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Innate immunity 

In order to protect the host from infection, an immune system needs to recognize a diverse 
array of micro-organisms (e.g. bacteria, viruses, parasites). After recognition, the intruders 
need to be eradicated whereby host tissue is spared as much as possible 1. In principle, the 
innate immune system itself can fulfill all these tasks in order to prevent microbial invasion. 
Nevertheless, another arm of immunity was evolved in vertebrates, the adaptive immune 
system. In some situations, solely an innate immune system is not sufficient to eradicate 
infections. Pathogens evolve mechanisms to evade the immune system and therefore the 
host organism needs to maximize immune recognition 2,3. Additional immune recognition 
is mediated by the ample lymphocytes of our adaptive immune system that all have a unique 
receptor, capable of recognizing specific antigens. Moreover, adaptive immunity can provide 
immunological memory, providing a stronger and faster response during a second encounter 
with an infectious agent 3. Nevertheless, it can take up to several days before an adaptive 
immune response is mounted. So before adaptive immunity kicks in, the innate immune 
system provides an indispensable role by exerting a fast and broad range of anti-microbial 
functions 2. 

Recognition 

The innate immune system can discriminate between self and non-self, thereby recognizing 
invading microbes while leaving host tissue intact. Innate leukocytes, which are described 
below, express various pattern recognition receptors (PRRs) on their surface that can recognize 
specific microbial components known as pathogen-associated molecular patterns (PAMPs) 
2,4. These patterns are conserved in micro-organisms but are not expressed by eukaryotic cells 
2. Bacteria express many of these PAMPs of which peptidoglycan and lipopolysaccharide 
(LPS) are examples. These cell wall structures, unique for bacteria, are recognized by specific 
receptors, the Toll-like receptors (TLRs). TLRs consist of an extracellular domain with 
leucine-rich repeat motifs that is involved in ligand binding, a transmembrane domain, and an 
intracellular domain responsible for signaling. Triggering of these receptors leads subsequently 
to the expression of genes within the leukocyte that elicit an antimicrobial response4. Another 
example is the N-formyl-methionyl-leucyl-phenylalanine (fMLP) receptor expressed on 
phagocytic cells 5. Upon ligand binding, the G-protein coupled receptor for N-formyl peptides 
(FPR), chemotaxis and cellular activation is induced. FPRs recognize N-formylated peptides 
that are present in proteins made and secreted by bacteria 5, although mitochondrial proteins 
are also N-formylated providing an endogenous source of chemo-attractants 6. 
 Besides PRRs on leukocytes, there are several soluble pattern recognition molecules 
that are important for other immunological responses 2. An important part of these soluble 
molecules belongs to the recognition molecules of the complement system and are described 
in more detail below. 
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Innate immune cells  

Apart from cells that form a physical barrier between the body and the extracellular 
environment (e.g. epithelial cells), the innate immune system is comprised of cells with 
specialized functions to combat microbial intruders 7. These cells are of myeloid origin and 
consist of polymorphonuclear cells (neutrophils, eosinophils, basophils) and mononuclear 
cells (macrophages and dendritic cells) 1. The most important cells involved in protection 
against bacterial infections are described here. 
 Neutrophils are perhaps the most dominant cells involved in innate immunity against 
bacteria. They constitute 60-70% of all leukocytes in human and are one of the first cells 
recruited to the site of infection 8,9. In their function of fighting bacteria, neutrophils can engulf 
and subsequently kill the target in a process called phagocytosis. Granules within the cytoplasm 
of neutrophils contain enzymes, proteases, reactive oxygen species and antimicrobial peptides 
that are bactericidal. Upon uptake, the granules fuse with the phagocytic vacuole to release 
granular contents that eventually kills bacteria 9. These granules can also fuse with the plasma 
membrane to release them in the extracellular milieu to enable extracellular bacterial killing 8. 
Moreover, a proportion of activated neutrophils can excrete their DNA in so-called neutrophil 
extracellular traps (NETs) that can entrap bacteria to prevent further spreading within the 
host 10. NETs might be directly bactericidal due to the high concentration of antimicrobial 
components that accumulate within the NETs 10. Eosinophils and basophils are much less 
abundant and their main function is to secrete immune modulators to shape an effective 
immune response 1. 
 Macrophages are phagocytic cells derived from circulating monocytes upon recruitment 
to infected tissues 1. Like neutrophils, macrophages can engulf and subsequently kill bacteria, 
but they fulfill additional roles in innate immunity. Macrophages can recruit other immune 
cells, like neutrophils, to the site of infection 11 and play an additional role at the infectious foci 
in clearing apoptotic neutrophils that phagocytosed microbes 12. 

Antimicrobial peptides 

Another part of the innate immune response consists of molecules present in extracellular 
fluids like antimicrobial peptides (AMPs), antibodies, and complement 1. AMPs are a group 
of evolutionary conserved proteins that have the ability to kill or inhibit growth of various 
microbes 13. They resemble a large variety of peptides primarily produced by epithelial cells 
and leukocytes 1. Apart from their differences, they share some collective characteristics. 
The peptides are small, positively charged, and amphipatic which allows them to modify the 
integrity of microbial membranes. Although the precise mechanism of bacterial killing by 
AMPs remains unclear, it is clear that AMPs have selectivity for microbial membranes and 
that these molecules disrupt membrane integrity which likely leads to microbial cell death 
13. In addition to the antimicrobial action, AMPs fulfill other immunological roles including 
recruitment of leukocytes, wound healing, and chemokine production 14. 
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Antibodies 

Antibodies, or immunoglobulins (Ig), are produced by B lymphocytes (B cells) with the help 
of T lymphocytes (T cells). Although lymphocytes are part of the adaptive immune response, 
antibodies are shortly mentioned here since they play an essential role in innate immunity. 
Antibodies are present in body fluids like the blood plasma and produced by B cells upon 
activation. Recognition of specific antigens on microbes will lead to binding of the antibody 
to the target to subsequently exert various functions including induction of phagocytosis, 
neutralization of the target, and complement activation 15. 

The complement system 

The complement system was named after the first identification of heat-labile components in 
serum that was able to ‘complement’ the antibacterial activity of antibodies 16. Complement 
is an integral part of our innate immune system that forms the primary host defense barrier 
against invading bacteria 16,17. The complement reaction takes place on the bacterial surface 
and complement cleavage products can either be linked to the bacterial surface or released 
in fluid-phase. The release of chemotactic peptides attracts phagocytes from the blood to the 
site of infection 18. Also, the massive and covalent deposition of C3-derived products onto 
the surface greatly enhances bacterial recognition by phagocytes and triggers phagocytosis. 
Finally, complement can directly kill bacteria by the assembly of a large pore-forming complex 
(Membrane Attack Complex or MAC) that inserts into bacterial membranes 19. Complement 
activation is a step-wise process in which protein binding and cleavage events occur in a 
well-defined order 17,20: first, recognition molecules bind to the target cell (Figure 1); second, 
they activate associated serine proteases that form C3 convertase enzymes (Figure 2); third, 
convertases cleave the central complement protein C3 to label the target surface with C3b 
and amplify the labeling process (Figure 2B); fourth, C5 convertases convert C5 into C5a and 
C5b; fifth, C5b generates the MAC (C5b-9) (Figure 2A). The recognition phase is important 
for the specific activation of complement on target cells. To prevent activation on host cells, 
the recognition molecules generally recognize evolutionarily conserved structures that are 
only present on microbes. In the past years our knowledge on the recognition of bacteria has 
increased significantly and below we will provide an overview of bacterial structures that are 
recognized by complement.

The complement system against bacterial infection 

Bacteria are roughly divided into Gram-positive and Gram-negative bacteria, determined by 
their cell wall characteristics (Figure 1). Peptidoglycan (PG) is the common trait in the cell 
envelope of almost all bacteria and important for cell integrity. It is composed of polysaccharide 
strands of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acids (MurNAc) 
that are linked by short peptides (reviewed in 21). Gram-positive bacteria possess one 
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phospholipid membrane covered by a thick PG layer (20-80 nm) (reviewed in 22) that 
commonly contains complex polysaccharides and teichoic acids linked to the peptidoglycan 
(wall teichoic acids, WTAs) or membrane (lipoteichoic acids, LTAs) 23. In contrast, Gram-
negative bacteria contain two membranes (the inner (IM) and outer membrane (OM)) with 
a thin PG layer (1-7 nm) in between. The lipid composition of the OM is heterogeneous and 
contains glycolipids called lipopolysaccharide (LPS) 22. 
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Figure 1. How bacteria are recognized by complement. 
Complement recognition molecules of the CP (C1q), LP (MBL, ficolins, collectin-11) and AP (properdin) bind to 
various structures on Gram-positive and -negative bacteria (recognition motifs in italics). Next to direct binding, 
C1q also indirectly recognizes bacteria via antibodies, CRP or SAP. MBL: Mannose-Binding Lectin, SAP: Serum 
Amyloid P, CRP: C-Reactive Protein, IgG: Immunoglobulin G. LPS: Lipopolysaccharide, PS: polysaccharides, WTA: 
Wall Teichoic acid, GlcNAc: N-acetyl glucosamine, LTA: Lipoteichoic acid. 
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Figure 2. The complement reaction on bacteria. 
(A) Recognition molecules initiate the complement cascade by their associated serine proteases (C1s and MASP-2, 
purple) that cleave C4 and C2 to generate a C4b2a complex on the bacterial surface. This complex is a C3 convertase 
that cleaves C3 into the released anaphylatoxin C3a and C3b, which binds covalently to the bacterial surface. 
C3b molecules initiate formation of another C3 convertase (C3bBb) that amplifies the C3b labeling process (AP 
amplification). C3b molecules also generate C5 convertases by binding onto or near the C3 convertases. This 
initiates a substrate switch, which causes convertases to cleave C5 into soluble C5a and C5b that forms a complex 
with C6-9 to generate the MAC. This figure was partly modified from 20. (B) Conversion of C3 by the C3 convertase. 
C3 holds a reactive thioester bond (red dot) that is hidden within the C3 molecule but exposed upon its cleavage 
into C3b. The acyl group of the thioester moiety forms a covalent bond with a hydroxyl or amine group, which 
allows covalent attachment of C3b to the target surface.

 It has long been recognized that isolated PG, which is unique to bacteria, is a potent 
activator of complement 24,25. In the context of living bacteria, however, PG is less exposed; it 
is hidden underneath the outer membrane (OM) of Gram-negative bacteria or shielded by 
PG-anchored polysaccharides and teichoic acids in Gram-positives. Therefore, complement 
also recognizes other conserved bacterial structures (Figure 1). The recognition molecules of 
the lectin pathway (LP) are the mannose binding lectin (MBL), ficolins (Ficolin-1, Ficolin-2, 
and Ficolin-3) and collectin-11 26–29. These large multimeric complexes resemble a ‘bunch of 
tulips’ since they hold a collagen-like domain build up from three identical polypeptide chains 
that assemble in a coiled-coil structure at the base and multiple specific carbohydrate binding 
domains at the top. MBL and collectin-11 contain a C-type carbohydrate-recognition domain 
(CRD) 30 that allows binding to carbohydrate and glycoconjugate structures on many different 
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microbes (reviewed in 31). The main bacterial targets of MBL are LPS in Gram-negative and 
WTA in Gram-positive bacteria 32–34. Collectin-11 was recently identified and described to 
bind Escherichia coli, Pseudomonas aeruginosa 35 and Streptococcus pneumoniae 36. In ficolins, 
the CRD consists of a fibrinogen-like domain that recognizes both sugar motifs 37 and 
acetylated groups present in for instance GlcNAc and GalNAc 26. The binding to GlcNAc, a 
major constituent of PG, is believed to be important for the binding to Gram-positive bacteria 
25. 
 The C1q molecule, which is structurally similar to MBL and ficolins in the LP, mediates 
activation of the classical pathway (CP). C1q is classically known to bind to Fc regions of IgG 
or IgM antibodies on the microbial surface. For some bacteria like Neisseria meningitidis, 
antibodies are essential for an effective complement response 38. Furthermore, C1q can bind 
to bacterial via pentraxins, evolutionarily conserved plasma proteins that recognize foreign 
antigens and altered-self ligands. The major pentraxins in human plasma, which are the short 
pentraxins C-reactive protein (CRP) and serum amyloid P (SAP) (reviewed in 39) and the long 
pentraxin 3 (PTX3) 40, are all upregulated during infection. CRP interacts with phosphocholine 
(PC) that is present in a number of bacterial structures including the teichoic acid of S. 
pneumoniae 41. SAP binds a variety of bacterial cell wall structures such as carbohydrates, 
LPS, and peptidoglycan 42–44. Alternatively, C1q can bind directly to the bacterial surface to 
activate the CP. C1q was found to bind to a variety of microbial structures including the lipid 
A region of LPS 45,46 and different outer membrane proteins on Gram-negative bacteria 47–50, 
and LTA on Gram-positive bacteria 51. Moreover, C1q can bind to various carbohydrates 52 
that potentially also mediate direct binding to bacteria.  
 Recently it was shown that the alternative pathway (AP), generally viewed as an 
amplification mechanism of the CP and LP, also directly recognizes bacteria via the properdin 
molecule. It has been reported that properdin, a stabilizing protein for the convertases of the 
AP, functions as a pattern recognition receptor for bacteria 53,54. Properdin binds to LPS of 
certain Gram-negative bacteria but also to LPS-defective E. coli and Salmonella typhimurium 
53. Also, properdin was reported to bind and activate complement on Chlamydia pneumoniae 
55. However, since other studies have questioned these data, the direct recognition of bacteria 
via the AP is still under debate 56. Of note, activation of the AP can also occur at a low-level via 
the spontaneous ‘tick-over’ process in which hydrolysis of C3 creates the C3b-like molecule 
C3H2O 17,57. This activation process is down regulated on host cells but quickly amplified on 
bacterial cells. 
 Thanks to the large variety of recognition mechanisms, almost all bacteria will be 
recognized by complement. Many studies have shown that the relative importance of each 
pathway may be different for every bacterium. Importantly, the contribution of each pathway 
may change during an active infection due to upregulation of the acute phase response (CRP 
and MBL) and the (increased) production of antibodies. Recently, an interesting study reported 
that binding of MBL to WTA of Staphylococcus aureus occurs exclusively in infants with low 
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levels of anti-WTA antibodies. In adults, higher levels of anti-WTA antibodies compete with 
MBL for WTA binding and trigger activation of the classical pathway 34. Whether such a 
pathway-shift results in a more effective complement response is presently unknown. 

Complement reaction on bacteria   

Whereas the initial phase of complement recognition is strictly dependent on the composition 
of the bacterial surface, the next steps of the complement pathway occur similarly on all target 
surfaces (Figure 2A). The recognition molecules do not possess enzyme activity but circulate 
in complex with serine proteases responsible for activation of the proteolytic cascade. The 
recognition molecules of the LP (MBL, ficolins and Collectin-11) circulate in complex with 
the MBL-associated serine proteases (MASPs) while C1q is complexed with the C1r and C1s 
proteases. The homologous MASP-2 and C1s proteases can both cleave C4 and C2 to generate 
a C3 convertase enzyme that consists of surface-bound C4b and protease C2a (Figure 2A). 
This convertase catalyzes the covalent deposition of C3b onto the bacterial surface and release 
of the small anaphylatoxin C3a. The covalent labeling of C3b, a critical step in the complement 
response, is mediated by a reactive thioester. Thanks to the crystal structures of C3 and C3b 
58,59, we now understand how within C3 this thioester is hidden but becomes exposed during 
activation as a result of extensive conformational changes (Figure 2B). Although the acyl 
group of the thioester is thought to form a covalent bond with any hydroxyl or amine group 
60,61, this reaction is probably less random than generally believed 60,62,63. Most C3b is linked by 
an ester bond, which indicates that it reacts better with hydroxyl groups than amine groups 
63. Binding occurs preferentially to hydroxylated sugar groups, but also to amino acids in 
proteins of which tyrosine, threonine and serine show the highest reactivity (Tyr>Thr>Ser) 64.
 The deposited C3b molecules have several important functions in the complement 
cascade. First, they initiate the alternative pathway (AP) amplification loop because C3b itself 
is part of the AP C3 convertase (C3bBb) that also converts C3 into C3b (Figure 2A-B). Second, 
the C3b molecules generate C5 convertases by binding near or onto the C3 convertase. This 
increases the affinity of the convertase for C5 65,66, which initiates cleavage of C5 into the 
chemo-attractant C5a and soluble C5b that initiates assembly of the MAC. 

Host defense functions of complement on bacteria 

Complement activation products can exert stress to bacterial cells, either indirectly by 
supporting immune responses or directly by damaging bacterial membranes. Before we zoom 
into the direct antibacterial mechanisms, which are the focus of our review, we will shortly 
summarize the indirect actions of complement. A very important role of complement is to 
facilitate phagocytosis of bacteria by labeling (or opsonizing) their surface with C3b and its 
degradation product iC3b, which are recognized by complement receptors 1 (CR1), 3 (CR3), 
4 (CR4), and CRIg on phagocytic cells 67–70. Also, the release of anaphylatoxins C5a and C3a is 
important to trigger a pro-inflammatory status. Moreover, neutrophils and monocytes (C5a), 
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but also eosinophils and mast cells are attracted to the site of infection through interaction 
with the C5a (C5aR) or C3a receptor (C3aR) 71. Moreover, complement activation can 
orchestrate adaptive immunity by enhancing antigen presentation via interaction of the C3b 
degradation product C3d with CR2 on B cells and follicular dendritic cells (reviewed in 72). 
In addition, complement activation products influence T cell immunity via stimulation of 
antigen presenting cells (APCs) and T cells (for a complete overview see 73,74). 

Figure 3 

C5b-9 MACC5b-6 C5b-7 C5b-8

Figure 3. Membrane Attack Complex assembly. 
Newly formed C5b reacts with C6 to form the stable C5b6 complex. Binding of C7 results in a hydrophobic complex 
that targets the membrane (C5b-7). Membrane insertion is initiated upon binding of C8 (C5b-8) after which 12-18 
copies of C9 polymerize to form the pore-forming ring structure (MAC).

The Membrane Attack Complex

Direct stress of complement to bacterial cells is mainly exerted through formation of the 
MAC that kills Gram-negative bacteria. Further, the fluid-phase anaphylatoxin C3a and its 
derivative C3ades-Arg were reported to exhibit direct antibacterial activity as well 75. However, 
here we will focus on the molecular mechanisms of MAC assembly and lysis of bacteria. 
 The MAC is a multiprotein complex that is comprised of single copies of C5b, C6, C7, 
and C8 together with 12-18 copies of C9 76,77. MAC formation is initiated by the cleavage of 
C5 into C5b by the C5 convertase (Figure 2A). In contrast to C3 and C4, C5 does not hold 
a reactive thioester for covalent linkage to the bacterial surface 78. Newly formed C5b has 
an unstable binding site with a half-life of ~2.5 min 78 and needs to react with C6 to form 
the stable C5b6 complex 79. Subsequent binding of C7 renders the complex lipophilic and 
mediates binding to the target membrane 80. Initial membrane insertion is mediated by the 
binding of C8 to the C5b-7 complex 19,81,82 with the C8 domain inserting into the lipid bilayer 
83. The C5b-8 complex then facilitates recruitment of C9 and catalyzes its polymerization into 
a pore-forming ring structure that inserts into the target membrane 76,84–86. 
 The MAC is a SDS-stable ring-structure 87 with an inner diameter of ~100 Å, an outer 
diameter ~200 Å, and a length of ~160 Å 76,84,88. Components C6-C9 are all homologous 
and share a 40 kDa Membrane Attack Complex Perforin (MACPF) domain 89,90, which is 
flanked by different regulatory domains at the C- and N-termini 91. This MACPF domain, 
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which is essential for membrane insertion of C8α, C8β and C9 83, is also found in perforin 89, 
a cytolytic protein released by cytotoxic T lymphocytes or natural killer cells to form pores 
in target cells (e.g. virus-infected host cells) 92. The structures of C8 and C8α have recently 
provided new insights into formation and composition of the MAC pore 93,94. Since the 
MACPF domain of C8α is structurally similar to bacterial cholesterol-dependent cytolysins 
(CDCs), MACPF proteins are believed to use a similar mechanism for membrane insertion 
as CDC. Like CDC monomers, MACPF proteins contain domains that refold from soluble 
into transmembrane β-hairpins (TMH) that oligomerize to form a circular pore 93–95. In the 
MAC, C9 is the main component making up the pore although the other MAC proteins 
insert partially in the membrane with C8 as the predominant protein 83,96,97. However, not all 
MACPF proteins function as lytic toxins: molecules like C6 and the β domain of C8 do not 
insert into membranes to form lytic pores 90, they rather have a supporting role in formation 
of polymeric C9 within the MAC. 
 Although the mode of assembly and structural organization of the MAC are well 
characterized, the exact mechanism by which the MAC kills bacterial cells remains poorly 
understood. The MAC is reported to kill Gram-negative bacteria while Gram-positive 
bacteria are resistant 98. It is generally believed that the MAC forms a pore in the bacterial 
membrane whereby bacteria are killed due to reduction of the membrane potential 99. 

Bacterial evasion of the MAC

Upon invasion of the host, bacteria will immediately encounter the various elements of the 
innate immune response. In order to establish an infection, micro-organisms have evolved 
several mechanisms to subvert immunity. Bacterial pathogens have also developed strategies 
to counteract complement activation. For the complement system, inhibition can occur at 
almost every level of the cascade. For example, S. aureus secretes different proteins that block 
C1q binding 100, convertase activity 101,102 and C5 cleavage 103,104. These mechanisms have been 
subject of many excellent reviews 105–107. Strategies evolved by Gram-negative bacteria that are 
aimed at inhibiting the terminal complement pathway will be discussed below. 

Surface modification

A long known mechanism by which Gram-negative bacteria resist MAC-mediated killing is 
by modification of the LPS molecules. LPS forms a physical and chemical barrier around the 
OM and is build up of three regions; the lipid moiety in the outer leaflet of the OM called lipid 
A; the core oligosaccharide containing 10-12 sugars; and on the exterior a polysaccharide 
chain of repeating units, the O-chain. Bacteria lacking the O-chain grow in rough-looking 
colonies, therefore termed ‘rough’ while wild-type species are termed ‘smooth’ (reviewed in 
108). It has been recognized for decades that the O-chain is involved in complement resistance 
since smooth-type bacteria are usually serum-resistant whereas the rough bacteria are serum-
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sensitive. The O-chain does not prevent complement activation or C5 cleavage but probably 
sheds the MAC from the OM and/or sterically hinders its insertion into the OM 109,110. For 
several bacterial species it was shown that bacteria with longer O-chains are better protected 
against the MAC. Furthermore, a higher density of O-chains increases MAC resistance 111–114. 
LPS expressed by N. meningitidis, but also N. gonorrhoeae and Haemophilus influenzae, lack 
the O-specific side-chain. Alternatively, most disease-associated strains of N. meningitidis 
produce two distinct short carbohydrate chains, in which a lacto-N-neotetraose (LNT) moiety 
is present. The LNT epitope serves as the major site for sialylation that reduces immunogenicity 
and is associated with increased serum-resistance 115. However, the importance of sialylation 
remains controversial, indicating that this strategy is of minor importance for MAC evasion 
by meningococci 116. 
 Another bacterial mechanism to evade MAC-dependent killing is formation of a capsule. 
Although a bacterial capsule can prevent complement activation in general, we will solely 
discuss how a capsule blocks the MAC specifically. N. meningitidis expresses an (α2→8)-linked 
polysaccharide capsule that also contains sialic acids 117. In most serotypes this capsule did not 
affect C3b deposition 118, but specifically prevented MAC insertion in the OM 116. Recently it 
was reported that capsule expression in meningococci is enhanced by increased temperature, 
which occurs for instance during inflammation when the bacteria need to interfere with 
immune killing 119. Also the outer surface of Porphyromonas gingivalis bears a glycan layer 
containing anionic polysaccharides (APS) that mediate direct resistance against the MAC. 
This APS did not inhibit MAC deposition on the bacteria 120 but probably prevents the MAC 
from inserting into the OM. 

Expression of inhibitory surface proteins 

Gram-negative bacteria also express surface-localized proteins to inhibit MAC formation. 
TraT is a plasmid-encoded OM protein of E. coli K12 that mediates MAC-resistance at the 
level of C5b6. TraT is believed to block C5b6 assembly or structurally alter the complex into 
an inactive form 121. The OM protein NhhA of N. meningitidis mediates bacterial colonization 
and was also recognized to be important for complement resistance. NhhA prevents MAC 
deposition to the bacterial surface although it was not determined at what level in the 
complement cascade the protein has its effect 122. Borrelia burgdorferi, the causative agent of 
Lyme disease, expresses the OM-localized complement regulator-acquiring surface proteins 
(CRASP) family. The CRASP-1 (or CspA) protein was recently identified to inhibit MAC 
attack by binding C7 and C9, thereby inhibiting assembly and membrane insertion of the MAC 
123. Yersinia enterocolitica virulence is associated with the expression of an autotransporter 
protein in the OM, Yersinia adhesin A (YadA). The protein mediates protection against MAC-
mediated killing by inhibiting C9 deposition on the bacteria. However, it was not completely 
elucidated whether inhibition of MAC assembly was not just a result of inhibition at the level 
of C3 124. More recently, binding of C3b or iC3b by YadA was described whereby factor H 
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(FH), normally promoting complement decay on host cells, was attracted to the bacterial 
surface to enhance bacterial survival 125. Another outer membrane protein expressed by Y. 
enterocolitica, Ail, also conferred complement resistance when it was expressed in E. coli 126. 
Potentially, Ail acts by inhibiting C5b-9 assembly. A structurally and functionally related 
membrane protein expressed by S. typhimurium, Rck, interferes with MAC formation by 
inhibiting C9 polymerization 127. 

Mimicking or attracting host regulators 

To protect the host from self-damage, complement is tightly regulated by multiple fluid-
phase and cell-bound proteins (for a review see 128). Bacteria often hijack these complement 
regulators to resist MAC-mediated killing (reviewed in 129). CD59 is a membrane-bound 
glycophosphatidylinositol (GPI) lipid-anchored glycoprotein that protects host cells from the 
MAC by binding C5b-8 and preventing incorporation of polymeric C9. On the other hand, 
CD59 interferes with C8 and C9 insertion into the membrane 130–134. The OM protein CD59-
like of B. burgdorferi is functionally similar to human CD59 since it interacts with C8 and C9 
to inhibit MAC assembly 135. E. coli and Helicobacter pylori were found to capture the soluble 
form of CD59, which is often shed from host cell membranes 136, to their OM and thereby 
prevent MAC-mediated killing 137,138. 
 Another human regulator of MAC is the abundant serum protein vitronectin (S-protein, 
250-450 µg/ml). This protein, that also regulates coagulation 139,140, can bind fluid-phase C5b67 
complexes and prevent formation of an active MAC 141,142. Bacteria can capture vitronectin 
to prevent MAC-mediated killing (reviewed in 143). Meningococcal surface fibril (Msf) 144, 
OM protein Haemophilus surface fibril (Hsf) of H. influenzae 145, surface protein UspA2 of 
Moraxella catarrhalis 146,147, DrsA of Haemophilus ducreyi 148, and autotransporter protein 
OmpB expressed by Rickettsia conorii 149 all recruit vitronectin to the bacterial surface, thereby 
mediating serum resistance. Since bacterial acquisition of vitronectin also fulfills additional 
roles in pathogenesis like bacterial adherence 143, the role of vitronectin binding proteins in 
MAC evasion was not always studied (e.g. vitronectin binding to the surface of H. pylori 150, 
OpaA of N. gonorrhoeae 151, and Opc protein of N. meningitidis 152. However, it cannot be 
excluded that these bacterial vitronectin-binding proteins also mediate serum resistance. 
 Finally, bacteria can regulate the MAC by attracting the complement factor H (FH)-related 
protein 1 (CFHR1), a C5 convertase inhibitor present in the circulation at a concentration 
of 20-100 µg/ml 153,154. CFHR1 is related to FH, the C3 convertase regulator that binds C3b 
155. CFHR1 specifically regulates the AP C5 convertase by binding both C3b and C5 153,156. 
Moreover, formation and membrane insertion of the MAC is controlled by CFHR1 154. The B. 
burgdorferi CRASP-3, -4, and -5 proteins were all found to attract CFHR1, thereby mediating 
serum-resistance of B. burgdorferi 157. Some strains of the different genospecies Borrelia garinii 
express CRASPs that can also bind CFHR1 to mediate MAC escape 158. 
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Polyphosphates 

Microorganisms store long polymers of phosphate (polyphosphates or polyP) that are essential 
to bacterial motility and survival 159,160. Recently it was discovered that polyP, when excreted, 
specifically inhibit MAC assembly on target surfaces by binding and destabilizing the C5b6 
complex 161. Accordingly, mutants of N. meningitidis lacking exopolyphosphatase, that cleaves 
polyP, were protected from MAC-mediated killing 162. This indicates that the production of 
long polymers of phosphate forms an additional mechanism of MAC evasion, although more 
proof of this concept has yet to be provided.  

Aim of this thesis 

Although the complement system was discovered more than 100 years ago, there are several 
aspects of the terminal complement pathway in bacterial immune defense that are poorly 
understood. As indicated above, it is not known how the MAC integrates into bacterial cell 
membranes and how it causes killing. Besides MAC-evasion strategies employed by Gram-
negative bacteria, during the last two decades it became evident that Gram-positives secrete 
small molecules that also interfere with MAC formation. Furthermore, it is currently not 
precisely known how C5 convertases are assembled and how these bimolecular enzymes are 
involved in MAC assembly and bacterial killing. In this thesis we try to answer some of these 
long-standing questions on the role of the terminal complement system in the interaction 
with bacteria. 



Chapter 122 |

References 
1. Beutler, B. Innate immunity: an overview. Molecular Immunology 40, 845–859 (2004).
2. Janeway, C. A. & Medzhitov, R. Innate immune recognition. Annual review of immunology 20, 197–216 (2002).
3. Cooper, M. D. & Alder, M. N. The evolution of adaptive immune systems. Cell 124, 815–822 (2006).
4. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate immunity. Cell 124, 783–801 (2006).
5. Panaro, M. A. et al. Biological role of the N-formyl peptide receptors. Immunopharmacology and 

immunotoxicology 28, 103–127 (2006).
6. Zhang, Q. et al. Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature 464, 104–

107 (2010).
7. Goodarzi, H., Trowbridge, J. & Gallo, R. L. Innate immunity: a cutaneous perspective. Clinical reviews in allergy 

& immunology 33, 15–26 (2007).
8. Amulic, B., Cazalet, C., Hayes, G. L., Metzler, K. D. & Zychlinsky, A. Neutrophil function: from mechanisms to 

disease. Annual review of immunology 30, 459–89 (2012).
9. Nathan, C. Neutrophils and immunity: challenges and opportunities. Nature reviews. Immunology 6, 173–182 

(2006).
10. Brinkmann, V. et al. Neutrophil Extracellular Traps Kill Bacteria. Science 303, 1532–1536 (2004).
11. Martin, C. J., Peters, K. N. & Behar, S. M. Macrophages clean up: efferocytosis and microbial control. Current 

opinion in microbiology 17, 17–23 (2014).
12. Silva, M. T. Macrophage phagocytosis of neutrophils at inflammatory/infectious foci: a cooperative mechanism 

in the control of infection and infectious inflammation. Journal of leukocyte biology 89, 675–683 (2011).
13. Brogden, K. A. Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? Nature reviews. 

Microbiology 3, 238–50 (2005).
14. Pasupuleti, M., Schmidtchen, A. & Malmsten, M. Antimicrobial peptides: key components of the innate 

immune system. Critical reviews in biotechnology 32, 143–171 (2012).
15. Mix, E., Goertsches, R. & Zettl, U. K. Immunoglobulins-basic considerations. Journal of neurology 253, 

V/9–V/17 (2006).
16. Walport, M. J. Complement First of Two Parts. The New England Journal of Medicine 344, 1058–1066 (2001).
17. Ricklin, D., Hajishengallis, G., Yang, K. & Lambris, J. D. Complement: a key system for immune surveillance 

and homeostasis. Nature Immunology 11, 785–97 (2010).
18. Bardoel, B. W. & Strijp, J. A. G. Molecular battle between host and bacterium: recognition in innate immunity. 

Journal of molecular recognition 24, 1077–86 (2011).
19. Müller-Eberhard, H. J. The Membrane Attack Complex of complement. Annual Review of Immunology 4, 503–

528 (1986).
20. Gros, P., Milder, F. J. & Janssen, B. J. C. Complement driven by conformational changes. Nature reviews. 

Immunology 8, 48–58 (2008).
21. Vollmer, W., Blanot, D. & de Pedro, M. A. Peptidoglycan structure and architecture. FEMS microbiology reviews 

32, 149–167 (2008).
22. Silhavy, T. J., Kahne, D. & Walker, S. The bacterial cell envelope. Cold Spring Harbor Perspectives in Biology 2, 

(2010).
23. Reichmann, N. T. & Gründling, A. Location, synthesis and function of glycolipids and polyglycerolphosphate 

lipoteichoic acid in Gram-positive bacteria of the phylum Firmicutes. FEMS microbiology letters 319, 97–105 
(2011).

24. Verbrugh, H. A. et al. Opsonic recognition of staphylococci mediated by cell wall peptidoglycan: antibody-
independent activation of human complement and opsonic activity of peptidoglycan antibodies. Journal of 
immunology 124, 1167–1173 (1980).

25. Ma, Y. G. et al. Human mannose-binding lectin and L-ficolin function as specific pattern recognition proteins 
in the lectin activation pathway of complement. The Journal of biological chemistry 279, 25307–25312 (2004).



General introduction | The complement system and the interaction with bacteria 23|

1

4

26. Matsushita, M. & Fujita, T. Ficolins and the lectin complement pathway. Immunological reviews 180, 78–85 
(2001).

27. Holmskov, U., Thiel, S. & Jensenius, J. C. Collectins and ficolins: humoral lectins of the innate immune defense. 
Annual review of immunology 21, 547–78 (2003).

28. Fujita, T., Matsushita, M. & Endo, Y. The lectin-complement pathway -- its role in innate immunity and 
evolution. Immunological reviews 198, 185–202 (2004).

29. Ma, Y. J., Skjoedt, M.-O. & Garred, P. Collectin-11/MASP complex formation triggers activation of the lectin 
complement pathway--the fifth lectin pathway initiation complex. Journal of innate immunity 5, 242–50 (2013).

30. Holmskov, U., Malhotra, R., Sim, R. B. & Jensenius, J. C. Collectins: collagenous C-type lectins of the innate 
immune defense system. Immunology today 15, 67–74 (1994).

31. Jack, D. L., Klein, N. J. & Turner, M. W. Mannose-binding lectin: targeting the microbial world for complement 
attack and opsonophagocytosis. Immunological reviews 180, 86–99 (2001).

32. Polotsky, V. Y., Fischer, W., Ezekowitz, R. A. & Joiner, K. A. Interactions of human mannose-binding protein 
with lipoteichoic acids. Infection and immunity 64, 380–383 (1996).

33. Jack, D. L., Jarvis, G. A., Booth, C. L., Turner, M. W. & Klein, N. J. Mannose-binding lectin accelerates 
complement activation and increases serum killing of Neisseria meningitidis serogroup C. The Journal of 
infectious diseases 184, 836–45 (2001).

34. Park, K.-H. et al. Human serum mannose-binding lectin senses wall teichoic acid Glycopolymer of 
Staphylococcus aureus, which is restricted in infancy. The Journal of biological chemistry 285, 27167–27175 
(2010).

35. Hansen, S. et al. Collectin 11 (CL-11, CL-K1) is a MASP-1/3-associated plasma collectin with microbial-binding 
activity. Journal of immunology 185, 6096–104 (2010).

36. Ali, Y. M. et al. The lectin pathway of complement activation is a critical component of the innate immune 
response to pneumococcal infection. PLoS pathogens 8, e1002793 (2012).

37. Matsushita, M., Endo, Y. & Fujita, T. Structural and functional overview of the lectin complement pathway: its 
molecular basis and physiological implication. Archivum immunologiae et therapiae experimentalis 61, 273–283 
(2013).

38. Granoff, D. M. Relative importance of complement-mediated bactericidal and opsonic activity for protection 
against meningococcal disease. Vaccine 27 Suppl 2, B117–125 (2009).

39. Du Clos, T. W. Pentraxins: Structure, Function, and Role in Inflammation. ISRN inflammation 2013, (2013).
40. Ma, Y. J. et al. Heterocomplexes of mannose-binding lectin and the pentraxins PTX3 or serum amyloid P 

component trigger cross-activation of the complement system. The Journal of biological chemistry 286, 3405–17 
(2011).

41. Volanakis, J. E. Human C-reactive protein: expression, structure, and function. Molecular immunology 38, 189–
97 (2001).

42. Hind, C. R., Collins, P. M., Baltz, M. L. & Pepys, M. B. Human serum amyloid P component, a circulating 
lectin with specificity for the cyclic 4,6-pyruvate acetal of galactose. Interactions with various bacteria. The 
Biochemical journal 225, 107–11 (1985).

43. Noursadeghi, M. et al. Role of serum amyloid P component in bacterial infection: protection of the host or 
protection of the pathogen. Proceedings of the National Academy of Sciences of the United States of America 97, 
14584–9 (2000).

44. An, J.-H. et al. Human SAP Is a Novel Peptidoglycan Recognition Protein That Induces Complement-
Independent Phagocytosis of Staphylococcus aureus. Journal of immunology (2013).

45. Cooper, N. R. & Morrison, D. C. Binding and Activation of the First Component of Human Complement by the 
Lipid A Region of Lipopolysaccharides. The Journal of Immunology 120, 1862–1868 (1978).

46. Tan, L. A., Yang, A. C., Kishore, U. & Sim, R. B. Interactions of complement proteins C1q and factor H with lipid 
A and Escherichia coli: further evidence that factor H regulates the classical complement pathway. Protein & cell 
2, 320–332 (2011).



Chapter 124 |

47. Loos, M. & Clas, F. Antibody-independent killing of gram-negative bacteria via the classical pathway of 
complement. Immunology letters 14, 203–8 (1987).

48. Merino, S. et al. Activation of the complement classical pathway (C1q Binding) by mesophilic Aeromonas 
hydrophila outer membrane protein. Infection and immunity 66, 3825–3831 (1998).

49. Mintz, C. S., Arnold, P. I., Johnson, W. & Schultz, D. R. Antibody-independent binding of complement 
component C1q by Legionella pneumophila. Infection and immunity 63, 4939–4943 (1995).

50. Albertí, S. et al. C1q binding and activation of the complement classical pathway by Klebsiella pneumoniae 
outer membrane proteins. Infection and immunity 61, 852–860 (1993).

51. Loos, M., Clas, F. & Fischer, W. Interaction of purified lipoteichoic acid with the classical complement pathway. 
Infection and immunity 53, 595–599 (1986).

52. Païdassi, H. et al. The lectin-like activity of human C1q and its implication in DNA and apoptotic cell 
recognition. FEBS letters 582, 3111–3116 (2008).

53. Spitzer, D., Mitchell, L. M., Atkinson, J. P. & Hourcade, D. E. Properdin can initiate complement activation 
by binding specific target surfaces and providing a platform for de novo convertase assembly. Journal of 
immunology 179, 2600–8 (2007).

54. Kemper, C., Atkinson, J. P. & Hourcade, D. E. Properdin: emerging roles of a pattern-recognition molecule. 
Annual review of immunology 28, 131–55 (2010).

55. Cortes, C., Ferreira, V. P. & Pangburn, M. K. Native properdin binds to Chlamydia pneumoniae and promotes 
complement activation. Infection and immunity 79, 724–31 (2011).

56. Harboe, M. et al. The role of properdin in zymosan- and Escherichia coli-induced complement activation. 
Journal of immunology 189, 2606–13 (2012).

57. Pangburn, M. K., Schreiber, R. D. & Müller-Eberhard, H. J. Formation of the initial C3 convertase of the 
alternative complement pathway. The Journal of Experimental Medicine 154, 856–867 (1981).

58. Janssen, B. J. C. et al. Structures of complement component C3 provide insights into the function and evolution 
of immunity. Nature 437, 505–511 (2005).

59. Janssen, B. J. C., Christodoulidou, A., McCarthy, A., Lambris, J. D. & Gros, P. Structure of C3b reveals 
conformational changes that underlie complement activity. Nature 444, 213–216 (2006).

60. Law, S. K. A. & Dodds, A. W. The internal thioester and the covalent binding properties of the complement 
proteins C3 and C4. Protein Science 6, 263–74 (1997).

61. Janssen, B. J. C. & Gros, P. Structural insights into the central complement component C3. Molecular Immunology 
44, 3–10 (2007).

62. Law, S. K. A., Minich, T. M. & Levine, R. P. Binding reaction between the third human complement protein and 
small molecules. Biochemistry 20, 7457–63 (1981).

63. Law, S. K. A., Minich, T. M. & Levine, R. P. Covalent binding efficiency of the third and fourth complement 
proteins in relation to pH, nucleophilicity, and availability of hydroxyl groups. Biochemistry 23, 3267–72 (1984).

64. Sahu, A. & Pangburn, M. K. Tyrosine is a potential site for covalent attachment of activated complement 
component C3. Molecular Immunology 32, 711–716 (1995).

65. Rawal, N. & Pangburn, M. K. Structure/function of C5 convertases of complement. International 
Immunopharmacology 1, 415–22 (2001).

66. Pangburn, M. K. & Rawal, N. Structure and function of complement C5 convertase enzymes. Biochemical 
Society transactions 30, 1006–1010 (2002).

67. Krych-Goldberg, M. & Atkinson, J. P. Structure-function relationships of complement receptor type 1. 
Immunological reviews 180, 112–22 (2001).

68. Bajic, G., Yatime, L., Sim, R. B., Vorup-jensen, T. & Andersen, G. R. Structural insight on the recognition 
of surface-bound opsonins by the integrin I domain of complement receptor 3. Proceedings of the National 
Academy of Sciences 110, 16426–16431 (2013).

69. Vik, D. P. & Fearon, D. T. Neutrophils express a receptor for iC3b, C3dg, and C3d that is distinct from CR1, CR2, 
and CR3. Journal of immunology 134, 2571–2579 (1985).



General introduction | The complement system and the interaction with bacteria 25|

1

4

70. Helmy, K. Y. et al. CRIg: a macrophage complement receptor required for phagocytosis of circulating pathogens. 
Cell 124, 915–27 (2006).

71. Haas, P.-J. & Strijp, J. A. Anaphylatoxins Their role in bacterial infection and inflammation. Immunologic 
Research 37, 161–175 (2007).

72. Carroll, M. C. & Isenman, D. E. Regulation of humoral immunity by complement. Immunity 37, 199–207 
(2012).

73. Kemper, C. & Atkinson, J. P. T-cell regulation: with complements from innate immunity. Nature reviews. 
Immunology 7, 9–18 (2007).

74. Dunkelberger, J. R. & Song, W.-C. Role and mechanism of action of complement in regulating T cell immunity. 
Molecular immunology 47, 2176–86 (2010).

75. Nordahl, E. A. et al. Activation of the complement system generates antibacterial peptides. Proceedings of the 
National Academy of Sciences of the United States of America 101, 16879–84 (2004).

76. Müller-Eberhard, H. J. The killer molecule of complement. The Journal of Investigative Dermatology 85, 47–52 
(1985).

77. Podack, E. R., Esser, A. F., Biesecker, G. & Müller-Eberhard, H. J. Membrane attack complex of complement: a 
structural analysis of its assembly. The Journal of experimental medicine 151, 301–313 (1980).

78. Cooper, N. R. & Müller-Eberhard, H. J. The reaction mechanism of human C5 in immune hemolysis. The 
Journal of Experimental Medicine 775–793 (1970).

79. DiScipio, R. G., Smith, C. A., Müller-Eberhard, H. J. & Hugli, T. E. The activation of human complement 
component C5 by a fluid phase C5 convertase. The Journal of biological chemistry 258, 10629–36 (1983).

80. Preissner, K. T., Podack, E. R. & Müller-Eberhard, H. J. The membrane attack complex of complement: relation 
of C7 to the metastable membrane binding site of the intermediate complex C5b-7. Journal of immunology 135, 
445–51 (1985).

81. Stewart, J. L., Kolb, W. P. & Sodetz, J. M. Evidence that C5b recognizes and mediates C8 incorporation into the 
cytolytic complex of complement. The Journal of Immunology 139, 1960–1964 (1987).

82. Monahan, J. B. & Sodetz, J. M. Role of the beta subunit in interaction of the eighth component of human 
complement with the membrane-bound cytolytic complex. The Journal of Biological Chemistry 256, 3258–3262 
(1981).

83. Steckel, E. W., Welbaum, B. E. & Sodetzs, J. M. Evidence of direct insertion of terminal complement proteins 
into cell membrane bilayers during cytolysis. The Journal of biological chemistry 258, 4318–4324 (1983).

84. Podack, E. R. & Tschopp, J. Polymerization of the ninth component of complement (C9): formation of poly(C9) 
with a tubular ultrastructure resembling the membrane attack complex of complement. Proceedings of the 
National Academy of Sciences of the United States of America 79, 574–8 (1982).

85. Tschopp, J. Circular polymerization of the membranolytic ninth component of complement. Dependence on 
metal ions. The Journal of biological chemistry 259, 10569–73 (1984).

86. Tschopp, J., Podack, E. R. & Müller-Eberhard, H. J. The membrane attack complex of complement: C5b-8 
complex as accelerator of C9 polymerization. The Journal of Immunology 134, 495–499 (1985).

87. Podack, E. R. & Tschopp, J. Circular polymerization of the ninth component of complement. Ring closure of 
the tubular complex confers resistance to detergent dissociation and to proteolytic degradation. The Journal of 
Biological Chemistry 257, 15204–12 (1982).

88. DiScipio, R. G. & Hugli, T. E. The architecture of complement component C9 and poly(C9). The Journal of 
biological chemistry 260, 14802–14809 (1985).

89. Tschopp, J., Masson, D. & Stanley, K. K. Structural/functional similarity between proteins involved in 
complement- and cytotoxic T-lymphocyte-mediated cytolysis. Nature 322, 831–834 (1986).

90. Rosado, C. J. et al. The MACPF/CDC family of pore-forming toxins. Cellular Microbiology 10, 1765–74 (2008).
91. Esser, A. F. The membrane attack complex of complement. Assembly, structure and cytotoxic activity. Toxicology 

87, 229–47 (1994).
92. Bolitho, P., Voskoboinik, I., Trapani, J. A. & Smyth, M. J. Apoptosis induced by the lymphocyte effector molecule 

perforin. Current opinion in immunology 19, 339–47 (2007).



Chapter 126 |

93. Hadders, M. A., Beringer, D. X. & Gros, P. Structure of C8alpha-MACPF reveals mechanism of membrane 
attack in complement immune defense. Science 317, 1552–4 (2007).

94. Lovelace, L. L., Cooper, C. L., Sodetz, J. M. & Lebioda, L. Structure of human C8 protein provides mechanistic 
insight into membrane pore formation by complement. The Journal of biological chemistry 286, 17585–92 
(2011).

95. Tweten, R. K. Cholesterol-Dependent Cytolysins, a family of versatile pore-forming toxins. Infection and 
immunity 73, 6199–6209 (2005).

96. Hu, V. W., Esser, A. F., Podack, E. R. & Wisnieski, B. J. The membrane attack mechanism of complement: 
photolabeling reveals insertion of terminal proteins into target membrane. The Journal of Immunology 127, 
380–386 (1981).

97. Podack, E. R., Stoffel, W., Esser, A. F. & Müller-Eberhard, H. J. Membrane attack complex of complement: 
distribution of subunits between the hydrocarbon phase of target membranes and water. Proceedings of the 
National Academy of Sciences of the United States of America 78, 4544–8 (1981).

98. Joiner, K. A., Brown, E. J. & Frank, M. M. Complement and bacteria: Chemistry and biology in host defense. 
Annual Review of Immunology 2, 461–491 (1984).

99. Wright, S. D. & Levine, R. P. How complement kills E. coli. I. Location of the lethal lesion. Journal of Immunology 
127, 1146–51 (1981).

100. Kang, M. et al. Collagen-binding microbial surface components recognizing adhesive matrix molecule 
(MSCRAMM) of Gram-positive bacteria inhibit complement activation via the classical pathway. The Journal 
of biological chemistry 288, 20520–20531 (2013).

101. Rooijakkers, S. H. M. et al. Immune evasion by a staphylococcal complement inhibitor that acts on C3 
convertases. Nature Immunology 6, 920–7 (2005).

102. Jongerius, I. et al. Staphylococcal complement evasion by various convertase-blocking molecules. The Journal of 
experimental medicine 204, 2461–2471 (2007).

103. Langley, R. et al. The Staphylococcal Superantigen-Like Protein 7 Binds IgA and Complement C5 and Inhibits 
IgA-FcaRI Binding and Serum Killing of Bacteria. The Journal of Immunology 2926–2933 (2005).

104. Bestebroer, J. et al. Functional basis for complement evasion by staphylococcal superantigen-like 7. Cellular 
Microbiology 12, 1506–16 (2010).

105. Rautemaa, R. & Meri, S. Complement-resistance mechanisms of bacteria. Microbes and infection / Institut 
Pasteur 1, 785–94 (1999).

106. Lambris, J. D., Ricklin, D. & Geisbrecht, B. V. Complement evasion by human pathogens. Nature reviews. 
Microbiology 6, 132–142 (2008).

107. Zipfel, P. F., Hallström, T. & Riesbeck, K. Human complement control and complement evasion by pathogenic 
microbes--tipping the balance. Molecular immunology 56, 152–60 (2013).

108. Caroff, M., Karibian, D., Cavaillon, J. M. & Haeffner-Cavaillon, N. Structural and functional analyses of bacterial 
lipopolysaccharides. Microbes and infection 4, 915–26 (2002).

109. Joiner, K. A., Hammer, C. H., Brown, E. J. & Frank, M. M. Studies on the mechanism of bacterial resistance 
to complement-mediated killing II. C8 and C9 release C5b67 from the surface of Salmonella minnesota S218 
because the Terminal Complex does not insert into the bacterial outer membrane. The Journal of Experimental 
Medicine 155, 809–819 (1982).

110. Joiner, K. A., Hammer, C. H., Brown, E. J., Cole, R. J. & Frank, M. M. Studies on the mechanism of bacterial 
resistance to complement-mediated killing I. Terminal complement components are deposited and released 
from Salmonella minnesota S218 without causing bacterial death. The Journal of Experimental Medicine 155, 
797–808 (1982).

111. Grossman, N. et al. Lipopolysaccharide size and distribution determine serum resistance in Salmonella 
montevideo. Journal of bacteriology 169, 856–63 (1987).

112. Hong, M. & Payne, S. M. Effect of mutations in Shigella flexneri chromosomal and plasmid-encoded 
lipopolysaccharide genes on invasion and serum resistance. Molecular microbiology 24, 779–91 (1997).

113. Murray, G. L., Attridge, S. R. & Morona, R. Inducible serum resistance in Salmonella typhimurium is dependent 
on wzz(fepE)-regulated very long O antigen chains. Microbes and infection 7, 1296–304 (2005).



General introduction | The complement system and the interaction with bacteria 27|

1

4

114. Merino, S., Camprubí, S., Albertí, S., Benedí, V. J. & Tomás, J. M. Mechanisms of Klebsiella pneumoniae 
resistance to complement-mediated killing. Infection and immunity 60, 2529–35 (1992).

115. Estabrook, M. M., Griffiss, J. M. & Jarvis, G. A. Sialylation of Neisseria meningitidis lipooligosaccharide inhibits 
serum bactericidal activity by masking lacto-N-neotetraose. Infection and immunity 65, 4436–4444 (1997).

116. Schneider, M. C., Exley, R. M., Ram, S., Sim, R. B. & Tang, C. M. Interactions between Neisseria meningitidis 
and the complement system. Trends in microbiology 15, 233–40 (2007).

117. Kahler, C. M. et al. The (a2-8)-linked polysialic acid capsule and lipooligosaccharide structure both contribute 
to the ability of serogroup B Neisseria meningitidis to resist the bactericidal activity of normal human serum. 
Infection and immunity 66, 5939–5947 (1998).

118. Vogel, U. et al. Complement factor C3 deposition and serum resistance in isogenic capsule and lipooligosaccharide 
sialic acid mutants of serogroup B Neisseria meningitidis. Infection and immunity 65, 4022–4029 (1997).

119. Loh, E. et al. Temperature triggers immune evasion by Neisseria meningitidis. Nature 502, 237–240 (2013).
120. Slaney, J. M., Gallagher, A., Aduse-Opoku, J., Pell, K. & Curtis, M. A. Mechanisms of resistance of Porphyromonas 

gingivalis to killing by serum complement. Infection and immunity 74, 5352–61 (2006).
121. Pramoonjago, P. et al. Role of TraT protein, an anticomplementary protein produced in Escherichia coli by R100 

factor, in serum resistance. Journal of immunology 148, 827–36 (1992).
122. Sjölinder, H., Eriksson, J., Maudsdotter, L., Aro, H. & Jonsson, A.-B. Meningococcal outer membrane protein 

NhhA is essential for colonization and disease by preventing phagocytosis and complement attack. Infection 
and immunity 76, 5412–20 (2008).

123. Hallström, T. et al. CspA from Borrelia burgdorferi Inhibits the Terminal Complement Pathway. mBio 4, 
e00481–13 (2013).

124. Pilz, D., Vocke, T., Heesemann, J. & Brade, V. Mechanism of YadA-mediated serum resistance of Yersinia 
enterocolitica serotype O3. Infection and immunity 60, 189–95 (1992).

125. Schindler, M. K. H. et al. Yersinia enterocolitica YadA mediates complement evasion by recruitment and 
inactivation of C3 products. Journal of immunology 189, 4900–8 (2012).

126. Bliska, J. B. & Falkow, S. Bacterial resistance to complement killing mediated by the Ail protein of Yersinia 
enterocolitica. Proceedings of the National Academy of Sciences of the United States of America 89, 3561–5 (1992).

127. Heffernan, E. J. et al. Mechanism of resistance to complement-mediated killing of bacteria encoded by the 
Salmonella typhimurium virulence plasmid gene rck. The Journal of clinical investigation 90, 953–964 (1992).

128. Zipfel, P. F. & Skerka, C. Complement regulators and inhibitory proteins. Nature reviews. Immunology 9, 729–40 
(2009).

129. Blom, A. M., Hallström, T. & Riesbeck, K. Complement evasion strategies of pathogens-acquisition of inhibitors 
and beyond. Molecular immunology 46, 2808–17 (2009).

130. Rollins, S. A. & Sims, P. J. The complement-inhibitory activity of CD59 resides in its capacity to block 
incorporation of C9 into membrane C5b-9. The Journal of Immunology 144, 3478–3483 (1990).

131. Meri, S. et al. Human protectin (CD59), an 18000-20000 MW complement lysis estricting factor, inhibits C5b-8 
catalysed insertion of C9 into lipid bilayers. Immunology 71, 1–9 (1990).

132. Zalman, L. S., Wood, L. M. & Müller-Eberhard, H. J. Isolation of a human erythrocyte membrane protein 
capable of inhibiting expression of homologous complement transmembrane channels. Proceedings of the 
National Academy of Sciences of the United States of America 83, 6975–9 (1986).

133. Letho, T. & Meri, S. Interactions of Soluble CD59 with the Terminal Complement Complexes. The Journal of 
Immunology 151, 4941–4949 (1993).

134. Farkas, I. et al. CD59 blocks not only the insertion of C9 into MAC but inhibits ion channel formation by 
homologous C5b-8 as well as C5b-9. Journal of Physiology 9, 537–545 (2002).

135. Pausa, M. et al. Serum-resistant strains of Borrelia burgdorferi evade complement-mediated killing by 
expressing a CD59-like complement inhibitory molecule. Journal of immunology 170, 3214–22 (2003).

136. Väkevä, A., Jauhiainen, M., Ehnholm, C., Lehto, T. & Meri, S. High-density lipoproteins can act as carriers of 
glycophosphoinositol lipid-anchored CD59 in human plasma. Immunology 4, 28–33 (1994).



Chapter 128 |

137. Rautemaa, R., Jarvis, G. a, Marnila, P. & Meri, S. Acquired resistance of Escherichia coli to complement lysis by 
binding of glycophosphoinositol-anchored protectin (CD59). Infection and immunity 66, 1928–33 (1998).

138. Rautemaa, R. et al. Survival of Helicobacter pylori from complement lysis by binding of GPI-anchored protectin 
(CD59). Gastroenterology 120, 470–479 (2001).

139. Preissner, K. T. Structure and biological role of Vitronectin. Annual review of Cell Biology 275–310 (1991).
140. Felding-Habermann, B. & Cheresh, D. A. Vitronectin and its receptors. Current opinion in cell biology 5, 864–8 

(1993).
141. Podack, E. R., Kolb, W. P. & Muller-Eberhard, H. J. The SC5b-7 Complex: Formation, Isolation, Properties, and 

Subunit Composition. The Journal of Immunology 119, 2024–2029 (1977).
142. Milis, L., Morris, C. A., Sheehan, M. C., Charlesworth, J. A. & Pussell, B. A. Vitronectin-mediated inhibition of 

complement: evidence for different binding sites for C5b-7 and C9. Clinical and Experimental Immunology 92, 
114–9 (1993).

143. Singh, B., Su, Y.-C. & Riesbeck, K. Vitronectin in bacterial pathogenesis: a host protein used in complement 
escape and cellular invasion. Molecular microbiology 78, 545–60 (2010).

144. Griffiths, N. J. et al. Meningococcal surface fibril (Msf) binds to activated vitronectin and inhibits the terminal 
complement pathway to increase serum resistance. Molecular microbiology 82, 1129–1149 (2011).

145. Hallström, T., Trajkovska, E., Forsgren, A. & Riesbeck, K. Haemophilus influenzae surface fibrils contribute to 
serum resistance by interacting with vitronectin. Journal of immunology 177, 430–6 (2006).

146. Attia, A. S., Ram, S., Rice, P. A. & Hansen, E. J. Binding of Vitronectin by the Moraxella catarrhalis UspA2 
Protein Interferes with Late Stages of the Complement Cascade. Infection and immunity 74, 1597–1611 (2006).

147. Singh, B. et al. Vitronectin binds to the head region of Moraxella catarrhalis ubiquitous surface protein A2 and 
confers complement-inhibitory activity. Molecular microbiology 75, 1426–44 (2010).

148. Leduc, I., Olsen, B. & Elkins, C. Localization of the domains of the Haemophilus ducreyi trimeric autotransporter 
DsrA involved in serum resistance and binding to the extracellular matrix proteins fibronectin and vitronectin. 
Infection and immunity 77, 657–66 (2009).

149. Riley, S. P., Patterson, J. L., Nava, S. & Martinez, J. J. Pathogenic Rickettsia species acquire vitronectin from 
human serum to promote resistance to complement-mediated killing. Cellular microbiology 16, 849–861 (2013).

150. Ringnér, M., Paulsson, M. & Wadström, T. Vitronectin binding by Helicobacter pylori. FEMS microbiology 
immunology 105, 219–24 (1992).

151. Duensing, T. D. & Putten, J. P. M. Vitronectin binds the gonococcal adhesin OpaA through a glycosaminoglycan 
molecular bridge. Biochemical Journal 139, 133–139 (1998).

152. Sa E Cunha, C., Griffiths, N. J. & Virji, M. Neisseria meningitidis Opc invasin binds to the sulphated tyrosines of 
activated vitronectin to attach to and invade human brain endothelial cells. PLoS pathogens 6, e1000911 (2010).

153. Timmann, C., Leippe, M. & Horstmann, R. D. Two major serum components antigenically related to 
complement factor H are different glycosylation forms of a single protein with no factor H-like complement 
regulatory funtions. The Journal of Immunology 146, 1265–1270 (1991).

154. Heinen, S. et al. Factor H-related protein 1 (CFHR-1) inhibits complement C5 convertase activity and terminal 
complex formation. Blood 114, 2439–47 (2009).

155. Wu, J. et al. Structure of complement fragment C3b-factor H and implications for host protection by complement 
regulators. Nature immunology 10, 728–733 (2009).

156. Skerka, C., Horstmann, R. D. & Zipfel, P. F. Molecular cloning of a human serum protein structurally related to 
complement factor H. The Journal of biological chemistry 266, 12015–20 (1991).

157. Haupt, K. et al. Binding of human factor H-related protein 1 to serum-resistant Borrelia burgdorferi is mediated 
by borrelial complement regulator-acquiring surface proteins. The Journal of infectious diseases 196, 124–33 
(2007).

158. Van Burgel, N. D., Kraiczy, P., Schuijt, T. J., Zipfel, P. F. & van Dam, A. P. Identification and functional 
characterisation of Complement Regulator Acquiring Surface Protein-1 of serum resistant Borrelia garinii 
OspA serotype 4. BMC microbiology 10, 43 (2010).



General introduction | The complement system and the interaction with bacteria 29|

1

4

159. Kim, K.-S., Rao, N. N., Fraley, C. D. & Kornberg, A. Inorganic polyphosphate is essential for long-term survival 
and virulence factors in Shigella and Salmonella spp. Proceedings of the National Academy of Sciences of the 
United States of America 99, 7675–7680 (2002).

160. Rao, N. & Kornberg, A. Inorganic polyphosphate supports resistance and survival of stationary-phase 
Escherichia coli. Journal of bacteriology 178, 1394–1400 (1996).

161. Wat, J. M. et al. Polyphosphate suppresses complement via the terminal pathway. Blood 123, 768–776 (2014).
162. Zhang, Q., Li, Y. & Tang, C. M. The role of the exopolyphosphatase PPX in avoidance by Neisseria meningitidis 

of complement-mediated killing. The Journal of biological chemistry 285, 34259–68 (2010). 





Evelien T.M. Berends, Sarbani Mohan, Willem R. Miellet, Maartje Ruyken,  
Suzan H.M. Rooijakkers

Medical Microbiology, University Medical Center Utrecht, The Netherlands 

Molecular Immunology 2015 Jun;65(2):328-335

Contribution of the complement Membrane Attack 
Complex to the bactericidal activity of human serum

C4

Chapter 2|



Chapter 232 |

Abstract

Direct killing of Gram-negative bacteria by serum is usually attributed to the Membrane 
Attack Complex (MAC) that is assembled upon activation of the complement system. In 
serum bactericidal assays, the activity of the MAC is usually blocked by a relatively unspecific 
method in which certain heat-labile complement components are inactivated at 56°C. The 
goal of this study was to re-evaluate MAC-driven lysis towards various Gram-negative 
bacteria. Instead of using heat-treatment, we included the highly specific C5 cleavage inhibitor 
OmCI to specifically block the formation of the MAC. Using a C5 conversion analysis tool, 
we monitored the efficacy of the inhibitor during the incubations. Our findings indicate that 
‘serum-sensitive’ bacteria are not necessarily killed by the MAC. Other heat-labile serum 
factors can contribute to serum bactericidal activity. These unidentified factors are most 
potent at serum concentrations of 10% and higher. Furthermore, we also find that some 
bacteria can be killed by the MAC at a slower rate. Our data demonstrate the requirement for 
the use of specific inhibitors in serum bactericidal assays and revealed that the classification 
of serum-sensitive and resistant strains needs re-evaluation. Moreover, it is important to 
determine bacterial viability at multiple time intervals to differentiate serum susceptibility 
between bacterial species. In conclusion, these data provide new insights into bacterial killing 
by the humoral immune system and may guide future vaccine development studies for the 
treatment of pathogenic serum-resistant bacteria.
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Introduction 

Mammalian immune protection against Gram-negative bacteria depends on the bactericidal 
action of the Membrane Attack Complex (MAC), a ring-structured pore-forming complex 
that disintegrates bacterial membranes 1,2. The MAC is the final activation product of the 
complement cascade, a family of serum proteins that circulate in the blood as inactive 
precursors 3. Upon contact with bacteria, complement proteins organize into a proteolytic 
cascade that functions to label bacteria for phagocytosis, release anaphylatoxins and directly 
kill the target cell 3,4. MAC formation is initiated when the C5 convertase cleaves C5 into 
the anaphylatoxin C5a and C5b. C5b binds C6 and C7, exposing a hydrophobic site in C7 
allowing binding of C5b67 to the bacterial membrane. Subsequent attachment of C8 induces 
binding and polymerization of 12-18 C9 molecules to form the membrane-perturbing 
structure known as the MAC 5,6. This complex can effectively kill Gram-negative bacteria 
whereas Gram-positive bacteria are resistant to MAC killing.
 The importance of the MAC in host defense against Gram-negatives is reflected by 
recurrent infections in patients with deficiencies of the MAC proteins 7 and by paroxysmal 
nocturnal hemoglobinuria (PNH) patients that are treated with Eculizumab, a humanized 
antibody directed towards C5 thereby inhibiting C5 proteolysis and MAC formation. 
Eculizumab treatment is effective but leads to an increased risk of infections with Neisseria 
meningitidis and therefore patients need to be vaccinated prior to treatment 8. Moreover, the 
non-lytic MAC (terminal complement complex, TCC, or C5b-9 complex) was found to have 
additional roles in host defense as an inflammatory mediator. C5b-9 complexes can bind 
to endothelial cells which stimulates a pro-inflammatory status 9 and these complexes can 
induce neutrophil chemotaxis 10.
 Serum bactericidal assays are widely used to determine the sensitivity of micro-
organisms towards the complement system or to assess the efficacy of serum antibodies in 
vaccine development against Gram-negative bacteria 11. Bactericidal activity of the serum can 
be easily determined in vitro by mixing bacterial cells with human serum. Bacterial killing is 
analyzed after 30-60 minutes by enumeration of viable bacterial cells. Bacteria that are killed 
within this time period are designated to be ‘serum-sensitive’ while resistant bacteria are 
called ‘serum-resistant’. In order to discriminate the activity of the MAC from other serum 
components, the complement system is blocked by pre-treatment of serum at 56°C for 30 
minutes. This ensures that heat-labile factors C2 and factor B (FB) are inactivated 12, and 
that complement activation is prevented at a very early stage in the cascade. Although heat is 
routinely used to assess the contribution of complement to bacterial killing, we questioned 
whether heat-treatment of serum only inactivates complement or also other bactericidal 
serum components. We here performed systematic analyses to re-evaluate the contribution 
of the MAC in the bactericidal activity of human serum towards various Gram-negative 
bacteria. We show that heat-treatment of serum is unreliable for specific evaluation of the 
MAC. Using the complement C5 inhibitor OmCI (Coversin) 13, we find that several clinically 
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relevant Gram-negatives are killed by serum components other than the MAC. Furthermore, 
we demonstrate that some ‘serum-resistant’ bacteria can still be killed by the MAC but at a 
slower rate.
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Materials and Methods 

Sera, plasma, and proteins 

Human serum was derived from 20 healthy volunteers, pooled, and prepared as described 
14. Heat inactivated serum (30 minutes incubation in 56°C water bath) or serum containing 
20 µg/ml OmCI were used where indicated. The OmCI used in this study refers to pOmCI, 
a double mutant (N78Q/N102Q) expressed in Pichia methanolica. The mutations have no 
effect on the activity of OmCI. The mutant was constructed because native OmCI purified 
from tick salivary glands is not glycosylated and the conservative double mutations in pOmCI 
prevent glycosylation of the protein expressed in yeast. pOmCI was expressed and purified 
to homogeneity as described 15. Plasma was isolated from the blood of one healthy volunteer. 
Blood was anti-coagulated with 50 µg/ml lepirudin and centrifuged for 10 minutes, 2700 x 
g at 4°C after which the plasma was collected from the supernatant. C3a was obtained from 
Complement Technology, Inc. Lysozyme, apo-, and holo-tranferrin were obtained from 
Sigma. 

Bactericidal assays 

Bacteria were grown to mid-log phase (OD660 ~ 0.5) from an overnight culture in conventional 
growth media as described in Table I. Bacteria were diluted in sterile RPMI (Gibco) 
supplemented with 0.05% human serum albumin (HSA, Sanquin) to a concentration of ~ 
1 x 104 cfu/ml. Incubation of bacteria was performed with 50% serum or plasma, or lower 
concentrations as indicated, in sterile round-bottom 96-wells plates (Greiner) under shaking 
conditions for 1 hour and 3 hours. After incubation, samples were serially diluted in PBS and 
plated onto nutrient agar (NA) (Klebsiella pneumoniae, Burkholderia cepacia, Enterobacter 
cloacae), tryptic soy agar (TSA) (Proteus mirabilis), lysogeny agar (LA) (Escherichia coli), 
Todd Hewitt agar (THA) (Pseudomonas aeruginosa), or GC vitox agar (Neisseria meningitidis) 
plates for enumeration of colony forming units (cfu) after overnight incubation. Serum 
bactericidal assays were performed in duplicate.

C5a analyses 

Supernatants of the bactericidal assay were isolated after centrifugation and analyzed for the 
presence of C5a by a calcium mobilization assay as described previously 14. In short, U937 
cells transfected with the C5a receptor (U937-C5aR) 16, were labeled with 2 µM Fluo-3-AM 
(Life technologies). Calcium mobilization was analyzed by measuring fluorescence 10 seconds 
before and 70 seconds after addition of the supernatants by flow cytometry (FACSVerse). 
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Strain  Growth Medium  Culture conditions  

Burkholderia cepacia ATCC 25417  NB / NA   37°C, aerobic  

Enterobacter cloacae IVC106  NB / NA   37°C, aerobic 

Escherichia coli BL21  LB / LA  37°C, aerobic 

Escherichia coli MG1655  LB / LA  37°C, aerobic 

Klebsiella pneumoniae 13‐591402‐02  NB / NA  37°C, aerobic 

Neisseria meningitidis Hb‐1  TSB / GC agar + vitox  37°C, anaerobic 

Proteus mirabilis ATCC 43071  TSB / TSA  37°C, aerobic 

Pseudomonas aeruginosa PA01  THB / THA    37°C, aerobic 

 

 

 

Table I. Bacterial strains and growth conditions. 
NB, nutrient broth; NA, nutrient agar; LB, lysogeny broth; LA, lysogeny agar; TSB, tryptic soy broth; TSA, tryptic soy 
agar; THB, Todd Hewitt broth; THA, Todd Hewitt agar
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Results 

C5 cleavage analysis in bactericidal assays

To get better insight into the generation of the MAC during bactericidal assays, we first 
developed a method that allows sensitive measurement of C5 cleavage. Complement 
activation on bacterial surfaces leads to formation of C5 convertase enzymes that cleave C5 
into the small anaphylatoxin C5a 17 and the larger fragment C5b that initiates assembly of 
the bacteriolytic MAC 5. Thus, C5a is released into the fluid phase at the same time as the 
MAC assembles into bacterial membranes. We started by analyzing the amount of surviving 
bacteria after serum incubation of two model Gram-negative strains; one serum-sensitive 
strain, E. coli MG1655, and a strain that was described to be serum-resistant, P. aeruginosa 
PA01 18. Since bacteria in their logarithmic growth phase represent a universal population 
and are in general more susceptible to the bactericidal effect of serum 19,20, we performed all 
bactericidal analyses with log-phase bacteria. As expected, we found that the E. coli strain was 
directly killed by the lowest concentration of serum after 1 hour (Figure 1A), and that the 
P. aeruginosa strain was resistant towards 1 hour exposure to serum (Figure 1A). Killing of 
bacteria was verified by microscopy analysis of bacterial morphology, to confirm that the lack 
of cfu was not due to bacteria sticking to the plastic or clumping (data not shown). In parallel, 
we analyzed the supernatants of serum-incubated E. coli and P. aeruginosa for the presence of 
C5a by a calcium mobilization assay using U937-C5aR cells 16. This method is highly sensitive 
and more specific for C5a than commercially available C5a ELISA-kits; C3a and uncleaved 
C5 do not elicit any calcium mobilization signal (Figure S1). We found that the amount of 
released C5a increases dose-dependently with increasing percentages of serum. Moreover, 
at longer incubation times, more C5a is generated. Heat inactivation of the serum at 56°C 
abrogates this effect (Figure 1B). Thus, we have developed a sensitive method to analyze C5 
cleavage in bactericidal serum assays allowing us to specifically evaluate the role of the MAC. 

OmCI inhibits C5 conversion in serum bactericidal assays

Then, we studied whether there are more specific methods to block MAC formation in serum 
that can be used as an alternative for heat inactivation. Heat treatment of serum at 56°C is a 
very straightforward and commonly used method to prevent MAC formation 2. However, this 
prevents complement activation very early in the complement cascade and might affect other 
serum components besides C2 and FB. Therefore we made use of the secreted tick protein 
OmCI, that specifically inhibits the cleavage of C5 13, to block MAC formation in serum. First, 
we verified that OmCI does not affect the cleavage of C3 (upstream of C5 conversion) since 
C3b deposition on bacteria was unaffected (Figure S2 and 13), and that OmCI by itself did 
not directly affect bacterial growth (data not shown). Then we established that OmCI could 
block C5 conversion when E. coli and P. aeruginosa were incubated with 50% serum. The 
addition of increasing amounts of OmCI to the serum reduced the level of C5a in the sample 
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supernatants (Figure 2). Taken together, we demonstrate that OmCI can be used in serum 
bactericidal assays to specifically inhibit the cleavage of C5 and thereby MAC assembly. 
Figure 1 

A

B

E. coli - MG1655 P. aeruginosa - PA01

E. coli - MG1655 P. aeruginosa - PA01

Figure 1. C5 cleavage analysis in bactericidal assays. 
(A) Bactericidal activity of untreated (control (ctr)) human serum was compared to heat inactivated serum (56°C). 
Viability of E. coli MG1655 and P. aeruginosa PA01 was analyzed after 1 and 3 hours incubation with serum. (B) C5 
conversion in supernatants of E. coli MG1655 and P. aeruginosa PA01 incubated in 50% serum for 1 and 3 hours was 
measured by analyzing the presence of C5a in a calcium mobilization assay using U937-C5aR cells. (A-B) The data 
are presented as means ± SD from at least 3 independent experiments.
Figure 2 

E. coli - MG1655 P. aeruginosa - PA01

Figure 2. OmCI inhibits C5 proteolysis in serum bactericidal assays. 
C5 conversion in supernatants of E. coli MG1655 and P. aeruginosa PA01 incubated in 50% serum containing 
different concentrations of OmCI, was analyzed by a calcium mobilization assay using U937-C5aR cells. Data points 
represent means ± SD from at least 3 independent experiments
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OmCI allows for discrimination between killing by the MAC versus other serum 
components

Next, we analyzed the role of the MAC in the killing of four serum-sensitive Gram-negative 
bacteria (E. coli MG1655, E. coli BL21, N. meningitidis Hb-1 and K. pneumoniae 13-591402-
02). As expected, these strains were all killed in serum after one hour and the killing could be 
rescued by heat-treatment of serum at 56°C (Figure 3). Two strains (E. coli MG1655 and N. 
meningitidis Hb-1) could also be rescued from killing when OmCI was added to the serum to 
prevent C5 conversion (Figure 3A). This indicates that the serum-mediated killing of these 
strains is exclusively mediated by the MAC. Surprisingly, we found that two other serum-
sensitive strains (E. coli BL21 and K. pneumoniae 13-591402-02) could not be rescued by 
OmCI (Figure 3B). We analyzed the presence of C5a in the supernatants containing OmCI, 
to exclude that OmCI was deactivated in these samples, and verified that C5a was not formed 
(Figure 3C). Altogether, these results indicate that serum-sensitive bacteria are not necessarily 
killed by the MAC. 

Serum and plasma hold bactericidal activity that is independent from MAC-formation 

In an attempt to identify the other bactericidal component in serum, we first studied the 
efficiency of the other component in different concentrations of serum using E. coli BL21 
as a model organism. As illustrated in Figure 4A, we found that OmCI did rescue these 
bacteria from serum-dependent killing in lower percentages of serum. The other bactericidal 
component seems to be active at serum concentrations of 10% and higher (Figure 4A). To get 
insight into this other bactericidal component, we analyzed the activity of several antimicrobial 
components in serum. We hypothesized that the bactericidal activity might be mediated by 
components like lysozyme that can cleave bacterial peptidoglycan 21 or transferrin that blocks 
growth of Bacillus species by chelating iron 22. In addition, we included complement C3a since 
this anaphylatoxin molecule was previously described to exhibit antibacterial activity towards 
multiple bacteria 23. Especially, since C3 conversion is blocked by heat-treatment but not by 
OmCI, C3a seems a likely candidate. Since the bactericidal effect was deactivated in heated 
serum, we tested whether physiological concentrations of C3a, lysozyme and transferrin 
could restore the bactericidal activity in heated serum. However, we found that none of these 
factors affected bacterial viability (Figure 4B). Finally, since the coagulation system is known 
to generate antimicrobial peptides 24, we compared the bactericidal effect of serum to plasma 
(in the presence of anti-coagulant). We found that serum and plasma were equally active 
(Figure 4C). Collectively these data show that non-MAC mediated bactericidal activity of 
serum is not caused by the formation of C3a, the presence of transferrin or lysozyme, or the 
formation of coagulation-derived antimicrobial peptides. 
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A

B

C

E. coli - MG1655 N. meningitidis - Hb-1

E. coli - BL21 K. pneumoniae - 13-591402-02

E. coli - BL21 K. pneumoniae - 13-591402-02

Figure 3. OmCI allows for discrimination between killing by the MAC versus other serum components. 
(A) E. coli MG1655 and N. meningitidis Hb-1 were killed after 1 hour exposure to 50% human serum (ctr). Killing 
was prevented in heat inactivated serum (56°C) or serum where C5 cleavage was blocked in the presence of 20 µg/
ml OmCI. (B) E. coli BL21 and K. pneumoniae 13-591402-02 were killed after 1 hour incubation in 50% serum, but 
not in heat inactivated serum (56°C). Addition of 20 µg/ml OmCI did not prevent killing of these bacteria. The data 
are presented as means ± SD from at least 3 independent experiments. (C) Supernatants of bacteria incubated with 
buffer or serum were analyzed for the presence of C5a in a calcium mobilization assay using U937-C5aR cells. The 
data represent mean values from a representative analysis.
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Figure 4

A B

C

Figure 4. Serum and plasma hold bactericidal activity that is independent from MAC-formation. 
(A) Viability of E. coli BL21 was analyzed after 1 hour exposure to different concentrations of serum (ctr), heat 
inactivated serum (56°C), and serum + OmCI. (B) Viability of E. coli BL21 was analyzed after 1 hour incubation with 
5 µM C3a, 1 µg/ml Lysozyme, 100 µg/ml transferrin (Apo and Holo) in 50% heat inactivated serum (56°C). (C) The 
bactericidal effect of serum was compared to different concentrations of plasma in absence or presence of 20 µg/
ml OmCI. (A-C) The data represent mean values ± SD from at least 3 independent experiments.

Differential kinetics in MAC bactericidal activity

Next, we evaluated the activity of serum and the MAC towards various resistant Gram-negative 
bacteria (B. cepacia, E. cloacae, P. aeruginosa, and P. mirabilis). As expected, these bacteria 
all survived incubation with serum when incubated for 1 hour (Figure 5). Surprisingly we 
observed that two of these resistant strains were killed by serum when the incubation time 
was prolonged to 3 hours (P. aeruginosa and P. mirabilis Figure 5C-D). Whereas serum caused 
a 2log reduction of P. aeruginosa (Figure 5C), treatment of P. mirabilis with serum resulted in 
a complete loss of viable bacteria after 3 hours (Figure 5D). For both bacteria, this delayed 
bactericidal activity of the serum was mediated by the MAC since the addition of OmCI 
prevented this ‘slow’ killing (Figure 5C-D). These data are in line with an earlier observation 
25 that indicated that serum can kill bacteria at different rates. By using OmCI, we are now able 
to confirm that this effect is indeed MAC-dependent. The slow rate of MAC-mediated killing 
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or the complete lack of killing that we found here is probably not due to reduced complement 
activation since the relative amount of C5a in the serum after incubation with the serum-
resistant bacteria is similar to that of the serum-sensitive strains (Figure 1B and 5E). Taken 
together, the MAC can kill Gram-negative bacteria at different rates.
Figure 5

A B

E

B. cepacia - ATCC 25417

P. aeruginosa - PA01C D

E. cloacae - IVC106

P. mirabilis - ATCC 43071

B. cepacia - ATCC 25417 E. cloacae - IVC106 P. mirabilis - ATCC 43071

Figure 5. Differential kinetics in MAC bactericidal activity. 
(A-D) Viability of bacteria was analyzed after 1 and 3 hours incubation with buffer, 50% normal serum (ctr), heat 
inactivated serum (56°C), and 50% serum containing 20 µg/ml OmCI (serum + OmCI). The data are presented as 
means ± SD from at least 3 independent experiments (A) B. cepacia ATCC 25417 and (B) E. cloacae IVC106 were 
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resistant towards exposure to serum for 3 hours. (C) P. aeruginosa PA01 was resistant towards serum in the first 
hour. After 3 hours the bacteria were killed, which was prevented in heat inactivated serum (56°C) and serum + 
OmCI. (D) P. mirabilis ATCC 43071 was resistant towards serum in the first hour, but after 3 hours the bacteria were 
completely killed. This was prevented in heat inactivated serum (56°C) and serum + OmCI. (E) Supernatants of the 
bactericidal assays were analyzed for the presence of C5a in a calcium mobilization assay using U937-C5aR cells. 
The data represent mean values from a representative analysis.  
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Discussion 

In the present study we provide novel insights into the bactericidal activity of serum. Although 
killing of bacteria in serum was always considered to be caused by the MAC, our data show 
that there are additional, still unknown, bactericidal mechanisms important for efficient 
clearance of certain bacteria. Moreover, MAC-dependent killing should be recognized as 
time-dependent process. 
 For the first time we used a specific C5 inhibitor to analyze the contribution of the 
MAC to the bactericidal activity of human serum. We selected OmCI for our bactericidal 
assays since this inhibitor is highly specific for the inhibition of C5 conversion 13 leading 
to inhibition of MAC assembly while leaving other effector functions of the complement 
cascade (opsonization, C3a release) intact. Moreover it is a very potent and stable protein 
with slow turnover rates in vivo 15 and it has efficacy over a broad range of species 15,26. Though 
extremely useful for bactericidal assays in non-cellular environments like serum, OmCI may 
not be favorable to study the role of the MAC in whole blood and in vivo assays because OmCI 
also prevents the formation of chemo-attractant C5a and captures the inflammatory mediator 
leukotriene B4 (LTB4) which is a chemotactic and activating molecule for neutrophils and 
a variety of other cells 26. Unfortunately, a potent inhibitor that specifically blocks MAC 
assembly while leaving C5a generation intact has not been described yet. Staphylococcus 
aureus secretes the staphylococcal superantigen-like protein 7 (SSL7) that binds C5 thereby 
preventing cleavage by the C5 convertase 27,28. However, its efficacy in serum is inferior to 
OmCI. 
 By using OmCI, we now show that ‘serum-sensitive’ bacteria are not necessarily killed 
by the MAC. In this study we identify two Gram-negatives (E. coli BL21 and K. pneumonia) 
that were killed by serum factors other than the MAC. Extrapolation of these studies to other 
Gram-negatives will probably reveal many more bacteria to be killed by other factors in 
serum than MAC. Thus, one should be careful with the interpretation of heat-inactivated 
serum. Our experiments indicate that the other bactericidal component(s) in serum do not 
include C3a, lysozyme, transferrin or coagulation-derived peptides. Future studies will be 
needed to identify this factor. It might be that bactericidal antibodies are involved that act 
through catalytic activity or blocking of essential processes of the target bacteria 29. However, 
the serum bactericidal effect was abrogated by heating at 56°C whereas antibodies are 
relatively stable under these conditions 30. Indeed, a study using rabbit and guinea pig serum 
also suggested the requirement of another serum component that was heat sensitive for the 
bactericidal effect of serum 31. We here found that this MAC-independent killing mechanism 
requires higher serum concentrations as compared to MAC-dependent activity. Possibly, this 
indicates that the other component is mainly active in the blood rather than in tissues. 
 Our studies also indicate that bacterial sensitivity towards serum may differ for bacteria 
belonging to the same species. This is illustrated by the two E. coli strains that were analyzed in 
the present study. Although BL21 and MG1655 belong to the same E. coli species, their serum-
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sensitivity appeared to be truly distinct. MG1655 was solely killed in a MAC-dependent 
manner whereas BL21 was also killed in serum where MAC formation was inhibited. Genomic 
and proteomic studies already revealed that the cell envelope composition between these two 
strains is different 32,33 and that therefore BL21 might be more susceptible to stress conditions 
in general 33. 
 We show for the first time that the MAC can kill bacteria at different rates. Typically, MAC 
lysis of cells is viewed as a very rapid process. Antibody-coated erythrocytes and E. coli cells 
can be killed within minutes 34. For this reason, bactericidal assays are usually performed for 
30-60 minutes. Now we observe that MAC-dependent killing of P. aeruginosa and P. mirabilis 
strains requires hours. Although we cannot explain this slower killing process at this point, we 
can speculate on possible reasons. The cell envelope of Gram-negative bacteria is composed of 
an inner (IM) and an outer membrane (OM) with a thin layer of peptidoglycan in between 35. 
At present it remains unclear how the MAC kills bacteria since damage to the OM alone seems 
insufficient. The first possible explanation for MAC-killing includes simultaneous disruption 
of both the inner and outer membrane in a 1-step process. This would only be possible at 
certain spots in the cell envelope where both membranes meet, i.e. Bayer’s junctions 36. The 
second scenario proposes a 2-step model in which the MAC perturbs the OM, after which 
other serum components or additional MAC proteins gain access to the IM causing the lethal 
effect 24. A one-hit mechanism might potentially kill Gram-negatives at a faster rate compared 
to the sequential 2-step model (a). Bacteria, but also other microbial intruders and altered host 
cells, can activate the complement system via different recognition pathways; i.e. via antibody 
binding, recognition of microbial carbohydrate groups, or amplification after spontaneous C3 
hydrolysis; that merge at the level of C3 proteolysis and activation of the downstream cascade 
4. Remarkably, when bacteria were incubated in serum in which activation via antibodies 
and carbohydrates was prevented, killing of E. coli was delayed and could only be observed 
after 1 hour instead of 20 minutes 37. This suggests that the rate of MAC-mediated killing in 
serum depends on the pathway by which the bacterium activates the complement cascade 
(b). Finally, the lethal event after MAC assembly is poorly understood 24 and could provide 
another explanation for slower killing. It might be that loss of viability is an active process and 
that upon MAC formation, a self-death pathway is activated akin to that described for the 
binding of mammalian peptidoglycan recognition proteins (PGRPs) to the bacterial surface 
38. The rate of killing via such a self-death pathway might differ between bacterial species (c).
 Understanding the mechanisms of MAC-mediated killing of Gram-negative bacteria is 
key in the development of effective vaccine strategies and for elucidating bacterial resistance 
mechanisms against the bactericidal activity of serum. We here showed that investigating 
kinetics of bactericidal activity is crucial for differentiation of bacterial susceptibility towards 
serum and the MAC. OmCI, and likely other C5 activation inhibitors, can be very usefully 
applied to discriminate MAC-dependent killing from bactericidal effects mediated by other 
serum components.
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Figure S1

Figure S2

Figure S1. Calcium mobilization assay is highly sensitive and specific for C5a. 
Relative calcium mobilization signal of U937-C5aR cells in response to stimulus with C5a (10-9 - 10-7 M), C3a (10-7 
M), or uncleaved C5 (10-7M). 

Figure S1

Figure S2

Figure S2. C3b deposition is not affected by OmCI. 
Representative graph showing deposition of C3b analyzed by flow cytometry after incubation of bacteria (E. coli 
MG1655 or P. aeruginosa PA01) in C6 deficient serum (C6def) in presence or absence of 20 µg/ml OmCI (C6def + 
OmCI).
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Pseudomonas aeruginosa protease IV protects from 

MAC-dependent killing by primarily degrading C6
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Abstract 

Pseudomonas aeruginosa is a Gram-negative opportunistic human pathogen that causes 
severe infections in cystic fibrosis and immunocompromised patients. The complement 
system, an essential part of the innate immune system, can directly eliminate Gram-negative 
bacteria by formation of the bactericidal Membrane Attack Complex (MAC). Although P. 
aeruginosa is generally considered to be resistant against complement lysis, others and we 
show that patient isolates are effectively killed by the MAC. Interestingly, we find that the 
secreted Pseudomonas protease IV (PIV) is an effective inhibitor of the MAC. Although 
PIV cleaves multiple complement components, including C2, Factor B, C4, C5, and C7, it 
most effectively degrades C6 at physiologically relevant concentrations. This way, PIV could 
efficiently block MAC-dependent killing of P. aeruginosa. Two other secreted pseudomonal 
proteases, Pseudomonas elastase (PE) and alkaline protease (AprA), could not prevent killing 
of Pseudomonas. Finally, PIV was able to protect clinically relevant P. aeruginosa strains from 
complement-mediated killing in serum. Taken together, we identified protease IV as a potent 
inhibitor of the terminal complement pathway by targeting C6.
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Introduction  

Pseudomonas aeruginosa is a rod-shaped Gram-negative bacterium, commonly found in 
different environmental niches including soil and water. Although rare in the healthy human 
host, P. aeruginosa can cause severe infections in cystic fibrosis (CF) and immunocompromised 
patients 1. P. aeruginosa has a large and complex genome that allows for environmental 
adaptability and reflects its capability to acquire resistance to antibiotics and disinfectants 
2. Infections with P. aeruginosa form a serious threat for patients since eradication of these 
bacteria is almost impossible due to its resistance to various classes of antibiotics 3. The 
formation of biofilms enhances antibiotic resistance and complicates treatment in the CF lung 
further 4.  
 The complement system is comprised of over 30 plasma proteins that collectively 
form an essential part in the first line of immune defense against invading microbes 5. 
Complement activation can occur via three initiation routes: the classical (CP), the lectin 
(LP) and the alternative (AP) pathway that all result in formation of a proteolytic cascade 
leading to opsonization of the invading micro-organism and release of chemo-attractants 
5. All activation routes lead to terminal pathway activation which results in the formation 
of a pore-forming transmembrane complex that directly kills Gram-negative bacteria 6. 
This membrane attack complex (MAC) is assembled when C5 is cleaved into the chemo-
attractant C5a and soluble C5b. C5b binds C6 and C7 exposing a hydrophobic site in C7 that 
allows initial binding of C5b67 to the target membrane. Subsequent binding of C8 induces 
binding and polymerization of 12-18 C9 molecules to finalize the pore-forming structure 
known as the Membrane Attack Complex (MAC) 7. Activation of the complement system 
occurs in the classical pathway (CP) when C1 binds to antibodies on the microbial surface 
8. In analogy, the lectin pathway (LP) is activated when lectins and ficolins bind to mannose 
residues on glycoproteins or carbohydrates on the surface of micro-organisms 9. Initial 
binding in both pathways leads to auto-activation of associated serine proteases, C1s (CP) or 
Mannose Binding Lectin-associated serine proteases (MASPs, LP) 10. These proteases cleave 
complement components C4 and C2 that assemble into the C4b2a complex, the convertase for 
the central complement component C3 11. Spontaneous hydrolysis of C3 into C3H2O activates 
the complement system via the alternative pathway (AP). Upon binding to C3H2O, Factor 
B (FB) is cleaved by factor D (FD) leading to formation of the AP C3 convertase C3bBb (or 
C3H2OBb) 12. The C3 convertases C4b2a and C3bBb cleave C3 into the chemo-attractant C3a 
and bacterium-bound C3b that functions as an opsonin. Binding of additional C3b molecules 
leads to a change in substrate-specificity; the formation of C5 convertases 13,14. Cleavage of C5 
then initiates the terminal pathway and MAC assembly. 
 Resistance against the bactericidal effect of the MAC seems to be a common trait of 
many pathogenic bacteria 15. Correspondingly, most P. aeruginosa strains isolated from blood 
stream infections were found to be resistant towards MAC-mediated killing 16. However, 
most strains that were isolated from CF patients were sensitive to the bactericidal effects of 
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the MAC 17,18. These strains would benefit from MAC-evasion strategies in order to establish 
colonization and survive in the CF lung. Bacterial evasion of the host’s immune defense is 
crucial for establishing an infection and many complement evasion strategies exploited by 
pathogenic bacteria were discovered recently 19. Intriguingly, MAC evasion mechanisms of 
Gram-negative bacteria known to date are restricted to surface-bound strategies (e.g. surface 
modification or attraction of host MAC regulators) 20,21. Since P. aeruginosa has a large 
secretome 2 and several strains are susceptible to complement-mediated killing, we wondered 
whether P. aeruginosa might also produce secreted MAC inhibitors.
 Here we describe the identification of a novel role for PIV as a virulence factor of P. 
aeruginosa that modulates the human complement system by primarily targeting complement 
components of the terminal pathway. 
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Materials and Methods 

Bacterial strains 

P. aeruginosa PAO1 was used in this study which is standardized model strain originally 
obtained from a burn wound infection 22. PA14 is another human-specific standard lab strain 
derived from a wound 23. Mutant strains (ΔAprA, ΔLasB, and ΔPIV) were obtained from the 
P. aeruginosa PAO1 transposon mutant library (University of Washington) 24. Generation of 
knockout strains for LasB and PIV were performed according to the method of Choi et al. 
25. Bacteria were routinely grown on tryptic soy sheep blood agar plates at 37°C and in Todd 
Hewitt broth (THB) at 37°C under shaking conditions. E. coli strain MG1655 was grown on 
lysogeny agar (LA) or in lysogeny broth (LB). 

Supernatant isolation and fractionation 

P. aeruginosa overnight cultures were diluted 10-fold in Iscove’s Modified Dulbecco’s Medium 
(IMDM) without phenol red (Life Technologies) and incubated at 37°C under shaking 
conditions. After 6 hours, bacteria were pelleted by centrifugation at 9000 rpm for 20 minutes 
(min) at 4°C. Supernatants were isolated, filtered over a 0.2 μm vacuum filter (Sartorius stedin 
biotech), and 500-fold concentrated using an Amicon 10-kDa spin column (Millipore). 
Concentrated supernatants were applied to a Superdex 75 10/300 column (GE Healthcare) in 
Dulbecco’s Phosphate Buffered Saline (DPBS, Lonza) using an AKTA FPLC (GE Healthcare), 
0.5 ml fractions were collected and used for further analysis. Fractions were analyzed by a 
NuPAGE 4-12% Bis-Tris gel (Life Technologies), subsequent Coomassie staining, and mass-
spectrometry. 

Isolation of protease IV 

PAO1 ∆LasB was cultured in IMDM supplemented with 10% LB overnight at 37°C. Bacterial 
supernatant was harvested by centrifugation and filtration. Supernatant was concentrated 
using a 10 kDa cut-off ultracentrifugation device (Millipore). In the last step buffer was 
exchanged by washing two times with 20 mM MES pH 5.5. Sample was loaded on a Source S 
XL column (GE Healthcare), washed with 20 mM MES pH 5.5, and eluted using a gradient to 
0.25M NaCl in 6 column volumes (CV). Fractions were analyzed for protease IV activity using 
a Chromozym PL substrate. Active fractions were concentrated and loaded on a Superdex 
75 10/300 column (GE Healthcare), equilibrated with PBS. Fractions were analyzed for PIV 
activity and purity using SDS-PAGE and Coomassie staining. Active fractions were pooled 
and stored at -20C. 
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Complement proteins 

C3 and C5 were purified from freshly isolated human plasma. C3 was isolated as described 
26. C3 was converted into C3b by incubation of 1 mg/ml C3 with 1.1 µg/ml trypsin for 10 
min at 37°C. The reaction was stopped by addition of 5.5 µg/ml soybean trypsin inhibitor 
(SBTI) after which 20mM iodoacetamide was added and incubated for 30 min on ice. The 
sample was 1:1 diluted into 20 mM phosphate, 10 mM NaCl buffer (pH 7.4) and applied on a 
1 ml MonoQ anion-exchange column (GE Healthcare). C3b was eluted by a gradient to 30% 
20 mM phosphate, 500 mM NaCl buffer (pH 7.4) using AKTA FPLC (GE Healthcare). For 
C5 isolation, a 1 ml NHS (GE Healtcare) column was loaded with the soft tick complement 
inhibitor OmCI that efficiently binds C5 27. Serum was diluted 1:1 with PBS, 10 mM 
EDTA was added, and loaded onto the OmCI-coupled column. C5 was eluted with 0.1 M 
ethanolamine, 0.05 M NaCl (pH 11) which was immediately neutralized with 0.1 M HCl in 
1 M phosphate, 10 mM NaCl buffer (pH 7.4). Fractions were analyzed by SDS-PAGE and 
dialyzed against PBS overnight at 4°C. FB and C2 were expressed in HEK293 cells stably 
expressing EBNA1 (HEK293E) as described 28 (U-Protein Express, Utrecht, The Netherlands). 
FB and C2 contained an N-terminal His-tag and were isolated from the expression medium 
via immobilized metal affinity chromatography (HiTrap chelating column, GE Healthcare). 
C4, C4b, C6, C7, C8, and C9 were obtained from Complement Technology, Inc. 

Hemolytic assays

Classical pathway hemolytic assays (CH50) were performed by opsonizing sheep erythrocytes 
with rabbit-anti-sheep IgM after which normal human serum in veronal buffered saline (2 
mM Veronal, 145 mM NaCl, pH 7.4 (VBS, pH 7.4)) containing 2.5 mM MgCl2 (VBS+) was 
added in presence or absence of culture supernatant or purified PIV. After incubation for 
15 min at 37°C, cells were pelleted and the optical density of the supernatant was measured 
at 405nm. Alternative pathway hemolytic assays (AP50) were performed by using rabbit 
erythrocytes (Alsever) in VBS containing 10 mM Mg-EGTA. 

Cleavage of complement proteins 

Human pooled serum was obtained from healthy volunteers as described previously 29. At a 
final concentration of 3 µg/ml or 0.5 µg/ml, protease IV was incubated with 1% serum in PBS 
in a final volume of 50 µl for 30 min at 37°C. Cleavage of purified complement proteins was 
performed by incubating different PIV concentrations with 260 nM C3, C3b, C4, C4b, C5, C6, 
C7, C8, and C9 in a final volume of 50 µl diluted in PBS, for 30 min at 37°C. 

Western blotting 

Samples were mixed 1:1 with 2x sample buffer (2% SDS, 20% glycerol, 20 mM Tris-Cl, pH 6.8 
and bromophenol blue) containing 50 mg/ml dithiothreitol (DTT) and placed at 95°C for 5 
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min. A volume of 10 μl was run on a 10% SDS-PAGE gel and electrophoretically transferred 
to a polyvinylidene difluoride (PVDF) membrane (EMD Millipore). Membranes were 
blocked with 4% dried skim milk (ELK, Campina) in PBS-0.05% Tween for 1 hour at 37°C. 
Next, membranes were incubated with goat antisera against human C1q (1:300, Dako), C2 
(1:300, CalBiochem), FB, C3, C4, C5, C6, C7 (1:300, Complement Technology, Inc.), C8, or 
C9 (1:300, Quidel) in PBS-0.05% Tween-1% ELK for 1 hour at 37°C. The membranes were 
washed and incubated with peroxidase (PO) -conjugated donkey anti-goat IgG (1:10.000, 
Bio-Connect) in PBS-0.05% Tween-1% ELK for 1 hour at 37°C. After subsequent washing, 
the membranes were developed using Enhanced Chemiluminescence substrate (ECL, Pierce), 
and imaged using ImageQuant LAS 4000 (GE Healthcare). 

Bactericidal assays 

Bacteria were grown to mid-log phase (OD660nm ~ 0.5) from an overnight culture in 
conventional growth media as described above. Bacteria were diluted in sterile RPMI (Gibco) 
supplemented with 0.05% human serum albumin (HSA, Sanquin) to a concentration of ~ 
1 x 104 cfu/ml. Incubation of bacteria with serum was performed in sterile round-bottom 
96-wells plates (Greiner) under shaking conditions for 1 hour. After incubation, samples 
were serially diluted in PBS and plated onto agar plates for enumeration of colony forming 
units (cfu) after overnight incubation. Plasmids Tn7T-lux and pTNS3 were obtained from H. 
Schweizer 30. The luxABCDE operon was introduced in PA14 as described to create PA14-lux. 
Genomic integration of the operon was verified by PCR. For bacterial killing experiments, 
PA14-lux was sub-cultured to an OD600nm of ~0.5. Bacteria were washed with RPMI-0.05% 
HSA before addition to the assay at a final concentration of 1 x 106 cfu/ml. Human pooled 
serum (10%) was incubated with various concentrations of pseudomonal protease for 15 
minutes at 37°C, before bacteria were added. Samples were incubated for 3 hours at 37°C 
while shaking. Analysis of bacterial viability was performed by dilution of samples in LB 
medium followed by measurement of luminescence over time.
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Results 

Pseudomonas aeruginosa secretes a protein that potently inhibits complement-mediated 
hemolysis

To identify proteins secreted by P. aeruginosa that interfere with complement activation, we 
screened culture supernatant for the capacity to inhibit complement-mediated hemolysis. In 
the final steps of the cascade, complement activation leads to assembly of the pore-forming 
MAC. This complex can efficiently lyse rabbit and sheep erythrocytes resulting in the release 
of hemoglobin. In this study we used the PAO1 laboratory strain which is a clinically relevant 
model for studying virulence since its genome backbone is conserved among several clinical 
isolates 31,32. Concentrated supernatant from this strain fully inhibited complement-mediated 
hemolysis via the AP. As a control we heated the concentrated supernatant for 5 min at 95°C 
after which the inhibitory capacity was lost (Figure 1A). We next fractionated the culture 
supernatant by size exclusion chromatography after which the fractions were analyzed for 
inhibition of hemolysis (Figure 1B). Active fractions corresponded with a ~33 kDa and a ~26 
kDa protein band on SDS-PAGE which were identified by mass-spectrometry as Pseudomonas 
elastase (PE) and protease IV (PIV) (Figure 1C). In order to identify the inhibitory protein, we 
analyzed the culture supernatant of mutant strains for complement inhibition. We included 
the PE (ΔLasB) and PIV (ΔPIV) mutant, as well as the alkaline protease mutant (ΔAprA) 
since this protein was previously identified to inhibit the complement system by cleaving C2 
33. Culture supernatants were separated by size-exclusion chromatography and analyzed for 
complement inhibition. Supernatants of both ΔLasB and ΔAprA potently inhibited hemolysis. 
Supernatant of ΔPIV cultures did not (Figure 1D), indicating that PIV is responsible for 
the inhibition of complement-mediated hemolysis. Taken together, we here found that the 
supernatant of P. aeruginosa inhibits MAC formation and identified protease IV (PA4175 or 
PrpL) as the responsible protein. 

Protease IV interferes with complement effector functions  

Protease IV has previously been recognized for its role in pseudomonal virulence 34. The gene 
as well as protease expression is conserved in clinical isolates 35–37. We confirmed protease IV 
secretion by the strains used in this study using an enzymatic assay. The lab strains PAO1, 
PAO1ΔLasB, and PA14 secreted comparable amounts of the enzyme as described for clinical 
strains, whereas no protease IV activity was detectable in the PAO1ΔPIV strain (Figure 
2A). The concentrations of active PIV reached in the supernatants varied from ~6-22 µg/
ml (Figure 2A). To investigate the mechanism of complement inhibition by PIV, we first 
purified the protease. For the isolation, supernatant of the PAO1ΔLasB strain was used. This 
strain produces sufficient amounts of PIV and is depleted from PE, preventing contamination 
during isolation. PIV purity was confirmed by mass spectrometry. Different concentrations 
of PIV, within a physiologically relevant range, were analyzed for inhibition of complement-
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mediated hemolysis. Isolated PIV prevented complement-mediated hemolysis via the AP 
(Figure 2B). Since there are different molecules involved in the three initiation pathways of 
the complement system, we also analyzed whether PIV could inhibit complement-mediated 
lysis in the CP. When complement was activated via the CP, PIV inhibited hemolysis efficiently 
in a dose-dependent manner (Figure 2C). We next analyzed whether the PIV could prevent 
complement-mediated killing of bacteria. In a serum bactericidal assay using MAC-sensitive 
Escherichia coli MG1655, isolated PIV prevented killing at concentrations above 1 µg/ml 
(Figure 2D). Collectively these data confirm the expression of PIV by P. aeruginosa strains 
and the inhibition of MAC formation by PIV in concentrations that can be reached in the 
supernatants of P. aeruginosa. 
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Figure 1. Pseudomonas aeruginosa secretes a protein that potently inhibits complement-mediated 

hemolysis. 
(A) The concentrated (3x or 33x) supernatant of PAO1 was analyzed in an AP hemolysis assay. The supernatant 
could inhibit complement-mediated hemolysis whereas heated supernatant (33x concentrated), as a control, 
did not prevent hemolysis. (B) The concentrated supernatant of PAO1 was fractionated by size-exclusion 
chromatography and the fractions were analyzed for inhibition of complement-mediated hemolysis. Fractions 
H3-C4 were capable of inhibition. (C) Fractions were analyzed by a NuPAGE 4-12% Bis-Tris gel and subsequent 
Coomassie staining. A representative gel is shown. Bands corresponding to activity were excised and analyzed by 
mass spectrometry, identifying Pseudomonas elastase (PE) and protease IV (PIV). (D) Supernatants of PAO1 wild 
type and transposon insertion mutants in AprA (ΔAprA), elastase (ΔLasB), and PIV (ΔPIV) were fractionated by 
size-exclusion chromatography. Fractions were analyzed in the hemolysis assay. Only the supernatant of ΔPIV was 
not capable of inhibiting complement-mediated hemolysis indicating that protease IV is the secreted complement 
inhibitor in the supernatant of PAO1. (A-D) Representative data from at least three independent experiments are 
shown. 
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Figure 2 
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Figure 2. Protease IV interferes with complement effector functions. 
(A) Relative PIV activity in the supernatant of P. aeruginosa strains used in this study. PAO1, PAO1ΔLasB, and PA14 
secreted sufficient amounts of the enzyme varying from ~ 6-22 µg/ml. The supernatant of PAO1ΔPIV did not 
contain PIV activity confirming effective gene deletion in this knockout strain. (B) Purified PIV inhibits in a dose-
dependent manner complement-mediated hemolysis via AP activation (AP50) using 10% serum. (C) Purified PIV 
inhibits complement-mediated hemolysis via CP activation (CH50) using 2.5% serum in a dose-dependent manner. 
(D) Bacterial viability of E. coli MG1655 was analyzed after 1 hour incubation in 10% normal human serum in 
absence or presence of PIV. This strain was effectively killed by the MAC, which could be inhibited by protease IV, in 
a dose-dependent manner. 3 µg/ml PIV completely prevented MAC-dependent killing. (B-D) Data represent mean 
values ± SD from at least 3 independent experiments.

Protease IV cleaves multiple complement components in serum 

The role of PIV in P. aeruginosa virulence was attributed to destruction of host tissue 38 and to the 
cleavage of immune components including complement proteins C1q and C3 39. We therefore 
analyzed the activity of PIV on C1q and C3. After incubation of serum with purified PIV, we 
detected both C1q and C3 by Western blot and found that both proteins remained unaffected 
(Figure 3A), indicating that PIV targets other complement proteins. We started by analyzing 
CP proteins C2 and C4 and found that C2 was completely degraded at a concentration of 3 
µg/ml PIV whereas at 0.5 µg/ml PIV the protein was only partially affected (Figure 3B). C4 
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was partially cleaved by 3 µg/ml PIV and this effect was reduced when using lower protease 
concentrations (Figure 3B). We next analyzed the effect of PIV on the AP protein FB and 
found that FB was degraded by 3 µg/ml PIV leading to a cleavage product that ran slightly 
lower on the gel. At reduced PIV concentrations, FB was only partially degraded (Figure 3C). 
When looking into the effect of PIV on proteins of the terminal pathway, we found that C5 
and C7 were cleaved, where C6 was completely degraded at low PIV concentrations (Figure 
3D). C8 remained unaffected, whereas the band for C9 seemed to be somewhat reduced in the 
presence of PIV (Figure 3D). These data show that PIV affects multiple complement proteins 
in a serum environment. Here we identify C6 as its primary target in human serum. 
Figure 3 
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Figure 3. Protease IV cleaves complement components in serum. 
(A-D) Normal human serum (1% in PBS) was incubated with 0.5 or 3µg/ml PIV for 30 min at 37°C. Samples were 
analyzed by 10% SDS-PAGE and Western blot. Representative blots are shown. (A) C1q and C3 were not cleaved 
by 3 µg/ml PIV. (B) C2 was completely depleted from serum at 3 µg/ml PIV and partially degraded by 0.5 µg/ml 
protease. The C4 α, β, and γ chains were moderately affected by PIV as indicated by the lower bands that appear 
in the presence of 3 µg/ml PIV. At 0.5 µg/ml this effect was almost completely abrogated. (C) FB was completely 
degraded by 3 µg/ml PIV and only partially at 0.5 µg/ml. (D) Terminal pathway components C5, C6, and C7 were 
efficiently degraded by PIV at 3 µg/ml. At the lower concentration of 0.5 µg/ml cleavage efficacy of C5 and C7 was 
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reduced whereas at that low concentration C6 was completely depleted. C8 was not affected by PIV whereas the 
intensity of the C9 band was diminished after PIV incubation.  

C6 is the main target of PIV

Since the different complement components are not present in the serum at similar 
concentrations 40,41 and serum contains many proteins that might interfere with the enzymatic 
nature of the protease, we verified the activity of PIV when using equimolar concentrations of 
purified complement proteins. The cleavage of C3 was investigated under purified conditions 
39, therefore we analyzed the effect of PIV on purified C3 and C3b and found that both proteins 
remained unaffected (Figure 4). We next analyzed the effect of a concentration range of PIV 
on C2 and FB. By using ~1 µg/ml PIV there is partial loss of C2 and FB whereas both proteins 
were completely degraded when incubations were performed with higher PIV concentrations 
(Figure 5A). Comparable to serum conditions, the α-chain of C4 was partially cleaved by 
PIV, which was most evident at 1 and 3 µg/ml (Figure 5B). We next questioned whether PIV 
would have differential activity towards the activated form of C4 and analyzed the effect of 
PIV on C4b. C4b was less prone to degradation by PIV, only at the highest concentration 
of PIV, the α-chain was partially cleaved (Figure 5B). We then analyzed degradation of the 
terminal pathway complement components. The α-chain of C5 was partially affected by PIV 
in a dose-dependent manner. C6, however, was more effectively degraded by the protease. 
Concentrations as low as 0.1 µg/ml already led to partial degradation and appearance of 
cleavage products. At 1 µg/ml PIV, C6 was completely degraded (Figure 5C). In addition, 
C7 was efficiently targeted by PIV, by concentrations as low as 0.3 µg/ml PIV. The protein 
was completely degraded at 3 µg/ml protease (Figure 5C). Protease IV seemed to have some 
effect on C9 in 1% serum, which was comparable to purified C9, although this was not as 
pronounced as for C5-C7. As observed in serum, purified C8 was not affected by PIV (Figure 
5C). The data presented here illustrate that protease IV can efficiently inhibit the complement 
system by targeting multiple complement components at different levels within the cascade. 
Despite its broad range of substrates, we confirm C6 as the main target of PIV. This indicates 
that PIV is primarily an inhibitor of the terminal complement pathway. 
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Figure 4. Protease IV does not degrade C3 or C3b. 
Purified C3 and C3b (260 nM) were incubated with different concentrations of PIV (0 – 0.1 – 0.3 – 1 – 3 µg/ml) 
for 30 min at 37°C. Samples were analyzed by 10% SDS-PAGE and Coomassie straining. Both C3 and C3b were not 
degraded by PIV. 

Physiological concentrations of protease IV inhibit MAC-mediated killing of P. aeruginosa 

To study the physiological role of the protease, we next analyzed whether PIV could prevent 
MAC-mediated killing of P. aeruginosa in human serum. Although considered resistant 
towards the bactericidal effect of the MAC 42, we previously showed that complement 
activation leads to efficient killing of PAO1 after prolonged incubation 43. We subjected 
two Pseudomonas strains (PAO1 and PA14) to active serum and analyzed the effect of the 
addition of PIV by using a luciferase assay as a measure of bacterial viability 44. By using 
this method, we found that PIV protected P. aeruginosa from complement-mediated killing 
after incubation in serum for 3 hours (Figure 6A). Besides PIV, P. aeruginosa secretes two 
other proteases that function as important virulence factors. Similar to PIV, Pseudomonas 
elastase (PE) contributes to pathology in keratitis 45 and inactivates host immune factors 46. 
AprA has different substrates to efficiently inhibit the complement system 33. We analyzed 
the importance of PIV in comparison to these other two Pseudomonas proteases. When 
using equimolar concentrations of protease, PIV conferred efficient protection against 
complement-mediated killing of P. aeruginosa whereas AprA and PE could not (Figure 6A). 
Finally, we aimed to analyze the effect of PIV on clinically relevant P. aeruginosa strains. We 
selected three strains that were isolated from CF patients 47 and were killed in serum by the 
MAC as verified by the use of the specific C5 cleavage inhibitor OmCI to specifically block the 
formation of the MAC 43. In the presence of 10% serum these strains were killed after 1 hour 
incubation whereas by the addition of OmCI the bacteria remained viable (Figure S1). We 
then analyzed whether PIV could protect these strains and found that MAC-mediated killing 
was prevented by PIV in a dose-dependent manner (Figure 6B). Taken together, these data 
illustrate that PIV protects P. aeruginosa from complement-mediated killing. 
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Figure 5 
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Figure 5. Protease IV blocks the terminal complement pathway by primarily degrading C6. 
(A-C) Purified complement proteins (260 nM) were incubated with different concentrations of PIV (0 – 0.1 – 0.3 
– 1 – 3 µg/ml) for 30 min at 37°C. Samples were analyzed by 10% SDS-PAGE and Coomassie straining. Where 
degradation products were detectable, larger portions of the gel are shown. Arrowheads indicate degradation 
products. (A) C2 and FB disappeared after incubation with 1 - 3 µg/ml PIV. (B) C4 was more sensitive for PIV, 
degradation bands appeared from 0.3 µg/ml PIV on. C4b α and β chains were partly cleaved by 1 - 3 µg/ml PIV. (C) 
Analysis of terminal pathway components. C5 was sensitive towards PIV cleavage, degradation bands appeared at 
0.3 µg/ml PIV. Component C6 was most sensitive for cleavage by PIV. Already at the lowest concentration of PIV, 
C6 was cleaved. Somewhat less than C6, degradation products of C7 appeared from 0.3 µg/ml PIV on. C8 was not 
affected by PIV whereas C9 seemed to get somewhat degraded by higher concentrations of PIV. 
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Figure 6 

A B

Figure 6. Physiological concentrations of protease IV inhibit MAC-mediated killing of P. aeruginosa. 
(A) The efficacy of PIV on survival of P. aeruginosa in serum was compared to PE and AprA. Serum was incubated 
with various concentrations of the proteases for 15 min. Followed by addition of PA14-lux for 3 hours and dilution 
of the samples in LB medium. Survival was calculated relative to the luminescence of PA14-lux without serum after 
4 hours of growth. A representative graph of three independent experiments is shown. PIV conferred significantly 
more protection against complement-mediated killing of P. aeruginosa. (B) Clinical P. aeruginosa strains (#1-3), 
isolated from CF patients were analyzed in a serum bactericidal assay. Bacteria were serially diluted and plated 
to determined surviving cfu after 1 hour incubation in 10% normal human serum in absence or presence of PIV. 
The strains were susceptible towards MAC-mediated killing, which could be inhibited by PIV in a dose-dependent 
manner. Data represent mean values ± SD from 2 or 3 independent experiments. 
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Discussion

P. aeruginosa is known for the secretion of various kinds of proteases that degrade host 
tissue constituents and innate immune components 48. Here we identified protease IV as the 
first secreted MAC-inhibitor by a Gram-negative bacterium. Protease IV targets different 
complement components including C2, Factor B, C4, C5, C6, and C7. However, C6 was 
identified as the primary target at low PIV concentrations whereby MAC-mediated killing 
of P. aeruginosa was effectively inhibited. Finally, we showed that PIV is the predominant 
protease for MAC-inhibition when comparing its efficacy to two other major proteases of P. 
aeruginosa, PE and AprA. 
 Here we describe a novel role for protease IV in the escape of P. aeruginosa from 
complement-mediated killing. The use of high protease concentrations in in vitro studies can 
result in the identification of substrates that are a-specific and biologically irrelevant. In this 
study we did not characterize PIV levels in an in vivo setting. Nevertheless, we analyzed the 
amount of PIV secreted by different P. aeruginosa strains under culture conditions which gave an 
indication on physiologically relevant PIV concentrations. The previously described cleavage 
of C1q and C3 was observed at PIV concentrations that far exceeded the concentrations used 
in this study 39. In analogy, AprA was initially described as an enzyme targeting C1q and C3 
49 whereas at more physiological concentrations of AprA C2 was identified as its predominant 
substrate 33. By using lower, more relevant, protease IV concentrations we could not observe 
cleavage of C1q and C3. More importantly, we here identified C6 as the main target for PIV. 
Even in the presence of serum, a protein-rich environment, PIV was efficiently degrading C6. 
By targeting C7 in addition, even lower concentrations of PIV can be sufficient to fully inhibit 
formation of the bactericidal MAC and promote bacterial survival. 
 PIV has low specificity since it targets different host tissue components as well as multiple 
complement proteins. Some pseudomonal virulence factors were found to play a role in both 
plant and eukaryotic infections 23, indicating that these proteins can fulfill versatile roles. It 
is therefore plausible that PIV is not specifically evolved to be a human complement evasion 
molecule in particular. Nevertheless, P. aeruginosa causes most human infections and is 
unique in the production of PIV among the Pseudomonas genus 35,50, implying that PIV does 
play an important role in the success of P. aeruginosa to infect humans. 
 Protease IV was previously identified as an important determinant for pseudomonal 
virulence in eye infections 34,48. The importance of PIV for P. aeruginosa to cause eye infections 
in previously healthy individuals, is underlined by the finding that PIV is highly conserved in 
clinical isolates of pseudomonal keratitis 36. Protease IV was found to directly damage ocular 
tissue, whereby pathology could be mediated in keratitis 38. However, in the healthy cornea, 
the complement system plays an important role in protection against infections, including 
P. aeruginosa 51–53. Thus, besides tissue damage, complement degradation by PIV could 
contribute to the establishment of pseudomonal eye infections. 
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 The presence of PIV in clinical CF strains has been subject to many studies as well. In 
addition to keratitis isolates, the majority of isolates from CF patients produced PIV 37, as 
compared to strains that were isolated from other infection sites 17,18. Despite the presence 
of PIV, CF-derived strains are generally susceptible for MAC-mediated killing 17,18,54. 
Nevertheless, serum-sensitivity is always analyzed in an in vitro setting in which protein 
expression might differ from the in vivo situation. This is in particular true for secreted 
proteins since washed bacteria are generally used for in vitro assays and production of secreted 
factors takes time. Potentially PIV expression in the (CF) lung differs from PIV levels during 
serum incubation in vitro. Bloodstream clinical isolates are typically found to be resistant 
towards the bactericidal activity of serum 17,55 which is usually attributed to characteristics in 
the O-chain of lipopolysaccharide (LPS) 56 and not PIV expression. However, to date there is 
no data on the production of PIV in bloodstream isolates. Moreover, it is possible that PIV 
can protect P. aeruginosa from MAC-dependent killing in the lung but not in the bloodstream 
where additional resistance mechanisms might be required. The role of specifically the MAC 
in immune defense against pulmonary infections remains to be elucidated. Since complement 
proteins are predominantly produced in the liver and secreted in the blood to circulate through 
the body, the complement system is most studied in serum. Nevertheless, complement 
components are present within the lung 57,58 and complement deficiency in humans leads to 
an increased risk of certain infections, including respiratory infections 59. Additional targeting 
of other complement components (C2, FB, C4) by PIV may further contribute to bacterial 
immune evasion resulting in successful lung infections. 
 In summary, we here found a novel function for PIV, one of the major proteases of 
P. aeruginosa. We showed that PIV was effectively degrading C6 and C7 whereby the 
bacteria were protected against MAC-dependent killing in serum. The precise role of PIV 
in pseudomonal infections remains to be elucidated. Nevertheless, the insights on secreted 
immune modulators by bacterial pathogens will increase our understanding of pathogenicity 
and provide new avenues for the development of treatments. 
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Figure S1 

Figure S1. Clinical P. aeruginosa strains are killed in serum by the MAC. 
Bacterial viability of three CF isolates was analyzed after 1 hour incubation with buffer, normal human serum 
(NHS), or serum in which C5 cleavage, and specifically MAC formation, was blocked by the addition of 20 µg/ml 
OmCI (NHS+OmCI). By inhibiting MAC formation, bacteria remained viable, indicating that these strains are killed 
in serum by the MAC. Data represent mean values ± SD from 3 independent experiments. 
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Abstract

The plasma proteins of the complement system fulfill important immune defense functions, 
including opsonization of bacteria for phagocytosis, generation of chemo-attractants and 
direct bacterial killing via the Membrane Attack Complex (MAC or C5b-9). The MAC is 
comprised of C5b, C6, C7, C8, and multiple copies of C9 that generate lytic pores in cellular 
membranes. Gram-positive bacteria are protected from MAC-dependent lysis by their 
thick peptidoglycan layer. Paradoxically, several Gram-positive pathogens secrete small 
proteins that inhibit C5b-9 formation. In this study, we found that complement activation on 
Gram-positive bacteria in serum results in specific surface deposition of C5b-9 complexes. 
Immunoblotting revealed that C9 occurs in both monomeric and polymeric (SDS-stable) 
forms, indicating the presence of ring-structured C5b-9. Surprisingly, confocal microscopy 
demonstrated that C5b-9 deposition occurs at specialized regions on the bacterial cell. On 
Streptococcus pyogenes, C5b-9 deposits near the division septum whereas on Bacillus subtilis the 
complex is located at the poles. This is in contrast to C3b deposition, which occurs randomly 
on the bacterial surface. Altogether, these results show a previously unrecognized interaction 
between the C5b-9 complex and Gram-positive bacteria, which might ultimately lead to a 
new model of MAC assembly and functioning. 
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Introduction

The complement system is essential for the host’s innate immune response against bacterial 
infections. It consists of around 30 plasma proteins that, upon contact with bacterial surfaces, 
form a proteolytic cascade generating cleavage products with important defense functions 
such as opsonization of bacteria for phagocytosis, generation of anaphylatoxins and direct 
bacterial killing {Formatting Citation}1–3. Bacteria can activate all routes of complement 
activation: the classical (CP), the lectin (LP) and the alternative (AP) pathway that differ in 
their mode of recognition but all result in the formation of C3 convertase enzymes. These 
bimolecular enzymes cleave the central complement protein C3 into C3a and C3b. Upon 
proteolysis of C3, the reactive thioester in C3b is exposed to react with hydroxyl or amine 
groups enabling covalent binding of C3b to the target surface 4,5. Deposition of C3b will 
label (or ‘opsonize’) bacteria for phagocytosis, an important aspect in the immune defense 
against bacterial infections 6. Attachment of additional C3b molecules to the C3 convertase 
will eventually lead to the formation of C5 convertases that cleave C5 into C5a and C5b. 
Together with C3a, C5a is an important anaphylatoxin that attracts phagocytes towards the 
site of infection and activates them for bacterial uptake 7. 
 All complement activation routes result in the formation of the Membrane Attack 
Complex (MAC or C5b-9). This large multi-protein complex is comprised of different proteins 
(the terminal complement components C5b, C6, C7, C8 and multiple copies of C9) that can 
insert into cellular membranes to generate lytic pores. The MAC is assembled in a step-by-
step process initiated by formation of C5b. Although C5 is highly homologous to C3 and C4, 
it lacks the thioester domain required for covalent deposition to the surface 8. Since C5b has 
a metastable site, it is rapidly bound by C6 to form the soluble C5b6 complex. Subsequent 
binding of C7 results in a hydrophobic C5b-7 complex that can bind to lipid membranes. 
Next, C8 is incorporated which is the first component to insert into the lipid bilayer. Finally, 
multiple (12-18) C9 molecules bind and polymerize to form the transmembrane pore-
forming structure (Müller-Eberhard, 1985; Hadders et al., 2012). This fully assembled MAC 
forms a ring-structured, SDS-stable complex with an inner diameter of approximately 100 
Å 9,11. Apart from C5b and C8γ, all MAC components share a common 40 kDa Membrane 
Attack Complex Perforin (MACPF) domain, which is essential for membrane insertion in 
C8α, C8β, and C9 12,13. 
 Host cells are protected from MAC assembly via cellular and soluble MAC regulators. The 
membrane-bound glycoprotein CD59 protects host cells from MAC formation by binding to 
C5b-8 and preventing incorporation of polymeric C9 into the lipid bilayer 14. In solution, 
MAC assembly is controlled by the plasma glycoproteins vitronectin and clusterin that bind 
to C5b-7 in fluid-phase and prevent C8 incorporation and extensive C9 polymerization 15–17. 
These soluble C5b-9 (sC5b-9) complexes are hydrophilic, lytically inactive and contain only 
two to three C9 molecules per complex 18.
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 The MAC can kill Gram-negative bacteria by direct lysis or disturbance of metabolic 
processes leading to bacterial death 19. The presence of lysozyme in human serum possibly 
optimizes MAC-mediated lysis of bacteria by hydrolyzing bacterial cell wall components 20. In 
addition, deposition of C5 and C8 on E. coli has been suggested to enhance intracellular killing 
by neutrophils 21. Although the MAC is considered important in the defense against all Gram-
negative bacteria, individuals with deficiencies in terminal complement components mainly 
suffer from recurring infections with Neisseria meningitidis 22. MAC formation is considered to be 
irrelevant in defense against Gram-positive bacteria. The distinction between Gram-negative 
and -positive bacteria is made based on the properties of their cell wall. The cell wall of Gram-
negative bacteria is composed of an inner and an outer membrane separated by a periplasmic 
space and a thin (1-7 nm) peptidoglycan layer. The Gram-positive cell wall has only one 
membrane which is surrounded by a thick (20-80 nm) peptidoglycan layer 23. MAC resistance 
by Gram-positive bacteria is thought to be due to this thick peptidoglycan layer that forms 
a physical barrier for C5b-9 components to target the membrane 6. Paradoxically, several 
Gram-positive bacteria were identified to secrete proteins that specifically interfere with C5b-
9 formation. For example, Streptococcus pyogenes secretes Streptococcal Inhibitor of Complement 
(SIC) that blocks the membrane-insertion site on C5b-7 and thereby prevents formation of 
the C5b-9 complex 24. Additional functions for SIC were later described as it was also found 
to inhibit antimicrobial proteins, including LL-37, human α-defensin-1, secretory leukocyte 
protease inhibitor, lysozyme, and human β-defensin-3 and -2 25–27. In addition, Staphylococcus 
aureus secretes the Staphylococcal Superantigen-Like protein 7 (SSL7) that binds C5 and prevents 
its proteolysis by the C5 convertase 28,29. As a result, SSL7 blocks formation of C5a and C5b 30. 
Importantly, SSL7 binds to C5b directly and thereby inhibits MAC assembly 29. 
 Over the past decades, the MAC is described to be ineffective in the direct killing of 
Gram-positive bacteria 6. Although generally accepted, documented evidence in the current 
literature is poor. However, the fact that several Gram-positive bacteria secrete proteins that 
interfere with C5b-9 formation prompted us to reevaluate the interplay between C5b-9 and 
Gram-positive bacteria. 
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Materials and Methods 

Serum and reagents

To prepare normal human serum (NHS), blood was drawn from 20 healthy volunteers and 
collected in glass vacutainers (BD). Blood was allowed to clot for 15 min at room temperature, 
serum was collected after centrifugation for 10 minutes at 4000 rpm at 4°C, pooled and 
subsequently stored at -80°C. Heat-inactivated (HI) serum was prepared by incubation of 
serum for 30 min at 56°C. Complement factor depleted sera were obtained commercially from 
Quidel. Serum was repleted by addition of 20 µg/ml of the corresponding purified protein. 
Purified C7 was obtained from Complement Technology Inc. and C5, C6, C5b6 complex, 
C8 and C9 were from Calbiochem. All incubations of bacteria with serum or purified 
complement proteins were performed in Hepes Buffered Saline (HBS, 20 mM Hepes, 140 
mM NaCl, pH 7.4) containing 2.5 mM MgCl2, 5 mM CaCl2 (HBS++) and 0.01 % Bovine Serum 
Albumin (BSA). Factor D-depleted serum was prepared by Size Exclusion Chromatography. 
Five milliliter of normal human serum was fractionated on a Highprep 16/60 sephacryl 
S-100 column equilibrated in Veronal buffer containing 0.5 mM EDTA. Factor D negative 
fractions were pooled, concentrated on a 30 kD Centricon device and repleted with 1 M CaCl2 
and MgCl2. Preservation of complement activity was checked in an alternative and classical 
pathway hemolytic assay 31 in the presence or absence of purified factor D. 

Complement deposition on Gram-positive bacteria

Bacteria were grown to mid-log phase (OD660 ~ 0.5) in conventional growth media as 
described in Table 1, or directly used from plate, washed (to remove secreted proteins) and 
suspended in HBS++ to an OD660 of 0.5. Fifty µl of bacteria was incubated with 50 µl NHS or 
depleted serum (final concentration of 10% unless indicated otherwise) in a total volume of 
150 µl at 37°C under constant shaking for 90 min. When inhibitory proteins were used, 50 µl 
was added to the incubation solution at a final concentration of 40 µg/ml (SCIN 32) or 2 µg/
ml (OmCI 33). In assays with Bacillus subtilis, 50 mM iron citrate was added to the incubation 
to prevent bacterial growth inhibition by transferrin 34. Incubations of bacteria with purified 
components was done with either C5b6 complex or C5 and C6 together with C7, C8, and C9 
all at a final concentration of 20 µg/ml. For two-step incubations, bacteria were first incubated 
in buffer, purified C5b-9, or C5 depleted serum (ΔC5), in a total volume of 100 µl at 37°C 
under shaking conditions for 60 min. Bacteria were washed twice in Phosphate Buffered 
Saline (PBS) supplemented with 1% BSA (PBS-1%BSA), then suspended in 50 µl HBS++. For 
the second incubation, buffer or purified C5, C6, C7, C8, and C9 (C5-C9) was added to a final 
volume of 100 µl and incubated again for 60 min. After the second incubation, bacteria were 
washed as described below and / or supernatant was isolated to determine the presence of C5a. 
After all incubations, bacteria were washed twice with PBS-1%BSA. Subsequently, bacteria 
were incubated with mouse anti-C5b-9 (1 µg/ml, aE11 Santa Cruz) in 50 µl PBS-1%BSA for 
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45 minutes at 4°C. After washing twice, bacteria were incubated with a FITC-conjugated 
goat anti-mouse IgG antibody (1 µg/ml, Dako) in 50µl PBS-1%BSA for 45 minutes at 4°C. 
Bacteria were washed and analyzed by flow cytometry using a FACSCalibur flow cytometer 
(Becton Dickinson, San Jose, CA). Bacteria were gated based on their forward and side scatter 
properties and the fluorescence of unlabeled bacteria was set to baseline. For each sample, we 
analyzed 10,000 bacteria and plotted the mean fluorescence. The data were analyzed using the 
Cell Quest Pro software (Becton Dickinson).
 

Strain  Medium  Incubation 

Streptococcus pyogenes 5448 M1  THB  37°C + 5% CO2 non‐shaking 

Streptococcus agalactiae COH1  THB   37°C + 5% CO2 non‐shaking 

Streptococcus pneumoniae TIGR‐4  TSB  37°C + 5% CO2 non‐shaking 

Lactococcus lactis NZ9000  GM17  30°C non‐shaking 

Bacillus subtilis 168   LB  37°C shaking  

Staphylococcus epidermidis clinical isolate   THB  37°C shaking 

Staphylococcus aureus SH1000  THB   37°C shaking 

 

 

 

Table 1. Bacterial strains and growth conditions. 
THB, Todd Hewitt Broth; LB, Luria-Bertani Broth; GM17, M17 Broth supplemented with 0.5% glucose; TSB, Tryptic 
Soy Broth.

CFU determination 

After incubating bacteria with buffer, NHS, and HI serum as described above, samples were 
serially diluted in PBS and plated onto Todd Hewitt Agar (THA) plates (S. pyogenes, S. agalactiae, 
L. lactis, B. subtilis, S. epidermidis and S. aureus) or Tryptone Soy Agar with Sheep Blood (TSASB, 
Oxoid) plates (S. pneumoniae) for enumeration of Colony Forming Units (CFU) after overnight 
incubation. 

Western blotting

To analyze complement proteins by Western blotting, serum-treated bacteria were pelleted, 
transferred to clean 1.5 ml tubes (to prevent analysis of plastic-bound proteins) in 20 µl PBS 
and heated at 95°C for 5 min in 2x sample buffer (2% SDS, 20% glycerol, 20 mM Tris-Cl, pH 
6.8, and 1 mg/ml bromophenol blue) containing 50 mg/ml dithiothreitol (DTT). To control 
for the amount of bacteria that were loaded on the gel, we performed parallel incubations of 
bacteria with (HI) serum and plated these onto agar plates for CFU enumeration. Purified 
complement components were diluted in 2x sample buffer + DTT to a final concentration of 
5 µg/ml. A volume of 10 µl of each sample was analyzed by SDS-PAGE and electrophoretically 
transferred to a polyvinylidene difluoride (PVDF) membrane (EMD Millipore). Membranes 
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were blocked with 4% dried skim milk (ELK, Campina) in PBS-0.05%Tween and probed with 
goat antiserum against human C5, C6, C7, C8 or C9 (1:300, Quidel). The membranes were 
washed, incubated with peroxidase (PO)-conjugated donkey anti-goat IgG (Bio-Connect) 
and developed by Enhanced Chemiluminescence (ECL, Fisher Emergo). 

Hemolytic assay 

Sheep erythrocytes (~4 x 108) were incubated with purified C5b6 complex together with C7, 
C8 and C9 (all at a final concentration of 20 µg/ml) for 30 min at room temperature (RT). 
As a control, erythrocytes were incubated with HBS++ buffer or milli-Q (MQ) water. After 
incubation, erythrocytes were centrifuged, and the absorbance of the supernatants at 405 nm 
was measured.

Calcium mobilization assay

Supernatants of bacteria pre-incubated with buffer or 10% C5 depleted serum and subsequently 
incubated with C5-C9, were isolated and used as stimulus for calcium mobilization in U937-
C5aR cells as described previously 30. In brief, U937-C5aR cells were labeled with 2 µM Fluo-
3-AM. Increase of calcium mobilization was detected as an increase in fluorescence by flow 
cytometry and was measured 8 sec before and up to 1 min after stimulation with supernatants. 
As a positive control, C5a (10-8 M, Bachem) was added. 

Confocal microscopy

Bacteria were prepared as described above. After incubation with serum, bacteria were 
washed twice with 1% BSA-PBS and incubated with either mouse anti-C3b (1 µg/ml, 
WM-1 clone, American Type Culture Collection), mouse anti-C5b-9 (1 µg/ml, aE11 Santa 
Cruz), or rabbit anti-C5 (5 µg/ml, Dako) in 50 µl 1% BSA-PBS for 45 minutes at 4°C. After 
washing, bacteria were incubated with Alexa Fluor488-conjugated goat anti-mouse IgG or 
Alexa Fluor488-conjugated goat anti-rabbit IgG (1 µg/ml, Life Technologies) in 50 µl 1% 
BSA-PBS, for 45 minutes at 4°C. Bacteria were first washed with 1% BSA-PBS and then with 
Hanks Balanced Salt Solution (HBSS). Pellets were finally suspended in 10 µl HBSS and 3 
µl bacteria were spotted on a microscope slide and air-dried. Subsequently, 3 µl  lypophilic 
styryl dye FM5-95 (Invitrogen, 10 µg/ml) was added to label bacterial membranes and #1.5 
coverslip (VWR)  was  placed on the slide. The sample was imaged using a Leica TCS SP5 
confocal microscope equipped with a HCX PL APO CS 63x/1.40-0.60 OIL objective (Leica 
Microsystems, The Netherlands). During visualization, Alexa Fluor 488 and FM5-95  dyes 
were excited simultaneously using the 488-nm argon laser and detected using two separate 
PMTs set to appropriate bandwidths. 
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Preparation of peptidoglycan ghosts 

Peptidoglycan ghosts were prepared as described previously 35. In short, 0.5 ml of an 
overnight culture was washed twice with MQ water. The bacteria were suspended in 1 ml 
10% trichloroacetic acid (TCA) and placed at 95°C for 15 min after which the bacteria were 
washed two times with PBS and three times with MQ water. The peptidoglycan ghosts were 
suspended in HBS++ and complement deposition was analyzed as described above. 
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Results

C5b-9 deposits on several Gram-positive bacteria 

To investigate a role for C5b-9 in the defense against Gram-positive bacteria, we first analyzed 
C5b-9 binding to seven different Gram-positive species (Table 1) by flow cytometry. Bacteria 
were incubated with 10% normal human serum (NHS) for 90 min at 37°C and, after washing, 
the presence of C5b-9 was detected with an antibody recognizing a neo-epitope in polymeric 
C9 (polyC9) which is not present in monomeric C9 36. We observed deposition of C5b-9 
on all tested Gram-positives (Figure 1A-B). C5b-9 levels were not equal on all bacteria: on 
S. pneumoniae and B. subtilis the level of fluorescence was about 50% as compared to the other 
bacteria. For comparison we analyzed C3b deposition in parallel and found that the level of 
C3b correlates to that of C5b-9 (Figure S1). No C5b-9 was detected on bacteria incubated 
with buffer or heat-inactivated (HI) serum that lacks active complement 37. Using L. lactis as a 
model organism, we observed a dose-dependent relation between serum concentration and 
C5b-9 deposition (Figure 1C). To study whether C5b-9 deposition occurs via conventional 
complement activation routes, we blocked complement activation in serum using three 
different inhibitors. First, we used EDTA to chelate calcium and magnesium ions that are 
required for all complement activation routes. Second, Staphylococcal complement inhibitor 
(SCIN) was used to block C3 convertases and thus cleavage of C3 32. Third, we used Ornithodoros 
moubata Complement Inhibitor (OmCI) to specifically inhibit complement activation at the 
level of C5 cleavage 33. All inhibitors completely prevented C5b-9 deposition on L. lactis (Figure 
1C). Similar data were obtained for the other Gram-positive species (Figure S2). In our 
deposition assays the C5b-9 inhibitors SIC and SSL7 (of S. pyogenes and S. aureus) don’t play a 
role since C5b-9 assembly occurs on both living and heat-killed bacteria at the same levels 
(data not shown). However, to study whether SIC and SSL7 can inhibit C5b-9 deposition on 
bacteria, we incubated L. lactis with different concentrations of serum in the presence of SIC 
or SSL7 and recognized that C5b-9 deposition is inhibited by these molecules (Figure S3). 
To investigate whether all terminal pathway components are required for C5b-9 deposition, 
bacteria were incubated with sera depleted from terminal complement components. Binding 
of C5b-9 on L. lactis was not detected after incubation with sera depleted from C6, C7, C8 or 
C9, whereas repletion of these sera with the corresponding purified components restored 
deposition (Figure 1D). This suggests that polymeric C9 is complexed with C5b-8 on the 
bacterial surface. Depletion of factor I (FI) or plasminogen (Plg) from the serum did not 
influence deposition of C5b-9 (Figure 1D). To study whether C5b-9 deposition affects 
bacterial viability, bacteria were plated for enumeration of colony forming units (CFU) after 
incubation with serum, buffer or HI serum. In line with the literature 6, we observed that 
Gram-positive bacteria were not killed by incubation with active complement (Figure 1E). 
Altogether, these data indicate that complement activation on Gram-positive bacteria results 
in deposition of a non-lytic C5b-9 complex. Since on E. coli deposition of C5 and C8 can 
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enhance intracellular killing by neutrophils 21, we evaluated whether C5b-9 could serve as an 
opsonin for Gram-positives. Deposition of C5b-9 does not enhance phagocytosis or killing of 
bacteria by human neutrophils (Figure S4).
Figure 1

B

D

E

A

C

Figure 1. C5b-9 deposits on several Gram-positive bacteria. 
(A) Detection of C5b-9 on different Gram-positive bacteria (Streptococcus pyogenes, Streptococcus agalactiae, 

Streptococcus pneumoniae, Lactococcus lactis, Bacillus subtilis, Staphylococcus epidermidis, and Staphylococcus 

aureus) using flow cytometry. Bacteria were incubated with buffer, 10% normal human serum (NHS) or 10% heat 
inactivated (HI) serum. C5b-9 was detected using the aE11 antibody that recognizes a neo-epitope present in 
polymeric C9 but absent in monomeric C9. (B) Representative forward-sideward scatter plot of Figure 1A for L. 

lactis showing bacterial gating. The histogram shows an overlay of bacteria incubated with buffer (light grey), 
NHS (black) or HI serum (grey). (C) C5b-9 deposition depends on complement activation. L. lactis was incubated 
with various concentrations of normal human serum in presence of buffer, 5 mM EDTA (inhibits all complement 
routes), Staphylococcal complement inhibitor (SCIN, 40 µg/ml) (blocks C3 convertases) or Ornithodoros moubata 



4

Distinct localization of the complement C5b-9 complex on Gram-positive bacteria 83|

Complement Inhibitor (OmCI, 2 µg/ml) (inhibits C5 proteolysis). Deposition of C5b-9 was determined using 
flow cytometry. (D) Deposition of C5b-9 depends on complement activation via the terminal pathway. L. lactis 
was incubated with 10% C6, C7, C8 or C9 depleted sera, with or without repletion of 20 µg/ml of the depleted 
component. As a control, bacteria were incubated with 10% factor I (fI) or Plasminogen (Plg) depleted serum. (E) 
Gram-positive bacteria are not killed by incubation with serum. Bacterial viability was determined using plating and 
colony enumeration prior to and after incubation of bacteria with buffer, NHS and HI serum. (A, C-D) Data represent 
the mean fluorescence ± standard error of the mean (SEM) of three independent experiments.

The entire C5b-9 complex deposits on Gram-positive bacteria

To further characterize the C5b-9 complexes on Gram-positive bacteria, we analyzed the 
individual C5b-9 components by Western blot. Serum-treated L. lactis was boiled in SDS 
sample buffer and subsequently subjected to immunoblotting. We found that C5b, C6, C7, 
C8 and C9 were all present on L. lactis incubated with normal human serum, but not with 
buffer or HI serum (Figure 2). This confirms that all components of C5b-9 deposit on the 
Gram-positive surface and not just polymeric C9. Interestingly, the C9 Western blot revealed 
the presence of two forms of C9: monomeric (~73 kDa) and SDS-stable polymeric C9 (larger 
than the separation range of our gel, being 250 kDa). Since it was previously recognized that 
the ring-structured C9 polymer of the MAC is resistant against treatment with SDS and 
reducing agents 38, these data indicate that ring-structured C9 polymers are formed on Gram-
positive bacteria. Figure 2
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Figure 2. The entire C5b-9 complex deposits on Gram-positive bacteria. 
Detection of complement factors C5, C6, C7, C8, and C9 on L. lactis by Western blotting. The corresponding purified 
complement component was loaded on the gel in the first lane with a concentration of 5 µg/ml. Bacteria were 
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incubated with buffer, 10% NHS or 10% HI serum. C5 (α-chain of ~120 kDa and β-chain of ~75 kDa), C5b (α’-chain of 
~104 kDa and β-chain of ~75 kDa), C6 (102 kDa), C7 (97 kDa), C8 (α-chain of ~64kDa, β-chain of ~64 kDa and γ-chain 
of ~22 kDa of which we only show the α- and β-chain) and C9 (73 kDa). In the C9 blot, also a polymeric, SDS-stable 
band was detected (>250 kDa).

SDS-stable C9-polymers deposit on Gram-positive bacteria 

Next, we studied C9 polymer formation on our panel of Gram-positive bacteria. Using 
Western blot analysis, we detected SDS-stable C9 polymers on all Gram-positive bacteria 
upon incubation with serum. The intensity of the polymeric C9 band was not equal on 
all bacteria (Figure 3A). Apart from these C9 polymers, we also detected monomeric C9 
indicating that not all deposited C9 is resistant to treatment with SDS (Figure 3A). In line 
with Figure 1D, incubation of L. lactis with serum depleted of C6, C7, C8 or C9 prevented 
deposition of polymeric C9, which was restored by repletion of the depleted factor (Figure 
3B). In conclusion, SDS-stable C9 polymers deposit on all Gram-positive bacteria and their 
formation requires the presence of all C5b-9 components. In addition, monomeric C9 is 
detected, indicating the presence of other forms of C9. 
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Figure 3. SDS-stable C9-polymers deposit on Gram-positive bacteria. 
(A) Western Blot showing the presence of C9 on the surface of seven different Gram-positive bacteria. On all 
species, monomeric as well as polymeric C9 was detected after incubation with 10% NHS, but not in 10% HI serum. 
(B) Western blot showing that deposition of the SDS-stable C9-polymer depends on the presence of all components 
of the terminal pathway. L. lactis was incubated with 10% C6, C7, C8 or C9 depleted serum, with or without repletion 
of the specific component. (A-B) Representative images of three independent experiments.
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C5b-9 deposition requires complex formation at the bacterial surface

Then we investigated whether purified C5b-9 complexes can also deposit on Gram-positive 
bacteria. To this end, we incubated Gram-positive bacteria with a mixture of purified C5b6, 
C7, C8 and C9. C5b6 was added as a complex, since the metastable site in C5 requires instant 
binding to C6 for stabilization 39,40. Mixing of purified C5b6 with C7, C8 and C9 results in the 
formation of a functionally active C5b-9 complex that can lyse sheep erythrocytes (Figure 4A). 
However, incubation of Gram-positive bacteria with purified C5b-9 did not result in C5b-9 
deposition at the surface of most strains (Figure 4B). Only on S. pyogenes we observed strong 
binding of purified C5b-9, while all other strains were negative. Since these findings are in 
contrast with our deposition results in serum, we analyzed whether other serum components 
such as vitronectin and clusterin may be required for C5b-9 deposition on Gram-positive 
bacteria. Therefore we incubated bacteria with purified C5b-9 and HI serum but still found no 
deposition of C5b-9 (data not shown). Then, we analyzed whether C5b-9 complexes can only 
deposit on Gram-positive bacteria when C5 is activated at the bacterial surface. To this end, 
L. lactis was first incubated with C5-depleted serum (ΔC5) to facilitate generation of surface-
bound C5 convertases. After washing, bacteria were incubated with purified C5, C6, C7, C8 
and C9 (C5-9). Under these conditions, we could detect C5b-9 on L. lactis (Figure 4C) while 
no deposition was observed when purified C5-9 was added to bacteria pre-incubated with 
buffer. Also on all other Gram-positive bacteria, we found that surface-bound C5 convertases 
were required to deposit C5b-9 using purified components, with the exception of S. pyogenes 
(Figure S5). As a control we analyzed C5 deposition by Western blot on L. lactis incubated with 
10% NHS and 10% ΔC5 serum and confirmed the absence of C5b on the surface of L. lactis in 
ΔC5 serum (Figure 4D). To confirm that C5 convertases are present and active at the surface 
after ΔC5 serum incubation and washing, we incubated pre-opsonized bacteria with purified 
C5-9 and analyzed the presence of C5a in the supernatant by calcium mobilization (Figure 
4E). Altogether these results demonstrate the requirement of C5 convertases on the bacterial 
surface for C5b-9 deposition on Gram-positive bacteria.  
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Figure 4. C5b-9 deposition requires complex formation at the bacterial surface. 
(A) Hemolysis of sheep erythrocytes in buffer, MQ water and 20 µg/ml purified C5b6, C7, C8 and C9 components. 
(B) Detection of C5b-9 on different Gram-positive bacteria by flow cytometry. Bacteria were incubated with buffer, 
10% NHS or 20 µg/ml purified C5b6, C7, C8 and C9. Except for S. pyogenes, purified C5b-9 cannot deposit on 
Gram-positive bacteria. (C) Deposition of C5b-9 on L. lactis by flow cytometry after two-step incubations. In the 
first step, L. lactis was incubated with buffer, 10% NHS, 20 µg/ml purified C5b6, C7, C8, and C9 (C5b-9) or 10% C5 
depleted serum (ΔC5). After washing, bacteria were subsequently incubated with buffer or 20 µg/ml purified C5-
C9 (C5-9). Deposition of C5b-9 was detected using the aE11 antibody and flow cytometry. (A-C) Values represent 
mean fluorescence ± SEM of three independent experiments. (D) Western blot showing deposition of C5 on L. lactis 
after incubation with 10% NHS and 10% C5 depleted serum (ΔC5) confirming the absence of C5 deposition in C5 
depleted serum. (E) Active C5 convertases are present at the surface of bacteria after pre-incubation with 10% C5 
depleted serum. L. lactis was first incubated with buffer or 10% C5 depleted serum (ΔC5), then after subsequent 
washing purified C5-9 was added. C5a generation in the supernatant was measured by using the supernatants 
(black bars) as stimulus for calcium mobilization in U937-C5aR cells. Buffer and purified C5a (10-8 M) was used as a 
negative and positive control respectively (white bars). Values represent calcium mobilization (mean fluorescence 
after stimulus, subtracted by the mean fluorescence before stimulus) of three independent experiments.
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C5b-9 is deposited at a distinct location on Gram-positive bacteria 

Next, we studied the localization of C5b-9 complexes on Gram-positive bacteria. The 
complement activation cascade is initiated by the binding of recognition molecules (C1q, 
Mannose Binding Lectin, Ficolin) to various bacterial structures (e.g. surface-bound 
antibodies, glycoproteins, carbohydrates) 1–3 which are randomly distributed on the cell 
surface. Additionally, since the C3b molecule can attach to any hydroxyl or amine group, 
complement activation products are expected to deposit randomly on the bacterial surface. 
We used confocal microscopy to analyze the deposition of complement proteins on the 
bacterial surface (Figure 5). As expected, incubation of bacteria with serum resulted in 
random deposition of C3b on the bacterial cell surface (Figure 5A, Figure S6). Intriguingly, 
we observed binding of C5b-9 on distinct regions on the bacterial surface (Figure 5B, Figure 
S6). The localization of C5b-9 varied between different Gram-positives species. On S. pyogenes, 
C5b-9 was predominantly detected near the division septum. On L. lactis, C5b-9 was bound 
near the division septum but also on other sites along the bacterial surface. On B. subtilis, we 
merely found C5b-9 on the poles of the bacterium while on S. aureus quarter parts of the surface 
are positive for C5b-9. To confirm that we really detect the entire C5b-9 complex and not just 
polymeric C9, we analyzed the localization of C5b on these bacteria by confocal microscopy 
and found that C5b was present at similar locations as polymeric C9 (Figure 5C). Accordingly, 
we confirmed that C6 and C8 are also present at those sites (Figure S7). Next, we determined 
whether localization of the C5b-9 complex is mediated via a specific complement activation 
pathway. We therefore detected C5b-9 and C5b deposition on bacteria incubated with factor 
D (ΔFD) depleted serum. Since FD is required for AP activation, in this serum only the CP 
and LP are activated. Alternatively, we used serum chelated with MgEGTA to shutdown CP 
and LP activation and specifically activate the AP. We observed that localization of C5b-9 
complexes in ΔFD and MgEGTA serum is similar to NHS indicating that localization of these 
complexes is not triggered by a specific activation pathway (Figure 5D). Finally, we analyzed 
C5b-9 localization on bacteria from different growth stages. We found that localization of 
C5b-9 was similar on bacteria from lag, exponential and late-exponential phase cultures 
(data not shown). In summary, C5b-9 complexes are deposited on Gram-positive bacteria at 
distinct regions on the bacterial cell. 
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Figure 5. C5b-9 is deposited at a distinct location on Gram-positive bacteria. 
(A-C) Confocal microscopy pictures of complement products deposited on various Gram-positive bacteria. Bacteria 
were incubated with 10% serum and C3, C5b-9, and C5 were detected using specific antibodies that were stained 
using Alexa Fluor488-conjugated antibodies (green). Bacterial membranes were stained red using the lypophilic 
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dye FM95-5. Representative images for three independent experiments on S. pyogenes, S. aureus, B. subtilis and 
L. lactis are shown. (A) C3b deposition on Gram-positive bacteria showing random distribution along the bacterial 
surface. (B) Deposition of C5b-9 occurs at distinct locations of the bacterial cell. (C) C5b deposits at similar locations 
as C5b-9. (D) L. lactis was incubated in factor D depleted serum (only functional CP and LP) or in MgEGTA serum 
(only functional AP). We analyzed both C5b-9 and C5b localization and found that C5b-9 complexes deposit 
on a similar location regardless of the activation pathway of complement. Images are representative for three 
independent experiments.

C5b-9 binds to cell wall components of Gram-positive bacteria 

Since the membrane of Gram-positive bacteria is generally not exposed to the extracellular 
milieu, we studied how C5b-9 complexes could bind to these bacteria. To characterize whether 
C5b-9 complexes could assemble on the peptidoglycan layer and whether surface structures 
are involved in C5b-9 localization, we used a previously published method to prepare 
peptidoglycan ghosts of L. lactis, B. subtilis and S. aureus. Therefore, bacterial cells were boiled 
in 10% Trichloroacetic acid which removes surface components as proteins and lipoteichoic 
acids and isolates the peptidoglycan layer while maintaining the bacterial cell shape 35. When 
peptidoglycan ghosts were incubated with serum, C5b-9 was detected on the peptidoglycan 
but the specific localization was clearly lost (Figure 6). These data do not pinpoint a specific 
cell structure to be important for C5b-9 binding and localization. Rather, the data imply that 
the specific localization of C5b-9 is determined by the subcellular localization of cell wall 
proteins and / or membrane components, as disruption of these structures abolished the 
distinct C5b-9 deposition. 
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Figure 6. C5b-9 binds to cell wall components of Gram-positive bacteria. 
Representative confocal microscopy images of C3b and C5b-9 deposition on peptidoglycan ghosts of L. lactis, 
B. subtilis and S. aureus. Complement components are indicated in green and the lypophilic membrane dye in 
red. Since the bacterial membrane is lost, the lypophilic dye only stains the ghosts a-specifically. C5b-9 deposits 
randomly along the surface of the peptidoglycan ghost.
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Discussion 

This is the first study that demonstrates that the entire C5b-9 complex of complement is 
assembled and deposited on various Gram-positive bacteria. Two previous studies showed 
the presence of some terminal pathway components on S. pneumoniae 41 and S. pyogenes 42 but 
did not address the exact composition and localization of these factors. Our study provides a 
detailed analysis of C5b-9 complexes deposited on Gram-positive bacteria. 
 The molecular interplay between MAC and Gram-positive bacteria has not been studied 
extensively since it is generally accepted that these bacteria are protected from MAC. However, 
the experimental evidence in the literature for Gram-positive resistance to MAC is poor and 
the mechanisms for resistance remain unclear. According to the current hypothesis, Gram-
positive bacteria are protected from MAC insertion by their thick peptidoglycan layer that 
forms a physical barrier preventing diffusion of the relatively large MAC proteins to the lipid 
membrane. However, it is now clear that the bacterial cell wall is a dynamic structure that is 
constantly changing during bacterial growth and therefore the Gram-positive cell wall might 
also be sensitive to incorporation of external proteins. Indeed, it was recently demonstrated 
that the large mammalian Peptidoglycan Recognition Proteins (PGRPs) can enter the Gram-
positive cell wall at the site of daughter cell separation to exert bacterial killing by activating 
internal bacterial stress responses 43. Furthermore, the fact that Gram-positive bacteria secrete 
specific proteins that interfere with C5b-9 formation 24,28–30 suggests that the peptidoglycan 
layer does not provide sufficient protection against the MAC. Intriguingly, we found that C5b-
9 complexes deposit at distinct locations of the bacterial cell, which was in contrast to C3b 
covering the entire surface. On S. pyogenes it was most clear that the C5b-9 complex localizes to 
the division septum, indicating a similar localization mechanism as for PGRPs. For B. subtilis 
we find that C5b-9 localizes at a different site from PGRPs 43. Future studies are needed to 
address whether the specific localization of C5b-9 on Gram-positives is determined by a 
common bacterial structure. However, the specific localization seems to point towards an 
important function of the complex. 
 At present it remains unknown whether C5b-9 complexes on Gram-positive bacteria 
serve a role in immune defenses. The presence of C5b-9 did not affect bacterial viability 
during incubation with human serum. Nevertheless, it cannot be excluded that C5b-9 might 
cooperate with other host immune components, such as antimicrobial peptides, to kill Gram-
positive bacteria. This idea is supported by a recent finding showing that the S. pyogenes MAC 
inhibitor SIC enhances bacterial growth in human serum and bacterial survival in a murine 
infection model 44. In addition, it was proposed that Gram-positive bacteria can become 
sensitized to complement, depending on the extracellular environment. The Gram-positive 
bacteria Staphylococcus albus and Listeria monocytogenes were rendered sensitive to the bactericidal 
effects of complement by pre-incubation with Tris or Veronal buffers 45. This shows that Gram-
positive bacteria are sensitive to MAC under certain conditions, which potentially mimic 
the in vivo situation. We performed several studies to elucidate the exact function of C5b-9 
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on Gram-positive bacteria. However, experiments using bacteria opsonized with or without 
C5b-9 did not reveal a role for C5b-9 deposition in phagocytosis and (intracellular) killing 
of Gram-positive bacteria by macrophages or neutrophils. Alternative functions for C5b-9 in 
host-pathogen interactions have been described. Inactive, soluble C5b-9 complexes can bind 
to endothelial cells and stimulate a pro-inflammatory status 46 or contribute to neutrophil 
chemotaxis 47. However, we believe that C5b-9 complexes deposited on the bacterial surface 
will unlikely generate a gradient of signal molecules required for chemotaxis. 
 This study provides evidence that the entire C5b-9 complex can bind to Gram-positive 
bacteria. Western blot analysis revealed that all components of the C5b-9 complex are 
deposited and that C9 can occur in SDS-stable complexes indicative for the polymeric C9 
ring. As was shown for other pore forming molecules (e.g. alpha hemolysin 48) the C9 tubular 
ring of MAC forms an SDS-stable complex, presumably via covalent intermolecular bonds 
that result from disulfide bridging 49. However, also other mechanisms of polymerization 
can occur besides disulfide bridging: the cholesterol dependent pore-forming molecules 
Perfringolysin O (PFO, secreted by Clostridium perfringens) and Streptolysin O (SLO, secreted by 
Streptococcus pyogenes) can form pores without their sole cysteine residues 50,51. Since the C5b-9 
complex on Gram-positive bacteria was larger than the separation range of our gel, we could 
not exactly determine the molecular mass of the C9 ring. However, the aE11 antibody that 
we used to analyze C5b-9 deposition on Gram-positive bacteria, recognizes a complex with 
a molecular weight of >1000 kDa 36. Next to the C9 polymers, we also found monomeric 
C9 on the Gram-positive surface. Since polymeric C9 complexes that contain less than 
twelve C9 molecules are not resistant against SDS treatment 52, this probably indicates that 
different conformations of C5b-9 complexes are deposited on Gram-positive bacteria. Also 
on erythrocytes it was shown that C5b-9 complexes can appear in multiple conformations 
including polymers of C9 that are not SDS-resistant 53. It is known that C5b-9 complexes can 
also occur in inactivated forms in which the completion of the C9 ring is stopped by insertion 
of host regulators like vitronectin or clusterin. These soluble C5b-9 complexes (sC5b-9) are 
believed to consist of only two or three C9 molecules 18 and are still able to bind to target 
membranes 54. Thus, if C5b-9 complexes with less than twelve C9 molecules deposit on the 
bacteria, we would detect these as monomeric C9 on Western blot. These could represent 
inhibited C5b-9 complexes. Nevertheless, the most predominant form seems to be the entire 
C5b-9 complex. Whether this ring-structured C5b-9 is also the active complex is not known. 
At present, it is unclear whether the assembly of the C9 ring is required for lysis of Gram-
negative bacteria. 
 Information about assembly of C5b-9 on Gram-positive bacteria may provide important 
insights into the mechanism of MAC formation on Gram-negative bacteria. The different 
levels of C5b-9 can be explained by variable bacterial surface characteristics that influence the 
deposition of this complex. For instance, the surface area of each bacterial species might vary 
and become the limiting factor in the amount of proteins that can deposit. Moreover, different 
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levels of complement activation can also cause these differences. To study this, we analyzed 
C3b deposition on these Gram-positive bacteria and found that the levels of C3b deposition 
seem to correlate with C5b-9 deposition. Likely, the level of C3b molecules determines the 
amount of C5 convertases that are generated, and thereby also the amount of C5b and C5b-9. 
Our data with purified C5b-9 components confirms that the presence of C5 convertases on 
the surface is essential for effective C5b-9 deposition. C5b probably needs to be generated 
close to the target surface in order for C5b-9 to bind the surface. The C5 convertase, possibly 
together with bacterial cell wall components, potentially provides an essential docking site 
for C5b and subsequent formation of C5b-9. In theory, the localization of C5b-9 might then 
be a consequence of specific localization of C5 convertases. Interestingly, we found that S. 
pyogenes could directly bind purified C5b-9 without the requisite of C5 activation at the 
surface of the bacterium. In vivo, the bacterium will never encounter C5b-9 components in 
the absence of serum. We confirmed that by using purified components, the entire C5b-9 
complex is deposited on S. pyogenes and not just polymeric C9 (data not shown). This indicates 
that S. pyogenes must have the capability to capture C5b that initiates further C5b-9 complex 
deposition, in contrast to the other Gram-positive bacteria. So, by using purified components, 
we encountered a unique mechanism of C5b-9 assembly and deposition that is different from 
the other Gram-positive bacteria. Further research will address this interaction of C5b-9 with 
S. pyogenes in more detail. 
 In summary, our studies provide a new view on the interplay between C5b-9 and Gram-
positive bacteria. Ring-structured C5b-9 complexes are deposited on Gram-positive bacteria 
at distinct regions on the cell surface. This specific localization is determined by the subcellular 
localization of cell wall components, as disruption of these structures abolished the distinct 
C5b-9 localization. A better understanding of this phenomenon might ultimately lead to a 
novel model of MAC assembly and functioning on bacteria. 
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Supplemental experimental procedures

Effect of SIC and SSL7 on C5b-9 deposition 

L. lactis was incubated with different serum concentrations in presence of SIC or SSL7 at a 
final concentration of 40 µg/ml. SIC was cloned with a non-cleavable C-terminal HIS tag and 
expressed as described previously for SSL5 55. SSL7 was cloned and expressed as described 
previously 30. After incubation, C5b-9 deposition was analyzed by flow cytometry as described.

Phagocytois assay 

A volume of 3 ml L. lactis was grown to mid-log phase (OD660 ~ 0.5) and suspended in 5 
ml PBS. The bacteria were incubated with 0.5 mg/ml fluorescein-5-isothiocyanate (FITC 
isomer I, Sigma) for 30 min on ice. After incubation, bacteria were washed and suspended 
in HBS++ at OD660 ~ 0.5. FITC-labeled bacteria were incubated with NHS, C6 depleted serum 
(ΔC6), or ΔC6 serum supplemented with C6 (20 µg/ml in 20 % serum) as described here. 
After incubations, the bacteria were washed and suspended in RPMI + 0.05 % Human Serum 
Albumin (HSA) at a concentration of approx. 5 x 107 CFU/ml. Human neutrophils were 
isolated from healthy volunteers as described previously 55. Phagocytosis was performed as 
described previously 56. In short, a volume of 50 µl bacteria was incubated with 50 µl of 5 x 106 
neutrophils/ml in a total volume of 250 µl in RPMI + 0.05% HSA for 15 min at 37 °C. After 
incubation, the reaction was stopped by adding 100 µl of 1 % paraformaldehyde and samples 
were evaluated by flow cytometry. Uptake of the FITC-labelled L. lactis by neutrophils results 
in an increase of fluorescence. Neutrophils were gated based on their forward and side scatter 
properties. For each sample, we analyzed 5,000 neutrophils and plotted the mean fluorescence. 
The data were analyzed using the Cell Quest Pro software (Becton Dickinson).

Neutrophil killing assay  

L. lactis was grown to mid-log phase (OD660 ~ 0.5), washed and diluted to a concentration 
of approx. 5 x 107 CFU/ml in RPMI + 0.05 % HSA. Human neutrophils were resuspended 
in RPMI + 0.05 % HSA at a concentration of 1 x 107 cells/ml. Neutrophils (9 x 105 cells) and 
bacteria (2.5 x 105 CFU) were incubated in polystyrene round-bottom tubes (Falcon, Becton 
Dickinson) in the presence of 5% HI serum, 5% NHS, 5% ΔC6 serum, or 5% ΔC6 serum 
supplemented with 10 µg/ml C6, in a total volume of 100 µl. Samples were incubated at 37°C 
under shaking conditions for 30 min. After incubation, the reaction was stopped by adding 
2ml of cold, sterile, MQ water. Serial dilutions in sterile PBS were plated on Todd-Hewitt 
agar plates for enumeration of surviving bacteria. The percentage of surviving bacteria was 
calculated in comparison to the initial inoculum. 
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Figure S1. C3b deposition on all tested Gram-positive bacteria. 
Different Gram-positive bacteria were incubated with buffer, 10% normal human serum (NHS) or 10% heat 
inactivated (HI) serum. C3b deposition was detected by using the monoclonal WM-1 antibody (recognizing the C3c 
part of C3b / C3bi) and flow cytometry. Data represent the mean fluorescence ± standard error of the mean (SEM) 
of three independent experiments.
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Figure S2. Dose-dependent C5b-9 deposition on all tested Gram-positive bacteria. 
Different Gram-positive bacteria were incubated with various concentrations of normal human serum in presence 
of buffer (-), 5 mM EDTA (inhibits all complement routes) or Ornithodoros moubata Complement Inhibitor (OmCI, 
2 µg/ml) (inhibits C5 proteolysis). Deposition of C5b-9 was determined using flow cytometry.
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Figure S3

Figure S3. C5b-9 deposition is inhibited by SIC and SSL7. 
L. lactis was incubated with various concentrations of normal human serum in presence of buffer (-), 40 µg/
ml SIC, or 40 µg/ml SSL7. Deposition of C5b-9 was determined using flow cytometry. Data represent the mean 
fluorescence ± standard error of the mean (SEM) of three independent experiments. 

Figure S4

A B C

Figure S4. C5b-9 deposition on bacteria does not influence phagocytosis and killing by human 

neutrophils. 
(A) C5b-9 deposition on L. lactis in buffer, 10% NHS, 10% ΔC6 serum, and 10% ΔC6 serum supplemented with 20 
µg/ml C6. (B) Phagocytosis by human neutrophils of FITC-labeled L. lactis pre-incubated in buffer, 10% NHS, 10% 
ΔC6 serum, or 10% ΔC6 serum supplemented with 20 µg/ml C6. Mean fluorescence of neutrophils is expressed as a 
measure for phagocytosis. (C) Killing of L. lactis by human neutrophils in presence of HI, 10% NHS, 10% ΔC6 serum, 
and 10% ΔC6 serum supplemented with 20 µg/ml C6. Results are expressed as percentage surviving bacteria 
compared to the initial inoculum. (A-C) Data represent the mean fluorescence ± standard error of the mean (SEM) 
of three independent experiments. 
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Figure S5

Figure S5. C5b-9 deposition requires complex formation at the bacterial surface. 
C5b-9 deposition on different Gram-positive bacteria after two-step incubations. First, bacteria were incubated 
with buffer, 10% NHS, purified C5b-9 (20 µg/ml C5b6, C7, C8, and C9) or 10% C5 depleted serum (ΔC5). After 
washing, bacteria were subsequently incubated with buffer or purified C5-9 (20 µg/ml purified C5, C6, C7, C8, and 
C9). Deposition of C5b-9 was determined by flow cytometry. 
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C3b C5b-9

S.
 p

yo
ge

ne
s

L.
 la

cti
s

B.
 s

ub
til

is
S.

 a
ur

eu
s

Figure S6. C3b and C5b-9 deposition on Gram-positive bacteria. 
Related to figure 5, confocal images showing random distribution of C3b deposition and specific localization of 
C5b-9 on S. pyogenes, L. lactis, B. subtilis, and S. aureus. Complement components are indicated in green and the 
lypophilic membrane dye in red. 
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Figure S7
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Figure S7. The entire C5b-9 complex specifically localizes on Gram-positive bacteria. 
Bacteria were incubated with 10% serum and C6 and C8 were detected using monoclonal antibodies that were 
stained using Alexa Fluor488-conjugated antibodies (green). Bacterial membranes were stained using the lypophilic 
dye FM5-95 (red). Representative images for three independent experiments on S. pyogenes, S. aureus, B. subtilis 
and L. lactis are shown. 
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Abstract

Infections with Gram-negative bacteria form an increasing clinical problem worldwide. In 
general, Gram-negatives are rapidly cleared by the complement system, a protein network 
in plasma that kills bacteria via a pore-forming Membrane Attack Complex (MAC or 
C5b-9). The C5 convertase enzymes are essential drivers of this process since they convert 
complement protein C5 into C5b. Currently there is only little information on the molecular 
mechanisms of MAC-dependent killing of bacteria. This is mainly due to the lack of models 
for C5 convertases, which have a surface-specific conformation that cannot be mimicked in 
solution. Here we established a novel assay system that allows functional and biochemical 
analyses of these multi-molecular enzymes under purified conditions. Alternative pathway 
C5 convertases were generated on small streptavidin beads that were coated with purified 
C3b molecules. Site-specific biotinylation of C3b via the thioester allowed binding of C3b 
in the natural orientation on the surface. In the presence of factor B and factor D, these C3b 
beads could effectively convert C5. Conversion rates of surface-bound C3b were more than 
100-fold higher than fluid-phase C3b, confirming the requirement of a surface. Interestingly, 
we observed that C5b does not dissociate after conversion but remains bound to the C5 
convertase. Also on bacteria, C5 convertases do not release C5b but form a docking site on the 
bacterial surface that is essential for generation of a bactericidal MAC. Confocal microscopy 
studies reveal that C5 convertases are confined to specific ‘hotspots’ on the bacterial cell 
where the density of C3b molecules is most concentrated. Thus, we show that C5 convertases 
provide an essential docking site for MAC on bacterial cells. These molecular insights are 
critical for future design of therapeutic interventions against clinically important Gram-
negative infections. 
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Introduction

The complement system is part of the innate immune response and important in defense 
against microbial infections. Upon contact with micro-organisms, the plasma proteins of the 
complement system rapidly organize into a proteolytic cascade to generate cleavage products 
that exert the immunological functions 1–3. The end-product of complement activation is 
the pore-forming Membrane Attack Complex (MAC) that can directly kill Gram-negative 
bacteria 4. MAC formation is essential for clearance of Gram-negative bacteria evidenced by 
recurrent infections in patients having deficiencies in proteins of the terminal complement 
pathway 5. The MAC is comprised of different terminal complement components, C5b, C6, 
C7, C8, and 12-18 copies of C9. These assemble together into a large complex that can traverse 
cellular membranes to generate lytic pores. MAC assembly is a step-wise process that is 
initiated when C5 is converted into C5b by the C5 convertase enzymes 6. 
 Convertases are the most central enzymatic components of the complement cascade 
since they cleave the major complement proteins C3 and C5 into their biologically active 
fragments. Detailed analyses of convertases are complicated by the fact that these enzymes 
consist of multiple subunits that form unstable complexes and that they are covalently 
linked to biological surfaces such as bacteria. Especially knowledge on C5 convertases lags 
behind since their surface conformation cannot be mimicked in solution 7. Complement 
activation occurs either specific via recognition of target cells in the classical (CP) and lectin 
(LP) pathways, or spontaneously due to low-level activation of C3 in the alternative pathway 
(AP). These pathways converge in the formation of C3 convertases on the target cell, which 
cleave C3 into the small anaphylatoxin C3a and the larger C3b molecule that deposits onto 
the target surfaces via its reactive thioester moiety 8. The thioester group is hidden within 
C3 but becomes exposed upon cleavage into C3b due to large rearrangements within the 
molecule 8. Exposure of the thioester provokes covalent binding of C3b to any hydroxyl or 
amine group on the target surface 9. Convertase enzymes can also cleave C5, but this requires 
a ‘substrate switch’ that is caused by inclusion of one or more C3b molecules to the existing 
C3 convertase 7. In the alternative pathway, C3 convertases consist of pro-enzyme factor B 
(FB) that binds to surface-bound C3b after which FB is cleaved by factor D (FD) resulting 
in an active convertase complex (denoted C3bBb) 10. When analyzed in solution, C3bBb has 
low-level C5 convertase activity 11,12. However, the deposition of additional C3b molecules 
near existing C3 convertases on a target surface is required for the formation of efficient, 
‘high-affinity’ C5 convertases 13. The exact conformation of these surface-localized complexes 
remains poorly understood.
 C5 does not hold a reactive thioester for covalent attachment to target surfaces 9,14,15. To 
avoid inactivation, nascent C5b requires rapid binding to C6 and initiate MAC assembly 
1–3,616. Currently it is not entirely clear how the MAC is subsequently docked to the bacterial 
membrane. Studies on erythrocytes have yielded contrasting results. Whereas some studies 
show that C5b6 is formed in fluid phase 17 and requires binding of C7 before it can bind the 
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target membrane 18, others point out that C5b stays attached to the target surface, presumably 
by binding to the C5 convertase 19 or to other molecules on the surface of the target cell 20. 
 Here we describe a novel model system for C5 convertases that allows us to study the 
characteristics of efficient C5 conversion in a highly purified system. This model reveals for 
the first time how these enzymes are involved in assembly of an active bactericidal MAC. 
These molecular insights provide critical insights for future design of therapeutics against 
clinically important Gram-negative infections. 
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Materials and Methods 

Complement proteins 

C3 and C5 were purified from freshly isolated human plasma. C3 was isolated as described 21. 
For C5 isolation, a 1 ml NHS (GE Healthcare) column was loaded with the soft tick complement 
inhibitor OmCI that efficiently binds C5 22. The serum was diluted 1:1 with PBS, 10 mM EDTA 
was added, and loaded onto the OmCI-coupled column to allow C5 binding to the column. 
C5 was eluted with 0.1 M ethanolamine, 0.05 M NaCl (pH 11) which was immediately 
neutralized with 0.1 M HCl in 1 M phosphate, 10 mM NaCl buffer (pH 7.4). Fractions were 
analyzed by SDS-PAGE and dialyzed against PBS overnight at 4°C. FB and FD were expressed 
in HEK293 cells stably expressing EBNA1 (HEK293E) as described 23 (U-Protein Express, 
Utrecht, The Netherlands). FB contained an N-terminal His-tag and was isolated from 
the expression medium via immobilized metal affinity chromatography (HiTrap chelating 
column, GE Healthcare). FD was isolated by size-exclusion chromatography (Superdex75, GE 
Healthcare). C6, C7, C8, and C9 were obtained from Complement Technology, Inc.

Biotinylation of C3b 

Plasma-purified C3 was activated into C3b in the presence of a biotinylation agent that 
reacts with the cysteine residue of the C3b thioester as described previously 24 with some 
adaptations. A concentration of 1 mg/ml C3 was activated with 1.1 µg/ml trypsin, for 10 
minutes (min) at 37°C, in the presence of 100 µg/ml maleimide-PEG2-biotin (Pierce). The 
reaction was stopped by adding 5.5 µg/ml soybean trypsin inhibitor (SBTI) after which 20mM 
iodoacetamide was added and incubated for 30 min on ice. The sample was 1:1 diluted into 20 
mM phosphate, 10 mM NaCl buffer (pH 7.4) and applied to a 1 ml MonoQ anion-exchange 
column (GE Healthcare). C3b-biotin was eluted by a gradient to 30% 20 mM phosphate, 500 
mM NaCl buffer (pH 7.4) using AKTA FPLC (GE Healthcare). Fractions were analyzed by 
SDS-PAGE and successful biotinylation was confirmed by Western blotting. 

C5 convertase activity assay 

Streptavidin-coated magnetic beads (Dynabeads M-270 Streptavidin, Invitrogen, 2.8 µm 
diameter) were washed twice and suspended in VBS-T+ (Veronal buffered saline: 2 mM 
Veronal, 145 mM NaCl, pH 7.4 (VBS, pH 7.4) containing 2.5 mM MgCl2 and 0.05% Tween). 
Beads were loaded with C3b-biotin by incubating a volume of 200 µl beads (50-fold diluted to 
~ 12-14 x 106 beads / ml) with 200 µl C3b-biotin (final concentrations as indicated) for 1 hour 
(hr) at 4°C under shaking conditions. After washing, pellets were incubated with 20 µg/ml 
C5, 50 µg/ml FB, and 5 µg/ml FD (and 12 µg/ml C6, 12 µg/ml C7, 15 µg/ml C8, 70 µg/ml C9, 
where indicated) in a total volume of 100 µl for 1 hr at 37°C under constantly shaking. After 
incubations, supernatants and beads were collected and analyzed for the presence of C5a and 
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C5b. Fluid-phase C5 convertase activity was assayed by incubating C3b-biotin together with 
20 µg/ml C5, 50 µg/ml FB, and 5 µg/ml FD. 

Preparation of C3b-beads via natural amplification 

Streptavidin-coated beads (Dynabeads M-270 Streptavidin, Invitrogen, 2.8 µm ) were loaded 
with 0.01-0.1 µg/ml C3b-biotin after which the bead pellets were incubated with 20 µg/ml 
FB and 5 µg/ml FD in a total volume of 125 µl for 10 min at 37°C under shaking conditions. 
To prevent fluid-phase C3 conversion, 10 mM EDTA was added, and than 50 µg/ml C3. The 
beads were washed and the procedure was repeated for 5 rounds in total (self-amplification). 
For serum-derived C3b-coated beads, streptavidin beads were coated with 0.01 µg/ml C3b-
biotin after which the beads were incubated in different concentrations of normal pooled 
human serum (as described 25) in VBS containing 2.5 mM MgCl2 (VBS+). 

Western blotting

Bead or supernatant samples were heated at 95°C for 5 min in 2x sample buffer (2% SDS, 20% 
glycerol, 20 mM Tris-Cl, pH 6.8, and 1 mg/ml bromophenol blue) with or without 50 mg/ml 
dithiothreitol (DTT). A volume of 10 µl of each sample was analyzed by SDS-PAGE (10%) 
and electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (EMD 
Millipore). Membranes were blocked with 4% dried skim milk (ELK, Campina) in PBS-
0.05%Tween and incubated with peroxidase (PO)-conjugated streptavidin (to analyze C3b-
biotinylation) or probed with goat antiserum against human C3 or C5 (1:300, Complement 
Technology, Inc.). The membranes were washed, incubated with PO-conjugated donkey 
anti-goat IgG (Bio-Connect) and developed by Enhanced Chemiluminescence (ECL, Fisher 
Emergo). 

C5a quantification

Supernatants of C5 convertase assays were isolated and used as stimulus for calcium 
mobilization in U937-C5aR cells as described previously 26. In brief, U937-C5aR cells were 
labeled with 2 µM Fluo-3-AM. Increase of calcium mobilization was detected as an increase 
in fluorescence by flow cytometry and was measured 8 sec before and up to 1 min after 
stimulation with supernatants. As a positive control, different concentrations of C5a (10-11 – 
10-7 M, Bachem) were added. 

AlphaLISA 

In a total volume of 50 µl per reaction in a ½ area 96-well plate (1/2 area plate, white, Perkin 
Elmer) 20 µg/ml streptavidin coated donor beads (Perkin Elmer, AlphaLISA) were incubated 
with 3 µg/ml C3b-biotin for 30 min at room temperature (RT). Next, 10 µg/ml FB, 1 µg/ml FD 
together with 5 µg/ml C5 and C6 or 5 µg/ml C5-C9 were incubated for 1 hr at 37°C. Finally, 
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0.1 µg/ml monoclonal anti-C6 (AbFrontier) or 0.3 µg/ml monoclonal anti-C5b-9 (Santa 
Cruz) and 20 µg/ml anti-mouse IgG acceptor beads (Perkin Elmer, AlphaLISA) were added 
and incubated for 1 hr at RT. All incubations were performed in the dark and dilutions were 
made in VBS-T+. Signal was measured by CLARIOstar (ex.680nm, em.620nm).

Bacterial binding assays 

E. coli MG1655 were grown to midlog phase (OD660 ~ 0.5) in lysogeny broth (LB) and 
suspended in VBS containing 0.1% bovine serum albumin (BSA) and 2.5 mM MgCl2 (VBS+). 
Bacteria (~ 5 x 108 cfu/ml) were pre-incubated for 1 hr at 37°C in 10% C5 depleted serum 
(Complement Technology Inc., C3b-coated) or 10% normal serum that was heated at 56°C 
for 30 min to eliminate complement activity as a control (no C3b). After 1 hr, bacteria were 
washed in VBS++ and incubated with 20 µg/ml C5, 12 µg/ml C6, 50 µg/ml FB, and 5 µg/ml FD 
for 1 hr at 37°C under shaking conditions. After subsequent washing, binding of C5 and C6 
was detected by flow cytometry. 

Flow cytometry 

Bead or bacterial pellets were incubated with a FITC-conjugated C3 antibody (1:300, Protos 
Immunoresearch), 3 µg/ml rabbit anti-C5 (Dako), 1 µg/ml monoclonal anti-C6 (AbFrontier) 
or anti-C5b-9 (Santa Cruz) in 50 μl PBS-1% BSA for 45 min at 4°C. After washing twice, 
pellets were incubated with 1 µg/ml FITC-conjugated goat anti-mouse IgG antibody (Dako), 
or FITC-conjugated goat anti-rabbit (1:50, Sigma) in 50 μl PBS-1% BSA for 45 min at 4°C. 
Beads or bacteria were washed and analyzed by flow cytometry using a FACSVerse flow 
cytometer (Becton Dickinson, San Jose, CA). Data were analyzed using the FlowJo software. 

Bactericidal assays 

MAC-sensitive E. coli MG1655 were grown to midlog phase (OD660 ~ 0.5) in LB and suspended 
in VBS+-0.1% BSA. Bacteria (~ 5 x 108 cfu/ml) were pre-incubated for 1 hr at 37°C in 10% 
C5 depleted serum (Complement Technology Inc.) or 10% normal serum that was heated at 
56°C for 30 min to eliminate complement activity. After incubation, bacteria were washed in 
VBS++, diluted to ~ 5 x 104 cfu/ml and incubated with 20 µg/ml C5, 12 µg/ml C6, 12 µg/ml 
C7, 15 µg/ml C8, 70 µg/ml C9, 50 µg/ml FB, and 5 µg/ml FD for 1 hr at 37°C under shaking 
conditions. After incubation, samples were serially diluted in PBS and plated onto lysogeny 
agar (LA) plates for enumeration of colony forming units (cfu) after overnight incubation. 

Confocal microscopy

Mid logarithmic (OD660 ~ 0.5) E. coli MG1655 were suspended in VBS (~ 5 x 108 cfu/ml) and 
incubated in 10% C7 depleted serum (Complement Technology Inc.) for 1 hr at 37°C under 
shaking conditions. After incubation, bacteria were washed twice with 1% BSA-PBS and 
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incubated with 50 µl mouse anti-C3b (1 μg/ml, WM-1, American Type Culture Collection), 
rabbit anti-C5 (5 μg/ml, Dako), or mouse anti-C6 (4 μg/ml, 13H5, Thermo Scientific) for 45 
min at 4°C. After washing, bacteria were incubated with 50 µl Alexa Fluor488-conjugated 
goat anti-mouse IgG or Alexa Fluor488-conjugated goat anti-rabbit IgG (1 μg/ml, Life 
Technologies) for 45 min at 4°C. After subsequent washings, bacteria were suspended in 
Hanks balanced salt solution (HBSS) and imaged using a Leica TCS SP5 confocal microscope 
equipped with a HCX PL APO CS 63×/1.40–0.60 OIL objective (Leica Microsystems, the 
Netherlands), exactly as described previously 25. 
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Results

A functional model system to analyze the C5 convertase 

In the alternative pathway of the complement system, the C5 convertase is composed of the 
catalytical subunit Bb and an unknown critical density of the non-catalytical subunit C3b 
7. In order to study the C5 convertases of the AP in a purified system, we mimicked the 
surface-specific orientation and density of C3b molecules using site-specifically labeled C3b 
molecules. C3 was activated in the presence of a biotin-linker to biotinylate C3b to its reactive 
thioester 24 via which C3b normally bind to the target surface 9. These C3b-biotin molecules 
could subsequently be coupled onto small magnetic streptavidin beads that have a diameter 
similar to bacteria (~2 μm) (Figure 1A). We first established that C3b-biotin molecules could 
be loaded onto the streptavidin beads in a dose-dependent manner (Figure 1B). To assay 
C5 convertase activity, C3b-loaded beads were incubated with purified FB, FD and C5 after 
which C5 conversion was quantified by analyzing C5a release into the supernatant using a 
calcium mobilization assay with C5a receptor (C5aR) transfected cells. We observed effective 
conversion of C5 in the presence of FB and FD that was dependent on the concentration of 
C3b on the beads. As a control, we showed that C3b beads incubated with C5 alone, C5 + 
FB, or C5 + FD, did not convert C5 (Figure 1C). Next, we compared C5 convertase activity 
of surface-bound convertases (C3b-beads) with monomeric C3 convertases in fluid-phase 
(C3bBb) that are known for their low-level and inefficient conversion of C5 12. At equal 
amounts of C3b present in the sample, the C5 conversion rate was more than 100-fold higher 
on the beads than in solution (Figure 1D) when correlating the relative C5a levels to a 
standard curve using different concentrations of C5a (Figure S1). This confirms that surface-
bound C3b molecules can adopt a unique conformation that does not exist in fluid-phase. 
As an additional validation of our model, we included the known C5 conversion inhibitor 
OmCI that is known to block C5 conversion by C5 convertases. Structural studies revealed 
that binding of OmCI to C5 occurs distant from the cleavage site, implying that OmCI blocks 
C5 cleavage by hindering the interaction of C5 with the C5 convertase 22. Interestingly, we 
found that OmCI exclusively prevented C5 conversion on C3b beads but not by C3b in fluid-
phase (Figure 1E). Altogether, we present a C5 convertase model that is the first system that 
mimics the critical orientation and density of C3b molecules on a surface using highly purified 
components and non-covalent linkage which is therefore ideal to assess C5 convertase biology.

Self-amplification is not critical for C5 convertase formation

Previous studies indicated that C5 convertases are most efficient when the additional C3b 
molecules are deposited on the surface by a C3 convertase (‘self-amplified’ C3b) 13. Presumably, 
the additional C3b molecule needs to deposit very close or even onto the existing C3 
convertase via covalent linkage. To analyze this hypothesis in a purified system, we generated 
‘self-amplified’ C3b beads by coating beads with low concentrations of C3b-biotin and 
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subsequently allow natural C3 conversion on by repeating incubations of the beads with FB, 
FD, and C3. The deposition of C3b efficiently increased after five rounds of self-amplification, 
resulting in beads on which the majority (70-90%) of C3b molecules was deposited by a C3 
convertase (Figure 2A). We confirmed covalent attachment of C3b molecules to each other 

Figure 1 
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Figure 1. A functional model system to analyze the AP C5 convertase. 
(A) C5 convertase model based on biotinylated C3b molecules and streptavidin beads. (B) C3b binding to the 
streptavidin-coated beads was determined using a FITC-conjugated C3 antibody and flow cytometry and by 
Western blot detecting C3b. (C) As a measure of C5 convertase activity, the level of C5a generation was determined 
by using the supernatants as stimulus for calcium mobilization in U937-C5aR cells. Values represent relative C5a 
flux (mean fluorescence after stimulus, subtracted by the mean fluorescence before stimulus) of three independent 
experiments. (D) Together with their enzymatic counterpart Bb, C3b molecules on beads convert C5 at a much 
higher efficiency compared to low-affine C5 convertases in solution. The amount of C3b molecules in solution was 
adjusted to the levels of C3b loaded onto the beads (Relative C3b-biotin levels). (E) OmCI, a potent inhibitor of C5 
conversion, is effectively inhibiting C5 convertases on beads. In fluid-phase, OmCI has no effect on C5 conversion. 
(B-E) Data of three independent experiments, presented as means ± standard deviation (SD).
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by Western blot that revealed bands corresponding to multimers of C3b (data not shown). 
Next we compared the C5 conversion by beads loaded with ‘self-amplified’ C3b versus beads 
coupled with an equal amount of C3b via the biotin-streptavidin interaction (‘biotinylated 
C3b’). We found that C5 convertase activity was not dependent on the mechanism of C3b 
deposition, since there was no difference in C5 conversion efficiency between beads loaded 
with self-amplified C3b versus biotinylated C3b (Figure 2B). Alternatively, we analyzed C5 
convertase activity on beads that were loaded with a low concentration of C3b-biotin after 
which they were incubated in serum to allow for AP activation and ‘natural’ C3b deposition. 
C3b deposition was determined by flow cytometry and similar levels of C3b deposition on 
the beads were obtained (Figure S2). Again, we found that there was no difference in C5 
conversion efficiency when we compared serum-derived C3b with biotinylated C3b (Figure 
2C). The convertase stabilizing serum factor properdin (FP) is likely present on the serum-
incubated beads. We therefore analyzed FP in the purified system and found that there was 
no difference in C5 conversion when we compared beads containing serum-derived C3b 
with biotinylated C3b in the presence of FP (Figure 2C). These data collectively illustrate 
that C3b-biotin loaded beads function as a representative model for naturally assembled C5 
convertases. More importantly, by using this model we found that covalent deposition of C3b 
is not required to generate efficient C5 convertases. Rather, the density of C3b molecules is 
determining C5 conversion rates. 

C5b remains bound to the C5 convertase

Currently it remains unclear what happens to C5b after it is cleaved on bacteria. Previous 
research revealed conflicting data. Some studies propose the release of C5b after C5 cleavage 
17 while others indicate that C5b remains bound specific structures on the target surface 20 
or to C3b 16,19. However, molecular evidence for where C5b remains is lacking. By using our 
bead-based C5 convertase model we are now capable of studying the fate of C5b in a purified 
system. Upon C5 conversion, C5b has a short half-life and requires binding to C6 within 
minutes to form the stable C5b6 complex 27. First we established that C6 did not influence 
C5 conversion. Indeed, in the presence of C6, C5 is equally converted (Figure 3A). Then, 
we analyzed the binding of C5b after convertase formation. C5b can be discriminated from 
C5 by using SDS-PAGE and Western blot since the α-chain of C5b is ~10kDa smaller as 
compared to the α-chain of C5 15. C5b was formed in the presence of FB and FD and remained 
bound to the C3b-coated beads (Figure 3B). Accordingly, C6 remained bound to beads, when 
C5 was converted into C5b in the presence of FB and FD (Figure 3B). We next aimed to 
verify the initial binding of C5b to the C5 convertase in an alternative bead-based protein 
interaction assay. We used the amplified luminescent proximity homogeneous assay (Alpha) 
in which interaction of different proteins captured onto beads leads to an energy transfer 
from one bead (donor bead) to the other (acceptor bead), ultimately producing a luminescent 
signal 28. We used streptavidin donor beads coated with different densities of C3b-biotin in 
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combination with anti-mouse IgG acceptor beads loaded with an antibody against C6. This 
bead mixture was incubated with purified C5, C6, FB, and FD and generation of C5b6 was 
analyzed. In this way, only C5b6 complexes that bind to the C3b-coated donor beads will 
generate an Alpha signal. We could detect C6 binding to the C3b beads, only in presence of 
C5, FB, and FD that allowed for C5b generation and C5b6 complex formation (Figure 3C). 
In addition, we found that preformed C5b6 complexes (made in fluid-phase by activation of 
C5 in the presence of C6 29) efficiently bound to C3b-coated beads using both magnetic beads 
and the Alpha model systems (Figure 3D-E). These data indicate that after conversion, C5b 
remains bound to the C5 convertase to subsequently associates with C6 and form the C5b6 
complex, a MAC precursor. Figure 2 

A

C

B

Figure 2. Self-amplification is not critical for C5 convertase formation. 

(A) Self-amplification was allowed to beads that were coated with a low concentration of C3b-biotin after which FB, 
FD, and C3 were added for repeating incubations (5 x self-amplification). C3b deposition was determined using a 
FITC-conjugated C3 antibody and flow cytometry. The majority of C3b (70-90%) was loaded via self-amplification. 
(B) Comparison of C5 convertase activity on beads that were coated with C3b via the biotin-streptavidin interaction 
and via self-amplification. The amount of C3b deposited on the beads was standardized and categorized in ‘low’, 
‘intermediate’, and ‘high’ level to allow comparison of C5 convertase activity. (C) C5 convertase activity on beads 
that were coated with C3b-biotin or serum-derived C3b as measured by the relative C5a levels formed after 
incubation with C5 in the presence of FB and FD. (A-C) Data of three independent experiments, presented as 
means ± standard deviation (SD).
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Figure 3 
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Figure 3. C5b remains bound to the C5 convertase. 

(A) C5 conversion was determined by using supernatants of C3b-coated beads incubated with C5, FB, and FD, 
in presence or absence of C6, as stimulus for calcium mobilization in U937-C5aR cells. Values represent relative 
C5a levels (mean fluorescence after stimulus, subtracted by the mean fluorescence before stimulus) of three 
independent experiments. (B) Representative Western blots of bead pellets coated with C3b after incubation with 
C5 and C6 in presence of absence (control) of FB and FD. C5 (α-chain ~ 115 kDa and β-chain ~ 75 kDa) is converted 
into C5b (α’-chain ~ 104 kDa and β-chain ~ 75 kDa), which remains bound to the beads. Only after conversion of 
C5 into C5b (C5+C6+FB+FD), C6 (~102 kDa) remains bound to the beads. (C) Upon C5 conversion (in presence of 
FB+FD), an alpha-signal was measured using a detecting antibody against C6. (D) Pre-formed C5b6 has affinity for 
C3b as measured by flow cytometry on C3b-coated magnetic beads, and (E) as detected by using AlphaLISA. (B-D) 
Data of three or four independent experiments are presented as means ± standard deviation (SD).

C5b6 binds to the C5 convertase on bacteria, independent of C7

We next aimed to verify whether C5b also remained bound to the C5 convertase on the surface 
of bacteria and used the E. coli strain MG1655 as a Gram-negative model organism that is 
sensitive for MAC-dependent killing 30. We coated bacteria with C3b by pre-incubation with 
C5 deficient serum (C3b-coated) and heated serum as a control (no C3b). After subsequent 
washing we incubated the bacteria with C5, C6, FB, and FD and analyzed surface-bound 
C5b (Figure 4A) and C6 (Figure 4B) by flow cytometry. We found that C5b and C6 bound 
to bacteria only when these were coated with C3b. Similar to C3b-coated beads (Figure 
3), pre-formed C5b6 complexes as well as actively generated C5b (C5+FB+FD) and C5b6 
(C5+C6+FB+FD) bind to the C3b-coated bacterial surface (Figure 4A-B). Subsequently we 
analyzed the binding of C5b and C6 to bacterium-bound C5 convertases in serum, a more 
physiological environment. Here, both C3b deposition and C5 conversion were performed 
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in serum. E. coli was incubated with human serum depleted of complement C5, C6, or C7 
for 1 hour and subsequently subjected to Western blot to analyze surface-bound C5 and C6 
products (Figure 4C-D). We observed specific C5b bands in ΔC6 and ΔC7 serum (Figure 
4C) and specific C6 bands in ΔC7 serum (Figure 4D). This confirms that also on the bacterial 
surface, C5b6 remains bound to the surface and is not released from the convertase. In contrast 
to what has been suggested before 18 the binding of C5b6 is not dependent on the presence 
of C7. We next performed confocal studies to visualize the binding of C5b and C6 in 10% 
C7 deficient serum. Interestingly, C5b and C6 localized to specific regions on the bacterial 
cell (Figure 4E). In an attempt to analyze whether C5 and C6 bind to the C5 convertase, we 
also visualized C3b deposition. In 10% serum however, C3b was randomly deposited on the 
entire surface of the bacteria. Conversely, by lowering serum concentrations, we were able 
to find hotspots of C3b deposited on specific regions of the bacterial cell (Figure 4F). In C6 
and C9 deficient serum (in the presence of C7) C5b and C6 localization was similar (Figure 
S3). This indicates the presence of specific regions on the bacterial cell with higher densities 
of C3b molecules to which C5b and C6 likely bind. This is in analogy to the C3b coated 
beads, on which the density of C3b molecules is crucial for C5 convertase activity. The data 
presented here collectively show that also on the bacterial surface, C5b6 remains bound the 
C5 convertase without the requirement of C7. 

The C5 convertase is the docking site for MAC assembly

Since we found that C5b6 remains bound to the convertase, we further analyzed whether 
the entire C5b-9 complex can be assembled on C5 convertases. To study this, we added the 
components C7, C8, and C9 to the convertase reaction in the AlphaLISA assay and analyzed 
C5b-9 assembly and binding by using an antibody that detects the neo-epitope in polymeric 
C9 31. Where C5 could be cleaved, in the presence of FB and FD, the entire C5b-9 complex 
was assembled and bound to the convertase leading to an alpha-signal (Figure 5A). Likewise, 
C5b-9 complexes were assembled to C3b-coated magnetic beads, analyzed by flow cytometry 
using the same C5b-9 specific antibody (Figure 5B). Polymerization of C9 was confirmed by 
analysis of the beads by SDS-PAGE and Western blot showing the high C9 band, indicative 
of the SDS-stable C9 ring-structure 25 (Figure 5C). These data indicate that the C5 convertase 
could be the docking site for the MAC. 

Surface-bound C5 convertases are essential for generation of a bactericidal MAC 

Finally, we analyzed the biological importance of MAC formation on C5 convertase enzymes. 
In contrast to complement lysis of erythrocytes 25, we found that a preformed C5b-9 complex 
cannot kill Gram-negative bacteria. They remain viable after incubation with purified C5b-
9 components (Figure 6A). We hypothesized that C5 needs to be cleaved at the bacterial 
surface by C5 convertases in order to allow generation of a bactericidal MAC. As described 
above, we generated C3b-coated bacteria by incubation with C5-deficient serum. After 
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Figure 4. C5b6 binds to the C5 convertase on bacteria, independent of C7. 
(A-B) Bacteria were pre-incubated with C5 deficient serum that results in C5 convertase assembly on the bacterial 
surface (C3b-coated). Heat inactivated serum was used as a control (no C3b). After washing, the bacteria were 
subsequently incubated with C5b6, C5+FB+FD, and C5+C6+FB+FD. Binding of C5 (A) and C6 (B) was detected 
by flow cytometry. Only in presence of surface-bound C5 convertases, C5b and C6 bound to the bacteria. (C) 
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washing, bacteria were incubated with C5-C9 components in the presence of FB and FD. 
Now we did observe efficient killing of bacteria by purified MAC components (Figure 6B) 
illustrating the requirement of C5 convertases for MAC assembly and killing. Since the data 
depicted in Figure 4 indicated that pre-formed C5b6 complexes can bind to C5 convertases 
on bacterial surfaces, we examined whether C5b6 could induce killing of convertase-coated 
bacteria. Interestingly, we found that pre-assembled C5b6, in the presence of C7-C9, cannot 
generate bactericidal MAC (Figure 6B). These data indicate that pre-formed C5b6 cannot 
induce killing of bacteria, but that the C5 convertase needs to cleave C5 close to the bacterial 
surface to elicit formation of a bactericidal MAC.  
Figure 5 

A B added C3b-biotin (µg/ml):  
0        0.3        3  

C

C9

Poly C9

Figure 5. The C5 convertase is the docking site for MAC assembly. 
(A) In the presence of FB and FD (+FB+FD), C5 is converted into C5b which initiates assembly of the C5b-9 complex. 
C5b-9 remains bound to C3b on the donor beads, generating the alpha signal. (B) C3b-coated streptavidin beads 
were incubated with C5-C9 in presence or absence of FB and FD. C5b-9 complex formation and binding to the 
C3b-beads was detected by flow cytometry using an antibody recognizing the neo-epitope of polymeric C9 in the 
C5b-9 complex. (A-B) Data of three independent experiments are presented as means ± standard deviation (SD). (C) 
C3b-coated streptavidin beads were incubated with C5-C9 in presence of FB and FD and subsequently subjected to 
SDS-PAGE and Western blot. Representative Western blot showing the formation of polymeric C9 that is present in 
C5b-9 complex and known to be SDS-stable. 

Representative Western blot showing deposition of C5b on the bacterial surface after incubation in 10% C5, C6, 
or C7 deficient serum (ΔC5, ΔC6, ΔC7, respectively). In absence of C6 and C7, C5b bound to the bacterial surface. 
(D) Representative Western blot showing deposition of C6 on the bacterial surface after incubation in 10% ΔC5, 
ΔC6, ΔC7 serum. C6 bound to the bacterial surface in absence of C7. (E) Confocal microscopy shows localization 
of C5 and C6 to specific regions on the bacterial cell after incubation with 10% ΔC7 serum. (F) C3b localization 
was detectable by lowering serum concentrations during incubation (10, 3, 1% ΔC7 serum). (E-F) C3, C5, and C6 
were detected using specific antibodies and Alexa Fluor488-conjugated secondary antibodies (green). Bacterial 
membranes were stained red using the lipophilic dye FM5-95 (red).  
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Figure 6 

A B

Figure 6. Surface-bound C5 convertases are essential for generation of a bactericidal MAC. 
(A) Bacterial viability was determined after incubation of E. coli MG1655 with buffer, 10% active serum, or purified 
C5b-9 components. In contrast to active serum, purified C5b-9 components could not induce killing of bacteria. 
(B) Bacteria were pre-incubated with C5 deficient serum that results in C5 convertase assembly on the bacterial 
surface (C3b-coated). Pre-incubation with heat inactivated serum was used as a control (no C3b). After washing, 
the bacteria were incubated with purified C5-C9 components in the presence of FB. As controls, incubation was 
performed in absence of FB and FD, or in the absence of C9 (C5-C8). Bacteria were efficiently killed by purified 
C5-C9 components only when active convertases were present on their surface. Since the pre-assembled C5b6 
complex has affinity for C5 convertases, we incubated the bacteria also with pre-formed C5b6 together with C7-C9. 
Pre-formed C5b6 could not elicit bacterial killing of convertase-coated bacteria. (A-B) Data of three independent 
experiments presented as means ± standard deviation (SD).
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Discussion 

Research on the C5 convertases of the complement system has always been challenging 
since these multi-protein enzyme complexes are short-lived and only existing in a surface-
associated manner. This is the first study that characterizes C5 convertases in a highly purified 
manner using C3b molecules coupled to an artificial surface in their natural conformation, 
but not covalently bound. By using this model we were able to re-evaluate some long-standing 
contrasting findings about this enzyme and reveal its critical role in MAC-dependent killing 
of Gram-negative bacteria.
 Our current knowledge concerning the activity and mechanisms of MAC are mainly 
based on studies performed with erythrocytes or lipid vesicles. Our findings here indicate 
that these models are not appropriate for studying MAC on Gram-negative bacteria, 
containing two membranes separated by a thin layer of peptidoglycan in the periplasmic 
space 38. We observe contradicting activities for MAC formed using soluble, pre-assembled 
C5b6 complexes. Whereas this complex can induce lysis of erythrocytes 25, and bind to C5 
convertases on bacteria and beads, it cannot generate a functional MAC that kills bacterial 
cells. For this, C5 cleavage at the bacterial surface seems to be required. It seems likely that 
C5b molecules cleaved by a convertase have an essential conformation needed to form a 
proper MAC. Future studies are needed to explain the exact molecular changes in C5b, but 
we here propose two different roles for the C5 convertase. 1) The convertase enzyme might 
determine the ‘shape’ of the MAC complex. Many different forms of C5b-9 (varying from 
one to 18 C9 molecules) have been found and it is still not clear how many C9 molecules 
are incorporated in a bactericidal MAC. Potentially the convertase regulates the molecular 
composition of this complex. 2) Alternatively, the convertase enzymes may alter the location 
of MAC with respect to the bacterial membrane. Our binding analyses indicated that C5b-
9 complexes formed by pre-existing C5b6 could still bind to C3b-coated beads or bacteria. 
However, since these complexes are not functional we propose that the cleavage of C5 by the 
convertases allows C5b to bind at a different position on the convertase, potentially close 
to bacterial membrane. Why these convertase-induced changes are not essential for lysis of 
erythrocytes is likely explained by the differences between a bacterial cell and an erythrocyte. 
In analogy, it was long recognized that erythrocytes are much more sensitive to complement-
mediated lysis and that they can be lysed by a premature C5b-8 complex 39 whereas for the 
killing of Gram-negative bacteria, C9 is absolutely required 40. Since C9 is not essential for 
erythrocyte lysis and these cells are lysed without the prerequisite of a C5 convertase, this 
could also indicate that the C5 convertase is required for proper functioning of C9. 
 A critical question in convertase biology is how the additional C3b molecules can convert 
a C3 convertase into a C5 convertase. We here show that binding of C3b molecules to a surface 
is required for this transition. C3b in solution cannot elicit efficient C5 convertase activity in 
contrast to the use of equal amounts of C3b deposited on beads where the molecules can reach 
a higher density. Whereas previous studies suggested that covalent binding of C3b molecules 
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onto each other is a requisite for efficient C5 convertase activity 32,33, our model clearly showed 
that these covalent C3b dimers are not important. We found that C5 convertase activity was 
equally efficient for C3b molecules deposited via self-amplification or C3b loaded via the 
biotin-streptavidin interaction. These findings seem in contrast to previous studies showing 
that C5 convertases assembled via natural C3 amplification are more efficient than C3b surfaces 
without self-amplification 13. However, our model system allows us to artificially modulate 
the density of C3b molecules which is difficult to perform on bacteria or zymosan surfaces. 
On these natural surfaces, C3 convertases are likely required to deposit such high densities 
of C3b molecules. Our studies now show for the first time that covalent C3b multimers are 
not essential for generation of an active AP C5 convertase, but that the high density of C3b 
is necessary. Interestingly, we find that such high densities of C3b are confined to specific 
regions of the bacterial cell. We show specific localization of C5b6 to the bacterial surface and 
revealed that this was due to localization of the C5 convertase by analyzing C3b deposition. 
Since complement is activated by bacterial structures that are distributed along the bacterial 
cell 35 and the reactive thioester of C3b can react to any hydroxyl or amine group 9, random 
C3b and C5 convertase deposition would be expected. However, C5 and C6 bound to specific 
regions on the bacterial cell. In accordance, by using lower amounts of serum, specific regions 
of dense C3b deposits were identified. Initial C3b deposition at a random location leads to 
self-amplification in the AP that can cause local high densities of C3b. Indeed, it has been 
proposed that nascent C3b molecules deposit on the surface within a 600 Å circle around the 
C3 convertase 36 creating hotspots with C3b molecules at a high-density. These dense C3b 
deposits would likely have C5 convertase activity and affinity for C5b and C6. The specific 
localization described here is in analogy with C5b-9 complexes that were found to localize 
on the surface of Gram-positive bacteria 25. Although this remains to be elucidated, this is 
potentially the result of a comparable mechanism.     
 The insights on C5 convertases and their role in MAC formation will lead to essential 
knowledge about the functioning of complement and will create new avenues for blocking 
the undesired complement activation during systemic infections and acute inflammatory 
processes or improve desired complement activation by therapeutic antibodies and vaccination 
strategies in infectious diseases. At the site of complement activation, C5 convertases will be 
formed that function as the docking site for MAC assembly and functioning. This indicates 
that antibody-based therapies will be most effective when complement activation is steered at 
the proper location with respect to the membrane. Moreover, these fundamental insights on 
MAC functioning will also improve our understanding of complement resistance mechanisms 
exploited by bacteria. 
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Figure S1

Figure S1. Calcium mobilization standard curve. 

Different concentrations of purified C5a were added to U937-C5aR cells as stimulus to detect calcium mobilization. 
Data represent mean values of fluorescence after stimulus, subtracted by the mean fluorescence before stimulus 
of two independent experiments (presented as means ± standard deviation (SD)). 
Figure S2 

A B

Figure S2. C3b deposition of serum derived C5 convertases. 

C3b binding to beads that were incubated in normal human serum (left) or loaded with C3b-biotin (right), was 
determined using a FITC-conjugated C3 antibody and flow cytometry. Incubation with 2.5% and 20% serum 
could be compared to C3b-biotin loading with 0.1 µg/ml and 1 µg/ml respectively. Data of three independent 
experiments presented as means ± standard deviation (SD).
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Figure S3. C5b and C6 localization on the bacterial surface after incubation with C6 and C9 depleted serum. 

Confocal microscopy reveals C5 and C6 localization to specific regions on the bacterial cell after incubation with 10% 
C6 and C9 depleted serum. C5 and C6 were detected using specific antibodies and an Alexa Fluor488-conjugated 
secondary antibody (green). Bacterial membranes were stained red using the lipophilic dye FM5-95 (red). 
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Abstract

The C5 convertases are critical enzymes in the complement cascade since they convert 
the C5 molecule into its biologically important fragments. Currently, molecular insights 
into these multi-molecular enzymes are lacking due to their complex arrangement that is 
highly surface-specific. Recently we developed an assay tool to study C5 convertases of the 
alternative pathway in a purified model on streptavidin beads. Here, we performed additional 
experiments that indicate that both the orientation and density of C3b molecules on a surface 
is crucial for C5 convertase activity. This critical density of C3b molecules also mediates 
specific binding of C5 in the absence of protease Bb. By developing a similar model for the 
classical pathway convertases we show that the optimal stoichiometry of the non-enzymatic 
components is likely a 1:1 ratio of C4b:C3b indicating that one additional C3b molecule to 
the C3 convertase is required to generate an active C5 convertase. Using several well-defined 
C5 conversion inhibitors, we managed to get more insight into the molecular composition of 
the C5 convertases. These inhibitor data highlight important binding sites between C5 and 
C3b. Our data also show that the previously reported structure of C5 in complex with the 
C3b analogue Cobra Venom Factor does not represent binding of C5 to a ‘natural’ surface-
bound C5 convertase. Interestingly, functional studies of C3 versus C5 conversion on beads 
suggest that protease Bb, bound to a flexible domain of C3b, adopts a different orientation 
in the C5 convertase as compared to the C3 convertase. The model systems used in this 
study can ultimately provide us with detailed insights into the structure and function of the 
complement’s convertase enzymes.
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Introduction

The complement system is part of the innate immune system that forms the host’s primary 
defense barrier against microbial infections. Upon activation, the plasma proteins of the 
complement system rapidly organize into a proteolytic cascade that generates chemo-
attractants to attract immune cells and labels bacteria for phagocytosis 1–3. Furthermore, 
complement can directly kill Gram-negative bacteria via assembly of a pore-forming complex 
4. The convertases are central in the complement cascade. Following recognition of bacteria 
via antibodies or pattern recognition molecules, all pathways converge in the formation of 
surface-bound convertase enzymes (Figure 1) 5. The C3 convertases cleave C3 molecules 
to massively label the surface with C3b that is recognized by phagocytic immune cells. 
Furthermore, deposited C3b molecules alter the arrangement of the C3 convertase and cause 
the enzyme to switch between substrates, from C3 to C5, generating a C5 convertase 6. These 
multi-component C5 convertases then initiate the final stage of the complement cascade, the 
terminal complement pathway, by cleaving C5 into the chemo-attractant C5a and the larger 
C5b that initiates formation of the Membrane Attack Complex (MAC or C5b-9 complex) 4.
 Complement proteins circulate in the blood as inactive precursors that are immediately 
activated upon contact with bacteria. This occurs in a step-wise activation process in which 
protein binding and cleavage events occur in a well-defined order 3,5. The complement system 
is either specifically activated via recognition of target cells in the classical (CP) and lectin 
(LP) pathways, or spontaneously due to low-level activation of C3 in the alternative pathway 
(AP). These pathways meet at the formation of C3 convertases, which cleave C3 into the small 
anaphylatoxin C3a and the large, reactive C3b that covalently binds to target surfaces via 
its reactive thioester moiety (red dots in Figure 1) 7. C3b labeling is amplified by the AP, in 
which enzyme factor B (FB) binds in a Mg2+-dependent manner to surface-bound C3b after 
which it is cleaved by factor D (FD) resulting in an active convertase complex that consists 
of C3b and the non-covalently bound protease fragment Bb (denoted C3bBb) 5. These short-
lived C3 convertases amplify C3b production close to the target surface resulting in rapid 
opsonization of the target cell with C3b. Similarly, C3 convertases are formed in the CP and 
LP by activation of components C4 and C2 (denoted C4b2a), which are homologues to C3 
and FB respectively 8. 
 Recently, structural studies have improved our understanding of C3 convertase biology. 
Thanks to the stabilizing capacity of the staphylococcal complement inhibitor (SCIN) 9, the 
three-dimensional structure of the alternative pathway C3 convertase (C3bBb) was resolved 10. 
It was determined that the C3b unit of the C3 convertase forms a dimer with its substrate C3. 
Since Bb is bound to a flexible domain in C3b it can swing towards the substrate and cleave the 
scissile bond in C3 10 (Figure 1). The C3a domain is then released and large conformational 
changes in C3b cause the thioester moiety to move towards the surface 7. One C3 convertase 
deposits multiple C3b molecules and this process is amplified by the AP amplification loop, 
in which deposited C3b molecules form new C3 convertases 3. During the massive labeling of 



Chapter 6132 |

surfaces with C3b, it is thought that association of one or more C3b molecules to the existing 
C3 convertase changes the substrate specificity of the enzyme that will then cleave C5 (the 
‘convertase substrate switch’) 6. This switch is induced after association of one or more C3b 
molecules to the C3bBb or C4b2a complexes (denoted C3bBbC3bn or C4b2aC3bn) 6 (Figure 
1). The resulting C5 convertase complexes then cleave C5 into C5b to initiate MAC assembly 
1–4. The structural insights provided crucial information on substrate binding and specificity 
of C3 convertases, but it did not reveal the arrangement of the C5 convertase. More insights on 
C5 convertases are based on studies using cobra venom factor (CVF). CVF is a homologue of 
C3b present in the venom of snakes that, together with Bb, forms effective convertase enzymes 
that can cleave both C3 and C5 11. The crystal structure of CVF-C5 revealed how CVF and C5 
interact which could represent substrate binding to the C5 convertase 12. However, it remains 
uncertain whether CVF could represent naturally deposited C3b molecules on a surface. 
The CVFBb enzyme does not require an additional C3b molecule for efficient C5 cleavage. 
Detailed analysis of the C5 convertase enzyme complexes is complicated by the fact that they 
are exclusively formed and covalently linked on biological surfaces such as bacteria and that 
their surface conformation cannot be mimicked in fluid-phase 6. 
 Recently, we developed a novel assay system for functional characterization of the 
alternative pathway C5 convertase. We managed to mimic surface-bound high C3b-density 
using purified proteins but avoid covalent linkage. To establish this, we first labeled C3b 
with biotin via the thioester and loaded these onto small magnetic streptavidin (SA) beads 
that have a diameter of 2 μm (bacteria-sized) and a binding capacity of around 50.000 C3b 
molecules per particle. We established that these surface-bound C3b molecules could mediate 
formation of active C5 convertases. Here we will further use this model to get more insights 
into the molecular organization of the C5 convertase enzymes.Figure 1

AP: C3bBb

CP/LP: C4b2a

C3bBb:C3

C4b2a:C3

C3 cleavage C3b deposition

C3bBb:C3b

C4b2a:C3b

n

n

C5 convertase assembly

C3b C3b C3b C5C3bC3

C3 convertase

Figure 1. Schematic representation of the formation of C5 convertases. 
Surface-bound C3 convertases, C3bBb (AP) and C4b2a (CP/LP), cleave C3 molecules into the chemo-attractant C3a 
and C3b that covalently binds to the target surface by its reactive thioester moiety (red dot). At an unknown critical 
density of C3b molecules, multimeric C3bBbC3bn (AP) or C4b2aC3bn (CP/LP) complexes arise that have high affinity 
for C5 and convert C5. 



Towards a molecular model of the complement C5 convertase enzymes 133|

6

Materials and Methods 

Proteins 

C3 and C5 were purified from freshly isolated human plasma as described 13. For C5 isolation, 
a 1 ml NHS (GE Healthcare) column was loaded with the soft tick complement inhibitor 
OmCI that efficiently binds C5 14. The serum was diluted 1:1 with PBS, 10 mM EDTA was 
added, and loaded onto the OmCI-coupled column to allow C5 binding to the column. C5 
was eluted with 0.1 M ethanolamine, 0.05 M NaCl (pH 11) which was immediately neutralized 
with 0.1 M HCl in 1 M phosphate, 10 mM NaCl buffer (pH 7.4). Fractions were analyzed 
by SDS-PAGE and dialyzed against PBS overnight at 4°C. FB, FD, and C2 were expressed 
in HEK293 cells stably expressing EBNA1 (HEK293E) as described 15 (U-Protein Express, 
Utrecht, The Netherlands). FB and C2 contained an N-terminal His-tag and were isolated from 
the expression medium via immobilized metal affinity chromatography (HiTrap chelating 
column, GE Healthcare). FD was isolated by size-exclusion chromatography (Superdex75, GE 
Healthcare). C4 was isolated from blood from a healthy individual that was anti-coagulated 
with 20mM EDTA. Plasma was collected and protease inhibitors (10 mM benzamidine, 
1 mM PMSF, 150 µg/ml SBTI, EDTA 5 mM, 0.5 mg/ml Pefabloc SC, 30 µM NPGB) were 
added quickly, while stirring the plasma at 4°C. To remove large complexes, plasma was 
precipitated with 4% PEG 6000, which was added slowly to the plasma for 45 minutes (min). 
After centrifugation, the supernatant was isolated from which plasminogen was removed 
by adding 20mM EDTA and Lysine-Sepharose and incubation for 1 hour (hr) at 4°C. From 
the supernatant, C4 was isolated by SourceQ anion exchange. Loading was performed in 50 
mM Tris-HCl, 100 mM NaCl, pH 8.0 (containing 1 mM benzamidine, 1 mM PMSF, 30 mM 
EACA, and 5 mM EDTA) after which C4 was eluted in a gradient of 100-500 mM NaCl2 

in 50 mM Tris-HCl, 100 mM NaCl, pH 8.0 (containing 1 mM benzamidine, 1 mM PMSF, 
30 mM EACA, and 5 mM EDTA). Fractions were analysed by 10% SDS-PAGE following 
Instant Blue (Roche) protein staining according to the manufacturers’ instructions. Activated 
C1s and was obtained from Complement Technology, Inc. Eculizumab was produced as 
described previously 16 and kindly provided by Frank Beurskens from GenMab, Utrecht, The 
Netherlands. CRIg was provided by Genentech, San Francisco. SSL7 and the mutant of SSL7 
that can not bind C5 (SSL7ΔC5) were cloned and expressed as described previously 17. 

C3b and C4b biotinylation

C3b was biotinylated as described in chapter 5. C4b-biotin was generated by incubating C4 
(1 mg/ml) with recombinant MASP-2 (12 µg/ml) in the presence of a maleimide-peg-biotin 
linker (Pierce, 0.05mM). The suspension was incubated for 30 min at 37°C. 250 mM AEBSF, 
240 µl 0.1M NaOH, and 20 mM iodoacetamide were added and incubated on ice for 30 min. 
The sample was diluted twice and dialyzed against 20 mM Hepes, 140 mM NaCl pH 7.4 
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overnight at 4°C. Labeling was analyzed by detecting biotin with streptavidin by Western blot 
or by flow cytometry.

Convertase activity assay 

Streptavidin-coated magnetic beads (Dynabeads M-270 Streptavidin, Invitrogen, 2.8 µm 
diameter, or Dynabeads MyOne Streptavidin C1, Invitrogen, 1 μm diameter) were washed 
twice and diluted 1:50 (to ~ 12-14 x 106 beads / ml) in VBS-T+ (Veronal buffered saline: 2 mM 
Veronal, 145 mM NaCl, pH 7.4 (VBS, pH 7.4) containing 2.5 mM MgCl2 and 0.05% Tween), 
or where indicated, VBS containing different concentrations of MgCl2 or NiCl2 was used. 
When tosylactivated beads (Dynabeads® M-280 Tosylactivated or Streptavidin, Invitrogen, 
2.8 μm diameter) were coated with C3b-biotin, this was performed in PBS-0.05% Tween, 
overnight at 37°C. After washing, pellets were incubated with 20 µg/ml C3 or 20 µg/ml C5, 
50 µg/ml FB, and 5 µg/ml FD in a total volume of 100 µl for 1 hr at 37°C, in absence or 
presence of inhibitory proteins (20 µg/ml Eculizumab, SSL7, SSL7ΔC5, or CRIg). Or beads 
were loaded with C3b-biotin and/or C4b-biotin by incubating a volume of 200 µl beads with 
200 µl biotinylated proteins at different ratio’s in a total concentration of 3 µg/ml biotinylated 
protein for 1 hr at 4°C under shaking conditions. Bead pellets were incubated in 100 µl with 
10 µg/ml C2 for 1 hr at 37°C. After washing twice, the beads were incubated with 100 µl of 
20 µg/ml C3 and 5 µg/ml C1s for C3 convertase activity. To measure C5 convertase activity, 
beads were loaded with both C4b and C3b-biotin at different ratio’s and after washings, beads 
were suspended in 100 µl of 10 µg/ml C2 and 20 µg/ml C5 together with 5 µg/ml C1s. After 
incubations, supernatants and beads were collected and analyzed for the presence of C3a or 
C5a. CVF-based C5 convertase assays were performed in a total volume of 100µl in VBS+-
0.1% BSA in which 0.01 µg/ml CVF was incubated with 20 µg/ml C5, 50 µg/ml FB, and 5 
µg/ml FD, in the absence or presence of inhibitory proteins (20 µg/ml Eculizumab, SSL7, or 
SSL7ΔC5) for 1 hr at 37°C.

C5 binding analyses

For analysis of C5 binding, beads were coated with C3b-biotin as described above. Then, C3b-
beads were incubated with 50µl 20 µg/ml C5 in absence or presence of inhibitory proteins 
(20 µg/ml Eculizumab, SSL7, SSL7ΔC5, or CRIg) for 1 hr at 37°C. After washings in PBS-1% 
BSA, bead pellets were incubated with 3 µg/ml rabbit anti-C5 (Dako) in 50 μl PBS-1% BSA 
for 45 min at 4°C. After washing twice, pellets were incubated with FITC-conjugated goat 
anti-rabbit (1:50, Sigma) in 50 μl PBS-1% BSA for 45 min at 4°C. Beads were washed and 
analyzed by flow cytometry using a FACSVerse flow cytometer (Becton Dickinson, San Jose, 
CA). To analyze C5 binding to C3b-coated bacteria, Escherichia coli MG1655 were grown to 
midlog phase (OD660 ~ 0.5) in lysogeny broth (LB) and suspended in VBS containing 0.1% 
bovine serum albumin (BSA) and 2.5 mM MgCl2 (VBS+). Bacteria (~ 5 x 108 cfu/ml) were 
pre-incubated for 1 hr at 37°C in 10% C5 depleted serum (Complement Technology Inc.) 
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to generate C3b-coated bacteria, or 10% normal serum that was heated at 56°C for 30 min 
to eliminate complement activity as a control. After 1 hr, bacteria were washed in VBS++ and 
incubated with 20 µg/ml C5 for 1 hr at 37°C under shaking conditions. After subsequent 
washing, binding of C5 was detected by flow cytometry. Data were analyzed using the FlowJo 
software. 

Western blotting

Bead or supernatant samples were heated at 95°C for 5 min in 2x sample buffer (2% SDS, 
20% glycerol, 20 mM Tris-Cl, pH 6.8, and 1 mg/ml bromophenol blue) with or without 50 
mg/ml dithiothreitol (DTT). 10 µl of each sample was analyzed by SDS-PAGE (10%) and 
electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane (EMD 
Millipore). Membranes were blocked with 4% dried skim milk (ELK, Campina) in PBS-
0.05%Tween and incubated with goat antiserum against human C5 (1:300, Complement 
Technology, Inc.) for 1hr at 37°C. The membranes were washed, incubated with PO-
conjugated donkey anti-goat IgG (Bio-Connect) for 1hr at 37°C and developed by Enhanced 
Chemiluminescence (ECL, Fisher Emergo). 

C3a and C5a analyses

U937 human monocyte cells and 293T human embryonic kidney cells were obtained from 
ATCC (American Type Culture Collection) and grown in RPMI supplemented with penicillin 
and streptomycin and 10% FCS. For stable expression of human C3aR in U937 cells, a lentiviral 
expression system was used. The human C3aR cDNA was cloned in a dual promoter lentiviral 
vector, derived from no. 2025.pCCLsin.PPT.pA.CTE.4x-scrT.eGFP.mCMV.hPGK.NGFR.
pre (kindly provided by Dr Luigi Naldini, San Raffaele Scientific Institute, Milan, Italy) as 
previously described 18. This altered lentiviral vector (BIC-PGK-Zeo-T2a-mAmetrine; EF1A) 
uses the human EF1A promoter to facilitate potent expression in immune cells and expresses 
the fluorescent protein mAmetrine and selection marker ZeoR. Virus was produced in 24-
well plates using standard lentiviral production protocols and the third-generation packaging 
vectors pMD2G-VSVg, pRSV-REV, and pMDL/RRE. Briefly, 0.25 µg lentiviral vector and 0.25 
µg packaging vectors were co-transfected in 293T cells by using 1.5 µl Mirus LT1 tranfection 
reagent (Sopachem, Ochten, The Netherlands). After 72 hr, 100 µl viral supernatant adjusted 
to 8 mg/ml polybrene was used to infect ~50,000 U937 cells by spin infection at 1,000g for 
2 hr at 33°C. U937-C5aR cells were a generous gift from Dr E. Prossnitz, University of New 
Mexico, Albuquerque, NM, USA. Supernatants of convertase assays were isolated and used as 
stimulus for calcium mobilization in U937-C3aR or U937-C5aR cells as described previously 
17. In brief, cells were labeled with 2 µM Fluo-3-AM. Increase of calcium mobilization was 
detected as an increase in fluorescence by flow cytometry and was measured 8 sec before and 
up to 1 min after stimulation with supernatants. As a positive control, different concentrations 
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of C3a (10-11 – 10-7 M, Complement Technology Inc.) or C5a (10-11 – 10-7 M, Bachem) were 
added. 

AlphaLISA 

In a total volume of 50 µl per reaction in a ½ area 96-well plate (1/2 area plate, white, Perkin 
Elmer), 20 µg/ml streptavidin coated donor beads (Perkin Elmer, AlphaLISA) were incubated 
with 3 µg/ml C3b-biotin for 30 min at room temperature (RT). Next, 5 µg/ml C5 was 
incubated for 1 hr at 37°C. Finally, 1 µg/ml monoclonal anti-C5 (Quidel) and 20 µg/ml anti-
mouse IgG acceptor beads (Perkin Elmer, AlphaLISA) were added and incubated for 1 hr at 
RT. All incubations were performed in the dark and dilutions were made in VBS-T+. Signal 
was measured by CLARIOstar (ex.680nm, em.620nm).
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Results

The orientation and density of C3b molecules is crucial for C5 convertase activity

We previously found that the covalent attachment of C3b molecules to each other is not 
required for efficient C5 conversion (chapter 5). Moreover, we showed that C3b molecules that 
were bound to a surface could elicit efficient C5 convertase activity whereas equal amounts 
of C3b in solution could not, suggesting that a high density of C3b molecules is required for 
C5 conversion. Here we started analyzing whether the orientation of C3b molecules on the 
surface is critical for C5 conversion. We coupled C3b-biotin via reactive sulphonyl esters on 
tosyl-activated beads (Tosyl) that leads to random binding of C3b to the surface, via primary 
amino or sulphydryl groups, and compared C3b binding to beads that were loaded with C3b-
biotin via streptavidin (Tosyl Streptavidin) by flow cytometry (Figure 2A). Then we analyzed 
their capacity to cleave C5 by adding C5, FB, and FD, after which we analyzed C5a in the 
supernatant. The beads on which C3b was bound in a random orientation (Tosyl) completely 
lacked C5 convertase activity (Figure 2B), indicating that the orientation of C3b molecules is 
essential for C5 convertase functioning. Our previous studies could not yet specify whether 
the surface-specific conformation of C3b could be explained by a conformational change in 
monomeric C3b or whether this was due to clustering of multiple C3b molecules. So we next 
wanted to study the requirement of a high C3b density for C5 convertase activity. We used 
two types of streptavidin beads with different diameters to distinguish whether the density of 
C3b molecules determines the level of C5 conversion. We first loaded C3b-biotin onto small 
(1 µm) beads and compared these to the larger (2.8 µm) beads coated with C3b. The surface 
area of a bead with diameter of 1 µm is 3.14 µm2 whereas for beads with a diameter of 2.8 µm 
this is 24.6 µm2. Thus, the density of C3b increases enormously when the same amount of 
molecules is loaded onto a much smaller surface area. We verified that we used equal amounts 
of C3b in the samples by Western blotting (inlay Figure 2C) after which C5 conversion on the 
two bead-types was compared subsequent to adding C5, FB, and FD. Indeed, when using the 
same amount of C3b molecules, C5 convertase activity was most efficient on the small beads 
on which the C3b molecules reach highest density (Figure 2C). Taken together, we show here 
that the orientation and density of C3b molecules is critical for C5 convertase functioning. 

CP convertase model indicates that one additional C3b molecule is required to generate 
an effective C5 convertase 

In the AP, C5 convertases consist of the enzymatic Bb molecule and one or more C3b 
molecules as the non-enzymatic cofactor and additional substrate-binding site. Using our 
current model, it is not possible to distinguish between C3b molecules that bind to Bb and the 
additional molecules that mediate C5 binding. To allow stoichiometric analyses, we generated 
a similar model system for the C5 convertase of the CP in which C4b2a forms the C3 
convertase and additional C3b molecules are required to form a C5 convertase. To this end, 
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Figure 2. The orientation and density of C3b molecules is crucial for C5 convertase activity. 
(A) Loading of C3b-biotin onto streptavidin-coated or uncoated tosyl-activated beads as measured by flow 
cytometry using an antibody detecting C3b. (B) As a measure of C5 convertase activity, the level of C5a generation 
was determined by using the supernatants as stimulus for calcium mobilization in U937-C5aR cells. Values represent 
relative C5a flux (mean fluorescence after stimulus, subtracted by the mean fluorescence before stimulus) of three 
independent experiments. C5 convertase formation was efficient on beads that were coated with C3b via linkage 
of biotin-streptavidin where C3b is deposited in its natural orientation, but not on tosyl-activated beads on which 
C3b was randomly bound. (C) C5 conversion was most efficient on small (1 µm) beads, where C3b molecules reach 
a higher density as compared to C3b on larger (2.8 µm) beads. The amount of C3b was equal in both samples as 
analyzed by Western blot and quantified using ImageJ to ensure equal C3b levels per sample (inlay). Data represent 
mean values of two independent experiments ± standard deviation (SD). 

plasma-derived human C4b was biotinylated via the TED using the maleimide-biotin linker 
19. We confirmed specific labeling of the alpha’ chain and first validated that biotinylated C4b 
molecules could be loaded onto magnetic streptavidin beads. Then we studied whether beads 
coated with C4b and C3b at different ratios, keeping the amount of protein constant, could 
convert C5. For this, the coated beads were incubated with C2 (homologous to FB), C1s (to 
cleave C2 into C2a), and C5 after which C5a formation was analyzed. As expected, we found 
that beads exclusively coated with C3b could not convert C5 in the presence of C2 and C1s. 
However, when both C3b and C4b were present, C5 was converted (Figure 3). We found that 
the most optimal ratio of C3b:C4b molecules to generate highly efficient C5 convertases was 
1:1 (Figure 3). As previously suggested 20, we observed that in absence of C3b, C4b beads 
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could convert C5 at low efficiency. Collectively these findings indicate that, in the presence of 
C2a, C4b has C5 convertase activity but that efficient C5 convertases are formed in a C4b:C3b 
ratio of 1:1. Indicating that one additional C3b molecule to the C3 convertase on the surface 
is required to generate an active C5 convertase.Figure 3  

Figure 3. CP convertase model indicates that one additional C3b molecule is required to generate an effective C5 

convertase. Streptavidin beads were incubated with different ratio’s of C3b- and C4b-biotin at a total concentration 
of 3 µg/ml. Coated beads were incubated with C2 and C5, together with 5 µg/ml pre-activated C1s. Supernatants 
were isolated and analyzed for the presence of C5a as a measure of C5 conversion using U937-C5aR cells in a calcium 
mobilization assay. Empty beads were included as a negative control. At a ratio of 1 C3b : 1 C4b, C5 conversion was 
most efficient. Data represent mean values of relative fluorescence (mean fluorescence after stimulus – mean 
fluorescence before stimulus) of two independent experiments ± standard deviation (SD). 

C5 conversion inhibitors reveal molecular insights in the C5 convertase

Recently it was established that the C3b unit of the alternative pathway C3 convertase (C3bBb) 
forms a dimer with its substrate C3 10 (Figure 4A, left). The structure of CVF-C5 revealed that 
C5 could also dimerize with this snake-derived C3b analogue in a similar manner as C3 with 
C3b 12 (Figure 4A, middle). However, since CVF is functionally and structurally different 
from C3b, the proposed model might be different for a ‘natural’ surface-bound C5 convertase 
in which multiple C3b molecules are required for efficient C5 conversion (Figure 4A, right). 
To gain insights into the molecular organization of C5 convertases, we here used well-defined 
C5 conversion inhibitors in our assay model. 1) Staphylococcal superantigen-like protein 
(SSL7), a bacterial protein that prevents C5 conversion 12 and binds C5 through domains 
that are distant from the C5a cleavage site (Figure 4B). 2) Eculizumab (Soliris), a humanized 
antibody that binds C5 at the site were it interacts with the convertase 21 (Figure 4B). 3) 
Complement Receptor of the Immunoglobulin superfamily (CRIg), a human complement 
receptor that blocks C3 and C5 convertase activity 22 (Figure 4C). Although the potency 
of the inhibitors was demonstrated in serum or plasma environment, mechanistic insights 
are lacking. We started by analyzing these inhibitors in a CVF dependent C5 conversion 
assay. Thereto, CVF was incubated with FB and FD in solution (in the presence or absence 
of inhibitors) and C5a release was determined using calcium mobilization. We found that 
Eculizumab potently inhibited C5 conversion whereas SSL7 could not (Figure 4B). This lack 
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of inhibition by SSL7 is in concordance with information of previous structural studies. When 
the structures of CVF-C5 and SSL7-C5 were superimposed it was clear that SSL7 would not 
interfere with C5 cleavage by CVFBb 23. Since it was previously shown that SSL7 potently 
inhibits the C5 convertase, these findings suggest that C5 conversion by CVFBb is different 
from surface-bound C3bnBb. To test this hypothesis, we next analyzed C5 conversion 
in our bead-based model. Now we found that SSL7 potently prevented conversion of C5, 
like Eculizumab, whereas a C5-binding mutant of SSL7 (SSL7ΔC5) could not inhibit C5 
conversion (Figure 4C). Collectively these data suggest that C5 is activated differently by 
surface-bound convertases than by CVFBb. Furthermore, we tested the activity of CRIg that 
binds to C3b at the site where it dimerizes with C3 (Figure 4C). We observed that CRIg could 
potently prevent C5 conversion by C3b beads, indicating that this dimerization site in C3b is 
important for producing an effective C5 convertase enzyme. Figure 4  
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C3bBb:C3 CVFBb:C5 C3bnBb:C5

C5 C5

C3 convertase CVF C5 convertase C5 convertase ?

C5

CVFBb:C5

B C
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CVFBb:C5SSL7

C5
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CVFBb:C5Eculizumab

C3bBbCRIg

Figure 4. C5 conversion inhibitors reveal molecular insights in the C5 convertase. 
(A) The proposed C5 convertase, C3bBb:C5, structure (right) was modeled based on the structure of the C3 
convertase 10 (left), and the CVF C5 convertase 12 (middle). (B) Models for the interaction of convertase inhibitors 
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with C5. C5 conversion was analyzed after incubation of C5 with CVF, FB, and FD in solution in the absence and 
presence of C5 inhibitors SSL7 and Eculizumab. C5 conversion by the CVF-based C5 convertase was inhibited by 
Eculizumab, but not by SSL7. (C) C5 conversion on C3b-coated beads was analyzed in the absence or presence of 
20 µg/ml inhibitor. On the C3b-beads, representing the ‘natural’ AP C5 convertase, all three proteins prevented C5 
conversion. (B-C) Data represent mean values ± standard deviation (SD) of three independent experiments.

C5 binds surface bound C3b molecules

According to the literature, an increased density of C3b molecules have high-affinity binding 
sites for C5 24. To analyze whether C5 could bind to our C3b-coated beads, we loaded magnetic 
streptavidin beads with different concentrations of biotinylated C3b and analyzed the binding 
of C5 by immunoblotting. To prevent conversion of C5, we performed these binding studies 
in the absence of FB and FD. C5 could specifically bind to C3b on the beads, while no binding 
was observed on empty beads (Figure 5A). Using size exclusion chromatography, we found 
that this interaction was exclusive for surface-bound C3b since C5 did not bind biotinylated 
C3b in solution (data not shown). C5 binding was also evaluated using Alpha technology. 
Streptavidin donor beads were loaded with varying concentrations of biotinylated C3b. 
Then, these beads were incubated with purified C5 and anti-mouse IgG acceptor beads 
coated with anti-C5 antibodies. By using this alternative method, we verified binding of C5 
to surface-bound C3b (Figure 5B). These binding studies confirm that C5 binds to C3b on 
a surface but not in solution. Since C3b also forms the basis of the C3 convertase, we next 
investigated whether the presence of C3 could interfere with C5 binding. We added equimolar 
concentrations of C3 to the incubation and did not observe any competition for C5 binding to 
the beads (Figure 5C), indicating that C3 and C5 bind at distinct sites to C3b or that the affinity 
of C5 for (high densities of) C3b is greater. To gain insights on the interaction of C5 with the 
convertase, we next analyzed whether the above-described inhibitors could block the binding 
of C5 to surface-bound C3b. On the C3b-beads, we found that SSL7, Eculizumab, and CRIg, 
but not the C5 binding mutant of SSL7, blocked the binding of C5 to C3b, as determined by 
flow cytometry (Figure 5D). To analyze this on a more relevant surface, we pre-incubated E. 
coli with C3b (chapter 5) and analyzed the binding of C5 in absence or presence of convertase 
inhibitors. Similar to C3b-coated beads, C5 bound to C3b-coated bacteria (buffer) and not 
to uncoated bacteria (HI control). In the presence of SSL7, Eculizumab, and CRIg, C5 no 
longer bound to the bacteria (Figure 5E). In conclusion, high-affinity binding sites for C5 are 
created on the C3b beads. The C5 conversion inhibitors indicate that binding of C5 correlates 
to functional C5 convertase activity. 
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Figure 5. C5 binds surface bound C3b molecules. 
(A) C5 binds to high densities of C3b as determined by incubating C3b-coated beads with C5 after which the beads 
were subjected to SDS-PAGE (10%) and Western blot detecting C5. The figure shows a representative gel of at 
least three independent experiments. (B) C5 has affinity for C3b as detected by using AlphaLISA with C3b-coated 
donor beads and an antibody against C5 on the acceptor beads. (C) To investigate whether C3 could interfere 
with C5 binding to C3b, C5 binding was analyzed by flow cytometry after incubation of C3b-beads with equimolar 
concentrations of C3 and C5 (100nM). The presence of C3 did not interfere with C5 binding. (D) C5 binding to 
C3b-coated magnetic beads (loaded with 1 µg/ml C3b-biotin) was determined by flow cytometry in absence or 
presence of 20 µg/ml convertase inhibitors (SSL7, SSL7ΔC5, Eculizumab, CRIg). (B-D) Data represent mean values 
± standard deviation (SD) of three independent experiments. (E) As a more relevant surface, we analyzed binding 
of C5 to C3b-coated bacteria (pre-incubated in 10% C5 depleted serum). C5 binds to C3b-coated E. coli (buffer), as 
compared to bacteria pre-incubated in heated serum as a control (HI control). In the presence of the inhibitors, C5 
did no longer bind to the bacteria. GeoMean fluorescence of a representative experiment is shown.
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Bb may adopt a different orientation in the C5 convertase as compared to the C3 
convertase

To characterize the differences between C3 and C5 convertases, we started comparing C3 
and C5 conversion in our model system. To this end, we created U937 cells stably expressing 
the C3a receptor (C3aR) and found that these cells were potently stimulated by purified C3a 
(but not C5a) to induce calcium mobilization (Figure 6A). The dose-response curves indicate 
that the C3aR and C5aR expressing cell lines have an equal sensitivity for their ligands, which 
enables us to compare C3 and C5 conversion in the same assay. Unfortunately, we failed to 
measure C3 conversion on C3b beads in a set-up where beads were incubated with FB, FD 
and C3 at the same time. This was caused by fluid-phase C3 convertase formation due to the 
spontaneous hydrolysis of C3 into C3H2 O, a C3b analogue 25. Therefore, we slightly modified 
the experimental set-up of our assay. Where we previously mixed all components together, 
we now first allowed FB to bind to the C3b-coated beads. After washing, these C3bB-loaded 
beads were mixed with FD together with C3 or C5. First, we observed that these C3bB beads 
could also convert C3 in a FB-dependent manner (Figure 6B), indicating that the beads do 
not exclusively harbor C5 converting enzymes. Surprisingly, we observed that the replacement 
of MgCl2 with NiCl2 strongly inhibited C3 convertase activity (Figure 6B). Magnesium is 
required for the binding of FB to C3b via the metal-ion-dependent adhesion site (MIDAS) 
in Bb. Replacement of magnesium with nickel ions was always considered to enhance the 
stability of convertase enzymes 26, therefore these decreased C3 conversion rates were highly 
unexpected. However, when we compared conversion of C5 by C3bB beads we obtained 
completely opposite results. C5 convertase activity by C3bB beads was much stronger in the 
presence of Ni2+ than in Mg2+

 (Figure 6B). The differences in C3 and C5 conversion rates 
were already obvious at low metal ion-concentrations of 125 nM (data not shown). Thus, our 
studies strongly suggest that these metal-ions differently influence C3 and C5 conversion rates. 
It is very interesting to note that Nickel ions were not only found to stabilize the convertase 
complex, but were also reported to change the conformation of C3bB. Factor B is bound to a 
flexible domain in C3b and, within C3bB and C3bBD, can constantly move between a ‘closed’ 
and ‘open’ conformation, of which the latter is accessible to FD cleavage 27,28. Intriguingly, 
Nickel seems to shift the equilibrium of the two states of FB to the ‘open’ conformation 27,28 
(Figure 6C). Since both C3 and C5 convertase activity were greatly influenced by the use of 
different metal-ions, we conclude that the orientation of Bb on C3b might be different in the 
C5 convertase as compared to the C3 convertase (Figure 6D).
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Figure 6. Bb may adopt a different orientation in the C5 convertase as compared to the C3 convertase. 
(A) Calcium mobilization in U937 cells with either the C3aR or the C5aR was measured after addition of a 
concentration range of C3a or C5a respectively. Data represent mean values ± standard deviation (SD) of three 
independent experiments. (B) C3 and C5 conversion was measured on magnetic beads that were loaded with 1 
µg/ml C3b-biotin after which different concentrations of FB were pre-incubated. After washing, FD together with 
C3 or C5 was added. Conversion of C3 or C5 respectively in either 2.5 mM MgCl2 or 1 mM NiCl2 was determined by 
analyzing the supernatant for the presence of C3a or C5a. The presence of NiCl2 mainly enhanced C5 conversion 
while inhibiting C3 conversion. A representative graph of three independent experiments is shown. (C) Model 
for the orientation of FB towards C3b. The orientation of FB shifts between a ‘closed’ and an ‘open’ state in the 
presence of MgCl2 (left). The orientation of the ‘open’ state makes FB accessible for FD. In the presence of NiCl2, the 
equilibrium between the two states is shifted towards an ‘open’ state 27 (right). (D) The orientation of Bb to C3b in 
the C5 convertase remains unknown. However, the fact that NiCl2 has such a major influence on the efficiency of C5 
conversion can indicate that the orientation of Bb differs in the C5 versus the C3 convertase. 
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Figure 7. Hypothetical models for the arrangement of the AP C5 convertase. 
(A) Model of a top view of C5 where the binding-spots for SSL7 and Eculizumab (Ecu) are indicated. (B) Since both 
SSL7 and Eculizumab can prevent C5 binding to C3b and C5 conversion, both sites in C5 are likely involved in the 
interaction of C5 with the convertase. Based on this, two hypothetical C5 convertase arrangements are proposed. 
Both models take the requirement of two C3b molecules into account and the binding sites of SSL7 and Eculizumab 
on C5. In the left image, C3b molecules form a heterodimer whereby the two binding sites in C5 interact with the 
C3b molecules and Bb is orientated in the ‘closed’ state. In the right model, two C3b molecules form a homodimer 
onto which C5 binds via the SSL7 and Eculizumab binding sites. In this model the orientation of Bb is in its ‘open’ 
state. 
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Discussion 

Our recently developed assay system to investigate C5 convertase activity under purified 
conditions on beads allowed us to perform detailed studies that reveal some insights on 
the molecular organization and function of the C5 convertases. In this study we verified 
the requirement of high C3b densities for C5 conversion and obtained indications on C5 
substrate binding and Bb orientation in the C5 convertase complex. 
 Previous studies have indicated that CP-LP C5 convertases convert C5 at a much higher 
rate (6-9 times faster) as compared to AP C5 convertases 29. We here developed a valuable 
tool that enables us to compare these two convertases in a highly similar, purified system. 
However, because of technical issues regarding C2 activation, we are not able to directly 
compare these two C5 convertases for efficacy yet. Considering the homology between C4b2a 
and C3bBb, it is likely that the molecular arrangement of the AP C5 convertase and the CP C5 
convertase are alike. Since the structure of C4b in complex with C2a was never determined, 
this remains uncertain at this moment. Although the molecules that make up the convertases 
are homologous, their activation occurs via different mechanisms. FD is a soluble factor that 
cleaves FB exclusively when FB is bound to C3b 5. This differs from the cleavage of C2 by 
C1s since this serine protease is in vivo complexed with C1r and C1q. Upon binding to an 
activating surface by C1q, conformational changes are induced that activate serine proteases 
C1r, that subsequently cleave and activate C1s 30. In our system, lacking an activating surface, 
we needed to use purified and pre-activated C1s that can directly cleave C2. Nevertheless, 
by using the CP C5 convertase model we found that C4b has some C5 convertase activity, 
without the presence of C3b. This likely illustrates the homology between C4b and C3b and 
might therefore not be unexpected. However in vivo, such high densities of C4b will never 
occur since C4b deposition will not be massively amplified as C3b in the AP. Our CP C5 
convertase model also indicated the requirement of both C3b and C4b molecules in a 1:1 
ratio, indicating that at least one additional C3b molecule is necessary for the switch from a 
C3 convertase to a C5 convertase. However, this cannot provide certainty on the exact amount 
of C3b molecules present within an efficient C5 convertase. 
 The use of specific inhibitors in our model system can reveal detailed mechanistic 
insights into the molecular organization of C5 convertases. Here we chose three well-defined 
C5 conversion inhibitors that interacted with either C3b or C5 at a unique position. All 
three inhibitors used in this study potently inhibited C5 binding and conversion on C3b-
coated beads. Inhibition of C5 binding and conversion on C3b beads by CRIg illustrated 
the importance of the dimerization site in C3b to form a C5 convertase. In addition, SSL7 
highlighted crucial differences between surface-bound C3b and its snake-derived analogue 
CVF, since SSL7 could block C5 conversion on C3b-beads but not in a fluid-phase model 
using CVF. These differences between C3b and CVF where previously acknowledged 23, 
and confirm that multiple C3b molecules are required for the C5 substrate binding to the 
convertase and efficient C5 conversion. Indeed, in chapter 5 we showed that monomeric 
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C3bBb (in solution) has very low C5 convertase activity. Our assay system, in which high 
densities of C3b are created on a surface, might serve as a better model for naturally occurring 
C5 convertases than CVFBb. Moreover, Eculizumab and SSL7 indicated important binding 
sites in C5 that might mediate the interaction with C3b in the C5 convertase (Figure 7A). 
Using these data, it is now possible to propose models of the molecular arrangement of the 
C5 convertase (Figure 7B). Based on the CP C5 convertase model and the use of the C5 
conversion inhibitors, both models consider the requirement of two C3b molecules and the 
importance of the two binding sites in C5 (Figure 7A). The first model considers the C3b 
molecules interacting in a heterodimer whereby the two binding sites in C5 interact with 
the C3b molecules and Bb is orientated in the same way as in the C3 convertase (Figure 
7B, left). The other model hypothesizes a C3b homodimer whereby C5 binds in a different 
orientation, interacting with C3b via the SSL7 and Eculizumab binding sites. In this model, 
Bb is orientated in the ‘open’ state (Figure 7B, right). In the future, our studies need to be 
validated by the use of other convertase inhibitors that would interact with C3b or C5 at 
different sites and by more advanced structural studies.
 In our model, C5 convertase complexes were assembled to beads in a non-covalent 
manner which will allow us in the future to determine the precise arrangement of C5 
convertase enzymes. For this, the model system needs to be modified in such a way that 
we can first generate active convertases on a surface and afterwards elute these complexes 
for biochemical analyses in solution. To this end we have already modified our linker and 
labeled C3b with desthiobiotin (instead of biotin) since it has a lower affinity for streptavidin. 
Preliminary findings suggest that desthiobiotin-labeled C3b forms active C5 convertases and, 
in the absence of Bb, stably bind C5. We successfully eluted C3bn-C5 complexes from the 
beads and found via size exclusion chromatography that large complexes (>600 kDa) were 
formed. 
 The evidence for the binding spot of Bb to C3b in the C3 convertase was derived from 
crystal structures of C3bBb complexed with SCIN 10, and CVFBb 31. FB and Bb bind to the 
C345C domain on C3b and is dependent on the presence of Mg2+. It was previously shown 
that Ni2+ ions can not only replace Mg2+, but that the use of Ni2+ promotes an ‘open’ state of 
the C3bB complex 27. Nickel ions will not change the binding site of FB to C3b, but change 
the orientation of the molecule towards C3b. In this ‘open’ state, FB is accessible to cleavage 
by FD into Bb to generate an active convertase 27. In the presence of physiological relevant 
Mg2+, FB binds to C3b whereby the conformation changes between the ‘closed’ and ‘open’ 
states. We found here that the use of Ni2+

 ions in our model system greatly enhances C5 
convertase activity as compared to C3 conversion. Although the conformation of Bb to C3bn 
in the C5 convertase remains to be elucidated, our findings indicate that Bb adopts a different 
conformation in the C5 convertase as compared to the C3 convertase (Figure 7B, right). 
Since C3 does not influence the binding of C5 to the convertase, the binding of substrate C5 
to the C5 convertase possibly differs from C3 binding to the C3 convertase. Therefore another 



Towards a molecular model of the complement C5 convertase enzymes 147|

6

orientation of Bb to the C3b molecule might be required for substrate cleavage. Thus, the 
flexibility of FB and Bb to C3b can be important for regulation of the convertase, but it may 
also be essential for proper functioning of the C5 convertase. 
 The model systems used in this study can ultimately provide us with detailed insights into 
the structure and function of the complement’s convertase enzymes. Since C5 convertases 
are exclusively assembled on the target surface, they are very interesting therapeutic targets 
in inflammation. The tools developed in this study will enable the design of effective C5 
convertase inhibitors and contribute to a better mechanistic understanding of convertase 
biology. 
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Summary of this thesis

The terminal complement pathway is the final stage of the complement cascade that provides 
host protection against bacterial infections. This pathway is initiated by surface-bound C5 
convertase enzymes that cleave C5 into C5b. The formation of C5b leads to rapid assembly 
of the Membrane Attack Complex (MAC, C5b-9 complex) that perturbs lipid bilayers. The 
MAC can kill Gram-negative bacteria whereas Gram-positive bacteria are resistant. In this 
thesis we discovered that the MAC can kill Gram-negative bacteria at different rates and that 
the bactericidal activity of serum can be both dependent on MAC assembly and other serum 
components. Some Gram-negative pathogens have evolved MAC evasion strategies, of which 
we described a secreted MAC-inhibitor from Pseudomonas aeruginosa. Even though Gram-
positive bacteria are intrinsically resistant against MAC-mediated killing, we found specific 
deposition and distinct localization of C5b-9 complexes on this class of bacteria. Since C5 
convertases are crucial for the initiation of MAC assembly, our newly established convertase 
model systems allowed us to gain detailed insights into the final steps of complement 
activation on both the Gram-positive as well as the Gram-negative surface. 
 In this final chapter the physiological relevance of the Membrane Attack Complex in the 
human immune response is discussed. In addition, potential mechanisms of MAC-mediated 
bacterial killing are proposed, as well as the role of the C5b-9 complex in the immune 
response against Gram-positive bacteria. Finally, the novel insights on the complement’s C5 
convertases are discussed to provide a molecular explanation for the role of these enzyme 
complexes in MAC effector functions. 

Importance of the MAC in host immune defense

The Membrane Attack Complex is an evolutionary conserved mechanism that can kill Gram-
negative bacteria by pore-formation 1. The MAC is believed to be essential in protection 
against all Gram-negatives since it can rapidly and efficiently kill these bacteria 2. The 
bactericidal effect of the MAC is also described in chapter 2 where we show efficient killing 
of multiple Gram-negative species by the MAC. The importance of terminal complement 
activation in anti-bacterial defense is reflected by clinical presentations in two patient groups. 
First, patients with deficiencies in MAC proteins (late component complement deficiency, 
LCCD) are highly susceptible to bacterial infections, mainly caused by Neisseria species 3. 
Second, paroxysmal nocturnal hemoglobinuria (PNH) patients that are systemically treated 
with Eculizumab, a humanized antibody directed towards C5, have an increased risk of 
infections with Gram-negative bacteria, mainly N. meningitidis. In these patients, MAC 
control mechanisms are defective which leads to undesired host cell lysis upon complement 
activation. Eculizumab proves to be an effective treatment, and patients are nowadays 
vaccinated against N. meningitidis prior to treatment with this C5 blocker 4. 
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 Although MAC is considered active against almost all Gram-negative bacteria, the 
clinical manifestations of MAC-deficient or MAC-inhibited patients seem to indicate that 
the MAC is exceptionally important for protection against N. meningitidis. This increased 
risk for N. meningitidis suggests that other arms of the immune system might be sufficiently 
protective towards invasion with all other potential pathogens in these patients. Nevertheless, 
it cannot be concluded that the MAC is completely redundant in the human immune 
system. Terminal complement deficiencies are rare 3,5 suggesting that defects in any of these 
proteins are often lethal. In addition, the complement system and the formation of a pore to 
eliminate microbial intruders (like the MAC in mammals) is evolutionary highly conserved 
6,7. Perforin-2, a bactericidal pore-former belonging to the family of proteins containing a 
Membrane Attack Complex Perforin (MACPF) domain, was described to be already present 
in one of the earliest multicellular organisms 7. Moreover, many Gram-negative bacteria have 
evolved efficient strategies to evade MAC-mediated killing (8 and chapter 3) demonstrating 
the importance of the MAC in host defense.
 Furthermore, some clinical manifestations of MAC-deficient patients add another level 
of complexity to this story. First, MAC-deficient patients suffer from infections with Neisseria 
strains that are encapsulated 9. Since the capsule generally protects N. meningitidis from 
complement dependent killing, it is striking that these strains cause more infections in LCCD 
patients than in the healthy population. Based on the findings of chapter 2 where we show 
that some bacteria are killed after prolonged serum incubations, including Pseudomonas 
aeruginosa PAO1 which is considered to be serum-resistant, and the fact that the exact 
mechanisms of complement interference by the neisserial capsule remains unclear 10, it could 
be that these encapsulated strains are not fully MAC resistant. Another possibility is that 
the presence of the MAC can protect indirectly against infections with Neisseria species, for 
instance via cross-talk with neutrophils 11,12 or other cells to stimulate a pro-inflammatory 
status 13. Second, the median age of meningococcal disease in complement-deficient patients 
is 17 years whereas in the general population this is 3-8 months 9,14. This can in part be 
explained by the fact that infections with N. meningitidis in complement deficient patients are 
in general milder and cause less mortality as compared to healthy individuals due to lower 
endotoxin release in absence of the MAC 9. Therefore it is possible that in terminal complement 
deficiency, infections at a younger age can occur without being noticed. Moreover, deficient 
individuals stay at risk for infection during their entire life 14. Collectively, multiple lines of 
evidence illustrate that the terminal complement pathway is important in the battle against 
all invading Gram-negative bacteria. To date, the predominant infections with Neisseria in 
MAC-deficiency remains poorly understood. 

Bactericidal mechanisms of the MAC

The most commonly used model systems for MAC lysis are erythrocyte membranes and 
artificial lipid bilayers. These single-membrane ‘cells’ are much more sensitive to lysis by pore-
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forming proteins. In contrast, Gram-negative bacteria possess two membranes separated by 
a periplasmic space containing peptidoglycan (PG). Furthermore, bacteria have membrane 
repair mechanisms 15. While the complete ring-structured C5b-9 complex is generally 
considered the active ‘killer’ component, many reports have shown that the premature C5b-8 
complex also has membranolytic activity. Although there is no direct evidence for C5b-8 to 
assemble into a pore, this complex can cause leakage of synthetic lipid vesicles 16. Also in lipid 
bilayers and erythrocytes, C5b-8 can respectively increase ion conductance 17 or cause cell 
lysis 18. However, the C5b-8 complex does not efficiently kill Gram-negative bacteria, again 
underlining the difference between lysis of bacteria versus erythrocytes and lipid bilayers. 
Interestingly, although C9 is required for bacterial killing, its polymerization into a SDS-
stable ring does not seem essential (observed for both E. coli 19 and S. typhimurium 20). In 
addition to this, LCCD patients are highly at risk for recurrent neisserial infections, except for 
patients with C9 deficiencies 9. Correspondingly, C9 deficient serum was found to have some 
antibacterial activity against N. meningitidis 21. Although this serum killed the bacteria much 
less efficient as compared to normal serum, this illustrates that C5b-8 complexes can have 
some bactericidal activity. 
 Since damage to the OM alone is unlikely to cause bacterial death 22,23, the MAC should 
be able to disturb the IM as well. Currently, a few hypotheses exist on how the MAC gains 
access to the IM (Figure 1). With recent information on the exact dimensions of the MAC 
24,25, we can now further contemplate the likelihood of the proposed events. Both the inner 
and outer membranes of Gram-negatives are ~75 Å thick and they are separated by a ~100 Å 
periplasmic space, creating a total cell envelope of ~250 Å 26. The first hypothesis considers 
that one C5b-9 complex would span both membranes (transmural pore) 27. However, with 
its length of ~160 Å, it is physically impossible for the MAC to cross the entire cell envelope 
of Gram-negative bacteria. In addition, only the lower part of the MAC (containing the 
hydrophobic TMHs) is believed to insert the membrane, making it even less likely for the 
MAC to span the entire cell envelope. Bayer et al. proposed that the Gram-negative cell wall 
contains regions, Bayer’s junctions, where the IM and OM are in close contact 28, creating 
hotspots for MAC perturbation (Figure 1, Model A) 22,29. Although today the existence of 
these sites remains controversial 30,31, they have been proposed as sites where the MAC inserts 
into the cell envelope. Wright and Levine postulated simultaneous disturbance of the inner 
and outer membrane by the MAC at these junctions 22,29. The second hypothesis proposes that 
the MAC exclusively disrupts the OM and that the lethal activity is executed at the IM 29,32,33 
by allowing access of MAC or other membrane-damaging proteins to the periplasmic space 
and eventually the IM (Figure 1, Model B). Such a mechanism requires these components 
to pass through the PG layer that covers the inner membrane. It was previously believed that 
the natural pores in the PG matrix were approximately 2 nm, allowing proteins of maximum 
~25 kDa to diffuse 34. However, a recent study indicated the presence of PG pore sizes in the 
range of 10 nm in E. coli 35 allowing diffusion of proteins up to ~64 kDa. The MAC proteins 
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are all larger (C5b ~179 kDa, C6 ~102 kDa, C7 ~97 kDa, C8 ~150 kDa, and C9 ~73 kDa), 
making it plausible that additional PG degrading enzymes are essential for MAC components 
to reach the IM. In analogy, lysis of E. coli via bacteriophage holins can also exclusively occur 
in the presence of phage endolysins that break the PG layer 36. Many studies were performed 
analyzing the role of lysozyme (muramidase), an enzyme abundantly present in body fluids 
including the serum, in the bactericidal reaction of the MAC (reviewed in 37). Initial damage 
of the OM might allow access of serum-derived lysozyme to the periplasmic space where it 
can degrade the peptidoglycan layer 22. Lysozyme was found to accelerate the bacteriolytic 
effects of the MAC, although blocking of lysozyme did not abrogate the bactericidal process 
completely indicating that the enzyme is not absolutely required for MAC-mediated killing 
of bacteria 38. Whereas the C9 molecule without C5b-8 has no toxic effect on bacteria, studies 
introducing C9 in the periplasm of Gram-negative bacteria show that the C9 molecule can be 
lethal by itself when it has access to the inner membrane 32,39. This hypothesis was strengthened 
by experiments in which plasmid-derived full-length C9, targeted to the periplasm, led to 
killing of Gram-negative bacteria whereas C9 expression in the cytoplasm did not have 
this effect 39. It is not known whether C9 causes lysis of the inner membrane in its native 
conformation. The authors considered the possibility that C9 might be converted into a more 
toxic form by enzymes present in the periplasmic space 39,40.
 Based on studies using antibody-coated erythrocytes and E. coli cells, MAC-mediated 
killing is considered to be a fast process (minutes) 40. However, in chapter 2 we describe that 
certain Gram-negatives are killed by the MAC after prolonged incubations of several hours. 
We proposed several mechanisms for this delayed MAC-dependent killing. The rate of MAC-
dependent lysis might be influenced by characteristics of the bacteria, via which pathway the 
complement system is activated, and how the MAC leads to bacterial killing. Our findings 
indicate that it is important to recognize that the interaction of the terminal complement 
pathway with bacteria is a time-dependent process. In addition to the MAC, other serum 
components, that remain to be identified, were found to be very important in innate immune 
protection against some Gram-negatives as well. 

Model A Model B

OM

IM

PG

??

Figure 1 

Figure 1. Assembly and bactericidal mechanisms of the MAC. 
Model A: the MAC simultaneously disrupts the OM and IM via insertion into e.g. Bayer’s junctions. Model B: the 
MAC or its precursors (C5b-8 or C5b-9n) rupture the OM, which allows passage of C5b-9 components (creating 
another MAC), C9 alone (or fragments of C9), or other factors into the periplasm to disrupt IM integrity. This 
process may require additional enzymes to breakdown the PG layer. 
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MAC evasion by Gram-negative bacteria 

As described in the general introduction, Gram-negative bacteria are well known for their 
mechanisms to evade MAC-mediated killing 8, underlining the importance of the terminal 
complement pathway in the host’s defense against Gram-negative bacteria. Well-known 
strategies include surface modification (LPS modifications or the formation of a capsule) or 
the expression of membrane proteins that attract complement regulatory proteins or inhibit 
MAC assembly itself. In chapter 3 the discovery of a MAC inhibitor, secreted by P. aeruginosa, 
is reported. Although many complement evasion mechanisms employed by Gram-negative 
bacteria are known 8, PIV is the first MAC evasion molecule described that is secreted into 
the extracellular environment. 
 Gram-positive bacteria are well-known to block complement activation via secreted 
proteins 41. Protection against the lytic attack of complement, however, might be more 
efficient when the inhibitory molecules are present directly at the Gram-negative microbial 
surface. To elicit bactericidal activity, MAC proteins need to gain access to the bacterial cell 
envelope. At the target membrane, the components assemble into a transmembrane pore that 
leads to bacterial killing. Alteration of the cell surface or the production of MAC inhibitors at 
the site were the MAC is assembled might therefore be the most efficient strategy to prevent 
complement-mediated lysis. In addition, the drawback of secreting evasion molecules is that 
they get diluted in the extracellular milieu. Whether it is possible to reach effective protein 
concentrations on the outside of the bacterial cell always remains uncertain. Moreover, 
protein-rich environments (like the blood serum) might interfere with the protein effector 
functions. Nevertheless, eradicating harmful proteins at a distance before these can reach 
the susceptible cell membrane provides protection to the bacteria, also when these cells are 
dividing. In addition, the secreted PIV has broader substrate specificity. By targeting C2 and 
FB, complement activation and convertase formation on the surface of the bacteria, preceding 
MAC formation, can be prevented. Thus, secretion of PIV into the extracellular milieu, 
whereby the complement system is targeted at multiple levels, works as an efficient strategy to 
prevent MAC assembly and subsequent bacterial killing. We showed that PIV is completely 
functional in serum since it blocks the bactericidal activity of serum and it is fully capable of 
cleaving MAC proteins C7 and C6. Physiologically relevant concentrations of PIV in a serum 
environment can fully protect P. aeruginosa from MAC-dependent killing, underlining the 
importance of PIV in pseudomonal virulence. 

The MAC on Gram-positive bacteria

For long it has been known that Gram-positive bacteria are protected from killing by the 
MAC, supposedly due to their thick PG layer that prevents MAC insertion into the membrane 
42. However, some pathogenic Gram-positive bacteria were found to secrete small proteins that 
specifically interfere with MAC assembly. We therefore hypothesized that the C5b-9 complex 
could have an essential role in innate immune defense against Gram-positive bacteria. In 
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chapter 4 we describe that the MAC deposits on several Gram-positive bacteria as SDS-
stable polymeric C9 structures 43. To our surprise, these complexes were located at specific 
regions on the bacterial cell. For instance, on Streptococcus pyogenes (group A streptococcus, 
GAS), C5b-9 deposited near the division septum whereas on Bacillus subtilis the complex 
was located at the poles 43. However, this specific C5b-9 deposition did not affect bacterial 
viability. Although this remains to be elucidated, it might indicate that the MAC has a non-
classical role in immune defense against these microbes.

C3b and C5b-9 localization on bacteria as a result of complement activation

By visualizing complement proteins on the bacterial surface, we found that terminal 
complement proteins are not randomly deposited (chapter 4). This was an unexpected finding 
since microbial proteins, that activate the complement system, are distributed along the entire 
cell surface and C3b can attach to any hydroxyl or amine group. Nevertheless, all components 
within the C5b-9 complex were localized to specific regions on the bacterial cell. We initially 
found localization of C5b-9 complexes on Gram-positive bacteria that are, as a class, 
intrinsically resistant towards MAC-mediated killing 43. Although we were not able to identify 
the role of the non-lytic complex, the specific localization could indicate a function in immune 
defense against Gram-positives. Later, we observed that C5b and C6 were localizing similarly 
to regions on the cell envelope of MAC-sensitive Gram-negative bacteria (chapter 5). Thus, 
specific localization was not restricted to MAC-resistant bacteria. Moreover, by lowering the 
amount of serum used for incubations, we found hotspots of C3b localized on the bacterial 
surface (chapter 5), indicating the localized presence of C5 convertases. Correspondingly, 
C3b localized on the Gram-positive surface as well in lower serum concentrations (data not 
shown). Together with the findings that C5 convertases are required for C5b-9 deposition on 
the Gram-positive surface 43 and that the C5 convertase is the docking site for the assembly 
of a bactericidal MAC (chapter 5), this suggests that high densities of C3b molecules on the 
bacterial surface can function as C5 convertases that direct C5b-9 localization. 
 There are different explanations for the specific localization of C3b molecules on bacteria. 
The first hypothesis considers that complement is activated at specific regions on the bacterial 
cell. Besides antibody-interactions, C1q can also directly recognize specific outer membrane 
proteins to activate the CP 44. In addition, not all bacterial surface proteins are randomly 
distributed along the cell. In both Gram-positive and -negative bacteria, surface proteins were 
described that are expressed at distinct foci along the bacterial surface 45–47. Thus, specific 
proteins might cause localized complement activation on the bacterial cell envelope. The 
second explanation involves the formation of C5 convertases that guide terminal complement 
activation. The amplification loop of the AP might create spots of high density C3b molecules. 
As Pangburn and Rawal previously postulated, the cleavage of C3 by the C3 convertase leads 
to C3b deposition within a small (600Å) circle around the C3 convertase 48. As a result of the 
local high C3b concentration, the convertase gets affinity for C5 leading to the generation 
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of C5b and subsequent assembly of localized C5b-9. Thus, initial C3b deposition at a 
random spot on the bacterial surface leads to localized terminal pathway activation via the 
amplification loop of the AP. The third interpretation of the molecular events leading to C3b 
localization considers the reactivity of the thioester within C3. Upon cleavage, this reactive 
group is exposed which leads to covalent attachment of C3b to the surface. Although initially 
thought to occur randomly, the thioester reacts primarily with hydroxyl groups and in the 
binding to proteins, tyrosine, threonine, and serine show the highest reactivity (Tyr>Thr>Ser) 
49. This indicates that C3b deposition is not a random process but that there can be hotspots 
on the bacterial surface where C3b molecules primarily bind. Taken together, at this moment 
it seems that the localization of complement components on the bacterial surface does not 
serve a specific function in immune defense against bacteria, but is rather a result of the 
molecular events that occur within the complement cascade. 

The convertases as central players of the complement cascade

The novel model system for C5 convertases that we developed (chapter 5) allowed us to 
characterize these labile enzyme complexes under purified conditions. The data described in 
chapter 5 and 6, provide some insights to contemplate hypothetical models for the structure of 
the C5 convertase. Here, potential models for the arrangement of the different C3b molecules 
within the convertase complex are discussed. The first model was proposed by previous 
studies and indicates that covalent binding of C3b molecules onto each other is essential for 
efficient C5 convertase activity 50,51 (Figure 2A). However, based on the fact that we generate 
efficient C5 convertases on beads without self-amplification and that these convertases are as 
effective as self-amplified C3b-beads, it can be concluded that covalent C3b dimers are not 
required for efficient C5 conversion. The non-covalent association of C3b molecules within 
the convertase complex serves therefore as a more plausible model. It is possible that the 
‘additional’ C3b molecules needs to be deposited in a specific position from the convertase 
(Figure 2B), or that the position of additional C3b molecules is random (Figure 2C). By 
studies where we altered the density of C3b, but not the amount of molecules, we showed 
that the density of C3b molecules determines the efficacy of the convertase. Whether the 
molecular arrangement of the molecules is inferior to C3b density remains uncertain. Based 
on the studies that we performed with the CP C5 convertase model in chapter 6, we can 
conclude that the optimal stoichiometry of a C5 convertase in the CP resembles C4b and C3b 
molecules in a 1:1 ratio. Suggesting that one residing and one ‘additional’ C3b molecules is 
required for most efficient C5 conversion. Since ‘monomeric’ C3bBb in solution can convert 
C5 with low efficiency, it is plausible that multiple arrangements of convertase components 
can function as a C5 convertase. Nevertheless, there is probably one conformation that acts 
most efficiently which will be elucidated in future studies using this model system. 
 In chapter 5 we also describe the central role of the C5 convertase in the assembly of the 
MAC. These data are important for our understanding of MAC assembly and its anti-bacterial 
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activity. MAC assembly at the C5 convertase seems to be important for the conformation of 
an effective complex (chapter 5). Further, MAC assembly at the convertase seems to be a 
very efficient strategy. Not only do we have indications that this is required for a bactericidal 
conformation of the MAC, it will also protect the MAC from soluble, host-derived inhibitors 
that prevent MAC-mediated lysis of host cells. The glycoproteins vitronectin and clusterin are 
abundantly present in serum and bind C5b-7 to prevent C8 and C9 incorporation 52,53. After 
complement activation by bacteria, fluid-phase assembled C5b-7 complexes are susceptible to 
inactivation by these regulators whereas this would be prevented by surface-localized MAC 
assembly at the convertase. 
 Although crucial in the host’s innate immune response against bacteria, improper 
complement activation or control can lead to pathogenesis 54. The C5 convertases generate two 
cleavage products that contribute to a large portion of the complement-mediated inflammatory 
diseases. C5a is a major chemo-attractant that leads phagocytes to the site of complement 
activation but it has also pro-inflammatory functions which causes overwhelming reactions in 
systemic infections 55. C5b initiates formation of the C5b-9 complex that can cause undesired 
lysis of host cells when improperly controlled (e.g. PNH) 56. In these inflammatory diseases, 
inhibition of C5 convertases would be the ideal target to prevent the formation of both C5a 
and C5b-9 complexes. Opsonization of target cells by C3b will not be affected. Moreover, C5 
convertases are exclusively assembled on the target surface, creating a specific location as 
drug target. Knowledge on the mechanism of MAC assembly at the C5 convertases and the 
purified models developed in this thesis will enable the design of effective therapeutics against 
bacterial infections and of effective antibody-based anti-tumor regimens in which antibodies 
directed towards the target cell induce complement activation and subsequent MAC-mediated 
lysis (Complement Dependent Cytotoxicity, CDC). In addition, these insights will increase 
our understanding of the MAC resistance mechanisms employed by bacterial pathogens. Figure 2

A B

C3b

BbC3b

C

Figure 2. Hypothetical models for the molecular composition of the C5 convertase. 
(A) Covalent attachment of nascent C3b to the residing C3b molecule is required for efficient C5 conversion. (B) The 
attachment of the additional C3b molecule to the target surface is generating C5 convertase activity only when the 
molecules form a multimer with an optimal orientation towards each other. (C) C5 convertases are formed by high 
density of C3b molecules in which the orientation of the molecules is trivial. 
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Nederlandse samenvatting

In het kort 

Het complementsysteem is een groep eiwitten in het bloed die samenwerken om o.a. 
bacteriële infecties te bestrijden. Bij contact met bacteriën wordt het systeem geactiveerd 
waarna een cascade aan reacties start, waardoor (1) witte bloedcellen naar de plek van 
infectie geleid worden, (2) bacteriën gelabeld worden zodat ze opgenomen worden door witte 
bloedcellen, en (3) een bacteriedodende porie gemaakt wordt. In de laatste stappen van het 
complementsysteem wordt C5 geknipt door het enzymcomplex ‘C5 convertase’. Het nieuw 
gevormde C5b bindt componenten C6, C7, C8, en C9, die gezamenlijk de bacteriedodende 
porie, het ‘Membrane Attack Complex’ (MAC), vormen. Het is onbekend hoe deze porie 
bacteriën doodmaakt, en waarom sommige bacteriën wel, en anderen niet gedood worden 
door het MAC. In dit proefschrift hebben we onderzocht welke rol het MAC speelt in de 
verdediging tegen bacteriën in het bloedserum en hoe een specifieke bacterie (Pseudomonas 
aeruginosa) weerstand biedt tegen het MAC. Omdat C5 convertases de vorming van het MAC 
initiëren, is het cruciaal om de werking van deze enzymcomplexen te begrijpen. Doordat ze 
onstabiel zijn en uitsluitend aan een oppervlak gevormd worden, zijn ze moeilijk te bestuderen. 
Wij hebben een model systeem ontwikkeld dat ons in staat stelt om de C5 convertases en hun 
rol in MAC vorming in detail te onderzoeken. 

Introductie

Om onszelf te beschermen tegen ziekteverwekkers van buitenaf (zoals bacteriën), is ons 
lichaam uitgerust met een immuunsysteem (de afweer). Dit immuunsysteem bestaat uit 
meerdere onderdelen, om ons zo goed mogelijk te verweren tegen allerlei ziekteverwekkende 
indringers. Beide onderdelen van het immuunsysteem bestaan zowel uit cellen (witte 
bloedcellen) die bijvoorbeeld bacteriën kunnen opnemen (fagocyteren) en onschadelijk 
maken, en uit gespecialiseerde stoffen (eiwitten) die zich in het bloed bevinden en 
antimicrobiële functies vervullen. 
 Misschien minder bekend dan de witte bloedcellen maar minstens zo belangrijk, is het 
complementsysteem. Deze essentiële component van het afweersysteem zorgt voor de eerste 
lijn van verdediging. Het is een verzamelnaam voor een 30-tal eiwitten, aanwezig in het bloed 
met belangrijke functies in de afweer tegen onder andere bacteriële infecties. Als bacteriën 
het lichaam binnen komen, kunnen bacteriespecifieke kenmerken worden herkend door het 
complementsysteem. Herkenning zorgt voor activatie van de cascade waardoor producten 
gevormd worden met belangrijke antimicrobiële functies: 1) Productie van chemokines 
om witte bloedcellen naar de plek van infectie te leiden (chemotaxie). 2) Het markeren 
van bacteriën zodat ze herkend en gefagocyteerd kunnen worden door witte bloedcellen 
(opsonisatie). 3) Het vormen van een bacteriedodende porie in de bacteriële celwand. 
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 Het complementsysteem kan via verschillende routes geactiveerd worden, de klassieke, 
lectine, en alternatieve weg. In deze activatie routes zijn verschillende eiwitten betrokken 
om micro-organismen te herkennen en het complementsysteem vervolgens te activeren. 
Activatie leidt echter altijd tot het knippen van complement component C3 in het kleine 
C3a, dat zorgt voor chemotaxie, en het grote fragment C3b, dat covalent aan het bacteriële 
oppervlak bindt. C3b labelt de bacteriën voor fagocytose, maar het is ook onderdeel van het 
enzym complex dat C5 kan knippen (het C5 convertase). Op deze manier zorgt het splitsen 
van C3 ervoor dat C5 geknipt kan worden. In de laatste stappen van de complement cascade 
wordt C5a gevormd, dat chemotaxie verzorgt, en het grotere fragment C5b. C5b bindt aan de 
componenten C6, C7, C8, en C9, die samen het ‘Membrane Attack Complex’ (MAC) vormen 
dat een porie maakt in de bacteriële membraan waardoor deze gedood worden. 
 Op basis van de opbouw van hun celwand, worden bacteriën ingedeeld in Gram-
positieve en Gram-negative bacteriën. Gram-negatieve bacteriën hebben twee membranen 
met daartussenin een dunne laag peptidoglycaan, terwijl de Gram-positieve celwand bestaat 
uit een membraan met aan de buitenkant een dikke (~ 10x dikker) laag peptidoglycaan. Het 
is deze laag peptidoglycaan die er waarschijnlijk voor zorgt dat Gram-positieve bacteriën, als 
een aparte klasse, beschermd zijn tegen MAC-gemedieerde lysis. Hoewel de meeste Gram-
negatieve bacteriën wel gevoelig zijn voor MAC, is het nog onbekend hoe dit complex deze 
groep bacteriën wel kan doodmaken. 

Dit proefschrift 

Serum, geïsoleerd uit vers bloed van gezonde donoren, wordt over het algemeen gebruikt als 
bron van actief complement. Incubatie van serum met Gram-negatieve bacteriën kan zorgen 
voor complement activatie, MAC formatie, en lysis van de bacteriën binnen enkele minuten. 
Het doodgaan van bacteriën in serum wordt over het algemeen dan ook toegeschreven aan 
vorming van het MAC. In hoofdstuk 2 hebben wij onderzocht wat de bijdrage van het MAC 
is aan serum-gemedieerde lysis van verschillende Gram-negatieve bacteriën. We beschrijven 
hier twee belangrijke vindingen. Wanneer MAC geblokkeerd wordt in serum met een 
specifieke remmer, kunnen sommige bacteriën nog steeds gedood worden. Dit betekent dat 
er andere componenten aanwezig zijn in serum die Gram-negatieve bacteriën kunnen doden 
(1). Sommige Gram-negatieve bacteriën, die resistent zijn tegen serum-gemedieerde lysis, 
kunnen gedood worden door langere serum-incubaties. Dit effect is MAC-specifiek, waaruit 
geconcludeerd kan worden dat het MAC bacteriën kan lyseren op verschillende snelheden 
(2), wellicht via verschillende mechanismen. 
 In hoofdstuk 3 beschrijven we het effect van Protease IV (PIV), een protease dat 
uitgescheiden wordt door de pathogene bacterie Pseudomonas aeruginosa, op het 
complementsysteem. We hebben ontdekt dat PIV voornamelijk twee componenten van het 
MAC kan inactiveren (C6 en C7) waarmee het zichzelf beschermt tegen MAC-gemedieerde 
lysis. 
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 Ondanks dat Gram-positieve bacteriën ongevoelig zijn voor het MAC, zijn er toch 
verschillende pathogene Gram-positieven beschreven die eiwitten uitscheiden die specifiek 
MAC-vorming blokkeren. Dit suggereert dat het MAC een belangrijke rol speelt in de afweer 
tegen Gram-positieve bacteriën en in hoofdstuk 4 hebben we deze hypothese geëvalueerd. 
We laten hier zien dat incubatie van verschillende Gram-positieven met serum leidt tot MAC 
vorming en depositie, zonder dat de bacteriën doodgaan. Ook heeft de vorming van het 
complex geen effect op fagocytose of doding door neutrofielen of macrofagen. In tegenstelling 
tot C3b, dat het gehele oppervlak van de bacteriën bedekt, laten we zien dat het MAC alleen 
op gespecialiseerde regio’s van de Gram-positieve bacterie bindt. Deze plekken verschillen 
per bacterie maar concentreren zich bijvoorbeeld rond het delingsvlak of de uiteinden van 
de bacteriën. Het feit dat het MAC gevormd wordt op verschillende Gram-positieven op een 
specifieke plek, kan duiden op een belangrijke rol voor het MAC in de afweer tegen deze 
groep bacteriën. 
 MAC vorming start wanneer C5 wordt geknipt door het C5 convertase. C5 convertases 
zijn enzymcomplexen die bestaan uit meerdere eiwitten die voorheen moeilijk te bestuderen 
waren doordat ze alleen gevormd worden aan een oppervlak en doordat ze niet stabiel zijn. 
Wij beschrijven in hoofdstuk 5 de ontwikkeling van een nieuw model voor het C5 convertase 
dat ons in staat stelt deze enzymcomplexen in detail te bestuderen en te onderzoeken welke 
rol ze spelen in de vorming van het MAC. Door het gebruik van dit model zijn we erachter 
gekomen dat het C5 convertase een cruciale rol speelt als platvorm voor vorming van het 
MAC dat effectief bacteriën kan lyseren. 
 In hoofdstuk 6 gebruiken we het C5 convertase model in combinatie met uitvoerig 
gekarakteriseerde convertase-remmers om meer te weten te komen over de moleculaire 
organisatie van deze enzymcomplexen. De data die beschreven worden in dit hoofdstuk 
hebben geleid tot een model van de moleculaire compositie van het C5 convertase. 
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Dankwoord 

Met een lach op mijn gezicht (het is af) en een brok in mijn keel (ik ga mijn fijne werkplek 
verlaten), begin ik aan misschien wel het belangrijkste deel van dit boekje. Ik heb dit namelijk 
niet alleen gedaan. Er zijn veel mensen die, direct en indirect, hebben bijgedragen aan de 
totstandkoming van dit proefschrift. Tijdens de afgelopen viereneenhalf jaar heb ik ontzettend 
veel mogen leren van slimme mensen, heel veel plezier gehad met fantastische collega’s, en 
mogen leunen op de schouders van vrienden en familie. Ik wil iedereen hier enorm voor 
bedanken en een aantal mensen in het bijzonder. 

Suzan, ik zal het telefoontje nooit vergeten dat ik kreeg toen jij de Vidi-beurs - en ik dus een 
baan - had gekregen. ‘Ik sta hier met een grote bos bloemen…’, de start van een echte groep 
Suzan inclusief eigen vrijdagmiddagmeeting. Bedankt voor de kans die je me hebt gegeven 
om onder jouw supervisie te groeien als onderzoeker, voor alles wat je me hebt geleerd, jouw 
kritische maar altijd positieve kijk op het onderzoek, en je creativiteit. Bedankt dat je altijd 
beschikbaar was om de nieuwste data te bediscussiëren of om vragen te beantwoorden (soms 
zelfs op je mammadag of midden in de nacht). Ook grote dank voor het snelle doorlezen 
van alle manuscripten! Ik vind het supertof om te zien hoe groep Suzan in de exponentiële 
groeifase is beland en tegelijkertijd is het ook erg jammer om er zelf geen deel meer van uit te 
maken. Het was een fantastische tijd, dank voor alles!
 Jos, bedankt dat je mijn promotor bent. Je bent een geweldige onderzoeker met een 
grenzeloze hoeveelheid aan parate kennis en een ongekend positieve instelling. Ik heb veel 
van je geleerd en heb er heel veel bewondering voor dat jouw deur altijd open staat - voor wat 
dan ook - en dat je altijd even je rondje op het lab loopt om over menig schouder mee te kijken 
naar de nieuwste resultaten. Speciale dank ook aan Lisette voor jullie gastvrijheid tijdens de 
jaarlijkse groepsetentjes, maar ook voor het organiseren van een informeel (en zeer geslaagd) 
dinertje voor de eerste kennismaking met mijn toekomstige baas.

Prof. dr. Jos van Putten, Prof. dr. Flip de Groot, Prof. dr. Piet Gros, Prof. dr. Paul Parren en 
Dr. Peter van Ulsen wil ik graag bedanken voor het lezen en beoordelen van dit proefschrift.

Maartje, je bent geweldig. Dankjewel voor al je hulp. Niet alleen heeft jouw extra paar handen 
geleid tot veel mooie grafieken in dit boekje, ook mentaal is jouw hulp voor mij onmisbaar 
geweest. Wat soms leek als een oneindige to-do-lijst, was binnen de kortste keren weggewerkt. 
Ik heb er heel erg van genoten om met jou samen te werken en ik heb veel geleerd van jouw 
efficiënte lab skills. Dankjewel dat je mijn paranimf wil zijn en ik ook nu op jouw steun mag 
rekenen. 
 Lieve Steef, onze samenwerking en vriendschap begon al meer dan tien jaar geleden en 
ik vind het supertof dat jij straks naast me staat tijdens die bijzondere dag. Toen we bijna 
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klaar waren met de master had jij al bedacht om samen bij de MMB te gaan werken. Ik had 
het wel gehoopt maar nooit gedacht dat het precies zo zou gaan! Het had niet beter kunnen 
uitpakken. Net als tijdens onze studie ben jij degene die de rust kan bewaren en geef je overal 
een positieve draai aan. Ontzettend bedankt voor je hulp, advies, en goede vriendschap. Ik 
ben heel erg blij dat ik er straks in september ook bij ben als jij daar staat! 

Als ik het heb over mijn werk, vertel ik altijd vol trots over onze afdeling waar iedereen met 
elkaar samenwerkt en elkaar helpt, en waar het bovendien ook nog eens erg gezellig is. Ik 
vind het erg jammer dat ik vertrek en wil iedereen heel erg bedanken voor de fijne tijd die ik 
heb gehad – ook de mensen die niet direct bij mijn project betrokken zijn geweest. Een extra 
woordje van dank aan mijn directe collega’s. András (Jij kunt geen complimenten in ontvangst 
nemen, dus schrijf ik het op. Wat ben jij een steengoede onderzoeker. Bedankt voor jouw 
input, je nuttige en kritische vragen tijdens werkbesprekingen en de samenwerking tijdens 
de laatste loodjes.), Angelino, Carla (Altijd sta jij voor iedereen klaar, heel veel dank voor 
jouw praktische hulp in het lab.), Eline, Erik, Fatemeh, Ilse, Jan, Jovanka, Julia, Kaila, Karita, 
Kirsten (Je bent een topper, dank voor de gezelligheid en steun. Superveel succes met het 
afronden van jouw promotie!), Kok (Dankjewel voor de tijd die je altijd neemt om vragen te 
beantwoorden of problemen te bediscussiëren. Ik heb heel veel van je geleerd en jouw hulp en 
advies is ontzettend nuttig geweest voor mijn projecten.), Lisette, Manouk (Dankjewel voor 
je input en gezelligheid. Jouw veterinaire achtergrond geeft soms stof voor grapjes maar is 
ontzettend waardevol in onze groep.), Michiel (Wat leuk dat je bij ons in de groep bent komen 
werken. Bedankt voor het regelmatige buurten om proefschriftfrustraties te delen.), Nina 
(Dankjewel voor de kans die je me hebt gegeven om mee te werken aan het GAC verhaal.), 
Piet (Bedankt voor alle technische hulp in het lab en je wijze woorden, o.a. hindernissen zijn 
er om te overbruggen.), Pieter-Jan, Rob, Samantha, Vincent, Yuxi, en ook Ad, Janetta, Antoni, 
en Rob W. (Dank voor jullie input bij mijn oefensollicitatie). 
 Sarbani, although your time in our lab was limited, you contributed significantly to this 
thesis. Thank you so much for your hard work and being such a pleasant colleague. 
 Oud-collega’s Alex, Bart (Zonder jouw bijdrage was PIV in de koelkast blijven liggen! 
Bedankt voor de samenwerking, ik ben trots op dat hoofdstuk.) Bas, Reindert (Dankzij jou 
heb ik mijn liefde voor microscopie ontwikkeld, dankjewel voor alles wat je me hebt geleerd.), 
Willemien en Wouter (Dank voor jullie hulp en gezelligheid in het lab en daarbuiten). 
 Grote dank aan al mijn collega OIO’s. Wat een gezellige groep inspirerende mensen zijn 
jullie. Veel dank voor de prettige samenwerking en alle gezelligheid op de vrijdagmiddagborrels 
en tijdens onze koffietijd. Mag ik als ‘fun postdoc’ in de app blijven? Ik wens jullie allemaal 
heel veel succes maar ook plezier bij het afronden van jullie promoties. 
 Met mijn kamergenootjes heb ik toch het meest ‘lief en leed’ gedeeld. Dear Anna, thanks 
for your great spirit and humor. It is sad that you moved to Leiden but I’m glad we still meet 
for tee und kuchen. Dear Anne, I know you are disappointed not to be at the fourth anymore, 
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but I am certain you will have a great time during the last part of your PhD. Thanks for being 
a good friend, your enthusiasm, and for baking. Lieve Annemarie, zon in m’n leven! Wat 
was het heerlijk om met jou op het lab te zingen (ik bedoel pipetteren), dat ga ik missen! 
Dank voor de fijne samenwerking en gezelligheid. Lieve Daphne, groep Suzan collega en 
kantoorgenoot vanaf het eerste uur. Ontzettend bedankt voor de prettige samenwerking en 
de gezellige tijd (vooral op congressen in Kreta en Rio de Janeiro), en voor alle hulp en steun 
tijdens de eindsprint van ons promotietraject. Ik weet zeker dat je een mooie postdoc-plek 
gaat vervullen straks! Lieve Maaike, je bent een superleuke en inspirerende collega en ik heb 
heel veel bewondering voor jouw manier van werken. Dank voor je hulp, luisterend oor, en de 
gezelligheid. De laatste maanden heb ik mijn kantoorbuurvrouw echt gemist toen jij naar de 
tweede verhuisde. FFatale Nien(ie), vrolijke noot in het lab, ik vind het toff dat je mijn collega 
bent geworden en om te zien dat je zo’n mooie vliegende start maakt! Dear Ron, it has been 
wonderful to have you as a colleague in the lab a few years ago, and so great that you returned! 
It is unfortunate that almost at the same time I’m traveling the opposite direction. I hope you 
and Kaila have a good time in Utrecht and I’m sure we’ll keep in touch! Dear Sue, thanks for 
the fun and support in our office, the most delicious cakes you brought, and for all the great 
Wednesday night-yoga classes. Lieve Tamara, dankjewel voor je gezelligheid op kantoor en 
daarbuiten.
 Karlijn, rechterhand van Jos. Dankjewel voor jouw praktische hulp bij alles wat er bij 
promoveren komt kijken. Altijd mocht ik binnenwandelen met kleine en grote vragen, hoe 
druk je het ook had. Daarnaast ben je ook gewoon een ontzettend gezellige collega, dank voor 
alles. Ook wil ik graag de andere dames van het secretariaat, de mannen van het magazijn, de 
mediaroom, en de ICT bedanken voor hun hulp en goede zorgen. 

Tijdens het promotietraject heb ik een aantal talentvolle studenten mogen begeleiden en ik 
ben jullie heel erg dankbaar voor de bijdragen die jullie hebben geleverd aan dit proefschrift. 
Lisette, het was niet altijd even makkelijk maar je hebt je geloof in het ‘Lisette-en-Evelien-
eiwitje’ nooit opgegeven. Ik vind het supertof dat er nu een mooi manuscript over Protease IV 
klaarligt voor review. Heel veel succes bij het afronden van jouw eigen promotieonderzoek! 
Willem, bedankt voor jouw tomeloze inzet in het lab. Het heeft bijgedragen aan twee mooie 
hoofdstukken in dit boekje en jouw eerste publicatie. Ga zo door, ik wens je veel succes bij het 
afronden van jouw masteropleiding. Jasper, dankjewel voor het pionieren op het convertase-
project. Je hebt je alle materie extreem snel eigen gemaakt en hebt een hele belangrijke 
bijdrage geleverd aan de ontwikkeling van ons modelsysteem. Heel veel succes en plezier met 
jouw eigen promotietraject, het kan niet anders dan dat het een succes gaat worden! Hatice, 
winnares van de I&I studentenprijs (trots!), dankjewel voor het werk dat je hebt verzet in 
het lab. Ik heb geboft met jouw gestructureerdheid en nette manier van werken en je hebt 
een aantal mooie grafieken voor me weten te maken. Heel veel succes bij het afronden van je 
master en bij je verdere carrière! 



&170 |

I would like to thank Piet Gros and Federico Forneris for many fruitful discussions on 
convertases, complement proteins and ions, and for technical advice and assistance. Graag 
wil ik ook Wieger Hemrika en Roland Romijn van U-Protein Express bedanken voor al hun 
hulp bij de expressie en zuivering van complement eiwitten. Deze samenwerking is onmisbaar 
geweest bij het convertase-werk. 

Victor N., thank you for the opportunities you gave me during the early start of my scientific 
career. It has been a great pleasure to work in your lab as a student and to collaborate during 
my PhD training. Maren, thanks for being such a great mentor and for enthusing me for 
scientific research. Thanks the chance you gave me to contribute to the LL-37 work. 

De boog kan niet altijd gespannen zijn en gelukkig is er ook nog een leven naast het lab. Lieve 
Bianc, El, Nyn, en Tes, bedankt dat jullie er altijd voor me zijn. Samenwonen en studeren 
heeft een stevige basis gelegd voor onze vriendschap. Ik heb er heel veel bewondering voor 
hoe jullie, alle vier in totaal verschillende velden, jullie droom najagen en daar heel succesvol 
in zijn! Tijdens spontane vrijdagmiddagborrels, etentjes, rondjes hardlopen, en vooral ook 
tijdens zondagmiddagen gezellig keuvelen, kom ik altijd volledig tot rust. Dat we ons straks in 
een paar verschillende uithoeken van de wereld begeven is niet zo leuk - ik ga jullie vreselijk 
missen - maar is gelukkig tijdelijk! Lieve Karlijn, de microbiologie-springmeetings met 
mijn favoriete kamergenootje zijn tijdens mijn promotietijd ieder jaar weer een hoogtepunt 
geweest! Superveel dank voor alle gezelligheid, steun en advies zowel in het onderzoek als 
daarbuiten, en bovenal onze vriendschap. Er is niemand anders met wie ik liever door elkaar 
gehaald wil worden J. Ik hoop dat ik erbij kan zijn als je jouw proefschrift verdedigt, hoe 
dan ook weet ik zeker dat je dat ontzettend goed gaat doen! Lieve Lau, met jou kan ik zo 
ontzettend lachen en tegelijkertijd alles bespreken. Ik bewonder jouw gestructureerdheid en 
doorzettingsvermogen waar je superveel mee bereikt. Ik ben er trots op dat ik straks naast je 
mag staan bij jouw promotie. Dankjewel dat je er altijd voor me bent. Lieve Arnhem-gangsters, 
ook al zien we elkaar niet zo vaak als ik eigenlijk zou willen, we raken elkaar niet uit het oog en 
zijn er voor elkaar op de belangrijke momenten. Bedankt voor deze bijzondere vriendschap! 
Lieve Soof, hoeveel er ook is veranderd in ons leven sinds de Australische outback, als we elkaar 
zien is het net als altijd en supergezellig. Dankjewel dat I can call on you my friend. Lieve e.t.-
ers, bedankt voor de ontelbare fijne etentjes, laten we dat vooral volhouden! FFatale dames, 
dank voor alle leuke avondjes en de nodige ontspanning tijdens de afgelopen jaren. Lieve Juul 
en Ink, in hetzelfde OIO-schuitje, dank voor de gezelligheid en steun. Ook Liset, mede-I&I-
er, dank voor de gezelligheid en hulp tijdens cursussen en PhD-retreats! Ook collega-OIO-
ers Karin en Fieke veel succes en plezier met het afronden van jullie promotietrajecten! Als 
Foreign Femme zal ik jullie gaan missen. Allang niet meer alleen ‘vrienden van Michiel’, wil ik 
ook Wiets en Heukie bedanken voor hun wijze woorden, steun, en gezelligheid. 
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Elena, Petie, en Cuny, alle drie op jullie eigen manier hebben jullie een essentiële bijdrage 
geleverd aan de totstandkoming van dit boekje. Heel erg bedankt voor jullie hulp en 
belangrijke inzichten die jullie me hebben gegeven. 

Lieve mam en pap, ontzettend bedankt voor jullie steun waar ik altijd op kan rekenen, bij alles 
wat ik doe. Bedankt voor het warme nest, waar ik altijd thuis kan komen alsof ik er nog woon. 
Lieve zus, bedankt voor de spiegel die jij me af en toe voorhoudt om me met beide benen op 
de grond te houden. Al ben je de jongste van ons twee, jij bent soms zoveel wijzer. Ik hoop dat 
je snel vaste juf wordt op een leuke school want je bent een topper en ik ben supertrots op jou! 
Steef, dank voor de gezelligheid die je in de familie brengt, veel succes bij het afronden van de 
opleiding die echt bij je past. Lieve familie Boekhout, bedankt voor een warm welkom in de 
familie en jullie belangstelling voor mijn onderzoek. 

Lieve Michiel, tegelijkertijd promoveren en samenwonen in een klein huisje zonder aparte 
kamers zijn misschien niet de allerbeste omstandigheden voor een goede relatie, maar voor 
ons bracht het niets dan goeds. Ondanks dat je zelf ook een proefschrift hebt af te ronden, sta 
je aan het eind van elke werkdag met open armen voor me klaar. Jouw aandeel aan mijn boekje 
is groter dan je zelf misschien denkt. Dankjewel voor je steun en advies, je engelengeduld, 
een luisterend oor, en dankjewel dat je mij eraan helpt herinneren ‘dat er niets is dat wij niet 
samen kunnen oplossen’. Je bent geweldig.
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