (see below). Any of these complement products may, when
attached to an antigen that is recognized by the B cell receptor, cross-link the B cell receptor
with the coreceptor complex, which may lead to a lowered threshold of B cell activation and
subsequent antibody production (Carroll, 2004). It has also been suggested that complement

plays a role in the T cell response to infection, but the mechanism remains obscure (Carroll,

15



2004). Interestingly, complement may be involved in the induction of regulatory T cells,
because costimulation of the T cell receptor and the cell-bound complement regulator CD46
induces a regulatory phenotype in T cells (Kemper et al., 2003; Price et al., 2005).

Finally, there is evidence that complement has important functions in bone and organ
regeneration. Moreover, complement regulators serve to protect the reproductive system and
the fetus, and possibly have a direct role in fertilization (Morgan and Harris, 1999; Mastellos

and Lambris, 2002).

Regulation of complement activation

The complement system is an extremely potent system, capable of causing considerable
damage to human tissue. Two crucial constraints prevent unlimited complement activation.
First, the short half-life of the activated components C3b and C4b and the instability of the
convertases confines complement deposition to the close proximity of the site of activation.
Second, the presence of numerous plasma and cell-bound regulators, that are active at

different steps in the cascade, effectively controls activation of the system (Figure 2).

Regulators in plasma

The Cl-inhibitor (Cl-inh), a representative of the serine protease inhibitors (serpins), is the
only known regulator of the first step of activation via the CP. An assembled Cl-complex
may undergo spontaneous activation at low levels, in the absence of antibodies. The C1-inh
may reversibly bind to an assembled C1-complex and inhibit such autoactivation. Moreover,
the C1-inh may irreversibly bind to, and dissociate Clr and Cls from Cl1q in an activated C1-
complex, thereby limiting CP activation. C1-inh may also inhibit the LP by binding to active
MASPs in an MBL/ficolin-MASP complex.

At the stage of the C3-convertases, C4b-binding protein (C4BP) and factor H (FH), or
the FH splice variant factor H-like protein-1 (FHL-1), may inhibit the formation and
accelerate the decay of CP and AP convertases through binding to C4b and C3b, respectively.
Moreover, C4ABP and FH/FHL-1 act as cofactors to the serine protease factor I (fI) in the
degradation of C4b and C3b. Because C4BP is central to the work described in this thesis, this
particular regulator will be more thoroughly described in a separate section. When bound to
FH, C3b is cleaved by fl at two sites, generating the large, surface-attached iC3b and
releasing the smaller C3f. Of note, iC3b can not form a C3-convertase and a fl-cleaved C3b

molecule is thus excluded from the AP amplification loop. However, iC3b is an important
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Figure 2. Schematic representation of the regulation of the complement system. Complement
regulators (grey boxes) are either plasma proteins (bold) or cell membrane proteins. All regulators
except properdin (which stabilizes the AP C3-convertase) inhibit activation at the step indicated.

Modified from Johnsson (1999) and Sandin (2005).

opsonin and interacts with CR3, the main complement receptor active in stimulation of
phagocytosis. Thus, iC3b is not “inactive”, as suggested by its (unfortunate) name.

The only positive regulator of complement, properdin, is a stabilizer of the AP
convertase C3bBb. It binds to an existing convertase and considerably prolongs its half-life in
serum. In addition, properdin may inhibit fl-mediated inactivation of C3b.

S-protein (vitronectin) is one of several molecules with the ability to bind to the soluble
precursor of MAC, C5b67, inhibiting its insertion into a cell membrane, thereby limiting lysis
mediated by the terminal pathway of complement.

The anaphylatoxins are regulated by carboxypeptidase-N which removes a C-terminal
Arg residue from C3a and CS5a, converting them into C3agesarg and CSagesarg. C3adesarg 1S
unable to interact with the C3a-receptor, and is considered biologically inactive, while
CS5agesarg still possesses limited proinflammatory capacity (Morgan and Harris, 1999;

Prodinger et al., 2003; Verschoor and Carroll, 2004).

17



C4BP

C4BP is a large (~570 kDa), heavily glycosylated protein, present in normal human plasma in
concentrations of 150-300 mg/1 (Scharfstein ef al., 1978; Dahlbick, 1991). However, during
the acute phase response the concentration of C4ABP may be increased significantly (Barnum
and Dahlbéck, 1990). C4BP is a major fluid-phase regulator of the CP of complement. By
binding to C4b, C4BP inhibits the formation of the CP C3-convertase and may also accelerate
the decay of an existing convertase. Moreover, C4BP acts as a cofactor in the degradation of
C4b by flI, which cleaves C4b at two sites, releasing the larger fragment C4c, while the
smaller C4d fragment remains attached to the surface via the thioester. C4BP has also been
suggested to act as a cofactor in the degradation of C3b, but the physiological relevance of

this interaction is uncertain (Blom et al., 2003).

M protein

Figure 3. Representation of a CCP domain (left) (Modified from Morgan and Harris, 1999) and
human C4BP (right). A CCP domain contains ~60 aa held together by two disulphide bridges. The
major C4BP isoform in human plasma contains seven a-chains and one B-chain. These subunits are
composed of eight and three CCP domains, respectively. The natural ligand C4b and streptococcal M
protein bind at the CCP1-2 interface, as indicated.

C4BP belongs to a family of proteins known as regulators of complement activation
(RCA). The members of the RCA-family are proteins composed of domains referred to as
short consensus repeats (SCRs) or complement control protein domains (CCPs) (Liszewski et
al., 1996; Morgan and Harris, 1999). Such domains are ~60 aa long and are stabilized by two
disulphide bridges (Figure 3). The C4BP molecule is normally composed of seven 70 kDa a-
chains and one 45 kDa fB-chain, containing eight and three CCPs, respectively. In addition to
this 7o:1p form, C4BP also exists in the isoforms 7a:0B and 6a:1p (Hillarp et al., 1989;
Criado Garcia ef al., 1995). The chains of C4BP are held together by disulphide bonds in a
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central core, via their C-terminal a-helical regions, giving the molecule an octopus-like shape
(Dahlbéck et al., 1983; Perkins et al., 1986) (Figure 3). Each a-chain has a C4b-binding site
in CCP1-2 (Dahlbick et al., 1983; Blom et al., 1999), but under physiological conditions only
four C4b molecules can bind to C4BP, apparently due to sterical hindrance (Scharfstein et al.,
1978; Ziccardi et al., 1984).

The C4BP B-chain binds the anticoagulant plasma component protein S (PS), and in
humans virtually all B-chain-containing C4BP circulates in complex with this protein
(Dahlbéck and Stenflo, 1981; Dahlbéck, 1991). PS bound to C4BP cannot exert its inhibitory
function in the coagulation cascade, and in agreement with this observation patients that
express high levels of C4BP B-chain seem to suffer an increased risk of thrombic disease
(Esparza-Gordillo et al., 2004). Interestingly, in an acute phase response, expression of the
non-B C4BP isoform is elevated to a greater extent than the B-chain-containing isoforms
(Garcia de Frutos et al, 1994; Criado Garcia et al., 1995). Because of the high-affinity
association of the B-chain with PS, and the molar excess of PS as compared to C4BP in
plasma, the elevated synthesis of the non-f forms may reflect a mechanism to maintain
appropriate levels of free PS (Griffin et al., 1992). Moreover, C4BP is recruited to apoptotic
cells as a result of the interaction between C4BP-bound PS and membrane structures exposed
specifically on the apoptotic cell surface (Webb ez al., 2002, 2003). Because of the necessity
to not induce inflammation upon apoptosis, the engagement of C4BP may be of importance in
down-regulating complement at the surface of apoptotic cells.

C4BP also interacts with heparin and serum amyloid P component (SAP) (Hessing et
al., 1990; Schwalbe et al., 1990). Neither of these interactions is fully understood, but a
possible function of heparin-binding is to localize C4BP to host cell surfaces, thus protecting
self tissue from complement deposition and damage. The interaction with SAP is even less
understood and may represent an in vitro artifact, because SAP was not found to circulate
with C4BP under physiological conditions (Sen and Heegaard, 2002). Recently, a novel C4BP
ligand was described. Brodeur et al. (2003) reported that C4ABP binds to CD40 on B cells and
may induce activation of these cells independently of the standard activator CD40L. The
authors speculate that because C4BP is found associated with B cells in locales with virtually
undetectable levels of CD40L, the CD40-C4BP interaction may be a redundancy mechanism
playing important roles for B cell survival, proliferation and differentiation when CD40L is
not present (Brodeur ef al., 2003).

Many pathogenic microbes have developed mechanisms for protection against

complement deposition. One such mechanism is the recruitment of soluble complement
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regulators which down-regulate complement deposition on the microbial surface (Lindahl et
al., 2000). A number of bacterial species have been shown to bind human C4BP, of which the
first described and most extensively studied interaction is that with Streptococcus pyogenes
(Thern et al., 1995; Jenkins et al., 2006). Different aspects of this interaction are the focus of
this thesis, and it will be discussed in greater detail below. C4BP has also been shown to bind
some other pathogens. All tested strains of the causative agent of whooping cough, Bordetella
pertussis, bind C4BP, and the binding is significantly reduced in bacterial mutants lacking the
virulence factor filamentous hemagglutinin (Berggérd et al., 1997). Moreover, all strains of
Neisseria gonorrhoeae (gonococcus), a Gram negative bacterium that causes the sexually
transmitted disease gonorrhea, bind C4BP to the major neisserial surface proteins Porl A and
PorlB, and contributes to serum resistance (complement resistance) in these strains (Ram et
al., 2001). Interestingly, gonorrheal disease is found only in humans, and a recent report
indicates that the species specificity of gonococci may be due to the interaction with human
C4BP, but not with C4BP from other species (Ngampasutadol et al., 2005). In control
experiments in the same study, the plague bacterium Yersinia pestis also bound C4BP. In
addition, C4BP has been demonstrated to bind to gonococcal type IV pili (Blom et al., 2001),
to the outer membrane protein A (OmpA) of Escherichia coli K1 (Prasadarao et al., 2002), to
the ubiquitous surface proteins Al and A2 (UspAl and UspA2) of the mucosal pathogen
Moraxella catarrhalis (Nordstrom et al., 2004) and to the surface of N. meningitidis, possibly
via the outer membrane protein PorA and/or the sialic acid capsule (Jarva et al., 2005). In all
cases analyzed, bacteria-bound C4BP retains its cofactor activity, suggesting that the
interaction may be of importance in escaping complement attack, but conclusive evidence for
a role in pathogenesis has only been provided for S. pyogenes M protein (Carlsson et al.,

2003).

Cell-bound regulators

Decay accelerating factor (DAF, CD55) binds to and accelerates the decay of C3- and
C5-convertases formed on host cell membranes. CD55 is a GPI-anchored protein that is
present on erythrocytes, platelets and all nucleated cells except natural killer (NK) cells and
some subsets of T cells.

Membrane cofactor protein (MCP, CD46) is expressed by all nucleated human cells, but
not by erythrocytes. In contrast to CD55, CD46 is not active in decay of the convertases, but
acts as a cofactor to fI in the degradation of C3b and C4b. Like CD55, CD46 is functional

only if the substrate and CD46 are bound to the same cell membrane.
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Complement receptor 1 (CR1, CD35) is a transmembrane glycoprotein mainly found on
circulating cells. CR1 acts as a cofactor to fI in the degradation of C3b and C4b, and
accelerates decay of the CP and AP C3-convertases. As previously mentioned, CR1 is
abundant on erythrocytes and mediates clearance of ICs, which probably represents the most
important physiological function of CR1.

CR1, CD55 and CD46 are all members of the RCA-family of proteins and they regulate
both the CP and AP of activation. Interestingly, CD55 and CD46 are exploited as cellular
receptors by many pathogens (Lindahl ez al., 2000). For the subject described in this thesis, it
is of particular interest that streptococcal M proteins have the ability to bind CD46. This
interaction does not seem to be directly concerned with deposition or regulation of
complement, but may contribute to adhesion of the bacteria to host tissue (Okada et al., 1995;
Rezcallah et al., 2005). Moreover, a recent study suggests a new function for the M protein-
CD46 interaction, the induction of a regulatory phenotype in naive CD4+ T cells (Price ef al.,
2005).

The major regulator of the terminal pathway of complement is the GPI-anchored
glycoprotein CD59. This protein is expressed at high levels by virtually all cells in the human
body and binds to C8 in the C5b678 complex, thereby restricting C9 aggregation and lytic

pore formation.

STREPTOCOCCUS PYOGENES

The Greek words strepto and coccus mean “string of” and
“round”, and illustrate the typical appearance of bacteria in the
Streptococcus genus. This genus comprises Gram-positive bacteria
that are spherical in shape, typically growing in pairs or chains.
Most species of streptococci are facultative anaerobes, i.e. they are
able to grow both in absence and presence of oxygen. The first
attempts to classify streptococci were made ~100 years ago and

were based on the ability of the bacteria to cause lysis of red blood

Figure 4. Electron micrograph of Streptococcus pyogenes. The surface

exposed M protein, a major virulence factor, is visible as a tuft-like layer

surrounding each bacterium (Swanson ef al, 1969). (Electron

micrograph, courtesy of Eric Carlemalm.)
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cells, which is observed on blood-agar plates. Shortly thereafter, these different hemolytic
reactions were more extensively described as alpha (o, incomplete or green hemolysis), beta
(B, complete or clear hemolysis) and gamma (y, no hemolysis) hemolysis (Stevens and
Kaplan, 2000). The first serological classifications of streptococci were based on group-
specific carbohydrates (groups A - O) present in the cell-wall of different species in this genus
(Lancefield, 1933, 1962).

Streptococcus pyogenes (Figure 4) is a  -hemolytic, chain-forming coccus and is often
referred to as Lancefield group A Streptococcus (GAS) because of its cell-wall group A
carbohydrate.

Infections and sequelae

According to a recent estimate, >500,000 deaths each year can be attributed to acute S.
pyogenes infections or consequences thereof, making this bacterium one of the most
important human pathogens globally. Moreover, the number of individuals with current
infections was estimated to ~120 million, and the number of new cases each year was
estimated to ~620 million. Most of these infections are superficial, with low risk of death, but
with enormous socio-economical consequences (Carapetis et al., 2005b).

Importantly, S. pyogenes is a strict human pathogen, i.e. it only causes disease in
humans. Although S. pyogenes is usually not considered part of the normal flora,
asymptomatic carriage of the pathogen is not uncommon, particularly in school children and
younger children attending day-care centers (Cunningham, 2000; Courtney et al., 2002; Bisno
et al., 2003).

The diseases caused by S. pyogenes cover a wide spectrum, from mild infections of the
throat and skin to life-threatening deep-tissue infections. The main routes of infection are
through the upper respiratory tract or abrasions in the skin (Courtney et al., 2002). The most
common S. pyogenes disease is acute pharyngitis, or “strep throat”, which mainly affects
children (Carapetis et al., 2005b). The main symptoms of pharyngitis are sore throat, pain
upon swallowing and fever. Moreover, general swelling of the pharynx and pus-containing,
white patches on the tonsils are common visible characteristics of this disease (Bisno, 2001).
Before the introduction of antibiotics, scarlet fever was a common complication of pharyngitis
and often had a deadly outcome due to septic shock. The sporadic cases of scarlet fever that
now are seen in the western world are generally mild and can be described as streptococcal

pharyngitis with skin rash (Stevens and Kaplan, 2000).
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Impetigo, or pyoderma, is a purulent infection of the skin and is the second most
common manifestation of S. pyogenes disease. Impetigo is characterized by superficial skin
lesions, which develop into rupturing blisters that become covered by a thick crust, generally
appearing on the extremities, trunk or face of young children (Bisno and Stevens, 1996;
Stevens and Kaplan, 2000). Pharyngitis and impetigo are both mild, generally self-limiting
diseases. However, if left untreated, infection may spread to deeper tissues or, from
pharyngitis in particular, acute theumatic fever may develop (see below).

Erysipelas and cellulitis are skin infections that, in contrast to pharyngitis and impetigo,
mainly occur in adults and the elderly (Stevens and Kaplan, 2000). Both infections present
with local signs of inflammation, fever and at times inflammation of lymphoid tissue.
However, while erysipelas develops in the superficial layers of the skin and cutaneous
lymphatic vessels, cellulitis involves deeper subcutaneous tissues (Bisno and Stevens, 1996).

In earlier centuries, puerperal sepsis (childbed fever) was a common cause of death
among postpartum women. These infections were caused by S. pyogenes (Lancefield and
Hare, 1935). In the 1840’s, when it was recognized by Semmelweis that the majority of these
women were contaminated by their physicians, and that the infection could be avoided by
careful hand hygiene, the incidence of the disease was much reduced and it is rare today
(Semmelweis, 1861; Stevens and Kaplan, 2000). Other invasive and life-threatening
syndromes caused by S. pyogenes are necrotizing fasciitis and streptococcal toxic shock
syndrome, disorders that unfortunately have increased dramatically over the last decades and
have awarded S. pyogenes massive medial attention as “flesh-eating bacteria” (Bisno and
Stevens, 1996; Stevens, 1999).

Two non-suppurative sequelae are associated with S. pyogenes infection, acute
rheumatic fever (ARF) and post-streptococcal glomerulonephritis (PSGN). ARF is believed to
be an autoimmune disease that is caused by cross-reactivity of antibodies directed against
streptococcal surface proteins with human tissue. The major manifestations of ARF are
inflammation of the heart valves, skin, joints and CNS (Cunningham, 2000; Stevens and
Kaplan, 2000). In PSGN, the most common clinical signs are hematuria, back pain and
hypertension. The pathogenesis behind PSGN is not fully understood, but theories include
deposition of bacterial proteins or immune complexes, or both, in the glomeruli of the kidneys
(Stevens and Kaplan, 2000). It is a widely accepted concept that S. pyogenes strains can be
either rheumatogenic or nephritogenic, and that PSGN may follow either pharyngitis or
impetigo, while ARF almost invariably is a consequence of respiratory tract infection (Bisno

and Stevens, 1996; Stevens and Kaplan, 2000). However, in populations with high
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frequencies of mild S. pyogenes infections, the concept that strains cause either ARF or PSGN
is distorted (Carapetis et al., 2005a). This distortion is highlighted by the high incidence of
AREF in the aboriginal population in Australia, a population where impetigo cases significantly
outnumber respiratory tract infections (Bessen et al., 2000; McGregor ef al., 2004a; Carapetis
et al., 2005a).

S. pyogenes infection can most often be effectively treated with antibiotics, and
penicillin is usually the drug of choice. Fortunately, all strains are still susceptible to penicillin
and similar antibiotics, but strains resistant to other classes of antibiotics, e.g. erythromycin,
occur with relatively high frequency (Stevens and Kaplan, 2000). In cases of severe necrotic
S. pyogenes disease, treatment with antibiotics may be insufficient and surgical removal of

involved tissue is often required.

Classification
The cell-wall associated M protein is a highly diverse surface protein that allows for
subdivision of S. pyogenes strains into M types. Importantly, all clinical isolates express an M
protein (Kehoe, 1994), which gives rise to protective antibodies specific for the given M type.
Initially, M typing was achieved serologically by demonstration of a reaction with type-
specific antibodies raised in rabbits (Lancefield, 1962). Today, new types are identified
through sequencing of the variable 5’ end of the emm gene (Beall et al., 1996). This sequence
encodes the variable N-terminal region of M protein, which elicits the type-specific antibodies
mentioned above. At present, >100 M types have been recognized, where types 1-81 were
defined using the original serological method, types 82-93 were first determined by sequence
and subsequently by serology (Facklam et al., 1999), while types 94-124 were defined by
sequence only (Facklam ez al, 2000; Facklam et al., 2002). To separate types that are
characterized serologically from those defined solely by sequence, actual serotypes are
referred to as M types, while sequence types are denoted emm types (Facklam et al., 2002).
However, for simplicity, serological M types and sequence determined emm types will not be
distinguished in this thesis. Thus, all types will be referred to as M types.

Classification of isolates based on the expression of the so called serum opacity factor
(OF or SOF) is commonly used and separates strains into two main lineages, OF+ and OF-.
For unknown reasons, the OF type of a particular strain is strongly correlated with its M type

(Gooder, 1961; Widdowson et al, 1970). In some studies, throat isolates were almost
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invariably OF-, while skin strains were both OF+ and OF- (Cunningham, 2000; McGregor et
al., 2004b).

Additionally, strains can be categorized with regard to the so called T antigens. These
antigens are trypsin resistant surface proteins and ~25 distinct serotypes have been defined
(Kehoe, 1994; Johnson et al., 2006). Certain T types are often associated with certain M
types, although a single M type can express more than one T antigen and a particular T
antigen can be expressed by different M types (Kehoe, 1994; Beall ef al., 1997). For many
years, the function of the T antigens remained unclear. However, in a recent report light was
shed on the role of the T antigens, when the T6 antigen was shown to form pilus-like
structures on the bacterial surface. Interestingly, mice immunized with recombinant pilus

proteins were protected against infection with S. pyogenes (Mora et al., 2005).

Genomics

The genome sequence of an S. pyogenes strain was first determined for an M1 strain (Ferretti
et al., 2001), and subsequently the genome sequence of a second M1 strain (Sumby et al.,
2005), two strains of type M3 (Beres et al., 2002; Nakagawa et al., 2003), and one each for
strains of type M6 (Banks ef al., 2004), M18 (Smoot et al., 2002) and M28 (Green et al.,
2005) have been published. Unpublished sequence data are also available for an M5 strain
(http://www.sanger.ac.uk/Projects/S_pyogenes). These genomes contain ~1.9 Mbp, and are
predicted to encode 1700-1900 proteins. The genomic variability observed between these
strains is mainly due to prophages or other foreign elements, while the core chromosome is
very similar in all sequenced genomes (Green et al., 2005). Of note, 7 of the 8§ genomes
sequenced so far represent OF- strains. The M28 strain is the only OF+ strain sequenced to
date, but work is in progress on an OF+ strain of type M49 (http://www.uni-
rostock.de/fakult/medfak/mibi/page/forschi/research.html).

Virulence factors

The ability of a pathogen to cause disease is dependent on the expression of a number of
virulence factors, which may be defined as microbial products essential for initiation and
maintenance of an infection but not for growth in vitro. As stated above, S. pyogenes causes
many different diseases, both mild and lethal. The ability to cause such a wide variety of

diseases may be due to the production of a large number of virulence factors (Cunningham,
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2000; Ferretti ef al., 2001). The first genome sequence of an S. pyogenes strain revealed >40
putative virulence associated genes (Ferretti e al., 2001). It is important to realize that not all
strains express all virulence factors, and that different strains may employ different modes of
infecting humans. In addition, local environmental factors at separate sites of infection may
influence the virulence factors expressed (Cunningham, 2000; Stevens and Kaplan, 2000;
Bisno et al., 2003).

The putative and known virulence factors of S. pyogenes may be divided into those
associated with the bacterial surface and those secreted into the surrounding medium. The
surface localized M protein is commonly regarded as the most important virulence factor of S.
pyogenes, and its ability to allow the bacterium to resist phagocytosis and multiply in human
blood has long been recognized (Lancefield, 1962; Fischetti, 1989). This antiphagocytic
property of M protein can at least partly be explained by its ability to interfere with
complement deposition on the bacterial surface (Jacks-Weis et al., 1982; Whitnack and
Beachey, 1982; Carlsson et al., 2003; Carlsson et al., 2005). Some M proteins may also
contribute to virulence by acting as adhesins (Okada ez al., 1995; Courtney et al., 2002). The
hyaluronic acid capsule of S. pyogenes also confers phagocytosis resistance (Wessels ef al.,
1991) and may contribute to adhesion (Cywes and Wessels, 2001). In a primate model of S.
pyogenes colonization, the M protein and the hyaluronic acid capsule were both found to be
important for throat colonization and persistence, a finding attributed to their ability to confer
phagocytosis resistance, adhesion, or both (Ashbaugh et al., 2000).

Several surface components, other than M protein and capsule, have been implicated in
adhesion to human cells (Courtney et al., 2002). Among them are SOF (which may be cell-
bound or secreted), lipoteichoic acid (LTA) and protein F (Courtney et al., 1992; Hanski and
Caparon, 1992; Oehmcke et al., 2004), which all bind fibronectin. Moreover, a collection of
surface proteins interacting with e.g. fibrinogen, vitronectin and collagen have been
implicated in adhesion (Cunningham, 2000; Lukomski et al., 2001; Rasmussen and Bjorck,
2001; Bisno et al., 2003). As mentioned above, surface-localized pili have recently been
identified in S. pyogenes, and it seems possible that they play an important role in adhesion
(Mora et al., 2005). An extensively studied surface protein is the C5a-peptidase, which is
expressed by both S. pyogenes and S. agalactiae and has proteolytic activity specific for the
complement-derived chemoattractant C5a, a potent recruiter and activator of neutrophils.
Accordingly, the C5a-peptidase may reduce the number of infiltrating neutrophils and thereby
promote the establishment of an infection (Wexler et al., 1985; Lindahl et al., 2000). Another
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surface protein, designated GRAB, binds human o,-macrogrobulin, a property that may
contribute to virulence (Rasmussen ef al., 1999; Nyberg et al., 2004).

S. pyogenes isolates also produce a number of putative virulence factors secreted into
the surrounding medium. Two hemolysins are expressed by virtually all strains, the pore-
forming streptolysin O (SLO) and the peptide streptolysin S (SLS). Both hemolysins are
potent cytolysins and are toxic to a number of host cells in addition to erythrocytes (Bisno et
al., 2003; Wessels, 2005). Most S. pyogenes strains also express streptokinase, a protein that
binds to plasminogen and thereby induces plasmin activity, which promotes fibrinolysis and
clot dissolution (Bisno et al, 2003). The pyrogenic exotoxins (Spe proteins) are often
associated with severe streptococcal disease and belong to a group of proteins referred to as
superantigens. These proteins may non-specifically activate certain sets of T cells, leading to
production of massive amounts of proinflammatory factors that trigger several signal cascades
and the complement, coagulation and fibrinolysis systems, a recognized hallmark of the
streptococcal toxic shock syndrome (Bisno er al., 2003). Indeed, there is considerable
evidence that Spe-like toxins play a key role in the pathogenesis of the streptococcal toxic
shock syndrome (Kotb ef al., 2002). A number of Spe:s have been described to date, with
SpeA, B and C being the most thoroughly characterized. Other factors with superantigen
activity are SSA (streptococcal superantigen), SMEZ (streptococcal mitogenic exotoxin Z)
and SMEZ-2 (Bisno et al., 2003). SpeB has been classified among the superantigens but is
probably more important in its role as a cysteine proteinase that may cleave various host or
bacterial proteins (Collin and Olsen, 2001a). Two other secreted enzymes implicated in
virulence are EndoS, which deglycosylates IgG (Collin and Olsen, 2001b) and IdeS (Mac-1),
which cleaves IgG in the hinge region (Lei et al., 2001; von Pawel-Rammingen et al., 2002).

The M protein family

In the 1920’s, Rebecca Lancefield first identified the M proteins as serologically distinct
surface antigens (Lancefield, 1928). The M protein is a wall-attached coiled-coil protein that
gives rise to protective antibodies and has antiphagocytic properties (Lancefield, 1962;
Fischetti, 1989). It is a key virulence determinant, and is the most extensively characterized
virulence factor of S. pyogenes. Initially, S. pyogenes strains were thought to express only one
M protein, but it is now recognized that a strain may express one, two or three members of the
M protein family (Kehoe, 1994), now known as the M (Emm), Mrp and Enn proteins

(encoded by genes emm, mrp and enn, respectively). Although all three of these proteins may
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have similar function(s) and properties, the designation “M protein” is usually used only for
the originally described antiphagocytic M protein, while the Mrp and Enn proteins are
designated “M-like proteins”. Of note, the designation Emm has also been used for the M
protein expressed by OF+ strains (Thern et al., 1998; Courtney et al., 2006). It should be
noted that the classical property of M proteins, the ability to confer resistance to phagocytosis,
is a property not only of “true” M proteins but also of Mrp proteins (Podbielski et al., 1996;
Thern et al., 1998; Courtney et al., 2006) and possibly of some Enn proteins.

The Mga regulon and the emm locus

The genes encoding the M, Mrp and Enn proteins are situated in tandem on the bacterial
chromosome. These genes comprise the emm locus and are located between the mga gene,
which encodes the positive regulator Mga (Kreikemeyer et al., 2003), and the scp4 gene,
which encodes the previously mentioned C5a-peptidase (Kehoe, 1994) (Figure 5). In addition
to the M protein family and the CSa-peptidase, the Mga protein positively controls the
expression of several other proteins implicated in virulence, e.g. SOF (McLandsborough and
Cleary, 1995), and the fibronectin-binding protein Fba (Terao et al., 2001). Together, these

Mga-regulated genes comprise the Mga regulon.

pattern AT
A A mgal [scpA | M1, M5, M18
i B mga emm[HemmhH scpA } M1, M5
o C mga emmH enn BH scpA | M18, M23
D o mga Hmrp fHemmh[H enn fH scpA | M30, M52

OF+{ E  H mga Hmrp YHemmPH enn HH sepA } M4, M22

Figure 5. Organization of M protein family genes (the emm locus) in OF- and OF+ strains. The genes
mga and scpA, encoding the positive regulator Mga and the C5a-peptidase, respectively, surround the
M protein family genes. The pattern (A-E) is determined by the presence of different subfamily genes
(1-4), as indicated (Hollingshead et al., 1993; Bessen and Hollingshead, 1994). Note that all patterns
include an emm gene (represented in grey), which is expressed in all strains and comes in two variants

(subfamily 1 and subfamily 2). Modified from Carlsson (2005) and Sandin (2005).
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All strains of S. pyogenes have an Mga regulon, but the genes constituting the regulon
differ between strains. The Mga protein was initially believed to be the response regulator of a
two-component system. However, because a sensory protein has not been found, and
phosphorylation of Mga has not been demonstrated, this is still an open question. It is known
that Mga responds to elevated CO,, iron limitation and increased temperature, and one
possibility is that Mga is directly controlled by these environmental factors (Kreikemeyer et
al., 2003).

As mentioned above, the emm locus of an S. pyogenes strain may include one, two or
three genes encoding members of the M protein family. Differences in the 3’ region separate
these genes into four distinct subfamilies (SF1-4) (Hollingshead et al., 1993), and based on
the combination of SF genes present, the emm locus of a strain may come in one of five
possible patterns (A-E) (Bessen and Hollingshead, 1994) (Figure 5). Of note, the emm locus
of OF+ strains invariably contains three genes, while the emm locus of OF- strains are more
diverse and may contain 1-3 genes. With few exceptions, strains of patterns A-C are
associated with throat infections and pattern D strains with skin infections, while pattern E
strains are found at either infection site (Bessen et al, 1996; McGregor et al., 2004b).
However, as stated above, this association is not clear-cut in areas with very high infection
rates.

Among clinical isolates of S. pyogenes, pattern A and pattern E strains are probably the
most important, reflected in the fact that 7 of the 8 genome sequences were determined for
OF- pattern A strains, while one was an OF+ pattern E strain. The combined data of Li et al.
(2003) and McGregor et al. (2004) indicate that the vast majority of isolates from invasive
disease are pattern A-C or pattern E strains and the isolates were almost evenly distributed
between these two groups of strains. Notably, among the pattern A-C strains, strains of pattern
A were most prevalent.

Strains of different patterns are believed to have arisen, during evolution, from an
ancestral strain of pattern A, i.e. the different genes in the emm locus may have evolved from
an SF1 emm gene (Figure 5) (Bessen and Hollingshead, 1994). Recombination events such as
gene duplication and subsequent divergence are proposed to explain the generation of the
other types of genes in this locus, and strains of patterns D and E are considered the most
recently emerged (Bessen and Hollingshead, 1994; Kehoe ef al., 1996). Interestingly, SF1 and
SF2 genes, encoding two distinct types of M proteins, are mutually exclusive and define two

separate lineages of strains (Hollingshead ez al., 1993).
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There are several lines of evidence for horizontal gene transfer between S. pyogenes
strains (Kehoe et al., 1996). Examples of M proteins with a mosaic structure that may have
arisen through horizontal gene transfer and recombination are found e.g. in a pattern B strain
of serotype M5 (Whatmore and Kehoe, 1994), and in pattern E strains of serotypes M4 and
M60 (Hedén and Lindahl, 1993).

Mrp, M and Enn proteins

All proteins in the M protein family have similar overall organization and are anchored to the
cell wall peptidoglycan via an LPXTG-motif in the C-terminal region (Navarre and
Schneewind, 1999; Barnett and Scott, 2002), with the N-terminal protruding into the
environment (Figure 6). The C-terminal region is relatively conserved between M proteins,
whereas the N-terminal part is more variable. The C-terminal half of an M protein includes a
repeat region, which may contain repeats of type A or type C (Hollingshead et al., 1986;
Heath and Cleary, 1989; O'Toole et al., 1992). The variability increases towards the N-
terminus and the variable half of the protein can be divided into a semivariable region (SVR)
and a hypervariable region (HVR). A signal sequence, which has similar sequence in all M
proteins, is cleaved off upon secretion. Thus, in a surface exposed M protein, the HVR is the

protein region most distal from the bacterial surface (Kehoe, 1994).

cell wall
signal anchoring
sequence repeat region region
(A or C repeats) ¥
N{ | | [ [ ] | |c
HVR SVR conserved
variable

Figure 6. Schematic representation of an M protein. The C-terminal half of the M protein is relatively
conserved while the N-terminal half is more variable and can be separated in a hypervariable region
(HVR) and a semivariable region (SVR). The conserved region contains repeats of type A or C. Note

that in the surface-expressed protein, the signal sequence (grey) has been cleaved off.

Mrp proteins, encoded by mrp genes, have conserved repeat region with three so called
A-repeats. The variability in the N-terminal part is more limited than among M proteins

(encoded by emm genes) (Bessen and Hollingshead, 1994). Mrp proteins have been shown to
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confer phagocytosis resistance (Podbielski ef al., 1996; Thern et al., 1998), and a recent study
showed that antibodies against Mrp4 were opsonizing for phagocytosis (Courtney et al.,
2000).

M proteins are antiphagocytic proteins that give rise to protective immunity and are
found in all S. pyogenes strains (Fischetti, 1989). The ability of M proteins to confer
resistance to phagocytosis is usually analyzed in the so called Lancefield test, which employs
fresh human blood and a small bacterial inoculum. After incubation (37°C, usually for 3 h)
bacterial growth is determined. Presence of M protein inhibits recognition by neutrophils
(PMNs) and allows rapid bacterial growth (Schnitzler et al., 1995; Schnitzler et al., 1999),
while strains lacking M protein are phagocytosed. Because of their general importance and
because they are the subject of this thesis work, M proteins are described in more detail
below.

The conserved repeat region in M proteins has so called C-repeats. Based on antigenic
differences within the C-repeat region, M proteins may be divided into two subclasses (I and
I1), where class I proteins are generally expressed by OF- strains and class II proteins by OF+
strains (Bessen ef al., 1989). The M proteins contain a ~50-100 residue N-terminal
hypervariable region (HVR). As mentioned above, the HVR is stable within a strain, allowing
the identification of >100 different M types (Facklam et al., 2002). Thus, the number of
known M types is small, compared to the large number of possible sequence variants,
suggesting that these M types have been selected because of their superior fitness.

Enn proteins, like M proteins, have a C-repeat region in the conserved half of the
protein. The enn gene is present in many strains, but is often silent, or expressed at very low
levels during in vitro growth (Haanes and Cleary, 1989; Jeppson et al., 1992). The function of
Enn proteins is not clear. They are not known to elicit protective antibodies and exhibit
limited sequence variation in the N-terminal region. Even so, the variability of Enn proteins
appears to be intermediate between that of M and Mrp proteins (M > Enn > Mrp) (Bessen and
Hollingshead, 1994).

The coiled-coil structure and M protein

Streptococcal M proteins are homodimeric, 50-60 nm long proteins that largely adopt a so
called coiled-coil structure, one of the most commonly found tertiary structures in proteins
(Figure 7A) (Lupas and Gruber, 2005). In a coiled-coil, two or more a-helices twist around
each other to form a rope-like fibrillar structure. A coiled-coil dimer, a very common type of

coiled-coil, may be composed of two identical or two different helices, thus forming a homo-
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or a heterodimer. Moreover, the helices in a coiled-coil can be arranged in a parallel or an
anti-parallel fashion, i.e. the N- and C-termini of the two helices can be oriented in the same
or opposite directions.

The amino acid sequence of coiled-coil proteins exhibits a characteristic seven-residue

repeat pattern, with the residue positions designated a-g (Figure 7) (Crick, 1953). In Figure
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Figure 7. Schematic representations of a dimeric coiled-coil protein. A. Representation of the rope-
like structure of the coiled-coil. The protein is characterized by a heptadic sequence pattern where the
residues are designated a-g, as indicated. B. Helical wheel diagram of a cross-section of the dimeric
coiled-coil. The arrows represent the main interactions between residues in the two chains:
hydrophobic interactions involving a and d residues, and electrostatic interactions between e and g

residues

7B, a cross-section of a dimeric coiled-coil protein is depicted in a so called helical wheel
diagram (Mason and Arndt, 2004). This representation shows a single heptad repeat of each
helix and the arrangement of the a-g residues in the coiled-coil. The main inter-helix
interactions are also illustrated. These residues are often denoted a-g in one helix of the coil
and a’-g’ in the other. Positions a and d (or a’ and d') are found on the same face of a helix,
and compose the inner core between the two helices of the coiled-coil. The side chain of
residue a mainly contacts the side chain of an a’ residue in the other helix, and the same is
true for d and d’ residues. The a/a’ and d/d’ positions are usually occupied by hydrophobic
residues and the stability of the coiled-coil is largely determined by interactions between these
hydrophobic residues in the structural core, where improved stability follows from increased

hydrophobicity (Hu ef al., 1990; Mason and Arndt, 2004). Residues in positions e and g are
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solvent exposed, and they are often polar or charged, accounting for electrostatic interactions
between and/or within the helices. The e and g residues are positioned so that e in one helix
interacts with g’ in the other. Residues in positions e and g are less important for structural
stability than those in positions a and d, but may be important for the local conformation and
parallel/anti-parallel helix orientation of the coiled-coil (Hu et al., 1993; Zeng et al., 1997,
Mason and Arndt, 2004). The b, ¢ and f residues are often hydrophilic residues, located
opposite to the a and d residues in the helix, and on the outer face of the coiled-coil (Figure
7B). Accordingly, these residues are exposed to the surroundings and may be important for
inter-protein interactions rather than for the formation or stability of the coiled-coil structure
as such. In an undistorted o-helix, 3.6 residues make up each turn. However, because of a
slight twist to the helix in a coiled-coil, 3.5 residues compose a full turn and consequently one
heptad repeat completes two turns (Lupas and Gruber, 2005). Many coiled-coils are dimeric
proteins, but different oligomerization states are common and coiled-coils containing up to
five helices exist (Mason and Arndt, 2004).

The distribution of residues in the heptadic pattern of M proteins is often non-optimal,
with Asn residues frequently occupying position a (Manjula and Fischetti, 1980; Nilson et al.,
1995; Cedervall et al., 1997). Such deviation from the most favorable pattern often reflects
the individual conformation of the coiled-coil, at the expense of structural stability (Mason
and Arndt, 2004). For example, the Mrp4 protein deviates less from the optimal heptadic
pattern than does the M4 protein expressed by the same strain, and consequently has higher

stability (Cedervall et al., 1997).

Binding of human plasma proteins to M proteins

M proteins interact with a range of host plasma proteins, but the plasma proteins bound may
vary between different M proteins. These interactions may confer different properties, such as
phagocytosis resistance, ability to adhere or ability to invade tissues.

The available evidence suggests that M proteins can be divided into two major groups,
depending on their ability to bind either fibrinogen or C4BP (Carlsson et al., 2005). These
two groups apparently correspond to class I and class II M proteins, which show slight
variations in the sequence of the C-repeats (Bessen et al., 1989). Because fibrinogen and
C4BP play important roles for the function of M proteins, the interaction with these plasma
proteins will be considered first in this section. The interaction with C4BP will also be

described in a separate section, due to its importance for this thesis work. Several other
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interactions with human plasma proteins will be described more briefly. Binding of human
plasma proteins to two representative M proteins, M5 and M22, is summarized in Figure 8.

C4BP. Many S. pyogenes strains express an M protein that binds the classical pathway
regulator C4BP (Thern et al., 1995; Johnsson ef al., 1996; Pérez-Caballero et al., 2000). The
C4BP-M protein interaction is central to the work presented in this thesis and will be
discussed in greater detail in a separate section below.

Fibrinogen. All S. pyogenes strains bind human Fg (Kronvall et al., 1979a). Because
early work showed that some M proteins bind Fg (Kantor, 1965), it has often been assumed
that all M proteins bind Fg, but this is not correct. While many strains express a single M
protein that binds Fg (pattern A in Figure 5), the Fg-binding property of OF+ strains is due to
the Mrp protein, not the M protein (O'Toole et al., 1992; Stenberg et al., 1992; Podbielski et
al., 1996; Thern et al., 1998). It is not yet known whether certain strains (e.g. those of pattern
D) may express two Fg-binding proteins, one Mrp protein and one M protein.

Binding of Fg contributes to phagocytosis resistance through inhibition of complement
deposition on the bacterial surface (Whitnack and Beachey, 1982; Carlsson et al., 2005;
Courtney et al., 2006). Interestingly, analysis of the M5 system demonstrated that
complement deposition does not occur via the alternative pathway, as has often been assumed,
but via the classical pathway, and M5-bound Fg was shown to interfere with this deposition
via the classical pathway (Carlsson et al., 2005). Complexes between M protein and Fg have
also been suggested to play a role in increased vascular leakage of plasma proteins in patients
with necrotizing disease (Herwald et al., 2004). Moreover, a recent study indicates that Fg
plays an important role in blocking binding of specific antibodies directed against M protein

(Sandin et al., 2006).

HVR SVR conserved HVR SVR conserved
M22 [ [ [cTc] [ M5 [ B [s]s]s[ef cJcc []
C4BP  IgA IgG(?) alb FH/FHL-1 Fg alb/FH

Figure 8. Binding of human plasma proteins to two representative M proteins, M22 and M5. HVR,

hypervariable region; SVR, semivariable region.

Albumin. Many S. pyogenes strains bind human serum albumin (Kronvall ez al., 1979b).

Molecular analysis demonstrated that the binding is due to the C-repeat region of M proteins
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(Akesson et al., 1994; Retnoningrum and Cleary, 1994). The function of this interaction
remains unclear. However, studies by Sandin ef al. (2006) demonstrated that albumin bound
to the C-repeat region of an M protein may play an important role in evasion of specific
antibodies directed against that region.

Factor H/FHL-1. Many M proteins interact with different regulators of the human
complement system (other than C4BP) (Horstmann et al, 1988; Johnsson et al., 1998;
Lindahl ez al., 2000). Two regulators of the alternative pathway of complement, factor H (FH)
and its splice variant factor H-like protein 1 (FHL-1) have been suggested to contribute to the
phagocytosis resistance of S. pyogenes by protecting the bacteria from alternative pathway
complement deposition (Horstmann et al., 1988; Johnsson et al., 1998). However, this
hypothesis has not been confirmed; on the contrary, emerging data suggest that neither of
these proteins (FH and FHL-1) is implied in M protein-mediated phagocytosis resistance
(Perez-Casal et al., 1995; Kotarsky et al., 2001; Sandin et al., 2006). Thus, the role of these
two complement regulators in S. pyogenes infections remains unclear.

Fibronectin. Some M proteins bind human fibronectin (Frick et al., 1995; Cue et al.,
2001), an interaction that has been implicated in invasion of epithelial cells by S. pyogenes
(Cue et al., 2001).

IgA and IgG. 1t was reported in 1973 that many S. pyogenes strains bind the Fc-part of
human IgG (Kronvall, 1973), and shortly thereafter this was found to be the case also for IgA-
Fc (Christensen and Oxelius, 1975). In 1989, two separate studies found these interactions to
be M protein dependent (Frithz et al., 1989; Heath and Cleary, 1989).

The binding of IgA contributes to phagocytosis resistance (Carlsson et al., 2003),
possibly by interfering with the binding of IgA-Fc to its cellular receptor CD89 (Pleass et al.,
2001). The IgA-binding region is a well-defined protein domain that can be studied in isolated
form, as a synthetic peptide (Johnsson et al., 1999; Sandin et al., 2002).

Many M and M-like proteins are also known to bind IgG-Fc (Heath and Cleary, 1989;
Lindahl and Akerstrom, 1989; Gomi et al., 1990; Stenberg et al., 1992; Stenberg et al., 1994;
Akesson et al., 1994), but the function of this interaction is not clear.

Kininogen. Some M proteins were reported to bind human kininogen (Ben Nasr et al.,
1995), but the binding site has not been identified. Analysis of this interaction suggested that
streptococcal cysteine protease may cleave the M protein-bound kininogen, thereby causing
release of the pro-inflammatory peptide kinin, possibly inducing increased vascular

permeability (Ben Nasr et al., 1995; Herwald et al., 1996).
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Plasminogen. Certain strains of the OF+ lineage have been shown to express M proteins
that bind human plasminogen (Berge and Sjobring, 1993; Wistedt et al., 1995). Plasminogen
bound to the streptococcal surface may be activated by host activators or streptokinase to
generate plasmin activity, causing degradation of extracellular matrix proteins and facilitating
tissue invasion (Boyle and Lottenberg, 1997; Ringdahl et al., 1998). This interaction causes

an important increase in bacterial virulence (Khil ez al., 2003; Sun et al., 2004).

Binding of human plasma proteins to Mrp and Enn proteins

Description of the Mrp and Enn proteins is beyond the scope of this thesis. Moreover, much
less is known about these proteins than about the extensively studied M proteins. However,
the ability of the Mrp and Enn proteins to bind plasma proteins will be briefly summarized
here, since this information underlines the similarity between these proteins and the classical
M proteins and also underlines the remarkable finding that all members of the M protein
family bind at least one human plasma protein.

Mrp. Mrp proteins have been shown to bind IgG-Fc and Fg (Heath er al, 1990;
Stenberg et al., 1992), and to confer resistance to phagocytosis (Podbielski ez al., 1996; Thern
et al., 1998). Recently a mechanism by which Mrp proteins may confer phagocytosis-
resistance was suggested. As in the case of Fg bound to M proteins (discussed above), Fg
bound to the Mrp protein of a type 4 strain was shown to protect the bacterium against
complement-deposition via the classical pathway (Courtney et al., 2006).

Enn. When expressed in E. coli, most or all Enn proteins bind IgA-Fc (Bessen, 1994;
Thern et al., 1998). However, because of the low, or even absent, expression of many Enn
proteins in streptococci, it is unclear whether this interaction plays a role in vivo. Recently, the
Enn protein in a serotype 18 strain was shown to bind C4BP (Pérez-Caballero et al., 2004),
suggesting a possible role for that Enn protein in phagocytosis resistance. However, such a
role remains to be demonstrated. Moreover, protein H, a mosaic protein expressed by some
M1 strains (Akesson ef al., 1994), has the same genetic location as the Enn proteins, and also

binds C4BP (Johnsson ef al., 1996).

M protein and human C4BP

The binding of human C4BP to S. pyogenes was first described by Thern et al. (1995), who
tested a large number of strains, and found that most of them (~83%) could bind C4BP. For
two strains of different M types, M4 and M22, this property was analyzed at the molecular
level and found to be due to the M protein. In addition, C4BP bound to the bacteria was
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shown to retain its function as a cofactor to factor I (fI) in the degradation of C4b. Subsequent
studies of the interaction between C4BP and M protein demonstrated that C4BP binds to the
most N-terminal ~50 aa HVR (Johnsson et al., 1996). Moreover, the binding site in C4BP was
found to overlap with the binding site for C4b, the natural ligand of C4BP (Figure 2)
(Accardo et al., 1996; Blom et al., 2000), but because of the polymeric structure of C4BP,
different a-chains may either bind C4b or the bacterium, probably explaining why bacteria-
bound C4BP retains its cofactor function.

The HVRs of C4BP-binding M proteins exhibit extensive sequence and antigenic
variability, yet molecular studies indicate that they bind to the same site in C4BP (Johnsson et
al., 1996; Blom et al., 2000; paper I; paper III). A recent paper analyzed the structural basis
for this interaction between M protein and human C4BP (Jenkins et al., 2006). Previous
studies had shown that CCP1-2 of the C4BP a-chain were important for binding of M protein
(Accardo et al., 1996; Blom et al., 2000) and the study by Jenkins et al. (2006) shows that
these two CCPs are sufficient for binding. Employing heteronuclear NMR spectroscopy, the
structure of CCP1-2 was solved, and the interaction with the M4 protein was studied using a
peptide derived from the C4BP-binding HVR of this M protein. Interestingly, a four-residue
linker connecting the CCP1-2 domains also plays an important role in binding, because the
insertion of two alanine residues into this linker completely abrogated the interaction with M
protein. The spectroscopic data suggested that residues in both CCPs are affected upon
binding of the M protein-derived peptide. However, because these affected residues are not
located on the same face of the a-chain, it seemed unlikely that they were all directly involved
in the binding. Rather, the data were interpreted to reflect a conformational change in C4BP,
induced upon interaction with the peptide (Jenkins et al., 2006). Previously, a cluster of
positive residues on the C4BP CCP1-2 interface had been suggested to be important for the
C4BP-M protein binding (Blom ez al., 2000). However, due to the salt-resistant nature of the
interaction, hydrophobic interactions and hydrogen bonds are likely to contribute (Blom et al.,
2000; Jenkins et al., 2006). Possibly, the positive cluster in C4BP participates in an important
“first-step” electrostatic interaction, guiding the M protein to the right location on C4BP,
while this cluster may not be involved in the binding per se (Jenkins et al., 2006).

The fact that bacteria-bound C4BP is still functional as a cofactor in C4b degradation,
suggested that C4BP-binding might play an important role in protection of the bacteria against
phagocytosis, by interfering with complement deposition on the bacterial surface (Thern et
al., 1995). To analyze this hypothesis, Berggard et al. (2001) constructed a strain expressing

an M22 protein with a seven residue deletion in the HVR. This strain completely lacked
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C4BP-binding, and was partially deficient in its ability to grow in human blood. This result
suggested that the C4BP-binding indeed contributed to M protein-mediated resistance to
phagocytosis, but binding of C4BP could not alone account for the anti-phagocytic property
of the M22 protein (Berggard et al., 2001). However, Carlsson et al. (2003) demonstrated that
the anti-phagocytic property of the M22 protein can be fully explained as a cooperation
between two distinct ligand-binding regions in this M protein, the C4BP-binding region and
the IgA-binding region. While the mechanism by which bound IgA protects against
phagocytosis remains unclear, this study confirmed that bound C4BP plays a key role in
protecting S. pyogenes against phagocytosis.

The finding that S. pyogenes recruits C4BP and that this interaction is important for the
ability of the bacterium to resist phagocytosis was puzzling because C4BP is a regulator of the
classical pathway of complement, whereas the general assumption has been that bacteria
mainly activate the alternative pathway. However, analysis of complement deposition on an
M-negative S. pyogenes strain demonstrated that the complement system was activated via the
classical pathway, explaining the value of recruiting a classical pathway regulator (Carlsson et
al. 2003). Thus, C4BP bound to S. pyogenes M protein protects the bacteria against attack via
the classical pathway (Figure 9, right part). Even if this biological function of M protein-
bound C4BP has been demonstrated only in the M22 system, it is reasonable to assume that

the role of surface-bound C4BP is similar in other C4BP-binding S. pyogenes strains.

Complement activation
via classical pathway
a

protein protein
Figure 9. Unifying model for the inhibition of complement deposition by M proteins. Complement is
activated via the classical pathway by S. pyogenes, resulting in surface deposition of C3b. However, M
protein inhibits the C3b deposition by recruiting a human plasma protein. Some M proteins, such as
MS5, bind Fg, while other M proteins, such as M22, bind C4BP. As indicated, the M22 protein also
binds human IgA, which contributes to phagocytosis resistance by an unknown mechanism (Carlsson

et al., 2003). Modified from Carlsson ef al. (2005).
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As mentioned above, human Fg bound to S. pyogenes M protein also inhibits
complement deposition via the classical pathway. Because all M proteins appear to bind either
C4BP or Fg, these findings have allowed the construction of a unifying model for the
protection of S. pyogenes against complement deposition and subsequent phagocytosis
(Carlsson et al., 2005) (Figure 9).

Because M proteins bind multiple ligands and cross-react immunologically due to the
more conserved C-terminal part, the binding properties or immunological properties of a
ligand-binding domain are not easily analyzed using whole M proteins. Characterization of
the interaction between C4BP and M proteins was much facilitated by the finding that the
C4BP-binding HVRs of M proteins can be studied in isolated form as synthetic peptides
(paper I). An important property of these peptides is the presence of a C-terminal cysteine
residue, not present in the intact M proteins, which allowed for dimerization via a disulphide
bridge. This cysteine residue was included because intact M proteins are dimeric coiled-coils
and because dimerization is known to be critical for the ability of M proteins to bind ligands
(Akerstrom et al., 1992). A peptide not containing a C-terminal cysteine showed very limited
binding to C4BP, as compared to the binding of the dimerized peptides, indicating that the
dimeric nature of the M protein is indeed essential for ligand binding (paper I and paper II).

Remarkably, out of all proteins in human serum, C4BP is the only one that binds to
HVR-derived peptides, demonstrating that the HVRs are well-defined ligand-binding protein
domains with highly specific ligand-binding properties (paper I). Because of this binding
specificity, the HVR of C4BP-binding M proteins can be used to purify C4BP by a simple
single-step procedure (paper II). The finding that HVRs of C4BP-binding M proteins are
well-defined ligand-binding domains that can be studied in isolated form, as synthetic

peptides, was an important finding that enabled much of the work presented in this thesis.

VARIABILITY IN MICROBIAL SURFACE PROTEINS

Microorganisms constantly evolve to adapt to a changing environment. For pathogens,
sequence variability in surface proteins is a common mechanism by which they adjust to
survive better in their hosts. The effects of sequence variability may be diverse. A change in
receptor specificity may provide the microbe with new tools for infection of a specific cell
type (Baranowski et al., 2001; Mayer et al., 2002), or may allow the microbe to change tissue

tropism (Weissman et al., 2003). In some pathogens, sequence variability may even permit
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the organism to switch between different species (Stromberg et al., 1990; van Luenen et al.,
2005). However, most cases of variability probably represent so called antigenic variation, an

important phenomenon that will be discussed in this section.

Antigenic variation

In pathogenic microorganisms, variability in a surface structure targeted by protective
immunity is commonly referred to as antigenic variation. Importantly, the term antigenic
variation implies that the variability confers a selective advantage and promotes virulence.
The variable surface structure is most often a protein, but in the literature the term antigenic
variation is sometimes also used for changes in e.g. carbohydrates (Deitsch et al., 1997).
Here, I will only consider antigenic variation in proteins. An important aspect of antigenic
variation is that the variable protein must retain an important function, while varying to avoid
host immunity, otherwise this structure would probably be lost by mutation.

The significance of antigenic variation can hardly be overestimated, because it is the
major obstacle in the development of new vaccines. Because of antigenic variation, efficient
vaccines are not available against pathogens such as HIV, Plasmodium falciparum (the
causative agent of malaria) or influenza A virus. Importantly, antigenic variation may arise
through one of two general mechanisms, antigenic shift or antigenic drift (Borst, 1991).

Antigenic shift represents a drastic change in protein expression. For example, the
expression of the protein may be switched on or off (phase variation), or one sequence may be
replaced with another (gene conversion). In gene conversion mechanisms a gene from a silent
part of the genome is copied into an expression site (Borst, 1991; Deitsch et al., 1997). A
classical example of a pathogen exhibiting antigenic shift is influenza A virus, in which the
genes, including those encoding the major surface proteins hemagglutinin (HA) and
neuraminidase (NA), may be reassembled to create a virus with new immunologic properties,
which may cause a rapidly spreading influenza epidemic (Steinhauer and Skehel, 2002;
Stevens et al., 2004).

Antigenic drift represents the accumulation of point mutations or small
insertions/deletions that gradually change the antigenic properties of a protein. In bacteria,
antigenic variation through antigenic drift is most likely a slower process than antigenic shift,
because a single small genetic change will not cause the appearance of an immunologically
completely different variant. However, due to the lack of proof-reading systems in RNA

viruses, and their rapid replication, viruses such as HIV may mutate very rapidly (Wilson and
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Cox, 1990; Malim and Emerman, 2001; Steinhauer and Skehel, 2002). In the M protein of S.
pyogenes, the N-terminal hypervariable region (HVR) exhibits antigenic variation that most

likely has arisen through antigenic drift.

The hypervariable region in streptococcal M protein

The ~50-100 aa HVR of M proteins varies extensively in sequence. The HVR is stable
within a strain of S. pyogenes, allowing the identification of >100 different M types (Facklam
et al., 2002). However, the number of known M types is small, compared to the large number
of possible sequence variants, suggesting that these M types have been selected because of
their superior fitness. The M protein HVRs are targets for protective antibodies and exhibit
antigenic variation (Lancefield, 1962; Ashbaugh et al., 2000). The variability in the HVRs
arises through antigenic drift, i.e. point mutations and small insertions or deletions, and in
certain M proteins it may also arise through variation in the size of a repeat region (Fischetti,
1989). Small changes in the gene segment encoding the HVR will give rise to a new allele
(subtype) of an existing M type. Definition of a completely new type requires that the first 90
bases encoding mature protein share less than 92% similarity to any previously determined
M/emm type (http://www.cdc.gov/ncidod/ biotech/strep/doc.htm).

Because of the extensive sequence variability it was initially suggested that the HVRs
do not have a specific ligand-binding function, but inhibit phagocytosis by having a negative
charge, causing repulsion of the phagocyte cell surface or IgG antibodies (Fischetti, 1983;
Fischetti, 1989). However, it is now known that many HVRs do have a specific ligand-
binding function, in spite of the extensive sequence variability. In this regard, M proteins may
be divided into two major groups. In one group of M proteins, the HVR binds the complement
regulator C4BP (Thern et al, 1995; Accardo et al., 1996; Johnsson et al., 1996), an
interaction that is important for phagocytosis resistance because M protein-bound C4BP
inhibits surface-deposition of complement via the classical pathway (Berggard et al., 2001;
Carlsson et al., 2003). The second group of M proteins do not bind C4BP. In some of these
non-C4BP-binding proteins, the HVR has been found to bind the complement regulator FHL-
1 (Johnsson et al., 1998), but the physiological relevance of this interaction is unknown
(Kotarsky et al., 2001; Sandin et al., 2006). It seems possible that these HVRs also interact
with other, unknown ligands, explaining the predicted structural constraints on these HVRs

(Li et al., 2003).
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Interestingly, it has been observed that mutations that occur in the gene segments
encoding HVRs are almost exclusively non-synonymous, which is indicative of a strong
immune pressure (Kehoe et al., 1996; Li et al., 2003). The selective pressure to retain a
particular structure and function in the M protein HVR, which changes to avoid recognition
by specific antibodies, therefore gives rise to a Darwinian evolution in which only the most fit
M protein variants have survived during evolution (Phillips, 2002). However, new M types
may slowly appear through a similar process.

In addition to their medical importance, M proteins are attractive model systems for
studies of antigenic variation. In contrast to e.g. gpl20 of HIV, which varies also under
experimental conditions, the M protein HVR is stable within a strain and is therefore a system
where the variability can be studied under more controlled conditions. Moreover, in spite of
the extreme sequence variability, many HVRs bind a common ligand, C4BP. These HVRs are
well-defined ligand-binding domains that can be studied in isolated form, as synthetic

peptides, allowing detailed biochemical and immunological characterization.

BIOPHYSICAL METHODS - IN BRIEF

In the last paper included in this thesis, an attempt to solve the three-dimensional structure of
C4BP-binding HVRs is reported (paper 1V). This work, performed in collaboration with
biophysical chemists, gave me the opportunity to learn the basic principles of two methods
that are commonly used in studies of protein structure, circular dichroism (CD) and nuclear
magnetic resonance spectroscopy (NMR). In this section, brief and very simplified

descriptions of these methods will be given.

Circular Dichroism
Objects that are not identical to their mirror image counterpart are referred to as being chiral.
For example, left and right hand gloves are mirror images that differ from each other, i.e. the
left hand glove will only fit your left hand. Such objects, as the two gloves in a pair, are
referred to as enantiomers.

Plane polarized (or linearly polarized) light may be explained as the sum of two
circularly polarized light waves, one to the left and one to the right. If plane polarized light is

passed through a medium, and the effect by the medium on the left and right circular light
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waves is different, the medium is considered to be opfically active. Chiral materials are
optically active. Two features may selectively affect left- and right- polarized light in an
optically active medium, the first is the speed of the light wave through the medium, and the
second is the extent to which the light wave is absorbed by the medium. The difference in
absorbance can be measured if an optically active medium is pulsed alternately with left and
right circularly polarized light, and is referred to as circular dichroism (CD). Importantly, the
CD signal varies extensively with the wave length of the applied light, which has practical
implications as discussed below.

Amino acids are chiral, and thus optically active, and the enantiomers are denoted L- or
D-form amino acids. Naturally occurring amino acids are synthesized mainly as one
enantiomer, the L-form. The peptide bonds in a protein absorb light very effectively in the far-
UV region (wave lengths of 170-250 nm). In this UV region, the CD signal provides
information about the secondary structure of the protein, but does not assign it to any given
sequence. Specific structures, such as e.g. a-helix and anti-parallel B-sheet, give rise to
specific spectra (Figure 10), which are known from studies with model peptides and native
proteins with known structure. Moreover, the far-UV region is very sensitive to loss in

secondary structure and is often used in studies of protein stability.

Figure 10. Typical CD spectra of a-helix (solid line),

anti-parallel B-sheet (dotted line) and random coil (i.e.

lack of secondary structure, dashed line). Adopted from

Creighton (1993).
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In a typical spectrum of an a-helix, two distinct minima are visible, one around 208 nm
and one around 222 nm (Figure 10). In an a-helical coiled-coil protein, the values of the CD

signals at these minima should relate to each other so that CD,2,/CDyos>1 (Lau et al., 1984;
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Engel ef al., 1991). Thus, CD analysis may be used to analyze the secondary structure of a
protein, and may also give some insights about tertiary structure, such as coiled-coil formation

(Cantor and Schimmel, 1980; Creighton, 1993).

Nuclear Magnetic Resonance Spectroscopy

The NMR technique has been awarded several Nobel prizes, one in physics (1952), two in
chemistry (1991 and 2002), and one in medicine (2003). NMR is a powerful and theoretically
very complex method, which is not readily explained without involving mathematical models
and quantum mechanics. However, it is fully possible to appreciate some general principles of
NMR without a deeper understanding of the underlying physics of the actual NMR
phenomenon. NMR is a method to study nuclei of atoms in a molecule, and is the only
technique available to date that can resolve the three-dimensional structure of a molecule in
solution. The nuclei most commonly studied are 'H, 1*C and "°N, where the easiest nucleus to
use is the proton ('H), because of its abundance in nature.

For simplicity, the nucleus of an atom may be envisaged as a small magnet, with a north
and a south pole. In an NMR experiment, these polarized nuclei are placed under the
influence of a strong magnet, where they align with the applied magnetic field, and are
subsequently pulsed with radio waves. The nuclei absorb energy and together change their
orientation within the magnetic field, thereby creating a radiofrequency that may be
measured. To assure that measurements performed on different NMR spectrometers provide
the same information, the emitted frequency of a sample is compared to a reference substance.
This measured difference from the reference substance is referred to as the chemical shift of a
sample nucleus. The chemical shift is specific for a nucleus in a given environment, such that
e.g. a proton in a methylene group (-CH;) next to a hydroxyl group (-OH) has a different
chemical shift than a proton in a methyl group (-CH3) next to a hydroxyl group, thereby
providing information about the positions of the nuclei in relation to each other, which allows
for the determination of a three-dimensional structure. In protein NMR, knowledge about the
primary structure of the protein is necessary for an accurate model of the three-dimensional
structure. The study of a single type of nucleus is known as one-dimensional (1D) NMR.
However, several types of nuclei can be studied simultaneously, in 2D or multidimensional
NMR (Van Holde et al., 1988; Rattle, 1995; http://www.wikipedia.org; S. Linse and I. André,

personal communication).
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PRESENT INVESTIGATION

PAPER I: Isolated hypervariable regions derived from streptococcal M proteins
specifically bind human C4b-binding protein: implications for antigenic variation
Pathogenic microorganisms have evolved a number of mechanisms to escape the immune
system of the host. One such mechanism is antigenic variation, i.e. alterations in a surface
structure to avoid immune recognition. The ~50-100 aa HVR of M proteins exhibit antigenic
variation and has long been recognized to be targeted by specific antibodies (Fischetti, 1989).
However, the function of this region in pathogenesis remained unclear. In 1995, Thern ef al.
found that many M proteins bind human C4BP, and Johnsson et al. (1996) attributed the
interaction to the HVR in these M proteins. Subsequent studies of the biological function of
this binding demonstrated that C4BP plays an important role in phagocytosis resistance
(Berggard et al., 2001; Carlsson et al., 2003), a situation that made it of interest to further
characterize this interaction. However, because streptococcal M proteins interact with
multiple human plasma proteins, the nature of the M protein-C4BP interaction is not easily
studied with intact M proteins. To circumvent this problem, peptides corresponding to the
HVRs of three C4BP-binding proteins (M2, M4 and M22) were synthesized, in the hope that
it would be possible to study the C4BP-binding HVRs in isolated form.

It had been demonstrated previously that the ability of M proteins to bind ligands
requires that the M proteins have dimeric structure (Akerstrém et al., 1992). Therefore, the
synthetic peptides contained a C-terminal cysteine not present in the native protein, to allow
dimerization via a disulphide bridge. Interestingly, the dimerized peptides were able to bind
C4BP, while a peptide without the C-terminal cysteine residue showed no or little binding to
C4BP. Affinity chromatography experiments, in which whole human serum was applied to
dimerized peptide immobilized in a column, showed that the M protein-C4BP interaction is
highly specific, because out of all proteins present in serum, only C4BP was retained.

Analysis of the sequence of different C4BP-binding HVRs identified only very limited
residue identity. Indeed, only three conserved residues could be identified, possibly
representing a C4BP-binding motif. However, this putative motif was also found in non-
C4BP-binding M proteins, indicating that the three residues were not sufficient to confer
ability to bind C4BP. Further analysis of the C4BP-binding peptides suggested that, in spite of
the remarkable sequence variability, these peptides bound to the same region in C4BP, at the
CCP1-2 interface. Moreover, secondary structure analysis using CD, as well as computational

analysis, suggested that the peptides assume similar folds.
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Although the C4BP-binding peptides/HVRs display extensive sequence variability, the
apparent similarities in folding and C4BP-binding properties suggested that they might
possess at least some immunological cross-reactivity. However, analysis exploiting rabbit
antiserum against each of the peptides demonstrated that each antiserum recognized only the
corresponding peptide, indicating that the HVRs are immunologically unrelated.

In summary, C4BP-binding HVRs represent distinct ligand-binding domains that can be
studied as synthetic peptides. Such peptides exhibit extensive sequence variability but have
similar ligand-binding properties, suggesting that they have similar three-dimensional

structure. Nevertheless several C4BP-binding peptides did not cross-react immunologically.

PAPER II: Single-step purification of human C4b-binding protein (C4BP) by affinity
chromatography on a peptide derived from a streptococcal surface protein

In recent years, the interest in C4BP has increased, emphasizing the value of a simple method
to purify this protein (Lindahl et al., 2000 ; Nonaka et al., 2001; Webb et al., 2002; Brodeur et
al., 2003; Carlsson et al., 2003; Blom et al., 2004). Because previously described techniques
to purify C4BP are based on precipitation of human plasma and one or several subsequent
chromatographic steps (Villiers et al., 1981; Dahlbéck, 1983), we tried to develop a simple
purification technique based on the specific interaction between C4BP and peptides derived
from streptococcal M proteins.

A dimerized peptide (M22-N) corresponding to the HVR of the M22 protein was
previously shown to bind human C4BP with high specificity (paper I), indicating that this
peptide could be used to develop a simple affinity chromatography method to purify C4BP.
Dimerized M22-N was immobilized in a column, and whole human serum was applied. After
extensive washing, bound proteins were eluted and subjected to dialysis against a neutral
buffer. The column, containing 5 mg immobilized streptococcal peptide, had a binding
capacity of ~3.5 mg C4BP, and could be used repeatedly during a 1-year period with no
apparent loss of function.

The purified C4BP was shown to have high molecular weight, indicating that it had the
multimeric structure typical of C4BP, and was demonstrated to be more pure than a
commercially available preparation of C4BP. Functional analysis demonstrated that the
purified C4BP retained its activity as a cofactor to factor I in C4b-degradation. Moreover,
binding assays using C4b, the natural ligand for C4BP, and streptococcal M protein, pure or

expressed on the surface of whole streptococci, indicated that the binding properties of the
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C4BP purified by the single-step method exceeded those of commercially available C4BP. In
addition, this affinity chromatography method could be used to deplete serum of C4BP.
Indeed, >99.5% of the C4BP present in a serum sample was retained on a column.

In conclusion, a synthetic peptide corresponding to the C4BP-binding region of the M22
protein can be used to purify human C4BP, and to deplete serum of C4BP, by a single-step
affinity chromatography method,. In addition to its interest for work on C4BP, this result

emphasizes the potential of bacterial proteins/peptides for the purification of human proteins.

PAPER III: Extreme sequence divergence but conserved ligand-binding specificity in
Streptococcus pyogenes M protein

Most cases of sequence variability in surface proteins of pathogenic microorganisms,
probably represent antigenic variation. An important aspect of antigenic variation is the
requirement on the variable protein to retain a specific function, such as ligand-binding, while
varying in sequence to escape immune recognition. It is generally assumed that ligand-
binding is dependent on a specific conserved sequence motif (Shakhnovich et al., 1996). Even
the extremely variable surface proteins gpl120 of HIV and hemagglutinin of influenza virus
contain ligand-binding sites including a few highly conserved amino acid residues (Wilson
and Cox, 1990; Kwong et al., 1998; Skehel and Wiley, 2000).

We studied the limits of variability in C4BP-binding HVRs of M proteins. Previous
analysis of five C4BP-binding HVRs revealed only three conserved residues (paper I),
corresponding to residues L28, E31 and D40 in the extensively studied M22 protein (Figure
1B in paper III). Because of the limited residue identity between these five HVRs, we
hypothesized that not even the three conserved residues would be essential for ability to bind
C4BP.

Initial analysis was focused on the M22 protein. Studies using fusion proteins showed
that residues 1-39 of M22 are sufficient for C4BP-binding. Consequently, residue D40 of
M22 is not necessary for C4BP-binding, implying that only two of the three residues
mentioned above might be required for C4BP-binding. To analyze whether these two residues
are conserved in C4BP-binding HVRs, a large number of S. pyogenes strains were screened
for ability to bind C4BP. Based on sequence analysis of the M protein HVRs of C4BP-
binding strains, two strains, expressing the M4.1 and M114 proteins, were chosen for further

studies. The HVRs of these proteins were demonstrated to represent distinct C4BP-binding
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domains, and the addition of the M4.1 and M114 HVR sequences to the alignment performed
in paper I showed that C4BP-binding HVRs completely lack residue identities.

Although different C4BP-binding HVRs lack residue identities, a sequence logo of the
seven known C4BP-binding HVRs indicated that the C-terminal half is less variable (Figure
11A). This finding made it of interest to study the possible role in binding of relatively
conserved residues. Four of these residues, L21, E24, L28 and E31, were substituted for
alanines and the mutant proteins, containing single aa substitutions, were expressed on the
surface of streptococci. Interestingly, substitution of either L21 or L28 completely abolished
the ability of the M22 protein to bind C4BP. A computational prediction, and the distribution
of residues in the sequence logo, suggested that the central part of the M22 HVR forms a
coiled-coil and the L21 and L28 residues were predicted to represent core residues essential
for the formation of this coiled-coil. Although it cannot be ruled out that these two Leu
residues are directly involved in the binding of C4BP, our mutagenesis data support the
conclusion that the centre of the HVR is folded as a coiled-coil (see paper IV). In contrast,
substitution of residues E24 and E31, which are predicted to be solvent exposed in a coiled-
coil, had no effect on C4BP-binding. Thus, it is not clear why these residues are relatively
conserved among the C4BP-binding HVRs studied.

It was of interest to know whether the sequence logo of C4BP-binding HVRs would
have similar appearance if many more HVRs were included, and whether it is different from a
logo derived from non-C4BP-binding HVRs. To analyze additional C4BP-binding HVRs, we
compared M protein HVRs in OF+ strains of different M types. It seemed likely that these
HVRs promote binding of C4BP, because all OF+ strains bind C4BP, and because binding of
C4BP has been attributed to the M protein in all OF+ strains studied at the molecular level
(Thern et al., 1995; Johnsson et al., 1996; paper I; paper III). A logo of the M protein HVRs
of 47 OF+ strains tested in paper III was therefore created (Figure 11B). This logo is very
similar to that shown in Figure 11A. As in Figure 11A, the logo in Figure 11B is dominated
by two Leu residues (corresponding to L21 and L28 in M22). In addition, Glu residues
corresponding to E24 and E31 in M22 are prominent, although the conservation of these
residues is less prominent than in the logo in Figure 11A. Thus, the logos in Figures 11A and
11B have similar overall appearance, with two prominent Leu residues and an abundance of
Glu residues, suggesting that these features are important for C4BP-binding.

A logo derived from the HVRs of M proteins in 11 non-C4BP-binding strains (all OF-)
is shown in Figure 11C. The M protein-expressing strains used to construct this logo were

analyzed in paper III. The lack of C4BP-binding in these strains was not due to lack of M
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Figure 11. Sequence logos of M protein HVRs. A. Seven known C4BP-binding HVRs (paper III).

The shortest known C4BP-binding region in the M proteins were aligned using ClustalW, and the part

of the alignment corresponding to the shortest known C4BP-binding region in M22 (residues 1-39)

was used to create the logo. B. HVRs of M proteins in 47 OF+ strains that bind C4BP (tested in paper

III). C. HVRs of M proteins in 11 non-C4BP-binding OF- strains (tested in paper I1I).

To produce the logos presented in B and C, residues 1-50 of the M proteins were aligned using

ClustalW. These alignments were then manually aligned to the highly conserved Leu residues in the

logo in panel A, and 39-residue regions corresponding to that in panel A were chosen to create the

logos. The height of each letter is proportional to the observed frequency of the corresponding residue

at that position, while the overall height of each stack is proportional to the sequence conservation at

that position (Crooks ez al., 2004).
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protein expression, because all strains bound human Fg, a feature known to be due to
members of the M protein family. Therefore, in contrast to the hypothetical logo in panel B,
the logo of non-C4BP-binding HVRs is based on reliable experimental data. Interestingly, this
logo also displays two dominating Leu residues, strengthening the hypothesis that these
residues are not involved in C4BP-binding but may be important for formation of a coiled-
coil. However, the relatively conserved Glu residues in the C4BP-binding HVRs were not
prominent in the non-C4BP-binding HVRs. This analysis suggest that alignments of C4BP-
binding and non-C4BP-binding HVRs indeed gives rise to different logos. In particular,
comparison of the different logos indicates that the C-terminal half of a C4BP-binding HVR
is more negatively charged than the corresponding region in a non-binding HVR.

As mentioned above, substitution of L21 or L28 completely abolished the C4BP-
binding ability of the M22 protein, while substitution of E24 or E31 did not affect C4BP-
binding. This finding made it of interest to analyze whether the single residue changes, not
affecting C4BP-binding, induced antigenic alterations. Remarkably, although substitution of
E24 or E31 with Ala did not affect the ability of M22 to bind C4BP, these changes strongly
decreased the ability of a polyclonal antiserum, directed against the HVR, to recognize the
mutant proteins. This finding implies that single amino acid changes in an HVR may give rise
to antigenic variation and that accumulation of such changes may eventually give rise to a
new M type.

To conclude, C4BP-binding HVRs represent a unique example of sequence divergence,
because they completely lack residue identities but bind the same ligand. Moreover, single
residue changes in an HVR, not affecting the ability to bind C4BP, may considerably change
the immunological properties of the HVR, supporting classical models for the appearance of

antigenic drift through immunological selection.

PAPER IV: Streptococcal M protein: structural studies of the hypervariable region, free
and bound to human C4BP

Streptococcal M proteins are known to largely assume a coiled-coil structure (Fischetti, 1989;
Kehoe, 1994; Navarre and Schneewind, 1999). However, it is not known whether the coiled-
coil extends through the N-terminal HVR, which has been depicted as non-structured in the
literature. Because computational data and studies of secondary structure had indicated that
C4BP-binding HVRs adopt similar folds, although their sequences are highly divergent

(paper I), it was of interest to more accurately study the three-dimensional structure of these
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M protein HVRs. The aim of this study was to identify the three-dimensional structure for
C4BP-binding HVRs, using heteronuclear NMR spectroscopy.

Three streptococcal peptides expressed in E. coli. Two peptides, M4-N and M22-N,
derived from the HVRs of the M4 and M22 proteins, respectively, correspond to the C4BP-
binding regions in these proteins. One peptide, M22-NL, contained the HVR of M22 but also
included an adjacent semivariable region that binds IgA-Fc (Stenberg et al., 1994; Sandin et
al., 2002). Because of certain properties of the peptides, such as a tendency to aggregate at
high concentrations, a three-dimensional structure could not be determined. However, using a
range of techniques, we could obtain clear indications concerning the structural properties of
the peptides.

Circular dichroism (CD) spectra indicated that the peptides assume a helical structure.
Typically, a coiled-coil structure produces a CD spectrum with minima at 208 and 221 nm,
where the ratio between the signals at these wave lengths should relate to each other as:
208/221>1 (Lau et al., 1984; Engel et al., 1991). This result was indeed obtained for the M22-
NL peptide. However, this ratio is probably not as useful when a significant part of the
molecule is in an unstructured state, as appeared to be the case for the M4-N and M22-N
peptides.

For NMR analysis, the peptides were labelled with "N, or °C and '°N. These studies
were focused mainly on the M4-N peptide, because preliminary NMR analysis of the peptides
indicated that this peptide gave rise to superior spectral data. Results obtained from analysis
of the M22-N peptide were less clear than for M4-N, but pointed in the same direction.
Through the use of different NMR techniques, permitting analysis of nuclei in either the
peptide backbone or the amino acid side chains, it was possible to conclude that the M4-N
peptide has a structured central part of ~4 heptads, with flexible termini. The peptides were
also studied in complex with CCP1-2 of the C4BP a-chain. Because the signals arising from
the peptide backbone are lost for interacting residues, it was possible to map the C4BP-
binding region in the streptococcal peptide. The data indicated that the C4BP-binding region,
possibly as many as 28 residues, is contained within the structured centre of the peptide. It
should be noted that if the peptide binds as a coiled-coil, only about half of the ~28 residues
will be on the binding interface.

A recent NMR study of CCP1-2 of the C4BP a-chain, in complex with the unlabelled
M4-N peptide indicates that the peptide mainly binds to CCP2, but that the four-residue linker
connecting CCP1-2 is required for binding, and that residues in CCP1 are affected by binding
of the peptide (Jenkins et al., 2006). Together with the NMR analysis of M4-N reported in
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paper IV, these data suggest that the elongated M4-N peptide may interact with both CCP1
and CCP2 of the C4BP a-chain.

In conclusion, the data in paper IV indicate that M4-N has a folded central region of ~4
heptads with flexible termini and that the C4BP-binding surface is contained within these four
heptads. Moreover, in spite of the very limited identity between M4-N and M22-N, these
peptides probably adopt similar folds, both in solution and in complex with C4BP.
Intriguingly, these C4BP-binding HVRs completely lack immunological cross-reactivity,
although they specifically bind the same ligand and have similar structure. This apparent
contradiction may be explained if C4BP mainly interacts with the backbone of the HVRs,
while antibodies recognize the amino acid side chains, which vary extensively between

HVRs.
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CONCLUSIONS

The ~50 residue hypervariable regions (HVRs) of C4BP-binding streptococcal M proteins
can be studied as synthetic peptides that retain their C4BP-binding ability. Different
C4BP-binding HVRs show limited sequence identity, yet bind with high specificity to the
same region in C4BP and seem to assume similar folds. Comparison of three such HVRs
showed that they completely lacked immunological cross-reactivity, in spite of their

similar properties.

A synthetic peptide corresponding to the HVR of the M22 protein can be used to isolate
C4BP from whole human serum, in a simple one-step affinity chromatography
purification method. This highly purified C4BP retains its normal biological functions,
including cofactor activity and ligand-binding. Immobilized peptide can also be used to

efficiently deplete human serum of C4BP.

Extended studies of C4BP-binding HVRs showed that they are extremely variable and
lack any residue identities. Thus, in contrast to common assumptions that variable proteins
must have a limited number of conserved residues to retain a specific function,
Streptococcus pyogenes M protein exhibits extreme sequence divergence but retains a
highly specific ligand-binding property.

The introduction of single amino acid substitutions in the HVR of the M22 protein
showed that mutation of relatively conserved residues, likely to be important for the
coiled-coil structure of the region, completely abolish the ability to bind C4BP. In
contrast, mutation of either of two other relatively conserved residues, which probably are
not implicated in structural stability, showed no effect on C4BP-binding. Interestingly,
proteins containing these single aa changes were not as effectively recognized as the wild
type protein by a polyclonal antiserum. Together, these findings show that HVRs of M
proteins have an extraordinary capacity for sequence change and antigenic variability,

while retaining a specific ligand-binding function.

Peptides corresponding to the HVRs of the M4 and M22 proteins are folded as coiled-
coils both in solution and when bound to human C4BP. The C4BP-binding surface is
elongated and may cover as much as four coiled-coil heptads in the centre of the peptides.
The analysis indicated that the two peptides have similar folds, in spite of their very

limited sequence identity.
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SAMMANFATTNING PA SVENSKA

Mikroorganismer som orsakar sjukdom har ofta vil utvecklade mekanismer for att undvika att
upptickas och avdodas av médnniskans immunforsvar. En av dessa mekanismer kallas antigen
variation och &r ett vanligt forekommande fenomen i den mikrobiella vérlden. Vid en
infektion bildar méinniskans immunsystem antikroppar som kénner igen strukturer, t.ex. ett
protein, pd mikroorganismens yta. Antigen variation innebér att ett sidant protein varierar i
struktur sd att det inte langre kédnns igen av de bildade antikropparna. En viktig aspekt
gillande antigen variation dr dock att det varierande proteinet samtidigt méste bibehalla en
viss funktion, d.v.s. variationen begrinsas av proteinets nodvindiga egenskaper. Inom den
medicinska mikrobiologin &r antigen variation ett problematiskt fenomen som medfor att det
saknas effektiva vaccin mot globalt mycket viktiga sjukdomar som t. ex. AIDS, malaria och
influensa.

Streptococcus pyogenes, #dven kallade grupp A streptokocker, 4r en vanligt
forekommande sjukdomsalstrande bakterie. S. pyogenes ger vanligen upphov till lindriga
sjukdomar sésom halsfluss och svinkoppor, men kan ocksa verka som “mdrdarbakterier” och
ge upphov till livshotande infektioner och allvarliga féljdsjukdomar. I en nyligen utkommen
studie uppskattas att ca 500.000 ménniskor om aret avlider i, eller i sviterna av, infektioner
med S. pyogenes, vilket gor att denna bakterie kan riknas till en av de tio mikroorganismer
som 4rligen orsakar flest dodsfall i vérlden.

S. pyogenes har pa sin yta det s.k. M-proteinet, vilket ar viktigt for bakteriens formaga
att ge upphov till sjukdom. M-proteiner finns i mer dn 100 olika varianter (M-typer; M1, M2,
M3 o.s.v.), vilka definieras av en specifik del av M-proteinet, den s.k. Aypervariabla regionen
(HVR). Vid en infektion med S. pyogenes bildar mianniskans immunférsvar antikroppar
riktade mot M-proteinets HVR. Dessa antikroppar skyddar individen mot aterkommande
infektioner med streptokocker som bir denna typ av M-protein, men inte mot infektion med
en streptokock som bdr en annan typ av M-protein. Salunda uppvisar HVRerna hos M-
proteiner antigen variation. Trots denna variation binder manga M-proteiners HVRer det
humana proteinet C4BP, ett protein i ménniskans blod vars funktion dr att hdmma det s.k.
komplementsystemet. Komplementsystemet utgor en viktig del av vart immunférsvar och har
formagan att leda till avdodning av invaderande mikroorganismer. C4BP bundet till
bakterieytan via M-proteinet skyddar S. pyogenes mot angrepp fran komplementsystemet.

Bindningen av C4BP &r dérfor viktig for bakteriens forméga att 6verleva och orsaka sjukdom
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i ménniska. I de fyra delarbeten som ingér i denna avhandling studeras denna for bakterien
viktiga interaktion ur biokemiska, immunkemiska och strukturella perspektiv.

I tva delarbeten studeras C4BP-bindande HVRers egenskaper, bl.a. med avseende pa
variabilitet och bindning till C4BP (delarbete I och III). I delarbete I visar vi att C4BP-
bindande HVRer kan studeras i form av syntetiska peptider (d.v.s. konstgjorda kortare
proteiner) som binder C4BP, vilket mojliggor specifika studier av denna interaktion. Studier
av tre sadana peptider visade att dessa binder till samma yta i C4BP och att de troligen veckas
likartat. Trots detta uppvisar HVRerna/peptiderna en betydande skillnad i aminosyrasekvens
(aminosyror dr byggstenar med vilka proteiner d&r sammansatta) och korsreagerar inte
immunologiskt (d.v.s. antikroppar som skapats mot en HVR kénner inte igen de 6vriga).

Manga mikroorganismer uttrycker proteiner som uppvisar mycket stor variabilitet men
bibehaller en specifik bindningsférmaga. Trots denna variabilitet aterfinns oftast ett monster
av ett litet antal aminosyror som finns kvar i alla varianter av det varierande proteinet. Dessa
konserverade aminosyror utgér salunda ett “motiv”, ndgot som ofta antas vara nodvéndigt for
bibehallen bindning. I delarbete III studerade vi ytterligare C4BP-bindande HVRer och visade
att dessa fullstdndigt saknar sddana konserverade aminosyror. Detta fynd innebér att S.
pyogenes M proteiner utgor ett unikt exempel med avseende pa variabilitet. Vidare visar vi att
forandring av enstaka aminosyror, vilka sannolikt péverkar proteinets tredimensionella
utseende, helt eliminerar bindningen till C4BP. Foridndring av vissa andra aminosyror
paverkade ddremot inte C4BP-bindningen men hade 4dndd stor effekt pa proteinets
immunologiska egenskaper. Saledes kan en mikroorganism, genom en mycket begransad
fordndring av en ytstruktur, undkomma de specifika antikroppar méanniskans immunforsvar
skapar.

Forsok som utfordes i delarbete I antydde att en peptid som motsvarar en C4BP-
bindande HVR kan anvindas for att enkelt rena C4BP fran serum. Tidigare anvinda metoder
for rening av C4BP ér tidskrivande, och en mer lattillgdnglig reningsmetod skulle vara
virdefull. En sddan metod beskrivs i delarbete II. Med hjélp av en peptid motsvarande en
C4BP-bindande HVR kunde funktionellt C4BP renas ur serum i ett enda steg.

I delarbete IV gjordes ett forsok att bestimma konformationen hos tva peptider,
motsvarande HVRerna i de C4BP-bindande M proteinerna M4 och M22. En exakt
konformation kunde inte faststéllas, men resultaten indikerade tydligt att dessa tva,
sekvensmissigt skilda HVRer, antar samma tredimensionella utseende, bade i 16sning och
bundna till C4BP. Detta fynd stéder den ovan nidmnda observationen att C4BP-bindande

HVRer kan veckas likartat, trots betydande skillnad i aminosyrasekvens.
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