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Abstract 

Studies on ligand interactions of human complement factor H  

Hussein Abbow 

The work reported in this thesis is mainly biochemical research on the properties of the 

human immune system plasma protein, complement factor H (FH). A major function of FH 

is to bind to “foreign” or “altered-host” surfaces, mainly by recognising charge cluster 

motifs. When bound to a surface, it down regulates activation of the complement system on 

that surface.  Its binding properties towards a range of other proteins and macromolecules, 

have been examined, mainly by ELISA-style assays. Research then focused on a smaller 

number of these FH ligands, which appear to bind FH very strongly, and not, as is the usual 

situation, by charge interactions. These ligands are Adrenomedullin, Trinitrophenyl-

derivatised ligands, and dinitrophenol-derivatised ligands (TNP and DNP).  The binding 

and dissociation characteristics of these ligands have been examined, the binding 

optimised, and it has been shown that TNP and DNP derivatised ligands can be used for 

affinity purification of FH from human plasma. A factor H homologue in plasma, C4bp, 

also binds these ligands, but  a number of other FH homologues in plasma do not (eg beta2 

glycoprotein1). Expression systems have been obtained from other labs to make 

recombinant segments of FH and recombinant protein expressed in order to narrow down 

the binding sites on FH for these ligands.  Binding sites in 3 regions of FH have been 

located, and the effects of ligand binding on the complement-regulatory functions of FH 

have been assessed. 



 

ii 

 

 

Acknowledgement 

After an intensive period of four years, today is the day: writing this note of thanks is the 

finishing touch on my thesis. It has been a period of intense learning for me, not only in the 

scientific arena, but also on a personal level. Writing this thesis has had a big impact on me. 

I would like to reflect on the people who have supported and helped me so much 

throughout this period. 

I would like to express my deep sense of my gratitude to Professor Sim for his supervision, 

guidance and the encouragement that he showed me during my studies, and I would like to 

thank Professor Schwaeble for his continuous support and easing the difficulties in carrying 

out my PhD.  

I would also like to thank my family for their wise counsel and sympathetic ear.  

Finally, I would like to thank my friends and colleagues in lab 231 especially Ibtihal Al-

Karaawi and my friend Arshad Afzal for their advice and support.   

 

 

 

 

 



 

I 

 

Table of contents  

 

1 Introduction ..................................................................................................................... 2 

1.1 The complement system ............................................................................................ 2 

1.1.1 The classical Pathway ......................................................................................... 3 

1.1.2 The Lectin Pathway (Figures 1.2 and 1.3) .......................................................... 6 

1.1.3 The Alternative Pathway .................................................................................... 8 

1.2 Regulation of the complement system ..................................................................... 10 

1.3 Factor H (FH)........................................................................................................... 15 

1.3.1 Structure of factor H: ........................................................................................ 15 

1.3.2 Factor H functions ............................................................................................ 18 

1.3.3 Binding sites of factor H: .................................................................................. 19 

1.3.3.1 CCP 1-4: .................................................................................................... 19 

1.3.3.2 CCP 19-20: ................................................................................................ 19 

1.3.3.3 CCP 6-8: .................................................................................................... 20 

1.3.4 Factor H interactions:........................................................................................ 22 

1.3.4.1 Factor H attaches to host cells and ligands: ............................................... 22 

1.3.4.2 Factor H interacts with microbes and other organisms: ............................ 24 



 

II 

 

1.4 Adrenomedullin (ADM) .......................................................................................... 25 

1.5 Protein interactions with small molecules and macromolecules. ............................ 26 

2 Materials and methods ................................................................................................. 30 

2.1 Materials .................................................................................................................. 30 

2.2 Methods ................................................................................................................... 33 

2.2.1 Binding assays for factor H to different ligands ............................................... 33 

2.2.1.1 Preparation of fibrinogen/ fibrin coated wells ........................................... 33 

2.2.1.2 Binding of factor H to fibrinogen or fibrin-coated wells ........................... 34 

2.2.1.3 Does FH bind covalently or non-covalently to fibrin clots? ...................... 34 

2.3 Preparation of TNP-BSA ......................................................................................... 35 

2.4 Binding of factor H to DNP-HSA or TNP-BSA coated wells ................................. 36 

2.5 Interactions with other ligands ................................................................................. 37 

2.6 FH binding to bacteria ............................................................................................. 38 

2.6.1 Preparation of bacteria ...................................................................................... 38 

2.6.2 Factor H binding to bacteria ............................................................................. 38 

2.7 Binding characteristics of FH to TNP-BSA AND DNP-HSA ................................ 39 

2.7.1 The effect of salt strength (NaCl concentration) on the interaction between 

factor H and DNP-HSA or TNP-BSA .......................................................................... 39 

2.7.2 The effect of pH on the interaction between FH and DNP-HSA or TNP-BSA 39 



 

III 

 

2.8 Dissociation of the binding between FH and DNP-HSA or TNP-BSA using 

different buffers ................................................................................................................ 40 

2.9 Inhibition of the binding between FH and DNP-HSA or TNP-BSA using low 

molecular weight compounds ........................................................................................... 41 

2.9.1 Using the inhibitors at lower concentrations. ................................................... 45 

2.10 Factor H binding to other TNP-derivatised proteins and TNP-amine ................... 48 

2.11 Dose-dependence of binding between factor H and TNP-proteins or TNP-Amine

 49 

2.12 Factor H purification .............................................................................................. 49 

2.12.1 TNP-BSA affinity chromatography ................................................................ 49 

2.12.2 HiTrap Protein G column ............................................................................... 50 

2.12.3 Anti-IgM column ............................................................................................ 50 

2.12.4 Concentrating the sample................................................................................ 51 

2.13 Separation of FH from C4bp ................................................................................. 51 

2.13.1 Separation of FH from C4bp using Zinc Sulphate ......................................... 51 

2.13.2 Using Dye Matrix Gels for Factor H purification........................................... 52 

2.14 SDS-PAGE ............................................................................................................ 52 

2.15 Western blotting ..................................................................................................... 53 

2.16 Preparation of the human recombinant FH segment CCP6-8, with either Histidine 

or Tyrosine at amino acid position 402. ........................................................................... 54 



 

IV 

 

2.17 Description of Antisera against different CCPs of FH and against C4bp ............. 58 

2.18 Binding of FHCCP6-8 to TNP- BSA and DNP-HSA coated wells ...................... 59 

2.19 Competition between FH and FHCCP6-8 for binding to TNP-BSA and DNP-HSA

 60 

2.20 Binding assays of Factor H and Adrenomedullin .................................................. 61 

2.20.1 Optimisation of Adrenomedullin binding to factor H .................................... 61 

2.20.2 Binding of whole factor H to Adrenomedullin coated wells .......................... 61 

2.20.3 Dissociating the binding between FH and Adrenomedullin using different 

buffers and denaturants ................................................................................................. 62 

2.20.4 Inhibition of the binding between FH and Adrenomedullin by using soluble 

compounds .................................................................................................................... 62 

2.20.5 Testing the antisera (anti-CCP 6-8, anti-CCP 3-4 and anti FHR1) to ensure 

that they will detect CCP6-8, CCP1-4 and CCP 19-20 in ELISAs .............................. 63 

2.21 Binding of FHCCP6-8 H/384 or FHCCP6-8 Y/384 to Adrenomedullin coated 

wells 63 

2.22 Competition between FH and FHCCP6-8Y for binding to Adrenomedullin coated 

wells 64 

2.23 Binding of constructs CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA and 

TNP-BSA .......................................................................................................................... 64 

2.24 Cleavage of C3b in the presence of factor I and factor H...................................... 65 

2.25 Do Adrenomedullin or DNP-HSA or TNP-BSA inhibit factor H function? ......... 65 



 

V 

 

3 Binding of Factor H to a Range of Ligands ................................................................ 68 

3.1 Binding assay of FH to Fibrinogen and fibrin coated wells .................................... 68 

3.1.1 Binding of FH to human fibrinogen ................................................................. 68 

3.1.2 Binding of FH to fibrin ..................................................................................... 69 

3.1.3 Does FH binds covalently or non-covalently to fibrin clots? ........................... 70 

3.2 Binding assays of FH to TNP-BSA and DNP-HSA coated wells ........................... 72 

3.3 Interactions with other ligands ................................................................................. 73 

3.4 Binding characteristics of FH to TNP-BSA and DNP-HSA ................................... 79 

3.4.1 Effect of salt strength (NaCl concentration) on the interaction between factor H 

and DNP-HSA or TNP-BSA ........................................................................................ 79 

3.4.2 Effect of pH on the interaction between FH and DNP-HSA or TNP-BSA ...... 82 

3.5 Dissociating the binding between FH and TNP-BSA or DNP-HSA using different 

buffers and denaturants ..................................................................................................... 85 

3.6 Comments on other factor H related proteins that may bind to TNP-BSA-Sepharose 

beads ................................................................................................................................. 87 

4 Further studies on binding to TNP and DNP ............................................................. 90 

4.1 Binding of FH to other TNP-labelled proteins ........................................................ 90 

4.2 Inhibition of the binding between FH and DNP-HSA, using soluble inhibitors ..... 92 

4.3 Factor H purification ................................................................................................ 97 



 

VI 

 

4.3.1 Using Zinc Sulphate to selectively precipitate FH ........................................... 99 

4.3.2 Using DyeMatrix Gels (immobilized dyes) for Factor H purification ........... 102 

4.3.3 Western blotting of the collected fractions ..................................................... 105 

4.4 Exploring the binding sites on FH for TNP or DNP.............................................. 106 

4.4.1 Binding of FHCCP6-8 to TNP- BSA and DNP-HSA coated wells ............... 106 

4.4.2 Competition between FH and CCP6-8 for binding to TNP-BSA and DNP-HSA

 107 

4.4.3 Binding of other FH segments to TNP or DNP .............................................. 109 

5 Binding of FH to Adrenomedullin (ADM). .............................................................. 111 

5.1 Binding assays of factor H to Adrenomedullin ..................................................... 112 

5.1.1 Optimisation of FH binding to Adrenomedullin............................................. 112 

5.1.2 Binding of whole factor H to Adrenomedullin coated wells .......................... 113 

5.1.3 Dissociating the binding between FH and Adrenomedullin using different 

buffers and denaturants ............................................................................................... 114 

5.1.4 Inhibition of the binding between FH and Adrenomedullin by using soluble 

compounds. ................................................................................................................. 116 

5.2 Testing of the antisera (anti-CCP 6-8, anti-CCP 3-4 and anti-FHR1) to ensure that 

they will detect CCP6-8, CCP1-4 and CCP 19-20 in ELISAs ....................................... 121 

5.2.1 Binding of FHCCP6-8/H402 or FHCCP6-8/Y402 to Adrenomedullin coated 

wells 122 



 

VII 

 

5.2.2 Competition between FH and FHCCP6-8 for binding to Adrenomedullin 

coated wells................................................................................................................. 124 

5.2.3 Binding of constructs CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA 

and TNP-BSA ............................................................................................................. 126 

5.2.4 Use of antibodies to influence binding reactions of FH ................................. 128 

5.3 Do Adrenomedullin, DNP-HSA and TNP-BSA inhibit factor H function? .......... 130 

5.3.1 Adrenomedullin. ............................................................................................. 130 

5.3.2 TNP and DNP. ................................................................................................ 133 

6 Discussion .................................................................................................................... 137 

6.1 FH binding to multiple ligands .............................................................................. 137 

6.1.1 Fibrinogen/Fibrin ............................................................................................ 137 

6.1.2 2,4,6-trinitophenyl-bovine serum albumin (TNP-BSA) and 2,4-Dinitrophenyl-

Human Serum Albumin (DNP- HSA) ........................................................................ 138 

6.2 Factor H binding to other ligands .......................................................................... 139 

6.3 Adrenomedullin. .................................................................................................... 140 

6.3.1 Binding site for AM on FH ............................................................................. 141 

6.3.2 The binding site for FH on AM: ..................................................................... 143 

6.3.3 Reciprocal effects of binding on FH and ADM activities .............................. 143 

 



 

VIII 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

IX 

 

 List of Figures   

Figure 1-1 The first protein in the classical pathway of complement activation is C1, which 

is a complex of C1q, C1r, and C1s. C1q is composed of six identical subunits with globular 

heads and long collagen-like tails. .......................................................................................... 5 

Figure 1-2. Structure of Mannose-binding lectin (MBL) and ficolins. .................................. 7 

Figure 1-3 The complement system activation pathways; classical, lectin and alternative. 10 

Figure 1-4. complement regulation by RCA cluster proteins. .............................................. 12 

Figure 1-5 The complement system is controlled by several fluid phase and membrane-

bound regulators that act at various steps of the activation cascade. .................................... 14 

Figure 1-7 The complete amino acid sequence of FH (Ripoche et al., 1988). ..................... 21 

Figure 2-1 Purification of recombinant FH CCP 6-8 Y. ...................................................... 56 

Figure 2-2 Pure CCP 6-8, Histidine at the position 384 (402). ............................................ 57 

Figure 3-1 Binding of FH to fibrinogen. .............................................................................. 69 

Figure 3-2 Binding of FH to prepared Fibrin clots. .............................................................. 70 

Figure 3-3 Factor H was tested to determine whether it binds covalently or not to fibrin 

coated wells........................................................................................................................... 71 

Figure 3-4 Binding of factor H to TNP-BSA and DNP-HSA. ............................................. 72 

Figure 3-5 Factor H binds to cardiolipin. ............................................................................. 74 

Figure 3-6 Factor H binds to poly-L- arginine. .................................................................... 75 

Figure 3-7 Factor H binding to Streptococcus pneumonia (D39 strain)............................... 76 



 

X 

 

Figure 3-8 Factor H binding to LTA. ................................................................................... 77 

Figure 3-9 Effect of salt concentration on binding of FH to TNP-BSA. .............................. 80 

Figure 3-10 Effect of salt concentration on the interaction between FH and DNP-HSA. .... 81 

Figure 3-11 Effect of pH on the binding between TNP-BSA and FH. ................................. 83 

Figure 3-12 Effect of pH on the binding between DNP-HSA and FH. ................................ 84 

Figure 3-13 Dissociation of the binding between (A) factor H and TNP-BSA and (B) FH 

and DNP-HSA by using solvents. ........................................................................................ 86 

Figure 3-14 western blot film showing C4bp. ...................................................................... 88 

Figure 4-1 FH binds to TNP-proteins and TNP-amine......................................................... 91 

Figure 4-2 Concentration-dependence of FH binding to TNP-proteins and TNP-amine. .... 92 

Figure 4-3 Inhibition of the binding between DNP-HSA and FH. ....................................... 94 

Figure 4-4 Dose-dependence of inhibition of factor H binding to DNP-HSA. .................... 95 

Figure 4-5 SDS-PAGE analysis of a stage in the purification of factor H. .......................... 98 

Figure 4-6 A and B. SDS-PAGE analysis of precipitates of FH and C4bp in the presence of 

Zn++. .................................................................................................................................. 100 

Figure 4-7 A and B. SDS-PAGE analysis of supernatants of FH and C4bp incubated with 

Zn++. .................................................................................................................................. 101 

Figure 4-8 Factor H separation on Matrex Blue B, SDS-PAGE analysis under reducing 

conditions. ........................................................................................................................... 103 



 

XI 

 

Figure 4-9 Factor H separation on Matrex Blue B, SDS-PAGE analysis under non-reducing 

conditions. ........................................................................................................................... 104 

Figure 4-10 Western blot film shows factor H  as a single clear band at MW 150kD. ...... 105 

Figure 4-11 Binding of FHCCP6-8 to TNP-BSA and DNP-HSA. .................................... 107 

Figure 4-12 Competition between FH and FHCCP6-8 for binding to TNP-BSA and DNP-

HSA. ................................................................................................................................... 108 

Figure 5-1 Figure 5.1 Optimisation of ADM coating for binding FH. ............................... 112 

Figure 5-2 Binding of whole factor H to Adrenomedullin. ................................................ 113 

Figure 5-3 Dissociation of the binding between FH and (A) TNP-BSA and (B) DNP-HSA 

and (C) ADM by using different solvents. ......................................................................... 115 

Figure 5-4 Inhibition of the binding between FH and Adrenomedullin. ............................ 117 

Figure 5-5 Comparison of the inhibition of binding of FH to DNP, with that to ADM. .... 118 

Figure 5-6 Dose-dependence of inhibition of FH binding to ADM. .................................. 119 

Figure 5-7 Testing of antisera (anti-CCP 6-8, anti CCP 3-4 and anti FHR1) to fragments 

(CCP6-8, CCP1-4 and CCP 19-20). ................................................................................... 121 

Figure 5-8 Binding of FHCCP6-8 H/402 or FHCCP6-8 Y/402 to Adrenomedullin coated 

wells. ................................................................................................................................... 123 

Figure 5-9 Competition between FH and FHCCP6-8 for binding to Adrenomedullin. ..... 125 

Figure 5-10 Binding of CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA and TNP-

BSA. .................................................................................................................................... 127 

Figure 5-11 Confirmation that anti CCP3-4 and anti-FHR can bind to ligand bound FH. 129 



 

XII 

 

Figure 5-12 Optimizing C3b cleavage by factor I in the presence of factor H. .................. 131 

Figure 5-13 Inhibition of factor H function by Adrenomedullin. ....................................... 132 

Figure 5-14 Dose dependent inhibition of C3b cleavage by adrenomedullin. ................... 133 

Figure 5-15 Inhibition of factor H function by DNP-HSA. ................................................ 134 

Figure 5-16 Inhibition of factor H function by TNP-amine. .............................................. 135 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

XIII 

 

List of tables 

Table 1-1  Some Factor H ligands, binding sites and potential relevance of the interactions.

 .............................................................................................................................................. 23 

Table 1-2 List of some microbes that bind  factor H. ........................................................... 24 

Table 3-1   FH binding to different ligands .......................................................................... 78 

Table 4-1 Compounds and their similarity in structure to TNP/DNP and their  inhibition of 

factor H binding to DNP-HSA.............................................................................................. 96 

Table 5-1 Comparison of inhibition of binding to DNP and binding to ADM .................. 120 

 

 

 

 

 

 

 

 

 



Chapter One                                                                        General introduction 

1 

 

 

 

 

 

 

 

 

 

Chapter One:  

General introduction 

 

 

 

 

 

 

 



Chapter One                                                                        General introduction 

2 

 

 

1 Introduction 

1.1 The complement system 

Complement was discovered in the 1890s to be a cytotoxic effector of antibodies. The 

name “complement” was used as it “complemented” the effect of antibodies, by lysing 

bacteria and other cells to which the antibodies were bound. Later it was discovered that it 

has several antigen-antibody-independent pathways of activation, including the alternative 

pathway and the lectin pathway, which were discovered in the 1950s, and 1980s, 

respectively (Sim et al., 2016). Researches in complement revealed that this system 

consists of approximately 40 proteins, which can be soluble or cell bound.  This system 

forms, with other plasma systems, for instance, blood clotting, fibrinolysis and kinin 

formation, an amplified response to stimulate the host immune system, which is based on 

catalytic reactions. Complement system function is involved in many aspects of biology 

and physiology and it is associated with many inflammatory and immunologic diseases 

(Markiewski and Lambris, 2007). Its activity controls aspects of acquired and innate 

immunity. The functions of this system include cell and bacterial lysis, virus neutralization, 

opsonisation (the promotion of phagocytosis) of particles, such as bacteria, and also host 

apoptotic and necrotic cell debris, and cleaning the immune system by removing immune 

complexes from the blood then depositing them in the liver and spleen (Bergseth et al., 

2013). Recently, there has been interest in the role of complement in development, 

especially in the central nervous system, because its activity in cell killing and removal of 

apoptotic cells is appropriate to the growth and re-modelling of tissue (Li et al., 2016). 

Complement activation can be initiated, by a very wide range of stimuli, via the three 

routes of recognition: classical pathway, lectin pathway and alternative pathway. When 

complement becomes activated through these pathways multicomponent serine proteases 

are formed and complement proteins are deposited on the complement-activating particle, 

resulting in opsonisation, phagocytic clearance or lysis of the particle or cell (Ritchie et al., 

2002). 
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1.1.1 The classical Pathway  

This pathway was the first to be discovered, via its association with antibodies. It is 

commonly activated by large soluble antibody-antigen complexes, or with antibodies bound 

to appropriate surfaces, for example bacteria. IgM antibodies, and IgG subclasses (human 

IgG1, IgG2 and IgG3) can activate the classical pathway. The formation of the antibody-

antigen complex promotes conformational changes in the Fc part of the IgM molecule, 

which allows binding of the C1 component of complement. However, the classical pathway 

is also activated without the presence of antibodies, by direct recognition, by C1, of surface 

features of bacteria, apoptotic cells, blood clots, etc (Carroll and Sim, 2011). C1 is a 

macromolecule found in the plasma and it consists of three different proteins (C1q, C1r and 

C1s), bound to each other via Ca++ ions (see Fig 1.1). C1q has globular heads, which bind 

to targets. The globular heads are linked together by collagenous helices. It can recognize a 

very wide range of targets, mostly by weak charge-dependent interactions. It has 6 globular 

heads, each with 3 lobes, which mediate the target-binding. Because the individual binding 

affinities are weak (ie between one head-lobe and one single site on a target), C1q has to be 

bound to two sites at least to generate a binding reaction of sufficient avidity; this binding 

generates conformational modifications in C1r, which is a proenzyme of a serine protease. 

The conformation change converts C1r to an active serine protease enzyme, and this 

enzyme can cleave C1s, which is also a serine protease proenzyme, to the activated C1s 

protease. Activated C1s works on two substrates C4 and C2 (see fig 1.3). The complement 

component C4 is a 190 kDa glycoprotein consisting of three polypeptides α, β and γ. The 

enzyme C1s cleaves C4 (in the  chain) to a small fragment C4a (9kDa) and large part C4b. 

The larger part C4b attaches to the surface of the complement-activating particle (such as a 

bacterium or antibody-antigen complex) near the C1 molecule. The binding of C4b is 

covalent, forming an ester or amide bond with the surface (Carroll and Sim, 2011). C1s also 

cleaves the serine protease proenzyme C2 to C2a and C2b; the small part C2b diffuses 

away, while C4b binds to C2a to form C4b2a, which is called the C3 convertase, a protease 

which activates C3 to form C3a and C3b.  C3 is a homologue of C4, but has only two 

polypeptides, the α and β chains. It is activated by cleavage, like C4, and can bind 

covalently to the complement-activating particle, near to the C4b2a. When the C3a (9kDa) 



Chapter One                                                                        General introduction 

4 

 

is cleaved from the α chain of C3, C3b is generated. One C3 convertase molecule can 

activate over 200 C3 molecules; it is in fact an amplification step. Some of formed C3b can 

bind to the complement activator, and one C3b binds covalently to C4b2a to form a new 

trimolecular complex, C4b2a3b or C5 convertase. In this complex, C3b and C4b form a 

binding site for C5, and C5 is cleaved by C2a (Carroll and Sim, 2011).  Cleavage of C5 is 

the common step in the three complement activation pathways; as a result of this cleavage 

C5a and C5b are released. C5b binds to C6 and both of them have the ability to bind to C7. 

After this binding C7 undergoes conformational changes leading to formation of the C5b67 

complex. This complex has affinity to bind to a phospholipid bilayer of a cell or microbial 

membrane. Further conformational changes occur to C5b67 when C8 binds to this complex, 

and the α chain of C8 inserts into the target membrane. The last binding happens between 

C5b678 to C9. This new complex incorporates several copies of C9 to make a complex 

called the “Membrane Attack Complex” or MAC, which damages the cell membrane and 

causes cell lysis (Celik et al., 2009).  
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Figure 1-1 The first protein in the classical pathway of complement activation is C1, which is 

a complex of C1q, C1r, and C1s. C1q is composed of six identical subunits with globular 

heads and long collagen-like tails.  

The tails combine to bind to two molecules each of C1r and C1s, forming the C1 complex 

C1q:C1r2:C1s2. The heads can bind to the constant regions of immunoglobulin molecules or 

directly to the pathogen surface, causing a conformational change in C1r, which then cleaves and 

activates the C1s zymogen. Figure adapted from(Arlaud et al., 1987), with permission. 
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1.1.2 The Lectin Pathway (Figures 1.2 and 1.3) 

This pathway is similar to the classical pathway: the major differences are that C1q is 

replaced by different recognition proteins, and C1r and C1s are replaced by the “mannose-

binding lectin associated proteases” (MASPs), which are homologues of C1r and C1s. The 

proteins which play a crucial role in target recognition by the lectin pathway are mannose -

binding lectin (MBL) and the ficolins (fcn), and the recently-described collectin-11 (CL-11) 

(Wallis, 2007). There are three ficolins in humans, named H, M and L-ficolin. MBL and 

CL-11 are   collectins (collagenous lectin) and are similar in function and structure to C1q 

in the classical complement cascade, with 3-lobed globular heads linked together with 

collagenous helices. The ficolins also have similar quaternary structure (Fig 1.2). The 

globular heads of C1q bind mostly to charge clusters, but the globular heads of the 

collectins bind to neutral sugars, such as N-acetyl glucosamine, mannose and fucose, which 

are present on the surface of many bacteria and other microorganisms, and also on host 

glycoproteins. The ficolins have globular head domains, which are not homologous to those 

of C1q or the collectins: instead they have “fibrinogen-like domains” (FBG). The binding 

specificity of these is not very precisely known, but they bind to acetyl groups, so they 

recognize, for example, acetylated sugars, such as N-acetyl glucosamine, N-acetyl 

galactosamine, some Sialic acids. MBL, ficolins and CL-11 have 3-6 globular heads. 

Instead of C1r and C1s, they bind to any of three proteases zymogens MASP1, MASP2 or 

MASP3, which are homologues C1r and C1s, and the three MASP proenzymes can be 

activated when the recognition protein binds to a target surface (Carroll and Sim, 2011).  

MASP2 cleaves C4 and C2 in a similar way to activation of the classical pathway, and this 

activation leads to formation of the C3 convertase via binding of C4b to C2a (Fig 1.3). The 

roles of the proteases MASP1 and MASP3 are still under investigation. Then the rest of 

activation occurs similarly to the classical pathway (Meri, 2013). Individuals deficient in 

MBL suffer an increase in infection during their childhood period, before their antibody 

repertoire is fully developed. This gives evidence about the importance of MBL-lectin 

pathway for host immunity (Wallis et al., 2010). 
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Figure 1-2. Structure of Mannose-binding lectin (MBL) and ficolins. 

 (MBL) and ficolins are oligomers of structural subunits, each of which is composed of three 

identical 32-kDa and 35-kDa polypeptides, respectively. CRD= carbohydrate recognition 

domain. This figure is from (Fujita, 2004). 
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1.1.3 The Alternative Pathway  

The alternative pathway was discovered in the 1950s as an antibody-independent pathway, 

and so was clearly distinct from the classical pathway, which at that time was thought to be 

entirely antibody-dependent (Pillemer et al., 1954). It is activated through contact with 

different substances such as lipoteichoic acid from gram-positive bacterial cell walls, gram 

negative lipopolyscaccharide (LPS), yeast cell walls (eg zymosan), unidentified targets on 

many parasites, and is now known to be activated by immune complexes containing IgG 

and some IgA antibodies. Rabbit red blood cells are used as a convenient activator in assays 

for human alternative pathway activation (Carroll and Sim, 2011). Activation of this 

pathway is based on hydrolysis of C3, which circulates in unactivated form in plasma.  The 

thiolester in C3 undergoes very slow hydrolysis to form C3(H2O), which takes up the same 

conformation as the fragment C3b which arises from proteolytic cleavage of C3, and so can 

bind to Factor B.  Binding of factor B to C3(H2O) produces C3(H2O)B that is a substrate  

for factor D to form the molecule C3(H2O)Bb, which is itself a C3 convertase. This 

convertase is homologous to C4b2a of the classical and lectin pathways: C4 is a homologue 

of C3, and Factor B is a homologue of C2.  C3(H2O)Bb  will  cleave C3 to form  C3a and 

C3b. C3b will bind randomly to any nearby surface, where it can bind to either Factor B or 

Factor H. If it binds factor H, it will be inactivated by Factor I (see below), and complement 

activation will go no further. If it binds Factor B, the C3bB complex is activated by factor 

D to form C3bBb, the major C3 convertase of the alternative pathway. This surface-bound 

C3 convertase can activate hundreds of molecules of C3, and many of the resulting C3b 

molecules will bind covalently to the surface, in a cluster around the activating protease. 

This clustered C3b is important for opsonisation, a process that leads to destruction of 

microbes due to facilitating their recognition and engulfment via phagocytic cells. 

Opsonisation requires that the C3b (or its breakdown products iC3b or C3d), binds 

specifically to C3 receptors on the phagocytic cell membrane.  C3b which does not attach 

to a surface will quickly hydrolyze and catabolize in the absence of a binding surface. As 

soon as C3b (formed by any of the three pathways) becomes attached to a surface, it can 

form the alternative pathway convertase C3bBb, and so amplify the turnover and fixation of 

C3. As happens for the convertase C4b2a, C3bBb can be modified by covalent attachment 



Chapter One                                                                        General introduction 

9 

 

of another C3b, forming C3bBbC3b, the alternative pathway C5 convertase. This cleaves 

C5, which then interacts with C6-C9, to form the MAC, as described above (see Fig 1.3) 

(Thurman and Holers, 2006). 
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Figure 1-3 The complement system activation pathways; classical, lectin and alternative.  

The classical pathway is initiated by activation of the C1 components, when C1q binds to the 

surface of targets such as microbes or apoptotic cells and immune complexes. Lectin pathway 

activation starts with the binding of MBL-MASP or Ficolin-MASP to carbohydrate and other 

ligands on the target surfaces. The alternative pathway activation depends on the hydrolysis of 

C3 in the plasma, which the binds to factor B which is cleaved by factor D. C3 convertase is 

formed in all pathways, C4b2a in both classical and the lectin pathways and C3bBb in the 

alternative pathway. This complex cleaves C3 to C3a and C3b and the latter binds to the 

convertase complex to form C5 convertases, which cleaves C5 to C5a and C5b. C5b will bind to 

C6, C7, C8 and C9 to form the membrane attack complex (MAC). Figure supplied by Robert B. 

Sim, Oxford University (copyright holder). 

 

 

 

 

1.2 Regulation of the complement system  

 Complement is activated when the body comes under attack by microbes (bacteria, fungi 

and parasites), or when there is (mechanical) damage to tissue. During complement 

activation microbes and tissue damage products become opsonised by complement 

components. Complement can be also activated in some other situations (eg, tissue 

ischemia and reperfusion) and this can lead to complement attack on the host’s own tissues. 
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Therefore, the complement system must be tightly regulated to minimize any host damage. 

Complement is controlled via both soluble (plasma) and membrane-bound inhibitory 

proteins (Noris and Remuzzi, 2013) (Figure 1-5). The plasma protein; C1 inhibitor (C1 

INH), a member of the SERPIN family (SERine Protease INhibitor) inhibits the 

autoactivation of C1qrs by binding to proenzymic C1s and C1r (Hughes et al., 2004). More 

importantly, C1 INH also reacts directly with activated C1r and C1s, and also activated 

MASP1 and MASP2, to form a tight complex, in which the protease is inactive. (Wouters 

and Zeerleder, 2015). C1-INH also inhibits the plasma proteases of the kinin and 

coagulation systems, Kallikrein, Factor XIa and Factor XIIa, so its effects are not confined 

to regulating the complement system (Cugno et al., 1997).  

The C3 and C5 convertases of the complement system are controlled by several 

structurally-related proteins, which are encoded on a gene cluster on human chromosome 

1q32, called the RCA (regulation of complement activation) gene cluster. These proteins 

are Factor H and C4bp (both soluble proteins) and the membrane-bound CR1 (complement 

receptor 1=CD35), DAF (decay accelerating factor =CD55) and MCP (membrane cofactor 

protein =CD47), The C3 and C5 convertases are unstable enzymes, and their subunits 

dissociate, making them inactive, with a half-life of a few minutes. The RCA proteins can 

bind to them accelerating their decay: this is called “Decay-acceleration Activity”. Once 

bound to C3b or C4b, the RCA proteins make them a target for inactivation by the protease 

Factor I, breaking C4b down to form C4c and C4d, and C3b to form iC3b. This is called 

“Factor I-cofactor Activity” (Harris et al., 2000). (Figure 1-4) 
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Figure 1-4. complement regulation by RCA cluster proteins. 

 DAF (or FH or CR1) destabilizes C3 convertases and accelerate the dissociation of C3bBb and 

C4b2a. For C4b2a, the regulatory protein C4bp acts instead of FH. This is “decay-acceleration 

activity”. These proteins also have Factor I-Cofactor activity: MCP (or FH or CR1) binds to C3b 

and serves as a cofactor for FI-mediated cleavage and inactivation of C3b.  The same happens for 

C4b, except that again C4bp acts instead of FH.  Figure provided by Robert B. Sim, Oxford 

University (copyright holder). 
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C4b-binding protein (C4bp) for example, regulates the classical and the lectin pathways. It 

binds to C4b and accelerates the decay of C4b2a.  C4bp works as a cofactor for the 

cleavage of C4b by factor I (Wenderfer et al., 2007). Factor H is the most abundant fluid 

phase regulator glycoprotein for the alternative pathway. It has decay acceleration activity. 

For C3bBb and C3bBbC3b, and acts as Factor I-cofactor for the breakdown of C3b to iC3b. 

Membrane bound inhibitory regulators complement receptor 1 (CR1) and membrane 

cofactor protein (MCP) both have the combined activities of C4bp and Factor H, so they act 

on C3b and C4b, and all the convertases. Decay accelerating factor (DAF) inhibits C3 

convertases in both classical and alternative pathways (decay acceleration activity), but has 

no factor I-cofactor activity. These proteins encoded in the RCA gene cluster are all 

structurally similar, and are made up of different numbers of CCP domains (Carroll and 

Sim, 2011) (see further details in section 1.3.1).  Also encoded in this gene cluster are 5 

factor-H related proteins (FHRs), which also appear to have complement-regulatory 

activity, the details of which are currently being explored.  

The terminal pathway of the complement system (C5-C9, lytic complex) is also regulated. 

Host cells are protected by CD59 (protectin) on their surface, which binds to C5b-8 

complexes and prevents their interaction with C9 (Nesargikar et al., 2012). 
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Figure 1-5 The complement system is controlled by several fluid phase and membrane-bound 

regulators that act at various steps of the activation cascade.    

Factor H is the major fluid-phase regulator of the alternative pathway, as it prevents the formation 

of the C3 and C5 convertases, facilitates the disassembly of already formed convertases and acts as 

a cofactor for the inactivation (enzymatic cleavage) of C3b by Factor I.  Figure provided by Robert 

B. Sim, Oxford University (copyright holder). 
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1.3 Factor H (FH) 

The complement system is a highly active defense line against microbial infection. Human 

complement effectively helps to remove dead cells, microbes, debris and any other foreign 

particles from the body, by recognizing suitable targets and promoting their phagocytosis. 

Regarding to its defense activity against microbial infections; this system must be carefully 

regulated to avoid over-consumption of its components and to limit possible damage for the 

host tissues. Regulation of the complement system occurs by fluid-phase regulators and 

membrane proteins, of which FH is the most abundant in plasma. 

1.3.1  Structure of factor H:  

One of the most abundant well-characterised proteins in vertebrate serum is factor H (FH). 

Factor H was first named by Nilsson and Mueller-Eberhard as 1H globulin.  Factor H is a 

single chain glycoprotein with molecular weight 155 kDa. It circulates in human plasma at 

a concentration which varies widely between individuals (260-651 μg/ml) (Rodríguez et al., 

2004). 

Factor H belongs to the factor H family of proteins, which consists of six or more highly 

related proteins.  The main form of factor H is composed of 1213 amino acid residues (see 

figure 1-7) distributed in 20 repetitive units (domains) called short consensus repeats (SCR) 

or complement control protein domains (CCP); each domain has  60 amino acids, with 

two internal disulfide bonds (CyI –CysIII and CysII –CysIV) (Makou et al., 2013). These 

disulfide bridges are important in maintaining the characteristic structure of the CCP 

module. The   modules are joined together by short linker regions of 3-8 amino acids, and 

the protein can be visualised as a string of beads (DiScipio, 1992).  The Factor H gene has 

an alternative splicing product called FH-like protein 1 (FHL-1). It is present in plasma at 

very low concentration in comparison to FH.  Its molecular weight is 42 kDa and it consists 

of 7 CCPs, which are identical to the first 7 CCPs of FH, followed by a short sequence 

SFTL. (Ripoche et al, 1988) (Figure 1-6).  FHL-1 has similar activities in regulating the 

complement system as FH. (Józsi and Zipfel, 2008). In plasma there are also five FH- 
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related proteins, FHR1, FHR2, FHR3, FHR4 and FHR5, each of which is encoded by a 

separate gene on human chromosome 1q32 within the RCA (Regulation of Complement 

Activation) gene cluster. The FHR4 gene has two alternatively spliced products, FHR4A 

and B. The five CFHR genes are located downstream of the factor H gene and each CFHR 

gene codes for a plasma protein that is exclusively composed of CCP domains (Figure 1-6). 

The entire chromosomal segment with the CFHR genes is characterized by several large 

genomic repeat regions, which have a high degree of sequence identity (Skerka et al., 

2013). 

FHR1 is the most abundant FHR in the plasma. Each of the FHR proteins is composed of 5-

9 CCPs and as shown in Figure 1-6, these CCPs are similar, or sometimes near-identical (in 

amino acid sequence), to CCPs of FH, in the regions FH CCP6-8 and FH CCP19-20. It has 

been shown that FHRs do not control complement in the same way as FH, but instead they 

seem generally to “oppose” the action of FH. (Medjeral-Thomas and Pickering, 2016), 

They have CCP domains very similar to the CCP6-8 and 19-20 domains of FH, through 

which FH binds to many targets, but they do not have CCPs similar to FH domains 1-4, 

which is the main region for Factor I-cofactor activity of FH (see section 1.3.3). So it 

appears that they can compete with FH for binding to some targets, but they lack cofactor 

activity, so they effectively “inhibit” some effects of FH. However there are some reports 

of complement-inhibitory activity: FHR1 inhibits cleavage of C5 by binding to C3b 

(Heinen et al., 2009). FHR2 is made up of four CCP domains, similar to CCPs 6, 7, 19, 20 

of FH. FHR2 is reported to inhibit C3 convertase of the alternative pathway but  it does not 

have cofactor activity (Goicoechea de Jorge et al., 2013). FHR3 protein is composed of five 

CCP domains, and it binds to C3, C3d and heparin. FHR4A protein consists of nine CCP 

domains, and its functions in complement remain poorly defined but it binds to C3, C-

reactive protein (CRP) and a complement modulatory activity in the form of a factor H 

cofactor enhancing activity was reported (Skerka et al.,  2013; Mihlan et al.,  2009). FHR 5 

also consists of nine CCP domains. FHR5 binds to C3b and C3d so it competes with factor 

H, furthermore it binds to CRP (McRae et al., 2005). The FHRs form homo-and 

heterodimers, which makes the study of their functions in vivo very complex.  
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Figure 1-6 Complement factor H (CFH) and complement factor H related protein 

(CFHR) genes on chromosome 1 and the structures of FH, FHL-1 and FHR proteins. 

 (A) The CFH and CFHR genes all occupy one stretch of chromosome 1 (1q32) known as the 

regulators of complement activation gene cluster.  In (B), the protein structure (CCP 

domains) is shown. The FHRs are made up of different numbers of CCPs. As shown in the 

figure, FHR1 has 5 CCPs, FHR5 has 9.  The CCPs in FHRs have a high degree of sequence 

similarity to some CCPs of FH. The alignment in the figure shows that CCPs 1-3 of FHR3 

are most similar to CCPs 6-9 of FH, while CCPs 4 and 5 of FHR3 are most similar to FH 

domains 19 and 20. Percent amino acid identity with the corresponding FH CCPs is shown. 

From (Clark and Bishop, 2014) 
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1.3.2 Factor H functions     

Factor H is the main soluble regulator of the alternative pathway of complement. Factor H 

controls complement activity through several mechanisms: inhibiting the C3 and C5 

convertases in the alternative pathway, by competing with factor B for binding to the 

central component C3b; promoting the disassembly of C3 and C5 convertases by displacing 

bound Factor Bb;  and it acts as a cofactor for factor I in the cleavage of C3b to form iC3b 

(Kopp et al., 2012). Proteolysis of C3b occurs in the presence of factor H and factor I 

leading to cleavage in -chain of C3b and forming three fragments 3, 43 and 68 kDa 

(Rodríguez De Córdoba et al., 2004). Factor H works both in the fluid phase and on cell or 

particle surfaces (Schmidt et al., 2011). On surfaces, factor H can bind to surface-bound 

C3b, and also to charge clusters on the surface, made up of, for example, sialic acids as 

well as glycosaminoglycan or sulphated polysaccharides like heparin. (Koistinen, 1993; 

Rodríguez de Córdoba et al., 2004). This binding to a secondary site on surfaces reinforces 

its apparent avidity for C3b, and so promotes the action of FH in inhibiting C3 turnover. 

Thus FH is able to distinguish between activator- and non-activators-surfaces to which C3b 

is bound: on surfaces with charge clusters recognized by FH, FH binding is enhanced, so 

C3 turnover is downregulated, while on surfaces lacking such FH recognition sites, 

alternative pathway activation of C3 will proceed at a greater rate.  

 Jarva et al., 1999 confirmed that factor H interacts with C-reactive protein, and CRP binds 

to FH on two binding sites. CRP binds to bacterial surfaces, so can bridge the binding of 

FH to bacteria. Many pathogens (see section 1.3.4.2) and cancer cells avoid complement 

activation by mechanisms which allow them to bind FH.  

It has been showed that factor H can also regulate the classical pathway through direct 

competition with C1q, the recognition protein of the classical pathway for binding to 

several types of targets, including anionic phospholipids such as cardiolipin, lipid A and the 

bacterium Escherichia coli ( Tan et al.,  2010; Kishore & Sim 2012, Alrashidi, 2015). 
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1.3.3 Binding sites of factor H:  

As mentioned in section 1.3.1 factor H is a single chain composed of 20 tandemly arranged 

homologous complement control protein modules (CCP units). Many different 

experimental methods such as, using monoclonal antibodies, proteolytic digestion, 

expression of recombinant segments of FH, and point mutagenesis have been used to 

identify and characterise functional domains of factor H (Gordon et al., 1995). The 

functional sites of factor H have been studied for years, and they are mainly three sites, two 

of which engage with C3b or C3d. One of these sites, plus another, interacts mainly through 

charge clusters, with self-surfaces. The sites (shown on Figure 1-6, are CCP 1-4 (interaction 

with C3b, Factor I), CCP 6-8 (interaction with charge clusters, bacterial proteins and many 

other targets) and CCP 19-20 (interaction with C3b or C3d, GAGs, sialic acids). Another 

site marked as a C3b binding site on Figure 1-6, CCPs 12-14, has little evidence to support 

it.  (Schmidt et al., 2008). The amino acid sequences of these regions of FH are shown in 

Figure 1-7.  

1.3.3.1 CCP 1-4:   

FH CCP 1-4 is the major site for interaction with C3b and Factor I, so is the location of 

Factor I-cofactor activity (Jozsi, 2005).  

1.3.3.2 CCP 19-20:  

FH CCP 19-20 also binds to C3b, and also to iC3b and its cleavage product C3d (Ferreira, 

Pangburn and Cortés, 2010). In addition CCP19-20 binding to heparin and sialic acid have 

been described (Blackmore et al., 1996). It has been found through structural analysis of 

CCP19-20 that there is a group of positively charged amino acids that participate in the 

interaction with C3b and heparin and also CRP (Perkins and Goodship, 2002). Mutations 

and polymorphism in CCP19-20 is associated with kidney disease such as hemolytic 

uremic syndrome HUS (Jozsi, 2005).  
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1.3.3.3 CCP 6-8:  

Factor H has two main GAG-binding sites2, CCP6-8 and CCP19-20 (Clark et al., 2013).  

Clark et al (2013 also found that recombinant factor H CCP6-8 binds more tightly to highly 

sulphated heparin than CCP19-20. CCP7 and CCP 20 on factor H carry electropositive 

surfaces patches that participate in the avid binding of factor H to polyanions such as those 

on sulphated GAGs (Makou et al., 2013) Additionally, most characterized bacterial FH-

binding proteins bind within CCP6–8 or CCP19–20 (Ferreira, et al., 2010). 
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Figure 1-7 The complete amino acid sequence of FH (Ripoche et al., 1988).  

Human complement factor H is a single chain made up of 20 domain called complement control 

proteins (CCP).  Its molecular weight is 155 kDa, and it has 7-8 N-linked glycans. Amino acids 

1-18 (top line) represent the signal sequence. In later chapters of this thesis, recombinant proteins 

representing different regions of FH are used in experiments. These recombinant proteins 

represent the following CCP modules:  FH CCP 1-4 amino acid numbers are 19-264, MW 27800, 

pI is 5.04, E280 1mg/ml is 1.72;  FH CCP 6-8 amino acid numbers are 324-507, MW is 20844, 

pI is 8.09, E280 1mg/ml is 8.09;  FH CCP 19-20 amino acid numbers are 1107-1230, MW is 

20056, pI is 875, E280 1mg/ml is 1.945. Mol Wt, pI and E280 values were calculated using the 

Protparam website available via UNIPROT.  

 

 

 

MRLLAKIICL MLWAICVAED CNELPPRRNT EILTGSWSDQ TYPEGTQAIY  

        60         70         80         90        100 

KCRPGYRSLG NVIMVCRKGE WVALNPLRKC QKRPCGHPGD TPFGTFTLTG  

       110        120        130        140        150 

GNVFEYGVKA VYTCNEGYQL LGEINYRECD TDGWTNDIPI CEVVKCLPVT  

       160        170        180        190        200 

APENGKIVSS AMEPDREYHF GQAVRFVCNS GYKIEGDEEM HCSDDGFWSK  

       210        220        230        240        250 

EKPKCVEISC KSPDVINGSP ISQKIIYKEN ERFQYKCNMG YEYSERGDAV  

       260        270        280        290        300 

CTESGWRPLP SCEEKSCDNP YIPNGDYSPL RIKHRTGDEI TYQCRNGFYP  

       310        320        330        340        350 

ATRGNTAKCT STGWIPAPRC TLKPCDYPDI KHGGLYHENM RRPYFPVAVG  

       360        370        380        390        400 

KYYSYYCDEH FETPSGSYWD HIHCTQDGWS PAVPCLRKCY FPYLENGYNQ  

       410        420        430        440        450 

NYGRKFVQGK SIDVACHPGY ALPKAQTTVT CMENGWSPTP RCIRVKTCSK  

       460        470        480        490        500 

SSIDIENGFI SESQYTYALK EKAKYQCKLG YVTADGETSG SITCGKDGWS  

       510        520        530        540        550 

AQPTCIKSCD IPVFMNARTK NDFTWFKLND TLDYECHDGY ESNTGSTTGS  

       560        570        580        590        600 

IVCGYNGWSD LPICYERECE LPKIDVHLVP DRKKDQYKVG EVLKFSCKPG  

       610        620        630        640        650 

FTIVGPNSVQ CYHFGLSPDL PICKEQVQSC GPPPELLNGN VKEKTKEEYG  

       660        670        680        690        700 

HSEVVEYYCN PRFLMKGPNK IQCVDGEWTT LPVCIVEEST CGDIPELEHG  

       710        720        730        740        750 

WAQLSSPPYY YGDSVEFNCS ESFTMIGHRS ITCIHGVWTQ LPQCVAIDKL  

       760        770        780        790        800 

KKCKSSNLII LEEHLKNKKE FDHNSNIRYR CRGKEGWIHT VCINGRWDPE  

       810        820        830        840        850 

VNCSMAQIQL CPPPPQIPNS HNMTTTLNYR DGEKVSVLCQ ENYLIQEGEE  

       860        870        880        890        900 

ITCKDGRWQS IPLCVEKIPC SQPPQIEHGT INSSRSSQES YAHGTKLSYT  

       910        920        930        940        950 

CEGGFRISEE NETTCYMGKW SSPPQCEGLP CKSPPEISHG VVAHMSDSYQ  

       960        970        980        990       1000 

YGEEVTYKCF EGFGIDGPAI AKCLGEKWSH PPSCIKTDCL SLPSFENAIP  

      1010       1020       1030       1040       1050 

MGEKKDVYKA GEQVTYTCAT YYKMDGASNV TCINSRWTGR PTCRDTSCVN  

      1060       1070       1080       1090       1100 

PPTVQNAYIV SRQMSKYPSG ERVRYQCRSP YEMFGDEEVM CLNGNWTEPP  

      1110       1120       1130       1140       1150 

QCKDSTGKCG PPPPIDNGDI TSFPLSVYAP ASSVEYQCQN LYQLEGNKRI  

      1160       1170       1180       1190       1200 

TCRNGQWSEP PKCLHPCVIS REIMENYNIA LRWTAKQKLY SRTGESVEFV  

      1210       1220       1230  

CKRGYRLSSR SHTLRTTCWD GKLEYPTCAK R             
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1.3.4 Factor H interactions:   

Factor H regulates the alternative pathway of complement system by binding to C3b which 

results of inhibition the interaction of C3b with factor B and C5 (Soames and Sim, 1997). It 

also may regulate the complement classical pathway by competing with C1q (C1) for 

binding to some charge-cluster ligands (Alrashidi, 2015; Tan et al., 2010). 

1.3.4.1 Factor H attaches to host cells and ligands: 

Factor H binds to cells and surfaces, as factor H has binding sites for GAGs such as heparin 

and for “polyanions” eg clustered sialic acids. This reveals its important role of 

discriminating between activators and non-activators (i.e. polyanion rich) surfaces (Józsi et 

al., 2006). In conditions of strong complement activation, cells and tissues require effective 

protection against unwanted complement-mediated damage, thus binding of soluble 

regulator factor H to endothelial cells via cell surface glycosaminoglycans and C3b 

prevents endothelial damage and acute renal failure in the kidney (Kajander et al., 2011). 

Additionally, factor H takes part in recognition of host cells by binding to cell markers that 

occur on the apoptotic cells for instance DNA, annexin II and anionic phospholipids.  

Factor H can bind DNA and histones when cells are damaged and these ligands become 

exposed on apoptotic cells (Leffler et al., 2010). Additional studies have reported that 

factor H binds to the soluble acute phase protein C-reactive protein and the related 

pentraxin 3: these have shown good ability to bind to apoptotic cells and so bring factor H 

to the cell surface (Hebecker et al.,  2010; Deban et al.,  2008). Other host cells for example 

neutrophils, B lymphocytes, monocytes and platelets contain markers on their surfaces 

which recruit factor H (Ferreira et al.,  2010; Mnjoyan et al.,  2008 ). Furthermore, a study 

by Martínez et al., (2001) showed that there is an interaction between Adrenomedullin 

(ADM) and factor H. Adrenomedullin is a ubiquitous peptide hormone, composed of 52 

amino acids which can regulate blood pressure, and influence growth, neurotransmission, 

and inflammation (Martínez et al., 2003). ADM is described in more detail in section 1.4.  

A specific Adrenomedullin binding protein (AMBP-1), was identified, and later shown to 

be identical to FH (Martinez et al, 2001, 2003).  AMBP-1 facilitates binding of 
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Adrenomedullin to its receptors and modulates its biological activity (Idrovo et al., 2015). 

Combination of Adrenomedullin and FH (AMBP-1) has been shown to have protective 

effects to decrease destruction of ADM by random proteolysis in circulation (Carrizo et al., 

2007). It has been found that FH binds also to fibulin (DiScipio et al., 2016).  

Table 1-1  Some Factor H ligands, binding sites and potential relevance of the interactions. 

Ligand Biding sites Relevance 

C3 Fragments         C3b 

C3d 

CCP 1-4, 6-8 

CCP 19-20 

Complement  regulation 

Polyanionic molecules: Heparin 

Other Glycosaminoglycans  

Sialic acid 

 

CCP 7,19-20 

Attachment to  host cells  

Pentraxins:      C-reactive protein 

Pentraxin3  

CCP 7, 8 -11, 19-20  

CCP 7, 19-20 

Targeting the activity of FH 

to pentraxin-binding particles  

Apoptotic/ necrotic cells:  Annexin-II 

DNA 

Histones  

CCP 6-8 

CCP 6-8, 19-20 

CCP 1-4, 6-8, 8-15 

Promoting safe clearance, 

protection from 

autoimmunity  

Extracellular matrix:  Fibromodulin  

Osteoadherin  

Chondroadherin  

CCP 6-8 

? 

? 

Regulation of inflammation  

(e.g., in rheumatoid arthritis) 

Malondialdehyde  ? Recognition of damaged 

tissues 

Adrenomedullin  CCP 8-11, 12-20  Modulation of 

Adrenomedullin function  
 

Data from  Kopp et al., (2012). 
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1.3.4.2 Factor H interacts with microbes and other organisms: 

The complement system helps in clearance from the body of pathogens and debris that 

results from damaged cells (Carroll, 1998). Factor H is the major soluble inhibitor for the 

alternative pathway of complement system. Bacteria and viruses use several host protection 

mechanisms to escape or limit attack by complement, and one of these mechanisms is 

binding factor H to their surface to provide resistance to the alternative pathway (Ferreira et 

al., 2010). 

Table 1-2 List of some microbes that bind  factor H. 

 

 

Microbe Type Reference 

Neisseria meningitides Gram –ve bacteria (McNeil et al., 2013) 

Haemophilus influenza Gram –ve bacteria (Meri et al., 2013) 

Bordetella pertussis, Gram –ve bacteria (Amdahl et al., 2011) 

Pseudomonas aeruginosa Gram –ve bacteria (Kunert et al., 2007) 

Streptococcus pneumonia 

& S. pyogenes   

Gram +ve bacteria (Dave et al., 2004) 

Candida albicans Yeast (Luo et al., 2009) 

Borrelia burgdorferi Gram –ve bacteria (Hellwage et al., 2001) 

B. hermsii, Gram –ve bacteria (Meri et al., 2013) 

Salmonella enterica Gram –ve bacteria (Ho, Jarva and Meri, 

2010) 

Escherichia coli  Gram –ve bacteria (Ho, Jarva and Meri, 

2010) 

Aspergillus fumigatus Fungus (Behnsen et al., 2008) 

Plasmodium falciparum Parasite (Simon et al., 2013) 

Anopheles mosquito gut Insect (Khattab et al., 2015) 

HIV Virus (Ferreira, Pangburn 

and Cortés, 2010) 
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1.4 Adrenomedullin (ADM) 

ADM was first described in 1993, as a result of its action as a hypotensive peptide 

(Kitamura et al., 1993). ADM is a 52 amino acid regulatory peptide which has limited 

homology to CGRP (calcitonin gene-related peptide: 37 amino acids) and amylin (37 amino 

acids) (Hinson et al., 2000). It has a single disulphide bridge between residues 16 and 21. It 

is processed from a 185-amino acid precursor, preproadrenomedullin, and an amidated C-

terminus is formed during processing. The plasma concentration of ADM is in the 10–20 

pMolar range, although measurement is made difficult by the presence of the binding 

protein, AMBP1 (=FH) which has a plasma concentration of 220–650 g/ml (1.4–4.3 uM), 

and is therefore about 10exp8-fold more abundant than ADM in plasma. Adrenomedullin is 

a multifunctional regulatory and vasoactive peptide. ADM like FH is present in most body 

fluids, eg milk, sweat, cerebrospinal fluid, urine and it has been discovered in human 

breast, lung, ovarian, pancreatic, prostate and renal cancers, cardiomyocytes, fibroblasts, 

monocytes, and leukocytes (Martínez et al., 2003; Zhou et al., 2015),                           

although their relative concentrations in these fluids are different from that in plasma (Sim 

et al., 2008). 

ADM is a circulating hormone, although it functions also as a local paracrine and autocrine 

mediator with multiple biological activities such as vasodilatation, cell growth, regulation 

of hormone secretion, natriuresis, and antimicrobial effects (Hinson et al., 2000). At 

specific physiological concentration, ADM was shown to have a crucial role in the systemic 

and pulmonary circulation. In many cell types, including endothelial and smooth muscle 

cells of the vascular wall, production and secretion of ADM are increased in response to 

cellular strain induced by hypoxia and ischemia (Minamino et al., 1995). 

Sequence of ADM: Tyr-Arg-Gln-Ser-Met-Asn-Asn-Phe-Gln-Gly-Leu-Arg-Ser-Phe-Gly-

Cys-Arg-Phe-Gly-Thr-Cys- Thr-Val-Gln-Lys-Leu-Ala-His-Gln-Ile-Tyr-Gln-Phe-Thr-Asp-

Lys-Asp-Lys-Asp-Asn-Val-Ala-Pro-Arg-Ser-Lys- Ile-Ser-Pro-Gln-Gly-Tyr-NH2  
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(52 aa; 1 disulphide bridge). Adrenomedullin Sequence, reference from Uniprot. 

(http://www.uniprot.org/uniprot/P35318) 

1.5 Protein interactions with small molecules and macromolecules.  

In this thesis, the interaction of Factor H with a number of other proteins, other 

macromolecules (eg heparin) and “small” molecules, typically, <1000 mol wt) is studied 

and reported.  

Proteins interact with other molecules via several different types of non-covalent atomic or 

molecular interaction. These are summarised at https://en.wikipedia.org/wiki/Non-

covalent_interactions, and include:  

1: Ionic interactions: these may be between full negative and positive charges (1 full 

charge = 1 electron), or between partially charged features (polarised groups or dipoles, 

where charge is unevenly distributed across a covalently-bonded structure). These 

interactions are strongly influenced by pH (alteration of ionised groups) or by the ionic 

strength of the buffer/medium.  They can be divided into several types, eg: 

Electrostatic interactions:  these typically involve fully charged amino acid side chains on 

the protein, interacting with charged (ionisable) groups on the ligand.  Examples could 

include binding of negatively charged side chains of Asp, Glu, or positively charged side 

chains (His, Lys, Arg) with oppositely charged amino acid side chains on other proteins, or 

groups such as sulphate, phosphate, on ligands.  

Polarised structures without a full net negative or positive charge can also be involved (eg 

aromatic rings with electron-donating or electron-withdrawing substituents, oxygen or 

nitrogen atoms with lone pairs of electrons 

Hydrogen bonding: this occurs between hydrogen atoms of one molecule of the receptor-

ligand pair, and atoms on the other of the pair with a lone pair of electrons, eg, O, N. 

Amino acid side chains with OH groups, eg Ser, Thr, Tyr may be involved and also NH 

groups of the peptide bond.  

https://en.wikipedia.org/wiki/Non-covalent_interactions
https://en.wikipedia.org/wiki/Non-covalent_interactions
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Van der Waals Forces are a subset of electrostatic interactions involving permanent or 

induced dipoles 

Pi-pi interactions: these are formed between stacked aromatic rings, for example of Tyr, 

Trp, Phe side chains, and could involve aromatic rings of non-protein entities.  

2: hydrophobic effect is the tendency of nonpolar substances to aggregate in aqueous 

solution and exclude water molecules. It describes the spontaneous segregation of water 

and nonpolar substances, which maximizes hydrogen bonding between water molecules 

and minimizes contact between water and nonpolar molecules.  

In investigating protein-ligand interactions, it is common practice to use change of pH, 

change of ionic strength, chaotropes and denaturants to investigate features of the binding 

interactions involved. For example, increasing ionic strength weakens electrostatic 

interactions, and changing the pH over certain ranges may indicate the types of ionisable 

groups involved. Increasing salt strength however strengthens interactions which are 

mainly hydrophobic.  Chaotropes interfere with intramolecular interactions mediated 

mainly by hydrogen bonds, but also van der Waals forces, and hydrophobic effects. 

Examples of chaotropes include KSCN, KBr, KCl (for detailed explanation see 

http://www1.lsbu.ac.uk/water/kosmotropes_chaotropes.html).  

Protein denaturants can also be used to investigate interactions: these help to distinguish 

between covalent and non-covalent binding between proteins and potential ligands. An 

example of this is the use of urea to determine whether macromolecules binding to fibrin 

are bound non-covalently or have been covalently cross-linked by the action of the enzyme 

FXIII—see thesis section 2.2.1.3) 

Denaturation is the “process of partial or total alteration of the native secondary, and/or 

tertiary, and/or quaternary structures of proteins or nucleic acids resulting in a loss of 

bioactivity” (IUPAC definition). Denaturants used include detergents such as SDS, high 

concentrations of guanidine salts or urea. Loss of the protein native structure should destroy 

any specific binding interaction.  

http://www1.lsbu.ac.uk/water/kosmotropes_chaotropes.html
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Aims of thesis: 

Factor H has been reported to bind to a wide range of ligands. Currently interest is mainly 

in bacterial (proteins) ligands and also in charge polymers such as sulphated 

glycosaminoglycan (GAGs) (Langford-Smith et al., 2015). The aims of this thesis were to 

examine a range of compounds as potential ligands for factor H, and to select ligands with 

unusual binding mechanism (ie not mainly ionic) or very high affinity, for further analysis.  

In initial work, TNP-BSA and DNP-HSA were selected as ligands in this category, and 

further experiments showed a potential similarity with Adrenomedullin factor H binding. 

Further work was therefore focused on characterising TNP, DNP and Adrenomedullin 

binding, and exploring the use of TNP as an affinity ligand for purifying FH.  

A laboratory fire in April 2016 destroyed all reagents and equipment, and thus further 

refinements of the work, such as affinity measurement were ruled out.  
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2 Materials and methods 

2.1 Materials 

Chemical name Supplier  

Tris base Fisher scientific UK limited 

Sodium chloride (NaCl) Fisher scientific 

Phosphate buffered saline (Dulbecco’s) Sigma 

Polyoxyethylenesorbitanmonolaurate 

(Tween20) 

Fisher scientific  

Bovine Serum Albumin (BSA) Sigma 

Ethylenediaminetetraacetic acid (EDTA) Sigma 

2-[4-(2-hydroxyethl-1-piperazine)] 

ethanesulfonic acid (HEPES) 

Sigma 

Diethanolamine Sigma 

Sodium phosphate dibasic anhydrous Fisher scientific UK limited 

Sodium hydroxide (NaOH) Fisher scientific UK limited 

N-tetramethylethylenediamine (TEMED)  Sigma 

Acrylamide-bisacrylamide (29:1), 30% solution Sigma 

Coomassie Brilliant Blue Thermo scientific 

Urea Sigma 

Goat Anti rabbit IgG alkaline phosphatase 

conjugate 

Sigma A3687 

p-Nitrophenyl phosphate (buffered tablets) Sigma N2770 

Fibrinogen (human)  CALBIOCHEM 

Thrombin (human) Sigma 
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Human Factor XIII Haematologic Technologies, Inc 

Rabbit anti-human FH, purified IgG  MRC Immunochemistry Unit, 

University of Oxford  

HiTrap Protein G Sepharose, 1ml columns GE Healthcare  

CAPS Fisher scientific 

MES Sigma 

Picrylsulphonic acid Sigma 

Dinitrophenyl-human serum albumin (DNP-

BSA) 

Sigma 

N,N,N,N,-tetramethylethylenediamine 

(TEMED) 

Sigma 

Guanidine hydrochloride  Sigma 

Factor I Complement Tech 

Sodium dodecyl sulfate (SDS) Sigma 

Cholesterol Sigma  

Poly-L-arginine (P4663, 5-15kDa) Sigma  

Cardiolipin  Sigma 

Lipoteichoic acid (LTA) Staphylococcus aureus  Sigma 

CNBr-Activated Sepharose  GE Healthcare 

Gelatin Serva 

DNA salmon sperm   Life technologies 

Heparin  Sigma 

Trehalose Sigma 

L--Phosphotidylethanolamine Sigma 

Polyinosinic-polycytidylic acid (P0913) Sigma 

Histone from calf thymus (H9250) Sigma 

Tris-HCl Sigma 

C3b Comp Tech USA 

Adrenomedullin  GeneCust Luxembourg 
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Human plasma and serum  

Human citrated plasma was from TCS Biosciences or from Seralab both in UK. Other 

samples of EDTA-plasma or serum were from laboratory volunteers.  

Human factor H  

FH was initially purified from human plasma by the method of Sim et al., (1993) using the 

monoclonal anti-FH antibody MRCOX23 attached to Sepharose to purify FH. 

Subsequently an alternative affinity method was optimised, based on TNP-BSA –

Sepharose, and this described with optimisation details in section 4.3. Purified FH was also 

obtained commercially from Comp Tech (Texas, USA).   

Bacterial strains and bacterial recombinant proteins 

The bacterial strains Streptococcus pneumonia (TIGR4 strain), Streptococcus pneumonia 

(D39 strain), recombinant Neuraminidase from Streptococcus pneumonia and recombinant 

Tributyrin esterase from Streptococcus pneumonia were kindly supplied by Dr Hasan 

Yesilkaya, University of Leicester   

 

Human FH segments 1-4 and 19-20 (CCP1-4 and CCP19-20) 

Recombinant human FH segments CCP1-4, and CCP19-20 were kindly provided by Dr 

Stacey Bell and Dr Janet Lovett, University of St Andrews, UK.  They were provided as 

small quantities of purified proteins (<200ug each).  Details of their preparation are 

described fully in Dr Stacey Bell’s PhD thesis (Bell 2015). These were expressed in a yeast 

system, using Pichia pastoris. CCP1-4 was modified by a C-terminal hexahistidine tag, but 

CCP19-20 was not Histidine-tagged.  

The preparation of another recombinant segment of FH (CCP6-8) is described in section 

2.15.   
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2.2 Methods  

2.2.1 Binding assays for factor H to different ligands  

2.2.1.1 Preparation of fibrinogen/ fibrin coated wells 

 Human fibrinogen stock solution was made 1mg/ml in phosphate buffered saline (PBS), 

and to block FXIIIa, which is a contaminant of most fibrinogen preparations, 2mM of 

iodoacetamide was added to the solution. Fibrinogen was diluted in 0.1M sodium carbonate 

pH 9.6 (coating buffer) to 50ug/ml. Microtiter plates (Maxisorp™, Nunc, Kamstrup, 

Roskilde, Denmark) were coated with 100 ul/well of 50ug/ml fibrinogen. Plates were left 

for one hour at 4°C and after that plates were washed four times with PBS-0.5 EDTA, 0.1% 

tween 20. To avoid uncoated surfaces on the plates, plates were blocked with PBS-0.5 

EDTA, 0.1% tween 20 for two hours at room temperature.  

To make fibrin coated plates, fibrin clots were made in the wells of microtiter plates. 

Normal fibrinogen was prepared without Iodoacetamide and diluted to 100 ug/ml in 20mM 

HEPES, 120mM NaCl, 5mM CaCl, 0.05mM DTT pH 7.4.  Thrombin was diluted to 

0.5ug/ml in the same buffer. The reason for adding DTT is to activate FXIII. 50ul of 

100ug/ml of fibrinogen was dispensed into wells and left at room temperature for 15 

minute. After that 50ul of 0.5ug/ml thrombin was added to the wells and left for 40 minutes 

at 37°C. Plates then were transferred to 4°C and left for 20min. To remove unbound 

proteins, plates then were washed four times with PBS-0.5mM EDTA, 0.1% tween 20. 

Then plates were blocked with 250ul/ well of PBS-0.5 EDTA, 0.1% tween 20 for two hours 

at room temperature.  
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2.2.1.2 Binding of factor H to fibrinogen or fibrin-coated wells  

 Human factor H was serially two-fold diluted in 20mM HEPES, 120mM NaCl, 0.5mM 

EDTA pH 7.4, dilutions started from 20ug/ml to 0.313ug/ml. Separately, human serum was 

used in some experiments as the source of FH, using serum serially diluted from a 

maximum concentration of 20%. Then 100ul/well of each dilution of factor H was loaded 

into fibrinogen-or fibrin coated wells. Plates were incubated for 1 hour at room 

temperature, and then washed four times with PBS-0.5mM EDTA, 0.1% tween 20. After 

that anti FH (Rabbit anti FH polyclonal antibody) was prepared in washing buffer at 1/2500 

dilution (corresponding to approx.10ug/ml IgG) and 100ul was added to the wells.  Plates 

were incubated for one hour at room temperature. After washing four times with PBS-

0.5mM EDTA, 0.1% tween 20, secondary antibody (Goat anti-Rabbit IgG- alkaline 

phosphatase conjugate from Sigma A3687) prepared in washing buffer at 1/5000 dilution 

(100ul per well) was added and the plates were incubated for one hour at room temperature. 

After the final washing (4x) with PBS-0.5mM EDTA, 0.1% tween 20, substrate p-

Nitrophenylphosphate, buffered tablets from Sigma (N2770) was added to the wells (100ul 

per well), and the plates incubated at room temperature until colour development was 

judged to be sufficient. Finally, absorbance was read at 405 nm using a Biorad Multiscan 

Ascent Microtiter ELISA reader.  

 

2.2.1.3 Does FH bind covalently or non-covalently to fibrin clots? 

The fibrinogen used to form fibrin in the plates contains FXIII, plasma transglutaminase, 
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which can cross-link proteins by forming glutamine-lysine isopeptide bonds. This had 

previously been observed to occur when FH interacts with fibrin (Yuhoi Kang, Janez 

Ferluga, University of Oxford, personal cxommunication). To discover whether factor H 

binds covalently or not to fibrin clots, fibrin was formed in microtiter plate wells as 

described above. Then 100ul/well of 20ug/ml of factor H was added to the coated wells and  

incubated for 30 min. at 37 C. After washing with washing buffer (PBS-0.5 mM  EDTA, 

0.1% tween 20), wells were incubated with 200ul/well of denaturants, including 8M urea 

solution or 0.2M Tris, 8M urea, 2%SDS, 0,05mM EDTA pH 8.0 buffer or washing buffer 

separately. The denaturants should remove any FH which is not covalently bound.  After 

treating with these solutions, wells were carefully washed 8 times with washing buffer to 

eliminate denaturant residues. Then primary anti-FH antibody (Rabbit anti FH polyclonal 

antibody) was added to the wells and later the secondary antibody was added,   as described 

in section 2.2.1.2. After adding the substrate, plate was read at 405 nm.  

 

2.3 Preparation of TNP-BSA  

Trinitrophenyl-bovine serum albumin (TNP-BSA) was made as described by Arnold et al., 

(2005).  10ml of 1% (w/v) BSA   dissolved in PBS 0.5 mM EDTA (pH 7.2-7.4), was added 

to 2ml of 5% (w/v) picrylsulphonic acid solution. To prevent protein precipitation pH was 

monitored to keep it neutral, and the whole mixture was left for 4 hour at room temperature. 

TNP-BSA was dialysed extensively against PBS 0.5mM EDTA overnight at 4hC.  
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2.4 Binding of factor H to DNP-HSA or TNP-BSA coated wells  

 Microtiter plates were coated with 100ul/well of 100ug/ml of DNP-HSA (Sigma) or TNP-

BSA (made as described above) in 0.1M sodium carbonate pH 9.6 and left for one hour at 

room temperature. Then plates were washed four times with 0.1 M sodium carbonate. After 

that plates were blocked with 250ul/well PBS-0.5mM EDTA, 0.1% tween 20 for 1 hour at 

room temperature. After washing three times with the same buffer, purified factor H 

serially diluted in 20mM HEPES, 120mM NaCl 0.5mM EDTA pH 7.2 (dilution starting 

from 10ug/ml to 0.313ug/ml) was added to the wells (100ul/well).  Human serum as a 

source of FH was also serially diluted in the same buffer from 20% and the serial dilutions 

(100ul) added to wells. Wells were incubated with FH or serum dilutions for 1h at room 

temperature.  After that anti –FH (Rabbit anti FH polyclonal antibody) prepared in washing 

buffer was added to the wells and plates were incubated for one hour at room temperature. 

After washing four times with PBS-0.5mM EDTA, 0.1% tween 20, secondary antibody 

Goat anti-Rabbit IgG-alkaline phosphatase conjugate prepared in washing buffer was added 

and plates incubated for one hour at room temperature. After the final washing with PBS-

0.5 EDTA, 0.1% tween 20, substrate p-Nitrophenylphosphate, was added to the wells. 

Finally, absorbance was read by Microtiter ELISA reader at 405 nm. Antibody dilutions 

were as in section 2.2.1.2.  
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2.5 Interactions with other ligands  

ELISA microtiter plates were coated with 3ug/well of different ligands: including 

cardiolipin (CL), cholesterol, Lipoteichoic acid, poly-L-arginine. CL and cholesterol were 

dissolved in 1:3 v\v chloroform: methanol at 5mg/ml, then diluted in methanol to 30ug/ml 

for coating the wells. These samples were air-dried in the wells. Poly-L-arginine was 

dissolved in water, then diluted in the coating buffer to apply 3ug /well. Other ligands were 

dissolved directly in coating buffer and applied at 3ug/well. Ligands were incubated 

overnight at 4C. After that plates were blocked with 300 ul/well PBS with 0.1% porcine 

gelatin, 0.1% tween 20 and 0.5mM EDTA) to avoid high background. Serial twofold 

dilutions (100/well) of purified human FH were tested starting from 10ug/ ml.  Dilution 

was done in washing buffer (20mM Tris-HCl, 130 mM NaCl, 0.5mM EDTA, 0,05 % v/v 

tween 20; pH 7.4) and plates were incubated for 1 hour. Plates were then washed 3 times 

with washing buffer. After that anti –FH (Rabbit anti FH polyclonal antibody) prepared in 

washing buffer was added to the wells and plates were incubated for one hour at room 

temperature. Secondary antibody anti-Rabbit IgG-alkaline phosphatase conjugate was 

added to the wells after washing, incubated for 1 hr at room temperature, the wells washed 

(x4) then   substrate was added, and plates were read at OD 405 nm using ELISA reader. 

Antibody dilutions were as in section 2.2.1.2. 
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2.6   FH binding to bacteria 

2.6.1 Preparation of bacteria  

Streptococcus pneumoniae strains D39 and TIGR4 (kindly supplied by Dr Hasan 

Yesilkaya, University of Leicester) were cultured on blood agar plates at 37°C under 

anaerobic conditions overnight. The bacteria were identified as pneumococci by Gram 

staining. The colonies were then transferred to brain–heart infusion (BHI) liquid media 

(Restrepo et al., 2005) for 9–12 hours at 37°C. After centrifugation, the pellet was washed 

3 times using PBS–0.1% tween20, and then the bacteria were fixed by 0.5% formalin 

(formaldehyde) for 1.5–3 hours. The cells were spun down at 4200 rpm for 10 min and the 

pellet washed 3 times with PBS–0.1% tween20 before it was stored at -80°C until used.  

2.6.2 Factor H binding to bacteria  

ELISA microtiter plates (MAXISORP) were coated with 100ul of the bacterial suspension 

(OD550=0.6) in coating buffer and left for overnight at 4°C.To avoid nonspecific binding 

and to reduce high background, the plates were blocked by 300ul/well 0.1% gelatin, PBS 

and 0.1% tween 20 for 1 hour at room temperature. Then plates were washed 3 times with 

washing buffer (20mM tris –HCl, 130mM NaCl, 0.5mM EDTA and 0.05 % v/v tween 20; 

pH 7.4). The plate was washed 3 times using the washing buffer. Serial two-fold dilutions 

of purified human Factor H protein or serum as another source for the complement protein 

were added to the coated wells for 1 hour at room temperature, starting with 15ug/ml of the 

purified protein or 15% serum. The plate was washed 3 times using the washing buffer. For 

FH detection, polyclonal rabbit anti-human Factor H, a secondary antibody conjugate and 

the substrate were used, as in section 2.2.1.2.  
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2.7   Binding characteristics of FH to TNP-BSA AND DNP-HSA  

2.7.1   The effect of salt strength (NaCl concentration) on the interaction between 

factor H and DNP-HSA or TNP-BSA  

To explore the interaction between FH and DNP-HSA or TNP-BSA at different salt 

concentrations, buffers were made up in 10mM HEPES pH 7.4 with a range of NaCl 

concentrations  [0, 20, 40, 60, 80, 120, 160, 320, 640, 1000mM].  100ul from each buffer 

was dispensed into TNP-BSA or DNP-HSA-coated wells (prepared as above) and 100ul 

(5ug) / well of FH in 10mM HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4 or 100 ul of 

20% human serum in the same buffer was added.  Plates were left for one hour at room 

temperature.  Plates were washed four times with buffer at same salt strength as the 

incubation.  Subsequently, primary anti-FH antibody (Rabbit anti FH polyclonal antibody) 

was prepared in washing buffer PBS- 0.5mM EDTA, 0.1%Tween20 at 1/2500 dilution and 

100ul added to the wells and incubated for 1 hour at room temperature. Plates were washed 

three times with washing buffer, then secondary Goat antibody anti-Rabbit IgG- alkaline 

phosphatase conjugate prepared in washing buffer at 1/5000 dilution was added (100ul per 

well) and left for one hour at room temperature. Plates were washed three times with 

washing buffer. After that p-Nitrophenylphosphate, buffered solution was added to the 

wells. Finally, absorbance was read by Microtiter ELISA reader at 405 nm.  

2.7.2   The effect of pH on the interaction between FH and DNP-HSA or TNP-BSA  

Plates were coated with DNP-HSA or TNP-BSA and blocked as above. To explore binding 

between FH and DNP-BSA or TNP-BSA in different pH values, a composite buffer 

containing 20 mM Na phosphate, 20 mM MES (2-(N-morpholino)ethanesulfonic acid), 20 
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mM HEPES, 20 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic acid), 120mM NaCl 

was made up, and the pH values were adjusted in a range (3.5, 4.5, 5.5, 6.5, 6.8, 7.5, 7.8, 

8.5, 9.5, 10.5) by using NaOH and HCl. 100ul of each buffer was added to coated wells 

then 100ul 5ug /well of FH in 10mM HEPES, 130mM NaCl, 0.5mM EDTA pH 7.4 or 

100ul of 20% human serum in the same buffer was added separately. Plates were incubated 

for one hour at room temperature. Plates were washed four times with same pH buffer as 

first incubation Primary antibody (Rabbit anti FH polyclonal antibody) was added then the 

secondary anybody, as above. Later after washing and adding the substrate plates were read 

at 405 nm. To assess final pH during incubation of FH with DNP-BSA or TNP-BSA, 2ml 

of each of the pH range buffer was mixed together with 2ml of 10mM HEPES, 130mM 

NaCl, 0.5mM EDTA pH 7.4 and the final pH was measured with a pH meter.    

2.8 Dissociation of the binding between FH and DNP-HSA or TNP-BSA using 

different buffers  

This experiment is designed to show whether extremes of pH or denaturants will dissociate 

bound FH from these ligands. Microtiter plates were coated with 100ul of 100ug/ml DNP-

BSA or TNP-BSA in 0.1M sodium carbonate pH 9.6 as coating buffer.  Plates were 

incubated for one hour at room temperature. After washing three times with the coating 

buffer plates were blocked with PBS-0.5mM EDTA, 0.1% Tween 20 for two hours at room 

temperature. Then 100ul of FH 5ug/well were added to the wells then plates were left for 1 

hour at room temperature. Then wells were washed 3 times in washing buffer. Then 100 ul 

of different solvents were added to the coated wells (buffers at pH 3, 4, 9, 10, (prepared as 

in section 2.7.2) 8M Guanidine, 3M urea, 6M urea, 0.5% SDS, 1% SDS) and left for 1 
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hour.  After washing (4 x) with PBS-0.5 mM EDTA 0.1% Tween20, the primary antibody 

(Rabbit anti FH polyclonal antibody) was added, and bound FH was detected as in section 

2.2.1.2.    

 

2.9   Inhibition of the binding between FH and DNP-HSA or TNP-BSA using low 

molecular weight compounds  

 ELISA plates were coated with 100ul of 100ug/ml DNP-HSA or TNP-BSA and blocked as 

described above. Compounds (see table 2.1 and further description below) were used at 

10mM to check their effect on the binding between FH and DNP-HSA or TNP-BSA (O- 

phospho-L-tyrosine, N-acetyl-3,5- Dinitro-tyrosine-ethyl ester, ATP, N-formyl-met-leu-

phe, bilirubin, myo-inositol hexakisphosphate, spermine, para--Nitrophenylacetate, BOC-L-

tyrosine, quinidine sulfate, ellagic acid, 3-nitro-L-tyrosine, 5,5-dithio-bis(2-nitrobenzoic 

acid). Heparin and tRNA and poly Glu-Ala-Tyr were used at 10ug/ml. To test each 

compound, 100ul of 10mM (or 10ug/ml: see above) of each was dissolved in 20mM 

HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4 and added to the coated wells. Then human 

factor H 5ug/well (100ul in 20mM HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4) was 

added per well; therefore the final concentration of compounds is actually 5mM (or 

5ug/ml). Control was included (no inhibitor) but instead contained 100ul of 10mM HEPES, 

130mM NaCl, 0.5mM EDTA. Plates were incubated for one hour at room temperature. 

Plates were washed four times with washing buffer PBS-0.5mM EDTA 0.1% tween20 and 
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binding was detected with primary and secondary antibodies, as above. After that plates 

were read at 405nm.  

For further information, some properties of the potential inhibitors used are listed below 

and their structures are shown in table 2.1. : - 

The chemical structure and details listed below are from Pubchem and Wikipedia.  

Ellagic acid  

Ellagic acid is a fused four-ring phenolic compound occurring in many plants. It has OH 

groups suitable for H-bonding and aromatic rings which can participate in pi-pi interaction.  

It binds several proteins, including human serum albumin and Factor XII of the blood 

clotting system. 

O- Phospho-L-tyrosine 

O-Phospho-L-tyrosine is an amino acid that occurs in endogenous proteins. Tyrosine 

phosphorylation and dephosphorylation plays a role in cellular signal transduction and 

possibly in cell growth control and carcinogenesis. 

N-formyl-met-leu-phe 

This chemotactic peptide is a formylated tripeptide originally isolated from bacterial 

filtrates that is positively chemotactic to polymorphonuclear leucocytes, and causes them to 

release lysosomal enzymes and become metabolically activated. 

Poly Glu Ala Tyr 

Poly(glu(60)ala(30)tyr(10)); this is a synthetic polymer made up of Glutamic acid-alanine-

tyrosine, randomly connected in the molar ratio 6:3:1.  It would be expected to form ionic 
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bonds (via Glutamic acid carboxyl group) and pi-pi interactions (via Tyrosine) with 

proteins. 

 

BOC-L-tyrosine 

Boc-Tyr-OH; this is a synthetic derivative of tyrosine, substituted with a tertiary butoxy-

carbonyl group attached via the amino group of -L-tyrosine 

Quinidine sulfate 

Is an optical isomer of quinine, extracted from the bark of the Chinchona tree and similar 

plant species. This alkaloid has a partly aromatic structure. It dampens the excitability of 

cardiac and skeletal muscles by blocking sodium and potassium currents across cellular 

membranes. Quinidine also blocks muscarinic and alpha-adrenergic neurotransmission. 

3-nitro-L-tyrosine 

3-Nitrotyrosine (NTyr) is formed in vivo in tissue or blood proteins after exposure to 

nitrosating and/or nitrating agents such as tetranitromethane. Reactive nitrogen species such 

as peroxynitrite can nitrate specific amino acids, whether free or protein bound, and 3-

nitrotyrosine is believed to be one marker of this reaction. 

5,5-dithio-bis(2-nitrobenzoic acid) 

This compound resembles two nitrophenol molecules held together by a disulphide bridge. 

It is a standard reagent for the colorimetric determination of reactive sulfhydryl groups and 

disulfide groups in proteins. The color produced is due to the formation of a thio anion, 3-

carboxyl-4-nitrothiophenolate. 

ATP 

Adenosine Triphosphate is an adenine nucleotide composed of three phosphate groups 

https://pubchem.ncbi.nlm.nih.gov/compound/3-Nitrotyrosine
https://pubchem.ncbi.nlm.nih.gov/compound/tetranitromethane
https://pubchem.ncbi.nlm.nih.gov/compound/nitrogen
https://pubchem.ncbi.nlm.nih.gov/compound/peroxynitrite
https://pubchem.ncbi.nlm.nih.gov/compound/nitrate
https://pubchem.ncbi.nlm.nih.gov/compound/3-nitrotyrosine
https://pubchem.ncbi.nlm.nih.gov/compound/3-nitrotyrosine
https://pubchem.ncbi.nlm.nih.gov/compound/phosphate
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esterified to the ribose sugar moiety, found in all living cells. It can interact with 

macromolecules via charge and aromatic/hydrophobic interactions. Adenosine triphosphate 

is involved in energy production for metabolic processes and RNA synthesis. In addition, 

this substance acts as a neurotransmitter.  

tRNA  

Transfer ribonucleic acid (tRNA) is a type of RNA molecule that helps decode a messenger 

RNA (mRNA) sequence into a protein. tRNAs function at specific sites in the ribosome 

during translation, which is a process that synthesizes a protein from an mRNA molecule. 

tRNA consists of 76-90 nucleotides (A,G, C, U). The structure has numerous charged 

(phosphate), hydroxyl and aromatic groups.  

Bilirubin 

Is a bile pigment that is a degradation product of heme.  Bilirubin consists of an open chain 

of four (aromatic) pyrroles (tetrapyrrole); by contrast, the heme molecule is a closed ring of 

four pyrroles, called porphyrin. It has OH group substituents. Bilirubin is a yellow 

breakdown product of normal heme catabolism. Its levels are elevated in certain diseases 

and it is responsible for the yellow color of bruises 

Heparin 

Heparin is a heterogeneous glycosaminoglycan. Low molecular weight heparin (LMWH) 

was used in these studies. It is prepared by nitrous acid degradation of unfractionated 

heparin of porcine intestinal mucosa origin. It is is an anticoagulant, which binds strongly 

to many proteins, including the coagulation inhibitor antithrombin III. It increases the rate 

of inhibition of thrombin by antithrombin III. It is composed of repeating copies of a 

variably-sulphated disaccharide unit. The most common disaccharide unit is composed of a 

2-O-sulfated iduronic acid and 6-O-sulfated, N-sulfated glucosamine, IdoA(2S)-

GlcNS(6S). The material used had an average molecular weight of 5000 and about 90% of 

the material was within the molecular weight range of 2000-9000. 

https://pubchem.ncbi.nlm.nih.gov/compound/nitrous%20acid


Chapter Two                                                                   Materials and methods 

45 

 

myo-inositol hexakisphosphate (Phytic acid) 

Is an intermediate in inositol phosphate metabolism It can be generated from D-myo-

Inositol 1, 3, 4, 5, 6-pentakisphosphate via the enzyme inositol-pentakisphosphate 2-kinase 

(EC:2. 7. 1. 158). Myo-Inositol hexakisphosphate is also known as phytic acid which is 

abundant in plants. It is highly charged, with 6 phosphate groups. It can be used clinically 

as a complexing agent for removal of traces of heavy metal ions. It acts also as a 

hypocalcemic agent. Phytic acid is a strong chelator of important minerals such as calcium, 

magnesium, iron and zinc, and can therefore contribute to mineral deficiencies in 

developing countries 

Spermine  

Is a polyamine (aliphatic chain containing 4 amino groups) formed from spermidine. It is 

found in a wide variety of organisms and tissues and is an essential growth factor in some 

bacteria. It is found as a polycation at all pH values. Spermine is associated with nucleic 

acids, particularly in viruses, and is thought to stabilize the helical structure. 

Para—Nitrophenylacetate 

4-nitrophenylacetate is the acetic acid ester of p-nitrophenol, commonly used as a substrate 

for esterase enzymes.  

N-acetyl-3,5-Dinitro-tyrosine-ethyl ester 

This is a synthetic derivative of tyrosine, and is an analog of 2, 6 dinitrophenol.  

 

2.9.1 Using the inhibitors at lower concentrations.    

Compounds that inhibited the binding successfully were diluted in subsequent experiments 

to find out whether there was a dose-dependence of inhibition. So they were used in 5 

https://pubchem.ncbi.nlm.nih.gov/compound/inositol%20phosphate
https://pubchem.ncbi.nlm.nih.gov/compound/D-myo-Inositol
https://pubchem.ncbi.nlm.nih.gov/compound/D-myo-Inositol
https://pubchem.ncbi.nlm.nih.gov/compound/inositol
https://pubchem.ncbi.nlm.nih.gov/compound/calcium
https://pubchem.ncbi.nlm.nih.gov/compound/magnesium
https://pubchem.ncbi.nlm.nih.gov/compound/iron
https://pubchem.ncbi.nlm.nih.gov/compound/zinc
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molarities (5, 2.5, 1.25, 0.625, 0.313mM). The rest of the experiment was done as shown 

above.  

Table 2.1 

Name of the compound Molecular 

formula 

Supplier Solvent  Structure 

O-Phospho-L-tyrosine C9H12NO6P Sigma Water  

 

N-acetyl-3,5-Dinitro-tyrosine-

ethyl ester 

C13H15N3O8 Sigma Ethanol  

 

ATP C10H16N5O13P3 Boehringer Water 

 

N-Formyl-Met-Leu-Phe, C21H31N3  Sigma Water 

 

Bilirubin C33H36N4O6 Sigma Water 
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Poly(glu(60)ala(30)tyr(10) 

(one tripeptide showing 1glu, 1 

ala, 1 tyr is shown) 

 Sigma 25mM Tris pH 

7.5 

 

Myo-inositol hexakisphosphate 

 

C6H18O24P6 

 

Sigma Water + acetic 

acid 

 

Spermine  C10H26N4 Sigma Water 

 

tRNA ------ Fluka  Water AGCU polymer  

para-Nitrophenyl acetate  Aldrich Methanol 

 

Boc-L-tyrosine C14H19NO5 Fluka Ethanol 

 

Quinidine C20H24N2O2 Sigma Ethanol 

 

Ellagic acid C14H6O8 Sigma 1M NaOH 

 

polyglycine    Polymer of 

glycine 

Heparin (2 disaccharide units are 

shown: heparin is a polymer of 

the disaccharide structure) 

C26H42N2O37S5 

 

Sigma Water  

 



Chapter Two                                                                   Materials and methods 

48 

 

Stock solutions of the compounds were made in the solvents shown in the table, then they 

were diluted for use in 20 mM HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4. 

2.10   Factor H binding to other TNP-derivatised proteins and TNP-amine 

TNP-labeled proteins, including TNP-chicken ovalbumin, TNP-Fibrinogen, TNP-gelatin 

and TNP-bovine gamma globulin (TNP-BGG)  were made as described in section 2.2. For 

TNP incorporation, measurement of the extent of incorporation was done but the results are 

lost due to the laboratory fire in April 2016. TNP-amine, the reaction product of ammonia 

with picrylsulphonic acid, was made by preparing 40mM NH4Cl in 10mM HEPES, 140mM 

NaCl pH 7.3, adding to it an equimolar quantity of picrylsulphonic acid diluted in the same 

buffer. The product was assumed to be 20mM (5.86ug/ml) TNP-amine. Microtiter plates 

were coated for 1 hour at room temperature with 100ul of 100ug/ml TNP-chicken 

ovalbumin, TNP-fibrinogen, TNP-gelatin, TNP-bovine gamma globulin (TNP-BBG) or 

10ug/ml TNP-amine in 0.1M sodium carbonate pH 9.6. Plates were blocked with 250ul/ 

well of PBS-0.5mM EDTA 0.1% tween 20 for one hour at room temperature. After 

washing with PBS-0.5mM EDTA, 0.1% tween 20, 100ul/well of 5ug/ml of FH in 10mM 

HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4 was added to the wells and incubated for 1 

hour at room temperature. Then primary and secondary antibodies were added to detect 

bound FH as described in section 2.2.1.2. After that substrate was added. Finally plates 

were read with an ELISA plate reader at 405 nm.  
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2.11 Dose-dependence of binding between factor H and TNP-proteins or TNP-

Amine  

Microtiter plates were coated with serial dilutions of TNP-proteins or TNP-amine (dilution 

from 100ug/ml to 0.078ug/ml) in 0.1M sodium carbonate pH 9.4 for one hour. After that 

plates were washed three times with of PBS-0.5mM EDTA 0.1% tween 20. Then plates 

were blocked with 250ul/well of PBS-0.5mM EDTA 0.1% tween 20 for one hour, and then 

washed with the same buffer. Next 100ul/well of 5ug/ml FH in 10mM HEPES, 120mM 

NaCl, 0.5mM EDTA pH 7.4 was added to the wells and incubated for 1 hour at room 

temperature. After washing, primary and secondary antibodies were added. Then substrate 

was added to detect bound FH, as in section 2.2.1.2. Finally plates were read with ELISA 

plate reader at 405 nm.  

 

2.12   Factor H purification 

2.12.1 TNP-BSA affinity chromatography 

To isolate factor H from human plasma the procedure of Moreno-Indias et al., (2012) was 

followed.  Human plasma was diluted 1:1 with cold water (4C) to decrease ionic strength. 

For the isolation of factor H, 200 ml of diluted plasma was mixed with 20 ml of TNP-BSA-

Sepharose, prepared as indicated by Arnold et al (2005). The mixture was left at 4 deg C on 

a slow rotary stirrer for 1 hour. The resin was thoroughly washed with HEPES buffer 

(10mM HEPES, 60mM NaCl, 0.5mM EDTA pH 7.4). This affinity column was thought to 

bind mainly factor H, IgG, and IgM (but as shown later, it binds C4bp, which had been 

mistaken for IgM, due to similar SDS-PAGE mobilities).  The resin was placed in a column 
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and the bound proteins were eluted with high salt buffer (10mM HEPES, 2MNaCl, 0.5mM 

EDTA pH 7.4) and fractions of 2ml were collected. These fractions were monitored by 

reading the OD 280 and analyzed by SDS-PAGE.  

2.12.2 HiTrap Protein G column  

 In order to remove IgG from the purified FH, a Hi-Trap Protein G column (1 ml from GE 

Healthcare) was used. The column was first washed with 5ml of glycine-HCl pH 2.2 then 

with 5ml of physiological buffer pH 7.4. The factor H factions from TNP-BSA- Sepharose 

were mixed together and passed into the washed column. The OD of eluted fractions was 

measured at 280nm. The bound IgG was removed from the column by passing 10 ml of the 

pH 2.2 glycine-HCl buffer. The column was re-equilibrated in physiological buffer, and the 

eluted IgG adjusted to ~pH 7 and kept at -20C. Note that IgG binds very well to the 

protein G, even although the protein sample is run onto the column in high salt: that is, 

there is no need to dialyse the sample to reduce salt concentration.  

2.12.3 Anti-IgM column 

A `rabbit anti-human IgM-Sepharose (4mg IgG / ml of Sepharose) column (10ml) (MRC 

Immunochemistry Unit, Oxford University) was washed and equilibrated with water, then 

cleaned with 2 volumes of 3M MgCl then with 2 volumes of water then 2 volumes of 

HEPES buffer (10mM HEPES, 140mM NaCl, 0.5mM EDTA pH 7.4). Then the factor H 

sample from HiTrap protein G was passed through the column and fractions of 5ml were 

collected. OD 280 was measured. This process was done at 4C. 
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2.12.4   Concentrating the sample  

To concentrate factor H, the sample was centrifuged in a centrifugal filter concentrator 

(Millipore, 10.000 MWCO). 

2.13 Separation of FH from C4bp 

The TNP–BSA column binds to FH, IgG IgM, and we found (see results section) that TNP-

BSA binds also to C4bp; to attempt to separate FH from C4bp several procedures were 

followed, including Zinc precipitation and the use of DyeMatrex resins. It would have been 

logical to separate FH (MW 155kDa) from C4bp (MW >490kDa) by gel filtration on 

Superose 6 (GE Healthcare) but suitable equipment was not routinely available in the lab.  

2.13.1 Separation of FH from C4bp using Zinc Sulphate  

Factor H is known to precipitate in the presence of low concentrations of Zn++ (Day and 

Sim 1986). However higher (several mM) Zn++ precipitates many proteins. It was hoped 

that differential precipitation of FH and C4bp would be observed.  

A TNP-BSA column was loaded with diluted fresh human plasma and washed overnight 

with 10mM HEPES, 60mM NaCl, 0.5mM EDTA pH 7.4. The column was eluted by using 

high salt buffer 10mM HEPES, 2M NaCl 0.5mM EDTA pH 7.4. The eluted protein was 

dialysed against 10mM HEPES, 60mM NaCl, pH 7.4. three times at 4C. After the dialyses 

aliquots of the protein were treated with different molarities of final concentration Zinc 

Sulphate 0.5mM, 1mM, 2mM, 4mM, 5mM, 10mM, 20mM 40mM, 80mM, 160mM. 

Samples were left at 4C for three days and checked every few hours for precipitation. 
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Later they were spun down to separate the precipitate from the supernatant. Then samples 

(resuspended precipitates and supernatants) were analysed by 10% SDS-PAGE (see section 

2.13).  

2.13.2   Using Dye Matrix Gels for Factor H purification  

DyeMatrex resins (Amicon) contain aromatic dyes attached to agarose. They separate 

proteins by a mixture of hydrophobic binding and ion-exchange effects. The protein 

mixture after elution from a TNP-BSA column with 20mM HEPES, 2M NaCl, 0.5mM 

EDTA pH 7.4 was dialysed against 10mM HEPES, 130 mM NaCl,  0.5 mM EDTA pH 7.4 

three times. Protein samples were passed through four different dyematrex gels (blue B, 

red, orange, green) (Amicon). Columns (each 1 ml) were tested first whether they bind FH.  

1 mL protein mixture was incubated in each column for 1 hour at room temperature and 

after that the column was washed with 1mL of 10mM HEPES, 140mM NaCl, 0.5mM 

EDTA pH 7.4. Then 1 mL of increasing molarities of KCl in the same buffer, starting from 

20mM, then 40mM, 80mM, 120mM 160mM, 300mM, 500mM, 1M, 2M) were passed 

through the column and fractions were collected. After that, samples were analysed on 

SDS-PAGE. To remove KCl, fractions were dialysed against PBS three times overnight. 

Later a larger Dyematrex blue B column of 10mL was made to obtain a reasonable quantity 

of FH. This has the dye Cibacron Blue F3GA bound to agarose.  

2.14   SDS-PAGE 

The method of Laemmli (1970) was used for SDS-PAGE analysis.  The separating gel was 

made with 6% or 10 % w/v acrylamide and the stacking gel was 3.0 % w/v acrylamide. 
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Samples were prepared by diluting them with one volume of loading buffer/dye (1M Tris-

HCl pH 6.8, 10% glycerol, 2% SDS, 0.01%  bromophenol blue). For reducing the samples 

5 % v/v mercaptoethanol was added freshly to the to the loading buffer/dye before using it, 

and samples were incubated for 5 minutes at 95C. Non-reduced samples were treated in 

the same way, but using 20mg/ml iodoacetamide in the loading buffer instead of 

mercaptoethanol. Molecular weight markers were run under the same conditions. Protein 

electrophoresis apparatus was set on 150 volts; protein samples were run in Tris-Glycine 

SDS buffer (Severn Biotech Ltd) until the Bromophenol blue front reached the bottom of 

the gels. To visualise the protein bands Coomassie Blue R-250 was used as described by 

(Fairbanks, Steck and Wallach, 1971) (40 % methanol, 10 % acetic acid 50% water, 0.4g/L 

Coomassie brilliant blue) for 20 minute at room temperature. After that, gels were 

transferred to de-staining buffer (30% methanol, 10% acetic acid 60% water) three times 

for 20 minute each. Finally, gels were washed and kept in distilled water.    

2.15   Western blotting   

 An unstained SDS-PAGE gel was soaked in transfer buffer (25mM Tris, 232mM glycine, 

20% methanol pH 7.4) for 10 min. A nitrocellulose membrane was soaked in transfer 

buffer; the gel was placed on the nitrocellulose and fitted in to an electroblot cassette of a 

Trans-Blot Turbo (BIO-RAD) apparatus. The apparatus was run for 10 min. then the 

nitrocellulose membrane was blocked with 5 % skim milk in PBS for 1 hour. Later primary 

anti-FH antibody (Rabbit anti FH polyclonal antibody, 1/2500) (or other primary 

antibodies) was prepared in skim milk/PBS and incubated with the membrane for 1 hour. 

After that the membrane was washed with PBS with 0.05 % tween 20 three times for 5 min 
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each. Then secondary antibody anti rabbit IgG HRP conjugate (Sigma) diluted in blocking 

buffer was added and incubated for 1 hour with shaking. Then, Luminata Crescendo 

Western HRP substrate (Merck-Millipore) was added on the nitrocellulose membrane after 

washing three times. The intensity of the signal was detected after exposing to Fuji X-ray 

film.  

2.16 Preparation of the human recombinant FH segment CCP6-8, with either 

Histidine or Tyrosine at amino acid position 402.    

Small quantities of these materials (about 200ug each) were kindly provided, as purified 

proteins, by Dr. Simon J. Clark, University of Manchester, and were prepared as described 

by Clark et al., (2006).  Note the position of the amino acid interchange, 402, is in some 

papers listed as position 384. 384 refers to the position number with signal sequence (18 

residues) subtracted.  

The expression systems for CCP6-8 were also provided by Dr. Clark, and additional 

quantities of the recombinant proteins were expressed and purified as described briefly 

below: [adapted from Clark et al (2006)]. 

The sequence-verified constructs were supplied in BL21 (DE3) pLysS Escherichia coli 

cells and expressed in Escherichia coli and refolded using a method described previously 

for CCP modules (White et al., 2004). The protein was purified to homogeneity using anion 

exchange on a 1-ml Mono Q column (Amersham Biosciences, Buckinghamshire, UK) 

equilibrated in 20 mM CAPS, 130 mM NaCl, 1 mM EDTA, pH 10.0, and eluted with a 

gradient of 130 mM to 1 M NaCl over 20 min. The collected fractions were analyzed by 
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SDS-PAGE, and the protein was found to be >98% pure.  Protein concentrations were 

determined by absorption at 280nm.  

The record of the SDS-PAGE analysis for the protein purification done in Leicester was 

destroyed by the lab fire in April 2016.  Dr Simon Clark kindly provided the illustrations 

below to show the stages of purification of the protein.  

 



Chapter Two                                                                   Materials and methods 

56 

 

 

Figure 2-1 Purification of recombinant FH CCP 6-8 Y. 

 Illustration provided by Dr Simon Clark, University of Manchester. This illustration includes an 

extra step, heparin chromatography, which was not used by us.  
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Figure 2-2 Pure CCP 6-8, Histidine at the position 384 (402).  

Illustration provided by Dr Simon Clark, University of Manchester. 
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2.17 Description of Antisera against different CCPs of FH and against C4bp 

Antisera were used as whole rabbit serum or in the form of purified (total) IgG. IgG was 

purified from antisera by triple sodium sulphate precipitation as described below: 

1 ml of rabbit antiserum was put in a 1.5 ml Eppendorf tube. Then it was centrifuged for 5 

min at full speed (9000g) and at room temperature to remove insoluble debris. The 

supernatant was collected and then 150 mg of anhydrous sodium sulphate was added to the 

serum and mixed till the salt dissolved; the serum turned cloudy white, which shows the 

IgG precipitated. After that the mixture was incubated at 37C for 40 min, then was 

centrifuged for 5 min as above. The supernatant was removed and the pellet was dissolved 

in water to final volume of 2ml. Then 280mg of anhydrous sodium sulphate was added and 

mixed till it dissolved. After that the mixture was incubated again as above and centrifuged 

as before. The supernatant was removed and again the pellet was dissolved in 2 ml water, 

and the whole last step repeated (280 mg of anhydrous sodium sulphate added, mixed till it 

dissolved, incubated 40 min at 37C, then centrifuged for 5 min). The pellet was finally re-

dissolved in 2 ml PBS with 0.5 mM EDTA, and the OD280 was measured to determine 

how much protein was present. Normally this procedure yields about 3-6mg 95% pure IgG 

per 1 ml of serum.  

Rabbit polyclonal anti human FH was made by immunising rabbits with FH isolated from 

human plasma by the method described by Sim et al., (1993) and the purified IgG was 

provided by the MRC Immunochemistry Unit, Oxford. 
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Rabbit polyclonal anti human FH CCP6-8, was raised by immunising rabbits with purified 

recombinant FH6-8 (as described above), and was kindly provided by Dr SJ Clark, 

University of Manchester. 

Rabbit polyclonal anti human FH 3-4 was raised by immunising rabbits with purified 

recombinant FH3-4. Recombinant FH3-4 was made in a yeast system (Saccharomyces 

cerevisiae), by methods described by Barlow et al.,  (1991).  The protein was made by Dr. 

Adam Benham MRC Immunochemistry Unit Oxford, and the antiserum provided by the 

MRC Immunochemistry Unit.  

Rabbit polyclonal anti human C4bp was made by immunising rabbits with C4bp isolated 

from human plasma by a method described by Sim and Sim (1983) and the antiserum was 

provided by the MRC Immunochemistry Unit, Oxford. 

Rabbit polyclonal anti human FHR1 was made by immunising rabbits with FHR1 purified 

from human plasma by Dr. Marc Fontaine, INSERM U-78, Rouen, France (Fontaine et al., 

1989). Since the two C-terminal CCPs of FHR1 are highly homologous to FH CCPs19-20, 

this antiserum can be used to detect FH CCPs19-20.  

2.18 Binding of FHCCP6-8 to TNP- BSA and DNP-HSA coated wells 

 Microtiter plates were coated with 100ul/well of 100ug/ml DNP-HSA or TNP- BSA in 0.1 

M sodium carbonate pH 9.6 for one hour. Then plates were washed three times with PBS-

0.5mM EDTA 0.1% tween 20, and then blocked with PBS-0.5mM EDTA 0.1% tween 20 

for one hour. Then FHCCP6-8 was serially two-fold diluted in 10mM HEPES, 120mM 

NaCl, 0.5mM EDTA pH 7.4 and 100ul added to the wells: dilution starting from 5ug/ ml – 



Chapter Two                                                                   Materials and methods 

60 

 

0.079ug/ ml. Plates were left at room temperature for 1 hour. After washing, rabbit anti 

CCP6-8 antibodies in washing buffer were added (1/10000) and incubated for 1 hour. After 

washing, secondary antibody anti-Rabbit IgG- alkaline phosphatase conjugate in washing 

buffer was added (1/5000) and incubated for 1 hour. After washing, substrate p-

Nitrophenylphosphate, from buffered tablets was added to the wells and OD was read at 

405 nm.   

2.19 Competition between FH and FHCCP6-8 for binding to TNP-BSA and DNP-

HSA  

Microtiter plates were coated with 100ul/well of 100ug/ml DNP-HSA or TNP- BSA  in 

0.1M sodium carbonate pH 9.6 for one hour. Then plates were washed three times with 

PBS-0.5mM EDTA 0.1% tween20, and after that plates were blocked with PBS-0.5 mM 

EDTA 0.1% tween20 for one hour. Next a mixture prepared in 10mM HEPES, 120mM 

NaCl, 0.5mM EDTA pH 7.4 containing 5ug/ml of FH and serial dilutions of FHCCP6-8 

dilutions starting from 25 to 0.488ug/ml were loaded at 100ul/well to the wells and plates 

were incubated at room temperature for one hour. Plates were then washed with PBS-

0.5mM EDTA 0.1 % tween20 three times and binding of FH was detected with anti-whole 

FH antibody (Rabbit anti FH polyclonal antibody) and secondary antibody (anti-Rabbit 

IgG-alkaline phosphatase conjugate) and substrate p-Nitrophenylphosphate, as described in 

section 2.2.1.2.  

Note that separate tests showed that this primary antiserum recognizes FH CCP6-8 only 

very weakly.  
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2.20 Binding assays of Factor H and Adrenomedullin  

2.20.1 Optimisation of Adrenomedullin binding to factor H  

Antibodies to Adrenomedullin were not available to us; so binding assays were possible 

only with immobilized Adrenomedullin and fluid-phase FH. In a first experiment 

Adrenomedullin was serially diluted in order to find out the best concentration for coating 

the plate to bind to factor H. Microtiter plates (Maxisorp) were coated with 100ul/well of 

serial dilutions of Adrenomedullin (dilutions starting from 5ug/ml to 0.05ug/ml) in 0.1M 

sodium carbonate pH 9.6 for one hour at room temperature. Plates were washed and then 

blocked with 300ul/ well of PBS-0.5mM EDTA 0.1% tween20. Later 5ug/ ml of factor H, 

100ul, was added to the coated wells, plates were incubated for one hour at room 

temperature, then washed 3x with PBS-0.5mM EDTA 0.1% tween20. Then as described in 

section 2.2.1.2, primary antibody (Rabbit anti FH polyclonal antibody) was added to the 

wells and plates incubated at room temperature for one hour. Then after washing with 

washing buffer, secondary antibody anti-Rabbit IgG-alkaline phosphatase conjugate was 

added and then plates were incubated for one hour at room temperature. Then substrate was 

added and finally plates were read at 405 nm. 

2.20.2 Binding of whole factor H to Adrenomedullin coated wells  

 Adrenomedullin stock solution (0.1mg/ml) was prepared in water; stock was kept at -20 

C. Adrenomedullin was diluted in coating buffer or other appropriate buffer before use. 

Microtiter plates were coated with 100ul of 0.5ug/ml of Adrenomedullin in 0.1M sodium 

carbonate pH 9.6 for one hour at room temperature. Then plates were blocked with PBS 0.5 

mM EDTA 0.1% tween20 at room temperature for one hour, then plates were washed with 
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the same buffer three times. Factor H was serially diluted in 10mM HEPES 120mM NaCl, 

0.5mM EDTA pH 7.4, dilutions from 5 to 0.02ug/ml and 100/well were loaded into the 

wells then plates were left for one hour at room temperature.  Plates were washed three 

times with PBS-0.5mM EDTA 0.1 % tween 20 and then bound Factor H was detected as 

described in section 2.2.1.2.  

2.20.3 Dissociating the binding between FH and Adrenomedullin using different 

buffers and denaturants    

This experiment was designed to explore the best solvent to dissociate the binding between 

FH and Adrenomedullin, and to compare this with results for TNP-BSA and DNP-HSA. 

This experiment was done as in section 2.8, above, except that plates were coated with 

Adrenomedullin, as in 2.20.1 above, and not with TNP-BSA or DNP-HSA.  

2.20.4 Inhibition of the binding between FH and Adrenomedullin by using soluble 

compounds  

This experiment was done in the same way as the corresponding study with TNP-BSA or 

DNP-BSA-coated plates (section 2.9, above), except that plates were coated with 

Adrenomedullin, as in 2.20.1 above, and not with TNP-BSA or DNP-HSA. The aim of this 

experiment was to find soluble compounds that can inhibit the binding between FH and 

Adrenomedullin. Compounds that inhibited the binding at a single dose in the initial test 

were subsequently re-tested at a range of concentrations to test for dose-dependence of 

inhibition, using the method described in 2.9.1.   
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2.20.5 Testing the antisera (anti-CCP 6-8, anti-CCP 3-4 and anti FHR1) to ensure 

that they will detect CCP6-8, CCP1-4 and CCP 19-20 in ELISAs 

Antisera (anti-CCP 6-8, anti CCP 3-4 and anti-FR1 as described in section 2.17) were 

tested to confirm they could detect the constructs (CCP 6-8, CCP1-4 and CCP19-20). 

Microtiter plates were coated with 5ug/ml, 100ul/well of these constructs in sodium 

carbonate pH 9.6 for one hour at room temperature, then plates were washed with PBS-

0.5mM EDTA 0.1% tween 20, then blocked with the same buffer at room temperature for 

one hour. Plates were then washed with same buffer three times and then antisera were 

serially diluted in PBS-0.5mM EDTA 0.1% tween20, with dilutions from 1/5000 to 

1/32000) and 100ul /well was loaded to the wells individually. Then plates were left for one 

hour at room temperature. Later plates were washed three times with PBS-0.5mM EDTA 

0.1% tween20 and then secondary antibody anti-Rabbit IgG-alkaline phosphatase conjugate 

(as in section 2.2.1.2) was added and then plates were incubated for one hour at room 

temperature. Then substrate was added and finally plates were read at 405 nm. 

2.21 Binding of FHCCP6-8 H/384 or FHCCP6-8 Y/384 to Adrenomedullin coated 

wells 

 Plates were coated with Adrenomedullin and blocked as above (section 2.20.2). Then two 

constructs of recombinant FHCCP6-8, ((Clark et al., 2006) kindly given by Dr Simon 

Clark), namely FHCCP6-8 H/384 or FHCCP6-8 Y/384 were serially diluted in 10mM 

HEPES, 120mM NaCl, 0.5 mM EDTA pH 7.4 and loaded in the wells, 100ul/well 

(dilutions from 20ug/ml to 0.04ug/ml) and plates were incubated for 1 hour. After washing 

with PBS-0.5mM EDTA 0.1% tween 20, rabbit anti FHCCP6-8 (1/10000) was added and 
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plates were incubated for one hour at room temperature. Then after washing secondary 

antibody anti-Rabbit IgG-alkaline phosphatase conjugate (as in section 2.2.1.2) was added 

then plates were left for one hour at room temperature. Later plates were washed three 

times with washing buffer and finally substrate was loaded and OD was read at 405 nm.  

 

2.22   Competition between FH and FHCCP6-8Y for binding to Adrenomedullin 

coated wells 

Adrenomedullin coated wells were prepared and blocked as in 2.20.2 above. For the 

competition assay, wells were loaded with a mixture of 5ug/ml factor H and serial dilutions 

of recombinant protein FHCCP6-8Y (dilutions from 25 to 0.0488ug/ml) prepared in 20mM 

Hepes, 120mM NaCl, 0.5mM EDTA pH 7.4. Final concentration of FH is 2.5ug/ml and for 

FHCCP6-8Y is 12.5ug/ml to 0.024418 ug/ml) Plates were incubated for one hour at room 

temperature. After washing with PBS-0.5mM EDTA 0.1% tween20 three times, primary 

antibody (Rabbit anti FH polyclonal antibody) was added and bound FH was measured as 

in section 2.1.2.   

2.23   Binding of constructs CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA 

and TNP-BSA  

 Microtiter plates were coated with Adrenomedullin or DNP-HSA or TNP-BSA 

individually and blocked as above. After that 100ul of 5ug/ ml CCP1-4 or CCP19-20 were 

added separately and plates were left for one hour at room temperature. After washing three 

times with PBS-0.5mM EDTA 0.1% tween20, anti CCP 3-4 91/10000) was added to detect 
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CCP1-4, and anti FHR1 (1/10000) was added to detect CCP19-20.   Plates were left for one 

hour at room temperature. Then plates were washed three times with washing buffer then 

secondary antibody (anti-Rabbit IgG- alkaline phosphatase conjugate 1/5000) was added 

and plates left for one hour at room temperature. Plates were washed and substrate was 

added, and finally plates were read at 405 nm.  

2.24   Cleavage of C3b in the presence of factor I and factor H  

A functional test for FH is to monitor the cleavage of C3b to form iC3b. Cleavage is the 

action of FI, and the reaction works only if FH is present (Sim and Sim, 1983; Sim et al.,  

1993). The cleavage is observed by SDS-PAGE, and the rate of cleavage is proportional to 

the activity of FH, if FH is not present in excess.  

 Reactions of 20ul were prepared in HEPES buffer containing 5ug of C3b with 1ug of 

factor I and 10ng of factor H, all in 2mM HEPES, 120mM NaCl, 0.5mM EDTA pH 7.4. 

These samples were incubated for different time periods (2, 3, 5, 24, 48 hour) to select the 

best cleavage of C3b  chain. Reaction was stopped by adding 20ul of stopping buffer 

(0.2M tris-HCl, 2% SDS, 8M urea pH 8.2) to each sample and the sample run, reduced, on 

10% acrylamide SDS-PAGE.   

2.25   Do Adrenomedullin or DNP-HSA or TNP-BSA inhibit factor H function?  

To determine whether the reaction described in 2.24 above is influenced by these FH 

ligands, the following was done. Reactions of 20ul were prepared in 20mM HEPES, 

120mM NaCl, 0.5mM EDTA pH 7.4 as above, containing 1ug of factor I and 10ng of 

factor H and a gradient of Adrenomedullin concentration [ranging from 1000ng -0.06ng/ 
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reaction], or a gradient of DNP-HSA or TNP-BSA [0.25ng - 0.0125ng/ reaction] s. Samples 

were incubated at room temperature for 30 minute and then 5ug C3b was added to each 

reaction and samples were incubated at 37 C for three hours. After that, reaction was 

stopped by adding an equal volume of 0.2M tris-HCl, 8M urea, 2% SDS, pH 8.2 buffer), 

and then samples were run, reduced, on SDS-PAGE.  
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3 Binding of Factor H to a Range of Ligands  

Factor H is known to interact with many ligands, as summarized in the introduction. The 

binding of factor H to a range of chemically diverse ligands was tested, to identify ligands 

that might justify further investigation. As shown below, Cardiolipin, fibrinogen, TNP-

BSA, DNP-HSA and several others were confirmed or identified as strong binders. Testing 

the binding of factor H to these ligands was done by using an ELISA technique.  

  

3.1 Binding assay of FH to Fibrinogen and fibrin coated wells  

3.1.1 Binding of FH to human fibrinogen  

  

 To investigate whether Factor H binds to human fibrinogen an assay was designed, by 

coating  microtiter plates with human fibrinogen. This experiment was done as  in section 

2.2.1.2.  The results, shown in Fig 3.1 shows good binding between factor H and human 

fibrinogen.  
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Figure 3-1 Binding of FH to fibrinogen.  

A shows binding of purified FH to fibrinogen-coated wells, B shows binding of FH from human 

serum to fibrinogen coated-wells Plates were coated with 50 ug/ml Fibrinogen and then serial 

dilutions of FH were added. Purified FH binds strongly with apparent saturation above 5 ug /ml and 

FH from human serum shows similar binding but with a slightly lower plateau than the purified FH: 

possibly this indicates another serum protein is binding to the fibrinogen and decreasing the number 

of binding sites for FH. The experimental data shown are the average and range of 3-4 experiments.  

 
 

3.1.2 Binding of FH to fibrin  

      To investigate whether purified FH and FH from human serum interact with fibrin clots, 

fibrin coated wells were prepared as described in methods section 2.2.1.1.  From figure 3.2 

it can be seen that, as with fibrinogen (Fig 3.1) purified factor H binds with a slightly 

higher plateau to fibrin-coated wells in comparison with factor H from human serum. Again 

this may indicate the presence of competing proteins in the serum.  
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Figure 3-2 Binding of FH to prepared Fibrin clots.  

A shows purified FH and B FH from human serum. Fibrin coated wells were prepared and after that 

serial dilutions of purified FH and FH from human serum were added to the wells. The 

experimental data shown are the average of 3-4 experiments. 

 

 

3.1.3 Does FH binds covalently or non-covalently to fibrin clots? 

 

Dr Yu-Hoi Kang has shown that FH can become covalently cross-linked to fibrin clots, by 

the action of coagulation factor XIIIa (Ferluga, et al., 2016). An experiment was designed 

to see if the binding of Factor H to the fibrin clot is (partially) covalent; i.e. is FXIII 

involved in crosslinking. This experiment relies on the observation that nearly all-

commercial batches of fibrinogen have a small content of FXIII, which could be activated 

when thrombin was used to convert fibrinogen on the plate to fibrin. Factor H binding to 

fibrin clots was carried out in plates as described above, and then the wells were washed 

with denaturant solutions to see if FH was removed. Results are shown in Fig 3.3 
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Surprisingly, FH was not removed by 8M urea, but it was removed by SDS-+ Urea. The 

result is therefore inconclusive: 8M urea would be expected to remove noncovalently 

bound FH, and this suggests the FH is partially covalently bound. However, SDS+urea 

removes nearly all signal for FH, which may indicate that it was not covalently bound, or 

that SDS binding obscured the epitopes for antibody recognition. Destruction of all of these 

protein reagents in a laboratory fire (April 2016) prevented further investigation.  

 

 

Figure 3-3 Factor H was tested to determine whether it binds covalently or not to fibrin 

coated wells. 

 Fibrin clots were formed then factor H was bound to these wells.  After washing the wells first with 

normal washing buffer (PBS-0.5 mM EDTA 0.1 % Tween 20) some of the wells were incubated 

with 8 M urea, or the gel sample buffer, 2% SDS, 8M urea, 0.2M Tris, pH 8.0, or washing buffer 

for 40 minutes.  Wells were then washed again with washing buffer to remove denaturant, and 

bound FH was detected with antibodies, as usual. Factor H was still associated with fibrin clots after 

treating with 8 m urea, but treating the wells with SDS solution has entirely removed FH. The 

experimental data shown are the average of 3-4 experiments.  
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3.2 Binding assays of FH to TNP-BSA and DNP-HSA coated wells 

 

Arnold et al (2005) reported that FH bound to a TNP-BSA-Sepharose affinity column and 

Moreno Indias et al (2012) reported using TNP-BSA-Sepharose as an affinity medium for 

purifying FH from goat serum.  To see whether factor H binds to TNP-BSA coated on a 

well, and also to DNP-HSA, which is more conveniently commercially available (Sigma), 

microtiter plates were coated with TNP-BSA or DNP-HSA as described in methods section 

2. 4, then serial dilutions of purified human FH, or human serum as a source of FH, were 

added to the coated wells.  

 

 

Figure 3-4 Binding of factor H to TNP-BSA and DNP-HSA. 

 A shows purified FH and B shows FH from human serum. Plates were coated with TNP-BSA or 

DNP-HSA then serial dilutions of purified FH were added to the plates. The graph shows good 

binding of FH to both TNP-BSA and DNP-HSA. This binding reaches a plateau at about 10 ug/ml 

The experimental data shown are the average of 3-4 experiments.  

 

This result Fig 3.4 indicates that FH binds very similarly to both ligands. The TNP used 

here is a 2,4,6 Trinitrophenyl group, whereas the DNP is a 2,4 dinitrophenyl, indicating that 

the nitro group at the 6 position may contribute little to the binding to TNP-BSA. Binding 

from serum has a lower plateau than seen with purified FH. This suggests competition from 
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other serum proteins. As described below (section 4.3), C4bp was later identified as the 

major competing protein.  

 

3.3 Interactions with other ligands   

 

Some of the following experiments were done in collaboration with Hanan Alrashidi, who 

was studying C1q binding to a similar range of ligands (Alrashidi, 2015). Ligands as shown 

in table 3.1, and including cardiolipin, poly-L-arginine, Streptococcus pneumonia whole 

bacteria and Lipoteichic acid [LTA] staphylococcus) were chosen to investigate a wide 

range of ligand types. Results for some are shown graphically below (figures 3.5 to 3.8, and 

results for all summarized in table 3.1. The binding of both purified FH and FH from serum 

was investigated. The experiments were done as described in section 2.5. 
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Figure 3-5 Factor H binds to cardiolipin.  

A) purified FH protein is shown binding to cardiolipin (blue) beside the positive control (TNP-

BSA-coated wells (red)) and the negative control (cholesterol-coated wells (green)) while B 

illustrates the binding of FH in human serum to cardiolipin. Microtiter plates were coated with 

3ug/well of Cardiolipin, cholesterol or TNP-BSA separately overnight. The coated wells were 

blocked with blocking buffer for an hour at RT. The wells were incubated with serial dilutions 

starting at 10 ug/ml purified FH in the washing buffer, for an hour at RT. Plate was washed, and 

then bound FH was detected with Rabbit anti-FH and secondary alkaline phosphatase antibody. The 

purified FH shows a similar magnitude of binding to cardiolipin, compared to the positive control 

(ie similar number of binding sites on well), but lower affinity (judged by the slope). The 

experimental data shown are the average of 3-4 experiments. 
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Figure 3-6 Factor H binds to poly-L- arginine.  

A shows the binding of the purified FH to poly-L-arginine (blue) beside the positive and the 

negative control while B illustrates the binding of FH in human serum to poly-L-arginine, which are 

the same as in fig 3.5. Microtiter plates were coated by 3ug/well of Poly-L-arginine overnight, and 

the assay was done as in fig 3.5. The purified FH gives a higher level of binding to the poly-L-

arginine than to the positive control (TNP-BSA) but with lower affinity. The experimental data 

shown are the average of 3 experiments. 
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Figure 3-7 Factor H binding to Streptococcus pneumonia (D39 strain).  

The graph shows (A) the binding of FH as purified protein (blue) beside the positive and the 

negative controls while B indicates the binding of FH to the bacteria from human serum. 

Formalin-fixed S. pneumonia (strain D39) was coated on microtiter plates.  Binding of purified 

FH and Fh from serum to the whole bacterium is very high, with very high affinity. The 

experimental data shown are the average of 3 experiments 
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Figure 3-8 Factor H binding to LTA.  

A)  shows binding of the purified FH (blue)with positive and negative controls.  B illustrates the 

binding of FH in human serum to LTA.  Microtiter plates were coated with 30ug/ml of Lipoteichoic 

acid (LTA) The purified FH gives higher binding than to the positive control, and with similar 

affinity. Binding from serum is much lower, suggesting that other serum components may block FH 

binding sites. The experimental data shown are the average of 3experiments  
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Table 3-1   FH binding to different ligands 

 

Ligand 

Binding 

FH 

purified 
FH from serum 

Cardiolipin **** **** 

Cholesterol 0 0 

TNP-BSA **** **** 

DNP-HSA **** **** 

Fibrin **** *** 

Poly-L-arginine **** **** 

Streptococcus pneumonia (whole bacteria) 

(D39 strain) 

**** **** 

Streptococcus pneumonia  

(TIGR4 strain) 

**** **** 

Trehalose 0 0 

Phosphatidylethanolamine (PE) 0 0 

Lipoteichoic acid  *** * 

Immune complexes (HSA and sheep IgG anti-HSA) 0 0 

Poly-L-lysine ** ** 

DNA ** ** 

Polyinosinic-polycytidylic acid 0 0 

Heparin ** 0 

Histone 0 0 

Tributyrin Esterase of S. Pneumonia (recombinant 

protein) 
** ** 

Neuraminidase of S. Pneumonia (recombinant protein) 

 

0 0 

0 = No binding; * or ** = Low binding; *** = Moderate binding; ****= High binding 
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3.4 Binding characteristics of FH to TNP-BSA and DNP-HSA  

 

It was decided to explore further the interaction with TNP-BSA and DNP-HSA, as these 

ligands showed very high binding affinity to factor H and there is little published data on 

their binding properties. As noted above, (Arnold et al., 2005) reported that FH bound to a 

TNP-BSA-Sepharose affinity column and Moreno Indias et al (2012) reported using TNP-

BSA-Sepharose as an affinity medium for purifying FH from goat serum. Yu et al.,  (2014), 

also described the use of this affinity material to purify FH, but none of these papers 

investigated binding characteristics more extensively.  

 

3.4.1 Effect of salt strength (NaCl concentration) on the interaction between factor 

H and DNP-HSA or TNP-BSA  

 

Binding of factor H to TNP-BSA and DNP-HSA coated wells was examined above at 

moderate salt strength (approximately 120mM NaCl). Factor H in buffer with ten different 

ionic strengths (NaCl concentrations of 0, 20, 40, 60, 80, 120, 160, 320, 640, 1000mM) was 

incubated with TNP-BSA and DNP-HSA coated wells as described in section 2.7.1. The 

binding of FH from serum was also studied. Very high binding of factor H for both TNP-

BSA and DNP-HSA was observed at low salt concentration, 20 mM NaCl.  Binding at 320 

mM NaCl concentration was less 50 % of that at 20mM. From the graphs in figures 3.9 and 

3.10 it can be seen that by increasing the ionic strength the binding is dramatically 

decreased.  Binding is however, still above zero at 1M NaCl. These results indicate that the 

binding does have an electrostatic/ionic component, although the persistence of binding at 

high salt suggests additional nonionic interactions 
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Figure 3-9 Effect of salt concentration on binding of FH to TNP-BSA.  

 Plates were coated with TNP-BSA 10 ug/well of purified FH or 20% human serum were added to 

the coated wells in presence of different NaCl concentrations. From the graph it can be seen that 

good binding occurs at low salt strength, and the binding becomes weaker by increasing the ionic 

strength. The background was measured from samples where no FH but only antibodies were 

added. The experimental data shown are the average of 3 experiments.  
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Figure 3-10 Effect of salt concentration on the interaction between FH and DNP-HSA. 

 Plates were coated with DNP-HSA; purified FH 10 ug/well or 20% serum were added to the coated 

wells in the presence of different salt concentrations. Binding between DNP and FH decreases with 

increasing salt strength. The background was measured from samples where no FH but only 

antibodies were added. The experimental data shown are the average of 3 experiments. 
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3.4.2 Effect of pH on the interaction between FH and DNP-HSA or TNP-BSA  

 

The binding free energy of protein-ligand interaction can be influenced dramatically by pH 

of the solution. Binding of factor H to TNP-BSA and DNP-HSA was examined at different 

pH values, as described in section 2.7.2. Results are very similar for DNP and TNP and are 

shown in figures 3.11 and 3.12.  The best binding for purified FH occurs at pH values from 

6-8. Binding falls off sharply below and above these values The shape of the curve for 

purified FH resembles a classical bell shape in which the rise and fall of binding is thought 

to be caused by ionization of amino acids side chains, such as Histidine (pH 5-7) and lysine 

(pH 8-9). This confirms the indication from salt-strength experiments that electrostatic 

interactions are involved in the binding. The shape of the curve for FH from serum is 

different, suggesting participation of other proteins or macromolecules (eg lipoproteins), 

which may compete with FH for binding, such that the competition varies with pH. 

Alternatively FH may bind wholly or partially via other serum ligands at the higher pH 

range. The pH of samples containing serum was re-verified after addition of serum. This 

was done by making large-volume mixtures for use with a pH meter.   
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Figure 3-11 Effect of pH on the binding between TNP-BSA and FH.  

 Plates were coated with TNP-BSA and then purified FH and FH from human serum were added to 

the wells in presence of different pH buffers. For purified FH the best binding occurs at neutral 

conditions while it deceases at low and high values. The background was measured from samples 

where no FH but only antibodies were added. The experimental data shown are the average and 

range of 3 experiments.  
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Figure 3-12 Effect of pH on the binding between DNP-HSA and FH.  

 Plates were coated with DNP-HSA and then purified FH and FH from human serum were added to 

the wells in the presence of different pH buffers. Again for purified FH the best binding occurs at 

neutral condition while it deceases at low and high values. The background was measured from 

samples where no FH but only antibodies were added. The experimental data shown are the average 

of 3 experiments.  
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3.5 Dissociating the binding between FH and TNP-BSA or DNP-HSA using 

different buffers and denaturants    

The previous results have showed that factor H binds strongly to TNP-BSA and DNP-HSA. 

This means the TNP-BSA can be used to bind FH from human serum. The aim of 

designing this experiment is to explore the best solvent to dissociate the binding between 

FH and TNP-BSA, so that FH could be efficiently eluted from an affinity column made 

with these ligands.  ELISA plates were coated with TNP-BSA; then FH was added to the 

coated wells. For dissociating the binding between FH and TNP-BSA, several solvents 

were added to individual wells, as described in section 2.8. Although strong denaturants 

have been used to release the bound factor H from TNP-BSA coated wells, none were 

really efficient to dissociate the binding.  About 35% of bound FH was removed by using 

0.5% SDS, in addition, 1% SDS and 8M Guanidine removed bound FH slightly. There are 

some differences in results between TNP and DNP, but this could be due to several factors, 

e.g. the degree of substitution of the BSA or HSA, and this was not investigated further.  

Repeated washing of the wells with solvent may be a better way to imitate the conditions of 

elution from an affinity column.  SDS is not desirable for use as an eluant, as it is difficult 

to remove from the eluted proteins. Urea would be a better choice. It is notable that the high 

and low pH buffers do not have much effect on the bound FH, although as seen above, the 

initial binding is sensitive to pH.  
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Figure 3-13 Dissociation of the binding between (A) factor H and TNP-BSA and (B) FH and 

DNP-HSA by using solvents. 

  Factor H was bound  to TNP-BSA or DNP-HSA coated wells, after that wells were treated for one 

hour with solvents and denaturants to elute the bound FH. Remaining FH was detected by 

antibodies. Positive control presents normal binding of FH to the ligands (untreated with solvents) 

From the graph it can be seen that the binding between FH and TNP-BSA is very strong although it 

is partially removed using urea or SDS. The error bars represent mean  SD of three independent 

experiments.  
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3.6 Comments on other factor H related proteins that may bind to TNP-BSA-

Sepharose beads   

 

In an attempt to examine whether other factor H related proteins or FH homologues might 

bind to TNP-BSA (for example, factor H like protein FHL-1 and Factor H related proteins 

FHRs1-5), diluted human serum was passed through a TNP-BSA column as described in 

section 2.12.1. The figure 4.5 (next chapter) shows four main proteins eluted from TNP-

BSA-Sepharose with high salt buffer (1M NaCl): IgG, HSA, Factor H and C4b- binding 

protein (C4bp). The immunoglobulin IgG and possible traces of IgM were removed by 

using specific columns to trap them (section 4.3). C4bp was separated from FH by passing 

the mixture through a dyematrex gel (blue B column) and using a gradient of KCl as 

mentioned in section 4.3.  In Fig 3.14 a western blot of the eluate from TNP-BSA-

Sepharose, developed with anti-C4bp, shows a big protein in non-reducing conditions 

(.>245 kDa) and a protein at 72 kDa in reducing conditions, which corresponds to C4bp α-

chain. This protein was detected by using anti-C4bp antibody. Therefore, C4bp, as well as 

FH, binds to TNP-BSA. On fig 4.5 no bands corresponding to FHRs 1-5 or FHL-1 are seen, 

but these are low abundance proteins so they would be unlikely to be visible easily by 

Coomassie Blue staining. No western blot (with anti-FH) was done on the TNP eluate, so 

the presence or absence of FHRs1-5 and FHL-1 is unknown.  Two other proteins are of 

interest: beta2 glycoprotein 1 and FXIII B chain, which are both homologues of FH. The 

latter is a low abundance protein, so would not likely be seen by Coomassie Blue stain. 

However beta2 glycoprotein 1 is an abundant serum protein and it is not visible in the 

eluates (as judged by SDS-PAGE as in fig 4.5 and further SDS-PAGE analysis (not shown) 

of purification stages. Although beta2 glycoprotein 1 shares some properties with FH, such 

as binding to anionic phospholipids (Kertesz et al., 1995; Ferluga et al., 2014), it does not 

bind to TNP-BSA or DNP-HSA.  
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Figure 3-14 western blot film showing C4bp.  

This shows SDS-PAGE separation of material eluted from a TNP-BSA-Sepharose column. The 

proteins were transferred to nitrocellulose, which was incubated with anti-C4bp antibodies. The 

results identify C4bp as a TNP-BSA-binding protein. The most common isoform of C4bp is 

composed of seven identical covalently-linked α-chains and some molecules also have a  β-chain, 

C4bp migrates as a 570 kDa band under non-reducing conditions (left)  while in reducing conditions 

(right)  a band of about 72 kDa  appears which represents α-chain  
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4 Further studies on binding to TNP and DNP 

4.1 Binding of FH to other TNP-labelled proteins  

It has been shown that factor H binds strongly to TNP-BSA and DNP-HSA; this is high 

affinity binding. To ensure that the binding was to the DNP or TNP substituents, and was 

not dependent on the albumins, an experiment was set up to explore the behavior of factor 

H towards some other TNP-labeled proteins, such as TNP-chicken ovalbumin, TNP-

Fibrinogen, TNP-gelatin and TNP-bovine gamma globulin (TNP-BGG) and also to the 

simple amine derivative of TNP, TNP-amine. The TNP-group was added to proteins as 

described in methods section 2.10. Binding of factor H to TNP-proteins was tested by using  

microtiter plates coated with TNP-albumin, TNP-Fibrinogen, TNP-gelatin, TNP-Bovine 

gamma globulin and TNP-amine. Non-derivatised proteins were used as controls. It can be 

seen from the graph in figure 4.1 that factor H binds consistently well to all the TNP-

derivatised proteins and also to the TNP-amine.   The binding to non-derivatised proteins 

was low except to fibrinogen.  Concentration-dependence of binding of FH to the same 

derivatised proteins is shown in Fig 4.2.  The maximum FH binding does vary between the 

different ligands, but this is most likely due to different degrees of substitution of the 

proteins with TNP, and (especially for TNP-amine), different quantities of ligand bound to 

the well.  
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Figure 4-1 FH binds to TNP-proteins and TNP-amine. 

 The TNP-proteins were used at 100 ug/ml, 100ul/well while 10ug/ml was used for TNP-amine to 

coat plates; then FH (5 ug/ml) was added to the plates, and binding detected as described above. 

Non-derivatised proteins at the same concentrations were used to compare the binding to FH with 

TNP- proteins. The negative control wells were coated with TNP-BSA but received no FH. The 

experimental data shown are the average and range of 3 experiments.  
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Figure 4-2 Concentration-dependence of FH binding to TNP-proteins and TNP-amine. 

These materials were used at 100 ug/ml, 100 ul/well to coat plates, except for TNP-amine, 

10ug/well; then FH serial dilutions were added to the plates. The graph here shows that binding 

becomes less when decreasing the protein concentrations, and it can be said the binding is 

concentration dependent. The experimental data shown are the average and range of 3 

experiments.  
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sulfate, ellagic acid, 3-nitro-L-tyrosine, 5,5-dithio- bis(2-nitrobenzoic acid)). In addition,  

heparin, tRNA and poly-(Glu-Ala-Tyr) were used at 10 ug/ml . Purified FH (5 ug/well) was 

added. Plates were incubated for 1 hour at room temperature.  It can be seen from figure 4.3 

that the compounds phosphotyrosine, ATP, bilirubin, spermine, ellagic acid, BOC tyrosine, 

all cause a high degree of inhibition of binding, up to about 80%. Other compounds, 

including poly-Glu-ala-tyr, N-acetyl dinitrotyrosine ethyl ester, F-met-Leu-Phe (NMFL), 

myo-inositol hexakisphosohate, tRNA and quinidine sulfate have intermediate effects, and 

nitrotyrosine, p-nitrophenol acetate, 2-nitrobenzoic acid, 2,4-dinitrophenol acetate and 

heparin have little effect. In a further experiment, compounds that showed good inhibition 

were used at lower concentrations to explore how they behave in a lower dose see figure 

4.4.  
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Figure 4-3 Inhibition of the binding between DNP-HSA and FH.  

Several compounds were incubated with Factor H and DNP-HSA, then  the binding of FH to DNP-

HSA was assessed, as described in section 2.9.  The experimental data shown are the average and 

range of 3 experiments. 
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Figure 4-4 Dose-dependence of inhibition of factor H binding to DNP-HSA.  

The best inhibitors selected from the data in figure 4-3 were tested at various concentrations, as 

in section 2.9.1. From the graph it can be seen that there is dose-dependence of inhibition.  The 

experimental data shown are the average and range of 3 experiments 
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Table 4-1 Compounds and their similarity in structure to TNP/DNP and their  inhibition of 

factor H binding to DNP-HSA 

 

Compound Similarity in 

structure to 

TNP/DNP  

Inhibition of binding 

to DNP 

O-Phospho-L-tyrosine   
N-acetyl-3,5-Dinitro-tyrosine-ethyl 

ester 
  

ATP   

N-Formyl-Met-Leu-Phe   

Bilirubin   

Poly (glu(60)ala(30)tyr(10)   

Myo-inositol hexakisphosphate   

Spermine   

tRNA   

para-Nitrophenyl acetate   

Boc-L-tyrosine   

Quinidine   

Ellagic acid   

polyglycine - - 

Heparin   

2-Nitrobenzoic acid   

2-dinitrophenyl acetate   

 

Note that compounds with stronger structural similarity are poor inhibitors. The 

stronger inhibitors are likely to have different binding mechanisms from DNP or 

TNP but possibly bind to overlapping sites. – = No inhibition, *= weak inhibition, 

**= moderate inhibition, ***= good inhibition, **** = strong inhibition. The 

structural similarity is based simply on the presence or absence of a phenol structure 

(aromatic ring with OH substituent). The presence of nitro substituent was judged to 

confer (extra) similarity.   
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4.3  Factor H purification  

TNP-BSA-Sepharose has been used to purify FH from plasma/serum as reported by 

Moreno-Indias et al.,  (2012) and Yu et al.,  (2014) However the procedure has not been 

optimized and potential contaminants are not identified with certainty. We set out to modify 

and improve the procedure. Factor H was purified from human serum according to Moreno-

Indias’s et al., (2012) procedure. The plasma was diluted 1:1 with cold water (4C) to 

decrease ionic strength. For the isolation of factor H, 200 ml of diluted plasma was mixed 

with 20 ml of TNP-BSA-Sepharose, prepared as indicated by Arnold et al., (2005). The 

mixture was left at 4C on slow rotary stirrer for 1 hour. The resin was thoroughly washed 

with HEPES buffer (10mM HEPES, 60mM NaCl, 0.5mM EDTA pH 7.4). This affinity 

column binds mainly factor H, IgG, and, it was thought, IgM. The resin was placed in a 

column and the bound proteins were eluted with the high salt buffer (10 mM HEPES, 2M 

NaCl, 0.5mM EDTA pH 7.4). To remove the contaminant immunoglobulin (IgG) a Hi-Trap 

protein G column was used and a rabbit anti-human IgM-Sepharose column used to 

eliminate IgM. Then samples from each step were run on SDS-PAGE. On figure 4.5 can be 

seen the major proteins eluted from TNP-BSA-Sepharose. After several repetitions of this 

procedure, it was realized that the anti-IgM column did not seem effective, as it removed 

very little protein.  It was concluded that either the column had lost binding capacity, or the 

protein that looked like IgM on SDS-PAGE, was not IgM. A plasma protein which looks 

like IgM on SDS-PAGE is C4bp. C4bp run in reduced conditions has a band at about 75 

kDa, similar in mobility to IgM heavy chain. In non-reducing conditions, C4bp is a 

disulphide-linked oligomer of about 570kDa, while IgM is about 900 kDa or greater—so 

both would stay at the top of an SDS-PAGE gel. IgM also has light chain (25 kDa) but this 

coruns with IgG light chain and C4bp also has a faint band at ~45 kDa (the beta chain), but 

it is present in low quantity. To investigate further, the TNP-BSA-Sepharose eluate was 

analysed by Western blot using anti-C4bp, and it was confirmed that the major contaminant 

was C4bp, not IgM (see section 3.6 and associated figure 3-14).    
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Figure 4-5 SDS-PAGE analysis of a stage in the purification of factor H. 

 Materials eluted from TNP-BSA-Sepharose analysed by 10 % SDS-PAGE as described in methods 

and the gel was stained with Coomassie Blue. Note that the presence of albumin (HSA) in the eluate 

is simply an indication that the resin wash not washed sufficiently, and care was taken to wash more 

extensively in subsequent preparations.  
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Several methods were applied to separate C4bp from FH. Normally this could be done by 

gel filtration, because of the size difference between the two proteins (570 vs 155 kDa) but 

this requires concentrating the material to low volume then making multiple repeat 

separation runs. A more convenient method was thought to be an advantage.  

 

4.3.1 Using Zinc Sulphate to selectively precipitate FH 

 

  Eluted material from TNP-BSA-Sepharose was dialysed three times against PBS at 4C. 

After that, aliquots of the protein were incubated with different concentrations of zinc 

sulphate (0.5mM, 1mM, 2mM, 4mM, 5mM, 10mM, 20mM 40mM, 80mM, 160mM) as 

described in Methods section 2.13.1.  Aliquots were checked every 8 hours to see the 

cloudy appearance of protein precipitation. A centrifugation step then later was followed to 

separate the supernatant from precipitate. Precipitates were resuspended in PBS-5mM 

EDTA. Samples (supernatants and resuspended precipitates) were run (unreduced) on 10% 

SDS-PAGE. The basis of this procedure is that FH is known to precipitate in low molarities 

of Zn++ (<1 mM) and it was hoped that C4bp would remain in solution, or at least 

precipitate at a different concentration. However in this case factor H and C4bp have both 

precipitated at 1 mM. The analysis of the supernatants suggest C4bp was less completely 

precipitated at low Zn++, but the difference was not enough to form the basis of a 

separation.  
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Figure 4-6 A and B. SDS-PAGE analysis of precipitates of FH and C4bp in the presence of 

Zn++.  

Precipitate samples were run (unreduced) after incubation with different molarities of ZnSO4.  Lane 

1; the molecular weight marker of broad range 20 kDa- 245 kDa. Lanes 2-10 are samples of protein 

that precipitated with different molarities of zinc sulphate.   
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Figure 4-7 A and B. SDS-PAGE analysis of supernatants of FH and C4bp incubated with 

Zn++.  

 Supernatant samples were run (unreduced) after incubation with different molarities of ZnSO4.  

Lane 1; the molecular weight marker of broad range 20 kDa- 245 kDa. Lanes 2-10 are sample of 

proteins remaining in the supernatant after incubation with different molarities of zinc Sulphate.  
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4.3.2 Using DyeMatrix Gels (immobilized dyes) for Factor H purification  

 

Protein after elution from TNP-BSA Sepharose with 20mM HEPES, 2M NaCl, 0.5 mM 

EDTA pH 7.4 was dialysed (3 x) against 10mM HEPES, 130mM NaCl 0.5mM EDTA pH 

7.4. Protein samples were passed through the protein G and anti-IgM columns. Then 

samples of the protein were tested on five different dyematrex gels (1 ml columns) (Blue A, 

Red A, orange A, Green A and Blue B) provided by Amicon USA. Columns were tested 

first to find out if they bind FH.  One mL of protein solution was incubated in the columns 

for 1 hour at room temperature and after that the column was washed with 1 mL of 10 mM 

HEPES, 140 mM NaCl, 0.5mM EDTA pH 7.4. Next 1 mL of increasing molarities of KCl 

starting from 20mM, then 40mM, 80mM, 120mM 160mM, 300mM, 500mM, 1M, 2M, all 

in 10mM HEPES, 0.5mM EDTA, pH 7.4, were passed through the columns and 1 ml 

fractions were collected.  After that, samples were run on SDS-PAGE. To remove KCl 

from protein, fractions were dialysed against PBS three times (before SDS-PAGE analysis). 

The Blue B column was the only one found to provide separation of FH and C4bp. The 

other columns all bound both proteins, but there was no separation when they were eluted. 

Later a larger DyeMatrex blue B column (10 mL) was made to purify enough FH. From the 

SDS-PAGE analysis, very good separation of factor H from C4bp was obtained (see figures 

4.8 and 4.9). Factor H is a single band, which runs at about 155 kDa under reducing and 

non-reducing conditions. However, C4-binding protein consists of seven SS-linked 

identical chains (-75 kDa) and some molecules of C4bp also have one copy of a small -

chain (45 kDa). So unreduced C4bp is > 500 kDa. As seen in the figures below (Figure 4.8 

and 4.9), on Matrex blue B, C4bp binds to the column but is eluted cleanly with 20mM 

KCl. FH elutes at higher KCL concentrations, and “trails” over a wider KCL concentration 

range. The separation is not complete, as there is some overlap, but it is sufficient to 

provide samples of both proteins at high purity.  
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Figure 4-8 Factor H separation on Matrex Blue B, SDS-PAGE analysis under reducing 

conditions. 

 A Matrex blue B column was loaded in 10mM HEPES, 130mM NaCl, 0.5mM EDTA, pH 7.4, the 

protein left in contact for 1h, then the column washed with the loading buffer then with increasing 

concentration of KCl in the same buffer. Lanes 1 and 2; elution with loading buffer. Lane 3; 

washing with 20 mM KCl. Lane 4; 40 mM KCl Lane 5; 80 mM KCl Lane 6; 120 mM KCl Lane 7; 

160mM KCL.  Lane 8; 300 mM KCL Lane 9; 500 mM KCL Lane 10; 1M KCL. Lane 11; 2M KCL. 

FH mw is 155 kDa while C4bp -chain is 70 kDa under reducing conditions.  The - chain of C4bp 

is usually too weak to be seen on a gel.  
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Figure 4-9 Factor H separation on Matrex Blue B, SDS-PAGE analysis under non-reducing 

conditions.  

As in figure 4.8 above, a blue B column was loaded in 10mM HEPES, 130mM NaCl, 0.5mM 

EDTA, pH 7.4, the protein left in contact for 1h, then the column washed with the loading buffer 

then with increasing concentrations of KCl in the same buffer. Lane 1; elution with loading buffer. 

Lane 2; washing with 20 mM KCl. Lane 3; 40 mM KCl. Lane 4; 80 mM KCl.  Lane 5; 120 mM 

KCl m Lane 6; 160mM KCL.  Lane 7; 300 mM KCL Lane 8; 500 mM KCL Lane 9; washing with 

1M KCL. Lane 10 band 11; 2 M KCl; lane 12, empty.  
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4.3.3 Western blotting of the collected fractions  

After collecting FH fractions that looked pure on SDS-PAGE and clear from any 

contaminant C4bp, samples were run on SDS-PAGE and then tested by western blot, with 

anti-FH (polyclonal) as the primary antibody.  It can be seen from the western blot film in 

figure 4-10 that only one clear single band with approximate molecular weight 150 kD 

which represents factor H with molecular weight 155 kD is visible  

 

Figure 4-10 Western blot film shows factor H  as a single clear band at MW 150kD.  
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4.4 Exploring the binding sites on FH for TNP or DNP 

At this stage we had no indication whether TNP or DNP is binding to FH via a single site 

on FH or via multiple sites.  To explore this, recombinant segments of FH were used. 

Initially only the recombinant 3-domain segment CCP6-8 was available (small quantities 

kindly provided by Dr Simon Clark, University of Manchester or larger quantities made as 

described in methods section 2.15, by the method of Clark et al., 2006).  At a late stage in 

the project, additional recombinant proteins, CCP1-4 and CCP19-20 were kindly provided 

by Drs Janet Lovett and Stacey Bell, University of St Andrews (Bell, 2015). Additional 

CCP15 and CCP15-16 were available, but were destroyed in the lab fire of April 2016.  

 

 

4.4.1 Binding of FHCCP6-8 to TNP- BSA and DNP-HSA coated wells 

 

An expressed factor H FHCCP6-8 was used to find out whether this region of FH has the 

ability to bind to TNP- BSA and DNP-HSA. ELISA plates were coated with TNP-BSA or 

DNP-HSA individually. Then FHCCP6-8 was serially diluted and added to the coated 

wells: dilution started from 5ug/ ml – 0.0079ug/ml. The binding of CCP6-8 was detected by 

using polyclonal rabbit anti recombinant CCP6-8 and secondary antibody, anti-rabbit IgG-

alkaline phosphatase conjugate. From figure 4.11 it can be seen that the recombinant 

FHCCP6-8 binds to both TNP-BSA and DNP-HSA.  However, saturation is not reached at 

5ug/ml, suggesting a relatively low affinity. 5ug/ml of CCP-6-8 would be equivalent in 

molar terms to about 33ug/ml of full-length FH, and as seen in chapter 3, figure 3.4, FH 

binding to TNP/DNP reaches saturation at about 10ug/ml FH.  
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Figure 4-11 Binding of FHCCP6-8 to TNP-BSA and DNP-HSA.  

This short segment FHCCP6-8 binds to TNP-BSA and DNP- HSA. The experimental data 

shown are the average of 3 experiments.  

 

 

4.4.2 Competition between FH and CCP6-8 for binding to TNP-BSA and DNP-HSA  

 

 From the previous results it has been shown that FH binds to TNP-BSA and DNP-HSA 

and it has been shown that FHCCP6-8 also binds to TNP-BSA and DNP-HSA. In a further 

experiment we wanted to investigate whether there is more than one binding site on FH for 

TNP-BSA or DNP-HSA. Therefore, a competition assay was applied to reveal this binding. 

The usual coating of TNP-BSA or DNP-HSA was done on ELISA plates. After that a 

mixture of factor H containing 5ug/ml of FH and serial dilutions of FH CCP6-8 starting 

from 25ug/ml – 0.488ug/ml was added to the coated wells, as described in section 2.19. 
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Binding was detected by using anti whole FH antibody.  From the results it can be said that 

at high concentration of FHCCP6-8,  (25 ug/ml) there is very little inhibitory effect, which 

means that FHCCP6-8 is not the only binding site on FH for TNP or DNP. This is 

consistent with CCP6-8 having relatively low affinity for TNP and DNP. Even if, at 

25ug/ml, CCP6-8 can saturate all the TNP or DNP on the plate, one or more other binding 

sites on FH must be able to displace the CCP6-8, by binding with higher affinity.  

 

 

 

Figure 4-12 Competition between FH and FHCCP6-8 for binding to TNP-BSA and DNP-

HSA. 

 This experiment was done as described in section 2.19. FHCCP6-8 did not compete effectively 

with factor H for binding indicating there is more than one binding site on  factor H for  TNP-BSA 

and DNP-HSA. The experimental data shown are the average of 3 experiments.  

 

 

 

 

 
 

0 10 20 30
0.0

0.5

1.0

1.5

ug/ml CCP6-8

O
D

 4
0

5

DNP-HSA

TNP-BSA



 Chapter Four                                                                                            Results 

109 

 

4.4.3 Binding of other FH segments to TNP or DNP 

 

As noted above, recombinant CCP1-4 and 19-20 became available at a late stage in the project.  

Only a small quantity was available, but these were used in tests of binding to TNP-BSA and DNP-

HSA. The results are shown in chapter 5, figure 5.10 where comparison with binding to 

Adrenomedullin is shown in the same figure. BOTH CCP1-4 and CCP19-20 were shown to bind to 

TNP and DNP, but there was insufficient material to explore affinity or competition binding.  

However it can be concluded that TNP and DNP bind to FH at least 3 sites, namely CCP1-4, 

CCP19-20 and CCP6-8, of which the last has quite low affinity.  



Chapter Six                                                                                       Discussion                                                                                                                                         

110 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Results 

Binding of FH to Adrenomedullin (ADM) 

 

 

 

 

 

 

 

 

 

 

 



Chapter Six                                                                                       Discussion                                                                                                                                         

111 

 

5  Binding of FH to Adrenomedullin (ADM).  

 

A survey of the literature on FH-Adrenomedullin interaction (Sim et al., 2015) suggested 

that the binding interaction with ADM is unusual, as shown by (Pío et al., 2001). They 

used a western-blot based binding assay, and showed that it was difficult to dissociate 

ADM from the nitrocellulose-bound FH. Binding was dissociated by denaturants or the 

chaotrope 3M NaSCN, but not by 4M NaCl, or by acid at pH 2.5. Most ligand binding by 

FH is ionic in nature, such as binding to glycosaminoglycans, C3b, Factor I, anionic 

phospholipids and sialic acids (Sim et al., 2015) so would be eliminated by high salt. 

ADM binding is, therefore, distinctive and presumably has a strong hydrophobic 

component. Even in 3M NaSCN, dissociation was slow and incomplete. The binding of 

FH to TNP and DNP has dissociation and hydrophobic characteristics superficially similar 

to this: and so it was considered worthwhile to investigate the similarities of binding to 

ADM and to TNP/DNP.  

The ADM used in these experiments was synthetic, purchased from a peptide-synthesis 

company (GeneCust (Europe) based in Luxembourg). The product was correctly amidated 

at the C-terminal and >70% pure, but other (limited) analysis data supplied by GeneCust 

was destroyed in the lab fire of April 2016.   
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5.1 Binding assays of factor H to Adrenomedullin 

 

5.1.1 Optimisation of FH binding to Adrenomedullin  

The aim in these experiments is to see whether human factor H and recombinant segments 

of FH bind to AM. Preliminary experiments were done to determine a suitable plate 

coating concentration for AM.  

First Adrenomedullin was serially diluted to explore the best concentration for  binding  to 

factor H. In figure 5.1 it can be seen Adrenomedullin binds better at low concentrations so 

0.5ug/ml was selected as a suitable concentration to use in the experiments.   

 

Figure 5-1 Figure 5.1 Optimisation of ADM coating for binding FH. 

 Adrenomedullin was serially diluted and added to microtiter plates, dilutions starting from 5 ug/ml 

– 0.05ug /ml. After washing and blocking, 5ug/ml of factor H was added to the coated wells. After 

1 hr incubation and washing, primary and secondary antibodies were added. Adrenomedullin binds 

better in lower concentrations to FH. The experimental data shown are the average of 3 

experiments.  
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5.1.2 Binding of whole factor H to Adrenomedullin coated wells 

 

 Human factor H was tested for its binding to Adrenomedullin. ELISA plates were coated 

with ADM at the optimum concentration determined above (0.5 ug/ml), then human 

factor H was serially diluted and added to coated wells. Figure 5.2 shows that factor H 

binds in a dose-dependent manner, and that saturation is reached at about 3 ug/ml FH.  

 

Figure 5-2 Binding of whole factor H to Adrenomedullin.  

Factor H was serially diluted (dilutions from 5 ug/ml- 0.02 ug/ml) and then added to 0.05 ug/ml 

ADM coated wells.  From the figure above it can be said that binding of FH to ADM is dose-

dependent. The experimental data shown are the average of 3 experiments.  
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5.1.3 Dissociating the binding between FH and Adrenomedullin using different 

buffers and denaturants    

  Previous results in the literature imply that factor H binds strongly to AM. The next 

experiment was designed to explore the best solvent to dissociate the binding between FH 

and ADM, and to compare this with results for TNP and DNP, which were shown in 

chapter 3 (Figure 3.13). ELISA plates were coated with ADM; then FH was added to the 

coated wells and left to bind. Unbound FH was washed away, and then various solvents 

were added to wells, as mentioned in methods section (2.20.3).  

These were the same solvents as used for TNP and DNP (Figure 3.13).  For convenience in 

comparing the results, the TNP and DNP results are shown again in Figure 5.3 (A shows 

TNP, B shows DNP, and C shows the results with ADM). Although strong denaturing 

solvents were used to release the bound factor H from ADM coated wells, none were really 

effective in dissociating the binding.  About 50% of bound FH was eliminated by using 1% 

SDS or 6M urea. 8M Guanidine removed only about 15 %. The results are quite similar to 

those for TNP-BSA and DNP-HSA, but low pH seemed slightly more effective for ADM.  
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Figure 5-3 Dissociation of the binding between FH and (A) TNP-BSA and (B) DNP-HSA and 

(C) ADM by using different solvents.  

 Factor H was added to TNP-BSA, DNP-HSA or ADM- coated wells, after that wells were washed 

and treated for one hour with solvents and denaturants to elute the bound FH.  Remaining FH was 

detected by antibodies. Positive control represents normal binding of FH to the three ligands 

(washed only with HEPES buffer).  From the graphs it can be seen that dissociation of the binding 

between FH and Adrenomedullin by different solvents is quite similar to the effects seen with TNP 

and DNP. Urea and 1% SDS are the best “eluents” in each case. Extremes of pH are not effective, 

although the FH-ADM binding is more disrupted at low pH than is the binding to TNP or DNP. The 

experimental data shown are the average of 3 experiments.  

 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

solvents

O
D

 4
05

 n
m

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

solvents

O
D

 4
0

5 pH3

pH4

pH9

pH10

8 M Guanidine 

6 M urea 

3 M urea 

1 % SDS 

0.5 % SDS

Control

A

B

no TNP/DNP 

no FH 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

solvents

O
D

 4
05

 n
m

pH3

pH 4

pH 9

pH 10

8 M Guanidine 

6 M urea 

3 M urea 

1 % SDS 

0.5 % SDS

contol

no FH

C



Chapter Six                                                                                       Discussion                                                                                                                                         

116 

 

5.1.4 Inhibition of the binding between FH and Adrenomedullin by using soluble 

compounds.   

 

 Seventeen soluble compounds were tested to examine their activity on the binding between 

FH and ADM.  Experiments were done as described in sections 2.20.4, 2.9 and 2.9.1. As 

shown in figure 5.4 some of these compounds gave a high degree of inhibition of the 

binding. These were spermine, heparin, quinidine sulphate, myo-inositol hexakisphosphate, 

and ellagic acid.  Bilirubin and 2,4 DNP had little effect, while others gave intermediate 

effects.  To compare these results with what was found for inhibition of binding of FH to 

DNP-HSA,figure 4.3 from chapter 4 is repeated below (see figure 5.5).   The spectrum here 

is quite different however: the most effective inhibitors of the DNP-FH interaction are 

phosphotyrosine, ATP, bilirubin, BOC-tyrosine, and also ellagic acid and spermine. Only 

the last two named inhibited both binding reactions well.  The spectrum of inhibition is 

therefore quite different, suggesting that AM and DNP do not bind to the same sites on FH, 

although they may bind to the same general regions, eg to the same CCPs.   

Ellagic acid is a large polyphenol, uncharged but with multiple OH groups, which is 

reported to bind to many proteins and to DNA (Whitley et al., 2003), so its effect is likely 

to be quite “nonspecific”.  Spermine is a non-aromatic  “polycation” (2 positive charges), 

while myoinositol hexakisphosphate is a non-aromatic polyanion. These may interfere with 

initial binding contacts, which may be ionic. Heparin is known to bind to FH CCPs 6-8 and 

19-20 and possibly other  sites, and it interferes with ADM binding, but surprisinly not with 

DNP binding since, as shown in chapter 4, DNP/TNP binds to CCPs6-8 and 19-20.  

Bilirubin, a tetrapyrrole with positive and negative charges,  is an inhibitor of DNP-FH 

binding, but has no effect on ADM-FH. This experiment was done as described in sections 

2.8 and 2.20.3. Further experiments were done to examine the concentration-dependence of 

the compounds that gave substantial inhibition at the single dose shown and the results are 

in  figure 5.6. Dose-dependence is clear for ellagic acid, myoinositol hexakisphosphate, but 

the inhibition curve is rather “flat” for heparin and spermine.  

In table 5-1, a comparison of inhibitors of FH binding to ADM, and to DNP is shown.  
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Figure 5-4 Inhibition of the binding between FH and Adrenomedullin. 

 ELISA plates were coated with ADM and compounds were tested at final concentration 5mM 

(except those indicated as 10ug/ml) to see if they could inhibit FH-ADM binding. The control (see 

figure) represents uninhibited binding, and the “no FH” column represents background signal with 

no FH present. . The experimental data shown are the average of 3 experiments 
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Figure 5-5 Comparison of the inhibition of binding of FH to DNP, with that to ADM.  

The lower figure is the inhibition of binding to AM, and is a repeat of figure 5.4. The upper part of 

the figure shows inhibition of binding to DNP-BSA and is a repeat of figure 4.3. 
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Figure 5-6 Dose-dependence of inhibition of FH binding to ADM.   

Selected inhibitors were tested in serial 2-fold dilutions, starting at 5mM (or 10 ug/ml for 

heparin). From the graph it can be seen binding becomes less at higher inhibitor concentrations, 

indicating concentration dependence. The experimental data shown are the average of 3 

experiments. 
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Table 5-1 Comparison of inhibition of binding to DNP and binding to ADM 

– = No inhibition, *=weak inhibition, **= moderate inhibition, ***= good 

inhibition, ****= strong inhibition, ND= not done. 

Compound Inhibition of binding to 

DNP 

Inhibition of binding to 

ADM 

O-Phospho-L-tyrosine   

N-acetyl-3,5-Dinitro-

tyrosine-ethyl ester 
  

ATP   

N-Formyl-Met-Leu-Phe   

Bilirubin   

Poly 

(glu(60)ala(30)tyr(10) 
  

Myo-inositol 

hexakisphosphate 
  

Spermine   

tRNA   

para-Nitrophenyl acetate  ND 

Boc-L-tyrosine   

Quinidine   

Ellagic acid   

polyglycine -  

Heparin   

2-Nitrobenzoic acid   

2-dinitrophenyl acetate   

 

 

The table shows approximate effectiveness of inhibition of binding of FH to DNP (same 

data as in Table 4.1) and to ADM (taken from the results in fig 5.4.).  There are large 

differences in inhibition of binding to the 2 ligands by dinitrotyrosine, f-Met-Leu-Phe, 

heparin, myoinositol hexakisphosphate and bilirubin.  Phosphotyrosine, ATP, spermine, 

BOC-tyrosine, quinidine sulphate, ellagic acid all inhibit both bindings quite effectively. 

However the large differences strongly suggest either that DNP and ADM do not have 

shared binding sites on FH, or that some of the inhibitory effects seen are due to inhibitor 

binding to DNP-HSA or ADM, and not to FH.  



Chapter Six                                                                                       Discussion                                                                                                                                         

121 

 

5.2 Testing of the antisera (anti-CCP 6-8, anti-CCP 3-4 and anti-FHR1) to ensure 

that they will detect CCP6-8, CCP1-4 and CCP 19-20 in ELISAs  

The test shown in figure 5.7 was done to determine a suitable concentration of the 

antibodies to give a good signal in ELISAs and to examine whether these antibodies are 

able to recognise these fragments. This experiment was done as described in methods 

section 2.20.5. 

 

Figure 5-7 Testing of antisera (anti-CCP 6-8, anti CCP 3-4 and anti FHR1) to fragments 

(CCP6-8, CCP1-4 and CCP 19-20).  

ELISA plates were coated with 5ug/well CCP6-8, or CCP1-4 or CCP19-20 then the compatible 

antibodies were added to the coated wells in serial dilutions, starting at 1/10000. The same 

secondary antibody, anti-rabbit IgG, AP conjugate was used for all. The antisera show good 

recognition towards the constructs. Cross-reactivity was not explored. The experimental data 

shown are the average of 3 experiments. The x-axis shows reciprocal dilution, which corresponds 

to 10000 divided by dilution factor= reciprocal dilution. Thus 10000-fold dilution =1, 20000 fold 

dilution =0.5, etc.  
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5.2.1 Binding of FHCCP6-8/H402 or FHCCP6-8/Y402 to Adrenomedullin coated 

wells 

A limited quantity of both variants of CCP6-8, containing either histidine or tyrosine at 

amino acid position 402 were available from Dr Simon Clark, Manchester University.  

Note in some papers, the 402 amino acid position is identified as 384: this is the same 

position, but numbered with the leader sequence subtracted.  

Recombinant proteins FHCCP6-8/H402 and FHCCP6-8/Y402 were serially diluted from 

20ug/ml maximum in 10mM HEPES, 120 mM NaCl, 0.5mM EDTA and they were added 

to ADM coated wells.  Adrenomedullin coated wells were prepared with 0.5 ug/ml ADM in 

coating buffer. Dilutions were loaded onto Adrenomedullin-coated wells and incubated for 

1 hour at RT. After washing,  rabbit anti FHCCP6-8 was added (1/5000) and after 

incubation for 1 h and washing,  secondary antibody conjugate, and subsequently substrate,  

was added. FHCCP6-8/H402 and FHCCP6-8/Y402 have exactly similar behavior in 

binding to ADM. So the Tyr/ His interchange has no influence on binding ADM.   

It was also confirmed that the recombinant CCP6-8 protein made in Leicester behaved 

identically to the materials provided by Dr Simon Clark.  



Chapter Six                                                                                       Discussion                                                                                                                                         

123 

 

 

Figure 5-8 Binding of FHCCP6-8 H/402 or FHCCP6-8 Y/402 to Adrenomedullin coated 

wells. 

Both recombinant proteins bind to ADM almost identically. The experimental data shown are the 

average of 3 experiments. CCP6-8Y and CCP6-8H were proteins donated by Dr Simon J Clark, 

Manchester University. “Expressed” refers to the protein made in Leicester, which was the CCP6-

8Y form. 
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5.2.2 Competition between FH and FHCCP6-8 for binding to Adrenomedullin 

coated wells 

 Adrenomedullin coated wells were prepared as described in section 2.22. For the 

competition assay a mixture of factor H (5ug/ml) and serial dilutions of recombinant 

protein FHCCP6-8Y (made in Leicester), dilutions from 25 to 0.0 488ug/ml, were prepared 

in 10mM HEPES, 120mM NaCl, 0.5mM EDTA. This mixture was loaded into the ADM-

coated wells and incubated for 1 hour at RT. After washing, rabbit anti factor H antibody 

was added followed later by anti-rabbit IgG AP conjugate. From figure 5.9 it can be seen 

that there is very substantial inhibition of the binding of FH to ADM by FHCCP6-8.  

Therefore, it appears that CCP6-8 may be the highest affinity-binding site on FH for ADM. 

It is unlikely to be the only binding site on FH as half-maximal inhibition requires a 3-4-

fold molar excess of CCP6-8, and the inhibition seen in the figure does not appear to reach 

100%.  

This is in contrast to the findings with FH binding to TNP/DNP (figure 4.12), where CCP6-

8 does bind TNP/DNP, but with affinity too low to compete with FH for binding in an 

experiment of this type  
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Figure 5-9 Competition between FH and FHCCP6-8 for binding to Adrenomedullin.  

This experiment was done as described in section 2.22. and shows that recombinant FHCCP6-8 

competes with factor H for the binding sites on Adrenomedullin.  

At high concentration of FHCCP6-8 more inhibition occurs. The background was measured from 

samples where no FH but only antibodies were added. The inhibition appears incomplete, relative to 

the background, possibly indicating more than 1 binding site on FH for ADM. The experimental 

data shown are the average of 3 experiments. Half-maximal inhibition occurs at 2-3 ug/ml CCP6-8, 

which is a molar excess of about 3-4-fold over FH (5ug) 
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5.2.3 Binding of constructs CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA 

and TNP-BSA   

 

Our previous results showed that the recombinant CCP6-8 binds effectively to 

Adrenomedullin. It also binds to DNP-HSA and TNP-BSA, but with low affinity. To 

obtain data about the other available recombinant CCPs of factor H an experiment was 

designed to find out whether CCP1-4 and CCP19-20 could bind to Adrenomedullin and 

to DNP or TNP albumins. At a late stage in this research, limited quantities of 

recombinant CCPs 1-4 and 19-20 were kindly provided by Drs Stacey Bell and Janet 

Lovett, St Andrews University. Plates were coated with Adrenomedullin or DNP-HSA 

or TNP-BSA then constructs were added separately to the coated wells at a single 

concentration of 5ug/well (in triplicate). The quantities of CCP1-4 and 19-20 available 

were not sufficient for more extensive testing. Results show that CCP 1-4 binds to 

DNP-HSA and TNP-BSA but not to Adrenomedullin, however, CCP19-20 binds to all 

of the materials. 
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Figure 5-10 Binding of CCP1-4 and CCP19-20 to Adrenomedullin, DNP-HSA and TNP-BSA. 

ELISA plates were coated with those materials and then constructs of factor H were presented. 

CCP19-20 shows good binding to these materials, while CCP 1-4 binds only to DNP-HSA and 

TNP-BSA but not to Adrenomedullin. The experimental data shown are the average of 3 

experiments. On the figure, AM=adrenomedullin 
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5.2.4 Use of antibodies to influence binding reactions of FH 

 It was considered that potentially the polyclonal antibodies against CCP3-4 or CCP6-8 or 

the anti-FHR1 might inhibit (singly or in combination) the binding of FH to DNP/TNP or 

ADM.  A preliminary experiment was done (figure 5.7), but unfortunately loss of all the 

reagents in the lab fire, April 2016, prevented any follow-up. Microtiter plates were coated 

with Adrenomedullin, or DNP-HSA or TNP-BSA. FH was then added to the plates, and 

unbound FH washed away. The anti CCP3-4, and anti-FHR1 were added to the wells, to 

see if A) they could detect the bound FH; or B) they could displace the bound FH.  From 

the graph it can be seen that factor H can be detected by anti CCP3-4 and anti FHR1, and so 

they probably do not displace the FH.  

Further experiments, pre-treating FH with mixtures of the 3 antibodies (in the form of 

purified IgG) might be a feasible way of confirming the regions of FH involved in binding.  
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Figure 5-11 Confirmation that anti CCP3-4 and anti-FHR can bind to ligand bound FH.  

Plates were coated with ADM, or DNP-HSA or TNP-BSA as in previous experiments. Then 5 

ug/ml of FH was added to the wells and incubated for 1 hr. After washing, binding of factor H was 

detected by two different polyclonal antibody preparations:anti CCP-3-4 and anti FHR1 (both 

purified IgG) were used at 1/5000, (approximately equal to 10 ug/ml).  Binding of FH is detected by 

both antibodies. It can be said here that these antibodies can bind to ligand- bound FH but they 

probably do not significantly displace FH. The experimental data shown are the average of 3 

experiments. 
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5.3 Do Adrenomedullin, DNP-HSA and TNP-BSA inhibit factor H function?  

5.3.1 Adrenomedullin. 

  

Our findings showed that factor H binds strongly to Adrenomedullin, DNP-HSA and TNP-

BSA. To investigate whether these materials have any effect on factor H function an 

experiment to test the fluid-phase factor I-cofactor function for the breakdown of C3b was 

set up.  This procedure (based on Sim and Sim, 1983) measures the cleavage by factor I of 

C3b to form iC3b. This reaction requires FH as a nonenzymic cofactor, and within limits, 

the rate of reaction is dependent on FH concentration. The cleavage is observed by SDS-

PAGE analysis of reduced C3b/iC3b as described in methods section 2.24. Firstly, 

optimizing the cleavage time of C3b was done by incubation, in a volume of 20ul, a 

mixture of 5ug of C3b with 1 ug of factor I and 10 ng of factor H all in 20mM HEPES, 

120mM NaCl, 0.5mM EDTA pH 7.4, for five time points: 2, 3, 5, 24 and 48 hour. From 

figure 5.12 the best time at which -chain is substantially but not completely cleaved, was 

selected (3 hours). After choosing the optimal time of incubation another experiment was 

set up, this time adding Adrenomedullin, DNP-HSA or TNP-BSA to the reaction.  Thus 

factor H and Factor I were pre-incubated at the beginning with serial dilutions of 

Adrenomedullin, or DNP-HSA or TNP-BSA for 30 min at room temperature, and after that 

C3b was added to the mixture and incubated to at 37C for 3 hr. Reaction was stopped by 

adding an equal volume of gel sample buffer (0.2M tris, 8M urea, 2% SDS, pH 8.2), then 

samples were run, reduced on SDS-PAGE (see figures 5. 13 and  5.14)  
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Figure 5-12 Optimizing C3b cleavage by factor I in the presence of factor H.  

Inactivation of C3b by FI requires cofactor function of FH. -Chain of C3b molecule is cleaved 

producing two shorter chains:  68 and  43. Cleaving of -Chain was incomplete after 48 hour of 

incubation, probably because a proportion of the C3b was denatured (inactive).  A suitable degree 

of cleavage of -Chain occurs at 3 hours. The lanes correspond to 2, 3, 5, 24, 48 hr incubation. On 

the right are 3 negative controls incubated for 48h: C3b represents C3b with no FH or FI, C3b+FH 

contains no FI, and C3b+FI contains no FH. The quantities of FH and FI in the mixture are not 

sufficient to be seen with Coomassie Blue staining. The alpha, and beta chains of C3, and the 68 

and 43kD fragments of iC3b are shown.  
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Figure 5-13 Inhibition of factor H function by Adrenomedullin. 

Serial dilutions of Adrenomedullin were added to a mixture of FI and FH for 30 minutes. Then 

C3b was added and the reaction continued for 3hr.  Here FH concentration is 10ng per reaction 

mix, and the minimum concentration of ADM is 10ng/reaction. Since ADM has mol wt about 

5.7kDa and FH is 155 kDa, the ADM is at a minimum of 25-30-fold molar excess. The control 

(left) has 0 ADM, and the quantity of ADM (ng) is shown for each lane (top). . The alpha, and 

beta chains of C3, and the 68 and 43kD fragments of iC3b are shown.  

 
 

 

 

In Figure 5.13, it can be seen that with no ADM (the control) C3b is almost completely 

converted to iC3b. However at all concentrations of ADM tested, cleavage is completely 

inhibited. To examine dose dependence more closely, a new experiment was set up using 

less Adrenomedullin. The gel (figure 5.14) shows that at the 2 higher doses of 
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Adrenomedullin C3b cleavage is completely stopped, but at lower doses, close to one to 

one molar ratio,  (Factor H: Adrenomedullin), inhibition is incomplete.  

 

 

Figure 5-14 Dose dependent inhibition of C3b cleavage by adrenomedullin.  

Factor H was incubated with serial dilutions of ADM including the near equivalent of a 1:1 molar 

ratio. At dose where FH molecules are fewer than ADM complete inhibition occurs, but where 

molecules numbers of FH and ADM are similar or FH is in excess, cleavage occurs.  Here 2 ng 

ADM represents about a 5-fold molar excess over FH, and at 0.25 ng ADM, there is <1 molecule of 

ADM per 1 molecule of FH.   

 

 

5.3.2 TNP and DNP.  

 

Further similar experiments were done to assess inhibition by DNP-HSA or TNP-BSA.  As 

shown in figure 5.15, inhibition by DNP albumin is exceptionally potent. At concentrations 

where there is only about 1 molecule of TNP or DNP albumin per 400 FH molecules, 

inhibition is still almost complete. This strongly suggests that the inhibition occurs because 

the TNP/DNP albumins cause aggregation (clustering) of the FH, and perhaps has nothing 

to do with blockage of specific binding sites. The commercial product, DNP-HSA (Sigma) 

is specified as having 30-40 DNP per molecule of albumin. This means that one molecule 

of the DNP albumin could bind a large number of FH molecules, potentially more than 20, 
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if the FH bound only by the highest affinity site. These clusters could be cross-linked by 

other DNP-albumin molecules to form very large (and inactive) aggregates. Aggregation 

alone would decrease activity by altering kinetics of diffusion in the solution. Similar 

results were obtained for TNP-BSA, but the gels were lost in the lab fire of April 2016.  

 

 

 

Figure 5-15 Inhibition of factor H function by DNP-HSA. 

 Serial dilutions of DNP-HSA were added to the mixture of FI and FH for 30 min. After that 5 ug of 

C3b was added to the mixture and incubated at 37 C for 3 hours. It can be seen from the gel that 

DNP-HSA prevents cleavage of C3b by factor I in presence of FH.  In this figure the CONTROL 

(no inhibitor) was the same as that in Fig 5.14 (ie same tube, same experiment).  Here there are 

10ng FH per reaction. DNP-HSA has mol. wt approx. 75kDa, so 5ng of DNP-HSA would represent 

equal numbers of molecules of FH and DNP-HSA.  0.25ng DNP-HSA therefore represents only 1 

molecule of DNP-HSA per 20 molecules of FH, and 0.0125 ng represents only 1 molecule of DNP-

HSA per 400 molecules of FH. 
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Figure 5-16 Inhibition of factor H function by TNP-amine. 

Dilutions of TNP-amine were added to the mixture of FI and FH for 30 min. After that 5 ug of C3b 

was added to the mixture and incubated at 37 C for 3 hours. It can be seen from the gel that TNP-

amine has negligible effect on the cleavage of C3b. Here there are 10ng FH per reaction, and the 

maximum quantity of TNP-amine used represents about 600-fold molar excess.  

 

 

 

The concept that the inhibition seen in figure 5.15 is due to aggregation and not to blockage 

of specific sites is supported by results obtained with TNP-amine (Figure 5.16). Here, even 

at several hundred-fold molar excess, there is little effect on C3b cleavage.  As shown 

earlier, TNP-amine can bind FH, but presumably occupation of the TNP binding sites by a 

large molar excess of TNP-amine does not inhibit FH cofactor activity.  
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6 Discussion  

6.1 FH binding to multiple ligands 

6.1.1 Fibrinogen/Fibrin 

In chapter 3 FH binding to multiple diverse ligands was explored. Fibrinogen/fibrin and 

TNP/DNP were explored in more detail. The binding to fibrinogen/fibrin has been shown to 

occur during the clotting of plasma and it has been speculated that it may be recognition of 

sulphation of fibrinogen: a proportion (about 30%) of circulating fibrinogen is sulphated 

(Sim et al., 2008). The physiological role of binding to fibrin clots is not known, but could 

be involved with clearance (eg of small clots from circulation) or with limiting complement 

activation/inflammation by clots, which bind C1q and activate complement (Sim et al., 

2008).  

Purified FH and FH from human serum were used to test whether other serum proteins 

have an influence on this interaction. Purified FH and FH from human serum show good 

binding to human fibrinogen. In an early study Horstmann et al., (1992) indicated that FH 

binds to fibrinogen with high affinity using both plasma and purified FH. Binding of FH to 

fibrin-coated wells also has been examined; in chapter 3 purified FH shows greater binding 

to fibrin than binding of FH from human serum, and that difference in binding may be due 

to the interaction of other proteins in the serum with fibrin. Similar findings were obtained 

by Kang, (2006), who showed that factor H becomes covalently associated with fibrin clots 

by the action of FXIIIa (reported in Sim et al., 2008). This was shown partly by using urea 

and SDS-urea washes. In the clot-urea wash assay shown in chapter 3, clots were firstly 

washed with normal physiological non-denaturant buffer followed secondly by denaturant 

containing 8 M urea and more than 80% of factor H remained bound. This suggests the 

proportion of factor H that is covalently bound is very high. However, washing with SDS-

urea buffer did remove the FH signal, but this may have been due to insufficient wash-out 

of SDS.  
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6.1.2 2,4,6-trinitophenyl-bovine serum albumin (TNP-BSA) and 2,4-Dinitrophenyl-

Human Serum Albumin (DNP- HSA)  

 

 Binding of FH to DNP and TNP-derivatised ligands has not been explored in much detail 

previously. DNP and TNP have a long history in immunology as HAPTENS. TNP and 

DNP are haptens used for antibody production because of their high immunogenicity 

(Mongini et al., 1981). The term, “hapten,” was coined by Landsteiner and Jacobs and is 

derived from the Greek “hapten”, meaning, “to fasten.” Haptens are low molecular weight 

(LMW; <1000 Daltons) chemicals that must bind to a carrier molecule to be antigenic. The 

carriers are usually proteins that bind covalently to the LMW species (Pichler et al., 2006). 

The main reason for using covalent binding of a hapten to a protein is to study the immune 

recognition of the hapten in immunological studies but substantial evidence exists for this 

to be a prominent mechanism through which chemicals and drugs or their metabolites 

become antigenic (Chipinda et al., 2011). Haptens have been used to boost immune 

responses to antigens, to study allergies including contact dermatitis (ACD) and 

inflammatory bowel disease (IBD) and to induce autoimmune responses, viral wart 

regression, and even antitumor immunity. Haptenated protein (bovine serum albumin 

(BSA) or ovalbumin (OVA)) were mainly used to induce strong immune responses in 

animal models to help unravel the basics of T- and B-cell-mediated responses (Paul et al.,  

1967). Immunized BSA-tolerised rabbits with DNP-modified BSA producing antibodies to 

the dinitrophenyl (DNP)-BSA conjugate, BSA alone, and DNP alone, suggesting potential 

cross-reactive responses. Classically, B-cells are known to recognize the DNP-BSA 

conjugates via membrane bound IgM, process them, make antibody against the DNP, and 

present the BSA to CD4+ T-cells. These abilities of haptens have made them a tantalizing 

molecule for use in several settings. Some hapten-mediated responses are correlated to 

drug-induced autoimmune reactions. When a drug is metabolized, its metabolites can form 

strong haptens, which bind self-protein and sometimes elicit autoimmune responses (Chang 

and Gershwin, 2010). Hapten-carrier conjugates have been used in the past as drug-abuse 
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therapies, inducing an immune response against the drug of interest. Haptens have also 

been used to create autoimmune models in mice, such as IBD (Erkes and Selvan, 2014). 

Haptens are <1 kDa in size and elicit an immune response when bound to a carrier protein, 

including tolerised antigen. Haptens are not immunogenic by themselves, as they are too 

small to be recognized by the immune system. Most haptens are electrophilic compounds 

that covalently bind to nucleophilic residues creating new antigenic epitopes (Chipinda et 

al., 2011).  

TNP-BSA and DNP-BSA both bind C1q and activate complement (Alrashidi, 2015), and as 

shown here, they both bind FH. The activation of complement by these haptens probably 

has a strong role in uptake of TNP and DNP labelled proteins by the immune system, to 

produce an immune response against TNP or DNP. The regulation of complement 

activation by FH binding to the TNP/DNP may also influence cellular uptake, as has been 

observed by Kang et al., (2012). 

In this thesis, for the first time, the binding of C4bp to TNP and DNP albumins has been 

shown, and three binding sites on FH for TNP or DNP have been found: CCC1-4, CCP6-8 

(low affinity) and CCP19-20.  Inhibition of FH cofactor activity (in the fluid phase) has 

been shown, but this seems likely to be due mainly to cross-linking/aggregation of FH.  

 

6.2 Factor H binding to other ligands  

Binding to cholesterol: in this study cholesterol was used as a negative control for Factor H 

as it is known that it has no ability to bind factor H (Tan et al., 2010).  

Binding to anionic phospholipids: Anionic phospholipids are known complement classical 

pathway activators. Cardiolipin (CL), a negatively charged phospholipid found abundantly 

in mitochondrial membranes binds C1q and activates the classical pathway in an antibody-

independent manner (Tan et al., 2010). (Kertesz et al., 1995) has reported that factor H 

binds strongly to cardiolipin. This finding is completely similar to our results in the current 

study, where factor H binds also strongly to cardiolipin.  Anionic phospholipids are 
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negatively charged molecules and it has been shown that Factor H has binding sites for 

negatively charged polyions (Puurunen et al., 1995).  

Polycations: factor H also has high affinity of binding to poly-L-arginine. 

Bacteria: Whole bacteria showed high binding of factor H. Streptococcus pneumonia 

strains D39 and TIGR4 were used. These bacteria express several proteins which are 

known to bind FH, such as Pneumococcal surface protein C (PspC) and choline-binding 

proteins (CBPs) that can interact with several human proteins for example factor H. 

Pneumococcal binding to FH has been attributed to choline-binding protein A (CbpA) of S. 

pneumonia and its allelic variants, all of which are surface-exposed proteins (Lu et al., 

2006). The S. pneumonia capsule can inhibit several aspects of host immunity, including 

neutrophil extracellular traps and both complement-dependent and complement-

independent neutrophil phagocytosis (Hyams et al., 2010). Bacterial pathogens can resist 

the body defense by means of evolving different mechanisms; one of the ways to avoid the 

complement defense is by binding to factor H (Jarva et al., 2002). It has been reported that 

factor H binds to Psp on S. pneumonia strain D 39 through CCP 6-10 and CCP 13-15 (Dave 

et al.,  2001). In addition, in a study by Hammerschmidt et al.,  (2007) further binding 

regions of factor H to PspC were  localised to CCP8-11 and CCP 19-20.  

Lipoteichoic acid  (LTA): Lipoteichoic acid is an important component of gram positive 

bacteria cell walls (Seo et al., 2008). In Figure 3.8 factor H shows high binding to LTA, 

and the binding of factor H to LTA might be one of the strategies to avoid the complement 

activation.  

6.3 Adrenomedullin.  

Below is a summary of what was known of FH-ADM interaction before the work reported 

in this thesis, based on the review by Sim et al., (2015) 

Adrenomedullin is a multifunctional regulatory and vasoactive peptide originally isolated 

from human pheo-chromocytoma by a Japanese group Kitamura et al (Kitamura, 
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Kanagawa, et al., 1993).  Adrenomedullin (ADM) is a 52–amino acid peptide with a single 

disulphide bridge between residues 16 and 21 and with an amidated tyrosine at the carboxy 

terminus, which presents structural homology with the calcitonin gene-related peptide and 

with amylin. (Hinson et al., 2000) ADM overexpression has been discovered in human 

breast, lung, ovarian, pancreatic, prostate and renal cancers, cardiomyocytes, fibroblasts, 

monocytes, and leukocytes (Zhou et al., 2015). Adrenomedullin is synthesised as part of 

large processor, called preproadrenomedullin (Kitamura, Sakata, et al., 1993). ADM is a 

circulating hormone; although it functions also as a local paracrine and autocrine mediator 

with multiple biological activities such as vasodilatation, cell growth, and regulation of 

hormone secretion, natriuresis, and antimicrobial effects (Hinson et al., 2000). At 

physiological concentration, ADM was shown to have a crucial role in the systemic and 

pulmonary circulation, in many cell types, including endothelial and smooth muscle cells of 

the vascular wall, production and secretion of ADM are increased in response to cellular 

strain induced by hypoxia and ischemia (Minamino et al., 1995), 

While complement researchers in the 1970s-1990s were examining the details of FH 

structure, function and activity within the complement system, another research group were 

examining FH under a different name: adrenomedullin-binding protein (AMBP) and later 

as AMBP1. Cuttitta and colleagues, while optimising assays for Adrenomedullin (ADM), 

observed anomalies in the assay when serum/plasma was present, and showed that the 

anomalous behaviour was due to the binding of ADM to a plasma protein. They showed, 

using a Western- blot assay, that a protein of 120 kDa (blotted onto nitrocellulose, after 

non-reducing SDS-PAGE) from human serum bound radioiodinated or fluoresceinated 

ADM. Proteins of the same size bound human ADM in the sera of calf, pig, goat, dog, 

mouse, chicken, guinea-pig, sheep, rabbit and human. The binding protein was named 

AMBP1 (Pio et al., 2001) and was subsequently shown to be (in humans) identical to FH. .  

6.3.1 Binding site for AM on FH  

An assay of binding of fluoresceinated synthetic ADM to microtitre-plate-immobilised FH 

was used to explore the binding site on FH for ADM. Recombinant segments of FH, and 
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antibodies to FH were used, to determine if they interfered with binding. It was found that 

CCP8–20 and CCP15–20 of FH inhibited binding in a manner quantitatively similar to 

intact FH. FHL-1, which corresponds to CCP1–7, did not inhibit significantly. An anomaly 

in the results was that the monoclonal antibodies MRCOX23 and 24, which both bind to 

single epitopes in FHL1, did inhibit binding, as did polyclonal anti-FH. Using smaller 

segments of FH, CCP15–18, 19–20 and 8–11 were all found to inhibit weakly. Thus the 

binding of ADM to FH appears to be complex, and the authors suggested a high affinity 

site in CCP15–20, which possibly required interaction with more than one CCP, or required 

the junction of CCP18–19. A low affinity site was suggested for CCP8–11. Overall affinity 

was expressed as having dissociation constant in the 100–200nM range, weaker than the 

binding of ADM to its cellular receptors (dissociation constant in the 1–10 nM range). The 

related peptides CGRP and amylin did not interfere with binding, and nor did C3b, 

although in other work (see below) ADM was found to have an effect on rate of the FH-

dependent cleavage of C3b by Factor I. The binding interaction is unusual, as shown by Pio 

et al., (2001): they used a western-blot based binding assay, and showed that it was very 

difficult to dissociate ADM from the nitrocellulose-bound FH. Binding was dissociated by 

denaturants 1% SDS, 3 M guanidine-HCl, or the chaotrope 3 M NaSCN, but not by 4 M 

NaCl, or by acid pH (2.5). Most ligand binding by FH is ionic in nature, such as binding to 

glycosaminoglycans, C3b, Factor I, Anionic phospholipids and sialic acids (Soames and 

Sim, 1997; Tan et al., 2010; Kishore and Sim, 2012), so would be eliminated by high salt. 

ADM binding is, therefore, distinctive and presumably has a strong hydrophobic 

component. Even in 3 M NaSCN, dissociation was slow and incomplete 

The work in this thesis identifies 2 sites on FH for binding of ADM: these are CCP19-20 

and CCP6-8. These are consistent with previous work indicating the larger regions 8-20 and 

15-20, and the weaker interaction of 8-11. Consistently with previous results, CCP1-4 were 

found not to bind ADM.  However, our findings on effect of ADM on FH cofactor activity 

are not in agreement with previous work, in which only relatively small effects on activity 

were seen. In contrast, in figure 5.13, very potent inhibition by ADM is seen.  
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6.3.2 The binding site for FH on AM: 

The binding of ADM to FH could be investigated further by synthesising sequence variants 

of ADM, but this has not yet been done. Recent reduced cost of peptide synthesis may 

permit such studies. Pio et al., (2001) showed that only the intact 52-amino acid ADM 

bound to FH in their western blot assay. Peptide segments 1–12, 13–52 and other smaller 

segments were unable to compete out the binding of intact AM. It was suggested on the 

basis of variable activity of radioiodinated ADM that tyrosines (at positions 1, 31 and 52) in 

ADM formed part of the binding site.  

 

6.3.3 Reciprocal effects of binding on FH and ADM activities  

Binding of ADM to FH is reported (as summarized by Sim et al, 2015), to have effects on 

the activities of both proteins. It was reported that in a fluid-phase assay of C3b conversion 

to iC3b, in the presence of factors H and I, addition of ADM increased the rate of reaction. 

However, this was evident only at a large molar excess of ADM over FH (about a 30:1 

excess). CGRP, used as a control, had no effect. Since ADM does not bind to the region of 

FH involved in C3b and Factor I binding (CCPs 1–5), it could be considered possible that 

ADM alters the folding of FH by cross-linking sites at CCPs 8–11 and 15–20. Barlow and 

colleagues have suggested that alteration of the folding of FH in a similar way “activates” 

FH by altering the apposition of C3b and C3d binding sites in CCPs 8–12 and 19–20, 

respectively. However as noted above, our findings on effect of ADM on FH cofactor 

activity are not in agreement with previous work, in which only relatively small stimulatory 

effects on activity were seen. In contrast, in figure 5.13, very potent inhibition by ADM is 

seen. 

Sim et al (2015) also summarized published effects of FH on some activities of ADM. 

ADM elevates cAMP in fibroblasts, and coincubation of the cells with FH and AM (in 

molar ratios from 0.5:1 up to 2:1) caused about a 2-fold increase in cAMP, compared with 

using AM alone. It has been considered whether FH influenced the rate or extent of ADM 
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binding to the cells (possibly by stabilising a conformation of ADM, or by providing a 

secondary interaction with the cell surface, via FH), but they showed that FH had little 

effect on the association or dissociation rates of ADM from the cell surface. FH inhibited 

the antimicrobial effect of ADM on E. coli in an agar plate radial diffusion assay, but here 

the effect may be due to the slower diffusion rate of an ADM-FH complex compared to 

ADM alone.  

ADM appears to be relatively unstable in circulation and is degraded by proteases. Matrix 

metalloprotease 2 was identified as a likely candidate for degradation of ADM in 

circulation. The presence of FH inhibits cleavage of ADM by this protease, and this finding 

is currently the best explanation for the ability of FH to increase the activity of ADM in 

several experimental systems. This may be a major factor, but is unlikely to be the only 

mechanism by which FH modulates the effects of ADM. In plasma, since FH is in very 

large excess, it would be expected that circulating ADM would nearly all be in complex 

with FH. The unusual dissociation properties noted above suggest that the complex is very 

stable and long-lived, but these properties might be influenced by the medium on which the 

assay was performed (nitrocellulose). The circulating half-life of ADM has been estimated 

as only 22 min but this measurement may be made more complex by the effect of the 

binding protein on the assay used.  

On the basis of the above information on ADM-FH interactions, we explored the possibility 

that AM binding was similar to TNP/DNP binding. It was confirmed that both binding 

reactions were of high affinity and difficult to dissociate with denaturants, extremes of pH, 

etc. It was shown that AM binds to at least 2 sites on FH, namely CCP6-8 and CCP19-20, 

but not to CCP1-4, which is compatible with the published results summarized above. 

However, TNP/DNP binds to all of these segments, although affinity for CCP6-8 is weak.  

It was found that ADM was a very potent inhibitor of the fluid-phase cofactor activity of 

FH, in contrast to the previous published results, reported above. TNP/DNP-albumins were 

also very potent inhibitors, but it seemed unlikely that the two inhibitors acted by similar 
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mechanisms: this would need further work with more highly defined TNP/DNP oligomers 

(see below) for confirmation.   

Low molecular weight inhibitors of binding to ADM and to TNP/DNP were tested, and the 

spectrum of inhibition was not very similar, again demonstrating that ADM binding and 

TNP/DNP binding are not comparable, except perhaps in affinity.  
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Potential further work: 

The strong binding of TNP and DNP albumins to FH, and their inhibition of FH function is 

potentially useful, for example in experimental systems where the effect of eliminating FH 

function is being studied.  It is intriguing that TNP and DNP albumins appear to bind very 

selectively to FH and C4bp, two proteins with closely-related functions. Potentially the 

binding of TNP and DNP to these is via a functionally-important site. However, the 

experiments (chapter 5) on inhibiting FH function with TNP-BSA suggested that the main 

effect could have been aggregation of FH, with many binding sites on each TNP-BSA, and 

at least three binding sites per FH molecule.  It will be necessary therefore, to find out more 

sophisticated details of interaction, to use more highly defined TNP ligands, such as TNP 

“monomers”, such as could be made by reacting picrylsulphonic acid with glycine, or 

“dimers” made using lysine, or glycyl-lysine.  Possibly TNP-BSA has effects by cross-

linking different sites on one FH molecule, and these could be explored by making TNP 

“dimers” of different lengths, which could be based on (gly)x lys peptides.  Such work was 

planned earlier, but was halted by the lab fire of April 2016.  Defined TNP oligomers of 

this sort, bound to FH recombinant segments, would also be amenable to structural analysis 

(X-ray crystallography) to define the mode of binding.  

The strong binding to ADM should also be investigated further. It was striking that 

commercially synthesized ADM worked easily in these binding studies, so that sufficient 

ADM could be obtained cheaply for crystallographic studies. The physiological 

significance of FH-ADM complexes has been reported by others as summarized above, but 

the reported research has not been taken up by other research groups, and so needs further 

independent confirmation.  

It was hoped that defined TNP oligomers and ADM could be used in studies to determine 

binding affinities, by, eg surface plasmon resonance, but again plans to do this were 

stopped after the laboratory fire.  



References                                                                                                                            . 

147 

 

 

 

 

 

 

 

 

 

References 

 

 

 

 

 

 

 

 

 



References                                                                                                                            . 

148 

 

Alrashidi, H. (2015) ‘The Interplay of Complement Proteins C1q and Factor H. PhD  

Thesis University of Leicester 

Amdahl, H., Jarva, H., Haanperä, M., Mertsola, J., He, Q., Jokiranta, T. S. and Meri, S. 

(2011) ‘Interactions between Bordetella pertussis and the complement inhibitor factor H’, 

Molecular Immunology, 48(4), pp. 697–705.  

Arlaud, G. J., Colomb, M. G. and Gagnon, J. (1987) ‘A functional model of the human C1 

complex. Emergence of a functional model’, Immunology Today, 8(4), pp. 106–111. 

Arnold, J. N., Wormald, M. R., Suter, D. M., Radcliffe, C. M., Harvey, D. J., Dwek, R. A., 

Rudd, P. M. and Sim, R. B. (2005) ‘Human serum IgM glycosylation: Identification of 

glycoforms that can bind to Mannan-binding lectin’, Journal of Biological Chemistry, 

280(32), pp. 29080–29087. 

Barlow, P. N., Baron, M., Norman, D. G., Day,  a J., Willis,  a C., Sim, R. B. and 

Campbell, I. D. (1991) ‘Secondary structure of a complement control protein module by 

two-dimensional 1H NMR.’, Biochemistry, 30(4), pp. 997–1004.  

Behnsen, J., Hartmann, A., Schmaler, J., Gehrke, A., Brakhage, A. A. and Zipfel, P. F. 

(2008) ‘The opportunistic human pathogenic fungus aspergillus fumigatus evades the host 

complement system’, Infection and Immunity, 76(2), pp. 820–827.. 

Bergseth, G., Ludviksen, J. K., Kirschfink, M., Giclas, P. C., Nilsson, B. and Mollnes, T. E. 

(2013) ‘An international serum standard for application in assays to detect human 

complement activation products’, Molecular Immunology, 56(3), pp. 232–239.  

Blackmore, T. K., Sadlon, T. A, Ward, H. M., Lublin, D. M. and Gordon, D. L. (1996) 

‘Identification of a heparin binding domain in the seventh short consensus repeat of 

complement factor H.’, Journal of immunology' 157(12), pp. 5422–7. 90. 

Carrizo, G. J., Wu, R., Cui, X., Dwivedi, A. J., Simms, H. H. and Wang, P. (2007) 

‘Adrenomedullin and adrenomedullin-binding protein-1 downregulate inflammatory 



References                                                                                                                            . 

149 

 

cytokines and attenuate tissue injury after gut ischemia-reperfusion’, Surgery, 141(2), pp. 

245–253.  

Carroll, M. C. (1998) ‘The role of complement and complement  receptors in induction and  

regulation/of immunity’, Annu. Rev. Immunol, 16, pp.545-68.  

Carroll, M. V. and Sim, R. B. (2011) ‘Complement in health and disease’, Advanced Drug 

Delivery Reviews, 63(12), pp. 965–975.  

Chang, C. and Gershwin, M.E., (2010) 'Drugs and autoimmunity - A contemporary review 

and mechanistic approach',  Journal of Autoimmunity, 34(3). 

Chipinda, I., Hettick, J.M. and Siegel, P.D., (2011) 'Haptenation: chemical reactivity and 

protein binding',  Journal of allergy, 2011, p.839682. 

Celik, I., Stover, C., Botto, M., Thiel, S., Tzima, S., Künkel, D., Walport, M., Lorenz, W. 

and Schwaeble, W. (2001) 'Role of the classical pathway of complement activation in 

experimentally induced polymicrobial peritonitis', Journal of Immunology, 2004 (172), pp.5 

3042-3050.  

Clark, S. and Bishop, P. (2014) ‘Role of Factor H and Related Proteins in Regulating 

Complement Activation in the Macula, and Relevance to Age-Related Macular 

Degeneration’, Journal of Clinical Medicine, 4(1), pp. 18–31. 

Clark, S. J., Higman, V. A., Mulloy, B., Perkins, S. J., Lea, S. M., Sim, R. B. and Day, A. J. 

(2006) ‘His-384 allotypic variant of factor H associated with age-related macular 

degeneration has different heparin binding properties from the non-disease-associated 

form’, Journal of Biological Chemistry, 281(34), pp. 24713–24720.  

Clark, S. J., Ridge, L. A., Herbert, A. P., Hakobyan, S., Mulloy, B., Lennon, R., Wurzner, 

R., Morgan, B. P., Uhrin, D., Bishop, P. N. and Day, A. J. (2013) ‘Tissue-Specific Host 

Recognition by Complement Factor H Is Mediated by Differential Activities of Its 

Glycosaminoglycan-Binding Regions’, The Journal of Immunology, 190(5), pp. 2049–2057. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Celik%20I%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Stover%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Botto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Thiel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Tzima%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=K%C3%BCnkel%20D%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Walport%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lorenz%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11705901
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schwaeble%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11705901


References                                                                                                                            . 

150 

 

Cugno, M., Cicardi, M., Bottasso, B., Coppola, R., Paonessa, R., Mannucci, P. M. and 

Agostoni,  a (1997) ‘Activation of the coagulation cascade in C1-inhibitor deficiencies.’, 

Blood, 89(9), pp. 3213–8. 

Dave, S., Pangburn, M. K., Pruitt, C. and Mcdaniel, L. S. (2004) ‘Interaction of human 

factor H with PspC of Streptococcus pneumoniae’, Indian J Med Res, 119, pp. 66–73. 

Deban, L., Jarva, H., Lehtinen, M. J., Bottazzi, B., Bastone, A., Doni, A., Jokiranta, T. S., 

Mantovani, A. and Meri, S. (2008) ‘Binding of the long pentraxin PTX3 to factor H: 

interacting domains and function in the regulation of complement activation.’, Journal of 

immunology, 181(12), pp. 8433–8440.  

DiScipio, R. G. (1992) ‘Ultrastructures and interactions of complement factors H and I’, 

Journal of immunology, 149, pp. 2592–2599. 

DiScipio, R. G.  and Liddington, R.C. (2016) ‘Fibulin-1 purification from human plasma 

using affinity chromatography on Factor H-Sepharose’, Protein expression and 

purification, 121, pp118-24. 

Erkes, D.A. and Selvan, S.R. (2014) 'Hapten-induced contact hypersensitivity, autoimmune 

reactions, and tumor regression: Plausibility of mediating antitumor immunity',  Journal of 

Immunology Research, 2014, 2014, pp.28 

Fairbanks, G., Steck, T. L. and Wallach, D. F. H. (1971) ‘Electrophoretic analysis of the 

major polypeptides of the human erythrocyte membrane’, Biochemistry, 10(13), pp. 2606–

2617. 

Ferluga, J., Kishore, U. and Sim, R. B. (2014) ‘A potential anti-coagulant role of 

complement factor H’, Molecular Immunology, 59(2), pp. 188–193.  

Ferluga, J., Kishore, U. and Sim, R. B. (2016) ‘Human complement factor H is a substrate 

of blood coagulation factor XIII’, submitted for publication.  



References                                                                                                                            . 

151 

 

Ferreira, V. P., Pangburn, M. K. and Cortés, C. (2010) ‘Complement control protein factor 

H: The good, the bad, and the inadequate’, Molecular Immunology, 47(13), pp. 2187–2197.  

Fujita, T., Matsushita, M. and Endo, Y. (2004) ‘The lectin-complement pathway - Its role 

in innate immunity and evolution’, Immunological Reviews, 198, pp. 185–202.  

Goicoechea de Jorge, E., Caesar, J. J. E., Malik, T. H., Patel, M., Colledge, M., Johnson, S., 

Hakobyan, S., Morgan, B. P., Harris, C. L., Pickering, M. C. and Lea, S. M. (2013) 

‘Dimerization of complement factor H-related proteins modulates complement activation in 

vivo’, Proceedings of the National Academy of Sciences of the United States of America, 

110(12), pp. 4685–90.  

Gordon, D. L., Kaufman, R. M., Blackmore, T. K., Kwong, J. and Lublin, D. M. (1995) ' 

Identification of complement regulatory domains in human factor H', Journal of 

immunology, 155(1), pp. 348–356. 

Gustafsson, M. C. U., Lannergård, J., Nilsson, O. R., Kristensen, B. M., Olsen, J. E., Harris, 

C. L., Ufret-Vincenty, R. L., Stålhammar-Carlemalm, M. and Lindahl, G. (2013) ‘Factor H 

Binds to the Hypervariable Region of Many Streptococcus pyogenes M Proteins but Does 

Not Promote Phagocytosis Resistance or Acute Virulence’, PLoS Pathogens, 9(4), 

e1003323. 

Hammerschmidt, S. Agarwal, V., Kunert, A., Haelbich, S., Skerka, C. and Zipfel, P.F. 

(2007) 'The host immune regulator factor H interacts via two contact sites with the PspC 

protein of Streptococcus pneumoniae and mediates adhesion to host epithelial cells',  

Journal of immunology, 178(19), pp.5848–5858. 

Harris, C. L., Spiller, O. B. and Morgan, B. P. (2000) ‘Human and rodent decay-

accelerating factors (CD55) are not species restricted in their complement-inhibiting 

activities’, Immunology, 100(4), pp. 462–470.  

Heinen, S., Hartmann, A., Lauer, N., Wiehl, U., Dahse, H.-M., Schirmer, S., Gropp, K., 

Enghardt, T., Wallich, R., Hälbich, S., Mihlan, M., Schlötzer-Schrehardt, U., Zipfel, P. F. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Agarwal%20V%5BAuthor%5D&cauthor=true&cauthor_uid=17442969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kunert%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17442969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Haelbich%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17442969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Skerka%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17442969
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zipfel%20PF%5BAuthor%5D&cauthor=true&cauthor_uid=17442969


References                                                                                                                            . 

152 

 

and Skerka, C. (2009) ‘Factor H–related protein 1 (CFHR-1) inhibits complement C5 

convertase activity and terminal complex formation’, Blood, 114(12), pp. 2439–2447.  

Hellwage, J., Meri, T., Heikkilä, T., Alitalo, A., Panelius, J., Lahdenne, P., Seppälä, I. J. T. 

and Meri, S. (2001) ‘The Complement Regulator Factor H Binds to the Surface Protein 

OspE of Borrelia burgdorferi’, Journal of Biological Chemistry, 276(11), pp. 8427–8435.  

Hinson, J. P., Kapas, S.,  and Smith, D. M. (2000) ' Adrenomedullin, a multifunctional 

regulatory peptide', Endocr Rev, 21(2), pp.138-67. 

Horstmann, R.D. Sievertsen H.J. Leippe, M. and Fischetti, V.A. (1992) 'Role of fibrinogen 

in complement inhibition by streptococcal M protein',. Infection and Immunity, 60(12), 

pp.5036–5041. 

Hyams, C. Camberlein, E., Cohen, J.M., Bax, K. and Brown, J.S. (2010.) 'The 

Streptococcus pneumoniae capsule inhibits complement activity and neutrophil 

phagocytosis by multiple mechanisms',  Infection and Immunity, 78(2), pp.704–715. 

Ho, D. K., Jarva, H. and Meri, S. (2010) ‘Human complement factor H binds to outer 

membrane protein Rck of Salmonella.’, Journal of immunology, 185(3), pp. 1763–9.  

Hughes, I., Blasiole, B., Huss, D., Warchol, M. E., Rath, N. P., Hurle, B., Ignatova, E., 

David Dickman, J., Thalmann, R., Levenson, R. and Ornitz, D. M. (2004) ‘Otopetrin 1 is 

required for otolith formation in the zebrafish Danio rerio’, Developmental Biology, 276(2), 

pp. 391–402.  

Idrovo, J. P., Yang, W. L., Jacob, A., Ajakaiye, M. A., Cheyuo, C., Wang, Z., Prince, J. M., 

Nicastro, J., Coppa, G. F. and Wang, P. (2015) ‘Combination of adrenomedullin with its 

binding protein accelerates cutaneous wound healing’, PLoS ONE, 10(3), pp. 1–12.  

Jarva, H., Jokiranta, T. S., Hellwage, J., Zipfel, P. F. and Meri, S. (1999) ‘Regulation of 

complement activation by C-reactive protein: targeting the complement inhibitory activity 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sievertsen%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=1452335
https://www.ncbi.nlm.nih.gov/pubmed/?term=Leippe%20M%5BAuthor%5D&cauthor=true&cauthor_uid=1452335
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fischetti%20VA%5BAuthor%5D&cauthor=true&cauthor_uid=1452335
https://www.ncbi.nlm.nih.gov/pubmed/?term=Camberlein%20E%5BAuthor%5D&cauthor=true&cauthor_uid=19948837
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cohen%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=19948837
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bax%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19948837
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brown%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=19948837


References                                                                                                                            . 

153 

 

of factor H by an interaction with short consensus repeat domains 7 and 8-11.’, Journal of 

immunology, 163(7), pp. 3957–3962. 

Jarva, H., Janulczyk, R., Hellwage, J., Zipfel, P.F., Björck, L. and Meri, S. (2002) 

''Streptococcus pneumoniae evades complement attack and opsonophagocytosis by 

expressing the pspC locus-encoded Hic protein that binds to short consensus repeats 8-11 

of factor H. Journal of immunology', 168(4), pp.1886–1894. 

Jozsi, M. (2005) ‘Factor H and Atypical Hemolytic Uremic Syndrome: Mutations in the C-

Terminus Cause Structural Changes and Defective Recognition Functions’, Journal of the 

American Society of Nephrology, 17(1), pp. 170–177.  

Józsi, M. Oppermann, M. Lambris, J, D and  Zipfela, P. F (2006) ‘The C-terminus of 

complement factor H is essential for host cell protection', molecular immunology, 44(10), 

pp. 2697-2706.   

Józsi, M. and Zipfel, P. F. (2008) ‘Factor H family proteins and human diseases’, Trends in 

Immunology, 29(8), pp. 380–387.  

Kang, Y. H. (2006) 'The interplay of human complement proteins C1q and Factor H.  

Thesis' (D.Phil.) University of Oxford.  

Kang, Y.H., Urban, B.C., Sim, R.B. and Kishore, U. (2012) 'Human complement Factor H 

modulates C1q-mediated phagocytosis of apoptotic cells. Immunobiology, 217(4), pp.455-

64.  

Kajander, T., Lehtinen, M. J., Hyvärinen, S., Bhattacharjee, A., Leung, E., Isenman, D. E., 

Meri, S., Goldman, A. and Jokiranta, T. S. (2011) ‘Dual interaction of factor H with C3d 

and glycosaminoglycans in host-nonhost discrimination by complement’, Proceedings of 

the National Academy of Sciences of the United States of America, 108(7), pp. 2897–902.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Janulczyk%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11823523
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hellwage%20J%5BAuthor%5D&cauthor=true&cauthor_uid=11823523
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zipfel%20PF%5BAuthor%5D&cauthor=true&cauthor_uid=11823523
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bj%C3%B6rck%20L%5BAuthor%5D&cauthor=true&cauthor_uid=11823523
https://www.ncbi.nlm.nih.gov/pubmed/?term=Meri%20S%5BAuthor%5D&cauthor=true&cauthor_uid=11823523
https://www.ncbi.nlm.nih.gov/pubmed/?term=J%26%23x000f3%3Bzsi%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17208302
https://www.ncbi.nlm.nih.gov/pubmed/?term=Oppermann%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17208302
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lambris%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=17208302
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zipfel%20PF%5BAuthor%5D&cauthor=true&cauthor_uid=17208302


References                                                                                                                            . 

154 

 

Kertesz, Z., Yu, B. B., Steinkasserer,  a, Haupt, H., Benham,  a and Sim, R. B. (1995) 

‘Characterization of binding of human beta 2-glycoprotein I to cardiolipin’, The 

Biochemical journal, 310 (1), pp. 315–321. 

Khattab, A., Barroso, M., Miettinen, T. and Meri, S. (2015) ‘Anopheles Midgut Epithelium 

Evades Human Complement Activity by Capturing Factor H from the Blood Meal’, PLoS 

Neglected Tropical Diseases., 9(2), e0003513 

Kishore, U. and Sim, R. B. (2012) ‘Factor H as a regulator of the classical pathway 

activation’, Immunobiology, 217(2), pp. 162–168.  

Kitamura, K., Kangawa, K., Kawamoto, M., Ichiki, Y., Nakamura, S., Matsuo, H. and Eto, 

T. (1993) ‘Adrenomedullin: a novel hypotensive peptide isolated from human 

pheochromocytoma’, Biochemical and biophysical research communications, 92(2), pp. 

553–60.  

Kitamura, K., Sakata, J., Kangawa, K., Kojima, M., Matsuo, H. and Eto, T. (1993) ‘Cloning 

and characterization of cDNA encoding a precursor for human adrenomedullin’, 

Biochemical and biophysical research communications, 94(2), pp. 720–5.  

Koistinen, V. (1993) ‘Effects of sulphated polyanions on functions of complement factor 

H’, Molecular Immunology, 30(2), pp. 113–118.  

Kopp, A., Hebecker, M., Svobodová, E. and Józsi, M. (2012) ‘Factor h: a complement 

regulator in health and disease, and a mediator of cellular interactions’, Biomolecules, 2(1), 

pp. 46–75.. 

Kunert, A., Losse, J., Gruszin, C., Hühn, M., Kaendler, K., Mikkat, S., Volke, D., 

Hoffmann, R., Jokiranta, T. S., Seeberger, H., Moellmann, U., Hellwage, J. and Zipfel, P. 

F. (2007) ‘Immune evasion of the human pathogen Pseudomonas aeruginosa: elongation 

factor Tuf is a factor H and plasminogen binding protein’, Journal of immunology, 179(5), 

pp. 2979–2988.  



References                                                                                                                            . 

155 

 

Laemmli, U. K. (1970) ‘Cleavage of structural proteins during the assembly of the head of 

bacteriophage T4’, Nature, 227(5259), pp. 680–685.  

Leffler, J., Herbert, A. P., Norström, E., Schmidt, C. Q., Barlow, P. N., Blom, A. M. and 

Martin, M. (2010) ‘Annexin-II, DNA, and histones serve as factor H ligands on the surface 

of apoptotic cells’, Journal of Biological Chemistry, 285(6), pp. 3766–3776.  

Li, G., Li, Q., Dong, M., Zan, T., Ding, S. and Liu, L. (2016) ‘Complement components of 

nerve regeneration conditioned fluid influence the microenvironment of nerve 

regeneration’, Neural Regen Res.,11(4), pp. 682–686.  

Luo, S., Poltermann, S., Kunert, A., Rupp, S. and Zipfel, P. F. (2009) ‘Immune evasion of 

the human pathogenic yeast Candida albicans: Pra1 is a Factor H, FHL-1 and plasminogen 

binding surface protein’, Molecular Immunology, 7(2-3), pp. 541–550.  

Makou, E., Herbert, A. P. and Barlow, P. N. (2013) ‘Functional anatomy of complement 

factor H’, Biochemistry, 52(23), pp. 3949–3962.  

Markiewski, M. M. and Lambris, J. D. (2007) ‘The role of complement in inflammatory 

diseases from behind the scenes into the spotlight’, The American journal of pathology, 

171(3), pp. 715–27.  

Martínez, A., Pío, R., López, J. and Cuttitta, F. (2001) ‘Expression of the adrenomedullin 

binding protein, complement factor H, in the pancreas and its physiological impact on 

insulin secretion’, Journal of Endocrinology, 170(3), pp. 503–511. 

Martínez, A., Pío, R., Zipfel, P. F. and Cuttitta, F. (2003) ‘Mapping of the adrenomedullin-

binding domains in human complement factor H’, Hypertension research : official journal 

of the Japanese Society of Hypertension, 26 Suppl, pp. S55–S59. 

McNeil, L. K., Zagursky, R. J., Lin, S. L., Murphy, E., Zlotnick, G. W., Hoiseth, S. K., 

Jansen, K. U. and Anderson, A. S. (2013) ‘Role of factor H binding protein in Neisseria 



References                                                                                                                            . 

156 

 

meningitidis virulence and its potential as a vaccine candidate to broadly protect against 

meningococcal disease’, Microbiology and molecular biology reviews, (2), pp. 234–52.  

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) ‘Human factor 

H-related protein 5 has cofactor activity, inhibits C3 convertase activity, binds heparin and 

C-reactive protein, and associates with lipoprotein’, Journal of immunology, 174(10), pp. 

6250–6256.  

Medjeral-Thomas, N. and Pickering, M. C. (2016). The complement factor H-related 

proteins. Immunological Reviews  274: 191–201 

Meri, S. (2013) ‘Complement activation in diseases presenting with thrombotic 

microangiopathy’, European Journal of Internal Medicine, 24(6), pp. 496–502.  

Meri, T., Amdahl, H., Lehtinen, M. J., Hyvärinen, S., McDowell, J. V., Bhattacharjee, A., 

Meri, S., Marconi, R., Goldman, A. and Jokiranta, T. S. (2013) ‘Microbes Bind 

Complement Inhibitor Factor H via a Common Site’, PLoS Pathogens, 9(4): e1003308. 

Mihlan, M., Hebecker, M., Dahse, H. M., Hälbich, S., Huber-Lang, M., Dahse, R., Zipfel, 

P. F. and Józsi, M. (2009) ‘Human complement factor H-related protein 4 binds and 

recruits native pentameric C-reactive protein to necrotic cells’, Molecular Immunology, 

46(3), pp. 335–344. 

Minamino, N., Shoji, H., Sugo, S., Kangawa, K. and Matsuo, H. (1995) ‘Adrenocortical 

steroids, thyroid hormones and retinoic acid augment the production of adrenomedullin in 

vascular smooth muscle cells’, Biochemical and biophysical research communications, 

211(2), pp. 686–93.  

Mnjoyan, Z., Li, J. and Afshar-Kharghan, V. (2008) ‘Factor H binds to platelet integrin 

alphaIIbbeta3’, Platelets, 19(7), pp. 512–519.  



References                                                                                                                            . 

157 

 

Mongini, P. K.A., Stein, K. E. and Paul W. E.(1981) ' T cell regulation ogf IgG subclass 

antiboddy production in response to T-independent antigens', journal of expermintal 

medicine', 153(1), pp 1. 

Moreno-Indias, I., Dodds, A. W., Argüello, A., Castro, N. and Sim, R. B. (2012) ‘The 

complement system of the goat: haemolytic assays and isolation of major proteins’, BMC 

veterinary research, 8(1), p. 91.  

Nesargikar, P. N., Spiller, B. and Chavez, R. (2012) ‘The complement system: history, 

pathways, cascade and inhibitors’, European Journal of Microbiology & Immunology, 2(2), 

pp. 103–111.  

Noris, M. and Remuzzi, G. (2013) ‘Overview of complement activation and regulation’, 

Seminars in Nephrology. Elsevier, 33(6), pp. 479–492.  

Perkins, S. J. and Goodship, T. H. J. (2002) ‘Molecular modelling of the C-terminal 

domains of factor H of human complement: a correlation between haemolytic uraemic 

syndrome and a predicted heparin binding site’, Journal of molecular biology, 316(2), pp. 

217–224.  

Pichler, W.J.1, Beeler, A., Keller, M., Lerch, M., Posadas, S., Schmid, D., Spanou, Z., 

Zawodniak, A. and Gerber, B. (2006) ' Pharmacological interaction of drugs with immune 

receptors: the p-i concept' allergology international, 55(1), pp.17-25. 

Pillemer, L., Blum, L., Lepow, I. H., Ross, O.A. Todd, E.W. and Wardlaw. A. (1954) ‘The 

Properdin System and Immunity : I . Demonstration and Isolation of a New Serum Protein , 

Properdin , and Its Role in Immune Phenomena’, 120(3112), pp. 279–285.  

Pío, R., Martínez, A., Unsworth, E. J., Kowalak, J. A., Bengoechea, J. A., Zipfel, P. F., 

Elsasser, T. H. and Cuttitta, F. (2001) ‘Complement Factor H Is a Serum-binding Protein 

for Adrenomedullin, and the Resulting Complex Modulates the Bioactivities of Both 

Partners’, Journal of Biological Chemistry, 276(15), pp. 12292–12300.  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Pichler%20WJ%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Beeler%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Keller%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lerch%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Posadas%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Schmid%20D%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Spanou%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Zawodniak%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17075282
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gerber%20B%5BAuthor%5D&cauthor=true&cauthor_uid=17075282


References                                                                                                                            . 

158 

 

Puurunen, M.Jokiranta, S., Vaarala, O. and Meri, S. (1995) 'Lack of functional similarity 

between complement factor H and anticardiolipin cofactor, beta2-glycoprotein I 

(apolipoprotein H)', Scandinavian Journal of Immunology, 42(5), pp.547–550. 

Restrepo, A. V, Salazar, B. E., Agudelo, M., Rodriguez, C. A., Zuluaga, A. F. and Vesga, 

O. (2005) ‘Optimization of culture conditions to obtain maximal growth of penicillin-

resistant Streptococcus pneumoniae’, BMC microbiology, 5, p. 34.  

Ripoche, J., Day, A. J., Harris, T. J. and Sim, R. B. (1988) ‘The complete amino acid 

sequence of human complement factor H’, The Biochemical journal, 249(2), pp. 593–602.  

Ritchie, G. E., Moffatt, B. E., Sim, R. B., Morgan, B. P., Dwek, R. A. and Rudd, P. M. 

(2002) ‘Glycosylation and the complement system’, Chemical Reviews, 102(2), pp. 305–

319.  

Rodríguez De Córdoba, S., Esparza-Gordillo, J., Goicoechea De Jorge, E., Lopez-Trascasa, 

M. and Sánchez-Corral, P. (2004) ‘The human complement factor H: Functional roles, 

genetic variations and disease associations’, Molecular Immunology, 41(4), pp. 355–367.  

Schmidt, C. Q., Herbert, A. P., Kavanagh, D., Gandy, C., Fenton, C. J., Blaum, B. S., Lyon, 

M., Uhrin, D., Barlow, P. N., Uhrín, D. and Barlow, P. N. (2008) ‘A New Map of 

Glycosaminoglycan and C3b Binding Sites on Factor H’, The Journal of Immunology, 

181(4), pp. 2610–2619. 

Schmidt, C. Q., Slingsby, F. C., Richards, A. and Barlow, P. N. (2011) ‘Production of 

biologically active complement factor H in therapeutically useful quantities’, Protein 

Expression and Purification, 76(2), pp. 254–263. 

Seo, H.S., Michalek, S.M. & Nahm, M.H., (2008) 'Lipoteichoic acid is important in innate 

immune responses to gram-positive bacteria',  Infection and Immunity, 76(1), pp.206–213.  

Sim, E. and Sim, R. B. (1983) ‘Enzymic assay of C3b receptor on intact cells and 

solubilized cells’, Biochemical Journal, 210, pp. 567–576.  



References                                                                                                                            . 

159 

 

Sim, R. B., Day, A. J., Moffatt, B. E. and Fontaine, M. (1993) ‘Complement factor I and 

cofactors in control of complement system convertase enzymes’, Methods in Enzymology, 

pp. 13–35.  

Sim, R.B., Moffatt, J.m. and Ferluga, J. (2008) ' Complement Control Proteins and 

Receptors: from FH to CR4 Chapter 6, pp84-104 in “Molecular Aspects of Innate and 

Adaptive Immunity', (eds KBM Reid & RB Sim) Royal Society of Chemistry, Cambridge 

2008. ISBN 978-0-85404-698-0.  

Sim, R. B., Ferluga, J., Al-Rashidi, H., Abbow, H., Schwaeble, W. and Kishore, U. (2015) 

‘Complement factor H in its alternative identity as adrenomedullin-binding protein 1’, 

Molecular Immunology. 68(1), pp. 45–48.  

Simon, N., Lasonder, E., Scheuermayer, M., Kuehn, A., Tews, S., Fischer, R., Zipfel, P. F., 

Skerka, C. and Pradel, G. (2013) ‘Malaria parasites co-opt human factor h to prevent 

complement-mediated lysis in the mosquito midgut’, Cell Host and Microbe, 13(1), pp. 29–

41.  

Skerka, C., Chen, Q., Fremeaux-Bacchi, V. and Roumenina, L. T. (2013) ‘Complement 

factor H related proteins (CFHRs)’, Molecular Immunology. Elsevier Ltd, 56(3), pp. 170–

180. 

Soames, C. J. and Sim, R. B. (1997) ‘Interactions between human complement components 

factor H, factor I and C3b’, The Biochemical journal, 326 (2), pp. 553–561. 

Stacey, Bell (2015) 'Site-Directed Spin-Labelling of Proteins for EPR Spectroscopy: 

Application to Protein Complexes and Development of New Methods for Cysteine Rich 

Proteins', PhD Thesis, University of St Andrews. 

Tan, L. A., Yu, B., Sim, F. C. J., Kishore, U. and Sim, R. B. (2010) ‘Complement 

activation by phospholipids: The interplay of factor H and C1q’, Protein and Cell, 1(11), 

pp. 1033–1049.  



References                                                                                                                            . 

160 

 

Thurman J.M and Holers, V. M. (2006) ‘The Central Role of the Alternative Complement 

Pathway in Human Disease’, The American journal of Iimmunology, 176(3), pp. 1305–

1310.  

Wallis, R. (2007) ‘Interactions between mannose-binding lectin and MASPs during 

complement activation by the lectin pathway’, Immunobiology, 212(4-5), pp. 289–299. 

Wallis, R., Mitchell, D. A., Schmid, R., Schwaeble, W. J. and Keeble, A. H. (2010) ‘Paths 

reunited: Initiation of the classical and lectin pathways of complement activation’, 

Immunobiology, 215(1), pp. 1–11. 

Wenderfer, S. E., Soimo, K., Wetsel, R. A and Braun, M. C. (2007) ‘Analysis of C4 and the 

C4 binding protein in the MRL/lpr mouse’, Arthritis research & therapy, 9(5), p. R114.  

White, J., Lukacik, P., Esser, D., Steward, M., Giddings, N., Bright, J. R., Fritchley, S. J., 

Morgan, B. P., Lea, S. M., Smith, G. P. and Smith, R. A. G. (2004) ‘Biological activity, 

membrane-targeting modification, and crystallization of soluble human decay accelerating 

factor expressed in E. coli’, Protein science  13(9), pp. 2406–15.  

Whitley, A. C., Stoner, G. D., Darby, M. V. and Walle, T. (2003) ‘Intestinal epithelial cell 

accumulation of the cancer preventive polyphenol ellagic acid - Extensive binding to 

protein and DNA’, Biochemical Pharmacology, 66(6), pp. 907–915.  

Wouters, D. and Zeerleder, S. (2014) ‘Complement inhibitors to treat IgM-mediated 

autoimmune hemolysis', Haematologica, 100, 1388-1395. 

Yu, B.B., Moffatt, B. E., Fedorova, M., Villiers, C. G. S., Arnold, J. N., Du, E., Swinkels, 

A., Li, M. C., Ryan, A. and Sim, R. B. (2014) ‘Purification, quantification, and functional 

analysis of complement factor H’, Methods in Molecular Biology, 1100, pp. 207–223.  

Zhou, C., Zheng, Y., Li, L., Zhai, W., Li, R., Liang, Z. and Zhao, L. (2015) 

‘Adrenomedullin promotes intrahepatic cholangiocellular carcinoma metastasis and 



References                                                                                                                            . 

161 

 

invasion by inducing epithelial-mesenchymal transition’, Oncology Reports, 34(2), pp. 

610–616.  



 

 

 

 

Addendum: 

Parts of my thesis have been already published. (See manuscript 

attached) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


