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ABSTRACT 

Factor H (FH) is a key regulator of the complement system, the principal molecular 

component of innate immunity in humans. The tight regulation of the alternative pathway 

(AP) of complement by FH occurs on host cells as well as in fluid phase. FH regulation of 

AP is achieved through its C3b.Bb-decay accelerating activity and cofactor activity for C3b 

proteolysis by factor I. This study presents evidence that the first three CCP modules, i.e. 

FH~1-3, constitute the minimal unit with cofactor activity for factor I.  The work presented 

in this thesis describes the recombinant protein expression and NMR-derived structure 

determination of two overlapping pairs, FH~1-2 and FH~2-3, together with the use of these 

structures to build a model of the FH~1-3 structure. A structural comparison with other C3b-

engaging proteins (namely factor B, complement receptor type 1 and decay accelerating 

factor) is presented and used to devise hypotheses as to the respective roles of the three 

modules during an encounter with the convertase. This thesis further describes an 

investigation of the structural effects of two disease-associated sequence variants in the 

context of FH~1-2: namely the single nucleotide polymorphism V62I linked to age-related 

macular degeneration, and the R53H mutation linked to atypical haemolytic uraemic 

syndrome. 
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1.1 Innate immunity 

The immune system protects organisms from infection with layered defence mechanisms of 

increased specificity. The two components of the immune system – the acquired (or 

adaptive) system and the phylogenetically older innate system – have, throughout evolution, 

developed a variety of solutions to meet fundamentally similar requirements for host 

protection [2]. These requirements, however advanced or primitive the immune system, can 

be defined as the recognition of a diverse array of pathogens, the killing of these pathogens 

once they are recognised and the sparing of the host tissues from the immune response [3]. 

Central to the last requirement is the ability of the immune system to distinguish between 

self and non-self molecules. Most organisms survive through innate immunity alone whereas 

vertebrates have evolved, in addition, adaptive immunity as an alternative mechanism for 

host defence from pathogens and established a significant interplay between innate and 

adaptive systems [4]. In contrast to the adaptive immune system, which requires recruitment 

of T and B lymphocytes in the production of antibodies, innate immunity provides an 

immediate, yet less specific, response to infection. 

 

1.2 The complement system 

The complement system is classically regarded as a central component of innate immunity, 

providing the first line of defence against microbial infection. Increasingly, however, 

complement is seen as part of the clean-up machinery that is involved in maintaining 

homeostasis [5]. Consisting of over thirty fluid-phase and membrane-bound proteins, the 

human complement system orchestrates a rapid and amplified response against invading 
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organisms. This is mediated through a series of tightly controlled catalytic events and the 

sequential assembly of multi-protein complexes. The outcome of this response has wide-

ranging effects [6] including: 

1. The targeting of foreign particles for phagocytosis (opsonisation). 

2. Vasodilation and increase of blood flow to the site of infection. 

3. Chemoattraction of phagocytes to the site of infection. 

4. Formation of a membrane attack complex (MAC), which punctures the cell surface 

of microorganisms. 

5. Augmentation of the adaptive immune response. 

6. Clearance of immune complexes. 

1.2.1 Complement activation 

Upon activation, the complement system generates an immediate, explosive response that 

primes invading pathogens for destruction and immune clearance. The aggressive nature of 

this response is in part due to a proteolytic cascade and a positive feedback mechanism. The 

complement cascade can be activated in three distinct ways; via the classical pathway, the 

alternative pathway or the lectin pathway (Figure 1.1) [6]. 

Although they are initiated differently, all three pathways of complement converge at the 

activated complement component, C3b, which is the product of central proteolytic enzymes 

known as the C3 convertases: C4b2a in the classical and lectin pathway, and C3bBb in the 

alternative pathway. By cleavage of the C3 component to form further fragments of C3b, the 

convertases C4b2a and C3bBb start the positive feedback loop whereby C3b molecules are 
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amplified. Some bimolecular C3 convertases can associate with the newly generated product 

C3b to form the C5 convertases. These initiate the terminal pathway of complement by 

cleaving off the C5a fragment from the C5 component, leaving C5b, which can then 

associate with components C6 and C7, forming the C5b67 complex. The binding to C7 

induces a conformational change in C7, exposing in it a hydrophobic site, which enables the 

insertion of the complex into the outer phospholipid bilayer of invading microorganisms. 

Further association with component C8 and a series of 10 –16 molecules of C9 leads to the 

formation of a membrane-spanning pore structure known as the membrane attack complex 

(MAC) which allows free diffusion of molecules in and out of the cell, resulting in cell lysis. 

  

Figure 1.1 Summary of the three activation pathways of the complement system. Adapted from 

Law et al. [7]. 
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1.2.2 The classical pathway of complement 

The first enzyme in the classical pathway, the 800-kDa C1 complex (C1qr2s2), comprises 

two pairs of 80-kDa serine proteases, C1r and C1s, associated with the 462 kDa C1q 

molecule through Ca2+-dependent non-covalent interactions [8]. C1 circulates in serum at a 

concentration of 180 mg/L and, primarily, recognises antigen-antibody complexes via a 

cross-linking interaction between C1q and the Fc portion of the immunoglobulins IgG and 

IgM [9]. Through recognition of these complexes that originate from an immune response to 

infection, C1q provides an interface between adaptive and innate immunity. Thus, in most 

cases, an antibody-antigen interaction provides the initial stimulus to the classical pathway 

activation. C-reactive protein (CRP) has also been shown to activate the classical pathway 

[10]. However, initiation can also be achieved by other, non-immune, substances. Examples 

include components of cell debris, apoptotic cells, DNA, amyloid [11-13], prions [14], HIV 

gp41 [15], fibromodulin [16], and bacterial lipopolysaccharide [17]. All of these stimuli lead 

to auto-activation of the serine protease component of C1, C1r. This serine protease in turn 

cleaves and activates C1s [8]. The next step of the pathway involves cleavage and activation 

of the plasma component C4 (200 kDa) into C4b plus C4a by the activated C1s. The 

cleavage of the fragment C4a from C4 exposes a thioester group in the ! chain of the C4b 

fragment. This thioester group, also present in C3 (see section 1.4.1), is highly reactive 

towards nearby amino or hydroxyl groups, thus enabling C4b to bind covalently to cell 

surfaces [18]. The thioester is also sensitive to hydrolysis, with the consequence that cell-

surface binding is restricted to the immediate vicinity of the activated C4b. Surface-bound or 

fluid-phase C4b associates with the serine protease proenzyme C2 in a Mg2+-dependent 

interaction (Figure 1.1). In the next step of the pathway, the C4b-associated C2 is cleaved by 

C1s into C2a and C2b. The latter is released, while C2a remains attached to C4b, forming the 

C3 convertase of the classical pathway – C4b2a [19]. 
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1.2.3 The lectin pathway of complement 

The lectin pathway is an antibody-independent route for activation of the classical pathway 

of complement, which responds to the recognition of bacterial cell surface carbohydrates, 

such as mannose and N-actyl glucosamine, by the host mannan binding proteins (MBP; also 

known as mannan binding lectin, MBL) [20] or ficolin [21]. Recognition of IgA by MBL in 

patients with IgA nephropathy also constitutes an initiation mechanism of the lectin pathway 

[22]. MBP associates with a 100-kDa membrane-associated serine protease (MASP) of 

which three types exist in humans (MASP1, MASP2 and MASP3) to form the MBP/MASP 

complex [23]. MASPs in complex with MBP share the ability of their classical pathway 

homologues, C1r and C1s, to cleave C4 and C2 respectively into their active components 

C4b and C2a, thus likewise leading to the formation of the C3 convertase, C4bC2a (Figure 

1.1). Hence the MBP/MASP complex mirrors the function of the C1 complex of the classical 

pathway but with a predilection towards targeting bacteria. C-reactive protein, a lectin of the 

pentraxin family that interacts with C1, increases ~1000-fold in concentration in response to 

injury and is used clinically as an indicator of inflammation (acute phase). Like other lectins 

it can bind to polysaccharides present on various pathogens such as pneumococcus, and can 

initiate the lectin pathway of complement in response to inflammation. 

1.2.4 The alternative pathway of complement 

The alternative pathway acts as a general amplification system for complement activation 

from all three pathways. Component C3 (185 kDa), the most abundant (1-2 mg.ml-1) of the 

complement components, is composed of a 110-kDa ! chain and a 75-kDa $ chain held 

together by a disulfide bond (see Figure 1.2). Mirroring the activation process of the classical 

pathway C4, the cleavage and release of the C3a fragment from the !-chain of C3 exposes, 

in the newly generated C3b, a highly reactive thioester group required for surface attachment 

[18]. About 10% of C3b molecules react, via the exposed thioester, with hydroxyl or amino 
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groups of surface antigens, while the remaining 90% react with water and remain in the fluid 

phase. The ~9-kDa C3a fragment, a member of the anaphylotoxin family, like C5a and C4a, 

acts as a multifunctional inflammatory activator by inducing vasodilation through 

stimulating the release of vasoamines from mast cells, up-regulating the expression of 

complement receptors on phagocytes in the vicinity of infection and serving as a 

chemoattractant towards neutrophils and macrophages, directing these cells towards the site 

of infection. 

In the presence of Mg2+, activated component C3b associates with the serine protease factor 

B (FB), a homologue of C2 of the classical pathway, to form C3bB (see Figure 1.1 of section 

1.2.1 and Figure 1.3 of section 1.3). The fragment Ba is then cleaved and released from the 

C3b-bound FB by the serine protease factor D (FD), resulting in the formation of the C3 

convertase, C3bBb. While this convertase is relatively unstable (t1/2 ~90 s) [24], association 

with the complement factor properdin (P) results in a ~50-fold increase in its stability [25]. 

The newly generated C3 convertase can, in turn, cleave more C3 to C3b, providing a positive 

amplification cascade.  

In contrast to the classical and lectin pathways, the alternative pathway is constitutively 

switched on at low levels in the plasma. This arises from the continual tick-over of C3 to a 

hydrolysed activated form named C3(H2O). This form is generated from the spontaneous 

low-rate hydrolysis (t1/2 ~200 h) of the internal thioester bond of component C3. It is 

regarded as the initiation event of the alternative pathway although properdin has recently 

been demonstrated to initiate the alternative pathway in the presence of bacterial 

lipopolysacharide [26]. However C3(H2O) is a conformational intermediate of C3 that shares 

common structural features with C3b as revealed by electron microscopy [27] and H/D 

exchange experiments [28] and has biological properties that are indistinguishable from C3b 
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[29]. The same sequence of events described above for the activation of C3b to the C3 

convertase, C3bBb, are observed for C3(H2O) in fluid phase (see Figure 1.3, section 1.3). 

 

Figure 1.2 Activation of C3 by C3 convertase, surface deposition of C3b and proteolytic 

cleavage of C3b by factor I on autologous surfaces.  

The non-specific targeting of surface hydroxyl and amino groups by the reactive thioester, a 

process termed opsonisation, combined with the continual tick-over of C3b necessitates a 

high level of host-surface protection. This is achieved through the dissociation of FB from 

the C3 convertase and through the serine protease factor I-mediated degradation of C3b into 

smaller fragments iC3b and C3f and further degradation of iC3b into C3c and C3dg [30,31]. 

The progressive degradation of C3b on autologous surfaces is illustrated in Figure 1.2. Both 

C3 convertase inactivation processes require the recruitment of cofactors. 
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1.3 Regulators of complement activation 

The potentially aggressive nature of the complement system mandates tight regulation of its 

activity in both fluid-phase and on host-cell surfaces. A family of proteins, named the 

regulators of complement activation (RCA), fulfil many of these regulatory roles. All 

members of the RCA family are encoded by a cluster of genes on chromosome 1q32 [32,33]. 

Each has a distinct functional profile [34], but they share common modes of regulatory 

action. They also share a common structural unit known as the complement control protein 

(CCP) module [35]. 

1.3.1 Regulation of complement 

The properties of the regulators of complement, i.e. C4b-binding protein (C4BP), factor H 

(FH), decay accelerating factor (DAF, CD55), membrane cofactor protein (MCP, CD46) and 

complement receptor type 1 (CR1, CD35), are summarised in Table 1.1. Members of the 

RCA family discriminate between autologous and activator surfaces (i.e. self and non-self) 

either through interaction with polyanions such as glycosaminoglycans (GAGS) and sialic 

acid on host surfaces (e.g. FH [36]), or by virtue of being associated with the host plasma 

membrane.  The regulators CR1 [37] and MCP [38] have a single transmembrane helix while 

DAF is anchored via a glycosylphosphatidylinositol (GPI-anchor) [39]. Down-regulation of 

the complement pathways is achieved through the dissociation of the C3 convertases, C4b2a 

and C3bBb, and degradation of components C4b and C3b by the serine protease factor I (FI). 

The ability of an RCA to promote dissociation of a convertase is known as decay-

accelerating activity (DAA), while the ability to act as a cofactor for the progressive FI-

mediated degradation and inactivation of C3b or C4b is known as cofactor activity (CA). 
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RCA Mw 

(kDa) 

Number 

of CCP 

modules 

Ligand  DAA CA Reference 

C4BP 570  !-chain: 8 

$-chain: 3
*
 

C4b C3 and C5 

convertase 

C4b
†
 [40] 

FH ~155  20 C3b C3 and C5 

convertase 

C3b [41] 

FHL-1 43 7 C3b C3 and C5 

convertase 

C3b [42] 

DAF 70  4 C3b/C4b  C3 and C5 

convertase 

None [43] 

MCP ~65/ 

55 

4 C3b/C4b None C3b, 

C4b 

[38] 

CR1 ~250 30
‡
 C3b/C4b C3 and C5 

convertase 

C3b, 

C4b 

[37] 

Table 1.1 Members of the RCA family. * Most common isoform of C4BP; ‡ most common of the 

four isoforms of CR1;
 
† in vitro studies show CA towards C3b as well. 

Once dissociated from the complex, fragments Bb or C2a cannot re-associate with C3b or 

C4b respectively [24]. In fluid phase, FH remains the principal soluble regulator of the 

alternative pathway with approximately twofold more efficiency than CR1 [44] and ~3.5-

fold more efficiency than C4BP in cleaving C3b [45]. On cell surfaces, FH shares DAA of 

C3bB with membrane-bound CR1 and DAF and shares the property of CA with membrane 

bound MCP and CR1. C4BP was also shown to have weak (~1000-fold less than FH) 

cofactor activity and decay-accelerating activity for the surface-bound alternative pathway 

convertase [45]. CR1 acts as a cofactor for both the degradation of C3b to iC3b and of iC3b 

to C3dg and C3c. 

An illustration of the principal fluid-phase and surface-bound RCAs in the alternative 

pathway of complement is shown in Figure 1.3. The sites of DAA of the C3 convertase have 

been mapped to CCPs 1-3 for CR1* [46], CCPs 2-4 for DAF [47] and CCPs 1-4 for FH [48]. 

                                                
* CR1-mediated DAA of C5 convertase required CCPs 1-3 along with CCPs 8-10 or the near identical 
CCPs 15-17. 
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The sites of CA for C3b have been mapped to CCPs 2-4 for MCP [49], CCPs 8-10 and 15-17 

for CR1 [50], and CCPs 1-4 for FH [51,52]. The CR1 CCPs 8-10 and CCPs 15-17 are near 

identical sites (both referred to as site 2) differing by only three amino acids and have 

affinity for both C3b and C4b. 

 

Figure 1.3 Surface regulation of the alternative pathway of complement. The left-hand side 

shows C3b deposition and complement activation on unregulated (activator) surface, whilst the 

right-hand side shows regulation of complement on host (autologous) surface by members of the 

RCA family. Red arrows indicate proteolytic steps. Complement control protein modules 

participating in each regulatory function for each regulator are colour-coded (orange for DAA, 

yellow for CA). Cell surface polyanions are indicated as p.a. 
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1.3.2 The complement control protein module 

Regulators of complement activation are modular proteins almost entirely composed of 

multiple examples of a single type of globular domain termed the complement control 

protein (CCP) module [53], also referred to as short consensus repeats (SCRs) or sushi 

domains. Between two and 30 CCPs, most often in a contiguous head-to-tail arrangement, 

are found amongst the various members of the RCA family as well as in non-complement 

related proteins, such as in blood-clotting factors and certain adhesion molecules [35,54]. 

CCPs show between 20–40% sequence identity within, and between complement and non-

complement related proteins. The ubiquitous nature of the CCP domain in complement has 

led structural biologists to target CCPs from various regulators in an attempt to decipher a 

structural basis for complement regulation. These ongoing efforts have resulted in the 

experimentally determined 3-D structures of C4BP! CCPs 1-2 [55], MCP CCPs 1-2 [56], 

DAF CCPs 1-4 [57], CR1 CCPs 15-17 [58] and the vaccinia virus complement control 

protein (VCP) CCPs 1-4 [59], all of which correspond to complete or partial functional sites 

within their respective parent protein. As seen in the sequence alignment of several CCP 

modules of known 3-D structure presented in Figure 1.4, significant sequence diversity is 

observed, with the exception of four consensus cysteine residues and an almost invariant 

tryptophan. 
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Figure 1.4 Sequence alignment for CCPs of known three-dimensional structure. The three 

blocks of sequences represent first, second and third modules of functional sites. Insertions are 

highlighted for FB CCP 1 and CR1 CCP 17. Shading indicates conservation of residues in four 

or more neighbouring sequences. Residues that lie in $ -strands ($1-$8) are underlined. Bold 

residues are considered to be functionally critical on the basis of mutagenesis data, black arrows 

indicate that such a residue in DAF is conserved in FH and white arrows indicate residues 

critical for C3b interaction in FB CCP 3 conserved in FH CCP3. Residue Arg-53 and Val-62 are 

indicated in italics and hv loop indicates the position of the hyper-variable loop. Figure adapted 

from Hocking et al. [1]. 

Each CCP module is a globular ellipsoid, approximately 40 Å by 15 Å by 10 Å, containing 

~60 amino acids, with N- and C-termini positioned at opposing ends. A series of $-strands or 

elongated stretches typically run back and forth along the long axis of the module five times, 

forming a $-sandwich and contributing side-chains to the hydrophobic core. The four 

consensus cysteines form two disulfides linked in a Cys(I)-Cys(III) and Cys(II)-Cys(IV) 

pattern which, along with the buried invariant tryptophan, stabilise the $-sandwich core. 

Indeed, the CCP modules of C4BP and FH have been demonstrated to maintain an unusually 

high level of heat- and pH-stability [60]. Numerous insertions and deletions in the CCP 

primary structure lead to variations in the length of turns and loops, in particular in the 
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sequence of the aptly named ‘hyper-variable’ loop located immediately after the consensus 

$-strand B. The ‘hyper-variable’ loop is thought most likely to be involved in the various 

ligand-binding sites [61]. The archetypal features described above are shown in Figure 1.5 

for the first solved CCP module structure, module 16 of FH [62]. 

 

Figure 1.5 Cartoon representation of the solution structure of FH~16 (PDB code= 1HCC) solved 

by 2-D NMR. The unstructured N-terminus includes the four amino acid linker separating CCP 

16 from CCP 15. A hyper-variable loop (hv-loop) protrudes out from the core between strands 

B and D. The two consensus disulfide bonds are shown in yellow and the highly invariant 

tryptophan in red. 

Sequence variations contribute to critical differences in the relative positioning of each CCP 

module with regards to its neighbour as well as conferring key functional differences with 

respect to binding specificity for various ligands [34,63]. While the majority of the 

conserved residues (Figure 1.4) are aliphatic, surface exposed-charged residues show more 

variability. Positively charged surface-exposed residues of RCAs are thought to mediate 
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ionic interactions with C3b and C4b [63-65], whilst mutagenesis studies have demonstrated 

the importance of acidic residues in C3b for binding to RCAs and FB [66]. 

 

1.4 Structures of the AP C3 convertase components 

An understanding of the mechanisms of complement regulation by FH and other members of 

the RCA family requires the knowledge of atomic-level structures of the various 

complement components involved including that of the convertases. A detailed 3-D structure 

of the C3bBb and the various regulator binding-sites is not yet available, partly due to the 

inherent instability of the convertase. However, individual atomic-level structures of C3, 

C3c, C3b and FB have been determined over the last three years [67-69]. The cobra venom 

factor (CVF) [70], which structurally resembles the C3b-degradation product C3c, has been 

used as a model to give clues about the various RCA binding-sites on C3 [71-73]. Along 

with the above structural investigations of C3 and CVF, mutagenesis and peptidic fragment 

studies have shed light on the various stages of active C3 convertase formation, as well as 

giving additional insight into the location of different RCA binding-sites [66,74,75]. 

1.4.1 Structural transition of the C3 component of complement 

The C3 component is central to all pathways of complement playing the crucial role, when 

activated, in the recognition and labelling of foreign particles and cell debris for uptake by 

macrophages and neutrophils. Along with components C4 and C5, C3 is thought to have 

derived from a single common ancestor from the !2-macroglobulin (!2M) family of 

proteins [76]. The generation of the opsonin C3b (176 kDa) from C3 requires the cleavage 

and release of the fragment C3a by either the classical or alternative pathway C3 convertase. 
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The crystal structures of component C3, C3b and C3c [67,68,77,78], along with electron 

microscopy studies of pathway intermediates [27], have greatly assisted the understanding of 

the structural transition that occurs between C3 and C3b. Figure 1.6 illustrates the structural 

differences between C3 and C3b, with a particular focus on the exposure of the surface-

binding thioester, composed of Cys988 and Gln991, located in the thioester-containing 

domain (TED). In the C3 conformation, the TED is positioned in such a way that the 

thioester residues are completely buried [67], whereas in the C3b conformation the TED, and 

the CUB domain to which it is attached, undergo a conformational change that relocates the 

thioester moiety ~85 Å away from its original position and completely exposes the thioester 

moiety to the solvent [68]. The presence of the bulky C3a anaphylotoxin domain in the C3 

structure (see Figure 1.6) is thought to provide a kinetic barrier to the conformational change 

to activated C3b by acting as a stopper to the movement of the TED domain [27]. The 

conformational change in C3b brings a catalytic histidine, His1104, in direct contact with the 

thioester, resulting in the formation of a more reactive acyl-imidazole intermediate (t1/2 ~60 

µs) [79,80]. 
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Figure 1.6 Crystal structures (cartoon representation) of complement components (A) C3 (PDB 

code: 2A73) and (B) C3b (PDB code: 2I07). With the release of the C3a anaphylotoxin domain 

(ANA, orange) from C3, the thioester-containing domain (TED, blue) undergoes a large 

conformational change to reveal a thioester group (red, space-filled representation) required for 

surface attachment. Binding sites are shown for FH (yellow) and FB (pink).  Binding sites of 

other ligands are not represented. 

C3 and its proteolytic fragments are able to associate with a variety of different ligands from 

self and non-self [81]. The change in the specificity of these different ligands for C3-derived 

products at the various stages of C3 degradation implies the existence of cryptic ligand-

binding sites on C3. The N-terminus of the !-chain, which is mainly buried in C3, becomes 

solvent-exposed in C3b and exposes binding sites for CR1, FH and FB [66,72,75]. The 

primary surface-exposed sub-sites for FB binding and FH binding have been mapped on the 

cartoon representation of C3b and C3 [68] (see Figure 1.6). Three exposed FB-binding sub-

sites identified in C3b are the N-terminus of the !’ chain (!’NT) [66], the strand $4 of the 
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CUB domain [73] and the C345C domain [71]. The !’NT sub-site for FB overlaps with a 

binding sub-site for CR1. Sub-sites for FB do not overlap with the sub-sites for FH-binding, 

although two mutations in the !’NT FB-binding sub-sites (residues Asp730 and Glu736) 

were shown to partially reduce co-factor activity of FH [66]. In early studies, FH was shown 

to bind to a region in the TED domain [74]. The residues Glu744 and Glu747 (see Figure 

1.6), shown to be critical for C3b and C3(H2O) interaction with FH (but not MCP), were also 

shown to be critical for the co-factor activity of CR1 [75], indicating the possibility of 

overlapping sites for both CR1 and FH at this position. Based on the identification of a 

critical C2-binding site in C4, referred to as the C2 receptor inhibitor trispanning 

extracellular domain 1 (CRIT-ed1), a fourth putative sub-site for FB-binding located 

between Phe200 and Phe220, and named CRIT-like site, was proposed for C3 [82]. A review 

of the C3 structure [83] concluded that this fourth putative FB-binding site is solvent-

exposed but remains inaccessible to proteins. However, it is of interest that the stretch of 

residues 200 to 220, in both the C3 and C3b structures, lies in the immediate vicinity of 

residues Glu744 and Glu747, both of which are involved in FH and CR1 binding. The 

implications that a possible overlap of these sites may play a role in the competitive binding 

between the regulators and FB during the decay-acceleration process requires further 

investigation. 

1.4.2 Factor B component of complement 

A crystal structure of the proenzyme FB (90 kDa) has been determined to 2.3-Å resolution 

[69]. The proenzyme FB includes the two future fragments Ba and Bb, forming a total of 

five domains. The Ba fragment, composed of three N-terminal CCP domains, is connected 

by a 45-residue linker to the Bb fragment composed of a Von Willebrand factor A (VWA) 

domain and a C-terminal serine protease (SP) domain (see Figure 1.7). The SP domain forms 

the catalytic domain of the alternative pathway C3 convertase. The VWA domain contains 

an integrin-like Mg2+-metal ion-dependent adhesion site (MIDAS), held in a locked inactive 
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conformation in the apo form of FB but thought to mediate binding of Bb to C3b in C3bBb 

[84]. The three CCPs, which form an unusually tightly packed triad, were shown through 

mutagenesis and monoclonal antibody epitope mapping studies [85] to also contain C3b-

binding elements. Based on a comparison with a truncated structure of Bb [86], and of the 

homologue C2a [87], an allosteric mechanism was proposed in which the dislocation of the 

CCP triad upon C3b-binding induces a reshuffling of a linker !-helix (!-L) with a VWA 

domain !-helix and the formation of an active MIDAS with increased affinity for Mg2+. 

Reshuffling of the central helices exposes a scissile bond (Arg234 – Lys235 in the linker) 

accessible for proteolytic cleavage by factor D. The cleavage of this scissile bond releases 

fragment Ba, exposing a C3b-binding site in the VWA domain, and activates the short-lived 

C3bBb convertase. 
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Figure 1.7 The crystal structure (cartoon representation) of FB (PDB code: 2OK5). The serine 

protease domain (cyan) and von Willebrand factor A domain (green) constitutes the Bb 

fragment while the triad of CCPs (red, yellow and orange) along with the linker region (black) 

constitute the Ba fragment. The MIDAS residues involved in metal ion coordination are shown 

in blue (stick representation). FB showed reduced sensitivity to DAA by FH from mutations in 

residues 254, 260, 266 and 265 (magenta, stick representation) in the VWA domain. Mutations 

(not shown) in helices !4 and !5 showed reduced sensitivity to DAA by CR1 and DAF. 

Several mutations in the VWA domain, such as D254G, N260D*, K265A/K266A†, were 

shown to significantly reduce FH-mediated DAA [88]. These mutants displayed a more 

significant reduction in CR1- and DAF-mediated DAA. Additional mutations located at a 

different position in the VWA, at the !-helices 4 and 5, also showed a more drastic decrease 

in CR1- and DAF-mediated DAA. In general, mutations in FB that affected DAF-mediated 

                                                
* Removal of an N-glycosylation site. 
† Double mutant 
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DAA similarly affected CR1-mediated DAA but not FH-mediated DAA and were more 

pronounced in the !-4/5 region of the VWA domain suggesting that CR1 and DAF bind 

directly to VWA during the dissociation process whereas FH competes with FB for a FB-

binding site on C3b. 

 

1.5 Factor H and the factor H family 

The FH family consists of eight multi-CCP domain plasma proteins all closely linked in the 

RCA gene cluster on the human chromosome 1q32 [89]. Aside from FH, members include 

the factor H-like protein 1 (FHL-1), a 42-kDa FH splice variant of the factor H gene (CFH) 

[42], and the six factor H related proteins 1, 2, 3, 4A, 4B and 5 (FHR-1, FHR-2, FHR-3, 

FHR-4A, FHR-4B and FHR-5) coded by five genes* adjacent to CFH [90-95]. All members 

display high sequence homology, share common functional profiles, are synthesised in the 

liver and are found to be immunochemically cross-reactive [96]. 

1.5.1 Factor H 

Factor H, the best-characterised member, is a 1213-amino acids glycoprotein (155 kDa) 

abundant in human plasma (500 µg.ml-1). FH achieves a high level of regulation by acting 

both in fluid phase and on human endothelial cells and basement membranes, protecting the 

host from complement attack through its cofactor activity for FI-mediated cleavage of C3b 

and by accelerating the decay of the alternative pathway C3 and C5 convertases. FH has 

been described as a ‘biological example of single-molecule combinatorial chemistry’ due to 

its multifunctional multi-domain nature [97]. Extensive module deletion studies on FH, 

reviewed in Schmidt et al. [98], have been performed to identify the CCP modules of FH 

                                                
* The six factor H-related proteins are coded by the CFHR1, CFHR2, CFHR3, CFHR4 and CFHR5 

genes. FHR-4A and FHR-4B are splice variants of the CFHR4 gene. 
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partaking in the various functions of FH, such as binding to C3b, binding to surface borne 

polyanions such as heparin, and involved in the cofactor and decay-acceleration activities. A 

summary of the various deletion constructs used in previous studies to identify CA and DAA 

regulatory activities is shown in Figure 1.8.  

1.5.1.1 Mapping of regulatory activity sites 

The earliest work focussed on a 38-kDa tryptic fragment containing CCPs 1-5 and part of 

CCP 6 with fluid phase C3b-binding and cofactor activity [99,100]. Two key studies, 

published within six months of each other, provided evidence that full functional cofactor 

activity of FH in the fluid phase required CCPs 1-4 [51,52]. Additionally, the first study, in 

which the constructs were expressed recombinantly and secreted from Chinese hamster 

ovary (CHO) cells, demonstrated that a construct containing CCPs 1-3 (and to a lesser extent 

one containing CCPs 2-4) retained residual cofactor activity [51]. However, in the second 

study, constructs containing CCPs 1-3 and CCPs 2-4, obtained from the baculovirus 

expression system, did not display fluid phase cofactor activity [52]. The second study also 

confirmed the linker lengths between CCPs 1 and 2 and between CCPs 3 and 4 to be crucial 

in maintaining the functional activity of CCP1-4. A year later, CCPs 1-4 of FH and FHL-1 

were confirmed to be the minimal site required for decay-acceleration of C3 and C5 

convertases bound to surfaces of sheep red blood cells [101] although full-length FH 

displayed 100-fold more activity than FHL-1, suggesting an enhancement from the C3b-

binding and polyanion-binding property of CCPs 19-20. Thus, the complement regulatory 

activities of FH have been delimited to its first four N-terminal CCP domains. 
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Figure 1.8 Mapping of active sites of FH. (A) Summary of module-deletion/truncation studies on 

complement FH used to identify the regulatory region and the C3b binding regions. A more 

complete summary of the module-deletion/truncation studies used to identify the C3b-binding 

sites and heparin-binding sites can be found in the review by Schmidt et al. [98], from which this 

figure was adapted. Complement control protein (CCP) modules of each construct shown are 

schematically depicted as ovals with module numbers indicating boundaries. Black triangles 

indicate non-native linker lengths in one mutant; ‘CA’ written alongside constructs indicates 

that it has cofactor activity and when written in lower case indicates partial cofactor activity; 

similarly ‘H’, ‘C3b’, ‘C3c’, ‘C3d’ indicate the construct has binding affinity for heparin-affinity 

resin, C3b, C3c and C3d, respectively. A strike-through means the particular activity 

investigated was not detected. SFTL is a four-residue extension specific to the C-terminus of 

FHL-1. Superscripts refer to cited work as follows: A, Alsenz et al. [99,100]; G, Gordon et al. 

[51]; K, Kuhn et al. [52]; J, Jokiranta et al. [102]; B, Blackmore et al. [103,104]. (B) Summary of 

confirmed binding sites and regulatory regions over full-length native protein. 

While CCPs 1-4 and CCP 20 of FH have subsequently been identified as C3b- and C3b/C3d-

binding sites, respectively [102,105], evidence of a distinct third C3b-binding site in FH 

remains circumstantial. Intriguingly, a construct of CCPs 8-20 bound to both non-

overlapping sites C3c and C3d of C3b, suggesting that the inferred third binding site is 
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specific for C3c [102]. Despite this, a review of all constructs investigated for C3b binding 

noted that an exhaustive study of a third C3b-binding region in FH has yet to be performed 

[98]. Thus, the N-terminal region of FH represents the most interesting tractable structural 

target in the attempt to explain C3b-binding and regulation. 

1.5.1.2 Self-recognition of FH 

Central to the ability of FH to act as a regulator of complement is its ability to recognise host 

or autologous cell surfaces. FH binds to these non-complement-activating surfaces through 

interactions with polyanionic cell-surface markers such as glycosaminoglycans (GAGS) and 

sialic acid [36,106]. A study in which truncation constructs* of FH were assessed for their 

affinity for heparin†-agarose demonstrated FH~1-7, but not FH~1-6, bound heparin, thus 

implicating CCP 7 as a heparin-binding domain [104]. Recent studies of FH~6-8 support a 

role for CCPs 6 and 8 in the binding affinity of CCP 7 to GAGs on cell-surfaces [107,108]. 

A second heparin-binding site was identified in CCP 20, with the conversion of a non-

heparin construct FH~1-5 into a heparin-binding construct FH~1-5,20 by the addition of a C-

terminal CCP 20 [103]. The binding properties of CCP 20 were subsequently confirmed by 

NMR studies [109], in which residues of FH~19-20 that participated in the binding of fully 

sulfated, heparin-derived tetrasaccharide were confined to CCP 20. Recent suggestions of a 

third heparin-binding site in CCPs 9 or 13 [110] remains inconclusive due to poorly designed 

experiments.  

The polyanion- and C3b-binding site on CCP 20 is critical for the ability of FH to recognise 

and protect host cell surfaces bearing sialic acids and GAGs. This central role of CCP 20 was 

demonstrated in an experiment in which FH~19-20 competitively inhibited the protective 

                                                
* FH constructs expressed in Chinese hamster ovary cells 
† Heparin is used as a model for determining the polyanion binding properties of the constructs 
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action of FH on sheep erythrocytes, promoting aggressive complement-mediated lysis of 

these cells, but failed to inhibit fluid-phase co-factor activity of FH [111]. FH~1-3 was 

further shown to completely abolish FH binding to immobilised C3b but not fluid-phase 

C3b. 

1.5.1.3 Pathogens and other binding partners 

An increasing number of human pathogens have been found to bind and acquire human 

complement FH in the plasma, most often via the polyanion-binding sites of CCP 7 or CCP 

20, in order to control complement at their surface and evade complement attack [89]. 

Bacterial pathogens that bind FH include Gram-negative bacteria such as members of the 

Borrelia genus associated with Lyme disease and tick-borne relapsing fever disease [112-

114], members of Treponema genus associated with periodontal disease [115], members of 

the Neisseria genus [116,117], members of the Pseudomonas genus [118], and Gram-

positive bacteria such as members of the Streptococcus genus [119,120]. Non-bacterial 

pathogens include fungi such as the yeast Candida albicans [121] and Aspergillus fumigatus 

[122], tapeworm such as Echinococcus granulosus [123] and viruses such as the human 

immunodeficiency virus (HIV) [124]. Some pathogens carry their own complement 

regulatory protein, such as the vaccinia virus complement control protein (VCP) of the 

vaccinia virus, bypassing altogether the need to ‘hijack’ serum FH [125]. 

A common binding site for heparin, the M-protein of Group A Streptococcus and the acute 

phase C-reactive protein has been mapped on CCP 7 [126]. It has been suggested that CRP, 

borne on the membranes of apoptotic cells, recruits CFH to prevent complement attack and 

necrotic lysis and ensure that apoptotic cell clearance proceeds in a non-inflammatory setting 

[127]. However, controversy surrounds the biological relevance of the CRP-FH binding 
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studies based on claims that the positive binding results are only achievable under non-

physiological settings [128]. 

FH has also been shown to act as an adhesion-ligand to neutrophils via attachment to integrin 

CD11b/CD18 [129], but does not support fibroblast adhesion, which has led Zipfel et al. [89] 

to suggest that an RGD motif present in CCP 4 of FH, remains inactive. The extra-cellular 

matrix proteoglycan fibromodulin, the adhesion molecule L-selectin and the regulatory 

peptide adrenomedullin have also been reported to bind to FH [16,130,131]. 

1.5.2 The Factor H-like protein 1 and factor H-related proteins 

The FHL-1 is identical in sequence to CCPs 1-7 of FH but includes a four-amino acid C-

terminal extension, SFTL. Circulating in plasma at a concentration of up to 50 µg.ml-1, the 

FHL-1, also termed reconectin, shares all the complement regulatory functions contained in 

CCPs 1-7 of FH [101,132]. Both FH and FHL-1 serve adhesive roles for the host defence 

system, yet, unlike FH, the FHL-1 acts as a cell-adhesion protein by conferring cell-

spreading activity for anchorage-dependent human fibroblast through the RGD motif 

contained in CCP 4 [133]. Numerous pathogens (see section 1.5.1.3) bind to the polyanion-

binding site of CCP 7 common to both FH and FHL-1.  

The FHR proteins contain between 4 and 9 CCP domains, with varying levels of 

glycosylation present in FHR-1, FHR-2, FHR-3 and FHR-4B [91,93,134,135]. Their 

biological function remains poorly characterised. However, the N-terminal and C-terminal 

CCPs of FHR proteins respectively display a high-sequence identity to the CCP 6 and CCPs 

19-20 of FH, suggesting that FHR proteins play a role in complement regulation. Indeed, 

similarly to CCPs 19-20 of FH, FHR-1, FHR-3 and FHR-4B were shown to bind to C3b and 

C3d but not to the C3c fragment [135,136]. It is also likely that FHR-5 binds these same 

fragments, although only binding to C3b has been confirmed [95]. FHR-3 and FHR-4 have 
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also been shown to enhance the cofactor activity of FH, possibly though a favourable 

rearrangement of C3b [135], while FHR-5 displays cofactor activity on its own and has the 

ability to inhibit C3 convertase activity in fluid phase [137]. FHR-1, FHR-3 and FHR-5 have 

also been shown to bind heparin [135-137]. FHR-3, FHR-4B and FHR-5 can associate* with 

the acute phase C-reactive protein [137,138] suggesting an inflammation-suppressing role 

for the CRP binding at local sites of tissue injury.  

Additionally, FHR-1, FHR-2, FH-4A and FHR-5 have been shown to associate with specific 

lipoprotein complexes in human plasma [93,94,137,139], which has lead to the suggestions 

that FHR proteins may play a role in lipid transport or use lipoprotein complexes as a vehicle 

[93] and, in the case of FHR-1 and FHR-2, may be involved in facilitating the adhesive 

response of neutrophils to lipopolysaccharides [140]. 

1.5.3 Structural studies of factor H 

With its 20 CCP modules, FH is the only complement protein made entirely from CCP 

modules. The CCP modules in FH are spaced by linkers of between three and eight residues 

(between the last half-cystine of one CCP and the first half-cystine of the next). Initial small-

angle X-ray and neutron solution scattering data implied an extended dimeric structure for 

FH [141]. The NMR structure of CCPs 15-16 of FH indicated that a wide range of twist 

angles between adjacent modules is possible [142] most likely a result of a flexible linker 

region. Electron microscopy data revealed FH to be an extended flexible monomer with the 

ability to ‘fold back’ on itself [143]. This model was subsequently confirmed by analytical 

ultra centrifugation and neutron solution scattering [144] and the bend was inferred to be 

centred around CCP 10 to 14, for which linker lengths vary between 6 and 8 amino acids 

[145].  This flexibility is likely to play a key role in bringing together the two principle N- 

                                                
* Binding to CRP was localised at the N-terminal CCP of FHR-3 and FHR4-B, homologous to CCP 6 
of FH, and the middle region CCPs 5-7 of FHR-5, which would correspond to CCPs 12-14 of FH. 
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and C-terminal C3b-binding sites. There are nine N-linked glycosylation consensus 

sequences in FH with the first at position 217 in CCP 4 unoccupied in vivo. A large-scale 

analysis of human plasma glycoproteins using mass spectrometry has been able to 

characterise some of the N-linked glycosylations of FH [146,147]. Although none are 

required for complement regulation per se, they may play a role in modulating surface 

polyanion recognition [65]. Currently structures of 12 out of the 20 FH CCP modules have 

been solved using both NMR [62,107,109,142,148-150] and X-ray crystallography 

[108,151]. Several models of fragments as well as full-length conformations of FH have also 

been proposed based on low-resolution data and homology to other CCPs [105,144,152-

154]. 

 

1.6 Factor H-associated diseases 

The role of complement regulators is to ensure that complement response is effective against 

invading pathogens and not directed against the host. In some cases, however, mutations and 

polymorphisms that generate partially dysfunctional complement regulators can predispose 

to uncontrolled sustained complement activation on certain host tissues, subjecting them to 

complement mediated damage and chronic inflammations. Mutations and polymorphisms in 

complement regulator FH predispose to three diseases: atypical haemolytic uraemic 

syndrome (aHUS), age-related macular degeneration (AMD) and dense deposits disease 

(DDD)*. These FH-associated diseases will be reviewed in more detail in the following sub-

sections in light of the occurrence of two sequence variants in the N-terminal region of FH 

associated with these diseases. 

                                                
* Formally referred to as Membranoproliferative glomerulonephritis type II (MPGN II) 
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1.6.1 Dense deposits disease 

Dense deposits disease is a rare disease diagnosed in children between 5 and 15 years of age 

and is characterised by the deposition of abnormal electron-dense material within the 

glomerular basement membrane of the kidney, often leading to kidney failure, and 

sometimes to drusen formation within Bruch’s membrane in the eye [155]. DDD is 

characterised by uncontrolled activation of the alternative pathway C3 convertase arising 

from one or more causes: the stabilising effect of the C3bBb autoantibody C3 Nephritic 

Factor (C3NeF) on the convertase, mutations resulting in deficient or dysfunctional FH, and 

from FH-inactivating autoantibodies. The DDD-associated mutations located in the N-

terminal regulatory region of FH include R127L [156] and K224Del [157]. In a genotype 

study of patients with DDD, allele frequencies of four specific single nucleotide 

polymorphisms (SNPs) in the CFH gene and of three in the CFHL5 gene were identified as 

significantly different between patients and controls [158].  Of these, two single nucleotide 

polymorphisms associated with DDD were identified in exons 2 and 9 of the CFH gene 

corresponding to amino acid variants V62I and Y402H located in CCP 1 and CCP 7 

respectively. 

In some cases, features of partial lipodystrophy (PLD), the loss of subcutaneous fat in the 

upper half of the body, can accompany DDD [159] and has been linked to unregulated 

activation of the alternative pathway of complement on adipose tissue [160]. This has lead to 

suggestions that PLD constitutes a distinct fourth disease associated with FH mutations [5].  

1.6.2 Atypical haemolytic uraemic syndrome 

Haemolytic uraemic syndrome (HUS) is a disease characterised by haemolytic anaemia, 

thrombocytopenia, and acute renal failure. There are two types: diarrhoeal-associated HUS 

(D+ HUS), which is most commonly caused by infection from the verocytotoxin-producing 

shiga-like Escherichia coli, and the non-diarrhoeal or atypical form (aHUS), which is 
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inherited as an autosomal dominant trait. D+ HUS accounts for > 90% of cases of HUS. The 

prognosis for patients with the atypical form tends to be poor with a mortality rate of up to 

25% in the acute phase of the disease and most often requires ongoing dialysis. The atypical 

form is characterised by reduced levels of C1q, C4, C3 and FB in the patient’s serum [161].  

A linkage analysis study found an association between aHUS and a mutation in the CFH 

gene, which had the indirect effect of over-activating complement [162]. Several subsequent 

studies indicated that the C-terminal end of complement FH, particularly CCP 20, represents 

a ‘hotspot’ accounting for > 30% of the mutations in FH associated with aHUS [163-170]. 

One particular study demonstrated that gene conversion between the CCP 20 coding region 

of the FH gene and the CCP 5 coding region of the FHR-1 gene was responsible for 

functionally significant mutations in aHUS patients [171]. While mutations in the CFH gene 

are most prevalent, aHUS has also been reported in the context of autoimmune disease with 

the development of anti-FH-specific antibody leading to an acquired FH deficiency [172].  

Loss-of-function mutations in other complement regulators MCP and FI [173], and gain-of-

function mutations in the complement activation component FB [174], have also been 

associated with aHUS. However, they account for a smaller proportion of the reported cases 

(10-13% for MCP, 5-12% for FI and < 3% for FB) compared to FH (15-30%) [175]. 

Mutations in CCP 20 associated with aHUS have been thought to impair the interaction of 

the C-terminus of FH with the polyanion-rich layers of the glomerular basement membrane 

of the kidney leading to defective complement regulation on these cell-surfaces [176]. This 

hypothesis was supported in a study presenting the NMR structure of FH~19-20, in which a 

patch of GAG-binding* residues were identified by NMR and found to coincide with aHUS-

linked mutations [109]. On the other hand, a surface plasmon resonance study identified two 

                                                
* A chemical shift perturbation assay was conducted with FH~19-20 and a model GAG compound 
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separate a-HUS mutants, R1210C and R1215G in CCP 20, with reduced binding affinity to 

C3b/C3d as well as heparin and endothelial cell surface [165]. Furthermore, a study 

presenting the X-ray crystallography structure of FH~19-20, identified a cluster of aHUS-

associated mutations in a region close but distinct from the putative heparin binding site and 

further demonstrated that mutations in this region disrupted the C3b/C3d binding capacity of 

CCP 19-20 [151]. In the absence of detailed thermodynamic studies and 3-D structures of the 

physiologically relevant binary and tertiary complexes (between FH, C3b and cell-surface 

polyanions) the picture remains obscured since the proximity of both polyanion and C3b-

binding sites in CCP 20 implies that there could be a possible crosstalk between them, which 

would interfere with the current analysis.  

In sharp contrast to the C-terminus of FH, reports of aHUS associated mutations in the N-

terminus of FH are rare [177]. There are only three reported missense mutations, namely 

R53H, R78G and P258L [177,178], one non-sense mutation, E189Stop [177,179], and three 

reported deletion mutations [156,162,177] associated with aHUS in the four N-terminal 

CCPs of FH. Mutations associated with aHUS fall into two categories: Type I when the 

protein level is low and indicates defective secretion or rapid degradation, or Type II if the 

protein level is normal but its functional activity is reduced [176]. None of the aHUS-linked 

mutations in the first three modules of FH fall into the Type II category, although as yet the 

missense mutations R53H and R78G are uncategorised.  

The difference in mutation levels between the N- and C-terminus of FH would suggest that it 

is the loss of self-recognition provided by the polyanion binding domains or the weakened 

affinity for C3b/C3d which is the prime cause for this disease rather than the loss of function 

in the regulatory region [180]. This could be explained by the fact that other regulators of 

complement activation share the regulatory activities of FH but do not provide the same self-

recognition potential as FH in certain tissue types. However, the rare occurrence of some 
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aHUS-linked mutations in the N-terminus of FH, such as R53H and R78G, and the fact that 

some of these occur at residues conserved amongst CCPs from other RCA members (see 

Figure 1.4) make them an attractive structural target for NMR studies in the context of a 3-D 

structure of FH~1-2. 

1.6.3 Age-related macular degeneration 

Age-related macular degeneration (AMD) is the leading cause of geriatric blindness in 

Europe and North America and its incidence is likely to augment given the increasingly 

ageing populations of developed countries [181]. The main clinical manifestation of 

advanced AMD is the progressive loss of central vision which can arise from two forms of 

the disease [182]: the neovascular form, also named ‘wet’ form, which accounts for ~75% of 

advanced AMD cases, and the geographic atrophy form, also referred to as ‘dry’ form, which 

accounts for the remaining 25% of patients [183]. Both forms arise from an early non-

debilitating dry form of AMD in which small yellow deposits of extracellular debris, called 

drusen, accumulate between the retinal pigment epithelium (RPE) and the Bruch’s 

membrane of the choroids. Changes in the Bruch’s membrane and RPE that occur in the later 

stages of this form may give rise to the wet form of AMD in which blood vessel growth 

(neovascularisation) in the choriocapillaris, a layer of capillaries immediately adjacent to the 

Bruch’s membrane, and leakage of blood serum below the macula cause irreversible damage 

to the photoreceptors. The risk factors associated with the development of AMD include 

smoking and certain genetic components. Relating to the genetic components, three studies, 

published back to back in a same issue of the journal Science [184-187], found an 

association between the Y402H polymorphism in CFH and AMD [178].  

It has been suggested that this polymorphism, located in CCP 7, may affect the interactions 

of the various ligand-binding sites located in this module, with their natural ligands [188]. In 

an attempt to understand the possible effects on the polyanion-binding site in CCP 7, 



CHAPTER 1: INTRODUCTION 

 33 

heparin-affinity combined with NMR structural studies of both variants were undertaken in 

the context of the single module construct CCP 7 [107]. These studies revealed the ‘at-risk’ 

form, H402, to bind more weakly to heparin and to a GAG-mimic than the Y402 form. 

However, this distinction was less apparent in the context of the triple module FH~6-8, for 

which the variants bound equally well to some GAGs [107] but differently to others [189]. A 

‘GAG hypothesis’ has been suggested in which the polyanion-binding site located in CCP 20 

is dominant in recognising self- from non-self surfaces as well as the convertase, whilst the 

second polyanion-binding site in CCP 7 acts as a ‘proof-reader’ of self-surfaces and, in 

binding to surface GAGs, positions the regulatory N-terminal region in a correct position for 

the complex. In support of the ‘GAG hypothesis’ are studies confirming differences in the 

cell-surface binding-affinities of the two variants in both FH and FHL-1 and in their ability 

to mediate cofactor activity at cell surfaces [190]. 

In the context of full-length FH and FHL-1, this polymorphism revealed no difference in the 

level of secretion of either variants of FH and FHL-1, nor in the affinity of these variants to 

bind heparin, nor in their fluid phase cofactor activity [188], whereas the ‘at-risk’ H402 

variant of FH and FHL-1 bound less strongly to CRP than the Y402 variant. The H402 

variant of FH also bound less strongly to M-protein of S. pyogenes although no significant 

difference was found between the variants in FHL-1. These last two findings lead the authors 

to suggest that CRP-binding of FH may play a vital role in protecting the macula from the 

inflammatory effects of AMD in old age and that the weakened binding to M-protein may 

confer an evolutionary advantage of the ‘at-risk’ H402 form resulting in a relative balance of 

the variants in the population [188]. In support of the ‘CRP hypothesis’, CRP has been 

shown to be present in drusen and more abundant in the eyes of AMD patients with the H402 

variant of FH [191]. A recent review in which the ‘CRP hypothesis’ of AMD was further 

explored [5] described AMD as an ‘age-related problem in the ability of the innate 

immune mechanisms to perform their clean-up function locally in the metabolically 
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active region of the eye’. However attractive the ‘CRP hypothesis’ may be, controversy 

still surrounds the physiological validity of the methods used to measure the CRP-binding of 

FH (see section 1.5.1.3). By the same token, it has also been suggested that heparin binding 

remains a ‘blunt instrument’ to measure the fine-tuning of cell surface polyanion recognition 

[98]. In light of the focus on Y402H, it is interesting that less attention has been directed 

towards another AMD-linked polymorphism, V62I [187], located in CCP 1 of FH, which 

contains neither CRP- nor polyanion-binding sites. The AMD-associated variant, V62I, 

provides another attractive structural target for NMR studies in the context of a 3-D structure 

of FH~1-2. 

 

1.7 Summary of project aims 

• To express module-pair constructs FH~1-2, FH~2-3, triple module FH~1-3, and 

quadruple modules FH~1-4 using Pichia pastoris. 

• To determine the minimal unit with cofactor activity for factor I-catalysed cleavage 

of C3b. 

• To determine the NMR solution structures of the 13C,15N-labelled module-pairs 

FH~1-2 and FH~2-3 using an established NMR methodology for CCP-pair structure 

determination. 

• Collect chemical shift and 15N-relaxation data for the 15N-labelled triple module 

construct FH~1-3. Use this data to estimate the degree of structure conservation 

between the overlapping module pairs and the triple module constructs. 

Subsequently design structural templates for the model reconstruction FH~1-3. 
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• To 15N-label the I62 isoform of FH~1-2, which in the full-length protein is 

associated with AMD and assess the effect of this single nucleotide polymorphism 

on the structure of the wild type FH~1-2 using NMR techniques. 

• To 15N-label the H53 mutant of FH~1-2, which in the full length protein is 

associated with aHUS, and assess the effect of this amino acid substitution on the 

structure of the wild type FH~1-2 using NMR techniques. 
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2 MATERIALS AND METHODS 
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2.1 Protein production 

2.1.1 Primers 

All primers used in the cloning protocols were shipped deprotected and desalted by the 

supplier (Sigma® Genosys) and are summarised in Table 2.1. 

Oligonucleotide 

name 

DNA sequence Tm 

(°C) 

FH~1 forward AACTGCAGGAGATTGCAATGAACTTCC 71.4 

FH~2 forward AACTGCAGGACCCTGTGGACATCCTG 75.4 

FH~2 reverse GCTCTAGACTATTCACATATAGGAATATC 58.8 

FH~3 reverse GCTCTAGACTACACACACTTTGGTTTC 64.0 

FH~4 reverse GCTCTAGACTATTCACATGAAGGCAACG 69.1 

AOX forward GACTGGTTCCAATTGACATCC 63.1 

AOX reverse GCAAATGGCATTCTGACATCC 66.4 

!-factor forward TACTATTGCCAGCATTGCTGC 64.9 

FH~1(I62) forward GATCTCTTGGAAATATAATAATGGTATGCAGG 67.1 

FH~1(I62) reverse CCTGCATACCATTATTATATTTCCAAGAGATC 67.1 

FH~1(H53) forward CAGGCTATCTATAAATGCCACCCTGGATATAGATC 71.7 

FH~1(H53) reverse GATCTATATCCAGGGTGGCATTTATAGATAGCCTG 71.1 

FH~4-HIS forward GGATGGCGTCCGTTGCCTTCATGTGAACATCATCA

TCATCATCATTAGTCTAGAACAAAAACTCATCTC 

88.1 

FH~4-HIS reverse GAGATGAGTTTTTGTTCTAGACTAATGATGATGAT

GATGATGTTCACATGAAGGCAACGGACGCCATCC 

88.1 

FH~1-myc forward GAAGCTGCAGGAGAACAAAAACTCATCTCAGAAG

AGGATCTGGATTGCAATGAACTTCCTCCA 

87.8 

FH~1-myc reverse TGGAGGAAGTTCATTGCAATCCAGATCCTCTTCTG

AGATGAGTTTTTGTTCTCCTGCAGCTTC 

87.8 

Table 2.1 Primer sequences used in PCR generation of constructs. XbaI and PstI sites are shown 

in italics. The single nucleotide substitutions for the generation of disease associated variants 

using the QuikChange™ site-directed mutagenesis kit are shown in bold. 
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Separate stocks (Roche®, Mannheim, Germany) of PCR-grade deoxyadenosine triphosphate 

(dATP), deoxythymidine triphosphate (dTTP), deoxycytidine triphosphate (dCTP) and 

deoxyguanosine triphosphate (dGTP), all at 100 mM, pH 8.3, were mixed together to make a 

10 mM stock mix of deoxyribonucleotide triphosphates (dNTPs) used for PCR. 

2.1.2 Enzymes 

Enzymes Stock Concentration Company 

PstI 20 U.µL-1 New England Biolabs® 

XbaI 20 U.µL-1 New England Biolabs® 

SacI 20 U.µL-1 New England Biolabs® 

DpnI 10 U.µL-1 Stratagene® 

T4 DNA ligase 400 U.µL-1 New England Biolabs® 

Porcin trypsin 0.4 mg/ml Promega® 

Herculase® HotStart Polymerase 5 U.µL-1 Stratagene® 

PfuTurbo
® DNA Polymerase 2.5 U.µL-1 Stratagene® 

Table 2.2 : Enzyme stocks used for cloning and characterisation of constructs 

2.1.3 Microbiological strains 

Strain Organism Genotype Phenotype Supplier 

KM71H P. pastoris aox1 !::SARG4 arg4 Mut S Invitrogen® 

X-33 P. pastoris Wild-type Mut+ Invitrogen® 

TOP10 E. coli recA1 endA1  

Endonuclease 
deficient (EndA) 
and recombination 
deficient (RecA) 

Invitrogen® 

XL1-Blue E. coli recA1 endA1  

Endonuclease 
deficient (EndA) 
and recombination 
deficient (RecA) 

Stratagene® 

Table 2.3 Microbiological strains used for cloning and expression of constructs 
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The KM71H strain of P. pastoris, which was predominantly used throughout this study for 

expression of the various FH constructs, has an AOX1 gene disrupted by the insertion of the 

Saccharomyces cerevisiae (S. cerevisae) ARG4 gene resulting in the MutS phenotype. 

2.1.4 DNA cloning methods 

2.1.4.1 Generation of wild-type construct DNA coding sequences 

Prior to commencing this study, Dr Andy Herbert amplified the DNA coding sequence for 

full length FH out of a human universal Quick-clone™ cDNA library (Clontech®) and 

cloned it into a pUB/Bsd TOPO vector (Invitrogen®) yielding the template DNA vector 

coding for FH (subsequently referred as pFH). The DNA-coding sequences (subsequently 

referred to as inserts) for constructs FH~1-2, FH~2-3, FH~1-3 and FH~1-4 were amplified 

from the template pFH, provided by Dr Andrew Herbert, using the PCR protocol presented 

in Table 2.4. The forward oligonucleotide primers (see section 2.1.1) used in this protocol 

introduced a PstI restriction endonuclease site at the 5’ end of the generated inserts whilst the 

reverse oligonucleotide primer introduced a XbaI restriction endonuclease site at the 3’ end 

of the generated inserts as well as the stop codon, TAG, positioned immediately before the 

XbaI restriction endonuclease site. Introduction of these restriction endonuclease sites at 

either end of the generated PCR product was required for the subsequent insertion of the 

construct DNA coding region into the multiple cloning site of the pPICZ!B expression 

vector (see section 2.1.4.5). 
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Reagent Volume (µL) Stock Concentration 

Template DNA vector 1.0 20 - 50 ng.µL-1 

dNTPs 1.0 10 mM 

Forward primer 1.0 0.1 µg.µL-1 

Reverse primer 1.0 0.1 µg.µL-1 

Herculase® reaction buffer 5.0 10 % 

Herculase® HotStart Polymerase 0.5 5 units.ml-1 

Dimethyl sulfoxide (DMSO) 2.5 & 

ddH2O 38.0 & 

Total volume 50.0  

Table 2.4 PCR volumes for generation of FH constructs 

Dimethyl sulfoxide (Stratagene®) was used in the PCR mix to inhibit formation of secondary 

structures in the DNA template and DNA primers. PCR was performed on an Eppendorf® 

Mastercycler® personal PCR machine using the cycling parameters presented in Table 2.5.  

Step Temperature (°C) Time (min) Number of cycles 

Initialisation* 95 2.0 1 

Denaturation 95 0.5 

Annealing (Tm – 5)† 0.5 

Elongation 72 1.0 / kb DNA‡ 

30 

Final Elongation§ 72 5.0 1 

Hold 4 & 1 

Table 2.5 PCR cycling parameters for generation of construct coding sequences. 

Herculase® HotStart is formulated with a combination of antibodies that neutralise the DNA 

polymerase and 3’-5’ proofreading exonuclease activities. These activities are restored once 

                                                
* Initialisation is required for the heat activation of a HotStart polymerase such as Herculase® 
† The lowest primer melting temperate (Tm) in the reaction determines the annealing temperature 
‡ The size in kilobase (kb) of the DNA insert region to be amplified determines the time of elongation 
§ Final elongation ensures that any remaining single-stranded DNA is fully extended 
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the antibodies are denatured in the initialisation step of the PCR program. Crucially, 

Herculase® HotStart provides a higher fidelity of DNA than Taq DNA polymerase [192]. 

 Samples (20 µL) of the PCR products were visualised on a 1.3% agarose gel made up in 

Tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer (40 mM Tris, 1 mM EDTA, pH 

8.5) supplemented with ethidium bromide (0.8 µg.ml-1). 

2.1.4.2 Cloning of inserts into the pUB/Bsd TOPO vector 

The PCR primers were designed such that two base pairs were positioned at each end of the 

PCR products prior to the restriction sites for PstI and XbaI (Table 2.1 of section 2.1.1). 

However, direct digestion of the blunt-end PCR product with the PstI and XbaI restriction 

enzymes was incomplete and unsuccessful, a problem not encountered when the same sites 

were in a plasmid. Therefore the pUB/Bsd blunt-end ligation system was adopted to 

maximise the efficiency of the enzymatic digest. The map of the pUB/Bsd TOPO vector is 

presented in Figure 2.1 
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Figure 2.1 Map of the blunt-end cloning vector pUB/Bsd-TOPO. TOPO-P: Vaccinia virus DNA 

topoisomerase I covalently bound to the 3’ end of each DNA strand, bsd: Blasticidin resistence 

gene, SV40 pA: Simian Virus 40 early polyadenylation signal, Ampicillin: ampicillin resistance 

gene ($-lactamase), pUC ori: origin of replication for maintenance of vector in E. coli, PUbC: 

Human ubiquitin C promoter for expression of bsd in mammalian cells, EM7: synthetic 

promoter for expression of bsd in E. coli  

The pUB/Bsd TOPO® cloning system ensures direct insertion of blunt-end PCR products 

into the pUB/Bsd TOPO® plasmid vector without the requirement of ligase or post-PCR 

procedures [193]. The plasmid vector is supplied in linearised form with two Vaccinia virus 

DNA Topoisomerase I enzymes covalently attached to the 3’ end of each DNA strand. A 

tyrosine residue of the enzyme forms a phospho-tyrosyl bond with the plasmid DNA 3’ 

phosphate. Appropriate buffer conditions promote the nucleophilic attack of the 5’ hydroxyl 

of the blunt end of the PCR product to the phospho-tyrosyl bond thus releasing the 

Topoisomerase I enzyme and forming a new covalent phospho-diester bond with the plasmid 

strand.  

To achieve the blunt-end ligation of the inserts into pUB/Bsd TOPO®, 2 µL of PCR mix was 

added to 5 µg of pUB/Bsd TOPO in 200 mM NaCl, 10 mM MgCl2 (final concentrations) and 
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incubated at room temperature for five minutes according to the manufacturer’s instructions 

[193]. The entire ligation mix was then added to the pre-made aliquot of One Shot® TOP10 

chemically competent E. coli cells thawed on ice. The vials were incubated on ice for 30 

minutes, then heat-shocked in a 42 °C water bath for 30 seconds after which they were 

immediately replaced on ice. An aliquot of 250 µL of pre-warmed Super Optimal broth with 

Catabolite repression (SOC) [194] was added to each vial, which were then shaken at 37 °C 

and 225 rpm for one hour. The cells were then plated onto Lysogeny Broth (LB) [195,196] 

agar plates supplemented with ampicillin (100 "g.ml-1) and incubated overnight at 37 °C. 

The pUB/Bsd TOPO® technology suffers from the shortfall that there is no selection against 

self-ligated vectors, which, when transformed, generate false positives. The more recently 

developed TOPO plasmids [197], such as pCR4-Blunt®-TOPO or pCR®-Blunt II-TOPO® 

(Invitrogen®), have overcome this limitation by introducing a lethal gene in the plasmid that 

is only disrupted if ligation of a blunt-end PCR product is successful thus permitting growth 

for only positive recombinants upon transformation. However, the use of the pUB/Bsd 

TOPO® system available at the time of this study required that several transformants be 

amplified simultaneously to reduce the chances of false positives. 

A subset of the overnight colonies were grown overnight at 37 °C in 5 ml LB Ampicillin 100 

"g.ml-1 and the pUB/Bsd TOPO® plasmid was extracted using a Heraeus® Biofuge® Pico 

microcentrifuge (Thermo Fisher Scientific, Inc., Waltham, MA, USA) in conjunction with 

the Qiagen QIAprep® Miniprep plasmid purification kit according to the manufacturer’s 

protocol [198]. 

2.1.4.3 Digest of insert and vector 

A closer inspection of the pUB/Bsd TOPO® vector polylinker site reveals the presence of an 

XbaI and PstI restriction site downstream of the ‘Blunt PCR Product’ insert site. 
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Figure 2.2 The pUB/Bsd TOPO
®

 polylinker site. An XbaI and PstI restriction site is present 

downstream of the blunt PCR product insertion site. The inserted blunt PCR product is shown 

in the required orientation for efficient screening of insertion in which the PCR product 

associated XbaI site (grey) is closer to the vector XbaI site than the PCR product associated PstI 

site (grey). 

Thus for screening purposes, a double digest with XbaI and PstI along with a separate single 

digest with PstI on the test case shown in Figure 2.2 would be manifested as two bands of 

similar size when run on an agarose gel; the first being the desired insert and the second 

being the insert plus 22 bp of the vector DNA. Screening with XbaI alone would not 

discriminate between a linearised plasmid and one containing the insert in the orientation 

shown in Figure 2.2. The opposite orientation of the PCR product is not desirable in the 

unlikely event of a cleaved PstI site in the vector coupled with an uncleaved PstI site in the 

PCR product, which could lead to false positives and extra N-terminal residues for the 

recombinant protein. Screening for orientation was thus necessary.  

Thus from a 50 µL miniprep, 20 µL of purified plasmid from section 2.1.4.2 was digested 

with 1 µL of DNA endonuclease PstI, 2.4 µL of 10 % NEBuffer 3 (1 M NaCl, 0.5 M Tris-

HCl, 0.1 M MgCl2, 10 mM Dithiothreitol, pH 7.9; New England Biolabs® Inc.), whilst the 

remaining 30 µL purified plasmid would be digested with 1 µL PstI, 1 µL XbaI, 3.5 µL of 10 

% NEBuffer 3, 0.3 µL 100 % Bovine Serum Albumin (10 mg.ml-1). All digest reactions were 

done at 37 °C for five hours; the restriction enzymes were then heat inactivated at 80 °C and 

the cut DNA run on a 1.3% agarose gel. All positives for the FH gene insert of interest were 

identified against a 100 bp ladder (New England Biolabs®) under a UV source (70% UV 
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exposure). The FH gene insert from the double digest was cut out from the agarose using a 

sterile blade and purified using QIAGEN® Gel Purification Kit (protocol as described by 

manufacturer). The final Pichia pastoris expression vector was obtained by ligating 120 ng 

of the purified PstI/ XbaI cut insert to 60 ng of PstI/ XbaI cut pPICZ!B vector using T4 

DNA ligase according to instructions supplied by the manufacturer (Roche®). 

2.1.4.4 Amplification of the FH constructs in pPICZ!B 

Transformation of One Shot® TOP10 chemically competent cells with the entire ligation 

reaction was performed following the transformation protocol described in section 2.1.4.2 

except that transformants were selected on LB (Low salt) Zeocin (25 "g.ml-1) agar plates. 

Resulting colonies were picked with a sterile pipette tip, re-streaked on a fresh LB (Low salt) 

Zeocin 25 "g.ml-1 agar grid-plate after being dipped into the PCR mixture described in Table 

2.4 without any template plasmid and with Yieldace® DNA polymerase (Stratagene) instead 

of Herculase® DNA polymerase. While YieldAce® DNA Polymerase does not have the 

proofreading capabilities of Herculase® DNA Polymerase it possesses a superior yield of 

DNA polymerisation than Taq DNA polymerase [192]. It is inexpensive compared to higher 

fidelity proofreading enzymes and is especially suited for colony screening directly from 

bacterial cultures. A ‘zero colony’ control was used to detect any contamination in the 

reaction mix. PCR screen of the colonies was performed using the cycling conditions 

described in Table 2.5. Resulting PCR samples were visualized on a 1.3% agarose gel. 

Positives were grown up in 100 ml LB (Low Salt) Zeocin 25 "g/ml for DNA extraction 

using a GenElute™ HP Plasmid Maxiprep kit (protocol as described by 

manufacturer,[199]). 
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2.1.4.5 Generation of sequence variants and double tagged FH~1-4 

The QuikChange™ mutagenesis kit (Stratagene®) was used for the generation of three 

different pPICZ!B plasmids coding for disease-linked variants FH~1-2(I62), FH~1-2(H53), 

and the double tagged FH~1-4 construct, myc-FH~1-4-HIS6. The pFH~1-2 plasmid was used 

as a template for the generation of the disease-linked variant-coding plasmids, while the 

pFH~1-4 was used to generate the plasmid coding for myc-FH~1-4-HIS6. Complementary, 

primers, shown in Table 2.1, were designed with Dr. David Kavanagh to introduce a point 

mutation, in the case of FH~1-2(I62) and FH~1-2(H53), or a multiple amino acid insertion, 

in the case of myc-FH~1-4-HIS6. The QuikChange™ PCR mix is described in Table 2.6. 

Reagents Volumes (µL) Stock Concentration 

Template plasmid 1.0 20-50 ng.µL-1 

dNTPs 1.0 10 mM 

Forward primer 0.5 0.25 µg.µL-1 

Reverse primer 0.5 0.25 µg.µL-1 

QuikChange™ reaction 5.0 10 % 

PfuTurbo
® DNA polymerase 0.5 2.5 U.µL-1 

dH2O 41.5 & 

Total volume 50.0  

Table 2.6 QuikChange
™

 PCR mix 

The samples were then subjected to PCR using the cycling parameters described in Table 2.7 

during which the high-fidelity PfuTurbo
® DNA polymerase replicates the plasmid whilst 

incorporating the mutant oligonucleotide sequence. A mutant plasmid containing staggered 

nicks is generated. 
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Step Temperature (°C) Time (min) Number of cycles 

Initialisation 95 0.5 1 

Denaturation 95 0.5 

Annealing 55 1 

Elongation 68 1/ kb plasmid length 

12 or 18* 

Hold 4 & 1 

Table 2.7 PCR cycling parameters for QuikChange
™ 

Following the temperature cycling the reaction product was treated with 1 µL of DpnI 

endonuclease for one hour at 37 °C, which specifically digests the methylated and 

hemimethylated parental DNA thus removing the chance of propagating the template. 

Following the digest, 1 µL of the DpnI-treated DNA reaction mix was added to 50 µL of 

prethawed XL1-Blue® supercompetent cells. Cells were placed on ice for 30 minutes and 

heat pulsed for 45 seconds at 42 °C, before being placed on ice once again for two minutes. 

The cell-plasmid mixture was then supplemented with 0.5 ml of SOC preheated to 37 °C and 

incubated at 37 °C for one hour with shaking at 225 rpm. The reactions were then plated on 

LB-Ampicillin agar plates and incubated overnight at 37 °C. Positive colonies were selected, 

cultured for plasmid extraction and plasmid DNA sequenced as described in 2.1.4.6. 

2.1.4.6 Sequencing of the FH constructs in pPICZ!B 

Sequencing reactions were prepared by PCR using the BigDye® Terminator v3.1 Cycle 

Sequencing Kit (Applied Biosystems, Foster City, USA). Briefly, 400 ng of purified plasmid 

was added to 4 µL of ‘BigDye® Terminator Ready Reaction’ mix and 3.2 pmol of either 5’ 

AOX primer, 3’ AOX or 5’ !-factor primer in order to get unambiguous identification of the 

                                                
* Point mutation requires only 12 cycles whereas multiple amino acid insertion requires 18 cycles 
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regions flanking the FH modules’ coding sequence. The reaction mix was adjusted to 20 µL 

with sterile water and subjected to the PCR cycling conditions in Table 2.8. 

Step Temperature (°C) Time (min) Number of cycles 

Denaturation 96 0.5 

Annealing 50 0.5 

Elongation 60 4.0 

30 

Hold 4 & 1 

Table 2.8 PCR cycling parameters for generation for DNA sequencing reaction. 

The products of the DNA sequencing PCR reaction were purified and run on an ABI 3730 

sequencer (Applied Biosystems) by the School of Biological Sciences Sequencing Service. 

2.1.4.7 Transformation of P. pastoris with FH constructs in pPICZ!B 

Stocks of 50-100 µg of FH construct-containing pPICZ!B plasmid in ~0.5 ml, obtained 

from Maxiprep plasmid extraction, were linearised with 100-200 U SacI endonuclease (New 

England Biolabs® Inc.) in 1 % NEBuffer 1 (10 mM Bis-Tris-Propane-HCl, 10 mM MgCl2, 1 

mM dithiothreitol, pH 7) supplemented with BSA (100 µg.ml-1) for five hours. Digests were 

purified following a standard phenol chloroform extraction and ethanol precipitation [200]. 

A single colony of freshly streaked KM71H strain was used to inoculate 10 ml of YPD and 

grown at 30 °C for 24 hours in a shaker at 250 rpm. A 50 µL aliquot of the initial growth was 

used to inoculate 100 ml of YPD also grown under the same conditions. After reaching an 

OD600 of 1.3-1.5, the 100-ml growth was spun down for five min at 1500xG and made 

competent by first washing the pellet with 100 ml of sterile water followed by a second wash 

with 50 ml of sterile water and a third wash with 4 ml of sterile 1 M sorbitol. The cells were 

then spun down after the third wash and resuspended in 200 µL of sterile 1 M sorbitol. The 

cells (80 µL) were transferred into an Invitrogen® electro-cuvette placed on ice to which was 

added 5-10 µg of SacI-linearised plasmid. The cells were electroporated by means of pulse 
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discharges (1.5 kV, 25 µF, 200 #; Bio-Rad® Gene Pulser) for 4.5-5 ms, to integrate the 

linearised plasmid into the AOX1 site of the yeast chromosome. Immediately following 

electroporation, the cells were resuspended in 1 ml of 1 M sorbitol and transferred to a 15 ml 

sterile tube and incubated without shaking at 30 °C for 2.5 hours. Transformants were then 

selected on YPDS plates supplemented with 100-300 µg.ml-1 Zeocin™ (Invitrogen®). 

2.1.5 Labelling and expression 

2.1.5.1 The advantages of the pPICZ!B expression vector 

The original P. pastoris expression strains, first made available from the Northern Regional 

Laboratories (Peoria, IL) have a mutated histidinol dehydrogenase gene (HIS4) which 

removes the strains’ ability to grow on histidine deficient media [201]. Restoring histidinol 

dehygrogenase by transforming these strains with vectors containing the wild-type HIS4 

gene presents the shortfall that the HIS4 gene is relatively large (3 kb) and that additional 

selection markers are required for propagation of the vector in E. coli. The combination of 

HIS4 and ampicillin or kanamycin resistance typically results in an extra ~5.5 kb, which 

makes the manipulation of vectors with large inserts a more difficult and unreliable task. To 

avoid this inefficient selection method, a set of vectors (pPICZ) was developed to contain a 

single selection marker common to both E. coli and P. pastoris: the small (375 bp) Sh ble 

gene from Streptoalloteichus hindustanus. The product of Sh ble gene confers resistance to 

Zeocin™ (Invitrogen), a member of the bleomycin/phleomycin family of antibiotics which 

kills cells by introducing lethal double-strand breaks in chromosomal DNA.  The P. pastoris 

expression vector of choice for expression of factor CCP-module constructs both in this 

study and other NMR studies [107,109] has been pPICZ!B. This combines the advantages 

of Zeocin™ resistance for both E.coli and P. pastoris with the !-factor secretion signal. 
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Figure 2.3 P. pastoris expression vector pPICZ!B. !-factor: coding for the !-factor secretion 

signal, c-myc epitope: immuno-detection tag for the recombinant protein, 6xHis: hexahistidine 

tag for affinity purification, 5’AOX1: the methanol-inducible promoter of expression, AOX1 TT: 

the native AOX1 transcription termination sequence, Zeocin: the Sh ble open reading frame 

(ORF) coding for the Zeocin-resistant protein, PEM7: promoter for expression of Sh ble in E. coli, 

PTEF1: S. cerevisiae promoter for expression of Sh ble in P. pastoris, CYC1TT: S. cerevisae 

transcription termination sequence of the Sh ble ORF, pUC ori: origin of replication for 

propagation and maintenance of vector in E. coli. The cloning region (highlighted in text format 

above the vector) contains a multiple cloning site (MCS) composed of a variety of restriction sites 

for recombinant gene insertion. 

The Sh ble open reading frame (ORF) is driven by the EM7 promoter in E.coli and by the 

S. cerevisiae TEF1 promoter in P.pastoris. In P. pastoris, the transcription termination 

sequences CYC1TT and AOX1 TT permit the efficient 3’ transcription processing and 

polyadenylation of the mRNA synthesized from the Sh ble gene and the recombinant gene 

insert, respectively.  

2.1.5.2 Small-scale expression test 

Unless stated otherwise all media reagents used were supplied by Sigma-Aldrich®. 

Expression profiles for each clone were assessed on a small scale by growing a single colony 

of restreaked transformants in 10 ml Buffered Minimal Glycerol (refer to Appendix A) 
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shaking at 30 °C for two days. Induction of AOX1-driven protein expression was achieved 

by harvesting the cells and resuspending them in 3 ml of Buffered Minimal Methanol (refer 

to Appendix A) in the case of KM71H or 5 ml in the case of X-33 and shaken at 30 °C for 

another four days. Methanol levels were replenished daily to 0.5% (v/v). Supernatant was 

collected after four days and protein content analysed by SDS-PAGE. 

2.1.5.3 Large-scale expression 

For the unlabelled expression of the myc-FH~1-4-HIS6 construct, the protocol from section 

2.1.5.2 was scaled up for the growth in a 2.5 L shaker flask of a selected colony in 500 ml 

BMG. Induction was performed in 200 ml BMM of which all the supernatant was collected 

for purification. All labelled and unlabelled large-scale expressions of other FH constructs 

were conducted in a 2 L or 5 L cylindrical Bioflow 3000 (New Brunswick Scientific®) 

fermentor vessel fitted with a pH probe, a dissolved oxygen (DO) probe, a stainless steel 

stirrer and a sterile filtered air inlet, all of which are controlled by computer via an AFS Bio 

Command Interface [202]. Typically 550 ml of Basal Salts (refer to Appendix A) were used 

for both 15N- and 15N,13C- labelling in the fermentor whereas up to 3.5 L of Basal Salts could 

be used for unlabelled fermentor recipes. 

The preparation of the fermentor inoculum involved the overnight growth of a single 

transformed KM71H colony in 10 ml BMG at 30 °C shaken at 250 rpm. This was used to 

inoculate 100 ml of BMG, which was also grown overnight in identical conditions. Further 

passaging into larger volumes was required for 5-L fermentor runs. For 15N and 13C isotope 

labeling, the natural abundance 12C and 14N- containing growth media was removed by 

spinning the overnight inoculum at 1500 % G and resuspending in 100 mM potassium 

phosphate, pH 5. The autoclaved fermentor vessel containing the basal salts was inoculated 

with 5-10% of the overnight growth. High-purity grade fermentation trace mineral salts 
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(PTM1 salts, Amresco®) were added through a sterile 0.22 µm filter to the basal salts at the 

final concentration of 0.435% (v/v) along with 0.1% (v/v) anti-foam (Sigma-Aldrich®). For 

preparation of unlabelled protein a glycerol feed line (50% (v/v) in dH2O containing 0.6% 

PTM1 trace salts) and an ammonium hydroxide feed line were attached to two separate feed 

ports on the fermentor vessel. For preparation of labelled protein, a 2 M potassium hydroxide 

feed line was attached instead of the ammonium hydroxide feed line. The growth and 

induction phases of recombinant expression in P. pastoris both require aerobic conditions 

therefore an agitation/O2 cascade was set up to maintain the dissolved oxygen (DO) at a 

constant level. Typically the set point for the DO level is 40% of the maximum achievable 

DO level at a maximum agitation level (1000 rpm) in the absence of inoculum.  If DO levels 

during the growth or induction phase drop below the set point, the agitation would increase 

from 200 rpm up to 1000 rpm until the set point was restored. If the set point was still not 

restored at 1000 rpm, the air-flow would be enriched with pure O2. Temperature was 

adjusted to 30 °C, and minimum pH set to 5. 

For unlabelled protein production, glycerol (50% supplemented with 0.6% trace mineral 

elements) was fed into the culture after 16-20 hours to a final concentration of 1% every two 

hours. At 34 hours after inoculation, the cells were starved for ~16 hours to deplete the 

glycerol in the medium. At 48 hours after inoculation, the temperature was lowered to 15 °C, 

which has been demonstrated to improve protein expression and limit proteolysis in 

P.pastoris [203]. Cells were then fed from the injection port with methanol (0.5%) 

supplemented with 0.6% trace mineral elements and allowed to adapt for ten hours. 

Methanol metabolism was gauged by monitoring the agitation rate. High agitation levels to 

compensate for the low levels of dissolved oxygen were indicative of aerobic activity of the 

cells caused by the methanol metabolism. A subsequent drop in the agitation to the minimum 

rate (200 rpm) indicated that the methanol had been depleted. 
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For preparation of 15N-labelled protein, the above protocol was altered to include 6 g of 

(15NH4)2SO4 made up in distilled H2O and sterile filtered into the autoclaved vessel before 

inoculation. For preparation of 2H, 15N-labelled protein, both the basal salts solution and the 

2 M KOH were made up in 95% D2O and methanol-d4 was used for induction. 

Modification of the above protocol for 13C,15N-labelling of protein involved the addition of 

10 g of 13C-glucose dissolved in 20 ml of distilled H2O sterile filtered into the autoclaved 

vessel prior to  inoculation. The cells were grown for ten hours and then fed an additional 5 g 

of 13C-glucose dissolved in 10 ml distilled H2O again by sterile filtration into the autoclaved 

vessel. At 20 hours after inoculation, 1 g of 13C-glycerol dissolved in 5 ml of H2O was added 

to the vessel to derepress the AOX1 promoter (see section 3.2.1) and the cells were starved 

for an additional four hours or until the agitation had returned to its minimum. Induction of 

the AOX1-driven protein expression was initiated by feeding the cells with 13C-methanol (to 

0.5%) for 16 hours at first, to allow for adaptation and switching to methanol metabolism, 

and then feeding with 13C-methanol (to 0.7%) each time the agitation returned to the 

minimum until a total of 20 g of 13C-methanol had been added. 

In all protocols, the methanol feeding procedure lasted four days. In the 2H,15N-labelling 

protocol, the initial inoculum culture and the growth phase each took an extra day due to the 

longer adaptation period of the yeast cells to the deuterium-rich medium. At the end of the 

induction phase, cells were harvested (yielding ~100 g.L-1 for  2H,15N-labelling  and ~400 

g.L-1 for other non-labelling and labelling protocols*) and the supernatant was collected and 

supplemented with 5 mM EDTA, 1 mM PMSF to prevent proteolysis. The D2O-rich 

supernatant from the 2H,15N-labelling protocol was then concentrated using two VivaFlow 

200 (VivaScience®, Hannover, Germany) tangential flow modules with a 5-kDa molecular-

                                                
* Wet cell weight per litre of culture. 
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weight cutoff set  up in parallel. The filtrate was conserved for recycling of the D2O/H2O by 

distillation (not described in this thesis). The supernatant from all other labelling fermentor 

procedures was diluted five-fold to reduce the salt concentration and the pH adjusted to 

match the conditions of the first ion-exchange chromatography step of purification. 

2.1.6 Chromatography 

Unless stated otherwise all buffer reagents used were supplied by Sigma-Aldrich®. Desalting 

steps required between purification steps were performed on 5-ml PD-10 desalting columns 

(Amersham Biosciences®). 

2.1.6.1 Anion exchange chromatography 

In a graduated Econo-Pac® polypropylene column* (Bio-Rad® Laboratories, Inc) 5 ml of Q-

Sepharose® Fast Flow resin was equilibrated with 25 ml of 20 mM potassium phosphate, pH 

6 (equilibration buffer). The diluted fermentor supernatant was adjust to pH 6 using 

potassium hydroxide and pumped onto the column overnight at 4 °C using a peristaltic pump 

at approximately 0.7 ml.min-1. The column was then washed with 10 ml of equilibration 

buffer at 1 ml.min-1 and the immobilised material was eluted with 10 ml of equilibration 

buffer containing 1 M NaCl collecting1-ml fractions. 

2.1.6.2 Cation exchange chromatography 

In a graduated Econo-Pac® polypropylene column (Bio-Rad® Laboratories, Inc) 5 ml of SP-

Sepharose® Fast Flow (Amersham Biosciences®) resin was equilibrated with 25 ml of 20 

mM potassium phosphate pH 4 (equilibration buffer). The diluted fermentor supernatant was 

adjust to pH 4 using potassium hydroxide or acetic acid and pumped onto the column 

overnight at 4 °C using a peristaltic pump at approximately 0.7 ml.min-1. The column was 

                                                
* Dimensions: 1.5 cm diameter % 12 cm height, maximum bed volume: 20 ml 



CHAPTER 2: MATERIALS AND METHODS 

 55 

then washed with 10 ml of equilibration buffer and immobilised material was eluted with 10 

ml of equilibration buffer at 1 ml.min-1 containing 1 M NaCl collecting 1-ml fractions. 

Gradient cation-exchange chromatography, used as a second step in purification, was 

performed on a Self Pack POROS 20S (diameter= 4.6 mm, length= 50 mm) column attached 

to a BioCAD® 700E Perfusion Chromatography® workstation. The column was equilibrated 

in 20 mM sodium acetate, pH 4 (Buffer A) at a flow rate of 10 ml.min-1. Approximately 5 

mg of protein was loaded onto the column by means of a 5-ml loop at a flow rate of 5 

ml.min-1. The UV absorbance was monitored throughout the run at wavelengths of 254 nm 

and 280 nm and 1-ml fractions were collected. Protein was eluted with 20 mM sodium 

acetate, pH 4, over a 0-1 M NaCl (Buffer B) gradient as outlined in Table 2.9. 

Time (seconds) Flow (ml.min
-1

) Buffer A (%) Buffer B (%) 

1 5.00 100.0 0.0 

120 5.00 100.0 0.0 

170 5.00 95.0 5.0 

220 5.00 95.0 5.0 

250 5.00 90.0 10.0 

300 5.00 90.0 10.0 

440 5.00 0.0 100.0 

465 10.00 0.0 100.0 

466 10.00 100.0 0.0 

540 0.00 100.0 0.0 

Table 2.9 Composition of cation-exchange chromatography gradient. 

2.1.6.3 Reverse-phase chromatography 

A Supelco Discovery® BIO Wide Pore C5 HPLC column, attached to a Waters' 600 

Controller fitted with a Waters' 486 tuneable absorbance detector, was equilibrated in 

degassed 95% double-distilled H2O, 5% acetonitrile containing 0.05% trifluoroacetic acid 
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(TFA) for 30 minutes at a flow-rate of 1 ml.min-1. A sample of 1 to 2 mg of protein was 

loaded by means of a 2-ml loop onto the column. The sample was eluted using the gradient 

outlined in Table 2.10. 

Time (min) Flow (ml.min
-1

) ddH2O (%) Acetonitrile (%) 

0.01 1.00 95.0 5.0 

10.00 1.00 95.0 5.0 

50.00 1.00 45.0 55.0 

55.0 1.00 5.0 95.0 

60.00 1.00 5.0 95.0 

61.00 1.00 95.0 5.0 

70.00 1.00 95.0 5.0 

71.00 0.00 95.0 5.0 

Table 2.10 Composition of reverse-phase chromatography gradient  

2.1.6.4 Nickel-affinity chromatography 

Purification of His-tagged recombinant protein was achieved on two 1-ml HisTrap™ 

Chelating HP (GE Healthcare®) columns attached in series. Columns were charged with Ni2+ 

using a solution of 0.1 M NiSO4 and equilibrated with a total of 20 ml of 20 mM phosphate, 

0.5 M NaCl, 10 mM immidazole, pH 7.4 (binding buffer). The supernatant from the 

expression of His-tagged recombinant protein in P. pastoris was adjusted to pH 7.4 and 

applied at 4 °C to the columns using a peristaltic pump system at a flow rate of ~3 ml.min-1. 

Columns were then washed with 10 ml of binding buffer followed by a further 10 ml of 

binding buffer supplemented with 40 mM imidazole. His-tagged protein was eluted from the 

columns with 5 ml of 20 mM phosphate, 0.5 M NaCl, 500 mM immidazole, pH 7.4 (elution 

buffer). Fractions of 0.5 ml were collected. 
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2.1.7 SDS-Polyacrylamide Gel Electrophoresis 

For protein analysis with SDS-polyacrylamide gel electrophoresis (SDS-PAGE) a sample of 

between 1-5 µg of protein was made up to 20 "l in reducing SDS-PAGE loading buffer (see 

Appendix B) and heated at 99 °C for 60 seconds. Precipitation of protein by trichloroacetic 

acid (TCA) was performed when required to increase the protein content for analysis on 

SDS-PAGE, by adding 0.5 ml of 30% TCA (v/v) to a 1-ml aliquot of dilute protein and 

incubating at 4 °C for approximately one hour, and finally spinning down at 15,000 % G for 

30 minutes at 4 °C. The supernatant was discarded and 1 ml of 1:1 ethanol: diethyl ether was 

added to the pelleted protein and spun at 15,000 % G for another two minutes. The ethanol: 

diethyl ether was discarded and tubes were left to dry at 50 °C until all solvent had 

evaporated after which the precipitated protein samples where prepared with 20 µL of SDS-

PAGE loading buffer as described above. Each 20 "l sample was loaded into a separate well 

of a Criterion® prepackaged Tris-HCl/glycine/SDS/5-20% polyacrylamide gradient gel (Bio-

Rad® Laboratories). A 10-20 µL sample of low molecular weight protein markers (LMWM) 

was also loaded in a separate well for internal referencing. Markers used for SDS-PAGE 

included the Prestained Protein Marker, Broad Range (New England BioLabs® Inc), the 

PageRuler™ Prestained Protein Ladder Plus (Fermentas® Life Sciences) or the Precision 

Plus Protein™ Standards (Bio-Rad®). Gels were run at 150 V for approximately one hour.  

On completion, the gel was twice immersed in distilled water for ten minutes and then in 

EZBlue' (Sigma-Aldrich®) staining solution for one hour. The gel was immersed in distilled 

water and left to destain overnight. 

2.1.8 Estimation of protein concentration 

Protein concentration estimates (c) were calculated from the Beer-Lambert equation: 

  
  

! 

Abs
280nm

= "
280nm

# l # c  (2.1) 
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The absorbance at a wavelength of 280 nm (Abs280nm) was detected using an Eppendorf® 

BioPhotometer. The pathlength (l) of the sample in a UVette® (Eppendorf®) measurement 

cuvette was 1 cm. A theoretical extinction coefficient at a wavelength of 280 nm measured 

in water ((280nm) was estimated for each construct using the ProtParam Tool from the Expasy 

Tools server (http://www.expasy.ch/tools/protparam.html). 

2.1.9 Western blotting 

A two-step western blot was adopted to detect c-myc-containing protein. An anti-myc-tag 

polyclonal antibody (Cell Signaling Technology®) raised in rabbit was used as a primary 

antibody against the c-myc epitope of recombinant proteins. An anti-rabbit IgG, horseradish 

peroxidase (HRP) Conjugate (Cell Signaling Technology®) raised in goat was used as the 

secondary antibody for detection. 

Proteins were first resolved using SDS-PAGE as described in section 2.1.7 without the 

staining step. Instead, the gel was soaked in Towbin buffer (see Appendix B) and electro-

transferred onto a nitrocellulose membrane (Bio-Rad® Laboratories). Electro-transfer was 

performed in a Mini Trans-Blot cell (Bio-Rad® Laboratories) at a constant current of 150 mA 

for 90 minutes in Towbin buffer. Transfer was monitored using pre-stained molecular weight 

markers. Blotted membranes were blocked for two hours in 100 ml of PBS containing 5% 

non-fat dried milk (blocking buffer). The membrane was then incubated overnight at 4 °C on 

an orbital rocking platform with 5 ml of 1:1000 dilution of the primary antibody in blocking 

buffer. The membrane was then rinsed with PBS and then washed for 20 minutes with PBS 

containing 0.05% TWEEN20, then washed again in PBS for 10 minutes. The membrane was 

then incubated for two hours with 25 ml of a 1:3000 dilution of the secondary antibody on an 

orbital rocking platform. Membranes were then washed as they had been after the primary 

antibody. A SuperSignal® West PICO Chemiluminescent Substrate Trial Kit (Pierce®) was 

used to generate the enhanced chemiluminescence required for the detection of the 
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secondary antibody. The conjugated HRP on the secondary antibody catalyses the oxidation 

of the chemiluminescent substrate, luminol, by hydrogen peroxide forming an unstable 

excited state product, aminophthalate. The decay of this excited state back to a lower energy 

state is accompanied by the release of light at 425 nm, which can be detected by the X-ray 

film. 

2.1.10 Mass spectrometry 

2.1.10.1 Electrospray ionisation mass spectrometry 

Electrospray ionisation mass spectrometry was performed by Catherine Botting at the Mass 

Spectrometry & Proteomics Facility, University of St Andrews. Samples were prepared by 

resuspending lyophilised protein samples in 0.5% formic acid. The protein sample (10 µL, 

10 pmoles.µL-1) was injected onto a MassPrep® on-line desalting cartridge 2.1 x 10 mm 

(Waters, Milford, MA), and eluted with an increasing acetonitrile concentration from 2% 

aqueous acetonitrile to 98% aqueous acetonitrile (1% formic acid) and delivered to an 

electrospray ionisation mass spectrometer (LCT, Micromass, Manchester, UK) which had 

previously been calibrated using myoglobin. An envelope of multiply charged signals was 

obtained and deconvoluted using MaxEnt1 function of the MassLynx™ 4.0 software 

(Waters-Micromass) to give an estimate of the molecular mass of the protein. 

2.1.10.2 Matrix Assisted Laser desorption/ionization mass spectrometry 

Protein samples were first resolved using SDS-PAGE and the resulting gel stained and de-

stained as described in section 2.1.7. The band of interest was cut out of the gel using a 

sterile blade and washed of SDS by incubation at 30 °C in 300 µL of 200 mM NH4HCO3 

(ABC buffer) in 50% acetonitrile. After 30 minutes of incubation, all solvent was removed 

and the wash process was repeated. The protein band was then incubated at 30 °C for 60 

minutes in the presence of 300 µL of 20 mM DTT, 200 mM ABC, 50% ACN at 30 °C to 
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reduce disulfides. The band was then washed three times in 200 mM ABC, 50% ACN after 

which cysteines were alkylated at room temperature in the dark for 20 min using 100 µL 

fresh, 50 mM iodoacetamide (IAA), 200 mM ABC, 50% ACN. The band was then washed 

three times with 500 µL 20 mM ABC, 50% ACN, after which it was cut into 1 mm % 2 mm 

pieces, covered with 100% ACN and allowed to dry. Tryptic digestion of the protein was 

then performed overnight at 32 °C in 50 mM ABC containing 200 ng of porcine trypsin 

(Promega®). Aliquots of 0.5 µL of the digest were spotted onto a !-cyano-4-

hydroxycinnamic acid matrix. A Voyager-DE STR (PerSeptive Biosystems ®) mass 

spectrometer was used for MALDI-TOF analysis of samples. A global threshold was set to 

select the 100 peaks of highest intensity for analysis using Protein Prospector Tools available 

online at http://prospector.ucsf.edu/. 

2.1.11 N-terminal sequencing 

Polyvinylidine difluoride (PVDF) membranes (ProBlott® Mini, Applied Biosystems) were 

activated in ethanol followed by 50 mM Tris, 50 mM Boric acid, pH 7.45. Protein samples 

were first resolved using SDS-PAGE. The SDS-PAGE gel was then electro-blotted on 

activated PVDF membranes at 20 V for 70 minutes. The membrane was stained in 0.1% 

Coomassie brilliant blue (R-250) in methanol and destained in 50% methanol in double 

distilled H2O. Relevant bands were submitted for protein N-terminal sequencing on a pre-

calibrated Procise® protein sequencing system (Applied Biosystems®) at the Edinburgh 

Protein Interaction Centre. 

2.1.12 Co-factor activity assays for factor I-mediated cleavage of C3b 

Cofactor activity for the factor I mediated proteolysis of C3b into iC3b was initially 

measured using an endpoint fluid-phase assay. Molar equivalent amounts (1 µM) of FH~1-2, 

FH~2-3, FH~1-3, c-myc-FH~1-4-His6 and FH were added to 5 µg (1.8 µM) purified C3b 

mixed with 2 µg (1.4 µM) FI (both from Complement Technology Inc., TX, USA) in a total 
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of 15 µL. A negative control containing no FH constructs was also included. After 

incubation at 37 °C for one hour the reactions were stopped by the addition of SDS-PAGE 

reducing buffer and heated for 60 seconds at 99 °C. Two additional assays were performed 

in which the concentration dependency of FH~1-3 and c-myc-FH~1-4-His6 for the factor I 

cleavage of C3b were each compared to that of full-length FH. Assay conditions were 

identical to the endpoint assay except that the reaction was performed over 10 minutes. In 

the FH~1-3 concentration dependent assay, FI-mediated cofactor activity for cleavage of 

C3b was measured in the presence of varying concentrations of FH (0 nM, 0.84 nM, 2.53 

nM and 7.6 nM) and varying concentrations of FH~1-3 (0.84 nM, 2.53 nM, 7.6 nM, 22.8 

nM, 68.4 nM and 205 nM). In the c-myc-FH~1-4-His6 concentration dependent assay, FI-

mediated cofactor activity for cleavage of C3b was measured in the presence of varying 

concentrations of FH (0 nM, 3.97 nM and 11.92 nM) and varying concentrations of c-myc-

FH~1-4-His6 (3.97 nM, 11.92 nM, 35.77 nM, 107.3 nM, 322 nM and 966 nM). Reactions 

were stopped as in the endpoint assay and aliquots from each reaction were analysed on 5-

20% SDS-PAGE. 

2.1.13 Stability test in the Golovanov mix 

A 10 µL aliquot from an NMR sample of 15N-FH~2-3 (0.7 mM) was split into two 5 µL test 

samples, one of which was supplemented with 5 µL of a stock of 100 mM Glu, 100 mM Arg 

in 20 mM potassium phosphate pH 6.2. The remaining 5 µL was used as a control in which 

only 5 µL of 20 mM potassium phosphate buffer pH 6.2 was added. Both reaction tubes were 

then sealed in Parafilm®, a thermoplastic self-sealing film, and incubated at 37 °C. Every 24 

hours, 1 µL was extracted from each reaction, added to 19 µL reducing SDS-PAGE loading 

buffer, heated for 60 seconds at 99 °C and stored at 4 °C. Aliquots from each time point were 

then run on an SDS-PAGE gel for analysis. 
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2.2 NMR structural studies 

While the technique of NMR spectroscopy was routinely used as a tool for structure 

determination in this project, no NMR method development was undertaken. In light of this, 

a comprehensive overview of NMR theory is not appropriate [204-207]. However, certain 

key concepts relating to the nature of the experimental data collected will be briefly 

reviewed along with a list of the NMR experiments used in the project. The suite of relevant 

NMR experiments, along with a guide to the instrumental setup for these experiments for 

protein structure determination is available from the experimental pulse sequence repository 

and supporting webpage (http://nmr-linux.chem.ed.ac.uk/highfield/highfield.html) 

maintained by Dr Du!an Uhrín. 

2.2.1 Spectrometers 

A Bruker AVANCE™ 14.1 Tesla spectrometer with a 5-mm triple-resonance cryoprobe and 

a Bruker AVANCE™ 18.8 Tesla spectrometer with a standard 5-mm triple-resonance probe 

were used to acquire the spectra of all constructs with the exception of the FH~1-2(I62V) 

variant. The 15N-NOESY-HSQC and 15N-TOCSY-HSQC for FH~1-2(I62V) were acquired 

on a Bruker AVANCE™ 18.8 Tesla instrument equipped with a cryoprobe.  

2.2.2 NMR data processing 

The raw free induction decay (FID) data were processed using the process program from the 

AZARA suite of programs provided by Wayne Boucher and the Department of 

Biochemistry, University of Cambridge, UK.  The code may be obtained via anonymous ftp 

to www.bio.cam.ac.uk in the directory ~ftp/pub/azara. Processing involves the Fourier 

transformation of the acquired FID as well as the application of a variety of window 

functions to maximize resolution of the resulting frequency spectrum. A parameter file 

associated with the Bruker acquired data, ser.ref, and an example of the input script (scr) 
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used by process for the 15N-HSQC of FH~1-2 is presented in electronic format in the 

attached Appendix CD. 

2.2.3 NMR assignment software 

In the first year of this project a NMR data analysis software package, CcpNmr Analysis, 

developed by the collaborative computational project for the NMR community (CCPN) had 

commenced a beta-release phase. This software was written as an extension of the CCP Data 

Model, which comprises amongst other projects the CCP4 project for crystallographers. 

Written in the python programming language, CcpNmr Analysis supersedes previous 

programs such as ANSIG [208] by improving the bookkeeping of chemical shifts, peak-lists 

and flexible assignment procedures. In the CcpNmr Analysis data model the assignment of 

the NMR data and the assignment of atoms are separate processes. The Resonance object in 

the CcpNmr Analysis data model is at the hub of the assignment process and links all NMR 

information such as cross-peaks, chemical shifts, and atomic assignments. The assignment of 

a Resonance object to an atom or cross-peak is reversible and if, for example, the atomic 

assignment for a Resonance object is changed, all NMR information is automatically 

updated with the new atom assignment state. The Resonance object can have many different 

chemical shift values associated with different experiments, as is commonly the case in pH 

titrations experiments. It is also possible to connect a group of interrelated cross-peaks from 

different spin-systems via their associated Resonance objects, as is done during the backbone 

sequential assignment and aliphatic resonance assignment process (see sections 2.2.4, 2.2.5 

and 2.2.6) as well as during the NOE cross-peak assignment process (see section 2.2.7.2), 

without prior knowledge of the atomic assignment of each Resonance object. The user-

friendly Edit Assignment panel of CcpNmr Analysis makes it possible to see at a glance all 

candidate Resonances available for the assignments of each dimension of a single cross-

peak. 
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The assignment of all detectable atoms was a stepwise procedure. In the first instance, non-

diagonal cross-peaks from each spectrum were picked using the CcpNmr Analysis software, 

which determines the local extremum of a contour within a defined box region drawn by the 

user. Then the sequential spin-system assignment procedure began with the backbone atoms* 

(13C!, H!, 
15NH, HN and 13CO) together with H$ and 13C$ atoms (see Figure 2.5). In the second 

instance, all remaining side-chain 13C and HC atoms were assigned using ‘TOCSY transfer’-

based experiments, which propagate magnetization along the side-chain. Aromatic side-

chain atoms were assigned using specific experiments tailored to correlate the 13C$ atom to 

the atoms of the aromatic ring systems via the protonless C). Once all detectable atoms 

within the protein had been assigned to Resonance objects, the cross-peaks from the 15N and 

13C-edited NOESY experiments and RDC experiments were assigned to generate the 

required sets of distance restraint pertaining to each experiment. 

2.2.4 Sequential assignment of the backbone resonances 

Backbone assignment makes use of chemical shift information of backbone atoms as well as 

H$ and 13C$ atoms derived from the 3-D triple resonance† experiments: CBCA(CO)NH 

[209], CBCANH [210], HBHA(CO)NH [211], HBHANH [212], HNCO [213] and 

HN(CA)CO [214], which exploit the large J-couplings between nuclei in the protein 

backbone, shown in Figure 2.4, for efficient transfer of magnetisation. 

                                                
* Except proline backbone nitrogens which are not detected in the standard NMR experiments used 
† Magnetisation is transferred to all three NMR active nuclei, 1H, 13C and 15N of the isotopically 
labelled protein during the pulse sequence. 
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Figure 2.4 Through bond J-coupling constants (Hz) between various nuclei of two sequential 

spin-systems, i and i*1, within the peptide chain. Adapted from Sattler et al. (1999) [207] 

The population difference between energy levels and therefore the intensity of the NMR 

signal (at Boltzmann equilibrium) is proportional to the gyromagnetic ratio, ). The larger 

gyromagnetic ratio of the proton (42.576 MHz.T-1) compared to other nuclei in the protein 

(10.705 MHz.T-1 for 13C and -4.3156 MHz.T-1 for 15N) makes it the most sensitive nucleus in 

protein NMR. A pulse sequence building block, known as the insensitive nuclei 

enhancement by polarisation transfer (INEPT) [215], is routinely used in protein NMR to 

enhance the signals of insensitive 15NH and 13CH nuclei by exploiting the sensitivity of the 

attached proton and ensuring that the chemical shift information content of the proton can be 

transferred to the attached nucleus and vice versa without loss of sensitivity. The INEPT 

technique uses J-coupling for the magnetisation transfer. A reversed version of the INEPT is 

routinely used as the final step in a pulse sequence to transfer magnetisation from the 15NH to 

the more sensitive and short-lived* amide proton in preparation for acquisition. The 15N-

HSQC experiment, which relies on the INEPT block to correlate the 15NH with the 1HN, is a 

central point of reference for studying proteins by NMR. It was used throughout this study to 

                                                
* The shorter relaxation delay between experiments brought about by the faster relaxing 1HN enables 
more frequent repetitions of the experiments, which increases the signal-to-noise ratio. 
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optimise the protein conditions as well as monitor the solubility and stability of the protein 

NMR samples in terms of temperature and pH. The 15N-HSQC spectra of the pH titration 

and temperature denaturation studies undertaken for FH~1-2 and associated amino-acid 

sequence variants were internally referenced to the amide chemical shifts of the EAAG N-

terminal cloning artefact present in all constructs. These residues present sharp and narrow 

cross-peaks detectable in each 15N-HSQC spectrum and were shown to be flexible on the ps-

ns timescale (see section 4.2.4). Their chemical shifts appear to be insensitive to pH and 

temperature variations and approximate the random coil values for these amino acids 

observed in the unfolded state [216,217]. 

Backbone experiments are aimed at correlating chemical shifts from a given residue i with 

shifts from its previous (i*1) residue. The 3-D CBCANH connects the C! and C$ shifts of 

residues i and i*1 with the NH and HN of residue i whilst the 3-D CBCA(CO)NH connects 

the C! and C$ shifts of residue i*1 with the NH and HN of residue i. The 3-D HBHANH and 

HBHA(CO)NH are extensions of the CBCANH and CBCA(CO)NH experiments and 

correlate the H! and H$ shifts rather than the C! and C$ shifts to the amide of residue i. The 

magnetisation pathways for the 3-D triple-resonance CBCANH and CBCA(CO)NH 

experiments is illustrated in Figure 2.5. Overlays of the CBCANH and the CBCA(CO)NH 

spectra for both FH~1-2 and FH~2-3 are shown in sections 4.2.2 and 4.3.2. 

The 3-D HNCO, correlating the chemical shifts of the i amide with the i*1 carbonyl, and the 

3-D HN(CA)CO, correlating the i amide with both the i and i*1 carbonyl, were used to 

complete the backbone atom assignment and resolve any ambiguities from the sequential 

assignment with the other two pairs of triple-resonance experiments.  Both the 3-D HNCO 

and the 3-D HN(CA)CO are known as ‘out-and-back’ experiments since the magnetisation 

begins and ends on the amide proton. 
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Figure 2.5 Magnetisation pathways (top-panels) and the multi-dimensional spectrum 

representations (bottom panels) of (A) the 
15

N-HSQC, (B) the CBCA(CO)NH and (C) the 

CBCANH experiments. Atoms labelled during the evolution periods of the pulse programs and 

whose dimensions are detected in the spectra are colour coded for clarity. Arrows indicate the 

magnetisation transfer steps of the experiment. Only one strip is shown for the 3-D 

CBCA(CO)NH and CBCANH along with the corresponding amide cross-peak in the 2-D 
15

N-

HSQC. 

The 2-D 15N-HSQC spectrum was generally used as a point of reference in the identification 

of the spin-systems. For a given amide cross-peak of residue i in the 15N-HSQC, the 2-D 

planes (13C and 1H dimensions) of the 3-D CBCANH and CBCA(CO)NH spectra were 

overlaid at the 15N chemical shift of the i amide cross-peak in order to identify the C! and C$ 

from residue i and the C! and C$ from the preceding (i*1) residue. Using the Link Sequential 

Spin-systems function from the drop down Assignment menu in CcpNmr Analysis, the H! 

and H$ (or C! and C$) cross-peak chemical shifts of a given spin-system in the ‘i*1’-type 

experiment HBHA(CO)NH (or CBCA(CO)NH) were queried against the cross-peak 

chemical shifts from all strips of the ‘i*1, i’-type experiment HBHANH (or CBCANH). The 
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best matches were ranked and displayed in strips enabling the identification of the i cross-

peaks of the HBHANH (or CBCANH) corresponding to the queried i*1 cross-peak of the 

HBHA(CO)NH (or or CBCA(CO)NH). A sequential link can then be introduced between the 

two spin-systems for which there is a matching Resonance. 

A series of connected strips, each corresponding to a unique backbone amide proton cross-

peak in the 15N-HSQC spectrum, was produced. The characteristic chemical shift patterns of 

the C! and C$ atoms of threonine, serine and glycine residues enabled the identification of 

their associated strips in the backbone resonance experiments and served as a starting point 

in matching sequential spin systems with corresponding segments of the primary sequence. 

Typically the chemical shifts of C! of serine residues (53-63 ppm) and of C! of threonine 

residues (56-68 ppm) are up-field of the chemical shifts of their respective C$ (60-68 ppm for 

serine and 66-74 ppm for threonine) whereas this pattern tends to be reversed for the C! and 

C$ atoms of other residues. This pattern is readily identifiable in the CBCANH experiment in 

which the C! and C$ signals are of opposite phase. Glycine residues were identified from the 

lone C! atom at a characteristic chemical shift (42-48 ppm) distinctly up-field from the C! 

chemical shifts of other residues. 

2.2.5 Aliphatic side-chain assignment 

The remainder of the aliphatic side-chain 1H and 13C atoms were assigned using the 15N-

TOCSY-HSQC [218], the 3-D H(CC)(CO)NH-TOCSY, the 3-D (H)CC(CO)NH-TOCSY 

[219] and the HCCH-TOCSY [220]. These experiments make use of the TOCSY (Total 

Correlation Spectroscopy) [221] through-bond coherence transfer to all coupled spins in a 

scalar-coupled network (e.g all 13C atoms of a linear side-chain) using isotropic mixing pulse 

sequences that satisfy the Hartmann-Hahn matching condition [222]. The Hartmann-Hahn 

matching condition states that magnetisation transfer between two strongly coupled spins I 
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and S is only efficient when they have equal precession rates in their respective rotating 

reference frames: 

 
  

! 

"
I
B
1

= "
S
B
2
 (2.2) 

where B1 and B2 are the radiofrequency fields at which I and S spins, respectively, are 

locked*. By concatenating several homonuclear Hartmann-Hahn transfers, each one 

targeting a pair of 13C spins in a linear arrangement in the amino-acid side-chain, 

magnetisation can be propagated throughout the entire side chain and out to aliphatic 

protons. 

While there is a certain amount of overlap in the chemical shift information obtainable by the 

four aforementioned TOCSY-based experiments, they complement each other and together 

they provided the majority of the assignable chemical shift information of the proteins in the 

current work. The 3-D H(CC)(CO)NH-TOCSY and the 3-D (H)CC(CO)NH-TOCSY 

correlate all aliphatic side-chain 1HC and 13C, respectively, of residue i*1 with the NH and HN 

of residue i and thus provided additional characteristic chemical shift information helpful in 

identifying spin-systems and their sequential assignment as described in section 2.2.4. The 3-

D 15N-TOCSY-HSQC (Figure 2.6B) correlates aliphatic side-chain protons from residue i 

with the NH and HN of residue i and was useful in confirming or supplementing assignments 

obtained from the 3-D H(CC)(CO)NH-TOCSY and assigning side-chain NH2 groups. 

The assignments from the 3-D H(CC)(CO)NH-TOCSY, 3-D (H)CC(CO)NH-TOCSY and  

3-D 15N-TOCSY-HSQC were then transferred to the 13CH-HSQC [223], which serves as the 

reference point for the assignment of the 3-D HCCH-TOCSY. The 3-D HCCH-TOCSY is 

more information rich than the other TOCSY experiments as each aliphatic proton of a spin-

system (including prolines) is correlated to all other aliphatic protons from the same spin-

                                                
* Using a composite pulse known as the spin-lock 
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system. This provided an extra level of resolution, which was ultimately critical in resolving 

any ambiguity in the highly overlapped methyl region. 
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Figure 2.6 Aliphatic proton assignment using 
15

N-TOCSY-HSQC and the HCCH-TOCSY. 

Magnetisation pathways (top panels) and multi-dimensional spectrum representations (bottom 

panels) for (A) the 
15

N-HSQC, (B) the 
15

N-TOCSY-HSQC, (C) the 
13

CH-HSQC and (D) the 

HCCH-TOCSY. Atoms labelled during the evolution periods of the pulse programs and whose 

dimensions are detected in the spectra are colour coded for clarity. Arrows indicate the 

magnetisation transfer steps of the experiment. Only one strip is shown for the 3-D 
15

N-TOCSY-

HSQC and the 3-D HCCH-TOCSY, along with their corresponding amide cross-peak in the 2-D 

15
N-HSQC, and 

13
CH cross-peak in the 2-D 

13
CH-HSQC. 
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2.2.6 Aromatic side-chain assignment 

Aromatic side chains are usually buried in the core of soluble proteins and the aromatic 

protons yield important NOE restraints contacts that help fold the protein in the structure 

calculation. It is therefore of prime importance to collect as much NOE data as possible from 

the aromatic protons and a separate set of experiments to help in their assignment was used 

in this project. Identifying aromatic protons is relatively easy as they tend to be deshielded 

(6-8 ppm region) relative to aliphatic protons due to the ring current effects of the aromatic 

ring. 

 

Figure 2.7 Magnetisation pathways of the (HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE 

experiments for phenylalanine. 

The three 2-D through-bond coupling experiments; (HB)CB(CGCD)HD, 

(HB)CB(CGCDCE)HE [224] and the constant-time aromatic 13CH-HSQC are used, along 

with the 3-D 13CH-NOESY-HSQC, to identify the aromatic spin-systems. An illustration of 

the magnetisation transfer in phenylalanine from the first two experiments is depicted in 

Figure 2.7. The (HB)CB(CGCD)HD correlates the C$ chemical shift of the aromatic side-

chain with the H# chemical shift of the ring system whilst the (HB)CB(CGCDCE)HE goes 

one step further correlating the C$ chemical shift with the H( chemical shift of the ring 

system. These two spectra were then used in combination with the 13CH-HSQC and the 
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aromatic constant-time 13CH-HSQC, to identify and assign the phenylalanine and tyrosine 

H## and H(#
* as well as the tryptophan H#1 protons and histidine H#2. Additional confidence 

in assignment was obtained by referring to the chemical shift distribution for aromatic atoms 

reported in the Biological Magnetic Resonance Data Bank (BioMagRes Bank) [225]. The 

assignment of the remaining aromatic protons was largely based on NOE intensities relying 

on the assumption that the most intense cross-peaks arise from intra-residue NOEs between 

protons within the aromatic ring. 

2.2.7 Distance restraints derived from the Nuclear Overhauser effect  

2.2.7.1 Introduction 

Structure determination by NMR spectroscopy relies on the generation of distance restraints 

within the molecular system studied. The most commonly used and readily available set of 

distance restraints is derived from the nuclear Overhauser effect (NOE), which occurs 

between spins that are sufficiently close in space (< ~5 Å for 1H-1H NOE) to have an 

appreciable dipole-dipole interaction (dipolar coupling). The nuclear Overhauser effect is 

manifested by an intensity change in a particular resonance line caused by relaxation from 

neighbouring spins with perturbed energy level populations. The NOE phenomenon is best 

understood from the perspective of the energy level diagram, represented in Figure 2.8, for 

two spin-1/2 populations, I and S†, that are not J-coupled but share a dipolar coupling.  

 

 

                                                
* In both FH~1-2 and FH~2-3 the phenylalanine and tyrosine (H#1, H#2) and (H(1,H(2) atom sets were 
observed to have equivalent chemical shifts due to rotational averaging and were defined as such 
(represented by the # symbol) in the molecular system within CcpNMR Analysis. 
† In this nomenclature, ‘S’ refers to the saturated spin whilst ‘I’ refers to the observed spin. 
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Figure 2.8 The energy level diagram of a dipolar coupled two-spin system, I (red) and S (blue), 

at thermal equilibrium. The four energy levels for spins I and S at thermal equilibrium have 

different populations of spins. Spins in the !  state are of low energy while spins in the $  state 

are of high energy. The single quantum transitions for I spins (I1, I2) and S spins (S1, S2) are 

different in energy (owing to their different chemical shifts). The efficiency of the transitions 

from one state to another is governed by the probability rate constants W1I, W1S W2IS and W0IS. 

At thermal equilibrium (Figure 2.8), spins will adopt a Boltzmann distribution in which 

slight excesses, "S and "I, of S spins and I spins, respectively, will populate the ! spin state 

(low energy) rather than the $ spin state (high energy). A perturbation of the population 

levels by radiofrequency excitation will induce a return to the thermal equilibrium by the 

excited spins via the following three transition pathways: 
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• The single quantum transitions, governed by the transition probabilities W1S and W1I 

for spin S and I respectively 

• The zero quantum transition, governed by the transition probability W0IS applicable 

to both spins simultaneously 

• The double quantum transition, governed by the transition probability W2IS also 

applicable to both spins simultaneously 

The return to equilibrium via any one of these three pathways is expressed as a probability 

because relaxation is a stimulated process that is dependent of the available frequencies from 

random local fluctuating magnetic fields that match the energy transitions. These available 

frequencies are expressed in terms of a spectral density function J at a frequency +: 
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where ,c is the molecular rotational correlation time (the time taken by the molecule to rotate 

by roughly one radian about any axis). 

The equations describing the transition probabilities of the isolated two spin system I and S 

in terms of the spectral density function are as follows: 
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where   

! 

h  is h/2" (i.e. Plank’s constant divided by 2"), µ0 is the permeability constant in a 

vacuum and # is the proton gyromagnetic ratio. The single quantum transition describes the 

return of a single spin from a high-energy state to a lower energy state, without affecting its 

dipolar coupled neighbour. This process is known as auto-relaxation and corresponds merely 

to the T1 relaxation of the spin (refer to section 2.2.8). This transition is manifested as an 

observable NMR signal of intensity directly proportional to the population difference 

between the two energy states. 

The manner in which NMR detects the other two transition pathways is best understood from 

the perspective of a saturation experiment, shown in Figure 2.9. In this experiment the S 

spins are irradiated by a weak radiofrequency pulse at the frequency matching the energy 

difference between the S! and S$ state (i.e. the S spin Larmor frequency). This has the effect 

of equalising the S! and S$ spin populations, a process known as selective saturation that 

eliminates the S transition NMR signal (S1+S2 = 0). Thus a non-equilibrium situation is 

created in which there is an excess of S$ spins in the S$I! and S$I$ energy level. In order for 

the system to return to equilibrium the excess of S$ spins will flip back into the ! state via 

either of the pathways mentioned above. 
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Figure 2.9 The nuclear Overhauser effect. A saturation experiment equalises the S spin 

populations across energy levels. This perturbation of the equilibrium populations forces the 

excess of S$ spins to flip back to the !  state. Three relaxation pathways compete to restore the 

population equilibrium. In the single quantum relaxation pathway (W1S) the S spin auto-

relaxation (and restoration of S spin NMR signal) leaves the I spin NMR signal unaffected. In 

the double quantum relaxation pathway (W2IS) the I$ and S$ spins undergo cross-relaxation to I!  

and S! respectively inducing a positive enhancement of the I spin NMR signal proportional to 

the resulting I population increase (# I) in the lowest energy level. In the zero quantum 

relaxation pathway (W0IS) the I! and S$ spins undergo cross-relaxation to I$ and S! respectively 

inducing a negative enhancement of the I spin NMR signal proportional to the resulting I 

population decrease (# I) across the intermediate energy levels. 

The return to equilibrium via single quantum transitions will progressively restore the NMR 

signal of the S spins. The return to equilibrium via zero and double quantum transitions is 

known as cross-relaxation, which in contrast to the NMR signal from auto-relaxation, is only 

observable through the intensity change of the dipolar-coupled neighbour, an effect known 
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as the nuclear Overhauser effect. In the double quantum transition pathway, the flip from $ 

to ! of the S spin is accompanied by a simultaneous flip of the I spin from $ to !. The direct 

effect of this is an increase in the intensity of the I spin NMR signal by a factor proportional 

to the newly generated excess of I spin in the ! state. This is known as the positive NOE 

enhancement. In the zero quantum transition pathway, the flip from $ to ! of the S spin is 

accompanied by a simultaneous flip from ! to $ of the I spin. The direct effect of this is a 

reduction in the intensity of the I spin NMR signal by a factor proportional to the newly 

generated excess of I spin in the $ state. This is known as the negative NOE enhancement. In 

practice, these small intensity changes from the NOE effects can be more readily identified 

by subtracting the spectrum of the saturation experiment from one in which no saturation 

was applied. The observable NOE is determined by the cross-relaxation rate:  
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which, from equations (2.6) and (2.7), can be rewritten for a rigid isolated 1H-1H spin system 

as: 
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For large molecules (Molecular Weight > 500 Da) such as proteins, the zero quantum 

transition dominates over the double quantum transition (W2 < W0) due to the slow 

molecular motion and a negative NOE enhancement is observed. As can be seen in equation 

(2.10), the enhancement is proportional to the inverse sixth power of the distance between 

the two nuclei involved [226]. 
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2.2.7.2 Assignment of NOE cross-peaks 

Two types of 3-D NOESY experiments were collected on FH~1-2 and FH~2-3; namely the 

15N-NOESY-HSQC [218] and the 13CH-NOESY-HSQC [227]. The 15N-NOESY-HSQC was 

also collected on a sample of 2H-15N-FH~1-3 and 15N-FH~1-2(I62) to assist with their 

respective assignments. The resonance assignments of each cross-peak in the 15N-HSQC, 

13CH-HSQC and aromatic 13CH-HSQC spectra were propagated to the bound dimensions 

(F1 and F3) of each picked peak in the corresponding strips of the 15N- and 13CH-NOESY-

HSQC spectra (see Figure 2.10). By overlaying the 1H-1H planes of the HCCH-TOCSY and 

the 13CH-NOESY-HSQC, the intra-residue NOE cross-peaks were easily identifiable. 

Similarly, by overlaying the 15N-TOCSY with the 15N-NOESY-HSQC the intra-residue 

amide to side-chain NOE cross-peaks were obtained. The amide-to-amide cross-peaks are 

also unique to the 15N-NOESY-HSQC and generally reveal characteristic secondary 

structural patterns (see section 4.5.4), which are critical in defining structural elements in the 

early stages of the simulated molecular dynamics calculation. Additional side-chain to amide 

NOE cross-peaks, in particular from the H! NOE strips, are readily identifiable in the 13CH-

NOESY-HSQC and can also serve as a guide to the secondary structure formation. 
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Figure 2.10 The NOE cross-peak assignment of the 
15

N-NOESY-HSQC and 
13

CH-NOESY-

HSQC spectra. The chemical shift list obtain from the Resonance assignment is used as a basis 

for assignment of F1 and F3 dimensions 

A single distance restraint between a pair of protons is most often manifested by two 

symmetry related NOE cross-peaks, originating from each corresponding NOESY strip (i - 

j and j - i). Following near-complete atomic assignment, this symmetry relation proved 

most useful in identifying unambiguous distance restraints. Using the chemical shift list 
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information obtained from sections 2.2.4, 2.2.5 and 2.2.6, the unbound (or free 1H) 

dimension (F2) of an NOE cross-peak was unambiguously assigned to a lone matching 

Resonance candidate if there was an equivalent symmetry related cross-peak in the NOE 

strip from the candidate. However, special cases arose in which the NOE did not simply 

originate from a pair of dipolar coupled protons with distinct chemical shifts but rather from 

several distinct protons that happen to share similar chemical shifts within the error bounds 

of the peak position in the indirect proton dimension. These gave rise to ambiguous distance 

restraints and were left unassigned (in the free 1H dimension F2) to be treated as ambiguous 

by the automated assignment and structure calculation software (see section 2.2.10.2). 

Another source of ambiguous distance restraints arose when one or more groups of 

chemically equivalent protons partook in the NOE but shared degenerate chemical shifts 

such as aliphatic methylene or methyl groups or aromatic protons that are chemically 

equivalent from the ring rotation around the C$ – C) bond. These cases are automatically 

accounted for based on the parameters and topology file setup of the structure calculation 

software. 

Despite the generation of many NOE cross-peaks in a NOESY experiment, there is a certain 

level of information degeneracy that arises from the symmetry relationship mentioned above 

and also from various intra-residue NOEs, such as between a pair of geminal H$ protons, 

which give distance restraints for covalent geometries that are already defined in the 

topology files used in the structure calculation. 

Furthermore, the volume of an integrated NOE cross-peak does not always accurately 

translate into a distance restraint due the effects of spin-diffusion on the peak intensity [228]. 

Spin-diffusion is a process by which the magnetisation is transferred via intermediate 

‘clandestine’ spins thus introducing errors in the NOE measurement.  In the current work 
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spin diffusion was dealt with by the use of a minimal mixing time in the NOESY pulse 

sequence to restrict detection to close spin pairs. 

In preparation for the structure calculation, the peak-lists for both the 15N-NOESY-HSQC 

and the 13CH-NOESY-HSQC along with the chemical shift list were exported in the XEASY 

format (.peaks and .prot files respectively) using the FormatConverter of CcpNmr Analysis. 

NOE intensities were calculated from the "box sum" integration of each peak in CcpNMR 

Analysis, which takes a sum of the height values inside a defined box centered on the peak. 

2.2.8 Relaxation 

2.2.8.1 Introduction 

Thermal equilibrium following an NMR excitation pulse is achieved through relaxation 

pathways available to the nuclear spins. These pathways govern both the length of time that 

the FID can be observed and the minimum time required for thermal equilibrium to be 

restored. After an NMR-induced perturbation, the bulk magnetisation returns to thermal 

equilibrium through two relaxation pathways: spin-lattice (or longitudinal) and spin-spin (or 

transverse). Nuclear spin relaxation is a direct consequence of the weak coupling of spin-

systems to the surroundings, or lattice, and arises from fluctuations in local magnetic fields 

caused by stochastic Brownian motions* of molecules in the liquid. The time-dependent 

fluctuations can be resolved into components perpendicular (transverse) and parallel 

(longitudinal) to the main static field. The transverse components of the local fields are 

nonadiabatic‡ and contribute to both spin lattice and spin-spin relaxation mechanisms, while 

the parallel components of the local fluctuating field† contribute only to spin-spin relaxation 

mechanisms. Because of the dependency of relaxation on molecular motion, experimental 

                                                
* relaxation is mainly affected by the rotational molecular motions 
‡ a process that requires exchange of energy with the lattice 
† adiabatic process 
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measurement of the relaxation rates of backbone amide bonds can be used to study the 

backbone dynamics of a protein. In the present study the backbone amide 15N spin-lattice 

(T1), the 15N spin-spin (T2) and the steady-state {1H}15N NOE [229] were measured for 

FH~1-2, FH~2-3 and FH~1-3 as outlined in the following sections. The most established and 

rigorous approach to studying internal backbone dynamics involves the interpretation of 

relaxation data using the Model-free formalism [230,231]. Implicit in this method is the 

assumption that the overall tumbling of the macromolecule is isotropic. While a complete 

study of the dynamics, using Model-free formalism, of each FH construct investigated was 

deemed beyond the scope of this thesis, a residue by residue plot of T1, T2 , T1/T2 and hetero-

nuclear {1H}15N NOE relaxation data can give a crude indication of the flexible regions in 

the backbone and is also required in the selection of appropriate RDCs to be used in the 

structure calculation (see section 4.2.4).  

2.2.8.2 
15N spin-lattice (T1) relaxation 

Spin-lattice relaxation is governed by fluctuating dipole-dipole moments from molecular 

tumbling and accounts for the return of the bulk magnetisation, M(t), to equilibrium, M0, 

along the z-axis following an excitation pulse into a non-equilibrium state (i.e. xy-plane or –

z axis). The spin-lattice time constant (T1) rate is characterised by the first-order rate 

expression: 
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Mz(t) is the z-component of the bulk magnetisation vector at time t and M0 is the equilibrium 

state of the bulk magnetisation vector. T1 measurements can be obtained by NMR via a spin-

inversion recovery method in which the bulk magnetisation is transferred from the z axis to 

the –z axis via a (.)z pulse, allowed to relax for a period ,, and then transferred into the xy-

plane for measurement of the x and y components of the vector by the receiver coils. 
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In the present study, several spin-inversion recovery experiments were measured with 

increasing values of the relaxation delay time, ,. The values of , used to derive T1 

measurements of module pairs were 51.1 ms, 301.1 ms, 501.1 ms, 601.1 ms, 751.1 ms, 851.1 

ms and 901.1 ms whereas those used to derive T1 measurements of FH~1-3 were 47.2 ms, 

645.2 ms, 921.2 ms, 1151.2 ms, 1289.2 ms and 1473.2 ms. A series of interleaved 15N-

HSQC experiments, one for each different , value, was collected. Individual amide cross-

peaks from each 15N-HSQC spectrum were picked in CcpNmr Analysis. Using the Rates 

Analysis function within CcpNmr Analysis, each amide T1 value was determined from an 

exponential fit of the cross-peak intensity as a function of relaxation delay times, as 

described in the following equation: 
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where I(,) is the cross-peak intensity at time ,, I(0) is the initial cross-peak intensity and I(/) 

the residual cross-peak intensity from pulse imperfections. The time constant errors were 

derived from the fitting error from multiple fitting routines of the Rates Analysis function in 

CcpNmr Analysis. 

2.2.8.3 
15N spin-spin (T2) relaxation 

Spin-spin relaxation along with the inhomogeneous magnetic field throughout the sample 

account for the reduction of phase coherence (dephasing) between spins in the xy-plane after 

a radio-frequency pulse. The associated rate of decay of the x and y components of 

transverse magnetisation is characterised by the time constant T2!. To extract the T2 value 

caused by spin-spin relaxation alone (i.e. independent of field inhomogeneity) from the T2!
 

value a series of spin-echo experiments are performed, in which the bulk magnetisation 

vector is carried onto the y-axis by a (./2)x excitation pulse, allowed to dephase for a period 

,/2, flipped 180° by an (.)x pulse and allowed to refocus onto the –y-axis for a period ,/2. 
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The pulse sequence used in the current study included Carr-Purcell-Meiboom-Gill (CPMG) 

pulse segments to remove contributions from field inhomogeneity and molecular diffusion. 

The resulting refocused y-component decays according to the first-order rate expression: 
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The x-component also decays at the same rate: 
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As in the case of T1, a series of interleaved 15N-HSQC experiments were recorded, one for 

each different , value (for , < T2). The values of , used to derive T2 measurements of module 

pairs were 16 ms, 32 ms, 64 ms, 80 ms, 96 ms, 112 ms and 128 ms whereas those used to 

derive T2 measurements of FH~1-3 were 16 ms, 32 ms, 48 ms and 64 ms. Non-overlapped 

cross-peaks were picked and assigned from each spectrum. Individual amides T2 values were 

derived from the exponential fit of their intensity as a function of ,: 
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2.2.8.4 Hetero-nuclear steady-state {1H}15N NOE 

Hetero-nuclear steady-state {1H}15N NOE is a useful measure of the amide bond mobility on 

the ns timescale. For proteins of the size of the constructs presented in this study the NOE is 

approximately five and 30 times more sensitive to internal dynamics than the T1 and T2 

relaxation rate measurements, respectively [229]. In the hetero-nuclear steady-state {1H}15N 

NOE experiment, a 2-D hetero-nuclear spectrum was recorded in which the longitudinal 
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magnetisation of the 15N nuclei was measured in the presence and absence of an initial 1HN 

steady-state saturation, whilst avoiding saturation of the water [229,232]. After the steady-

state saturation event, a 90° pulse is applied on the 15NH and the magnetisation is transferred 

to the 1HN via a reverse INEPT block for detection. Under the steady-state saturation, a 

continual equalisation of the 1HN nuclei energy levels is concomitant with the dipolar cross-

relaxation between the 1HN and 15NH spins and leads to a build-up of {1H}15N NOE 

enhancements, $. The more mobile the amide bond (on a ns timescale), the more negative 

the NOE enhancement and the lower the amide cross-peak intensity. The {1H}15N NOE was 

expressed in terms of the ratio of the intensity under saturating conditions (I) over the 

intensity under non-saturating conditions (I0) thus reflecting the impact of the negative NOE 

enhancement on intensity: 
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Both saturating and non-saturating experiments were set with the same receiver gain in order 

to accurately measure the enhancement. 

2.2.9 Residual dipolar coupling 

2.2.9.1 Introduction 

Residual dipolar couplings provide long-range structural information that is complementary 

to the short-range information derived from NOEs. The time-averaged dipole-dipole 

(dipolar) coupling constant, DIS  , between two spins I and S in an external magnetic field is 

governed by the equation:  
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where rIS is the distance between the two spins, )I and )S are the gyromagnetic ratios of spins 

I and S, respectively, !!is the Dirac constant (also known as the reduced Planck constant), µ0  

is the permeability of vacuum and 0 is the angle formed between the inter-spin vector and 

the external magnetic field. Illustrated in Figure 2.11A is a magnetic dipolar coupling for a 

15N-1H spin pair; the magnetic moments of each spin is aligned to the external magnetic 

field, B0. The total magnetic field at the 15N position can decrease (or increase) relative to B0 

depending on both the orientation of the 15N-1H vector and the spin states of the proton 

(parallel or antiparallel to B0). 

 

Figure 2.11 A) Static dipole-dipole interaction between 
15

N and 
1
H nuclei in a magnetic field B0. 

The magnetic field at the 
15

N position is dependent on the distance between 
1
H and 

15
N and the 

orientation of the inter-nuclear vector with the static field B0. B) The orientation of an inter-

nuclear dipolar unit vector for a spin pair in a weakly aligned system defined by the polar 

coordinates 1  and 2  in the principal axis system, Azz, Ayy and Axx, of a molecular alignment 

tensor. 
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As a result of isotropic rotational diffusion, the dipolar coupling between two nuclei of a 

rigid molecule averages to zero in solution and the observed coupling constant between the 

pair of nuclei, Jobs, is solely attributable to the through-bond scalar coupling, 1JIS (i.e. Jobs = 

1JIS). However, a weak alignment of the molecule prevents the complete averaging of the 

dipolar interaction, while retaining the solution properties necessary for high resolution 

NMR. Now the observed coupling constant, Jobs, between pairs of nuclei is the sum of the 

through-bond scalar coupling, 1JIS, and the residual through-bond dipolar coupling, 1DIS (i.e. 

Jobs = 1JIS + 1DIS). As described in equation (2.17), the residual through-bond dipolar 

coupling, 1DIS is both distance dependent and angle dependent. The distance information (i.e. 

the bond length) is assumed fixed and the angular information can be used to establish the 

relative orientation of rigid units (bond vectors) within the molecule. This is achieved by 

describing the bond vectors in terms of a coordinate system defined by the alignment tensor 

of the molecule. The measured dipolar couplings can be expressed in terms of the polar 

coordinates (2 and 1) of the dipolar vectors within the principal axis system of the alignment 

tensor, Axx, Ayy and Azz as shown in Figure 2.11B. 

The equation (2.17) is then re-written as: 
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where Aa, the axial component of the alignment tensor is expressed as: 
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and Ar, the rhombic component of the alignment tensor is expressed as: 
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Ar = Axx " Ayy (2.20) 

 

Most importantly, the alignment tensor matrix is real, symmetric and traceless meaning that: 

 
  

! 

Axx + Ayy + Azz = 0  (2.21) 

Using equation (2.18) it is possible to calculate the residual dipolar coupling constant for any 

arbitrary spin pair in a molecule if the orientation of the dipole-dipole vector and the 

principal values of the alignment tensor are known. Conversely, the alignment tensor can be 

determined if a sufficient number of experimental RDC constraints are measured for a 

known structure. 

The principal components of the alignment tensor can be estimated from a histogram plot of 

the normalized RDCs provided that the number of measured couplings was sufficiently 

large. This is described in more detail for FH~1-2 and FH~2-3 in sections 4.2.5 and 4.3.5. 

2.2.9.2 Sample preparation and data collection 

Samples (550 µL) of 13C,15N-labelled FH~1-2 (1 mM), 13C,15N-labelled FH~2-3 (2 mM) and 

2H,15N FH~1-3 (0.6 mM), all at pH 6.2, 20 mM potassium phosphate, 50 mM Arg-d7, 50 

mM Glu-d5, 0.05% (v/v) NaN3, 10% (v/v) D2O, were aligned in Pseudomonas filamentous 

(Pf1) phage (Profos, Regensburg, Germany) at various concentrations as outlined below. The 

commercial stock of Pf1 is sold as a solubilised suspension of phage (50 mg.ml-1) in 10 mM 

potassium phosphate, 2 mM magnesium chloride, pH 7.6. Small amounts of Pf1 phage along 

with 10% (v/v) of D2O were added to the samples to monitor the residual quadrupolar 

splitting of D2O. A D2O splitting of 6.24 Hz at a phage concentration of 12 mg.ml-1 on a 14.1 

Tesla spectrometer (600 MHz proton resonance frequency) was achieved for FH~1-2. A D2O 

splitting of 7.4 Hz at a phage concentration of 12 mg.ml-1 on a 18.8 Tesla spectrometer (800 



CHAPTER 2: MATERIALS AND METHODS 

 90 

Mhz proton resonance frequency) was achieved for FH~2-3. A D2O splitting of 6.2 Hz at a 

phage concentration of 8 mg.ml-1 on a 18.8 Tesla spectrometer was achieved for FH~1-3. 

The amount of Pf1 phage added generally represented between 20 and 25% of the total 

volume and whilst the concentration of protein was reduced the pHs of the samples were not 

significantly altered from their original values. 

Three types of NMR experiments were collected for the aligned and unaligned samples of 

each module pair – 13C,15N-FH~1-2 and 13C,15N-FH~2-3 – in order to obtain the three 

different residual dipolar couplings, 1DNH, 1DC!H! and 1DC!C’. Only the NMR experiment for 

the measurement of the amide bond residual dipolar coupling 1DNH was collected on the 

aligned and unaligned sample of 2H,15N-FH~1-3 as this was not suitably labelled for the 

other two experiments. 

A 15N-HSQC without proton decoupling was recorded both before and after alignment of 

each sample to observe the splitting of the amide cross-peaks in the 15N dimension, reflecting 

both 1JNH and (1DNH + 1JNH) couplings, respectively. When the spectrum of the aligned sample 

shows a heterogeneous distribution of amide doublet splitting values different from the 

characteristic unaligned 1JNH (~-94 Hz) the sample is suitably aligned. One would not be able 

to extract all the 1JNH and (1DNH + 1JNH) values from the proton un-decoupled 15N-HSQC 

alone due to the significant overlap arising from doubling of cross-peaks within the same 

spectrum. The solution to this problem is the IPAP NMR experiment devised by Ottiger et 

al. [233], in which the two components of a 1JNH doublet are recorded in the in-phase mode 

(IP) and in the anti-phase mode (AP) in an interleaved manner creating two spectra. These 

spectra are then combined into two sub-spectra, in which either the in-phase and anti-phase 

are added to each other (IP+AP) or they are subtracted from each other (IP-AP). As a result 

only one component of the doublet remains in each sub-spectra as illustrated in Figure 2.12. 



CHAPTER 2: MATERIALS AND METHODS 

 91 

 

Figure 2.12 IPAP editing (A) Doublet recorded in the in-phase (IP) mode, (B) The same doublet 

as A but recorded in the anti-phase (AP) mode (dotted contour represents an opposite phase), 

(C) ‘IP+AP’, addition of in-phase doublet A with anti-phase doublet B, (D) ‘IP-AP’, subtraction 

of anti-phase doublet B from in-phase doublet A. 

Thus the IPAP NMR experiments for both aligned and unaligned samples in this study were 

split into their two ‘IP+AP’ and ‘IP-AP’ sub-spectra, as described above, using the in-house 

splitipap macro, written for the XWINNMR (© BRUKER Biospin) by Dr Graeme Ball 

(University of Edinburgh). Each sub-spectrum was then processed using AZARA and loaded 

into CcpNmr Analysis. For every backbone amide resonance in the 15N-HSQC a total of four 

associated cross-peaks were picked and assigned; one for each ‘IP+AP’ and ‘IP-AP’ sub-

spectrum of the aligned and unaligned sample. Figure 2.13 illustrates, as an example, the 

‘IP+AP’ and ‘IP-AP’ sub-spectra for the measurement of 1(JNH+DNH) of the aligned sample 

of FH~2-3. 
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Figure 2.13 Overlay of the ‘IP+AP’ sub-spectrum (pink) and ‘IP-AP’ sub-spectrum (blue) for 

the measurement of the 
1
(JNH+DNH) coupling constants of the aligned sample of FH~2-3. Only 

the assignable backbone amide cross-peaks are labelled. 

The coupling constants and associated errors for each amide were determined using the in-

house RDC calculator macro written by Dr Graeme Ball for CcpNmr Analysis, which 

calculates the difference in the 15N frequencies (Hz) between the ‘IP+AP’ cross-peak and the 

‘IP-AP’ cross-peak for both the unaligned and aligned spectra, yielding 1J and 1(J+D) 

respectively. The RDC is derived from these values as follows: 

 
  

! 

1D = 1(J + D) - 1J  (2.22) 

 

Errors in RDC measurements ($J or $(J+D)) were estimated by dividing the line-width at 

half-peak height (LW) by the signal to noise (SN), as described by Kontaxis et al. [234]: 
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A list of the three different sets of residual dipolar couplings 1DNH, 1DC!H! and 1DC!C’ was 

then generated for use as restraints in the structure refinement protocol described in section 

2.2.10.3. 

2.2.10 Structure calculation and refinement 

2.2.10.1 Introduction 

There are several reliable methods for deriving 3-D protein structures from NMR data. Two 

of these methods, described in the following sections, were employed in the structure 

determination of FH~1-2 and FH~2-3. The first method is the conjugate gradient 

minimisation of a variable target function using torsion angle dynamics [235]. The second 

method is the minimisation of a hybrid energy target function using restrained molecular 

dynamics in Cartesian space [236,237]. The first method was employed, using the structure 

calculation software CYANA [238] version 2.1, to semi-automate the NOE assignment 

procedure and generate the initial non-refined structures. The second method was employed, 

using the structure calculation software Crystallography and NMR systems (CNS) [239], to 

incorporate the RDC restraints and refine the structures in water solvent. Both methods 

involve multiple parallel searches of conformational space in order to minimise a potential 

energy target function as well as satisfying the experimental data set. The second, however, 

achieves this in Cartesian space by solving Newton’s equations of motion for all atoms using 

a hybrid energy target function of empirical and experimental restraints. Both classes of 

restraints are typically described by harmonic potentials. The first method uses torsion angle 

dynamics in which the empirical restraints (i.e. bond lengths, bond angles, chiralities) are 

kept fixed at their optimal value to minimise a variable potential energy target function in 

torsion angle space subject to the experimental distance restraints. Both methods use 



CHAPTER 2: MATERIALS AND METHODS 

 94 

simulated annealing, which involves the repeated in silico heating of the molecule followed 

by slow cooling steps to enable adequate sampling of conformational space whilst avoiding 

local energy minima in the attempt to find a global energy minimum. Although simulated 

annealing using molecular dynamics can in principle adequately sample all available 

conformational space by allowing the system to escape unfavourable local energy minima, it 

often fails to do so effectively if there is a poorly defined starting conformation [240]. For 

this reason, calculation in Cartesian space proves more computationally time-consuming 

than calculation in torsion angle space [235]. However, CNS presents the advantage of being 

able to incorporate RDC restraints into the structure calculation and is able to perform a final 

refinement step in water. 

2.2.10.2 CYANA 

The CYANA 2.1 software [238] is an amalgamation of the Combined automated NOE 

assignment and structure determination (CANDID) module [241] with the DYnamics 

Algorithm for Nmr Applications (DYANA) software [235]. The general scheme of CYANA 

2.1 is outlined in Figure 2.14. The CYANA structure calculation routine used in this study 

proceeded iteratively over seven cycles using, in each cycle, the CANDID algorithm to 

assign a partly ambiguous NOE cross-peak list and the DYANA torsion angle dynamics 

software to generate intermediate 3-D protein structures. 
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Figure 2.14 General scheme for the automated NOE assignment and structure calculation in 

CYANA 2.1. Figure adapted from Guntert et al. [238]. 

The first cycle began with the introduction of input data, in the XEASY [242] compatible 

format*, into the calculation; namely the amino acid sequence, the chemical shift list and 

both 13C- NOESY HSQC and 15N-NOESY-HSQC cross-peak lists. CANDID then generated 

an initial assignment list of one or more assignment contributions for each NOESY cross-

peak based on a user-defined chemical shift tolerance. The tolerances used in this project 

were 0.03 ppm for direct (i.e. bound) 1H dimension, 0.04 ppm for the indirect (i.e. free) 1H 

dimension and 0.45 ppm for the 15N/13C dimension. 

The next step involved the elimination of incorrect initial assignments and was performed by 

ranking each initial assignment, k, according to certain criteria expressed as a normalised 

score and retaining only assignments that have a sufficiently high score. This score was 

expressed as a generalised relative contribution, Vk, from four structure-independent terms 

and one structure-based term as defined by the following relationship: 

                                                
* These input files are defined in the CALC.cya script of CYANA, included in the Appendix CD 
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such that 
  

! 

V
k

k =1

n

" =1 and Ck is the weight for the closeness of the chemical shift fit, Tk is the 

weight related to the presence of symmetry-related cross-peaks, Ok is the weight of the 

compatibility with the covalent polypeptide structure imposed by the covalent constants, Nk 

is the weight related to the convergence of network-anchoring and finally for cycles 2 to 7, 

Dk is the weight of the compatibility with the previous cycle’s intermediate 3-D protein 

structure. Network-anchoring is a powerful score essentially given to each NOE distance 

constraint based on how ‘embedded’ the particular constraint is within the network of all 

constraints independent of knowledge on the 3D protein structure. In other words, network-

anchoring will favour an NOE assignment that belongs to a self-consistent set of NOE 

assignments and will consider less ‘trustworthy’ a single isolated constraint that is not 

mutually supported by other constraints. Thus, in a way, network-anchoring compensates for 

the absence of 3-D structural information at the outset of a de novo structure calculation. The 

array of criteria presented above in the generalised relative contribution score aims at 

improving the accuracy of the automated assignment process by reducing the ambiguity of 

additional cross-peak assignments. 

Following the elimination of low-ranking initial assignments, CANDID proceeds to derive 

the NOE upper distance constraints from the NOE cross-peak intensities. A NOE cross-peak 

with a single assignment contribution gives rise to an upper bound, b, on the inter-proton 

distance, dIS, in the structure. A NOE cross-peak with more than one assignment contribution 

can be interpreted as the superposition of n signals and gives rise to an ambiguous distance 

constraint: 
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where each of the distances 
  

! 

d
I k Sk

corresponds to one assignment between atoms Ik and Sk. 

The NOE upper-limit distance bound, b, from a peak p in a NOESY spectrum with a volume 

or intensity Ip and n assignments (Ik, Sk) is computed as: 
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The atomic calibration constants of the backbone and non-methyl $-protons were determined 

in the first CANDID cycle by automated, structure-independent calibration with a target 

upper distance bound of 3.8 Å, while in the following cycles automated structure-based 

calibration was used. For the remaining methyl and non-methyl protons the calibration 

constants were set to 3.0 and 1.5 times the value determined for backbone and non-methyl $-

protons, respectively. 

Several criteria were used in eliminating spurious NOE cross-peaks that arose from an 

incomplete chemical shift list, too large chemical shit tolerances or noise artefacts. An 

example of a common noise artefact observed in the spectra of FH~2-3 is the sinc-wiggle. 

The sinc-wiggle is a spectral artefact that produces ripples on either side of a strong signal 

along the indirect dimensions of a strip; it arises from the fourier transformation of a 

prematurely truncated free induction decay generally originating from strong, long-lived 

NMR signals such as slowly relaxing methyl groups. In successive CANDID cycles, the 

upper limit on acceptable distance violation for elimination of spurious NOESY cross-peaks 

was reduced. Thus it was 1.5 Å in the second cycle, 0.9 Å in the third, 0.6 Å in the fourth, 

0.3 Å in the fifth and 0.1 Å in the sixth and seventh. 
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The next step of the cycle was the Constraint Combination function of CANDID, which was 

only applied in the first two cycles during which there is a limited level of 3-D structure 

based filtering of restraints. Constraint combination is an extension of the concept of 

ambiguous NOE assignment and exploits the fact that ambiguous distance constraints will be 

satisfied by the correct protein structure provided that at least one of the assignments in the 

combined constraint is correct. The concept of Constraint combination is depicted in Figure 

2.15. Small groups of a priori unrelated long-range distance constraints are combined into 

virtual distance constraints carrying the assignments from two or more of the original 

constraints. Constraint combination is only applied to long-range peaks because the effect of 

an erroneous single long-range constraint (i.e. one separated by more than five residues) on 

the global fold of a protein is much stronger than that of an erroneous short or medium range 

constraint.  
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Figure 2.15 Diagram showing the effect of constraint combination in CYANA. Figure adapted 

from Guntert et al. [238]. Two constraints are presented involving protons with degenerate 

frequencies (protons A and C are degenerate as are B and D). A ‘correct’ one connects atoms A 

and B, while an ‘incorrect’ one connects atoms C and D. A structure calculation in which these 

two restraints are to be satisfied separately will result in a distorted conformation (B) compared 

to the correct structure (A). A combination of these two constraints (C) into one ambiguous 

constraint will not lead to a distorted structure so long as one of the constraints is satisfied. 

Thus the misinterpretation of erroneous peaks into spurious long-range distance constraints 

is minimised at the expense of temporary loss of information. Overall, combined constraints 

have a lower probability of being erroneous than individual constraints.  

Each CANDID cycle was completed by a structure calculation step using the DYANA 

torsion angle dynamics (TAD) algorithm with simulated annealing in which the protein is 

represented as a tree structure consisting of n rigid bodies made up of several mass point 

(atoms) connected by n rotatable bonds. The degrees of freedom of torsion angle dynamics 

are exclusively torsion angles, 0k, which are expressed as constraints in the form of allowed 

intervals [0k
min, 0k

max] in the following target function, V: 
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where Iu, Il and Iv are the sets of atom pairs (I,S) with upper, lower or van der Waals distance 

bounds, respectively, and Id is the set of restrained torsion angles. Each different type of 

constraint is associated with a weighting factor; namely wu, wl, wc and wd.  "k is the size of 

the torsion angle constraint violation and the function fc measures the contribution of a 

violated distance constraint on the target function. The target function, V, is directly 

proportional to the potential energy of the system, Epot, through the relationship Epot = wo % V, 

with wo = 10 kJ.mol-1.Å-2. 

During the simulated annealing, the target function was minimised over a total of 10000 

TAD steps in which the system, coupled to a temperature bath, was held at 9600 K over the 

first 2000 steps and then slowly cooled down over the next 8000 steps to overcome energy 

barriers between local energy minima. The TAD ended with 1000 steps of conjugate 

gradient minimization in which all constraints were included. Constraints relating to 

degenerate groups of protons were expanded into ambiguous distance restraints involving all 

hydrogen atoms of the corresponding degenerate groups. In each but the seventh cycle of 

CANDID, periodic swapping of pairs of diastereotopic atoms was performed during the 

simulated annealing for the unassigned stereospecific atom pairs such as side-chain 

methylene groups. 

Following the CYANA structure calculation a chemical shift list from the automated 

assignment as well as a set of final upper-limit distance restraints was generated. The 

constraints violations and associated peaks were reported as well as their occurrence across 

the 20 best structures. This information as well as the structures themselves was imported 

back into CcpNmr Analysis using the Format converter in preparation for a refined analysis 

of violating peaks. 
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2.2.10.3 CNS 

Incorporation of RDC restraints into the structure calculation software CYANA 2.1 is not 

officially supported, as stated in the CYANA 2.1 installation notes. RDC implementation in 

the structure calculation software Crystallography and NMR System (CNS) [239], on the 

other hand, has been successful in previous structural studies of complement proteins 

[55,243,244] and this approach was thus adopted for this study. 

The restrained molecular dynamics-based simulated annealing in CNS aims at minimising 

the potential energy of the system in Cartesian space by solving Newton’s equations of 

motion subject to experimental and empirical restraints. The potential energy of the system is 

expressed as a target function, which in this study took on the form: 

 
  

! 

E
overall

= E
FF

+ E
NMR

 (2.28) 

The empirical restraints, i.e. the force-field, is represented by the term EFF, which consists of: 

 
  

! 

EFF = Ebonds + Eangles + Eimproper + Evdw (2.29) 

where Ebonds, Eangles and Eimproper constitute the covalent terms maintaining idealised bond 

lengths, angles, planes and chiralities within the structure; and Evdw consists of a repulsive 

term preventing too close a contact between atoms as dictated by their van der Waals radii. A 

simple harmonic potential function and an associated force constant were used to describe 

each covalent term in the structure calculation. The van der Waals term contained a repulsive 

force proportional to r-12 (r being the inter-atomic distance). 

The experimental constraints are represented by the term ENMR, which in this study was 

written as: 

 
  

! 

E
NMR

= E
NOE

+ E
TENSO

 (2.30) 

where ENOE and ETENSO constitute the experimental terms from NOE and RDC measurements 

respectively. 



CHAPTER 2: MATERIALS AND METHODS 

 102 

The NOE distance restraint, rij, was associated with the NOE energy term, ENOE, through the 

following flat-bottom harmonic penalty function that adopts an asymptotic function for large 

distance deviations (also referred to as the ‘soft potential’): 
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(2.31) 

 

where # is the slope of the asymptote, rsw determines the distance where the potential 

switches from the square well function to the ‘soft potential’ asymptote and the values of ! 

and $ are set such that the function is continuous and differentiable at rsw. The NOE energy 

potential profile is shown in Figure 2.16. 

 

Figure 2.16 Energy potential, ENOE, for distance restraints rij used in the CNS structure 

calculation protocol. A flat-bottom square well potential is used for distances up to rsw above 

which the potential switches to a ‘soft asymptote’. 
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A large NOE energy term implies a large number of NOE violations. Analysis of each 

violating restraint proved to be crucial in identifying any incorrect assignments or 

assignments of spurious noise peaks. 

RDCs were included in the final stages of the CNS structure calculation by the introduction 

of the TENSO energy penalty, ETENSO, into the target function. The TENSO energy term, 

ETENSO, minimises a least-squares energy penalty, 32, within the structure calculation in CNS 

between all measured and calculated dipolar couplings according to the relationship: 
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where D% is the measured dipolar coupling, Sm is the alignment order matrix in five-

dimensional irreducible notation (m= –2 to 2) and T%
2m (!) describes the theoretical tensorial 

coupling as a non-linear function of the internal coordinates !. This energy penalty, more 

commonly known as the Implicit Saupe tensor Alignment Constraint (ISAC) energy penalty 

[245], makes no prior assumption on the orientation of the tensor’s axial or rhombic 

component and requires only the measured residual couplings as input. 

Prior to performing the RDC refinement in CNS, an initial set of structures with random 

starting coordinates in Cartesian space was first taken through the ‘random’ and ‘regularise’ 

stages* of restrained molecular dynamics with simulated annealing during which only the 

CYANA-derived upper-limit distance constraints and H-bonds were used as experimental 

input. 

In the ‘random’ stage of the structure calculation, random conformations of the protein, 

represented by an extended reduced non-bonded form, were generated at high temperature 

                                                
* Copies of the CNS modules rand.cns and rrsa_swap.cns used for the ‘random’ and ‘regularise’ 
steps, respectively, of the structure calculation of FH~1-2 are attached in the Appendix CD. 
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(2000 K). The structures were taken through 50 steps of Powell minimisation, with NOE 

restraints present, van der Waals forces set on heavy atoms alone and with all other empirical 

force constants set to very low values. A series of 300 steps of molecular dynamics was then 

performed at high temperature (2000 K) followed by a series of 3 % 500 steps (with varying 

time-steps) of molecular dynamics at 1500 K in order to obtain the random starting 

structures for the ‘regularise’ stage of the structure calculation. 

In the ‘regularise’ stage of the structure calculation, the template file was used to apply ideal 

local geometry. Then 400 steps of Powell minimisation of the idealised bonds, van der 

Waals and NOE terms were applied followed by 400 steps of Powell minimisation of angles. 

A slow introduction of the chirality and planarity was then performed over four molecular 

dynamics stages of 250 steps (0.003 ps each) followed by a further two molecular dynamics 

steps of 500 steps (0.003 ps each) during which the weights of all terms were gradually 

increased. Then three cycles of simulated annealing were performed during which the correct 

handedness of the molecule was established using prochiral swapping, where methyl, 

methylene and side-chain amide protons are randomly swapped to allow the system to 

choose higher energy conformations to escape local energy minima traps. Slow cooling of 

the system occured over 2000 steps from 2000 K to 100 K with concomitant increase in the 

weightings of the van der Waals and NOE terms in the Powell minimisation. A final 400 

steps of minimisation was then performed to obtain the random regularised simulated 

annealed structures (rrsa_swap.pdb). 

The structures obtained from the ‘regularise’ stage of simulated annealing were then used as 

input to the modified ‘refine’ protocol*, which introduces the RDC restraints into the 

TENSO energy term, described above, during the ‘refine’ step of the structure calculation. 

                                                
* A copy of the CNS module refine_swap.rdcs.cns used for the ‘refine’ step for RDC refinement of 
FH~1-2 is attached in the Appendix CD. 
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The weighting of the TENSO energy term was kept low ($ktenso = 0.001) during the 10000 

steps of high temperature (2000 K) of molecular dynamics. The weightings of the NOE and 

H-bond derived restraint terms, however, were set very high compared to the non-bonded 

and covalent terms. The system was then cooled from 2000 K to 1000 K over 10000 steps 

during which the weighting of the TENSO energy term was increased geometrically to 

$ktenso = 1. An additional cooling step was performed where the system is cooled from 

1000 K to 100 K over 400 steps during which the weighting of the non-bonded and covalent 

terms were increased to levels comparable to the experimental terms. The slope # of the NOE 

soft-potential asymptote was varied from 0.1 to 1 in each cycle of the first cooling step. 

Prochiral swapping was again included in the cooling steps*. 

 

The ranking of structures in terms of NOE energy or total energy is generally performed to 

assess the level of convergence of the round of structure calculation (see sections 4.2.6 and 

4.3.6). 

Refinement of NMR protein structures in explicit solvent has been shown to increase the 

quality of the structures [246]. The refinement in CNS was performed using the RECOORD 

protocols (available from http://www.ebi.ac.uk/msd/recoord) that make use a Lennard-Jones 

non-bonded potential and electrostatic force field for the protein to mimic the physiological 

environment of a protein in solution. 

The explicit water refinement consisted of five simulated annealing and molecular dynamics 

steps in which the protein was immerse in a 7 Å shell of water molecules and the system was 

                                                
* The prochiral swapping is performed by the swap_metropolis.cns script written by Dr Brian Smith, 
University of Glasgow, and has been included in the Appendix CD. 
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slowly heated from 100 K to 500 K over 200 steps of MD (0.003 ps per step). Then a 

refinement at 500 K over 2000 steps of MD (0.004 ps per step) was performed. The system 

was then slowly cooled from 500 K to 25 K in 25 K temperature steps over 200 steps of MD 

(0.004 ps per step) and finally the protocol ended with an energy minimisation over 200 

steps. 

2.2.11 Model construction 

Modeller 9v1 [247,248] was used to generate the 20 models of FH~1-3 using the input 

alignment file (alignment.ali) shown below, in which the sequences from the structural 

templates FH~1-2 and FH~2-3 (>P1;1-2 and >P1;2-3) were aligned with the target FH~1-3 

sequence (>P1;1-3). Residues shown in bold participate in inter-modular contacts across the 

1-2 or 2-3 interface as predicted by the Protein Interaction Calculator server [249] from the 

FH~1-2 and FH~2-3 structural ensembles. 

>P1;1-2 

structure:1-2:20::135::::: 

DCNELPPRRNTEILTGSWSDQTYPEGTQAIYKCRPGYRSLGNVIMVCRKGEWVALNPLRKCQKRPCGH
P--------TLTGGNVFEYGVKAV-----------EINYRECDTDGWT--------------------
---------------------------------------------------/* 

>P1;2-3 

structure:2-3:89::206::::: 

--------------------------------------------------------------------
-GDTPFGTF---------------YTCNEGYQLLG-------------NDIPICEV 
VKCLPVTAPENGKIVSSAMEPDREYHFGQAVRFVCNSGYKIEGDEEMHCSDDGFWSKEKPKCV/* 

>P1;1-2-3 

sequence:1-2-3:20::206::::: 

DCNELPPRRNTEILTGSWSDQTYPEGTQAIYKCRPGYRSLGNVIMVCRKGEWVALNPLRKCQKRPCGH
PGDTPFGTFTLTGGNVFEYGVKAVYTCNEGYQLLGEINYRECDTDGWTNDIPICEVVKCLPVTAPENG
KIVSSAMEPDREYHFGQAVRFVCNSGYKIEGDEEMHCSDDGFWSKEKPKCV/* 
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Electronic formats of the FH~1-2 and FH~2-3 templates (1-2.pdb and 2-3.pdb) used in the 

calculation along with the Modeller 9v1 output log file (model-FH1-2-3.log) and the 

generated FH~1-3 model (FINALMODELFH123.pdb) are attached in the Appendix CD. 

Each model was first optimised with the variable target function method (VTFM) with 

conjugate gradients (CG), and was then refined using molecular dynamics (MD) with 

simulated annealing (SA)[247,248]. 

2.2.12 Molecular visualization 

The molecular viewing programs MOLMOL 2k.2 [250] and PyMol [251] were used for the 

visualisation and representation of structures and calculation of backbone root mean square 

deviation (rmsd) values. The Calc H-bond function within MOLMOL 2k.2 was used to 

generate a list of plausible H-bond partners less than of 2.4 Å apart within a set of structures. 

Electrostatic surface representations were generated using the Adaptive Poisson-Boltzmann 

Solver (APBS) [252] plug-in within PyMol using the PARSE [253] parameter set with the 

nonlinear form of the Poisson-Boltzmann equation, a protein dielectric constant of 20, 

solvent dielectric constant of 80, solvent ion radius of 1.4 Å, temperature of 310 K and 

assumed ion concentration of 100 mM. 
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3.1 Introduction 

The strategy for protein production adopted in the present study draws largely on the well-

established Pichia pastoris expression system, which has been widely adopted as the 

expression host of choice for structural studies of CCP-containing proteins 

[58,59,62,107,109,142,148,151,243,254-262]. Only rarely has a CCP-containing protein 

directly purified from human plasma been used for structure determination [263,264]. 

Recombinant expression systems, other than P. pastoris, including Escherichia coli 

[55,57,265-267], Chinese hamster ovary cell lines [56,268], baculovirus/insect cells [269-

274] and human embryonic kidney cells [69] have also been successfully used in the 

production of complement and non-complement related CCP-containing proteins but these 

present certain disadvantages compared to the P. pastoris system. All but one [267] of the 

reported E. coli-based expression protocols for CCP-containing proteins required a protein 

refolding step during the purification of the recombinant protein while the mammalian or 

insect cell line expression systems suffer from high costs of isotopic labelling and time-

consuming protocols. 

 

3.2 The P. pastoris expression system 

Over 20 years ago, biotechnological research into P. pastoris began as a program to convert 

abundant methanol into a cheap protein source for animal feed [275]. Today P. pastoris is 

predominately used as a model eukaryotic organism and as a recombinant protein production 

technology. P. pastoris is ideally suited for over-expression of recombinant eukaryotic 

proteins such as CCP modules for the reasons described below. 
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3.2.1 Methylotrophism  

P. pastoris is a methylotroph, meaning it can metabolise and grow on methanol as its sole 

carbon source. Methanol is metabolised according to the following chemical reaction by 

alcohol oxidase enzymes in the peroxisome of the yeast cell: 

 CH3OH + O2 !!H2CO + H2O2  (3.1) 

The wild-type strain of P. pastoris, X-33, has two alcohol oxidase genes, AOX1 and AOX2, 

coding for the alcohol oxidase enzymes AOX1 and AOX2, respectively. The AOX1 

promoter is under strict regulation in P. pastoris; it is strongly repressed in the presence of 

glucose or most other carbon sources but becomes induced over 1000-fold in the presence of 

methanol as the sole carbon source [276]. The efficient and tightly regulated nature of this 

expression promoter, together with the inexpensive source of carbon originating from 

methanol that is sufficient for metabolism, have made P. pastoris an attractive system for 

recombinant expression technology. Levels of alcohol oxidase expression and activity 

originating from the second copy of the gene, AOX2, are considerably lower than those 

originating from the AOX1 gene [277]. When the AOX1 gene is disrupted and all remaining 

expression of alcohol oxidase is confined to the AOX2 gene alone, methanol utilisation in the 

peroxisome is reduced and the phenotype changes from the wild-type methanol utilisation, 

Mut+, to methanol utilisation slow, MutS. 

3.2.2 Post-translational modifications 

Proteins produced in P. pastoris are usually folded correctly and this organism promotes 

correct disulfide pattern formation because the intracellular environment is akin to that of 

mammalian cells [278]. The ability P. pastoris to undertake correct disulfide bond formation 

within the expressed protein is particularly useful in the case of recombinant expression of 
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RCAs as the disulfide pattern, CysI-CysIII and CysII-CysIV, is crucial to the compact core 

of the CCP module. 

Glycosylation is another important post-translational modification promoted by P. pastoris. 

Both N-linked and O-linked glycosylation found in P. pastoris tend to be of the high-

mannose type. N-linked glycosylation involves the attachment of two N-acetylglucosamine 

(GlcNAc2) units, on the asparagine of the recognition sequence Asn-X-Ser/Thr, followed, in 

a majority of cases, by eight to fourteen !-linked mannose units (Man8-14) [201,279]. P. 

pastoris-produced N-linked oligosaccharides are significantly shorter than the 

hypermannosylated structures typical of Saccharomyces cerevisiae and resemble high-

mannose oligosaccharides (Man5-6GlcNAc2) synthesized by animal cells [279]. Little is 

known about the O-linked glycosylation of P. pastoris proteins, other than that the O-linked 

saccharides are short (< five residues) and generally contain !1,2-linked mannose units 

[280], although less common $-Man- and phosphate-containing O-linked mannose 

constituents have also been found [281]. These are !-glycosidically attached to the Ser/Thr 

hydroxyl group of the proteins in the endoplasmic reticulum and derive from a dolichol 

phosphate carrier, dolichyl phosphate mannose, rather than from a sugar nucleotide in the 

Golgi complex [280]. In contrast, O-linked glycans found in mammals are composed from a 

variety of sugars, such as N-acetylgalactosamine, galactose or sialic acid [201]. Both N- and 

O- glycosylation in P. pastoris can interfere with recombinant protein folding and function, 

and can occur even if no glycosylation is present in the native host.  A variety of 

endoglycosidase enzymes are commercially available to trim off GlcNac or mannose 

residues from the recombinantly expressed protein [282]. Although a N-glycosylation 

recognition sequence is present in the fourth CCP module of FH (Asn217-Gly218-Ser219), this 

did not appear to be glycosylated in the P. pastoris-expressed FH~1-4 construct judging 

from the mass fingerprint of the purified product (section 3.3.5.2). 
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Using the appropriate P. pastoris expression vector (see section 2.1.5.1) it is also 

possible to arrange for secretion of the recombinant product into the medium by having the 

cleavable S. cerevisae !-factor secretion signal positioned upstream of the recombinant gene 

of interest [283]. The secreted recombinant product usually represents the major protein in 

the culture supernatant with very little contamination from P. pastoris protein, which greatly 

facilitates downstream purification procedures. 

3.3 The FH~1-4 construct 

3.3.1 Cloning into pPICZ!B 

The amino-acid sequence of all but one* of the constructs studied in this thesis were designed 

to be bounded by the residue before the first cysteine of the first CCP module of the 

construct and the residue following the last cysteine of the last CCP module in the construct. 

Thus the FH~1-4 construct was designed with the following amino-acid sequence numbered 

based on the native non-mature protein: 

20 

DCNELPPRRN TEILTGSWSD QTYPEGTQAI YKCRPGYRSL GNVIMVCRKG  

70 

EWVALNPLRK CQKRPCGHPG DTPFGTFTLT GGNVFEYGVK AVYTCNEGYQ  

120 

LLGEINYREC DTDGWTNDIP ICEVVKCLPV TAPENGKIVS SAMEPDREYH  

170 

FGQAVRFVCN SGYKIEGDEE MHCSDDGFWS KEKPKCVEIS CKSPDVINGS  

220 

PISQKIIYKE NERFQYKCNM GYEYSERGDA VCTESGWRPL PSCE 

 

                                                
* The myc-FH~1-4-His6 construct was redesigned to have two native amino acids before the first 
cysteine, corresponding to the native N-terminus amino acid sequence. 
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The FH~1-4 DNA-coding sequence was amplified by polymerase chain reaction as 

described in section 2.1.4.1. A sample from the PCR product of the FH~1-4 DNA-coding 

sequence amplification was run on a 1.3% agarose gel and yielded a band of the expected 

size (732 base pairs) as shown in lane 2 of Figure 3.1. The blunt-end PCR product (ie. the 

FH~1-4 insert) was ligated into the pUB/Bsd TOPO® vector, which was then transformed 

into One Shot® TOP10 chemically competent E. coli cells to generate a plasmid, pUBFH~1-

4, suitable for complete digestion with the restriction enzymes PstI and XbaI. Plasmids from 

a sub-set of colonies were amplified, purified and subjected to a single- and double-

restriction digest with PstI alone and PstI and XbaI, respectively. A 20 µL sample of each 

digest reaction was run on a 1.3% agarose gel. A band of the expected FH~1-4 insert size 

(732 bp) for the double digest (lane 5 of Figure 3.1) along with a band of about the same size 

for the single digest with PstI (lane 4 of Figure 3.1) indicates that the colony selected is 

likely to be positive for pUBFH~1-4. 

 

Figure 3.1 Ethidium bromide-stained agarose gels (1.3%) of: 20 µL of the PCR amplification of 

the FH~1-4 DNA-coding sequence from pFH (lane 2); 20 µL of the single digest with PstI of 

purified pUBFH~1-4 (lane 4); 20 µL of the double restriction digest (PstI and XbaI) of purified 

pUBFH~1-4 (lane 5); 20 µL of the product from a PCR screen of an E. coli colony transformed 

with the pFH~1-4 (lane 8); ‘zero colony’ control (lane 7); and 100 base-pair ladder (lanes 1, 3 

and 6). 
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The band in lane 5 of Figure 3.1, corresponding to the FH~1-4 DNA insert, was then excised 

from the gel, purified and ligated into PstI/XbaI-digested pPICZ!B expression vector, 

resulting in the expression vector for FH~1-4, hereby referred to as pFH~1-4. The ligation 

product were transformed into One Shot® TOP10 chemically competent E. coli cells, which 

were then selected for Zeocin® resistance. A positive transformant, identified by PCR 

screening as shown in lane 7 of Figure 3.1, was used to make a MaxiPrep DNA stock using a 

MaxiPrep kit (Sigma-Aldrich®). The DNA-coding region for FH~1-4 in pPICZ!B was 

confirmed by DNA sequencing. The colony was also sub-cultured and stored at -80 °C for 

archiving. 

3.3.2 Expression and purification of FH~1-4 

Two MaxiPrep prepartions (~100 µg each) of pFH~1-4 were used to transform KM71H and 

the wild-type X-33 strains of P. pastoris. However, no sign of over-expression of FH~1-4 

(~28 kDa) was observed in initial small-scale expression tests of this construct in either 

strain. A subsequent 10 L scale expression in a fermentor was undertaken but resulted in no 

improvement in protein yield, estimated to be ~0.12 mg.L-1; furthermore the product from 

the first cation-exchange purification step, on SP Sepharose®, appeared to be a mixture of 

native protein and heavily degraded material, as seen under reducing conditions in Figure 

3.2B, C and D. Although not identified by mass spectrometry, these degradation products 

were of equivalent size to single CCP modules. They were not present under non-reducing 

conditions (Figure 3.2D). 
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Figure 3.2 Expression and purification of FH~1-4.  Gradient SDS-PAGE (5-20% acrylamide) of 

A) the small-scale expression of FH~1-4 in KM71H (two test colonies in lanes 2 and 3) and in X-

33 (two test colonies in lanes 4 and 5); B) the flow-through (lane 7), wash (lane 8), elution in 1 M 

NaCl (lane 9) from SP-Sepharose
®
 cation exchange, pH 4, of the 10 L fermentor expressed 

FH~1-4; C) the 16
th

-21
st
 of the 1 mL fractions (lanes 11-16) from the POROS 20S gradient 

cation exchange purification of the SP-Sepharose eluted FH~1-4; D) fraction 21 from panel C 

under reducing (lane 18) and non-reducing (lane 20) conditions. LMWM were run in lanes 1, 6, 

10 and 17. 

The most likely scenario to explain the degradation pattern observed would be one in which 

fragments of the CCP modules of a ‘partially clipped’ native protein, that happen to have a 

molecular weight of about 6-7 kDa, are cross-linked together through correct disulfide 

pairing resulting in a ‘full-length’ protein held together by the disulfides. However, attempts 

at separating the intact full-length from the  ‘partially clipped’ protein by gel filtration in the 

presence of small amounts of reducing agent were unsuccessful (data not shown). The 

complications arising from the purification of such a product prompted the redesigning of the 

cloning purification strategy. 

3.3.3 Addition of the c-myc-tag and hexahistidine-tag to FH~1-4 

Due to the poor yields and degradation observed during attempts to produce FH~1-4 a more 

selective purification strategy was devised. A purification scheme based on affinity tags at 

both the N-terminus and the C-terminus would help isolate the N- and C-terminally intact 
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FH~1-4 from any degraded contaminants as well as helping speed up the purification 

process. To this end the pFH~1-4 was re-engineered to include an N-terminal c-myc epitope 

and a C-terminal hexahistidine tag upstream and downstream, respectively, of the coding 

sequence for FH~1-4 in pFH~1-4 using a two-step Quikchange™ mutagenesis PCR method* 

(refer to section 2.1.4.5). Thus the c-myc-FH~1-4-HIS6 construct was designed with the 

following amino acid sequence, in which the c-myc epitope is shown in bold and the 

hexahistidine tag shown in italics: 

EAEAAGEQKL ISEEDLEDCN ELPPRRNTEI LTGSWSDQTY PEGTQAIYKC 

RPGYRSLGNV IMVCRKGEWV ALNPLRKCQK RPCGHPGDTP FGTFTLTGGN 

VFEYGVKAVY TCNEGYQLLG EINYRECDTD GWTNDIPICE VVKCLPVTAP 

ENGKIVSSAM EPDREYHFGQ AVRFVCNSGY KIEGDEEMHC SDDGFWSKEK 

PKCVEISCKS PDVINGSPIS QKIIYKENER FQYKCNMGYE YSERGDAVCT 

ESGWRPLPSC EHHHHHH 

Since c-myc-FH~1-4-HIS6 was to be used as a functional standard it was deemed necessary, 

for purposes of comparison with other FH functional studies, to retain the FH native 

sequence. Therefore, unlike the sequence of FH~1-4 in section 3.3.1, the first native amino-

acid residue of the N-terminus (ie. Glu18) was reintroduced (following the c-myc epitope) 

into the coding sequence for c-myc-FH~1-4-HIS6. 

3.3.4 Expression and purification of c-myc-FH~1-4-His6 

Following a transformation of P. pastoris KM71H with the re-engineered pFH~1-4 coding 

for c-myc-FH~1-4-His6, colonies were screened for expression using the small-scale 

expression protocol detailed in section 2.1.5.2. Resulting expression profiles were analysed 

by SDS-PAGE shown in Figure 3.3A. Supernatants from all screened colonies presented a 

band corresponding to a molecular weight between 25 and 37 kDa, absent from the negative 

                                                
* This protocol was devised in part and performed by Dr David Kavanagh. 
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control (lane 2). This prompted the decision to perform larger-scale expression in shaker 

flask. A one-step nickel-affinity purification, using two HisTrap® chromatography columns 

attached in series (1 mL each) to capture all hexahistidine-tagged protein, was sufficient to 

isolate an amount of c-myc-FH~1-4-His6 adequate for functional studies. Aliquots (10 µL) of 

the purification fractions are shown in Figure 3.3B. The 5th and 6th elution fractions (0.5 mL) 

reveal a sharp band between 27 and 35 kDa. The predicted molecular weight for c-myc-

FH~1-4-His6 is 30.3 kDa. 

 

Figure 3.3 Expression and purification of c-myc-FH~1-4-His6. Gradient SDS-PAGE (5-20% 

acrylamide) of A) TCA precipitated aliquots from the small-scale expression trial of c-myc-

FH~1-4-His6 in P. pastoris KM71H (lane 3-7) and of P. pastoris KM71H transformed with 

pPICZ!B alone (lane 2); B) results of the nickel-affinity purification of c-myc-FH~1-4-His6 

large-scale expression supernatant; 10 µL from the flow-through fraction (lane 9), the 10 mM 

imidazole wash (lane 10), the 40 mM imidazole wash (lane 11), the 500 mM imidazole elution 0.5 

mL fractions (lanes 12-17). LMWM in lane 1 and 8. 

The back-to-back purification system was not fully tested in this study as the first His-tag 

affinity purification step was sufficient to obtain a highly purified and homogenous sample 

of c-myc-FH~1-4-His6. 
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3.3.5 Characterisation 

3.3.5.1 Western Blot against the c-myc tag 

A western blot directed against c-myc provided a rapid means of confirming the identity of 

the ~30 kDa reduced SDS-PAGE gel band from the nickel affinity elution step (Figure 3.3) 

as tag of c-myc-FH~1-4-His6 (Figure 3.4). 

 

Figure 3.4 Western blot of fractions (0.5 mL) from the nickel affinity purification off a 1 mL 

HiTrap column of c-myc-FH~1-4-His6. Rabbit anti Myc-tag (1:1000 stoichiometry) was used as 

the primary antibody (1
ary 

Ab) and Goat anti Rabbit IgG HRP (1:3000 stoichiometry) was used 

as the secondary antibody (2
ary 

Ab). Both 1
ary

 and 2
ary Ab 

were applied to the reducing SDS-

PAGE gel of fractions corresponding to the 10 mM Imidazole step (lane 2), the 40 mM 

Imidazole wash step (lane 3), the 500 mM Imidazole elution fraction 2 (lane 4), fraction 4 (lane 

5), pooled fractions 5 and 6 (lane 6), fraction 7 (lane 7) and fraction 8 (lane 8). A control for 2
ary

 

antibody alone was applied to the pooled fractions 5 and 6 (lane 9). LMWM in lane 1. 

3.3.5.2 Peptide mass fingerprinting 

The identity of c-myc-FH~1-4-His6 was confirmed by MALDI-TOF mass spectrometry of 

the in-gel tryptic digest of the ~30 kDa SDS-PAGE band. The mass spectrum of the peptide 

digest, Figure 3.5A, shows strong and well-resolved intensities. Details on individual 

peptides matched are found in the MSdigestResults.htm file attached in the Appendix CD. As 

shown in Figure 3.5B, the matched peptides covered 87% of the c-myc-FH~1-4-His6 protein 

sequence including the presence of the c-myc epitope at the N-terminus, the hexahistidine 
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tag at the C-terminus and the absence of glycosylation on the NGS consensus sequence in 

CCP 4. 

 

Figure 3.5 (A) Mass spectrum of the peptide fingerprint of c-myc-FH~1-4-HIS6 (B) Sequence of 

c-myc-FH~1-4-HIS6 highlighting the coverage from matched peptides (red), the available points 

of cleavage by trypsin (underlined) and the putative glycosylation site in CCP 4 (bold). 

When querying in the MSDB primary sequence repository with the mass spectrometry data 

using the Mascot search engine [284] the highest probability based Mowse score (PBMS) of 

99 was attributed to complement FH (UniProtKB/TrEMBL Accession: Q2TAZ5_HUMAN). 

The PBMS is characterized by the following equation: 

     

! 

PBMS = "10 # Log(P)  (3.2) 
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Where P is the probability that the observed match is a random event. PBMS scores greater 

than 78 are significant. Thus the score of 99 is equivalent to saying that there is a probability 

of 1.26*10-10 that the observed match is a random event. 

 

3.4 FH~1-2 

3.4.1 Cloning methods 

An approach similar to that used to generate pFH~1-4 in section 3.3.1 was adopted for the 

FH~1-2 construct. PCR was used to generate the coding region of FH~1-2, which was 

initially blunt-end ligated into pUB/Bsd, generating pUBFH~1-2, to assist with the 

subsequent restriction digest with PstI and XbaI. The double-digested insert was ligated into 

double-digested pPICZ!B vector and transformed into E. coli. A double digest (PstI/XbaI) 

of the miniprep DNA from the resulting colonies was used to screen for positive 

transformants (rather than the PCR screen used in the case of pFH~1-4). Ethidium bromide-

stained agarose gels (1.3%) of all these products were visualised under a UV source as 

shown in Figure 3.6. 
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Figure 3.6 Agarose gels (1.3%) of: 20 µL of the PCR amplification of the FH~1-2 DNA-coding 

sequence from pFH~1-2 (lane 2), 50 µL of the double-restriction digest (PstI and XbaI) of 

purified pUBFH~1-2 (lane 4); 20 µL of PstI/XbaI–digested plasmid from an E. coli colony 

transformed with pFH~1-2 (lane 8); 20 µL of PstI/XbaI–digested plasmid from a false-positive E. 

coli colony transformant (lane 7), 100 base-pair ladder (lanes 1, 3 and 6). 

Both the PCR-generated insert and the double digest of relevant plasmids revealed a band of 

just under 400 bp. The expected size of the coding sequence for FH~1-2 is 370 bp. The 

coding region for FH~1-2 in pFH~1-2 was confirmed by DNA sequencing and the E. coli 

colony, positive for pFH~1-2, was sub-cultured and stored at -80 °C for archiving. A 

MaxiPrep DNA stock of pFH~1-2 was prepared for transformation into P. pastoris.  

3.4.2 Labeling, expression and purification 

A MaxiPrep of pFH~1-2 (100 µg) was used to transform the KM71H strain of P. pastoris. 

As shown in Figure 3.7A, the small-scale expression trial revealed significant degradation. 

As seen in Figure 3.7B, the degradation was partially alleviated when expression was scaled 

up in a fermentor but still remained an issue during the purification despite the addition of 

PMSF and EDTA to the harvested fermentor supernatant. Indeed, cation-exchange 

chromatography, used as the first step of purification on the diluted crude supernatant, was 

ineffective in separating degraded material from the full-length recombinant FH~1-2 (Figure 

3.7C). On the other hand a C5 reverse-phase HPLC column (~50% ACN) was used 
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successfully to separate the majority of the full-length protein from the degraded material as 

seen in lane 20 of Figure 3.7D. 

 

Figure 3.7 Expression and purification FH~1-2. Gradient SDS-PAGE (5-20% acrylamide) of: A) 

TCA precipitated aliquots from the small-scale expression trial of FH~1-2 in P. pastoris KM71H 

(lane 2 and 3); B) 2 %  10
-3

% of the 
15

N-FH~1-2 fermentor supernatant (lane 7); C) fractions 

from SP Sepharose chromatography (pH 4); flow through (lane 9 and 10), wash (lane 11), 

elution (lanes 12 and 13); D) Fractions from reverse-phase chromatography (lanes 16-22). 

LMWM in lane 1, 4, 8, 14 and 15. 

The CCP module structure is suitable for purification by reverse-phase chromatography due 

to the presence of disulfide bonds that favour refolding. In addition to offering high 

resolution, purification by reverse-phase chromatography provided the advantage purified 

protein could be readily lyophilised, salt-free, for long-term storage. Having established a 

working purification strategy, a batch of 15N-FH~1-2 (~70 mg) was prepared and purified 

using protocols described in section 2.1.6 for NMR optimisation and this was followed by a 

batch of 13C,15N-FH~1-2 (~30 mg) for the purpose of assignment and NMR-derived structure 

determination. 

3.4.3 Characterisation 

The identity of FH~1-2 was confirmed by N-terminal sequencing  (data included in 

Appendix CD) and electrospray ionisation mass spectrometry. N-terminal sequencing 
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confirmed the presence of the cloning artefact, EAEAAG and the four* N-terminal amino 

acid residues, DCNE, from the native sequence of FH~1-2. The predicted mass, with four 

disulfides, of the unlabelled FH~1-2† is 14381 Da, which is within experimental error of the 

observed mass (14380 Da) as shown in Figure 3.8 for the unreduced protein. 

 

 

Figure 3.8 Positive electrospray ionisation mass spectrum of unlabelled FH~1-2 (expected mass 

14381 Da). 

 

                                                
* Unmodified cysteine residues (the second native amino acid in a CCP module sequence) are not 
detectable by N-terminal sequencing. Thus the cysteine was inferred from the absence of any 
identifiable signal at this position. 
† Inculdes the EAEAAG cloning artefact. 
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3.5 FH~2-3 

3.5.1 Cloning methods 

The method for cloning the coding sequence of FH~2-3 into pPICZ!B is identical to that 

used for FH~1-2. Products from the PCR insert generation step, the pUB/Bsd and the 

pPICZ!B cloning steps were all detected on ethidium-bromide stained agarose (1.3%) gels 

as shown in Figure 3.9. 

 

Figure 3.9 Agarose gels (1.3%) of: 20 µL of the PCR amplification of the FH~2-3 DNA-coding 

sequence from pFH (lane 3); 50 µL of the double restriction digest (PstI and XbaI) of purified 

pUBFH~2-3 (lane 5); 20 µL of PstI/XbaI–digested plasmid from an E. coli colony transformed 

with pFH~2-3 (lane 6); 100 base pair ladder (lanes 1, 4); 1 kb ladder (lane 7). 

Both the PCR generated insert and the double digest of relevant plasmids revealed a band 

just under 400 bp. The expected size of the coding sequence for the FH~2-3 is 369 bp. The 

coding region for FH~2-3 in pFH~2-3 was verified by DNA sequencing. The E. coli colony 

positive for pFH~2-3 was grown and archived at -80 °C. MaxiPrep DNA stock of pFH~2-3 

was prepared for transformation into P. pastoris. 
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3.5.2 Labeling, expression and purification 

The small-scale expression of FH~2-3 proved to be the most successful of all the constructs 

in this study. The initial purification step of the fermentation supernatant involved a single 

step elution off the anion-exchange resin Q-Sepharose® at pH 6. Fractions eluted off with 20 

mM potassium phosphate pH 6, 1 M NaCl. The second step of purification involved a 

gradient elution from a cation exchange column packed with Poros S beads. 

 

Figure 3.10 Expression and purification FH~2-3. Gradient SDS-PAGE (5-20% acrylamide) of: 

A) TCA-precipitated aliquots from the small-scale expression trial of FH~1-2 in P. pastoris 

KM71H (lanes 3-5); B) ~2 %  10
-3

% of the 
13

C,
15

N-FH~2-3 fermentor supernatant (lane 7); C) 

fractions from purification of 
15

N-FH~2-3 on Q Sepharose, pH 6; TCA precipitated flow 

through (lane 10), TCA precipitated wash (lane 11 and 12); TCA precipitated elution (lanes 13); 

D) fractions from the main 
13

C,
15

N-FH~2-3 elution peak off PorosS chromatography (lanes 14-

17), 
15

N-FH~2-3 NMR sample (~5 µg) of a showing early signs of degradation (lane 19). LMWM 

in lane 1, 6, 8 and 20. 

Having established a working purification strategy, a batch of 15N-FH~2-3 (~80 mg) was 

prepared and purified using protocols described in section 2.1.6 for NMR optimisation and 

this was followed by a batch of 13C,15N-FH~2-3 (~45 mg) for the purposes of assignment and 

NMR-derived structure determination. 
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3.5.3 Characterisation 

The identity of FH~2-3 was confirmed by N-terminal sequencing  (data included in 

Appendix CD) and electrospray ionisation mass spectrometry. N-terminal sequencing 

confirmed the presence of the cloning artefact, EAEAAG and the four* N-terminal amino 

acid residues, PCGH, from the native sequence of FH~2-3. The predicted mass, with intact 

disulfides, of the unlabelled FH~2-3† is 14162 Da, which is within experimental error of the 

observed mass (14160 Da) as shown in Figure 3.11 for the unreduced protein. 

 

Figure 3.11 Positive electrospray ionisation mass spectrum of unlabelled FH~2-3 (expected mass 

14162 Da). 

                                                
* Unmodified cysteines are not identifiable by N-terminal sequencing. Again, the N-terminal cysteine 
was inferred from the absence of any identifiable signal at this position. 
† Inculdes the EAEAAG cloning artefact. 
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3.6 FH~1-3 

3.6.1 Cloning methods 

The method for cloning the coding sequence of FH~1-3 into pPICZ!B was identical to that 

used for FH~1-2 and FH~2-3. Products from the PCR insert generation step, the pUB/Bsd 

and the pPICZ!B cloning steps were all detected on ethidium bromide-stained agarose 

(1.3%) gels shown in Figure 3.12. 

 

Figure 3.12. Agarose gels (1.3%) of: 20 µL of the PCR amplification of the FH~1-3 DNA-coding 

sequence from pFH (lane 1); 50 µL of the double restriction digest (PstI and XbaI) of purified 

pUBFH~2-3 (lane 4); 20 µL of PstI/XbaI–digested plasmid from an E. coli colony transformed 

with pFH~2-3 (lane 6); 100 base pair ladder (lanes 2, 3 and 5). 

Both the PCR insert and the double digest of relevant plasmids revealed a band 

corresponding to a size between 500 bp and 600 bp. The expected size of the coding 

sequence for the FH~1-3 is 561 bp. The coding region for FH~1-3 in pFH~1-3 was verified 

by DNA sequencing, the E. coli colony positive for pFH~1-3 was grown and archived at -80 

°C. MaxiPrep DNA stock of pFH~1-3 was performed for transformation into P. pastoris. 
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3.6.2 Labeling, expression and purification 

Yields obtained from large-scale expression in the fermentor were significantly lower for 

FH~1-3 (~15 mg) than for the pairs FH~1-2 and FH~2-3 (~50 - 80 mg). A batch of 15N-

FH~1-3 and a subsequent batch of 2H,15N-FH~1-3 were sufficient for the task of backbone 

assignment based on the assignments of the module pairs, FH~1-2 and FH~2-3, (as 

described in section 4.5.2). 

 

Figure 3.13 Expression and purification of FH~1-3. Gradient SDS-PAGE (5-20% acrylamide) 

of: A) TCA-precipitated aliquots from the small-scale expression trial of FH~1-3 in P. pastoris 

KM71H (lanes 3-5); B) ~20 %  10
-3

% of the 
15

N-FH~1-3 fermentor supernatant (lane 6); C) 

fractions from purification of 
15

N-FH~1-3 on SP Sepharose, pH 4; TCA-precipitated flow-

through (lane 7); TCA precipitated wash (lane 8 and 9); TCA precipitated elution (lanes 11); D) 

5 µL of the SP Sepharose elution fraction shown in lane 11 panel C (lane 14); E) fraction from 

the main desorption peak of 
2
H,

15
N-FH~1-3 from reverse-phase chromatography (lane 16-17). 

LMWM in lane 1, 5, 13 and 18. 

The purification protocol used for FH~1-3 was identical to that used for FH~1-2. In brief, the 

first step, shown in Figure 3.13C, involved a step elution off SP Sepharose at pH 4 (20 mM 

sodium acetate) with 1 M NaCl. This step proved more efficient than Q Sepharose in 
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removing contaminants such as P. pastoris protein and carbohydrates* from the supernatant. 

The subsequent step involved reverse-phase chromatography as shown in Figure 3.13E. 

3.6.3 Estimation of deuteration 

The level of deuteration of 2H,15N-FH~1-3 was estimated in two ways. In the first instance, a 

1-D proton spectrum (eight scans) was recorded on a 0.4 mM sample of 2H,15N-FH~1-3. 

Because the area under an NMR peak is proportional to the number of nuclei contributing to 

it, integration is the only reliable method for determining the relative signal strengths in a 

sample. The integrated intensities of the NMR signals from amide protons were compared to 

those of the aliphatic protons and the level of deuteration was derived from the following 

equations: 

 

    

! 

a("HN + x"Harom ) = I
1

ax"Haliph = I
2

 
(3.3) 

Where, x is the level of sidechain protonation, a is a scaling factor, 4HN is the number of 

exchangeable amides signals (224 including backbone amides in FH~1-3), 4Harom is the 

number of aromatic signals (92 in FH~1-3), 4Haliph is the number of aliphatic protons (1121 

in FH~1-3), I1 is the experimental integration value for the amide and aromatic region 

downfield from the water signal, whilst I2 is the experimental integration value for the 

aliphatic region upfield from the water resonance. The values for I1 and I2 were 1.00 and 

1.20 respectively. Therefore, solving the equations in (3.3) yields a value of 26.5% for x, 

thus implying a 73.5% level of deuteration for 2H,15N-FH~1-3. 

A positive electrospray ionisation mass spectrum of 2H,15N-FH~1-3 assuming uniform 15N-

labeling was also used to estimate the level of deuteration. The total of 1425 proton atoms 

                                                
* Signature carbohydrate 1H signals originating from the anomeric carbon-attached protons were 
detected by 1D-NMR from intitial purification trials of FH~2-3 and FH~19-20 (Andy Herbert, 
personal communication). 
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and 259 nitrogen atoms for unlabelled FH~1-3 was calculated using the proteomics online 

tool ProtParam (http: //www.expasy.org/tools/protparam.html). The theoretical number of 

exchangeable protons at pH 6.2 (assuming uniform solvent accessibility) was estimated at 

281 thus leaving 1144 possible deuteration sites. The experimental value obtained for the 

mass of 2H,15N-FH~1-3 was 22627 Da. Thus, assuming uniform 15N-labelling, 817 of the 

possible 1144 deuteration sites are occupied, representing a 71.4% level of deuteration for 

2H,15N-FH~1-3, a value which agrees well with the estimated 73.5% obtained from the 1-D 

proton spectrum. 

 

3.7 The consensus NMR buffer conditions for FH constructs 

Protein structure determination by NMR presents the advantage of being able to mimic 

certain physiological conditions. This is ideal for a soluble extra-cellular serum protein such 

as FH. Although it is not possible to completely replicate physiological conditions of human 

serum in vitro some parameters such as pH, temperature and salt conditions are controllable. 

Certain considerations, however, need to be taken into account when choosing the pH for 

NMR studies. The intrinsic exchange rate of a solvent-exposed backbone amide proton 

increases as a function of pH [285]. For example, the intrinsic exchange rate of a backbone 

amide with the solvent at pH 7 is ~330 times faster than at pH 5. This exchange process has 

the effect of broadening the natural line-widths of the amide resonance peak especially when 

exchanging with solvent protons that are selectively suppressed by the NMR pulse sequence. 

Therefore, as much as it is desirable to approximate physiological pH conditions, it is often 

advantageous to maintain an acidic pH for NMR studies. The theoretical pI of a protein can 

be used to predict, to some extent, the solubility of each construct at a given pH, however 

this is often only empirically determinable. Because FH constructs were studied in a 
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chronological order, the choice of pH for the NMR studies depended largely on the 

optimisation outcome of the first sample, FH~2-3. The optimal pH for this construct, pH 6.2, 

was determined primarily from the dispersion of amide peaks in the 15N-HSQC in the pH 

titration shown in Figure 3.14. The choice of pH 6.2 seemed a reasonable compromise 

between solubility, signal quality and physiological relevance and because it was sufficiently 

higher than the pI of all other FH constructs it was adopted as the working pH for NMR 

studies in this project. 

 

Figure 3.14 Overlay of 
15

N-HSQC spectra of FH~2-3 at 37 °C, 20 mM potassium phosphate pH 

3.8 (purple), pH 4.7 (mauve), pH 5.3 (blue), pH 6.0 (cyan), pH 6.2 (light green), pH 6.5 (yellow), 

pH 7.2 (orange), pH 7.5 (red). 

To mimic physiological conditions, the NMR studies for all FH constructs were performed at 

37 °C. Lower temperatures adversely affected the transverse relaxation rate of FH~1-3: the 
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average T2 was 41.3 ms at 37 °C, and decreased to 36.6 ms at 25 °C and to 35.3 ms at 15 °C. 

The standard suite of NMR experiments required for backbone assignment, for collection of 

various distance restraints, and for relaxation studies, requires that the sample be stable for 

several weeks at 37 °C. Despite the addition of PMSF and EDTA during the purification, the 

FH~2-3 construct was found to be susceptible to small amounts of degradation over long 

periods at 37 °C. Moreover, FH~1-2 presented signs of insolubility* at pH 6.2 characterised 

by the opaqueness of the NMR sample in the absence of salt.  

In a study on protein NMR samples with very low initial solubility at 0.5 - 1 mM, Golovanov 

et al. [286] demonstrated that the simultaneous addition of L-arginine and L-glutamate (50 

mM each) to the buffer dramatically increased the solubility of the protein samples as well as 

increasing their lifetime and stability. The presence of these buffer additives, referred to in 

this study as the Golovanov mix, did not affect the protein structure nor any specific protein-

protein or protein-RNA interactions [286].  

An NMR sample of 15N-FH~2-3, which had originated from a purified batch showing signs 

of degradation, was used to test the effect of the Golovanov mix. A 10 µL aliquot (~100 µg 

of 15N-FH~2-3) of the NMR sample was split into two 5 µL portions; one tested for 

degradation in the presence, the other in the absence, of the Golovanov mix at pH 6.2, 37 °C 

(see Figure 3.15). After two weeks, severe degradation of 15N-FH~2-3 appeared in the ‘zero 

Golovanov mix’ control while the test reaction, containing the Golovanov mix, appeared 

significantly more stable. 

                                                
* The insolubility was later attributed to aggregation as judged by the poor level of magnetisation 
transfer in 15N-TOCSY-HSQC experiments (data not shown). 
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Figure 3.15 Stability test of 
15

N-FH~2-3 in the presence (+) and absence (-) of the Golovanov mix 

(50 mM Arg, 50 mM Glu) incubated at 37 °C over a 14-day period. Gradient SDS-PAGE (5-

20% acrylamide) of the reaction time points (~5 µg of 
15

N-FH~2-3). 

The mechanism by which the free amino acids inhibit sample degradation is not clear. 

Golovanov et al. [286] speculated that the free amino acids, which are charged at neutral or 

slightly acidic pH, interact with oppositely charged groups on the surface of the protein 

while the aliphatic regions of the sidechains interact with exposed hydrophobic patches of 

the protein. Golovanov et al. also speculated that the amino acids could either act as 

competitive inhibitors for the trace amount of proteases present. 

As shown in Figure 3.16, the presence of the Golovanov mix at pH 6.2 had no significant 

effects on the amide chemical shifts of 2H15N-FH~1-3. However, despite the 15N-HSQC 

being selective for 15N-labelled amide resonances, a certain amount of t1-noise* from the 

unlabelled additives was observed between 2 and 4 ppm (1H dimension). 

                                                
* t1-noise is characterised by spurious baseline fluctuations running parallel to the F1 frequency axis 
originating from strong NMR signals, generally from concentrated solvent peaks. 
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Figure 3.16 (A) 
15

N-HSQC spectrum of 
2
H,

15
N-FH~1-3 pH 6.2 in the presence of 50 mM NaCl, 

(B) 
15

N-HSQC spectrum of 
2
H,

15
N-FH~1-3 pH 6.2 in the presence of the Golovanov mix, (C) 

overlay of spectrum A and B. 
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The Golovanov mix was thus deemed suitable for data collection of 15N-1H correlation-based 

experiments. However, it was judged that the 1.1% natural abundance of 13C from the 

sidechains of the free amino acids would interfere in 13C-1H correlation-based experiments. It 

was therefore decided that sidechain-deuterated version of these amino acids, L-Arg-d7 and 

L-Glu-d5, should be used. 

To test the level of interference expected from the deuterated versions of these amino acid 

additives a 13CH-HSQC, shown in Figure 3.17, was colleted on a sample of 50 mM L-Arg-

d7, 50 mM L-Glu-d5 20 mM potassium phosphate pH 6.2. The resultant peaks, observable 

just above baseline noise levels at equivalent 1H chemical shifts as the t1 noise strips in 

Figure 3.16, were considered too small to interfere with resonance assignment of the 13C,15N-

labelled FH constructs. 

 

Figure 3.17 Constant-time 
13

CH-HSQC of a 50 mM L-Glu-d5, 50 mM L-Arg-d7 in 20 mM 

potassium phosphate buffer pH 6.2. 
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3.8 Assay of FH cofactor activity for factor I-mediated cleavage 

of C3b 

To determine the minimal unit of FH capable of serving as a cofactor for the FI-catalysed 

proteolysis of C3b, a well established, fluid-phase assay with analysis on SDS-PAGE was 

adopted. In the first instance, the purified FH~1-2, FH~2-3, FH~1-3 and FH~1-4 along with 

the full-length FH were tested for activity in an end-point assay over a one-hour period in the 

presence of excess FI and C3b. Reactions, which were stopped by addition of SDS-PAGE 

reducing buffer, were analysed on SDS-PAGE, as shown in Figure 3.18A. In order to obtain 

semi-quantitative estimates of the cofactor activity of FH~1-3 and c-myc-FH~1-4-His6, two 

additional fluid-phase assays were performed in which the concentration dependence of the 

cofactor activity exhibited by these two FH constructs was assessed against that of full-

length FH (Figure 3.18B and C). 

The endpoint assay demonstrates that in the presence of c-myc-FH~1-4-His6, factor I fully 

cleaves the !’ chain of C3b generating C3f (not visible on the gel) and the inactive fragment, 

iC3b, which when reduced appears as two bands on the gel (68 kDa and 43 kDa). Modules 1 

to 4 of FH are indeed traditionally regarded as the functional site for cofactor activity in FH. 

Yet, from Figure 3.18B, it appears that c-myc-FH~1-4-His6 has only retained 4% of full 

cofactor activity when compared to full-length FH. A similar scenario can be observed in the 

case of the cofactor assays of FH~1-3 (Figure 3.18C), which also retains ~4% of the activity 

of full-length FH. The endpoint assay demonstrates that FH~1-3 acts as a cofactor, whilst the 

module pairs FH~1-2 and FH~2-3 show no detectable sign of cofactor activity. 
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Figure 3.18 Cofactor activity assays of FH constructs for factor-I mediated cleavage of C3b. 

Gradient SDS-PAGE (5-20% acrylamide) under reducing conditions of: (A) the 60 min end-

point cofactor activity assay by FH~1-2 (lane 4), FH~2-3 (lane 5), FH~1-3 (lane 6), c-myc-FH~1-

4-HIS6 (lane 7), FH (lane 9); and of the 10 minute concentration dependent CA assay by (B) c-

myc-FH~1-4-HIS6 (sequentially increased 3-fold from ~4 nM - 966 nM, lanes 12-17) and by (C) 

FH~1-3 (increased 3 fold from ~0.84 nM - 205 nM) and FH (0.84 nM, lane 21; 2.53 nM, lane 22; 

4 nM, lane 18; 7.6 nM, lane 23 and 12 nM, lane 19). Inferred identities of Coomassie-stained 

protein bands are indicated. Molecular weight markers are shown in lane 1 and 10. Negative 

controls (-) are shown in lanes 2, 11 and 20. 
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Thus it appears that in fluid-phase the site necessary but not sufficient for cofactor activity 

can be narrowed down to FH~1-3 and that, unless the artificial c-myc and His-tags interfere 

with the assay, the addition of module 4 does not significantly increase the cofactor activity. 

However, the concentration dependency assay indicates that full-length FH is ~25 fold more 

active than FH~1-3 and c-myc-FH~1-4-His6, suggesting that the additional CCP modules in 

FH enhance activity in fluid-phase, possibly though increased binding affinity to C3b. 

 

3.9 Disease associated variants FH~1-2-R53H and FH~1-2-V62I 

3.9.1 Cloning methods 

QuikChange™ mutagenesis was used on the template pFH~1-2, as outlined in section 

2.1.4.5, to generate the plasmids, pFH~1-2(H53) and pFH~1-2(I62), coding for the disease 

associated variants FH~1-2(H53) and FH~1-2(I62) respectively. Plasmids was amplified in 

E. coli and purified using a MaxiPrep for transformation into P. pastoris. The DNA-coding 

regions for the variants FH~1-2(H53) and FH~1-2(I62) were confirmed by DNA sequencing. 

The DNA sequencing data of the particular point mutations introduced into the plasmid 

vectors are shown in Figure 3.19. 
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Figure 3.19 DNA sequencing of the coding regions for the amino acid substitutions of pFH~1-2 

(top panels of A and B) to generate pFH~1-2(I62) (bottom panel A) and pFH~1-2(H53)(bottom 

panel B). The substituted amino acids are shown in bold. 

3.9.2 Labeling, expression and purification 

The purified protein yields (~70 mg) from the P. pastoris-expressed 15N-FH~1-2(H53) and 

15N-FH~1-2(I62) in the fermentor were in agreement with yields obtained for 15N-FH~1-2. 

The purification strategy used was identical to that used for FH~1-2. The reverse-phase 

desorption peaks for both constructs, run on SDS-PAGE, are shown in Figure 3.20A. The 

purified products of each construct migrate at the same size as FH~1-2. 
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Figure 3.20 Purification of FH~1-2(H53) and FH~1-2(I62). Gradient SDS-PAGE (5-20% 

acrylamide) of: A) fractions corresponding to the desorption peaks from reverse-phase 

chromatography of FH~1-2(H53) (lanes 3-5) and of FH~1-2(I62) (lanes 7-12); B) NMR samples 

(~1 µg) of 
13

C,
15

N-FH~1-2 (lane 13), of 
15

N-FH~1-2(I62) (lane 14) and 
15

N-FH~1-2(H53)  (lane 

16). Low molecular weight marker in lanes 1 and 16. 
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4 STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 
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4.1 Introduction 

The strategy of dividing modular proteins for structural studies by NMR, pioneered by 

Professor Ian Campbell of Oxford University [287,288], has been successfully adopted for 

the structural investigations of other modular proteins including in the field of complement. 

Having successfully obtained the stable and soluble CCP module constructs FH~1-2 and 

FH~2-3, this ‘divide and conquer’ strategy was pursued for FH~1-3.  The results of this 

exercise are presented in the following chapter. Briefly, a conventional set of NMR 

experiments was recorded to yield crucial structural constraints for the in-silico calculation 

of their 3D structures. These structural constraints comprise the NOE-based distance 

constraints, the RDC-based orientation constraints and deuterium-proton exchange-based H-

bond restraints. Based on the resulting NMR 3D structures, a model of FH~1-3 was to be 

derived as well as a structural interpretation of NMR data for the disease-associated 

sequence variants FH~1-2(I62) and FH~1-2(H53). 

 

4.2 NMR structure of FH~1-2 

4.2.1 NMR Data 

Table 4.1 presents a summary of NMR experiments used for both backbone resonance 

assignment and for the collection of NOE distance restraints used to generate the structure of 

FH~1-2.



 

 

1
4
3
 

Dimension 1 Dimension 2 Dimension 3 Experiment 

 

 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Reference Mixing 

time 

(ms) 

  
15

N-HSQC 
1
H (a8) 2048 11160.7 

15
N 96 2096.1 Bodenhausen et al. 1980 

13
C-HSQC-CT 

1
H (a8) 2048 9615.4 

13
C 256 6035.9 Vuister et al. 1992 

13
C

arom
-HSQC-CT 

1
H (b6) 2048 8389.3 

13
C 184 6035.0 Vuister et al. 1992 

(HB)CB(CGCD)HD 
1
H (b6) 1024 8389.3 

13
Carom 64 4071.6 Yamazaki et al. 1993 

(HB)CB(CGCDCE)H

E 

1
H (b6) 1024 8389.3 

13
Carom 64 4071.6 

 

Yamazaki et al. 1993 

CBCA(CO)NH 
1
H (a8) 1024 11160.7 13

C!/" 168 15105.7 
15

N 96 2096.2 Grzesiek et al. 1992a 

CBCANH 
1
H (b6) 1024 8389.3 13

C!/" 128 11312.2 
15

N 64 1571.6 Grzesiek et al. 1992b 

HBHA(CO)NH 
1
H (b6) 1024 8389.3 1

H!/" 184 5039.0 
15

N 72 1571.6 Grzesiek et al. 1993a 

HBHANH 
1
H (b6) 1024 8389.3 1

H!/" 184 4979.4 
15

N 72 1571.6 Wang et al. 1994 

HNCO 
1
H (b6) 1024 8389.3 

13
CO 68 1584.2 

15
N 64 1571.6 Grzesiek et al. 1992c 

HN(CA)CO 
1
H (a8) 1024 11160.7 

13
CO 68 2112.9 

15
N 64 2096.2 Clubb et al. 1992 

 

 

H(C)(CO)NH-TOCSY 
1
H (b6) 1024 10162.6 

1
Hsidechain 128 5039.0 

15
N 72 1571.6 Montelione et al. 1992 17.3 

(H)C(CO)NH-TOCSY 
1
H (b6) 1024 8389.2 

13
Csidechain 112 11312.2 

15
N 

 

72 1571.6 Montelione et al. 1992 20.4 

HCCH-TOCSY 
1
H (a8) 1024 11160.7 

1
H 164 6609.4 

13
C

 
64 6035.9 Kay et al. 1993 13.9 

13
C-NOESY-HSQC 

1
H (a8) 1024 11160.7 

1
H 220 9842.5 

13
C

 
60 6035.9 Pascal et al. 1994 100 

15
N-NOESY-HSQC 

1
H (a8) 2048 11160.7 

1
H 296 10002.5 

15
N 

 

84 2096.1 Marion et al. 1993 100 

Table 4.1 Acquisition parameters of the NMR experiments recorded for 
13

C,
15

N-FH~1-2. Experiments acquired on a 18.8 Tesla field spectrometer are 

indicated by bold text. All other experiments (in roman text) were acquired on a 14.1 Tesla field spectrometer.
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4.2.2 The extent of FH~1-2 resonance assignment 

The standard suite of backbone resonance assignment experiments outlined in section 2.2.4 

was used to fully assign the 15N-HSQC spectrum of FH~1-2 (Figure 4.1) with the exception 

of the backbone amide group for residues Gln40, Thr41, Ile140 and Cys141. 

 

Figure 4.1 The assigned 
15

N-HSQC spectrum of FH~1-2. Only backbone NH cross-peaks are 

labelled. Side-chain amide cross-peaks from the side-chain amide groups of glutamine and 

asparagine residues are connected by a horizontal line. Aliased peaks are coloured in red. 
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An example of sequential spin system connectivities in FH~1-2 using the overlay of the 

CBCANH and the CBCA(CO)NH is shown in a series of strips for residues 60 to 66 in 

Figure 4.2. 

 

Figure 4.2 Series of strips from the CBCA(CO)NH (blue) and CBCANH (brown and orange) 

spectra for FH~1-2 showing the sequential assignment of residues Gly60 to Cys66. The values in 

green at the bottom of each strip indicate the chemical shift (ppm) position in the 
15

N dimension. 

Backbone assignment for FH~1-2 resulted in the identification of chemical shifts from 128 

out of the 129 residues. Approximately 86% of all 13C atoms, 73.7% of all 15N atoms and, 

most importantly, 96.3% of all protons were assigned in FH~1-2. Approximately 96% of 

available side-chain protons and 74% of available side-chain heavy atoms were assigned 

from the 13C-NOESY-HSQC, HCCH-TOCSY, 13C-HSQC and aromatic 13C-HSQC spectra. 

Despite overlap with the 1H chemical shift range of the broad water signal, 97.2% of 

available H! atoms along with 98.4% of the C! atoms of FH~1-2 were assigned. No 
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assignments of the aromatic protons of Tyr112 were obtained despite the identification of the 

H! and H" protons for this residue. Atoms from all nine proline residues in FH~1-2 were 

identified with the exception of the 13C carbonyl for Pro25 and Pro139.  Figure 4.3 illustrates 

the possible trans and cis isoforms of proline residues and the proximity of protons that give 

the characteristic NOE patterns reflecting the conformation. The strong intra-residue H# to 

H! NOE cross-peaks and weak inter-residue H! to H! NOE cross-peaks for all nine proline 

residues of FH~1-2 indicated that these adopted the trans conformation.  

 

Figure 4.3 Proline (red heavy atoms) cis and trans isomers. The H! of the cis proline is in 

proximity to the H! of the previous residue whilst in the trans conformation, the H# of the 

proline is in closer proximity to the H! of the previous residue. These differences are reflected in 

their respective NOE cross-peak intensities. 

Despite not being assignable via through-bond correlation experiments, the methyl C$-H$ 

cross-peak of Met64 was identified in the 13C-HSQC on the basis of its unique characteristic 

chemical shift values (18 ppm in 13C and 1.778 ppm in 1H) as well as observations of 

supporting NOE connectivities in the associated 13C-NOESY-HSQC strip following the first 

round of structure calculations in CYANA. 
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4.2.3 Hydrogen bonds 

A two-step procedure was adopted in the identification of potential hydrogen bond partners 

from backbone atoms. In the first instance, a lyophilised sample of ~7 mg 15N-FH~1-2 was 

resuspended in 99.96% D2O after which a series of 15N-HSQC spectra were recorded every 

15 minutes over the course of two hours. The cross-peak intensities from solvent-exposed 

amide groups were no longer detectable above the noise due to rapid exchange with the 

prevailing 2H atoms from D2O, whilst the cross-peak intensities from solvent-protected 

backbone amide groups remain unaffected. The pattern of amide protection did not change 

significantly after one hour (see Figure 4.4). 

 

 

Figure 4.4 
15

N-HSQC spectrum of FH~1-2 one hour after resuspension in 99.96% D2O. Aliased 

peaks are coloured in red. Peak 71W corresponds to the aromatic N$-H$ for residue Trp71. 
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In the second step, the Calc H-bond function of the molecular viewing software MOLMOL 

2k.2 [250] was used to analyse an initial ensemble of structures calculated in CYANA 

without H-bond restraints to generate a list of potential H-bond partners that are less than 2.4 

Å apart. This list was then cross-validated with the set of non-exchanging amide cross-peaks 

from the H/D exchange experiment. Based on the method outlined above, a total of ten 

hydrogen bonds were infered for FH~1-2, many of which belong to residues in the anti-

parallel "-sheet core. The H-bond restraints in CYANA were then defined by: upper and 

lower distance constraints of 2 Å and 1.8 Å, respectively, for HN to carbonyl O; upper and 

lower limit distance constraints of 3 Å and 2.7 Å, respectively, for NH to carbonyl O. Thus, 

based on ten inferred H-bonds CYANA generates 20 distance restraints. The input files used 

to define H-bond upper and lower limit constraints for CYANA calculations is included in 

the Appendix CD. The H-bond restraints were also introduced in the final RDC refinement 

of FH~1-2 performed using CNS. 

4.2.4 Relaxation analysis 

Both T1 and T2 relaxation time constants were collected for the 13C,15N-FH~1-2 sample in a 

14.1 Tesla field. The incremental relaxation delays used for T1 measurement were 51.1 ms, 

301.1 ms, 501.1 ms, 601.1 ms, 751.1 ms 851.1 ms and 901.1 ms. The incremental relaxation 

delays used for T2 measurement were 16 ms, 32 ms, 64 ms, 80 ms, 96 ms, 112 ms and 128 

ms. Summarised in Figure 4.5 A, B and C are the values for T1, T2 and the derived ratio T1/T2 

for each residue of FH~1-2 along with associated time constant errors. The errors, %(T1/T2), 

for the T1/T2 values were calculated using a basic error propagation method for functions 

expressed as ratios: 
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The EAEAAG N-terminal artefact was generally omitted from the analysis of T1 and T2 

values of the FH constructs. T1 and T2 values have however been presented in the case of 

these residues in FH~1-2 (residues 14-19*) to illustrate the flexible nature of this cloning 

artefact (see section 4.2.4). 

A full relaxation analysis to derive the correlation times and amplitudes of the internal 

motions of the protein was beyond the scope of this project and was not performed. 

However, the amide bond relaxation values were used in selecting appropriate RDC 

restraints from rigid parts of the protein according to the following two criteria of rejection 

outlined by Barbato et al. [289]. 

 

    

! 

T
2
"T

2,n

T
2,n

> 3#
T
1
"T

1,n

T
1,n

 
(4.2) 

where !T1 and !T2 are the average values of T1 and T2 respectively, and: 

 
    

! 

{1H}15N NOE <  0.6  (4.3) 

Amide bonds for which T1 and T2 values satisfy the condition in equation (4.2) are likely to 

undergo motions on the µs-ms timescales and {1H}15N NOE values that satisfy condition 

(4.3) are likely to undergo motions on the ps-ns timescale. 

Residues between Gly60 and Val62, and between Gly122 and Ile124, corresponding to 

residues in the EF-loops of CCP 1 and 2 respectively, were noted to have {1H}15N NOE less 

than 0.6 indicating backbone flexibility on the ns timescale. Interestingly, amides from the 

‘hyper-variable’ loops of CCP 1 and CCP 2; namely residues Thr34 to Ser38 and Thr99 to 

Val103, have no NOE values below 0.6. These appear to be largely well structured in the 

ensemble of structures for FH~1-2 (see section 4.2.6). Low T1/T2 values are also an 

indication of flexibility on the µs-ms timescale. Ser36 of the hyper-variable loop of CCP 1 

                                                
* Corresponding to the cloning artefact EAEAAG. 
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and Ser58 to Gly60 of the EF-loop of CCP 1 display lower than average T1/T2 values. The 

above average T1/T2 values and high {1H}15N NOE values for residues Gln81 and Arg83 

indicate that the linker region (residues 81-84) lacks flexible on the µs-ms as well as ns time-

scales*. 

                                                
* No data was available for Lys 82 whilst residue 84 is a proline. 
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Figure 4.5 (A) T1 values and associated errors for residues of FH~1-2 at 14.1 Tesla, (B) T2 values 

and associated errors for residues of FH~1-2 at 14.1 Tesla, (C) T1/T2 ratio and associated errors 

for residues of FH~1-2, (D) {
1
H}

15
N-heteronuclear NOE values and associated errors for 

residues of FH~1-2 at 14.1 Tesla. 
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4.2.5 Residual dipolar couplings 

Residual dipolar couplings provide precise long-range orientation constraints that 

complement the short-range NOE constraints. The three principal components of the 

alignment tensor Axx, Ayy and Azz can be estimated from a histogram of combined RDC 

values [290], each class (C!H!, C!C’ and NH) scaled relative to the HN RDC class 

according to the empirical scaling factors in Table 4.2. Once scaled the RDCs can be used as 

restraints in the structure calculation using CNS. 

RDC Empirical !XY 

NH 1.00 

C!C’ -5.05 

C!H! -0.481 

Table 4.2 Scaling factors for RDC classes relative to NH. The scaling factors were empirically 

determined by Cornilescu and Bax [291] for ubiquitin using the average effective bond lengths 

and the gyromagnetic ratios between the atoms involved. 

The NH-normalised RDC values are then grouped into bins of 5 Hz or less and plotted as a 

histogram (Figure 4.6) from which the three extremes (i.e. smallest, largest and most 

populated RDC values) are identified and designated as Dzz, Dyy and Dxx such that |Dzz| > 

|Dyy| > |Dxx|. These extremes are related to the principal components of the alignment tensor 

via the following relationship: 

 

    

! 

Dii =
3DNH

max
Aii

2
                 for   i = x, y, z  

(4.4) 

 

In the current study, 55 NH and 36 C!C’ and 5 C!H! RDC values were obtained for FH~1-2, 

although the C!H! RDC values were excluded from the analysis owing to their low number 

and poor spectral qualities. 
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Figure 4.6 Determination of the principal components of the alignment tensor, Axx, Ayy and Azz 

from the histogram of one bond NH, C!C’ and C!H!  RDCs measured for FH~1-2. All 91 

couplings are scaled relative to the NH RDC and have been grouped in bins of 4 Hz. The three 

extremes correspond to Dzz, Dyy and Dzz such that &Dzz&>&Dyy&>&Dxx& . 

Since 
    

! 

D
NH

max = 24350 Hz, the principal components of the alignment tensor determined from 

the histogram are: Azz = -11.2 ' 10-4, Ayy = 8.4 ' 10-4 and Axx = 5.1 ' 10-4, which correspond 

to the order eigenvalues, Szz = -16.9 ' 10-4, Syy = 12.6 ' 10-4, Sxx = 7.72 ' 10-4. These values 

yield the axial component of the alignment tensor, Aa = -16.9 ' 10-4 and the rhombic 

component of the alignment tensor, Ar = -3.25 ' 10-4, which compare favourably to the 

average values Aa = -17.5 ' 10-4 and Ar = -3.92 ' 10-4, obtained by the TENSO module from 

the RDC structural refinement of FH~1-2 in CNS. 

Another, more established, method for obtaining the principal components of the alignment 

tensor is the single value decomposition (SVD) method, in which only five independent 
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RDCs are sufficient to completely and accurately define the alignment tensor provided a 

protein structure is known*. 

The REsidual Dipolar Coupling Analysis Tool (REDCAT) software [292] uses SVD to 

calculate the alignment tensor eigenvalues, Sxx, Syy and Szz, and the associated principle 

alignment tensor axis directions (order matrix eigenvectors). The Sanson-Flamsteed pseudo-

cylindrical projection is commonly used to visually inspect the principal alignment tensor 

within the molecular frame. The distribution of the axis directions of the principal alignment 

tensor relative to the molecular frame was calculated in REDCAT from the closest-to-mean 

RDC-refined FH~1-2 structure and a non-normalised set of all RDC restraints. Restraints 

were divided between each CCP module within FH~1-2, that satisfied equation (2.18) from 

section 2.2.9.1, and the resulting eigenvalues, Sxx, Syy and Szz, are summarised in Table 4.3, 

whilst the corresponding eigenvector orientations are mapped onto the Sanson-Flamsteed 

projections shown in Figure 4.7. 

Set Sxx Syy Szz Aa Ar 

CCP 1 3.83 (0.45) 9.21 (0.30) -13.0 (0.31) -13.0 -3.58 

CCP 2 6.24 (0.28) 7.44 (0.26) -13.7 (0.14) -13.7 -0.8 

Table 4.3 Alignment tensor eigenvalues for CCP 1 and CCP 2 of FH~1-2. All values are '  10
-4

. 

Sii values are shown as average values in the principle alignment tensor followed by the 

standard deviation in parentheses. 

 

                                                
* Assuming the protein forms a rigid molecular unit. 



CHAPTER 4: STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 

 155 

 

Figure 4.7 Alignment tensor distribution of FH~1-2. The directions of the alignment tensor 

eigenvectors associated with order matrix eigenvalues Sxx, Syy and Szz for for (A) CCP 1 and (B) 

CCP 2 of FH~1-2. 
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As can be seen from Figure 4.7, the orientations of the eigenvectors associated with Sxx and 

Syy appear less well defined for CCP 2 than for CCP 1, which may in part be explained by 

the poorer RDC data obtained from CCP 2 (i.e. half the RDCs were obtained for CCP 2 

compared to CCP 1). The direct consequence of this is a significantly different rhombic 

component, Ar, between the two modules. It is worth noting however that the overall 

orientations of these separate alignment tensors are very similar. The tensor parameter-

independent TENSO module in CNS was able to satisfy the RDC restraints with only 5 

violations in all 100 structures calculated and no RDC violations in the converged set. The 

low level of inter-modular flexibility from relaxation data, and the rich network of inter-

modular NOEs at the CCP 1 – CCP 2 junction satisfied in the structure calculation without 

RDC input, were sufficient to justify use of a single alignment tensor for FH~1-2. 

4.2.6 FH~1-2 structure calculation 

A summary of the automated assignment process for each cycle is presented in Table 4.4. 

The initial structures generated in CYANA were obtained from an initial input of 5101 NOE 

cross-peaks. From these, 3468 upper distance limits were generated in the first cycle and 

were progressively refined down to 2722 in the final cycle. Over 1000 of these restraints 

were long range (i ! 5 residues) with 20 inter-modular restraints, 58 restraints between the 

linker and CCP 1 and 48 between the linker and CCP 2. The five criteria for measuring the 

successful performance of a CYANA structure calculation [241] are met in the case of 

FH~1-2 and outlined below. The first criterion is that more than 90% of the 1H chemical 

shifts are contained in the input data. The extent of assignment in section 4.2.2, indicates that 

96% 1H chemical shifts are present for FH~1-2. The second criterion states that the cross-

peak list faithfully represents the NOESY spectra and that the NOESY cross-peaks are 

correctly calibrated to fit the chemical shift list within the chemical shift tolerances. This is 

largely already achieved by the bookkeeping task of CcpNmr Analysis using the Quality 

Reports macro in CcpNmr Analysis ensuring that any anomalous chemical shifts are 
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reported and submitted to careful scrutiny. The third criterion states that the average final 

DYANA target function value in the first cycle is below 250 Å2 in the first cycle and below 

10 Å2 in the last cycle, with more than 80% of all picked NOESY cross-peaks assigned and 

no more than 20% of the peaks with exclusively long-range assignments eliminated. For 

FH~1-2, 95% of all picked NOESY cross-peaks are assigned in the seventh cycle while no 

long-range assignments were eliminated over the course of the seven cycles. The average 

target function is well below the thresholds stated above. The fourth criterion requires that 

the average backbone rmsd be below 3 Å in the first cycle. This value is 2.17 Å in the 

present case. The final criterion requires that structural changes between the first and 

subsequent CANDID cycles occur within the conformational space determined by the bundle 

of conformers obtained after cycle 1, with the implicit assumption that this conformational 

space contains the correct fold of the protein and thus the rmsd between each cycle should 

not exceed that of the mean coordinates after cycle 1 by more than 25%. This condition is 

fulfilled in the present case. 
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Cycle: 1 2 3 4 5 6 7 Final

Peaks:

selected: 5101 5101 5101 5101 5101 5101 5101

assigned: 4978 4983 4919 4921 4894 4885 4864

unassigned: 123 118 182 180 207 216 237

Cross peaks with assignments:

 off-diagonal: 4978 4983 4919 4921 4894 4885 4864

 unique: 1780 3447 3769 3876 4091 4209 4180

 short-range |i-j|<=1: 3558 3519 3457 3428 3376 3355 3351

 medium-range  1<|i-j|<5 : 494 376 361 360 347 338 338

 long-range |i-j|>=5: 926 1088 1101 1133 1171 1192 1175

Upper distance limits

total: 3468 2984 2814 2745 2647 2595 2612 2722

short-range, |i-j|<=1: 2075 1742 1611 1534 1444 1411 1322 1400

medium-range, 1<|i-j|<5: 802 574 308 306 285 270 263 265

long-range, |i-j|>=5: 591 668 895 905 918 914 1027 1057

Average assignments/constraint: 4.14 2.15 1.38 1.35 1.26 1.21 1 1

Target function

Average target function value            : 62 54.6 89.8 9.79 4.34 4.75 5.41 1.42

RMSD to mean (residues 20 to 142)

Average backbone RMSD: 2.17 2.08 1.06 1.11 1.11 1.09 0.99 1.16

Average heavy atom RMSD: 2.57 2.43 1.39 1.44 1.44 1.45 1.29 1.43  

Table 4.4 Statistics from the 8 cycles of CYANA structure calculation for FH~1-2 

The final upper distance restraints from CYANA were converted into CNS format using the 

Format Converter of the CcpNmr suite of software for structure refinement in CNS using the 

RDC data as well as NOE data and H-bond data. The RDC-refined FH~1-2 structures 

obtained from CNS are ranked in order of NOE energy or total energy and plotted, as shown 

in Figure 4.8. 
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Figure 4.8 Energy plot of 100 structures calculated from the RDC refinement of FH~1-2 in CNS. 

Flat convergence of calculated structures for both NOE energy term and total energy term is 

observed up until the 37th structure after which there is a significant jump in NOE energy 

and/or total energy. Of these, the 30 with lowest energy, in which there were no more than 

two NOE violations above 0.3 Å, were selected as the representative ensemble for water 

refinement. The overlay on the CCP 1 and CCP 2 backbone atoms of the water refined 

ensemble of FH~1-2 is shown in Figure 4.9. These representative structures were deposited 

into the Protein Data Bank [293] and were assigned the accession code: 2RLP. The 

‘2rlp.pdb’ file is included in the Appendix CD. 
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Figure 4.9 Backbone overlay of the ensemble of 30 water-refined FH~1-2 structures. A) 

Backbone overlay on CCP 1 (rmsd C! = 0.52); B) Backbone overlay on CCP 2 (rmsd C! = 0.69); 

C) Cross-eye stereo view of backbone overlay over both modules (rmsd C! = 0.9). 
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4.2.7 Structure quality indicators 

Both CCP modules of FH~1-2 have archetypal CCP module characteristics. Each has an 

ovoid structure containing a series of anti-parallel "-strands or elongated stretches of 

residues that pass back and forth along the long axis of the CCP module five times and are 

stabilised by the Cys(I)-Cys(III) and Cys(II)-Cys(IV) disulfide linkages. A small hyper-

variable loop, Thr34 to Ser38, protrudes laterally out of CCP 1 but appears well defined in 

the ensemble overlay and shows little flexibility on the ns and µs-ms time-scale (see section 

4.2.4). The very short hyper-variable loop in CCP 2, on the other hand, does not protrude 

from the CCP module but rather is tightly positioned close to the CCP 1 – CCP 2 interface, 

is well defined and, with the exception of Gly100, shows little flexibility. 

The WHATIF coarse packing quality score [294,295] (available from the server at 

http://swift.cmbi.ru.nl/servers/html/oldqua.html) checks the normality of the local 

environment of each amino acid within an ensemble of structures. A residue score lower than 

-5.0 indicates that either the residue makes symmetry contacts or that there is an improper 

contact. The WHATIF score for the structural ensemble of FH~1-2 before water refinement 

and incorporation of RDCs (i.e. CYANA calculated) is -2.371, and after refinement in CNS 

is -1.574.  

The buried surface area (BSA) [53] at the bi-module interface was calculated to compare 

with that of CCP pairs from other regulators of complement. The BSA values were obtained 

by adding the surface areas for each individual module* and subtracting the resulting value 

from the surface area of the bi-module. The surface areas were calculated using GETAREA 

version 1.1 (http://pauli.utmb.edu/cgi-bin/get_a). The BSA of the CCP 1 – CCP 2 inter-

                                                
* Boundaries considered for the first module were from one residue before the first cysteine till two 
residues after the last cysteine whereas for the second module were two residue before the first 
cysteine till one residue after the last cysteine. 
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modular junction is 549 Å2. Similar values (~500 Å2) were found for extended CCP pairs 

from other regulators of complement [53]. 

The final 30 water-refined structures of FH~1-2 presented acceptable PROCHECK [296] 

quality scores for small protein domains; 97.3% of residue Phi and Psi angles occur in the 

most favoured and additionally allowed region of the Ramachandran [297] plot (Figure 

4.10). 
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Figure 4.10 PROCHECK Ramachandran statistics for the deposited water-refined ensemble of 

FH~1-2 structures. 
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4.3 NMR structure of FH~2-3 

4.3.1 NMR data 

Table 4.5 presents a summary of NMR experiments used for both backbone resonance 

assignment and for collection of NOE distance restraints used to generate the structure of 

FH~2-3. 

 



 

 

1
6
5
 

Dimension 1 Dimension 2 Dimension 3 Experiment 

 

 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Nucleus No. of 

complex 

points 

Sweep 

width  

(Hz) 

Reference Mixing 

time 

(ms) 

  
15

N-HSQC-GSE 
1
H 2048 8389.3 

15
N 320 1374.0 Bodenhausern et al. 1980  

13
C-HSQC-CT 

1
H 1024 8012.8 

13
C 280 5279.8 Vuister et al. 1992 

13
C

arom
-HSQC-CT 

1
H 2048 8389.3 

13
C 184 6035.0 Vuister et al. 1992 

HBCBCGCDHD 
1
H 1024 8389.3 

13
Carom 64 4071.6 Yamazaki  et al. 1993 

HBCBCGCDCEHE 
1
H 1024 8389.3 

13
Carom 48 4071.6 

 

Yamazaki  et al. 1993 

CBCA(CO)NH 
1
H 1024 8389.3 13

C!/" 128 11312.2 
15

N 64 1374.0 Grzesiek et al. 1992a 

CBCANH 
1
H 1024 8389.3 13

C!/" 128 11312.2 
15

N 64 1374.0 Grzesiek et al. 1992b 

HBHA(CO)NH 
1
H 1024 8389.3 1

H!/" 192 4799.6 
15

N 64 1374.0 Grzesiek et al. 1993a 

HBHANH 
1
H 1024 8389.3 1

H!/" 128 4799.6 
15

N 64 1374.0 Wang et al. 1994 

HNCO 
1
H 1024 8389.3 

13
CO 80 1659.3 

15
N 64 1373.7 Grzesiek et al. 1992c 

 

(H)C(CO)NH-TOCSY 
1
H 1024 8389.2 

13
Csidechain 128 11312.2 

15
N 

 

64 1374.0 Montelione et al. 1992 20.1 

HCCH-TOCSY 
1
H 1024 8389.3 

1
H 144 4799.6 

13
C

 
64 5279.8 Kay et al. 1993 15.2 

13
C-NOESY-HSQC 

1
H 2048 12820.

5 

1
H 180 9601.5/ 

13
C

 
72 7042.2 Pascal et al. 1994 100 

15
N-NOESY-HSQC 

1
H 2048 11160.

7 

1
H 280 9601.5 

15
N 

 

84 1832.6 Marion et al. 1989 100 
15

N-TOCSY-HSQC 
1
H 1024 8389.3 

1
H 176 7499.0 

15
N

 
60 1374.0 Marion et al. 1989 60 

Table 4.5 Acquisition parameters for the NMR experiments recorded for 
13

C,
15

N-FH~2-3. Experiments acquired on a 18.8 Tesla field spectrometer are 

indicated by bold text. All other experiments (in roman text) were acquired on a 14.1 Tesla field spectrometer.
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4.3.2 The extent of FH~2-3 resonance assignment 

The standard suite of backbone resonance assignment experiments outlined in section 2.2.4 

was used to fully assign the 15N-HSQC spectrum of FH~2-3 (Figure 4.11) with the exception 

of the backbone amide group for residue Asp194. 

 

Figure 4.11 The assigned 15N-HSQC spectrum of FH~2-3. Only backbone NH cross-peaks are 

labelled. Side-chain amide cross-peaks from the NH2 groups of glutamine and asparagine 

residues are connected by a horizontal line. Aliased peaks are coloured in red. 
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An example of sequential spin system connectivities in FH~2-3 using the overlay of the 

CBCANH and the CBCA(CO)NH is shown in a series of strips for residues 170 to 184 in 

Figure 4.12. 

 

Figure 4.12 Series of strips from the CBCA(CO)NH (blue) and CBCANH (brown and orange) 

spectra for FH~2-3 showing the sequential assignment of residues Asn179 to Ile184. The values 

in green at the bottom of each strip indicate the chemical shift (ppm) position in the 15N 

dimension. 

Backbone assignment for FH~2-3 resulted in the identification of chemical shifts from all 

129 residues. Approximately 88.6% of all 13C atoms, 82% of all 15N atoms and 98% of all 

protons were assigned in FH~2-3. Approximately 98% of available side-chain protons and 

80% of available side-chain heavy atoms were assigned from the 13C-NOESY-HSQC, 

HCCH-TOCSY, 13C-HSQC and aromatic 13C-HSQC spectra. 100% of available H! and H" 

atoms along with 99.2% of the C! atoms of FH~2-3 were assigned. As with FH~1-2, no 
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assignments were obtained for the aromatic protons of Tyr112 despite the identification of 

the H! and H" protons for this residue. A likely explanation for the lack of aromatic signals 

from Tyr112 derives from previous observations on tyrosine chemical shifts [298]. All other 

tyrosine residues in FH~2-3 and FH~1-2 have chemically and magnetically equivalent pairs 

of H# and H$ ring protons due to the fast conformational exchange of the aromatic ring on the 

NMR time-scale. In the case of Tyr112 however it is likely that the aromatic ring flipping 

occurs on an intermediate time-scale, in other words at a frequency that happens to match or 

approximate the difference in chemical shift between the would be non-equivalent ring 

protons in the two conformers. The effect is a coalescence of the separate resonances into a 

broad indiscernible peak. Atoms from all eight proline residues in FH~2-3 were identified. 

The strong intra-residue Hd to H! NOE cross-peaks and weak inter-residue H!to H! NOE 

cross-peaks for all eight proline residues of FH~2-3 indicated that these adopted the trans 

conformation. 

4.3.3 Hydrogen bonds 

A total of eight hydrogen bonds were identified for FH~2-3 using the same approach as was 

adopted for FH~1-2 (see section 4.2.3), generating 16 distance restraints in CYANA. As 

with FH~1-2, no significant change in the amide protection pattern (Figure 4.13) was 

observed after a one-hour exposure to 99.96% D2O solvent. The H-bond upper and lower 

limit constraint CYANA input files for FH~2-3 is included in the Appendix CD. 
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Figure 4.13 15N-HSQC spectrum of FH~2-3 one hour after resuspension in 99.96% D2O. Aliased 

peaks are coloured in orange. 

4.3.4 Relaxation analysis 

Relaxation data for FH~2-3 is presented in Figure 4.14. As seen in the case of FH~1-2, 

residues Gly122 to Ile124 of FH~2-3, located in the EF loop of CCP 2 display {1H}15N NOE 

values below 0.6 although these values are overall higher than in FH~1-2 indicating that they 

are less flexible in FH~2-3. Residues 160 to 167 located in the the hypervariable loop of 

CCP 3 show {1H}15N NOE values below 0.6 and T2 values above 100 ms indicating 

extensive flexibility on both ps-ns and µs-ms timescales. None of the residues of the hyper-

variable loop in CCP 2 show {1H}15N NOE values below 0.6 although their values tend to be 

lower than average {1H}15N NOE values for this module (aside from those in the EF loop). 



CHAPTER 4: STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 

 170 

 

Figure 4.14 (A) T1 values and associated errors for residues of FH~2-3 at 18.8 Tesla, (B) T2 

values and associated errors for residues of FH~2-3 at 18.8 Tesla, (C) T1/T2 ratio and associated 

errors for residues of FH~2-3, (D) {1H}-15N-heteronuclear NOE values and associated errors for 

residues of FH~2-3 at 18.8 Tesla. 
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4.3.5 Residual dipolar couplings 

The scaling factors in Table 4.2 were used to normalise the 35 C!H!, 59 C!C’ and 75 NH 

RDC values for FH~2-3 to the HN RDC class prior to their use in the structure refinement 

step in CNS.  

 

Figure 4.15 Determination of the principal order values Dxx, Dyy and Dzz from the histogram of 

one bond NH, C!C’ and C!H! RDCs measured for FH~2-3. All 169 couplings are scaled relative 

to the NH RDC and have been grouped in bins of 4 Hz. The RDC distribution resembles a solid 

state NMR powder spectrum and the values Dzz, Dyy, Dxx. are determined from the 3 extrema 

such that %D
max

Szz%>%D
max

Syy%> %D
max

Sxx% . 

With 
    

! 

D
NH

max
= 24350 Hz , the principal components of the alignment tensor determined from 

the histogram in Figure 4.15 are: Azz = 6.2 & 10-4, Ayy = 5.8 & 10-4 and Axx = -2.9 & 10-4, 

which correspond to the order eigenvalues, Szz = 9.3 & 10-4, Syy = 8.7 & 10-4, Sxx = -4.4 & 10-4. 

These values yield the axial component of the alignment tensor, Aa = 9.32 & 10-4 and the 
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rhombic component of the alignment tensor, Ar = -8.76 & 10-4. The average values for these 

alignment tensor components obtained with the TENSO module from the structure 

calculation in CNS are: Aa = 9.88 & 10-4 and Ar = -3.84 & 10-4. Again, to obtain a more 

accurate representation of the alignment tensor, the SVD method using the software 

REDCAT was used to determine the principal eigenvalues, Sxx, Syy, Szz, summarised in Table 

4.6 and a plot of their associated eigenvector distributions using the Sanson-Flamsteed 

projection is shown in Figure 4.16. 

Module Sxx Syy Szz Aa Ar 

CCP 2 -2.64 (0.10) -4.32 (0.11) 7.0 (0.10) 7.0 1.13 

CCP 3 -2.71 (0.12) -5.55 (0.12) 8.3 (0.18) 8.3 1.9 

Table 4.6 Alignment tensor eigenvalues for CCP 2 and CCP 3 of FH~2-3. Sii values shown &  10-4 

are average values in the principle alignment tensor followed by the standard deviation in 

parentheses. 
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Figure 4.16 Alignemnt tensor distribution of FH~2-3. Sanson-Flamsteed projection of the 

principal components of the alignment tensors for (A) CCP 2 and (B) CCP 3 in FH~2-3. 
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4.3.6 FH~2-3 structure calculation 

The initial structures were calculated in CYANA using only NOE restraints in the first 

instance and with H-bond restraints in the next instance. The statistics pertaining to the 

cross-peak assignment and restraint generation for each of the seven cycles of final structure 

calculations in CYANA are summarised in Table 4.7. The total number of cross-peaks input 

into the structure calculation was 4873, which generated 3562 upper distance limits in the 

first cycle. These were refined down to 2733 in the final cycle comprising over 1100 long-

range constraints (|i – j| ! 5 residues). Of these eight were inter-modular, 57 were between 

CCP 2 and the linker, and 35 between CCP 3 and the linker. 

Cycle: 1 2 3 4 5 6 7 Final

Peaks:

selected: 4873 4873 4873 4873 4873 4873 4873

assigned: 4790 4824 4742 4739 4688 4650 4641

unassigned: 83 49 131 134 185 223 232

Cross peaks with assignments:

 off-diagonal: 4790 4824 4742 4739 4688 4650 4641

 unique: 1592 3216 3528 3684 3836 3982 3979

 short-range |i-j|<=1: 3235 3187 3134 3097 3051 3018 3014

 medium-range  1<|i-j|<5 : 518 412 373 369 359 339 334

 long-range |i-j|>=5: 1037 1225 1235 1273 1278 1293 1293

Upper distance limits

total: 3562 3150 2970 2887 2781 2672 2623 2733

short-range, |i-j|<=1: 2032 1709 1596 1504 1436 1380 1272 1351

medium-range, 1<|i-j|<5: 849 661 336 324 312 286 273 279

long-range, |i-j|>=5: 681 780 1038 1059 1033 1006 1078 1103

Average assignments/constraint: 4.17 2.2 1.38 1.33 1.26 1.2 1 1

Target function

Average target function value: 96.1 85.1 138 17.5 7.39 2.95 3.89 1.49

RMSD to mean (residues 20 to 142)

Average backbone RMSD: 6.27 3.44 1.55 1.64 1.31 1.27 1.13 1.35

Average heavy atom RMSD: 6.66 3.78 1.86 1.98 1.67 1.62 1.48 1.66  

Table 4.7 Statistics from the 8 cycles of CYANA structure calculation for FH~2-3. 
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After the RDC refinement step in CNS, the calculated FH~2-3 structures are ranked in order 

of NOE energy or total energy and plotted, as shown in Figure 4.17. A total of seven RDC 

restraints were violated in the converged set of structures. 

 

Figure 4.17 Energy plot of 100 structures calculated from the RDC refinement of FH~2-3 in 

CNS. 

Flat convergence of calculated structures for both NOE energy term and total energy term is 

observed up until the 29th structure after which there is a significant jump in NOE energy 

and/or total energy. These 29 lowest-energy structures were selected as the representative 

ensemble for water refinement. The overlay on the CCP 2, CCP 3 and total backbone atoms 

of the water refined ensemble of FH~1-2 is shown in Figure 4.18. These representative 

structures were deposited into the Protein Data Bank [293] and were assigned the accession 

code: 2RLQ. The ‘2rlq.pdb’ file is included in the Appendix CD. 
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Figure 4.18 Backbone overlay of ensemble of water-refined FH~2-3 structures. A) Backbone 

overlay on CCP 2 (rmsd C! = 0.32); B) Backbone overlay on CCP 3 excluding hyper-variable 

loop (rmsd C! = 0.53); C) Cross-eye stereo view of backbone overlay over both modules 

excluding the hyper-variable loop between residues 160 and 167 (rmsd C! = 0.65). 
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4.3.7 Structure quality indicators 

The very short hyper-variable loop in CCP 2 in FH~2-3 has the same conformation and 

rigidity as in FH~1-2. On the other hand, the hyper-variable loop of CCP 3, between residues 

Ser160 and Glu167, protrudes laterally from CCP 3 and shows a poor level of convergence 

as seen from Figure 4.18 and a greater amount of flexibility on the ns time-scale as seen 

from the relaxation data.  

The average WHATIF [294] coarse packing quality score over all residues for FH~2-3 was -

2.109 before water refinement and incorporation of RDCs (i.e. CYANA calculated) and -

1.254 after refinement in CNS. 

The BSA of the CCP 2 – CCP 3 inter-modular interface is 517 Å2, similar to values (~500 

Å2) found for extended CCP pairs from other regulators of complement [53]. 

The favourable Ramachandran statistics of the 29 final water refined structures of FH~2-3 

are shown in Figure 4.19. From the ensemble of 29 structures analysed, only 0.3% of Phi and 

Psi angles were in the disallowed region, mostly coming from residues in the poorly defined 

hyper-variable loop. 
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Figure 4.19 PROCHECK Ramachandran statistics for the deposited water-refined ensemble of 

FH~2-3 structures. 
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4.4 Comparison of the structures FH~1-2 and FH~2-3 

The closest-to-mean structures over all backbone atoms of FH~1-2 and FH~2-3 are shown in 

in which the "-strands denoted with letters A to H where they are present according to the 

Kabsch and Sander criteria [299]. The overlay of the experimentally determined structural 

ensembles of FH~1-2 and FH~2-3 on their C! atoms of CCP 2 is shown in Figure 4.20C. 

Overall there is a good agreement in the backbone traces (rmsd over CCP 2 C! atoms = 0.78 

Å) with only small structural discrepancies observable in the DE-loop and to an even lesser 

extent the bottom of the AB-loop of CCP 2. These loops are more poorly defined in the 

FH~1-2 structural ensemble. 

The DE-loop appears to be positioned closer to the CCP 2 – CCP 3 interface in the FH~2-3 

structural ensemble. The inter-modular NOE restraints between CCP 2 and CCP 3, as well as 

those between CCP 2 and the CCP 2 – CCP 3 linker, are likely to account for these observed 

differences. There are a total of eight inter-modular NOE restraints used for the structure 

calculation of FH~2-3 (refer to section 4.3.7). Seven inter-modular NOE restraints are found 

between the Phe170 of the BD-loop of CCP 3 and Glu116 and Gly117 of the DE-loop of 

CCP 2, whilst an additional NOE restraint is found between Asp194 of the FG-loop of CCP 

3 and Glu116 of the DE-loop of CCP 2. There is also a total of 60 NOE restraints between 

CCP 2 and the CCP 2 – CCP 3 linker of which 22 originate from the DE-loop and a further 

19 from CCP 2 strand E. These restraints are highlighted in Figure 4.26C of section 4.5.5. 
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Figure 4.20 Cartoon representation of (A) FH~1-2 (cyan) closest-to-mean structure over all 

backbone atoms and (B) FH~2-3 (magenta) closest-to-mean structure over all backbone atoms. 

Strands are represented in blue. (C) Comparison of the structural ensembles (ribbon 

representation) of FH~1-2 (cyan) and FH~2-3 (magenta). Separate ensembles are shown in left 

panels and their superimposition (C! rmsd 0.78 Å) over their respective CCP 2 in right panels. 
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The differences between the calculated structures of FH~1-2 and FH~2-3 are likely to reflect 

real structural discrepancies. The CCP 2 – CCP 3 linker and possibly the Phe170 of the BD-

loop in CCP 3 may have a stabilising structural effect on CCP 2 strands E and H, both of 

which are present in FH~2-3 but absent in FH~1-2 (i.e. these residues do not adopt a 

conformation that fits to the criterion of 8 beta strands), despite numerous NOE restraints at 

the CCP 1 – CCP 2 interface. The BD-loop of CCP 2 shows little structural variation 

between the ensembles FH~1-2 and FH~2-3 suggesting that CCP 1 has little effect on the 

structure of this region. 

It is of particular interest that the FH~1-2 junction is more NOE data-rich than the FH~2-3 

junction, much in the same way that the junction of CR1~15-16 is more NOE data-rich than 

the junction of CR1~16-17 [58]. For example, 13 unambiguous NOEs were present at the 

CR1~15-16 interface compared to only 4 at the CR1~16-17 interface. A more detailed 

comparison of these near-equivalent functional sites is presented in Chapter 5. 

 

4.5 Deriving the structure of FH~1-3 

4.5.1 Spectrum optimisation using perdeuteration 

Despite the presence of the Golovanov mix, the 15N-HSQC spectrum of 15N-labelled FH~1-3 

(20 mM potassium phosphate pH 6.2, 50 mM Arg-d7, 50 mM Glu-d5, 37 °C) proved too 

overlapped for direct comparison of the data with those of the module pairs (Figure 4.21A). 

Past experience with similar issues in the case of CR1~15-17 [58] prompted the decision to 

generate a 2H-15N-labelled sample of FH~1-3 in order to combat the line-broadening effects 

from the longer rotational correlation time, 'c, of the elongated triple module and the 
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presence of homonuclear dipolar relaxation between the 1HN and the aliphatic protons*. The 

backbone amides of 2H,15N-FH~1-3 became fully protonated in aqueous solvent and benefit 

from a reduced level of cross-relaxation with the adjacent 1H! as these atoms were almost 

fully replaced by 2H. The ~75% level of deuteration achieved on the 2H-15N-FH~1-3 sample 

thus significantly improved the quality of the 15N-HSQC spectrum (Figure 4.21B) and 15N-

NOESY-HSQC spectrum recorded at sample conditions identical to those of the single 

labelled sample. A 15N-TROSY spectrum was also recorded on the sample yet little 

significant improvement over the 15N-HSQC was observed; therefore the 15N-HSQC was 

used as the basis for the assignment of amide cross-peaks and the chemical shift comparison 

with the pairs. 

                                                
* A longer correlation time shortens the amide T2 relaxation times. 
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Figure 4.21 (A) 15N-HSQC (16 scans, 2048 complex points F2, 128 complex points F1) of 15N-

FH~1-3 (0.4 mM). (B) 15N-HSQC (16 scans, 2048 complex points F2, 256 complex points F1) of 
2H-15N-FH~1-3 (0.6 mM). Both samples recorded at 37 °C in 20 mM potassium phosphate pH 

6.2, 50 mM Arg-d7, 50 mM Glu-d5, 10% D2O, 0.05% NaN3 
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4.5.2 Amide resonance assignment of FH~1-3 

The high level of overlap between the 15N-HSQC spectra of pairs, FH~1-2 and FH~2-3, with 

the 15N-HSQC spectrum of the triple, FH~1-3, facilitated the assignment of the majority of 

the amide peaks of FH~1-3 (Figure 4.22). Any ambiguities arising from poorly overlapped 

cross-peaks, which for the most part were confined to amide cross-peaks of CCP 2 in 

proximity to the inter-modular interfaces (see section 4.5.3), were resolved by searching for 

sequential amide-amide connectivities in a 15N-NOESY-HSQC. Careful scrutiny of the 15N-

NOESY-HSQC strips of FH~1-3 revealed that the much of the cross-peak patterns in the 

individual NOESY strips were overlapped with the equivalent strips in spectra of the pairs. 

Thus 96.65% of the backbone amides were assignable in the 15N-HSQC (Figure 4.23) of 

FH~1-3. 
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Figure 4.22 (A) Overlay of 15N-HSQC (red) of 2H,15N-FH~1-3 (0.6 mM) with 15N-HSQC (green) 

of 13C, 15N FH~1-2 (1 mM); (B) Overlay of 15N-HSQC (red) of 2H,15N-FH~1-3 (0.6 mM) with 15N-

HSQC (light-blue) of 13C, 15N FH~2-3 (2 mM). All samples were recorded at 37 °C in 20 mM 

potassium phosphate pH 6.2, 50 mM Arg-d7, 50 mM Glu-d5, 0.05% NaN3, 10% D2O. 
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Figure 4.23 Assigned backbone amides of the 15N-HSQC spectrum of 2H,15N-FH~1-3. Boxed 

region between 112-127 ppm (15N) and 7.1-9.5 ppm (1H) has been expanded for clarity. 
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4.5.3 Validation of templates for the structure generation of FH~1-3 

A fundamental question arises when constructing the model of the triple module FH~1-3 by 

using the structures of the overlapping pairs as templates: does each module have localised 

structural effects on the immediate neighbouring module alone, or are there any non-local 

effects occurring across all three modules? This can be tackled by investigating whether the 

presence of CCP 1 affects the chemical shifts of residues at the CCP 2 – CCP 3 interface; 

and whether the presence of CCP 3 perturbs chemical shifts in the CCP 1 – CCP 2 interface. 

In essence, this exercise is akin to studying CCP 1 and CCP 3 module deletions (FH~2-3 and 

FH~1-2) of the triple module FH~1-3. To address this issue, backbone amide assignments in 

the 15N-HSQC spectrum of 2H-15N-FH~1-3 were compared to equivalent assignments in the 

15N-HSQC spectra of 15N-FH~1-2 and 15N-FH~2-3, recorded under identical conditions. 

Provided the observed chemical shift perturbations arising from the effective CCP 1- and 

CCP 3- deletions of the triple module FH~1-3 are confined strictly to loops involved in the 

CCP 1 – CCP 2 and CCP 2 – CCP 3 inter-modular junctions, respectively, then it is 

legitimate to derive the structure of FH~1-3 by computationally concatenating the two 

module-pair structures ensuring that the appropriate module-module interfaces are retained 

in the templates used in the reconstruction. 

The chemical shifts differences ((#) between spectral assignments of FH~1-2 and FH~1-3 

and between those of FH~2-3 and FH~1-3 were analysed using the Shift Differences 

function from the Data Analysis menu in CCPN Analysis according to the combined 

chemical shift [300] equation: 
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The backbone amide chemical shift perturbations arising from the absence of CCP 3 in 

FH~1-2 (i.e. when compared to FH~1-3) are shown in Figure 4.24A. The most significant 

differences ((# > 0.2 ppm) originate from residues located in loops and strands that are in 

the proximity of, or within, the CCP 2 – CCP 3 interface. Most strongly affected are residues 

114 and 115 located in the DE-loop of CCP 2 and residues 118, 119 and 121 located in 

strand E. More moderate but significant effects (0.2 ppm > (# > 0.04 ppm) are observed for 

amides of residues 112, 113, 116 and 117 of the DE-loop, for amides of residues 120 and 

122 of strand E, and residues 93 and 94 of the AB-loop and the first residue, 95, of strand B.  

The chemical shift perturbations arising from the absence of CCP 1 in FH~2-3 (i.e. 

compared to FH~1-3) are shown in Figure 4.24B. The most strongly affected amide 

chemical shifts are located in loops and strands in close proximity to the CCP 1 – CCP 2 

inter-modular interface. Perturbations are more pronounced than those seen in the case of 

FH~1-2. The most strongly affected amide chemical shift ((# ~0.78 ppm) is from residue 

Thr131 located in the FG-loop of CCP 2 in contact with the opposing DE-loop of CCP 1. 

The next most affected residues are Glu105 and Gly107 (both (# ~0.65 ppm) of the BD-loop 

in close contact with the inter-modular linker. Significant amide chemical shift perturbations 

((# > 0.2 ppm) are also observed for residues 85-87 immediately following the inter-

modular linker and residues 100, 102, and 103 located in the BD-loop. The larger 

perturbations in FH~2-3 compared to FH~1-2 is consistent with the higher density of inter-

modular NOEs in FH~1-2 compared to FH~2-3 (20 versus eight) and the more abundant 

contacts between residues of the FG-loop in CCP 2 and residues of the DE-loop of CCP 1 

and between residues of the BD-loop of CCP 2 and the inter-modular linker between CCP 1 

and CCP 2 (as described in section 4.2.6). 
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Figure 4.24 Combined chemical shift differences ((#) between (A) FH~1-2 and FH~1-3 and 

between (B) FH~2-3 and FH~1-3, calculated using equation (4.5). The biggest differences ((#  > 

0.2 ppm) and the smaller yet significant differences (0.2 ppm > (#  > 0.04 ppm) are shown in red 

and orange, respectively, on the cartoon representation of the closest-to-mean FH~1-2 (cyan) 

and the closest-to-mean FH~2-3 (magenta). 
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4.5.4 Secondary structure of FH~1-3 

As well as being useful in confirming sequential assignments (see section 4.5.2), the amide-

amide region of the 15N-NOESY-HSQC spectrum yields specific patterns of NOEs 

characteristic of secondary structures [301]. Secondary structure patterns are easily 

identifiable in a 2-D representation of the number of NOE connectivities between pairs of 

residues in the peptide chain. For instance, the H-bond between the carbonyl oxygen from 

residue i-4 and the amide proton from residue i commonly found in !-helices gives rise to 

non-sequential (medium range) NOEs between the H! of spin systems at positions i-2, i-3, to 

a lesser extent i-4 and the amide i that run parallel to the diagonal in the 2-D representation. 

Likewise, the hydrogen bonds in parallel "-strands also result in off-diagonal NOE 

connectivities that run parallel to the diagonal, whereas anti-parallel "-strands display off-

diagonal connectivities that run orthogonally to the diagonal. Figure 4.25 shows the 2-D 

NOE-connectivity charts based on 15N-NOESY-HSQC spectra for the pairs 13C,15N-FH~1-2 

and 13C,15N-FH~2-3 and the triple 2H,15N-FH~1-3. The darker patterns, prominent in the 

charts of FH~1-2 and FH~2-3, reflect a more dense network of assigned NOE cross-peaks 

between corresponding ordinate spin-systems within the pairs. This is explained by the fact 

that the entire strips of the 15N-NOESY-HSQC spectra were assigned for pairs whereas only 

backbone amide-amide peaks and, when available, backbone amide-aromatic peaks were 

assigned in the 15N-NOESY-HSQC spectrum of 2H,15N-FH~1-3. Nevertheless, a clear, 

comparable pattern of off-diagonal connectivities orthogonal to the diagonal, characteristic 

of anti-parallel "-strands, is observable in all charts. This confirms that the main elements of 

secondary structure of the individual CCP modules within FH~1-2, FH~2-3 and FH~1-3 are 

conserved. 



CHAPTER 4: STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 

 191 

 

Figure 4.25 (A) NOE connectivity chart derived from the 15N -NOESY-HSQC spectrum of  

13C,15N-FH~1-2, (B) NOE connectivity chart of the 15N -NOESY-HSQC spectrum of 2H,15N-

FH~1-3, (C) NOE connectivity chart of the 15N -NOESY-HSQC spectrum 13C,15N-FH~2-3. The 
15N -NOESY-HSQC spectra of the pairs include both amide-amide and amide-side chain NOE 

cross-peaks. The 15N -NOESY-HSQC spectrum of 2H,15N-FH~1-3 includes amide-amide and 

several amide-aromatic cross-peaks (where available). The intensity of each chart element 

corresponds to the number of connections between its ordinate residues. Charts were generated 

using the NOE matrix function from the Analysis assignment menu. 
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The structural variations between FH~1-2 and FH~2-3, presented in section 4.4, along with 

the differences in chemical shifts for amides in the CCP 2 BD-loop of FH~1-2 and FH~2-3 

required that special care be taken to preserve the structure of these inter-modular junctions 

when reconstructing FH~1-3. Failure to do so would likely have repercussions for the 

derived inter-modular orientation since there are numerous inter-modular NOEs emanating 

from these loops. Moreover several of these residues are involved in inter-modular contacts 

according to the Protein Interaction Calculator (see section 4.2.6 and 4.3.7). 

Taken together, these results lead to the conclusion that modules 1 and 3 of FH are not in 

contact with each other and that any effects modules 1 or 3 have on the structure of module 2 

are minor and largely confined to the loops that come into contact across the module-module 

interfaces. A similar conclusion was drawn in the triple module study of CR1~15-17 

[58,302]. Satisfied with the level of complementarity between the NMR data of the pair 

structures and that of the triple FH~1-3 along with the high degree of backbone overlay 

between the experimentally determined FH~1-2 and FH~2-3 structures, appropriate 

segments of CCP 2 from the closest-to-mean structure on CCP 2 for both FH~1-2 and FH~2-

3 were deleted to create the templates to serve as input into the modelling software Modeller 

9v1 (refer to section 2.2.11). 

4.5.5 The 3-D structure of FH~1-3 

The 20 models of FH~1-3 reconstructed by Modeller 9v1 were assessed for their inter-

modular tilt, twist and skew angles* (as defined in section 4.2.7 and 4.3.7). Shown in Table 

4.8 are the inter-modular tilt, twist and skew angles for model #11, chosen amongst the five 

models with the lowest objective function score as the representative structure for the triple 

module. All inter-modular angles of model #11 occurred within the range of those of the 

                                                
* The tilt, twist and skew values for all 20 models are available in the Appendix CD. 
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experimentally determined pair structures also presented in Table 4.8. The skew angle 

between CCP 2 and CCP 3 FH~1-3 is ~144° which lies on the upper-limit (145°) of the 

range of skew angles observed for FH~2-3 as the mean skew angle for FH~2-3 is 91°. The 

large twist angles in model # 11 (~170 º between CCP 1 and CCP 2 and ~137 º between CCP 

2 and CCP 3) cause the hyper-variable loops of CCP 1 and CCP 3, labelled in Figure 4.26, to 

project from the same face of the FH~1-3 structure. 

Module 1 and 3 are approximately 35.5 Å in length, whilst module 2 is closer to 34.5 Å long 

and the entire triple module extremities are approximately 105 Å apart. The CCP 1 – CCP 2 

inter-modular junction in this model buries a surface area of 534 Å2 while the CCP 2 – CCP 

3 junction buries a surface area of 509 Å2. The CCP 1 – CCP 2 junction is particularly stable 

due to the hydrophobic side-chain interactions of Gly55 and Tyr56 of the CCP 1 DE-loop 

with Tyr106 and Thr131 of the CCP 2 BD- and FG-loops and with alkyl segments of the 

linker side-chains (e.g. Lys82 and Arg83 in the CCP 1 – CCP 2 linker). 

Table 4.8 The inter-modular angles (bold) of the selected FH~1-3 model (model #11). All values 

lie within the ranges of the inter-modular angles of the experimentally determined NMR 

ensemble for the 1-2 and 2-3 interfaces. 

 

Tilt (°deg) Twist (°deg) Skew (°deg)  

min max mean min max mean min max mean 

FH~1-2 (30 

structures) 

14.6 

 

34.7 22.6 163.0 184.6 172.7 235.9 279.1 258.8 

FH~1-3 CCPs 1-2 

model#11 

             20.0 

 

169.7 

 

263.3 

 

FH~2-3 (29 

structures) 

5.2 24.8 15.2 130.5 150.0 141.0 45.3 136.8 90.8 

FH~1-3 CCPs 2-3 

model#11 

16.5 

 

137.5 

 

144.27 
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Figure 4.26 (A) Cartoon representation of the structure of FH~1-3 derived from the pairs using 

Modeller. The hyper-variable loops (hv-loop) and the inter-modular loops are labelled. The 

template boundaries of the FH~1-2 and FH~2-3 structures used for Modeller are highlighted 

according to the colour code used in Figure 4.24. (B) The 90 degree rotation about the long axis 

of the molecule with close up panels of the residues with inter-modular NOE restraints (Protein 

Interaction Calculator). (C) Inter-modular NOE restraints between residues from panel (B). 

4.5.6 Relaxation analysis 

It is recognised that the T2 relaxation times of 1HN spins are larger for randomly deuterated 

proteins (2H levels > 50%) compared to those of their protonated counterpart, while 

increases in T1 remain small [204]. The precision of T1 and T2 values collected on FH~1-3 

(Figure 4.27) was inferior to those of pairs FH~1-2 and FH~2-3 yet it was still possible to 

detect regions of flexibility on the ps-ns timescale. 
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Figure 4.27 (A) T1 values and associated errors for residues of FH~1-3 at 18.8 Tesla, (B) T2 

values and associated errors for residues of FH~1-3 at 18.8 Tesla, (C) T1/T2 ratio and associated 

errors for residues of FH~1-2, (D) 1H-15N-heteronuclear NOE values and associated errors for 

residues of FH~1-3 at 18.8 Tesla. 
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It is clear from the T1/T2 and {1H}15N NOE values that the hyper-variable region of CCP 3 

(Ser160 to Glu167) is more flexible than the other hyper-variable loop regions (Thr34 to 

Ser38 for CCP 1 and Thr99 to Val103). It is also apparent that residue Gly60 is a particularly 

flexible residue in FH~1-3, also noted in the relaxation data for FH~1-2, recorded at a 

different field (14.1 Tesla). 

 

4.6 Disease associated variants R53H and V62I 

4.6.1 Chemical shift perturbation in structural biology 

The binding between a protein and its ligand is studied routinely in NMR by monitoring the 

perturbation of amide chemical shifts during a titration of ligand [303,304]. In combination 

with other biophysical techniques, the chemical shift perturbation provides a fast and 

efficient way of mapping a ligand-binding site on the protein surface [300]. This technique 

can also be applied to the study of other changes in the state of a protein. For example, short 

of determining the structure of a mutant form of a protein, chemical shift perturbations can 

be used as an informative step in mapping the effects of an amino acid substitution on a 

wild-type structure [305-307]. This latter use of the method is an appropriate starting point in 

comparing the disease-associated variants, FH~1-2(I62) and FH~1-2(H53), to the already 

solved structure of the wild-type FH~1-2. 
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4.6.2 FH~1-2(I62) 

4.6.2.1 Amide resonance assignment of FH~1-2(I62) 

The 15N-HSQCs of FH~1-2 and FH~1-2(I62) are almost identical indicating that only minor 

differences exist between their structures (Figure 4.28). In the absence of a 13C-15N labelled 

sample of FH~1-2(I62), which would have allowed traditional triple-resonance assignment 

techniques, amide resonances were assigned from sequential backbone amide-to-amide 

connectivities found in the 3-D 15N-NOESY-HSQC. The high level of similarity between the 

two allotypes of both the 15N-HSQCs and the 3-D 15N-NOESY-HSQCs facilitated 

assignment. Additionally, the H! chemical shifts of FH~1-2(I62) were confirmed from a 3-D 

15N-TOCSY-HSQC recorded with a 20 ms DIPSI2 spin-lock mixing time*. The H! chemical 

shift values of FH~1-2(I62) were compared with those of wild-type FH~1-2 to help confirm 

the identity of the 3-D 15N-NOESY-HSQC strips in the spectrum of the variant. 

                                                
* By satisfying the condition tDIPSI2 = 1/(2JIS), a 20 ms DIPSI2 spin lock selects coherences below 25 
Hz and reduces the chances of coherence dissipation through the damping from short spin-spin 
relaxations as was found in the case of the FH~1-2 variant constructs. 



 

 

1
9
8
 

 

Figure 4.28 Overlay of the 
15

N-HSQC of FH~1-2(I62) (non-folded peaks, magenta; folded peaks, purple) on the 
15

N-HSQC of FH~1-2(V62) (non-folded peaks, 

blue; folded peaks, marine). For clarity, only the backbone amides of wild-type FH~1-2 are labelled. No chemical shift data is available for of residue I62.
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4.6.2.2  Chemical shift perturbation of FH~1-2(I62) 

To ensure that the small chemical shift differences observed between the V62 and the I62 

variants of FH~1-2 were not due to minor pH discrepancies between samples, 15N-HSQC 

spectra recorded over a pH range 5.7-7.1 around pH 6.2 of the FH~1-2(I62) sample were 

acquired (Figure 4.29). Residues Tyr50 and Ile63 showed more sensitivity to pH than the 

other residues highlighted in Figure 4.29. However, the chemical shift differences between 

the peaks of these residues at pH 5.7 and 7.1 were below the threshold of significance used 

in the study (!"#$ < 0.04 ppm). 

 

Figure 4.29 Overlay of 
15

N-HSQC spectra of FH~1-2(I62) at different pH conditions: pH 5.7 

(purple), pH 6.0 (blue), pH 6.1 (skyblue), pH 6.2 (teal), pH 6.3 (cyan), pH 6.4 (light green), pH 

6.6 (yellow), pH 6.8 (orange), pH 7.1 (red). Labelled peaks belong to residues highlighted in 

Figure 4.30B. 
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Chemical shift perturbations were calculated from the 15N-HSQCs of FH~1-2 and FH~1-

2(I62) using the ‘Shift Differences’ function from the Data Analysis menu in CCPN 

Analysis. Chemical shift perturbation values were derived using equation (4.5). Chemical 

shift values above baseline noise, !"NH > 0.04 ppm, are represented on the closest-to-mean 

structure* of FH~1-2, by their associated space-filled NH atom (Figure 4.30). The atomic 

radius (Å) for each of these NH atoms is directly scaled by a factor equal to five times the 

value of the associated chemical shift perturbation. 

 

Figure 4.30 (A) Amide combined chemical shift differences (!"
NH

) between FH~1-2(I62) and 

FH~1-2 (V62). (B) Plot of significant amide chemical shift differences (!"
NH

 > 0.04 ppm) on the 

closest-to-mean structure of FH~1-2. The radius of the space-filled representation of the amide 

nitrogen atom (blue) radius is proportional to !"
NH

. The amino acid residue V62 is shown as 

sticks (magenta). 

                                                
* over both modules 
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Valine 62 is buried in the FH~1-2 structure and is positioned at the beginning of the %-strand 

F. The chemical shift perturbations caused by the substitution from a valine to the isoleucine 

appear to be confined to CCP 1 with no effects detected for residues of CCP 2. It is also 

striking that the range of !"’s arising from this substitution is significantly smaller (by a 

factor of ~4) than the range of !"’s observed for module deletions in FH~1-3 (see section 

4.5.3). Although largely localised around the site of the amino acid substitution, the effects 

do seem to be propagated up into strand 3, with residues Val72 and Ala73 being the most 

affected in this strand. 

4.6.2.3 Temperature stability of FH~1-2(I62) 

Studies on protein unfolding transitions have made use of both 1-D and 2-D NMR 

spectroscopy to monitor changes of amide chemical shift during a temperature denaturation 

experiment [308-311]. These studies, generally performed at low pH to maximise the 

protonation state of amides, demonstrated that both fast (traceable chemical shift changes) 

and slow (generally associated with decrease in peak intensity) exchange processes can be 

involved during the denaturation. One study showed a tendency for residues of the same type 

to move to near degenerate ‘random coil’ positions in the 1H-15N plane with increasing 

temperature and this was observed in particular for pairs of residues in sequence repeats 

[311], as often found in the conserved amino-acid regions of CCP modules. The present 

study set out to assess what effects the single amino acid substitution, V62I, could have on 

the stability of the FH~1-2 by monitoring the amide chemical shifts at increasing 

temperatures. A series of 15N-HSQC spectra of FH~1-2(I62) were recorded at 37 °C, then at 

incremental 5 °C steps from 40 °C to 70 °C and finally at 37 °C again. Each spectrum was 

compared to the temperature-equivalent spectrum of the wild-type FH~1-2. Spectral qualities 

such as chemical shift dispersion as well as peak width were taken into account in assessing 

the overall stability of each protein at each temperature. 
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Figure 4.31 NMR temperature denaturation of FH~1-2(I62) and FH~1-2(V62). 
15

N-HSQC 

spectra (left panels) of FH~1-2(I62) juxtaposed to the 
15

N-HSQC spectra (right panels) of FH~1-

2(V62) at: (A) 37 °C; (B) 40 °C and (C) 45 °C. Contour base levels of the
 15

N-HSQC spectra of 

FH~1-2(V62) were normalised to those of FH~1-2(I62). 



CHAPTER 4: STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 

 203 

 

Figure 4.32 NMR temperature denaturation of FH~1-2(I62) and FH~1-2(V62). 
15

N-HSQC 

spectra (left panels) of FH~1-2(I62) juxtaposed to the 
15

N-HSQC spectra (right panels) of FH~1-

2(V62) at: (A) 50 °C; (B) 55 °C and (C) 60 °C. Contour base levels of the
 15

N-HSQC spectra of 

FH~1-2(V62) were normalised to those of FH~1-2(I62). 
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Figure 4.33 NMR temperature denaturation and renaturation of FH~1-2(I62) and FH~1-2(V62). 

15
N-HSQC spectra (left panels) of FH~1-2(I62) juxtaposed to the 

15
N-HSQC spectra (right 

panels) of FH~1-2(V62) at: (A) 65 °C; (B) 70 °C and (C) cooled back down to 37 °C. Contour 

base levels of the
 15

N-HSQC spectra of FH~1-2(V62) were normalised to those of FH~1-2(I62). 
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Minor differences are observable in the temperature sensitivity of amide cross-peak 

intensities between FH~1-2(I62) and wild-type FH~1-2(V62). Above 55 °C, the I62 form 

shows stronger relative intensities, suggesting better stability at higher temperatures. 

Denaturation is reversible for both constructs as shown by the total regeneration of the cross-

peak intensities in the 15N-HSQC spectra of the samples cooled down from 70 °C to 37 °C. 

4.6.2.4 Solvent accessibility of the amides of FH~1-2(I62) 

The solvent accessibility of FH~1-2(I62) amide groups was assessed using the same protocol 

described for FH~1-2(V62). The 15N-HSQC spectrum of FH~1-2(I62) one-hour after 

resuspension in D2O is presented in Figure 4.34. 

 

Figure 4.34 
15

N-HSQC of FH~1-2(I62) one hour after resuspension in 99.96% D2O. Aliased 

peaks are coloured in brown. 
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The amide intensities of FH~1-2(I62) were compared to those of FH~1-2(V62) recorded 

under the same conditions (Figure 4.35). For comparative purposes the data sets of the 

variants were normalised by matching their Trp71 sidechain H& intensities since this buried 

group was the most long-lived intensity in the exchange experiments for all constructs. 

 

Figure 4.35 Normalised amide signal intensities of the FH~1-2 sequence variants after one hour 

resuspension in 99.96% D2O. 

4.6.3 FH~1-2(H53) 

4.6.3.1 Amide resonance assignment of FH~1-2(H53) 

It is likely that the mutation R53H has only minor effects on the structure as there is a good 

level of similarity between the 15N-HSQCs of wild-type FH~1-2 and FH~1-2(H53) (Figure 

4.36). An identical approach to assigning FH~1-2(I62) was used in the amide resonance 

assignment of FH~1-2(H53). Amide peaks were tracked by studying and comparing the 

strips of the 3-D 15N-TOCSY-HSQC and 3-D 15N-NOESY-HSQC to those of the wild-type 

and through the amide-amide connectivities found in the 3-D 15N-NOESY-HSQC strips. 



 

 

2
0
7
 

 

Figure 4.36 Overlay of the 
15

N-HSQC of FH~1-2(H53) (non-folded peaks, cyan; folded peaks, pale blue) on the 
15

N-HSQC of wild-type FH~1-2 (non-folded 

peaks, blue; folded peaks; marine). For clarity only backbone amides of FH~1-2 are labelled. No chemical shift data is available for residue H53.



CHAPTER 4: STRUCTURES OF FH~1-2, FH~2-3 AND FH~1-3 

 208 

4.6.3.2 Chemical shift perturbation of FH~1-2(H53) 

In order to map small effects of the R53H mutation on the structure of FH~1-2, chemical 

shift perturbations between FH~1-2 and FH~1-2(H53) were recorded on a sample of 15N-

FH~1-2(H53) following the procedure described, in 4.6.2.2. Chemical shift perturbation 

values above baseline noise, !"NH > 0.04 ppm, are represented on the closest-to-mean 

structure* of FH~1-2 by their associated space-filled NH atom (Figure 4.37). The atomic 

radius (Å) for each of these NH atoms is directly scaled by a factor equal to five times the 

value of the associated chemical shift perturbation. 

 

Figure 4.37 (A) Amide combined chemical shift differences (!"NH) between FH~1-2(H53) and 

wild-type FH~1-2 (B) Plot of significant amide chemical shift differences (!"#$ > 0.04 ppm) on 

the closest-to-mean structure of FH~1-2. The radius of the space-filled representation of the 

amide nitrogen atom (blue) radius is proportional to !"NH. The amino acid residue R53 is 

shown as sticks (cyan). 

                                                
* over both modules 
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Again, the range of !"’s from this substitution is approximately four-fold smaller than the 

range observed for module deletions in FH~1-3 (see section 4.5.3). Although the guanidyl 

group from this arginine is largely exposed, the remainder of this residue is buried with the 

exception of the backbone carbonyl oxygen. Located on the DE-loop, this side-chain is in 

close proximity to other residues of the DE-loop (Tyr56) and the adjacent AB-loop (residues 

29-31). 

To ensure that the chemical shift differences observed between the wild-type and the R53H 

variant were not due to minor pH discrepancies between samples, the 15N-HSQC spectra 

recorded over a pH range 5.8-6.6 of the FH~1-2(H53) sample were acquired (Figure 4.38). 

The amide chemical shift differences of residues Thr131 and Glu31 between pH 5.3 and 6.6 

are significant (!"NH < 0.04 ppm) with values of 0.11 ppm and 0.1 ppm respectively. These 

appear to be the most pH sensitive amides. However, the range of chemical shifts directly 

attributable to the pH effect does not include the chemical shifts observed for these amides in 

the wild-type protein. For instance in FH~1-2(H53), Glu31 has a 1H chemical shift that 

increases from 6.87 to 6.92 ppm and 15N chemical shifts varying between 116.48-116-92 

ppm over the course of the pH titration. However, the 1H and 15N amide chemical shifts of 

Glu31 in the wild-type form, FH~1-2(R53), are each outside these ranges at 6.79 ppm and 

116.18 ppm, respectively. For Thr131 in FH~1-2(H53), the ranges of 1H and 15N chemical 

shifts during the pH titration are 9.77-9.88 ppm and 114.57-114.65 ppm, respectively, and 

although in wild-type FH~1-2 the 1H amide chemical shift for Thr131, at 9.84 ppm, is within 

the range observed during the pH titration of the variant, the 15N amide chemical shift is 

outside, at 114.28 ppm. 
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Figure 4.38 Overlay of 15N-HSQC spectra of FH~1-2(H53) at different pH conditions: pH 5.8 

(purple), pH 6.0 (blue), pH 6.1 (skyblue), pH 6.2 (chartreuse), pH 6.3 (yellow), pH 6.4 (orange), 

pH 6.6 (red). 

4.6.3.3 Temperature stability of FH~1-2(H53) 

The present study set out to assess what effects, if any, the single amino acid substitution, 

R53H, might have on the stability of the FH~1-2, by monitoring amide chemical shifts at 

increasing temperatures. Using the same procedure applied to FH~1-2(I62), a series of 15N-

HSQC spectra of FH~1-2(H53) were recorded at 37 °C, then at incremental 5 °C steps from 

40 °C to 70 °C and finally at 37 °C again‡. Each spectrum was compared to the temperature 

equivalent spectrum of the wild-type* FH~1-2(V62). 

                                                
‡ cooled down from 70 °C 
* The wild-type FH~1-2(R53) in this study has the V62 SNP 
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Figure 4.39 NMR temperature denaturation of FH~1-2(H53) and wild-type FH~1-2(V62) part 1. 
15N-HSQC spectra (left panels) of FH~1-2(H53) juxtaposed to the 15N-HSQC spectra (right 

panels) of wild-type FH~1-2 (V62 isoform) at: (A) 37 °C; (B) 40 °C and (C) 45 °C. Contour base 

levels of the 15N-HSQC spectra of wild-type FH~1-2 were normalised to those of FH~1-2(H53). 
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Figure 4.40 NMR temperature denaturation of FH~1-2(H53) and wild-type FH~1-2(V62) part 2. 
15N-HSQC spectra (left panels) of FH~1-2(H53) juxtaposed to the 15N-HSQC spectra (right 

panels) of wild-type FH~1-2 at: (A) 50 °C; (B) 55 °C and (C) 60 °C. Contour base levels of the 

15N-HSQC spectra of wild-type FH~1-2 were normalised to those of FH~1-2(H53). 
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Figure 4.41 NMR temperature denaturation of FH~1-2(H53) and wild-type FH~1-2(V62) part 3. 
15N-HSQC spectra (left panels) of FH~1-2(H53) juxtaposed to the 15N-HSQC spectra (right 

panels) of wild-type FH~1-2 at: (A) 65 °C; (B) 70 °C and (C) cooled back down to 37 °C. 
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Differences in the temperature sensitivity of amide cross-peak intensities between FH~1-

2(H53) and wild-type FH~1-2(V62) are observable at temperatures above 50 °C with wild-

type showing stronger intensities, and hence better stability, at higher temperatures. However 

denaturation is reversible for both constructs as shown by the total regeneration of the amide 

cross-peak intensities in the 15N-HSQC spectra of the samples cooled down from 70 °C to 37 

°C. 

4.6.3.4 Solvent accessibility of the amides of FH~1-2(H53) 

The solvent accessibility of FH~1-2(H53) amide groups was assessed using the same 

protocol described for FH~1-2(I62). The 15N-HSQC spectrum of FH~1-2(H53) one-hour 

after resuspension in D2O is presented in Figure 4.42. The amide protection levels of the 

wild-type isoforms, FH~1-2(R53), and mutant FH~1-2(H53) has been presented in Figure 

4.35 of section 4.6.2.4 alongside the data for FH~1-2(I62) for comparitive purposes. Mutant 

FH~1-2(H53) presented six fewer protected amides than the wild-type (i.e. Cys21, Ile32, 

Thr46, Tyr50, Lys51, Val72) suggesting that the substitution to a histidine has lowered the 

stability of the core of CCP 1.  
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Figure 4.42 15N-HSQC of FH~1-2(H53) one hour after resuspension in 99.96% D2O. Aliased 

peaks are coloured in dark green. 
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A central element to understanding the mechanisms of complement regulation is the ability 

to describe the events involved on an atomic scale. This requires the generation of reliable 

three-dimensional structures of the key molecules. Structural biology therefore has a 

valuable role to play in complementology. The ongoing efforts of structural biologists in this 

field have generated reliable sources of information. These are being used to address pivotal 

questions previously inaccessible to complement researchers. 

In the case of the multiple-module proteins of the RCA family, structures of individual 

modules are an insufficient basis upon which to draw an accurate picture of complement 

regulation. This is because the regulatory functional sites often span several CCP domains. 

Furthermore inter-modular cooperation is required. Multiple-module proteins of complement 

generally appear to display extended ‘beads on a string’ arrangements; these are not 

immediately amenable to structural study by NMR due to their large size and anisotropic 

tumbling. By the same token, crystallography of multiple-module is hampered by the 

intrinsically flexible nature of these proteins. A ‘divide-and-conquer’ approach, in which 

NMR is used to investigate sub-structures that can eventually be used to reconstruct the 

parent protein, has proved fruitful in recent years. This approach has also proven successful 

in the current study. 

In an attempt to contribute to the structural biology of the complement system, the present 

thesis set out to achieve the following: 

1. Identify the minimal functional unit that possesses co-factor activity within the N-

terminal region of FH. 
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2. Express and purify various overlapping constructs that span this regulatory region, 

using the yeast expression host Pichia pastoris. 

3. Determine the solution structure of relevant module-pairs using well-established 

NMR methodology. 

4. Reconstruct a model of the minimal functional unit based on the experimentally 

determined 3-D structures of the pairs. 

5. Investigate any effects of the disease-linked variants of this region, R53H and V62I, 

on the structure of FH~1-2. 

The results described in this study demonstrate that the minimal functional unit, i.e. one that 

retains cofactor activity, is located in the first three modules of FH, i.e. FH~1-3. This 

supports previous studies of unpurified FH~1-3 secreted from Chinese hamster ovary cells 

[51] but it disagrees with results from FH~1-3 expressed in a baculovirus system [52] 

possibly due to these authors not using enough material to induce a measurable effect. It 

appears that although FH~1-3 displays cofactor activity, the presence of neighbouring 

modules boosts this activity, as seen in the case of FH~1-4 and a construct of FH~1-5 in 

which module 4 was deleted [51], possibly by enhancing the binding of this region to C3b. 

The module pairs FH~1-2 and FH~2-3 along with the triple module construct FH~1-3 were 

over-expressed in P. pastoris, in sufficient yields to allow solution structure determination 

by NMR. The recombinant version of the more complete regulatory region (FH~1-4) 

benefited from the addition of a hexahistidine affinity tag and was successfully expressed 

and purified for functional analysis.  
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The 3-D structures of the module pairs, FH~1-2 and FH~2-3, were determined using 

standard NMR methods. A model of FH~1-3 was subsequently reconstructed using 

structural templates obtained from the 3-D structures of the pairs. Finally, the AMD-

associated variant FH~1-2(I62), and the aHUS-associated variant FH~1-2(H53), were 

labelled, expressed and subjected to preliminary NMR investigations enabling a comparison 

to be drawn with the structure of FH~1-2. 

In the present chapter, this model structure of FH~1-3 will be assessed in the light of other 

published and unpublished structures. In an attempt to rationalise the roles of the individual 

CCP modules, a comparison will be drawn between the structure of FH~1-3 and the 

regulatory regions from other members of the RCA family. The disease-linked variants will 

be discussed in the context of the work done on the FH~1-2 structure. Also considered will 

be the possible effects these variants may have on the function of the regulatory region. 

 

5.1 The reliability of the FH~1-2 and FH~2-3 structures  

As described in sections 4.2.6 and 4.3.6, both FH~1-2 and FH~2-3 show good levels of 

convergence at the end of the structure calculation protocols, with high precision reflected by 

a low backbone rmsd on the ensemble of 30 and 29 lowest-energy structures, respectively. 

The structures tend to converge less well in the C-terminal modules of each pair. In the case 

of FH~1-2, this is may be due to an inappropriate choice of domain boundaries. The 

omission of a residue at the C-terminus may explain why a complete %-strand H or the 

adjacent %-strand E does not form (as seen in FH~2-3). This suggestion is consistent with the 

observed chemical shift differences between backbone amides of CCP 2 in FH~1-2 and in 

FH~1-3 and the differences in the NOE matrices of FH~1-2 and FH~2-3 (see Figure 4.25). 

In the case of FH~2-3, the low overall convergence in CCP 3 is most likely explained by the 
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unstructured nature of the hyper-variable loop. Flexibility of the hyper-variable loop is 

supported by the relaxation data of FH~2-3 and the poor NOE density in this region. It 

remains a possibility that this loop attains a more rigid structure upon the binding of FH to 

C3b. 

It can be misleading to judge the quality of an NMR structure based on its precision (rmsd) 

alone since the structure determination process depends on subjective choices in data 

treatment and parameter settings. To address this issue, a software package, named 

Inferential Structure Determination (ISD), is currently under development [312]. It adopts a 

Bayesian approach to NMR structure calculation in order to derive a probability distribution 

of both the unknown structure as well as the theory-based parameters that previously had to 

be chosen empirically. Thus it can attribute an estimate of uncertainty of a structure for a 

given data set. This software was tested on data sets for both the FH~1-2 and FH~2-3 

structures but, due to its development status, was not ultimately adopted for the published 

work presented in this thesis*. For example, it lacks certain functionalities such as the 

incorporation of multiple sets of RDC restraints and refinement in explicit solvent. Despite 

these limitations, however, the uncertainties (&struct), quantified via median uncertainty in the 

position of backbone C' atoms, of the FH~1-2 and FH~2-3 structures derived from ISD were 

0.99 ± 0.96 Å and 0.95 ± 0.79 Å, respectively. Additionally, these structures were in 

complete agreement with those derived from CYANA, for which neither the RDC data set 

nor explicit water refinement had been used. 

The independently solved structural ensembles for both FH~1-2 and FH~2-3, presented in 

this thesis, show a high level of similarity within the backbone of CCP 2. With regard to the 

analysis of RDCs, the use of a single alignment tensor for the pair is justified and reasonable 

                                                
* Copies of the reports for the ISD calculations on the FH~1-2 and FH~2-3 data sets are included in 
the Appendix CD (FH12_ISD_report.pdf and FH23_ISD_report.pdf). 
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in the present case, as the principle components of the alignment tensors for individual 

modules within the pair do not significantly differ. The good agreement of structural 

ensembles over the backbone of CCP 2, along with the conserved alignment tensor for both 

FH~1-2 and FH~2-3, indicate that the derived model of FH~1-3 is likely to be representative 

of the native arrangement of CCPs 1-3 in FH. 

 

5.2 Assessment of the FH~1-3 structure 

The agreement between the FH~1-3 structure presented in the current study and the same 

modules within a previously published best-fit model of FH~1-5 (built on the basis of small-

angle X-ray scattering data and homology [153]) is poor (rmsd of 12.6 Å on C' atoms). 

Indeed, in 9 out of the 12 models from the deposited ensemble that fit the scattering data, 

CCPs 1-3 of FH~1-5 appear significantly bent whereas the overall structure of FH~1-3 

presented in the current study is highly extended (~105 Å from tip to tip). However, a better 

agreement is reached when comparing the NMR-derived structure of FH~1-3 to ‘model 11’ 

from the deposited ensemble of FH~1-5 models, in which CCPs 1-3 are extended whilst 

CCPs 4 and 5 are highly tilted relative to CCP 3. Recent preliminary high-resolution X-ray 

crystallography data of the N-terminal region of FH in complex with C3b has confirmed the 

relatively fixed and extended conformation of FH~1-3 presented in this thesis and supports 

to some extent the large tilt angle observed between CCP 3 and CCP 4 of ‘model 11’ from 

the deposited ensemble that fit the small angle X-ray scattering data (Prof. Piet Gros, 

personal communication). 
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It is evident that the structure determination of the pairs FH~1-2 and FH~2-3 greatly 

facilitated that of FH~1-3 and, indeed, the work presented in this thesis supports the ‘divide-

and-conquer’* approach, which has proven successful in previous structure determination 

studies of modular proteins (reviewed in Pickford et al. [313]). Based on the data collected 

on 15N-FH~1-3 it is possible that the structure of FH~1-3 could have been determined de 

novo. However, only analysis of 13C-labelled material would be able to confirm this 

conjecture and preparation of such a sample was hampered by the lower expression yields 

compared to the pairs. It is likely that a greater level of overlap would be observed in the 

13C-NOESY and would require the more costly use of selective amino acid labelling [314]. 

A 13C-labelled sample could however enable the measurement several sets of RDCs in 

different alignment media to describe the alignment tensor and inter-modular orientations 

with greater accuracy. 

 

5.3 Comparison of FH~1-3 with other regulatory regions of RCAs 

The multiple-module nature of the functional sites of RCAs raises important structural 

questions. What role do individual modules play? Do modules work in a synergistic way? 

How critical are inter-modular orientations in the process of recognising the convertases and 

ensuring functionality of the RCAs? A full picture would necessitate the atomic resolution 

structure of each full-length regulator in complex with their binding partners. Short of 

obtaining this one can compare the structures of regulatory regions and take into account the 

results of mutagenesis studies to look for the common and essential atomic features 

necessary for complement regulation. 

                                                
* ‘divide-and-conquer’ is termed ‘dissect and build’ in the referenced review by Pickford et al. 
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Initial clues regarding cofactor activity of RCAs originated from functional studies on 

deletion constructs. It appears that three consecutive modules constitute minimal functional 

sites since this is seen in the case of C4BP' CCPs 1-3 [315], MCP CCPs 2-4 [49], VCP 

CCPs 1-3 and 2-4 [316] and CR1 CCPs 1-3, CCPs 8-10 and 15-17 [317]. 

The three consecutive modules of DAF, CCPs 2-4, appear to constitute the functional decay-

accelerating unit of this regulator [47]. It is worth keeping in mind that in the assay of the 

decay-acceleration activity of DAF used in this study, the regulator was anchored into the 

cell membrane so as to mimic physiological conditions. In terms of the decay-accelerating 

activity of FH, no measurable activity was observed for FH~1-3 in a cell-surface assay (Prof. 

Pangburn, personal communication). Indeed, FHL-1 appears at least six times more active, 

and FH over 100 times more active, than FH~1-3. The GAG-binding sites in CCP 7 and 

CCP 20, and the additional C3b/C3d-binding site in CCP 20, could play an avidity effect by 

promoting cell-surface attachment in the vicinity of the convertase thus enhancing the 

measured decay-acceleration activity. 

The observation that three-CCP module segments of RCAs represent functional units 

prompted the sequence alignment presented in chapter 1, Figure 1.4 in which the conserved 

features of these regulators are highlighted. An alternative approach in comparing these 

regulators is to use a pair-wise structural alignment software, such as Combinatorial 

Extension [318]. In this approach sequence alignment, local geometry between C' positions 

and heuristics are used in combination to minimise rmsd between two polypeptide chains. 

This enables a transition from pattern recognition in sequence to pattern recognition in space. 

The structural alignment (using Combinatorial Extension) of RCA CCP modules of known 

structure is presented in Table 5.1. 
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The N-terminal CCP of FH, i.e. FH~1, shares 26-31% sequence identity with other first 

modules of RCA functional sites (C4BP' CCP 1, CR1 CCP 15, DAF CCP 2, MCP CCP 2, 

VCP CCP 1) and 20-30% identity with second and third modules of RCA functional sites. 

CR1~15, the first CCP of the cofactor active site 2 of CR1, represents the closest structural 

match with FH~1 (rmsd = 1.98 Å over 58 C' atoms). The backbone of DAF~2, the first CCP 

in the decay accelerating site of DAF, also matches reasonably well with that of FH~1 (rmsd 

= 2.22 Å over 61 C' atoms). In contrast, FH~1 shares 20-23% sequence identity with the 

CCPs of FB and displays the lowest structural match out of all CCP modules with FB~1 

(rmsd = 4.13 Å over 64 C' atoms). Additionally, there is no conservation of functionally 

critical residues, and poor backbone overlay, when comparing CCP 1 of FH and CCP 2 of 

MCP (to date there are no structural data available for CCPs 3 and 4 of MCP). 
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 FH modules 
RCA-CCP  
(PDB ID) 

FH ~1 
(2RLP) 

FH~2 
(2RLQ) 

FH ~3 
(2RLQ) 

FH~1 (2RLP)     
FH~2 (2RLQ) 3.12 (59); 27    
FH~3 (2RLQ) 3.00 (54); 22 1.80 (55); 20  
FB~1 (2OK5) 4.13 (64); 20 2.34 (55); 19 2.04 (51); 32 
FB~2 (2OK5) 3.35 (60); 20 2.20 (57); 24 1.80 (58); 25 
FB~3 (2OK5) 3.38 (58); 23 1.91 (57); 23 1.30 (56); 26 

C4BP'(1 (2A55) 2.23 (60); 27 3.48 (69); 24 3.24 (61); 19 

C4BP'~2 (2A55) 3.22 (58); 22 1.81 (57); 31 1.70 (57); 24 

CR1~15 (1GKN) 1.98 (58); 26 3.03 (59); 20 2.76 (55); 18 

CR1~16 (1GKN)  3.38 (58); 24 1.57 (58); 28 1.67 (57); 24 

CR1~17 (1GKG) 2.74 (58); 26 2.31 (58); 36 2.12 (57); 32 

DAF~1 (1OK3) 2.48 (60); 22 2.54 (59); 15 2.59 (59); 17 

DAF~2 (1OK3) 2.22 (61); 31 2.92 (60); 21 2.80 (59); 20 

DAF~3 (1H03) 3.31 (58); 22 1.59 (58); 29 1.54 (57); 34 

DAF~4 (1H03) 2.68 (58); 28 1.91 (57); 25 1.63 (58); 31 

MCP~1 (2CKL) 2.56 (60); 23  2.73 (58); 20 2.73 (58); 22 

MCP~2 (2CKL) 3.32 (53); 27 1.77 (59); 36 1.63 (56); 34 

VCP~1 (1G40) 3.41 (61); 27 3.09 (59); 24 2.82 (60); 21 

VCP~2 (1G40) 3.33 (58); 22 2.44 (57); 39 2.04 (56); 28 

VCP~3 (1G40) 2.79 (58); 30 2.57 (58); 30 2.47 (56); 35 

VCP~4 (1G40) 3.06 (58); 25 2.21 (55); 21 2.29 (58); 38 

Table 5.1 Structure and sequence pair-wise similarities between FH and other RCA-CCPs of 

known structure. PDB accession codes are shown in bracket next to each RCA-CCP. Values 

specify C' rmsd values (Å); values in brackets represent the structural alignment length over C' 

atoms for which the rmsd was calculated; values in italics represent pair-wise sequence identity 

(%) calculated using the Percentage Identity Matrix option under ClustalX [319]. 

FH~2 shares 28-39% sequence identity with the second modules of RCA functional sites and 

20-36% identity with the first and third modules of RCA functional sites. CR1~16 represent 

the closest structural match (rmsd = 1.57 Å over 58 C' atoms) with FH~2 followed closely 

by DAF~3 (rmsd = 1.59 Å over 58 C' atoms). Again, there is relatively low sequence 

identity between FH~2 and any of the CCPs of FB (19-24%) although there appears to be 

more structural similarity between FH~2 and the FB CCPs than seen for FH~1. 
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Lastly, FH~3 shares 31-35% sequence identity with the third modules of RCA functional 

sites and 18-34% sequence identity with the first and second modules of RCA functional 

sites. FH~3 also shares a higher sequence identity with CCPs of FB (25-32%) than either 

FH~1 or FH~2. Low C' rmsd values are found between FH~3 and CR1~16, CR1~17, 

DAF~3 and DAF~4 yet strikingly, the C' rmsd between FH~3 and FB~3 is the lowest rmsd 

value (1.3 Å over C' 56 atoms) found between any two CCPs in Table 5.1 despite a 

relatively low sequence identity (26%). 

The structural similarities at the individual module level between FH~1-3, CR1~15-17 and 

DAF~2-4 encourage a more detailed comparison of these functional sites in terms of 

electrostatics and inter-modular orientations and the role these might play in the shared 

functions of these regulators. Moreover, the striking similarity between FH~3 and FB~3 

suggests a common C3b-binding recognition pattern in these modules and inspires a more in-

depth analysis. 

5.3.1 Structural comparison between FH~1-3, DAF~2-4 and CR1~15-17 

The extended structures of CR1~15-17 (~118 Å from tip to tip) and of CCPs 2-4 (~112 Å) of 

the DAF~1-4 crystal structure are not unlike that of FH~1-3 (~105 Å) as can be seen in 

Figure 5.1. 
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Figure 5.1 Structural comparison of FH~1-3 with DAF~1-4 and CR1~15-17. Backbone cartoon 

representation: DAF~1-4 (green), CR1~15-17 (blue) and FH~1-3 (CCP 1, red; CCP 2, magenta; 

CCP 3, orange). Overlays performed on cysteine C' atoms, are as follows: (A) DAF CCP 2 and 

FH~1-3 CCP 1; (B) DAF CCP 3 and FH~1-3 CCP 2; (C) DAF CCP 4 and FH~1-3 CCP 3; (D) 

DAF CCPs 2-4 and FH~1-3 (E) CR1 CCP 15 and FH~1-3 CCP 1; (F) CR1 CCP 16 and FH~1-3 

CCP 2; (G) CR1 CCP 17 FH~1-3 CCP 3; (H) CR1~15-17 and FH~1-3. 
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The individual modules of CR1~15-17 CCPs superpose on those of FH~1-3 better than those 

of DAF (CCPs 2-4), however, in the overall (all three modules) alignment DAF~2-4 

superposes better (rmsd 2.4 Å) on FH~1-3 than does CR1~15-17 (rmsd 2.8 Å). An 

alternative comparison of the inter-modular orientations is made in Figure 5.2, in which the 

tilt, twist and skew angles between modules within each structure are compared. Tilt angles 

within the functional sites of FH, CR1 (site 2) and DAF are uniformly small, while the twist 

angles between first and second modules are close to 180°, and the twist angles between 

second and third modules are between 90 and 135°. 

 

Figure 5.2 Comparison of inter-modular orientations for FH~1-3, DAF~2-4 and CR1~15-17. 

Inter-modular angles (mean and ±  one standard deviation for the ensemble in each case) 

between (A) first and second modules and (B) second and third modules of the functional sites 

within FH, DAF and CR1 site 2. 
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These twist angles have the effect of positioning the hyper-variable loops of the first and 

third modules on the same face within each functional unit. Assuming these inter-modular 

arrangements are conserved in the complex, it follows that these hyper-variable loops would 

be positioned in the same or similar orientations relative to the convertase surface. The 

buried surface areas of the inter-modular junctions of FH~1-2 and FH~2-3 are similar to 

those from extended CCP pairs of other regulators (see sections 4.2.7 and 4.3.7). Taken 

together these observations suggest that a twisted, end-to-end, arrangement of CCPs capable 

of spanning non-proximal sub-sites within the C3bBb convertase, is crucial for function. 

Further clues as to whether these regulatory regions bind to the same or similar sub-sites 

within the convertase can be obtained from a comparison of their electrostatic surfaces 

(shown in Figure 5.3). The electrostatic surface of CCP 2 of DAF resembles that of CCP 1 of 

FH, in particular at a positive patch located at the inter-modular interface. This observation is 

consistent with the fact that six out of seven DAF CCP 2 residues that have been 

demonstrated to be critical for function are conserved in FH CCP 1, some of which (Arg53, 

Arg57, Lys82, and Arg83 in FH and Arg96, Arg100, Lys126 and Lys127 in DAF) 

correspond to these interface residues. These conserved positive residues in the CCP 15 – 

CCP 16 junction of CR1~15 (Arg933, Arg960 and Arg961)* do not form an obvious patch 

and there appears to be little resemblance between the electrostatic surfaces of CR1 CCP 15 

and FH CCP 1 despite their conserved structural framework. Furthermore, only Arg933 of 

CR1 has been shown to be functionally critical in this region. No obvious similarities can be 

seen between the electrostatic surfaces of CCP 3 of DAF, CCP 16 of CR 1 and CCP 2 of FH 

nor is there evident similarity between the electrostatic surfaces of CCP 4 of DAF, CCP 17 

of CR1 and CCP 3 of FH despite close resemblance at the backbone level. 

                                                
* There is no conserved positively charged residue at position 937 of CR1 
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Figure 5.3 Comparison of the electrostatic surfaces of FH~1-3 with (A) DAF~1-4 and (B) 

CR1~15-17. The surfaces were generated using the Adaptive Poisson-Boltzmann Solver plug-in 

within PyMol as described in section 2.2.12. Red surface represents negative charge, blue 

surface represents positive charge within a range of -5/+5 kT. Orientation of FH~1-3 is the same 

as in Figure 4.26B and the other structures were orientated by superposing DAF CCP 2 (A) or 

CR1 CCP 15 (B) on FH CCP 1 and then transposing. 
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The similarity between CCP 2 of DAF and CCP 1 of FH may imply the conserved and 

functionally critical residues in these modules bind to the same sub-site in C3 convertase. 

There is less evidence for a common sub-site for CR1 and FH based on these electrostatic 

surfaces. Mapping of current CR1- and FH-binding sites, derived from mutagenesis studies, 

on the structure of C3b [68] indicates that although these regulators may bind a common 

sub-site within the convertase (residues Glu744 and Glu747 of C3) other sub-sites do not 

overlap and the overall binding footprints for each of these regulators appear fundamentally 

different. Because there is probable conformational mobility amongst the multiple domains 

of C3b [27,83] it remains possible that FH shares with CR1 (and MCP) the ability to bind 

(albeit to different sub-sites) and stabilise a domain rearrangement that renders the first 

cleavage site in C3b accessible by FI. 

A surface plasmon resonance study by Harris et al. [320] demonstrated that DAF interacts 

with both subunits of the active C3 convertase, binding to Bb via DAF CCP 2 and to C3b via 

DAF CCP 4, while CCP 3 of DAF might act primarily as a spacer. DAF~2-4 binds to the 

convertase 100-fold more tightly than either module alone, consistent with a major avidity 

effect. A similar scenario could be envisioned for FH~1-3 and CR1~15-17 in which the 

middle modules would act as spacers and the largely similar inter-modular tilt and twist 

angles position the critical residues in the neighbouring CCPs on equivalent sub-sites within 

the convertase. The spacer CCP 3 in DAF was shown, however, to have a functionally 

critical hydrophobic patch centred on Phe148 and Leu171 [321] not present in CCP 2 of FH 

(Dr Dinesh Soares; personal communication) which may suggest that the different surface 

properties of FH~2 and CR1~16 could have the additional role of recruiting FI to the 

complex. 
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The above common scenario for decay-acceleration of CR1, DAF and FH conflicts with the 

suggestion that FB harbours no binding site for FH [88] implying different mechanisms for 

FH-mediated and for DAF-mediated decay-acceleration of the convertase.  

It is likely that CCP 4 of FH extends the footprint of FH on C3b and increases the avidity of 

binding of the decay-acceleration site of FH to the active convertase explaining the poor 

complement regulatory activity of the three module construct. The presence of neighbouring 

modules was also found to enhance the cofactor activity of site 2 of CR1 [317]. 

The conserved positive patch in the junctions between first and second modules of regulatory 

sites (for the alternative pathway) of DAF, FH and to a lesser extent CR1 suggest these 

perform a common role within the regulators. The close resemblance at the backbone level 

of the middle modules of these regulatory units suggests these modules play a spacer role in 

positioning the other two modules for binding to the convertase. Finally, the overall 

difference in electrostatic surface of the second and third modules of these regulatory regions 

suggests they bind to different sub-sites within the convertase, albeit stabilising a 

conformational intermediate that would either promote decay-acceleration or exposure of a 

cleavage site for FI-mediated cleavage. 

5.3.2 Structural comparison between FH~1-3 and FB 

Perhaps the most striking information from Table 5.1 is the high degree of structural 

similarity between FH~3 and FB~3 despite relative low sequence identity (26%). Site 

directed mutagenesis studies on CCPs of FB have revealed two key residues in FB~3, 

Pro146 and Val152, essential for interaction with C3b [85]. These two residues are 

conserved in CCP 3 of FH, Pro152 and Val158, and lead up to the flexible hyper-variable 

loop as shown in the sequence alignment presented in Chapter 1 (Figure 1.4). The presence 

of these two key functional residues in both FB~3 and FH~3 suggests that competition by 
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FH for FB binding to C3b is likely a consequence of a shared binding site on C3b for their 

respective third modules. A comparison of the relative positioning of these residues in a 

backbone overlay of FH~3 and FB~3 (Figure 5.4) indicate that they occupy near identical 

positions. 

 

Figure 5.4 Backbone overlay (C' atoms) of FH~3 (magenta) and FB~3 (blue) in cartoon 

representation. Orientation of FH~3 in left panel is identical to that of FH~3 in the FH~1-3 

model presented in Figure 4.26. Only the prominent hyper-variable loop (HV-loop) of FH~3 is 

indicated. Conserved residues are shown in space filling representation in left panel and in 

surface exposure in right panel. 

While the Pro152 of FH and Pro146 of FB are largely buried, Val158 of FH and Val152 of 

FB are more surface-exposed. Additionally, the protruding hyper-variable loop in FH~3 (not 

present in FB~3) is positioned on the same face as Val158, and may play a role in the 

different affinity for C3b-binding of FH~3 compared to FB~3. The overall arrangements of 
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the three CCPs in FB and equivalent FH~1-3 are fundamentally different in the apo form 

(compact triad for FB and extended for FH). Thus an electrostatic surface comparison 

between FB~1-3 and FH~1-3 (and FB~3 and FH~3) is unlikely to yield interpretable 

information given that the electrostatic surface of individual modules can be highly 

dependent on neighbouring modules and no high-resolution data is available to confirm 

whether or not the CCPs 1-3 of FB are extended (in a similar fashion to the functional units 

of RCAs) in the complex with C3b. 

 

5.4 Structural importance of R53 in FH 

An arginine at position 53 of FH CCP 1 is found at equivalent positions in CR1~15 (Arg933) 

and DAF~2 (Arg96), and is located in the inter-modular positive patch described in section 

5.3.1. Arg96 of DAF has been shown to be functionally critical for interaction with C3b 

according to mutagenesis studies [321,322]. The association of the R53H mutation with 

aHUS further supports the hypothesis that this positive patch plays a role in the regulatory 

function of this region in FH, and that disrupting the geometry and possibly the charge of 

this region through a change to histidine could potentially alter its binding properties. 

However, no functional analysis has been performed yet on the R53H mutant. Indeed there is 

no clinical data as yet to indicate whether the levels of the mutant protein are low as a 

consequence of defective secretion (Type I), or whether the secreted protein has reduced 

functional activity (Type II) [177]. A model of the histidine form of FH~1-2, FH~1-2(H53), 

obtained from Dr Dinesh Soares is presented in Figure 5.5. Consistent with NMR studies of 

FH~1-2(H53) presented in section 4.6.3, this model reveals that His53 can replace Arg53 in 

FH without loss of CCP 1 structural integrity. 
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Figure 5.5 Residues of FH~1-2 whose amides are most affected by the R53H mutation (A) 

Cartoon representation focusing on the CCP 1 – CCP 2 interface of FH~1-2 (closest-to-mean 

structure), oriented as in Figure 4.37. Residues exhibiting combined amide chemical shift 

differences > 0.1 ppm (see section 4.6.3.2) are shown in space-fill representation (blue-green). 

CCP 2 residues exhibiting combined amide chemical shift differences > 0.04 ppm are shown in 

space-fill representation (light blue). The side-chain of the substituted residue, Arg53, is drawn 

as sticks and its atomic surface is represented as dots. (B) The same as (A) but rotated by 45°. 

(C) and (D) The same views as (A) and (B) but showing a model of FH~1-2(H53) with the same 

colour scheme as for FH~1-2 except His53 is coloured magenta. 

At a more detailed level, the NMR data presented in section 4.6.3.2 show chemical shift 

perturbations of residues close to His53, implying a possible effect on local structure. This 

would be consistent with the fact that the alkyl part of the Arg53 side-chain is largely buried. 
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At physiological pH, the exposed His53 side-chain would be largely neutral resulting in a 

loss of charge and possible disruption of this electrostatic surface that is common to C3b-

engaging DAF and FH modules. The very small preturbations in CCP 2 of FH~1-2 are most 

likely due to the effect of the residue substitution on the interface-critical CCP 1 residue 

Tyr56 that makes hydrophobic contacts with Tyr106 in CCP 2 (Figure 5.5). A small 

mutation-induced rearrangement of the modules cannot be ruled out, either due to loss of 

hydrophobic contacts from the Arg53 side-chain or loss of positive charge from the 

substitution to a largely neutral side-chain. Rearrangement of modules could destabilise a 

putative C3b-binding positive patch that spans both modules. The small and local chemical 

shift perturbations suggest that FH(H53) is stable enough to be secreted. However, the lower 

thermal stability and lower level of amide protection suggests that FH(H53) is less stable 

than wild-type, perhaps resulting in a shorter half-life for the mutant. 

A closer comparison of the conserved Arg53 with the equivalent Arg96 in DAF revealed 

significant differences, which were quite surprising considering that electrostatic surfaces in 

this region are similar for both of these regulators. The side-chain orientations of Arg53 and 

the conserved Arg27, in the FH~1-2 structure do not agree with those of equivalent and 

functionally critical [321] residues, Arg69 and Arg96, in the crystal structure of DAF (Figure 

5.6A and C). These orientations are in much better agreement when the comparison is made 

between FH~1-2 and the NMR structure of DAF [243]. 
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Figure 5.6 Comparison of two conserved arginine side-chain positions in the NMR structures of 

(A) FH~1-3 (green), (B) DAF~2-3 (light-blue) and (C) the crystal structure of DAF~1-4 (beige). 

Structures (semi-transparent surface) were aligned on cysteine C' atoms of FH~1 and DAF~2. 

Arg53 of FH and Arg96 of DAF are shown in yellow, Arg27 and Arg69 are shown in orange 
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It is unlikely that stacking interaction of the guanidinium moieties of Arg69 and Arg96, as 

seen in the crystal structure, occurs at physiological pH since both are of same charge (side-

chain pKa of 12.5) and would thus repel each other. Additionally, this type of stacking has 

not been reported as being common for arginine side-chains [323,324], although parallel 

stacking of arginine side-chains with aromatics is not uncommon. It is more likely that the 

positions of these arginine side-chains occur as a result of a crystal packing artefact in the 

DAF~1-4 structure. Thus the ambiguity surrounding the exact positions of these critical 

arginines in DAF and the inferred functional relevance of Arg53 in FH requires further 

investigation. 

 

5.5 Structural importance of V62I in FH 

In contrast to FH~1-2(H53), the substitution of Val62 to the ‘AMD-protective’ Ile62 is 

largely a conservative one which has no apparent effect on the structure of CCP 1 and seems 

unlikely to have any consequences on the ability of FH to regulate complement. The Val62 

side-chain is buried in the core of FH~1-2 and the Ile62 allotype appears slightly more 

thermally stable than the Val62 version, a likely consequence of the extra methylene group 

accommodated in the hydrophobic core. This is consistent with the observation of largely 

localised chemical shift perturbations in the core around the site of substitution and the 

identical level of amide protection observed between FH~1-2(V62) and FH~1-2(I62). It is 

important to keep in mind that the linkage disequilibrium, which has identified V62I as an 

SNP, is a statistical measure of the non-random association of alleles and does not imply a 

direct causal relationship between the allele and the disease. If there is a causal relationship 

between V62I and AMD, then the effects are only detected in the later stages of life of the 

individual, implying that the effects of the SNP on the ability of FH to regulate complement 

are likely to be subtle, at best. This is consistent with the observations made in this study, 
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which demonstrate that the substitution has no noticeable effects on the stability of the 

protein. Even an atomic resolution three-dimensional structure of FH~1-2(I62) may not 

provide enough information to explain the disease-related effects, if any, of the substitution. 

Additionally, the V62I SNP is present in a predicted exon splice enhancer of CFH [187] and 

thus this SNP may simply affect the expression level of the FH isoform rather than directly 

affecting its function. The ‘CRP-‘ or ‘GAG-hypothesis’ relating to the effects of the single 

nucleotide polymorphism Y402H on AMD (see section 1.6.3) presents a more plausible 

scenario for this late-onset disease. 

 

 



 240 

6 BIBLIOGRAPHY 



BIBLIOGRAPHY 

 241 

 

1. Hocking, H. G., Herbert, A. P., Kavanagh, D., Soares, D. C., Ferreira, V. P., 
Pangburn, M. K., Uhrin, D., and Barlow, P. N. (2008) J. Biol. Chem. 283(14), 9475-
9487 

2. Litman, G. W., Cannon, J. P., and Dishaw, L. J. (2005) Nat Rev Immunol 5(11), 866-
879 

3. Beutler, B. (2004) Mol Immunol 40(12), 845-859 

4. Hoebe, K., Janssen, E., and Beutler, B. (2004) Nat Immunol 5(10), 971-974 

5. Meri, S. (2007) Ann N Y Acad Sci 1109, 93-105 

6. Morgan, P. B., Harris, C.L. (1999) Complement regulatory proteins, Academic Press 

7. Law, S. K., and Reid, K. B. M. (1995) Complement. In., 2nd edition Ed., IRL Press 

8. Arlaud, G. J., and Thielens, N. M. (1993) Methods Enzymol 223, 61-82 

9. Painter, R. H. (1993) Behring Inst Mitt 93(93), 131-137 

10. Gewurz, H., Mold, C., Siegel, J., and Fiedel, B. (1982) Adv Intern Med 27, 345-372 

11. Mevorach, D., Mascarenhas, J. O., Gershov, D., and Elkon, K. B. (1998) J Exp Med 
188(12), 2313-2320 

12. Tacnet-Delorme, P., Chevallier, S., and Arlaud, G. J. (2001) J Immunol 167(11), 
6374-6381 

13. Veerhuis, R., Boshuizen, R. S., and Familian, A. (2005) Curr Drug Targets CNS 

Neurol Disord 4(3), 235-248 

14. Mitchell, D. A., Kirby, L., Paulin, S. M., Villiers, C. L., and Sim, R. B. (2007) Mol 

Immunol 44(11), 2997-3004 

15. Prohaszka, Z., Nemet, K., Csermely, P., Hudecz, F., Mezo, G., and Fust, G. (1997) 
Mol Immunol 34(11), 809-816 

16. Sjoberg, A., Onnerfjord, P., Morgelin, M., Heinegard, D., and Blom, A. M. (2005) J 

Biol Chem 280(37), 32301-32308 

17. Loos, M., Euteneuer, B., and Clas, F. (1990) Adv Exp Med Biol 256, 301-317 

18. Law, S. K. A., and Dodds, A. W. (1997) Protein Sci 6(2), 263-274 

19. Arlaud, G. J., Volanakis, J. E., Thielens, N. M., Narayana, S. V., Rossi, V., and Xu, 
Y. (1998) Adv Immunol 69, 249-307 

20. Presanis, J. S., Kojima, M., and Sim, R. B. (2003) Biochem Soc Trans 31(Pt 4), 748-
752 

21. Matsushita, M., Endo, Y., and Fujita, T. (2000) J Immunol 164(5), 2281-2284 

22. Endo, M., Ohi, H., Ohsawa, I., Fujita, T., Matsushita, M., and Fujita, T. (1998) 
Nephrol Dial Transplant 13(8), 1984-1990 

23. Stover, C. M., Thiel, S., Thelen, M., Lynch, N. J., Vorup-Jensen, T., Jensenius, J. C., 
and Schwaeble, W. J. (1999) J Immunol 162(6), 3481-3490 

24. Pangburn, M. K., and Muller-Eberhard, H. J. (1986) Biochem J 235(3), 723-730 

25. Fearon, D. T., and Austen, K. F. (1975) Proc Natl Acad Sci U S A 72(8), 3220-3224 



BIBLIOGRAPHY 

 242 

26. Kimura, Y., Miwa, T., Zhou, L., and Song, W. C. (2008) Blood 111(2), 732-740 

27. Nishida, N., Walz, T., and Springer, T. A. (2006) Proc Natl Acad Sci U S A 103(52), 
19737-19742 

28. Winters, M. S., Spellman, D. S., and Lambris, J. D. (2005) J Immunol 174(6), 3469-
3474 

29. Pangburn, M. K., Schreiber, R. D., and Muller-Eberhard, H. J. (1981) J Exp Med 
154(3), 856-867 

30. Harrison, R. A., and Lachmann, P. J. (1980) Mol Immunol 17(2), 219-228 

31. Ross, G. D., Lambris, J. D., Cain, J. A., and Newman, S. L. (1982) J Immunol 
129(5), 2051-2060 

32. Rodriguez de Cordoba, S., Diaz-Guillen, M. A., and Heine-Suner, D. (1999) Mol 

Immunol 36(13-14), 803-808 

33. Rodriguez de Cordoba, S., Lublin, D. M., Rubinstein, P., and Atkinson, J. P. (1985) 
J. Exp. Med. 161(5), 1189-1195 

34. Kirkitadze, M. D., and Barlow, P. N. (2001) Immunol Rev 180(1), 146-161 

35. Reid, K. B. M., Day, A.J. (1989) Immunol Today 10, 177-180 

36. Meri, S., and Pangburn, M. K. (1990) Proc Natl Acad Sci U S A 87(10), 3982-3986 

37. Fearon, D. T. (1979) Proc Natl Acad Sci U S A 76(11), 5867-5871 

38. Seya, T., Turner, J. R., and Atkinson, J. P. (1986) J Exp Med 163(4), 837-855 

39. Medof, M. E., Lublin, D. M., Holers, V. M., Ayers, D. J., Getty, R. R., Leykam, J. 
F., Atkinson, J. P., and Tykocinski, M. L. (1987) Proc Natl Acad Sci U S A 84(7), 
2007-2011 

40. Scharfstein, J., Ferreira, A., Gigli, I., and Nussenzweig, V. (1978) J Exp Med 148(1), 
207-222 

41. Sim, R. B., and DiScipio, R. G. (1982) Biochem J 205(2), 285-293 

42. Misasi, R., Huemer, H. P., Schwaeble, W., Solder, E., Larcher, C., and Dierich, M. 
P. (1989) Eur J Immunol 19(9), 1765-1768 

43. Nicholson-Weller, A., Burge, J., Fearon, D. T., Weller, P. F., and Austen, K. F. 
(1982) J Immunol 129(1), 184-189 

44. Seya, T., Holers, V. M., and Atkinson, J. P. (1985) J Immunol 135(4), 2661-2667 

45. Blom, A. M., Kask, L., and Dahlback, B. (2003) Mol Immunol 39(10), 547-556 

46. Krych-Goldberg, M., Hauhart, R. E., Subramanian, V. B., Yurcisin, B. M., 2nd, 
Crimmins, D. L., Hourcade, D. E., and Atkinson, J. P. (1999) J Biol Chem 274(44), 
31160-31168 

47. Brodbeck, W. G., Liu, D., Sperry, J., Mold, C., and Medof, M. E. (1996) J Immunol 
156(7), 2528-2533 

48. Kuhn, S., Zipfel, P.F. (1996) Eur J Immunol. 26(10), 2383-2387 

49. Liszewski, M. K., Leung, M., Cui, W., Subramanian, V. B., Parkinson, J., Barlow, P. 
N., Manchester, M., and Atkinson, J. P. (2000) J Biol Chem 275(48), 37692-37701 

50. Krych, M., Clemenza, L., Howdeshell, D., Hauhart, R., Hourcade, D., and Atkinson, 
J. P. (1994) J. Biol. Chem. 269(18), 13273-13278 



BIBLIOGRAPHY 

 243 

51. Gordon, D., Kaufman, R., Blackmore, T., Kwong, J., and Lublin, D. (1995) J 

Immunol 155(1), 348-356 

52. Kuhn, S., Skerka, C., and Zipfel, P. F. (1995) J Immunol 155(12), 5663-5670 

53. Soares, D. C., Barlow, P.N. (2005) Complement Control Protein Modules in the 
Regulators of Complement Activation. In: D.Morikis, a. J. D. L. (ed). Structural 

Biology of the Complement System., CRC Press, Taylor & Francis Group, Boca 
Raton 

54. Soares, D. C., Gerloff, D. L., Syme, N. R., Coulson, A. F., Parkinson, J., and 
Barlow, P. N. (2005) Protein Eng Des Sel 18(8), 379-388 

55. Jenkins, H. T., Mark, L., Ball, G., Persson, J., Lindahl, G., Uhrin, D., Blom, A. M., 
and Barlow, P. N. (2006) J Biol Chem 281(6), 3690-3697 

56. Casasnovas, J. M., Larvie, M., and Stehle, T. (1999) Embo J 18(11), 2911-2922 

57. Lukacik, P., Roversi, P., White, J., Esser, D., Smith, G. P., Billington, J., Williams, 
P. A., Rudd, P. M., Wormald, M. R., Harvey, D. J., Crispin, M. D., Radcliffe, C. M., 
Dwek, R. A., Evans, D. J., Morgan, B. P., Smith, R. A., and Lea, S. M. (2004) Proc 

Natl Acad Sci U S A 101(5), 1279-1284 

58. Smith, B. O., Mallin, R. L., Krych-Goldberg, M., Wang, X., Hauhart, R. E., Bromek, 
K., Uhrin, D., Atkinson, J. P., and Barlow, P. N. (2002) 108(6), 769 

59. Murthy, K. H., Smith, S. A., Ganesh, V. K., Judge, K. W., Mullin, N., Barlow, P. N., 
Ogata, C. M., and Kotwal, G. J. (2001) Cell 104(2), 301-311 

60. Kask, L., Villoutreix, B. O., Steen, M., Ramesh, B., Dahlback, B., and Blom, A. M. 
(2004) Protein Sci 13(5), 1356-1364 

61. Soames, C. J., Day, A.J., Sim, R.B. (1996) Biochem J. 315(2), 523-531 

62. Norman, D. G., Barlow, P.N., Baron, M., Day, A.J., Sim, R.B., Campbell, I.D. 
(1991) J Mol Biol. 219(4), 717-725 

63. Krych, M., Hauhart, R., and Atkinson, J. P. (1998) J Biol Chem 273(15), 8623-8629 

64. Kuttner-Kondo, L., Medof, M. E., Brodbeck, W., and Shoham, M. (1996) Protein 

Eng 9(12), 1143-1149 

65. Jouvin, M. H., Kazatchkine, M. D., Cahour, A., and Bernard, N. (1984) J Immunol 
133(6), 3250-3254 

66. Taniguchi-Sidle, A., and Isenman, D. E. (1994) J Immunol 153(11), 5285-5302 

67. Janssen, B. J., Huizinga, E. G., Raaijmakers, H. C., Roos, A., Daha, M. R., Nilsson-
Ekdahl, K., Nilsson, B., and Gros, P. (2005) Nature 437(7058), 505-511 

68. Janssen, B. J. C., Christodoulidou, A., McCarthy, A., Lambris, J. D., and Gros, P. 
(2006) Nature 444(7116), 213-216 

69. Milder, F. J., Gomes, L., Schouten, A., Janssen, B. J., Huizinga, E. G., Romijn, R. 
A., Hemrika, W., Roos, A., Daha, M. R., and Gros, P. (2007) Nat Struct Mol Biol 
14(3), 224-228 

70. Kock, M. A., Hew, B. E., Bammert, H., Fritzinger, D. C., and Vogel, C.-W. (2004) 
J. Biol. Chem. 279(29), 30836-30843 

71. Kolln, J., Spillner, E., Andra, J., Klensang, K., and Bredehorst, R. (2004) J Immunol 
173(9), 5540-5545 



BIBLIOGRAPHY 

 244 

72. Lambris, J. D., Lao, Z., Oglesby, T. J., Atkinson, J. P., Hack, C. E., and Becherer, J. 
D. (1996) J Immunol 156(12), 4821-4832 

73. O'Keefe, M. C., Caporale, L. H., and Vogel, C. W. (1988) J Biol Chem 263(25), 
12690-12697 

74. Lambris, J. D., Avila, D., Becherer, J. D., and Muller-Eberhard, H. J. (1988) J Biol 

Chem 263(24), 12147-12150 

75. Oran, A. E., and Isenman, D. E. (1999) J Biol Chem 274(8), 5120-5130 

76. Sottrup-Jensen, L., Stepanik, T. M., Kristensen, T., Lonblad, P. B., Jones, C. M., 
Wierzbicki, D. M., Magnusson, S., Domdey, H., Wetsel, R. A., Lundwall, A., and et 
al. (1985) Proc Natl Acad Sci U S A 82(1), 9-13 

77. Wiesmann, C., Katschke, K. J., Yin, J., Helmy, K. Y., Steffek, M., Fairbrother, W. 
J., McCallum, S. A., Embuscado, L., DeForge, L., Hass, P. E., and van Lookeren 
Campagne, M. (2006) Nature 444(7116), 217-220 

78. Abdul Ajees, A., Gunasekaran, K., Volanakis, J. E., Narayana, S. V. L., Kotwal, G. 
J., and Krishna Murthy, H. M. (2006) Nature 444(7116), 221-225 

79. Sim, R. B., Twose, T. M., Paterson, D. S., and Sim, E. (1981) Biochem J 193(1), 
115-127 

80. Gadjeva, M., Dodds, A. W., Taniguchi-Sidle, A., Willis, A. C., Isenman, D. E., and 
Law, S. K. (1998) J Immunol 161(2), 985-990 

81. Lambris, J. D. (1988) Immunology Today 9(12), 387-393 

82. Inal, J. M., and Schifferli, J. A. (2002) J Immunol 168(10), 5213-5221 

83. Janssen, B. J., and Gros, P. (2007) Mol Immunol 44(1-3), 3-10 

84. Bhattacharya, A. A., Lupher, M. L., Jr., Staunton, D. E., and Liddington, R. C. 
(2004) Structure 12(3), 371-378 

85. Hourcade, D. E., Wagner, L. M., and Oglesby, T. J. (1995) J Biol Chem 270(34), 
19716-19722 

86. Ponnuraj, K., Xu, Y., Macon, K., Moore, D., Volanakis, J. E., and Narayana, S. V. 
(2004) Mol Cell 14(1), 17-28 

87. Milder, F. J., Raaijmakers, H. C., Vandeputte, M. D., Schouten, A., Huizinga, E. G., 
Romijn, R. A., Hemrika, W., Roos, A., Daha, M. R., and Gros, P. (2006) Structure 
14(10), 1587-1597 

88. Hourcade, D. E., Mitchell, L., Kuttner-Kondo, L. A., Atkinson, J. P., and Medof, M. 
E. (2002) J Biol Chem 277(2), 1107-1112 

89. Zipfel, P. F., Skerka, C., Hellwage, J., Jokiranta, S. T., Meri, S., Brade, V., Kraiczy, 
P., Noris, M., and Remuzzi, G. (2002) Biochem Soc Trans 30(Pt 6), 971-978 

90. Skerka, C., Horstmann, R. D., and Zipfel, P. F. (1991) J Biol Chem 266(18), 12015-
12020 

91. Skerka, C., Timmann, C., Horstmann, R. D., and Zipfel, P. F. (1992) J Immunol 
148(10), 3313-3318 

92. Skerka, C., Kuhn, S., Gunther, K., Lingelbach, K., and Zipfel, P. F. (1993) J Biol 

Chem 268(4), 2904-2908 



BIBLIOGRAPHY 

 245 

93. Skerka, C., Hellwage, J., Weber, W., Tilkorn, A., Buck, F., Marti, T., Kampen, E., 
Beisiegel, U., and Zipfel, P. F. (1997) J. Biol. Chem. 272(9), 5627-5634 

94. Jozsi, M., Richter, H., Loschmann, I., Skerka, C., Buck, F., Beisiegel, U., Erdei, A., 
and Zipfel, P. F. (2005) Eur J Hum Genet 13(3), 321-329 

95. McRae, J. L., Cowan, P. J., Power, D. A., Mitchelhill, K. I., Kemp, B. E., Morgan, 
B. P., and Murphy, B. F. (2001) J. Biol. Chem. 276(9), 6747-6754 

96. Zipfel, P. F., Sherka, C.,. (1994) Immunol Today 15, 121-126 

97. Pangburn, M. K., Pangburn, K. L., Koistinen, V., Meri, S., and Sharma, A. K. (2000) 
J Immunol 164(9), 4742-4751 

98. Schmidt, C. Q., Herbert, A. P., Hocking, H. G., Uhrin, D., and Barlow, P. N. (2008) 
Clin Exp Immunol 151(1), 14-24 

99. Alsenz, J., Lambris, J. D., Schulz, T. F., and Dierich, M. P. (1984) Biochem J 
224(2), 389-398 

100. Alsenz, J., Schulz, T. F., Lambris, J. D., Sim, R. B., Dierich, M. P., Alsenz, J., 
Lambris, J. D., Schulz, T. F., and Dierich, M. P. (1985) Biochem J 232(3), 841-850 

101. Kuhn, S., and Zipfel, P. F. (1996) Eur J Immunol 26(10), 2383-2387 

102. Jokiranta, T. S., Hellwage, J., Koistinen, V., Zipfel, P. F., and Meri, S. (2000) J. 

Biol. Chem. 275(36), 27657-27662 

103. Blackmore, T. K., Hellwage, J., Sadlon, T. A., Higgs, N., Zipfel, P. F., Ward, H. M., 
and Gordon, D. L. (1998) J Immunol 160(7), 3342-3348 

104. Blackmore, T. K., Sadlon, T. A., Ward, H. M., Lublin, D. M., and Gordon, D. L. 
(1996) J Immunol 157(12), 5422-5427 

105. Hellwage, J., Jokiranta, T. S., Friese, M. A., Wolk, T. U., Kampen, E., Zipfel, P. F., 
and Meri, S. (2002) J Immunol 169(12), 6935-6944 

106. Fearon, D. T. (1978) Proc Natl Acad Sci U S A 75(4), 1971-1975 

107. Herbert, A. P., Deakin, J. A., Schmidt, C. Q., Blaum, B. S., Egan, C., Ferreira, V. P., 
Pangburn, M. K., Lyon, M., Uhrin, D., and Barlow, P. N. (2007) J Biol Chem 
282(26), 18960-18968 

108. Prosser, B. E., Johnson, S., Roversi, P., Herbert, A. P., Blaum, B. S., Tyrrell, J., 
Jowitt, T. A., Clark, S. J., Tarelli, E., Uhrin, D., Barlow, P. N., Sim, R. B., Day, A. 
J., and Lea, S. M. (2007) J Exp Med 204(10), 2277-2283 

109. Herbert, A. P., Uhrin, D., Lyon, M., Pangburn, M. K., and Barlow, P. N. (2006) J 

Biol Chem 281(24), 16512-16520 

110. Ormsby, R. J., Jokiranta, T. S., Duthy, T. G., Griggs, K. M., Sadlon, T. A., 
Giannakis, E., and Gordon, D. L. (2006) Mol Immunol 43(10), 1624-1632 

111. Ferreira, V. P., Herbert, A. P., Hocking, H. G., Barlow, P. N., and Pangburn, M. K. 
(2006) J Immunol 177(9), 6308-6316 

112. McDowell, J. V., Wolfgang, J., Senty, L., Sundy, C. M., Noto, M. J., and Marconi, 
R. T. (2004) The Journal of Immunology 173(12), 7471 

113. Alitalo, A., Meri, T., Ramo, L., Jokiranta, T. S., Heikkila, T., Seppala, I. J. T., Oksi, 
J., Viljanen, M., and Meri, S. (2001) Infect. Immun. 69(6), 3685-3691 



BIBLIOGRAPHY 

 246 

114. Rossmann, E., Kraiczy, P., Herzberger, P., Skerka, C., Kirschfink, M., Simon, M. 
M., Zipfel, P. F., and Wallich, R. (2007) J Immunol 178(11), 7292-7301 

115. McDowell, J. V., Lankford, J., Stamm, L., Sadlon, T., Gordon, D. L., and Marconi, 
R. T. (2005) Infect. Immun. 73(11), 7126-7132 

116. Ram, S., Sharma, A. K., Simpson, S. D., Gulati, S., McQuillen, D. P., Pangburn, M. 
K., and Rice, P. A. (1998) J Exp Med 187(5), 743-752 

117. Ram, S., Mackinnon, F. G., Gulati, S., McQuillen, D. P., Vogel, U., Frosch, M., 
Elkins, C., Guttormsen, H. K., Wetzler, L. M., Oppermann, M., Pangburn, M. K., 
and Rice, P. A. (1999) Mol Immunol 36(13-14), 915-928 

118. Kunert, A., Losse, J., Gruszin, C., Huhn, M., Kaendler, K., Mikkat, S., Volke, D., 
Hoffmann, R., Jokiranta, T. S., Seeberger, H., Moellmann, U., Hellwage, J., and 
Zipfel, P. F. (2007) J Immunol 179(5), 2979-2988 

119. Neeleman, C., Geelen, S. P., Aerts, P. C., Daha, M. R., Mollnes, T. E., Roord, J. J., 
Posthuma, G., van Dijk, H., and Fleer, A. (1999) Infect Immun 67(9), 4517-4524 

120. Kotarsky, H., Hellwage, J., Johnsson, E., Skerka, C., Svensson, H. G., Lindahl, G., 
Sjobring, U., and Zipfel, P. F. (1998) J Immunol 160(7), 3349-3354 

121. Meri, T., Hartmann, A., Lenk, D., Eck, R., Wurzner, R., Hellwage, J., Meri, S., and 
Zipfel, P. F. (2002) Infect. Immun. 70(9), 5185-5192 

122. Behnsen, J., Hartmann, A., Schmaler, J., Gehrke, A., Brakhage, A. A., and Zipfel, P. 
F. (2008) Infect. Immun. 76(2), 820-827 

123. Diaz, A., Ferreira, A., and Sim, R. B. (1997) J Immunol 158(8), 3779-3786 

124. Stoiber, H., Clivio, A., and Dierich, M. P. (1997) Annual Review of Immunology 
15(1), 649-674 

125. Kotwal, G. J., and Moss, B. (1988) Nature 335(6186), 176-178 

126. Giannakis, E., Male, D. A., Ormsby, R. J., Mold, C., Jokiranta, T. S., Ranganathan, 
S., and Gordon, D. L. (2001) International Immunopharmacology 1(3), 433-443 

127. Gershov, D., Kim, S., Brot, N., and Elkon, K. B. (2000) J Exp Med 192(9), 1353-
1364 

128. Hakobyan, S., Harris, C. L., van den Berg, C., Pepys, M. B., and Morgan, B. P. 
(2007) Molecular Immunology 44(16), 3983-3984 

129. DiScipio, R. G., Daffern, P. J., Schraufstatter, I. U., and Sriramarao, P. (1998) J 

Immunol 160(8), 4057-4066 

130. Malhotra, R., Ward, M., Sim, R.B., Bird, M.I. (1999) Biochem. J. 341, 61–69 

131. Pio, R., Martinez, A., Unsworth, E. J., Kowalak, J. A., Bengoechea, J. A., Zipfel, P. 
F., Elsasser, T. H., and Cuttitta, F. (2001) J. Biol. Chem. 276(15), 12292-12300 

132. Zipfel, P. F., and Skerka, C. (1999) Immunol Today 20(3), 135-140 

133. Hellwage, J. K., P.F. Zipfel. (1997) Biochem. J. 326, 321–327 

134. Estaller, C., Koistinen, V., Schwaeble, W., Dierich, M. P., and Weiss, E. H. (1991) J 

Immunol 146(9), 3190-3196 

135. Hellwage, J., Jokiranta, T. S., Koistinen, V., Vaarala, O., Meri, S., and Zipfel, P. F. 
(1999) FEBS Letters 462(3), 345-352 



BIBLIOGRAPHY 

 247 

136. Majno, S. A., Jokiranta, S. T., Huehn, M., Seeberger, H., and Hellwage, J. (2003) 
The human factor H-related protein 1 (FHR-1) binds to C3b and heparin: 
implications for a regulatory role on the level of C3. In: Immunology, M. (ed). Ninth 

European Complement Workshop, Elsevier, Trieste, Italy 

137. McRae, J. L., Duthy, T. G., Griggs, K. M., Ormsby, R. J., Cowan, P. J., Cromer, B. 
A., McKinstry, W. J., Parker, M. W., Murphy, B. F., and Gordon, D. L. (2005) J 

Immunol 174(10), 6250-6256 

138. Hellwage, J., Jarva, H., Zipfel, P. F., and Meri, S. (2000) Immunopharmacology 
49(1-2), 70 

139. Park, C. T., and Wright, S. D. (1996) J Biol Chem 271(30), 18054-18060 

140. Park, C. T., and Wright, S. D. (2000) Blood 95(1), 198-204 

141. Perkins, S. J., Nealis, A. S., and Sim, R. B. (1991) Biochemistry 30(11), 2847-2857 

142. Barlow, P. N., Steinkasserer, A., Norman, D. G., Kieffer, B., Wiles, A. P., Sim, R. 
B., and Campbell, I. D. (1993) Journal of Molecular Biology 232(1), 268-284 

143. DiScipio, R. G. (1992) J Immunol 149(8), 2592-2599 

144. Aslam, M., and Perkins, S. J. (2001) J Mol Biol 309(5), 1117-1138 

145. Perkins, S. J., Gilbert, H.E., Aslam, M., Hannan, J., Holers, V.M., Goodship, T.H. 
(2002) Biochem Soc Trans. 30(6), 996-1001 

146. Bunkenborg, J., Pilch, B. J., Podtelejnikov, A. V., and Wisniewski, J. R. (2004) 
PROTEOMICS 4(2), 454-465 

147. Liu, T., Qian, W. J., Gritsenko, M. A., CampIi, D. G., Monroe, M. E., Moore, R. J., 
and Smith, R. D. (2005) J. Proteome Res. 4(6), 2070-2080 

148. Barlow, P. N., Norman, D.G., Steinkasserer, A., Horne, T.J., Pearce, J., Driscoll, 
P.C., Sim, R.B., Campbell, I.D. (1992) Biochemistry 31(14), 3626-3634 

149. Fenton, C. (2007) The Unusual Structure of Module 13 of Factor H, the Shortest 
Complement Control Protein Domain. In. Chemistry, University Edinburgh, 
Edinburgh 

150. Hocking, H. G., Herbert, A. P., Kavanagh, D., Soares, D. C., Ferreira, V. P., 
Pangburn, M. K., Uhrin, D., and Barlow, P. N. (2008) J Biol Chem 5, 5 

151. Jokiranta, T. S., Jaakola, V. P., Lehtinen, M. J., Parepalo, M., Meri, S., and 
Goldman, A. (2006) Embo J 25(8), 1784-1794 

152. Fernando, A. N., Furtado, P. B., Clark, S. J., Gilbert, H. E., Day, A. J., Sim, R. B., 
and Perkins, S. J. (2007) J Mol Biol 368(2), 564-581 

153. Okemefuna, A. I., Gilbert, H. E., Griggs, K. M., Ormsby, R. J., Gordon, D. L., and 
Perkins, S. J. (2008) J Mol Biol 375(1), 80-101 

154. Ranganathan, S., Male, D. A., Ormsby, R. J., Giannakis, E., and Gordon, D. L. 
(2000) Pinpointing the Putative Heparin/Sialic Acid-Binding Residues in the 'Sushi' 
Domain 7 of Factor H: A Molecular Modeling Study. In. Pacific Symposium on 

Biocomputing, Hawaii 

155. Appel, G. B., Cook, H. T., Hageman, G., Jennette, J. C., Kashgarian, M., Kirschfink, 
M., Lambris, J. D., Lanning, L., Lutz, H. U., Meri, S., Rose, N. R., Salant, D. J., 
Sethi, S., Smith, R. J., Smoyer, W., Tully, H. F., Tully, S. P., Walker, P., Welsh, M., 
Wurzner, R., and Zipfel, P. F. (2005) J Am Soc Nephrol 16(5), 1392-1403 



BIBLIOGRAPHY 

 248 

156. Dragon-Durey, M. A., Fremeaux-Bacchi, V., Loirat, C., Blouin, J., Niaudet, P., 
Deschenes, G., Coppo, P., Herman Fridman, W., and Weiss, L. (2004) J Am Soc 

Nephrol 15(3), 787-795 

157. Licht, C., Heinen, S., Jozsi, M., Loschmann, I., Saunders, R. E., Perkins, S. J., 
Waldherr, R., Skerka, C., Kirschfink, M., Hoppe, B., and Zipfel, P. F. (2006) Kidney 

Int 70(1), 42-50 

158. Abrera-Abeleda, M. A., Nishimura, C., Smith, J. L., Sethi, S., McRae, J. L., Murphy, 
B. F., Silvestri, G., Skerka, C., Jozsi, M., Zipfel, P. F., Hageman, G. S., and Smith, 
R. J. (2006) J Med Genet 43(7), 582-589 

159. Williams, D. G., Scopes, J. W., and Peters, D. K. (1972) Proc R Soc Med 65(7), 591 

160. Mathieson, P., and Peters, D. (1997) Nephrol. Dial. Transplant. 12(9), 1804-1806 

161. Kim, Y., Miller, K., and Michael, A. F. (1977) J Lab Clin Med 89(4), 845-850 

162. Warwicker, P., Goodship, T. H., Donne, R. L., Pirson, Y., Nicholls, A., Ward, R. M., 
Turnpenny, P., and Goodship, J. A. (1998) Kidney Int 53(4), 836-844 

163. Jokiranta, T. S., Cheng, Z.-Z., Seeberger, H., Jozsi, M., Heinen, S., Noris, M., 
Remuzzi, G., Ormsby, R., Gordon, D. L., Meri, S., Hellwage, J., and Zipfel, P. F. 
(2005) Am J Pathol 167(4), 1173-1181 

164. Kavanagh, D., Goodship, T. H., and Richards, A. (2006) Br Med Bull 77-78, 5-22 

165. Manuelian, T., Hellwage, J., Meri, S., Caprioli, J., Noris, M., Heinen, S., Jozsi, M., 
Neumann, H. P. H., Remuzzi, G., and Zipfel, P. F. (2003) J. Clin. Invest. 111(8), 
1181-1190 

166. Perez-Caballero, D., Gonzalez-Rubio, C., Gallardo, M. E., Vera, M., Lopez-
Trascasa, M., Rodriguez de Cordoba, S., Sanchez-Corral, P.,. (2001) Am. J. Hum. 

Genet. 68, 478-484 

167. Jozsi, M., Heinen, S., Hartmann, A., Ostrowicz, C. W., Halbich, S., Richter, H., 
Kunert, A., Licht, C., Saunders, R. E., Perkins, S. J., Zipfel, P. F., and Skerka, C. 
(2006) J Am Soc Nephrol 17(1), 170-177 

168. Sanchez-Corral, P., Gonzalez-Rubio, C., Rodriguez de Cordoba, S., and Lopez-
Trascasa, M. (2004) Mol Immunol 41(1), 81-84 

169. Sanchez-Corral, P., Perez-Caballero, D., Huarte, O., Simckes, A. M., Goicoechea, 
E., Lopez-Trascasa, M., and de Cordoba, S. R. (2002) Am J Hum Genet 71(6), 1285-
1295 

170. Vaziri-Sani, F., Holmberg, L., Sjoholm, A. G., Kristoffersson, A. C., Manea, M., 
Fremeaux-Bacchi, V., Fehrman-Ekholm, I., Raafat, R., and Karpman, D. (2006) 
Kidney Int 69(6), 981-988 

171. Heinen, S., Sanchez-Corral, P., Jackson, M. S., Strain, L., Goodship, J. A., Kemp, E. 
J., Skerka, C., Jokiranta, T. S., Meyers, K., Wagner, E., Robitaille, P., Esparza-
Gordillo, J., Rodriguez de Cordoba, S., Zipfel, P. F., and Goodship, T. H. (2006) 
Hum Mutat 27(3), 292-293 

172. Dragon-Durey, M. A., Loirat, C., Cloarec, S., Macher, M. A., Blouin, J., Nivet, H., 
Weiss, L., Fridman, W. H., and Fremeaux-Bacchi, V. (2005) J Am Soc Nephrol 
16(2), 555-563 

173. Caprioli, J., Noris, M., Brioschi, S., Pianetti, G., Castelletti, F., Bettinaglio, P., Mele, 
C., Bresin, E., Cassis, L., Gamba, S., Porrati, F., Bucchioni, S., Monteferrante, G., 



BIBLIOGRAPHY 

 249 

Fang, C. J., Liszewski, M. K., Kavanagh, D., Atkinson, J. P., and Remuzzi, G. 
(2006) Blood 108(4), 1267-1279 

174. Goicoechea de Jorge, E., Harris, C. L., Esparza-Gordillo, J., Carreras, L., Arranz, E. 
A., Garrido, C. A., Lopez-Trascasa, M., Sanchez-Corral, P., Morgan, B. P., and 
Rodriguez de Cordoba, S. (2007) Proc Natl Acad Sci U S A 104(1), 240-245 

175. Kavanagh, D., and Goodship, T. H. (2007) Curr Opin Nephrol Hypertens 16(6), 
565-571 

176. Perkins, S. J., and Goodship, T. H. J. (2002) Journal of Molecular Biology 316(2), 
217-224 

177. Saunders, R. E., Abarrategui-Garrido, C., Fremeaux-Bacchi, V., Goicoechea de 
Jorge, E., Goodship, T. H., Lopez Trascasa, M., Noris, M., Ponce Castro, I. M., 
Remuzzi, G., Rodriguez de Cordoba, S., Sanchez-Corral, P., Skerka, C., Zipfel, P. 
F., and Perkins, S. J. (2007) Hum Mutat 28(3), 222-234 

178. Caprioli, J., Castelletti, F., Bucchioni, S., Bettinaglio, P., Bresin, E.,, Pianetti, G., 
Gamba, S., Brioschi, S., Daina, E., Remuzzi, G., Noris,, and M. (2003) Hum. Mol. 

Genet. 12, 3385–3395 

179. Sanchez-Corral, P., Bellavia, D., Amico, L., Brai, M., and Rodriguez de Cordoba, S. 
(2000) Immunogenetics 51(4-5), 366-369 

180. Pangburn, M. K., Pangburn, K. L. W., Koistinen, V., Meri, S., and Sharma, A. K. 
(2000) J Immunol 164(9), 4742-4751 

181. Klein, R., Klein, B. E., Jensen, S. C., Mares-Perlman, J. A., Cruickshanks, K. J., and 
Palta, M. (1999) Ophthalmology 106(6), 1056-1065 

182. Cook, H. L., Patel, P. J., and Tufail, A. (2008) Br Med Bull 85, 127-149 

183. Klein, R., Klein, B. E., Jensen, S. C., and Meuer, S. M. (1997) Ophthalmology 
104(1), 7-21 

184. Haines, J. L., Hauser, M. A., Schmidt, S., Scott, W. K., Olson, L. M., Gallins, P., 
Spencer, K. L., Kwan, S. Y., Noureddine, M., Gilbert, J. R., Schnetz-Boutaud, N., 
Agarwal, A., Postel, E. A., and Pericak-Vance, M. A. (2005) Science 308(5720), 
419-421 

185. Edwards, A. O., Ritter, R., 3rd, Abel, K. J., Manning, A., Panhuysen, C., and Farrer, 
L. A. (2005) Science 308(5720), 421-424 

186. Klein, R. J., Zeiss, C., Chew, E. Y., Tsai, J. Y., Sackler, R. S., Haynes, C., Henning, 
A. K., SanGiovanni, J. P., Mane, S. M., Mayne, S. T., Bracken, M. B., Ferris, F. L., 
Ott, J., Barnstable, C., and Hoh, J. (2005) Science 308(5720), 385-389 

187. Hageman, G. S., Anderson, D. H., Johnson, L. V., Hancox, L. S., Taiber, A. J., 
Hardisty, L. I., Hageman, J. L., Stockman, H. A., Borchardt, J. D., Gehrs, K. M., 
Smith, R. J., Silvestri, G., Russell, S. R., Klaver, C. C., Barbazetto, I., Chang, S., 
Yannuzzi, L. A., Barile, G. R., Merriam, J. C., Smith, R. T., Olsh, A. K., Bergeron, 
J., Zernant, J., Merriam, J. E., Gold, B., Dean, M., and Allikmets, R. (2005) Proc 

Natl Acad Sci U S A 102(20), 7227-7232 

188. Yu, J., Wiita, P., Kawaguchi, R., Honda, J., Jorgensen, A., Zhang, K., Fischetti, V. 
A., and Sun, H. (2007) Biochemistry 46(28), 8451-8461 

189. Clark, S. J., Higman, V. A., Mulloy, B., Perkins, S. J., Lea, S. M., Sim, R. B., and 
Day, A. J. (2006) J Biol Chem 281(34), 24713-24720 



BIBLIOGRAPHY 

 250 

190. Skerka, C., Lauer, N., Weinberger, A. A., Keilhauer, C. N., Suhnel, J., Smith, R., 
Schlotzer-Schrehardt, U., Fritsche, L., Heinen, S., Hartmann, A., Weber, B. H., and 
Zipfel, P. F. (2007) Mol Immunol 44(13), 3398-3406 

191. Johnson, P. T., Betts, K. E., Radeke, M. J., Hageman, G. S., Anderson, D. H., and 
Johnson, L. V. (2006) Proc Natl Acad Sci U S A 103(46), 17456-17461 

192. Stratagene. (2006) Herculase® Hotstart DNA Polymerase: Instruction Manual. In.  

193. Invitrogen. (2002) pUB/Bsd TOPO® Cloning Kit: Five-minute cloning of blunt-end 
PCR products into a vector containing the blasticidin selection marker for generating 
stable mammalian cell lines. In.  

194. Hanahan, D. (1983) J Mol Biol 166(4), 557-580 

195. Bertani, G. (1951) J. Bacteriol. 62(3), 293-300 

196. Bertani, G. (2004) J. Bacteriol. 186(3), 595-600 

197. Invitrogen. (2004) Zero Blunt® TOPO® PCR Cloning Kit: Five-minute cloning of 
blunt-end PCR. In.  

198. QIAGEN. (2006) QIAprep Miniprep Handbook, for purification of molecular 
biology grade DNA. In.  

199. Sigma. (2006) GenEluteTM High Performance (HP) Plasmid Maxiprep Kit, Product 
Information. In.  

200. Sambrook, J., Russell, D.W. (2001) Molecular cloning : a laboratory manual, 3rd. 
ed. Ed., Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

201. Higgins, D. G., and Cregg, J. (1998) Introduction to Pichia pastoris, Humana Press 

202. Scientific, N. B. BIOFLO 3000 BENCH-TOP FERMENTOR: Guide to Operations. 
In.  

203. Jahic, M., Wallberg, F., Bollok, M., Garcia, P., and Enfors, S.-O. (2003) Microbial 

Cell Factories 2(1), 6 

204. Cavanagh, J., Fairbrother, W.J., Palmer, A.G. 3rd, Skelton, N.J. (2006) Protein NMR 

Spectroscopy: Principles & Practice (Second Edition), Second Ed., Academic Press 
Inc., San Diego 

205. Freeman, R. (1998) Spin choreography : basic steps in high resolution NMR, Oxford 
University Press, Oxford 

206. Levitt, M. H. (2001) Spin dynamics : basics of nuclear magnetic resonance, John 
Wiley & Sons, Chichester 

207. Sattler, M., Schleucher, J., and Griesinger, C. (1999) Progress in Nuclear Magnetic 

Resonance Spectroscopy 34(2), 93-158 

208. Kraulis, P. J. (1989) Journal of Magnetic Resonance 84(3), 627-633 

209. Grzesiek, S., and Bax, A. (1992) J Am Chem Soc 114, 6291 

210. Grzesiek, S., and Bax, A. (1992) J Mag Res 99(1), 201-207 

211. Grzesiek, S., and Bax, A. (1993) J Biomol NMR 3(2), 185-204 

212. Wang, A. C., Lodi, P. J., Qin, J., Vuister, G. W., Gronenborn, A. M., and Clore, G. 
M. (1994) J Magn Reson B 105(2), 196-198 

213. Grzesiek, S., and Bax, A. (1992) J Mag Res 96(2), 432-440 



BIBLIOGRAPHY 

 251 

214. Clubb, R. T., Thanabal, V., and Wagner, G. (1992) J Mag Res 97(1), 213-217 

215. Morris, G. A., and Freeman, R. (1979) J. Am. Chem. Soc. 101(3), 760-762 

216. Schwarzinger, S., Kroon, G. J. A., Foss, T. R., Wright, P. E., and Dyson, H. J. 
(2000) Journal of Biomolecular NMR 18(1), 43-48 

217. Wang, Y., and Jardetzky, O. (2002) Protein Sci 11(4), 852-861 

218. Marion, D., Driscoll, P. C., Kay, L. E., Wingfield, P. T., Bax, A., Gronenborn, A. 
M., and Clore, G. M. (1989) Biochemistry 28(15), 6150-6156 

219. Montelione, G. T., Lyons, B. A., Emerson, S. D., and Tashiro, M. (1992) J. Am. 

Chem. Soc. 114(27), 10974-10975 

220. Kay, L. E., Xu, G. Y., Singer, A. U., Muhandiram, D. R., and Forman-Kay, J. D. 
(1993) J Mag Res B101(3), 333-337 

221. Braunschweiler, L., and Ernst, R. R. (1983) Journal of Magnetic Resonance (1969) 
53(3), 521-528 

222. Hartmann, S. R., and Hahn, E. L. (1962) Physical Review 128(5), 2042 

223. Vuister, G. W., and Bax, A. (1992) J Mag Res 98(2), 428-435 

224. Yamazaki, T., Forman-Kay, J. D., and Kay, L. E. (1993) J. Am. Chem. Soc. 115(23), 
11054-11055 

225. Seavey, B. R., Farr, E. A., Westler, W. M., and Markley, J. L. (1991) Journal of 

Biomolecular NMR 1(3), 217-236 

226. Solomon, I. (1955) Physical Review 99(2), 559 

227. Pascal, S. M., Muhandiram, D. R., Yamazaki, J. D., Forman-Kay, J. D., and Kay, L. 
E. (1994) J Mag Res B103, 197-201 

228. Eykyn, T. R., Fruh, D., and Bodenhausen, G. (1999) Journal of Magnetic Resonance 
138(2), 330-333 

229. Kay, L. E., Torchia, D. A., and Bax, A. (1989) Biochemistry 28(23), 8972-8979 

230. Lipari, G., and Szabo, A. (1982) J. Am. Chem. Soc. 104(17), 4546-4559 

231. Lipari, G., and Szabo, A. (1982) J. Am. Chem. Soc. 104(17), 4559-4570 

232. Grzesiek, S., and Bax, A. (1993) J. Am. Chem. Soc. 115(26), 12593-12594 

233. Ottiger, M., and Bax, A. (1998) J. Am. Chem. Soc. 120(47), 12334-12341 

234. Kontaxis, G., Clore, G. M., and Bax, A. (2000) J Magn Reson 143(1), 184-196 

235. Guntert, P., Mumenthaler, C., and Wuthrich, K. (1997) J Mol Biol 273(1), 283-298 

236. Nilges, M., Clore, G. M., and Gronenborn, A. M. (1988) FEBS Letters 229(2), 317-
324 

237. Nilges, M. (1995) Journal of Molecular Biology 245(5), 645-660 

238. Guntert, P. (2004) Methods Mol Biol 278, 353-378 

239. Brunger, A. T., Adams, P. D., Clore, G. M., DeLano, W. L., Gros, P., Grosse-
Kunstleve, R. W., Jiang, J. S., Kuszewski, J., Nilges, M., Pannu, N. S., Read, R. J., 
Rice, L. M., Simonson, T., and Warren, G. L. (1998) Acta Crystallogr D Biol 

Crystallogr 54(Pt 5), 905-921 



BIBLIOGRAPHY 

 252 

240. Stein, E. G., Rice, L. M., and Brunger, A. T. (1997) Journal of Magnetic Resonance 
124(1), 154-164 

241. Herrmann, T., Guntert, P., and Wuthrich, K. (2002) 319(1), 209 

242. Bartels, C., Xia, T.-h., Billeter, M., Güntert, P., and Wüthrich, K. (1995) Journal of 

Biomolecular NMR 6(1), 1-10 

243. Brook, E. (2006) Furthering Structural Insight into Complement Active Fragments 
of DAF Using NMR Spectroscopy. PhD thesis. School of Chemistry, University of 
Edinburgh, Edinburgh 

244. Ball, G. (2005) Structure Refinement and Dynamics of Proteins Using Residual 
Dipolar Couplings and NMR Relaxation Data. PhD thesis. School of Chemistry, 
University of Edinburgh, Edinburgh 

245. Sass, H. J., Musco, G., Stahl, S. J., Wingfield, P. T., and Grzesiek, S. (2001) J 

Biomol NMR 21(3), 275-280 

246. Linge, J. P., Williams, M. A., Spronk, C. A., Bonvin, A. M., and Nilges, M. (2003) 
Proteins 50(3), 496-506 

247. Fiser, A., and Sali, A. (2003) Methods Enzymol 374, 461-491 

248. Sali, A., and Blundell, T. L. (1993) J Mol Biol 234(3), 779-815 

249. Tina, K. G., Bhadra, R., and Srinivasan, N. (2007) Nucleic Acids Res 35(Web Server 
issue), W473-476 

250. Koradi, R., Billeter, M., and Wuthrich, K. (1996) J Mol Graph 14(1), 51-55, 29-32 

251. DeLano, W. L. (2002) The PyMOL Molecular Graphics System. In., Palo Alto, CA 

252. Baker, N. A., Sept, D., Joseph, S., Holst, M. J., and McCammon, J. A. (2001) Proc 

Natl Acad Sci U S A 98(18), 10037-10041 

253. Sitkoff, D., Ben-Tal, N., and Honig, B. (1996) J. Phys. Chem. 100(7), 2744-2752 

254. Kirkitadze, M. D., Krych, M., Uhrin, D., Dryden, D. T., Smith, B. O., Cooper, A., 
Wang, X., Hauhart, R., Atkinson, J. P., and Barlow, P. N. (1999) Biochemistry 
38(22), 7019-7031 

255. Prota, A. E., Sage, D. R., Stehle, T., and Fingeroth, J. D. (2002) Proc Natl Acad Sci 

U S A 99(16), 10641-10646 

256. Guthridge, J. M., Young, K., Gipson, M. G., Sarrias, M. R., Szakonyi, G., Chen, X. 
S., Malaspina, A., Donoghue, E., James, J. A., Lambris, J. D., Moir, S. A., Perkins, 
S. J., and Holers, V. M. (2001) J Immunol 167(10), 5758-5766 

257. Uhrinova, S., Lin, F., Ball, G., Bromek, K., Uhrin, D., Medof, M. E., and Barlow, P. 
N. (2003) Proc Natl Acad Sci U S A 100(8), 4718-4723 

258. Wiles, A. P., Shaw, G., Bright, J., Perczel, A., Campbell, I. D., and Barlow, P. N. 
(1997) J Mol Biol 272(2), 253-265 

259. Henderson, C. E., Bromek, K., Mullin, N. P., Smith, B. O., Uhrin, D., and Barlow, 
P. N. (2001) J Mol Biol 307(1), 323-339 

260. Ganesh, V. K., Smith, S. A., Kotwal, G. J., and Murthy, K. H. (2004) Proc Natl 

Acad Sci U S A 101(24), 8924-8929 

261. Ganesh, V. K., Muthuvel, S. K., Smith, S. A., Kotwal, G. J., and Murthy, K. H. 
(2005) Biochemistry 44(32), 10757-10765 



BIBLIOGRAPHY 

 253 

262. Blein, S., Ginham, R., Uhrin, D., Smith, B. O., Soares, D. C., Veltel, S., McIlhinney, 
R. A., White, J. H., and Barlow, P. N. (2004) J Biol Chem 279(46), 48292-48306 

263. Schwarzenbacher, R., Zeth, K., Diederichs, K., Gries, A., Kostner, G. M., Laggner, 
P., and Prassl, R. (1999) Embo J 18(22), 6228-6239 

264. Bouma, B., de Groot, P. G., van den Elsen, J. M., Ravelli, R. B., Schouten, A., 
Simmelink, M. J., Derksen, R. H., Kroon, J., and Gros, P. (1999) Embo J 18(19), 
5166-5174 

265. Harmat, V., Gal, P., Kardos, J., Szilagyi, K., Ambrus, G., Vegh, B., Naray-Szabo, 
G., and Zavodszky, P. (2004) J Mol Biol 342(5), 1533-1546 

266. Gal, P., Harmat, V., Kocsis, A., Bian, T., Barna, L., Ambrus, G., Vegh, B., Balczer, 
J., Sim, R. B., Naray-Szabo, G., and Zavodszky, P. (2005) J Biol Chem 280(39), 
33435-33444 

267. Grace, C. R., Perrin, M. H., DiGruccio, M. R., Miller, C. L., Rivier, J. E., Vale, W. 
W., and Riek, R. (2004) Proc Natl Acad Sci U S A 101(35), 12836-12841 

268. Persson, B. D., Reiter, D. M., Marttila, M., Mei, Y. F., Casasnovas, J. M., Arnberg, 
N., and Stehle, T. (2007) Nat Struct Mol Biol 14(2), 164-166 

269. Budayova-Spano, M., Lacroix, M., Thielens, N. M., Arlaud, G. J., Fontecilla-Camps, 
J. C., and Gaboriaud, C. (2002) Embo J 21(3), 231-239 

270. Budayova-Spano, M., Grabarse, W., Thielens, N. M., Hillen, H., Lacroix, M., 
Schmidt, M., Fontecilla-Camps, J. C., Arlaud, G. J., and Gaboriaud, C. (2002) 
Structure 10(11), 1509-1519 

271. Gaboriaud, C., Rossi, V., Bally, I., Arlaud, G. J., and Fontecilla-Camps, J. C. (2000) 
Embo J 19(8), 1755-1765 

272. Rickert, M., Wang, X., Boulanger, M. J., Goriatcheva, N., and Garcia, K. C. (2005) 
Science 308(5727), 1477-1480 

273. Wang, X., Rickert, M., and Garcia, K. C. (2005) Science 310(5751), 1159-1163 

274. Stauber, D. J., Debler, E. W., Horton, P. A., Smith, K. A., and Wilson, I. A. (2006) 
Proc Natl Acad Sci U S A 103(8), 2788-2793 

275. Cregg, J., Cereghino, J., Shi, J., and Higgins, D. (2000) Molecular Biotechnology 
16(1), 23-52 

276. Cereghino, G. P., Cereghino, J. L., Ilgen, C., and Cregg, J. M. (2002) Curr Opin 

Biotechnol 13(4), 329-332 

277. de Hoop, M. J., Cregg, J., Keizer-Gunnink, I., Sjollema, K., Veenhuis, M., and Ab, 
G. (1991) FEBS Lett 291(2), 299-302 

278. White, C. E., Kempi, N. M., and Komives, E. A. (1994) Structure 2(11), 1003-1005 

279. Grinna, L. S., and Tschopp, J. F. (1989) Yeast 5(2), 107-115 

280. Bretthauer, R. K., and Castellino, F. J. (1999) Biotechnol Appl Biochem 30 ( Pt 3)(Pt 
3), 193-200 

281. Trimble, R. B., Lubowski, C., Hauer, C. R., III, Stack, R., McNaughton, L., 
Gemmill, T. R., and Kumar, S. A. (2004) Glycobiology 14(3), 265-274 

282. Invitrogen. (2002) Pichia Expression Kit: A Manual of Methods for Expression of 
Recombinant Proteins in Pichia pastoris. In.  



BIBLIOGRAPHY 

 254 

283. Invitrogen. pPICZ! A, B and C. In. Pichia expression vectors for selection on 

Zeocin™ and purification of secreted recombinant proteins, version E Ed. 

284. MatrixScience. Mascot Search. In., Marix Science Ltd 

285. Connelly, G. P., Bai, Y., Jeng, M. F., and Englander, S. W. (1993) Proteins 17(1), 
87-92 

286. Golovanov, A. P., Hautbergue, G. M., Wilson, S. A., and Lian, L. Y. (2004) J Am 

Chem Soc 126(29), 8933-8939 

287. Barlow, P. N., and Campbell, I. D. (1994) Methods Enzymol 239, 464-485 

288. Campbell, I. D., and Downing, A. K. (1998) Nat Struct Biol 5 Suppl, 496-499 

289. Barbato, G., Ikura, M., Kay, L. E., Pastor, R. W., and Bax, A. (1992) Biochemistry 
31(23), 5269-5278 

290. Clore, G. M., Gronenborn, A. M., and Bax, A. (1998) Journal of Magnetic 

Resonance 133(1), 216-221 

291. Cornilescu, G., and Bax, A. (2000) J. Am. Chem. Soc. 122(41), 10143-10154 

292. Valafar, H., and Prestegard, J. H. (2004) Journal of Magnetic Resonance 167(2), 
228-241 

293. Berman, H. M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T. N., Weissig, H., 
Shindyalov, I. N., and Bourne, P. E. (2000) Nucleic Acids Res 28(1), 235-242 

294. Vriend, G. (1990) J Mol Graph 8(1), 52-56, 29 

295. Vriend, G., and Sander, C. (1993) Journal of Applied Crystallography 26(1), 47-60 

296. Laskowski, R. A., Rullmannn, J. A., MacArthur, M. W., Kaptein, R., and Thornton, 
J. M. (1996) J Biomol NMR 8(4), 477-486 

297. Ramachandran, G. N., Ramakrishnan, C., and Sasisekharan, V. (1963) J Mol Biol 7, 
95-99 

298. Hore, P. J. (1995) Nuclear magnetic resonance, Oxford University Press, Oxford 

299. Kabsch, W., and Sander, C. (1983) Biopolymers 22(12), 2577-2637 

300. Zuiderweg, E. R. (2002) Biochemistry 41(1), 1-7 

301. Wuthrich, K. (1986) NMR of Proteins and Nucleic Acids, Wiley, New York 

302. Mallin, R. L. (2003) A structural study of the C3b-binding Site of Complement 
Receptor Type I (CD 35). PhD thesis. School of Chemistry, Edinburgh, Edinburgh 

303. Saitoh, T., Ikegami, T., Nakayama, M., Teshima, K., Akutsu, H., and Hase, T. 
(2006) J Biol Chem 281(15), 10482-10488 

304. Yamaguchi, H., Tateno, M., and Yamasaki, K. (2006) J Biol Chem 281(8), 5319-
5327 

305. McLaughlin, P. D., Bobay, B. G., Regel, E. J., Thompson, R. J., Hoch, J. A., and 
Cavanagh, J. (2007) FEBS Lett 581(7), 1425-1429 

306. Igumenova, T. I., Lee, A. L., and Wand, A. J. (2005) Biochemistry 44(38), 12627-
12639 

307. Zhao, Q., Song, J., Jin, Z., Danilova, V., Hellekant, G., and Markley, J. L. (2005) 
Biochem Biophys Res Commun 335(1), 256-263 



BIBLIOGRAPHY 

 255 

308. Epstein, H. F., Schechter, A. N., and Cohen, J. S. (1971) Proc Natl Acad Sci U S A 
68(9), 2042-2046 

309. McDonald, C. C., Phillips, W. D., and Glickson, J. D. (1971) J Am Chem Soc 93(1), 
235-246 

310. Westmoreland, D. G., and Matthews, C. R. (1973) Proc Natl Acad Sci U S A 70(3), 
914-918 

311. Arcus, V. L., Vuilleumier, S., Freund, S. M., Bycroft, M., and Fersht, A. R. (1995) J 

Mol Biol 254(2), 305-321 

312. Rieping, W., Habeck, M., and Nilges, M. (2005) Science 309(5732), 303-306 

313. Pickford, A. R., and Campbell, I. D. (2004) Chem. Rev. 104(8), 3557-3566 

314. Fiaux, J., Bertelsen, E. B., Horwich, A. L., and Wuthrich, K. (2004) J Biomol NMR 
29(3), 289-297 

315. Blom, A. M., Kask, L., and Dahlback, B. (2001) J Biol Chem 276(29), 27136-27144 

316. Mullick, J., Bernet, J., Panse, Y., Hallihosur, S., Singh, A. K., and Sahu, A. (2005) J 

Virol 79(19), 12382-12393 

317. Krych-Goldberg, M., and Atkinson, J. P. (2001) Immunol Rev 180, 112-122 

318. Shindyalov, I. N., and Bourne, P. E. (1998) Protein Eng 11(9), 739-747 

319. Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G. 
(1997) Nucleic Acids Res 25(24), 4876-4882 

320. Harris, C. L., Pettigrew, D. M., Lea, S. M., and Morgan, B. P. (2007) J Immunol 
178(1), 352-359 

321. Kuttner-Kondo, L., Hourcade, D. E., Anderson, V. E., Muqim, N., Mitchell, L., 
Soares, D. C., Barlow, P. N., and Medof, M. E. (2007) J Biol Chem 282(25), 18552-
18562 

322. Kuttner-Kondo, L. A., Mitchell, L., Hourcade, D. E., and Medof, M. E. (2001) J 

Immunol 167(4), 2164-2171 

323. Chakrabarti, P., and Bhattacharyya, R. (2007) Prog Biophys Mol Biol 95(1-3), 83-
137 

324. Imai, Y. N., Inoue, Y., and Yamamoto, Y. (2007) J Med Chem 50(6), 1189-1196 

 



 256 

7 APPENDIX A 

MEDIA
*
 

Media Composition (w/v unless otherwise stated) 

Basal Salts for unlabelled fermentor 
growth 

4% (v/v) glycerol 

0.413% potassium hydroxide 

1.5% magnesium sulphate heptahydrate 

1.82% potassium sulphate 

0.093% calcium sulphate 

2.67% (v/v) ortho-phosphoric acid 

Basal Salts for 15N-labelled fermentor 
growth† 

3.125% (v/v) glycerol 

1.5% magnesium sulphate heptahydrate 

1% potassium sulphate 

0.093% calcium sulphate 

10% (v/v) 200 mM potassium phospate pH 5 

Basal Salts for 15N,13C-labelled 
fermentor growth 

1.5% magnesium sulphate heptahydrate 

1% potassium sulphate 

0.093% calcium sulphate 

10% (v/v) 200 mM potassium phospate pH 5 

BMG (Buffered minimal glycerol) 100 mM Potassium phosphate pH 6 

1.34% YNB 

4 x 10-5 % biotin 

1% glycerol 

BMM (Buffered minimal methanol) 100 mM potassium phosphate pH 6 

1.34% YNB 

4 x 10-5 % biotin 

0.5% methanol 

LB (Lysogeny Broth) Lennox‡ 0.5% yeast extract 

1% tryptone 

0.5% sodium chloride 

+/- 1.5% agar 

                                                
* All media and media vessels were autoclaved before use. 
† Made up in 100% dH2O for single 15N labelling and 95% D2O for 2H-15N labelling. 
‡ Low salt (less than 5 g.l-1) is required for efficient selection with Zeocin™. 



 

 257 

+/- 25 µg/ml Zeocin™ 

MD (minimal dextrose) 1.34%YNB 

4 x 10-5 % biotin 

2% dextrose (D-glucose) 

+/- 1.5% agar 

SOC (Super Optimal broth with 
Catabolite repression)  

0.5% yeast extract 

2% tryptone 

10 mM sodium chloride 

2.5 mM potassium chloride 

10 mM magnesium chloride 

10 mM magnesium sulphate 

20 mM D-glucose 

YNB (Yeast Nitrogen Base) 10 ) YNB stock (Sigma) with ammonium 
sulphate without amino acids 

YPD (Yeast Extract, Peptone, 
Dextrose) 

1% yeast extract 

2% peptone 

2% dextrose (D-glucose) 

+/- 1.5% agar 

YPDS (Yeast Extract, Peptone, 
Dextrose Sorbitol) 

1% yeast extract 

2% peptone 

2% dextrose (D-glucose) 

1 M sorbitol 

+/- 1.5% agar 

+/- 100 µg/ml Zeocin 
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8 APPENDIX B 

REAGENTS AND BUFFERS
*
 

Reagents and Buffer Composition 

Anion exchange buffer A 20 mM potassium phosphate, pH 7 

Anion exchange buffer B 20 mM potassium phosphate, pH 7, 1 M NaCl 

Cation exchange buffer A 20 mM sodium acetate, pH 4 

Cation exchange buffer A 20 mM sodium acetate, pH 4, 1 M NaCl 

Reverse phase buffer A HPLC grade acetonitrile, 0.05% (v/v) 

Trifluoroacetic acid 

Reverse phase buffer B HPLC grade water, 0.05% (v/v) Trifluoroacetic 

acid 

Agarose gel loading buffer 4% SDS, 20% glycerol, 10%  

2-mercaptoethanol, 0.004% bromophenol blue, 

0.125 M Tris HCl pH 6.8 

EDTA (ethylenediaminetetraacetic 

acid) 

0.5 M stock adjusted to pH 8 with sodium 

hydroxide pellets 

PMSF (phenylmethylsulfonylfluoride) 100 mM stock made up in isopropanol 

SDS-PAGE sample buffer 50 mM Tri-HCl, 100 mM %-mercaptoethanol, 

2% Sodium-dodecyl-sulfate, 0.1% bromophenol 

blue, 10% glycerol 

Towbin buffer 10% Methanol, 25 mM Tris Base, 192 mM 

Glycine 

TCA (trichloroacetic acid) 30% stock (Sigma) made up in H2O 

 

                                                
* All reagents were filtered before use. 
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Factor H is a regulatory glycoprotein of the complement sys-
tem. We expressed the three N-terminal complement control
protein modules of human factor H (F H1-3) and confirmed
F H1-3 to be the minimal unit with cofactor activity for C3b pro-
teolysis by factor I. We reconstructed F H1-3 from N MR-derived
structures of F H1-2 and F H2-3 revealing an  105-Å-long rod-
like arrangement of the modules. In structural comparisons
with other C3b-engaging proteins, factor H module 3 most
closely resembles factor B module 3, consistent with factor H
competing with factor B for binding C3b. Factor H modules 1, 2,
and 3 each has a similar backbone structure to first, second, and
third modules, respectively, of functional sites in decay acceler-
ating factor and complement receptor type 1; the equivalent
intermodular tilt and twist angles are also broadly similar. Resem-
blance between molecular surfaces is closest for first modules but
absent in the case of second modules. Substitution of buried Val-62
with Ile (a factor H single nucleotide polymorphism potentially
protective for age-related macular degeneration and dense deposit
disease) causes rearrangements within the module 1 core and
increases thermal stability but does not disturb the interface with
module 2. Replacement of partially exposed (in module 1) Arg-53
by His (an atypical hemolytic uremic syndrome-linked mutation)
did not impair structural integrity at 37 °C, but this FH1-2 mutant
was less stable at higher temperatures; furthermore, chemical shift
differences indicated potential for small structural changes at the
module 1–2 interface.

Complement factor H (F H)3 is a soluble multiple-domain
glycoprotein (155 k D a) that is abundant (500 – 800  g/ml) in

human plasma (1). It regulates the alternative pathway (A P) of
activation of the complement system, a key molecular compo-
nent of immune defense. Sequence variations in F H have been
linked to three complement-mediated diseases; dense deposit
disease (D D D , or membranoproliferative glomerulonephritis
type II), atypical hemolytic uremic syndrome (a H US), and age-
related macular degeneration (A M D) (2– 4). Factor H and five
F H -related proteins form a subgroup within the family of
homologous proteins encoded by the regulators of complement
activation (RC A) gene cluster (5–7). T he other subgroup
includes C4b-binding protein  -chain (C4BP  ), membrane
cofactor protein (M CP, C D46), decay accelerating factor (D A F,
C D55), and complement receptor type 1 (CR1, C D35).

A ctivation of the complement system via either the alterna-
tive or classical pathways involves a proteolytic cascade (8, 9).
D uring this process complement components are enzymati-
cally cleaved into active forms and surface-deposited. D eposi-
tion subsequently triggers destruction and immune clearance
and is accompanied by release of pro-inflammatory anaphyla-
toxins. T he A P of complement is permanently switched on; if
left unchecked, a positive-feedback loop amplifies deposition of
activated components onto any nearby surface. Factor H con-
trols amplification via the A P both in fluid phase and selectively
on self-surfaces (10, 11), thereby helping to direct complement
toward its target, foreign or unwanted cells or particles. T he
remaining RC A family members are membrane proteins (CR1,
D A F, and M CP) or act primarily on the classical pathway of
complement (C4BP).

Like the other RC A proteins, F H intervenes at the level of
enzymatically active bi- and trimolecular complexes called the
C3 and C5 convertases (C3b,Bb and C3b2,Bb, respectively, in
the A P). T hese assemble on surfaces during the activation proc-
ess and drive the proteolytic cascade by cleaving C3 and C5 into
active fragments. V ia unknown mechanisms, F H competes
with factor B (FB) for binding to C3b, accelerates the irreversi-

* This work was supported by the Medical Research Council and Wellcome Trust.
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

 S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. 1–5.

The atomic coordinates and structure factors (codes 2RLP and 2RLQ) have been
deposited in the Protein Data Bank, Research Collaboratory for Structura l
Bioinformatics, Rutgers University, New Brunswick, NJ (http://www.rcsb.org/).
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syndrome; AMD, age-related macular degeneration; AP, alternative

pathway; C4BP, C4b-binding protein; CCP, complement control protein
module; CR1, complement receptor type 1; DAF, decay accelerating factor;
DDD, dense deposit disease; FB, factor B; FI, factor I; HSQC, heteronuclear
single quantum coherence; MCP, membrane cofactor protein; NOE,
nuclear Overhauser effect; NOESY, NOE spectroscopy; RCA, regulator of
complement activation; RDC, residual dipolar coupling; VCP, vaccinia virus
complement control protein; r.m.s.d., root mean square deviation.
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ble decay of the convertases into their components (C3b and
Bb), and acts as a cofactor for the factor I (FI)-mediated cleav-
age of C3b.

T he 20 homologous domains that make up the whole of F H ,
known as complement control protein modules (C CPs), are
each  60 amino acid residues in length and stabilized by con-
served disulfide bonds (1, 12). N eighboring C CPs are linked by
sequences containing between three and eight residues (13).
Low-resolution structural studies suggest a “beads-on-a-string”
arrangement of C CPs within an elongated F H molecule that
may bend back on itself (14). W ithin F H , C3b-binding sites have
been mapped to C CPs 1– 4 and C CPs 19 –20 (15–18). A third
C3b-binding site was inferred to occupy C CPs 12–14 (17, 18).
T he C -terminal C3b-binding site additionally binds polyanions
and acts as an anchor for attachment of F H to cell-surface
bound C3b (19 –21). T he N -terminal C3b-binding site on the
other hand is considered critical for engaging and disrupting
convertases given that a recombinant protein consisting of F H
modules 1– 4 displays the full fluid-phase activity of F H and
retains a capability to accelerate decay of cell-surface bound
convertases (22–24). A t least one single nucleotide polymor-
phism mapped to this region of F H has been linked to disease;
V62I has been suggested to be protective against A M D and
D D D (4, 25). M oreover, a mutation of A rg-53 to H is was dis-
covered in a patient with a H US (26).

Each RC A family member has a distinct functional profile
(27), but the structural basis for complement regulation
remains to be established. T his is despite availability of experi-
mentally determined three-dimensional structures of C4BP  
C CPs 1–2 (28), M CP C CPs 1–2 (29), D A F C CPs 1– 4 (30), CR1
C CPs 15–17 (31), and the vaccinia virus complement control
protein (V CP) C CPs 1– 4 (32), all of which correspond to com-
plete or partial functional sites within their respective parent

proteins (F ig. 1). T he N terminus of
the principal soluble regulator of the
A P, F H , therefore provides an
attractive structural target. W e
report the production of a function-
ally active recombinant fragment of
F H composed of C CPs 1–3 (F H1-3)
together with the three-dimen-
sional structure of F H1-3. W e also
report on the structural conse-
quences of two disease-linked
sequence variations in this region.

EXPERIMENTAL PROCEDURES
Expression of Protein— T he D N A

fragments encoding human F H res-
idues 20 –142 for F H1-2, 84 –206 for
F H2-3, and 20 –206 for F H1-3
(native sequence numbering, i.e.
before cleavage of signal peptide)
were cloned into Pichia pastoris
expression vector pPI C Z   . T hese
clones have a valine at position 62
and, for the purposes of this study,
will be referred to as wild type. T he

coding region of F H1-2 in pPI C Z   was mutated to the variants
F H1-2(H53) and F H1-2(I62) using the Q uikChangeT M site-di-
rected mutagenesis kit (Stratagene). T he expressed proteins
were directed to the secretory pathway by placing the Saccha-
romyces cerevisiae  -factor secretion sequence upstream from
the coding sequence. F H like-1 (a splice variant containing
modules 1–7) was cloned into an insect cell expression system
and expressed and purified as described previously (33).

A fter transformation into P. pastoris strain K M71H , protein
was expressed and isotopically labeled in batches of 0.6 liters
(initial volume) of cell culture using a fermentor. Samples of
F H1-2 and F H2-3 were enriched with  98% 15 N or with 13C
and 15 N by providing (15 N H 4)2S O 4 as the sole nitrogen source
and [13C]glucose, [13C]glycerol, and [13C]methanol as carbon
sources as previously described (34). A dditionally, a 15 N sample
of F H1-3 was enriched with  75% 2 H by using 95% D2 O and 1%
methanol-d4 in the growth medium. A fter an induction period
of 4 – 6 days, cells were pelleted, supernatant was harvested and
diluted 5-fold in the presence of 5 m M E D T A and 1 m M phen-
ylmethylsulfonyl fluoride, and the p H was adjusted to 4.0. Puri-
fication of all three constructs was achieved by cation-exchange
chromatography (SP Sepharose Fast F low T M Sigma- A ldrich)
followed by reverse phase high performance liquid chromatog-
raphy (Supelco D iscovery  BI O W ide Pore C5 column, Supelco
Inc., PA). T he resulting peak fractions were lyophilized. N -ter-
minal sequencing confirmed the identity of the protein con-
structs as well as the presence of an N -terminal cloning artifact,
E A E A A G , left over from incomplete processing of the  -factor
secretion signal by the aminodipeptidase Ste13. M ass spec-
trometry confirmed the predicted sequence and the expected
oxidation state of all cysteines (as contributors to disulfide
bonds). Yields of purified protein were in the region of 1 mg of
protein per g of wet cells.

FIGURE 1. Sequence alignment for some CCPs of known three-dimensional structure. The three blocks of
sequences represent first, second, and third modules of functional sites. FB CCP 1 and CR1 CCP 17 have
insertions compared with other sequences as indicated. Conservation of residues in four or more neighboring
sequences is indicated by shading. Residues that lie in  -strands are underlined, and corresponding regions are
assigned numbers that reflect the occurrence of up to eight  -strands (as identified by STRIDE (77)) in some
examples of this module family. Bold font indicates a residue considered to be functionally critical on the basis
of mutagenesis; black arrows indicate such residues in DAF that are conserved in FH; white arrows indicate
residues critical for C3b interaction in FB CCP 3 conserved in FH CCP 3. Filled squares indicate exposed side
chains, and ha lf-filled squares correspond to partly exposed side chains in FH (as identified by GETAREA (57)).
Arg-53 and Val-62 are indicated in ita lics, and hv loop indicates the position of the hypervariable loop.
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Determination of Complement-regulating Activity—Cofac-
tor activity was initially determined using an end point fluid-
phase cofactor assay. M olar equivalent amounts (1  M) of con-
structs F H1-2, F H2-3, and F H1-3 were added to 5  g (1.8  M) of
purified complement C3b mixed with 2  g (1.4  M) of FI (both
from Comptech) in a total volume of 15  l. A negative control
where no F H constructs were present was also included. A fter
incubation for 1 h at 37 °C , SDS-containing sample buffer
including the reducing agent dithiothreitol was added, and the
reactions were then heat-inactivated. T he samples were sub-
jected to SDS-PA G E to detect the extent of proteolytic cleavage
of C3b  -chain by FI. T o obtain a semiquantitative estimation
of F H1-3 activity, a concentration titration cofactor assay was
performed using the above assay conditions on full-length F H
and F H1-3 at a series of molar-equivalent concentrations in a
total reaction volume of 15  l and incubated for 10 min at 37 °C .
T he decay acceleration assay was performed on F H1-3, F H -
like-1, and F H as previously described (20).

D ata Collection and Processing— T he addition of free L- A rg
and L-G lu was previously reported to increase long-term stabil-
ity and solubility of concentrated protein N MR samples (35).
T he present study utilized deuterated versions (L- A rg-d7 and
L-G lu-d5) to prevent their signals dominating 13C ,1 H - resolved
experiments.

Standard suites of N MR spectra (36) were acquired on
Bruker A V A N C E 600 and 800 M H z spectrometers using 5-mm
triple-resonance probes. D ata for resonance assignments were
acquired at 37 °C on 1 m M 13C ,15 N F H1-2, 2 m M 13C ,15 N F H2-3,
and 0.6 m M 2 H ,15 N F H1-3 in 20 m M potassium phosphate,
0.05% (w/v) N a N 3, 10% (v/v) D2 O , 50 m M arginine-d7, 50 m M

glutamate-d5 at p H 6.2. 15 N -Edited nuclear O verhauser effect
spectroscopy- H S Q C (N O ESY- H S Q C) (37) experiments were
acquired on all constructs at 800 M H z with mixing times of 100
ms. 13C -Edited N O ESY- H S Q C (38) experiments were acquired
at 800 M H z for F H1-2 and F H2-3 with mixing times of 100 ms.
Steady-state (1 H ,15 N) nuclear O verhauser effects (N O Es) (39)
were measured at 600 and 800 M H z and were calculated from
the ratio of the intensities of the cross-peaks in the reference
spectra to those recorded with saturation of the 1 H signal.
A dditionally, a 1 H ,15 N -states time-proportional phase incre-
mentation transverse relaxation-optimized spectroscopy spec-
trum (40) with watergate was acquired for F H1-3 at 800 M H z.

Subsequently, the F H1-2 and F H2-3 samples were aligned in
12 mg/ml Pseudomonas filamentous phage (Profos, Regens-
burg, G ermany) for measurements of residual dipolar couplings
(RD Cs); buffer conditions were kept identical to those used for
N O E measurement. T he degree of alignment was monitored
from the splitting of the 2 H signal, 6.2 H z for F H1-2 at 600 M H z
and 7.1 H z for F H2-3 measured at 800 M H z. 1D N H (41), 1D C  H  

(42), and 1D C  C  (43) RD C couplings were measured for aligned
and unaligned samples of F H1-2 and F H2-3. T he RD Cs from
residues deemed flexible based on relaxation data criteria were
not used in the structure calculations (44).

N MR data were processed using the A zara suite of programs
provided by W ayne Boucher and the D epartment of Biochem-
istry, U niversity of C ambridge, U K . M aximum entropy recon-
struction was used for the F1 and F2 dimensions of the three-
dimensional experiments. T he RD C data were analyzed using

an in-house macro developed for the Collaborative Computing
Project for the N MR community A nalysis software (45). Relax-
ation data were analyzed using the rates analysis function pro-
vided in the A nalysis software (45). A nalysis of N MR relaxation
data and scrutiny of F H1-2 and F H2-3 N O ESY spectra provided
no evidence of non-transient self-association.

Resonance Assignment and Structure C alculation—Pro-
cessed spectra were viewed, and nuclei were assigned using
A nalysis (45). For example,  96 and  98% of observable pro-
tons were assigned within F H1-2 and F H2-3, respectively.

Resolved peaks in 15 N N O ESY and 13C N O ESY spectra were
picked, and where possible, the root resonances were assigned
unambiguously. A ll proline residues were defined as trans
based on chemical shift differences between C  and C  reso-
nances (46) and observation of appropriate strong N O E cross-
peaks. A list of chemical shifts and a set of largely unassigned
N O ESY spectra were supplied as input for C Y A N A 2.1, an auto-
mated structure-calculation software (47). T he disulfide link-
ages were inferred from the proximity and geometry of Cys side
chains in an initial set of structure calculations using C Y A N A
2.1 that did not incorporate disulfide bonds. H ydrogen bonds
were inferred on the basis of a series of 15 N H S Q C spectra
recorded on lyophilized samples resuspended in 99.96% D2 O
(Sigma- A ldrich) over a time-course of 2 h with 15-min inter-
vals. N o significant difference in the protected amides signals
was observed after 1 h. H ydrogen-bond derived distance con-
straints were then created for protected protons possessing a
feasible proton-accepting partner, as judged from first-round
structure calculations in C Y A N A 2.1. A seven-cycle routine of
target function minimization was subsequently performed
using the combined automated N O E assignment and structure
determination module within C Y A N A 2.1. T he upper-limit
distance constraints, 2722 for F H1-2 and 2733 for F H2-3, gen-
erated from C Y A N A 2.1 were converted to the C rystallography
and N MR System (C NS) format (48) using Format Converter
(45). T hese constraints were incorporated into a final round of
structure calculations, performed using C NS, during which the
RD C constraints, 91 for F H1-2 and 169 for F H2-3, were incor-
porated into the final stages of refinement by including a
T E NS O energy term (49) with a harmonic potential. A lack of
N O E or RD C violations and the low root mean square deviation
(r.m.s.d.) for backbone atoms ( T able 1) confirmed the three-
dimensional structure of each protein is well defined by exper-
imental data. O verall quality as assessed by W H A T IF (50) and
favorable Ramachandran statistics (51) was checked for consis-
tency with a high resolution structure. T he F H1-2(H53) model
was created on the basis on the closest-to-mean F H1-2(R53)
N MR structure employing the side-chain replacement pro-
gram, SC W RL V ersion 3 (52, 53).

Deriving the Structure of the Triple Module Construct F H1-3—
T he structure of C CP 2 was found to be very similar in both
F H1-2 and F H2-3. T he largest context-dependent structural
differences occur in loops located close to the C terminus of
C CP 2, adjacent to C CP 3. O n the other hand, the structures of
the loops of C CP 2 adjacent to its N terminus and the C CP 1–2
interface appear context-independent. T his observation was
corroborated by a comparison of chemical shifts between the
two module pairs (not shown). A 15 N H S Q C spectrum and 15 N
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H S Q C transverse relaxation-optimized spectroscopy spectrum
of the F H1-3 construct were recorded on a 0.6 m M sample of
2 H ,15 N F H1-3 in 20 m M potassium phosphate, 50 m M arginine-
d7, 50 m M glutamate-d5 at p H 6.2. T he spectra were compared
with those of the two pairs, F H1-2 and F H2-3, to assess the
degree of conservation in chemical shifts (supplemental F ig. 1).
T his subsequently provided a basis for rational selection of C CP
2 residues from each module-pair structure to use in creating
the template for the modeling procedure (F ig. 2, C and D). In
this regard, care was taken to preserve the structure of the loops
involved in the intermodular junctions, as identified from the
module-pair structures using the Protein Interaction C alcula-
tor (54) server. T he closest-to-mean structures on C CP 2 for the
pairs were then superimposed on their mutual C CP 2, and
appropriate complementary segments of C CP 2 were deleted to
create the template. M odeler 9v1 (55, 56) was used to recon-

struct 20 models of F H1-3, and the one with the lowest objec-
tive function score was selected as the representative model.

T he solvent-accessible surface area for exposed side chains in
F H1-3 and buried surface areas at bimodular interfaces were
calculated using G E T ARE A version 1.1 (57). Intermodular tilt,
twist, and skew angles for F H1-2 and F H2-3 were calculated
using the same protocol as previously described (13, 58). V isu-
alization of structures and generation of figures was performed
using Py M O L (59).

RESULTS
F H1-3, the M inimal U nit C apable of Cofactor Activity— T o

determine the minimal unit of F H capable of serving as a cofac-
tor for FI-catalyzed proteolysis of C3b, the constructs F H1-2,
F H2-3, and F H1-3, expressed and purified from P. pastoris,
were tested for activity in a SDS-PA G E based cofactor assay
(F ig. 3A). T his experiment demonstrated that F H1-3 displayed
measurable cofactor activity, whereas the pairs F H1-2 and
F H2-3, at molar equivalent concentrations, did not. A n assay
(F ig. 3B) in which activity was measured as a function of the
amount of cofactor indicated that about 10-fold more F H1-3
than full-length F H is required to achieve a similar extent of
C3b cleavage, reflecting a contribution from the other modules
of F H . T hus, F H1-3 represents the minimal unit capable of
cofactor activity and is a worthwhile structural target. W e also
assayed F H1-3 for decay acceleration activity (data not shown)
and compared it to full-length F H and to F H -like 1. W e could
not detect any activity of F H1-3 at a concentration  100-fold
higher that the concentration of F H or  6-fold higher than the
concentration of F H like-1, required to release 50% of Bb from
cell-surface-attached convertase.

Structure Determination of F H1-3— W e elected to recon-
struct the three-dimensional structure of F H1-3 computation-
ally from the structures of F H1-2 and F H2-3 rather than deter-
mine directly the structure of F H1-3. T his decision was dictated
by issues of yield, solubility, and spectral quality. Similar prob-
lems were encountered in a study of a triple-C CP module seg-
ment of CR1 (31).

Using 13C ,15 N -labeled samples of recombinant F H1-2 and
F H2-3, conventional heteronuclear N MR experiments led to
good-quality structure determinations ( T able 1). T he ensem-
bles of lowest energy F H1-2 and F H2-3 structures displayed in
F ig. 2 are consistent with 2722 and 2733 upper-limit distance
constraints, respectively. Sets of 20 and 8 N O E-derived inter-
modular distance constraints along with 91 and 169 RD C con-
straints help define the 1-2 and 2-3 module-module interfaces,
respectively. T he angles (13, 58) that describe the intermodular
orientations of each member of the ensemble are summarized
in T able 1 and graphed in F ig. 4.

F ig. 2 shows the lowest energy structures of F H1-2 and F H2-3
overlaid on the backbone atoms of C CP 2, with a low r.m.s.d. of
0.78 Å . A comparison, taking advantage of a partial backbone
assignment of F H1-3, revealed no evidence to suggest that the
presence of C CP 1 affects the chemical shifts of residues at the
C CP 2–3 interface nor that the presence of C CP 3 perturbs
chemical shifts in the C CP 1–2 interface (supplemental F ig. 1).
It was, therefore, legitimate to derive the structure of F H1-3 by
computationally concatenating the two module-pair structures

TABLE 1
Structural statistics for the lowest energy structures

F H1-2 F H2-3

Number of lowest energy structuresa,b 30 29

Upper limit distance constraints
Intraresidue 563 562
Sequential 837 789
Intermediate range (2   i  j  4) 323 337
Long range ( i  j  4) 999 1045
T otal 2722 2733
Intermodular 20 8
M odule 1 to linker 58
M odule 2 to linker 48 57
M odule 3 to linker 35

Hydrogen bonds 20 16

Residual dipolar couplings
1D N H 55 75
1D C  C  36 59
1D C  H  N / A c 35

Root mean square deviations (residues from CysI to
CysIV of each module)

A ll heavy atoms 1.25 1.28
Backbone atoms C  , N , C O
M odule 1 0.52

M odule 2 0.69 0.32
M odule 3 0.96d

A ll modules 0.92 0.90

Skew, twist, and tilt angles (°)
Skew

M inimum 236 46
M aximum 280 145
M ean 259 91
S.D . 12 19

T wist
M inimum 163 131
M aximum 185 150
M ean 173 141
S.D . 6 5

T ilt
M inimum 15 6
M aximum 35 24
M ean 23 15
S.D . 5 4

Ramachandran assessment (%)
M ost favored 76.4 79.3
A dditionally allowed 20.9 19.6
G enerously allowed 1.2 0.8
D isallowed 1.5 0.3

Coarse packing W H A T IF score  1.574  1.254
Buried surface area of intermodular junction (Å2) 549 517
Buried surface area of intermodular junction

in F H1–3 (Å2)
534 509

a Less than two N O E violations above 0.5 Å for each structure.
b PD B accession codes 2RLP and 2RL Q respectively.
c N ot available due to poor spectral quality.
d H igh value due to the flexible and ill-defined hypervariable loop.
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ensuring that the appropriate module-module interfaces and
orientations are retained.

T he T hree Modules of F H1-3 A re O rganized in a Rod-like
A rrangement— T he three compactly folded, oblate C CPs that
comprise F H1-3 are arranged in an end-to-end rod-like confor-
mation spanning  105 Å from tip to tip (F ig. 2). T he variation
in intermodular angles among the ensemble of calculated struc-
tures likely reflects some limited flexibility between modules.
T here are several exposed apolar residues in each module (see
F ig. 1), but inspection of the overall surface of F H1-3 revealed
no extensive hydrophobic patches. A representation of the elec-
trostatic surface of F H1-3 demonstrates that C CP 1 exposes
more extensive and prominent electro-positive regions (F ig. 5)
than the other modules, and this is particularly evident toward
its interface with C CP 2.

F ive predominantly extended stretches of residues con-
nected by turns or loops run back and forth in approximate
alignment with the long axis of each of the three C CP modules.
T hese form  -strands and small  -sheets varying between the
modules in number and extent (F ig. 1) and held together by a
compact hydrophobic core plus two disulfide bonds. For the
purposes of cross-reference and further discussion, regions
within the F H modules were assigned numbers that reflect the
occurrence of up to eight  -strands in other examples of this
module family (see F ig. 1). T he N -terminal C CP of F H is dis-
similar from the other two (C  r.m.s.d. of 3.1 and 3.0 Å versus

C CP 2 and 3, respectively), whereas C CPs 2 and 3 overlay with
a C  r.m.s.d. of 1.8 Å even though the highest level of sequence
identity is between C CPs 1 and 2 ( T able 2). A stretch of residues
before strand 3 (see F ig. 1) has previously been called the hyper-
variable loop (27); in C CP 3 this has 1 H ,15 N N O E intensities
lower than 0.5 and, thus, is less well structured than the hyper-
variable loops of C CP 1 and C CP 2. O therwise, heteronuclear
N O Es for residues in all three modules and in the linking
sequences between them are predominantly uniform (data not
shown).

T he elongated nature of F H1-3 reflects small intermodular
tilt angles (see F ig. 4, G and H). T wist angles on the other hand
are large so that the hypervariable loops, labeled in F ig. 2, of
modules 1 and 3 project from the same face of the F H1-3 struc-
ture (module 2 does not possess a prominent hypervariable
loop due to a deletion in this region; see F ig. 1). Each of the two
intermodular interfaces is stabilized by H -bonds between the
third linker residue and the extremities of long strands 4 within
the adjacent modules; i.e. between the amide of linker residue
A rg-83 or V al-144 and the carbonyl of G ly-55 or G ly-117 (both
in 4 –5 loops), respectively, and between the carbonyl of A rg-83
or V al-144 and the amide of T yr-106 or Phe-170 (both in 3– 4
loops), respectively. T he C CP 1-C CP 2 and C CP 2-C CP 3 inter-
faces bury 549 and 517 Å 2 of surface area, respectively. In each
case the start of strand 5 of the preceding module contributes
hydrophobic portions of side chains (e.g. T yr-56 from C CP 1) to

FIGURE 2. NMR-derived structures of FH1-2 and FH2-3 and reconstructed FH1–3. A, backbone representations showing separate ensembles of FH1-2
(cyan) and FH2-3 (magenta) structures, each superimposed on the C  atoms of their respective CCP 2s. B, backbone representations showing both the
ensembles superposed on their mutual CCP 2s (C  r.m.s.d. 0.78 Å). C, schematic representation of the structure of FH1-3 derived from structures of overlapping
pairs and showing the boundaries of the FH1-2 and FH2-3 structures used as templates in Modeler 9v1 (55, 56). D, orthogonal view of the schematic
representation in C.
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a hydrophobic cluster along with the alkyl segments of linker
side-chains (e.g. Lys-82 and A rg-83 in the C CP 1-C CP 2 linker)
and side chains from the 3– 4 loop and the 6 –7 loop (e.g. T hr-
131 in C CP 2) of the next module.

Structural Consequences of D isease-linked Sequence V aria-
tions V62I and R53H— W e inspected the structure of F H1-3 to
ascertain the likely structural consequences of disease-linked
sequence variations. T he side-chain of V al-62 is completely
buried toward the C -terminal end of the hydrophobic core of
C CP 1. Replacement with isoleucine occurs as a result of a com-
mon single nucleotide polymorphism that appears to be pro-
tective against A M D and D D D (4, 25). T his insertion of an
additional methylene group into the core of a small globular
domain could have profound effects on its folding and stability
(60). T o address this issue, we expressed a 15 N -labeled N MR
sample of the V62I variant of F H1-2 (termed F H1-2(I62) to
distinguish it from the original sample of F H1-2(V62)) in
P. pastoris and collected a 15 N H S Q C spectrum (supplemental
F ig. 2A). T he overall similarity of this spectrum to the 15 N
H S Q C spectrum of F H1-2(V62) proves that both C CP modules
in F H1-2(I62) fold correctly. Further analysis investigated more
subtle structural differences between the two variants. O n the
basis of comparison with the F H1-2(V62) 15 N H S Q C spectrum,
combined 15 N and 1 H chemical shift perturbation values (61)
were calculated for F H1-2(I62) and plotted against residue

number; amides exhibiting the largest changes in chemical
shifts were then highlighted on the F H1-2 structure (F ig. 6).
N otably, differences are exclusive to C CP 1, and there are neg-
ligible changes in C CP 2 chemical shifts. D ifferences are wide-
spread throughout C CP 1 but centered on residue 62, as
expected. T he cross-peak corresponding to the amide of T yr-
50, H -bonded to the carbonyl of residue 62, exhibits one of the
biggest changes in amide chemical shift. O ther differences in
chemical shift are attributable to small rearrangements in the
hydrophobic core to accommodate the extra methylene group
of Ile-62. T he exchange rates with solvents of amide protons
reflects the extent of hydrogen-bonded secondary structure
and conformational flexibility. O bservation of slowly exchang-
ing amides, i.e. those still observable after 1 h, indicates that
F H1-2(I62) is at least as rigid in this respect as F H1-2(V62)
(supplemental F ig. 3). A series of 15 N H S Q C spectra collected at
increasing temperatures demonstrates that F H1-2(I62) is
slightly more thermally stable than F H1-2(V62) (supplemental
F igs. 2, A – C , and 4).

M utation of A rg-53 to histidine has been found in F H of an
a H US patient (26). A ccording to a sequence alignment (F ig. 1),
this residue is conserved in several modules that represent the
N -terminal C CPs of functional sites in RC As. From the struc-
ture of F H1-3 it is apparent that the guanidyl group of this side
chain is exposed on the side of C CP 1, but most of its long alkyl
chain is buried. In the structure of the wild type the side chain of
A rg-53 lies alongside that of T yr-56 (F ig. 7). T he latter is a
strictly conserved hydrophobic residue of C CP 1 that is also
proximal to several residues of C CP 2, including T hr-131 and
(the well conserved) T yr-106. T he question thus arises when
these contacts are disrupted by replacement of A rg-53 with a
histidine residue, Does C CP 1 still adopt a stable folded struc-
ture? As with F H1-2(I62), the a H US-associated mutant F H1-
2(H53) was expressed and labeled with 15 N . T he 15 N H S Q C
spectrum of F H1-2(H53) at 37 °C (supplemental F ig. 5A) is
clearly that of a fully folded protein, very similar in structure to
F H1-2 and consistent with the outcome of a computational
model of the mutant protein (F ig. 7). Further examination
revealed that cross-peaks in N MR spectra for the F H1-2(H53)
amides of residues H is-53 and G ly-55 were untraceable (residue
54 is a proline), whereas cross-peaks for the amides of residues
Lys-51, Cys-52, and T yr-56 had substantially altered chemical
shifts. A ll of these residues are in the 4 –5 loop of C CP 1 that
extends toward C CP 2 and makes contact with the C CP 1-C CP
2 linker (F ig. 4). C ross-peaks corresponding to residues in the
adjacent region of C CP 1 (Asn-29 —Ile-32), whose side chains
partly bury the alkyl side-chain of A rg-53 in the wild-type,
undergo large changes in chemical shift. T hese two loops
account for most of the chemical shift differences between
mutant and wild type within C CP 1. Interestingly, the amide
chemical shifts of G ln-81 in the intermodular linker of F H1-
2(H53) are also perturbed with respect to the wild-type module
pair as are the amides of two C CP 2 residues, T yr-106 and
T hr-131; both of these lie close to T yr-56 within the interface
between C CPs 1 and 2. Slowly exchanging amides in F H1-
2(H53) were found to be fewer in number than in F H1-2(V62)
or F H1-2(I62); this observation is consistent with a greater
degree of conformational flexibility in the mutant (supplemen-

FIGURE 3. Assays of cofactor activity for factor I-catalyzed cleavage of
C3b. Inferred identities of Coomassie-stained protein bands on SDS-PAGE
gels are indicated. MWM, molecular weight markers. A, results of an end point
C3b cofactor assay (excess C3b and FI in the absence (lane 2) and presence of
1  M FH1-2 (lane 4), 1  M FH2-3 (lane 5), and 1  M FH1-3 (lane 6). Molecular
weight markers are in lane 1. B, C3b cofactor assay with excess FI and C3b in
the presence of FH at 0, 0.84, 2.53, 7.6 nM (lanes 1– 4) or FH1-3 at 0.84, 2.53, 7.6,
22.8, 68.4, and 205 nM (lanes 5–10).
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FIGURE 4. Structural comparison of FH1-3 with DAF-(1– 4) and CR1-(15–17). Schematic representations are drawn in PyMol: DAF-(1– 4) (green), CR1-(15–17)
(blue), and FH1-3 (CCP 1, red; CCP 2, magenta; CCP 3, orange). Overlays, performed on the cysteine C  atoms, are as follows: A, DAF CCP 2 and FH1-3 CCP 1; B, DAF
CCP 3 and FH1-3 CCP 2; C, DAF CCP 4 and FH1-3 CCP 3; D, CR1 CCP 15 and FH1-3 CCP 1; E, CR1 CCP 16 and FH1-3 CCP 2; F, CR1 CCP 17 and FH1-3 CCP 3. Plots
to show comparison of intermodular angles (mean  1 S.D. for the ensemble in each case) between first and second modules (G) and second and third modules
(H) of the functional sites within FH, DAF, and CR1 (site 2).

Structure of the N-terminal Region of Complement Factor H

APRIL 4, 2008 • VOLUME 283 • NUMBER 14 JOURNAL OF BIOLOGICAL CHEMISTRY 9481

 a
t E

d
in

b
u
rg

h
 U

n
iv

e
rs

ity
 L

ib
ra

ry
 o

n
 M

a
rc

h
 2

9
, 2

0
0
8
 

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



FIGURE 5. Comparison of electrostatic surfaces of FH1-3 with DAF-(1– 4) (A) and CR1-(15–17) (B). The surfaces were generated using the Adaptive
Poisson-Boltzmann Solver (78) plug-in within PyMol (using the PARSE (79) parameter set with the nonlinear form of the Poisson-Boltzmann equation, a protein
dielectric constant of 20, solvent dielectric constant of 80, solvent ion radius of 1.4 Å, temperature 310 K, and assumed ion concentration of 100 mM). Red is
negative charge, and blue is positive charge within a range of  5/  5 kT (k  Boltzmann’s constant, T  absolute temperature). The orientation of FH1-3 is the
same as in Fig. 2D. The other structures were orientated by superposing DAF CCP 2 (A) or CR1 CCP 15 (B) on FH CCP 1 and then transposing.
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tal F ig. 3). A series of 15 N H S Q Cs recorded at increasing tem-
peratures suggested that F H1-2(H53) reversibly loses its
compactly folded nature at a lower temperature than either the
V al-62 or Ile-62 variants (supplemental F ig. 5, A – C). M odule 1
appears to be more strongly affected as a result of the R53H
mutation, but both modules lose thermal stability (supplemen-
tal F ig. 4). U nlike F H1-2(V62) or F H1-2(I62), F H1-2(H53)
shows some loss of spectral intensity over the 37– 45 °C range.

DISCUSSION
Extended and Twisted T hree-C CP Segments A re M inimal

Functional U nits of RC As—Pure properly folded protein con-
sisting of the three C CPs at the F H N terminus (i.e. F H1-3) has
cofactor activity for FI-catalyzed cleavage of C3b, although
10-fold more F H1-3 compared with full-length F H is required
to achieve the same level of activity. T his observation supports
previous studies of material secreted from C hinese hamster
ovary cells (22) but disagrees with a negative result for a version
of F H1-3 expressed in a baculovirus system (23). T riple-C CP
module segments of CR1 (i.e. C CPs 1–3, 8 –10, and 15–17) are
also functionally active, although, as in F H , neighboring mod-
ules boost these activities (62). T hree consecutive modules of
C4BP  (C CPs 1–3) (63), M CP (C CPs 2– 4) (64), and V CP
(C CPs 1–3 and 2– 4) (65) likewise constitute minimal func-
tional sites. T hus, three C CP modules appear to be generally
required to bind C3b/ C4b in the process of preparing these
molecules for cleavage by FI. W e could not detect decay-accel-
erating activity for F H1-3 in a cell-surface assay but note that in
the case of D A F, three modules (C CPs 2– 4) are necessary and
sufficient to engage with C3b,Bb (66) and accelerate its decay.
T he simplest interpretation of the fact that F H has  100 times
more decay accelerating activity (and F H -like 1 (effectively
C CPs 1–7 of F H) is at least 6 times more active) is that each of

the G A G binding C CP modules of factor H , including C CPs 7
and 20, contribute strongly to the ability of F H to bind to the cell
surface in the vicinity of the convertase, and C CPs 19 and 20
provide additional affinity for cell surface-bound C3b. It
remains possible that F H1-3 plays a principal role in the dis-
mantling of the convertase once F H is anchored to the surface,
but based on previous reports of baculovirus-expressed F H[1–
4] having measurable decay accelerating activity (24), it seems
likely that C CP 4 of F H also contributes to direct engagement
with the convertase. It is notable that the proenzyme FB also
contains three C CP modules. T hese are stowed away in a com-
pact fashion but loosely associated with the remainder of FB
before the encounter with C3b (67), whereupon they presum-
ably swing out and engage with C3b; subsequently the FB C CPs
are cleaved and dissociate, leaving active C3 convertase
(C3b,Bb). In summary, three-C CP module segments of com-
plement proteins represent functional units whose structures
can be usefully compared and contrasted.

T he overall structure of F H1-3 is highly extended (  105 Å in
length) like the structures of CR1-(15–17) (  118 Å) and C CP
modules 2– 4 (  112 Å) of the D A F-(1– 4) crystal structure (F ig.
4, A –F) but unlike the compact arrangement of the three FB
C CPs. Agreement between the N MR-derived F H1-3 structure
and the same modules within a best-fit model of F H modules
1–5 built on the basis of small-angle x-ray scattering data and
homology (68) is poor (12.6 Å for C  ). Indeed, in the most
favored scattering-based model, modules 1–3 form a bent
rather than a straight structure. N ote, however, that better
agreement in terms of the extended nature of modules 1–3 is
obtained when comparing the N MR-derived F H1-3 structure
with “model 11” from the deposited ensemble of modeled
structures that reportedly fit with the scattering data. T his
implies that C CPs 4 and 5 must be highly tilted relative to one
another and to C CP 3 in an otherwise straight structure of F H
modules 1–5 to be consistent with both N MR spectra and cur-
rent interpretation of the small-angle x-ray scattering data.

T ilt angles within the functional sites of F H , CR1, and D A F
are uniformly small, whereas twist angles between first and sec-
ond modules are close to 180°, and twist angles between second
and third modules are between 90 and 135° (F ig. 4, G and H).
T he relatively small surface areas buried between neighboring
C CP modules (  500 Å 2) have similar values in F H1-3, D A F,
and CR1-(15–17) (13). T hese observations suggest that a
twisted, end-to-end arrangement of C CPs capable of spanning
non-proximal subsites within the convertase is crucial for func-
tion. Conformational mobility among the multiple domains of
C3b is probable (69 –72), and it is conceivable that F H shares
with CR1 (and M CP) the ability to bind and stabilize a domain
rearrangement that renders the first cleavage site in C3b acces-
sible by FI; interactions of these RC As with FI are also likely.
T he C CPs of the viral mimic of RC As, V CP, are more tilted than
their mammalian equivalents, bury more surface area between
them (800 –900 Å 2 in two of the interfaces (13)), and produce
less-extended functional sites (C CPs 1–3 measure  95 Å and
C CPs 2– 4 measure  91 Å in length).

F H C CPs 1–3 Structurally Resemble Equivalently Positioned
C CPs in D A F and CR1— T he program Combinatorial Exten-
sion (73) was used to structura l ly a l ign and ca lcu late C  

TABLE 2
Structure and sequence pair-wise similarities between FH and other
RCA-CCPs of known structure
Domain boundaries considered from one residue before CysI to three residues after
CysI V (where available). V alues on the left-hand side specify C  r.m.s.d. values in
A ngstroms (Å) V alues in parentheses represent the structural alignment lengths in
terms of the numbers of C  atoms for which the r.m.s.d. values were calculated.
V alues in italics on the right-hand side represent pair-wise percentage (%) sequence
identities calculated using the Percentage Identity M atrix option under C lustal X
(80).

Factor H modules

RC A-C CP (PDB code (81)) F H1 F H2 F H3
F H 1 (2RLP)
F H 2 (2RL Q ) 3.12 (59); 27
F H 3 (2RL Q ) 3.00 (54); 22 1.80 (55); 20
FB 1 (2 O K5) 4.13 (64); 20 2.34 (55); 19 2.04 (51); 32
FB 2 (2 O K5) 3.35 (60); 20 2.20 (57); 24 1.80 (58); 25
FB 3 (2 O K5) 3.38 (58); 23 1.91 (57); 23 1.30 (56); 26
C4BP  1 (2A55) 2.23 (60); 27 3.48 (69); 24 3.24 (61); 19
C4BP  2 (2A55) 3.22 (58); 22 1.81 (57); 31 1.70 (57); 24
CR1 15 (1G K N) 1.98 (58); 26 3.03 (59); 20 2.76 (55); 18
CR1 16 (1G K N) 3.38 (58); 24 1.57 (58); 28 1.67 (57); 24
CR1 17 (1G K G) 2.74 (58); 26 2.31 (58); 36 2.12 (57); 32
D A F 1 (1 O K3) 2.48 (60); 22 2.54 (59); 15 2.59 (59); 17
D A F 2 (1 O K3) 2.22 (61); 31 2.92 (60); 21 2.80 (59); 20
D A F 3 (1H03) 3.31 (58); 22 1.59 (58); 29 1.54 (57); 34
D A F 4 (1H03) 2.68 (58); 28 1.91 (57); 25 1.63 (58); 31
M CP 1 (2C K L) 2.56 (60); 23 2.73 (58); 20 2.73 (58); 22
M CP 2 (2C K L) 3.32 (53); 27 1.77 (59); 36 1.63 (56); 34
V CP 1 (1G40) 3.41 (61); 27 3.09 (59); 24 2.82 (60); 21
V CP 2 (1G40) 3.33 (58); 22 2.44 (57); 39 2.04 (56); 28
V CP 3 (1G40) 2.79 (58); 30 2.57 (58); 30 2.47 (56); 35
V CP 4 (1G40) 3.06 (58); 25 2.21 (55); 21 2.29 (58); 38
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r .m .s.d. va lues ( T able 2) for each of C C Ps 1, 2, and 3 of F H
versus other C C Ps of known structure that interact w ith
C 3/ C 4 or C 3b/ C 4b.

T here is a striking overlay of the backbones of F H C CP 3 and
FB C CP 3 (1.3 Å over 56 C  atoms). M oreover FB C CP 3 resi-
dues known to be critical for interaction with C3b are con-
served in F H C CP 3 (F ig. 1). T he other C CPs of FB and F H are
less similar, suggesting that competition by F H for FB binding
to C3b is likely a consequence of a shared binding site on C3b
for their respective third modules. It is probable that module 4
extends the footprint of F H on C3b, enhancing affinity and
helping to explain the relatively poor complement regulatory
activity of the three-module construct.

Comparison of backbone structures shows that the N -termi-
nal C CP of F H is more similar to the first modules of other RC A
functional sites than it is to their second and third modules.

Similarity is highest in the cases of the first C CP in site 2 of CR1,
i.e. C CP 15, and the first C CP of the D A F functional site, i.e.
C CP 2 ( T able 2). N ot only does the F H C CP 1 backbone super-
impose well on the backbones of these modules, but there is also
conservation of residues that contributes to the interface with
the next module. In addition, six of seven D A F C CP 2 residues
critical for function are conserved in F H C CP 1, some of which
(A rg-53, Lys-82, and A rg-83) correspond also to interface resi-
dues. Indeed, there is resemblance between electrostatic sur-
face representations of F H C CP 1 and D A F C CP 2 (F ig. 5). A
smaller set of functionally critical residues is conserved, and a
lesser degree of electrostatic resemblance is evident when F H
C CP 1 is compared with CR1 C CP 15. In contrast, there is no
conservation of functionally critical residues and poor back-
bone overlay when comparing F H C CP 1 with C CP 1 or C CP 2
of M CP.

FIGURE 6. Differences in chemical shifts arising from substitutions of amino acid residues in FH1-2. Combined (1H,15N) chemical shift difference (    
 ((   NH)2  (   15N/5)2)) from amino acid residue substitutions, FH1-2(H53) (A) and FH1-2(I62) (C). Mapping of the largest chemical shift perturbation of

amides (    0.04 ppm) for FH1-2(H53) (B) and for FH1-2 (I62) (D) onto the closest to mean FH1-2 structure shown as schematics (PyMol) with the side chain
of the relevant residue highlighted. The sphere radius of the HN atom is proportional to the magnitude of chemical shift perturbation.
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T here is a close resemblance at the backbone level between
the second module of F H and the second modules of functional
sites in the other regulators, CR1 C CP 16, D A F C CP 3, and
C4BP  C CP 2 ( T able 2). D espite their conserved structural
framework, inspection of the electrostatic surface representa-
tions of these D A F and F H modules does not reveal obvious
similarities (F ig. 5). Furthermore, residues identified as func-
tionally critical in D A F C CP 3, e.g. Phe-169 and Leu-171 (74),
are not conserved in F H C CP 2.

In addition to its resemblance to FB C CP 3, the third F H
module also shares a highly similar (C  r.m.s.d.  1.6 Å) back-
bone structure with the third C CP of the D A F functional site
(i.e. D A F C CP 4). T he resemblance is less marked, however,
when comparing F H C CP 3 to CR1 C CP 17 (C  r.m.s.d.  2.1
Å). T wo of three D A F C CP 4 residues that were identified as
important in mutagenesis studies are conserved in F H C CP 3
(F ig. 1). Surprisingly, there was relatively little obvious struc-
tural similarity between C CPs 1, 2, or 3 of F H and modules 1, 2,
or 3 of V CP, respectively, despite high percentage sequence
identity.

Implications of Structural Similarities among C CPs for Func-
tional Properties— T hat the N -terminal modules of F H and CR1
and the second module of D A F (all of which form parts of sites

with decay accelerating activity),
but not the equivalent module of
M CP (that does not have decay
accelerating activity), share back-
bone and surface similarities sug-
gests they recognize the same sub-
site within the C3b,Bb complex.
T his is likely to be the von W ill-
ebrand factor type A domain of Bb
(75). T he subsequent two modules
within the decay accelerators are
arranged in a similar way with
respect to the first modules of their
respective triple-module functional
units (F ig. 4, A –F). Assuming these
intermodular arrangements are
preserved in the complex, it follows
that F H C CP 2, CR1 C CP 16, and
D A F C CP 3 would be positioned in
similar orientations and locations
relative to the convertase surface.
But the fact that these modules,
although highly similar in their
backbone structures, differ in their
surface properties implies they are
unlikely to make equivalent interac-
tions with the convertase. Indeed,
the functionally critical surface
hydrophobic patch present on D A F
C CP 3 (74) does not occur anywhere
on the surface of F H C CP 2. T his
observation is consistent with the
suggestion of H arris et al. (75) that
the bulk of D A F C CP 3 acts primar-
ily as a spacer. T hus, the second

modules of F H and CR1 site 2 could play a similar role with
respect to their decay acceleration properties but might have
the additional job of recruiting FI to the complex. T he fourth
D A F module was proposed to interact weakly with C3b (74)
once D A F C CP 2 has docked onto Bb; F H C CP 3 and, to a lesser
extent, CR1 C CP 17 are likely to be functionally equivalent to
D A F C CP 4 since they all share a similar structure and two of
three functionally critical residues in D A F C CP 4 are conserved
in F H C CP 3 and CR1 C CP 17. T hus, structural comparisons
support a common mechanism of decay acceleration among
these three RC As in which separate binding sites in the first and
third modules, for C3b and Bb, are so-positioned by the middle
module that they bind to and stabilize an intermediate on the
pathway to convertase dissociation. W e are in a weaker position
to speculate about cofactor activity due to the more limited
nature of the structural comparison we can make with M CP.
T he different architecture of V CP indicates that it has evolved
an alternative mechanism for decay acceleration.

D isease-linked Sequence V ariations— T hus, the first modules
within decay acceleration sites on RC As are inferred to perform
the common role of binding to factor Bb of the C3 convertase.
M utations and sequence variations in F H C CP 1, therefore,
have the capacity to modulate its decay accelerating activity.

FIGURE 7. Residues whose amide shifts are most affected by the R53H mutation. A, schematic-type repre-
sentation focusing on the CCP 1- CCP 2 interface of FH1-2 (closest-to-mean structure), oriented as in Fig. 2C. Resi-
dues exhibiting combined amide chemical shift differences  0.1 ppm (in FH1-2(H53) versus wild type) are shown in
space-fill representation and colored blue-green. Residues in CCP 2 exhibiting combined amide chemical shift dif-
ferences  0.04 ppm are shown in space-fill representation and colored light blue. The side chain of the substi-
tuted residue, Arg-53, is drawn as sticks, and its atomic surface is represented as dots. B, the same as A but
rotated by 45° about the y axis. C and D, the same views as in A and B but showing a model of FH1-2(H53). The
color scheme is as before except His53 is colored pink.
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T he mutation R53H in F H C CP 1 corresponds to a conserved
D A F C CP 2 residue (A rg-96) that is important for decay accel-
erating activity according to D A F mutagenesis (74, 76) and is
also conserved in CR1 C CP 15 as A rg-933. N MR studies and
molecular modeling (F ig. 7) show H is-53 can replace A rg-53 in
F H without loss of C CP 1 structural integrity. T he R53H muta-
tion, however, results in chemical shift perturbations among
nearby residues, implying a possible effect on local structure,
and this is consistent with the fact that the alkyl part of the
A rg-53 side chain is largely buried. T here are also chemical shift
changes in C CP 2 relative to the wild type, presumably due to
the close association of the A rg-53, or H is-53, side chain with
interface-critical residue T yr-56 that makes hydrophobic con-
tacts with T yr-106 in C CP 2 (F ig. 7); thus, we cannot rule out a
small mutation-induced rearrangement of the modules. T his
mutant is thermally less stable than wild type, and indeed there
is some spectral evidence for a slight deterioration of the struc-
ture of the mutant at temperatures just above 37 °C . T aken
together with the probable loss of charge resulting from
replacement of positively charged arginine with histidine (at
physiological p H) and, hence, the disturbance of an electro-
static surface that is common to C3b-engaging D A F and F H
modules, these results are consistent with a detrimental effect
of the A rg-53 to H is mutation on the decay accelerating capa-
bilities of F H . T hus, the presence of a mutation in a patient with
a H US is probably not coincidental even though most other
mutations linked to this disease occur in F H C CPs 19 and 20
and disrupt other aspects of F H function. O n the other hand,
the single nucleotide polymorphism in F H corresponding to
V62I seems unlikely to have any consequences for the ability of
F H to regulate complement. T he Ile-62 allotype of F H1-2
appears slightly more thermally stable and rigid than the V al-62
version, so it is conceivable that its potentially protective roles
in A M D and D D D arise from a more robust nature of the full-
length protein within a physiological setting, but this would
require further investigation.
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