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Jamal Owayed Almitairi

Abstract

The complement system is part of innate immunity and fights invading pathogens via
opsonisation and cell lysis. Three pathways activate complement: the classical (CP), the lectin
(LP) and the alternative pathway (AP). The CP is initiated by a multimeric 790 kDa complex
named C1. This complex is formed from a hexameric, bouquet-like protein called Clq
assembled from three polypeptide chains A, B and C and four associated serine proteases; two
C1r and two C1s, as a Ca?*-dependant heterotetramer. C1r and C1s are homologous modular
proteases composed of an N-terminal CUB1 domain, followed by an EGF-like domain, a
CUB2 domain followed by two CCP modules, and a serine protease domain (SP). Several
models have been proposed to explain how C1 is assembled. In this thesis | have determined
the crystal structure of the C1r-C1s complex and propose a detailed model for assembly of C1.
In this model, C1r.C1s, complexes adopt an extended S-shaped structure that fold up to form
a more compact structure when binding to C1qg. Additional crystal structures of a fragment of
C1s in complex with collagen-like peptides derived from the A, B and C chains of C1q suggest
that C1qgC is the leading chain and C1gA is the middle and C1gB is the lagging chain in each
collagen-like domain. | also characterised the role of the immune modulator LAIR-2 in
downregulating the activation of the CP and LP. Data reported here shows that LAIR-2 binds
to the collagen like domain of MBL and thereby regulates activation of the LP. Finally, |
assessed the interaction between the Borrelia burgdorferi surface protein BBK32 and Clr.
Previous studies have suggested that BBK32 inhibits the CP by binding to C1r-CUB1-EGF-
CUB2. However, the data reported here shows no interaction between BBK32 and C1r-CUB1-

EGF-CUB2 domains.
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Chapter 1 . General introduction

1.1 The immune system:

The immune system is the main line of defence against pathogens (non-self) and self (damaged
tissues). It is divided into two effector mechanisms; innate and adaptive responses (Table 1.1).
Innate immunity includes a wide range of pattern-recognition receptors, it is rapid and does not
possess memory. In contrast, the adaptive immune response is more specific and changes
depending on the microbial threat. Memory cells trigger adaptive immune response rapidly and

specifically upon a second infection (Janeway, 2001).

Innate Adaptive
Characteristics
Specificity For molecules shared by groups of related microbes and For microbial and nonmicrobial antigens
molecules produced by damaged host cells
Diversity Limited, germline encoded Very large; receptors are produced by somatic
recombination of gene segments
Memory None Yes
Nonreactivity to self Yes Yes
Components
Cellular and chemical barriers — Skin, mucosal epithelia; antimicrobial molecules Lymphacytes in epithelia; antibodies secreted
at epithelial surfaces
Blood proteing Complement, others Antihodies
Cells Phagocytes (macrophages, neutrophils), natural killer cells — Lymphocytes

Table 1.1: Table illustrating the main features of innate and adaptive immunity (Janeway,

2001)



Through its physical and chemical barriers, innate immunity can prevent pathogens from

penetrating and colonizing the host cells. These barriers include;

- Epithelial cells and anti-microbial agents on their surfaces and at mucous membranes.

- Phagocytic cells such as neutrophils, macrophages, dendritic cells (DCs) and natural killers

(NKSs), which can engulf the pathogens and destroy them.

- Inflammatory mediators and proteins of the complement system.

- Regulators of the immune response such as cytokines, that enable immune cells to

coordinate and communicate with each other (Fallis, 2013).

The innate immune response is crucial during the early stages of an infection to educate and
help trigger the adaptive response (Murphy, Travers and Walport, 2009). Innate or native
immunity is commonly described as a non-memory response. Through its pattern recognition
receptors (PRRSs) present on the professional phagocytic cells, innate immunity can distinguish
between self and non-self antigens (Kawai and Akira, 2010). These receptors recognise
common features of pathogen-associated molecular patterns (PAMPs) such as
lipopolysaccharides (LPSs) or lipoteichoic acid (LTA)(Fujita, 2002). In contrast, the adaptive
immune response is characterised by its high specificity for distinct molecules in pathogens,
which can generate an immunological memory and thus responds more vigorously to the
second exposure to the same pathogen (Denman, 1992). Several effector mechanisms carry out

the functions of the adaptive immune response. These are listed as follows;

e Antibody secretion neutralises pathogens and blocks their ability to enter the host cell.
Antibody binding promote the phagocytic activity.
e Phagocytic cells can coordinate with T-helper cells and ingest microbes to destroy

them.



e Cytotoxic T-lymphocytes (CTLs) play a defensive role at sites that cannot be reached

by antibodies or phagocytic cells.
The role of the adaptive immune response is to activate one or more of these mechanisms to
eradicate pathogens at different anatomical positions in the body, either in circulation or inside
the cells. There are two types of adaptive immune responses (Figurel.2); the first type is
humoral immunity is mediated by the components in the circulation called antibodies, which
are secreted by B-lymphocytes. Antibodies recognise microbial antigens in the three following

ways (Janeway, 2001);

e Neutralisation, where antibodies can bind to bacterial toxins and viruses, preventing
them from attaching to host cells.

e Opsonisation, where antibodies coat the pathogen surface, causing it to be ingested by
phagocytic cells.

e Complement activation, where the antibodies bind to the bacterial cells and activates
the first recognition molecule of the classical pathway of the complement system,
leading to cell lysis via the activity of the membrane attack complex (MAC).

The second type of adaptive immune response is cell-mediated immunity, which is mediated
by T-lymphocytes. This immune response is effective against intracellular pathogens to isolate

them from circulation, via the mechanisms illustrated in (Figure 1.1).
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Figure 1-1: This figure illustrates the difference between humoral and cellular immunity in

the adaptive immune response (Abbas and Janeway, 2000).

1.1.1 The Complement system:

The complement system is a major part of the innate immune response for host defence and is
also important for the development of adaptive immunity. It is a cascade of more than 30
proteins produced mainly by the liver (Ricklin et al., 2010), comprising soluble proteins and
membrane-expressed receptors and regulators. Complement was discovered in the 1890s by
Jules Bordet as a heat-labile bactericidal component of normal plasma/serum (Ehrnthaller et
al., 2011). It was named for its ability to complement the phagocytic cells function of clearing
pathogens. Complement proteins present in the plasma in their inactive forms, known as
proenzymes (zymogens). When they are activated by proteolytic cleavage, these zymogens are
converted into their enzymatically active forms which then initiate a cascade of sequential

protein cleavage (Noris and Remuzzi, 2013). This activation ultimately leads to the activation



of the terminal pathway and formation of the membrane attack complex (MAC), resulting in
the lysis of the pathogen (Serna et al., 2016). The complement system is responsible for many
biological activities within the immune system. It generates opsonins that are covalently
attached to pathogens to facilitate phagocytosis as well as stimulates the inflammatory response
through the production of anaphylatoxins, it promotes the adaptive immune response by
lowering the threshold for B cell activation, and lyses target cells via the MAC (Ward and
Rosenthal, 2014). Complement also functions as a scavenger system for clearing immune
complexes, cell debris and apoptotic cells (Fujita, 2002). The complement system is highly
regulated to prevent unwanted activation and host-cell damage, through circulating and

membrane-bound regulators that control activation.

Three distinct pathways activate the complement system; the classical (CP), lectin (LP) and
alternative (AP) pathways (Figure 1.2). The CP and LP depend on pattern recognition
molecules for activation (PRMs), C1q in CP, MBL, ficolins and collectins-K1 and L1 in LP,
to recognise pathogen-associated molecular patterns (PAMPS) or danger associated molecular
patterns (DAMPS) that are present on the surface of pathogens or self-stressed cells (Figure
1.2). Upon binding to a pathogen surface, the PRMs of the CP and LP activate their associated
serine proteases C1r and C1s in the CP and MASP-1 -2 and -3 in the LP. All three pathways
converge to generate a C3 convertase which cleaves C3 and activates the terminal pathway of
complement by cleaving complement component C5. The product of C5 cleavage is C5b,
which in turn associates with C6, C7 and C8 to form the C5bC6C7C8 terminal complement
complex (TCC), which attaches to the surface of the target cell and initiates the formation of
the MAC. The resulting pores formed from multiple copies of the transmembrane complement
protein C9 lead to cell lysis via osmotic activity (Figure 1.2). Each pathway will be described

in more detail below.
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Figure 1-2: Complement activation pathways.This diagram illustrates the activation of the
complement system via three pathways the CP, the LP and AP, which all results in the

formation of the C3 convertase and the formation of MAC leading to target cell lysis.

1.1.1.1 Activation of the Classical pathway:

The CP is activated by the multi-component C1 complex, which is about 790 kDa (Figure 1.3).
This complex consists of the PRM subcomponent C1q (460 kDa) which forms a functional
complex with hetero-tetrameric serine proteases C1s-C1r-C1r-C1s. In the absence of C1q, the
two C1r (90 kDa) and two C1s (80 kDa) form an elongated S-shaped structure. The proteases
fold up within Clq in a Ca*-dependent manner. C1q recognises the Fc region of the
immunoglobulin IgG classes IgG1, 1gG2, IgG3 and IgM via its globular heads to activate C1r
and C1s (Gal et al., 2009). Furthermore, C1q can bind directly to polyanionic structures on the
surface of pathogens (Nauta et al., 2002). This binding results in the auto-activation of C1r,

which in turn cleaves and activates Cls. Activated C1s cleaves C4 into C4b and C4a; C2 is



then cleaved and activated by C4b into C2a and C2b, after which the C2a fragment binds to

C4b to cleave C3 and generate the C3 convertase (C4bC2a) (Bajic et al., 2015).

I9G

antibody

Cell
.. surface

Figure 1-3: A schematic illustration of the structure and function of the C1 complex. It show
how C1q(blue) binds to the immune complex (IgG+antigen) and activates the complement

system via the classical pathway (Abbas and Janeway, 2000).

1.1.1.2 Activation of the Lectin pathway:

The lectin pathway of complement is antibody-independent pathway and is activated via three
recognition components: mannan-binding lectin (MBL), three ficolins (L-H-M ficolins) and
collectin-11 (CL-11), which bind to pathogen-associated molecular pattern (PAMPs) including
polysaccharides, carbohydrates and acetylated sugars on the pathogen surface (Wallis et al.,
2007). The recognition proteins of the LP circulate as heterogeneous molecules and form
complexes with three zymogen MBL-associated serine proteases (MASPS) at a ratio of 1:1
(one recognition molecule and one MASP dimer) (Chen et al., 2001). Three MASPs have been
identified; MASP-1, -2 and -3, as well as two non-enzymatically active proteins MAp-19 and
MAp-44, which are produced by the alternative splicing of the MASP-2 and MASP-1 genes

respectively (Sim, Schwaeble and Fujita, 2016). MASP-1 and -3 are alternatively splice



products that share the same N-terminal domains but differ in their serine protease domains.
Activation of the LP takes place when the recognition molecules bind to the pathogen surface;
following this, MASP-2 is activated either by autolysis or via MASP-1, and then catalyses the
cleavage of C2 and C4, thereby generating the LP C3 convertase (C4b2a). Recent research has
reported that human serum deficient in MASP-1 and MASP-3 does not activate the LP
efficiently (Garred et al., 2016). The LP convertase cleaves C3 to C3a and C3b, subsequently

cleaving C5 and activating the terminal pathway of complement as described above.

1.1.1.3 Activation of the Alternative pathway:

In contrast to the CP and LP, the activation of the alternative pathway of complement does not
require a recognition molecule. The AP is mediated by the spontaneous hydrolysis of the
complement component C3 in plasma to generate C3(H20), which has a similar function to
C3b. The hydrolysed C3 binds to factor B and is cleaved by factor D to generate two fragments;
Ba which dissociates from the complex, and Bb, which remains attached to C3(H20) and
results in the formation of the fluid phase AP C3 convertase C3(H20)Bb, which, cleaves C3

into C3b and C3a, creating an amplification loop (Harboe and Mollnes, 2008).

The membrane phase AP C3 convertase is generated by the binding of factor B to membrane-
bound C3b in an Mg?*-dependent manner. Subsequently, C3bB is cleaved by factor D to
generate C3bBb (Farries et al.,1988). The binding of the protein properdin stabilises the
alternative pathway C3 convertase (C3bBb) and extends its half-life by ~10-fold (Hourcade,
2006). The AP pathway serves as an amplification loop during the activation of the CP and LP
(Thurman and Holers, 2006). Protection of the host cells from unwanted complement activation

is mediated by several regulators, which will be discussed later in this chapter.



1.1.1.4 The biological roles of complement activation:

Complement activation leads directly to pathogen lysis via MAC formation. This function is
active predominantly against Gram-negative bacteria (Hadders et al., 2012). In addition, the
small activation fragments C3a, C4a and Cb5a are chemoattractants (C5a in particular) which
can guide leukocytes and macrophages to the site of activation. They also trigger an
inflammatory reaction and increase the vascular permeability of endothelial cells (lacovache,
van der Goot and Pernot, 2008) as well as aid the production of chemokines such as tumour

necrosis factor (TNF) and interleukins IL-1 and IL-8 (Markiewski and Lambris, 2007).

When cleavage products C3b, C4b and C5b are deposited on the pathogen surface, they act as
opsonins to stimulate phagocytosis when they bind to complement receptor 1 (CR1) on the
surface of macrophages and leukocytes. C3b and C4b attach covalently to cell surfaces via a

reactive thioester bond that is exposed upon the cleavage of C3 and C4.

Another function of the complement system is clearing cell debris and immune complexes.
When an immune complex is opsonised by C3b and C4b, they bind to erythrocytes expressing
CR1 and are subsequently transported to the spleen and liver, where they are eliminated

(Barnum, 2017).

Complement functions as a link between innate and adaptive immunity via the C3 cleavage
product C3d binding the to complement receptor 2 (CR2) on B-cells, to lower the threshold for
B-cell activation. CR1 and CR2 modulate the proliferation and activation of B-cells when the
cleavage product iC3b (the product of C3b degradation by factor I) opsonises a pathogen and
subsequently binds to the receptors on the surface of B-cells. This initiates the production of
specific antibodies and the differentiation of B-memory cells (Carroll and Isenman, 2012). CR3

and CR4 also modulate phagocytosis for cells that have been opsonised by iC3b.
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Figure 1-4: This diagram summarises the complement activation cascade and the biological

role of each component. The C3 convertase produces from the CP, LP and alternative

pathways cleave C3 protein and convert it into two products, C3a which act as a

chemoattractant and recruit leukocytes to the site of infection. C3b on the other hand,

remains bound to the pathogen surface leading to opsonaisation. cleavage product C5a also

function in similar way (Ricklin and Lambris, 2007).
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1.1.1.5 Complement pattern recognition molecules:

1.1.1.5.1 The structure of the classical pathway recognition molecule C1q:

The recognition subcomponent C1q is a 460 kDa hexameric glycoprotein composed of 18
polypeptide chains of three different types: A chain (223 residues), B chain (226 residues) and
C chain (217 residues) (Gaboriaud et al., 2004). Each chain consists of three regions; a short
N-terminal region (3-9 residues), a collagen-like domain (~81 residues) which contains a
proteases-binding motif and a globular domain (gC1q) at the C-terminus (~135 residues) which
recognises immune complexes (Son et al., 2012a). The C1q chains A, B and C are homologues
and are encoded by the genes C1gA, ClgB and Cl1qC that are located on the human
chromosome 1. Within C1q, the A and B chains are covalently linked together by a disulphide
bond. Individual trimers are linked by disulphide bonds between two C chains, resulting in six
heterotrimeric subunits ABC-CBA (Figure 1.5). The Cl1q subunits are assembled together
through disulphide bonds to form a hexameric molecule. These chains spread apart at a kink
that is present within the collagenous domain to form the bouquet-like structure (Agrawal et
al., 2001). C1q performs a wide range of complement and non-complement functions. It can
recognise structures and molecules on pathogens surfaces, apoptotic cells and indirectly by
recognising antibodies and C-reactive protein-bound ligands. Furthermore, Clg can bind
directly to polyanionic structures on the surface of the pathogen (Bir6 et al., 2007). C1q via its
globular heads can recognise the Fc portion of the immunoglobulin IgG class (1gG1, 1gG2,

IgG3) and IgM (Moreau et al., 2016).
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Figure 1-5: Schematic illustration of the C1q structure comprising three different subunits

A, B and C chains as indicated by the colours, that associate to form the hexamer C1q

The interaction between C1q and 1gG requires multiple 1gG interaction, so C1qg will only bind
to the surface of an immobilised 1gG. Unlike most complement proteins, which are synthesised
by the liver, C1q is produced by a wide range of cells, including monocytes, epithelial cells
and dendritic cells (Gaboriaud et al., 2012). Within the collagenous domain of Clq, there is a
specific motif, Hyp-Gly-Lys-Xaa-Gly-Pro, by which the C1r and C1s attach to C1q. This motif
is present in all of the recognition molecules of the CP and LP (Figure 1.6) (Phillips et al.,
2009). The unique structure of C1qg by which having three different chains A, B and C accounts
for its specificity towards its associated proteases C1rs;. C1q forms a compact complex with
C1rs2 which, upon activation, undergoes a conformational change, allowing the stalks of C1q
to splay and expose the SP domains of C1r dimers at the core of C1q enabling it to cleave its
substrate C1s and subsequently activate the CP. A recent structure of the interaction between

Cls CUB1-EGF-CUB2 domains and a collagen peptide derived from C1q containing the
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proteases binding site has been solved (Venkatraman Girija et al., 2013). From the solved
structure, it was not possible to determine the order of the C1q chains A, B and C that interact
with the CUB1 domain of C1s. My structural determination of the C1s-CUB1-EGF-CUB?2 in
complex with C1gA, C1gB and C1qC reveals the chain’s order, as will be explained in the

following chapter.
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Figure 1-6: Aligned proteases binding site on the recognition molecules subunits of the CP
and LP. The arrows indicate the starting of the collagen domain of each subunit and the
green highlight shows the specific protease binding motif within each subunit (Phillips et al.,

2009).
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1.1.1.5.2 Structure of the Lectin pathway recognition molecules:

1.1.1.5.2.1 Structure of MBL.:

Mannan-binding lectin (MBL) is part of the collectin family with an N-terminal collagen-like
domain and a C-terminal lectin domain. It is produced mainly by the liver. Unlike C1q of the
CP, MBL is assembled from homotrimeric polypeptide subunits which can associate to form
trimeric subunits. These subunits associate during biosynthesis in groups of two, three and four,
forming a bouquet-like shape (Jensenius et al., 2009). A single MBL molecule comprises a
cysteine-rich N-terminal domain which stabilises the oligomer by forming disulphide bonds
between the subunits (Wallis et al., 1997); following this is a collagen-like domain, an a-helical
coiled neck region and finally a carbohydrate-recognition domain (CRD) at the C-terminus

(Dommett, Klein and Turner, 2006) see (Figurel.7).

Cross-linking region

Collagenous region

Neck region
Carbohydrate-recognition domain

Polypeptide Structural
subunit

Figure 1-7: A schematic of the MBL oligomer and the structure of each trimeric polypeptide
chain subunits. Each subunit consists of a recognition domain as indicated in yellow, a neck
region in green and a collagenous domain highlighted in red followed by a linking region.

(Dommett, Klein and Turner, 2006).
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Through its CRD, MBL recognises patterns that are present on pathogens and exposed
neoepitopes on apoptotic and injured cells and tissues. MBL forms a complex with MASPs in
the ration of 1:1 (MBL oligomer: MASP dimer), which, when activated, leads to opsonisation

and lysis of the pathogen via the LP of complement.

1.1.1.5.2.2 Structure of Ficolins:

Ficolins are similar in structure to MBL,; they are composed of trimeric subunits in which each
chain consists of a collagen-like domain at the N-terminus followed by a fibrinogen-like
domain at the C-terminus (Figure 1.8). Three types of ficolins have been identified in humans:
ficolin-1 (also called M-ficolin) which is present in the plasma and whose mRNA is expressed
in monocytes, spleen and lung, ficolin-2 (also called L-ficolin), which is produced in the liver
and circulates in the blood, and finally ficolin-3 (called H-ficolin or Hakata antigen), which is
also produced in the liver as well as the lung (Zhang and Ali, 2008). Ficolins are all similar in

structure but vary in size between 32 and 35 kDa.

N-terminal region — —w0— ...

Collagen-like domain ~—>

SRS (1 4 ﬂ) F m

Monomers — Trimer —> Oligomer

Figure 1-8: Schematic illustration for the structure of ficolins. Similar to MBL, ficolins
assembled of homotrimeric subunits. Each subunit consists of a fibrinogen recognition

domain followed by a collagen-like domain and linking N-terminal region.
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Ficolins can form complexes with MASPs 1, 2 and 3, thereby initiating complement via the LP
(Endo, Matsushita and Fujita, 2011). By recognising N-acetylated sugars via their fibrinogen-
like domain, ficolins can bind to a variety of pathogens and activate their associated serine
protease, leading to the lysis of the pathogens by forming C3 and C5 convertase and initiating

the terminal pathway of complement (Matsushita, 2013).

1.1.1.5.2.3 Structure of collectin-11 and other collectins:

Like MBL and ficolins, collectin-11 is present in the serum and forms complexes with MASPs
1, 2 and 3 to activate the lectin pathway (Beltrame et al., 2015). Collectin-11 is part of the C-
type lectin superfamily; thus, it shares the same binding motifs as MBL within its CRD. In
addition, like MBL, ficolins and C1q, it possesses a MASP-binding motif within its collagen-
like domain (Hyp-Gly-Lys-Xaa-Gly-Pro) (Phillips et al., 2009). The structure of collectin-11
is similar to MBL, with a collagen-like domain followed by a neck region and finally a C-type
lectin recognition domain (Figurel.9). In addition to CL-11, other collectins have been
identified, including collectin liver 1 (CL-L1 aka CL-10) and collectin placenta 1 (CL-P1).
Recent studies have shown that CL-10 and CL-11 circulate in serum as heterooligomers
(Selman and Hansen, 2012). However, not all tissue express CL-10 and CL-11, so

homooligomers are also likely to be produced by some tissues e.g. CL-11 by the kidney.
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Figure 1-9: Schematic illustration of CL-11 structure. As shown, CL-11 subunits are
composed of three domains; the N-terminal region followed by a collagen-like domain, a
neck region and a final C-terminal CRD domain. Three subunits assembled via

oligomerisation to form a homotrimeric unit.

1.1.1.6 Serine proteases of the complement system:

1.1.1.6.1 Proteases of the Classical pathway:

C1r and Cl1s are the initiating serine proteases of the CP. They form a complex with the CP
recognition subcomponent C1q and circulate in their inactive form as zymogens (Almitairi et
al., 2018). C1r auto-activates and cleaves its substrate C1s, which subsequently cleaves C4 and
C4b-bound C2 to initiate the downstream cascade of the CP. C1r and C1s are homologues and
share the same domain structure, both consisting of six domains starting with two CUB
domains at the N-terminus (Uegf for C1r and Bmpl for C1s), separated by an epidermal growth
factor (EGF)- like domain, and followed by two complement control modules, CCP1 and CCP2
and finally a C-terminal serine protease domain (SP) (Figure 1.10) (Venkatraman Girija et al.,
2013). In the absence of C1g, C1r/C1s forms an elongated S-shaped hetero-tetramer with two

C1r proteases at the centre, C1s-C1r-C1r-C1s, which packs at the centre of the C1q molecule
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with six Ca®*-dependant binding sites between the CUB domains and the collagen stalks of C1q
(4-binding sites for C1r and 2-for C1s) (Bally et al., 2009). This binding is mediated via the
Hyp-Gly-Lys-Xaa-Gly-Pro motif, located on the stalks of the recognition subcomponent (Bally
etal., 2009). The two C1r molecules dimerise though the interaction between the CCP1 domain
of one molecule with the SP domain of its partner in a Ca?*-independent anti-parallel manner
(Almitairi et al., 2018). Furthermore, C1r and C1s are also linked in an antiparallel arrangement
with the CUB1 domain of C1r, interacting with the EGF domain of C1s and vice versa, forming
the core of the C1 complex (C1s-C1r-C1r-C1s). The first enzymatic activity of the CP is
initiated by the auto activation of the C1r protease through cleavage at the Arg446-1le447 bond
in the serine protease domain (Figure 1.10); the activated C1r then cleaves its substrate C1s
(Figure 1.11). Following this, the activated C1s then initiates stepwise proteolytic activity via

the CP pathway and cleavage of the C4/C2 proteases (Wijeyewickrema et al., 2013).
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Figure 1-10: Structurale representation of zymogenic and active C1r protease.
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Figure 1-11: Domain organisation and activation of the C1s protease.

1.1.1.6.2 Proteases of the lectin pathway:

The LP is activated by three types of serine proteases called MASPs 1, 2 and 3. These proteases
bind to the recognition molecules of the lectin pathway, MBL, CL-11 and ficolins at a ratio of
one MASP dimer to one recognition oligomer. MASPs are homologues of each other and of
C1r and C1s of the CP, with the same domain structure comprising two Ca?*-CUB domains
flanked by one Ca?*-EGF domain and followed by two complement control domains CCP1
and CCP2, with a final catalytic serine protease domain SP. In addition, MAp-19 (19kDa),
which is a product of the alternative splicing of the MASP-2 gene located on chromosome 1 of
humans, consists of the CUB1-EGF domain of MASP-2. MAp-44 is a product of the alternative
splicing the of MASPs 1/3 gene located on chromosome 3 of humans and is formed of the
CUB1-EGF-CUB2-CCP1 domains of MASP-1. Similar to C1r/C1s of the CP, the Ca?*-binding
CUB domains of MASPs mediate the binding of the proteases to the recognition molecules.
MASPs homodimerize through their CUB-EGF domains in an anti-parallel arrangement and

have the ability to bind to the Hyp-Gly-Lys-Xaa-Gly-Pro motifs of up to 4 collagen-like stems
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(Phillips et al., 2009). The LP serine proteases circulate in their inactive zymogenic form alone
or in complex with MBL, CL-11 or ficolins, and activate when the complexes bind to an
activating surface. MASP-1 (81kDa) was the first protease to be discovered and is mainly
expressed in the liver and other organs such as the placenta, heart, kidneys, lungs and small
intestine. MASP-1 functions as an enhancer for the LP activation as its presence in the serum
is 10 -fold higher than the concentration of MASP-2. Additionally, MASP-1 cannot activate
LP alone as it cannot cleave C4. Instead, it cleaves MASP-2, thereby facilitating the LP
activation via MASP-2. MASP-1 also cleaves C2, and therefore may contribute to the
formation of the C3 convertase. MASP-2 is mainly produced by the liver and is essential for
the lectin pathway activation. It cleaves C4 and C4b-bound C2 to form the LP C3 convertase
(C4b2a). Recent studies suggest that MASP-2 can bypass the C3 convertase and activate C3
directly (Yaseen et al., 2017). In this way, activation can proceed even in the absence of C4.
MASP-3 is the most recently discovered protease of the LP. It shares the same heavy chain as
MASP-1 but differs in the short linker region of 15 amino acid residues and the SP domain.
MASP-3 is expressed in hepatocytes, the lungs, the small and large intestines, the heart,
prostate, brain, ovary and spleen. Unlike MASP-1 and MASP-2, MASP-3 cannot auto-active
to initiate the LP activation but requires activation by either MASP-1 or MASP-2. MASP-3
cleaves pro-factor D, the component of the AP providing a link between the LP and AP (Dob6

et al., 2016).
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1.1.1.7 The Terminal pathway and the formation of the MAC complex:

The final stage of complement activation is the activation of the terminal pathway. The C3
convertase (C4b2a) generated from the CP and LP or (C3bBb) from the AP can cleave C3 to
C3b (which remains bound to the surface of target cells via its thioester bond) and C3a
(anaphylatoxin). The deposition of C3b in close proximity to C4b2a and C4bBb on the surface
of the pathogen triggers an enzymatic step in which C5 is cleaved by either C4b2aC3b or
C4bBbC3b to generate C5b, which binds to the target cell surface and the anaphylatoxin C5a,
which in association with C3a and C4a, mediates the recruitment of immune cells to the site of
infection. Following this, C5b binds to C6 and C7 to form the C5b67 complex, which can bind
to the pathogen surface. Subsequent attachment of the pore forming C8 and the addition of
multiple copies of the C9 proteins form a cylindrical pore structure called the MAC (Figure
1.12). Formation of the pore results in osmotic imbalance, leading to the lysis of the target cell

(Lovelace et al., 2011).
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Figure 1-12: This diagram illustrates the formation of the MAC and the conformational

changes leading to cell lysis (Abbas and Janeway, 2000).
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1.1.1.8 Regulation of the Complement System:

The regulation of complement activation is crucial for the prevention of self-damage of the
host tissues. Without tight regulation, constant activation of the AP forming low-level C3
would lead to the deposition of complement components onto the host cells, which resulting in
a severely destructive effect (Zipfel and Skerka, 2009). There are two types of complement

activation regulators; fluid-phase and membrane-bound regulators (Figure 1.13).

1.1.1.8.1 Fluid-Phase Regulators:

The first fluid-phase regulator is the C1 esterase inhibitor (C1-INH); this regulator is a
glycoprotein of the serpin family that controls the activation of the CP and LP by the binding
to their proteases C1r-C1ls and MASPs to form covalent complexes. By doing this, it can

prevent them from cleaving C2 and C4, thus stopping downstream activation.

The second regulator is the C4-binding protein (C4BP), which is a co-factor of the serine
protease factor I; it regulates the CP and LP by blocking C2 from binding to C4b, and thus

controls the formation of C3 convertase (Trouw, Blom and Gasque, 2008).

Furthermore, the AP is regulated by factor H. This regulator is another co-factor of factor I and
regulates the AP C3 convertase either by removing Bb from the C3bBb complex (i.e. decay
acceleration) or acting as a co-factor for factor I-mediated degradation of C3(Merle et al.,
2015). Factor H has lectin activity and associates to host tissues by binding to sialic acid
residues on host glycoproteins. Importantly, it can also bind to heparin, thereby protecting the
underlying extracellular matrix from complement attack. The lytic activity of the MAC
complex is under the regulation of two plasma proteins called clusterin and S-
protein/vitronectin. The target of these regulators is the binding site of the C5b67 complex on
the cell surface, and therefore prevents the formation of MAC complex and C9 polymerisation

(Frank, 2010).
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Finally, properdin or factor P binds and stabilises C3 and C5 convertase complexes; it is the

only positive fluid phase regulator (Miyaike et al., 2002).

1.1.1.8.2 Cell Surface-Bound Regulators:

Complement receptor 1 (CR1) is a co-factor for factor | and is expressed on B-cells, red blood
cells (RBCs) and leukocytes. It functions as a modulator of C3 and C5 convertase activity. The
membrane co-factor protein (MCP), which is a co-factor for complement factor I, is a
regulatory protease synthesised in the liver; it inactivates C3b via degradation to iC3b. Like
CR1, the decay acceleration factor (DAF/CD55) regulates the formation of C3 convertase for
the CP, AP and LP. Finally, protectin (CD59) regulates the formation of the MAC complex by
binding to C8 and C9, preventing them from forming a complex with C5b67 (Ehrnthaller et

al., 2011).
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Figure 1-13: Schematic illustration of various complement regulatory proteins and their

functions (Ehrnthaller et al., 2011).
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1.2 Lyme disease and evasion of complement:

Lyme disease, also known as Lyme borreliosis, is the most commonly reported tick-borne
disease that is affecting 20,000 people around the world, with 1,136 cases reported in England
and Wales in 2016 (Public Health England, 2017). It is a multi-organ infection caused by the
spirochetes of Borrelia burgdorferi. This Bacterium is transmitted to humans via four species
of Ixodes tick species, including Ixodes ricinus, which is the primary vector for spreading this
disease in Europe. The tick can become infected by feeding on the natural reservoirs of Borrelia
spp., which includes birds, several strains of mice and pets such as dogs and cats. The disease
can be subsequently transmitted to humans via a tick bite. The Ixodes ticks can have either 2
or 3 life cycle stages (larval, nymphal, and mature), and can become infected with Borrelia at
any stage during feeding on an infected reservoir. The risk of disease transmission from an
infected tick relates to the duration of the tick feeding. Feeding must exceed 24 hours before

the risk becomes substantial (Huppertz and Girschick, 2016).

The causative agent for Lyme disease, B.burgdorferi, was first isolated in 1982 by Dr. Willy
Burgdorfer from the typical skin lesions, blood and cerebrospinal fluid of infected patients
(Garcia et al., 2016). Three types of Borrelia species have been identified to cause with Lyme
disease, B.burgdorferi sensu strictu (s.s), B.garinii and B.afzelii, which are collectively referred

to as the B.burgdorferi sensu lato (s.I) complex.

The B.burgdorferi sensu lato group are Gram- negative bacteria, that are 10-30um in length
and 0.2-0.25um in width. They are obligate bacterium which depends on the infected host for
nutrition. Morphologically, B.burgdorferi form a rod-shaped helix with an inner and outer
membrane surrounding 7 to 11 periplasmatic flagella that are located sub terminally to the
protoplasmic cylinder, and overlapping at the middle of the cell (Rosa, Tilly and Stewart,

2005). The outer membrane of B.burgdorferi lacks lipopolysaccharides and is easily disrupted,
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containing a peptidoglycan layer on the inner membrane of the bacterium (Figurel.14). Lyme
disease is characterised by three stages based on clinical manifestation of symptoms; (early
localised infection, early disseminated infection and persisting late infection). During the first
stage which is also referred to as localised early disease and is recognised by the presence of
an inflammatory skin rash, known as erythema migrans (EM), located at the site of the tick
bite, indicating the localisation of the bacteria in the skin. Symptoms also include an influenza-
like illness without specific symptoms (Huppertz and Girschick, 2016). The EM lesions usually
appear within 4 to 30 days from the initial tick bite. The second stage occurs when the
spirochetes spread and disseminated to multiple organs such as joints, causing arthritis, to
multiple organs such as the heart, causing myocarditis, and to the nervous system, causing
facial paralysis. The second stage of infection usually develops weeks or months after the first
one. If left untreated, Lyme disease can progress to the third stage resulting in chronic arthritis
and skin disorders. Because of the tick vector size, and lack of pain and itching at the bite site,
nearly 40% of patients do not seek treatment before the EM appears. The spirochetes bacterium
B.burgdorferi produces several outer surface membrane proteins that enables it to avoid
clearance by the host’s innate immune system, while spreading and colonising the host tissues
(Bush and Vazquez-Pertejo, 2018). Many of the proteins produced by B.burgdorferi interact
with complement regulatory proteins by recruiting them to its surface, in this way protecting
itself from complement attack. These proteins include CspA and the OspE- related protein
family (ErpA, ErpP and ErpC) which recruit factor H to the surface of the bacteria, thereby
blocking the activity of the AP pathway. CspA also binds to C7 and C9 to inhibit the formation
of the MAC. More recently, a surface protein called BBK32 was found to interact with the CP

of complement, blocking its activity (Garcia et al., 2016).
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Figure 1-14: Structure and morphology of the B.burgdorferi bacteria. (A), an electron
microscopy scan showing the overall helical shape (left) and a cross-section view (right),
showing the periplasmic flagella. (B) is a diagram of the spirochaete showing the flagellar
insertion points which are located at each end, six flagella bundle wind around the flexible
protoplasmic cylinder. (C) showing each flagellum is inserted in the cytoplasmic membrane

and extend to the periplasm. (Rosa, Tilly and Stewart, 2005).
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1.2.1 BBK32 surface protein:

The B.burgdorferi surface protein BBK32 is a multifunctional lipoprotein that is expressed on
the surface of the bacterium and aids the spread and colonisation to host cells (Lin et al., 2015).
BBK32 is a 47kDa adhesion protein that can bind to the extracellular matrix of the host organs
via its ability to bind to the collagen-binding domain of fibronectin (Fn) (Probert and Johnson,
1998). Through its ability to interact with several macromolecules, (Fn) can bind to collagen,

fibrin and heparin, which can collectively be hijacked by BBK32.

BBK32 is overexpressed during the first stage of infection, implying its important role in
disseminating B.burgdorferi away from the bite site of the tick bite (Bush and Vazquez-Pertejo,
2018). Furthermore, BBK32 can also bind to glucosaminoglycans (GAGs), which are similar
to fibronectins and present on the host cell surface, facilitating the attachment of BBK32 to
host cells (Li et al., 2006). Structurally, BBK32 comprises an N-terminal region that is
responsible for the host cell adhesion and a C-terminal globular domain that functions as an
immune evasion domain (Figure 1.15). The N-terminal domain of BBK32 and its interaction
with GAGs and fibronectin is well characterised. More recently, BBK32 was reported to
interact and block the activation of the CP (Xie et al., 2019). In this study, the C-terminal of
BBK32 was reported to block the activity of the zymogen C1r protease, thereby preventing

activation of the CP. The nature of the interaction between BBK32 and C1r is still unknown.

——N-BBK 32 1 C-BBK 32—
21 45 68 138 186 206 354

Figure 1-15: Schematic illustration of the BBK32 structure and the function of each domain.
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1.3 Leukocyte-associated immunoglobulin-like receptor (LAIR) proteins:

Regulation of the immune system is critical to prevent an excessive inflammatory response and
autoimmunity. One form of regulation of immune cells is achieved by the inhibitory signal
provided by receptors with cytoplasmic tails containing an immunoreceptor tyrosine-based
inhibitory motif (ITIM) (Olde Nordkamp, Koeleman and Meyaard, 2014). Ligation of these
receptors with their ligands results in the phosphorylation of the tyrosine residues within the
ITIM cytoplasmic tail, leading to downregulation of immune cells activities. The availability
of ligands during an immune response plays an important role in determining the type of
immune regulatory cells that are recruited to the site of infection. LAIR proteins are immune
regulation receptors and members of the Ig (immunoglobulin) superfamily. Expressed by
monocytes and thymocytes, LAIR proteins are encoded by a gene located on human
chromosome 19g13.4 of humans. Two LAIR proteins, LAIR-1 and LAIR-2 were discovered.
LAIR-1 (CD305) is a transmembrane inhibitory receptor containing a C2-type Ig-like
extracellular domain and two ITIM-baring domains in the cytoplasmic tail (Nordkamp et al.,
2014). LAIR-1 is a 32 kDa glycoprotein that is capable of inhibiting the activities of natural
Killer cells, resulting in the inhibition of target cell lysis. LAIR-2 (CD306), shares 84%
sequence identity with LAIR-1. It is a 17 kDa secreted glycoprotein with a single Ig-like
domain, similar to LAIR-1, but lacks both transmembrane and cytoplasmic domains (Figure
1.16). LAIR-2 functions as a competitor for LAIR-1 and plays an important role in regulating
LAIR-1 induced downregulation of the immune response. The full function of the soluble

LAIR-2 protein, however, is poorly understood.
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Figure 1-16: Schematic representation of the LAIR-1 and LAIR-2 structure.

1.3.1 Interaction between LAIR proteins and the recognition molecules of the CP and LP

of complement:

The recruitment of the inhibitory receptors to immune response sites is dependent on ligand
availability. Specific ligands attract specific inhibitory receptors. It has been reported that
LAIR proteins are receptors for extracellular matrix components and for transmembrane
collagen. They bind specifically to collagen repeats (Gly-X-Y), where X is proline and Y is
hydroxyproline (Lebbink et al., 2006). Collagens are the most abundant proteins in the human
body and play an important role in the growth and development of many tissues. Additionally,
collagens function as a substrate for cell attachment, migration, coagulation and mediate
several biological activities, such as binding to several cell surface receptors, including LAIR-
1 and LAIR-2. Recognition molecules of the CP and LP that contain collagen-like domains are
also possible targets for the inhibitory LAIR proteins, these interactions have been investigated

in this thesis.
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1.4 Hypothesis and general aim of the thesis:

The activation of the CP of complement is mediated by its C1 complex. This complex is formed
of one recognition molecule C1q and four associated serine proteases assembled at core of C1q
as heterotetramer. Several structural models have been proposed to explain the activation
process based on the available structural data. One important part of the activation process of
C1 is the flexibility of C1qg during activation and the conformational changes to the C1r-C1s
heterodimers. Therefore, the first aim of this thesis is to characterise the molecular organisation
of the C1 complex of the CP of complement and assess how the subcomponents interact with
each other. In addition, the recognition subcomponent of the CP and LP are susceptible for
immune regulators such as LAIR-2 and BBK32. These regulators affect the pathways
activation by interacting with the C1g-C1rs2 complex of the CP and MBL-MASPs complex of
the LP. Therefore, the second aim of this thesis is to characterise the interaction between the
CP and LP activator proteins and the immune inhibitors LAIR-1 and BBK32. Chapters 2 and
3 will focus on the structural and biochemical characterisation of the C1 complex, while chapter
4 will focus on the immune regulatory protein LAIR-2 and its putative role in regulating the
CP and LP of complement. Finally, chapter 5 will focus on the interaction between the B.

burgdorferi surface protein BBK32 and the CP serine protease C1r.
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Chapter 2 . Structure of the C1r-C1s complex of the CP

2.1 Introduction:

The CP of complement is a major component of the innate immune system and is initiated by
a multimeric 790kDa complex named C1. This complex is formed of a recognition hexameric-
bouquet-like protein called C1q (Kishore and Reid, 2000) , and four associated serine proteases
2C1r and 2C1s assembled at the core of C1q as a Ca?*- dependent heterotetramer (Gal et al.,
2009). C1r and C1s are homologous modular proteases and are composed of an N-terminal
CUB domain (Bork and Beckmann, 1993) followed by an EGF-like domain (Hambleton et al.,
2004) and then another CUB domain, followed by two CCP modules (Norman et al., 1991),
and a final serine protease domain (SP). This modular structure is shared by the LP serine
proteases (MASPS), which are associated with the LP recognition proteins that activate the LP
of complement (Fujita, 2002). In the absence of Clq, the heterotetramer C1r.s, forms an
antiparallel elongated S-shaped structure that folds up to form a more compact structure when
it associates with C1qg (Venkatraman Girija et al., 2013). Several models have been proposed
to explain the C1 complex assembly, differing in the way component are associated together.
The first model was proposed in 1985 (Villiers, Arlaud and Colomb, 1985), followed by several
models based on the structural data availability. In the most well-established model, the two
C1r proteases dimerizes at the centre of the C1 complex through the interaction between the
CCP1 modules of one C1r and the SP domain of its partner. The CUB-EGF fragment of each
C1r polypeptide forms a heterodimer interaction with the CUB-EGF junction of each Cls
proteases, forming a heterotetramer with the two C1r polypeptides packed at the centre
(Almitairi et al., 2018). This assembly keeps the SP domains of each of the C1r proteases apart
by a distance of 90 A (Budayova-Spano et al., 2002) thereby preventing unwanted activation.
When C1q binds to an activator, it splays and disrupt the CCP1-SP interaction between the C1r

dimers leading to autoactivation and cleavage of its substrate C1s (Wallis et al., 2010).

31



This model was based on the crystal structure of the C1r-SP domain (PDB code: 1GPZ)
(Budayova-Spano et al., 2002), and the structure of the CUB-EGF-CUB domains of C1r and
C1s (PDB code: 6F1C, 6F1H and 6F39) (Almitairi et al., 2018). In the model, C1s-C1s packs
inside C1q via interaction between the CUB1 and CUB2 of each C1r proteases and the CUB1
of C1s, providing a total of six binding sites for each C1q collagen stems (Bally et al., 2009).
Calcium plays a central role in mediating the assembly between the CUB domains with C1q
and between the CUB-EGF junction of each proteases heterodimers (Venkatraman Girija et
al., 2013). More recently, an alternative model was proposed in which the CUB-EGF-CUB
domains of C1r and C1s stack to form an anti-parallel, ring-shaped heterotetramer with the
catalytic domains projecting from opposite sides (Mortensen et al., 2017). However, this model
does not explain the well characterised interactions between the CCP1-CCP2-SP domains of
C1r that have been observed both in solution and in crystal structures (Villiers, Arlaud and
Colomb, 1985; Budayova-Spano et al., 2002) (Figure 2.1). In the absence of a high-resolution
structural data for the C1r-C1s interaction, it is not possible to discriminate between these two
models. Therefore, the aim of this chapter is to produce and crystallise the CUB-EGF-CUB
domains of the C1r-C1s proteases (subsequently called 3DC1r and 3DC1s) and assess the

complex formation both in crystal and in solution.
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Figure 2-1: (A) Schematic illustration of the traditional C1r-C1s elongated S-shaped model.

(B) The recently proposed stacked model. C1r is presented in green, C1s is in blue and grey

shows the CCP1-CCP2-SP domains of C1r. The black dots represent the C1q binding sites.
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2.2 Materials and methods:

2.2.1 Materials:

Cell lines expressing CUB1-EGF-CUB2 domains of both C1r and C1s were kindly provided
by (Prof. Russell Wallis, University of Leicester). DNA and protein markers were supplied by
New England Biolabs. Filters (0.2um), Ni?*- NTA affinity resin, Superdex 200 and 75 16/60
columns used for protein purification were supplied by GE Healthcare. All chemicals were
purchased from Sigma and Thermo Fisher Scientific. Crystallisation screens JCSG, ProPlex,
PACT, Morpheus and BCS were supplied by Molecular Dimensions. 96 well crystallisation
screen plates were purchased from TTP Labtech, and the MRC Maxi 48 well plates and
additives screen were purchased from Hampton Research. CryoCaps and Cryovials, as well as

LithoLoops mounted on pins were all from Molecular Dimensions.

2.2.2 Production and purification of CUB1-EGF-CUB2 domains of C1r and C1s:

Chinse hamster ovary (CHO) cell lines expressing the CUB1-EGF-CUB2 domains of C1r and
C1s later referred to as 3D Cl1r and C1s, was kindly provided by (Prof. Russell Wallis,
University of Leicester). The cDNA of 3D Clr and C1s cDNA was cloned into expression
vector pED4 for mammalian expression with the C-terminal Hise tag and expressed as
described previously (Phillips et al., 2009). Cells were grown in Minimal Essential Media o
without nucleotides (MEMa-) provided by molecular dimensions, supplemented with 10%
dialysed, heat-treated foetal calf serum (DHFCS), 50 units/ml penicillin and 50 pg/ml
streptomycin and 0.5 uM methotrexate (MTX) in a three-layered tissue culture flask. Once
fully confluent, the media was removed, and cells were washed with 50 ml PBS, and the media
was replaced with CHO-S-SFM |1 media without nucleotides, supplemented with 50 mM
HEPES pH7.55, 0.5 uM MTX and 50 units/ml penicillin, and 50u g/ml streptomycin. The

media was collected every other day and replaced with 100 ml of fresh CHO-S-SFM 11. 3D
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C1rand 3D C1s were purified by affinity chromatography on a Ni*? nitrilotriacetic acid (NTA)
- Sepharose column. 300ml of the harvested media was mixed with an equal amount of (20
mM Tris-pH 7.5, 50 mM NaCl and 2 mM CaCl;). The media was then loaded onto 2 ml of the
pre-equilibrated Ni?*-Sepharose column using the same dilution buffer and left at 4°C
overnight. After this, the column was then washed with a buffer containing 20 mM imidazole
to remove any non-specific binding. The protein was eluted from the column in 1 ml fractions
with a buffer containing 0.5 M imidazole. Eluted fractions were checked on a non-reducing
15% SDS-PAGE gel to assess the expression quality. The eluted fractions containing the
protein were concentrated to 5 ml and further purified on a Superdex 200 16/60 gel filtration
column using the same buffer. C1r-C1ls heterocomplex was generated by mixing molar
equivalent of both C1r and C1s followed by gel filtration on a Superdex 200 10/300 in the same
buffer. The gel filtration fractions corresponding to the correct elution peak were collected and

concentrated to ~4 mg/ml for crystallisation trials.
2.2.3 Crystallisation of the C1r-CUB2 and 3D C1r-C1s complex:

2.2.3.1 Crystallisation theory:

Crystallisation is a very powerful tool for understanding biological functions at a molecular
level. A detailed atomic map of macromolecules can provide a deep insight into a protein’s
function. Protein crystallisation was first discovered in the 19" century as a means of
purification (McPherson, 1991). The first step to obtaining protein crystals is to purify the
target proteins as close as possible to homogeneity, which is a key factor for growing crystals
that diffract to high resolution (Dessau and Modis, 2010). Protein crystallisation consists of
two main steps. The first is to bring the sample to a supersaturation state generating the highest
possible concentration without causing aggregation or precipitation. Supersaturation is a non-

equilibrium condition by which protein concentration is increased above solubility limits
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(McPherson, 2014). The second step is to introduce the concentrated sample to a suitable
precipitating agent that can promote nucleation of protein crystals in solution and generate a
three-dimensional crystal suitable for X-ray diffraction. The most commonly successful
precipitants are polyethylene glycol (PEG) and ammonium sulphate, which together account
for 60% of all recorded macromolecular precipitants used in crystallisation trials (Gilliland et
al., 1994; Gilliland, Tung and Ladner, 2002). Crystallisation is characterised by two main
inseparable features, starting with nucleation and followed by crystal growth. Crystals are
formed by a regular arrangement of building blocks (in this case of a protein) in three
dimensions. Crystallisation is characterised by three main phases (Watts, 1993). The first phase
is nucleation, which is the association of a certain number of molecules in an arranged order
forming a three-dimensional shape. The second phase is crystal growth, where the nuclei
formed in the first phase grows through the diffusion of molecules from the solution to its
surface. The last phase is when crystal growth stops due to a decreased number of molecules

(building blocks) in the solution (Russo Krauss et al., 2017)(Figure 2.2).
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Figure 2-2: Phase diagram illustrating the process of crystal growth. At low
protein/precipitant concentrations, unsaturation condition occurs, and the sample drop
remains clear. At very high concentrations of protein/precipitant, precipitation occurs, which
is a disordered arrangement of molecules. Between these two phases, in the middle of the
diagram is the liable zone. This is where nucleation takes place, followed by crystal growth.
Crystal growth can occur at lower concentrations than nucleation, at the right

protein/precipitant concentrations (Russo Krauss et al., 2017).

The search for the suitable crystallisation conditions of a protein is carried out in two steps,
starting with the use of commercially available screens that can test a wide range of
crystallisation conditions. The second step involves varying the precipitant concentration, pH
and other components of the original hit condition. Several commonly used techniques were
developed to set up crystallisation trials using 96 well crystallisation plates and changing the

way the sample/precipitant were set (Figure 2.3).
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Figure 2-3: Schematic representation of crystallisation techniques. (A) Vapor diffusion
hanging drop, (B) Vapor diffusion sitting drop, (C) Micropatch and (D) Free interface

diffusion (Russo Krauss et al., 2017).

2.2.3.2 X-ray diffraction:

X-ray imaging is a powerful tool for providing a detailed atomic map of proteins structures.
Max von Laue et al. discovered in 1912 that crystalline substances act as three-dimensional
diffraction gratings for X-ray wavelengths similar to the spacing of planes in a crystal lattice
(Bunaciu, Udristioiu and Aboul-Enein, 2015). When a single crystal is exposed to a beam of
monochromatic X-rays, the electron density of any atom diffracts the X-ray radiation in all
directions. Because of the lattice repetition, the radiation diffracted by one atom will interfere
with that diffracted by all other atoms in the crystal, which resulting in a diffraction pattern

(Guss, 2011) (Figure 2.4).
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Figure 2-4: Single crystal X-ray diffraction. When an X-ray beams hits a crystal, it is
diffracted in different directions based on the arrangement of atoms in the structure. At

specific angles, constructive wave interferences will produce spots on the detector.

X-ray scattering of a single crystal can only be detected when a large number of molecules are
arranged in a well-defined order within the crystal. X-rays are a form of electromagnetic
radiation, with a wavelength (1) ranging between 10 and 0.1 A (1 A = 0.1 nm) (Waseda,
Matsubara and Shinoda, 2011). The diffraction of X-ray waves from crystal molecules can be
calculated by Bragg’s law; nA = d2sin@, where (n) is an integer, (1) is the wavelength of the X-
ray, (d) is the spacing between the planes in the atomic lattice and (@) represents the angle

between the incident and scattering rays of the crystal planes (Figure 2.5).
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Figure 2-5: Schematic representation of Bragg’s law from two crystal planes. When an
incident X-ray beam strikes one of the crystal planes at the angle (0), the beam is reflected
from an atom of both planes (upper and lower planes). The reflected beams from the upper

and lower planes travel differently by a distance of d2sind. Both reflected beams combined to
make a constructive interface when the path difference is equal to some integral multiple of

the wavelength /.
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2.2.3.3 Crystallisation of 3D-C1r-C1s complex:

All crystals were grown using the sitting-drop vapour diffusion method. Conditions were tested
using a range of the precipitant PEG8K with buffers at 25 °C and 4 °C. Drops were set by
mixing equal volumes (1.2 + 1.2 ul) of the protein and reservoir solution. Plates were checked
regularly, and conditions were optimised by altering the precipitant and buffer concentrations.
Crystals of the C1r-C1s complex (3-4 mg/ml) were grown in 12-18% PEG 8000, 100 mM
imidazole at pH 8.0 and at 25 °C. Similar conditions were used to crystallize C1r alone, except
that the crystals were grown at 4 °C. All crystals were transferred to a reservoir solution
containing 20% glucose before being stored in liquid nitrogen and were maintained at 100

kelvin (K) during data collection.

Diffraction data were collected at Diamond Light Source in beam line 104 and were processed
with the iMosflm software. Phases were determined by molecular replacement with Phaser
using the C1s CUB-EGF-CUB2 (Venkatraman Girija et al., 2013) structure as a search model.
Models were optimised using cycles of manual refinement with Coot and refinement in
Refmac5 (Emsley et al., 2010), which are part of the CCP4 software suite, and in Phenix
(Afonine et al., 2012). A structure of the CUB2 domain of Cir (at 1.95 A resolution) was
determined independently and used as a reference for the C1r-C1s structures during refinement.

This part of the project was carried out by Prof Wallis.
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2.3 Results:

2.3.1 Expression and purification of the 3D C1r and 3D C1s proteins:

The pED4 expression plasmids containing the cDNAs encoding for 3D Clr and C1s were
transfected into CHO cells, and the cells were grown and harvested as described in the methods
section. The harvested media was then loaded onto a 2 ml Ni?*- NTA Sepharose column as
described in section 2.2.2. Following this step, the eluted fractions were loaded on to a non-
reducing 15% SDS-PAGE (Figure 2.6). The gel image below shows the analysis for 3D C1s.
The 3D C1r was purified in the same way.

kDa

T -

25 -~ 3DC1s
22 - 32kDa
o~

Figure 2-6: Non-reducing 15% SDS-PAGE analysis of the Ni?* elution fractions of the 3D
C1s. The gel indicates the presence of the protein in the eluted fractions 1, 2 and 3with a

molecular mass of 32 kDa.

2.3.2 Gel filtration and purification:

The elution fractions from the nickel column were then ran on a Superdex 75 16/60 size

exclusion chromatography column to further purify the proteins as shown in (Figure 2.7).
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Figure 2-7: Purification and elution profile of the 3DC1s protein. The fractions
corresponding to the correct peak between the red dotted lines were collected and checked on

a 15% non-reducing SDS-PAGE gel. A similar profile was observed for 3DC1r

Fractions from the gel filtration step were analysed on a non-reducing 15% SDS-PAGE gel to

check the purity of the protein (Figure 2.8).
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Figure 2-8: 15% non-reducing SDS-PAGE analysis showing the eluted fractions from the gel
filtration column (fraction 1 to 8). Fractions containing the 3DC1s (32 kDa) protein were

pooled together.
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2.3.3 Generation of 3D C1r-C1s heterodimer complex by gel filtration:

The 3D C1r-C1s heterocomplex was generated by mixing 3D C1r and 3D C1s at a 1:1 molar
ratio. They were analyzed by gel filtration in 20 mM Tris pH7.5, 50 mM NaCl and 2 mM CaCl;

on a Superdex 200 10/300 column (Figure 2.9).
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Figure 2-9: Gel filtration elution profile of the C1r-C1s complex. Fractions corresponding to

the heterocomplex were collected and concentrated to 4mg/ml for crystallisation.

2.3.4 Interaction of the 3D C1r and C1s in solution:

Analytical gel filtration showed that 3D C1s is a Ca®*-dependent dimer. 3D C1r was also
dimeric in Ca?* but aggregated in EDTA. The analysis of an equimolar mixture of C1r and C1s
fragments revealed a new dimer peak that eluted slightly earlier than either the C1s or C1r
homodimers, implying the formation of heterodimers (Figure 2.10). No peak corresponding to
a tetrameric complex (expected to be ~150 kDa in size for the N-terminal domains) was
observed when loading concentrations of up to 1 mg/mL (>10-fold the normal serum
concentration of C1r.C1s;). The position of the heterodimer peak did not change over the

concentration range examined, indicating a stable complex. Importantly, the gel filtration data
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exclude the stacked tetramer model of C1 (Figure 2.10), as it shows that 3D C1r and 3D C1s

are heterodimers, not heterotetramers as would be predicted.
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Figure 2-10: Analytical gel filtration of 3D C1r and 3D C1s. 3D C1r and 3D C1s are

homodimers in the presence of Ca?*. A peak of the heterodimer complex C1r-C1s was

observed when mixing equimolar concentration of C1r and C1s which eluted slightly earlier

than the homodimers. Dotted lines show elution in a buffer containing EDTA.
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2.3.5 Structure of the CUB1-EGF-CUBZ2 domains of the heterodimer of C1r-Cls:

The crystal of the CUB1-EGF-CUB2 heterodimer of the C1r-C1s complex was obtained in an
imidazole buffer at pH 8.0 with PEG 8000 as the precipitant at 25°C. Data were collected at
Diamond Light Source in beamline 104. The diffracted data was processed using the CCP4i

software as described in section 2.2.3.3, and the structure was refined to 4.5A (Figure 2.11).

Figure 2-11: Overall structure of the 3DC1r-C1s complex. 3D fragment of C1r (blue) and
C1s (green) are both L-shaped, and they interact in an antiparallel arrangement mediated
via the CUB-EGF junction. Ca?* is essential for the interaction between the C1r and C1s.

Ca?* are indicated in pink spheres.

Crystals were also obtained for 3D C1r homodimers under similar conditions but at 4 °C. The
structure was determined to 5.8 A (Figure 2.12). C1r dimerises in an antiparallel arrangement
with an L-shaped structure similar to the one found in the C1r-C1s heterodimers. The interface
of the C1r-C1s heterocomplex is extensive and spans all three domains CUB1-EGF-CUB2 of
each polypeptide (1,268 Az for C1r and 1,304 Azfor Cls). The interface of the C1r-Cls
heterodimer is more extensive than the interfaces observed between homodimers of Cls
(Venkatraman Girija et al., 2013), C1r (Figure 2.12) and the homologous serine proteases of
the LP (Nan et al., 2017). This explains why C1r and C1s preferentially form heterocomplexes
rather than homocomplexes.
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Figure 2-12: C1r-C1s interface. (A) Residues buried at the interface of the C1r-C1s complex
are indicated. (B) CUB1-EGF-CUB?2 structures of C1r-C1s heterocomplex compared to C1s
homodimer (PDB code: 4LMF), C1r homodimers and MASP-1/-3 homodimers (PDB code:
3DEM), the homologues serine proteases of the LP. (C) The C1r-C1s dimers overlay with
CUB1-collagen (PDB: 4LOR, yellow) and CUB2-collagen structures (PDB: 3POB, wheat)
showing the position of the collagen-binding sites at the CUB1 of C1s (blue) and CUB1,

CUB2 of C1r (green). The collagen is in grey.
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Cir-Clis1 Cir-C1r
CUB1-EGF-CUB2 CUB1-EGF-CUB2

PDB code 6F1C 6F39
Data collection
Beam line Diamond 104-1 Diamond 103
Space group P21212: Cl21
ab,c A 96.8, 123.7, 195.5 140.5 54.6 137.6
o By, ° 90, 90, 90 90 100.2 90
Resolution, A 97.8-4.2 (4.70 - 4.20) 68.1 - 5.8 (6.49 - 5.80)
Rsym, % 15.3 (93.3) 32.4 (195.2)
Rpim, % 8.3 (53.3) 11.8 (69.2)
CC(1/2) 0.998 (0.814) 0.997 (0.610)
/ol 6.6 (1.9) 5.1(1.8)
Completeness 99.8 (99.7) 99.8 (100)
Redundancy 7.6 (7.1) 15.2 (16.5)
Resolution, A 86.73 -4.20 (4.35—4.20) 68.06 - 5.80 (6.00 - 5.80)
No. reflections 17763 (1738) 2987 (293)
Rwork/Rfree 0.247/0.30.5 0.315/0.333
No. atoms 9260 4608

Protein 9003 4456

Ligand/ion 257 166

Water - -
B-factors, A2 226.8 354.8

Protein 225.0 353.3

Ligand/ion 286.4 395.3

Water - -

Bond lengths, A | 0.004 0.004

Bond angles, ° 0.91 0.98

Table 2.1: Data collection and refinement statistics. The highest resolution shell is shown in

parentheses.
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2.4 Discussion:

The structure of the C1r—C1s interaction provides insight into the assembly of the C1 complex.
C1r and C1s polypeptides bind via an extensive interface involving all three N-terminal
domains (CUB1-EGF-CUB2). A Ca?*-binding site in the EGF domain of each subcomponent
forms part of the binding interface and explains the Ca?*-dependence of the interaction.
Additional Ca?* sites are present in each CUB domain of C1r and in the CUB1 of C1s forming
the binding sites for the collagen-like domains of C1q. The data reported here are incompatible
with the recently proposed stacked-tetramer model for C1r.C1s; via their (CUB1-EGF-CUB2)
domains (Mortensen et al., 2017), as the CUB1-EGF-CUB2 fragments of C1r and C1s do not
form tetramers, even at higher concentrations than found in serum. Instead, each C1r-C1s
heterodimer must be held together by contacts between the CCP-SP domains of C1r to form
the elongated S-shaped structures first observed in EM images (Strang et al., 1982). This
arrangement would prevent the autoactivation of C1r, because of the SP domain of one C1r
polypeptide packs against the CCP domains of its partner (Budayova-Spano et al., 2002).
Autoactivation of the complex would require disruption of the C1r—CL1r interaction at the CCP-
SP junction, followed by alignment of the catalytic site of one polypeptide with the cleavage
site of the other. This intramolecular autoactivation mechanism is compatible with the first-
order Kinetics observed for spontaneous C1 activation (Ziccardi, 1982). The recent cryoEM
structure of C1 bound to C4 (Sharp et al., 2019), shows that our original model of the
heterotetramer in C1 is incorrect. In the original model, C1s was placed at the centre of the
tetramer with C1r on the outside creating six collagen binding sites (two on CUB1 and CUB2
of each C1r and one on CUB1 of C1s). However, recent data shows that C1r is at the centre
with C1s is on the outside. Interestingly, there are two copies of the C1r-C1s dimer in our
structure that probably mimic the C1r.C1s; tetramer when bound to C1q. In this arrangement,

there are only four binding sites for the collagen stems, as the binding site on each CUB2
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domain of C1r is masked by the CUB1 domain of its partner, the C1s polypeptide. When bound
to C4 on the cell surface, there is a change in the relative position of the C1r-C1s dimer so that
the collagen bound to CUBL1 of Cls also interacts with the CUB2 of the adjacent C1r
polypeptide (Figure 2.13). This change may accompany C1 formation, or even the activation

of C1 (Sharp et al., 2019).

Figure 2-13: Structure of the C1r-C1s asymmetric unit. There are two dimers in the
asymmetric unit which probably reflect the arrangement of the two C1r (green) and two C1s
(cyan) molecules in the C1 complex. The binding sites for collagen are shown by red circles.
The collagen-binding site in each CUB2 of C1r is blocked by the CUB1 domain of its partner

making a total of four binding sites. Ca?* molecules are shown as pink spheres.
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Chapter 3 . Structure of the C1gA, B and C chains in complex with the 3 domains

CUB1-EGF-CUB2 of C1s

3.1 Introduction:

The CP of the complement system is activated by a (460 kDa) recognition subcomponent
named C1lq, which is associated with four serine proteases, two C1r and two C1s proteins.
These are arranged as an elongated S-shaped heterotetramer with the two C1r proteases at the
center, stabilized through reciprocal contacts between the CCP1-CCP2-SP domains of each
partner (Gal et al., 2009), and a C1s protease at each end, mediated through contacts between
the CUB1-EGF-CUB2 domains of C1r and C1s (Almitairi et al., 2018). C1qg has a bouquet-
like structure assembled from six heterotrimeric collagenous stems. It is assembled from three
different chains; the A chain (223 residues), B chain (226 residues) and C chain (217 residues).
Each chain contains an (~81 residue) collagen-like region at the C-terminus, which contains
the binding sites for C1r and C1s (Phillips et al., 2009). In this region, all three collagen chains
of Clg contain a sequence similar to the protease-consensus motif found in MBL, serum
ficolins and CL-11: Hyp-Gly-Lys-Xaa-Gly-Pro (where Hyp is a hydroxyproline residue, and
Xaa is typically a hydrophobic residue). This motif is also present in the lectin pathway
recognition molecules and mediates the binding to their associated serine proteases MASPs
(Phillips et al., 2009). More recently, it has been shown that the same sequences form the
binding site for C1r and C1s in the classical pathway activation complex (Bally et al., 2013).
Most notably, in all interactions, the lysine residue at the center of the motif is essential for
binding. Unlike Clq, the LP recognition molecules are formed from homotrimeric subunits
(Matsushita, Endo and Fujita, 2013). Presumably, the three different chains of C1q mediate its
specificity towards its associated proteases C1rzs; rather than MASPs (Venkatraman Girija et
al., 2013), at least in part, although components have been shown to cross-bind invitro (Phillips

et al., 2009). Recent work has revealed the binding sites for Clq in the CUB1 and CUB2
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domains of C1r and CUBL1 of C1s providing a total of six binding sites on the C1r-C1s tetramer
one for each collagen stem of C1q (Bally et al., 2009). Ca?* plays a central role in the assembly

and is necessary for the binding of the proteases to C1g (Colomb et al., 1984).

In previous studies, the structure of the CUB1-EGF-CUB2 domains of C1s bound to the
consensus motif: Hyp-Gly-Lys-Leu-Gly-Pro was determined (PDB code: 4LOR)
(Venkatraman Girija et al., 2013). This work derived from the observed cross-binding between
Clsand MBL (Phillips et al., 2009). However, from the structure, it is not possible to determine
the order of the chains in C1q or why C1s binds preferentially to C1q rather than MBL. The
three polypeptides of a collagen triple helix assemble with a ~1 residue staggered between
them, giving rise to leading, middle and lagging strands. For this reason, there are six possible
configurations of the 3 chains in C1g: ABC; ACB, BCA, BAC, CAB, CBA. Each arrangement
would have a different structure due to the stagger in the collagen chains. Because C1s co-
crystallises with collagen and the three chains have similar but distinct sequences within the
binding region, there is the opportunity to further probe binding between C1qg and C1s and to
determine the likely order of the chains in C1q. The aim of this part of the project is to assess
the interactions between the CUB1-EGF-CUB2 domains of Cls and collagen peptides
containing the binding motif of the A, B and C chains thereby generating a better model for

C1g-Cl1s interaction.
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3.2 Materials and methods:

3.2.1 Materials:

Media from the cell line expressing the CUB1-EGF-CUB2 domains of Cls (3D-C1s) was
harvested and purified as described previously in section 2.2.2. Peptides corresponding to the
protease-binding site on C1qg were synthesized for each of the three chains A, B and C, and

were kindly provided by Prof. Wallis. Sequences are:

ClgA: Ac-GPO GPO GPO GNO GKV GYO GPO GPO GPO-NH2
ClgB: Ac-GPO GPO GPO GNO GKV GPO GPO GPO GPO-NH2
ClqC: Ac-GPO GPO GPO GHO GKN GPM GPO GPO GPO-NH2

Specific protease binding residues in each chain are underlined. O represents hydroxyproline.
Three GPO repeats were added at the N- and C-termini to increase the stability of the collagen-
like structures. Crystallisation screens were purchased from Molecular Dimensions. All
chemicals were purchased from Sigma and Thermo Fisher Scientifics. Crystallisation plates
and materials were from TTP Labtech and Hampton Research. Diffraction and data collection

were performed at the Diamond Light Source synchrotron facility.

3.2.2 Crystallisation of 3DC1s in complex with C1q chains A, B and C:

Crystallization conditions were based around those previously shown to be successful for the
crystallisation of C1s bound to a collagen-like peptide from MBL: 100 mM Trizma-HCI pH
8.5 or 8.0 containing PEG8K and 80 mM NaBr, as shown previously (Venkatraman Girija et
al., 2013). The C1s 3D protein was first concentrated to 3.6 mg/ml and then mixed with the
C1q peptides A, B and C individually and with mixtures (A+B, A+C and C+B) prior to
crystallisation trials using a molar excess of peptides to C1s, as detailed in (Table 3.1). The
precipitant PEG8K concentration ranged from 28% to 18%. Drops were tested using sitting

drop vapor diffusion method in 48 well MRC crystallisation plates. 200 ul of buffer was added
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to each well, and then 1.2 ul of the protein-peptide mixture was mixed with 1.2 ul of buffer at

25 °C (room temperature). After crystallisation was observed, the most promising condition

was then optimized further by testing serial dilution of NaBr, precipitant and Trizma pH 8.5,

and 8.0, as detailed in (Table3.2).

3DC1s purified protein Clqgchains A, B and C
12.5ul 3DC1s 2.5ul C1gA
12.5ul 3DC1s 2.5ul C1gB
12.5ul 3DC1s 2.5ul C1qC
12.5ul 3DC1s 1.75ul C1gA
0.75ul C1qC
12.5ul 3DC1s 1.75ul C1gA
0.75ul C1gB
12.5ul 3DC1s 1.75ul C1qB
0.75ul C1qC

Table 3.1: This table summarizes the different 3DC1s-C1q complexes used for

crystallisation. Each 3DC1s protein was mixed with a deferent ratio of C1q chains A, B and

C as presented in the table. 3DC1s was at 3.66mg/ml, and peptides were at C1gA- 1.2mg/ml,

C1gB- 1.32mg/ml and C1qC- 1.39mg/ml.
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Buffer composition for each condition used in crystallisation

1 0.1M Trizma-HCI pH 8.5, 23%, 22%, 21%, 21%, 19%, 18% w/v PEG8K, 80Mm

NaBr.

2 0.1M Trizma-HCI pH 8.0, 23%, 22%, 21%, 20%, 19%, 18% w/v PEG8K, 80Mm

NaBr.

3 0.1M Trizma-HCI pH 8.0, 19% w/v PEG8K, between 500 and 50 Mm NaBr

4 0.1M Trizma-HCI pH 8.0, 18% w/v PEG8K, range between 500 and 50 mM

NaBr

5 Between 50 and 500 mM of Trizma-HCI pH 8.0, 19% w/v PEG8K, 200 mM

NaBr.

6 Range between 50 and 500 mM of Trizma-HCI pH 8.0, 18% w/v PEGS8K,

200Mm NaBr.

Table 3.2: Optimisation steps for 3DC1s protein in complex with C1gA, B and C
crystallisation. Each buffer was used to set up a 48 well plate. The same optimization process

was applied to each protein-peptide complex.

All crystals were obtained at 19% or 18% PEG8K, containing 200 mM NaBr, 100 mM Trizma-

HCl at pH 8.0.

3.2.3 Picking and storage of crystals:

Crystals were picked from the sitting drops by scooping into appropriately sized LithoLoops
after adding 30% v/v glycerol as a cryoprotectant. Crystals were immediately submerged into
liquid nitrogen to fix and preserve the crystals and were then swiftly moved into a cryogenic

storage unit.
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3.2.4 Data collection and processing:

Complete data sets of various crystals of the C1g-C1s complex were collected in beamline 104
at Diamond Light Source synchrotron. Crystals were robotically mounted in a cryo stream to
keep the immediate environment around the crystal at 100 K. Each crystal was then centred
into the path of the x-ray beam, with manual adjustments made where necessary. Initially,
diffraction images from a crystal were collected 45° apart and were loaded into the EDNA
(Incardona et al, 2009) program, which indexes the data and returns a set of optimal parameters
for collecting a full dataset. Datasets were then collected based on this information. Data

collection were carried out with Prof. Wallis.

3.2.5 Data processing and structure refinement:

The collected diffraction data sets were analyzed with the CCP4i software (Potterton et al.,
2003). Images were indexed and integrated using iMosflm (Kabsch, 2010). The data were then
scaled and merged using Aimless, followed by molecular replacement using Phaser MR all
part of the software suite. The structure of C1g-C1s (PDB:4LOR) (Venkatraman Girija et al.,
2013) was used as a search model. Rounds of structural refinement were carried out manually
in Coot (Emsley et al., 2010), followed by multiple rounds of refinement in both Refmac5
(CCP4) and Phenix.refine. Part of the Phenix program suite (Afonine et al., 2012). Structures

were analysed with the help of Prof. Wallis.
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3.3 Results:

3.3.1 Structural analysis of the interaction between 3DC1s and C1q chains:

Clq is assembled from six subunits of 3 chains called A, B and C. The binding site for C1r and
C1s is located within the Hyp-Gly-Lys-Xaa-Gly-Pro motif within the collagen-like domain. In
this region, all three collagen chains contain a sequence similar to the protease consensus motif

but with minor differences (Figure 3.1).

Peptides corresponding to the C1gA, C1gB and C1qC chains, flanked by (GPO)s repeats (to
stabilize the collagen) were synthesized. These were mixed with purified 3DC1s (~3.66 mg/ml)
both individually and as mixtures at different molar ratios. Crystals were collected, and
complete data sets were collected at Diamond Light Source facility in beamline 104. Phases
were solved by molecular replacement using the structure of 3DC1s bound to a collagen-like
peptide containing the binding motif of MBL: Hyp-Gly-Lys-Leu-Gly-Pro as a search model (

PDB code:4LOR) (Venkatraman Girija et al., 2013).

Protease-binding motif:

ClgA: Ac-GPO GPO GPO GNO GKV GYO GPO GPO GPO-NH2

ClgB: Ac-GPO GPO GPO GNO GKV GPO GPO GPO GPO-NH2

ClgC: Ac-GPO GPO GPO GHO GKN GPM GPO GPO GPO-NH2

Figure 3-1: Sequence of the peptides used for crystallisation with 3DC1s. Flanking GPO
(where O is hydroxyproline) to stabilize the collagen allowing self-assembly of the collagen

triple helix. Residues underlined shows the binding site in each chain of C1q.
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By making mixtures of peptides, the hope was to crystallise C1s in complex with collagen
heterooligomers. The stagger in the collagen chains of one residue gives rise to a leading,
middle and lagging strand. Mixtures of collagen peptides will potentially form multiple
collagen helices. For example, mixtures of two 2 different peptides can potentially from 23
different collagen helices (AAA, ABA, AAB, BAA, BBA, ABB, BAB and BBB), whereas 3
different peptides, can form 3%i.e. 27 different helices. Our hypothesis is that the correct
arrangement of peptides (i.e. the arrangement found in C1q) is more likely to bind to Cis
because it will form a more stable complex. The resulting crystal structure will reflect the average
arrangement of collagen peptides. Where a particular chain comprises two or more collagen
peptides in the crystal, density from both chains will be observed. To date and to my

knowledge, no structures of proteins bound to collagen heterooligomers have been determined.

So far, | have determined the structures of Cls in complex with C1lgB (data to ~2.0 A
resolution) and C1qC (to 2.8 A resolution), but not with C1gA. Moreover, | have determined
the structures of C1s bound to C1gA and C heterooligomer; (data to ~ 2.7A resolution) and
C1qC and B heterooligomer; (data to ~ 1.94A resolution). Although the resolution is only
medium in these structures, both chains can be observed in the electron density. This is the first

structure of any protein bound to a collagen heterooligomer to be solved.
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Figure 3-2: This figure shows the overall structure of the 3D C1s in complex with C1qC
peptide. The three domains of C1s are shown, which binds to the collagen peptide of C1q.

Ca?*is essential for the interaction and are shown as pink spheres.

3.3.2 Structure of 3DC1s bound to C1gB:

Data were collected on beam line 104 at Diamond Light Source and diffracted to 2.0 A
resolution. The data were then processed by MOSFILM and Phenix to determine the structure
as shown in (Figure 3.3). The asymmetric unit of the crystal contained a single complex, with
the collagen peptide bound to the CUBL1 of Cls. The CUB1-EGF-CUB2 domains of C1s are
arranged linearly with three Ca? molecules; one present in each CUB domain and one within
the EGF-like domain, near the CUB1-EGF junction. The side chain of Lys15 of the lagging
strand of C1gB forms a hydrogen bonds with Ser100, Asp98 and Glu45 of the C1sCUB1
domain, which coordinates the Ca?*. In addition, the amide nitrogen of Val16 of the middle
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strand of C1qB forms a hydrogen bond with the side chain of Tyr52 of the CUB1 domain. The
amide nitrogen of Val16 of the lagging strand of C1gB forms a hydrogen bond with Glu102 of

C1s. The final interaction is between the side chains of Asnl2 of the middle strand of C1gB

and Glu48 of Cls.

Figure 3-3: The interaction between the CUB1 domain of C1s and of C1gB. The chains are
colored as follow; black for the lagging strand, grey for the middle strand and white for the

leading strand.
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Data collection and final refinement statistics summary for C1gB chain+3DC1s

Resolution range (A) 2.0
Space group Ciz21
a,b,c A 75.40 71.67 99.09
B,y °© 90.00 111.50 90.00
Rsym 10.12
I/o(I) 5.8
Completeness 98.0
No, reflections 21857
Rwork 0.21
Rfree 023
RMSD bond lengths (A) 0.038
RMSD bond angles (°) 3.0733
Number of protein atoms 30.12
Number of solvent atoms 8004
B-factors (A% 22.6
water -
Average multiplicity 3.4

Table 3.3: Summary of the data collection and refinement parameters of C1gB in complex

with C1s-CUBL.

61




3.3.3 The interaction between the CUB1 domain of C1s and of C1qC:

The purified 3DC1s protein was mixed with the C1qC chain. Data were collected and processed
as described in section 2.2.8. As before, residues Ser100, Asp98 and Glu45 of the CUB1

domain of C1s form hydrogen bonds with the Lys15 side chain of the lagging strand of C1qC

chain, as shown in (Figure 3.4). However, there are no additional polar interactions.

Figure 3-4: The interaction between the CUB1 domain of C1s and of C1qC. C1s residues
Ser100, Asp98 and Glu45 interact with Lys15 of the lagging strand of C1qC as in the C1gB

complex. The Ca?* is shown as a pink sphere.

Despite repeated attempts, no crystals were obtained for Cls bound to C1gA. The A chain
contains a bulky tyrosine residue at position 18. It is likely that this residue cannot be

accommodated in all three positions of the collagen chain without disrupting binding.
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Data collection and final refinement statistics summary for C1qC+3DC1s

Resolution range (A) 2.8
Space group Ciz21
a,b,c A 75.40 71.67 99.09
B,y °© 90.00 111.50 90.00
Rsym 12.22
I/o(I) 5.8
Completeness 98.0
No, reflections 21857
Rwork 0.21
Rfree 023
RMSD bond lengths (A) 0.038
RMSD bond angles (°) 3.0733
Number of protein atoms 30.12
Number of solvent atoms 8004
B-factors (A% 22.6
water -
Multiplicity 3.4

Table 3.4: Summary of the data collection and refinement parameters of C1qC in complex

with the C1s-CUB1domain.
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3.3.4 Structure of 3DC1s bound to C1q A and C chains:

To assess the potential role of chain A of Clq, the C1gA and C1qC chains were mixed at a
ratio of 3:1 ratio and cocrystallized with 3DC1s. An excess of chain A was used to ensure that

it would be visible in the complex (Figure 3.5).

Figure 3-5: The interaction between C1gA/C with the CUB1 domain of C1s. Ser100, Asp98
and Glu45 of the C1s interact with Lys15 of the lagging strand of the collagen (chain C).
Additionally, hydrogen bonds are present between the Tyr52 residue of CUB1 and the amide
group of Val16 of the middle strand (chain A,) as well as the side chain of Lys15 of the
middle strand (chain A). Interestingly, density for the Tyr18 of chain A was only observed in
the middle strand of the three collagen chains (not the leading or lagging) the other two
chains were both predominantly C1qC. A further interesting observation was that Tyr18
packs against the hydrophobic side chain of Met19 of the leading strand. These data are

consistent with C1gA being the middle strand and C1qC being the lagging strand.
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Data collection and final refinement statistics summary for CLqA/C +3DC1s

Resolution range (A) 2.7
Space group Ciz21
a,b,c A 73.74 71.67 99.09
B,y °© 90.00 111.50 90.00
Rsym 1212
I/o(I) 5.8
Completeness 82.0
No, reflections 21857
Rwork 0.21
Rfree 023
RMSD bond lengths (A) 0.038
RMSD bond angles (°) 3.0733
Number of protein atoms 32.12
Number of solvent atoms 8022
B-factors (A% 22.6
water -
Multiplicity 3.4

Table 3.5: Summary of the data collection and refinement parameters of the C1gA+C

heterooligomer in complex with C1s-CUBL.
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3.3.5 Structure of 3DC1s bound to C1q C and B:

C1q peptides C and B were mixed at different ratios to assess the pattern of these strands and

obtain full model of the C1q chains A, B and C.

\

SER-100 -
S f }

\s’

. /~

Figure 3-6: This figure presents the structure of the complex between C1s and C1qC/B. The
ratio of C:B was 2:1 respectively. Density for C1qB was observed predominantly in the
middle strands whereas density for C1qC was observed in the lagging strand. Residues

Ser100, Asp98 and Glu45 of the CUB1 domain of C1s form hydrogen bonds with the Lys15 of
the lagging strand of the collagen (chain C). Additionally, hydrogen bonds are present
between the Tyr52 residue of the CUBL1 and the amide group of Asn16 of the middle strand

(chain B).
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Data collection and final refinement statistics summary for C1qC/B +3DC1s

Resolution range (A) 1.94
Space group Ciz21
a,b,c A 73.74 71.67 99.09
B,y °© 90.00 111.50 90.00
Rsym 13.12
I/o(I) 5.8
Completeness 82.0
No, reflections 21857
Rwork 0.21
Rfree 023
RMSD bond lengths (A) 0.038
RMSD bond angles (°) 3.0733
Number of protein atoms 35.11
Number of solvent atoms 8002
B-factors (A% 22.6
water -
Multiplicity 3.4

Table 3.6: Summary of the data collection and refinement parameters of C1qC+B

heterooligomer in complex with C1s-CUB.
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3.4 Discussion:

In previous studies the structure of 3D C1s bound to the consensus motif: Hyp-Gly-Lys-Leu-
Gly-Pro, was determined (Venkatraman Girija et al., 2013). However, the three chains of C1q
are different (Gingras et al., 2011). C1q is assembled from 3 chains called A, B and C. The
binding site for C1r and C1s is located within the collagen-like domain. In this region, all three
collagen chains contain a sequence similar to the protease consensus motif: Hyp-Gly-Lys-Xaa-

Gly-Pro: chain A: GNOGKVGYO; chain B: GNOGKVGPO and chain C: GHOGKNGPM.

Structure Collagen residues C1s-CUBL residues
C 1q B Lys15 (lagging strand) Ser100
Asp98
Glu45
Val16 (middle strand) Tyr52
Asn12 (middle strand) Glu4s8
Val16 (lagging strand) Glu102
C]_qc Lys15 (lagging strand) Ser100
Asp98
Glu4s
ClqA+C Lys15 (lagging strand) Ser100
Asp98
Glu4s
Val16 (middle strand) Tyr52
Lys15 (middle strand)
ClgB+C Lys15 (lagging strand) Ser100
Asp98
Glu45
Asn16 (middle strand) Tyr52

Table 3.7: This table shows the polar interactions between C1q chains in complex with the
C1s-CUB1 domain. Hilighted resedues are conserved in all chains of C1q.
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The three collagen-like peptides form a right-handed helix with a characteristic one residue
stagger between adjacent strands. Each chain binds to Cls, with the leading, middle, and
trailing strands. Key to the interaction is the Lys15 of the lagging strand, which contacts the
carboxylate groups of Glu45 and Asp98 and the hydroxyl and carbonyl groups of Ser100, three

of the five residues that coordinate the Caz+ of the CUB1 of Cls.

As presented in (Table 3.7), polar interactions highlighted in yellow are present in all of the
structures indicating the key role of the lysine residue which is compatible with the previously
solved structure of C1qg/C1s (Venkatraman Girija et al., 2013). Interestingly, density for chain
A was only observed in the middle strand in the complex with chains A and C suggesting that
it forms the middle strand in C1q. Chain B formed additional contacts with the CUB1 domain
via the lagging strand of the collagen in C1s:C1gB compared to C1s:C1qC, implying that B is
the lagging strand of the collagen in Clq, and that C is the leading strand. Thus, from the
structures we can propose a model for the C1qg:C1s interaction in which the leading strand of
the collagen is C, the middle is A and the lagging is B. Notably, the C1gA/C:C1s and C1gB/C
complexes are the first complexes between a protein and a collagen heterooligomer to be

reported.

The structure of the collagen globular head has been determined previously by (Gaboriaud et
al., 2003). In this structure, the three chains are arranged clockwise in the order
ACB=CBA=BAC (depending on which domain is the starting point clockwise), when observed
from the base of the heterotrimer. In collagen the leading, middle and lagging strands are in the
order of leading, lagging, middle from the N-terminus and in a clockwise direction i.e. C, B,
A. Thus, the three collagen chains in my proposed arrangement are correctly ordered to connect
to the globular domain of Clq without any requirements for strand crossing. Finally,

mutagenesis studies using recombinant C1q (Kishore and Reid, 2000) have shown that the
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lysine residues of the B and C chains of C1q are more important than lysine of C1gA with
regard to C1r2sz binding. This finding is also compatible with my model in which the lysine of

C1qC interacts directly with C1s.

The method used here for identifying the leading lagging and middle strands of the collagen-
like domain has great potential for use in other systems where protein-collagen complexes are

assembled from collagen heterooligomers.
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Chapter 4 . Interaction of the immune modulator LAIR-2 with MBL of the lectin

pathway for complement activation

4.1 Introduction and objectives:

LAIR proteins are immune regulatory receptors that belong to the 1g superfamily. There are
two members; a transmembrane protein LAIR-1 and a secreted soluble homologue named
LAIR-2. Although LAIR-2 is similar to LAIR-1, it lacks the ITIM (Immunoreceptor tyrosine-
based inhibitory motifs) baring transmembrane domain of the latter. LAIR-1 and LAIR-2 share
80% identity within the Ig like extracellular domain (Olde Nordkamp, Koeleman and Meyaard,

2014).

The LAIR-1 inhibitory function was characterised by the ability to inhibit the cytotoxicity in
natural killer cells (NK) and T-cells (Meyaard et al., 1997), thereby inhibiting the calcium
mobilization and down regulation of cytokine production and maturation of dendritic cells
(Meyaard et al., 1999). The structure of LAIR-1 has been determined to 1.8 A° (PDB entry
code:3KGR) (Brondijk et al., 2010). Previous work has shown that LAIR-1 binds specifically
to collagen-like repeats (GPO)n and therefore, can directly down regulate immune responses
(Lebbink et al., 2006). LAIR-2 has been reported to compete with LAIR-1 for collagen binding
and antagonises its role in regulating the immune response (Lebbink et al., 2014). Recently, it
has been reported that LAIR-1 can bind to the collagen-like domains of C1q and MBL to inhibit
complement activation (Son et al., 2012b). The subunits of MBL and C1q contain a collagen-
like domain which is believed to be the binding site for LAIR proteins (Figure 4.1). Unlike
LAIR-1, little is known about the function and structure of LAIR-2. The aim of this chapter is

to investigate the potential interaction between LAIR-2 and the collagen-like domains of MBL.
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Carbohydrate-
59 aa collage-like domain Recognition domain

MBL

Globular head-
81 aa collage-like domain domain

Clq

LAIR-2

Figure 4-1: Schematic representation of the collagen-like domain of MBL and C1q. The
recognition molecules of the CP and LP contain a collagen-like domain of 59 amino acids for
the LP and 81 amino acids for the CP as indicated with light blue colour. The collagen

domain is believed to be the binding site for LAIR-2.

Obijectives:

e Production and purification of the full length (FL) LAIR-2 protein.

e Production and purification of human (hMBL).

e Attempt to crystallise FL-LAIR-2.

e Assess the binding between FL-LAIR-2 with hMBL using Bio-Layer Interferometry

(BLI).
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4.2 Materials and methods:

4.2.1 Materials:

Synthetic cDNA containing the FL-LAIR-2 protein was purchased from Thermofisher
scientific. Cloning was carried out by the PROTEX (The University of Leicester cloning and
protein production facility). Primers were designed following PROTEX guidelines. Platinum
Pfx polymerase for PCR was purchased from Life Technologies. DNA and protein markers
were supplied by New England Biolabs. Filters (0.2 pm), Ni*2- NTA affinity resin, Superdex
200 and 75 16/60 columns used for protein purification were supplied by GE Healthcare. Mini
and midi plasmid extraction and purification kits were supplied by Qiagen. SYBR safe DNA
gel stain and loading dye were purchased from Invitrogen. The protein extraction and
purification reagent BugBuster was supplied by Merck Millipore. Protease inhibitor tablets
were purchased from Roche. All chemicals were purchased and supplied by Sigma and Thermo
Fisher Scientific. Crystallisation screens JCSG, ProPlex, PACT, Morpheus and BCS were
supplied by Molecular Dimensions. Mannose Sepharose resin was prepared and provided by
Prof. Wallis (University of Leicester). The synthetic peptide comprising the sequence (GPO)s

was obtained from Generon.

4.2.2 Cloning and amplification of FL-LAIR-2 gene:

FL-LAIR-2 cDNA was amplified by PCR from a synthetic cDNA. Primers were designed
following the PROTEX guidelines to enable cloning into the expression plasmid pLEICS-03
by homologous recombination (Table 4.1). PCR amplification was carried out in 50 pl
reactions containing 50 ng of DNA template in a master mix detailed in (Table 4.2). The PCR
products were analysed on a 1% w/v agarose gel in TBE buffer. Bands were excised from the
gel with a sterile scalpel and then purified from the agarose gel using the QIAgen quick gel

extraction kit. Purified PCR products were cloned into the expression vector pLEICS-03 by
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PROTEX to introduce an N-terminal Hise tag and a Tobacco Etch Virus protease (TEV),

cleavage site (Figure 4.2).

Primer Sequence 5° ------- 3
FL-LAIR-2 FP TACTTCCAATCCATGTCTCCACACCTCACTGCTCTCCTG
FL-LAIR-2 RP GACGGAGCTCGAATTTCATGGTGCATCAAATCCGGAGGCTTC

Table 4.1: Oligonucleotides primers for the amplification of FL-LAIR-2 gene.

PCR mixture and cycling conditions
Final
Component Volume Concentration
10x Pfx Amplification Buffer 5ul 1X
10 mM DNTp mixture 1.5 ul 0.3 mM each
50 mM MgSOq 1l 1mM
Forward primer (Table 4.1) 1ul 2 pM
Reverse primer (Table 4.1) 1ul 2 pM
FL-LAIR-2-template 1ul 50 ng/pl
NanoPure water 39 ul
Platinum Pfx polymerase 0.5 ul 1 unit
Cycling conditions
94°C 5 minutes Pre-denaturation
94°C 35 15 seconds Denaturation
63°C Cycles 30 seconds Annealing
68°C 1.25 minutes Extension
68°C 5 minutes Final Extension

Table 4.2: Summary of the PCR run and reaction mixture.

After cloning, clones were verified by sequencing which was performed by the University of

Leicester sequencing facility, PNACL.
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Figure 4-2: Vector map of the expression vector pLEICS-03. LAIR-2 gene was inserted in the

EcoR1site.

4.2.3 FL-LAIR-2 expression and purification:

The pLECS-03 containing the FL-LAIR-2 cDNA was transformed into competent E. coli BL-
21 DE3 cells as follows; 2 ul of the recombinant DNA was added to 100 pl of competent cells
and incubated on ice for 30 minutes, followed by 2 minutes heat shock treatment at 42°C. The
cells were then put back on the ice after which 300 ml on LB was added and incubated for 1
hour in a shaking incubator at 37°C. Cells were then plated on a LB agar plate using a sterile
L-shaped loop, containing 50 pug/ml Kanamycin and then incubated overnight at 37°C. The
freshly transformed cells were then used to inoculate 1 L of LB containing 50 pg/mi
Kanamycin. After this, cells were then grown to an ODegoo of 0.5 and induced with ImM IPTG
and incubated overnight in a shaking incubator at 16°C. The cells were then harvested by
centrifugation at 3396 g for 20 minutes at 4°C and then resuspended in 30ml of lysis buffer
containing (50 mM Tris-pH7.5, 150 mM NaCl, 1% v/v Tween 20) and one tablet of a protease
inhibitor cocktail. The cell suspension was then sonicated on ice using large probe, with 8 pulse

for 30 seconds at an amplitude of 8, with a one-minute break between each pulse to prevent
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overheating. The cell lysate was then centrifuged at 20,0009 for 20 minutes at 4°C. The protein
was expressed in the soluble fraction and purified by affinity chromatography on Ni?*- NTA
Sepharose column pre-equilibrated with 20 ml of 50 mM Tris-pH 7.5, containing 150 mM
NaClz. The cell lysate was then diluted at a 1:1 ratio with the equilibration buffer and loaded
at 4°C overnight. After loading, the column was washed with 20ml of 50 mM Tris-pH 7.5, 150
mM NaClz and 20 mM imidazole. Protein was then eluted from the column with the same
buffer containing 500mM imidazole. Fractions were analysed on a non-reducing 15% SDS-
PAGE gel after which they were pooled together and further purified by gel filtration on a
Superdex 75 16/60 column equilibrated with 50 mM Tris pH7.5, containing 150 mM NaCl.
Purified protein was then analysed on a non-reducing 15%SDS-PAGE gel, concentrated to

6mg/ml and stored at -80 °C.

4,2.4 TEV protease digestion of the FL-LAIR-2 Hiss tag:

In preparation for crystallisation screens, the Hise tag was removed by digestion with the TEV
protease (PROTEX). Protein was first dialysed in TEV reaction buffer (50 mM Tris-pH7.5, 0.5
mM EDTA and 3 mM glutathione/0.3 mM oxidized glutathione). TEV protease was then added
at the ratio of 1unit/500ul protein and then was left overnight at 4 °C in a mixing roller. The
mixture was separated by passing the mixture through a Ni*2- NTA Sepharose column, and the
efficiency of the digestion was analysed on a 15% non-reducing SDS-PAGE gel. Digested
protein was then dialysed in 50 mM Tris-pH 7.5, containing 150 mM NaCl and was then
purified further by gel filtration. Purified protein was then concentrated to 4mg/ml and stored

at -80 °C for further experiments.

4.2.5 Preparation of Mannose Sepharose resin:

To purify hMBL, Sepharose 6B beads were first coupled with mannose. Briefly, 40ml of the

Sepharose 6B beads were washed with 2L of H20 with gentle stirring and then were added to

76



40ml of 0.5 M NaHCO3 pH 11 and 5ml of divinyl sulfone at room temperature for 1hour to
activate the Sepharose beads. The beads were then washed with 2L of H.O and then added to
40ml of 0.5 M NaHCOs pH 10 containing 20% mannose and incubated overnight to allow
coupling of the sugar to the Sepharose beads. Following this, the Sepharose was washed with
2L of H20 and blocked with 40ml of 0.5 M NaHCOs and 2ml B-mercaptoethanol for 30

minutes. Finally, the Sepharose was washed with 4L of H,O and stored at 4°C until further use.

4.2.6 hMBL expression and purification:

CHO cell line expressing hMBL was kindly provided by (Prof. Wallis, University of Leicester).
hMBL was harvested from the cells following the same protocol described in section (2.2.2).
The cells were grown in a triple-layer cell culture flask in a MEMa- media supplemented with
(0.5uM MTX, 10% v/v DHFBS and 50units/ml P/S). Once confluence was reached, media was
replaced with CHO-S-SFM |1 without nucleotides supplemented with 50 mM HEPES-pH 7.5
to help maintaining pH during cell growth, 0.5 uM MTX, and 50 units/ml of P/S. Media was
collected every other day and spun at 671 g to remove cell debris and stored at -20 °C. hMBL
was then purified by affinity chromatography on a Mannose-Sepharose column as follows: 300
ml of the harvested hMBL media was mixed with an equal volume of high salt buffer (HSB)
consisting of 50 mM Tris-pH 7.5, 1.2 M NaCl and 10 mM CaCl,. 2ml of the mannose
Sepharose column was equilibrated with 10 ml of HSB after which the media was passed
through the column overnight at 4 °C. The column was then washed with 10 ml of HSB
followed by 10 ml of low salt buffer (LSB) (50 mM Tris-pH 7.5, 150 mM NaCl and 10 mM
CaCly), to remove any non-specific binding to the column. The protein was then eluted from
the column with the elution buffer (EB) (50 mM Tris-pH7.5, 150 mM NaCl; and 2.5 mM
EDTA). Protein was collected in 1ml fractions. The fractions containing the eluted protein were

identified by checking the elations on a non-reducing 15% SDS-PAGE gel. Fractions were then
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pooled together and dialysed in 50 mM Tris-pH 7.5, 150 mM NaCl and 5 mM CacCl) using

10000 MWCO dialysis tubing and were concentrated to 2.2mg/ml.

4.2.7 FL-LAIR-2 crystallisation:

Crystallisation trials were carried out using commercial crystallisation screens provided by
Molecular Dimensions. Using setting drop method as described in section 2.2.3, crystallisation
screens PACT, Morpheus, JCSG, Proplex and BCS were set up by mixing 0.1ul of the screen
reservoir buffer with 0.1l of the digested FL-LAIR-2 (6mg/ml) using a Mosquito NanoDrop
crystallisation robot. Screens were setup at room temperature and 4 °C. Trials were set up of
FL-LAIR-2 alone and in complex with a synthetic peptide containing 6 GPO repeats using an
excess of peptide (Lebbink et al., 2014). Plates were checked regularly, and observations were
marked for each condition. After two weeks, small crystals were observed in the PACT screen:
20 % PEG 3350, 0.2 M Sodium citrate tribasic dehydrate and 0.1 M Bis-Tris propane pH7.5
and in the Proplex screen: 0.1 M Na-HEPES-pH7.0 and 1M Sodium citrate. Hits were then
optimised further by setting up a rang of the condition component. Each condition was
optimised in a 48 well Combi Clover crystallisation plates, using 0.7 to 1.2ul range of protein
volume mixed with an equal volume of the condition buffer. Then the precipitant, pH and any
other condition components were optimised individually (Table 4.3). Additionally, an additives
screen was used for each condition to attempt to improve the crystal quality. All buffers were

made by hand and plates were incubated at room temperature and at 4 °C.
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Buffer composition for each condition used in crystallisation

1 0.2 M Sodium citrate tribasic dehydrate, 25%, 24%, 23%, 22%, 21%, 20% w/v

PEG 3350, 0.1 M Bis-Tris propane pH7.5

2 0.2 M Sodium citrate tribasic dehydrate, 23% w/v PEG 3350, 0.6 to 0.1 M range

of Bis-Tris propane pH7.5.

3 23% w/v PEG 3350, 0.2 M Bis-Tris propane pH7.5, 0.6 to 0.1 M range of

Sodium citrate tribasic dehydrate.

4 0.1 M Na-HEPES-pH7.0, 1 to 0.5 M range of Sodium citrate.

5 0.8 M Sodium citrate, 0.6 to 0.1 M range of Na-HEPES-pH7.0.

Table 4.3: Optimisation conditions for FL-LAIR-2 crystallisation. Each buffer was used to

set up a 48 well crystallisation plate.
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4.2.8 Binding of FL-LAIR-2 to hMBL.:

The interaction between FL-LAIR-2 and h-MBL was tested using Bio-Layer Interferometry
(BLI), on an OCTETQK instrument. The principle of BLI works by detecting the binding
between an immobilized protein, either by (amine coupling or Streptavidin/biotin interaction),

on a sensor tip with a target sample (Figure 4.3).

Capture molecule covalently Analyze Analyte
Amine immobilized or biotinylated kinetics removed

H Regenerate
Reactive - . - . _’- . = - .

Or RPN
Streptavidin m m m

T New sample |

Figure 4-3: BLI principle showing the steps of sample loading and target detection (ForteBio

manual).

hMBL was biotinylated to allow the protein to be immobilized onto a Streptavidin coated
sensor tip using a 20-fold molar excess of biotin to insure complete modification. Following
this, protein was dialysed in 50 mM HEPES-pH 7.5 and 150 mM NaCl to remove any excess
biotin. Each experiment was carried out as follows: the biosensor tip was first hydrated with
200ul of running buffer (50 mM HEPES-pH 7.5 and 150 mM NaCl) for 10 minutes. Then, the
biosensor was exposed to 250 ul of the same buffer to generate an initial baseline reading.
150ul of the biotinylated h-MBL protein (50uM) was then immobilized onto the biosensor tip
in the same buffer for 120 seconds. Following this, the biosensor was then exposed to 200 pl
of the running buffer for 30 seconds. Then FL-LAIR-2 was injected for 120 second at the
following concentrations 50, 100, 200, 400 and 800 uM to measure association. Finally, the
biosensor was then exposed to 250 ul of the running buffer to obtain a dissociation curve.

Following the experiment run completion, the data were analysed using the ForteBio evaluation
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software. The Kp affinity constant (equilibrium dissociation constant) was calculated by

measuring the on (ka) and off (kq) rate using:

[A].[B] _ Kd

KD = = —
[AB] Ka

The Kp is in Molar units (M) and corresponds to the concertation at which 50% of the analyte
is bound. The smaller the affinity constant, the tighter the interaction. In this experiment, the
raw binding data were fitted to a 1:1 binding model using a global fit for all injected
concentrations. The quality of the data fitted to the binding model was evaluated using steady-

state analysis. An R? value higher than 0.9 indicates a good fit to the model.
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4.3 Results:

Previous work has reported that the secreted LAIR-2 protein binds to the collagen repeats
(GPO)n with higher affinity than its homologue LAIR-1 (Lebbink et al., 2006). MBL, ficolins
and C1q all contain a collagen-like domain which can potentially interact with LAIR-2 to
prevent complement activation. To study this interaction, | produced recombinant FL-LAIR-2

and hMBL and tested the interaction using BLI.

4.3.1 Cloning of the FL-LAIR-2 cDNA:

The cDNA encoding the FL-LAIR-2 was amplified from synthetic cDNA (purchased from
Invitrogen) using PCR. The product was then separated on a 1% agarose gel (Figure 4.4),

purified and cloned into the expression vector pLEICES-03 by homologous recombination.

800

600

500

400  —
FL-LAIR-2
459bp

Figure 4-4: 1% agarose gel of the FL-LAIR-2 cDNA amplified via PCR. The expected size of

the product was 459bp.

The clone was then supplied to PNACL, the sequencing facility of the University of Leicester

to confirm the sequence.
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4.3.2 Expression and purification of FL-LAIR-2:

Following the successful cloning of the FL-LAIR-2 cDNA, the protein was expressed in E coli
BL-21 (DE3) cells. The protein was extracted from the soluble fraction following sonication of
the cells and was purified by affinity chromatography on a Ni*?- NTA Sepharose column.
Elution fractions from the column were analysed on a non-reducing 15% SDS-PAGE gel

(Figure 4.5).
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Figure 4-5: 15% non-reducing SDS-PAGE analysis of six elution fractions (left to right)
following affinity purification on a Ni*2- NTA column. FL-LAIR-2 migrated at the expected

size of 22 kDa.

Fractions containing the FL-LAIR-2 were then purified further by gel filtration on a Superdex
75 16/60 column (Figure 4.6) to remove contaminants. The protein eluted at an apparent

molecular mass of ~22 kDa indicating that LAIR-2 is a monomer.
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Figure 4-6: Gel filtration purification of FL-LAIR-2 on a Superdex 75 16/60 column. The

protein eluted from the column at the expected molecular mass of a monomer 22kDa.

Following gel filtration, fractions were analysed on a 15% non-reducing SDS-PAGE gel to

assess their purity (Figure 4.7).
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Figure 4-7: SDS-PAGE analysis of gel filtration purification for the FL-LAIR-2 protein. No

contaminants were detected after gel filtration.

The additional gel filtration purification step was successful in removing impurities. Fractions

were pooled and concentrated to 6 mg/ml using 10,000 MWCO concentrator tubes and stored

at -80 °C.
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4.3.3 TEV digestion and removal of the Hiss tag:

For some of the LAIR-2 crystallisation experiments, the His-tag was removed prior to gel
filtration. Following affinity chromatography, fractions were pooled and digested with the TEV
as described in section 4.2.4. To remove both the tag and any TEV proteases (which itself
contains a His-tag) the digested mix was passed through a second Ni*2- NTA affinity column.
The TEV protease and the tag remained bound to the column, while the digested LAIR-2 passes
straight through. Both the flow through and elution fractions (500 pl) were collected and
analysed by SDS-PAGE (Figure 4.8). After digestion, LAIR-2 migrated at ~18 kDa (compared

to ~22 kDa for the undigested protein), confirming that the tag was successfully removed.

1 2 3 4 5 6 7 8 9 10
kDa

TEV protease 31 kDa

3 — —

25  —
2D  —

17—
Digested - /
FL-LAIR-2
Figure 4-8: 15% 7non-reducing SDS-PAGE analysis of the TEV digestion of FL-LAIR-2. The
digested protein eluted in the flow-through fractions (1 to 5) with a molecular mass of 18kDa.

TEV enzyme itself possesses a hiss tag and was separated successfully in the high imidazole

elution fractions 6 to 10.

Finally, impurities in the LAIR-2 fractions were removed by gel filtration chromatography as

described previously (Figure 4.9).
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Figure 4-9: Gel filtration purification for the digested FL-LAIR-2. The digested protein peak

eluted slightly later from the column (78 ml) compared to un-digested FL-LAIR-2 (72 ml)

confirming the successful removal of the Hiss tag.

Fractions were checked on a non-reducing 15% SDS-PAGE gel to assess their purity (Figure

4.10), and then were pooled and concentrated to ~ 4 mg/ml and stored at -80°C.
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Figure 4-10: Gel filtration fractions on a 15% non-reducing SDS-PAGE gel for the digested

FL-LAIR-2. Fractions 3-10 (left to right) were pooled and concentrated. Fractions 1 and 2

were discarded to remove the minor contaminant present at ~30 kDa.
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4.3.4 hMBL expression and purification:

hMBL was expressed and purified from a stable CHO cell line by affinity chromatography on
a Mannose-Sepharose column. Elution fractions were checked on a non-reducing 15% SDS-

PAGE gel to assess the expression and purity of the fractions.

kba 1 2 3 4 56 7 8

% T

—— mBL

25— oligomers

17 —

Figure 4-11: h-MBL purification analysis on non-reducing SDS-PAGE gel. Lanes 1 and 2
represent the flow through and wash fractions. Lanes 3 to 8 are the elution fractions and

contain purified h-MBL.

hMBL migrates as multiple bands on a non-reducing SDS-PAGE gel due to the presence of

disulphide linked oligomers of the hMBL polypeptide (Ahn et al., 2013).
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4.3.5 FL-LAIR-2 crystallisation:

Crystallisation trials were carried out initially using JCSG, PACT, Proplex, BCS and Morpheus
screens. Plates were tested at room temperature and at 4°C for both digested and un-digested
FL-LAIR-2. The concentration of FL-LAIR-2 was ~6 mg/ml, whereas the cleaved FL-LAIR-
2 protein was tested at ~4 mg/ml. Although no single crystals were obtained after several
weeks, spherulites were observed in several conditions for the digested FL-LAIR-2.
Spherulites are protein clusters but with lower order than crystals. The presence of spherulites
is very encouraging and often leads to protein crystals following optimisation. Optimisation of
the promising conditions was carried out in 48 well plates by altering each condition
component as shown in (Table 4.3), using a systematic approach which involves changing one
component at a time and assessing the effects on crystal quality. Further optimisation was done
using a synthetic peptide containing six GPO repeats, which has been shown to be a ligand for
LAIR-1 and LAIR-2 Additional optimisation was attempted using an additive screen from
Hampton Research. Unfortunately, no crystals were obtained. Crystallisation process can take

time considering the range of variables needed to be optimised.
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4.3.6 Binding of h-MBL to FL-LAIR-2:

Previous work has reported that FL-LAIR-2 binds to collagen type I and 111 and competes with
its partner, LAIR-1 in regulating immune responses (Olde Nordkamp, Koeleman and Meyaard,
2014). To investigate the potential interaction of LAIR-2 with hMBL, biotinylated hMBL was
immobilised onto a Streptavidin sensor tip, and FL-LAIR-2 was injected over the tip at
increasing concentrations (Figure 4.12). Binding was detected as evidenced by an increase in
the sensor signal as the hMBL was immersed in the FL-LAIR-2 solution, compared to a tip
immersed in a buffer-only control. The data were fitted globally to 1:1 model to calculate the
Kp as shown in (Figure 4.12). The calculated affinity (Kpin M) was 5.6 + 1.3 x 101° M (values
are means =+ SEM from two independent experiments). The association and dissociation
constant were 3.7 x 10’ Ms? and 2.09 x102 s, respectively. The data achieved a good fit

with R?value of 0.9314.
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Figure 4-12: Binding of FL-LAIR-2 to the immobilised h-MBL. LAIR-2 was injected at
different concentration (800, 400, 200,100 and 50uM). The Kp calculation was performed by

fitting to 1:1 model as indicated in red lines.
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4.4 Discussion:

The complement system is a host defence mechanism to aid in the fight against disease. It is
activated via three pathways; the CP, the LP and the alternative. All pathways converge to
generate C3 convertase and leading to the formation of MAC and target cells lysis. The
recognition molecules of the CP and LP ; C1q and MBL respectively contain a collagen like
domain by which their associated serine C1rs; and MASPs proteases are attached. This specific
collagen-like domain is a target for several immune regulators by blocking the collagen-like
domain and leaving the recognition molecules in their inactive state. Most vital organs such as
kidneys, lungs and heart are susceptible to complement mediated injury. Therefore, any
dysfunction and incorrect activation of this system is thought to be involved in the pathogenesis
of disease states, particularly ischemia-reperfusion injury and autoimmune disease. The
leukocyte associated immunoglobulin-like receptors (LAIRS), are a family of proteins involved
in regulating host immune cell responses (Lebbink et al., 2006). There are two members of the
LAIRs family; the transmembrane inhibitory immune protein LAIR-1 and an 80% homolog
soluble partner LAIR-2. It has been reported that collagen are high affinity ligands for LAIR-
1 protein, interaction of LAIR-1 with collagens directly inhibits immunocyte activation in vitro
and may represent a key mechanism of peripheral immune regulation through extracellular
matrix. The identification of collagens as ligands for LAIR-1 revealed a novel function for
extracellular matrix components as potential immune regulatory proteins. However, LAIR-2 is
believed to play a regulatory role in the interaction between collagen and LAIR-1 and therefore
compete with LAIR-1 for collagen interaction affecting its role on regulation of immune

response. (Lebbink et al., 2014).

To assess the interaction between LAIR-2 and MBL, | have successfully expressed and

purified both FL-LAIR-2 and hMBL and investigated the interaction using BLI binding assay.
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The binding data reported here shows that FL-LAIR-2 binds to the immobilised hMBL with a
Kp of 5.6 x 10°%° M, indicating high affinity for the collagen domain in hMBL and supporting
the recently reported study about MBL-LAIR-2 interaction in which the Fc domain of LAIR-
2 bind to MBL collagen-like domain (Nordkamp et al., 2014). The interaction between MBL
and LAIR-2 is believed to affect the LP activation by blocking the associated serine proteases
MASPs from attaching to the recognition molecule MBL and leaving it in an inactive state.
However, the concertation of LAIR-2 in the circulation is less than 0.3 pg/ml (1.4 x 10t M),
which is so low that it is unlikely to affect MBL and C1q function significantly (Olde
Nordkamp, Koeleman and Meyaard, 2014). The normal serum levels of MBL is between 1 and
2 pg/ml (Bouwman, Roep and Roos, 2006). Attempt to crystallise FL-LAIR-2 for structure
determination of the LAIR-2 protein and LAIR-2 in complex with MBL were unsuccessful
with both digested and un-digested forms. Having said that, spherulites were observed in
several crystallisation screens which is a promising indication for crystal formation. Despite
multiple attempts, crystallisation trails can take time to optimise considering the range of
variables needed in the crystallisation conditions and the time for crystal growth, this was not
possible due to time constrains. Crystallisation trials will continue in the laboratory using the
purified proteins produced in this part of the project to assess the specific residues responsible

for the interaction.
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Chapter 5 . Inhibition of the Classical pathway by Borrelia burgdorferi surface protein

BBK32

5.1 Introduction:

Borrelia burgdorferi is the causative agent of Lyme disease. It produces multiple surface
proteins that enable it to colonise host cells and evade the attack by the complement system.
Many of the produced proteins function by recruiting complement regulators to the surface of
B.burgdorferi and thereby protecting it from complement attack (Caine and Coburn, 2016).
Recently a 47kDa secreted surface protein called BBK32 was found to interact with the C1r
serine protease within the C1 complex of the CP and blocking the system activation (Garcia et
al., 2016). BBK32 comprises two distinct regions (Figure 5.1); the N-terminal region
containing non-overlapping binding sites for glycosaminoglycan (GAG) residues 45-68 (L.i et
al., 2006) and fibronectin (Fn) of the extracellular matrix (Probert and Johnson, 1998) and a
globular C-terminal region of which residues 206-354 have been recently reported to interact
with C1r (Xie et al., 2019). The complement C1r protein is formed of six different domains as
follow; CUB1-EGF-CUB2-CCP1-CCP2-SP. The most recent study at the time of preparing
this thesis has shown that the C-terminal of BBK32 binds to the SP domain of C1r and inhibit
its catalytic activity, therefore inhibiting the complement activation via CP (Xie et al., 2019).
To investigate the interaction between BBK32 and C1r, the aim of this chapter is to assess and
characterise the interaction between the complement component C1r and the C-terminal of

BBK32. The main objectives of this chapter are to:
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Produce and purify the full-length (FL) and C-terminal domains of BBK32.

Produce and purify FL-C1lr and Clr fragments CUB2, CUB2-CCP1l, CUB2-
CCP1CCP2 and CUB2-CCP1-CCP2-SP to assess the domain(s) responsible for the
interaction.

Assess the binding with Bio-Layer Interferometry (BLI) and in solution with gel
filtration.

Attempt to crystallise C-BBK32 on its own and in complex with C1r.
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5.2 Materials and methods:

5.2.1 Materials:

A pET-28a expression vector containing C1r-CUB was kindly provided by Prof. Wallis.
Cloning into the expression vector. pLEICS-01 was performed by the cloning facility of the
University of Leicester PROTEX. Primers were designed following PROTEX guidelines.
Platinum Pfx polymerase for PCR was purchased from Life Technologies. DNA and protein
markers were supplied by New England Biolabs. All chemicals were purchased and supplied
by Sigma and Thermo Fisher Scientific. Crystallisation screens JCSG, ProPlex, PACT,

Morpheus and BCS were supplied by Molecular Dimensions.

5.2.2 Cloning and production of the FL and C-terminal BBK32 portion:

5.2.2.1 Preparation of chemically competent cells using CaCl2 method:

To produce and purify the target proteins, E. coli competent cells BL-21 (DE3) and XL-10
were generated using the CaCl protocol described in (Chang, Chau and Landas, 2017). The
BL-21 (DE3) cells were used for protein expression, and the XL-10 cells were used for
recombinant plasmid amplification and cloning. The E. coli strains were cultured onto LB agar
plates and incubated overnight at 37°C. The next day, one colony was inoculated into 10ml of
LB broth. The culture was grown overnight in a shaking incubator at 37°C. The following day
the 1 ml of the overnight culture was used to inoculate 100 ml of LB broth. The culture was
grown in a shaking incubator at 37°C until an ODeoo 0f 0.3-0.4 was reached. The cells were
then harvested by centrifugation at 1509 g for 10 minutes at 4°C. Following this, the cell pellet
was resuspended with ice cold 50mM CaCl; and left on ice for 2-3 hours. The cell suspension
was then centrifuged at 1509 g for 15 minutes at 4°C. The harvested cell pellet was then
resuspended gently in 50 mM CacCl, containing 25% glycerol. Cells were separated into 50pl

aliquots and frozen immediately in dry ice and stored at -80°C for further use in cloning and
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protein expression. The CaCl, treatment method promotes the uptake of plasmid DNA in

bacteria, allowing for the process of transformation to occur.

5.2.2.2 Cloning and amplification of FL and C-terminal BBK32:

The BBK32 gene constructs were amplified by PCR (polymerase chain reaction) from a
synthetic gene purchased from Thermo Fisher Scientific. Primers were designed according to
the PROTEX guidelines, which uses ligase-independent recombination (Table 5.1). PCR was
carried out using 50 pl master mix detailed in (Table 5.2) in a Multi Gene 1l thermocycler
instrument. The FL gene was amplified in two overlapping fragments. The final PCR products
were analysed on a 1% agarose gel run in TBE buffer. DNA fragments were cut from the gel
using a sterile scalpel and were purified using QIAgen quick gel extraction kit (Promega).
Purified PCR products were supplied to PROTEX for cloning into the expression vector
pLEICS-01 (Figure 5.1). Both the FL and C-BBK32 constructs contained an N-terminal 6-His
tag with a tobacco etch virus (TEV) protease cleavage site, between the tag and the N-terminus
of the inserted gene. After cloning, the clones were validated by sequencing carried out at the

University of Leicester sequencing service (PNACL).

Primer Sequence 5° ------- 3

C-BBK FP TACTTCCAATCCATGGATGAGTATGATGAAGAGGATG

C-BBK RP TATCCACCTTTACTGTCAGTAATACCACACGCCATTTTTATCGATG
FL-BBK FP TACTTCCAATCCATGATGGACCTGTTTATCCGCTAT

FL-BBK RP TATCCACCTTTACTGTCAGTAATACCACACGCCATTTTTATC

Table 5.1: Primers used to amplify the FL and C-terminal of BBK32.
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PCR mixture and

cycling conditions

Final
Component Volume Concentration
10x Pfx Amplification Buffer S5ul 1x
10 mM DNTp mixture 1.5ul 0.3 mM each
50 mM MgSO4 1 ul 1 mM
Forward primer (Table 5.1) 1ul 2pM
Reverse primer (Table 5.1) 1ul 2 pM
BBK32-template for (BBK32-C) 1 ul 80 pg/ul
C-terminal PCR products 1 ul
N-terminal PCR products 1l
(for FL-BBK32)
NanoPure water 39 ul
Platinum Pfx polymerase 0.5 ul 1 unit
Cycling conditions
94°C 5 minutes Pre-denaturation
94°C 35 15 seconds Denaturation
63°C Cycles 30 seconds Annealing
68°C 1.25 minutes Extension
68°C 5 minutes Final Extension

Table 5.2: This table summarises the PCR master mix composition and the conditions for

PCR amplification.
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Figure 5-1: This figure shows the vector map of pLEIC-01. BBK32 protein Was inserted in

the EcoR1 site.
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5.2.2.3 Transformation and expression test of the FL and C-BBK32 constructs:

After cloning, the constructs were tested for protein expression. pLEICS-01 containing the
BBK32 inserts were transformed into competent E. coli BL-21 (DE3) by transformation carried
out as follows; 2ul of the recombinant DNA was added to 100ul of competent cells and
incubated on ice for 30 minutes, followed by 2 minutes heat shock at 42°C. The cells were then
put back on the ice and then 300 ml of LB was added and incubated for 1 hour in a shaking
incubator at 37°C. Following this, the cells were plated on LB agar plates using a sterile L-
shaped loop, containing 100 pg/ml of ampicillin and then incubated overnight at 37°C. On the
following day, one colony was used to inoculate 10ml of LB with 100ug/ml of ampicillin, and
this was incubated until an ODeoo 0f 0.4-0.6 was reached. Then, the culture was induced with
IPTG at a final concentration of 1mM and incubated overnight at either 37°C or 16°C in a
shaking incubator. The culture was harvested by centrifugation at 3396 g for 15 minutes. The
cells were resuspended with 10ul BugBuster solution after being washed with PBS and
incubated at room temperature for 15 minutes. After incubation, the cells were centrifuged, and
the supernatant and pellet were analysed on a 15% SDS-PAGE gel. After investigating the
expression test of BBK32 fragments, the optimal conditions for expressing were found to be

incubated at 16°C and induced with 1ImM IPTG.

5.2.2.4 Large scale expression and purification of FL-BBK32 and C-BBK32:

The freshly transformed BL-21(DE3) cells were used to inoculate 500 ml flasks of LB broth
medium containing 100pg/ml of ampicillin. The culture was grown in a shaking incubator at
37°C until the ODegoo reached 0.4-0.6, and then induced with IPTG (1mM). Then the cells were
incubated overnight at 16°C, in a shaking incubator. The cells were then harvested as described
previously in section (4.2.3). The protein was expressed in the soluble fraction, therefore after

centrifugation, the supernatant was collected and was kept on ice. The first step for purification
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was carried out using Ni*2- NTA Sepharose column (2ml). The column matrix was equilibrated
with 20 ml of 50 mM Tris-pH7.5 containing 150 mM NaCl. The cell lysate was then diluted
1:1 with buffer and loaded onto the column at 4°C overnight. The column was then washed
with buffer containing 20 mM Imidazole to remove any non-specific binding to the column.
Finally, the protein was eluted from the column in 1ml fractions with buffer containing 0.5 M
imidazole. Fractions were then analysed on a non-reducing 15% SDS-PAGE gel to assess the

purity and were further purified using gel filtration.

5.2.2.5 Purification by gel filtration chromatography:

A size exclusion Superdex 75/ 16/60 HiLoad column from GE Healthcare was used to purify
BBK32 proteins. The column was equilibrated with filtered (50 mM Tris-pH 7.5and 150 mM
NaCly). After the equilibration process was completed, 5 ml of the concentrated protein was
injected into the loading loop. The sample was then run in a flow rate of 1ml/min. Fractions
corresponding to the elution peaks were collected and analysed on a non-reducing SDS-PAGE
gel. The protein elution was compared to an elution profile of standard molecular weights
provided by the manufacturer. Collected fractions of the desired molecular weight were pooled
together and concentrated to approximately 5mg/ml and stored at -80 °C for further

experiments.
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5.2.2.6 SDS-polyacrylamide gel electrophoresis (SDS-PAGE):

Proteins were separated using BioRad mini protein 11 gel system. A 15% resolving gel was
prepared as follows; 375mM Tris-pH8.8, 15% acrylamide, 0.1% SDS (sodium dodecyl
sulphate), 0.1% ammonium persulfate and 0.0004% TEMED. The resolving gel was set in 1.5
mm gel cassettes and left to solidify under isopropanol. The stacking gel comprised; 125 mM
Tris-pH6.8, 4% acrylamide, 0.1% SDS, 0.002% ammonium persulfate and 0.0004% TEMED.
The stacking gel was cast on top of the resolving gel with a 1.5mm comb inserted and left to
solidify. Samples were prepared by mixing 20ul of each sample fraction with 5ul of 6x loading
dye comprising; 250 mM Tris-pH6.8, 50% glycerol, 10% SDS, 500 mM DTT and 0.25%
bromophenol blue. Samples were then heated to 95°C for 5 minutes to denature the proteins.
After loading, the gel was ran at room temperature in an SDS running buffer containing; 25
mM Tris, 192 mM glycine and 1% SDS. Electrophoresis was carried out at 200v for ~50
minutes. The gel was the then stained for 30 minutes with Coomassie blue stain (0.4%
Coomassie in 50% methanol and 10% acetic acid), washed with water and de-stained with 30%

methanol containing 7% acetic acid.
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5.2.3 Cloning and production of C1lr FL and fragments CUB2, CUB2-CCP1, CUB2-

CCP1-CCP2 and CUB2-CCP1CCP2-SP domains:

It has been previously shown that the BBK32 protein binds to the CP protease C1r, thereby
blocking the activation of the system (Garcia et al., 2016). However, the exact domain of C1r
that binds to BBK32 has not been determined. To study this interaction, different C1r fragments

were produced.

5.2.3.1 Expression the of C1r-CUB2 domain:

The purified plasmid pET-28a (Figure 5.2) containing the cDNA encoding the C1r CUB2
domain was kindly provided by (Professor Russell Wallis). The plasmid was transformed into
competent E.coli cells BL-21 DE3 as described in section 4.3.1.3. One colony of the
transformed cells was used to inoculate 1L of Power Prime broth containing 1 ml of kanamycin
(50ug/ml). The cells were then grown in baffled flasks in a shaking incubator at 37°C. When
an ODeoo reading of 1.4-1.6 was achieved, the cells were then induced by adding 1 mM of
IPTG and incubated overnight at 37°C in a shaking incubator. Cells were harvested by
centrifugation at 4000 g for 20 minutes at 4°C. The supernatant was discarded, and the pellet
was resuspended in 40 ml of phosphate-buffered saline (PBS). After verifying expression, the
pellet was resuspended in 40 ml of lysis buffer (25 mM Tris-HCL pH 8.0, 150 mM NacCl, 0.5
mg/ml lysozyme, 0.5% (v/v) Triton X-100, 1 mM EDTA) containing one tablet of protease
cocktail inhibitor (Roche). The suspension was then incubated for 30 minutes on a room
temperature shaker until it became viscous due to release of genomic DNA. Then MgCl; (5
mM) and DNase (5 pg/ml) were added to digest the DNA. Then the mixture was incubated for
further 15 minutes on a shaker at room temperature. Cells were then lysed by sonication on ice
at an amplitude of 8 using a large probe; 8 to 9 pulses were applied for 30 seconds each, with

a 1-minute break between each pulse to prevent overheating.
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Figure 5-2: pET-28a expression vector map. The C1r-CUB2 domain was inserted at the Sall

site.

Thereafter, the cell lysate was centrifuged at 20,0009 for 20 minutes at 4°C. The supernatant
was discarded, and the pellet was washed in 40 ml of wash buffer (25 mM Tris-HCL pH 8.0,
0.5 M NacCl, 0.5% Triton X-100, and 1 mM EDTA). After resuspension, the mixture was
sonicated for an additional 2-3 pulses to ensure full lysis of the cells. Then, the inclusion bodies
were centrifuged at 20,000g for 20 minutes at 4°C. After this, the resulting pellet was then
resuspended with a 40 ml of (25 mM Tris-HCL pH 8.0, 0.5 M NaCl, 1 mg/ml Sodium Deoxy
Cholate, 1 M Urea), and then centrifuged as before. The pellet was then washed with 40 ml of
a 1:10 dilution of BugBuster and resuspended in 10 ml of 25 mM Tris-HCI pH 8.0 and snap

frozen in liquid nitrogen after centrifugation and stored at -80°C as a pellet aliquot. Aliquots
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were collected throughout the purification procedure and checked on a reducing 15% SDS-

PAGE gel to assess the purity of the inclusion bodies after each washing step.

5.2.3.2 Inclusion bodies solubilisation:

After the required purity was achieved, inclusion bodies were solubilised in (25 mM Tris-HCL
pH 7.5 containing 8 M Urea and 5 mM DTT) which was added to disrupt any disulphide bonds.
The mixture was then incubated in a water bath at 42°C for 15 minutes and then centrifuged at
32869 g for 10 minutes to remove any insoluble cell debris. Finally, the supernatant was
collected, and the protein concentration was measured at 280 nm using a Nanodrop 1000

spectrophotometer.

5.2.3.3 Refolding and protein recovery from solubilised inclusion bodies:

The solubilised inclusion bodies fractions were pooled, and the concentration was adjusted to
1mg/ml. Protein was refolded by drip dilution at 4°C in refolding buffer containing (50 mM
Tris-HCL pH 8.5, 240 mM NaCl, 10 mM KCL, 2 mM MgCl,, 2 mM CacCl,, 0.4 M Sucrose,
and 1 mM DTT) to reach a final concentration of 0.02 mg/ml. The refolding mixture was left
overnight with gentle stirring. Following this, the refolded protein was dialysed in 20 mM Tris-
HCL pH 8.5, containing 20 mM NaCl and 2 mM CaCl> using 10,000 cut-off dialysis tubing
membrane, at 4°C with gentle stirring. The dialysis buffer was changed three times every 4
hours and then left overnight. The dialysed protein was then concentrated using a Vivaflow 50
concentration system using a 10,000-cut-off membrane at 4°C to a final volume of 5 ml. After
concentration, the protein was further purified by gel filtration on a Superdex 75/ 16/60 HiLoad
column in 50 mM Tris-pH 7.5 containing 150 mM NaCl, and 2 mM CaCls. Fractions were
loaded on to a 15% non-reducing SDS-PAGE gel to assess purity. Fractions containing pure

protein were pooled together, concentrated and stored at -80 °C.
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5.2.3.4 Expression and purification of FL-C1r protein:

A CHO cell line producing FL-C1r was kindly provided by Prof. Wallis. Cells contained the
FL-C1r cDNA cloned into the expression vector pED4 with Hiss tag. Cells was grown in
Minimal Essential Media o without nucleotides (MEMa -), containing 10 % dialysed, heat-
treated foetal calf serum (DHFCS), 50 units/ml penicillin and 50 pg/ml streptomycin and
0.5uM methotrexate (MTX). Cells were grown in 25 cm? Nunc tissue culture flasks with filter
caps and incubated at 37°C and 5 % CO: until confluent. Following this the media was then
removed, and the cells were washed with 2 ml phosphate buffered saline (PBS) pH 7.4, to
remove any trypsin inhibitors present in the serum, then 1ml of trypsin-EDTA was added to
the cells and then incubated at room temperature for 3 to 5 min, to detach the cells from the
flasks. Then the resulting suspension was used to seed a fresh three-layers flasks used for
protein production in 100 ml of media. Once fully confluent, the media was removed, and the
cells were washed twice with 50 ml PBS, and then the media was replaced with 100 ml of
(CHO-S-SFMII) without nucleosides containing 50 units/ml penicillin and 50 pg/ml
streptomycin, 0.5uM MTX and 50 mM HEPES pH 7.55. The media was collected and replaced
with a fresh 100ml of media every other day. The harvested media was collected and
centrifuged at 671 g 4°C for 2 min to remove any cell debris and stored at -20°C until required
for purification. Purification was carried out by affinity chromatography on a Ni?*- NTA
Sepharose column. 300 ml of the harvested media was mixed at a 1:1 ratio with 50 mM Tris-
HCI pH 8.2 containing 150 mM NaCl, and 2 mM CaCl,. The mixture was then loaded onto a
2ml Ni?*- NTA Sepharose column and purified as described in section 2.2.2. Fractions were
checked for purity on a non-reducing 15% SDS-PAGE gel, and then were pooled and run on a
gel filtration column (Superdex 200 16/60) to remove minor contaminants. Protein was

concentrated and stored at -80 °C. The yield was typically 1.5mg from 1L of harvested media.

103



5.2.3.5 Cloning of Clr fragments CUB2-CCP1, CUB2-CCP1-CCP2 and CUB2-CCP1-

CCP2-SP into pEDA4:

cDNA encoding C1r was kindly provided by (Prof. Wallis). Domains of interest were amplified
using the PCR set up listed in (Table 5.3) with primers shown in (Table 5.4). The PCR products
were separated by 1% agarose gel in TBE buffer and purified from an agarose gel using the gel
extraction kit provided by QIAgen. The C1r fragments were introduced into pED4 expression
vector through the Sall site within the polylinker region of pED4. The pED4 vector was
digested with Sall by mixing 36ul of pED4 with 3ul Sall and 10ul cut-smart buffer and 51l
H>0. The mixture was then incubated overnight at 37°C. The products were then separated on

a 1% agarose gel and purified using the gel extraction kit (QIAgen).

PCR mixture and cycling conditions
Final
Component Volume Concentration
10x Pfx Amplification Buffer Sul 1x
10 mM DNTp mixture 1.5 ul 0.3 mM each
50 mM MgSO4 1l 1 mM
Forward primers land 2 (Table 5.4) 1ul 2 pM
Reverse primer (Table 5.4) 1l 2 pM
Clr-template 1 ul 80 pg/ul
NanoPure water 39 ul
Platinum Pfx polymerase 0.5 ul 1 unit
Cycling conditions
94C° 5 minutes Pre-denaturation
94C° 35 15 seconds Denaturation
64C° Cycles 30 seconds Annealing
72C° 1 minutes Extension
72C° 5 minutes Final Extension

Table 5.3: Summary of the PCR mixture and conditions for C1r amplification.

104



Primer Sequence 5° ------- 3

Clr-CUB-2 FP1 AGGTCCAACTGCAGGGCCACCATGTACAGGATGCAACTCCTGTCTTGCA

TTGCACTAAGTCTTGCACTTGTCACGAATTCG

C1r-CUB-2 FP2 CTTGCACTTGTCACGAATTCGGCCCACCACCATCACCATCATGCC

Clr-CUB2-CCP1R | TCCCCGGGTCTAGAGTTCAGTCCTTGATCTTGCATCTGGGCATGGC

C1r-CUB2-CCP1- TCCCCGGGTCTAGAGTTCACACTGGCAAGCACCGAGGAATCTTCTC

CCP2R

C1r-CUB2-CCP1- TCCCCGGGTCTAGAGTTCAGTCCTCCTCCTCCATCTCTTTCTT

CCP2-SPR

Table 5.4: Sequence list of the primers used to generate C1r fragments. Start and stop codon
are highlighted in red, an optimised Kozak sequence was added to increase the level of
expression and is underlined, the Hiss tag was added to enable purification with Ni?* and is

shown in bold.

The cloning was carried out by recombination using the Seamless cloning enzyme from
Invitrogen using 50ng of cut vector + 200ng of each insert. The cloning reaction mixtures were
incubated at 50°C for 20 minutes and then transformed into E. coli XL-10 cells and then
incubated overnight at 37°C. A single colony was picked for each clone, and these were grown
in 10ml LB containing 100ug/ml ampicillin. Plasmid was isolated after overnight growth using
a mini-prep kit provided by (Promega), and the presence of the inserts was confirmed by
restriction digestion with ECOR1 enzyme. The constructs were then sequenced by the PNACL

facility at University Leicester.
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5.2.3.6 Expression vector pEDA4:

The mammalian expression vector pED4( Figure 5.3), contains two key components, the first
one is the polylinker region in which the C1r gene fragments were inserted, and the second
component is the marker dihydrofolate reductase (DHFR) gene which is expressed with the
cloned gene as dicistronic m-RNA (Kaufman et al., 1991). The DHFR gene can be selected for
in a deficient CHO DXB11 cell line, which requires the growth media to be supplemented with
nucleotides. Upon transfection, only cells that contain the plasmid would have the ability to
grow in the absence of external nucleotides. The expression efficiency can be further increased
by the growth in an increased concentration of a DHFR inhibitor methotrexate (MTX), up to

0.5uM.

5360
Pual ] Hindl ]
v

Figure 5-3: Vector map of pED4, the C1r inserts are cloned into the Sall/EcoR1 polylinker

(Kaufman et al., 1991).
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5.2.3.7 Preparation of C1r DNA constructs and CHO DXB11 cells for transfection:

In preparation for transfection, the DNA was precipitated by mixing 1:10 of the total volume
of DNA with 3M sodium acetate pH5.2, and two volume of 100% chilled ethanol. The mixture
was then incubated on dry ice for 15 minutes and then was centrifuged for 15 minutes at 28341
g to pellet the DNA. The pellet was then washed with 70% ice cold ethanol and left to dry for
20-30 minutes under a sterile condition in tissue culture hood. CHO DXB11 cells were used
for transfection and expression of Clr fragments. Cells were grown in Minimal Essential
Medium containing nucleotides (MEMo+) supplemented with 10% DHFBS,
Penicillin/Streptomycin at a final concentration of 500 units/ml and 500ug/ml respectively. The
addition of nucleotides is vital for the survival of the cells prior to transfection. The cells were

grown till confluent at 37°C in a tissue culture incubator with 5% CO..

5.2.3.8 Transfection of CHO DXB11 cells:

Transfection was carried out using the calcium phosphate protocol, which was first described
by (Graham and van der Eb, 1973). In this procedure, the recombinant plasmid is precipitated
in a calcium phosphate buffer allowing it to be taken up by the cells via endocytosis. Briefly,
100 pl of 50 pg/ml of recombinant DNA and 100 pl of calf-thymus DNA at 10mg/ml were
diluted in (1ml sterile ddH.O with 120 pl of 2 M CaClz). The mixture was then added to a 15ml
falcon tube containing 1ml of 2X HEPES buffered saline (150 mM NaCl and 20 mM HEPES-
pH 7.4) (HBS) and 40ul of 100X phosphate buffer (70 mM NaHPO4 and 70 mM NaH2POg).
The mixture was then incubated at room temperature for 30 minutes to allow precipitation. The
precipitated mixture was then added to a 70% confluent CHO DXB11 cell line that was grown
in MEMa+ medium containing 10% DHFBS and P/S in 25cm? tissue culture flasks. The
transfected cells were then incubated overnight at 37°C with 5% CO.. The following day, media

was replaced with fresh MEMa+ to allow cells to recover before selection, and then incubated
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overnight. Once the cells had successfully uptake the recombinant plasmid, they would not
require the added nucleotides and would be able to survive in MEMa- due to the function of
DHFR gene. Cells were trypsinized and transferred to a sterile culture tissue culture dish with
3 ml of MEMa- supplemented with 10% DHFBS and P/S. Further selection and a high level
of expression were achieved by adding an increased concentration of methotrexate (MTX) to
up to 0.5uM. MTX inhibits DHFR which causes the cells to increase DHFR gene expression.
Because pED4 expresses the gene of interest as dicistronic mMRNA, increased expression of

DHFR will increase the expression of the target gene.

5.2.3.9 Expression and purification of the transfected C1r fragments:

After transfection cells were grown to confluence and were passaged into a triple layer tissue
culture flask for harvesting as described previously in section 2.2.2. The cells were grown till
confluent in MEMa- media supplemented with 10% DHFBS, 0.5 uM MTX and P/S. The cells
were then washed with 50ml PBS, and the media was replaced with 100ml of CHO-S-SFM
media without nucleotides containing 50 mM HEPES pH7.55, 0.5 uM MTX and P/S. The
media was harvested every two days and spun at 377 g to remove any cell debris and was then
stored at -20°C. C1r fragments were purified by affinity chromatography on a Ni**- NTA
Sepharose column as described previously. Proteins were further purified by gel filtration in
50 mM Trizma-pH7.5, containing 150 mM NaCl and 2 mM CaCl, on a Superdex 200 16/60

column. The proteins were then concentrated to 2mg/ml and stored at -80°C.

5.2.3.10 Transfected cell storage:

Transfected C1r cell line was stored by mixing 1ml of the trypsinized cell with 2ml of (DHFBS
containing 10% DMSO). The cells were separated into two cryovials with 1ml each and were

then snap frozen in dry ice and then were stored at -150°C.
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5.2.4 BBK32 crystallisation and optimisation:

For crystallisation, BBK32 was concentrated to 5mg/ml. Sitting drops were set up in 96 well
MRC crystallisation plates using a Mosquito NanoDrop crystallisation robot. Commercial
screens were purchased from Molecular Dimensions. Five screens were tested: JCSG, ProPlex,
Morpheus, BCS and PACT. Briefly, 80ul of each screen was transferred into each plate
reservoir, and 100nl of the reservoir buffer was mixed with 100nl of protein. Two plates were
set up for each screen, one at room temperature and one at 4°C. Plates were left for one week
and then were checked using a microscope for a possible hit. After two weeks, BBK32 crystals
were observed in the PACT and ProPlex screens in (0.2 M Potassium sodium tartrate
tetrahydrate, 20 % w/v PEG 3350) and (0.2 M ammonium acetate, 0.1 M sodium acetate pH
4.0, 15 % w/v PEG 4000) respectively in room temperature plates. The conditions for each hit
were further optimised by setting up large sitting drops in 48 well MRC plate, using 1.5ul of
the screen condition and 1.5ul of the protein. A range of the precipitant and buffer
concentrations were set up to improve crystal quality, as shown in (Table 5.5). All optimisation
buffers were made by hand, and the 48 well plates were incubated at room temperature. After
optimising precipitant and buffer concentration, an additives screen containing a library 96
different molecules were tested to further enhance crystal quality. Stock solutions of the
optimised conditions were made to final concertation of 1.1M, and then 72ul of the stock
solution was mixed with 8ul of each additive in the reservoir well. The protein was then mixed
with the reservoir buffer using Mosquito NanoDrop crystallisation robot. BBK32 crystals grew
in 0.2 M ammonium acetate, 0.2 M sodium acetate pH4.0, 20% PEG 4000, containing 3%

ethylene glycol.
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Conditions and buffers optimisation for BBK32 crystallisation screen.

1 0.2 M Potassium sodium tartrate tetrahydrate, 25%, 24%, 23%, 22%, 21%, 20%

w/v PEG 3350

2 0.2 M ammonium acetate, 0.1 M sodium acetate pH 4.0 20%, 19%, 18%, 17%,

16%, 15 % w/v PEG 4K

3 24% wiv PEG 3350, Potassium sodium tartrate tetrahydrate 0.6 M, 0.5 M, 0.4

M,0.3M,0.2M,0.1M

4 20% w/v PEG 4K, 0.2 M ammonium acetate, 0.6 to 0.1 M range of sodium

acetate pH 4.0.

5 20% w/v PEG 4K, 0.2 M sodium acetate pH 4.0, 0.6 to 0.1 M range of

ammonium acetate.

6 20% wi/v PEG 4K, 0.2 M sodium acetate pH 4.0, 0.2 M ammonium acetate, 8 to

3% range of ethylene glycol.

Table 5.5: Summary of the crystallisation optimisation conditions for BBK32 protein. Each

buffer was used to set up a 48 well plate.

5.2.4.1 X-ray diffraction for BBK32 crystals:

Crystals were picked by adding a cryoprotectant (crystallisation buffer containing 30%
glycerol) scooping with appropriately sized LithoLoops and frozen in liquid nitrogen.

Diffraction data were collected at 100K in beamline 104 at Diamond light source.
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5.2.5 C-BBK32/C1r-CUB2CCP1 binding assay using gel filtration:

Equimolar concentrations of the C-BBK32 and C1r-CUB2-CCP1 were mixed and incubated
for 20 min at room temperature and then loaded onto an analytical gel filtration column
(Superdex 200 10/300). Separate samples of each protein were loaded onto the column at the
same concentration to indicate the elution positions of the free components. The final
concentration of all proteins on all occasions was 70 uM. Buffer containing 50 mM Tris-pH7.5,
150 mM NaCl and 2 mM CaCl, was used to dilute the proteins and equilibrate the gel filtration
column. The flow rate used to elute the proteins from the analytical gel filtration column was

0.5 ml/min.

5.2.6 BBK32/FL-C1r binding assay using BLI (Bio-Layer Interferometry):

The binding was carried out using amine coupling and streptavidin/biotin sensor tips as
described previously in section 4.2.8. C-BBK32 was immobilised in the sensor tip in 50 pM
concentration in buffer containing 50 mM HEPES-pH 7.5, 150 mM NaCl and 2 mM CacCl..
The FL-C1r was then injected over the immobilised C-BBK32 at the following concentrations
(25, 50, 100, 200, 400, 800 uM). To insure the correct set up of the experiment, mannan binding

lectin (MBL)/MASP-2 was used as a positive control (Thielens et al., 2001).
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5.3 Results:

Previous work has shown that BBK32 from Borrelia burgdorferi interacts with the serine
protease C1r and inhibits its ability to cleave its substrate C1s, thus preventing activation of the
CP of complement (Garcia et al., 2016). It has been recently reported that the location of the
binding site on C1r is within the SP domain (Xie et al., 2019). To investigate the interaction
between C1r protease and Borrelia burgdorferi surface protein BBK32, I produced full length
(FL) and C-terminal BBK32 proteins and several fragments of the serine protease Clr
encompassing the following domains; CUB2-CCP1, CUB2-CCP1-CCP2, CUB2-CCP1-
CCP2-SP together with the full-length (FL) protease. | further tested the interaction between
BBK32 and C1r fragments using BLI and gel filtration. BBK32 protein was also crystallised

to determine its structure alone and in complex with C1r.

5.3.1 Cloning, expression and purification of FL and C- terminal BBK32 protein:

5.3.1.1 PCR amplification of FL and C-terminal BBK32:

The BBK32 constructs were amplified from two synthetic gene fragments encompassing the
5’ and 3’ regions of the BBK32 gene (purchased from Invitrogen). The FL-BBK32 was
constructed in two overlapping segments using primers listed in (Table 5.3). The two PCR

products were separated on a 1% agarose gel (Figure 5.4)
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Figure 5-4: 1% agarose gel showing the 5’ (N-BBK32) and 3’ (C-BBK32) fragments. Bands

of the expected sizes 500bp for C-BBK32 and 400bp for N-BBK32 were observed.

After the successful amplification of the two gene fragments, the PCR products were combined
and used as a template to generate the FL-BBK32 gene. Following the PCR, a single fragment
was observed on a 1% agarose gel of the expected size (1100 bp) (Figure 5.6). The fragment
was purified from the gel and supplied to the PROTEX cloning facility for cloning into
expression vector pLEIC-01. The sequence was confirmed by DNA sequencing. The C-

terminal fragment of BBK32 was cloned in the same way from a single PCR product.

5000
FL-BBK32
1100bp
1500
500

Figure 5-5: 1% agarose gel showing the successful PCR amplification of the FL-BBK32

gene with an expected size of 1100bp.
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5.3.1.2 Expression and purification of C-BBK32:

The FL and C-terminal BBK32 were expressed in E. Coli BL-21 (DE3). Expression was tested
initially at 37 and 16°C as described in section 5.3.1.3; the optimal expression condition for

BBK32 was at16°C (Figure 5.6).
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Figure 5-6: 15% non-reducing SDS-PAGE for testing the expression of C-BBK32. The
protein migrated at the expected size 23kDa and was present in both total lysate (TL) on the
left and in the soluble lysate (SL) on the right, 1,2 and 3 indicate different loading volumes (1

pl, 2 pl and 5 pl).

Small scale expression tests indicated that C-BBK32 eluted in the soluble fractions, as seen in
(Figure 5.7). Protein was then expressed from a larger scale (1L culture) and then purified by
affinity chromatography on a Ni*?- NTA Sepharose column. The elution fractions were loaded
on a 15% non-reducing SDS-PAGE (Figure 5.7). The eluted C-BBK32 migrates at the expected

size of ~23kDa.
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Figure 5-7: Non-reducing SDS-PAGE of the Ni*2- NTA Sepharose purification of C-BBK32.
Lane 1 indicates the flow-through and lane 2 shows the non-specific wash with 10mM
Imidazole. Lanes 3 to 12 shows the eluted fractions. The large band corresponds to C-BBK32

which migrated at the expected size of ~23kDa.

The eluted fractions from the Ni%*- NTA column were pooled together and then loaded on a

Superdex 75 16/ 60 gel filtration column for further purification (Figure 5.8).
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Figure 5-8: Gel filtration elution profile for C-BBK32.

The C-BBK32 protein eluted from the column at a molecular weight of 23kDa, indicating that
it is @ monomer in solution. Fractions across the peak were loaded onto a non-reducing 15%
SDS PAGE gel (Figure 5.9). The final protein was of high purity with ~6 mg of protein

obtained from 1L of culture.
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Figure 5-9: SDS-PAGE analysis of the gel filtration elution fractions for C-BBK32. The

protein eluted from the column with a molecular mass of 23kDa.

The C-BBK32 protein was synthesised with an N-terminal Hise tag to enable purification on a
Ni2*- NTA Sepharose column. Prior to crystallisation and binding trials, the Hiss tag was
removed by digestion with TEV enzyme. Each 500ul of the eluted protein was treated with 1
unit of TEV enzyme and then re-loaded onto a Ni?*- NTA Sepharose column to remove any
un-cleaved protein (Figure 5.10). The digested protein was then loaded on a Superdex 75 16/60
gel filtration column to remove any impurities and was then analysed by a non-reducing 15%
SDS-PAGE gel to assess the digestion quality (Figure 5.11). The digested protein was then

stored at -80°C for further analysis.
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Figure 5-10: Ni?*- NTA purification of the TEV-digested BBK32 protein analysed by SDS-
PAGE. Most of the protein eluted in the flow-through (lanel) with a molecular mass of
18kDa, indicating successful digestion and removal of the hiss tag. Lane 2 shows the low

imidazole wash, and lanes 3 to 7 are the elution fractions.
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Figure 5-11:15% SDS-PAGE analysis of digested C-BBK32 following gel filtration. C-
BBK32 migrates with a molecular mass of 18kDa confirming successful digestion of the Hiss

tag.
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5.3.1.3 Expression and purification of the FL-BBK32 protein:

The FL-BBK32 was expressed in E. Coli BL-21 (DE3) strain following the same expression
conditions tested previously for the C-BBK32 protein. 1L of the harvested cells were lysed,
and the supernatant was loaded on to a Ni>*- NTA Sepharose column. Eluted fractions were
analysed on a non-reducing 15% SDS-PAGE gel to check the purity of the harvested protein

(Figure 5.12).

46 e

32 e -

p L ge—

22— - FL-BBK32
46kDa

Figure 5-12: SDS-PAGE of the Ni column purification of the FL-BBK32. Lanes 1to 6
represents the elution fractions, and lanes 7 and 8 show the flow throw and low Imidazole

wash respectively.

FL-BBK32 migrated with a molecular mass of 46kDa, as expected. The eluted fractions were
pooled together and were subjected to additional purification via gel filtration on a Superdex
200 16/60 column (Figure 5.13) to remove any impurities. The harvested protein eluted at the
expected position for a monomer ~46 kDa, based on the elution positions of molecular mass

standards.
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Figure 5-13: Gel filtration elution profile for the FL-BBK32. The elution peak indicated
between the red arrows represent the FL-BBK32 protein which eluted at the expected

position for a monomer.

Fractions from the target peak were analysed by non-reducing SDS-PAGE on a 15% gel to

assess their purity (Figure 5.14).
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Figure 5-14: SDS-PAGE analysis of the gel filtration elution fractions. The protein migrates

on the gel as expected with a molecular weight of 46kDa of a monomer.

The final preparation of FL-BBK32 was of high purity with ~1.7mg of protein from 1L of

culture.
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5.3.2 Expression and purification of the FL-C1r protein:

The FL-C1r protein was expressed in a CHO mammalian cell line. Serum free medium was
harvested from producing cells and protein was purified by affinity chromatography on a Ni?*-
NTA Sepharose column. The eluted fractions were then analysed by 15% non-reducing SDS-

PAGE gel to assess the cell expression and protein purity (Figure 5.15).
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Figure 5-15: SDS-PAGE analysis following Ni?*- NTA Sepharose purification of the
harvested FL-C1r protein. Lane 1 shows the media flow through, and lane 2 represents the
non-specific wash with low Imidazole. Lanes 3 to 5 shows the elution fractions. The eluted

protein migrated on the gel with a molecular mass of ~80 kDa.

Fractions from the Ni?*- NTA column were pooled and loaded on a Superdex 200 16/60 gel
filtration column (Figure 5.16). FL-C1r migrated as a dimer on gel filtration with an apparent
molecular mass of ~150 kDa (Figure 5.17). Previous studies have shown that dimerization of
C1r is mediated through interactions between the CCP domains of one C1r monomer and the

SP domain of its partner (Sharp et al., 2019).
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Figure 5-16: Gel filtration elution of FL-C1r on a Superdex 200 16/60 column.
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Figure 5-17: 15% non-reducing SDS-PAGE analysis of the gel filtration eluted fractions.
The FL-C1r protein migrated on the gel with the expected molecular mass of 150kDa.

Fractions 1 to 10 were pooled and concentrated.

SDS-PAGE analysis revealed that the additional gel filtration purification step removed all

minor contaminants. The protein yield was 1.2 mg from 1L of harvested media.
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5.3.3 Expression and purification of the C1r-CUB2 domain:

The cDNA of interest was cloned into pET-28 expression vector and CUB2 domain of C1r was
purified from inclusion bodies. After each wash step, 20 pl aliquot was collected and checked
on a reducing 15% SDS-PAGE gel to determine the purity of the inclusion bodies before

solubilisation and refolding (Figure 5.18).
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Figure 5-18: Reducing SDS-PAGE on a 15% gel of the inclusion bodies. The lanes 1 to 4
shows the wash steps and lanes 5,6 and 7 showed three different loading amounts of the
inclusion bodies (1ul, 2 pl and 5 pl). The purified inclusion bodies migrated with a molecular

mass of 13kDa, consistent with the mass of the CUB2 domain.

The CUB2 domain was refolded by drop dilution at 4°C. Although yields were relatively low
(0.6 mg from 2L of culture) refolded protein was isolated by gel filtration on a Superdex 75
16/60 gel filtration column (Figure 5.19). The CUB2 domain eluted from the column at the

expected position of a monomer.
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Figure 5-19: Gel filtration elution profile of C1r-CUB2. The first peak to elute from the
column was the aggregated protein, and the peak indicated between the red arrows

corresponds to the correctly folded C1r-CUB2.

The eluted fractions from the column were then analysed by SDS-PAGE gel to assess the purity

(Figure 5.20).
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Figure 5-20: 15% non-reducing SDS-PAGE analysis of the gel filtration elution fractions of
the C1r-CUB2 domain. The C1r-CUB2 protein eluted from the column with the expected

molecular mass of 13kDa with reletivley high yeild.
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5.3.4 Cloning of the C1r-CUB2-CCP1, C1r-CUB2-CCP1-CCP2 and C1r-CUB2-CCP1-

CCP2-SP constructs:

5.3.4.1 Cloning and amplification of the C1r constructs:

The additional C1r fragments were amplified by PCR (Figure 5.21) and cloned into the

mammalian expression vector pED4 by recombination.

Primers dimer

Figure 5-21: 1% agarose gel showing amplification of the C1r fragments by PCR. Product 1
is the fragment encoding the C1r-CUB2-CCP1-CCP2 domains (~780bp), product 2 encodes
the C1r-CUB2-CCP1-CCP2-SPdomains (~1500bp), and product 3 encodes the C1r-CUB2-

CCP1(~550bp) domains.

Clones for the three different constructs were identified by digestion with EcoR1, which

removes the insert (Figure 5.22).
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Figure 5-22: EcoR1conformation digestion for each clone which shows two different sizes

corresponding to the pED4 vector at ~5000bp and the size of the correct inserts.
All clones were sequenced to confirm the correct insert.

5.3.4.2 Expression and purification of C1r constructs: CUB2-CCP1, CUB2-CCP1-CCP2

and CUB2-CCP1-CCP2-SP:

After successful transfection of the recombinant DNA into the CHO cell line, the cells were
harvested in SFM and then purified by affinity chromatography in a Ni?*- NTA Sepharose
column. The eluted fractions were analysed on a 15% non-reducing SDS-PAGE gel to check

for expression and assess purity (Figure 5.23).
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Figure 5-23: SDS-PAGE analyses of the Ni*2-NTA column elution for C1r-CUB2-CCP1-
CCP2. Lanes 1 to 6 represent the elution fractions, 7 is the flow-through, 8 is the no
imidazole wash and 9 the low imidazole wash. The protein migrated in the expected size of

31kDa.

Protein was purified further by loading the elution fractions on gel filtration on a Superdex 200

16/60 column (Figure 5.24).
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Figure 5-24: Gel filtration purification of C1r-CUB2-CCP1-CCP2 protein.

Protein eluted from the gel filtration as a monomer with a molecular mass of ~31kDa and was

pure based on SDS-PAGE gel (Figure 5.25). Yields were ~1.5mg from 1L of culture medium.
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Figure 5-25: 15% non-reducing SDS-PAGE gel for the gel filtration purification of C1r-
CUB2-CCP1-CCP2 protein. The protein migrated on the gel as expected with a molecular

mass of 31kDa.

C1r-CUB2-CCP1 purification was carried out following the same protocol used in the

purification of C1r-CUB2-CCP1-CCP2. The protein was analysed on 15% non-reducing SDS-

PAGE gel to assess the purity (Figure 5.26).
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Figure 5-26: SDS-PAGE analysis of the eluted fractions from Ni?*- NTA column purification
of the C1r-CUB2-CCPL1. The fractions 1 to 4 are the high imidazole elutions and fractions 5
and 6 are the flow-through, and low imidazole washes respectively. Only one fraction

contained the C1r-CUB2-CCP1. The molecular mass was ~25kDa.

Eluted fractions of C1r-CUB2-CCP1were purified further using gel filtration (Figure 5.27).
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Figure 5-27: Gel filtration purification of the Ni-column elutions for C1r-CUB2-CCP1 on a
Superdex 200 column.

The C1r-CUB2-CCP1 protein eluted from the gel filtration at the expected position for a

monomer ~25 kDa (Figure 5.28).
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Figure 5-28: SDS-PAGE analysis for the gel filtration purification of C1r-CUB2-CCP1
protein. The gel filtration step was successful in eliminating the contaminants with a
resulting protein purity of ~99%. The protein eluted from the column as expected with a

molecular mass of 25kDa. Fractions were pooled together and concentrated.

Unfortunately, no protein was obtained from cells expressing the C1r-CUB2-CCP1-CCP2-SP

fragment. This might be due to toxicity as a result of protease activity in the cell.
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5.3.5 Crystallisation of C-BBK32:

Crystallisation trials were performed using crystallisation screens. Although crystals were

obtained, the diffraction was relatively weak (10A).

5.3.6 Gel filtration binding assay for C-BBK32 to C1r-CUB2-CCP1:

The binding of C-BBK32 and C1r-CUB2-CCP1 was investigated using an analytical gel
filtration column. C-BBK32 was mixed with C1r and incubated to allow binding. The mixture
was then loaded onto gel filtration column, C-BBK32 and C1r alone were also loaded
separately onto the same column to give standard curves to which the mixture’s elution profile
could be compared to. The gel filtration elution profiles of the individually eluted C-BBK32
and C1r was overlaid with the elution profile of the mixture of the two (Figure 5.29). From the
gel filtration elution, the complex peak eluted at the same position as the free component

indicating that there was no binding.
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Figure 5-29: Overlayed elution profiles of C-BBK32, C1r-CUB2-CCP1 and BBK-32/C1r
complex. Individual elution profiles are shown in green and blue, and the mixture profile is

shown in red.
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5.3.7 BLI Binding assay of C-BBK32 to FL-CL1r:

It has been reported previously that Borrelia burgdorferi surface lipoprotein BBK32 can
interact directly with the C1r serine protease via its C-terminal fragment (Xie et al., 2019). I,
therefore, used the panel of protein fragments to identify the binding site on C1r. To analyse
this interaction, C-BBK32 was immobilized on a sensor tip, and the different soluble C1r
fragments were injected at increasing concentrations. The C-terminal fragment was used
because it was produced at a higher yield compared to the FL-BBK32 yet is reported to retain
full Clr-binding activity. Surprisingly, no interaction was detected with any of the Clr
fragments at any concentration tested (up to 800 uM). To ensure that the immobilisation of
BBK32 itself did not prevent binding, two different immobilisation methods were used: amine
coupling using the amine-reactive biosensor tips and biotinylation using the streptavidin
biosensor tips. In each case, no binding was detected. The previous report claimed that the
interaction was Ca?*-dependent (Garcia et al., 2016). However, the addition of Ca?* at 2 and 5
mM CaCl, did not affect the outcome (Figure 5.30). To ensure that the machine was set up
correctly, positive control using immobilised mannan-binding lectin with soluble MASP-2 was

used, and binding was detected as expected (Thielens et al., 2001).
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Figure 5-30: Binding of FL-C1r to the immobilised C-BBK32 analysed by BLI. Flat

lines shows no binding.
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5.4 Discussion:

The CP of complement is activated by immune complexes via its C1 component. In addition
to immune complexes, it has been reported that CP can be activated and kill B. burgdorferi in
the absence of specific antibodies (Van Dam et al., 1997). The causative agent of Lyme disease
B. burgdorferi produces several virulence factors including surface protein BBK32 which can
protect the bacterium from lyses by specifically targeting and inactivating complement
proteins. B. burgdorferi surface protein BBK32 is a multifunctional lipoprotein that is
expressed on the surface of the bacteria and aids its spread and colonisation on host cells (Lin
et al., 2015). More recently, BBK32 was reported to interact with the CP serine protease C1r
in a non-covalent manner and blocking the ability of the proenzyme to auto-activate and cleave
it substrate C1s leaving the C1q in a non-active state and therefore affecting the activation of
the CP of complement (Garcia et al., 2016). In this study, the C-terminal domain of BBK32
was shown to bind to the FL-C1r, however, C1r is formed of 6 different functional domains.
The exact domain of C1r that interact with BBK32 is still uncharacterised. To understand the
nature of this interaction | successfully produced FL and C-terminal BBK32 proteins and
several fragments of C1r protease to test the possible domain of C1r that is being specifically
blocked by BBk32. Each domain of C1r serine protease has a specific function toward the

normal activity of the C1 complex of the CP as previously described in chapter 2.

The binding data collected using Bio-layer interferometry reported here shows no interaction
between the C-terminal fragment of BBK32 and FL-C1r. BBK32 protein was immobilised
using two different methods (amine coupling and biotin/streptavidin) biosensor tips, to reduce
the possibility that immobilisation itself prevents binding by blocking the binding sites in
BBK32 protein. Interestingly, in the previous report, BBK32 was immobilised using amine

coupling chemistry, so it is unlikely that coupling prevents binding (Garcia et al., 2016).
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However, it would have been useful to immobilise C1r fragments and test with soluble BBK32
to examine all possibilities. Unfortunately, this was not possible because of time constraints.
Additionally, | tested the binding between C1r and BBK32 in solution using size exclusion
chromatography column. The binding data from the gel filtration (Figure 5.30), for C-BBK32
in complex with C1r-CUB2-CCP1 also show no binding in solution and therefore excluding

the CUB2-CCP1 domains of C1r as a possible binding site for BBK32.

In a more recent study the interaction between BBK32 and C1lr (Xie et al., 2019) was
characterised and the protease fragment of C1r (SP) was identified as containing the BBK32
binding site. The structure of the C-BBK32 was also determined by (Xie et al., 2019) at 1.7A°
which reveals a five-helix bundle (Figure 5.31). No Ca?* was observed in the structure,
suggesting that the interaction with C1r-SP is not Ca%*- dependent and therefore, excluding the
CUB1-EGF-CUB2 domains of Clr as they are Ca®** dependant domains as previously
described in chapter 2 (Almitairi et al., 2018). BBK32 most likely binds to the SP domain of
C1r and therefore disrupt the formation of the C1r-C1s heterodimers. The CP Clr and C1s
proteases dimerised at the core of C1q by the binding between the CCP2-SP domains of each
C1r protease in the heterotetramer complex. Further work will be carried out in the lab to
attempt to resolve the discrepancy between our data and that in the literature. Further
crystallisation attempt using complexes of Cl1r-BBK32 will explain the nature of this
interaction. The C1r fragments generated in this work were purified with relatively high yields
to give pure protein. These fragments are useful candidates for X-ray crystallography to
examine the structure and potential conformational flexibility of C1r within the C1 complex of

the CP during activation.
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Figure 5-31: The Crystall structure of BBK32 protien. From the structure, five helix was

observes as indiacted in a1, a2, a3 and a4, no Ca*2 presence in the structure.
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Chapter 6 . General discussion

The complement system is a humoral recognition system and is a vital effector arm of the innate
immunity. It plays an important role in the detection and lysis of pathogens and clearing of
immune complexes. Three Pathways activates the complement system; the CP, LP and AP, all
three pathways converge via the terminal pathway (TP) to lyse the target cells via the formation
of the MAC. CP and LP activation are mediated via their collagen-containing pattern
recognition molecules C1g and MBL respectively which are associated with specific serine
protease C1r/C1s in the CP and MASPs1/2 and 3 in the LP (Fujita, 2002). Understanding the
molecular interactions affecting the CP and LP of complement activation is of great interest
from biochemical, immunological and medical perspectives and will form a basis for rational
drug design. The data presented in this thesis reveals how the subcomponent of the CP associate

and assembled to form the C1 complex, as presented in chapter 2 and 3.

6.1 Structure of C1r-C1s complex of the CP:

The crystal structure of the C1r-C1s heterodimer presented in chapter 2, provides a better
insight into the C1 complex assembly. The C1r-C1s heterodimers via an extensive interface
involving all three domains CUB1-EGF-CUB2. This interaction is calcium dependant
indicated by the Ca?* binding site in each EGF domain of the subcomponent. Additional Ca?*
binding sites at the CUB domains of C1r and CUB1 of Cls mediates the binding to Clq
collagen stems. The structural data reported here are incompatible with the recently presented
stacked tetramer model for C1r,C1s; via CUB1-EGF-CUB2 domains (Mortensen et al., 2017).
The analytical gel filtration results (Figure 2.10), shows that the 3D C1r and 3D C1s do not
form a tetrameric complex even at 10-fold higher the normal serum concertation of C1r,C1s;s
which exclude the stacked tetramer model of C1. The presented data support the traditional

model of C1 first observed in EM images in which the C1r-C1s heterodimers are formed by
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the interaction between the CCP-SP domains of C1r forming an anti-parallel elongated S-
shaped heterotetramer (Ziccardi, 1982). Autoactivation of C1 will require disruption of the
C1r,-C1s, heterodimers complex at the CCP-SP junction of C1r followed by the alignment of
the catalytic site of one polypeptide with the cleavage site of the other. A more recent model
for C1 activation proposed by (Sharp et al., 2019), shows that the original model presented
here is incorrect. In the original model, the C1r was positioned in the outside of the tetramer
with C1s at the centre creating six binding sites for each C1q stems at the CUB domains of C1r
and the CUB1 domain of C1s (Almitairi et al., 2018). However, the recently proposed model
shows that C1r is positioned at the centre of the tetramer instead of being on the outside. In the
new model, there are two copies of the C1r-C1s heterodimers that associate with three adjacent
C1g-collagen helices with the outer two C1qg-collagen helices bound to the CUB1 domains of
C1r and C1s, while the third collagen helix in the middle is not bound. Interestingly, there are
two copies of C1r-C1s heterodimers in the obtained crystal structure that most likely mimic the
C1r,C1s> when bound to C1q. In this arrangement four binding sites for the collagen stems in
the CUBL1 domain of each C1r-C1s heterodimers. The binding sites on the CUB2 domains of
C1r is blocked by the CUB1 domain of its anti-parallel partner C1s. The absence of collagen
binding site for the C1s-CUB2 domain is likely provides an increased flexibility for the C1s
CUB2-CCP1-CCP2-SP arms outside the complex, accounting for diverse arrangements needed
for Cls to be cleaved by C1r and to reach and subsequently cleave its substrates C4. Upon
binding to C4 on cell surface, the relative position of the C1r-C1s heterodimers shifts allowing
the collagen bound CUBL1 of C1s to interact with adjacent CUB2 of C1r which may accompany

the formation of C1.
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6.2 Structure of the C1gA, C1gB and C1qC chains in complex with the CUB1-EGF-

CUB2 domains of C1s:

The assembly of the C1r-C1s heterotetramer inside the recognition molecule C1q is mediated
via six Ca?* dependant binding sites in each collagen stem at the CUB domains of C1r and the
CUB1 domain of C1s (Bally et al., 2013). The proteases are attached to C1q via a specific
motif (Hyp-Gly-Lys-Xaa-Gly-Pro), present in the all C1q chains A, B and C. The C1q chains
form a right-handed helix with the characteristic of one residue stagger between adjacent
strands giving rise to the leading, middle and lagging strands. From the polar interactions
highlighted in (Table 3.7), the Lys15 residue of the lagging strand is present in all structures
highlighting the key role of the Lys 15 for the interaction with the CUB1 domain of C1s and is
compatible with the previously solved structure of C1g/C1s (Venkatraman Girija et al., 2013).
From the solved structures, it is possible to propose a model for the C1g/C1s interaction in
which the leading strand of C1q collagen is C, the middle is A, and the lagging is B. The
C1gA/C:Cls and C1gB/C:Cls complexes are the first complexes between protein and
collaging heterooligomer to be reported. The method used to identify the order of the chains in
C1q has a great potential for other systems where protein-collagen complexes are assembled

from collagen heterooligomers.

6.3 Interaction of the immune modulator LAIR-2 with MBL of the LP:

Analysis of the interaction between the immune modulator LAIR-2 and the hMBL shows that
LAIR-2 can bind to the collaging like domain of MBL. LAIR-2 was reported to compete with
its partner LAIR-1 and therefore affecting its role in regulating immune response (Lebbink et
al., 2014). The data presented here support the recently reported study about LAIR-2 binding
to MBL (Nordkamp et al., 2014), and show that the binding occurs with high affinity. However,

concertation of LAIR-2 in the circulation is less than 0.3 pug/ml, which is unlikely to be
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sufficient to block the complement activation. The normal concertation of MBL the serum is

between 1 and 2mg/ml (Bouwman, Roep and Roos, 2006).

6.4 Evasion of the CP by the Borrelia burgdorferi surface protein BBK32:

The BLI binding data reported in this chapter shows no interaction between FL-C1r and the C-
terminal BBK32. Two methods were used for BBK32 immobilisation (amine coupling using
the amine-reactive biosensor tips and biotinylation using the streptavidin biosensor tips), to
ensure immobilisation itself did not affect the binding. Immobilisation of the C1r would have
been a useful complementary approach, however, this was not possible due to time constrains.
In a more recent study of the interaction between BBK32 and C1r, the SP domain of C1r was
identified as containing the BBK32 binding site, and the structure of the C-BBK32 was
determined (Xie et al., 2019). Our results are in direct conflict with the exciting literature, and
it will be interesting to use additional methods (e.g. surface plasmon resonance and/or
isothermal titration calorimetry and/or gel filtration) to probe the putative interaction. The
structure reveals a five-helix bundle. No Ca®* was observed in the structure suggesting that the
interaction with C1r is not Ca?*-dependent and therefore, excluding the CUB1-EGF-CUB2
domains of C1r as they are Ca?* dependant domains. This is in line with the gel filtration
binding experiment reporter in (Figure 5.30) in which no binding was observed between the
C1r-CUB2-CCP1 domains and C-BBK32 suggesting that BBK32 binds to the SP domain of
C1r as the SP domain do not bind calcium (Gal et al., 2009). Several fragments of C1r were
expressed in good yield and can be used for crystallisation to test and examine the potential

flexibility of C1r within C1 complex.
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6.5 Future work:

6.5.1 Crystallisation of LAIR-2 protein:

Attempt to crystallise FL-LAIR-2 for structure determination were unsuccessful with both
digested and undigested forms (ie where the His-tag was removed). Spherulites were observed
which is a promising indication. Spherulites are crystal that lack order, hence are spherical.
Despite multiple attempts, crystallisation trails can take time to optimise considering the range
of variables in the crystallisation conditions and the time for crystal growth, this was not
possible due to time constrain. However, the structure of LAIR-2 will be informative to
understand its role in the immune regulation and how LAIR-2 interacts with collagen domains

and this project is worth pursuing in the future.

6.5.2 Binding of BBk32 to the C1r fragments:

Studies in this thesis revealed no interaction between BBK32 and the C1r-SP domain as has
been reported previously. The BLI binding data for the FL-C1r and C-BBK32 shows no
binding with the BBK32 immobilised. It will be useful to test the binding with the C1r
fragments immobilised to confirm that the immobilisation its self-did not prevents binding.
Other techniques can also be used to test for an interaction e.g. surface plasmon resonance,

isothermal titration calorimetry and/or gel filtration chromatography.
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APPENDICES

Appendix 1: Full-length C1r amino acids sequence

10
MWLLYLLVPA
60
PTGYRVKLVEF
110
GKKEFMSQGN
160
KSGEEDPQPQ
210
ASGYISSLEY
260
PYDQLOIYAN
310
RYTTEIIKCP
360
LHSFTAVCQD
410
RIQYYCHEPY
460
CGKPVNPVEQ
510
AHTLYPKEHE
560
SYNFEGDIAL
610
EKIAHDLREV
660
QOGDSGGVFAV

MEEED

N.B: Clr domains colour:

20
LFCRAGGSIP
70
QQOFDLEPSEG
120
KMLLTFHTDF
170
CQOHLCHNYVG
220
PRSYPPDLRC
270
GKNIGEFCGK
320
QPKTLDEFTI
370
DGTWHRAMPR
420
YKMQTRAGSR
470
RORIIGGOKA
520
AQSNASLDVF
570
LELENSVTLG
620
RLPVANPQAC
670
RDPNTDRWVA

30
IPOKLFGEVT
80
CFYDYVKISA
130
SNEENGTIMFE
180
GYFCSCRPGY
230
NYSIRVERGL
280
QORPPDLDTSS
330
IONLOPQYOQF
380
CKIKDCGQPR
430
ESEQGVYTCT
480
KMGNEFPWQVE
530
LGHTNVEELM
580
PNLLPICLPD
630
ENWLRGKNRM
680
TGIVSWGIGC

40
SPLEFPKPYPN
90
DKKSLGRFCG
140
YKGFLAYYQA
190
ELQEDTHSCOQ
240
TLHLKFLEPF
290
NAVDLLEETD
340
RDYFIATCKOQ
390
NLPNGDFRYT
440
AQGIWKNEQK
490
TNIHGRGGGA
540
KLGNHPIRRV
590
NDTEFYDLGLM
640
DVESQNMFCA
690
SRGYGEFYTKV

139

50
NFETTTVITV
100
QLGSPLGNPP
150
VDLDECASRS
200
AECSSELYTE
250
DIDDHQQVHC
300
ESGDSRGWKL
350
GYQLTIEGNQV
400
TTMGVNTYKA
450
GEKIPRCLPV
500
LLGDRWILTA
550
SVHPDYRQDE
600
GYVSGFGVME
650
GHPSLKQDAC
700
LNYVDWIKKE

CUBl1-EGF-CUB2-CCP1-CCP2-SP



Appendix 2: C1r-CUB2-CCP1 cloned into pED4 sequence blast

Sequence ID: Query_86611 Length: 647 Number of Matches: 1

Range 1: 71 to 625 Graphics

Score

Expect Identities Gaps Strand

1026 bits(555) 0.0 555/555(100%) 0/555(0%) Plus/Plus

Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct
Query
Sbjct

2L
71
61
131
121
191
181
251
241
311
301
371
361
431
421
491
481
551
541
611

GCTGAGTGCAGCAGCGAGCTGTACACGGAGGCATCAGGCTACATCTCCAGCCTGGAGTAC

CERCEERREEEEE et e e et ee e ee et ee et et e ey
GCTGAGTGCAGCAGCGAGCTGTACACGGAGGCATCAGGCTACATCTCCAGCCTGGAGTAC

CCTCGGTCCTACCCCCCTGACCTGCGCTGCAACTACAGCATCCGGGTGGAGCGGGGCCTC

CELLEEELEERE e et e et e et ettt
CCTCGGTCCTACCCCCCTGACCTGCGCTGCAACTACAGCATCCGGGTGGAGCGGGGCCTC

ACCCTGCACCTCAAGTTCCTGGAGCCTTTTGATATTGATGACCACCAGCAAGTACACTGC

CELLELEELEEE L e e et ee et et et e e e
ACCCTGCACCTCAAGTTCCTGGAGCCTTTTGATATTGATGACCACCAGCAAGTACACTGC

CCCTATGACCAGCTACAGATCTATGCCAACGGGAAGAACATTGGCGAGTTCTGTGGGAAG

CELLEEEEEEEEE e e e ee e ee e e e e e eeenit
CCCTATGACCAGCTACAGATCTATGCCAACGGGAAGAACAT TGGCGAGTTCTGTGGGAAG

CAAAGGCCCCCCGACCTCGACACCAGCAGCAATGCTGTGGATCTGCTGTTCTTCACAGAT

CERLEEELEEEEEEE R L e et e e et el
CAAAGGCCCCCCGACCTCGACACCAGCAGCAATGCTGTGGATCTGCTGTTCTTCACAGAT

GAGTCGGGGGACAGCCGGGGCTGGAAGCTGCGCTACACCACCGAGATCATCAAGTGCCCC

IIIIIIIIIIIIIIIIIIIIllIIIlIlIIIIIIIIII|IIIIIIIIIIIIIIIIIIIH
GAGTCGGGGGACAGCCGGGGC TGGAAGCTGCGCTACACCACCGAGATCATCAAGTGCCCC

CAGCCCAAGACCCTAGACGAGTTCACCATCATCCAGAACCTGCAGCCTCAGTACCAGTTC

CELLELEEEEREEEr et e et e e e e et e e e e erert
CAGCCCAAGACCCTAGACGAGTTCACCATCATCCAGAACCTGCAGCCTCAGTACCAGTTC

CGTGACTACTTCATTGCTACCTGCAAGCAAGGCTACCAGCTCATAGAGGGGAACCAGGTG

CELERLEREEE et ee et e e e e e e e il
CGTGACTACTTCATTGCTACCTGCAAGCAAGGCTACCAGCTCATAGAGGGGAACCAGGTG

CTGCATTCCTTCACAGCTGTCTGCCAGGATGATGGCACGTGGCATCGTGCCATGCCCAGA

CELLLLEEEREEE et ettt e e e
CTGCATTCCTTCACAGCTGTCTGCCAGGATGATGGCACGTGGCATCGTGCCATGCCCAGA

TGCAAGATCAAGGAC 555

CEULELETEETLLL
TGCAAGATCAAGGAC 625

140

60

130
120
190
180
250
249
310
300
370
360
430
429
490
480
550
540
610



Appendix 3: C1r-CUB2-CCP1-CCP2 cloned into pED4 sequence blast

Sequence ID: Query_142759 Length: 885 Number of Matches: 1

Range 1: 28 to 807 Graphics

Score Expect Identities Gaps Strand
1441 bits(780) 0.0 780/780(100%) 0/780(0%) Plus/Plus

Query 1 GCTGAGTGCAGCAGCGAGCTGTACACGGAGGCATCAGGCTACATCTCCAGCCTGGAGTAC 60

CEREELEeerereeetre et ee e et e eeieretnt
Sbjct 28  GCTGAGTGCAGCAGCGAGCTGTACACGGAGGCATCAGGCTACATCTCCAGCCTGGAGTAC 87

Query 61  CCTCGGTCCTACCCCCCTGACCTGCGCTGCAACTACAGCATCCGGGTGGAGCGGGGCCTC 120

CELLELEREEE ettt e et e e e et i i eerrn
Sbjct 88  CCTCGGTCCTACCCCCCTGACCTGCGCTGCAACTACAGCATCCGGGTGGAGCGGGGCCTC 147

Query 121 ACCCTGCACCTCAAGTTCCTGGAGCCTTTTGATATTGATGACCACCAGCAAGTACACTGC 180

CELLEEEEEE LR et e e e e e e e
Sbjct 148 ACCCTGCACCTCAAGTTCCTGGAGCCTTTTGATATTGATGACCACCAGCAAGTACACTGC 207

Query 181 CCCTATGACCAGCTACAGATCTATGCCAACGGGAAGAACATTGGCGAGTTCTGTGGGAAG 240

COLEEREEEEL et e e e e e e i eeerrnd
Sbjct 208 CCCTATGACCAGCTACAGATCTATGCCAACGGGAAGAACATTGGCGAGTTCTGTGGGAAG 267

Query 241 CAAAGGCCCCCCGACCTCGACACCAGCAGCAATGCTGTGGATCTGCTGTTCTTCACAGAT 300

COLERLLLLLLELEE LR L L L L itrn
Sbjct 268 CAAAGGCCCCCCGACCTCGACACCAGCAGCAATGCTGTGGATCTGCTGTTCTTCACAGAT 327

Query 301 GAGTCGGGGGACAGCCGGGGCTGGAAGCTGCGCTACACCACCGAGATCATCAAGTGCCCC 360

CLLCELELEEEELEEEEE LT EL LTI
Sbjct 328 GAGTCGGGGGACAGCCGGGGCTGGAAGCTGCGCTACACCACCGAGATCATCAAGTGCCCC 387

Query 361 CAGCCCAAGACCCTAGACGAGTTCACCATCATCCAGAACCTGCAGCCTCAGTACCAGTTC 420

CELERLLLLELEEERER Lt e it e e ee e et e ey
Sbjct 388 CAGCCCAAGACCCTAGACGAGTTCACCATCATCCAGAACCTGCAGCCTCAGTACCAGTTC 447

Query 421 CGTGACTACTTCATTGCTACCTGCAAGCAAGGCTACCAGCTCATAGAGGGGAACCAGGTG 480

COLLELLLLLLEL R L e L L]
Sbjct 448 CGTGACTACTTCATTGCTACCTGCAAGCAAGGCTACCAGCTCATAGAGGGGAACCAGGTG 507

Query 481 CTGCATTCCTTCACAGCTGTCTGCCAGGATGATGGCACGTGGCATCGTGCCATGCCCAGA 540

COLLERELEELEL e e e et rrrl
Sbjct 508 CTGCATTCCTTCACAGCTGTCTGCCAGGATGATGGCACGTGGCATCGTGCCATGCCCAGA 567

Query 541 TGCAAGATCAAGGACTGTGGGCAGCCCCGAAACCTGCCTAATGGTGACTTCCGTTACACC 600

COLERRLLLELEEEEE e e e et e e e e e e rrrd
Sbjct 568 TGCAAGATCAAGGACTGTGGGCAGCCCCGAAACCTGCCTAATGGTGACTTCCGTTACACC 627

Query 601 ACCACAATGGGAGTGAACACCTACAAGGCCCGTATCCAGTACTACTGCCATGAGCCATAT 660

CELRULEREEEEEER et e e et et errnt
Sbjct 628 ACCACAATGGGAGTGAACACCTACAAGGCCCGTATCCAGTACTACTGCCATGAGCCATAT 687

Query 661 TACAAGATGCAGACCAGAGCTGGCAGCAGGGAGTCTGAGCAAGGGGTGTACACCTGCACA 720

CELPULERELLEEERE e L EELET ]
Sbjct 688 TACAAGATGCAGACCAGAGCTGGCAGCAGGGAGTCTGAGCAAGGGGTGTACACCTGCACA 747

Query 721 GCACAGGGCATTTGGAAGAATGAACAGAAGGGAGAGAAGATTCCTCGGTGCTTGCCAGTG 780

CEELELEEEEEEER et e e ee e e e e e e et
Sbjct 748 GCACAGGGCATTTGGAAGAATGAACAGAAGGGAGAGAAGATTCCTCGGTGCTTGCCAGTG 807
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Appendix 4: C1r-CUB2-CCP1-CCP2-SP cloned into pED4 sequence blast

Sequence ID: Query_T6111 Length: 1686 MNumber of Matches: 1

Range 1: 89 to 16368 Crooiucs ¥ ML RSEn & Bt

Score Expect [Curttinn Caps Shrand
2859 bits(1548) 0.0 1548/1548(100%) 0/1548(0%) Plus/Pius
Query 1 ACALGEAGGLAT CAGELTACATCTCCAGCCTGRAST AC

R D
SRS ﬁ °T°f||l|||?cf if“lwlmlwgﬁfmmmmﬁm

sbjct 148
Query 121 CTGRAGCCTTTTGATAT TGATGACCACCAGCAAGTACAL

) IlllllllllllllllllllllllllllllllIIIlllllllllllllllllllllllll
sbjct 209 CTGRAGLCTTT GACCACCAGCAAGT ACAT
Quory 181  CCCTATGACCAGCTACAGA

sbjct 269 mmwummmuuuwwmmuwuuum
o

sbjct 329

Quory 381  GAGTCGUGGEACAGCCGGEECTGEANGE TGOS TACACCACCGAGATCATCARGTGLCCC
) LEELLLECELEEE LR C R LR L R LR e

sbjct 389  GAGTCGGGGGACAGLCGGEECTGEANGE TEOGLTACACCACCGAGATCATCAAGTGLLCC

Quory 361

v a0 LU TR A
:;;’ o il i
Query 481
sbjct 569
Quory 541  TGCAAGATCAAGGALTGTGEGLAGLCCCGANALCTGLCTAATGGTGAL TTCCGT TACACE

e o N
bodly 1t
B

Query 721 TTCCTCEETGCT TGO

sbjct s09 Ay
o

sbjct 889
Quory 841
sbjct 929
e e M T
r; ::, ﬁ“l‘fl“l“l“lﬁ“l‘f?ﬂ H@!f‘“ﬂ?"ﬁf?ﬁﬂ? |“"°W“|“|T‘|"°|?‘ﬁ
Query 1821
sbict 1188
Query 1e81 CCTACAAT T T TGAGGGGEACA TCGLCC TEL TGEAGE TERAAAA TAGTGTCALLCTEEGT

sojct 1168 ittt hii
i 111U it b i
Query 1201

IlllIlIllIIlIIIllIIlIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
TTCACAGCTGT! GATGGCACGTGRCA

AAGATGGGCAACT TCCCCTGRCAGGTGT TCACCAACATCCACGEGGLGHGEEGEE6CC
PECLCEECEEEEEEEE LR R LR EEainnit
AAGATEEECAAC T TCCCC TEGLASGTGT TCACCAMCAT CCACBEGOGL GGBEE0GEEECC

CATCCGLAGGGT CAGLS
IIHIIIIIIIIIIIIIIIIIIIIIIIlIIIIIllIlIIIIIIIIIIIIIIIIIIIIIII
COCATCOGLAGGETCAGE

ggggggggggzaaa:zaaazsﬁsssﬁsssszasazzszsss

GGCT TCREGGTCATGEAGGAGALGAT TG TCATGALCTCABGT TTETC
IIIIIIIIlIIIIIIIIIIlIIlIIIIIIlllIIllIIJ‘IIIIIIIIIIIIIIHIIIII
GGCTATGTCAGTGECT TCGEE6TCAT GRABGAGARGAT TGL TCATGACCTCAGGT TTGTC

E

T R
o o O e
Queory ACGGGCATCRTGTCCTOGGEECATL 1508

e 0 AN A DY, e
boid 11111 nTltnunn e

sbjct
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Appendix 5: Full length LAIR-2 cloned into pLEIC-03 sequence blast

Sequence ID: QuUery_115959 Length: 541 Number of Matches: 1

Range 1: 42 to 500 Graphics

Score

848 bits(459)

Expect Identities Gaps Strand

0.0 459/459(100%) 0/459(0%) Plus/Plus

Query
Shjct
Query
Shjct
Query
Shjct
Query
Shjct
Query
Sbjct
Query
Shjct
Query
Shjct
Query
Shjct

1
42
61
182
121
162
181
222
241
282
301
342
361
492
421

462

ATGTCTCCACACCTCACTGCTCTCCTGGGCCTAGTGCTCTGCCTGGCCCAGACCATCCAC

[ELLEEEVEEEEE e e e e e e e e e e e e ey
ATGTCTCCACACCTCACTGCTCTCCTGEGCCTAGTGCTCTGCCTGECCCAGACCATCCAC

ACGCAGGAGGGGGCCCTTCCCAGACCCTCCATCTCGGCTGAGCCAGGCACTGTGATCTCC

ACGCAGGAGGGGGCCCTTCCCAGACCCTCCATCTCGGCTGAGCCAGGCACTGTGATCTCC

CCGGGGAGCCATGTGACTTTCATGTGCCGGGGCCCEGTTGGAGTTCAAACATTCCGLCTG

CCGGGGAGCCATGTGACTTTCATGTGCCGGGGCCCEATTGGRGTTCAAACATTCCGLCTG

GAGAGGGAGGATAGAGCCAAGTACAAAGATAGTTATAATGTGTTTCGACTTGGTCCATCT

CELERTEEETE e e e e et e v e e rrrn
GAGAGGGAGGATAGAGCCAAGTACAAAGATAGTTATAATGTGTTTCGACTTGGTCCATCT

GAGTCAGAGGCCAGATTCCACATTGACTCAGTAAGTGAAGGAAATGCCGGGCTTTATCGC

CELECLDLEEEEEEE L L e L L P L LT
GAGTCAGAGGCCAGATTCCACATTGACTCAGTAAGTGAAGGAAATGCCGGGCTTTATCGC

TGCCTCTATTATAAGCCCCCTGGATGGTCTGAGCACAGTGACTTCCTGGAGCTGCTGGTG

CELLELETEEEEEEE L L LR L e L L Ly
TGCCTCTATTATAAGCCCCCTGEATGGTCTGAGCACAGTGACTTCCTGGAGCTGCTGGTG

ALAGAAAGCTCTGGAGGCCCGGACTCCCCGRACACAGAGCCCGGLTCCTCAGCTGGRACT

ALAGAAAGCTCTGGAGGCCCGGACTCCCCGRACACAGAGCCCOGLTCCTCAGCTGGRALCT
GTGCCAGGCACTGAAGCCTCCGGATTTGATGCACCATGA 459

GTGCCAGGCACTGAAGCCTCCGGATTTGATGCACCATGA 520
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120
161
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221
240
281
e
341
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491
420
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Appendix 6: BBK32 cloned into pLEIC-01 sequence blast

Sequence ID: Query_40665 Length: 525 Number of Matches: 1

Range 1: 25 to 516 Graphics

Score Expect Identities Gaps Strand
909 bits(492) 0.0 492/492(100%) 0/492(0%) Plus/Plus

Query 1 ATGGATGAATATGATGAAGAGGATGAAGAGGAAATAAGATTAAGCAATCGATATCAATCT 6@

Sbjct 25  ATGGATGAATATGATGAAGAGGATGAAGAGGAAATAAGATTAAGCAATCGATATCAATCT 84

Query 61  TATCTAGAAGGTGTTAAATATAATGTAGATTCAGCAATTCAAACAATTACTAAGATATAT 120

COLLLELRELL P e e e e e e e Ln g
Sbjct 85  TATCTAGAAGGTGTTAAATATAATGTAGATTCAGCAATTCAAACAATTACTAAGATATAT 144

Query 121 AATACTTATACATTATTTTCAACAAAGCTAACCCAAATGTATTCTACACGCCTTGACAAC 130

||I|I|\||I|I||||I|I\I||I|I|I||I|I|I||I|I|I||I|I|I||||I|I||H
Sbjct 145 AATACTTATACATTATTTTCAACAAAGCTAACCCAAATGTATTCTACACGCCTTGACAAC 204

Query 181 TTTGCTAAAGCCAAAGCTAAAGAAGAAGCTGCAAAGTTTACAAAAGAAGACCTTGazaaaa 240
LELEELCEEEEEEEEEE L e e e e e e e e ey

Sbjct 285 TTTGCTAAAGCCAAAGCTAAAGAAGAAGCTGCAAAGTTTACAAAAGAAGACCTTGAAAAA 264

Query 241 aaTTTCAAGACCTTATTAAATTATATTCAAGTAAGTGTAAAGACTGCAGCAAATTTTGTA 389

||I|I|\||I|I||||I|I\I||I|I|I||I|I|I||I|I|I||I|I|I||||I|I||H
Sbjct 265 AATTTCAAGACCTTATTAAATTATATTCAAGTAAGTGTAAAGACTGCAGCAAATTTTGTA 324

Query 301 TACATAAATGACACGCATGCAAAAAGGAAATTAGAGAACATTGAAGCAGAAATAAAAACT 360

||I|I|\||I|I||||I|I\I||I|I|I||I|I|I||I|I|I||I|I|I||||I|I||H
Sbjct 325 ATAAATGACACGCATGCAAAAAGGAAATTAGAGAACATTGAAGCAGAAATAAAA 384

Query 361 TTAATTGCAAAGATCAAAGAACAATCTAATTTATACGAAGCATATAAAGCAATAGTAACG 420

CELLLEEREEEEr e e e e e e r e e ey
Sbjct 385 TTAATTGCAAAGATCAAAGAACAATCTAATTTATACGAAGCATATAAAGCAATAGTAACG 444

Query 421 TCAATCTTATTAATGAGGGATTCTCTTAAAGAAGTGCAAGGTATCATTGACAAGAATGGC 480
||I|I|\||I|I||||I|I\I||I|I|I||I|I|I||I|I|I||I|I|I||||I|I||H

Sbjct 445 TCAATCTTATTAATGAGGGATTCTCTTAAAGAAGTGCAAGGTATCATTGACAAGAATGGC 584
Query 481 GTTTGGTACTAA 492

Sbjct 585 GTTTGGTACTAA 516
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