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Abstract 

 
The complement system is an integral component of innate immunity. Complement activation 

is tightly regulated to restrict effector functions to pathogens or altered host tissues. 
Complement-associated diseases are characterised by inappropriate activation on host 

surfaces, usually due to impaired regulation. Factor H (FH) is the major negative regulator of 
the alternative complement pathway. FH inhibits complement activation in plasma and on host 

surfaces. The FH protein family includes five additional proteins, termed factor H-related (FHR) 
proteins. FHRs compete with FH for binding to complement but, unlike FH, do not regulate 

complement activation. Consequently, the balance between FH and FHRs binding determines 
the degree of surface complement activation. My thesis examined the hypothesis that the 

interactions of both FH and FHRs with surface complement are influenced by additional 
interactions with surface carbohydrates. I explored the interactions of FHRs and FH to sialo-

glycoconjugates and glycosaminoglycans (GAGs) using microtiter plate-based binding assays 

and neoglycolipid-based microarrays. My results showed overlapping specificities of the FHRs 
and FH for binding to GAGs, and that the interactions correlated with the degree of GAG 

sulphation. Inhibition of FHR and FH surface binding by soluble GAGs demonstrated 
differences in affinities and the mode of binding among FHRs and FH. The binding profiles of 

the FHRs and FH to sialo-glycoconjugates display differential interaction based on the 
sequence and linkage of analysed sialo-glycoconjugates. FHRs displayed a binding 

preference to α2-3-sialyl over α2-6-sialyl glycans, whereas FH bound most strongly to a di-
sialyl glycan with both α2-3 and α2-6-linked sialic acid. In a surface C3b-binding competition 

assay, the addition of surface HS altered the ratio of FH/FHR binding, displaying less surface 
bound FH. My work has elucidated the carbohydrate ligands for FH and FHRs and provided 

insight into the molecular basis of surface discrimination by this protein family. 
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General Introduction 
 
1.1. Overview activation of the complement system 

 

The complement system is an integral component of innate immunity and can discriminate 
between healthy and foreign/damaged tissues. The complement system comprises more than 

30 plasma proteins, many of which are serine proteinases. The initiation of this catalytic 
cascade results in a series of inflammatory responses to eradicate invasive pathogens or 

apoptotic host tissue. Complement activation does not occur on healthy tissues, due to a 
network of complement regulatory proteins. The activation of complement can be initiated by 

three pathways: classical, lectin and alternative pathway (Fig 1.1). The three pathways merge 
together at the level of the C3 activation. Activated C3 (termed C3b) covalently attaches to 

surface amide or hydroxyl groups. Surface-bound C3b is an opsonin (e.g. covalent attachment 
to the glycocalyx of the cell wall of pathogens) and facilitates phagocytosis through the 

interaction of C3b (and its degradation fragments, iC3b and C3d) with complement receptors 

on phagocytes (e.g. CR1 on macrophages interacting with iC3b on pathogens). When C3 is 
proteolytically cleaved to C3b it releases C3a, which is an anaphylatoxin. C3b can also trigger 

the activation of complement C5. Proteolytic cleavage of C5 results in C5a (a more potent 
anaphylatoxin than C3a) and the formation of a membrane pore-forming structure, termed 

membrane attack complex (MAC). The insertion of the MAC into the cell membrane of Gram-
negative bacteria results in lysis of the target bacteria. 

The classical pathway is induced upon recognition of immunoglobulin-antigen complexes 
(immune complexes) by C1q. The lectin pathway is elicited through binding of proteins to 

carbohydrate structures (e.g. mannose, N-acetylglucosamine and N-acetylgalactosamine) on 
pathogens1. The alternative pathway is constitutively activated by hydrolysis of C3. This 

constitutive activation of C3 is termed the C3 ‘tick-over’ pathway. 

	 	



General	Introduction	

	
	

18	

	

Fig 1.1. Overview complement activation and regulation 

	
The complement system is activated through the classical, the lectin or the alternative pathway. The classical and 
lectin pathway are typically activated upon recognition of non-host or damaged self surfaces. The alternative 
pathway is constitutively activated, through the hydrolysis of C3 to produce C3(H2O) which can interact with FB to 
initiate the generation of a C3 convertase. All pathways lead to the formation of a C3 convertase, a complex that 
has enzymatic activity on C3, converting it to C3b and C3a. The classical and lectin pathway activation result in 
formation the C3 convertase termed C4b2a since it is comprised of C4b and C2a. The alternative convertase is 
termed C3bBb since it is comprised of C3b and Bb. The formation of the C3 convertase initiates a potent C3b 
amplification loop. Conjunction of an additional C3b molecule to either one of the C3 convertase leads to the 
formation of the C5 convertase and initiation of the terminal complement pathway. This results in the generation of 
the anaphylatoxin C5a and the formation of a lytic pore termed membrane attack complex (MAC). The MAC is 
formed by the sequential assembly of C5b, C6, C7, C8 and several molecules C9. Complement activation is tightly 
regulated at multiple stages by molecules that are either present in plasma or on cell surfaces. The soluble 
regulatory proteins include C4BP, C1-INH, FH and FI. Nearly all cells carry membrane bound regulators, displayed 
here in italic: DAF (CD55), MCP (CD46, absent from erythrocytes), CR1 (CD35) and CD59. Properdin is the only 
positive regulator of the complement system, stabilising the AP C3 convertase.	 	

C1q,	C1r,	C1s

Classical	Pathway
Atigen/antibody	complex

MBL,	MASP-1/2

Lectin	Pathway
Carbohydrate	antigen

C3	(H2O)

Alternative	Pathway
Spontaneous	C3	hydrolysis	

C3

C4b2a
C3	convertase

C3(H2O)Bb
C3	convertase

C4b2a3b
C5	convertase

(C3b)2Bb
C5	convertase

C3b

C5

C2

C4

C5a

C6

C7

C8

C9b

C4BP
DAF	(CD55)
MCP	(CD46)
CR1	(CD35)

DAF	(CD55)
MCP	(CD46)
CR1	(CD35)

FH
FI
DAF	(CD55)
MCP	(CD46)
CR1	(CD35)

FI
C4BP

DAF	(CD55)
MCP	(CD46)
CR1	(CD35)

CD59

Membrane	attack	complex	

Ananphylatoxin

FB

FD

C3a

Ananphylatoxin

C1-
INH

C3b	
amplification	

loop

FP

C3a

Ananphylatoxin



General	Introduction	

	
	

19	

1.1.1. Classical Pathway 
 

The classical pathway activation can be initiated by both immunoglobulin-dependent and 

immunoglobulin-independent mechanisms. The immunoglobulin-dependent activation 
requires the interaction of C1q with an immune complex comprising either at least one IgM 

molecule bound to an antigen or antigen with at least six cross-linked IgG molecules. These 
binding requirements are based on the molecular structure of the C1q molecule. The 

immunoglobulin-independent mechanism is based on the direct interaction of C1q with 

molecules e.g. pentraxin interactions. The C1q is synthesised by immature dendritic cells, 
monocytes, and macrophages2. The protein can be divided into two functional parts. A target 

recognition moiety and a collagen-like region (CLR). The Target recognition site is composed 
of six globular heads, assembled by 18 polypeptide chains composed of three different chain 

types A, B and C3. The heads are termed as gC1q. For binding to immunoglobulins the C1q 
requires one surface-bound IgM or several IgG. In soluble IgM, the C1q-binding sites are 

hidden in the tertiary polypeptide structure. Upon antigen binding the C1q binding sites are 
exposed for subsequent complement activation. Unlike the IgM molecule the C1q binding site 

in IgG molecules is readily accessible. However, the binding affinity of C1q to single soluble 
IgG is very low. The sufficient condition for CP activation via C1q is that six IgG hexamers are 

cross-linked on pathogen surface. The Fc fragments of the IgG antibodies form a platform for 

adequate C1q binding4. The potency of CP activation is proportional to the antigen size and 
density5. Each of the gC1q harbours carries a Ca2+ ion. This allows the C1q molecule to interact 

with other target molecules beyond IgG and IgM. The binding of non-immunoglobulins is mainly 
charge-driven. C1q binds to members of the pentraxin family. Pentraxins belong to the family 

of pattern recognition receptors (PPRs). The C-reactive protein (CRP) is an important binding 
target in the immunoglobulin-independent CP activation. CRP is part of the acute phase 

response. Secreted by the liver, the protein binds mainly to damage-associated molecular 
pattern molecules (DAMPs). CRP binds to lysophosphatidylcholines exposed on apoptotic 

cells6. C1q similarly binds PTX3, another member of the pentraxin family that binds to surface 
molecules of dying cells7. C1q on its own serves as PPR, it recognizes DAMPs8,9 such as 

phosphatidylserine10, double-stranded DNA11, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH)12, annexins A2 and A513, and calreticulin14. In addition, it also binds to pathogen-
associated molecular patterns (PAMPs) including lipopolysaccharides (LPS)15 and bacterial 

porins16. C1q is part of the C1 complex17. In the complex one C1q molecule is associated with 
two C1r:C1s serine protease zymogens. The association of the C1 complex is Ca2+ dependent. 

Chelation of the Ca2+ with EDTA or EGTA prevents the formation of the C1 complex. C1r:C1s 
is bound to C1q by its CLR. Upon target binding of C1q the signal is transmitted to C1r through 
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a conformational change in the CLR of C1q. C1r itself undergoes a conformational change that 

results in the enzymatic activation of the protein. Following, C1r cleave the C1s zymogen. The 
now activated serine protease C1-complex catalyses the activation of complement C4 to C4b 

and the release of C4a. C4b binds covalently to pathogen or damaged self-tissue surfaces. 
The binding is facilitated by a previously buried thioester. Complement C2 associates with 

surface bound C4b. The C2 of this complex is the second substrate for the C1 complex. The 
cleavage by C1s releases a small fragment termed C2b. The larger fragment C2a stays 

associated to C4b. The newly formed, surface bound, C4b2a is itself a serine protease. C4b2a 

is termed CP C3 convertase, as it activates C3 into C3b under release of C3a.  
 

 

 1.1.2. Lectin pathway 
 

The lectin pathway (LP) of the complement system resembles the CP. Likewise, it can only be 

initiated on surfaces, and the serine protease are activated from zymogens. Also, structurally 
the proteins involved display homology. LP is triggered by the recognition of pathogenic 

surface carbohydrate structures. Until recently, the LP had the prefix manna-binding, as the 
lectin identified bound to mannose (Man) residues18. The prefix has been omitted as further 

lectins (e.g. Collectin-K1 and the family of ficolins) have shown to functionally activate the LP. 

Collectins and ficolins recognize carbohydrate structures that are generally masked by sialic 
acids in host glycans. In contrast to C1q of the CP, the ficolins and MBL predominantly 

recognize PAMPs. Yet, MBL has been shown in an experimental study to bind to late apoptotic 
cells and apoptotic cell plebs19. 

 
 
1.1.2.1. Mannan-binding lectin 

 
MBL belongs to the family of collectins. Collectins contain a collagenous region and a calcium 
dependent, C-type, carbohydrate-recognising domain (CRD). They selectively bind to Man, N-

acetyl-glucosamine (GlcNAc) glucose, L-fucose, N-acetylmannosamine (ManNAc), but not 

galactose. MBL is part of the acute phase response system. During bacterial infection, the 
plasma levels are increased. The soluble protein is synthesized by the liver and secreted into 

plasma. The protein is encoded by the MBL2 gene. The translation of the gene results in a 
peptide chain of 26 kDa. It consists of an amino-terminal collagen-like domain and a carboxy-

terminal C-type lectin domain. The two domains are linked via a coiled coil region. This 
monomeric MBL is also referred to as MBL micropattern. The secreted MBL circulates as 

homotrimers of the MBL micropattern. These trimers themselves can further oligomerise to a 
hexamer of trimers. The formation of this oligomer is termed MBL macropattern. The MBL 
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macropattern structurally resembles the C1q molecule. It is comprised of six globular heads 

domains and a collagen-like region. The formation of the macropattern is essential for antigen 
binding, as the affinity of the monomeric MBL to monosaccharides falls in the mM range. The 

oligomeric MBL binds to Man and GlcNAc at a low nM range (3.5 - 7.4 nM)18.  
In plasma, the macropattern associates with three serine protease zymogens in a Ca2+ 

dependent manner. They are termed MBL-associated serine protease (MASP) MASP-120 , 
MASP-221 and MASP-322. The complex consists of one MBL macropattern and a MASPs 

homodimer. Furthermore, the MBL appears in complex with two additional proteins termed 

MBL-associated protein1923 and MBL-associated protein4424 (MAp19/MAp44). MASP-1, 
MASP-3 and MAp44 are different splice variants of the MASP1 gene22,24. MASP2 and MAp19 

are splice products of the MASP2 gene. After antigen recognition by the MBL complex, MASP1 
is auto-activated25. The substrate for the MASP-1 protease are the zymogens MASP-1 and 

MASP-2 as well as C2 of the C4b2 complex26. In addition to proteolytic activation through 
MASP-1, active MASP-2 can activate the MASP-2 zymogen. MASP-2 cleaves C4 and C4b 

associated C2 to from the C4b2a C3-convertase26. Under non-physiological conditions MASP-
2 can auto-activate and could thereby form a convertase independent of MASP-127. However, 

under physiological conditions MASP-2 activation requires functional MASP-1. To date no 

substrate specificity for MASP-3 has been reported. However, it seems that MASP3 competes 
with MASP-1 and MASP-2 for the binding sites in the MBL molecule and thereby reduces 

complement activation via the LP. MAp44 lacks the catalytic domain of MASP-1, but consist 
of the domains required for binding to collectins. Hence, MAp44 can compete with the 

proteases for binding and thereby regulates the activation of the LP. The functional role of 
MAp19 has not been clearly elucidated yet. 	

	
	
1.1.2.2. Collectin-K1 

 
Collectin-K1 (CL-K1) is structurally closely related to the MBL-complex. The CL-K1 monomer 
forms homotrimers, which are stabilised by disulphide bonds. Like MBL, these trimers 

associate in plasma to high molecular weight oligomers ranging between 400 to 900 kDa of 
size28. Keshi and co-authors reported that surface-immobilised CL-K1 bound, in a calcium-

dependent manner, to soluble L-fucose and to a lesser extent to Man. Their published data 
also showed binding to lipopolysaccharides of various E. coli and Kebsiella pneumoniae. 

Modest binding was observed to lipoteichoic acid (LAT) of Staphylococcus aureus. Mannose 

interaction was displayed by binding to high Man N-glycans derived from S. cerevisiae29. 
Hansen and co-authors extended potential glycoligands for CL-K1. In an inhibition assay of 

CL-K1 binding to immobilised Man, they demonstrated inhibition by ManNAc and D-glucose 
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monosaccharides28. CL-K1 activates complement by associating with MASP-128 and MASP-

230,31. The CL-K1 plasma concentration was determined to be 2 µg/ml. Notably, CL-K1 
displayed a strong signal in immunohistochemical analysis of kidney, adrenal gland and liver 

tissues section28. 
 

 

1.1.2.3. Ficolins 
 
The lectin family of ficolins (FCNs) was first described in 1993 in extracts from porcine uterus 
as novel transforming growth factor-ß1-binding proteins, termed ficolin αlpha and beta32. To 

date three types of human FCNs have been reported; L-ficolin (L-FCN), H-ficolin (H-FCN) and 
M-ficolin (M-FCN). The L-FCN was identified as human homologue of the porcine FCNs33,34 

binding to elastin, corticosteroids and described as opsonin P35. Soon after, M-FCN was 
identified35,36 as P35 related. H-FCN had been discovered two decades earlier as a “macro-

protein” that precipitated autoantibodies in the serum of systemic lupus erythematous (SLE) 
patients. At that time, it was termed "Hakata antigen"37. 	

The FCNs share a common structure consisting of an amino-terminal collagen-like region and 
a carboxy-terminal globular fibrinogen-like region. The carbohydrate-binding domain is located 

in the fibrinogen-like region. The monomeric FCN molecules assemble to homotrimers via the 
collagen-like region. The complement-activating multimeric FCNs are composed of four to 

eight trimes. The multimer is formed by amino-terminal disulphide bonds. Of the three human 
FCNs, H-FCN is the most abundant (25 µg/ml) in plasma38. It is synthesized in the liver as well 

as in the lung. L-FCN is mainly expressed in the liver with an average plasma concentration of 
about 4 µg/ml31. M-FCN is predominantly expressed on peripheral monocytes as well as in the 

lung and the spleen35,36. FCNs bind to terminal N-acetylated carbohydrates present in on 

bacterial and fungal glycoconjugates. The specificity varies among the FCNs, but all recognize 
GlcNAc. L-FCN binds among others, in a Ca2+ dependent manner, to GlcNAc, ManNAc, 

GalNAc, ß-1,3 glucans and lipoteichoic acid. H-FCN in recognizes monomeric GlcNAc, 
GalNAc, and D-fucose as well as the LPSs from S. typhimurium and S. minnesota. 

Interestingly, the H-FNC bound to D-fucose (2 mM) with higher affinity than to the GlcNAc (9 
mM) and GalNAc (38 mM), respectively. Other than the L-FCN, H-FCN binds Ca2+ independent 

to its antigens39. M-FCN binds to GlcNAc40, GalNAc, and to sialo-glycoconjugates41 expressed 
on microbial surfaces. In plasma the human FCNs can associated with dimeric MASP-142 and 

MASP-243 and thus activate complement. In addition, they serve as opsonins for phagocytosis.	
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1.1.3. Alternative pathway 
 

The alternative pathway (AP) of the complement system is continuously activated in plasma 

due to the spontaneous hydrolysis of a C3 thioester, resulting in the formation of C3(H2O). This 
process is also referred to as C3 “tick-over” pathway. The hydrolysis is accompanied by a 

conformational rearrangement of the C3 molecule that allows binding of the zymogen factor B 
(FB) to form a C3 proconvertase complex44. The C3-FB complex serves as substrate for the 

protease factor D (FD) that cleaves FB into Bb and Ba. The smaller fragment Ba dissociates 

from the complex and the enzyme releases a fluid-phase C3 convertase, named C3b(H2O)Bb. 
To prevent spontaneous decay of the C3 convertase the complex is stabilised by properdin. 

C3b(H2O)Bb cleaves C3 and thereby initiates formation of large amounts of the C3 fragments 
C3a and C3b. The proteolysis of C3 results in the exposure of the thioester domain (TED), 

which is located in in the C3b fragment. As C4b, C3b utilises the reactive thioester of its TED 
to form covalent bonds to surfaces and membranes45,46. Only C3 activation in the vicinity of 

surfaces leads to covalent deposition of C3b on the underlying surface, as active group is 
hydrolysed within few microseconds. The reactive thioester group forms covalent bonds with 

any surfaces that have exposed hydroxyl or amino groups. Surface-bound C3b serves as 
platform for the assembly of the C3bBb convertase. The formation of surface C3bBb occurs in 

the same way as to the soluble C3b(H2O)Bb. The membrane bound AP C3 convertase initiates 

a strong feedback-loop with rapid C3 conversion and deposition on surfaces. As this process 
is indiscriminative between host and foreign surfaces the C3 activation must be tightly 

regulated to prevent complement mediated attack on host tissues. Spontaneous activation of 
C3 through the AP is normally inefficient due to the presence of complement regulators in 

plasma and on cell surfaces. This prevents AP activation from causing either injury to host 
surfaces or C3 depletion. Complement regulators are discussed below. 

 
 
1.1.4. Terminal complement complex 

 
The addition of another C3b molecule to C3 convertases yields complexes that can cleave 

complement C5. These complexes are termed C5 convertases. The C5 convertases are: 
C4b2aC3b or C3bBbC3b47. The assembly of these C5 convertases marks the initiation of the 

terminal complement complex (TCC, also termed the membrane attack complex [MAC]). The 
MAC is produced by the non-enzymatic assembly of C5b, C6, C7, C8 and C9 proteins. The 

C5 convertase cleaves C5 into the strong pro-inflammatory anaphylatoxin C5a and the C5b 
fragment. The C5b fragment sequentially associates with complement C6 and C7 resulting in 

the trimolecular complex C5b-7. The binding of C7 to C5b6 induces a conformational change 
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in C7 that exposes a hydrophobic sequence in C7. The complex then is able to insert into lipid 

bilayers. Yet, most of C5b67 formed in fluid-phase decays as the hydrophobic stretch of the 
membrane-binding site is rapidly hydrolysed, or is bound by regulatory proteins inhibiting the 

insertion into membranes (CD59). C5b-7 anchored to the membrane binds to complement C8 
to form C5b-8. After the assembly of C5b-8 the sequential recruitment and polymerisation of 

12 -16 copies complement C9 to the complex is induced. During docking of C9 the protein 
undergoes an extensive conformational change exposing previously buried hydrophobic 

domains, rendering the C9 into amphipathic protein. The hydrophobic domain inserts into the 

fatty acid chains of the lipid layer while the hydrophilic domains form the inner barrel wall. With 
each additional C9 the oligomerisation progresses until a ring-forming pore is generated to 

complete the assembly of the MAC. The MAC pore length spanning the lipid bilayer measures 
160 A with a diameter of 100 A48. The formation of the MAC on surface is accompanied by to 

effector functions. Firstly, the pore formation creates lesions in the membrane and results in 
the influx of water and solutes from the extracellular space leading to loss of membrane 

integrity and cell damage. Secondly, the MAC formation elicits sublytic effects on host cells 
such as enhancement or inhibition of cell proliferation, induction of apoptosis, biosynthesis and 

secretion of cytokines and changes in the lipid composition of the affected membranes. These 

effects are mainly caused by the influx of Ca2+ ions into the cell. The increased cytosolic Ca2+ 
concentration triggers the further release of Ca2+ from the endoplasmic reticulum (ER) resulting 

in a further cytosolic increase of Ca2+ concentration. The release of ER Ca2+ initiates a signal 
transduction cascade. The second messenger calmodulin binds the intracellular Ca2+ and in 

turn activates, among others, the Akt/phosphatidylinositol 3-kinase signalling pathway inducing 
proliferation, angiogenesis and cell migration. In macrophages and neutrophils high calcium 

levels result in inflammasome activation. The effector mechanisms are the synthesis of pro-
inflammatory cytokines, such as IL-1β and IL-8. The formation of the MAC on host surfaces 

may also activate G-protein coupled receptor signalling. A study published by Niculescu and 
co-workers displayed the activation of the MAP kinase pathway after induction of the TCC on 

the surface of a lymphoblastic B cell line49. In terms of fighting invading pathogens, the MAC 

has an important role in the lysis of Gram-negative bacteria such as meningococcal strains. 
Severe meningococcal infections are frequently observed in patients lacking TCC activation, 

e.g. through complete deficiencies of one of the proteins comprising the MAC50.  
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1.1.5. Non-canonical activation  
 
Besides the above mentioned canonical activation there are other pathways that can activate 

complement. C3 and C5 can be activated by serine proteases not belonging to the complement 
system51,52. For example, thrombin can cleave C5 in the absence of C353 and this may be 

physiologically relevant since there is strong cross-talk between the complement system and 
coagulation during haemostasis54. Furthermore, intracellular complement activation, through 

cathepsin-mediated activation (cathepsin L), appears to be critical for T cell adaptive immune 

responses55.  
 

 

1.2. Overview of regulators of complement activation 
 
The CP as well as the LP are activated upon recognition of PAMPs and/or DAMPs, which 
induce a conformational change of the recognition antibodies and PRRs, respectively 

subsequently leading to the activation of the catalytic cascade. The AP instead is always 

activated by a low-level amount of the tick-over process. Based on the different modes of 
activation, the pathways require different regulatory measures to protect host surfaces from 

complement mediated self-attack.   

The activation of the CP is regulated by an acute phase protein termed C1 inhibitor (C1INH). 
C1INH belongs to the family of serpins that block the functional site of serine proteases. C1INH 

inhibits CP activation by mimicry of the C4 substrate to bind covalently to the active site C1r 

as well as C1s. The formation of this stable complex prompts the dissociation of the C1 
complex under the release of C1q56. The formation of the CP C3 convertase is regulated by 

the plasma protein C4-binding protein (C4BP). C4BP binds to activated C4b and thereby 
blocks the binding of C2a, preventing the formation of the C3 convertase (C4bC2a). C4BP also 

possesses decay-accelerating activity for C4bC2a. The enzyme complex C4b2a is unstable 
and undergos spontainous decay to C4b and 2a. C4BP accelerates this natural decay and is 

therefore referred to as having ‘decay-accelerating’ activity for C4b2a. C4BP also acts as a co-
factor for the FI-mediated proteolytic cleavage of C4b and C3b.   

The LP is regulated by the same proteins as the CP. This is due to the homology of the pathway 
initiating complexes and the shared C3 convertase C4bC2a. C1INH binds covalently to 

MASP1 and MASP2 of the LP, blocking the auto-activation of MASP1 as well as activation of 

MASP2. Binding to activated MASP1 and MASP2 inhibits the cleavage of C4 and C2 and thus 
prevents the formation of C4b2a. In contrast to the CP, the LP displays further soluble proteins 

involved in regulation. MASP3, lacking catalytic activity, and the MASP1 splice variant MAp44, 
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deficient of the catalytic site, compete with MASP1 and MASP2 for binding with to the MBL 

macropattern, Collectin K1 and the human ficolins.  

The main regulators of AP activation are complement factor H (FH) and complement factor I 

(FI). FH acts to limit C3 activation in three ways: Firstly, it binds to C3b, preventing its 
interaction with factor B, thereby preventing the formation of the C3 convertase (C3bBb). 

Secondly, it accelerates the dissociation of formed C3 convertase (C3bBb). Thirdly, it acts as 
cofactor for the FI-dependent cleavage of C3b to its inactive form iC3b. FH is the only known 

fluid-phase cofactor for the FI-mediated conversion of C3b to iC3b. However, a shorter FH 
splice variant, termed factor H-like protein 1 (FHL1), contains FH regulatory domains and can 

contribute to the cofactor activity. A unique feature of the AP is that it bears the only positive 
regulator of the complement system. Properdin, also named factor P (FP), binds to C3b and 

supports the binding of FB to C3b. Furthermore, it stabilises C3bBb complex and counteracts 
the decay function of FH towards C3 convertases. Properdin is composed of several identical 

subunits, of which each subunits harbours a C3 binding site enabling the protein to serve as 

membrane associated assembly point for the formation of AP C3 convertases57,58. Three other 
vital proteins in C3 regulation are the membrane-bound proteins CD35 (also termed 

complement receptor 1), CD46 (also termed membrane cofactor protein) and CD55 (also 
termed decay-accelerating factor). CD35 acts as a cofactor for the FI-mediated cleavage of 

C3b to iC3b and further to C3d. CD46 acts as a cofactor for FI. CD55 acts to accelerate the 
dissociation of the C3 convertase. Notably, these surface regulators are not present on the 

basement membranes that rely on FH to prevent deposition on host surfaces. 

 

 
1.2.1. Factor H protein family 

 
The FH protein family is comprised of FH, FHL and five factor H-related proteins (FHR1, FHR2, 
FHR3, FHR4, FHR5). The FHR proteins are encoded by separate genes, but are structurally 

similar to FH. The CFH-CFHR locus is shown in Fig 1.2, and the FH-FHR protein family is 
displayed in Fig 1.3. All genes encoding for the proteins are located on chromosome 1q32 in 

the regulators of complement activation (RAC) gene cluster59. Like the FH, the FH splice 
variant and the related proteins are translated into proteins assembled exclusively of short 

consensus repeats (SCR, also termed as complement control proteins [CCP] or sushi 
domains) domains. Each SCR domain consists of about 60 amino acids being linked to each 

other by 2-3 amino acids.  

The genes encoding the FH-related proteins are located downstream of the cfh gene in the 
genomic sequence: CFHR3, CFHR1, CFHR4, CFHR2 and CFHR5. The genomic locus 



General	Introduction	

	
	

27	

containing the CFH and CFHR genes contains short and long areas of sequence identity. This 

enables non-allelic homologous recombination events, which results in gene deletions; gene 
duplications and less commonly, hybrid genes60. A common example is the complete deletion 

of the CFHR3 and CFHR1 genes61.  
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Fig 1.2. Schematic depiction of the human CFH-CFHR gene locus 

This locus is situated on chromosome one and spans approximately 358 kb. It contains areas of long homologous 
repeats (depicted in colour), which predispose to non-allelic recombination events that can result in gene deletion 
or the formation of hybrid genes. Black arrows indicate position of the CFH and CFHR genes. Note the genomic 
order of the CFHR genes does not follow the numerical sequence i.e. the order is CFHR3, CFHR1, CFHR4, CFHR2 
and CFHR5. 

	

	

	

	

Fig 1.3. Schematic depiction of the FH protein family 

Alignment of SCR domains of FHRs to FH. The numbers indicate the percentage of amino acid sequence identity 
between SCR domains within the FHR proteins and the aligned FH domains. For example, SCR4 of FHR1 is 100% 
identical to SCR19 of FH. For FH: SCRs depicted in red habour C3 regulatory function the two carboxy-terminal 
SCRs, displayed in blue, are reffered to as surface-targeting domain. For FHRs: SCR displayed in green contribute 
to homodimerisation of FHRs.  
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1.2.2. Factor H  
 

FH is a plasma glycoprotein comprised of 20 SCR domains (Fig 1.3)62. Studies have 

demonstrated the functions of FH to be localised to specific sets of domains. The four amino-
terminal SCRs mediate the C3 regulatory activity63. This region contains a C3 binding site, the 

FI co-factor activity for cleavage of C3b to iC3b as well as the C3 convertase decay-
accelerating activity64-66. Further C3b binding sites are located within SCR12-14 and in SCR19. 

The surface targeting domains of FH are located inSCR767 that binds to glycosaminoglycans 

and SCR2068,69, which has binding activity for glycosaminoglycans as well as sialo-
glycoconjugates. FH displays nine potential N-glycosylation sites, of which eight are 

glycosylated with sialic acid capped complex bi-and triantennary N-glycans at arginine 
positions N217, N529, N718, N822, N882, N911, N1029 and 109570. It is noteworthy to 

mention, that none of the glycosylated sites are present in the glycosaminoglycan binding site, 
or in the surface targeting domain. The majority of the plasma FH is secreted by the liver. 

However, other tissues and cell types express FH. The CFH gene displays several mutations 
and polymorphisms that are associated with diseases such age related macular 

degeneration71, atypical haemolytic uremic syndrome and C3 glomerulopathy66. 

 
 
1.2.3. Factor H-related proteins 
 
The SCR domains of all five FHR proteins show high sequence similarities to those of FH. Yet, 
unlike FH, none of the FHR proteins possess amino-terminal domains with homology to the 

C3 regulatory domains present in FH (Fig 1.3). Consequently, none of the FHR proteins show 

intrinsic complement inhibiting activity. All FHR proteins have binding sites for C3b located at 
their two carboxy-terminal SCRs that share high sequence similarity to SCR19-20 of FH. The 

related proteins can be divided into two groups: group one containing FHR1, FHR2 and FHR5; 
group two containing FHR3 and FHR4. FHR1, FHR2 and FHR5 share the initial two amino-

terminal SCRs that mediate dimerisation and thus are referred to as dimerisation domain (Fig 
1.4). These proteins are considered to circulate as obligate ‘head-to-toe’ dimers72. To date, 

only one heterodimer, FHR1-FHR2, has been convincingly demonstrated using heparin affinity 
chromatography72. FHR3 and FHR4 instead lack the dimerisation domain, but these two 

proteins display high sequence similarity to the glycosaminoglycan binding site of FH, located 
in SCR7. 
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Fig 1.4. SCR domain aligment between FHR1, FHR2 and FHR5 

The provided numbers indicate the percentage of amino acid sequence similarity between the aligned domains. 
Note the high similarity between the amino-terminal SCR1 and SCR2 domains of these proteins. The dimerisation 
domain (green SCRs) is conserved in all three proteins, enabling the formation of both homo and heterodimers. 
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1.2.3.1. Factor H-related protein 1 
 
In 1991 Timmann et al described a differentially glycosylated plasma protein that was reactive 

with goat antisera targeting FH73. In the same year Skerka et al published a paper on a protein 
cloned from a liver cDNA library that had the same sequence as the protein described by 

Timmann and colleagues74. These were the first characterisations of the protein later termed 
FHR1. In both articles, the high carboxy-terminal sequence similarity to FH was discussed. 

The FHR1 monomer is composed of five SCRs. The two amino-terminal SCRs forming the 

dimerisation domain display low sequence similarity to the equivalent SCRs in FH. In contrast, 
SCR3-5 show very high amino acid identity to FH domains 18-20 (Fig 1.3). FHR1 is expressed 

in at least four isoforms. It is distinguished into an acidic (FHR1A) and basic (FHR1B) isoform 
based on a three amino acid sequence in SCR3 that is either HLE or YVQ. In addition, the 

monomer can be post-translationally modified into two glycoforms. FHR1α is mono- and 

FHR1b is diglycosylated. The protein has two N-glycosylation sites, one in SCR2 at position 

N126 and the second in SCR3 at position N19475 (ref in supplementary data). A non-

glycosylated protein seems not to be detectable in plasma. The median plasma concentration 
of FHR1 ranges between 70 to 100 µg/ml. Like FH, most of the plasma protein is liver-derived, 

but FHR1 can be expressed in different tissues as well76. The biological function of FHR1 is 
controversial. One hypothesis is that the protein shows complement regulatory activity, as it 

has been shown to interfere with the assembly of the C5 convertase, blocking the cleavage of 
C5 and thereby inhibiting the release of the chemotaxin C5a and the MAC component C5b77. 

Conversely, other investigators argue that FHR1 has no intrinsic C3 regulatory activity. In vitro 
experiments have shown that it competes with FH for binding to surface C3b, leading to 

increased lysis of guinea pig erythrocytes. This process has been termed FH de-regulation72,78. 

 
 
1.2.3.2. Factor H-related protein 2 

 
FHR2 is a plasma glycoprotein composed of four SCRs with a molecular weight of 30.6 kDa, 

based on the amino acid backbone. The protein has one N-glycosylation consensus sequence 
located in SCR2 at position N126. It circulates in plasma in two glycoforms, a 

monoglycosylated and a non-glycosylated form running at 29 kDa and 24 kDa, respectively 
under non-reducing SDS-PAGE conditions. The protein was first observed and mentioned in 

a publication by Timmann and co-authors in 1991, where it was co-purified with FHR173. FHR2 

was purified from plasma, the associated cDNA was cloned from a human cDNA library and 
sequenced and by Skerka et al79. It belongs to group I of the related proteins as the SCRs1-2 

are very similar to those of FHR1. Like FHR1, the cDNA FHR2 corresponds to a 1.4 kb mRNA.  
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1.2.3.3. Factor H-related protein 3 
 
FHR3 is a plasma glycoprotein consisting of five SCR domains. Like FHR1, a 1.4 kb mRNA is 

translated into a 330 amino acids long sequence with a molar weight 37 kDa. In contrast to 
FHR1, FHR3 has four, instead of two, potential N-glycosylation sites. These sites reside in 

SCR2 (N108), SCR3 (N185, N205) and SCR5 (N309). The protein was first characterized by 
cloning a cDNA from a human cDNA library80. The protein displays three N-glycans at N108, 

N205 and N30981. This is reflected by the appearance of several bands reactive with anti-

FHR3 antibodies in western blot analysis of human plasma82. The average plasma 
concentration is estimated to range between 50-80 µg/ml83. 

 
 
1.2.3.4. Factor H-related proteins 4A/4B 

 
Among the factor H-related family, only the FHR4 pre-mRNA has been shown to be 

alternatively spliced84. The FHR4 mRNA can be processed into two amino acid sequences 

resulting in proteins with a molar mass of 65.3 kDa and 37.3 kDa, respectively. The large 
protein is termed FHR4A and the small FHR4B.  

A cDNA encoding the FHR4B variant was cloned in 1997 from a human cDNA library, but the 
cDNA open reading frame encoding the full length FHR4A was cloned in 200584. FHR4A is 

composed of nine SCR domains including seven potential N-glycosylation sites present in 
SCR2 (N127), SCR3 (N186, N206), SCR6 (N374), SCR7 (N433, N453) and SCR9 (N557). 

Currently no glycoproteomic data are available for FHR4A. Under non-reducing SDS-PAGE 
conditions the protein migrates at 86 kDa indicating a high level of glycosylation. The protein 

shows sensitivity to treatment with PNGaseF resulting in three bands. This implies that the 
protein circulates in plasma as one glycoform. The protein displays two highly similar sequence 

regions, A SCR1-4 and B SCR5-8. This tandem repeat likely evolved by duplications of exons 

two to five.  
FHR4B is translated from an mRNA that is alternatively spliced through an in-frame deletion 

of exons three to six, resulting in a protein consisting of 5 SCR domains. The protein migrates 
as single band, under non-reducing SDS-PAGE conditions, at 45 kDa. The plasma 

concentrations of the FHR4A and FHR4B proteins are unknown. However, western blot 
analyses indicated that the FHR4A concentration is likely higher than that of FHR4B84. 
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1.2.3.5. Factor H-related protein 5 
 

This liver secreted plasma glycoprotein consists of 9 SCRs. Two potential N-glycosylation sites 

are located in SCR2 (N126) and SCR7 (N400). The non-glycosylated protein has a molar mass 
of 62.5 kDa. Western blot analyses of the plasma-derived protein display a single band 

migrating at 65 kDa. This indicates that the protein is glycosylated at both positions and 
circulates in plasma as a single glycoform.  

Unlike the other FHR proteins, the existence of FHR5 was not shown by cDNA cloning, neither 

mRNA extraction, nor by direct characterisation from plasma. FHR5 was firstly described as 
an antigen of a monoclonal antibody, which was generated by immunisation of mice with 

electron-dense material isolated from glomeruli85. Subsequent to this finding, the cDNA 
encoding the FHR5 protein was cloned from a human liver library.  

 

 
1.3. Complement associated diseases 
 
The correct function of the complement system is not just critical to the innate immune 

response to invading microorganisms. In addition, it contributes to homeostasis by clearance 
of apoptotic and necrotic cells 86 as well as the maintenance of cell survival87. Normally, there 

is tight regulation of complement activation to ensure that activation is appropriately targeted 

to limit damage to host tissues and to prevent unnecessary consumption of complement 
components. Under strong physical stress such as pregnancy, trauma and severe infections 

the complement system can become imbalanced and activation can be sub-optimally 
regulated. Extreme examples of ‘complement dysregulation’ derive from descriptions of the 

pathology that occurs in individuals who have genetic defects in complement regulation. These 
extreme examples include C3 glomerulopathy (C3G), atypical haemolytic uraemic syndrome 

(aHUS) and red cell lysis in paroxysmal nocturnal haemoglobinuria. More commonly, there is 
less extreme variation in complement regulation. This is likely to be pathophysiologically 

relevant to the complement-associated disease age-related macular degeneration (AMD).  
In aHUS, AMD and C3G, the most frequent causes of complement dysregulation are 

abnormalities in FH. FH dysfunction may arise from protein deficiency, the occurrence of hybrid 

genes that disrupt FH function and the occurrence of protein sequence changes that disrupt 
FH function. Mutations in FHR proteins, through FH de-regulation, can compromise the 

physiological role of FH.  
I will summarise aHUS and AMD and then, as my thesis is focused on the glycan ligands for 

FHR5, I discuss C3G in detail. I will futher discuss the glycan composition of the glomerular 
basement membrane (GBM), as this is a main site of complement activation in C3G patients.   
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1.3.1. Atypical haemolytic uremic syndrome 
 
aHUS arises from a combination of insufficient complement regulation and inappropriate 

complement activation on the surface of the renal endothelium. It is a rare, genetic, life-
threatening disease that is elicited through complement dysregulation, resulting in platelet, 

leukocyte, and endothelial cell activation. The disease is characterized by the formation of 
renal microthrombi (resulting in renal thrombotic microangiopathy [TMA]) and mechanical 

haemolysis of microvascular endothelial cells (resulting in microangiopathic haemolytic 

anaemia). It commonly results in end-stage renal disease (ESRD)88.  
Over half of all aHUS patients display mutations in the genes encoding for FH, FI and CD4689. 

FH and CD46 are pivotal regulators of surface complement activation as they serve as 
cofactors for FI-mediated cleavage of C3b. Mutations impairing their function include those 

preventing the recruitment of FI to the cell surface. In turn, a mutation of C3 binding site and/or 
the catalytic site in FI prevents cofactor activity. Additionally, some mutations affecting the CFI 

gene result in reduced plasma secretion of FI90.  
The surface binding domain in FH (SCR19-20) is a ‘hot spot’ for mutations and 

polymorphism89. Alterations of the peptide sequence can lead to impaired binding of FH to 
surface carbohydrates such as GAGs and sialo-glycoconjugates as well as surface-bound 

C3b91,92. Some patients display a FH/FHR1 hybrid protein, in which the SCRs19-20 of FH is 

replaced with SCRs4-5 of FHR193. The hybrid protein displays inadequate surface binding94.  
In a smaller proportion of aHUS cases, genetic modifications affecting the AP C3 convertase 

proteins, C3 and factor B, are present. These are ‘gain-of-function’ changes that result in C3 
convertases that are resistant to normal regulation by regulators such as FH. Mutations in C3 

result in reduced binding of regulatory proteins95, while mutations in FB can lead to a hyper-
functional C3 convertase displaying resistance against the decay activity of FH and CD4696.  

FH autoantibodies (FHAA) are an acquired cause of 3-5% aHUS in Europe and North America. 
Many of the analysed FHAAs target the surface-binding domain of FH and thus impair binding 

of surface C3b97 and potentially the interaction with surface carbohydrates as well. More recent 
research suggests that FHAAs impair FH function beyond its surface-targeting property98. 

Interestingly, the appearance of FHAAs correlates with homozygous deficiency of FHR1 and 

homozygous deletion of CFHR3-CFHR1 genes99. Complement mediated aHUS amounts to 
60% of total cases100. To date, more than 200 aHUS associated mutations have been 

described101.   
Defects in non-complement related genes are very rare in aHUS. Mutations within the DGKE 

gene are associated with aHUS102. The gene encodes diacylglycerol kinase epsilon, in 
platelets and podocytes is associated with endothelial cell activation via the protein kinase C 
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pathway and induction of pro-thrombotic proteins. Besides genetic abnormalities a large range 

of environmental triggers have been linked to aHUS including infectious agents from bacteria, 
fungi, viruses and parasites; drugs; vaccines; pregnancy, autoimmune disease (e.g. Systemic 

lupus erythematosus); organ and bone marrow transplants; cancer and defects in metabolism. 
It is considered that both a susceptibility factor (most commonly a complement gene mutation) 

and an environmental trigger (e.g. infection) are needed for aHUS to manifest. 
Generally, in aHUS the complement dysregulation is localised to the endothelial cells of the 

glomerulus, resulting in renal TMA. However, neurological103 and cardiac damage104 have 

been reported in complement-associated TMA suggesting that FH may be important in the 
regulation of complement along non-renal endothelial surfaces. 

 
 

1.3.2. Age related macular degeneration  
 
Age-related macular degeneration (AMD) is worldwide leading cause of blindness, with a 
significantly increased prevalence in North America and Europe and of individuals with 

Caucasian ancestry105. AMD is caused through damage to the retinal pigment epithelium 
(RPE), the Bruch’s membrane and the choriocapillaris of the eye. AMD is a leading cause of 

visual impairment. The disease onset is characterised by the development of extracellular 

debris (termed drusen) along and finally beneath the RPE. This early stage is characterised 
by reduction of visual acuity as a consequence of changes in the RPE resulting from 

intracellular accumulation of lipofuscin, cell detachment from Bruch’s membrane and cell 
death106. In advanced AMD, patients display geographic atrophy (GA, also referred to as dry 

AMD) or choroidal neovascularization (CNV, also referred to as wet AMD), which lead to 
severe visual impairment and loss of vision, respectively. GA is diagnosed, when the RPE 

exhibits cell degeneration in one or more areas, of a diameter lager than 175 µm107. CNV is 
characterized by angiogenesis of new blood vessels emerging from the choriocapillaris. The 

vessels penetrate through the Bruch’s membrane and the RPE into the retina inducing fibrosis 
and the formation of scar tissue106. AMD onset is linked to wide range of demographic, 

environmental and genetic risk factors. The strongest risk factor for developing AMD is aging. 

Environmental risk factors include smoking108, light exposure, obesity and diet109,110. Among 
the genetic risk factors, mutations in genes encoding for complement proteins, the HDL 

cholesterol pathway, collagen matrix proteins and angiogenesis pathway have been identified. 
In 2005 a major genetic risk haplotype was demonstrated in the Cfh gene, a single nucleotide 

polymorphism (SNP) that results in the substitution of tyrosine with a histidine amino acid at 
position 40271,111,112. Demographically this polymorphism is observed in 30-35% of Caucasian 
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individuals, which carry a twofold higher risk of AMD onset113. Subsequent genome-wide 

association studies revealed further complement genes associated as AMD risk factors, 
comprising FB114, FI115, members of the FHR protein family116, C2, C3117,118 and C9119. 

Haplotypes displaying the CFHR1 and CFHR3 gene deletion have been shown to be protective 
in AMD120. Immunofluorescence analysis of the RPE, Bruch’s membrane and the choroid of 

AMD patients indicated the contribution of complement components and complement 
activation. The dissection of drusen-containing specimens displayed C3 and C5 fragments, 

whereas the Bruch’s membrane proved positive for C5b-9121. Individuals of the Y402H 

haplotype have demonstrated higher levels of C5b-9122,123 in drusen, indicating an increased 
activation of the alternative pathway. Ligand binding experiment of the FH-402H variant 

demonstrated altered binding among others to CRP, necrotic cells, DNA124 and the M protein 
from group A streptococcus125. The two FH variants displayed differential binding to heparan 

sulphate (HS) and heparin. Chromatography and plate-based analysis of FH-SCR6-8 
fragments demonstrated lower interaction of FH-402H than the FH-402Y haplotype with 

heparin. Binding studies using selectively de-sulphated heparins displayed that the FH-402Y 
haplotype retains stronger binding than FH-402H126. Interrogation of the two haplotypes for 

binding to the GAGs demonstrated equal binding to chondroitin sulphate A (CSA), chondroitin 

sulphate C (CSC) and dermatan sulphate (DS). A qualitative difference was observed for the 
binding to HS, demonstrating less interaction with the FH-402H haplotype127. It is noteworthy 

that a series of plate-binding experiments were conducted using biotinylated GAGs. A 
modification of binding properties was not dissected in those studies. Analysis of human 

macular specimens, derived from non-AMD donors, displayed overlapping tissue distribution 
in the RPE and the Bruch’s membrane, but deferential binding intensities of the two FH 

variants. In both tissue compartments FH-402Y elicited significantly stronger binding signals 
than FH-402H. Interestingly, FH402H was the only of the two to be detected in the 

choriocapillaris127. The FH-Y402H SNP occurs within SCR7, in which one of the GAG binding 
sites of FH is located. The work of Clark, Day, Bishop et al. indicate that the FH-Y402H 

polymorphism leads to reduced surface recognition/binding, diminishing FH complement 

regulation and thereby promoting inadequate complement activation in the retina.  
 

 

1.3.3. C3 glomerulopathy (C3G) 
 

The term C3 glomerulopathy (C3G) describes glomerulonephritis characterised by the 

deposition of C3 within the glomerulus. The accumulation of C3 is commonly caused by 

dysregulation of the AP and is seen along the glomerular basement membrane (GBM) and 
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within the mesangium. C3G is distinguished from other form of glomerulonephritis, such as 

membranoproliferative glomerulonephritis type I (MPGN I) or post infectious glomerulo-

nephritis, by the lack of scarcity or immunoglobulin deposition. Pathologically, C3G is sub-
classified into dense deposit disease (DDD) and C3 glomerulonephritis (C3GN). Patients with 

DDD typically display low plasma C3 levels (due to uncontrolled AP activation) and abnormal 
deposition of C3 along the GBM. In DDD there is electron-dense intra-membranous deposits 

along the GBM. C3GN patients in contrast may have normal plasma C3 levels but still have 

abnormal glomerular C3 deposition. The electron-dense changes in the GBM are typically sub-
endothelial rather than intra-membranous. In both cases patients progress to end stage renal 

disease (ESRD) with the necessity of an allograph transplant or lifelong dialysis. 

 
 

1.3.3.1. Dense deposit disease 
 
The orphan disease DDD is commonly diagnosed in children and adolescents affecting both 

sexes equally. In 50% of DDD diagnoses individuals progress during ten years to ESRD, 
requiring dialysis and/or a renal transplant128. Recurrence of DDD and its associated 

glomerular changes are major problems in post renal transplantation, as approximately 50% 
of allografts are lost within five years129,130. In a survey conducted at the University of Iowa 

comprising 98 individuals 90% of presented cases displayed proteinuria, 84% were positive 
for haematuria and more than half of the cases were hypertensive. The median patient age at 

diagnosis is 14 years131. Besides the pathological manifestation affecting the kidney, DDD 
patients also show formation of drusen, deposited within the Bruch’s membrane and the 

choriodcapillaris. Yet, the drusen developed in association with DDD have a different less 
severe pathology than those causative for AMD132. In rare cases DDD is associated with 

acquired partial lipodystrophy (APL). APL is characterised by the loss of subcutaneous facial 

fat. However, the symptoms can extend to neck, thorax, shoulders and arms. The disease 
precedes the DDD onset by approximately eight years133.  

The name DDD originates from the ribbon-like, highly electron-dense deposits located within 
the lamina densa of the GBM seen in electron microscopy. Depletion of plasma C3 is triggered 

by various mechanisms. The most common cause is the stabilization of the C3 convertase by 
C3 nephritic factors (C3NeF)134. C3NeF are antibodies that bind to AP C3 convertases. About 

80% of presented DDD cases are associated with C3NeF. Similar to the alternative pathway 
activator properdin, C3NeFs stabilise the AP C3 convertase and thereby interfere with the 

decay activity of FH. Alternatively, mutations in the regulatory amino-terminal domains of 
FH135,136, homozygote FH deficiency, defects in FH secretion137 and autoantibodies targeting 
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the first 4 amino-terminal FH138 are associated with DDD. A risk factor shared between DDD 

and C3GN are mutations clustering in the C3 molecule. Some of these mutations result in a 
gain of function, manifesting in a more potent C3 convertase, as a consequence of impaired 

FH binding and regulation139. Gain of function mutations in FB affecting the efficacy of the AP 
C3 convertase are associated with aHUS. In a recent case study of familial C3GN a 12-year-

old girl was diagnosed with a gain of function mutation in FB140. To date no gain of function 
mutations in FB have been linked to the pathology of DDD. Yet, different polymorphic 

haplotypes of FB influence AP convertases activity and therefore genetic variants contribute 

pathological severity141,142.  

Laser micro-dissection with subsequent mass spectrometry (MS) of glomeruli specimens of 

DDD showed that, in addition to C3, other markers of complement activation were found143. 
These included C5b and MAC components, but not FB. The absence of FB in the deposits is 

in accord to the formation of fluid-phase instead of surface-anchored C3 convertase. The MS 
analysis by Sethi et al. also demonstrated FHR1 and FHR5 specific peptides in the electron 

dense deposits. A recent case study of two individuals, having a FHR2-FHR5 hybrid protein, 
displayed identical electron-dense material within the GBM as observed in DDD144. Genetic 

analysis demonstrated a chromosomal deletion of exon IV in the CFHR2 gene. The 3 kb 

deletion results in a loss of the two carboxy-terminal SCRs of FHR2 as well as the deletion of 
exon I of the CFHR5 gene. As consequence a novel FHR21,2-FHR5 hybrid protein, comprised 

of SCR1-2 of FHR2 and SCR1-9 of FHR5, is secreted into plasma. ELISA-based experiments 
showed a marked increase in binding of FHR21,2-FHR5 to C3b compared to the individual 

FHR2 and FHR5 proteins as well as FH. Kinetic binding analysis to fluid-phase C3b revealed 
a more than seven-fold stronger interaction of the hybrid protein (KD 96.3 nM) compared to FH 

(KD 753 nM). Functional studies of the hybrid protein, performed in microtiter plates, 
demonstrated that FHR21,2-FHR5 on the one hand promoted AP C3 convertase formation and 

stabilised the complex, while on the other hand reduced the FH-mediated decay of the 
convertase. Additional experiments using serum specimens displayed that the hybrid protein 

activated the AP. Tests for C3NeF, C3, and FB autoantibodies were reported to be negative. 

Although, C3NeF causes the vast majority of DDD there is a growing interest in trying to 
understand the contribution of FHR proteins to complement regulation. The pathology 

associated with the reported FHR21,2-FHR5 hybrid adds a new, more complicating, genetic 
risk factor to DDD. 

 
 

 



General	Introduction	

	
	

39	

1.3.3.2. C3 glomerulonephritis 
 
In C3GN the histopathology is characterised by dominant deposition of C3 in the mesangium 

as well as in capillary walls. Electron-dense deposits are typically sub-endothelial but can also 
be sub-epithelial in location. In some cases, electron microscopy shows regions of 

discontinuous intramembranous deposits. However, these structures are neither osmophilic 
nor do they have the DDD characteristic ribbon-like appearance. Unlike DDD, C3GN is not 

usually associated with either APL or ocular drusen. In a French study of 19 individuals with 

C3G, six individuals demonstrated histological features of C3GN. The genetic analysis of these 
six demonstrated mutations in genes encoding for FH, FI and MCP145. Each patient displayed 

a single mutation or deletion. The mutations in FH localised in the C3 regulatory SCR2 domain; 
the C3b binding SCR11 domain and the surface targeting SCR20 domain. Two genetic 

abnormalities in FI were found in its low-density lipoprotein receptor (LDLr) domains. A single 
individual displayed two heterozygous mutations in the gene encoding for MCP (membrane 

cofactor protein, or CD46), one residing in the exon encoding SCR3. SCR3 of MCP falls into 
the active site of the protein and thus the mutation likely interferes with C3b ligand binding. All 

of the mutations correlated with C3GN in the French study had been previously associated 
with aHUS indicating that the complement dysregulation occurs at site of surfaces rather than 

in the fluid-phase. The most common genetic cause of C3G is a heterozygous mutation in 

FHR5 that was first identified in Cypriots146. This renal disease was referred to as CFHR5 
nephropathy and is discussed next.  

 
 
1.3.3.3. CFHR5 nephropathy and familial C3 glomerulonephritis  

 
CFHR5 nephropathy is a subtype of C3GN. CFHR5 nephropathy was the firstly described as 
familial C3GN published in 2010146. Individuals typically showed no abnormalities in plasma 

complement levels and were negative for C3NeF. Using multiplex ligation-dependent probe 
amplification (MLPA) a copy number variation was detected in the CFHR5 gene resulting in a 

heterozygous internal duplication of exons 2 and 3. The result is the secretion of a mutated 

FHR5 protein that has two extra amino-terminal SCR domains. The wild-type FHR5 is a 9 SCR 
domain protein, whereas the FHR5 nephropathy-associated mutant protein contains 11 SCR 

domains (denoted as FHR512123-9). 
Affected individuals presented with clinical symptoms that included microscopic haematuria, 

of which 25-50% develop macroscopic haematuria in conjunction with respiratory tract 
infections (synpharyngitic macroscopic haematuria). During the period of macroscopic 

haematuria, the patients suffer from reduced renal function. For reasons that remain unclear, 
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male patients have worse disease progression. They can develop stepwise deterioration in 

renal function manifesting in ESRF at ages between 30-70 years147. CFHR5 nephropathy can 
recur in the renal transplant, but has not threatened graft survival148. The reoccurrence of 

symptoms provides evidence that the pathology is caused by protein not locally expressed in 
renal tissues, but from hepatic expression and secretion. Of the participants of a Lancet study, 

all individuals’ positive for the FHR5 mutation had ancestry from Cyprus. The inherited 
autosomal dominant genetic defect had a penetrance of 90%. The correlation of FHR512123-9 

and the C3GN specific histology of specimens indicated that the mutant is the cause of the 

disease, thus the authors chose to name it CFHR5 nephropathy. However, a working model 
of how FHR512123-9 leads to dysregulation of AP remains to be established. Since the 

description of FHR5 nephropathy, additional familial C3GN due to other FHR mutations has 
been described. These include a hybrid FHR3-FHR1 protein149, in which the protein contains 

amino-terminus SCR1-2 of FHR3 linked to SCR1-5 of FHR1. Another study showed an internal 
duplication of exon 2 and exon 3 of the CFHR5 gene150. Although the translated protein had 

the same phenotype and resulted in identical clinical symptoms to Cypriot index case CFHR5 
nephropathy, the index family was of non-Cypriot ancestry. Genetic breakpoint analysis of the 

two mutant FHR5 genes showed that the Cypriot and non-Cypriot FHR5 mutants were 

genetically distinct. A recent case study of familial C3GN demonstrated a FHR5-FHR2 hybrid 
protein 151. The genetic rearrangement linked exons 1,2,3 of CFHR5, at the 5’ end, with exons 

2,3,4,5 of CFHR2. Similar to the FHR512123-9 mutants the FHR5-FHR2 hybrid consists of two 
dimerisation domains. However, western blotting analysis of affinity-purified and size-

separated plasma samples from a patient positive for the CFHR5-CFHR2 hybrid gene, 
displayed additional reactive bands unrelated to the theoretical molecular weight of the mutant 

FHR5-FHR2 protein. A similar effect had not been observed for the FHR512123-9 mutants. The 
authors hypothesise that the reactivity is based on the formation of high molecular weight 

complex which includes different members of the FHR family and that these complexes form 
on FHR5-FHR2 as the duplicated dimerisation domain in theory enables the assembly of 

oligomers unrestricted in size. Further abnormalities in the CFHR5 gene have been associated 

with aHUS152and nephritis153. The mechanism to explain the association between familial C3G 
and abnormal FHR proteins remains unclear. The current hypothesis is that these abnormal 

FHR proteins interfere with the ability of FH to inhibit C3 activation along the GBM. This has 
been demonstrated in vitro using guinea-pig erythrocytes as a heterologous surface72. Notably, 

FHR5 was coincidently identified as a component of glomerular deposits in 200185. Based on 
this finding, renal specimens of 100 biopsies, at the Vincent’s Hospital Melbourne, were 

immunohistochemically interrogated for FHR5 deposition. The published data showed that 
wherever there was glomerular C3 deposition, FHR5 reactivity was present. They showed this 
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phenomenon for multiple renal diseases including diabetic nephropathy, chronic interstitial 

nephritis, membranous glomerulonephritis, class IV lupus nephritis, IgA nephropathy and post-
infectious glomerulonephritis. The authors concluded that “FHR5 is almost invariably deposited 

when complement is activated or deposited in human kidneys; therefore, it is likely to have a 
role in complement activation, regulation, or further mediation of the effects of complement in 

glomeruli”154. Whether the same might apply for FHR1 and FHR2 remains unclear.  

 
 
1.3.4. Glomerulus basement membrane (GBM) heparan sulphate proteoglycans 
 
The GBM is an indispensable component of the glomerular filtering unit that enables the 

passage of water and solutes from the blood stream into the urinary space, while retaining 
plasma proteins within the capillary lumen. The GBM is lined on the side facing the capillary 

lumen by fenestrated endothelial cells to allow plasma to reach the membrane. 
The GBM side facing the urinary space, also termed Bowman`s space, is lined by glomerular 

visceral epithelial cell that are referred to as podocytes, these extend foot-like structures along 
the membrane. The physiological function of the foot processes is to form slit diaphragms. The 

GBM is special to other basement membranes based on its unusual thickness. In fact, the 

GBM is assembled of two distinct membranes, and synthesised and secreted from both the 
endothelial cells and podocytes, respectively as shown by the analysis laminin distribution in 

developing glomeruli155. The GBM is subdivided into lamina rara interna that is adjacent to the 
endothelial cells, the intermediate lamina densa and the lamina rara externa facing to the 

podocytes.  
The main proteins within the GBM are type IV collagen, nidogen and HS (HS) proteoglycans 

(HSPG). These proteins form an interwoven mesh-like structure forming a size- and charge-
selective filtration barrier156-158. The negative charge of the GBM is introduced by HSPGs as 

demonstrated by Kanwar and Farquhar in 1979. The treatment with heparinise results in loss 
of cationised ferritin, whereas untreated specimens retained ferritin in the GBM159. In the same 

year they successfully isolated HS form the GBM160.  

Immunohistochemical analysis of human renal specimens using anti-agrin antibodies revealed 
that agrin161 is the main HSPG in found in the GBM among with perlecan and collagen type 

XVIII162. These three proteoglycans possess three to four attachment sites for HS163. In 
perlecan the HS side chains can be substituted with chondroitin sulphate or DS164. Based on 

the retention of positively charged ferritin in the GBM it was believed that the negative charges 
of the HS side chains contribute to the repulsion of plasma proteins, especially in case of 

albumin. Injection of antibodies targeting GBM HS into rats elicited transient proteinuria165. The 
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authors concluded from their results that the HS specific antibodies neutralise HS in the GBM 

and thereby enable passage of negatively charged proteins through the GBM. Opposing 
results were obtained in a study where the enzymatic degradation of HS by heparinase did not 

lead to proteinuria166, but that the enzymatic removal of HS from the GBM antagonises 
proteinuria triggered by sialidase injection into rats167. The authors proposed a model in which 

the HSPG agrin serves as anti-clogging factor that maintains an open state collagen IV network 
structure, providing pores for plasma proteins and solutes to pass the GBM without interacting 

with collagen IV, laminin or nidogen.  

Mice, with conditional knockout for podocyte derived agrin and a deletion of exon3 encoding 
for the HS attachment side in perlecan do not display aberrant glomerular filtration. The mutant 

mice neither expressed HS in the in the GBM, nor in the mesangium168. The double mutant 
mice exhibited no alternation in glomerular ultrastructure compared to control animals. For 

instance, all mice demonstrated comparable GBM thickness and proteinuria could not be 
detected for mice at 15 months of age. At present, there is no unambiguous answer as to 

whether the negative charge of the GBM functions as barrier against secretion of plasma 
proteins into the urinary space. However, HS side chains of the glomerular HSPGs have the 

potential to mediate local inflammation. HS modulation of inflammation is multifactorial. On the 

one hand, antithrombin III binding to HSPGs can attenuate neutrophil migration and adhesion 
to inflammatory sides. On the other hand, leukocyte infiltration into injured tissue depends on 

chemokine gradients, which are established by binding of chemokines to HS. A yet 
underrepresented aspect of HS chains is that they can function as host surface markers. This 

might be especially relevant for the regulation of complement on surfaces that lack membrane 
bound complement regulators, such as the GBM.  
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1.4. Overview Carbohydrates  
 

Besides nucleic acids, amino acids and fatty acids carbohydrates are the fourth indispensable 

major building blocks of life. They are found in all organisms from archaea to humans and also 
viruses. Carbohydrates appear as single monosaccharides or as chains of differing lengths, of 

up to hundreds of monosaccharides. As one of the main types of building blocks they are 
involved in the anabolism and catabolism pathways. Glucose is the product of the 

photosynthesis in plants and cyano bacteria and the catabolite of the Calvin cycle in plants and 

the glycolysis pathway in animals. Carbohydrates serve as energy storage in the form of starch 
and glycogen. In plants and bacteria carbohydrates are components of the prericellular 

scaffold, for example of in former as cellulose and the latter as peptidoglycans. As part of the 
phosphate-sugar-backbone of ribonucleic and deoxyribonucleic acids carbohydrates are an 

essential component for carrying the genetic code. Nearly all cell surfaces are covered with 
carbohydrates, where they are referred to as glycocalyx.  

Among other, they serve as surface markers by which the immune system can differentiate 
between host and non-host cell surfaces and immune responses to invading pathogens.  

The majority of secreted proteins are glycosylated; the carbohydrate chains serve as 
recognition structures that are determinants of the plasma half-life of glycoproteins. Apart from 

cell surface glycosylation, certain intracellular proteins are glycosylated with a single N-
acetylglucosamine (GlcNAc) to switch signalling pathways on or off, similar as seen for 

phosphorylation169. The different monosaccharides and the wide range of combinations confer 
enormous diversity to carbohydrates and thereby contribute to diversity of the carrier proteins. 

The science of glycobiology, the interrogation of carbohydrate structures and their biological 
functions, evolved from the field of carbohydrate chemistry. Carbohydrates are a chemical 

substances class of hydrated carbon molecules. Per definition they are polyhydroxy aldehydes 
and polyhydroxy ketones, respectively. The macromolecular structure can be split by 

hydrolysis into single fragments termed as monosaccharides. A monosaccharide molecule 
consists of at least three carbons, one hydroxyl as well as one aldehyde or one ketone group. 

Based on the carbonyl group they are termed either aldoses or ketoses. Deviating from this 
basic classification the hydroxyl groups of monosaccharides can be substituted by functional 

groups such as N-acetyl, carboxylic acid or sulphate. 	

The monosaccharide molecule can exist in two conformations an open-chain or a ring form, 

also referred to as cyclic form. In oligo- and polysaccharides the monosaccharides are found 
in the ring form, where the individual monosaccharides are O-glycosidic linked to each other. 

Commonly, the conjugation three to ten monosaccharides are referred to as oligosaccharides 
and the term polysaccharide is reserved to carbohydrate molecules lager than ten 
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monosaccharides. The term glycan is generally used to describe mono-, oligo-, or 

polysaccharide and carbohydrate moieties of glycoconjugates such as glycoproteins or 
glycolipids. A glycoconjugate is defined as a molecule in which one or multiple glycones, either 

monosaccharides, oligosaccharides or polysaccharides, are covalently linked to an aglycone. 
The glycone moiety is attached via its free reducing carbonyl group (aldehyde or ketone) to 

aglycone.	

	

Structure of monosaccharides	

In the cyclic form of a monosaccharide the molecule contains an anomeric centre, which in 

case of an aldose is located at the C1 carbon and in case of a ketose at the C2 carbon. The 
glycosidic linkage of individual monosaccharides involves a covalent bond of the hydroxyl 

group at the anomeric centre and a hydroxyl group of the adjacent monosaccharide. The 
glycosidic linkage is differentiated in α- and ß-linkages, respectively. The type of linkage is 

determent by the relative position of the glycosidic oxygen atom to the carbon atom of the 
anomeric centre. In an α-linkage the two adjacent carbon atoms to the glycosidic bond have 

the same stereochemistry, while in a β-linkage the two carbon atoms have an alternating 
stereochemistry. The type of linkage in a glycan displays differential chemical as well as 

structural properties and therefore have varying biological functions.  
Currently many hundreds of individual monosaccharides have been described. The 

occurrence of these varies greatly between organisms. Archaea, bacteria and plants display a 

multitude of monosaccharides not present in animals. The majority of monosaccharides found 
in animal are pentoses, hexoses, hexosamines, deoxyhexoses, uronic acids and sialic acids. 

This basic palette of monosaccharides can be functionalised by hydroxyl substitution be 
chemical groups (sulphation, acetylation, methylation, etc.). 

 

 
Glycoconjugates 

A glycoconjugate consist of a glycone and an aglycone, which can either be a protein or a lipid. 

A protein with one or more glycans attached is termed glycoprotein. There are, two main types 
of glycan linkage to proteins. Glycans linked via GlcNAc to the nitrogen of an asparagine 

residue are termed N-glycans. The site of attachment of an N-glycan is determined by the 
amino acid sequence. The consensus amino acid sequence for N-glycosylation is Asp (N)-X-

Ser/Thr. The second amino acid can be any but proline. The glycosylation consensus 
sequence of proteins is presented to the endoplasmic reticulum lumen during translation to 

allow the N-glycosylation. All animal N-glycans share a conserved pentasaccharide core 



General	Introduction	

	
	

45	

consisting of two molecules GlcNAc, also referred to as chitobiose, and three molecules of 

Man with the following sequence Manα1–6(Manα1–3)Manβ1–4GlcNAcβ1–4GlcNAcβ1-Asn-
X-Ser/Thr (Fig 1.5). As the protein progresses through the endoplasmic reticulum to the Golgi 

apparatus mannose residues are removed while GlcNAc, galactose and sialic acid residues 
are added to form diverse complex and hybrid types of N-glycans. N-glycans are present on 

most of the plasma glycoproteins as well as on many surface anchored glycoproteins. The 
glycosylation has various functions, it influences the folding conformation as well as solubility 

of an N-glycoprotein and it determines half-life the in plasma. In addition, the glycan moiety 

may serve as ligand for carbohydrate binding proteins, also referred to as glycan-binding 
proteins, including not only the earlier described lectins, but also protein receptors such as the 

Fcy-receptor interact with glycans on presented on the heavy chain of antibodies.170 

The other main glycosylation of proteins is facilitated by covalent linkage to the hydroxyl group 
to the side chain of a serine or threonine residue, and is termed O-glycans. The sugar at the 

attachment site is commonly GalNAc, Man or Xylose. O-glycans of glycoproteins include eight 

different core structures that can be extend into longer and highly complex structures171. The 
largest O-glycosylated proteins belong to the family of mucins. Mucins are heavily O-

glycosylated glycoproteins that are present on nearly all cell surfaces. The glycone proportion 
of a mucin may account for up to 80% of the molecular weight. Unlike for N-glycosylation there 

is no conserved peptide sequence for O-glycosylation. However, the O-glycosylation takes 
place in a domain termed variable number of tandem repeat (VNTR). The VNTR domains 

display a high concentration of serine and threonine residues. In soluble and secretary mucins 
the VNTR domains are flanked by to stretches of cysteine rich domains.  

The salivary glands together with the epithelial cells of the gastrointestinal, genitourinary and 
respiratory tracts secrete gel-forming polymeric mucins, which serve as structural shield 

against chemical and physical stress as well as invasive pathogens. The polymeric mucins are 
secreted into the extracellular space where they oligomerise by forming disulphate bonds in 

their cysteine rich domains. Cell surface anchored mucins display a transmembrane domain 
that is extended into the cytoplasm as short carboxy terminal domain. Cell surface mucins are 

known to be involved in signal transduction, to mediate cell–cell adhesion as well as having 
antiadhesive function. Besides mucins, many other O- glycosylated proteins exist. These differ 

from the mucin family in regards of the reducing monosaccharide linkage to the peptide. The 
non-mucin O-glycans include α-linked O-fucose, β-linked O-xylose, α-linked O-mannose, β-

linked O-GlcNAc, α- or β-linked O-galactose, and α- or β-linked O-glucose glycans.171  

Proteoglycans (PG) are a special class of glycoproteins that contain glycans, termed 

glycosaminoglycans (GAGs), linked via O-xylose to a serine or threonine residue. The glycan 
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sequence is comprised of repeating disaccharide units. The disaccharide units consist of 

hexosamine and uronic acid. A PG contains at least one of these GAG side chains. Some PGs 
such as the cartilage component aggrecan can carry between 100 to 150 GAG172  side chains. 

The attached GAG side chain of a specific PG varies markedly by the expressing cell type and 
tissue, respectively. In addition to the GAG side chains, PGs generally carry N- and/or O-

glycans173.  

The fourth major class of glycoconjugates are glycolipids. Among these are glycosphingolipids, 

glycosylphosphatidylinositols and glycoglycerolipids. The most common glycolipids in 
vertebrates are glycosphingolipids. The glycan in glycosphingolipids is covalently linked via a 

reducing Gal or Glc saccharide to the terminal hydroxyl group of a ceramide (Cer) lipid174. The 
Cer aglycone is comprised of sphingosine, which is a long-chained amino alcohol, and a fatty 

acid chain. Cer differ in length, hydroxylation and saturation of the sphingosine as well as the 
fatty acid chain, opening a great variety of glycan acceptors. Yet, the main classification of 

glycosphingolipids is based on the structural differences of the glycan rather than the Cer. The 

basic distinction is made on the first monosaccharide linked to the Cer, which is either Gal or 
Glc. Galactosylcerramide (GalCer) and its sulphated version (S3GalCer) are the most 

abundant glycoconjugates found in the brain. The Gal can be capped by a sialic acid 

(Neu5Aca-3GalCer), termed as GM4. Gal based glycosphingolipids are rarely extended by 

larger oligosaccharide chains. Whereas glucosylceramides (GlcCer) in complex vertebrates 
are extended by oligosaccharide that are distinguished into four core structures, namely 

ganglio-, lacto-, neolacto- and globo-series (Table 1.1). GlcCer are expressed tissue specific. 

Ganglio-series glycosphingolipids are expressed predominantly in nervous tissue, while in 
haematopoietic cells neolacto-series glycosphingolipids (leucocytes) and globo-series 

glycosphingolipids are the mainly expressed core structures. The lacto-series 
glycosphingolipids are predominantly expressed by cells of secretory organs. Furthermore, 

glycosphingolipids can be classified according to their charge, which can be introduced by 
charged sugars such being sialic acids or substitution of hydroxyl groups of a monosaccharide 

with anionic groups such as sulphate. The nomenclature of sialylated glycosphingolipids can 
lead to some confusion as they have been termed traditionally as gangliosides irrespective 

whether the sialic acid is conjugated to a ganglio-series or one of the other glycosphingolipids 
core structures174.  

Glycosylphosphatidylinositols (GPI) are glycolipids in those a reducing glucosamine of the 
glycones are O-glycosidic linked to the inositol of a phosphatidylinositol. GPIs are a special 

form of glycolipids as they are exploited to anchor proteins in the outer leaflet of membranes. 
As in a GPI the reducing end is conjugated the inositol group, it cannot be used for attachment 
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to an amino acid. GPIs display a unique protein-carbohydrate linkage of a non-reducing Man 

that is linked via a phosphoethanolamine to the a-carboxy group of the carboxy-terminal amino 
acid of the anchored protein. The glycone moiety of a GPI consists of at least three Man 

residues. The three-mannosyl core can be variously branched by monosaccharides and 

oligosaccharide side chains, respectively, based on the expressing organism.175 

Glycoglycerolipids are found in organisms that perform photosynthesis. In plants and 
eukaryotic algae these glycolipids are located in the thylakoid membranes of the chloroplast 

and the thylakoids of cyanobacteria. The structure of the glycoglycerolipids present in 
cyanobacteria and plants is highly conserved, which is accordance of the endosymbiont 

hypothesis that postulates an incorporation of photosynthetically active bacteria into a 
eukaryotic progenitor cell to form the first plant cell. The common glycoglycerolipids of plant 

and algae chloroplast are monogalactosyldiacylglycerol (MGD) and digalactosyldiacylglycerol 

(DGD), respectively, where there amount to 80% of the lipid composition of the thylakoid 
membranes176. MGD is a non-amphipathic molecule, as it is not able to form lipid bilayers. The 

addition of a second Gal molecule renders DGD into an amphipathic molecule. In MGD the gal 
residue is linked at the sn-3 position of the glycerol to the lipid. For the synthesis of DGD a 

second Gal residue is attached by a a1-6 linkage to the Gal residue of MGD. While the 
oxygenic photosynthetic plants, algae and cyanobacteria share the same conserved and 

limited set glycoglycerolipids anoxygenic photosynthetic bacteria display a larger repertoire of 

glycoglycerolipids. As monosaccharides residues Glc, Gal, Man and GlcA can be incorporated, 
with either 1-2,1-3, 1-4 or 1-6 glycosidic linkages as well as both anomeric conformations177.  
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Fig 1.5. Complex, hybrid and oligomannose type animal N-glycans 

 

	

	

Fig 1.6. O-glycan core structure 

 

  

Core	1 Core	2 Core	3 Core	4 Core	5 Core	6 Core	7 Core	8

Fucose (Fuc)	

Xylose	(Xyl)

Mannose (Man)

N-acteylmannosamine (ManNac)

Galactose (Gal)

Galactosamine (GalNH2)

N-acetylgalactosamine (GalNAc)

Glucose	(Glc)

Glucosamine (GlcNH2)

N-acetylglucosamine (GlcNAc)

Glucuronic acid (GlcA)

Iduronic acid (IdoA)

N-acetylneuraminic acid (Neu5Ac)

N-glycolylneuramininc acid (Neu5Gc)

2-keto-3deoxy-D-glycero-D-galacto-nononic	acid (KDN)

ΔC4	Iduronic acid (IdoA)

ΔC4	Glucuronic acid (GlcA)

3-deoxy-D-manno-oct-2-ulosonic	acid (Kdo)
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Fucose (Fuc)	

Xylose	(Xyl)

Mannose (Man)

N-acteylmannosamine (ManNac)

Galactose (Gal)

Galactosamine (GalNH2)

N-acetylgalactosamine (GalNAc)

Glucose	(Glc)

Glucosamine (GlcNH2)

N-acetylglucosamine (GlcNAc)

Glucuronic acid (GlcA)

Iduronic acid (IdoA)

N-acetylneuraminic acid (Neu5Ac)

N-glycolylneuramininc acid (Neu5Gc)

2-keto-3deoxy-D-glycero-D-galacto-nononic	acid (KDN)

ΔC4	Iduronic acid (IdoA)

ΔC4	Glucuronic acid (GlcA)

3-deoxy-D-manno-oct-2-ulosonic	acid (Kdo)

																 	

Fig 1.7. GAG polysaccharides 

Polymers of repeating disaccharide units composed of an N-acetylated or N-sulphated hexosamine and either a 
uronic acid (glucuronic acid or iduronic acid) or galactose. HA lacks sulphate groups, but the rest of the 
glycosaminoglycans contain sulphates at various positions. DS is distinguished from CS by the presence of iduronic 
acid. Keratan sulphates lack uronic acids and instead consist of sulphated galactose and N-acetylglucosamine 
residues.	

	

	

Table 1.1. Main Core sequences of vertebrate glycosphingolipids  
	

	 	

Heparin

Heparan	sulphate

Hyaluronan

Chondroitin	sulphate	A

Chondroitin	sulphate	C

Dermatan	sulphate	

Keratan	sulphate

Fucose (Fuc)	

Xylose	(Xyl)

Mannose (Man)

N-acteylmannosamine (ManNac)

Galactose (Gal)

Galactosamine (GalNH2)

N-acetylgalactosamine (GalNAc)

Glucose	(Glc)

Glucosamine (GlcNH2)

N-acetylglucosamine (GlcNAc)

Glucuronic acid (GlcA)

Iduronic acid (IdoA)

N-acetylneuraminic acid (Neu5Ac)

N-glycolylneuramininc acid (Neu5Gc)

2-keto-3deoxy-D-glycero-D-galacto-nononic	acid (KDN)

ΔC4	Iduronic acid (IdoA)

ΔC4	Glucuronic acid (GlcA)

3-deoxy-D-manno-oct-2-ulosonic	acid (Kdo)

Series	 Symbol	 Sequence	 Reducing	End	

Ganglio	 Gg	 	 Cer	

Lacto	 Lc	 	 Cer	

Neolacto	 nLc	 	 Cer	

Globo	 Gb	 	 Cer	

Isoglobo	 iGb	 	 Cer	

Mollu	 Mu	 	 Cer	

Athro	 At	 	 Cer	



General	Introduction	

	
	

50	

Glycan biosynthesis 

N-glycans 

The biosynthesis of N-glycans is initiated on the cytosol facing membrane of the endoplasmic 
reticulum (ER) with the transfer of phosphorylated GlcNAc (GlcNAc-P) from uridine 

diphosphate activated GlcNAc (UDP-GlcNAc) onto the polyisoprenol lipid dolichol phosphate 
(Dol-P). The reaction product dolichol pyrophosphate N-acetylglucosamine (Dol-P-P-GlcNAc) 

is catalysed by a specific glycosyltransferase, termed GlcNAc-1-phosphotransferase. In the 
process of synthesising the N-glycan precursor GlcNAc-1-phosphotransferase is the only 

glycosyltransferase that catalyses the transfer of a phosphorylated monosaccharide. In the 
build-up of the 14-saccharides large N-glycan precursor all remaining glycosyltransferase 

transfer only the monosaccharide from an activated monosaccharide. The addition of a second 

GlcNAc and five Man residues led to the formation of Man5GlcNAc2-P-P-Dol on the 
cytoplasmic membrane of the ER. At this stage, the precursor is translocated to face the ER 

lumen by a flippase. In the ER lumen, the precursor is expanded by the sequential addition of 
four Man residues and completed by the attachment of the Glc residues to form 

Glc3Man9GlcNAc2-P-P-Dol. While in the cytoplasm UDP activated monosaccharides are used 
for the synthesis of the precursor in the ER lumen dolichol phosphate activated 

monosaccharides are deployed170.  

The N-glycan precursor is now available for the transfer to an asparagine residue of Asn-X-

Ser/Thr consensus sequence of a polypeptide chain entering the ER lumen through a 
translocon. The precursor is transferred to the asparagine by an oligosaccharyltransferase 

(OST) complex. The energy source for the catalysis is provided by the cleavage of the GlcNAc-
P of the precursor. After the attachment of the precursor N-glycan to the acceptor site in the 

polypeptide chain the glycan structure is altered by removal of several monosaccharides 
beginning with the terminal Glc residues. This cleavage of the Glc residues, which is facilitated 

by α-glucosidase I and α-glucosidase II, retains the polypeptide chain in the ER lumen to allow 
the protein to fold into the correct conformation. To ensure the correct secondary structure the 

folding is aided by 2 classes of chaperons. The N-glycan of nascent polypeptide chain is bound 

by the lectin-like chaperons calnexin and calreticulin, respectively. Calnexin is membrane 
associated whereas calreticulin is a soluble protein in the ER lumen. These two chaperons 

bind to monoglucosylated N-glycans. The correct folding of the polypeptide is overseen by a 
set of chaperons that belong to the family of glucose-regulated proteins and endoplasmic 

reticulum proteins. These chaperons interact with either calnexin or calreticulin and upon 
correct folding a signal is transduced to initiate the cleavage of the remaining glucose residue, 

which leads to the release of the N-glycan by calnexin/calreticulin. The correctly folded 
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glycoproteins are packed into vesicles and transported to the Golgi apparatus. I the cis Golgi 

network Man residues are trimmed generating the intermediate glycan structure 
Man5GlcNAc2Asn that is the precursor glycan for the following modification into a hybrid and 

complex N-glycan structures. The synthesis of hybrid and complex N-glycans starts in the 
medial Golgi network, where the N-acetylglucosaminyltransferase I conjugates a GlcNAc 

residue to the C2 position of the α1-3 linked Man residue of the core. Following, the distal α1-
3 and α1-6 linked Man residues are cleaved the α-mannosidase II to form 

GlcNAcMan3GlcNAc2.  

N-acetylglucosaminyltransferase II conjugates a second GlcNAc saccharide at the C-2 position 

of the α1-6 linked Man of the core. The resulting GlcNAc2Man3GlcNAc2 serves as precursor 
for the subsequent synthesis of biantennary complex N-glycans. Hybrid N-glycans are formed 

when the distal α1-3 and α1-6 linked Man are not trimmed. The biantennary complex N-glycan 
precursor can be further branched into tri-, tetra-, penta- and hexaantennary N-glycan after the 

conjugation of GlcNAc residues to the C4 and C6 positions of the distal Man residues. Complex 

N-glycan with seven branches have been to date only documented in birds and fish. Another 
modification may apply to the C6 position of the core Man. If conjugated with a GlcNAc this 

structure receives the prefix bisecting. Commonly, the GlcNAc at core Man is not further 
elongated.  

The completion of a complex N-glycan takes place in the trans-Golgi network and is referred 

to as N-glycan maturation. The maturation is divided into three independent process namely, 
core modification, elongation of branches and capping of branches. Core modification in 

vertebrates commonly occurs as the conjugation of a α1–6 linked fucose saccharide to the 

GlcNAc bound to the asparagine residues of the peptide chain. Invertebrate glycans can be 
fucosylated at both GlcNAc of the chitobiose core as α1–3 and/or α1–6 linked conjugates, 

resulting in a possible maximum of four fucose residues. Like to vertebras, in plants only the 
core GlcNAc adjacent to the asparagine can be fucosylated, but only in α1–3 linkage. Another 

common modification in plants is the β1–2 conjugation to the core Man residue. The elongation 
is initiated by the conjugation of a β-linked galactose residues to the “branch GlcNAc” residues. 

The sequence of Galβ1-4GlcNAc is termed as type-2 N-acetyllactosamine (LacNAc) 
backbone. When the Gal is bound to the C3 position of the GlcNAc the sequence is termed as 

type-1 N-LacNAc backbone. Alternating additions of GlcNAc and Gal residues result in a 
complex N-glycan with poly LacNAc antennas, of which the type 2 backbone is the common 

variant. The capping maturation mainly involves the addition of sialic acid, fucose, galactose 

and GalNAc to the backbone of a branch. The capping may comprise the addition of a single 
monosaccharide such as the sialylation of the backbone, or the transfer of a complete group 
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such as a blood group antigen. In general, the terminal capping saccharide is conjugated as 

α-linkage to project from the helical backbone structure to promote the recognition of the 
capping saccharide by carbohydrate binding proteins. Many of these capping structures are 

shared between N- and O-glycans and by glycolipids 170.  

 
O-glycans 

The biosynthesis of mucin O-glycans is initiated by the conjugation of the GalNAc to a serine 

or threonine residues in VNTR region of a polypeptide chain. The conjugation is catalysed by 
a polypeptide-N-acetyl-galactosaminyltransferase (ppGalNAcT) utilizing UDP-GalNAc as 

activated saccharide. To date 21 polypeptide-N-acetyl-galactosaminyltransferase have been 
identified, differentiated by the suffixes 1-21. The expression and expression levels of an 

individual ppGalNAcT varies between tissues and cell types. The transferases display acceptor 

selectivity, demonstrating higher conjugations yields to threonine over serine and vice versa. 
The ppGalNAcTs. Unlike for the N-glycosylation, there is now defined consensus sequence as 

to which serine or threonine will sever as acceptor for ppGalNAcTs. Yet, a proline in the vicinity 
of the glycosylation side seems to enhance the conjugation of GalNAc. Presumable the 

pyrolidine side chain proline arranges the serine/threonine residue in optimised position for the 
conjugation reaction. The conjugation of the GalNAc generally occurs within the lumen of the 

ER. However, some ppGalNAcTs have been identified in the Golgi apparatus. The extension 
O-glycans takes place in the Golgi, where up to eight core structures are synthesised (Fig 1.6). 

Analogue to the N-glycan maturation, sialic acids, fucose, type 1 and 2 LacNAc backbones, or 
entire blood group antigens may be added to form complex O-glycans178. 

 
 
Glycosphingolipids 

Glycosphingolipids are synthesised by the sequential conjugation of individual 

monosaccharides to the ceramide. The GlcCer synthesis is initiated by the cytosolic 

attachment of a Glc residue to the inositol moiety of the ceramides of the ER and cis Golgi. 
Following the GlcCer is flipped into the lumen of the cell compartments. GlcCer located in the 

lumen of the ER is shuttles via COPII vesicles to the cis-Golgi. In contrast, the conjugation of 
Gal saccharides to Cer residues occurs in the ER lumen as well as the sulphation of the Gal 

residue. From the ER, the GalCers are translocated to the Golgi and subsequently to the cell 
membrane, where GalCer as well GlcCer are presented exclusively on the outer leaflet of the 

membrane. The glycone diversity depends on the intracellular expression of 
glycosyltransferases involved in the synthesis. As for glycoproteins, the capping of 
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glycosphingolipid is catalysed by the same glycosyltransferases located in the trans-Golgi. 

Common capping groups on GlaCer are ABO antigens. 

 
 
1.4.1. Glycosaminoglycans 

 
Glycosaminoglycans (GAGs) are one main components of the extracellular matrix (ECM) of 

eukaryotic cells. The biosynthesis and functions of GAGs are the most studied among complex 

carbohydrates. Among other GAGs are involved in developmental179 and cancer biology180, 
where they affect development181,182, angiogenesis183, axonal growth184,185, cancer 

progression186,187. Besides the former mentioned, GAGs affect microbial pathogenesis188,189 
and contribute to anticoagulation189,190. GAGs are defined as linear polysaccharides composed 

of repeating disaccharide of an uronic acid and a hexosamine or galactose. The uronic acid 
may either be glucuronic acid or iduronic acid. Whereas the hexosamine is either N-

acetylglucosamine or N-acetylgalactosamine. The GAG family is subdivided into four classes, 
namely HS, chondroitin sulphates, keratan sulphates and hyaluronan. The different classes 

differ in their composition as well as the location of the biosynthesis.  

 

Tetrasaccharide linker region 

HS and chondroitin sulphate GAGs (HS-GAGs/CS-GAGs) synthesis is initiated in the ER and 
the maturation occurs during the passage through the Golgi network. Likewise, to the process 

of N-glycosylation, the attachment of HS-GAGs/CS-GAGs to a polypeptide backbone requires 
a consensus motif, which is Ser-Gly/Ala-X-Gly. The GAG chains are O-linked to the hydroxyl 

group of the serine residue. The synthesis of HS-GAG and CS-GAG polymers is initiated by 
the sequential conjugation of the tetrasaccharide GlcAβ1–3Galβ1–3Galβ1–4Xylβ to the serine 

residue of the consensus sequence. The reaction is catalysed by the glycosyltransferase, 
xylosyl transferase, β4-galactosyl transferase (GalTI), β3-galactosyl transferase (GalT-II), and 

β3-GlcA transferase (GlcAT-I). These priming saccharides are referred to as GAG-protein 
linker. The linker can be modified by the addition of phosphate and sulphate groups. Analysis 

of the linker demonstrated difference in sugar modifications correlated with the type of GAG 

chain conjugated. HS-GAG and CS-GAG chains both display partial phosphorylation of the Xyl 
saccharide of the linker region, whereas sulphation is exclusively observed on the Gal 

saccharides of linker isolated from CS-GAG chains. A recent study191 indicates that the 
phosphorylation of the Xyl residue is vital for the elongation of the tetrasaccharide linker. The 

attachment of the Xyl takes place in the ER, the conjugation of the two Gal residues follows in 
the cis-Golgi and the coupling of the GlcA occurs in the medial-Golgi. Whether a HS-GAG or 
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a CS-GAG chain is formed depends on the conjugation of the first saccharide to the linker. The 

transfer of a GlcNAc saccharide leads to the synthesis of a HS-GAG chain, whereas the 
transfer of a GalNAc results in formation of a CS-GAG chain. The glycanation, chain building 

process, of HS-GAG chains is catalysed by the EXT/EXT2 multidomain-hetero-enzyme-
complex (GlcAT/GlcNAcT-II) after the glycosyltransferase EXTL3 (GlcNAcT-I) attached the 

first GlcNAc saccharide to the linker region. The glycanation of CS-GAG chains is catalysed 
by a multidomain heterooligomeric complex termed chondroitin synthase (GlcAT/GalNAcT). In 

both chain building processes, the saccharides are attached sequentially rather than a transfer 

on block.  

 

Heparan sulphates 

Heparan sulphate chains can be divided in three major domains, firstly highly sulphated SN-
domains, secondly non-sulphated NA-domains and thirdly short stretches of partial sulphation 

that are referred to as NS/NA domains. These domains are created in the nascent HS-GAG 
chain by the sequential alternation through several enzymes. The first modification is catalysed 

by the multidomain enzyme N-deacetylase, N-sulfotransferase (NDST), which replaces the 
acetyl group at the N-position of GlcNAc residues with a sulphate group. Following GlcA 

residues are converted into IdoA by the action of the C-5 uronyl epimerase. The last 
modifications occur after the epimerisation. The 2-O sulfotransferase (2-OST) catalyse the 

substitution of the hydroxyl group of the C-2 position of uronic acids for sulphate groups with a 
preference for IdoA over GlcA192,193. The final alternation is achieved by the action of the two 

sulfotransferases 3-OST and 6-OST that substitute the hydroxyl groups at the C-3 and C-6 

positions of the GlcNAc residues with sulphate groups, whereas the 3-OST catalysed reaction 
is the rarest modification of the heparan backbone (GlcA-GlcNAc). Generically the positions 

are referred to as N, 2-O, 3-O and 6-O position and the latter of this work this nomenclature 
will be kept by. The extend of the backbone modifications are dependent on the cell specific 

expression yield of the involved sulfotransferases, which differ between tissues. To date four 
NDST isoforms, three 6-OSTs as well as six 3-OSTs human and murine HS sulfotransferases 

have been characterized194. Although heparin and HS chains share the same biosynthesis 
pathway the macromolecules differ notably in their structural properties. Heparin is a highly 

sulphated version of HS, displaying the predominant disaccharide unit IdoA-2S-GlcNS-6S. 
Natural heparin chains are exclusively produced in mast cells of connective tissues, whereas 

the commercially available heparin preparations are sourced from highly sulphated NS 

domains of animal HS chains.  
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The heparin proteoglycans serglycin is synthesised in mast cells and it is stored in secretory 

granules. Mast cells of different connective tissues display different heparin site chains195. 
Apart from the site of synthesis, heparin displays distinctive differences in size, the sulphation 

ratio per hexosamine, N-sulphation, content of iduronic acids saccharides of the backbone as 
well as its ability to bind antithrombin III compared to HS. The main differences between this 

tow GAGs are summarised in (Table 1.2).  

 

Keratan sulphates 

To date three different types of keratan sulphates (KS) have been described. KSI was 
discovered as a component of mucopolysaccharides isolated from cornea specimens196. 

Following this discovery, a polysaccharide with a similar structure to KSI was identified in 

cartilage and hence termed KSII. The KSIII polymer was most recently identified in brain tissue 
as side chains of a chondroitin sulphate proteoglycan197. The three KS types differ in their 

linkage region between the N-acetyllactose- amine polymer (poly-LacNAc = alternating 
sequence of Gal and GlcNAc) and the acceptor protein as well as in their sulphation pattern. 

In KSI the poly-LacNAc is conjugated to a Gal saccharide of a biantennary complex N-glycan 
that itself is N-linked to an asparagine residue of the core protein. The poly-LacNAc of KSII 

instead is joined via a mucin core-2 (GlcNAcb-6(Galb-3)GalNAca) to a serine or threonine 

residue of the core protein. In case of KSII the poly-LacNAc is linked to a serine residue of the 
core protein via a single Man saccharide. Although KS chains are widely expressed among 

different types of tissues, the proportion of KS chains on proteoglycans are low. In fact, only a 
handful of proteins contain KS chains. In cornea three proteins belonging to the small leucine 

rich proteoglycan (SLRP) family, lumican, keratocan, and mimecan, have been shown to carry 
KS. It is believed that the KSI extension of N-glycan is dependent on the sequence as well as 

the secondary structure of the core protein198. The cartilage proteoglycan aggrecan displays 
of a series of tandemly repeated hexapeptides with a consensus sequence of E-E/L-P-F-P-S, 

which harbour the KSII chains. Rodent aggrecan lacking this sequence proofs not to carry KSII 
chains. KSIII chains to date have been exclusively identified in central nervous tissue that is 

likely due to is conjugation to the protein core via a Man residue. Glycopeptides being 2-O-

mannosylated are rarely found in outside of brain tissue, whereas in the brain they amount to 
up to 30% of glycosylated peptides isolated from chicken specimens199. Whether this brain 

specific appearance of O mannosyl peptides determine the formation of KSIII chains or 
whether the peptide sequence contributes as well remains to be elucidated. The polymer 

formation of KSI requires the sequential transfer of b-3-GlcNAc and b-4-Gal saccharides to the 

N-glycan linker. The current literature strongly indicates that the same pair of enzymes [b-
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4Gal-T1 and iGnT (b-3GlcNAcT)] involved in the synthesis of linear poly-LacNAc chains in N-

linked oligosaccharides are responsible for the poly-LacNAc chain of KSI200,201. In case of the 

KSII synthesis besides the activity of the transferase b-4Gal-T1, β4Gal-T4 appears to be 

crucial for the branch formation of the core-2 -linked poly-LacNAc. The sulphation of the 

keratan backbone may occur at 6-O position of the Gal as well as the GlcNAc saccharides. 
The sulphation of the Gal residues is catalysed by a KS specific transferase termed keratan 

sulphate-galactosyl-6-sulfotransferase (KS-Gal6ST)202. The sulphation of the GlcNAc 
molecules is carried out by a transferase family termed N-acetylglucosaminyl-6-

sulfotransferase (GlcNAc6ST). In total five GlcNAc6ST have been identified. The sulphation of 
saccharides occurs at different time points during the KS synthesis. GlcNAc6ST can only 

transfer sulphate groups to terminal GlcNAc residues203. As consequence, the sulphation 

occurs simultaneous to the chain elongation. The Gal sulphation takes place after the 
completion of the chain polymerisation. In the poly-LacNAc chain of cornea KS nearly all 

GlcNAc saccharides are sulphated, while the Gal saccharides display a partial sulphation. This 
results in a randomly arranged mixture of monosulpahted and disulphated disaccharide units 

that said, some disaccharide units remain unsulphated. As for all sulphated GAG chains the 
sulfotransferases involved use activated sulphate in form of 3′-phosphoadenyl-5′-

phosphosulphate as a high-energy donor. 

 
Chondroitin and dermatan sulphates 

The chondroitin sulphate (CS) used to be divided, based on the disaccharide unit, into (CS) A, 

B, C, D, and E. However, chondroitin sulphate B was renamed to DS. The reason for change 
of terminology and lies in its alternating disaccharide unit. CS A and others share the same 

GlcA-GalNAc disaccharide unit, whereas in the DS IdoA is the dominating uronic acid. The 
amount of IdoA comprised disaccharide units in DS can vary from few to nearly 100% among 

individual chains. During formation of the chondroitin polymer the C-5 uronyl epimerase 

converts GlcA into IdoA. Further modifications of the backbone are made by the site-specific 
sulphation of the saccharide residues. The chondroitin 4-O and 6-O-sulfotransferases (C4ST 

and C6ST) catalyse sulphation of the GalNAc residues in the chondroitin backbone to form 
either GalNAc-4S or GalNAc-6S. The disulphated GalNAc-4S,6S is the product of the 

chondroitin 4-sulphate 6-O-sulfotransferase. In the dermatan backbone, the GalNAc-4 
sulphation is catalysed by dermatan 4-O-sulfotransferase. The sulphation follows immediate 

after the epimerisation and it is assumed to block the re-epimerisation of IdoA to GlcA204. The 
sulphation of the uronic acid residues in dermatan and chondroitin is catalysed by the same 2-

O-sulfotransferase (CS/DS2ST). Yet, CS/DS2ST displays a preference for IdoA as substrate 
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that is frequently 2-O-sulphated. In contrast, the 2-O sulphation in chondroitins only occurs 

when the accepting GlcA residue is neighboured by a GalNAc-6S residue. To date the textbook 
and review literature depicts seven sulfotransferases173,205 that orchestrate the sulphation of 

chondroitin and dermatan leading to a complex formation of chondroitins sulphates and DS 
based on their activity and local tissue expression. However, in the current literature several 

rare oversulphated disaccharide units have been described, comprising 3-O sulphation, that 
have not received any terminology yet206,207. Consequently, at least eight sulfotransferases 

must be involved in the biosynthesis of CS chains. Generically chondroitin sulphate is sub-

classified based on the sulphation pattern of the disaccharide unit. The different CS classes 
with their corresponding disaccharide unit are summarised in Table 1.3 including 3-O-

sulphated variants. As for HS, CS chains can be very heterogeneous in their sulphation 
pattern. Thad said, the pattern in CS chains displays large segments of a single sulphation 

pattern, whereas in HS chains the sulphated domains are arranged in clusters.  

 
Hyaluronan 

Hyaluronan (HA) is the only non-sulphated GAG and in addition to the other GAG classes it is 

not synthesized in the ER and Golgi, respectively, but along the cytoplasmic leaflet of the 
plasma membrane. The HA biosynthesis is catalysed by the hyaluronan synthases (HAS) 

found in species ranging from bacteria to mammals. The mammalian HAS family is comprised 
of three enzymes, HAS1-3. The enzymes are anchored to the plasma membrane via six 

transmembrane domains. Each HAS contains a catalytic cytosolic domain for the dual transfer 

of N-acetylglucosamine and glucuronic acid to form the -[3GlcNAcβ4GlcAβ]- disaccharide. 
UDP-GlcA and UDP-GlcNAc serve as activated building blocks for the polymer formation. The 

growing HA chain is translocated through the HAS protein into the extracellular space. Unlike 
to the other GAGs the chain elongation does not occur at the non-reducing, but at the reducing 

ends of the saccharides208. Yet, other researchers presented data that indicate that only 
bacterial chain elongation occurs at the reducing end, but in case of eukaryotic HAS the HA 

polymer is extended at the non-reducing end209. In mammalians, the HAS activity is 
orchestrated by posttranslational modifications such as phosphorylation, O-GlcNAcylation, 

ubiquitination and the amount of available substrates. The biosynthesis pathway of HA allows 
an indefinite and very large degree of polymerization resulting in an average chain size of 

1x104 disaccharides units, making HA the largest polysaccharide found in vertebrates210. 
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Fig 1.8. HS biosynthesis in Golgi apparatus.  

Schematic taken from Essential of Glycobiology173. 
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Fig 1.9. Biosynthesis of chondroitin sulphates and DS in Golgi apparatus  

Schematic taken from Essential of Glycobiology173. 
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Table 1.2. Major structural differences of heparin and HS 

 
 
 
 
 
 
Table 1.3 Chondroitin sulphate sub-classes 

	

							

	

	

	

	

	

	

	

	

	

	

	

	 	

Properties Heparin Heparan sulphate 

MW 7 -20 kDa 10 – 70 kDa 

Sulphate/hexosamine ratio  1.8 – 2.6 0.8 – 1.8 

GlcNSO3 content  ³ 80% 40 – 60% 

IdoA content ³ 70% 30 – 50% 

Antithrombin binding 30% 0 – 0.3% 

Biosynthesis  mast cells (connective 
tissue) 

all cell types  

Chondroitin 

sulphates 

Disaccharide structure 

CSA 
 

CSC 
 

CSD 
 

CSE 
 

CSEtriS 
 

CSM 
 

CSK 
 

CSL 
 

NA 
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1.4.2. Sialic acids and sialo-glycoconjugates 
 

Sialic acids (Sias) is an overarching term used for a family nine carbon keto sugars211. Sias 

are generally found as capping saccharides at the non-reducing end of glycoconjugates 212. 
As mentioned they have three to four additional carbon atoms than pentose or hexoses that 

are the main components of glycan structures. In addition to their size and location in a glycan, 
Sias display further unique properties. The basic scaffold may be modified into 50 distinct 

structures. Unlike other saccharides, the biosynthesis of Sias originates from a condensation 

of a six-carbon precursor with a pyruvate molecule. And lastly Sias, differ from other 
monosaccharides in form of their activated nucleotide from, as building blocks for 

sialyltransferases utilise cytidine monophosphate Sia molecules (CMP-Sia)211.  
 

Structure 
The basic underlying structures of all Sias are neuraminic acid (Neu) and 2-keto-3-

deoxynononic acid (Kdn)213-215. The main characteristics of these two saccharides are a 
carboxyl group at the C1 position and an amino group at the C5 position in case of Neu, 

whereas in Kdn the C5 position is substituted by a hydroxyl group. In nature Neu is not 
incorporated into glycan structures, it rather servers as precursor as Sia core structure. 

Acetylation of the amino group gives rise to N-acetylneuraminic acid (Neu5Ac), which is the 

most common Sia form found. Hydroxylation of the methyl moiety of the acetyl group in 
Neu5Ac results in formation of N-glycolylneuraminic acid (Neu5Gc). Neu5Gc is commonly 

found in vertebrate glycans. Yet, it is generically not present in humans, as the hydrolase 
required for the biosynthesis is not encoded in the human genome. Modification and or 

substitution such as O-methylation, O-acetylation, O-sulphation or phosphorylation at the 
hydroxyl groups at positions C4, C7, C8 and C9 of the Sias result in the former managed 50 

distinct structures 216. The linkage of the Sia molecule in a glycoconjugate adds another level 
of complexity. The most frequent linkages are α2-3 and α2-6 to galactose and α2-6 to 

GalNAc217. In oligo- and polysialic glycoconjugates two or more sialic acids are coupled either 
via α2-8 or α2-9 linkages.  

 

Biosynthesis  
Sia molecule required for the synthesis of sialo-glycoconjugates can be sourced through de 

novo synthesis of the Sia molecule or via a recycling pathway from sialo-glycoconjugates. The 
de novo synthesis in vertebrate organism of Neu5Ac and Kdn result from the condensation of 

ManNAc-6-P and phosphoenolpyruvate (Neu5Ac) and Man-6-P and phosphoenolpyruvate 
(Kdn)218, respectively. ManNAc-6-P is converted from UDP-GlcNAc by the bifunctional enzyme 
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UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase219. Man-6-P is sourced 

either from Fruc-6-P conversion catalysed by the mannose-6 phosphate isomerase (MPI), or 
from free mannose that is phosphorylated by hexokinases. The condensation reaction 

occurring in the cytosol is catalysed by the sialic acid synthase211,219. The synthatase can 
metabolise both hexose and aminohexoses saccharides to form Neu5Ac(Gc) or Kdn. The 

phosphorylated Sias are then dephosphorylated by N-acylneuraminate-9-phosphatase to 
allow the transportation of the free Sia to the nucleus. In the nucleus the Sias are activated to 

cytidine 5’monophosphate Sia (CMP-Sia) catalysed by N-acylneuraminate 

cytidylyltransferase211. The use of CMP activated saccharides is exclusive to Sias. The CMP-
Sias diffuse back to the cytoplasm, from where they are pumped by the antiporter CMP-sialic 

acid transporter220 into the lumen of the Golgi apparatus.  
The Sia salvage pathway begins with the endocytosis of sialo-glycoconjugates expressed on 

the cell surface or of soluble sialo-glycoconjugates from the extra cellular environment. The 
Sias are released in the lysosome by action of sialidases 1 and 4211. Both enzymes, display 

the same linkage specificity as they hydrolyse α2-6, α2-6 and α2-8 linked Sias. However, 
sialidase 1 is only catalytically active when associated with the lysosomal protective protein, 

also referred to as protective protein cathepsin A. The released Sias are actively transferred 

in to cytoplasm by the Sia specific transporter Sialin221,222. After translocation from the 
lysosome the recycled Sias enter the same pathway as those generated through de novo 

synthesis.  
 

Sialyltransferases  
Upon entering the Golgi through the CMP-sialic acid transporter the activated saccharides 

serve as glycosyl donors for sialyltransferases (STs), which differ based on their acceptor 
substrate and type linkage specificity. To date, 20 human STs have been identified of which 

the majority catalysis the attachment of Neu5Ac to the terminal non-reducing end of 

glycoconjugates, either a2-3 or a2-6 linked223. These sialyl-glycoconjugates are formed by six 

beta-galactoside a2-3 STs (ST3Gal I-VI), two beta-galactosidases a2-6 STs (ST6Gal I-II) and 

six beta-galactosamind a2-6 STs (ST6GalNAc I-VI). The formation of two or more Neu5Ac 

saccharides in line is achieved by the action of six a8-STs. The human STs are summarized 
in Table 1.4.  

All eukaryotic STs belong to the family of the same glycosyltransferase family, referred to as 
CAZy GT29. As other glycosyltransferases, located in ER and Golgi, STs are type II membrane 

glycoproteins. A short cytoplasmic domain extends amino-terminally from the single 
transmembrane domain. The catalytic carboxy-terminal domain is connected via a stem region 

to the membrane. The defining sequence feature of all eukaryotic STs is presence of 
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conserved peptide group sequences, referred to as sialylmotifs L (large), S (small), motif 3 and 

VS (very small) that are located in the catalytic domain224-226. The average size of the catalytic 
domain ranges around 300 residues. Side-directed mutagenesis of the L sialylmotif displayed 

its functionality in binding CMP-Sia donor substrate224. The D sialylmotif interacts with the 
acceptor substrate227. Side-directed mutagenesis of motif 3 indicate critical function in spatial 

arrangement of the catalytic side, while the VS motif mainly participates in the binding of the 
acceptor substrate226. The acceptors and linkage specificity confers within the sialylmotifs. 

While the acceptor substrate specificity of STs is very precise, some human STs can 

accommodate Sia-donors such as CMP-Neu5Ac. Neu5Ac in human glycoconjugates is solely 
sourced from the diet. 
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Table 1.4. Human sialyltransferases223 
Sialyltransferase	 	 Acceptor	glycan	 Sialo-glycoconjugate	

a2-3	Family	 ST3Gal	I	 	 	

	 ST3Gal	II	 	 	

	 ST3Gal	III	 	 	

	 	 	 	

	 ST3Gal	IV	 	 	

	 	 	 	

	 ST3Gal	V	 	 	

	 ST3Gal	VI	 	 	

a2-6	Family	 ST6Gal	I	 	 	

	 ST6Gal	II	 	 	

	 ST6GalNAc	I	 	

	

	

	

	

	

	 ST6GalNAc	II	 	

	

	

	

	

	 ST6GalNAc	III	 	

	

	 ST6GalNAc	IV	 	

	

	 ST6GalNAc	V	 	

	

	 ST6GalNAc	VI	 	

	

	

	

	

a2-8	Family	 ST8Sia	I		 	 	

	 ST8Sia	II		 	 	

	 ST8Sia	III		 	 	

	 ST8Sia	IV		 	
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α2-8	Family	 ST8Sia	V	

	

	 	

	 ST8Sia	VI	

	
	 	

 

 

 
 

	 	

Fucose (Fuc)	

Xylose	(Xyl)

Mannose (Man)

N-acteylmannosamine (ManNac)

Galactose (Gal)

Galactosamine (GalNH2)

N-acetylgalactosamine (GalNAc)

Glucose	(Glc)

Glucosamine (GlcNH2)

N-acetylglucosamine (GlcNAc)

Glucuronic acid (GlcA)

Iduronic acid (IdoA)

N-acetylneuraminic acid (Neu5Ac)

N-glycolylneuramininc acid (Neu5Gc)

2-keto-3deoxy-D-glycero-D-galacto-nononic	acid (KDN)

ΔC4	Iduronic acid (IdoA)

ΔC4	Glucuronic acid (GlcA)

3-deoxy-D-manno-oct-2-ulosonic	acid (Kdo)
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1.4.2.1. Bacterial sialic acid like saccharides  
 
From the more than 50 described Sia derivatives certain forms appear exclusively in bacterial 

strains. The Sia related pseudaminic acid (Pse) and legionaminic acid (Leg) were firstly 
described by Yuri Knirel and co-workers in 1984228 and 1994229, respectively. These bacterial 

specific nonulosonic acids differ from Sias at the C7 position, where the hydroxyl group is 
substituted by an aminoactyl group, or a methyl group at the C9 position. Regarding their 

biosynthesis, Pse and Leg originate through a condensation reaction of UDP-GlcNAc and 

phosphoenol-pyruvate. Based on these structural and biosynthetic differences these are 
classified as sialic acid like saccharides instead of Sia derivatives.  

Pse is widely spread across bacteria classes, where it’s incorporated into surface glycans such 
as lipooligosaccharides (LOS), lipopolysaccharides (LPS), capsular polysaccharides pili and 

flagella. In contrast to Sias that are generally attached at the terminal non-reducing end, Pse 
is frequently found within the sequence of LOS and LPS.  

Leg has been identified in various human pathogenic bacteria. It is a component of Legionella 
pneumophila LPS and has been furthermore isolated among others from Campylobacter, 

Pseudomonas, Acinetobacter, and Salmonella. As the closely related Sia, Pse and Leg display 
derivatives, mainly of substitutions of the acetyl group at the C5 and C7 position. Further 

investigations are needed to elucidate the conjugation of Pse and Leg in regard to the involved 

glycosyltransferases as well as the precise biological relevance of these nonulosonic acids. In 
the scope of this work an array of 14 microbial LPS probes containing Pse, Leg and their 

derivatives was generated to assess potential interaction with FH and FHRs. 
 

 

1.4.3. Bacterial polysaccharides 
 
The cell wall of bacteria is a complex mixture of oligosaccharides and polysaccharides. The 

Gram-negative bacteria cell walls are assembled of peptidoglycan, lipooligosaccharides, 
lipopolysaccharides and a cell wall surrounding polysaccharide capsule. Peptidoglycan is a 

mixture of polysaccharide chains and short peptides that fills the periplasm, the 

intramembranous space between the two cell membranes of Gram-negative bacteria. The 
disaccharide polymer N-acetylglucosamine (GalNAc) β1-4 N-acetylmuramic acid (MurNAc) 

comprises 12 – 18 units. The GalNAcβ1-4MurNAc polymer are parallel organized and cross-
linked by short peptides, forming a grid/mesh structure spanning the periplasm171. The 

peptidoglycan is covalently attached to lipoproteins of the outer cell membrane. The 
peptidoglycan structure forms a rigid, non-lipid barrier with the function of withstanding inner 

osmotic pressure. The classification into Gram-negative and Gram-positive bacteria is based 
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on the diameter of their peptidoglycan and is accompanied with its ability to retain crystal violet 

stain. The thicker peptidoglycan (10–20 layers) of Gram-positive bacteria retains the stain, 
whereas in Gram-negative bacteria (1 – 3 layers peptidoglycan) the stain is washed out. In 

general, the composition of the peptidoglycan of Gram-positive and negative bacteria is very 
similar. For further details on peptidoglycan of Gram-positive bacteria see Essentials of 

Glycobiology230. 

Lipoglycans are major components of the outer membranes of Gram-negative bacteria. These 

glycoconjugates are differentiated into LPS and lipooligosaccharides LOS. LPS is an integral 
element of Gram-negative bacteria and the second major criterion to distinguish from Gram-

positive bacteria, apart from Gram staining method. The LPS structure is divided into lipid A, 
inner core saccharides and repeating outer core saccharides, termed O-antigen. LPS 

contributes to the structural integrity of the outer membrane of gram-negative bacteria. In 
addition, the O-antigen protects of the cells of chemical and enzymatic degradation of the cell 

envelope. In E.coli and other enteric bacteria, the hydrophilic nature of the sugar moieties 

provides protection against solubilisation by sulcus entericus and bile. This is not only 
advantageous to the bacteria, but also to the host. LPS is a strong pyrogenic antigen. Bacteria 

or LPS entering the blood system elicit a strong immune response, mediated mainly by TRL4 
and TRL2231. The bacterial endotoxin may lead to severe sepsis and septic shock with lethal 

progression232.  
Like LPS, LOS is a structural membrane component of Gram-negative bacteria. However, this 

glycoconjugates is manly found on bacteria colonizing mucosal surfaces (e.g. 
respiratory/genital). In contrast to LPS the LOS has different physical and immuno-logical 

properties. LOS has a rather hydrophobic character compared to LPS233. The main reason 
therefore is the lack of an O-antigen, thus having fewer units of saccharides. The LOS structure 

is generally limited to ten saccharides. Like in LPS, a saccharide core is attached to lipid A. 

The core structure is further extended by at least two saccharide chains.  
LPS is a strong endotoxin, whereas most LOS are structurally closer related to mammalian 

glycolipids, thus less immunological active. Some Neisseria strains express the lacto-N-neo-
tetraose (LNnT) sequence, which is identical to the human paragloboside. Paragloboside is 

the precursor of the ABH antigen234,235. Other examples of bacterial mimicry are C. jejuni strains 
expressing LOS structures that are identical to human gangliosides GM1 and GM2236. This 

antigenic mimicry results in fairly poor immunogenicity. 
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1.5. Carbohydrate microarray technology 
 
The technology of carbohydrate microarrays was introduced in 2002 by independent 

publications of Wang and colleagues (polysaccharide arrays) as wells as Feizi and colleagues 
(oligosaccharide arrays) to interrogate protein-carbohydrate interactions in a high-throughput 

manner. Both laboratories demonstrated printed arrays of diverse polysaccharides and 
oligosaccharides, respectively237,238, thereafter other laboratories have generated novel 

methods for immobilisation of glycans in a printed slides format239-241. Preceding the advent of 

carbohydrate microarrays other elegant methods for glycan immobilization and detection were 
deployed. Thin-layer chromatography (TLC) and the latter high performance thin-layer 

chromatography had been used to resolve complex mixtures of glycolipids with subsequent 
immundetection using antibodies, lectins and other carbohydrate-binding proteins242. To 

analyse glycans from sourced from other glycoconjugates than glycolipids the Feizi lab 
developed a new technology introduced as neoglycolipids (NGLs). The NGLs were assembled 

by chemical attachment of lipids to native carbohydrates. The introduction of the NGL 
methodology could be described as predecessor of the carbohydrate microarray technology 

as the conjugation of carbohydrates to lipids allowed the interrogation of sequence defined 
carbohydrate structures. Following the first publication of carbohydrate microarrays they have 

emerge in less than a decade to one of the prime technologies in glycomics. The availability 

of a high-throughput system to investigate carbohydrate-protein interaction promoted the rapid 
development of glycan libraries, new surface immobilisation methods as well as integrated 

qualitative and quantitative analysis. The available carbohydrate arrays span from focused 
designer array of multiple microorganisms, such as bacterial and fungal glycans, to arrays of 

mammalian glycan libraries.  
With the current emphasis concentrated on the analysis of mammalian glycan structures243-245. 

The choice and use of a glycan library will depend on the aim of the analysis. For the 
identification of potential carbohydrate interactions of glycan binding protein, the first choice 

would be a library that spans as many different glycans as possible. Whereas for the specific 
characterisation of a carbohydrate-protein interaction a focused array with similar glycan 

structures concerning linkages and backbones will be favourable. Currently the largest glycan 

libraries are hosted by the Glycosciences Laboratory at Imperial College London and the 
Consortium of Functional Glycomic in the US. both libraries are assembled of glycans derived 

from natural sources (glycoproteins and glycolipids), and synthetic glycans (chemical and 
chemo-enzymatic).	
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1.6. Aim 
	

The overarching aims of my doctoral thesis were to define the surface carbohydrate ligands 
for FHR proteins and to determine whether the binding of the FHR proteins to these accessory 

ligands could influence complement regulation by FH.  
 

In this work, I expressed recombinant FHR1, FHR2 and FHR5 (Chapter 3). And partly 
generated a GAG microarray (Chapter 4). Using this technology, I interrogated the interaction 

of FHR proteins and FH to defined oligosaccharides and bacterial polysaccharide (Chapter 5). 
 

My second approach was to develop a plate-based assay where I immobilised native GAGs 

and other negatively charged polysaccharides. This enabled me to interrogate the differential 
interactions of FHR proteins and FH to these immobilised polysaccharides (Chapter 6).  

 
Third, I assessed the functional relevance of identified ligands by performing in vitro C3-

binding assays. This enabled me to interrogate whether the respective carbohydrate 
interactions of FH and the FHR proteins influenced complement activation on a surface 

(Chapter 6).  
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Chapter 2.  
Materials and Methods 
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Materials 
 
 
Table 2.1. Cell Culture reagents 
	 Source	 Cat#	
Ampicillin	 	 	

Cryo	vials	 	 	

DMEM	 Gibco	 41966-029	

Fetal	calf	serum	 Sera	Laboratories	International	
EU-000F	
Lot:	230011	

Filter	units,	filter	cup	 ED	Millipore	 	

Flask	T175	 Nunc	 159910	

Flask	T75	 BD	Falcon	 353136	

G418	 Sigma	 A1720	

Integral	Flask,	cell	line	bioreactor		 Integra	 90025	

Non-essential	amino	acids	 Gibco	 11140-035	

OptiMEM	 Gibco	 31985-047	

PBS	 Sigma	 D8537	

Penicillin/Streptomycin	 Gibco	 10378016	

Polyethylenimine	 Sigma	 	

Serological	pipettes,	5,	10,	25	ml		 BD	 	

Trypsin	 Gibco	 15400-054	

 
Table 2.2. Proteins 
Protein	 Source	 Cat#	
FH,	plasma	protein	 CompTech	 A137	

C3b	 CompTech	 A114	

iC3b	 CompTech	 A115	

C3d	 CompTech	 A117	

∆SIA	FH,	plasma	protein	 In-house	 NA	

FHR1-FLAG,	recombinant	 In-house	 NA	

FHR2-FLAG,	recombinant	 In-house	 NA	

FHR5	wild	type,	recombinant	 In-house	 NA	

FHR5	mutant,	recombinant	 In-house	 NA	

Carbohydrate	binding	module	of	hyaluronate	lyase,		
S.	pneumonia		

Professor	Alisdair	B.	Boraston	
University	of	Victoria,	Canada	

NA	

BSA	 Sigma	 A7030	

 
Table 2.3. Enzymes 
Enzyme	 Source	 Cat#	
Heparinase	I	 NEB	 P0735	

Heparinase	III	 IBEX	Technologies	 Lot#	P5CF	

Chondroitin	lyase	ABC	 Sigma	 C2905-10UN	

Neuraminidase	 Sigma	 N5254	

NotI	 NEB	 R3189S	
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Table 2.4. Antibodies and lectins 
Antibody	 Source	 Cat#	
Biotin-conjugated	mono.	mouse	IgG	anti-FLAG	 Sigma	 F9291	

Biotin-conjugated	poly.	goat	IgG	anti-mouse	IgG	 Sigma	 	

Biotin-conjugated	poly.	goat	IgG	fraction	anti-hFH	 in-house	 in-house		

Biotin-conjugated	poly.	rabbit	IgG	ant-goat	IgG	 Sigma	 B7014	

Goat	antiserum	anti-hFH	 Quidel	 A312	

HRP-conjugated	mono.	mouse	IgG	anti-FLAG	 Sigma	 A8592	

HRP-conjugated	poly.	goat	anti-hC3	 MP	 55237	

HRP-conjugated	poly.	rabbit	IgG	anti-mouse	IgG	 DAKO	 P	0260	

HRP-conjugated	poly.	swine	IgG	anti-rabbit	IgG	 DAKO	 P	0217	

Mono.	mouse	IgG	anti-hFHR1/2/5		 C.	Harris	Cardiff	 (2C6)	

Mono.	mouse	IgG	anti-hFH	 Pierce	 MA1-70057	

Mono.	mouse	IgM	anti-chondroitin	sulphate	 Sigma	 C8035	

Poly	mouse	IgG	anti	hFHR1	 Abnova	 H00003078-B01P	

Poly.	goat	IgG	fraction	anti-hFH	 Quidel	 in-house	

Poly.	mouse	IgG	anti-hFHR5	 Abnova	 H00081494-B01P	

Mono.	anti-poly	histidine	 Sigma	 H1029	

Poly.	rabbit	IgG	anti-hFHR5	 Abnova	 H00081494-D01P	

 
 
Table 2.5. GAGs 
GAG	 Source	 Cat#	
Heparin,	porcine	intestinal	mucosa	 Sigma	 3393	

Heparin-biotin,	porcine	intestinal	mucosa	 Sigma	 B9806	

2-O	desulphated	Heparin,	porcine	intestinal	mucosa	 Iduron	 DSH001/2	

6-O	desulphated	Heparin,	porcine	intestinal	mucosa	 Iduron	 DSH002/6	

N-desulphated	N-reacetylated	Heparin,	porcine	intestinal	
mucosa	

Iduron	 DSH004/NAc	

Heparan	sulphate,	porcine	intestinal	mucosa	 Iduron	 GAG-HS01	

Heparan	sulphate,	bovine	kidney	 Sigma	 H7640	

Dermatan	sulphate	 Sigma	 C3788		

Chondroitin	sulphate	A,	bovine	trachea	 Sigma	 C8529	

Chondroitin	sulphate	C,	shark	cartilage	 Sigma	 C2413	

Hyaluronan,	bovine	vitreous	humor	 Sigma	 H7630	

Hyaluronan-biotin	 Dr	Chai	W.	 NA	

 
 
Table 2.6. Kits 
	 Source	 Cat#	
Plasmid	mega	prep	kit	 Qiagen	 12181	

ProteoSilver	Tm	silver	stain	kit		 Sigma	 PROT-SIL1	
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Table 2.7 Buffers 
Buffer	 Formulation	

Affinity	chromatography	elution	buffer	 0.1	M	Glycine	PBS,	pH	2.5	

Affinity	chromatography	neutralisation	
buffer	

1	M	Tris,	pH	8.0	

ELISA	blocking	buffer	 1%	BSA	in	PBS-T,	pH	7.3	

ELISA	capture	buffer	 100	mM	NaHCO3,	pH	9.5	

GAG	binding	buffer	 100	mM	NaCl,	50	mM	NaOAc,	pH	7.3	

GAG	digest	buffer	 5	mM	NaH2PO4/	Na2HPO4,	200	mM	NaCl,	pH	7.0	

GAG	SEC	buffer	 200	mM	NH4Cl,	pH	3.5		

HBS	 10	mM	HEPES,	150	mM	NaCl,	pH	7.4	

Microarray	blocking	buffer	 3%	BSA	in	PBS,	pH	7.3	

Microarray	protein	diluent	buffer	1	 1%	BSA	in	PBS,	pH	7.3	

Microarray	protein	diluent	buffer	2	 1%	BSA	in	HBS,	pH	7.4	

Neuraminidase	digest	buffer		 100	mM	NaOAc,	2	mM	CaCl2,	pH	5.0	

PBS	 137	mM	NaCl,	3	mM	KCl,	8	mM	Na2HPO4,	1.5	KH2PO4	pH	7.3	

PBS-T	 PBS,	0.1%	Tween	(v/v),	pH	7.3	

Protein	dialyzing/diluent	buffer	 TBS	

PVDF	membrane	blocking	buffer	 3%	skimmed	milk	in	PBS-T,	pH	7.3	

SDS-PAGE	running	buffer		 25	mM	Tris-base,	192	mM	glycine,	0.1%	SDS	

TBS	 20	mM	Tris,	150	mM	NaCl,	pH	7.5	

Western	blot	transfer	buffer	 25	mM	Tris-base,	192	mM	glycine,	20%	methanol	

 
 
Table 2.8. Organic solvents 
Solvent	 Source	 Cat#	
Acetone	 Fisher	Scientific	 A949-1	

Chloroform	 Alfa	Aesar	 L14756	

Dichloromethane	 Sigma	 34856	

Ethanol	 Sigma	 32221	

2-propanol	 Fisher	Scientific	 P7/7500/PC17	

Methanol	 Emsure	 1060095000	

Toluene	 Sigma	 244511	

 
 
Table 2.9. Chromatography columns 
Column	 Source	 Cat#	
Bio-Gel	P-6	(16	x	900	mm	self-packed	column)	 Bio-Rad	 1504130	

HiTrap	monoclonal	mouse	IgG	anti-FHR1/2/5	 GE	 	

SephadexG10	(16	x	30	mm	self-packed	column)		 GE	 17-0010-01	

Superose	12	10/300	GL	 GE	 17-5173-01	
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Table 2.10. Chemicla reagents and acids 
	 Source	 Cat#	
1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine	(DHPE)	 Sigma	 37161	

1-ethyl-3-(3-dimethylaminopropyl)	carbodiimide	
hydrochloride	(EDC)	

Sigma	 E1769	

3,3’,	5,5’	tetramethylbenzidine	(TMB)	 BD	 555214	

Acetic	acid	 BDH	 20104.334	

Acrylamide		 National	Diagnostics	 EC-890	

Agarose	 Lonza	 50184	

Ammonium	chloride	 Sigma	 31107	

Ammonium	peroxodisulfat	(APS)	 Sigma	 A3678	

Benzoic	acid	 Sigma	 242381	

Boc-aminooxyacetic	acid	(Boc-AOAcOH)	 Sigma	 15035	

Carbazole	 Sigma	 C5132	

Carbo-Free	blocking	solution		 Vector	Laboratories	 SP-5040	

Cholesterol	 Sigma	 C8667	

Coomassie	®	brilliant	blue		 Bio-Rad	 161-0400	

Dimethyl	sulfoxide	(DMSO)	 Sigma	 D2650	

ECL	substrate	 Pierce	 32106	

Ethidium	bromide	 Sigma	 15585	

HEPES	 Sigma	 H3375	

Hydrochloric	acid	 Sigma	 258148	

Laemmli	Resolving	Gel	Buffer	 National	Diagnostics	 EC-892	

Laemmli	Stacking	Gel	Buffer	 National	Diagnostics	 EC-893	

N,N,Nʹ,Nʹ-Tetramethylethylenediamine	(TEMED)	 Sigma	 T9281	

Phenylmethylsulfonyl	fluoride	(PMSF)	 Sigma	 93482	

Phosphatidylcholine	 Sigma	 P3556	

Primulin	 Sigma	 206865	

SDS	loading	buffer	(4x	NuPAGE®)	 Invitrogen	 NP0007	

Sodium	acetate	 BDH	 102364Q	

Sodium	azide	 Sigma	 S2002	

Sodium	chloride	 Emsure	 1.06404.5000	

Sodium	dodecyl	sulphate	(SDS)	 Sigma	 05030	

Sodium	hydroxide	 Sigma	 S2770	

Sodium	phosphate	monobasic	 Sigma	 S0751	

Sodium	phosphate	dibasic	 Sigma	 S0876	

Sodium	tetraborate	decahydrate	 Sigma	 31457	

Sulphuric	acid	 Emsure	 1120801000	

Tween	20	 Millipore	 655204	

 
 
  



Materials	

	
	

75	

Table 2.11. Equipment  
Devise	 Source	 Model/Cat#	
Absorbance	detector		 Isco	 V4	

Balance		 Mettler	Toledo	 AT261	delta	range	

Bench	top	fixed	angel	centrifuge		 Boeco	 U-320R	

Bench	top	micro	centrifuge,		 Sanyo	 MSE	Micro	Centaur	

Cell	culture	incubator	 New	Brunswick	 Galaxy	170S	

Fast	protein	liquid	chromatography	system	 GE		 Äkta	

Flatbed	recorder	 Linseis	 L250E	

Fraction	collector	 Gilson	 FC	203B	

Freeze	dryer	 Edwards	 Super	Modlyo	

Gel	documentation	system	 Synegene	 GBox	

Gel	electrophoresis	system	 Bio-Rad	 Mini-PROTEAN	3	

Heating	block	 Techne	 Dri-Block®heater	

Hotplate	Stirrer	 Bibby	 CB162	

Hybridisation	oven	 UVP	 HB-500	Minidizer	

Light	microscope		 Olympus		 CK2	

Micro	array	Nano-plotter		 GeSiM	 NP2.1	

Microarray	scanner		 PerkinElmer	 ProScanArray	

Microarray	scanner		 GenPix	 4300A	

Microwave	oven	 Whirlpool	 Promicro	825	

Nitrogen	evaporator	 Thermo	Scientific	 Reacti-Therm	&-Vap	

Orbital	incubator	 Thermo	Fisher	 MaxQ400	

Orbital	shaker	 KCH-	 VIBRAX-VXR	

pH	meter	 Hanna	instruments	 HI	2211	

Refraction	index	recorder	 Altex	 244034	

Sonicator	water	bath	 Brenson	 2510	

Spectrophotometer	 Thermo	Scientific	 NanoDrop	2000	

Spectrophotometer	plate	reader	 Thermo	Scientific	 Multiskan	ascent	

Swing	bucket	centrifuge		 Hettich	 Rotanta	460R	

TLC	autosampler	 Camag	 Linomat	IV	

TLC	scanner	 Shimadzu	 CS-9000	

Ultra-centrifuge	 Beckman	Coulter	 J2-21M/E	

UV	spectrophotometer	 Shimadzu	 UV-1800	

Vacuum	pump	 Sigma	 Büchi®	vacuum	pump	

Vortex	mixer	 Fisherbrand	 11726744	

Western	blotting	system	 Bio-Rad	 Mini	Trans-Blot	
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Table 2.12. Consumables 

 
 
 

Consumable	 Source	 Cat#	
0.65	ml	low	binding	micro	tubes	 Corning	Costar	 3206	

1.7	ml	low	binding	micro	tubes	 Corning	Costar	 3207	

5	ml	polystyrene	tubes	 BD	Falcon	 352052	

10	µl	pipettes	tips	 Starlab	 S1121-3810	

10	ml	syringe,	luer	lock	 Monoject	 718424	

1000	µl	pipettes	tips	 Starlab	 S1111-6000	

15	ml	conical	tubes	 BD	Falcon	 352097	

2	ml	low	binding	micro	tubes	 Eppendorf	 022431102	

20	µl	pipettes	tips	 Starlab	 S1120-1810	

200	µl	pipettes	tips	 Starlab	 S1111-0000	

30	ml	tubes	 Sterilin	 128C	

384	well	microtiter	plate	 Starlab	 E1042-3840	

50	ml	conical	tubes	 BD	Falcon	 352070	

50	ml	syringe,	luer	lock	 Terumo	 BS-50LG	

96	well	microtiter	plate,	conical	bottom	 Corning	costar	 3897	

96	well	microtiter	plate,	flat	bottom	 Nunc	 442404	

C18	cartridges	 Waters	 WAT200677	

Dialysing	tube,	MWCO	14	kDa	 Mediacell	Int	 DTV12000.09.000	

Glass	vials	2	ml	 Chromacol	 2-SV	

Glass	vials	4	ml	 Chromacol	 4-SV	

Heparin	binding	plates	 BD	 354676	

HPTLC	plates	 Sigma	 Z740232-25EA	

Nitrocellulose	coated	glass	slides	 Sartorius	 	

Polyolefin	sealing	film	 Starlab	 E2796-9793	

PVDF	membrane	 Millipore	 IPVH00010	

Silica	cartridges	 Waters	 WAT023595	

Ultracentrifugation	tubes	 Beckman	coulter	 344058	

Ultrafiltration	tube,	MWCO	30	kDa,	0.5	ml	 Satorius	 VS0101	

Ultrafiltration	tube,	MWCO	30	kDa,	2	ml	 Millipore	 UFC203024	

Ultrafiltration	tube,	MWCO	50	kDa,	2	ml	 Millipore	 UFC205024	

X-ray	film	 Kodak	 28906837	
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Methods 
 

2.1. Molecular biology 
 

2.1.1. CFHR5 plasmid preparation 
 

A 5 mL lysogeny broth culture supplemented with ampicillin (50 µg/mL) was inoculated with 

E. coli D10b containing the plasmid encoding the cfhr5 cDNA. Cells were cultured for 4 h, at 
37°C shaking at 220 rpm. The 5 mL culture was used to inoculate an overnight culture of one 

litre lysogeny broth. Cells were cultured overnight at the previously mentioned conditions. The 

cells were harvested by spinning the suspension for 10 min, at 6000 xg and at 4°C using 

Beckman Avanti centrifuge with rotor JA10. The plasmid DNA was isolated using the 

commercially sourced Qiagen mega-preparation kit (Qiagen Limited). The plasmid preparation 
was performed according to the manufacturer’s protocol. 

 
 

2.1.2. DNA Quantitation 
 

The DNA concentration was determined using NanoDrop photo spectrometer. Two microliter 

of sample was applied to the spectrometer to measure UV absorption at 260 nm. 
Measurements of DNA samples were performed in triplicates. 

The absorbance of DNA at 260 nm allows the calculation of the amount of DNA in a mixture 
according to Lambert-Beer’s law, which states that the absorbance (A) is the product of the 

molar attenuation coefficient (Ɛ) in M-1 · cm-1, the path length of light trough the sample (b) in 

cm and the concentration of molecule in a solution (c) in molarity. Based on the molar 
attenuation coefficient of double stranded DNA of 0.020 μg/mL−1 cm−1 and the path length of 

the solution at 0.1 cm the concentration was calculated. 
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2.1.3. DNA enzyme restriction digest  
 
To confirm that the plasmid contained the cfhr5 cDNA the plasmid vector was digested with 

the restriction enzyme NotI. Restriction digests were performed in a total volume of 20 μl. 100 
ng plasmid DNA was incubated with 2 µl NotI in restriction buffer containing 1% bovine serum 

albumin (BSA) for 2 hours at 37°C. Digested and undigested DNA was separated and 
visualized using 1% agarose gel. 

 
 
2.1.4. Analytical agarose gel electrophoresis  
 
For the separation of DNA fragment by gel electrophoresis the kuroGEL Midi-Plus 15TM 
horizontal system from VWR was used. Agarose was added to 1x TAE buffer to yield  

1% (w/v). 50 mL gel was prepared in a microwave by heating the buffer and agarose TEA 

mixture. The gel was allowed to cool to 50°C and ethidium bromide (final 0.5 µg/mL) was 

added to the gel. The gel was casted onto the gel tray flanked by casting gates. The gel was 

left to settle and overlaid with 1x TEA buffer. DNA samples were mixed with DNA loading 
buffer (final 1x concentrated) and applied together with a molecular weight standard 

(Hyperladder I, Bioline) onto the gel. The DNA was separated at 100 V for 1 hour. The DNA 

was visualized using UV light (260 nm) and documented using G-Box device (Syngene).  

 
 
2.2. Expression of mammalian proteins 
 
Human FHR5 and FHR1-FLAG were expressed in human embryonic kidney cells 293T (HEK 

293T) or HEK 293 using transient and stable expression system, respectively. HEK 293T cells 
were cultured on standard cell culture flasks (T175 cm2), whereas for better expression yield 

HEK 293 cell were cultured in cell culture bioreactor flasks. 

 
 
2.2.1. Transient expression of FHR5 
 
HEK 293 T were cultured in T175 flasks containing 50 mL culture medium [Dulbecco's 
Modified Eagle's Medium (DMEM), 1% penicillin/streptomycin (Pen/Strep), L-glutamine (Gln) 

and 10% fetal calf serum (FCS)] until they reached 80% confluence. Confluent cells were 

washed, released with trypsin and 5·106 cells seeded on a T175 flask. After 24 hours the 

DMEM was removed and 40 mL OptiMEM added to phosphate-buffered saline 137 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, KH2PO4, pH 7.4 (PBS) washed cells. For transient transfection, 

75 µg of pcfhr5 were mixed with 1 mL 150 mM NaCl in a polystyrene tube. In a second tube 

170 µl polyethylenimine (PEI) were mixed with 1 mL 150 mM NaCl. The 1 mg/mL (v/w) PEI 
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solution was prepared with MilliQ water, heated to 80°C, cooled and the pH adjusted to 7.2 

with 5 M hydrochloric acid, filtered and stored at -80°C. Both solutions were combined and 
incubated for 20 min at room temperature and then added to the cells. The transfected cells 

were incubated for a time period of 120 hours at 5% CO2 at 37°C.  

 
 

2.2.2. Stable Expression of FHR1-FLAG  
 
FHR1-FLAG tagged fusion protein was expressed in HEK 293 clones that had stably 
integrated the vector of cfhr1 gene into the genomic DNA. The p3XFLAG-CMV™-13 (Sigma) 

was used for expression of carboxy-terminal FLAG tagged proteins. A vial of HEK 293/FHR1-
FLAG/Clone1-2 was thawed and cultured in DMEM to allow expansion on a T75 cm2 cell 

culture flask. Confluent cells were spilt onto a T175 cm2 flask and cultured in DMEM until they 

reached 80% confluence. The DMEM used was supplemented with 1% Pen/Strep, Gln and 
10% FCS. The antibiotic G418 (50 µg/mL) was used to select stable expressing cells. The 

cells were washed in PBS and detached using 1x trypsin. The trypsin was inactivated by 
addition of 10 mL DMEM. The cell suspension was transferred into sterile 50 mL tube and 

spun for 5 min at 1,500 xg and 4°C. The supernatant was discarded and the cell pellet 
recovered in 15 mL OptiMEM ®I (Gibco) supplemented with 50 µg/mL G418, 1x MEM non-

essential amino acids solution (Gibco) and 1x penicillin-streptomycin-glutamine solution 
(Gibco). The cells were counted using a haemocytometer and the equivalent volume to 25 x 

106 cells were adjusted to 15 mL OptiMEM®I. The membrane of the Integra AD 1000 Celline® 
bioreactor was soaked and equilibrated by adding 50 mL OptiMEM to the medium 

compartment for 10 min. The suspended cells were pipetted to the cell compartment and any 

air bubbles introduced during the felling process were removed to ensure optimal growth 
conditions. To the medium compartment additional 950 mL of OptiMEM were added. The 

nozzles and caps of the medium and cell compartments were wiped with tissue soaked in 70% 
ethanol to remove any residual media drops. The cells were incubated at 5% CO2 at 37°C. 

After 8 days the medium in the cell compartment, containing the expressed protein, was 
harvested, the old medium of the medium compartment discarded and the cell compartment 

filled with 15 mL OptiMEM and the medium compartment refilled with 1 L OptiMEM. The 
harvested medium was spun for 5 min at 1,500 xg and 4°C to pellet aspirated cells and debris. 

The FHR1-FLAG containing supernatant was transferred to fresh tubes and stored at -20°C. 

The cells were cultured for 3 months in harvesting the protein and changing the medium every 
7 days. The OptiMEM media used for culturing of FHR1-FLAG were supplemented with 50 

µg/mL G418, 1x MEM non-essential amino acids solution (Gibco) and 1x penicillin-
streptomycin-glutamine solution (Gibco).  
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2.3. Protein purification 
 
Recombinant FHR1-FLAG, FHR2-FLAG and FHR5 were purified using fast protein liquid 

chromatography FPLC. Human embryonic kidney cell culture supernatants containing the 
recombinant proteins were applied to affinity chromatography. The eluted protein was 

following dialyzed or ultra-filtrated. The protein concentration was determined by measuring 
optical density (OD) at wavelength 280 nm using a spectrophotometer.  

 
 
2.3.1. Affinity chromatography 
 
All three proteins were purified using mouse monoclonal anti-hFHR1/2/5 antibody column. 
The antibody was generated against the dimerisation domain, present in FHR1, FHR and 

FHR5. The antibody was cross-linked to a N-hydroxysuccinimide (NHS)-activated Hitrap 

column (GE Healthcare). The supernatant was injected at a flow rate of 1 mL/min and the flow-
through collected. The column was washed with at least 10 column volumes of PBS and the 

flow-through as well as the wash fraction were collected. Bound protein was eluted using 100 
mM glycine buffer (PBS, pH 2.5). The eluted protein was collected in 0.5 or 1 mL fraction. The 

acidic pH was neutralized by the addition of 1 M Tris (80 µl/160 µl).  

 
 
2.3.2. Ultrafiltration 
 
The ultrafiltration of affinity-purified proteins was carried out to concentrate proteins and to 
perform buffer exchange. Spin columns with a defined molecular weight cut-off of the filtering 

membrane were chosen accordingly to the size of the proteins subjected to ultrafiltration. The 
membrane of the columns was equilibrated with buffer by spinning the columns with either 

500 µl (Sartorius VivaSpin 500) or 2 mL (Amicon Ultra) of the desired buffer for 1 min at 4000 
xg (Amicon Ultra) or 15,000 xg (VivaSpin 500), respectively. For a simple concentration of the 

protein the volume was reduced to the desired amount. To exchange the buffer, the protein 
was concentrated to the dead volume of the column and following a minimum of 2 (Amicon 

Ultra) or 5 (VivaSpin 500) column volumes of the exchange buffer were applied. The 

concentrated protein was collected and transferred to low binding tubes. To the emptied spin 
concentrators 200 µl of exchange buffer were added to recover any residual protein and the 

solution added to the concentrated protein. The protein was stored on ice for subsequent 
protein quantification or analysed by size exclusion chromatography, respectively. 
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2.3.3. Size exclusion chromatography (SEC) 
 
SEC of affinity purified FHR5 was performed on a Superose 12 column (GE Healthcare). 

Affinity purified FHR5 was concentrated using ultrafiltration spin columns to a volume of 200 
µl. The protein was loaded on a 200 µl loop and injected on the PBS equilibrated Superose12® 

column. The flow rate was set to 1 mL/min and the filtration performed using PBS buffer. The 
size exclusion chromatography was monitored by UV absorption. The eluate was collected in 

250 µl fractions onto a 96 well micro titre plate. The eluate fraction containing the protein were 
collected and analysed by SDS-PAGE and Western blot. 

 
 
2.3.4. Protein dialysis 
 
Affinity chromatography purified protein was dialysed to remove glycine present in the elution 

buffer. The dialysing tubing, with a molecular cut-off of 14 kDa (Medicell International Ltd), 
was cut according to volume of protein to be purified. The tubing was added to a 200 mL 

beaker filled with ddH2O. The beaker was placed in a microwave and heated to dwell the 
tubing. The tubing was incubated for additional 10 min in the hot water and following washed 

ddH2O.The eluted FHR5 protein was added to the tubing, which were sealed by knots and 

dialysed 4 hours against 2 litres of 20 mM Tris, 150 mM NaCl, pH 7.5 at 4°C. A second dialysis 

step was performed overnight using the same buffer formulation. The dialysed protein was 

recovered from the tubing and stored at 4°C for subsequent quantitation. 

 
 
2.3.5. Protein Quantitation 
 
Protein quantification was performed using NanoDrop spectrophotometer. The measurement 
was blanked against buffer and the sample measured in triplicates using 2 µl of sample. The 

absorbance values were corrected against the specific extinction coefficient of each protein. 
The quantified protein was divided into 20 µl aliquots, using low binding micro tubes and stored 

at -80°C. 
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2.4. Factor H desialylation and purification 
 
Desialylated FH was prepared from commercially sourced, plasma derived, protein using 

immobilised neuraminidase.  

 
 
2.4.1. Enzymatic digestion 
 
For the desialylation of FH neuraminidase coupled agarose beads were used. The 

neuraminidase of Clostridium perfringens liberates α2-3, α2-6 and α2-8 linked sialic acid 
saccharides. 250 µg of FH were digested with 0.3 units of neuraminidase. 

300 µl of neuraminidase-agarose slurry were washed 1 mL PBS, beads were pelleted at 650 
xg and the supernatant was carefully aspirated using a 1 mL pipette. After four additional wash 

steps 450 µl of digestion buffer (100 mM NaOAc, 2 mM CaCl2 Buffer, pH 5.0) were added to 

the beads as well as 250 µl of FH (1 µg/mL, Lot 25a). The reaction mix was incubated at 37°C 

for using a hybridization oven. After incubation of 13 h the sample removed was removed 

placed on ice. As control 5 µg of FH were added to 20 µl digestion buffer and treated 
accordingly to the digestion mixture. 

 

 

 2.4.2. Purification, concentration, buffer exchange 
 
Prior to purification of the desialylated FH (∆SIA FH) the digestion mixture was spun at 20,000 

xg for 10 min at 4°C using Hettich Rotanta 320 fixed angle centrifuge. The supernatant 
containing the ∆ SIA FH was carefully aspirated using 1 mL pipette and it was avoided to 

transfer any bead slurry, as the beads might damage the filtering membrane of the 
ultrafiltration column. A 10 µl aliquot was taken for subsequent analysis and the remaining 850 

µl supernatant were transferred to a pre-equilibrated 2 mL ultrafiltration column with a 
molecular weight cut-off membrane of 50 kDa. The column was equilibrated by spinning 2 mL 

of PBS at 3,800 xg at 4°C. Concentration and buffer exchange spin runs were performed at 

3,800 xg and at 4°C. The ∆SIA FH supernatant was concentrated to 200 µl. The digest buffer 
was exchanged by spinning 4.1 mL PBS and the sample concentrated to 100 µl. The purified 

∆SIA FH was transferred to low binding micro tubes and kept on ice. The membrane was 
washed once whit 200 µl PBS and column was reversed spun at 1000 xg and 4°C to collect 

wash fraction. The wash fraction was combined with the concentrated sample and kept on ice 
until quantitation. 
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 2.4.3. Quantitation 
 
Quantitation of ∆SIA FH was performed using NanoDrop spectrophotometer. The 

measurement was blanked against PBS and the sample measured in triplicates using  
2 µl of sample. The absorbance values were corrected against the extinction coefficient of FH. 

The sample was divided into 20 µl aliquots, using low binding micro tubes and stored at -80°C.  
 

 

2.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
 
SDS-PAGE separation of proteins was performed depending on the molecular mass of the 

proteins in gels of differing acrylamide concentrations. For standard separation of proteins 

gels were used at acrylamide concentrations of 6, 8, 10 or 12%. The gels were hand casted 
using Bio-Rad Mini-Protean casting kit.  

 
Casting polyacrylamide gels 

Separation gels were prepared according to desired acrylamide concentration and poured into 
glass frames and overlaid with 1 mL isopropanol. After polymerisation of the separation gel 

the isopropanol was discarded and the gel surface washed with ddH2O to remove left traces 
of solvent. Residual water was carefully removed by soaking into a filter paper. The separation 

gel was overlaid with the solution for the stacking gel. After the polymerisation of the stacking 
gel, the gel was used for electrophoresis or stored, wrapped in water soaked tissue and sealed 

with cling film, for up to two days at 4°C.  

 
Sample preparation 

Samples for separation by SDS-PAGE where either diluted in 4 time concentrated reducing 
or non-reducing SDS buffer, respectively. Samples were boiled for 5 min, briefly spun at 1000 

xg in a bench top centrifuge and the applied together with a protein standard onto the gel. The 
gel electrophoresis was performed at constant voltage of 200 V using Bio-Rad mini-ProteanTM 

system. The entire system was child in ice for the duration of the electrophoresis. Following 

the gel was either used to transfer the proteins onto polyvinylidene fluoride (PVDF) membrane 
or stained with Coomassie and silver, respectively. 
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2.6. Coomassie Brilliant Blue staining polyacrylamide gels 
 
After electrophoresis, the polyacrylamide gel was transferred to a glass tray briefly washed 

three times in 100 mL ddH2O to remove any salt from the buffer and overlaid with 200 mL 
Coomassie Brilliant Blue R250 solution [Coomassie R250 1g; water 40% (v/v); methanol 50% 

(v/v); acetic acid 10% (v/v)]. The gel was incubated shaker for 1 hour on an orbital at room 
temperature. The Coomassie solution was decanted and the gel rinsed briefly three times with 

ddH2O to remove residual Coomassie. Following the gel was overlaid with 100 mL destain-
solution (water 50/methanol 40/acetic acid 10). After one hour of incubation the solution was 

removed and replaced by fresh destain-solution. The destaining solution was discarded when 
the background of the gel became translucent and protein bands were well visible.  

 
 
2.7. Silver staining of polyacrylamide gels  
 
For silver staining of polyacrylamide gels the Sigma ProteoSilverTM kit was used. Staining was 

carried out according to the protocol of the manufacturer. In Brief, after electrophoresis the 
proteins were fixated in a 10% acetic acid, 50% methanol solution (v/v). After fixing the 

proteins the gel was washed once with a 30% ethanol solution followed by a wash step in 
water. The washed gel was incubated in sensitizer solution, washed with water and incubated 

in a silver solution. After a brief wash in water the gel was incubated in developer solution. 
The gel was generally developed between three to seven minutes, but terminated using stop 

solution before any background staining occurred. The gel was documented by photography. 

 
 
2.8. Western Blot analysis 
 
Electroblotting was carried out according the wetblot method using Bio-Rad Mini Trans-BlotTM 
system. After electrophoretic separation, the gel was placed into the “transfer sandwich” that 

was assembled as follows; two layer of filter paper, soaked in transfer buffer; immobilonR-P 
PVDF membrane was activated for 15 sec in methanol and laid on the filter paper; the 

polyacrylamide gel was laid on the PVDF membrane without introducing any air bubbles 
between membrane and gel; two, in transfer buffer soaked, filter papers were laid on the gel 

to complete the sandwich. To any air bubbles in the sandwich were rolled out using a 15 mL 
falcon tube. The assembled sandwich, flanked by two foam pads, was placed in mini gel holder 

cassette and inserted into to the core transfer module of the Trans-Blot system. The core was 

transferred to the blotting tank, an ice-cooling unit added and the tank filled with transfer buffer. 
The transfer of the proteins onto the PVDF membrane was performed at a constant voltage of 

110 V for 2 hours or overnight at 30V, respectively  
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Blocking 

After the transfer, the PDVF membrane was briefly washed in 100 PBS-T and following 
blocked to prevent non-specific binding of the detection antibodies. The membrane was 

blocked in 20 mL of 3% BSA for one hour at room temperature.  
 

Immunodetection 
Each primary antibody was diluted in 3% BSA (PBS-T) according to the manufacturer’s 

guidelines or previously established protocols in the laboratory. The blocked membrane was 
incubated in 10 mL of primary antibody solution for one hour at room temperature. The 

membrane was rinsed once with 20 mL PBS-T, washed three times for 10 min in 100 mL PBS-
T and incubated for one hour with a HRP-conjugated secondary antibody targeting the primary 

antibody. Secondary antibodies were likewise diluted in 3% BSA (PBS-T). After the secondary 

incubation, the membrane was rinsed once with 20 mL PBS-T, washed three times for 10 min 
in 100 mL PBS-T and once in 100 mL PBS. Enhanced chemiluminescence (ECL) Western 

blotting substrate was prepared according to manufacturer’s guidelines. Luminol and peroxide 
solutions were mixed 1:1. The washed PVDF membrane was incubated with 2 mL of ECL 

substrate. After 2 min, the ECL substrate was drained onto to a piece of tissue and the 
membrane placed in a X-ray film cassette, covered by a piece of translucent film and the signal 

was documented by overlaying with a X-ray film for 10 sec up to 5 min. As second method the 
luminescence signal was detected by CCD camera system using Syngene G:Box iChemiXR. 

This method was used to generate digitals images of immunoblots, saved as tagged image 
file format (TIFF), for subsequent band densitometry analysis. 

 
 
2.9. Band densitometry analysis 
 
Band densitometry analyses of digital western blot images were performed with ImageJ 

provided by the National Institutes of Health (NIH) as free open software. 
The TIFF image opened in ImageJ. In the selection plane the commands analyse, gels, select 

first lane were opened and the to be analysed area of the blot image selected. Afterwards the 
commands analyse, gel, plot lanes were opened. The data was further processed in excel.  
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2.10. Biotinylation Goat IgG anti-human factor H 
 
Goat antiserum raised against human FH was affinity purified on a protein G column using 

FPLC. This purification was done by a colleague in the laboratory. The purified polyclonal goat 
IgG anti-hFH was biotinamidohexanoic acid N-hydroxysuccinimide ester (NHS ester). The 

biotin reagent was diluted in DMSO to final concentration of 1 mg/mg. The equivalent volume 
to 1 mg of goat IgG anti-hFH was mixed with 75 µl of the biotin reagent and incubated for 4 

hours at room temperature on a rotating wheel. The antibody was dialysed twice against 2 
litres PBS to remove excess NHS ester reagent. The concentration was determined by 

measuring the OD at 280 using spectrophotometry and the absorbance value corrected 

against the molar attenuation coefficient of IgG (Ɛ = 210,000 M-1 cm-1/ 0.1% absorbance = 

1.4). Concentration poly Goat-biotin anti hFH = 1.009 mg/mL  

 
 
2.11. Enzyme Link Immunosorbent Assay (ELISA) 
 
A 96 well flat bottom polystyrene microtiter plate was coated overnight at 4°C with polyclonal 
mouse anti-hFHR5 antibody (Abnova, 1 µg/mL) diluted in capture buffer (100 mM NaHCO3, 

pH 9.5). Coated plates were washed and blocked with 3% BSA for 1 hour. Commercially 

sourced FHR5 protein was used to generate a standard curve, starting at concentration of 50 
ng/mL diluted in 1:2 serial dilutions to 780 pg/mL.  

Samples were incubated in sample buffer for 1 hour, followed by washing steps. FHR5 signal 
was detected using a polyclonal rabbit anti-hFHR5 antibody (Abnova, 250 ng/mL) followed by 

HRP-conjugated polyclonal swine IgG anti-rabbit antibody (Dako, R0156). Colour reaction 
was detected following TMB substrate incubation. After 10 min the reaction was terminated 

by addition of 20 µl 2N sulphuric acid. The optical density was measured at the wavelength of 
450 nm using a spectrophotometer. 

 
 
2.12. Generation of GAG oligosaccharides 
 
GAG oligosaccharides were generated by partial enzymatic depolymerisation using GAG 

specific lyases. The digest reactions were terminated at 50% completion according to Chai et 
al246. The GAG oligosaccharides obtained were fractionated by gel filtration chromatography 

and the yield of each fraction quantified by carbazole assay. 
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2.12.1. Enzymatic depolymerisation of heparin 
 
To generate heparin oligosaccharides, 200 mg of heparin polysaccharide were depolymerised 

using heparin lyase I. The polysaccharide was added to 6 mL of digest buffer (5 mM NaH2PO4, 
200 mM NaCl, pH 7.4). Heparinase I (100 units) was diluted in 500 µl of digest buffer, stabilized 

by addition of BSA at 1 mg/mL, and added to the polysaccharide solution. The reaction mixture 

was incubated at 30°C for 24 hours using a water bath and periodically 5 µl aliquots were 

taken to monitor the degree of fragmentation. Heparinase I cleaves the glycosidic bond 

between sulphated GlcNAc/GlcNS and sulphated IdoA resulting in an 4,5-unsaturated IdoA. 
This double bond, which absorbs at 232 nm, was utilised to measure the progress of 

fragmentation. Each aliquot was boiled for 5 min in 1 mL of 0.03 N HCl to deactivate the lyase 
and the absorption of the solution measured at 232 nm using a UV spectrophotometer. 

 
 
2.12.2. Enzymatic depolymerisation of DS 
 
DS oligosaccharides were generated from 200 mg DS polysaccharide using 500 mU of 
chondroitinase ABC. The polysaccharide was dissolved in 3.9 mL digest buffer. 100 µl of lyase 

working solution were prepared in the same digest buffer and added to the polysaccharide 

solution. A 3 µl reference aliquot was taken and the sample incubated for 19 hours at 30°C 

(water bath), 3 µl aliquots taken after 17, 18.5 and 19 hours. Similar to heparin, the 

depolymerisation was monitored by the absorption of the unsaturated IdoA residue of the 
oligosaccharides using the same protocols for deactivation of the heparinise I and 

measurement of the UV absorption. 

 
 
2.12.3. Desalting of oligosaccharide products 
 
Prior to separating individual oligosaccharide fraction of the depolymerised GAG the samples 
were freeze-dried, reconstituted in 2 mL water and injected on SephadexG10 column (1.6 x 

36 cm) for desalting. The elution was monitored using a refraction index detector (Altex) and 
chromatogram was recorded using a flatbed chart recorder (Liseis L250E). Samples were run 

at a flow rate of 20 mL/h and collected in 1.5 mL fractions using Gilson FC 203B fraction 
collector. Fractions containing the oligosaccharides were pooled and freeze-dried for 

subsequent gel filtration chromatography. 
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2.12.4. Quantitation of GAG oligosaccharides by carbazole assay 
 
The amount of GAG oligosaccharide fractions was quantified using carbazole assay247,248. The 

carbazole reagent reacts with uronic acid residues to a pink coloured complex, with a maximal 
absorbance at 525 nm. As standard, 2, 5, 20, 40, and 80 nmol of D-glucurono-6,3-lactone 

were used. For generating the standard curve each glucurono-6,3-lactone concentration was 
measured as duplicates, GAG oligosaccharides were measured once. Of each purified GAG 

fraction 5 µl were added to 245 µl of benzoic acid solution (28.17 mM). The solution was 
generated by saturating H2O with benzoic acid. The solubility in H2O at room temperature is 

3.44 g/L. Sample were mixed by inverting and briefly spun. Samples for the standard curve 
were prepared accordingly using 0.4, 1, 4, 8 and 16 nmol/µl stock solutions. 1.5 mL 

tetraborate-H2SO4 solution (25.17 mM sodium tetraborate decahydrate in concentrated 

H2SO4) were added to glass tubes and chilled on ice. The sample and standard solutions were 
then carefully overlaid on top of the chilled tetraborate solutions and placed back on ice to 

allow slow diffusion. After 10 min of incubation both layers were mixed gently by horizontally 
inverting the tubes and then vortexed for 10 seconds. To dissociate the uronic acid form the 

hexosamine the tubes were heated for 10 min at 102°C and placed immediately after on ice. 

After addition of 50 µl carbazole solution (7.48 mM carbazole in ethanol), the probes were 

vortexed, incubated for 15 min at 102°C, allowed to cool down for 5 min on ice. UV spectra 

were taken from 420 to 600 nm and absorption was measured at 525 nm, using a UV 
spectrophotometer. 

 
 
2.13. Plate-based GAG polysaccharide macroarray binding and inhibition assays 

 
The binding assays were performed using heparin-binding plates from BD Biosciences. For 

GAG polysaccharide binding and inhibition experiments, buffers were prepared freshly on the 
day of the experiment. The wash buffer consisted of 10 mM HEPES, 150 mM NaCl (pH 7.3). 

As protein and antibody diluent, 5% BSA buffer was used (5% BSA, 50 mM NaOAC, 100 mM 
NaCl, pH 7.3). Carbofree block reagent working solution was prepared by 1:10 dilution in 

ddH2O. To ensure quick protein transfer and equal incubation times of the protein solution on 
the heparin binding plates, the proteins were pipetted onto conical 96-well microtiter plates 

and then transferred to the heparin-coated plates using a 12-channel multichannel pipette.   
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2.13.1. Surface binding  
 
Heparin binding-plates were coated with 50 µl GAG solution (40 µg/mL) at a final concentration 

of 2 µg/well overnight in dark. The wells were washed 2 times with 100 µl wash buffer to 
remove any unbound GAGs before blocked with 100 µl carbofree blocking reagent for 2 hours 

at room temperature. After washing the wells 4 times with 100 µl of wash buffer, 50 µl of 
purified FH or recombinant FHR5 serial dilutions (1:2) were added to the plate and incubated 

for 2 hours. Surface bound FH was detected by incubating 50 µl biotinylated polyclonal goat 
IgG anti-hFH (1 µg/mL) followed by one hour incubation of 50 µl streptavidin-HRP conjugate 

(R&D, 1/200 dilution). For detection of surface bound FHR5 the wells were overlaid with 50 µl 
of polyclonal mouse IgG anti-hFHR5 (Abnova, 1 µg/mL) for one hour, followed by 50 µl HRP-

conjugated polyclonal rabbit IgG anti-mouse (DAKO, 1:1000 dilution). As substrate for the 

HRP, 50 µl 3,3',5,5'-tetramethylbenzidine were added to the wells. After 10 min the reaction 
was terminated by addition of 20 µl 2N sulphuric acid. The optical density (OD) was measured 

at 450 nm using a spectrophotometer. After each incubation with protein/antibody, the wells 
were washed 4 times with 100 µl wash buffer. 

 
 
2.13.2. Inhibition assays using soluble GAGs 
 
For inhibition experiments, the heparin binding plates were coated with 100 µl of heparin in 
PBS solution (20 µg/mL) overnight. The unbound GAG was washed 2 times with 200 µl wash 

buffer. The plate was then blocked with 200 µl carbofree blocking reagent for 2 hours at room 
temperature. FHR5 was diluted in 5% BSA binding buffer (5% BSA, 50 mM NaOAC, 100 mM 

NaCl, pH 7.3) to 3.12 µg/mL. GAG serial dilutions (1:2) were prepared in 5% BSA binding 
buffer at 20, 40, 80, 160, 320 and 640 µg/mL. FH was diluted in low ionic strength buffer (5% 

BSA w/v, 20 mM Tris, 20 mM NaCl, pH 7.3) as well as the GAGs in serial dilutions (1:2) of 20, 
40, 80, 160, 320 and 640 µg/mL. The FHR5, or FH protein solutions and their corresponding 

GAG solutions were combined at a 1:1 ration. The proteins were incubated at 4°C, between 

30 min up to 1 hour, with the soluble GAGs and following 50 µl the protein-GAG mixture were 
transferred onto the heparin coated plates. After 2 hours of incubation at room temperature 

the wells were washed 4 times with 100 µl SAB. The detection of surface bound FHR5 and 
FH followed the protocol outlined in section 1.1.13.1.   
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2.14. C3b binding competition assay  
 
C3b binding competition of FHR5 and FH was performed on heparin binding plates. Therefore, 

a dual coated surface of C3b and HS was generated. To establish the immobilisation 
conditions, 5, 10 and 20 µg/mL of plasma purified C3b were coated together with 60 or 120 

µg/mL of CSA. C3b and CSA were diluted in PBS and the solution was applied in a volume of 
50 µl to the wells. The plates were incubated overnight at 4°C. Coated wells were washed 4 

times with 100 µl wash buffer and following blocked with 100 µl carbofree blocking reagent for 
2 hours at room temperature. The blocked wells were washed 4 times with 100 µl wash buffer. 

Surface-immobilised C3b was detected using HRP-conjugated polyclonal mouse IgG anti-
hC3. Surface bound CSA was detected using monoclonal mouse IgM anti-chondroitin 

sulphate (CS56- Sigma, 2 µg/mL) and HRP-conjugated rabbit IgG anti-mouse (Dako, 1:1000 

dilution). The antibodies were diluted in 2% BSA-PBS (2% BSA v/w, PBS, 0.2 Tween, pH 7.3). 
After each antibody incubation, the plates were washed 4 times with 100 µl wash buffer. As 

substrate for the HRP 50 µl TBM substrate were added to the wells and the colourimetric 
reaction was terminated after 5.30 min by addition of 2N sulphuric acid. The OD was recorded 

at 450 nm using a spectrophotometer. 

 
 

FH binding to C3b-HS surface 

To determine the FH concentration required for surface C3b-binding competition assay 
heparin binding plates were coated with a solution of purified C3b and kidney HS. A solution 

of 25 µg/mL C3b and 40 µg/mL was prepared in PBS and 50 µl of that were incubated 

overnight at 4°C. The wells were washed 4 times with 100 µl wash buffer to remove any 
unbound protein or HS. The surface was blocked with 100 µl carbofree blocking reagent for 2 

hours at room temperature. After washing the wells 4 times with 100 µl of wash buffer, 50 µl 
of purified FH serial dilutions (1:2) were added and incubated for 2 hours. Surface bound FH 

was detected by incubating 50 µl monoclonal mouse IgG anti-hFH (1 µg/mL) for one hour 
followed by an hour incubation of 50 µl HRP-conjugate conjugated polyclonal rabbit IgG anti-

mouse (Dako, 1:1000 dilution). As substrate for the HRP 50 µl 3,3',5,5'-tetramethylbenzidine 
were added to the wells. After 10 min the colourimetric reaction was terminated by the addition 

of 20 µl 2N sulphuric acid. The OD was measured 450 nm using a spectrophotometer. After 
each incubation with proteins or antibody the wells were washed 4 times with 100 µl wash 

buffer. 
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Surface-C3b binding competition of FHR5 and FH 

For the binding competition assay wells were coated with C3b alone or together with kidney 
HS. For the coating 25 µg/mL C3b and 40 µg/mL HS PBS solutions were prepared. Wells 

were either incubated overnight at 4°C with 50 µl of the protein or 50 µl of the protein HS 
solution, respectively. The wells were washed 4 times with 100 µl wash buffer to remove any 

unbound protein or HS. The surface was blocked with 100 µl carbofree blocking reagent for 2 
hours at room temperature. To 16 nM FH, increasing concentrations of FHR5 protein at 7, 14, 

28, 55, 111, 221 nM were added. Therefore, a 32 mM FH solution was prepared in 5 % BSA 
binding buffer (5% BSA w/v, 100 mM NaCl, 50 mM NaOAC, pH 7.3). FHR5 was diluted in 5% 

BSA binding buffer at 442 nM and 1:2 serial dilutions were prepared. Equal parts of the FH 
solution and the FHR5 serial dilution were mixed and 50 µl of that solution were incubated on 

the wells for 2 hours at room temperature. Surface bound FH was detected by incubating 50 

µl monoclonal mouse IgG anti-hFH (2.5 µg/mL) for one hour, followed by one hour incubation 
of 50 µl HRP-conjugate polyclonal rabbit IgG anti-mouse (Dako, 1/1000 dilution). As substrate 

for the HRP 50 µl 3,3',5,5'-tetramethylbenzidine were added to the wells. After 10 min the 
colourimetric reaction was terminated by the addition of 20 µl 2N sulphuric acid. The OD was 

measured 450 nm using a spectrophotometer. After each incubation with protein or antibody 
the wells were washed 4 times with 100 µl wash buffer. 

 
 
2.15. Carbohydrate microarray analyses 
 
Two different microarray formats for interrogating binding of the FH protein family to 

carbohydrate molecules were used: polysaccharide microarrays prepared by direct arraying 
of polysaccharides onto nitrocellulose-coated glass slides and oligosaccharide microarrays 

prepared by Dr Wengang Chain, Dr Yan Liu, Nian Wu and myself. In the first format charged 
bacterial polysaccharides were directly arrayed onto nitrocellulose-coated glass slides without 

derivatization. In the second approach, the GAG oligomers were covalently attached to a lipid 

tag to generate neo glycolipids, which were following arrayed.  

 
 
 2.15.1. Generation neoglycolipid-based microarray  
 
For the generation of the NGL array, GAG oligosaccharides were chemically conjugated to 

the N-Aminooxyacetyl-1,2-dihexadecyl-sn-glycero-3-phopho-ethanol-amine. Purified and 
quantified NGL probes were combined with the carrier lipids cholesterol and 

phosphatidylcholine to form liposomes, which were arrayed onto nitrocellulose-coated glass 
slides.  
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2.15.1.1. Preparation of the lipid reagent N-Aminooxyacetyl-1,2-dihexadecyl-sn-glycero-3- 
     phosphoethanolamine (AOPE)  

 
Preparation of Boc-AOPE 

AOPE was prepared by dissolving 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine 
(DHPE) and Boc-aminooxyacetic acid (Boc-AOAcOH) in 5 mL of cold chloroform (CHCl3). To 

transfer the aminooxyacetic acid to amino group of DHPE was activated by the addition of 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and stirred for 1h on ice as 

well as 3h at room temperature. Any residual EDC was dissolved by heating the formulation 
to 60°C to obtain clear solution. The formulation was washed twice with 2 mL MilliQ, the 

aqueous layer was aspirated carefully and the chloroform evaporated under nitrogen stream.   
 

Purification  

Unreacted DHPE and salt was removed by purifying the Boc-AOPE on silica cartridges. The 
dried sample was reconstituted in 1.2 mL of dichloromethane and the sample applied in 200 

µl aliquots on six pre-equilibrated cartridges. The silica gel was sequentially washed and 
equilibrated with 12 mL methanol, 12 mL methanol/water (1:1), 24 mL methanol and 24 mL 

dichloromethane. Each cartridge was washed 5 times with 4 mL of chloroform/water/25% NH3 
(100/10/1), the wash fraction collated in glass vials and labelled accordingly W1-W5. The Boc-

AOPE was eluted by applying 5 times 4 mL of chloroform/water/25% NH3 (100/30/1). The 
eluate fractions were collected in glass vials and labelled E1-E3. Following, 1 µl of each wash 

and elution fraction was run on HPTLC using chloroform/ethanol/water (50/501) as solvent 

system. The eluate containing the Boc-AOPE was dried using nitrogen gas.  
 

Deprotection 

The elution fractions were reconstituted in 1 mL of 4°C cold dichloromethane and deprotected 

by addition 100 µl of fresh TFA and stirred 5 hours on ice. TFA was co-evaporated twice with 
200 µl toluene using a nitrogen gas stream. The product was reconstituted in 

chloroform/methanol (1/1) and applied to high	performance	thin	layer	chromatography	to verify 

deprotection and quantify the amount of AOPE. The purified AOPE was stored at -20°C. 
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2.15.1.2. High performance thin layer chromatography (HPTLC) 
 
For quality control and quantitation of the AOPE lipid and neoglycolipids preparations 

specimens were subjected to HPTLC analysis. The plates were developed depending on their 
chemical properties in a corresponding solvent system. The standard size of plates used for 

analytical runs was 100 x 100 mm. Prior to developing the plates, TLC tanks were filled to a 
level of 1cm with a specific solvent system and equilibrated for 30-40 min at room temperature. 

TLC plates were developed until the solvent front reached about 90 mm, air dried and sprayed 
with 1% primulin reagent to stain the free lipids, and lipid moieties of the NGLs. TLC plates 

were visualized under ultraviolet light (300-370 nm) and pictures were taken for 
documentation.  

 
 
2.15.1.3. Preparation of GAG Oligosaccharide Neoglycolipids 

 
GAG oligosaccharide NGL probes were prepared via oxime ligation to AOPE developed 

according to Liu et al249,250. In previous experiments the oxime ligation to the AOPE proofed 
higher yields than the reductive amination to the DHPE lipid, especially seen for highly 

negatively charged and large GAG oligomers.  

 
 
2.15.1.4. Conjugation 

 
For conjugation of GAG oligosaccharides, 100 nmol of oligosaccharide were transferred in 2 

mL glass vials and freeze dried. Oligosaccharides were dissolved in 10 µl water (HPLC grade) 

and mixed with 100 µl of AOPE (10 nmol/µl). The vials were sealed with screw caps and 
incubated 16 h at 37°C using water bath. The vials were then unscrewed and placed in a 

heating block, set at 60°C, for 1 h to evaporate the solvent. The dried NGL samples were 
dissolved in 200 µl chloroform/methanol/water (25/25/8) and 2 µl of solution, corresponding to 

1 nmol of starting oligosaccharide, applied through TLC spotter for HPTLC analysis. The TLC 
plates were developed in appropriate chloroform/methanol/water solvent systems, primulin 

sprayed chromatograms were visualized under UV light and documented. The remaining 
sample was dried under a nitrogen stream.   
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2.15.1.5. Purification 
 
Silica cartridge columns (1 cc) were used to remove excess lipid from the reaction product. 

Columns were washed by gravity flow sequentially with 4 mL methanol, 4 mL water, 6 mL 200 
mM ammonium acetate, 12 mL water, and 4 mL methanol before equilibration with 6 mL 

chloroform. The NGL samples were dissolved in 100 µl of chloroform/methanol/water 
(130/50/9) and applied to the columns. Vials were rinsed with 200 µl of the same solvent and 

added to the column. Flow-through (F1) was collected in a 2 mL glass vial. The column was 
then washed 5 times with 300 µl chloroform/methanol/water (130/50/9) (W2-W6). NGLs were 

eluted 4 times with 300 µl of chloroform/methanol/water (60/35/8) as well as 4 times with 300 
µl chloroform/ methanol/water (25/25/8) and collected as E7 to E14. Aliquots (2 µl) of each 

fraction was used for HPTLC analysis. After staining with primulin, NGLs were visualised by 

longwave UV. The fractions containing the excess lipid were discarded; all remaining fractions 
were pooled and dried using nitrogen gas. NGL samples were then desalted on a C18 column 

(1 cc). Columns were equilibrated by gravity flow sequentially with 2 mL chloroform, 2 mL 
chloroform/methanol (1/1), 2 mL methanol and 2 mL water. NGL samples were reconstituted 

in 200 µl of chloroform/methanol/water (15/70/30), the glass rinsed once with 200 µl and once 
with 1 mL chloroform/methanol/water (15/70/30), added to the column and the flow-through 

collected as fraction 1. The column was washed twice with 2 mL chloroform/methanol (1/1) 
and the flow collected as fraction 2. The NGLs were eluted by addition of 1 mL 

chloroform/methanol/water (25/25/8) followed by 1 mL of chloroform/ methanol/water 
(60/35/8). The eluate was collected as fraction 3 and dried under nitrogen stream. 

2.15.1.6. Quantitation of NGLs 
 

Quantitation of NGL samples was performed by band densitometry on HPTLC plates. As 
standard, 50, 100, 200 and 400 pmol of maltopentaose NGLs were used. Standard and 

samples were applied onto HPTLC plates using Camag autosampler. NGLs were sprayed as 
bands using nitrogen stream at a band width of 4 mm and 3 mm space. The samples were 

delivered at a speed of 10 sec/µl at room temperature. After the sample application, the 
HPTLC plates were developed in chloroform/methanol/water (60/35/8).  

GAG NGL samples were reconstituted in 300 µl chloroform/methanol/water (25/25/8). The 
equivalent of 0.5% starting oligosaccharide of each NGL sample was applied onto developed 

HPTLC plates containing maltopentaose NGL standard. The plates were air dried and then 

immersed at room temperature sequentially in PBS for 10 min, in primulin-PBS for 20 min and 
in PBS for additional 10 min. The primulin stained plates were dried in the dark and 

densitometry quantitation performed on the same day to avoid fading of the fluorescent dye. 
The HPTLS plates were scanned in linear reflectance fluorescence mode, using Shimadzu 
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dual wavelength flying spot scanner. The intercalated primulin was excited at 370 nm and 

detected at a filter cut-off at 470 nm. The amount of each NGL sample was calculated from 
the maltopentaose NGL standard curve. After quantitation, the NGL samples were diluted in 

chloroform/methanol/water (25/25/8) to obtain “working solutions” of 5 pmol/µl, and stored at 
-20°C for further use. 

 
 
2.15.1.7. NGL liposome preparation 

 
During all steps of NGL liposome preparation powder free gloves and a face mask were worn 
to avoid any cross contamination of the samples. NGL were mixed with phosphatidylcholine 

and cholesterol to generate liposomes containing either 2 fmol or 5 fmol of an individual NGL. 

For the 2 fmol level 10 µl of NGL working solution were mixed with 5 µl of phosphatidylcholine 
(200 pmol/µl) and 5 µl cholesterol (200 pmol/µl) solution in 0.5 mL micro tubes. For the 5 fmol 

level the amount of NGL was increased to 30 µl. Organic solvent were evaporated for 16 hours 
at 37°C. The NGL liposomes were reconstituted in Cy3 water (100 ng/mL), vortexed for 5 to 

10 sec and spun for 10 sec at 13,000 xg using a bench top centrifuge. The samples were 
sonicated for 15 min in a sonicator bath. The water temperature was adjusted to 25°C to avoid 

that during the sonication process the temperature exceeded 30°C. Afterwards the samples 
were briefly spun at 13,000 xg, pipetted according to the arraying layout to a 384 well “source 

plate” that was sealed with polyolefin film and spun again for 3 min at 1,000 xg for immediate 
arraying. 

 
 
2.15.1.8. Robotic arraying  

 
The NGL probes were printed onto nitrocellulose-coated glass slides sourced from Sartorius 

Stedim Biotech. The slides have the format of 16 pads, which allowed the printing of 16 
identical subarrays. For the robotic arraying the source plate was transferred to a piezoelectric 

microarray nano-plotter (GeSiM). The source plate was placed into a temperature controlled 
plate holder. The film seal was carefully removed and the NGL probes printed onto 

nitrocellulose-coated glass slide according to a pre-coded arraying programme. The printed 
slides were stored until use in light impermeable containers.   
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2.15.1.9. Protein binding analysis  
 
For the binding analyses of FH/FHRs a microarray slide, with the desired set of glycan probes, 

was placed under a silicon gasket that separated the individual 16 pads of the subarrays. The 
slide and the gasket were fixed by transfer into a FAST frame. The nitrocellulose pads were 

wetted with PBS for 1 min or longer if necessary until the nitrocellulose was completely soaked 
with buffer. The pads were blocked with 3% BSA-PBS (w/v) for 1 hour and washed twice with 

140 µl PBS. As protein, antibody and Alexa 647 diluent 1% BSA-PBS was used and 100 µl 
volume of the corresponding solution was incubated on a pad. Before applying any protein or 

antibody solution, the samples were briefly spun at 15,000 xg. After all protein and antibody 
incubation steps the slides were washed 140 µl of 1x PBS. Protein/antibody application was 

performed swiftly to avoid drying on the membrane, which would have resulted in increased 

background binding to the nitrocellulose membrane. Throughout all incubations steps the slide 
was protected from any sources of light. The experiment was carried out at 20° C.  

The subarrays were overlaid with 50 µg/mL solutions of FH and FHRs. The protein solutions 
were pipetted onto the designated pads and incubated for 1.5 h. Binding of FH, FHR1 and 

FHR2 was detected with goat anti FH antiserum (Quidel, 1/200 dilution). FHR5 was detected 
using polyclonal mouse IgG anti-hFHR5 (5 µg/mL). For the secondary detection biotin-

conjugated polyclonal rabbit IgG anti-goat (SIGMA, 1/200 dilution) and biotin-conjugated 
polyclonal goat IgG anti-mouse (SIGMA, 1/200 dilution) were incubated on the pads for 1 hour. 

For the signal detection, the pads were incubated with 100 µl Alexa 647-conjugated 
streptavidin (1 µg/mL) for 30 min. After the incubation, the slides were washed 4 times with 

PBS and once with ddH2O. The slides were carefully released from frame and gasket and 

submerged once with ddH2O. The slides were dried for 2 min using a bench-top slide-
centrifuge. The dried slides were stored in light-opaque containers until detection of protein 

binding. To detect protein binding, the slides probed with FH/FHRs were scanned at 635 nm 
using GenPix4300A microarray scanner. The binding signals were quantified using GenePix 

pro microarray analysis software. The binding data was exported to the Glycosciences in-
house-data storage and processing. 

 
 
2.16. Bacterial polysaccharide microarray 
 
The bacterial polysaccharide samples were kindly provided by Prof Dr Yuriy A Knirel (Zelinsky 

Institute of Organic Chemistry, Moscow). Bacterial polysaccharides derived from LPS and 
capsular polysaccharides were diluted in Cy3 water. Of each polysaccharide, a low- and high-

level (0.3 mg/mL and 1 mg/mL) was prepared. The polysaccharides were arrayed directly onto 
nitrocellulose-coated glass slides without derivatisation. 



97	
	

Chapter 3. 
Expression and purification FHR1-FLAG, 
FHR2-FLAG and FHR5  
& Preparation of desialylated factor H 

	
  



Generation	of	FHR1-FLAG,	FHR2-FLAG,	FHR5	&	∆FH	

	
	

98	

Expression and purification FHR1-FLAG, FHR2-FLAG 
and FHR5 & preparation of desialylated factor H 
 
3.1. Introduction 
 

To interrogate the interactions of FHR1, FHR2 and FHR5 with surface carbohydrate ligands 

adequate amounts of each related protein had to be generated. In this chapter I outline the 
preparation of recombinant FHR1, FHR5 and FHR2. 

All three proteins are found in relative abundance in human plasma, ranging from 4.5 µg/mL 
for FHR5, 45 µg/mL for FHR2 and 85 µg/mL for FHR172. However, the purification of each 

related protein to yield 1 mg of purified protein would have required large amounts of human 
plasma samples. The plasma would have had to be derived from healthy volunteers that are 

not deficient in any of the related proteins. A standard method for initial enrichment of FH and 
FHR proteins from plasma samples is to perform affinity chromatography on a heparin column. 

FH, FHR1 and FHR5 interact (via their two carboxy-terminal SCR domains) with heparin. 
However, FHR2 does not bind heparin. Furthermore, heparin affinity chromatography cannot 

be used to separate FHR1 and FHR5 reliably since these protein co-elute72. Alternatively, 
antibodies specific to FH and each of the related proteins could be used for affinity 

chromatography. However, currently available antibodies cross-react with other members of 

the FH family. This is explained by the high sequence similarity of the SCR domains shared 
between the proteins. This is especially true for FHR1, FHR2 and FHR5 as there is high 

sequence similarity in their first two amino-terminal (dimerisation) domains. Finally, plasma 
extraction would require a further purification step after the initial affinity chromatography, using 

either size exclusion or anion exchange chromatography. To circumvent these technical 
obstacles, I chose to express recombinant proteins.  

I had the choice of expressing the proteins in different expression systems. These included: 
baculovirus-infected insect cells, Chinese hamster ovary (CHO) cells and human embryonic 

kidney cells (HEK 293). The use of the baculovirus-insect cell system results in high expression 
of recombinant proteins. However, this system is not ideal for expression of mammalian 

glycoproteins, as the N-glycan profile of insect cells differs significantly from mammalian cells. 
The predominant N-glycan on insect glycoproteins is a pauci-mannosidic-type glycan. 

Moreover, insect cells do not express complex N-glycans with terminal sialic acids251. For this 
reason, the insect cell expression system was dismissed for the biosynthesis of recombinant 

proteins. Both cell lines, CHO and HEK 293, express sialic acid capped glycoproteins and are 
currently used for expression of therapeutic proteins. Yet, the glycosylation between both cell 
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lines can differ for the same protein expressed. The CHO cell line has been shown to express 

more sialylated glycoproteins252.  

The sialylation of plasma glycoprotein is an important post-translational modification as it 

determines the plasma half-life. Loss of sialylation leads to sequestering of the glycoprotein 
from plasma in humans (and mammals). The free terminal galactose of the desialylated 

glycoprotein is bound by the asialoglycoprotein receptor, which is expressed on 
hepatocytes253. Although CHO cells tend to express more sialylated glycoproteins I decided to 

use HEK 293 cells, for expression of the related proteins, to maintain the human glycosylation 
pattern. Unlike other mammalians cells, human cells cannot synthesize N-glycans that contain 

terminally the sialic acid Neu5Gc or an alpha galactose251, aslo termed Galili epitope.  

The CFHR1, CFHR2 and CFHR5 cDNA was cloned in to expression vectors where the 

transcription was under the control of a cytomegalovirus (CMV) promoter (Fig 3.1). The CHFR5 
cDNA construct had been previously cloned in the laboratory, and HEK 293 cells had been 

used for the transient expression of the FHR5 protein72. However, in the lab we also had the 
modified HEK 293 cell line, termed HEK 293T, which expresses the simian virus 40 (SV 40) 

large T-antigen (TA). The TA allows for enhanced episomal replication of transfected plasmids 
containing the SV40 origin, leading to increased expression of the target gene. Therefore, I 

performed transient transfections in HEK293 and HEK293T cells and compared the protein 
yield of FHR5 from these two cell lines. 

FHR1 and FHR2 were cloned into a p3XFLAG-CMV™-13 (Sigma) vector and FLAG tagged 
both constructs were stably expressed in HEK 293 cells to produce stable clones expressing 

FHR1 and FHR2 FLAG-tagged proteins by laboratory members previously.   

To scale up protein expression of the stably transfected HEK 293 clones the cells were seeded 
in to a two-compartment bioreactor flask CELLine AD1000 (Fig 3.2). The medium and cell 

compartments of the flask are separated by a 10 kDa semi-permeable cellulose acetate 

membrane. Cells are seeded in the smaller ‘cell’ compartment on a polyethylene terephthalate 
matrix, which is optimised for the culturing of adherent cells. The culturing medium is added to 

the larger ‘medium’ compartment. The membrane is permeable for molecules up to a molecular 
weight of 10 kDa, allowing nutrients (amino acids, glucose, and glutamine) and antibiotics to 

diffuse along the concentration gradient into the cell compartment. Retrograde waste products 
diffuse from the cells to the medium compartment. However, recombinantly expressed soluble 

protein is retained. The cell compartment has a volume capacity of approximately 15 mL, 
resulting in high concentrations of expressed proteins and yiled up to ten-fold higher than 

standad cell culture dishes (according to manufacturer). 
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The recombinant FHR1-FLAG, FHR2-FLAG and FHR5 proteins were affinity purified using the 

AKTA (GE life sciences) fast protein liquid chromatography (FPLC) system. For the 
purification, a mouse monoclonal antibody (termed 2C6, a gift from Prof Claire Harris, 

Newcastle University) was used which recognises the amino-terminal dimerisation domain 
common to FHR1, FHR2 and FHR5. Consequently, 2C6 recognises FHR1, FHR2 and FHR5. 

The antibody was cross-linked to a HiTrap column. 

The plasma-purified FH was commercially sourced (Complement Technology Inc.) for 

screening and binding analysis. The integrity of the FH preparation was assessed by silver gel 
staining and Western blotting. The FH protein is post-translationally modified by attachment of 

eight sialylated complex N-glycans, which increase the plasma half-life of the protein. I 
generated desialylated FH (∆SIA-FH) to test whether the intrinsic sialylation influenced the 

binding to FH to sialylated carbohydrate probes present on our microarrays. Based on the 
current glycomic literature on FH 70, I calculated an average of 102 pmol of sialic acid molecules 

per 1 µg of FH, provided that all eight N-glycosylation sites are occupied by a biantennary N-

glycan that is terminally capped by two sialic acid molecules. In our laboratory, the standard 
protein concentration for a microarray analysis is 50 µg/mL and the overlay volume 100 µl. In 

a binding experiment with FH this correlates to the equivalent of 5.1 nmol sialic acid molecules 
overlaid on the array. The concentrations of the sialo-glycoconjugate probes on the microarray 

chip are 2 and 5 fmol, respectively. To remove the sialic acid molecules, the protein was treated 
with neuraminidase and purified by ultrafiltration to remove the free sialic acids and any 

neuraminidase. 
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Fig 3.1. Protein expression vectors 

A. Expression vector used for cloning CFHR5 cDNA. B. p3XFLAG CMVTM-13 expression vector used for cloning of 
CFHR1cDNA and CFHR2 cDNA.  
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Fig 3.2. Schematic drawing of bioreactor CELLine AD1000 

.		 	
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3.2. Results  
 

3.2.1. Preparation of expression plasmid containing CFHR5 cDNA 
 

To maintain consistency during transfections of the HEK 293T cells, I prepared a bulk 

preparation of the CFHR5 expression vector using QIAGEN Plasmid Mega Kit. An aliquot of 
each plasmid preparation was subjected to restriction analysis using NotI digestion since the 

cDNA had been cloned into the vector using NotI restriction sites. Digested and undigested 
plasmid samples were subjected to electrophoresis on a 1% agarose gel. The restriction 

analysis conformed that each of the preparations contained a fragment consistent with the 
predicted size of the CFHR5 cDNA. The treatment with NotI released the 1.7 kb CFHR5 cDNA 

insert from the 5.5 kb vector backbone (Fig 3.3). Following this all plasmid preparations were 
pooled to generate one cDNA stock for the subsequent transfections of HEK 293T cells. The 

concentration of the pooled plasmid stock was determined by spectrophotometry to be 700 
ng/mL. For the detailed protocols see methods section 2.1. 
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Fig 3.3. Restriction analysis of expression plasmid containing CFHR5 cDNA 

Agarose gel (1%) electrophoresis of NotI-digested and undigested (*) plasmid preparations (Batches I-V) of CFHR5 
expression plasmid DNA. NotI-digested results in the release of a single DNA fragment of 1700 bp, which represents 
the CFHR5 cDNA. Size standard; Hyperladder I, Bioline. 
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3.2.2. Expression of recombinant FHR5 protein 
 

To decide which cell line to use for large-scale preparation of FHR5 a test transfection of HEK 
293 and HEK 293T cells with the CFHR5 expression plasmid was carried out. The yield of 

protein expression was monitored over a period of 5 days. 1 mL aliquots of culture supernatant 
were collected Post-transfection, 24, 48, 72, 96 and 120 hours. The protein expression was 

determined by ELISA and band densitometry after immunoblotting. The ELISA experiment was 

performed as a sandwich ELISA with duplicate samples. The standard curve was generated 
from commercially sourced FHR5 protein. Both cell lines expressed the protein in a time-

dependent manner (Fig 3.4). The results indicated a higher translation yield in the HEK 293T 
cell line. At 120 hours’ post-transfection, the ELISA-measured FHR5 titer was approximately 

14% higher in the HEK293T supernatant compared to HEK293 supernatant. According to the 
ELISA analysis of the HEK 293T transfected cells, the protein concentration in the culture 

supernatant reached 15 µg/mL five days post transfection (Fig 3.4). For the expression 
protocol see methods section 2.2.1 and for the ELISA protocol section 2.11. 

For immunoblotting equal volumes (15 µl) of each cell culture supernatant were separated by 
non-reducing SDS-PAGE and transferred onto a PVDF membrane. The membrane was 

probed with polyclonal rabbit IgG anti-hFHR5 and polyclonal swine IgG anti-rabbit. The signals 
were digitally recorded using charged-coupled device (CCD) camera system (G:Box, 

Synegene). The results showed a main band migrating at 50 kDa, representing the monomeric 
FHR5 molecule. No FHR5 was detected in the supernatant of untransfected cells. With 

prolonged incubation time, the signal for the FHR5 specific bands increased. After 96 hours of 
incubation an additional weak band, migrating at 230 kDa, appeared (Fig 3.5A). The area 

between 45 – 55 kDa was selected for band densitometry quantitation. The digital image of 
the immunoblot was analysed with the software ImageJ. The densitometry analysis confirmed 

the results of the FHR5 ELISA that the HEK 293T cell line expressed higher yields than the 

HEK 293 cell line (Fig 3.5B). Based on the results of the ELISA and the densitometry analysis 
the large-scale expression of FHR5 was performed in HEK 293T cells; cultured in T175 flasks. 

After each transfection of cells, the cell culture supernatant was harvested five days post-

transfection and stored at -80°C. In total 8 litres of FHR5 containing cell culture supernatant 

were generated for purification purposes.  
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Fig 3.4. Quantitation of FHR5 in culture supernatants by sandwich ELISA 

Aliquots of culture supernatant were collected post-transfection, 24, 48, 72, 96 and 120 hours. Purified commercial 
FHR5 protein was used to generate a standard curve. The values represent the mean of duplicate readings. With 
prolonged incubation time, the expression yield of FHR5 increased. At each time point the expression of FHR5 was 
higher in the HEK 293T culture supernatant compared to HEK 293 cells.  
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Fig 3.5. FHR5 immunoblot and quantitation FHR5 expression 

A. Equal amounts (15 µl) of cell culture supernatant were applied to non-reducing 10% SDS-PAGE, transferred to 
PVDF membrane and immunoblotted with polyclonal rabbit IgG anti-hFHR5 (1µg/mL). Signals were detected and 
documented by CCD camera. No signal was seen in non-transfected cells (lane entitled `cells`). An increase in 
band intensity was detected with prolonged incubation times. The main signal is obtained for a band migrating at 
50 kDa. An additional faint band was observed after 96 and 120 hours, migrating at 230 kDa. Molecular weight 
standard left of the membrane; Color Plus, NEB. B. Quantitation of FHR5 immunoblot by band densitometry. The 
densitometry was performed on bands migrating at 50 kDa.  

A	

B	
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3.2.3. Analytical purification of FHR5 from cell culture supernatant 
 

FHR5 was purified by affinity chromatography. An anti-hFHR1/2/5 HiTrap column was 

generated by cross-linking monoclonal mouse IgG anti-hFHR1/2/5 (antibody 2C6) to pre-
packed 1 mL HiTrap column (GE Healthcare) by a member of the group. To estimate the 

binding capacity of the column 70 mL HEK 293T cell culture supernatant, with FHR5 
concentration determined by ELISA, was injected onto the affinity column. The supernatant 

was applied at a flow rate of 1 mL/min and the flow through was collected. The column was 

washed with 10 column volumes of PBS to remove any non-specific binding and the flow-
through collected (wash fraction). Bound FHR5 was eluted using 100 mM glycine PBS (pH 

2.5). The eluate was collected in 0.5 mL fractions, immediately placed on ice and the pH was 
neutralized by addition of 80 µl of 1M Tris buffer. As displayed in Fig 3.6, FHR5 eluted in a 

single peak. For the affinity chromatography protocol see methods section 2.3.1. 
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Fig 3.6. FPLC chromatogram FHR5 affinity chromatography 

70 mL of FHR5 containing HEK 293T culture supernatant were injected onto an anti-hFHR1/2/5 column at a flow 
rate of 1 mL/min. The bound protein was eluted from the column using an acidic buffer system containing 100 mM 
glycine (PBS, pH 2.5) The flow-through and the wash fraction were collected. FHR5 eluted in one symmetrical peak 
that was collected in 0.5 mL elutions fractions, E1 to E4. mAU represents the UV absorption at 280 nm.  

  

Volume	in	mL	
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The elution fractions were analysed by Coomassie staining and immunoblotting for FHR5. The 

Western blot analysis demonstrated that the protein peak contained FHR5 (Fig 3.7). For the 
Coomassie staining 15 µl of each fraction and 15 µl of the cell culture supernatant were 

separated by non-reducing SDS-PAGE on a 10% gel (Fig 3.7A).  
The gel displayed two weak bands migrating at 50 kDa and 60 kDa for the lanes loaded with 

supernatant and flow-through fractions. Both bands were not observed in the wash fraction. 
Based on the Western analysis a non-FHR5 related band migrating around 60 kDa was 

identified in the Coomassie stained gel, likely being a host cell protein secreted into the medium 

or originating from the added serum. Elution fractions E1 and E2 displayed two bands, one 
migrating at approximately 50 kDa and a second at 150 kDa. In addition, some protein staining 

was observed at the transition of the stacking gel to the separation gel, indicating that some of 
the protein was retained at the top end of the gel. This observation was also made for the lane 

loaded with the molecular weight marker. Elution fraction E3 showed the same pattern as E1 
and E2, but displayed reduced band intensity. In E4 the band migrating at 150 kDa 

disappeared.  
To confirm that the observed bands in the elution fraction were FHR5 specific a Western blot 

was carried out (Fig 3.7B), as outlined in methods section 2.8. 1.5 µl of each fraction and 

culture supernatant was separated by non-reducing SDS-PAGE on a 10% gel and transferred 
onto PVFD membrane. The blot was probed with polyclonal rabbit IgG anti-FHR5 (1 µg/mL) 

and HRP-conjugated swine IgG anti-rabbit. The antibody detection elicited one band in the 
supernatant sample, migrating at 50 kDa. No bands were observed in the flow-through and 

wash fractions. The elution fraction resembled the pattern of the Coomassie staining, a main 
band migrating at 50 kDa and a second band at around 150 kDa. FHR5 is expressed naturally 

as obligate homodimer72. The top band is likely to represents the dimeric FHR5 protein, which 
was not completely dissociated into the monomeric protein.    
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Fig 3.7. Coomassie staining and FHR5 immunoblot affinity chromatography 

A. 15 µ of supernatant, flow-through, wash and elution fractions were separated by non-reducing SDS-PAGE on a 
10% gel. The Coomassie staining displayed two faint bands, one migrated at 50 kDa and a second at 60 kDa, for 
the supernatant and both flow-through fractions. These two bands were not visible in the wash fraction. Elution 
fractions E1 and E2 displayed two bands, one migrating at approximately 50 kDa and a second at 150 kDa as well 
as some protein staining at the top of the separation gel. E3 showed the same pattern as E1 and E2 but with 
reduced band intensity. In E4 the band migrating at 150 kDa disappeared. B. FHR5 immunoblot. 1.5 µl of 
supernatant and 1.5 µl fractions F1, F2, W, E1 to E4 were separated by SDS-PAGE on 10% gel and the protein 
transferred onto a PVDF membrane. The membrane was probed with polyclonal rabbit IgG ani-hFHR5 (1 µg/mL 
dilution) followed by HRP-conjugated polyclonal swine IgG anti-rabbit (1/1000 dilution). The chemiluminescence 
signal was detected by CCD camera. A faint FHR5 signal was detected in the supernatant, migrating at 50 kDa. 
Fractions F1, F2, and W showed no signal. Elution fractions 1 to 4 showed a main band at MW of 50 kDa and a 
second band at 150 kDa. Molecular weight standard left of the membranes; Color Plus, NEB.   

M				Sup						F1					F2					W					E1					E2					E3					E4		

M				Sup					F1					F2				W				E1						E2					E3					E4		
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3.2.4. Size exclusion analysis of FHR5 
 

To confirm that the band migrating at 150 kDa was the dimeric form of the FHR5 protein and 

not aggregated protein the elution fractions of the affinity purification were applied to size 
exclusion chromatography (SEC). The elution fractions were pooled and the volume 

concentrated to 200 µl using an ultrafiltration column. For the ultrafiltration protocol see 
methods section 2.3.2. 

I chose to use a centrifugal filter with a molecular weight cut-off of 10 kDa (Vivaspin 500). This 
ensured a wide range of molecular weight was retained in the concentrate, potential 

contaminants as small as 20 kDa to the dimeric FHR5 (136 kDa) and possible higher molecular 
weight aggregates of the protein. The concentrated protein was injected on to a Superose12® 

10/300 column and separated at flow rate of 1 mL /min. The flow-through was collected in 250 
µl fractions for analysis by Coomassie staining and FHR5 immunoblotting. The chromatogram 

displayed a single protein peak indicating a single mass species of FHR5 (Fig 3.8). For the 

SEC protocol see methods section 2.3.3.  
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Fig 3.8. SEC chromatogram of affinity purified FHR5 protein. 

Pooled and concentrated elution fractions of the affinity chromatography were applied onto Superose12 column 
and separated at a flow rate of 1 mL/min. PBS was used as solvent. The protein eluted as single peak between 
retention volumes 10 to 12 mL and was collected as fractions D9-D1. A minor obsorbance increase at the retention 
volume of 8 mL was collected as fraction C8. mAU represents the UV absorption at 280 nm. 
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For Coomassie staining 15 µl of the elution fractions, containing protein, were separated by 

non-reducing SDS-PAGE on a 10% gel. The gel displayed a band migrating at 50 kDa and a 
less intense band approximately at 150 kDa (Fig 3.9A).  

For immunoblotting, 1.5 µl of the eluted fractions were separated by non-reducing SDS-PAGE 
on a 10% gel and transferred onto PVDF membrane. For the Western protocol see methods 

section 2.8. The blot probed with polyclonal rabbit IgG anti-hFHR5 (1 µg/mL) displayed the 
same pattern as the Coomassie stained gel; one major band migrating at 50 kDa and a second 

weak band at 150 kDa (Fig 3.9B). The predicted dimer-specific band at MW 150 kDa appeared 

again after gel filtration. This result confirmed that the 150 kDa band was not an aggregate but 
the dimeric form of the FHR5 protein.  

The comparison of the protein absorption units of the SEC chromatogram and the affinity 
chromatogram displayed that approximately 90% of the protein was diluted during the SEC. 

Thus, the Superose12 column proved to be unsuitable for exchanging the buffer systems. 
However, the size exclusion chromatography verified that the FHR5 generated affinity 

chromatography that was highly pure. Therefore, the large-scale preparation of FHR5 was 
carried out as a single affinity chromatography step, which was followed by dialysis of the 

eluted protein against 20 mM Tris, 150 mM NaCl, pH 7.5. 
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Fig 3.9. Coomassie and FHR5 immunoblot after SEC of affinity purified FHR5 

A. Coomassie staining displayed a main band migrating at 50 kDa representing monomeric FHR5 and faint band 
at 150 kDa representing the dimeric FHR5 protein for SEC elution fractions D8, D7, D6, D5, D4 and D3. For fraction 
C8 no band was observed. Molecular weight standard; Color Plus, NEB. B. FHR5 immunoblot. 1.5 µl of each SEC 
elution fraction C8, D8, D7, D6, D5, D4 and D3 were separated by SDS-PAGE on 10% gel and the protein 
transferred onto a PVDF membrane. The membrane was probed with polyclonal rabbit IgG ani-hFHR5 (1 µg/mL) 
followed by a HRP-conjugated polyclonal swine IgG anti-rabbit (1/1000 dilution). Fractions D8, D7, D6, D5, D4 and 
D3 displayed a main band migrating at 50 kDa representing monomeric FHR5 and faint band at 150 kDa 
representing the dimeric FHR5 protein. No reactivity observed for fraction C8. Molecular weight standard left of the 

membrane; Color Plus, NEB.   
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3.2.5. Large scale FHR5 purification  
 
For the scale-up of the purification 1.2 litres of cell culture supernatant was injected onto the 

anti-hFHR1/2/5 column.	For the affinity chromatography protocol see methods section 2.3.1. 
The flow-through was collected and an aliquot taken for ELISA analysis.  

Of each elution fraction (A3-A6) an aliquot was taken for analysis by Coomassie staining and 
immunoblotting. The protein was separated by SDS-PAGE under reducing and non-reducing 

conditions. For the Coomassie staining 15 µl of each elution fraction were applied on a 10% 

gel. For immunoblotting 1.5 µl of the elution fractions were separated by SDS-PAGE on a 10% 
gel.  

The Coomassie stained gel (Fig 3.10) displayed the same pattern as previously observed in 
the test purification. A monomer and dimer correlating band was observed under non-reducing 

conditions. The addition of ß-mercaptoethnol to the FHR5 samples resulted in complete 

dissociation of the dimeric form. The monomer specific band migrated at 60 kDa and the 
intensity of the band was increased compared to that using non-reducing conditions. The shift 

in migration and the increased band intensity were due to the reduction of the disulphide 
bridges of SCR domains. It is noteworthy to mention that the Commassie analysis of the large-

scale purification displayed a slower migration of the dimeric FHR5 than the Coommssie 
analysis of the analytical putification (Fig 3.7).  
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Fig 3.10. FHR5 large-scale affinity chromatography 

The eluted protein was analysed by Coomassie staining under reducing and non-reducing conditions. 15 µl aech, 
of elution fractions A3-A6 were loaded on a 10% SDS-PAGE. Under non-reducing conditions all fractions displayed 
one band (monomer) migrating at 50 kDa, with highest protein amount eluted fraction A4. In addition, fractions A3, 
A4 and A5 displayed signals at MW between 150 and 200 kDa (dimer) and at the transition of stacking to resolving 
gel. Exclusively found in fraction A4 was a trace component, a duplex running at MW of 30 kDa. Under reducing 
conditions, the gel showed the major signal at MW of 60 kDa. As under the non-reducing condition, some protein 
was retained at the transition from stacking to resolving gel (A4 and A5). Fraction A4 displayed duplex band at 30 
kDa. The band intensity under the reducing condition was higher compared to same fraction run under non-reducing 
conditions, due to the complete dissociation of the dimeric FHR5 protein. Molecular weight standard; Color Plus, 
NEB 
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In Western analyses (methods section 2.8), the blot probed with polyclonal rabbit IgG anti-

hFHR5 (1 µg/mL) and polyclonal swine IgG anti-rabbit displayed binding signals for the FHR5 
specific monomer and dimer band but no signal was observed at 30 kDa, demonstrating that 

the duplex band was not a degradation product of the FHR5 protein (Fig 3.11A).  
To confirm that the binding signals were specific to primary antibody a complementary blot 

was probed with the secondary antibody only. No binding signal was seen in the absence of 
the anti-hFHR5 antibody (Fig 3.11B). To exclude any possibility that the eluted protein 

contained traces of the antibody immobilised on the affinity column (mouse IgG anti-

hFHR1/2/5) fractions A3 to A6 were applied to SDS-PAGE and immunoblotted against HRP-
conjugated polyclonal rabbit IgG anti mouse (1µg/mL). As shown in Fig no signal was evident 

(Fig 3.11C).  
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Fig 3.11. FHR5 immunoblot of large-scale affinity chromatography 

A. The eluted protein was analysed under reducing and non-reducing conditions. 1.5 µl each of elution fractions 
A3-A6 were loaded on a 10% SDS-PAGE. FHR5 was detected using polyclonal rabbit IgG ani-hFHR5 (1µg/mL) 
and a secondary antibody, HRP-conjugated polyclonal swine IgG anti-rabbit (1/1000 dilution) was used. The 
chemiluminescence signal was detected by overlay of an X-ray film. The molecular weight is indicated in kDa at the 
left of the membranes. Under non-reducing conditions the blot displayed strong FHR5 monomer band migrating 
between 50 to 60 kDa. The higher MW signal around 150 kDa corresponds to the FHR5 dimer band; the signal 
above was caused by protein retained at the transition between stacking and separation gel. Using reducing 
conditions, the FHR5 specific signal reduced to single monomer specific bands migrating at 60 kDa. B. Detection 
of secondary antibody cross-reactivity. Western blot of affinity purified FHR5. 1.5 µl of fractions A3-A6 were loaded 
on a 10% SDS-PAGE. Membrane incubation with HRP-conjugated polyclonal swine IgG anti-rabbit (1/1000 dilution) 
did not elicit any signal. C. Analysis of possible elution of column-bound anti-hFHR1/2/5 purification antibody. A 
membrane probed with HRP-conjugated polyclonal rabbit IgG anti-mouse (1/1000 dilution) did not elicit any signal.  

A	
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The FHR5 protein was dialysed against Tris buffer (20 mM Tris, 150 mM NaCl, pH 7.5). 

Following this, proteins with molecular weights below 50 kDa were removed by ultrafiltration 
(Amicon Ultra 2 mL, Millipore). This step resulted in minimal FHR5 loss and successful removal 

of low molecular weight proteins (Fig 3.12). For the dialysis and ultrafiltration protocols see 
methods sections 2.3.2 and 2.3.4. 

ELISA analysis of the flow-through revealed that by applying 1.2 litres the column had been 
saturated. For subsequent purifications, the amount of injected culture supernatant was 

reduced to 500 mL (data not shown).  

The purification of 4L of supernatant yielded 8.6 mg of recombinant FHR5 protein as estimated 
by absorption at 280 nm. The absorption value was corrected for the molar extinction 

coefficient of FHR5 [ext. coefficient = 94500M-1 x cm-1, Abs 0.1% (=1 g/l) 1.512]. 
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Fig 3.12. FHR5 Coomassie gel after ultra-filtration 

The concentrated protein was analysed under reducing and non-reducing conditions. 5 µg protein was separated 
by SDS-PAGE on a 10% gel. A. The non-reducing preparation displayed the FHR5 monomer specific band 
migrating at 50 kDa and the dimer specific band migrating between 150 kDa to 200 kDa. B. Under reducing 
conditions, the gel displayed the monomer specific band at of 60 kDa and two further faint bands migrating at 30 
kDa and 40 kDa. Molecular weight standard; Color Plus, NEB. 
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3.2.6. Purification of FHR1-FLAG protein from cell culture supernatant 
 
The supernatant of HEK 293 cells, cultured in bioreactor flasks, expressing the FHR1-FLAG 

protein, was harvested every 7 days. The protein containing supernatant of the cell 

compartment was collected and stored until purification at -20°C. The cell compartment was 

refilled with fresh medium. Likewise, the culture medium in the medium-compartment was 

exchanged. For the expression protocol of FHR1-FLAG see methods section 2.2.2. 
 

The FHR1-FLAG protein was purified by affinity chromatography using the anti-hFHR1/2/5 
HiTrap column. For the affinity chromatography protocol se methods section 2.3.1. 55 mL of 

HEK 293 culture supernatant were injected onto the column at a flow rate of 1 mL/min. The 
flow-through was collected as one fraction for analysis of residual FHR1-Flag. The column was 

washed with 20 column volumes of PBS. The protein was eluted in using 100 mM glycine 

buffer (PBS, pH 2.5) and collected in 1 mL fractions, referred to as E1, E2 and E3 (Fig 3.13 
A). The flow-through was re-applied twice (Fig. 3.13 B/C) to purify remaining FHR1-FLAG 

protein. This was necessary as column capacity was exceeded, indicatited by the max 
absorbance signal value at approximately 500 mAU (Fig 3.13) and the detection of remaining 

FHR1-FLAG in the flow-through.  
As displayed in the FPLC chromatograms the protein eluted in a single symmetric peak. The 

eluted protein was neutralised with 1 M Tris buffer (pH 8.0). Aliquots of each elution fractions 
E1-E3, E1’-E3’ (from reapplied flow-throught of run 1) and E1’’-E3’’ (from reapplied flow-

through of run 2) were taken for Coomassie staining. 20 µl of the elution fractions were 
separated by SDS-PAGE on an 8% gel.  

The Coomassie stained gel displayed two bands migrating between 30 kDa and 40 kDa. These 

two bands represented the two glycoforms of the FHR1 protein. The protein can be mono- and 
diglycosylated. Other than that, no bands were observed, indicating a highly pure preparation 

after the affinity chromatography (Fig 3.14).  
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Fig 3.13. Chromatogram of FHR1-FLAG affinity chromatography 

A. HEK 293 culture supernatant (55 mL) containing FHR1-FLAG was injected onto anti-hFHR1/2/5 column at a flow 
rate of 1 mL/min. The protein was eluted using 100 mM glycine (PBS, pH 2.5). The protein eluted in one peak, 
fractions E1, E2 and E3. The flow-through was applied twice to purify remaining protein. B. Flow-through fraction 
of A applied to affinity chromatography; elution fractions E1’-E3’. C. Flow-through fraction of B applied to affinity 
chromatography; elution fractions E1’’-E3’’. mAU represents the UV absorption at 280 nm.   
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Fig 3.14. Coomassie affinity purified FHR1-FLAG  

20 µl of each elution fraction of three injections of the HEK 293 supernatant were separated by non-reducing SDS-
PAGE on an 8% gel. The Coomassie staining displayed two bands in eltion fractions E1-E2, E1’-E2’ (from reapplied 
flow-throught of run 1) and E1’’-E2’’ (from reapplied flow-throught of run 2) migrating closely between 30 kDa and 
40 kDa. The two bands represent the mono- and diglycosylated forms of the FHR1 protein. No other band was 
observed. No signal was detected in elution fractions E3, E3’, E3’’. Molecular weight standard; Color Plus, NEB. 
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All protein containing fractions were pooled and PMSF was added to a final concentration of 1 

mM. The protein was kept on ice and stored at 4°C for next day concentration. The buffer 

exchange and the concentration of the protein was performed by ultrafiltration using centrifugal 
filters with a molecular weight cut-off at 30 kDa. The glycine contain PBS buffer was exchanged 

against Tris buffer (20 mM Tris, 150 mM NaCl, pH 7.5). For the ultrafiltration protocol see 
methods section 2.3.2. 

The protein concentration was determined by spectrophotometer, measuring the optical 
density at 280 nm. The absorption value was corrected for the molar extinction coefficient of 

FHR1-FLAG [ext. coefficient =	65080 x M-1 x cm-1, Abs 0.1% (=1 g/l) 1.772].  
To assess the protein quality after the concentration step, 2.5 µg of protein were separated 

under reducing and non-reducing conditions by SDS-PAGE. The Coomassie staining 
displayed more mono- than diglycosylated FHR1. No degradation product or impurities were 

detected (Fig 3.15). 

 
The affinity chromatography of 55 mL FHR1-FLAG containing HEK 293 culture supernatant 

resulted in 0.9 mg of purified protein at a concentration of 3.025 mg/mL. To avoid multiple 

thawing/ freezing cycles the protein was divided into 20 µl aliquots and stored at -80°C.  
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Fig 3.15. FHR1-FLAG Coomassie stained gel after ultra-filtration 

The concentrated protein was analysed under reducing and non-reducing conditions. 2.5 µg protein of protein were 
separated by SDS-PAGE on a 12% gel. Lane 1 (non-reducing condition) displayed a duplex band migrating 
between MW 30 kDa and 40 kDa. In lane 2 (reducing condition) the duplex band migrated between 40 kDa and 
approximately 45 kDa. Under both conditions the faster migrating band displayed a higher intensity. Molecular 
weight standard; Color Plus, NEB. 
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3.2.7. Purification of FHR2-FLAG fusion protein from cell culture supernatant 
 

HEK 293 cell culture supernatant containing FHR2-FLAG was previously collected in the 

laboratory. To avoid overloading of the anti-hFHR1/2/5 affinity column, based on the 
experience from the FHR1-FLAG purification, the amount of supernatant injected onto the 

column was reduced. For the affinity chromatography protocol see methods section 2.3.1. 

55 mL of culture supernatant was injected in three consecutive steps, twice at 20 mL and once 

at 15 mL. The flow-through was collected as a single fraction for subsequent analysis of 
residual FHR2-FLAG protein. After each round of supernatant injection, the column was 

washed with 10 column volumes of PBS and the bound protein was eluted by change of the 
buffering system, using 100 mM glycine buffer (PBS, pH 2.5). The eluate was collected in 1 

mL fractions and the pH neutralized by addition of 1M Tris (pH 8.0).  
As demonstrated by the FPLC chromatogram the protein eluted as one peak (Fig 3.16). The 

smaller peaks subsequent to the elution peaks are artefacts as they did not display any protein 

in Coomassie stained gels. The signals were likely caused by changing from the elution to the 
wash/equilibration buffer.  
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Fig 3.16. Chromatogram of FHR2-FLAG affinity chromatography 

55 mL of HEK 293 culture supernatant containing FHR2-FLAG fusion protein was sequnetially injected onto anti-
hFHR1/2/5 column at a flow rate of 1 mL/min. The protein was eluted using 100 mM glycine (PBS, pH 2.5). The 
protein eluted in one peak, in fraction E1-E2, E1’-E2’ and E1’’-E2’’. 
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The Coomassie stained gel displayed two bands migrating between 25 kDa and 29 kDa, 

representing the non-glycosylated and monoglycosylated FHR2 protein. The gel displayed a 
higher proportion of the non-glycosylated to monoglycosylated protein at a ratio of 

approximately 2:1 (Fig 3.17A). In addition, the gel demonstrated a pure preparation as no 
additional bands were observed.  

All protein containing fractions were pooled to one fraction and PMSF was added to a final 
concentration of 1 mM. The protein was kept on ice and stored at 4°C for next day 

concentration. The buffer exchange and concentration of the protein was performed by 

ultrafiltration using centrifugal filter with a molecular weight cut-off at 10 kDa (Vivaspin 500). 
The glycine containing elution buffer was exchanged against buffer (20 mM Tris, 150 mM NaCl, 

pH 7.5). For the ultrafiltration protocol see methods section 2.3.2. 
The protein concentration was determined by spectrophotometer, measuring the optical 

density at 280 nm. The absorption value was corrected for the molar extinction coefficient of 
FHR2-FLAG [ext. coefficient =	49360 x M-1 x cm-1, Abs 0.1% (=1 g/l)	1.66]. To assess the 

protein condition after concentration, 2.5 µg was separated under reducing and non-reducing 
conditions by SDS-PAGE. The Coomassie staining showed that the protein was intact and no 

impurities were detected (Fig 3.17B).  

The purification of 55 mL FHR2-FLAG containing HEK cell culture supernatant resulted in 0.48 

mg purified protein at a concentration of 1.29 mg/mL. The protein was stored in 20 µl aliquots 

at -80°C. 

.   
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Fig 3.17. SDS-PAGE analyses purified FHR2-FLAG 

A. 20 µl of each elution fraction of three injections of the HEK 293 supernatant were separated by non-reducing 
SDS-PAGE on a 10% gel. The Coomassie staining displayed two bands migrating closely between 25 kDa and 35 
kDa, representing the non- and monoglycosylated FHR2 protein. B. The ultrafiltrated and concentrated protein was 
analysed under reducing and non-reducing conditions. 2.5 µg protein was separated by SDS-PAGE on a 12% gel. 
Lane 1 (non-reducing condition) displayed a duplex band migrating between 25 kDa and 29 kDa. In lane 2 (reducing 
condition) the duplex band migrated between 30 kDa and approximately 34 kDa. Under both conditions the faster 
migrating band displayed a higher intensity by approximately 2 fold. Molecular weight standard; Color Plus, NEB.   
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3.2.8. FH desialylation and purification 
 

Desialylated FH (∆SIA-FH) was prepared to investigate the intrinsic sialylation of the FH 

molecule towards binding to sialo-glycoconjugates probes of the microarray. Besides the 
removal the sialic acid, the preparation also had to be neuraminidase-free. Any residual 

enzyme in the ∆SIA-FH preparation would lead to potential desialylation of the sialo-
glycoconjugates on the microarray chip. To ensure that the ∆SIA-FH preparation did not 

include any neuraminidase I chose to release the sialic acids on FH by using agarose-

conjugated neuraminidase from Clostridium perfringens (C. perfringens). This neuraminidase 
hydrolyses the release of α2-3 and α2-6 linked sialic acid molecules (enzyme commission 

number: 3.2.1.18). For the FH desialylation protocols ses methods section 2.4. 

For the enzymatic release of the sialic acids the agarose-neuraminidase beads were washed 
five times in 1 mL of PBS to remove any enzyme leaking from the beads. 250 µg of FH was 

diluted in 100 mM sodium acetate buffer (pH 5.0) and treated with 0.3 units (300 µl) washed 

agarose-neuraminidase slurry. The protein-enzyme mixture was incubated overnight in a 

hybridization oven at 37°C. As a control, 2 µg of FH (FH Ctrl) was treated under same 

conditions, but without addition of neuraminidase. After the incubation, the beads were pelleted 
down at high g-force (2x104 xg) to recover as much protein as possible.  

To remove the released sialic acid molecules and to exchange the acetate buffer against PBS, 
the reaction mixture was applied onto a centrifugal filter. The size of the molecular cut-off was 

chosen at 50 kDa. The chosen cut-off allowed the removal of any released neuraminidase 

during the incubation period, as the molecular weight of the enzyme is 43 kDa. For the 
ultrafiltration protocol see methods section 2.3.2. 

The protein concentration was determined by spectrophotometer, measuring the optical 
density at 280 nm. The absorption value was corrected for the molar extinction coefficient of 

FH [ext. coefficient = 246800 x M-1 x cm-1, Abs 0.1% (=1 g/l) 1.801].  
The enzymatic treatment of 250 µg FH protein yielded approximately 125 µg of purified ∆SIA-

FH (480 ng/mL). The protein was stored in 20 µl aliquots at -80°C. 

 
The integrity of the FH molecule and its purity was assessed by silver gel staining (Fig 3.18A), 

as outlined in methods section 2.7. Samples of the untreated FH, undigested FH, FH-digest 
and ∆SIA-FH were separated by SDS-PAGE on an 8% gel. As the silver staining demonstrates 

the incubation of FH under acidic pH, agitation and 37°C did not result in degradation of the 

protein, as the treated FH control showed one band migrating at approximately 150 kDa. The 
neuraminidase-treated FH displayed a shift in mobility, migrating below 150 kDa. In all lanes, 

a band was visible migrating at approximately 45 kDa. This band could have potentially arisen 
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from enzyme released from the beads. However, this band originated from a contamination of 

the SDS sample buffer as it was observed in other lanes loaded only with sample buffer. Apart 
from this band no other contamination was observed, even when increasing the protein amount 

by fivefold. 
The shift in mobility of the ‘FH digest’ sample and the purified ∆SIA-FH indicated that the sialic 

acid molecules of the N-glycans had been released. To assess the degree of desialylation the 
purified ∆SIA-FH and ‘FH digest’ as well as FH and FH Ctrl samples were separated by SDS-

PAGE and transferred onto PVDF (according to methods section 2.8) membrane for lectin 

binding analysis. Sambucus nigra agglutinin I (SNA I) is a lectin isolated from the bark of the 
plant. SNA I binds to sialic acids linked α2-6 to galactose of complex N-glycans. The PVDF 

membrane was probed with biotin-conjugated SNA (5 µg/mL) followed by streptavidin-
conjugated HRP (1/200). As shown in Fig 3.18B, the SNA I only bound to untreated FH and 

the FH Ctrl. No binding was detected for the ‘FH digest’ sample and the purified ∆SIA FH. This 
result demonstrated that the α2-6 linked sialic acid molecules had been released from the N-

glycan, which explained the faster migrating bands of the enzyme treated samples displayed 
by the silver gel.  
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Fig 3.18. Desialylation of FH 

A. Silver gel of the desialylated FH preparation with relevant controls. To assess the state of the FH molecule and 
to test whether any neuraminidase was released from the beads 1 µg of FH, FH Ctrl (no neuraminidase) and ‘FH 
digest’, ∆SIA-FH (purified desialylated FH) and 5 µg of ∆SIA-FH were separated by SDS-PAGE on an 8% gel. FH 
and FH Ctrl migrated at 150 kDa. For the FH digest a shift in mobility was observed. The FH digest and the purified 
∆SIA-FH gave the same result; both showed a band migrating below 150 kDa. All probes displayed a band migrating 
at approximately 40 kDa, which was a contamination as it was found in the SB lanes loaded with sample buffer 
only. B. Desialylation was assessed by SNA binding to FH using western blotting. 1 µg of FH (lane 1), FH Ctrl (lane 
2), ‘FH digest’ (lane 3) and ∆SIA-FH (lane 4) were separated on an 8% SDS gel, transferred onto PVDF membrane 
and probed with biotin-conjugated SNA (5 µg/mL) and streptavidin-conjugated HRP (1/200). Binding of the lectin 
was detected for lanes loaded with FH and FH Ctrl. The FH digestion sample and the purified ∆SIA-FH did not elicit 
any signal. Molecular weight standard; Color Plus, NEB.     
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3.3. Discussion 
 

To determine possible interactions of FHR1, FHR2 and FHR5 with surface carbohydrates it 

was necessary to generate sufficient amounts of the respective recombinant proteins. 
Although it would have been favourable to work with proteins derived from plasma I chose to 

express recombinant proteins in HEK 293 and HEK 293T cells. The main advantage of 
expression in a human cell line over purification from plasma was the protein yield and the 

ability to generate highly pure protein preparations. All three proteins were successfully purified 

by affinity chromatography and a single ultra-filtration step. The expression and purification of 
FHR1-FLAG, FHR2-FLAG and FHR5 resulted in sufficient protein yields to interrogate their 

binding to surface carbohydrate structures using carbohydrate microarray technology.  
The expression of FHR1-FLAG and FHR2-FLAG from stably transfected HEK 293, cultured in 

bioreactor flasks, proved to be more efficient than the transient transfection and expression of 
FHR5 in HEK 293T cells. The obtained yield per mL of feed supernatant was 2 µg for FHR5, 

8 µg for FHR2-FLAG and 16 µg for FHR1-FLAG. The lower yield for FHR2-FLAG was not 
predicted, as the cDNA was cloned into the same expression vector that was used for the 

CFHR1 cDNA.  
The Coomassie analysis of each of the related proteins showed good agreement to published 

data of the related proteins254. FHR5 appeared as single glycoforms migrating at 60 kDa under 

reducing conditions. The calculated molecular weight of the complex diglycosylated FHR5 
protein is 68 kDa. The observed difference in molecular weight is likely due to the nature of the 

polyacrylamide gels. The gels were hand-casted and therefore there was always certain 
variability from gel to gel. Running the FHR5 protein on gels with different acrylamide 

concentration resulted in different migration of the protein (not shown). This effect was more 
marked for high molecular complexes separated in gels with high concentration or acrylamide. 

More exact and reproducible results could have been obtained by using gradient gels. 
However, the Coomassie staining and immunoblots were not used to determine the size of the 

protein, but for qualitative analysis.  

The circumstance that the non-reducing buffer could not fully dissociate the dimeric protein 
indicates the strong binding of the two monomers. Probably this is due to the disulphide bonds, 

as the addition of ß-mercaptoethnol to the Laemmli buffer results in complete dissociation of 

the dimer. Using size exclusion chromatography, I could show that the protein was expressed 

as a single mass species. In addition, the size exclusion chromatography elution profile of the 
wild-type FHR5 was compared to that of FHR5 mutant, which is expressed as a monomer, and 

FH. This analysis demonstrated that the wild-type FHR5 eluted after FH, but before the FHR5 
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mutant (data not shown). This result additionally proved that the recombinant protein was 

expressed as homodimer.  
Mass spectrometry (MS) analysis of the FHR5 revealed that the protein is N-glycosylated, 

carrying terminally sialylated diantennary complex N-glycans (data not shown). The MS device 
used for the analysis is by default used for glycomic and not for proteomic analysis. Thus, no 

peptide mass fingerprinting of the protein was performed, which could have determined 
whether the protein was mono- or diglycosylated. The glycoform of FHR5 could be alternatively 

assessed by partial digestion of the N-glycan with peptide-N-glycosidase f (PNGase F) to 

generate mixtures of different glycoforms, which would allow elucidation of the FHR5 
glycoforms.  

FHR2-FLAG displayed two characteristic bands of the non-glycosylated and monoglycosylated 
protein, in Coomassie stained polyacrylamide gels. Under reducing conditions, the two bands 

migrated at approximately 30 kDa and 34 kDa. The molecular mass of the FHR2-FLAG amino 
acid sequence is calculated to be 31.7 kDa. The estimated molecular weight of a diantennary 

desialylated complex N-glycan is about 2.2 kDa, resulting in a molecular mass of 33.9 kDa for 
the glycosylated FHR2 protein. This calculated value fits well with the observed migration at 

34 kDa. 

FHR1-FLAG displayed the two characteristic bands of the monoglycosylated and 
diglycosylated protein, in Coomassie-stained polyacrylamide gels. Under reducing conditions, 

the two bands migrated at approximately 40 kDa and 45 kDa. The molecular mass of the 
FHR1-FLAG amino acid sequence is calculated to be 38.7 kDa. Addition of the mass for 

desialylated complex N-glycan results in a molecular mass of 40.9 kDa for the 
monoglycosylated FHR1 protein and 43.1 kDa for the diglycosylated protein. Yet, it has to be 

noted that these bands could also represent non-glycosylated and monoglycosylated FHR1. 
To assess the glycoforms the protein could be treated with PNGaseF F. If both glycosylation 

sites are occupied by a glycan, a shift in migration for both bands will be observed.  
Based on the MS data of FHR5 I predict that both fusion proteins, FHR1-FLAG and FHR2-

FLAG are post-translationally modified by terminally sialylated complex N-glycans.  

The integrity of the commercially sourced FH molecule was assessed by silver staining after 
SDS-PAGE separation. The commercial FH did not show any signs of degradation. It migrated 

at 150 kDa, which is in good agreement with the calculated molecular mass of 155 kDa for the 
glycoprotein70. A ∆SIA-FH preparation was successfully generated to test the intrinsic 

sialylation of molecule towards binding to sialo-glycoconjugates in microarray analysis. The 
desialylation of FH molecule was demonstrated by the lack of binding to SNA I. 
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3.4. Conclusion 
 

In this chapter, I described the recombinant expression and purification of three plasma 

glycoproteins: FHR1-FLAG, FHR2-FLAG and FHR5 as well as the preparation of desialylated 
FH.  

 
In summary: 

• FHR1 and FHR2 were expressed as FLAG-tagged proteins 

• FHR5 was expressed as wild-type sequence 

• All three FH-related proteins were purified by affinity chromatography and a single 
ultrafiltration step 

• All three related proteins resemble the appearance of the plasma proteins in SDS-PAGE 

• Integrity of commercial-sourced plasma derived FH was confirmed by silver staining gel 
analysis 

• Commercial FH was successfully desialylated and purified for the use in sialo-
glycoconjugate microarray analysis 
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Chapter 4. 
Generation of a neoglycolipid-based 
glycosaminoglycan oligosaccharide 
microarray  
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Generation of a neoglycolipid-based glycosaminoglycan 
oligosaccharide microarray  
 
4.1. Introduction 
 

Carbohydrate microarrays have developed into a powerful tool for the initial screening of protein-
carbohydrate interactions. Before the advent of microarrays, glycan interactions of proteins were 

interrogated by laborious and costly experiments, such as thin-layer chromatography plate 
binding and inhibition assays. Since the first development of carbohydrate microarrays237-239 a 

notable number of array platforms have been established. They all have in common that 
sequence-defined probes are arrayed in a chip format. However, there are various differences 

in immobilization, also referred to as printing, of the glycan probes. Generally, the probes are 
derivatised to allow the “printing” on a specific surface, yet some platforms utilize the 

electronegativity of glycans. GAGs as an example can be immobilised without prior 

derivatisation onto positively charged surfaces.  

Derivatised probes can be printed in two ways, covalent and non-covalent. Currently the two 
array platforms, which comprise the largest glycan libraries, are absed at the Glycosciences 

Laboratory of Imperial College London and the Consortium for Functional Glycomics (CFG) 
apply different methods for the immobilization of the glycan probes.  

The most widely used derivatisation strategy of glycans for the preparation of glycan arrays is 
to attach an amino functionalised linker to the reducing sugar of a glycan. This modification 

allows covalent immobilisation to NHS ester activated-glass slides, and is used by the CFG for 

printing of their glycan arrays. Various other methods for printing, using chemically 
functionalized glycans, are established and have been reviewed in detail by Cummings and 

Paulson255. Among them is the method developed by Gildersleeve and co-workers who generate 
neoglycoprotein arrays by coupling oligosaccharides to bovine serum albumin240,241. 

The Glycosciences Laboratory, headed by Ten Feizi, developed a method for the synthesis of 

neoglycolipids. Initially these neoglycolipids were exploited to resolve antigenic glycans from 

mixtures of glycoconjugates and for the use in binding assays by thin layer chromatograms. In 
2002, the Glycosciences Laboratory developed the first ever array of sequence-defined 

glycans237. Currently, the method involves arraying glycan probes as neoglycolipids or 
glycolipids incorporated into liposomes and printed at fmol amounts per spot onto nitrocellulose-

coated glass slides256.  

The great screening advances achieved by carbohydrate microarray technologies are currently 
refined by developing new platforms, which take into account that the binding of proteins to 
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glycoconjugates may not only rely on the carbohydrate moiety, but also include adjacent amino 

acids, forming together the binding epitope. To address these epitopes Blixt and co-workers 
have developed a glycopeptide microarray platform244. 

 
 
4.2. Results  
 
In this chapter I display and discuss the generation of a neoglycolipid (NGL) based GAG 

oligosaccharide microarray starting from the generation of the oligosaccharides, to the printing 

and the validation of the array. The process of generating the NGL probes includes three parts: 
firstly, the oligosaccharide preparation by partial depolymerisation of the GAG polysaccharides; 

secondly, the fractionation of the oligomeric fractions by size exclusion chromatography; and 
thirdly, the conjugation of the GAG oligosaccharides to the lipid reagent AOPE. Following the 

purification and quantification, the NGL probes are printed onto the nitrocellulose-coated glass 
slides. The aim was to generate a GAG array including probes from the major classes of GAGs: 

CSA and CSC, DS, HS, and heparin. GAG oligosaccharides are among the most difficult 
molecules for the preparation of NGLs, due to their extremely high polarity and lability of the 

sulphate groups. The generation of all these different GAG NGL probes would have exceeded 

the scope of this PhD project. Therefore, my contribution was limited to the production of heparin 
and DS NGLs. Another graduate student, Nian Wu, generated the remaining probes for the new 

GAG oligosaccharide array. Dr Wengang Chai, Dr Yan Liu and colleagues of the Glycosciences 
Laboratory provided further probes as standards. 

 
 
4.2.1. Preparation of GAG oligosaccharides 
 
In order to generate GAG oligosaccharides ranging from dimers to eicosamers the 

polysaccharides were partially depolymerised by enzymatic digestion using GAG specific 

lyases. The depolymerisation was performed according to Chai et al246, as outlined in methods 
2.1.2. In a trial experiment, 50 mg heparin and 50 mg of DS were digested with heparinase III 

and chondroitinase ABC, respectively. The reaction was monitored by UV absoption to 
determine the point of half maximal digestion, at which all oligomers species ranging from dimer 

to large-sized oligomeric components are present in the reaction product mixture. At various 
time points of the digestion, aliquots of the reaction mixture were taken and the absorption at 

232 nm was measured. The catalytic reaction of the lyases results in an unsaturated hexuronic 
acid residue at the non-reducing end of each oligomer. The yield of unsaturated hexuronic acid 

was determined by absorption of the double bonds at 232 nm. The optimal digestion conditions 

determined during the preliminary small-scale digestions were used for the preparative-scale 
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digestion using 200 mg of each polysaccharide. The oligomers generated during the test 

digestions were collected and combined with those of the large-scale digestion. To remove the 
phosphate salt from the heparin and DS oligosaccharide mixtures, the samples were freeze-

dried, reconstituted in water and desalted using a SephadexG10 column. The desalted 

oligosaccharides were freeze-dried and stored at -20° C for subsequent SEC on a Bio-Gel P6 

column. The chromatography was monitored using a refractive index as well as a UV detector 

and the chromatogram recorded using flatbed plotter. The eluate was collected and the fractions 
pooled according to the chromatogram peaks.  

Using the Bio-Gel P6 column, ten seize species of heparin oligosaccharides were obtained, 

representing dimeric to eicosameric heparin (Fig 4.1). The SEC of the first preparative DS digest 
displayed oligosaccharides ranging from disaccharides to hexadecamer (Fig 4.2). In order to 

obtain octadeca- and eicosamers of DS, additional 100 mg of polysaccharide were 

depolymerised using a prolonged lyase incubation time. The digested material was separated 
similarly to the first batch of oligosaccharide preparation. The chromatogram displayed the 

successful depolymerisation and separation of octadecameric and eicosameric DS. The pooled 
oligosaccharide fractions were freeze-dried and each fraction desalted on a SephadexG10 

column. The yield of each oligosaccharide fraction was determined by the colourimetric 
carbazole assay247. 
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Fig 4.1. SEC chromatogram of heparin oligomers separation 

The desalted 200 mg heparin digest was reconstituted in 1 mL 200 mM NH4Cl, pH 3.5 and applied onto a self-packed 
Bio-Gel P6 column, with a bed volume of 200 mL. The SEC was performed in the reconstitution buffer at a flow rate 
of 15 mL/h. The eluate was collected in 1.5 mL fraction. The separation was monitored in dual mode by refraction 
and UV (232 nm) absorption. The plot of the refractive index displayed 10 peaks (including some unresolved) for the 
heparin digest and one salt peak. The UV plot lacked the salt signal, as unsaturated bonds in the hexuronic acid 
residues absorb at the chosen wavelength. The largest peak (1) displayed corralets to the heparin disaccharide. With 
increasing chain length, the rentention time was shorter and the peak intensity reduced. The column was evaluated 
using a dextran hydrolysate as a standard (data not shown). 
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Fig 4.2. SEC chromatogram of DS oligomers separation 

The desalted 100 mg DS digest was reconstituted in 1 mL 200 mM NH4Cl, pH 3.5 and applied onto a Bio-Gel P6 
column, with a bed volume of 200 mL. The chromatography was performed in the reconstitution buffer at a flow rate 
of 15 mL/h. The eluate was collected in 1.5 mL fraction. The separation was monitored in dual mode by refraction 
and UV (232 nm) absorption. The plot of the refractive index displayed 8 separation peaks for the DS digest and one 
salt peak. The column resolution was assessed by application of a dextran sulphate standard (data not shown).
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4.2.2. Preparation and purification of GAG oligosaccharide neoglycolipids (NGLs) 

 
The purified GAG oligosaccharides were conjugated to the lipid reagent AOPE. In principle, the 
reducing ends of the GAG oligosaccharides can be conjugated to the lipid tag, either by 

reductive amination or aminooxy ligation. The conjugation of the free reducing end using 
reductive amination results in the ring-opened form of the terminal monosaccharide at the 

reducing end. For short carbohydrate sequences, such as trisaccharides, if the sugar at the 

reducing end is part of the binding epitope, sacrificing the terminal monosaccharide due to ring-
opened state might result in a reduction or even result a loss of binding. Using the aminooxy 

conjuagtion strategy this effect is less pronounced for short oligosaccharides, as the reducing 
sugar is presented in an equilibrium of ring-opened and ring-closed state. Additionally, previous 

data from our laboratory have shown a higher conjugation yield for highly charged 
oligosaccharides using the aminooxy functionalised AOPE over the non-functionalised lipid 

tag250. Based on these observations all GAG oligosaccharides were conjugated to the lipid tag 
AOPE. 

 
 
4.2.2.1. Preparation of the lipid reagent AOPE  

 
Prior to the conjugation of the oligosaccharides the lipid tag had to be prepared freshly according 

to Liu et al250. For the protocol of the AOPE preparation see methods section 2.15.1.1.  
As starting material, the lipid DHPE was used. The lipid was functionalised by the addition of 

BOC protected aminooxyacetyl. The reaction product was purified on silica columns. The BOC-

AOPE was eluted using dichloromethane and collected in several fractions. The elution fractions 
were spotted on HPTLC plates and stained with primulin reagent. As displayed in Fig 4.3A the 

majority of BOC-AOPE eluted in fraction E7. In order to assess the purity and the size the eluate 
fractions E2-E7 were analysed together with 1 nmol of DHPE and 1 nmol of BOC-AOPE as 

control samples by HPTLC. The primulin sprayed plate displayed a complete conversion of 
DHPE to BOC-AOPE and that the generated BOC-AOPE migrated at the same position as the 

BOC-AOPE control sample (Fig. 4.3B). The protecting group was released using TFA. Excess 

TFA was removed by co-evaporation with toluene and dried under nitrogen stream. The dried 

lipid was reconstituted in chloroform/methanol (1:1). The AOPE lipid preparation was assessed 

by HPTLC analysis. As reference, previously generated AOPE, with a known concentration was 
included. As displayed in Fig 4.4, the AOPE preparation migrated and elicited the same band 

pattern as the reference AOPE.   
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Fig 4.3. HPTLC analyses BOC-AOPE lipid preparation 

A. C1-C6 stand for columns, while E1-E10 represent THE elution fractions. 1 µl of each elution fraction was spotted 
onto a HPTLC plate, which was following sprayed with primulin reagent. The majority of lipid eluted in fraction E7. B. 
Of column C5 (from A) 1 µl of ractions E2- E7 were applied onto a HPTLC plate. As control 1 nmol of DHPE and 
BOC-AOPE were included. The plate was developed in chloroform/ethanol/water (50:50:1, v/v). The dried HPTLC 
plates were stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the NGLs 
were visualized under UV light (233 nm) and the signal was recorded by photography  

 
 
 
 
 
 
 

Fig 4.4. HPTLC AOPE lipid preparation 

The deprotected AOPE preparation was applied at 2 and 4 µl together with a reference 
AOPE lipid of known concentration. In column I. 10 nmol/µl of the reference were applied, 
in column II. 2 µl and in column III. 4 µl of the AOPE preparation were applied. The plate 
was developed in chloroform/ethanol/water (50:50:1, v/v). The dried HPTLC plates were 
stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties 
of the NGLs were visualized under UV light (233 nm) and the signal was recorded by 
photography. # marks the excess lipid front. * marks the application point of the probe. The 
reference lipid displayed three bands. The main band migrating slowest and two minor 
bands migrating close to each other. Both newly prepared lipid preparation displayed the 
identical band pattern as the reference.   
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4.2.2.2. Preparation of GAG oligosaccharide NGLs 
 

The GAG NGLs were generated by conjugation of 100 nmol oligosaccharide to an excess 

amount of AOPE lipid (1 µmol), according to the protocol in methods section 2.15.1.4. The lipid-
oligosaccharide mixture was incubated for 16 hours at 37°C and following dried for 60-90 

minutes at 60°C. The reaction mixture was reconstituted in chloroform/methanol/water 
(25:25:8). The equivalent volume to 1 nmol of input oligosaccharide was applied to HPTLC 

analysis (methods section 2.15.1.2). The developing conditions for the HPTLC analysis were 

adjusted to the polarity of the oligosaccharides. The images of the primulin stained HPTLC 
plates (Figs 4.5 and 4.6) demonstrated the successful conjugation of all oligomers to the AOPE 

lipid. The excess lipid of the reaction mixture was observed migrating at the top end of the 
chromatogram front. The NGLs of GAG oligomers migrated according to their size through the 

silica matrix. The small NGLs migrated faster than the large NGLs. For both GAGs, the same 
developing conditions were applied for NGLs of one oligomer size.  

The conjugation of the heparin dimer to octamer preparations were resolved into multiple NGL 
species, according to their size. The heparin decamer to eicosamers NGLs could not be 

resolved in more than one signal, which migrated at the interface of the water to methanol 
solvent front. The conjugation mixture of the dimer displayed a triplex band (Fig 4.5A). The 

tetramer preparation displayed a duplex band migrating at the top of the methanol front (Fig 
4.5B). The hexamer preparation displayed six bands, a band at the interface of the 

water/methanol front and the majority of the signal separated into five bands (Fig 4.5C). The 
octamer preparation displayed four distinct bands with a smear of signal between the bands. 

The main signal was observed as a band at the interface of the water/methanol front. Three 
minor bands migrated in the methanol layer (Fig 4.5D). The decamer NGL displayed three bands 

with a smear stretching from the interfaces of water/methanol to the methanol/chloroform front 

(Fig 4.5E). The main signal was observed in the methanol layer, a band migrating at the interface 
of the water/methanol and faint band at the interface of the methanol/chloroform front. The main 

signal of dodecamer NGL migrated at the interface of the water/methanol front, extending as a 
smear and spanning through the methanol layer. A faint band at the interface of the 

methanol/chloroform front (Fig 4.5F). The tetradeca- and hexadecamer preparations showed a 
similar pattern. The main signal migrated at the top of the water layer and a minor signal 

extended as a faint smear through the methanol layer terminating in a light band (Fig 4.5G/H). 
The octadecamer preparation displayed a broad band migrating between the application and 

the interface of water/methanol front and a second weak band at the interface of the 
methanol/chloroform front (Fig 4.5I). The main eicosamer signal was seen as a broad band 
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migrating from the water layer to the water/methanol front and a weak band observed at the 

interface of the methanol/chloroform front (Fig 4.5J). 

The NGL preparations of the DS oligomers were better resolved by HPTLC analyses than the 

heparin oligomers. DS dimer to tetradecamer NGL conjugations were resolved into distinct size 
species as demonstrated by the observation of different bands for each NGL preparation. The 

higher molecular weight hexadecamer to eicosamer conjugations migrated as one band. The 
dimer NGL preparation showed a main signal migrating in the methanol layer faint slower 

migrating band (Fig 4.6A). The tetramer preparation displayed a main band migrating at the 
interface of the methanol/chloroform front and a minor signal the water/methanol front. 

Additional faint bands were observed in the chloroform front (Fig 4.6B). The hexamer 
preparation displayed two signals. A triplex band migrating at the interface of the 

methanol/chloroform front and a minor signal at the water/methanol front (Fig 4.6C). The 
octamer preparation displayed six bands spanning through the methanol layer (Fig 4.6D). The 

decamer preparation displayed seven bands migrating though the methanol layer (Fig 4.6E). 

The dodecamer preparation separated into six bands, spanning through the methanol layer (Fig 
4.6F). The tetradecamer preparation displayed a duplex band at the interface of the 

water/methanol front, which was preceded by a faint band. An additional signal was observed 
at the interface of the methanol/chloroform front (Fig 4.6G). The hexadeca-, octadeca- and 

eicosamer preparations displayed a single band migrating at the interface of the water/methanol 
front (Fig 4.6H/I/J).  

For all of the samples applied, some fluorescence signal was observed at the application point. 

However, for some samples the intensity at the application point varied. After the analytical 

HPTLC run the remaining sample of each NGL preparation was dried under a nitrogen stream 
and following stored at -20°C. 
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Fig 4.5. HPTLC analyses of heparin oligomer NGL preparations 

A volume of 2 ul for each heparin oligosaccharide NGL preparation was applied onto a HPTLC plate using a semi-
automated spotter. The HPTLC plates with the applied samples were developed in a solvent system of 
chloroform/methanol/water. The dimer preparation was developed in a chloroform/methanol/water formulation at the 
ratio of 60:35:8 (by volume), all remaining preparations were developed in a chloroform/methanol/water formulation 
at the ratio of 25:25:8 (by volume). The dried HPTLC plates were stained, by spraying, with a 1% primulin-acetone-
water solution. The stained lipid moieties of the NGLs were visualized under UV light (233 nm) and the signal was 
recorded by photography. # marks the excess lipid front. * indicates the origin. A. dimer. B. tetramer. C. hexamer. D. 
octamer. E. decamer. F. dodecamer G. tetradeca H. hexadecamer I. octadecamer. J. eicosamer NGL preparations. 
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*	

#	

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.6. HPTLC analyses of DS oligosaccharide NGL preparations 

A volume of 2 µl for each DS oligosaccharide NGL preparation was applied onto a HPTLC plate using a semi-
automated spotter. The HPTLC plates with the applied samples were developed in a solvent system of 
chloroform/methanol/water. The dimer preparation was developed in a chloroform/methanol/water formulation at the 
ratio of 60:35:8 (v/v), all remaining preparations were developed in a chloroform/methanol/water formulation at the 
ratio of 25:25:8 (v/v). The dried HPTLC plates were stained, by spraying, with a 1% primulin-acetone-water solution. 
The stained lipid moieties of the NGLs were visualized under UV light (233 nm) and the signal was recorded by 
photography.	# marks the excess lipid front. * marks the application point of the probe. A. dimer. B. tetramer C. 
hexamer D. octamer E. decamer F. dodecamer. G. tetradecamer. H. hexadecamer I. octadecamer, J. eicosamer 
NGL preparations. 
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4.2.2.3. Purification of GAG oligosaccharide NGLs 
 

To remove the excess AOPE lipid from the GAG oligosaccharide NGL preparations the samples 

were purified on silica cartridges. For this, the dried samples were reconstituted in 
chloroform/methanol/water (130:50:9) and applied onto the cartridges. After washing with 

chloroform/methanol/water (60:35:8) the NGL samples were eluted from the cartridges with 
chloroform/methanol/water (25:25:8). For the NGL purification protocol see methods section 

2.15.1.5. 

 
To access the quality of the purification a sample (2µl) of each wash and elution fraction, of each 

NGL preparation, was analysed by HPTLC (methods section 2.15.1.2). As the primulin stained 
HPTLC plates displayed, all NGL preparations were clearly purified from the AOPE lipid. For all 

NGL preparation the lipid was found in the flow-through or in the first two wash fractions. As 
demonstrated in Figs 4.7-4.12 the larger oligomers NGLs were eluted in solvent system with a 

higher polarity, as the hydrophilic nature of the NGL increase with oligosaccharides size. The 

fractions containing the AOPE lipid were discarded and the remaining wash and elution fractions 
were pooled together. The heparin NGL dimer preparations was the only one that was resolved 

into three size species. For three of primulin stained HPTLC plates the lipid staining could not 
be well-documented using photography. However, the NGL bands were well visible by eye 

under UV light. In these three plates, the positions of the NGLs are marked by arrows. 

The heparin dimer preparation eluted in six bands over four fractions. As displayed, three 
different NGL species were eluted. The main product was eluted in fraction W5 and fraction E1 

(Fig 4.7A). The tetramer NLGs began eluting in fraction W5. The majority of the product eluted 

in W6-E11. The bands all migrated at the same level. Factions W5 and E1 displayed an 
additional faint band migrating closely ahead of the main band (Fig 4.7B). The hexamer NGLs 

eluted in three fractions. The signal was weaker then compared to di- and tetramer preparation, 
but well visible under UV. As the image taken displays a very faint fluorescence the positions 

were the NGLs migrated in the methanol layer are marked by arrows (Fig 4.7C). Octameric 
heparin NGLs eluted in fractions E11-E14. The main signal migrated at the interface of the water 

and methanol front, displaying a smear extending into the methanol layer, seen for fraction E11 
and E12 (Fig 4.7D). At the lower and of the “decamer plate” a cloudy signal was observed 

spanning the entire with of the plate and overlapped with the application points of the samples. 
However, it did not extend above the water front. Weak signals at the interface of the 

water/methanol front were observed in fractions W2 and W3, as well as in fractions E8-E10. The 

majority of NGLs eluted in fractions E14-15. The appearance of the NGL bands was blurry, the 
same was true for the excess lipid bands in W2 (Fig 4.8A). Similar fuzzy bands, migrating at the 
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interface of the water/methanol front, were seen for the dodecamer preparation. The main signal 

was elicited in fractions E11 and E12, with minor signals observed in fractions E8-E10, E13, and 
E14 (Fig 4.8B). The runs of the tetradeca- and hexadecamer NGLs displayed the same elution 

pattern. For both, the main signal was observed in fraction E11 and a minor signal in E12, 
migrating at the interface of the water/methanol front (Fig 4.8C/D). For the octadecamer, the 

main NGL signal was obtained in fraction E11 and addition faint signal in fraction E10 and E12. 
All NGL bands migrated at the interface of the water/methanol front (Fig 4.9A). In the eicosamer 

run the main signal was detected in fraction E12, with minor signals observed in fractions E11, 

E13 and E14. Again, all visualised bands migrated at the interface of the water/methanol front 
(Fig 4.9B). 

 
The DS NGLs of the dimer purification were detected in fraction W3-W7. All NGLs were found 

at the methanol front. No NGL band was observed in fractions W1 and W2, which just displayed 
signals of the excess lipid (Fig 4.10A). The majority tetramer NGLs eluted in fractions W6-E8 

and minor amounts in fractions E9-E11. All bands migrated at the same level at the interface of 
the methanol/chloroform front. No NGL was eluted in fraction F1 and W2 containing the excess 

lipid (Fig 4.10B). The hexamer eluted over fractions E7-E11, migrating at the top methanol front. 

The signal detected in E7 migrated slightly faster compared to those of E8-E11. No NGLs were 
observed in fractions F1 and W2 (Fig 4.10C). The octameric DS NGL signals are hardly visible 

on the image of the HPTLC plate. Diffuse bands were detected in fractions E8-E12 migrating in 
the methanol layer. The signal observed in E8 and E9 migrated faster than those of E10-E12. 

The bands are indicated by the arrows (Fig 4.10D). The decamer NGL signal eluted in E8-E10. 
The observe signal bands were blurry and the first signal migrated faster than the latter. All 

bands were detected in the methanol layer (Fig 4.11A). The signals of the dodecamer 
preparation were detected in fractions E11-12. The main signal migrated in the methanol layer, 

with a minor band displayed at the interface of the water/methanol front (Fig 4.11B). The 
tetradecamer preparation eluted in fractions E11-E15 migrating at the interface of the 

water/methanol front. The highest signal intensity was observed for faction E11 and gradually 

decreased with further elution (Fig 4.11C). The hexatetramer NGLs eluted in fractions E11-E15, 
migrating at the interface of the water/methanol front. Fractions E11 and E12 displayed the 

strongest signal and the intensity was reduced in the following elution fractions (Fig 4.11D). The 
octadecamer NGLs eluted in E11-E15, migrating at the interface of the water/methanol front. 

The strongest signal was detected in fractions E11 and E12. The signal intensity reduced for 
fractions E13 and E14, but increased in fraction E15. At the interface of the methanol/chloroform 

front a continuous fluorescence band was observed, which span the width of the HTPLC  
(Fig 4.12A). The eicosamer NGLs eluted in E11-E15, migrating at the interface of the 
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water/methanol front, with a signal intensity equally distributed across the elutionfraction (Fig 

4.12B).  

The HPTLC plates used for the runs of the heparin decamer and dodecamer NGL preparation 

showed artefact signals, partly based on poor matrix material as seen in both runs, and in case 
of the dodecamer likely caused by a contamination of the running chamber. For each 

preparation, the elution fraction identified positive for the purified NGLs were pooled together 
and dried using nitrogen. As an additional purification step the dried fractions were reconstituted 

in solvent and passed over a octadecyl derivatised silica gel column, referred to as C18 column, 
to remove residual oligosaccharides from the preparations. The eluate and wash fractions were 

collected and dried for subsequent quantification of each NGL. No analytical HPTLC runs were 
carried out after this purification step.  
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Fig 4.7. HPTLC analyses of heparin di-, tetra-, hexa- and octamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plate of the 
dimeric NGL purification was developed in a chloroform/methanol/water formulation at the ratio of 60:35:8 (v/v), all 
remaining preparations were developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The 
dried HPTLC plates were stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties 
of the NGLs were visualized under UV light (233 nm) and the signal was recorded by photography. # marks the 
excess lipid front. * marks the application point of the probe. A. dimer B. tetramer C. hexamer D. octamer heparin 
NGLs. 
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Fig 4.8. HPTLC analysis of heparin deca-, dodeca-, tetradeca- and hexadecamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plates were 
developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The dried HPTLC plates were 
stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the NGLs were 
visualized under UV light (233 nm) and the signal was recorded by photography. The deca- and dodecamer run 
displayed an aberrant primulin staining. # marks the excess lipid front. * marks the application point of the probe. A. 
decamer B. dodecamer C. tetradecamer D. hexadecamer NGLs. 
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Fig 4.9. HPTLC analyses of heparin octadeca- and eicosamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plates were 
developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The dried HPTLC plates were 
stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the NGLs were 
visualized under UV light (233 nm) and the signal was recorded by photography. # marks the excess lipid front. * 
marks the application point of the probe. A. octadecamer B. eicosamer NGLs. 
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Fig 4.10. HPTLC analyses of DS di-, tetra-, hexa- and octamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plate of dimeric 
NGL purification was developed in a chloroform/methanol/water formulation at the ratio of 60:35:8 (v/v), all remaining 
preparations were developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The dried 
HPTLC plates were stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the 
NGLs were visualized under UV light (233 nm) and the signal was recorded by photography. # marks the excess lipid 
front. * marks the application point of the probe. A. dimer B. tetramer C. hexamer D. octamer NGLs.  
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Fig 4.11. HPTLC analyses of DS deca-, dodeca-, tetradeca- and hexadecamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plates were 
developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The dried HPTLC plates were 
stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the NGLs were 
visualized under UV light (233 nm) and the signal was recorded by photography. # marks the excess lipid front. * 
marks the application point of the probe. A. decamer B. dodecamer C. tetradecamer D. hexatetramer NGLs. 
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Fig 4.12. HPTLC analyses of DS octadeca- and eicosamer NGL lipid purification 

Of each flow-through (F), wash (W) and elution (E) fraction 2 µl were applied onto a HPTLC plate. The plates were 
developed in a chloroform/methanol/water formulation at the ratio of 25:25:8 (v/v). The dried HPTLC plates were 
stained, by spraying, with a 1% primulin-acetone-water solution. The stained lipid moieties of the NGLs were 
visualized under UV light (233 nm) and the signal was recorded by photography. # marks the excess lipid front. * 
marks the application point of the probe. A. octadecamer B. eicosamer NGLs. 
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4.2.3. Quantification of GAG oligosaccharide NGLs 
 

The yield of the purified GAG NGLs was determined according to the protocol in methods section 

2.15.1.6. To quantify each NGL preparation the corresponding volume of 2% of the theoretical 
starting oligosaccharide concentration was applied onto a HPTLC plate. As standard for 

quantification 50, 100, 200 and 400 nmol of maltopentaose NGL were applied onto the HPTLC 
plate. The maltopentaose standard was not subjected to the lipid purification step, as the 

conjugation of the maltopentaose yields in 100% conversion of the oligosaccharide into NGL. 

The lipid purification step does retain a fraction of material on the silica matrix and therefore 
would have decreased the accuracy of the standard. The GAG NGL samples were reconstituted 

in solvent and the theoretical equivalent of 2% starting oligosaccharide of each NGL sample and 
was applied onto the developed maltopentaose standard HPTLC (Fig 4.13). The single intensity 

of each band was determined by band densitometry. Each probe was quantified as triplicate on 
different HPTLC plates and dates. The triplicate quantitation demonstrated a variance in each 

sample, but the trend was in accord for all three measurements (Fig 4.14). The results displayed 
a yield of purified GAG NGLs ranging from 20 to 55 pmol/µl. For both preparations, best yields 

were obtained for the tetramer NGL preparations. The recovery of the purified GAG-NGLs to 
the starting amount of 100 nmol ranged between 6-16.5%. 
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Fig 4.13. Quantitation NGLs by band densitometry on a HPTLC plate 

Displayed is a representative plate used for the quantification of the NGL probes. Maltose pentamer (400, 200, 100, 
50 nmol) NGLs were applied onto a HPTLC plate as standard and developed in a solvent system of 
chloroform/methanol/water at the ratio of 25:25:8. Following the plate was dried and NGLs were applied. H2-H20 and 
D2-D20. H referring to heparin and D referring to DS. The numbers behind the letters indicate the oligomer size, 2 = 
dimer etc. The HPTLC plate was submerged in primulin reagent and the intercalated primulin was visualised using 
UV light (233 nm). # marks the excess lipid front and * marks the application point of the developed standard. 

 
 
 

 

  
 

Fig 4.14. Quantitation of DS and heparin NGLs 

The NGL probes were applied onto a HPTLC plate. As standard 50, 100, 200 and 400 pmol of maltose pentamer 
NGLs. The lipid moiety was stained with primulin reagent. The intercalated primulin was excited at 370 nm and 
detected at a filter cut-off at 470 nm using a dual wavelength flying spot scanner. The amount of each NGL sample 
was calculated from the maltose pentamer standard curve. Each probe was quantified in triplicate at different time 
points. In both preparations, the tetrameric NGLs showed the highest yield, ranging at 50 pmol/µl in case of heparin 

and 55 pmol/µl in case of DS. For the remaining NGL probes lower yields were quantified down to 20 pmol/µl.
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4.2.4. Printing of a NGL-based GAG oligosaccharide microarray 
 

The newly prepared GAG NGLs of CSA, CSC, DS and heparin oligomers as well as previously 

generated HA, reference CSA, CSC, DS and heparin NGLs were used to print a test array, 
referred to as GAG oligosaccharide array set 5. The chondroitin NGLs were prepared by Nian 

Wu, the HA, HS and the reference GAG NGLs were provided by Dr Wengang Chai and Dr Yan 
Liu.  

The GAG NGLs were arrayed onto nitrocellulose coated glass slides. Therefore, the samples 
were diluted in carrier lipid formulation containing Cy3 dye (methods section 2.15.1.8). The 

samples were printed in a non-contact mode by a piezo electrical robot, using a defined layout 
(table 4.1). Each NGL was printed in duplicates at 2 fmol and 5 fmol per spot. The Cy3 dye was 

added to the printing formulation to enable the visualization of the array spots. As displayed in 
Fig 4.15, not all NGL probes were adequately applied onto the membrane. In row 2, columns 9-

12, poor Cy3 signals were recorded at the position where the HA hexadecamer probes were 

printed. At positions row 4, columns 15 and 16 (r4/c15 and r4/c16), and row 5, columns 3 and 4 
(r5/c3 and r5/c4) no probes were printed (Fig 4.15). The probes were arrayed at two consecutive 

days. The probes arrayed on the first day, rows 1 to 8, demonstrated a reduced Cy3 signal 
intensity compared to the probes, rows 9 to 16, arrayed on the second day. In addition, the latter 

probes displayed little satellite spots next to the main spots. The aberrantly arrayed NGLs and 
their location were recorded and the scanned slides stored in an optically opaque chamber at 

room temperature.  
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Table 4.1. Subarray layout GAG oligosaccharide array set 5, white shading 2 fmol level, grey shading 5 fmol level.  
	 c1	 c2	 c3	 c4	 c5	 c6	 c7	 c8	 c9	 c10	 c11	 c12	 c13	 c14	 c15	 c16	

r1	 HA	4	 HA	4	 HA	4	 HA	4	 HA	6	 HA	6	 HA	6	 HA	6	 HA	8	 HA	8	 HA	8	 HA	8	
HA	
10	

HA	
10	

HA	
10	

HA	
10	

r2	 HA	
12	

HA	
12	

HA	
12	

HA	
12	

HA	
14	

HA	
14	

HA	
14	

HA	
14	

HA	
16	

HA	
16	

HA	
16	

HA	
16	

HA	
18	

HA	
18	

HA	
18	

HA	
18	

r3	 CSA	
2	

CSA	
2	

CSA	
2	

CSA	
2	

CSA	
4	

CSA	
4	

CSA	
4	

CSA	
4	

CSA	
6	

CSA	
6	

CSA	
6	

CSA	
6	

CSA	
8	

CSA	
8	

CSA	
8	

CSA	
8	

r4	 CSA	
10	

CSA	
10	

CSA	
10	

CSA	
10	

CSA	
12	

CSA	
12	

CSA	
12	

CSA	
12	

CSA	
14	

CSA	
14	

CSA	
14	

CSA	
14	

CSA	
16	

CSA	
16	

CSA	
16	

CSA	
16	

r5	 CSA	
18	

CSA	
18	

CSA	
18	

CSA	
18	

CSA	
20	

CSA	
20	

CSA	
20	

CSA	
20	

DS	2	 DS	2	 DS	2	 DS	2	 DS	4	 DS	4	 DS	4	 DS	4	

r6	 DS	6	 DS	6	 DS	6	 DS	6	 DS	8	 DS	8	 DS	8	 DS	8	 DS	
10	

DS	
10	

DS	
10	

DS	
10	

DS	
12	

DS	
12	

DS	
12	

DS	
12	

r7	 DS	
14	

DS	
14	

DS	
14	

DS	
14	

DS	
16	

DS	
16	

DS	
16	

DS	
16	

DS	
18	

DS	
18	

DS	
18	

DS	
18	

DS	
20	

DS	
20	

DS	
20	

DS	
20	

r8	 CSC	
2	

CSC	
2	

CSC	
2	

CSC	
2	

CSC	
4	

CSC	
4	

CSC	
4	

CSC	
4	

CSC	
6	

CSC	
6	

CSC	
6	

CSC	
6	

CSC	
8	

CSC	
8	

CSC	
8	

CSC	
8	

r9	 CSC	
10	

CSC	
10	

CSC	
10	

CSC	
10	

CSC	
12	

CSC	
12	

CSC	
12	

CSC	
12	

CSC	
14	

CSC	
14	

CSC	
14	

CSC	
14	

CSC	
16	

CSC	
16	

CSC	
16	

CSC	
16	

r10	 CSC	
18	

CSC	
18	

CSC	
18	

CSC	
18	

CSC	
20	

CSC	
20	

CSC	
20	

CSC	
20	 HS	4	 HS	4	 HS	4	 HS	4	 HS	6	 HS	6	 HS	6	 HS	6	

r11	 HS	8	 HS	8	 HS	8	 HS	8	 Hep	
2	

Hep	
2	

Hep	
2	

Hep	
2	

Hep	
4	

Hep	
4	

Hep	
4	

Hep	
4	

Hep	
6	

Hep	
6	

Hep	
6	

Hep	
6	

r12	 Hep	
8	

Hep	
8	

Hep	
8	

Hep	
8	

Hep	
10	

Hep	
10	

Hep	
10	

Hep	
10	

Hep	
12	

Hep	
12	

Hep	
12	

Hep	
12	

Hep	
14	

Hep	
14	

Hep	
14	

Hep	
14	

r13	 Hep	
16	

Hep	
16	

Hep	
16	

Hep	
16	

Hep	
18	

Hep	
18	

Hep	
18	

Hep	
18	

Hep	
20	

Hep	
20	

Hep	
20	

Hep	
20	

rCSA	
8	

rCSA	
8	

rCSA	
8	

rCSA	
8	

r14	 rCSA	
16	

rCSA	
16	

rCSA	
16	

rCSA	
16	

rDS	
8	

rDS	
8	

rDS	
8	

rDS	
8	

rDS	
16	

rDS	
16	

rDS	
16	

rDS	
16	

rCSC	
8	

rCSC	
8	

rCSC	
8	

rCSC	
8	

r15	 rHep	
4	

rHep	
4	

rHep	
4	

rHep	
4	

rHep	
8	

rHep	
8	

rHep	
8	

rHep	
8	

rHep	
16	

rHep	
16	

rHep	
16	

rHep	
16	 ---	 ---	 ---	 ---	

r16	 	 	 	 	 ---	 ---	 ---	 ---	 ---	 ---	 ---	 ---	 ---	 ---	 ---	 ---	

 
 
 
 
 

	
	

Fig 4.15. Cy3 scan of GAG oligosaccharide array set 5 

Dispalyed are two representative nitrocellulose pads of the GAG array set 5. Both pads cotain identical subarrays. 
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4.2.5. Validation NGL-based GAG oligosaccharide microarray 
 
The quality of the GAG array set 5 was assessed by binding experiments using the anti-

chondroitin antibodies CS-56, anti-CS Di4S and anti-CS Di6S reactive against CSA, CSC and 
DS. Heparin NGL display was assessed using a human Nogo receptor Fc chimera protein 

(hNgR-Fc). Anti-CS Di4S and anti-CS Di6S recognise unsaturated GalNAc residues, sulphated 
at the 4-O and 6-O position, respectively of CSA, CSC as well as of DS. CS-56 binds CSA and 

CSC, but not to DS. Blank controls using secondary detection antibodies alone were negative 

(data not shown).  

The binding analysis with this set of antibodies and the hNgR-Fc revealed poor binding to the 
newly generated GAG-NGLs, whereas good binding was observed to the reference GAG-NGLs. 

hNgR-Fc displayed no single GAG ligand specificity as it bound to DS, HS and heparin NGLs 
(Fig 4.16). Best binding signals were obtained for the reference heparin NGLs. Binding of the 

CS-56 antibody displayed binding to reference hexadecamers of CSA and CSC NGLs. 

Interestingly, weak binding was also observed to the reference DS hexadecamer NGL, which is 
not supposed to be bound by the antibody (Fig 4.17). No binding was observed to the newly 

generated chondroitin NGLs. For both, the anti-CS Di4S as well as the anti-CS Di6S antibody 
binding was observed to CSA, CSC and DS. Anti-CS Di4S exhibited the highest signals for DS 

(Fig 4.18), while anti-CS Di6S bound best to CSC (Fig 4.19). Other than for the CS-56, no 
binding preference to the reference NGLs was observed for anti-CS Di4S and anti-CS Di6S. In 

regards of total signal intensities, hNgR-Fc was the best, followed by CS-56, anti-CS Di6S and 
anti-CS Di4S. However, the absolute intensities do not allow drawing any conclusions about the 

affinities. The test antibodies and the protein used allow an estimation of the qualitative 
assessment of the newly generated NGLs. The prediction was that the longer oligomers would 

be better bound than the shorter ones, which was observed for hNgR-Fc and CS-56 to the 

reference NGLs. In case of hNgR-Fc the binding to the newly generated NGL probes reduced 
with increasing chain length. In order to detect HA NGLs the carbohydrate-binding module of 

hyaluronan lyase257 was incubated on a subarray, which did not elicit any binding signals (data 
not shown). For the detailed protein binding analysis protocol see to methods section 2.15.1.9. 
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Table 4.2. Probe list of GAG oligosaccharide array set 5, r = reference NGL probe 
Chart position NGL probe Chart position NGL probe Chart position NGL probe 
1 HA-S4 21 DS-6-AO 41 Hep-6-AO 
2 HA-S6 22 DS-8-AO 42 Hep-8-AO 
3 HA-S8 23 DS-10-AO 43 Hep-10-AO 
4 HA-S10 24 DS-12-AO 44 Hep-12-AO 
5 HA-S12 25 DS-14-AO 45 Hep-14-AO 
6 HA-S14 26 DS-16-AO 46 Hep-16-AO 
7 HA-S16 27 DS-18-AO 47 Hep-18-AO 
8 HA-S18 28 DS-20-AO 48 Hep-20-AO 
9 CSA-2-AO 29 CSC-2-AO 49 rCSA-8 
10 CSA-4-AO 30 CSC-4-AO 50 rCSA-16 
11 CSA-6-AO 31 CSC-6-AO 51 rDS-8 
12 CSA-8-AO 32 CSC-8-AO 52 rDS-16 
13 CSA-10-AO 33 CSC-10-AO 53 rCSC-8 
14 CSA-12-AO 34 CSC-12-AO 54 rCSC-16 
15 CSA-14-AO 35 CSC-14-AO 55 HS-S4-AO 
16 CSA-16-AO 36 CSC-16-AO 56 HS-S6-AO 
17 CSA-18-AO 37 CSC-18-AO 57 HS-S8-AO 
18 CSA-20-AO 38 CSC-20-AO 58 rHep-4-AO 
19 DS-2-AO 39 Hep-2-AO 59 rHep-6-AO 
20 DS-4-AO 40 Hep-4-AO 60 rHep-16-AO 
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Fig 4.16. Binding of hNgR-Fc to GAG-NGL array set 5 

hNgR-Fc at 20 µg/mL was incubated on a subarray. Bound protein was detected using biotinylated goat IgG anti-
human IgG. The chart positions of the individual probes are displayed in table 4.2. The binding results were plotted 
for the 5 fmol levels of each NGL probe. No binding signals were obtained for HA, CSA and CSC NGLs. Weak binding 
was observed to newly generated DS NGLs (position 20) and weak to moderate binding was received with new 
heparin NGLs (position 40-47). Reference DS (position 51,52) and heparin NGLs (position 58-60) showed highest 
binding signals. 
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Fig 4.17. Binding of CS-56 antibody to GAG-NGL array set 5 

The antibody was diluted 1/500 in PBS and incubated on a subarray. Bound CS-56 was detected using biotinylated 
rabbit IgG anti-mouse IgM. The chart positions of the individual probes are displayed in table 4.2.	The binding results 
were plotted for the 5 fmol levels of each NGL probe. No binding signals were obtained for HA, HS and heparin NGLs. 
Reference CSA and CSC NGLs (position 50,54) were bound well by CS-56. A weak binding signal was obtained for 
the DS NGL at position 52. 
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Fig 4.18. Binding of anti-CS Di4S antibody to GAG-NGL array set 5 

The antibody was diluted 1/200 in PBS and incubated on a subarray. Bound anti-CS Di4S was detected using 
biotinylated gaot IgG anti anti-mouse IgG. The chart positions of the individual probes are displayed in table 4.2.	The 
binding results were plotted for the 5 fmol levels of each NGL probe. No binding signals were obtained for HA, HS 
and heparin NGLs. CSA, CSC and DS NGL were bound by the antibody. The strongest signal intensities were 
obtained for DS NGL probes at chart positions 20 (tetramer) and 52 (hexadecamer). 
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Fig 4.19. Binding of anti-CS Di6S antibody to GAG-NGL array set 5 

The antibody was diluted 1/200 in PBS and incubated on a subarray. Bound anti-CS Di6S was detected using 
biotinylated rabbit IgG anti anti-mouse IgM. The chart positions of the individual probes are displayed in table 4.2. 
The binding results were plotted for the 5 fmol levels of each NGL probe. No binding signals were obtained for HA, 
HS and heparin NGLs. CSA, CSC and DS NGL were bound by anti-CS Di6S. The strongest signal intensities were 
obtained for CSC NGL probes at chart positions 31 (hexamer) and 54 (hexadecamer). 
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On account of the poor binding results and the low quantitation of the GAG NGL probes after 

HPTLC analysis it was decided not to perform binding experiments of FH and the FHR proteins 
on the described GAG array set 5. In regard to the laborious preparation of new GAG NGLs and 

the limited time remaining for completion of the PhD project we chose to use remaining 
microarray slides of previously generated microarray, referred to as GAG oligosaccharide array 

set 4, for the binding analyses of the FH protein family.  

The objectives for preparation of the new GAG oligosaccharide array set was on the one hand 

to determine the GAG oligosaccharide interactions not only with members of the FH protein 
family, but also with antibodies relevant for the PhD project of Nian Wu, as well as other projects 

of the Glycosciences Laboratory and to replenish chondroitin and DS series that were prepared 
nearly a decade ago. In addition, the nitrocellulose-coated glass slides used for set4, provided 

by the manufacturer, were of minor quality and thus the aim was to generate a new GAG array 
set. For these reasons, it was crucial to dissect at which state of the preparation protocol the 

majority of the NGL preparations were lost and to refine the protocol accordingly. In a complete 

assessment of the purification protocol by Nian Wu, she determined that the purification step 
using the C18 columns resulted in the low recovery of the NGL probes. The majority probes 

were not retained on the hydrophobic column matrix, but rather eluted with the void volume 
under the conditions used, which were designed for normal NGLs but not highly charged GAG 

NGLs. As consequence, the C18 purification was omitted from the protocol. In order to generate 
a new GAG NGL set, I provide the oligosaccharide preparations of heparin and DS as well as 

unpurified HS oligosaccharides to Nian Wu. Together with her set of chondroitin sulphate 
oligosaccharides she prepared a comprehensive set of GAG NGLs according to the refined 

protocol. The subsequent quantitation demonstrated a markedly improved yield. These NGLs 
were used to print a new GAG oligosaccharide array, referred to as GAG oligosaccharide array 

set 6. The exploratory set 6 featured the same GAG classes, with the difference of incorperating 

NGLs from deacetylated HS oligosaccharides258. The quality assessment of the exploratory set 
6 was carried out with the same anti-chondroitin antibodies used to validated GAG set 5. The 

data demonstrated an overall increased binding to the NGL probes, and displayed no binding 
preference to the reference NGL probes (Figs 4.20-4.22). The individual NGL probe positions 

are provided in table 4.3. 
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Table 4.3. Probe list GAG oligosaccharide array Set 6, r = reference NGL probe; deAc = deacetylated 
Chart	Position	 NGL	Probe	 Chart	Position	 NGL	Probe	 Chart	Position	 NGL	Probe	

1	 CSA-2-AO	 23	 CSC-6-AO	 45	 HS(deAc)-10-AO	

2	 CSA-4-AO	 24	 CSC-8-AO	 46	 HS(deAc)-12-AO	

3	 CSA-6-AO	 25	 CSC-10-AO	 47	 HA-S4	

4	 CSA-8-AO		 26	 CSC-12-AO	 48	 HA-S6	

5	 CSA-10-AO		 27	 CSC-14-AO	 49	 HA-S8	

6	 CSA-12-AO	 28	 CSC-16-AO	 50	 HA-S10	

7	 CSA-14-AO	 29	 CSC-18-AO	 51	 HA-S12	

8	 CSA-16-AO	 30	 CSC-20-AO	 52	 HS-S4-AO	

9	 CSA-18-AO	 31	 Hep-2-AO	 53	 HS-S6-AO	

10	 CSA-20-AO	 32	 Hep-4-AO	 54	 HS-S8-AO	

11	 DS-2-AO	 33	 Hep-6-AO	 55	 rCSA-8	

12	 DS-4-AO	 34	 Hep-8-AO	 56	 rCSA-16	

13	 DS-6-AO	 35	 Hep-10-AO	 57	 rDS-8	

14	 DS-8-AO	 36	 Hep-12-AO	 58	 rDS-16	

15	 DS-10-AO	 37	 Hep-14-AO	 59	 rCSC-8	

16	 DS-12-AO	 38	 Hep-16-AO	 60	 rCSC-16	

17	 DS-14-AO	 39	 Hep-18-AO	 61	 rHep-8-AO	

18	 DS-16-AO	 40	 Hep-20-AO	 62	 rHep-16-AO	

19	 DS-18-AO	 41	 HS(deAc)-2-AO	 63	 rHep-8-AO	

20	 DS-20-AO	 42	 HS(deAc)-4-AO	 64	 rHep-16-AO	

21	 CSC-2-AO	 43	 HS(deAc)-6-AO	 ---	 ---	

22	 CSC-4-AO	 44	 HS(deAc)-8-AO	 ---	 ---	
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Fig 4.20. Binding of CS-56 antibody to GAG-NGL array set 

The antibody was diluted 1/500 in PBS and incubated on a subarray. Bound CS-56 was detected using biotinylated 
rabbit IgG anti-mouse IgM. The chart positions of the individual probes are displayed in table 4.3.	The binding results 
were plotted for 2 (blue) and 5 (purple) fmol levels of each NGL probe. No binding signals were obtained for HA, HS 
and heparin NGLs. Binding was demonstrated to long oligosaccharide chain NGLs of CSA and CSC NGLs. 

 

	

0

2000

4000

6000

8000

10000

12000

14000

16000

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64

11/10/2015; CS56 (1/200 uG/mL); Fred; No; GAG oligosaccharide array set 6 (Nian)

Av(low)

Av(high)



Generation	of	NGL-based	GAG	microarray	

	
	

171	

	
	

Fig 4.21. Binding of anti-CS Di4S antibody to GAG-NGL array set 6 

The antibody was diluted 1/200 in PBS and incubated on a subarray. Bound anti-CS Di4S was detected using 
biotinylated goat IgG anti anti-mouse IgG. The chart positions of the individual probes are displayed in table 4.3.	The 
binding results were plotted for 2 (blue) and 5 (purple) fmol levels of each NGL probe. No binding signals were 
obtained for HA, HS and heparin NGLs. CSA, CSC and DS NGL were bound by the antibody. The strongest signal 
intensities were obtained for DS NGL probes at chart positions 57 (octamer) and 58 (hexadecamer) of the reference 
material and slightly reduced binding to new probes. 
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Fig 4.22. Binding of anti-CS Di6S antibody to GAG-NGL array set 6 

The antibody was diluted 1/200 in PBS and incubated on a subarray. Bound anti-CS Di6S was detected using 
biotinylated rabbit IgG anti anti-mouse IgM. The chart positions of the individual probes are displayed in table 4.3. 
The binding results were plotted for 2 (blue) and 5 (purple) fmol levels of each NGL probe. No binding signals were 
obtained for HA, HS and heparin NGLs. CSA, CSC and DS NGL were bound by anti-CS Di6S. The strongest signal 
intensities were obtained for CSC NGL probes. 
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4.3. Discussion 
 

The first prerequisite for the generation of a NGL probe is the selection of the sequence-defined 

glycan, which will be conjugated to the lipid tag. The preparation of heparin and DS 
oligosaccharides by enzymatic depolymerisation was successfully achieved using heparinase I 

and chondroitinase ABC, respectively. The approach of half maximal digestion of 
polysaccharides provided sufficient amounts of dimeric to eicosameric oligosaccharides for the 

preparation of NGLs. Using preparative gel permeation chromatography, the oligosaccharides 

were separated according to their molecular weight. The Bio-Gel P6 resin that was used as 
chromatography matrix displayed a good resolution for oligosaccharides up to the size of the 

tetradecamer. Oligosaccharides beyond this size were less well resolved. This is partly due to 
the lower quantity of larger oligosaccharides in the digestion mixture, but also the low-resolution 

nature of column chromatography. The use of preparative high resolution HILIC would lead to a 
much-improved separation of larger oligosaccharides.  

The conjugation of the oligosaccharides to the AOPE lipid tag was successfully achieved as 
displayed in the analytical HPTLC. As observed for the preparations of the dimer and tetramer 

fractions the conjugation resulted in NGLs that displayed multiple bands with different migration 
positions. The reason for this lies in the complexity of the GAG saccharides. The heparin 

disaccharide unit, consisting of iduronic acid and N-acetylglucosamine, commonly containing 
three sulphate groups. However, there is a certain percentage of components with less 

sulphates. The different sulphate contents and patterns affect the mobility of the NGL probes on 
TLC, thus leading to several resolved NGL bands. Silica cartridges were used to separate the 

NGL product from the excess AOPE lipid in the conjugation mixture. The NGLs eluted at different 
polarities based on to their amphipathic properties. NGLs with a small glycan moiety, such as 

the dimeric DS NGL, eluted in the solvent system with the weakest polarity. For some 

preparations, the visualisation of the NGL on the HPTLC was less pronounced. The reason for 
this observation might be that the primulin reagent did not intercalate well with the lipid moiety 

caused by contaminants on the HPTLC matrix. In three cases, the HPTLC developing chamber 
was contaminated with lipids and, or other solvents. The NGLs purified from unconjugated lipids 

were subjected to an additional step to remove traces of salt and residual unconjugated GAG 
oligosaccharides, which cannot be visualised by the primulin stain. The wash and elution 

fractions from the C18 column were not run on HPTLC. The conditions used for the washing 
and the elution steps were based on previous experience with normal NGLs (neutral and 

sialylated), which theoretically interact more strongly with the chromatography matrix compared 
with the highlight charged GAG NGLs.  
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The printing of the array was performed with a newly purchased device. The quality of the test 

array was assessed by binding analyses using GAG specific antibodies and the heparin binding 
hNgR-Fc. The results of this pilot binding study demonstrated, in contrast to the GAG-NGLs 

used as standards, that the newly generated NGLs (after C18 column passage) gave little to no 
binding signals with the proteins overlaid. Moreover, the binding data indicated that of the newly 

generated NGLs, those with a larger glycan moieties were less well delivered, or immobilised 
onto the nitrocellulose membrane. This conclusion is based on the observation that the hNgR-

Fc bound better to the hexadecamer than to the tetradecamer heparin of the reference NGL, 

whereas for the newly prepared heparin NGLs the binding signal decreased with increasing 
chain length. As consequence of the unsatisfactory quality assessment of the array set 5 it was 

concluded not use these arrays for further binding analysis of FH and FHRs. 

Subsequent efforts interrogating the low yield of NGL preparation revealed that nearly all of the 
generated material was lost during the C18 chromatography step, as the NGLs were in the fall- 

through fractions from the column during the wash step. The protocol was changed accordingly 

to exclude the C18 column step in the GAG NGL preparations. Due to the limited time, I was 
not able to produce new GAG NGLs personally, but I did provide heparin and DS 

oligosaccharides for conjugation by Nian Wu who prepared a new set of GAG-NGLs using the 
improved protocol. The resulting GAG oligosaccharide array set 6 gave good results with anti-

CS antibodies, implying that the printing process was not the cause of low binding signals. And 
the low binding signals were rather a reflection of the overestimation of NGLs after the C18 

chromatography step.  
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4.4. Conclusion  
 

In this chapter, I described the generation of a NGL-based GAG microarray, starting by 

depolymeisation of GAG polysachrides to obtain oligosaccharides ranging from dimeric to 
eicosameric forms. The purified oligosaacchrides were following comjugated to the lipid tag 

AOPE to form GAG-NGLs. The NGLs, together with carrier lipids, were arrayed contact-less 
onto nitrocellulose-coated glass sliedes.  

 
In summary: 

• Successful generation of GAG oligosaccharides 

• Successful preparation of GAG NGLs 

• Low recovery of GAG-NGLs after C18 chromatography  

• The arrays of NGLs after the C18 chromatography were of unsuitable quality  

• The conditions of C18 chromatography for highly charged GAG NGLs require 

investigation, in the meantime, this step is omitted from the NGL purification protocol  

• Results with new GAG array (Set 6) omitting the C18 chromatography were satisfactory 
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Chapter 5. 
Carbohydrate ligand discovery for FH, 
FHR1, FHR2 and FHR5 using 
neoglycolipid-based carbohydrate 
microarray technology 
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Carbohydrate ligand discovery for FH, FHR1, FHR2 and 
FHR5 using neoglycolipid-based carbohydrate 
microarray technology 

 
5.1. Introduction 

 
A challenge in investigations of protein-carbohydrate interactions is the availability of sequence 

defined glycans and their presentation in binding studies. Firstly, unlike for proteins, there is 
currently no methodology for recombinant biosynthesis of glycans. In theory, it is possible to 

use lectins as affinity matrix to purify natuarally sourced glycans. However, in many cases 
lectins display broad ligand specificity. To date, a specific glycan mostly has to be isolated from 

crude tissues mixture, released from its aglycone and subsequently purified for sequence 
determination by liquid chromatography methods. An alternative is to use synthetic glycans, 

either fully chemically synthesised or chemo enzymatically derived.  

And secondly, the presentation of glycans contributes to protein binding. The average affinity 

of a given protein-glycan interaction falls into the mM range259 and is about 1000 fold lower 
than average affinity of a protein-protein interaction260. Lectins and other glycan binding 

proteins often stabilize glycan binding through avidity, enabled by several glycan binding sites 
in an oligomeric protein, or within protein complexes. Additionally, the full binding strength of a 

lectin requires the clustered presentation of the glycan ligand to fully facilitate their avidity 
potential. Thus, the common way of interrogating a given protein-glycan interaction is to use 

sequence-defined glycans and to elucidate the correct glycan presentation. At present, only a 
limited amount of commercial systems are available to determine protein-glycan interactions. 

The majority of them being derivatised lectins, either as soluble proteins or immobilised to a 
stationary matrix. Even fewer systems can be commercially sourced in which the glycan is 

covalently linked to a matrix. The most common example being heparin affinity columns. In 

some cases, existing materials and systems can be converted from their intended function. 
Many chromatography matrices are based on agarose resins that are cross-linked with dextran 

or dextrin molecules. These could be used to assess whether a glycan-binding protein 
demonstrates a glucan specificity. Yet, in most cases researchers will have to design their own 

methodology. When facing the task of determining an unknown glycan ligand for a given 
protein the establishment of a pull-down system, where the potential glycan ligand is 

immobilised to stationary phase, would not be feasible to realise. In this circumstance, a 
microscale high-throughput system is a mandatory requirement. The carbohydrate microarray 
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technology is at present the most advanced and powerful high-throughput system to 

investigate protein-glycan interactions.  

However, the carbohydrate microarray technology requires a high grade of expertise to cover 

the multifactorial requirements for preparation of this methodology. The centrepiece of any 
carbohydrate microarray platform is the glycan library. As demonstrated in chapter 4, the 

preparation of sequence defined array probes is a complex and time-consuming process. 
Currently the largest sequence-defined glycan library is held by the Glycosciences Laboratory 

at Imperial College London. The library comprises natural glycans that have been assembled 
over many years of work and synthetic glycans, of which some were provided by academic 

collaborators; and others commercially sourced. The probes span all types of glycan structures 
such as the relatively simple glucan homooligomers to complex glycans such as N-glycans, 

O-glycans, GAGs and glycolipids  

While any glycan meant to be incorporated into an array affords meticulous work, GAGs are 

the most demanding. This is partly attributed to their size, as they are generally isolated as 
polysaccharides, which are subsequently partially depolymerised to oligosaccharides. Another 

changles lies in the heterogeneity of the GAG polymers. Per definition GAGs are linear 
polysaccharide chains of alternating units of a hexosamine and uronic acid, or galactose. In 

HS, the polymer generally comprises GlcNAc and GlcA units (introduction section 1.4.1). 
However, in some regions of the sequence the GlcA residues are substituted by IdoA. Another 

level of complexity is added through sulphation of the saccharide units. These modifications 
compound the generation of sequence defined arrays, thus there are only very few GAG 

microarrays systems available at present. Some of them being established in a plate based 

format261, similar to that used for the binding analyses in chapter 6. The first microscale GAG 
arrays were published very recently in 2011262 and 2013263 using a mix of natural and short 

synthetic glycan probes. A fully synthetic heparin microarray was firstly developed at the Max 
Planck Society243. Currently the use of synthetic glycans is one feasible approach to generate 

sequence defined GAG arrays. The majority other GAG microarrays are size-defined due to 
the heterogeneous sulphation and the limited resolution of FPLC gel permeation. In theory, the 

differing sulphation pattern of an oligosaccharide could be separated by anion exchange 
chromatography. However, this process would require high milligram amounts of starting 

polysaccharides and thus is very cost intensive. Despite the mentioned limitations of currently 
accessible GAG arrays, they provide a powerful tool for the lead discovery of GAG ligand 

analyses. 
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5.2. Results 
 

In this chapter I am going to present the binding data of recombinant human FHRs 1, 2 and 5 
as well as of FH to GAG oligosaccharide ligands and to sialo-glycoconjugates using 

carbohydrate microarrays. FHR1 and FHR2 were expressed as amino-terminal FLAG tagged 
fusion proteins. The GAG and sialyl binding analyses were conducted using different array 

sets. Both array sets used were generated by members of the Glycosciences Laboratory; Dr 

Yan Liu, Dr Wengang Chai as well as Nian Wu, and provided to me to discover ligands for my 
panel of proteins. Based on the sequence similarity among the proteins of the FH family, I 

predicted that the FHRs would demonstrate comparable interaction to GAGs and sialylated 
glycans as FH. 

The binding analyses were carried out according to a well-established protocol with minor 

adjustment based on the nature of the analyte proteins (methods section 2.15.1.9). In general, 
the individual proteins were incubated on the array for two hours and the binding was detected 

in a sequential incubation of a primary detection antibody, a biotin derivatised secondary 

antibody targeting the primary detection antibody and an Alexa-fluorophore conjugated to 
streptavidin. The binding signals were excited and detected using a microarray scanner. 

For all analyses, the antibody binding control experiments were performed to exclude any non-

specific binding signals elicited by the detection antibodies. For FH, the best binding results, 
in regard to the signal to noise ratio, were obtained using a goat antiserum generated against 

FH. The Ig fraction of the antiserum was equally tested, but displayed low binding signals. The 

use of a monoclonal antibody resulted in even lower detection of bound FH. The detection of 
the FLAG tagged FHR1 and FHR2 was initially attempted using an anti-FLAG antibody. While 

the same antibody was able to bind to the fusion proteins in Western blot analysis, it failed to 
elicit any signal in the microarray experiments. Most likely, the FLAG sequence is not 

accessible in the native proteins, compared to the denatured forms immobilised on a blotting 
PVDF membrane. Another explanation might also be that minute amounts of fusion proteins 

bound to the array surface were not sufficient to elicit any signal. Due of the high sequence 
similarities between FH and its related proteins it was possible to use the goat antiserum as 

detection system for FHR1 as well as FHR2. FHR5 demonstrates lower sequences similarity 
to FH compared than FHR1. FHR5 specific antibodies were sourced commercially. Likewise 

to FH, several detection antibodies against FHR5 were assessed for the binding analyses, 

among them were a monoclonal mouse and two polyclonal antibodies hosted in mouse and 
rabbit, respectively. The latter and its secondary antibody resulted in non-specific binding to 

HA probes, and thus were excluded as well as the monoclonal antibody, which displayed a 
less favourable signal to noise ratio. In the following result section only antibody data, referred 
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to as antibody controls, are displayed to demonstrate that the detection system did not elicit 

any binding signals with the glycan probes on the designated microarrays.   

 
 
5.2.1. GAG oligosaccharide binding analyses of FHR1-FLAG, FHR2-FLAG, FHR5 and FH 

 
As described in chapter 4, the quality assessment of the newly printed GAG oligosaccharide 

array set 5 was not to our satisfaction and it was therefore agreed that I use the GAG 
oligosaccharide array set 4 for the binding analyses of FH and the FHR proteins. Due to the 

published literature on FH and FHR5 purification by heparin affinity chromatography I chose 
to use heparin as positive control72,264. FH binding studies performed by Clark et al127 displayed 

that the FH binding correlated with the degree of GAG sulphation, and did not interact with the 
non-sulphated GAG HA. HA was therefore used as negative control in the GAG array binding 

experiments. My hypothesis for the GAG ligand screening was that the binding would correlate 
with the degree of GAG sulphation as well as the chain length of the GAG oligosaccharides.  

All proteins in Fig 5.2 – 5.3 were analysed at the concentration of 50 µg/mL, diluted in two 
different buffer systems, phosphate buffer saline (PBS) and HEPES buffer saline (HBS). The 

binding data was plotted for the 5 fmol levels of immobilised GAG NGL probes. The array data 
demonstrated binging of all proteins to sulphated GAGs, whereas HA was not bound by any 

of the proteins. For FH, the best, meaning broadest, binding signals was observed to the 
heparin NGL probes (Fig 5.2A). The strongest signal (intensity) was obtained to the DS 

dodecamer NGL at chart position 28. Based on the plotted data no clear correlation between 

the chain length and the binding intensity could be drawn, as some longer chain NGL probes 
elicited weaker binding signals than shorter probes. This was most pronounced in the DS group 

where the eicosamer NGL (chart position 32) elicited less than half of the binding signal 
obtained for the adjacent octadecamer probe. CSC was moderately bound by FH, while only 

little to weak signals were obtained for CSA and the HS NGLs. The signal intensity recorded 
for both GAG classes was below 1000 units. The results displayed for FH were obtained in 

HBS, as the results using PBS demonstrated lower binding intensities (data not shown).  

The FHR1 FLAG tagged fusion protein bound best to heparin, followed in descending order by 

DS, CSC, CSA and HS NGLs (Fig 5.2B). Likewise, to FH the use of HBS resulted in better 
results than PBS (data not shown) and probes of intermediate chain-length elicited the 

strongest binding signals. Of all proteins, the FHR1-FLAG analysis displayed the highest error 
bars and for several probes exceeded the binding signal. FHR2-FLAG and FHR5 

demonstrated the highest binding signals using PBS as diluent. FHR2-FLAG bound to the 
same GAG probes and also in the identical order as did FH and FHR1-FLAG, but with overall 
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lower signal intensities. A noteworthy difference was seen for the HS NGLs. While FH and 

FHR1-FLAG did not bind, FHR2-FLAG elicited weak to moderate binding (Fig 5.3A). FHR5 
displayed the broadest binding specificity of the tested protein set, eliciting binding signals to 

all sulphated GAG NGLs (Fig 5.3B). In accord to FH, FHR1-FLAG and FHR2-FLAG the 
strongest interaction was obtained for heparin and DS. As FHR2-FLAG, it demonstrated 

binding to HS NGLs, which were more intense than that of FHR2-FLAG. As only protein FHR5 
displayed a slight binding preference for CSA over CSC.  

To assess the relative binding affinities, varying concentrations of FH and FHR5 were applied 
onto the GAG set 4. The two proteins were tested at doses of 5, 10 and 50 µg/mL. As diluent 

for both proteins PBS was used. The data clearly displayed dose-dependent binding of FH to 
the GAG probes (Fig 5.4). FHR5 instead, showed no dose-dependence for the chosen protein 

concentrations. In fact, the binding intensities were very similar for each of the chosen protein 
concentrations (Fig 5.5). Both proteins elicited the same binding order to the individual GAG 

classes as in the previous single dose experiments. However, the absolute fluorescence 

signals obtained for FH in the titration experiment were about twofold higher than for the 
binding analysis at the single 50 µg/mL dose. The fluorescence values obtained for FHR5 were 

in good accordance to the single dose experiment.  

After the completion of the GAG oligosaccharide set 6 by Nian Wu binding analyses of FH, 
FHR1-FLAG, FHR2-FLAG and FHR5 were carried out on the newly generated array. The 

proteins for the analysis had been provided by me. Based on my observation of varying binding 
signals obtained for FH and FHR1-FLAG and FHR2-FLAG using either PBS or HBS she 

designed array experiments applying the same conditions as used by me. Likewise to set 4, 

the NGLs of set 6 did not elicit any binding signals with the detection antibodies used (Fig 
5.6A,B,C). To address whether differences in the protein preparation of FH would affect the 

binding a newly purchased sample of FH was included into the analyses. No marked 
differences were observed between the two sample lots of FH, or whether the protein was 

diluted in PBS and HBS, respectively (Fig 5.6D,E). Heparin was best bound, followed by DS, 
CSC and CSA. The absolute binding scores ranged up to 5000 fluorescence units, which was 

similar to the scores obtained for the single dose experiment using set 4 (Fig 5.2), as was the 
order of binding. Yet, compared to the maximal FH fluorescence intensity of the doses variation 

experiment the scores were decreased by 50 percent. For FHR1-FLAG the binding profile for 
set 6 was not influenced by the diluent buffer, as both data plots are nearly identical (Fig 

5.6F,G). The strongest interaction was clearly observed for heparin NGLs. Among the 

remaining NGLs there was no marked preference in binding. In case of FHR2-FLAG only weak 
to moderate binding was observed to set 6. Only in case of heparin, when using PBS  
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(Fig 5.6 H) as diluent, binding values reached 1000 fluorescence units. Most other binding 

signals were at around 500 fluorescence units or below (Fig 5.6I). The binding pattern of FHR5 
displayed no clear preference among the GAG NGLs. As in the previous array experiments 

using set 4, heparin was bound most strongly, followed by DS, CSC and CSA (Fig 5.6J). In an 
individual GAG class, the short chain length oligomers elicited higher binding signals than the 

longer forms. In the set 4 analysis FHR5 showed no differential binding pattern using different 
buffer diluent, thus in set 6 it was only diluted in PBS, but not HBS.  
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Table 5.1. GAG oligosaccharide probe set 4 – for carbohydrate symbols see page VIII 
Position	 Probe	Name

 a
	 Structure	b	

1	 HA-S4	
 

2	 HA-S6	
 

3	 HA-S8	
 

4	 HA-S10	
 

5	 HA-S12	
 

6	 HA-S14	
 

7	 HA-S16	
 

8	 HA-S18	
 

9	 CSA-3	
 

10	 CSA-5	
 

11	 CSA-2	
 

12	 CSA-4	
 

13	 CSA-6	
 

14	 CSA-8	
 

15	 CSA-10	
 

16	 CSA-12	
 

17	 CSA-14	
 

18	 CSA-16	
 

19	 CSA-18	
 

20	 CSA-20	
 

21	 CSB-3	
 

22	 CSB-5	
 

23	 CSB-2	
 

24	 CSB-4	
 

25	 CSB-6	
 

26	 CSB-8	
 

27	 CSB-10	
 

28	 CSB-12	
 

29	 CSB-14	
 

30	 CSB-16	
 

31	 CSB-18	
 

32	 CSB-20	
 

33	 CSC-3	
 

34	 CSC-5	
 

35	 CSC-2	
 

36	 CSC-4	
 

37	 CSC-6	
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38	 CSC-8	
 

39	 CSC-10	
 

40	 CSC-12	
 

41	 CSC-14	
 

42	 CSC-16	
 

43	 CSC-18	
 

44	 CSC-20	
 

45	 CSC-S4	
 

46	 CSC-S6	
 

47	 CSC-S8	
 

48	 CSC-S10	
 

49	 CSC-S12	
 

50	 CSC-S14	
 

51	 HS-S4-AO	
 

52	 HS-S6-AO	
 

53	 HS-S8-AO	
 

54	 Hep-S4-AO	
 

55	 Hep-S6-AO	
 

56	 Hep-S8-AO	
 

57	 Hep-4-AO	
 

58	 Hep-6-AO	
 

59	 Hep-8-AO	
 

60	 Hep-10-AO	
 

61	 Hep-12-AO	
 

62	 Hep-14-AO	
 

63	 Hep-16-AO	
 

 

a The oligosaccharide probes are all lipid-linked neoglycolipids. Arabic numbers are used to designate 
the size of the major component in each fraction. 
b Only the main component is shown in each fraction as a representative. Other components with 
different sulphation contents and/or patterns may exist, as GAG chains are complex and heterogeneous. 
DH, NGLs prepared by reductive amination with the amino lipid, 1,2-dihexadecylsn-glycero-3-
phosphoethanolamine (DHPE)265; AO, NGLs prepared by oxime ligation with an aminooxy (AO) 
functionalized DHPE250.   
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Fig 5.1. GAG set 4 – mricroarray analyses of FH and FHR5 detection system  

GAG NGLs ranging from dimer to eicosamer were printed in increasing chain length from left to right. GAG probes 
displayed at 5 fmol concentrations. The plotted charts display GAG oligomers grouped by class and depicted by 
the coloured bar. The individual GAG NGLs with corresponding structure are listed in table 5.1. The fluorescence 
intensity was recorded with array scanner. A. Goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-
goat (Sigma, 1/200). B. Polyclonal mouse IgG anti-FHR5 (Abnova, 5 µg/mL), biotinylated rabbit IgG anti-mouse 
(Sigma, 1/200). Antibody binding was detected using Alexa Fluor 647-labelled streptavidin. As displayed none of 
antibodies displayed cross reactivity with any of the array probes. The binding to NGL 10 was caused by an artefact 
reading as indicated be the error bar.   
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Fig 5.2. GAG set 4 - microarray analyses of A. FH and B. FHR1-FLAG 

GAG NGLs ranging from dimer to eicosamer were printed in increasing chain length from left to right. GAG probes 
displayed at 5 fmol concentration. The plotted charts display GAG oligomers grouped by class and depicted by the 
coloured bar. The individual GAG NGLs with their corresponding structures are listed in table 5.1. FH and FHR1-
Flag binding was detected using goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat (Sigma, 
1/200) and Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded with a microarray 
scanner.  

 
 

0

1000

2000

3000

4000

5000

6000

7000

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61

27/05/2015; human Factor H (50 uG/mL); Complement Tech A137_Lot no. 24; No; GAG 
oligosaccharide array set 4

 

 
 

 

0

1000

2000

3000

4000

5000

6000

7000

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61

27/05/2015; Recombinant human CFHR1-Flag (HEK 293T) (50 uG/mL); Fred Batch no.1: 3.025 
mg/ml; No; GAG oligosaccharide array set 4

A 

B 



Oligosaccharide	Ligand	Discovery	

	
	

187	

  
 

	
	

Fig 5.3. GAG set 4 - microarray analyses of A. FHR2-FLAG and B. FHR5 at 50 µg/mL  

GAG NGLs ranging from dimer to eicosamer were printed in increasing chain length from left to right. GAG probes 
displayed at 5 fmol concentration. The plotted charts display GAG oligomers grouped by class and depicted by the 
coloured bar. The individual GAG NGLs with their corresponding structures are listed in table 5.1. FHR2-FLAG and 
FHR5 binding was detected using goat antiserum anti-FH (Quidel, 1/200), polyclonal mouse IgG anti-FHR5 
(Abnova, 5 µg/mL), biotinylated rabbit IgG anti-goat (Sigma, 1/200), biotinylated rabbit IgG anti-mouse (Sigma, 
1/200) and Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded with a microarray 
scanner.  
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Fig 5.4. GAG set 4 – dose-
dependent microarray analyses 
of FH. 

A. 50 µg/mL, B. 10 µg/mL, C. 5 
µg/mL concentrations. GAG 
NGLs ranging from dimer to 
eicosamer were printed in 
increasing chain length from left 
to right. The numerical scores of 
the binding signals are means 
values of the duplicate spots at 
the 2 (blue) and 5 (purple) fmol 
concen-trations. The plotted 
charts display GAG oligomers 
grouped by class and depicted by 
the coloured bar. The individual 
GAG NGLs with their 
corresponding structures are 
listed in table 5.1. FH binding was 
detected using goat antiserum 
anti-FH (Quidel, 1/200), 
biotinylated rabbit IgG anti-goat 
(Sigma, 1/200) and Alexa Fluor 
647-labelled streptavidin. The 
fluorescence intensity was 
recorded with a microarray 
scanner.  

  

A 

B 
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Fig 5.5. GAG set 4 - dose-
dependent microarray analyses 
of FHR5. 

A. 50 µg/mL, B. 10 µg/mL, C. 5 
µg/mL concentration. GAG NGLs 
ranging from dimer to eicosamer 
were printed in increasing chain 
length from left to right. The 
numerical scores of the binding 
signals are means values of the 
duplicate spots at the 2 (blue) and 
5 (purple) fmol concen-trations. 
The plotted charts display GAG 
oligomers grouped by class and 
depicted by the coloured bar. The 
individual GAG NGLs with their 
corresponding structures are 
listed in table 5.1. FHR5 binding 
was detected using polyclonal 
mouse IgG anti-FHR5 (Abnova, 5 
µg/mL), biotinylated rabbit IgG 
anti-mouse (Sigma, 1/200) and 
Alexa Fluor 647-labelled 
streptavidin. The fluorescence 
intensity was recorded with a 
microarray scanner.. 
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Fig 5.6. GAG set 6 - microarray analyses of FH, FHR1-FLAG, FHR2-FLAG, FHR5 

Proteins were applied at the concentration of 50 µg/mL. GAG NGLs ranging from dimer to eicosamer were printed 
in increasing chain length from left to right. The numerical scores of the binding signals are means values of the 
duplicate spots at the 2 (blue) and 5 (purple) fmol concentrations. The plotted charts display GAG NGLs are grouped 
by class and depicted by the coloured bars. The individual GAG NGLs with their corresponding structures are listed 
in the appendix table A1 (page 270). FH, FHR1-FLAG, FHR2-FLAG and FHR5 binding was detected using goat 
antiserum anti-FH (Quidel, 1/200), polyclonal mouse IgG anti-FHR5 (Abnova, 5 µg/mL), biotinylated rabbit IgG anti-
goat (Sigma, 1/200), biotinylated rabbit IgG anti-mouse (Sigma, 1/200) and Alexa Fluor 647-labelled streptavidin. 
The fluorescence intensity was recorded with a microarray scanner. A. Goat antiserum anti-FH (PBS). B. Goat 
antiserum anti-FH (HBS). C. Polyclonal mouse IgG anti-FHR5 (PBS). D. FH lot 25 (PBS). E. FH lot 24 (HBS). F. 
FHR1-FLAG (PBS). G. FHR1-FLAG (HBS). H. FHR2-FLAG (PBS). I. FHR2-FLAG HBS. J. FHR5.   
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5.2.2. Sialyl oligosaccharide microarray analyses of FHR1-FLAG, FHR2-FLAG, FHR5 and   
 FH 

 
To interrogate potential interactions of FH and the FHRs with sialylated glycans, I performed 

microarray analyses on an oligosaccharide array containing more than 100 sialylated glycan 
probes as well as six neutral glycan probes. Before using the entire set of proteins, an 

exploratory experiment was performed using FH and FHR5 at the concentration of 50 µg/mL. 
These initial analyses were conducted using ‘bis’-array set, termed carbohydrate 

oligosaccharide microarray set 40/41-bis. Bis-array sets are generated by a second round of 

arraying from the same sample plates used for the first-round arrays. The amounts of probes 
delivered may not be as well controlled as those in the first-round array slides. The use of bis-

arrays allows initial trial analysis for setting up and optimisation of assay conditions for the 
subsequent screening analyses. The rational for this approach lies in the limited number of 

microarray slides that can be printed using the PerkinElmer instrument and therefore any novel 
protocol establishment is performed using bis-array sets. The detection system controls proved 

to be negative for both proteins as displayed in Fig 5.7A and 5.8A. For both proteins, multiple 
low binding signals were observed, of which the most signals did not exceed scores beyond 

500 fluorescence units. As consequence of the non-specific and high background binding the 

baseline was adjusted and a cut-off of 500 units was applied for plotting the trial data. Both 
proteins demonstrated binding to differentially linked sialo-glycoconjugates including α2-3, α2-

6, α2-3&2-6, α2-3&2-8 and α2-8 linked sialic acids. Among the 122 oligosaccharide NGLs the 
greatest signal for FH binding was obtained for the di-sialyl-T antigen sequence, DST, which 

has both α2-3 and α2-6-linked sialic acid residues (Fig 5.7B). The strongest signal for FHR5 
binding was observed for the α2-3 sialyl sequence Neu4,5Acα(3‘)Lac (Fig 5.8B).  

For the screening analyses of all four proteins the sialyl oligosaccharide microarray set 40/41 

was used. The protein concentration was kept at 50 µg/mL. One adjustment regarding the 

detections system was made. For FHR5 detection the primary antibody was changed from the 
monoclonal mouse IgG anti-hFHR5, referred to as 2C6, to a polyclonal mouse IgG anti-FHR5. 

The reason being that the monoclonal antibody was provided through a collaboration with Dr 
Clair Harris (Cardiff University). As the amount of purified antibody was limited it was decided 

to search for an alternative detections system that could be commercially sourced. For the 
detection of the FLAG tagged FHR1 and FHR2 proteins goat antiserum anti-FH was used. 

Neither the antiserum, nor the anti-hFHR5 antibody did bind to the array probes, as no signals 
were elicited in the antibody control analysis (Fig 5.9). 

The binding profile of FH (lot 24) in array set 40/41 displayed overall weak binding scores with 
relatively high error bars (Fig 5.10A). However, the DST-NGL was well bound. In comparison 
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to the initial analysis using the bis-array set 40/41 nearly all binding to the previously observed 

ligands was lost. Based on this observation, I decided to assess a different FH preparation (lot 
25) for binding. The pattern of the second lot closely resembled that of the former. As 

demonstrated in Fig 5.10B, FH lot 25 poorly interacted with any of the probes, except for the 
DST-NGL. In fact, the total binding scores ranged about 2200 fluorescence units.  

FH itself is a heavily N-glycosylated protein. Glycomic analysis of FH demonstrated sialylated 
complex N-glycans attached to the core protein. To assess whether this intrinsic sialylation 

might influence the binding of FH to the sialylated oligosaccharide probes of the array I 
liberated the sialic acid molecules using a sialidase specific for α2-3 and α2-6-linked sialo-

glycoconjugates. The desialylation results are described in chapter 3. The FH lacking sialic 
acids, referred to as ΔSIA-FH demonstrated a broader specificity and higher fluorescence 

scores compared to the non-treated FH (Fig 5.11A). ΔSIA-FH bound to multiple ligands 
including all varieties of sialyl linkages. In accord with the FH analysis the strongest interaction 

was observed for the disialylated DST-NGL. The binding of this ligand was roughly double as 

high as the binding observed for FH. Weak binding was observed to the two non-sialylated 
disaccharides lactose and N-acetyllactosamine at positons 1 and 2, respectively.  

The FHR1-FLAG profile displayed prominent binding to the sialylated trisaccharide Neu4,5Ac-

(3')Lac (chart position 15). Much weaker binding was observed to the sialyllactose analogue 
without the 4-O acetyl group on Neu5Ac (chart position 11). The second best signal was 

elicited by the DST-NGL (Fig 5.11B). A specificity for a certain linkage was not detected as α2-
3 and α2-6 NGLs elicited binding signals. It bound weakly to α-6 as well as β-6 linked 

sialyllactose (NGLs 84 and 87). Weak binding was also observed to the neutral lactose and N-

acetyllactosamine NGLs (position 1 and 2). No α2-8 or α2-9 sialylated NGLs were bound by 
FHR1-FLAG.  

FHR2-FLAG displayed a binding preference to α2-3 linked sialo-glycoconjugates (Fig 5.12A). 

The only other two bound sialo-glycoconjugates with a different sialic acid linkage were the 
DST-NGL (chart position 107) and the tetrasaccharide GD3-tetra (chart position 116), the latter 

containing two sialic acid residues linked via a α2-8 linkage. The overall binding for FHR2-

FLAG was weak to moderate, judged by the fluorescence intensity. The highest scores were 
detected for the DST-NGL and the Neu4,5Ac-(3')Lac trisaccharide (chart position 15). With 

exception for the DST-NGL, FHR1-FLAG and FHR2-FLAG only bound to sialylated 
oligosaccharide structures containing sialyllactose or sialyllactosamine sequence. And, both 

proteins elicited weak signals with the lactose and lactosamine, respectively.  
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The FHR5 binding profile demonstrated the highest fluorescence signals of all analysed 

proteins. At the same time, it displayed the least specific binding pattern (Fig 5.12B). The 
strongest binding was observed for the α2-3 Neu4,5Ac-(3')Lac trisaccharide (chart position 

15), followed by the α2-3 and α2-6 disialylated DST trisaccharide, Neu5Acα-(3')LN1-3-AO 
trisaccharide (chart position 23) and the pentasaccharide GSC-273 (chart position 41). FHR5 

bound to all probes that interacted with one of the other probes, including sialyllactose and 
sialyllactosamine.   
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Table 5.2. Carbohydrate oligosaccharide probe set 40/41 – for carbohydrate symbols see page VIII 

Chart	Position	 Probe	Name	 Structure Chart	Position	 Probe	Name	 Structure 

1	 Lac-AO	
 

65	 P8-1	(GTP	4N(2,3)-4A+2R+F)	

	

2	 LacNAc-AO	
 

66	 GM2	
	

3	 LNT	
 

67	 GM1	

	

4	 LNnT	
 

68	 GM1-penta	

	

5	 LNFP-III	
 

69	 GM1(Gc)	

	

6	 NA2	

 

70	 GM1(Gc)-penta	

	

7	 GM4	
 

71	 GSC-195	

	

8	 GM3	
 

72	 GD1a	

	

9	 GM3(Gc)	
 

73	 GD1a-hexa	

	

10	 Haematoside	
 

74	 GSC-335	
	

11	 NeuAcα-(3')Lac-AO	
 

75	 GSC-488	
	

12	 GSC-199	
 

76	 GSC-489	
	

13	 NeuAcβ-(3')Lac-AO	
 

77	 GSC-154	
	

14	 Neuα-(3')Lac-AO	
 

78	 GSC-441	
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Chart	Position	 Probe	Name	 Structure Chart	Position	 Probe	Name	 Structure 

15	 Neu4,5Ac-(3')Lac-AO	
 

79	 GSC-384	
	

16	 GSC-75	
 

80	 GSC-284	
	

17	 GSC-76	
 

81	 GSC-27	
	

18	 GSC-77	
 

82	 GSC-61	
	

19	 GSC-51	
 

83	 NeuAcα-(6')Lac-AO	
	

20	 GSC-78	
 

84	 NeuAcβ-(6')Lac-AO	
	

21	 GSC-79	
 

85	 Neuα-(6')Lac-AO	
	

22	 GSC-161	
 

86	 NeuAcα-(6')LN	
	

23	 NeuAcα-(3')LN1-3-AO	
 

87	 NeuAcα-(6')LN-AO	
	

24	 NeuAcα-(3')LN	
 

88	 Neu5,9Ac-(6')LN	
	

25	 NeuAcα-(3')LN-AO	
 

89	 LSTb	
	

26	 SA(3')-Lea-Tri-AO	
 

90	 LSTc	
	

27	 SA(3')-Lex-Tri-AO	
 

91	 GSC-397	 	

28	 GSC-440	
 

92	 GSC-97	
	

29	 GSC-512	
 

93	 SA(6')-LNFP-VI	
	

30	 GSC-513	
 

94	 MSLNH	

	

31	 GSC-511	
 

95	 MSLNnH-I	

	

32	 GSC-479	
 

96	 DSLNnH	
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Chart	Position	 Probe	Name	 Structure Chart	Position	 Probe	Name	 Structure 

33	 GSC-105	
 

97	 MFMSLNnH	

	

34	 GSC-177	
 

98	 A2(2-6)	
	

35	 GSC-341	
 

99	 AGP-Bi-Ac2	
	

36	 GSC-257	
 

100	 AGP-Bi-Gc2	
	

37	 GSC-175	
 

101	 GSC-442	
	

38	 GSC-176	
 

102	 GSC-68	
	

39	 LSTa	
 

103	 GSC-155	
	

40	 GSC-272	
 

104	 GSC-107	
	

41	 GSC-273	
 

105	 GSC-70	
	

42	 GSC-396	
 

106	 DST	
	

43	 Sialylparagloboside	
 

107	 DST-AO	
	

44	 GSC-31	
 

108	 GSC-490	
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Chart	Position	 Probe	Name	 Structure Chart	Position	 Probe	Name	 Structure 

45	 GSC-516B	
 

109	 DSLNT	
	

46	 C4U	
 

110	 A3	

	

47	 SA(3')-LNFP-II	
 

111	 GSC-118	
	

48	 SA(3')-LNFP-III	
 

112	 GSC-230	
	

49	 GSC-64	
 

113	 GSC-231	
	

50	 GSC-533	
 

114	 GSC-439	
	

51	 GSC-149	
 

115	 GD3	
	

52	 GSC-472	
 

116	 GD3-tetra-AO	
	

53	 GSC-268	
 

117	 GSC-229	
	

54	 GSC-268	deNAc	
 

118	 GSC-437	
	

55	 GSC-269	
 

119	 GD2	
	

56	 GSC-406	
 

120	 GD1b	
	

57	 GSC-270	
 

121	 GQ1b	
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Chart	Position	 Probe	Name	 Structure Chart	Position	 Probe	Name	 Structure 

58	 GSC-220	

 

122	 SA3(α8)	
	

59	 GSC-221	
 

123	 SA5(α8)*	
	

60	 MSMFLNH	

 

124	 SA7(α8)*	
	

61	 A2F(2-3)	

 

125	 SA9(α8)*	
	

62	 P22-1	(GTP	3N(2,3)-3A(2,6)+F)	

 

126	 GT1a	
	

63	 P6-1	(GTP	4N(2,3)-4A+F)	

 

127	 GT1b	
	

64	 P7-2	(GTP	4N(2,3)-4A+1R+F)	

 

128	 GSC-96	
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Fig 5.7. Carbohydrate microarray Set 40/41-bis - analyses of FH, and FH detection system using a microarray of 
122 oligosaccharide NGLs. 

The numerical scores of the binding signals are means values of the duplicate spots at the 5 fmol concentration. 
The various types of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of 
the Fig. The individual oligosaccharide probes with their corresponding structures are listed in the appendix table 
A2 (page 271). Binding was detected using goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat 
(Sigma, 1/200) and Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded with a microarray 
scanner. Any signals below fluorescence intensity of 500 were considered as noise due to the relatively high 
background of these initial analyses and are therefore not presented. A. Binding profile of goat antiserum anti-FH. 
B. Binding profile of FH.  
  

A 

B 
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Fig 5.8. Carbohydrate microarray set 40/41-bis - analyses of FHR5 and FHR5 detection system using a microarray 
of 122 oligosaccharide NGLs 

The numerical scores of the binding signals are means values of the duplicate spots at the 5 fmol concentration. 
The various types of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of 
the Fig. The individual oligosaccharide probes with their corresponding structures are listed in the appendix table 
A2 (page 271). Binding was detected using monoclonal mouse IgG anti-FHR5 (2C6, 5 µg/mL), biotinylated rabbit 
IgG anti-mouse (Sigma, 1/200) and Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded 
with a microarray scanner. Any signals below fluorescence intensity of 500 are considered as noise due to the 
relatively high background of these initial analyses and are therefore not presented. A. Binding profile of monoclonal 
mouse IgG anti-FHR5. B. Binding profile of FHR5.   

A 

B 
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Fig 5.9. Carbohydrate microarray set 40/41 - analyses of FH and FHR5 detection system using a microarray of 128 
oligosaccharide NGLs 

Numerical scores of the binding signals are means of duplicate spots of the 5 fmol concentration. The various types 
of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of the Fig. The individual 
oligosaccharide probes with their corresponding structures are listed in the table 5.2. A. Goat antiserum anti-FH 
(Quidel, 1/200), biotinylated rabbit IgG anti-goat (Sigma, 1/200). B. Polyclonal mouse IgG anti-FHR5 (Abnova, 5 
µg/mL), biotinylated rabbit IgG anti-mouse (Sigma, 1/200). The antibody binding was detected using Alexa Fluor 
647-labelled streptavidin. The fluorescence intensity was recorded with a microarray scanner. As shown none of 
antibodies displayed cross reactivity with any of the array probes.  

  

A 

B 
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Fig 5.10. Carbohydrate microarray set 40/41 - analyses of two FH lots using a microarray of 128 oligosaccharide 
NGLs 

The numerical scores of the binding signals are means values of the duplicate spots at the 5 fmol concentration. 
The various types of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of 
the Fig. The individual oligosaccharide NGLs with their corresponding structures are listed in the table 5.2. Binding 
was detected using goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat (Sigma, 1/200) and 
Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded with a microarray scanner. Binding 
profiles of A. FH lot 24 and B. FH lot 25.  

 
  

A 

B 
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Fig 5.11. Carbohydrate microarray set 40/41 - analyses of ΔSIA-FH and FHR1-FLAG using a microarray of 128 
oligosaccharide NGLs 

The numerical scores of the binding signals are means values of the duplicate spots at the 5 fmol concentration. 
The various types of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of 
the Fig. The individual oligosaccharide NGLs with their corresponding structures are listed in the table 5.2. Binding 
was detected using goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat (Sigma, 1/200) and 
Alexa Fluor 647-labelled streptavidin. The fluorescence intensity was recorded with a microarray scanner. Binding 
profiles of A. ΔSIA-FH and B. FHR1-FLAG. 

  

A 

B 
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Fig 5.12. Carbohydrate microarray set 40/41 - analyses of FHR2-FLAG and FHR5 using a microarray of 128 
oligosaccharide NGLs 

The numerical scores of the binding signals are means values of the duplicate spots at the 5 fmol concentration. 
The various types of terminal sialic acid linkage are indicated by the coloured panels as defined at the bottom of 
the Fig. The individual oligosaccharide NGLs with their corresponding structures are listed in the table 5.2. Binding 
profiles of A. FHR2-FLAG, detected using goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat 
(Sigma, 1/200). B. FHR5, detected using polyclonal mouse IgG anti-FHR5 (Abnova, 5 µg/mL), biotinylated rabbit 
IgG anti-mouse (Sigma, 1/200). Antibody binding was elicited using Alexa Fluor 647-labelled streptavidin. 

  

A 

B 
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5.2.3. Bacterial polysaccharide microarray analyses of FH, FHR1-FLAG, FHR2-FLAG and 
 FHR5 

 
FH and its related proteins are encoded in the gene cluster termed regulators of complement 

activation and therefore are part of the host innate defence system. I therefore decided to 
perform exploratory binding studies to bacterial polysaccharides isolated from strains 

expressing acidic nine carbon saccharides. Dr Yuri Knirel (Zelinsky Institute of Organic 
Chemistry, Moscow) provided 14 sequence-defined polysaccharide samples isolated from 

LPS and capsular polysaccharides containing sialic acids, pseudaminic acid or legionaminic 

acid. Of the 14 polysaccharides three contained sialic acid (Escherichia coli O104, Escherichia 
coli O145, Shewanella alga 48055), four contained pseudaminic acid (Cellilophaga fucicola 

NN015860T, Pseudolteromonas atlantica IAM 14165, Pseudomonas aeruginosa 9a,d (=10), 
Acinetobacter baumannii ACICU), four contained legionaminic acid (Acinetobacter baumannii 

1432, Enterobacter cloacae C6285, Cronobacter turicensis O2 (G3882), Escherichia coli 
O161) as well as three containing 8-epi-legionaminic acid (Escherichia coli O61, Escherichia 

coli O108, Providencia alcalifaciens O26).   
For the initial screening analysis, the bacterial polysaccharides were printed non-covalently 

onto nitrocellulose-coated slides. This was performed without prior derivatisation, two of the 

polysaccharides had to be arrayed at lower concentrations than the others, because for the 
chosen concentration the glycan buffer solution exhibited high viscosity and therefore had to 

be diluted further down. The antibody control analysis displayed that the goat antiserum anti-
FH interacted with the polysaccharides of two Acinetobacter baumannii at sample positions 13 

and 14 (Fig 5.13A). The FHR5 detection system did not elicit any signals with the bacterial 
polysaccharides (Fig 5.13B). The binding profile of FH displayed weak binding to the LPS of 

Acinetobacter baumannii 1432, which fully overlapped with the signal observed for the goat 
antiserum (Fig 5.13C). FHR1-FLAG demonstrated strong binding to the Acinetobacter 

baumannii 1432 polysaccharide and moderate interaction to the polysaccharides of the E.coli 
strains O161 and O61 (Fig 5.13D). The FHR2-FLAG protein displayed binding to the 

Acinetobacter baumannii 1432 to the same extend as the goat antiserum did, and low signals 

were elicicted with the polysaccharide of E.coli O161 (Fig 5.13E). The binding pattern of FHR5 
was very similar to that of FHR1-FLAG. Displaying the highest signal intensities for the 

Acinetobacter baumannii 1432 polysaccharide as well as to E.coli strains O161 and O61 (Fig 
5.13F). The other signals observed were all weak, with absolute binding scores beneath 1000 

fluorescence units. Because of the non-specific interaction of the goat antiserum with the 
Acinetobacter baumannii 1432 polysaccharide the array analysis was repeated with the protein 

G purified goat Ig fraction of the antiserum. The results of this experiment showed no binding 
of FH, FHR1-FLAG and FHR2-FLAG to the bacterial polysaccharide array.   
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Table 5.3. Bacterial polysaccharide probe list 

Chart	
position	 Bacterial	source	 Type	of	

polysaccharide	

Type	of		

nonulosonic	
acid	

Array	concnetration,	

(low,	high)	
Reference	

1	 Escherichia	coli	O104	 LPSOH	 Neu	 0.3	mg/mL;	1	mg/mL	 266	

2	 Escherichia	coli	O145	 LPSOH	 Neu	 0.3	mg/mL;	1	mg/mL	 267	

3	 Shewanella	alga	48055	 LPSOH	 Neu	 0.3	mg/mL;	1	mg/mL	 268	

4	 Cellulophaga	fucicola	 OPS	 Pse	 0.3	mg/mL;	1	mg/mL	 269	

5	 Pseudoalteromonas	atlantica	
IAM	14165	 OPS	 Pse	 0.3	mg/mL;	1	mg/mL	 270	

6	 Pseudomonas	aeruginosa	
O9a,d	(=	O10a)	 OPS	 Pse	 0.3	mg/mL;	1	mg/mL	 271	

7	 Enterobacter	cloacae	C6285	 CPS	 Pse	 0.3	mg/mL;	1	mg/mL	 272	

8	 Cronobacter	turicensis	O2	
(G3882)	 CPS	 Leg	 0.3	mg/mL;	1	mg/mL	 273	

9	 Escherichia	coli	O161	 LPSOH	 Leg	 0.3	mg/mL;	1	mg/mL	 8	

10	 Escherichia	coli	O61	 LPSOH	 Leg	 0.3	mg/mL;	1	mg/mL	 274	

11	 Escherichia	coli	O108	 LPSOH	 Leg	 0.3	mg/mL;	1	mg/mL	 275	

12	 Providencia	alcalifaciens	O26	
(=	O20)	 LPSOH	 8eLeg	 0.3	mg/mL;	1	mg/mL	 8	

13	 Acinetobacter	baumannii	
ACICU	 OPS	 8eLeg	 0.1	mg/mL;	0.5	

mg/mL	
272		

14	 Acinetobacter	baumannii	
1432	 LPSOH	 8eLeg	 0.1	mg/mL;	0.5	

mg/mL	
276	

 
OPS,	lipid-free	O-specific	polysaccharide	obtained	by	mild	acid	degradation	of	lipopolysaccharide	
LPSOH,	polysaccharide	obtained	by	mild	alkaline	degradation	of	lipopolysaccharide,	contains	di-N-acyl	lipid	A	
CPS,	capsular	polysaccharide	
Pse,	Leg,	8eLeg,	pseudaminic,	legionaminic,	8-epilegionaminic	acids,	respectively	
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Fig 5.13. Bacterial polysaccharide set 1 - microarray analyses of FH, FHR1-FLAG, FHR2-FLAG and FHR5, at 50 
µg/mL protein concentration applied onto array. 

The bacterial polysaccharides 1-12 were printed at 0.3 mg/mL fmol (blue) and 1 mg/mL (purple), 13-14 at 0.1 mg/mL 
(blue) and 0.5 mg/mL (purple) concentrations and were array as followed 1) Escherichia coli O104; 2) Escherichia 
coli O145; 3) Shewanella alga 48055; 4) Cellilophaga fucicola NN015860T; 5) Pseudolteromonas atlantica IAM 
14165; 6) Pseudomonas aeruginosa 9a,d (=10); 7) Enterobacter cloacae C6285; 8) Cronobacter turicensis O2 
(G3882); 9) Escherichia coli O161; 10) Escherichia coli O61; 11) Escherichia coli O108; 12) Providencia 
alcalifaciens O26 13) Acinetobacter baumannii ACICU; 14) Acinetobacter baumannii 1432. Bound FH, FHR1-FLAG 
and FHR2-FLAG were detected with goat antiserum anti-FH (Quidel, 1/200), biotinylated rabbit IgG anti-goat 
(Sigma, 1/200) and bound FHR5 was detected using polyclonal mouse IgG anti-FHR5 (Abnova, 5 µg/mL), 
biotinylated rabbit IgG anti-mouse (Sigma, 1/200). Antibody binding was detected using Alexa Fluor 647-labelled 
streptavidin. The fluorescence intensity was recorded with a microarray scanner. A. Goat antiserum anti-FH. B. 
poly mouse IgG anti-FHR5. C. FH. D. FHR1-FLAG. E. FHR2-FLAG. F. FHR5.   
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5.3. Discussion 
 

FH and its related proteins FHR1-FLAG, FHR2-FLAG and FHR5 were screened for novel 
carbohydrate ligands using the NGL-based carbohydrate microarray technology. Using this 

high throughput system, I was able to define new glycan ligands of the former mentioned 
proteins. The results of the GAG array analyses demonstrate that the binding of FH and the 

FHRs correlates with the degree of sulphation of an individual GAG. The highest interaction 

was observed to heparin NGLs that have the highest amount of sulphate groups per 
disaccharide unit. The non-sulphated GAG HA was not bound by any of the interrogated 

proteins. The proteins displayed a very similar binding pattern to the sulphated GAGs, as they 
showed the same binding order. GAGs with fewer sulphates in the disaccharide unit were less 

well bound than higher sulphated. The GAG related data confirmed my initial hypothesis that 
the binding of the proteins would correlate with degree of sulphation. My second hypothesis 

however, that the binding intensity would also depend on the chain length of a GAG 
oligosaccharide was not confirmed using this methodology. In fact, the best binding was 

observed for dodecameric to hexadecameric oligosaccharides. The reason for this observation 
might relate to the secondary structure of the GAG molecules as well as the tertiary structures 

of the proteins. The binding analyses of the proteins displayed quantitative differences in the 

fluorescence intensity, well demonstrated for of FH and FHR1. This might be due to the use of 
different array slides, two different lots of goat antiserum used for detection, or the change of 

the array scanner for the recording of the fluorescence signals. Despite the varying signal 
intensities, the qualitative results for the proteins were consistent as demonstrated by the 

results using the newly generated GAG array. The high sequence similarity among FH, FHR1-
FLAG and FHR2 for their carboxy-terminal SCR domains enabled me to use the same 

detection system for the three proteins. However, it cannot be inferred from the binding data, 
which of the proteins displayed the relative higher affinity towards the GAG ligands, as it is not 

known how many epitopes are present in one protein that can be recognised by the goat 
antiserum. According to the manufacturer, full-length FH was used for the immunisation and 

thus I predict that the antiserum recognises epitopes spanning the entire sequence of the 

protein. Taking this into account, I would predict that the use of a FHR1 or FHR2 specific 
protein would result in higher binding scores and therefore some binding could not be detected 

due to the limitations of the detection system. As mentioned earlier, the attempted of detecting 
the fusion proteins using an anti-FLAG antibody were not successful.  

In an experiment to determine the relative binding affinities FH and FHR5, three dilutions (50, 

10 and 5 µg/mL) of each protein were analysed. The starting dose of 50 µg/mL was chosen to 

equal the median plasma concentration of FHR5 (700 nM)264 and 10% of the median FH 
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plasma concentration. It is noteworthy to mention that the median plasma FHR5 concentration 

is calculated for the monomeric protein. As shown by the research of Goicoechea de Jorge et 
al72 the FHR5 protein circulates in plasma as obligate homodimer. The molecular weight of the 

dimeric FHR5 roughly equals the molecular weight of the monomeric FH (136 kDa to 155 kDa) 
and therefore allowed an estimation of relative binding strength of the FH and FHR5. The 

results obtained for the titration of both proteins indicates a stronger affinity of FHR5 towards 
the GAGs, as no reduction in the binding intensities was observed for the tested proteins levels 

5, 10 and 50 µg/mL. For FH hardly any binding was detectable at the 5 µg/mL dose. However, 

for the detection of FH and FHR5 different detection systems were used and might bias the 
results. 

My second objective for the microarray analyses of FH and the FHRs was to determine novel 

sialo-glycoconjugate ligands using an array containing 122 sialylated glycan NGLs. The 
proposed sialic acid binding site of FH is located in the last carboxy-terminal SCR20. The three 

investigated FHRs display a high sequence similarity of their last carboxy-terminal SCR to the 

SCR20 of FH, ranging from 43% (FHR5), 61% (FHR2) to 97% (FHR1). Based on the structural 
concordance of the proteins I hypothesised that three FHRs would bind, likewise as FH, to 

sialylated glycans, but that they would demonstrate differential interaction based on their 
varying sequence of the carboxy-terminal SCR.  

The obtained set of data demonstrated binding of all analysed proteins to sialylated glycans. 

In an initial analysis that was carried out to optimise the binding conditions, I applied FH and 
FHR5 at the concentration of 50 µg/mL. For the trial analyses a bis-array was used. The results 

of this bis-array analyses displayed binding of both proteins to monosialylated NGLs containing 

α2-3, α2-6 or α2-8 linked sialic acids as well as to the α2-3 and α2-6 disialylated NGL DST. 
The binding to the α2-3 linked NGLS was very low for FH and in case of FHR5 the plotted data 

showed high error bars, which was generally observed for the FHR5 profile. This observation 
promoted me to assess the recorded scanner images of the FHR5 analysis. The images 

demonstrated artefact spots on the nitrocellulose membrane. At positions where these 
artefacts coincided with the array position of an individual oligosaccharide NGL they included 

by the quantification algorithm, thus generating the high error bars observed for FHR5. I 
predicted the artefacts observed were caused by precipitation of the antibody and thus decided 

to change the primary detection antibody for the subsequent analyses.  

For the main screening analyses I used FH, the FHRs and in addition a ΔSIA-FH preparation 

that lacked intrinsic sialic acids. The binding profile of FH demonstrated low to very weak 
binding to α2-3 linked NGLs. This was an unexpected observation as the results of the bis-

array displayed good binding. The use of another FH lot displayed no qualitative differences. 
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FH lots 24 and 25 both bound weakly to the α2-3 linked NGL probes, but consistently well to 

the DST NGL. Judging from these experiments the uses of plasma derived FH from different 
patient plasma pools did not affect the qualitative binding to the DST probe, which indicates 

that this is a genuine novel ligand for FH. The enzymatic removal of the intrinsic FH sialylation 
resulted in a higher and broader binding specificity for the NGLs on the array. The result 

indicates that the intrinsic sialylation of FH interferes with the protein’s ability to bind to 
sialylated glycans. The observed effect could be due on the one hand by FH self-recognition 

and binding, or on the other hand by charge repulsion of sialic acids present on the N-glycans 

of FH and the potential sialylated ligands.  
 

My prediction for the binding of FHR1 to the sialylated glycans was that it would have a 
comparable, if not identical, profile to that of FH. However, the data obtained for FHR1 was 

distinctly different to the results of FH. Not only did FHR1 bind more probes, especially 
monosialylated α2-3 linked oligosaccharides, but also with stronger intensities as 

demonstrated by the higher fluorescence intensities compared to FH. The strongest interaction 
of FHR1-FLAG was observed for the trisaccharide Neu4,5Ac-(3')Lac. Interestingly, this probe 

was neither bound by FH, nor was it bound by the ΔSIA-FH. An overlap in binding was 

observed for the DST probe at array position 107. The total binding score of FHR1-FLAG for 
the DST NGL was as high as that of FH. The binding profile of FHR2-FLAG resembled very 

closely that of FHR1-FLAG, but with overall reduced binding signals. Binding was observed to 
Neu4,5Ac-(3')Lac and DST. As explained above, the reduced observation in signal intensities 

is likely to be caused by the detection system. The FHR5 protein displayed a binding profile, 
which hardly allows the description of any specificity. The protein interacted with nearly all 

probes of the array, though with different affinities. As for FHR1-FLAG and FHR2-FLAG, FHR5 
bound best to the Neu4,5Ac-(3')Lac and the second highest interaction was observed to DST. 

The most interesting observation made for all three FHRs is that they displayed the highest 
binding intensities to glycans that display a terminal sialyllactose and sialyllactosamine 

sequence. These two reoccurring sequence motives are widely distributed in human fluids and 

tissues, e.g., as free milk sugars; as part of the glycan moiety in gangliosides especially of 
GM3 and on N-and O-linked plasma glycoproteins. In addition to interaction with sialylated 

glycans, all three FHR proteins bound weakly to the neutral lactose and lactosamine 
disaccharides.  

The carbohydrate microarray technology is a powerful tool for the rapid identification of glycan 

ligands for proteins and antibodies. However, it should be noted that the lack of binding in such 
a screening method is not necessarily conclusive. This is especially important as protein-
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carbohydrate interactions are generally weak and binding will rely on the correct presentation 

as well as concentration of the ligand probes. The necessity of correct presentation could be 
observed for the binding of all four proteins to the DST oligosaccharide. Despite the DST 

glycan sequence was present in three NGL probes (array positions 106, 107 and 108). The 
differences of the three DST NGL probes are due to two conjugation methods as well as the 

use of an alternative lipid tag. The DST glycan moiety of probes 106 and 107 were both 
conjugated to a 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine. In case of DTS probe at 

position 106 the glycan was conjugated via the N-acetylgalactosamine to the lipid tag by 

reductive amination. The DST probe at position 107 instead was conjugated via oxime ligation 
using an aminooxy functionalised DHPE. The use of these to different lipid tag can influence 

binding of a protein. This is especially the case for short oligosaccharide sequences. During 
reductive amination, the reducing saccharide is irreversibly changed into the ring-opened form 

and can affect binding or result loss of binding, if the reducing saccharide is a component of 
the binding epitope. The conjugation via oxime ligation results in a NGL where the reducing 

saccharide is presented in an equilibrium of ring-closed and ring-opened conformation, thereby 
preserving a potential binding epitope. The beneficial effect of oxime ligation over reductive 

amination was demonstrated for the antigenicity potential of the trisaccharide sialyl Lewis X249. 

The DTS position 108 is a synthetic glycolipid. Inferring from the results, the binding FH and 
the FHRs to DST requires the ring-closed conformation of the reducing N-acetylgalactosamine. 

The absence of binding to the DST probe with the synthetic ceramide lipid tag is likely due to 
differential presentation of the glycan moiety.   

The microarray analyses of the 14 bacterial polysaccharides did elicit binding of FH, FHR1-

FLAG, FHR2-FLAG and FHR5 to the polysaccharide isolated from Acinetobacter baumannii 
1432, with the repeating pentasaccharide sequence β4-Gal(α2-6Leg)β6-Gal(α3-GlcNAc)β3-

GalNAc276.	However, in case of FH, FHR1-FLAG and FHR2-FLAG the results of the first array 

analyses were not conclusive, as the goat antiserum used for detection bound to probes on 
the of the array and elicited the highest signal to the polysaccharide Acinetobacter baumannii 

1432. The repeated analysis of FH, FHR1-FLAG and FHR2-FLAG using the protein G purified 
Ig-fraction of the goat antiserum anti-FH for detection of bound proteins did not elicit binding 

signals for any of the former mentioned proteins. Based on these two experiments it is difficult 

to conclude whether the binding events of the first set of data were solely due to the binding of 
a protein or an antibody present in the antiserum, or whether during the second analysis 

procedure an unknown error occurred. Based on the high signal intensities of FHR1-FLAG 
observed to the Acinetobacter baumannii 1432, which was about three-fold stronger than the 

binding signal of the goat antiserum, I would suggest performing further binding analyses to 
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the polysaccharide. This could be done in form of additional microarray experiments using a 

panel of different FH targeting antibodies, the use of an antibody that was generated to an 
epitope present in FHR1-FLAG, such as the 2C6 antibody that binds to the first two amino-

terminal SCRs of FHR1, or using derivatised FHR1 protein that is conjugated to a fluorophore. 
Alternatively, a potential interaction with the polysaccharide could be interrogated using 

isothermal titration calorimetry.  

By using the NGL-based carbohydrate microarray technology established at the 

Glycosciences Laboratory I was able to identify novel GAG and sialo-glycoconjugate for FH, 
FHR1, FHR2 and FHR5. In case of FHR5, I was able to detect binding to a bacterial 

polysaccharide containing the sialic acid-like saccharide legionaminic acid. The identification 
of any potential ligand using microarray analyses should be confirmed by a different 

methodology, as the data obtained from the array is not quantitative.  
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5.4. Conclusion 
 
In this chapter, I described the carbohydrate ligand screening result for the complement 

proteins FH, ΔSIA-FH, FHR1-FLAG, FHR2-FLAG and FHR5 using a GAG oligosaccharide 
and a sialo-glyconjugate microarray. In addition, I performed an exploratory screening for 

binding to bacterial polysaccharides for the former mentioned proteins, with exception of ΔSIA-
FH.  

 
In summary: 

• FH and FHRs bind to sulphated GAGs, but not to non-sulphated HA 

• Degree of GAG binding correlates with degree of sulphation 

• No clear correlation between GAG oligomer chain length and binding intensity 

• The two GAG oligosaccharide microarray sets used displayed similar results 

• FH and FHRs bind to sialylated glycans 

• FH and FHRs display differential binding to sialylated glycans  

• FHR5 exhibited the broadest sialyl glycan specificity 

• FHRs demonstrate overlapping specificities, especially for glycans containing 
sialyllactose and sialyllactosamine  

• FHR5 bound to the sialic acid-like saccharide legionaminic acid of Acinetobacter 
baumannii 1432 

• Verification of identified ligands by alternative method is needed 
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Chapter 6. 
Defining the interactions of FHR5 with 
GAG polysaccharides  
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Defining the interactions of FHR5 with GAG 
polysaccharides  

 

6.1. Introduction 
 

As described in the general introduction GAGs are structurally highly complex polymorphic 
carbohydrates. In the context of my project I was interested to determine whether these 

carbohydrates interact with FHR5 and if so, whether this as a consequence affects the 
regulation of C3 by FH. In this chapter, I summarize the key interactions between recombinant 

FHR5 and plasma-derived FH with GAG polysaccharides. Based on the current literature on 
interaction of FH with GAGs, I chose to interrogate the binding of FHR5 to porcine intestinal 

mucosa heparin, porcine intestinal mucosa HS, bovine mucosa DS, bovine kidney HS, bovine 
trachea CSA, shark cartilage CSC and bovine vitreous humor HA. All of GAGs these were 

commercially sourced.  

Based on the current literature, heparin was chosen to serve as a positive control throughout 

the binding experiments. Solid state heparin is bound by FH277 and heparin columns have been 
deployed to purify FH91,278 and FHR578 from human plasma samples. FH has two GAG binding 

sites located in SCR767 and SCR2068,69. The positively charged amino acids arginine 341 and 
histidine 371 of SCR7 form salt bridges with sulphated structures such as GAGs279. Four 

arginine residues R1203, R1206, R121069 and R1215280 in SCR20 are involved in the binding 
of the surface targeting domain to heparin. Mutation of the first three amino acids resulted in 

complete loss of heparin binding of the surface-targeting domain. Deletion of either one of the 
GAG binding domains of the full length FH protein leads to reduced, but not to loss of binding68.  

The alignment of the carboxy-terminal SCR9 of FHR5 with the carboxy-terminal SCR20 of FH 
did demonstrated a variance in sequences. FHR5 does not possess the three arginine residues 

in the corresponding position of FH (R1203, R1206, R1210) (Fig 6.1A). However, the protein 
displays basic amino acids lysine (K542, K546), histidine (H545) and arginine (R555) in the 

region corresponding to the heparin-binding site in SCR20 of FH. Whether these basic 
residues are involved in binding will have to be investigated by preparation of point mutants. 

Nevertheless, the sequence identity and similarity of the carboxy-terminal point to a putative 

heparin-binding site located in SCR9 of FHR5. The proposed binding to HS and the C3b ligand 
is displayed in Fig 6.1B. 

Studying the interactions of proteins with GAG polysaccharides is not trivial. Unlike proteins 

GAG polysaccharides cannot be easily site-specifically derivatised. However, they can be 
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randomly biotinylated, which allows immobilisation on surfaces to study the interaction with 

proteins. Frequently used are streptavidin-coated microtiter plates to which the biotinylated 
GAGs are immobilised. An advantage of the biotinylation is that the GAGs can now be easily 

detected. In contrast to proteins, it is difficult to mount an immune response against GAGs as 
they are conserved among mammals. However, there are commercially available antibodies 

that recognize CSA and CSC, respectively. Some research groups have generated single 
chain antibodies targeting GAGs (HS) by using phage display281,282. The limitation of GAG 

biotinylation is that it can change their binding properties towards proteins. It has been shown 

that the binding of bovine HA lyase to HA can be reduced and blocked by biotinylation of the 
HA, depending on the relative amount of biotinylation and the site of attachment283.  

As demonstrated in chapter 5, FHR5 displayed to bind to heparin oligosaccharides. Yet, I did 

not know whether or how it would bind to biotinylated heparin. Therefore, I aimed to use a 
method that would allow to interrogate the binding to unmodified GAGs.  

All GAGs are negatively charged at physiological pH. This property was used to immobilise 

the GAGs to surfaces coated with positively charged polymers. Polylysine coated microtiter 
plates were tested for immobilisation of GAGs. Polylysine coated plates are widely used for 

culturing adherent cells and therefore easily accessible and would be economical for screening 
and binding analysis. However, the results of initial binding experiments were unsatisfying. The 

data indicated a non-homogenous immobilisation of the GAGs to the surface of polylysine-
coated plates (data not shown). I therefore decided to use plates coated with allylamine. These 

plates were generated by plasma-induced polymerisation of octadien and amine261,284. The 
technology was developed by the group of Anthony Day at the Wellcome Trust centre for Cell-

Matrix Research. The microtiter plates, termed heparin-binding plates, for the experiments 
were commercially sourced from Becton Dickinson and Company. The plates proved to 

immobilize the GAGs homogenously and were used throughout for the binding studies of FHR5 

to GAG polysaccharides.  
 

The binding of FHR5 and FH to GAG polysaccharides was interrogated using a polysaccharide 
GAG “macroarray” format. Therefore, the dedicated GAG set was absorbed to heparin-binding 

plates. Binding of the proteins to the GAGs was detected using specific antibodies. The binding 
experiments were always performed for both proteins at the same time to assure the same 

conditions with respect to the concentration of coated GAGs, buffers, incubation time, 
temperature, and HRP substrates. The concentration of an individual GAGs is provided in 

µg/mL instead of molarity because of the polydisperse nature of the polysaccharides.    
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Fig 6.1. Carboxy-terminal sequnce alignment of FHR5 and FH key amino acids required for GAG binding and 
schematic drawing FHR5 and FH binding to HS molecules in the presense of the protein ligand C3b. 

A. For the alignment, the full amino acids sequences of FHR5 and FH were compared using Uniprot_Align. 
Underlined are SCR9 of FHR5 and SCR20 of FH. Highlighted in red are the basic arginine residues (R1203, R1206, 
R1210 and R1215) of the FH surface-targeting domain that are involved in heparin binding. The basic amino acids 
K542, H545, K546 and R555 located in the SCR9 of FHR5 are highlighted in blue. * conserved amino ac acids, : 
amino acids with strongly related properties, . amino acids with weakly related properties. B. Surface HS binding of 
FH is facilitated via SCRs7,20, while in FHR5, the HS binding is driven by SCR9.  

 

 
 
 
 

                                  	

Fig 6. 2. Schematic drawing of GAG polysaccharides  

Heparin/HS, DS, chondroitin sulphates and HA. The sulphation is indicated by numbers and capital S, displaying 
the position of the sulphate group in the hexosamine or uronic acid.  

C3b

GBM

C3b C3b

Heparan	sulphate	Proteoglycans

Heparin

Heparan	sulphate

Hyaluronan

Chondroitin	sulphate	A

Chondroitin	sulphate	C

Dermatan	sulphate	

Keratan	sulphate

Fucose (Fuc)	

Xylose	(Xyl)

Mannose (Man)

N-acteylmannosamine (ManNac)

Galactose (Gal)

Galactosamine (GalNH2)

N-acetylgalactosamine (GalNAc)

Glucose	(Glc)

Glucosamine (GlcNH2)

N-acetylglucosamine (GlcNAc)

Glucuronic acid (GlcA)

Iduronic acid (IdoA)

N-acetylneuraminic acid (Neu5Ac)

N-glycolylneuramininc acid (Neu5Gc)

2-keto-3deoxy-D-glycero-D-galacto-nononic	acid (KDN)

ΔC4	Iduronic acid (IdoA)

ΔC4	Glucuronic acid (GlcA)

3-deoxy-D-manno-oct-2-ulosonic	acid (Kdo)

A	

B	



Defining	the	Interactions	of	FHR5	with	GAG	polysaccharides	

	
	

218	

6.2. Results 
 

All GAG binding experiments were conducted on heparin-binding plates sourced from BD. To 
test the ideal coating conditions for GAG binding of FHR5 and FH, heparin-binding plates were 

incubated with heparin at three different concentrations (0.6, 2 and 6 µg/well). The detailed 
ecperimental procedures are outlined in methods section 2.13.  

The initial binding experiments showed that, for FHR5, wells coated at the concentration of 0.6 
µg/well heparin resulted in the same signal intensity as surfaces coated at 6 µg/well (Fig 6.3A). 

In contrast, for FH, the strongest binding was obtained at the highest coating concentration 
(Fig 6.3B). Despite this observation that a heparin coating concentration of 6 µg/well resulted 

in a better FH binding signal, I chose to use 2 µg/well as standard coating concentration, as 
the signal intensities were less than 5% apart. The second reason for choosing this 

concentration was to limit the use of the coating polysaccharide. As seen for the binding of 
FHR5 the signal dropped markedly at a protein concentration of approximately 1.5 µg/mL. This 

was a result of high non-specific binding of the protein to the positively charged surface of the 

plates. 

Therefore, the binding conditions for FHR5 and FH had to be optimised to reduce the non-
specific binding of the proteins to the plate surface. This was achieved by adjusting the pH of 

the buffer system above the theoretical isoelectric point of the proteins, which are 6.87 for 
FHR5 and 6.12 for FH.  

Choosing the pH of the buffer system at 7.4 assured a net positive charge of the proteins. In 
addition, the blocking conditions for the binding experiments had to be optimised. Different 

blockers were tested of which BSA, casein and fish gelatine did not result in satisfactory 
blocking of the surface as the non-specific background was not reduced to less than 1/10 of 

the binding signal. Casein containing blocker formulations interacted with the detection system 
leading to inadequate blank values (data not shown). Good blocking and blank conditions were 

obtained using a commercial blocking formulation from VectorLabs, termed carbofreeTM. The 
carbofree blocker was used only for blocking of the plate surface. The protein dilutions were 

prepared in a buffer containing 5% BSA. For the preparation of the diluent buffer a commercial 

BSA preparation was chosen that was free of fatty acids, proteases and essentially free of 
immunoglobulins.  

In the process of optimising the assay conditions the GAGs were immobilised at 2 µg/well (50 

µl of 40 µg/mL solutions), and the protein volume was reduced from 200 µl to 50 µl. All 
displayed signal values in the following figures are corrected against antibody blank and non-

specific binding values.   
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Fig 6.3. FHR5 and FH binding to surface-immobilised heparin 

The plate surface was incubated overnight with 0.6 (triangle), 2 (circle) and 6 (box) µg/well of heparin. The proteins 
were titrated in 1:2 serial dilutions. Surface bound FHR5 was detected with polyclonal mouse IgG anti-hFHR5 and 
HRP-conjugated rabbit IgG anti-mouse. Surface bound FH was detected with biotinylated polyclonal goat IgG anti-
hFH and streptavidin-conjugated HRP. A. FHR5 bound dose dependent to the surface-immobilised heparin. The 
binding curves of FHR5 for the three immobilised heparins are identical in signal intensity and saturation. B. FH 
bound dose dependant to the surface-immobilised heparin. The signal saturation for all three heparin concentration 
began at approximately 1 µg/mL of FH. The signal intensity for the FH titrations on 2 and 6 µg/well of heparin were 
markedly higher than for 0.6 µg/well surface-immobilised heparin, being highest for the 6 µg/well level. 
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6.2.1. FHR5 binding to surface GAG polysaccharides correlates with the degree of GAG 
 sulphation 

 
GAG surface binding experiments were performed to define new GAG polysaccharide ligands 

for FHR5. The binding of FHR5 was compared to binding of FH to the same GAGs. The 
prediction for the outcome of these experiments was that FHR5 and FH would have partly 

overlapping binding specificities based on carboxy-terminal sequence similarities. 

 
The data for FHR5 showed dose-dependent binding to heparin, intestinal mucosa HS and to 

the kidney HS. As predicted, the protein bound to the surface-immobilised heparin, which at 
the same time elicited the strongest binding signal. The next best binding was obtained with 

the intestine mucosa HS, which is a by-product of the heparin preparation and therefore can 
obtain regions of high sulphation. The kidney HS displayed a markedly reduced interaction 

with FHR5. As predicted, no binding was seen with the non-sulphated HA (Fig 6.4). The binding 
order of FHR5 to the heparanoids correlated with the degree of sulphation. This observation 

was confirmed by the binding profiles observed for DS, CSA and C. Likewise to the 
heparanoids, the highest sulphated GAG, DS, was bound best, followed by weak binding to 

CSC. No binding was obtained to the sulphated CSA (Fig 6.4). Comparing the signal intensities 

showed similar binding strength of FHR5 to kidney HS and DS. 
 

The binding of FH to the GAGs displayed the same binding order as FHR5, correlating with 
the degree of sulphation of the GAGs. Heparin was bound best, followed by intestine mucosa 

HS. The kidney HS was considerable less well bound, displaying a less steep binding curve 
(Fig 6.5). DS elicited nearly the same binding as the kidney HS. In contrast to FHR5, FH 

showed a binding preference to CSC that was comparable to the signals obtained for DS, and 
weak binding was observed to CSA. Some dose-dependent binding was obtained to HA. 

However, the highest absorption values were below 0.1, which is approximately 8% of the 
heparin signal, detected at the highest FH concentration. 
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Fig 6.4. FHR5 binding to surface-immobilised GAGs 

The wells of heparin binding plates were incubated overnight with 40 µg/mL of heparin (blue curve), intestine 
mucosal HS (pink curve), bovine kidney HS (cyan curve), CSA (yellow curve), CSC (orange curve), DS (green 
curve) or HA (black curve). Serial dilutions (1:2) of FHR5 were incubated for 2 hours and excess protein washed 
off. Surface bound protein was detected with poly mouse IgG anti-hFHR5 and HRP-conjugated rabbit IgG anti-
mouse. FHR5 bound dose-dependently to the sulphated GAGs. No binding was detected to the negative control 
HA. FHR5 bound best to heparin followed by the intestine mucosa HS and with a marked difference bovine kidney 
HS and DS. CSC was weakly bound and little binding was obtained for CSA. No binding was elicited with HA.  
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Fig 6.5. FH binding to surface-immobilised GAGs 

The wells of heparin-binding plates were incubated overnight with 40 µg/mL of heparin (blue curve), intestine 
mucosal HS (pink curve), bovine kidney HS (cyan curve), CSA (yellow curve), CSC (orange curve), DS (green 
curve) or HA (black curve). Serial dilutions (1:2) of FH were incubated for 2 hours. Surface bound protein was 
detected with biotinylated polyclonal goat IgG anti-hFH and streptavidin-conjugated HRP. FH bound dose-
dependently to the GAGs. FH bound best to heparin and, to lesser extent, to intestine mucosa HS and the bovine 
kidney HS. DS and CSC displayed binding signals just below that obtained for the kidney HS. CSA displayed a 
linear binding curve. Some low binding was obtained with HA eliciting maximum absorption of approximately 0.1.  
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6.2.2. FHR5 binding is influenced by the spatial orientation of sulphate groups  
 

To investigate whether the binding of the proteins was entirely dependent on the degree of 
sulphation, I performed binding analyses to selectively desulphated heparins. The majority of 

the heparin disaccharide units display 3 sulphate groups, one linked to the iduronic acid 
molecule and two linked to the glucosamine molecule. I purchased heparins that were 

chemically desulphated either at the 2-O position of the iduronic acid, at the 6-O position or 

the N-position of the glucosamine. Desulphation at the N-position was followed by a N-re-
acetylation. Together with unmodified heparin and HA the three desulphated heparin 

preparations were immobilised to heparin-binding plates and the binding of FHR5 and FH was 
analysed. For FHR5 the removal of a sulphate group at any position of the heparin 

disaccharide resulted in reduced binding when compared to the heparin molecule. At low 
protein concentration of FHR5 the binding to the 2-O desulphated heparin was distinctively 

reduced compared to heparin, with a half-maximal binding at 250 ng/mL and 700 ng/mL for 
heparin and the 2-O desulphated heparin, respectively. With increasing amount of protein and 

saturation the binding curves levelled up. The effect of desulphation was more pronounced for 
sites of the glucosamine. Both glucosamine desulphated heparins displayed nearly the same 

binding signals, displaying half-maximal binding at approximately 1.12 µg/mL (Fig 6.6A). 

For FH, the desulphation at the 2-O position did not affect the binding strength. With a half-

maximal binding at 80 ng/mL it was identical to the half-maximal binding of heparin. 
Desulphation of the glucosamine resulted in reduced binding, being lowest for the 6-O 

desulphated heparin, with half-maximal binding at approximately 300 ng/mL and 160 ng/mL 
for the N-desulphated heparin, respectively (Fig 6.6B).  
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Fig 6.6. FHR5 and FH binding to surface-immobilised selectively desulphated heparins 

Heparin binding plates were incubated overnight either with 40 µg/mL of heparin (blue curve), 2-O desulphated 
heparin (red curve), 6-O desulphated heparin (purple curve), N-desulphated and reacetylated heparin (petrol-blue 
curve) or HA (black curve). Serial dilutions (1:2) of FHR5 and FH were incubated for 2 hours. Binding was detected 
with polyclonal mouse IgG anti-hFHR5 antibody and a HRP-conjugated rabbit IgG anti-mouse antibody, or 
biotinylated polyclonal goat IgG anti-hFH antibody and streptavidin-conjugated HRP. A. FHR5 bound dose-
dependently to heparin and the selectively desulphated heparins. Highest signals were obtained for heparin 
followed by the 2-O desulphated heparin, 6-O desulphated heparin and N-desulphated and reacetylated heparin. 
The binding to the latter two displayed overlapping binding curves. No binding was obtained for HA. B. FH bound 
dose- dependently to heparin and the selectively desulphated heparins. Heparin and the 2-O desulphated heparin 
bound equally well, eliciting the highest signals. The N-desulphated and reacetylated heparin was better bound 
than the 6-O desulphated heparin.  
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6.2.3. Verification of HA as negative control  
 
HA served in the GAG microarray binding analyses as a negative control. For this reason, it 

was necessary to demonstrate that the polysaccharide was absorbed onto the heparin binding 
plates and that it could be bound by proteins. To demonstrate this, I used biotinylated HA that 

was generated by a colleague in the laboratory. In addition, I assessed the direct binding of 
CSA to the plate surface. Both GAGs were titrated on heparin binding plates. For the detection 

of CSA, I used the monoclonal IgM anti-chondroitin antibody (CS-56) that recognizes a wide 

range of chondroitin molecule from different species and had also served as control in 
microarray assessment (chapter 4). HA-biotin was detected using streptavidin-conjugated 

HRP. Protein-binding to the HA was interrogated by incubation with a His-tagged hyaluronate 
lyase carbohydrate-binding module of Streptococcus pneumonia (S. pneumonia), which was 

also used for quality control in the microarray analyses. 
The detection with the anti-chondroitin antibody CS-65 displayed dose-dependent binding to 

CSA immobilised on the plate surface. The saturation of the signal was observed at 5 µg/mL 
(Fig 6.7A). The standard GAG coating concentration for binding experiments was 40 µg/mL. 

At this concentration, the signal was well saturated, indicating that the surface of the wells was 
saturated with CSA.  

 

The detection of the biotinylated HA with streptavidin-conjugated HRP displayed saturation at 
lowest concentration of 39 ng/mL (Fig 6.7B). Incubation of the surface-immobilised HA with 

the hyaluronate lyase carbohydrate-binding module displayed dose-dependent binding (Fig 
6.7C). The incubation on heparin coated wells did not result in any binding, demonstrating the 

specificity of the carbohydrate-binding module (Fig 6.7D). These experiments illustrated that 
the chosen concentration for GAG coating of 40 µg/mL was sufficient to saturate the well 

surface with low the sulphated CSA and with the non-sulphated HA, displaying that the 
carboxyl groups present in the GAGs are sufficient for binding to the positively charged plate 

surface. In addition, the results provided evidence that the surface coated HA could serve as 
a ligand for protein binding.    
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Fig 6.7. CSA and HA surface-detection on heparin-binding plates 

The wells of heparin-binding plates were incubated overnight with serial dilutions (1:2) of CSA, starting at the 
concentration of 80 µg/mL and biotinylated HA, starting at the concentration of 40 µg/mL as well as one level at 100 
µg/mL. Heparin was coated at concentrations 5, 10, 20, 40 and 100 µg/mL. HA and heparin coated wells were 
incubated for 2 hours with S. pneumonia His-tagged hyaluronate lyase carbohydrate-binding module (3 µg/mL). 
Protein binding was detected using mouse IgG anti-His (2 µg/mL) and HRP-conjugated rabbit IgG anti-mouse 
(1/1000 dilution) antibodies. The immobilised CSA was detected using CS-56 (1/1000 dilution) and HRP-conjugated 
rabbit IgG anti-mouse (1/1000 dilution) antibodies. The surface bound biotinylated HA was detected using 
streptavidin-conjugated HRP (1/200 dilution). A. Graph displays dose-dependent immobilisation of CSA. The signal 
saturation began at approximately 5 µg/mL. B. The detection of surface HA-biotin displayed a saturated signal at 
the low concentration. C. The binding of the carbohydrate binding module displayed that the HA bound in a dose-
dependent manner to the surface of the plate. D. The hyaluronate lyase carbohydrate-binding module did not bind 
wells coated with heparin.  
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 6.2.4. Inhibition of FHR5 surface binding using soluble glycosaminoglycans  
 

To investigate the inhibitory potential of the GAGs, I aimed to impede the binding of FHR5 and 

FH to surface-immobilised heparin. For the initial inhibition experiments, I chose a 
concentration of 1.56 µg/mL for both proteins, as this was the range where FHR5 and FH 

reached saturation in the binding experiments. The proteins were pre-incubated with serial 
dilutions of heparin. The protein heparin mix was transferred to the heparin coated plate and 

the surface binding was detected. As a negative control, FH or FHR5 without soluble heparin 

were added to the wells.  
The addition of 10 µg/mL soluble heparin to FHR5 inhibited surface binding by 45%. Further 

increase of the fluid-phase heparin resulted signal reduction of 75% at heparin concentration 
at 320 µg/mL (Fig 6.8A). Unexpectedly, the incubation of FH with heparin did not lead to a 

dose-dependent inhibition of the surface binding. Other than for FHR5, the addition of 10 
µg/mL soluble heparin increased the surface binding of FH by 15%. Further increase of the 

heparin concentration reduced the binding signal to that of FH in the absence of soluble 
heparin (Fig 6.8B). Based on this observation the concentration of FH was decreased to 750 

ng/mL and 500 ng/mL, while the fluid-phase heparin concentration was doubled (Fig 6.9). 
However, this did not contribute to binding inhibition of FH. The binding curve displayed again 

an increase in surface binding followed by a slow decrease of the signal at higher heparin 

concentrations. A weak reduction, below the control binding, was obtained for fluid-phase 
heparin at high concentration of 640 µg/mL (Fig 6.9).  

As a consequence of these experiments the ionic strength of the buffer system was changed. 
By decreasing the sodium concentration, the inhibitory potential of the soluble heparin was 

elevated. At 80 mM NaCl moderate inhibition of FH surface binding was obtained (Fig 6.10B). 
The effect of the ionic strength became more pronounced with further reduction of the salt 

concentration, as the FH inhibition inversely increased. At 20 mM NaCl surface binding was 
decreased to 40%, as compared to the FH control (Fig 6.10B). For FHR5 in response to the 

reduction of ionic strength 100% inhibition of surface binding was observed at 50 mM NaCl 
(Fig 6.10A).  

Subsequent inhibition experiments for FH were performed in buffer systems containing 20 mM 

NaCl. For FHR5 the physiological ionic strenght was mentained. The GAG set used for surface 
binding was employed to inhibit the surface binding of FHR5 (Fig 6.11A) and FH (Fig 6.11B) 

to surface-bound heparin. To increase the inhibition, the proteins were pre-incubated for 1 hour 
instead of 30 min with the fluid-phase GAGs. Likewise, to the surface binding experiments the 

inhibitory efficacy of the individual GAGs correlated with the degree of sulphation, being 
highest for heparin and absent for HA.   
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Fig 6.8. Inhibition of FHR5 and FH binding to surface-immobilised heparin 

A heparin-binding plate was incubated overnight with 100 µl heparin (20 µg/mL). FHR5 and FH solution of 1.56 
µg/mL were pre-incubated with increasing heparin concentrations (10, 20, 40, 80, 160, 320 µg/mL) for 1 hour, 
transferred to the plate and incubated for 2 hours. Surface bound FHR5 was detected with polyclonal mouse IgG 
anti-hFHR5 and HRP-conjugated rabbit IgG anti-mouse antibody. Surface bound FH was detected with biotinylated 
polyclonal goat IgG anti-hFH and streptavidin-conjugated HRP. A. FHR5 displayed dose dependent inhibition of 
surface binding. B. For FH, an increase in binding was observed for incubation of soluble heparin at concentration 
10-80 µg/ml. with increasing concentration of heparin the binding reduced to the signal intensity of the sample not 
incubated with soluble heparin.  
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Fig 6.9. Inhibition of FH binding to surface-immobilised heparin 

A heparin binding-plate was incubated overnight with 100 µl heparin (20 µg/mL). The plate was washed and the 
surface blocked for 2 hours with carbofree blocking reagent. Two FH concentrations (500 and 750 ng/mL) were 
pre-incubated with increasing heparin concentrations (10, 20, 40, 80, 160, 320 and 640 µg/mL) for 30 min, 
transferred to the plate and incubated for 2 hours. Surface bound FH was detected with biotinylated polyclonal goat 
IgG anti-hFH antibody and streptavidin-conjugated HRP. A. FH (750 ng/mL) binding increased with addition of 
soluble heparin (10-160 µg/mL). At 320 µg/mL the binding reduced to the origin level. At 640 µg/mL the slightly 
reduced binding was obtained. B. The binding profile of the reduced FH concentration (500 ng/mL) was identical to 

the 750 ng/mL concentration, but with lower binding intensities at the origin. 
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Fig 6.10. Salt concentration-dependent inhibition of FHR5 and FH binding to surface-immobilised heparin 

The plate surface was incubated overnight with 100 µl heparin (20 µg/mL). FHR5 (1.56 µg/mL) and FH (500 ng/mL) 
solutions were pre-incubated for 1 hour with 160 µg/mL heparin solutions, which were prepared in buffers of different 
ionic strength (20, 40, 50, 60, 80, 100, 150 mM NaCl). The protein heparin solution was transferred to the plate and 
incubated for 2 hours. As control both proteins were incubated at 150 mM NaCl without addition of soluble heparin. 
Surface bound proteins were detected with polyclonal mouse IgG anti-hFHR5 antibody and HRP-conjugated rabbit 
IgG anti-mouse antibody, or with biotinylated polyclonal goat IgG anti-hFH antibody and streptavidin-conjugated 
HRP. The optical density is displayed as percentage of FH or FHR5 binding using as 100% the optical density 
values of FH or FHR5 controls (grey bars). A. FHR5 surface binding was reduced by 80% at 150 mM NaCl; binding 
was further reduced by decreasing the ionic strength. No binding was observed for NaCl concentration at 50 mM 
and below. B. Surface binding of FH was inhibited by addition of heparin at 100 or 150 mM NaCl. Reduced binding 
was observed for at 80 mM NaCl and decreasing further by lowering the ionic strength. Strongest inhibition was 
obtained at 20 mM NaCl.   
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Fig 6.11. Inhibition of FHR5 (A) and FH (B) binding to surface-immobilised heparin using fluid-phase GAGs 

Heparin (blue curve), mucosal HS (pink curve), kidney HS (cyan curve), CSA (yellow curve), CSC (orange curve) 
and DS (green curve) and HA (black curve). Heparin binding-plates were incubated overnight with 100 µl heparin 
(20 µg/mL). FHR5 solution at 1.56 µg/mL was pre-incubated with increasing GAG concentrations (10, 20, 40, 80, 
160, 320 µg/mL) for 1 hour, transferred to the plate and incubated for 2 hours. The protein and the GAGs were 
diluted in buffer containing 150 mM NaCl. Surface-bound FHR5 was detected with polyclonal mouse IgG anti-
hFHR5 antibody and HRP-conjugated rabbit IgG anti-mouse antibody. FH (500 ng/mL) was pre-incubated with 
increasing heparin concentrations (10, 20, 40, 80, 160, 320 µg/mL) for 1 hour, transferred to the plate and incubated 
for 2 hours. The protein and GAGs were diluted in buffer containing 20 mM NaCl. Surface bound FH was detected 
with biotinylated polyclonal goat IgG anti-hFH antibody and streptavidin-conjugated HRP. The optical density is 
displayed as percentage of FHR5/FH binding using as 100% the optical density values of FHR5/FH in the absences 
of soluble GAGs. For both proteins, soluble heparin showed best inhibition of the surface binding, followed by 
intestine mucosa HS, bovine kidney HS, DS, CSC, and CSA. No inhibition was seen for HA.   
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6.2.5. FHR5 and FH require different chain lengths for binding to soluble heparin 
 
FH harbours two GAG binding sites, one located in SCR767 and the second in SCR2068 of the 

surface-targeting domain. The GAG binding domain of FHR5 is predicted to be within the 
carboxy-terminal SCR8 and SCR9. Because the protein is expressed as an obligate dimer72, 

there are two binding sites present per molecule. To determine how the two binding sites in 
each molecule influence the interaction with GAGs, I generated heparin oligomers. The full-

length heparin was depolymerised using heparinase I as described in chapter 4. To assess 

the minimal chain length requirement for binding, FHR5 and FH were pre-incubated with 
heparin oligomers and then the reaction mixture was transferred to heparin binding plates, 

which had been coated with heparin. The experimental ‘read-out’ was the surface binding of 
the proteins to the surface-immobilised heparin. The concentration of the oligomers was 

chosen at 160 µg/mL, which was based on the results obtained from the surface inhibition 
assay. As positive control, unfractionated heparin was used. For FHR5 the fluid-phase binding 

was carried out at 150 mM NaCl and for FH the salt concentration was adjusted to 20 mM 
NaCl. The fluid-phase binding of FHR5 to the heparin oligomers displayed a linear size-

dependent inhibition of the surface binding (Fig 6.12A). In the case of FH, a reduction in surface 
binding could only be observed for heparin oligomers larger than the octadecamer (18mer). 

The binding profile demonstrated that the reduction of signal intensity was related to the size 

of the oligomer (Fig 6.12B). Although the FH and the dimeric FHR5 molecule harbour two GAG 
binding sites the interaction with heparin was very different, demonstrating distinct affinities for 

varying heparin oligomers. It is noteworthy to mention that the observed binding of FH to fluid-
phase heparin does only occur at low ionic strength, unlike FHR5 that bound to the heparin at 

physiological salt concentrations. This as well indicates a higher affinity of FHR5 for heparin.  

 
  



Defining	the	Interactions	of	FHR5	with	GAG	polysaccharides	

	
	

233	

 
 

Fig 6.12. Inhibition FHR5 and FH binding to surface-immobilised heparin using fluid-phase heparin oligomers 

Heparin binding plates were incubated overnight with 100 µl heparin (20 µg/mL). FHR5 (500 ng/mL) and FH (150 
ng/mL) solutions were pre-incubated with unfractionated heparin (UFH) and heparin oligomers (6, 8, 10, 12, 14, 16, 
18, 20, ≥ 22mer) of 160 µg/mL for 1 hour, transferred to the plate and incubated for 2 hours. For the FHR5 binding, 
the protein and the heparin oligomers were diluted in buffer containing 150 mM NaCl. For FH, the salt concentration 
was reduced to 20 mM NaCl. Surface bound FHR5 was detected with polyclonal mouse IgG anti-hFHR5 antibody 
and HRP-conjugated rabbit IgG anti-mouse antibody.	Surface bound FH was detected with biotinylated polyclonal 
goat IgG anti-hFH antibody and streptavidin-conjugated HRP. A. FHR5 displayed size-dependent inhibition. With 
increasing chain length, the binding signal was reduced. B. FH inhibition was observed for heparin oligomers of 

sizes of 18mer and larger.    
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6.2.6. Binding of FH and FHR5 to immobilised C3b  
 
To determine whether the GAG interaction of FHR5 could influence the interaction of FH with 

C3b, I designed an assay to assess the interaction with both, C3b and the accessory 
carbohydrate ligand kidney HS.  

As my experimental ‘read-out’ was FH surface binding it was critical to use an anti-hFH 
antibody that did not recognise FHR5. In a direct ELISA two FH and one FHR5 targeting 

antibodies were assessed for cross-reactivity. The biotinylated polyclonal goat IgG anti-hFH 

antibody recognised FHR5 (Fig 6.13A). Using FHR5 surface binding as alternative read-out 

was no option, as the polyclonal mouse IgG anti-FHR5 antibody recognised FH (Fig 6.13B). 

However, the monoclonal mouse IgG anti-hFH antibody (OX-24) recognised FH as predicted, 

but did not cross-react with FHR5 (Fig 6.13C and D). The antibody (OX-24, Thermo Fischer) 
was raised against the four amino-terminal SCRs that possess C3 regulatory activity. FHR5 

lacks these domains, explaining the inability of this antibody to recognised FHR5. The 
experimental procedure is outlined in detail in methods section 2.14. 

  



Defining	the	Interactions	of	FHR5	with	GAG	polysaccharides	

	
	

235	

 
 

 

   
 
 

 
Fig 6.13. ELISA assessment of cross-reactivity of anti-hFH and anti-FHR5 to FHR5 and FH 

Microtiter plates were coated overnight with serial dilutions of FH and FHR5. Surface-immobilised FH and FHR5 
were incubated with biotinylated polyclonal goat IgG anti-hFH antibody and streptavidin-conjugated HRP; polyclonal 
mouse IgG anti-FHR5 antibody and HRP-conjugated rabbit IgG anti-mouse antibody; and monoclonal mouse IgG 
anti-hFH antibody (OX-24) and HRP-conjugated rabbit IgG anti-mouse antibody. A. The polyclonal goat-biotin anti-
hFH antibody showed dose-dependent binding to the surface-immobilised FHR5. B. Incubation of the anti-FHR5 
antibody on wells coated with FH displayed dose-dependent binding. C. Binding curves of monoclonal mouse anti-
hFH antibody (OX-24) dilution series (50, 100, 200, 500, 1000 ng/mL). The antibody bound dose-dependently to 
the surface-immobilised FH. For each dilution, the signal saturation was reached at 0.5 µg/mL of surface-
immobilised FH. The maximum signal intensity was reached at the antibody concentration of 500 ng/mL. D. Surface-
immobilised FHR5 was detected using a mouse anti-FHR5 antibody (curve circle). The incubation of FHR5 coated 
wells with 1µg/mL of the monoclonal mouse anti-hFH antibody (curve box) did not elicit any signal. This 
demonstrated that the monoclonal mouse anti-hFH antibody (OX-24) did not cross react with FHR5. 
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6.2.7. Preparation of a C3b and GAG coated surface 
 

In order to determine the effect of kidney HS on the ability of FH and FHR5 to bind to C3b I 

had to generate a surface coated with both ligands C3b and HS (methods section 2.14). To 
set up and optimise the coating conditions CSA, instead of HS, was used since I had a 

detection system for the chondroitin sulphates.  

To verify the integrity of C3b, the plasma-purified C3b was separated by reducing SDS-PAGE 

and the gel was following Coomassie stained. As size controls purified plasma-derived iC3b 
and C3d were loaded. The Coomassie staining demonstrated that the C3b was intact (Fig 

6.14A) and had not bee degraded to iC3b and C3d.  

CSA was tested at two concentrations (60 µg/mL and 120 µg/mL). C3b was tested at three 

concentrations (5 µg/mL, 10 µg/mL and 20 µg/mL). While the simultaneous coating did not 
affect the immobilisation of the CSA (Fig 6.14B), less C3b was absorbed to the surface. This 

was particularly pronounced for the 5 µg/mL level that displayed one third less binding than 
the control lacking CSA. The C3b signals were identical for the 60 µg/mL or 120 µg/mL 

concentration of CSA (Fig 6.14C).  

To estimate the FH optimal concentration required for the C3b binding competition assay, 
heparin-binding plates were coated with a solution of C3b (25 µg/mL) and kidney HS (40 

µg/mL). FH was titrated on the dually coated surface. The FH detection showed dose-

dependent FH binding to the surface. The signal was saturated at a concentration of 
approximately 1.25 µg/mL (Fig 6.14D).  
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Fig 6.14. Preparation of a dually coated C3b/GAG surface 

A. SDS-PAGE of plasma-derived C3b, iC3b, C3d. 5 µg of plasma-purified proteins were separated on an 8% 
reducing Coomassie gel. C3b displayed one band at approximately 100 kDa and a duplex band at 60kDa, these 
represent the intact alpha-prime and ß-chains of the C3b molecule. The iC3b showed three bands: the bands 
migrating at 39 kDa and beneath 60 kDa are the cleavage products of the α-prime chain. The band migrating of 60 
kDa resembles the ß-chain. C3d displayed one band migrating at 30 kDa. In section B and C heparin binding-plates 
were coated overnight with solutions of C3b (5, 10 and 20 µg/mL) and CSA (60 and 120 µg/mL). C3b was detected 
using HRP-conjugated polyclonal goat IgG anti-hC3 (1/500 dilution) antibody. Surface CSA was detected using CS-
56 (1/500 dilution) and HRP-conjugated rabbit IgG anti-mouse (1/1000 dilution) antibodies. B. The detection of 
surface CSA showed equal signals regardless of the presence or concentration of C3b. The dose of 120 µg/mL 
elicited the same signals as 60 µg/mL. C. In the presence of CSA less C3b was absorbed to the surface. For the 5 
µg/mL C3b level 30% less protein was bound to the surface, which was observed for both CSA concentrations. 
This effect was less pronounced for 10 and 20 µg/mL of C3b. The signal intensity was identical for both CSA 
concentrations. D. Heparin binding-plates were coated overnight with 25 µg/mL of C3b and 40 µg/mL kidney HS. 
The surface was incubated with 1:2 serial dilutions of FH (starting concentration of 20 µg/mL). Surface bound FH 
was detected using monoclonal mouse IgG anti-hFH (0.5 µg/mL) and HRP-conjugated polyclonal rabbit IgG anti-
mouse (1/1000 dilution) antibodies. FH displayed dose-dependent binding to the C3b/kidney HS surface.   
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For the competition experiment I wanted to use a FH concentration that would result in binding 

to the majority of the surface C3b, but not to the point of full saturation. Based on the titration 
on the C3b-kidney HS surface, I chose a FH concentration of 2.5 µg/mL. Using increasing 

doses of FHR5, I was able to show a dose-dependent reduction in FH binding to C3b (Fig 6.15, 
green curve). This dose-dependent reduction was greatly enhanced when the C3b coated 

surface also contained the kidney HS ligand. At an equimolar FHR5 to FH ratio, surface binding 
of FH was reduced by nearly 50% (Fig 6.15, red curve), whereas on the C3b only coated 

surface the FH surface-binging was lowered by 20%.  

In order to demonstrate the specific contribution of kidney HS, the binding completion was 
carried out on a dually coated surface, displaying C3b and HA. The surface coated with HA 

did not increase FH out-competition, compared to the C3b only surface (Fig 6.15, grey curve).  
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Fig 6.15. C3b binding competition between FH and FHR5 on C3b/GAG coated surfaces 

Wells of heparin-binding plates were coated overnight with (1) C3b (25 µg/mL green curves); (2) C3b (25 µg/mL) 
and kidney HS (40 µg/mL, red curve): (3) C3b (25 µg/mL) and (4) HA (40 µg/mL black curve). The C3b and 
C3b/GAG coated surfaces were incubated with FH at the concentration of 2.5 µg/mL (16 nM) and with increasing 
concentrations of FHR5 (938 ng/mL to 30 µg/mL, corresponding to 6.9-221 nM range, assuming dimeric FHR5). 
Surface bound FH was detected with monoclonal mouse IgG anti-hFH (1 µg/mL) and HRP-conjugated polyclonal 
rabbit IgG anti-mouse (1/1000 dilution) antibodies. The optical density is displayed as percentage of FH binding 
using as 100% the optical density values of FH in the absences of FHR5. On the surfaces coated with C3b (green 
curve) the addition of FHR5 resulted in dose-dependent decrease in the FH binding signal. On the surfaces coated 
with C3b and kidney HS (red curve) the incubation with increasing FHR5 concentration displayed dose-dependent 
reduction in FH binding but to a stronger degree than that seen on the C3b coated surfaces. The dose-dependent 

reduction in FH signal was not affected by co-coating the C3b with HA (grey curve).   
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6.3. Discussion 
 

The data presented in this chapter describes the biochemical interaction of recombinant 
human FHR5 and plasma-derived human FH with GAG polysaccharides using a plate-based 

assay for interrogation of binding.  

For FHR5 strongest binding was obtained to the positive control heparin and no binding was 

evident for the non-sulphated GAG HA. The comparison to FH displayed that both proteins 
bound to the GAGs in identical order and the interaction correlated with the degree of 

sulphation of the individual GAGs. Interestingly both proteins bound DS and the kidney HS 
equivalently. However, the results demonstrated a preference of FH for binding to the 

chondroitins. As a consequence of the different detection systems used for FHR5 and FH the 
data did not allow to draw any conclusion, which protein had the higher affinity to a particular 

GAG. The binding specificity of FH is in agreement with previously published data on GAG 
polysaccharide interaction69,126,127,261.  

Although both proteins displayed identical binding order to the individual GAG classes there 
are qualitative differences in the interaction with the GAGs. The binding to the selectively 

desulphated heparins displayed that the removal of the sulphate groups reduced FHR5 
binding. This finding is in accord with the observation that the protein binding depends on the 

degree of sulphation. However, the use of the selective desulphated heparins allowed 
investigating as to whether the presentation of the sulphate groups contributed to the 

interaction. The results demonstrated that the manipulation of the sulphation in the 

glucosamine residue markedly reduces the binding to FHR5. This observation was 
independent of the position, as removal of either the 6-O-sulphate or the N-sulphate elicited 

comparable signal intensities. For FH, the sulphation of the glucuronic acid did not seem to be 
essential for the binding to heparin, as the 2-O desulphated heparin displayed the same half-

maximal binding as the parent heparin. Yet, likewise to FHR5, the binding proved to be 
sensitive for removal of sulphate groups of the glucosamine. This could explain the finding that 

FH bound to the chondroitin sulphates, whereas FHR5 bound poorly.  

This specificity might also be explained by the sulphation pattern of the disaccharide units of 

the GAGs. Heparan sulphates and the chondroitins are sulphated at the hexosamine residue 
of the disaccharide unit. Heparin and DS have an additional sulphate in the uronic acid 

molecule. Considering these structural properties of the GAGs may explain the increased 
sensitivity noticed for the desulphated heparins, in case of FHR5. Yet, this would have to be 

verified by using selectively desulphated DS and selectively desulphated chondroitin 
sulphates.  
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The most striking contrast was the ability of both proteins to interact with GAGs in fluid-phase. 

FHR5 bound to GAGs at physiological salt concentrations. FH instead, did only interact with 
the GAGs at low ionic strength. A reason for this observation could be a higher affinity of FHR5 

to the GAGs. This finding is endorsed by a study demonstrating that the elution of FH from 
heparin columns occurs at lower ionic strength compared to that of264.  

Moreover, my results indicate that the FH molecule prefers a surface clustered presentation of 
the GAGs, displayed by the differential binding characteristics of surface bound versus soluble 

heparin. This might be a consequence of the structure of the protein. FH is a very flexible 
protein due to its assembly of SCRs linked by short peptide motifs, which allows a ternary 

complex formation with C3b, FI and the accessory carbohydrate ligands.  

In a study by Zaferani and co-workers285, fluid-phase inhibition of FH binding to immobilised 

heparin by GAGs correlated with the degree of sulphation. However, they performed their 
experiments at physiological sodium concentration and inhibition was observed at 

considerably lower GAG concentrations. In contrast to my system they used heparin-
conjugated BSA. The contrasting results could therefore be due to these different assay 

conditions.  

Another noteworthy observation was the alternating chain length requirement of the two 

proteins. The interaction of FHR5 with increasing chain length of heparin was linear, whereas 
FH did not bind to short oligomers. The data suggest co-operative binding of FH to heparin, 

while FHR5 displayed the expected avidity effect of the two GAG binding sites.  

To demonstrate the functional consequence of FHR5-GAG interaction on C3b regulation, I 
performed a C3b-binding competition assay between FH and FHR5, in the presence or 

absence of surface-immobilised kidney HS. The obtained data impressively displayed that the 
presence of kidney HS reduced FH binding to the plate surface, at equimolar ratio of FHR5 

and FH by twofold. HA instead was not able to elicit this effect. 

The molecular machnism that potentised the competition needs to be further investigated. My 

assumption is that FHR5 binds binds with a stronger affinity to kidney HS, and once bound to 
the HS the affinity to the C3b ligand increases as well. Based on these results, I hypothesis 

that FHR5 de-regualtes FH-function by binding to C3b as well as to host surface 
carbohydrates. 
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6.4 Conclusion 

 
In this chapter, I described the interactions of FHR5 and FH to surface-immobilsed GAG 

polysaccharides using a plate-based assay. As demonstrated, both proteins bound to 
sulphated GAGs, and displayed overlapping GAG ligand specificities. To assess the functional 

consequence of the shared ligand kidney HS, I perfomed C3b binding competitions in the 
presense of kidney HS. 

 
In summary: 

• FHR5 and FH GAG polysaccharide binding correlates with the degree of GAG 
sulphation  

• The sulphation pattern of the heparin influences FHR5 binding 

• FHR5 interacts with fluid-phase GAGs at physiological sodium concentration 

• FH interacts with fluid-phase GAGs at low ionic strength (20 mM NaCl) 

• FHR5 and FH have different chain length requirements for binding to fluid-phase heparin 
oligomers 

• Kidney HS binding of FHR5 increases the affinity to surface-bound C3b, thereby 
increasing FH out-competition 
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Conclusion  
 
My doctoral thesis derived from research that unravelled a mutation in the CFHR5 gene, which 

correlated with the disease pathology of C3GN146. At the time of the identification, parts of the 

research community believed that the FHR5 and the other FH-related proteins contributed to 
complement regulation. However, further research showed that FHR1, FHR2 and FHR5 lacked 

intrinsic complement regulatory activity72. Moreover, these proteins, by competing with the 
negative regulator FH for binding to C3b, actually promoted complement activation. This 

process was termed FH de-regulation72,78.  
 

The hypothesis of my project was that the binding of FHRs to host surface carbohydrates will 
de-regulate surface regulation by FH, as they will compete with FH for the same surface 

carbohydrate ligands. To test my hypothesis, I explored FH, FHR1, FHR2 and FHR5 binding 
to carbohydrates using the NGL-based carbohydrate microarray technology established by my 

supervisor Ten Feizi. The aim of my work was to determine GAG and sialo-glycoconjugates 

ligands for the FHRS and gain information into the molecular mechanism of any potential 
interaction. 

 
In the duration of my project I was able to determine novel carbohydrate ligands for FH, FHR1, 

FHR2 and FHR5. In total, I screened the interaction of these four proteins to over 200 
microarray probes. Using the method of carbohydrate array technology, I was able to unravel 

novel GAG ligands for FHR1, FHR2 and FHR5; to demonstrate for the first-time binding of 
FHR1, FHR2 and FHR5 to sialylated carbohydrate oligosaccharides and, in case of the di-

sialyl T antigen (DST), to define a sialylated carbohydrate ligand shared among all four 

proteins.  
For my analyses, I expressed human recombinant FHR1, FHR2 and FHR5 in human 

embryonic kidney cells and used commercially sourced plasma-purified FH. Due to the 
relatively high abundance of FH in human plasma (2.1 uM)286 and the commercial availability, 

I decided to purchase FH. The median plasma concentration of FHR5 ranges around 700 
nM72,264. Due to the significantly lower concentration in plasma, I chose not to purify human 

plasma FHR5, but recombinantly express and purify human FHR5. In case of FHR1, the 
plasma concentration (2 µM)77 would have potentially enabled purification from plasma, but 

this would have required supply of human sera. At the start of my project the plasma 
concentration had not been determined for the FHR2 protein. During my research, a study was 

published demonstrating two-fold higher mRNA transcript levels of the CFHR2 gene compared 
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to that of the CFH gene detected in liver specimens287. This might translate into a plasma 

concentration of about 4 µM, as the liver is primary site of protein expression. However, the 
authors of the study stated that there was a low correlation between the liver mRNA values 

and observed plasma concentration, demonstrated at the example of FHL1. Based on these 
circumstances and because of the better comparability between the related proteins, I chose 

to use recombinant FHR1 and FHR2.  
 

 

7.1. Identification of FHR1, FHR2 and FHR5 GAG ligands  
 
The interactions of FH with sulphated GAGs and sulphated glucans288 have been studied for 
many years. Historically, these interactions were collectively referred to as FH binding to 

polyanions.91 This was based on the negative charge introduced by the sulphate groups in 
GAGs, and consequently the binding sites in FH responsible for the interaction were referred 

to as polyanion-binding sites. These interactions included the binding of the surface-targeting 
domains of FH and the FHRs to heparin67,68,277. Apart from binding to keratan sulphates and 

HA, FH binding has been described for all other GAG classes.289,290 Starting from this 
information, I interrogated the binding of FH and the related proteins to a pre-selected panel, 

including chondroitins. My main interest was to interrogate whether the proteins would bind to 

HS and DS, respectively. HS is the predominant GAG in the GBM. It is the glycan moiety of 
the HSPGs agrin, collagen type XVIII and perlecan. However, in perlecan, HS can be 

occasionally substituted for DS. CSA and CSC were included as they are structurally closely 
related to DS. Heparin was used as positive control, based on previous studies that 

demonstrated interactions of all four proteins to heparin affinity columns72,77,264. As a negative 
control, I chose to include the non-sulphated GAG HA, which does not function as binding 

partner for FH261. 

The screening analyses of the FHRs displayed that all four proteins interacted with sulphated 

GAGs. The interaction with the GAG oligosaccharides on the microarray correlated with the 
degree of GAG sulphation. The strongest signals were elicited with heparin, which was the 

most highly sulphated GAG used in the screening analysis. With decreasing sulphate content 
of an individual GAG the binding ability of the analysed proteins reduced. This observation was 

in accord with my hypothesis that the total sulphation, paralleled by total net negative charge 
of a GAG, would drive the binding interaction. Clark and colleagues demonstrated that FH 

interacted more strongly to higher sulphated (more negatively charged) GAG molecules126,127. 
My data obtained for the binding of plasma-derived FH to GAGs mirrored the data Clark and 

colleagues published for plasma FH strongly. The results obtained for FH, gave me confidence 



Conclusion	

	
	

246	

in my binding data obtained for the FHR proteins. However, I observed relatively weak binding 

to the HS probes on the microarray. This was perhaps a consequence of the limited availability 
of size-defined HS oligosaccharides. We could only incorporate short oligomers of HS into the 

array. The reason for this arises from the complex purification of HS oligosaccharides. In a HS 
chain the majority of the protein is non-sulphated. The non-sulphated regions are termed NA-

domains and their disaccharide unit is composed of GlcA-GlcNAc units. The NA-domains are 
interspersed by highly sulphated domains, referred to as NS-domains, which display IdoA-

GlcNAc units. These two domains are joined together by a short region of mixed sulphation 

(NS/NA domain)291. Depolymerisation of the HS chains results in a complex mixture of 
oligosaccharides species with differential sulphation pattern. Due to the heterogeneity, it is only 

feasible to purify short chain oligomers up to the hexasaccharide size. In an attempt to 
generate new HS oligomers for the preparation of NGL probes, I purchased porcine intestinal 

HS.  
My colleague Nian Wu and I enzymatically depolymerised and purified the oligosaccharides. 

Subsequent structural analysis of HS oligosacchrides revealed an aberrantly high percentage 
of glucosamine residues in the sequence oligosaccharides258. Usually the glucosamine residue 

is either N-sulphated or N-acetylated. Any structural differences between individual HS 

preparations are highly likely to translate into altered binding of proteins.  
 

 

7.2. Differential interaction of FHR5 and FH with GAG molecules 
 
As patients with CFHR5 nephropathy have a homozygous mutation in the CFHR5 gene, my 

main emphasis was to dissect the interaction of the FHR5 protein to surface carbohydrates. 
After the successful identification of GAG ligands for the related proteins, it was my objective 

to verify and validate the obtained results by an alternative methodology. Inspired by the work 
of Clark and colleagues, I established a plate-based microtiter assay to assess the interaction 

of FHR5 with GAGs. I decided to interrogate the binding to GAG polysaccharides. I made this 
choice on the basis that GAG polysaccharides display a secondary structure. Similarly, to DNA, 

they can be presented as in form of a twisted helix which has been structurally resolved for HS 

and heparin292. The results of the plate-based assay confirmed the microarray data in terms of 
preferential interaction of FHR5 and FH to highly sulphated GAGs. The confirmed binding 

correlation to the degree of GAG sulphation prompted me to investigate whether the sulphate 
positioning at the saccharide backbone contributes to protein-carbohydrate interaction. Using 

selectively de-sulphated heparins as model system I was able to show that not only the total 
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amount of sulphates per polysaccharide contribute to binding, but also that the pattern of the 

sulphates in the polysaccharide influences binding. 
 

The binding data for FHR5 and FH to surface-immobilised GAGs were very comparable. This 
however changed significantly when I assessed the ability of the proteins to bind to GAGs in 

the fluid-phase. The results showed a difference in the binding ability to soluble GAGs that was 
dependent on the ionic strength of the buffer system used. While FHR5 bound at physiological 

sodium concentration (150 mM), FH bound only after I had markedly reduced the ionic strength 

of the assay buffer. This differential binding characteristic encouraged me to investigate the 
binding to oligosaccharides. Based on the observations from the microarray analyses the 

binding strength of the proteins did not increase with increasing chain-length. In the second 
assay, the binding ability of varying heparin chain lengths was assessed in fluid-ohase. In this 

set of experiments, I obtained size-dependent binding of both proteins. For FH, a minimum 
chain-length requirement was necessary, of the approximate size of octadecameric heparin, 

to observe fluid-phase binding. In contrast, FHR5 demonstrated binding to sizes of hexameric 
heparin and larger.  

It is noteworthy to mention that the FH interaction to the heparin oligosaccharides was only 

obtained at low salt concentrations. The conclusion from this set of data was that (1) both 
proteins bound well to surface-clustered GAGs (as would be seen in vivo on cell membranes 

or basement membranes), but (2) only FHR5 possessed the ability to bind physiologically to 
soluble GAGs.  

Unfortunately, it was not possible to perform the polysaccharide-binding assay with FHR1 and 
FHR2, as the plates needed for this specific assay were discontinued by the manufacturer. A 

possible alternative would have been to establish an assay using biotinylated GAGs and 
streptavidin functionalised microtiter plates. Yet, the use of randomly biotinylated GAGs, using 

hydroxyl groups as acceptor site for the conjugation, can potentially influence the interaction 
to binding partners261. However, due to time limitations, it was not feasible to prepare 

biotinylated versions of the GAG set and to establish and optimise a new assay.  

 
 

7.3. Heparan sulphate binding of FHR5 increases affinity to surface-bound C3b 
 
I assessed the functional relevance of FHR5 binding to surface-clustered GAGs in an 

experiment to compete binding of FH to surface-immobilised C3b. As HS is the predominant 
GAG in the GBM168, I chose to generate a surface with either C3b, or a dually coated surfaces 

containing C3b and kidney HS. On the dually coated surface, I was able to show a dose-
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dependent reduction in FH binding to C3b, which was markedly increased compared to a 

surface coated with C3b alone. This data indicates that FHR5 proteins interacts more strongly 
with host surface that express HS and show deposition of C3b than FH, and may resemble to 

a certain extend the process that occur on the GBM in CFHR5 nephropathy patients. Our 
current understanding is that the binding of FHR5 to C3b blocks binding of FH, while at the 

same time enables the formation of AP C3 convertases, which leads to complement activation 
on the FHR5 targeted surface72.  

 

 

7.4. Identification of FH, FHR1, FHR2 and FHR5 sialo-glycoconjugate ligands  
 
The essential modulatory role of sialo-glycoconjugates in complement regulation has been 
observed as early as 1978293. The treatment of sheep erythrocytes with sialidase rendered 

previously serum-resistant erythrocytes to serum-sensitive in normal human serum. The 

haemolysis was induced by surface complement activation, through C3b deposition, as 
consequence of inadequate FH surface-regulation294. From the data, it was inferred that the 

complement dysregulation was due to impaired surface-targeting of FH, as the only 
modification was the liberation of negatively charged sialic acid molecules from the erythrocyte 

surface. Rabbit erythrocytes, which do not endogenously express sialo-glycoconjugate, lyse 
in normal human serum294. By studying truncated FH mutants, the sialic acid binding site was 

mapped to reside within SCR domains 19 and 20295. Despite the vital relevance of sialo-
glycoconjugates as host surface markers, little structural information on the structural basis of 

these interactions was available.  
The first sequence data was obtained by studying the complement evasion mechanisms of 

Neisseria. Neisseria meningococcus and gonococcus protect themselves from complement 

“attack” by recruiting FH to their surfaces296,297. The meningococcal strains express a factor H-
binding protein (fHbp) that forms a strong salt bridges with basic amino acid residues within 

SCR6 of FH, with an average affinity of 5 nM279. The meningococcal protein mimics the 
negative charges of sulphated GAG molecules in order to interact with heparin binding-site in 

SCR6-7 of FH. Neisseria gonococcus strains have developed two approaches to recruit FH to 
the cell surface. Serum-resistant strains bind to FH via the membrane protein porin	PorB.1A298, 

whereas serum-sensitive gonococcal strains rely on the dual interaction of prion PorB.1B and 
an α2-3 linked sialo-glycoconjugate with FH in order to evade complement-mediated lysis299. 

The structure of the pentasaccharide was determined as sialyllacto-N-neotetraose sequence 
of gonococcal LOS. The LOS terminating sialyllacto-N-neotetraose sequence is identical to 

the human ganglioside paragloboside, which is expressed on erythrocyte surfaces300,301. 
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Recently, Blaum and colleagues demonstrated epitopes of sialyl-glycoconjugate ligands for 

FH as trisaccharide sequence of Neu5Acα2-3Galβ1-4Glc and Neu5Acα2-3Galβ1-4GlcNAc, 
respectively302. Based on their saturation transfer difference (STD) nuclear magnetic 

resonance (NMR) analyses they concluded that the minimum binding epitope for FH to 
sialylated glycans consisted of the sequence Neu5Acα2-3Gal and that the binding kinetics for 

the protein-carbohydrate interaction falls into the low mM range.  
 

My results for the identification of sialo-glycoconjugate ligand for FH and the FHR proteins 

partly overlap with the published data by Blaum and colleagues. In my initial FH screening 
analyses, I observed relatively weak binding to sialyl-glycoconjugates containing the 

Neu5Acα2-3Gal and Neu5Acα-6Galß-4GlcNAc. However, in the second analysis I was not 
able to reproduce that data. This could be due to the different array set used in the second 

analysis. Consistent between both FH analyses was the interaction to the DST glycan of the 
sequence Neu5Acα-3Galß-3 (Neu5Acα2-6)GalNAc. In contrast to the data of Blaum and 

colleagues, my initial ligand screening demonstrated binding to α2-6 sialyllactosamine. 
According to their crystal structure data of co-crystallised recombinant FH fragment FH19-20 

and C3d, soaked with Neu5Acα2-3Galβ1-4Glc and Neu5Acα2-6Galßβ1-4Glc, the α2-6 did 

present weak electron density for Neu5Ac and the connected Gal. Together with the STD NMR 
data they concluded that the binding of FH to α2-6 linked sialyllactose is less favourable and 

therefore the recognition of sialylated glycans is also reliant on the glycosidic linkage of the 
Neu5Ac saccharide. From the structural data in conjunction with point mutagenesis analysis 

they further concluded that the amino acids W1183 and R1215 with FH SCR20 are essential 
for the binding of sialyl-glycoconjugates.  

 
It is noteworthy to mention, that not only the underlying glycan sequences of sialio-

glycoconjugates determine recognition, but also the structure of the conjugated sialic acid 
molecule itself. As demonstrated for FHR1, FHR2 and FHR5 the substitution of a 4-O-acetyl 

group in a sialyllactose sequence by a methyl group dramatically decreased binding of the 

FHRs in the microarray analyses (NGLs no. 15/20, chapter 5 Fig 6.11/6.12). This observation 
is supported through a study published by Shi et al, who demonstrated that the 9-O-acetylation 

of sialic acids in murine erythroleukemia (MEL) cells, presented by mucin-like 
glycopeptides/proteins and the glycolipid GD3

303, prevented interaction with FH and thus 

resulted in AP complement mediated lysis in normal human serum. While 9-O-deacetyladet 
sialic acids rendered MEL cells resistant to normal human serum304. This result is particularly 

of interst regarding renal complement regulation, as Klein et al have demonstrated that rat 
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glomeruli exhibite strong immunohistochemical staining of the influenza C hemagglutinin-

esterase, which specifically binds to 9-O-acetylated sialic acids of glycoconjugates305.  
 

My work is the first study to identify sialyl-glycoconjugates ligands for FHR1, FHR2 and FHR5. 
Among the related proteins the strongest binding signals were obtained for ligands containing 

the sequences of sialyllactose and sialyllactosamine, including both sialyl linkages. These 
interactions might be relevant for the inappropriate C3 deposition along the GBM observed in 

CFHR5 nephropathy patients, but also in connection with aHUS.  

The deletion of the CFHR1 and the CFHR3 genes is a common genetic risk factor for aHUS306. 
The deletion of theses to genes correlates with the presence of anti-FH autoantibodies typically 

targeting FH SCR19-20 domains, resulting in defective FH-surface binding99. More interesting 
in term of surface complement dysregulation is the FH-FHR1 hybrid protein that comprises 

SCRs1-18 of FH and SCRs4-5 of FHR1. This hybrid protein lacks the ability to bind to the 
surface of endothelial cells and thus cannot regulate complement activation on the surface. 

The impaired surface binding of the protein is remarkable, as the tow proteins share 97% 
sequence identity among their terminal SCRs, differing only in two amino acids.  

The FHR1 sequence displays a leucine for serine and an alanine instead a valine residue at 

positions 290 and 296 in SCR5, which correspond to positions 1,191 and 1,197 in SCR20 of 
FH. Thus, the substitution of these two amino acids might cause the impaired surface-binding 

of the FH-FHR1 hybrid protein seen in aHUS patients. The sialyl-glycoconjugate array data 
demonstrated a clear difference in the binding pattern of FH and FHR1. However, it was the 

FHR1 protein that interacted with more sialyl ligands than the FH protein. This is a very 
intriguing observation, implying that the difference of two amino acids in SCR5 of FHR1 in fact 

results in differential surface binding of FH and FHR1  
Like FH, all three FHRs bound to the DST tetrasaccharide. Further investigation will be 

necessary to determine whether or not this shared ligand has any functional relevance.  

 

 

7.5. Exploratory screening analysis of bacterial polysaccharides ligands for FH, FHR1, FH2 
       and FHR5 
 
Multiple pathogens have evolved strategies to evade complement-mediated lysis through 

molecular mimicry of complement regulators, or the recruitment of complement regulatory 
proteins to their surfaces. An example of the latter is the Neisserial fhbp, which interacts with 

high affinity with FH279. The biological roles of the FHR proteins remain unclear. A tempting 
hypothesis for the existence of the FHR proteins is that their primarily function lies in 
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complement activation on pathogens. Consistent with this, FHR3 has been demonstrated to 

bind to Neisserial fHbp and thereby result in reduced recruitment of FH to the bacterial surface 
and increased lysis in serum307. So, the fate of the pathogen depends on the relative 

abundance of FH and FHR3.  
In exploratory microarray analyses, I interrogated binding of FH, FHR1, FHR2 and FHR5 to 

sialic acid and sialic acid-like containing bacterial polysaccharides provided by Dr Yuri Knirel. 
In case of the FH, FHR1 and FHR2 these initial binding analyses were inconclusive, as the 

used detection system resulted in non-specific interaction with the polysaccharides of the 

array. However, for FHR5 some binding was detected to the polysaccharide isolated from 
Acinetobacter baumannii, which contains the sialic acid-like saccharide legionaminic acid. 

These findings are very preliminary and will require further investigation. Confirmation of this 
findings however, would demonstrate a novel example for a site-directed complement 

activation on bacterial surfaces, such as demonstrated for FHR3 on Neisserial meningococci 
strains, but driven by a protein-carbohydrate instead of a protein-protein interaction.  

 
 

7.6. Prospective studies  
 
 
7.6.1. Interrogate interaction of FHR1 and FHR5 binding to sialyllactosamine ligands in a C3 

 activation assay  
 
The microarray screening analyses of FH and the FHRs demonstrated binding to sialylated 

oligosaccharides. To verify these initial results, I designed a plated-based experiment to 
immobilise biotin functionalised sialyllactosamine to streptavidin-coated plates and to 

interrogate the binding of FH and the FHRs. In a subsequent assay the ability of the FHRs to 

compete with surface bound C3b in the presence of the sialyllactosamine ligand should be 
assessed. This experimental setup would be analogous to the binding competition assay using 

C3b and HS coated surfaces, described in chapter 6. To determine whether the binding of the 
FHRs will promote complement activation and thus de-regulate FH function, the assay would 

have to include a readout for complement activation. Activation could be monitored by 
measuring fluid-phase C3a fragments, which are liberated in the proteolytic cleavage of C3, or 

the depletion of FB that assembles into the AP C3 convertase during AP activation. For initial 
experiments, it would be favourable to use purified complement components rather than 

human serum, as this requires the establishment of a complex assay system. However, after 
successful establishment of an activation assay it would strengthen the data showing similar 

results using human serum samples.  
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7.6.2. Assess increase of complement activation on the surface of Acinetobacter baumannii   
 induced by FHR5 binding 

 
The positive binding of FHR5 to the polysaccharide of Acinetobacter baumannii in the 
screening analysis should be confirmed in a second round of analyses including heparin and 

sialyllactosamine as positive control. If possible, FHR5 should be assessed for bactericidal 
function against Acinetobacter baumannii 1420. Therefore, the bacteria would be preincubated 

with a defined amount of FHR5 and then added to normal human serum. Survival of bacteria 

would be determined by plating solutions of FHR5 incubated Acinetobacter baumannii and 
normal human serum on agar plates and compared this condition to a solution of Acinetobacter 

baumannii in normal human serum.  

 
 
7.6.3. Assessment of heparin and heparin mimetics for fluid-phase binding of FHR5 

 
The GAG binding analyses using the plate-based assay demonstrated differential interaction 

of FH and FHR5 with fluid-phase GAG polysaccharides and oligosaccharides. This set of data 
is very exciting, as it demonstrates that the proteins interact with GAGs based on the 

presentation of the ligands. Although, I was not able to determine GAG binding kinetics for FH 

and FHR5, I predict from my results that the FHR5 proteins will display higher affinities towards 
sulphated GAGs. Firstly, in the titration experiment, using the GAG microarray, no dose effect 

was observed for FHR5, whereas reduction in binding intensity was obtained for FH. Secondly, 
only FHR5 has the ability to bind soluble GAGs at physiological sodium concentrations.  

This is in accord with published data, which states that FH is eluted from heparin affinity 
columns with sodium concentrations of approximately 150 to 200 mM NaCl280. McRae and 

colleagues demonstrated that FHR5 eluted from a heparin affinity column at markedly higher 
sodium concentrations: around 300-350 mM NaCl264.  

To further characterise the interaction of these two proteins it would be necessary to measure 
the binding kinetics to surface-immobilised GAGs using surface plasmon resonance analysis; 

and binding to soluble GAGs using isothermal titration calorimetry. By this means my binding 

data derived from the plate-based assay could be verified. GAG oligosaccharides, or possible 
GAG mimetics could be explored for therapeutic use.  
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What might be the relevance of my findings to human disease?  

In CFHR5 nephropathy the characteristic manifestation is the inappropriate sub-endothelial 

deposition of C3 fragments along the GBM146. Human FHR5 co-localises with pre-existing 
mouse GBM C3 fragments in a mouse model of C3 glomerulopathy72. The interaction of FHR5 

with GBM C3 may depend on interaction with GBM-associated polyanions and could be 
influenced by circulating FHR5 concentrations. Based on my data, further experiments could 

explore if the promotion of fluid-phase polyanion binding could reduce or prevent the interaction 

of FHR5 with renal C3.  
In a pilot experiment, FH-deficient mice injected with FHR5 could receive a co-administration 

of heparin, HS or dextran sulphate to monitor whether the plasma concentration of FHR5 can 
be reduced and to mitigate binding to the GBM. 

However, heparin and HS possess anticoagulant activity by interacting with antithrombin III 
and factor Xa. In addition, therapeutic heparins interact with multiple receptors and proteins on 

cell surfaces and thus result in short plasma half-lives. Depending on the dosage, heparin is 
cleared from plasma within 2.5 hours308. 

To test the in vivo binding of FHR5 to fluid-phase GAGs it would be favourable to use novel 
heparin molecules with an increase bioavailability, which possess a chemically modified 

sequence lacking 3-O sulphate groups in the glucosamine. 3-O sulphate groups are required 

for the interaction with antithrombin III. Promising data using chemically modified heparins as 
inhibitors have been recently published by Duckworth et al demonstrating that the metastasis 

promoter galectin-3 interacts with modified heparins, and that this interaction resulted in a 
decline of the galectin-3 bioactivity309. It would be very tempting to try to assess whether a 

heparin derivative could possess a similar effect for FHR5, as demonstrated for galectin-3. 
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Appendix 
 
Table	A1.	Probe	list	GAG	oligosaccharide	array	Set	6	

Chart	Position	 NGL	Probe	 Chart	Position	 NGL	Probe	
1	 HA-S4	 24	 DS-18-AO	
2	 HA-S6	 25	 DS-20-AO	
3	 HA-S8	 26	 CSC-2-AO	
4	 HA-S10	 27	 CSC-4-AO	
5	 HA-S12	 28	 CSC-6-AO	
6	 CSA-2-AO	 29	 CSC-8-AO	
7	 CSA-4-AO	 30	 CSC-10-AO	
8	 CSA-6-AO	 31	 CSC-12-AO	
9	 CSA-8-AO	 32	 CSC-14-AO	
10	 CSA-10-AO	 33	 CSC-16-AO	
11	 CSA-12-AO	 34	 CSC-18-AO	
12	 CSA-14-AO	 35	 CSC-20-AO	
13	 CSA-16-AO	 36	 Hep-2-AO	
14	 CSA-18-AO	 37	 Hep-4-AO	
15	 CSA-20-AO	 38	 Hep-6-AO	
16	 DS-2-AO	 39	 Hep-8-AO	
17	 DS-4-AO	 40	 Hep-10-AO	
18	 DS-6-AO	 41	 Hep-12-AO	
19	 DS-8-AO	 42	 Hep-14-AO	
20	 DS-10-AO	 43	 Hep-16-AO	
21	 DS-12-AO	 44	 Hep-18-AO	
22	 DS-14-AO	 45	 Hep-20-AO	
23	 DS-16-AO	 NA	 NA	
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Table A2. List of oligosaccharide probes in Array Sets 40 & 41 bis 
Position Probe Structure 

1	 Lac-AO	 Galß-4Glc-AO 
2	 LacNAc-AO	 Galß-4GlcNAc-AO 
3	 LNT	 Galß-3GlcNAcß-3Galß-4Glc-DH 
4	 LNnT	 Galß-4GlcNAcß-3Galß-4Glc-DH 

5	 LNFP-III	
Galß-4GlcNAcß-3Galß-4Glc-DH 
      │ 
 Fucα-3 

6	 NA2	

Galß-4GlcNAcß-2Manα-6 
                    │ 
                    Manß-4GlcNAcß-4GlcNAc-DH 
                    │ 
Galß-4GlcNAcß-2Manα-3 

7	 GM4	 NeuAcα-3Galβ-Cer 
8	 GM3	 NeuAcα-3Galß-4Glcß-Cer 
9	 GM3(Gc)	 NeuGcα-3Galß-4Glc-Cer 
10	 Haematoside	 NeuAcα-3Galß-4Glcß-Cer 
11	 NeuAcα-(3')Lac-AO	 NeuAcα-3Galß-4Glc-AO 
12	 GSC-199	 KDNα-3Galβ-4Glcß-C30 
13	 NeuAcß-(3')Lac-AO	 NeuAcß-3Galß-4Glc-AO 
14	 Neuα-(3')Lac-AO	 Neuα-3Galß-4Glc-AO 
15	 Neu4,5Ac-(3')Lac-AO	 4O-AcNeuAcα-3Galß-4Glc-AO 
16	 GSC-75	 (4-deoxy)NeuAcα-3Galß-4Glcß-Cer36 
17	 GSC-76	 (7-deoxy)NeuAcα-3Galß-4Glcß-Cer36 
18	 GSC-77	 (8-deoxy)NeuAcα-3Galß-4Glcß-Cer36 
19	 GSC-51	 (9-deoxy)NeuAcα-3Galß-4Glcß-Cer36 
20	 GSC-78	 (4-OMe)NeuAcα-3Galß-4Glcß-Cer36 
21	 GSC-79	 (9-OMe)NeuAcα-3Galß-4Glcß-Cer36 

22	 GSC-161	
NeuAcα-3Galß-4Glcß-C30 
              │ 
         Fucα-3 

23	 NeuAcα-(3')LN1-3-AO	 NeuAcα-3Galß-3GlcNAc-AO 
24	 NeuAcα-(3')LN-AO	 NeuAcα-3Galß-4GlcNAc-AO 

25	 SA(3')-Lea-Tri-AO	
NeuAcα-3Galß-3GlcNAc-AO 
              │ 
         Fucα-4 

26	 SA(3')-Lex-Tri-AO	
NeuAcα-3Galß-4GlcNAc-AO 
              │ 
         Fucα-3 

27	 GSC-440	
NeuAcα-3Galß-4GlcNAcß-C30 
              │ 
         Fucα-3 

28	 GSC-512	
4O-AcNeuAcα-3Galß-4GlcNAcß-C30 
                 │ 
            Fucα-3 

29	 GSC-513	
9O-AcNeuAcα-3Galß-3GlcNAcß-C30 
                 │ 
            Fucα-4 

30	 GSC-511	
9O-AcNeuAcα-3Galß-4GlcNAcß-C30 
                 │ 
            Fucα-3 

31	 GSC-479	
NeuAcα-3Galß-4GlcNAcß-3Galß-C30 
              │ 
         Fucα-3 

32	 GSC-105	
NeuAcα-3Galß-4GlcNAcß-3Galß-Cer36 
              │ 
         Fucα-3 

33	 GSC-177	
NeuGcα-3Galβ-4GlcNAcβ-3Galß-Cer36    
              │  
         Fucα-3 

34	 GSC-341	
KDNα-3Galβ-4GlcNAcβ-3Galß-C30 
            │  
       Fucα-3 

35	 GSC-257	
NeuAcα-3(4,6-deoxy)Galß-4GlcNAcß-3Galß-Cer36 
                         │ 
                    Fucα-3 

36	 GSC-175	
NeuAcα-3(4-deoxy)Galß-4GlcNAcß-3Galß-Cer36 
                       │ 
                  Fucα-3 

37	 GSC-176	
NeuAcα-3(6-deoxy)Galß-4GlcNAcß-3Galß-Cer36 
                       │ 
                  Fucα-3 
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38	 GSC-272	 NeuAcα-3Galβ-3GlcNAcβ-3Galβ-4Glcß-C30 
39	 GSC-273	 NeuAcα-3Galβ-4GlcNAcβ-3Galβ-4Glcß-C30 
40	 GSC-396	 NeuGcα-3Galβ-3GlcNAcβ-3Galβ-4Glcß-C30 
41	 Sialylparagloboside	 NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer 
42	 GSC-31	 NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 

43	 GSC-516B	
Neuα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
            │ 
         SU-6 

44	 C4U	
NeuAcα-3Galβ-4GlcNAcβ-3Galβ-3GlcNAc-DH 
              │        │     │ 
           SU-6     SU-6  SU-6 

45	 SA(3')-LNFP-II	
NeuAcα-3Galß-3GlcNAcß-3Galß-4Glc-DH 
              │ 
         Fucα-4 

46	 GSC-64	
NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

47	 GSC-533	
NeuAcα-3Galß-4GlcNß-3Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

48	 GSC-149	
KDNα-3Galβ-4GlcNAcβ-3Galβ-4Glcß-Cer36 
            │  
       Fucα-3 

49	 GSC-472	
Neuα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
            │ 
       Fucα-3 

50	 GSC-268	

     SU-6 
        │ 
NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

51	 GSC-268	deNAc	

   SU-6 
      │ 
Neuα-3Galß-4GlcNß-3Galß-4Glcß-Cer36 
            │ 
       Fucα-3 

52	 GSC-269	

           SU-6 
              │ 
NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

53	 GSC-406	

         SU-6 
            │ 
Neuα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
            │ 
       Fucα-3 

54	 GSC-270	

     SU-6  SU-6 
        │     │ 
NeuAcα-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

55	 GSC-221	
NeuAcα-3Galß-4GlcNAcß-3Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
                             │ 
                        Fucα-3 

56	 MSMFLNH	

        Galß-4GlcNAcß-6 
              │       │ 
         Fucα-3       Galß-4Glc-DH 
                      │ 
NeuAcα-3Galß-3GlcNAcß-3 

57	 A2F(2-3)	

NeuAcα-3Galß-4GlcNAcß-2Manα-6         Fucα-6 
                            │              │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-3Galß-4GlcNAcß-2Manα-3 

58	 P22-1	(GTP	3N(2,3)-
3A(2,6)+F)	

 NeuAcα-3Galß-4GlcNAcß-6 
                       │ 
NeuAcα-3Galß-4GlcNAcß-2Manα-6         Fucα-6 
                            │              │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-3Galß-4GlcNAcß-2Manα-3 
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59	 P6-1	(GTP	4N(2,3)-
4A+F)	

 NeuAcα-3Galß-4GlcNAcß-6 
                       │ 
NeuAcα-3Galß-4GlcNAcß-2Manα-6         Fucα-6 
                            │              │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-3Galß-4GlcNAcß-2Manα-3 
                       │ 
 NeuAcα-3Galß-4GlcNAcß-4 

60	 P7-2	(GTP	4N(2,3)-
4A+1R+F)	

                NeuAcα-3Galß-4GlcNAcß-6 
                                      │ 
NeuAcα-3Galß-4GlcNAcß-3Galß-4GlcNAcß-2Manα-6         Fucα-6 
                                           │              │ 
                                           Manß-4GlcNAcß-
4GlcNAc-DH 
                                           │ 
               NeuAcα-3Galß-4GlcNAcß-2Manα-3 
                                      │ 
                NeuAcα-3Galß-4GlcNAcß-4 

61	 P8-1	(GTP	4N(2,3)-
4A+2R+F)	

NeuAcα-3Galß-4GlcNAcß-3Galß--4GlcNAcß-6 
                                      │ 
NeuAcα-3Galß-4GlcNAcß-3Galß-4GlcNAcß-2Manα-6         Fucα-6 
                                           │              │ 
                                           Manß-4GlcNAcß-
4GlcNAc-DH 
                                           │ 
               NeuAcα-3Galß-4GlcNAcß-2Manα-3 
                                      │ 
                NeuAcα-3Galß-4GlcNAcß-4 

62	 GM2	
GalNAcβ-4Galβ-4Glcβ-Cer 
         │ 
  NeuAcα-3 

63	 GM1	
Galβ-3GalNAcβ-4Galβ-4Glcβ-Cer 
               │ 
        NeuAcα-3 

64	 GM1-penta	
Galβ-3GalNAcβ-4Galβ-4Glc-DH 
               │ 
        NeuAcα-3 

65	 GM1(Gc)	
Galβ-3GalNAcβ-4Galβ-4Glcβ-Cer 
               │ 
        NeuGcα-3 

66	 GM1(Gc)-penta	
Galβ-3GalNAcβ-4Galβ-4Glc-DH 
               │ 
        NeuGcα-3 

67	 GD1a	
NeuAcα-3Galß-3GalNAcß-4Galß-4Glcß-Cer 
                       │ 
                NeuAcα-3 

68	 GD1a-hexa	
NeuAcα-3Galß-3GalNAcß-4Galß-4Glc-DH 
                       │ 
                NeuAcα-3 

69	 GSC-335	
           SU-6 
              │ 
NeuAcα-3Galß-3GalNAcß-4Galß-4Glcß-Cer36 

70	 GSC-488	 NeuAcα-3Galß-3GalNAcß-C30 

71	 GSC-489	
           SU-6 
              │ 
NeuAcα-3Galß-3GalNAcß-C30 

72	 GSC-154	
NeuAcα-3Galß-4GlcNAcß-6Galß-4Glcß-Cer36 
              │ 
         Fucα-3 

73	 GSC-441	 NeuAcα-3Galß-4GlcNAcß-6GalNAcα-3Galß-4Glcß-C30 

74	 GSC-384	
NeuAcα-3Galß-4GlcNAcß-4GalNAcß-3Galß-4Glcß-C30 
              │ 
         Fucα-3 

75	 GSC-284	
GalNAcβ-6Galβ-4Glcß-Cer36 
         │ 
  NeuAcα-3 

76	 GSC-27	 NeuAcα-6Galß-Cer36 
77	 GSC-61	 NeuAcα-6Galß-4Glcß-Cer36 
78	 NeuAcα-(6')Lac-AO	 NeuAcα-6Galß-4Glc-AO 
79	 NeuAcß-(6')Lac-AO	 NeuAcß-6Galß-4Glc-AO 
80	 Neuα-(6')Lac-AO	 Neuα-6Galß-4Glc-AO 
81	 NeuAcα-(6')LN	 NeuAcα-6Galß-4GlcNAc-DH 
82	 NeuAcα-(6')LN-AO	 NeuAcα-6Galß-4GlcNAc-AO 
83	 Neu5,9Ac-(6')LN	 9O-AcNeuAcα-6Galß-4GlcNAc-DH 
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84	 LSTb	
 Galβ-3GlcNAcβ-3Galβ-4Glc-DH 
       │ 
NeuAcα-6 

85	 LSTc	 NeuAcα-6Galβ4-GlcNAcβ3-Galβ4-Glc-DH 
86	 GSC-397	 NeuGcα-6Galβ-3GlcNAcβ-3Galβ-4Glcß-C30 

87	 GSC-97	
NeuAcα-6Galß-4GlcNAcß-3Galß-4Glcß-Cer36 
             │ 
        Fucα-3 

88	 SA(6')-LNFP-VI	
NeuAcα-6Galß-4GlcNAcß-3Galß-4Glc-DH 
                             │ 
                        Fucα-3 

89	 MSLNH	

NeuAcα-6Galß-4GlcNAcß-6 
                      │ 
                      Galß-4Glc-DH 
                      │ 
        Galß-3GlcNAcß-3 

90	 MSLNnH-I	

        Galß-4GlcNAcß-6 
                      │ 
                      Galß-4Glc-DH 
                      │ 
NeuAcα-6Galß-3GlcNAcß-3 

91	 DSLNnH	

NeuAcα-6Galß-4GlcNAcß-6 
                      │ 
                      Galß-4Glc-DH 
                      │ 
NeuAcα-6Galß-4GlcNAcß-3 

92	 MFMSLNnH	

        Galß-4GlcNAcß-6 
              │       │ 
         Fucα-3       Galß-4Glc-DH 
                      │ 
NeuAcα-6Galß-3GlcNAcß-3 

93	 A2(2-6)	

NeuAcα-6Galß-4GlcNAcß-2Manα-6 
                            │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-6Galß-4GlcNAcß-2Manα-3 

94	 AGP-Bi-Ac2	

NeuAcα-6Galß-4GlcNAcß-2Manα-6 
                            │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-6Galß-4GlcNAcß-2Manα-3 

95	 AGP-Bi-Gc2	

NeuGcα-6Galß-4GlcNAcß-2Manα-6 
                            │ 
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuGcα-6Galß-4GlcNAcß-2Manα-3 

96	 GSC-442	
GalNAcβ-4Galβ-4Glcß-Cer36   
         │  
  NeuAcα-6 

97	 GSC-68	 NeuAcα-6Galß-3GalNAcß-4Galß-4Glcß-Cer36 

98	 GSC-155	
 Galβ-3GalNAcβ-4Galβ-4Glcß-Cer36   
       │  
NeuAcα-6 

99	 GSC-107	
NeuAcα-6Galβ-3GalNAcβ-4Galβ-4Glcß-Cer36  
              │  
       NeuAcα-6 

100	 GSC-70	 NeuAcα-6Galß-6GalNAcß-4Galß-4Glcß-Cer36 

101	 DST	
NeuAcα-3Galß-3GalNAc-DH 
              │ 
       NeuAcα-6 

102	 DST-AO	
NeuAcα-3Galß-3GalNAc-AO 
              │ 
       NeuAcα-6 

103	 GSC-490	
NeuAcα-3Galß-3GalNAcß-C30 
              │ 
       NeuAcα-6 

104	 DSLNT	
NeuAcα-3Galß-3GlcNAcß-3Galß-4Glc-DH 
              │ 
       NeuAcα-6 

105	 A3	

NeuAcα-3Galß-4GlcNAcß-2Manα-6 
                            │  
                            Manß-4GlcNAcß-4GlcNAc-DH 
                            │ 
NeuAcα-3Galß-4GlcNAcß-4Manα-3 
                       │ 
 NeuAcα-6Galß-4GlcNAcß-2 



Appendix	

	
	

275	

106	 GSC-118	
NeuAcα-3Galβ-3GalNAcβ-4Galβ-4Glcß-Cer36   
              │  
       NeuAcα-6 

107	 GSC-230	 NeuAcα-8NeuAcα-3Galß-Cer36 
108	 GSC-231	 NeuAcα-8NeuAcα-6Galß-Cer36 
109	 GSC-439	 NeuAcα-8NeuAcα-8NeuAcα-6Galß-Cer36 
110	 GD3	 NeuAcα-8NeuAcα-3Galß-4Glcß-Cer 
111	 GD3-tetra-AO	 NeuAcα-8NeuAcα-3Galß-4Glc-AO 
112	 GSC-229	 NeuAcα-8NeuAcα-3Galß-4Glcß-Cer36 
113	 GSC-437	 NeuAcα-8NeuAcα-8NeuAcα-3Galβ-4Glcß-Cer36 

114	 GD2	
      GalNAcß-4Galß-4Glcß-Cer 
               │ 
NeuAcα-8NeuAcα-3 

115	 GD1b	
Galß-3GalNAcß-4Galß-4Glcß-Cer 
               │ 
NeuAcα-8NeuAcα-3 

116	 GQ1b	
NeuAcα-8NeuAcα-3Galβ-3GalNAcβ-4Galβ-4Glcβ-Cer 
                               │ 
                NeuAcα-8NeuAcα-3 

117	 SA3(α8)	 NeuAcα-8NeuAcα-8NeuAc-DH 
118	 SA5(α8)	 NeuAcα-8NeuAcα-8NeuAcα-8NeuAcα-8NeuAc-DH* 
119	 SA7(α8)	 NeuAcα-8NeuAcα-8NeuAcα-8NeuAcα-8NeuAcα-8NeuAcα-8NeuAc-DH 

120	 GT1a	
NeuAcα-8NeuAcα-3Galβ-3GalNAcβ-4Galβ-4Glcβ-Cer 
                               │ 
                        NeuAcα-3 

121	 GT1b	
NeuAcα-3Galβ-3GalNAcβ-4Galβ-4Glcβ-Cer 
                       │ 
        NeuAcα-8NeuAcα-3 

122	 GSC-96	 NeuAcα-9NeuAcα-3Galβ-4Glcß-Cer36 
	
	
 
 

 

 

	


