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bstract

Since the resolution of the first three-dimensional structure of a complement component in 1980, considerable efforts have been put into the
nvestigation of this system through structural biology techniques, resulting in about a hundred structures deposited in the Protein Data Bank by
he beginning of 2007. By revealing its mechanisms at the atomic level, these approaches significantly improve our understanding of complement,

pening the way to the rational design of specific inhibitors. This review is co-authored by some of the researchers currently involved in the
tructural biology of complement and its purpose is to illustrate, through representative examples, how X-ray crystallography and NMR techniques
elp us decipher the many sophisticated mechanisms that underlie complement functions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

By comparison with other related biological systems such
s blood coagulation, investigation of the structure and mech-
nism of action of complement proteins through the use of
tructural biology techniques began relatively late. The first
hree-dimensional structure of a complement component to be
ublished was that of human C3a, which was solved in 1980 by

-ray crystallography (Huber et al., 1980). The solution struc-

ures of human C5a and of the 16th complement control protein
CCP) module from human factor H, both determined by NMR

Abbreviations: aHUS, atypical haemolytic uremic syndrome; AMD,
ge-related macular degeneration; CCP, complement control protein; CUB,
1r/C1s; Uegf; bone morphogenetic protein-1; GAG, glycosaminoglycan; MG,
acroglobulin; RBD, receptor binding domain; RCA, regulators of complement

ctivation; SP, serine protease; TED, thioester-containing domain; vWFA, von
illebrand factor type A
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pectroscopy, were reported about 10 years later (Zuiderweg et
l., 1989; Norman et al., 1991). The next X-ray crystallography
tructure to be solved was that of human factor D, the smallest
f the proteases involved in complement activation (Narayana et
l., 1994). Since these pioneering studies, considerable progress
as been made, as can be judged from the number of complement
rotein structures deposited in the Protein Data Bank, which
as approximately a hundred at the beginning of 2007. Because

he majority of complement proteins have a modular structure
nd exhibit flexibility at intermodular junctions, they generally
rove refractory to X-ray crystallography analysis when stud-
ed as whole molecules. NMR spectra are difficult to interpret
or larger proteins (>30 kDa), especially if they are extended
n shape. Thus, only a few of the deposited structures are of
omplete proteins, and most of them correspond to functional
ragments or domains. A remarkable exception to this rule is the
tructure of the large protein C3 (1641 residues, 13 domains),

hich was recently solved by X-ray crystallography (Janssen et

l., 2005; Fredslund et al., 2006).
Taken together, the structures currently available provide pre-

ise insights, at the atomic level, into many of the mechanisms

mailto:arlaud@ibs.fr
dx.doi.org/10.1016/j.molimm.2007.06.147
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hat underlie complement function. This review is co-authored
y some of the researchers currently investigating the atomic-
esolution structures of complement proteins by either X-ray
rystallography or NMR spectroscopy. Its purpose is to illus-
rate, through representative examples, how structural biology
mproves our understanding of the complement system by
evealing its intimate mechanisms.

. Structural determinants for the sensing properties of
uman ficolins

Ficolins play a role in innate immunity as recognition
olecules. They sense conserved molecular markers exposed at

he surface of microbes and thereby trigger effector mechanisms
uch as enhanced phagocytosis and inflammation. Ficolins
re found in a wide variety of animals ranging from inverte-
rates to mammals. They are soluble oligomeric proteins with
ectin-like activity, assembled from collagen fibers extended by
brinogen-like recognition domains (Fig. 1A). Like mannan-
inding lectin (MBL), they can activate the lectin pathway
f complement through the associated MBL-associated serine
roteases (MASPs) (Matsushita and Fujita, 2001). In order to
ecipher the structural determinants for their binding specificity,
e have investigated the X-ray structures of the recognition
omain of the two human plasmatic ficolins, namely L- and H-
colins. Their fibrinogen-like domains spontaneously associate
s trimers, the resulting recognition domains having three-lobed
tructures with clefts separating the distal parts of the protomers
Fig. 1A). The semi-open ficolin structure is thus intermediate
etween the compact assembly seen in the complement protein
1q (Gaboriaud et al., 2003), where subunits associate through
n extensive interface, and the wide open structure of the MBL
arbohydrate recognition domain (Weis and Drickamer, 1994;
heriff et al., 1994). Thus, in contrast to MBL, there is no need
or a “neck” region between the collagen-like fibers and the
ecognition domain to achieve the proper trimeric assembly.

Our main objective was to obtain structures of the domains
n complex with various model ligands, in order to decipher the
tructural basis for their interactions at the atomic level. The
uestions addressed were the following: Is there a single bind-
ng site in each monomer and how is it able (or not) to sense
iverse chemical targets? To what chemical motif does it bind?
he most extensive study was performed with L-ficolin because
f its wider recognition spectrum. Indeed, L-ficolin is able to
ecognise various capsulated bacteria (Matsushita and Fujita,
001; Krarup et al., 2005) and it exhibits binding specificity for
iverse ligands such as lipoteichoic acid (a specific marker of
he surface of gram-positive bacteria; Lynch et al., 2004), 1,3-
-d-Glucan (a specific marker of the yeast surface; Ma et al.,
004), and the capsular antigen of type III group B Streptococci
Aoyagi et al., 2005). In contrast, the related H-ficolin has only
een reported to bind to Aerococcus viridans and to d-fucose or
alactose molecules (Garlatti et al., 2007).
Quite unexpectedly, several different ligand-binding sites
ere observed in the ficolins. A single outer S1 binding pocket

s found in H-ficolin, homologous to a site also identified in the
nvertebrate tachylectin 5A (Kairies et al., 2001). In addition to
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1, three other sites, called S2, S3, and S4 were discovered in
-ficolin (Fig. 1). Together, they define a continuous recogni-

ion surface which enables L-ficolin to sense various acetylated
nd neutral carbohydrate markers in the context of extended
olysaccharides, as found on microbial or apoptotic surfaces
Garlatti et al., 2007). This study thus provides the first struc-
ural evidence that the ability of L-ficolin to sense elongated

olecules of diverse chemical nature arises from the presence
f an extended binding area. This conclusion is derived from sev-
ral contrasting observations concerning the binding of L-ficolin
o neutral carbohydrates and acetylated compounds, which will
e briefly summarized. The ability of L-ficolin to bind elon-
ated ligands is best illustrated in Fig. 1B, where a four-residue
-d-glucan molecule, a specific marker of yeast surfaces, is coor-
inated by an extended interaction network involving residues
ontributed by both its S3 and S4 sub-sites. This differs signif-
cantly from the recognition mechanism of MBL, which only
inds to a terminal carbohydrate residue. The lectin-like activ-
ty of L-ficolin is further illustrated by the numerous specific
-bond interactions stabilizing a galactose molecule bound in

ts inner S2 sub-site (Fig. 1C). This interaction provides a tem-
late for the recognition of terminal galactose residues that are
ossibly transiently exposed on apoptotic cell surfaces (Garlatti
t al., 2007). In contrast, the established specificity of L-ficolin
or acetylated compounds is not explained by a single mode of
nteraction at the atomic level (Fig. 1D and E). Instead, recog-
ition of these molecules appears to involve minimal structural
equirement for the acetyl group, and virtually no requirement
or the remainder of the molecule. Although this type of recog-
ition was somewhat unexpected, it is fully consistent with the
bserved ability of a wide range of small acetylated compounds
o partially inhibit the binding of L-ficolin to GlcNAc-Sepharose
eads and to Streptococcus pneumoniae (Krarup et al., 2004).

. From the structure of the C1r catalytic domain to a
1 activation model

The mechanism of action of C1, the multi-molecular complex
hat triggers the classical pathway of complement, has remained
or many years a puzzling question. Although the details of this
echanism are largely still to be elucidated at the atomic level,

he use of X-ray crystallography techniques has permitted sig-
ificant advances in this respect, greatly improving our overall
nderstanding of the complex (Gaboriaud et al., 2004). One of
he most intriguing aspects of C1 function lies in the mecha-
isms that allow activation of its C1r subunit, and in the nature
f the signal that triggers this process when C1 binds to a target.
o address these questions, the catalytic domain of C1r, encom-
assing the CCP1 and CCP2 modules and the C-terminal serine
rotease (SP) domain, was trapped in the proenzyme state by
eans of a mutation at the Arg446-Ile447 cleavage site. Sub-

titution of Gln for Arg446 prevents cleavage by the catalytic
ite of C1r, which shows a restricted specificity for arginyl and

ysyl bonds (Lacroix et al., 2001). The three-dimensional struc-
ure of the domain was solved by X-ray crystallography to a
esolution of 2.9 Å (Budayova-Spano et al., 2002a), revealing

homodimeric head-to-tail assembly held together by non-
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Fig. 1. The unpredicted binding sites S2–S4 discovered in L-ficolin. (A) Schematic overall drawing of the L-ficolin structure and recognition properties. The positions
of the bindings sites S1–S4 are coloured and labelled in one recognition domain. (B) 1,3-�-d-glucan (light green), a marker of yeast surfaces, binds along S3 (black)
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nd S4 (orange). (C) A galactose molecule (yellow) fits into S2 (red), with stabili
igands can bind S3 (black) in a variety of orientations, as illustrated by GalNAc
alNAc) can adopt various orientations inside S3, hence their diffuse electron d

ovalent interactions (including hydrogen bonds and van der
aals contacts) between the CCP1 module of one monomer and

he SP domain of its counterpart (Fig. 2). That the C1r catalytic
omain associates as a homodimer in solution has been demon-
trated using various techniques (Villiers et al., 1985; Weiss et
l., 1986; Lacroix et al., 2001). Likewise, the particular head-to-
ail configuration seen in the structure is consistent with previous
hemical cross-linking experiments and with the observation
hat deletion of the CCP1 module prevents dimer formation
Lacroix et al., 1997, 2001). It appears very likely, therefore,
hat this crystal structure is physiologically relevant and corre-
ponds to a resting, thermodynamically stable conformation of
he C1r catalytic domain.

From a structural standpoint, an unexpected feature of the
ssembly is the presence of a large opening, with estimated

imensions of 30 Å × 13 Å, in the centre of the dimer (Fig. 2).
t the functional level, it is interesting to note that the catalytic

ites of the serine protease domains lie at either end of the dimer,
acing away from the central opening. The mutated Gln446-
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nteractions involving all its oxygens except O1. (D, E) Diverse small acetylated
green) and acetylcholine (yellow). Flexible acetylated carbohydrates (such as

y map.

le447 sequence stretch, corresponding to the natural Arg-Ile
leavage site of each monomer, is located in a loop that pro-
rudes from opposite corners of the dimer, approximately 90 Å
way from the catalytic site of the other monomer. Clearly, this
onfiguration cannot account for C1r self-activation, because
his process requires cleavage of the susceptible Arg-Ile bond
f each monomer by the catalytic residue Ser637 of its coun-
erpart (Lacroix et al., 2001). Based on this requirement, it was
ostulated that C1r activation within the C1 complex must take
lace through transient conformational states allowing the serine
rotease domain of one monomer to cleave its counterpart, and
ice versa. Obviously, this process requires dissociation of the
ead-to-tail structure seen in the crystal, and therefore disrup-
ion of the non-covalent interaction between the CCP1 module
nd the SP domain (Fig. 2). This has led us to propose that the

ignal that causes this dissociation and hence triggers C1r acti-
ation in C1 is a mechanical stress that is transmitted from the
1q collagen-like stems to the C1r catalytic domain when C1
inds to an activator (Budayova-Spano et al., 2002a). This mech-
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Fig. 2. Structure of the C1r catalytic domain and its implications in the C1 activation mechanism. (A) Homodimeric structure of the zymogen CCP1–CCP2–SP
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B) Resting head-to-tail configuration of the C1r catalytic domain. Arrows illus
ctivation of one SP domain by its counterpart.

nism is consistent with the presence of a semi-flexible hinge
n C1q at the point where the collagen-like stems join to form
he central stalk (Poon et al., 1983), and with the fact that each
1r catalytic domain is connected to the N-terminal interaction
omain, which itself is bound to a collagen-like stem (Gregory
t al., 2003). Thus, it is conceivable that multivalent binding of
1q through its globular heads to a pattern of sites at the surface
f a target will make some of the stems swing away from the
entre of the complex, generating stress forces in the C1r cat-
lytic domains that result in disruption of the CCP1 module–SP
omain interface. The interaction between the two SP domains is
bviously rendered possible by the presence of the large open-
ng in the centre of the C1r catalytic domain. It is also likely
o be facilitated by intermodular flexibility in C1r, particularly
t the C1r/C1s, Uegf, Bmp1 (CUB)2–CCP1 and CCP1–CCP2
unctions and possibly also at the CCP2–SP domain interface,
hich shows restrained flexibility as revealed by a comparison
f available X-ray structures (Budayova-Spano et al., 2002a,b).

Further insights into the C1r activation mechanism have been
rovided by the structure of the zymogen and active forms of
shorter CCP2–SP fragment of C1r (Budayova-Spano et al.,

002b). Thus, the structure of the zymogen Ser637Ala mutant
ndicates that, like most other zymogens, the SP domain of C1r
xhibits a high degree of flexibility, notably on either side of the
rg446-Ile447 cleavage site. Comparison of the zymogen and

ctive structures reveals that multiple conformational changes,
ften of high amplitude, take place in the SP domain upon activa-

ion. Additional information relevant to C1r self-activation may
e drawn from the crystal contacts observed in the zymogen
nd active CCP2–SP structures (Budayova-Spano et al., 2002b).
hus, in the proenzyme Ser637Ala mutant, the SP domains inter-

w
i

a

A, NB and CA, CB indicate the N- and C-terminal ends of monomers A and B.
he tension required to achieve the transient conformational state (C) needed for

ct with each other in a nearly symmetrical conformation that
ay represent an intermediate state of the activation process. As

or the active molecules, they are packed in such a way that they
orm an enzyme–product-like complex, probably similar to the
ne occurring upon activation of one C1r molecule by its coun-
erpart (Fig. 2). Considered as a whole, the information provided
y X-ray crystallography of the C1r catalytic domain provides
recise structural insights into the mechanisms that allow the
hole C1 machinery to undergo activation (Gaboriaud et al.,
004).

. Serine proteases in complement activation

Serine proteases of human complement are distinguished by
heir narrow substrate specificity and the unique mechanisms
y which they are activated (Arlaud et al., 1998; Volanakis and
rlaud, 1998). With one exception out of eight, complement pro-

eases are modular in composition and are proposed to undergo
xtensive structural rearrangement upon activation as parts of
arge multi-protein complexes (Arlaud et al., 1998; Volanakis
nd Arlaud, 1998). Factor D is the smallest in size of the comple-
ent proteases. It consists solely of a typical chymotrypsin-like

erine protease domain (Volanakis and Narayana, 1996), while
he other proteases are all endowed with additional structural

odules. These modules are attached to the N-terminal ends
f the respective serine protease domains. Some of these addi-
ional modules are specifically adapted for adhesion to cofactors,

hile others are responsible for restricting the enzymes to their

nactive forms.
The single-domain factor D, the essential enzyme for the

ctivation of the alternative pathway, appears to be designed
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ig. 3. Superposition of the S1 pockets of serine proteases factor B (red), C2
green), factor D (molecule A in blue, molecule B in magenta), and trypsin
yellow). The catalytic triad is shown with chymotrypsinogen numbering.

pecifically for the activation of another complement serine
rotease factor B, a five-domain enzyme, but only does so
hen factor B is bound to C3b and in the presence of Mg2+.
nlike most of the serine proteases, no zymogen form of fac-

or D exists and no known serpin-like inhibitor for this enzyme
as been identified in the circulation (Volanakis and Narayana,
996). Activation and regulation of this unique enzyme remained
mystery for enzymologists until structural biologists were

ble to apply a combination of X-ray crystallography, site-
irected mutagenesis and measurements of enzyme kinetics
o the problem. This work revealed a correlation between the
nique primary sequence substitutions in and around the sub-
trate binding pocket and its narrow substrate specificity. The
tructural correlates include (i) the atypical catalytic triad, (ii)
single tight �-turn ‘oxyanion hole’, (iii) the atypical confor-
ation of the loop that defines the secondary substrate binding

ockets S2, S3.. . ., etc. and provides backbone H-bonds to the
ound substrate, and (iv) the blocked primary substrate binding
1 pocket. The circulating factor D has its N-terminus tucked

n, held firmly in position by a salt bridge to the acidic residue
djacent to the catalytic Ser195 residue like any other activated
erine protease. Yet circulating factor D exhibits no enzymatic
ctivity towards its substrate or towards substrate-like small pep-
ides. This was explained by the presence of an atypical catalytic
riad in which the catalytic His residue exhibits an atypical (for

erine proteases) trans-conformation (Fig. 3). Such a confor-
ation is possible mainly because of replacement of a highly

onserved hydrophobic residue that forces the catalytic His to
dopt a cis-conformation in all other serine proteases, by a Ser

f
e
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esidue. Similarly, replacement by a Ser residue of a conserved
ydrophobic residue, which is a member of a hydrophobic
luster stabilizing the conformation of the ‘secondary substrate
inding loop’, facilitates the atypical elevation (with respect to
he body of the protein) of this loop. The elevated position of this
oop is aided by additional, unique, substitution of a conserved
er with a Thr, which also contributes to the trans-conformation
bserved for the catalytic His residue. Serine proteases that are
pecific to substrates with an Arg residue at the P1 position
rovide a negative charge at the bottom of the S1 pocket that
s essential for holding the P1-Arg so as to place the scissile
ond in the appropriate orientation. In factor D, such a nega-
ive charge is occluded from the approaching substrate by a salt
ridge formed between Arg and Asp residues present at the bot-
om of the S1 pocket. Site-directed mutagenesis combined with
nzyme kinetic studies validated the proposed roles of these
nique substitutions in and around the S1 pocket. Hence, factor

activation is regulated by three unique structural features, a
esult of three single amino acid residue substitutions that help
o eliminate both the need for enzymatic N-terminal activation
f a zymogen to form the mature enzyme and the need for a pro-
ein inhibitor that can effectively remove the enzyme from the
irculation as a regulatory step. It has been proposed that factor

circulating as an inactive ‘resting enzyme’ is activated by its
ubstrate C3b-bound factor B. The substrate activates factor D
y reorienting its catalytic triad and rearranging its S1 pocket.
ubsequently, factor B gets cleaved into Ba and C3b-bound Bb.
hen factor D reverts back to the ‘resting enzyme’ status in the
irculation. This unique method of proteolysis has been termed
substrate-induced’ catalysis (Volanakis and Narayana, 1996), in
hich the essential activation and regulation of factor D are car-

ied out by subtle and reversible conformational changes that are
ossible mainly due to three amino acid substitutions at critical
ositions.

Factor B and C2 are two homologous, multi-domain enzymes
hat are nearly completely inactive as individual proteins. They
ontribute their catalytic domains to the C3-convertases of
he alternative pathway (C3b.Bb) and the classical pathway
C4b.C2a), respectively. Protein C3 is the only known sub-
trate for these enzymes and is cleaved only when the catalytic
ragments of factor B (Bb) and C2 (C2a) are associated with
ofactors C3b and C4b, respectively (Arlaud et al., 1998). Each
f these enzymes carries a P1-Arg-specific chymotrypsin-like
erine protease domain at its C-terminal end. Activation of these
erine proteases must occur through different mechanisms com-
ared to other single-domain serine proteases, since factor B
nd C2 do not have free N-termini. The proteolytic domains of
actor B and C2 are linked to highly conserved von Willebrand
actor type A (vWFA) domains that carry metal ion-dependent
dhesion site (MIDAS) motifs. Each of these proteases also car-
ies three CCP modules at its N-terminal end. The recent crystal
tructure of full-length factor B revealed the position of the CCP
odules to be on one side of the molecule, covering the inter-
ace between the serine protease and vWFA domains (Milder
t al., 2007). For a long time, it was assumed that cofactors
3b and C4b, by associating through the MIDAS motifs present

n the vWFA domains of factor B and C2, respectively, were
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esponsible for activation of these enzymes. There was also
suggestion that the catalytic machinery of these enzymes is

ccluded by their own CCP modules and that the loss of these
odules precedes activation.
However, the crystal structures of factor B (Milder et al.,

007; Ponnuraj et al., 2004), C2 (Krishnan et al., 2007; Milder
t al., 2006) and their individual domains (Bhattacharya et
l., 2004; Xu et al., 2000), in combination with site-directed
utagenesis and enzyme kinetic studies, revealed some inter-

sting structural details that correlate with both the narrow
ubstrate specificity and the unique activating mechanisms of
hese enzymes. These findings revealed that the four essential
tructural features (Fig. 3) that are responsible for the efficient
unction of the serine proteases (namely, the catalytic triad, the
oxyanion hole’, the substrate-specific S1 pocket and the loops
ordering the pockets) are in the right orientations and confor-
ations with the exception of the ‘oxyanion hole’ that dictates

nzymatic efficiency. In both factor B and C2, this region dis-
lays a single-turn 310 helix instead of the usual tight �-turn.
nother important revelation from these structural studies is that

he MIDAS-induced conformational changes apparently cannot
xtend beyond the linker joining the serine protease and vWFA
omains. It follows that these changes merely displace the linker
hat connects the C-terminal CCP domain to the vWFA domain.
his displacement facilitates the cleavage of Ba from C3b-bound

actor B and C2b from C4b-bound C2 by factor D and C1s,
espectively.

Thus, ‘substrate-induced catalysis’ seems to be the new
aradigm for the activation of complement serine proteases fac-
or D, factor B, and C2. The cofactor-induced conformational
hanges in factor B and C2 do not activate their proteolytic appa-
atuses, and binding to their respective cofactor merely helps to
islodge their N-terminal ‘restrictive’ CCP domain. We spec-
late that the removal of the N-terminal CCP domain from
ts position in the proenzyme might facilitate the approach of,
nd free-up space for, substrate C3 binding to the respective
nzymes. In other words, once the N-terminal CCP has been
emoved, the relative orientation between the serine protease and
WFA domains (different between factor B and Bb (Milder et
l., 2007)) might be stabilized by the bound cofactors, which can
lso act as ‘platforms’ for positioning the C3 substrate in a suit-
ble orientation for activation of the ‘disordered’ active sites in
actor B and C2. However, we do not know much about the pos-
ible conformational changes C3, C3b, and C4b might undergo
uring the binding, cleavage, and generation of C3b. Visualizing
hese changes is the next goal for structural biologists.

. Crystal structures of C3 and its fragments

In 2005, Janssen et al. presented the complete three-
imensional structures of the central complement component C3
nd of its proteolytic fragment C3c (Janssen et al., 2005). These
tudies revealed a remarkable structure of this 1641 amino-acid

ong protein molecule featuring an intricate domain arrange-

ent, which pointed to a possible evolution of this type of
ost-defence molecule. These data on intact C3, together with
he previously available structure of a C3d construct produced

d
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n E. coli (Nagar et al., 1998), afforded insights into the molecu-
ar mechanisms of thioester protection and activation, which are
ssential for the covalent attachment of C3b to its target surfaces.
hese structural findings for human C3 were confirmed by the
ubsequent report of the structure of bovine C3 by Fredslund et
l. (2006). Recently, these structures were complemented by
he structures of the activated C3b molecule (Janssen et al.,
006) and of C3b in complex with the cell-surface receptor and
nhibitor, CRIg (Wiesmann et al., 2006). In addition, Nishida et
l. (2006) provided a comprehensive view of all major structural
onformations of C3 and its fragments by electron microscopy.
his wealth of structural data provides unprecedented opportuni-

ies to study the molecular mechanisms of this central molecule
f the complement system.

.1. Domain organization of C3

The structure determination of human C3 resolved the intri-
ate domain organization of this large protein molecule for the
rst time (Janssen et al., 2005). Previously, only limited informa-

ion was available on the domain organization of proteins from
he C3/�2-macroglobulin family. Four structural elements of C3
r homologous proteins were known a priori: (i) the anaphyla-
oxin domain C3a (Huber et al., 1980) and C5a (Zuiderweg et
l., 1989), (ii) the fragment C3d and its homologue C4d, which
orrespond to the thioester-containing domain of C3 and C4
Nagar et al., 1998; van den Elsen et al., 2002; Zanotti et al.,
000), as well as C3d in complex with the CCP1-2 construct
f complement receptor 2 (CR2) (Szakonyi et al., 2001), (iii)
he receptor-binding domain (RBD) of �2-macroglobulin (�2M)
Jenner et al., 1998), and (iv) the C-terminal C345c domain of
5 (Bramham et al., 2005). For the remainder (∼60%) of the
olecule, most sequence databases listed two large domains,

enoted �2M N for the N-terminal part and �2M for the C-
erminal part (the latter included the region corresponding to the
BD domain in �2M).

The crystal structures of C3 (Janssen et al., 2005; Fredslund
t al., 2006) revealed that the two separate � (res. 1–645) and �
res. 650–1641) chains form 13 domains. The core of the pro-
ein is formed by eight homologous domains, which are referred
o as macroglobulin (MG) domains. These domains are formed
y two stacked �-sheets with an overall topology that is also
bserved for fibronectin type III (FN3) domains. Structurally,
hese eight domains are arranged in ring-like fashion of 1½ turns
domains MG1–6) capped by two domains (MG7 and MG8).
nto this core, other domains are crafted. First, a large insert

res. 578–745) forms the linker (LNK) domain and the anaphy-
atoxin (ANA) domain. This insert includes the processing site
46-RRRR-649, which is removed before secretion, resulting in
he mature molecule consisting of two chains, � and �. A remark-
ble structural feature of this insert is that it loops through the
entral hole of the MG1–6 ring. Second, another large insert, res.
12–1330, forms a CUB domain and the thioester-containing

omain (TED). Third and finally, a C345c domain forms a C-
erminal extension onto the MG8 domain. Remarkably, these
nserts and the extension carry regions that are critical for the
unctioning of C3.
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.2. The thioester of C3

A critical feature of the C3 molecule is the covalent surface
ttachment through its reactive thioester moiety. This thioester is
ormed by Cys-988 and Gln-991 located on the convex side of the
ED domain, as first shown by the structure of C3d (Nagar et al.,
998). In the two structures of C3, the thioester moiety is intact
nd protected from the surrounding solvent. The packing of TED
nto the MG8 domain yields a hydrophobic/aromatic cap around
he thioester that limits access by small reactive groups. More-
ver, a study by Law and Dodds (1997) showed that reactivity
owards amino and hydroxyl nucleophiles depends on two dif-
erent reaction states of the thioester, these are a thioester that is
ost reactive towards amino nucleophiles and an acylimidazole

tate that is most reactive towards hydroxyl nucleophiles. The
tructures of intact C3 clearly show the thioester arrangement
hat is most reactive towards amino nucleophiles. The structure
f C3d (Nagar et al., 1998) and correspondingly the structures
f the TED domain in C3b (Janssen et al., 2006; Wiesmann
t al., 2006), however, are markedly different in the arrange-
ent around the thioester residues. Consistent with the model

roposed by Law and Dodds (1997), His-1104 and Glu-1106
lign with Gln-991 and Cys-988 (mutated to Ala in the C3d
onstruct used by Nagar et al., 1998) to form an acylimidazole
ntermediate that is reactive towards hydroxyls. The rearrange-

ent involves loop movements over a 10-Å distance. These
onformational changes are blocked in the structure of native
3 by the presence of MG8. Thus, these data indicate that

hioester activation in C3 is inhibited by a hydrophobic/aromatic
ap limiting access of small nucleophiles and by preventing
oop rearrangements that lead to the acylimidazole intermediate
hich is reactive towards hydroxyls and water.

.3. Conformational changes involved in C3 activation

The recent structures of C3b (Janssen et al., 2006) and C3b
n complex with CRIg (Wiesmann et al., 2006) revealed that
he molecule undergoes marked conformational changes with
hifts up to ∼95 Å in distance upon activation of C3. Activation
f C3 into C3b occurs through proteolytic removal of the ANA
omain producing the small fragment, anaphylatoxin C3a and
he large fragment C3b. In native C3, ANA interacts with both

G8 and MG3 of the relatively stable MG ring. Most likely,
hese interactions stabilize the position of MG8. Thereby, ANA
tabilizes indirectly the MG8–TED interaction, which is crucial
or preserving native C3. Upon removal of ANA, the MG7 and

G8 domains swivel and the MG8–TED interface are lost and
he CUB and TED domains (which are sequentially in between
he MG7 and MG8 domains) swing out. In both structures of
3b (Janssen et al., 2006; Wiesmann et al., 2006), the TED
omain is located next to the MG1 domain, far away from its
ested position in native C3 and with its thioester fully exposed
see Fig. 4). Concomitantly, the new N-terminus of the �-chain,

enoted �’-chain, markedly relocates from the ANA position
lose to MG8 through the central hole of the MG ring to the
pposite side on MG7. These striking rearrangements are likely
f functional importance. The N-terminus carries several acidic
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esidues that have been shown to be important for binding factor
in the formation of the convertase complex (Taniguchi-Sidle

nd Isenman, 1994); these residues are occluded by ANA in
ative C3 and exposed on the opposite of the molecule in C3b.
oreover, the �’-N terminus and subsequent residues on MG6

arbor binding sites for regulators factor H and complement
eceptor type 1 (CR1) (Becherer et al., 1992; Fishelson, 1991;
ambris et al., 1996; Oran and Isenman, 1999; Taniguchi-Sidle
nd Isenman, 1994). Relocation of the MG7–CUB–TED–MG8
omains, a conformational switch of the anchor region and a
otation of the C345c domain result in a markedly different con-
tellation of the �-chain onto the stable platform formed by the

G ring. This rearrangement of domains opens up a variety of
inding sites for factor B and various regulators of complement
ctivity (see, e.g., Janssen et al., 2006 for a mapping of binding
ites onto the structure of C3b).

Thus, these studies of C3 have provided unprecedented
nsights into structure and function of this central molecule
f the complement system. Clearly, understanding the molec-
lar mechanisms of convertase formation through binding and
leavage of factor B and the convertase dissociation and decay
hrough activity of regulators and factor I requires structural data
f C3b in complex with its interacting proteins. Most likely,
his type of structural data will provide us with insights into
he molecular mechanisms of complement activation and regu-
ation, which will be instrumental in developing new drugs to
ght complement-mediated diseases.

. Structure–function relationships in the regulators of
omplement activation

The regulators of complement activation (RCA) are a family
f glycoproteins that act upon the bimolecular and trimolec-
lar C3- and C5-convertases (Kirkitadze and Barlow, 2001).
actor H and C4b-binding protein (C4BP) are soluble, while
embrane cofactor protein (MCP, CD46), decay accelerating

actor (DAF, CD55) and CR1 (CD35) are expressed on the cell
urface. This group of regulators have the aggregate effect of
nhibiting formation of the C3- and C5-convertases, markedly
hortening the life-span of existing convertase complexes, and
acilitating proteolytic destruction of C3b and C4b by factor I.
n these ways, they restrain complement-mediated inflammation
nd prevent complement amplification on the surfaces of host
ells and in extracellular matrix. Yet they permit a complement
esponse to amplify and proceed unchecked on non-host mate-
ial. Defective complement regulation contributes to symptoms
f numerous diseases. Anti-complement therapeutics could be
esigned on the basis of these natural regulators (Brook et al.,
005; Morgan and Harris, 2003) given a better understanding of
heir structure–function relationships.

Each RCA member has a distinct functional profile, but all
ely on possession of a single domain or module type to carry
ut their tasks (Reid and Day, 1989; Soares and Barlow, 2005).

his ∼7 kDa (∼60 aa) module has been termed short consensus

epeat (SCR), sushi domain, or CCP and is identifiable from its
onsensus sequence that includes a tryptophan and four cysteine
esidues (Soares and Barlow, 2005). From 4 to 30 CCPs are pre-
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ig. 4. Cartoon representation of C3 (A) and C3b (B). Blue indicates the �-c
hioester moiety. PDB files used are 2A73 and 2I07.

icted in each of the most common RCA allotypes. For example,
he principal, soluble RCA controlling the alternative pathway,
actor H (Fig. 5), is composed entirely from 20 tandem CCPs
Ripoche et al., 1986) of between 51 and 62 residues, linked by
equences of between three and eight residues (a seven-module
plice variant, factor H-like 1 also has complement regulatory
roperties (Zipfel et al., 1999)). Examples of CCPs are addi-
ionally present in complement proteins other than RCAs (e.g.
1r and C1s (see above), C6 and C7, as well as C2 and fac-

or B (see above)), and in at least 50 further human proteins
http://smart.embl-heidelberg.de/).

Despite their similarity to each other, the various CCPs within
n RCA perform different tasks. For example, factor H’s N-
erminal four CCPs are together sufficient to accelerate the decay
f convertases and act as a factor I cofactor (Gordon et al., 1995;
harma and Pangburn, 1996). The remaining modules are pri-
arily concerned with ensuring factor H discriminates between

ealthy host tissue (where it acts protectively) and waste or for-
ign material (where its complement regulatory activities are

ot manifested). In all, factor H has three distinct binding sites
or three discrete regions of C3b (Jokiranta et al., 2000; Sharma
nd Pangburn, 1996), and three probably separate binding sites
or sialic acid/glycosaminoglycans (GAGs) (Meri and Pangburn,

c
l
t
i

nd yellow indicates the �-chain. The red spheres indicate the position of the

994; Ormsby et al., 2006) (Fig. 5). The latter provide the means
hereby factor H recognises and binds selectively to the surfaces

hat it is designed to protect (Pangburn, 2000).
From the structural biologist’s perspective, factor H and

he other RCAs represent an enigma; how does a single type
f module – the CCP in this case – perform the diverse
ange of duties required to achieve the functional sophisti-
ation of the parent proteins? In this respect, the RCAs are
imple models for 1000s of multiple-module human proteins
hat are constructed by stringing together various combinations
f module-types selected from a limited pool (Bork et al., 1996).
uch proteins dominate the extracellular environment but are
nder-represented in the database of solved structures due to the
nherent difficulties associated with their generally large size and
otentially flexible nature. In the cases of factor H (Aslam and
erkins, 2001) and CR2 (Gilbert et al., 2006), small-angle X-ray
cattering and sedimentation studies have shed light on overall,
ow-resolution structures. For example, these methods provide
upport for a folded-back conformation of factor H (Fig. 5),

onsistent with the preponderance of smaller CCPs and longer
inkers in its central region. Much of the high-resolution struc-
ural work to date has involved effectively breaking up the RCAs
nto more tractable fragments.

http://smart.embl-heidelberg.de/
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Fig. 5. Three-dimensional structures of CCPs from factor H. Factor H is drawn as a series of ovals representing its 20 CCPs. The CCPs of known structure (see
Table 1 for details) are colour coded. The variation in module size (51–62 aas) and linker-length (3–8 aas) are exaggerated to highlight predominance of smaller
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odules and longer linkers in central region where the molecule might fold ba
mplicated in GAG binding (there is controversy as to whether the central GAG

Three-dimensional structures of ∼40 CCPs have been solved
Table 1), including ∼19 from the human RCA family. Most
f the remaining RCA CCP structures have been modelled by
omology (Soares et al., 2005). Structures of individual modules
nd of strings of CCPs, or structures of CCPs complexed with
inding partners, are available. For example, for factor H, early
ork generated the NMR-derived solution structure of indi-
idual, recombinant, CCP16 (i.e. fH-16) (Barlow et al., 1991;
orman et al., 1991) followed by fH-5 (Barlow et al., 1992)

nd the double module fH-15–16 (Barlow et al., 1993). These
fforded the first insights into RCA structures (Fig. 5), reveal-
ng a ∼1.5 nm × ∼4 nm prolate, �-strand-rich, module with

1–3, 2–4 disulphide pattern. Amino- and C-termini occupy
pposite ends of the long axis, and this early work revealed
he extended, end-to-end, arrangement between adjacent mod-
les also observed in most subsequently solved structures of
CPs, including all four modules of DAF (Lukacik et al., 2004;
hrinova et al., 2003) and vaccinia virus complement control
rotein (VCP, a viral mimic of the mammalian RCAs) (Murthy
t al., 2001), three modules (out of a total of 30) in CR1 (CCPs
5–17) (Smith et al., 2002) and the N-terminal module pair of
oth MCP (which has four CCPs) (Casasnovas et al., 1999) and
4BP �-chain (with eight CCPs) (Jenkins et al., 2005). A very
otable exception to this rule is provided by the N-terminal pair
f CCPs (out of a total of 15 or 16) in complement receptor type 2
CR2, CD21) (Szakonyi et al., 2001) as studied in complex with
he CR2 ligand, C3d, by X-ray crystallography; these two CCPs
re joined by an eight-residue linker and adopt an antiparallel
ide-by-side arrangement burying 1400 Å2. A further important

xception is the CCPs 2–3 pair of factor B (Milder et al., 2007,
ee above), which are connected by only a five-residue linker
et fold back upon and embrace one another, burying 1340 Å2

n the X-ray-derived structure. A so-far unique, but intriguing,

m
s
e
m

itself. Grey, dotted boxes indicate CCPs involved in binding to C3b; G = CCP
gnition site is CCP 13 as shown or CCP 9); for references see text.

trand-swapped pair of CCP modules was revealed in the crystal
tructure of the IL-2 receptor (Rickert et al., 2005).

Recently, much attention has focussed on fH-19–20, since
his region carries many mutations linked to the rare kidney
isease atypical haemolytic uremic syndrome (Rodriguez de
ordoba et al., 2004; Warwicker et al., 1998), culminating in
oth X-ray- and NMR-derived structures (Fig. 5) appearing
lmost simultaneously (Herbert et al., 2006; Jokiranta et al.,
006). A patch of fH-19–20 residues implicated by chemical
hift perturbation assays in binding to a model glycosamino-
lycan (a fully sulphated tetrasaccharide fragment of heparin)
oincided with residues that are mutated in the factor H of some
atients suffering from aHUS (Herbert et al., 2006). In other
tudies, this region (the C-terminal pair of CCPs) of factor H was
hown to be predominant in self versus non-self-discrimination
Ferreira et al., 2006). Thus, a disease model in which dys-
unctional factor H fails to fully protect the GAG-rich layers
f the glomerular basement membrane in aHUS patients was
upported. Given our current lack of knowledge of the spe-
ific GAGs recognised by fH-19–20 in a physiological setting,
xperimental demonstration of the functionally critical nature of
isease-linked factor H mutations – e.g. by the more traditional
oute of mutagenesis and binding assay – is problematic. This
ifficulty highlights the unique value of the structural approach.
onetheless, a question mark remains over the above interpreta-

ion due to the putative binding site in 19, 20 for C3b/C3d and the
hysiological relevance of its partial disruption by aHUS-linked
utations (Jokiranta et al., 2006).
A SNP in fH-7 was linked to the eye disease, age-related
acular degeneration (AMD) (Hageman et al., 2005), triggering
tructural studies of individual fH-7 (Fig. 5) by NMR (Herbert
t al., 2007), and subsequently a crystal structure of the triple
odule fH-6–8 (Susan Lea, personal communication). A com-
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Table 1
CCPs of known structurea

CCP-containing protein Accession no. PDB code(s) Modules solved

Complement receptor 1 (CD35) P17927 1GKNNMR15,16, 1GKGNMR16,17, 1PPQNMR16 15, 16, 17 (of 30)
Complement receptor 2 (CD21) P20023 1GHQXR1,2, 1LY2XR1,2b 1, 2 (of 15 or 16)
Decay accelerating factor (CD55) P78361 1H03XR3,4, 1H04XR3,4, 1H2PXR3,4, 1, 2, 3, 4 (of 4)

1H2QXR3,4, 1UOTXR3,4,
1OJVXR1–4, 1OJWXR1–4, 1OJYXR1–4,
1OK1XR1–4, 1OK2XR1–4, 1OK3XR1–4, 1OK9XR1–4,
1NWVNMR2,3

Membrane cofactor protein (CD46) P15529 1CKLXR1,2, 2O39XR1,2c 1, 2 (of 4)
Factor H P08603 2JGWNMR7(H402), 2JGXNMR7(Y402) 5d, 7, 15, 16, 19, 20 (of 20)

1HFHNMR15,16, 1HFINMR15, 1HCCNMR16,
2BZMNMR19,20, 2G7IXR19,20

C4b-binding protein �-chain P04003 2A55NMR1,2 1, 2 (of 8)
Vaccinia virus complement control protein (VCP) P10998 1G40XR1–4, 1G44XR1–4, 1, 2, 3, 4 (of 4)

1VVCNMR3,4, 1VVDNMR3,4, 1VVENMR3,4,
1E5GNMR2,3,
1RIDXR1–4e, 1Y8EXR1–4f

Factor B P00751 2OK5XR1–3g 1, 2, 3 (out of 3)
C1r P00736 1GPZXR1,2h, 1MD7XR2h, 1MD8XR2h 1, 2 (of 2)
C1s P09871 1ELVXR2h 2 (of 2)
MASP-2 O00187 1Q3XXR2h, 1ZJKXR1,2h 1, 2 (of 2)
Apolipoprotein H (beta2-GPI) P02749 1C1ZXR1–5, 1QUBXR1–5 1, 2, 3, 4,5 (of 5)i

GABA-B receptor 1aj Q9Z0U4 1SS2NMR2 (cis X-Pro form), 1SRZNMR2 (trans X-Pro
form)

2 (of 2)k

Corticotrophin releasing factor receptor 2�l Q60748 1U34NMR1, 2JNCNMR1m, 2JNDNMR1m 1 (of 1)n

Interleukin-2 receptor �-chaino P01589 1Z92XR1,2, 2B5IXR1,2, 2ERJXR1,2 1, 2 (of 2)
Interleukin-15 receptor �-chain Q13261 2ERSNMR1 1 (of 1)

a Derived from http://www.bru.ed.ac.uk/∼dinesh/ccp-exp.html. The PDB (http://www.rcsb.org/pdb) IDs are followed by a coded footnote (see below) and the
relevant module numbers. Citations may be found at the PDB (most are also in the text). NMR: structure solved in solution using NMR; XR: structure solved by
X-ray diffraction.

b Solved in complex with C3d.
c Solved in complex with adenovirus type 11 knob.
d Coordinates available at http://www.bru.ed.ac.uk/∼dinesh/ccp-db.html.
e Solved in complex with heparin-derived octasaccharide.
f Solved in complex with suramin.
g This is the structure of intact factor B.
h This structure also containing a protease domain.
i The fifth, C-terminal domain of beta2-GPI is sCCP like.
j The rat sequence was expressed for this structural work.
k The first CCP is reported to be disordered.
l The mouse sequence was expressed for this structural work.
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m Solved in complex with astressin.
n This domain is CCP like.
o This is the structure of IL-2-receptor �-chain extracellular region complexe

ination of NMR studies implicated residue 402 in fH-7 as a
ontributor to recognition of sulphation patterns in GAGs by
actor H (Herbert et al., 2007). This residue corresponds to the
MD-linked SNP – it is a His in at-risk individuals or a Tyr

n the not-at-risk phenotype. Binding studies of these H/Y vari-
nts were less easy to interpret, displaying a significant context
ependency. For example, Y402 and H402 variants of fH-7 could
e resolved on a heparin column, but Y and H variants of intact
actor H were not resolvable (Herbert et al., 2007). In the con-
ext of fH-6–8, however, the Y402 variant bound more tightly
han the H402 variant to some types of GAG but relative affini-
ies were reversed for other GAGs (Clark et al., 2006). Further

MR and X-ray studies (unpublished) support the idea that sev-

ral sub-sites are distributed along the length of factor H CCPs
–8, with H/Y402 contributing to just one of them. Thus, this
ariation likely has a very subtle but potentially critical influ-

c
r
m
G

-2 – the CCP-like domains are strand swapped.

nce on GAG recognition in the physiological setting of the
geing macula. Again, this effect would have been hard to mea-
ure without dissecting out the individual modules and adopting
n atomic-resolution structural approach. Superimposed on this
ifferential affinity for specific GAGs displayed by the two allo-
ypic variants, there are differences in their affinity for C-reactive
rotein (Laine et al., 2007; Sjoberg et al., 2007; Herbert et al.,
007). In this context, it is noteworthy that factor H might be
ecruited to apoptotic cells through its affinity for CRP, where-
pon it reduces inflammatory complement stimulation (Gershov
t al., 2000).

Flexibility between adjacent CCPs would allow an RCA to

hange shape during the process of performing its biological
ole. For example, through a major conformational rearrange-
ent, factor H could marshal its several binding sites for C3b and
AGs that are dispersed along its length, ensuring they are jux-

http://www.bru.ed.ac.uk/~dinesh/ccp-exp.html
http://www.rcsb.org/pdb
http://www.bru.ed.ac.uk/~dinesh/ccp-db.html
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aposed so as to cooperatively promote efficacy in complement
egulation at the host surface. Similarly, in CR1, two apparently
emote functional sites (CCPs 1–3 and CCPs 8–10) act synergis-
ically to dismantle the C5-convertase of the classical pathway,
mplying that they are close in space in the functional confor-

ation of CR1 (Krych-Goldberg et al., 2005). The capacity of
eighbouring modules to tilt and twist relative to one another
s determined by the extent of favourable interactions between
hem and also the length and rigidity of the linking sequence that
onnects them. It is hard to quantify intermodular flexibility from
nspection of structures of CCP modules arranged end-to-end
ithin the crystal lattice and sharing relatively small intermod-
lar interfaces. Although NMR is conducted in solution and
hould therefore be more reliable, some early NMR-determined
tructures of module pairs might have been under-restrained due
o the sparsity of detectable NOE-derived structural restraints
etween modules (Barlow et al., 1993; Henderson et al., 2001).
he more recent use of 13C-labelling and multiple sets of

esidual dipolar couplings has resulted in better convergence
mongst ensembles of NMR-derived structures of module pairs
e.g. for C4BP-1,2) (Jenkins et al., 2005). In any case, NMR
ppears to be size limited to module pairs, and the results
btained for flexibility in isolated pairs cannot necessarily
e extrapolated to full-length RCAs containing up to 20 or
0 CCPs.

Current models for DAF mechanism envisage CCPs 2–4 act-
ng as a rigid unit (Harris et al., 2007). According to this model,
he role of CCP 3 is to maintain appropriate, fixed orienta-
ions of CCPs 2 and 4 such that they contact, respectively, Bb
nd the C3b components of alternative pathway convertases.
n the other hand, evidence is accumulating for the notion
f ligand-induced conformational adjustments in many RCAs.
n a recent crystal structure of MCP-1–2 complexed with an
denovirus protein (Persson et al., 2007), the module–module
ngles are different to their values in the free protein. In the
rystal structure of VCP complexed with suramin, the CCP
–3 intermodular angles differ from their equivalents in the
ree protein (Ganesh et al., 2004). “Straightening” of an ini-
ially “curved” fH-6–8 upon binding to a heparin decasaccharide
as suggested based on analysis of scattering and sedimenta-

ion data (Fernando et al., 2007). When fH-19–20 binds to a
eparin tetrasaccharide, resonances assigned to linker residues
roaden (Herbert et al., 2006), indicative of changes in the
ynamics of intermodular motion. In NMR-based studies of
4BP-1–2, the chemical shift changes accompanying binding

o a Streptococcal M protein are consistent with intermodular
onformational changes (Jenkins et al., 2005). For CR2-1–2, the
ighly tilted (closed-vee) modules observed in the crystal struc-
ure of the complex with C3d (Gilbert et al., 2005; Szakonyi et
l., 2001) are incompatible with the open-vee structure of non-
iganded CR2-1-2 inferred from small angle X-ray scattering
nd sedimentation studies (Guthridge et al., 2001). However,
his story is complex because a crystal structure of the free (no-

igand) CR2-1–2 exhibits the closed-vee structure (Prota et al.,
002), while solution studies of the complex support the open-
ee structure (Gilbert et al., 2005). Disparities between crystal
nd solution structures were also observed for another CCP-
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nology 44 (2007) 3809–3822 3819

ontaining protein beta-2-glycoprotein I (Bouma et al., 1999;
ammel et al., 2002). Such anomalies could arise from crys-

al packing and the use of non-physiological crystal-growing
onditions.

Thus, flexibility is likely important for activity in some RCAs,
nd in particular for the larger ones with multiple binding sites
uch as factor H and CR1 (and indeed CR2). In this respect,
t is probably no coincidence that engineering of RCAs with
esidues inserted into linkers normally devastates function, that
inker residues and intermodular “joints” of RCAs frequently
ontribute to intermolecular interactions, and that binding sites
re often composite involving sub-sites on adjacent modules
Blom et al., 2000; Brodbeck et al., 2000; Jenkins et al., 2005;
rych-Goldberg and Atkinson, 2001; Krych-Goldberg et al.,
005). By binding at the intermodular linker or across multiple
odules, ligands will bridge adjacent modules and modulate

he overall structure of an RCA. In this way, one ligand (such
s a GAG in the case of factor H) can influence the relative
ositioning of remote binding sites for further ligands (such as
3b).

In conclusion, despite this wealth of structural information,
e have little detailed knowledge of how any of the RCA pro-

eins actually works as an intact entity. The larger the protein,
he greater is our ignorance. The determination of structures of
3b (see above) bolsters prospects for future structures of RCAs

n complex with convertases or their components (Bromek et al.,
005). In the meantime, new approaches are required to stitch
ogether the high-resolution work based on NMR and crystallog-
aphy with low-resolution approaches such as small-angle X-ray
cattering. For example, electron paramagnetic resonance and
uorescence resonance energy transfer can both measure accu-
ately distances in the 50–100 nm range given suitably labelled
roteins (Banham et al., 2006).

. Concluding remarks

The significant efforts put during the past years into the use
f structural biology techniques have revealed the structure at
tomic resolution of several of the proteins involved in comple-
ent activation and regulation, providing valuable insights into

ome of the intimate mechanisms that underlie the various facets
f its function. In many cases, these structures represent instant
ictures of proteins that in vivo are likely subject to multiple
onformational changes, each associated with a particular step
f their operation. Further understanding of these processes will
herefore require investigation of the dynamic properties of these
roteins. The extensive use of site-directed mutagenesis will also
e necessary to fully elucidate these mechanisms. Finally, full
ntegration of structural and functional data will require resolu-
ion of the structure of proteins and protein–protein complexes
f larger size, as achieved in the case of C3, as well as the
nd small-angle X-ray scattering. It may be anticipated that the
ealth of data provided by these combined approaches will pave

he way for the rational design of new drugs able to combat
omplement-mediated diseases.
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