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Chapter 1 
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The complement system 

The immune system of humans and other 
mammals is formed by specialised cells and 
molecules that cooperate on several levels with 
the ultimate goal to eliminate invading 
pathogens. The immune system consists of two 
branches; the adaptive immune system and 
the innate immune system. The effect on 
repetitive infections is different for the two 
systems. Where the innate immune system 
reacts to the same extent regardless of the 
number of recurrences, the adaptive immune 
system improves its effectiveness on each 
encounter with a particular infectious agent. 
However, the adaptive immune system needs 
several days to become fully activated and 
operational. In contrast, the innate immune 
system can be activated within minutes and is 

fully active within hours (reviewed in (Delves 
and Roitt, 2000; Medzhitov and Janeway, 
2000)). The two systems are complementary to 
each other, however, the adaptive immune 
system relies on the innate immune system for 
effective activity (reviewed in (Fearon and 
Locksley, 1996)). 
 
The mammalian complement system is a key 
part of the innate immune system and plays an 
important role in humoral immune defense 
against invading microorganisms (reviewed in 
(Carroll, 2004; Walport, 2001)). The system 
can recognize and eliminate pathogens in the 
blood stream, elicit inflammatory responses 
and facilitate the adaptive immune response. 
Besides recognition and clearance of “non-self” 
material, the complement system is involved in 
clearance of “self” particles, such as apoptotic 
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Figure 1. Overview of the complement system. The three pathways of recognition converge in the activation 
of C3 into C3b. This results in amplification of the complement response by the C3 convertase (C3bBb). 
Amplification initiates several effector functions and ultimately results in the elimination of the pathogen. 
Molecules involved in effector functions are enclosed by an oval. 
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cells. Unduly complement activity, however, 
has been associated with a wide variety of 
inflammatory conditions and immune-complex 
diseases such as autoimmune diseases, sepsis, 
adult respiratory distress syndrome, 
hyperacute rejection of transplants etc. 
(reviewed in (Sahu and Lambris, 2000)). In 
this sense, the complement system has often 
been referred to as a double-edged sword. 
 
Complement activity is established by the 
interplay of 30-40 soluble plasma proteins and 
cell-surface proteins that form a complex set of 
regulatory pathways. Three routes of 
recognition lead to activation of the 
complement system: the classical (antibody-
mediated) pathway, the lectin pathway and the 
alternative pathway. These pathways converge 
in the proteolytic activation of the central 
complement component C3. Cleavage of C3 
into the biologically active molecules C3b and 
C3a is the central step in the complement 
activation cascade. Production of C3b results in 
amplification of the complement response by 
formation of the C3 convertase complex, 
C3bBb, that activates additional C3 molecules. 
Finally, amplification leads to several responses 
including inflammation, chemotaxis, 
phagocytosis, B-cell stimulation and cell lysis 
and ultimately results in clearance of the 
particle. In short, the complement cascade 
follows three main steps; activation, 
amplification and effector functions (see Figure 
1). 
 
Three pathways of activation 

The three pathways of activation all have the 
same effect; they activate the central 
complement component C3. The difference 
between the pathways is the way in which this 
activation is achieved. The classical pathway is 
initiated by recognition of immune complexes 
or other specific foreign patterns (e.g. bacterial 
lipopolysaccharides) (Zohair et al., 1989) by 
the molecule C1q in the C1 complex. This 
recognition is followed by a series of steps. 
First, the serine protease zymogens C1r and 
C1s, which are part of the C1 complex, are 
activated (Sim and Tsiftsoglou, 2004). Then 
the activated C1 complex proteolytically 
activates complement component C4, which is 

homologous to C3. Similar to C3, activation of 
C4 generates the anaphylatoxin C4a and the 
major fragment C4b. C4b can covalently bind 
to a target surface close to the C1 complex. 
Once attached to the surface C4b can bind C2 
and the nearby C1 complex subsequently 
proteolytically activates C4b bound C2 into C2b 
and C2a. Of these only C2a stays attached to 
C4b. This complex, C4b2a, is called the 
classical pathway C3 convertase and is able to 
proteolytically activate C3. 
 
Similar to the classical pathway, activation of 
the lectin pathway results in the formation of 
the C4b2a complex. However, rather then by 
immune complexes, the lectin pathway is 
initiated by the recognition of microbial sugars 
(e.g. mannose, N-acetylglucosamine, and 
fucose) (Kuhlman et al., 1989; Turner, 1996). 
The sugars are recognized by mannan-binding 
lectin (MBL) or ficolin which are in complex 
with two MBL-associated serine proteases 
(MASP-1 and MASP-2) (Endo et al., 2006; 
Matsushita and Fujita, 1995; Thiel et al., 
1997). Recognition is followed by activation of 
the MASPs. The activated MBL-MASP or ficolin-
MASP complex can, like the classical pathway 
C1 complex, proteolytically activate C4 and 
subsequently C2 bound to C4b (Matsushita et 
al., 2000). This results in the formation of the 
C4b2a complex that can activate C3.  
 
The alternative pathway is different from both 
the classical and lectin pathways in the way it 
is activated. Instead of activation by specific 
recognition, the alternative pathway is 
spontaneously activated, although at a very 
low rate (Pangburn and Muller-Eberhard, 
1980). This “tickover” is achieved by 
spontaneous hydrolysis of an internal thioester 
bond in C3 (hydrolysis rate of 0.005 % min-1) 
(Pangburn et al., 1981). Hydrolyzed C3, called 
C3(H2O), resembles C3b (Isenman et al., 
1981) and is able to bind the serine protease 
zymogen factor B, which is homologous to C2. 
The bound factor B can subsequently be 
proteolytically activated by the protease factor 
D into Ba and Bb. The Ba fragment dissociates 
from the complex, leaving behind the serine 
protease part, Bb, that stays in complex with 
C3(H2O). In analogy with the C4b2a complex, 
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the fluid-phase C3(H2O)Bb complex can 
proteolytically activate C3 (Muller-Eberhard, 
1988). 
 
Amplification 

The pivotal step in the complement cascade is 
the proteolytic activation of C3 into C3b that 
results in the amplification of the complement 
response. Activation of C3 can be initiated by 
the three complement pathways. The 
amplification starts with the cleavage of C3 into 
C3b and the subsequent covalent attachment 
of C3b to target surfaces via an exposed 
thioester moiety (Law and Levine, 1977; Law 
et al., 1979). Similar to C3(H2O) in the 
alternative pathway, bound C3b provides a 
molecular platform for the formation of the 
convertase complex. The serine protease 
zymogen factor B binds to surface bound C3b 
which enables the protease factor D to cleave 
factor B into Ba and Bb. This activates the 
protease containing subunit Bb that stays 
attached to C3b and yields the short-lived (t½ 
≈ 90 s) convertase complex C3bBb (Fishelson 
et al., 1984). The convertase proteolytically 
activates additional C3 into the anaphylatoxin 
C3a and C3b resulting in amplification of the 
complement response (Muller-Eberhard and 
Gotze, 1972). 
 
Effector functions 

Accumulation of deposited C3b leads to the 
final phase in the complement response. The 
production of large amounts of C3b results in 
the formation of the C5 convertases, C4b2a3b 
or C3bBb3b, initiating the terminal phase of 
complement activation, i.e. the formation of 
the membrane-attack complex on target cells 
resulting in cell lysis (reviewed in (Muller-
Eberhard, 1986)). In short: deposition of C3b 
molecules on and around a C3 convertase 
switches the substrate specificity of the 
convertase from C3 to the homologous C5 
(Pangburn and Rawal, 2002). In analogy to C3, 
activation of C5 generates C5a, a potent 
anaphylatoxin that mediates inflammation and 
C5b. C5b binds to C6 and C7. This trimolecular 
complex (C5b-7) can insert into lipid bilayer 
membranes. The subsequent binding of C8 to 
the membrane bound C5b-7 complex results in 
an active pore forming complex (C5b-8) albeit 

with low lytic activity (Ramm et al., 1982). Full 
lytic activity is reached by the binding of 
multiple C9 molecules (up to 21 (Podack et al., 
1982)) to the C5b-8 complex and the insertion 
of the C9 molecules into the membrane. This 
large membrane-attack complex 
(approximately 1,850 kDa) forms large 
transmembrane channels (inner diameter of 
110 Å) leading to osmotic lysis, and thus killing 
of the pathogen.   
 
C3b also plays a direct role in clearance of a 
tagged particle. Covalent attached C3b acts as 
an opsonin providing a strong signal for 
phagocytosis by macrophages and leukocytes. 
Surface bound C3b acts as a tag that is 
recognized by receptors on phagocytes. C3b-
receptor interaction directly targets the particle 
for phagocytosis. Furthermore, proteolysis of 
C3b results in the formation of fragment iC3b, 
and finally fragments C3dg and C3c (Harrison 
and Lachmann, 1980; Ross et al., 1982) (see 
also Figure 2). Like C3b, iC3b also serves as an 
opsonin. Additionally, iC3b and C3dg stimulate 
B-cells (Dempsey et al., 1996) providing a link 
between the innate and adaptive immune 
responses (Carroll, 2004). Evidently C3 and its 
activation products, C3b, iC3b and C3dg are 
versatile molecules that play a major role in 
the elimination of pathogens by the 
complement system. 
 

Complement component C3 

α2-Macroglobulin family 

Complement component C3 and the 
homologous complement proteins C4 and C5 
are members of the α2-macroglobulin (α2M) 
family of proteins. Proteins of this family have 
emerged over 700 million years ago (Sunyer et 
al., 1998). They are ubiquitous among 
metazoans and have a primary function in host 
defense (Blandin and Levashina, 2004). Other 
well known members of the family include the 
universal protease inhibitor α2-macroglobulin 
and the thioester-containing proteins (TEPs) 
from insects and nematodes (Budd et al., 
2004). All these proteins are relatively large 
(1,400-1,800 amino-acid residues) with several 
marked functional features; a reactive thioester 
moiety enabling covalent attachment to target 
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particles; a highly variable central segment 
likely involved in recognition; and, the 
propensity to undergo conformational changes 
yielding distinct protein-binding interactions 
(Budd et al., 2004; Chu and Pizzo, 1994; 
Lagueux et al., 2000). 
 
C3 

Complement component C3 is the central 
player in the complement system. It is the 
most abundant complement protein in serum 
with levels of 1-1.5 g/l in healthy individuals. It 

is synthesized as a single poly-peptide chain of 
1,641 amino-acid residues and secreted into 
the blood as a glycosylated, two-chain protein. 
Residues 1-645 form the β-chain and residues 
650-1,641 form the α-chain with N-linked 
glycans on positions Asn-63 and on Asn-917 of 
the β- and α-chain respectively (Hase et al., 
1985; Hirani et al., 1986). Residues Arg-646 – 
Arg-649 are proteolytically removed during 
post-translational processing. A remarkable 
aspect of its post-translational modifications is 
the formation of a thioester bond in the 
protein. The side chains of residues Cys-988 

C3 convertase

C3a
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C3f

C3dg
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1,281 1,299

932

C3

C3b

iC3b

C3c
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1 1,641645 650 Cys988 Gln991
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C5
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Figure 2. Topology of C3 and its homologues and activation and proteolytic processing of C3. a, 
Topology of C3; indicated are the β-chain and the α-chain, N-linked glycans (closed circles), the disulfide bonds 
(connecting lines) and the thioester (open triangle). b, The C3 convertase activates C3 into C3a and C3b. 
Factor I, in the presence of factor H, CR1 or MCP, further processes C3b into iC3b and C3f and finally C3dg and 
C3c. Cleavage sites are indicated by residue numbers. The reacted, opened, thioester is indicated by to parallel 
lines. Interchain disulfide bonds are indicated by connecting lines. c, Other members of the α2M family are 
schematically indicated. Only interchain disulfide bonds are indicated. C4 consists of three chains, and α2M and 
TEP consist of a single chain. C5 lacks the thioester. α2M and TEP lack the C-terminal C345c domain and have 
a highly variable central segment. 
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and Gln-991 form a Cα-Cβ-Sγ-(Cδ=Oε)-Cγ-Cβ-Cα 
thioester linkage (Tack et al., 1980) (Thomas 
et al., 1982). The length of the poly-peptide 
chain and the extensive post-translational 
modifications (two-fold glycosylation, formation 
of thirteen disulfide bridges (Dolmer and 
Sottrup-Jensen, 1993; Huber et al., 1980), 
removal of the tetra arginine (646-649) and 
formation of a thioester moiety) indicate a 
complicate folding process of this 
conformational complex protein molecule.  
 
C3 activation 

The function of C3 is regulated by a series of 
conformational changes induced by sequential 
proteolytic cleavages (Figure 2). Activation of 
C3 by cleavage of the sissile bond Arg-726 – 
Ser-727 into the anaphylatoxin C3a (9 kDa) 
and the major fragment C3b (177 kDa) is the 
central step in the complement cascade. C3 
undergoes profound conformational changes 
upon activation to C3b (Isenman et al., 1981). 
C3b exposes various protein-binding sites 
(Lambris, 1988) and a thioester moiety for 
covalent attachment to essentially any, self or 
non-self, surface (Law and Levine, 1977; Law 
et al., 1979). Whereas C3 has few binding 
partners, C3b has many. Surface bound C3b 
exposes binding sites for factor B leading to the 
formation of the C3 convertase and resulting in 
amplification of the complement response. The 
association of C3b and factor B is accelerated 
by properdin, which in addition stabilizes the 
convertase 10-fold (Fearon and Austen, 1975; 
Hourcade, 2006). In addition, C3b exposes 
binding sites for complement receptors on 
phagocytic cells (for example, CR1 (CD35) on 
neutrophils (Carroll, 2004) and CRIg on Kupffer 
cells (Helmy et al., 2006)) and recognition 
results in phagocytosis of the opsonized 
particle. The formation of C3b is therefore a 
crucial step that requires tight regulation. 
 
Decay acceleration 

Regulation of complement is crucial to prevent 
severe damage to host tissues. Inhibition of 
convertase activity, and thus inhibition of 
complement amplification, is achieved by 
various regulators that accelerate the 
dissociation of the convertases and that 
discriminate between self and non-self. This 

regulation activity is called “decay-acceleration 
activity” (DAA) (Kirkitadze and Barlow, 2001) 
and the regulators belong to a family of 
homologous proteins called “regulators of 
complement activation” (RCA). The RCA 
proteins consist almost entirely of CCP domains 
arranged in a beads-on-a-string fashion. Three 
important members of this family are soluble 
factor H, surface bound decay-accelerating 
factor (DAF, CD55) and complement receptor 1 
(CR1, CD35). The cell surface regulators 
protect the cells on which they are expressed 
whereas soluble factor H discriminates between 
self and non-self by recognizing 
glycosaminoglycans on self cells. Once the 
convertase complex is dissociated, factor Bb 
cannot re-associate with C3b and hence 
amplification of complement is inhibited. 
 
Cofactor activity 

A second mechanism of complement regulation 
is the processing of C3b into iC3b by the 
protease factor I with the aid of additional 
cofactors. Processing into iC3b induces 
structural rearrangements (Isenman, 1983) 
and changes the binding properties and 
function (Sahu and Lambris, 2001), e.g. factor 
B and properdin can no longer bind. The 
cofactors which display “cofactor activity” (CA) 
are factor H, CR1 and surface bound 
membrane-cofactor protein (MCP) which also 
belongs to the RCA family of proteins (Medicus 
et al., 1983; Pangburn et al., 1977; Ross et al., 
1982; Seya et al., 1986). This cofactor-induced 
processing of C3b occurs in three cleavage 
steps of the α-chain. First factor I cleaves 
between residues Arg-1281 and Ser-1282 
which generates iC3b1. A second cleavage 
between Arg-1298 and Ser-1299 generates C3f 
(2 kDa) and iC3b2 (Davis and Harrison, 1982; 
Harrison and Lachmann, 1980). A third 
cleavage by factor I between Arg-932 and Ser-
933 results in the formation of C3dg (40 kDa) 
and C3c (135 kDa) (Lachmann et al., 1982) 
(see Figure 2). The resulting iC3b, C3dg and 
C3c no longer bind factor B and thus 
complement amplification is stopped. 
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Convertase inhibiting activity 

Very recently a third mechanism of 
complement regulation was discovered by 
Wiesmann et al. (Wiesmann et al., 2006). They 
showed that binding of CRIg to C3b in the 
convertase specifically prevented the binding of 
the substrate C3 to the convertase. This 
“convertase inhibiting activity” (CIA) is a new 
type of complement regulation in addition to 
the CA and DAA.  
 
C3b fragments signaling 

Two fragments generated by the processing of 
C3b, i.e. iC3b and C3dg, also induce various 
cellular responses. Similar to C3b, iC3b is an 
opsonin recognized by CR1 and CRIg and, 
additionally, by the integrins CR3 (αMβ2, 
CD11b/CD18, Mac-1) and CR4 (αXβ2, 
CD11c/CD18, p150,95) on leukocytes (Kamata 
et al., 1995; McGuire and Bajt, 1995; Ueda et 
al., 1994). Furthermore, surface-bound iC3b 
and C3dg, but not C3b, play critical roles in B-
cell stimulation and initiation of adaptive 
immune responses by binding to CR2 (CD21) 
on B-cells (Carroll, 2004; Dempsey et al., 
1996). Clearly C3 and its derivatives are 
versatile molecules in which conformational 
changes determine the biological activity.  
 
Thioester activity  

The thioester is crucial for covalent attachment 
of C3b to surfaces. The reaction of the 
thioester is essentially non-specific. However, 
its short life-time (t½ < 100 µs) (Sim et al., 
1981) once activated into an acyl-imidazole 
intermediate prevents C3b from attachment far 

away from the site of activation. The thioester 
is protected within C3 from reaction with water 
or other small nucleophiles (t½ ≈ 200 h) 
(Isenman et al., 1981; Muller-Eberhard, 1988; 
Pangburn, 1992; Pangburn et al., 1981). Slow 
spontaneous hydrolysis of the thioester with 
water, i.e. tick-over, results in the formation of 
C3(H2O) and initiates the alternative pathway. 
Interestingly upon proteolytic activation of C3 
into C3b the thioester becomes 1010 times 
more reactive towards hydroxyl nucleophiles 
(Muller-Eberhard, 1988). Reaction of C3b with 
hydroxyl nucleophiles is accomplished by the 
transformation of the thioester into a thiolate 
anion, on Cys-988, and formation of an acyl-
imidazole intermediate by Gln-991 and His-
1104 (Dodds et al., 1996; Gadjeva et al., 
1998; Law and Dodds, 1997) which is 
stabilized by Glu-1106 (Nagar et al., 1998; van 
den Elsen et al., 2002) (Figure 3). The thiolate 
anion acts as a base catalyst for the binding of 
hydroxyl nucleophiles to the acyl-imidazole 
intermediate. This mechanism allows C3b to 
bind to hydroxyl nucleophiles on essentially any 
surface, whilst the fast hydrolysis of the 
thioester, once activated, keeps this damaging 
reaction in check.  
 

Complement intervention 

Complement evasion 

Although the complement system is very 
effective in the elimination of invading 
pathogens, several pathogens have found ways 
to circumvent complement attack. Because C3 
is central to the complement system many 
pathogens have developed mechanisms to 
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Figure 3. Activation and covalent binding reaction of the thioester. The reaction of the thioester with 
hydroxyl nucleophiles occurs through the formation of an acyl-imidazole intermediate and a thiolate anion. 
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control activation and regulation of C3 and use 
these interactions to their own advantage. 
Staphylococcus aureus extracellular fibrinogen-
binding protein (Efb) binds and changes the 
conformation of C3, disabling it to further 
function in the complement response (Hammel 
et al., 2007). Staphylococcal complement 
inhibitor (SCIN) from S. aureus stabilizes and 

inhibits the C3bBb convertase complex 
preventing C3 from being activated 
(Rooijakkers et al., 2005). Vaccinia virus 
complement control protein (VCP) is a 
structural and functional homologue of the RCA 
family (Kotwal and Moss, 1988) displaying both 
DAA and CA thereby inhibiting complement 
amplification (McKenzie et al., 1992). The tick-

Table 1. Solved structures in the complement system 

 Protein Domain/fragment Method Reference 

Central 

complement 

components 

C1r 
 
C1s 
 
C1q 
C2 
 
C3 
 
 
 
 
 
C4 
C5 
 
C8 
Factor B 
 
 
 
Factor D 
MASP2 
 
Map19 
Ficolin 
 

EGF-like 
CCP1-CCP2-SP 
CCP2-SP 
CUB1-EGF 
Globular head 
C2a 
C2a 
C3a 
C3d 
C3 
C3 
C3c 
C3b 
C4d 
C5a 
C345C 
C8γ 
SP 
vWA 
Factor Bb 
Factor B 
Factor D 
CUB1-EGF-CUB2 
CCP1-CCP2-SP 
Map19 
M-ficolin (FD1) 
L, H ficolin (FD1) 

NMR 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
NMR 
NMR 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 
X-ray 

(Bersch et al., 1998) 
(Budayova-Spano et al., 
2002) 
(Gaboriaud et al., 2000) 
(Gregory et al., 2003) 
(Gaboriaud et al., 2003) 
(Milder et al., 2006) 
(Krishnan et al., 2007) 
(Huber et al., 1980) 
(Nagar et al., 1998) 
(Janssen et al., 2005) 
(Fredslund et al., 2006) 
(Janssen et al., 2005) 
(Janssen et al., 2006) 
(van den Elsen et al., 2002) 
(Zhang et al., 1997) 
(Bramham et al., 2005) 
(Ortlund et al., 2002) 
(Jing et al., 2000) 
(Bhattacharya et al., 2004) 
(Ponnuraj et al., 2004) 
(Milder et al., 2007) 
(Jing et al., 1998) 
(Feinberg et al., 2003) 
(Gal et al., 2005) 
(Gregory et al., 2004) 
(Tanio et al., 2007) 
(Garlatti et al., 2007) 

Regulators Factor H 
 
 
 
 
 
C4BP 
DAF (CD55) 
 
 
MCP (CD46) 
CR1 (CD35) 
 
CR2 (CD21) 
CR3 (CD11b/CD18) 
CR4 (CD11c/CD18) 
CD59 

CCP16 
CCP5 
CCP15-CCP16 
CCP19-CCP20 
CCP19-CCP20 
CCP7 
CCP1-CCP2 
CCP3-CCP4 
CCP2-CCP3 
DAF (CCP1,2,3,4) 
CCP1-CCP2 
CCP15-CCP16 
CCP16-CCP17 
CCP1-CCP2 
I-domain 
I-domain 
CD59 (soluble form) 

NMR 
NMR 
NMR 
NMR 
X-ray 
NMR 
NMR 
X-ray 
NMR 
X-ray 
X-ray 
NMR 
NMR 
X-ray 
X-ray 
X-ray 
NMR 

(Norman et al., 1991) 
(Barlow et al., 1992) 
(Barlow et al., 1993) 
(Herbert et al., 2006) 
(Jokiranta et al., 2006) 
(Herbert et al., 2007) 
(Jenkins et al., 2006) 
(Williams et al., 2003) 
(Uhrinova et al., 2003) 
(Lukacik et al., 2004) 
(Casasnovas et al., 1999) 
(Smith et al., 2002) 
(Smith et al., 2002) 
(Prota et al., 2002) 
(Lee et al., 1995) 
(Vorup-Jensen et al., 2003) 
(Fletcher et al., 1994) 

In complex C3d-CR2 
C3b-CRIg 
C3d-Efb 
C3c-compstatin 

C3d CR2-CCP1,2 
C3b-CRIg (N-term) 
C3d-Efb-C 
C3c-compstatin 

X-ray 
X-ray 
X-ray 
X-ray 

(Szakonyi et al., 2001) 
(Wiesmann et al., 2006) 
(Hammel et al., 2007) 
This thesis, chapter 4 

Foreign VCP 
 
 
BbCRASP-1 
CHIPS 
gp350 

CCP3-CCP4 
VCP 
CCP2-CCP3 
BbCRASP-1 
CHIPS 
Domain A, B, C 

NMR 
X-ray 
NMR 
X-ray 
NMR 
X-ray 

(Wiles et al., 1997) 
(Murthy et al., 2001) 
(Henderson et al., 2001) 
(Cordes et al., 2005) 
(Haas et al., 2005) 
(Szakonyi et al., 2006) 
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borne pathogen Borrelia burgdorferi hijacks 
factor H from the infected host by binding to its 
B. burgdorferi complement regulator-acquiring 
surface protein (Bb-CRASP), thus acquiring 
DAA and CA and preventing complement 
amplification on its surface (Kraiczy et al., 
2001). Further knowledge on complement 
evasion molecules from pathogens may lead to 
the development of specific complement 
inhibitors and therapeutics against these 
pathogens. 
 
Complement inhibitors 

Complement on the one hand leads to 
pathogen elimination and stimulation of the 
adaptive immune responses. On the other 
hand, its unregulated activation is a major 
cause of tissue injury and contributes to many 
diseases such as rheumatoid arthritis, 
Alzheimer’s disease, multiple sclerosis, asthma, 
allergic reactions, sepsis, stroke and heart 
attack (reviewed in (Sahu and Lambris, 2000)). 
Furthermore, undesired complement activation 
contributes to the pathogenesis of allograft and 
xenograft rejection. The involvement of the 
complement system in inflammatory responses 
and increased tissue damage makes it an 
attractive target for therapeutic intervention. 
This notion has led to the development of 
various complement inhibition strategies. 
Several naturally occurring compounds can act 
as complement inhibitors, for example: low 
molecular-weight molecules (e.g. rosmarinic 
acid), polysaccharides (e.g. heparin) and 
proteins from self (e.g. C1-inhibitor) (reviewed 
in (Makrides, 1998)) or non-self (e.g. SCIN). 
These molecules might serve as lead 
compounds to newly designed inhibitors 
(reviewed in (Bureeva et al., 2005)). Also 
several complement regulators (e.g. CR1, MCP 
and DAF) have been used as a template for the 
development of recombinant complement 
inhibitors (reviewed in (Sahu and Lambris, 
2000)). Furthermore, high-affinity monoclonal 
antibodies have been developed that inhibit C5 
activation (reviewed in (Sahu and Lambris, 
2000)). Although many of these complement 
inhibitors are promising therapeutic candidates, 
none of them have been approved for clinical 
use yet. Moreover, high molecular-weight 
inhibitors lack the advantages of smaller 

molecules such as low cost, better ability to 
penetrate in tissues and the possibility of oral 
application. 
 
Compstatin 

A decade ago, Lambris and co-workers (Sahu 
et al., 1996) identified a promising new small 
molecular-weight inhibitor of complement. This 
13-residue cyclic peptide, named compstatin, 
inhibits the complement response by 
preventing the proteolytic activation of C3. 
Over the last few years the inhibiting activity of 
compstatin has been enhanced several 100 
folds (for an recent overview see reference 
(Mulakala et al., 2007)). These mutagenesis 
studies were based on the structure of free 
compstatin and experimental and theoretical 
combinatorial approaches (reviewed in (Morikis 
et al., 2004)). However, knowledge of the 
complete three-dimensional structure of the 
target protein and the complex of inhibitor with 
target protein are required for the rational 
design of improved inhibitors, small-molecule 
inhibitors and peptidomimetics. Lack of these 
structures has hampered such developments so 
far.  
 

Structures so far 

Structures of complement proteins 

Structural data is instrumental in 
understanding the molecular mechanisms of 
complex formation and activation of the large 
multi-domain complement proteins. Resolving 
these structural details, however, is technically 
challenging. The proteins involved are typically 
large, multi-domain and flexible molecules and 
they associate into large and, in some cases 
inherently, instable complexes. Moreover, due 
to size and post-translation modifications these 
proteins are often hard to produce by 
recombinant protein expression techniques. 
Nonetheless, in the last decade significant 
advances have been made in the structure 
determination of complement proteins and 
protein domains (see Table 1). 
 
Structures of C3 fragments 

The three-dimensional structure of C3, or of 
any of its homologues, has remained elusive 
for a long period of time. Typically for 
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molecules of this size, the approach of 
structural biologists has been to determine 
structures of fragments or domains first. In the 
1980’s the first crystal structure determined of 
a fragment from a member of the α2M family 
was that of the anaphylatoxin C3a (Huber et 
al., 1980), followed nine years later by the 
NMR solution structure of the homologous C5a 
(Zuiderweg et al., 1989). Since then only three 
other domain structures were determined by 
crystallography or NMR: (i) in 1998 the 
receptor-binding domain (RBD) of α2M (Jenner 
et al., 1998); (ii) the structure of C3d in 1998 
(Nagar et al., 1998) and more recently (in 
2002) that of the homologous C4d (van den 
Elsen et al., 2002); and finally, (iii) most 
recently, in 2005, the C-terminal domain 
C345C of C5 (Bramham et al., 2005) (see also 
Figure 4). These data provided structural 
insights for 40% of the protein molecule. 
However, the structure of the remaining 60%, 
the overall architecture of C3 and the 
conformational changes following activation 
remained elusive. This is exemplified by a 
conserved-domain search at 

http://www.ncbi.nlm.nih.gov/Structure/cdd/wr
psb.cgi. This site presents two large single 
domain regions for C3: A2M_N (pfam01835) 
the α2M family N-terminal region 
corresponding to the β-chain of C3; and, A2M 
(pfam00207) the α2M family C-terminal region 
constituting most of the α-chain. Until now the 
much needed structural data for C3 or any of 
its derivatives has remained scarce and 
fragmented. 
 
Scope of this thesis 

Activation of C3 into C3b is the central step in 
the complement system. Numerous studies 
have provided a wealth of knowledge on the 
activity and function of C3 and its proteolytic 
products. However until now the structural data 
was lacking to provide a comprehensive and 
detailed view of the structures of C3 and its 
derivatives and the molecular, conformational 
mechanisms underlying the diverse functions of 
these versatile molecules. In this thesis we 
describe the crystal structures of human, 
native C3 and its main proteolytic fragment 
C3c. And we describe the insight these 

C3a

C3d

C345c (C5)

RBD (α2M)

972

1265726

662

1494

1641

1336

1474

(31%)

(26%)

C3

 
Figure 4. Structures of C3 fragments. Ribbon representation of fragments of the α2M family members; the 
anaphylatoxin C3a (Huber et al., 1980), C3d (1c3d) (Nagar et al., 1998) with the thioester residues indicated 
(spheres), the C-terminal domain C345c of C5 (1xwe) (Bramham et al., 2005) and the receptor-binding domain 
(RBD) of α2M (1ayo) (Jenner et al., 1998). Residue numbering is according to C3. Their respective positions in 
C3 are indicated by connecting lines and shaded segments in the schematic drawing of C3. Homology is 
indicated for the non-C3 fragments between brackets. 
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structures provide into regulation and biological 
function of C3 and evolution of the proteins of 
the α2-macroglobulin family (chapter 2). Next 
we describe the crystal structure of human C3b 
and address the conformational changes that 
occur upon proteolytic activation (chapter 3). 
Furthermore we describe the structure of C3c 
in complex with compstatin and the insight this 
structure provides into the function of 
compstatin and complement amplification 
(chapter 4). In chapter 5 we discuss these 
and other new recent molecular and structural 
insights into the central steps of complement 
activation and amplification. 
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The mammalian complement system is a 

phylogenetically ancient cascade system 

that has a major role in innate and 

adaptive immunity. Activation of 

component C3 (1,641 residues) is central 

to the three complement pathways and 

results in inflammation and elimination of 

self and non-self targets. Here we present 

crystal structures of native C3 and its final 

major proteolytic fragment C3c. The 

structures reveal 13 domains, of which 9 

were unpredicted, and suggest that the 

proteins of the αααα2-macroglobulin family 

evolved from a core of 8 homologous 

domains. A double mechanism prevents 

hydrolysis of the thioester group, 

essential for covalent attachment of 

activated C3 to target surfaces. Marked 

conformational changes in the αααα-chain, 

including movement of a critical 

interaction site through a ring formed by 

the domains of the ββββ-chain, indicate an 

unprecedented, conformation-dependent 

mechanism of activation, regulation and 

biological function of C3.  

 
 

Introduction 

 
The mammalian complement system mediates 
inflammation by generating anaphylatoxins to 
elicit chemotaxis and cell activation, and by 
promoting phagocytosis, degranulation and cell 
lysis. Its main functions include host defense 
against microorganisms, elimination of immune 
complexes and apoptotic cells, and facilitating 
adaptive immune responses (Carroll, 2004; 
Walport, 2001). The pivotal complement factor 
C3 is the convergence point for the classical, 
lectin and alternative pathways of complement 
activation (Carroll, 2004; Walport, 2001).  
 
C3 (187 kDa) emerged over 700 million years 
ago (Sunyer et al., 1998) and belongs to the 
α2-macroglobulin (α2M) family. These large 
(approximately 1400-1800 residue) proteins 
are characterized by homologous sequence 
features, including a unique thioester motif, 
and a central, highly variable part that is 
functionally important (Levashina et al., 2001). 
Its members, such as the complement factors 

C3, C4 and C5, the proteinase inhibitor α2M 
and the insect and nematode thioester-
containing proteins (TEPs), have important 
roles in the immune response in metazoans, 
considerably pre-dating the emergence of 
immunoglobulins (Budd et al., 2004). 
 
C3 interacts with a large number of 
complement factors (for example proteases, 
receptors and regulators) and non-complement 
proteins (for example viral and bacterial 
proteins) via distinct binding sites. The function 
of C3 is regulated by conformational changes 
induced by sequential proteolytic cleavages 
(Fig. 1). Cleavage of mature C3 is mediated by 
enzyme complexes(that is, convertases), and 
generates the anaphylatoxin C3a (9 kDa) and 
the major fragment C3b (177 kDa) (Bokisch et 
al., 1969) (Fig. 1c). This step exposes a hidden 
thioester (Tack et al., 1980) and multiple 
cryptic binding sites in C3b for interacting 
complement proteins (Lambris, 1988). Nascent 
C3b is able to bind covalently to cell and other 
target surfaces via the exposed thioester (Law 
et al., 1979). Amplification of complement 
activity is achieved by association of surface-
bound C3b and pro-enzyme factor B (Muller-
Eberhard and Gotze, 1972) yielding the short-
lived (t1/2 ≈ 90 sec.) (Fishelson et al., 1984) C3 
convertase C3bBb of the alternative pathway. 
Additional cleavages in the α-chain of C3b 
(generating iC3b) mediated by factor I in 
association with soluble (Pangburn et al., 1977; 
Ross et al., 1982) or membrane-bound (Ross 
et al., 1982; Seya et al., 1986) co-factors 
prevent further convertase formation and 
profoundly alter the function of the protein 
(Lambris, 1988). The first two cleavages 
release C3f (2 kDa) (Harrison and Lachmann, 
1980) and the third cleavage in the remaining 
iC3b liberates C3c (135 kDa) from the target-
bound C3dg (40 kDa) fragment (Lachmann et 
al., 1982).  
 
 

Results and discussion 

Structure determination of C3c and C3  

We determined the structures of human, native 
C3 (3.3-Å resolution) and its main proteolytic 
fragment C3c (2.4-Å resolution), which 
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comprises 72% of C3. First, we determined the 
structure of C3c purified from outdated human 
plasma. The structure was solved by single-
isomorphous replacement with anomalous 
scattering (SIRAS) and two-wavelength 
anomalous dispersion (MAD) phasing but 
required multi-crystal averaging (1994) with 
nine partial masks to obtain an interpretable 

map. Second, we determined the structure of 
full-length C3 purified from fresh human 
plasma. We solved this structure by molecular 
replacement. Initial positioning of C3c, or any 
of its fragments, was unsuccessful. However, 
the α6-α6 helical structure of C3d (Nagar et al., 
1998) (18% of C3, in a protein otherwise rich 
in β strands) was positioned correctly by Phaser 
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Figure 1. Structures of human complement components C3 and C3c. a, b, Ribbon representation of native 
C3 (13 domains) and C3c (10 domains) respectively. Also shown are intact thioester (red spheres), anchor 
region (grey) and α’NT (black). c, Domain sequence and arrangements in C3 and C3c. The colour scheme 
matches that in a, b. Shown are thioester site (white triangle), disulphide bridges, glycan positions (for details 
see Supplementary Fig. 3 and 6) and cleavage sites. Sequential proteolysis from C3 to C3c is indicated. d, e, 
Intertwined domains. d, MG6 intertwines the β- and α-chain of mature C3; MG6β (green) and MG6α (pink). e, 
Intertwined CUB. CUBg, cyan; and CUBf, red. Fibronectin-type 3 and CUB strand numbering are indicated. (Full 
colour on page 105) 
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(Storoni et al., 2004). Subsequently, domains 
of C3c were added gradually yielding 85% of 
the model, which was completed by model 
building. The final refined models had R and 
Rfree values of 22.3 and 27.9% (C3c) and 23.6 
and 29.5% (C3); see Methods and Table 1; see 
also Supplementary Fig. 1 and Supplementary 
Table 1. 
 

Domain organization  

C3 consists of two chains–β (residues 1-645) 
and α (residues 650-1641) (de Bruijn and Fey, 
1985)–that together form 13 domains, whereas 
C3c consists of three chains (the β-chain and 
two fragments of the α-chain) that form 10 
domains (Fig. 1a-c; Supplementary Fig. 2). 
Surprisingly, one domain is formed by parts of 
both the β- and α-chains. In addition, each 
chain forms 6 domains by itself. Eight domains 
(5.5 of β and 2.5 of α) exhibit a fibronectin-
type-3-like core fold (Supplementary Fig. 2d, 
e); however, no sequence homology is 
apparent among these domains. In analogy to 
immunoglobulin domains, we refer to them as 
macroglobulin (MG) domains. Residues 1-534 
form 5 MG domains, MG1-MG5 (Supplementary 
Fig. 3). Residues 535-577 form one half, 
denoted MG6β, of the β/α intertwined MG6 
domain. Together the chain of 6 MG domains 
forms 1.5 turns of helical coil as in a key ring 
(see domains of β-chain in Fig. 1c). Residues 
578-645 of the β-chain exit from MG6. They 
loop downwards and through the ring, forming 
3 helices in an extended configuration and one 
β-strand that aligns with the first strand of 
MG1. Three aromatic residues from the third 
helix and the β-strand of this linker domain, 
called LNK, form a small hydrophobic core. This 

structural element is wedged in 
between domains MG1, MG4 and 
MG5. The α-chain starts with the 
anaphylatoxin (ANA) domain 
(residues 650-726), which when 
cleaved off forms the C3a fragment. 
The structure of this domain is 
similar to the crystal structure of C3a 
(Huber et al., 1980), although the 
amino-terminal α-helical region was 
not resolved in that structure 
(Supplementary Fig. 3h). The 
subsequent scissile bond Arg726-

Ser727 sits in a surface-exposed, disordered 
loop (residues 720-729). Following this, there 
is an extended loop (residues 730-745) that 
connects ANA to MG6. Loop 727-745 forms the 
N-terminal region of the cleaved α-chain, 
denoted α’, in C3b; we refer to this loop as 
α’NT. Residues 746-806 form MG6α, which 
complements MG6β in the formation of MG6. 
MG6α is followed by a seventh MG domain, MG7 
(residues 807-911). The polypeptide chain that 
is excised by factor I to yield fragments C3dg 
and C3f is located between MG7 and an eighth 
MG domain, MG8 (residues 1331-1474). MG8 
corresponds to the receptor-binding domain in 
α2M; as expected, the structure of MG8 is 
homologous to this domain (Jenner et al., 
1998) (Supplementary Fig. 3p). The cleavage 
sites yielding C3g, C3d and C3f (Harrison and 
Lachmann, 1980; Lachmann et al., 1982) do 
not coincide fully with domain boundaries. 
Residues 912-962 and 1269-1330, 63% of C3g 
and all of C3f, together form one domain that 
displays a CUB fold; we refer to the two 
separate parts as CUBg and CUBf, respectively 
(Fig. 1e). The remaining part of C3g and C3d 
(residues 963-1268) together form a thioester-
containing domain (TED). Despite a major 
rearrangement of the N-terminal region, the 
α6-α6 fold is conserved between TED and C3d 
(Nagar et al., 1998) (Supplementary Fig. 3m). 
Finally, residues 1496-1641 form a carboxy-
terminal C345C domain with a netrin-like fold. 
This domain is covalently linked to MG8 by the 
polypeptide chain and to MG7 by a disulphide 
bond (Cys851-Cys1491) (Thomas et al., 1982) 
in what we refer to as an anchor region 
(residues 1475-1495). The overall structure of 
C345C is similar to the recent NMR-solution 

Table 1. Refinement statistics  
 C3c C3 
Resolution (Å) 40-2.4 40-3.3 
Rwork/Rfree (%) 22.3/27.9 23.6/29.5 
Number of atoms   
    Protein 17,686 12,859 
    Ligand/ion 90  
   Water 612  
B-factors (Å2)   
    Protein 46 93 
    Ligand/ion 67  
    Water 43  
Root mean square deviations   
    Bond lengths (Å)  0.012 0.002 
    Bond angles (degrees) 1.45 0.532 
 
 



Bert Janssen - Conformational Complexity of Complement Component C3 
 

 27 

structure of C345C of C5 (Bramham et al., 
2005) (see also Supplementary Fig. 3r). In 
total, nine out of thirteen domains were 
unpredicted (MG1-MG7, LNK and CUB). All 
domains together form an irregularly shaped 
C3 and a disc shaped C3c that lacks the ANA, 
CUB and TED domains, with strong dipolar 
surface-charge distributions (Supplementary 
Fig. 4).  
 

The αααα-chain undergoes major domain 

rearrangements 

There are dramatic conformational differences 
between C3 and C3c. The overall shape of the 
β-ring is well conserved; the only large change 
in MG1-MG6 and LNK is a 15º rotation and a 
4.3-Å (center of mass) shift of MG3 (Fig. 2; see 
also Supplementary Table 2). The domains of 
the α-chain, however, undergo large 
rearrangements when the molecule is 
processed from C3 into C3c. MG7 and MG8 
almost swap places in the overall structure: 
they rotate and translate by 35º and 7.8 Å and 
62º and 24 Å respectively. The C345C swivels 
32º and moves 10.1 Å, resulting in a torque 
motion acting on the anchor region. The anchor 
region, with its internal Cys1484-Cys1489 
disulphide bond, alters its conformation 
completely, from an α-helix in C3 to a β-hairpin 

in C3c (Fig. 2b; see also Supplementary Figs 2c 
and 3q). Overall, the structural differences 
between C3 and C3c suggest that the β-ring 
forms a relatively stable molecular platform for 
the structurally adaptable α-chain to undergo 
induced conformational changes.  
 

Implications for evolutionary events 

Intertwining of distant parts of the amino-acid 
sequence owing to inclusion of a domain into a 
loop is indicative of a gene insertion event. This 
situation occurs twice in C3 (Fig. 1d, e). MG6β/α 
has an insert of 165 residues in loop βC-βC’ and 
CUBg/f has an insert of 307 residues in loop β5-
β6. The MG6 insert forms the linker domain, 
the processing site 646-RRRR-649 (present in 
proC3), the anaphylatoxin domain, scissile 
bond Arg726-Ser727 and the α’NT, which 
contains four acidic residues important for 
factor B binding to C3b (Taniguchi-Sidle and 
Isenman, 1994). Because the MG6 insert 
includes the proC3 processing site, it follows 
that MG6 is formed by two separate chains in 
mature C3. The insert into CUB is the TED 
domain with the critical thioester group. 
Moreover, we hypothesize that the CUB domain 
itself is a putative insert into the linker between 
MG7 and MG8 (and hence the obvious signal of 
a domain formed by distant parts of the 

C3c62°°°°

C3

C3 - C3c

C345C
+ anchor

C3

C3c

32°°°° MG7 C3

C3c

35°°°°a b

MG8C3c

C3

15°°°°

MG3

 
 
Figure 2. Differences in domain arrangements between C3 and C3c. a, C3 and C3c superposed on the 
basis of MG1, MG2, MG4-MG6 of the β-ring shown as Cα trace of C3 (grey) and C3c (light grey). Domains that 
undergo large rearrangements (MG3, MG7, MG8 and C345C) are shown in ribbon representation. The colour 
scheme matches that of Fig. 1,with dark colours for C3 and lighter colours for C3c. b, Rearrangements observed 
for domains MG3, MG7, MG8 and C345C; orientations are different compared with a, for clarity. MG8 and the 
anchor region of C345C differ in secondary structure between C3 and C3c (Supplementary Figures 2a, 3p, q). 
(Full colour on page 106) 
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sequence is lacking). Notably, critical C3 
elements such as the thioester, the 
anaphylatoxin and the proteolytic cleavage 
sites lie within these putative inserts.  
 
Comparison of C3 with other members of the 
α2M family (Fig. 3) shows that the MG6 insert 
encompasses the central variable region, which 
in α2M contains the bait region (Sottrup-Jensen 
et al., 1989). In phylogenetically distant (insect 
and nematode) TEPs this sequence is 
hypervariable (Lagueux et al., 2000). In 
contrast, all sequences contain CUBg-, TED- 
and CUBf- like elements, the hall-mark of α2M 
family members. Homologous sequences 
lacking these elements are not known. The 
occurrence of α6-α6 folds in enzymes (Nagar et 
al., 1998) indicates perhaps that the TED fold 
existed separately before it was inserted and 
became a critical component in the proteins of 
the α2M family. The combination of two 
putative gene insertions and a gene extension 
of the C-terminal C345C domain (Ishii et al., 
1992) implies the existence of a hypothetical 

ancestral molecule 
comprised of eight MG 
domains, which possibly 
arose by gene 
duplication events. The 
sequences of the MG 
domains have diverged 
to an extent whereby 
there is no longer any 
detectable sequence 
homology. Insertion of 
CUBg/TED/CUBf marks 
the emergence of the 
α2M family in host 
protection and additional 
insertion of 

LNK/RRRR/ANA/α’NT 
and extension with 
C345C marks the 
emergence of the 
complement system in 
the innate immune 
defence more than 700 
million years ago (Sahu 
and Lambris, 2001). 
 
 
 

A double mechanism protects the 

thioester  

The highly reactive thioester (formed by the 
side chains of Cys988 and Gln991) (Thomas et 
al., 1982) is intact in the structure of C3. It is 
shielded from reacting with water (t1/2 > 6 
days) (Pangburn et al., 1981) or other small 
nucleophiles (Isenman et al., 1981; Pangburn, 
1992) by a hydrophobic/aromatic pocket 
formed by residues Met1378, Tyr1425 and 
Tyr1460 from MG8 and Phe1047 from the TED 
(Fig. 4a). These residues are conserved in the 
α2M family, except for C5, which lacks the 
thioester moiety. Although fully buried, the 
thioester and its protective pocket are 
positioned at the TED-MG8 interface close to 
the protein surface.  
 
Upon activation by the proteolytic cleavage of 
C3 into C3b, the protein reacts more readily 
with hydroxyl groups than amino groups (Law 
and Dodds, 1997). The altered reactivity is due 
to a transformation of the thioester into a free 

C4 
“RRRR”

insert

CD109 

“RRRR”
insert

L
N

K
A

N
A

M
G

8

M
G

1

M
G

2

M
G

3

M
G

4

M
G

5

M
G

6

M
G

7

CUB

C
3
4
5
C

TED

“RRRR”
insert

“RRRR”
insert

C4

C3, C5

bait

hypervariable

α2M

TEP

CD109

 
 
Figure 3. Domain organization of the αααα2M family deduced from the C3 

structure. Members of the α2M family are aligned schematically by domains with 
LNK, ANA, CUB and TED presented as inserts that potentially arose by gene-
insertion events. Mature C4 has an additional tetra-arginine (RRRR) processing 
site that occurs in an insert of 46 residues in loop βA-βB of MG8. CD109 
(Solomon et al., 2004) has a tetra-arginine site in the linker between CUB and 
MG8. Proteins of the α2M family differ in their composition at the C-terminus. 
α2M and TEPs lack the C345C domain, whereas CD109 has a GPI anchor here. 
(Full colour on page 106) 
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thiolate anion, on Cys988, and formation of an 
acyl-imidazole intermediate (Dodds et al., 
1996; Gadjeva et al., 1998) by Gln991 and 
His1104 that is possibly stabilized by Glu1106 
(Nagar et al., 1998; van den Elsen et al., 
2002). In the structure of C3 His1104 and 
Glu1106 (situated next to a disordered loop) 
are far from each other and far away from 
Gln991 (11.7 Å distance between Gln991 Cδ 
and His1104 Nε; Fig. 4b), and hence the 
catalytic site for reaction with hydroxyls is not 
present. In the structure of C3d (Nagar et al., 
1998), expressed in Escherichia coli with a 
Cys988Ala mutation, His1104 is only 4.1 Å 
from Gln991 in the modelled thioester and the 
side chains of His1104 and Glu1106 form a 
hydrogen bond, as would be the case when 
Glu1106 stabilizes the acyl-imidazole 
intermediate (Fig. 4b). In native C3, movement 
of His1104 and Glu1106 towards the thioester 
is prevented by the MG8-TED interface, thereby 
blocking the formation of the free thiolate and 
acyl-imidazole intermediate. This provides a 
second, specific protection mechanism of the 
native protein against hydrolysis by water and 
explains why the reactive moiety in C3 is more 
resistant to water and less resistant to reaction 
with small amino nucleophiles (Isenman et al., 
1981; Pangburn, 1992). 

Activation of C3 

The orientation of the TED domain with the 
thioester pointing inwards seems to be 
essential for maintaining the protective TED-
MG8 interactions in native C3. TED is 
buttressed in this position by interactions with 
MG2, MG8 and CUB (Fig. 4c). Cleavage of C3 at 
Ser726-Arg727 removes the ANA domain 
(which becomes the anaphylatoxin C3a) and 
yields an activated C3b with an exposed and 
reactive thioester. Therefore, the ANA domain 
has a critical role in protecting the thioester in 
native C3. However, in the structure of C3 no 
direct contacts are observed between the ANA 
and TED domains. Although loops of ANA and 
TED come within ~10 Å, there are no charged 
residues that could give long-range 
electrostatic attractions. Therefore ANA must 
protect the thioester in native C3 indirectly. 
ANA has extensive interactions with MG8. At 
the other side ANA interacts with MG3 (Fig. 5a) 
and thus bridges interactions between MG8 and 
MG3 of the stable β-ring. The ANA domain may 
serve to keep MG8 in a correct position for 
interaction with TED and, possibly, to induce a 
conformation of MG8 that enhances 
interactions with TED. 
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Figure 4. Interactions of the thioester and the TED domain. a, The first thioester protection mechanism 
involves a hydrophobic/aromatic pocket formed by residues of TED and MG8. Shown are protective residues and 
thioester (Cys988-Gln991) (ball-and-stick representation) with TED (green ribbon) and MG8 (yellow ribbon). b, 
The second thioester protection mechanism blocks reaction with hydroxyls by placing His1104 and Glu1106 far 
from the thioester. Stereo diagram of superposed TED domain (green) and C3d (Nagar et al., 1998) (yellow). 
Cys988 was mutated to Ala in C3d (Nagar et al., 1998). Movements in the N-terminal α0-α1 region between TED 
and C3d are shown by 15 Å displacement of Asp974. c, Domain-domain interactions stabilize the MG2-TED-CUB-
MG8 arrangement. Domain colours match those used in Fig. 1. (Full colour on page 107) 
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MG8 undergoes a conformational and a huge 
positional change from C3 to C3c (Fig. 2). The 
domain makes a dramatic swing from the 
interior of the C3 molecule to the exterior in 
C3c. This swing moves helix α1 and 
surrounding β-strands by 40-50 Å. In C3 these 
structural elements are hidden and interact 
with the ANA and TED domains, whereas in C3c 
they are fully exposed and have changed 
conformation into a β-strand and two α-helices. 
This large positional change corresponds well 
with what is expected for the equivalent 
receptor-binding domain in α2M, which alters 
from hidden to exposed upon encapsulating a 
proteinase in an α2M multimer (Qazi et al., 
1998). In the exposed position its β-α-β motif is 
thought to bind the α2M receptor (Jenner et 
al., 1998). In native C3 the β-α-β configuration 
in MG8 is probably important; it contributes to 
interaction with TED (notably, residues 
Lys1409 and the highly conserved Glu1411). 
Furthermore, this MG8 region harbours a 
binding site for complement protein properdin 
(Daoudaki et al., 1988). The occluded position 
in C3 explains why properdin does not bind to 
native C3. Because properdin stabilizes the 
C3bBb convertase complex, it follows that MG8 
exposes this binding site, possibly in a β-α-α 
configuration and a swung out position as in 
C3c.  
 
The observed domain arrangement supports a 
simple model for exposing the thioester in the 
activated state of C3. The removal of ANA, 
yielding C3b, weakens the interactions between 
MG8 and TED, thereby allowing TED to swing 
out of its nestled position. Similar, although 

much slower, conformational changes occur 
after spontaneous hydrolysis of the thioester in 
C3, yielding C3(H2O) (Isenman et al., 1981; 
Pangburn, 1992). In this case, the 
conformational changes are retarded by the 
presence of the anaphylatoxin domain. 
Rotation of TED around its N- and C-terminal 
connections to CUB exposes TED with the intact 
thioester in C3b projected outwards. This 
simple rotation is supported by recent 
hydrogen-deuterium exchange data on C3 and 
C3(H2O), which indicate that segments 956-
968 and 1027-1036 buried in C3 become 
exposed in C3(H2O) (Winters et al., 2005). 
Reduced exchange rates for segment 1108-
1123 correlate with the disorder-order 
transition in loop 1107-1112 of C3 versus C3d. 
This loop lies next to the critical His1104 and 
Glu1106 residues. Possibly, the rotation of TED 
is linked to the formation of the free thiolate 
and acyl-imidazole intermediate that requires 
~15 Å movements in the N-terminal α0-α1 
region to establish an active conformation for 
attachment to a target surface (Fig. 4b). 
 

Implications for convertase formation and 

regulation 

Cleavage of C3 at 726-727 yields a novel N-
terminal (that is, α’NT) region in C3b. Four 
acidic residues (Asp730, Glu731, Glu736 and 
Glu737) of the α’NT are important in the 
formation of the C3 convertase (Taniguchi-
Sidle and Isenman, 1994). In addition, the 
extended segment 727-767 (i.e. α’NT plus the 
beginning of MG6α) is important for binding of 
several regulators (Lambris et al., 1996; Oran 
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Figure 5. The αααα’NT region (residues 727-744) slips through the ββββ-ring. a, Two views, rotated by 180º, of 
the cone formed by ANA, MG3 and MG8 (surface representation) and residues 730-744 (stick representation). 
Residues important for factor B binding are labelled. b, The α’NT regions are on opposite sides of the molecule in 
C3 and C3c. In C3 this region is covalently linked to ANA; the scissile bond 726-727 is part of a disordered loop 
720-729 (dashed line). Also shown are surface contours of C3 and C3c (transparent light grey), residues 727-
767 (green sticks), ANA and MG6 (ribbons), MG2 and MG3 of the β-ring (spheres). (Full colour on page 107) 
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and Isenman, 1999; Taniguchi-Sidle and 
Isenman, 1994). In native C3, acidic residues 
Asp730, Glu731, Glu736 and Glu737 are 
shielded by ANA (Fig. 5a), which may explain 
why factor B cannot bind to native C3. Most 
surprisingly, the α’NT region (residues 727-
744) resides on opposite sides in C3 and C3c 
(Fig. 5b). From C3 to C3c the α’NT has moved 
from its position near ANA, through the β-ring 
and has emerged on the other side in C3c 
where it lies on the surface of MG7. Sequence 
conservation of the hinge 745-FPES-748 that 
connects α’NT to MG6 and of the bridging loop 
205-YVLP-208 of the β-ring (Supplementary 
Fig. 5) suggests that this remarkable 
rearrangement may be part of a general 
mechanism of α2M-protein family members. 
 
The striking differences between C3 and C3c 
concerning the position of the α’NT region and 
the arrangement of the α-chain domains raise 
important questions with respect to formation 
and regulation of convertases. In the series of 
activating and deactivating steps (from C3, 
C3b, iC3b to C3c) when do these 
rearrangements occur? How do the 
rearrangements relate to the binding and 
functioning of the various regulatory factors 
and receptors? Possibly, most rearrangements 
occur upon activation, in which case C3b and 
iC3b will resemble C3c and differ primarily in 
unravelling of the CUB domain. Alternatively, 
the rearrangements occur in a gradual process 
yielding different arrangements of each 
molecule. The C3 and C3c structures facilitate 
further structural and mutational studies of the 
activation and regulation of this central 
component of the complement system and 
create new opportunities for drug development, 
targeting a wide variety of inflammatory 
diseases that have been associated with 
complement activation. 
 
 

Methods 

 
Protein Purification  

C3c was purified using methods as described 
previously for C3 (Hammer et al., 1981), with slight 
modifications. C3c from outdated human plasma 
(stored for several weeks at 4˚C) was purified by 
polyethylene glycol (PEG) precipitation, anion-

exchange chromatography (DEAE Sephacel), cation-
exchange chromatography (CM-Sephadex C50) and 
size-exclusion chromatography (Sephacryl 300). 
Trace amounts of IgG and IgA were removed by 
immune absorption. C3c was concentrated to 20 mg 
ml-1 and dialyzed against 10 mM Tris pH 7.4, 2 mM 
EDTA and 2 mM benzamidine. The glycan moiety on 
Asn917 was cleaved off with N-Glycosidase F 
(PNGase F) before crystallization. Both termini in the 
α-chain, generated by C3dg and C3f removal during 
plasma storage, displayed heterogeneity as observed 
by reduced gel and matrix-assisted laser 
desorption/ionization–time of flight (MALDI–TOF) 
analysis. 
 
C3 was purified from frozen human plasma as 
described previously (Hammer et al., 1981), with 
slight modifications. C3 was purified by PEG 
precipitation, plasminogen depletion (Sepharose 4B-
L-lysine), anion-exchange chromatography (DEAE 
Sephacel) and size-exclusion chromatography 
(Sepharose CL-6B). Trace amounts of IgG, IgA, IgM, 
C5 and factor H were removed by immune 
absorption. C3 was concentrated to 8 mg ml-1 and 
precipitated by dialysis against 5 mM MES, pH 6.0 
and stored at -80 ºC until use to retain haemolytic 
activity. Before crystallization, C3 was solubilized by 
dialysis against 10 mM Tris, pH 7.4. 
 
Crystallization and data collection  

C3c was crystallized in hanging drops from mother 
liquor containing 18% w/v PEG-3000 and 200 mM 
LiNO3 at 20º C. Crystals grew to 100 x 100 x 100 µm 
within 2 weeks. For cryo-protection 20% v/v glycerol 
was added to the mother liquor; and crystals were 
flash-cooled in liquid nitrogen. Crystals displayed 
space group P21212 (a = 126.9, b = 246.9, c = 87.4 
Å), contained two molecules per asymmetric unit and 
diffracted to 2.4-Å resolution at ESRF beamline ID14-
EH4. Varying pseudo-B centring was observed 
between crystals with extinctions for (h+l) = odd 
reflections ranging from 10 to 100% (at 100%, 
crystals exhibited space group B2212). In addition, 
crystals showed significant variations in cell 
dimensions. Diffraction data was processed using 
MOSFLM/CCP4 (1994) and Denzo/Scalepack 
(Otwinowski and Minor, 1997). Heavy-atom 
derivatives were prepared by soaking crystals in 
mother liquor containing 1-5 mM of heavy atom 
compounds for 24 hrs at 20 ºC.  
 
C3 was crystallized in hanging drops in 6% w/v PEG-
monometyl ether 550 and 100 mM sodium acetate at 
20º C. Crystals grew to 300 x 100 x 20 µm within 2 
weeks.  Similar to C3c, 20% v/v glycerol was added 
as cryo-protectant; crystal were flash-cooled in liquid 
nitrogen. Crystals exhibited space group I222 (a = 
117.0, b = 156.3, c = 271.2 Å) with one molecule 
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per asymmetric unit and diffracted to 3.3-Å 
resolution at ESRF beamline ID14-EH4. Diffraction 
data was processed with XDS and XSCALE (Kabsch, 
1993). 
 
Structure determination  

Twenty mercury sites were found and refined in 
SOLVE (Terwilliger and Berendzen, 1999) for a HgCl2 
derivative with diffraction data from a MAD 
experiment at mercury-inflection and high-remote 
energy. Twenty-seven platinum sites were found and 
refined in SOLVE (Terwilliger and Berendzen, 1999) 
for a K2PtCl4 derivative from data of a SIRAS 
experiment at the platinum-peak energy and a data 
set collected from a native crystal. Phase 
combination and extension by multi-crystal and non-
crystallographic symmetry averaging were crucial to 
produce an interpretable electron-density map. In 
the end, we used nine partial masks created in RAVE 
(Kleywegt and Jones, 1999) to envelope a single 
molecule for averaging over 6 copies of the protein 
molecule in DMMULTI (1994). The resulting electron 
density was of good quality. A partial model was built 
automatically by ARP/wARP (Perrakis et al., 1999). 
The model of C3c was completed using O (Jones et 
al., 1991) and refined using REFMAC (1994) to a final 
R-value of 22.3 % (Rfree of 27.9 %). 
 
C3 was solved by molecular replacement. Initial 
positioning of C3c, or any of its fragments, was 
unsuccessful. However, the α6-α6 barrel structure of 
C3d (Nagar et al., 1998) (18 % of C3) was positioned 
correctly by Phaser (Storoni et al., 2004). 
Subsequently domains of C3c (C345C, MG2 plus 
MG6, MG5, MG4, MG8, MG3, MG7 and MG1, 
respectively) were added step-by-step using both 
Phaser (Storoni et al., 2004) and molecular graphics 
in O (Jones et al., 1991) with rigid-body refinement 
for positioning in Phaser. This yielded an 85% 
complete model that was completed by model 
building (of CUB, ANA and loops) and refined in CNS 
(Brunger et al., 1998) and REFMAC (1994). The final 
refined model of C3 had R and Rfree-values of 23.6% 
and 29.5% (see Table 1; see also Supplementary Fig. 
1 and Supplementary Table 1). 
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Supplementary information 

 
 
 
 

native native Pt derivative

Wavelength (Å) 0.9393 0.9393 1.0719 (peak) 0.9393 (remote) 1.0092 (inflection)

Space group P21212 P21212 P21212

Unit cell a =126.9 b =246.9 c =87.4 a =128.1 b =244.9 c =88.9 a=128.2 b =244.8 c =88.9

Resolution (Å) 40-2.4 (2.53-2.40) 30-3.0 (3.11-3.00) 30-3.3 (3.42-3.3) 30-3.0 (3.11-3.00) 30-3.0 (3.11-3.00)

Rmerge (%) 7.3 (33.1) 9.4 (45.5) 9.7 (48.9) 9.0 (39.7) 8.5 (42.3)

I/σ (I) 13.4 (2.5) 19.6 (4.6) 11.7 (3.17) 19.1 (6.5) 17.9 (4.2)

No. unique refl. 105,155 56,759 35,629 55,293 55,532

Aver. redun. 3.7 (2.8) 7.3 (7.3) 5.6 (5.1) 8.1 (8.1) 8.1 (8.1)

Completeness 97.7 (90.2) 99.9 (99.9) 82.6 (76.7) 100 (100) 100 (100)

0.32 SIRAS

Number of heavy atom sites 27

40-2.4 

101,981/3,059

2,224

18,388

4

612

3

13

22.3

27.9

0.012

1.45

Missing residues

Table 1B Data set and refinement statistics of C3

Wavelength (Å) 0.9393

Space group I 222

Unit cell a=117.0 b=156.3 c =271.2

Resolution (Å) 40-3.3 (3.5-3.3)

Rmerge (%) 8.1 (43.3)

I/σ (I) 10.7 (2.3)

No. unique refl. 37,818 (6,087)

Aver. redun. 4.5 (4.5)
Completeness 99.7 (99.2)

40-3.3

35,817/1,791

1,611

12,859

7

0

23.6

29.5

0.002

0.532

Missing residues

Phase determination

Figure of merit (30-3.3 Å) 

Number of carbohydrate units

Number of carbohydrate units

71-79, 644, 645, 727-730, 915-932, 1299-1334, 1350-1358 for molecule1

71-79, 290-292, 643-645, 727-729, 913-932, 1299-1334, 1350-1358, 1501-1502 for molecule2

Rwork (%)

Rfree (%)

R.m.s.d bond lengths (Å)

R.m.s.d bond angles (º)

Rwork (%)

74-79, 290, 291, 644, 645, 650, 720-728, 1107-1112

Resolution ranges (Å)

Reflection (work/test)

Number of residues/asu

Total number of non-hydrogen atoms

Rfree (%)

R.m.s.d bond lengths (Å)

R.m.s.d bond angles (º)

Number of water molecules

Refinement statistics

Refinement statistics

Total number of non-hydrogen atoms

Number of water molecules

Number of glycerol molecules

Number of residues/asu

Resolution ranges (Å)

Reflection (work/test)

Number of nitrate ions

0.55 MAD

20

Table 1A Data set statistics, structure determination and refinement statistics of C3c

Hg derivative

P21212

a =127.6 b =243.5 c =86.9

 
 
Supplementary Table 1. Diffraction data, structure solution and refinement statistics. a, Structure 
determination statistics for C3c. b, Structure determination statistics for C3. Data for the outermost shell are 
given in parenthesis. 
 



Bert Janssen - Conformational Complexity of Complement Component C3 
 

 36 

 

 Tabel 2 Domain rotation and translation between C3 and C3c

translation (Å) rotation (º)

MG1 1.1 3.0

MG2 0.5 9.3

MG3 4.3 15.2

MG4 1.1 4.8

MG5 0.2 2.9

MG6 1.0 5.7

LNK 1.1 2.1

MG7 7.8 35.6

MG8 24.0 62.0

C345C 10.1 32.4  
 

A B

Arg742

Ile739

Asp901

Val740

Ser900

Tyr146

1

Cys988Gln991

Met1378 Phe1047

 

Supplementary Figure 1. Electron density of the 
αααα’NT region in C3c and the thioester in C3. a, 2Fo-
Fc electron density map of C3c contoured at 1σ. Shown 
is part of the α’NT region (dark grey sticks) and part of 
MG7 (cyan sticks). b, 2Fo-Fc electron density map of C3 
contoured at 1σ. Shown is the thioester (in red sticks) 
with its hydrophobic/aromatic pocket formed by TED 
(green sticks) and MG8 (yellow sticks). The α’NT 
(residues 730-737) is poorly structured and its 
preceding loop 720-729 is not structured in C3. All 
molecular graphics figures were prepared with PyMol 
(DeLano, W.L. The PyMOL Molecular Graphics System 
(2002) on World Wide Web http://www.pymol.org). 
(Full colour on page 108) 
 

Supplementary Table 2. Domain rotation and 

translation between C3 and C3c. C3c was 
superposed onto C3 on the basis of MG1, MG2, MG4-
MG6 of the β ring. Using this superposition the rotation 
and center-of-mass translation of the domains was 
calculated with SUPERPOSE in the CCP4 package 
(1994). 
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Supplementary Figure 2a,b. Stereo 

representations of C3 and C3c. a, Stereo diagram 
of native C3. Colouring identical to Figure 1a. The C-
terminus of the β-chain and the N-terminus of the α-
chain that are linked in proC3 through 646RRRR649 are 
~50 Å apart (55 Å between Pro643 and Val651) in 
native C3, which indicates that the final maturation 
step involves a significant conformational change. b, 
Stereo diagram of C3c. Colouring identical to Figure 
1b. (Full colour on page 108) 
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Supplementary Figure 2a. Secondary structure assignments and alignment of C3 with αααα2M family 

members. Sequence alignment of human C3 with human C4B, C5 and α2M and Anopheles gambiae TEP I. The 
alignment used is based on the alignment of Levashina et al. . Secondary structure elements are displayed and 
coloured according to domain structure (see figure 1), the top secondary structure is derived from the C3 
structure, the one below that from the structures of C3c, C3d (Nagar et al., 1998) and C3a (Huber et al., 1980). 
Secondary structure labels for the eight MG domains are according to standard nomenclature of fibronection-
type 3 and immunoglobulin domains (Branden and Tooze, 1991). Nomenclature for ANA is according to Zhang et 
al.(Zhang et al., 1997); for TED it is adopted from Aleshin et al. (Aleshin et al., 1992); for CUB adopted from 
Feinberg et al.(Feinberg et al., 2003); and, for C345C according to Bramham et al. (Bramham et al., 2005). C3 
thioester residues (Cys988 and Gln991) are labelled red. C3 residues involved in formation of the acylimidazole 
intermediate (His1104 and Glu1106) are green. C3 residues forming the hydrophobic/aromatic pocket for 
thioester protection are yellow. Acidic C3 residues involved in binding factor B and H and CR1 are purple. Figure 
was prepared with ESPript (Gouet et al., 1999). (Full colour on page 109-110) 
 



Bert Janssen - Conformational Complexity of Complement Component C3 
 

 39 

 

 
 
Supplementary Figure 2d. Structure-based sequence alignment of the eight MG domains. No sequence 
homology is apparent between the domains. β-strands are coloured cyan. Secondary structure labels for the 
eight MG domains are according to standard nomenclature of fibronection-type 3 and immunoglobulin domains 
(Branden and Tooze, 1991). In this figure MG6β and MG6α have been merged into one MG6 domain (hypothetical 
numbering starting at MG6β and continuing with MG6α is given). (Full colour on page 111) 
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Supplementary Figure 2e. Superposition of the eight MG domains of C3. A rainbow ramp color-coding 
from blue to red is used for the chain trace from N- to C-terminus. Dashed line in the topology diagram shows 
the separation between the two β-sheets of the MG domains. (Full colour on page 111) 
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Supplementary Figure 3. Structures of individual domains. Shown are superposed protein domains and 
structural features of C3 (blue) and C3c (yellow) in ribbon representation. Glycans are shown in stick 
representation and disulphide bridges in ball-and-stick representation (with sulphurs shown in orange). a, MG1 
with first two GlcNac’s of the glycan moiety on Asn63; b, MG2; c, MG3; d, MG4; e, MG5; f, MG6β with MG6α for 
both C3 and C3c shown in light grey; g, LNK; h, ANA of C3 with C3a (Huber et al., 1980) shown in green; i, 
MG6α with MG6β for both C3 and C3c shown in light grey; j, MG7; k, CUBg with CUBf shown in light grey, first 
two GlcNac’s and first three mannoses of the glycan moiety on Asn917 in stick representation; m, TED from C3 
with C3d (Nagar et al., 1998) in orange; n, CUBf  with CUBg in light grey, carbohydrate not shown; p, MG8 of C3 
(blue) and C3c (yellow) with RBD (Jenner et al., 1998) of α2M (red); q, anchor; and, r, C345C of C3 (blue) and 
C3c (yellow) with C345C of C5 (Bramham et al., 2005) (cyan). (Full colour on page 112) 
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Supplementary Figure 4. Electrostatic 

surface potential of C3 and C3c. 

Electrostatic surface potentials (red for 
negative, blue for positive) shown between –
12 and +12 kT. The figure illustrates the 
cgi?cmd=Retrieve&amp;db=PubMed&amp;dop
t=Citation&amp;list_uids=6783652   
</style></url></related-
E 
<EndNote><Cite><Author>Nicholls</Author>
<Year>1993</Year><RecNum>96</RecNum

MG6MG6
MG2MG2
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Supplementary Figure 5. Sequence conservation of the 
ββββ-bridge, 205YVLP208, and the hinge 745FPES748. A rainbow 
ramp color-coding was used from blue for well conserved 
residues to red for not-conserved residues, based on the 
alignment from Levashina et al. (Levashina et al., 2001). 
Figure is produced using the consurf website http://consurf-
hssp.tau.ac.il (Glaser et al., 2005). (Full colour on page 113) 
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Supplementary Figure 6. Conglutinin binding site. 

a, The glycan on Asn917 is positioned on the CUB 
domain. Shown are domains in ribbon representation 
with colours according to Figure 1 and the glycan 
moiety in stick representation coloured yellow. The 
glycan was implicated in folding and correctly predicted 
to be concealed (Crispin et al., 2004). The concealed 
nature explains why conglutinin cannot bind to C3 
(Hirani et al., 1985). b, Inactivation of C3b to iC3b by 
factor I cleavages occur in the CUB domain. First two 
cleavages at Arg1281-Ser1282 and Arg1298-Ser1299 
(Harrison and Lachmann, 1980) (indicated in the figure 
by 1 and 2, respectively) allow conglutinin binding at 
glycan Asn917. The third cleavage at Arg932-Glu933 
(Lachmann et al., 1982) (indicated in the figure by 3) 
results in the cleavage of iC3b into C3dg and C3c. (Full 
colour on page 113) 
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Resistance to infection and clearance of 

cell debris in mammals depend on the 

activation of the complement system, 

which is an important component of 

innate and adaptive immunity (Carroll, 

2004; Walport, 2001). Central to the 

complement system is the activated form 

of C3, called C3b, which attaches 

covalently to target surfaces (Law and 

Levine, 1977) to amplify complement 

response, label cells for phagocytosis and 

stimulate the adaptive immune response. 

C3b consists of 1,560 amino-acid residues 

and has 12 domains. It binds various 

proteins and receptors to effect its 

functions (Lambris, 1988). However, it is 

not known how C3 changes its 

conformation into C3b and thereby 

exposes its many binding sites. Here we 

present the crystal structure at 4-Å 

resolution of the activated complement 

protein C3b and describe the 

conformational rearrangements of the 12 

domains that take place upon proteolytic 

activation. In the activated form the 

thioester is fully exposed for covalent 

attachment to target surfaces and is more 

than 85 Å away from the buried site in 

native C3 (Janssen et al., 2005). Marked 

domain rearrangements in the αααα-chain 

present an altered molecular surface, 

exposing hidden and cryptic sites that are 

consistent with known putative binding 

sites of factor B and several complement 

regulators. The structural data indicate 

that the large conformational changes in 

the proteolytic activation and regulation of 

C3 take place mainly in the first 

conversion step, from C3 to C3b. These 

insights are important for the 

development of strategies to treat 

immune disorders that involve 

complement-mediated inflammation.  

 
 

Introduction 
 
The complement system is important for host 
defense in metazoans (Walport, 2001). In 
mammals complement provides a critical link 
between innate and adaptive immunity 

(Carroll, 2004). The complement system has 
also been proposed to be involved in tissue 
regeneration, neuron development, wound 
healing and reproduction (Mastellos and 
Lambris, 2002) indicating that it has a broad in 
cell differentiation. The system consists of 
about 35 cell-surface and soluble plasma 
proteins. Cleavage of C3 (186 kDa) into C3b 
(177 kDa) and C3a (9 kDa) is the central step 
of the complement activation cascade, which 
can be initiated by three different pathways — 
the classical, lectin and alternative pathways. 
C3b covalently attaches to pathogenic, or 
apoptotic, target surfaces through its reactive 
thioester moiety (Tack et al., 1980) and 
thereby induces several biological processes. 
C3b provides a molecular platform for the 
formation of convertase complexes. Binding of 
pro-enzyme factor B to C3b and subsequent 
cleavage of factor B by factor D yields the 
short-lived (t½ ≈ 90 s) C3bBb complex 
(Fishelson et al., 1984), which converts C3 into 
C3b and C3a, thereby amplifying the 
complement response and forming the C3b2Bb 
complex that cleaves C5 to initiate the 
formation of large, membrane inserted lytic 
pores. In addition, deposition of C3b on target 
surfaces generates two important cellular 
responses. C3b and its proteolytic fragments 
iC3b and C3dg (Fig. 1) are recognized by 
complement receptors (CR) on phagocytic cells 
(for example, CR1 (CD35), CR3 (CD11b/CD18), 
CR4 (CD11c/CD18) (Carroll, 2004) and CRIg 
(Helmy et al., 2006)) to induce the uptake of 
opsonized particles, and by CR2 (CD35) to 
upregulate the B-cell response 10,000-fold 
through the co-stimulatory and B-cell receptor 
complexes (Dempsey et al., 1996). The 
formation of C3b is therefore a critical step that 
requires tight regulation. Host cells express 
several cell-surface and soluble regulators that 
disrupt the C3bBb complexes or aid in the 
proteolytic degradation of C3b into iC3b and 
ultimately C3dg and C3c (Harrison and 
Lachmann, 1980; Ross et al., 1982). Bacteria 
and viruses use proteins with similar activities 
to evade the complement response. Because 
C3b binds many soluble proteins and cell-
surface receptors (Lambris, 1988), whereas C3 
has few binding partners, the proteolytic 
activation of C3 into C3b probably induces 
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conformational changes that form the various 
cryptic binding sites. Conformation-dependent 
mechanisms are probably common to the 
homologous proteins of the C3/α2-
macroglobulin family, which are an ancient 
family of host defense proteins.  
 
 

Results and discussion 
 
Here we present the crystal structure of human 
C3b solved at 4-Å resolution by molecular 
replacement using the structures of C3, C3c 
(Janssen et al., 2005) and C3d (Nagar et al., 
1998); see Methods and Supplementary Table 
1 and Supplementary Fig. 1. C3b is generated 
from C3 by proteolytic removal of the small 
anaphylatoxin domain (res. 650-726) to 
produce a β-chain (residues 1-645) and a 
shortened α-chain, denoted α’ (residues 727-
1,641). The structure of C3b reveals that this 
conversion is accompanied by marked 
structural rearrangements with differences in 

atomic positions up to 95 Å (Fig. 1). The 
domain rearrangements can be described by a 
metaphor of a puppeteer with a body formed 
by the β-ring domains (macroglobulin (MG) 1-6 
domains and linker (LNK) domain), shoulders 
(domains MG7 and MG8), a neck (anchor 
region), a head (C345C domain) and an arm 
(‘complement C1r/C1s, Uegf, Bmp1’ (CUB) 
domain) with a puppet (thioester-containing 
domain (TED)). In C3 the puppet (TED domain) 
is embraced by the arm (CUB) and held against 
the shoulder (MG8). In C3b the shoulders (MG7 
and MG8), neck (anchor) and head (C345C) 
have twisted, the arm (CUB) has extended 
downwards and the puppet (TED) has dropped 
(see Supplemental Table 2 and Movie 1). In its 
new position TED contacts MG1 of the β-ring; 
the single amino-acid residue difference, 
Arg80Gly in MG1, that is responsible for the 
C3S/C3F phenotype difference (Brown et al., 
2006) is located in the MG1-TED interface. The 
overall arrangement of the core domains (MG1-
8, LNK, anchor and C345C) resembles more 
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Figure 1. Structure of C3b at 4-Å resolution. a, Ribbon representation in two views of C3b coloured by 
domain and labeled accordingly. Also indicated are the exposed thioester moiety (red spheres), anchor region 
(grey), and α’NT (black). For comparison, the ribbon representation of C3 and cartoons of the domain 
arrangements in C3b and C3 are added. b, Electron density (2mFobs-DFcalc, φcalc) contoured at 1σ of the α’NT 
region with domains as indicated; density maps for each domain are given in the Supplementary Fig. 1. The 
proteolytic steps of C3 conversion are shown schematically. (Full colour on page 114) 
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the structural arrangement of the final 
proteolytic, down-regulated fragment C3c than 
the native C3 molecule. This includes the 
relocation of the α’ amino-terminal segment 
(α’NT) and the conformational transition of the 
MG8 βαβ-motif in C3 to βαα-motif in C3b and 
C3c. The TED domain (which is absent in C3c) 
takes on the conformation that is seen in the 
C3d fragment (Nagar et al., 1998). Thus, in the 
proteolytic conversion of C3 to C3b, iC3b and 
finally C3c and C3dg, the main conformational 
rearrangements occur upon the first activation 
step that converts the native, resting C3 into 
the active C3b. 
 
Surface attachment of C3b requires exposure 
and activation of the thioester moiety, Cys988 
– Gln991 of the TED domain. In the structure 
of C3b these residues are completely exposed 
to the solvent, whereas in C3 they are hidden 
(Janssen et al., 2005) 85 Å away from the site 
of exposure. In addition, the TED domain has 
changed its conformation from C3-like (Janssen 
et al., 2005) to C3d-like (Nagar et al., 1998), 
where the arrangement of the reactive residues 
corresponds to the formation of the acyl-
imidazole intermediate, which is highly reactive 
towards hydroxyl nucleophiles (Dodds et al., 

1996; Janssen et al., 2005) 
(Fig. 2A). The overall 
domain rearrangements 
might be coupled to the 
conformational changes in 
the TED domain by a pulling 
force that stretches the N-
terminal segment (helices 
α0 and α1) preceding the 
thioester cysteine. Surface 
charge calculation shows a 
single, strong electro-
positive patch near the 
thioester, on a protein that 
is otherwise mostly and 
strongly electro-negative 
(Fig. 2B). Putatively, the 
electropositive patch on the 
TED domain is involved in 
orienting the molecule with 
respect to negatively 
charged target surfaces, 
such as bacterial cells or 
apoptotic host cells. This 

orientation results in a foot-print of 50 x 90 Å2 
formed by the TED, MG1, MG4 and MG5 
domains, which is in remarkable agreement 
with the figure of  ~4,750 Å2 that was 
estimated from fully covered erythrocytes 
(Pangburn et al., 1983). Proper orientation of 
the TED domain close to the target surface 
might be important for the highly reactive and 
short-lived (t1/2 < 100 µs) (Sim et al., 1981) 
acyl-imidazole intermediate to react covalently 
with the target surface instead of the 
surrounding solvent. 
 
Conversion of C3 to C3b exposes binding sites 
for proteins involved in convertase formation 
(factor B and properdin) and dissociation 
(regulators of complement). We analyzed the 
C3b surface for exposure of previously hidden 
interfaces and for new arrangements of sites 
already exposed on C3 (Fig. 3A, B). The new 
N-terminal segment α’NT (res. 727-745) 
carries four acidic residues that are important 
for binding factor B. Previously we have shown 
that this segment undergoes a drastic 
relocation between the native C3 and the final 
proteolytic fragment C3c (Janssen et al., 
2005). The structure of C3b reveals that this 
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CUB
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Figure 2. Thioester exposure for covalent target attachment. a, Ribbon 
representation of the TED domain with the exposed thioester moiety; 
residues of the acyl-intermediate are shown in ball-and-stick. Indicated in 
magenta are the regions corresponding to α0 and α1 in C3, which are 
displaced from the TED domain in C3b. b, Surface charge representation 
(Nicholls et al., 1993) (shown between –12 (red) and +12 kT (blue)) of C3b 
indicating the overall negative surface-charge potential and the positive patch 
around the thioester moiety on the TED domain. (Full colour on page 114) 
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relocation, in which the α’NT moves through 
the central hole of the β-ring and becomes 
exposed on the opposite side of the molecule, 
occurs during the activation of C3 into C3b. 
Mapping other putative binding sites for factor 
B onto the C3b surface (Fig. 3C) gives three 
exposed sub-sites, α’NT (Taniguchi-Sidle and 
Isenman, 1994), strand β4 of CUB (O'Keefe et 
al., 1988) and C345C (Kolln et al., 2004) 
(whereas the putative ‘complement C2 receptor 
inhibitor trispanning’ (CRIT) like site (Inal and 
Schifferli, 2002) remains mostly occluded), that 
are located around the shoulder (MG7), neck 
and head region. This region undergoes 
significant structural rearrangements from C3 
to C3b (Fig. 2B). The absence of novel features 
on the surface of the β-ring excludes this 
region as a primary binding site for factor B. In 
addition, the TED domain is probably not a 
primary binding site for factor B, because 
cobra-venom factor, which is a C3b homologue 
that can make potent fluid-phase convertases, 

lacks a TED domain. 
 
The association of C3b and factor B is 
accelerated by properdin, which in addition 
stabilizes the resulting convertase C3bBb. The 
putative binding site of properdin has been 
mapped to residues 1402-1435 (Daoudaki et 
al., 1988), which form the structurally variable 
βαβ-βαα motif in the MG8 domain. This site is 
hidden in C3 and becomes exposed in C3b (Fig. 
3A). Thus, the arrangement of putative binding 
sites identifies the arm-shoulder-neck-head 
region for binding factor B and properdin. 
Regulators of complement (including soluble 
factor H and cell-surface CR1 and decay-
accelerating factor (DAF/CD55)) dissociate the 
C3bBb complex and act as co-factors in the 
proteolysis of C3b into iC3b (for example, 
factor H, CR1 and cell-surface membrane-
cofactor protein (MCP/CD46). Three regions 
have been implicated in regulator binding: the 
α’NT (for factor H and CR1), the MG6 domain 
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Figure 3. Exposure and generation of cryptic binding sites. a, Surface representation of C3b indicating 
regions exposed in C3b but hidden in C3 (black). b, Novel surface arrangements indicated by conformational 
change (from C3 to C3b) mapped onto the molecular surface, rainbow colouring from minimum (0 Å; blue) to 
maximum (95 Å; red) coordinate change. c, Mapping of the putative binding sites for factor B, properdin, factor 
H, CR1, CR2 and CR3 as indicated (references as given in the text). Lower panels are rotated 130˚ relative to 
upper panels; surface calculated by rolling a sphere of 4-Å radius. (Full colour on page 115) 
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(for factor H and CR1) (Oran and Isenman, 
1999) and the TED domain (for factor H) 
(Lambris et al., 1988). In the structure of C3b, 
α’NT and MG6 form one continuous exposed 
region, indicating that the binding site for 
factor B overlaps with that of factor H and CR1. 
Therefore, dissociation of C3bBb by these 
regulators is achieved through steric hindrance. 
Binding of factor H to the TED domain might be 
linked to its cofactor activity. Protease factor I, 
which degrades C3b by three sequential 
cleavages (see Supplementary Fig. 2), requires 
these cofactors (for example factor H, CR1 or 
MCP) putatively for orienting its protease 
domain and unraveling the CUB domain. The 
resulting iC3b no longer binds factor B. As the 
arrangement of the 10 domains in C3c is 
similar to that in C3b, it is likely that iC3b has 
the same overall core-domain arrangement. 
Therefore, it seems that the convertase 
stability depends on the structure and 
orientation of CUB with respect to the rest of 
C3b. 
 
C3b, iC3b and C3dg induce various cellular 
responses. C3b and iC3b act as opsonins 
facilitating the uptake of the tagged particles. 
This occurs through specific recognition of C3b 
and iC3b by complement receptors on various 
phagocytic cells (Carroll, 2004). C3b is 
recognized by CR1 and CRIg (Helmy et al., 
2006) whereas iC3b is additionally recognized 
by the integrins CR3 and CR4. Furthermore, 

pathogen bound iC3b and C3dg, but not C3b, 
contribute to an increased antibody response 
by binding to CR2 on B cells. A putative binding 
site for CR2 has been mapped partly on the 
interface between the TED and MG1 domains 
(Clemenza and Isenman, 2000), close to the 
TED-CUB connections. Therefore it appears 
likely that, when the TED-CUB connections in 
iC3b are disrupted, the TED-MG1 interface is 
opened providing a new interface for binding 
CR2 on B cells. Dislodging the iC3b core from 
the TED domain and the target surface might 
provide the new signal for binding the integrins 
CR3 and CR4 on phagocytic cells. 
 
In summary, these data indicate a 
conformational pathway for C3 and its 
fragments (Fig. 4) that determines their 
biological activity. In this pathway, the β-ring 
provides a stable platform for the functionally 
important domains of the α chain that undergo 
conformational rearrangements. We expect 
that similar rearrangements occur in 
homologous, host-defense proteins (see 
Supplementary Fig. 3, where we modelled 
native α2-macroglobulin and activated α2-
macroglobulin in electron-microscopy 
reconstruction maps). Insights into these 
marked conformational changes are essential 
for understanding convertase activity and 
regulation, and will help in the development of 
complement inhibitors for therapeutic use. 
 

C3 C3b

C3a iC3b

C3f

C3c

C3dg

 
 
Figure 4. Proposed model for the conformational pathway of C3. Shown schematically are the four 
stages, C3, C3b with C3a, iC3b with C3f and C3dg with C3c (see also Supplementary Fig. 2). These 
conformational changes determine the binding affinity towards soluble proteins (e.g. factor B, properdin and 
factor H) and cell-surface receptors (e.g. CR1-4, CRIg, DAF and MCP) that underlie the biological activity. (Full 
colour on page 115) 
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Methods 
 
Protein Purification  

C3 was isolated from citrated human plasma as 
previously described (Lambris et al., 1980) with the 
exception that after the diethylaminoethyl (DEAE) 
column it was converted to C3b by limited digestion 
with trypsin for 2 min at 37 ºC with 1% w/w 
enzyme/substrate (the reaction was stopped by the 
addition of 3% w/w soybean trypsin inhibitor). The 
C3b was purified immediately by gel filtration over a 
Superdex 200 size-exclusion column in phosphate 
buffered saline pH 7.4, followed by anion-exchange 
chromatography over a Mono-Q column (equilibrated 
in 50 mM phosphate buffer, pH 7.5 and eluted with 
20 column volumes of 0-500 mM NaCl gradient). The 
protein was then treated with 100 mM iodoacetamide 
(30 min at 4 ºC) to prevent dimerization of the C3b 
by the free cysteine, concentrated and further 
purified over a Mono-S column equilibrated in 50 mM 
phosphate buffer pH 6.0 and eluted with 20 column 
volumes of 0-500 mM NaCl gradient. The C3b was 
concentrated to 10 mg ml-1, dialysed against 10 mM 
Tris pH 7.4 and frozen at -70 ºC until crystallization. 
 
Crystallization and crystallography  

C3b was crystallized in sitting drops from mother 
liquor containing 9 % w/v PEG-monometylether 
2000, 100 mM sodium acetate, 10 mM taurine and 
50 mM Bis-Tris propane pH 7.8 at 30 ºC. Crystals 
grew to 100 x 100 x 60 µm within 2 weeks. For cryo-
protection well solution was replaced by mother 
liquor with increased (to 40 % w/v) PEG-
monometylether 2000 and equilibrated for 24 hours 
at 30 ºC; and, crystals were flash-cooled in liquid 
nitrogen. Crystals displayed space group P21212 (a = 
123.9, b = 128.5, c = 147.0 Å), contained one 
molecule per asymmetric unit and diffracted to 4-Å 
resolution at ESRF beamline ID14-EH4. Diffraction 
data was processed using MOSFLM/CCP4 (1994) 
(data statistics are presented in Supplementary Table 
1). 
 
Structure determination  

C3b was solved by molecular replacement with 
Phaser (Storoni et al., 2004). First, the MG1-MG6 
and LNK domains of C3c (pdb code 2A74) (Janssen et 
al., 2005) were placed. Second, we placed C3d (pdb 
code 1C3D) (Nagar et al., 1998) yielding a large log-
likelihood gain (see Supplementary Table 1B) as 
compared with a loss of log-likelihood when testing 
the TED domain from C3 (pdb code 2A73) (Janssen 
et al., 2005). Finally, we added step-by-step MG8, 
MG7, α’NT, anchor and C345C from C3c and CUB 
from C3, respectively, using molecular graphics in 
Coot (Emsley and Cowtan, 2004) with rigid-body 
refinement in Phaser. This yielded a 97 % complete 

model that was completed by model building of the 
CUB-TED connections (17 residues) and slight 
adjustments in the other domain-domain 
connections. Owing to limited resolution only one 
round of restrained refinement followed by one round 
of ‘translation, liberation and screw-rotation’ (TLS) 
refinement (with individual B-factors set to 50 Å2) 
were performed in REFMAC (1994). The final refined 
model of C3b, consisting of 1,531 residues, had R 
and Rfree values of 27.3 and 32.3 %, respectively (for 
model statistics see Supplementary Table 1). 
Electron density for each domain is shown in 
Supplementary Figure 1; see also Fig. 1B. The 
central domains fitted excellently in the electron 
density; the outermost domains (CUB, TED and 
C345C) showed convincing, but weaker, electron 
density. All molecular graphics figures, except Fig. 
2B, were generated with pymol (W. Delano; 
http://www.pymol.org/). 
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Supplementary information  

 
 
 

Table 1b Molecular replacement scores in Phaser 

Method Model % of total model LLG Z-score 
MR in Phaser C3c β-chain 45 1179 34.1 
failed in Phaser C3 TED 64 1147 8.6 

MR in Phaser C3d 64 1558 24.7 
By hand in Coot C3c MG8 73 1916  
By hand in Coot C3c MG7 80 2381  
By hand in Coot C3c α'NT 81 2443  
By hand in Coot C3c anchor 82 2493  
By hand in Coot C3c C345c 91 2660  
By hand in Coot C3 CUB 97 2815  

Table 1a Data collection and refinement statistics 
Data collection  
Space group P21212 
Cell dimensions    
    a, b, c (Å) 123.9, 128.5, 147.0 
Resolution (Å) 45-4.0 (4.2-4.0) * 
Rmerge 14.9 (71.3) 
I/σI 10.1 (2.0) 
Completeness (%) 99.8 (100) 
Redundancy 5.3 (5.5) 
  
Refinement  
Resolution (Å) 45-4.0 
No. reflections 19367 
Rwork/ Rfree (%) 27.3 / 32.3 
No. atoms  
    Protein 12157 
Average B-factor (Å2) 174 
R.m.s deviations  
    Bond lengths (Å)  0.004 
    Bond angles (º) 0.740 

*Highest resolution shell is shown in parenthesis.  
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Tabel 2 Domain rotation and translation between C3b, C3 and C3c

C3b-C3 translation (Å) rotation (°)

MG1 1.0 3.3

MG2 0.4 6.9

MG3 3.6 14.9

MG4 1.0 4.1

MG5 0.3 4.2

MG6 0.7 4.3

LNK 1.0 2.0

MG7 8.0 35.9

CUB 39.5 36.8

TED 65.7 103.6

MG8 23.3 60.6

C345C 13.2 33.9

C3b-C3c translation (Å) rotation (°)

MG1 0.65 1.8

MG2 0.64 3.4

MG3 0.98 2.2

MG4 0.37 4.6

MG5 0.43 2.3

MG6 0.55 3.2

LNK 0.26 1.9

MG7 0.55 1.5

MG8 0.69 3.0

C345C 4.57 7.5

 

Supplementary Table 1. Crystallographic 
data. a,  Data collection and refinement 
statistics. Data for the outermost shell are given 
in parenthesis. b, Molecular replacement scores 
from Phaser (Storoni et al., 2004). 
 

Supplementary Table 2. Domain rotations 
and translations between C3, C3b and C3c. 
C3b was superposed onto C3 (Janssen et al., 
2005) (pdb code 2A73) and C3c (Janssen et al., 
2005) (pdb code 2A74) on the basis of MG1, 
MG2, MG4-MG6 of the β-ring. Using this 
superposition the rotation and center-of-mass 
translation of the domains were calculated with 
SUPERPOSE in the CCP4 package (1994). 
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Supplementary Figure 1. Electron density for each domain. Electron density (using coefficients 2mFobs-
DFcalc, φcalc) of C3b contoured at 1σ (blue wire frame) for each domain (ribbon representation; coloured 
according to Figure 1). a, MG1; b, MG2; c, MG3; d, MG4; e, MG5; f, MG6; g, LNK; h, MG7; i, CUB; j, TED;  
k, MG8; m, anchor and n, C345C. (Full colour on page 116) 
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1st; Arg1281-Ser1282 

2nd; Arg1298-Ser1299

3rd; Arg932-Glu933

 

 
 
Supplementary Figure 2. Cleavage sites for factor I. 
Inactivation of C3b to iC3b by factor I cleavages occurs in 
the CUB domain. First factor I cleaves between the fully 
exposed residues Arg1281 and Ser1282 in loop β6-β7 of 
CUB which generates iC3b1. A second cleavage occurs 
between Arg1298 and Ser1299 which are in strand β8 of 
CUB generating C3f (18 residues) and iC3b2 (Davis and 
Harrison, 1982; Harrison and Lachmann, 1980). These 
residues are partly occluded in C3b in the interface of CUB 
with MG2; this also indicates that the structure and 
orientation of CUB with respect to the rest of C3b changes 
in the conversion to iC3b liberating this cleavage site. Third, 
factor I cleaves between Arg932 and Ser933 in loop β3’-β4 
of CUB, resulting in the formation of C3dg (40 kDa) and 
C3c (135 kDa) (Lachmann et al., 1982) (Figure 4). This 
indicates that factor I might bind in various ways to the 
CUB domain assisted by one of the cofactors (e.g. factor H, 
CR1 or MCP) which might be involved in the unraveling of 
the CUB domain enabling factor I to cleave. (Full colour on 
page 117) 
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Supplementary Figure 3, 
Modeling of αααα2-
macroglobulin (αααα2M) based 
on 25-Å resolution EM 
reconstruction maps. a, 
Model and EM-reconstruction 
map of native α2M. b, Model 
and EM-reconstruction map of 
methyl-amine treated α2M. 
 
Shown are the four monomers 
in different colors with the 
same view of the two α2M 
forms side-by-side. Electron 
reconstruction maps (Qazi et 
al., 1999; Qazi et al., 2000) 
were kindly provided by S.J. 
Kolodziej and J.K. Stoops. 
 
Monomers of native α2M were 
constructed by removing the 
LNK, ANA and C345C domains 
from the structure of native C3; 
C345C is absent and LNK-ANA 
are expected to have a different 
fold in α2M. Monomers of 
methylamine-treated α2M were 
constructed from C3b by 
removing LNK and C345C. 
Subsequently, dimers of the 
two different forms were made 
based on the two disulfide 
bonds that cross link the 
monomers (disulphide bonds 
256-410 and 410-256; C3 
numbering used). For each of 
the two forms we constructed 
tetramers, dimer of dimers, 
based on the two EM-
reconstruction maps applying 
strict 222 symmetry.  
 
The C3-based model of native 
α2M fits reasonably well into the EM-map. The differences indicate that possibly MG7 will be displaced (as 
indicated by an arrow); in addition, the bottom part of the ring (domains MG1-4-5) are possibly in contact with 
its symmetry-related part of another molecule in the tetramer (as indicated by an arrow marked “ring”). The 
C3b-based model of methylamine treated α2M fits well into its EM-map. The TED domain, however, should 
likely be pointing more into the central cavity (indicated by an arrow) with its thioester moiety pointing 
inwards. The overall fit of these two models indicate that the conformational changes observed for C3 and C3b 
likely occur in the conversion of tetrameric, native α2M into activated, methylamine-treated α2M.  
 
The α2M models are in good agreement with functional data (Sottrup-Jensen, 1989). The receptor binding 
domain (RBD) changes from hidden in native α2M to exposed in methylamine-treated α2M. The bait region 
(indicated by an arrow) is exposed, assuming that it adopts the same position as the ANA domain does in C3. 
(Full colour on page 117) 
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Undesired complement activation is a 

major cause of tissue injury in various 

pathological conditions and contributes to 

several immune complex diseases. 

Compstatin, a 13-residue peptide, is an 

effective inhibitor of C3 activation thus 

preventing a central and crucial step in 

complement activation. The precise 

binding site on C3, the structure in the 

bound form and the exact mode of action 

of compstatin are unknown. Here we 

present the crystal structure of compstatin 

in complex with C3c, a major proteolytic 

fragment of C3. The structure reveals that 

the compstatin binding site is formed by 

the MG4 and MG5 domains of the 

structurally stable MG-ring away from any 

other known binding site on C3. 

Compstatin does not alter the 

conformation of C3c, while compstatin 

itself undergoes a large conformational 

change upon binding. We propose a model 

in which compstatin sterically hinders the 

access of the substrate C3 to the 

convertase complexes thus blocking 

complement activation and amplification. 

These insights are instrumental for further 

development of compstatin as a potential 

therapeutic.  

 
 

Introduction 
 
The complement system is a key part of the 
innate and adaptive immune system and plays 
a major role in homeostasis by clearing altered 
host cells and invading pathogens (Carroll, 
2004; Walport, 2001). Inappropriate activation 
of the complement system leads to tissue 
injury causing or aggravating various 
pathological conditions, such as autoimmune 
diseases, burn injuries, Alzheimer’s disease, 
stroke and heart attack (reviewed in (Sahu and 
Lambris, 2000)). Several complement 
inhibitors are under development targeting 
various steps in the complement activation 
pathways. None of these compounds have been 
approved for clinical use yet (Bureeva et al., 
2005; Holland et al., 2004; Sahu and Lambris, 
2000). We study a 13-residue cyclic peptide, 
called compstatin, which inhibits complement 

response by preventing the proteolytic 
activation of C3 (Sahu et al., 1996). Activation 
of C3 by the C3 convertases is a central 
amplification step in complement activation. All 
three recognition and initiation pathways, the 
classical (CP), lectin (LP) and alternative (AP) 
pathways, converge in the activation of C3. 
Proteolytic activation of C3 yields C3b, which 
covalently binds to pathogenic or self surfaces 
providing a strong signal for clearance of the 
tagged particles. Because compstatin blocks 
this critical step of complement activation and 
because it is a small non-immunogenic peptide, 
compstatin has the potential to be developed 
into a therapeutic agent.  
 
Compstatin (ICVVQDWGHHRCT-NH2, 
circularized by disulfide bond Cys-2 – Cys-12) 
was discovered by a phage-display, random 
peptide library search (Sahu et al., 1996). The 
molecule displayed an inhibitory activity of 
IC50=12 µM. In solution compstatin forms a β-
turn at residues Gln-5 – Gly-8 with the disulfide 
bridge Cys-2 – Cys-12, residues Ile-1 – Val-4 
and Thr-13 forming a hydrophobic cluster 
(Morikis et al., 1998; Morikis et al., 2002). 
Mutational studies showed that the polar β-turn 
and the hydrophobic cluster are essential for 
the inhibitory activity of compstatin (Furlong et 
al., 2000; Morikis et al., 1998; Morikis et al., 
2002; Soulika et al., 2003). Both main-chain 
and side-chain atoms of compstatin are 
thought to be involved in interaction with C3 
(Sahu et al., 2000). Recently, an analogue of 
compstatin with 45-fold higher potency was 
identified, which contained an acetylated N-
terminus and amino-acid substitutions V4W 
and H9A (Ac-ICVWQDWGAHRCT-NH2) 
(Katragadda et al., 2004; Mallik et al., 2005). 
These compounds bind C3 (Kd of 1.3 µM and 
0.14 µM for natural compstatin with an 
acetylated N-terminus and the V4W/H9A 
analogue respectively (Katragadda et al., 
2004)) and its derived products C3(H2O), C3b 
and C3c (Sahu et al., 1996; Sahu et al., 2000). 
Soulika et al. (Soulika et al., 2006) showed 
that the binding site resides in the 40-kDa C-
terminal part of the β-chain that is common to 
these proteins. Overall, these and other studies 
have lead to a model in which compstatin 
inhibits complement activation by blocking 
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binding of C3 to the C3 convertases, either 
through inducing a conformational change in 
C3 or causing steric hindrance when bound to 
C3 (Morikis et al., 2002; Soulika et al., 2006).  
 
In the last two years, a wealth of structural 
data on C3 has become available (Fredslund et 
al., 2006; Janssen et al., 2006; Janssen et al., 
2005; Nishida et al., 2006; Wiesmann et al., 
2006). C3 is a two-chain molecule consisting of 
a β (res. 1-645) and an α-chain (res. 650-
1,641) of 75 and 110 kDa respectively that are 
arranged in thirteen domains (Janssen et al., 
2005). Activation of C3 occurs by cleavage of 
the scissile bond Arg-726 – Ser-727, 
generating C3a (9 kDa) and C3b (176 kDa) 
(Bokisch et al., 1969). The transformation of 
C3 into C3b induces large conformational 
changes in the α-chain (Janssen et al., 2006; 
Wiesmann et al., 2006). In contrast, the β-
chain is overall structurally stable. The only 
exception is the third macroglobulin (MG3) 
domain, which is part of the MG-ring of the β-
chain and shows a reorientation up to 15° when 
changing from C3 to C3b and C3c (Janssen et 
al., 2006; Janssen et al., 2005; Wiesmann et 
al., 2006). The 40 kDa C-terminal fragment, 
identified by Soulika (Soulika et al., 2006), 
forms part of MG3 and complete MG4, MG5, 
MG6β and the linker (LNK) domain (Janssen et 
al., 2005). Thus, compstatin likely binds to the 
structurally stable part of C3. 
 
We determined the crystal structure of 
compstatin in complex with C3c to 2.4-Å 
resolution. We used C3c instead of C3 in these 
studies, because C3c crystallizes more readily 
than C3 and crystals of C3c diffract to a higher 
resolution than those of C3. The resulting 
structure of the C3c-compstatin complex 
reveals an unexpected binding site and an 
unexpected conformation of compstatin. 
Nonetheless, the structure is in agreement with 
prior observations on the activity of compstatin 
and its derivatives; and, explains the species 
specificity. Using the available structural data 
we propose a model for the inhibitory activity 
of compstatin in blocking substrate C3 binding 
to C3 convertases.  
 
 

Results  

Structure of the C3c-compstatin complex  

Here we present the structure of compstatin in 
complex with C3c. C3c was co-crystallized with 
the Ac-V4W/H9A-NH2 analogue (Ac-
ICVWQDWGAHRCT-NH2) of compstatin (Mallik 
et al., 2005); hereafter referred to as 
compstatin. Crystals diffracted to 2.4-Å 
resolution and displayed space group P21. Two 
complexes of C3c-compstatin are present in the 
asymmetric unit. Complex formation agrees 
with the 1:1 stoichiometry determined by 
surface-plasmon resonance (Sahu et al., 
2000). The overall structures of the 
independent C3c-compstatin complexes are 
very similar. Differences are observed in the 
orientation of some domains (see 
Supplementary Table 1a). The differences, 
which are the largest for C345c, MG8, MG7 and 
MG3 (in decreasing order), correspond with 
observed variations for these domain in other 
structures of C3 and its fragments (Janssen et 
al., 2006; Janssen et al., 2005; Wiesmann et 
al., 2006). 
 
The structure of the C3c-compstatin complex 
reveals that compstatin binds between domains 
MG4 and MG5 (Figure 1). The MG4 and MG5 
domains are part of the 40 kDa C-terminal 
fragment of the β-chain; thus, the observed 
binding site is in agreement with prior 
biochemical data (Soulika et al., 2006). The β-
sheets (consisting of strands βA, βB and βE) of 
MG4 and of MG5 form a shallow groove. 
Compstatin binds to the lower end of this 
groove. Thus, compstatin binds C3c at the 
bottom end of the MG-ring, far away from the 
α-chain. 
 

Structure of compstatin  

Compstatin bound to C3c differs markedly in 
conformation from that of free compstatin 
(Morikis et al., 1998) (see Figure 1d, e). In 
complex with C3c, compstatin is folded in a 
conformation with a β-turn formed by residues 
8-11. The N- and C-termini point outwards and 
are outside of the main loop formed by 
residues 2-10, which is covalently closed by the 
disulphide bond between Cys-2 and Cys-12. 
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Between the two complexes in the asymmetric 
unit, compstatin differs only in the orientation 
of Ile-1 and the acetylated N-terminus and Arg-
11 (Supplementary figure 1). This conformation 
of compstatin differs from those present in the 
NMR ensemble of free compstatin (Mallik et al., 
2005; Morikis et al., 1998). Free compstatin 
has a β-turn at residues 5-8, whereas in bound 
compstatin a β-turn at residues 8-11 is 
observed. The side-chain interactions between 
residues 3, 4 and 7 required for conformational 
stability of free compstatin (Morikis et al., 
1998) are absent in bound compstatin. In 

contrast, residues Val-3, Trp-4 and Trp-7 are 
involved in hydrophobic interactions with C3c in 
bound compstatin. Furthermore, Trp-4 and Trp-
7 in bound compstatin do not show π-π 
stacking interactions (Mallik et al., 2005), 
instead Trp-4 is involved in CH/π and sulphur-
aromatic interactions with Cys-12 when bound 
to C3c. These data show clearly that 
compstatin undergoes a dramatic 
conformational rearrangement upon binding to 
C3c. 
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Figure 1. Structure of the C3c-compstatin complex at 2.4-Å resolution. a, Ribbon representation of C3c 
with the bound compstatin in surface representation colored by domain and labeled accordingly. Also indicated 
are the anchor region (grey) and α’NT (black). b, Electron density (2mFobs-DFcalc, φcalc) at 1σ of bound 
compstatin. c, Compstatin-C3c interaction site with C3c in surface representation (black residue numbering) and 
compstatin in stick representation (white residue numbering). Colors are according to a. d, Bound compstatin in 
stick representation (upper panel) and in ribbon representation (lower panel) with the disulfide bond indicated. 
e, Free compstatin (original peptide (Morikis et al., 1998)) shown in the same orientation and views as bound 
compstatin in d. Bound compstatin undergoes a conformational change upon binding to C3c. (Full colour on page 
118) 
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Structure of C3c  

The structure of C3c in complex with 
compstatin reveals the same overall domain 
arrangement of 10 domains as observed for 
free C3c (Janssen et al., 2005). For most 
domains we observe small variations in domain 
orientation among the two structures of C3c-
compstatin and the two structures of free C3c 
in the asymmetric unit (see Supplementary 
Table 1b). Large differences are observed for 
C345c (up to 15.4° rotation) and MG8 (up to 
8.3° rotation). These differences reflect the 
flexibility of the C3c molecule. Differences in 
domain orientation of MG4 and MG5 within C3c 
range from 2.4 to 3.6° and 1.4 to 1.9° 
respectively. The relative orientations between 
MG4 and MG5 differ by only 4.2° among these 
structures of C3c.  These data indicate that 
compstatin does not affect the overall domain 
arrangement of C3c 
 

Compstatin-C3c interactions  

Compstatin interacts extensively with C3c. One 
side of the compstatin-loop structure faces C3c 
and one side faces the solvent with residues 2-
9 alternating inside and outside.  Residues 11-
13 extend outward away from C3c. In total 
40% of the molecular surface of compstatin is 
buried in the complex, resulting in 1,120 Å2 
buried surface area of the complex. The 
interface of compstatin with C3c is 
characterized by both hydrophobic and 

hydrophilic interactions (see Supplementary 
Table 2). Notably, Val-3 and the Trp-7 of 
compstatin are buried in hydrophobic pockets 
formed by C3c residues Met-346, Pro-347, Leu-
454, Arg-456 and Leu-455, Arg-456, Arg-459, 
Glu-462 respectively (Figures 1c and 2a). A 
hydrogen bonding network between both 
backbone and side-chain atoms of C3c and 
compstatin further stabilize the interaction 
(Supplementary Table 2a and Figure 2b). A 
small difference in bound waters is observed in 
the interface of compstatin with C3c between 
the two complexes in the asymmetric unit. In 
one complex (chains A, B and C for C3c and 
chain G for compstatin in the deposited pdb 
file) we observe no bound water molecule, 
whereas in the other complex (chains D, E and 
F and chain H respectively) we observe two 
water molecules mediating hydrogen bonding 
between compstatin and C3c. The water 
molecules mediate interactions between 
compstatin Gln-5 and C3c Asp-491 and the 
backbone carbonyl oxygens of compstatin Cys-
2 and C3c Thr-391. This small difference in 
bound waters possibly reflects flexibility and 
small differences in crystal packing. 
Alternatively, we possibly have not observed all 
bound water molecules due to the limited 
resolution of 2.4 Å. For both complexes we 
observe a bromide ion bound in the interface. 
This ion forms hydrogen bonds with the 
backbone nitrogen of compstatin Asp-6 and 
backbone nitrogen of C3c Arg-459. The 
crystallization solution contained 200 mM KBr, 
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Figure 2. Interactions between C3c and compstatin. a, Residues involved in van der Waals contact, 
observed in both complexes within the asymmetric unit of the crystal, are shown in stick representation. b, 
Hydrogen bonds between C3c and compstatin and within compstatin itself, observed in both complexes within 
the asymmetric unit, are shown by yellow dotted lines. C3c colored grey and compstatin colored as in figure 1a. 
See Supplementary Table 2 for all observed contacts between C3c and compstatin. (Full colour on page 118) 
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whereas the cryo-protectant contained 500 mM 
KBr. Possibly, the stabilizing role of bromide is 
replaced by a water molecule in conditions 
without bromide present. 
 

Comparison of C3c-compstatin with C3  

Several structures of C3 and its fragments C3b 
and C3c are now available (Janssen et al., 
2006; Janssen et al., 2005; Wiesmann et al., 
2006). Comparison of the medium to high 
resolution structures of C3, C3c, C3c-CRIg and 
C3c-compstatin shows that the MG4-MG5 
domain orientation is conserved (see also 
Figure 3). Difference in orientations of other 
domains, notably C345c, MG8, MG7 and MG3, 
can be attributed to inherent flexibility of the 
molecule. However, we observe significant 
differences in the compstatin binding site. The 
loop βE-βF of MG4 and positions of amino-acid 
side chains differ up to 4.6 Å between C3c-
compstatin and free C3c (see Figure 3a). 
Surprisingly, the positions of the side chains in 
the C3c-compstatin complex resembles more 
free C3 than free C3c, see for example the 
positions of Asn-390, His-392 and Pro-393 of 

loop βE-βF, Pro 347 and Arg-456 in Figure 3a. 
These differences between C3, C3c-compstatin 
and C3c may explain the higher affinity of 
compstatin for C3 (Kd of 0.14 µM) than for C3c 
(Katragadda et al., 2004; Sahu et al., 2000). 
Overall, we may conclude that compstatin 
binding does not induce large rearrangements 
in C3c, but minor, local induced effects are 
present in the vicinity of the compstatin binding 
site. 
 
 

Discussion 

Compstatin binding to C3  

The crystal structure of the C3c-compstatin 
complex reveals that compstatin binds C3c 
between domains MG4 and MG5 of the β-chain. 
Compstatin undergoes a large conformational 
change upon binding to C3c. In contrast, C3c 
does not undergo large changes upon complex 
formation. The conformation of the compstatin 
binding site in C3c is structurally very similar to 
that observed in the structure of uncomplexed 
C3.  
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Figure 3. Comparison of C3c-compstatin, C3c and C3. a, Ribbon representation of the compstatin binding 
site with C3c-compstatin (grey) C3c (cyan) (Janssen et al., 2005) and C3 (green) (Janssen et al., 2005) 
superposed using domain MG4 and MG5 (CCP4, 1994). Compstatin is omitted for clarity. Residues involved in 
compstatin binding are shown in stick representation and are numbered. In the compstatin binding site, free C3 
resembles the C3c-compstatin complex more than free C3c. b, C3c-compstatin superposed onto C3 on the basis 
of MG1, MG2, MG4-MG6 of the β-ring (CCP4, 1994). C3c (grey) and C3 (β-chain, green and α-chain purple) are 
shown in ribbon representation, compstatin (wheat) is shown in surface representation. The MG4-MG5 domain 
orientation is conserved between C3c-compstatin and C3; therefore compstatin binds C3 without affecting large 
structural changes. (Full colour on page 119) 
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The observed compstatin-binding site is 
supported by biochemical data. Recently, the 
compstatin binding site was found to reside on 
the 40-kDa C-terminal region of the β-chain of 
C3 (Soulika et al., 2006). Both domains MG4 
and MG5 are part of this region. Compstatin 
displays species specificity, it binds only to 
primate C3 and not to C3 from lower 
mammalian species (Sahu et al., 2003). 
Residues Gly-345, His-392, Pro-393, Leu-454 
and Arg-459 are all extensively involved in 
interactions with compstatin, as determined by 
the crystal structure. These residues are 
conserved in primate C3, whereas they all 
differ in other mammals (see Supplementary 
figure 2). These different amino-acid residues 
would yield steric hindrance or lead to loss of 
specific interactions; and, thus explain the 
species specificity observed for compstatin. 
 
The structure of compstatin in the C3c-
compstatin complex differs markedly from the 
structure of compstatin in solution. Previous 
activity data from mutational studies, however, 
are in agreement with the observed C3c-
compstatin complex. These studies indicated 
that the disulfide bridge, residues in the β-turn 
(res. 5-8) and some residues in the 
hydrophobic cluster at the linked termini (res. 
1-4 and 12-13) were essential for binding to C3 
(Morikis et al., 1998; Sahu et al., 2000; 
Soulika et al., 2003). Both main-chain and 
side-chain atoms were proposed to be directly 
involved in binding to C3 (Morikis et al., 2002; 
Sahu et al., 2003; Sahu et al., 2000). More 
specifically, hydrophobic residues Val-3 and 
Trp-7 were shown to be essential for activity. 
The indole amide of Trp-7 was proposed to be 
involved in hydrogen bonding with C3 
(Katragadda et al., 2006; Morikis et al., 1998; 
Morikis et al., 2002); in contrast, the indole 
amide of Trp-4 was not (Katragadda et al., 
2006). In our  crystal structure, both main-
chain and side-chain atoms contribute to the 
compstatin-C3c interactions, residues 2 and 3 
of the hydrophobic cluster are involved in 
hydrophobic interaction with C3c, Val-3 and 
Trp-7 have extensive hydrophobic interactions 
with C3c; and, the amide indole of Trp-7 forms 
a hydrogen bond with the main-chain oxygen 

of Met-457 (see also Supplementary Table 2), 
whereas the amide indole of Trp-4 does not 
form a hydrogen bond with C3c. Thus, many of 
the previously proposed interactions are in 
agreement with the structure of the C3c-
compstatin complex.   
 
Isothermal titration calorimetry experiments 
indicated that the C3-compstatin binding is an 
enthalpy driven process (Katragadda et al., 
2004). It was proposed that the unfavorable 
entropy could arise from binding water 
molecules at the interface or could be due to 
conformational changes in C3 and/or 
compstatin (Katragadda et al., 2004). We 
observe large structural differences between 
free and bound compstatin. In contrast, only 
small structural differences are observed in the 
compstatin binding site region between 
structures of C3, C3c (Janssen et al., 2005) 
and C3c-compstatin (see also Figure 3). We 
observe very few water molecules mediating 
the interactions between compstatin and C3c; 
this fits with the tight packing and the amount 
of hydrophobic interactions observed in the 
complex. Therefore, we conclude that the 
observed unfavorable entropy of complex 
formation arises mostly from the 
conformational change that compstatin 
undergoes upon binding to C3.  
 

Compstatin’s mode of action  

Two possible mechanisms for complement 
inhibition by compstatin have been proposed: 
compstatin either (i) sterically hinders binding 
of C3 to the convertase or (ii) induces 
conformational changes in C3 preventing 
binding of C3 to the convertase. Our data 
clearly show that the binding site of compstatin 
lies far away from any other known binding site 
on C3 or its proteolytic fragments (Janssen and 
Gros, 2007); and, that compstatin binds C3 
without affecting large structural changes. 
These data are consistent with the observation 
that compstatin does not interfere with the 
formation of the C3 convertase or with the 
function of any of the complement regulatory 
proteins (Sahu et al., 1996). In addition, 
binding of compstatin to C3 does not increase 
protease sensitivity (Sahu et al., 1996); in 
contrast to bacterial protein Efb-C, which 



Bert Janssen - Conformational Complexity of Complement Component C3 
 

 66 

affects protease sensitivity by changing the 
conformation of C3 (Hammel et al., 2007). The 
effect observed by SPR and ITC suggested that 
conformational changes play an important role 
in compstatin-C3 binding (Katragadda et al., 
2004; Sahu et al., 2000). We argue that the 
marked conformational change of compstatin 
suffice to explain the SPR and ITC results. We 
therefore conclude that compstatin does not 
act by changing the conformation of C3, but 
likely acts through sterically hindering the 
binding of C3 to the convertase. 
 
How does compstatin sterically hinder C3 
binding to the convertases? Most binding sites 
for interacting proteins have been mapped to 
the α-chain of C3 (Janssen and Gros, 2007). 
The exception is the recently identified 
complement receptor CRIg, which also inhibits 
convertase activity (Wiesmann et al., 2006). 
Crystal structures revealed that CRIg binds C3b 
and C3c predominantly at domains MG3 and 
MG6 of the β-chain (Wiesmann et al., 2006). 
Compstatin binds C3 between domains MG4 
and MG5. These two binding sites of CRIg and 
compstatin are > 20 Å apart, but lie on the 
same face of the MG-ring of the β-chain. 
Interestingly, in the crystal of C3b we observe 
a C3b-C3b binding site formed by the same 

face of the MG-ring (see figure 4a) (Janssen et 
al., 2006). We hypothesize this MG-ring 
interaction face may indicate a major exosite in 
substrate binding forming the C3:C3bBb 
substrate:enzyme complex. Both CRIg and 
compstatin would sterically hinder the 
formation of this interface of the 
substrate:enzyme complex, and hence explain 
the inhibitory activity of both molecules (see 
also figure 4b). Compstatin may also bind the 
enzyme complex, C3bBb (Sahu et al., 1996). 
In our back-to-back model of the MG-ring 
interaction in C3:C3bBb substrate:enzyme 
complex, compstatin might inhibit the 
interaction both ways; either through binding 
the substrate or through binding the enzyme 
complex. This additional mechanism may 
explain the higher inhibitory activity of 
compstatin in the alternative pathway (AP) 
compared to the classical pathway (CP) 
(Furlong et al., 2000; Sahu et al., 1996). In the 
CP compstatin can only bind to C3 and not to 
the convertase C4bC2a (Sahu et al., 2003), 
whereas in the AP compstatin can bind both the 
substrate C3 and the convertase C3bBb thus 
possibly acting in a dual way. Thus, based on 
an interaction surface observed in C3b crystals 
and the interaction sites of compstatin and 
CRIg we propose a model for C3 binding to the 
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C3bBb

C3a

C3b

C3-compstatin

C3:C3bBb

 
 
Figure 4. Model for inhibition by compstatin. a, Two symmetry related molecules of C3b contact each other 
at the compstatin binding site in the crystal of C3b (Janssen et al., 2006). Compstatin (wheat) is superposed 
onto a C3b molecule (surface representation) on the basis of the C3c-compstatin structure. The symmetry 
related C3b molecule (ribbon representation) clashes severely with compstatin. b, Top diagram, cartoon 
representation of the back-to-back binding of C3 to the convertase (based on crystal structures of C3 (Janssen 
et al., 2005), C3b (Janssen et al., 2006; Wiesmann et al., 2006) and factor Bb (Ponnuraj et al., 2004)). Bottom 
diagram, cartoon representation of steric hindrance of C3 binding to the convertase induced by compstatin. (Full 
colour on page 119) 
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convertase. This model explains how a small 
peptide inhibitor, compstatin has the same 
inhibitory effect as the large protein receptor 
CRIg. 
 
 

Concluding remarks 
 
We have identified that the potential 
therapeutic compstatin binds C3 on a shallow 
groove between two domains of the β-chain. 
Most drug design projects target well-defined 
pockets in proteins for binding low molecular 
weight inhibitors to achieve high binding 
affinity and specificity. Remarkably, compstatin 
binds on a rather flat surface of the C3c 
molecule. Nevertheless, it has been possible to 
improve the specific activity by structure-
activity studies and experimental and 
theoretical combinatorial approaches (reviewed 
in (Morikis et al., 2004)). The structure of the 
complex between C3c and compstatin provides 
crucial information on the bound conformation 
of compstatin and the binding site on C3. These 
data provide new impetus to develop improved 
and less costly non-peptide inhibitors, for 
example by developing molecules that 
structurally mimic the bound form of 
compstatin. The detailed knowledge of the 
binding site provides the possibility to develop 
a mouse model by conservatively “humanizing” 
mouse C3 to enable in vivo testing of 
complement inhibition of compstatin and 
derivatives in various complement disease 
models. Finally, the current data indicate a 
potential role for the large MG-ring of the β-
ring in substrate binding to the convertase. 
 
 

Methods 
 
Protein purification and peptide synthesis 

C3c was purified as described previously (Janssen et 
al., 2005). In brief, C3c from outdated human 
plasma (stored for several weeks at 4˚C) was 
purified by polyethylene glycol (PEG) precipitation, 
anion-exchange chromatography (DEAE Sephacel), 
cation-exchange chromatography (CM-Sephadex 
C50) and size-exclusion chromatography (Sephacryl 
300). C3c was concentrated to 20 mg ml-1 and 
dialyzed against 10 mM Tris pH 7.4, 2 mM EDTA and 
2 mM benzamidine. The glycan moiety on Asn917 

was cleaved off with N-Glycosidase F (PNGase F). 
The improved compstatin analogue (Ac-
ICVWQDWGAHRCT-NH2) displaying 45-fold higher 
activity compared to the parent peptide was 
synthesized and purified as described previously 
(Mallik et al., 2005). Prior to crystallization C3c at 20 
mg/ml (0.148 mM) in 10 mM Tris pH 7.4, 2 mM 
EDTA, and 2 mM benzamidine was mixed with 
lyophilized compstatin to a final concentration of 4.8 
mg/ml (3.0 mM). 
 
Crystallization and data collection 

C3c-compstatin was crystallized in hanging drops 
from mother liquor containing 18% w/v PEG-
monometylether 2000, 200 mM potassium bromide 
and 100 mM Tris pH 7.0 at 20º C. Crystals grew up 
to 250 x 200 x 200 µm within 2 weeks. For cryo-
protection crystals were briefly transferred to 8% v/v 
2,3 butanediol, 18% w/v PEG-monometylether 2000, 
500 mM potassium bromide, 100 mM Tris pH 7.0. 
and flash-cooled in liquid nitrogen. Crystals displayed 
space group P21 (a = 85.8, b = 124.7, c = 127.4 Å, β 
= 95.1˚), contained two molecules per asymmetric unit 
and diffracted to 2.4-Å resolution at ESRF beamline 
ID23-1. Diffraction data was processed using 
MOSFLM/CCP4 (CCP4, 1994) (data statistics are 
presented in Table 1). 
 

Table 1. Data collection and refinement 
statistics 

Data collection  
Space group P21 
Cell dimensions    
    a, b, c (Å) 85.8, 124.8, 127.4 
    β (°) 95.1 
Resolution (Å) 33-2.4 (2.53-2.4) * 
Rmerge (%) 6.7 (43.5) 
I/σI 13.4 (2.4) 
Completeness (%) 96.4 (98.0) 
Redundancy 3.0 (2.9) 
  
Refinement  
Resolution (Å) 33-2.4 
No. reflections 95439 
Rwork/ Rfree (%) 21.3 / 28.1 
No. atoms  
    C3c 17638 
    Compstatin 226 
    Water 471 
    Ligand/ion 145 
Average B-factor (Å2)  
    C3c 46.2 
    Compstatin 47.0 
    Water 39.7 
    Ligand/ion 57.4 
R.m.s deviations  
    Bond lengths (Å)  0.011 
    Bond angles (º) 1.408 
*Highest resolution shell is shown in parenthesis. 
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Structure determination  

C3c-compstatin was solved by molecular replacement 
with Phaser (McCoy et al., 2005). First C3c (pdb code 
2A74) (Janssen et al., 2005) without the C345c 
domain was placed. Second the C345c domain of C3c 
was placed using Coot (Emsley and Cowtan, 2004) 
and its position was refined by Phaser. Subsequently 
all domains were refined by rigid-body refinement in 
Phaser. Compstatin and C3c were finalized by several 
rounds of model building in Coot and refinement in 
REFMAC (CCP4, 1994) to R and Rfree values of 21.3 % 
and 28.1 % (see also Figure 1b and Table 1). The 
final refined model contained 1107 residues for C3c 
molecule 1 (chains A, B and C) and 1113 residues for 
C3c molecule 2 (chains D, E and F). Both compstatin 
molecules were completely built. All molecular 
graphics figures were generated with pymol (W. 
Delano; http://www.pymol.org/). 
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Supplementary information 

 
 

Table 1a Domain rotation and translation between the two C3c-compstatin complexes in the asu

Chains A,B,C,G - chains D,E,F,H translation (Å) rotation (º)

MG1 0.4 3.1

MG2 0.7 3.5

MG3 1.5 4.4

MG4 0.5 2.4

MG5 0.2 0.5

MG6 0.7 4.5

LNK 0.1 1.0

MG7 2.0 5.3

MG8 3.5 7.1

C345C 5.3 7.2

Compstatin 0.4 1.1

Table 1b Domain rotation and translation between the two C3c-compstatin complexes and two C3c molecules

C3c-compstatin - C3c mol.1 on 1 mol. 1 on 2 mol. 2 on 1 mol. 2 on 2

translation (Å) rotation (º) translation (Å) rotation (º) translation (Å) rotation (º) translation (Å) rotation (º)

MG1 0.7 3.5 0.3 2.0 0.4 1.3 0.5 3.2

MG2 0.5 2.8 0.2 1.2 0.5 4.3 0.5 2.6

MG3 1.2 3.6 0.4 0.7 0.5 0.8 1.1 4.1

MG4 0.6 3.6 0.3 2.4 0.4 3.3 0.3 3.0

MG5 0.2 1.9 0.2 1.9 0.0 1.4 0.2 1.7

MG6 0.8 5.6 0.3 3.7 0.2 0.6 0.5 4.1

LNK 0.7 0.6 0.0 0.6 0.2 0.3 0.1 1.6

MG7 1.5 3.1 0.7 2.4 0.8 2.4 1.4 3.0

MG8 1.5 1.7 0.9 1.6 2.0 8.3 2.6 5.7

C345C 4.2 15.4 3.0 12.7 5.1 12.5 5.5 12.1
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MG1 0.4 3.1
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MG4 0.5 2.4

MG5 0.2 0.5

MG6 0.7 4.5

LNK 0.1 1.0

MG7 2.0 5.3

MG8 3.5 7.1

C345C 5.3 7.2

Compstatin 0.4 1.1

Table 1b Domain rotation and translation between the two C3c-compstatin complexes and two C3c molecules

C3c-compstatin - C3c mol.1 on 1 mol. 1 on 2 mol. 2 on 1 mol. 2 on 2

translation (Å) rotation (º) translation (Å) rotation (º) translation (Å) rotation (º) translation (Å) rotation (º)

MG1 0.7 3.5 0.3 2.0 0.4 1.3 0.5 3.2

MG2 0.5 2.8 0.2 1.2 0.5 4.3 0.5 2.6

MG3 1.2 3.6 0.4 0.7 0.5 0.8 1.1 4.1

MG4 0.6 3.6 0.3 2.4 0.4 3.3 0.3 3.0

MG5 0.2 1.9 0.2 1.9 0.0 1.4 0.2 1.7

MG6 0.8 5.6 0.3 3.7 0.2 0.6 0.5 4.1

LNK 0.7 0.6 0.0 0.6 0.2 0.3 0.1 1.6

MG7 1.5 3.1 0.7 2.4 0.8 2.4 1.4 3.0

MG8 1.5 1.7 0.9 1.6 2.0 8.3 2.6 5.7

C345C 4.2 15.4 3.0 12.7 5.1 12.5 5.5 12.1

 
Supplementary Table 1. Domain rotations and translations. a, Domain rotation and translation between 
the two C3c-compstatin complexes in the asymmetric unit. C3c-compstatin complex 2 (chains D,E,F,H) was 
superposed on complex 1 (chains A,B,C,G) on the basis of MG1, MG2, MG4-6 of the β-ring. Using this 
superposition the rotation and center-of-mass translation of the domains were calculated with SUPERPOSE in the 
CCP4 package (CCP4, 1994). b, Domain rotation and translation between the two C3c-compstatin complexes 
and two C3c molecules in the asymmetric unit (pdb entry 2A74) (Janssen et al., 2005). C3c-compstatin molecule 
1 consists of chains A-C, C3c-compstatin molecule 2 consists of chains D-F, C3c molecule 1 consists of chains A-
C and C3c molecule 2 consists of chains D-F. C3c-compstatin molecule 2 and both C3c molecules (Janssen et al., 
2005) were superposed on C3c-compstatin molecule 1 on the basis of MG1, MG2, MG4-6 of the β-ring. Using 
these superpositions the rotation and center-of-mass translation of the domains were calculated with 
SUPERPOSE in the CCP4 package (CCP4, 1994). 
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Table 2 Interactions between compstatin and C3c
A: Hydrogen bonds between compstatin and C3c

Donor Acceptor Distance (Å)

Ace0     O Asn390 OD1 2.95

Ile1       N Asn390 OD1 2.88 2.54

Trp4      N Gly345  O 3.05 2.98

Gln5      NE2 Leu455 O 2.66

Gln5      NE2 Asp491 OD2 2.72 3.26

Trp7      NE1 Met457 O 2.63 2.57

His10    N Asp491 OD1 2.81 2.61

Arg456  NE Trp4      O 3.06

Met457 N Gln5     OE1 2.85

B: Hydrogen bonds within compstatin 

Donor Acceptor Distance (Å)

Val3    N His10  O 3.02 2.99

Gln5    N Val3    O 2.94 3.03

Cys12  N Val3    O 3.01

Thr13  OG1 Cys12 O 2.95

NH214  N Cys12 O 2.48

C: Hydrophobic interactions between C3c and compstatin

Compstatin C3c Distance (Å)

Cys2  SG Asn390  CG 3.84

Val3   CG2 Met346   CE 3.88

Val3   CG2 Pro347   CD 3.84

Val3   CG2       Leu454  CD2 3.79 3.82

Val3   CG2 Leu454  CG 3.70 3.81

Val3   CG1 Arg456   CB 3.84 3.74

Val3   CG1 Arg456   CD 3.46 3.90

Trp4   CB Pro393   CG 3.59        

Trp4   CZ2 His392   CE1 3.71 3.68

Gln5 CD Arg456   CA 3.88

Trp7   CH2 Leu455  CD2 3.89

Trp7   CD1 Arg459   CA 3.70 3.79

Trp7   CD1 Arg459   CB 3.83

Trp7   CE2 Glu462   CG 3.81

Trp7   CE2 Glu462   CB 3.85 

Trp7   CZ2 Glu462   CB 3.66 3.66

Trp7   CZ3 Gly489   C 3.56 3.71

Gly8  C Asp491  CG 3.80       

Gly8   CA Asp491  CG 3.50 3.68

His10 CD2 Asp491  CB 3.86 3.43

His10 CD2 Leu492  CB 3.70
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His10 CD2 Asp491  CB 3.86 3.43

His10 CD2 Leu492  CB 3.70  
 
 
 

Supplementary Table 2. Interactions between 
compstatin and C3c. Interactions were calculated 
with Ligplot (Wallace et al., 1995). Distances are listed 
for both molecule 1 (chains A, B, C and G on the left) 
and molecule 2 (chains D, E, F and H on the right). 
Residue numbering 0-14 are from compstatin, residue 
numbering 345-492 are from C3c. 
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Supplementary Figure 1. The two compstatin molecules in the asymmetric unit. Stereo diagram of the 
superposition of the two compstatin molecules in the asymmetric unit shown in stick representation. (Full colour 
on page 120) 
 

                330       340       350       360       370       380         

Homo sapiens     SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLS 

Pan troglodytes  SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLS 

Macaca mulatta   SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDAVQSLTQGDGVAKLS 

R. norvegicus    SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPARRVPVVTQGSD-AQALTQDDGVAKLS 

Bos taurus       SPYQIHFTKTPKFFKPAMPFDLMVYVTNPDGSPARHIPVVTQGSN-VQSLTQDDGVAKLS 

Mus musculus     SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPASKVLVVTQGSN-AKALTQDDGVAKLS 

Canis familiaris SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPAPHVPVGIQNYR-VQALTQKDGVAKLT 

Guinea pig       SPYQIHFTKTPKYFKPAMPFEIMVLVTNPDGSPAPHVPVVTQGSN-VQSLTQADGVARLS 

Sus scrofa       SPYQIHFTKTPKFFKPAMPFDLMVYVTNPDGSPARHIPVVTEDFK-VRSLTQEDGVAKLS 

 

 

                390       400       410       420       430       440         

Homo sapiens     INTHPSQKPLSITVRTKKQELSEAEQATRTMQALPYSTVGNSNNYLHLSVLRTELRPGET 

Pan troglodytes  INTHPSQKPLSITVRTKKQELSEAEQATSTMQALPYSTVGNSNNYLHLSVPRTELRPGET 

Macaca mulatta   INTHPSQKPLSITVRTKKRELSEAEQATRTMEAQPYSTVGNSNNYLHLSVPRAELRPGET 

R. norvegicus    VNTPNNRQPLTITVSTKKEGIPDARQATRTMQAQPYSTMHNSNNYLHLSVSRVELKPGDN 

Bos taurus       INTQNKRDPLTITVRTKKDNIPEGRQATRTMQALPYNTQGNSNNYLHLSVPRVELKPGET 

Mus musculus     INTPNSRQPLTITVRTKKDTLPESRQATKTMEAHPYSTMHNSNNYLHLSVSRMELKPGDN 

Canis familiaris INTPDSKKPLHITVSTKKEGILESRQATRTMEVQPYNTIGNSRNYLHLSVPRMELKPGET 

Guinea pig       INTPNTRQPLSVTVQTKKGGIPDARQAINTMQALPYTTMYNSNNYLHLSMPRTELKPGET 

Sus scrofa       INTPDNRNSLPITVRTEKDGIPAARQASKTMHVLPYNTQGNSKNYLHLSLPRVELKPGEN 

 

 

                450       460       470       480       490       500         

Homo sapiens     LNVNFLLRMDRAHEAKIRYYTYLIMNKGRLLKAGRQVREPGQDLVVLPLSITTDFIPSFR 

Pan troglodytes  LNVNFLLRMDRAHEAKIRYYTYLIMNKGRLLKAGRQVREPGQDLVVLPLSITTDFIPSFR 

Macaca mulatta   LNVNFLLRMDRTQEAKIRYYTYLIMNKGKLLKVGRQVREPGQDLVVLPLSITTDFIPSFR 

R. norvegicus    LNVNFHLRTDAGQEAKIRYYTYLVMNKGKLLKAGRQVREPGQDLVVLSLPITPEFIPSFR 

Bos taurus       LNVNFHLRTDPGEQAKIRYYTYMIMNKGKLLKVGRQYREPGQDLVVLPLTITSDFIPSFR 

Mus musculus     LNVNFHLRTDPGHEAKIRYYTYLVMNKGKLLKAGRQVREPGQDLVVLSLPITPEFIPSFR 

Canis familiaris LNVNFHLRTDPSKEAQIRYYTYLIMNKGKILKVGRQERESGQDLVVLPLTITSDFIPSFR 

Guinea pig       INVNFHLRSDPNQEAKIRYYTYLIMNKGKLLKVGRQPREPGQALVVLPMPITKELIPSFR 

Sus scrofa       LNVNFHLRTDPGYQDKIRYFTYLIMNKGKLLKVGRQPRESGQVVVVLPLTITTDFIPSFR 

 

                  

                510       520       530   

Homo sapiens     LVAYYTLIGASGQREVVADSVWVDVK 

Pan troglodytes  LVAYYTLIGASGQREVVADSVWVDVK 

Macaca mulatta   LVAYYTLIGANGQREVVADSVWVDVK 

R. norvegicus    LVAYYTLIGANGQREVVADSVWVDVK 

Bos taurus       LVAYNTLINAKGQREVVADSVWVDVK 

Mus musculus     LVAYYTLIGASGQREVVADSVWVDVK 

Canis familiaris LVAYYTVIGSSGQREVVADSVWVDVK 

Guinea pig       LVAYYTLIGASAQREVVADSVWADVR 

Sus scrofa       LVAYYTLIAANGQREVVADSVWVDVK 

MG4

MG5

 
 
Supplementary Figure 2. Multiple sequence alignment of the compstatin binding site region; C3 
domains MG4 and MG5, from different species. The alignment was prepared with ClustalW (Thompson et 
al., 1994). Residues involved in hydrogen bonding and van der Waals contacts are highlighted in yellow 
(conserved) and blue (non-conserved). (Full colour on page 120) 
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Chapter 5 

General Discussion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parts of this chapter are in preparation for a review in Nature Reviews 
Immunology. 
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The complement system is a key part of 

innate and adaptive immunity and critical 

for resistance to infection. Central to 

complement are the proteins C3 and factor 

B which together amplify the complement 

response and bring forth several reactions 

that lead to the clearance of pathogenic 

and apoptotic cells. The functions of C3 

and factor B are governed by proteolytic 

steps and complex formation that are 

coupled to several large conformational 

changes. Here, we discuss the insights 

that the structures of the central 

complement components C3 and factor B 

provide into the molecular mechanisms by 

which conformational changes drive their 

key role in complement immune defence 

and relate these to regulation, pathogen 

immune evasion and potential therapeutic 

strategies. 

 
 
Complement is a system of over 30 plasma and 
cell-surface proteins that enables the host to 
recognize pathogens or immunogenic particles, 
label these cells or particles for clearance, lyse 
cells and evoke a range of cellular responses, 
including inflammatory responses, 
phagocytosis by macrophages and stimulation 
of B cells (Carroll, 2004; Walport, 2001). Three 
stages can be recognized in complement 
activity, these are (i) recognition of particles, 
(ii) amplification and opsonization of particles 
and (iii) effector functions. Data on the 
evolution of this elaborate defence system 
suggests that the system has developed 
around two proteins responsible for the central, 
amplification and labelling step (reviewed in 
(Nonaka and Kimura, 2006)). These two 
proteins are the third complement component 
C3 and a serine protease factor B. In cnidaria 
and some protostomes only these two 
complement proteins are present, indicating 
that this central part of the complement system 
was established over 1,000 million years ago 
(Nonaka and Kimura, 2006). In higher 
organisms, an elaborate system evolved 
around this central activity with multiple 
recognition mechanisms and multiple effector 
functions. Both in the recognition pathways and 
in the effector pathways proteases and C3, or 

C3 homologues, play dominant roles. In 
mammals, nowadays, the complement system 
has a central role in innate and adaptive 
immunity against pathogens. 
 
The central step of amplification by C3 and 
factor B can be initiated by one of three 
recognition pathways and results in several 
molecular and cellular responses. The 
‘alternative pathway’ (AP) starts, independent 
of specific recognition, by an intrinsic level of 
C3 activation, called the tick-over mechanism 
(Muller-Eberhard, 1988; Pangburn and Muller-
Eberhard, 1980). From the AP two specific 
recognition pathways evolved (Nonaka and 
Kimura, 2006). The ‘classical pathway’ (CP) is 
activated by recognition of immune complexes 
and the ‘lectin pathway’ (LP) is activated 
through binding of lectins to glycans on 
pathogenic surfaces. In both CP and LP the 
initial recognition evokes proteases that 
activate a fourth and second complement 
component, C4 and C2 respectively, which are 
evolutionary related and homologous to C3 and 
factor B respectively. All three pathways 
converge in the proteolytic activation of C3 and 
yield the active fragments C3a and C3b. 
Anaphylatoxin C3a is a mediator of 
inflammation (Bokisch et al., 1969), while C3b 
covalently binds to the pathogen surface 
evoking several possible responses (Sahu and 
Lambris, 2001). C3b provides a platform for 
the formation of additional C3 convertases 
together with factor B (Muller-Eberhard and 
Gotze, 1972). This amplification step leads to a 
high local concentration of deposited C3b and 
changes the convertase substrate specificity 
from C3 to C5. This C5 convertase mediates 
cleavage of C5 into anaphylatoxin C5a, one of 
the most potent mediators of inflammation, 
and C5b that initiates the terminal or lytic 
pathway which results in cell lysis (Muller-
Eberhard, 1986). Furthermore, deposition of 
C3b mediates two cellular processes; C3b and 
its proteolytic fragments, iC3b and C3dg act as 
opsonins that mediate phagocytosis and 
stimulate B-cells (Dempsey et al., 1996). Thus, 
amplification of the complement response by 
C3 and factor B causes massive labelling and 
evokes several responses that ultimately lead 
to the elimination of the tagged particle.  
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Regulation of complement is of critical 
importance for homeostasis of the organism. At 
the one hand, complement activity is important 
for clearance of foreign pathogenic or self 
apoptotic cells. At the other hand, this activity 
must be kept in check to avoid tissue damage. 
A large group of regulators protects surfaces by 
downregulating the activity of the central 
protease complex formed by activated forms of 
C3 and factor B (i.e. C3b-Bb or C3 convertase 
of the ‘AP’) (Kirkitadze and Barlow, 2001). 
Deficiencies or mutations in complement 
proteins might predispose persons to infectious 
diseases and immune-related diseases or might 
lead to excessive complement activation and 
tissue injury. Examples of associated 
pathological conditions are atypical Hemolytic 
Uremic Syndrome (aHUS), Systemic Lupus 
Erythematosus (SLE) and Age-related Macular 
Degeneration (AMD) (reviewed in (Sahu and 
Lambris, 2000)). Thus, complement immunity 
depends on a balance between tagging 
surfaces with C3 for clearance and preventing 
tagging, thus protecting surfaces. 
 
The molecular mechanisms underlying the 
central steps of complement activation have 
long remained elusive. Recent advances in 
structure determination of the key proteins, 
complement component C3 and its proteolytic 
fragments and protease factor B, have provide 
a framework to develop mechanistic models. 
Here we discuss the recent insights gained 
from these advances and relate these to 
mechanisms of complement activity and 
discuss host control, evasion by pathogens and 
potential therapeutics. 
 

Complement component C3  

The third complement component C3 is a 
member of the α2-macroglobulin (α2M) of host 
defense proteins (Blandin and Levashina, 
2004). These proteins are large, 1,400-1,800 
amino acid residues. Among these proteins are 
three complement proteins, C3, C4 and C5, 
which are 26-30% homologous to each other in 
sequence. The classical member of the family is 
α2-macroglobulin, which is an atypical protease 
inhibitor that inhibits protease activity of 
trypsin-like molecules by encapsulating the 

protease molecule (Chu and Pizzo, 1994). 
Interestingly, insects and nematodes have an 
innate immune response that uses related 
molecules, referred to as thioester-containing 
proteins (TEPs), which exhibit multiple pattern 
recognition modules (Budd et al., 2004; 
Lagueux et al., 2000). A typical feature of the 
proteins from the α2M family is the presence of 
a reactive thioester. This thioester is essential 
for covalent attachement to target surfaces of 
cells and particles. In addition, these proteins 
undergo significant conformational change 
upon activation (Budd et al., 2004). Clearly, 
the activity of these molecules is determined by 
their conformational state. Therefore, the 
recent structural data on C3 have been 
instrumental to study the mechanisms 
underlying these activities. 
 
Recent crystal structures of C3 have provided 
insights in structure, dynamics and function of 
C3. Crystal structures have been determined of 
intact C3 both from human (Janssen et al., 
2005, chapter 2) and bovine (Fredslund et al., 
2006), and activation fragments C3b (Janssen 
et al., 2006, chapter 3), C3d (Nagar et al., 
1998), C3c (Janssen et al., 2005, chapter 2)of 
C3b and C3c in complex with CRIg, a receptor 
found on Kupffer cells (Wiesmann et al., 2006) 
and of C3c in complex with the inhibitor 
compstatin (chapter 4). These crystal 
structures are complemented by electron-
microscopy (EM) data on reaction-intermediate 
C3(N)*, C3 which has reacted with a 
nucleophile C3(N) and iC3b (Nishida et al., 
2006). These structural data provide a 
comprehensive view of the conformational 
states of C3 and its fragments that are critical 
to the biological activities of this molecule. 
 
Mature human C3 is a 1,641 amino-acid 
residue large protein molecule that carries a 
reactive thioester moiety (de Bruijn and Fey, 
1985). The protein consists of two chains, β 
(res. 1-645) and α (res. 650-1,641). Together 
these two chains form 13 domains (Janssen et 
al., 2005, chapter 2). The core of the molecule 
is formed by eight homologous domains, called 
“macroglobulin” (MG) domains of which MG1-6 
form a key ring onto which MG7 and MG8 
extend (Janssen et al., 2005, chapter 2). The 
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other domains appear as two large inserts (res. 
578-745 and 912-1330) into, and a C-terminal 
extension (res. 1496-1,641) of this core. 
Strikingly, functionally critical parts of the 
molecule, such as the anaphylatoxin (ANA) and 
thioester-containing domain (TED) appear in 
these inserts. This lay-out, a core of 8 
homologous domains with inserts, suggests 
that the α2M/C3 family of host-defense 
molecules evolved from this core structure of 8 
domains that may have arisen by gene 
duplication events (Janssen et al., 2005, 
chapter 2). A central feature of C3 is the 
thioester moiety, which is required for covalent 
attachment to target surfaces. This reactive 
group is protected in the mature, intact C3 
molecule in two ways. First, the thioester is 
tugged away between the TED and MG8 
domains. This limits access of small 
nucleophiles that may react with the thioester. 
Second, the MG8-TED interface blocks 
transition of the thioester into an acyl-
imidazole intermediate. The thioester and the 
acyl-imidazole differ in reactivity. The thioester 
is most reactive towards amino nucleophiles, 
whereas the acyl-imidazole intermediate reacts 
most easily with hydroxyl groups. Thus, a 
double mechanism protects C3 from reaction 
with the surrounding solvent (Janssen et al., 
2005, chapter 2).  
 
Proteolytic activation of C3 into C3b induces 
major rearrangements and enables C3b to bind 
covalent to antigenic surfaces (Law and Levine, 
1977). Cleavage by the C3 convertases at Arg-
726 - Ser-727 releases the anaphylatoxin 
(ANA) domain, which is wedged between MG3 
and MG8. This causes a marked conformational 
change in the domains formed by the α-chain. 
MG7 and MG8 swivel, the α’ amino-terminal 
fragment (α’NT) slides through the key ring 
and CUB and TED swing out resulting in a 
disposition of the thioester group by 85 Å 
completely exposing it to the solvent (Janssen 
et al., 2006, chapter 3; Wiesmann et al., 
2006). These large domain rearrangements 
possibly induce a pulling force on the N-
terminal part of TED, changing its conformation 
from C3-like (Janssen et al., 2005, chapter 2) 
to C3d-like (Nagar et al., 1998) and resulting in 
the transition of the thioester into the acyl-

imidazole intermediate (Law and Dodds, 1997). 
This highly reactive intermediate (t½ < 100 µs) 
(Sim et al., 1981) enables activated C3b to 
bind covalently to target surfaces, whereas 
reaction with water prevents this damaging 
attachment too far from the site of activation.  
 
The AP is initiated by tick-over; that is 
spontaneously very low rate (t½ ≈ 230 h) 
hydrolysis of the thioester in C3 (Pangburn and 
Muller-Eberhard, 1980). Similar, much faster, 
cleavage of the thioester can also occur with 
amino nucleophiles (for example NH3 or 
CH3NH2) (Isenman et al., 1981). This indicates 
that the tick-over process does not involve the 
acyl-imidazole intermediate, but rather, is a 
result of direct attack on the thioester itself. 
The transition of C3 to C3(N), where N is a 
nucleophile, is characterized by the formation 
of a stable conformational intermediate termed 
C3(N)* (Pangburn, 1992). EM class averages of 
the intermediate C3(N)* indicate that 
nucleophilic addition causes the TED-MG8 
interface to open and enables TED and CUB to 
rotate away from the MG core (Nishida et al., 
2006). Opening of the TED-MG8 interface is 
possibly a result of a conformational change of 
TED from C3-like to C3d-like. The C3(N)* 
intermediate can either return to the native C3 
state or undergo a slow (t½ ~ 1-3 h) 
irreversible conformational change to C3(N) 
(Pangburn, 1992). C3(N) has similar biological 
properties as C3b (Isenman et al., 1981; 
Pangburn et al., 1981). EM class averages of 
C3(N) are almost identical to those of C3b 
indicating that the structures of C3b and C3(N) 
are also similar. Surprisingly, even the bulky 
ANA domain has moved along with α’NT 
through the key ring as does α’NT after the 
removal of ANA in the activation of C3 to C3b 
(Nishida et al., 2006). Possibly, in C3(N)* the 
ANA domain acts as a plug to postpone or even 
prevent the conformational transition to C3(N). 
When this plug is removed in the proteolytic 
activation of C3 into C3b the conversion is 
much faster (t½ < 100 µs) (Sim et al., 1981) 
and irreversible. Perhaps the reversibility of the 
C3 to C3(N)* transition is a third protection 
mechanism of the thioester against cleavage by 
nucleophiles.  
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The conformational changes in the conversion 
of C3 to C3b produce an altered molecular 
surface exposing hidden and cryptic binding 
sites (Janssen et al., 2006, chapter 3; 
Wiesmann et al., 2006). C3 has few interacting 
partners, whereas C3b has many (Lambris, 
1988). Newly formed binding sites for factor B 
and properdin, a stabilizer of the convertase, 
enable convertase formation and result in 
complement amplification. The binding sites for 
factor B and properdin are predominantly 
located in the upper half, the α’NT, CUB, MG8 
and C345c region of the C3b molecule (Janssen 
et al., 2006, chapter 3; Janssen and Gros, 
2007). This might indicate that factor B and 
properdin bind to the upper half of the C3b 
molecule. C3b exposes binding sites for 
complement regulators (for example factor H, 
complement receptor 1 (CR1/CD35), decay 
accelerating factor (DAF/CD55) and membrane 
cofactor protein (MCP/CD46)). These regulators 
accelerate convertase dissociation and enable 
further processing of C3b. Both activities inhibit 
complement amplification. Binding sites for 
factor H and CR1 are located on α’NT, MG6 and 
TED (Janssen and Gros, 2007). The binding site 
for factor B, on α’NT, overlaps with that for 
factor H and CR1. This indicates that these 
regulators might act through steric hindrance. 
The binding site for another complement 
receptor, CRIg, is located on C3b domains 
MG3-6 and LNK (Wiesmann et al., 2006). 
Reorientation of LNK and MG3 in the 
conversion of C3 to C3b is necessary to form 
the CRIg binding site, which explains why CRIg 
cannot bind to C3. These data show that 
conformational changes are crucial for the 
formation of C3b. 
 
Cellular responses are governed by the various 
conformational states of C3 fragments. C3a is 
recognized by the C3a receptor, a GPCR, 
resulting in inflammatory reactions. C3b is an 
opsonin that is recognized by complement 
receptors CR1 and CRIg on phagocytic cells, 
which facilitates the uptake of the tagged 
particle. Proteolytic processing of C3b into iC3b 
by factor I and regulators (factor H, CR1 or 
MCP) changes the properties and conformation 
of the molecule (Isenman, 1983; Medicus et 
al., 1983; Pangburn et al., 1977; Ross et al., 

1982; Seya et al., 1986). Factor B cannot bind 
to iC3b. As a result complement amplification 
stops. However, like C3b, iC3b is an opsonin 
that enables phagocytosis through recognition 
by complement receptors CR1, CRIg, and 
additionally, CR3 (integrin αMβ2) and CR4 
(integrin αXβ2) on phagocytic cells (Helmy et 
al., 2006; Kamata et al., 1995; Lambris, 1988; 
McGuire and Bajt, 1995; Ueda et al., 1994). 
Furthermore, iC3b stimulates the antibody 
response by binding to CR2 (CD21) on B-cells 
(Carroll, 2004). EM averages of iC3b reveal 
that TED is dislodged from the C3b main body 
and is randomly oriented (Nishida et al., 2006). 
The CUB domain, which is cleaved twice by 
factor I, looses its fold and becomes a flexible 
linker between the iC3b main body and TED 
with an average length of 100 Å over 51 
residues (Nishida et al., 2006). Likely, the 
convertase formation depends on the structure 
and orientation of CUB (Janssen et al., 2006, 
chapter 3; Nishida et al., 2006; O'Keefe et al., 
1988). And possibly, CR2-4 recognize a newly 
exposed binding site on TED (Clemenza and 
Isenman, 2000). A third cleavage by factor I in 
the flexible linker further processes iC3b into 
C3c (the iC3b main body) that is released into 
the solvent and C3dg (TED with part of CUB). 
In contrast to C3b and iC3b, the products C3c 
and C3dg do not promote phagocytosis. 
However, like iC3b, C3dg is involved in B-cell 
stimulation by binding to CR2. C3c has a 
similar structure as the core part of C3b and 
iC3b (Janssen et al., 2005, chapter 2). This 
indicates that the largest conformational 
changes take place in the first conversion step; 
the activation of C3 to C3b. In short, these 
data indicate an intricate conformational 
pathway for the biological functions of C3 and 
its activation products (see also Figure 4 of 
chapter 3). 
 

Amplification  

The amplification of the complement response 
is a crucial step that is tightly regulated 
through an assembly process yielding an 
active, but short lived (t½ ≈ 90 s) convertase 
complex (Fishelson et al., 1984). This 
convertase proteolytically activates C3 into C3b 
and C3a. The C3 convertases are assembled in 
two steps. First, zymogen factor B binds 
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surface bound cofactor C3b. Second, when in 
complex with C3b factor B is cleaved by factor 
D. The Ba part is released from the complex 
and leaves behind the active C3 convertase 
complex C3bBb. The recent crystal structures 
of factor B (Milder et al., 2007), its fragment 
Bb (Ponnuraj et al., 2004) and the homologous 
fragment C2a (Milder et al., 2006) of C2 
indicate that marked conformational changes 
are important in complex formation and 
regulation. The final complex C3bBb is 
intrinsically instable and Bb dissociation from 
the complex is irreversible (Pangburn and 
Muller-Eberhard, 1986). This functions as an 
inherent stop signal in complement 
amplification. 
 
Factor B (90 kDa) is the catalytic determinant 
of convertase activity. It consist of five 
domains: three N-terminal complement control 
protein (CCP) domains connected with a long 
linker to a central von Willebrand factor type A 
domain (VWA), and a C-terminal serine 
protease (SP) domain (Xu et al., 2001). The 
CCP domains and the linker form the small Ba 
fragment (30 kDa), the VWA and SP domains 
form the large Bb fragment (60 kDa). Factor B 
activation requires specific protein-protein 
interactions, that is association to its cofactor 
C3b and cleavage by factor D. 
 
From the crystal structures of B (Milder et al., 
2007) and Bb (Ponnuraj et al., 2004) we can 
infer a model for the conformational changes 
that occur during complex assembly. Pro-
enzyme factor B has two binding sites for C3b; 
one magnesium independent located on Ba 
(Pryzdial and Isenman, 1987) and one 
magnesium dependent located on Bb (Horiuchi 
et al., 1991). In integrin I domains, to which 
the VWA domain is structurally homologous, 
ligand affinity is determined by the metal ion 
dependent adhesion site (MIDAS) conformation 
and a coupled disposition of the C-terminal 
activation helix (Emsley et al., 2000; Springer, 
2006). In factor B the MIDAS adopts a closed 
down, ion free conformation and is partially 
covered by the first CCP domain (Milder et al., 
2007). In addition, the VWA domain C-terminal 
activation helix has an unusual position within 
the VWA-SP interface due to displacement by a 

helix formed by the linker preceding the Bb 
part. It seems likely that initial binding of factor 
B happens by the interaction site within the 
three N-terminal CCP domains. This probably 
liberates and activates the MIDAS and extracts 
the linker helix from it position in the VWA 
domain. Next, the VWA domain binds C3b in a 
Mg2+ dependent manner via its MIDAS, 
inducing the activation helix to adopt its 
activated, ligand bound, position. This 
rearrangement of the linker and activation 
helices liberates the scissile bond from its 
buried position in factor B (Milder et al., 2007). 
This enables factor D to cleave factor B into Ba 
and Bb, yielding the active, short-lived C3 
convertase C3bBb. 
 
The active convertase complex, C3bBb, 
proteolytically activates C3 into C3a and C3b. 
An important question is how the substrate C3 
binds to the active convertase C3bBb. The high 
specificity of the C3 convertase and its very low 
activity on other substrates (Kam et al., 1987; 
Pangburn and Muller-Eberhard, 1986) indicates 
the importance of extensive interaction 
between C3 and C3bBb. C3bBb and C3 are 
large multi-domain compositions which 
probably interact through multiple sites. A 
model for substrate binding to the active 
convertase can be deduced from recently 
solved crystal structures of C3b (Janssen et al., 
2006, chapter 3), C3b in complex with CRIg 
(Wiesmann et al., 2006) and C3c in complex 
with the inhibitor compstatin (chapter 4). 
Wiesmann et al. have shown that binding of 
CRIg to the β-chain of C3b (domains MG3, 
MG4, MG5, MG6 and LNK) in the convertase 
complex selectively prevents the binding of 
substrate C3 (Wiesmann et al., 2006). The 
binding of compstatin to substrate C3, at 
domains MG4 and MG5 of the MG ring, 
prevents binding of C3 to the convertase. 
Interestingly, the molecules in the crystal of 
C3b interact by this side of the MG key ring. 
Possibly, the C3:C3bBb substrate:enzyme 
interaction site consists of this MG-ring 
interaction face (chapter 4). Both compstatin 
and CRIg would sterically prevent this interface 
to form and hence prevent complement 
amplification. In this model of interaction the 
scissile bond in the substrate C3 (Arg-726 – 
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Ser-727) is facing the upper half of C3b, where 
Bb is possibly bound (Janssen et al., 2006, 
chapter 3) and, as expected, is well accessible 
for cleavage by Bb. Thus, based on these data 
we propose a back-to-back model of C3:C3bBb 
interaction in which the MG-ring of both C3 and 
C3b provide the side of interaction (see also 
Figure 4b of chapter 4). 
 
Intrinsic instability and irreversible dissociation 
of the convertase complex is one of the 
mechanisms by which complement remains in 
control. An important remaining question is; 
what prevents the fragments from 
reassociation (Springer, 2006)? C3b can be 
reused as a platform for the formation of a new 
convertase, but only with intact factor B (Xu et 
al., 2001). And, C3bBb is more stable than 
C3bB (Harris et al., 2005). Perhaps factor B 
induces a reversible conformational change in 
C3b that is necessary for convertase formation 
while Bb is not able to induce this change and 
hence cannot reassociate. However, more 
likely, the cause for the irreversible dissociation 
resides in the Bb part of the convertase. A 
possible explanation comes from the structures 
of Bb and C2a. The structure of C2a shows that 
the 8 residues forming the N-terminal tail of 
C2a have an important structural role; they are 
part of the VWA-SP interface (Milder et al., 
2006). The engineered truncated Bb structure 
(Ponnuraj et al., 2004) which lacks these N-
terminal residues has a different arrangement 
of the VWA-SP interface. Possibly, in the active 
convertase complex, C3bBb, the N-terminal tail 
of Bb is still expelled as it is in C3bB where 
cleavage by factor D must occur. Dissociation 
of Bb from C3b would then enable the N-
terminal tail to take the position in the VWA-SP 
interface, like it has in the structure of C2a, 
inducing a rearrangement within Bb that 
prevents reassociation with C3b. Thus possibly, 
conformational changes in Bb are the cause for 
the irreversible dissociation of the convertase. 
 
The central amplification step of the 
complement system seems to be critically 
dependent on four conformational states of 
factor B; that is B, C3bB, C3bBb and Bb. The 
structures of factor B and its fragment Bb and 
in particular their large differences; a 68° 

rotation of the SP domain and helix 
rearrangements in the VWA domain (Milder et 
al., 2007) indicate the extent of conformational 
rearrangements that can occur in the activation 
and deactivation of this central protease.   
 

Regulation and intervention  

Covalent tagging of C3b to surfaces is non-
specific and also occurs on self-surfaces (Law 
and Dodds, 1997). Since opsonization of 
surfaces critically depends on the convertase 
activity, both the host and pathogens have 
evolved mechanisms to disrupt convertase 
complexes to protect their own cells. In 
humans the deposition of C3b and the 
subsequent convertase formation is tightly 
regulated by three mechanisms. 
 
Host cells express several soluble and surface 
bound regulators that aid in the proteolytic 
processing of C3b or act on the convertase by 
accelerating dissociation or inhibiting substrate 
binding. Importantly, discrimination between 
self and non-self is enabled by expression of 
the regulators on the surface of self-cells or by 
specific recognition of self-cells by the 
regulators. One of the regulatory mechanisms 
is enabled by soluble factor H and cell-surface 
molecules CR1 and MCP (Kirkitadze and 
Barlow, 2001). These regulators assist the 
protease factor I in the proteolytic processing 
of C3b into iC3b and subsequently C3c and 
C3dg. The processing follows three proteolytic 
steps in the CUB domain; two cleavages 
(residues Arg-1281 – Ser-1282 and Arg-1298 – 
Ser-1299 respectively) generate iC3b (175 
kDa) and C3f (2 kDa) (Davis and Harrison, 
1982; Harrison and Lachmann, 1980) and a 
third cleavage in the CUB domain (Arg-932–
Ser-933) results in the formation of C3dg (40 
kDa) and C3c (135 kDa) (Lachmann et al., 
1982). Interestingly Arg-1298 and Ser-1299 
are located in a β-strand and partly occluded in 
C3b (Janssen et al., 2006, chapter 3). Possibly, 
the cofactors aid in the unfolding of CUB and 
assist factor I to bind to CUB in several ways to 
enable these three cleavages. This “Cofactor 
Activity” (CA) terminates complement 
amplification because iC3b no longer binds 
factor B. A second mechanism of complement 
regulation is the accelerated convertase 
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dissociation induced by soluble factor H and 
cell-surface CR1 and DAF. As convertase 
dissociation is irreversible, complement 
amplification is inhibited. Possibly, “Decay 
Accelerating Activity” (DAA) is achieved by 
regulator induced steric hindrance; the binding 
site for factor B on α’NT of C3b overlaps with 
that for factor H and CR1 (Janssen et al., 2006, 
chapter 3). And perhaps, factor H and CR1 
assisted unfolding of CUB is also involved in 
DAA due to disruption of a factor B binding site. 
The aforementioned regulators belong to the 
‘Regulators of Complement Activity’ (RCA) 
family, which are proteins built of long strings 
of homologous CCP domains (Kirkitadze and 
Barlow, 2001). However, recently, a 
complement cell surface molecule was found in 
which the immunoglobulin-like IgV domain 
regulates the AP convertase (Wiesmann et al., 
2006). This molecule, CRIg was first identified 
as a complement receptor expressed on 
phagocytes (Helmy et al., 2006). CRIg binding 
to C3b and iC3b on opsonized particles induces 
phagocytosis. Later it was shown that this 
molecule has an additional function; binding of 
CRIg to C3b in the convertase specifically 
prevents the binding of substrate C3 
(Wiesmann et al., 2006). As previously 
mentioned, CRIg might sterically hinder 
substrate binding. This “Convertase Inhibiting 
Activity” (CIA) is possibly a third type of 
complement regulation in addition to CA and 
DAA.  
 
Several pathogens have developed strategies 
to outmaneuver elimination by complement. So 
far, a large number of bacterial (reviewed in 
(Rooijakkers and van Strijp, 2007)) and viral 
proteins (reviewed in (Mastellos et al., 2003)) 
have been found that inhibit complement at 
different stages. In the following section we 
discuss two recently discovered pathogen 
proteins that inhibit C3b deposition. 
Staphylococcus aureus extracellular fibrinogen-
binding protein (Efb) binds to TED in C3 and 
changes the conformation of C3 disabling its 
activation into C3b (Hammel et al., 2007). 
Possibly, the Efb induced conformational 
change is related to the conformational change 
observed upon C3 activation. The C3-9 
antibody that binds to the MG7/MG8 region of 

C3b, C3(H2O), iC3b and C3c but not C3 
(Nishida et al., 2006) also binds Efb-C3 
(Hammel et al., 2007). This indicates that at 
least the MG7/MG8 region has adopted a 
conformation as observed in C3b and C3c. 
However, increased protease sensitivity of Efb-
C3 over C3b indicates that there are also 
differences between Efb-C3 and C3b (Hammel 
et al., 2007). Additionally, Efb also seems to 
induce a conformational change in C3b. 
Whether this additional effect contributes to the 
inhibiting activity of Efb and what the exact 
mechanism of complement inhibition by Efb is 
remains a topic for further studies. The 
Staphylococcal complement inhibitor (SCIN) 
from S. aureus has a different inhibitory 
mechanism from that of Efb. SCIN inhibits and 
stabilizes both the AP and CP convertase 
complexes thereby preventing C3 from being 
activated (Rooijakkers et al., 2005). SCIN 
binds to C3bBb but not to C3bB or C3b. 
Perhaps, SCIN functions by inducing a 
conformational change in the active 
convertase. Intriguingly, SCIN can inhibit both 
the C3bBb and C4b2a complex, but fails to 
inhibit mouse or rat complement activation. 
Clearly, additional studies are required to 
elucidate the exact mechanism of complement 
inhibition by SCIN. 
 
Unduly complement activation is a major cause 
of tissue injury in many pathological conditions. 
Often activation of C3 into C3b plays an 
important role in these conditions. The 
structures of C3 and factor B, their activation 
products and inhibitors will greatly assist in 
structure based drug design. Molecules 
designed to bind to regulator or receptor 
binding sites might facilitate steric hindrance 
and thus specific inhibition of the function of 
these regulators and receptors. Whereas 
molecules designed to prevent or induce 
conformational changes in C3 or factor B might 
regulate the specific function of these central 
complement molecules. Both ways can lead to 
the development of broad range or specific 
therapeutics to control the complement 
response. 
 
Several potential complement inhibitors are 
under development to target one of the various 



Bert Janssen - Conformational Complexity of Complement Component C3 
 

 83 

steps in the complement response. None of 
them has been approved to therapeutic 
application yet (Bureeva et al., 2005; Holland 
et al., 2004; Sahu and Lambris, 2000). The 
thirteen residue molecule, compstatin, is a 
promising complement inhibitor with potential 
for therapeutic application (Sahu et al., 1996). 
It inhibits the complement response by 
preventing the activation of C3. As already 
mentioned, compstatin possibly acts by steric 
hindrance of the substrate C3 to the convertase 
by binding to a convertase binding site on 
domains MG4-MG5 of C3. Additionally, 
compstatin may bind to the substrate binding 
site on domains MG4-MG5 of C3b in the 
convertase and in this way inhibit substrate 
binding (chapter 4). The recently solved 
structure of the C3c-compstatin complex might 
lead to the development of improved 
compstatin analogues or non-peptide inhibitors 
that are more suitable for therapeutic 
application. 
 

Conclusion  

The recent advances in the structural biology of 
the central steps of complement have provided 
answers to many longstanding questions. The 
structures of the central complement 
components C3, factor B and its fragments 
indicate intricate conformational pathways that 
determine the biological functions of these 
molecules. These structures have given rise to 
new and better defined questions. How are the 
convertases regulated? Why can Bb not 
reassociate with C3b? Where are all the binding 
sites located for receptors and regulators on 
the central complement components? Which 
specific conformational changes in these central 
molecules determine the selectivity for their 
many ligands? And can these structures lead to 
new inhibitors for therapeutic applications? The 
recently solved structures of the central 
complement components have paved the way 
for even more challenging structures of 
convertase, receptor and regulator complexes 
to answer these exciting new questions.  
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Summary 

 

 

The complement system is an important part of 
the immune system and critical for the 
elimination of pathogens. In mammals it 
consists of an intricate set of about 35 soluble 
and cell-surface plasma proteins. The 
complement response follows three main steps; 
initiation, amplification and effector functions 
that ultimately results in the clearance of the 
recognized particle. Central to complement is 
component C3 (1,641 residues) which is 
involved in all of these steps. Its activation into 
C3b (1,560 residues) exposes a thioester group 
that is essential for covalent attachment of C3b 
to target surfaces and leads to several 
molecular and cellular responses, and to 
stimulation of the adaptive immune system. 
Chapter 1 gives an overview of the 
complement system, the central complement 
component C3 and its activation products. 
 
The past five decades a wealth of information 
has become available on the activity and 
function of C3. However, knowledge on the 
structure of C3 and how C3 changes its 
conformation during the activation into C3b has 
remained limited. We solved the crystal 
structures of human, native C3 and its final 
main proteolytic fragment C3c which are 
described in chapter 2. These structures show 
in detail the composition of C3. C3 consists of 
thirteen domains of which nine were not 
predicted. The structures indicate that the 
proteins of the α2-macroglobulin family may 
have evolved from a core of eight homologous 
domains. The highly reactive thioester is 

protected within C3 by a double mechanism 
which prevents it from reacting with water. 
Large differences between C3 and C3c, 
predominantly in the α-chain, reveal the extent 
of conformational changes that can be 
expected for the activation of C3.  
 
The conformational changes that take place 
upon activation of C3 into C3b are revealed by 
the crystal structure of human C3b and are 
described in chapter 3. The thioester is 
activated and fully exposed for covalent 
attachment over 85 Å away from its buried 
position in C3. Large conformational changes in 
the α-chain present a changed molecular 
surface exposing and forming cryptic binding 
sites for many ligands which are essential for 
the biological activity and regulation of C3b. 
The structures of C3, C3b and C3c show that 
most of the conformational changes occur in 
the first proteolytic step, the activation of C3 
into C3b. 
 
Undue complement activation is a major cause 
of tissue injury and associated with many 
inflammatory diseases. The activation of C3 
into C3b is a key step of the complement 
response and, thus, an important target for 
drug design. The thirteen residue peptide, 
compstatin, inhibits the activation of C3. 
However, its mechanism of inhibition is not 
known. In chapter 4 we describe the crystal 
structure of C3c in complex with compstatin 
and suggest a mechanism of inhibition. The 
structure shows that compstatin binds to 
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domains MG4 and MG5 of the stable MG-ring. 
Compstatin does not induce a structural change 
in C3c; however, compstatin itself undergoes a 
large conformational change upon binding. 
Possibly compstatin binds to an exosite on C3 
for substrate binding to the convertase and 
thereby sterically hinders C3 activation. This 
structure, together with the structures of C3, 
C3b and C3c, may lead to enhanced compstatin 
analogues and create new opportunities for 
drug design to target a wide variety of immune 
complex diseases.  
 
In the past two years long-awaited advances in 
structural biology of the central steps of 
complement activity have provided a wealth of 
information. In chapter 5 we discuss the 
recently solved crystal structure of factor B and 
the crystal structures and electron-microscopy 
class averages of C3 and all of its activation 
products. We relate the structural insights of 
these molecules to their biological function in 
the complement response.  
 
In summary, the crystal structures of the 
central complement component C3, its 
activation products C3b and C3c, and C3c in 
complex with an inhibitor are described in this 
thesis. These structures indicate an intricate 
conformational pathway that determines the 
biological activity of these molecules. 
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Samenvatting 

 

 

Het immuunsysteem van mensen en andere 
zoogdieren bestaat uit gespecialiseerde cellen 
en moleculen die op verschillende niveaus met 
elkaar samenwerken. Het uiteindelijke doel is 
om ziekteverwekkers (bijvoorbeeld bacteriën, 
schimmels en virussen) te elimineren. Het 
immuunsysteem bestaat uit twee systemen; 
het adaptieve (aangeleerde / verworven / 
specifieke) immuunsysteem en het aspecifieke 
(aangeboren) immuunsysteem. Het adaptieve 
immuunsysteem wordt effectiever bij elke 
herhaalde blootstelling aan een bepaalde 
infectie, met andere woorden “het leert”. 
Desalniettemin heeft het adaptieve 
immuunsysteem enkele dagen nodig om 
volledig te activeren en operationeel te worden. 
Het aspecifieke immuunsysteem daarentegen 
heeft maar enkele minuten nodig om te 
activeren en is volledig operationeel binnen 
enkele uren. De twee systemen zijn 
complementair aan elkaar, maar het 
aangeleerde immuunsysteem is afhankelijk van 
het aspecifieke immuunsysteem voor effectieve 
activiteit.  
 
Het complementsysteem is een cruciaal 
onderdeel van het aspecifieke immuunsysteem. 
Het kan ziekteverwekkers in het bloed 
herkennen en elimineren, ontstekingsreacties 
voortbrengen en het adaptieve 
immuunsysteem stimuleren. Daarnaast is het 
complementsysteem betrokken bij het 
opruimen van eigen deeltjes zoals stervende 
cellen. Ongepaste activiteit van het 
complementsysteem, bijvoorbeeld door 

deficiënties van complement eiwitten of 
mutaties hierin, maakt mensen ontvankelijk 
voor infectie- en immuungerelateerde ziekten 
en kan leiden tot overmatige complement 
activering en weefselschade. Hierdoor is het 
complementsysteem betrokken bij tal van 
ziekten en aandoeningen zoals Reumatoïde 
Artritis, Systemische Lupus Erythematodes, 
Leeftijdsgebonden Maculaire Degeneratie, 
sepsis, hyperacute afstoting bij transplantaties, 
familiale Hemolytisch Uremisch Syndroom, 
ziekte van Alzheimer, hartinfarcten en 
beroertes. Dit is de reden waarom het 
complementsysteem ook wel wordt aangeduid 
als een tweesnijdend zwaard. 
 
Het menselijk complementsysteem bestaat uit 
meer dan 35 aan het celoppervlak gebonden of 
oplosbare eiwitten die samenwerken in een 
complexe set van regulatieroutes. De 
complement reactie volgt drie hoofdstappen: 
initiatie, amplificatie en activering van effector 
functies, die uiteindelijk resulteren in het 
opruimen van het herkende deeltje. Het eiwit 
complement factor C3 (1.641 residuen) speelt 
een centrale rol in het complementsysteem en 
is betrokken bij al deze stappen. Activering van 
C3 in C3b (1.560 residuen) onthult een 
reactieve thioester groep die essentieel is voor 
covalente binding van C3b aan oppervlaktes. 
Dit leidt tot verschillende moleculaire en 
cellulaire reacties en tot stimulatie van het 
adaptieve immuunsysteem. In hoofdstuk 1 
wordt een overzicht gegeven van het 
complementsysteem, het centrale complement 
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eiwit C3 en zijn activeringsproducten. 
 
In de laatste vijf decennia is er een enorme 
hoeveelheid kennis verworven over de activiteit 
en functie van C3. Desalniettemin is kennis 
over de structuur van C3 en de manier waarop 
C3 van vorm verandert tijdens de activering in 
C3b beperkt gebleven. Wij hebben 
kristalstructuren opgehelderd van menselijk 
natief C3 en het uiteindelijke proteolytische 
eindproduct C3c. Deze zijn beschreven in 
hoofdstuk 2. De structuren tonen in detail de 
compositie van C3. C3 bestaat uit dertien 
domeinen waarvan er negen niet eerder 
voorspeld waren. De structuren tonen aan dat 
de eiwitten van de α2-macroglobuline familie, 
waaronder C3 valt, mogelijk zijn ontstaan uit 
een kern van acht gelijksoortige domeinen. De 
uiterst reactieve thioester is beschermd in C3 
met een dubbel mechanisme dat voorkomt dat 
de thioester reageert met water. Grote 
verschillen tussen C3 en C3c, voornamelijk in 
de α-keten, tonen de mate van 
vormverandering die verwacht kan worden 
tijdens de activering van C3. 
 
In hoofstuk 3 beschrijven we de  
kristalstructuur van menselijk C3b. De 
structuur toont de vormveranderingen die 
plaatsvinden tijdens de activering van C3 naar 
C3b. De thioester is geactiveerd in C3b en 
volledig blootgesteld voor covalente binding, 85 
Å verwijderd van zijn plek in C3. Grote 
vormveranderingen in de α-keten presenteren 
een veranderd moleculair oppervlak, waarbij 
verborgen bindingsplaatsen onthuld en 
gevormd worden. Hierdoor kunnen 
verschillende liganden, die essentieel zijn voor 
de biologische activiteit en regulatie van C3b, 
binden. De structuren van C3, C3b en C3c 
tonen aan dat het grootste gedeelte van de 
vormveranderingen in de eerste proteolytische 
stap, de activering van C3 naar C3b, 
plaatsvindt.  
 
Het complementsysteem is betrokken bij tal 
van immuungerelateerde ziekten. De activering 
van C3 naar C3b is de sleutelstap binnen het 
complementsysteem en daarom belangrijk voor 
medicijnontwikkeling. Het peptide compstatine, 
wat uit dertien residuen bestaat, remt de 

activering van C3, maar het mechanisme van 
die remming is niet bekend. In hoofdstuk 4 
beschrijven we de kristalstructuur van C3c 
gebonden aan compstatine. Op basis van deze 
structuur stellen we een mogelijk mechanisme 
van remming voor. De structuur toont aan dat 
compstatine aan domein MG4 en MG5 van de 
stabiele MG-ring bindt. Compstatine 
veroorzaakt geen vormverandering in C3c maar 
ondergaat zelf een vormverandering als het 
bindt. Mogelijk bindt compstatine aan een 
bindingsplaats op C3 die belangrijk is voor 
binding aan het enzymcomplex dat C3 
activeert. Compstatine hindert dan sterisch de 
activering van C3. Deze structuur, samen met 
de structuren van C3, C3b en C3c, zou kunnen 
leiden tot verbeterde compstatine analogen en 
creëert nieuwe mogelijkheden voor 
ontwikkeling van medicijnen tegen diverse 
immuunziekten. 
 
In de afgelopen twee jaar hebben lang-
verwachte structuurbiologische vorderingen in 
de centrale stappen van het 
complementsysteem een overvloed aan 
informatie opgeleverd. In hoofdstuk 5 
beschrijven we de recent opgehelderde 
kristalstructuur van factor B en de kristal- en 
elektronenmicroscopiestructuren van C3 en al 
zijn activeringsproducten. We brengen de 
structuurgerelateerde inzichten van deze 
moleculen in verband met hun biologische 
functie in de complement reactie.  
 
Samengevat: dit proefschrift beschrijft de 
structuren van de centrale complement factor 
C3, zijn activeringsproducten C3b en C3c, en 
C3c gebonden aan compstatine. Deze 
structuren tonen een ingewikkelde 
conformationele route die de biologische 
activiteit van deze moleculen bepaalt. 
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een drankje maar vooral bedankt voor de 

belangstelling, gezelligheid en 
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Chapter 2, figure 1. Structures of human complement components C3 and C3c. a, b, Ribbon 
representation of native C3 (13 domains) and C3c (10 domains) respectively. Also shown are intact thioester 
(red spheres), anchor region (grey) and α’NT (black). c, Domain sequence and arrangements in C3 and C3c. The 
colour scheme matches that in a, b. Shown are thioester site (white triangle), disulphide bridges, glycan 
positions (for details see Supplementary Fig. 3 and 6) and cleavage sites. Sequential proteolysis from C3 to C3c 
is indicated. d, e, Intertwined domains. d, MG6 intertwines the β- and α-chain of mature C3; MG6β (green) and 
MG6α (pink). e, Intertwined CUB. CUBg, cyan; and CUBf, red. Fibronectin-type 3 and CUB strand numbering are 
indicated. 
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Chapter 2, figure 2. Differences in domain arrangements between C3 and C3c. a, C3 and C3c 
superposed on the basis of MG1, MG2, MG4-MG6 of the β-ring shown as Cα trace of C3 (grey) and C3c (light 
grey). Domains that undergo large rearrangements (MG3, MG7, MG8 and C345C) are shown in ribbon 
representation. The colour scheme matches that of Fig. 1,with dark colours for C3 and lighter colours for C3c. b, 
Rearrangements observed for domains MG3, MG7, MG8 and C345C; orientations are different compared with a, 
for clarity. MG8 and the anchor region of C345C differ in secondary structure between C3 and C3c 
(Supplementary Figures 2a, 3p, q). 
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Chapter 2, figure 3. Domain organization of the αααα2M family deduced 
from the C3 structure. Members of the α2M family are aligned schematically 
by domains with LNK, ANA, CUB and TED presented as inserts that potentially 
arose by gene-insertion events. Mature C4 has an additional tetra-arginine 
(RRRR) processing site that occurs in an insert of 46 residues in loop βA-βB of 
MG8. CD109 (Solomon et al., 2004) has a tetra-arginine site in the linker 
between CUB and MG8. Proteins of the α2M family differ in their composition at 
the C-terminus. α2M and TEPs lack the C345C domain, whereas CD109 has a 
GPI anchor here. 
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Chapter 2, figure 4. Interactions of the thioester and the TED domain. a, The first thioester protection 
mechanism involves a hydrophobic/aromatic pocket formed by residues of TED and MG8. Shown are protective 
residues and thioester (Cys988-Gln991) (ball-and-stick representation) with TED (green ribbon) and MG8 (yellow 
ribbon). b, The second thioester protection mechanism blocks reaction with hydroxyls by placing His1104 and 
Glu1106 far from the thioester. Stereo diagram of superposed TED domain (green) and C3d (Nagar et al., 1998) 
(yellow). Cys988 was mutated to Ala in C3d (Nagar et al., 1998). Movements in the N-terminal α0-α1 region 
between TED and C3d are shown by 15 Å displacement of Asp974. c, Domain-domain interactions stabilize the 
MG2-TED-CUB-MG8 arrangement. Domain colours match those used in Fig. 1. 
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Chapter 2, figure 5. The αααα’NT region (residues 727-744) slips through the ββββ-ring. a, Two views, rotated 
by 180º, of the cone formed by ANA, MG3 and MG8 (surface representation) and residues 730-744 (stick 
representation). Residues important for factor B binding are labelled. b, The α’NT regions are on opposite sides 
of the molecule in C3 and C3c. In C3 this region is covalently linked to ANA; the scissile bond 726-727 is part of 
a disordered loop 720-729 (dashed line). Also shown are surface contours of C3 and C3c (transparent light 
grey), residues 727-767 (green sticks), ANA and MG6 (ribbons), MG2 and MG3 of the β-ring (spheres). 
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Chapter 2, supplementary figure 1. Electron 
density of the αααα’NT region in C3c and the thioester 
in C3. a, 2Fo-Fc electron density map of C3c contoured 
at 1σ. Shown is part of the α’NT region (dark grey 
sticks) and part of MG7 (cyan sticks). b, 2Fo-Fc electron 
density map of C3 contoured at 1σ. Shown is the 
thioester (in red sticks) with its hydrophobic/aromatic 
pocket formed by TED (green sticks) and MG8 (yellow 
sticks). The α’NT (residues 730-737) is poorly 
structured and its preceding loop 720-729 is not 
structured in C3. All molecular graphics figures were 
prepared with PyMol (DeLano, W.L. The PyMOL 
Molecular Graphics System (2002) on World Wide Web 
http://www.pymol.org). 
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Chapter 2, supplementary figure 2a,b. Stereo 
representations of C3 and C3c. a, Stereo diagram 
of native C3. Colouring identical to Figure 1a. The C-
terminus of the β-chain and the N-terminus of the α-
chain that are linked in proC3 through 646RRRR649 are 
~50 Å apart (55 Å between Pro643 and Val651) in 
native C3, which indicates that the final maturation 
step involves a significant conformational change. b, 
Stereo diagram of C3c. Colouring identical to Figure 
1b. 
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Chapter 2, supplementary figure 2a. Secondary structure assignments and alignment of C3 with αααα2M 
family members. Sequence alignment of human C3 with human C4B, C5 and α2M and Anopheles gambiae TEP 
I. The alignment used is based on the alignment of Levashina et al. . Secondary structure elements are displayed 
and coloured according to domain structure (see figure 1), the top secondary structure is derived from the C3 
structure, the one below that from the structures of C3c, C3d (Nagar et al., 1998) and C3a (Huber et al., 1980). 
Secondary structure labels for the eight MG domains are according to standard nomenclature of fibronection-
type 3 and immunoglobulin domains (Branden and Tooze, 1991). Nomenclature for ANA is according to Zhang et 
al.(Zhang et al., 1997); for TED it is adopted from Aleshin et al. (Aleshin et al., 1992); for CUB adopted from 
Feinberg et al.(Feinberg et al., 2003); and, for C345C according to Bramham et al. (Bramham et al., 2005). C3 
thioester residues (Cys988 and Gln991) are labelled red. C3 residues involved in formation of the acylimidazole 
intermediate (His1104 and Glu1106) are green. C3 residues forming the hydrophobic/aromatic pocket for 
thioester protection are yellow. Acidic C3 residues involved in binding factor B and H and CR1 are purple. Figure 
was prepared with ESPript (Gouet et al., 1999). 
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Chapter 2, supplementary figure 2d. Structure-based sequence alignment of the eight MG domains. 
No sequence homology is apparent between the domains. β-strands are coloured cyan. Secondary structure 
labels for the eight MG domains are according to standard nomenclature of fibronection-type 3 and 
immunoglobulin domains (Branden and Tooze, 1991). In this figure MG6β and MG6α have been merged into one 
MG6 domain (hypothetical numbering starting at MG6β and continuing with MG6α is given). 
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Chapter 2, supplementary figure 2e. Superposition of the eight MG domains of C3. A rainbow ramp 
color-coding from blue to red is used for the chain trace from N- to C-terminus. Dashed line in the topology 
diagram shows the separation between the two β-sheets of the MG domains. 
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Chapter 2, supplementary figure 3. Structures of individual domains. Shown are superposed protein 
domains and structural features of C3 (blue) and C3c (yellow) in ribbon representation. Glycans are shown in 
stick representation and disulphide bridges in ball-and-stick representation (with sulphurs shown in orange). a, 
MG1 with first two GlcNac’s of the glycan moiety on Asn63; b, MG2; c, MG3; d, MG4; e, MG5; f, MG6β with MG6α 
for both C3 and C3c shown in light grey; g, LNK; h, ANA of C3 with C3a (Huber et al., 1980) shown in green; i, 
MG6α with MG6β for both C3 and C3c shown in light grey; j, MG7; k, CUBg with CUBf shown in light grey, first 
two GlcNac’s and first three mannoses of the glycan moiety on Asn917 in stick representation; m, TED from C3 
with C3d (Nagar et al., 1998) in orange; n, CUBf  with CUBg in light grey, carbohydrate not shown; p, MG8 of C3 
(blue) and C3c (yellow) with RBD (Jenner et al., 1998) of α2M (red); q, anchor; and, r, C345C of C3 (blue) and 
C3c (yellow) with C345C of C5 (Bramham et al., 2005) (cyan). 
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Chapter 2, supplementary figure 4. 
Electrostatic surface potential of C3 
and C3c. Electrostatic surface potentials 
(red for negative, blue for positive) shown 
between –12 and +12 kT. The figure 
illustrates the dipole-like charge distribution 
of both C3 and C3c. Figure was prepared 
with GRASP (Nicholls et al., 1993). 
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Chapter 2, supplementary figure 5. Sequence 
conservation of the ββββ-bridge, 205YVLP208, and the hinge 
745FPES748. A rainbow ramp color-coding was used from blue 
for well conserved residues to red for not-conserved 
residues, based on the alignment from Levashina et al. 
(Levashina et al., 2001). Figure is produced using the consurf 
website http://consurf-hssp.tau.ac.il (Glaser et al., 2005). 
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Chapter 2, supplementary figure 6. Conglutinin 
binding site. a, The glycan on Asn917 is positioned 
on the CUB domain. Shown are domains in ribbon 
representation with colours according to Figure 1 and 
the glycan moiety in stick representation coloured 
yellow. The glycan was implicated in folding and 
correctly predicted to be concealed (Crispin et al., 
2004). The concealed nature explains why conglutinin 
cannot bind to C3 (Hirani et al., 1985). b, Inactivation 
of C3b to iC3b by factor I cleavages occur in the CUB 
domain. First two cleavages at Arg1281-Ser1282 and 
Arg1298-Ser1299 (Harrison and Lachmann, 1980) 
(indicated in the figure by 1 and 2, respectively) allow 
conglutinin binding at glycan Asn917. The third 
cleavage at Arg932-Glu933 (Lachmann et al., 1982) 
(indicated in the figure by 3) results in the cleavage of 
iC3b into C3dg and C3c. 
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Chapter 3, figure 1. Structure of C3b at 4-Å resolution. a, Ribbon representation in two views of C3b 
coloured by domain and labeled accordingly. Also indicated are the exposed thioester moiety (red spheres), 
anchor region (grey), and α’NT (black). For comparison, the ribbon representation of C3 and cartoons of the 
domain arrangements in C3b and C3 are added. b, Electron density (2mFobs-DFcalc, φcalc) contoured at 1σ of the 
α’NT region with domains as indicated; density maps for each domain are given in the Supplementary Fig. 1. The 
proteolytic steps of C3 conversion are shown schematically. 
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Chapter 3, figure 2. Thioester exposure for covalent target attachment. a, Ribbon representation of 
the TED domain with the exposed thioester moiety; residues of the acyl-intermediate are shown in ball-and-
stick. Indicated in magenta are the regions corresponding to α0 and α1 in C3, which are displaced from the 
TED domain in C3b. b, Surface charge representation (Nicholls et al., 1993) (shown between –12 (red) and 
+12 kT (blue)) of C3b indicating the overall negative surface-charge potential and the positive patch around 
the thioester moiety on the TED domain. 
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Chapter 3, figure 3. Exposure and generation of cryptic binding sites. a, Surface representation of C3b 
indicating regions exposed in C3b but hidden in C3 (black). b, Novel surface arrangements indicated by 
conformational change (from C3 to C3b) mapped onto the molecular surface, rainbow colouring from minimum 
(0 Å; blue) to maximum (95 Å; red) coordinate change. c, Mapping of the putative binding sites for factor B, 
properdin, factor H, CR1, CR2 and CR3 as indicated (references as given in the text). Lower panels are rotated 
130˚ relative to upper panels; surface calculated by rolling a sphere of 4-Å radius. 
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Chapter 3, figure 4. Proposed model for the conformational pathway of C3. Shown schematically are 
the four stages, C3, C3b with C3a, iC3b with C3f and C3dg with C3c (see also Supplementary Fig. 2). These 
conformational changes determine the binding affinity towards soluble proteins (e.g. factor B, properdin and 
factor H) and cell-surface receptors (e.g. CR1-4, CRIg, DAF and MCP) that underlie the biological activity. 
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Chapter 3, supplementary figure 1. Electron density for each domain. Electron density (using 
coefficients 2mFobs-DFcalc, φcalc) of C3b contoured at 1σ (blue wire frame) for each domain (ribbon 
representation; coloured according to Figure 1). a, MG1; b, MG2; c, MG3; d, MG4; e, MG5; f, MG6; g, LNK; 
h, MG7; i, CUB; j, TED;  k, MG8; m, anchor and n, C345C. 
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1st; Arg1281-Ser1282 

2nd; Arg1298-Ser1299

3rd; Arg932-Glu933

 

 

 
 
Chapter 3, supplementary figure 2. Cleavage sites for 
factor I. Inactivation of C3b to iC3b by factor I cleavages 
occurs in the CUB domain. First factor I cleaves between 
the fully exposed residues Arg1281 and Ser1282 in loop β6-
β7 of CUB which generates iC3b1. A second cleavage occurs 
between Arg1298 and Ser1299 which are in strand β8 of 
CUB generating C3f (18 residues) and iC3b2 (Davis and 
Harrison, 1982; Harrison and Lachmann, 1980). These 
residues are partly occluded in C3b in the interface of CUB 
with MG2; this also indicates that the structure and 
orientation of CUB with respect to the rest of C3b changes 
in the conversion to iC3b liberating this cleavage site. Third, 
factor I cleaves between Arg932 and Ser933 in loop β3’-β4 
of CUB, resulting in the formation of C3dg (40 kDa) and 
C3c (135 kDa) (Lachmann et al., 1982) (Figure 4). This 
indicates that factor I might bind in various ways to the 
CUB domain assisted by one of the cofactors (e.g. factor H, 
CR1 or MCP) which might be involved in the unraveling of 
the CUB domain enabling factor I to cleave. 
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Chapter 3, supplementary figure 3, 
Modeling of αααα2-macroglobulin (αααα2M) 
based on 25-Å resolution EM 
reconstruction maps. a, Model and 
EM-reconstruction map of native α2M. 
b, Model and EM-reconstruction map of 
methyl-amine treated α2M. 
 
Shown are the four monomers in 
different colors with the same view of 
the two α2M forms side-by-side. 
Electron reconstruction maps (Qazi et 
al., 1999; Qazi et al., 2000) were kindly 
provided by S.J. Kolodziej and J.K. 
Stoops. 
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Chapter 4, figure 1. Structure of the C3c-compstatin complex at 2.4-Å resolution. a, Ribbon 
representation of C3c with the bound compstatin in surface representation colored by domain and labeled 
accordingly. Also indicated are the anchor region (grey) and α’NT (black). b, Electron density (2mFobs-DFcalc, φcalc) 
at 1σ of bound compstatin. c, Compstatin-C3c interaction site with C3c in surface representation (black residue 
numbering) and compstatin in stick representation (white residue numbering). Colors are according to a. d, 
Bound compstatin in stick representation (upper panel) and in ribbon representation (lower panel) with the 
disulfide bond indicated. e, Free compstatin (original peptide (Morikis et al., 1998)) shown in the same 
orientation and views as bound compstatin in d. Bound compstatin undergoes a conformational change upon 
binding to C3c. 
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Chapter 4, figure 2. Interactions between C3c and compstatin. a, Residues involved in van der Waals 
contact, observed in both complexes within the asymmetric unit of the crystal, are shown in stick representation. 
b, Hydrogen bonds between C3c and compstatin and within compstatin itself, observed in both complexes within 
the asymmetric unit, are shown by yellow dotted lines. C3c colored grey and compstatin colored as in figure 1a. 
See Supplementary Table 2 for all observed contacts between C3c and compstatin. 
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Chapter 4, figure 3. Comparison of C3c-compstatin, C3c and C3. a, Ribbon representation of the 
compstatin binding site with C3c-compstatin (grey) C3c (cyan) (Janssen et al., 2005) and C3 (green) (Janssen 
et al., 2005) superposed using domain MG4 and MG5 (CCP4, 1994). Compstatin is omitted for clarity. Residues 
involved in compstatin binding are shown in stick representation and are numbered. In the compstatin binding 
site, free C3 resembles the C3c-compstatin complex more than free C3c. b, C3c-compstatin superposed onto C3 
on the basis of MG1, MG2, MG4-MG6 of the β-ring (CCP4, 1994). C3c (grey) and C3 (β-chain, green and α-chain 
purple) are shown in ribbon representation, compstatin (wheat) is shown in surface representation. The MG4-
MG5 domain orientation is conserved between C3c-compstatin and C3; therefore compstatin binds C3 without 
affecting large structural changes. 
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Chapter 4, figure 4. Model for inhibition by compstatin. a, Two symmetry related molecules of C3b contact 
each other at the compstatin binding site in the crystal of C3b (Janssen et al., 2006). Compstatin (wheat) is 
superposed onto a C3b molecule (surface representation) on the basis of the C3c-compstatin structure. The 
symmetry related C3b molecule (ribbon representation) clashes severely with compstatin. b, Top diagram, 
cartoon representation of the back-to-back binding of C3 to the convertase (based on crystal structures of C3 
(Janssen et al., 2005), C3b (Janssen et al., 2006; Wiesmann et al., 2006) and factor Bb (Ponnuraj et al., 
2004)). Bottom diagram, cartoon representation of steric hindrance of C3 binding to the convertase induced by 
compstatin. 
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Chapter 4, supplementary figure 1. The two compstatin molecules in the asymmetric unit. Stereo 
diagram of the superposition of the two compstatin molecules in the asymmetric unit shown in stick 
representation. 
 

                330       340       350       360       370       380         

Homo sapiens     SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLS 

Pan troglodytes  SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDTVQSLTQGDGVAKLS 

Macaca mulatta   SPYQIHFTKTPKYFKPGMPFDLMVFVTNPDGSPAYRVPVAVQGEDAVQSLTQGDGVAKLS 

R. norvegicus    SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPARRVPVVTQGSD-AQALTQDDGVAKLS 

Bos taurus       SPYQIHFTKTPKFFKPAMPFDLMVYVTNPDGSPARHIPVVTQGSN-VQSLTQDDGVAKLS 

Mus musculus     SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPASKVLVVTQGSN-AKALTQDDGVAKLS 

Canis familiaris SPYQIHFTKTPKFFKPAMPFDLMVFVTNPDGSPAPHVPVGIQNYR-VQALTQKDGVAKLT 

Guinea pig       SPYQIHFTKTPKYFKPAMPFEIMVLVTNPDGSPAPHVPVVTQGSN-VQSLTQADGVARLS 

Sus scrofa       SPYQIHFTKTPKFFKPAMPFDLMVYVTNPDGSPARHIPVVTEDFK-VRSLTQEDGVAKLS 

 

 

                390       400       410       420       430       440         

Homo sapiens     INTHPSQKPLSITVRTKKQELSEAEQATRTMQALPYSTVGNSNNYLHLSVLRTELRPGET 

Pan troglodytes  INTHPSQKPLSITVRTKKQELSEAEQATSTMQALPYSTVGNSNNYLHLSVPRTELRPGET 

Macaca mulatta   INTHPSQKPLSITVRTKKRELSEAEQATRTMEAQPYSTVGNSNNYLHLSVPRAELRPGET 

R. norvegicus    VNTPNNRQPLTITVSTKKEGIPDARQATRTMQAQPYSTMHNSNNYLHLSVSRVELKPGDN 

Bos taurus       INTQNKRDPLTITVRTKKDNIPEGRQATRTMQALPYNTQGNSNNYLHLSVPRVELKPGET 

Mus musculus     INTPNSRQPLTITVRTKKDTLPESRQATKTMEAHPYSTMHNSNNYLHLSVSRMELKPGDN 

Canis familiaris INTPDSKKPLHITVSTKKEGILESRQATRTMEVQPYNTIGNSRNYLHLSVPRMELKPGET 

Guinea pig       INTPNTRQPLSVTVQTKKGGIPDARQAINTMQALPYTTMYNSNNYLHLSMPRTELKPGET 

Sus scrofa       INTPDNRNSLPITVRTEKDGIPAARQASKTMHVLPYNTQGNSKNYLHLSLPRVELKPGEN 

 

 

                450       460       470       480       490       500         

Homo sapiens     LNVNFLLRMDRAHEAKIRYYTYLIMNKGRLLKAGRQVREPGQDLVVLPLSITTDFIPSFR 

Pan troglodytes  LNVNFLLRMDRAHEAKIRYYTYLIMNKGRLLKAGRQVREPGQDLVVLPLSITTDFIPSFR 

Macaca mulatta   LNVNFLLRMDRTQEAKIRYYTYLIMNKGKLLKVGRQVREPGQDLVVLPLSITTDFIPSFR 

R. norvegicus    LNVNFHLRTDAGQEAKIRYYTYLVMNKGKLLKAGRQVREPGQDLVVLSLPITPEFIPSFR 

Bos taurus       LNVNFHLRTDPGEQAKIRYYTYMIMNKGKLLKVGRQYREPGQDLVVLPLTITSDFIPSFR 

Mus musculus     LNVNFHLRTDPGHEAKIRYYTYLVMNKGKLLKAGRQVREPGQDLVVLSLPITPEFIPSFR 

Canis familiaris LNVNFHLRTDPSKEAQIRYYTYLIMNKGKILKVGRQERESGQDLVVLPLTITSDFIPSFR 

Guinea pig       INVNFHLRSDPNQEAKIRYYTYLIMNKGKLLKVGRQPREPGQALVVLPMPITKELIPSFR 

Sus scrofa       LNVNFHLRTDPGYQDKIRYFTYLIMNKGKLLKVGRQPRESGQVVVVLPLTITTDFIPSFR 

 

                  

                510       520       530   

Homo sapiens     LVAYYTLIGASGQREVVADSVWVDVK 

Pan troglodytes  LVAYYTLIGASGQREVVADSVWVDVK 

Macaca mulatta   LVAYYTLIGANGQREVVADSVWVDVK 

R. norvegicus    LVAYYTLIGANGQREVVADSVWVDVK 

Bos taurus       LVAYNTLINAKGQREVVADSVWVDVK 

Mus musculus     LVAYYTLIGASGQREVVADSVWVDVK 

Canis familiaris LVAYYTVIGSSGQREVVADSVWVDVK 

Guinea pig       LVAYYTLIGASAQREVVADSVWADVR 

Sus scrofa       LVAYYTLIAANGQREVVADSVWVDVK 

MG4

MG5

 
 
Chapter 4, supplementary figure 2. Multiple sequence alignment of the compstatin binding site 
region; C3 domains MG4 and MG5, from different species. The alignment was prepared with ClustalW 
(Thompson et al., 1994). Residues involved in hydrogen bonding and van der Waals contacts are highlighted 
in yellow (conserved) and blue (non-conserved). 
 


