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Abstract
Complement Factor H-Related 5 (CFHR5) belongs to the same complement
family as the major regulator Factor H. CFHR5 comprises nine short complement
regulator (SCR) domains. The duplication of the N-terminal SCR-1/2 domains
causes CFHR5 nephropathy, a cause of kidney failure in Cypriots. To clarify the
molecular basis of CFHR5 nephropathy, E. coli expression systems were developed
for SCR-1 and SCR-1/2 of CFHR5, and recombinant CFHR5 SCR-1/9 was obtained
from a commercial mammalian expression system. First, the domain arrangement of
CFHR5 SCR-1/9 was studied by analytical ultracentrifugation and X-ray scattering.
Sedimentation velocity reported a molecular mass of 134 kDa, indicating that
CFHR5 is dimeric. The CFHR5 sedimentation coefficient of 5-6 S decreased with
increased NaCl, showing that this became more extended. X-ray scattering also
showed that CFHR5 was dimeric. The X-ray mean radius of gyration RG was 5.5 ±
0.2 nm, and its maximum length was 20 nm. This length is low compared to that of
32 nm for monomeric Factor H with 20 SCR domains, indicating that CFHR5
possessed a more compact SCR arrangement than that of Factor H. Atomistic
scattering curve modelling of CFHR5 that involved Monte Carlo simulations to
generate physically realistic atomistic SCR structures showed that CFHR5 possessed
a folded-back compact domain structure. Second, sedimentation velocity showed that
SCR-1 was monomeric, while SCR-1/2 was dimeric, thus locating a CFHR5
dimerization site to its N-terminus. In summary, the solution structure of CFHR5 is
markedly more compact than previously thought, and its dimerization site was
located to SCR-1/2. The perturbation of SCR-1/2 may have a major role in causing
CFHR5 nephropathy.
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Chapter One
The Complement System

1

1.1 Introduction to complement
The complement system is one of the first lines of defence for the clearance
of foreign and pathogenic material in the blood stream. It has three essential
physiological functions: (1) defending against pathogenic infections, (2) forming a
bridge between innate and adaptive immunity, and (3) disposing of immune
complexes and products of inflammatory injury (Walport, 2001a). Complement is
activated both directly and indirectly. It is extremely important that it can distinguish
between host cells and pathogenic cells, through strict regulation. The disruption of
the mechanisms that govern this delicate balance causes attack on host cells and
results in a number of immune diseases (Ricklin et al., 2010; Walport, 2001a). This
chapter outlines the current understanding about the complement system and its
interactions, highlighting key aspects that remain unknown.
Complement was discovered in the late 19th century, by leading
microbiologists Paul Ehrlich, Jules Bordet and George Nuttall. In initial
observations, serum from a previously infected sheep demonstrated a bactericidal
function to anthrax bacilli (Nuttall, 1888; Bordet & Gengou, 1901). This bactericidal
function, termed “alexin” was found to be heat-labile as it was inactivated above 55
°C (Von Buchner, 1889). Later evidence showed that the bactericidal function is
restored upon addition of fresh serum from a non-immune animal. It was concluded
that the bactericidal function in serum is composed of two different substances:
specific antibodies which act on the particular kind of bacteria and the non-specific
substances which induce bacteria lysis reaction. In 1899, Paul Ehrlich renamed
alexin as “complement” and called the heat-stable substance “amboceptor”
(antibody) (Ehrlich & Morgenroth, 1899; Ehrlich, 1906). By 1920, four complement
components (C1, C2, C3 and C4) were identified and named in the order of their
discovery; although this is not in order of activation sequence. This pathway was
named the “classical pathway”, being the antibody-dependent pathway of
complement activation. It was not until 1954, that the alternative pathway was
discovered by Pillemer (Pillemer et al., 1954), which was found to activate
complement independently of antibody interaction. Finally, the mannose-binding
lectin (MBL) was discovered (Kawasaki et al., 1978), which subsequently led to the
discovery of the MBL-pathway of complement activation in 1989 (Super et al.,
1989). Today, it is well known that complement, with three distinct pathways of
2

activation recognised, is a vital component of the host’s immune system (Ehrnthaller
et al 2011; Janeway et al., 2005; Cooper, 2006).
1.2 Complement components and activation
There are over 30 different complement proteins in plasma and on cell
surfaces. Many of these proteins are zymogens, which refers to a class of inactive
proteases that only become active through cleavage by another specific protease.
These proteins amount to more than 3 g/L and form approximately 15% of the
globulin fraction (Walport, 2001a). The proteins are organised into a hierarchical
sequence of proteolytic reactions, and each pathway triggers a sequential cascade of
enzymatic reactions upon activation, which through an amplifying effect can
ultimately stimulate physiological responses for eliminating infection. Our
understanding of this intricate network of proteins has been continuously extended;
new components being identified as well as new functions being assigned for these
proteins. In particular, structural studies have provided a unique insight into the
machinery that orchestrates these versatile functions.
In the beginning stages of infection, the complement cascade can be activated
through one or more of the three pathways as mentioned above (Figure 1.1).
Although each pathway differs in the nature of its trigger, the three pathways
converge on (or result in) C3, which is the most abundant complement protein, and
progress to form further activated products (C3a, C3b and C5a) and the membrane
attack complex (MAC). The sequential manner of complement activation can be
divided into four main steps; the initiation of complement activation, C3 convertase
activation and amplification, C5 convertase amplification, and finally activation of
the downstream terminal pathway (i.e. assembling of the MAC) (Janeway et al.,
2005).
1.2.1 The classical pathway
The classical pathway of complement activation is initiated by the binding of
C1q, the recognition component of the C1 enzyme complex, to the Fc portion of IgG
or IgM antibodies bound to foreign antigens on cell surfaces. This pathway therefore
links the mechanisms of the innate and adaptive systems (Walport, 2001b). C1q has
been shown to also bind to pathogen via two other alternative ways. One is via direct
binding to the surface components of certain bacteria e.g. lipoteichoic acid on Gram3

Figure 1.1 Complement activation pathways
(legend on next page)
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Figure 1.1 (continued) Complement activation pathways
The activation of complement is via three distinct pathways, as illustrated, classical,
lectin and alternative pathways. The classical pathway is activated via antibodyantigen complexes interacting with C1q subunit in the C1 protein. This in turn
activated the subunits C1r and C1s, which proceed to cleave C4 and C2a; producing
the C3 convertase, C4b2a. The same C3 convertase is produced in the lectin
pathway, via the interaction of mannose binding lectin (MBL) and Ficolin MASPs
with microbial carbohydrates. In the alternative pathway, C3 undergoes spontaneous
hydrolysis into C3(H2O), which in turn converts into the initial C3 convertase
C3(H2O)Bb via factor B and factor D. This C3 convertase cleaves C3 molecules,
producing C3b which binds to the site of complement activation (opsonisation) via
its reactive thioester bond. Surface bound C3b molecules bind to factor B, producing
the alternative pathway C3 convertase, C3bBb, which cleaves further C3 molecules
in a magnified response, known as the ‘amplification loop’. The increased levels of
the C3b levels, which would combine with the C3 convertase molecules from all
pathways, to produce C5 convertases. The C5 convertases cleave C5 molecules to
produce C5b, which induces a chain reaction with complement molecules C6 to C9,
forming a pore in the target cell, causing lysis.

5

positive bacteria, and the other is by binding to C-reactive protein (CRP) which is an
acute phase protein in human plasma that associates with phosphocholine residues in
bacterial polysaccharides (Jiang et al., 1991; Monefeldt & Tollefsen, 1993; Janeway
et al., 2005).
The C1 enzyme complex is a hetero-oligomeric association of three
subcomponents C1q, C1r and C1s. These are in the ratio 1:2:2 (Ziccardi & Cooper,
1977). C1q is a hexamer of identical trimeric subunits, where each monomer consists
of an amino globular head connected by a collagen-like tail region. C1q has no
enzymatic activity, however, when two of more of these C1q globular heads interact
with immune complexes, the resulting conformational change leads to the
autoactivation of the proenzyme C1r, thereby converting it to an active protease. This
in turn cleaves the proenzyme C1s, producing active protease C1s (Janeway et al.,
2005). C1s then cleaves C4 to produce the anaphylatoxin C4a and the larger
fragment C4b. C4b has an exposed thioester group which allows it to bind covalently
and irreversibly to the nearby pathogenic surface (Law & Levine, 1977; Law & Reid,
1995). Surface bound C4b binds C2, and presents it for cleavage. Activated C1s
cleaves C2 to generate C2b, which is a small non-catalytic component that diffuses
away. C2a, which is the larger catalytic component, combines with C4b to form
C4b2a, which is the classical pathway C3 convertase. This molecule functions to
cleave the central component C3 into C3a (a potent anaphylatoxin which plays a key
role in initiating the inflammatory response) and C3b (with an exposed thioester
bond). C3b tags pathogenic cells and microbial surfaces and marks the particles for
phagocytosis in a process termed opsonisation. C3b deposition is tightly controlled
by regulators (Zipfel & Skerka, 2009), as will be discussed later. Some of the C3b
combines with C4b2a to form the C5 convertase of the classical pathway, C4b2a3b,
which further leads to the downstream terminal pathway.
1.2.2 The lectin pathway
The lectin pathway is homologous to the classical pathway, in that many of
the components of both pathways share structural and functional similarities. The
pathway is activated by the primary recognition molecule mannose binding lectin
(MBL), however there are other recognition molecules, such as ficolins, which can
activate complement. The lectin pathway is activated by association of MBL with
common carbohydrate moieties on the surfaces of a wide array pathogens including
6

yeast, bacteria, viruses and parasites (Turner, 1996). These are known as pathogenassociated molecular patterns (PAMPs). MBL is structurally very similar to C1q, as
they are both multi-oligomeric proteins with a globular region and a collagenous
stalk. MBL also forms complexes with MBL-associated serine proteases (MASPs);
MASP-1 and MASP-2. Only MASP-2 has a clearly defined role in complement
activation. When MBL interacts with a pathogen surface it induces conformational
change in MASP-2 resulting in its autoactivation. The MBL-MASP-2 complex then
cleaves C4 and C2 producing C4a and C4b, and C2a and C2b. This ultimately leads
to the formation of the C3 convertase enzyme C4b2a. It is interesting to note here
that people deficient in MBL experience a significant increase in infections during
early childhood – which explains the importance of the innate immune system in
early childhood before the adaptive system has matured (Janeway et al., 2005;
Walport 2001a).
1.2.3 The alternative pathway
The alternative pathway is the phylogenetically oldest and most important
complement activation pathway, which provides a highly efficient mechanism in the
defence against invading pathogens (Zipfel, 2001). It is distinct from the other two
pathways in that it can proceed rapidly on many microbial surfaces in an antibodyindependent manner, and does not require a pathogen binding protein for its
initiation. It is capable of autoactivation by the hydrolysis of C3, which generates an
enzyme complex that cleaves further C3 molecules in an amplifying mechanism in a
process called ‘tickover’ to deposit large numbers of C3b molecules on the cell
surface (Pangburn et al., 1981; Muller-Eberhard, 1988).
C3 is highly abundant in plasma, at a concentration of around as much as 1.5
mg/ml (Lambris, 1988; Pangburn et al., 1981; Muller-Eberhard, 1988) and the
process of tickover in the alternative pathway is the spontaneous hydrolysis of the
thioester bond in C3 to generate C3(H2O) which is conformationally altered. This
molecule has a ‘C3b’-like function due to the exposure of binding sites, allowing
binding of the plasma protein Factor B. The binding of Factor B to C3(H2O) allows
the plasma protease Factor D to cleave Factor B into Ba and Bb. Bb remains
associated with C3(H2O) to form C3(H2O)Bb, which is a fluid-phase C3 convertase
that can cleave many additional molecules of C3 into C3a and C3b (Ricklin et al.,
2010). Here much of the generated C3b is inactivated by hydrolysis; however, some
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attaches covalently via its reactive thioester group to the surfaces of pathogens or of
host cells. This attachment is immediately regulated on host cells, yet amplified on
pathogens. C3b bound this way is able to bind Factor B, and subsequently allowing
its cleavage by Factor D to yield the small fragment Ba and the active protease Bb.
This leads to the formation of the alternative pathway C3 convertase C3bBb. This
protease sets the motion for the formation of more C3b molecules, therefore building
further C3bBb convertases – known as the ‘amplification loop’. These sequential
steps are favoured by a positive regulatory factor, known as properdin (or Factor P),
which binds many microbial surfaces and stabilises the C3 convertase (Kemper et
al., 2009; Janeway et al., 2005). The powerful feedback amplification loop, which is
commenced by the spontaneous initiation of the alternative pathway, results in the
deposition of C3b molecules on the cell surface leading to the opsonisation of
pathogens for phagocytosis. Some of the C3b binds to C4b2a and C3bBb generated
from the three pathways forming the C5 convertases which initiate the terminal
pathway.
The alternative pathway can account for 80-90% of total complement
activation (Harboe & Mollnes, 2008; Ricklin et al., 2010). It is regulated by several
regulatory proteins present in the plasma, such as Factor H and Factor I, as well as
host cell membrane bound regulators such as complement receptor 1 (CR1), decay
accelerating factor (DAF) and membrane cofactor of proteolysis (MCP) as
summarized in Table 1.1. These proteins combine to prevent complement activation
from proceeding on host cells; they interact with C3b and act by either preventing
convertase formation or its rapid dissociation (Janeway et al., 2005). These will be
further discussed later on.
1.3 Complement effector functions
The three distinct pathways of complement activation all converge on the
cleavage of C3 into C3a and C3b. From here, the system generates three key effector
functions, which all serve to produce a physiological response in the elimination of
foreign pathogens. These three mechanisms are the generation of the membrane
attack complex (Figure 1.1), releasing potent anaphylatoxins to alert the immune
system, and the opsonisation of pathogenic surfaces to target elimination by immune
cells (Figure 1.2). Each of these are described briefly as follows.
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C5 convertase and
MAC
C7, C8, C9
and MAC
C5b-7 and MAC

C3b, iC3b and
C3c

C3b, iC3b, C4b
and C1q
C4

C4b2a and C3bBb

C3
C3b
C1r, C1s and
MASP2
C3b and C4b

C3b and C4b

Ligand
C3b and C3d

Transport of cholesterol, HDL, APOA1 and lipids and inhibits assembly of
MAC
Adhesion protein, fibronectin-mediated cell attachment and
Arg-Gly-Asp site coagulation in immune defence against
Streptococcus spp.
Inhibition of the formation of the MAC

Inhibition of C5 convertase and MAC assembly

Clearance of immune complexes, enhancement of phagocytosis and
regulation of C3 breakdown
Cofactor for factor I and acceleration of classical pathway C3 convertase
decay
iC3b-mediated phagocytosis and inhibition of alternative pathway
activation

Acceleration of C3 convertase decay

Stabilises the alternative pathway convertases
Similar function as factor H
Blocks serine protease and is a suicide substrate for C1r, C1s,
MASP2, coagulation factors and C3b
C3 degradation, cofactor for factor I and factor H, and effector for T cell
maturation

Function
Cofactor for Factor I-mediated cleavage of C3b; accelerates the decay of C3
convertase of the alternative pathway; inhibits the assembly of C3
convertase.
Cleavage of C3b and C4b molecules via a cofactor

Table 1.1 Regulators of the complement system (adapted from Zipfel & Skerka, 2009)

Figure 1.2 Effector functions of the complement system
(a) Anaphylatoxins are proinflammatory molecules, which are cleavage products of
C3, C4 and C5. They bind to their cognate receptors on host cells, which induces Gprotein coupling and downstream signalling processes to generate an inflammatory
response. Examples of cells that generate this reaction are summarised to the right,
each producing their own unique response.
(b) Opsonisation of pathogenic cells by C3b and its cleavage products, effectively
‘tags’ them for clearance by phagocytic cells such as macrophages and neutrophils.
The receptors on these cells recognise the opsonin molecules (adapted from
Dunkelberger & Song, 2010).
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1.3.1 The terminal pathway and membrane attack complex
The amplification cascade of the alternative pathway, and the build-up of
C3b, progressively leads to the binding of an additional C3b molecule to a C3
convertase molecule, generating the C5 convertase (C4b2a3b from the classical and
lectin pathways; C3bBb3b from the alternative pathway) (Zipfel & Skerka, 2009).
This results in the activation of a common terminal pathway, one of the important
effects of complement activation. Cleavage of the terminal complement component
C5 by C5 convertases produces the C5b and the anaphylatoxins C5a. The smaller 10
kDa cleavage fragment C5a is able to bind to the surface of inflammatory cells,
therefore activating them and recruiting them to the site of complement activation.
On the other hand, the larger fragment C5b recruits C6, C7, C8 and polymerised C9
components in order to assemble into a multi-protein pore, known as the membrane
attack complex (MAC), which is inserted directly into the surface of the targeted
pathogen (Podack, 1984; Serna et al., 2016). The MAC is hydrophobic on the
external surface allowing it to interact with the lipid bilayer, and is hydrophilic in the
internal channel to allow the passage of water and solutes across the bilayer. This
therefore disturbs the phospholipid bilayer causing the disruption of the cellular
homeostasis and proton gradient; leading to eventual destruction of the pathogenic
cell by osmotic lysis (Janeway et al., 2005).
Although the assembly of the MAC and targeted cell lysis have very dramatic
effects, its significance in the host defence system is quite limited, and certain
pathogens have evolved mechanisms to overcome this attack. Hence the formation of
the MAC may only be necessary to kill a few pathogens; the recruitment of other
immune system components through the opsonisation and inflammatory actions of
the earlier components of the complement cascade play vital roles in fighting
infection (Janeway et al., 2005).
1.3.2 The role of anaphylatoxins
The anaphylatoxins C3a, C4a and C5a are continuously released into the
bloodstream, at the site of the infection. These proinflammatory small protein
molecules are essentially the by-products of the proteolytic activation of the parent
molecules C3, C4 and C5 respectively, via the cleavage of their α-chain. These
molecules remain in solution and act as danger signals in the fluid phase, in order to
recruit inflammatory cells which aid in pathogen elimination (Klos et al., 2009).
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These bind to the extracellular N-terminal region of corresponding G-proteincoupled receptors (e.g. C3aR, C5aR and C5L2), and this in turn induces
conformational changes to the C-terminal region of the receptor, stimulating the
downstream signalling cascades. The resultant downstream effects are dependent on
the type of cell on which the receptor is expressed, and result in many hallmark
proinflammatory actions (Klos et al., 2009). C5a has been shown to be considerably
more potent than C3a in inducing biologically relevant responses, whereas C4a is
comparatively weak such that its physiological functions and cognate receptor are
not yet known. They induce smooth muscle contraction and increase vascular
permeability. C3a and C5a can also activate mast cells, and cause submucosal tissues
to release inflammatory molecules (e.g. histamine and TNF-α), which contribute to
the inflammatory response. The changes induced would recruit antibody,
complement and phagocytic cells to the site of infection. C5a acts directly as a
chemoattractant for neutrophils and monocytes; to aid them in their ability to migrate
towards and ingest pathogens (Janeway et al., 2005).
1.3.3 Opsonisation, receptors and phagocytosis
Opsonisation is the central step in the complement-induced immune response,
whereby biological surfaces are coated with an opsonin molecule, which are
recognised by specific complement receptors of phagocytes; therefore facilitating
their recognition and clearance in a non-inflammatory manner. When C3 is cleaved
into C3b, it exposes an internal thioester bond, which allows it to bind to the
hydroxyl and amine groups on the carbohydrates and proteins in the immediate
vicinity. C3b and its proteolytic fragments (iC3b, C3c and C3dg) are all opsonins
that are recognised by specific target complement receptors (CRs) found on
phagocytes. Similarly to C3b, C4b can also act as an opsonin; however this is to a
lesser extent as there is less C4b production (Murphy et al., 2008).
The complement receptor type 1 (CR1 or CD35) is a multifunctional
glycoprotein, which is expressed on the plasma membrane of a majority of blood
cells, including erythrocytes, macrophages and monocytes (Khera & Das, 2009). It
can recognise complexes which are coated with opsonin, primarily C3b, and it works
in conjunction with Fc-γ receptors in order to ingest, internalise, and destroy the
opsonised pathogen by lysozymes (Fearon et al., 1981). In addition, the CR1
receptor facilitates the clearance of immune complexes on erythrocytes by binding to
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the C3b or C4b opsonised complexes, and transports them to the liver or spleen for
elimination by macrophages (Skogh et al., 1985).
The complement receptor type 2 (CR2 or CD21), is a glycoprotein which is
similar to CR1, but lacks the N-terminal domains required for the binding to C3b and
C4b. However, it is able to bind to the proteolytic fragments of C3b, i.e. iC3b and
C3dg, and enhances B-cell immunity by lowering the threshold of B-cell activation
(Weis et al., 1984).
The complement receptors type 3 and type 4 (CR3 and CR4) are
transmembrane heterodimers belonging to the β2 integrin family, that are found on
eosinophils, basophils, monocytes, natural killer cells, most tissue macrophages and
neutrophils. They can recognise and bind to the opsonin iC3b, and subsequently
induce phagocytosis. In addition to this, CR3 and CR4 are involved in heightening
the immune response through leukocyte adhesion, migration and trafficking; all
which have important effects in defence against pathogens (Ross, 2000; van
Lookeren Campagne et al., 2007).
The complement receptor CRIg is part of the immunoglobulin family, which
is expressed on a subset of tissue macrophages, such as liver Kupffer cells. This
receptor also augments the phagocytosis of pathogens by also being able to bind to
cells opsonised with C3b and iC3b, as well as C3c (He et al., 2008).
1.4 Complement regulation mechanisms
The complement system can be described as a “double-edged sword” (Zipfel
et al., 2009). This is due to its highly destructive potential to host cells, particularly
in presence of the powerful amplification loop and continuous tick-over of the
alternative pathway. The major protection against uncontrolled complement
activation is where the sequential activation of zymogens, usually occurring on the
pathogenic surface, generates activated fragments which can bind to any nearby cell
surface (Janeway et al., 2005). Therefore, regulatory mechanisms must be actively
involved to tightly confine complement activation to the appropriate pathogenic
surfaces. This must be achieved at each level of the cascade reactions, to avoid
damaging effects to the host. Such damage may ultimately cause immunopathology
or autoimmune diseases. Indeed, a great proportion of the complement proteins are
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regulatory or inhibitory proteins which control the complement cascade. The list of
these regulatory and inhibitory proteins is summarised in Table 1.1.
In the initial step of the classical pathway, the activation of C1 is regulated by
the fluid phase C1 inhibitor (C1INH) (Ratnoff & Lepow, 1957), which is a member
of the serine protease inhibitor (serpin) family. C1INH irreversibly binds to the C1r
and C1s components of C1, and dissociates them from the C1q recognition
component which remains bound to the pathogenic surface. Therefore, this limits the
time in which C1s is able to cleave C2 and C4 and subsequent excessive complement
activation. In a similar fashion, in the initial step of the lectin pathway, MASP-2 is
also regulated by C1INH (Davis et al., 2010).
Opsonisation of pathogenic cells is a significant stage in the immune
response induced by complement. C3b and C4b contain a highly reactive thioester
group which allows them to bind covalently to molecules in the immediate
surroundings at the site of activation. In addition, the covalent binding of C3b to
surfaces is not discriminative to host and foreign surfaces. Factor I is a specific
serine protease that cleaves and permanently inactivates C3b and C4b into inactive
fragments such as iC3b, C3c and C3dg. It does this through specific cofactors which
prevent non-specific cleavage. For the cleavage of C3b the cofactors include
Complement Factor H (CFH) (Pangburn, 2000), factor H-like protein (FHL1) (Zipfel
& Skerka, 1999), complement receptor 1 (CR1) (Masaki et al., 1992), membrane
cofactor protein (MCP) (Seya et al., 1986). For the cleavage of C4b in the classical
and lectin pathways, the cofactor used by Factor I is C4b-binding protein (C4BP)
(Fujita & Tamura, 1983).
Furthermore, there are a number of regulators which serve to control the
overproduction of C3 and C5 convertases. These include CR1, Decay Accelerating
Factor (DAF), and CFH. These regulators function by competing with Factor B for
binding to C3b on the cell surface; hence resulting in the decay of the convertases. In
addition, the active C3 and C5 convertases have half-lives of a few minutes and
would undergo spontaneous decay. Another function of these is to displace the
enzymatic component of the convertases, such as the C2a component of the classical
and lectin pathway convertases (C4b2a and C4a2a3b) and the Bb component of the
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alternative pathway convertases (C3bBb and C3bBb3b), and this in turn would
shorten the half-life of the convertases (Pangburn, 2000).
Factor H is the major circulating regulator of the alternative pathway of
complement. It functions as a negative regulator and acts by preferentially binding to
C3b that are bound to host cells, through interaction with polyanionic surfaces (such
as sialic acid and heparin sulphate) which lack in pathogenic cells. Hence
complement activation can be controlled on host cell surfaces. On the other hand, the
molecule properdin is the only known positive regulator of complement activation,
and functions by stabilising the alternative pathway convertases, by binding and
increasing their half-life (Hourcade, 2006).
All of these regulatory proteins belong to the ‘regulators of complement
activation (RCA) family’ or the ‘complement control proteins (CCP)’, of which the
factor H protein family will be further discussed in Chapter 2. These entire proteins
serve together to regulate the system; preventing any damage to self-components,
while at the same time directing action towards foreign pathogens.
The individual reactions develop in a sequential manner, so that it would
allow regulation mechanisms to modulate the intensity of the response, and also
adjusting effector functions for specific immune responses (Zipfel & Skerka, 2009).
1.5 Diseases associated with complement dysfunction
Any defective functions or deficiencies in complement control mechanisms,
either in particular proteins or perturbations in mechanisms, ultimately results in
autoimmune disease and immunopathology. Various defects occurring early in the
cascade can result in host cell damage as well as accumulation of immunological
debris (Zipfel & Skerka, 2009). The discovery of these defects have greatly
expanded our knowledge of the complement system in host defence. For example,
deficiencies of the proteins of the classical pathway, have a strong susceptibility to
systemic lupus erythematosus (SLE) (Pickering et al., 2000). In addition to this,
deficiencies in MBL and MASP-2 in the lectin pathway, has also been linked to an
increased risk to infections and autoimmune disorders (Neth et al., 2001; Sørensen et
al., 2005).
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Mutations, polymorphisms and large deletions within the factor H, the major
circulating regulator of complement in the alternative pathway, are associated with
several diseases. These include age related macular degeneration (AMD) (Hageman
et al., 2005). AMD is the most common cause of blindness in the developed world,
which is characterised by the development of immune deposits, known as drusen,
between the retinal pigment epithelial cells and Bruch’s membrane of the eye (Gass,
1972). On the other hand, atypical haemolytic uraemic syndrome (aHUS), membrane
proliferative glomerulonephritis type II (MPGN II) or dense-deposit disease (DDD)
(Abrera-Abeleda et al., 2006), which are described in the section below, are serious
kidney diseases. Over the last ten years, approximately 160 factor H related
mutations have been identified that have strong links to these diseases (Rodriguez et
al., 2014).
1.5.1 Renal disease and complement
In diseases associated with the kidneys, there is evidence which indicates the
involvement of defects in all three pathways of complement activation; however,
much interest has been placed on diseases associated with failure in regulation of the
alternative pathway. These can lead to atypical haemolytic uraemic (aHUS)
syndrome or C3 glomerulopathy.
The disease aHUS is exceedingly rare, occurring at a frequency of two per
million people and accounts for approximately 10% of HUS cases, with poor
prognosis. The over activation of the alternative complement pathway is central to
the development of aHUS (Kavanagh & Goodship, 2010). The disease is linked in
genetic mutations in C3, factor H and factor I (Saunders et al., 2007). Mutations in
factor H that are associated with aHUS were described by Warwicker et al. (1998).
The majority of these missense mutations are heterozygous and tend to cluster in the
C-terminus of factor H. These account for more than 50% of aHUS cases, and result
in the loss-of-function in the factor H regulatory molecule by abolishing the Cterminal domain. The C-terminal domain is a region that is critical for factor H
binding to cell surfaces (endothelial cells) and controlling local activation of
complement (preventing complement-mediated injury). Hence this results in
systemic endothelial damage causing thrombotic microangiopathy. Since the initial
description of these mutations, the presence of autoantibodies against complement
regulators as well as mutations in other complement proteins have also been
16

identified in individuals with aHUS (Kavanagh & Goodship, 2010). All known
aHUS mutations have been summarized in a database of known factor H mutations
(www.fh-hus.org) (Saunders et al., 2006; Saunders et al., 2007; Rodriguez et al.,
2014). All reports show that the mutations have incomplete penetrance, implying that
aHUS is manifest as a result of a combination of mutations and other risk factors
such as infection and pregnancy (Ferreira et al., 2009).
C3 glomerulopathy describes a renal disease, with the isolated C3 deposition
in kidney glomeruli in the absence of immunoglobulin, i.e. the complement-mediated
injury in the glomerulus does not result from the activation of the classical pathway
(Fakhouri et al., 2010). Morphologically, C3 glomerulopathy can be divided into two
subclasses. Those with very dense osmiophilic deposits of C3 are termed dense
deposits disease (DDD), and those without such deposits are collectively termed C3
glomerulonephritis (C3GN) (Gale & Maxwell, 2013; Cook, 2013):
(i) DDD, also known as membranoproliferative glomerulonephritis Type II
(MPGN II), is associated with intramembranous electron-dense transformation of the
glomerular basement membrane (GBM). It is characterised by glomerular deposits of
complement component C3, with little or no deposits of immunoglobulin (Smith et
al., 2007). DDD is very rare, occurring at a frequency of around 2 or 3 people per
million population and its pathology linked with complement abnormalities. DDD
has been found to be associated with the presence of autoantibodies against factor H,
termed C3 nephritic factor (C3NeF) (Zhang et al., 2012). This can lead to continuous
activation of the alternative pathway, therefore persistent consumption of C3 and low
plasma C3 levels, with heavy deposition of C3 fragments in the GBM. Other causes
of DDD include genetic deficiencies or mutations in factor H, as well as mutations in
C3 (Gale & Maxwell, 2013; Sethi et al., 2012).
(ii) C3GN is also an extremely rare condition, which is defined by the
presence of glomerular C3 staining (in the absence of immunoglobulins) in the
mesangial areas or capillary walls of the glomerulus, without the linear dense
transformation of the GBM (unlike DDD) (Fakhouri et al., 2010). This condition is
also associated with abnormalities in the complement alternative pathway regulation.
These are caused by genetic mutations in factor H, factor H-related protein 5
(CFHR5), Factor I and CD46. However, evidence suggests that there are additional
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genetic or environmental factors which may be significant in the susceptibility to the
disease (Gale & Maxwell, 2013).
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Chapter Two
Complement Factor H Related 5 (CFHR5)

19

2.1 Introduction to CFHR5
Complement factor H related 5 (CFHR5) was identified in 2001 as a
component of complement deposits within the rat glomerulus, co-localised with C3
(McRae et al., 2001). It was found to be a homologue of factor H; being the most
recently discovered and largest protein of the family of five complement factor H
related (CFHR) proteins. CFHR5 has a plasma concentration of 3-6 µg/ml and a
molecular weight of 65 kDa (McRae et al., 2005). An abnormality in this protein has
been associated with CFHR5 nephropathy (Gale et al., 2010) which cause
deteriorating renal function and end-stage renal disease. It has also been associated
atypical haemolytic uraemic syndrome, which is also characterised by renal failure
(Monteferrante et al., 2007; Maga et al., 2010). Due to its homology with factor H, it
was predicted and confirmed to share similar biochemical properties to factor H,
such as C3b and heparin binding. However, CFHR5 is present in plasma at
approximately 1% of that of the well characterised factor H, and the fundamental
role played by CFHR5 in the complement system remains elusive. This chapter
outlines an up-to-date review of our current understanding of CFHR5, and the
questions that follow from this that formed the basis of this PhD thesis.
2.1.1 CFHR5 sequence and SCR domains
The complete human CFHR5 sequence, prior to secretion, is 569 amino acids
(SWISSPROT accession code: Q9BXR6). CFHR5 is expressed in the liver (McRae
et al., 2001). The first N-terminal 18 amino acids serve as a signal peptide, which are
cleaved off as the protein is secreted from the cell. Therefore, as a mature protein it is
composed of a single polypeptide of 551 amino acids, which are numbered from
residue 19. As CFHR5 belongs to the regulation of complement activity (RCA)
family of proteins, as will be discussed later, the protein sequence is composed of
common conserved sequences which are termed short complement regulator or short
consensus repeat (SCR), or complement control protein (CCP) domains (Figure 2.1).
SCR domains are a common structural motif to the RCA family of proteins, and also
exist in complement proteins that do not belong to this family, such as Factor B.
Each SCR domain is composed of around 60 amino acids. Sequence alignments
reveal that these typical SCR domains contain four conserved cysteine residues (CI CIV), and a highly conserved tryptophan residue, as well as additional conserved
amino acids (See Chapter 5, Figure 5.1(b)).
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Figure 2.1 The schematic diagram of the structure of the SCR domain
A schematic diagram of the secondary structure arrangement of a typical SCR
domain, showing the eight β-sheets, numbered accordingly, with the N- and Ctermini indicated. The two disulphide bonds between the cysteine residues (CI-CIII
and CII-CIV) are indicated by the dashed lines. The hypervariable loop is located
between β-sheets number 2 and number 3 (adapted from Morikis & Lambris, 2005).
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The structure for a typical SCR domain consists of a β-sandwich arrangement
of six to eight β-strands which are stabilized by two disulphide bridges between the
conserved cysteine residues. The structure is folded into a small and compact shape,
with a hydrophobic core (Norman et al., 1991). SCR domains are known to be
involved in many recognition activities in the complement system. The relative βsheet structure remains the same for all SCR domains; however the topology of the
strands is variable in the hyper-variable loop region. CFHR5 is composed of nine
SCR domains, arranged in tandem like ‘beads on a string’. Between each of these
nine domains is a sum of eight inter-domain linkers, each formed from between 3-8
amino acids. There are two potential N-linked glycosylation sites at positions 108
and 382 of the mature protein, at the consensus sequences ‘Asn-Ile-Ser’ and ‘AsnMet-Thr’, respectively (McRae et al., 2001). However, there is no evidence yet about
these sites being occupied by any glycans.
2.2 The factor H and CFHR protein family
CFHR5 is part of a family of evolutionarily and structurally related proteins,
which include the five CFH related proteins (CFHR1-5), as well as factor H itself
and the spliced variant CFH-like protein 1 (CFH-L1) (Skerka et al., 2013) (Figure
2.2(b)). Each of these plasma glycoproteins are exclusively composed of SCR
domains, and all are synthesised by the liver. Factor H is the most abundant in human
plasma, with a concentration of approximately 500 µg/ml. In contrast, the CFHRs
have physiological concentrations ranging from 5-50 µg/ml (Tortajada et al., 2013).
The members of the factor H protein family have been described over the last couple
of decades, and their shared homologies and interactions have been reviewed (Zipfel
et al., 1999; Skerka et al., 2013).
2.2.1 The RCA gene cluster and the CFHR5 gene
The genes for factor H and CFHR protein family are arranged in tandem in a
360 kb centromeric segment, in the regulation of complement activation (RCA) gene
cluster, on the human chromosome 1q32 (Rodríguez de Córdoba et al., 1985;
Rodríguez de Córdoba et al., 2004) (Figure 2.2). As suggested by the name, this
chromosomal area also contains genes for other complement regulatory molecules,
including DAF and complement receptors. Altogether the RCA gene cluster contains
60 genes, of which 15 are complement associated proteins (Rodríguez de Córdoba &
Goicoechea de Jorge, 2008).
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Figure 2.2 The RCA gene cluster and Factor H protein family
(a) The factor H and CFHR genomic arrangement on the RCA gene cluster. The
panel below shows the sequence repeats in coloured boxes and the positions of the
exons for each gene.
(b) The factor H and CFHR proteins are ordered based on their domain identity
alignments.
(c) A schematic diagram of the proposed oligomers formed for the group I CFHR
proteins that dimerise via their N-terminal SCR-1/2 domains. On the left are the
homo- and hetero- dimers, and on the right are potential higher order complexes
(taken from Jozsi et al, 2015).
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The genes for the CFHR proteins are located downstream of that of factor H
(Diaz-Guillen et al., 1999; Male et al., 2000). CFHR5 is encoded by a single gene,
which appears downstream from the other Factor H/CFHR genes Figure 2.2(a). It is
composed of 10 exons, where the first of these encodes the 5’ UTR (untranslated
region) and signal peptide which is cleaved after secretion (McRae et al., 2001).
Therefore, SCR-1 of CFHR5 is encoded by exon 2 of the gene, and each subsequent
exon encodes a single SCR domain.
In this section of the chapter, the members of the factor H protein family are
described with respect to their similar structural and functional characteristics. As so
little is currently known about the structure and function of CFHR5 (and other
CFHRs), our understanding can be enhanced by looking at the parallels between
CFHR5 and other members of this protein family, particularly with the well
characterised factor H.
2.2.2 Factor H and its role in complement regulation
Factor H consists of 20 SCR domains (Figure 2.2) and a molecular weight of
155 kDa. As an essential regulatory protein of the alternative pathway, it plays a
critical role in the homeostasis of the complement system in plasma and in the
protection of host cells and tissues from complement-mediated damage. Factor H
performs its function in three main ways. Firstly, it protects host cells by acting as a
co-factor for the serine protease factor I-mediated proteolytic degradation of C3b
(Rodríguez de Córdoba et al., 2004). Interactions with polyanions found on host cell
surfaces, such as sialic acid and heparin, assist with localising factor H onto the host
cell surface and increasing the affinity of its interactions with C3b. C3b is cleaved
producing an enzymatically inactive iC3b molecule, and subsequent further
degradation products C3c, C3d and C3dg (Whaley & Ruddy, 1976; Pangburn et al.,
1977). This effectively prevents C3 convertase (C3bBb) formation and complement
activity on host cells. The second role of factor H is the inhibition of the assembly of
active C3 convertase, by competing with factor B for binding C3b molecules
attached to host cell surfaces. Again, importantly, polyanions found on host cells can
successfully recruit factor H to prevent the association of factor B and C3b required
for C3 convertase formation. Lastly, the third role of factor H is its decay
acceleration of C3 convertase. It does this by binding to C3bBb and dissociating the
Bb component, thereby inactivating the enzyme. Again this controls the excessive
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levels of C3 convertase and protects host cells from complement-mediated damage
(Rodríguez de Córdoba et al., 2004; Zipfel et al., 2006).
The key interaction sites in factor H with its ligands are illustrated in Figure
2.3. The two most important functional regions of the factor H protein are located on
the opposite ends of the protein; the first four N-terminal SCR domains (SCR-1/4)
and the two C-terminal domains (SCR-19/20) (Józsi & Zipfel, 2008). These regions
are known to interact with C3b. In particular SCR-1/4 possesses the domains
necessary for the co-factor and decay acceleration activity in factor H (Kuhn &
Zipfel, 1996). The crystal structure of C3b in complex with SCR-1/4 (Wu et al.,
2009) revealed that this region of factor H binds to multiple domains of C3b,
covering a large and extended surface area. However, SCR-19/20 binds to the C3d
region (TED domain) of C3b. Interactions with these distinct sites on C3b may
suggest they are probably able interact with C3b simultaneously, due to the flexible
nature of factor H, and the combination of the two binding sites would increase the
binding affinity. SCR-19/20 also has a dual functionality as it plays a large role due
to its responsibility in surface recognition, via interaction with heparin and sialic acid
markers on host cells (Blackmore et al., 1998; Jokiranta et al., 2005; Oppermann et
al., 2006). The ternary complex formed between factor H, heparin and SCR-19/20 is
of particular interest. This is because deregulation of C3b, in disease aHUS (Section
1.5.1), is associated with mutations in SCR-19/20 of factor H (Jokiranta et al., 2006).
However, the exact mechanism and stoichiometry by which C3b binds factor H is
vital to be understood. Factor H also possesses binding sites for CRP, and also selfassociation sites as indicated in Figure 2.3 (Fernando et al., 2007; Okemefuna et al.,
2008; Jokiranta et al., 2006).
Numerous structures have been solved for factor H various domains by X-ray
crystallography and nuclear magnetic resonance. The full-length factor H has
revealed a unique folded-back domain structure by electron microscopy (DiScipio,
1992) and small-angle X-ray solution scattering combined with analytical
ultracentrifugation (Aslam & Perkins, 2001; Okemefuna et al., 2009).
2.2.3 Sequence and structural homology
The CFHR proteins are made up of four to nine SCR domains (Figure 2.2),
and were originally discovered in 1994 by a western blot using human serum and a
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Figure 2.3 Illustration of the functional domains of factor H
The diagram shows the 20 SCR domains of factor H. The location of the binding
sites for C3b, heparin, CRP and sialic acid binding are indicated below. In addition,
the self-association domains (Perkins et al., 2012) are indicated. The coloured
domains illustrated their homology to the CFHR5 domains, as illustrated in Figure
2.2; Green homologous to CFHR5 SCR-1/2, cyan to CFHR5 SCR-3/7 and yellow to
CFHR5 SCR-8/9.
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polyclonal antibody raised against factor H (Zipfel & Skerka, 1994). These proteins
share a high degree of sequence identity because the entire chromosomal segment is
characterised by genomic repeat regions. The non-homologous recombination events
in this region cause diverse outcomes (Skerka et al., 2013). It is thought that the
CFHR genes evolved by tandem duplication events originating from the factor H
gene. SCR domains are almost always encoded by individual exons which share the
same splice phase, which can facilitate the generation of novel genes through
evolution. The question of whether these proteins are expressed with redundant
functional properties has since been of concern, and to this day, despite recent
emerging evidence, their roles are not fully understood. Similarities in sequence
identity suggested that the CFHR proteins may play related functional roles to factor
H, yet there may be differences in interactions and affinities (Zipfel & Skerka, 1994;
Skerka et al., 2013). Whether these CFHR proteins have the integral components of a
much more sophisticated complement regulation system still remains as a question;
however, newly emerging evidences on their associations and interactions will help
address this.
All five CFHR proteins have a high degree of sequence identity in the Nterminal domains (36-94%), and these domains share similarity with the SCR-6/9
domains of factor H. The two C-terminal domains of the CFHR proteins also share
significant identity with the SCR-19/20 domains of factor H (36-100%). As
mentioned, these similarities suggest that these proteins share a related functional
role in complement regulation, particularly as the C-terminal region of factor H is
known to interact with C3b/C3d (Skerka et al., 2013). With respect to CFHR5 alone,
in addition to sequence identities with factor H in the C- and N- terminal regions of
CFHR5, it also contains five SCR domains which have sequence identities with SCR
10-14 of factor H (46%, 75%, 57%, 48%, and 71% respectively) (Skerka et al., 2013;
Skerka & Zipfel, 2008). It was suggested that the mechanisms by which CFHR5
gene arose may have been more complicated than simple gene duplication process
originally of factor H, as it is the only CFHR protein to show homology between its
SCR domains 3-7 and factor H SCR-10/14 (McRae et al., 2001). The two CFHR5 Cterminal domains show 64% and 41% sequence identity with SCR-19/20 of factor H.
This high degree of conservation implies that the central region and surface binding
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regions of factor H are conserved, and therefore may have similar interactions and
functions.
2.2.4 Domain arrangement
As mentioned in section 2.2.2, many structural studies have been carried out
on factor H, and almost all of its domains have been characterized by high resolution
X-ray crystallography or NMR spectroscopy. However, to date, no structure has been
solved for any of the CFHR5 domains, and CFHR5 overall has had very little
structural characterization. It has been reported by Goicoechea de Jorge and
colleagues (2013) that CFHR5 (as well as CFHR1 and CFHR2) all contain an
identical dimerization motif, which is located within their two common N-terminal
domains (SCR-1/2). This enables the formation of homodimers, and also
heterodimers with CFHR1 and CFHR2 due to their high sequence identities (>85%)
within these two domains. As confirmed by the crystal structure produced for
CFHR1 SCR-1/2 (PDB code: 3ZD2), the SCR-1/2 domains form dimers via a tight
‘head-to-tail’ anti-parallel configuration, stabilized by the key residues Tyr34, Ser36
and Tyr39. The dimer interface residues in CFHR1 were found identical in the
amino acid sequence of CFHR2, and for CFHR1 and CFHR5 the residues were
found to be highly conserved with identical three major contacts as well as 11 out of
15 minor dimer contacts. It was found that all three proteins exist as dimeric species
also exist in vivo (Goicoechea de Jorge et al., 2013), and are the native state of these
proteins; where partial unfolding is required to break the dimer interaction apart.
However, the relative abundance of these proteins being in plasma may influence the
dimeric composition of the proteins, with CFHR5 having the lowest abundance. On
the other hand, recent evidence shows that CFHR5 alone exists only as homodimers,
and does not form heterodimers with either of the other CFHR proteins (Ruseva et
al., 2016; van Beek et al., 2016, International Complement Meeting 2016).
2.2.5 The grouping CFHRs
The CFHR proteins have been divided in two groups (I and II), according to
their conserved domains. Group I comprises of CFHR1, CFHR2 and CFHR5 as these
are able to form homo-dimers via their two highly similar N-terminal SCR domains
(SCR-1/2). Group II includes CFHR3 and CFHR4, which do not possess the
dimerization motif in the N-terminus (Goicoechea de Jorge et al., 2013; Skerka et al.,
2013) (Figure 2.2(b)).
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2.3 CFHR5 ligands, interactions and role in complement
CFHR5 has been shown to interact with C3b and heparin. The ligand binding
sites for factor H summarised in Figure 2.3, take regard of the homologous domains
to CFHR5. From this, it can be seen that CFHR5 lacks the cofactor and decay
acceleration activity domains which are found in SCR-1/4 of factor H. Initial analysis
of CFHR5 did show weak cofactor activity for factor I and decay acceleration
activity at concentrations of several hundred ng/µl (McRae et al., 2005). However
later extensive studies by haemolytic assays and surface plasmon resonance
confirmed no evidence of cofactor activity for the factor I-mediated cleavage or
decay-acceleration of C3b (Goicoechea de Jorge et al., 2013; Tortajada et al., 2013).
Similar to factor H, CFHR5 also binds to C-reactive protein (CRP) and is recruited to
sites of tissue damages via CRP to inactivate C3b (Park & Wright, 1996). It was
demonstrated that the binding sites for heparin and CRP are located within SCR-5/7;
however the exact binding site is not identified yet. It has also been shown that
CFHR5 possesses a higher affinity for heparin compared to factor H (McRae et al.,
2005). This may suggest that CFHR5 plays a role in complement regulation at the
surface site of glomerular endothelial cells, instead of in the fluid phase, which
agrees with why it is found in glomerular immune deposits (Westra et al., 2012).
Although CFHR5 possesses similar activities as factor H, with respect to their
homologous recognition domains, the main function of CFHR5 is not understood. In
addition, the exact functions and mechanisms of CFHR5 interactions with its ligands
are unknown, and detailed functional tests still need to be investigated.
2.3.1 Interaction with C3b/C3d and competition with factor H
It was summarised, that dimerization enhances the avidity of these proteins
for ligands in vivo, enabling them to out-compete factor H in physiological
concentrations, though their C-terminal C3b/C3d (C3b, iC3b, and C3dg) binding
domains (Goicoechea de Jorge et al., 2013; Tortajada et al., 2013; Skerka et al.,
2013). This was identified by the ELISA technique, where it was found that CFHR5
inhibits the factor H-C3b interaction, in a dose dependent manner, at physiologically
relevant concentrations of CFHR5. This was also found to be the case for CFHR1.
Thus it was summarized that CFHR5 ‘deregulates’ complement. The dimerization of
CFHR5 enhanced its ability to interact with renal-bound mouse complement C3 in
vivo. This was confirmed by forming a mutant monomeric version of CFHR5, having
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the three key dimerization motifs removed, and comparing with dimeric CFHR5 in
their interaction with tissue-bound complement (Goicoechea de Jorge et al., 2013).
2.4 CFHR5 and CFHR related diseases
There is growing evidence that genetic variants in CFHR5 are linked with
glomerular diseases, aHUS (Monteferrante et al., 2007) and dense deposit disease
(Abrera-Abeleda et al. 2006). Further evidence, which suggested an important role of
CFHR5 in the kidney, was a case of heterozygous CFHR5 deficiency arisen from a
premature stop codon; which caused acute poststreptococcal glomerulonephritis.
There have also been reports of mutations, namely E75Xaa, L105R, S195T, V277N,
V379L and W436C that are associated with reduced levels of CFHR5, found in
patients with C3 glomerulonephritis. However, these mutations have only been
recently identified and their manifestations in terms of CFHR5 function remain
elusive (Maga et al., 2010; Westra et al., 2012).
2.4.1 CFHR5 nephropathy
In Gale et al., (2010), based on a genetic study on a Greek-Cypriot family,
CFHR5 nephropathy has been identified as a Mendelian kidney disease caused by a
heterozygous mutation in the CFHR5 gene which is linked to the autosomal
dominant inheritance of glomerulonephritis and kidney failure. The disease is
stabilized by haematuria during infection, which leads to acute deterioration of renal
function. As with C3 glomerulonephritis, the disease is characterised by positive
immunostaining of complement proteins in the glomerulus, but in the absence of
immunoglobulins. The mutation results from a 6.3 kb genomic duplication in exons 2
and 3 of the CFHR5 gene, corresponding to SCR-1 and SCR-2, and produces a larger
11-domain CFHR5 protein (Figure 2.4) (Gale et al., 2010). Compared to the wildtype CFHR5, the mutant form has a lower affinity for heparin, which implies that
CFHR5 is important for preventing complement-mediated damage to the kidneys;
however, the precise mechanism by which this causes the disease is yet to be
determined, as well as why it is highly common in Cypriots. The complement profile
of patients was found to be normal; hence suggested that complement activation
occurs locally within the kidney and that CFHR5 plays a prominent role in inhibiting
C3 activation in the kidney glomerular basement membrane only. The possibility of
targeted treatment would require an explanation of this (Skerka et al., 2013; Gale &
Pickering, 2011; Athanasiou et al., 2011).
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Figure 2.4 CFHR5 nephropathy - internal duplication of CFHR5
(a) The diagram illustrates the in-frame heterozygous duplication of exons 2 and 3 of
the CFHR5 gene, corresponding to a 6.3 kbp region of the gene, which produces a
mutant gene for CFHR5. Each exon commencing from exon 2 codes for each SCR
domain of CFHR5.
(b) The duplication of exon 2 (encoding SCR-1) and exon 3 (encoding SCR-2)
produces a mutant protein, produces a larger protein with an extra two SCR domains
as circled in red. This new protein has altered function from the wild-type CFHR5,
and causes the kidney disease CFHR5 nephropathy. Below this is also a schematic
diagram of the CFHR2-CFHR5 hybrid protein, which causes C3 glomerulopathy
with dense deposit disease.
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As a consequence of the heterozygous mutation for CFHR5 nephropathy,
where the two N-terminal domains are duplicated (Gale et al., 2010), this mutation
results in the duplication of the dimerization motif. As a result, this directly resulted
in aggregation due to multimeric associations, as preparations of purified protein
readily show (Goicoechea de Jorge et al., 2013). This provides an explanation as to
why the mutant protein is readily detected in the bloodstream of affected patients
(Gale & Pickering, 2011). Further evidence implied that that CFHR5 cannot
influence complement regulation without the presence of factor H (Goicoechea de
Jorge et al., 2013), as it antagonises the actions of factor H. Therefore, duplication of
the dimerization domain in CFHR5 may lead to the formation of abnormal homoand hetero- oligomers of CFHR5 which may possibly compete through higher
affinity binding to surface-bound C3b, therefore impairing the protection from
complement attack on cell surfaces (Skerka et al., 2013).
More recently, a mutation of the CFHR1 protein was discovered by Tortajada
et al. (2013) which causes C3 glomerulopathy. This mutation, highly similar to that
found in CFHR5 (Gale et al., 2010), also gave rise to the duplication of the Nterminal domain. It resulted in an abnormally large CFHR1 protein and large
multimeric complexes, which had an increase in avidity for its ligands (C3b, iC3b,
and C3dg), and also greater competition with CFH (Tortajada et al., 2013).
Furthermore, a heterozygous 24,804nt deletion mutation was discovered in the
CFHR gene cluster by Chen et al. (2014), which resulted in the expression of a
CFHR2-CFHR5 hybrid protein (Figure 2.4(b)). The hybrid protein was found to
compete with CFH for C3b binding at greater intensity than either CFHR2 or
CFHR5 individually. It was also found that the hybrid protein stabilized the C3
convertase, and reduced the C3 convertase decay acceleration activity of CFH;
therefore, impairing complement regulation, causing C3 glomerulopathy with dense
deposit disease (Chen et al., 2014).
A remarkable characteristic of these three mutations; in CFHR5 (Gale et al.,
2010), CFHR1 (Tortajada et al., 2013), and in the CFHR2-CFHR5 hybrid protein
(Chen et al., 2014), is their association with a duplication in the two N-terminal
domains, which are highly conserved in CFHR1, CFHR2 and CFHR5 individually.
These mutations are manifested very similarly in their link to C3 glomerulopathy,
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and the fact that all three show a dominant inheritance pattern emphasizes the
importance of this highly conserved N-terminal region (Tortajada et al., 2013).
2.5 Questions on CFHR5
There are still many unanswered topics on CFHR5, including whether it has a
non-redundant role in the complement regulation system in humans, in particular
with its connection with the kidney. It is still unclear what kind of regulatory role it
plays, and indeed whether its function is to compete with factor H in a process that
would deregulate the complement system (Goicoechea de Jorge et al., 2013). It is
speculated that, with other CFHRs it may play a role in fine-tuning complement
regulation in parts of the body that require more stringent regulation mechanisms,
such as the kidney. As CFHR5 does not possess the cofactor and decay accelerating
activity domains as factor H does, its interaction with C3b would allow C3b
amplification to proceed without obstruction. Thereby the mutant CFHR5, with a
duplicated dimerization domain, would form multi-oligomers and aggregates of the
protein (Gale et al., 2010). These would bind with higher affinity to C3b and
accumulate complement deposits. However, the question still remains as to why
variations in the CFHR5 gene result in complement dysregulation at the cell surface,
causing diseases like CFHR5 nephropathy and aHUS.
Biochemical studies provide limited information on the functional
characteristics of CFHR5, and structural studies will clarify the molecular
mechanisms involved. Unlike the well characterised factor H molecule, CFHR5
currently lacks structural exploration, and little is known on its three-dimensional
domain arrangement. In light of the prior literature, experiments were planned to
investigate the structure of full-length CFHR5 (SCR-1/9) (Chapter 5) as well as its
functionally-important fragment domains of interest SCR-1/2 and SCR-1 (Chapter
6). A sufficient amount of CFHR5 protein is necessary to perform such experiments,
and thus lead to the motivation to express and purify these proteins in selected
expression systems (Chapter 4). The rationale for these investigations was to clarify
the molecular role of CFHR5 in the complement system, by identifying the domain
arrangement of CFHR5 and relating this to its known functional properties.
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Chapter 3
Protein Structure and Interaction Measurements: Background to Methods
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3.1 Introduction
Protein structure directly correlates with protein function. Therefore, the
elucidation of its three-dimensional structure is crucial to understand its role in its
biological system of interest. In the case of CFHR5, a protein structure will help us
to understand its role in the complement system (Chapter 1). As this is a major
challenge in structural biology, much research has been dedicated to complement
structures in the past few decades. Such a wealth of information enables us to
understand how proteins perform a specific function at a molecular level and is
leading to the design of new therapeutics for disease.
X-ray crystallography and nuclear magnetic resonance are both powerful
techniques for obtaining high resolution protein structures, and account for 99% of
the structures from the PDB. X-ray crystallography can be regarded as the most
advanced method for structure determinations and is currently dominating the field.
It provides atomic resolution structures, through the prerequisite of a protein crystal
of sufficient quality. The arrangements of atoms are interpreted through the
diffraction patterns generated by the protein crystal lattice, upon exposure to a
monochromatic, collimated beam of X-rays. However, this has the potential to be a
difficult and time-consuming approach, due to bottle-necks such as the generation of
adequate crystals. It is often more difficult to crystallise flexible and large multidomain proteins due to the presence of long inter-domain linkers and glycosylation
sites. Because the protein is subjected to rearrangements caused by the crystalline
packing, the crystal structure may not represent the physiologically relevant
conformation found in solution. The crystallisation buffers used to help
crystallisation often contain precipitants, as well as non-physiological salt levels and
pH. Only one protein conformation can be captured in a crystal, thus it is a “static”
view of a protein. Therefore, when assessing structures, the domains may exhibit
conformational aspects which need to be considered when producing an accurate
representation of the solution structure (Wilson & Walker, 2005; Voet & Voet,
2011).
NMR spectroscopy also determines high resolution protein structures by
exploiting the magnetic properties of certain atomic nuclei, such as 1H, 13C, and 15N.
As a spectroscopic technique, upon application of a magnetic field, it utilises the
absorption and emission of electromagnetic radiation in the radio frequency range.
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Following selective isotopic labelling of these nuclei, backbone assignments of the
NMR signals can be made which will lead to the protein structure. It is a nondestructive technique which allows proteins to be studied in solution to investigate
their intrinsic dynamics, and therefore can provide information on the flexibility of
proteins (Kay, 2005). This technique is typically limited to small and stable proteins
(<40 kDa) which do not aggregate at high concentrations (Perkins et al., 2011).
However, several structures >80 kDa have been solved by NMR in favourable cases,
e.g., where the proteins are flexible or symmetric (Grishaev et al., 2008).
Other techniques of protein structure determination include electron
microscopy (EM), and small angle X-ray and neutron scattering (SAXS and SANS)
in conjunction with constrained modelling. Other lower resolution techniques include
analytical ultracentrifugation (AUC), circular dichroism (CD), Förster resonance
energy transfer (FRET), size-exclusion chromatography (SEC), dynamic or multiangle laser light scattering (DLS or MALLS), and mass spectrometry (MS). In
modern structural biology laboratories, an integrated approach is normally made by
which two or more of these techniques are used to solve protein structures.
In this thesis, analytical ultracentrifugation (AUC) is used in conjunction with
small-angle X-ray solution scattering (SAXS), to determine the solution structure of
CFHR5 SCR-1/9 (Chapter 5). Following their expression (Chapter 4) AUC is also
used to study the solution behaviour of SCR-1/2 and SCR-1 domains of CFHR5
(Chapter 6). These techniques are complementary to one another in determining
solution structures. These techniques are then combined with a constrained
modelling approach to assist in the definition of the three-dimensional structure of
CFHR5 SCR-1/9 (Chapter 5). The general theories for these techniques, as well as
how data was acquired and analysed, are discussed in this chapter.
3.2 Analytical Ultracentrifugation (AUC)
Analytical ultracentrifugation (AUC) is a powerful tool used for the
quantitative analyses of macromolecules in solution. It had been one of the most
influential developments in the 1920s, by the pioneering work of Theodor Svedburg
and his colleagues (Svedburg & Burton Nichols, 1923; Svedburg & Fahraeus, 1926),
who made significant discoveries on how objects migrate in gravitational fields. This
low resolution technique relies on the principle property of mass and fundamental
36

laws of gravitation, and therefore it is applicable for the study of a broad range of
macromolecules, in a wide range of solvents and solute concentrations. In simple
terms it can be described as essentially “spinning and watching” a sample. By
application of a centrifugal field, separation of solute components, governed by
molecular weight and shape, can be achieved. Combined with recent developments
in instrumentation and computational software, AUC continues to be a useful
technique to study the behaviour of macromolecules in solution such as proteins
(Cole & Hansen, 1999; Laue & Stafford, 1999).
AUC is capable of determining sample purity, characterising assembly and
disassembly mechanisms of biomolecular complexes, identifying and characterising
conformational changes in macromolecular structure, and determining equilibrium
constants and thermodynamic constants for self- and hetero-associating systems
(Cole & Hansen, 1999). The key advantage of this method is that macromolecules
can be studied in their native state and under solution conditions with high
physiological relevance. This complements experimental findings obtained from
techniques such as small angle X-ray scattering (SAXS), and also NMR and
crystallography. Furthermore, biomolecule samples are not damaged by AUC, and
can be recovered for further experimentation.
3.2.1 Principle of sedimentation and centrifugation
The application of a centrifugal force to a macromolecule solution of uniform
concentration causes the depletion of the macromolecule from the meniscus. This
forms a concentration boundary, which moves as a function of time, towards the
bottom of the centrifuge cell. The sedimenting molecule is influenced by three
forces; the gravitational force, the buoyancy force and hydrodynamic friction (Figure
3.1).
The gravitational, or sedimenting, force on the molecule is defined by the equation:
Fs = !2rm

(Equation 3.1)

where m is the mass of the solute molecule and ω2r is the centrifugal field (ω is the
angular velocity, or rotor speed in radians per second, and r is the radial distance
from the centre of rotation). The other two forces counteract the gravitational force.
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Figure 3.1 Forces acting on a sedimenting particle
Diagram illustrating the forces acting of a particle subjected to a gravitational field.
These forces which contribute towards sedimentation of the particle are the
sedimenting force (Fs = !2rm) and the constant velocity (u). The frictional
coefficient (Ff = -fu) and the buoyant force (Fb = -!2rm"̅$) are the forces which
oppose sedimentation include the (Figure adapted from Ralston, 1993).
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The buoyancy force:

Fb = −!2rm"̅$

(Equation 3.2)

where m is the mass of the solute particle, ῡ is the solute partial specific volume and
ρ is the solvent density. The equation m0 = mῡρ, represents m0 as the mass of solvent
displaced by the solute molecule. Finally, the last force to consider is the
hydrodynamic frictional force which is driven by the motion of the solute molecule
through the solvent:

Ff = − fu

(Equation 3.3)

where f is the translational frictional coefficient, and u is the velocity of the solute
molecule. All of these forces are linked together and form a constant velocity, and
the ratio of the velocity of the solute to the centrifugal field strength is defined as
sedimentation coefficient. The definition of sedimentation coefficient, s, and its
related parameters are given by the well-known Svedberg equation:
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where u is the observed radial velocity of the solute molecule, ω is the angular
velocity of the rotor, r is the radial position, ω2r is the centrifugal field, M is the
molar mass, ῡ is the partial specific volume, ρ is the solvent density, NA is
Avogadro’s number, f is the frictional coefficient (which is directly related to
molecular shape and size), D is the diffusion coefficient, and R is the gas constant. A
simplified version of the Svedberg equation expresses the relationship between the
sedimentation coefficient of a species and to its molecular mass M and frictional
coefficient f:
=>

0

(Equation 3.5)
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The sedimentation coefficient is thus dependent on the mass and shape of the
macromolecule. According to the simplified Svedberg equation, a molecule with a
small S value sediments more slowly either has a smaller molecular weight and/or is
less compact (large frictional coefficient). On the other hand, a molecule with a large
S value sediments more quickly; this is because it has a larger molecular weight
and/or is more compact (low frictional coefficient). Experimentally observed S
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values vary with temperature and solution density. Therefore, S values are always
extrapolated to the standard state of 20 ºC in water at infinite dilution (s020,w) (Scott
& Schuck, 2005).
As an indication of shape, it is informative to use the frictional ratio f/f0 which
is a shape parameter that relates the frictional coefficient (f) of the protein to that of
an equivalent spherical molecule (f0) of the same anhydrous mass and density. The
minimum value for f/f0 is 1 (representative of a spherical molecule), and the higher
the ratio the more elongated molecule is likely to be.
Diffusion results in the sedimenting boundaries spreading over time.
Therefore by monitoring these boundaries, it is possible to deduce both the
sedimentation coefficient S and the translational diffusion coefficient D. The
diffusion of the sedimenting solute molecule is defined by the Stokes-Einstein
relationship:
?=

;<

(Equation 3.6)
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where R is the gas constant (8.314x107 erg/mol K), N is the Avogadro’s number, and
T is the temperature in Kelvin. What is useful to us from such information is that
every particle in such an experiment forms a distinct boundary.
The Lamm equation describes the time evolution of the radial concentration
distribution of solute molecules during sedimentation in sector-shaped cells (Lamm,
1929):
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(Equation 3.7)

where c is the weight concentration of macromolecules, t is time and the rotor speed,
ω. The radial concentration of solute molecules in sector-shaped cells over time are
detected by optical systems during the course of the experiment c(r,t). In a
sedimentation velocity experiment, s and D are the quantities observed. However no
exact solution to the Lamm equation exists, and only approximate and numerical
solutions form the basis of AUC data analyses.
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3.2.2 Experiments by AUC
AUC experiments are based on the observation that under normal gravity the
movement of a macromolecule of mass up to ~108 Da cannot be measured, as the
thermal energy is greater that the gravitational potential energy. Therefore, the
gravitational potential energy can be increased by subjecting the sample to a
centrifugal force (Cole et al., 2008). The AUC essentially performs two different
types of experiments; sedimentation velocity experiments and sedimentation
equilibrium experiments. An applied high centrifugal field will redistribute mass
until the gravitational potential energy exactly balances the chemical potential energy
at each radial position. During a sedimentation velocity experiment, the rate of which
these boundaries redistribute (i.e. following a time-course) are monitored until
sedimentation, and this is analysed using the hydrodynamic theory to define the
macromolecular size, shape, and interactions. Sedimentation velocity can be used to
determine the homogeneity of a sample as well as detect any concentrationdependent association reactions. This is the most widely used experimental method
by AUC. On the other hand, sedimentation equilibrium observes the concentration
distribution of solute molecules after equilibrium has been reached. It is a
thermodynamic technique, and experiments are performed at lower centrifugal fields.
Information from this can be used to provide molecular mass, assembly
stoichiometry, association constants, and solution non-ideality (Cole et al., 2008).
However, in this thesis, sedimentation velocity experiments are the focus as the
method is used for the study of the solution structures and dimerization of CFHR5
SCR-1/9 (Chapter 5) and those of its smaller fragments SCR-1/2 and SCR-1
(Chapter 6). Figure 3.2 depicts the sedimentation velocity experiment, and how the
sedimentation boundary can be tracked and analysed inside the sector-shaped cells.
3.2.3 Detection systems
In order to monitor the sedimentation of the protein species, there are three
different types of optical systems; absorbance, interference and fluorescence. These
have distinct features, which make them suitable for measurements of different
samples (Cole & Hansen, 1999). The subsequent data analyses depend on the
quantity and quality of data obtained from these detectors. The optical system chosen
for processing data, can sometimes depend on the characteristics of the sample, for
example low protein concentrations (~0.1 mg/ml) are better detected using the
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Figure 3.2 Sedimentation velocity experiment
A schematic representation of a double-sector centrifuge cell in a sedimentation
velocity experiment. The protein sample is placed in the sample sector and the
constituent buffer is placed in the reference sector. The experiment produces the
corresponding profile. A slightly higher amount of buffer is loaded so that the sample
profile is not obscured by reference meniscus Sedimentation velocity data analysis
showing the movement of the boundary as the sample sediments, showing how the
interference/absorbance against radius distribution is depicted in the SEDFIT
analysis. Each scan is taken at regular time intervals, where the individual boundaries
represent each time point respectively (adapted from Ralston, 1993).
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absorbance optics. The AUC collects raw data in the form of “scans”. These are
measurements of radial concentration distributions at regular time intervals (minutes
for sedimentation velocity and hours for sedimentation equilibrium). The absorbance
and interference optics (Figure 3.3) are the two main methods used in this thesis, and
are discussed briefly below.
Absorbance optics is the most frequently used detection system (Laue, 1996),
which operates using a standard double beam UV/Vis spectrophotometer. It is useful
for the detection of macromolecules which contain strong chromophores, such as
proteins and nucleic acids (Cole & Hansen, 1999). A fitted Xenon flash lamp and a
scanning monochromator permits wavelengths of between 200 nm and 800 nm.
Light, passing though the reference buffer cell and the sample cell, are detected by a
photomultiplier as the rotor revolves. Importantly as buffer components can also give
an absorbance signal, protein samples must be dialysed thoroughly to match the
reference buffer. The difference in the absorbance signals between the reference
buffer cell and sample cell is converted into the absorbance sedimentation data.
However, one limitation of the use of absorbance optics is the upper limit of protein
concentration, as absorbance signals will be saturated above 1.5 absorbance units.
Another is the longer length of time it takes to record the absorbance scans.
Interference optics are used to analyse samples lacking in chromophores,
highly concentrated samples, or samples with a strongly absorbing buffer component
(Cole et al., 2008). A signal is therefore obtained as the difference between two
contrasting mediums, as it is a measure of electron density and polarisability. Again,
very importantly protein sample buffer and reference buffer must match. The method
relies on the detection of an interference pattern, generated by the refractive index
difference between the sample cell and reference buffer cell, as the sedimentation
boundary forms. A laser diode produces a single beam of monochromatic collimated
light that passes through two fine slits to generate two individual beams; one of
which passes though the reference buffer cell and the other through the sample cell.
This is done via a series of mirrors and lenses. A Fourier transformation by the
computer converts the data into a fringe pattern which gives a plot of fringe
displacement against radial position.
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Figure 3.3 Absorbance and interference and optics, and AUC set-up
The set up for the (a) absorbance optics and (b) interference optics (Ralston, 1993;
Beckman XL-I/XL-A Training Guide, 1998).
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3.2.4 Instrumentation and data acquisition
The analytical ultracentrifuge differs from the normal high-speed preparative
centrifuge by the use of specialised rotors, with specialised sample cells and optical
systems that monitor sample sedimentation (Cole et al., 2008). Examples of modern
analytical ultracentrifuges introduced by Beckman-Coulter (Fullerton, CA) are the
Beckman-Coulter XL-A and the Beckman-Coulter XL-I. Samples are placed inside
specialised cells, which contain a centrepiece with two sector-shaped channels, to
accommodate both the sample and the reference buffer. The centrepiece is
sandwiched between optical-grade sapphire or quartz windows, which allow the
passage of light through the cavities. The centrepiece is made of highly robust and
inert material (such as epoxy, anodized aluminium, or titanium). AUC rotors are
available which can hold three (AnTi60) or seven (AnTi50) centrifuge cells, as well
as a reference cell that is used for radial calibration. This means that up to seven
samples can be studied at once (Cole & Hansen, 1999; Ralston, 1993).
The appropriate rotor speed must be selected depending on the nature of the
sample being studied. The AUC rotor can operate at very high speed of up to 60,000
rpm, in order to minimise diffusion and achieve rapid sedimentation (Ralston, 1993).
Such a high centrifugal field generates conditions where the mass of 1 g has the
apparent weight of 250 kg. Therefore the rotor must be balanced and be able to
withstand such gravitational stress. The chamber in which the rotor resides is kept
under a controlled vacuum environment, in order to minimise friction and
aerodynamic turbulence. This is because the rotor must be stable whilst spinning, and
prevent any disturbance of the cell contents (Ralston, 1993).
3.2.5 AUC data analysis
The data analysis for sedimentation velocity experiments is carried out using
SEDFIT (Schuck, 1998; Schuck, 2000). This software uses numerical solutions to
the Lamm equation (Lamm, 1929) (Equation 3.7). This partial differential equation,
describes the evolution of the concentration distribution inside the sector-shaped
centrifugal cell over time. The data analysis provides the size distribution c(s)
analysis. Here, by direct fitting of the sedimenting boundaries, using approximate or
numeric solutions to the Lamm equation, a c(s) distribution plot is obtained (Cole &
Hansen, 1999). In order to do this, the program generates a grid of sedimentation
coefficients over the expected range of interest. A scaling relationship is then created
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between the sedimentation coefficient (S) and the diffusion constant, by assuming a
constant shape, i.e. an equal frictional ratio (f/f0) for all species. The sedimentation
boundaries are then generated through the Lamm equation, and are fitted to the
experimental data using a least squares fitting procedure (Cole et al., 2008). This
fitting procedure also removes systemic noise of the baseline and vertical
displacements of the fringes. Careful observation of the goodness-of-fit parameters
(rmsd and residuals bitmaps) are important to ensure the model best represents the
experimental data, therefore smoothing the final analysis. In the resulting c(s)
distribution plot, any peaks are interpreted as a particular species in the sample.
The c(s) plot provides the sedimentation coefficient values for all species that
are observed, as well as an estimated molar mass for each species. The sedimentation
coefficients are normalized for the standard conditions of pure water at 20 °C, so
their values can be compared independently of buffer conditions. Some parameters
are also inputted to provide this information (Equation 3.4), such as the partial
specific volume ῡ, which can be calculated using the program SLUV (Perkins, 1986).
SLUV uses a set of algorithms which calculates protein parameters, such as molar
mass, volume, partial specific volume and absorption coefficient based on its
accurate amino acid composition. Buffer density and viscosity can be obtained by
density/viscometer meter or calculated theoretically using the program SEDNTERP
(Laue et al., 1992).
3.3 Small-angle X-ray solution scattering (SAXS)
In the later 1930s, André Guinier first introduced the concept that particle
shape and size can be derived by X-ray scattering at small angles for solutions and
non-crystallized material (Guinier, 1939). Small angle X-ray solution scattering, or
SAXS, is a powerful method for analysing the structure and structural changes of
biological macromolecules in solution. Since its beginnings in the 1930s, methods
for extracting structural information from X-ray scattering patterns of non-crystalline
samples in physics, materials science and biology have made much progress (Guinier
& Fournet, 1995; Glatter & Kratky 1982, Feigin et al., 1987). X-ray scattering is a
low resolution diffraction technique used to describe the overall multi-parameter
structure and shape information of proteins in random orientations in solution
(Glatter & Kratky, 1982; Perkins et al., 1988). It involves diffraction events from
electrons, and views structures at a low resolution of ~2-4 nm.
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X-ray scattering has enabled a greater range of protein structures to be
studied successfully. This technique differs from X-ray crystallography where
diffraction studies are carried out on well-ordered crystals of the macromolecule. It
can be used to study large intact molecules, which may be highly flexible and
intrinsically disordered proteins, as well as proteins in which Asn or Ser/Thr
consensus residues may contain large non-homogenous N-linked or O-linked
glycosylations (Perkins et al., 2009; Doniach, 2001; Grossman, 2007). As the
proteins are studied in solution, the behaviour of such proteins can be investigated
under physiological buffer conditions, giving insight to their degree of flexibility,
conformational changes, or self-association behaviours. As the method is highly
sensitive to aggregation, samples must be highly pure and monodisperse prior to
experiments. This technique, coupled to newly developed constrained modelling
strategies (Curtis et al., 2012; Perkins et al., 2016) provide a powerful means to
characterize macromolecular structures.
3.3.1 The theory behind SAXS
Scattering is the process by which a beam of radiation or particles is
diffracted from its initial trajectory by the inhomogeneity in the medium which it
transverses. The principle behind an SAXS experiment involving macromolecules in
solution is the interaction of the X-ray beams with the atomic electrons that are part
of the sample macromolecule. A collimated, monochromatic beam of X-rays is used
to irradiate the sample. For a sample in solution at random orientations, the outcome
of the diffraction process is not that of the regular defined pattern found with X-ray
crystallography. Instead, it produces an intense circularly symmetric shaped
diffraction pattern recorded on a two-dimensional area detector placed behind the
sample, and this is termed scattering. An adapted version of Braggs’s Law is used to
describe it. This diffraction pattern is seen at small scattering angles which
correspond to the scattering vector Q (Q = ki - ks) (Figure 3.4), and this is
represented by (Perkins et al., 2009):
I=

JKLMNO

(Equation 3.8)

P

where Q is the magnitude of the scattering vector, 2θ is the scattering angle and λ is
the wavelength. The diffraction intensity I, is measured as a function of the scattering
vector Q. A one-dimensional scattering curve, I(Q), is given by the radial integration
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Figure 3.4 Schematic diagram of solution scattering experiment
The top diagram shows an incident beam (ki) being scattered (ks) from two point
scatterers, A and B, within a globular macromolecule is illustrated (black dots). The
magnitude of the two wave vectors (ki and ks) are described as 2π/λ. The diffracted
rays are in phase with each other but out of step by λ at the scattering angle 2θ
shown, causing constructive interference. The accumulation of these events at low
angles gives rise to the scattering pattern of the molecular scattering on an area
detector. The scattering vector Q is defined as ki - ks. The radial average of the
scattering pattern gives rise to the scattering curve I(Q) pattern (adapted from Perkins
et al., 2009).
48

of the two-dimensional diffraction pattern. As Q increases, the intensity of I(Q)
decreases. The data obtained from a typical scattering experiment, and represented in
the scattering curve, has a Q-range of about 0.05 – 2 nm-1 (Perkins et al., 2011).
3.3.2 Instrumentation and beamlines at ESRF
For a successful and reliable scattering experiment, intense beams of X-rays
are required. This is due to the very low probability of diffraction events (10-25) when
an X-ray photon approaches an electron, in addition to biological samples having
very dilute concentrations, both of which result in poor signal-to-noise ratios. Thus, a
high flux source of X-rays from synchrotrons compensates for the low signal
intensities. A synchrotron is a very large circular facility, which sources extremely
powerful electrons which accelerate around the circumference to build energy. When
the electrons are moving at enough speed, they will emit this energy in the form of
X-rays. These resulting X-rays are captured as many collimated beams which are
directed through individual beamlines. There are currently over 70 synchrotron
facilities available worldwide. The largest and most powerful of these are the ‘thirdgeneration’ machines, which include the 6 Giga electron Volt (GeV) European
Synchrotron Radiation Facility (ESRF) in Grenoble, France (Figure 3.5).
The source of these electrons is an electron gun, which are accelerated by a
linear accelerator (LINAC). These electrons are packed together in what are called
‘bunches’, and are then accelerated to 200 MeV to be injected into the booster
synchrotron. The booster synchrotron is a smaller 300 m ‘pre-accelerator’ where the
electrons are accelerated to high speeds to 6 GeV for subsequent injection into the
main storage ring. The principle feature of the ESRF is a storage ring where, under
vacuum conditions, the electrons are capable of circulating close to the speed of light
around its 844 m circumference. The electrons pass through a series of different
types of magnets (undulator, bending magnet and focusing magnet), being altered in
their direction as they produce electromagnetic radiation (including X-rays)
tangentially. The X-rays are then fed into beamlines for diffraction/scattering
experiments.
A typical beamline consists of a cabin where optical systems are used to
optimise the X-ray beam for wavelength, geometry and collimation. It also houses
the detector and where the samples are loaded so that they are controlled for data
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Figure 3.5 ESRF – BM29 and beamline schematic layout
(a) The map of the newly refurbished ESRF (since 2015), highlighting the position
of the BM29 beamline for SAXS (circled in red). The linear accelerator (LINAC)
booster ring and storage ring labelled (www.esrf.eu).
(b) A schematic diagram showing the layout of the BM29 BioSAXS beamline
(Pernot et al., 2013).
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collection. Each beamline is designed and optimised for a specific technique for
experimental research. The beamline that is used for SAXS experiments at the ESRF
is currently the BM29 beamline. The BM29 beamline has been optimized and
dedicated for SAXS data collection in biology, with a high performance and data
processing pipeline. It is formed of three hutches; optics, experimental and control. It
produces X-rays at an energy range of 7-15 keV, and a sample detector distance of
2.8 m, which is ideal for experiments with biological macromolecules. The beamline
is also equipped with a recently developed robotic sample changer, where samples
and buffers are loaded into PCR tubes or 96-well plates, which are temperature
regulated (Round et al., 2015). The samples and corresponding reference buffers
flow individually through quartz capillaries, 1.8 mm in diameter, with thorough
cleansing/rinsing and drying of the capillary between measurements. It is often a
problem to obtain a stable and monodispersed protein sample of interest, which is
necessary for successful SAXS data. Therefore, the beamline also incorporates the
option of size-exclusion chromatography coupled to SAXS data collection, which
enables samples to be purified and exposed to X-rays in short times for minimization
of potential aggregation (Pernot et al., 2013).
3.3.3 Assessment of the scattering curve
The data collected from the X-ray source requires processing and
interpretation. The scattering data is first corrected by subtracting a reference buffer
data from the sample data. This is because the protein and its buffer have different
scattering densities and, as required, the subtraction results in the scattering curve for
the protein only. Geometrical beam divergence and wavelength polychromicity,
which cause instrumental errors, are minimal in X-ray scattering. Therefore, analysis
both at low Q and large Q are not affected by instrumental elements; no corrections
have to be applied to the scattering curve (Perkins et al., 2009). However, radiation
damage to biological samples remains a key issue in SAXS experiments, as protein
samples can aggregate upon exposure to X-rays even with short exposure times. This
is always minimised by continuously passing the sample in capillary tubes, so the
beam is constantly exposed to fresh sample. In addition, sample exposure times are
optimized to the particular experiment by running a series of exposure tests prior to
the experiment. Multiple frames are collected, and each are examined for radiationinduced aggregation. Protein samples that are heavily affected by radiation-induced
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aggregation are distinguished by a characteristic slope of the scattering curve at the
regions of low Q values. Such data would be discarded from the analyses. These
final frames are then average-merged together to improve the signal-to-noise ratio.
Any anomalous data in the low Q region, as well as absent points due to air bubbles
are also eliminated from the final merged set of data.
SAXS reveals the hydrated dimensions of the macromolecule of interest. This
means that a monolayer of water molecules, that form a hydration shell around the
macromolecule, is also part of the interpreted data. This is because the hydration
shell has an electron density similar to that of the protein and higher than the bulk
water, and therefore visualised as part of the scattering of the protein. The hydration
shell is approximately 33% of the protein, based on the usual assumption of 0.3 g
H2O/g protein (Perkins, 1986; Perkins, 2001).
3.3.4 Guinier analysis
There are two types of data interpretation carried out which give information
on the shape and dimensions of the macromolecule. Guinier analyses of the
scattering curve I(Q) (Figure 3.6) involves a linear fit at the low Q region of the
scattering curve, and provides the radius of gyration RG of the macromolecule. RG is
defined as the root-mean square distance of all constituent atoms from the centre of
gravity of the macromolecule. This is a measurement of the elongation of the
macromolecule. It also provides the scattering intensity at zero diffraction angle I(0).
This Guiner plot of I(Q) against Q2 is represented by the following equation, and is
valid for a Q.RG up to 1.5 (Perkins et al., 2009):
QR S I = ln S 0 −

. .
;W
X

(Equation 3.9)

Y

For elongated macromolecules, the cross-sectional radius of gyration RXS is
be deduced at larger Q values that do not overlap with that used for the determination
of RG. The equation is represented by (Perkins et al., 2009):
ln [S I I] = ln [S I I]X→] −

.
;^_
X.

(Equation 3.10)

E

Multiple RXS values may exist of a protein (RXS1, RXS2, etc.) depending on the
shape of the macromolecule of interest, i.e. calculating the cross-section of certain
prominent domains or folds in the protein structure. The data processing by Guinier
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Figure 3.6 The scattering curve I(Q)
The scattering curve is analysed in two regions. At low Q (Guinier region) which
gives the Guinier plots from which the radius of gyration RG, and cross sectional
radius of gyration RXS is calculated. At larger Q (wide angle region) more detailed
structural information can be obtained (Taken from Kadkhodayi-Kholghi, 2012).
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analysis, was conducted by the use of the SCT program package (Wright & Perkins,
2015).
3.3.5 Distance distribution analysis
Further shape information can be obtained from analysis of the entire
scattering curve, using the distance distribution P(r) function. The scattering curve
I(Q) against Q represents the molecular data in reciprocal space (units of nm-1).
However, a Fourier transformation (Svergun & Koch, 2003) of the scattering curve
converts this into real space (units of nm) (Glatter & Kratky, 1982). This generates
the distance distribution P(r) function which provides information on the distribution
of distances, r, between the volume elements of the macromolecule. Figure 3.7
shows examples of geometric bodies which give rise to common shapes in the
distance distribution P(r) curve. The maximum dimension or length of the
macromolecule L, is given when at the point where the largest value of r, where P(r)
= 0. Also the highest peak of the P(r) distribution, denoted M, represents the most
commonly occurring distance in the macromolecule. Additionally it provides an
alternative value for RG and I(0), which should agree to that obtained from Guinier
analysis. The distance distribution function is represented by the equation (Perkins et
al., 2009):
` F =
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(Equation 3.11)

Data processing was performed using the GNOM software package, which
carries out the indirect Fourier transformation of the scattering curve. This program
requires a manual input of the Dmax value, which is the maximum length L, for the
P(r) analysis. For a rod-like particle, this value can be estimated from the Guinier RG
and RXS values using the formula below. The quality of the GNOM fits are assessed
by trial-and-error before a final Dmax value is selected.
d=

E
12(fgE − fhi
)

(Equation 3.12)

3.4 X-ray scattering and AUC as complementary techniques
X-ray scattering and AUC overcome some of the limitations encountered by
other methods. They are therefore convenient complementary tools in structural
biology, in particular when solution structures of large proteins such as CFHR5 are
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Figure 3.7 Distance distribution curve – examples of geometric bodies
The distance distribution P(r) function represents the macromolecule in real space.
Domain arrangement/shape information can be obtained from visual inspection of
P(r) curve. Different shaped molecules give characteristic P(r). For a same size
molecule, i.e. having the same maximum length (nm), the five different geometric
bodies give very different P(r) curves and therefore different shapes. The
approximate maximum for each of the curves is shown (adapted from Svergun &
Koch, 2003).
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required. They are applicable to macromolecules of size 10 kDa and above. Both
techniques provide information on the structure of multi-domain macromolecules
and their conformations, shape and assemblies in solution despite the much lower
resolution; but without restrictions of crystallisation or macromolecular size
limitations (Perkins et al., 2011; Putnam et al., 2007). In addition, with X-ray
scattering, a high concentration of the protein is not required, and proteins can be
studied at the concentrations that resemble physiological conditions. Subsequent
methods for constrained modelling for the X-ray scattering and AUC data are vital in
the confirmation of experimental data and yielding best-fit models of proteins.
Applying both X-ray scattering and AUC techniques in a joint manner enhances
knowledge obtained from high-resolution studies of X-ray crystallography and NMR
and will facilitate an improved understanding of a protein (Perkins et al., 2011).
Many other biophysical techniques are complementary to X-ray scattering, and
combined with a use of different techniques often leads to more reliable structural
information. AUC is a particularly useful technique to be used in conjunction with
X-ray scattering. This is due to two principle reasons. Firstly, AUC allows the
determination of mass, size and shape parameters similar to those determined by Xray scattering, and secondly AUC allows assessment of the aggregation state or
polydispersity of samples before X-ray scattering experiments to verify their
monodispersity, unlike X-ray scattering.
3.5 Homology modelling
In the absence of experimentally determined atomic resolution protein
structures by either X-ray crystallography or NMR, homology modelling provides a
useful method for predicting and building a three dimensional structural model for a
protein, and generating a testable hypothesis (Marti-Renom et al., 2000). This
technique relies on the structural information from related proteins, where a model is
built using the structure of a given protein sequence (target) via an alignment to one
or more proteins of known structure (templates). This tool is particularly useful as it
is not always possible to obtain data from high resolution structural determination
techniques, and is a convenient inexpensive method of analysing protein structure.
Although the sequence of a protein dictates its three-dimensional structure, it is far
too difficult to assess the high order of conformations it can adopt. The threedimensional structures of proteins in a family are more conserved than their
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sequences (Lesk & Chothis, 1980), and therefore it is assumed that structural
similarity is present if sequence similarity is detected. Such can be the case, even if
proteins have non-detectable similarities in their sequence (Marti-Renom et al.,
2000).
The procedure for building a successful model involves four steps: (1) the
fold assignment, which identifies a homologous template(s) structure which has
significant sequence similarity to the target protein. The accuracy of the model relies
on this first step; the better the template(s), the better the model; (2) a sequence
alignment between the target sequence and the template(s) is generated; (3) the
model is built upon this sequence alignment; (4) the model is then evaluated, and
energy minimised until a satisfactory accurate model is obtained (Figure 3.9) (MartiRenom et al., 2000).
3.5.1 Modeller
Homology models can be generated using modelling software such as
MODELLER (Sali & Blundell, 1993), which assesses the conserved and variable
regions of a template structure, and uses conjugate-gradient minimisation and
molecular dynamics to fit the target sequence to it based on the sequence alignment.
It works by satisfying the spatial restraints of the structure, including those from the
homologous alignment, as well as stereochemical restraints such as bond
angle/length preferences using the CHARMM-22 molecular mechanics force-field
(Sali & Blundell, 1993; Brooks et al., 2009). It is one of the most commonly used
programs for generating protein models. The prediction process consists of fold
assignment, target-template alignment, model building, and model evaluation.
Structures can also be generated with more than one template, i.e. multiple
alignments of protein sequences. This is can improve the accuracy of a model, as
different templates can offer higher ‘local’ sequence identity to the target protein in
certain regions. MODELLER is a particularly useful tool as it generates
automatically refined models using energy minimisation, thereby increasing the
accuracy of the model. Models can also be refined by ab initio modelling of long
loop regions in the protein (Fiser & Sali, 2000). The MODELLER software is
accessed freely for academic use from http://salilab.org/modeller, and can be used on
all the common operating systems.
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Figure 3.9 Flow diagram for homology modelling
A flow chart showing the steps involved in the procedure for the construction of a
homology model. The MODELLER program takes into account the spatial restraints
between the template structure (from the PDB) and the amino acid alignment with
the target protein. It makes use of the CHARMM-22 force-field, in order to generate
a stereochemically realistic model. The procedure is repeated if required, until an
optimized three-dimensional model is obtained (adapted from Webb & Sali, 2014).
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Swiss-Model (Schwede et al., 2003) is an alternative program which can be
used to create homology models. However, for the purposes of this thesis, this
method was used to validate the models generated by MODELLER, in a
combinatorial approach.
3.5.2 Sequence similarity searching and template selection
In order to find homologous sequences for homology modelling, standard
sequence similarity search tools are used, such as BLAST (Altshul et al., 1990) and
FASTA (Pearson & Lipman. 1988). These work by alignment comparisons between
the query search, to each sequence in the database and therefore ranking them in
order of similarity; the highest similarity having the highest score and position. For
the purposes of finding a high resolution template structure for modelling, PDBBLAST is a preferred tool. BLAST is the most commonly used tool for sequence
similarity searches, as it enables the search of similar sequences above a certain
threshold. PDB-BLAST is an extension of this that consists of sequences from the
Protein Data Bank (PDB), with structures which have already been solved
experimentally.
3.5.3 Sequence alignment and adjustments
Once the templates have been selected, a sequence alignment should be made
between the template sequence and the target sequence. This is the process of
matching, in order, the identical amino acids as well as those which are similar in
biochemical properties. However, consideration needs to be made for significant
differences in amino acids. If a third sequence is used in a multi-alignment, this may
improve the regions of low identity. However, insertions or deletions need to be
made for alignments which are not optimal. In such cases it is crucial to check and
edit the alignment, and visually inspecting the template structure (Marti-Renom et
al., 2000). CLUSTALO (Higgins et al., 1996) is a useful program and commonly
used to generate these sequence alignments.
3.5.4 Model assessment and limitations
Following the model building procedure, the models are checked in order
evaluate their quality. The quality of the model primarily relies on its sequence
similarity with the template. If there is higher that 80% sequence identity, there
would only be minimal inaccuracies. However, below this sequence identity value,
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there are larger deviations in the structure quality of the model (Chung and Subbiah,
1996). MODELLER generates a chosen number of models, as well as a log file
containing the normalised DOPE score of these models (Shen & Sali, 2006). This
score is used to identify which of the models generated are likely to be the most
accurate model. The DOPE score is a statistical potential optimised for model
assessment, and a lower DOPE score tends to correlate with more native-like models
(Fanelli & Demuru, 2015). Following this, a basic requirement for model validation
is to have good stereochesmitry. There are a few useful programs available for
assessing this, including PROCHECK/Ramachandran plot (Laskowski et al., 1993)
and WHATCHECK (Hooft et al., 1996), and these are available in a combined
server (SAVES server). These programs check for bond-lengths, bond and torsion
angles, and the distribution of charged residues. Models are can be energy minimised
using a molecular dynamics forcefield, such as a CHARMM forcefield (Section
3.6.1).
3.6 Constrained atomistic modelling of X-ray scattering data
The structural information from X-ray scattering data can be modelled using
a variety of techniques, including using ab initio envelope reconstruction and rigid
body refinement (Svergun & Koch, 2003), or modelled by the constrained atomistic
modelling technique using known crystal/NMR structures (Perkins et al., 2011;
Wright & Perkins, 2015). In this section, a brief introduction is made to the approach
of constrained modelling, which is employed for scattering data in this thesis.
The constrained modelling technique can be applied to data obtained from Xray scattering, in order to produce medium-resolution structural models of the protein
of interest. It is a technique, whereby known structural domains of a protein are
combined with varying linker orientations to produce candidate global conformations
in physically realistic forms (Wright & Perkins, 2015). These conformations are
produced in the order of tens of thousands in number, and their theoretical scattering
curves are calculated. A comparison is made between the theoretical scattering
curves and those that are experimentally determined. A family of best-fit models is
filtered and identified, to represent the averaged structure that fit the limits of an
experimental scattering curve. It is important to mention that no unique solution is
available from the low resolution X-ray scattering data; the result is an average bestfit structure found in solution, whereby they would be the types of structures that
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significantly satisfy a particular experimental scattering profile (Curtis et al., 2012;
Wright & Perkins, 2015; Perkins et al., 2016). This method is therefore in fact useful
in rejecting structures that are not compatible with the scattering data. This is
particularly useful when identifying the structure of intrinsically disordered
macromolecules under physiological conditions.
In this thesis, the constrained atomistic modelling approach uses the program
work flow termed SASSIE (Curtis et al., 2012). SASSIE is a recently developed
suite of programs that are used to construct ensembles of macromolecular structures
that are consistent with the experimental scattering data. It is a fully atomistic
approach to modelling X-ray scattering data, which makes use of up-to-date forcefield and simulation technologies. Through the use of a framework work-flow
(Figure 3.10), it is able to vary the dihedral angles in the protein to generate an
ensemble of randomly varying conformations, calculate theoretical scattering curves,
and compare these to experimental data. A brief description of the workflow is now
discussed.
3.6.1 Generation of model library
The first step of constrained modelling is the generation of the initial model,
whether this is either a high resolution structure or a homology model. This input
structure must be a complete structure without any missing residues in order to be
parameterised to the CHARMM-36 forcefield and then energy minimised.
Subsequently, to create the ensembles of atomistic structures that sample the spatial
configurations of physiologically realistic conformations, dihedral angle Monte
Carlo simulations are carried out through the Markov sampling of backbone torsion
angles in the specified regions selected for variation (Curtis et al., 2012). Monte
Carlo is a probabilistic simulation technique where the spatial configuration of a
system is probed by making random movements of selected backbone regions that
are within the constraints of a statistical mechanical ensemble distribution (Allen &
Tildesley, 1989). For CFHR5, these varied regions are the linkers between SCR
domains, which are assumed to be flexible. Each SCR linker is defined by the
residues between the final Cys residue of the preceding SCR domain and the first
Cys residue of the following SCR domain (Section 5.2.6). Up to 50,000
conformationally varied structures may be required to adequately sample the spatial
configurations that a protein may adopt. However, this may be dependent on the
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Figure 3.10 Flow diagram for constrained modelling – SASSIE and SCT
The illustrated flow-diagram represents the procedure for atomistic modelling via the
constrained modelling algorithm in SCT. The entire library of atomistic structures of
the target macromolecule are generated by Monte Carlo simulations. Each
conformational structure is applied to a grid transformation to produce a lowerresolution (coarse-grained) sphere model. The sphere models are used calculate a
theoretical scattering curve using the Debye equation. Analyses by R-factor (%)
comparison, determines if the theoretical curve reproduces the experimental curve in
the same Q-range. Models with the lowest R-factors are gathered to represent the
average solution structure (Wright & Perkins, 2015).
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particular protein being studied, as a more flexible protein with higher degrees of
freedom may require more models to satisfy the need for enough models to test for
curve fits. During these simulations it is normally possible for steric clashes to occur.
In order to prevent this, the specification of an overlap distance cut-off of 0.3 nm is
made, whereby any structures that do not satisfy this are eliminated at the point of
creation. There is also the option of setting an RG restraint, so that only structures
around a certain RG are simulated. The output structures are stored in DCD files,
which are compatible with CHARMM and NAMD software (Humphrey et al., 1996,
Phillips et al., 2005), and can be visualised using the Visual Molecular Dynamics
(VMD) molecular viewing program (Humphrey et al., 1996).
3.6.2 Debye scattering curve calculations
Once the atomistic model library is created, theoretical scattering curves are
generated for them. This will be a very computer-intensive and time-consuming
calculation, as it requires the calculation of distances between every pair of scattering
centres (which would be individual atoms). To compensate for this, the coarsegraining of the atomic structures, reducing the number of scattering centres, will
speed up the process. Therefore, the conformationally randomised atomistic models
are converted into uniformly-dense non-overlapping sphere models. This is achieved
by aligning the atomic coordinates of the structures in a three-dimensional grid of
cubes. By trial and error, the size of the cubes and the number of atoms occupying
each cube is optimised manually, in order for the resultant sphere model to be the
best possible representation of a volume close to the volume of the atomistic model.
Each sphere represents about 4-5 atoms. This structure would represent the
unhydrated volume of the molecule, and as X-ray scattering detects the molecular
hydration shell as well, a hydration monolayer is added to the structures. Typically,
the hydration amounts to 0.3 g of water per gram of protein, and the bound water
molecules are assumed to have a volume of 0.0245 nm3. (Perkins, 1986; Perkins,
2001; Perkins et al., 2016). This is therefore used as an input parameter in SAXS
modelling in order to reach the correct hydrated volume (Ashton et al., 1997; Perkins
et al., 2016).
The theoretical scattering curves are calculated from the hydrated sphere
models using the Debye equation adapted for spheres (Perkins & Weiss, 1983):
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where g(Q) is the squared form factor for the sphere of radius R, n is the number of
spheres filling the body, ls is the number of distances Fs for the value of j, Fs is the
distances between the spheres, and m is the number of different distances Fs. The
Debye equation is adapted in such a way as to consider the sphere scattering bodies,
rather than the individual atom scattering bodies in the molecule, and the small
spheres would have a diameter below the structural resolution of the scattering
curves (about 1 nm in diameter). The g(Q) function is therefore determined by
calculating the distances r from each sphere to the remaining spheres and summing
the results. The SCT Calculate module on SASSIE (Wright & Perkins, 2015), is used
to generate the theoretical scattering curves.
3.6.3 Evaluation of best-fit models
The final step of the constrained modelling procedure is the comparison made
between the theoretical and experimental scattering curves, to identify the best-fit
structures. The theoretical and experimental scattering curves are compared through
the calculation of the goodness-of-fit R-factor (%):

f=

|j X uvw 3j X xyzu{ |
j(X)uvw

(Equation 3.15)

Models are ranked by their resultant percentage R-factor, and the lower Rfactors represent the best fits. The RG and RXS parameters are also calculated from
the theoretical scattering curves, and only those models which fall within ± 5% of the
experimental data are retained. The SCT Analyse module of SASSIE allows these
calculations to be made for all of the theoretical scattering curves generated, which
uses the same fitting parameters used in the Guinier analyses of the experimental
scattering data. Typical R-factors for best fit X-ray scattering data are between 2-8 %
(Perkins et al., 2016).
The biological significance of the best fit models can also be evaluated by the
generation of density plots. Using the DCD files of the sampled and best fit
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structures (i.e. sub ensembles of models that best describe the outcome of the data),
the density plot module generates output files using the Gaussian Cube file format
with volumetric data (Perkins et al., 2016). The resultant plot can be visualised on
VMD, and allows for visual interpretation of the modelling result.
3.7 SEC-MALLS analysis
SEC-MALLS is a combination of size exclusion chromatography and multiangle laser light scattering, as abbreviated in the name. Static light scattering is
essentially described by the Debye-Zimm relation (Zimm, 1948):
|∗A
;(O,A)

=

2
0(O)

+ 2lE H

(Equation 3.16)

where R(θ) is the excess intensity of scattered light at angle theta, c is the sample
concentration (g ml-1), M is the weight average molecular weight (molar mass) and
A2 is the second virial coefficient in the virial expansion of osmotic pressure (mL
mol g-2). K* is a constant which contains Avogadro’s number (4π2(dn/dc)2n02/NAλ04)
where n is the refractive index of the solution, n0 is the refractive index of the
solvent, and λ0 is the vacuum wavelength of the laser. Finally, P(θ) describes the
angular dependence of the scattered light.
MALLS is a fast and accurate method of determining the weight average
molecular mass of a solution of macromolecules. Combined with SEC, it therefore
produces a powerful technique for assigning accurate molecular weights to a sample
containing mondisperse or polydisperse molecules, as they are separated by size. It is
particularly sensitive to high molecular weights, and therefore an excellent tool for
detecting oligomers and large aggregates (Wyatt, 1993).
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Chapter 4
Cloning, Expression and Purification of Recombinant CFHR5 and its
Fragments
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4.1 Introduction
One of the key limiting steps of protein structural studies is to obtain large
amounts of a highly pure and functional protein of interest (Peleg & Unger, 2012).
This is particularly the case for large-scale structure-based initiatives. A recombinant
protein production process consists of three separate stages: (1) gene cloning, (2)
expression, and (3) protein purification. The expression and purification need to be
scaled up to obtain a high enough protein yield for structural experimentation. Many
proteins can be difficult to express in heterologous expression systems, and many
varying factors can contribute to the problem. A single solution to this matter is often
not straightforward; however, a methodological trial-and-error process can improve
the chances of success (Peleg & Unger, 2008).
Human CFHR5 is present in serum at a mean concentration of 3-6 µg/ml
(McRae et al., 2005). Also, it has significant homology with the more abundant
factor H molecule (116-562 µg/ml), and other CFHR family proteins; meaning that
they cross-react with targeted antibodies (Skerka et al., 2013). Its detection by SDSPAGE is also hampered by albumin, which has a similar molecular weight of 66.5
kDa (McRae et al., 2001). As a consequence, it is difficult to extract a sufficient
amount of CFHR5 directly from human blood for structural studies. For the purposes
of structural investigations, large amounts of highly pure protein (>10 mg) is
required. It is therefore crucial to select an appropriate recombinant protein
production system, and optimise the procedure to achieve a sufficient amount of
protein.
The process of recombinant protein expression is initiated by the choice of
host cell (expression system), whose cellular machinery will be used to produce the
target protein. Among these host organisms are those with prokaryotic expression
systems (such as Escherichia coli), and those with simple eukaryotic systems yeast
(e.g. Pichia pastoris, Sacharomyces cerevisiae) or more complex insect cells,
mammalian cells or unicellular algae. Each host has its advantages and drawbacks
(Rosano & Ceccarelli, 2014). The appropriate choice largely depends on the
biological and biochemical properties of the target protein. This includes whether or
not the target protein requires post-translational modifications, such as the formation
of complex disulphide bonds or glycosylation, as well as whether the target protein
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should be produced in a soluble or insoluble form or be secreted (Baneyx et al.,
2004).
When CFHR5 was discovered, its expression was attempted in insect cells
using a baculovirus system (McRae et al., 2001). Its smaller fragments (SCR-1/4 and
SCR-3/7) have also been expressed in P. pastoris (McRae et al., 2005). However, the
ELISA based experimental assays carried out in these studies only required protein
in µg quantities. More recently, full-length CFHR5 was successfully purified from
HEK293 mammalian cells (Goicoechea de Jorge et al., 2013). Yet, although
mammalian cells offer the advantage of creating native-like glycosylation, they
generally show lower expression yield per volume of cell culture compared to other
expression systems, as well as having higher costs.
As a first choice for expression, E. coli is still the most advantageous over
other expression systems as its growth and genetic manipulation strategies far exceed
in simplicity compared with any other host organism (Peleg & Unger, 2008). In
addition to this is the simplicity of the culturing, their low cost, and scalability. On
the other hand, heterologous expression in bacteria is often hindered by the inability
of prokaryotes to perform post-translational modifications such as glycosylation.
Considering the expression of CFHR5 SCR-1/2, a potential N-linked glycosylation
site was observed in the consensus sequence at position 108, ‘Asn-Ile-Ser’. However,
to date, there is no evidence of this site being occupied by glycans. In particular, this
consensus sequence is conserved in CFHR1 and CFHR2 proteins. In the recent
publication of the Kluyveromyces lactis expressed CFHR1 SCR-1/2 crystal structure
(PDB: 3ZD2) (Goicoechea de Jorge et al. 2013), there was no report of
glycosylation. Therefore, the ease and simplicity of cloning, transformation and
expression steps made E. coli the most attractive organism for SCR-1/2 and SCR-1
expression. Furthermore, E. coli had been previously used to express factor H SCR6/7 (unpublished, Professor Stephen Perkins Group, UCL), which has high sequence
similarity with CFHR5 SCR-1/2.
E. coli utilises a number of central elements within its expression plasmids. A
typical plasmid consists of a replicon (origin of replication), a promoter, a selection
marker, a multiple cloning site (MCS) and possible fusion tags (Rosano &
Ceccarelli, 2000). There are many commercially available plasmid vectors which
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consist of multiple combinations of these elements. The pET series of vectors
(Novagen) (Studier and Moffatt, 1986; Rosenberg et al., 1987; Studier et al., 1990)
are commonly used for protein expression. In successful cases, the target protein can
represent up to 50% of the total cell protein (Baneyx, 1999; Graumann &
Premstaller, 2006). These pET vectors harbour the gene of interest, which is cloned
downstream of the T7 promoter, and is then introduced into a T7 expression host,
such as a BL21 (DE3) strain. This target gene is therefore under the control of this
T7 promoter, which is recognised by the phage T7 RNA polymerase (T7 RNAP).
The BL21(DE3) strain carries a chromosomal copy of the phage T7 RNA
polymerase gene, which is under the transcriptional control of the lacUV5 promoter
(Studier & Moffatt, 1986). Therefore, when the inducer isopropyl β-D-1thiogalactopyranoside (IPTG) is added, the T7 RNA polymerase is expressed and
becomes dedicated to transcription of the gene of interest (Rosano & Ceccarelli,
2000). In order to produce large amounts of protein for structural studies, the
combination of vector, strain, and culture conditions may require optimisation to
produce a higher yield. The restriction site and reading frame compatibility affect the
choice of vector for the target gene. Although the pET vector systems offer a wide
range of vectors with different MCS, careful consideration must be taken when
selecting a vector in conjunction with its other characteristics (e.g. incorporation of
fusion tags).
The expression vector used in the CFHR5 (SCR-1/2) project was pET-21a
(Novagen), which contains restriction sites which are compatible with the target
gene, a selectable ampicillin marker, as well as an N-terminal T7 Tag which can
assist in purification if required. The BL21(DE3) E. coli strain was selected in
parallel to this as it was the most suitable to use with a T7 promoter. A simple
growth medium of Luria Broth (LB) and glucose is suitable for the growth of cells.
The target protein is often expressed in the form of insoluble aggregates (inclusion
bodies), which needs testing for and careful downstream processing for the refolding
of those proteins, and subsequent purification steps (Peleg & Unger, 2012).
For the expression of CFHR5 (SCR-1/9), the methylotrophic yeast P. pastoris
was chosen because of the desire to create glycosylated full-length protein. This is
particularly preferred as the native protein contains possible glycosylation sites,
similar to that of full-length factor H (Fernaille et al., 2007). Expression in yeast is
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becoming increasing popular as it offers advantages over other eukaryotic (and
prokaryotic) systems. As a eukaryotic organism, it is capable of post-translational
modification such as correct protein folding, glycosylation and disulphide bond
formation, which may be critical for protein function. It also has the ability to
produce secreted protein (Daly & Hearn, 2004). It is easier to genetically manipulate
compared to mammalian cells, and this is combined with rapid growth in
inexpensive media (Gellissen, 2000; Tolner et al., 2006). It is well-adapted to
fermentative growth, and the ability to grow to very high cell densities would
improve the yield of expressed protein (Cereghino & Cregg, 2000). There is a need
for such an easy system to generate the glycosylated full-length CFHR5. For
expressing the full-length CFHR5, codon optimisation of the gene would be used to
target an increase in the yield of protein production.
P. pastoris harbours inducible alcohol oxidase (AOX) promoters, which
allow it to utilise methanol as a sole carbon source. Usually, the expression of a
foreign gene is driven under the powerful AOX1 promoter (Ellis et al., 1985; Koutz
et al., 1989; Tschopp et al., 1987). The AOX1 promoter controls the expression of
alcohol oxidase, which catalyses the first step in methanol metabolism.
Consequently, when the gene of interest is introduced under the control of the AOX1
promoter, induction of transcription would simply be achieved by addition of
methanol. A key advantage of the AOX1 promoter, is that during an initial glycerolfed biomass generation phase, the promoter can be switched off. The non-limiting
amounts of glycerol repress the AOX1 promoter at transcription level, and then
induction with methanol takes place when sufficient cell biomass has been produced
(Cereghino & Cregg, 2000).
There are a number of commercially available vectors that can be used to
express recombinant protein in P. pastoris. A popular expression vector, and the one
chosen for this project was the pPicZαA. This vector contains the 5’ AOX1 promoter
for the tightly regulated, methanol-induced expression of the gene of interest. It also
contains the α-factor, which is the secretion signal for the secretion of the target
protein, the Zeocin resistance gene for the selection of successfully transformed cells
(Baron et al., 1992; Drocourt et al., 1990), and a polyhistidine (6xHis) tag for the
detection and purification of the target protein. Genes for expression are cloned
downstream of the α-factor, which results in the protein being directly secreted into
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the medium. Secretion of the target protein allows for favourable downstream
processing, and does not require complex media/extraction and refolding of proteins
from intracellular deposits. Furthermore, P. pastoris secretes little endogenous
protein, and growth occurs in a protein-free mineral salt solution. The use of the X33 wild-type strain in conjunction with the pPicZαA vector is recommended
(Higgins & Cregg, 1998), and is a popular and successfully used combination
(Macauley-Patrick et al., 2005; Tolner et al., 2006).
Both E. coli and P. pastoris have therefore been selected as host organisms to
express the proteins required. In the first half of this chapter, E. coli was used to
produce the fragments SCR-1/2 and SCR-1. In the second half of this chapter, P.
pastoris was used to produce the full-length CFHR5 (SCR-1/9) in order to achieve
the glycosylated protein. This chapter outlines the procedures and steps taken for the
cloning, expression and purification of these proteins.
4.2 Materials and Methods for SCR-1/2 and SCR-1
4.2.1 Source of SCR-1/2 cDNA and expression vectors for E. coli
CFHR5 cDNA was purchased from Open Biosystems (Thermo Scientific,
Huntsville AL, USA) in the pCR-BluntII-TOPO vector, with a kanamycin resistance
gene (Figure 4.1(a)) (Dr Daniel Gale, Dept. Nephrology, UCL). Sequencing had
been done between the T7 forward and M13 reverse primers, and matched against
the Ensembl database (Ref: ENST00000256785.4) sequence for CFHR5 (Dr Daniel
Gale, Dept. Nephrology, UCL). The pET-21a expression vector (Novagen, Merck
Chemicals Ltd., Nottingham, UK) was contained in DH5α cells (Professor Stephen
Perkins Group, UCL), and was prepared by ampicillin selection of the cells on LB
agar, followed by miniprep plasmid extraction (Qiagen, West Sussex, UK). The
correct sequence was confirmed by Sanger sequencing using the T7 forward and
reverse primers (Source Bioscience).
4.2.2 PCR amplification of SCR-1/2 coding region
Unique oligonucleotide primers were designed to incorporate the coding
region for the SCR-1/2 fragment between BamHI and HindIII restriction sites for
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Figure 4.1 Expression vector maps – cloning SCR-1/2 in E. coli
(a) The map of the plasmid vector pCR-BLUNTII-TOPO containing the full cDNA
sequence of CFHR5 in full-length (name labelled in red).
(b) The diagram shows a map of the plasmid vector pET-21a containing the cloned
SCR-1/2 sequence. The unique restriction sites BamHI and HindIII are labelled in
blue, between which the gene for SCR-1/2 is inserted (name in red). Also labelled
are the positions of the T7-Tag, ampicillin resistance gene, the T7 promoter and the
bacterial original of replication.
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subsequent cloning steps into the pET-21a expression vector. These primers were the
forward 5’- ATATGGATCCGAAGGAACACTTTGTGATTTTCCA-3’ and reverse
primer 5’- ATATAAGCTTTCATTCTCCTTTAGTGAAGCTGCATATG-3’ with
the restriction sites underlined. Amplification of the SCR-1/2 fragment coding region
with these primers were predicted to produce a 408-bp product (SCR-1/2 on its own
being 387-bp).
PCR reactions were carried out in 200 mM Tris-HCl (pH 8.8 at 25 °C), 100
mM KCl, 100 mM (NH4)2SO4, 20 mM MgSO4, 1.0 % Triton® X-100 and 1 mg/ml
nuclease-free BSA. The reaction mixture contained 200 µM of each dNTP, 1 µM of
both forward and reverse primers, 5 ng of template DNA and 1.25 U of Pfu DNA
polymerase (Promega, Southampton, UK). The final volume was made up to 50 µl
using nuclease-free ddH2O. The samples were mixed and briefly centrifuged. The
thermal cycling conditions are shown in Table 4.1, and the resultant amplicons were
analysed by 1% agarose gel electrophoresis. The correct PCR product was
subsequently purified by the QIAquick® PCR purification kit (Qiagen, West Sussex,
UK), and the concentrations measured.
Table 4.1. The PCR thermal cycling conditions for amplification of SCR-1/2
Step

Temperature

Time

Number of Cycles

Initial Denaturation

95 °C

1 minute

1

Denaturation

95 °C

1 minute

Annealing

50-60 °C

30 seconds

Extension

72 °C

1 minute

Final Extension

72 °C

5 minutes

1

Soak

4 °C

Indefinite

1

30

4.2.3 Restriction enzyme digestion, ligation of insert and vector
Both insert and vector DNA (3 µg of each) were digested in Cut Smart Buffer
(New England BioLabs® Inc., Hitchin, UK) using the restriction endonucleases
BamHI-HF and HindIII-HF (New England BioLabs® Inc., Hitchin, UK); 3U per
reaction at 37 °C for 2 hours to ensure complete cleavage of DNA. The digested
vector DNA was purified and dephosphorylated with calf intestinal phosphatase
(New England BioLabs® Inc., Hitchin, UK) at 37 °C for 1 hour, where 0.5 U were
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used per µg of vector DNA, to prevent self-ligation. The products were purified
using a QIAquick spin column (Qiagen, West Sussex, UK) eluted into nuclease-free
water. The purified products were run on a 1% agarose gel, and their concentrations
were noted for the subsequent ligation reactions.
Ligation reactions were performed with insert:plasmid molar rations of 1:1,
2:1, 3:1 and 10:1. The following equation was used to determine the amount of insert
DNA required in proportion to the amount of vector DNA used:
ng of vector x kb of insert molar ratio of insert
x
= ng of insert
kb of vector
vector
The reaction was carried out in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 10 mM
dithiothreitol, 1 mM ATP, 25 µg/ml BSA. Following the addition of 0.1 µl T4 DNA
ligase (New England BioLabs® Inc., Hitchin, UK) to the reaction mixture, which
corresponded to approximately 200 U, the samples were mixed thoroughly, briefly
spun down and incubated at 16 °C overnight. The expression vector map of the
resulting SCR-1/2-pET-21a recombinant plasmid is shown in Figure 4.1(b).
4.2.4 Transformation into XL10-Gold Ultra-competent cells
The recombinant plasmid generated from the ligation reaction was
transformed into XL-10 Gold Ultra-competent cells (Agilent Technologies) by heat
shock. A 50 µl aliquot of these cells were thawed gently on ice and incubated with 2
µl of the ligation product for a further 30 minutes. Subsequently the heat shock was
carried out at 42 °C for 30 seconds followed by immediate transfer onto ice for a
further 2 minutes. 250 µl of SOC medium (2.0% tryptone, 0.5% yeast extract, 10
mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) preheated
to 42 °C, was added to the transformed cells. The cells were then grown at 37 °C,
with shaking at 220 rpm for 1 hour. A sample of the recovered bacteria (>200 µl)
was plated onto ampicillin LB-agar plates, pre-warmed, then incubated overnight
(16-24 hours) at 37 °C. DNA sequencing (Source Bioscience, Nottingham, UK) was
carried out using the T7 forward primer, to confirm the presence of the correct
sequence.
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4.2.5 Generation of SCR-1 by site-directed mutagenesis
Oligonucleotide site-directed mutagenesis was carried out in order to
generate SCR-1 only from the SCR-1/2 plasmid construct. This was performed using
the QuikChangeTM Site-Directed Mutagenesis kit (Agilent Technologies), according
to the manufacturer’s instructions. A single base substitution was introduced to
produce a stop codon after the linker coding region between SCR-1 and SCR-2
(Cys207Stop). Primers were designed to incorporate this in both directions, forward
5’-CCGAAGTGTCTCAGAATGTGATCCTTTCCTTTTGTGAAAAA-3’

and

reverse 5’-TTTTTCACAAAAGGAAAGGATCACATTCTGAGACACTTCGG-3’.
The base highlighted in red was targeted for mutation. The PCR products were
subsequently treated with Dpn1 I restriction enzyme at 37 °C for 1 hour to destroy
the methylated parental DNA. The nicked amplicons plasmids were then used to
transform XL10-Gold Ultra-competent cells (Agilent Technologies) as described in
Section 4.2.4. DNA sequencing (Source Bioscience, Nottingham, UK) was carried
out using the T7 forward primer, to confirm the presence of the correct sequence.
4.2.6 Transformation of SCR-1/2 and SCR-1 constructs into BL21 (DE3) cells
The recombinant plasmids containing the SCR-1/2 and SCR-1 constructs
were purified from the XL10-Gold strain of E. coli, and used to transform BL21
(DE3) strain of E. coli (Novagen, Merck Chemicals Ltd., Nottingham, UK) via the
heat-shock method (as described in Section 4.2.4). This strain of E. coli was used for
protein expression.
4.2.7 Cryopreservation of transformed E. coli cells
Glycerol stocks were prepared for the successfully transformed E. coli (in
both XL10-Gold and BL21 (DE3) strains) cell suspensions for long-term storage at 80 ºC. Sterile glycerol (60% v/v) was mixed in equal volumes of overnight
transformed cultures, and mixed thoroughly inside cryogenic flasks prior to storage
in -80 ºC. For the recovery of the cells, an aliquot of the frozen cells was streaked
onto selective (ampicillin) LB-agar plates and incubated overnight at 37 ºC (as
described below).
4.2.8 Expression of SCR-1/2 and SCR-1 in E. coli
The SCR-1/2 and SCR-1 fragments were expressed in E. coli BL21(DE3)
strain, transformed with the constructs in pET-21a containing the ampicillin
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resistance gene. For growth of these transformed bacterial cultures, some of the
glycerol stock was streaked onto LB-agar plates containing 100 µg/ml ampicillin. A
single colony was picked and grown overnight (16-18 hours) in 10 ml selective
ampicillin LB-broth media at 37 ºC with 220 rpm shaking as a starter culture. The
following day, this culture was diluted 1/100 in a larger volume of selective media,
and incubated in the same conditions until the optical density (OD) at 600 nm
reached 0.6. The OD600 reading was checked regularly to evaluate cell growth using a
Genesys 10 Bio UV-visible spectrophotometer (Thermo Fisher Scientific,
Loughborough, UK), in order to induce the cells at this critical OD reading. The
expression was induced by addition of IPTG (Sigma-Aldrich, Poole, UK), and
continued incubation for a further 4 hours. After this the cultures were centrifuged, at
9,000 g for 30 mins, 4 °C, to pellet the bacterial cells. The expression of protein was
analysed before and after induction by SDS-PAGE. The bacterial cell pellets were
stored in -80 °C until required for the next step.
4.2.9 Isolation of inclusion bodies and refolding of SCR-1/2 and SCR-1
Both proteins, SCR-1/2 and SCR-1 formed inclusion bodies. The protocol for
the isolation of the inclusion bodies, and the refolding was based on that described
previously for SCR domains by White et al. (2004).
The bacterial cells pellets were defrosted and re-suspended in 40 ml of lysis
buffer (20 mM Tris, 1 mM EDTA, pH 8.0, along with one EDTA-free protease
inhibitor cocktail tablet (Roche, Herts, UK) and 0.5 mg/ml of Pefabloc® SC (SigmaAldrich, Poole, UK). Then, cells were treated with 0.4% (w/v) sodium deoxycholate
(Sigma-Aldrich, Poole, UK) and incubated at room temperature for 10 minutes.
Subsequently, 15 µl of DNAse I (1 U/µl) (Thermo Fisher Scientific, Loughborough,
UK) was added, alongside with 40 mM MgCl2 and 1 mg/ml lysozyme (SigmaAldrich, Poole, UK). This was further incubated at room temperature for 1 hour.
The cells were lysed by sonication, and the homogenate was centrifuged at
10,000 g for 30 minutes, 4 °C. The supernatant was discarded and the pellet,
containing the inclusion bodies, was washed twice with Dulbecco’s phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
KH2PO4, pH 7.4) containing 0.05% Tween-20 (v/v). After the final wash step, the
insoluble inclusion bodies were denatured in 10 ml of 8 M urea, 25 mM
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dithiothreitol (DTT), 100 mM Tris-HCl, 1 mM EDTA, pH 8.0. The sample was
incubated at room temperature, whilst agitated, for 2 hours for the protein to
completely denature. Following this, the sample was centrifuged at 10,000 g for 30
minutes at 4 °C in order to remove the cell debris.
The denatured protein was refolded gently using the method of rapid dilution.
The denatured protein sample was added drop wise, while stirring gently into 1 L of
a cysteine/cystine redox buffer, 0.5 M arginine, 2 mM cystine, 1 mM cysteine, 20
mM ethanolamine, pH 11. This was spread over a 32-hour period and equal amounts
were added at every interval of 2 hours, but left static overnight. The refolded protein
was concentrated to a final volume of 100 ml, using a Vivaflow 200 cross-flow
cassette, attached to a Masterflex L/S peristaltic pump (Sartorius, Surrey, UK). The
molecular weight cut-off (MWCO) for this concentrator was 10,000 Da for the SCR1/2 protein, and 5,000 Da for the SCR-1 protein.
4.2.10 Purification of SCR-1/2 and SCR-1 proteins
Prior to purification, the refolded protein was dialysed into 50 mM Tris, 150
mM NaCl, 1 mM EDTA, pH 8.5 for purification (buffer A). Ion-exchange
chromatography was the first step of purification for the soluble protein, using a Qsepharose fast-flow anion exchange column (Amersham Biosciences, GE Healthcare,
Uppsala, Sweden). The column binds proteins as a result of their corresponding net
surface charge, and the desired protein is subsequently eluted according to the
isoelectric point (pI). At pH 8, the charge on both proteins (based on their pI) was net
negative, which allows them to bind to the positively charged Q-resin. After three
column volume washes with buffer A, SCR-1/2 and SCR-1 were similarly eluted
with a linear increase salt gradient using a second buffer, 50 mM Tris, 1 M NaCl, 1
mM EDTA, pH 8.5 for purification (buffer B). The eluted fractions were assessed by
SDS-PAGE, and the fractions corresponding to the protein were pooled together and
concentrated to a volume of 1 ml, using a Viva spin concentrator (10,000 MWCO)
(Sartorius, Surrey, UK).
Both SCR-1/2 and SCR-1 were next purified by gel-filtration using a
SuperdexTM 75 16/60 column (GE Healthcare, Bucks, UK) equilibrated with 50 mM
Tris, 150 mM NaCl, 1 mM EDTA, pH 7.5. Samples were again assessed by SDSPAGE

and

pooled

accordingly.

Both
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anion

exchange

and

gel-filtration

chromatography were performed with the AKTA purifier system (GE Healthcare,
Bucks, UK).
4.2.11 Characterisation of SCR-1/2 and SCR-1
The compositional data for SCR-1/2 and SCR-1, based on their amino acid
sequences, were summarized by SLUV (Perkins, 1986). This provided information
such as molecular weight and absorption coefficients of the proteins (at a wavelength
of 280 nm, 1%, 1 cm path length, based on the molar extinction coefficients of 5665
M-1cm-1 for Trp residues, 1535 M-1cm-1 for Tyr residues, and 129 M-1cm-1 for Cys
residues) (Perkins, 1986; Okemefuna et al., 2009). Further theoretical details on the
isoelectric point (pI) of the proteins were calculated from the Expasy Protparam tool
(http://web.expasy.org/protparam/).
Following purification, a sample of the SCR-1/2 and SCR-1 proteins were
analysed by an AUC sedimentation velocity experiment, using a centrifugal speed of
60,000 rpm. Sedimentation boundaries were analysed by direct fitting of the
boundaries to the Lamm equation (Schuck, 2000), using the program SEDFIT
version 14.6 (details in Materials and Methods, Chapter 6). The molecular mass and
sedimentation velocity information gathered from this data, was calculated to their
theoretical values, using HYDROPRO program (Garcia de la Torre et al., 2000).
4.2.12 Mass spectrometry of SCR-1/2 and SCR-1
A 0.2 mg/ml sample of purified SCR-1/2 and SCR-1 proteins were buffer
exchanged into 50 mM ammonium bicarbonate, pH 8. The samples were submitted
to UCL Chemistry Mass Spectrometry Facility (Dept. Chemistry, UCL) for analysis
of intact proteins on the Agilent 6510 QTOF LC-MS system (Agilent, UK). 10 µL of
each sample was injected onto a PLRP-S, 1000A, 8 µM, 150 mm x 2.1 mm column,
which was maintained at 60 °C. The separation was achieved using mobile phase A
(5% acetonitrile in 0.1% formic acid) and B (95% acetonitrile, 5% water 0.1%
formic acid) using a gradient elution. The column effluent was continuously
electrosprayed into capillary ESI source of the Agilent 6510 QTOF mass
spectrometer and ESI mass spectra were acquired in positive electrospray ionisation
(ESI) mode using the m/z range 750- 5,000 in profile mode. The raw data was
converted to zero charge mass spectra using maximum entropy deconvolution
algorithm within the MassHunter software version B.07.00.
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4.3 Materials and Methods for SCR-1/9
4.3.1 Transformation of P. pastoris with CFHR5 cloned construct
A construct of codon optimized CFHR5 SCR-1/9, for amino acid residues 19569 (SWISSPROT accession code: Q9BXR6), with an N-terminal hexahistidine tag
(His-Tag), was a kind gift from Dr Daniel Gale (Dept. Nephrology, UCL). The
optimisation of codons was designed to facilitate its expression in P. pastoris by
using P. pastoris-preferred codons. The construct was previously cloned into the
pPICZαA (Invitrogen, Paisley, UK) P. pastoris expression vector (Figure 4.2). 10 µg
of SacI-linearised pPICZαA CFHR5 SCR-1/9 vector was electroporated into P.
pastoris as follows: A 100 ml culture of P. pastoris strain X-33 (Invitrogen), with an
OD600 of 1.3-1.5 was spun down at 1500 x g for 5 minutes at 4 °C. Under sterile
conditions, the pellets were then gently resuspended in 100 ml of ice-cold water (0
°C), and centrifuged again at 1500 x g for 5 minutes at 4 °C. Cells were resuspended
gently again in 50 ml ice-cold sterile water, and centrifuged at 1500 x g for 5 minutes
at 4 °C. The cells were then resuspended in 4 ml of sterile, ice-cold 1 M sorbitol
(Sigma-Aldrich, Poole, UK), and then spun down at 1500 x g for 5 minutes at 4 °C.
Finally, the cells were resuspended in 1 ml of ice-cold sorbitol, and kept of ice until
electroporated. The vector was transferred to 80 µl of the competent cells, inside an
ice-cold 0.2 cm electroporation cuvette (BioRad) and incubated for 5 minutes. The
cells were electroporated using a BioRad gene pulser, at 1500 V, 200 Ω and 25 µF.
The electroporated cells were immediately diluted in 1 ml of ice-cold 1 M sorbitol.
The cells were incubated at 30°C without shaking for 1-2 hours, and then 50-200 µl
of cells were spread onto YPDS agar plates with 100 µg/ml of zeocin (Invitrogen,
Paisley, UK). The plates were grown for 2-3 days at 30 °C for colonies to form.
Colonies selected from the YPDS agar plate were grown overnight in 5 ml of zeocin
containing YPD media. The successfully grown clones were stored at -80 °C as
glycerol stocks.
4.3.2 DNA extraction and genotyping of P. pastoris
Overnight cultures of the zeocin-resistant colonies were prepared in 5 ml
YPD media containing 100 µg/ml zeocin for PCR analysis. Genomic DNA was
extracted from these using the YeaStarTM Genomic DNA kit (Zymo Research). 10
ng of this DNA served as a template for the 50 µl PCR reaction containing 1 x PCR
reaction buffer (Qiagen), 0.2 mM dNTPs, 1.2 U HotStar Taq polymerase (Qiagen),
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Figure 4.2 pPicZαA vector maps containing cloned construct for CFHR5
The pPicZαA vector contains the AOX1 promoter, for methanol-induced expression
of the gene of interest; the α-factor secretion signal for the secretion of recombinant
protein; a zeocin-resistant gene (Sh ble) for selection of transformants; and an Nterminal His-Tag for detection and purification of the expressed protein. The position
of the CFHR5 gene is also labelled (in red). The vector maps also illustrate the
restriction site (SacI) used to linearize the plasmid.
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AACAGTCATGTCTAAGGC-3’. The PCR program used has been described
previously by Weis et al., (2004). The resulting PCR products were run on a 0.8%
agarose gel. The concentrations of the products were confirmed using a nanodrop,
and samples were verified by DNA sequencing (Source Bioscience, UK).
4.3.3 Growth of P. pastoris and protein expression tests
Glycerol stocks of the transformed P. pastoris colonies were streaked onto
YPD agar plates containing 100 µg/ml zeocin in order to test for protein expression
(Figure 4.3(a)). A single colony from each plate was inoculated into 300 ml of the
BMGY (Buffered Glycerol Complex Medium; 1% yeast extract, 2% peptone, 100
mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 8 x 10-6% biotin, 4%
glycerol) media in a 2 L baffled flask to provide sufficient aeration for yeast cell
growth. These were incubated at 30 °C with shaking at 200 rpm for approximately
72 hours, and then centrifuged at 2,000 rpm for 10 minutes at 4 °C. The supernatant
was discarded and the pellets containing the yeast cells were resuspended in 330 ml
BMMY (Buffered Methanol Complex Medium; 1% yeast extract, 2% peptone, 100
mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 8 x 10-6 % biotin, 0.5%
(v/v) methanol). These cultures were incubated again at 30 °C, and the cell growth
was maintained by the addition of methanol. Methanol was added twice a day, for
the subsequent 96 hours, to give a final concentration of 1.2% (v/v) in the morning,
and 2% (v/v) in the evening. The cultures were then centrifuged at 9,000 rpm for 20
minutes at 4 °C. The supernatant containing the secreted protein was prepared for
purification by filtration, using a 0.2 µm Stericup® sterile filter (Merck-Millipore)
and addition of an EDTA free protease inhibitor cocktail tablet (Roche, Germany).
The supernatant was concentrated to approximately 100 ml using the Vivaflow 200
cross-flow cassette.
4.3.4 CFHR5 SCR-1/9 purification strategies
The expressed protein was purified by either one of three strategies. Heparin
affinity chromatography was the first method, using the AKTA purification system
(GE Healthcare, Bucks, UK). For this, the concentrated supernatant was first
dialysed into the low salt wash buffer A (50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, pH 7.4). The supernatant solution was passed through a 5 ml HiTrap Heparin
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Figure 4.3 Procedure for expression in P. pastoris
(a) The schematic diagram represents the initial process of testing for transformants;
growing and expressing individual zeocin-resistant colonies from the electroporation
plates. Growth from one BMGY flask was transferred to one BMGY induction flask.
(b) Increasing the cell density to volume ratio prior to induction: A single colony was
inoculated into a 50 ml BMGY flask, and incubated again for 2-3 days to increase
cell density. This is then divided between five larger flasks of 300 ml BMGY and
grown for a further 2-3 days until the optimum OD is reached. Finally, the five flasks
were centrifuged, resuspended and combined in one flask of 300 ml BMMY
(inducing media). Expression followed for four days with 0.5% (v/v) methanol feeds
prior to harvesting the supernatant, and subsequent purification steps.
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column (GE Healthcare, Bucks, UK). Following sufficient washing of nonspecifically bound proteins, the heparin-bound protein was eluted by increasing the
salt concentration using the elution buffer B (50 mM Tris-HCl, 1 M NaCl, 1 mM
EDTA, pH 7.4).
Nickel affinity chromatography was the second method for purifying the
CFHR5 protein with a His-Tag; using a 5 ml HiTrap HP column packed with Ni2+
Sepharose (GE Healthcare, Amersham, Bucks, UK). The concentrated supernatant
was dialysed into the nickel wash buffer A (300 mM NaCl, 50 mM NaH2PO4 10 mM
imidazole, pH 8.0) and loaded onto the column, followed by subsequent wash steps.
Then the column-bound protein was eluted by raising the imidazole concentration in
elution buffer B (300 mM NaCl, 50 mM NaH2PO4, 250 mM imidazole, pH 8.0).
Further to this, cation exchange chromatography was attempted with a 5 ml
HiTrap SPFF column (GE Healthcare, Bucks, UK). The concentrated protein was
loaded onto the column in buffer A (50 mM Tris-HCl, 25 mM NaCl, 1 mM EDTA,
pH 5), and subsequently the protein was eluted by raising the salt concentration in
buffer B (50 mM Tris-HCl, 1 M NaCl, 1 mM EDTA, pH 5).
4.3.5 Growth and purification optimisation strategy
The protocol for growth and expression was altered in order to increase the
cell biomass of the P. pastoris cells, and confine them all into one 2 L flask for
induction. This allowed the protein to be expressed in a smaller volume of media,
and therefore have a higher concentration. The methanol concentration was also
reduced, as the amount used previously was in excess and therefore possibly toxic
for the cells (Cregg, 1999; Jahic et al., 2003). Additionally, wider neck baffled flasks
and use of cotton wall stoppers were used to allow more oxygen permeation. The
revised protocol, as summarised in Figure 4.3(b) and described below:
Following growth on YPD agar plates containing 100 µg/ml zeocin, a colony
was picked and inoculated into a primary culture containing 50 ml of BMGY media,
and incubated for 48-72 hours at 30 °C, shaking 220 rpm. The culture was then
divided equally between five 2 L flasks containing 300 ml of BMGY media
(secondary culture), and incubated again for cell biomass to increase for a further 72
hours. Subsequently the cultures were centrifuged at 2,000 rpm for 10 minutes at 4
°C. The supernatant was discarded and the pellets containing the yeast cells were
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combined and re-suspended into 300 ml of BMMY. The cells were cultured for a
further four days in BMMY at 30 °C, shaking at 200 rpm. The expression of
recombinant CFHR5 was induced by methanol feeding only once every 24 hours
with a reduced final methanol concentration of 0.5% (v/v). Following expression, the
cells were harvested and the supernatant was retained by centrifugation at 9,000 rpm
for 20 minutes at 4 °C. The supernatant prepared for purification by filtration and
addition of an EDTA-free protease inhibitor cocktail tablet (Roche, Herts, UK).
4.3.6 Detection by western blot and silver staining
The culture supernatants obtained from each zeocin-resistant clone, selected
from the electroporated P. pastoris plates, were tested for expressed CFHR5 SCR1/9 protein. Samples (20 µl) were prepared using the NuPAGE® LDS (4X) sample
buffer and heated at 95 °C for 2 minutes; for reducing conditions DTT was used
from the NuPAGE® sample (10X) reducing agent (Invitrogen, Paisley, UK) and run
on a NuPAGE Novex® 4-12% Bis-Tris gels or in-house made 10% SDS-PAGE gels
(30% acrylamide/bis-acrylamide, 1.5 M Tris-HCl (pH 8.8), 1.0 M Tris-HCl (pH 6.8),
10% SDS, 10% ammonium persulphate and TEMED (Sigma-Aldrich)) for 30 min at
200 V. The proteins were transferred onto a nitrocellulose membrane using transfer
buffer (500 mM Glycine, 50mM Tris-HCl, 0.01% SDS, 20% methanol) buffer at 80
volts for 1 hour, or onto a PVDF membrane (Invitrogen, Paisley, UK) at 30 V for 1-2
hours using the XCell IITM Blot Module (Invitrogen, Paisley, UK).
For the detection of full-length CFHR5, rabbit anti-CFHR5 and mouse antiHis antibodies were used together with WesternBreeze® Chromogenic Western Blot
Immunodetection Kit (Invitrogen, Paisley, UK) according to manufacturer’s
guidelines. Alternatively, the membranes were blocked in 5% (w/v) non-fat milk
extract in TBS 0.01% Tween (TBS-T) for 1 hour. For detection of the His-Tag, the
membrane was incubated with a mouse anti-His (1:500, New England Biolabs,
27E8), or the rabbit anti-CFHR5 (1:500, Mybiosource, MBS6006660), primary
antibody for 2 hours. This was followed by 3 x 15 min washes with TBS-T and
incubation with a horseradish peroxidase conjugated anti-mouse (1:1000, GE Life
Sciences, Amersham, NA931) or anti-rabbit secondary antibody (1:1000, GE Life
Sciences, Amersham, NA934) for 45 min. The membrane was washed 3 x 15 min
with TBS 0.01% Tween and visualized using the ECL western blotting detection
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reagent using Hyperfilm ECL (GE Life Sciences, Amersham, UK) and a
photographic developer.
For silver staining SDS-PAGE gels were fixed with 7% acetic acid for 7
minutes, followed by 40 minutes in 50% methanol. After rinsing thoroughly with
water, a staining solution was prepared with 0.2% silver nitrate added drop-wise to a
solution of 0.36% NaOH with 1 M ammonium hydroxide. The gel was stained for 15
minutes. After rinsing, the gel was soaked in a developing solution (0.005% citric
acid and 5% formaldehyde) until bands became visible. The reaction was stopped
with 5-10% acetic acid.
For Coomassie blue staining, the gels were fixed in Coomassie solution
(0.05% (w/v) Coomassie brilliant blue, 45% (v/v) methanol, 45% (v/v) distilled
water, and 9% v/v acetic acid) for 1 hour. The gels were developed in de-staining
solution (40% (v/v) methanol, 10% (v/v) acetic acid, and 50% (v/v) distilled water)
for a further 1 hour.
4.3.7 Mass spectrometry of CFHR5 SCR-1/9
Mass spectrometry analysis of the identification of CFHR5 SCR-1/9 was
performed by Dr Wendy Heywood in the Institute of Child Health proteomic facility
(UCL). The sample was submitted in BMMY media, and was processed before a
capillary LC –MS/MS analysis according to the established protocols used at the
proteomic facility.
4.4 Results for SCR-1/2 and SCR-1
4.4.1 PCR amplification of SCR-1/2 coding region for E. coli expression
The first step of the cloning process was the amplification of the SCR-1/2
gene, incorporating selected restriction endonuclease sites, by PCR. The PCR
amplicons were run on a 1% agarose gel, and results for this are shown in Figure 4.4.
The sizes of the PCR products were compared against a 2-Log DNA Ladder (0.1 –
10.0 kbp), and appeared to have the correct size for the SCR-1/2 gene (408 bp). The
PCR product was purified before the subsequent digestion with restriction
endonucleases.
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Figure 4.4 SCR-1/2 PCR amplicons
The PCR amplification of SCR-1/2, incorporating the BamHI and HindIII restriction
sites. A temperature gradient was used in order to maximise the chances of
amplification (and minimise primer dimer formation). The single product at around
400 bp was produced in all the reactions (expected product was 408 bp). The DNA
molecular weight ladder is loaded in the first lane.
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4.4.2 Restriction enzyme digestion, ligation, transformation into XL10-Gold
cells and colony PCR
Following steps for restriction enzyme digestion, the digested SCR-1/2 insert
and the digested pET-21a vector products were purified and run on a 1% agarose gel
(data not shown). The ligation reaction for the 10:1 insert:plasmid molar ratio
transformed into XL10-Gold Ultra-competent cells produced the successful
formation of colonies. Subsequently, 40 colonies were screened by colony PCR, of
which four were found to be positive. The DNA sequencing results for the cloned
SCR-1/2 construct also confirmed the correctly translated sequence (Figure 4.5(a)).
These were grown and stored as glycerol stocks for the subsequent steps of protein
expression.
4.4.3 Site-directed mutagenesis of SCR-1/2 to make SCR-1
Site-directed mutagenesis was carried out in order to introduce a stop codon
preceding the sequence coding for SCR-2 in the SCR-1/2-pET-21a plasmid. Results
for DNA sequences confirmed the correct position of the point mutation, which was
in frame to translate into SCR-1 protein. The sequencing results indicating the
position of the stop codon, and the resulting translated sequence are shown in Figure
4.5(b).
4.4.4 Small scale expression test for SCR-1/2 and SCR-1
A small scale induction test was used to confirm that SCR-1/2 and SCR-1
proteins were successfully expressing. The IPTG induced proteins are indicated by
the asterisk marked in green and blue (Figure 4.6) corresponding to molecular
weights of ~15 kDa and ~9 kDa. The sequences and parameters of the SCR-1/2 and
SCR-1 proteins, calculated by SLUV (Perkins, 1986), 15,893 Da and 9,361 Da
respectively, show that within the error associated with SDS-PAGE, both proteins
have the correct mass.
4.4.5 Large scale expression, solubility test, refolding and purification of SCR1/2 and SCR-1
Following successful expression of the target proteins, the expression was
scaled-up to yield sufficient amount for downstream purification steps. Cells were
lysed by sonication. As a solubility test, the pellet and supernatant (lysate) was used
to assess for the formation of inclusion bodies by SDS-PAGE (Figure 4.7). The
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Figure 4.5 DNA sequencing result for (a) SCR-1/2 and (b) SCR-1 in pET-21a
The sequencing results were aligned directly with the sequence of SCR-1/2 in pET21a (top line), as prepared in ApE by virtual cloning. The protein coding regions are
coloured in blue, with amino acid translation above the DNA sequence. The
positions of the start (M) and stop (*) codons are coloured in red.
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Figure 4.6 Expression test for SCR-1/2 and SCR-1
Coomassie stained SDS-PAGE showing the successful small scale expression test of
SCR-1/2 (labelled in blue) and SCR-1 (labelled in green). The ‘non-induced’ shows
samples prior to the addition of IPTG, and the ‘induced’ shows the samples 4 hours’
post-induction; where a band appears for SCR-1/2 (*) and equally for SCR-1 (*) (as
indicated by asterisks). The protein molecular weight marker is indicated in kDa.
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Figure 4.7 Solubility test and denaturation
Coomassie stained SDS-PAGE analysis of the lysis of the bacterial cell pellets,
following expression of (a) SCR-1/2 and (b) SCR-1. As indicated by the arrows,
both proteins were present in the lysed pellets and absent in the lysate after
centrifugation. This confirmed the formation of inclusion bodies. After sufficient
washing the pellets in PBS (+ 0.5% Tween), as also indicated, the pellets were
dissolved in urea which shows greater intensity of the protein bands. The protein
molecular weight markers are indicated in kDa to the left.
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bands corresponding to the molecular weight of the SCR-1 and SCR-1/2 proteins
were found in the lysed cell pellet for both expressed proteins. The protein band was
absent or not detectable in the lysate from both samples. This confirms that the
proteins were expressed as inclusion bodies. Inclusion bodies, which are aggregated
overexpressed protein, requires denaturation and subsequent protein refolding steps.
To achieve this, SCR-1/2 and SCR-1 were dissolved in urea, and as indicated by
arrows (Figure 4.7) the protein bands were retained. In order to achieve correct
refolding of the SCR-1/2 and SCR-1 proteins, a strategy was implemented previously
used for SCR proteins by White et al. (2004) (Materials and Methods). This protocol
was altered to omit a single step of reducing the pH of the solubilised protein in urea.
This is because protein precipitation was observed in urea at pH 3. SDS-PAGE
analysis of SCR-1/2 (Figure 4.8(b)) and SCR-1 (Figure 4.9(b)) also indicate bands
for the refolded and concentrated protein.
In the first purification step, SCR-1/2 and SCR-1 were both purified by anion
exchange chromatography (Figure 4.8(a) and Figure 4.9(a) respectively) using a Qsepharose column. The theoretical pI of SCR-1/2, calculated using the ExPASy
ProtParam tool (http://web.expasy.org/protparam/), was 4.95 and that of SCR-1 was
4.71. Hence under suitably high pH, the net-negative charge on these proteins
enables it to bind to the positively-charged Q-resin anion exchanger. As shown in
Figure 4.8(a), SCR-1/2 was eluted from the column as two peaks at the
conductivities ~20 mS/cm and ~40 mS/cm. Interestingly, as suggested by the SDSPAGE (Figure 4.8(b)), the first peak is likely to be the protein corresponding to the
correct molecular weight of SCR-1/2, and the second peak may be the result of selfassociated, aggregated or misfolded SCR-1/2 protein. Figure 4.9(a) shows the elution
profile for SCR-1, which occurred around ~50 mS/cm, in conjunction with the
corresponding SDS-PAGE analysis Figure 4.9(b). The bands for SCR-1 appeared at
the expected size of 9.6 kDa. However, the elution profiles and SDS-PAGE analysis
of the SCR-1/2 and SCR-1 proteins following this first step of purification, revealed
that the sample remained noticeably contaminated with impurities that required
removal.
The second purification step was gel-filtration chromatography, where SCR1/2 and SCR-1 were individually passed through a SuperdexTM 75 column. This step
is crucial for removing aggregates prior to carrying out any structural and functional
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Figure 4.8 Purification of SCR-1/2
(legend on next page)
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Figure 4.8 (continued) Purification of SCR-1/2
(a) Anion-exchange chromatography of SCR-1/2 using the Q-SepharoseTM column.
As the conductivity was increased, the protein eluted as two separate peaks at 18 ml
and 34 ml. The fractions chosen for SDS-PAGE analysis (b), are highlighted by the
blue dots in running order as indicated by the red arrows.
(b) SDS-PAGE (Coomassie) analysis; the lanes indicating the SCR-1/2 protein bands
after refolding, concentration, and purification by anion-exchange. Single bands in
fractions A13-A15 correspond to the molecular weight of SCR-1/2. B and C
fractions show multiple bands eluted as the second peak. The protein molecular
weight marker is indicated in kDa.
(c) Gel filtration chromatography of the SCR-1/2 fractions corresponding to the first
peak in (a) using a Superdex 75TM column. Fractions selected for SDS-PAGE are
indicated by the blue dots in running order.
(d) SDS-PAGE analysis of the gel-filtration fractions from (c). The molecular weight
of fractions C7 – C15 is around 15 kDa (as expected at 15.8 kDa for SCR-1/2), as
indicated by the arrow.
(e) Gel filtration chromatography of fractions from the second peak in (a). The
fractions selected for SDS-PAGE are indicated by the blue dots in running order.
(f) SDS-PAGE analysis of the gel-filtration fractions from (e).
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Figure 4.9 Purification of SCR-1
(a) Anion-exchange chromatography of SCR-1 using the Q-SepharoseTM column. As
conductivity increased, the fractions eluted in a broad peak. The fractions chosen for
SDS-PAGE analysis (b), are highlighted by the blue dots in running order as
indicated by the arrow.
(b) SDS-PAGE analysis of the refolded and concentrated SCR-1 protein, as well as
the anion-exchange fractions from (a). The protein molecular weight marker is
indicated in kDa at the left.
(c) Gel-filtration chromatography of SCR-1, for which a large peak observed at
approximately 120 ml. Some aggregates were also removed below 100 ml. The
fractions chosen for SDS-PAGE are highlighted by the blue dots in running order as
indicated by the arrow.
(d) SDS-PAGE analysis of the gel-filtration fractions from (c).
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analysis. The pH of the gel-filtration buffer was lowered to 7.5 to mimic
physiological conditions. Figure 4.8(c) and Figure 4.9(c) show the gel-filtration
elution profiles for SCR-1/2 and SCR-1, respectively. Gel-filtration resulted in
homogenous peaks for both protein fragments. SDS-PAGE analysis of the gelfiltrated fractions showed single bands with apparent molecular weights of ~15 kDa
and ~9 kDa for SCR-1/2 (Figure 4.8(d)) and SCR-1 (Figure 4.9(d)) respectively. An
attempt was made for the gel-filtration of SCR-1/2 from the second peak produced
by anion-exchange chromatography; however, the purification profile (Figure 4.8(e))
was non-homogenous, which was reflected in the SDS-PAGE analysis of the
recovered fractions (Figure 4.8(f)). This is likely to be self-associated, aggregated or
misfolded SCR-1/2 protein, which was excluded from subsequent experiments.
Typical yields following expression, refolding and purification were ~5 mg per litre
of culture for both protein fragments. SCR-1/2 and SCR-1 concentrations were
maintained

below

1

mg/ml

and

stored

at

4

°C

to

minimise

oligomerisation/aggregation.
4.4.6 Characterisation of purified SCR-1/2 and SCR-1
The successful purification of the SCR-1/2 and SCR-1 proteins were initially
validated using SDS-PAGE, where bands were obtained at the correct molecular
weight. The absorption coefficients were calculated from their amino acid sequences
to be 280 nm of 16.8 and 20.2 (1%, 1cm) for SCR-1/2 and SCR-1, respectively.
These values were used to deduce protein concentrations. In addition, sedimentation
velocity experiments by AUC (Materials and Methods, Chapter 5) were used to
assess the purity and conformation of the proteins (Figure 4.10). Satisfactory
boundary fits were obtained for approximately 200 absorbance scans collected as the
protein sedimented by time. The size-distribution c(s) plots for SCR-1/2 (Figure
4.10(a)) and SCR-1 (Figure 4.10(b)) reported single peaks at a molecular mass of 8.9
kDa for monomer SCR-1 and a sedimentation coefficient of 1.5 S, which was in
agreement with that expected for a single SCR domain. On the other hand, for SCR1/2, it reported a single peak at molecular mass of 28 kDa and a sedimentation
coefficient of 2.8 S. These values are in agreement with dimeric SCR-1/2, which is
expected from the theoretical sedimentation coefficient (2.78 S), calculated by
HYDROPRO (Garcia de la Torre et al., 2000) using the CFHR1 SCR-1/2 dimer
crystal structure (PDB: 3ZD2). This preliminary insight into the oligomeric and
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Figure 4.10 Characterisation by AUC
(a) Sedimentation velocity analysis of SCR-1/2 (0.5 mg/ml sample); satisfactory fits
observed for experimental fits from the absorbance data, and size-distribution c(s)
analysis produced a single peak with a sedimentation coefficient of 2.8 S.
(b) Sedimentation velocity analysis of SCR-1 (0.6 mg/ml sample); satisfactory fits
observed for experimental fits from the absorbance data, and c(s) analysis produced a
single peak with a sedimentation coefficient of 1.5 S.
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shape properties by AUC also serves as a functionality test, since the sedimentation
coefficient is consistent with the proteins being folded correctly.
Analysis of the purified SCR-1/2 and SCR-1 proteins by mass spectrometry
was carried out to also validate the molecular masses (Figure 4.11). The mass
spectrum deconvolution report produced molecular masses of 15,798 Da and 9,258
Da for SCR-1/2 and SCR-1 respectively. This agreed well with the theoretical mass
calculations of 15,893 Da and 9,361 Da by SLUV (Perkins, 1989).
4.5 Results for CFHR5 SCR-1/9
4.5.1 Selection of P. pastoris transformants and optimisation of expression
A P. pastoris expression system was chosen for the expression of full-length
human CFHR5 SCR-1/9. The codon optimised constructs were cloned into the
pPicZαA vector and linearized prior to transformation into P. pastoris (X-33) by
electroporation. The expression vector containing the CFHR5 gene, the AOX1
promoter and the zeocin resistance marker is shown in Figure 4.2. Following the
electroporation and incubation of the cells on the zeocin-containing YPD agar plates,
colonies of the appropriate shape and size were produced. The negative control plate,
containing electroporated cells in the absence of DNA construct did not produce
growth (data not shown). This indicated successful transformation of P. pastoris
cells.
Colonies selected from the positive plates were expanded. Selected colonies
were genotyped by PCR in order to confirm the presence of the correct transgene
(Materials and Methods). Figure 4.12(a) shows an agarose gel electrophoresis of the
amplicons, which confirm that the clones WT8, WT9, WT10 and WT12 all produced
the correct band corresponding to approximately 1.8 kb (expected size 1,833 bp).
Following a protein expression test, supernatants were blotted against the rabbit antiCFHR5 pAb (Figure 4.12(b)). The blot shows that the clone ‘WT10’ produced a
faint band just above ~70 kDa, which was similar in size to the positive control for
CFHR5. The WT10 PCR amplicon was subjected for Sanger sequencing and
confirmed the correct DNA sequence for CFHR5. This clone was selected and used
for the optimisation of protein expression.
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Figure 4.11 Mass spectrometry of SCR-1/2 and SCR-1 proteins
The deconvolution report shows the molecular masses obtained for (a) SCR-1/2 and
(b) SCR-1 proteins by mass spectrometry. The peaks indicate the molecular masses,
as indicated by the red arrows. The diagram was kindly provided by Dr Kersti Karu,
(UCL Dept. of Chemistry).
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Figure 4.12 Screening of selected P. pastoris clones for CFHR5 SCR-1/9
(a) Agarose gel electrophoresis for the PCR products from clone genotyping. P.
pastoris clones WT8, WT9, WT10 and WT12 produced bands at approximately 1.8
kb (expected size 1,833 bp). WT11 did not show a signal. The last lane shows the
DNA ladder with sizes indicated in kb.
(b) Western blot analysis of CFHR5 expression by zeocin-resistant clones (WT8WT12) using anti-CFHR5 pAb. Clone WT10 shows a signal corresponding to the
molecular weight of CFHR5 (the band indicated by the red arrow). Recombinant
CFHR5 positive control and heparin-purified plasma control are in lanes 2 and 4,
respectively. The molecular weights ladder indicated in kDa in the first lane.
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4.5.2 The effect of pH and temperature on CFHR5 SCR-1/9 protein expression
P. pastoris can grow at a pH range of 3.0-7.0, and target proteins may require
an optimal pH for production (Tolner et al., 2006, Jahic et al., 2003; Kobayashi et
al., 2000). When media is buffered at pH values between these, the proteolysis of the
recombinant protein is often altered, because certain proteases are inactivated at
specific pH values (Tolner et al., 2006). The same applies to finding the optimum
temperature for protein expression. P. pastoris normally grows well from 25 ºC to 30
ºC. Anything above 30 ºC is detrimental to cell growth and protein expression. The
WT10 clone was initially cultured in two different conditions. The temperatures of
30 ºC and 25 ºC were tested at pH 7 (Figure 4.13(a)). The expressed proteins were
subjected to Nickel affinity chromatography (Materials and Methods) and the
fractions were examined by silver staining SDS-PAGE. The sharp absorbance peaks
were observed at both temperatures indicating eluted protein. However, the
absorbance peak at 30 ºC (pH 7) was larger, indicative of a slightly higher yield. In
the corresponding silver stained gel, a band was observed at around 70 kDa only in
the 30 ºC (pH 7) condition (CFHR5 SCR-1/9 was expected at 65 kDa) (Figure
4.13(a), arrow). However, in both conditions, there were a number of lower weight
bands which suggests degradation. Based on this, the 30 ºC growth was carried
forward. Another attempt was made to express protein at a lower pH 4 (Figure
4.13(b)). However, due to the low protein yield and the significant amount of
degradation as seen from the gel, this purification approach could not produce the
required amount of protein of sufficient purity.
In order to confirm that CFHR5 protein was indeed expressed, mass
spectrometry analysis was carried out. The CFHR5 expressed from the WT10 clone
(at pH 7 and pH 4, 30 ºC) confirmed positive hits for the presence of CFHR5
peptides, however only at pH 7 with coverage of over 74%, and a PLGS score of
561, with 95% confidence was observed. To better understand the behaviour of the
expressed protein alternative purification methods were tested.
4.5.3 Purification by heparin affinity and cation exchange chromatography
Having confirmed the expression of CFHR5 WT10 clone, an alternative
purification strategy employed was that of heparin affinity chromatography, owing to
the ability of CFHR5 to bind to heparin potentially via its C-terminal domain
(McRae et al., 2005). Figure 4.14(a) shows the purification chromatogram, where
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Figure 4.13 Nickel affinity purification, testing pH/temperature, and mass
spectrometry
(legend on next page)
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Figure 4.13 (continued) Nickel affinity purification, testing pH/temperature,
and mass spectrometry
(a) Left: nickel affinity purification chromatograms for the WT10 clone expressed in
pH 7 media at 30 °C (top) and 25 °C (bottom). At 30 °C, a slightly higher peak
absorbance indicated higher protein expression in the same culture volume. Right:
SDS-PAGE (silver stain) analysis of eluted fractions from both conditions. In both
conditions the same product at approximately 65 kDa was expressed. However, at 30
°C, the bands were much sharper, giving evidence of proteolytic breakdown at 25
°C. Recombinant CFHR5 (expressed in HEK293) is used as a control.
(b) Left: nickel affinity purification for WT10 expressed in pH 4 media at 30 °C,
shows significantly reduced peak absorbance from the same culture volume. Silver
stain analysis on the right, shows the absence of the band expected at ~65 kDa. An
increase in lower molecular weight species shows evidence of increased proteolytic
breakdown.

102

Figure 4.14 Heparin affinity chromatography of SCR-1/9 – detection by western
blot
(a) Purification chromatogram shows the elution of two broad peaks with increasing
buffer salt concentration.
(b) SDS-PAGE (silver stain) analysis of eluted fractions by heparin affinity
purification. Initial lanes include the recombinant CFHR5 (expressed in HEK293)
positive control, as well as pre-induction (BMGY) and post-induction (BMMY)
supernatant samples. A prominent band can be observed in the fractions, with a
molecular weight in the range of 55.5 kDa and 66.3 kDa. Fractions labelled in red
were further analysed by western blot.
(c) Western blot analysis using the rabbit polyclonal antibody against CFHR5.
Plasma positive (CFHR5 nephropathy) and plasma negative (normal) controls, and
mammalian expressed CFHR5 were included. Fractions 14 ml and 16 ml show
signals in-line exactly with the positive CFHR5 control, as well as two other signals
at ~75 kDa and ~100 kDa. The same signal at 75 kDa is observed in fraction 13 ml
and 34 ml.
(d) Western blot analysis with His-Tag antibody. Fractions 14 ml and 16 ml show
the same signal at ~75 kDa. There is also evidence of proteolytic cleavage below 37
kDa, as also seen in (b) and (c).
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protein was eluted as the salt concentration (conductivity) increased. The eluted
fractions were analysed by silver stained SDS-PAGE (Figure 4.14(b)), along with a
positive control of CFHR5 and negative controls of pre-induced BMGY culture.
Around the molecular weight mark of CFHR5 (65 kDa) there appears to be a number
of bands indicating non-specific proteolytic degradation. Fractions 34 ml, 28 ml, 16
ml, 14 ml, 13 ml were collected and blotted against the rabbit anti-CFHR5 pAb
(Figure 4.14(c)), as well as anti-His-Tag antibody (Figure 4.14(d)). Fractions 14 ml
and 16 ml showed consistent signal around 75 kDa in both blots, suggesting the
presence of CFHR5. This is also consistent with the results observed by nickel
affinity chromatography (section 4.3.8). The rabbit anti-CFHR5 pAb showed
reaction to epitopes for CFHR5 in all fractions but 28 ml (which is at the end of the
elution). The signals produced are in close proximity to the positive control of
recombinant CFHR5. However, as with the silver stains observed from nickel
affinity chromatography, there are bands at various lower molecular weights,
indicating that some level of proteolytic degradation had occurred. The plasma
positive control (mutant CFHR5, from patients with CFHR5 nephropathy) and
negative control (normal), show cross-reactivity with epitopes from other proteins in
the blood plasma (as it is a polyclonal antibody). Again the blots show evidence of
the protein being possibly cleaved, showing bands reacting to the His-tag antibody
which were below 37 kDa. Nevertheless, the western blot analysis has confirmed the
presence of the CFHR5 protein species being expressed in P. pastoris, and that the
purification strategies are working to extract the protein.
A final purification strategy was employed to purify CFHR5 from the WT10
P. pastoris clone was cation exchange chromatography. Figure 4.15(a) shows the
purification chromatogram by this method, as a single clean peak is eluted as the salt
concentration (conductivity) of the buffer is increased through an applied gradient.
The fractions were analysed in this instance by Coomassie stained SDS-PAGE gel
(Figure 4.15(b)). It can be seen that a protein species eluting from 22 ml, with a band
at the molecular weight of approximately 70 kDa suggests the presence of CFHR5.
Evidence of proteolytic cleavage is again substantial, as it starts from the fraction
eluted at 24 ml, which still has some intact CFHR5 present. It can be seen that these
degradation products have a molecular weight below 14 kDa. However, despite
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Figure 4.15 Cation exchange chromatography of SCR-1/9
(a) Purification chromatogram shows a clear elution peak with increasing salt
concentration.
(b) SDS-PAGE with Coomassie stain for the fractions eluted from the main peak.
Fractions collected at 21 ml, 22 ml and 24 ml show a band at approximately 70 kDa
(top arrow) that resembles CFHR5. Further fractions collected show smaller
molecular weight species below 14 kDa, which suggests proteolytic degradation
(bottom arrow).
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Coomassie blue being less sensitive than silver staining, it is still clear that the
protein yield is too low for subsequent purification steps or further experimentation.
4.6 Discussion
Over the past 15 years, CFHR5 has been identified and characterised as a
potential regulator of the complement system, and its mutant form with a duplication
of the SCR-1/2 domains is known to cause the disease called CFHR5 nephropathy
(McRae et al., 2001; Gale et al., 2010; Goicoechea de Jorge et al., 2013). However,
very limited biophysical structural analysis has been carried out for CFHR5. In
addition, most previous studies have relied on the experiments requiring very small
quantities of the protein because large-scale purification of the CFHR5 could be
challenging. To study the structural and functional properties of CFHR5, a reliable
recombinant expression system was required to produce high yields of the CFHR5
protein fragments, as well as the full-length protein.
4.6.1 Expression of SCR-1/2 and SCR-1
The dimerization of the SCR-1/2 domains has shown significant importance
to the function of CFHR5 (Goicoechea de Jorge et al., 2013). In the same study, the
SCR-1/2 domains of CFHR1 (with >80% sequence identity to that of CFHR5) were
expressed in K. lactis and crystallised. This study did not confirm any glycosylation
of this protein, which suggested that the SCR-1/2 domains of CFHR5 might not
require glycosylation for its function. However, the native glycosylation state of the
protein should be investigated from human plasma purified CFHR5. In general, it is
not uncommon to express SCR protein fragments of the complement system in E.
coli (Nan et al., 2011; White et al., 2004). In addition, E. coli had been previously
used to express factor H SCR-6/7 (unpublished, Professor Stephen Perkins lab,
UCL), which has direct homology with CFHR5 SCR-1/2 and similar structural
domains. Based on this, E. coli seemed an appropriate tool to use for expression of
CFHR5 SCR1 and SCR1/2.
pET-21a based expression vectors with SCR-1/2 and SCR-1 were made to
express the two proteins in an E. coli based expression system. Both proteins were
expressed at high levels, and resulted in the formation of insoluble inclusion bodies.
The method for the solubilisation of the inclusion bodies was adapted from White et
al. (2004). Here this method had been successfully employed for the refolding of
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SCR-containing proteins, which are rich in intra-disulphide bridges and require them
for correct folding. The refolding procedure was therefore under gentle oxidizing
conditions using a cysteine/cystine redox buffer to help the formation of disulphide
bridges, and an arginine buffer was used to suppress protein aggregation and assist
protein refolding (Materials and Methods, Section 4.2.9).
Following the successful refolding of the SCR-1/2 and SCR-1 proteins, both
proteins were subjected to the same purification strategy. Anion exchange
chromatography (based on the protein isoelectric points) was used to eliminate the
bulk of impurities from the refolded protein solution. SCR-1 was eluted as single
peak, which showed as a single band by SDS-PAGE. However, SCR-1/2 was eluted
as two peaks. The first peak resulted in a single band on the SDS-PAGE gel; but the
second peak showed possible oligomerisation of the SCR-1/2, which may be due to
its nature to form complexes (Józsi et al., 2015).
The use of a fusion tag for the recombinant proteins, in this case the small Nterminal T7 tag, a feature in the pET-21a expression vector, helps prevent protein
degradation within E. coli. It also helps with its stability in folding, as well as
assisting purification (Costa et al., 2014; Studier & Moffatt 1986). An alternative
choice for the first step of purification could have been the use of affinity
chromatography using the T7 antibody resin, targeted to the T7 tag. However, this
method was avoided given the success of using anion exchange chromatography,
because the affinity purification process is more expensive and time-consuming.
The purified fractions of the SCR-1/2 and SCR-1 proteins were then
subjected to gel-filtration to remove unwanted aggregates, as a final step prior to
their use in experiments. The gel filtration for SCR-1 produced a single peak,
corresponding with a single band on SDS-PAGE at around the expected molecular
weight. This was also observed in the gel filtration of SCR-1/2; which was pooled
from the eluted fractions of the first peak of the anion exchange step. On the other
hand, the gel filtration of the eluted fractions from the second peak (of the SCR-1/2
anion exchange) did not resolve the multiple bands seen by SDS-PAGE. Again, this
may further suggest some kind of multi-oligomer interaction. As it has been
mentioned that the SCR-1/2 domains of CFHR5 form exclusively form native dimers
(Goicoechea de Jorge et al., 2013), it may be possible that a fraction of the protein
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had not been correctly folded and unable to form stable dimer interactions. By SDSPAGE, the molecular weight for SCR-1/2 was around 15 kDa, which is expected, as
the denaturing SDS conditions break apart any dimers.
The typical yields for the purified SCR-1/2 and SCR-1 proteins were 5 mg
per L of culture, which was sufficient for structural analyses. Having successfully
adapted and optimised the production, refolding and purification of both SCR-1/2
and SCR-1 proteins in E. coli, I aimed to characterise these proteins and assess the
likelihood of the correct folding. The purified proteins were subjected to
sedimentation velocity analysis, which confirmed both molecular mass and their
sedimentation coefficient value. The purified SCR-1 produced a single peak in the
c(s) distribution plot, corresponding to a molecular weight of ~9 kDa, with a
sedimentation coefficient of 1.5 S, which agreed to that determined theoretically
(Garcia de la Torre et al., 2000). SCR-1/2 also produced a single peak,
corresponding to a molecular weight of ~28 kDa, as a dimer, and a sedimentation
coefficient of 2.8 S that agreed with the theoretical value of the dimer model (2.78
S). Characterisation by mass spectrometry revealed a deconvoluted mass of 15.8 kDa
for SCR-1/2 and 9.3 kDa for SCR-1, which agreed to those calculated by SLUV
(Perkins, 1986). These measurements confirmed the successful expression and
purification of these proteins from E. coli.
4.6.2 Expression of CFHR5 SCR-1/9
The expression of the full-length CFHR5 (SCR-1/9) was attempted in the
yeast P. pastoris. This was a strategy for producing high amounts of protein with the
required post-translational modifications, such as glycosylation, which are required
for a native functional protein similar to factor H. In previous studies, CFHR5 SCR1/9 had been expressed using a baculovirus or mammalian (HEK293) expression
system (Goicoechea de Jorge et al., 2013; McRae et al., 2001). The latter, a higherlevel eukaryotic expression system, is close to ideal as it is most likely capable of
producing correctly folded proteins with the desired post-translational modifications
(such as native-like glycosylation). However, the mammalian expression of CFHR5
was hampered by low yields and high cost of production. The advantage of the P.
pastoris expression system is that as a eukaryote, it offers the capability for posttranslational modifications, such as N-glycosylation, but at a faster time-scale and
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greater ease in culturing (Daly & Hearn, 2005; Macauley-Patrick et al., 2005), which
is desirable for CFHR5 SCR-1/9.
Expression of CFHR5 SCR-1/9 in P. pastoris in this thesis was challenging.
Culture conditions for P. pastoris were a vital factor to be considered in order to
improve the yield and quality of the expressed protein (Tolner et al., 2006).
Increasing the oxygen permeation was the first step considered when selecting
culture conditions, as molecular oxygen is required for the first step of methanol
metabolism (Pichia Manual, Invitrogen). Wider neck baffled flasks with loose fit
sterile cotton wool stoppers were used. Higher cell densities were preferable;
therefore, an increase in the volume of the initial biomass generating culture
(BMGY), and then re-suspension of this biomass into small volumes of methanol
induction media (BMMY), allowed more cells to express protein in the same
culturing time (Materials and Methods). The smaller induction volume makes
downstream purification steps easier. In parallel to this, a reduction in the amount
and frequency of methanol in feeds during induction was also altered (Figure 4.3), as
the excess amounts originally used were potentially toxic to the cells (Cregg, 1999;
Jahic et al., 2002). Following such strategies, CFHR5 SCR-1/9 yields were
improved.
Temperature and pH variations did not alter the yield already obtained,
however mass spectrometry data revealed evidence of CFHR5 expression, as CFHR5
peptides were seen among the top hits. CFHR5 SCR-1/9 was eventually detected in
all three purification strategies; nickel affinity, heparin affinity, and cation exchange
chromatography. However, by all three purification methods, there was evidence of
protein degradation. Due to this, it was not possible to quantify a yield from the
expression. Accurate mass determination in conjunction to N-terminal peptide
sequencing, would give more conclusive answers as to what is happening to the
protein. Despite trials to improve expression conditions and purification methods,
this method proved to have difficulties expressing stable protein. A simple scale-up
(20 flasks of culture at once) made no improvement, and in many cases nothing was
detected at all. Proteolytic degradation has been found to be a continuous problem in
yeast expression systems (Zhang et al., 2007; Sinha et al., 2004; Kobayashi et al.,
2000; Sinha et al., 2003; Zhou & Zhang, 2002). This is particularly the case due to
cell lysis in the high cell densities developed. This can happen due to a number of
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contributing reasons such as starvation of cells, pH and temperature variations and
the toxicity of chemicals like methanol (Hilt & Wolf, 1992). One can attempt to
minimise this using the addition of protease inhibitors, however future work can
involve the use of protease-deficient host strains, such as the SMD1168 strain which
is deficient in proteinase A activity, which have been shown to reduce target protein
degradation (Pichia Expression Manual, Invitrogen; Cereghino & Cregg, 1999).
With hindsight, it can be understood that P. pastoris may not be ideal for
expressing CFHR5 SCR-1/9. Adding to this, some protein bands for the expressed
CFHR5 SCR-1/9 were observed at a higher molecular mass compared to the
mammalian expressed CFHR5 positive control. P. pastoris is known to produce
hyper-glycosylated proteins which may constitute the bulk of the glycoproteins
molecular mass. Glycosylation patterns arising from P. pastoris may vary in
comparison to those arising from higher eukaryotic organisms, and also have a high
degree of heterogeneity (which can cause problems in downstream purification
processes) (Bretthauer & Castellin, 1999; Garcia et al., 1995; Vervecken et al.,
2004). This has the potential to compromise the function of the expressed protein,
which suggests it may be better to follow expression with a mammalian expression
system.
To summarise, the work described in this chapter shows two different
constructs/host organisms utilised to express these proteins, and different purification
methods. The expression of the SCR-1/2 and SCR-1 fragments of CFHR5 were
successful in E. coli, and produced sufficient protein for structural studies. However,
although full-length CFHR5 SCR-1/9 expressed in P. pastoris, was detected and
partially purified, the protein was not stable enough and the yield was too low for
analysis. Nevertheless, as the expression system proved more demanding, and
increasingly time- and labour- intensive, in the timeline required to obtain
biophysical data, an alternative source of CFHR5 SCR-1/9 from mammalian cells
was subsequently chosen for data acquisition by SAXS and AUC (Chapter 5).
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Chapter 5
The solution structure of the human complement regulator CFHR5 reveals a
compact dimeric structure by X-ray scattering and analytical
ultracentrifugation
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5.1 Introduction
Complement regulation is of major importance to enable clearance of
pathogens, whilst preventing complement-mediated host cell damage. CFHR5 comes
from a family of structurally related proteins, called the regulation of complement
activity (RCA) family, which includes the major serum complement regulator Factor
H. Factor H has been well characterised, both in terms of its structure and function.
However, the principle physiological function of CFHR5 is poorly understood.
CFHR5 circulates in plasma in extremely low concentrations of 3-6 µg/ml (McRae et
al., 2005), which is approximately 100-fold lower than Factor H. It is also the least
abundant among the other CFHR proteins, yet its structure is the longest of the
CFHR proteins with a linear sequence of nine SCR domains (Figure 5.1). The SCR
domain, or short consensus repeat domain (Soares & Barlow, 2005), is the key
domain type among proteins from the RCA family. The structure of an SCR domain,
as an evolutionary conserved protein domain, is characterised by a consensus
sequence spanning approximately 60 amino acids, with four invariant cysteine
residues forming two disulphide bridges (I-III and II-IV) and a highly conserved
tryptophan. It folds compactly, with a hydrophobic core, in a β-sandwich
arrangement of six hydrogen bonded β-strands.

The key C-terminal C3b/C3d

recognition sites are conserved between Factor H and CFHR5. CFHR5 has also been
found to interact with heparin (McRae et al., 2005), nevertheless CFHR5 has no
complement regulatory domains equivalent to SCR-1/4 of factor H. It has been
reported that CFHR5 forms native homodimers via its two N-terminal domains SCR1/2 (and may form heterodimers with the related CFHR1) in vivo. However, new
evidence has emerged that CFHR5 only forms homodimers (van Beek et al., 2016;
Ruseva et al., 2016). The homodimer produces an increased avidity for C3b binding,
and it has been proposed that CFHR5 may complete with Factor H in “deregulating”
complement (Goicoechea de Jorge et al., 2013).
CFHR5 nephropathy, a common cause of kidney failure in Cypriots, is
caused by a mutation resulting in an internal duplication of SCR-1/2 in the CFHR5
gene (Chapter 2). The disease is characterised by sub-endothelial C3 deposits in the
glomerular basement membrane of the kidney nephron, occurring as a result of a
stimulation of the immune system. While the CFHR5 mutant has an extra pair of Nterminal SCR-1/2 dimerization domains (Gale et al., 2010; Goicoechea de Jorge et
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Figure 5.1 The human CFHR5 SCR-1/9 domain structure
(legend on next page)
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Figure 5.1 (continued) The human CFHR5 SCR-1/9 domain structure
(a) A schematic representation of the human CFHR5 SCR-1/9 dimer and its domain
structure and its ligand binding sites. The SCR domains are each represented as
ellipses, with the two putative N-linked glycosylation sites on SCR-2 and SCR-7
shown by Y-shaped symbols. Domains SCR-1 and SCR-2 (dark grey) form a headto-tail dimer, as depicted. Domains SCR-3 to SCR-7 have high sequence identities to
human Factor H SCR-10/14. The C3b/C3d and heparin binding sites are indicated as
arrows on SCR-8 and SCR-9 (light grey).
(b) The sequence alignment for the nine SCR domains is shown. The inter-SCR
linkers are highlighted in grey, and the four conserved Cys residues are asterisked.
The underlined residues in SCR-2 and SCR-7 correspond to the two potential Nlinked glycosylation sites.
(c) Schematic diagram, showing the templates structure used for the homology
modelling of CFHR5 SCR-1/9. Each CFHR5 domain is aligned next to the
corresponding crystal/NMR structure selected from the PDB (denoted by its PDB
code).
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al., 2013), the mechanisms that protect the kidney from complement-mediated
damage in healthy individuals, which fail in disease, are not understood. Clarification
for the molecular mechanisms of CFHR5, as well as interactions with its ligands,
requires information on the structure of the intact protein.
Structural studies on intact CFHR5 SCR-1/9 will be hindered by its large
size. It contains eight flexible inter-domain linkers of lengths between three and eight
residues, and glycosylation sites, both of which make it difficult to crystallise. To
date, atomic level crystal and NMR structures have not been determined for any of
the small CFHR5 fragments. However, alternative methods can be used to determine
a global solution structure of the protein, under physiological conditions. Previous
studies by solution scattering and electron microscopy methods have been carried out
on intact factor H, which showed that the structure is not fully extended in solution,
and its partially folded-back structure is critical to its regulatory function (Aslam &
Perkins, 2001; DiScipio, 1992; Okemefuna et al., 2009). Some of the first structural
explanations for the diseases AMD and aHUS, associated with factor H, were based
on using homology models (Aslam & Perkins, 2001; Perkins & Goodship, 2002;
Rodriguez et al., 2014), and a combination of these biophysical techniques. Similar
to factor H, the domains of CFHR5 SCR-1/9 are arranged in tandem like ‘beads on a
string’, and have the possibility of existing in an ensemble of interchanging
conformations in solution, as the inter-SCR orientations can be highly variable. The
average solution structure of CFHR5 SCR-1/9 may be related to its role in the
complement system; which may explain its role of CFHR5 in healthy individuals and
in CFHR5 nephropathy.
The combination of X-ray solution scattering in conjunction with analytical
ultracentrifugation (AUC) and constrained atomistic modelling is an important
method to determine the shape of macromolecules in solution (Perkins et al., 2012;
Neylon, 2008), and have been utilised in many other biological analyses. These
techniques permit the CFHR5 SCR-1/9 solution conformation to be studied in nearphysiological conditions. Structural information from X-ray solution scattering data
can be obtained by constrained modelling techniques (Perkins et al., 2011). A new
curve fitting procedure based on physically-realistic atomistic models has been
developed into a program called SASSIE (Curtis et al., 2012; Perkins et al., 2016) in
the CCP-SAS project, described in detail in Chapter 3. Using an initial model, Monte
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Carlo force field simulations are applied to generate physically-realistic atomistic
structures for CFHR5 SCR-1/9. In this structure sampling method, random
movements are assigned to selected dihedral angles in this molecular system and
each resulting conformer is evaluated. The theoretical scattering profiles in the
resulting ensemble of structures are compared to those obtained experimentally in
order to define the best fit solution structures (Perkins et al., 2016). One of the key
advantages of SASSIE is that it has the potential to analyse hundreds of thousands of
potential CFHR5 SCR-1/9 conformers, enabling satisfactory sampling of the entire
conformational space. The best-fit structures that satisfy X-ray scattering and AUC
modelling constraints can be identified (Curtis et al., 2012). From this, new
biological insight may be obtained.
In summary, this chapter investigates the conformation of CFHR5 under
physiological salt conditions by X-ray scattering, combined with variations in ionic
strengths by AUC. These techniques are further analysed by the constrained
modelling approach to produce new solution structures for CFHR5 SCR-1/9.

5.2 Materials and Methods
5.2.1 Purification and composition of CFHR5 SCR-1/9
Given the inability to purify sufficient CFHR5 SCR-1/9 by the P. pastoris
system (Chapter 4), mammalian expressed (HEK293 cells) human CFHR5 SCR-1/9
was purchased from Creative Biolabs (Shirley, NY, USA). This was prepared with a
His Tag which was cleaved off by the manufacturer. This protein was prone to
aggregation. With the added difficulty of small amounts, it was difficult to purify this
for X-ray scattering and AUC experiments. Unsuccessful attempts were made to
remove aggregates using a SuperoseTM 6 10/300 gel-filtration column (GE
Healthcare) using the AKTA purifier system (Amersham, Buck, UK). It was found
that CFHR5 was either forming hydrophobic interactions on the matrix or was
simply too low in amount. Aggregate-free CFHR5 for X-ray scattering was
successfully purified from approximately 1 mg of protein that was pooled and
concentrated using a Vivaspin 20 spin concentrator (Sartorius) with a 10 kDa
molecular weight cut-off, then purified using a Superdex 200 10/300 GL gelfiltration column (GE Healthcare) equilibrated in 50 mM Tris, 150 mM NaCl, 1 mM
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EDTA, pH 7.4, using a Gilson HPLC system kindly made available by Dr AJ Beavil
(Kings College London). The CFHR5 concentration was checked by the absorbance
reading at 280 nm. The purity and integrity of the CFHR5 protein was checked by
SDS-PAGE before and after each X-ray scattering and AUC experiment under
reducing and non-reducing conditions using a Novex® 8-12% Bis-Tris Gel 1.0 mm
(Invitrogen, Paisley, UK).
The amino acid content for human CFHR5 SCR-1/9 was determined from its
sequence (SWISSPROT accession code: Q9BXR6). Two possible N-linked
glycosylation sites were present at positions Asn108 and Asn382, based on the
consensus sequence and may be occupied by biantennary glycan structures
(GlcNac)4-(Man)3-(Gal)2-(NeuNAc)2, as reported for Factor H (Fenaille et al., 2007).
However, there is yet no evidence if these two glycan sites are occupied, particularly
at Asn108, where glycan was not found in the crystal structure of CFHR1 SCR-1/2
(PDB code: 3ZD2) which also has the same glycosylation sequence. Possible Olinked glycosylation were also unknown, although unlikely. The molecular weight of
glycan-free wild-type CFHR5 was predicted to be 62,377 Da from its sequence. It
has an unhydrated volume of 79.76 nm3, a hydrated volume of 105.23 nm3, a partial
specific volume of 0.7278 nm3, and an absorption coefficient of 15.59 (1%, 280 nm,
1 cm path length), all of which were calculated using the program SLUV (Perkins,
1986).
For experiments, CFHR5 was dialysed into the appropriate buffer at 4 °C
prior to data collection. For analytical ultracentrifugation, these buffers were; PBS 20
(20 mM NaCl, 8.2 mM Na2HPO4, 2.6 mM KCl, 1.5 mM KH2PO4, pH 7.4), PBS 50
(50 mM NaCl, 8.2 mM Na2HPO4, 2.6 mM KCl, 1.5 mM KH2PO4, pH 7.4), PBS 90
(90 mM NaCl, 8.2 mM Na2HPO4, 2.6 mM KCl, 1.5 mM KH2PO4, pH 7.4), PBS 137
(137 mM NaCl [standard physiological salt], 8.2 mM Na2HPO4, 2.6 mM KCl, 1.5
mM KH2PO4, pH 7.4), PBS 250 (250 mM NaCl, 8.2 mM Na2HPO4, 2.6 mM KCl,
1.5 mM KH2PO4, pH 7.4), and PBS 350 (350 mM NaCl, 8.2 mM Na2HPO4, 2.6 mM
KCl, 1.5 mM KH2PO4, pH 7.4). For X-ray scattering, the buffers used were; Tris 150
(50 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 7.4), PBS 50 (50 mM NaCl, 8.2 mM
Na2HPO4, 2.6 mM KCl, 1.5 mM KH2PO4, pH 7.4), and PBS 137 (137 mM NaCl
[standard physiological salt]. Throughout this chapter, these buffers were denoted as
abbreviated above. The buffers varied the ionic strengths due to different NaCl
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concentrations. The experimental buffer densities were measured at 20 °C using an
Anton Paar DMA 5000 density meter, and their theoretical values were calculated
from SEDNTERP (Laue et al., 1992). This resulted in densities of 1.000538 g/ml for
PBS 20 (theoretical, 1.00052 g/ml), 1.001714 g/ml for PBS 50 (theoretical, 1.00176
g/ml), 1.003382 g/ml for PBS 90 (theoretical, 1.00342 g/ml), 1.005054 g/ml for PBS
137 (theoretical, 1.00524 g/ml), 1.009960 g/ml for PBS 250 (theoretical, 1.00999
g/ml), 1.013920 g/ml for PBS 350 (theoretical, 1.01406 g/ml), and 1.00650 g/ml for
TRIS 150 (theoretical, 1.00603 g/ml). The solvent viscosity of 0.01002 cp was used
for all these buffers in the experimental analyses.
5.2.2 Sedimentation velocity data collection and analysis
Analytical ultracentrifugation data was obtained on a Beckman XL-I
instrument, equipped with AnTi50 rotors (Beckman-Coulter Inc., Alto, CA). This
instrument allows for both interference and absorbance optics. Approximately 400 µl
of sample was loaded into the standard AUC double-sector cells, used for
sedimentation velocity experiments, with sapphire windows and 12 mm column
heights. The cells were placed in the AnTi50 rotor, which is able to take eight cells at
a time. Whilst spinning at an initial rotor speed of 3,000 rpm, the machine was
calibrated and an initial absorbance scan at 280 nm was recorded. The samples were
allowed to equilibrate to the temperature of 20 °C, before being spun at the high
specific rotor speeds, chosen based on the size of the protein, in order to collect
sedimentation velocity data.
The AUC samples for CFHR5 SCR-1/9 were prepared in the condition
supplied by Creative Biolabs (i.e. non-specific aggregates were not removed prior to
runs). The process of ultracentrifugation would cause the aggregates to sediment
rapidly, leaving the soluble CFHR5 protein to be analysed. The sample concentration
was at 0.16 mg/ml, therefore absorbance optics was used to collect data. Up to 500
consecutive scans were taken at regular time intervals, until the protein had fully
sedimented. The experiments were performed at two different speeds 40,000 rpm
and 50,000 rpm to check if the data was reproducible.
Data analysis was performed using SEDFIT software (version 14.6) (Schuck,
1998; Schuck, 2000), using direct boundary Lamm fits of up to 50 scans. For this,
scans were selected at appropriately spaced time intervals. A c(s) size-distribution
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analysis was carried out, which assumes that all species have the same frictional ratio
f/f0. The c(s) distribution was optimized by floating the value of the meniscus and
bottom of the cell positions, the baseline and the frictional ratio f/f0 (set at 1.2 to
begin with). Fits were carried out until satisfactory visual fits and overall root mean
square deviations were obtained. The final SEDFIT analysis used a resolution of 200,
and the sedimentation coefficient (s20,w) for CFHR5 was determined from the peak
maximum in the c(s) size-distribution plot. The c(s) integration function was also
used to derive the percentage of oligomers in the total loading concentration if
required.
5.2.3 X-ray scattering data collection and analysis
X-ray scattering experiments were carried out in one beam session, on the
BM29 BioSAXS beamline at the European Synchrotron Radiation Facility (ESRF),
in Grenoble, France, operating with a ring energy of 6.0 GeV. Data was acquired
using a Pilatus 1M detector, which is a 2D detector with pixel size of 172 µm. The
sample-to-detector distance was 3.0 m. The beamline was equipped with an
automatic sample changer, and the samples were loaded using the thermo-regulated
PCR tube configuration by the BsxCuBE interface. The CFHR5 SCR-1/9 samples
were measured in PBS 137, PBS 50 and Tris 150 buffers at concentrations of 0.04
mg/ml, 0.09 mg/ml, 0.13 mg/ml, and 0.17 mg/ml. Additional data sets were collected
at 0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml, and 0.5 mg/ml concentrations in Tris 150
buffer. Data was collected in triplicate from a total sample volume of 50 µl per run.
An exposure time of 1 second was used, and absence of radiation damage was
monitored from continuous automatic online checks. A total of 10 frames were
collected as the sample was passed continuously through a quartz capillary tube (1.8
mm in diameter) to minimise radiation damage due to exposure. The final timeframes were merged accordingly, excluding any damaged data, to increase the
signal-to-noise ratio. Between sample measurements, the capillary was automatically
flushed cleaned using Hellmanex® and water to ensure the removal of any residual
protein or aggregates (Pernot et al., 2013).
The raw scattering data files were corrected by subtraction of the buffer data
from the sample data. The one-dimensional scattering curve I(Q) generated in a Qrange between 0.05 nm-1 to over 2 nm-1 typically represents the macromolecular
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structure. Two types of analysis were carried out. First, Guinier analyses of the data
was performed as described in Section 3.3.4.
For the Guinier analysis of CFHR5, using the SCT software package (Wright
& Perkins, 2015), the Q ranges that were used to obtain the radius of gyration RG and
the cross-sectional radius of gyration RXS were 0.1 - 0.27 nm-1 and 0.32 – 0.55 nm-1,
respectively. Indirect Fourier transformation of the scattering curve I(Q) in reciprocal
space (units in nm-1) into real space (units in nm) gives the distance distribution
function P(r), which was carried out using the program GNOM (Semenyuk &
Svergun, 1991) (Chapter 3). In order to obtain the distance distribution P(r) curve,
the full measured scattering curve was utilised. From the assumed maximum
dimension Dmax, or length L and the most commonly occurring distance vector M in
real space were obtained. The P(r) curve provides an alternative calculation of RG.
5.2.4 SEC-MALLS analysis
The CFHR5 sample was kindly run through SEC-MALLS by Dr AJ Beavil at
Kings College London. This is an analytical system for protein molecular mass
determination that is installed on a standard HPLC system equipped with a Superdex
200 Increase 5/150 GL gel-filtration column (GE Healthcare Life Sciences). The
machine was equippted with three different types of detectors. The first is a
miniDawn detector (Wyatt Technology) which is a triple-angle light scattering
detector, the second is an Optilab DSP Interferometric Refractometer (Wyatt
Technology) which measures refractive index changes, and the third is an SPD-20A
UV absorbance detector (Shimadzu Scientific). The 60 µl of sample was loaded on
the column via an injection loop. Following separation by size-exclusion, the three
different detectors were combined in parallel to provide an accurate molecular
weight value on the eluted sample. The chromatograms were analysed by a software
application called ASTRA (Wyatt Technology).
5.2.5 Homology modelling: generating a starting model for CFHR5
In order to perform structural analysis of CFHR5, a starting model of CFHR5
SCR-1/9 was constructed from homology models for the nine SCR domains, using
close

structural

templates

using

MODELLER

(version

9.15)

(https://salilab.org/modeller/). To date, there is currently no atomic level structural
information on CFHR5. Therefore the homology modelling provides the required
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atomistic structural information on the CFHR5 domains. The selected template
structures were taken from the most closely related protein structure in the PDB. In
the process, the amino acid sequence of CFHR5 SCR-1/9 was used to replace the
sequence of the template structure of interest. Firstly, suitable templates were
selected based on appropriate sequence, as well as structural, similarities. This was
achieved by a combination of PDB-BLAST searches and sequence alignments
between CFHR5, Factor H and the other CFHR-related proteins, as they share
significant homology. The final selection of the template was made based on the
quality of the sequence alignment and its structural relevance.
The closest template for each SCR sequence within CFHR5, in terms of
sequence identity and minimum insertions and deletions, was identified using
CLUSTALO alignments (McWilliam et al., 2013). The template SCR structures
selected were as follows (Figure 5.1(c)); CFHR1 SCR-1/2 (PDB code: 3ZD2), Factor
H SCR-10/11 (PDB code: 4B2R), Factor H SCR-12/13 (PDB code: 2KMS) and
CFHR2 SCR-3/4 (PDB code: 3ZD1). The CFHR5 SCR-7 structure was generated
from a multi-alignment (Larsson et al., 2008) using the NMR structures of Factor H
SCR-10/11 (PDB code: 4B2R) (Makou et al., 2012) and Factor H SCR-11/12 (PDB
code: 4B2S) (Makou et al., 2012), which both incorporated high resolution structure
for Factor H SCR-11. The model was evaluated using the SAVES server
(https://services.mbi.ucla.edu/SAVES/), which incorporates several model validation
criteria (e.g. PROCHECK and Ramachandran Plot). The secondary structure and
surface accessibilities of the model were analysed using the Definition of Secondary
Structure of Protein (DSSP) program (Kabsch and Sander, 1983). In parallel to using
MODELLER, structures were also test modelled using SWISS-MODEL
(https://swissmodel.expasy.org) to cross-check the models generated by another tool.
The dimer model of CFHR5 SCR-1/9 was generated by superimposing each
monomer model upon the CFHR1 SCR-1/2 (PDB code: 3ZD2) dimer structure,
using PyMOL (DeLano Scientific), to produce the most optimal dimer interface.
5.2.6 Monte Carlo simulations and curve fitting by SASSIE
The starting homology model generated for the CFHR5 dimer was inputted
directly into the atomistic modelling procedure using the SASSIE suite curve fit
software (Curtis et al., 2012). The PDB file was first corrected for any gaps or errors
in the amino acid sequence. A protein structure file (PSF) file, which contained
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molecule-specific information for the application of a force field, was generated via
PSFGEN using the Visual Molecular Dynamics program (VMD version 1.9.2)
(Humphrey et al., 1996) program. To create the initial physically-realistic atomistic
model, this was subjected to 10,000 steps of energy minimisation (where each time
step is 1 fs) using the NAMD simulation package (version 2.9) (Humphrey et al.,
1996, Phillips et al., 2005). The force field used in the MD simulations was
CHARMM-36 (MacKerell et al., 1998; Best et al., 2012).
Excluding the dimerization interface at SCR-1/2, CFHR5 contains seven
inter-SCR flexible linker regions L2 – L8 (Figure 5.1(c)). Three alternative sets of
linkers were selected to explore peptide dihedral angle variations in the Monte Carlo
simulations through the Markov sampling of backbone torsion angles (Curtis et al.,
2012). This allowed the generation of a library of physically realistic atomistic
models of the CFHR5 SCR-1/9 dimer. These simulations were performed with the
Complex Monte Carlo module of SASSIE. The same linkers on either chain of the
CFHR5 dimer model were varied independently of each other, thus the resulting
dimer structures are asymmetric in shape. In the first strategy (Search 1), all seven
linkers (L2 – L8) were varied. These were as follows: Linker 2
Linker 3

202

KGQVRS207, Linker 4

263

Linker 6

382

VEQVKT268, Linker 5

TEKREQF388, Linker 7

443

323

141

SFTKGE146,

VATHQLKR330,

VESTAY448, and Linker 8

504

LDP506. The

second strategy (Search 2) varied Linkers 2, 4, 6, and 7, which were not defined by a
known structure. Finally, the third strategy (Search 3) varied Linkers 3 and 6 only as
a control of Searches 1 and 2. For flexible structures, this strategy of independent
simulations is important to show whether the extra constraints impose limitations to
the structure, as different regions of the protein can limit movement. During the
Monte Carlo simulations, any steric overlaps generated by these models were
excluded by SASSIE automatically by specifying an atomic overlap distance cut-off
of 0.3 nm. Following an initial search, further simulations were carried out to
produce models with RG values close to that obtained experimentally. This was done
by filtering for a fixed range of RG values for CFHR5, in which the maximum
allowed RG value was 6.0 nm. The outputted structures were generated as binary
format DCD files and visualised on VMD. For each of the three simulations for the
CFHR5 SCR-1/9 dimer model, a total of up to 250,000 models were performed in
order to sample adequate configuration space for the two monomers in the dimer.
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5.2.7 Calculation of theoretical scattering curves
The outputted molecular models for the CFHR5 dimer were used to calculate
their corresponding theoretical scattering curves using SCT (Wright & Perkins,
2015), in the SCT Calculate module of SASSIE. The atomic coordinates were first
converted into spheres to generate a coarse grained sphere model. A cube side length
of 0.53 nm in conjunction with a cut-off of four atoms was used to generate
unhydrated sphere models, by converting the atomic coordinates into Debye sphere
models. Because the hydration shell is visible by X-rays, a hydration shell containing
0.3 g of H2O/g of protein was added to each of the models by HYPRO (Ashton et al.,
1997). The theoretical scattering curve I(Q) for each model was calculated using the
Debye equation adapted to spheres (Perkins & Weiss, 1983; Wright & Perkins, 2015)
(Chapter 3).
5.2.8 Best-fit models: R-factor analysis
As the final step, the simulated theoretical scattering curves were compared
to the experimental X-ray scattering curves for the CFHR5 SCR-1/9 dimer models.
This was done using the SCT Analyse module of SASSIE. The RG values were
calculated from the modelled scattering curves using the same Q ranges that were
used for the Guinier analyses of the experimental scattering curves. The curve fits
were compared and filtered based on their goodness-of-fit R-factor values, as well as
their RG and RXS values. Once the best-fit dimer models were chosen, their
sedimentation coefficients were calculated for comparison with the AUC data, based
on the atomic coordinates using the HYDROPRO shell modelling program (Garcia
de la Torre et al., 2000).
5.2.9 Analysis of models: density plot
The density plot for the initial search and best fit models for the CFHR5
SCR-1/9 dimer was generated using the Density Plot module on SASSIE. The first
envelope of the plot was generated for the initial search, utilising the accepted trial
models sampled to produce the volumetric data, using the Gaussian cube file format.
The volumetric space covered by the sub-ensemble of best-fit structures from the
trial searches, which were in agreement with experimental data, was compared to this
in a second envelope (Curtis et al., 2012). The output files were rendered, analysed
and annotated on VMD (Humphrey et al., 1996).
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5.3 Results
5.3.1 Purification of CFHR5 SCR-1/9
Human CFHR5 SCR-1/9 from Creative Biolabs was subjected to gel
filtration chromatography to ensure monodispersity and removal of aggregates prior
to X-ray scattering experiments. The protein eluted as a single symmetrical peak at
approximately 15 ml elution volume (Figure 5.2 (a)). This was preceded by a small,
but broader, peak that was eluted between 10 and 14 ml, which was attributed to
protein aggregates. Only the protein fractions between the red boundaries were
retained. By SDS-PAGE (Figure 5.2 (b)), the main protein peak showed a single
band at approximately between 60 kDa and 66 kDa (non-reduced) that corresponds
to the expected molecular mass of 62.4 kDa. Reducing conditions altered the
migration on this band slightly, attributed to the reduced intra-SCR disulphide bonds.
The absorption coefficient of CFHR5 SCR-1/9 at 280 nm was calculated to be 14.6
(1%, 1cm) (Section 4.2.11).
5.3.2 Analytical ultracentrifugation of CFHR5 SCR-1/9
Sedimentation velocity experiments by AUC were carried out on CFHR5 as
supplied to determine the shape and oligomerisation state of CFHR5 SCR-1/9 using
c(s) analyses. This method also provided the molecular mass and the sedimentation
coefficient s20,w of the protein. Absorbance data for CFHR5 SCR-1/9 at a
concentration of 0.16 mg/ml was collected in PBS in five different salt
concentrations. The observed sedimentation boundaries were fitted according to the
Lamm equation to produce size-distribution c(s) plots. Satisfactory fits were obtained
by optimising by floating the meniscus, bottom of the cell, the baseline and the
frictional ratio f/f0 (which was around 1.5 for the majority of the data). SEDFIT
analysis involved as many as 500 absorbance scans, and the fitted boundaries are
shown in colour in Figure 5.3.
A single major peak at about 5.9 S was observed for CFHR5 in PBS 137.
This predominant peak also showed that the average molecular mass of CFHR5 was
134 kDa. The molecular mass agrees with that of a dimeric CFHR5 molecule, as this
value was double the value of 62.4 kDa calculated from its composition by SLUV
(Perkins, 1986). The molecular masses in each buffer are summarised as follows;
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Figure 5.2 Purification of CFHR5 SCR-1/9
(a) Gel filtration profile showing the removal of aggregates from the CFHR5 sample.
The sample was loaded onto a SuperdexTM 200 gel filtration column. Fractions
containing homogenous CFHR5 from the large peak were pooled.
(b) Non-reducing (NR) and reducing (R) SDS-PAGE analyses of CFHR5 (~65 kDa
monomeric). The molecular masses of the Mark 12TM protein standard (Invitrogen)
in kDa are labelled.
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Figure 5.3 Size-distribution c(s) sedimentation velocity analysis of CFHR5 SCR1/9 (legend on next page)
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Figure 5.3 (continued). Size-distribution c(s) sedimentation velocity analysis of
CFHR5 SCR-1/9
The experimentally observed sedimentation boundaries by absorbance optics are
shown for CFHR5 SCR-1/9 in the five salt concentrations of PBS: (a) 20 mM NaCl,
(b) 50 mM NaCl, (c) 90 mM NaCl (d) 137 mM NaCl, and (e) 250 mM NaCl. Data
was collected using a rotor speed of 40,000 rpm (solid lines) and 50,000 rpm (dashed
lines). The sample concentration remained the same throughout (0.16 mg/ml), and
contained protein aggregates which were spun down very quickly by the centrifugal
force, leaving monodisperse CFHR5 for analysis. 40 to 50 boundaries (black) were
taken at every ~10th interval from a total number of ~500 scans for clarity, and were
fitted with the parameters (coloured).
The size-distribution analyses c(s) revealed a peak at sedimentation coefficients of
6.5 S, 6.3 S, 6.2 S, 6.0 S and 5.9 S for each buffer shown from lowest to highest salt
concentration respectively. The two grey dashed lines drawn through the first (at 20
mM NaCl) and the last peak (at 250 mM NaCl) illustrate the margin of shift in the
sedimentation coefficient as the salt concentration increases.
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139.4 ± 2 kDa (PBS 20), 133.2 ± 4 kDa (PBS 50), 133.7 ± 6 kDa (PBS 90), 133.6 ±
4 kDa (PBS 137), 135.6 ± 8 kDa (PBS 250), and 137.7 kDa (PBS 350) (Table 5.1). It
was concluded that this mass remained consistent throughout all of the data analysed.
The c(s) data also showed that there were no monomeric forms of CFHR5 SCR-1/9.
Some degree of aggregation in the protein samples was visible in the boundaries of
Figure 5.3, however these were spun down in the initial stages of the centrifugal
force, which left the CFHR5 SCR-1/9 dimer to be analysed. The aggregates made
little contribution to the c(s) analyses, even though they contributed as much as half
the protein present. In order to check the reproducibility of the data, the samples
were run at two different speeds of 40,000 rpm and 50,000 rpm. Although the protein
sedimented at slightly different rates, both rotor speeds produced the same single
major peak for CFHR5 SCR-1/9, with no difference in the dimer s20,w values.
5.3.3 The effect of salt concentration on conformation
The mean s20,w values across the rotor speeds for each of the different NaCl
concentrations of the PBS buffers were as follows; 6.48 ± 0.05 S (PBS 20), 6.29 ±
0.1 S (PBS 50), 6.19 ± 0.1 S (PBS 90), 5.97 ± 0.2 S (PBS 137), 5.91 ± 0.02 S (PBS
250), and 5.35 S (PBS 350) (data not shown in Figure 5.3). A significant decrease of
around 1.0 S in s20,w value can be seen from 20 mM NaCl to 350 mM NaCl (Table
5.1). The shift in the CFHR5 SCR-1/9 dimer peak in the c(s) distribution plots is
visible in Figure 5.3, as illustrated by the mid-region of the peaks in the lowest and
highest salt concentrations. This indicates a conformational change, where a smaller
s20,w value meaning the CFHR5 becomes less compact (i.e. more elongated), as the
ionic strength of the buffer increases. This is reflected in a slight increase in the fitted
frictional ratio f/f0 values as the salt concentration increased. Figure 5.4 shows the
salt dependence of the s20,w values of CFHR5. A summary of all the s20,w values and
sedimentation velocity data is given in Table 5.1.
5.3.4 X-ray scattering of CFHR5 SCR-1/9
The solution structure of the CFHR5 SCR-1/9 dimer was analysed by X-ray
scattering. Scattering data were collected at several concentrations in three different
buffers. In Tris 150 (the purification buffer), data were collected with concentrations
of 0.04 to 0.5 mg/ml of CFHR5. In PBS 137 (physiological NaCl) and PBS 50 (low
NaCl), data were collected with concentrations of 0.04 to 0.17 mg/ml CFHR5. The
wide-angle ln I(Q) versus Q plots for this data is shown in Appendix 1.
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Figure 5.4 Relationship between buffer salt concentration and sedimentation
coefficient
The sedimentation coefficient (s20,w) data collected averaged, the blue points showing
the mean ± s.d (Note: for PBS 350 only a single data point was collected). The trend
illustrates how the mean s20,w values of CFHR5 SCR-1/9 in each buffer decreases
with increasing salt concentration. The trend line was determined using the B-spline
curve fitting function.
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6.29 ± 0.1
6.19 ± 0.1
5.97 ± 0.2
5.91 ± 0.02
5.35*

CFHR5 0.16 mg/ml + PBS 50

CFHR5 0.16 mg/ml + PBS 90

CFHR5 0.16 mg/ml + PBS 137

CFHR5 0.16 mg/ml + PBS 250

CFHR5 0.16 mg/ml + PBS 350

137.7

135.6 ± 8

133.6 ± 4

133.7 ± 6

133.2 ± 4

139.4 ± 2

Molecular mass (kDa)

1.80

1.58 ± 0.02

1.59 ± 0.03

1.53 ± 0.05

1.48 ± 0.02

1.49 ± 0.0003

Frictional ratio (f/f0)
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*Only a single run was carried out for CFHR5 SCR-1/9 in PBS 350
The values represent the mean ± s.d. The data presented includes those collected both at 40,000 rpm and 50,000 rpm.

6.48 ± 0.05

S20,W (S)

CFHR5 0.16 mg/ml + PBS 20

Sample

Table 5.1 Sedimentation velocity summary of CFHR5 SCR-1/9

Guinier analysis of the data produced high quality linear plots in two distinct
regions of the scattering I(Q) curves, selected from specific Q-ranges. These two
regions of the scattering curves enabled the values of the radius of gyration RG and
the cross-sectional radius of gyration RXS to be deduced, within satisfactory Q.RG and
Q.RXS limits (Figure 5.5).
In the Guinier analyses of ln I(Q) versus Q2, the RG values were calculated
from a low Q-range of 0.1 - 0.27 nm-1. The mean RG value, which is a measure of
macromolecular elongation, calculated for each concentration of CFHR5 in each
buffer are summarised in Table 5.2. In Tris 150 and PBS 137 buffers, which have
similar NaCl concentrations, the mean RG value across all of the concentrations
(Figure 5.6 (a)) was 5.36 ± 0.14 nm and 5.48 ± 0.17 nm respectively. However, in
the low NaCl PBS 50 buffer, the RG had increased to 5.91 ± 0.13 nm (Figure 5.6 (a)).
This was attributed to slight aggregation in CFHR5 in 50 mM NaCl. No
concentration dependence was observed for the RG values between 0.04 and 0.17
mg/ml. However, some additional data was collected in Tris 150 for CFHR5 at 0.2
mg/ml, 0.3 mg/ml, 0.4 mg/ml and 0.5 mg/ml. Across these concentrations, a slightly
increased mean RG value of approximately 0.2 nm greater than that seen at the lower
concentrations of CFHR5 was observed.
Guinier analyses of ln I(Q).Q versus Q2 was used to calculate the RXS values
using a Q-range of 0.32 – 0.55 nm-1. The RXS values monitor the shorter dimensions
of the CFHR5 molecule. The mean RXS value across all of the concentrations (Figure
5.6(b)) in each buffer was 2.41 ± 0.06 nm, 2.29 ± 0.09 nm, and 2.46 ± 0.14 nm, for
Tris 150, PBS 137 and PBS 50 respectively. No significant changes in the RXS values
were seen among data collected for these NaCl and protein concentrations.
The distance distribution P(r) distribution functions were calculated by a
Fourier transformation of the full Q-range of the I(Q) scattering curves (Figure 5.7).
The P(r) curves represent all the distances between the pairs of atoms within the
sample molecule. The process transforms the structural information from the
scattering curve from reciprocal space (nm-1) into real space (nm). The P(r) curve
also provides an alternative calculation of the CFHR5 RG, which should agree with
that calculated by the Guinier analysis (Table 5.2). It also provides the maximum
length (L) of CFHR5, following the assumption of the maximum dimension (Dmax)
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Figure 5.5 X-ray Guinier RG and RXS analyses for CFHR5 SCR-1/9
(legend on next page)
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Figure 5.5 (continued) X-ray Guinier RG and RXS analyses for CFHR5 SCR-1/9
In the Guinier analysis plots at low Q values of ln I(Q) against Q2 for the RG analysis
(shown to the left), and plots of ln I(Q).Q against Q2 for the RXS analysis (shown to
the right). Open circles correspond to the data points, while the filled circles
correspond to the Q.RG and Q.RXS ranges used to determine the RG and RXS values,
with the minimum and maximum values denoted by arrows. The Q-range used for
the RG values was 0.1 - 0.27 nm-1, and that for the RXS values was 0.32 – 0.55 nm-1.
(a, b) The X-ray fits for CFHR5 SCR-1/9 (from top to bottom 0.17 mg/ml, 0.13
mg/ml, 0.09 mg/ml, and 0.04 mg/ml) in PBS 50.
(c, d) The X-ray fits for CFHR5 SCR-1/9 (from top to bottom 0.17 mg/ml, 0.13
mg/ml, 0.09 mg/ml, and 0.04 mg/ml) in PBS 137.
(e, f) The X-ray fit for CFHR5 SCR-1/9 (from top to bottom 0.17 mg/ml, 0.13
mg/ml, 0.09 mg/ml, and 0.04 mg/ml) in Tris 150.
(g, h) The X-ray fit for the higher concentrations of CFHR5 SCR-1/9 (from top to
bottom 0.5 mg/ml, 0.4 mg/ml, 0.3 mg/ml, and 0.2 mg/ml) in Tris 150.
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Figure 5.6 Concentration dependence of X-ray Guinier (RG and RXS) values
The X-ray data was measured in triplicate and averaged, the points showing the
mean ± s.d. (a) The Guinier RG values and (b) Guinier RXS values, defined from the
Q-ranges from Figure 5.5, in PBS 50 (blue circles), PBS 137 (purple squares) and
Tris 150 (black triangles) buffers. Samples in Tris 150 were additionally recorded in
higher concentrations of 0.2 mg/ml, 0.3 mg/ml, 0.4 mg/ml and 0.5 mg/ml (note; data
points at 0.2 mg/ml, 0.4 mg/ml and 0.5 mg/ml concentrations only had single data
recorded). A dotted line in both panels represent the mean across all values.
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5.56
5.56 ± 0.07
5.63
5.28 ± 0.13
5.40 ± 0.14
5.37 ± 0.17
5.30 ± 0.21
5.55 ± 0.05
5.35
5.61 ± 0.11
5.63
5.96 ± 0.09
5.82 ± 0.14
5.84 ± 0.05
6.01 ± 0.27

0.4 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.3 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.2 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.17 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.13 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.09 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.04 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

0.17 mg/ml CFHR5 SCR-1/9 + 137 mM NaCl (PBS)

0.13 mg/ml CFHR5 SCR-1/9 + 137 mM NaCl (PBS)

0.09 mg/ml CFHR5 SCR-1/9 + 137 mM NaCl (PBS)

0.04 mg/ml CFHR5 SCR-1/9 + 137 mM NaCl (PBS)

0.17 mg/ml CFHR5 SCR-1/9 + 50 mM NaCl (PBS)

0.13 mg/ml CFHR5 SCR-1/9 + 50 mM NaCl (PBS)

0.09 mg/ml CFHR5 SCR-1/9 + 50 mM NaCl (PBS)

0.04 mg/ml CFHR5 SCR-1/9 + 50 mM NaCl (PBS)

6.33

6.26

6.11

6.21

5.88

5.85

5.80

5.67

5.46

5.62

5.72

5.72

5.94

5.90

5.92

5.85

RG (nm)*

2.63 ± 0.33

2.37 ± 0.08

2.42 ± 0.11

2.41 ± 0.04

2.74

2.21 ± 0.11

2.43 ± 0.05

2.28 ± 0.06

2.35 ± 0.20

2.43 ± 0.11

2.27 ± 0.08

2.38 ± 0.02

2.38

2.49 ± 0.05

2.51

2.45

RXS (nm)
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* This second RG value is from the P(r) analyses
Please note the X-ray scattering data presented in this table represents the mean values from all data sets.

5.52

RG (nm)

0.5 mg/ml CFHR5 SCR-1/9 + 150 mM NaCl (Tris)

Table 5.2 Summary of X-ray and data analyses
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Figure 5.7 X-ray distance distribution P(r) analyses for CFHR5 SCR-1/9
The P(r) curves for CFHR5 SCR-1/9 in (a) PBS 50, (b) PBS 137, and (c) Tris 150
are coloured according to the concentration of CFHR5 SCR-1/9: 0.04 mg/ml (lightest
blue), 0.09 mg/ml (light blue), 0.13 mg/ml (dark blue), and 0.17 mg/ml (darkest
blue). (d) shows the same for Tris 150 collected in higher concentrations of CFHR5
SCR-1/9; 0.2 mg/ml (lightest blue), 0.3 mg/ml (light blue), 0.4 mg/ml (dark blue),
and 0.5 mg/ml (darkest blue). The curves were normalised for concentration. The
single maximum peak M of the P(r) curve depicts the most commonly occurring
distances within the CFHR5 structure. The maximum length of CFHR5 is signified
by L at the r value where P(r) comes to zero.
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from where the value of r when P(r) = 0. Table 5.2 shows that the values of RG
obtained by the Guinier analyses were in good agreement with those calculated from
the P(r) analyses. The mean maximum lengths (L) of CFHR5 in the three buffers
were 19.5 ± 0.41 nm (Figure 5.7(c)), 19.6 ± 0.48 nm (Figure 5.7(b)) and 21.0 nm
(Figure 5.7(a)) in Tris 150, PBS 137 and PBS 50 respectively. The L value for PBS
50 is slightly higher, and may result from aggregation due to the lower ionic strength
use, as mentioned above for the Guinier analysis. The curves for the higher
concentrations of CFHR5 in Tris 150, show no change in the L values.
A predominant single peak maximum, M, was observed in all samples. This
corresponds to the most frequently occurring interatomic distances within the
CFHR5 structure, and was identified in all P(r) curves at the same position,
irrespective of buffer or CFHR5 concentration. The M peak is skewed to the left of
the curve, and no shift was observed in this position with concentration or buffer.
Across all protein concentrations, these mean values for this distance (r) was 4.89 ±
0.3 nm, 4.90 ± 0.1 nm, and 5.38 ± 0.3 nm, for Tris 150, PBS 137 and PBS 50
respectively. The M peak was relatively stable, although slightly higher in the
slightly aggregated data of PBS 50.
5.3.5 SEC-MALLS result
SEC-MALLS system is an analytical technique used for determining accurate
molecular mass and aggregation levels. This was carried out as a test to confirm the
oligomerisation state of the CFHR5 SCR-1/9 protein. The measurement was carried
out in the Tris 150 buffer, as this was the buffer used for purification, as well as in
the previous SEC-MALLS data from Goicoechea de Jorge et al. (2013). Figure 5.8
shows the elution profile of CFHR5 by size-exclusion; the protein was detected by
UV measurements (blue) and refractive index (green). In parallel, multi-angle light
scattering (red) readings are taken to analyse size-distribution of the eluting species.
The data was resolved to three peaks in the profile, as shown. Peak 1 is aggregated
material, as this can be seen to have a lower UV and refractive index, but very high
light scattering intensity, indicating particles with a very large size. The molecular
mass for this was above 5,400 kDa. Peak 2 was the CFHR5 SCR-1/9 dimer, which
eluted subsequently with a higher UV and refractive index measurement, but lower
light scattering intensity. The molecular mass calculated from this peak was 162 kDa
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Figure 5.8 SEC-MALLS analysis of CFHR5 SCR-1/9
The elution profile (chromatogram) for CFHR5 SCR-1/9 was analysed by the three
detection systems; UV detector (blue), MALLS (light scattering) detector (red), and
refractive index detector (green). Three successive prominent peaks (1-3 as indicated
the pairs of numbers in the bottom margin) were examined for molecular mass. The
molecular masses calculated were: >5,400 kDa, 162 kDa, and 27 kDa for peaks one,
two and three respectively. The peak in the refractive index above 8.0 min is
attributed to the end of the gel-filtration column volume.
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indicating this was dimeric, as concluded above. There is a large inherent error
associated with light scattering measurements, as it depends on how wide the peak is
integrated. Nevertheless, there was no evidence of a monomer peak for CFHR5. A
smaller fragment peak (peak 3) was also calculated to be fragments below 30 kDa.
5.3.6 Starting model for CFHR5 SCR-1/9
In order to determine the solution structure for CFHR5, a starting model was
required the full length protein of 551 amino acids, for input into the X-ray scattering
curve fitting procedure by SASSIE. The model for the monomer was prepared and
checked by standard homology modelling technique, and the dimer was generated by
alignment of the CFHR5 SCR-1/2 domains to the CFHR1 SCR-1/2 dimeric crystal
structure (Materials and Methods). A schematic summary of the templates used for
homology modelling of the CFHR5 SCR-1/9 domains is shown in Figure 5.1(c). The
only structural homologues for CFHR5 domains from other CFHR proteins, at the
time of this study, are those from the crystal structures of CFHR1 SCR-1/2 (Nterminal) domains (PDB code: 3ZD2) and from CFHR2 SCR-3/4 (C-terminal)
domains (PDB code: 3ZD1) (Goicoechea de Jorge et al., 2013). Both of these had
very high sequence identities with CFHR5 SCR-1/2 (85.2%) and SCR-8/9 (61.7%)
respectively.
CFHR5 is the only CFHR protein that shares significant homology between
its domains SCR-3/7 and the domains of Factor H SCR-10/14. Although templates
for individual domains of CFHR5 from SCR-3 and SCR-7 were searched in PDBBlast, the obvious best choices were the corresponding domains of Factor H due to
their direct homologies. For CFHR5 SCR-3/4 the template NMR structure used was
Factor H SCR-10/11 (PDB code: 4B2R) (Makou et al., 2012) with an overall
sequence identity of 57.4% for the domain pair together (single domains 49% and
76% for CFHR5 SCR-3 and SCR-4 respectively). For CFHR5 SCR-5/6, the template
NMR structure for Factor H SCR-12/13 (PDB code: 2KMS) (Schmidt et al., 2010).
This had an overall sequence identity of 53.9% for the domain pair together (single
domains 59.2% and 49.0% for CFHR5 SCR-5 and SCR-6 respectively). Sequence
alignments for these domains are shown in Figure 5.9.
CFHR5 SCR-7 is homologous to Factor H SCR-14; however, there is
currently no high resolution for Factor H SCR-14. Among searches of the known
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Figure 5.9 Alignments for CFHR5 domains and selected templates
The sequences of the nine CFHR5 SCR domains of unknown structure are shown in
alignments with the selected template SCR sequences, identified by their PDB codes.
The conserved cysteine and tryptophan residues are highlighted in grey, and the
linkers in cyan. The residue numbering corresponds to the mature CFHR5 protein
sequence (SWISSPROT accession code: Q9BXR6), +1 corresponds to the
Methionine start codon.
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structures of factor H, the best template structure was found to be that of SCR-11 of
Factor H. This had a sequence identity of 34.5% with CFHR5 SCR-7. Even though
these two domains shared the lowest sequence identity with one another, they exhibit
the same conserved cysteine and tryptophan residues, and conserved secondary
structure which is characteristic of an SCR domain. This was sufficient for the
purposes of this constrained modelling experiment.
A summary of the individual template-target sequence alignments is shown in
Figure 5.9. It is important to note that there were no significant indels in the
structure, as the number of amino acids and structures were well aligned despite the
sequence identity being slightly lower in some of the SCR domains. CFHR5 SCR-7
and SCR-8/9 only had one gap inserted in each. The individual modelled domains
satisfied validation checks using PROCHECK, where the Ramachandran plots
showed that over 70% of the residues occurred in the most favoured regions.
5.3.7 Searches and best fits for the CFHR5 solution structure
Constrained modelling of the CFHR5 SCR-1/9 scattering data was carried out
in order to establish the best CFHR5 SCR-1/9 dimer structures that fit the scattering
curves, and provide an interpretation of its solution structure, in near-physiological
NaCl concentrations. For this, three alternative sets of linkers were searched (Figure
5.1(c)) (Materials and Methods). Table 5.3 summarises the outcome of the modelling
in all three model searches. The scattering curves for 0.17 mg/ml and 0.5 mg/ml
CFHR5 SCR-1/9 in Tris 50 were used. These scattering curves were of good quality
with no traces of aggregation. Data for 0.5 mg/ml was not collected in the other
buffers. Higher concentration means better signal-to-noise ratio, which helped the
curve fit analyses. The scattering data obtained in PBS 137 were very similar to that
obtained in Tris 150. However, in PBS 50, the experimental RG values were larger
than expected in a lower NaCl concentration, which was due to some aggregation
(X-rays are highly sensitive to aggregation); therefore, this data set could not be
applied for constrained modelling.
The input starting structure of CFHR5 SCR-1/9 dimer was the most linear
conformation. Following an initial conformational search for each set of linkers,
many models were too elongated with too large RG values and very few models were
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generated in the experimental RG region of around 5.5 nm. Models closer to the
experimental RG values were selected and used to generate further conformers, using
an RG constraint cut-off of 6.0 nm in order to generate more compact structures. This
resulted in more structures being sampled in the experimental RG range; however,
many of these models were rejected because the more compact shapes induce steric
clashes between the SCR domains. The identification of a single minimum in the Rfactor value showed that all three modelling strategies had successfully generated a
family of solution structures for the CFHR5 SCR-1/9 dimer, from a wide range of
structural orientations between the SCR domains. Out of between 200,000-250,000
structures sampled by the Monte Carlo simulations, a total of 86,732 accepted
structures were produced for Search 1 (all linkers varied), 72,755 accepted structures
were produced for Search 2 (linkers 2, 4, 6 and 7 varied), and 123,776 structures
were accepted for Search 3 (linkers 3 and 6 varied). Conformers generated in this
model library of accepted atomistic structures showed no steric overlap, and are
represented as yellow circles in Figure 5.10. Interestingly, the experimental RG
(showed by solid line) lies to the extreme left of these plots, indicating that CFHR5
has a compact domain structure. The linear models showed much higher RG values of
>8 nm.
The goodness-of-fit R-factors were compared with the RG values in the three
different model libraries (Figure 5.10). The dimer models with the lowest R-factors
corresponded well with to the experimental RG values as desired. The shape/pattern
of plots of RG against R-factor was similar for all three searches. This confirms the
same outcome for all sets of linkers tested. The shape of each plot illustrate that the
most extended CFHR5 SCR-1/9 structures, i.e. with the largest RG of 8 nm and
above, have the highest R-factor of ~30%. No models were produced below an RG of
4.5 nm as the long and flexible structure of the CFHR5 dimer would be far too
compact to be sterically favourable. Filters based on the experimental data were used
to eliminate structures which were unsatisfactory. First, a ± 5% experimental RG
filter was used to reject models that did not fit the degree of structural elongation
determined by X-ray scattering. Subsequently, the same filter of ± 5% was also
applied to the experimental RXS values. Finally the models were ordered according to
the lowest R-factors, up to a maximum of 6%, to produce a sufficient collection
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(legend on next page)
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Figure 5.10 Constrained modelling R-factor analyses for CFHR5 SCR-1/9 dimers
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(e,f) The X-ray models were compared with 0.17 mg/ml and 0.5 mg/ml CFHR5 SCR-1/9 in Tris 150, varying linkers 3 and 6 (Search 3).

(c,d) The X-ray models were compared with 0.17 mg/ml and 0.5 mg/ml CFHR5 SCR-1/9 in Tris 150, varying linkers 2, 4, 6 and 7 (Search 2).

(a,b) The X-ray models were compared with 0.17 mg/ml and 0.5 mg/ml CFHR5 SCR-1/9 in Tris 150, with all linkers (2-8) varied (Search 1).

shown as a red circle.

R-factor, RG and RXS values, are shown individually by the green circles. The model with the lowest R-factor, in the single minima (red arrow), is

those filtered shown in Table 5.3), represented by the dashed lines. The collection of best fit models for each search, which were filtered by the

The experimentally observed RG values are shown by the solid vertical lines, in addition to the experimental RG error ranges of ± 5% (following

models, in the three alternative Monte Carlo searches. The individual yellow spheres represent the individual accepted models from the searches.

The goodness-of-fit R-factors are compared with the calculated RG values for the conformationally randomised sets of CFHR5 SCR-1/9 dimer

Figure 5.10 (continued) Constrained modelling R-factor analyses for CFHR5 SCR-1/9 dimers

of finalised dimer models that fit the scattering constraints. As indicated in Table 5.3,
a total of 28 and 131 models were identified for Search 1 for 0.17 mg/ml and 0.5
mg/ml experimental scattering curves respectively (Figure 5.10 (a and b)). A total of
60 and 52 models were identified for Search 2 for 0.17 mg/ml and 0.5 mg/ml
experimental scattering curves respectively (Figure 5.10 (b and c)). Finally, a total of
694 and 749 models were identified for Search 3 for 0.17 mg/ml and 0.5 mg/ml
experimental scattering curves respectively (Figure 5.10 (d and e)). These identified
best-fit dimer models showed good agreement to both experimental RG and RXS
within acceptable error, and form a single cluster in the R-factor minima, as
represented as green circles.
The lowest R-factors, out of these selected filtered families of models,
showed the best agreement to the scattering data. The models with the lowest Rfactors are shown as red circles in Figure 5.10. The visual inspection of the curve fits
between the best theoretical scattering curves and the experimental scattering curves
showed good agreement (Figure 5.11). This applied to both the I(Q) curves and the
P(r) curves shown in the insets. With respect to the P(r) curves, the most commonly
occurring distance M and maximum length L, agreed well with the experimental
data. The best fit R-factors were 4.5% and 4.2% for Search 1 for 0.17 mg/ml and 0.5
mg/ml experimental scattering curves respectively (Figure 5.11 (a and b)). These
were 4.7% and 3.9% for Search 2 for 0.17 mg/ml and 0.5 mg/ml experimental
scattering curves respectively (Figure 5.11 (c and d)), and 4.3% and 3.8% for Search
3 for 0.17 mg/ml and 0.5 mg/ml experimental scattering curves respectively (Figure
5.11 (e and f)).
To further investigate the structure of all of the conformations in the Monte
Carlo simulated generation of models, a density plot was generated for ‘Search 2’
library of models, against the best fit family of conformers generated for 0.17 mg/ml
CFHR5 SCR-1/9 (Tris 150) (Figure 5.12). The volumetric data of the library of
models, show the complete special extent sampled in the full structural ensemble, as
aligned with the starting CFHR5 SCR-1/9 dimer model. Additionally, the volumetric
data of a subset of 60 structures, which satisfy within satisfactory error the
experimental RG and RXS parameters, as well as with an R-factor of less than 6%, are
also aligned within this to the starting structure. In this representation, the regions
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Figure 5.11 X-ray scattering curve fits for best-fit CFHR5 SCR-1/9 models (legend on next page)
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(e,f) Shows the curves for 0.17 mg/ml and 0.5 mg/ml in Tris 150, varying linkers 3 and 6 (Search 3).

(c,d) Shows the curves for 0.17 mg/ml and 0.5 mg/ml in Tris 150, varying linkers 2, 4, 6 and 7 (Search 2).

(a,b) Shows the curves for 0.17 mg/ml and 0.5 mg/ml in Tris 150, with all linkers (2-8) varied (Search 1).

maximum length L, are indicated by the arrows.

experimental (black) and modelled (blue) P(r) curves, are shown which correspond to each scattering curve. The single maximum peak M and

is indicated by the open circles (black), overlaid with the theoretical scattering curve for the resultant model (blue line). In the insets,

The best fits correspond to the lowest R-factor models (the values denoted) as depicted by the red spheres in Figure 5.10. The experimental data

Figure 5.11 (continued) X-ray scattering curve fits for best-fit CFHR5 SCR-1/9 models

the experimental data
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experimental parameters. Each chain is colour coded accordingly to clarify regions that are occupied in physical space that lead to the best fit to

(b) The location of the two chains are shown in the subset of 60 low R-factor best-fit structures, which were filtered with the RG and RXS

in blue and red.

The grid shows the complete spatial extent covered by all of the possible conformations for each of the monomer CFHR5 SCR-1/9 chains, shown

(a) The 72,755 model searches carried out in Search 2 for the linear dimeric CFHR5 SCR-1/9 starting structure, which is shown in the centre.

Figure 5.12 Density plot of all sampled and best-fit CFHR5 SCR-1/9 structures

s20,w (S)
(HYDROPRO)
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* This second RG value is from the P(r) analyses. Note n.a indicates not available.
a
Total number of models accepted after Monte Carlo simulations and after model filtering. The best fit corresponds to the lowest R-factor within filtered
models.

Table 5.3 Modelling searches and best-fit summary for X-ray scattering curve fitting and theoretical sedimentation velocity
Filter
Modelsa
RG (nm)
RG (nm)*
RXS (nm)
Dmax (nm)
R-factor (%)
(MC total)
(a) Tris 150 0.17 mg/ml
None
86,732
4.42-8.29
n.a
0.01-4.23
n.a
4.46-27.14
Search 1 (All linkers 2-8)
R-factor, RG, RXS 28
5.24-5.54
n.a
2.25-2.48
n.a
4.46-5.39
Best fit
1
5.45
5.67
2.25
20.0
4.46
Experimental
n.a
5.44
5.72
2.39
20.0
n.a
(b) Tris 150 0.5 mg/ml
None
86,732
4.42-8.29
n.a
0.02-4.23
n.a
4.21-29.44
Search 1 (All linkers 2-8)
R-factor, RG, RXS 131
5.28-5.79
n.a
2.33-2.57
n.a
4.21-5.98
Best fit
1
5.31
5.63
2.44
20.0
4.21
Experimental
n.a
5.52
5.85
2.45
21.0
n.a
(a) Tris 150 0.17 mg/ml
None
72,755
4.52-8.66
n.a
0.004-4.66 n.a
4.68-30.89
Search 2 (Linkers 2,4,6,7)
R-factor, RG, RXS 60
5.18-5.69
n.a
2.27-2.51
n.a
4.68-5.97
Best fit
1
5.45
5.89
2.37
20.0
4.68
Experimental
n.a
5.44
5.72
2.39
20.0
n.a
(b) Tris 150 0.5 mg/ml
None
72,755
4.52-8.66
n.a
0.004-4.66 n.a
3.86-34.54
Search 2 (Linkers 2,4,6,7)
R-factor, RG, RXS 52
5.25-5.74
n.a
2.57-2.34
n.a
3.86-5.99
Best fit
1
5.25
5.38
2.48
20.0
3.86
Experimental
n.a
5.52
5.85
2.45
21.0
n.a
(a) Tris 150 0.17 mg/ml
None
123,776
4.54-7.89
n.a
0.004-4.57 n.a
4.28-28.14
Search 3 (Linkers 3 and 6)
R-factor, RG, RXS 694
5.17-5.69
n.a
2.27-2.51
n.a
4.28-6.00
Best fit
1
5.36
5.58
2.37
20.0
4.28
Experimental
n.a
5.44
5.72
2.39
20.0
n.a
(b) Tris 150 0.5 mg/ml
None
123,776
4.54-7.89
n.a
0.004-4.57 n.a
3.84-29.52
Search 3 (Linkers 3 and 6)
R-factor, RG, RXS 749
5.26-5.79
n.a
2.33-2.57
n.a
3.84-5.99
Best fit
1
5.34
5.64
2.52
20.0
3.84
Experimental
n.a
5.52
5.85
2.45
21.0
n.a

of CFHR5 SCR-1/9 structure that are occupied in physical space, which produce the
best fit to the experimental data, can be visualised. It is readily seen that a large range
of spatial conformations have been sampled, and within this each monomer chain of
CFHR5 SCR-1/9 folds compactly around itself forming a compact “globular-like”
structure, instead of an extended linear structure. The scattering data consistently
shows the compact structure of the best fit models.
5.3.8 Sedimentation coefficient modelling of CFHR5 SCR-1/9
As an independent test of the modelling of the X-ray curves, the theoretical
s20,w values were calculated using HYDROPRO, from the best-fit CFHR5 SCR-1/9
dimer models from the atomistic modelling of the data obtained in Tris 150 buffer.
These could be compared with that obtained from the experimental sedimentation
velocity data. The mean value obtained for all best-fit models was 5.3 ± 0.2 S, which
was in agreement with those obtained from experiments (Table 5.1). This is
verification of the atomistic modelling of the X-ray scattering data. Given that the
typical accuracy of the s20,w calculation is ± 0.21 S (Perkins et al., 2009), the s20,w
values are comparative with the experimental s20,w value in PBS 137 of 5.97 ± 0.2 S.
The difference between 5.3 ± 0.2 S (modelled) and 5.97 ± 0.2 S (experimental)
suggests that the CFHR5 solution structure can be even more compact than seen by
X-ray scattering.
5.4 Discussion
Up to now, there have been limited knowledge regarding the domain
organization of CFHR5 SCR-1/9. This chapter has presented the first conformational
analysis of the molecular structure of intact CFHR5 SCR-1/9 dimer by X-ray
solution scattering and sedimentation velocity experiments. Previously, it had been
commonly thought that its flexible nine SCR domain structure would be arranged in
an extended conformation (Gale et al., 2010; Goicoechea de Jorge et al., 2013;
Holers, 2013, Tortajada et al., 2013; Józsi & Meri, 2014). However, evidence from
this study has shown that this is not the case. CFHR5 SCR-1/9 adopts a compact
conformation in solution. This may affect its interactions with its target ligands C3b
as well as molecules such as heparin, and may convey functionally important
benefits in vivo.
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The c(s) size distribution analysis confirmed that CFHR5 SCR-1/9 is a dimer,
which is in agreement with previous results (Goicoechea de Jorge et al., 2013; van
Beek et al., 2016; Ruseva et al., 2016). This result was also validated by our SECMALLS data. AUC monitors the shape of macromolecules, by s20,w values, which
measures macromolecular elongation. It was observed that a decrease in s20,w value
was associated with an increase in buffer NaCl concentration. A smaller s20,w value
implied that the structure becomes more elongated. This indicated that CFHR5 SCR1/9 was not fully extended in physiological salt solution, but the flexible protein
adopted an average folded conformation which was reinforced by possible chargecharge interactions. The pI of each SCR domain of CFHR5 SCR-1/9 was found to
vary (theoretical pI of domains SCR-1 to 9 as follows: 4.6, 5.4, 8.5, 4.7, 4.3, 9.6, 6.3,
8.9 and 8.4 (web.expasy.org/protparam/)); driving a certain conformation in the
protein structure that was otherwise disrupted in high salt. X-ray solution scattering
data showed that the RG and RXS values for CFHR5 SCR-1/9 were relatively constant
in all buffers and across all protein concentrations studied. The data agreed with the
assessment of the scattering curves by P(r) analysis, where it was also found that the
maximum length L of the protein was around 20 nm in all buffers. If the dimeric
domain structure of CFHR5 SCR-1/9 was fully extended it would lead to L values of
58 nm (Figure 5.13(a)). This confirmed the AUC result, showing a degree of
compactness in the protein.
Data from X-ray solution scattering was used to model the dimeric structure
of CFHR5 SCR-1/9. Currently no high resolution structures were available for any
CFHR5 domains. A linear starting model was generated by homology modelling. In
the atomistic modelling strategy (Curtis et al., 2012; Perkins et al., 2016), three
alternative Monte Carlo searches were used, where increasing constraints were
applied in each subsequent search by successively varying fewer linkers. By
modelling CFHR5 using different sets of linkers, the extra constraints did not limit
the outcome of the best fit structures. The different orientations from these resulted
in a wide range of possible conformers. By observations of the scattering data and
model filtering, structures that are more compact were seen to be most consistent
with the scattering data. The best-fit models produced theoretical sedimentation
coefficient values in fair agreement with the AUC data.
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Figure 5.13 Comparison of structural models for CFHR5 SCR-1/9 and Factor H

of the fully extended structure.
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fit structure by X-ray scattering (right) with a maximum length L of 32 nm (Okemefuna et al., 2009). This best-fit structure is 44% of the length

(b) A schematic representation of the fully extended domain structure of factor H (left) with an expected length of 73 nm, and the observed best-

expected if the structure was fully extended.

observed best-fit structure by X-ray scattering (right) with a maximum length L of 20 nm. This best-fit structure is only 34% of the length

(a) A schematic representation of the fully extended domain structure of CFHR5 SCR-1/9 (left) with an expected length of 58 nm, and the

Figure 5.13 (continued) Comparison of structural models for CFHR5 SCR-1/9 and Factor H

The conformational variability between the SCR domains in CFHR5 SCR1/9 is expected to arise due to the different linker lengths. The two shortest linkers
are made of three residues, and are found between the SCR-1/2 domains and also
between the SCR-8/9 domains. These N-terminal and C-terminal domains would
have little or no movement as the linker lengths are too short. These form the dimer
interface (SCR-1/2) as well as the C3b ligand contacts (SCR-8/9). Observations from
all three searches showed an inherent degree of conformational flexibility in the
centre of each monomer chain of CFHR5. The longest inter-SCR linkers occur in the
mid region of the protein between SCR-3 to SCR-7, which are each of six, six, eight
and seven residues in length respectively. Interestingly, the same linker lengths occur
between the SCR-10 to SCR-14 domains of factor H (Figure 5.13(b)), which are
directly homologous to SCR-3/7 of CFHR5. Previous studies on the solution
structure of factor H have showed these domains contribute significantly to its
folded-back solution structure (Aslam & Perkins, 2001; Okemefuna et al., 2008;
Okemefuna et al., 2009; Nan et al., 2010). These long linkers contain a high
proportion of charged residues both in factor H and CFHR5, particularly of lysine
and glutamate, which are also found conserved in mouse and bovine factor H (Aslam
& Perkins, 2001) suggesting their importance in mammalian species. Indeed, the
middle SCR domains of factor H, not only have the longer inter-domain linkers, but
also the shorter SCR sequences and higher glycosylation levels, which implies that
these domains act as conformational spacers which enable the multiple factor H
binding sites for C3b and heparin to act synergistically. The similar structural pattern
can be seen in the middle domains of CFHR5 SCR-1/9. Early studies proposed a
heparin binding site somewhere within the SCR-5/7 of CFHR5 (McRae et al., 2005),
however to date there is only one known binding site for C3b in the C-terminus.
Figure 5.13 compares the solution structures of CFHR5 SCR-1/9 dimer and factor H,
showing that CFHR5 SCR-1/9 dimer possesses a more compact SCR domain
arrangement due to the folding of both monomers chains.
As a large multi-domain protein, which is connected by flexible linkers,
CFHR5 SCR-1/9 can be considered to be intrinsically disordered. Such proteins fulfil
many important biological functions (Oldfield & Dunker, 2014; Habchi et al., 2014).
When compared to more rigid proteins, highly flexible proteins enable fast sampling
of conformational space due to lower barriers between energy minima (Liu &
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Huang, 2014). Hence, there is a large surface area through which CFHR5 SCR-1/9
can interact intra- and inter molecularly, both with itself as well as target ligand
proteins. It has been considered that the interference of CFHR5 with the complement
regulatory activities of factor H is enhanced by its large dimeric structure, especially
where spatial density of C3b is low (Goicoechea de Jorge et al., 2013). However, a
compact structure suggests an alternative model of how it could interact with C3b.
Because the C3b/C3d binding sites are in closer proximity to each other a higher
local concentration of the binding site is achieved. This would potentially provide an
advantage when ‘competing’ for these ligands despite its lower concentration
compared to Factor H. Nonetheless, its flexibility means that it could structurally
adapt itself to different environments, such as in the kidney glomerulus, to interact
more optimally or rapidly with ligands. In CFHR5 nephropathy, the duplication of
the SCR-1/2 dimerization site will perturb the compact solution structure of the
CFHR5 SCR-1/9 dimer. It has been found that the mutant form of CFHR5 readily
aggregates, due to multimerisation via SCR-1/2 (data not shown) (Goicoechea de
Jorge et al., 2013). However, how this affects the overall conformation and
oligomerisation of the CFHR5 dimer is yet to be determined. Proteins that are not
optimally folded are more prone to aggregation, due to the exposure of hydrophobic
regions. The altered functional characteristics of the mutant CFHR5 may be a
consequence of an altered conformation.
Although the application of X-ray scattering and AUC are extremely useful
for determining the overall averaged shape of such flexible systems in solution
(Bernado & Svergun, 2012), such a structure analysis is restricted by global shape
parameters, and it does not resolve structures to finer detail. To circumvent this
limitation, the scattering data is interpreted via ensembles conformational models,
where multiple atomistic structures can fit the experimental X-ray scattering curves.
Therefore, it is necessary to be careful when selecting a single structure to represent
what is observed in solution (Curtis et al., 2012). However, it would be interesting to
incorporate other low resolution biophysical techniques, such as Forster resonance
energy transfer (FRET) to unravel further aspects of the CFHR5 dimer structure.
Such techniques may help to understand further details about its flexibility and the
proximity of the binding domains, as well as analysing the fold and symmetry
between each chain in the dimer structure.
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In conclusion, the structural evaluation of the CFHR5 SCR-1/9 dimer would
permit to our understanding of its folding, stability and conformational state in the
dynamic processes that occur for it in its biological mechanism. The combined uses
of X-ray scattering and constrained modelling have enabled a new insight into the
possible shape of CFHR5 in vivo.
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Chapter Six
Solution structural studies of the CFHR5 N-terminal domains
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6.1 Introduction
The N-terminal CFHR5 domain pair, SCR-1 and SCR-2, are of central
importance in our understanding of CFHR5 function. The analysis of a mutant
CFHR5 protein was associated with the disease termed CFHR5 nephropathy (Gale et
al., 2010; Medjeral-Thomas et al., 2013), a form of C3 glomerulopathy. This mutant
CFHR5 incorporated a structural alteration of CFHR5 by the duplication of these
first two domains. However, a molecular mechanism is not yet understood to explain
how this mutation segregates with renal involvement.
The individual SCR-1 and SCR-2 domains of CFHR5 share 42% and 32%
sequence identity with the factor H SCR-6 and SCR-7 domains respectively. Factor
H has been shown to weakly self-associate in the domains SCR-6/8 (Fernando et al.,
2007). Remarkably, the SCR-1/2 domains of CFHR5 are conserved with over 85%
sequence identity with the SCR-1/2 domains in CFHR1 and CFHR2. Due to this
high sequence identity, these domains were found to form homo- and heterodimerization interactions in circulation (Goicoechea de Jorge et al., 2013). This
difference with factor H has major functional implications, by increasing the avidity
to target C3b ligands and heparin. However, new evidence is starting to emerge that
CFHR5 only forms homodimers via these domains (van Beek et al., 2016; Ruseva et
al., 2016).
Despite the absence of a high resolution structure for the CFHR5 N-terminal
domain pair, the recent crystal structure of the closely homologous CFHR1 SCR-1/2
showed the detailed structure of the dimer interaction (Goicoechea de Jorge et al.,
2013). The head-to-tail dimer arrangement of the CFHR1 SCR-1/2 crystal structure
was stabilised by the residues Tyr34, Ser36 and Tyr39 at the dimer interface, which
are conserved also in CFHR5, and are all found within the SCR-1 domain (Figure
6.1). These residues are absent in the corresponding Factor H SCR-6, thus explaining
why factor H SCR-6/8 does not dimerise with high affinity (Fernando et al., 2007).
However, it has not been understood whether these SCR domains in CFHR5 are able
to form interactions individually or whether both are needed.
Following successful expression and purification of both the CFHR5 SCR1/2 and SCR-1 fragments (Chapter 4), the aim of this study was to characterise dimer
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Figure 6.1 The domain structure of the CFHR5 N-terminal domains
(a) The schematic structure of the SCR-1/2 domains of CFHR5 and the
corresponding ribbon structure of the homology model.
(b) The schematic and ribbon structure of the single SCR-1 domain.
(c) The colour coded schematic representation of the CFHR5 dimer SCR-1/2
structure (homology model). The head-to-tail arrangement of the dimer is showed
with the dimer contacts (Y34, S36 and Y39) in stick outline in the SCR-1 domain,
which are proposed to stabilise the structure. The other minor interface residues are
highlighted in red.
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formation in these proteins by analytical ultracentrifugation and X-ray solution
scattering techniques. This chapter describes the outcome of the study.
6.2 Materials and methods
6.2.1 Expression and purification of SCR-1/2 and SCR-1
The recombinant CFHR5 SCR-1/2 and SCR-1 were expressed and purified
by the procedures outlined in Chapter 4. Expression of each protein was carried out
in BL21 (DE3) E. coli cells transformed with pET-21a vectors harbouring the gene
of interest. The proteins were extracted in the form of inclusion bodies and
solubilised. The refolded proteins were each passed down a Q-Separose fast-flow
anion exchange column (Amersham Biocsciences, GE Healthcare, Uppsala,
Sweden), equilibrated with 50 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 8.5. The
protein-bound column was washed several times with the same buffer, and eluted by
an increase of up to 1 M NaCl in the same buffer. Proteins were further subjected to
gel-filtration chromatography using a SuperdexTM 75 16/60 column (Amersham
Biocsciences, GE Healthcare, Bucks, UK), equilibrated with 50 mM Tris, 150 mM
NaCl, 1 mM EDTA, pH 7.4. SDS-PAGE analysis and compositional data on the
SCR-1/2 and SCR-1 proteins were obtained as already described in Chapter 4.
6.2.2 AUC data acquisition and analysis
Analytical ultracentrifugation data for SCR-1/2 and SCR-1 were obtained on
two Beckman XL-I instruments equipped with AnTi50 rotors. Sedimentation
velocity data were acquired for SCR-1/2 samples in PBS 20, PBS 50, PBS 137, PBS
250 and Tris 150 at 20°C. Data was collected at rotor speeds of 60,000 rpm using the
path lengths of 12 mm. Sedimentation analysis was performed using direct boundary
Lamm fits of up to 50 scans, out of a total of up to 400 scans, using SEDFIT (version
14.6) (Schuck, 1998; Schuck 2000). An analysis of the size-distribution c(s) assumes
all species have the same frictional ratio f/f0. The distribution was optimized by
floating the meniscus, bottom of the cell, the baseline and the frictional ratio f/f0 (set
at 1.2 to begin with). The final SEDFIT analyses used a fixed resolution of 200 and
optimized the c(s) fit by floating f/f0 and the baseline until the overall root mean
square deviations and visual appearance of the fits were satisfactory. The
sedimentation coefficient (s20,w) for the protein species was determined from the
peaks in the c(s) size-distribution plot. Theoretical S values were calculated by the
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program HYDROPRO (Garcia de la Torre et al., 2000), where a default value of
0.31 nm for the atomic-element radius for all atoms was used to represent the
hydration shell.
6.2.3 X-ray scattering data acquisition and analysis
X-ray scattering data were obtained during a beam session on the BM29
BioSAXS beamline at the ESRF. Data were acquired using a PILATUS 1M detector,
a 2D detector with a pixel size of 172 µm and a sample-to-detector distance of 2.867
m. SCR-1/2 samples were measured in PBS 137 at concentrations of 0.3 mg/ml, 0.4
mg/ml, 0.5 mg/ml, 0.9 mg/ml and 1.0 mg/ml. SCR-1 samples were measured in PBS
137 at concentrations of 0.2 mg/ml, 0.4 mg/ml, 0.6 mg/ml, 0.8 mg/ml and 1.0 mg/ml.
50 µl of each sample was measured via an automated sample changer in the PCR
tube configuration using BsxCuBE software. Samples were passed through a quartz
capillary (diameter 1.8 mm) with continuous movement during beam exposure to
reduce radiation damage. Automated detergent and water flushing between sample
measurements ensured the cleanliness of the quartz capillary. For each protein
replicate sets of 12 time frames, at 1 s per frame, were collected, while automatic
online checks during data acquisition confirmed the absence of radiation damage,
and the damage-free timeframes summed accordingly. Details of the data reduction
and Guinier analyses to determine the radius of gyration RG and the calculation of the
distance distribution function P(r) using GNOM are described previously in Chapter
3.
6.3 Results
6.3.1 Sedimentation velocity experiments on SCR-1/2
Sedimentation velocity experiments were carried out to determine the
oligomerization state of the CFHR5 SCR-1/2 domain pair. The SDS-PAGE analysis
of the recombinant protein used for AUC data collection showed well-purified
protein (Figure 4.8(d)). Absorbance data was collected five different concentrations
of SCR-1/2, from 0.3 mg/ml to 1 mg/ml. The analyzed sedimentation boundaries
were well fitted according to the Lamm equation in SEDFIT. The c(s) distribution
plots (Figure 6.2) for these fits are represented for every concentration for the five
different buffers as indicated. The single peak observed in the c(s) distribution plots
was consistently observed across all concentrations of the protein, and across all
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Figure 6.2 Sedimentation velocity analysis of SCR-1/2
(legend on next page)
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Figure 6.2 (continued) Sedimentation velocity analysis of SCR-1/2
The experimentally observed sedimentation boundaries by absorbance optics are
shown to the left for SCR-1/2. These were recorded in (a) PBS 20, (b) PBS 50, (c)
PBS 137, (d) Tris 150, and (e) PBS 250. For clarity, up to 50 boundaries (shown in
black) were collected at regular intervals out of the total number of scans recorded,
and were fitted with the parameters (shown in colour). For each buffer, the c(s)
analyses for CFHR5 SCR-1/2 is shown in a concentration series which range
between 0.3 – 1 mg/ml. On the right, the size-distribution c(s) analysis revealed
single peaks in all data sets, revealing the sequence-expected molecular mass of
dimer at around 30 kDa. The dotted line running through the c(s) plots represents the
mean s20,w value across all values calculated (2.78 ± 0.09 S).
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buffer NaCl concentrations. The molecular weight values from all concentrations in
each buffer were 30.2 ± 0.08 kDa (PBS 20), 28.40 ± 0.03 kDa (PBS 50), 30.2 ± 0.08
kDa (PBS 137), 29.2 ± 0.10 kDa (Tris 150), and 31.1 ± 0.10 kDa (PBS 250) (Table
6.1). The mean s20,w values obtained from all concentrations were 2.8 ± 0.05 S (PBS
20), 2.7 ± 0.02 S (PBS 50), 2.8 ± 0.05 S (PBS 137), 2.7 ± 0.04 S (Tris 150), and 2.9
± 0.01 S (PBS 250). The s20,w values were not dependent on sample concentration or
buffer NaCl concentration (Figure 6.4), unlike for CFHR5 SCR-1/9.These molecular
masses were consistent with dimer formation, as the mass of the SCR-1/2 domain
pair was 15.8 kDa as determined by mass spectrometry (Chapter 4) and the
composition-calculated mass by SLUV from its sequence (Perkins, 1986). The
apparent s20,w values of 2.7 S to 2.9 S were also consistent with a dimer, as they
agrees very well with the predicted s20,w value of 2.73 S calculated using the program
HYDROPRO (Garcia de la Torre et al., 2000), using the atomic coordinates of the
CFHR5 SCR-1/2 homology model (Chapter 5). Theoretical s20,w values are generally
accurate to within ± 0.21 S of the experimental values (Perkins et al., 2009).
6.3.2 Sedimentation velocity experiments on SCR-1
Sedimentation velocity experiments were likewise carried out to determine
the oligomerization state of the single CFHR5 SCR-1 domain. Absorbance data was
collected for five different concentrations of SCR-1, ranging from 0.2 mg/ml to 2
mg/ml, in PBS 137 and Tris 150. The sedimentation boundaries were well fitted
according to the Lamm equation. The c(s) distribution plots (Figure 6.3) for these are
shown for every concentration in the two different buffers as indicated. The single
peak observed in the c(s) distribution plots is consistent in the protein concentration
range, and in the two buffers. The mean molecular weight values obtained across all
concentrations measured were 10.3 ± 0.03 kDa (PBS 137), and 9.6 ± 0.06 kDa (Tris
150). The mean s20,w values obtained across all concentrations were 1.5 ± 0.03 S
(PBS 137), and 1.4 ± 0.06 S (Tris 150). These molecular masses were consistent with
the monomer form, as the mass of the SCR-1 domain was 9.6 kDa as determined by
mass spectrometry (Chapter 4) and the composition-calculated mass by SLUV
(Perkins, 1986). The apparent s20,w values of 1.4 S to 1.5 S were also consistent with
a monomer, as they agreed very well with the predicted s20,w value of 1.33 S
calculated using the program HYDROPRO (Garcia de la Torre et al., 2000), using
the atomic coordinates of the CFHR5 SCR-1 homology model (Chapter 5). The s20,w
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Figure 6.3 Sedimentation velocity analysis of SCR-1
The experimentally observed sedimentation boundaries by absorbance optics are
shown to the left for SCR-1. These were recorded in (a) PBS 137 and (b) Tris 150.
For clarity, up to 50 boundaries (shown in black) were collected at regular intervals
out of the total number of scans recorded, and were fitted with the parameters
(shown in colour). In each buffer, the data for CFHR5 SCR-1 is shown in a
concentration series which collectively range between 0.2 – 2 mg/ml. On the right,
the size-distribution c(s) analysis revealed single peaks in all data sets, revealing the
molecular mass of monomer at around 10 kDa (expected at 9.6 kDa from the
sequence). The dotted line running through the c(s) plots represents the mean s20,w
value across all values calculated (1.46 ± 0.06 S).

165

Figure 6.4 The concentration dependence of the s20,w values
The concentration dependence for the s20,w values of (a) SCR-1/2 and (b) SCR-1,
where the individual values are shown for the buffers PBS 20 (green diamonds), PBS
50 (blue circles), PBS 137 (purple squares), Tris 150 (black triangles), and PBS 250
(pink triangles). The dotted line represents the mean s20,w values across all buffers.
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Table 6.1 Summary of X-ray and AUC data
mean RG (nm)

mean RG* (nm)

L (nm)

M (nm)

SCR-1/2 (PBS 137)

2.9 ± 0.2

2.9 ± 0.2

9.6 ± 0.4

2.1 ± 0.1

SCR-1 (PBS 137)

2.0 ± 0.3

2.1 ± 0.1

6.9 ± 0.2

1.8 ± 0.3

*This alternative RG value is from P(r) analysis

s20,w (S)

Molecular mass (kDa)

f/f0

SCR-1/2 (PBS 20)

2.8 ± 0.05

30.2 ± 0.08

1.3 ± 0.006

SCR-1/2 (PBS 50)

2.7 ± 0.02

28.4 ± 0.03

1.3 ± 0.001

SCR-1/2 (PBS 137)

2.8 ± 0.05

30.2 ± 0.08

1.3 ± 0.001

SCR-1/2 (Tris 150)

2.7 ± 0.04

29.2 ± 0.1

1.3 ± 0.02

SCR-1/2 (PBS 250)

2.9 ± 0.01

32.1 ± 0.1

1.3 ± 0.001

SCR-1 (PBS 137)

1.5 ± 0.03

10.3 ± 0.03

1.2 ± 0.002

SCR-1 (Tris 150)

1.4 ± 0.06

9.6 ± 0.06

1.2 ± 0.002

Please note: all values are calculated as a mean across all sample concentrations within each buffer, as
including the ± s.d values.
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values were not dependent on sample concentration or buffer NaCl concentration
(Figure 6.4). Interestingly the SCR-1 c(s) peaks at lower concentrations (0.2 mg/ml –
0.6 mg/ml) show a broader distribution, which may be a result of the dilute
concentrations in use and observations using the integration function on SEDFIT
showed that the area of the entire peak spans from about 1.05 S to 2.3 S, with an
approximate molecular mass variation of 6.9 kDa to 18.5 kDa. This may indicate a
monomer-dimer equilibrium, which is more monomeric at this low concentration.
6.3.3 X-ray solution scattering data on SCR-1/2 and SCR-1
The X-ray scattering of the SCR-1/2 and SCR-1 proteins was analysed as an
alternative method to compare hydrated structure of the proteins and to determine
their oligomerisation state by an independent method. For this experiment, the SDSPAGE analysis for each protein is shown in Figure 6.5. The data were acquired in
only PBS 137 buffer, but in comparative concentrations as those used in AUC
sedimentation velocity experiments. Time-frame analysis was used to check for
radiation damage. The wide-angle ln I(Q) versus Q plots for this data are shown in
Appendix 2. Guinier analyses produced linear plots in the ln I(Q) vs Q2 curves, as
expected for small protein (SCR) fragments. Using satisfactory Q.RG limits, the RG
values were obtained (Figure 6.6). A summary of these Guinier RG values for both
SCR-1/2 and SCR-1 are summarised in Table 6.1.
Across all concentrations, SCR-1/2 produced a mean Guinier RG value of 2.9
± 0.2 nm, which agreed to the RG values obtained from P(r) analysis. However, the
Guinier RG values were dependent on SCR-1/2 concentration, as they showed a small
increase from 2.7 nm at 0.3 mg/ml to 3.1 nm at 1 mg/ml. This was also observed in
the RG values obtained from the P(r) analyses. The mean maximum length L from
the P(r) analysis was 9.6 ± 0.4 nm. These parameters were surprisingly higher than
that expected from the homology model for the SCR-1/2 dimer, which was
calculated to have a theoretical RG value of 2.3 nm and a maximum length L of 8 nm.
The theoretical scattering curve was calculated using the dimer SCR-1/2 homology
model, using SCT software (Perkins & Wright, 2016). For SCR-1, the mean RG
value was 2.0 ± 0.3 nm across all protein concentrations, but no concentration
dependence was observed. This RG value was in agreement with that calculated by
P(r) analysis, and a maximum length of 6.9 ± 0.2 nm was observed. Again this was
168

Figure 6.5 SDS-PAGE of purified SCR-1/2 and SCR-1 used in X-ray scattering
SDS-PAGE analysis of the purified SCR-1/2 and SCR-1 fragments of CFHR5
(Chapter 4). Samples for each were non-reduced (NR) and reduced (R), with
reference to the Mark 12TM molecular weight markers. The molecular masses are
denoted in kDa.
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Figure 6.6 Guinier RG and P(r) analyses for SCR-1/2 and SCR-1
The Guinier fits for the X-ray curves (on the left) for concentrations between 0.2
mg/ml and 1 mg/ml, from top to bottom in PBS 137. The filled circles represent the
range of Q.RG used to determine the RG values. The Q-range used to determine RG
for (a) SCR-1/2 was 0.15 - 0.41 nm-1, and the sample concentrations were 1.0 mg/ml,
0.9 mg/ml, 0.5 mg/ml, 0.4 mg/ml and 0.3 mg/ml (from top to bottom). The Q-range
used to determine RG for (b) SCR-1 was 0.22 -0.5 nm-1, and the sample
concentrations were 1.0 mg/ml, 0.8 mg/ml, 0.6 mg/ml, 0.4 mg/ml and 0.2 mg/ml
(from top to bottom).
The five distance distribution P(r) analyses (on the right) is shown for the
corresponding scattering curves. The peak maxima M and the maximum length L are
indicated by arrows. Higher concentrations are denoted by the darker shaded colour
of the curves.
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larger than expected. For the single SCR-1 (monomer) domain, the calculated RG
value from the homology model was 1.3 nm, with a maximum length of L 4 nm.
The comparison of the X-ray data with these theoretical models, suggested
that the X-ray results do not agree with the AUC result at first sight. The deviations
are best explained by slight dimer or aggregation in both proteins seen by X-rays,
which is not seen by AUC because these aggregates have sedimented out of the way.
X-ray scattering is more sensitive than AUC for detecting protein aggregates because
the scattering intensities are proportional to the (molar mass)2.
6.4 Discussion
The chapter outlines the first experimental attempts to analyse the
dimerization and solution structure of the CFHR5 SCR-1/2 and SCR-1 proteins by
the techniques of AUC and X-ray solution scattering. CFHR5 has been consistently
reported to dimerise in recent studies (Goicoechea de Jorge et al., 2013; Tortajada et
al., 2013; Ruseva et al., 2016; van Beek et al., 2016; Skerka et al., 2013). The high
resolution dimer structure of CFHR1 SCR-1/2 structure reveals that its configuration
allows partial contact of the SCR-1 domains within its dimer interface (Figure 6.1).
The dimer structure is said to be stabilised by three polar residues residing in this
SCR-1 domain. By sedimentation velocity experiments, it was shown that SCR-1/2
is dimeric, as expected from previous studies. However, by the same technique the
SCR-1 single domain was found to be a monomer. There is a likelihood of a
monomer-dimer equilibrium, but driven more towards a monomer, because the
buried surface area at an SCR-1/SCR-1 dimer is low compared to the 800 Å2 of
buried surface for high affinity dimers (Rupp, 2009). The AUC results for both
proteins were consistent in all salt concentrations, which showed that the
oligomerisation states in both proteins were not affected by salt concentration or
protein concentration. This also agreed with the similar AUC experiment carried out
for CFHR5 SCR-1/9 (Chapter 5), which was also dimeric. These experiments prove
that a double-domain structure is required for stable dimer formation.
On the other hand, the X-ray solution scattering data did not agree with the
AUC result. The RG and maximum length L of the proteins were larger than expected
for the proteins when compared to the theoretical values calculated from the SCR-1/2
and SCR-1 homology models. This was probably due to protein aggregates (which
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was observed at low Q in the I(Q) scattering curves). Due to the constraints of time,
further tests were not carried out to assess this. Therefore, the results for X-ray
scattering are presently inconclusive, and will need to be repeated in the future to
confirm the AUC result of monomer for SCR-1 and dimer for SCR-1/2.
The role of these N-terminal domains in CFHR5 are crucial to its function, as
well as in CFHR5 nephropathy (Gale et al., 2010). Therefore knowledge of their
nature is required for our understanding of the role of CFHR5 in vivo. Due to
competition with factor H, dimeric CFHR5 showed an enhanced interaction with
GBM-bound C3 in a mouse model (Goicoechea de Jorge et al., 2013). The same
study concluded that this interaction was significantly reduced for monomeric
CFHR5. For future work, it would be interesting to see by AUC experiments,
whether these truncated fragments of SCR-1/2 or SCR-1 are able to compete for the
dimer binding site in full-length CFHR5 SCR-1/9 and therefore result in a reduction
the amount of dimeric CFHR5 SCR-1/9. These experiments may provide useful
information for future therapeutic strategies. In addition, it will be useful to express
the SCR-2 domain only. This was not done due to limitations of time in this thesis,
but would be interesting to assess its contribution in dimerization. The AUC
experiments also provide insight into the effect of the SCR-1/2 duplication in mutant
CFHR5 in causing disease. If dimer formation is key to CFHR5 function, it is
anticipated that the mutant, with duplicated SCR-1/2 domains, will form oligomers
with a different structure compared to that of native CFHR5, and be less able to
regulate the effect of factor H in the kidney.
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Chapter 7
Conclusions
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7.1 Prologue
The complement system continues to be studied in order to clarify the key
mechanisms for complement regulation, bringing this knowledge to develop novel
therapeutic strategies in disease. Factor H is well known for its essential role in
restricting complement to activating surfaces. This thesis has focused attention to the
CFHR5 protein, which is evolutionarily and structurally related to factor H. Despite
harbouring the major surface recognition sites of factor H, CFHR5 essentially lacks
the complement regulatory activity domains which are otherwise found in factor H
SCR-1/4. Recent investigations have indicated that CFHR5 can influence
complement activation, which has implications both in health and disease (CFHR5
nephropathy). However, there is little knowledge with regards to the mechanism of
its normal and disease-causing functions. There has been little structure analysis
from previous studies, nonetheless information of its domain organisation and
behaviour in solution would contribute to our knowledge of its functional
implications. An outline of what has been achieved in this thesis is summarised in
the following sections.
7.2 Expression and purification of CFHR5 SCR-1/9, SCR-1/2 and SCR-1
This thesis presented a successful system for the expression of SCR-1/2 and
SCR-1 N-terminal fragments of CFHR5 in E. coli, and also attempts to express fulllength CFHR5 SCR-1/9 in a P. pastoris expression system (Chapter 4). Having
successfully cloned the SCR-1/2 and SCR-1 N-terminal constructs into the pET-21a
E. coli expression vector, an effective expression system was generated to purify a
sufficient amount of protein for structural studies. Following the growth of cells and
induction of expression, each protein was extracted from inclusion bodies, refolded,
and purified by a two step purification process. The proteins were validated by mass
spectrometry, as well as AUC, where the correct molecular masses were confirmed.
The expression yield for both proteins was as much as 5 mg/L of culture. This thesis
also included an attempt for the expression of CFHR5 SCR-1/9 in a P. pastoris
expression system. Despite evidence that the protein was being expressed to some
degree, the method was reported as unsuccessful as both the yield and stability of the
expressed protein was low. While, unlike Factor H, it is difficult to obtain native
CFHR5 protein from blood, a successful recombinant expression of the full length
CFHR5 SCR-1/9 is required and was previously reported in a mammalian expression
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system (Goicoechea de Jorge et al., 2013). For the work in Chapter 5, full-length
CFHR5 SCR-1/9 was purchased from a commercial supplier who used a mammalian
expression system. Expression is worthy of more studies in the future, as further
expression work should be carried out in order to prepare sufficient quantities of
protein for full structural and functional studies.
7.3 The compact solution structure of CFHR5 SCR-1/9
The first solution structure of CFHR5 SCR-1/9 is described in this thesis
(Chapter 5), using mammalian expressed CFHR5 SCR-1/9 and the complementary
techniques of analytical ultracentrifugation X-ray solution scattering and atomistic
molecular modelling in order to identify its solution structure in near-physiological
conditions. Most importantly, the analytical ultracentrifugation showed that SCR-1/9
formed a stable dimer in a wide range of NaCl salt concentration. X-ray scattering
experiments showed that the maximum length of this 18-domain dimeric protein was
20 nm. This was smaller than the 32 nm of the folded-back structure of Factor H
with 20 SCR domains (Aslam & Perkins, 2001; Okemefuna et al., 2009). The
constrained modelling fits, with an improved atomistic modelling procedure called
SASSIE (Curtis et al., 2012), produced structures which were the most compact ones
out of the library of models sampled. The best-fit structures were more folded back
than previous schematic depiction of a fully extended structure, and its calculated
sedimentation coefficient values that agreed well with those calculated
experimentally. This may introduce a new model for its interaction with target C3b
ligand. It has been previously mentioned (Okemefuna et al., 2009; Nan et al., 2010)
that the inter-flexibility of factor H is limited to certain domains, where they may
enable a conformation for synergistic interaction with target ligand. The same pattern
of linkers can be observed in CFHR5, where its SCR-3/7 domains are directly
homologous to the region of factor H (SCR-10/14) which is known to contribute
mostly to its folded back conformation. Indeed, this region is understood to have the
longest linker lengths in factor H, and is has the same long linker length in CFHR5.
This supports our reasoning that the CFHR5 structure is more compact compared to
factor H, as each chain can be folded back to the same degree. From this information,
a new model can be deduced for the CFHR5 and the C3b/heparin interaction, which
can contribute in the clarification of its role in the complement system (Figure 7.1).
Future work may involve further scattering experiments and modelling of CFHR5
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Figure 7.1. Molecular structures for CFHR5 SCR-1/9 and complement C3b
The X-ray scattering best fit solution structure model for the CFHR5 dimer is shown
as a ribbon with the positions of SCR-8 and SCR-9 in each monomer indicated as
labelled. The SCR-1 and SCR-2 dimer is located at the centre of this “wishboneshaped” structure. Adjacent to this is the best-fit complement C3b solution structure
(Rodriguez et al., 2015) with the TED domain shown in green, the CUB domain
shown in purple, and the MG1 domain shown in orange.
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SCR-1/9 in the wider range of buffers that were studied by AUC. In addition, it
would be interesting to utilise other low resolution techniques such as electron
microscopy or FRET, to gain further understanding of its structural dynamics and
shape – for example by measuring the average distances between neighbouring and
distant SCR domains. This will investigate whether each chain within the CFHR5
SCR-1/9 dimer folds back to the same degree (i.e. symmetrically from the dimer site)
or at different angles. Finally, most importantly, more detail should be obtained on
the surface specificity and ligand binding domains to clarify a solution model for
how CFHR5 interacts with C3b and heparin.
7.4 Solution studies of CFHR5 dimerization domains
The expressed SCR-1/2 and SCR-1 proteins were also studied by AUC, in
order to define their solution behaviour and oligomerisation state in a range of salt
concentrations (Chapter 6). Previous studies had indicated the importance of the
SCR-1/2 domains of CFHR5, both in their ability to dimerise as well as their
duplication in the mutant form, causing the disease CFHR5 nephropathy (Gale et al.,
2010). Dimerization was found to increase the interaction with renal-bound C3
deposits, due to the augmented competition affect with factor H. This triggered the
study into the solution properties of the SCR-1/2 domain pair, as well as the
individual domain SCR-1 which is thought to contribute the most to the stability of a
dimer structure (Goicoechea de Jorge et al., 2013). In this study, AUC sedimentation
velocity experiments confirmed that SCR-1/2 is a dimer, as agreed with other
studies. However, SCR-1 on its own was observed as a monomer. No conclusions
were drawn from the preliminary X-ray scattering experiments, as the observed
parameters of RG and maximum length L were larger than expected, not agreeing
with the AUC results. This may have been due to problems with inadvertent
aggregation. Due to time constraints further experimentation with this were not
carried out. For future studies, it would be interesting to also experiment with the
SCR-2 domain, using AUC. In addition to determine whether the SCR-1/2
dimerization can be broken by the addition of increasing dosages of either SCR-1 or
SCR-2 to mixtures with SCR-1/2. Applying this also to the full-length CFHR5 SCR1/9 protein may open new potential avenues in research and therapy.
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Appendix 1. Wide-angle plots of ln I(Q) against Q for CFHR5 SCR-1/9 X-ray
scattering data (Chapter 5).
CFHR5 SCR-1/9 sample concentrations (from top to bottom) of 0.17 mg/ml, 0.13
mg/ml, 0.09 mg/ml, and 0.04 mg/ml in (a) PBS 50, (b) PBS 137 and (c) Tris 150.
Plots for the higher concentrations of CFHR5 SCR-1/9 are shown in (d) Tris 150
with concentrations of (from top to bottom) 0.5 mg/ml, 0.4 mg/ml, 0.3 mg/ml, and
0.2 mg/ml.
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Appendix 2. Wide-angle plots of ln I(Q) against Q for CFHR5 SCR-1/2 and
SCR-1 X-ray scattering data (Chapter 6).
(a) SCR-1/2 sample concentrations of 1.0 mg/ml, 0.9 mg/ml, 0.5 mg/ml, 0.4 mg/ml
and 0.3 mg/ml (from top to bottom) in PBS 137. (b) SCR-1 sample concentrations
were 1.0 mg/ml, 0.8 mg/ml, 0.6 mg/ml, 0.4 mg/ml and 0.2 mg/ml (from top to
bottom) in PBS 137.
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