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ABSTRACT OF THE DISSERTATION

Broad Recognition of Group A Streptococcus M Protein

by

Cosmo Zephyrus Buffalo

Doctor of Philosophy in Chemistry
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Professor Partho Ghosh, Chair

The Gram-positive bacterium Streptococcus pyogenes, known as group A

Streptococcus (GAS), is a widespread human pathogen responsible for numerous

disease manifestations, ranging from mild infections to severe invasive diseases and

major autoimmune sequelae. At present there is no vaccine against GAS, with one of

the major impediments being the antigenic variability of the M protein, one of the

primary surface-associated virulence factors of GAS. The M protein elicits protective
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opsonizing antibodies, but these antibodies generally target the M protein
hypervariable region (HVR) and accordingly the resulting immunity is specific to a
particular M protein antigenic variant and does not extend to other M protein antigenic
variants. With more than 200 distinct HVRs having been identified, the difficulty in
developing a vaccine that offers universal coverage is apparent.

In addition to providing antigenic variation, the M protein inhibits phagocytic
uptake and clearance of GAS by neutrophils and macrophages through the recruitment
of human C4b-binding protein (C4BP), a negative regulator of the complement
system. C4BP is bound by the M protein HVR. In stark contrast to the strict specificity
of antibodies, C4BP recognizes a remarkably broad range of M protein HVRs (~88%
in one study). This suggests that a structural understanding the C4BP-HVR interaction
may be applicable to the design of broadly neutralizing antibodies.

To achieve the structural understanding necessary to address the obstacle of
antigenic variability in GAS vaccine design, the co-crystal structures of multiple M
protein HVRs (M2"VR, M22"YR M49""R and M28""®) in complex with the (C4BP)
domains responsible for binding (C4BPal-2) were determined. A comparative
analysis of these co-crystal structures suggests a conserved C4BP binding mode.
Based on the heptad position of interacting M protein residues, two distinct conserved
M protein binding motifs were also identified. Structural observations were tested
through a series of binding studies of M protein substitution mutants. These results
identified M protein HVR residues necessary for C4BP binding as well as give

evidence of a remarkable amount of tolerance at the HVR ‘reading head’. Overall, this
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analysis offers extensive structural insight into how C4BP recognizes a broad range of

M protein HVRs, which potentially has direct implications in GAS vaccine design.
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Chapter 1:

Introduction



INTRODUCTION

Group A Streptococcus-associated Morbidity and Mortality

The Gram-positive bacterium Streptococcus pyogenes, known as group A
Streptococcus (GAS), is a widespread human pathogen responsible for a spectrum
of diseases with a diversity of clinical manifestations, ranging from mild
infections (e.g. pharyngitis and impetigo) to severe infections, which includes
invasive disease (e.g. streptococcal toxic shock syndrome, bacteremia, cellulitis
and necrotizing fasciitis) and major autoimmune sequelae (e.g. rheumatic heart
disease, acute rheumatic fever and acute post-streptococcal glomerulonephritis)
(Carapetis et al., 2005, Cunningham, 2000). Mild GAS infections have the ability
to progress to severe infections. Major autoimmune sequelae typically occurs
during the course of prolonged untreated infections. Progression to severe
infections primarily affects developing nations where access to treatment and
supportive healthcare is limited.

GAS infections are responsible for ~517,000 deaths each year due to
severe infections (Carapetis et al., 2005). The prevalence of severe GAS
infections is ~18 million cases with ~2 million new cases annually. The greatest
disease burden is primarily due to rheumatic heart disease, which represents ~16
million cases, with ~280,000 new cases and 230,000 deaths annually. The burden
of invasive disease is also high, with ~650,000 cases and an associated mortality
of ~25%, representing ~163,000 deaths annually. In addition, there are ~700

million cases of non-invasive superficial infections annually (Carapetis et al.,



2005). Whereas antibiotic intervention is typically effective in treating non-
invasive infections, severe invasive GAS infections may require aggressive
supportive care and surgical debridement (Young et al., 2005). Currently, a safe
and efficacious vaccine has yet to be developed for commercial use (Cole et al.,

2008, Dale et al., 2013a).

Streptococcal M Protein

The M protein, the primary surface-associated virulence factor of GAS,
plays a significant role in each of the aforementioned disease processes. This
suggests that the M protein is a critical target in the development of effective
treatments against GAS virulence, which includes vaccine development. M
proteins are dimeric, a-helical, coiled-coils that extend ~500 A from the GAS cell
surface radially in the form of fimbriae (Fischetti, 1989) (Fig. 1.1.1a-b), and
function by inhibiting phagocytic uptake and consequent killing of GAS by
neutrophils and macrophages (McNamara et al., 2008, Ghosh, 2011, Carlsson et
al., 2003). The M protein is synthesized in immature form with an amino-terminal
signal sequence and a carboxy-terminal LPxTG motif for processing by sortase.
The M protein signal sequence consists of ~40 residues, is well conserved
amongst M types, and directs secretion of M protein to the bacterial division
septum where it is removed proteolytically by peptidase (Carlsson et al., 2006).
Upon secretion across the bacterial membrane, M protein is processed by sortase,

which cleaves between the Thr and Gly residues of the LPXxTG motif, and through



a transpeptidation reaction, covalently attaches the protein through the Thr to the
peptidoglycan (Navarre and Schneewind, 1999).

The dimeric polypeptide chains of mature M protein comprise four blocks
(A-D) (Fig. 1.1b), each differing in size and amino acid sequence. Sequence
conservation steadily increases across these repeat regions from the N-terminus to
the C-terminus of the protein (Fig. 1.1b). The coiled coil of the M protein is
characterized by an amino acid heptad periodicity with non-polar residues present
at the core a and d positions (Fig. 1.1¢). This heptad periodicity is common of a-
helical, coiled-coil proteins, such as myosin and tropomyosin. These latter two
proteins are the human targets of GAS cross-reactive antibodies that are
responsible for the onset of acute rheumatic fever and rheumatic heart disease.
The predicted structure of the C-terminus, anchored in the cell wall, is highly
conserved across GAS strains. Conversely, the N-terminus is defined by a
hyperveriable (HVR) region, which extends into the environment and is
composed of ~50 amino acids (Sandin et al., 2006b, Penfound et al., 2010b) (Fig
1b).

Antigenic variation at the HVR is a key component of GAS M protein’s
virulence as antibodies elicited from previous GAS exposures are not guaranteed
to opsonize from M type to M-type. Such antigenic variation at the HVR also
serves as the basis for the Lancefield serological classification of GAS. More than
200 distinct M types HVRs, as well as numerous subtypes, have been identified.

The M protein HVR is the target of opsonizing antibodies (Fischetti, 1989, Sandin



et al., 2006a). Opsonizing antibodies evoked by the HVR are specific to the
particular M type and offer no protection against GAS strains carrying other M
types (Morfeldt et al., 2001). The antigenic variation is that even a single amino
acid change is sufficient to cause a major antigenic change at the HVR (Persson et
al., 2006). For this reason, individuals are susceptible to GAS serial infections. A
common characteristic of the surface-associated proteins of many pathogenic
microorganisms, sequence variability represents a major obstacle in the

development of vaccines.

GAS M Protein-based Vaccine Design

Existing treatments of GAS include the administration of penicillin,
macrolides or intravenous immunoglobulin. Penicillin, typically used to treat
existing GAS infections, can also be administered prophylactically to prevent
recurring GAS infections and subsequent sequelae in susceptible populations.
Despite such efforts to control reccurring infections, GAS auto-immune sequelae
continue to persist at endemic levels in developing countries (Carapetis et al.,
2005). Penicillin treatment is not without shortfalls. Even without a documented
case of GAS resistance to penicillin, studies suggest a 20-40% failure rate of
penicillin against GAS pharyngitis (Pichichero and Casey, 2007). Macrolides are
utilized as an alternative to penicillin, typically in the case of a penicillin allergy.
However, there is concern that resistance may evolve and spread (Michos et al.,

2009). Immunoglobulin is administered typically in the case of severe invasive



disease, such as streptococcal toxic shock syndrome and necrotizing fasciitis.
Immunoglobulin is recommended as an adjunctive therapy as it neutralizes
superantigens and promotes opsonophagocytosis (Pandey et al., 2009).
Unfortunately, intravenous immunoglobulin treatment only offers short-term
protection since no immunological memory is generated. While in most cases of
GAS infection, penicillin or alternative antibiotics are effective in treating
superficial GAS infections, the majority of GAS infections occur in geographical
regions where access to such treatments is limited. A vaccine that is protective
against all M types may be the only way to control or eliminate GAS disease
globally.

GAS vaccine design is challenging. Concerning GAS vaccine
development, many other obstacles exist in addition to sequence variability of the
M protein HVR. Obstacles such as the complexity of the global epidemiology of
GAS infections, the limited number of antigens that can be included in
combination vaccines, the lack of a reliable animal model that mimics human
disease, and the issues of autoimmunity and vaccine safety (Dale et al., 2013a) all
need to be overcome for the eventual development of a GAS vaccine. An
effective GAS vaccine is one that contains epitopes that represent all GAS strains,
is highly immunogenic, and is a potent inducer of immune memory without cross-
reacting with human tissue, and induces the production of both serum
immunoglobulin G (IgG) and mucosal immunoglobulin A (IgA). Such a vaccine

would prevent pharyngeal colonization, carriage, symptomatic and asymptomatic



infection, as well as impetigo, invasive disease, acute rheumatic fever, rheumatic
heart disease, and acute post-streptococcal glomerulonephritis across a diversity
of geographical regions. The diversity of M types in the global epidemiology of
GAS infections makes vaccine design challenging, as prevalent M types differ
greatly between not only developed and underdeveloped regions, but inter-
regionally as well. Such M type diversity combined with the varying degrees of
health care access and insufficient disease documentation makes design of a
universal vaccine difficult. However, by addressing the many obstacles to GAS
vaccine design, vaccine candidates have begun to emerge that are beginning to
approach the level of protective coverage necessary for a commercially available
vaccine.

Several GAS vaccine candidates are in various stages of clinical and pre-
clinical trials. Given that the GAS virulence factor M protein is the major surface
exposed antigen of GAS, M protein-based vaccines have been the subject of
research and development for decades. Due to the antigenic variability at the M
protein HVR, vaccine candidates have primarily come in two different forms:
multivalent N-terminal (HVR) candidates and conserved region candidates (C-
repeat region). Significant progress has been made recently in the design and
clinical development of extensive multivalent M protein-based vaccines (Hu et
al., 2002, McNeil et al.,, 2005, Dale et al., 2011) These N-terminal vaccine
candidates have been shown to be opsonic, bactericidal, and protective. M Type

specific vaccine candidates consist of the N-terminal HVRs of M proteins from



multiple different GAS M types fused together in tandem to form larger vaccine
polypeptides. Based on direct surveillance data from the USA and Europe, the
most current 30-valent M protein HVR-based vaccine candidate (Dale et al.,
2011) contains protective M protein peptides from serotypes of GAS that covers
98% of all cases of pharyngitis in the US and Canada (Shulman et al., 2009), 90%
of invasive disease in the US (O'Loughlin et al., 2007), and 78% of invasive
disease in Europe (Luca-Harari et al., 2009). Pre-clinical studies have shown that
the 30-valent HVR based vaccine candidate evokes antibodies against all 30
serotypes as well as provides cross-protection against some additional M types
not included in the vaccine, albeit for reasons that are not entirely clear (Dale et
al., 2011, Dale et al., 2013b). However, due to the scope of variability at the HVR
and the complexity of the global epidemiology of GAS infections, the level of
protection for the 30-valent vaccine candidate must still be improved upon.

An alternative strategy to multivalent M HVR vaccines in GAS vaccine
design are vaccine candidates that contain conserved GAS antigens. These
antigens are commonly shared by many or all M serotypes. Not surprisingly, these
include the conserved regions of the M protein (Batzloff et al., 2004, Bessen and
Fischetti, 1988, Bronze et al., 1992, Bauer et al., 2012) as well as a range of other
protein antigens (Sabharwal et al., 2006, Dale et al., 1999, Kawabata et al., 2001,
Courtney et al., 2003, Kapur et al., 1994, McCormick et al., 2000, Zingaretti et
al., 2010, Liu et al., 2007, McMillan et al., 2004a, McMillan et al., 2004b, Lei et

al., 2004). The M protein conserved region has been the second most developed



vaccine candidate behind the multivalent M HVR vaccines and has been shown to
evoke cross-protective immunity against multiple serotypes (Bessen and Fischetti,
1988, Bronze et al., 1992, Batzloff et al., 2004). The conserved C-repeat M
protein vaccine candidates J8 (12 amino acid minimal B cell epitope) and its
parent peptide, J14, are the most recent M protein conserved region based
vaccines (Batzloff et al., 2004). Though protective, these vaccine candidates have
been shown to not be as protective as the multivalent M protein vaccines, as even
the addition of J14 to the type specific multivalent vaccine did not enhance the
overall level of protection of the 30-valent vaccine (Penfound et al., 2010a).
Despite this result, if an appropriate conserved antigen can be identified it remains
a promising approach to combine serotype specific and conserved antigens into a
vaccine that would offer broad global coverage. It is the aim of this dissertation to
address the lack of an effective conserved antigen by offering an alternative
approach to vaccine development that takes advantage of the conserved binding
of a host factor to the HVR despite the sequence variability seen between

different M types.

GAS Resistance to Complement-mediated Opsonophagocytosis

In the absence of a vaccine against GAS and without access to antibiotics,
the outcome of streptococcal infections is determined by the status of the host’s.
Once GAS colonizes its exclusively human host, the pathogen’s survival is

dependent on its ability to repel numerous immune defense mechanisms,
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including complement and consequent phagocytosis. The complement system,
part of the innate immune system, provides protection against pathogens without
previous exposure or immunization and is one of the first lines of defense against
bacterial colonization. The complement system comprises 30 soluble proteins and
several membrane-associated complement receptors and inhibitors. In order to
impair the complement-mediated phagocytic clearance of GAS, the M protein
recruits specific host factors to the GAS cell surface that interfere with the
deposition of opsonic antibodies and the activation of complement (Morfeldt et
al., 2001, Berggard et al., 2001).

The key negative regulator of the complement system, C4b-binding
protein (C4BP), is one of the most common of these recruited host factors
(Persson et al., 2006). C4BP binding to the GAS cell surface results in diminished
activation of phagocytes and diminished clearance of GAS, which may lead to the
host being unable to limit the infection. The complement system cascade can be
activated via three major routes: the classical, the alternative, and the lectin
pathway. The classical pathway is initiated by the binding of antibodies to the
bacterial cell surface; the lectin pathway is initiated by the binding of lectins to
specific carbohydrate structures; and the alternate pathway is initiated by a
‘tickover’ mechanism (Ricklin et al., 2010). All three pathways converge at the
level of C3 deposition, which is then hydrolyzed by C3 convertase (C4bC2a).
Formation of C3 convertase generates chemoattractant anaphylatoxins and further

amplifies deposition of C3 fragments on microbes, which opsonizes the microbial
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target for phagocytosis. Complement-mediated formation of the lytic membrane
attack complex (MAC) may result in direct lysis of gram-negative bacteria.
Alternatively, gram-positive bacteria such as GAS are resistant to MAC-mediated
cell lysis and are instead eliminated by phagocytes following opsonization with
C3b and iC3b. C4BP is a negative regulatory protein of both the classical and
lectin complement pathways.

Situated into a closely associated group of complement control regulators,
the role of C4BP is to tightly regulate complement and to protect host tissue from
complement-mediated destruction. Like most complement inhibitors, C4BP
inhibits the C3 convertase of the complement system, preventing the proteolytic
production of the major opsonin C3b by C4bC2a. C4BP does this by directly
binding C4b, thereby competitively displacing C2a from the C4bC2a complex
and thus increasing the rate of C4bC2a dissociation. C4BP is also a cofactor for
complement factor I, a serine protease that cleaves and inactivates C4b (Gigli et
al., 1979). C4BP recruited to the GAS surface by the M protein is still capable of
regulating complement and causes a significant decrease in the production of C3b,
inhibiting complement activation and ultimately diminishing opsonophagocytic
killing of GAS (Blom et al., 2004, Thern et al., 1995, Accardo et al., 1996,
Lindahl et al., 2000, Carlsson et al., 2003) (Fig.1). Additionally, C4BP
recruitment by M protein also competes with the deposition of protective, opsonic
antibodies on the GAS cell surface (Berggard et al., 2001) (Fig. 1.1). Recent in

vivo findings using humanized C4BP transgenic mice have served to emphasize
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the importance of binding complement inhibitors to GAS in the impairment of
opsonophagocytosis (Ermert et al., 2015), which translates to enhanced virulence
in a humanized whole animal model. Such a model may eventually prove
invaluable in developing vaccines and therapeutics that rely on human

complement activation (Ermert et al., 2015).

Recruitment of C4BP by the M Protein HVR

C4BP is a soluble glycoprotein (~200 mg/liter in plasma) (Dahlback et al.,
1983). C4BP is the only circulating complement inhibitor with a oligomeric
structure. The predominant isoform consists of seven a chains disulfide-bonded to
a single B chain. Like many complement inhibitors, each of these chains is
composed of multiple ~60-residue complement control protein (CCP) domains,
also know as short consensus repeats (SCRs) or sushi domains (Barlow et al.,
1993, Jenkins et al., 2006). C4BP is unique from other complement regulators in
that it circulates in complex with vitamin-K-dependent protein S, providing the
C4BP with the capacity to interact with negatively charged phospholipid
membranes. Transmission electron microscopy indicated that up to six molecules
of C4b bind to one molecule of C4BP at the distal (N-terminal) ends of the a
chains (Ram et al., 2001). The first two CCP domains of the a chain (C4BPal-2)
are required to bind M protein HVRs (Accardo et al., 1996, Jenkins et al., 2006).
These domains also interact with C4b (Blom et al., 2001, Blom et al., 1999), and

evidence suggests, that upon binding to both C4b and M protein, C4BPal-2
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undergoes an intermodular reorientation (Jenkins et al., 2006, Blom et al., 2000).
The M protein HVR and C4b binding sites are overlapping but not identical and
show different modes of binding based on different sensitivities to salt
concentration (Blom et al., 2000). Escape from complement attack by hijacking
C4BP is emerging as a widespread immune evasion strategy, as many other
pathogens also share the ability to sequester C4BP (Berggard et al., 2001, Jarva et
al., 2005, Adams et al., 2010, Nordstrom et al., 2004, Prasadarao et al., 2002, Ram
et al., 2001). Some of these pathogens, such as Bordetella pertussis and Neisseria
gonorrhoeae, bind to the same portion of C4BP as the M protein (Berggérd et al.,
2001, Ram et al., 2001). The binding interaction between M protein HVR and a
single C4BPal-2 has a relatively modest binding affinity, with a K4 of 0.5 pM
being reported for the M4"VR-C4BP interaction (Jenkins et al., 2006). However,
given that C4BP is oligomeric with seven o chains, the binding affinity of intact
C4BP to the bacterial cell surface is much higher due to avidity, with a K4 in the
picomolar range (Sanderson-Smith et al., 2014). Unlike C4BP binding to C4b,
C4BP binding to M protein shows no dependence on pH or salt concentration
(Blom et al., 2000), suggesting that forces other than electrostatics are critical in
stabilizing the complex.

C4BP binding has been mapped to the antigenic hypervariable region
(HVR) of the M protein, the same M protein region responsible for eliciting type
specific protective antibodies. In stark contrast to the binding mode of antibodies,

C4BP has the ability to bind the HVR of a remarkably broad variety of M protein



14

types, representing ~88% of M types tested (Persson et al., 2006) (Fig. 2A). This
binding is broadly specific, as not all M protein HVRs are seen to be bound by
C4BP (Persson et al., 2006). Despite this conservation of C4BP binding, there is
no apparent sequence similarity amongst the many C4BP binding HVRs (Persson
et al., 2006), even though these HVRs have been found to bind the same site on
C4BP (Morfeldt et al., 2001). M protein sequence variation is extensive and
represents an apparent paradox because the M protein must retain the ability to
specifically bind C4BP despite such variability. In order to achieve antigenic
variation most proteins have a limited number of conserved residues to confer
specific function while other residues vary significantly (Shakhnovich et al.,
1996). In the case of M the protein, more than 200 variants have been identified
for the ~50-residue HVR. This number is small compared to the total number of
possible sequence variants. This suggests that, because antibodies that prevent
binding of C4BP promote phagocytosis (Berggard et al., 2001, Carlsson et al.,
2003), the limited sequence diversity among C4BP binding M-types may
represent fitness selection during the evolution of antigenic variants that maintain

the ability to bind C4BP.

Specific Aims
It has been proposed that all HVRs bind to the same region in C4BP and
probably having similar structures (André et al., 2006, McNamara et al., 2008).

However, until this present study, the molecular details and the basis for broad
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specificity in the interaction between the M protein HVRs and C4BP remained
undetermined. It was the goal of this dissertation to establish a molecular
understanding of the HVR-C4BP interaction through co-crystal structure
determination of multiple M protein HVRs in complex with the C4BP. A direct
comparison of the different co-crystal structures will not only offer valuable
insight into this pervasive bacterial virulence mechanism but also elucidate the
mechanism of broad recognition of the M protein HVR by C4BP. This
understanding of the broad recognition of the M protein HVR by C4BP may be
applicable to the eventual development of therapeutic antibodies directed against
the large set of C4BP-binding GAS M types. Based solely on the number of M
protein HVRs that bind C4BP (~88% of those tested), a vaccine targeting the N-
terminal HVR in such a broad manner as C4BP has the potential to offer a greater
level of protective coverage than the multivalent and conserved region vaccine
candidates currently in development.

C4BP-M""® interaction represents broad vaccine specificity that is lacking
in a purely multivalent vaccine. In an attempt to address the obstacle of antigenic
variability and offer an alternative approach to GAS vaccine design, I succeeded
in determining the co-crystal structure of multiple M protein HVRs (M2"VK,
M49"VR - M22HVR M28"VR) in complex with the C4BP region (C4BPol-2)
responsible for broad recognition. A comparative analysis of these co-crystal
structures suggests a conserved C4BP binding mode. A conserved ‘quadrilateral’

of binding interactions was identified at the C4BPa2 domain and composed of (1)
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a hydrophobic pocket (C4BP His67, 11e78, and Leu82); (2) a hydrogen bonding
group (mainchain nitrogen of C4BP His67); and two positively charged residues,
C4BP (3) Arg64 and (4) Arg66. The HVR’s contribute residues that form
complementary quadrilaterals. A “hydrophobic nook’ created by C4BP main
chain atoms and the alkyl carbons of Arg39 is the major contact point on the
C4BPal domain. Together these major points of contact represent the HVR
‘reading head’ of C4BP. To verify the proposed binding mode, I performed a
series of alanine substitution mutations on the M2"'R. These mutants were then
evaluated for C4BP binding by coprecipitation assays. This analysis determined
residues essential for binding, as well as identified alanine substitution mutations
that showed an increase in binding capability. Surprising, the binding site is
conformable, as a significant amount of tolerance between binding partners was
identified. This suggests why C4BP is able to bind to so many HVRs with such
broad specificity. In addition, based on the heptad position of M protein
interacting residues within the coiled coil, I have identified two distinct conserved
M protein binding modes (the M2/M49 mode and the M22/M28 Mode)
responsible for binding C4BP. The heptad positions of the interacting residues are
not identical between the two modes. Combined with the tolerance of the C4BP
‘reading head’ to recognize different residue binding partners, this fact helps to
explain why HVR sequence similarity of C4BP binding M-types is not initially

apparent from a pure sequence analysis standpoint (Persson et al., 2006). Overall,
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our analysis offers extensive structural insight into how C4BP recognizes such a

broad range of M protein HVRs.
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Figure 1.1. Schematic representation of GAS M protein and its binding to
C4BP.

a. Schematic representation of whole cell GAS and the M protein extending
radially from the GAS cell surface. b. Repeat regions of the GAS M protein as
anchored to the GAS cell surface. Scale shows increase in conservation along the
dimeric coiled-coil from the amino terminus to the carboxy terminus of the
protein. ¢. Heptad repeat positions for the dimeric coiled coil of GAS M protein.
Residues at the core a and d positions interact with one another typically through
hydrophobic interactions. d. Schematic representation of the binding of human
C4BP to the HVR of an M protein. The ~570 KDa C4BP molecule, which is
composed of seven identical a chains and one  chain, binds to the surface-
exposed amino-terminal HVR of the M protein dimeric coiled coil.
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METHODOLOGY OF M"R.C4BPa1-2 COMPLEX

FORMATION AND CRYSTALLIZATION

M Type Selection Criteria

The M proteins from the GAS strains M2 (AP2), M4 (Arp4) and M22
(Sir22) have been studied extensively with regards to their ability to bind to C4BP
and consequent resistance to complement-mediated opsonophagocytosis
(Morfeldt et al., 2001, Berggard et al., 2001, Carlsson et al., 2003, Johnsson et al.,
1998, Johnsson et al., 1996, Persson et al., 2006). For this reason, I chose to study
the M proteins from these specific M types through crystal structure
determination of the M protein HVR in complex with C4BPal-2. When M4 and
M22 proteins proved to be difficult to co-crystallize in complex with C4BPal-2,
M28 and M49, which had also been shown to bind C4BP (Persson et al., 2006),
were added to the pool of possible crystallization candidates given their
epidemiological relevance (Steer et al., 2009) and their availability through Dr.

Victor Nizet at UCSD.

DNA Manipulation

The coding sequences of mature M2 (42-367), M4 (42-356), M22 (42-
335), M28 (42-363), and M49 (42-359) proteins were cloned from GAS strains
M2 (AP2), M4 (Arp4), M22 (Sir22), M28 (CDC reference strain 4041-05), and

M49 (NZ131) (Morfeldt et al., 2001, Persson et al., 2006), respectively, into a
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modified version of pET28a vector (Novagen) containing an N-terminal Hise-tag
followed by a PreScission™ protease (GE Healthcare) cleavage site. Truncation-
constructs of these proteins consisting of only the N-terminal 79, 86 or 100
residues were generated by site-directed mutagenesis through the insertion of
amber stop codons at the appropriate sites. As a strategy to find the ideal length
of the HVR and flanking region, 100 amino acids was chosen as a starting length.

Eventually the 100 amino acid M™"}

s that were difficult to crystalize (M4, M22
and M49) were truncated to an ideal length (79, 79, and 86 amino acids
respectively). Due to this truncation strategy, I was ultimately able to co-
crystalize the M"VRs of M4, M22, and M49 in complex with C4BP. However, the
M4"™ R cocrystal never produced usable diffraction data for crystallographic
studies and was eventually abandoned as a structural target. Specific mutations
were introduced into the M2 protein also using site-directed mutagenesis. Site
directed mutagenesis was performed according to the QuickChange™ Manual
except that 50 pL reactions were set up for polymerase chain reaction (PCR)
instead of 12.5 pL reactions.

The coding sequence of CCP1-2 domains of the human C4BP (C4BPal-2)
(Jenkins et al., 2006) (a kind gift from G. Lindahl) was cloned into the modified
pET28a vector described above. To obtain selenomethionine-substituted protein
to be used in crystallographic phase determination (discussed more thoroughly in

chapter 3), methionine residues were introduced in the coding sequence of

C4BPal-2 at positions 29, 46, and/or 71 by site-directed mutagenesis.
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Protein Expression and Purification

M proteins were expressed in Escherichia coli BL21 (DE3) and purified
using a previously described procedure (McNamara et al., 2008) with minor
modifications. Specifically, bacteria were lysed with a C-5 Emulsiflex (Avestin
Inc., Ottawa, Canada), and for M2 (wild-type and variants) purification, imidazole
was not included in the lysis and wash buffers and ion exchange chromatography
was omitted.

C4BPal-2 was expressed in E. coli Rosetta 2 (Novagen) cells. It was
purified and refolded as previously described (André et al., 2006), except for use
of a C-5 Emulsiflex for lysis. Where needed, the N-terminal Hise-tags of M
proteins and C4BPal-2 were removed by PreScission™ protease cleavage
according to manufacturer’s instructions. After cleavage and reverse Ni°'-NTA
purification, M protein and C4BPal-2 constructs were purified by size-exclusion
chromatography (Superdex 200) in a buffer containing 150 mM NaCl, 50 mM
Tris, pH 8.5. Proteins were concentrated to ~20 mg/mL by ultrafiltration; protein
concentrations were determined by measuring absorbance at 280 nm and
calculated molar extinction coefficients. Aliquots were flash-frozen in liquid N
and stored at -80 °C.

Selenomethionine (SeMet) substituted proteins C4BPal-2 (L29M/L46M),
C4BPal-2 (L29M/L71M), and C4BPal-2 (L46M/L71M) were purified as

described previously (Wang et al., 2013).
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Confirmation of Binding Interactions

Binding between Chisg-C4BPal-2 and the mature M types of M2, M4 and
M22 was initially performed by a co-precipitation assay. For this assay, 40 pg of
CHise-C4BPal-2 protein was mixed with 120 pg of mature M2 protein (wild-type
or mutant variant) in 50 pL of phosphate buffered saline (PBS) at 37°C for
30 min. Fifty uL of Ni*’-NTA agarose beads were equilibrated in PBS, then added
to the protein mix in a 1:1 beads:PBS (100 pL) slurry and incubated for 30 min at
37 °C under agitation. The unbound fraction was removed and the beads were
washed three times with 0.5 mL of PBS supplemented with 15 mM imidazole and
eluted with 40 pL PBS supplemented with 500 mM imidazole. Bound and
unbound proteins were resolved in non-reducing SDS-PAGE and visualized by
Coomassie-staining (Fig 2.1).

After the binding interactions were confirmed for mature M proteins, the
M"R constructs for M2, M4 and M22 were tested for their ability to bind C4BP.
Given that the size of Chisc-C4BPal-2 (15,075 Da) was similar to that of the 100
amino acid HVR versions of M2, M4, and M22 (~13,000 Da), the binding
interaction was difficult to resolve by a co-precipitation assay. For that reason,
binding and complex formation was tested by size-exclusion chromatography.
Complex formation was observed when I mixed the two proteins at a 1:1 molar
ratio at high concentration (20 mg/mL complex = ~0.75 uM) and resolved via

Superdex 200 size exclusion chromatography. Complex formation was observed
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HVR or C4BPal-2 protein run

as a higher molecular weight peak compared to M
individually over the same column (Fig. 2.2). The co-precipitation and size-
exclusion chromatography assays were not performed on the M28 and M49
proteins for the following reason. Understanding that these interactions were
consistent amongst the M2, M4, and M22 proteins, I went directly to

crystallization trials as soon as I was able to obtain the M28""® and M49""}

proteins by cloning and purification.

Crystallization

M2HYR (residues 42-141), M2™VR (K65A/N66A), M22"VR (42-120),
M28"VR (42-141), and M49"™R (42-127) proteins were mixed with C4BPal-2 at a
1:1 molar ratio (final concentration of complex ~5 mg/mL) and dialyzed
overnight at 4 °C in 10 mM Tris, pH 8. After dialysis, the samples were
concentrated by ultrafiltration to ~20 mg/mL. Crystallization was performed by
the hanging drop vapor-diffusion method.

The native M2"VR-C4BPal-2, M2"™'R (K65A/N66A)-C4BPal-2, and
M28"VR.C4BPal-2 complexes and the SeMet-labeled M2"VR-C4BPal-2
(L29M/L46M) and M2"VR-C4BPal-2 (L46M/L71M) complexes were co-
crystallized at 20 °C by mixing 1 pL of complex (~20 mg/mL in 10 mM Tris, pH
8.0) with 1 pL of the reservoir solution containing 1.5 M (NH4),SO4, 0.1 M Bis-

Tris Propane, pH 7.0 (Fig. 2.3). Crystal formation occurred typically in ~1 week.
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These crystals were transferred to reservoir solution supplemented with
20% ethylene glycol for cryo-preservation, mounted in fiber loops, and flash-
frozen in liquid N.. Crystals containing SeMet-labeled protein were treated
similarly except that they were bathed in reservoir solution supplemented with
freshly prepared 1 mM TCEP prior to cryopreservation.

The M22"VR-C4BPa1-2 complex was co-crystallized at 20 °C by mixing
0.1 pL of the complex (~20 mg/mL in 10 mM Tris, pH 8.0) with 0.1 pL of the
reservoir solution containing 2 M ammonium sulfate, 2% PEG 400, and 100 mM
HEPES pH 7.5 (Fig. 2.3). Crystal formation occurred typically in ~1 week. These
crystals were transferred to reservoir solution supplemented with 20% glycerol
before being flash-frozen in liquid No.

SeMet-labeled M49"VR-C4BPal-2 (L29M/L46M) complex was co-
crystallized at 20 °C by mixing 1 pL of the complex at (~20 mg/mL in 10 mM
Tris, pH 8.0) with 1 pL of the reservoir solution containing 1.6 M Na/K PO,, pH
6.9 (Fig. 2.3). Crystal formation occurred typically in ~1 week. These crystals
were transferred to reservoir solution supplemented with 20% glycerol before
being flash-frozen in liquid Na.

Upon crystallization of the M2"V*-C4BPa1-2 complex, co-crystallization
was confirmed by non-reducing SDS-PAGE analysis. Crystals from multiple
(N=10) drops were collected and washed three times by a process of resuspension

in 1 mL of reservoir solution followed by centrifugation and aspiration of wash
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buffer. Crystals were then resuspended in 20 uL of 1x SDS-PAGE running buffer

and visualized by Coomossie stained non-reducing SDS-PAGE (Figure 2.4).
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Figure 2.1: CHise-C4BPal-2 binds mature M2, M4, & M22 in vitro.

Association of His-tagged C4BPal-2 with mature M2, M4 and M22 at 37 °C was
assessed by an Ni*-NTA agarose coprecipitation assay and visualized by non-
reducing, Coomassie-stained SDS-PAGE. The bound fractions (B) follow the
unbound fractions (U) for all three M types. In all three cases, the His- C4BPal-2
is able to coprecipitate the M protein. M2 Negative (Neg.) control contained no
M2 His-tagged C4BPal-2 in the reaction.
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Figure 2.2: Association of M"'® with C4BPal-2 as assessed by gel shift size
exclusion chromatography.

The upper chromatagram shows how the M4" X~ C4BPa1-2 complex (red) runs
at a higher molecular weight (MW) than the M4 (blue) and C4BPal-2 (green)
run independently. The lower chromatograms exclude the visualization of
C4BPal-2 and only show the separation between the three isolated M"" s and the
the cooresponding complex. All three complexes run at a higher molecular
weight than the HVR by itself. The molar absorptivity of the the M2""® protein is
extremely low. The lower molecular weight peak that dominates is unbound
C4BPal-2, and the front of the peak represents the complex for which there is a
gel shift.
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M2HR-C4BP1-2

Figure 2.3: Co-crystallization of M"Y C4BPa1-2 complexes.

Photos of the cocrytal morphology of the of the M"VX"C4BPa1-2 complexes. The
M2"VRC4BPal1-2 co-crystal size was ~300 microns in diameter. The M™%
C4BPal-2 complex co-crystallized in the P 43 3 2 space group. The The M2"V®
C4BPal-2 crystal showed no birefringence because it crystallized in a cubic space
group. The M22"V®C4BPa1-2 co-crystal was ~50 um in diameter. The M22"%
C4BPal-2 crystal crystallized in the P 21 21 21 space group. The M28"™"®
C4BPal-2 co-crystal was ~100 um in diameter. The M28"V® C4BPal1-2 complex
co-crystallized in a P 43 3 2 space group. The M49"V®"C4BPal-2 crystal at its
largest measured ~400 pm along its long axis and ~250 pm across its short axis.
The M28"VRC4BPal-2 crystal crystallized in the P 43 21 2 space group. Again,
this crystal showed no birefringence because it crysallized in a cubic space group.
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Figure 2.4: Conformation of M2"V*-C4BPa1-2 co-crystallization.

Crystals of M2"VR-C4BPa1-2 contain both M2""® and C4BPal-2, as determined
by dissolving a crystal and examining the contents by SDS-PAGE. The first three
lanes show C4BPal-2, M2"™® and C4BPal-2 mixed with M2"V® as standards.
The next lane shows that the final wash of the crystal contains no proteins, and the
last lane shows the dissolved crystal.



40

References

ANDRE, 1., PERSSON, J., BLOM, A. M., NILSSON, H., DRAKENBERG, T.,
LINDAHL, G. & LINSE, S. 2006. Streptococcal M protein: Structural
studies of the hypervariable region, free and bound to human C4BP.
Biochemistry, 45, 4559-4568.

BERGGARD, K., JOHNSSON, E., MORFELDT, E. PERSSON, 1.,
STALHAMMAR-CARLEMALM, M. & LINDAHL, G. 2001. Binding of
human C4BP to the hypervariable region of M protein: a molecular

mechanism of phagocytosis resistance in Streptococcus pyogenes.
Molecular Microbiology, 42, 539-551.

CARLSSON, F., BERGGARD, K., STALHAMMAR-CARLEMALM, M. &
LINDAHL, G. 2003. Evasion of phagocytosis through cooperation
between two ligand-binding regions in Streptococcus pyogenes M protein.
The Journal of experimental medicine, 198, 1057-1068.

JENKINS, H. T., MARK, L., BALL, G., PERSSON, J., LINDAHL, G., UHRIN,
D., BLOM, A. M. & BARLOW, P. N. 2006. Human C4b-binding protein,
structural basis for interaction with streptococcal M protein, a major

bacterial virulence factor. The Journal of biological chemistry, 281, 3690-
3697.

JOHNSSON, E., BERGGARD, K., KOTARSKY, H., HELLWAGE, J., ZIPFEL,
P. F., SJIOBRING, U. & LINDAHL, G. 1998. Role of the hypervariable
region in streptococcal M proteins: binding of a human complement
inhibitor. Journal of immunology (Baltimore, Md. : 1950), 161, 4894-
4901.

JOHNSSON, E., THERN, A., DAHLBACK, B., HEDEN, L. O., WIKSTROM,
M. & LINDAHL, G. 1996. A highly variable region in members of the
streptococcal M protein family binds the human complement regulator
C4BP. Journal of immunology (Baltimore, Md. : 1950), 157, 3021-3029.

MCNAMARA, C., ZINKERNAGEL, A. S., MACHEBOEUF, P,
CUNNINGHAM, M. W., NIZET, V. & GHOSH, P. 2008. Coiled-coil
irregularities and instabilities in group A Streptococcus M1 are required
for virulence. Science (New York, N.Y.), 319, 1405-1408.

MORFELDT, E., BERGGARD, K., PERSSON, J., DRAKENBERG, T,
JOHNSSON, E., LINDAHL, E., LINSE, S. & LINDAHL, G. 2001.
Isolated hypervariable regions derived from streptococcal M proteins
specifically bind human C4b-binding protein: implications for antigenic



41

variation. Journal of immunology (Baltimore, Md. : 1950), 167, 3870-
3877.

PERSSON, J., BEALL, B., LINSE, S. & LINDAHL, G. 2006. Extreme sequence
divergence but conserved ligand-binding specificity in Streptococcus
pyogenes M protein. PLoS pathogens, 2, e47.

STEER, A. C., LAW, 1., MATATOLU, L., BEALL, B. W. & CARAPETIS, J. R.
2009. Global emm type distribution of group A streptococci: systematic

review and implications for vaccine development. Lancet Infect Dis, 9,
611-6.

WANG, C. H., CHIANG-NI, C., KUO, H. T., ZHENG, P. X., TSOU, C. C,,
WANG, S., TSAL P. J., CHUANG, W. J., LIN, Y. S., LIU, C. C. & WU,
J. J. 2013. Peroxide responsive regulator PerR of group A streptococcus is
required for the expression of phage-associated DNase Sdal under
oxidative stress. PLoS ONE, 8F1



Chapter 3:

M"YR_.C4BPa1-2 Co-crystal Phasing Strate ies, Structure
y g g

Refinement and Verification

42



43

M"VR_C4BP01-2 CO-CRYSTAL PHASING STRATEGIES, STRUCTURE

REFINEMENT AND VERIFICATION.

Phasing Strategies

This chapter outlines the phase determination strategy I adopted. The first
M"VR_C4BPal-2 complex I crystallized was the M2"VR-C4BPal-2 complex. A
solution state structure of C4BPal-2 had previously been determined (Jenkins et
al., 2006). Based on this fact, a molecular replacement solution was pursued first.
After collection of a native data set, a series of molecular replacement runs were
performed in Phenix (Adams et al., 2010) using the program Phaser. Using the
complete solution state structure of C4BPal-2 as a search model, I was not able to
find a solution using molecular replacement. Upon eventual crystal structure
determination of the M2"VX-C4BPal-2 complex, it was determined that a
molecular replacement solution was not possible due to a ~180° rotation of
C4BPal with respect to C4BPa2 centered at the interdomain residue of Lys63.
This domain shift had previously been predicted but the extent of the shift was not
known (Jenkins et al., 2006). At the time, I addressed this predicted domain shift
by using individual C4BPa domains of C4BPal-2 as the search model. This
approach again did not yield a molecular replacement solution even when the
individual domains were used as a search model in combination with a modified
M1 HVR, for which we have the structure (McNamara et al., 2008). This

modified M1 HVR had all residues except core a and d heptad positions
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substituted with alanines. GCN4 was also used as a search model in combination
with the C4BPal-2 individual domains. Despite all search models attempted, no
solution was found.

After molecular replacement proved to be an unsuccessful phasing
strategy for the M2"VR-C4BPal-2 complex, alternative phasing strategies were
pursued. The second strategy investigated was isomorphous replacement. To
obtain an isomorphous crystal containing incorporated heavy metals, I began by
soaking native M2"VR-C4BPal-2 crystals in reservoir solutions supplemented
with various heavy metal compounds at various concentrations and various soak
times. However, despite all metal, soak time and concentration combinations
used, heavy atom positions could not be located within the crystal upon
performing analysis of the isomorphous diffraction data. To aid in heavy atom
binding to the protein crystal, cysteine substitution mutations were introduced into
the M2"® at the C-terminal region of our construct (not within the N-terminal 50
amino acid HVR sequence necessary for C4BP binding). To maximize my
chances of metal binding, I made three separate single-site cysteine mutants,
KI101C, Q116C and Q134C. Both the K101C and Q116C were at the f heptad
position, the residue most distal from the core of the coiled coil. The Q134C
mutation was at the more central g position. After a series of soaks similar to
those mentioned above, a solution was not obtained for any of the three cysteine

mutants upon analysis of our isomorphous diffraction data.



45

The anomalous dispersion phasing strategy was the last strategy available
and the one that proved ultimately successful. However, I encountered many
hurdles along the way. Initially, it was more practical to introduce a

selenomethionine-label into the M21VR

protein due to the fact the protein was
easily expressed and purified in E. coli with robust yield. Despite C4BPal-2
containing one native methionine, the fact that the protein needs refolding and has
lower purification yields suggested that it was a less than ideal target for
selenomethionine incorporation. It was determined by calculating the anomalous
signal contribution of selenomethionine that two methionine residues would be
sufficient to acquire the necessary anomalous signal (~3.5% anomalous signal).
UHowever, M2""® has no native methionines. Due to the evolutionary tendency
for leucine to be substituted with methionine, methionine substitutions at leucines
present at core a or d positions were introduced. These substitutions were
introduced into the C-terminal region of our construct (not within the N-terminal
50 amino acid HVR sequence necessary for C4BP binding). Using a combination
of four different @ and d position sites Leu99, L111, L114 and L134, a series of
double mutants were produced (1) L99M, L114M, (2) L111M, L134M, (3)
L99M, L134M, and (4) L111M, L114M. Upon crystallization and data collection
of these M2""® substitution mutants in complex with C4BPal-2 crystals, no
anomalous signal was detected upon analysis of the data. This suggested that the

region the selenomethionines substitutions were introduced into was not ordered

in the crystal. Upon eventual crystal structure determination of the M2"'R-
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C4BPal-2, it was shown that this is indeed the case. Such disorder might also
suggest a reason why the isomorphous replacement strategy was also unsuccessful
in phase determination. At the time, to address this concern, I decided to
substitute methionines for leucines at core a and d positions of the heptad located
in the 50 amino acids of the N-terminal HVR region. Unfortunately, these mutant
proteins did not crystallize, suggesting that the disruption made by introduction of
the selenomethionines at these positions was sufficient to interfere with M2"'X
binding to C4BPal-2.

After no luck with incorporation of selenomethionine into the M2"'R,
selenomethionine was incorporated into C4BPal-2. C4BPal-2 has one native
methionine at residue 14. The addition of two more methionines was predicted to
provide sufficient anomalous signal (~4.3%) for structure determination of our
complex. Again, in a series of substitution mutants, leucines were substituted with
methionine at two of three C4BPal-2 residue (positions 29, 46, or 71), producing
three unique double substitution mutants. Residues 29 and 46 are in domain
C4BPal and residue 71 is in domain C4BPa2. After successful refolding of
C4BPal-2 and co-crystallization, all diffraction data for the three crystals
provided sufficient anomalous signal to obtain a solution. Ultimately this strategy
yielded the M2"VR-C4BPal-2 crystal structure. Subsequently, this crystal
structure allowed for a molecular replacement solution of the M28"V*-C4BPal-2
co-crystal structure using only the C4BPal-2 protein as a search model from the

M2"VR.C4BPal-2 structure. The M22"YR-C4BPal-2 co-crystal structure
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eventually was solved using portions of the M28"YR-C4BPal-2 co-crystal
structure as a search model. The M49"YR.C4BPu1-2 structure also had to be

solved by anomalous dispersion in a similar manner to that of M2"V*-C4BPa1-2.

Data Collection
All data were collected with crystals under a liquid N; cryostream (~190

°C). Diffraction data for native M2"®-C4BPa1-2 were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 9-2. For phasing purposes,
single wavelength anomalous dispersion (SAD) data were collected from SeMet-
labeled M2"VR-C4BPal1-2 (L29M/L46M) and M2"VR-C4BPal-2 (L46M/L71M)
at the Advanced Photon Source (APS) beamline 19-ID. Diffraction data for native
M22"VR.C4BPal-2 were collected at APS beamline 24-ID-C and native
diffraction data for M28"'R-C4BPal-2 were collected at the Advanced
Lightsource (ALS) beamline 8.2.1. For phasing purposes, SAD data were
collected from SeMet-labeled M49"VR-C4BPal-2 (L29M/L46M) at APS
beamline 24-ID-E. M2"VR-C4BPal-2, M2"VR-C4BPa1-2 (L29M/L46M), M2"VR-
C4BPal-2 (L46M/L71M) and M28"VR-C4BPal-2 data were indexed, integrated,
and scaled using HKL2000 (Otwinowski and Minor, 1997). M22"VR-C4BPal-2
and M49"VR.C4BPa1-2 (L29M/L46M) data were indexed, integrated, and scaled

using XDS (Kabsch, 2010).
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Structure Determination and Refinement

For structure determination of M2"VR-C4BPal-2, Se sites from SeMet-
labeled M2"VR-C4BPal1-2 (L29M/L46M) and M2"VR-C4BPal-2 (L46M/L71M)
SAD data were located and phases calculated for each data set using the program
Autosol within Phenix (Adams et al., 2010). The two sets of phases were then
combined using the Reflection File Editor program in Phenix. From the combined
phase set, four Se sites, three at substituted methionines and one at the native Met
14, were identified per asymmetric unit, which contained one M2""® and one
C4BPal-2 molecule.

Model building was performed with the program Coot (Emsley and Cowtan,
2004), and refinement with the program Phenix. Using the existing NMR
structure as a starting point, the C4BPal-2 molecule was manually built into
density by inspection of SAD phased maps. Refinement was performed with
Phenix using default parameters, and TLS parameterization (M2"'R: 53-57; 58-
86, CABP: 0-59; 60-124) was performed at later stages of refinement. About 25
iterative cycles of building and refinement, with each refinement step consisting
of 3-5 rounds and using experimental phases as constraints were performed. The

M2"VR was then built into density by inspection of GA-weighted 2mF — DF and

HVR
2

mF — DF maps. The amino acid register for the coiled-coil of the M was

assigned from the well-defined density of large side chains (i.e., His20, Phe75,
His85). After the M2"V® model was built, ~10 iterative cycles of building and

refinement were performed, as above. The structure was then refined against
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higher resolution (2.56 A) native data by an additional ~50 iterative cycles of
building and refinement using the calculated phases (Table 3.1). Individual B-
factors were refined isotropically throughout. Water molecules were added in the
final stages of refinement using Phenix with default parameters (3¢ peak height in

GA-weighted mF — DF maps). Continuous electron density was evident for the

entire main chain of C4BPal-2 and for residues 53-86 of the M2""®, Not all
residue side chains were visible in C4BPal-2 density, particularly those in some
of the larger loops. The final model was validated with MolProbity (Chen et al.,
2010), which indicated residues in the Ramachandran plot with 90.3% preferred
regions, 8.4% in allowed regions and 1.3% in disallowed regions. The MolProbity

2"VR_C4BPal-2 complex was 18.23 (81 percentile), with an

clashscore for the M
overall MolProbilty score of 3.03 (44™ percentile).

The structure of M2"™'R (K65A/N66A)-C4BPal-2 was determined by
refining M2"VR-C4BPa1-2 structure with K65A/N66A substitutions against the
M2"VR (K65A/N66A)-C4BPal-2 crystal data (Table 3.1). Identical Ry flags
were maintained for the two structures. Approximately 15 cycles of building and
refinement were performed iteratively with the programs Coot and Phenix Refine
using default parameters, and with TLS parameterization (M2""®: 53-57; 58-86,
C4BP: 0-59; 60-124). The final model was validated with MolProbity, which
indicated residues in the Ramachandran plot with 92.3% in preferred regions,

5.8% in allowed regions and 1.9% in disallowed regions. The MolProbity

clashscore for the M22""® (K65A/N66A)-C4BPal-2 complex was 7.34 (98th
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percentile), with an overall MolProbilty score of 2.64 (50" percentile).

The structure of M28"'R-C4BPul-2 was determined by molecular
replacement using the program Phaser (within Phenix) with C4BPal-2 of the
M2"VR.C4BPal-2 structure as the search model (Table 3.1). A molecular
replacement solution was found with a Log-Likelihood Gain of 378.998. The
resultant electron density map displayed an alpha helix in the asymmetric unit that

accounts for the M28"1VR

molecule bound to C4BPal-2. The program Coot was
used for model building. The M28""® helix was build into density; well-defined
density of large hydrophobic residues (i.e. Tyr62, Tyr76, Tyr77) were used to

determine the register of the coiled-coil. The model was then subjected to cycles

of rigid body refinement followed by inspection of GA-weighted 2mF_ — DF and
mF — DF omit electron density maps and rebuilding. Approximately 30 cycles

of building and refinement were performed iteratively with the programs Coot
and Phenix Refine using default parameters, with TLS parameterization (M28"'X;
55-60, 61-65, 66-70, 71-75, 76-80; C4BP: 0-6, 7-14, 15-21, 22-28, 29-40, 41-46,
47-53, 54-58, 59-68, 69-77, 78-89, 90-97, 98-105, 106-118, 119-124) at the later
stages of refinement. Individual B-factors were refined isotropically. Continuous
electron density was evident for the entire main chain of C4BPal-2 and residues
54-80 of the M28""®. The final model was validated with MolProbity, which
indicated residues in the Ramachandran plot with 79.1% preferred regions, 16.8%
in allowed regions and 4.1% in disallowed regions. The overall MolProbity

clashscore for the M28"VR-C4BPa1-2 complex was 57.74 (32" percentile) with
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and overall MolProbilty score of 3.11 (24™ percentile).

The structure of the M22"VR-C4BPal-2 complex was determined by
molecular replacement (Table 3.1). A crystallographic model of a complex
containing a dimer of M28""® bound to one C4BPal-2 molecule was used as a
search model. The initial solution placed two copies of the search model in the P
21 21 21 asymmetric unit. The Mathews probability calculation suggests 4
C4BPoal-2 molecules and 2 M22"® dimers in the asymmetric unit at a solvent
concentration of ~50%, suggesting the need to build two additional C4BPal-2
molecules. After refinement of the initial model, the four additional domains of
the two C4BPal-2 molecules were placed stepwise and individually into density
between rounds of iterative refinement. Compared to the bound form of C4BPal-
2 observed in other structures, a different orientation of C4BPal domain
C4BPal-2 was observed. This observation indicates why a straightforward
molecular replacement search with two C4BPal-2 molecules bound to the
M28"VR dimer was unsuccessful. Strong density of the M28"® dimer was present
throughout the building and refinement process. The complete model without

substituting in M22""R

side chains for those of M28 was subsequently refined
with Phenix. The program Coot was used for model building. The M22""® helix
sidechains were subsequently built into density using the well-defined density of
large hydrophobic residues (i.e. Tyr66, Tyr67) to determine the register of the

coiled-coil. The model was then subjected to cycles of rigid body refinement

followed by inspection of GA-Weighted 2mF — DF and mF — DF omit electron
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density maps and rebuilding. Aproximately 30 cycles of building and refinement
were performed iteratively with the programs Coot and Phenix Refine using
default parameters, and with TLS parameterization (M22""® chain A: 52-80,
chain C: 52-79, chain E: 52-80, chain G: 52-79; C4BP chain B: 1-13, 14-27, 28-
59, 60-73, 74-86, 87-102, 103-109, 110-115, 116-124, Chain D: 0-59, 60-124,
chain F: 1-59, 60-124, chain H: 0-13, 14-33, 34-47, 48-59, 60-74, 75-86, 87-109,
110-124) at the later stages of refinement. Individual B-factors were refined
isotropically. Water molecules were added in the final stages of refinement using

Phenix with default parameters (30 peak height in GA-weighted mF —DF_maps).

Continuous electron density was evident for the entire main chain of C4BPal-2
and for residues 52-79(80) of the M22"VR. The final model was validated with
MolProbity (Chen et al., 2010), which indicated residues in the Ramachandran
plot with 92.6% preferred regions, 4.2% in allowed regions and 3.2% in
disallowed regions. The overall MolProbity clashscore for the M22"V-C4BPal1-2
complex was 9.81 (97" percentile), with an overall MolProbilty score of 2.49
(78™ percentile).

For structure determination of M49HVR-C4BP(11-2, Se sites from SeMet-
labeled M49"VR-C4BPal-2 (L29M/L46M) SAD data were located and phases
calculated using the program Autosol within Phenix. Six Se sites were identified
per asymmetric unit, which was found to contain an M49™® dimer and two
C4BPal-2 molecules. This is consistent with the total of two SeMet substitutions

introduced into C4BPal-2.
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Model building was performed with the program Coot, and refinement with
the program Phenix. Using the C4BPal-2 molecule from the M2"'R-C4BP
structure, C4BPa1-2 was built into density by inspection of SAD phased maps.
Refinement was performed in Phenix using default parameters, with of TLS
parameterization (M49HVR chain A: 56-60, 61-126, chain C: 56-126, C4BP chain
B: 0-10, 11-62, 63-124, Chain D: 0-13, 14-27, 28-33, 34-44, 45-53, 54-62, 63-73,
74-86, 87-102, 103-124) at the later stages of refinement. About 20 iterative
cycles of building and refinement were performed with each refinement step
consisting of 3-5 rounds and using experimental phases as constraints. The

M49""R was then built into density by inspection of GA-weighted 2mF —DF and
mF — DF maps. The amino acid register for the coiled-coil of the M49""® was

assigned from the well-defined density of large side chains (i.e., His20, Phe75,
His85). After the M49™® model was built, ~10 iterative cycles of building and
refinement were performed, as above (Table 3.1). Individual B-factors were
refined isotropically throughout. Waters were added in the final stages of

refinement using Phenix with default parameters (3¢ peak height in GA-weighted
mF — DF maps). Continuous electron density was evident for residues 56-

124(126) of the M49"® and most of the main chain of C4BPal-2 except for
some of the larger loops. The final model was validated with MolProbity, which
indicated residues in the Ramachandran plot with 88.5.0% in preferred regions,
8.4% in allowed regions and 3.1% in disallowed regions. The overall MolProbity

clashscore for the M49"VR-C4BPa1-2 complex was 15.91 (91% percentile) with an
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overall MolProbilty score of 3.23 (38" percentile).

Structure Verification Co-Precipitation Assays

Forty ng of CHise-C4BPal-2 protein was mixed with 120 pg of mature M2
protein (wild-type or mutant variant) in 50 uL. of PBS at 37 °C for 30 min. Fifty
uL of Ni*’-NTA agarose beads were equilibrated in PBS, then added to the
protein mix in a 1:1 beads:PBS (100 pL) slurry and incubated for 30 min at 37 °C
under agitation. The beads were washed three times with 0.5 mL of PBS
supplemented with 15 mM imidazole and eluted with 40 uLL PBS supplemented
with 500 mM imidazole. Input control and bound proteins were resolved in non-

reducing SDS-PAGE and visualized by Coomassie-staining.
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Table 3.1. Data collection, phasing and refinement statistics for
native and SAD (SeMet) structures.

M2-C4BP M2-C4BP M2-C4BP M28- M22- M49- M2 (K65A,
(SeMet (SeMet C4BP C4BP C4BP N66A)
L46M, L29M, (L29M,
L71M) L46M) L46M)
Data collection
Space group P4332 P4332 P4332 P4332 P212121 P43212 P4332
Cell dimensions
a,b,c(A) 148.3 148.7 148.3 133.7 68.08 78.1 148.6
148.3 148.7 148.3 133.7 80.35 78.1 148.6
148.3 148.7 148.3 133.7 152.9 3453 148.6
a, B, y(°) 90, 90, 90 90, 90, 90 90,90,90 90,90,90 90,90,90  90,90,90 90,90, 90
Wavelength 0.984 A 0.979 A 0.979 A 0.979 A 0.979 A 0.979 A 0.979 A
Resolution (A) 50- 50- 50- 50- 80.35- 86.3- 50-
2.56(2.60- 2.90(2.95- 3.00(3.05- 3.02(3.07- 2.54(2.68- 2.74(2.89-  2.29(2.37-
2.56) 2.90 3.00) 3.02) 2.54) 2.72) 2.29)
Rierge 0.18(1.00) 0.18(1.00) 0.15(1.00) 0.14(1.00) 0.14(1.00)  0.23(1.00)  0.13(1.00)
1/ (1 67.3(4.17) 21.3(2.17) 22.4(3.44) 13.2(0.81) 10.7(1.2) 11.3(1.00)  46.4(3.22)
Completeness (%)  100(100) 99.9(100) 100(100) 99.8(100)  99.8(99.9) 99.8(99.1)  100(100)
Redundancy 42.8(43.1) 40.6(40.7) 22.9(22.6) 9.509.7) 6.6(6.7) 9.4(9.6) 40.5(32.6)
ccl/2 1.00(0.86) 0.99(0.86) 0.99(0.86) 0.99(0.48) 1.00(0.60) 1.00(0.61)  0.99(0.86)
Refinement
Resolution (A) 2.56 3.02 2.54 2.74 2.29
No. reflections 18514 7480 28328 28699 47375
Ryork / Reree 0.21/0.22 0.24/0.28  0.21/0.27 0.25/0.32 0.20/0.22
No. atoms
Protein 1335 1197 4838 2953 1328
Ligand/ion 0 0 0 25 0
Water 74 0 79 286 74
B-factors
Protein 78.2 102.1 74.0 117.4 52.8
Ligand/ion 115.8
Water 103.8 54.6 85.0 48.4
R.m.s deviations
Bond lengths (A) 0.01 0.01 0.01 0.01 0.01

Bond angles(°) 1.35 1.41 1.48 1.16 1.35
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CRYSTALLOGRAPHIC RESULTS AND STRUCTURAL

ANALYSIS

To understand the broad specificity of the M protein HVR-CBP
interaction, [ determined cocrystal structures of four M protein HVRs (M2, M22,
M28, and M49) (Figs. 4.1, 4.2) bound to the first two domains of the C4BP a
chain (Fig. 1.1). As expected, the M protein HVRs studied here have little
sequence identity to one another (Fig. 4.1). Despite the lack of HVR sequence
relationship, the structures are astonishingly similar. The HVRs form parallel,
dimeric, a-helical, coiled coils, with two C4BPal-2 molecules bound to each M
protein dimer (Figs. 4.2, 4.3). The portions of the HVR’s that contact C4BPal1-2
have canonical coiled-coil structures, except for M2 which is unwound, with an
average pitch of ~240 A rather than the canonical 150 A (Fig. 4.4). C4BPal is
proximal to the C-terminal portion of the HVR and C4BPa2 to the N-terminal
portion, in agreement with the approach of intact C4BP to the streptococcal
surface (Fig 1.1).

The C4BPal and a2 domains are relatively unchanged from their free
structures as determined by NMR (average rmsd ~1.5 and ~1.0 A for domains 1
and 2, respectively), except that domain 1 is rotated 180° with respect to domain 2
(Fig. 4.5). This rotation is consistent with mutagenesis (Blom et al., 2000) and
structural evidence (André et al., 2006), and is discussed further below. The

intermolecular interface is substantial, with a total of ~1450-1690 A? of surface
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area being buried. However, most of this surface area is polar in character, and the
fit is far from hand-in-glove (surface complementarities 0.56-0.73). These
observations suggest a modest binding affinity, consistent with 0.5 pM Ky4 (André
et al., 2006) observed for the interaction between C4BPal-2 and M4"VR. This
binding is greatly strengthened (i.e., picomolar K4) through avidity between
intact, multi-armed C4BP and surface-localized M protein (Sanderson-Smith et
al., 2014).

Most significantly, the structures reveal that a uniform set of C4BP
residues recognize the sequence diverse HVRs. The structures also reveal that the
HVRs interact with C4BP in two similar but distinct binding modes, with M2 and
M49 representative of one group and M22 and M28 of a second. This difference
is appreciated at a broad level by noting that for M2 and M49, a single M protein
a-helix contacts a single C4BPal-2 molecule, whereas for M22 and M28, the M
protein helices are rotated slightly such that a single M protein a-helix contacts
two C4BPal1-2 molecules (Figs. 4.2 and 4.7).

Most of the HVR-interacting residues come from C4BPa2 and take the
form of a ‘quadrilateral’ that is composed of: (1) a hydrophobic pocket (C4BP
His67, 1le78, and Leu82); (2) a hydrogen bonding group (mainchain nitrogen of
C4BP His67); and two positively charged residues, C4BP (3) Arg64 and (4)
Arg66 (Fig 4.7a). The segment that holds this ‘quadrilateral’ is structurally
unvarying in the four structures, being stabilized by a disulfide bond at Cys65 and

limited in conformation by Pro68. The HVR’s contribute residues that form
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complementary quadrilaterals (Fig 4.7), but with the heptad positions of these
residues differing between the M2/M49 and M28/M22 modes (Fig. 4.9). In all
four structures, a hydrophobic residue (usually an aromatic) fits into the (7)
hydrophobic pocket and a residue immediately following hydrogen bonds to the
(2) mainchain nitrogen of His67. The contacts to C4BP (3) Arg64 and (4) Arg66
are predominantly electrostatic (usually salt bridge), but in the case of M49, a
polar residue is absent and instead Arg64 makes hydrophobic contacts, extending
its alkyl chains across several M49 residues (Fig 4.7a-b).

Conserved contacts from C4BPol are fewer in number than that of
C4BPa2. The key C4BPal residue is Arg39, which forms electrostatic contacts as
well as hydrophobic ones (like Arg64) through its alkyl chain, which in
conjunction with mainchain atoms of C4BPal forms a ‘hydrophobic nook’ (Fig
4.8). All four HVRs have hydrophobic residues that interact with the
‘hydrophobic nook’, with M2, M49, and M22 having these residues in the e
heptad position and M28 in the spatially proximal b heptad position. M2 and M49
also have negatively charged residues that interact with C4BP Arg39, whereas
M22 and M28 do not (Fig. 4.7).

The importance of C4BP Arg39 provides an explanation for the
aforementioned 180° rotation of C4BPal (around a hinge at Lys63, Fig. 4.5). In
free C4BP, Arg39 is positioned on the opposite side of the HVR-binding site
located on C4BPa2 and thus not in a position to interact with the HVR. This

rotation was seen in all four structures, except in one of the two C4BPal-2
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molecules bound to M22, where a crystal contact appears to prevent this rotation
(Fig 4.2, 4.6, 4.17). A similar rotation appears to be necessary for the interaction
of C4BP with C4b (Blom et al., 2000). However, the purpose of C4BP having
different free and bound conformations is unclear.

The identification of C4BP-interacting residues in the four HVRs made it
clear that the M2/M49 and M22/M28 binding modes are conserved in a larger
group of HVRs (Fig. 4.9). Analysis showed that 11 other M protein HVRs could
be assigned to the M2/M49 mode (Fig. 4.10) and 29 to the M22/M28 mode (Fig.
4.11). Thus, the structural evidence enabled identification of hidden sequence
conservation in a large number of HVRs. Of note, a further 46 HVRs could not be
assigned to either mode (Fig. 4.12), suggesting that HVRs interact with C4BP in
other ways not identified by the four structures presented here.

I next sought to understand the contribution of individual M protein
residues to the interaction with C4BP, and turned to M2, since its complex with
C4BPal-2 was the first to be structurally characterized. Alanine substitution
mutants were created in the M2 residues mentioned above that make conserved
contacts (i.e., with the C4BPa2 quadrilateral and C4BPal Arg39) along with two
that make contacts that are unique to M2 (Lys65 and Glu83) (Fig 4.14). The
M2"VR.C4BPal1-2 interaction was assessed through a Ni*-NTA agarose
coprecipitation assay using His-tagged C4BPal-2 (Fig 4.13). Of the single-site
substitutions, the aromatic F75A showed a decrease in binding. This residue fits

into the hydrophobic pocket of the nook in C4BPal. Two double-site
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substitutions also diminished binding. The first, D62A/E68A, removes two of the
polar contacts to the C4BPa2 quadrilateral and the second, E76A/D79A, removes
the two salt bridges to C4BPal Arg39 (Fig. 4.14).

Surprisingly, two of the single-site mutations, K65A and N66A, increased
binding, as did the K65A/N66A double mutant (Fig. 4.13). To understand
whether substitutions at these sites reordered the binding site, I determined the
structure of the complex of the M2"'® K65A/N66A mutant with C4BPal-2 and
found that the structures of wild-type and the double-substitution complex were
nearly identical (rmsd 0.15 A) (Fig. 4.19). This result suggests that these two
residues are poorly tolerated in the binding site. Lys65 forms a hydrogen bond to
the mainchain oxygen of C4BP Arg64, which is unique to M2 and not seen in the
other HVRs structurally characterized here (Figs. 4.15-18). But this positively
charged residue is also sandwiched between two other positively charged key
residues, C4BP (3) Arg64 and (4) Arg66, providing an explanation for why its
substitution by Ala leads to enhanced binding. The other residue, M2 Asn66,
forms a hydrogen bond to the C4BPa2 quadrilateral residue (4) Arg66. However,
these residues have the highest B-factors in the binding site (Fig. 4.20), and in
other M proteins that belong to the M2/M49 class, the equivalent of Asn66 is
almost always Asp or Glu (Figs. 4.7, 4.10 and 4.15). Consistent with this, I
substituted Asn66 with Asp and found that this increased the binding strength (Fig
4.13). Thus, it appears that C4BP Arg66 prefers a salt bridge (e.g. N66D) or no

interaction (i.e., N66A) to a hydrogen bond, presumably because the salt bridge
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provides sufficient binding energy whereas the hydrogen bond does not, and
having no interaction relieves the entropic cost of ordering the sidechain of the
Arg.

This large set of data clarified that in the M2/M49 mode, the (1)
hydrophobic pocket prefers an aromatic residue, (3) Arg64 prefers electrostatic
interactions but other potential cases of hydrophobic interactions as seen in M49
exist (e.g., M84 and M118), and Arg39 prefers to interact with two negatively
charged residues as seen for M2. In the M22/M28 mode, the (/) hydrophobic
pocket does not have a clear preference for aromatic residues but does prefer
hydrophobic ones, (3) Arg64 prefers electrostatic interactions, and Arg39 does not
require interaction with negatively charged residues as seem in the M2/M49
mode. In both the M2/M49 and the M22/M28 modes, the (4) Arg66 prefers to
interact with negatively charged residues, and the ‘hydrophobic nook’ does not
have a clear preference for aromatic resides given the sequence analysis data.
This analysis suggests the clear identification of a C4BP ‘reading head’ that is
comprised of the five major interactions of C4BPal-2. This ‘reading head’ shows
a great deal of tolerance in binding partners that may be responsible for its ability
to bind many different M protein HVRs with such broad specificity despite no
apparent sequence similarity. This ‘reading head’ is responsible for binding
~88% of tested M-types tested (Persson et al., 2006) and could be directly applied

to the eventual design of broadly neutralizing antibodies.
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M2HVR  NSKNPVPVKKEAKLSEAELHDKIKNLEEEKAELFEKLDKVEEEHKKVEEEHKKDHEKLEKKSEDVERHYLRQLDQEYKEQQOERQKNLEELERQSQREVEK
M49HVR - AEKKVEAKVEVAENNVSSVARREKELYDQIADLTDKNGEYLERIGELEERQKNLEKLEHQSQVAADKHYQEQAKKHOEYKQEQEER

M22HVR  ESSNNAESSNISQESKLINTLTDENEKLREELQQYYALSDAKEEEPRYKALRGENQDLREKERKYQDKIKKLEEKEKNL

M28HVR  AESPKSTETSANGADKLADAYNTLLTEHEKLRDEYYTLIDAKEEEPRYKALRGENQDLREKEGKYQODKIKKLEEKEKNLEKKSEDVERHYLKKLDQEHKE

Cell Wall

HVR

M2 —mee NSKNPVPVKKEAKLSEA--ELHDKIKNLEEEKAELFEKLDKVEEEHKKVEEE

M22 ——ee- ESSNNAESSNISQESKLINTLTDENEKLREELQQYYALSDAKEEEPRYKA-—

M28 AES--PKSTETSANGADKLADAYNTLLTEHEKLRD---EYYTLIDAKEEEPRYKA-—

M49 AEKKVEAKVEVAENNVSSVARREKELYDQIADLTDKNGEYLERIGELEER-——————
- * . * . - * %

Figure 4.1. Schematic of M protein domains.

M proteins are hypervariable at their N-termini, with conservation increasing
towards their C-termini. The sequences of M2, M49, M22, and M28
cocrystallized with C4BPal-2 are depicted, with the HVR in light blue and the A
region in darker blue. A multiple sequence alignment of the M2, M49, M22, and
M28 HVRs is shown, as carried out using MUSCLE (Edgar, 2004a, Edgar,
2004b).
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Figure 4.2. Structures of M" ®" C4BPal-2 complexes.

C4BPal-2 (cyan) in complex with M2"® (red), M49"™"® (yellow), M22""R
(blue), and M28"® (magenta).
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Figure 4.3 Superposition of M"VR-C4BPa1-2 complexes.

Superposition is based on one of the two C4BPal-2 molecules of the complex
(shown at right in cyan). M2""® is red and its second C4BPa1-2 molecule green;
M49"™VR s yellow and its second C4BPal-2 orange; M22""® is blue and its
second C4BPal-2 is omitted due to a crystal contact restricting its orientation;
and M28""R is magenta and its second C4BPa1-2 pink.
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Figure 4.4. Coiled coil parameters.

Radius and pitch of the a-helical coiled coils of M protein HVRs at the interface
with C4BPal-2. Coiled coil parameters were calculated using the program
TWISTER (Strelkov and Burkhard, 2002).
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Figure 4.5. Rotation of C4BPal-2.

a. Superposition of free (magenta) and M protein-bound C4BPal-2 (cyan) based
on the C4BPa2 domain, depicted as Ca chain traces. C4BPal rotates 180° around
Lys63 (left). The position of Arg39 is shown in bonds representation. b. 90°
rotation view of the superposition shown in panel a, with one a-helix of the
M2"VR which interacts with Arg39, shown as a blue ribbon.
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Figure 4.6. Tilt of C4BPa1-2 in M22 secondary binding mode.

a. Superposition of free (magenta) and M22 protein-bound C4BPal-2 (cyan)
based on the C4BPa2 domain, depicted as Ca chain traces. C4BPal tilts at Lys63
(left). The position of Arg39 is shown in bonds representation. b. 90° rotation
view of the superposition shown in panel a, with both o-helices of the M2"",
which does not interact with Arg39, shown as a blue ribbon.
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C4BPa2

Figure 4.7. C4BPa2 binding mode.

a. The C4BPo2 quadrilateral (blue dashed lines), with the C4BPa2 backbone
shown in ribbon representation and key sidechains shown as bonds (here and in
following panels). The chemical character of M protein residues that interact with
the quadrilateral is depicted: ¢, hydrophobic; —, negative; H, hydrogen bond
forming. b. M2, M49, M22, and M28 residues that interact with the C4BPa2
quadrilateral, shown in open-book representation with respect to C4BPa2. The M
protein residues form the complementary quadrilateral (red dashed lines).
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Arg 39

Figure 4.8. C4BPal binding mode.

a. The C4BPal Arg39 nook. ¢ denotes a hydrophobic pocket. b. M2, M49, M22,
and M28 residues that interact with the C4BPal Arg39 nook shown in open-book
representation.
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76

Figure 4.9. C4BP-binding modes of M proteins.

Heptad register of M2, M49 and M28 HVRs (a and d residues in grey). M protein
residues interacting with C4BPal-2 residues are highlighted according to their
corresponding C4BPal-2 interaction.
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abcdefgabcdefgabcdefgabcdefgabcdefg
KKEAKLSEAELHDKIKNLEEEKAELFEKLDKVEEE
VSSVARREKELYDQIADLTDKNGEYLERIGELEER
KEATKLSEAELYNKIQELEEGKAELFDKLEKVEEE
KEAKKLNEAELYNKIQELEEGKAELFDKLEKVEEE
EGVSVGSDASLHNRITDLEEEREKLLNKLDKVEEE
ASVKKNNEEELHNKIADLLDONEEYLNKIDELKEG
SVSVKDNEKELHNKIADLEEERGEHLDKIDELKEE
GPVPRSLWLREYDKNQELTKKLTEFEEKLLQN

SSVPVKKAAELYDKIKELEEGREELLNDLDKVKED
QKONVSSNGRIYEIYDELQTKYDELQTKHEELLGE
SSVSVKNEVKLHNETAALOQEEKEKLLNELDVKEEH
ADSNASSVAKLYNQIADLTDKNGEYLERIEELEER
ATKSKLSEAELHDKIKNLEEEKAELFEKLDKVEEE

Figure 4.10. Sequence alignment of C4BP-binding M protein HVRs of the
M2/M49 binding mode.

Residues that contact or are predicted to contact C4BP are in red, and the heptad
register is indicated above. Residues falling at core d positions of the heptad
register are highlighted in blue.
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abcdefgabcdefgabcdefgabcdefgabcdefg

M22 ISQESKLINTLTDENEKLREELQQYYALSDAKEEE
M28 ADKLADAYNTLLTEHEKLRDEYYTLIDAKEEEPRY
M4 AWNWPKEYNALLKENEELKVEREKYLSYADDKEKD

M4.1 AWNWPKEYNALLKENEEFKVEREKYLSYADDKEKD
PrtH NAKLVEVVETTSLENEKLKSENEENKKNLDKLSKD

M9 LSVPKTEYDKLYDDYDKLQEKSAEYLERIGELEER
M8 NEQLINELNNLIEENNDLKDKLARNLDLLDNTREK
M11 TNVSADLYNSLWDENKTLREKQEEYITKIQNEETK
M15.1 WKLTIEEYNKLLDENEKLKEKNEEYLEKIGEQEER
M25 AKAAEAKVDKLEKOQLEGYKKLEEDYFNLEKR

M4 2 KVKLEVLYNSLWEENKTLREEQEEYTIAKIDKLDEK
M44 GSVSLELYDKLSDENDILREKQDEYLTKIDGLDKE
M55 LYQERQRLODLKSKFODLKNRSEGYIQQYYDEEKN
M59 ELTLOOKYDALTNENKSLRRERDNYLNYLYEKEEL
M60 ISKERELINTLVDENNKLMEERARHLDLIDNTIT

M61 GSVSLELYDKLSDENDILREKQDEYLTKIDGLDKE
M63.4 KLTLEHKYNALTNENKSLIRREKDKYLYEKEELEK
M66 ONTWEKRYQKLSDDHTLLODAIEEISSENEKLKSE
M67 GGVRLDLYDKLSKENDILREKQDEYLTKIDELGEK
M69.1 GGVSLDLYSKLLNENDILRDKOQDDYLTKIDELTEK
M76 SNVSINLYNELQAEHDKLOTKHEELLAEHDALKEK
M78 SITNEQLIDKLVEENNDLKEERAKYLDLLDNREKD
M81 ENVPKOQOYNALWEENEDLRGRERKYIAKLEKEEIQ
M85 TSVSADLYNSLWDENKTLREKQGEYITKIQNEETK
88.1 ISNNERLINELTDENNELKDKLARSLDLLDNTREK
M92 SGSVSTPYNNLLNEYDDLLAKHGELLSEYDALKEK
M96 LDOFGRDYDELQKKYDKLDKENKEYASQLGK

M109 ADNLAKEYNTLLTENEKLREELQQYYALIDAKEEE
M110 HEELWKEYDILKEKLDKDQEEREKIELNYLK
111.1 VTAPAHFWENQRREIEKLKGEIDQLKLLLGKS
M117 GSVSIDRYNELSGEYNKLLDONGNLLDENEILREK

Figure 4.11. Sequence alignment of C4BP-binding M protein HVRs of the
M2/M49 binding mode.

Residues that contact or are predicted to contact C4BP are in red, and the heptad
register is indicated above. Residues falling at core d positions of the heptad
register are highlighted in blue.
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DRVSRSMSRDDLLNRAQNLEAKNHGLEHQNTKLSTENKTLQEQAEARQKE
KDELIKRANGYEIQNHQLTVENKKLKIDKEQLTKENDDLKTEKDQLEQRS
RVYITRRMTKEDVEKIANDLDTENHGLKQQONEQLSTEKQGLEEQNKQLST
EGEPREVSEELVNSNPVLLNKKIAKLKEELANKEQESKESKEAIDALNNI
EVLTRRQSQDPKYVTQRISDLEVKNHDLENKNEKLTSENQNLKNKTTELE
EEAGASRTITSSENISKLYDENSKLIEERADLLGKLEEKEDKLESVERQY
EGKAAAVSRSNSEQNNSEQNNLEKRYRKLSDDYTVLQEAIEGISSENEKL
EEASNNGQLTLQHKNNALTSENESLRREKEELEKKNKELDSQVAGLIGVV
DGERVPKNNRLSKKYSELSEKYGALSEKYGALLDKQGALLDKQEELEKEN
EVNTRSRAQDAGYQKGRADKLETENHGLKFQNEKLONQNNDLKTQTATLT
APLTRATADNKDELIKRANDYEIQNHQLTVENRKLKTDKEQLTKENDDLK
KAVTRGTVSDPETARQTIDKYDIKNHQLTQENEKLTKEKEELTQENEKLT
KALTRSTASNSETARQTINDYEIKNHNLTQENEKLTEQNKELTSEKEKLT
AAVTRHMSTEQLKQRVREYDIENHKLKTDKARLEAEKGQLETKKNELEAK
RAITRATSDDPAKLKQMVEGYELENHTLKNDKEKLTTENSALTTEKNRLT
RVTTRSQAQDAAGLKEKADQYEVRNHELEHNNEKLKTENSDLKTENSKLT
KAVTRSTASDPEKARQTINEYEVKNHKLTQDNERLAQEKKGLTQONNERLT
DSSREVTNELTASMWKAQADSAKAKAKELEKQVEEYKKNYETLEKGYDDL
DSRDITGTLPATMWKQKAEEAKAKASNLEKQLEEARKDYSQIEEKLEQFG
ESPREVTNELAASVWKKKVEEAKEKASKLEKQLEEAQKDYSEIEGKLEQF
DSPRDVTSDLTTSMWKKKAEEAEAKASKFEKQLEDYKKAQKDYYEIEEKL
EGVNRHNSEQNTWEKRYRELSEDHALLEATIDDISLENEKLKSENKKNLE
EEHEKVTQAREAVIREMQQORGTNFGPLLASTMRDNHNLKETLDKTKKEID
EGNARLAQAQEEALRDVLNNTPHNQLRDAYAGAFRRNNELEKIIQEKERE
EEHPDVVAARESVLNNVRVPGTLWLRQKEENDKLKSEKKGLETELQEKEQ
DOPVDHHRYTEANDAVLQGRTVSARALLHEINKNGQLRSENEELKADLQK
DRLHPGYTAANNAARNEFLVPAGAVLHEREKNDELRLKNEELKADLQKKE
EEVKKAEEVKKAEESESKSAAKMWENMYKELDRDYSLLEKTVENMSLENM
EEHESVTRAREAATREMMRQGRGDFAPLLANATIRDNNNLTETLDKTKKE I
NRADDARREVLRGQFVEAELWHHQIQENDQLKLEKEELKSDLQKKEQELK
FTVTRSMTRDYLAKVVQDFDTKNHELETHNSELSATNQTLOGQVEAEQKK
EEERTFTELPYEARYKAWKSENDELRENYRRTLDKFNTEQGKTTRLEEQN
HQOLADAARREVLKGETVPAHLWYYQKEENDKLKSANEELETTLQKKEQEL
DSSSRDITEAGVSKFWKSKFDAEQNRANELEKKLSGYEKDYKTLEQEYEN
DNPRYTDAHNAVTQGRTVPLONLLHEMDKNGKLRSENEELKADLQKKEQE
DNVGRVDVDKIREEALHQAIGGMTNVQLRNTLAGSFRMNDELKKAIQEKE
ADDHPGAVAARNDVLSGFSVPGNVWYRQHQEIGKLKSEKEELETELQEKE
DRYTDAHNAVTQGRTVPLRNLLLEMDKNSKLRSENEELQAGLQEKERELE
ADHPSYTAAKDEVLSKFSVPGHVWAHEREKNDKLS SENEGLKAGLQEKEQ
AEAQAQAQAEAKAEAKAPAPAKAPAKAQTREKQLLLLEEYRKLEEGYFNL
KEHESVTRAREAAIRQMMOOGGRDFAPLLADTIRDNNNLRETLDETKKET
DHPLYTAANNAVRNGLSPSDRAVLAEIDKNDKLRLENKELKAGLQEKEQE
DOPNHPRYTDANNAVRNGLSPRDRAVLAEIDKNDKLRLENEKLKAGLEEL
DDNPRYTAAQDEVLRELPGQAQAFSRAFLYERQKNGELRLENEGLKTALQ
DOPNHPGYTEANNAVLNGYSVPLRYWAHEREKNDKLSSENEELKAGLQKK
AENHPLAESARRQVLGESTVPASAWYYQKEENDKLKSENEGLKTDLQGKE

75

Figure 4.12. C4BP-binding M protein HVRs that cannot be classified as
belonging to either M2/M49 or M22/M28 classes.

Residues falling at core d positions of the heptad register are highlighted in blue.
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Figure 4.13. Mutational analysis of C4BP-M2 interactions.

a. Association of His-tagged C4BPal-2 with wild-type and mutant M2 HVR at 37
°C, as assessed by a Ni*-NTA agarose coprecipitation assay and visualized by
non-reducing, Coomassie-stained SDS-PAGE. b. Experimental inputs for His-
tagged C4BPal-2 with wild-type and mutant M2 HVR coprecipitation assay.
Inputs visualized by non-reducing, Coomassie-stained SDS-PAGE.
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Figure 4.14. Structure of M2"V*-C4BPa1-2

Structure of the M2""® (gray ribbon representation with key sidechains in bonds
representation, for which carbons are yellow, oxygens red, and nitrogens blue)
bound to C4BPal-2 (cyan ribbon representation, with key sidechains in bonds
representation, for which carbons are cyan, oxygens red, and nitrogens blue).
Hydrogen bonds and salt bridges depicted by dashed magenta lines.
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Figure 4.15. Structure of M49" *-C4BPal-2.

The depiction is as in Figure 4.14.
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Figure 4.16. Structure of M22"V*-C4BPal-2a.

The depiction is as in Figure 4.14.

C4BPal
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Figure 4.17. Structure of M22*"V*.C4BPa1-2a.

The depiction is as in Figure 4.14.
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Figure 4.18. Structure of M28""*-C4BPal-2a.

The depiction is as in Figure 4.14.

C4ABPa2
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M2HVR_CABPQ2 b. M2HVR(K65A, N66A)-C4BPa2 . Superposition

Figure 4.19. Interactions of M2""® and M2"V*(K65A, N66A) with C4BPa2.

a. M2"R is depicted as a green ribbon, with Lys65 and Asn66 in bonds
representation. C4BPo2 is in cyan ribbon representation, with Arg64, the
mainchain carbonyl of Arg64, and Arg66 in bonds representation. Hydrogen
bonds depicted as red dashed lines. b. M2"VR(K65A, N66A) is depicted as a gold
ribbon, with Ala65 and Ala66 in bonds representation. C4BPa2 is in gray ribbon
representation, with the same groups as in panel a shown. ¢. Superposition of the
structures shown in panels a and b.
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MZHVR-C4BP(12 MZHVR(KGSA, N66A)-C4BP(12

40 190 21 99

Figure 4.20. B-factors of M2"V® and M2"V®(K65A, N66A) with C4BPa2.

B-factors of M2"® (left) and M2"VR(K65A, N66A) (right) as represented by
color spectrum. Representations center at M2 Lys65 Asn66 and corresponding
alanine substitution mutants highlighting differences in B-factors at these and
surrounding residues. All resides are shown in bonds representation with the Ca
backbone shown in ribbon representation.
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DISCUSSION

Vaccination is historically one of the most important medical interventions
for the prevention of infectious diseases. Unfortunately, due to the antigenic
variability of the surface-exposed M protein, the development of a broadly
protective GAS vaccine has been elusive. In this dissertation I have presented a
novel approach to GAS vaccine development that takes advantage of the broad
specificity of C4BP for the HVR of GAS M protein. By comparative structural

analysis of the co-crystal structures of four M""X

-C4BP complexes, I identified a
structurally conserved C4BP ‘reading head’ responsible for recognizing a broad
range of M protein HVRs. This ‘reading head’ is made up of a C4BPa2
‘quadrilateral’ of contacts (Fig. 4.7) and a C4BPal ‘hydrophobic nook’ (Fig. 4.8).
The thorough comparative analysis of multiple M"'X-C4BP interactions
presented here could potentially be applicable to the eventual design of broadly
neutralizing antibodies.

All four structures show a domain shift of C4BPal with regards to
C4BPa2 when bound to M protein compared to the unbound state (Fig. 4.5). This
shift confirms the previously predicted domain movement that was based on
chemical shift perturbations observed between the M-protein bound and unbound

C4BPal-2 NMR spectra (Jenkins et al., 2006). Our structures show that this

domain shift is a ~180° rotation around Lys63. This rotation positions the
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C4BPal ‘hydrophobic nook’ such that it contacts a hydrophobic residue of the M
protein HVR (Fig. 4.8). The importance of Lys63 had previously been
demonstrated in the M22-C4BP interaction, as a K63Q substitution mutation
showed a reduction in binding (Blom et al., 2000). A similar domain shift was
also predicted for C4b binding as well since the same K63Q mutation also
attenuated C4b binding. Without the rotation, Arg39 is spatially distal to the
other residues shown to be involved in C4b binding (i.e. Arg64 and His67) (Blom
et al., 2000). These data suggest that there are shared characteristics between C4b
and M protein binding despite the binding sites not being identical (Blom et al.,
2000).

The structures I present here might suggest that contacts by C4BPa2 are
the primary contributors to binding as all the structures show a majority of residue
contacts (Fig. 4.7) and buried surface area is at the M-C4BPa2 interface.
However, previous studies (Jenkins et al., 2006) as well as our mutagenesis
results (Fig. 4.13) have shown that C4BPal also plays an important role in
binding. There is no evidence to suggest that the C4BPal domain rotation occurs
in the unbound state (Jenkins et al., 2006), implying that an initial binding
interaction may occur at C4BPa2, which initiates the rotation of C4BPal which
eventually comes to rest when the Arg39 ‘nook’ comes into contact with the
hydrophobic residue of the HVR. The fact that one of the C4BPal-2 molecules
bound to the M22"™® dimer in the M22"VR-C4BPal-2 co-crystal structure is

blocked from rotating due to crystal contacts (Fig. 4.5 and 4.17) also suggests that
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this rotation only comes after an initial binding event centered at C4BPa2. It also
suggests that for M22-C4BP binding the C4BPal interaction is the more
secondary of the two C4BPal-2 domain interactions as a C4BPal alternate
binding interaction is tolerated in the crystal structure (Fig. 4.17).

Previous binding studies have been performed on the M22 protein, for
which we have a crystal structure, which implicate many of the residues we
observe in our binding mode. In particular, C4BPa2 Arg64, Arg66 and His67 and
C4BPal Arg39 have all been substituted with GIn and showed changes in binding
affinity (Blom et al., 2000). Two of these mutants (R64Q and H67Q) showed
attenuation in binding whereas the other two (R66Q and R39Q) showed an
increase in binding, albeit for reasons that are not entirely clear. The potential
flaw of these binding studies is that the substituted glutamine might introduce
unpredictable gain of function interactions with residues not normally involved
with M"YR.C4BPal1-2 binding. For this reason, I chose alanine substitution
mutations in my M2"® binding studies as they represent a side chain deletion.

2HVR showed that an alanine

The binding interaction studies I performed on the M
substitution at Asn66, the residue that interacts with C4BP Arg66 in the
‘quadrilateral’, showed an increase in binding (Fig. 4.13). This suggests that not
all quadrilateral interactions are ideal, yet they can be tolerated without fully
disrupting binding. As antigenic variation is a competing force in GAS evolution,

such tolerance may be necessary for C4BP to bind to such an array of M-types

with broad specificity. My mutagenesis analysis also shows that single M2"'}
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disruptions in the quadrilateral are not sufficient to attenuate binding, as binding
is maintained despite alanine substitutions at any of the four points of contact
(Fig. 4.13). This observation, along with the case of M49, where a polar residue is
absent to interact with Arg64, and instead Arg64 makes hydrophobic contacts
(Fig. 4.7), further supports the idea of tolerance in the ‘reading head’. Regarding
Arg39, it should be noted that in the M22 structure we observed two distinct
binding modes at C4BPal in the crystal structure (Fig. 4.16 and 4.17), suggesting
that Arg39 may not be as important in this particular M-C4BPal-2 interaction.
This correlates with the R39Q substitution that increases binding to M22 (Blom et
al., 2000). Our mutagenesis binding data of the M2-C4BP interaction suggest that
the polar Arg39 makes a key contribution to binding. Combined, these data
suggests that (1) glutamine may satisfy the same hydrophobic requirements as an
arginine in the ‘hydrophobic nook’ for the M22/M28 binding mode, which doesn't
show salt bridging to Arg39, and (2) the polar properties of arginine are not
necessary in the M22/M28 binding mode compared to that of the M2/M49
binding mode where salt bridging with Arg39 is necessary (Fig 4.13). The data
also support the idea of C4BP tolerance in recognizing different M protein
binding modes, and just how unique each individual binding mode may be.

Two different M protein binding modes were identified, M2/M49 and
M22/M28. The most striking characteristic that distinguishes them is the fact the
M2/M49 mode is able to satisfy the complimentary ‘quadrilateral’ of contacts

with residues present on a single M protein of the coiled-coil dimer, whereas the
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M22/M28 mode requires residues from both M proteins of the dimer. This
structural difference results in different heptad positions for the interacting
residues of the separate modes. This fact may have contributed to the inability to
identify conserved binding modes across the many different M protein HVRs by
sequence analysis alone (Persson et al., 2006). In addition, a further 46 M protein
HVRs were not assignable to either mode. Because the C4BP ‘reading head’ is
common to both M2/M49 and M22/M28 mode recognition, I suggest that other M
protein HVRs will also be bound in a similar manner. To identify new, potentially
unique binding modes, further structural investigation into these 46 M protein
HVRs is required. Such structural analysis may offer additional insight into the

tolerance of the C4BP ‘reading head’ for the many HVRs that bind C4BP.
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FUTURE DIRECTIONS

The current era of vaccine development has many tools at its disposal to
identify new and novel vaccine candidates. Historically, vaccines were typically
made of crude mixtures of inactivated or attenuated disease agents. However,
over the past couple decades, important technological and computational
advances have enabled considerable progress in the design and discovery of
immunogenic, recombinant protein, vaccine antigens. Genomic science gave rise
to the field of reverse vaccinology. Reverse vaccinolgy starts with genomic
information and attempts to identify gene targets applicable to vaccine
development in silico, without the need of cultivating the pathogen. Reverse
vaccinology, aided by whole genome sequencing, DNA micro arrays, proteomics,
and bioinformatics have allowed rapid discovery and identification of putative
virulence factors, cell surface associated proteins and potential vaccine candidates
from an array of bacterial species including GAS. Despite the advent of such high
throughput techniques mentioned above, the development of a broadly protective
GAS vaccine has remained elusive.

We have taken a structural biology approach to GAS vaccine design.
Major advances in structural biology have yielded molecular insights into the
immunogenic determinants defining protective antigens, enabling their rational

optimization. A structure-based design could potentially allow for the
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modification of antigens to make them better immunogens. Examples have been
described where, on the basis of structural information, the sequence of an antigen
was altered to make it a stronger immunogen. For example, the surface of factor
H-binding protein of Meningococcus was engineered to contain non-overlapping
epitopes from three meningococcal antigenic variants, which resulted in a single
molecule that was able to induce protective antibodies against all sequence
variants (Scarselli et al., 2011).

Not unique to GAS, antigenic variation continues to present a huge
obstacle in vaccine design, even with the most comprehensive structural
understanding of the proteins involved. For example, the prospect of a human
immunodeficiency virus-1 (HIV-1) or an influenza vaccine that offers long term
protective immunity has been incredibly challenging, as these viruses have
evolved a multitude of mechanisms to evade humoral immunity. Understanding
the underlying reasons for the difficulty in eliciting protective immunity is
necessary, and ultimately, a new and novel approach to vaccine design may be
required. With regards to all three of these diseases, greater understanding has
begun to take shape in the form of direct structural analysis of the proteins
involved in eliciting neutralizing antibodies and the identification of conserved
regions between the multitude of different strains.

In the case of HIV-1, the error prone DNA-dependent RNA polymerase
activity of HIV-1 reverse transcriptase and HIV’s ability to undergo RNA

recombination give the virus the ability to generate extraordinary diversity
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(Korber et al., 2000). This has proven to be prohibitive in the development of an
effective vaccine as, like GAS, most of the antibodies elicited against HIV-1 are
strain specific and not directed to the highly conserved regions of the virus.
Compounding further the problem of genetic variation in HIV-1 vaccine design is
the constant genetic mutation of the virus within the infected host long after initial
infection such that within a single individual, HIV-1 still exists as a transient
target to the immune system. The surface protein which displays this extensive
antigenic variability is the viral envelope protein (Env).

Env is the major surface exposed antigen of HIV-1 and responsible for
viral attachment to CD4 on host immune cells to initiate infection. Beyond just
antigenic variation, Env has also developed an array of biochemical features to
evade neutralization, such as heavy glycosylation with host derived
carbohydrates, which the immune system recognizes as ‘self’, effectively masking
the virus. In order to get around such evasive mechanisms, vaccine researchers
have used structural information to locate the conserved regions of Env (Burton et
al., 2004, Nabel et al., 2011). As a consequence, such structural knowledge has
allowed researchers to artificially alter the surface of the Env protein by targeted
removal of specific regions of the protein so that only the region of interest, the
conserved CD4 binding site, is presented to the immune system (Kwong et al.,
1998, Zhou et al., 2007). Such a modified version of HIV-1 is non-infectious and
only exposes highly conserved regions that are targets for broadly neutralizing

antibodies.
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Using the modified Env protein as an antigenic target has allowed for the
isolation of B cells from people infected with HIV that recognize this region
specifically. The B cell library compiled has led to the identification of certain B
cells that produce antibodies that recognize the conserved Env region specifically
and neutralize over 90% of circulating strains by preventing viral binding to the
target cell (Wu et al., 2010, Zhou et al., 2010, Wu et al., 2011). Such antibodies,
combined with an array of neutralizing antibodies identified by deep sequencing
(Zhou et al., 2010) suggest that broadly neutralizing antibodies could be elicited
in humans and offer protective efficacy (Kwong et al., 2011).

Similar to HIV-1 virus, the problem of frequent viral antigenic change
significantly obstructs the development of an influenza vaccine that offers long-
term protective immunity. Despite the genetic diversity being considerably less
that that of HIV-1, current influenza vaccines need to be reformulated against
circulating strains annually. Given such vaccine limitations, a universal influenza
vaccine capable of conferring broad cross-protection against multiple subtypes of
influenza is a desirable goal. Like HIV-1 Env and GAS M protein, the influenza
surface-associated protein hemagglutinin (HA) is the main antigen required for
protective immunity. Historically, vaccines were directed against the variable
globular head domain of HA. Yet since the discovery of antibodies specific to a
highly conserved stalk region of HA, the goal of eliciting broadly protective
antibodies against this region has been a primary target for development of an

influenza vaccine (Wong and Webby, 2013).
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Like HIV-1, multiple monoclonal antibodies with broadly neutralizing
efficacy were discovered in B-cells libraries compiled from individuals infected
with influenza. These antibodies were directed against the conserved HA stalk
region (Ekiert et al., 2009, Ekiert et al., 2011, Corti et al., 2011, Russell, 2011,
Pica et al., 2012). Similar to the conserved region of the HIV-1 Env protein, the
HA stalk domain is mostly shielded from the immune system by the variable and
immunodominant head domain during natural infection or conventional influenza
vaccination. In order to elicit the desired immune response, augmented exposure
of the stalk domain to the host immune system through antigen design is crucial.
Using structural information and similar to the targeted removal of specifc regions
of of the HIV-1 Env protein in order to expose the conserved regions, a current
stalk-oriented antigen design strategy includes truncating HA so that it lacks the
antigenic globular head domain (Steel et al., 2010). Employing such a direct
structure-based approach to influenza and HIV-1 vaccine design forces an
immune response that does not otherwise occur in nature, and thus the prospect of
penetrating the defenses that antigeniccally variant pathogens have evolved
becomes more real.

When in comes to the rational design of broadly neutralizing antibodies to
GAS, similar approaches have been taken to that of HIV-1 and influenza. The
isolation and vaccination with the M protein conserved C region is an example of
such a similar approach. However, these conserved regions generally have lower

immunogenicity than the variable regions (Penfound et al., 2010, Bontjer et al.,
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2013, Jang and Seong, 2014). Thus, this thesis attempts to expand further on the
structural understanding of the M protein and target the antigenically variant
regions of the M protein with regards to GAS vaccine design instead of avoid
them. With the work presented in this thesis, I suggest that the rational structural
design of broadly neutralizing antibodies against GAS is possible by direct
molecular mimicry of the M"'X-C4BPal-2 interaction. Using the information

from our structural analysis of the M"" X

-C4BPal-2 interaction, it may be possible
to design a vaccine against GAS with broad protection despite the hurdle of
substantial antigenic variation. Using the continually improving structural and
computational tools available, such as molecular modeling and molecular
dynamics simulations, optimizing such a broadly neutralizing antibody becomes
all the more possible.

Of the 90 C4BP binding M HVRs we analyzed, 46 did not fit into one of
the two separate C4BP motifs that we identified (M2/49 or M22/28). Of the 46
C4BP binding HVRs yet to be assigned to a binding mode, some show regular
heptad repeats similar to that of the two identified binding modes. It is a
possibility that with such regularity, other binding modes may be identified by co-
crystal structural determination. However, many show irregular heptad repeats
and extensive sequence variability. This lack of heptad periodicity in many C4BP

binding HVRs suggests that the non-ideality of the coiled coil may play a critical

role for specific M types in recognizing the ‘reading head’ of C4BP. In order to
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investigate this possibility, further M"VX-C4BPal-2 co-crystal structures will
need to be determined for M types with such non-ideality of the coiled coil.

With further understanding of the M""X-C4BP interaction based on new
co-crystal structure analysis, the ability to rationally design broadly neutralizing
antibodies targeting C4BP binding HVRs will only be enhanced. However, even
with the current knowledge based on the four structures I have presented here, the
beginning stages of design are possible by translating the HVR ‘reading head’ of
C4BP on the variable loops of an IgG. These rationally designed broadly
neutralizing antibodies could then be used as a form of passive immunization to
be administered to elicit opsonization. Factors such as electrostatics, which may
be responsible for bringing C4BP and M proteins into proximity for interaction,
may also need to be calculated into the design. Also, if such an approach is to be
successful, the tolerance of the HVR ‘reading head’ of C4BP will have to be
accounted for, as this is responsible for C4BP recognizing a broad range of
HVRs. It should be noted that since C4BP binds human C4b and M proteins by
different modes, the risk that such a rationally designed IgG would bind C4b and
regulate complement are slim (Blom et al., 2000). Eventually, this IgG could be
tested for its ability to bind M protein through one of the many different analytical
tools available.

Of potentially greater value would be a vaccine antigen that could elicit
the natural production of antibodies that mimic the HVR ‘reading head’ of C4BP.

Using tools such as gene targeted phage display to generate random epitopes that
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are subsequently tested for optimal binding to our rationally designed IgG, we
could identify possible antigens that could elicit broadly neutralizing antibodies.
Upon vaccination, such an antigen could potentially offer sustained immunity
over the course of one’s lifetime as compared to the passive immunity mentioned
above. Such an antigen could be administered as a vaccine independently or in
combination with other GAS antigens. As C4BP does not recognize all M protein
HVRs, the addition of such a peptide to an already broadly neutralizing,
multivalent vaccine could potentially offer expanded coverage against most if not
all M types. Using the many structural and computational tools available, this
antigen could be optimized for increased immunogenicity. Once designed, such
an antigen would be tested in murine mouse models to determine if it could elicit
an immune response that was opsonic, bactericidal, and protective. Ultimately,
this antigen could prove to be an invaluable addition to the incredibly challenging

field of GAS vaccine design.
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