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Our immune system is crucial for protection against invading microorganisms 
and for the clearance of  foreign particles and altered host cells. The immune 
system consists of  two branches, the innate and adaptive immunity. Whilst the 
adaptive immunity needs to be trained to target specific microorganisms, the 
innate immune system can immediately react against a wide variety of  targets. 
A major component of  the innate immune response is the complement system, 
which is a protein cascade that is vital for tagging microorganisms and foreign 
particles for clearance, for direct killing of  microorganisms and for inducing an 
inflammatory response. Complement activation is highly regulated to prevent 
activation on and damage to healthy host cells and to promote complement acti-
vation on targeted surfaces. This thesis focusses on the positive regulation of  
the complement system by the protein properdin and on the interplay between 
positive and negative regulation.
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1 The complement system 

The complement system is part of  human innate immunity, where it plays an important 
role in the defense against invading microorganism and in the clearance of  apoptotic 
cells, foreign particles and immune complexes. Complement was discovered at the end 
of  the 19th century as George Nuttal observed that serum has bactericidal properties 
(as reviewed by H. Chaplin Jr (1)). Subsequently, Jules Bordet found that serum can be 
divided in a heat sensitive and a heat resistant part that are both necessary for the bac-
tericidal properties. Paul Erlich coined the name complement for the heat sensitive part 
as it complements antibodies in killing bacteria. Later it was discovered that the com-
plement system is a protein cascade consisting of  approximately 40 different proteins, 
which can be activated in an antibody dependent and independent manner.

1.1 Complement activation

Activation of  the complement system can occur through three different initiation path-
ways: the lectin pathway (LP), the classical pathway (CP) and the alternative pathway 
(AP) (Fig. 1). Both the LP and CP depend on surface pattern recognition for activation; 
initiation of  the LP is mediated by  mannose binding lectin (MBL) and ficolins, which 
respectively recognize mannoses and acetylated glycans on the surfaces of  microorga-
nisms (2, 3). The CP is initiated when C1q is recruited to target surfaces by either direct 
binding to ligands on the surface (e.g. DNA or LPS (4)), or through interaction with 
various pattern recognition molecules (e.g. IgG, IgM, or C reactive protein) (5, 6). MBL, 
ficolin and C1q associate with pathway specific proteases (MASP in the LP, C1s and 
C1r in the CP) and these complexes can cleave C4 into C4a and C4b. After cleavage, 
C4b undergoes a conformational rearrangement, which exposes a reactive thioester that 
allows C4b to covalently attach to nucleophiles on surfaces  (7–9). Subsequently, C2 
binds to C4b and is then cleaved by MASP or C1s creating the heterodimeric enzyme 
complex, C4b2b, which is the C3 convertase of  the LP and CP. 

The AP does not rely on surface recognition for activation, instead it is continuously 
activated at a low level. This low-level activation is due to a spontaneous conformatio-
nal change of  C3 (0.3% per hour at 37 °C (10)) to a bioactive state C3*. Subsequently, 
factor B (FB) binds C3*, after which the bound FB is cleaved by factor D into Ba and 
Bb. Ba rapidly dissociates from the complex and Bb remains bound to C3b forming a 
heterodimeric complex C3*Bb, which is a C3 convertase. Both C4b2b and C3*Bb cle-
ave C3 into anaphylatoxin C3a and opsonin C3b. Similar to C4b, C3b undergoes a con-
formational change (11, 12) and can, if  generated in close proximity to a surface, react 
through its reactive thioester with nucleophiles on surfaces (7, 13). The conformation 
of  C3b is similar to that of  C3* (11, 14) and C3b can also interact with FB and form a 
C3 convertase, C3bBb (15, 16). 

The generation of  a surface bound C3bBb is the start of  the amplification loop of  the 
complement system. The C3bBb on the surface will cleave additional C3 resulting in the 



12

Chapter 1

1

deposition of  C3b and, subsequently, the generation of  additional C3 convertases on 
the surface. This positive feedback loop results in massive consumption of  C3, gene-
ration of  C3a and opsonization of  the surface with C3b. An increasing C3b density on 
the surface results in a switch of  substrate specificity of  C3bBb and C4b2b from C3 
to C5 (17–20). Cleavage of  C5 into the anaphylatoxin C5a and C5b is the start of  the 
terminal pathway and results in the recruitment of  C6, C7, C8 and C9 to C5. Together 
these proteins form the membrane attack complex (MAC), which is a lytic pore that can 
directly kill targeted cells (21). 

Besides lysis of  targeted cells, there are several additional effector functions in which the 
complement system acts as a signaling pathway. The anaphylatoxins C3a and C5a can 
interact with the G-coupled receptors C3aR and C5aR, respectively, and this interaction 
induces a wide range of  effects which vary from inducing an inflammatory response 
to promoting tissue regeneration (22). Both C3a and C5a are potent chemoattractants 
that recruit immune cells, like macrophages and neutrophiles, to sites of  complement 
activation (22). These immune cells have receptors on their cell surface which allows 
them to recognize targeted cells through interaction with the deposited C3b and the 
C3b degradation fragments iC3b and C3d (23) that are generated through proteolytic 
inactivation of  C3b by factor I (FI) in combination with a co-factor (24). Recognition 
of  C3b coated surfaces by immune cells can lead to clearance through phagocytosis by 
macrophages. Furthermore, surfaces coated with C3b and C3b degradation products 
can activate the adaptive immune system by increasing the B-cell response and inducing 
proliferation of  T-cells (25–27).

2 Regulation of  the complement system

The complement system is tightly regulated to prevent uncontrolled complement acti-
vation, which can lead to the depletion of  complement components and can result in 
damage to healthy host cells.

CP LP

C4b2bC4b

C4 C3

C2 FB

C3bBb AP C5 convertaseC3b

*

*   Conformational change to the bioactive form
     Cleavage by a serine protease
P   Properdin

C5 C6

C7-C8 18 x C9

MAC 

AP

P

C3bBbP

Initiation Amplification loop Terminal pathway

Figure 1 | Schematic representation of  complement activation through the different pathways
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2.1 Regulation at the level of  the C3/C5 convertase

After complement initiation the C3 convertases C4b2b and especially C3bBb are the 
driving forces of  complement activation. Both C3 convertases have a relative short 
half-life of  approximately 1-3 minutes (18, 28) and decay of  C3 convertases in their 
individual components is irreversible and leads to loss of  activity. Alteration of  the life-
time of  C3 convertases is an important mechanism for regulation of  the complement 
system. 

2.1.1 Decreased complement activation by negative regulators

There are several soluble and membrane proteins that reduce complement activation 
by decreasing the lifetime of  C3 convertases or by preventing formation of  new con-
vertases. Negative regulators with decay-acceleration activity (DAA) dissociate the con-
vertase, while regulators with co-factor activity (CA) act as a co-factor for FI-mediated 
inactivation of  C4b and C3b. In plasma, C4b binding protein (C4BP), factor H (FH) 
and its splice form factor H like 1 (FHL-1) are responsible for preventing complement 
overactivation by exerting both DAA and CA. C4BP is specific for the CP/LP C3 con-
vertase (C4b2b), whilst both FH and FHL-1 act on the AP C3 convertase (C3bBb). On 
the surface of  cells, the proteins decay-acceleration factor (DAF), membrane-cofactor 
protein (MCP) and complement-receptor 1 (CR1) play a vital role in protecting healthy 
host cells against complement activation. CR1 has both DAA and CA whereas DAF and 
MCP only have DAA or CA, respectively.  Additionally, the soluble negative regulators 
interact with various ligands on host cells, like sialic acid and glycosaminoglycans (29, 
30), thereby providing additional protection against complement activation (31). The 
recruitment of  soluble negative regulators to the surface is also a complement-evasion 
strategy used by various pathogens like Neisseria meningitides and Neisseria gonorrhoeae (32). 

The negative regulators with DAA and/or CA have a common architecture (33). They 
consist of  strings of  several complement control protein (CCP) domains, which are 
elongated domains consisting of  approximately sixty amino acids. The number of  suc-
cessive CCP domains varies form 4 CCP domains (MCP and DAF) to 30 CCP domains 
in CR1. However, for DAA only three successive CCP domains that  interact with both 
components of  the C3 convertase are required (33, 34). The interactions of  negative 
regulators with C3b are well characterized and several structures of  negative regulators 
in complex with C3b show that they all bind to a similar location on C3b (24, 33, 35). 
There are no published structures of  a negative regulator with DAA in complex with 
either C2 or FB. However, based on distance restraints between FB and DAF obtained 
by electron paramagnetic resonance (36) and  C2 and FB mutants that form C3 conver-
tases, which are less susceptible to decay by negative regulators, it is likely  that the inter-
action site lies in the Von Willebrand factor type A domain (VWA) of  FB and C2 (34, 
37, 38). Remarkably, in C3bBb the residues in FB important for DAA are located on 
the side of  the VWA domain that is pointing away from the binding site of  the negative 
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regulators on C3b (15, 39). How binding of  negative regulators to both binding sites 
results in decay of  the convertase is still unknown. Conversely, the molecular mecha-
nism of  the proteolytic inactivation of  C4b of  C3b by FI and a co-factor is more clearly 
defined. Unbound FI is catalytically inactive due to a partially disordered the serine pro-
tease (SP) domain (40), however when FI is bound to the complex of  C3b or C4b with 
a regulator with CA, such as FH or C4BP, the SP domain becomes structurally ordered 
(24). This enables FI to cleave C3b and C4b up to three times into iC3b and iC4b (after 
two cleavages) and C3c/C4c plus C3d/C4d (after three cleavages) (24). 

2.1.2 Enhanced complement activation by the positive regulator properdin

Properdin is a crucial positive regulator of  the complement system. Its name is derived 
from the Latin word properdere, which means “prepare to destroy”. The discovery of  
properdin coincided with the discovery of  the alternative pathway of  the complement 
system, when it was shown by Pillemer and colleagues that in the presence of  proper-
din, complement could be activated in an antibody independent manner (41).  Proper-
din enhances complement activation by increasing the lifetime of  the AP C3 convertase 
by a factor of  5-10 (42). Additionally, properdin promotes formation of  the C3 conver-
tase and reduces proteolytic inactivation of  C3b by FI (43–46). 

Properdin is an oligomeric plasma protein that occurs as dimers, trimers and tetramers 
in the ratio 1:2:1 (47, 48). Properdin has a low systemic concentration ( 5-25 µg/ml (48)), 
however, release of  properdin by immune cells could potentially result in a high local 
properdin concentration (49–51). Properdin oligomerization results in avidity towards 
C3b coated surfaces (44, 52), which is likely important for directing positive regulation 
by properdin to targeted surfaces. A properdin protomer has a molecular weight of  

C3bBb binding rings

Properdin
Tetramer DimerTrimer

Connecting 
linkers

Figure 2 | Schematic representation of  properdin oligomers.
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~53 kDa and consists of  a small N-terminal domain and six thrombospondin type-1 
repeat (TSR) domains (53), which are thin elongated domains of  approximately 60 
residues (54). Properdin is highly glycosylated as it contains 1 N-linked glycan, 4 O-lin-
ked glycans and 14-17 mannosylated tryptophan residues (55, 56). Negative stain EM 
revealed that properdin consists of  rings that are connected via thin linkers that have a 
length of  approximately 3 TSR domains. It was suggested that these rings are formed 
by interactions between the N- and C-terminus of  different properdin protomers (46, 
47) (Fig. 2). With negative stain EM it was shown that each of  these rings is capable of  
binding to C3bBb (46). The rings consist of  the remaining domains and deletion studies 
of  separate regions of  properdin indicated that TSR4-5-6 are important for stabilizing 
the AP C3 convertase (53). Low-resolution EM and crystallography data revealed that 
properdin binds on the CTC domain of  C3b in close proximity to Bb (46, 52), however 
the molecular mechanism of  properdin induced stabilization remains elusive. 

Although the AP does not require pattern recognition molecules for activation, it has 
been extensively reported that properdin can act as a pattern recognition molecule  and 
promote AP activation on surfaces (57–61). Properdin is a positively charged protein 
and it is capable of  binding to various negatively charged ligands (e.g. sulfated heparan, 
DNA) (53, 62–64). There have also been reports of  direct properdin binding to various 
microorganisms (e.g. Chlamydia pneumoniae (65) and Neisseria gonorrhoeae (59)), although 
recently some of  these results have been contributed to unnatural properdin aggregates 
that form by mistreating properdin (51, 66). For Escherichia coli and Neisseria meningitidis it 
has been shown that properdin binding to these bacteria depends on initial C3b depo-
sition (67, 68). 

2.2 Other forms of  negative regulation

Apart from the lifetime of  the C3 convertase, there are various other aspects of  the 
complement cascade that are targeted by negative regulators. The C1 inhibitor is a ser-
pin like molecule that reduces initiation of  the CP and LP by irreversibly binding and 
inactivating C1s, C1q and MASP. Additionally, sMAP and MAP19 are decoy proteins 
that compete with MASP for binding to MBL and thereby reduce LP activation (69). 
Furthermore, there are several negative regulators that act on the level of  the MAC 
pore. CD59 is a GPI-linked membrane protein that binds both C8 and C9 and pre-
vents the further recruitment of  C9 and thus the formation of  the MAC pore (70). 
In addition to CD59, there are the soluble proteins clusterin and fibronectin that can 
prevent insertion of  the MAC pore into the membrane by interacting with the exposed 
hydrophobic regions of  MAC pore precursors and preventing the polymerization of  
C9 (71–74).
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3 Complement related diseases 

Loss of  activation, overactivation or unwanted activation of  the complement system 
can result in or exacerbate a wide variety of  diseases, such as atypical hemolytic uremic 
syndrome (aHUS) (75) and systematic inflammatory response syndrome (SIRS) (76). 

3.1 Reduced complement activation

Lack of  complement activation generally leads to a higher prevalence of  bacterial, viral 
and fungal infections (77). The main causes for reduced or abolished complement acti-
vation are genetic defects and inhibiting autoantibodies (77, 78). Besides an increased 
risk for infections, deficiencies in proteins involved in CP activation, like C1q and C2, 
and deficiencies in C3 have been linked to autoimmune and inflammatory diseases such 
as systemic lupus erythematosus (SLE) like diseases. SLE is a disease characterized by 
systemic inflammation that induces tissue damage (79). The percentages of  comple-
ment deficient patients that have SLE like symptoms range from 10 % of  the C2 defi-
cient patients to 93 % of  the C1q deficient patients (77).  It has been hypothesized that 
SLE-like symptoms are due to the inability to clear immune complexes and apoptotic 
cells, which results in an inflammatory response against these particles (80).

Defects of  the alternative and terminal pathway components are mainly associated with 
an increased risk of  infections with N. meningitides (81). Patients deficient in proper-
din have a 250x higher occurrence of  N. meningitides infection with associated higher 
mortality rates (82). Patients deficient in terminal pathway components have a ~5000x 
increased infection rate. However, these N. meningitides infections tend to be less severe 
with a reduced mortality compared to patients without any complement deficiencies 
(81, 83). This reduced mortality might be related to reduced endotoxin release due to 
the inability of  forming  MAC pores (81).

3.2 Overactivation and unwanted activation of  the complement system

There are many different pathologies associated with complement overactivation (27), 
generally they are the result of  uncontrolled complement activation on healthy host 
cells. Uncontrolled complement activation can be the result of: gain of  function muta-
tions in complement proteins important for activation (e.g. C3 and FB), mutations, 
autoantibodies or deficiencies that result in the loss of  negative regulation by for exam-
ple FH and FI or autoantibodies against complement components that increase C3 
convertase stability or reduce negative regulation. 

Overactivation of  the AP is an important factor in complement mediated diseases (84). 
The loss of  negative regulators on the surface leads to high susceptibility of  the affected 
cells. For example, in paroxysmal nocturnal hemoglobinuria (PNH) there is a subset of  
erythrocytes that lack the GPI-linked negative regulators DAF and CD59. This is due 
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to an autosomal mutation in hematopoietic stem cells in the pigA gene, which is an 
enzyme essential for the synthesis of  GPI-anchors (85–87). Without these regulators 
on the surface these erythrocytes are highly susceptible to complement attack resulting 
in lysis or phagocytosis. Similarly, mutations in or inhibiting autoantibodies against the 
domains responsible for host surface recognition in FH and FHL-1 potentially leads to 
overactivation of  complement on host surfaces which can lead to diseases like aHUS 
and age-related macular degeneration (AMD) (88–90). Loss of  DAA or CA of  FH, 
or loss of  function mutations in FI leads to complement overactivation in solution, 
which can result in dense deposit disease (DDD) and C3 glomerulopathy (C3G) (27). 
Furthermore, complement overactivation in solution depletes serum from complement 
components, resulting in higher susceptibility to microbial infection. Gain of  function 
mutations in C3 and FB can also lead to overactivation of  the complement pathway 
(91). These mutations can increase the stability of  C3bBb, decrease the DAA of  nega-
tive regulators or prevent the inactivation of  C3b by FI and can result in similar diseases 
as with the loss of  negative regulation (27). Finally, complement overactivation can be 
the result of  so called C3 and C4 nephritic factors (C3/C4NEF), which are autoantibo-
dies against the C3 convertase that increase complement activation by either prolonging 
the lifetime of  the C3 convertase or by increasing its resistance against decay by negative  
regulators (92, 93) 

Unwanted activation of  the CP due to autoantibodies leads to complement activation 
on healthy host cells which may result in damage to specific tissues or cells such as to 
neuromuscular junctions in myasthenia gravis (94). In addition, CP activation plays an 
important role in antibody mediated rejection of  transplanted organs (95, 96).

Excessive complement activation can also be the result of  an overwhelming amount of  
complement activation triggers. These triggers can be due to excessive trauma, burns or 
bacterial and viral infections (97). Complement overactivation due to an overwhelming 
amount of  activation triggers can result in SIRS, which results in tissue damage and is 
a life-threatening condition. The induced inflammatory response by the release of  the 
anaphylatoxins C3a and C5a plays an important role in SIRS (98). 

4.1 Complement therapeutics 

Due to the many pathologies associated with complement overactivation, there is a 
great interest in novel therapeutic complement inhibitors. Currently, the only com-
plement inhibitors that are approved for therapeutic use are eculizumab and ravulizu-
mab (99–101). Both have been approved for treating PNH. In addition, eculizumab 
is approved for the treatment of  aHUS, myasthenia gravis and neuromyelitis potica 
spectrum disorder (100). Both eculizumab and ravulizumab are antibodies against C5 
and prevent the cleavage of  C5 into C5a and C5b (101). Thus, they inhibit both the 
generation of  the potent anaphylatoxin C5a and the activation of  the terminal pathway. 

Due to the (financial) success of  Eculizumab, there is now a great interest in finding 
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novel complement inhibitors and the high complexity of  the complement system makes 
it likely that multiple therapeutics are necessary to treat all complement related diseases. 
There is a wide variety of  therapeutic compounds against different parts of  the com-
plement system in development. These compounds range from antibodies, proteins or 
peptides that function through competitive binding with various protein targets, such as 
C3 and FD, to small molecule protease inhibitors that are specific for FB or FD (100, 
102–106). 

Clinical trials are ongoing for a wide variety of  complement related diseases, including 
diseases which are the result of  mutations in or autoantibodies against complement 
components (e.g. PNH, aHUS, AMD and C3G) and diseases which are caused by exter-
nal events like complement mediated complications in transplantation and SIRS due to 
viral infections (100, 103). Recent trials in treating patients that have acute respiratory 
distress syndrome as a result of  COVID-19 with; AMY-101 (C3 specific complement 
inhibitor), eculizumab or an anti-C5a antibody showed that these are promising treat-
ments in reducing the severity of  the COVID-19 disease course (105, 107–109).  

4.2 Properdin as a therapeutic target

The main limitation of  inhibiting complement activation at the level of  terminal path-
way is that the targeted surface can still be opsonized with C3b. This can result in 
breakthrough events and clearance of  opsonized cells by phagocytes (110–112).  Inhibi-
tion of  AP activation is an interesting alternative to inhibition of  the TP. Properdin is an 
attractive therapeutic target for reducing AP activation as properdin is only involved in 
enhancing AP activation and it is not required for the CP and LP (113–115).  Inhibition 
of  properdin has been shown to be beneficial in mouse models for several diseases (e.g. 
aHUS and PNH) (116–119) and in contrast to inhibition with eculizumab the inhibition 
of  properdin prevents extravascular hemolysis in a PNH mouse model. 
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Scope of  this thesis

Properdin is a crucial positive regulator of  AP activation, however the molecular 
mechanism behind positive regulation by properdin is still unknown. In Chapter 2 we 
overcome the oligomeric nature of  properdin by producing a monomerized properdin 
variant that is capable of  stabilizing C3bBb. With this monomerized properdin variant 
we characterize the interaction between properdin and C3b, C3bB and C3bBb by sur-
face plasmon resonance (SPR). Furthermore, monomerized properdin allowed us to 
solve crystal structures of  free properdin and of  properdin in complex with the CTC 
domain of  C3b. The structural and biochemical characterization reveals that properdin 
likely stabilizes C3bBb by bridging C3b and Bb. 

Chapter 3 explores the relation between positive and negative regulation and their 
effect on AP activation. We show that balance between positive and negative regula-
tion by properdin and FH, respectively, is important for AP activation on C3b-coated 
liposomes and that properdin and FH exert their function independently of  each other.

In Chapter 4 we explore the therapeutic potential of  the isolated CTC domain of  C3b.  
We show that the CTC domain can act as a competitive binder and reduce complement 
activation on erythrocytes, albeit with a low efficacy. We succeeded in generating a CTC 
domain variant that has an increased affinity for properdin and an increased efficacy for 
inhibiting complement activation on erythrocytes. 

Finally, in Chapter 5 the implications of  the main results obtained in chapters 2-4 for 
the complement field are discussed and a perspective on new developments in the field 
is given.
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Abstract 
Properdin enhances complement-mediated opsonization of  targeted cells and 
particles for immune clearance. Properdin occurs as dimers, trimers and tetra-
mers in human plasma, which recognize C3b-deposited surfaces, promote 
formation and prolong the lifetime of  C3bBb-enzyme complexes that convert 
C3 into C3b, thereby enhancing the complement-amplification loop. Here, we 
report crystal structures of  monomerized properdin, which was produced by 
co-expression of  separate N- and C-terminal constructs that yielded mono-
mer-sized properdin complexes that stabilized C3bBb. Consistent with previous 
low-resolution X-ray and EM data, the crystal structures revealed ring-shaped 
arrangements that are formed by interactions between thrombospondin type-I 
repeat (TSR) domains 4 and 6 of  one protomer interacting with the N-terminal 
domain (which adopts a short transforming-growth factor B binding protein-like 
fold) and domain TSR1 of  a second protomer, respectively. Next, a structure of  
monomerized properdin in complex with the C-terminal domain of  C3b showed 
that properdin-domain TSR5 binds along the C-terminal α-helix of  C3b, while 
two loops, one from domain TSR5 and one from TSR6, extend and fold around 
the C3b C-terminus like stirrups. This suggest a mechanistic model in which 
these TSR5 and TSR6 ‘stirrups’ bridge interactions between C3b and factor B or 
its fragment Bb, and thereby enhance formation of  C3bB pro-convertases and 
stabilize C3bBb convertases. In addition, properdin TSR6 would sterically block 
binding of  the protease factor I to C3b, thus limiting C3b proteolytic degrada-
tion. The presence of  a valine instead of  a third tryptophan in the canonical 
Trp-ladder of  TSR domains in TSR4 allows a remarkable ca. 60°-domain ben-
ding motion of  TSR4. Together with variable positioning of  TSR2 and, putati-
vely, TSR3, this explains the conformational flexibility required for properdin 
to form dimers, trimers and tetramers. In conclusion, the results indicate that 
binding avidity of  oligomeric properdin is needed to distinguish surface-depo-
sited C3b molecules from soluble C3b or C3 and suggests that properdin-medi-
ated interactions bridging C3b-B and C3b-Bb enhance affinity, thus promoting 
convertase formation and stabilization. These mechanisms explain the enhan-
cement of  complement-mediated opsonization of  targeted cells and particle for 
immune clearance.
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Introduction

Complement plays an important role in humoral immune responses against invading 
microbes, clearance of  apoptotic cells and debris, and modulation of  adaptive immune 
responses (1, 2). Initiation of  the complement cascades through either the classical, 
lectin or alternative pathway converges in the formation of  C3 convertase complexes, 
consisting of  C3b and protease fragment Bb forming C3bBb, which generates a posi-
tive-feedback loop that amplifies the complement cascade yielding massive deposition 
of  C3b onto the targeted surface. At this critical step, the complement system is heavily 
regulated. Intrinsically, the non-covalent C3bBb enzyme dissociates irreversibly into its 
components C3b and Bb with a half-life time of  1-2 minutes (3, 4). Host regulators, 
such as factor H (FH), decay-accelerating factor (DAF) and membrane-cofactor protein 
(MCP), provide protection of  host cells against complement attack (5). FH and DAF 
inactivate the C3 convertase by promoting dissociation of  C3bBb into C3b and Bb (5). 
FH and MCP have cofactor activity that enables factor I (FI) to bind and cleave C3b 
into iC3b, rendering it inactive and unable to form new convertases (5, 6).  

Properdin is the only known intrinsic positive regulator of  the complement system 
(7–9). Properdin stabilizes C3bBb, increasing the half-life of  the enzyme complex five- 
to ten-fold (10). In addition, it has been indicated that properdin accelerates formation 
of  pro-convertases C3bB (11) and reduces C3b inactivation by FI (12, 13). Further-
more, it has been suggested that, for some bacterial surfaces, apoptotic/necrotic cells or 
renal epithelial cells, properdin can function as a pattern recognition molecule, forming 
an initiating platform for the alternative pathway (14–19), although others claim that 
properdin binding to surfaces depends on initial C3b deposition (20, 21). Properdin 
deficiency results in increased susceptibility to infection by Neisseria meningitidis (22), 
with high mortality rates compared to deficiency of  protein components (C5-C9) of  the 
terminal pathway (23). In addition, properdin deficiency has been associated with other 
diseases, such as otitis media and pneumonia, as reviewed in Chen et al. (23) 

Human properdin is an oligomeric plasma protein that is present in serum at relati-
vely low concentrations (4-25 µg/ml) (8), compared to other complement components 
(~1.2 mg/ml for C3 and ~0.6 mg/ml for factor B (FB)) (24). In contrast to most other 
complement proteins, properdin is not produced by the liver, but expressed locally 
by various immune cells including neutrophils, monocytes and dendritic cells (23, 25, 
26). Therefore, at sites of  inflammation properdin concentrations might be considera-
bly higher than serum concentration. In serum, properdin is predominantly found as 
dimers, trimers and tetramers in the percentage ratios of  26:54:20% (8), although a 
small amount of  pentamers and hexamers are also found (13, 27). At physiological 
conditions, no exchange between the oligomeric states of  properdin is observed (8), 
but higher order aggregates form upon freeze-thaw cycles (28). A properdin protomer 
consists of  442 amino-acid residues with a fully-glycosylated molecular weight of  53 
kDa (29). Properdin forms seven domains, an N-terminal domain of  unknown fold, 
followed by six thrombospondin type I repeats (TSR) domains (29). TSR domains con-
sist of  approximately 60 amino-acid residues and have a thin and elongated shape (30), 
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formed by only three anti-parallel peptide chains. The TSR-fold is structurally stabili-
zed by regions forming b-sheets, three conserved disulphide bonds and by a structural 
WRWRWR motif  (also referred to as Trp-ladder (31)) that forms a stack of  alternating 
tryptophans and arginines through π-cation interactions (30). The N-terminal domain 
has often been referred to as TSR0 (9, 13, 32, 33), despite missing the WRWRWR motif. 
Properdin is highly post-translationally modified, resulting in 14-17 C-mannosylated 
tryptophans, four O-linked glycans and one N-linked glycan (34, 35). Negative-stain 
electron microscopy (EM) has shown that oligomeric properdin forms ring-shaped ver-
tices connected by extended and flexible edges (13, 27). Based on EM images and TSR 
domain deletions, it has been proposed that the vertices consist of  interlocking C- and 
N-terminal domains of  properdin protomers and the edges consist of  three bridging 
TSR domains from a single protomer (13, 27, 29). EM images indicate that each proper-
din vertex binds a single C3bBb complex (13). Higgens et al. (29) showed that domain 
deletions of  properdin TSR domains 4 through 6 results in altered oligomerization and 
loss of  function, whereas deletion of  TSR3 has no significant effect on either oligome-
rization or properdin function. Pedersen et al. (32) introduced a proteolytic cleavage site 
between properdin-domains TSR3 and TSR4 and thereby generated single properdin 
vertices for crystallographic studies. A 6.0-Å resolution crystal structure of  a single 
properdin vertex in complex with C3bBb (32) (that was stabilized by S. aureus inhibitor 
SCIN (36)) showed that properdin binds to the a-chain region of  C3b, revealing den-
sity adjacent to the C-terminal C345c (CTC) domain of  C3b. However, the resolution 
of  the crystallographic data (PDB ID: 5M6W) did not allow atomic modelling of  the 
cleaved properdin (Pc) fragment. 

In this study, we present the production of  monomerized properdin variants that stabi-
lize C3bBb using co-expression of  properdin N- and C-terminal fragments. We deter-
mined crystal structures of  monomerized properdin and its complex with the CTC 
domain of  C3/C3b with diffraction data up to 2.0- and 2.3-Å resolution, respectively. 
These structures reveal the fold of  the properdin N-terminal domain, the properdin 
domain arrangement that yields the properdin ring-shaped vertex structure, stabiliza-
tion of  Trp-Arg interactions in the Trp-ladder provided by tryptophan C-mannosyla-
tion, structural flexibility of  the TSR4 domain and functionally important extensions 
of  the TSR5 and TSR6 domains. The structure of  monomerized properdin in complex 
with the C3/C3b-CTC domain identifies the specific regions of  properdin involved in 
binding FB and Bb that enhance pro-convertase formation and convertase stabilization, 
respectively. Finally, we propose a model for properdin oligomers stabilizing converta-
ses on surfaces based on re-analysis of  the 5M6W-diffraction data set.

Results

Production of  monomerized properdin by co-expression of  N- and C-terminal 
fragments
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We generated N-terminal constructs of  proper-
din, comprising the N-terminal domain of  
unknown fold and TSR1, TSR2 and TSR3, deno-
ted PN1 (res. 28-132), PN12 (res. 28-191) and PN123 
(res. 28-255), and a C-terminal construct compri-
sing TSR4, TSR5 and TSR6, P456 (res. 256-469). 
Small scale expression of  isolated His6-tagged 
terminal fragments followed by IMAC-affinity 
purification resulted in no significant expres-
sion of  P456, whereas co-expression of  N- and 
C-terminal fragments yielded both fragments in 
approximately 1:1 ratio in all cases. We therefore 
decided to continue with large-scale co-expres-
sion of  the two shorter N-terminal fragments, 
PN1 and PN12, with P456 with the latter carrying a 
C-terminal His6-tag (see Methods). IMAC-affi-
nity purification yielded stable protein complexes 
consistent with one-to-one non-covalent com-
plexes of  PN1 with P456 and PN12 with P456, deno-
ted PN1/456 and PN12/456, respectively. Both PN1/456 

and PN12/456 yielded monodisperse peaks during 
size-exclusion chromatography (SEC) consistent 
with a single monomerized species (Fig. 1A-B), 
whereas recombinant full-length properdin 
produced a SEC spectrum with multiple peaks 
consistent with a mixture of  dimeric, trimeric 
and tetrameric properdin (Fig. 1C). Large-scale 
expression and purification of  PN1/456 and PN12/456 
yielded ca. 5-8 mg per liter culture. 

 

Monomerized properdin binds and stabilizes 
C3 convertases

Stabilization of  C3 convertases was analyzed by 
monitoring the decay of  pre-formed C3bBb in 
the presence and absence of  properdin (Fig. 
1D-E). In the absence of  properdin, ~75% of  
the C3bBbdgf‡ was dissociated into C3b and Bbdgf‡ 
after one hour at 37 °C, whereas in the presence 
of  PN1/456 or PN12/456 dissociation of  C3bBbdgf‡ 
was reduced to ~20-25%, indicating that PN1/456 
and PN12/456 stabilized C3 convertase to a similar 
extent. 

kDa

37
25
20
15

P456

PN1

PN1/456 / Bbdgf‡ 

PN12/456  

Bbdgf‡

C3bBbdgf‡

C3b

kDa

37
25
20

P456

PN12

75
50

kDa

A

B

C

D

E

C3bBbdgf‡

C3b

P

Figure 1 | Purification of  properdin and stabi-
lization of  C3 convertase.
(A-C) SEC elution profile and SDS-page of  
(A) PN1/456, (B) PN12/456 and (C) properdin. Poo-
led properdin fractions are indicated by the red 
line. (D) SEC elution profiles of C3 convertase 
(C3bBbdgf‡) incubated in the presence (red dashed 
line) or absence (green line) of  PN1/456 for one hour 
at 37°C compared to the sample at t=0 (black line). 
(E) As panel D but with PN12/456 instead of PN1/456.
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KD = 22 ± 2 nM

KD = 19 ± 2 µM

KD = 0.69 ± 0.04 µM

KD = 6.8 ± 0.1 µM

Salp20

CTC

A

B
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C

PN12/456

PN12/456

Properdin

C3b on chip

C3b on chip

C3b on chip

PN1’/456 on chip

KD = 19 ± 2 µM

Figure 2 | Surface Plasmon Resonance (SPR) analysis showing interaction of  properdin with C3b and the 
C3b/C3 CTC domain.
SPR sensorgrams (left) and equilibrium binding plots (right). (A) Interaction of  PN12/456 (concentration range: 4.9x10-3 

µM to 40 µM) with a C3b coated chip at physiological ionic strength (150 mM NaCl). (B) interaction of  PN12/456 (con-
centration range: 1.2x10-3 µM to 10 µM) with a C3b coated chip at low ionic strength (50 mM NaCl). (C) Interaction of  
properdin (concentration range: 1.2x10-4 µM to 1 µM) with a C3b coated chip. (D) Binding of  the C3/C3b CTC domain 
(concentration range: 2.4x10-2 µM to 200 µM) to a PN1’/456 coated chip. The data point at 200 µM C3/C3b CTC was con-
sidered as an outlier and was not used to determine the KD. Where indicated Salp20 was used to regenerate the surface.
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Binding affinities of  PN12/456 for C3b, pro-convertase C3bB and convertase C3bBb were 
determined using surface plasmon resonance (SPR) equilibrium binding experiments. 
C3b was biotinylated at its reactive thioester, which allows coupling to streptavidin-co-
ated SPR sensor chips in an orientation reflecting that of  surface bound C3b. Under 
physiological salt conditions, PN12/456 bound C3b with a KD of  6.8 ± 0.2 µM, which is 
similar to the KD of  7.8 µM reported by Pedersen et al. for single properdin vertices 
generated by proteolytic cleavage (32), but much lower than the apparent KD of  22 ± 
2 nM for oligomeric properdin (Fig. 2). At low ionic strength (50 mM NaCl), interac-
tion between PN12/456 and C3b appeared much stronger with a KD of  0.69 ± 0.04 µM. 
Next, we generated pro-convertases C3bB and convertases C3bBb on the chip (see 
Methods). PN12/456 bound C3bB and C3bBb with a KD of  98 ± 2 nM and 34 ± 1 nM, 
respectively (Fig. 3), whereas properdin oligomers bound with an apparent KD of  4.6 
± 1 nM and 4.4 ± 1 nM, respectively. Thus, PN12/456 binds to C3b, C3bB and C3bBb (in 
order of  increasing affinity).

Previous data (13, 32) suggested that the main interaction site of  properdin with C3b 
is localized on the C3b-CTC domain. Therefore, we analyzed binding of  the isolated 
C3/C3b-CTC domain to a PN1’/456 coated SPR chip. The C3/C3b-CTC domain binds 
PN1’/456 with a KD of  18.6 ± 1.6 µM, which is comparable to the KD of  6.8 ± 0.2 µM 
we observed for C3b and PN12/456, suggesting that the primary binding interface of  C3b 
is indeed provided by the CTC domain (Fig. 2). Overall, these data indicated that the 
non-covalent complexes PN1/456 and PN12/456 bound C3b and stabilized C3bBb similar to 
an excised monomeric version of  full-length oligomeric properdin.

Structure determination of  monomerized properdin and its complex with C3/
C3b-CTC

PN1/456 and PN12/456 crystallized as thin plates, and resulted in highly anisotropic data, with 
anisotropic resolution limits of  2.0-2.9 Å and 2.5-3.9 Å, respectively. PN1/456 in complex 
with C3/C3b-CTC crystallized as long rods and pyramids. While the pyramid-shaped 
crystals showed poor diffraction, PN1/456-CTC rod-shaped crystals diffracted anisotropi-
cally with resolution limits of  2.3-2.7 Å. Data collection statistics are shown in Table 1.

We first determined the crystal structure of  PN1/456 in complex with C3/C3b-CTC using 
the C3b-CTC domain (PDB ID: 5FO7 (37)) as a search model for molecular replace-
ment with Phaser (38). A minimal TSR model was generated with Sculptor (39) using a 
sequence alignment (40) of  TSR1, TSR4, TSR5 and TSR6 in combination with TSR2 
from thrombospondin-1 (PDB ID: 1LSL (30)). This model was then used in subse-
quent rounds of  molecular replacement, which resulted in the positioning of  TSR1, 
4, 5 and half  of  TSR6 accounting for approximately 80% of  the total structure. The 
N-terminal domain and the remaining part of  TSR6 were built using Coot (41). Struc-
ture determination continued with further rounds of  model building (41) and structure 
refinement (42), until convergence. The refined model of  PN1/456 taken from PN1/456-
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Figure 3 | SPR analysis showing interaction of  properdin with C3 (pro)-convertase.
SPR sensorgrams (left) and equilibrium binding plots (right). C3bBdgf‡ and C3bBbdgf‡ were generated on the chip by 
injecting FBdgf‡ or FBdgf‡ and subsequently FD on a C3b coated chip. (A) Interaction of  PN12/456 (concentration ran-
ge: 2.4x10-4 µM to 2 µM) with C3bBdgf‡. (B) Interaction of PN12/456 (concentration range: 1.2x10-4 µM to 1 µM) with 
C3bBbdgf‡. (C) Interaction of  properdin (concentration range: 6.1x10-5 µM to 0.5 µM) with C3bBdgf‡. (D) Interaction 
of  properdin (concentration range: 6.1x10-5 µM to 0.5 µM) with C3bBbdgf‡. Where indicated Salp20, FD and DAF were 
used to regenerate the surface.
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CTC was used in molecular replacement to solve the structures of  PN1/456 and PN12/456. 
After initial placement, PN12/456 was completed by molecular replacement using the TSR 
model. Model refinement statistics for all structures are listed in Table 1, final models 
are shown in Figure 4. 

Fold of  the properdin N-terminal domain

The crystal structure of  properdin revealed that the N-terminal domain (res. 28-76) 
adopts a compact globular fold, containing two β-sheets and a single α-helix stabilized 
by three disulphide bonds (Fig. 4B). A homology search using the Dali server (43) 
indicated that the properdin N-terminal domain is most closely related to transforming 
growth factor β binding protein-like (TB) domains; the closest structural homologues 
for the properdin N-terminal domain are the TB domains of  human follistatin (PDB 
ID 5JHW, chain C/D, Dali z-score 5.9) and follistatin-like 3 (PDB ID 3B4V chain H, 
Dali z-score 5.6) and the hyb2 and TB4 domains of  human Fibrillin-1 (respectively: 
PDB ID 2W86, Dali z-score 5.4; PDB ID: 1UZQ, Dali z-score 5.2) (44). TB domains 
are characterized by 8 cysteines resulting in a 1-3, 2-6, 4-7 and, though not always pre-
sent, 5-8 disulphide pattern, where the 5-8 disulphide links the domain core to the 
C-terminal tail and Cys3, 4 and 5 form a characteristic triple cysteine motif  (45, 46). The 
properdin N-terminal domain contains three disulphides that match the 1-3, 2-6, 4-7 
disulphides of  the TB core and misses the 5-8 disulphide and connecting C-terminal 
tail. We refer to this as the short TB (STB) fold.

 

Properdin-TSR domains

Five of  the six TSR domains of  properdin are present in the structures of  PN1/456, 
PN12/456 and PN1/456-CTC (Fig. 4). The TSR domains of  properdin display minor to 
major variations from the TSR domain fold as described for the structures of  TSR2 and 
3 from thrombospondin-1 (30); these are shown schematically in Figure 4B.

Compared to TSR2 and 3 from thrombospondin-1, properdin domain TSR1 (res. 
77-133) lacks a five-residue b-bulge preceding β-strand C, referred to as ‘jar-handle’ 
motif, that provides H-bonding interactions with the indole ring of  the first tryptophan 
of  the Trp-ladder. Instead of  this β-bulge, the C-strand in TSR1 is extended by two 
residues and the typical H-bonding interactions of  the β-bulge are substituted by Ser112 
in the B-C loop, which is observed within H-bond distance of  the Trp80 indole ring. 
In the TSR1-Trp ladder, a glutamine residue resides at the position of  the third argi-
nine, resulting in a lost π-cation interaction with the last Trp. Preceding the prototypical 
C-terminal Cys (Cys133), TSR1 contains an additional cysteine (Cys132) that connects 
to Cys170 of  TSR2, as observed in the structure of  PN12/456 (Fig. 5A). However, our 
construct PN1 is terminated at Cys132. As a consequence, we observed a non-native 
disulphide bond between Cys93-Cys132 and increased disorder at the C-terminal end 
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Table 1, Diffraction-data collection and refinement statistics   
 

PN1/456-CTC PN1/456 PN12/456 
Wavelength (Å) 0.9789 0.9789 0.9763 

Resolution range 63.08 - 2.31 (2.60-2.31) 79.61 - 2.03 (2.31 - 2.03) 102.88 - 2.52 (2.71 - 2.52) 

Space group P 21 21 21 C 1 2 1 I 4 2 2 

Cell dimensions 

a, b, c (Å) 

α, β, γ  (°) 

 

71.47, 71.50, 134.18 

90, 90, 90 

 

112.00, 114.86, 39.82 

90, 99.56, 90 

 

114.75, 114.75, 232.26 

90, 90, 90 

Total reflections 113,523 (7,011) 60,691 (2,967) 142,792 (8,720) 

Unique reflections 21,145 (1,538) 17,424 (871) 16,212 (810) 

Multiplicity 5.4 (4.6) 3.5 (3.4) 8.8 (10.8) 

Completeness (Spherical) 68.6 (17.1) 54.5 (8.7) 60.5 (15.5) 

Completeness (ellipsoidal) 90.3 (71.1) 89.5 (61.1) 93.6 (71.3) 

Diffraction limits & 
eigenvectors of ellipsoid fitted 
to diffraction cut-off surface: 
(Å) 

a*:  2.705 

b*: 2.647 

c*: 2.287 

0.952 a* - 0.307 c*: 2.027 

b*: 2.289 

0.926 a* + 0.377 c*: 2.979 

a*: 2.515 

b*: 2.515 

c*: 3.914 

Mean I/sigma(I) 11.1 (1.5) 3.4 (1.5) 7.5 (1.5) 

Wilson B-factor (Å2) 47.02 23.66 53.29 

R-merge 0.100 (1.267) 0.161 (1.249) 0.185 (1.639) 

R-pim 0.047 (0.637) 0.100 (0.784) 0.089 (0.726) 

CC1/2 0.996 (0.560) 0.982 (0.469) 0.996 (0.629) 

Reflections used in refinement 21,137 17,421 16,209 

R-work/R-free 0.230/0.277 0.212/0.248 0.248/0.267 

Number of non-hydrogen 
atoms 

3,645 2,589 2,906 

  Macromolecules 3,452 2,343 2,705 

  Ligands 123 130 190 

  Solvent 70 116 11 

RMS (bonds) (Å)/ (angles) (°) 0.014 / 1.82 0.014 / 1.87 0.014 / 1.97 

Ramachandran outliers (%) 0.67 0 0.55 

Rotamer outliers (%) 3.65 2.38 7.42 

Clashscore 2.80 5.92 8.24 

Average ADP (Å2) 52.83 29.76 64.02 

  macromolecules 52.88 29.62 63.25 

  ligands 58.33 34.92 76.76 

  Solvent 40.23 26.87 32.57 

Values in parentheses are for reflections in the highest resolution shell. The * denotes reciprocal space. 
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of  TSR1 in the structure of  PN1/456 and PN1/456-CTC (Fig. 5B); however, the overall fold 
of  TSR1 was not affected.

TSR2 (res. 134-191) displayed the consensus TSR fold, with only minor deviations besi-
des the additional cysteine (Cys170).However, this domain was not well defined by 
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Figure 4 | Overview of  properdin structures. 
(A) From left to right: PN1/456, PN12/456 and PN1/456-CTC. Structures are depicted in cartoon representation with a se-
mi-transparent molecular surface (top row) and as ADP cartoon putty (bottom row)). ADP colors for all three structures 
are on the same scale of  10-140 Å2. (B) Cartoon representation of  individual properdin domains; the TSR Trp-ladder 
residues, disulphides and glycans are depicted as sticks. A schematic representation of  the general TSR domain topology 
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the density as reflected by its high atomic dis-
placement parameters (ADP) (Fig. 4A).

TSR4 (res. 256-312) showed striking variations 
in the structures of  PN1/456, PN12/456 and PN1/456-
CTC (Fig. 6A-B). In the Trp-ladder of  TSR4 
the canonical third tryptophan is replaced by a 
valine (Val266). A comparison of  TSR4 from 
all three structures shows that TSR4 displays 
a bending-like motion at this position (Fig. 
6A-B). The distal part of  TSR4 is held in 
place by interaction with the STB domain, but 
the proximal part, where the short Trp-ladder, 
comprising Trp260 and Trp263 in strand A, 
Arg282 in strand B and Arg302 in strand C, is 
located is at a different position in each of  the 
three structures resulting in a distance of  28.3 
Å between the Cα atoms of  TSR4 Ser255 in 
PN1/456 and PN12/456. 

TSR5 (res. 313-376) displayed well-defined 
electron density in all three structures and 
closely resembled the TSR-consensus fold. 
However, the canonical third arginine in 
strand B of  TSR5 is replaced by Gln344. 
Gln344 forms a H-bond with Arg368 from 

strand C and Arg364 is in π-cation stacking conformation with Trp324. Thus, the 
stacking of  Trp-ladder residues is effectively conserved. The most striking feature of  
TSR5 is a six-residue insertion (res. 328-333) (29), in the A-B loop between Cys327 and 
Cys337 that forms a loop that protrudes from the TSR domain. 

TSR6 (res. 377-469) showed a larger deviation from the typical TSR-fold and has a 
boomerang-like appearance, due to a 22 residue-long insertion (res. 412-434) (29) in 
the B-C loop. This insertion forms a β-hairpin loop that protrudes from the TSR6-core 
(Fig. 4B). The core part of  TSR6 makes an angle of  147° with TSR5, pointing towards 
TSR1, and the TSR6 β-hairpin protrudes at a 70° angle from the domain core towards 
and beyond TSR5. Residues 430-438 from the TSR6 β-hairpin are part of  a β-sheet with 
the end of  strand C from TSR5 (Fig. 7). A hydrophobic core consisting of  Pro435, 
Tyr371 and Ile373 from TSR5 and Leu378, Leu411, Pro412, Tyr414, Val418, Val429 
and Phe431 from TSR6 stabilizes the base of  the β-hairpin. Similar to TSR1, TSR6 
lacks a ‘jar-handle’ motif. In this case, the jar-handle H-bonding interactions are substi-
tuted by the backbone carbonyl from Glu440 in the B-C loop, which forms a H-bond 
with NH1 of  the first Trp, Trp382, of  the Trp-ladder. In TSR6 Arg405 is not stabilized 
by a residue from strand C and both Arg405 and Trp382 are not in a π-cation stacking 
conformation and thus do not contribute to the stability of  the Trp-ladder.
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Figure 5 | Disulphides at the properdin TSR1-
TSR2 interface. 
(A) Cartoon representation of  the TSR1-TSR2 inter-
face in PN12/456 with disulphides represented as sticks. 
The terminal Cys133 of  TSR1 forms the canonical 
disulphide with Cys93 in the TSR1 A-B loop, where-
as Cys132 forms a disulphide with Cys170 in the B-C 
loop of  TSR2. (B) The TSR1 distal end in PN1/456 sho-
wing the “incorrect” disulphide between Cys132 and 
Cys93. Electron density is shown at 1-rmsd contour 
level. Colors are as follows: TSR1 (blue), TSR2 (coral), 
TSR6 (red) and disulphides are shown in yellow.
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Properdin glycosylation

The tryptophans of  TSR Trp-ladders are 
typically C-type mannosylated, where the C1 
of  an α-mannose is attached to the C2 in the 
indole ring of  the Trp (34, 35, 47). We could 
clearly identify C-mannosylation for 11 out of  
14 Trp-ladder tryptophans (Fig. 4B). For the 
majority of  these, we observe that the O2 oxy-
gen of  the mannosyl-Trp moiety interacts with 
its backbone nitrogen, whereas the O5 and O6 
oxygens form H-bonds with the side chain of  
the adjacent Arg, which further stabilizes the 
TSR domain fold (Fig. 6B-C). In addition to 
C-mannosylation, TSR domains usually dis-
play O-linked glycosylation of  a Thr or Ser 
residue that precedes the cysteine in loop A-B 
(35, 48, 49). This glycosylation constitutes the 
attachment of  a β-glucose-1,3-α-fucose glycan 
through a linkage between the C1 atom of  the 
fucose and the Thr or Ser side chain oxygen 
(49). In PN12/456, we observe O-fucosylation 
of  TSR1 (Thr92), TSR2 (Thr151) and TSR4 
(Thr272) (Fig. 4B), although the TSR2 glycan 
is poorly defined. In all structures, the O-fuco-
sylation of  TSR4 is especially well defined and 
is involved in properdin oligomerization, as 
described below. Finally, we observe N-gly-
cosylation of  Asn428, which is located in 
the B-C loop insertion in TSR6 and has been 
shown not to be important in properdin func-
tion (29). 

Properdin oligomerization

A previously reported model for properdin 
oligomerization described the properdin ver-
tex as a ring formed by four TSR domains each 

comprising a quarter of  the ring (13) and formed by two inter protomer contacts (13, 
27). The structures of  PN1/456 and PN12/456 showed that the properdin vertex consists of  
the STB domain, TSR1, part of  TSR4, TSR5 and TSR6 domains. These domains form a 
ring-like structure through interfaces formed by the STB and TSR1 domains with TSR4 
and TSR6, respectively. TSR2 and approximately 66% of  TSR4 are protruding from the 
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Figure 6 | A shorter Trp-ladder allows structural 
flexibility of  TSR4. 
(A) Cartoon representation of  TSR4 from PN1/456 (yel-
low), PN12/456 (red) and PN1/456-CTC (green). Structures 
were superposed using the STB domain, shown in 
purple, as reference. The TSR4 domain is bent at the 
position of  V266 (shown in sticks) resulting in dis-
tances of  18.6 Å, 20.2 Å and 28.3 Å between the Cα-
atoms of  the N-terminal residues (S255) in each of  
the three models. The angle between the proximal (re-
sidues 256-266 and 279-303) and distal (residues 267-
278 and 304-312) parts of  TSR4 are indicated.  (B) 
Trp-ladder residues in TSR4 from PN1/456 (yellow) and 
PN12/456 (red) showing the distortion of  the TSR do-
main at the position of  the missing third tryptophan, 
which is replaced by Val266.  (C) Trp-ladder residues 
in TSR5 (green) shown as representative for a pro-
totypical TSR Trp-ladder, The TSR-fold is stabilised 
by mannosyl-Trp/Arg H-bonds. Trp-ladder residues 
are shown in sticks and electron density is shown at 
1-rmsd contour level. H-bonds are indicated as das-
hed lines. 
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vertex and form the properdin edges along with 
TSR3, which is absent in PN1/456 and PN12/456. The 
boomerang-shaped TSR6 forms approximately 
half  of  the ring, with an extensive interface bet-
ween the distal end of  TSR6 and TSR1, and the 
long insertion in the B-C loop of  TSR6 locked 
firmly in place by interactions with TSR5 (Fig. 7). 

The interface between TSR6 and TSR1 is formed 
by the distal end of  TSR6, which includes the A-B 
loop and the C-terminal region of  strand C, and 
the β-sheet of  TSR1 (Fig. 8 AB). This interface 
is predominantly mediated by hydrophobic inter-
actions, involving residues Leu99, Tyr101, Trp122 
and Leu124 from TSR1 and Pro399, Pro459, 

Pro464, Cys391-Cys455 and Cys395-Cys461 from TSR6. In addition, hydrogen bonds 
are formed between the backbone atoms of  Leu124 from TSR1 and Cys391 in TSR6, 
respectively, and between sidechains of  Ser90 and Ser97 and the backbone carbonyl of  
His457 and Leu456 respectively. Additionally, salt bridges are formed between Glu95 
and Arg103 in TSR1 and Arg401 and Asp463 in TSR6. The interaction between Glu95 
and Arg401 is not visible in PN1/456-CTC since the region containing Glu95 is not well 
defined in this structure. 
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Figure 7 | Interactions between TSR5 and 
TSR6 stabilise the TSR6 β-hairpin. 
Cartoon representation of  the TSR5/TSR6 
(green/red) interface with residues that form the 
hydrophobic core that stabilises the TSR6 β-hair-
pin shown in sticks. 
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The second interface between properdin protomers is formed by the STB domain and 
TSR4 (Fig. 8A-B). This interface is characterized by a hydrophobic core involving 
Leu47, Val51, Leu58, Phe62 from the STB domain and Leu275, Ile305 and Pro311 in 
TSR4. In addition, there are hydrophilic interactions between Asp55 and the backbone 
carbonyl moiety of  Leu58 from the STB domain and Asn307 and the backbone nitro-
gen of  Cys312 of  TSR4, respectively. The O-linked glycan on Thr272 from TSR4 con-
tributes directly to the interaction via a hydrogen bond with Asn59 on the STB domain 
as well as multiple water-mediated interactions. 

Interaction of  properdin with C3b

In PN1/456-CTC, properdin-TSR5 sits on top of  the C3/C3b-CTC domain with an 
approximate angle of  20° between the main body of  TSR5 and the C3/C3b-CTC 
C-terminal α-helix (Fig. 9A). This interface is characterized by mainly hydrophilic inter-
actions, involving TSR5 residues Gln343, Gln363, Gln364, His369, and C3/C3b-CTC 
residues Gln1638, Gln1643 and Glu1654, and a salt bridge between TSR5 Arg359 and 
C3/C3b-CTC Asp1639 (Fig. 9B). The C-terminal end of  the C3/C3b-CTC α-helix is 
embraced by two loops, which resemble stirrups, formed by the insertions in the core 
structure of  properdin TSR5 and TSR6, respectively (TSR5 res. 328-333 and TSR 6 res. 
419-426) (Fig. 9C). The TSR6 stirrup is partially disordered in the absence of  C3/C3b-
CTC, but well defined in the PN1/456-CTC complex. The two ‘stirrups’ provide additional 
properdin-C3b interactions; the TSR5 stirrup interacts with C3/C3b-CTC through cati-
on-π stacking of  Arg329 with C3/C3b Phe1659 and a hydrogen bond between Arg330 
and the main-chain oxygen of  C3/C3b Gly1660. In the TSR6 stirrup, Lys427 forms 
a salt bridge with C3/C3b Glu1654. This interaction is further stabilized by hydrogen 
bonds between the TSR6 Glu422 side chain with backbone atoms from Ser1571 and 
Thr1568 from the C3/C3b-CTC domain and backbone mediated interactions between 
Val421 and Glu422 from the TSR6 stirrup with C3/C3b Val1657 and Val1658, respec-
tively (Fig. 9C). 

To gain insights into the properdin interactions with the C3bBb complex, we modeled 
and refined the  structure of  the proteolytic fragment Pc in complex with the SCIN-sta-
bilized C3bBb convertase (PDB ID: 5M6W) (32). Modeling properdin in the density 
of  5M6W (see Methods) resulted in a significant improvement of  the refinement sta-
tistics (Rfree/Rwork = 0.264/0.219, compared to Rfree/Rwork = 0.315/0.262, when 
not including properdin). The structure comprises two copies of  the SCIN stabilized 
C3bBbPc complex with density for TSR3 only detectable in one copy (Fig. 9D).  In 
both copies of  the C3bBb-SCIN-Pc complex, the ring-like structure of  properdin and 
the interface with C3b are similar as observed for PN1/456 in complex with C3/C3b CTC 
domain. Although the stirrup loops of  TSR5 and TSR6 are in the vicinity of  the VWA 
domain of  Bb, we observe only two contacts between properdin and Bb within 3.2 Å 
in the model. The side chains of  Lys350 (325 in 5M6W) of  Bb and Val421 of  proper-
din are within 2.8 Å and the side chains Met394 (369 in 5M6W) of  Bb and Glu422 of  
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properdin are within 3.1 Å distance, thus no direct interactions are apparent between 
properdin and Bb in the structural model (Fig. 9E). 

The two C3bBbPc complexes in the asymmetric unit show variation in both TSR4 and 
TSR2-TSR3; In one of  the complexes the conformation of  TSR4 is similar to that of  
TSR4 from PN1/456, in the second C3bBbPc complex TSR4 is once again bent at the 
position of  V266, but at an angle that does not correspond to TSR4 in PN1/456, PN112/456 
or PN1/456-CTC, showing that TSR4 has an even greater range of  motion. This structural 
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Figure 9 | Properdin-convertase interactions. 
(A) Surface representation of  PN1/456-CTC. Domains colored as follows: STB (purple), TSR1 (blue), TSR4 (yellow), 
TSR5 (green), TSR6 (red) from properdin, the C3/C3b CTC domain (grey) and Bb (brown). (B) Detailed view of  the 
interaction between TSR5 and the C3/C3b CTC C-terminal α-helix. (C) Side view of  PN1/456-CTC, 90° rotated com-
pared to panel B showing details of  the interaction between the TSR5 and TSR6 stirrup loops and C3/C3b-CTC. In 
panels B and C proteins are shown in cartoon representation with side chains of  key residues that are involved in the 
interaction shown in sticks. H-bonds are indicated as dashed lines. (D) Detail of  the properdin-C3bBb-SCIN complex 
showing electron density at 1-rmsd contour level. (E) Close-up of  the properdin-C3b-Bb interface showing the two 
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variability of  the TSR4 conformation results in a ~60° angle that is covered by TSR4 
in all properdin models (Fig. 9F). Similarly, TSR2 also shows structural flexibility; the 
orientation of  TSR2 in one C3bBbPc complex matches the orientation observed in 
PN12/456, whereas in the other copy TSR2 is at a 58° angle compared to TSR2 from 
PN12/456 (Fig. 10A). Using the different conformations observed for TSR2 and TSR4 
we were able to build models for properdin dimers, trimers and tetramers bound to 
a C3bBb coated surface (Fig. 10B). In these models, the properdin ring-like vertices 
(comprising STB, TSR1 and (the distal end of) TSR4’, TSR5’ and TSR6’ (with domains 
from a second protomer indicated by an apostrophe), are orientated perpendicular to 
the plane of  the surface, with the edges comprising TSR2, TSR3 and the proximal part 
of  TSR4 roughly parallel to the surface. 

Discussion

Previous biochemical data (11, 12, 21) has indicated that properdin enhances comple-
ment activity by binding and stabilizing surface-bound C3 pro-convertases (C3bB) and 
convertases (C3bBb) of  the alternative-pathway. Low-resolution structural data sug-
gested that properdin binds C3 convertases at the a’-chain of  C3b (13, 32), consistent 
with stabilization through putative bridging interactions between C3b and FB or frag-
ment Bb of  the pro-convertase and convertase, respectively. The crystallographic data 
presented here has provided atomic models of  the ring-shaped structures previously 
observed in low-resolution EM images of  full-length oligomeric properdin (13, 27) 
and in a crystal of  C3bBb-SCIN in complex with the proteolytic Pc fragment at 6-Å 
resolution (32). Our high-resolution data reveals the STB-domain fold adopted by the 
N-terminal domain, the structural variations and post-translational modifications pre-
sent in the TSR domains and the non-covalent binding interfaces between N-terminal 
domains STB and TSR1 and C-terminal domains TSR4 and TSR6, respectively, of  two 
different protomers needed to form the ring-shaped structures of  properdin. Next, 
our data of  properdin in complex with the CTC domain of  C3b shows the interaction 
details that position properdin on top of  a C3b molecule, when C3b is covalently bound 
to a target surface, and identified two ‘stirrup-like’ loops, formed by inserts into TSR-
folds of  TSR5 and TSR6, as interaction sites for binding the VWA domain of  FB and 
Bb for stabilizing the C3 pro-convertase and convertase, respectively.

Mass spectrometry of  plasma-derived full-length properdin indicated complete C-man-
nosylation of  14 out of  the 17 tryptophans present in the WRWRWR motifs and no 
or partial C-mannosylation of  the remaining three (Trp80, 202 and 318), in addition to 
three fully (Thr151, Ser208 and Thr272) and one partially occupied (Thr92) O-fucosyla-
tion sites and a single N-linked glycosylation site (Asn428) (34, 35) (Fig. 4B). We obser-
ved that the C-mannosyl moieties on tryptophan are part of  common H-bonding net-
works that also include the backbone nitrogen of  the mannosylated Trp (positioned on 
strand A), the guanidium head group of  the arginine distal to the Trp (in strand B) and 
a polar or negatively charged side chain of  the residue opposing the Arg (in strand C), 
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Figure 10 | Models of  properdin oligomers binding to surface bound C3 convertases. 
(A) Structures of PN1/456 (red), PN12/456 (yellow), PN1/456-CTC (green) and the copy from Pc-C3bBb-SCIN lacking density 
for TSR3 (pink) superimposed on TSR5 of  the other copy of  Pc-C3bBb-SCIN (purple). (B) Ribbon representation of  
properdin oligomers binding to C3 convertases viewed from the front (left panel) and top (right panel).  C3b and Bb 
are colored grey and wheat, respectively, Gln1013 from the C3b thioester is shown as red spheres. Each protomer in a 
properdin oligomers is colored differently. Top panel: Properdin dimer binding to two C3 convertases (for this model we 
used PN12/456 with TSR3 positioned relative to TSR2 as it is in the copy of  Pc-C3bBb-SCIN that contains TSR3) Middle 
panel: Properdin trimer binding to 3 C3 convertases (for this model the properdin copy from Pc-C3bBb-SCIN that 
contains TSR3 was used). Bottom panel: Properdin tetramer binding to four C3 convertases (this model was generated 
with TSR2 as in the middle panel but using TSR4 from PN1/456).

thus bridging all three strands providing stabilization to the TSR fold (Fig. 6C). Similar 
arrangements are found in the structure of  TSR domains of  C8 (PDB ID: 3OJY), C9 
(PDB ID 6CXO), ADAMTS13 (PDB ID:3VN4) and Unc5a (PDBID: 4V2A). In the 
case of  Unc5a (determined at 2.4-Å resolution), the two mannosyl moieties have not 
been included in the model, but are clearly visible in the density in a conformation simi-
lar to that observed in properdin. In C6 structures (3T5O, 4E0S, 4A5W), the mannoses 
in TSR1 and TSR3 domains are absent or modeled in various alternative conformations, 
possibly due to the relatively low resolution of  these structures, ranging from 2.9-4.2 
Å. In our structures, we observed clear density for all mannosyl moieties, except two 
(Trp86 and Trp145), of  the reported fully C-mannosylated tryptophans (35). Trp145 is 
located on TSR2, which exhibits overall poor density in the crystal structure of  PN12/456. 
Very weak densities for a mannosyl moiety at Trp86 of  TSR1 were observed in all three 
structures. The WRWRWR motif  in TSR1 lacks the final arginine residue, instead a 
glutamine residue is observed at this position. Most likely, the absence of  H-bonding 
potential with a guanidinium moiety at the final position causes local flexibility, explai-
ning the weak density observed for the mannosyl on Trp86. Properdin is N-glycosyla-
ted at Asn428 of  TSR6, which is located at the base of  the β-hairpin insertion. In our 
structures this glycan is only partially present, however, there is clear density for this 
glycan in 5M6W. This glycan would not interact with C3bBb upon binding, which is in 
agreement with previous findings that removal of  N-linked glycans had no effect on 
properdin activity in a hemolytic assay (29). Properdin O-fucosylation is observed in the 
density at Thr92, Thr151 and Thr272, which are positioned at structural homologous 
positions in the A-B-loop of  TSR1, TSR2 and TSR4. The A-B loop in 63 out of  88 
TSR sequences contains the sequence C-X-X-S/T-C, where the serine or threonine is 
O-fucosylated (48). Similar to TSR1 from C6 and the TSR domain from ADAMTS13, 
the O-glucosyl-β1,3-fucose is packed against the disulphide bridge that connects loop 
A-B to the terminal residue of  the TSR domain.

Oligomeric full-length properdin consists of  ring-shaped vertices, formed by N- and 
C-terminal domains of  separate protomers (13, 27). The crystal structures of  PN1/456 
and PN12/456, obtained by co-expression of  N- and C-terminal parts, clearly revealed 
that the ring-shaped vertices are formed by two contact interfaces between N-terminal 
domains of  one protomer and the C-terminal domains of  another protomer (Fig. 4A). 
The N-terminal domain adopts a STB fold and binds the TSR4’ domain of  another 
protomer. This interface, which is dominated by hydrophobic interactions, is further 
stabilized by additional H-bonds between STB Asn59 and the O-glucosyl-β1,3-fucose 
on Thr272 of  TSR4’. A second protomer-protomer interface is observed between TSR1 
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and TSR6’. This interface is formed between the distal end of  TSR6’ and the β-sheet 
at the core of  TSR1 and involves hydrophobic interactions as well as several H-bonds 
and two salt bridges. Overall, the ring-shaped vertex of  properdin is formed by STB-
TSR1 of  one protomer and (approximately ~1/3 of) TSR4’, TSR5’ and, an extended 
and curved, TSR6’ of  a second protomer (Fig. 8). TSR2, TSR3 and the remaining part 
of  TSR4 consequently form the edges in properdin oligomers.

Consistent with low-resolution EM and X-ray data (13, 32), we have shown that the 
TSR5 domain of  properdin provides the main interaction interface with C3b by binding 
along the length of  the C-terminal α-helix of  the C3b α’-chain (Fig. 9A). Protonation 
of  properdin His369, at this main interface, would yield formation of  a salt-bridge 
with C3b Glu1654 (Fig. 9C), explaining increased binding of  properdin to C3b at low 
pH (32, 50). Comparison with other structures of  C3b (37) indicates that binding of  
properdin to the CTC domain does not require nor likely induces large conformational 
changes in C3b. We identified two ‘stirrup’-like loops, residues 328-336 of  TSR5 and 
419-426 of  TSR6, which embrace the end of  the C-terminal α-helix of  CTC (Fig. 9C). 
Cleavage of  properdin in the TSR5-stirrup loop (between res. 333-334) leads to loss 
of  C3b binding (and, hence, loss of  convertase stabilization) (29), which indicates the 
importance of  an intact TSR5 stirrup in C3b binding. The only known properdin type 
III (loss-of-function) mutation, Y414D (51), is located at the base of  the TSR6 β-hair-
pin that constitutes the TSR6 stirrup. Tyr414 is part of  a hydrophobic core between 
TSR5 and TSR6 (Fig. 7) and Y414D likely disturbs this hydrophobic core and destabi-
lizes the TSR6 stirrup and hence affects C3b binding or convertase stabilization (51). 

Monomerized properdin binds the C3 convertase (C3bBb) and pro-convertase (C3bB) 
strongly, and C3b weakly (KD's of  34 nM, 98 nM and 6.8 µM, respectively, in agree-
ment with previous data (12, 32); Fig. 2 and 3). Superposition of  PN1/456-CTC onto 
C3bB and C3bBD (PDB ID: 2XWJ and 2XWB) (52) suggests that the two stirrups 
are ideally positioned to bridge interactions between C3b and the VWA domain of  FB 

FH

FI

Properdin

C3b

Figure 11 | Properdin binding to C3b is incompatible with FI binding. 
Superposition of  PN1/456-CTC and C3b-FH-FI (PDB ID:5O32). Models were superposed on the C3b-CTC domains 
(rmsd 0.7 Å). Left: overview of  the structures with FH (Pink), FI (light blue) and properdin (multicolored model, with 
TSR5 in green and TSR6 in red) in ribbon presentation with semi-transparent molecular surface and C3b (grey) shown 
in ribbon. Right: close up showing FI occupies the same space as the properdin TSR6 (red) stirrup loop.  
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and Bb. The TSR5 stirrup is in close proximity to the N-terminal region of  CCP1 in 
the Ba region of  FB, with only one potential H-bond between properdin Asn331 and 
FB Ser78. The proximity of  properdin to FB-CCP1 explains the cross-links observed 
between Ba and properdin by Farries et al. (53). Re-analysis of  C3bBb-SCIN with Pc (at 
6-Å resolution) is consistent with the interactions that we observed at high resolution 
between PN1/456 and an isolated C3/C3b-CTC domain (Fig. 9D-E). The low-resolu-
tion data of  Pc-C3bBb-SCIN suggests small rearrangements in the TSR6 stirrup loop. 
Nevertheless, the expected additional interactions between Bb and properdin are not 
observed in Pc-C3bBb-SCIN. Potentially, the inhibitor SCIN enforces a C3bBb confor-
mation that is not compatible with stabilization by properdin (32). Therefore, the inter-
action details between properdin and FB and Bb that explain higher binding affinities 
for the pro-convertase and convertase remain unfortunately unresolved. 

Besides promoting the formation of, and stabilizing the alternative-pathway C3 conver-
tase, properdin is also known to inhibit FI activity (12, 13, 54); based on kinetic data, 
this is likely due to competition for the same binding site on C3b (12). Superposition 
of  PN1/456-CTC with C3b in complex with FH and FI (55) (PDB ID: 5O32) shows that, 
in a putative properdin-C3b-FH-FI complex, TSR6 of  properdin severely clashes with 
the FI membrane-attack complex domain in FI (Fig. 11). Therefore, the structural data 
supports competitive binding of  properdin and FI for the same binding site. No over-
laps are observed between properdin and regulators FH, DAF and MCP, when super-
posing PN1/456-CTC with other C3b-regulator complexes (37). Thus reduced decay-ac-
celeration activity of  FH and DAF (32) is most likely due to the increased stability of  
C3bBb upon properdin binding.

Native properdin occurs predominantly as a mixture of  dimers, trimers and tetramers 
(8), observed as flexible lines, triangles and quadrilaterals in negative-stain EM (13, 27). 
The oligomers bind with high avidity (with an apparent KD of  22 nM) to surface-bound 
C3b compared to monomerized properdin binding a single C3b (KD of  6.8 µM). Con-
sistently, properdin tetramers are more active than trimers, which are more active than 
dimers (8, 9). In the structures presented here, overlaid in Figure 10A, we observed 
structural variability predominantly in TSR2 and TSR4. These variations occur mostly 
in the plane of  the membrane of  a properdin oligomer bound to an opsonized surface, 
which allowed us to create composite models representing symmetric properdin dimers, 
trimers and tetramers binding to surface-bound C3b, C3bB or C3bBb in a straightfor-
ward manner (Fig. 10B). The ability of  properdin to form flexible oligomers is crucial 
to enhance complement activation only on surfaces by binding deposited C3b molecu-
les with high avidity, while promoting convertase formation (11) and stabilizing formed 
convertases by binding C3bB and C3bBb complexes with high affinity (12, 32). Local 
production of  properdin by immune cells would result in further enhancement near 
affected sites (23, 25, 26). 
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Materials and Methods

Molecular cloning and construct design

Human properdin (UniProtKB-P27918) cDNA was obtained from Open Biosystems 
(Dharmacon Inc.). Domain boundaries were chosen based on both UniProt assignment 
and crystal structures of  thrombospondin I domains TSR2 and TSR3 (PDB ID: 1LSL) 
(30). In addition to full-length properdin (res. 28-469), four N-terminal constructs were 
created, PN1 (res. 28-132), PN1’ (res. 28-134), PN12 (res. 28-191) and PN123 (res. 28-255), 
comprising the first two, three and four N-terminal domains of  properdin; and P456 (res. 
256-469) comprising the three C-terminal domains. The N-terminal domain boundary 
of  the C3/C3b-CTC domain (res. 1517-1663) was chosen based on the structure of  
C3b (PDB ID: 5FO7 (37)). All inserts were generated by PCR using clone specific 
primers that include a 5’ BamHI restriction site that results in an N-terminal Gly-Ser 
cloning scar in all constructs and a NotI restriction site at the 3’ end of  the insert. The 
NotI site results in a C-terminal extension of  three alanine’s in all constructs, except for 
PN12 and C3/C3b-CTC, where a stop codon was introduced prior to the NotI site. All 
inserts were cloned into pUPE expression vectors (U-Protein Express BV, Utrecht, the 
Netherlands). For small-scale (4 ml) expression tests, one of  the constructs (either the 
N- or C-terminal fragment) included a 6x-His purification tag. In large-scale co-expres-
sions P456 included a C-terminal 6xHis-tag, with no tag on the N-terminal constructs. 
Similarly, constructs for full-length properdin included a C-terminal 6xHis-tag and the 
C3/C3b-CTC construct contained an N-terminal 6xHis-tag.

Recombinant proteins were transiently expressed in Epstein-Barr virus nuclear anti-
gen I (EBNA1)- expressing, HEK293 cells (HEK293-EBNA) (U-Protein Express 
BV, Utrecht, the Netherlands). For crystallization purposes, proteins were expressed 
in GnTI- HEK293-EBNA cells. N-terminal and C-terminal properdin fragments were 
co-expressed using a 1:1 DNA ratio. Cells were grown in suspension culture at 37 °C 
for 6 days post-transfection. For each culture, supernatant was collected by a low-speed 
spin (1,000 x g for 10 min), followed by a high-speed spin (4,000 x g for 10 min) to 
remove any remaining cell debris. Subsequently, 3 ml/L Ni-Sepharose Excel beads (GE 
Healthcare) was added to the supernatant and the mixture was incubated for 2 to 16 
hours with constant agitation at 4 °C. The beads were washed with 10-column volumes 
of  buffer A (20 mM HEPES pH 7.8, 500 mM NaCl) and 10 column volumes of  buffer 
A supplemented with 10 mM imidazole. Bound protein was subsequently eluted with 
buffer A supplemented with 250 mM imidazole. For small-scale (4 ml) expression tests 
of  properdin fragments no further purification steps were performed, whilst for lar-
ge-scale (1 L) expressions, pooled fractions were concentrated and further purified by 
size-exclusion chromatography (SEC). PN12/456 for SPR was purified with a Superdex 200 
16/600 (GE Healthcare) using 25 mM HEPES pH 7.8, 150 mM NaCl as the running 
buffer. All other properdin complexes were purified on a Superdex 200 10/300 Increase 
(GE Healthcare) column using either 20mM HEPES pH 7.4, 150 mM NaCl (properdin, 
PN1/456, PN1’/456) or 25mM HEPES pH 7.8 with 100 mM NaCl (PN12/456 for crystallizati-
ons) as the running buffer. The C3/C3b-CTC domain was purified on a Superdex 200 
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16/600 (GE Healthcare) in 20 mM HEPES pH 7.4, 150 mM NaCl. Human wild type 
FB, catalytically inactive (S699A) double-gain-of-function (D279G, N285D) FB mutant 
(FBdgf‡) (56), factor D (FD), DAF1-4 and Salp20 were purified as described previously 
(52, 57, 58). C3 and C3b were purified from human plasma as described in Wu et al. 
(57). Full-length properdin was stored at 4 °C and all other proteins were flash frozen 
by plunging into liquid N2 and stored at -80 °C. 

C3 convertase stability assay

To generate C3 convertase, purified C3b (obtained after cleavage of  human serum-deri-
ved C3) was mixed with catalytically inactive FBdgf‡ at a ratio of  1:1.1 in the presence of  
5 mM MgCl2. After incubation for 5 min at 37 °C, FD was added to a ratio of  C3bB:FD 
of  1:0.1 and the mixture was incubated for another 5 min at 37 °C, after which the C3 
convertase was stored on ice till further use. C3 convertase was diluted to 1.5 µM with 
ice-cold buffer (20 mM HEPES pH 7.4, 150 mM NaCl and 5 mM MgCl2). Either 6 µM 
PN1/456 or PN12/456 or an equal volume of  buffer (control) was added to the C3 convertase 
in a ratio of  1:2 resulting in a final concentration of  2 µM PN1/456 or PN12/456 and 1 µM 
C3 convertase. The mixture was incubated at 37°C for one hour and subsequently put 
on ice. The amount of  C3 convertase was analyzed by analytical SEC using a Superdex 
200 10/300 Increase pre-equilibrated with 20 mM HEPES pH 7.4, 150 mM NaCl and 
5 mM MgCl2 at 18 °C on a Shimadzu FPLC.

Surface-plasmon resonance

C3b was generated from C3 through the addition of  FB and FD to a C3:FB:FD molar 
ratio of  1:0.5:0.03 in the presence of  5 mM MgCl2 and incubation at 37 °C. At 10 
minute intervals fresh FB was added to ensure complete conversion of  C3 to C3b. Sub-
sequently, C3b was biotinylated on the free cysteine that is generated after hydrolysis of  
the reactive thioester (59); EZ-Link Maleimide-PEG2-Biotin (Thermofisher) was added 
to a final concentration of  1 mM to the freshly produced C3b (13 µM) and the mixture 
was incubated for 3 hours at room temperature. C3b was separated from unreacted 
Biotin-Peg2-Maleimide by SEC using a S200 10/300 increase column pre-equilibrated 
in 20 mM HEPES pH 7.4, 150 mM NaCl. Purity and conversion of  C3 to C3b were 
analyzed by SDS-PAGE. To analyze equilibrium binding to monomerized properdin, 
we used PN1’/456 that includes an additional Cys-Pro (res. 133-134) at the C-terminus of  
TSR1. PN1’/456 (45 µM) was biotinylated as described for C3b and separated from excess 
biotin with a 5 mL HiTrap Desalting column (GE Healthcare) pre-equilibrated in 20 
mM HEPES pH 7.4, 150 mM NaCl. Biotinylated proteins were spotted on a SensEye 
P-Strep chip (SensEye) at 50 nM for 60 min with a continuous flow microspotter (CFM, 
Wasatch). Equilibrium binding kinetics were analyzed using an IBIS-MX96 (IBIS Tech-
nologies). All experiments were performed in 20 mM HEPES pH 7.4, 0.005% (v/v) 
Tween-20, 150 mM NaCl at 4 µl/sec. For experiments involving C3bB and C3bBb the 
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buffer was supplemented with 5 mM MgCl2. Analyses at low ionic strength were perfor-
med at a NaCl concentration of  50 mM. Analytes were injected from low to high con-
centration in 14 twofold incremental steps. In equilibrium binding analyses involving 
C3bB or C3bBb, C3bB was generated on a C3b coated SPR surface by injecting 100 nM 
FBdgf‡ for 5 min prior to each analyte injection. C3bBb was generated from C3bB by 
injections of  100 nM FD for 5 min after each FB injection. Where indicated, DAF1-4 
(1 µM), FD (100 nM) and/or Salp20 (1 µM for experiments with C3b alone and 5 µM 
in experiments with C3 (pro) convertase) were injected, to regenerate the C3b surface. 
Salp20, a properdin inhibitor from deer tick (60), was required to dissociate full length 
properdin from C3b. In all experiments, the SPR surface was washed with buffer sup-
plemented with 1 M NaCl at 8 µl/sec for 30 sec at the end of  each cycle. Temperature 
was kept constant at 25 °C. Prism (GraphPad) was used for data analysis. KD’s were 
determined by fitting the end point data to . 

Crystallization, data collection and structure determination

PN1/456 and the C3/C3b-CTC domain were dialyzed overnight at 4 °C using a 3.5 kDa 
cutoff  Slide-A-Lyzer Mini Dialysis Unit (Thermo Scientific) against 10 mM HEPES, 50 
mM NaCl, pH 7.4. The N-linked glycan on Asn428 of  PN1/456 was removed by including 
1% v/v EndoHF (New England BioLabs) during the dialysis. PN1/456, PN12/456 and the 
C3/C3b-CTC domain were concentrated to 8.7 mg/ml, 10 mg/ml and 10.3 mg/ml, 
respectively. 

Crystals were obtained using the sitting drop vapor diffusion method at 18 °C. Crystals 
of  PN12/456 were grown in 100 mM sodium citrate pH 5.5 and 20% (w/v) PEG 3000 
and cryoprotected by soaking in mother liquor supplemented with 25% (v/v) glycerol. 
Crystals of  PN1/456 were grown in 0.2 M potassium sulfate and 20% (w/v) PEG 3350 
and cryoprotected by soaking in mother liquor supplemented with 25% (v/v) ethylene 
glycol. PN1/456 and C3/C3b-CTC were mixed in a 1:1 molar ratio at 8 mg/ml and crystals 
were grown in 8% v/v Tacsimate pH 5.0 and 20% (w/v) PEG 3350 and cryoprotected 
by soaking in mother liquor supplemented with 25% glycerol. After harvesting, crystals 
were cryo-cooled by plunge freezing in liquid N2. All diffraction data were collected at 
the European Synchrotron Radiation Facility (ESRF) on beamlines ID29 (PN12/456) and 
ID23-1 (PN1/456-CTC, PN1/456). The diffraction images were processed with DIALS (61) 
and the integrated reflection data were then anisotropically truncated with the STARA-
NISO web server (62).

Structures were solved by molecular replacement using Phaser (38). Atomic models 
were optimized by alternating between refinement using REFMAC (42) and manual 
building in Coot (41). C- and O-linked glycosylation restraints were generated within 
Coot, using ACEDRG (63). The structure of  PN12/456 was refined with restraints genera-
ted from PN1/456 using ProSMART (64). Data was deposited at the RSCB Protein Data 
Bank (65) with PDB IDs 6S08, 6S0A and 6S0B. We also re-analyzed data deposited 
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for Pc in complex with C3bBb-SCIN (32) (PDB ID: 5M6W). An initial position for 
the properdin molecule was obtained by superposing our PN1/456-CTC model onto the 
CTC domain of  the two C3b molecules in the model deposited by Pedersen et al. (32). 
Subsequently, TSR2 from PN12/456 was added and manually adjusted to fit the density. 
In addition, for one of  the two copies in the asymmetric unit, density corresponding 
to TSR3 was apparent. A TSR model derived from TSR2 from thrombospondin-1 
(PDB ID: 1LSL (30)), containing the canonical cysteines and Trp-ladder residues, but 
otherwise consisting of  poly-alanines, was placed into this density. The resulting model 
was further refined using the LORESTR refinement pipeline (66). Coordinates of  the 
re-refined properdin-C3bBb-SCIN complex (PDB ID: 5M6W) are available from the 
authors upon request.

Abbreviations:

ADP, atomic displacement parameters; Bb, cleavage product b of  factor B; C3, com-
plement component 3; C3b, cleavage product b of  complement component 3; CTC, 
C-terminal C345c; DAF, decay-accelerating factor; EM, negative-stain electron micros-
copy; FB, factor B; FH, factor H; FI, factor I; IMAC, immobilized metal affinity chro-
matography; MCP, membrane-cofactor protein; Pc, cleaved properdin; PDB, protein 
data bank; rmsd, root-mean square deviation; SCIN, Staphylococcus aureus inhibitor; SEC, 
size exclusion chromatography; SPR, surface-plasmon resonance; STB, short transfor-
ming-growth factor B binding protein-like; TSR, thrombospondin type-I repeat.
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Abstract 

Properdin is crucial for activation of  the complement system through the alter-
native pathway in serum. It stimulates complement activation by promoting 
C3-convertase formation, stabilizing C3 convertases and reducing factor I-me-
diated proteolytic C3b inactivation. However, the relative importance of  each 
these properdin functions on alternative-pathway activation remains unclear. We 
developed a liposome-based leakage assay that allows evaluation of  alternati-
ve-pathway complement activation in the presence and absence of  properdin. 
This assay circumvents the initiation through uncontrolled slow auto-activation 
of  C3 (also referred to as ‘tick-over’) by chemically pre-labelling liposomes with 
C3b. Using this set-up, we showed that properdin is critical for alternative-pa-
thway activation induced by serum, but not for activation when adding puri-
fied complement components, factor B, factor D and C5 through to C9. Only 
in the presence of  negative regulators, which decay C3 convertases, properdin 
became critical for complement activation. Furthermore, surface-plasmon reso-
nance experiments showed that properdin and factor H exert their effects on C3 
convertases independently from each other. Properdin acts primarily through 
increasing the lifetime of  C3 convertases, whereas enhanced formation of  C3 
convertases and reduced factor I-mediated inactivation of  C3b in the presence 
of  properdin only played a minor role in activation. Our work shows that balance 
between stabilization and decay of  the C3 convertase by properdin and factor 
H, respectively, is key for complement activation on surfaces through the alter-
native pathway.
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Introduction:

The complement system is part of  the humoral immune system and is responsible for 
the recognition and clearance of  foreign particles and host debris (1). Whereas the 
classical pathway (CP) and lectin pathway (LP) initiate complement activation upon 
recognition of  danger patterns, the alternative pathway (AP) does not require pat-
tern recognition for initiation and is constitutively active at a low level. After initiation 
through either of  the three pathways, the AP augments complement activation through 
a feed-back loop. 

Continuous low-level AP activation is caused by the spontaneous conformational rear-
rangement of  C3 into a bioactive state (ca. 0.3% per hour) (2), referred to as C3(H2O) 
or C3*. C3* associates with factor B (FB) and after cleavage by factor D (FD) forms a 
C3 convertase (C3*Bb) that cleaves C3 into C3a and C3b. C3 cleavage exposes a reac-
tive thioester in C3b that rapidly reacts with available nucleophiles resulting in covalent 
attachment (3). Like C3*, deposited C3b associates with FB, which is subsequently clea-
ved by FD, generating the AP C3 convertase, C3bBb. Surface-bound C3bBb cleaves C3 
resulting in further deposition of  C3b and generation of  C3 convertases. This ampli-
fication loop results in C3b opsonization of  the targeted surface. Subsequently, a high 
C3b-surface density triggers a switch in substrate specificity of  C3bBb from C3 to C5, 
yielding C5-convertase activity (4, 5), thereby initiating the terminal pathway leading to 
lytic pores in the cell membranes formed by membrane attack complexes (MAC) (6).

Regulation of  AP activation is heavily dependent on the rate of  inactivation of  C3bBb 
by irreversible decay into C3b and Bb. The rate of  inactivation is modulated by both 
positive and negative regulators of  the complement system (7). Properdin is an oli-
gomeric plasma protein that enhances AP activation by stabilizing the C3 convertase 
5-10 fold (8). Properdin oligomerization directs positive regulation to target surfaces 
by binding with high avidity to C3b coated surfaces (9–12). Enhanced AP activation by 
properdin is crucial for defense against infection by microorganisms like Chlamydia pneu-
moniae and Neisseria meningitides (13–15). Besides stabilizing the C3 convertase it has been 
proposed that properdin positively regulates AP activation by enhancing the formation 
of  the C3 convertase (16) and by reducing factor I (FI)-mediated inactivation of  C3b 
by competing with FI for binding to C3b (9, 11, 12, 17). Alternatively, properdin serves 
to recognize surfaces, where it is recruited through binding various ligands (e.g. soluble 
collectin-12 or heparan sulfate), and promote AP activation on these surfaces (18–20). 

Factor H (FH) is an essential negative regulator of  the complement system in serum 
(21). Its decay-acceleration activity (DAA) dissociates C3 convertases into its consti-
tuent components thereby reducing the amount of  complement activation. In addition 
to DAA, FH exhibits a co-factor activity (CA) (21). CA allows FI to inactivate C3b pro-
teolytically and thereby prevent formation of  new C3 convertases (22, 23). Both DAA 
and CA are important to prevent activation and consumption of  complement compo-
nents in the fluid phase and loss of  DAA or CA resulting in increased susceptibility 
to microbial infections and potentially leading to disorders like dense-deposit disease 
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(21, 24, 25). FH may also be recruited to healthy host tissue by interacting with glycans 
on cells or matrix material, where it protects against complement activation (26, 27). 
Impaired recruitment of  FH renders self  surfaces vulnerable to complement activation, 
which  leads to diseases such as atypical haemolytic uremic syndrome and age-related 
macular degeneration (28). 

Properdin and FH have opposing effects on the lifetime of  the AP C3 convertase; 
however, it is unclear whether these proteins affect each other’s function. Properdin has 
been reported to reduce the rate of  decay induced by FH (29–31), but it is unclear if  
this reduction is due to a direct or indirect effect of  properdin on FH activity. A nega-
tive-stain EM model of  properdin in complex with the C3 convertase indicates that 
properdin induces a rearrangement of  the thioester containing domain of  C3b, which 
could impair FH binding to C3b (17). However, it has also been reported that properdin 
and FH are able to bind C3b simultaneously (12, 32–34). Recently Pedersen et al. sugge-
sted a persistent conformational change in C3 convertases after properdin binding that 
reduces the DAA of  FH (11). However, it is unclear if  and how properdin binding to 
the C3 convertase affects the interactions of  negative regulators with either C3b or Bb.

Here we developed a liposome-based assay that enables monitoring of  AP activation. 
Using this assay we studied the effect of  properdin on AP activation. Furthermore, with 
SPR we characterized the effect of  properdin on the formation and lifetime of  the C3 
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Figure 1 | Alternative pathway activation on liposomes coated with C3b
(A) Cartoon representation of  a liposome based alternative pathway (AP) activity assay. Liposomes containing a lipid 
with a maleimide group were incubated with freshly generated C3b. The free cysteine in C3b that is generated after 
hydrolysis of  the reactive thioester can covalently react with the maleimide-lipid. The liposomes encapsulate a self-quen-
ching dye. AP activation can be monitored by the increase in fluorescence that occurs after the release of  the dye through 
the MAC pore. (B) Normal human serum and C3-dpl serum can induce AP activation on C3b-coated liposomes. The 
negative control where no serum was added is indicated with -. (C) The level of  AP activation induced by C3-dpl serum 
is proportional to the C3b concentration (indicated next to the curves) used for coating the liposomes. 
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(pro) convertase. These experiments revealed that stabilization of  the C3 convertase 
by properdin is critical for AP activation in the presence of  negative regulators with 
DAA. Furthermore, it showed that the enhanced formation of  the C3 convertase and 
the reduced FI mediated proteolytic inactivation by properdin only play a minor role in 
AP activation.

Results:

Alternative pathway activation can be monitored on C3b-coated liposomes 

Liposome-based assays have been previously used to biochemically and structurally 
study CP activation, however these liposomes displayed no or only limited AP activa-
tion (35, 36). To enable AP activation on liposomes we bypassed the initiation step of  
the AP by pre-coating liposomes with C3b. C3b was covalently attached to liposomes 
by coupling the free cysteine, which remains after hydrolysis of  the thioester (37), to 
a maleimide containing lipid that was incorporated into the liposomes (Fig. 1A sche-
matic). We tested the C3b-coated liposomes for AP activation by measuring fluores-
cence upon pore formation by the terminal pathway of  complement (36). Incubation 
of  C3b-coated liposomes with normal human serum (NHS) resulted in an increase 
in fluorescent signal indicating complement activation (Fig. 1B), whereas NHS with 
non-coated liposomes did not induce lysis in the timeframe of  60 minutes (Supple-
mental Fig. 1). 

Next, we determined whether the density of  C3b on the C3b pre-coated liposomes 
enabled terminal pathway activation and, thus, implicitly formation of  C5 convertases. 
Incubation of  the C3b-coated liposomes with serum devoid of  C3 (C3-dpl) resulted 
in complement activation (Fig. 1B), which shows the C3b density on the pre-coated 
liposomes was sufficient for enabling the formation of  C5 convertases. Next, we varied 
the density of  C3b pre-coated on the liposomes. The amount of  lysis induced by C3-dpl 

A B

Figure 2 | Cryo-EM micrographs of  C3b coated liposomes incubated with FBdgf‡, FD and C5 
(A-B): Cryo-EM micrographs of  C3b (0.3 µM) coated liposomes incubated with inactive FBdgf‡, FD and C5 suspended 
in a thin layer of  vitreous ice. The liposomes are uni-lamellar and have a protein coat on their outsides.
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serum of  these liposomes was proportional 
to the amount of  C3b used for pre-coating 
the liposomes, which likely corresponds to 
increased C5 convertase activity at higher 
C3b densities (4) (Fig. 1C and Supplemen-
tal Fig. 2). 

We inspected the C3b pre-coated liposomes 
by imaging them by cryo-EM, which sho-
wed predominantly uni-lamellar liposomes 
with a diameter of  roughly 200-300 nm (Fig. 

2A-B). C3b-coated liposomes that were incubated with a FB variant that is catalytically 
inactive and which forms a more stable C3 convertase (FBdgf‡) (38), FD and C5 revealed 
an electron dense layer protruding ca. 15 nm from the membrane (Fig. 2A-B), which 
matches well with the height of  C3 convertase complexes (39). These observations 
suggest that C3b-coated liposomes could be suitable for structural characterization of  
different stages of  the AP.

Properdin enhances complement activation on C3b-coated liposomes

We assessed the role of  properdin in AP activation by inhibiting properdin activity 
with a properdin specific inhibitor, Salp20 (40), or by using properdin depleted (P-dpl) 
serum . The addition of  Salp20 to either C3-dpl serum or NHS abolished AP activa-
tion on C3b-coated liposomes (Fig. 3A and Supplemental Fig. 3). Furthermore, no 
AP activation was observed when incubating C3b-coated liposomes with P-dpl serum. 
However, AP activation by P-dpl serum could be recovered by the addition of  purified 
properdin. Next, we performed liposome leakage assays using purified complement 
components FD, FB and C5 through to C9. Addition of  the purified components to 
C3b-coated liposomes resulted in AP activation. Supplementing the purified compo-
nents with either properdin or a monomerized properdin variant (mP) (12) resulted in 

A

B

C

B

Figure 3 | Properdin is essential for inducing AP acti-
vation with serum
(A) There is no AP activation on C3b coated liposomes 
using P-dpl serum or when properdin inhibitor Salp20 is 
present. AP activity in P-dpl serum can be recovered by the 
addition of  properdin (P). (B) Properdin is not essential 
for AP activation when using purified complement com-
ponents FD, FB and C5-C9 (indicated with – next to the 
curve). Addition of  properdin or a monomerized proper-
din variant (mP) enhances AP activation (indicated with P 
and mP) that can be counteracted by addition of  Salp20. 
(C) Properdin prolongs the lifetime of  the C3/C5 conver-
tase. C3bBbdgf was generated on liposomes by incubating 
C3b-coated liposomes with FBdgf and FD. C3bBbdgf coa-
ted liposomes were incubated with or without properdin 
at room temperature. Addition of  terminal components 
C5-C9 leads to MAC formation that is proportional to the 
amount of  remaining C3bBbdgf. Liposomes incubated with 
properdin retain the ability to induce AP activation after 
prolonged periods of  time compared to the liposomes wit-
hout properdin.
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Figure 4 | Binding kinetics of  FB interacting with C3b or with properdin-C3b complexes
SPR equilibrium experiment of  FB (concentration range = 2.4 x 10-4 – 2 µM) binding to a SPR surface coated with 
C3b (A) or a SPR surface coated with properdin-C3b complexes that were generated by injecting 50 nM properdin (P) 
onto a C3b coated SPR surface (B). (C) Endpoint data of  A and B fitted with a one site specific binding curve. The 
data was normalized based on the Bmax of  the binding curve. (D-E) Comparison of  the formation and decay of  the 
pro-convertase in the presence and absence of  properdin by injecting FB (100 nM) on a SPR surface coated with C3b   
or with properdin-C3b complexes. The curve of  properdin binding to C3b was subtracted from the interaction of  FB 
with properdin-C3b and the data (continuous line) was fitted with a two-phase exponential decay (black dotted line). (F) 
Effect of  properdin on the formation of  the C3 convertase by injecting a mixture of  FD and FB (both 100 nM) on a 
SPR surface coated with C3b or with properdin-C3b complexes. After each run, properdin, FB or Bb were dissociated 
from C3b by co-injecting a mixture of  Salp20, DAF and FD at 5 µM, 1 µM and 0.1 µM, respectively. 
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3 enhanced AP activation on the C3b pre-coated liposomes (Fig. 3B). Thus, properdin 
was critical for AP activation induced by serum but not when induced by purified com-
plement components.

We tested the effect of  properdin on the lifetime of  C3 convertase complexes that were 
generated on C3b pre-coated liposomes by incubating them with FBdgf and FD. The 
C3bBbdgf coated liposomes were incubated in the presence or absence of  properdin. In 
the presence of  properdin, the lifetime of  C3bBbdgf was greatly increased compared to 
that of  C3bBbdgf without properdin, with only minor loss of  AP activity after incuba-
tion for 60 minutes (Fig. 3C). 

Using SPR we compared the binding kinetics of  FB interacting with C3b or proper-
din-C3b. SPR equilibrium experiments revealed that FB binds stronger to proper-
din-C3b compared to C3b alone with KD's of  32.7 ± 1.4 and 108 ± 5 nM, respectively 
(Fig. 4A-C). The dissociation of  FB from C3b fitted best with a two-phase exponential 
decay model, in which the fast and slow decay are attributed to the binding of  only Ba 
or both Ba and Bb to C3b, respectively (39). FB decayed from C3b with a fast decay 
with a t1/2 of  0.15 ± 0.01 min and a slow decay with a t1/2 of  9.2 ± 0.3 min (Fig. 4D-E). 
In the presence of  properdin, the fast decay of  FB from C3b is decreased 6-fold resul-
ting in a t1/2 of  0.88 ± 0.1 min. Properdin slightly increased the slow decay rate, resulting 
in a t1/2 of  4.4 ± 0.2 min. Using the measured KD and Koff  we calculated the Kon for FB 
binding to C3b and properdin-C3b (Table 1). Both Kon were very similar, which indica-
tes that the increased affinity of  FB to properdin-C3b is due to a lower Koff. 

A B C
C3dpl C3dpl + Salp20 P-dpl

Figure 5 | Preformation of  C3bBb on liposomes has minimal effect on AP activation 
(A-C) Effect of  pre-forming C3bBb on liposomes on properdin dependency. Pre-forming C3bBb on liposomes by 
incubating the C3b coated liposomes with FB and FD before adding serum C3-dpl serum had limited effect on AP 
activation when properdin is present (A). Pre-formation of  C3bBb has minimal effect on recovering AP activation when 
using C3-dpl serum supplemented with Salp20 (B) or when using P-dpl serum (C). Pre-formation of  C3bBbdgf with 
FD and FBdgf, a FB mutant that generates a more stable complex, does recovers AP activation in absence of  positive 
regulation by properdin (B-C). The FB variant used for preforming C3bBb is indicated next to the curve. The – denotes 
the experiment where C3bBb was not preformed.

 

Table 1: Kinetic parameters that define the interaction of FB with C3b and properdin-C3b 
Complex on SPR 

surface 

KD (nM) Koff fast (10-3 s-1) 

(fraction %) 

Koff slow (10-3 s-1) (fraction 

%) 

Calculated Kon 

(105 M-1s-1) 

C3b 108 ± 5 77 ± 4 (38 ± 3) 1.3 ± 0.04 (62 ± 3) 2.8 
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Next, we used SPR to test the effect of  properdin on C3bBb formation.  Simultaneous 
injection of  FD and FB on a SPR surface coated with either C3b or properdin-C3b 
(Fig. 4F) resulted in 18 ± 1 % more C3bBb formation on properdin-C3b compared to 
C3b alone. This is less than the 67 ± 7 % increase in complex formation observed for 
FB binding to propedin-C3b compared to C3b alone (Fig. 4D). To mimic the effect 
of  enhanced convertase assembly by properdin we preformed C3bBb on liposomes. 
Pre-formation of  C3bBb only had limited effect on AP activation induced by C3-dpl 
serum in the absence or presence of  Salp20 and no effect on AP activation induced 
by P-dpl serum (Fig. 5A-C). Altogether, the enhanced C3 convertase formation by 
properdin likely only plays a minor role in AP activation. Preformation of  C3bBb using 
FBdgf did partially recover AP activation in absence of  positive regulation by properdin 
(Fig. 5B-C), which indicates that the increased stability of  C3bBb provided by either 
properdin or FBdgf is important for AP activation.

Stabilization of  C3bBb by properdin is required to counteract the effect of  
C3bBb decay induced by negative regulators. 

 As properdin is critical for AP activation while using serum but not when using purified 

A

C

B

D

Figure 6 | Characterizing the effect of  the interplay between positive and negative regulation on AP activation 
on C3b-coated liposomes.
(A) Inhibition of  properdin activity by Salp20 prevents AP activation on C3b coated liposomes induced by FI-dpl serum 
(B) Inhibition of  properdin by Salp20 only partially reduces the amount of  AP activation induced by FH-dpl serum 
on C3b-coated liposomes. Reconstituting FH-dpl serum with FH results in complete inhibition, both in absence and 
presence of  Salp20. (C-D) Properdin dependency can be induced when inducing AP activation with the purified com-
plement components FD, FB and C5-C9 by addition of  proteins with decay accelerating activity: FH (C) or DAF (D). 
The addition of  FI (C) has no effect on the amount of  AP activation. In panel C and D the same curves are used for 
the experiment with no added properdin and for the experiments with P or mP added to the purified components. The 
* indicates overlapping curves for FH, FH + Salp20, FH + mP or P + Salp20, FH + FI, FH + FI + Salp20, FH + FI + 
mP or P + Salp20. In A and B the serum used and the proteins added to the serum are indicated next to the curve. In 
C and D the proteins added to the purified components FB, FD and C5 to through C9 are indicated next to the curve.
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Figure 7 | The effect of  C3bBb stabilization by properdin on the decay acceleration activity of  FH, DAF and 
miniFH
(A-D) SPR sensorgrams of  the generation and decay of  C3bBb (left panel) and the normalized decay of  C3bBb (right 
panel). C3bBb was generated by simultaneously injecting FD and FB at 100 nM (1). Subsequently, buffer or properdin at 
50 nM was injected (2). Next, either buffer or a negative regulator at 100 nM was injected for 60 minutes (3). Afterwards, 
properdin and Bb were dissociated from C3b by injecting Salp20 and DAF at 5 µM and 1 µM, respectively (4). In the 
right panels the data was normalized on the amount of  RU at the buffer or negative regulator injection (3). Effect of  
properdin on the intrinsic decay of  C3bBb (A) or on the decay of  C3bBb induced by FH (B), DAF (C) and miniFH 
(D). The data (continuous line) is fitted with a one phase exponential decay (black dotted line).
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components, we investigated the relation between the positive regulator properdin and 
the negative regulators FH and FI. Both serum devoid of  FI (FI-dpl) or FH (FH-dpl) 
induced AP activation on C3b-coated liposomes (Fig. 6A-B). Inhibition of  properdin 
activity with Salp20 in FI-dpl serum resulted in complete inhibition of  AP activation 
(Fig. 6A). In contrast, inhibition of  properdin activity with Salp20 did not result in 
complete inhibition of  AP activation in FH-dpl serum (Fig. 6B). Instead, properdin 
inhibition reduced the amount of  AP activation induced by FH-dpl serum by ca. 40 %. 
Addition of  purified FH to FH-dpl serum resulted in complete inhibition of  AP activa-
tion, even without the addition of  Salp20 (Fig. 6B). Next, we tested the effect of  posi-
tive and negative regulation on AP activation on C3b-coated liposomes induced by the 
purified complement components, FB, FD and C5 through to C9. Supplementing the 
purified components with FH or decay acceleration factor (DAF), a negative regulator 
with only DAA, in absence of  properdin resulted in no or minimal AP activation, res-
pectively (Fig. 6C-D). AP activation in the presence of  FH and DAF could be partially 
recovered by the addition of  either properdin or mP. The addition of  FI together with 
FH did not alter the amount of  complement activation in the presence of  properdin 
compared to the addition of  only FH. Properdin dependency could therefore be indu-
ced by supplementing the purified components with negative regulators that have DAA. 

With SPR we quantified the effect of  stabilization by properdin and accelerated decay 
by FH and DAF on the t1/2 of  C3bBb. C3bBb intrinsically decays into C3b and Bb with 
a t1/2 of  4.3 minutes (Fig. 7A). Stabilization of  C3bBb by properdin increased the t1/2 of  
C3bBb from 4.3 to 27 min, which is in agreement with previous reported t1/2 of  C3bBb 
and C3bBb stabilized by properdin (8, 29). In the presence of  FH, miniFH or DAF the 
t1/2 of  C3bBb is decreased to 1.3 min, 0.18 min and 0.17 min, respectively. The addi-
tion of  properdin reduced the rate of  decay of  C3bBb in the presence of  the negative 
regulators, resulting in a t1/2 of  10 min, 1.3 min and 0.7 min for FH, miniFH and DAF, 
respectively (Fig. 7B-D). The relative increase of  the lifetime of  C3bBb induced by 
properdin was similar with and without negative regulators (Table 2), suggesting they 
act independently. 
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Discussion

We generated a liposome-based complement activation assay to study the role of  
properdin in AP activation (Fig. 1A). In this assay we pre-coated liposomes with C3b, 
through coupling of  the free cysteine in C3b that remains after hydrolysis of  the reac-
tive thioester with a maleimide containing lipid, to circumvent the slow and uncontrol-
led auto-activation through C3*. Using these C3b-coated liposomes, we showed that 
properdin is critical for AP activation induced by serum (and C3-dpl serum), but not 
for AP activation induced by the purified complement components FB, FD and C5 
through to C9 (Fig. 3). 

With SPR we investigated the effect of  properdin on formation and stabilization of  
C3 (pro)- convertases. In agreement with previous data (16), properdin reduced the 
dissociation of  FB from C3b leading to a 3 times higher affinity of  FB for C3b binding 
in presence of  properdin. However, FB at physiological concentrations (2 to 8 µM (41, 
42)) nearly saturated both C3b and properdin-C3b complexes in our SPR experiments 
(Fig. 4C). Simultaneous injection of  FB and FD to C3b or properdin-C3b coated SPR 
surfaces increased convertase formation by 18 ± 1 % (Fig. 4F). Assessing the effect 
of  properdin on the stability of  C3bBb revealed that properdin increased the lifetime 
of  the C3 convertase 6 fold (Table 2), which is in agreement with previously repor-
ted values (8). Virtually no AP activation was observed with pre-formed C3bBb on 
liposomes in the absence of  properdin activity (Fig. 4A-C). However, a major effect 
on increasing the lifetime of  C3bBb on liposomes was observed in the presence of  
properdin (Fig. 3C). Furthermore, the preformation of  C3 convertases using FBdgf, 
which yields more stable C3 convertases, allowed for AP activation in the absence of  
properdin activity (Fig. 5B-C). Thus, our data indicated that properdin enhances AP 
activation through stabilization of  C3bBb but that its effect on enhanced formation of  
C3 convertases only has minor influence on activation.

We tested the importance of  reduction of  FI activity by properdin in AP activation. 
FI-dpl serum induced AP activation on the C3b-coated liposomes, whereas addition of  
the properdin inhibitor Salp20 to FI-dpl serum completely inhibited activation. Thus, 
in absence of  FI mediated inactivation of  C3b properdin was still required for AP 
activation, which shows that reduction of  FI activity by properdin is not what makes it 
critical for AP activation. Furthermore, the addition of  FI to the purified complement 
components FB, FD, FH, properdin and C5 through to C9 had minimal effect on AP 
activation. The limited effect of  FI on AP activation suggests that activation of  the 
terminal pathway on C3b-coated liposomes occurred more efficiently than FI-mediated 
inactivation of  C3b. 

Properdin and FH have opposite effects on the lifetime of  C3 convertases. We asses-
sed the relationship between properdin and FH on AP activation using the C3b-coa-
ted liposomes. Supplementing FH-dpl serum with Salp20 reduced the amount of  AP 
activation induced by FH-dpl serum by 40 % (Fig. 6B), which shows that properdin 
activity is not essential for AP activation in FH-dpl serum. Furthermore, the addition 
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of  FH or a soluble version of  DAF (both regulators 
with DAA) to the purified complement components 
FB, FD and C5 through to C9 completely abolis-
hed AP activation in the absence of  properdin. AP 
activation in the presence of  FH and DAF could be 
partially recovered with the addition of  properdin to 
the purified components (Fig. 6C-D). These results 
showed that stabilization of  the C3 convertase by 
properdin is critical for AP activation to counteract 
the increased decay of  the C3 convertase by negative 
regulators with DAA, which is in line with previously 
observed reduced DAA of  FH in the presence of  
properdin (29–31). However, how properdin affects 
DAA remains unclear. Previous structural and bio-
chemical data show that properdin and FH may bind 
simultaneously to C3b (12, 32–34). On the other 
hand, it is unclear if  properdin affects the interaction 
of  FH with C3 convertases. Recently, it was sugge-
sted that properdin induces a conformational change 
in C3bBb that affects the DAA of  negative regula-
tors (11, 17). Using SPR we characterized the effect 
of  C3bBb stabilization by properdin on DAA of  FH, 
DAF and miniFH (Fig. 7). The relative stabilization 

of  C3bBb by properdin was similar both in absence and in presence of  the negative 
regulators FH, DAF and miniFH (Table 2). This shows that stabilization by properdin 
and decay acceleration by negative regulators are two independent processes that, with 
their opposing effects, determine the lifetime of  pivotal C3bBb complexes (Fig. 8).

In summary, we studied the effect of  properdin on AP activation using a liposome-ba-
sed assay suitable for monitoring AP activation. This revealed that the balance between 
positive regulation by properdin and negative regulation by FH in serum is key to AP 
activation. Furthermore, we show that properdin primarily exerts its positive regulatory 
effect by stabilization of  C3bBb. 

Figure 8 | Model of  the effect of  positive and negative regulation 
on the decay of  C3bBb
The heterodimeric enzyme complex C3bBb intrinsically decays (I) into 
C3b and Bb. The effect of  properdin (P) and negative regulators with 
decay acceleration activity (D) on the exponential decay of  C3bBb is 
indicated in the formulas on the right. P (if  P > 1) decreases the expo-
nential decay and thus stabilizes C3bBb and D (if  D > 1) increases the 
exponential decay and thus destabilizes C3bBb. P and D independently 
modulate the decay of  C3bBb.
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Materials and Methods

Protein production

Human wildtype FB, a FB double gain of  function mutant FBdgf  (D279G, N285D) (38), 
a catalytically inactive FB double gain of  function mutant (D279G, N285D, S699A) 
FBdgf‡, FD, properdin, a monomerized properdin (mP) variant (STB-TSR1/TSR4-5-6), 
Salp20, and soluble DAF (CCP 1-4) were generated as described previously (12, 43–45). 
Briefly, proteins were expressed in HEK293 (FB, FD and properdin) or HEK293 
GNTI- (FBdgf, FBdgf‡, Salp20, DAF and mP) suspension cells (provided by U-protein 
express BV). Cells were grown at 37 °C for 6 days post transfection. The suspension 
was centrifuged at 1000 g for 10 minutes to remove the cells and subsequently the 
supernatant was centrifuged at 4000 g for 10 minutes to remove any remaining cell 
debris. For all proteins except FD, the supernatant was incubated at 4 °C with 3 ml/L 
Ni-Sepharose Excel beads (GE Healthcare) for 2-3 hours. Next, the beads were col-
lected by centrifuging at 1000 g for 10 min. The beads were washed with 10 column 
volume (CV) IMAC buffer (20 mM HEPES pH 7.8, 500 mM NaCl) and subsequently 
with 10 CV IMAC buffer supplemented with 10 mM imidazole. The proteins were elu-
ted from the beads with IMAC buffer supplemented with 250 mM imidazole. Next, the 
proteins were purified by size exclusion chromatography (SEC) using a Superdex 200 
10/300 (GE Healthcare) column pre-equilibrated in SEC buffer (20 mM HEPES pH 
7.4 and 150 mM NaCl). FD was purified by cation exchange using a HiScreen Capto 
S column (GE Healthcare). First the medium was concentrated and exchanged to the 
CaptoS buffer (10 mM Citrate pH 6.0) using a Quickstand (GE Healthcare) fitted with 
a 5 kDa membrane. Next, the supernatant was centrifuged for 45 min at 8000 g and 
passed through a 0.2 µm filter (Whatman). Subsequently, the sample was loaded onto 
the CaptoS column pre-equilibrated in 10 mM Citrate pH 6.0. FD was eluted with a 
gradient of  0-50% of  the CaptoS buffer supplemented with 1 M NaCl. FD was further 
purified by SEC using a Superdex 75 10/300 column pre-equilibrated in SEC buffer. C3 
was purified from plasma as described by Wu et al (23) and the complement proteins 
C5 through to C9, FI and FH were purchased from Complement Technology. MiniFH 
was a kind gift from Christoph Q Schmidt. All proteins were stored at -80 °C except for 
properdin which was stored at 4 °C.

Serum

Normal human serum (NHS) was kindly provided by Suzan H.M. Rooijakkers. Serum 
depleted of  complement components was purchased from Complement Technology.

Preparation of  C3b coated liposomes

For the preparation of  the liposomes, 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
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(14:0) (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (14:0) (DMPG), chole-
sterol, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[6-[(2,4-dinitrophe-
nyl) amino] hexanoyl] (16:0 DNP-cap-PE)(Avanti Polar) and 1,2-Distearoyl-sn-Gly-
cero-3-Phosphoethanolamine-maleimide (DSPE-maleimide, Nanosoft Polymers) were 
mixed in the molar ratios of  44, 4.5, 49.5, 1, and 1, respectively. In total 2 µmol of  lipids 
were dissolved in 0.5 ml of  a CHCl 3/MeOH mixture (90:10). A thin lipid film was cre-
ated by rotating the test tube at 37 °C under a continuous N2 flow. To remove any resi-
dual solvent, the lipid film was left under vacuum for 2-18 h in the dark. Subsequently 
1 ml of  SRB buffer (20 mM sulforhodamine B, 20 mM HEPES pH 7.4, 150 mM 
NaCl, 0.5mM MgCl2 and 0.5 mM CaCl2) was added to the lipid film and the mixture 
was incubated for 1 h at 37 °C. Liposomes were created by subjecting the mixture to 5 
freeze-thaw cycles consisting of  freezing in liquid N2 and thawing at 37 °C. After the 
generation of  the liposomes, they were extruded at 37 °C through a 200 nm extrusion 
membrane (Avanti Polar). Excess SRB was removed by desalting the liposomes using a 
5 ml HiTrap Desalting column (GE Healthcare) pre-equilibrated in the liposome buffer 
(20 mM HEPES pH 7.4, 150 mM NaCl, 0.5 mM MgCl2 and 0.5 mM CaCl2). C3b was 
freshly generated from C3 by incubating C3 at 37 °C with FB and FD in the molar ratios 
of  1,1,0.01 respectively in liposome buffer supplemented to a 2mM final MgCl2 concen-
tration. The freshly generated C3b was incubated with the liposomes at various concen-
trations of  C3b overnight at 4°C. The excess C3b was separated from the liposomes by 
centrifugation at 100,000 g for 1 h. The supernatant was removed, and the pellet was 
resuspended in liposome buffer.

Measuring AP activation on the C3b coated liposomes

Alternative pathway activation on liposomes was evaluated by measuring leakage of  
fluorophore sulforhodamine B through MAC pores formed on the liposomes upon 
addition of  sera or purified complement proteins. For this, 100 or 20 µl reactions were 
set up in black, flat bottomed 96 or 384 well plates (Greiner), respectively. All fluores-
cence measurements were carried out on a CLARIOStar Plus microplate reader (BMG 
LabTech) at room temperature. Data were analyzed using MARS data analysis software 
(BMG LabTech) and GraphPad Prism 8. An initial baseline fluorescence measurement 
was carried out for 5 minutes before addition of  either serum or purified complement 
components (unless otherwise indicated). After addition, fluorescence was recorded 
over the following 55 mins, with fluorescence measurements taking place at 20 s inter-
vals. 

All reactions were set up to contain a final 10% v/v liposomes in assay buffer (20 mM 
Hepes pH 7.4, 150 mM NaCl, 2 mM EGTA and 2 mM MgCl2). Where serum was 
employed, it was added to a final 10% v/v. Where purified complement components 
were used, they were added to reach the following final concentrations: FB/FBdgf  – 0.8 
µM, FD – 0.02 µM, C5 – 0.045 µM, C6 – 0.043 µM, C7 – 0.059 µM, C8 – 0.06 µM, C9 – 
0.095 µM, Salp20 – 1 µM, FH – 0.3 µM, FI – 0.03 µM, DAF – 0.3 µM, properdin – 0.03 
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µM, mP – 0.3 µM. 

Except for the experiments with coating with various amount of  C3b all experiments 
were performed on liposomes coated with C3b at 10 µM. Data shown within each 
figure panel are from the same liposome batch to prevent misinterpretation of  differen-
ces which could arise from batch-to-batch variation. The data shown is representative 
of  2 to 3 experiments.

Cryo-electron microscopy

Liposomes coated with C3b to a final concentration of  0.3 µM were centrifuged 
at 100,000 rpm for 1h at 4 °C and resuspended in liposome buffer (20 mM HEPES 
pH 7.4, 150 mM NaCl, 0.5 mM MgCl2 and 0.5 mM CaCl2). The coated liposomes were 
incubated with FBdgf‡ - 0.3 µM, FD - 0.01 µM and C5 - 0.3 µM for 10 minutes on ice in 
a reaction where 50% v/v is composed by the liposome preparation. 3.5 µl of  this 
mixture was applied to plasma cleaned 200 mesh copper grids with lacey-carbon sup-
port (Quantifoil). Grids were blotted for 3 s and flash frozen in a liquid ethane/propane 
mixture using a manual grid plunger. Samples were imaged on a Talos Arctica trans-
mission electron microscope operating at 200 keV (Thermo Fisher Scientific) and fit-
ted with a K2 Summit direct electron detector (Gatan). Images were acquired at a pixel 
size of  2.17 Å, with 6 s exposure and a dose rate of  7.4 e-/pix/s.  

Surface plasmon resonance 

Biotinylated C3b was generated as before (12). Briefly, C3b was produced by incubating 
C3 together with FB and FD in the presence of  5 mM MgCl2 at 37 °C. Subsequently the 
freshly produced C3b was incubated with 1mM EZ-Link Maleimide-PEG2-Biotin 
(Thermofisher) for 3 h at RT. Subsequently, the biotinylated C3b was separated from 
Bb, FD and the excess Maleimide-PEG2-Biotin by SEC purification with a S200 10/300 
increase column (GE Healthcare) pre-equilibrated with SEC buffer. The biotinylated 
C3b (25 nM) was spotted on a streptavidin coated SPR chip (P-strep) (Ssens BV, 
Enschede) for 1 h using a continuous flow microspotter (CFM, Wasatch). After spot-
ting, the surface was treated with 1 mM biotin in SPR buffer (20 mM HEPES pH 7.4, 
150 mM NaCl, 5 mM MgCl2 and 0.005% Tween-20) to occupy all free streptavidin. SPR 
experiments were performed with the IBIS-MX96 at 25°C and using SPR buffer. Equi-
librium binding experiments with FB were performed with a 14 step, 2-fold dilution 
series. In all experiments properdin-C3b was generated by injecting 50 nM properdin 
onto the C3b coated surface. To regenerate the surface and remove any remaining FB 
and properdin, a mixture of  100 nM FD, 1 µM DAF and 5 µM Salp20 was injected. In 
experiments for monitoring the amount of  formation of  C3bB or C3bBb 100 nM FB 
or 100 nM FB and FD, respectively, were injected on a C3b or a properdin-C3b coated 
surface. In the SPR experiments monitoring the half-life of  C3bBb, the C3 convertase 
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was generated by injecting a mixture of  FB and FD (both 100 nM) onto a C3b coated 
surface. Subsequently, either buffer or properdin (50 nM) was injected. Next, either 
buffer or a negative regulator (100 nM) was injected for 1 hour. The surface was rege-
nerated by injecting 1 µM DAF and 5 µM Salp20. After each run, the surface was treated 
with SPR buffer supplemented with 1 M NaCl. The KD of  FB for C3b and properdin-
-C3b was determined by fitting the endpoint data to . The decay of  FB 
from C3b and properdin-C3b was calculated by fitting the data with a two-phase expo-
nential decay model. The decay of  the C3 convertase was fitted with a one-phase expo-
nential decay model. All fits were performed with GraphPad Prism 5.
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Supplemental Figure 1

Supplemental figure 1 | No AP activation on non-coated liposomes
(A-B) Normal human serum and C3-dpl serum do not induce AP activation on non-coated liposomes without (A) 
or with (B) a maleimide lipid incorporated in the liposomes. The serum that was used is indicated next to the curves.

Supplemental figure 2 | AP activation by purified complement components is proportional to C3b coating on 
liposomes 
The level of  AP activation induced by the purified complement components FB, FD and C5-C9 is proportional to the 
C3b concentration (indicated next to the curves) used for coating the liposomes. 

Supplemental figure 3 | Salp20 inhibits AP activation on C3b coated liposomes
Supplementing normal human serum (NHS) with Salp20 inhibits AP activation on C3b-coated liposomes.  The serum 
that was used and the protein that was added is indicated next to the curves.

Supplemental information

Supplemental Figure 2
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Abstract
Attack of  healthy host cells by the complement system strongly contributes to 
the pathogenesis of  various diseases. Properdin is the only known positive regu-
lator of  the complement system and facilitates complement activation by incre-
asing the lifetime of  the heterodimeric complex C3bBb, which is the pivotal 
serine protease of  the complement system. Therefore, properdin is an attractive 
therapeutic target for reducing complement activation. Here we report a novel 
strategy for inhibiting properdin activity by the isolated CTC domain of  C3b, 
which is the domain that is important for properdin binding. Biochemical cha-
racterization revealed that the CTC domain can act as a complement inhibitor, 
albeit with a low efficacy. Using structure-based design, we developed a CTC 
variant, termed CTCNNΔ, that displays ca. 100-fold higher affinity and efficacy for 
binding to properdin and inhibiting complement activation, respectively, com-
pared to the wildtype CTC domain. In conclusion, this work outlines a new stra-
tegy for inhibiting complement through properdin. Our approach of  modifying 
the isolated properdin-binding CTC domain to competitively block the interac-
tion of  properdin with C3b is likely wider applicable in other signaling cascades 
and may be instrumental in the design of  novel therapeutics. 
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Introduction:

The complement system is an important part of  humoral innate immunity and is invol-
ved in the clearance of  invading microbes, foreign particles and altered host cells (1, 
2). Under normal conditions, healthy host cells are protected against complement acti-
vation (3). However, overactivation or mis-regulation of  the complement system can 
lead to activation on healthy host cells. This is associated with a wide variety of  diseases 
that include paroxysmal nocturnal hemoglobinuria (PNH), atypical hemolytic uremic 
syndrome (aHUS) and ischemia-reperfusion injury (IRI) (4). 

Inappropriate complement activation through initiation via the alternative pathway 
(AP) of  the complement system is responsible for a majority of  the complement rela-
ted diseases (5). The AP can be activated non-specifically on surfaces without the aid of  
pattern recognition molecules. AP activation leads to the deposition of  C3b on surfaces. 
C3b can bind Factor B (FB), which is then cleaved by Factor D (FD), generating the 
AP C3 convertase, C3bBb (6). The C3 convertase cleaves C3 into C3a and C3b. The  
generated C3b can then covalently attach to the surface through its reactive thioester 
and form a new C3 convertase on the surface (7).  This constitutes the amplification 
loop of  the AP, which results in massive consumption of  C3, release of  the anaphyla-
toxin C3a to induce inflammatory responses (8), and the opsonization of  the targeted 
surface with C3b (9). C3b on the surface can be recognized by complement receptors 
on immune cells and induce phagocytosis (1). Once the density of  C3b on the surface 
is high enough the specificity of  the C3 convertase switches and it starts to cleave C5 
into C5a, a potent anaphylatoxin, and C5b (10, 11). The generation of  C5b initiates the 
terminal pathway, which results in in the formation of  a lytic pore.

Regulation of  the complement system in solution and on healthy host cells is essential 
to prevent depletion of  complement components and damage to healthy tissues (3). As 
the central component of  the amplification loop the activity of  the AP C3 convertase 
is heavily regulated; C3bBb is intrinsically unstable and dissociation of  Bb from C3b 
is irreversible (12). This decay of  C3bBb is accelerated by several soluble and mem-
brane-bound negative regulators, such as Factor H (FH) and decay accelerating factor. 
Additionally, negative regulators with co-factor activity (e.g. FH and membrane cofactor 
protein ) assist Factor I in the proteolytic inactivation of  C3b, thereby preventing the 
formation of  new C3 convertases (3, 13, 14). The only known positive regulator of  the 
complement system is properdin. It stabilizes C3bBb and increases its half-life five to 
ten-fold (15). Furthermore, properdin increases the formation of  the pro-convertase 
(C3bB) (16) and reduces the inactivation of  C3b by FI (17–19). Properdin is an oligo-
meric plasma protein which occurs as dimers, trimers and tetramers (20). Properdin 
oligomerization results in an avidity effect when bound to a C3b-coated surface. This 
avidity is important to direct positive regulation to targeted surfaces (21, 22). Recent 
structural advances have shown that properdin binds to the C-terminal domain (CTC) 
of  C3b and likely stabilizes the C3 convertase by forming a bridge between the C3b and 
Bb (18, 19, 21, 22). 
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Currently, eculizumab and ravulizumab are the only complement inhibitors that are 
approved for clinical use and both have significantly improved treatment of  comple-
ment related diseases like PNH and aHUS (23, 24). Eculizumab and ravulizumab are 
monoclonal antibodies that inhibit the terminal pathway by binding to C5 and preven-
ting its cleavage into C5a and C5b (23). However, they do not prevent activation of  the 
amplification loop, which means that opsonization of  surfaces with C3b still occurs. 
This can result in breakthrough events (25) and extravascular hemolysis due to phag-
ocytosis of  erythrocytes (26). As the positive regulator of  the AP that acts during the 
amplification loop, properdin is an attractive therapeutic target to reduce AP activation. 
Although, in mouse models for C3 glomerulopathy, an AP-mediated kidney disease, 
that have no or very little FH show that properdin inhibition exacerbates disease out-
come (27, 28), suggesting that care needs to be taken when using properdin inhibiting 
therapeutics. Mouse studies with properdin inhibiting antibodies revealed that blocking 
properdin is beneficial in several complement related diseases, which include, aHUS 
(29), IRI (30), K/BxN mediated arthritis (31) and neonatal hypoxic-ischemic brain 
injury (32).  Inhibition of  properdin limits opsonization of  the surface with C3b, which 
is shown to prevent intravascular and extravascular hemolysis (33, 34). Furthermore, 
properdin inhibition is specific for the AP and leaves complement activation through 
the other pathways largely intact (35, 36).

Here we show that the isolated CTC domain of  C3b can serve as an inhibitor of  the 
AP. Using structure-based design we increased the efficacy of  the CTC and created a 
potent properdin specific inhibitor that is therapeutically interesting and can potentially 
be useful as a tool in studying properdin-dependent complement activation.

Results:

The isolated CTC domain of  C3b is a competitive binder for the interaction 
between properdin and C3b

Previously, we showed that properdin binds both the isolated CTC domain of  C3b 
(ICTC) and full length C3b with comparable affinities (22). We therefore hypothesized 
that ICTC could act as a competitive binder for the interaction between properdin 
and C3b. Using surface plasmon resonance (SPR) we tested the effect of  the ICTC on 
the stability of  the properdin-C3b complex. The complex was generated by injecting 
properdin on a C3b coated chip (Fig. 1A). The subsequent injection of  ICTC resulted 
in a concentration-dependent dissociation of  properdin from C3b with an IC50 of  54 
± 2 µM e(Fig. 1B), indicating that ICTC indeed acts as a competitive binder for the 
interaction between properdin and C3b. Next, we investigated the inhibitory properties 
of  ICTC on AP activation on rabbit erythrocytes, which lack regulators against human 
complement and are therefore highly susceptible to AP activation. Incubation of  the 
erythrocytes with normal human serum (NHS) supplemented with increasing concen-
trations of  ICTC revealed that ICTC reduced the amount of  AP-mediated lysis by ca. 
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20% at the high concentration of  200 µM (Fig. 1C), defining ICTC as a moderate inhi-
bitor of  properdin-mediated AP activation.

Structure based optimization of  the efficacy of  ICTC

The low efficacy of  ICTC in inhibiting AP activation limits its potential use as a thera-
peutic and as a tool to study properdin-mediated complement activation. We therefore 
set out to increase the efficacy of  ICTC by structure-based design. Using the structure 
of  monomerized properdin in complex with ICTC (PDB ID: 6S0B), we generated the 
following mutations in the CTC domain: D1534Q, Q1647N, A1651N, P1662N and 
ΔP1662, to increase the number of  hydrophilic interactions and to optimize hydro-

IC50 = 54 ± 2 μM 

A B 

Properdin ICTC

C3b on chip

Salp20

C 

Figure 1 | Complement inhibition by the isolated C3b CTC domain (ICTC)
(A) Surface plasmon resonance (SPR) sensorgrams of  the effect of  the injection of  ICTC (concentration range: 0.024 - 
200 µM) on the dissociation of  properdin-C3b. The resonance units (RU) are normalized with the maximum properdin 
binding. After the ICTC injection the remaining properdin bound to C3b is removed with the injection of  Salp20. (B) 
Endpoint data of  the fraction of  properdin-C3b complex remaining after 10 min of  ICTC injection fitted to a four-pa-
rameter logistic regression model. The IC50 represents the CTC domain concentration where half  of  the properdin-C3b 
complexes are dissociated. The error bars represent the standard deviation from three experiments. (C) Percentage of  
alternative pathway (AP)-mediated hemolysis after incubation of  rabbit erythrocytes with 5% (v/v) normal human 
serum (NHS) and ICTC (concentration range: 0.1 - 200 µM). Controls for AP activation are heat-inactivated NHS (hi-
NHS) and properdin-depleted NHS (ΔP-NHS). Hemolysis levels are presented as the percentage of  full lysis of  an equal 
volume of  erythrocytes in water. The error bars indicate the standard deviation from two independent experiments.
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Figure 2 | Design and biochemical characterization of  CTC variants
(A) Cartoon representation of  monomerized properdin in complex with the isolated CTC domain of  C3b (ICTC) 
(PDB ID 6S0B). The mutated ICTC residues and the properdin residues within 5 Å of  the mutated ICTC residues are 
shown as sticks. The ICTC residues are annotated (B) The percentage of  ICTC induced properdin-C3b dissociation 
after 10 minutes injection of  the ICTC variants at 5 µM. (C) Steady state analysis of  the amount of  ICTC variants (5 µM 
injected) bound to a monomerized properdin-coated SPR chip. The resonance units (RU) were normalized based on the 
plateau of  ICTC. The error bars in B and C indicate the standard deviation from three experiments.  
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gen-bond distances between properdin and ICTC (Fig. 2A). Additionally, we included 
two aHUS associated C3 mutants, V1658A (37) and P1662L (38), which are both in the 
interface of  properdin and the CTC domain of  C3b. All the ICTC variants eluted as a 
monodisperse peak in size exclusion chromatography (SEC) experiments and analysis 
by SDS-PAGE showed a high purity for all ICTC mutants, except A1651N (Supple-
mental Fig. 1), indicating that the introduced mutations did not strongly impact the 
stability of  ICTC. A1651N appeared as two bands on the SDS PAGE gel with a dif-
ference in molecular weight that corresponds to a single N-linked glycan. Sequence 
analysis using NetNGlyc (39), a server for N-linked glycosylation prediction, indeed 
suggests that the introduced N1651 can be glycosylated. However, since only ca. 19 % 
is glycosylated we did not deem it necessary to further purify it for initial tests of  the 
A1651N mutant. 

SPR was used to analyze the efficacy of  the ICTC mutants by determining the amount 
of  properdin-C3b complex that is dissociated after injection of  5 µM of  ICTC mutants. 
At this concentration 7 ± 1.4 % of  properdin-C3b is dissociated after injection of  
ICTC. Comparison of  the ICTC mutants with ICTC showed that all the mutants, except 
D1534Q, had a higher efficacy and resulted in more dissociation of  the properdin-C3b 
complex (Fig. 2B-C and Supplemental Fig. 2A). The ICTC mutants P1662L and 
P1662N displayed a modest increase in efficacy and injection of  these mutants resulted 
in the dissociation of  11 ± 0.5 % and 12 ± 0.5 % of  the properdin-C3b complex, res-
pectively. The mutants Q1647N, ΔP1662, A1651N and V1658A showed a larger incre-
ase in efficacy and injection of  these mutants resulted in the dissociation of   37 ± 0.8 
%, 31 ± 0.5 %, 20 ± 0.5 % and 19  ± 0.8 % of  the properdin-C3b complex, respectively 
(Fig. 2B).  SPR steady state analysis of  the binding of  the ICTC mutants to a properdin 
coated chip gave a similar pattern. D1534Q displayed less binding to properdin while 
the other ICTC mutants showed increased binding to properdin (Fig. 2C and Supple-
mental Fig. 2A). Thus, these results revealed that the majority of  the tested mutants 
result in increased disruption of  the properdin-C3b complex compared to ICTC, with 
Q1647N, ΔP1662 and A1651N as the three most potent mutants.

To further enhance the efficacy of  ICTC, we next tested if  combining efficacy-incre-
asing mutations would have a cumulative effect. We created double mutants of  the most 
potent single mutant Q1647N combined with: P1662L, P1662N, ΔP1662 or V1658A. 
A cumulative effect can be observed for the combination of  Q1647N together with 
P1662L, P1662N or ΔP1662 as these double mutants results in the dissociation of  61 ± 
0.8 %, 59 ± 0.4 % and 96 ± 0.1 % of  the properdin-C3b complex, respectively (Fig. 2B 
and Supplemental Fig. 2). Furthermore, these double mutants display increased inter-
action with properdin compared to the single mutants. However, not all mutants sho-
wed a cumulative effect as the combination of  Q1647N with V1658A did not result in 
an increase of  potency (Fig. 2B-C and Supplemental Fig. 2). Next, we created triple 
mutants by combining the double mutants, Q1647N/P1662N and Q1647N/ΔP1662, 
with A1651N. The introduction of  the third mutant increased the efficacy even further 
as the amount of  properdin that is dissociated from C3b by injection of  the CTC 
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variants increased from 59 ± 0.4 % to 87 ± 0.4 % for Q1647N/A1651N/P1662N and 
from 96 ± 0.1 % to 100 ± 0.1 %  for Q1647N/A1651N/ΔP1662 (Fig. 2B-C and Sup-
plemental Fig. 2B). The combination of  the three strongest single mutants Q1647N, 
A1651N and ΔP1662 yielded the strongest ICTC variant which we termed CTCNNΔ.

The glycan introduced by the A1651N mutation is located in the interface between ICTC 
and properdin and probably interferes with the interaction between the two. This would 
reduce the efficacy, as the subset of  purified ICTC that contains the glycan would not 
be capable of  interacting with properdin. We therefore attempted to remove this glycan 
by testing the effect of  mutating A1651 into either an aspartic acid or a glutamine. The 
A1651D mutant displayed greatly reduced efficacy compared to the A1651N mutant 
whilst the efficacy of  A1651Q mutant is also reduced, albeit only slightly (Fig. 2B-C 
and Supplemental Fig. S-2). We nevertheless decided to continue with the mutant 
that displayed the highest efficacy, A1651N. Subsequently, we successfully separated the 
glycosylated from the non-glycosylated CTCNNΔ by anion-exchange chromatography 
(Supplemental Fig. 3A-B ). As expected, the non-glycosylated CTCNNΔ has a ca. 15 % 
increased efficacy compared to CTCNNΔ not purified by ion exchange (Supplemental 
Fig. 3C-F). This matches well with the percentage of  glycosylated protein observed on 
SDS-page (ca. 19% glycosylated) and indicates that the glycosylated form is inactive. All 
further experiments with CTCNNΔ were performed using the non-glycosylated protein.

Biochemical characterization of  CTCNNΔ

SPR equilibrium experiments revealed that CTCNNΔ binds to properdin with a KD of  
0.21 ± 0.03 µM (Fig. 3A-B), which is ~90x stronger compared to the previously repor-
ted KD of  18.6 ± 1.6 µM for binding of  ICTC to properdin (22). We observed a similar 
increase in efficacy of  the CTCNNΔ induced dissociation of  the properdin-C3b complex. 
Injection of  CTCNNΔ results in a concentration dependent dissociation of  the proper-
din-C3b complex with an IC50 of  0.50 ± 0.02 µM (Fig. 3 C-D), which is ~108 lower 
compared to the IC50 of  ICTC (Fig. 1A-B). Next, we used SPR to analyze if  CTCNNΔ 
can prevent the association of  the properdin-C3b complex. A mixture of  CTCNNΔ and 
50 nM (Fig. 3E) or 300 nM properdin (Fig. 3F) was injected on a C3b coated SPR 
surface. CTCNNΔ prevented properdin-C3b complex formation in a dose dependent 
manner with an IC50 of  0.38 ± 0.01 µM and 0.75 ± 0.02 µM for co-injection with 50 
nM or 300 nM properdin, respectively (Fig. 3G), which is similar to the IC50 for the 
dissociation of  properdin from C3b by the injection of  CTCNNΔ. During the dissocia-
tion phase (between 660s and 780s) RU increases, which indicates that properdin binds 
to the C3b-coated surface (Fig. 3E-F). This can be explained by the size difference of  
the two analytes. Due to the small and globular shape of  CTCNNΔ the mass-transfer is 
much faster compared to the large non-globular properdin. Therefore, during dissoci-
ation the CTCNNΔ concentration is lowered faster compared to the concentration of  
properdin, and this likely results in the binding of  properdin to the C3b-coated chip as 
the CTCNNΔ concentration decreases.
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Next, we assessed the inhibiting effect of  CTCNNΔ on AP activation on rabbit ery-
throcytes. Incubation of  rabbit erythrocytes with NHS in the presence of  CTCNNΔ at 
different concentrations showed a dose dependent reduction of  the lysis levels of  the 
erythrocytes with an IC50 of  6.5 ± 0.4 µM (Fig. 4). The effect of  properdin on AP 
induced lysis of  the rabbit erythrocytes is completely inhibited at 20 µM CTCNNΔ as at 

Figure 3 | Biochemical characterization of  CTCNNΔ 
(A) Surface plasmon resonance (SPR) sensorgrams of  the equilibrium experiments with CTCNNΔ (concentration range: 
0.001 – 10 µM) binding to a monomerized properdin coated surface. (B) The CTCNNΔ endpoint data fitted with a one 
site specific binding curve. KD is the concentration of  CTCNNΔ which shows half-maximum binding to properdin. (C) 
SPR sensorgrams of  the effect of  CTCNNΔ (concentration range: 0.001 – 10 µM) injection on the C3b-properdin com-
plex. The resonance units (RU) are normalized based on the maximum properdin binding (D) Endpoint data of  the 
fraction of  properdin-C3b remaining after 10 min of  CTC injection fitted to a four-parameter logistic regression model. 
The IC50 is the CTCNNΔ concentration were half  of  properdin-C3b is dissociated. (E, F) SPR sensorgrams of  co-injec-
ting properdin (concentration: 50 nM (E) or 300 nM (F)) with CTCNNΔ (concentration range: 0 – 2 µM) on a C3b-coated 
SPR surface. The CTCNNΔ concentrations are indicated above the curves (G) Amount of  properdin bound to C3b after 
10 minutes co-injecting CTCNNΔ with properdin (50 nM (circles) and 300 nM (triangles)). The IC50 is determined as in 
D.  The error bars in D indicate the standard deviation from three experiments. 
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this concentration of  CTCNNΔ the observed percentage of  lysis is similar to that after 
incubation with properdin depleted serum (ΔP-NHS). 

Discussion

The recently solved structures of  properdin show that the main interface between the 
C3 convertase and properdin is between TSR5 of  properdin and the CTC domain of  
C3b (18, 19, 21, 22). We investigated if  ICTC could act as a properdin specific comple-
ment inhibitor. We showed that ICTC reduces the levels of  AP-mediated hemolysis of  
rabbit erythrocytes (Fig. 1), albeit with a low efficacy. In an attempt to increase the effi-
cacy using structure-based design, we created several ICTC mutants that were screened 
for increased efficacy by monitoring the effect of  the ICTC mutants on the dissociation 
of  properdin-C3b. Multiple ICTC mutants showed increased efficacy for dissociating 
properdin-C3b and the combination of  the three most effective single mutants, i.e., 
Q1647N, A1651N and ΔP1662 resulted in a potent ICTC variant, CTCNNΔ, that has 
a ca. 100 fold higher efficacy compared to ICTC and inhibits AP activation on rab-
bit erythrocytes with an IC50 of  6.5 ± 0.4 µM (Fig. 4). The efficacies of  both ICTC 
and CTCNNΔ are lower in the hemolysis assay compared to those measured in the SPR 
experiments in which the dissociation of  properdin from C3b was monitored. This is 
likely due to the presence of  C3bBb in the hemolytic assay, to which properdin binds 
approximately 300x stronger compared to C3b alone (17, 22). 

The V1658A and P1662L polymorphisms of  C3 have both been found in aHUS patients 
and have been classified as gain of  function C3 mutants (37, 38). Sartz and collegues 
described that the V1658A C3b variant increases convertase formation (37). Both poly-

IC50 = 6.5 ± 0.4 μM 

Figure 4 | Inhibition of  alternative pathway activation on rabbit erythrocytes by CTCNNΔ

Alternative pathway (AP)-mediated hemolysis of  rabbit erythrocytes after incubation with 5% normal human serum 
(NHS) and CTCNNΔ (concentration range: 0.02 - 40 µM). Controls for AP activation are heat-inactivated NHS (hi-NHS) 
and properdin-depleted NHS (ΔP-NHS). On the right the data from the left panel is fitted with a four-parameter logistic 
regression model using the amount of  hemolysis after incubation with ΔP-NHS as the plateau (indicated as red square). 
The IC50 is the concentration at which CTCNNΔ reduces half  of  the lysis induced by the AP. Hemolysis levels are pre-
sented as the percentage of  full lysis of  an equal volume of  erythrocytes in water. The error bars represent the standard 
deviation from two independent experiments.
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morphisms are in the interface between properdin and C3b and we show that both 
V1658A and P1662L ICTC mutants bind stronger to properdin compared to ICTC 
(Fig. 2B-C and Supplemental Fig. 2A). The increased binding of  properdin to C3b 
potentially results in increased positive regulation by properdin which could explain the 
overactivation of  the complement system and the resulting aHUS in these patients. 

Our results show the potential of  CTCNNΔ as a therapeutic and as a biochemical tool for 
inhibiting AP activation. For therapeutic use the efficacy of  CTCNNΔ would likely need  
to be one or two orders of  magnitudes higher, which could potentially be achieved by 
further optimizing the sequence using directed evolution or by creating CTCNNΔ dimers 
which could results in an avidity effect for binding to properdin oligomers. The risk for 
anti-drug antibodies against CTCNNΔ is likely low since it is derived from C3, which is a 
protein with a high abundancy (40).  

In summary, this work presents the discovery a novel properdin inhibitor. We demon-
strate that the ICTC acts as a properdin-specific complement inhibitor, and we employed 
structure-based design to create an ICTC variant that displays a 100x higher potency 
compared to the wildtype ICTC. This strategy is likely more widely applicable and could 
aid the discovery of  novel therapeutics. 

 

Materials and Methods 

Protein production and purification

ICTC mutants were designed by in silico mutagenesis of  the residues in the interface 
between properdin and ICTC (PDB ID: 6S0B) using Pymol (Schrödinger). The muta-
tions in ICTC were selected based on their ability to form additional hydrophilic inter-
actions or hydrogen bonds with properdin. C3b CTC mutants were generated with the 
Q5 site directed mutagenesis kit (New England Biolabs). The ICTC construct used 
for mutagenesis was generated as described previously (22). The primers used for site 
directed mutagenesis are reported in supplemental table 1. All CTC domain constructs 
were transiently expressed in N-acetylglucosaminyltransferase I deficient HEK293 sus-
pension cells (provided by U-protein Express BV). Six days post-transfection, cells were 
removed by centrifugation at 1000 x g for 10 min. Subsequently, the supernatant was 
centrifuged at 4000 x g for 10 min to remove any cell debris. The supernatant was coo-
led to 4°C and incubated with Ni Sepharose Excel beads (GE Healthcare) for 2-3 hours 
while slowly rotating. The beads were collected by centrifuging at 1000 x g for 10 min 
and transferred to a 20 ml Econo-Pac gravity-flow column. The beads were washed 
with 10 column volumes (CV) 20 mM HEPES pH 7.8, 500 mM NaCl (IMAC buffer) 
and 10 CV IMAC buffer supplemented with 10 mM Imidazole. Proteins were eluted 
with IMAC buffer supplemented with 250 mM Imidazole. The eluted protein was con-
centrated and purified by SEC using a Superdex 75 16/600 (GE Healthcare) column 
pre-equilibrated in SEC buffer (20 mM HEPES pH 7.4, 150 mM NaCl). Proteins were 
concentrated using an Amicon Ultracel 3K concentrator. To obtain the non-glycosyla-
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ted CTCNNΔ fraction an additional step was added between the IMAC and SEC; The 
IMAC eluate was dialyzed ON against Mono Q buffer (20 mM HEPES pH 7.8, 50 mM 
NaCl) with MWCO 3.5 kDa regenerated cellulose dialysis membrane (Spectrum Labs 
Spectra/Por 6) at 4 °C. The dialyzed sample (~2.5 mg each run) was loaded on a Mono 
Q 5/50 GL column (GE Healthcare) pre-equilibrated in Mono Q buffer. The sample 
was eluted with a gradient from 140 to 200 mM NaCl in 60 minutes at a flow rate of  
0.5 ml/min. For experiments with erythrocytes the buffer of  ICTC and CTCNNΔ was 
exchanged to magnesium-ethylene glycol tetraacetic acid (Mg-EGTA; 2.03 mM vero-
nal buffer, pH 7.4, 10 mM EGTA, 7 mM MgCl2, 0.083% gelatin, 115 mM D-glucose, 
60 mM NaCl) using Bio-Spin 6 desalting columns (Bio-Rad). C3, Salp20,  full length 
properdin and a monomerized properdin variant (PSTB1’/456) were generated as described 
previously (22, 41, 42).

Surface Plasmon Resonance 

C3b and monomerized properdin were biotinylated as described previously (22). Briefly, 
C3b was generated from C3 by incubating it with Factor B and Factor D. The cleavage 
of  C3 into C3b and the hydrolysis of  the reactive thioester results in a free cysteine in 
C3b. The monomerized properdin (PSTB1’/456) contains a free cysteine at the C-terminus 
of  PSTB1’. Both proteins were biotinylated by incubating for 3 hours at room temperature 
with 1 mM EZ-Link Maleimide-PEG2-Bioting (Thermofisher). The biotinylated pro-
teins (50 nM Properdin, 25 nM C3b) were spotted on a planar streptavidin-coated SPR 
chips (P-STREP, SensEye) for 1 hour with a continuous flow microflow spotter (CFM, 
Wasatch). SPR experiments were performed with the IBIS-MX96 (IBIS technology) at 
25 °C. All SPR experiments were performed with the SPR running buffer (20 mM 
HEPES pH 7.4, 150 mM NaCl, 0.005% Tween-20). At the end of  each run the SPR 
surface was regenerated with SPR running buffer supplemented with 1 M NaCl. Proper-
din-C3b was generated by injecting 50 nM properdin on a C3b coated surface. The 
effect of  ICTC and the ICTC variants on the stability of  the properdin-C3b complex 
was determined by injecting them on a properdin-C3b coated surface. To compare the 
efficacy of  the ICTC variants they were injected at 5 µM. For the comparison of  CTC-
NNΔ and the mono Q purified CTCNNΔ they were injected at 0.5 µM. For determining the 
IC50 of  ICTC and CTCNNΔ they were injected in a 14 step 2-fold dilution range. The 
data was normalized based on the maximum properdin binding. For the co-injection 
experiments a mixture of  either 50 or 300 nM properdin and CTCNNΔ (concentration 
range 0-2 µM) was injected on a C3b coated SPR surface. After all experiments the 
remaining properdin was dissociated by injecting the properdin specific complement 
inhibitor Salp20 (43) (1 µM) followed by a regeneration step where SPR buffer supple-
mented with 1 M NaCl was injected. The steady state experiments of  the interaction 
between the CTC variants and a SPR surface coated with monomerized properdin were 
normalized using average of  the plateau during the ICTC injection. For the SPR equili-
brium experiments of  CTCNNΔ it was injected in a 14 step 2-fold dilution range on a 
monomerized properdin (PSTB1’/456) coated SPR surface. SPR data was analyzed with 
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SprintX (IBIS technologies) and GrapPad Prism 5. The IC50 was determined by fitting 
the endpoint data with . The KD was determined by fitting the 
endpoint data with . The standard deviation in the IC50 and KD is 
from three experiments.

Alternative pathway hemolytic assay 

NHS was obtained by collecting and pooling the serum samples of  ten healthy con-
trols. Heat-inactivated NHS was created by incubating NHS at 56 °C for 30 minutes. 
∆P-NHS was purchased from Complement Technology, Inc. (A339).

Alternative pathway hemolytic assays were performed with rabbit erythrocytes as des-
cribed previously (44). In brief, the erythrocytes (Envigo) were washed in Mg-EGTA 
buffer and calibrated to obtain a working suspension of  which 10 µl yields an absor-
bance of  0.8-1.2 at 405 nm upon 1/10 dilution in water. For each condition, 10 µl of  the 
rabbit erythrocyte working suspension was mixed in a V-shaped 96-well plate with 20 µl 
of  12.5% test serum and 20 µl of  Mg-EGTA or ICTC or CTCNN∆ diluted in Mg-EGTA. 
Concentrations indicated in figure legends indicate the final concentrations in the well. 
After 1 hour of  incubation at 37 °C and with 600 rpm, the reaction was stopped by 
adding 50 µl ethylenediamine-tetraacetic acid-gelatin veronal buffer (4.41 mM veronal 
buffer, 0.1 % gelatin, 130 mM NaCl, pH 7.4)  Erythrocytes were pelleted via centrifuga-
tion and released hemoglobin in the supernatant was analyzed with a photospectrome-
ter. The data was analyzed with GrapPad Prism 5 and the IC50 was determined as for 
the SPR experiments. The standard deviation is from two experiments.
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Supplemental figure 1 | Purification of  the ICTC variants
(A & B) Size exclusion chromatography (SEC) elution profile of  the isola-
ted CTC domain of  C3b (ICTC) single mutants (A) and the double and triple 
mutants (B), results are normalized based on the maximum absorption. Inset: 
SDS-PAGE analysis of  the ICTC variants. The order on the gel from left to 
right is the same as the top to bottom order of  the legend for the SEC but in 
B the first sample is ICTC. The glycosylated fraction of  the A1651N mutant is 
indicated with *. 

Supplemental information 
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Supplemental figure 2 | Surface plasmon resonance (SPR) sensorgrams of  ICTC variants
(A & B) The figures on the left are the SPR sensorgrams of  the effect of  the isolated CTC domain of  C3b (ICTC) (5 
µM) single (A), double and triple mutants (B) on properdin-C3b complex. The response units are normalized to the 
maximum properdin binding. The right part are the SPR sensorgrams of  the ICTC (5 µM) single (A), double and triple 
mutants (B) binding to monomerized properdin coated on a SPR surface. The signal is normalized based on the plateau 
of  the wildtype ICTC.
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Supplemental figure 3 | Separation of  glycosylated and non-glycosylated CTCNNΔ 
(A) Separation of  the glycosylated fraction (first peak, red bar) of  Q1647N, A1651N, ΔP1662 (CT-
CNNΔ) from the non-glycosylated fraction (second peak, green bar) by ion exchange chromatography. 
(B) SDS-PAGE analysis of  the fractions from the ion exchange in (A). (C&D) SPR sensorgrams (C) 
and the percentage of  properdin-C3b dissociated after injecting CTCNNΔ (0.5 µM) before (CTCNNΔ) 
and after purification (Mono Q CTCNNΔ) by ion exchange. The resonance units (RU) are normalized 
based on the maximum properdin binding.   (E&F) SPR sensorgrams (E) and steady state analysis 
(F) of  the amount of  CTCNNΔ (0.5 µM), before and after purification by ion exchange, bound to mo-
nomerized properdin. The RU are normalized to 5 µM ICTC. The error bars in D and F indicate the 
standard deviation from three experiments.
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Supplemental table 1: Primers used for mutagenesis 
Mutation Forward primer Reverse primer  Input 

construct  
P1662N CTTTGGGTGCaacAACTGAGCGG  ACAACCATGCTCTCGGTG  ICTC 
P1662L CTTTGGGTGCctcAACTGAGCGG 

 
ACAACCATGCTCTCGGTG CTC 

P1662N 
ΔP1662 TGGGTGCAACtgaTGAGCGGCCG AAGACAACCATGCTCTCG CTC 

P1662N 
Q1647N GAAACAATGCaacGACCTCGGCG TGGTTCTCTTCGTCTTGG ICTC 
A1651N GGACCTCGGCaacTTCACCGAGA TGGCATTGTTTCTGGTTC ICTC 
N1534Q AGAACGGCTGcaaAAGGCCTGTG TCCAGGGTGACCTTGTCAT ICTC 
V1658A GAGCATGGTTgctTTTGGGTGCCCCAACTG TCGGTGAAGGCGCCGAGG ICTC 
Q1647N, 
A1651N, 
P1662N 

CGACCTCGGCaacTTCACCGAGA 
 

TTGCATTGTTTCTGGTTCTC 
 

CTC  
Q1647N 
P1662N 

Q1647N, 
A1651D, 
P1662N 

CGACCTCGGCgatTTCACCGAGA TTGCATTGTTTCTGGTTCTC
TTC 
 

CTC  
Q1647N 
P1662N 

Q1647N, 
A1651Q, 
P1662N 

CGACCTCGGCcagTTCACCGAGAG 
 

TTGCATTGTTTCTGGTTC 
 

CTC  
Q1647N 
P1662N 
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The complement system is an important part of  our innate immunity. Com-
plement is involved in the clearance of  microorganisms, foreign particles and 
altered host cells. Initiation of  complement activation can occur through three 
pathways. The classical pathway (CP) and lectin pathway (LP) require pattern 
recognition molecules for initiation, while the alternative pathway (AP) has a 
continuously low-level activity and does not depend specific pattern recogni-
tion for activation (1). Regulation of  AP activation is vital to direct activation to 
appropriate surfaces and to protect healthy host cells. In this thesis we focused 
on properdin, which is the only known positive, activation stimulating, regulator 
of  the complement system. Properdin positively stimulates activation by incre-
asing the lifetime of  the AP C3 convertase (C3bBb) that is pivotal to the AP (2). 
Furthermore, properdin reduces the proteolytic inactivation of  C3b by factor I 
(FI) (3). Positive regulation by properdin is crucial for complement-mediated 
host protection against infection by various microorganism, such as Chlamydia 
pneumoniae, Neisseria meningitides and gonorrhoeae (4). In addition, proper-
din plays an important role in multiple diseases that are caused by unwanted AP 
activation, including paroxysmal nocturnal hemoglobinuria (PNH) and atypical 
hemolytic uremic syndrome (aHUS) (5–7). In this thesis we presented novel 
insights into the molecular mechanism of  positive regulation by properdin and 
in this chapter I will discuss the main findings.
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Structural insight into positive regulation of  complement activation by proper-
din

Over the last two decades, structural characterization of  the complement system has 
provided great insights into the molecular mechanism of  complement activation. 
Despite the importance of  properdin in AP activation, it remained one of  the last 
proteins in the complement cascade to be structurally characterized. Negative-stain EM 
experiments revealed that properdin occurs as multiple oligomeric species that consist 
of  multiple rings connected by thin flexible linkers (8, 9). The heterogeneity and flexibi-
lity of  properdin make it a difficult protein for structural characterization. In addition, 
properdin has the propensity to form unnatural, large aggregates upon freeze thaw 
cycles, prolonged storage and upon purification using harsh conditions (4, 10). Recent 
advances in overcoming these hurdles, by our lab and by others, enabled the structural 
characterization of  properdin. 

Based on previous data it was postulated that properdin oligomerizes by the interaction 
between the N-terminal part of  one protomer with the C-terminal part of  another 
protomer (8, 9). A properdin protomer is composed of  a N-terminal domain and six 
thrombospondin type-I repeat (TSR) domains (11). The fold of  the N-terminal domain 
was unknown and was often referred to as TSR0 since, like other TSR domains, it har-
bors three conserved disulfides (12), even though it lacks the conserved WxxWxxW 
and Q/RxRxR sequence motifs that make up the core of  the TSR domain (13). Nega-
tive-stain EM images showed that the ring-like parts of  properdin likely mediate sta-
bilization of  the AP C3 convertase (C3bBb) as each ring within a properdin oligomer 
binds to a separate C3bBb (9). In addition, biochemical data indicated that TSR3 of  
properdin is not necessary for the generation of  properdin oligomers and for stabili-
zation of  C3bBb, which suggested that TSR3 resides within the flexible linkers (11). In 
our experiments, we set out to produce a homogeneous properdin sample with reduced 
flexibility, which proved to be crucial for the structural characterization of  properdin. 
In chapter 2, we generated two monomerized properdin variants, PN1/456 and PN12/456, 
by co-expressing N-terminal constructs consisting of  N-TSR1 or N-TSR1-2, respecti-
vely, together with a C-terminal construct consisting of  TSR4-5-6. Both monomerized 
properdin variants purified as monodisperse samples and were capable of  stabilizing 
C3bBb, which makes them suitable candidates for structural characterization.   

Using x-ray crystallography, we solved the structure of  both monomerized properdin 
variants. These structures revealed that the N-terminal domain is not a TSR domain. 
Instead, it adopts a short transforming-growth factor β binding protein-like (STB) fold. 
Additionally, these structures revealed the architecture of  a C3bBb-binding ring, which 
is in agreement with the properdin shape that was observed by negative-stain EM (8, 
9). Properdin oligomerization is facilitated through interactions between the STB and 
TSR1 of  one properdin protomer with, respectively TSR4 and TSR6 from another 
properdin protomer. Thus, the C3bBb binding ring consist of  the STB domain, TSR1 
and TSR4-5-6 and they are connected by linkers consisting of  TSR2, TSR3 and two 
thirds of  TSR4.  The structures also suggested an important role for the C-type man-
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nosylation on tryptophan residues in the TSR domains. The mannosyl moiety likely 
contributes to the stability of  the TSR domain by forming several hydrogen bonds in 
the TSR-domain core fold. This was recently biochemically confirmed by Shcherbakova 
and colleagues for UNC-5, where they showed that the presence of  C-type mannosy-
lation on the tryptophan residues increased the melting temperature of  a TSR domain 
from UNC-5 from 50 °C to 60 °C (14).

Besides the structure of  properdin alone, we also solved the crystal structure of  the 
monomerized properdin variant PN1/456 in complex with the isolated CTC domain of  
C3b. This revealed that TSR5 of  properdin interacts with the last two α-helixes of  the 
CTC domain. In addition, two loops that originate from both TSR5 and TSR6 embrace 
the C-terminal part of  the last α-helix of  the CTC domain like stirrups. These mole-
cular stirrups are likely important for function as it was biochemically shown that a 
proteolytic cleavage between res. 333–334 in the TSR5 stirrup impairs the interaction 
between properdin and C3b and thus prevent stabilization of  the C3 convertase (11). 
Furthermore, a disease-related mutation, Y414D, in the anchor point of  the TSR6 stir-
rup resulted in the production of  inactive properdin (15).

Previously, Pedersen and colleagues published 6-Å resolution map of  properdin in 
complex with the SCIN stabilized C3 convertase (PDB ID: 5M6W). This map displays 
density for properdin on top of  the C3b CTC domain, however due to the low resolu-
tion the authors were not able to generate a molecular model of  properdin (16). Our 
high-resolution structure of  properdin in complex with the CTC domain enabled us to 
fit a properdin model in the SCIN-stabilized C3bBb map.  The resulting model of  the 
complex revealed that properdin has only a limited interface with Bb and that the mole-
cular stirrups from TSR5 and TSR6 reside in close proximity to the Von Willebrand 
factor type-A (VWA) domain in Bb, where they are likely important for interaction 
with Bb in the C3 convertase. However, at this low resolution no details of  the inter-
acting amino acids can be observed. Using SPR, we confirmed that properdin binds 
to C3b, C3bB and C3bBb with increasing affinities (3), which indicates that properdin 
indeed interacts with B/Bb region of  the (pro) convertase. Furthermore, mutagenesis 
studies by Pedersen and colleagues revealed that residues K323-L324-K325 in the VWA 
domain of  FB are important for the enhanced interaction of  properdin with C3bB 
compared to C3b alone (17). These results indicate that properdin stabilizes C3bBb by 
interacting with both C3b and Bb and functioning as a bridge between them, although 
the exact properdin residues that mediate the interaction with Bb remain unknown. A 
high-resolution structure of  properdin in complex with the C3 (pro) convertase would 
provide insights into which residues are important for stabilization. Unfortunately, we 
were unable to solve such a structure by crystallography after extensive trials. As an 
alternative to crystallography, single particle cryo-EM could be used to solve a structure 
of  properdin in complex with the C3 convertase. However, obtaining such a structure 
might be challenging due flexible regions in the complex. Both properdin and Bb inter-
act with the C3b CTC domain and it has been shown that this domain can adopt several 
orientations (18–20). Furthermore, the cryo-EM structures of  C5 and cobra venom 
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factor (CVF), a homologue and orthologue of  C3b, respectively, displayed poorly resol-
ved CTC domains (21, 22). The C3 proconvertase would possibly be a more attractive 
complex as in this complex the Ba part of  FB is still bound to C3b, which likely limits 
the movement of  FB and the CTC domain. In the proconvertase FB can be in a clo-
sed and open conformation however this can be locked in the open conformation by 
generating the complex with Ni2+ instead of  Mg2+ or by adding inactive FD (18, 23–25).  
Alternatively, the interaction between properdin and Bb could be characterized by bio-
chemical approaches, such as mutating amino-acid residues in the properdin stirrups 
and in the VWA domain of  FB.

Properdin oligomerization is important for directing positive regulation by properdin to 
surfaces (3). A properdin oligomer can bind simultaneously to multiple C3b or C3bBb 
on a surface, which results in a high avidity interaction between properdin and the 
coated surface (3, 16, 26). This avidity effect directs positive regulation by properdin to 
surfaces that are already coated with some C3b or C3bBb. In the structure of  proper-
din in complex with the SCIN stabilized C3 convertase properdin sits like a mohawk 
on top of  the C3 convertase. From this structure it is unclear how properdin would 
simultaneously bind multiple sites on a surface. Interestingly, a comparison between the 
properdin structures that we solved in chapter 2 revealed structural heterogeneity. TSR4 
displays a bending like motion between the structures, with an angle of  60° between 
the two extremes of  the TSR4 conformations.  Furthermore, TSR2 is observed in two 
different orientations that have a change in angle of  58° between them with respect to 
TSR1. Using these different observed conformations, we were able to generate models 
of  dimeric, trimeric and tetrameric properdin bound to a C3bBb coated surface. All in 
all, the heterogeneous oligomerization and flexible nature of  properdin is likely impor-
tant for enabling high avidity binding to irregular coated surfaces (8). 

Recruitment of  properdin to a surface promotes AP activation 

The AP does not require pattern recognition molecules for initiation. However, it has 
been shown that properdin bound to surfaces can recruit C3b and C3 convertase com-
plexes (27). Furthermore, the interaction of  properdin with certain microorganisms 
and cells (e.g. Chlamydia pneumonia and necrotic cells) promotes AP activation (28–31).  
Properdin can be recruited to cells by interaction with soluble collectin-12 (32). In addi-
tion, properdin can bind directly to surfaces by interaction with a wide variety of  nega-
tively charged ligands (e.g. heparan sulfate and DNA (31, 33)), although it is unknown 
where these ligands bind. The electrostatic surface potential of  properdin does not 
reveal a clear ligand binding site. The most positively charged region of  properdin is 
within its interface with the CTC domain. A previous study reported that a heparan 
binding site lies within this region as it was shown that TSR5 is important for hepa-
ran-sulfate binding (11) and that heparan-sulfate can compete with properdin binding 
to C3b (34). These data suggest that properdin oligomers could attach to negatively 
charged moieties on surfaces and subsequently promote AP activation through their 
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remaining C3bBb-binding rings.  A structure of  properdin in complex with small mole-
cule sulfated heparan derivatives could give insights in how properdin interacts with 
heparan sulfate. 

The balance between positive and negative regulation is important for comple-
ment activation

In chapter 3 we assessed the role of  properdin in AP activation on C3b-coated 
liposomes. Properdin was critical for AP activation induced by serum and the inhibition 
of  properdin activity with the tick protein Salp20 resulted the complete inhibition of  
AP activation. Further experiments revealed that properdin was only essential in the 
presence of  a negative regulator that has decay acceleration activity (DAA) (e.g. factor 
H).  Properdin and factor H (FH) have opposing effects on the life time of  C3bBb 
and it was already shown that properdin reduces the amount of  decay induced by FH 
(35–37), although some of  these experiments were performed with non-physiological 
properdin aggregates (36, 37). Recently it was suggested that the reduced decay by FH 
in the presence of  properdin could be due to a conformational change in the C3 con-
vertase induced by properdin (9, 16). However, in chapter 3 we showed that the relative 
increase in the lifetime of  C3bBb by properdin was similar in absence and in presence 
of  negative regulators with DAA. This indicates that properdin and negative regulators 
with DAA have no direct effect on each other. Based on the liposome leakage assays it 
seems that the effect of  properdin on reducing the FI mediated proteolytic inactivation 
of  C3b (9, 38) plays only a minor role in AP activation. However, it is possible that 
preventing inactivation of  C3b is more important for AP activation just after initiation 
when there is only a limited amount of  C3b on the surface.   

In addition to stabilizing the C3 convertase it has been suggested that properdin can 
positively regulate AP activation by promoting formation of  the C3 convertase (27). 
With SPR we showed that FB binds three times stronger to the properdin-C3b com-
plex compared to C3b alone and that the presence of  properdin results in 68 % more 
complex formation at 100 nM FB. However, when co-injecting FB and FD, both at 
100 nM, there was only 18 % more complex formation in the presence of  properdin. 
Furthermore, preformation of  the C3 convertase on liposomes had minimal effect on 
AP activation suggesting that enhanced formation of  the C3 convertase in the presence 
of  properdin only plays a minor role in AP activation.   

The balance between positive and negative regulation by properdin and FH, respecti-
vely, is crucial for AP activation on C3b-coated liposomes. This balance is likely also 
maintained in physiologically relevant situations and might explain why properdin plays 
such a crucial role in the defense against Neisseria meningitides and Neisseria gonorrhoeae, as 
these bacteria recruit FH to their surface for protection against complement activation 
(39). Furthermore, it has been shown that properdin is required for CP activation on a 
Neisseria gonorrhea strain that binds C4 binding protein, a negative regulator that acts on 
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the CP and LP C3 convertase (40). 

Therapeutic intervention of  unwanted complement activation

Unwanted attack of  host cells by the complement system is the basis for various disea-
ses (e.g. PNH and aHUS). The AP plays an important role in complement related disea-
ses (41), which is likely due to its ability to activate without requiring pattern recognition 
molecules. In addition, the amplification loop of  the AP is responsible for up to 80% 
of  the total C3b and C3a generation after complement initiation through the AP, CP 
and LP (42, 43). Currently, eculizumab and its successor ravulizumab, which is a pH-de-
pendent antigen binding variant of  eculizumab, are the only complement inhibitors that 
are approved for therapeutic use. They both bind to C5 and block its cleavage, which 
inhibits the terminal pathway (TP) and prevents the formation of  the lytic membrane 
attack complex (44). The introduction of  eculizumab revolutionized the treatment of  
diseases like PNH and aHUS. Despite its importance, there are limitations in the use 
of  eculizumab. Inhibition at the level of  the TP leaves the amplification loop of  the 
AP intact. Thus, the affected surface can be opsonized with C3b, which can result in 
complement activation breakthrough events and phagocytosis of  opsonized cells (45, 
46). As a result, a large portion of  the PNH patients that are treated with eculizumab 
remain blood transfusion-dependent (47). Therapeutic intervention at the level of  AP 
activation would reduce the amount of  deposited C3b and it is therefore an attractive 
alternative to inhibition of  the TP. C3, FB, FD and properdin are potential targets for 
AP inhibition. C3 is critical for all pathways whilst FB, FD and properdin are exclusive 
to AP activation and inhibition of  these proteins would  not completely inhibit CP and 
LP activation (42, 43). 

A potential source for novel complement inhibitors is the saliva of  arthropods that feed 
on blood (e.g. ticks and mosquitoes). These animals produce various complement inhi-
bitors to protect against complement activation by the ingested blood (48). Currently 
a tick derived protein, coversin, which prevents the cleavage of  C5 is being tested in 
clinical trials and shows promising results in the treatment of  a PNH patient that is 
nonresponsive to treatment by eculizumab (49). Furthermore, there are also inhibitors 
found against components of  the AP. Lufaxin, a protein found in salivary of  sand flies, 
binds to FB and prevents its cleavage by FD and thus inhibits C3 convertase formation 
(50). Salp20 is a tick protein that binds to properdin and prevents it interaction with C3b 
and the C3 convertase (51). We have shown that Salp20 can be produced in mammalian 
cells and that Salp20 is a useful tool for studying the effect of  properdin inhibition (34, 
52). A potential downside of  using proteins from arthropods as complement inhibitors 
in a therapeutic setting is that they are likely highly immunogenic, which could lead to 
the production of  antidrug antibodies that reduce the efficacy of  the drug or could have 
a harmful effect on the recipient (e.g. allergic reaction) (53).

FD and FB are interesting targets for small molecule complement inhibitors. Both are 
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trypsin like serine proteases and their function could be targeted by protease inhibitors. 
The challenge in finding protease inhibitors against FD and FB is that they need to be 
highly specific. Recently, structure-based drug design studies were performed to design 
protease inhibitors that are highly specific for FD and FB (54–56). The great benefit 
of  small molecule inhibitors is that they can be administered orally and do not require 
subcutaneous or intravascular injections for administration.

Besides FD and FB, properdin also represents a potential target for the development of  
novel AP inhibitors; the inhibition of  properdin has been shown to greatly reduce AP 
activation and was beneficial in mouse models for diseases like PNH and aHUS (6, 7, 
57–59). Recently a comparative study that tested the efficacy of  antibody mediated inhi-
bition of  properdin, FB, C3 and C5 in ex vivo experiments, showed that the properdin 
inhibitors have the highest efficacy in inhibiting AP activation (60). The high efficacy of  
the properdin inhibitors was likely due to relative low serum properdin concentration 
(0.1-0.5 µM) compared to serum concentration of  FB (2-8 µM) and C3 (~6 µM)  and 
to a lesser extend C5 (~0.4 µM) (61). Thus, properdin is an attractive therapeutic target 
for combatting complement related diseases. Therefore, in chapter 4, we explored the 
therapeutic capability of  the isolated C3b CTC domain (ICTC). We show that ICTC 
can reduce AP activation, albeit with a low efficacy. With structure-based drug design 
we increased the efficacy of  the ICTC 100-fold and created a properdin specific inhi-
bitor. The enhanced ICTC can be used as a tool for monitoring the effect of  properdin 
on complement activation and is potentially interesting as a therapeutic. However, for 
therapeutic use the efficacy would need be to further improved by one or two orders 
of  magnitude. This could potentially be achieved with directed evolution or by creating 
ICTC multimers which would introduce avidity for the properdin oligomers. 
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Nederlandse samenvatting
Eiwitten zijn belangrijke bouwblokken van het leven en ze spelen een rol in vrijwel 
alle biologische processen. Eiwitten zijn ketens van 20 verschillende aminozuren die 
in een driedimensionale structuur vouwen. Deze structuur is bepalend voor de functie 
en verschilt per eiwit. Het oplossen van eiwitstructuren is zeer waardevol om inzicht te 
krijgen in het moleculaire mechanisme van eiwitten. Inzicht in de structuur van eiwitten 
kan daarnaast bijdragen aan het begrijpen van de oorzaak van een ziekte en kan de basis 
vormen voor het ontdekken van nieuwe medicijnen.

Hoofdstuk 1 geeft een inleiding in het complementsysteem. Dit systeem is een 
onderdeel van het aangeboren immuunsysteem en bestaat uit verschillende eiwitten 
die via een kettingreactie activeren. Complement is belangrijk in de verdediging tegen 
invasieve micro-organismen en in het opruimen van lichaamsvreemde objecten en 
gewijzigde gastheercellen. Het complementsysteem kan onmiddellijk reageren tegen 
gevaren omdat het, in tegenstelling tot het verworven immuunsysteem, niet getraind 
hoeft te worden voor activatie.  Het complementsysteem kan worden geactiveerd door 
middel van herkenning van zogenaamde “gevaarsignalen”. Daarnaast is er ook con-
tinue langzame aspecifieke activatie waarmee het complementsysteem doorlopend sur-
veilleert of  er gevaren zijn binnengedrongen. Activatie van het complementsysteem kan 
resulteren in het direct doden van micro-organismen, het labelen van micro-organismen 
en vreemde lichaamsobjecten voor opruiming door cellen van het immuunsysteem en 
in het opwekken van een ontstekingsreactie. 

Het complementsysteem kan geactiveerd worden via drie routes. Het doel van dit 
proefschrift is om meer inzicht te krijgen in de regulatie van één van deze routes; de 
alternatieve route van het complementsysteem. Deze alternatieve route activeert zonder 
de hulp van herkenningsmoleculen. Dit gebeurt doordat het eiwit C3 spontaan van 
conformatie kan veranderen in een actieve staat, C3*, die ook wel C3(H2O) wordt gen-
oemd. C3* kan een interactie aan gaan met factor B die vervolgens geknipt kan worden 
door de serine protease factor D. Hierdoor ontstaat een C3 convertase, C3*Bb, wat 
een enzymatisch complex is. Dit enzym knipt vervolgens C3 in C3a en C3b, waarna de 
C3b covalent aan een oppervlakte kan binden door middel van zijn reactieve thio-ester 
groep. Vervolgens kan C3b interactie aangaan met factor B op een soortgelijke manier 
als C3* waardoor er een C3 convertase, C3bBb, op het oppervlak gevormd kan worden. 
Deze positieve amplificatieloop resulteert in de coating van oppervlaktes met C3b wat 
vervolgens kan leiden tot de formatie van een lytische porie in het membraan van cel-
len of  het opruimen van het C3b gecoate deeltje door cellen van het immuunsysteem. 
Doordat de alternatieve route aspecifiek op oppervlakten kan activeren is het belan-
grijk dat deze activatie gereguleerd wordt, zodat gezonde gastheercellen beschermd zijn 
tegen activatie en dat de activatie wordt versterkt op cellen of  objecten die wel aangeval-
len moeten worden.

Hoofdstuk 2 gaat in op de driedimensionale structuur van het eiwit properdine. Dit 
eiwit is de positieve regulator van de alternatieve route en is belangrijk voor het verster-
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ken van complementactivatie. Dit is belangrijk voor efficiënte complementactivatie op 
micro-organismes zoals Neisseria meningitis en Chlamydia pneumoniae. Properdine stabili-
seert de C3 convertase en zorgt er zo voor dat het enzym langer actief  is en dus meer C3 
kan knippen. Properdine is een eiwit dat voorkomt als dimeren, trimeren en tetrameren. 
Met elektronenmicroscopie was in eerdere publicaties waargenomen dat de properdine 
oligomeren bestaan uit meerdere C3 convertase stabiliserende ringen die verbonden 
zijn met dunne linkers. De properdine oligomeren zijn zeer flexibel en hebben de neig-
ing om te aggregeren. Hierdoor was het tot voor kort lastig om de structuur van proper-
dine te bepalen, omdat hiervoor een homogeen eiwit sample met minimale flexibiliteit 
nodig is. Door gebruik te maken van de beschikbare biochemische kennis konden we 
een soort properdine monomeren maken (mP) die bestaan uit één C3 convertase bind-
ende ring. Vervolgens hebben wij aangetoond dat mP in staat was om de C3 convertase 
te stabiliseren. Verder hebben wij met surface plasmon resonance (SPR) laten zien dat 
door aviditeit de properdine oligomeren sterker binden aan een C3b gecoat oppervlakte 
vergeleken met de losse properdine ringen. Deze aviditeit is waarschijnlijk belangrijk om 
positieve regulatie door properdine te dirigeren naar oppervlaktes die al gedeeltelijk met 
C3b zijn gecoat. Het aviditeitseffect is niet aanwezig in oplossing. Verder zijn in serum 
de concentraties van C3*, C3b en C3 convertases heel laag. Door het gebrek aan avid-
iteit en de lage concentraties gaat properdine in serum waarschijnlijk geen interactie aan 
met deze eiwitten waardoor er geen onnodige positieve regulatie is wat zou resulteren 
in het opraken van complement eiwitten. Met röntgenstralingdiffractie hebben wij de 
structuur opgelost van de properdine ring; los en in complex met het geïsoleerde C-ter-
minale C345c (CTC) domein van C3b. Deze structuren lieten zien welke interacties tus-
sen properdine moleculen verantwoordelijk zijn voor de oligomerisatie. Verder konden 
we zien dat de mannosegroepen op de tryptofaanresiduen in de thrombospondin-like 
I repeat domeinen van properdine belangrijk zijn voor stabiliteit van deze domeinen. 
Dankzij de structuur van properdine in complex met het CTC-domein van C3b konden 
we de structuur oplossen van een voorheen gepubliceerde elektronen dichtheidsmap 
van properdine in complex met de C3 convertase. Deze structuur liet zien dat de inter-
actie van properdine met de C3 convertase vooral gemedieerd wordt door C3b en dat er 
maar een beperkte interface is tussen properdine en Bb. Deze structuren in combinatie 
met de SPR-data suggereren dat properdine de C3 convertase stabiliseert door een brug 
tussen C3b en Bb te vormen.

In hoofdstuk 3 kijken we naar de relatie tussen positieve en negatieve regulatie van het 
complementsysteem. Properdine is de enige positieve regulator van het complement-
systeem, maar er zijn meerdere negatieve regulatoren die complementactivatie remmen. 
Negatieve regulatie is belangrijk om te voorkomen dat de complement componenten 
opraken en om gastheercellen te beschermen tegen complementactivatie. Factor H 
(FH) is de belangrijkste negatieve regulator in serum en remt complementactivatie door 
de levensduur van de C3 convertase te verkorten. Daarnaast fungeert FH als cofactor 
voor de factor I (FI) gemedieerde inactivatie van C3b. Voor het bestuderen van de 
regulatie van de alternatieve route maakten we gebruik van liposomen die pre-gecoat 
waren met C3b. We hebben het effect van properdine op activatie van de alternatieve 
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route getest door gebruik te maken van een properdine specifieke remmer, Salp20, 
die van origine in teken voorkomt. Het remmen van properdine door toevoeging van 
Salp20 aan serum zorgt voor complete remming van activatie door de alternatieve route. 
Dit laat zien dat properdine essentieel is voor activatie van de alternatieve route door 
serum. Vervolgens hebben we gekeken naar complementactivatie op de C3b gecoate 
liposomen geïnduceerd door de gezuiverde complementcomponenten; factor B, factor 
D en C5 tot en met C9. Met de gezuiverde componenten is properdine niet essentieel 
voor complementactivatie. De toevoeging van properdine zorgt wel voor meer com-
plementactivatie. Doordat properdine essentieel is in serum maar niet met gezuiverde 
componenten hebben we gekeken naar de relatie tussen properdine en de negatieve 
regulatoren die in serum voorkomen, factor I en factor H. Door gebruik te maken 
van serum zonder factor I of  factor H konden we het effect van deze regulatoren op 
properdine bestuderen. De toevoeging van Salp20 resulteerde in complete remming van 
complementactivatie in serum zonder factor I, maar zorgde alleen voor een reductie in 
activatie door serum zonder factor H. Verder zorgde de toevoeging van factor H aan 
de gezuiverde componenten voor complete remming van activatie in afwezigheid van 
properdine. Dit laat dus zien dat de balans tussen stabilisatie en destabilisatie van de C3 
convertase door respectievelijk properdine en factor H belangrijk is voor de activatie 
van de alternatieve route. Met SPR hebben we laten zien dat properdine en factor H 
hun effect op de levensduur van de C3 convertase onafhankelijk van elkaar uitoefenen. 

Ongewenste activatie of  te veel activatie van de alternatieve route van het comple-
mentsysteem veroorzaakt of  draagt bij aan verschillende ernstige ziektes zoals atyp-
isch hemolytisch uremisch syndroom en paroxismale nachtelijke hemoglobinurie. Het 
vinden van nieuwe complementremmers om deze ziektes te behandelen is belangrijk 
en als positieve regulator van de alternatieve route is properdine een attractief  doelwit 
voor het remmen van complementactivatie. In hoofdstuk 4 verkennen we het thera-
peutische potentieel van het CTC-domein van C3b. We laten zien dat het CTC-domein 
complementactivatie door de alternatieve route kan remmen door competitie aan te 
gaan met C3b in de interactie met properdine. De efficiëntie waarmee het CTC-domein 
de alternatieve route remt is alleen erg laag. Aan de hand van de structuur van proper-
dine in complex met het CTC-domein hebben we een aantal mutaties in de aminozu-
ursequentie van het CTC-domein ontworpen met als doel deze efficiëntie te verhogen. 
Deze mutaties resulteerden in een CTC-domeinvariant, CTCNNΔ, met een honderd keer 
zo hoge efficiëntie vergeleken met het wildtype CTC-domein. CTCNNΔ was in staat 
om complementactivatie door de alternatieve route op konijnenerytrocyten volledig te 
blokkeren bij een concentratie van 20 µM. Met het ontwerp van CTCNNΔ hebben we 
laten zien dat een domein dat belangrijk is voor interactie kan worden gebruikt als rem-
mer en dat het mogelijk is om de efficiëntie te verhogen door middel van ‘op structuur 
gebaseerd ontwerp’.   

In hoofdstuk 5 worden de nieuwe inzichten in het moleculaire mechanisme achter 
positieve regulatie van properdine besproken en wordt er gediscussieerd over vervolg-
stappen in het onderzoek naar de alternatieve route van het complementsysteem.
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