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Preface 

The third component of complement, C3, is one of the most 
versatile proteins and an important participant in immune 
surveillance and immune response pathways. Its multifunctio
nality is based on its ability to interact specifically with multiple 
serum complement proteins, cell surface receptors, and mem
brant;-associated regulatory proteins. One of its most intriguing 
strategies of interaction with cell surfaces is the covalent binding 
of activated C3 through the internal thioester. 

The field has expanded over the past 10 years and a wealth 
of information has accumulated. C3 from various species and 
many of the human C3 binding proteins have been cloned and 
expressed. Numerous cellular responses mediated by the diffe
rent fragments of C3 have been described. The findings that 
C3 interacts in a ligand-receptor-like fashion with proteins of 
nonself origin such as the gC of herpes simplex virus, a 70-kDa 
protein from Candida albicans, proteins from Epstein-Barr virus, 
etc. has opened a new field of investigation. The papers 
assembled in this volume summarize the wealth of data on the 
various aspects of the C3 interactions; together they bring to 
the reader new information on the chemistry, molecular gene
tics, biology, and pathophysiology of C3 and C3-binding 
proteins. Emphasis is given to structural features as they relate 
to functions. 

Spring 1989 JOHN D. LAMBRIS, 

HANS J. MULLER-EBERHARD 
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1 Introduction 

The complement system comprises a group of proteins in the blood which upon 
activation generate fragments and protein-protein complexes expressing biological 
activities. The biochemistry, function, and genetics of the system have been recently 
reviewed (CAMPBELL et al. 1988; MULLER-EBERHARD 1988). Complement activation 
proceeds in a sequential cas case-like fashion that is similar to the activation of other 
humoral effector systems in the blood, such as the coagUlation, the fibrinolytic, and 
the kinin-generating system. Complement-derived biologically active products medi
ate a variety of important functions including increased vascular permeability, 
chemotaxis of phagocytic cells, activation of inflammatory cells, opsonization of 
foreign particles and cells, and direct killing of foreign cells (reviewed in MULLER
EBERHARD and MIESCHER 1985). Thus, complement plays a major role in host defense 
against pathogens. Accumulating evidence suggests complement activation products 
also function as growth and/or differentiation factors for B cells and possibly have 
additional effects on other cells and tissues. 

Division of Clinical Immunology and Rheumatology, Department of Medicine, University of 
Alabama at Birmingham, Birmingham, AL 35294, USA 

Current Topics in Microbiology and Immunology, Vol. 153 
© Springer-Verlag Berlin' Heidelberg 1989 



2 J. E. Volanakis 

The complement system consists of more than 30 distinct proteins (Table 1). In 
their native state these proteins are either serum soluble or assQciated with cell 
membranes. Functionally, complement proteins can be categorized as those participa
ting in the activation sequences (the classical and the alternative pathway), those 
regulating the activation and the activities of the system, and those serving as receptors 
for active fragments. Certain complement proteins overlap these physicochemical and 
functional categories. The introduction of recombinant DNA methods in complement 
research in the early 1980s has contributed to the rapid acquisition of information 
regarding the primary structure, function, biosynthesis, and genetics of complement 
proteins and has paved the way for a structural definition of reactive sites and active 
centers. 

2 Overview of Complement Activation 

Despite the complexity implied by multiple interacting proteins, complement activa
tion is characterized by relative simplicity and economy of design. The most important 
activities in terms of host defense are derived from two proteins, C3 and C5, which 

Table 1. Proteins of the complement system 

Prevalent form 
in native state 

Serum soluble 

Membrane associated 

Functional group 

Participating in 
activation sequence 

Clq, Clr, CIs, D 
C4, C2, C3, B 
C5, C6, C7, C8, C9 

Regulatory 

ClINH 
C4bp, H, I, P 
C3ajC5a INA 
S protein 

CRl, MCP 
DAF 

HRF 

Receptors 

ClqR 
CRl, CR2, CR3, 
CR4, CR5 
C3ajC4aR, C5aR 

Established symbols have been used for most complement proteins. In addition, the following 
generally accepted abbreviations have been used: INH, inhibitor; C4p, C4b-binding protein 
INA, inactivator; R, receptor, e.g., CRl, complement receptor type 1; DAF, decay-accelerating 
factor; MCP, membrane cofactor protein; HRF, homologous restriction factor· 

are structurally homologous and probably represent gene duplication products (DE 
BRUUN and FEY 1985; WETSEL et al. 1987). Additional biologically active fragments 
are derived from C4, another structural homolog of C3 (BELT et al. 1984) and perhaps 
also from C2and factor B. Expression of activity requires cleavage of C3 and C5 by 
highly specific proteases, termed convertases (Fig. 1). There are two C3 and two C5 
convertases. One of each is assembled. during activation of complement by the classical 
or the alternative pathway. C3 convertases are bimolecular while C5 convertases 
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I Classical pathway I I Alternative pathway I 
C1qr2S2~ jC3H20 IC3b 

C4 B 

C2 0 
P 

C3 C3 convertase ( C3a +-+ C3a/C4aR 

t C3b -- iC3b --C3dg 

+C3b '" '" '" CR1 CR3, CR4 CR2, CR5 

C5 t (C5a+-+ C5aR C5 conver ase . 

C5b 

~6C7 C8 
C9 

I MAC I 
Fig. 1. Activation of the complement 
system. <->, Ligand-receptor interacti
ons 

trimolecular protein complexes. The two activation pathways utilize different proteins 
to form these enzymes. In addition, the assembly of the convertases is initiated by 
different activating substances in the two pathways. However, the resulting enzymes 
have identical substrate and peptide bond specificity, giving rise to identical biological 
products. 

Characteristic of the simplicity and economy of design of complement activation 
is the fact that C5 convertases are derivatives of C3 convertases (Fig. 1), and that C3 
and C5 are activated by their respective convertases in similar fashion. In each case, 
a single peptide bond near the NHrterminus of the ex-chain is cleaved to generate 
a small peptide, C3a or C5, and a large two-polypeptide chain fragment, C3b or C5b. 
Each of these four fragments expresses biological activities important to host defense. 
C3a, C5a, and C3b carry out their functions by interacting with specific receptors 
on the surface of effector cells (reviewed by FEARON and WONG 1983). Briefly, C3a, 
C5a, and also C4a, a homologous peptide generated during activation of C4, stimulate 
release of histamine from mast cells and blood basophils, contract smooth muscle, 
and increase vascular permeability. The structure and function of C3a is detailed in 
the article by HUGLI (this volume). C5a has additional functions evoking neutrophil 
responses, including chemotaxis, release of lysozomal enzymes, generation of oxygen 
radicals and increased adherence. C3b has multiple biologic activities that are 
mediated through interaction with a specific receptor, CR1, present on most blood 
cells. 

The biologic consequences of C3b-CR1 interactions include clearance of immune 
complexes and phagocytosis and are discussed in the article by FEARON and AHEARN 
in this volume. C3b in complex with factor H, CR1, or membrane cofactor protein 
(MCP) is cleaved by factor I, a serine proteinase, to iC3b (DAVIS and HARRISON 1982), 
which is recognized by specific receptors, CR3 and CR4 (p150/95), present on 
leukocytes, resulting in enhanced phagocytosis. The structure and function of CR3 
and CR4 are described in the article by ROSEN and LAW (this volume). Further 
cleavage of the ex' -chain of iC3b by I in the presence of CR1 (Ross et al. 1982; MEDOF 
et al. 1982) generates C3c and C3dg. The latter fragment is recognized by specific 
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receptors, CR2, on B lymphocytes and also by distinct receptors, CR5, on neutrophils. 
CR2 is discussed in the article by FEARON and AHEARN (this volume). The biologic 
activity of C5b does not depend on interaction with specific receptors. Instead, C5b 
initiates the assembly of a large protein-protein complex, termed membrane attack 
complex (MAC; MULLER-EBERHARD 1988), by interacting sequentially with C6, C7, 
C8, and C9. The resulting complex interacts directly with the lipid bilayer of 
membranes through hydrophobic domains ofthe participating proteins and eventually 
forms a transmembrane channel which leads to cell death. 

The potential pathogenic potential of complement activation is controlled efficiently 
by several regulatory proteins (reviewed by VOLANAKIS 1988) that act at points of 
enzymatic amplification of the activation sequence and also at the level of effector 
molecules. They effectively control the extent of activation of the complement cascade 
and also protect the cells of the host from the pathogenic potential of complement 
activation products. 

3 Participation of C3 in Complement Activation 

From the above brief overview it is evident that C3 is the pivotal protein of the 
complement system (BARNUM 1989). It is the most abundant complement protein in 
blood (l30 mgjdl) composed of two disulfide-linked polypeptide chains, rt (115 kDa) 
and ~ (75 kDa). Clearly, cleavage of the Arg-77-Ser-78 bond near the NH2-terminus 
of the rt-chain of C3 is the key event in complement activation not only in terms of 
the multiple biologic activities expressed by C3a, C3b, and the further proteolytic 
degradation fragments of C3b, but also in terms of the multiple functions of C3b in 
the activation sequence per se. As shown in Fig. 1, C3b participates in the formation 
of the C3 and C5 convertases of the alternative pathway and of the C5 convertase 
in the classical pathway. Molecular interactions leading to the formation of these 
enzymes and the structure of participating proteins is discussed below. 

4 C3 Convertase of the Alternative Pathway 

4.1 The Noncatalytic Subunit C3H20/C3b 

Formation of the alternative pathway C3 convertase is intimately related to certain 
unique structural and functional features of C3. The structure of C3 is discussed in 
the article by BECHERER et al. (this volume) and the biosynthesis and genetics of C3 
in the article by BARNUM et al. (this volume). Structural features relevant to the 
assembly of C3 convertase are considered here briefly. The complete primary structure 
of human C3 has been deduced from the nucleotide sequence of overlapping cDNA 
clones (DE BRUUN and FEY 1985). The molecule is encoded as a single 1663 amino 
acid long polypeptide chain, which includes a 22-residue signal peptide and four Arg 
residues linking the COOH-terminus of the ~-chain to the NH2-terminus of the 
rt-chain. The Arg linker is removed during posttranslational modification leading to 
the two-polypeptide chain structure of the mature protein. 
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An additional important posttranslational modification takes place before secretion 
of C3 (IIJIMA et al. 1984). It involves the formation of a thioester bOQd between 
Cys-1010 and GIn-lOB of the pro-C3 polypeptide chain (TACK et al. 1980; THOMAS 
et al. 1982). The mechanism leading to the formation of the thioester bond is unknown, 
however it has been shown that in C4, which has a similar thioester bond, this process 
precedes proteolytic processing of the single polypeptide chain into the three chains 
of mature C4, but that it follows core N glycosylation (KARP 1983). VAN LEUVEN 
(1982) has suggested that the thioester bond forms during protein folding by the 
action of a transglutaminase-like active site in the polypeptide chain. Further folding 
of the polypeptide chain results in burying of the thioester bond in the hydrophobic 
interior of the molecule where it is protected from water and thus, relatively stable. 
The chemistry and function of protein thioester bonds are discussed in the article by 
LEVINE and DODDS (this volume). Under physiologic conditions the thioester bond 
in native C3 undergoes hydrolysis at slow rates with a half-life of 230 h giving rise 
to C3H20 (PANGBURN and MULLER-EBERHARD 1980), which displays a free sulfhydryl 
at Cys-1010 and a Glu a! residue 1013 (numbering of pro-C3). Hydrolysis of the 
thioester results in conformational changes (ISENMAN et al. 1981) accompanied by 
loss of certain functional activities and acquisition of others. Among the latter is the 
ability of C3H20 to form Mg2 + -dependent complexes with complement factor B. 

Formation of the C3H2oB(Mg2+) complex is considered to represent the first step 
towards formation of the so-called "initiation" C3 convertase of the alternative 
pathway (PANGBURN et al. 1981). In a second step, the serine proteinase, factor D 
catalyzes the cleavage of the Arg-228-Lys-229 peptide bond in B resulting in the 
release of the NHrterminal, 30 kDa, Ba fragment of B and the formation of the 
C3H2oBb complex which expresses C3 convertase activity. This series of reactions 
initiated with the hydrolysis of the thioester bond in native C3 and concluding with 
the formation of the initiation C3 convertase and cleavage of C3 into C3a and C3b 
is considered to occur in the blood continuously at slow rates (NICOL and LACHMAN 
1973). Thus, a constant supply of small amounts of freshly generated C3b is available 
at all times. Both the C3H2oBb C3 convertase and the products of its catalytic action, 
C3a and C3b, are quickly inactivated by the control proteins, C3a/C5a INA and 
factors H and I. 

Cleavage of C3 by a C3 convertase results in a pronounced conformational change 
in C3b (ISENMAN and COOPER 1981) associated with an extremely labile (metastable) 
thioester bond apparently resulting from its exposure on the surface of the molecule 
(LAW et al. 1980; SIM et al. 1981; TACK et al. 1980). The metastable thioester bond 
of C3b has a short half-life estimated at 60 IlS and is highly reactive towards 
nucleophiles. The reactive carbonyl serves as acyl donor resulting in the formation 
of ester or amide bonds on reaction with hydroxyl or amino groups, respectively. 
Thus, C3b becomes covalently attached to the surface of neighboring cells or proteins 
displaying reactive nucleophiles. Alternatively, the metastable thioester bond reacts 
with H20 to give fluid-phase C3b, which like C3H20 can form an unstable fluid-phase 
C3 convertase and thus contribute to the continuous physiologic low-level cleavage 
of C3. The fate of surface-bound C3b seems to be entirely dependent on the nature 
of the surface. C3b bound to the surface of a nonactivator of the alternative pathway, 
e.g., host's red cells, reacts preferentially with factor H which acts as a cofactor for 
the enzyme, factor I. 
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Cleavage of the a-chain of C3b by I results in iC3b which is subsequently cleaved 
further to C3c, released in the fluid phase, and C3dg, which remains bound to the 
surface. Additional control proteins CR1, decay-accelerating factor (DAF), and MCP 
on the membrane of host cells also interact with bound C3b preventing its interaction 
with B, dissociating C3b-bound B, and in the case of CR1 and MCP acting as cofactors 
for I. The structure and function of factor H is discussed in the article by VIK et al. 
(this volume); DAF and MCP are discussed in the article by LUBLIN and ATKINSON 
(this volume). In contrast, C3b bound to the surface of an activator of the alternative 
pathway has a higher avidity for factor B than for H (FEARON and AUSTEN 1977 a, 
b) and thus can form a C3 convertase. Activators include various polysaccharides, 
lipopolysaccharides, bacteria, viruses, fungi, parasites, tumor cells, and certain 
immunoglobulins in complex with antigen (reviewed in (MULLER-EBERHARD and 
SCHREIBER 1980). The exact chemical features allowing discrimination between 
activators and nonactivators and their mode of action are not completely understood. 
Experiments by FEARON (1978) demonstrated that removal of sialic acid from the 
surface of sheep erythrocytes resulted in decreased binding of H to erythrocyte-bound 
C3b, thus transforming the cells from non activators to activators of the alternative 
pathway. Similar effects of sialic acid have been described for other cell surfaces 
(KAZATCHKINE et al. 1979; OKADA et al. 1982; EDWARDS et al. 1982). Subsequent 
experiments (reviewed in PANGBURN and MULLER-EBERHARD 1984) indicated sialic 
acid is probably not the only chemical moiety determining the properties of a surface 
with respect to alternative pathway activation. 

The C3 convertase formed on the surface on an activator of the alternative pathway 
is termed "amplification" convertase because it forms part of a positive feedback 
loop, forming additional C3 convertase. Its assembly proceeds through steps identical 
to those described for the initiation C3 convertase. Factor B binds to C3b in the 
presence of Mg2+; it is then cleaved by factor D giving rise to the C3bBb complex. 
An additional protein, properdin, plays an important role in the upregulation of the 
amplification C3 convertase. Properdin binds to the surface-bound C3Bb complex 
resulting in its stabilization (FEARON and AUSTEN 1975; MEDICUS et al. 1976). Binding 
of properdin may also protect the amplification C3 convertase from the action of 
the regulatory proteins, factors H and I. However, eventually the amplification C3 
convertase comes under control with the release of Bb in an inactive from and the 
degradation of C3b to iC3b. 

4.2 The Catalytic Subunit Factor B 

Complement factor B is a 90-kDa single-polypeptide chain glycoprotein, structurally 
and functionally homologous to complement component C2. The genes for both 
proteins are located within the major histocompatibility complex locus on the short 
arm of human chromosome 6 (CARROLL et al. 1984; WHITEHEAD et al. 1985) and are 
less than 500 bp apart (CAMPBELL and BENTLEY 1985). The 5' end of the C2 gene lies 
approximately 600 kb from the 5' end of the gene encoding the HLA-B antigen and 
the 3' end of the factor B gene approximately 30 kb from the 5' end of the C4A gene 
(DUNHAM et al. 1987; CARROLL et al. 1987). The genes encoding tumor necrosis factors 
a and ~ were mapped between the C2.and the HLA-B genes and a novel gene, termed 
RD, between the factor B and the C4A genes (LEVI-STRAUSS et al. 1988). 
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The complete primary structure of factor B has been determined from cDNA and 
protein sequencing (MOLE et al. 1984). The polypeptide chain consists of 739 amino 
acid residues with a calculated Mr of 83000. It exhibits 39% residue identity with 
C2 (BENTLEY 1986; HORIUCHI et al. 1989) which, along with the close proximity of the 
corresponding genes, indicates a gene duplication event at a distant evolutionary 
time. The polypeptide chain of B contains four sites for potential N-linked glycosyla
tion and the mature protein 8.6% carbohydrate (TOMANA et al. 1985). Transmission 
electron micrographs have revealed a three-domain globular structure for B (SMITH 
et al. 1984a; UEDA et al. 1987). The gene segment coding for each of the three domains 
appear to have been derived from three unrelated gene superfamilies (Fig. 2). Thus, 
factor B represents an example of a "mosaic" protein (DOOLITTLE 1985) which is also 
true for several other complement proteins, including C1r, C1s C2, C7, C8a, C8~, 
C9, and factor I (reviewed in CAMPBELL et al. 1988). 

C3b/C4b Binding CR3/CR4 "L domains" 
Proteins Family vWF "A domains" 

75 II 137 111195 455 

Serine Proteinases 
Family 

739 

I l Ja I I 1 ~~~_ _--- Bb-N~~ _ H 0 Bb-C _---"'8_, __ 
D 

Fig. 2. Diagrammatic representation of the mature polypeptide chain of factor B. Top, the 
probable derivation of the gene segments encoding each ofthe three domains from three unrelated 
gene superfamilies; thick linc, polypeptide chain: L Possible N-glycosylation site; H, D, S, active 
site rcsidues His, Asp, and Ser, respectively; I, II, III, consensus repeat units. Bottom, a schematic 
representation of the electron microscopic appearance of the molecule 

The NH 2-terminal domain of factor B, termed Ba, contains three direct consensus 
repeats, each approximately 60 amino acid residues long. Each repeat is encoded by 
a separate exon (CAMPBELL et al. 1984). Interest in the structure and function of these 
repeats stemmed from their presence in variable numbers in C2, CRl, CR2, H, MCP, 
OAF, and C4p, all of which bind fragments of C3 and/or C4. Members of this newly 
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described gene superfamily (reviewed in REID et al. 1986) also include proteins not 
known to bind C3 and/or C4 fragments such as ~2-glycoprotein I, clotting factor 
XIII, and the interleukin 2 receptor. Each ofthese proteins contains a different number 
of consensus repeats from two in C1r (JOURNET and TOSSI 1986) to 30 in CR1 
(KLICKSTEIN et al. 1987). The consensus repeat units are contiguous, and in the 
complement regulatory proteins they represent the major structural element. The 
most characteristic shared structural feature among repeats is the presence of four 
invariable disulfide-linked half-cystine residues. It has been determined that in 
~2-glycoprotein I (LOZIER et al. 1984) and in C4bp (JANATOVA et al. 1989) the first 
and third half cystines and the second and fourth are disulfide linked giving rise to 
a compact triple-loop structure. It seems likely that the same bonding pattern is 
present in the consensus repeats of all other proteins in the superfamily, including 
the three repeats of factor B. 

UEDA et al. (1987) demonstrated that Fab fragments of a monoclonal antibody 
recognizing an epitope on the Ba domain inhibited in a dose-dependent fashion 
binding of intact B to red cell-bound C3b. In addition, PRYZDIAL and ISENMAN (1987) 
showed that Ba cOlild inhibit the formation of the C3bBb convertase. They also 
demonstrated a specific, metal-ion independent interaction between Ba and C3b by 
using a cross-linking reagent. Taken together, these data indicate that Ba contains 
a binding site for C3b. Similar data have indicated the corresponding NH2-terminal 
domain of C2, C2b, contains a similar binding site for C4b (NAGASA W A and STROUD 
1977, KERR 1989; OGLESBY et al. 1988). The topology and chemical nature of these 
sites are unknown; however, it seems reasonable to assume they are contained within 
one of the consensus repeats. Several considerations indicate that the presence of this 
binding site on Ba cannot fully account for the initial binding of B to C3b or C3H20. 
First, Mg2+ is required for binding of B to C3b, and the Mg2+ binding site has been 
localized on Bb (FISHELSON et al. 1983). Second, neither Ba nor Bb in isolated form 
have substantial affinity for C3b. Third, Bb remains bound to C3b after cleavage of 
B by D. Electron micrographs of the C3 convertase, Co VFBb, formed with the cobra 
analog of C3b, CoVF, have clearly shown Bb attached to CoVF through one of its 
two globular domains (SMITH et al. 1982). It thus seems likely that initial binding of 
B to C3b/C3H2o depends on two low-affinity binding sites, one on Ba and the other 
on one of the other two domains of B. Mg2 + apparently acts as an allosteric effector 
of the latter site. 

The middle domain of factor B (residues 229-454; Fig. 2, Bb-N) exhibits amino 
acid sequence homology to a 187 amino acid residue long region near the NH2 
terminus of the Cl-chain of CR3 (Mac-I; CORBI et al. 1988) and to a homologous 
region on the Cl-chain of CR4 (p150/95; CORBI et al. 1987). Both of these leukocyte 
adhesion glycoproteins have binding affinity for iC3b, and interestingly they both 
require the presence of divalent cations for binding iC3b (Ross et al. 1983; MICKLEM 
and SIM 1985). CR3 and CR4 are structurally homologous to extracellular matrix 
receptors such as the vitronectin receptor, the fibronectin receptor, and glycoprotein 
lIb and are therefore considered to be members of a gene superfamily of cell-cell 
and cell-matrix receptors termed integrins (HYNES 1987). However, no other 
integrin has on its Cl-chain a region similar to those found in CR3 and CR4, 
which led to its designation as L domain to indicate its presence on leukocyte 
integrins only. A domain termed "A domain," homologous to the middle domain 
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of factor B, is present in three imperfect tandem repeats in the polypeptide 
chain of von Willebrand factor (vWF) (SADLER et al. 1986). vWF is a glycoprotein 
playing an essential role in hemostasis. The region of vWF containing the A domains 
is believed to contain binding sites for collagen and platelet glycoprotein Ib (GIRMA 
et al. 1986). 

The middle domain of C2 (residues 218-444) is homologous to that of factor B, 
but its homology to the L domains of CR3 and CR4 and to the A domains of vWF 
is not as strong as that of factor B. The middle domain of factor B and of C2 have 
been proposed (SMITH et al. 1982; PRYZDIAL and ISENMAN 1987) to contain binding 
sites for C3b and C4b, respectively, but direct supporting evidence is missing. However, 
studies on the oxidation of C2 by Iz, which results in stabilization of the C4b2a, C3 
convertase of the classical pathway (POLLEY and MULLER-EBERHARD 1967), demon
strated that the effect of Iz is due to oxidation of the single free thiol of Cys-241 
within this domain (PARKES et al. 1983). The relative stability of the C4b2aoxy 
convertase is apparently the result of a higher affinity binding of C2aoxy to 
C4b as compared to C2a, as indicated from a slower rate of dissociation from 
the complex. Conversely, reduction of the free thiol abolishes the hemolytic activity 
of C2. It is of further interest that guinea pig C2, which forms a more stable 
convertase than human C2 (KERR and GAGNON 1982), has an Ala residue sub
stituting for Cys-241 of human C2. Taken together these data are consistent 
with the suggestion (SMITH et al. 1982) that the middle domain of B contains 
a binding site for C3b/C3Hzo' 

The carboxyl-terminal domain of factor B (Fig. 2, Bb-C) is homologous to serine 
proteinases, including highly conserved segments around the active site residues and 
the substrate binding site. Both intact B and fragment Bb express esterolytic activity, 
and the active site has been mapped with peptide thioester substrates homologous 
to the sequences at the cleavage/activation site of C3 and C5 (KAM et al. 1987). Bb was 
shown to be about ten fold more reactive towards these synthetic substrates than B 
and approximately lOOO-fold less reactive than trypsin. This low catalytic efficiency 
is consistent with the mode of action of factor B in the activation sequence of the 
alternative pathway. Proteolytic activity against C3 is expressed by Bb only in the 
context of a complex with C3H2o or C3b. Comparison to other serine proteinases 
indicates the main distinctive structural feature of the carboxyl-terminal domain of 
factor B is the absence of a free NHz-terminal residue and of the highly conserved 
amino terminal region that is characteristic of all members of this large family 
of homologous enzymes. In all other eukaryotic serine proteinases the positively 
charged cx-NHz-terminal residue is generated during activation from their zymogen 
form and plays an essential role in the molecular rearrangement that results 
in the enzymatically active conformation of the catalytic center (STROUD et al. 
1975). In the apparent absence of a free NHz-terminus, assumption of the cata
lytically active form of Bb must be achieved through a different mechanism 
probably involving C3b. A 33-kDa fragment obtained from a partial digest of B 
with porcine elastase and consisting essentially of the COOH-terminal domain 
of the protein was shown to exhibit serine esterase as well as hemolytic activity 
(LAMBRIS and MULLER-EBERHARD 1984). Interestingly, this fragment also displayed 
binding affinity for C3b. 
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4.3 Factor D 

Complement factor D is the enzyme that catalyzes the cleavage of C3b-bound 
B, thus completing the assembly of the C3 convertase of the alternative pathway, 
C3bBb. Factor D is a 24-kDa single-polypeptide chain serine proteinase. The serine 
proteinase nature of the enzyme was initially demonstrated by its irreversible inhibition 
by diisopropyl fluorophosphate (FEARON et al. 1974) and subsequently confirmed by 
amino acid sequence homologies with other members of the serine proteinase family 
of enzymes (VOLANAKlS et al. 1980; DAVIS 1980). The almost complete primary 
structure of factor D has been deduced from amino acid sequencing (JOHNSON et al. 
1984; NIEMANN et al. 1984). The polypeptide chain consists of 222 amino acid residues 
with a calculated Mr of 23750. The primary structure of D exhibits about 40% 
identity with the B chain of human plasmin and an average of 35% identity 
with the pancreatic enzymes kallikrein, trypsin, chymotrypsin, and elastase. A much 
stronger homology (62%) is observed between factor D and a mouse protein, termed 
adipsin, synthesized by adipocytes and secreted in the blood (COOK et al. 1985, 1987). 
Recent studies (RosEN et al. 1989} have indicated that adipsin has factor D-like 
functional properties i.e., it can cleave factor B into Ba and Bb only in the presence 
of C3b, and it can substitute for factor D in hemolytic assays. It thus seems likely 
that adipsin is mouse factor D. 

Factor D isolated from serum of normal individuals or from urine of patients with 
Fanconi's syndrome (VOLANAKIS and MACON 1987) lacks the amino-terminal activa
tion peptide that characterizes other serine proteinase zymogens. In addition, it 
exhibits esterolytic activity against peptide thioesters, homologous to the sequence 
of the factor B activation/cleavage site (KAM et al. 1987). However, the catalytic 
efficiency of Dis 103-104 times lower than that of CIs and trypsin. The low estero lytic 
activity of purified factor D is compatible with the apparent absence of a zymogen 
for the enzyme in blood (LESAVRE and MULLER-EBERHARD 1978). A similar absence ofa 
structural zymogen was noted in biosynthetic studies using U937 and HepG2 cells 
which secreted only active D (BARNUM and VOLANAKIS 1985a, b). A partial cDNA 
clone for factor D was isolated from a U937 library (MOLE and ANDERSON 1987). 
The nucleotide sequence of the insert has not been reported. However, it was reported 
to contain 17 amino acid residues at the NHz-terminus not present in the sequence of 
D isolated from serum. It is not clear whether this sequence represents a leader or an 
activation peptide. However, it is interesting to note that an activation peptide coded 
for in the adipsin mRNA is apparently cleaved off before secretion of the enzyme by 
adipocytes or by mammalian cells transfected with adispin cDNA (ROSEN et al. 
1989; B. SPIEGELMAN, personal communication). 

In the absence of a structural zymogen, other mechanisms are apparently 
contributing to the regulation of D activity in blood, including the extremely restricted 
specificity of the enzyme and its rapid catabolic rate. Studies in our laboratory 
(VOLANAKIS et al. 1985; SANDERS et al. 1986) have demonstrated that factor D is 
filtered through the glomerular membrane and catabolized in the proximal renal 
tubules, resulting in a fractional catabolic rate of 59.6% per hour (PASCUAL et al. 
1988). This rapid catabolic rate maintains very low plasma levels of the enzyme 
(1.8 ± 0.4 ~lg/ml; BARNUM et al. 1984) and thus may contribute to the regulation of 
its activity. In fact, factor D is the limiting enzyme in the activation sequence of the 
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alternative pathway (LESAVRE and MULLER-EBERHARD 1978). The mode of action of 
D may also contribute significantly to the regulation of its enzymatic activity. Active D 
cleaves its single known substrate, factor B, only in the context of the Mg2+ -dependent 
C3H2o/C3bB complex. Active site mapping of D with peptide thioesters (KAM et al. 
1987) and active site inhibitors (c. M. KAM et al. unpublished data) revealed some 
interesting functional features. As mentioned above, D was found to express esterolytic 
activity against Arg thioesters, but its catalytic efficiency was three to four orders of 
magnitude lower than that of CIs and trypsin. One of the most interesting findings was 
that extension of the substrate to include a P 3 or P 4 residue corresponding to the 
cleavage site of B resulted in loss of esterolytic activity. In contrast to its low reactivity 
with peptide thioester substrates, D reacted with active site inhibitors at rates 
comparable to those measured for trypsin. For example, APMSF inhibited D with 
a KobJ[I] of 110M - 1 s - 1 as compared to 150M - 1 s - 1 measured for trypsin. On the 
basis of these results, it has been proposed that the active center of D as it exists in 
serum exhibits a zymogen-like conformation, characterized by an obstructed binding 
site, and that the active conformation is induced by the substrate, C3H2o/C3bB. 

4.4 Properdin 

Properdin is the final protein participating in the assembly of the amplification C3 
convertase of the alternative pathway. It is necessary for the formation of a stable 
C3 convertase and therefore for efficient activation of the pathway. Properdin was 
first described by PILLEMER and his associates (1954) as an important component of 
host defenses against pathogens in a series of experiments demonstrating the existence 
of an alternative pathway for complement activation. Human properdin is a 
glycoprotein consisting of cyclic oligomers of a polypeptide chain of approximate M r 
of 50000 (MINTA and LEPOW 1974; MEDICUS et al. 1980; DISCIPIO 1982). A partial 
amino acid sequence of human properdin has been published (REID and GAGNON 
1981) and a cDNA clone coding for mouse properdin has been isolated and sequenced 
(GOUNDIS and REID 1988). The deduced amino acid sequence of mouse properdin 
indicated a 441-residue-long polypeptide chain with two sites for potential N 
glycosylation. The most interesting structural feature of properdin is the presence of 
six tandem consensus repeats, each approximately 60 amino acid residues in length, 
occupying the middle of the polypeptide chain. Alignment of the repeats to maximize 
homologies indicates 35 of the average 60 residues in each repeat are conserved, 
including six Cys, six Pro, and three Trp residues. Consensus repeats homologous 
to those found in properdin are also present in the adhesive glycoprotein thrombo
spondin (LAWLER and HYNES 1986) and in the complement proteins C6 (D. N. CHA
KRAVARTI, personal communication), C7 (DISCIPIO et al. 1988), C8cx (RAO et al. 1987), 
C8~ (HOWARD et al. 1987), and C9 (DISCIPIO et al. 1984). Interestingly, the three 
thrombospondin consensus repeats are within a 70-kDa chymotryptic fragment 
known to contain binding sites for matrix proteins, including type V collagen, laminin, 
and fibronectin (MUMBY et al. 1984). It is of further interest that the properdin 
consensus repeat exhibits structural homology to conserved regions near the 
COOH-terminus of the polypeptide chains of circumsporozoite proteins from 
Plasmodium Jalciparum, P. knowlesi, and P. vivax (GOUNDIS and REID 1988). 
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An electron microscopic study of human properdin (SMITH et al. 1984b) revealed 
the protein to be polydisperse, consisting of cyclic dimers, trimer~, tetramers, and 
higher oligomers. Trimers represented the most abundant form accounting for 45% 
of the observed oligomers followed by dimers (30%) and tetramers (10%). This 
distribution is in reasonably good agreement with that determined for properdin 
oligomers in human serum (PANGBURN 1989). Properdin protomers appeared as long, 
flexible rods exhibiting a reproducible sharp bend near the middle. No isolated 
monomers were detected, and no redistribution of individual oligomers was observed, 
indicating a high avidity of association between binding sites (SMITH et al. 1984b). 

As mentioned above, the function of properdin relates to its ability to bind to the 
C3bBb, C3 convertase resulting in a decreased rate of dissociation of Bb and thus 
stabilization of the enzyme (FEARON and AUSTEN 1975; MEDICUS et al. 1976). The 
primary binding specificity of properdin is for the C3b subunit of the convertase. 
Complexes of properdin and C3 in the fluid phase have been demonstrated (CHAPITIS 
and LEPOW 1976), and binding of properdin to red cell-bound C3b (EC3b) can be 
shown. An affinity constant of 2.9 x 10 7 M ~ 1 with a 1: 1 stoichoimetry was determined 
for the binding of properdin to zymosan-bound C3b (DISCIPIO 1981). The binding 
site for properdin has been mapped within a 34 amino acid residue segment of the 
a-chain of C3 (DAOUDAKI et al. 1988). The affinity of properdin for zymosan-bound 
C3b was found to increase by approximately four fold in the presence of factor B 
(DISCIPIO 1981). Similarly, the affinity of properdin is higher for EC3bBb than for 
EC3b (F ARRIES et al. 1988). Thus, it seems likely that Bb also has binding sites for 
properdin, although complexes between B or Bb and properdin have not been 
demonstrated. 

4.5 Assembly of the Alternative Pathway C3 Convertase 

A hypothetical model for the assembly of the alternative pathway C3 convertase, 
based on the information reviewed above, is shown in Fig. 3. Similar models have 
been proposed previously (PRYZDIAL and ISENMAN 1987; OGLESByet al. 1988). Factor 
B is depicted as a three-domain structure based on its electron microscopic appearance 
(SMITH et al. 1984a; VEDA et al. 1987). Initial binding of B to activator-bound 
C3b depends on two low-affinity binding sites, one on the NHz-terminal and the 
other on the middle domain of B. Mg2 + apparently acts as an allosteric effector 
of the latter binding site (FISHELSON et al. 1983). The precise topology of the 
corresponding sites on C3 has not been determined. Studies by BURGER et al. (1982) 
demonstrated that monoclonal antibodies reacting with the a-chain of C3 and the 
C3c fragment inhibited the binding of B but not that of H to surface-bound C3b. 
Anti-C3d monoclonals had a reverse effect, i.e., they inhibited binding of H but not 
of B. However, C3c has no binding affinity for B. More recently, O'KEEFE et al. (1988) 
obtained a C3 fragment, termed C30, by digesting C3 with a protease derived from 
cobra venom. C30 is similar to C3c except for an additional ten amino acids (residues 
955-964, pro-C3 numbering) at the carboxyl terminus of the NH2-terminal fragment 
of the a' -chain of C3c. C30 was able to interact with B in the presence of Mg2 + in 
a manner similar to C3b, i.e., C30-bound B could be cleaved by D into Ba and Bb. 
It thus seems likely that the region 955-Glu-Gly-Val-Gln-Lys-Glu-Asp-Ile-Pro-Pro-
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Fig. 3. Hypothetical model fOLthc assembly (AI. activation (B). and deeay (C) of the C3 eonvertase 
of the alternative pathway of complement activation 

964 of the cz-chain of C3 represents one of the presumed two-factor B binding sites. 
A thermodynamic study of the binding of factor B to fluid-phase C3b or C3H20 

(PRYZDIAL and ISENMAN 1988) indicated that, under physiologic conditions. hybro
phobic interactions are dominant in C3bB or C3H20B complex formation. Ionic forces 
are also likely to contribute to the interactions since low ionic strength enhances 
complex formation (DISCIPIO 1981). The association constant for binding of B to 
C3b was determined to be 2.5 x 106 M- 1, whereas a five fold lower affinity was 
measured for the C3H20B interaction (PRYZDIAL and ISENMAN 1988). 

C3b/C3H2o-bound B interacts with D inducing the active conformation of the 
enzyme which in turn catalyzes the cleavage of the Arg-228-Lys-229 bond in B. 
Cleavage of B induces a transient conformational change in Bb resulting in higher 
binding affinity for C3b, sequestration of Mg2 + (FISHELSON et al. 1983), and expression 
of proteolytic activity for C3 (Fig. 3). The transient conformation can be stabilized by 
properdin. Decay of the C3 convertase is due to dissociation of Bb which is 
accelerated by binding of H, CR1, DAF, and MCP to C3b. The conformation of 
dissociated Bb in Fig. 3 is depicted as different from that in the native molecule based 
on the electron microscopic appearance of Bb which is characterized by projections 
and angular surfaces (UEDA et al. 1987). In addition, the finding of 99% loss of 
C3-cleaving activity of dissociated, as compared to C3b-bound, Bb (FISHELSON and 
MULLER-EBERHARD 1984) indicates a diffent conformation of the active center. 

5 C5 Convertase of the Alternative Pathway 

Cleavage of C3 by the amplification C3 convertase formed on the surface of an 
alternative pathway activator results in the deposition of many C3b molecules in the 
vicinity of the convertase and eventually leads to the formation of a C3bBbC3b 
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complex which expresses CS convertase activity (DAHA et al. 1976; MEDICUS et al. 
1976). It was originally thought that the second C3b molecule in the trimolecular 
complex was bound covalently to the surface of the activator in the immediate vicinity 
of the C3 convertase. The 'second C3b molecule was shown to provide a binding site 
for CS which allowed its cleavage by Bb into CSa and CSb (VOGT et al. 1978; ISENMAN 
et al. 1980). The C3b-CS interaction was found to exhibit a stoichiometry of 1: 1 and 
an association constant of 4.8 x 105 M- 1 for fluid-phase C3b (ISENMAN et al. 1980) 
and S.7 x 106 M- 1 for bound C3b (DISCIPIO 1981). Recently, KINOSHITA et al. (1988) 
demonstrated the second C3b molecule in the C3bBbC3b complex is covalently 
attached through an ester bond to the a' -chain ofthe first, surface-bound C3b molecule. 
Thus, the alternative pathway CS convertase can be described as a trimolecular 
complex in which the catalytic subunit, Bb is bound noncovalently to a covalently 
linked C3b dimer. The association constant for binding of CS to the C3b dimer is 
1.5-2.4 x 108 M- 1, significantly higher than that for monomeric C3b. This finding 
suggests (KINOSHITA et al. 1988) that CS binds to both C3b molecules in the complex 
through two relativ~ly low affinity sites resulting in an increased avidity for the 
C3b-C3b complex and, thus, selective binding of CS to the convertase. 

6 C5 Convertase of the Classical Pathway 

In the classical pathway the CS convertase forms by a mechanism similar to that in 
the alternative pathway, i.e., C3b binds to the C3 convertase resulting in a switch of 
substrate specificity from C3 to CS. The classical pathway C3 convertase is a 
bimolecular complex, C4bC2a, assembled on the surface of activators through steps 
similar to those described for the alternative pathway (reviewed in REID and PORTER 
1981; MULLER-EBERHARD 1988). The main difference between the two pathways is 
that in the classical pathway the activating enzyme, C1s, generates both the 
noncatalytic and the catalytic subunits of the convertase, C4b and C2a, respectively. 
Further, C1s circulates in the blood in enzymatically inactive zymogen form, C1s, as 
part of Ca 2+ -dependent complex C1qr 2S2 of three proteins. Activation of C1s by C1r 
follows binding of the recognition protein C1q to a classical pathway activator and 
the ensuing autocatalytic activation of C1r (Loos 1982; COLOMB et al. 1984; SCHU
MAKER 1987). C1s cleaves C4, a protein structurally homologous to C3, into C4a and 
C4b resulting in the covalent binding of C4b to the activator through a transacylation 
reaction involving the reactive carbonyl group of the internal thioester of C4 and 
hydroxyl or amino groups, depending on the C4 isotype, on the surface of the activator 
(LAW et al. 1984; ISENMAN and YOUNG 1984). C2, a homolog of factor B, binds to 
surface-bound C4b in a Mg2+ -dependent reaction and is cleaved by cIS into C2b, 
released in the fluid-phase and the two-domain C2a which remains bound to C4b, 
representing the catalytic domain of both the C3 and the CS convertase. Similarly 
to Bb, C2a expresses proteolytic activity for C3 only in the context of a complex 
with C4b. Cleavage of C3 by the C4b2a C3 convertase results in deposition of C3b 
molecules on the surface of the activator. These C3b molecules can initiate the 
assembly of the amplification C3 co.nvertase depending on the chemical nature of 
the activating surface. Formation of CS convertase requires the covalent binding of 
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C3b to the c£1-chain of activator-bound C4b through an ester bond (TAKATA et al. 
1987). The C4b-C3b ester bond is relatively unstable with an estimated half-life at 
37°C of7.9 h. An association constant of2.1 x 108 M- 1 was measured for the binding 
of C5 to C4b-C3b dimers, suggesting that both C4b and C3b may provide binding 
sites for C5 (TAKATA et al. 1987). 

7 Summary 

C3, the most abundant complement protein in blood, plays a central role in the 
activation sequence of the complement system as well as in host defense. Expression 
of the multiple functions of C3 requires its cleavage by highly specific enzymes termed 
C3 convertases. C3 in a conformationally altered form, C3H20, resulting from the 
slow spontaneous hydrolysis of the internal thioester bond of native C3, initiates the 
assembly of a C3 convertase which continuously cleaves C3 in the blood at slow 
rates generating a constant supply of small amounts of C3b. When an activator of 
the alternative complement pathway is present, C3b becomes covalently attached to 
its surface via an ester or amide bond. Activator surface-bound C3b initiates the 
assembly of an "amplification" C3 convertase, C3bBb(P), which can efficiently activate 
C3 and generate additional convertase complexes on the surface of the activator. 
C3b generated by an amplification or classical pathway C3 convertase can also bind 
covalently to the noncatalytic subunit, C3b or C4b, respectively, resulting in the 
generation of a C5 convertase, an enzyme catalyzing the cleavage/activation of C5. 
In terms of participation in host defense, several fragments of C3, including C3a, 
C3b, iC3b, and C3dg, mediate a number of important functions such as increased 
vascular permeability, enhancement of phagocytosis, elimination of immune com
plexes, and perhaps also proliferative responses and/or differentiation of B cells. 
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1 Introduction 

The biosynthesis, regulation of synthesis, and genetics of C3 have been extensively 
studied (for reviews see COLTEN 1976; COLE and COLTEN 1988; FEY et al. 1983). In 
fact, perhaps more is known about these aspects of C3 biology than about any other 
complement component. This extensive characterization is due primarily to the central 
role of C3 in complement activation and regulation as well as in the host immune 
response. Certain practical aspects have also contributed to the diverse background 
on C3, including its early characterization relative to many other complement proteins 
and its ready availability due to its high serum concentration. 

2. C3 Biochemistry and Structure 

Human C3 is a glycoprotein with a mean serum concentration of 1.2-1.3 mg/ml 
(KOHLER and MULLER-EBERHARD 1967). The molecular weight ofC3 is approximately 
183,000, as calculated from the derived amino acid sequence (DEBRUIJN and FEY 1985) 
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and carbohydrate analysis (TOMANA et al. 1985; BASE et al. 1985; BIRANI et al. 1986). 
It is composed of two polypeptide chains, rt and ~, with molecular weights of 115,000 
and 75,000 respectively (as determined by sodium dodecyl sulfate polycrylamide gel 
electrophoresis) (SDS-PAGE). Carbohydrate composes approximately 1.7% of C3, 
with the only two types of sugar identified being mannose and N-acetylglucosamine 
(ToMANA et al. 1985; BASE et al. 1985; BIRANI et al. 1986). Each chain contains 
N-linked high-mannose type carbohydrate (Fig. 1). The sites of glycosylation are 
residues 63 (~-chain) and 917 (rt-chain; DE BRUUN and FEY 1985). The rt-chain sugar 
structures are composed of (Man)g(G1cNAch-Asn and (Man)g(G1cNAc}z-Asn, while 
the ~-chain contains (Man)6(G1cNAch-Asn and (Manh(G1cNAc)z-Asn (BASE et al. 
1985; BIRANI et al. 1986). Other biochemical parameters ofC3 are shown in Table 1. 
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Fig. 1. A schematic representation of mature human C3. The. symbol represents the positions 
of carbohydrate attachment; question mark near the symbol on the IX-chain represents a putative 
attachment site. Insets show the structure of the high-mannose oligo saccharides found on the 
IX- and ~-chains of C3 

Table 1. C3 biochemical characteristics 

M, 
pI 
Carbohydrate content 
Extinction coefficient 
Serum concentration 
Fractional catabolic rate 

~ 183000 
~5.9 

1.7% 
9.7 (t:\~:n at 280 nm) 
1.2·1.5 mg/ml 
1.7%/h 

Derived from DE BRUUN and FEY 1985; MULLER-EBERHARD and 
SCHREIBER 1980; ALPER and PROPP 1968; KOHLER and MULLER
EBERHARD 1967; TACK and PRAHL 1976; RUDDY et al. 1975; 
BEHRENDT 1985 
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C3 contains a reactive ~-cysteinyl-y-glutamyl thiolester bond which is formed 
between the side chains of neighboring cysteine and glutamine residues. ,Thiolester 
structure, reactivity, and mechanism of trans acylation in C3, C4, and Cl 2-macroglobulin 
have been extensively studied (for review see TACK 1983; SOTTRUP-]ENSEN 1987). The 
thiolester is an important and essential feature of C3 host defense functions. Activation 
of C3, generating the C3b fragment, results in the transient reactivity of the thiolester, 
allowing C3b to attach covalently to bacteria, cell surfaces, and immune complexes. 
This binding of C3 effects the complement host defense functions of opsonization 
and immune surveillance. (HOSTETTER et al. 1984). For additional information on the 
C3 thiolester see LEVINE and DODDS (this volume). 

3 C3 Biosynthesis 

C3 in humans is synthesizeci as a single-chain precursor (MORRIS et al. 1982a) similar 
to its structural homologs C4 and C5 (MORRIS et al. 1982b). The precursor contains 
a 22 amino acid leader peptide presumably cleaved during translocation into the 
endoplasmic reticulum (DE BRUUN and FEY 1985). The mouse leader peptide is 24 
amino acids in length and is highly homologous to its human counterpart (ap
proximately 70%; LUND WALL et al. 1984). In the human precursor, the Cl- and ~-chains 
are connected by a tetra-arginine linker as deduced from the cDNA sequence 
(DE BRUUN and FEY 1985). This molecule, termed prepro-C3, is diagrammed in 
Fig. 2. The arginine linker is similar to those seen in human C5 (RPRR; LUNDWALL 
et al. 1985; WETSEL et al. 1988) and C4 (~-Cl-chain, RKKR; WHITEHEAD et al. 1983; 
BELT et al. 1984). This linker appears to be an evolutionarily conserved feature since 
it is also present in mouse C3 (RRRR; WETSEL et al. 1984), C4 W-Cl-chain, RNKR; 
OGATA et al. 1983), and C5 (RSKR; WETSEL et al. 1987). The main feature of the 
linker structures is the preponderance of arginine and lysine residues, however there 
are functional noncharged (serine, glutamine) and nonpolar (proline) substitutions. 
The linker is removed shortly before secretion since metabolic labeling studies 
demonstrate that no mature C3 (two chains) is visible intracellularly up to 4 h after 
labeling but is detected extracellularly in 30 min, and that no precursor C3 is detected 
extracellularly (MORRIS et al. 1982a; WARREN et al. 1987). Precursor C3 has been 
demonstrated to be processed in a similar fashion in other species, such as guinea 
pig (GOLDBERGER et al. 1981), mouse, and rat (STRUNK et al. 1988). 

Prepro C3 

Leader 
Peptide 

J 13 Chain 
NH,- ~"f-I ---:.-~-----_)(! 

HooC-~1 ------------------------------~. a Chain 

Fig. 2. Schematic view of prcpro-C3. The single-chain C3 precursor is diagrammed to show the 
leader peptide and tetra-arginine linker region. R, arginine 
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After entering the endoplasmic reticulum, human C3 is transported to the Golgi 
complex where it is glycosylated at two of three Asn-X-ThrjSer sites with high
mannose carbohydrate (HUBBARD and IVATT 1981). It is interesting to note that in 
mice only the ot-chain is glycosylated (FEY et al. 1980; BEDNARCZYK and CAPRA 1988), 
a finding in keeping with the sequencing results of LUNDWALL et al. 1984) in which 
no potential glycosylation sites were identified in the ~-chain. In addition, the guinea 
pig C3 ~-chain also appears not to be glycosylated (THOMAS and TACK 1983). 

Between transport from the Golgi complex to the plasma membrane, C3 is cleaved 
to the mature two-chain form, probably by a cathepsin-like protease with a specificity 
for dibasic residues, as has been seen for neuropeptide hormone precursor processing 
(STEINER et al. 1984). Studies with the mouse macrophage line 1774.2 suggest that 
the cleavage occurs at neutral pH, or that the enzyme(s) involved are active at a 
broad pH range. These same studies also demonstrated that treatment with the 
carboxylic ionophore monensin inhibits C3 processing and intracellular transport 
(BEDNARCZYK and CAPRA 1988). Since monensin acts on the transport pathway at 
the level of the Golgi complex (TARTAKOFF 1983), these data substantiate kinetic 
studies in both human and murine cell lines demonstrating that pre-C3 cleavage 
occurs late in intracellular transport (MORRIS et al. 1982a, b; BEDNARCZYK and CAPRA 
1988). 

The biosynthesis of the thiolester bond in C3 is an intracellular posttranslational 
event (IIJMA et al. 1984). Cell-free translation studies using rabbit liver mRNA yields 
a product nonreactive with methylamine but reactive with iodoacetimide, indicating 
the presence of a free thiol group. Addition of liver homogenate to the cell free product 
results in a methylamine-reactive product, demonstrating that the required enzyme(s) 
is present intracellularly. The particular enzyme (possibly a transglutaminase) or 
enzymes involved and their subcellular location have not yet been identified. 

4 Sites of C3 Biosynthesis 

Four major sites of synthesis have been identified for human C3: hepatocytes, 
monocytes, and epithelial (fibroblasts) and endothelial cells (see Table 2). Raji cells 
have recently been suggested to be a fifth site, but further characterization of C3 
biosynthesis by these cells is required (discussed below). It is interesting to note that 
murine astrocytes (neutral equivalent to a macrophage) also synthesize and secrete 
C3 and appear to increase synthesis in response to lipopolysaccharide (LPS) 
stimulation (LEVI-STRAUSS and MALLAT 1987). If human astrocytes also synthesize 
and secrete C3, it would suggest a role for complement in neural immunology. 

The liver is the primary source (greater than 90%) of serum complement (ALPER 
and ROSEN 1976), and the synthesis of most complement components by hepatocytes 
has been amply documented (COLTEN 1976; COLE and COLTEN 1988). Primary hepato
cyte cultures have been employed (ALPER et al. 1969; COLTEN 1972), and C3 
biosynthesis could be documented in fetal liver tissue as early as 14 weeks or detected 
in fetal serum between 5 and 10 weeks (reviewed in COLTEN 1976). Recent studies, 
however, have employed the hepablastoma-derived HepG2 and Hep3B2 cell lines 
(KNOWLES et al. 1980), and C3 biosynthesis by both cell lines has been established 



Table 2. C3 biosynthethic sites 

Cell or tissue type 

Liver (Parenchymal cell) 

Monocyte/macrophage 
Primary monocyte cultures 
U937 (monocyte cell line) 
1774.2 (monocyte cell line) 

Endothelia! derived from capillary 
and umbilical cord 

Apithelial 
A veolar type II 
Primary and transformed cultures 
Liver 

Astrocytes (brain) 

Raji (transformed B cell) 

See text for references 
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Species 

Human, mouse, rat, rabbit, guinea pig, 
chicken, quail, cobra, trout, lamprey 

Human, guinea pig 
Human 
Mouse 

Human 

Mouse, rat 
Human 
Rat 

Mouse 

Human 

(MORRIS et a!. 1982a, b; DARLINGTON et a!. 1986). C3 produced by HepG2 cells is 
functionally active as determined by hemolytic assay and appears antigenically and 
functionally identical to C3 purified from serum. C3 is synthesized as a single-chain 
precursor in HepG2 cells and is subsequently processed to the mature two-chain 
polypeptide on or shortly after secretion (MORRIS et a!. 1982a, b). Kinetics of C3 
secretion by this cells line, as assessed by pulse-chase metabolic labeling methods, 
are comparable to those for other complement components (MORRIS et a!. 1982b; 
GOLDBERGER et a!. 1984; BARNUM and VOLANAKIS 1985) with the mature protein 
present extracellularly in 30 min or less. 

Many species, including primitive vertebrates, have been shown to synthesize 
functionally active C3 or a C3 homolog which retains the gross structural features 
of human C3. In those cases where it has been examined, the amino acid sequence 
homology is quite high between human C3 and C3 of lower vertebrates. Since these 
C3 homologs were identified from serum, their likely biosynthetic site is the liver. 
Among the other species known to produce C3 are rats (STRUNK et a!. 1975), rabbits 
(KUSANO et a!. 1986), quail (KAI et a!. 1983), cobra (EGGERTSEN et a!. 1983), 
Xenopus (SEKIZAWA et a!. 1984), rainbow trout (NONAKA et a!. 1984a), and lamprey 
(NONAKA et a!. 1984b). Interestingly, the lamprey C3 has three polypeptide chains 
rather two, making it structurally more similar to C4. Perhaps this suggests that C4 
is the more primitive of the two components. For more information on the structure 
and function of C3 from different species, see the article by BECHERER et a!. (this 
volume). 

Of extrahepatic synthetic sites for complement, cells of the monocyte/macrophage 
series are the most studied (COLTEN 1976; COLE and COLTEN 1988), partly because 
of their availability. Primary cultures are predominantly used although the monocyte
like cell line U937, established from a histiocytic lymphoma has also been utilized 
(SUNDSTROM and NILSSON 1976). C3 biosynthesis by monocytes (EINSTEIN et a!. 1977; 
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WHALEY 1980; ZIMMER et al. 1982; STRUNK et al. 1983; LAPPIN et al. 1986; STRUNK 
et al. 1985; ST JOHN SUTTON et al. 1986) and U937 cells (NICHOLS 1984; MINTA and 
ISENMAN 1987) demanstrates that the malecule is structurally similar to' serum C3, 
is functianally active, and appears to' be secreted with kinetics similar to' that far that 
far hepatacyte C3. Similar findings have been dacumented in the mause macraphage 
cell line J774.2 (BEDNARCZYK and CAPRA 1988) and mause peritaneal macrO' phages 
(FEY et al. 1980). 

Differences have been nated in the C3 synthetic rates af manacytes versus 
macrophages, with macrophages synthesizing three to' faur times mare C3 than 
manacytes (LAPPIN et al. 1986). It is likely that this reflects a maturatianal difference 
since U-937 cells (which are manacytic and therefore less mature) synthesize 
cansiderably less C3 (MINTA and ISENMAN 1987) than adherent manacytes (which 
are essentially spread and activated macraphages; HAtVlILTON et al. 1987). This is 
further supparted by studies in which stimulatian af U-937 cells with phorbal esters 
such as pharbal myristate acetate (PMA) pramated differentiatian intO' more 
macraphage-like cells and increased the amaunt af C3 synthesized (MINTA and 
ISENMAN 1987). 

In additian to' manacytes as an extrahepatic site af camplement synthesis, 
endathelial and epithelial cells alsO' synthesize C3. UKEI and caworkers (1987) 
quantitated C3 productian by cultured human capillary endathelial cells by enzyme
linked immunasorbent assay and calculated a secretory rate af 250 ng C3/106 cells 
per 5 days. The purity af these cell cultures was assessed by presence af factar VIIIR 
Ag and marphalagy and demanstrated a nearly pure endathelial cell preparatian. 
This is a significant paint when war king with primary cultures since cantaminatian 
by ather cell types, particularly macrophages, cauld easily augment C3 praductian. 
The synthetic rate seen for these cells appears lawer than that seen with primary 
monacyte cultures, in which a rate af aver 400 ng C3/ml per 5 days was quantitated 
(HAMILTON et al. 1987). Hawever it is difficult to' be precise an this paint since the 
number af cells used in the latter experiment were nat determined. Immunaprecipita
tian af endathelial cell supernatants from cells metabalically labeled with [35 S]_me_ 
thianine fallawed by SDS-PAGE and autaradiagraphy, revealed bands with malecu
lar weights camparable to' thase af serum C3. The supernatants were nat assessed 
far functianal activity (UKEI et al. 1987). Similar studies by WARREN and cawarkers 
(1987) demanstrated C3 productian by cultured human umbilical vein endathelial 
cells (hawever the purity af these cell preparatians was nat dacumented). 

Epithelial cells alsO' synthesize and secrete C3. WHITEHEAD and calleagues (1981) 
screened human primary and transfarmed fibroblasts, T and B cell lines and variaus 
cervical and calan carcinama cell lines far C3 synthesis using a C3-specific manaclanal 
antibady. Only primary and trans farmed fibrablasts and the cervical carcinama cell 
line D98/AH-2 synthesized C3 as determined by immunaprecipitatian af [35S]_me_ 
thianine-Iabeled cell culture supernatants. The functianal activity af fibroblast C3 
was nat determined. Pulmanary type II ave alar epithelial cells have recently been 
shawn to' synthesize C3, but the functianal activity was nat assessed (STRUNK et al. 
1988). Other species capable af synthesizing and secreting C3 from epithelial tissue 
are mice and rats (STRUNK et al. 1988; GUIGUET et al. 1987). Taken tagether these 
data demanstrate that 10' cal camplement praductian by these cell types plays a majar 
rale in hast defense at bath inflammatary and mucasal sites since these cells alang 
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with macrophages are capable of producing all the components necessary for 
complement activation by either the classical or alternative pathways (for Teview on 
macrophages see JOHNSON and HETLAND 1988). 

Recently the synthesis of C3 by Raji cells has been demonstrated by W. LERNHARDT 
and colleagues (personal communication). C3 immunoprecipitated from [35 S]_me_ 
thionine-Iabeled cells has the same apparent molecular weight and structure as serum 
C3. No further work has been completed as yet with regards to activity or secretion 
kinetics. The data conflict with those of WHITEHEAD and coworkers (1981) who were 
unable to immunoprecipitate C3 from Raji cell supernatants. Further studies are 
required to resolve this discrepancy. 

5 C3 Transcription and Alternative Transcripts 

Northern blot analysis of C3 mRNA demonstrates that the message is approximately 
5.2-5.3 kb in size for all tissue types known to synthesize C3. This is comparable to the 
5.l-kb (DoMDEY et al. 1982) and 5.2-5.3-kb (WHEAT et al. 1987) size reported for 
mouse liver C3. It should be noted that these analyses utilized agarose gel 
electrophoresis, which may not completely denature all RNA species due to secondary 
structure features, and therefore the sizes reported are not absolute. The hepatocyte 
cell lines HepG2 and Hep3B2 produce a single C3 message at 5.2-5.3 kb in size from 
poly(At mRNA (WARREN et al. 1987; G. DARLINGTON and R. STRUNK, personal 
communication). Peripheral blood monocytes (WARREN et al. 1987; STRUNK et al. 
1985) and the monocyte-like cell line U937 (W. LERNHARDT, personal communication) 
produce a similar size message at 5.2 kb. Endothelial cells from umbilical cord veins 
synthesize a 5.2 kb message in an amount one-fifth that of monocytes and 1 % that 
of hepatocytes (WARREN et al. 1987). These findings suggest differential regulation of 
C3 expression in these tissue types and that regulation is exerted at least partly at a 
pretranslationallevel. Interestingly, Raji cells, a transformed B cell line, also produce 
a 5.2-kb message and a truncated message approximately 1.8 kb in size (W. LERN
HARDT, personal communication). The truncated message corresponds to the C3 
(X-chain based on Northern blotting with C3 (X-chain probes and is likely to be 
analogous to truncated C3 messages produced in murine T-cell hybridoma, lym
phoma, and macrophage cell lines (LERNHARDT et al. 1986). The truncated message 
could arise from alternative splicing, alternative initiation of transcription, or a second 
truncated C3 gene. It is also possible that this message is an aberrancy of a transformed 
cell line. 

6 C3 and the Acute-Phase Response 

Aside from tissue-specific regulation, C3 synthesis is also modulated during the acute 
phase and in response to a variety of stimulatory agents. The serum concentration 
of C3 increases approximately 50% during the acute phase; thus it is only marginally 
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elevated in comparison to C-reactive protein, which may increase 500- to lOOO-fold 
(KUSHNER 1982; KOJ 1985). The specific mediator or mediators responsible for the 
increase in serum C3 concentration are not known. However, several hepatocyte
specific mediators have been described, e.g., interleukin (IL) 1, tumor necrosis factor 
(TNF), glucocorticoids, hepatocyte-stimulating factors including IL-6 and COLO 
HSF I-III, and y-interferon (reviewed in KOJ 1986; FEY and GAULDIE 1988). Several 
studies have directly assessed various mediators in augmenting C3 biosynthesis in 
hepatocytes, monocytes, and epithelial cells (see Table 3). LPS or lipid A stimulation 
either of peripheral blood monocytes or in the monocyte-like cell line U937 increased 
C3 synthesis 2 to 30-fold with no apparent change in secretion kinetics (NICHOLS 
1984; STRUNK et al. 1985; ST JOHN SUTTON et al. 1986). Monocytes from cord blood 
appear refractory to LPS stimulation, which is most likely due to maturational 
differences (ST JOHN SUTTON et al. 1986). These results are significantly different from 
the 50% increase in serum C3 concentration during the acute phase, suggesting that 
the regulation of C3 production in monocytes is independent of that in hepatocytes, 
and that local monocyte C3 production plays an important role in host defense. 
Other mediators such as PMA and y-interferon also increased C3 synthesis by U937 
cells (NICHOLS 1984; MINTA and ISENMAN 1987). However, HAMILTON and coworkers 
(1987) found C3 synthesis to be downregulated in peripheral blood monocytes treated 
with y-, p- or IX-interferon. The discrepancy in these results may be due to an aberrancy 
in the U937 cell line or may reflect maturational differences between the cells employed. 
Interestingly, PMA induced a greater number of cells to produce C3, increasing the 
population of C3-producing cells from 5% to 30% (MINTA and ISENMAN 1987). 
Whether this was a direct or an indirect effect remains to be clarified. The hepatocyte 
cell line Hep3B2 increases C3 synthesis in response to conditioned monocyte medium, 
IL-1, and TNF (DARLINGTON et al. 1986). The mechanism involved is unclear, but 
the 'increase in C3 mRNA suggests that regulation is pretranslational. Rat epithelial 

Table 3. Regulation of C3 synthesis 

Modulator 

Acute phase 
LPS, lipid A 
PMA (phorbol ester) 
Interferon 

'Y 

'Y. 

~ 
IL-l 

TNF 
Testosterone 
Hydrocortisone 
PH A-stimulated 
monocyte culture 
medium (IL-6?) 

Change in C3 synthesis 

50% inc. 
2-30 x inc. 
5 x mc. 

2 x inc. 
~50% dec. 
~50% dec. 
~20% dec. 
10 x inc. 
~40% inc. 
10 x inc. 
8-10 x inc. 
9 x inc. 
~20 x inc. 

See text for references. inc.: increase; dec.: decrease 

Cell type 

Liver, monocyte 
Monocytes, U937 
U937 

U937 
Monocytes 
Monocytes 
Monocytes 
Hep3B2 (liver cell line) 
Epithelial (primary culture) 
Hep3B2 
Serum levels in male mice 
Rat hepatoma cell lines 
Hep3B2 
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cell lines synthesize increased amounts of C3 (2.S-fold) when incubated with 
conditioned medium from mononuclear cells stimulated with phytohemagglutinin 
(GUIGUET et ai. 1987). Preliminary characterization of the mononuclear cell factor or 
factors involved demonstrates that the stimulation is effected by protein molecules 
of two sizes, lS-20 and 2S-60 kDa. This size is consistent with the size of rat IL-6 
(W. NORTHEMANN et aI., unpublished findings), suggesting IL-6 mediated stimulation 
of C3 synthesis. IL-1 alone increases C3 synthesis by the rat epithelial cell lines 
approximately 40% but was not as effective as conditioned media (GUIGUET et al. 
1987). It is interesting to note that the level of increased synthesis effected by IL-1 is 
in the same range as that seen during the acute-phase response. 

IL-6 and the related hepatoctye-stimulating factors probably playa more significant 
role in modulating the acute-phase response than any other modulator either singly 
or in combination with other modulators (for review see FEY and GAULDIE 1989). 
Since most of the major cell types that produce and have receptors for IL-6 also 
synthesize C3, it is likely that IL-6 serves both an autocrine and a paracrine role in 
the increase in C3 synthesis during the acute-phase response. 

The role of hormones in C3 synthesis in humans is poorly understood although 
it has been reported that C3 serum levels increase late in pregnancy (PROPP and 
ALPER 1968). The effect of hormones on C3 levels in mice has been more closely 
studied, and these studies demonstrate that serum C3 levels in male mice are eight 
to ten times higher than in females (CHURCHILL et al. 1967). This is in keeping with 
androgen regulation found for many mice complement and noncomplement proteins. 
Other studies with rat hepatoma cell lines showed marked increase in C3 synthesis 
in response to hydrocortisone (STRUNK et al. 1975). 

7 C3 Gene Structure 

The central role played by C3 in the complement system has led us (BARNUM et al. 
1989) to begin examination of its intron/exon organization with the aim of better 
understanding both structure/function aspects of C3 and the evolutionary develop
ment and relationships of C3 to C4, CS, and cx2 -macroglobulin. Three cosmid clones 
isolated from an amplified human liver cosmid library (FEY et ai. 1984) have been 
partially characterized. These clones, termed cosl-3, have insert sizes of 34,36, and 
29 kb, respectively. All three of the clones overlap as determined by Southern blot 
analysis using M13 template probes (derived from sequencing the C3 cDNA) and 
contain sequence only in the cx-chain. Two of the cosmid clones (cos 1 and -2) were 
shown by a combination of sequencing and Southern blot analysis to cover the 
cx' -chain region of the C3 gene. Accordingly, these two clones were used to identify 
the intron/exon junctions, partially map the positions of the exons within the gene, 
and estimate the size of this region of the C3 gene. 

The cx' -chain of C3 is encoded by 24 exons beginning with a split serine codon 
(immediately 3' to the AGG coding for the carboxy-terminal arginine residue of C3 a) 
and ending with 3' nontranslated sequence (Table 4). The exons range in size from 
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52 bp up to 213 bp with an average size of 115 bp. Exons with this average size would 
code for 38.3 amino acids, which is fewer than the reported avera,ge of 44.6 amino 
acids for internal exons (TRAUT 1988). The last exon is incompletely defined but 
contains 157 bp of coding sequence and currently over 200 bp of non translated 
sequence (data not shown), extending the previously reported sequence for this region 
(DEBRUIJN and FEY 1985) by over 200 bp. The size of each exon and its location in 
the cDNA sequence of C3 (DEBRUIJN and FEY 1985) are shown in Table 4. Also 
shown in Table 4 are the splice donor and acceptor sequences demarcating the 5' 
and 3' ends of the 23 introns in the C3 \I.' -chain gene region. The consensus of the 
donor sequences was GTGAGT with a frequency of 100%, 96%, 52%, 83%, 91 %, 
and 34%, respectively. This consensus sequence is in good agreement with the 
GTAAGT sequence described in the literature (BREATHNACH et al. 1978; MOUNT 
1982; GREEN 1986; PADGETT et al. 1986). Guanine residues were found more 
frequently than adenine in position 3 of the consensus sequence; this is not a significant 
difference since both residues are predominant in this position (MOUNT 1982). 

There was, howeyer, one exception to the generally invariant GT dinucleotide 
consensus sequence. This was a cytosine residue substituting for the nearly invariant 
thymine residue in position 2 of the consensus sequence located at the beginning of 

Table 4. Sizes of the C3 Ct.' -chain exons, location in the cDNA sequence and intron/exon junction 
sequences 

Exon Location Length Splice Splice 
number in eDNA (bp) acceptor donor 

2306-2414 109 tcctgcag/GT A TGG/gtaagg 
2 2415-2501 87 ccatccag/ AA T AGG/gtgaga 
3 2502-2643 142 ccgagcag/GAT AAG/gtgggt 
4 2644-2856 213 cctggcag/GTG GTG/gtgagt 
5 2857-2922 66 acgcgtag/CCG GTG/gtgagt 
6 2923-3010 88 acctgcag/ AAG AAG/gtgaga 
7 3011-3214 204 tgctgcag/GGA AGG/gtgggc 
8 3215-3291 77 ctctgcag/GGT CTG/gtgagt 
9 3292-3450 159 cactccag/GCT ATT/gtaaga 

10 3451-3549 99 tatctcag/GGT ACC/gtaagt 
11 3550-3706 157 tctca tag/ A GC AAG/gtgagg 
12 3707-3870 164 ctttgcag/ A T A CAG/gcaagt 
13 38714029 159 ggttctag/GCC GAG/gtacag 
14 4030-4089 60 ctctgcag/ ACC TCG/gtaagg 
15 4090-4180 91 cttaccag/GTG CAG/gtaaaa 
16 41814232 52 gtttctag/ AAA CAG/gtaaga 
17 4233-4320 87 ctatccag/GT A CAG/gtatga 
18 4321-4410 91 ttccccag/CTG AAG/gtaagg 
19 4411-4516 106 cccctcag/GTC TGG/gtgagc 
20 4517-4606 90 gcccgcag/ A GG AGG/gtgagt 
21 4607-4689 83 ccctgcag/ A G A ATG/gtgagt 
22 469Q.-4774 85 ccccacag/TGT CAG/gtcagg 
23 4775-4910 136 cactccag/GCT CAA/gtgagt 
24 4911-5049 157 ccctccag/CCT 

Consensus ccctgcag/GNT AAG/gtgagt 

N, any nucleotide 
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intron 12. This substitution is rarely seen (fewer than 1 % of over 400 genes analyzed; 
PADGETT et al. 1986) but has been observed in the adult chicken a-globin gene 
(DODGSON and ENGEL 1983), the mouse a-A-crystallin gene (KING and PIATIGORSKY 
1983), and the rabbit ~-globin gene (WIERINGA et al. 1983). The conversion of the GT 
dinucleotide to GC is apparently a functional substitution since the transcripts for 
these genes are processed normally. Conversion of the guanine to an adenine or 
removal of the consensus sequence does however prevent proper splicing (FELBER et 
al. 1982; TREISMAN et al. 1982; WIERINGA et al. 1983, 1984). The 3' intron consensus 
sequence was CCCTGCAG with a frequency of 58%, 50%, 54%, 58%, 46%, 83%, 
100%, and 100%, respectively (Table 4). There were no unusual sequences found in 
this region of the introns, which are generally pyrimidine-rich and end in the invariant 
AG dinucleotide (BREATHNACH et al. 1978; MOUNT 1982). 

The structural mapping of that region of the C3 gene encoding the a' -chain gene 
has been completed. A map of the region is shown in Fig. 3; also shown here are the 
relative positions of the cosmid clones used to derive the map. All 23 introns have 
been sequenced or their sjze estimated by restriction mapping and Southern blot 
analysis (Table 5). Ten introns have been completely sequenced and are surprisingly 
short for a gene of this size (estimated to be approximately 35-40 kb). These introns 
range in size from 85 to 242 bp with an average of 140 bp in length. The remaining 
introns are estimated to be from approximately 250 bp to over 4 kb in length with 
an average of 1450 bp in length. The C3 a'-chain introns are predominantly type 0 
and type 1 introns (42% each), where type 0 introns interrupt between codons, and 
type 1 interrupt after the first nucleotide of a codon. The remaining 16% are type 2 
introns (interruption after the second nucleotide of a codon). This deviates slightly 
from the recently reported average composition of 54%, 27%, and 18% for types 0, 
1, and 2 introns, respectively (TRAUT 1988). The combination of Southern blot analysis 
and sequencing demonstrates that the C3 a'-chain gene region is approximately 23 kb 
in length. This is nearly as large as the mouse C3 gene (WIEBAUER et al. 1982), 
suggesting that the full-length human C3 gene is larger than its murine counterpart. 

1415 21 23 

12 34 56 7 89 10 11 12 131/'6 1718 1920/22h4 
11 II II I 

I I I I I 1111 II 
I 

I II III 
I I 
5 10 15 20 

C052 

C051 

Fig. 3. Physical map of the C3 C('-chain gene. The positions of the 24 exons are shown above 
the line; distance in kilo bases is shown below the line. The orientation of the C3 cosmid clones, 
cos] and cos2, relative to the C('-chain are shown in the lower portion of the figure 

C3 binds to more components of the complement system than any other single 
complement protein. Among the components that bind or interact with C3 or its 
proteolytic fragments are B, P, I, C5, H, CR1, CR2, CR3, and CR4. Several of these 
components bind exclusively to the a-chain and in some cases the specific regions of 
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Table 5. Sizes of the human C3 ex'-chain intron 

Intron number Length (bp) Intron number Length (bp) 

1 242 12 ~1000 

2 ~4200 13 155 
3 94 14 124 
4 ~ 700 15 138 
5 126 16 ~2300 

6 ~ 1750 17 111 
7 ~1000 18 ~1700 

8 ~ 250 19 900 
9 ~ 900 20 196 

10 ~3500 21 600 
11 ~ 470 22 85 

23 128 

Intron sizes shown with the symbol ~ were estimated by Southern blotting. 
The remaining introns were completely sequenced 

interaction have been mapped (for reviews see LAMBRIS and MULLER-EBERHARD 1986; 
LAMBRIS 1988; BECHERER et aI., this volume). Correlation of protein domains with 
binding or cleavage sites in C3 as delineated by intron/exon junctions has revealed 
a number of interesting findings. Each of the binding sites mapped in the rx' -chain 
of C3 (LAMBRIS et ai. 1985; WRIGHT et ai. 1987; DAOUDAKl et ai. 1988; BECHERER 
and LAMBRIS 1988; LAMBRIS et ai. 1988) appear to be within a single given exon. These 
binding sites and their relationship to the structure of the rx' -chain gene region are 
shown in the upper portion of Fig. 4. The sites for the complement receptors CR1~CR3 
are contained within exons, 1, 12, and 16, respectively. The binding site for the 
regulatory protein factor H is also in exon 12 while the properdin binding site is 
located in exon 18. If the sequences encoded by these exons are sufficient to create 
the necessary binding sites, then these data would support the hypothesis that exons 
are large enough to specify functional modules in proteins (TRAUT 1988). 

The lower portion of Fig. 4 shows the approximate location of some of the various 
proteolytic cleavage sites found in the C3 rx' -chain relative to the location of the 
intron/exon junctions. The most 5' exon (exon 1) starts immediately after the C3a 
coding sequence, suggesting that C3a is encoded by a separate exon or exollS. This 
cleavage site correlates with the C5 convertase cleavage site at the genomic level as 
determined by partial characterization ofC5 gene structure (S. R. BARNUM, R. A. WET
SEL, D. NOACK and B. F. TACK, unpublished results). The 3' end of exon 6, which 
delineates the NH2-terminal end of the C3d fragment, correlates with the proposed 
complement protein I cleavage sites at this location. None of the other enzyme cleavage 
sites (kallikrein, trypsin, elastase, or others) appear to correspond exactly to any 
intron/exon junction sites, although the elastase and the most carboxy-terminal I 
cleavage site are within ten nucleotides of junction sites. This is not surprising, 
however, since these cleavage sites are not biologically relevant for C3 function. As 
previously determined for C4, the thiolester region of C3 is encoded within a single 
exon (Yu et ai. 1986). Limited comparison of C3 rx'-chain intron/exon organization 
with that of human C5 (S. R. BARNUM, R. A. WETSEL, D. NOACK, and B. F. TACK, 
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Fig. 4. The location of the binding sites of complement receptors and other complement molecules 
and of the proteolytic cleavage sites in the C3 cl-chain. The approximate location of the binding 
sites of complement receptors 1-3 (CRI-CR3), complement factor H (H), and properdin (P) are 
shown in the upper portion of the figure in relation to intron/exon junctions. The lower portion 
of the figure shows the approximate location of the proteolytic cleavage sites in the C3 Gi'-chain 
in relation to the intron/exon junction location. The position of the C3g and C3d fragment s 
are shown for orientation purposes. Asterisk denotes the location of the thiolester region. I, 
Complement protein I; E, elatase; T, trypsin; K, kallikrein 

unpublished results; WETSEL et al. 1988) and rat (X2-macroglobulin (M. HATTORI et aI., 
unpublished results) reveals a dis tingly different genomic structure for each molecule 
(data not shown). This suggests that, although these molecules share extensive sequence 
homology and structural similarities, their genomic structures have been diverging 
for some time. We are currently sequencing and mapping clones covering the ~-chain 
and the remaining portion of the C3 (X-chain to complete the genomic analysis of C3. 

7.1 Chromosomal Location 

The human C3 gene is located on chromosome 19. This was demonstrated by studies 
in which the expressed protein product segregated with this chromosome and was 
confirmed by blotting experiments in which a 1.39-kb C3 genomic DNA probe 
hybridized to the DNA prepared from the appropriate human-mouse somatic cell 
hybrids (WHITEHEAD et al. 1982). Thus C3 is unlinked to the major histocompatibility 
region (MHC) class III genes (containing C4, C2, and B) since this region is located 
on chromosome 6 in humans (CARROLL et al. 1984). In contrast, the mouse C3 gene 
is located on the same chromosome as the class III MHC genes (chromosome 17) 
but is unlinked to this region (PENAL VA DA SILVA et al. 1978; NATSUMME-SAKAI et al. 
1979). In rats the C3 gene has been localized to chromosome 9 (SZPIRER et al. 1988). 
The genes for other structurally related proteins such as C5 and (X2-macroglobulin 
are also unlinked to the C3 gene, being located on chromosomes 9 and 12, respectively 
(WETSEL et al. 1988; KAN et al. 1985). It was concluded from the chromosome 
localization studies that there is only one C3 gene in humans in the haploid genome, 
or that if multiple copies exist, they would have to display exactly the same 
characteristic 12-kb EcoRI restriction fragment (WHITEHEAD et al. 1982). Recent work 
has more accurately mapped the location of the gene by excluding the gene from the 
distal long arm of chromosome 19 (19q133-19qter; WIEACKER et al. 1983). 
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Human C3 is part of an extensive linkage group on chromosome 19 including the 
Lewis blood group, myotonic dystrophy, the ABH secretor systc:m, the Lutheran 
blood group, the insulin receptor, the low-density lipoprotein receptor, the genes for 
plasma lipid transport (apolipoproteins C1, C2, and E), peptidase D, glucose 6-
phosphate isomerase, and the chorionic gonadotropin B subunit. The exact orientation 
of these genes along the chromosome appears, however, to require additional 
localization studies (SHAW et al. 1986; LUSIS et al. 1986). 

7.2 C3 Polymorphism and Deficiency 

Two major electrophoretic variants of C3 have been identified (C3S and C3F) as 
slow- and fast-migrating forms of the protein. These genes are inherited in an 
autosomal codominant fashion indicating that they are. two allelic variants (WIEME 
and DEMULENAARE 1967; ALPER and PROPP 1968; ALPER 1973; ALPER and ROSEN 
1984). The slow variant is predominant in all major races (Caucasian, Negro, and 
Oriental) with a frequency of 0.79 in Caucasians compared to 0.20 for the fast form. 
Other races have considerably lower frequency of the fast variant (American Negro) 
or very little detectable polymorphism (Oriental; RITTNER and SCHNEIDER 1988). A 
wide number of protein variants have also been characterized (26 all together), and 
all are recognized as allelic gene products, the sum of which make up a gene frequency 
of 0.001 (RITTNER and SCHNEIDER 1988). Of the variants best characterized to this 
point by two-dimensional electrophoresis, all the charge differences have been localized 
to the ~-chain (CARROLL and CAPRA 1979; FEY et al. 1983). Restriction fragment 
length polymorphisms have also been defined using a variety of enzymes. These 
polymorphisms have been described in several ethnic groups (DAVIES et al. 1983; FEY 
et al. 1983). 

Complete C3 deficiency has been recognized for some time, although such cases 
are rare (ALPER et al. 1972; Ross and DENSON 1984). Of the several cases described, 
numerous clinical syndromes have been associated with the deficiency, ranging from 
fever to nephritis (ALPER and ROSEN 1981, 1984; Ross and DENSON 1984; COLTEN 
1985). These individuals often suffer from rheumatic disease and systemic lupus 
erythematosus (reviewed in Ross and DENSON 1984). Interestingly, women present 
more frequently than men with C3 deficiency with a female to male ratio of 6.1: 1. 
This disequilibrium probably reflects a selection bias, although it may also suggest 
that C3 deficiency in men is more frequently lethal (Ross and DENSON 1984). 
Homozygous-deficient individuals usually have less than 1/1000 the serum C3 levels 
of normals and in general are markedly susceptible to infection by pyogenic 
micro-organisms leading to frequent episodes of pneumonia, meningitis, and other 
conditions. The primary etiological agents are pneumococcus, streptococcus and 
Hemophilus inJluenzae. In addition, these individuals also have reduced or nonexistent 
C3 hemolytic activity, fail to opsonize particles, and have lost chemotactic and 
bactericidal activity (BALLOW et al. 1975). Monocytes from homozygous-deficient 
individuals produce approximately 25% the normal amount of C3 produced by 
monocytes from normals, again suggesting that C3 regulation in monocytes is 
independent of that in hepatocytes. C3 from these monocytes is morphologically and 
functionally identical to that produced by normals (EINSTEIN et al. 1977). As might 
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be expected, heterozygous-deficient individuals are normal in most respects even 
though they have approximately half the normal serum level of C3. However they 
may present with variable susceptibility to infection (PUSSELL et al. 1980). The 
molecular basis for the hetero- or homozygous deficiencies remains unclear. However, 
point mutations or deletions of regulatory or structural portions of the gene are 
possible explanations. Some individuals apparently suffer from C3 deficiency secon
dary to hypercatabolism due to a primary defect in factor I synthesis (thereby leading 
to wasteful consumption of alternative pathway components, including C3). Direct 
evidence linking these observations is however lacking (COLTEN 1985). For more 
information on C3 deficiencies, see the article by BITTER-SUERMANN and BURGER 
(this volume). 

8 Conclusions 

Despite the fact that C3 bIosynthesis has been documented in several cell types, and 
that the level of synthesis can be modified by numerous biological mediators, the 
relative biosynthetic contribution of the various cell types to the in vivo inflammatory 
response or during the acute-phase response is unclear. Also unclear is the regulation 
ofC3 biosynthesis between the C3-producing tissues in both normal and inflammatory 
states. The gene structure is still under investigation in our laboratory along with 
studies to understand the molecular basis for C3 deficiency. These studies are essential 
in analyzing C3 structure/function relationships and for expression work. Clearly, 
C3 will serve as an interesting model for tissue-specific regulation, and undoubtedly 
both cis and trans regulatory elements described for other genes (reviewed in Maniatis 
et al. 1987) will be found to playa role in C3 regulation. We and others are addressing 
these questions, but much remains to be done. Obviously C3 still poses a number 
of interesting questions, and the answers to these questions will significantly enhance 
knowledge of complement structure/function relationships and regulation of com
plement in the inflammatory state. 
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1 Introduction 

C3 plays a critical role in both pathways of complement activation due to 
its ability to bind to numerous other complement proteins. In addition, its interactions 
with several cell surface receptors make it a key participant in phagocytic and 
immunoregulatory processes. It is the purpose of this chapter to review the 
characteristics and unique structural features of human C3 which permit it to bind 
to various ligands and receptors. (For the purpose of this review, "ligands" of C3 
are taken as those serum proteins which bind C3 and are distinguished from C3 
receptors, which are cell surface proteins.) Here we also enunciate, from a structural 
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viewpoint, our current knowledge of C3 from other species and discuss how their 
similarities, along with those of other homologous proteins, are used to further our 
understanding of the structure/function relationship of C3. 

2 C3: General Features 

Human C3 is a 190-kDa glycoprotein with a serum concentration of 1-2 mg/mi. It 
is synthesized predominantly in the liver (ALPER et ai. 1969) as a single chain pre-pro 
molecule with ~-(X-chain sequence (DOMDEY et ai. 1982; GOLDBERGER et ai. 1981) and 
assumes its native two-chain form after enzymatic processing (see BARNUM et aI., this 
volume). The (X-chain (115-kDa) is linked to the ~-chain (75-kDa) by a single disulfide 
bond and noncovalent forces (MATSUDA et ai. 1985; JANATOVA 1986). The complete 
primary structures for human (DE BRUUN FEY 1985) and mouse (WETSEL et ai. 1984; 
LUND WALL et ai. 1984a) C3 and the partial structures for rabbit (KUSANO et ai. 1986) 
and Xenopus (GROSSBERGER et ai. 1989) C3 have been elucidated. Carbohydrate 
analysis revealed that human C3 possesses two N-linked carbohydrate moieties 
positioned at residue 63 of the ~-chain (MansGlcNac2 + Man6GlcNac2) and at 
residue 917 ofthe (X-chain (Man8GlcNaCz + Man9GlcNaCz) which together account 
for 1.5% of the molecular weight of C3 (HASE et ai. 1985; HIRANI et ai. 1986). [The 
numbering of residues of C3 throughout this review has been ascertained from the 
report of DE BRUUN and FEY (1985) after subtracting the signal peptide.] 

One of the distinguishing characteristics of C3 is its ability to bind covalently to 
acceptor molecules on cell surfaces (MULLER-EBERHARD et ai. 1966) via ester or amide 
linkages (LAW el ai. 1979). This feature has been attributed to the thiolester bond 
which. is present within the C3d region of C3, and which is sensitive to nucleophilic 
attack. The thiolester bond is the product of an intramolecular transacylation between 
the thiol group of cysteine and the y-amide group of the glutamine within the C3 
sequence Gly-Cys988-Gly-Glu-Gln991-Asn (for review see TACK 1983 and LEVINE 
et aI., this volume). This thiolester moiety is also found in C4 and (X2-macroglobulin, 
two plasma proteins homologous to C3. In native C3, the thiolester group appears 
to be protected within a hydrophobic pocket and is exposed in the C3b fragment 
upon cleavage of C3 by the C3 convertase. Thus, the transiently expressed thiolester 
group can now participate in a transacylation reaction with nucleophilic groups 
present on the acceptor molecules. This attachment of C3b to surface structures is 
important for deposition of additional C3b molecules on the activating surface, for 
initiation of the membrane attack complex (MAC), for phagocytosis of foreign 
particles, and for enhancement of effector cell-target cell contact. 

3 Degradation of C3 During Complement Activation 

Activation of C3 is essential for the continuation and amplification of the enzymatic 
cascade of the complement system. Native C3 expresses no biological activity in its 
native form, but cleavage to C3a and C3b by either the classical or alternative pathway 
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convertases results in profound conformational changes within the molecule (ISENMAN 
et al. 1981; ISENMAN and COOPER 1981; NILSSON and NILSSON 1986; HACK «t al.1988). 
The nascent C3b molecule is metastable with respect to its newly exposed thiolester 
group which is now susceptible to nucleophilic attack by acceptor molecules on target 
membranes. Metastable C3b that fails to bind to the target membrane is hydrolyzed 
by H 20 and can no longer bind to target surfaces. It is estimated that the half-life 
of the metastable binding site with respect to its inactivation by H 20 is 60 ms (SIM 
et al. 1981). The generation of C3b leads to the expression of binding sites for factors 
B, H, and I, CS, C4 binding protein (C4bp), properdin, CR1, and membrane cofactor 
protein (MCP; Fig. 1). Which of these proteins bind to C3b determines whether the 
C3 convertase is amplified and initiation of the MAC occurs, or whether C3b is 
inactivated by cleavage to iC3b. In the case of surface-bound C3b, characteristics of 
the acceptor surface have been shown to playa critical role in determining the fate 
of further complement activation (reviewed in PANGBURN 1986b; ATKINSON and 
F ARRIES 1987). 

Control of the amplifica~ion of the classical or alternative pathway C3 convertase 
occurs by the inactivation of C3b (also C4b) by the serine protease factor I (see Fig. 1). 
This inactivation is dependent on the presence of one of several cofactor molecules 
(factor H, C4bp, CR1, MCP) which allow factor I to cleave the rx' chain of C3b 
between the Arg-Ser bonds at residues 1281-1282 and 1298-1299 of the C3 sequence. 
A small peptide, C3f (DAVIS and HARRISON 1982), is released, and the resulting 
molecule, termed iC3b, expresses additional binding sites for CR2, CR3, and CR4 
(plS0,9S). A third factor I cleavage site, with CR1, CR2, or factor H serving as 
cofactors (Ross et al. 1982; MEDOF et al. 1982; MEDICUS et al. 1983; MITOMO et al. 
1987) has been reported to occur at residues 932-933 (Arg-Glu) of the rx'-chain of 
C3, generating the C3c and C3dg fragments (DAVIS et al. 1984). From the above 
cleavages and those of C4 (PRESS and GAGNON 1981; CAMPBELL et al. 1981) it 
appears that factor I preferentially cleaves Arg-X bonds, but that this specificity is 
restricted by the required presence of one of several cofactor molecules (factor H, 
C4bp, CR1, CR2, and MCP). Finally, the C3d fragment can be generated by trypsin, 
plasmin, or elastase cleavage of C3dg (LACHMANN et al. 1982; Ross et al. 1982), but 
whether or not this fragment is generated under physiological conditions is uncertain. 
Also, a fragment termed C3dK, which extends nine amino acids from the NH 2-

terminus of C3dg, is generated by kallikrein digestion of iC3b, and this fragment has 
been shown to induce leukocytosis (MEUTH et al. 1983). A similar leukocytosis
inducing activity is also observed in the C3e fragment of C3 (GHEBREHIWET and 
MULLER-EBERHARD 1979), and it is therefore thought that C3e and C3dK contain 
overlapping sequences. However, nothing more is known about the structural features 
of the C3e fragment or its receptor. 

The third cleavage by factor I has been questioned based on experiments in which 
inhibitors specific for serine proteases were included, and no third cleavage was 
observed (SIM et al. 1981; MALHOTRA and SIM 1984). Since factor I has been reported 
to be insensitive to the serine protease inhibitors DFP, PMSF, and benzamidine 
(CROSSLEY and PORTER 1980), it was concluded that the third cleavage is due to a 
contaminating enzyme which is sensitive to the inhibitors used in those studies. 
Further support of this argument is that, in mouse and rabbit C3, the sequence 
Gln-Gly is found at the proposed third factor I cleavage site (WETSEL et al. 1984; 



48 1. D. Becherer, 1. Alsenz, and 1. D. Lambris 

C3 - binding proteins 
other 

Serum Cell surface C3-binding 
CHO 

H2N -I'----~rl .,.t2± ..... , ....... ,.''''"OOO=S'"''·::··::_·-_·~S-=:::J-·-· ..;..~. _D_ch_ai_n ---lr COOH]_C_3 _ 

, 
HOOC1 1S.OOC pchain . ~NH2 

'CHO 

proteins proteins proteins 

C3 Convertase 

B\~~,~~S~·_·~_~S~~·~~~ 
C3a ~ 

C3a receptor ' 1...1 _ .................. ~ ___ ~ ........ =.. ....... ..,., 

" 

plasmin 

I 
Ell ~~ 
C3g C3d 

I+colactor 

Factors H.B,! CR1. MCP 
CS. Properdin Factor H 

OAF 

laminin 
Fibronectin 
HSVgpC 
EBV 
Il-2 • 

FactorsH.I 
Properdin" 
Conglut inin 

CR1.CR2 C.Albicans 
CR3 EBV 
CR4ipl50.951 IL -2 • 

] C3dg I Factor H' I g~~CR3 I E~~~~~tin I 

},. Properdin ' CR l' 
Conglutinin" 

Flbronectin 
IL-2 " 
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binding domains in C3 

KUSANO et aJ. 1986), which would suggest that factor I must possess a broader 
specificity than previously proposed (see Fig. 2). 

Thus, two questions are obviously raised: a) Why is factor I such a novel serine 
protease that it cannot be inactivated by DFP, yet its primary structure (CATTERALL 
et aJ. 1987) correlates well with that of other serine proteases? b) Does the third 
cleavage site actually occur at the N-terminus of C3dg (between the Arg-Ser bond, 
residues 932-933), or could the initial cleavage occur NH 2-terminal to this sequence 
followed by another cleavage yielding the C3dg fragment? The latter question is 
especially curious since SEYA and NAGASAWA (1985) reported the isolation of a C3dg 
fragment which resembles the C3dK fragment characterized by MUETH and collegues 
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Fig. 2. Amino acid sequence comparison of functionally important sites within human C3 and 
C3 from other species and other homologous proteins (e.g., C4, C5, CYrmacroglobulin). In 
addition, the regions of similarity between human C3 and fibrinogen y-chain, gp350/220 of 
EBV, and gp63 of Leishmania promastigotes are shown. Numbering of the human C3 residues 
is adapted from DE BRUIN and FEY (1985) after subtracting the signal peptide. Boxed sequences, 
areas offunctional importance; asterisks, identical residues; periods, gaps, introduced for maximal 
sequence alignment. The sequence of guinea pig C3 surrounding the thio1ester site has been 
reported by Thomas and Tack (1983). Partial amino acid sequences for rabbit, Xenopus, axolotl, 
chicken, and cobra C3 were obtained from the purified proteins (see Fig. 4) and are reported 
here for the first time. Briefly, NHz-terminal amino acid sequence was obtained by electroblotting 
the C3 chains separated by sodium dodecyl sulfate polycrylamide gel electrophoresis onto poly
vinylidene difluoride membranes and sequencing the excised bands directly from the membrane 
(see BECHERER and LAMBRIS 1988 for details) 

(1983) in that it possessed leukocytosis-inducing actIVIty. This actlVlty was not 
observed in the C3dg characterized by LACHMAN and collegues (1982). Since the C3dg 
and C3dK fragments differ by nine amino acids in their NHz-termini, and these nine 
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amino acids were responsible for the leukocytosis activity (HOEPRICH et al. 1985), it 
seems possible that SEYA'S C3dg was actually C3dK (no sequence data was reported). 
This would imply that factor I can cleave further up in the sequence, possibly between 
the Arg-Thr or Arg-Leu at residues 923-924 or 929-930 respectively (see Fig. 2). 
Recent results from our laboratory suggest that three different C3dg-like fragments 
are generated in serum. This is based on NH 2-terminal sequence data and on the 
reactivity of several monoclonal antibodies (NILSSON et al. 1988) which recognize 
different epitopes within residues 929-946 of C3. The three C3dg-like fragments had 
their NHz-termini starting at residues 924 (cleavage between Arg-Thr), 933 (cleavage 
between Arg-Glu), and 938 (cleavage between Lys-Glu). That factor I is the enzyme 
responsible for "inactivating" C3b was confirmed by the ability of a monoclonal 
anti-factor I antibody to inhibit all three cleavages of C3b (NILSSON-EKDAHL et al. 
1989). Another interesting observation is that all the factor I mediated cleavages were 
inhibited when factor I was treated with the protease inhibitor DFP in the presence 
of C3b. This suggests that factor I binds to C3b, and that this binding exposes the 
active site of the serine protease to DFP. These results are in agreement with an 
earlier report showing that factor I binds to Sepharose-coupled C3b (NAGASAWA 
et al. 1980). 

4 C3 Interactions 

The binding of numerous plasma and membrane proteins to the degraded products 
of C3 account for the molecule's ability to mediate a variety of biological responses 
(LAMBRIS 1988; Becherer et al. 1989a). Fluid-phase and surface-bound fragments of 
C3 are generated during complement activation, both of which can bind to other 
complement components and the numerous regulatory molecules of the complement 
system. Upon binding of these fragments to their respective complement receptors a 
variety of responses are elicited, with the fluid-phase fragments capable of migrating 
within their local environment and the surface bound fragments capable of forming 
a bridge between the receptor-bearing cell and the target. To understand the numerous 
responses mediated by the degraded products of C3, a great deal of effort has been 
placed on understanding the structural features of C3 responsible for its multifunctio
nality. Below, we review the available information concerning the binding sites for 
CR1, CR2, CR3, factor H, factor B, properdin, and conglutinin in C3 (see Fig. 3). The 
interactions of the surface proteins on foreign pathogens (i.e., Epstein-Barr virus, or 
EBV, herpes simplex virus, etc.) which bind C3, as well as the anaphylatoxin C3a 
with its receptor, will not be mentioned since comprehensive reviews by DIERICH 
et al. and HUGLI are presented elsewhere in this volume. 

4.1 Interaction of C3 Fragments with Complement Receptor Type 1 

Complement receptor type 1 (CR1, CD35) is a polymorphic membrane glycoprotein 
(160-280 kDa) that binds the C3b and C4b fragments of C3 and C4, and its structure 
is comprised of the short consensus repeats common to other C3bjC4b proteins 
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(reviewed by FEARON and AHEARN, this volume). During opsonization of foreign 
particles by complement, numerous molecules of C3b are fixed on the activating 
surface, and it appears that the multi valency of surface-bound C3b may be 
physiologically important in CR1-mediated functions. This is supported by the 
fact that dimeric C3b (Ka approximately 5 x 107 M- 1) binds CR1 with a much 
higher affinity than monomeric C3b (Ka approximately 0.5 x 106 - 2 X 106 M- 1). 
CR1 can also bind the iC3b and C3c fragments of C3 but with lower affinity 
(Ross et al. 1983; BECHERER and LAMBRIS 1988). The binding site on C3c for 
CR1 has been localized (BECHERER and LAMBRIS 1988; see Figs. 2, 3). Elastase 
cleavage of C3 yielded four fragments of C3c which varied in their reactivity 
toward CRl. NH2-terminal sequence analysis revealed that the C3c fragments 
which did not bind CR1 were missing eight and nine amino acids from the 
NHz-termini of their 27-kDa ex'-chain. The COOH-termini of this chain, which 
was approximated by the presence or absence of the carbohydrate moiety at 
position 917 of the C3 sequence (DE BRUUN and FEY 1985; HIRANI et al. 1985), 
played no role in CR1 binding. 

Both a synthetic peptide (C3727-768), which spans residues 727-768 of the 
C3 sequence, and the generated antipeptide antibody (anti_C3727-768) inhibit the 
binding of C3b and C3c to CRl. The finding that C3727-768 binds the receptor 
with a lower affinity than either C3b or C3c suggests that secondary sites of 
contact and/or conformational constraints inherent to C3c and C3b are important 
in their interaction with CRl. This region of C3 has also been shown to be 
involved in the interaction of C3b with factors Hand B, a finding which supports 
the idea that, within C3b, there are sites of interaction common to several of 
the C3b/C4b binding proteins whose structures are characterized by short consensus 
repeats (LAMBRIS 1988; LAMBRIS et al. 1988; see following section). This supposition 
is reflected by the weak affinity of C4 binding protein for C3b (FUJITA and 
NUSSENZWEIG 1979), by the observations that CR1 and factors Hand B compete 
for binding to C3b (DISCIPIO 1981; PANGBURN 1986a) and by the ability of 
a monoclonal antibody to inhibit the binding of all of these proteins to C3b 
(BECHERER and LAMBRIS, unpublished observation). Furthermore, the recent work by 
KUCKSTEIN using deletion mutants of recombinant CR1 showed that two C3b 
binding sites exist in CR 1 (KUCKSTEIN et al. 1988). Whether CR1 recognizes 
two distinct sites within C3b, or whether the receptor can interact multivalently 
with the C3b-C3b complexes generated during complement activation remains to 
be determined. 

Several interesting features were observed when anti_C3727-768 antibodies (affinity 
purified on a Sepharose C3b column) were used to study the conformational changes 
that occur within the CR1 binding domain of C3 during complement activation. 
These antibodies, which inhibit C3b and C3c binding to CR1, bound to C3b, 
iC3b, and C3c but not to native C3. Furthermore, the binding of anti_C3727-768 
to these C3 fragments was inhibited by peptides C3727-768 and C3727-745 but 
not by C3741-768. Thus, anti_C3727-768 recognized a neoepitope expressed after 
cleavage of C3 to C3b that is confined within the 14 NHz-terminal amino 
acids (residues 727-740) of the ex' -chain of C3 (BECHERER et al. 1989b). This antibody, 
or a monoclonal antibody generated agai.nst this region, could therefore be used to 
detect C3 degradation fragments in biological fluids. 
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Fig. 3. A schematic representation of the C3 molecule showing the carbohydrate structures and 
the regions of C3 which have been identified to bind factors Hand B. CR1, CR2, CR3, C3aR, 
properdin, and conglutinin (see text for details). Residues 1385/1252 of the ex-chain denote the 
endpoints of the CNBr fragments originaIIy generated which aided in the localization of the 
properdin and CR2 binding sites, respectively. Residues 735 and 736 of the ex-chain represent 
the NH z termini of the C3c fragments which Jed to the localization of the CRI binding site. 
(For numbering of the C3 residues, see Fig. 2) 

4.2 Interaction of C3 Fragments with Complement Receptor Type 2 

Complement receptor type 2 (CR2/EBVR, CD21) is a 140-kDa membrane glycopro
tein originally identified on B cells, but recent reports have indicated a wider 
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distribution, including endothelial cells, follicular dendritic cells, some T-cell lines, 
and immature thymocytes (for review see COOPER et al. 1988; BECHERER et al. 1989a 
and FEARON and AHEARN, this volume). CR2 binds the iC3b, C3dg, and C3d fragments 
of C3 (Ross et al. 1983) while a low-affinity interaction with C3b has also been 
observed (Ross and MEDOF 1985). In addition, CR2 serves as the receptor for EBV, 
an interaction mediated by the surface glycoprotein gp350/220 of EBV (NEMEROW 
et al. 1987; TANNER et al. 1987). 

The binding site on C3d for CR2 was initially identified within an 8.6-kDa CNBr 
fragment of C3d, and subsequent studies employing synthetic pep tides from this 
region identified residues 1199-1210 of the C3 sequence as comprising the CR2 
binding site (LAMBRIS et al. 1985). This site is sandwiched within the discontinuous 
factor H binding site (LAMBRIS et al. 1988) and may yield a plausible explanation for 
the H-like cofactor activity of CR2 (MITOMO et al. 1987). Also, this region of C3d 
(see Fig. 2) was found to be similar to a region of gp350/220 (residues 21-31), the 
surface glycoprotein of EBV involved in binding CR2 (NEMEROW et al. 1987 ; TANNER 
et al. 1987). This suggested that EBV and C3d possess similar structural features 
which mediate binding to CR2. The proposal is supported by the binding of a synthetic 
peptide, corresponding to the aforementioned region of gp350/220, to CR2 and by 
its ability to inhibit: (a) the binding of gp350/220 and C3dg to B cells (NEMEROW 
et al. 1989), (b) EBV-induced B-cell proliferation (NEMEROW et al. 1989), and (c) the 
growth-supporting effects on Raji cells of a multivalent, CR2 binding synthetic peptide 
from C3d (SERVIS and LAMBRIS 1989). Furthermore, this agrees with the observations 
that the CR2 specific monoclonal antibody OKB-7 inhibited both C3d and EBV 
binding to CR2 (NEMEROW et al. 1985a), and that a deletion mutant of gp350/220, 
missing two amino acids from the region of similarity with C3d, did not bind CR2 
(TANNER et al. 1988). Scatchard analysis of gp350/220 binding to CR2/EBVR, however, 
demonstrated both high- and low-affinity receptor binding sites (TANNER et al. 1988); 
thus one of these sites appears to be specific for the domain of gp350/220 that shares 
amino acid similarity with the CR2 binding site in C3d. The recent findings using 
CR2-specific monoclonal antibodies and an anti-idiotypic anti-CR2 antibody indicate 
different binding sites on CR2/EBVR for C3d and gp350/220 (BAREL et al. 1988), and, 
when taken together with the observed inhibition by OKB-7, these observations are 
not inconsistent with the above Scatchard analysis indicating the presence of two 
binding sites for EBV on CR2. Therefore, further refinement of both the ligand and 
receptor binding sites involved in the CR2 interaction with gp350/220 and C3d is 
necessary to clarify the relationship between these two interactions. One possibility 
is that CR2 possesses multiple sites of interactions for fragments of C3 and for 
gp350/220; such a model would be analogous to the CR1 interaction with C3b and 
C4b. Supporting the idea that multiple binding sites exist in CR2 for EBV is the 
recent finding that mouse CR2, despite binding human C3d, cannot bind EBV 
(FINGEROTH et al. 1989). 

In addition to its dual ligand binding properties, CR2 has long been implicated in 
modulating the growth ofB cells, although the precise manner by which CR2 mediates 
these effects is still unclear. However, the nature of the ligand interacting with the 
receptor appears important since monovalent fluid-phase C3 fragments generally 
inhibit in vitro T- and B-cell responses while multivalent CR2 ligands have been 
shown to induce growth and differentiation of B cells. The latter regulatory function 
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of CR2 has been demonstrated by the cross-linking of CR2 on the cell surface by 
polyclonal or monoclonal anti-CR2 antibodies (FRADE et al. 1985; NEMEROW et al. 
1985b; WILSON et al. 1985; PETZER et al. 1988) or by particle-bound or aggregated 
C3d/C3dg (MELCHERS et al. 1985; BOHNSACK and COOPER 1988). Furthermore, C3 
(HATZFELD et al. 1988) and anti-CR2 monoclonal antibodies (PERNEGGER et al. 1988) 
have been shown to support the growth of the B-Iymphoblastoid cell line Raji in 
serum-free conditions. Thus, in view of the findings that CR2 can be phosphorylated 
and translocated to the nucleus (CHANGELIAN and FEARON 1986; BAREL et al. 1986; 
DELCAYRE et al. 1987), that CR2 synergistically enhances the anti-lgM induced 
increase of cytoplasmic free Ca2+ (CARTER et al. 1988), and that CR2 cocaps with 
membrane IgM in the presence of anti-CR2 and anti-IgM antibodies (TSOKOS et al. 
1988), it appears that engagement of the receptor by multivalent ligands delivers 
inductive signals to the cells. To further explore the mechanisms that lead to B-cell 
activation and growth, especially in view of the fact that C3d reacts with several 
serum and cell surface proteins, we have used both monovalent and multivalent 
CR2-binding synthetic pep tides in an attempt to mimic the effects of CR2 ligation 
by C3d. Under serum-free conditions, a multivalent CR2-binding peptide, 
C3(lZ0Z-1214)4, supported the growth of Raji cells, and this effect could be inhibited 
by the monovalent CR2-binding peptide C31Z01-1214 (SERVIS and LAMBRIS 1989). A 
similar inhibition was observed by a synthetic peptide which spans residues 19-30 
of the NHz-terminus of gp350/220. In addition, a multimeric form of the same 
gp350/220 peptide stimulated Raji cell growth (ESPARZA and LAMBRIS, unpublished 
observation), supporting the idea that cross-linking of the receptor is essential for 
proliferation of these cells. These findings are substantiated by the recent report of 
a synthetic peptide from the same region of gp350/220 which blocks EBV -induced 
B-cell proliferation (NEMEROW et al. 1989). 

The recent observation that the amino acid sequence of the CR2 binding site in 
C3d is similar to the sequence between residues 295 and 306 of C3 (Table 1) and the 
finding that a synthetic peptide representing this sequence competes with the synthetic 
peptide C31201-1214 for binding to CR2 (ESPARZA and LAMBRIS 1989) suggests that, 
within C3, there are multiple sites which are involved in its interaction with CR2. 
Although it is not known whether this site contributes to the binding of iC3b to 
CR2, one possible scenario is that the fluid-phase iC3b fragment delivers a stimulatory 
signal to the CR2-bearing cell as a result of its multivalent nature; subsequent to this 
binding, cleavage of iC3b by factor I and CR2 (acting now as a cofactor) produces 
the monovalent C3c and C3dg fragments which would transmit an inhibitory signal 
to the cell. This multiple-site model for the interaction of C3 fragments with CR2 is 
similar to that demonstrated for C3b binding to factor H, another member of the 
family of C3b/C4b binding proteins (see below). 

Another region of C3, similar in amino acid sequence to the CR2 binding site, was 
found between residues 744 and 755 of the ex-chain (Table 1). These residues are within 
the identified CRI and H binding domain located in the NH2 terminus of the ex'-chain 
(Figs. 2, 3). The contribution of these amino acids in this region of C3 to the Hand 
CR 1 binding remains to be determined. Nonetheless, since factor H has been shown 
to bind to a region of C3d incorporating the CR2 binding site, one could speculate 
that these molecules bind to common regions within C3 due 10 the structural and 
functional similarities between CR1, CR2, and factor H. 
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Table 1. Amino acid sequence similarity between the identified CR2 binding site in C3d and 
other segments of C3 and the gp350(220 protein of EBV 

Residues Sequence 

CR2 binding site in C3d 1199-1210 E D P 
~-Chain of human C3 295-306 * * L V 
ex-Chain of human C3 744--755 * F * 
CR2 binding site in gp350 21-30 * * * 

Identical residues and inserted gaps are denoted as in Fig. 2 

G 

* 
E 
* 

K Q L Y N V E A 
*S** *S* 
SW*W***D 

FF***I 

4.3 Interaction of C3 Fragments with Complement Receptor Type 3 

CR3 (Mac-I, CD 11 b/18) is membrane glycoprotein that participates in the phagocyto
sis ofiC3b-opsonized particles and in cell adhesion (see ROSEN and LAw, this volume). 
It is a heterodimer consisiting of noncovalently linked \1.- (165-kDa) and B-chains 
(95-kDa) and is a member of a superfamily of cell surface receptors termed integrins 
(HYNES 1987). 

CR3 binds to the iC3b fragment of C3, and this binding is dependent on divalent 
cations (BELLER et al. 1982; Ross and LAMBRIS 1982). One binding site in iC3b for 
CR3 has been localized to residues 136]-1380 of C3. This region of C3 contains an 
RGD sequence, and WRIGHT et al. demonstrated that erythrocytes coated with a 
synthetic peptide spanning these residues bind to macrophages, and that this binding 
is inhibited by monoclonal antibodies against CR3 (WRIGHT et al. 1987). In addition, 
this peptide could also inhibit CR3-mediated binding of polymorphonuclear leuko
cytes to eridothelial cells (Lo and WRIGHT 1988), suggesting that adhesion of 
polymorphonuclear leukocytes to endothelial cells is mediated via the same site on 
CR3. Tertiary conformation and amino acids adjacent to the RGD sequence, as is 
true for the other integrin ligands (RUOSLAHTI and PIERSCHBACHER 1987), must also 
be important for CR3 binding since in mouse C3, which binds well to MAC-I, and 
rabbit C3 the Arg is replaced by Leu (WETSEL et al. 1984; KUSANO et al. 1986), and 
since CR3 failed to recognize the hexapeptide GRGDSP (WRIGHT et al. 1987). The 
binding of neutrophil and macrophage CR3 to fibrinogen (WRIGHT et al. 1988) and 
Leishmania gp63 (RUSSELL and WRIGHT 1988), respectively, and analysis of their 
sequences surrounding the CR3 binding site led to the hypothesis that the positively 
charged Arg is important, and that, in mouse C3 and fibrinogen, this charge 
requirement is maintained by the Lys situated two residues NH 2-terminal to the 
position of the substituted Arg (Fig. 2). Cloning of Xenopus C3 has revealed that it 
lacks the RGD sequence but shows high amino acid similarity with a segment of the 
human and rabbit sequences immediately COOH-terminal to the RGD (GROSSBERGER 
et al. 1989; see Fig. 2). Since Xenopus macro phages bind Xenopus iC3b (SEKIZAWA 
et al. 1984a), it would be interesting to determine whether Xenopus iC3b binds to 
human CR3. 

Recently, fibrinogen has been shown to bind to CR3 on ADP-stimulated monocytes, 
and this binding is not inhibited by the RGD-containing synthetic peptides derived 
from the iC3b and fibrinogen sequences (ALTIERI et al. 1988). This, coupled with the 
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observation that iC3b, fibrinogen, and coagulation factor X, which also binds 
CR3 (ALTIERI and EDGINGTON 1988), mutually inhibit one another in binding CR3 
(ALTIERI et aL 1988), suggests that CR3 possesses additional recognition specificities 
for these molecules that are different from its RGD recognition site. For a more 
comprehensive review on the binding of these ligands to CR3 see ROSEN and LAW 
(this volume). 

In addition to its specificity for iC3b, CR3 has been shown to bind the C3dg 
fragment of C3 (GAITHER et aL 1987), suggesting that CR3 can interact with at least 
two different sites in C3. Also, CR3 binds to lipopolysaccharide (WRIGHT and lONG 

1986) and zymosan (Ross et aL 1985), apparently via a polysaccharide binding site, 
since the latter binding is inhibited by N-acetyl-D-glucosamine. Recently, it has been 
shown that the lipopolysaccharide binding site in CR3 is distinct from the iC3b 
binding site (WRIGHT et aL 1989). This ligand multi specificity expressed by CR3 is a 
common characteristic of the integrin superfamily of cell receptors (RUOSLAHTI and 
PIERSCHBACHER 1986) and underscores the ability of CR3 to mediate a variety of 
processes. 

4.4 Interaction of C3 Fragments with Factor H 

Factor H is a serum glycoprotein which down-regulates the amplification of the 
alternative pathway by binding to either surface-bound or fluid-phase C3b and 
accelerating the decay of the C3bBb convertase or by acting as a cofactor in the 
factor I mediated breakdown of C3b (for details see VIK et aI., this volume). Several 
reports have identified different regions of the C3b molecule to be involved in H 
binding, thus suggesting that Hand C3b interact via multiple sites. One of the H 
binding sites has been localized within the C3d fragment of C3 using anti-idiotypic 
antibodies and synthetic pep tides (LAMBRIS et aL 1988). The results have shown that 
H binds to a discontinuous site surrounding the CR2 binding site, spanning residues 
1187-1249 of the C3 sequence (see Fig. 2). From these studies it has been proposed 
that the conformation of this segment in C3b is such that the H site is preferentially 
exposed in C3b, whereas upon cleavage to iC3b this segment undergoes a "conforma
tional inversion" with the concomitant appearance and disappearance of the CR2 
and H binding sites, respectively. This would explain why CR2 is most efficient as a 
cofactor for the cleavage of iC3b to C3c and C3dg. Another possibility is that factor 
H can bind simultaneously to additional sites within C3b, thereby promoting the 
third factor I mediated cleavage. 

Another site in C3b which has been reported to mediate factor H binding 
has been identified to the N-terminal 40 amino acids of the ex/-chain based on 
the inhibition of factor H binding to EC3b by synthetic peptides and anti peptide 
antibodies (GANU and MOLLER-EBERHARD 1985). This domain of C3 has also 
been identified as a site of interaction for CR1 (BECHERER and LAMBRIS 1988) 
and factor B (GANU and MULLER-EBERHARD 1985). This would, on the one hand, 
explain the ability of factor H to compete with factor Band CRl for binding 
to C3b (PANGBURN and MULLER-EBERHARD 1978; PANGBURN 1986a) and, on the 
other, the ability of factor H to participate in the third factor I cleavage. Since 
factor H, CR1, CR2, and C4bp are all cofactors for the I mediated cleavages 
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of C3b, and since they are all structurally similar, one possibility is that multiple 
recognition sites within C3b and iC3b exist that are common, albeit with different 
affinities, to the different cofactor molecules. 

A third site of interaction in C3 for factor H has been localized to the COOH
terminal 40-kDa C('-chain fragment of Cec based on studies in which an anti-C3 
antibody, affinity purified on an anti-factor H affinity column, could inhibit factor 
H binding to C3b and serve as a cofactor for factor I mediated cleavage of C3b 
(NILSSON and NILSSON 1987). For sites of interaction on H for C3b see VIK et al. (this 
volume). 

4.5 Interaction of C3 Fragments with Factor B 

Factor B is a 93-kDa serine protease which participates in the initiation and 
feedback amplification of the alternative pathway by serving as the catalytic 
subunit of the C3 and C5 cpnvertases (PANGBURN 1986b; VOLANAKIS, this volume). 
Binding of factor B to C3b appears to involve multiple sites within both molecules. 
One site was postulated to reside in the Ba fragment due to the presence of the 
consensus repeating units found in other C3b binding proteins within this fragment 
of factor B. This was confirmed using monoclonal antibodies against the Ba fragment 
which inhibited C3b binding to factor B (UEDA et al. 1987) and by direct interaction 
of the Ba fragment itself (PRYZDIAL and ISENMAN 1987). The NH2-terminus of the 
C('-chain of C3b has been shown to be involved in B binding (GANU and MULLER
EBERHARD 1985). Since this site has also been shown to mediate the binding of CR1 
(BECHERER and LAMBRIS 1988) and factor H (GANU and MULLER-EBERHARD 1985), 
two C3b binding proteins which also contain the consensus repeating units, this 
region of C3b may be involved in the binding of the Ba fragment. 

A second C3b binding site in factor B was localized within the 33-kDa COOH
terminal end of the Bb fragment, and its binding, like that of factor B, is Mg2 + 

dependent (LAMBRIS and MULLER-EBERHARD 1984). A domain in C3, spanning residues 
933-942, has been predicted to be involved in factor B binding (O'KEEFE et al. 1988). 
This is based on the differential binding of factor B to C3c and a C3c-like fragment 
generated by a protease from cobra venom glands. The latter fragment has been 
proposed to be structurally similar to cobra venom factor (CVF); however, it is not 
known whether this region of C3b is involved in binding the 33-kDa Bb fragment. 
That multiple binding sites exist in C3b for factor B is supported by data showing 
that monoclonal antibodies from both the C3c and C3d domains inhibit factor 
B binding to C3b (BURGER et al. 1982; KOISTINEN et al. 1989). 

4.6 Interaction of C3 Fragments with Properdin 

Properdin is a plasma glycoprotein whose initial isolation led to the elucidation of 
the alternative (properdin) pathway (PILLEMER et al. 1954). It allows a rapid amplifica
tion of the surface-bound C3b by stabilizing the C3bBb convertase. The precise 
molecular mechanisms by which properdin stabilizes the C3 convertase are unknown, 
although its presence does not seem to be essential for initiation (F ARRIES et al. 1988). 
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To further understand the mechanisms by which properdin stabilizes the C3 
convertase, the binding site in C3b for properdin has been identified. Originally, 
properdin was shown to bind both C3b and C3c (CHAPITIS and LEPOW 1976), and 
subsequent studies placed the properdin binding site within the 40-kDa COOH
terminal ex-chain of C3c (LAMBRIS et al. 1984). Cleavage of this 40-kDa fragment 
by CNBr yielded a 17 -kDa fragment (residues 1385-1541 of C3) that bound to 
properdin (DAOUDAKI et al. 1988). Further localization of the properdin binding 
site was achieved using synthetic peptides. Comparison of the amino acid sequences 
of human, mouse, and rabbit C3 (properdin binding proteins) with those sequences 
from human and mouse C4, C5, and ex2-macroglobulin (homologous but not 
properdin binding proteins) identified a region, residues 1402-1435 of the human 
C3 sequence, that was conserved and therefore a possible candidate for the properdin 
binding site (see Fig. 2). A synthetic peptide (C31402-1435) corresponding to this 
segment of C3 was shown to bind properdin, inhibit properdin binding to C3, 
and inhibit the activation of the alternative pathway by rabbit erythrocytes (DAOUDAKI 
et al. 1988). These, results show conclusively that properdin stabilization of the 
C3 convertase is necessary for efficient amplification of the enzyme cascade during 
complement activation and is in agreement with the studies on patients with 
properdin deficiency that indicated properdin to be essential for optimal complement 
activation (BRACONIER et al. 1983; NIELSEN and KOCH 1987). Further studies using 
overlapping synthetic peptides localized the properdin binding site to residues 
1424-1432, and synthetic analogues indicate that His1431 and Ser1432 are important 
for the binding activity of this peptide (ALSENZ et al. 1989). The binding site in 
properdin for C3b is unknown, but since properdin exists as cyclic oligomers 
constructed from the association of single monomers (SMITH et al. 1984; F ARRIES et al. 
1987), it is possible that it binds more than one molecule of C3b. 

4.7 Interaction of C3 Fragments with Conglutinin 

Conglutinin is a 300-kDa collagen-like plasma protein that binds to yeast cell walls 
and to surface-bound iC3b (LACHMANN and MULLER-EBERHARD 1968). Originally 
identified in bovine plasma (LACHMANN and MULLER-EBERHARD 1968) and later in 
human plasma (THIEL et al. 1987), conglutinin binding to iC3b is Ca2+ dependent and 
can be inhibited by N-acetyl-D-glucosamine. Recently, LOVELESS et al. have shown 
conglutinin to be a lectin which recognizes terminal N -acetylglucosamine, mannose, 
and fucose residues (LOVELESS et al. 1989). By using C3 fragments fixed to micro titer 
plates, conglutinin was also shown to bind C3b, C3c, and the ex-chain of C3 but not 
the p-chain or to C3d. Molecular dissection of the C3c molecule identified the 
conglutinin binding site within the NH2-terminal ex' -chain fragment of C3c. Since 
endo-H removal of the ex-chain carbohydrate moiety abolished conglutinin binding 
to C3c, it was concluded that this carbohydrate, attached to the Asn residue at 
position 917 of the C3 sequence, is the conglutinin binding site (HIRANI et al. 1985). 
Little is known about the physiological role of conglutinin, but it may be a member 
of the family of Ca 2 + -dependent endogenous lectins recently reviewed by DRICKAMER 
(1988). 
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5 Structure/Function Analysis of C3 from Different Species 

Although complement and other nonspecific lytic systems have been described in 
lower vertebrates and invertebrates, relatively little is known about the individual 
components that make up these systems. The best phylogenetically characterized 
component of complement is C3, no doubt due to its prominent role in both pathways 
of activation. C3 has been purified and characterized from numerous vertebrates 
including monkeys, mice, rats, guinea pigs, cats, rabbits, birds, frogs, snakes, and 
lampreys, and the complete or partial amino acid sequences of human, mouse, rabbit, 
and Xenopus C3 have been deduced from the cloning of their cDNA. Comparison 
of the C3 amino acid sequences between species and correlation of this information 
with the ability of these forms of C3 to bind the different ligands and receptors is 
instrumental in identifying structural features of C3 that are important for its 
functionality. Homologous proteins such as C4, C5, and az-macroglobulin serve as 
"natural analogues" and yield additional information regarding which C3 residues 
are critical for ligand binding. Below we review briefly the structural and functional 
characteristics of C3 from other species and present some recent work comparing 
the primary sequences of C3 from various species with regard to the identified binding 
sequences in human C3. Although a number of studies on the phylogenetic 
compatability of the complement system have been reported (GIGLI and AUSTEN 
1971; KAIDOH and GIGLI 1987; VON ZABERN 1988), our focus here is on the C3 
molecule, and inclusion of the other complement components is beyond the scope 
of this review. 

5.1 Mammalian C3 

Mouse C3. Murine C3 was first purified to homogeneity in 1977 by GYONGYOSSY 
(GYONGYOSSY and ASSIMEH 1977) who showed that it consisted of a two-chain structure 
with physiochemical properties similar to those of human C3. The major difference 
between mouse and human C3 is that the murine ~-chain lacks carbohydrates. Cloning 
of the murine C3 (WETSEL et al. 1984; LUNDWALL et al. 1984a) and comparison of 
its sequence with the human C3 sequence indicated that the murine C3 a-chain is 
one amino acid longer than the human a-chain, and that this extra amino acid is 
located within the C3a domain, while the murine ~-chain is three amino acids shorter 
than its human counterpart. Human and mouse C3 share 77% and 79% identity on 
the amino acid and nucleotide levels, respectively. The observations that murine 
EAC3b is cleaved by human factor I and rosettes with human erythrocytes, and that 
murine EC3bijC3dg rosettes with Raji cells suggest that the binding sites for human 
factor I, CR1, and CR2 are conserved in mouse C3 (KINOSHITA and NUSSENZWEIG 
1984; DIERICH et al. 1974; Ross et al. 1976). The latter cross-reactivities are supported 
by the sequence conservation between the two species within the identified CR1 and 
CR2 binding domains (Fig. 2). 

Rabbit C3. Rabbit C3 has been purified to homogeneity (GICLAS et al. 1981; 
HORSTMANN and MULLER-EBERHARD 1985a) and was found to be composed of 
glycosylated a- (123-kDa) and ~-chains (70 kDa; see Figs. 2, 4). Its amino acid 
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composition resembles that of human C3 while its carbohydrate content and its 
concentration in serum are significantly lower than in the corrysponding human 
component (HORSTMANN and MULLER-EBERHARD 1985a). Identification of the nu
cleotide sequence for a region of approximately 70% of the ct-chain of rabbit C3 has 
revealed that it shares 78 % amino acid similarity with the human and mouse sequences 
with conservation of the cysteinyl residues between species. Also, this region of the 
ct-chain contains the binding sites for factor H, properdin, CR2, CR3, as well as the 
thiolester site and the factor I cleavage sites, and allows the primary sequences of 
these sites to be compared between species (see Fig. 2). For example, a peptide from 
the rabbit C3 sequence was synthesized that corresponded to the identified properdin 
binding site in human C3. This peptide inhibited properdin binding to human C3b 
(ALSENZ et al. 1989) and provided additional information regarding which residues 
are important in the C3b-properdin interaction. Furthermore, rabbit C3 has been 
shown to bind human factor H, CR1, CR2, and MCP, and this suggests that the 
binding sites for these human components are conserved in rabbit C3 (DIERICH et al. 
1974; HORSTMANN .et al. 1985b; BECHERER et al. 1987; MANTHEI et al. 1988). This 
observation is supported by the sequence similarity between the two species within 
these regions of C3 (Fig. 2). 

Coomassie Stain Binding of 1251-ConA 

(l chain 

~ chain 

Hu Rb Co Xe Ax Tr Hu Rb Co Xe Ax Tr 

Fig. 4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and binding of 1251-labeled 
concanavalin A e25 I-ConA) to C3 from different species. Human, rabbit, cobra, Xenopus, axolotl, 
and trout C3 were electrophoresed on a 7.5% sodium dodecyl sulfate polyacrylamide gel under 
reducing conditions, and proteins were stained with Coomassie blue. A duplicate gel procedure 
was carried out, and the proteins were electroblotted to nitrocellulose, incubated with 125I-labeled 
concanavalin A, washed, and subjected to autoradiography. The purification ofC3 from different 
species was achieved as follows: plasma, after fractionation with polyethylene glycol, was 
subjected successively to anion exchange and gel filtration chromatography (for details see 
AVILA and LAMBRIS 1989) and the C3-containing fraction was then adsorbed, after treatment 
with methylamine, to activated thiol-Sepharose. After extensive washing the purified C3 was 
eluted from the activated thiol-Sepharose with L-cysteine. Rabbit C3 was purified as previously 
described (HORSTMAN and MULLER-EBERHARD 1985a) 

C3from Other Mammals. The third component of rat (DAHA et al. 1979), guinea pig 
(SHIN and MAYER 1968), porcine (PAQUES 1980), and feline (JACOBSE-GEELS et al. 1980) 
complement has been purified and found to be similar to that of human C3 in its 
chain structure and its participation in complement activation. The carbohydrate 
content of rat, porcine, and feline C3 has not been determined, but guinea pig C3, 
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unlike human C3 but similar to mouse C3, appears to lack carbohydrate on its 
p-chain (THOMAS and TACK 1983). Additional studies have shown that a C3 convertase 
could be formed using purified rat C3 and human components B, D, and P, indicating 
that the binding sites for factor B and properdin are conserved between rat and 
human C3. Likewise, feline C3 could form a classical pathway C5 convertase which 
resulted in lysis of the target erythrocyte upon addition of human C5-C9. This 
suggests that the C5 binding site in C3 is conserved between felines and humans. In 
contrast to the compatibilities observed between these species, guinea pig C3 is 
incompatible with both human factor B (BRADE et al. 1976) and C5 (VON ZABERN 
et al. 1979). 

5.2 Avian C3 

Quail C3. Among avian species C3 has been purified and characterized in the Japanese 
quail and in the chicken. Using an antiserum prepared against quail serum-treated 
zymosan, quail C3 was found to be a two-chain structure (M, = 184000; KAI et al. 
1983), and during ontogeny synthesis of quail C3 appears to be associated with cells 
belonging to the reticuloendothelial system (KAI et al. 1985). Quail complement 
resembles that of mammalian in that: (a) inulin or zymosan led to the activation of 
quail complement, (b) hydrazine or methylamine eluted quail C3 from zymosan, and 
(c) quail C3 was deposited on the membrane of cells activating quail complement, 
all of which suggest the presence of an internal thiolester bond in C3. However, one 
discriminating feature of quail complement system is its inability to be activated by 
CVF, suggesting that CVF does not make a C3 convertase with quail factors Band 
D (KAI et al. 1985). 

Chicken (;3. The C3 of chicken has been characterized as a two-chain structure 
«(X-chain, 118 kDa; p-chain, 68 kDa) that participates in both the classical and 
alternative pathways of complement activation in chickens. It has a pI between 6.4 
and 6.6, a concentration in plasma of 0.4--0.5 mg/ml and is sensitive to methylamine 
treatment; in contrast to quail complement, the chicken complement system can be 
activated by CVF. Also, immunoblotting experiments reveal that chicken C3 exists 
in multiple forms, but as yet no genetic polymorphism has been demonstrated (KOCH 
1988). 

5.3 Reptilian C3 

Interest in the complement system of cobras began upon the identification of CVF 
which was able to activate the alternative pathway of complement. CVF forms a 
stable enzyme complex when exposed to factors Band D that mimics the C3/C5 
convertase of the alternative pathway in its ability to cleave C3 and C5. The CVF,Bb 
complex has a half-life approximately 280 times that of C3b,Bb (VOGEL and 
MULLER-EBERHARD 1982), cannot be disassembled by factor H (LACHMANN and 
HALBWACHS 1975; NAGAKI et al. 1978), and can continuously cleave C3 and C5, 
leading to severe complement depletion in animals injected with CVF (COCHRANE 
et al. 1970; VOGEL and MULLER-EBERHARD 1984; RYAN et al. 1986). 
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The functional similarities between CVF and C3b led to the elucidation of structural 
similarities as well. CVF resembles the C3c fragment of C3 in its chain structure, 
amino acid composition, NHz-terminal sequence of the individual chains, pI value, 
and secondary structure while common antigenic determinants exist berween the two 
molecules (EGGERTSEN et aL 1983; VOGEL et aL 1984; GRIER et aL 1987). Furthermore, 
the cross-reactivity of an anti-CVF antibody with cobra C3led to its purification from 
cobra plasma (EGGERTSEN et aL 1983). This molecule resembled human C3 in its 
chain structure, and common antigenic determinants were found between the ~-chains 
of human and cobra C3 and in the IX-chain of CVF. NHz-terminal sequence (see 
Fig. 2) analysis of the IX-, ~-, and y-chains of CVF revealed homology with the ~

and IX-chains of human C3 (VOGEL et al. 1984; LUND WALL et al. 1984b; O'KEEFE et al. 
1988). Based on the structural and functional similarities between human C3, CVF, 
and cobra C3, it was suggested that CVF is a physiologically derived fragment of 
cobra C3 (EGGERTSEN et al. 1983). This was supported by the recent report of 
O'KEEFE which describes a protease in cobra venom that can cleave human C3 into 
C3c-like and C3d-li~e fragments (O'KEEFE et aL 1988). This C3c-like fragment, unlike 
the C3c generated by trypsin or elastase, retains the ability to bind factor Band 
has led to the identification of a region in C3 thought to be involved in the factor 
B interaction (see Sect. 4.5). Further structural analysis of CVF and cobra C3 will 
determine unequivocally whether CVF is a proteolytic fragment of cobra C3. The 
inability of 1z5I-labeled concanavalin A to bind cobra C3 suggests that, if cobra C3 
is indeed glycosylated, then its carbohydrate structure differs from that of human C3 
(Fig. 4). 

5.4 Amphibian C3 

Xenopus C3. Identification of a hemolytic activity against sheep red blood cells in the 
serum of the clawed frog, Xenopus laevis, allowed the purification of C3 from this 
species (SEKIZAWA et al. 1984 b). Xenopus C3 resembled human C3 in its chain structure 
(IX-chain, 125 kDa; ~-chain, 85 kDa), its electrophoretic mobility W-globulin), its amino 
acid composition, and its susceptibility to methylamine treatment. The recently 
described cDNA and amino acid sequence corresponding to a COOH-terminal 
34-kDa IX-chain fragment of Xenopus C3 revealed 57% and 49% similarity with 
human C3 on the nucleic and amino acid levels, respectively, although three additional 
cysteine residues were found within this segment of Xenopus C3 (GROSSBERGER et al. 
1989). Also, regions of high and low similarity were identified when the Xenopus 
sequence was compared with the other mammalian C3 sequences. For example, the 
properdin binding domain of human C3b (DAOUDAKI et al. 1988) appears to be highly 
conserved in Xenopus C3, but the RGD sequence predicted to be involved in iC3b 
binding is replaced by LKN (see Fig. 2). Since Xenopus C3b/iC3b-coated sheep 
erythrocytes bind to Xenopus macrophages (SEKIZA WA et al. 1984 a), either this binding 
is mediated through a different receptor than Xenopus CR3 (possibly Xenopus CR1 
or its equivalent) or Xenopus iC3b binding to Xenopus CR3 does not involve an RGD 
sequence. It is interesting to note that the 20 amino acids COOH-terminal to the 
RGD sequence are highly conserved in the human, mouse, rabbit, and Xenopus C3 
sequences (see Fig. 2). In addition, a synthetic peptide, derived from the Xenopus C3 
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sequence that is homologous to the properdin binding domain in human C3, was 
found to inhibit binding of human properdin to human C3b (DAOUDAKI and LAMBRIS, 
unpublished observation) and aided in the sublocalization of the properdin binding 
site (For details see Sect. 4.6). These results suggest that the binding site in C3 for 
properdin is conserved among the species so far tested. 

Axolotl C3. Axolotl C3 was purified from plasma based on the ability of an anti-human 
C3 monoclonal antibody and a polyclonal anti-CVF antibody to cross-react with 
axolotl C3 (AVILA and LAMBRIS, 1989). It consists of a disulfide-linked rt- (llO-kDa) 
and ~-chain (72-kDa; Fig. 4) and it contains, within the rt-chain, an internal thiolester 
bond as deduced from its amino acid sequence and the incorporation of [14C]_ 
methylamine within the C3d fragment of axolotl C3. NH2-terminal sequence from 
tryptic fragments of axolotl C3 (see Fig. 2) and amino acid composition indicated 
that this molecule is highly homologous to C3 from other vertebrates. Furthermore, 
axolotl C3 was found to bind human C5 and factor H, suggesting that these binding 
sites have been conserved throughout evolution. However, in contrast to human C3 
which has carbohydrate structures on both its chains, axolotl C3 lacks concanavalin 
A binding carbohydrate on its rt-chain (AVILA and LAMBRIS 1989; and Fig. 4), a 
moiety which, in human C3, is responsible for binding conglutinin. 

5.5 Osteichthian C3 

The complement system of rainbow trout was originally identified by the existence 
of a serum lytic system homologous to mammalian complement (NONAKA et al. 1981). 
Both a classical and alternative pathway could be demonstrated that were dependent 
on divalent cations, and lipopolysaccharide, zymosan, and inulin depleted the lytic 
activity, suggesting that a C3-like molecule is essential. Consequently, trout C3 was 
isolated and, like human C3, was found to possess an rt-~-chain structure and a 
methylamine-sensitive thiolester site, in addition to its integral role in complement
mediated hemolysis (NONAKA et al. 1984 b). Similar to Xenopus and axolotl C3, only 
the ~-chain of trout C3 contains concanavalin A binding carbohydrate (Fig. 4). 
Additionally, the amino acid composition and NH 2-terminal amino acid sequences 
of the rt- and ~-chains of trout C3 show homology to human C3 and CVF (NONAKA 
et al. 1984 b; Fig. 2). A variant of trout C3 which lacks hemolytic activity has been 
identified (NoNAKA et al. 1985). Termed C3-2, it differs from the hemolytically active 
C3 (C3-1) in its antigenicity and tryptic peptide map, while, from the available amino 
acid sequences of C3-1 and C3-2, (26 amino acids of the rt-chain, 21 of the ~-chain) 
only two substitutions (both in the rt-chain) were observed (NoNAKA et al. 1985). The 
reason for the hemolytic inactivity of C3-2 is unknown, but since its internal thiolester 
allows it to bind to activating surfaces, one could speculate that its ability to form 
an effective C5 convertase is impaired. The genetic origin of these variants is unknown, 
but isotypic variants have been identified at both the protein and DNA levels for 
human and mouse C4 (SHREFFLER 1976; O'NEILL et al. 1978; CHAPLIN et al. 1983; 
CARROLL et al. 1984) although no isotypic variants of mammalian forms of C3 have 
been identified (WHITEHEAD et al. 1982; WIEBAUER et al. 1982). Further analysis is 
required to resolve the origin of these two C3 molecules in trout. 
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5.6 Cyclostome C3 

One of the most interesting findings to emerge from these studies of C3 in different 
species is a lamprey complement protein homologous to mammalian C3 (NONAKA 

et al. 1984a). Lamprey C3 resembles C4 in its chain structure, being comprised of 
\1.- (84-kDa), ~- (74-kDa), and y-chains (32-kDa). However, it is believed to be the 
lamprey equivalent of C3 based on its essential role in the phagocytosis of rabbit 
erythrocytes by lamprey phagocytes. It contains an internal thiolester bond that is 
susceptible to methylamine treatment, and the location of this bond is within a 35-kDa 
fragment of the \I.-chain. This segment shows homology with the sequences of the 
thiolester region of mammalian C3 (NONAKA et al. 1984a). Other characteristic 
features are its ability to bind covalently to activating surfaces and its ability to 
mediate phagocytosis. This latter characteristic is the major reason that this molecule 
has been described as lamprey C3 and not C4. Somewhat surprising, however, 
is the finding that lamprey C3 is not involved in the naturally occuring hemolytic 
activity in lamprey. serum. The factor responsible for this lytic activity has been 
identified and shown not to be related to complement (GEWURZ et al. 1966). 
Thus lamprey C3 appears to function primarily in opsonization of foreign particles. 
As a result of the structural and functional similarities between lamprey C3 and 
the C3 and C4 from other species, as well as the primordial nature of the 
cyclostomes, it has been speculated that lamprey C3 typifies a common ancestor 
of both C3 and C4, and that lampreys possess a relatively simplified complement 
system (NONAKA et al. 1984a). 

6 Concluding Remarks 

The biological functions of proteins almost invariably depend upon their direct, 
physical interaction with other molecules. This is no more evident than with C3, 
whose interactions with at least 16 different serum and cell surface proteins, some 
of which have been reviewed in detail here, make it the central molecule of the 
complement system. Understanding this multifunctionality of C3 on a molecular level 
is essential if one is to control complement activation in such disadvantageous 
situations as transplantation rejection and autoimmune disorders. Therefore, elucida
tion of the molecular features involved in the C3-ligand and -receptor interactions 
should facilitate the development and design of specific inhibitors of the complement 
cascade. Still, much remains unknown about the reactions of C3 at the cellular level 
and about the biological responses mediated by C3 receptors, particularly in the 
immune response and phagocytosis. The further analysis of C3 interactions with 
the homologous C3b/C4b regulator proteins, which have overlapping functions, 
should determine whether these molecules share binding domains within C3, 
and how these shared domains are differentially recognized by the regulators, 
leading to inactivation of the cascade. This latter regulatory function is particularly 
interesting since certain pathogens possess surface proteins which allow them 
to escape complement neutralization. Finally, the chemical synthesis and genetic 
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engineering of peptides and proteins with tailor-made conformations and reactivities 
that mimic C3 will greatly facilitate our understanding of the multifunctionality of 
this molecule. 
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1 Introduction 

Thioester bonds are not uncommon in biochemical systems, being formed as 
intermediates in the reaction mechanisms of a number of enzymes (Lm 1976; DOUGLAS 
1987). Thioester bonds are, however, important structural and functional features of 
certain proteins, including C3. C3 shares the thioester bond with several other proteins, 
principally the fourth complement protein, C4, and iJ(rmacroglobulin. It is this 
bond that confers upon C3 the ability to form covalent bonds with cell-surface 
macromolecules, immune complexes, and a variety of small molecules in solution 
(LAW and LEVINE 1977; LAW et aI. 1979, 1980, 1981). The bond in C3 lies in the 
iJ(-polypeptide linking the - SH group of a cysteinyl residue to the y-carboxyl group of 
a glutaminyl residue. The same obtains in C4 and iJ(-macroglobulin, and the three 
proteins share extensive amino acid homology throughout their structure, particularly 
in the vicinity of the bond. 

The early studies of covalent bond formation by C3 led to the speculation (LAW 
et aI. 1979) that "the formation of the bond involves a trans-esterification, a reaction 
that necessarily implies the existence of an ester within C3." Several investigations 
provided experimental evidence for the presence of the thioester bond within the 
iJ(-polypeptide ofC3 (TACK et aI., 1980; THOMAS et aI. 1982), C4 (JANATOVA and TACK 
1981; HARRISON et aI. 1981), and iJ(2-macroglobulin (SOTTRUP-JENSEN et aI. 1981; 
Howard 1981). The mode of formation of the internal thioester bond during the 
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biosynthesis of these proteins is not known. The liver is the major site for C3 synthesis, 
and it has been reported (IrJIMA et al. 1984) that homogenates of mouse liver contain 
a protein that catalyzes the formation of the internal thioester bond of C3. 

2 The Covalent Bond 

By virtue of the cleavage of the ex-polypeptide the activation of C3 by either the 
classical or the alternative pathway yields C3a, a 9000 dalton polypeptide having 
anaphylatoxic activity, and C3b, 180000 daltons, that can bind covalently to a variety 
of molecules. That C3b might possibly form covalent bonds became apparent on 
examination of the results of BHAKDI et al. (1974). Following the classical pathway 
activation of 1251-labeled C3 on the surface of antibody-coated sheep erythrocytes 
they observed high ,molecular weight radiolabeled complexes that persisted after the 
solubilization of the erythrocyte membranes in sodium dodecyl sulfate (SDS). 
Subsequent investigations (LAW and LEVINE 1977; LAW et al. 1979, 1980) focused on 
efforts to define the nature of the bond or bonds that hold C3b to the erythrocyte 
surface and the polypeptide chain of C3 that is involved in forming the bond. High 
molecular weight C3b-membrane protein complexes that appear following the SDS 
polyacrylamide gel electrophoresis of preparations in which either C3 or membrane 
proteins have been radiolabeled can be cleaved either by ammonolysis or NH20H 
at high pH (LAW and LEVINE 1977). When 125I-labeled C3b-membrane protein 
complexes are separated in one dimension by SDS polyacrylamide gel electrophoresis 
under reducing conditions and then subjected to separation in a second dimension 
following ircubation in NH20H, it can be seen that the covalent bond is between 
the C3b ex-polypeptide and a membrane protein or proteins (LAW and LEVINE 1977). 
C3b is able to bind to several membrane proteins, and on erythrocytes the principal 
protein to which it binds appears to be glycophorin (PARKER et al. 1984). 

The observation that C3b can be released from molecules to which it has become 
bound on either the erythrocyte cell surface or zymosan by NH 20H suggested that 
it is bound via an ester bond. Support for this notion comes from experiments in 
which the kinetics of the release of covalently bound C3b are measured (LAW et al. 
1979). 

It was observed that the second-order rate constants for C3b release from zymosan 
at both neutral and alkaline pH resemble those obtained for the release of a variety 
of compounds that contain ester bonds. In addition, the product of the release of 
C3b by NH 20H was found to be an hydroxamate derivative of C3b; this is expected 
if the bond formed between the C3b and a cell-surface macromolecule is an ester 
bond (LAW et al. 1979). It must be pointed out, however, that the maximum release 
of C3b from both erythrocyte membrane macromolecules and zymosan requires, in 
addition to NH20H, the presence of a detergent such as SDS (LAW and LEVINE 
1977), suggesting that hydrophobic interactions are also important in the association 
between C3b and cell surface macromolecules. On the other hand, it may be that a 
denaturing detergent is required in order to expose the cell surface C3b bond to 
nucleophilic attack. In addition, a significant amount of C3b bound to the surface 
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of both erythrocytes and zymosan is resistent to the combined effects of NHzOH 
and SDS (LAW and LEVINE 1977; LAW et al. 1979). From this it is inferred that C3b 
can also bind via amide bonds. 

Further evidence for the formation of covalent bonds by C3 comes from fluid-phase 
binding studies (LAW et al. 1981, 1984 b) in which C3 is activated by trypsin in the 
presence of small molecules possessing either - OH or free - NHz groups. C3b binds 
with a range of binding efficiencies to a variety of molecules in solution (LAW et al. 
1981). It can form ester bonds at neutral pH and amide bonds at pH values greater 
than 9.0. The ester bonds are most likely formed through the -CHzOH groups of 
sugars and short-chain alcohols and through the - OH groups of serine and threonine 
(LAW et al. 1981). With the exeption of serine and threonine, C3b bound to -OH 
group containing molecules is released on treatment of the complexes with NHzOH. 
In addition, it is not released from lysine, from which it is inferred that an amide 
bond has been formed between the two molecules. Since the bond between C3b and 
either serine or threonine is also NHzOH-resistant, it too appears to be amide in 
nature. On the other hand, it is not possible to exclude that initially these molecules 
form ester bonds with C3b, and that subsequently amide bonds form as a consequence 
of an intramolecular 0 to N shift from the ~-OH to the ()(-NH z group of either serine 
or threonine. An experiment to test this possibility as an explanation for the apparent 
formation of amide bonds between C3b and serine was carried out by taking advantage 
of the fact that the efficiency of covalent binding to C3b of a variety of small molecules 
in the fluid phase can be inferred from measurements of their ability to inhibit ester 
bond formation between C3b and [3H]glycerol (LAW et al. 1984b). The ability of serine, 
O-methylserine, and N-acetylserine to inhibit [3H]glycerol binding was ascertained 
in this manner, and it was found (LAW et al. 1984b) that serine and N-acetylserine, 
but not O-methylserine, inhibited glycerol binding. It was concluded from these results 
that the covalent binding reaction between C3 band serine is via the - OH group of 
the latter, and that an intramolecular rearrangement accounts for the NHzOH
resistant, presumably amide bonds between C3b and this amino acid and, by inference, 
threonine. These results, however, do not account for the fact that lysine and C3b 
can form NHzOH-resistant bonds at neutral pH (LAW et al. 1981). 

Overall, from the observations and the results of the experiments described in brief 
here it was concluded (LAW et al. 1981, 1984 b) that C3b possesses a binding site 
whereby it can form covalent bonds with a variety of small molecules in solution 
and with cell-surface macromolecules; that ester bonds are of the form R - 0-
CO C3b rather than R - CO - 0 - C3b, where R refers to either a molecule on a 
receptive surface or a molecule in solution; and that, by inference, amide bonds, 
because of their resistance to cleavage by NHzOH, are also formed. 

3 Mechanism of Covalent Bond Formation 
and the Covalent Binding Specificities of C3 and C4 

Fluid-phase binding experiments in which C3 is converted to C3b by trypsin in the 
presence of either glycerol or glycine revealed that whereas binding to glycerol is pH 
independent, significant binding to glycine occurs only at pH values greater than 9, 
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values at which the ct-amino group is deprotonated. It has been concluded from these 
observations that under physiological conditions C3 is essentialJy an ester bond 
forming molecule. On the other hand, as pointed out earlier, a significant number of 
NH20H-resistant bonds are formed under physiological conditions between C3b 
and both erythrocytes and zymosan (LAW and LEVINE 1977) and under fluid-phase 
binding conditions between C3b and lysine (LAW et al. 1981) and immunoglobulins 
(TAKATA et al. 1984). If indeed these bonds are truly amide in nature and not merely 
highly protected ester bonds, it must be assumed that they are formed under conditions 
in which the local environment provides for the deprotonation of free amino groups 
at neutral pH. 

The covalent binding specificities of human C4 differ from those of C3 and are 
instructive with respect to efforts to understand the mechanism of covalent bond 
formation. The initial observation of C4 covalent binding revealed that C4, purified 
from pooled human serum, forms either ester or amide bonds and the latter at 
relatively high efficiency at neutral pH (LAW et al. 1984 b). Further studies revealed, 
however, that the etTiciency with which covalent bonds are formed depends on the 
allotype of C4 (LAW et al. 1984a). 

Human C4 is specified by a pair of tandem genes (A and B) that lie within the 
major histocompatibility complex (O'NEILL et al. 1978), and it is possible to isolate 
and purify C4 of either the A or B allotypic forms. A comparison of the reaction 
rates of human C4A and C4B, with glycine and glycerol at pH 7.0 (DODDS et al. 1986) 
is shown in Table 1, where it can be seen that C4A forms amide bonds with high 
efficiency, but not ester bonds, and that C4B can form both amide and ester bonds. 
Human C4A and C4B differ from each other by only four amino acid substitutions 
(BELT et al. 1985; Yu et al. 1986), and these substitutions appear to account for the 
difference in the reactivity of the two C4 types (DODDS et al. 1986; CARROLL et al. 
1989). The mouse expresses a single C4 type, the relevant sequence of which is a 
hybrid of the two human C4 types (NONAKA et al. 1985; SEPICH et al. 1985). The 
binding reactivity of mouse C4 is very similar to that of human C4B. The amino 
acids that confer the difference in reactivity appear to be lIe His in human C4B and 
mouse C4 and Leu Asp in human C4A. It is unlikely that an lIe/Leu substitution 
could alter the reactivity of the proteins. It seems more likely that the His/Asp 
substitution at position 1106 in the human pro-C4 molecule is the specificity-defining 
residue in these proteins (DODDS and LAW 1988; VENKATESH and LEVINE 1988). An 
examination of the amino acid sequences reveals that at the homologous position 
C3 also has a His residue, and that the binding properties of C3 are more similar to 
those of human C4B and mouse C4 than to human C4A. 
It has been hypothesized (DODDS and LAW 1988; VENKETESH and LEVINE 1988) 

that the imidazole ring of the His residue can participate in a general base catalysis 
that would increase the nucleophilicity of -CH20H groups thus facilitating their 
attack on the internal thioester bond whereas the carboxylate ion of the Asp residue 
can participate in the deprotonation offree amino groups at physiological pH. Support 
for this hypothesis comes from the report of the results of experiments in which the 
His of C4B1 was replaced with the Asp of C4A3 by site-specific mutagenesis. 
The covalent binding capacities of the altered forms of C4 were inferred from 
measurements of their contribution to the hemolytic activity, taking advantage 
of the fact that C4B allotypes are hemolytically more active than the C4A allotypes 



Table 1. The reaction rates of [3H]glycine and [3H]glyce-
rol binding with C4 allotypes. (After DODDS et al. 1986) 

C4type k'/ko (M-l) 

Glycine Glycerol 

C4A 
RPA3 17020 1.52 
CAA4 13250 1.52 
HPA6 11270 0.50 
ATA6 13800 ND 
CB A2/A3 17020 1.02 
ADA1 18570 2.56 

Average 15150 ± 2800 1.42 ± 0.75 

C4B 
RPB1 114 16.2 
CAB2 93 14.9 
AWB3 106 12.4 
KCB3 106 12.9 
TAB5 59 12.4 

Average 95.6 ± 21.8 13.8 ± 1.7 

JM A3/A4/B5 4285 7.5 

Binding efficiency is defined as the fraction of active C4 
bound to radioactive glycine or glycerol on activation 
by C1s. Binding efficiency (BE) is converted to reaction 
rate using the equation: BE = k'[G]/(ko + k'[G]) (LAW 
et al. 1984b), where ko is the first-order reaction rate of 
C4b with water, k' is the second-order reaction rate with 
substrate molecules, and [G] is the concentration of the 
substrate molecule under study. The k'/ko values for the 
reaction of glycine and glycerol with the various allotypes 
are shown 
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because of the their greater binding efficiency to the erythrocyte cell surface. The 
hemolytic assays showed that substituting Asp for His reduced the hemolytic activity 
of C4Bl. 

Quite obviously, because of their covalent binding capacity, the thioester bond 
containing proteins of the complement system are unique, and further study of both 
the mechanism of thioester bond formation and bond cleavage and subsequent acyl 
ester and amide bond formation to cell surface macromolecules and to immune 
complexes is of special interest. 

Relevant to the covalent bond forming capacity of C3b is the extensive poly
morphism of human C4; there is an array of alleles (at least 35) at both loci, including 
null alleles (SIM and DODDS 1987). 

Since the A allotypes bind more efficiently than C4B allotypes to immunoglobulins, 
either free in solution or aggregated (LAW et al. 1984a; KrSHORE et al. 1988), they might 
be considered to have evolved in response 10 natural selection favoring a molecule 
that can bind to proteins in which free - NHz groups are available. The selective 
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advantage of the ester-forming B isotypes, on the other hand, may be in defense 
against bacterial infections since these forms of C4 might be expected to bind more 
effectively to bacterial polysaccharide capsules that are relatively rich in - OH groups. 
This appears to be the case for C4B1, which binds more efficiently than C4A3 to the 
bacterium Hemophilus injluenzae type b (A. W. DODDS, unpublished material). 

Associations between either C4A-null or C4b-null phenotypes with immune 
complex diseases, on the one hand, and bacterial infections, on the other, might give 
clues as to the relative significance of amide versus acyl ester bond formation. To 
data there is a good evidence for a significant association between the C4A-null 
phenotype and systemic lupus erythematosis (FIELDER et al. 1983; REVIELLE et al. 
1985; RANFORD et al. 1987; DUNKLER et al. 1987). Clearly, the polymorphism of human 
C4 and the distinct functional differences that characterize the A and B variants need 
to be investigated from the point of view of how these proteins participate in either 
the pathogenesis or pathophysiology of immune complex diseases and bacterial 
infections, as well as in the variety of phenomena of the immune system with which 
the complement system is involved. 

4 Environment of the Thioester Bond of C3 
and the Covalent Bond Between C3b and Receptive Surfaces 

The proteolytic cleavage of the cx-polypeptide chain of C3 either by the classical or 
the alternative pathway C3 convertases or by trypsin induces conformational changes 
in the molecule (ISENMAN et al. 1981). The changes, detected spectroscopically, are 
believed to expose the thioester bond to either hydrolysis or nucleophilic attack and 
are a prerequisite for the covalent binding reaction to occur. 

The reaction itself does not require the proteolytic cleavage of C3, however, for 
ester bond formation between C3 and glycerol, for example, can occur in the presence 
of chaotropic agents or certain protein denaturants (LAW 1983), all of which 
presumably alter the secondary and tertiary structure of the protein in a way that 
exposes the thioester bond to either hydrolysis or nucleophilic attack. When the 
thioester bond containing proteins are exposed to severely denaturing conditions, 
especially at elevated temperature and at high pH, another reaction occurs. A peptide 
bond is cleaved between the two glutamic acid residues in the sequence: Cys Gly 
Glu Glu. In the reaction the new N-terminal Glu residue becomes cyclized to give 
pyroglutamic acid. It is unlikely that this reaction has any physiological significance, 
however (SIM and SIM, 1983). 

The region encompassing the thioester bond in C3, C4, and cxz-macroglobulin is 
relatively hydrophobic, and there is evidence to suggest that the thioester sequence 
of C3 and cxz-macroglobulin lies within a pocket some 12-20 A deep (LEVINE et al. 
1983; ZHAO et al. 1988). 

It seems reasonable to assume that the sequences of relatively hydrophobic amino 
acid residues that bracket the thioester bond serve to shield it from the aqueous 
environment and from nucleophilic attack, and that further protection of the bond 
is gained by its location within a pocket or groove. Presumably, the conformational 
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changes that occur upon the cleavage of C3 or upon its incubation in chao tropic 
agents or denaturants exposes the thioester bond. The outcome of this exposure 
depends upon the conditions under which it occurs. Proteolytic cleavage of C3 either 
by trypsin or by the C3 convertases of the classical and alternative pathways results 
in either the hydrolysis of the thioester or the covalent binding reaction with a 
receptive molecule or cell-surface macromolecule (R - 0 H). Strong nucleophiles such 
as CH3NH2 attack the thioester directly resulting in the production of an inactive 
C3 molecule. Chaotropic agents do not cleave C3 but allow either the hydrolysis of 
the thioester bond or the covalent binding reaction to occur with R - OH. 

5 Biological Role of the Thioester Bond 

The thioester bond of C3 appears to have two major roles in complement activation. 
The first is to localize complement-mediated damage to the immediate area of 
activation. The second is in the mechanism of activation ofthe alternative pathway. 

It has been estimated that the half-life of the intact thioester in nascent C3b is in 
the region of 10- 3_10- 4 s (GOTZE and MULLER-EBERHARD 1970). This short time in 
which the thioester is reactive severely limits the distance that the molecules can 
diffuse from the site of activation. The deposition of active C3b and C4b is highly 
localized, therefore, avoiding potential damage to the host own cells. 

As discussed earlier, denaturants can bring about the exposure of the thioester 
bond. However, even under nondenaturing conditions the thioester bond of C3 is 
subject to slow hydrolysis to a form in which the o:-chain is intact but the thioester 
is broken. This form of C3 termed C3 (H20) is able to bind factor B which can then 
be activated by factor D to form an alternative pathway C3 convertase C3 (H 20) 
Bb. It has been proposed that the low level generation of C3 (H 20) Bb in plasma is 
the mechanism by which the alternative pathway becomes activated (PANGBURN et a1. 
1981). During its short lifetime each C3 (H 20) Bb complex formed could cleave a 
number of C3 molecules to C3b. Under normal circumstances the thioester of the 
nascent C3b would react with water or other plasma constituants and would be rapidly 
inactivated by factors H and I. If an alternative pathway activator, such as zymosan 
or a bacterial surface, were present, some of the nascent C3b could become bound and 
protected from inactivation. A longer lived C3 convertase site would thus be formed, 
and alternative pathway activation could occur as more C3b was deposited around the 
initial site of deposition. 

Recently, it has been shown that the deposition ofC3b on a surface by C3 convertase 
is not entirely random. Of the initial C3 molecules deposited, a high percentage bind 
covalently to C4b in the classical pathway convertase (TAKATA et a1. 1987) and to 
C3b in the alternative pathway convertase (KINOSHITA et a1. 1988). In both cases the 
covalent attachment of the C3b to the convertase results in the generation of a 
high-affinity C5 binding site and of C5 convertase activity. C5 binds to sites in both 
the C3 and C4 in the classical pathway C5 convertase (KINOSHITA et a1. 1989) and 
presumably also to sites in C3 molecules in the alterative pathway convertase. In 
order to ensure that the two sites are in the correct configuration for C5 binding, 
the binding of C3b other C3 convertase must be to a single specific site. 
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A number of functions can be ascribed to C3. (a) The covalent binding of C3b to 
a cell can lead to the cell's death either via cytolysis or phagocytosis. (b) When C3b 
binds covalently to antigen-antibody complexes, it prevents the complexes from 
forming large and ultimately precipitable lattices, and, in addition, it opsonizes the 
complexes for their clearance and ultimate elimination by phagocytosis. (c) C3b, 
covalently bound to certain molecules, is essential in an immune response to that 
molecule. Clearly, the biological significance of C3 lies in its potential to form ester 
bonds with OH groups that are of ubiquitous occurrence, and although there 
are certain exceptions, for example C3b does not bind to inositol (LAW et al. 1981) or to 
double-stranded DNA (EDBERG et al. 1988; Y. KOSONO and R. P. LEVINE, unpublished 
material), the broad specificity (or more properly, the lack of specificity) that 
characterizes the binding capacity of C3 emphasizes its importance as a key component 
in the evolution and activities of the immune system as a whole. Indeed, along with 
the alternative complement pathway it can be considered to be part of a biologically 
ancient system whereby foreign bodies are recognized and eliminated. 

The course of evolution of C3 and the other proteins containing internal thioester 
bonds is of interest. By taking advantage of the fact that proteins possessing an 
internal thioester bond can be labeled by virtue of the ability of CH 30H to cleave 
the bond, C3 or (Xz-macroglobulin-like proteins have been detected in the sera of 
animals of the major vertebrate phyla as well as in the hemolymph of certain 
invertebrates (DAY et al. 1970; GIGLI and AUSTEN 1971; GROSSBERGER et al. 1989; Kop

PENHEFFER 1987). The wide occurrence of these proteins among apparently disparate 
groups of animals attests to both their ancient origin and significance of their function. 
It remains to be determined, however, how in the course of the history of these 
proteins a mechanism has evolved for the biosynthesis of the thioester bond; how, 
once formed, the bond is protected from hydrolysis; and precisely how the covalent 
binding reaction occurs between these proteins and the variety of molecules with 
which they can form covalent bonds. 
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1 Complement Receptor Type 1 (CR1; CD35) 

1.1 Structure of CRt 

The primary sequence of the A allotype of CR1 has been deduced from the cDNA 
sequence and includes a 41-residue signal peptide, an extracellular domain of 1930 
residues, a 25 amino acid transmembrane domain, and a 43 amino acid cytoplasmic 
region (WONG et al. 1985; KUCKSTEIN et al. 1987, 1988; HOURCADE et al. 1988) (Fig. 1). 
Thirty short consensus repeats (SCRs) similar to those present in other C3jC4 binding 
complement proteins comprise the extracellular domain. Each SCR has four cysteines 
which may be disulfide bonded in the pattern, cysteine-1 to cysteine-3 and cysteine-2 
to cysteine-4 (LOZIER et al. 1984; Janatova et al. 1988). These disulfide bridges create 
three loops of 26-29 amino acids, 12-19 amino acids, and 12-16 amino acids, 
respectively, in CRl. The dimensions of each SCR in CR1, 2.9 x 2.8 nm, have been 
estimated by electron microscopy (BARTOW et al. 1989) and are comparable to those 
of the SCRs of C4 binding protein (C4-bp; PERKINS et al. 1986). The regions linking 
SCRs are short, ranging from three to five amino acids, except for that connecting 
SCR-28 to SCR-29 which is seven amino acids in length. This characteristic may 
limit the range of motion between SCRs, perhaps accounting for the filamentous 
appearance of CRl. 
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Fig. 1. Schematic diagrams demonstrating the structures of human CRI and CR2. Boxes, short 
consensus repeats (SCRs). In CRI 28 of the 30 SCRs are divided into four long homologous 
repeats (IHRs). Identical numbers indicate highly homologous repeats arid identical lower case 
letters indicate greater than 95% sequence identity. In CR2, 15 or 16 SCRs are organized into 
four homology groups which are not as conserved as are tile LHRs of CRl. SCR-I0a is an 
alternatively spliced repeat that is not present in all CR2 molecules. The transmembrane and 
cytoplasmic (TM-CYTO) domains are at the carboxy-termini of both receptors 

Long homologous repeats (LHRs), termed LHR-A, -B, -C and -D, are formed by 
four groups of seven SCRs (KLICKSTEIN et al. 1987, 1988) (Fig. 1). SCRs in the same 
relative positions within LHRs have amino acid sequence identities ranging from 
60% to 100%. Distinct binding sites for C3b and C4b in LHR-A, -B and -C have 
been demonstrated, indicating that the LHR represents a functional domain. 
Transient transfection of COS cells with a full-length cDNA construct caused the 
expression of a recombinant receptor having the same size as that of the A allotype 
of erythrocytes. This recombinant receptor mediated the formation of rosettes between 
the COS cells and sheep erythrocytes bearing C3b or C4b and served as a cofactor 
for the cleavage of C3b to iC3b by factor I. By analysis of the C3b and C4b binding 
function of deletion mutants of recombinant CR1, two distinct ligand binding sites for 
C3b were found to reside in LHR-B and -C, respectively, and an additional site that 
preferentially bound C4b was demonstrated in LHR-A; LHR-D had no C3 or C4 
binding function. Only the recombinant deletion mutants having LHR-B or -C 
promoted the conversion of C3b to iC3b by factor I, indicating that the sites in CR1 
that mediate binding of C3b also are involved for the cofactor function of the receptor. 
The specificities for C3b and C4b required the two NHrterminal SCRs of these LHRs. 
These functional studies are especially interesting when the primary structure of CR1 
is considered. The amino acid sequences of LHR-A and -B differ only in the two 
NH2-terminal SCRs; this region of LHR-C resembles that of LHR-B rather than 
LHR-A, and the nonbinding LHR-D differs from LHR-A, -B, and -co 
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The low affinity of CRI for monomeric C3b indicates that multipoint attachment 
between ligand and receptor is necessary for cellular uptake of immune complexes. 
Multivalent interaction is facilitated by two characteristics of CRl: the clustering of 
CRI at the plasma membrane (FEARON et al. 1981; ABRAHAMSON and FEARON 1983; 
CHEVALIER and KAZATCHKlNE 1989) and the presence of three binding sites per 
receptor, two for C3b and one for C4b. The separation of the binding sites by five 
SCRs, or approximately 14 nm, may permit the folding of the receptor during the 
process of multivalent attachment. Folding or "kinking" of the molecule has been 
observed in electron micrographs of complexes between CRI and a monoclonal 
antibody, Yz-l, bivalently interacting with two epitopes within a single receptor 
(BARTOW et al. 1989). 

Comparison ofCRl with two structurally and functionally related plasma proteins, 
factor Hand C4-bp, are informative. Previous analyses of proteolytic fragments of 
these plasma proteins had suggested that their ligand binding sites resided in the 
NHrtermini (ALSENZ et al. 1985; KRISTENSEN et al. 1987); the CRI studies extend 
these findings by localizing the C3b/C4b binding sites to the first two SCRs of the 
tandemly repeated LHRs. Second, like CRl, C4-bp is multivalent, although it achieved 
this function by a posttranslational aggregation at the COOH-termini of identical 
subunits. Thirdly, whereas the regulatory C4b and C3b specificities reside in two 
distinct plasma proteins, both functions are present in CRl, perhaps reflecting the 
need to bind immune complexes containing both C4b and C3b. 

1.2 Allotypes of CRt 

CRI is uriusual in having four allotypic forms that differ in molecular weight 
(Table 1; DYKMAN et al. 1983, 1984, 1985; WONG et al. 1983; VAN DYNE et al. 1987). 
In addition to the common A and B allotypes of Mr 250000 and 290000 that occur 
with frequencies of 0.82 and 0.18, there exist two rare allotypes, C and D. Several 
observations suggest that the allotypes differ by the presence of variable numbers of 
LHRs. First, the allotypes differ in the sizes of their respective polypeptides (WONG 
et al. 1983; LUBLIN et al. 1986). Second, they differ by increments of approximately 
40000 M" the calculated size of an LHR. Third, the mRNAs for the different allotypes 
differ by increments of 1.3-1.4 kb, and an LHR is encoded by 1.35 kb (WONG et al. 
1986; HOLERS et al. 1987). Fourth, the HPLC profile of tryptic peptides of 1251-labeled 
CRI allotypes are indistinguishable (NICKELLS et al. 1986). Fifth, the B allele has an 
additional BamHI restriction fragment (WONG et al. 1986, 1989), and Southern blot 
analysis with a noncoding probe derived from this BamHI fragment hybridizes not 
only to this fragment but to two other fragments that are also present in individuals 
homozygous for the A allotype. Thus, an intervening sequence in a B allele-specific 
region is highly homologous to sequences in two other regions of the CRI gene, 
indicating that the CRI gene is comprised of highly conserved repetitive regions and 
that the B allele arose from the A allele by the duplication of such a genomic segment. 

Mapping studies of the CRI gene from an individual homozygous for the B allele 
support this proposal (WONG et al. 1989). The gene encoding the B allele is divided 
into nine regions extending over 160 kb. The 5' region contains untranslated and 
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Table 1. Characteristics of CRI Allotypes 

Nomenclature 

Fl (Af 
S (B) 
F (C) 

(D) 

M, 

2500003 (19000W 
290000 (220000) 
210000 (160000) 

(250000) 

mRNA(kb) 

7.9, 9.25 (8.6, 10.0)6 
9.2 10.7 (10.0, 11.6) 
6.5, 7.9 (7.3, 8.6) 

(11.6, 12.8) 

1 Nomenclature of WONG, W. W., and FEARSON, D. T., 1983, 
2 Nomenclature of DYKMAN, T. R. et al. 1983, 

Frequency 

.82 

.18 
<.01 
<.01 

3 The calculated molecular weight of the unglycosylated polypeptide of this allotype is 220000, 
4 M, of unreduced CR1, 
5 From WONG, W. W. et al. 1986, 
6 From HOLERS, V. M. et al. 1987 

leader sequences and is followed downstream by five regions of 18-30 kb having 
exons encoding the 28 SCRs comprising the LHRs. A short region contains the two 
3' SCRs that lie outside the LHRs and segments having exons encoding the 
transmembrane and cytoplasmic regions and the 3' un translated sequences. Four of 
the five genomic regions corresponding to the LHRs are identified by hybridization 
with cDNA probes specific for LHR-A, -B, -C, and -D, respectively. The fifth region 
of 20 kb resides between the LHR-A and -B genomic segments and is absent from 
overlapping genomic clones from a library prepared with DNA from a homozygote 
for the A allotype. The restriction map of the 5' half of this genomic region is the 
same as that of the 5' half of the LHR-B genomic region, and the 3' half is identical 
to the corresponding portion of the LHR-A genomic region, suggesting that this 
genomic segment encodes a chimeric LHR. This B allotype has the predicted 
structure, LHR-A, -B/A, -B, -C, -D, and the gene may have arisen through an 
homologous recombination event involving the LHR-A and -B regions. The reciprocal 
allele of this crossover would have only three LHRs with the composition, LHR-A, 
-B/A, -D, and may encode the short C allotype having an Mr of 200000. This 
hypothesis would predict the presence of three and one C3b binding sites, respectively, 
in the Band C allotypes. 

At least 42 exons are present in the CRI-B allele, including those encoding the 
leader sequence, the transmembrane and cytoplasmic sequences, and most of the 
SCRs. The second and perhaps the sixth SCR of each LHR is encoded by two 
exons (HOURCADE et al. 1988; WONG et al. 1989), as are the second SCRs of factor 
H (VIK et al. 1987, 1988) and C4-bp (BARNUM et al. 1987). 

The human gene for CR1 is linked to the genes for CR2, decay-accelerating factor 
(DAF), C4-bp, factor H, and membrane cofactor protein (MCP) in the regulator of 
complement activation (RCA) gene cluster at band q32 of chromosome 1 (Ro
DRIGUEZ DE CORDOBA et al. 1984, 1985; WEIS et al. 1987; REy-CAMPOS et al. 1987; 
LUBLIN et al. 1987). Physical maps of the RCA region have placed the genes in the 
order, MCP, CRl, CR2, DAF, and C4-bp (REY-CAMPOS et al. 1988; CARROLL et al. 
1988; BORA et al. 1989). The H gene maps to a locus 6.9 cM from the C4-bp/CR1 
locus (RODRIGUEZ DE CORDOBA and RUBENSTEIN 1987). 
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1.3 Biosynthesis of CRt 

In man the following cells express CR1: erythrocytes, B-Iymphocytes, a subset of 
T-Iymphocytes, monocytes, neutrophils, eosinophils, glomerular podocytes, and 
follicular dendritic cells (FEARON 1979, 1980; WILSON et al. 1983; REYNES et al. 1985; 
GELFAND et al. 1975; KAZATCHKINE et al. 1982). Low concentrations of soluble, 
apparently intact and functional CR1 are also present in plasma (YOON and FEARON 
1985). The number of receptors varies among these cell types, with peripheral blood 
neutrophils, monocytes, and B-Iymphocytes having 20000--40000 CR1/cell, T-Iym
phocytes having one-tenth this number and erythrocytes having only 100--1000 
CR1/cell. The CR1 number on erythrocytes is genetically regulated (WILSON et al. 
1982) and correlates with a restriction fragment length polymorphism involving allelic 
HindIII fragments of 7.4 and 6.9 kb (WILSON et al. 1986), the latter fragment being 
caused by a new restriction site generated by a single base change in an intron located 
in the LHR-D region of the gene (WONG et al. 1989). Individuals homozygous for 
the 7.4-kb HindIII fragment have an average of 661 sites per cell to which monoclonal 
anti-CR1 binds; persons homozygous for the 6.9-kb HindIII fragment have 156 sites 
per cell; and heterozygotes have an intermediate number. There is no comparable 
variation in CRI number on neutrophils or B-Iymphocytes, although unequal 
expression of CR1 structural allotypes in these cells does occur. 

In HL-60 cells (ATKINSON and JONES 1984) and B lymphoblastoid cells (LUBLIN 
et al. 1986) each allotype of CRI is initially synthesized as a precursor molecule having 
high-mannose, N-linked oligo saccharides that are converted to complex-type oligo
saccharides. Approximately six to eight oligosaccharide moieties are present per 
receptor, although there are 21 potential N-glycosylation sites in the A allotype 
(KLICKSTEIN et al. 1988; WONG et al. 1983; LUBLIN et al. 1986). The receptor lacks 
O-linked oligosaccharides (LUBLIN et al. 1986). Nonglycosylated CRI may have 
diminished ligand binding activity and apparently is inserted into the plasma 
membrane with decreased efficiency (LUBLIN et al. 1986). The small Mr difference 
between CR1 of neutrophils and other cell types (DYKMAN et al. 1983) has been 
attributed to unspecified differences in glycosylation. Biosynthesis of CR1 has been 
shown to occur also in mature peripheral neutrophils (JACK and FEARON 1988) and 
may indicate a capacity for an adaptive response of these cells to their microenviron
ment (NEUMANN and JACK 1989). 

During ontogeny, the B-lymphocyte gradually acquires the ability to express CR1: 
15% of large pre-B cells, 35% of small pre-B cells, 60%-80% of immature B cells 
having membrane IgM but not IgD, and essentially all mature B cells express this 
receptor (TEDDER et al. 1983). Differentiation into plasma cells is associated with loss 
of CRl. The uniform expression by mature B cells suggests some critical role that 
has not been fully defined as yet. 

CRI is expressed relatively late in development of myelomonocytic cells (TEDDER 
et al. 1983). All segmented neutrophilic leukocytes and 75% of band forms, but only 
4% ofmetamyelocytes and less than 1 % ofmyelocytes, have the receptor. Thus, CR1 
expression does not occur until neutrophil development into a competent phagocyte. 

During ontogeny of the glomerulus, CR1 appears as early as the late S-body stage 
of nephron differentiation on the basolateral part of primitive podocytes (ApPAY et al. 
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1985). The function of CRI in the kidney remains unknown, and the receptor may 
not be essential since it is not present in nonprimate glomeruli; thus, the consequences 
of its early appearance in the human kidney are not known. 

2 Complement Receptor Type 2 (CR2; CD21) 

2.1 Structure of CR2 

The primary structure of two forms of CR2 has been inferred from the analysis of 
nucleotide sequences of cDNA clones isolated from human tonsillar (WEIS et al. 1986, 
1988) and Raji lymphoblastoid (MOORE et al. 1987) cDNA libraries (Fig. 1). Four of the 
five tonsillar cDNA clones specified a peptide of 1032 amino acids having a Mr of 
112716, which is similar to the estimated Mr of 111000 for nonglycosylated CR2 
synthesized by the. SB lymphoblastoid cell line in the presence of the inhibitor 
tunicamycin (WEIS and FEARON 1985). This peptide is comprised of a 20 amino acid 
signal peptide, a 954-residue extracellular domain, a 24 amino acid putative 
transmembrane region, and a 34 amino acid cytoplasmic domain. The extracellular 
domain is comprised entirely of 15 tandem SCR sequences homologous to those 
described in CRI and other C3/C4 binding proteins. One of the five clones isolated 
from the tonsillar library and the single clone obtained from Raji cells encoded a 
16th SCR, termed SCR-lOa, between SCR-lO and -11 of the 15-SCR form of CR2. 
It is most likely that the presence or absence of SCR-lOa is a consequence of 
alternative splicing. The fully processed mRNA is 5 kb (WEIS et al. 1986), and the 
CR2 gene spans 25 kb (WEIS et al. 1988; FUJISAKU et al. 1989) within the RCA gene 
cluster located on chromosome 1, band q32 (WEIS et al. 1987). The CR2 gene is 
unusual in having single exons encoding SCR-1 and -2, SCR-5 and -6, SCR-9 and 
-10, and SCR-12 and -13, respectively (HOLERS 1989). In contrast, in the genes for 
CRl, factor Hand C4-bp, all SCRs are encoded either by single or two exons. 

Posttranslational modifications of CR2 in B cells include glycosylation eWEIS and 
FEARON 1985) and probable serine/threonine phosphorylation after activation of 
protein kinase C (CHANGELIAN and FEARON 1986). Analysis of the sequence of CR2 
has identified 11 Asn-X-Ser/Thr sites for potential glycosylation within the extra
cellular domain of the 15 SCR form and two additional sites within SCR lOa, 
consistent with the 8-11 N-linked oligosaccharides predicted from biosynthetic studies 
CR2 (WErs and FEARON 1985). The cytoplasmic domain contains three serine, two 
threonine, and four tyrosine residues. The sequence TSQK in which a basic amino 
acid is carboxy-terminal to the serine/threonine, is the best condidate for a protein 
kinase C substrate (KrsHIMoTo et al. 1985). Although tyrosine phosphorylation has 
not been demonstrated as yet for CR2, the presence of four tyro sines in the cytoplasmic 
domain, which are conserved in murine CR2 (FrNGEROTH et al. 1989) (Fig. 2), 
compared to none in this region of CRl, which is 35% homologous to the 
cytoplasmic region of CR2, suggests strongly the possibility of some function 
for these residues. The presence of the sequence EAREVY in which a tyrosine is 
carboxy-terminal to two acidic residues is a pattern that resembles the consensus 
sequence for tyrosine kinase substrates (HUNTER and COOPER 1985). 
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hCR1: 

hCR2: 

mCR2: KHR E 

Fig. 2. The amino acid sequences of human CRI (heRl), human (heR2), and murine CR2 
(meR2) with identical residues enclosed within boxes. Serine, threonine, and tyrosine residues 
are shown in bold type. Different cDNA clones from tonsillar and Raji libraries have specified 
alanine and glutamic acid, respectively, at the fourth position 

There are no LHRs within CR2 as there are in CR1, however dot matrix analysis 
reveals a less conserved repeating pattern of homology involving every fIfth SCR 
such that 1, 5, 9, and 12 are homologous, as are 2, 6, 10, 13; 3, 7, lOa, 14; and 4, 8, 
11. SCR 15 is unique and not part of this repeating pattern. Based upon the shared 
SCR motif, the tertiary stmcture of CR2 would be expected to consist of an extended 
array of triple loops maintained by disulfide bonds, similar to that predicted for CR1 
(Fig. 1). 

2.2 Biosynthesis of CR2 

CR2 resides primarily on mature B-lymphocytes (Ross et al. 1973; EDEN et al. 1973; 
IIDA et al. 1983; WEIS et al. 1984; NADLER et al. 1981; TEDDER et al. 1984), although 
human thymocytes (TsoUKAs and LAMBRIS 1988), rare T lymphoblastoid cell lines 
such as Molt-4, Jurkat, and HPB-ALL (MENEZES et al. 1977; TATSUMI et al. 1985; 
FINGEROTH et al. 1988) pharyngeal (YOUNG et al. 1986) and cervical (SIXBEY et al. 
1987) epithelium, and follicular dendritic cells (RHYNES et al. 1985) have also been 
found to have CR2. B cells and Epstein-Barr virus (EBV) infected Burkitt B lymphoma 
cell lines express 24000-63000 receptors per cell as compared with the T -cell leukemia 
line Molt-4 which expresses only 8000 per cell (FINGEROTH et al. 1984). Burkitt 
lymphoma cells not infected with EBV characteristically express low numbers ofCR2, 
but following infection with the virus, cells increase receptor expression to the range 
of mature B cells. The single report oflow CR2 expression on human platelets (NUNEZ 
et al. 1987) has not been consistently observed by other investigators (VIK and FEARON 
1987, Yu et al. 1986). 

Ontogenic analysis of CR2 expression during human B-cell differentiation demon
strated that the receptor became increasingly evident during development from the 
pre-B cell to the mature B cell (TEDDER et al. 1984). Approximately half of the B cells 
in adult bone marrow expressed CR2, as did 76% and 95% of newborn and adult 
peripheral blood B cells, respectively, and 72%-97% of the B cells in adult spleen, 
tonsil, and lymph node. Differentiation into plasma cells was associated with the loss 
of CR2 expression. Thus, CR2 expression is most characteristic of the mature 
B-lymphocyte. 

The expression of CR2 on human epithelium is also developmentally regulated 
(YOUNG et al. 1986). Only 1 %-9% of primary cultures of ectocervical epithalial cells 
were CR2 positive (SIXBEY et al. 1986), and ultrastructural studies suggested that 
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these cells were metabolically active and less differentiated. Similarly, stratified 
squamous epithelia from human tongue and extocervix expressed CR2 exclusively 
in the less differentiated basal and para basal layers, with none being detectable in 
the most superficial, differentiated layers (YOUNG et al. 1986; Sixbey et al. 1987). In 
contrast, epithelia from the soft palate, oropharynx, inner cheek, and Rosenmuller's 
fossa, from which EBV-infected nasopharyngeal carcinoma is thought to arise, express 
CR2 in all strata. Generally, CR2 appeared to be present in greater amounts in 
stratified squamous tissue than in the pseudostratified columnar epithelium of nasal 
and tracheal sites in which only basal cells were positive. 

Biosynthetic studies of B lymphoblastoid CR2 demonstrated the presence of a 
precursor of Mr 134000 containing high-mannose n-linked oligo saccharides sensitive 
to endoglycosidase H that was processed to the mature Mr 145000 form of CR2 
containing complex-type N-linked oligosaccharides (WEIS and FEARON 1985). In the 
presence of tunicamycin, a nonglycosylated polypeptide of M rIll 000 was synthesized 
which was expressed at a low level at the plasma membrane. The nonglycosylated 
form of CR2 underwent accelerated catabolism, having a half-life of 2.8 h rather then 
13.8 h as found for normally glycosylated CR2. Glycosylation was not required for 
receptor-ligand interaction since all three forms of CR2 were capable of binding to 
C3 Sepharose. 

3 Immunoregulatory Functions of CRt and CR2 

Experiments performed in whole animals or in man suggest that the complement 
system may be able to alter the humoral immune response. For example, KLAUS and 
HUMPHREY (1977) demonstrated that depletion of C3 from mice greatly impaired 
their capacity to generate memory B cells. BOTTGER and his colleagues (1985) have 
shown that guinea pigs genetically deficient in either C4 or C2 required higher doses 
of a T-dependent antigen for priming for a secondary immune response. A similar 
result has been reported for dogs lacking C3 (O'NEIL et al. 1988) and a human lacking 
C4 (JACKSON et al. 1979). The ability ofIgM to enhance the primary immune response 
to its antigen is dependent on C3 and the complement-activating function of the IgM. 
The molecular and cellular mechanisms accounting for these findings are not known, 
although it seems likely that they involve C3 and C4, which can covalently attach 
to antigen and antibody and mediate their uptake lymphocytes and macrophages 
through interaction with the complement receptors, CR1, CR2, and CR3. Therefore, 
this section will discuss possible functions of CR1 and CR2 in regulating the functions 
of lymphocytes. 

Cross-linking CR1 of human B cells does not induce a proliferative or differentiation 
response, nor does it cause the release of intracellular calcium. However, some signal 
may be presumed to occur based on the formation of caps; CR1 also co-caps with 
cross-linked membrane immunoglobulin when ligated with monoclonal anti-CR1 
(TSOKOS et al. 1988). Perhaps more relevant to the in vivo effects of the complement 
system on the immune response are the findings of enhanced antibody production 
in vitro. In a 6-day culture of human peripheral blood Band T cells stimulated with 
sUboptimal concentrations of pokeweed mitogen, the presence of rabbit F(ab'h 
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anti-CR1 augmented production of IgM, IgG, and IgA (DAHA et al. 1984). The 
augmenting effect was greater when the assay was performed with B cells having 
relatively higher as compared to lower numbers of CR1 sites, and when bivalent 
rather than monovalent Fab' anti-CR1 fragments were used. No effect was observed 
when optimal doses of pokeweed mitogen were employed in this study or in another 
in which monoclonal anti-CR1 was used (TEDDER et al. 1986). In an antigen-driven 
system, analogous results have been reported (WEISS et al. 1987). Production of 
anti-TNP by human peripheral blood B cells in the presence of T cells or T-cell 
derived soluble factors and suboptimal concentrations of trinitrophenyl-polyacryl
amide beads was enhanced two- to fourfold by low concentrations of monoclonal 
anti-CRl. No augmentation was observed if optimal concentrations of antigen were 
present. The results of these studies resemble those of the in vivo studies of the C4- or 
C2-deficient guinea pigs in that the complement system had an accessory, but not 
obligatory or even sufficient, role which was most evident when antigen or mitogen 
was relatively limited. 

Studies of the function of CR2 have been more extensive and have suggested that 
CR2 can modulate the growth of B-lymphocytes. Lipopolysaccharide-activated 
murine spleen cells enriched for B-cell blasts were stimulated to proliferate and mature 
into immunoglobulin-secreting cells by culture with Sepharose-bound or glutaralde
hyde cross-linked human C3 or C3d (ERDEI et al. 1985; MELCHERS et al. 1985). Soluble 
monomeric C3 was inhibitory, and resting, as contrasted to lipopolysaccharide
activated, spleen cells were refractory to stimulation. These observations suggested 
that signaling required either that the cell be preactivated, or that CR2 itself must 
be in an "activated state" for it to be capable of driving B-cell proliferation. These 
possibilities also may apply to the more recent findings that C3dg and certain 
monoclonal anti-CR2 antibodies have growth-stimulating effects upon low-density 
cultures of'Raji cells grown in a serum-free defined medium (HATZFELD et al. 1988; 
PERNEGGER et al. 1988), and that polymerized C3dg or monoclonal anti-CR2 induces 
proliferation of human B cells that are been activated with phorbol esters, but not 
of resting B cells (BOHNSACK and COOPER 1988). The phosphorylation of CR2 occurring 
with phorbol ester treatment of B cells (CHANGELIAN and FEARON 1986) may be 
related to the acquisition of mitogenic function by the receptor. In general, these 
findings that CR2 on resting B cells does not transmit a mitogenic signal are 
biologically reasonable since polyclonal B-cell expansion with each episode of com
plement activation would be deleterious. Earlier observations that several monoclonal 
anti-CR2 antibodies would drive B cells from Go through upper case S phase have 
not been reproducible (NEMEROW et al.1985a; MITTLER et al.1983; WILSON et al.1985). 

If CR2 alone is not capable of causing the progression of B cells through the cell 
cycle, a physiologic co stimulating receptor would be membrane Ig (mig) since this 
receptor confers specificity for antigen on the reaction. Furthermore, the capacity of 
C3 to attach covalently to immune complexes containing antigen would lead to the 
formation of complexes having ligands for both CR2 and mig that would be capable 
of cross-linking these receptors. In support of the possibility that such complexes 
might have important functional properties is the finding that CR2 and mIgM 
synergistically increase the free intracellular calcium concentration when cross-linked 
with multivalent ligands (CARTER et al. 1988). Tonsillar B cells were loaded with the 
calcium-sensitive fluorescent probe indo-1; mlgM, CR1 or CR2 were cross-linked by 
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monoclonal antibodies individually or in combination and fluorescence was monito
red by flow cytometry. Although aggregation of CR1 or CR2 alqne did not release 
intracullular calcium, cross-linking CR2 to mIgM lowered the concentration of 
anti-IgM necessary for an optimal B cell response by approximately 100-fold. CR1 
was without effect. Thus, as was observed in the in vivo experiments assessing roles 
for complement in the immune response, an accessory, antigen-dependent function 
exists for CR2 in this in vitro system. The presence ofCR1, CR2, and CR3 on follicular 
dendritic cells (REYNES et al. 1985) may indicate that immune complexes bearing C3 
fragments is retained at these sites for interaction with antigen-specific memory B 
cells (KLAUS and HUMPHREY 1987) by a synergistic mechanism involving CR2 on the 
responding cells. 

4 Determination of Epstein-Barr Virus Tissue Tropism by CR2 

EBV, an oncogenic herpesvirus which causes acute infectious monoilUcleosis and is 
implicated in the pathogenesis of Burkitt's lymphoma and nasopharyngeal carcinoma, 
is capable of infecting and immortalizing human B-Iymphocytes in vitro. Several 
observations have led to the conclusion that CR2 is the receptor for EBV. Treatment 
of peripheral blood B-Iymphocytes with antibodies to CR2 blocks EBV binding and 
infection (FINGEROTH et al. 1984; NEMEROW et al. 1985b; FRADE 1986). Second, 
purified CR2 binds EBV (FINGEROTH et al. 1984; MOLD et al. 1986), and recombinant 
or purified gp350j220 membrane antigen of EBV binds CR2 (TANNER et al. 1987; 
NEMERowet al. 1987). The tissue distribution of CR2 correlates with the tissue tropism 
of EBV: B-Iymphocytes and certain epithelial cells (SIXBEY et al. 1987). Therefore, 
the role of CR2 in EBV infection clearly included the cellular uptake of the virus. 

A comparison of the gp350j220 and C3d amino acid sequences has identified three 
regions of homology. One of these, which resides at the N-terminus of gp350j220 
(EDPGFFNVE), corresponds to the region of C3d (EDPGKQLYNVE) that was 
predicted to bind CR2 (LAMBRIS et al. 1985). Soluble gp350j220 deletion mutants 
(TANNER et al. 1988) and synthetic peptides (NEMEROW et al. 1989) have recently been 
employed to demonstrate that this is the primary CR2 binding site for EBV. Despite 
the sequence homology between gp350j220 and C3d and the capacity of the 
monoclonal OKB-7 to block binding by B cells of C3d and EBV (RAo et al. 1985; 
NEMEROW et al. 1985a), BAREL et al. (1988) have recently described a panel of nine 
IgG1 monoclonal antibodies, of which four blocked 18%-64% of EBV binding to 
Raji cells but had no effect upon C3d binding and four others blocked 58%-90% of 
C3d binding but did not effect EBV binding. Analysis of the ligand binding sites of 
CR2 by site-directed and deletion mutagenesis, as has been accomplished for CR1, 
will provide more definitive evidence for the location of these binding sites. 

These studies had established that CR2 binds EBV but did not determine whether 
cellular expression of CR2 was sufficient for infection. This question was addressed 
in part by stably transfecting murine L cells with pMT.CR2.neo.1, a eukaryotic 
expression construct containing a full-length human CR2 cDNA encoding the 15-SCR 
form of the receptor downstream from a mouse metallothionein I promoter (AHEARN 
et al. 1988). Transfectants expressed high levels of CR2, having an Mr identical to 
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that of wild-type CR2 and specifically bound both C3d and EBV. Coculture of these 
cells with. EBV led to infection of approximately 0.5% of the cells, as assessed by 
staining for Epstein-Barr nuclear antigen (EBNA). The infection appeared to be latent, 
as no fluorescent staining of cells was observed with monoclonal antibodies to the 
early antigen complex or to gp350/220. The number of infected foci remained constant 
in a particular culture over time whereas the number of EBNA-positive cells per 
focus approximately doubled with each cell division of the L cells. The finding that 
expression of recombinant human CR2 renders murine L cells susceptible to stable, 
latent infection by EBV indicates that this single membrane protein can serve as one 
of the determinants of the narrow tissue tropism of this virus. However, the low 
efficiency of infection observed in the CR2-positive L cells as compared with human 
B lymphoblastoid cell lines indicates that additional factors are involved in determi
ning EBV tropism. 
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1 Introduction 

The third component of complement (C3) may be activated on a cell surface by either 
the classical or the alternative complement pathways and is covalently bound to the 
cell surface as C3b. C3b is a cofactor in the activation of the terminal compoments 
of C5-C9. In addition, it serves as the ligand for the type 1 complement receptor 
(CRl). C3b loses both of these functions when it undergoes proteolytic cleavage to 
iC3b and C3f by factor I. The relatively stable iC3b opsonin may then undergo 
proteolysis to C3c and C3dg in the presence of serum. Both iC3b and C3dg remain 
surface bound and are recognized by the leukocyte type 3 complement receptor (CR3) 
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and the type 2 complement receptor (CR2), respectively. Of the surface-bound 
fragments of C3, iC3b is probably the most stable of the cell-associated C3 fragments 
and is thought to play a major role in the complement-mediated clearance of 
micro-organisms. 

In structural terms, CR1 and CR3 belong to different protein families (LAW 1988). 
CR1 belongs to the family of regulators of complement activation which all have at 
least one copy of a 60 amino acid structural element with easily identifiable conserved 
residues including four cysteines (FEARON and AHEARN, this volume). Other members 
of the complement system in this family include the soluble control proteins factor 
Hand C4BP, the serine proteases C1r, CIs, factor Band C2 as well as the 
membrane-bound CR2, decay-accelerating factor and membrane cofactor protein. 
CR3, together with p150,95 and the lymphocyte function-associated antigen-1 
(LF A-I), are collectively known as the leukocyte cell adhesion molecules or leukocyte 
integrins. p150,95 can also bind iC3b under certain circumstances and is referred to 
as the type 4 complement receptor (CR4) by some workers. In this chapter we shall 
discuss the structure, functions, regulation and genetics of CR3 and p150,95 and 
attempt to correlate structure and function where the evidence permits. 

2 Structure 

CR3 belongs to the extended family of membrane glycoproteins now known as 
integrins (HYNES 1987). They are all heterodimeric cell surface receptors with divalent 
cation requirements for their adherence activities. When the primary structures of 
the integrins became available, it was clear that there were three distinct yet related 
~ subunits. Each of the ~ subunits associates with one of a number of rL subunits to 
form individual integrin complexes. The rL subunits are also structurally related to 
each other, but they do not appear to be related to the ~ subunits. Hence, the integrin 
molecules can be subdivided into three groups according to their ~ subunits. The 
known integrin molecules in human, their rL~ composition, common names and 
known ligands are listed in Table l. 

CR3 shares its ~ subunit (95 kDa) with two other cell surface glycoproteins, p150,95 
and LFA-1 (SANCHEz-MADRID et al. 1983). They belong to the ~2 subgroup according 
to HYNES'S (1987) classification and may be referred to as the leukocyte integrins. In 
the nomenclature on leukocyte differentiation antigens, the common ~ subunit is 
given the cluster differentiation number CD18, and the rLsubunits for LFA-1 (175 kDa), 
CR3 (165 kDa) and p150,95 (150 kDa) CDlla, CDllb and CD11c in descending 
order of their respective apparent molecular weight by sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE; COBBOLD et al. 1987; HOGG and 
HORTON 1987). 

The primary structures of the common subunit for the human leukocyte integrins 
(KISHIMOTO et al. 1987b; LAW et al. 1987) and the rL subunits for CR3 (ARNAOUT 
et al. 1988a; CORBI et al. 1988a; HICKSTEIN et al. 1989), p150,95 (CORBI et al. 1987) 
and LFA-1 (LARSON et al. 1989) hij.ve been reported. All four polypeptides have a 
hydrophobic segment typical of membrane proteins near the C-terminal. Hence, the 
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Table 1. The human integrins 

Common P (X subunits Nomenclature and names Ligands 
subunits of (XP complexes 

Pl (gpIIa) 
(Xl VLA1 
(xz (gpIa) VLA2, collagen receptor, Collagen 

gpIajIIa 
(X3 VLA3 Fibronectin, collagen, 

laminin 
(X4 VLA4, lymphocyte 

homing receptor 
(xs (gpIc) VLA5, fibronectin Fibronectin 

receptor, gpIcjIIa 
(X6 (gpIc) VLA6, laminin receptor, Laminin 

gpIcjIIa 
pz (CDl8) 

(XL (CD11a) LFA-1 ICAM-1, LPS 
(XM (CD 11 b) Mac-1, Mol, CR3 iC3b, LPS, p-glucan, 

fibrinogen, factor X 
(Xx (CD 11 c) p150,95, CR4 iC3b, LPS 

P3 (gplIIa) 
(Xv Vitronectin receptor Vitronectin 
(XUb (gpIIb) gpIIbjlIIa Fibronectin, vitronectin, 

von Willebrand factor, 
laminin 

General properties of the Pl and P3 subgroup integrins can be found in HEMLER (1988), HEMLER 
et al. (1987, 1988), HOLZMANN et al. (1989), HYNES (1987), RUOSLAHTI (1988), RUOSLAHTI and 
PIERSCHBACHER (1987), SONNENBERG et al. (1988), TAKADA et al. 1987a, b, 1988) and WAYNER 
et al. (1988). See text for the integrins of the pz subgroup 

two subunits for each of the three leukocyte integrins are independently anchored 
in the membrane. The primary structure of the r:t subunit of the mouse CR3 (PYTELA 

1988) has also been reported, and it shares approximately 75% sequence identity 
with the human version. 

The common ~ subunit is most unusual in the high level of cysteine residues, a 
total of 56 found in the putative mature form, which account for over 8% of the 
residues in the extracellular portion. In one region of 187 residues, 38 cysteine residues 
could be found, with three or four repeating structural elements. The most charac
teristic feature is the octet motif of Cys - X - Cys - X - X - Cys - X - Cys, which is 
found three times in the cysteine-rich region. Since they are extracellular, it is presumed 
that most of them are engaged in disulphide linkages. The primary structures of the 
~1 (ARGRAVES et al. 1987) and ~3 (FITZGERALD et al. 1987b; ZIMRIN et al. 1988) 
subunits of human integrins are very similar to that of ~2 with all 56 cysteine residues 
conserved. Of particular interest is a region close to the N-terminal where homology 
is extensive and includes a stretch of 19 residues, 16 of which are identical in the 
three subunits. The three sequences of this highly conserved region and a possible 
unit arrangement of the repeating structures in the cysteine-rich region are shown in 
Fig. 1. 
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a 1 FKRAEDYPI DLYYLMDLSYSMKDDLE NVKS LGTDLMNEMRRT TSDFRIGFGSFVEKTVMP 

2 FRRAKGYPI DLYYLMDLSYSMLDDLR NVKKLGGDLL RAL NEI TES G,RIGFGSFVDKTVL P 

3 VRQVEDYPVDI YYLMDLSYSMKDDLWS I QNLGTKLA TQMRKLTSNLRIGFGAFVDKPVS P 

FRRAED 

313322 

YP D YYLMDLSYSM DDL 

I L 

3 3 

K 

2 

NVK 

3 33 

LG 

TD 

23 

L T 

MR I S 

2 2 3 2 

RIGFG FV K V P 

S D T 

1 3 

b (-N-)C X C (-N-) C (-N-) C (-N-) C X C XX C X C (-N-) 

Fig. 1 a. The high-homology region of the ~ subunits of human integrins. The aligned sequences 
of the ~ subunits of the human integrins (residues 135-194 of ~1' 119-178 of ~2' and 131-190 
of ~3 of the translated sequences) are shown. Residues identical in all three subunits are shown 
in the first line below the aligned sequences, and residues found in two out of three sequences 
and the subunit with outstanding residue in the lines below. b A possible repeating structure 
in the cysteine-rich region. C, Cysteine; X undefined amino acid residue; (-N -), a stretch of 
residues with variable lengths between 4 and 14 amino acids 

The Ci subunit of CR3 (ARNAOUT et al. 1988a; CORBI et al. 1988a; HICKSTEIN et 
al. 1989) and p150,95 (CORBI et al. 1987) showed 62% overall post-alignment identity. 
The Ci subunit ofLFA-1, however, showed only 35% and 36% post-alignment identity 
with those of CR3 and p150,95 respectively (LARSON et al. 1989). Seven repeat
ing elements could be identified from the N terminal in all three sequences. 
Each of the last three elements contains a short segment with the sequence format of 
X - X - X - - - X, where X could be anyone of the oxygen-containing residues Asp, 
Glu, Asn, Gin, Ser or Thr. They resemble the Ca2+ binding motifs found in 
paravalbumin, calmodulin and troponin C (SZEBENYI et al. 1981), and they are therefore 
presumed to be the metal-binding motifs for the integrins. The consensus sequence of 
the metal-binding motifs of the leukocyte integrins is shown in Fig. 2. 

Leukocyte 
Integrins 

All 
Integrins 

Ca2 + Binding 
Consensus 

-YFGASL----DVDGDGLTDL-AIGAP-G 
A LN V V 

SYFGYSL-ALGDLDGDGY-DL-AVGAP-G 
AAV GV VN L VI 
SAL 

D-DGDG-I D--E 

* * * * * 

Fig. 2. The metal-binding motifs in the rl subunits of integrins. Consensus sequences for the 
leukocyte integrins is compiled from repeats 5, 6, and 7 of the rl subunits of CR3, pI50,95, and 
LF A-I. That of all integrins include the sequences of repeats 4,5,6, and 7 from human fibronectin 
receptor, vitronectin receptor, and platelet gpIIb/IIIa. Also shown is the consensus "loop" 
sequence of the EF-hand of Ca2+ binding proteins (SZEBENYI et al. 1981) 

A spacer sequence of about 200 residues, referred to as the L domain or I domain, 
could be found between repeating units 2 and 3 and was shown to be homologous 
to the A domains of the von Willebrand factor (SHELTON-INLOES et al. 1986) as well 
as a region in factor B (MOLE et al. 1984) and C2 (BENTLEY 1986). 



The Leukocyte Cell Surface Receptor(s) for the iC3b Product of Complement 103 

The primary structures of the r:J. subunits of other integrin subgroups, namely that 
of the fibronectin receptor of the ~1 subgroup (ARGRAVES et al. 1987; FITZGERALD 
et al. 1987 a) and those of the platelet gpIIbjIIIa (PONCZ et al. 1987) and the vitronectin 
receptor (SUZUKI et al. 1987) of the ~3 subgroup, are available. Upon comparison 
they were found to be more related to each other (sharing 40%-45% identity) than 
to the r:J. subunits of CR3, p150,95 and LFA-1 (sharing 25%-30% identity). The major 
differences lie in the absence of the L domain, the additional Ca2 + binding motif in 
the fourth repeating unit, and the presence of an extra segment N-terminal to the 
hydrophobic region. The extra segment contains a site where the r:J. subunits of the 
~1 and ~3 integrin subgroups are cleaved into two polypeptides which are linked by 
disulphide bonds. 

The r:J. and ~ subunits for CR3, p150,95 and LFA-1 (SANCHEZ-MADRID et al. 1983) 
as well as those of other integrin molecules (see HYNES 1987) are non-covalently 
associated. The association of the rJ. and ~ subunits of the leukocyte integrins does 
not require divalent cations, but it could be disrupted upon treatment at alkaline 
pH. Re-association of the subunits after such treatment has not been demonstrated. 
Electron microscopy has been used to study the structure of the fibronectin receptor 
(NERMUT et al. 1988). The resulting model appears like a two-pronged plug into the 
lipid bilayer. This model may serve to describe the ultrastructure for the leukocyte 
integrins with perhaps some modifications. A version for CR3 is presented in Fig. 3. 
(For a more detailed analysis of the structure of CR3 and related molecules, see LAW 
1989.) 

3 Ligands of CR3 

3.1 Binding of iC3b to CR3 and p150,95 

The cellular expression of CR3 and p150,95 has been studied using monoclonal 
antibodies. CR3 is found on cells of the myelomonocytic lineage including neutrophils 
(also referred to as polymorphonuclear leukocytes and granulocytes), monocytes, 
some macrophages and large granular lymphocytes in the human whilst p150,95 
seems restricted to myelomonocytic cells (HoGG and HORTON 1987). CR3 was first 
identified as the Mac-1 myelomonocytic differentiation marker (SPRINGER et al. 1979) 
and was shown later (BELLER et al. 1982; WRIGHT et al. 1983b) to be the cell surface 
receptor for the cell-bound iC3b fragment of C3 when a monoclonal antibody specific 
for Mac-1 was shown to inhibit the binding of iC3b to murine macrophages and 
human neutrophils. This phagocyte-specific molecule functions as an opsonic receptor, 
promoting the binding and uptake of iC3b-derivatized particles and cells by 
myelomonocytic cells (WRIGHT and SILVERSTEIN 1982; WRIGHT and MEYER 1986). 
Binding of iC3b to its receptors requires the presence of extracellular divalent cations, 
particularly magnesium (LAY and NUSSENZWEIG 1968), in the mouse whilst human 
monocytes require both extracellular calcium and magnesium (WRIGHT and SILVER
STEIN 1982). CR3 is a receptor for surface-bound iC3b and does not bind sheep 
erythrocytes derivatized with C3b or with the further cleavage product C3d(g) (CARLO 
et al. 1979; Ross and LAMBRIS 1982). 
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Fig. 3. Structural model of CR3. The domains are marked as discussed in the text. The seven 
repeating elements of the rx subunit are numbered. HH, High-homology region found among 
the integrin ~ subunits; L, the L domain found only on the leukocyte integrins; ., possible 
glycosylation sites; S-S, cysteine-rich regions 

p1~0,95 has no unique function of its own, but like CR3 it could be isolated from 
extracts of either spleen or the monocyte-like U937 cell line by iC3b affinity 
chromatography (MICKLEM and SIM 1985; MALHOTRA et al. 1986). However, this 
interaction could be shown only under unphysiological low-salt conditions. p150,95-
dependent rosetting of iC3b-coated erythrocytes (EC3bi) to U937 cells could 
not be demonstrated (MALHOTRA et al. 1986). 

MYONES et al. (1988) measured CR3 and p150,95 site number on neutrophils, 
monocytes and cultured monocytes. They found that neutrophils had about 50000 
and fresh monocytes about 25000 molecules of CR3. In contrast, both cell types 
had only 5000-7000 molecules of p150,95. Cultured monocytes had about 130000 
molecules of CR3 and 60000 molecules of p150,95. They measured the rosetting 
of EC3bi to neutrophils under low ionic strength conditions and found that 
antibodies to p150,95 inhibited rosette formation by less than 15% in fresh neutrophils 
from six donors and by over 23% in a further eight donors. Inhibition of 
rosetting of EC3bi to fresh monocytes by antibodies to p150,95 ranged between 
6% and 14%. In contrast, when surface antigens were made unavailable selectively 
by adhering monocytes onto surfaces derivated with specific monoclonal antibodies, 
p150,95 could be shown to bind bacteria (WRIGHT and JONG 1986) or yeast 
(BULLOCK and WRIGHT 1987) but not EC3bi (WRIGHT and JONG 1986). The role 
of p150,95 as a receptor for iC3b under normotonic conditions must therefore 
remain questionable. 
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3.1.1 Recognition Site on iC3b 

A common feature of many but not all ligands of the various members of the extended 
integrin family is the presence of an Arg-Gly-Asp (RGD) sequence at the cell
attachment site of the ligand, and high concentrations of synthetic peptides con
taining the RGD motif may competitively block the interactions between the 
ligands and a variety of integrin molecules (PIERSCHBACHER and RUOSLAHTI 1984). 
Despite the presence of this common motif in many very different ligands, integrins 
can still maintain a fine specificity for ligand, presumably dependent upon the 
structural context within which the RGD sequence is found (RUOSLAHTI and 
PIERSCHBACHER 1987). For instance, the fibronectin receptor (cx5~d does not recognize 
vitronectin whereas the vitronectin receptor (CXv~3) does not recognize fibronectin. 
The platelet lIb/IlIa glycoprotein (CXlIb~3) recognizes both fibronectin and vitro
nectin. 

CR3 is able to recognize and be down-modulated (i.e., removal of receptor activity 
from the upper surface of an adherent cell) upon a 21-residue synthetic peptide derived 
from amino acid residues 1383-1403 of the human C3 (WRIGHT et al. 1987). This 
sequence contains an RGD motif although the murine C3 has LGD (Leu-Gly-Asp) 
in those positions (Table 2). A hexapeptide containing the RGD sequence is not 
recognized, suggesting that either the flanking sequences are of particular importance, 
or that the actual residues recognized are close to but are not the RGD motif. Binding 
of this 21-residue peptide to human monocytes was abolished by the OKMlO antibody 
known to inhibit iC3b binding (WRIGHT et al. 1983b) but not by the OKM1 antibody 
directed against another epitope on CR3. 

Table 2. Sequences recognized by CR3 

Protein 

Human C3 
Murine C3 
Leishmania gp63 
Fibrinogen 
Fibronectin 

Sequence Residues 

I -L -E -I -C - T -R - Y -R -G -D -Q (1385-1397) 
F -L -E -I -C -T -K -Y -L -G -D -V (1361-1373) 
L -P -G -G -L -Q -Q -G -R -G -D -A (366-378) 

H -H -L -G -G - A -K -Q -A -G -D -V (y400--411) 
Y -A - V -T -G -R -G -D -S (546-544) 

3.2 Other iC3b-like Ligands for CR3 

In addition to the well-characterized ability of CR3 to bind iC3b, CR3 binds a number 
of other soluble and integral membrane proteins that are iC3b related. These ligands 
are defined by the inhibition of their interactions with CR3 by soluble iC3b although 
such interactions are not necessarily blocked by a congruent set of monoclonal 
antibodies (Table 3). The relevant iC3b-like sequences are shown in Table 2. The 
three ligands so described are two components of the blood coagulation cascade, 
factor X and fibrinogen, and the gp63 glycoprotein of Leishmania. 
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ALTIERI and EDGINGTON (1988a) showed that ADP-stimulated monocytes bind 
factor X of the coagulation cascade with a dissociation constant of about 40 nM. 
This binding was competitively inhibited by 0.1 11M soluble iC3b, suggesting that 
factor X and iC3b may share the same binding site. The binding of factor X, found 
only after stimulation, might be correlated with the appearance of CR3 molecules 
bearing the 7E3 antigenic epitope (COLLER 1985) which is more usually associated 
with the platelet lIb/lIla integrin (ALTIERI and EDGINGTON 1988b). 

Human monocytes (ALTIERI et al. 1988) bind fibrinogen following stimulation of 
cells with agonists such as ADP. This binding was inhibited by the monoclonal 
antibodies OKM1 and M1/70, both directed against the ex-chain of CR3. OKM10, 
also directed against the CR3 ex-chain, and RGD-containing peptides failed to inhibit 
binding. Human peripheral blood neutrophils also adhere to surfaces coated 
with fibrinogen (WRIGHT et al. 1988). This binding is inhibitable by millimolar 
concentrations of a range of RGD-containing synthetic peptides. In constrast to 
the human monocyte data of ALTIERI et al. (1988), neurophil adhesion to fibrinogen 
was inhibited by OKM10 and the anti-~-chain IB4 but not by OKMl. Both 
a synthetic decamer (0.4 mg/ml) derived from the fibrinogen y-chain and the 
fibrinogen proteolytic fragment D (0.08 mg/ml) caused 50% inhibition of the 
binding of EC3bi to neutrophils (WRIGHT et al. 1988). The differences between 
receptor behaviour and antibody inhibition of fibrinogen binding in the two 
reports is not understood. 

RUSSELL and WRIGHT (1988) showed that the major surface glycoprotein gp63 of 
Leishmania species, which contains an RGD sequence (BUTTON and McMASTER 1988), 
binds to CR3. Two synthetic peptides based on human fibronogen and containing 
AGD (Ala-Gly-Asp) inhibited the binding of gp63-coated silica beads to macrophages. 
An RGD-containing synthetic peptide derived from gp63 could also inhibit the binding 
of EC3bi to macrophages. However, the binding and entry of Leishmania pro
mastigotes may also be mediated by other receptors including the mannosyl-fucosyl 
receptor (KLEMPNER et al. 1983) and the macrophage receptor for advanced glycosyla
tion end products (MOSSER et al. 1987). The relative contributions of these receptors 
in vivo remain uncertain. 

The site of iC3b/fibrinogen binding to CR3 is not known. Cross-linking RGD
containing peptides to platelet lIb/lIla glycoprotein labelled both ex- and ~-chains. 
This suggested that the binding site is formed by both chains (SANTORO and LAWING 
1987). D'SOUZA et al. (1988) used bifunctional reagents to cross-link an RGD
containing heptapeptide, KYGRGDS, to the surface of platelets and found labelling 
predominantly in the region of residues 109-170, and especially Lys-125, of the integrin 
~3 member gplIIa. SMITH and CHERESH (1988) have identified the binding of another 
RGD-containing peptide to a similar region, namely residues 61-203, of the ~3-chain 
of the vitronectin receptor by photo-activatible cross-linking. It should be noted that 
this region of the ~-chain is highly conserved between all three ~ subunits of the 
extended integrin family (see Fig. 1). These results therefore suggest that this region 
may form the interface with the ex subunits. 

There is no evidence yet that p150,95 shares this ability to bind fibrinogen, 
factor X and gp63. The complete inhibition of fibrinogen binding by antibodies 
specific for the CR3 suggests that p150,9.5 does not play a role (WRIGHT et al. 
1988). 
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Table 4. Inhibitory effects of monoclonal antibodies to CR3 on leukocyte functions in vivo 

In vivo model 

Inhibition of PMN recruitment to 
inflammatory stimuli in rabbit skin 
Inhibition of murine peritoneal myelomonocytic 
exudates in response to thioglycolate broth 
Inhibition of murine delayed hypersensitivity 
responses 
Potentiation of murine listeriosis 
Decreased ischemia-reperfusion injury 

Promotion of survival in rabbits 
Inhibition of Wallerian degeneration 
of sectioned murine sciatic nerve 

Antibody 

60.3 (P) 

5C6 (IX) 

5C6 

5C6 
Mol (IX) 
904 (IX) 
60.3 
5C6 

PMN, Polymorphonuclear leukocytes and granulocytes 

3.3 Non-protein Ligands for CR3 

Reference 

ARFORS et al. (1987) 

ROSEN and GORDON (1987) 

ROSEN et al. (1989a) 

ROSEN et al. (1989b) 
SIMPSON et al. (1988) 
TODD et al. (1989) 
VEDDER et al. (1988) 
LUNN et al. (1989) 

There is a growing body of evidence that CR3 has a well-defined lectin-like capacity. 
Monoclonal antibody inhibition studies (EZEKOWITZ et al. 1984) showed that 
antibodies to CR3 partially inhibit the binding of particles such as zymosan. Ross 
et al. (1985a) showed that CR3 is able to bind unopsonized zymosan in a divalent 
cation-dependent manner. They also showed that OKM1 blocked neutrophil zymosan 
binding only and not iC3b binding whilst the anti-Leu-15 antibody, also restricted 
to CR3, blocked iC3b binding alone. This suggested that the lectin-like binding site 
of CR3 is structurally distinct from the iC3b/RGD-binding domain. The lectin-like 
binding site has a specificity for ~-glucans, a major carbohydrate component of 
zymosan, and was inhibited by soluble iC3b (Ross et al. 1987). Antibodies to LFA-1 
and p150,95 do not inhibit the binding of yeast. The uptake of zymosan is a complex 
event associated with secretion of superoxide anions by monocytes (Ross et al. 1985a) 
and its possible ligation to other receptors including the mannosyl-fucosyl receptor. 
On the other hand, phagocytosis via CR3 alone is not coupled to other secretory 
events (WRIGHT and SILVERSTEIN 1982; ADEREM et al. 1985). 

3.4 Non-protein Ligands Shared by CR3, p150,95 and LFA-l 

A range of receptor activities are shared by all three leukocyte integrins having the 
common ~rchain. Specifically, antibodies directed against either CR3 alone or against 
all three family members have inhibited, at least in part, the uptake or binding of 
unopsonised Leishmania (BLACKWELL et al. 1985; MOSSER and EDELSON (1985), 
Staphylococcus epidermidus (Ross et al. 1985b) and Histoplasma capsula tum (BULLOCK 
and WRIGHT 1987). A more detailed study by WRIGHT and lONG (1986) showed that 
the binding of certain rough strains of Escherichia coli and Salmonella typhimurium 
to monocytes requires both calcium and magnesium for maximum efficiency and was 
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inhibitible by surface-bound lipopolysaccharide (LPS). This binding was lost in 
smooth bacterial strains which express the additional 0 antigen. Further, sheep 
erythrocytes derivatized with LPS mimicked the binding of the bacteria. This binding 
of bacteria to the cell surface was lost on down-modulation ofCR3, p150,95 and LFA-1 
by culturing cells on a surface derivatized with the anti-~-chain monoclonal antibody 
IB4. Down-modulation of each member singly or any two together had no effect 
whilst down-modulation of all three using a surface derivatized with a mixture of 
anti-rt-chain reagents led to effective inhibition of LPS binding. WRIGHT et al. (1989) 
have subsequently suggested that CR3 expresses two distinct binding sites, the first 
for RGD-containing ligands and inhibitable by the OKMlO but not the 904 antibody 
and the second, for LPS, inhibitible by the monoclonal antibody 904 and not by 
OKMlO. 

3.5 Undefined Ligands for CR3 and p150,95 

The role of CR3 and p150,95 in cell-cell interactions and specifically in leukocyte
endothelial interactions has been of considerable interest and was reviewed by HARLAN 
(1985). Antibody inhibition studies using monoclonal antibodies to CR3 and p150,95 
(ARNAOUT et al. 1988b; KEIZER et al. 1987; TONNESEN et al. 1989) to quantitate the 
inhibition of neutrophil adhesion to human umbilical vein endothelium showed that 
both CR3 and p150,95 playa role in cell adhesion. The nature of the ligand(s) for 
CR3 and p150,95 mediating attachment to endothelium or other cell surfaces remain(s) 
obscure. There is a possibility that the induce able endothelial leukocyte adhesion 
molecule (ELAM-1; BEVILACQUA et al. 1987) could be a ligand for CR3 and p150,95. 
POHLMAN et al. (1986) described the induction of endothelial surface factors in response 
to LPS, IJ,.-l and tumor-necrosis factor that enhanced CR3-dependent attachment 
of neutrophils. Further experimentation to clarify this is required. 

4 Cellular Responses to CR3-Ligand Interactions 

4.1 Phagocytosis 

The best characterized function of CR3 is its ability to bind iC3b-opsonized 
particles and mediate their phagocytic uptake (BIANCO et al. 1975; GRIFFIN et al. 
1975). Initial adherence is followed by the encirclement of the particle by pseudopodia 
with formation of an impermeant space (black hole) between the plasma membrane 
and the particle (WEIGHT and SILVERSTEIN 1984). The pseudopodia fuse to engulf the 
particle in a membrane-bound intracellular vesicle called the phagosome which then 
fuses with a primary lysozome to form the phagolysozome (SILVERSTEIN et al. 1977). 
Unlike the phagocytic receptors for the Fc portion of IgG (DIVIRGILLIO et al. 1988) 
which do not require extracellular calcium for phagocytosis, phagocytosis of iC3b
opsonized particles requires extracellular divalent cations (WRIGHT and SILVERSTEIN 
1982). Cultured monocytes avidly bind erythrocytes coated with 5000 molecules of 
iC3b/cell but do not ingest them (WRIGHT and SILVERSTEIN 1982; WRIGHT et al. 
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1983a). Additional signals are required to activate phagocytosis such as binding of 
monocytes to fibronectin or serum amyloid P (WRIGHT et al. 1983a) or stimulation 
of cells with phorbol esters (WRIGHT and SILVERSTEIN 1982). This coupling of receptors 
to promote phagocytosis required the continuous presence of a fibronectin substratum 
or phorbol esters (WRIGHT et al. 1984). In contrast, stimulation of neutrophils by 
phorbol esters causes an increase in CR3 expression on the cell surface accompanied 
by the activation of phagocytosis. This activation of phagocytosis peaked at 20 min 
and then declined to below initial levels when the cells were continually exposed to 
phorbol esters for 80 min. However, the level of surface CR3 remained elevated 
WRIGHT and MEYER 1986). 

Culture of monocytes in the presence of interferon-y depressed the binding activity 
of CR3 almost completely whilst receptor number remained unchanged (WRIGHT et 
al. 1986). This down-regulation of binding could be reversed by culturing those cells 
on a fibronectin-coated surface. Stimulation of phagocytic capacity required an 
additional signal provided by phorbol esters. It should be noted that exposure of 
monocytes cultured in the absence of interferon-y to a substratum of fibronectin is 
sufficient to activate both binding and phagocytic functions of CR3 (WRIGHT et al. 
1984). This work illustrates that, at least in this one case, the binding and phagocytic 
activities of CR3 can be independently regulated. 

Phagocytosis of immunoglobulin-opsonized particles is accompanied by the 
secretion of microbicidal reactive oxygen intermediates (superoxide anion and 
hydrogen peroxide) as well as an array of inflammatory mediators derived from the 
metabolism of arachidonate, thus setting in train the acute inflammatory response. 
CR3-mediated phagocytosis, however, does not appear to trigger a secretory response, 
and neither reactive oxygen intermediates (WRIGHT and SILVERSTEIN 1983; YAMAMOTO 
and JOHNSTON 1984) nor arachidonate metabolites (ADEREM et al. 1985) are released. 
This suggests that iC3b-mediated phagocytosis is a clearance mechanism rather than 
a means of inducing or perpetuating the inflammatory response. It is perhaps also 
advantageous for an adhesion-promoting receptor used in migration to avoid secretion 
of inflammatory and cytotoxic mediators en route. 

4.2 Surface Expression of CR3 

Resting neutrophils have a low capacity to bind and phagocytose iC3b-opsonized 
particles. Many agents including chemotaxins such as C5a or fMLP (formyl-Met
Leu-Phe) and secretory agonists such as phorbol esters are capable of enhancing 
CR3 function and surface expression. Exposure of neutrophils to such agents causes 
the sudden degranulation of cytoplasmic granules which fuse with plasma membrane 
and induce a five- to tenfold increase in the site number of CR3 on the cell surface 
(BERGER et al. 1984). The exact source of this CR3 may vary depending upon the 
stimulus and the degree of degranulation taking place. Intracellular pools of CR3 in 
the neutrophil have been located in gelatinase (PETREQUIN et al. 1987) and in 
peroxidase-negative (BAINTON et al.) or specific granules (TODD et al. 1984; O'SHEA 
et al. 1985). Degranulation of the former, alkaline-phosphatase-positive, population 
occurs at nanomolar concentratio.ns of fMLP (BORREGAARD et al. 1987) whilst 
degranulation of the specific granules requires 0.1-1 11M fMLP (PAINTER et al. 1984). 
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The up-regulation of surface CR3 from the gelatinasejalkaline-phosphatase granules 
might occur in the vascular compartment prior to the egress of neutrophils from the 
circulation. The monocyte also has a latent intracellular pool of CR3 and p150,95 
in peroxidase-negative cytoplasmic granules that moves to the surface on stimulation 
of cells with C5a, leukotriene B4, tumour necrosis factor and platelet-derived growth 
factor (MILLER et al. 1987). 

Although increased surface expression of CR3 correlates temporally with enhance
ment of capacity to bind and internalize iC3b-opsonized material, there is no evidence 
supporting a causal relationship. WRIGHT and MEYER (1986) could transiently 
down-regulate CR3 function with phorbol esters at a time when surface expression 
of CR3 remained constant. Furthermore, BUYON et al. (1988) showed that increased 
surface expression of CR3 could be dissociated from homotypic neutrophil aggrega
tion. Antibody blockade of pre-existing surface CR3 alone was sufficient to inhibit 
neutrophil aggregation, even after exposure to degranulating agonists. VEDDER and 
HARLAN (1988) showed that agonists like fMLP increased surface expression of CR3 
which could be preventeg by pretreatment of neutrophils with the anion-channel 
blocker 4,4'diisocyanostilbene-2,2'-disulphonic acid. Neutrophil adhesion to cultured 
endothelium was enhanced by agonist stimulation but was not dependent on an 
increase in surface CR3 from intracellular sites. 

One potential mechanism by which the higher order organization of CR3 could 
be altered is by clustering receptors within the plane ofthe plasma membrane. DETMERS 
et al. (1987) showed alterations in the two-dimensional distribution of CR3 in response 
to phorbol myristic acetate but not fMLP using immunoelectron microscopy. 
Receptors moved from a random distribution into a series of small, tight clusters. 
This corresponded temporally with changes in phagocytic activity although there are 
no insights into the molecular mechanisms underlying this redistribution. It should 
be noted· that fMLP does not induce the enhancement of EC3bi binding and 
phagocytic activity of neutrophils (DETMERS et al. 1987). Additional evidence in favour 
of molecular changes associated with receptor activation is the finding by ALTIERI 
and EDGINGTON (1988b) that ADP induces an activation epitope on CR3 that 
correlates with functional receptor changes. 

4.3 Other Adhesive Activities of CR3 

The elucidation of the clinical syndrome of leukocyte adhesion deficiency (LAD; 
ARNAOUT et al. 1982) as a heritable deficiency of the leukocyte-specific integrins has 
led to the characterization of CR3 and p150,95 as divalent cation-dependent 
adhesion-promoting receptors. ANDERSON et al. (1986) studied the contributions of 
CR3 and p150,95 to a range of adherence-dependent neutrophil functions including 
adhesion to protein-coated glass, aggregation, chemotaxis, zymosan and oil red-O 
phagocytosis as well as intracellular killing. The study was performed using subunit
specific monoclonal antibodies. Granulocyte adhesion was significantly inhibited by 
anti-~2 > anti-CR3-ex > anti-p150-1X. ROSEN and GORDON (1987) found that a mono
clonal antibody directed to the murine CR3 was able to inhibit attachment and 
detach adherent neutrophils from protein-coated tissue culture plastic. The spreading 
of murine elicited macro phages on protein-coated glass was also inhibited. The murine 
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receptor has an absolute requirement for 0.1 mM magnesium and not calcium for 
adhesion. In fact, adhesion can be demonstrated in the presence of magnesium and 
ethyleneglycoltetraacetate (ROSEN and GORDON 1987). Similar results were obtained 
in the adhesion studies to endothelial monolayers cited above. 

5 Genetics 

5.1 Gene Locations and Restriction Fragment Length Polymorphism 

The gene for the ~ subunit of the leukocyte integrins has been located to chromo
some 21 (MARLIN et al. 1986) in band q22 (CORBI et al. 1988b; SOLOMON et al. 1988). 
By analysing an extended panel of cell hybrids containing defined regions of 
chromosome 21 with pulsed field gel electrophoresis, GARDINER et al. (1988) refined 
the location of the ·~2 gene to band q22.3. The genes for the three cr subunits are 
found in a cluster on chromosome 16 between bands pll and p13.l (CORBI et al. 
1988b). Their relative order and orientation have not been determined. 

The genes for ~1 and ~3 are not linked to that of ~2. They have been located to 
chromosomes 10 (PETERS et al. 1984) and 17 (SOSNOSKI et al. 1988), respectively. The 
genes for other cr subunits of the integrins are located in various parts of the genome 
(see LAW 1989). 

The gene structure of the ~ subunit of the leukocyte integrins has been studied 
and an RFLP was initially found with the BglII restriction enzyme with the near 
full-length cDNA probe 19 (LAW et al. 1987) among normal individuals (WELLS and 
LAW 1987). This RFLP is also observed when the enzyme BamHI was used in addition 
to BglII in the digestion. Three different patterns were seen: those with three major 
fragments of sizes 14, 8.5 and 5 kb, and those with the 5 kb fragment, and those with 
either the 14 kb or the 8.5 kb fragment. Subsequently, another pattern was observed 
from a healthy individual who has three 19 positive fragments with sizes of 14, 11 
and 5 kb (S. K. A. LAW, unpublished result). It appears that whereas the 5-kb fragment 
is found in all individuals observed, the 14-, 11- and 8.5-kb fragments is present either 
singly or in pairs. Possibly, they represent allelic polymorphism of the gene encoding 
the ~ subunit. Similar studies have been carried out with three unrelated LAD patients. 
The deficiency cannot be associated with the presence of any of the three variable 
fragments (S. K. A. LAW, unpublished results). 

5.2 Leukocyte Adhesion Defiency 

A set of patients were found to be defective in the leukocyte integrins (see TODD and 
FREYER 1988 for a historical account). The absence of all three antigens on their 
leukocytes suggested that the deficiency lies in the common ~ subunit 
(SPRINGER et al. 1984). Clinically, these patients suffer from recurrent infection and 
usually die at an early age. The deficiency is inherited as an autosomal recessive trait, 
which is in agreement with the structural gene being located on chrmosome 21. More 



The Leukocyte Cell Surface Receptor(s) for the iC3b Product of Complement 113 

detailed accounts of the physiological and clinical aspects of this deficiency can be 
found elsewhere (SPRINGER and ANDERSON 1986; ANDERSON and SPRINGER 1987; 
TODD and FREYER 1988; FISCHER et al. 1988). 

5.2.1 Defect at the Molecular Level 

The LAD deficiency has been studied both at the mRNA and at the protein level. 
EBV-transformed B-lymphocytes or phytohaemagglutinin (PHA) activated T-lym
phocytes of the patients were usually employed. Since these cells derived from normal 
individuals express only LFA-l and not CR3 or pI50,95, the studies at the protein 
level are done for the LF A-I antigen. Five distinct phenotypic subgroups have been 
described. They include: (a) the inability to transcribe a detectable mRNA; (b) the 
expression of a low but detectable level of mRNA; (c) the synthesis of normal 
level and size of mRNA but an aberrantly small protein precursor; (d) the synthesis 
of normal level and size of mRNA but an aberrantly large protein precursor; 
and (e) the synthesis of normal level and size of mRNA and a normal size 
protein precursor. In all cases, the failure to express a mature ~ subunit on 
the cell surface seems to be the common defective feature (DANA et al. 1987; 
KISHIMOTO et al. 1987a; DIMANCHE-BOITREL et al. 1988). Expression of the r:t subunit 
on leukocyte surfaces is also not observed in these patients although synthesis 
of the r:t subunit precursors appears to be normal (SPRINGER et al. 1984; ANDERSON 
et al. 1985; DIMANCHE et al. 1987). To exclude the possibility that there are 
defects in the r:t subunits, MARLIN et al. (1986) fused the PHA lymphoblasts from 
an LAD patient with a mouse thymoma line and detected the expression of a 
r:thuman/~mouse hybrid complex, thus emphasizing that a defective ~ subunit is sufficient 
to account for the failure to express the LFA-1 antigen. These results strongly 
suggest that the biosynthesis and maturation of CR3 and p150,95 is by a similar 
process, and that the expression of their r:t subunits is dependent on the presence of 
a normal ~ subunit. 

5.2.2 Cellular Defects in Leukocyte Adhesion Deficiency 

A small group of receptors play a critical role in the recruitment of phagocytes 
to sites of inflammation. This evidence has emerged from the study of patients 
with LAD who invariably have recurrent, life-threatening bacterial and fungal 
sepsis with leukocytosis but do not form pus at sites of infection. Their leukocytes 
are defective in mediating a range of activities that require adherence, including 
iC3b binding, leukocyte chemotaxis, leukocyte infiltration of extravascular sites, 
T-Iymphocyte cytotoxicity and natural killer activity (ANDERSON et al. 1984; DANA 
et al. 1984; KRENSKY et al. 1985). Neutrophils from these patients are defective 
in adhesion assays in vitro, failing to adhere to protein-coated substrata (ANDERSON 
et al. 1985) or to endothelial cells (HARLAN et al. 1985) or LPS (WRIGHT et al. 
1989) and also showing poor migration in subagarose but not Boyden chamber 
chemotaxis assays. 

Because patients are deficient in a group of surface receptors, the patient data 
cannot give insights into the contribution of individual receptors to leukocyte adhesion 
and recruitment in vivo. 
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5.2.3 Animal Models of Leukocyte Adhesion Deficiency 

Monoclonal antibody studies in vivo have allowed some insights into the role of 
CR3 alone in phagocyte recruitment in vivo. The various animal models studied thus 
far with monoclonal antibodies are shown in Table 3. 

ARFORS et al. (1987) showed that the 60.3 antibody directed against the human ~2 
chain could inhibit neutrophil accumulation and plasma membrane leakage in the 
rabbit in response to a range of inflammatory stimuli injected intradermally. PRICE 
et al. (1987) showed that 60.3 inhibited neutrophil accumulation in a dose-dependent 
fashion in subcutaneous polyvinyl sponges placed in rabbits. VEDDER et al. (1988) 
showed that injection of 60.3 also protected rabbits against haemorrhagic shock. 
Administration of 60.3 causes a leukocytosis in peripheral blood. 

Using human neutrophils to induce injury in perfused rat lungs, ISMAIL et al. (1987) 
prevented pulmonary injury by pretreating the neutrophils with the Mol antibody 
directed to the CR3 ex-chain. The importance of CR3-dependent adhesion in 
endothelial injury and tissue damage was shown by SIMPSON et al. (1988) who, injecting 
the Mol antibody "in the dog, reduce the reperfusion injury following myocardial 
infarction. 

In the mouse, intravenous injection of the 5C6 antibody to CR3 is able to inhibit 
recruitment of macro phages and neutrophils to thioglycolate broth in the peritoneal 
cavity (ROSEN and GORDON 1987). Unlike the reagents to the common ~rchain, 
anti-CR3 antibodies do not seem to induce a leukocytosis. In addition, injection of 
5C6 is able to inhibit the T-Iymphocyte-dependent delayed-type hypersensitivity 
response (ROSEN et al. 1989a), Wallerian degeneration of peripheral nerve 
(LUNN et al. 1989) and potentiate infection with Listeria monocytogenes a million-fold 
(ROSEN et al. 1989b). The 5C6 antibody does not potentiate fungal, viral or malarial 
infections in the mouse (H. ROSEN, unpublished results). 

Antibodies to CR3 function in vivo by impairing myelomonocytic adhesion and 
migration and not by depleting leukocytes from the circulation. Direct proof of this 
is the study by TODD et al. (1989) which shows that pepsin fragments derived from 
the 904 antibody to CR3 inhibit ischaemic reperfusion injury in the canine myo
cardium. As mentioned above, 904 blocks CR3 adhesion functions alone and not 
iC3b binding (DANA et al. 1986). 

The differences between some of the animal models and the human patients could 
be explained by the combined deficiency of LF A-I, CR3 and p150,95 in the human 
patients. The antibody studies with CR3-restricted antibodies highlight the critical 
role of CR3-dependent recruitment for some, but not all, facets of host defense to 
pathogens. ZIMMERMAN and McINTYRE (1988) demonstrated the ability of certain 
inflammatory mediators such as thrombin and leukotriene C4 to facilitate CR3/LFA
I-independent adhesion of neutrophils to endothelium. These alternative adherence 
mechanisms could playa role in vivo. Cells undergoing specific antibody-mediated 
blockade of CR3 are certainly less profoundly disturbed than cells lacking all three 
leukocyte integrins. 

It is clear that blocking CR3 in vivo might produce some beneficial anti
inflammatory effects through the inhibition of myelomonocytic cell recruitment to 
extravascular sites, and that CR3 might be an useful target for anti-inflammatory 
drug therapy. 
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6 Summary 

CR3 is probably the major adhesion molecule on monocytes and neutrophils. Its 
function as a phagocytic receptor for iC3b-coated particles has been well characterized. 
CR3 also has binding affinity for other ligands, including those that compete with 
iC3b such as fibrinogen, factor X, and ~-glucan, and those that do not such as bacterial 
LPS. CR3 binding to endothelial cells probably plays an important role in the 
extravascular migration of monocytes and neutrophils, but the ligand that it recognizes 
on endothelial cells has not been identified. Structurally CR3 belongs to the integrin 
family, and it shares a common subunit with p150,95 and LFA-l. The expression of 
these three membrane antigens appear to be limited to leukocytes, and they are 
sometimes referred to collectively as the leukocyte integrins. All three antigens have 
a common binding affinity for bacterial LPS. p150,95 also has affinity for iC3b, but 
p150,95/iC3b-dependent cellular responses has not been demonstrated. Its status as 
a complement receptor therefore awaits further experimental support. 
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Cells exposed to plasma proteins are frequently under attack from the complement 
system. This can arise either as a bystander process to the classical or alternative 
pathways of activation initiated during the immune response to foreign particles and 
organisms or from the constant tick-over of the alternative pathway. Thus, it is critical 
for the cell to regulate the complement pathway on its own surface. The plasma 
proteins, Hand C4 binding protein (C4bp), in conjugation with the serine protease 
I, function to this end. Additionally, cells possess a number of membrane proteins 
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to regulate complement deposited on their surfaces; the largest group, focused on C3 
and the C3 convertases, consists of the C3b/C4b receptor (CR1)"decay-accelerating 
factor (DAF), and membrane cofactor protein (MCP). CR1, although it has both 
decay-accelerating activity and serves as a cofactor for the I-mediated cleavage of 
C3b and C4b, acts mainly extrinsically as a receptor for C3b-bearing immune 
complexes. DAF exerts its decay-accelerating activity intrinsically on the cell itself 
(see below). Indeed, the lack of DAF in the membrane of blood cells in the disease 
paroxysmal nocturnal hemoglobinuria (PNH) leads to an increased complement 
sensitivity of these cells. Purified MCPcan also regulate C3 and the C3 convertases 
through cofactor I activity. MCP has the same approximate size and overall structure 
as DAF, and hence it might also function intrinsically to control C3 convertases 
formed on the same cell. This chapter reviews in detail the structure, both at the 
protein and DNA levels, of these two complement regulatory membrane glycoproteins, 
DAF and MCP, and discusses their physiological roles in protecting cells from damage 
by autologous complement. 

1 Decay-Accelerating Factor 

1.1 Identification and Purification 

In 1969 HOFFMANN reported that a substance remaining in the aqueous phase from 
an extraction of human erythrocyte stroma with n-butanol could inhibit the 
complement-mediated hemolysis of antibody-coated sheep erythrocytes (HOFFMANN 
1969a). Furthermore, this inhibition involved an acceleration in the decay of 
EAC14b2a to EAC14b (HOFFMANN 1969b). It was over a decade later when 
NICHOLSON-WELLER and colleagues purified an intrinsic membrane glycoprotein from 
guinea pig and human erythrocyte (E) stroma by butanol extraction followed by 
sequential chromatography on DEAE-Sephacel, hydroxylapatite, phenyl-Sepharose, 
and trypan blue Sepharose (NICHOLSON-WELLER et al. 1981, 1982). This protein was 
purified during this scheme by monitoring its ability to accelerate the decay of the 
classical pathway C3 convertase, and hence named decay-accelerating factor. This 
resulted in a membrane protein, DAF, with an Mr of 60000 (guinea pig) or 70000 
(human) on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
under reducing conditions. Staining of human DAF with periodic acid Schiffs reagent 
demonstrated that it was a glycoprotein. 

1.2 Biosynthesis and Glycosylation of DAF 

DAF undergoes several important posttranslational modifications to attain its final 
overall structure in the cell membrane. These have been elucidated for DAF (all 
references are to human DAF unless otherwise noted) by studying the biosynthesis 
of DAF in tissue culture and by chemical and enzymatic analysis of purified DAF. 

Analysis of the oligosaccharide structure of DAF by endo- and exoglycosidase 
digestions showed that DAF from.E has one N-linked complex-type oligosaccharide 
(accounting for approximately 3000Mr on SDS-PAGE) and multiple, highly sialylated 
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O-linked oligosaccharides (accounting for approximately 26000Mr; LUBLIN et al. 
1986b), as shown in Fig. 1. Similar results were obtained for OAF from peripheral 
blood granulocytes and cell lines such as HL-60, except for partial resistance to 
enzymatic removal of O-linked oligosaccharides. This suggests that the higher Mr of 
OAF on white blood cells versus E (see below) might arise from differences in O-linked 
glycosylation, but this point requires further investigation. Studies of the biosynthesis 
of OAF in the HL-60 and K-562 cell lines showed an intracellular pro-OAF form 
of Mr 46000 that possesses one N-linked high-mannose unit, added cotranslationally, 
but no O-linked oligo saccharides (Fig. 2; LUBLIN et al. 1986b). A similar pro-OAF 
species (assigned Mr 48000) was found in He La cells (MEDOF et al. 1986). Brief pulse 
labelings of less than 15 min demonstrate an additional species of Mr 43000 (Fig. 2) 
with the same N- and O-linked oligosaccharides as pro-OAF. Kinetic studies suggest 
that this is an earlier species of OAF, but the structural difference between these two 
OAF intracellular forms is unknown (LUBLIN et al. 1986b). Pro-OAF proceeds 
through the Golgi complex, where the one N-linked oligosaccharide is modified to 
a complex type and multiple O-linked oligo saccharides are added to produce the 
mature form of the protein seen on the cell surface. All forms of OAF have a slower 
migration on SOS-PAGE under reducing conditions compared to nonreducing, 
indicating the presence of intrachain disulfide bonds. 
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Fig. 1. N- and O-linked oligosaccharide structure of erythrocyte membrane DAF. Erythrocytes 
were prepared from peripheral blood of a healthy human donor and were then surface-labeled 
with 1251. DAF was immunoprecipitated from detergent lysates and then divided into equal 
aliquots for treatment with enzymes. The samples were analyzed by SDS-PAGE (on a 9% gel 
under reducing conditions) and autoradiography. Enzyme treatments are neuraminidase (lane 2), 
neuraminidase plus endo-a-N-acetylgalactosaminidase (lane 3), endoglycosidase H (lane 4), 
cndoglycosidase F (lane 5), or buffer alone (lanes 1, 6). (Reprinted from LUBLIN et al. 1986b) 
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Fig. 2. Biosynthetic labeling of DAF in HL-60 cells. HL-60 cells (differentiated for 48 h with 
vitamin D to increase DAF expression) were biosynthetically labeled with [35S]methionine 
during a lO-min pulse (P) followed by a 60-min chase (C) with unlabeled methionine. The 
detergent lysate from each condition was divided in half and was immunoprecipitated with 
either anti-DAF antibody (rxDAFJ or nonspecific (NS) control nonimmune rabbit Ig and was 
then analyzed by SDS-PAGE (under reducing conditions) and fiuorography. Another aliquot 
of HL-60 cells was surface labeled with 1251, immunoprecipitated with anti-DAF antibody, and 
analyzed by SDS-PAGE and autoradiography (lane 5). Arrow, the position of mature DAF 
(M, 80000); open and solid arrowheads, positions of the DAF species of 43000 and 46000 M" 
respectively. (Reprinted from LUBLIN et al. 1986b) 

1.3 Glycophospholipid Anchor of Membrane DAF 

A striking observation concerning DAF was that when purified DAF from the E 
membrane was added back to a cell suspension, it reincorporated in the membrane, 
apparently as an integral membrane protein, and it displayed functional activity 
(MEDOF et al. 1984). This physicochemical property was one reason prompting an 
examination of the membrane-anchoring domain of DAF by two groups. DAF was 
found to belong to a recently described class of membrane proteins that are anchored 
by covalent attachment of the carboxy-terminus to a glycophospholipid containing 
phosphatidylinositol (PI) that is inserted in the outer leaflet of the lipid bilayer (this 
class of membrane compounds is reviewed in FERGUSON and WILLIAMS 1988; Low 
and SALTIEL 1988). This anchoring was first shown by DAVITZ and colleagues, who 
demonstrated the release of DAF from peripheral blood cells following treatment 
with phosphatidylinositol-specific phospholipase C (PI-PLC; DAVITZ et al. 1986). 
Specifically, 60%- 80% of membrane DAF was released from leukocytes by PI-PLC, 
although only 10% of E membrane DAF was removed. This partial resistance to 
PI-PLC has been found in other glycophospholipid-anchored proteins, and it may 
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represent selective acylation of the inositol ring (ROBERTS et al. 1988). DAF released 
by PI-PLC has lost its hydrophobic character and its ability to reincorporate into 
cell membranes, and it thus could not intrinsically inhibit assembly of the C3 
convertase on the cell surface (MEDOF et al. 1986; DAVITZ et al. 1986). However, this 
hydrophilic form of DAF could still accelerate the decay of preformed C4b2a, albeit 
at a much reduced efficiency, and thus the functional site on DAF can be separated 
from the glycophospholipid anchor (MEDOF et al. 1986). 

The complete structure of the glycophospholipid anchor has been determined for 
the trypanosome variant surface glycoprotein (FERGUSON et al. 1988) and for Thy-l 
antigen from rat brain (HOMANS et al. 1988), and these anchors show an identical 
backbone with variation in the side-chain groups. Chemical analysis of the anchor 
from E DAF, although less detailed, is consistent with these structures. These studies 
by MEDOF and coworkers (MEDOF et al. 1986; WALTER et al. 1987) demonstrated the 
presence of ethanolamine and glucosamine (1.8 and 0.8 moles per mole of DAF 
protein, respectively) in the carboxy terminus of the protein, as well as inositol 
(0.7 mole) and a mixture of .saturated and unsaturated fatty acids (0.7 and 1.2 moles, 
respectively). In addition, analysis by thin layer chromatography of labeled anchor 
fragments released by nitrous acid deamination (which cleaves at the nonacetylated 
glucosamine) revealed the presence of inositol phospholipids other than PI. This 
could explain the partial resistance to PI-PLC described previously. 

1.4 Sites of Expression and Alternate Forms of DAF 

DAF is present on virtually all peripheral blood cells: E, granulocytes, T - and 
B-Iymphocytes, monocytes, and platelets (KINOSHITA et al. 1985; NICHOLSON-WELLER 
et al. 1985a). The DAF molecule from leukocytes has a 3000-9000 higher Mr 
than E DAF. Interestingly, DAF is absent on natural killer cells (NICHOLSON
WELLER et al. 1986). DAF has also been found on bone marrow mononuclear 
cells and erythroid progenitors (MOORE et al. 1985). It is present on the epithelial 
surface of cornea, conjuctiva, oral and gastrointestinal mucosa, exocrine glands, 
renal tubules, ureter and bladder, cervical and uterine mucosa, and pleural, pericardial 
and synovial serosa (MEDOF et al. 1987b), as well as on cultured umbilical vein 
endothelial cells (ASCH et al. 1986). Overall, what is clear is that DAF has a very 
wide tissue distribution, supporting the important role of this protein in controlling the 
complement system. 

Soluble forms of DAF have been found in extracellular fluids and tissue culture 
supernatants. DAF was detected in body fluids using a two-site radioimmunometric 
assay (MEDOF et al. 1987b). DAF antigen was present in plasma, urine, tears, saliva, 
synovial fluid, and cerebrospinal fluid, with levels ranging from 40 to 400 ng/ml. 
Analysis by immunoprecipitation and Western blot showed that the DAF from 
plasma, tears, and saliva had an apparent Mr of approximately 100000, whereas the 
urine DAF had a Mr of 67000, slightly lower than E membrane DAF. The urine DAF 
species was less hydrophobic than membrane DAF, did not inhibit the intrinsic 
assembly of C3 convertases on the cell surface, but could accelerate the decay of 
preformed C4b2a with an efficiency comparable to that of C4bp. Urine DAF is thus 
similar to PI-PLC released membrane DAF (MEDOF et al. 1986). A DAF species of 
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the same size as urine DAF was also detected in the culture supernatants of the HeLa 
epithelial cell line (MEDOF et al. 1987b), prompting the suggestion that urine DAF 
might be synthesized by the adjacent urethelium. 

Alternate forms of the membrane DAF molecule have also been described. A larger 
variant, designated DAF-2, was detected on E membranes by Western blot (KINOSHITA 
et al. 1987). DAF-2 possesses a Mr of 140000 and represents less than 10% of 
membrane DAF. This variant has functional activity for accelerating the decay of 
the C3 convertase and also shares with DAF the ability to reincorporate into E 
membranes, suggesting the presence of the glycophospholipid anchor. The apparent 
Mr of DAF-2 is twice that of DAF, raising the possibility that it is a dimer of DAF, 
although neither reduction with 2-mercaptoethanol nor denaturation in SDS could 
separate DAF-2 into two components. The structure of DAF-2 thus remains 
unexplained. 

Lower Mr degradation fragments of membrane DAF have been produced in vitro 
by treatment of DAF with PI-PLC (MEDOF et al. 1986; DAVITZ et al. 1986; SEYA 
et al. 1987), a PI-specific phospholipase D from serum (DAVITZ et al. 1987), or papain 
(MEDOF et al. 1986; SEYA et al. 1987). Interestingly, incubation of surface-labeled E 
with leukocytes led to release of a fragment of equal size to a papain-derived fragment 
(SEYA et al. 1987). It is unknown whether any of these degradative processes are 
relevant in vivo. 

1.5 Cloning of DAF eDNA 

Two groups have independently cloned DAF cDNAs (MEDOF et al. 1987 a; CARAS 
et al. 1987 a). Both groups utilized oligonucleotide probes based on the amino-terminal 
sequence of immunoaffinity-purified E DAF to isolate cDNA clones. These clones 
were derived from libraries constructed with mRNA from either the HeLa epithelial 
cell line (MEDOF et al. 1987 a; CARAS etal. 1987 a) or the HL-60 pro myelocytic leukemia 
cell line (MEDOF et al. 1987a). The nucleotide and derived amino acid sequences for 
DAF are shown in Fig. 3. There is a single long open reading frame beginning with 
an initiation methionine codon and extending 1143 bp; this is surrounded by 5' and 
3' untranslated regions, the latter ending in a poly(A) track. The deduced amino acid 
sequence yields a protein of 381 amino acids including a 34 amino acid signal peptide. 
Starting at the amino terminus of the mature protein, there are four contiguous short 
consensus repeat (SCR) units of approximately 60 amino acids. These SCRs, which 
contain conserved residues of cysteine, proline, tryptophan, and several other amino 
acids, are homologous to domains found in other complement regulatory proteins, 
including CR1, CR2, C4bp, and H, as well as in several noncomplement proteins. 
The SCRs are followed by a 70 amino acid region that is rich in serine and threonine 
residues (45%). A similar serine- and threonine-rich region, located just extracellular 
to the plasma membrane, is the site of clustered O-glycosylation in the low-density 
lipoprotein receptor (DAVIS et al. 1986). This is consistent with the large amount of 
O-linked oligosaccharide previously identified in DAF (LUBLIN et al. 1986b); the 
deduced protein sequence also shows one site for N-linked glycosylation, again as 
expected (LUBLIN et al. 1986b). 
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GCTGCGACTCGGCGGAGTCCCGGCGGCGCGTCCTTGTTCTAACCCGGCGCGCCATGACCGTCGCGCGGCCGAGCGTGCCCGCGGCGCTG 89 
M T V A A P S v P A A L -23 

-34 

CCCCTCCTCGGGGAGCTGCCCCGGCTGCTGCTGCTGGTGCTGTTGTGCCTGCCGGCCGTGTGGGGTGACTGTGGCCTTCCCccAGATGTA 179 
P L L GEL PAL L L L V L L C L P A V W G 0 C G L P P 0 V 8 

-1 +1 

CCTAATGCCCAGCCAGCTTTGGAAGGCCGTACAAGTTTTCCCGAGGATACT~TAATAACGTACAAATGTGAAGAAAGCTTTGTGAAAATT 269 
P N A Q PAL EGA T S F P EDT V I T Y K C E E S F V K I 38 

CCTGGCGAGAAOGACTCAGTGATCTGCCTTAAGGGCAGTCAATGGTCAGATATTGAAGAGTTCTGCAATCGTAGCTGCGAGGTGCCAACA 359 
P G E K 0 S V I C L K G S Q W SOl E E F C N A S C E V P T 88 

A 
AGGCTAAATTCTGCATCCCTCAAACAGCCTTATATCACTCAGAATTATTTTCCAGTCGGTACTGTTGTGGAATATGAGTGCCGTCCAGGT ~~9 

R L N S A S L K Q P Y I T Q N Y F P v G T v V EYE CAP G 98 

TACAGAAGAGAACCTTCTCTATCACCAAAACTAACTTGCCTTCAGAATTTAAAATGGTCCACAGCAGTCGAATTTTGTAAAAAGAAATCA 539 
Y RAE P S L S P K LTC L Q N L K W S T A V E F C KKK S 128 

TGCCCTAATCCGGGAGAAATACGAAATGGTCAGATTGATGTACCAGGTGGCATATTATTTGGTGCAACCATCTCCTTCTCATGTAACACA 829 
C P N P GEl A N G Q I 0 V P G GIL F GAT I S F S C N T 158 

GGGTACAAATTATTTGGCTCGACTTCTAGTTTTTGTCTTATTTCAGGCAGCTCTGTCCAGTGGAGTGACCCGTTGCCAGAGTGCAGAGAA 719 
G Y K L F G S T S S F C LIS G S S V Q W $ 0 P L P E CAE 188 

ATTTATTGTCCAGCACCACCACAAATTGACAATGGAATAATTCAAGGGGAACGTGACCATTATGGATATAGACAGTCTGTAACGTATGCA 809 
I Y CPA P P Q ION G I I Q G E R 0 H Y G Y A Q S V T Y A 218 

TGTAATAAAGGATTCACCATGATTGGAGAGCACTCTATTTATTGTACTGTGAATAATGATGAAGGAGAGTGGAGTGGCCCACCACCTGAA 899 
C N K G F T MIG E H SlY C T V N N 0 E G E W S G P P P E 2~8 

TGCAGAGGAAAATCTCTAACTTCCAAGGTCCCACCAACAGTTCAGAAACCTACCACAGTAAATGTTCCAACTACAGAAGTCTCACCAACT 989 
C R G K S L T S K V P P T V Q K P T T V N V P T T E V S P T 278 

TCTCAGAAAACCACCACAAAAACCACCACACCAAATGCTCAAGCAACACGGAGTACACCTGTTTCCAGGACAACCAAGCATTTTCATGAA 1079 
S Q K T T T K T T T P N A QAT A S T P V S R T T K H F H E 308 

ACAACCCCAAATAAAGGAAGTGGAACCACTTCAGGTACTACCCGTCTTCTATCTGGGCACACGTGTTTCACGTTGACAGGTTTGCTTGGG 1169 
T T P N K G S G T T S G T T R It [ S G H t eFT LtG L l G 338 

ACGCTAGTAACCATGGGCTTGCTGACTTAGCCAAAGAAGAGTTAAGAAGAAAATACACACAAGTATACAGACTGTTCCTAGTTTCTTAGA 1259 
T [ V t M G [ l t I . 347 

C T T ATCTGCAT A TTGGA T AAf_A}-"_~~ TGCAA TTGTGCTCTTCATTT AGGA TGCTTTCA nGTCTTT AAGA TGTOn AGGAA TGTCAACAG 13 ~ 9 

AGCAAGGAGAAAAAAGGCAGTCCTGGAATCACATTCTTAGCACACCTACACCTCTTGAAAATAGAACAACTTGCAGAATTGAGAGTGATT 1~39 

CCTTTCCTAAAAGTGTAAGAAAGCATAGAGATTTGTTCGTATTTAGAATGGGATCACGAGGAAAAGAGAAGGAAAGTGATTTTTTTCCAC 1529 

AAGATCTGT AA TGTT A TTTCCAC TT ATAAAGGA~}}AI;;-'!.AAATGAAAAACA TT ATTTGGAT A TCAAAAGCA~}}_A-'i~AACCCAA TTCAGT 1619 

CTCTTCTAAGCAAAATTGCTAAAGAGAGATGAACCACATTATAAAGTAATCTTTGGCTGTAAOGCATTTTCATCTTTCCTTCOGOTTGGC 1709 

AAAATATTTTAAAGGTAAAACATGCTGGTGAACCAGGGGTGTTGATGGTGATAAGGGAGGAATATAGAATGAAAGACTGAATCTTCCTTT 1799 

GTTGCACA}}_~~Q~GTTTGGAAAAAGCCTGTGAAAGGTGTCTTCTTTGACTTAATGTCTTTAAAAGTATCCAGAGATACTACAATATTAA 1889 

CATAAGAAAAGATTATATATTATTTCTGAATCGAGATGTCCATAGTCAAATTTGTAAATCTTATTCTTTTGTAATATTTATTTATATTTA 1979 

TTTATGACAGTGAACATTCTGATTTTACATGTAAAACAAGAAAAGTTGAAGAAGATATGTGAAGAAAAATGTATTTTTCCTAAATAGA~~ 2089 

I~~!TGATCCCATTTTTTGGTAAAAAAAAAAA 2101 

Fig. 3. Nucleotide and derived amino acid sequences of OAF cDNA_ The nucleotide sequence 
is numbered from the most 5' nucleotide, and the derived amino acid sequence, numbered from 
the first amino acid of the mature protein, is shown below using single-letter codes_ Asterisk, 
stop codon; arrow, the single N-glycosylation site; underline, a serine/threonine-rich region 
(probable site of O-linked glycosylation); box, a carboxy-terminal hydrophobic region (replaced 
posttranslationally with a glycophospholipid anchor); dashed lines, potential polyadenylation 
signals 
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The deduced protein structure ends in a 24 amino acid segment of markedly 
hydrophobic character; the series of basic residues (that act as a stop anchor sequence) 
and the cytoplasmic tail that are present in polypeptide-anchored membrane proteins 
are not seen in DAF. However, this carboxy-terminal hydrophobic peptide is similar 
to extension peptides encoded by the cDNAs for other glycophospholipid-anchored 
membrane proteins such as the trypanosome variant surface glycoproteins (BOOT
HROYD et al. 1981) and Thy-l (TsE et al. 1985). These extension peptides of 17-31 
amino acids are removed posttranslationally, and the carboxy-terminal glyco
phospholipid anchor is attached (reviewed in FERGUSON and WILLIAMS 1988; Low 
and SALTIEL 1988). A similar processing presumably leads to the attachment of the 
DAF glycophospholipid anchor, perhaps with the hydrophobic extension peptide 
acting as a transient membrane anchor in the endoplasmic reticulum. Studies in HeLa 
cells demonstrated that the major intracellular pro-DAF species incorporated 
ethanolamine, a component of the glycophospholipid anchor (MEDOF et al. 1986). In 
addition, treatment of this precursor species with PI-PLC removed its hydrophobic 
domain, as judged by partitioning in Triton X-114 detergent (D. M. LUBLIN, unpu
blished results). TIiese results demonstrate that the glycophospholipid anchor is 
already attached to. this DAF precursor. 

The signal for attachment of the glycophospholipid anchor to a given protein is 
still unclear. However, two groups have made and expressed mutant cDNAs 
containing the carboxy-terminal segment of DAF attached to the amino-terminal 
segment of another protein (CARAS et al. 1987b; TYKOCINSKI et al. 1988). These mutant 
cDNAs, when expressed in transfected cell lines, led to the production of a membrane 
protein that was glycophospholipid anchored, thus establishing that the carboxy
terminal amino acids contain the signal for attachment of a glycophospholipid anchor. 
The actual nature of that signal is still unknown. 

The DAF cDNA detects several bands on Northern blot analysis of mRNA from 
various cell lines. The major species are reported as 2.0 and 2.7 kb (MEDOF et al. 
1987 a) or 1.5 and 2.2 kb (CARAS et al. 1987 a), apparently simply reflecting Mr 
standardization differences. These two species of mRNA are products of alternative 
polyadenylation (CARAS et al. 1987a). Relative levels ofDAF mRNA in the cell lines 
He La, HL-60, and HSB-2 correlated with the levels of DAF protein detected by 
immunoradiometric assay (MEDOF et al. 1987 a), suggesting tissue-specific trans
criptional control of DAF expression. 

One group also found a second class of DAF cDNA clones (CARAS et al. 1987a). 
These contained an extra 118-bp insertion near the end of the coding region; the 
ensuing frame shift results in a longer encoded protein (440 amino acids including 
signal peptide) that now has a hydrophilic carboxy-terminus. They speculated that 
the 118-bp insertion represents an unspliced intron. A probe based on this sequence 
detected a minor species ofDAF on Northern analysis of He La cell RNA. Transfection 
ofthese two types of cDNA into Chinese hamster ovary cells resulted in the production 
of DAF immunoreactive material, but only the cDNA encoding in the hydrophobic 
extension peptide produced surface DAF. Their suggestion was that the spliced and 
unspliced species of cDNA encode membrane and secreted DAF species, respectively. 
However, subsequent work has cast doubt on this hypothesis (D. M. LUBLIN, unpu
blished results; V. NUSSENZWEIG, personal communication). Chinese hamster ovary 
cells transfected with the spliced (regular or hydrophobic) DAF cDNA produce both 
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membrane DAF attached by a glycophospholipid anchor and a secreted form of 
DAF approximately 5000 lower in Mr. In addition, antibodies raised against the 
carboxy-terminal hydrophilic peptide (encoded only by the alternate, unspliced cDNA) 
did not recognize the soluble DAF species in HeLa cell culture supernatants. The 
physiological relevance of this alternate DAF cDNA species, along with the origin 
of the secreted form of DAF, remains unclear. 

1.6 DAF Gene 

Southern blot analysis of human DNA shows a relatively simple pattern generated 
from restriction digests (LUBLIN et al. 1987; REy-CAMPOS et al. 1987; STAFFORD et al. 
1988), suggesting that DAF is a single-copy gene. This was supported by hybridizations 
with DAF -specific oligonucleotide probes (STAFFORD et al. 1988). Three restriction 
fragment length polymorphisms (RFLPs) have been identified in the DAF gene: two 
for the enzyme HindlII and one for BamHI (REY-CAMPOS et al. 1987; STAFFORD et al. 
1988). All are located in the noncoding region of the gene. Cloning of the human 
DAF gene demonstrates it to be composed of ten exons spread over 50 kb of DNA 
(POST et al. 1989). These exons encode (sequentially in a 5' to 3' direction) the 5' 
untranslated region/signal peptide, SCR I, SCR II, SCR III split between two equally 
sized exons, SCR IV, three exons encoding the serine/threonine-rich region, and the 
carboxy-terminal hydrophobic extension peptide/3'-untranslated region together on 
the final exon. 

The chromosomal location of the DAF gene is on the long arm of human 
chromosome 1, band q3.2. This was derived from analysis of a panel of ham
ster x human somatic cell hybrids and by in situ hybridization of the DAF cDNA 
to human metaphase cells (LUBLIN et al. 1987). The same result was obtained by 
segregation analysis of the DAF RFLPs in families that are informative for segregation 
of alleles at the CR1, C4bp, and H loci (REY-CAMPOS et al. 1987). The latter three 
complement proteins were already known to be located at the regulator of complement 
activation (RCA) gene cluster at 1q3.2, so the DAF gene is added to this group. 
Furthermore, recombinations within the RCA locus demonstrated that DAF maps 
closer to the CR1/C4bp loci than to the H locus. Subsequent detailed mapping of 
the RCA gene cluster by pulsed-field gel electrophoresis has shown the order of the 
genes to be MCP-CR1-CR2-DAF-C4bp, located within an 800-kb segment of DNA 
on the long arm of chromosome 1 (REY-CAMPOS et al. 1988; CARROLL et al. 1988; 
BORA et al. 1989). 

1.7 Biochemical Activities and Physiological Roles 

Several lines of evidence indicate that DAF serves to protect cells from damage by 
autologous complement proteins deposited on their surfaces; specifically, this protec
tion involves prevention of the assembly of the C3 and C5 convertases of the classical 
or alternative pathways, which act as amplification steps in the complement cascade. 
DAF was initially purified based on its ability to accelerate the spontaneous decay 
of the preformed classical C3 convertase, C4b2a (NICHOLSON-WELLER et al. 1982). 
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Blocking with antibodies to DAF showed that it was responsible for this function 
on intact E, for both the classical and alternative pathways, but that it lacked any 
cofactor activity for I-mediated cleavage of C4b or C3b (PANGBURN et al. 1983). 
Pivotal insights into the role of DAF came from studies using DAF reincorporated 
into sheep E (MEDOF et al. 1984). These studies demonstrated that DAF inhibits the 
formation of the C3 and C5 convertases; this effect was reversible, as DAF did not 
affect the structure of C4b or C3b. In addition, DAF only exerted this effect 
intrinsically, i.e., on C3 convertases being assembled on the same cell as the DAF. 
Another group of investigators narrowed the site of action further by showing that 
DAF does not prevent the initial binding of C2 or B to the cell (containing C4b or 
C3b, respectively), but that it rapidly dissociates C2a or Bb from their binding sites, 
thus preventing the assembly of the C3 convertase (FUJITA et al. 1987). The precise 
mechanism underlying this interference with the C3 convertase and the specific binding 
sites for DAF on the C3 convertase are still unclear. One group utilized a 
homo bifunctional cross-linking reagent to show an endogenous association of DAF 
with C4b and C3b on the cell surface (KINOSHITA et al. 1986). Another investigation 
using fluid-phase competitive inhibition suggested that the primary interaction of 
DAF with C3 convertases is with the C2a or Bb components (PANGBURN 1986). The 
experimental systems of these two groups are quite different, but the discrepancy in 
their results has not been resolved. 

1.8 Paroxysmal Nocturnal Hemoglobinuria 

The physiological role of DAF has been elucidated by studies of PNH, an acquired 
hemolytic anemia in which the affected blood cells show increased complement 
sensjtivity, partly due to an increased uptake of C3b (reviewed in ROSSE and 
PARKER 1985). Three groups of investigators found that these cells lack DAF 
(PANGBURN et al. 1983; NICHOLSON-WELLER et al. 1983, 1985b; KINOSHITA et al. 1985). 
Furthermore, this defect was causally related to increased complement sensitivity, 
since reincorporation of purified DAF into these cells normalized their C3b uptake 
and partially corrected their complement sensitivity (MEDOF et al. 1985). Thus, 
DAF is clearly seen to be critical in vivo for protection of host cells from damage 
by autologous complement. 

Investigations of DAF have also shed light on the underlying lesion in PNH. 
Southern and Northern analyses utilizing leukocytes from PNH patients revealed a 
normal DAF gene and mRNA transcripts (STAFFORD et al. 1988). Indeed, affected 
cells of PNH patients lack not only DAF, but also acetylcholinesterase (AUDITORE 
and HARTMANN 1959), alkaline phosphatase (LEWIS and DAcrE 1965), lymphocyte 
function-associated antigen 3 (SELVARAJ et al. 1987), Fe receptor type III (SELVARAJ 
et al. 1988), and homologous restriction factor (ZALMAN et al. 1987). All of these 
proteins have been shown to be anchored to the cell membrane by a glycophospholipid 
anchor (reviewed in FERGUSON and WILLIAMS 1988; Low and SALTIEL 1988). The 
fact that these otherwise unrelated proteins are all absent in a clonal disorder strongly 
suggests that the lesion in PNH must involve their only common element, the 
glycophospholipid anchor (DAVITZ et al. 1986). The nature ofthis defect in the pathway 
for biosynthesis or attachment of the anchor structure is unknown. 
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1.9 Blood Group Antigens on DAF 

An interesting recent report demonstrated that the Cromer-related human blood 
group antigens Cr" and Tc" reside on the DAF molecule (TELEN et al. 1988). Antibodies 
to Cr" and Tc" recognized purified DAF on Western blots, and these antisera had 
reduced or absent reactivity with PNH E that lack DAF. Moreover, cells of the rare 
Cromer-related null phenotype Inab did not react with antiserum to DAF by direct 
binding or Western blotting. The reason underlying lack of expression of DAF in 
this null phenotype is unknown. 

1.10 DAF in Other Species 

The critical role of DAF in protecting host tissues from damage by autologous 
complement leads to the expectation that a DAF or DAF -like molecule would exist 
in any species with a complement system. To date, only the DAF from guinea pig 
(NICHOLSON-WELLER et al. 1981) and rabbit (HORSTMANN and MULLER-EBERHARD 
1986; SUGITA et al. 1987) "E have been isolated. The guinea pig DAF was actually 
purified before human DAF (NICHOLSON-WELLER et al. 1981); the same investigators 
then utilized this scheme to isolate human DAF (NICHOLSON-WELLER et al. 1982). 
The guinea pig DAF has a Mr of 60000 on SDS-PAGE under reducing conditions. 
Decay-accelerating activity was also found on rabbit E (HORSTMANN and MULLER
EBERHARD 1986; SUGITA et al. 1987). The rabbit DAF was purified, yielding a protein 
with an Mr of 66000 on SDS-PAGE under nonreducing conditions (SUGITA et al. 
1987). Rabbit DAF has an amino acid composition resembling human DAF, and it 
can spontaneously and selectively reincorporate into sheep E, suggesting that it 
possesses a glycophospholipid anchor similar to human DAF. 

2 Membrane Cofactor Protein 

2.1 Identification and Purification 

MCP, a regulatory protein of the complement system, was discovered during an 
analysis by affinity chromatography of iC3jC3b binding proteins of human peripheral 
blood mononuclear cells (COLE et al. 1985). Originally named gp45-70 to indicate its 
Mr on SDS-PAGE, MCP was identified along with CR1 and CR2 by this approach 
(Fig. 4; COLE et al. 1985). Preliminary functional analysis indicated that it had cofactor 
activity for C3bjiC3 (TURNER 1984), and this activity was employed to develop a 
purification scheme (SEYA et al. 1986). The purification involved solubilization of the 
cells with NP-40 followed by several sequential column chromatographic steps which 
included iC3 affinity chromatography. The purified protein was utilized to obtain 
amino-terminal sequence (LUBLIN et al. 1988) and to raise a polyclonal antibody 
(BALLARD et al. 1987). The unique amino-terminal sequence (LUBLIN et al. 1988) and 
the lack of cross-reactivity of the antisera to other known complement receptors and 
inhibitors (BALLARD et al. 1987; SEYA et al. 1988) confirmed that it was an additional 
regulatory protein of the complement system. 
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Fig. 4. Autoradiograph of eluates of iC3-Sepharose to which 125I_surface labeled solubilized 
preparations of human mononuclear cells were applied. The same four donors (lanes 1-4 and 
lanes 5-8) were analyzed under reducing and nonreducing conditions on a 7.5% gel. The three 
major iC3 binding proteins of mononuclear cells are visualized. In lanes 1 and 4, heterozygotes 
for the two most common CR1 alleles with Mr of 190000 and 220000 are demonstrated. All 
donors also display CR2 with an Mr of 140000. The donor in lane 1 has the lower-band 
predominant form of MCP, the donor in lane 2 the form in which there is approximately equal 
distribution in each band, and the donors in lanes 3 and 4 have the upper-band predominant 
form of MCP. All three classes of C3 binding proteins (CR1, CR2, and MCP) increase in Mr 
with reduction (lanes 5 to 8). (Reprinted from BALLARD et al. 1987) 

2.2 'Structural Variations of MCP on Human Cells 

An unusual feature of MCP of human peripheral blood mononuclear cells and 
platelets is that on SDS-PAGE it consists of two relatively broad protein species 
(Fig. 4; COLE et al. 1985; SEYA et al. 1986; Yu et al. 1986; BALLARD et al. 1987; SEYA 
et al. 1988; BALLARD et al. 1988). More than 100 individuals have been evaluated for 
MCP, and all expressed both species (BALLARD et al. 1987). The quantity of each 
expressed is under autosomal codominant control. In a popUlation survey of 74 
unrelated individuals, three stable patterns of expression were noted: an upper-form 
predominant pattern in 65%; approximately equal expression of the upper and lower 
species in 29%; and lower-form predominance in 6%. Family studies further support 
a two-allelic codominantly inherited system regulating expression as none of the 29 
offspring from ten matings had a phenotype that deviated from expected. MCP of 
human peripheral blood mononuclear cells (B and T cells and monocytes) and platelets 
aligns on analysis by SDS-PAGE, and a given individual expresses the same 
phenotype in these cell populations (Yu et al. 1986; BALLARD et al. 1987). 

The heterogeneity within each band is in part secondary to posttranslational 
modifications, especially glycosylation (see below), since the two precursors and the 
neuraminidase-treated mature forms of MCP focus more sharply (Yu et al. 1986; 
BALLARD et al. 1988). The unfolding of the molecule upon reduction, consistent with 
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the presence of intrachain disulfide bonds, probably accounts for the increase in Mr 
on SDS-PAGE upon reduction (see Fig. 4). The two species of MCP are functionally, 
genetically, and structurally similar proteins (Table 1). The only difference so far 
detected, other than in M" is the increased amount of sialic acid on the upper species 
(see below). 

Table 1. A comparison of the two mature species of MCP of 
human peripheral blood mononuclear cells and platelets 

Mr (mean) 

Reducing 
Nonreducing 

C3/C4 binding 

iC3/C3b 
iC4/C4b 
C3bi 
C3dg 

Cofactor activity 

iC3/C3b 
iC4/Cb4 

Oligo saccharides 

N-linked 
O-linked 

Upper 

66000 
61000 

++-+ 
+ 

+++ 
+ 

2, 3 
Multipleb 

Lower 

58000' 
53000· 

+++ 
+ 

+++ 
+ 

2,3 
Multiple 

Data are derived from COLE et al. (1985), SEYA et al. (1986), Yu 
et al. (1986), BALLARD et al. (1987), SEYA et al. (1988) and 
BALLARD et al. (1988) 
• The lower species focuses more sharply, especially under 
reducing conditions. 
b Neuraminidase produces a greater shift in Mr of the upper 
than the lower species, suggesting that there are more O-linked 
units on the upper form 

Two other types of structural variations of MCP have been described. The first 
relates to slightly different Mr for MCP of T, B, and mononuclear cell lines (COLE 
et al. 1985). For example, both species on MCP of U937 (a human monocyte cell 
line) are several thousand larger in Mr than the corresponding molecule on peripheral 
blood cells (COLE et al. 1985; BALLARD et al. 1988). While this possibly reflects variation 
in the structure of complex N-linked sugars, as it does for CR1 on this cell line 
(LUBLIN et al. 1986a), this point has not been definitively addressed. The second 
variation concerns MCP on granulocytes. By iC3 affinity chromatography, only a 
small amount of MCP was isolated from granulocytes (COLE et al. 1985). However, 
by immunoprecipitation and fluorescence-activated cell sorter analysis using the 
polyclonal antibody, at least as much MCP was expressed by granulocytes as by 
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mononuclear cells (SEYA et al. 1988). Moreover, the autoradiographs showed a broad 
single species that was not resolvable into two distinct species (SEYA et al. 1988). The 
nature of this structural variation of granulocyte MCP and the reason for the reduced 
affinity for iC3 are unknown. 

2.3 Biosynthesis and Glyeosylation of MCP 

Because sugar precursors are incorporated into the molecule, and it is altered in Mr 
by treatment with endoglycosidases (Yu et al. 1986; BALLARD et al. 1988), MCP is a 
glycoprotein. The precursors ofMCP decrease in Mr by approximately 6000 following 
an incubation with endoglycosidase H (BALLARD et al. 1988). This enzyme cleaves 
asparagine-linked high-mannose (simple) sugars, and the decrease is consistent with 
the presence of two or three such units on MCP. Additionally, the mature molecule 
is insensitive to endoglycosidase H, demonstrating that the high-mannose units are 
processed to complex oligosaccharides. MCP precursors bind iC3jC3b, indicating 
that this processing to a complex unit is not required for ligand binding (BALLARD 
et al. 1988). These complex sugars are only partially removed by endoglycosidase F 
and N-glycanase, enzymes which digest complex oligosaccharides. N-linked units on 
CR1 are also partially resistent to such treatments (LUBLIN et al. 1986a). 

The mature forms of MCP decrease in Mr upon treatment with neuraminidase 
(Yu et al. 1986; BALLARD et al. 1988), an enzyme whicJ:1 removes terminal sialic acid 
residues of oligosaccharides. Treatment of MCP with O-glycanase, which cleaves 
core disaccharides linked to a serine or threonine residue, establishes the presence of 
O-linked sugars on MCP. 

Biosynthetic analyses identify two high-mannose containing precursors that chase 
into the mature forms with different half-lives (t1/2; BALLARD et al. 1988). Thus, for 
the U937 cell line the upper precursor species chases with a t1/2 of approximately 
30 min while the lower species chases with a t1/2 of approximately 90 min. This 
differential rate of processing may account for the upper-form predominant phenotype 
of U937. It is unclear, however, from the pulse-chase experiments whether the upper 
and lower precursors chase only into the larger and smaller mature forms, respectively. 
Since there appears to be only one structural gene (see below) but two precursors 
and two mature forms, two separate mRNAs, possibly derived by alternative splicing, 
may explain these results. 

MCP is not released from cells by PI-PLC, as is DAF (see above). This observation 
is consistent with a polypeptide membrane anchor and cytoplasmic tail in MCP (see 
below) as compared to the glycophospholipid anchor of DAF. 

2.4 Cloning of MCP eDNA 

One cDNA for MCP (MCP-9) contains a long open reading frame encoding 384 
amino acids beginning with an initiation methionine codon (Fig. 5; LUBLIN et al. 
1988). The first 34 amino acids represent a signal peptide. This is followed by 350 
amino acids that encode a polypeptide of 39 kDa. The amino-terminal 252 amino 
acids of the mature protein consist of four contiguous repeats of 59-65 residues each. 
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TCTGCTTTCCTCCGGAGAAATAACAGCGTCTTCCGCGCCGCGCATGGAGCCTCCCGGCCGCCGCGAGTGTCCCTTTCCTTCCTGGCGC ~ 
M E P P G R R E C P F P S W R -20 

-34 

TTTCCTGGGTTGCTTCTGGCGGCCATGGTGTTGCTGCTGTACTCCTTCTCCGATGCCTGTGAGGAGCCACCAACATTTGAAGCTATGGAG 178 
F P G L L L A A M V L L L Y S F S 0 ACE E P P T F E A M E 11 

-1 +1 

CTCATTGGTAAACCAAAACCCTACTATGAGATTGGTGAACGAGTAGATTATAAGTGTAAAAAAGGATACTTCTATATACCTCCTCTTGCC 2~ 
L I G K P K P Y Y E I G E R V 0 Y K C K K G Y FYI P P L A 41 

ACCCATACTATTTGTGATCGGAATCATACATGGCTACCTGTCTCAGATGACGCCTGTTATAGAGAAACATGTCCATATATACGGGATCCT ~8 
T H TIC 0 R N H T W L P V SOD A C Y RET C P Y I R 0 P 71 

! 
TTAAATGGCCAAGCAGTCCCTGCAAATGGGACTTACGAGTTTGGTTATCAGATGCACTTTATTTGTAATGAGGGTTATTACTTAATTGGT ~ 
LNG a A v PAN G T Y E F G yaM H F I C NEG Y Y L I G 101 

! 
GAAGAAATTCTATATTGTGAACTTAAAGGATCAGTAGCAATTTGGAGCGGTAAGCCCCCAATATGTGAAAAGGTTTTGTGTACACCACCT 5~ 
EEl L Y C ELK G S V A I W S G K P PIC E K V L C T P P 131 

CCAAAAATAAAAAATGGAAAACACACCTTTAGTGAAGTAGAAGTATTTGAGTATCTTGATGCAGTAACTTATAGTTGTGATCCTGCACCT ~8 
P K I K N G K H T F S EVE V FEY LOA V T Y S COP A P 161 

GGACCAGATCCATTTTCACTTATTGGAGAGAGCACGATTTATTGTGGTGACAATTCAGTGTGGAGTCGTGCTGCTCCAGAGTGTAAAGTG 718 
GPO P F S L I G EST I Y C G 0 N S V W S R A APE C K V 191 

GTCAAATGTCGATTTCCAGTAGTCGAAAATGGAAAACAGATATCAGGATTTGGAAAAAAATTTTACTACAAAGCAACAGTTATGTTTGAA ~ 
V K C R F P V V ENG K a I S G F G K K F Y Y KAT V M F E 221 

TGCGATAAGGGTTTTTACCTCGATGGCAGCGACACAATTGTCTGTGACAGTAACAGTACTTGGGATCCCCCAGTTCCAAAGTGTCTTAAA ~8 
C 0 K G F Y LOG SOT I V CDS N S TWO P P v P K C L K 251 

! 
GTGTCGACTTCTTCCACTACAAAATCTCCAGCGTCCAGTGCCTCAGGTCCTAGGCCTACTTACAAGCCTCCAGTCTCAAATTATCCAGGA 9~ 

V S T SST T K SPA S S A S G P R P T Y K P P v S N Y P G 281 

ATTTGTGTTGTCCCGTACAGATATCTTCAAAGGAGGAAGAAGAAAGGGAAAGCAGATGGTGGAGCTGAATATGCCACTTACCAGACTAAA 11~ 
I C V v P Y I R Y L a R R KKK G K A 0 G G A E Y A T Y a T K 3-41 

TCAACCACTCCAGCAGAGCAGAGAGGCTGAATAGATTCCACAACCTGGTTTGCCAGTTCATCTTTTGACTCTATTAAAATCTTCAATAGT 1258 
S T T p. A EaR G • ~o 

TGTTATTCTGTAGTTTCACTCTCATGAGTGCAACTGTGGCTTAGCTAATATTGCAATGTGGCTTGAATGTAGGTAGCATCCTTTGATGCT 13~ 

TCTTTGAAACTTGTATGAATTTGGGTATGAACAGATTGCCTGCTTTCCCTTAAATAACACTTAGATTTATTGGACCAGTCAGCACAGCAT 14~ 

GTAAAAAAAAAAAAAAAA 1546 

Fig.5. Nucleotide and derived amino acid sequences of MCP eDNA clone. The complete 
nucleotide sequence of the MCP eDNA is displayed, numbered from the most 5' nucleotide. 
The derived amino acid sequence, numbered from the first amino acid of the mature protein, 
is shown below using single-letter codes. Asterisk, stop codon; arrows, three potential 
N-glycosylation sites; underline. a serine/threonine-rich region; box, the hydrophobic trans
membrane domain; dashed lines, potential polyadenylation signals 

The position and number of cysteines as well as other highly conserved amino acids 
within each repeat match those of the SCR sequence that has been found in other 
members of the multigene family ofC3b/C4b binding proteins (HOURCADE et aL 1989). 
These four repeating units show 18%-35% amino acid homology, similar to the 
degree of homology for these SCRs in other members of this family. MCP binds C3b 
and, with a lower affinity, C4b (CoLEet al. 1985; SEYA et aL 1986). Other receptor/regu
latory proteins that interact with C3b and C4b also possess this structural motif. 
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Further, for CR1, CR2, C4bp, H, and DAF, as few as four to as many as 30 or more 
of these repeats constitute at least two-thirds of the structure of the protein and are 
contiguously arranged beginning at the amino terminus. MCP therefore belongs to 
this family of C3bjC4b-binding receptor and regulatory proteins, and presumably 
the binding domain(s) lies within this part of the protein. 

There are three sites for N-linked glycosylation: one site is located near the end 
of the first repeat, another in the middle of the second unit, and the third near the 
end of the fourth repeat. Based on the results with endoglycosidase digestions (Yu 
et al. 1986; BALLARD et al. 1988), it is likely that two or all three of these sites are 
glycosylated. 

Following the four tandemly arranged SCRs, lie a grouping of amino acids (253-277) 
in which 12 of 25 are serines or threonines, a likely site of extensive O-linked 
glycosylation. In this case, as with several other membrane proteins such as the 
interleukin 2 and low-density lipoprotein receptors, this region is close to the 
membrane spanning domain. Following this, between amino acids 278 and 294, is a 
region of unknown significance. The next segment, between amino acids 295 and 317, 
is rich in hydrophobic residues, typical of a transmembrane spanning domain. The 
last 33 residues, between amino acids 318 and 350, constitute a cytoplasmic tail. 

The derived amino acid sequence is based on a clone that was obtained from a 
cDNA library prepared from U937 cells. U937 is a human mononuclear cell line that 
expresses a relatively large amount of MCP. Northern blots of the mRNA of U937 
and He La (both of which express MCP) demonstrate. a dominant MCP mRNA at 
4.2 kb. Raji, a human B cell precursor cell line, is negative for surface expression of 
MCP and for a mRNA band on a Northern blot. 

This MCP cDNA contains a full-length coding region (Fig. 5) matching the expected 
size of the MCP polypeptide. Recent characterization of additional MCP cDNAs 
indicates that the discrepancy in size between the 1.5-kb cDNA and the 4.2-kb mRNA 
reflects differential polyadenylation at the 3' end. 

2.5 MCP Gene 

Southern blots employing several restriction enzymes suggested that the MCP gene 
is contained within 40-50 kb of DNA (unpublished data). The structure of the MCP 
gene has been partially characterized. The exollS have been located (POST and 
ATKINSON 1989). The first exon encodes the 5' untranslated region and signal peptide. 
SCRs I, III, and IV are encoded by separate exollS. SCR II is split, being formed by 
two exons. The serine/threonine region is encoded by two approximately equally 
sized small exollS, and the adjacent region of unknown function is encoded by a 
separate exon. The exon/intron structure of the hydrophobic region and basic amino 
acid anchor is presently being investigated. The cytoplasmic tail and the 3' untranslated 
region are encoded by a single large exon. 

Southern blots of hamster-human somatic cell hybrids place the structural gene 
for MCP on human chromosome 1 (LUBLIN et al. 1988). In situ hybridizations with 
both the full-length MCP cDNA probe and probes not containing any SCR sequences 
positioned the gene at 1q3.2. To further localize the structural gene, pulse-field gel 
electrophoresis was performed. The order of the structural genes on an approximately 
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800-kb fragment was MCP-CR1-CR2-DAF-C4bp (REY-CAMPOS et al. 1988; CARROLL 
et al. 1988; BORA et al. 1989). The MCP gene lies within 100 kb of the 3,' end of the 
CR1 gene (BORA et al. 1989). 

2.6 Sites of Expression 

MCP was initially identified on mononuclear cells including T-Iymphocytes, B
lymphocytes, and monocytes, and on T, B, and mononuclear cell lines (COLE et al. 
1985; TURNER 1984; SEYA et al. 1986). It was later found on platelets (Yu et al. 1986). 
In the initial report (COLE et al. 1985) a small amount of MCP was identified on 
granulocytes. The production of a rabbit polyclonal antibody to MCP has permitted 
a more critical analysis of its distribution. MCP is uniformly present and in roughly 
equivalent amounts on T cells including both the T helper and T suppressor/cytotoxic 
subpopulations, natural killer cells, B-Iymphocytes, monocytes, platelets, and granulo
cytes (SEYA et al. 1988). It was not expressed by E. These results, except for the 
presence of as much MCP on granulocytes as on mononuclear cells, are consistent 
with those obtained by iC3 affinity chromatography. As noted above, a comparison 
of MCP isolated by affinity chromatography and immunoprecipitation demonstrated 
that granulocyte MCP is a single broad species wich has reduced affinity for iC3 
(SEYA et al. 1988). 

Recent experiments further addressed the question of tissue distribution of MCP 
(ATKINSON et al. 1989). MCP was found to be expressed on cells of epithelial, 
endothelial, and mesenchymal origin including endothelial cells derived from human 
umbilical veins, a variety of epithelial cells and cell lines including He La, Hep-2, and 
low-passage human keratinocytes, and several types of fetal and adult fibroblast cell 
lines. For, several of these, MCP was shown to possess cofactor activity and to be 
synthesized by the cell in question. 

2.7 Homologous Proteins in Other Species 

To date, no proteins homologous to MCP have been definitively identified in other 
species. C3b-binding membrane proteins, however, of similar Mr have been reported 
for rabbit alveolar and peritoneal macrophages (Mr of 64000) (SCHNEIDER et al. 1981; 
DIXIT et al. 1981) and on mouse cells (Mr of 65000) (WONG and FEARON 1985). 
However, the rabbit protein was not present on peripheral blood mononuclear cells 
or platelets (MANTHEI et al. 1988), and thus its tissue distribution does not resemble 
that of human MCP. The mouse protein was identified through a cross-reaction with 
a rabbit polyclonal antibody to human CR1 and has a broad tissue distribution. 

2.8 Physiological Role 

The biological function of MCP can be suggested from its affinity for C3b, cofactor 
activity, and tissue distribution and through a comparison to other related complement 
receptor and regulatory proteins. First, MCP and DAF are the only two members of 
this group with a broad tissue distribution. DAF is an intrinsic regulatory protein. 
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Second, cells that possess MCP or DAF but no CRl, CR2, or CR3 do not rosette 
with C3b-coated ligands. These data suggest that, like DAF, MCP is primarily an 
intrinsically rather than extrinsically acting protein. Its major function may be to 
down-regulate complement activation on autologous tissue rather than complement 
components bound to extrinsic material such as immune complexes. MCP may bind 
efficiently to C3b or C4b attached to the cell upon which the MCP itself is inserted. 
In fact, recent evidence indicates that purified MCP, like DAF, is a relatively weak 
extrinsic cofactor (SEYA and ATKINSON 1989). A direct demonstration, however, ofthe 
intrinsic cofactor activity of MCP has not been obtained, and there is no disease 
condition, such as PNH, to facilitate the understanding of its role. 

3 DAF and MCP 

The protein and DNA data presented here show that DAF and MCP have very 
similar structures (Fig. 6). Our working hypothesis is that DAF and MCP function 
jointly to down-regulate complement activation on host tissue. Their broad tissue 
distributions and complementary functional profiles (shown in Fig. 7) make them 
well suited for this task. MCP and DAF are present on the membranes of invading 
inflammatory cells and on tissues at sites of inflammation. DAF can prevent C3 
convertase formation and dissociate preformed convertases but cannot inactivate 
cell-bound C3b or C4b. In contrast, C3b or C4b that is cleaved by MCP and I can 
no longer associate with the activating proteins. This combination of DAF, as a very 
mobile membrane protein to prevent amplification, and MCP, as perhaps a more 
slowly moving but more permanently destructive cofactor protein, could minimize 
the damage to host tissue at sites of complement activation. 

MCP 

Transmembrane 
Consensus Repeats Region 

~-----____ ~A~ ____ -----~ l 

5' -j[;:JI~:crJ2CC]3=CI4:::jIJIII JI=}I ---A n 
t t t 

Signal Ser- and Thr- Cytoplasmic 
Peptide Rich Region Region 

OAF 
Ser- and Thr-

Consensus Repeats Rich Region 
~_--______ ~A~ ____ -----~ l 

5' --l I 1 2 3 4 I I I 
t t 

Signal Hydrophobic Region 
Peptide 

Fig. 6. Comparison of MCP and DAF cDNAs. The MCP cDNA and the DAF cDNA are 
displayed, highlighting their very similar structures. Boxes, coding regions; lines, 5' and 3' 
un translated regions. The carboxy-terminal hydrophobic region of DAF is replaced post
translation ally with a glycophospholipid anchor 
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DECAY -ACCELERATING ACTIVITY 

~C3b - OAF 

i'i-----

Bb Bb 

() 

ii_DAF 
COFACTOR ACTIVITY 

C3b 

Fig. 7. Functional profile of OAF and MCP. Schematic representation of decay-accelerating 
activity (top two panels) and cofactor activity is shown for alternative pathway C3 convertase, 
C3bBb. OAF can prevent the formation of the C3 convertase (top panel) or dissociate a preformed 
C3 convertase (middle panel). MCP can act as a cofactor for the factor I mediated cleavage of 
C3b (bottom panel). 

The discovery of DAF and MCP as two additional regulatory proteins of the 
complement system was unanticipated. Many investigators felt that C4bp and H 
could account for the inhibition of complement activation in plasma and on host 
tissue. Their discovery has led us to speculate that the major function of the inhibitory 
proteins of plasma, C4bp and H, is to down-regulate fluid-phase C4b and C3b, while 
MCP and DAF are more important for intrinsic regulation on cells (HOLERS et al. 
1985; ATKINSON and FARRIES 1987). 

A second speculation about the function of these two proteins relates to the 
"activation" of the alternative pathway. In this pathway, a small percentage of 
C3 is constantly being activated in plasma and indiscriminately attacks both 
host and foreign tissue. The discovery of DAF and MCP provides an explanation 
for why human cells are not injured by this continuously turning-over alternative 
pathway (ATKINSON and FARRIES 1987). Amplification on self-tissue is not permitted 
by DAF and MCP but is allowed on foreign surfaces which lack such regulatory 
proteins. 
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1 Functions of Factor H 

1.1 C3 Convertase Regulatory Activity 

Complement component factor H (H) is a 155-kDa plasma protein. It was first 
observed by NILSSON and MULLER-EBERHARD (1965) as a minor component in C3 
preparations, and its function was not known. They termed this protein ~!H globulin 
because of its ~-electrophoretic mobility in agarose gels. The first function for this 
protein was recognized by WHALEY and RUDDY (1976a). They isolated a protein from 
human serum based on its ability to accelerate the activity of C3b inactivator (now 
termed factor I) and found that this protein was biochemically and immunologically 
identical to ~! H globulin. At the time, it was thought that I alone cleaved C3b into two 
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fragments, C3c and C3d. Addition of H synergistically enhanced the actlVlty of 
I-mediated cleavage of C3b. H not only enhanced the activity of I (t,ermed its cofactor 
activity) but was also able to accelerate the decay of the C3 convertases of the 
alternative pathway of complement activation C3b,Bb or C3b,Bb,P (Fig. 1) and to 
inhibit the formation of these convertases (WHALEY and RUDDY 1976a). 

8 
I Decay- acceleration 

H 

Cofactor activity 

Fig,!. Schematic representation of the two func
tions of H. In its role of decay-acceleration, H 
binds to C3b and displaces Bb. In its cofactor 
activity, H promotes I-mediated cleavage of C3b 
(cleavage is represented by arrowhead) 

These results were confirmed and extended by WEILER et al. (1976) who showed 
that H not only enhanced the effects of! -mediated cleavage of C3b and accelerated the 
functional decay of the properdin-stabilized C3 convertase but also caused the physical 
decay of the complexes, accelerating release of 1251-labeled Bb from these convertases. 
This indicated that H may be in competition with Bb for binding to C3b. H was 
much less effective in displacing Bb from C3 nephritic factor stabilized convertases, 
indicating that this factor, which is isolated from the sera of patients with pathologic 
conditions, may stabilize the C3 convertase more effectively than alternative pathway 
component P. 

Initial efforts to define the exact role of H in I-mediated cleavage of C3b were 
hampered by incomplete purification of the isolated components, with small amounts 
of H contaminating the C3b preparations. Subsequent studies by PANGBURN et al. 
(1977) have established that H is a necessary cofactor for I. When fluid-phase 
1251-labeled C3b was incubated with either purified H or I alone, no cleavage of C3b 
was observed. However, when H and I were incubated simultaneously with the 
1251-labeled C3b, the C/.'-chain of C3b was cleaved into two fragments, of 67 and 
40 kDa, which remained covalently bound to the ~-chain. 

Early experiments indicated that H was binding to C3b (WHALEY and RUDDY 
1976b; WEILER et al. 1976). The first line of evidence was that the erythrocyte 
intermediate cells EAC43 but not EAC4 were able to absorb out H activity. In 
addition, EAC43 cells incubated with H could be easily agglutinated with anti-H 
antibody, whereas EAC4 incubated with H required 50- to 100-fold more antibody 
to attain comparable agglutination levels (WHALEY and RUDDY 1976b). Furthermore, 
H apparently could displace Bb bound to C3b (WEILER et al. 1976). Later experiments 
demonstrated that 1251-labeled H bound to EAC1423 cells, but not EAC142 cells, 
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in a dose-dependent, saturable manner (CONRAD et al. 1978), confirming the interac
tion between Hand C3b. 

1.2 Binding of H to Components of C3 and C5 Convertases 

The binding characteristics ofH to C3b attached to particles appeared to be somewhat 
unusual. Several groups have shown a curvilinear Scatchard plot for H binding to 
EAC1423 (CONRAD et al. 1978), zymosan C3b (DISCIPIO 1981), or EC3b (PARKER 
et al. 1983). The binding data do not fit a simple two-site model, and the curvature 
in the Scatchard plot is apparently not a result of the clustered distribution of C3b 
on the surface, because when the C3b was deposited randomly on the cell surface, 
Scatchard analysis of H binding was still curvilinear (PARKER et al. 1983). Thus, this 
curvature in the Scatchard plot may be due to the influence of the microenvironment 
of the C3b on the affinity of H binding. 

The binding of H to C31;l was found to be affected by the nature of the surface to 
which the C3b was attached. The presence of sialic acid on a particle surface renders 
the particle a nonactivator of the alternative complement pathway. Enzymatic removal 
or chemical modification of sialic acid converts the particle to an activator of the 
alternative pathway (FEARON 1978; PANGBURN and MULLER-EBERHARD 1978). These 
relationships could be quantified by determining the affinity constants at equilibrium 
of Hand B for C3b on activators and nonactivators. H bound to C3b-coated sheep 
erythrocytes (E'C3b) with an affinity of 1 x 107 M- 1 whereas the affinity of B for 
ESC3b was five fold less. When the sialic acid on the ESC3b was removed or modified, 
the affinity constant of B for C3b was unaffected. The measured affinity of H for C3b 
also appeared unchanged; however, although the number of C3b molecules was 
unaltered, the number of detectable binding sites for H was decreased dramatically, 
by 80%-85%. This has been interpreted to indicate that a majority of H binding 
sites on C3b are sensitive to desialation, having in the desialated form a very low 
residual affinity for H. The remaining 15%-20% ofthe sites appeared to have retained 
high affinity for H. Thus, the apparent loss in number of sites on the cell was actually 
just a result of a drastic decrease in the affinity of H for those sites. 

The ability of H to interact with various combinations of C3 and other complement 
components has been investigated by several groups. H was originally reported to 
interact with C3b,Bb and C3b,Bb,P (WHALEY and RUDDY 1976a), the alternative 
pathway C3 convertases. It is also capable of reacting with C1,4b,2a,3b, the classical 
pathway C5 convertase (WHALEY and RUDDY 1976b; ISENMAN et al. 1980); however, 
the extent of this reaction was dependent upon the number of C4b,2a,3b sites on the 
cell (NAGAKI et al. 1978; ITO and TAMURA 1983). H inhibits the interaction of C3b 
with C5 only if the density of C3b on the cell surface is high. At low density, H has 
little or no inhibitory activity. 

H was also found to interact with the alternative pathway C5 convertase 
C3b,Bb,C3b,P (FISCHER and KAZATCHKINE 1983). H inhibited C5 cleavage in a 
dose-dependent manner independent of the number of convertase sites/cell. In this 
setting, H inhibition was also apparently not affected by the presence of sialic acid, 
as its inhibition of C5 convertases on desialated E' more closely resembled normal 
ES rather than rabbit erthrocytes. These data suggest that H may be interacting not 
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only with C3b but also with C5 (FISCHER and KAZATCHKINE 1983). When the 
fluid-phase binding of H to various complement fragments and intermediates was 
examined, it was found that H had the highest affinity for C3b,B, C3b, and C3b,Bb, 
with an approximately ten fold lower affinity for C4b and C4b,2a, and a 10000-fold 
lower affinity for Bb alone (PANGBURN 1986). 

1.3 Binding Domains of Hand C3 

The location of the binding site on C3 for H has been investigated by several groups. 
Preliminary experiments demonstrated that H bound to both C3b and, more weakly, 
to iC3b (Ross et al. 1983). Polyclonal antibodies against C3c were inhibited from 
binding to C3b in the presence of H (NILSSON and NILSSON 1986), but only antibody 
specific for the ex-chain was able to block H and I-mediated cleavage of C3. In another 
study, both Hand anti-idiotype anti-H antibody bound to C3b and C3d but not 
C3c, as measured in an enzyme-linked immunosorbent assay (LAMBRIS et al. 1988). 
This suggested that the primary site of H interaction was in the C3d region. The 
binding site in C3d was further localized to a 8.6 kDa CNBr fragment representing 
amino acids 1178-1252 of the C3 sequence (DE BRUUN and FEY 1985). Three synthetic 
peptides, representing residues 1192-1249, 1222-1249, and 1234-1249, respectively, 
were also able to bind to H and partially inhibit H binding to C3b. Because 
peptide-mediated inhibition of H binding to C3b was not complete, it is likely that 
there is more than one epitope on C3b for binding factor H, located in another 
portion of the molecule (LAMBRIS et al. 1988). This conclusion is also supported by 
the above mentioned data on H-mediated inhibition of anti-C3c antibody binding 
to C3b. The binding site on C3b for factor H appears to be distinct from that for 
properdin, as neither protein affects the binding of the other (DISCIPIO 1981). In 
contrast, C5 and B do cause partial inhibition of H binding to C3b, perhaps indicating 
that their binding sites are nearby, or that there are conformational changes in C3b 
induced by these two proteins. 

The binding site on H for C3b has been localized by the use of monoclonal anti-H 
antibodies and proteolytic cleavage fragments of H. Purified H from both humans 
(CHARLESWORTH et al. 1979; HARRISON and LACHMANN 1979; GARDNER et al. 1980; 
SIM and DISCIPIO 1982) and guinea pigs (BITTER-SUERMANN et al. 1981) has been 
reported to contain varying amounts of partially cleaved protein, of Mr 
118000-142000. This cleavage can be reproduced in vitro with trypsin, yielding 
fragments of Mr 38000 and 142000 (HONG et al. 1982; SIM and DISCIPIO 1982), and 
trypsin-cleaved H was more active as a cofactor for I-mediated cleavage of fluid-phase 
C3b than normal H (HONG et al. 1982). However, its activity on membrane-bound 
C3b was greatly diminished. When the two trypsin-cleaved fragments were isolated 
by gel filtration followed by affinity chromatography, it was found that both the 
binding site for C3b and the cofactor activity for I-mediated cleavage resided in the 
38-kDa fragment ofH and not the 142-kDa fragment (ALSENZ et al. 1984). N-terminal 
sequence analysis of the 38-kDa H fragment revealed a sequence identical to that of 
the N-terminus of H, and thus this fragment comprises the amino terminus of the 
molecule (ALSENZ et al. 1985). 
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1.4 H Deficiencies 

A number of patients have been reported who are homozygous or heterozygous 
deficient in H. Clinical manifestations are quite variable. Some patients appear 
symptom free (THOMPSON and WINTERBORN 1981; BRAI et al. 1988). Others have a 
clinically benign nephropathy with membranous deposits found on renal biopsy (LEVY 
et al. 1986). Some patients develop the hemolytic uremic syndrome (THOMPSON and 
WINTERBORN 1981) or an aggressive, destructive nephropathy (WYATT et al. 1982). 
This is in contrast to reported cases of I deficiency, where all patients are subject to 
recurrent bacterial infections (ALPER et al. 1970; THOMPSON and LACHMANN 1977; 
Ross and DENSEN 1984). The reason for these differences in clinical expression between 
the two deficiencies is unclear, since both conditions result in increased complement 
activation and cleavage of C3. Resolution of this distinction may need to await 
identification of more patients with these deficiencies. 

2 Structure and Variant Forms of Factor H 

H is a single-chain glycoprotein, containing 9.3%-18.5% carbohydrate (SIM and 
DISCIPIO 1982; JOUVIN et al. 1984). Estimates of the molecular weight of H, as 
determined by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis, range 
from 150000 to 170000 (WHALEY and RUDDY 1976a; WEILER et al. 1976; FEARON 
and AUSTEN 1977; SIM and DISCIPIO 1982). The molecular weight determined by 
equilibrium sedimentation is 150000 to 156500 (WHALEY and RUDDY 1976a; SIM 
and DISCIPIO 1982). H has an unusual circular dichroism spectrum, in that it 
apparently has no ex-helices or B-strand conformations (DISCIPIO and HUGLI 1982). 
Based on its unusual circular dichroism spectrum and its high frictional ratio of 2.11 
(SIM and DISCIPIO 1982), H was proposed to be rodlike in shape. This was confirmed 
by electron microscopic studies in which H appeared as an asymmetric, elongated 
molecule, approximately 28 nm x 3 nm, with one end slightly larger and more rounded 
(SMITH et al. 1983). 

The carbohydrate residues are apparently not important for the function of the 
molecule, since neither removal of sialic acid nor total deglycosylation affected binding 
of H to C3b (JOUVIN et al. 1984). However, when the protein is reduced and alkylated 
(DISCIPIO and HUGLI 1982) or has its lysine residues chemically modified (JOUVIN 
et al. 1984), it loses most of its activity. Thus, the disulfide bridges are probably 
providing a structural support for the function of the molecule, and one or more 
lysine residues may also be important in maintaining secondary structure or may be 
located in the active site and involved in the binding of H to C3b. 

Several variant forms of H, based on physicochemical properties, have been 
described. Two different forms of H were separated based on their differing abilities 
to bind to phenyl-Sepharose (RIPOCHE et al. 1984). Seventy percent of the H 
preparation bound to the column, and the remaining fraction was only retarded. 
These two fractions appeared identical by Clther parameters, such as mobility under 
SDS polyacrylamide gel electrophoresis. 
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Five allelic variants of H have been identified using isoelectric focusing after 
neuraminidase treatment (RODRiGUEZ DE C6RDOBA and RUBINSTEIN 1984, 1987). Each 
of the variants consists of one major band and four minor bands, two with slightly 
higher pI values and two slightly lower. The range of pI for all of the bands is 
6.50-6.75. Based on an analysis of 208 unrelated Caucasians, the gene frequencies 
for the H alleles FH*l, FH*2, FH*3, FH*4, and FH*5 are 0.685, 0.301, 0.006, 0.002, 
and 0.006, respectively. Variations in protein sequence have also been observed (DAY 
et al. 1988). When tryptic pep tides of H purified from pooled plasma of 12 donors 
were subject to sequence analysis, one peptide, 17 residues in length, had both a Tyr 
and a His in position 15, in a ratio of approximately 2: 1, which is similar to the 
ratio of alleles FH*l to FH*2 (RODRiGUEZ DE C6RDOBA and RUBINSTEIN 1987). 

3 Sequence Analysis and Genomic Organization 

3.1 Characterization of the cDNA 

cDNA clones for H have been isolated and sequenced in both mice (KRISTENSEN and 
TACK 1986) and humans (KRISTENSEN et al. 1986; SCHULZ et al. 1986; RIPOCHE et al. 
1988). The derived amino acid sequence indicates that the mature protein consists 
of 1213 residues in humans and 1216 residues in mice, and the two sequences are 
61 % homologous (RIPOCHE et al. 1988). A single base pair substitution was found 
in some human H clones, resulting in the charge from Tyr to His (DAY et al. 1988). 
This confirms the allelism seen in the peptide sequencing data (see above). Both 
human and mouse H are comprised of 20 consensus repeating units, each app
roXimately 60 amino acids in length, arranged tandemly. The conserved residues in 
these repeats include four Cys, two Pro, two Gly, and one Trp (Fig. 2). These consensus 
repeating units have been identified in a number of complement and noncomplement 
proteins, including human complement receptors type 1 (CR1; KLICKSTEIN et al. 
1987) and 2 (CR2; MOORE et al. 1987) and the related murine homolog mCRY 
(AEGERTER-SHAW et al. 1987; PAUL et al. 1989), C1r (JOURNET and TOSI 1986; LEYTUS 
et al. 1986), CIs (TOSI et al. 1987), C2b (BENTLEY 1986), Ba (MORLEY and CAMPBELL 
1984; MOLE et al. 1984), C4b binding protein (C4bp; CHUNG et al. 1985; KRISTENSEN 
et al. 1987a), I (GOLDBERGER et al. 1987; CATTERAL et al. 1987), decay-accelerating 
factor (DAF; CARAS et al. 1987), membrane cofactor protein (MCP; LUBLIN et al. 
1988), ~2-glycoprotein I (LOZIER et al. 1984), haptoglobin (KUROSKY et al. 1980), the 
interleukin 2 receptor (SIDMUZU et al. 1985), a vaccinia virus secretory polypeptide 
(KOTWAL and Moss 1988), and clotting factor XIIIb (ICIDNOSE et al. 1986). The function 
of the 60 amino acid consensus repeating unit is not known, although it is tempting 
to speculate that these repeats are involved in some manner with the binding of C3b 
or C4b. However, because of its presence in noncomplement proteins such as the 
interleukin 2 receptor and ~rglycoprotein I, this consensus repeat must also function 
in other capacities. Perhaps conserved residues provide a structural framework for 
the molecule, and the variable residues provide the specificity for interaction with 
various other proteins. (For reviews of this family of related proteins, see REID et al. 
1986; KRISTENSEN et al. 1987b.) 
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- CYS - PRO - - - - - - PHE - - - CYS - - - GLY - - CYS - GL Y -TRP - PRO-CYS
TYR 

Fig. 2. Consensus repeating unit structure in H. These ten residues, with their approximate 
locations in the 60 amino acid repeating unit indicated, are conserved in at least 17 of the 20 
repeats, except for GLY-43, which is present in 13 of 20 repeats 

3.2 Genomic Organization and Structure 

In order to better understand the nature of this repeating unit structure, its possible 
role in the function of the protein, and its evolution, we began to examine the genomic 
organization of H (VIK et al. 1988). A cosmid library of BALB/c genomic liver DNA 
was screened using the H cDNA as a probe and 17 overlapping clones were isolated, 
spanning a region of approximately 120 kb. Four clones were selected for further 
analysis of the intron/exon junction regions and the mapping of the exons in the 
gene. DNA from these clones was sonicated and shotgun cloned into M13mp8 
bacteriophage. Exon-containing subclones were identified and sequenced to determine 
the intron/exon boundaries. The locations of these exons were then mapped. The 
gene was found to be composed of 22 exons (Fig. 3). The first exon encoded the 5' 
untranslated region and the leader sequence peptide. Nineteen of the 20 consensus 
repeating units were encoded by single exons. The one exception was the second 
repeat, which was encoded by two exons. These exons spanned approximately 100 kb 
and were generally grouped in pairs with exons 12-20 clustered together in a region 
of approximately 13 kb. A dot matrix plot of a comparison of H nucleotide sequence 
to itself did not reveal any large regions of internal homology, as has been noted for 
CR1 (KLICKSTEIN et al. 1987) and CR2 (MOORE et al. 1987; WEIS et al. 1988). This 
may indicate that the gene arose from duplication of individual exons rather than 
by duplicating longer segments of DNA containing several exons. The dot matrix 
analysis did indicate, however, that exons 13-20 are more closely related to one 
another than they are to other exons, suggesting that they were duplicated more 
recently. 

1311. 161718 

Exon: 23 4 5 67 89 10 11 1~1~//'920 2122 
II I I II II II I III 11111 I I 

111315 
Repeat: leader sequence 12a 2b 3 4 5 67 89 10 1214161718 1920 

5kb 

Fig. 3. Map of the murine H gene. Vertical lines, locations of the 22 exons in this gene, numbered 
above the live. The repeating units in the protein sequence are identified below the line 
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A cosmid clone from the 5' region of the H gene was selected for further analysis. 
A 3.5-kb fragment from this clone that contains the leader peptide exon was 
fully sequenced, and this sequence was compared to that for other known re
gulatory elements. Several 5' H sequences were found to share homologies with 
other known regulatory elements, including the heat-shock consensus (79% homolo
gy; PELHAM 1982), the mouse Cytomegalovirus (CMV) enhancer 18 bp consensus 
(two regions of 60% and 56%; DORSH-HXSLER et ai. 1985), the adenovirus enhancer 
consensus (91 %; HEARING and SHENK 1983), the glucocorticoid responsive element 
(core) antisense (100%; SCHUTZ 1988), and the tetradecanoyl phorbol acetate 
(TPA) responsive element (100%; ANGEL et ai. 1987). Although none of these 
putative regulatory sequences has been shown to function in controlling H ex
pression in vivo, their possible effects on H transcription and translation warrant 
investigation. 

This 3.5-kb fragment was also used in SI nuclease analysis and the RNase 
protection assay to determine the transcription start site for H. Radiolabeled 
DNA or RNA, cJ)rresponding to the region 5' to the ATG translation start 
site, was hybridized to liver mRNA and then digested with SI nuclease or RNase, 
respectively. Both analyses revealed two possible start sites at positions-l05 and 
-191 (relative to the ATG translation start site). Putative TATA boxes and CAAT 
boxes were found upstream of each of these start sites. The significance of these 
alternative start sites and the possibility that their usage may be differentially regulated 
are under investigation. 

3.3 Linkage Studies 

The chromosomal location of this gene has been determined in both mice (D'EuSTA
CHIO et ai. 1986) and human (RODRiGUEZ DE CORDOBA et ai. 1985). In humans, 
the H gene is part of a cluster of genes on the long arm of chromosome 1 
termed the regulator of complement activation (RCA). This cluster is composed 
of the genes for C4bp, CRI (RODRIGUEZ DE CORDOBA et ai. 1984), CR2 (WErS 
et ai. 1987), H (RODRiGUEZ DE CORDOBA et ai. 1985), DAF (LUBLIN et ai. 1987) 
and MCP (LUBLIN et ai. 1988), whose proteins are comprised partly or entirely 
of the 60 amino acid consensus repeating unit. In addition, the genes for C4bp, 
DAF, CRl, and CR2 have been physically mapped using pulse-field gel electro
phoresis (CARROLL et ai. 1988; REy-CAMPOS et ai. 1988). These genes were found 
to be clustered on a 750-kb segment in the order CRl, CR2, DAF, and C4bp. 
Linkage analysis of the genes for Hand C4bp in humans has determined that 
they are approximately 6.9 cM apart (RODRiGUEZ DE CORDOBA and RUBINSTEIN 
1987; Fig. 4A). 

In mice, we have examined the gene linkage relationship between H and a number 
of other known markers on chromosome 1, including C4bp, renin, CRY and CD45 
(Ly5, T200; KINGSMORE et aI., 1989). Based on over 200 back-crosses, the gene for H 
was found to be 9 cM from the C4bp gene, 7.5 cM from the renin gene, 30 cM from 
the CRY gene, and 0.5 cM from the CD45 gene. The order of these genes was C4bp, 
renin, CD45, H, CRY (Fig. 4B). 
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4 H-Related Molecules 

4.1 A Truncated Form of H in Humans 
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Fig. 4a, b. Linkage map of human chromo
some lq (a) and murine chromosome 1 
(b). The relative positions of the regulator 
of complement activation (RCA) locus and 
of the genes for CRI. CR2, decay-accelera
ting factor (DAF), C4b binding protein 
(C4bp), renin, CD45 (Ly5, T200), H, and 
murine complement receptor Y (mCR Y) 
are shown in relation to the centromere 

In both humans and mice, several H-related proteins and/or mRNA transcripts 
have been identified. In humans, two partial H cDNA sequences were published 
that were recognized as anomalous. The first report (KRISTENSEN et al. 1986) identified 
a cDNA clone of 1050 bp that was polyadenylated at its 3' end. However, when 
this sequence was compared to that of a full-length murine cDNA sequence, 
it was found to be most homologous with the 5' region of the sequence, not 
its 3' end.· Similarly, another cDNA clone was sequenced that also contained 
a 3' poly(A) tail (SCHULZ et al. 1986). However, when the derived amino acid 
sequence was compared to known H protein sequence, it was found to be identical 
to the N-terminal region of the molecule (which had been previously sequenced 
at the protein level) and not the C-terminus (Fig. 5). Thus, these truncated forms 
of H were proposed to arise from alternative splicing and usage of different 
polyadenylation sequences. The alternative transcripts can be easily detected in 
Northern blots (RIPOCHE et al. 1987). Human acute-phase liver poly(At mRNA 
that was hybridized with an H cDNA probe revealed two transcripts of 4.4 kb 
and 1.8 kb, respectively. This smaller mRNA was subsequently shown to be 
transcribed in both acute-phase and non-acute-phase livers (SCHWABLE et al. 1987), 
and a novel, shorter form of H of 43 kDa was detected in human serum. 

--I 1 I 2 I 3 I 4 I 5 6 I 7 I 8 I 9 I 10 I 11 I 12 I 13 I 14 I 151 161 17 I 18 I 191 2Dr--AAAA 

--I 1 I 2 I 3 I 4 I 5 6 I 7 r---AAAA 

Fig. 5. Schematic representation of the two forms of human H. Above, full-length H, with 20 
repeats; below, the truncated form, with 7 repeats 
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H and its related truncated form were examined in biosynthetic studies (KATZ and 
STRUNK 1988). Both proteins are expressed in human skin fibroblasts, in a ration of 
approximately 10: 1, but neither was expressed in HepG2 cells (a hepatocyte cell 
line) or human peripheral blood monocytes. Pulse-chase experiments indicated that 
the smaller protein was not a degradation product ofH, and Northern blot experiments 
demonstrated two different H-related transcripts of 4.3 kb and 1.8 kb, respectively, 
corresponding to these two protein products. Interferon-y, but not lipopolysaccharide, 
increased mRNA levels and protein synthesis for both of these molecules. 

4.2 mRNA, eDNA, and Genomic DNA Homologous to H in Mice 

In mice, the situation is different. When we probe Northern blots of murine liver 
poly(At mRNA with a full-length H cDNA probe, four different transcripts are 
identified, with lengths of 4.4 kb, 3.5 kb, 2.8 kb, and 1.8 kb, respectively. However, in 
contrast to the hUJnan, only the full-length 4.4-kb transcript is reactive with a 5' H 
probe containing the 5' untranslated region. Both the 1.8-kb and 4.4-kb H transcripts 
hybridize to a 3' H probe containing sequence from repeats 18-20 and the 3' 
un translated region, and the 3.5-kb and the 2.8-kb mRNAs are weakly reactive with 
this probe. Thus, in the mouse, these three H-related transcripts are less likely to 
have arisen by alternative splicing because of their differing 5' regions. We propose 
that they are products of one or more different loci related to H. 

We have also probed Northern blots of other murine tissues and cell lines with H 
cDNA, The 4.4-kb transcript was expressed by kidney and L929 fibroblasts at 
approximately 50% of the level of liver and by thymus, spleen, and the hepatic cell 
line 1469 at approximately 10% of the level of liver. All of these cells also expressed 
small amounts of the 1.8-kb transcript at levels approximately 5% of those in the 
liver. mRNA from the macrophage cell lines WR19.lM and P388.D1 did not hybridize 
with H cDNA. 

To analyze further the nature of these mRNA transcripts, we screened a non-size
selected C57BlO.WR liver cDNA library with a full-length H cDNA probe in order 
to isolate clones corresponding to these transcripts. Eight distinct clones, different 
from H cDNA by restriction mapping, were isolated, and thus far seven of them have 
been sequenced. They appear to represent three separate types of mRNA. The first 
type, defined by five clones, has a unique 5' un translated region and leader sequence, 
and then has over 90% homology with H sequence. Some of the clones appear to 
be products of alternative splicing of a novel H-related gene; whereas all of the clones 
contain regions highly homologous to but distinct from H repeats 5-7 and 19, some 
also contain regions highly homologous to H repeats 8, 9, and 20 and the 3' 
un translated region. The second type is defined by a single clone that is incomplete 
at its 5' end. It is comprised of 13 repeating units that share extensive (over 90%) 
homology with H repeats 6-14, 16, 17, 19, and 20. However, there are a number of 
unique base pair differences in this clone that demonstrate it to be distinct from the 
first type of mRNA. The third type is also defined by only one clone. It has a unique 
5' untranslated region and putative leader sequence region, two consensus repeating 
units which share approximately 56% homology with H repeats 6 and 7, and a region 
with 80%-95% homology with H repeats 19 and 20 and the 3' un translated region. 
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Although all of these clones contain regions highly homologous with H sequence, 
we believe that they are distinct from H, rather than allelic differences. Thdull-Iength 
H cDNA clone, derived from a C57BlQ.WR library, and the exons of the H genomic 
clones, derived from a BALB/c library, shared sequence homology of 99.93 % despite 
coming from two different strains. Thus, even the difference in sequence of 5%-10% 
between the Hand H-related cDNAs that we see is significant, especially since the 
clones were derived from the same strain of mice. 

We have attempted to relate the isolated cDNA clones to the different H-related 
transcripts that we have observed. Unique 5' cDNA probes from mRNA types 1 and 
3 were used to probe Northern blots of poly(A)+ mRNA from murine liver. Both 
probes hybridized to a 1.8-kb transcript in liver, indicating that at least two distinct 
1.8-kb H-related mRNAs are transcribed in this tissue. In addition, the type 1 probe 
also hybridized to transcripts of 3.5 and 2.8 kb. The L929 mRNA was unreactive 
with the probe from type 3 cDNA in Northern blot analysis. 

In the course of screening the murine genomic cosmid library for H clones, 33 other 
clones had been isolated that showed restriction maps and hybridization pattern 
distinct from the H gene cluster. DNA from each of these cosmids has now been 
probed in Southern blots with both unique H-related cDNA fragments and oligo
nucleotides specific for each of the 3 cDNA groups. Nine of the cosmids hybridized 
with a unique 3' probe from group 1. A unique 5' probe from group 3 hybridized to 
two other cosmids. No cosmid clones have yet been identified with sequence from 
group 2. Thus, probes from the H-related cDNA clones have identified two new 
H -related genes, to which 11 of the 33 cosmid clones have been assigned. The remaining 
22 cosmid clones may be part ofthese two genes already defined, or they may represent 
other genes, one of which may include the type 2 cDNA clone. 

The same probe from group 1 that was used in the cosmid Southern blots was 
used in linkage analysis of recombinant inbred mice (S. F. KINGSMORE, D. P. VIK, 
B. F. TACK, M. F. SELDIN, unpublished results). Genomic DNA from back-crossed 
mice was probed with cDNA from both H and group 1 clones. No crossover events 
were observed in over 200 mice, indicating that the group 1 locus is ;;;; 0.5 cM from 
the H gene locus. We do not know at this time whether these newly defined H-related 
genes direct the synthesis of protein products, and whether these anticipated proteins 
have complement regulatory activity. These issues are currently being investigated 
in our laboratories. 

5 Summary 

While the mouse and human H proteins are structurally and functionally similar, 
they differ in their genetics. Whereas there is no evidence in humans for more than 
one gene; in mice the H locus is complex. Based on cDNA sequence and hybridization 
analysis of genomic cosmid clones, there are at least three distinct genes, all highly 
related to one another. The consensus repeating unit that comprises this molecule 
has obviously been duplicated numerous times, since it is present in many other 
molecules. Thus, it is not surprising to discuver that there are several genes related 
to H in the mouse. A similar case has been described for two other members of this 
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family. In humans, CR1 cDNA hybridizes to two distinct genomic clusters in the 
CR1 locus (WONG et al. 1989), and in mice, mCRY hybridizes to two regions in the 
genome, one on chromosome 1 and another on chromosome 8 (AEGERTER-SHAW 
et al. 1987). It will be of interest to see if any other members of this family display 
as complex a genetic locus as murine H. 
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1 Introduction 

The generation of C3b from C3 releases the internal thioester and allows C3 to bind 
covalently to OH and NHz groups, using the carbonyl group and leaving the SH 
group unoccupied. The molecules to which C3b binds in this way are commonly 
referred to as C3 acceptors and range from H 20 to large fluid-phase and membrane 
molecules. C3b and its derivatives - iC3b, C3d,g, and C3d, covalently bound to C3 
acceptors - have the potential to interact non covalently with a number of fluid-phase 
and membrane-associated molecules (LAMBRIS 1988). Such molecules on pathogens 
are the subject of this chapter, particularly whether the presence of such C3 binding 
molecules constitute advantages for the pathogen in coping with the control 
mechanisms of the host, i.e., whether they can be considered as pathogenicity factors. 

The complement system consists of two independent activation pathways, the 
central component C3, the terminal sequence (C5-C9), regulatory molecules, and 
receptors for the biologically active fragments. The antibody-independent, alternative 
activation pathway (C3b, B, D, P) generates the enzyme C3b,Bb. The antibody
dependent, classical pathway (C1, C4, C2) generates the enzyme C4b,C2a. These 
alternative and classical pathway convertases activate C3 and generate C3b and C3a. 
C3b, while remaining covalently bound on the acceptor, may be modulated by several 
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cleavages: first to form iC3b, then by releasing C3c to form C3d,g, and finally C3d. 
The function of C3b and its derivatives is to mediate adherence to cells carrying 
receptors for these ligands. It is most interesting that depending on whether C3 and 
its derivatives are located on tumor cells, on bacteria, viruses, or other pathogens, 
or even on the organism's own cells, the complement receptor carrying cells by 
adhering to the C3 ligand may lead to destruction of the objects carrying covalently 
attached C3. But it is not only adherence that may be mediated by covalently bound 
C3. C3b also triggers the terminal sequence of C5~C9, thus generating a complex of 
C5b~C9, the membrane attack complex. This complex becomes deposited on target 
structures and may cause lysis of cells or destruction of other targets. 

These killing processes operating via cells (phagocytes, natural killer cells) or via 
C5b~C9 are beneficial as long as they act against pathogens or, for example, tumors 
cells. On the other hand, they could be detrimental to the organism if they were to 
act on the organism's own cells, that is, if they acted, against self. 

Given this central role of C3 in destructive action, it is not surprising that 
the human organism has developed several control mechanisms. Some of these 
mechanisms act by reducing the activity of the two convertases by accelerating their 
decay, while others operate by blocking the interaction of C3b with C5 or by helping 
to inactivate C3b. These various factors (dealt with in detail in other chapters of this 
volume) are of critical importance to protect "self' cells from being killed by 
complement action. It has also been d~monstrated that these factors show species 
specificity (ATKINSON and FARRIES 1987). 

It is reasonable to assume that pathogens also make use of such self-protection 
mechanisms by the organism as a shelter against the adverse effects upon them by 
the host's complement system, and in recent years this has been shown indeed to be 
the case. These adverse effects do not necessarily consist of destruction of the pathogen; 
merely the neutralization of a virus would provide enough defense for the host. Such 
mechanisms have been observed on viruses such as herpes simplex virus (HSV) types 
1 and 2 and Epstein-Barr virus (EBV) and in association with vaccinia virus. They 
have also been observed on certain protozoa such as 1I'ypanosoma cruzi and on 
worms such as Schistosoma mansoni. While to our knowledge they have not been 
described on bacteria or on fungi, iC3b and C3d binding molecules have been described 
on fungi. These various C3 binding structures (Table 1) are discussed below. 

2 Herpes Simplex Viruses 

HSV types 1 and 2 are members of the cx-Herpesviridae. These are fast growing 
cytolytic viruses with a broad host range of in vitro cultivated cells and animal 
systems, in contrast to the ~- (cytomegalovirus) and y-Herpesviridae (EBV). The 
Herpesviridae are enveloped DNA viruses with a diameter of 120--280 nm. Their 
DNA is embedded in the capsid (diameter 90--110 nm; icosaedric structure) which is 
formed by 162 so-called capsomeres. The capsid is surrounded by an envelope 
consisting of a lipid membrane derived from the host cell. In the electron microscope 
the glycoproteins appear as spikes upon this. 
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The HSV genome consists of a linear double-stranded DNA of approximately 
150 kb with 50% sequence homology between the two serotypes. From the occurrence 
of intertypic recombinants following a mixed infection with serotypes 1 and 2 one 
can assume that the sequences in common, which are distributed all over the genome, 
are collinear in the two genomes (MORSE et al. 1978). HSV-1 encodes at least seven 
viral glycoproteins, designated gB, gC, gD, gE (SPEAR 1984, 1985), gG (RICHMAN 
et al. 1986), gH (BUCKMASTER et al. 1984), and gI (JOHNSON and FEENSTRA 1987). 
These glycoproteins are incorporated into the virion and are expressed on the cell 
membrane of infected cells. Because of their location on the surface of infected cells 
the HSV glycoproteins act as major antigenic determinants for cellular and humoral 
immune attack by the host (NORRILD 1985; SPEAR 1985). 

Although their functions are not completely defined, certain specific functions have 
been assigned to the various glycoproteins. The envelope protein gB is involved in 
virus penetration and adhesion to cell membranes (LITTLE et al. 1981) as well as to 
serum lipoproteins (HUEMER et al. 1988), gD plays a role in inducing cell fusion 
(NOBLE et al. 1983). The envelope proteins gEjgI and glycoprotein C have functions 
which probably motlulate the immune response; gE and gI function as a complex in 
binding the Fc portion of IgG (JOHNSON et al. 1988; DOWLER and VELTRI 1984), while 
glycoprotein C has been shown to act as a receptor for the C3b fragment of the third 
component of complement (FRIEDMAN et al. 1984). 

The gene for gC-1 has been mapped on the hindIII L fragment of the viral genome, 
and the DNA has been sequenced (FRINK et al. 1983; D~PER et al. 1984). As deduced 
from these data, gC-1 has an open reading frame of 511 amino acids, with a hydro
phobic putative signal sequence and a hydrophobic membrane anchoring sequence 
and exhibits nine potential N-linked glycosylation sites. The relative molecular weight 
of gC-1 measured by sodium dodecyl sulfate polycrylamide gel electrophoresis 
(SPS-PAGE) analysis is approximately 130 kDa, but the molecular mass calculated 
from the amino acid sequence is only approximately 55 kDa. This is evidence that 
gC-1 is posttranslationally modified, as has been demonstrated for attachment of 
N-linked oligosaccharides (CAMPADELLI-FIUME et al. 1982; WENSKE et al. 1982) and 
O-linked oligo saccharides (JOHNSON and SPEAR 1983; OLOFSSON et al. 1983) and in 
sulfatation (HOPE et al. 1982). The heavy glycosylation has been shown to influence the 
immunoreactivity with monoclonal antibodies (SJOBLOM et al. 1987) and seems to be 
crucial for C3b receptor activity (SMILEY et al. 1985; SMILEY and FRIEDMAN 1985). 
There is also evidence that host cell differences in the extent of glycosylation of gC 
are responsible for variations in C3b receptor expression on various cell lines (SMILEY 
et al. 1985; SMILEY and FRIEDMAN 1985). Neuraminidase treatment of HSV-infected 
cells enhances receptor activity, suggesting that sialic acid residues on gC interfere 
with C3b binding (SMILEY and FRIEDMAN 1985; EISENBERG et al. 1987). 

Using monoclonal antibodies against gC-1 two major antigenic sites, designed I 
and II, have been identified (MARLIN et al. 1985). Antigenic site II, which is composed 
of three subsites, is probably located on the amino-terminal half of gC-1 (HOLLAND 
et al. 1984; MARLIN et al. 1985) and contains also eight of the nine potential 
glycosylation sites. Antigen site I is probably located between amino acids 297 and 
359 on the carboxy-terminal half (HOMA et al. 1986). All antibodies tested so far, 
directed against these two sites on gC-1, have been shown to block C3b binding 
(FRIEDMAN et al. 1986) whereas we could show that antibodies directed against the 
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middle third of gC-1 had no inhibitory effect (HUEMER et al. 1989). This indicates 
that the antigenic structure of gC-1 does not define one particular region of gC which 
binds C3b. 

Although the expression of glycoprotein C is not required for infectivity in cell 
culture (HOLLAND et al. 1984), and gC-deficient mutants are still pathogenic in animal 
systems (JOHNSON et al. 1986), gC expression seems to be a conserved function in 
vivo (FIEDMAN et al. 1986), and the presence of gC in clinical isolates (PEREIRA et al. 
1982) suggests that C3b receptor activity of gC-1 is important for viral pathogenesis. 
HSV-1 and equine herpesvirus type 1 (BIELEFELDT-OHMANN and BABIUK 1988) are 
the only viral agents known to induce C3b receptor activity on a variety of cell types 
following infection (BIELEFELDT-OHMANN and BABIUK 1988; FRIEDMAN et al. 1984; 
KUBOTA et al. 1987; SMILEY et al. 1985); other herpesviruses tested do not induce 
detectable expression of the receptor on the surface of infected cells (BIELEFELDT
OHMANN and BABIUK 1988; SMILEY et al. 1985; FRIEDMAN et al. 1984). 

HSV-2 does not express a C3 receptor on infected cells when tested for the ability 
of rosette formation between HSV-2 infected cells and C3b-coated erythrocytes 
(FRIEDMAN et al. 1984). Recently it could be shown that purified glycoprotein C from 
HSV-2 infected cells (gC-2) also binds C3b (EISENBERG et al. 1987; McNEARNEY 
et al. 1987) even though no receptor activity could be found on the surfaces of HSV-2 
infected cells. While at present it is not clear why HSV -2 infected cells do not express 
C3b receptor activity on their surfaces, the simplest explanation would be that there 
is less gC-2 than gC-1 expressed on infected cell membranes (SEIDEL-DuGAN et al. 
1988). 

HSV-1 glycoprotein C and that of HSV-2 show amino acid homology (DOWBENKO 
and LASKY 1984; FRINK et al. 1983; SWAIN et al. 1985) and are antigenetically related 
(ZWEIG et al. 1983), but there are a number of differences between them. Although 
the genes for gC-1 and gC-2 occupy collinear positions in their respective viral 
genomes (ZEZULAK and SPEAR 1984) and are homologous in sequence (DOWBENKO 
and LASKY 1984; SWAIN et al. 1985), the glycoproteins specified by these genes are 
quite different in size. This difference is in part due to the fact that gC-1 contains a 
stretch of 27 amino acids near its NH 2-terminus that are not present in gC-2 
(DOWBENKO and LASKY 1984; SWAIN et al. 1985). Moreover, the mechanism of C3b 
binding to gC-1 and gC-2 appears different since treatment with endoglycosidase (F 
and H, respectively) of gC-1 and gC-2 inhibited C3b binding to gC-2 but had no 
effect on its binding to gC-1, thus indicating that N-linked oligo saccharides are 
involved in gC-2 but not in gC-l. 

GC-1 shows binding specificities and functional properties very similar to known 
human complement receptors (KUBOTA et al. 1987; FRIES et al. 1986). Like two 
human complement regulatory proteins, decay-accelerating factor (OAF) and the 
C3b/C4b receptor (CR1), it possesses decay-accelerating activity for the alternative 
pathway C3 convertase (FRIES et al. 1986) while gC-2 shows no decay acceleration 
(EISENBERG et al. 1987). In addition, gC-1 is thought to impair the overall lytic 
efficiency of such convertases by interfering with the interaction of C5/C5b with 
C3b much more efficiently than gC-2 (EISENBERG et al. 1987). Thus, gC-1 is at 
least lOO-fold more potent than factor H in disrupting the C3b-C5b interaction. 
But unlike factor Hand CR1, it does not promote the factor I mediated cleavage of 
C3b (FRIES et al. 1986). 
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In spite of these differences gC-2 has been shown recently to provide protection 
against complement-mediated viral neutralization (McNEARNEY et al. 1987). In these 
neutralization assays, a gC-deficient mutant strain and recombinants of the same 
strain expressing gC-1 or gC-2, were compared with respect to sensitivity to 
neutralization by complement in the presence and absence of anti-HSV antibody. 
This would indicate that both the classical and the alternative pathway could be 
important in viral neutralization. This is new information, because the role of 
complement-mediated lysis in viral immunity is still unclear, although some viruses 
and virus-infected cells are susceptible to complement action (COOPER and NEMEROW 
1983). Interestingly, lysis of such targets generally proceeds via the alternative pathway 
in homologous systems, even in presence of antibody (COOPER and NEMEROW 1983). 
Thus the specificity of gC-1 for the alternative pathway convertase may be quite 
appropriate. In addition to causing lysis, complement activation by viruses or infected 
cells may lead directly to viral neutralization or provide binding sites for complement 
receptors on a variety of host immune effector cells, including polymorphonuclear 
leukocytes, mononuclear phagocytes, and lymphocytes with killer and/or natural 
killer activity. Glycoprotein C might also interfere with the binding of target-bound 
C3b or its derivative fragments to receptors on such effector cells. 

3 Epstein-Barr Virus 

EBV is a human y-herpesvirus. As in the case of the other herpesviruses, its genome 
consists of double-stranded DNA; it has an envelope derived from the nuclear 
membrane of the EBV-producing cells. The envelope gp350 shows some amino acid 
sequence homology with that of human C3d,g (NEMEROW et al. 1987). This offers an 
explanation for the binding of EBV to CR2, the C3d/EBV receptor, on human 
B-Iymphocytes (for a recent review see N. R. COOPER et al. 1988) and human epithelial 
cells during the early phase of their ontogeny (SIXBEY et al. 1987). This gp350, whole 
EBV, and latently EBV-infected and EBV-producing cells, stimulate the alternative 
pathway activation of complement (MAYES et al. 1984; MOLD et al. 1988b; SCHULZ 
et al. 1980; MCCONNELL et al. 1978), in the course of which gp350 may covalently 
bind C3b and serve as an acceptor for C3b. 

Most recently MOLD et al. (1988a) have detected cofactor activity for factor I 
dependent cleavage of C3b, iC3b, C4b, and iC4b in purified preparations of EBV 
obtained from marmoset and human B lymphoblastoid cells. Furthermore, EBV 
enhanced decay of the alternative pathway C3 convertase, but not that of the classical 
pathway C3 convertase. Although such activities would suggest binding to C3b and 
C4b, the authors state that EBV does not bind preformed C3b or C4b. These 
characteristics differ from those of other cofactor molecules such as H, CR1, and 
CR2. Since the structures responsible for this cofactor activity on EBV are functionally 
similar to CR1 but are not yet isolated, MOLD et al. in describing this activity consider 
a long list of control experiments. The CR1-like molecules have no protease activity; 
they are not inhibited by antibodies against CRl. A strong argument for the hypothesis 
that the molecules are EBV coded .is the fact that both marmoset and human cells 
give rise to EBV endowed with such activity. MOLD et al. provide a calculation 
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concerning the strength of the EBV cofactor activity: 2 x 109 EBV particles have 
about the same cofactor activity as 107 human erythrocytes, carryi1)g roughly 
103 molecules of CR1 per cell. Since EBV would certainly carry more than five copies 
of the cofactor molecule, the EBV cofactor must be less active than CR1, the 
erythrocyte cofactor. 

The biological function of these as yet unisolated CR1-like molecules on EBV can 
only be the subject of speculation. C3b molecules that become covalently bound to 
EBV in the course of alternative pathway activation are quickly degraded to iC3b 
and further to C3d,g. This has two consequences: firstly, covalently attached C3b 
cannot induce further alternative pathway activation; thus, further deposition of C3b 
and possible uptake by phagocytes are less likely. Secondly, C3d,g covalently fixed 
on EBV would enhance binding of EBV to its own receptor, CR2, on B cells and 
epithelial cells. C3, which otherwise might cover the CR2-recognizing epitope on 
gp350 and effect virus neutralization, might thus support EBV infection of CR2-
carrying cells. Activation of the alternative pathway of complement, resulting in 
deposition of C3b and consecutive degradation of C3b to C3d,g and ensuring binding 
to CR2, may be viewed from the position of the virus as a very effective way to secure 
continuation of infection. 

4 Vaccinia Virus 

Vaccinia virus belongs to the family of Poxviridae, genus Orthopox. It is a brick
shaped particle with rounded corners. The DNA is contained in a central nucleoid 
surrounded by lipoprotein membranes, an ellipsoidal body, and the outer viral 
coat. Cells infected with vaccinia virus secrete several polypeptides into the culture 
medium. Among these are a 35-kDa protein (MCCRAE and PENNINGTON 1978), 
a 12-kDa protein (MCCRAE and PENNINGTON 1978), and a 19-kDa protein (VEN
KATESAN et al. 1982). Studying the molecular genetics of the 35-kDa protein 
KOTWAL and Moss (1988) found the coding DNA to have an open reading 
frame for a protein of 263 amino acids and a calculated mass of 28.6 kDa. 
This protein contains no glycosylation sites. In addition to internal repetitions 
the authors detected conserved elements at four sites. These elements resemble 
the short consensus repeats consisting of 60 amino acids that are found in 
a series of molecules, of which many are complement receptors (CR1, CR2) or 
do react with C3b or C4b (H, DAF, C2, B, C4 binding protein; REID et al. 
1986; DIERICH et al. 1988). The 35-kDa protein bears the closest resemblance 
to the human C4 binding protein, displaying 38% identity with the first half and 
28% identity with the second half (KOTWAL and Moss 1988). 

Preliminary data by KOTWAL and Moss (1988) indicate that the medium containing 
this protein may inhibit the classical pathway of complement activation. Thus, one 
may speculate that vaccinia virus protects virus production by the infected cell against 
complement attack by means of such a 35-kDa protein. Before such a speculation 
can be substantiated, it must be clarified whether the occurrence of the 60 amino 
acid units endows the 35-kDa protein with a capacity to react with C4b or C3b, and 
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whether the presumable consequences for the action on complement activation 
actually ensue. Furthermore, one wonders whether the 35-kD';l protein is also 
associated with the cell membrane. 

5 Trypanosoma cruzi 

T. cruzi, a hemoflagellate protozoan causing Chagas' disease in humans, passes 
through a complex life-cycle. Infection of vertebrate hosts is initiated by metacyclic 
trypomastigote forms which differentiate from noninfectious epimastigotes in the gut 
of blood-feeding reduviids, the insect vector. Whereas epimastigotes are lysed in 
nonimmune normal human serum through activation of the alternative pathway of 
complement (NOGUEIRA et al. 1975; RUBIO 1956), metacyclic trypomastigotes - as 
well as culture-derived metacyclic trypomastigotes (CMT), their in vitro equivalent 
- are resistant to complement lysis. Similarly, the two stages developing in the 
vertebrate host, th"e intracellularly replicating amastigote and the bloodstream 
trypomastigote form, are not susceptible to complement (NOGUEIRA et al. 1975; KIPNIS 
et al. 1981). The same is true for tissue culture derived trypomastigotes (TCT), as the 
representatives of the latter. Treatment of CMT with pronase or neuraminidase 
resulted in loss of or decrease in resistance to complement (KIPNIS et al. 1981; SHER 
et al. 1986), but allowed to redevelop for 10 h in culture medium, these pretreated 
CMT or TCT regained full insusceptibility. Inhibitors of protein synthesis or 
N-glycosylation (e.g., puromycin and tunicamycin, respectively) abrogated this 
reconstitution, thus confirming glycoconjugates on CMT and TCT as being the 
responsible structures for lysis escape (SHER et al. 1986). 

l'he deposition of C3 cleavage products on T. cruzi manifests itself in two ways. 
Whereas the membrane glycoprotein gp72 on epimastigotes is a potent membrane 
acceptor for C3b (JOINER et al. 1985) and allows binding and activation of factor B 
to a great extent (JOINER et al. 1986), the related CMT gp 72 is an inefficient acceptor 
for C3b (JOINER et al. 1985), most of the fivefold lesser amount of C3b being bound 
to 25- to 30-kDa molecules on CMT (JOINER et al. 1986). 

The evading of alternative pathway activation for CMT and TCT seems to be due 
mainly to the fact that factor B is bound with lower affinity and is therefore activated 
to a lesser extent than in epimastigotes; in addition, factor H is bound with high 
affinity (JOINER et al. 1986). This results in inactivation of C3b so that iC3b constitutes 
the major form of C3 on CMT and TCT (JOINER et al. 1986). 

Moreover, not only the assembly of C3b,Bb, the alternative pathway C3 convertase, 
is inhibited on CMT and TCT, but they also possess decay-accelerating activity for 
preformed alternative and classical complement pathway C3 convertases (RIMOLDI 
et al. 1988). As cofactor function for the factor I mediated cleavage of C3b is lacking, 
CMT and TCT seem to possess factors that could somewhat be compared to human 
DAF (MEDOF et al.1984; NICHOLSON-WELLER et al. 1982). The molecules obviously 
responsible for this phenomenon are not yet definitely demonstrated. Nevertheless, 
JOINER et al. (1988) have recently characterized molecules produced and spontaneously 
shed by these forms that might ac.count for this developmentally regulated escape 
from complement-mediated lysis. The molecules were copurified on fast protein liquid 
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chromatography with a glycoprotein fraction of 87-93 kDa from CMT and TCT 
lysates and culture supernatants. Antisera against human DAF or other human 
regulatory proteins of complement activation did not recognize these glycoproteins, 
which could however be immunoprecipitated by sera from Chagas' patients. The 
responsibility of the glycoproteins for the postulated DAF-like activity remains to 
be substantiated further. 

Other groups assigned inhibition of classical pathway C3 convertase formation to, 
as not yet further defined, molecules of 60 kDa (KIPNIS et al. 1986) or demonstrated 
that a glycoprotein present only on the trypomastigote forms was able to counteract 
cell-bound or fluid-phase alternative pathway C3-convertase formation (FISCHER 
et al. 1988). This glycoprotein showed a relative molecular mass of 58 kDa on 
unreduced and 68 kDa on reduced SDS-PAGE. However, this glycoprotein could 
not enhance decay of alternative or classical pathway C3 convertases or exert cofactor 
activity for factor I. Additionally, it showed specificity for wheatgerm agglutinin 
(FISCHER et al. 1988), whereas gp87-93 bound to concanavalin A and was negative 
for wheatgerm agglutinin. This may indicate that there is more than one clearly 
distinguishable molecule responsible for complement resistance. 

6 Malaria Parasites 

The alternative pathway C3 convertase C3b,Bb has a short half-life. Properdin is 
capable of stabilizing this enzyme by binding to C3b and forming the complex 
C3b,Bb,P. Most recently GOUNDIS and REID (1988) reported that most of the amino 
acid sequence of properdin is composed of six copies of a 60 amino acid motif. Each 
of these motifs is characterized by conservation of six cysteines and three tryptophans. 
Obviously these motifs are each encoded by a separate ex on comparable to the short 
consensus repeats in other C3b and C4b binding proteins (REID et al. 1986; DIERICH 
et al. 1988). It is most telling that similar sequences can be found not only in membrane 
attack components of complement (DISCIPIO et al. 1988) and thrombospondin 
(LAWLER and HYNES 1986) but also in the circumsporozoite protein (CSP) of 
PlasmodiumJalciparum between residues 340 and 395 (DAME et al. 1984), of P. vivax 
(ARNOT et al. 1985) and P. knowlesi (OZAKI et al. 1983; GOUNDIS and REID 1988). 

It has not yet been reported whether the sequence homology of properdin and 
CSP also reflects a potential of the parasites to bind C3b as properdin does, or 
whether this is of biological importance for survival of the parasites, for the entry 
into host cells, or for other purposes. Whether there is a functional connection to 
the fact that P. Jalciparum infected human erythrocytes activate the alternative 
pathway and C3 is deposited on their surface also (STANLEY et al. 1984) remains 
unclear. 

The molecular mass of the CSP in various Plasmodium species ranges from 30 to 
60 kDa. It is the major protein in sporozoites, covering their complete surface. Its 
amino acid sequence was analyzed in detail in the case of P. knowlesi (NUSSENZWEIG 
and NUSSENZWEIG 1985; GODSON 1985). The gene for CSP has unique features in 
that introns are absent (DAME et al. 1984). The CSP of P. Jalciparum contains a 
central area composed of 41 tandem repeats of a tetrapeptide. It is essential for the 
sporozoite's invasion of the host cell. 
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7 Schistosoma mansoni 

Of S. mansoni, a widespread trematode causing bilharziasis in man, only the 
very early stages - those of cercariae and immature schistosomula - seem to 
be susceptible to killing by complement. There is evidence for activation of the 
alternative (MACHADO et al. 1975; OUAISSI et al. 1980a) as well as the classical 
pathway (CAPRON et al. 1974; TAVARES et al. 1978) of complement and for C3-
dependent adherence of eosinophilic leukocytes (OTTESEN et al. 1977; RAMALHO
PINTO et al. 1978). The sophisticated life-cycle of S. mansoni starts with the 
development in an intermediate host (the snail Biomphalaria glabrata) of cercariae, 
the infectious stage of S. mansoni. After penetrating the skin of the human host 
cercariae start to transform to schistosomula. Schistosomula immediately effect 
intensive remodeling of their exterior, and after a complicated route through the 
body the further differentiation into adult worms takes place in the intrahepatic 
branches of the pot:.tal vein. 

A distinctive feature of immature schistosomula seems to be the shedding of their 
- cercarial - glycocalyx, the coat of their tegumental membrane (SAMUELSON and 
CAULFIELD 1985) in the first few hours after infection (MARIKOVSKY et al. 1988a), 
thus rendering them insusceptible to destruction by activation of the alternative 
pathway (SAMUELSON and CAULFIELD, 1986; SANTORO et al. 1979; MARIKOVSKY 
et al. 1986) or eosinophils (RAMALHO-PINTO et al. 1978) when found in the lungs after 
about 4 days. To this end they seem to employ glandular secretion of enzymes, the 
inhibition of which blocks shedding of surface material (SAMUELSON and CAULFIELD 
1985) as well as conversion to complement resistance (SAMUELSON and CAULFIELD 
1986). 

'Fwo proteases from the secreted material have been purified (MARIKOVSKY et al. 
1988b) and shown to cleave off the same surface material from schistosomula as is 
shed spontaneously by transforming schistosomula (MARIKOVSKY et al. 1988a). The 
carbohydrate-rich (and highly antigenic) glycocalyx has been shown to be a potent 
activator of the alternative pathway of complement activation (SAMUELSON and 
CAULFIELD 1986; MARIKOVSKY et al. 1986) and also to possess IgG-Fc receptor 
function (TORPIER et al. 1979; OUAISSI et al. 1981). Fc-bound IgG as well as the Fc 
trunk of the immunoglobulin remaining surface bound after cleavage by parasite 
enzymes (AURIAULT et al. 1981) were able to fix C1q (presumably via the CH2 domain) 
and hence activate the classical complement pathway independent of specific 
antibodies (SANTORO et al. 1979, 1980; OUAISSI et al. 1981). 

QUAISSI et al. postulated a C3b receptor activity on cercariae and schistosomula 
showing adherence of EAC1-3b which could be inhibited by purified human C3 
(OUAISSI et al. 1980b). Yet the actual presence of receptors and their localization must 
be further clarified. Molecular characteristics are lacking. Complement activation as 
well as IgG-Fc or C3b receptor activity are features mainly of immature and not of 
adult schistosomes. TARLETON and KEMP (1981) suggested that this could be due to 
continuous shedding of surface-bound "proteins" on adult schistosomes, as they 
observed to be true for surface-attached immune complexes. In addition, they 
postulated receptor activity for a not further specified "activated form of C3" as 
concluded from binding of immune complexes activated with complement in native 
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human serum. However, the need to use an amplification technique to obtain 
reproducibly visible fluorescence perhaps indicates the low amount of rtfceptors on 
adult schistosomes. 

8 Candida alhicans 

In this section we discuss C3 binding proteins whose function is probably not to 
lessen damage arising from activation of the complement cascade but rather to serve 
other purposes. Candida albieans is a dimorphic fungus accounting for the greatest 
part of yeast infections in man. 

We could demonstrate that C. albieans pseudo hyphae (pseudomycelial forms), but 
not yeast forms, have receptor activity for both iC3b and C3d (HEIDENREICH and 
DIERICH 1985; Fig. 1); thts has subsequently been confirmed by others (GILMORE 
et al. 1988; EDWARDS et al. 1986; CALDERONE et al. 1988). The binding of C3 
degradation products occurs with high affinity by pseudohyphae and is saturable 
(GILMORE et al. 1988). This may be a factor contributing to pathogenicity, since in 
contrast to yeast forms the pseudo hyphae are considered to be the tissue-invading 
forms in human candidiasis. In addition, evidence that only C. albieans and its close 
relative C. stellatoidea exhibit C3bi and C3d binding while the other, less pathogenic 
species such as C. tropiealis, C. parapsilosis, and C. krusei do not, suits well in this 
connection and strengthens the hypothesis that the C3 binding structures on 
pseudohyphae serve as a pathogenicity factor. 

The iC3b binding structure on Candida was demonstrated to be specifically 
stained by some of the monoclonal antibodies (OKMI and M522) directed against 
the human CR3 IX-chain (GILMORE et al. 1988; EDWARDS et al. 1986; EIGENTLER 
et al. 1989). Other antibodies against the IX-chain of CR3 (MN41, Leu15) and 
an antibody against the ~-chain (MHM23) did not stain. However, blocking of 
adherence of EAC3bi was not observed with all of these antibodies (EIGENTLER et al. 
1989; EDWARDS et al. 1986) except with OKM1, when applied at the relatively 
high concentration of 300 Ilg/ml (EIGENTLER et al. 1989). Nevertheless, both EAC3bi 
rosette formation - taken as an indication of "CR3" expression - and antibody 
staining were similar in their dependence on the growth temperature of the fungi: 
pseudohyphae grown at 30°C showed an optimal, at 37 °C a reduced, and at 
38°C no expression of the CR3-like structures (EIGENTLER et al. 1989). The fact 
that the antibodies were poor inhibitors of rosette formation may be explained 
by assuming that the epitopes recognized by the antibodies are not directly 
involved in the binding site. It is of interest to note that one of the anti-CR3 
antibodies, OKM1, could precipitate mainly a 130-kDa molecule in addition to 
50-, 100-, and 500-kDa molecules from pseudohyphal extracts following 1251 
labeling of intact pseudo mycelia (EIGENTLER et al. 1989). 

However, these and other data - and the fact that, in contrast to human CR3, 
the corresponding candidal molecule is functionally independent of divalent cations 
(EIGENTLER et al. 1989) - indicate that theFe is only a limited antigenic and functional 
relationship. 
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Fig. 1. The strong binding of EAC1423bi to Candida albicans pseudohyphae (upper half of 
figure) is in contrast to only little EAC1423b adherence (lower half). This finding led to further 
investigations on CR3-like structures on Candida albicans 

CALDERONE et al. have recently elucidated the structure probably responsible for 
C3d binding to C. albicans (CALDERONE et al. 1988; LINEHAN et al. 1988). They could 
purify a 62-kDa molecule out of pseudohyphal extract, which was suggested to be a 
mannoprotein from its affinity to concanavalin A, although its carbohydrate moiety 
does not seem to be involved in the receptor-ligand interaction (CALDERONE et al. 
1988). This 62-kDa receptor could exclusively block adherence of EAC3d to 
pseudohyphae. If the same receptor is also involved in iC3b binding, remains to 
be investigated. 

A monoclonal antibody directed against this C3d receptor (and shown to have its 
epitope on the outer fibrillar layer of the cell wall) did not react with human cells 
carrying CR2 or CR3 (LINEHAN et al. 1988). Indeed, an antibody against human CR2 
also failed to stain pseudomycelia (GILMORE et al. 1988; EIGENTLER et al. 1989) and 
could block C3d rosette formation only at high concentration (EDWARDS et al.1986). 

One function of these complement receptor-like structures might be that covalently 
bound iC3b on the candidal surface may interact with fungal receptors on the same 
organism, thus becoming inaccessible for the phagocytic cells. The clumping of C. 
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albicans in human serum (CHILGREN et ai. 1968) might also be due to these molecules, 
the C3-fragment of the one being bound by the receptor of the neighboring fungus. 
However, other functions might be assigned to the CR3-like structure on the 
pseudohyphae. 

CR3 on macrophages has been established as one of the molecules forming the 
Mac-1 family, or ~2-integrins (DIERICH et ai. 1988). These molecules have important 
adherence functions. Binding of iC3b to CR3 is only one - possibly not even the 
most important - characteristic. Thus, CR3 also binds ~-glucan, various bacteria, 
lipopolysaccharide, fibrinogen (WRIGHT et ai. 1988), and other substances (for reference 
see DIERICH et ai. 1988). Most recently it was demonstrated that Leishmania 
promastigotes, by an Arg-Gly-Asp containing region of their major surface glycopro
tein gp63, bind to CR3 directly without involvement of complement (RUSSELL and 
WRIGHT 1988). Others have suggested that C3 secreted by macrophages themselves 
is important for the uptake of Leishmania CA. COOPER et ai. 1988). Aside from gp63, 
the promastigote lipophosphoglycan has been demonstrated to be involved in the 
uptake (HANDMAN and GQDING 1985). Based on these findings it is well conceivable 
that the C. albicans CR3-like structure acts as an adherence-mediating molecule that 
is instrumental in the tissue invasion by pseudohyphae. Understanding its interaction 
with iC3b may help to characterize this structure. 

9 Conclusion 

C3 bindin,g proteins on pathogens is a gradually expanding area of interest. The 
examples known to date and discussed here have only in some cases reached a 
considerable degree of biochemical, moleculargenetic, and functional characterization. 
In several instances it may still be considered a case of "more fantasy than facts." 
Nevertheless, the data thus far known are very encouraging in that the detailed 
characterization of the known and assumed C3 binding proteins of pathogens may 
be detected using complement-related mechanisms to defend themselves against 
complement of the host or to promote their development in other ways. Dealing with 
these aspects will certainly lead to better understanding of host-parasite relationships. 
Whether this will have therapeutic consequences is unclear. 

Acknowledgement: The secretarial help of Mrs. S. Wucherer is gratefully recognized. 

Note added in proof: During the XI lIth International Complement Workshop, 
September 1989, NORRIS et ai. have reported on the isolation of a 160 kD protein 
from Trypanosoma cruzi which binds to C3b-Sepharose anchored in the membrane 
via a glycosylphosphatidylinositollinkage and a ,,-gtll clone expressing the 160 kD 
protein hybridizes to human DAF cDNA under moderate stringency conditions. 
(Norris KA, Bradt B, Flynn J, So M, Cooper NR (1989) Purification, characterization 
and cloning of a Trypanosoma cruzi membrane protein with functional and genetic 
similarities to C3 binding proteins. Compi. Inflamm 6(5): 378) 
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1 Introduction 

The C3a molecule is one of three activation fragments from the complement cascade, 
a family of factors that include C3a, C4a, and C5a. Early recognition that more than 
one bioactive fragment was generated during complement activation cascade must 
be credited to COCHRANE and MULLER-EBERHARD (1968) and to DIAS DA SILVA et al. 
(1967). These investigators were the first to use purified components of human 
complement to demonstrate, and then to characterize, the activation fragment from 
C3. In previous studies complement was activated in serum, and the bioassays that 
were used detected only the factor C5a (actually C5adesArg)' DIAS DA SILVA et al. 
realized, even using purified components of the complement Cl esterase, C4, C2, 
and C3, that the anaphylatoxin released from C3 was not stablized unless the digest 
was acidified to pH 2-5, according to earlier observations of STEGEMANN et al. (1964). 
Later work by BOKISCH and MULLER-EBERHARD (1970) would explain why the acid 
treatment was successful. Acidification presumably prevented residual carboxypepti
dase (serum carboxypeptide N) in the isolates from removing an essential C-terminal 
arginine and inactivating the newly formed C3a anaphylatoxin. It was this lability 
of C3a bioactivity in serum that had prevented its discovery prior to isolation and 
activation of the purified components. These investigators went on to separate an 
active principal from the larger protein components in the reconstituted C3 - C3 
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convertase system by gel filtration. They demonstrated that the lower molecular 
weight factor: (a) induced smooth-muscle contraction and was tachyphylactic to itself 
but not cross-tachyphylactic to the C5-derived anaphylatoxin; (b) enhanced vascular 
permeability when injected into skin; (c) degranulated guinea pig ileal mast cells; and 
(d) promoted histamine release from rat peritoneal mast cells. DIAS DA SILVA'S group 
originally termed the active fragment F(a)C'3, i.e., activation (a) fragment from the 
third component of complement. COCHRANE and MULLER-EBERHARD identified the 
fragment as the C3 anaphylatoxin, assuming it to be an analog to the "classical" 
C5a anaphylatoxin. We will refer to the fragment here primarily as C3a because the 
biologic action of the factor is not anaphylactoid in nature, and anaphylatoxin is 
functionally an inaccurate designation. However, the recognized nomenclature from 
common usage still refers to fragments C3a, C4a, and C5a collectively as ana
phylatoxins. 

It is important to note then that the historic beginnings of C3a research derived 
essentially from two studies in 1967-1968 in which convincing evidence was first 
given that both C3 and C5 could serve as anaphylatoxinogens. Recognition that a 
single serum enzyme was responsible for inactivating the small fragment released 
from C3 led to development of successful methods for isolating C3a anaphylatoxin 
directly from complement-activated serum (VALLOTA and MULLER-EBERHARD 1973). 
Availability of milligram quantities of C3a as a stable, intact, and fully active molecule 
permitted extensive structural and functional studies to be accomplished during the 
following decade. 

Virtually all that is known about the C3a molecule has been learned over the past 
20 years. The primary structures of C3a molecules obtained from five different species 
have now been determined completely, including that of human C3a. A crystallogra
phic and detailed nuclear magnetic resonance (NMR) solution analysis of human 
C3a exists to provide additional conformational data. Synthetic peptide analogs of 
C3a, now numbering in the hundreds, have been produced to mimic activity and to 
elucidate subtle structure-function relationships. Finally, evidence is accumulating 
that will help to identify and characterize C3a receptors on cells and to understand 
cellular activation mechanisms that are induced by this humoral mediator. It should 
be noted here that the less active factor C4a interacts with the same receptor popUlation 
as does C3a according to its biologic attributes (GORSKI et al. 1981; HUGLI et al. 
1983; CUI et al. 1983). The present chapter is designed to outline these and other 
aspects of C3a and to provide a status report on the nature of this bioactive fragment. 
C3a is released from component C3 as a potentially important physiologic product 
of the complement cascade. C3a is one of the few active factors in blood that can be 
generated in micromolar concentrations, and yet it is under such rigorous control 
by serum carboxypeptidase that clinical consequences of extensive C3 activation 
remain difficult to assign to this anaphylatoxin. 

2 Chemical Structure of C3a 

Detailed analyses of the chemical structures of several C3a molecules have been 
compiled through the combined efforts of numerous laboratories over the past 15 
years. Chemical analysis of the human factor began with the isolation of milligram 
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quantities of intact C3a from complement-activated serum (HUGLI et al. 1975b). The 
procedure required that an efficient inhibitor of serum carboxypeptidase N ,be present 
during activation to protect the C3a activity. The competitive inhibitor 6-aminohexa
noic acid was used based on the work of VALLOTA et al. (1973). Both porcine and 
human C3a were purified from complement-activated serum using a multistep gel 
filtration and ion exchange isolation scheme. Soon thereafter the primary structure 
for human C3a was determined and reported (HUGLI 1975). Elucidation of the amino 
acid sequence of human C3a was followed by reports of porcine C3a (CORBIN and 
HUGLI 1976), rat C3a (JACOBS et al. 1978), and guinea pig C3a (STIMLER et al. 1989). 
All determined by conventional protein sequencing techniques. A cDNA-derived 
sequence of mouse C3a was reported by WETSEL et al. (1984). A summary of these 
five sequences is given in Fig. 1. 

Human C3a 
Porcine C3a 
Rat C3a 
Mouse C3a 
Guinea pig C3a 

1 10 20 
S V Q L T E K R M N K V G K Y P ( ) K E L R K C C E D 
----M L-Q-S-( ) R H 
----'M--R--D-A--Q-T--D--G-------
----M-R--D-A--Q-T-D--G-------
---~M-R--D-A K-S R----

30 40 50 
G M R Q N P M R F S C Q R R T R F I S L G E A C K K V F 
---N K:------,A-Q--H-Q--N--V-A-
---D-1--K-Y A--L-T-Q-S--L-A-
---D-1 Y A-L-T-Q-N--1--A-
---E Q A-Y-V V--A-

60 70 
L D C C N Y I TEL R R Q H A R ASH L G L A R 
-N--E--A-K--Q--S-N-K-PP-----
-M K--E--R--D-H-V'-----
-I H--K--E--R-D-H-V'-----
----T-M-A-Q--Q-Q-R-E-Q-N'-----

Fig. 1. Primary amino acid sequences of five C3a molecules. The sequence of human C3a was 
used for reference in this comparison. Open bracket between positions 16 and 17 in the human 
and porcine C3a sequences indicates a site at which a single residue insertion occurs in the C3a 
molecules from rat, mouse, and guinea pig. Note that the binding site C-terminal pentapeptide 
sequence of LGLAR has been rigorously conserved 

Although the sequence of C3a from each species is distinct, there are several common 
features that appear to be important for maintaining function. The C-terminal 
pentapeptide sequence LGLAR has been conserved in C3a from all species analyzed, 
and the active binding site of the molecule is known to reside at the C-terminal 
portion of the molecule. Six cysteinyl residue positions have been conserved, and 
they participate in the formation ofthree intrachain disulfide bonds, largely responsible 
for the folding pattern of this relatively compact molecule. These covalent disulfide 
bonds must contribute to the unusual stability of the native molecule. One residue 
deletion (insertion) is observed when human/porcine C3a is compared with the other 
C3a molecules. This difference results in human and porcine C3a containing 77 
residues while rat, mouse, and guinea pig C3a are each 78 residues in length. Functional 
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consequences of the many primary structural differences observed between C3a from 
various species appear to be minor since rat, porcine, and human C3a vary not more 
than two- or three fold in expression of activity. 

In general, there are fewer substitutions occurring adjacent to the cysteinyl residues, 
and at either the N- or C-terminal ends, than elsewhere in the C3a molecule 
(see Fig. 1). The conserved patterns observed from C3a sequence comparisons 
reflect regions where intrachain contacts are important for polypeptide folding 
and indicate surfaces that are intimately involved in receptor-ligand interactions. 
Many of the residue replacements are conservative of side-chain size, polarity, or 
shape, and when considered in this manner they tend to minimize sequence differences 
between the linear structures of these five characterized C3a molecules. Therefore, the 
extent of structural variation between molecules of C3a from different species appears 
to be relatively small. Unlike rat C4a (CUI et al. 1988) and human C5a (FERNANDEZ and 
HUGLI 1978), both molecules which contain oligosaccharide units, none of the C3a 
molecules examined to date have contained carbohydrate. 

Basic informatiop obtained from primary structural analysis of C3a is essential for 
completing the conformational analysis of the molecule and yet is very limiting in 
providing insights of the folded form. 

3 Synthetic Peptide Studies 

A most interesting and unexpected advance in C3a chemistry was provided by the 
discovery that synthetic fragments of the intact molecule could express a biologic 
activity that was qualitatively identical to that of the natural factor. The first report 
that synthetic peptide analogs of C3a were biologically active also established that 
a synthetic octapeptide, based on the C-terminal sequence of human C3a 
(ASHLGLAR), was 1 %-2% as potent as natural C3a for inducing a spasmogenic 
response (HUGLI and ERICKSON 1977). Later studies examined activity as a function 
of peptide length (CAPORALE et al. 1980) and demonstrated that a minimum length 
for activity was four or five residues (0.005%-0.2% active), and that activity increased 
as the peptide length increased. At 13 residues (C3a 65-77, RQHARASHLGLAR) the 
peptide analog exhibits approximately 5% as much activity as does intact C3a on a 
molar basis (Table 1, group I). It was these data that implied that both sequence and 
conformation might be important parameters for activity since the folded structure 
of C3a was 20 times more active than the 13-residue fragment of irregular secondary 
structure. 

A study by UNSON et al. (1984) focused on the structural requirements of the model 
C3a pentatpeptide LGLAR. These studies involved systematic replacement of 
lipophilic residues at each of the four positions adjacent to the arginine to ascertain 
their influence on activity. In summary, it was found that arginine is an essential 
residue and cannot be substituted by Lys (CAPORALE et al. 1980) or by D-Arg or 
Arg-NH2 (ERICKSON et al. 1981), indicating the importance of chirality, side-chain 
shape, and the negatively charged carboxylate group (Table 1, group II). Substitutions 
at the other four residue positions are tolerated based on proximity to the essential 
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Table 1. Biologically active synthetic C3a peptides 

Peptide 

Human C3a 
Human C3ades A'g 

C3a pep tides 
Group I 

57 

70 

74 77 
G-L-A-R 

73 
L-G-L-A-R 

A-S -H-L-G-L-A-R 
65 
R-Q-H-A-R-A-S-H-L-G-L-A-R 

C-N-Y -1-T -E-L-R-R-Q-H-A-R-A-S-H-L-G-L-A-R 

C3a peptide analogs 
Group II A-S-H-L-G-L-A-R-G 

Group III 

Group IV 

A-S-H-L-G-L-A 
Ac-A-L-G-L-A-R* 
Ac-A-L-G-L-A-K 
Ac-A-L-G-L-A-R-NH 2 

A-G-L-A-R 
L-A-L-A-R 
L-G-A-A-R 
L-G-L-G-R 

A-L-G-L-A-R 

Ahx-A-L-G-L-A-R 
Fmoc- Ahx-A-L-G-L-A-R 
Nap-Ahx-A-L-G-L-A-R 

Y-R-R-G-R-A-A-A-L-G-L-A-R 
Fmoc-Y-R-R-G-R-A-A-A-L-G-L-A-R 

Fmoc-Ahx-Y-R-R-G-R-A-A-A-L-G-L-A-R 
Nap-Ahx-Y-R-R-G-R-A-A-A-L-G-L-A-R 

Relative Activity 
(%) 

Ileal assaya 
100 
<1 

0.005 

0.2 

2-3 

4-8 

50-100 

0.03 
<0.01 
<0.0025 
<0.0045 
<0.001 

0.04 
0.5 

<0.002 
<0.012 

Platelet assayb 
100 

0.01 

0.4 

0.03 

0.06 

0.2 
13.2 
23.0 

8.3 
56.4 

130.0 
603.0 

a Activity was measured using the guinea pig ileal assay procedure. 
b Activity was measured by the ATP-release assay using guinea pig platelets (Gerardy-Schahn 

et al. 1988). Group I represents peptides based on the sequence of human C3a. Group II 
represents a series of C3a peptides modified at the C-terminal arginyl position. Group III 
represents peptide analogs of human C3a 73-77 containing single site replacements. Note 
that only replacement of an alanine for glycine (C3a position 74) resulted in activity 
enhancement. Group IV represents a series of C3a analog peptides to which a lipophilic 
organic group has been added to the N-terminus. Underlined residues indicate replacements 
or additions in the natural C3a sequence. Symbols used: Ahx, cr-aminohexyl; Fmoc, 
fluorenylmethoxycarboxyl; Nap, 2-nitro-4-azidophenyl; R*, D-arginine; R-NHb arginine
amide; and Ac, acetyl. 

C: \ WP\C3a. Peptide 
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C-terminal arginine. For example, substitution of the penultimate alanine by a 
somewhat more bulky serine (LGLSR) led to 99% reduction in the activity. All 
replacements at this alanine position, including glycine, led to dramatic loss in activity. 
While replacement of glycine by serine (LSLAR) reduced activity of the resultant C3a 
pentapeptide by only 50%, and replacement by alanine actually enhanced it nearly 
threefold. Substitution of the middle leucine by methionine, valine, alanine, or 
phenylanine virtually inactivated the analog peptide. Therefore, it was concluded that 
each residue in the pentapeptide LGLAR was important for eliciting a biologic 
response (contraction of guinea pig ileal strips); however, residues nearest to the 
essential arginine were most important. Mediation of signal events at putative cellular 
C3a receptors depends on this unique sequence of LGLAR at the C-terminus of C3a 
for optimal activity. The activity studies with synthetic analogs can be extended to 
other assay systems such as 51Cr release and noncytolytic serotonin release from 
guinea pig platelets (BITTER-SUERMANN et al. 1980), where the relative activities 
observed between the synthetic factors and natural C3a correspond to those 
obtained using the ileal assay. 

Studies describing side-chain requirements for the essential binding site region in 
C3a led investigators to focus attention on the conformational requirements of the 
molecule. Using the powerful tool of synthetic peptide analogs again to probe the 
question of conformational involvement, a 21-residue synthetic C3a peptide was 
prepared and found to exhibit nearly full activity (50%-100%) on a molar basis 
(Lu et al. 1984). This peptide C3a 57-77 represents the linear sequence of human 
C3a from the last cysteinyl residue in the molecule at position 57 to the C terminus 
(CNYITELRRQHARASHLGLAR). The model was chosen for three reasons: (a) the 
C-terminal fragment was sufficiently long to form stabilized regular structure such 
as ct.-helix in free solution; (b) the sequence contained a tyrosine to facilitate 1251 
labeling for tracer purposes; and (c) the amino-terminal residue contained a free SH 
group for coupling various reporter compounds. The 21-residue fragment of C3a 
(C3a 57-77) was predicted to contain ct.-helical conformation when in the intact C3a 
molecule, according to the analysis of CHOU and F ASMAN (1978). It was determined 
that the peptide failed to assume a helical conformation in aqueous solution, but it 
could be induced into a helical form in trifluoroethanol and water, according to the 
circular dichroism (CD) spectra. This result seemingly supported the hypothesis that 
fully active C3a depended on both the binding site sequence at the C-terminus and 
a helical conformation adjacent to the binding site residues for proper orientation 
of the Interactive side chains. This concept appeared to be supported by the work 
ofHoEPRICH and HUGLI (1986) that showed incorporation of helix-enhancing residues 
such as amino butyric acid into C3a 57-77 maintained a high level of activity while 
insertion of prolyl residues to disrupt helix formation significantly reduced biologic 
activity of the 21-residue analog. Unfortunately the peptides designed specifically to 
enhance helix were not helical in aqueous solution without the addition of trifluo
ethanol. 

In summary, the various studies with synthetic peptides have tended to support 
the hypothesis that C3a contains a linear C-terminal binding site activity of perhaps 
5 residues that is essential for activity. The region adjacent to the pentapeptide needs 
either to be helical or must easily assume a helical conformation. Perhaps the synthetic 
pep tides assume a helical form at the receptor surface, and this interaction could 
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explain why the highly active synthetic peptide C3a 57-77 is not a helical peptide in 
aqueous solution. Unfortunately the contribtuion of conformation to activity of C3a 
remains unsolved. 

A recent report by GERARDy-SCHAHN et al. (1988) describes the attachment of 
hydrophobic groups, such as fluorenylmethoxycarbonyl, 2-nitro-4-azidophenyl, fluo
resceinyl, and rhodaminyl, to the N-terminus of hexa- and octapeptide analogs of 
C3a with dramatic enhancement in activity. Addition of 2-nitro-4-azidophenyl to a 
C3a analog (YRRGRAAALGLAR) through an aminohexyllinkage group enhanced 
activity by nearly 100-fold and resulted in a synthetic analog of C3a with six times 
the activity of the natural factor (Table, 1, group IV). This analog is not expected to 
assume a helical conformation, yet it has extraordinary activity. There are no binding 
date to accompany the functional data, therefore it remains unclear whether the 
mechanism of activity is the same as that for other sequence analogs of C3a. Perhaps 
the hydrophobic groups being added to these C3a peptides have non specific 
membrane interactions that increase the effective concentration of the analogs at the 
cell surface without a corresponding increase in binding affinities for the C3a receptor. 
In such a case, the apparent increase in activity would be a local concentration effect 
and not a true enhancement in ligand binding, as the activity data might imply. 
Nevertheless, these analogs provide valuable new tools for exploring the interactions 
between the ligand C3a and the receptor-bearing cells. It is clear that applications of 
synthetic peptide technology have contributed greatly to our understanding of 
complex structure-function relationships in the C3a molecule. 

4 Conformation of C3a Molecule 

Once primary structures for C3a were determined, it immediately became possible 
to examine secondary and tertiary folding patterns of the molecule. Secondarily, it 
was important to establish that conformation was a significant parameter for 
functional expression of C3a, and to what extent folding governed activity. Initial 
studies estimated the content of regular structure in the native C3a molecule using 
CD as a procedure to discern relative contributions of ct., p, and irregular structure. 
The CD spectra for both human and porcine C3a gave nearly identical profiles 
indicating rather classical double-negative adsorption bands of elipticity at 208 and 
222 nm, which signifies ct.-helix in model structures (HuGLI et al. 1975a). The 
calculations of helical content in human and porcine C3a suggested 40%-45% of 
the residues participate in regular helical structure while very low levels of ct. and p 
structure were indicated in C3. Considering the placement and restraints from internal 
disulfide bonds it was speculated that the amino- and carboxy terminal ends of the 
C3a molecule were the most likely regions to be involved in helix. 

The CD measurements were used to correlate structural perturbations with the 
biologic behavior of the molecule. It was shown that exposure of C3a to extremes 
of pH (pH 1-9.6) had only minor effects on the CD spectra, and much like exposure 
to reducing· agent (0.02 M mercaptoethanol) and/or guanidinium hydrochloride, 
proved fully reversible in terms of biologic activity. Other treatments such as heating 
for several hours at 100 DC or reduction and alkylation led to permanent unfolding 
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of C3a based on the CD spectra and also inactivated the molecule to greater than 
90%. These results were interpreted as evidence that a conformational component 
of C3a was required for full activity. Correspondingly, removal of the essential 
C-terminal arginine of human C3a by carboxypeptidase B treatment, to form 
C3ades Arg 77, showed no difference in the CD spectra when compared with that of 
intact C3a. The functional role of the C-terminal arginine does not appear to be in 
stabilizing native structure but rather in direct interaction with the C3a receptor. 

Confirmation that a high helical content exists in C3a was provided by the 
crystallographic analysis of human C3a by HUBER et al. (1980). This elegant work 
showed for the first time the architecture of a folded anaphylatoxin molecule. The 
presumed similar placement of disulfide linkages in C3a and C5a permitted GREER 
(1985) to use the backbone structure of C3a as a model for developing the folded 
structural portrait of C5a. 

Crystals of C3ades Arg 77 were grown in 3 M phosphate at pH 4.5 for diffraction 
studies (PAQUES et al. 1980), and later intact C3a was co-crystallized with the des Arg 
derivative indicating t~at the two forms were isomorphous. It should be noted that 
the C3a crystals were grown at pH 4.5 because of difficulty in handling crystals grown 
at or adjusted to pH 7.0. This would imply that at or near physiologic pH conditions 
the molecular form of C3a may be significantly different from that analyzed at pH 
4.5. Nevertheless, the X-ray analysis data obtained for C3a at pH 4.5 represented 
a reference folded structure for later comparisons. The C3a molecule crystalizes as a 
dimer under these conditions in a P 4, 2, 2 space group with lattice constants of 
a = b = 44.8 A and C = 107.8 A and a molecule dimension of 42 x 22 x 16 A. The 
structure of C3a was determined at a 3.2 A resolution, and a molecular model was 
constructed from these X-ray coordinates. The crystal structure analysis established 
that the disulfide bond arangement was Cys-22 to Cys-49, Cys-23 to Cys-56, and 
Cys-36 to Cys-57, which dermes the intrachain disulfide "knot". There is every reason 
to believe that these particular covalent side-chain linkages exist in the same 
arrangement in all of the anaphylatoxins (e.g., C3a, C4a, and C5a) from every species 
assuming they contain the six cysteines. The major (X-helical segment were identified 
in the molecule as Try-15 to Met-27 and Gly-46 to Ser-71, representing the amino- and 
carboxy terminal ends of the molecule, as suggested earlier. It is interesting to note 
that the helical content as estimated from the crystalline structure is 56%, cosiderably 
higher than that obtained from CD measurements (40%-45%). This could suggest 
that either the molecule is somewhat more "relaxed" in solution, or that contributions 
of the three disulfide bonds in the CD spectra influence the measured elipticity 
contributed by the helical structures. In any case, the folded C3a molecule (Fig. 2), 
as determined in crystalline form, is portrayed by an ill-defined flexible N-terminal 
portion of 14 residues followed by a 13-residue (X-helix (15-27), a loop and 
pseudoregular region folded antiparallel to the first helix ending in another loop 
contains 18 residues, and ending in a long 26-residue (X-helix with an irregular 
C-terminal hexapeptide region containing the essential binding site residues LGLAR. 
It is this dagger-shaped molecule that represents the folded form of the natural product 
C3a. The crystallographic model of C3a is missing an N-terminal region that was not 
defined because of segmental motion: orientation of this segment of the structure 
and its contacts with the well-defined .conformation of the main C3a 14-77 portion 
are apparently not extractable from the X-ray data. 
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Fig. 2a, b. The folded backbone structure of human C3a. a The backbone three-dimensional 
structure of C3a on the crystalline molecule as determined by X-ray technique (HUBER et al. 
1980). This analysis led to assignments of the three disulfide bonds and identified regions of 
a-helical structure. The N-terminus of C3a was ill defined in these crystals grown under acidic 
pH conditions (pH 4.5). The long helix containing residues 47-71 causes the C-terminal binding 
site to extend away from the globular "core" of the molecule. b The global fold structure of 
C3a deduced from the NMR contacts identified in solution. The backbone structure of C3a 
residues 15-77 in solution was quite similar to that in the crystalline structure except for the 
C terminus which displayed greater flexibility of residues 66-71 than observed in crystals. Also, 
the N-terminal portion of C3a assumes a helix from residues 8 to 15 with flexibility of residues 
1-8. The segment defined by residues 1-15 appears to fold back onto the "core" of the molecule 
resulting in a compact conformation 

Overall, the coordinate structure of C3a based on X-ray analysis data was a major 
contribution to the field. For the first time a concrete model existed that could be 
used to test hypotheses concerning structural requirements for activity of the 
anaphylatoxin. 

Proton NMR studies of C3a appeared in the literature as early as 1985 (MUTO et 
al. 1985). These preliminary reports relied an the X-ray data of HUBER et al. (1980) 
to design specific experiments for testing the conformation at the C-terminal portion 
of C3a. The NMR data provided spectral assignments for residues Ala-48, His-67, 
His-72, Gly-74, Leu-75 and Ala-76 on the basis oflimited carboxypeptidase digestions. 
These NMR data were interpreted as indicative that a regular conformation exists 
N-terminal to His residue 72 in C3a, consistent with the helical structure in the X-ray 
model, and that the residues C-terminal to residue 72 were exposed to solvent and 
assume a highly flexible (irregular) behavior. This data was extended by recent reports 
of detailed NMR analyses of human C3a (NETTESHEIM et al. 1988; CHAZIN et al. 
1988). The two-dimensional NMR analysis' of C3a in solution by NETTESHEIM et al. 
(1988) locates three definite helical regions in C3a as segments 17-28, 36-43, and 
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47-66. These segments identified by NMR compare favorably with those identified 
in crystals of C3a, except that the C-terminal helix in crystalline C3a extended five 
additional residues and contained residues 47-71. In addition, a well-defined helix 
was observed for residues 8-15 in solution, the segment that was invisible in the 
crystalline form of C3a. 

The total involvement of residues in helical conformation for C3a in solution is 
estimated at nearly 60% by NMR, which is considerably higher than that estimated 
by CD. The work of CHAZIN et al. (1988) differs somewhat from the NETTERSHEIM 
studies in that the assignments of true helix were inclusive of residues 9-15 (5-8 
transitional), 19-28, (40-43 transitional), 47-66 (67-70 transitional). In this case, the 
residues defined as definitely helical account for 37 of 77 residues, or 48% helix. It 
is clear that both X-ray and NMR analysis of C3a agreed on the general segments 
of structure that assume a-helical conformation and differ only in the assigned length 
of each helix. A further observation by the Chazin study (CHAZIN et al. 1988) indicates 
placement of the N-terminal portion of the molecule (see Fig. 2) against the main 
body of the molecule .. and between the two main helices. The N-terminal segment 
containing residues 1-15, including a helix from 8 to 15, remains docked to the 
stabilized body of C3a molecule for only part of the time and spends a significant 
portion of the time in dynamic motion. Futher evidence that helix I (8-15) folds back 
against the core of the molecule is provided by the independent observation that 
Tyr-59 iodinates approximately five times more efficiently than does Tyr-15 (HUGLI 
et al. 1975b), suggesting that the side chain of Tyr-15 is not exposed or is as readily 
accessible to the surface of the molecule as would be the case if this segment protruded 
out into solution. 

In summary, the native conformation of the C3a molecule is nearly solved, and a 
highly developed model has evolved from the combined crystal and solution studies. 
We ca:n say that the folded structure contains defined helical segments with known 
disulfide cross-links, and both the N- and C-terminal regions are helical, ending in 
each case in 6-8 residues that appear highly flexible. It is not clear yet that docking 
of the N-terminal segments influence activity, but this compact form does exist in 
solution and may assist in stabilizing the C-terminal region which appears to make the 
major contribution to activity. 

5 Functional Aspects of C3a 

Several reviews have outlined the various activities that are generally attributed to 
the anaphylatoxins (HUGLI and MULLER-EBERHARD 1978; HUGLI 1981, 1984, 1986; 
WEIGLE et al. 1983). However, none of these overviews have concentrated specifically 
on the factor C3a. The spectrum of C3a effects measured in vivo are now recognized 
to represent quite a diverse collection of observations. For example, purified C3a has 
been shown to induce neutrophilia and thrombocytopenia at levels of 30 J.l.g/kg 
(HOFFMANN et al. 1988) and was shown to be lethal in guinea pigs under defined 
conditions at the mg/kg level (HUEY et al. 1983). When 2-3 mg C3a was injected into 
adult guinea pigs, death occurred within minutes, but only if a carboxypeptidase 
inhibitor had been previously introduced to prevent C3a inactivation from enzymatic 
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removal of the essential C-terminal arginine. Since guinea pig platelets are activated 
by C3a (BECKER et al. 1978), much of the in vivo response in this an,imal model 
could be a result of species-specific mediator release from platelets. Consequently, 
the lethal response observed in guinea pigs may not occur in other anaimals unless 
they have the platelet C3a receptor. The guinea pig airway was demonstrated to be 
hyperresponsive to C3a in animals pretreated with either histamine of capsaicin, a 
substance P releasing factor. These results suggest that substantial synergy may exit 
in vivo between certain mediators and C3a (WATSON et al. 1988). Relatively dramatic 
responses can also be demonstrated in man, a visible wheal and flare occurs almost 
immediately when submicromolar levels of C3a are injected into human skin (LEPOW 
et al. 1970; WUEPPER et al. 1972). This is one of the few in vivo responses to C3a 
that does not require a carboxypeptidase inhibitor for expression; however, many of 
the potential actions of C3a are muted by rapid inactivation following generation of 
introduction in the circulation. 

Both lethal and nonlethal effects of C3a are presumed to be induced by the 
recruitment of numerous pell-derived mediators such as vasoamines, prostaglandins, 
and leukotrienes (JosE et al. 1981; WUEPPER et al. 1972; STIMLER et al. 1983). Since 
the guinea pig is particularly sensitive to vasoamines and has lungs that react as 
shock organs when challenged by histamine, the mechanism of C3a-induced death 
in these animals appears to be asphyxia or respiratory failure. The skin reaction in 
man is partially mediated by histamine but may have other mediator involvement. 
Other animals such as rats, which are relatively insensitive to histamine, fail to respond 
markedly to C3a either during exposure in vivo or to tissue isolates. This rather 
anecdotal observation tends to support the hypothesis that C3a molecules from 
various species differ only slightly in their biologic activity; however different animals 
or animal tissues may exhibit a wide range of responsiveness to the factor regardless of 
its source. This diversity in action requires one to define with great care the animal 
being studied and not presume that observed effects in an animal model will relate 
to responses in man. 

One in vivo effect of C3a occurs in the microvasculature where topical (extra
vascular) applications result in pronounced alterations in local hemodynamics. 
MAHLER et al. (1975) examined C3a-induced events in rabbits using an omentum 
preparation and observed reduced vascular micro pressure and decreased diameters 
of terminal or feeding arterioles lasting only seconds, with a rebound effect on 
arteriolar diameter indicating a dilation. The a-adrenergic blocking agent phentol
amine eliminated the microvascular effect of C3a, suggesting a neurologic mechanism. 
The hamster cheek pouch is another microvascular preparation that responds to 
topical C3a application producing vasoconstriction, transient platelet aggregation 
and increased leakage of the postcapillary venules (BJORK et al. 1985). These effects 
were observed using either 2-10 nM C3a or 500 nM synthetic C3a octapeptide. 
Antihistamine (mepyramine) reduced the permeability component of the C3a effect 
by approximately half without affecting other responses. It was noted that human 
C3a, being active at 10--20 nM range, was nearly as effective as human C5a on 
this particular preparation. Topical application may explain the relatively high 
activity of C3a since it tends to cause more pronounced effects when administered 
extravascularly rather than by an intravascular mode, even when the carboxy
peptidase inhibitor is present. These observations may be important insights into 
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the true function of C3a, which may be to exert its primary effects outside of 
the vasculature. 

Actions of C3a on isolated vessels from the guinea pig were examined by MARCEAU 
and HUGU (1984) who found a hierachy of responses for the vessels tested. The portal 
vein was most responsive to C3a followed by the pulmonary artery and the thoracic 
aorta. Pharmacologic analysis of C3a-induced vasoconstriction effects indicated that 
prostaglandins and leukotrienes were the major mediators of the response. A detailed 
review of the many effects of anaphylatoxins of circulation was recently published 
(MARCEAU et al. 1987). 

One of the most provocative actions recently attributed to C3a was a possible 
effect on brain tissue. Psychopharmacologic activity was observed in rats when C3a 
was injected into the perifornical hypothalamic region (SCHUPF et al. 1983). These 
studies conclude that when sated rats are drug-induced to eat or to drink by treatment 
with norepinephrine and carbamy1choline, respectively, behavior was augmented 
significantly by an injection of 1 Ilg C3a into the hypothalamic region. The factor 
C3a did not cause direct enhancement of the eating or drinking behavior, but it was 
able to enhance the effect on drug-stimulated consumption. Since this is a site-directed 
injection procedure, it may explain why this in vivo effect of C3a is relatively 
insensitive to the serum carboxypeptidase. In these preliminary studies the administra
tion of haloperidol, a dopamine receptor antagonist, blocked C3a-induced increases 
in norepinephrine-stimulated food intake and phentolamine, an ex-adrenengic antago
nist, reversed C3a-induced carbamy1choline- stimulated drinking by the animals. 
These actions are consistent with mechanisms involving catecholamine receptor 
systems and relate to the ex-adrenergic effects of C3a on microcirculation mentioned 
above (see MAHLER et al. 1975). 

Monitoring in vivo effects of C3a, except those in skin, has been impeded by the 
pres.ence of serum carboxypeptidase N that inactivates this molecule in seconds 
(HuGU 1978). Therefore most of the biologic characterizations of C3a in the literature 
have been accomplished using isolated tissues. The three most commonly studied 
tissues are intestinal, cardiopulmonary, and vascular preparations (see Table 2). The 
original assay for C3a was developed based on the ability of this factor to induce 
contraction of guinea pig ileum. The C3a contractile response in the ileum is largely 
a histamine-driven mechanism (COCHRANE and MULLER-EBERHARD 1968), and isolated 
C3a is active in the 10- 6-10- 7 M concentration range. Specificity of the response 
was demonstrated both by the inability of C3ades Arg to contract tissue or to block 
C3a-induced contractions. Further evidence for the specific nature of this effect was 
provided by synthetic C3a analogs (HuGU and ERICKSON 1977) that were true agonists 
and proved to be tachyphylatic for the natural factor. 

Contraction of parenchymal lung tissues by C3a was characterized by STIMLER et 
al. (1981) as a predominantly nonhistaminic response. The mechanism was investigated 
further (STIMLER et al. 1983) and found to depend on prostaglandin release. Specificity 
of the C3a response on guinea pig lung was validated using synthetic C3a oligopeptide 
(HUEY et al. 1984a). 

Data for C3a effects on human lung preparations are scarce; however, one report 
does indicate an activity for mucosal glycoprotein release (MAROM et al. 1985). 
Human C3a and not C3adesArg stim\llated mucous glycoprotein synthesis by human 
lung explants in a dose- (5-20 Ilg/ml) and time-dependent- (0--1 h) manner. The effect 
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was eliminated by exposure of the C3a to an anti-C3a immunoadsorbant. Attempts 
to elucidate a mechanism of action were unsuccessful since antagonists and inhibitors 
of various pathways failed to identify the means by which C3a induces mucous 
secretion. It was speculated that C3a may act directly on the mucous glands or goblet 
cells; however, cell-derived mediator pathways were not eliminated as potentially 
responsible. 

The effects of C3a anaphylatoxin on guinea pig atria were described by HUEY et 
al. (1984b). The spontaneous contraction was increased by more than 70% at optimal 
levels of C3a (10- 7 M), and inhibitors such as cimetidine, indomethacin, and FPL 
55712 were only partially effective when used separately; however, in combination 
their effectiveness was significantly enhanced, an effect which is also seen in other 
tissues. Similar studies by DEL BALZO et al. (1985) concluded that C3a stimulates 
cardiac tissue to exhibit tachycardia while reducing atrioventricular conduction and 
decreasing ventricular contractile force, coronary vasoconstriction, and histamine 
release as a result ofleukotriene, prostaglandin, and vasoamine release. Interrelations
hips between these different mediator cascades is illustrated by a report that atria 
from antigen-sensitized guinea pigs exhibit enhanced rates of contraction, that 
histamine is released, and that C3a is generated when challenged by a specific antigen 
(DEL BALZO et al. 1988). The histamine release was enhanced when serum carboxy
peptidase inhibitor was present, as was the chronotropic (rate) and inotropic 
(magnitude) response. Although the ability of C3a to induce greater release of 
mediators or to enhance responsiveness of sensitized atrial tissue was not examined, 
the implications are that generation of C3a may be potentiated in immediate 
hypersensitivity reactions, and that influences of the generated C3a on the tissue may 
also be enhanced. 

Initial reports of a potential role for C3a in immunomodulation identified inhibition 
of lymphocyte blastogenesis (NEEDLEMAN et al. 1981) and suppression of antigen
specific and polyclonal antibody responses (MORGAN et al. 1982) as C3a-dependent 
effects. Suppression of the humoral immune response by synthetic analogs of C3a 
verified the specificity of this phenomenon (MORGAN et al. 1983). A macrophage
dependent inhibition of natural killer cell cytotoxicity was reported as a function 
mediated by C3a in vitro (CHARRIANT et al. 1982). Human mononuclear leukocytes 
generated reduced levels ofleukocyte inhibition factor in the presence of C3a (10 - 8 M) 
or synthetic C3a (70--77) at 10 - 7-10 - 8 M. Leukocyte inhibition factor inhibits 
neutrophil migration and is produced by mitogen stimulation of mononuclear 
leukocytes (PAY AN et al. 1982). The target cell for this C3a effect has not been identified, 
but it could easily originate at the macrophage. Other cell-derived mediators are 
known to be released by C3a from adherent mononuclear cells (macrophages) 
including interleukin 1 (IL-1; HAEFFNER-CAVAILLON et al. 1987) and thromboxane 
A2 (HARTUNG et al. 1983). 

In an overview considering the regulation of immune responses by complement 
factors, WEIGLE et al. (1983) summarized the status of C3a involvement at the time 
and noted that suppression of the murine immune response was T-cell dependent 
and results from Lyt-l - 2 + suppressor cells. A later study gave details of that 
mechanism as the generation of suppressor T cells (nonspecific Lyt-2 +) at an early 
phase in the C3a response requiring interaction between T cells and macro phages 
(MORGAN et al. 1985a). Suppression of the human in vitro polyclonal antibody response 
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occurs through the generation of nonspecific OKT8+ suppressor T cells (MORGAN 
et aL 1985b). Although IL-2 or IL-2 producing cells can override the suppression 
induced by C3a, the effect of C3a is not to block or reduce IL-2 synthesis. Recent 
studies suggest that the influence of macrophages on the C3a response may be the 
release of endogenous prostaglandins, such as PGE2, which are known to inhibit 
polyclonal antibody secretion in vitro (MORGAN 1987). This hypothesis is supported 
by the effectiveness of indomethacin in reversing C3a suppression of the immune 
response. These data fail to show convincingly that only prostaglandins are involved 
in the suppressive effect. The evidence does favor some involvement of prostaglandins 
along with other factors released from C3-stimulated macrophages in suppressing 
the immune response. The role of C3a in suppression and that of C5a in immune 
enhancement (HUGLI and MORGAN 1984) are perhaps consistent with the relative 
modes for generation of these factors during complement activation. Classical pathway 
activation as a manifestation of autoimmunity or excessive antibody production leads 
mainly to C3a production without efficient C5 conversion (WAGNER and HUGLI 1984). 
It may be beneficial to promote down-regulation (e.g., suppression of the humoral 
immune response) under fhese conditions of activation. STRUNK and WEBSTER (1985) 
have shown that C3a or C3ades Arg can inhibit C3 cleavage by the classical pathway 
but not by the alternative pathway, suggesting a selective feedback control mechanism 
for C3a generation. Conversely, activation of the alternative pathway generates 
significant levels of C5a and occurs in response to the invasion of microbial agents 
whose presence dictates a need for enhaced immunoresponsiveness. Since C5a 
enhancement overrides the C3a suppressive effects, at least under in vitro conditions, 
the role of each anaphylatoxin may be important according to the paricular condition 
of complement recruitment. 

Biologic evidence for platelet activation by C3a was reported for guinea pig platelets 
(BECKER (,':t al. 1978a; MEDER et al. 1981) and for human platelets (POLLEY and 
NACHMAN 1983). The guinea pig platelet response has been characterized both as a 
release reaction (e.g., serotonin release) and as a potent stimulator of cellular 
aggregation (ZANKER et aL 1982). The action of C3a on guinea pig platelets is specific 
for intact C3a; C3ades Arg is ineffective as in other cellular systems such as the macropha
ge. Furthermore, the C3a response occurs independently of the C5a effect. Guinea 
pig C3a was used to elicit the response with guinea pig platelets, and levels above 
10- 8 M C3a were active. It is important to note that C3a from other species (e.g., 
human and porcine) are equally effective in activating the guinea pig platelet. The 
studies carried out in BITTER-SDERMANN'S laboratory failed to find a corresponding 
activity with human platelets. 

Work by POLLY and NACHMAN (1983) demonstrated both C3a-induced aggregation 
and serotonin release from human platelets. These studies had an unusual requirement 
that the responsive platelets needed to be isolated by gel filtration with minimal 
washing, and both C3a and C3ades Arg were effective. The possibility exists that the 
C3a-induced behavior of human platelets described by POLLY and NACHMAN 
represents a nonspecific response. Platelets express heparin on their surface, and 
washing could remove this polyanionic substance to which the polycationic C3a (or 
C3adcs Arg) may bind. If binding of C3a to surface heparin promotes aggregation and 
release phenomena, then this might explain the action of C3a (C3ades Arg) on these cells. 
It has been difficult to demonstrate these same C3a activation events with platelets 
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in plasma, perhaps as a result of interference with the heparin sites by serum proteins. 
Another parameter of these studies that seems questionable is the extremely high 
sensitivity of the human cells to C3a; both aggregation and release occur at 
concentrations 10- 2_10- 3 times lower than those observed with guinea pig platelets. 
The key questions arising from the observed human platelet response to C3a is 
whether it represents a specific receptor-mediated action, and, if not, is it a valid in 
vivo response. 

The interaction of C3a with mast cells is perhaps analogous to the human platelet 
situation in that the binding and activation may be a nonspecific response. Studies 
using isolated rat mast cells have shown histamine release of up to 30% by C3a in 
the 10- 6-10- 5 M concentration range (JOHNSON et al. 1975). Similar concentrations 
of C3ades Arg were unable to induce histamine release; however, higher levels of the 
des Arg derivative were not examined, and uptake of C3a and C3ades Arg by the mast 
cell were nearly identical. Later studies by GERVASONI et al. (1986) suggested that the 
mechanism for C3a uptake by the rat mast cell was nonspecific. The rat mast cell 
binds high levels of C3a, and the bound ligand is then rapidly degraded by the enzyme 
chymase on the cell-surface. Since chymase is conjugated to heparin proteoglycan in 
an insoluble complex at the cell surface, it is speculated that highly cationic C3a 
binds to the heparin which is proximal to the chymase and is thereby susceptible to 
degradation. This conversion of C3a may be an important control mechanism in 
preventing elevated levels of C3a from accumulating and activating the mast cell by 
nonspecific means. 

Cross-linking experiments have failed to demonstrate specific receptors for C3a on 
the mast cell (FUKUOKA and HUGLI 1986). Therefore the mechanisms of activation 
of C3a on the rat mast cell remains a mystery, unless the effect is simply that of a 
polycation which resembles the action of protamines, compound 48/80, and other 
polyamine-like substances. The wider question is whether tissue mast cells in man, 
such as the pulmonary and cutaneous mast cells, differ from rat cells in respect to 
specific C3a receptors. It is known that C3a causes cutaneous mast cells to degranulate., 
and that the skin reaction in man is histamine dependent. It is not known whether 
mast cells are the immediate target cells for C3a in these responses. There does exist 
an enzyme called tryptase in human skin mast cells that is capable of both generating 
C3a from C3 and degrading the C3a once it is formed (SCHWARTZ et al. 1983). 
Tryptase is complexed to heparin proteoglycan at the surface of the human connective 
tissue mast cell in the same manner as chymase is conjugated on the surface of the 
rat mast cell and mucosal mast cells. It is interesting to note that the two cell types 
that appear to respond nonspecifically to C3a (i.e., human platelets and rat mast 
cells) each have heparin on their surfaces. Also, the skin response to intradermal 
injection of C3a is somewhat greater than that to C3ades Arg' but the fact that C3ades Arg 

is active at all suggests two components to the response, one specific and one 
nonspecific. The specific response mayor may not be mast cell targeted while the 
nonspecific response effect could be a mast cell event. 

Although it has been speculated that C3a might interact in a selective manner with 
granulocytes, endothelial cells, muscle cells, and other tissue cell types, there is 
presently no firm evidence for direct activation of any of these cells by the C3a 
anaphylatoxin. Therefore the list of actual cellular targets of C3a is rather short and 
indicates an area in need of further investigation. 
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6 Receptors to C3a Anaphylatoxin 

Current evidence of cell types that actually have receptors for C3a is quite limited. 
Functional evidence for receptor-mediated activation of macrophages (WEIGLE et al. 
1983; HARTUNG et al. 1983; HAEFFNER-CAVAILLON et al. 1987) and platelets (BECKER 
et al. 1978b) appears to be convincing since isolated and purified cells were used in 
these studies. Exclusive of these two cell types, no other isolated cell type has been 
shown to possess a specific binding component (i.e., receptor) on its surface for the 
C3a molecule. In fact, the evidence for receptors on monocytes and macrophages is 
based largely on functional data which demonstrate specificity using either active 
synthetic C3a analogs of the inactive des Arg derivative of C3a, as was the case for 
guinea pig peritoneal macrophages (HARTUNG et al. 1983). Cultured human monocytes 
(adherent cells) were shown to induce both synthesis and release of IL-1 when 
stimulated by a mixture of C3a and C3ades Arg; however, the levels of release were 
widely variant (HAEFFNER:CAVAILLON et al. 1987), suggesting that other factors may 
be involved. Endotoxin of lipopolysaccharide is a strong activator of these cells, and 
in combination with C3a a significant enhancement in IL-1 release occurs, perhaps 
as a consequence of up-regulation of receptor expression. This phenomena may be 
used to explain the wide variations observed as due to the uncontrolled preinduction 
status of the cultured cells. Unfortunately, these cells were only 85% monocytes, and 
therefore evidence that human monocytes bear C3a receptors remains inconclusive. 
Evidence for a C3a receptor on peripheral blood mononuclear cells based on chemical 
cross-linkage experiments, similar to those used in characterizing C5a receptors on 
neutrophils (HUEY et al. 1986) have failed to identify a binding component on the 
cell surface. Similar studies would be required to estabilsh whether lymphocytes have 
C3a receptors, as suggested by various studies (P AYAN et al. 1982). The indications that 
specific receptors for C3a exist on lymphocytes are based on biologic data that are 
perhaps clouded by the presence of monocytes. 

Earlier data suggesting C3a activation of neutrophils appears to have been confused 
by either C5a contamination of the C3a or impure cellular preparations. Attempts 
to cross-link C3a to surface binding components on the human neutrophil have failed 
(FuKUOKA and HUGU 1988) using the same techniques that were successful with the 
C5a ligand (HUEY and HUGU 1987). This techique is vulnerable both to low binding 
affinity and to low levels of the receptor; therefore a negative result fails to prove 
that receptors are indeed absent. Other granulocytes such as eosinophils and basophils 
may possess C3a receptors since functional responses seem to indicate a specific 
action by this ligand (GLOvSKY et al. 1979). Recent evidence that human eosinophils 
have high-affinity C5a receptors makes this cell type a likely candidate for C3a 
receptors (GERARD et al. 1989). 

One cell type from which convincing evidence for C3a receptors was obtained is 
the guinea pig platelet. Initial indications that C3a receptors exist on these platelets 
were based solely on functional results. Isolated guinea pig platelets at high purity 
exhibit serotonin release stimulated by C3a but not by C3ades Arg (BECKER et al. 1978a). 
This specificity is a major criterion for concluding that receptors are present, and 
that the activation process is receptor mediated. Conclusions that "high-and low
affinity" receptor types exist may be questioned in light of the potential for interactions 
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between C3a and heparin on the platelet surface. Certainly the high-affinity interaction 
appears to be specific and receptor mediated. Strains of guinea pigs with platelets 
deficient in the C3a receptor have been described (BITTER-SUERMANN and BURGER 
1986). 

Direct evidence for a C3a receptor on guinea pig platelets was provided by chemical 
cross-linkage of the radiolabeled ligand to a binding component on the cell surface 
(FuKuoKA and HUGLI 1988). The estimated Kd for C3a (human) binding to the 
receptor was 8 x 10- 10 M, with as few as 1200 sites per cell. These estimates of binding 
sites and affinity are suspect since the nonspecific "low-affinity" binding is predomi
nant and obscures an accurate Scatchard-type analysis. When radiolabeled C3a was 
cross-linked to guinea pig platelets using a homo bifunctional reagent, bands were 
detected in the acrylamide gels. The ligand-receptor complex appears diffuse in sodium 
dodecyl sulfate polycrylamide gel electrophoresis, indicating two main binding 
components of Mr 95000 and 105000, exclusive of the ligand (see Fig. 3). These high 
molecular weight platelet components are the putative C3a receptor. 
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Fig. 3a, b. Cross-linking experiments with hu
man C3a and guinea pig platelets. a Lane 1, 
Autoradiography of8% SDS-PAGE gels con
taining SDS extracts from guinea pig platelets 
(2 x 108 cells) incubated with 1251-labeled C3a 
(125I_C3a) and cross-linked with bis(sulfosucci
nimidyl) suberate (BS3). Note the double bands 
at 115000 and 105000 mn (arrows). Lane 2, 
material from platelets exposed tom a 500-fold 
molar excess of C3a prior to addition of the 
1251-labeled C3a and BS3 • Lane 3, that cross
linking failed to occur when 1251-labeled 
C3adeSMg was substituted for 1251-labeled C3a 
in the cross-linking procedure. b Lane 1, a 
platelet extract from cells after cross-linkage 
of 1251-labeled C3a with BS3 . Lane 2, an ex
tract from cells exposed to a 1000-fold molar 
excess of synthetic C3a 57-77 (21 R) before 
1251-labeled C3a and BS3 were added. Lane 3, 
unlike 1251-labeled C3a, the synthetic 1251_ 
labeled C3a 57- 77 peptide did not cross-link 
to the C3a receptor 

The cross-linking pattern was seen only under conditions of intact C3a. Neither 
was inactive product C3ades Arg cross-linked, nor could it compete with the cross
linking ofC3a to the putative receptor. This is as it schould be if the binding component 
identified on the platelet is truly the C3a receptor that relates to specific functional 
responses observed with these cells. Further evidence was given for C3a specificity 
based on the fact that the 21-resid~e synthetic C3a peptide (C3a 57-77) competed 
effectively with natural C3a preventing cross-linkage from occurring with the 
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radio labeled C3a ligand (Fig. 3). Both rat and pig C3a cross-link to the guinea 
pig platelet receptor (Y. FUKUOKA, Personal communication), indicating that C3a 
from various species bind interchangeably to the platelet receptor. 

Similar cross- linking experiments using human platelets have failed to indicate 
the presence of C3a receptors (Fig. 4). Consequently, the existence of specific 
C3a receptors on human platelets is in doubt, and so then is the role and 
importance of C3a on human platelets in general. It is paradoxical that the cell 
type for which the best evidence of C3a receptors now exists may have little 
biologic significance in man. 
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Fig. 4a, b. Attempts to cross-link human C3a 
with human platelets and neutrophils. a 
Autoradiographs of 8% SDS-PAGE gels 
containing SDS extracts from human plate
lets (2 x 108 cells; lane 1) and in guinea pig 
platelets (2 x 108 cells; lane 2) after incuba
tion with 12sI-labeled C3a and BS3 • A cross
linked C3a-binding component was seen 
only in the guinea pig platelets. b Autoradio
graphy of extracts from human polymor
phonuclear leukocytes (PMNs) after incuba
tion with 12sI_lebeled C5 e2S I-C5a; lane 1) 
or 12sI-labeled C3a e2S I-C3a; lane 2) and 
the cross-linker ethylene glycol bis(succini
midylsuccinate) indicate that leukocyte re
ceptors only to C5a can be demonstrated 

Mast cells are perhaps the most likely target for the C3a molecule in terms of the 
known spasmogenic and vascular permeability effects of anaphylatoxins. Several in 
vivo and in vitro actions appear to involve vasoamines and are assumed to require 
mast cell recruitment. The issue of whether mast cells are recruited by C3a in a direct 
or an indirect mechanism remains unsolved. An indirect mechanism could involve 
C3a stimulation of cells that are proximal to the mast cells in tissues, and that release 
factors capable of activating these mast cell. Even if the action of C3a on mast cells 
is direct, it need not be specific or receptor-mediated. In fact, the action of C3a or 
rat mast cells appears to be a direct nonspecific type of activation since C3ades Arg is 
nearly as effective as C3a (HERRSCHER et al. 1986) in stimulating noncytotoxic release 
of preformed mediators. Also, attempts to cross-link C3a to surface components on 
rat mast cells resulted only in the linkage of C3a to the enzyme chymase but not to 
candidates for receptor molecules (Y. FUKuoKA, Unpublished Observations). This 
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preliminary result certainly does not exclude mast cells, particularly human mast 
cells, from the list of C3a receptor bearing cells. It does however point up a need for 
further studies to elucidate the exact mechanisms for C3a effects on isolated and 
resident tissue mast cells. 

7 Assays and Clinical Studies 

The first nonbiologic assay for C3a was designed as a radioimmunoassay (RIA) and 
was adapted for use with plasma and other biologic fluids (HuGLI and CHENOWETH 
1981). Parameters were established such as antibody specificity for C3a, optimal 
sample handling procedures (e.g., disodium ethylenediaminetetraacetate addition and 
rapid removal of the cells) and acidification to remove the precursor C3, so that C3a 
could be measured in any body fluid. This RIA technique affords a reliabke assay 
for plasma C3a levels with baseline concentrations of a factor less than 200 ng/ml, 
or 0.3% of the totai'C3a in fully activated plasma. The protocol for a C3a RIA was 
further outlined by CHENOWETH and HUGLI (1982) and a discussion of possible clinical 
applications utilizing the RIA procedure was included. It was noted that a combination 
of C3a and C4a measurements could provide evidence of not only the extent of 
activation by also an indication of the pathways involved. Detection of only C3a 
indicates alternative pathway activation while the presence of both C3a and C4a 
confirms that the classical pathway was also involved. Time course studies of 
complement activation were monitored by the RIA procedure in serum activated by 
zymosan, cobra venom factor, or heat-aggregated IgG (WAGNER and HUGLI 1984). 
These were the first time-course studies in which generation of all the anaphylatoxins 
were monitored simultaneously in a single sample. Based on these assay procedures, 
a commercial RIA kit was developed by Upjohn Diagnostics (SATOH et al. 1983) and 
is currently available through Amersham Corp. (Arlington Heights, IL, USA; 
RPA-518). 

Most of the clinical C3a data currently published have been collected using 
conventional RIA procedures. Several modifications have been made in the RIA 
procedure including the use of Norit charcoal to bind the free C3a, thus avoiding 
the need for either a second antibody or Staphylococcus aureus in the assay 
procedure. This method permits direct measurement of C3a levels based on dilution 
of the radioactivity introduced to the samples in the form of tracer C3a (LAMeHE 
et al. 1988). 

Enzyme-linked immunosorbent assay (ELISA) systems have recently been develo
ped for C3a utilizing monoclonal antibodies raised to denatured C3 (NILSSON et al. 
1988), to intact C3 (BURGER et al. 1987), to C3a (KLOS et al. 1988), and to the synthetic 
C3a octapeptide (C3a 69-76; BURGER et al. 1988). The monoclonal antibody raised 
to denatured C3 detects C3a but not native C3, permitting direct analysis of the 
anaphylatoxin in biologic samples without the prior removal of precursor C3. This 
method is effective only if the C3 remains undenatured. The monoclonal antibodies 
raised to C3a (868) or to native C3 (Hi3) are specific for C3a and were used to 
develop ELISA systems, but in these. case the C3 was removed by precipitation prior 
to measurement. Therefore, the advantages of an ELISA methodology were largely 
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lost. A more promising system was described by BURGER et a1. (1988) using synthetic 
C3a analogs to produce monoclonal reagent that apparently reacts only with C3a 
without cross-reacting with C3. If this reagent proves to be a true neoantigen, then 
an ELISA system based on this monoclonal antibody may well be the system of 
choice. Prior C3 removal from the biologic samples would not be required for analysis 
of the factor C3ades Arg using the neoantigen ELISA. 

Numerous clinical samples have been examined based on a variety of C3a 
assay procedures. The earliest observations were those of CHENOWETH et a1. 
(1981) who observed significant elevations of C3a levels (p < 0.0001) in the plasma 
of adults undergoing cardiopulmonary bypass. Elevation of C3a was dependent 
on the duration of bypass (i.e., surgical procedure), and the activation was due 
largely to surface contact with the nylon-mesh liner of the bubble oxygenation 
unit and to a lesser extent on the gaseous oxygenation process. It had been 
known that bypass procedures and renal dialysis led to neutropenia and pulmonary 
vascular leucostasis, effects largely attributed to the complement activation product 
C5a (CRADDOCK et a1. 1977). What had not been accomplished was a method 
to accurately monitor the activation products in plasma or an explanation for the 
mechanism of activation. Since plasma C5a levels do not accurately reflect the 
activation status of complement due to a rapid uptake of C5a by neutrophils and 
macrophages, C3a has proven to be a much better indicator of the extent of in vitro 
activation. Likewise, the relatively large quantities of C3a that can be generated 
makes this anaphylatoxin the factor of choice for monitoring low-level activation 
in vitro as well as in vivo. 

Complement activation in renal dialysis patients, as in those with cardiobypass, 
was a result of surface activation, in this case the dialyzer membrane was found 
responsible (CHENOWETH et a1. 1983). The clinical effects of complement activation 
such as post-pump syndrome in cardiobypass patients refers to phenomena observed 
upon restoration of cardiopulmonary circulation. The term first-use syndrome 
characterizes a response which consists of shortness of breath, angina or chest 
tightness, back pain, nausea, vomiting, and hypotension often associated with new 
cuprophane membrane filters being used in hemodialysis. These syndromes have 
largely been eliminated from the clinical scene since the underlying mechanisms were 
elucidated. Informed changes in materials (IVANOVICH et a1. 1985) and practices 
(SUZUKI et a1. 1987) can now be made to improve these treatments, based largely on 
RIA data for the anaphylatoxins. It is widely recognized that blood contact with 
foreign surfaces can lead to pronounced complement activation (SPENCER et a1. 1986). 
A careful analysis of the complement activation data related to extracorporeal 
circulation was provided by GARDINALI et a1. (1986). 

The predictive value of plasma C3a (and C5a) levels in monitoring various clinical 
conditions has received considerable attention. It was initially suggested that 
complement activation may signal the onset of adult respiratory distress syndrome 
(ARDS), an often fatal consequence of acute trauma or sepsis. This syndrome has a 
hypotensive component in part caused by enhanced vascular permeability. Since the 
anaphylatoxins exhibit known vasoactive functions, it was hypothesized that they 
may be directly involved in promoting the syndrome in man. Studies by MAUNDER 
et a1. (1984) and KETAl and GRUM (1986) failed to support this hypothesis of 
anaphylatoxins as direct indicators of adult respiratory distress syndrome. The 
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indicator value of C3a may better monitor development of multisystem organ 
failure as a consequence of severe injury or infection (HEIDEMAN and HUGLI 
1984) and could prove particularly useful in evaluation of therapies for trauma 
patients. An analogous conclusion was reached by investigators (BELMONT et al. 
1986) examining C3a levels in the plasma of patients with systemic lupus erythematosus 
(SLE). The C3a (and C5a) levels were significantly elevated in acutely ill SLE 
patients and in moderately active SLE patients, but not in patients with inactive 
SLE. Whether or not the anaphylatoxin levels relate to microvascular activity 
and participation in the disease process, it seems clear that C3a levels are useful 
in predicting severity of the disease. Elevated C3a has been observed in the 
plasma (KAPP et al. 1984) and synovial fluid (HERMANN et al. 1988) of patients 
with chronic polyarthritis. 

Another clinical area in which the C3a anaphylatoxin may prove useful in 
monitoring the diasease state is dermatology. Several reports have demonstrated that 
anaphylatoxins are present in psoriatic scales and sera of patients with psoriasis 
(TAKEMATSU et al. 1986; OHKOKCHI et al. 1985) as well as in atopic dermatitis (KAPP 
et al. 1985). . 

Measurements of C3a in the cerebral spinal fluid from patients suffering from acute 
monophasic Guillain-Barre syndrome indicated elevated C3a levels when compared 
with controls. Since plasma levels were normal in these patients, it was speculated 
that activation of C3 occurred locally (extravascularly) and was a consequence of 
enhanced vascular permeability. The pathway of act\vation could be either direct. 
alternative pathway involvement with myelin or classical pathway activation by 
immune complexes formed between myelin and autoimmune IgM. These mechanisms 
could perhaps be distringuished by measuring both the C3a and C4a levels, unless 
tissue proteases are also involved. 

Various agents have been examined for their ability to generate the C3a molecule 
in vitro. A number of radiologic contrasts agents were examined in vitro (DAWSON 
et al. 1983) because it has long been known that shock reactions to intravenous 
administration of contrast agents correlate with complement activation (WESTABY 
et al. 1985). The in vitro data indicate that all contrast agents examined caused 
activation of C3. The effects of iodinated contrast media on RIA measurements 
of C3a were discussed by EATON et al. (1987). Other materials that are introduced 
into man as therapeutic agents such as protein A from S. aureus, an agent 
used in cancer therapy, also proved to be efficient activators of complement 
(LANGONE et al. 1984). Allergens show a wide diversity of complement activation in 
vitro and may play a separate role from that of IgE in the allergy-like symptoms 
induced by inhalation of various common agents (NAGATA and GLOVSKY 1987). 
Even cigarette smoke has been shown to enhance plasma levels of C3a in animal 
models (KIHIRA et al. 1987). 

The fact that nearly all foreign surfaces or agents are likely to induce complement 
activation in vivo may limit the usefulness of anaphylatoxin measurements; however 
the sensitive signal that is provided by monitoring C3a release in vitro offers a distinct 
advantage in screening therapeutic agents for undesirable side effects. The assay also 
has promise for testing biocompatability of materials before they are routinely 
introduced to the patient. 
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8 Concluding Remarks 

The C3a fragment released from C3 during complement activation has been 
characterized in detail, and three-dimensional models of its structure in crystal and 
in solution now exist. The unique structural motif of the folded C3a molecule appears 
to be shared only by the anaphylatoxins and defines a group of serum proteins that 
function as humoral hormones. The family of humoral factors including C3a, C4a, 
and C5a are ligands having specific receptors on selected cell types. Interactions 
between the C3a/C4a molecules and cell surface receptors stimulate the various 
biologic actions that are attributable to this factor. Cell types bearing receptors to 
C3a have been identified, although a complete list is yet to be compiled. Numerous 
tissue responses to C3a have been documented, and in some cases the mechanisms 
are understood. It seems apparent that most of the activities associated with C3a are 
elicited by cell-derived mediators released from the target cells. Effects of C3a in vivo 
are less well defined in terms of their physiologic or pathophysiologic importance. 
Clinical conditions that result from extensive complement activation have complex 
sequelae that are not easily assigned as developing as a consequence of exposure to 
C3 cleavage products. The possible role or roles for C3a in vivo remain an enigma. 
What is becoming clear is that the presence of high levels of C3a in bodily fluids 
signals abnormal immunologic events. The capability of monitoring C3a levels in 
patients with acute disease may provide a further means of assessing therapeutic 
efficacy and will eventually aid in defining the true biologic role ofthis most abundant 
of the anaphylatoxins. 
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1 Structures of Complement Proteins: Prospects 
for Tertiary Structure Determination 

Progress in determining the primary structures of complement components has been 
very rapid during the 1980s, and, with a few minor gaps, the amino acid sequences 
of all of the recognised soluble components of the system have been determined from 
protein or DNA sequencing. The primary structures of many cell-surface components, 
including complement receptor types 1-4 (CR1, CR2, CR3, CR4), membrane cofactor 
protein (MCP) and decay-accelerating factor (DAF), all of which interact with 
fragments of C3, have also been derived from DNA sequences (for review see R. D. 
CAMPBELL et al. 1988; REID and DAY 1989; DAY 1989). 
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Despite efforts in many laboratories, however, progress in determining tertiary 
structures at high resolution (e.g. by X-ray crystallography) has been disappointing. 
Only the structure of the small C3a fragment has been established in this way (HUBER 
et al. 1980). The relatively large size of many complement components, together with 
moderately high glycosylation, conformational instability (for example, in C3 and 
C4) or susceptibility to random proteolysis, makes these proteins unattractive 
candidates for crystallization. Information on tertiary structures of complement 
proteins is essential if we are to reach an understanding of the extensive protein-protein 
interactions, probably involving large areas of the protein surfaces, which are a 
dominant feature of the system. 

In the absence of crystallography data, useful information at lower resolution can 
be obtained from simple hydrodynamic studies, and, for at least the larger proteins, 
from electron microscopy. Data from these techniques can be refined and considerably 
extended by low-angle X-ray and neutron-scattering techniques. Scattering methods 
have the advantage that they are performed with soluble samples, often in conditions 
close to physiological, and are not influenced by artefacts created during sample 
preparation, a frequent problem in electron microscopy. Scattering techniques can 
also indicate features of molecular flexibility and, in appropriate circumstances, 
conformational changes in solution. Such techniques can be used to examine complex 
formation when two or more proteins are mixed and may provide invaluable 
information on the formation of complexes between, for example, C3b and factor H 
or factor B (PERKINS 1988). 

A further opportunity to pursue the determination of tertiary structure has arisen 
from the striking mosaic and multi-domain characteristics of most complement 
proteins, features which can be deduced from the amino acid sequences (R. D. 
CAMPBELL et al. 1988; DAY 1989). With the unfortunate exceptions of C3, C4 and 
C5, most complement proteins for which amino acid sequence is available are made 
up of small units of structure, which often correspond to independently folding 
domains and are referred to as modules (PATTHY 1985), structural motifs, repeats or 
domains. A summary of features of structural motifs in complement proteins is shown 
in Table 1. Further details of those occurring in proteins which interact with C3 are 
presented in the next section. Many of the small structural units shown in Table 1, 
and particularly the EGF (epidermal growth factor), CCP (complement control 
protein repeat or short consensus repeat), LDLR (low density lipoprotein receptor 
repeat, type A) and the TP (thrombospondin repeat) structures are of suitable size 
for attempts at high-resolution tertiary-structure determination by two-dimensional 
nuclear magnetic resonance (2D-NMR) techniques (WUTHRICH 1986; CLORE and 
GRONENBORN 1987; I. D. CAMPBELL et al.1989). With available information on cDNA 
sequences of complement proteins, coding sequences for individual domains can be 
tailored into expression vectors, and the domains synthesised in simple eukaryotic 
systems. Provided that the expressed domains undergo correct assembly of disulphide 
bridges, fold homogeneously, and do not require complex post-translational modifica
tions, their structures can be determined by 2D-NMR. Alternatively, quantities of 
some domains, sufficient for 2D-NMR analysis, may be obtainable by proteolysis of 
the protein in which they are contained. The tertiary structure of epidermal growth 
factor has been obtained in this way (for review see I. D. CAMPBELL et al. 1989) and 
serves as a basis on which to model the structure of EGF domains in C1r, CIs and 



T
ab

le
 1

. 
S

tr
uc

tu
ra

l 
un

it
s 

re
co

gn
is

ed
 a

t 
th

e 
am

in
o 

ac
id

 s
eq

ue
nc

e 
le

ve
l 

in
 c

om
pl

em
en

t 
pr

ot
ei

ns
 

U
ni

t 
A

bb
re

vi
at

io
n 

L
en

gt
h 

an
d 

co
ns

er
ve

d 
P

ro
te

in
 in

 w
hi

ch
 u

ni
t i

s 
pr

es
en

t, 
an

d 
nu

m
be

r 
of

 u
ni

ts
 

fe
at

ur
es

 
pe

r 
po

ly
pe

pt
id

e 

C
om

pl
em

en
t 

co
nt

ro
l 

pr
ot

ei
n 

C
C

P
 (

SC
R

) 
60

-7
5 

re
si

du
es

; 
fo

ur
 C

ys
, 

C
R

1 
(3

0)
, 

H
 (

20
), 

C
R

2 
(1

5/
16

), 
C

4b
p 

(S
 +

 3
)"

, 
D

A
F

, 
re

pe
at

 (
sh

or
t 

co
ns

en
su

s 
re

pe
at

) 
on

e 
T

rp
 

M
C

P
 (

4 
ea

ch
), 

B
, 

C
2 

(3
 e

ac
h)

, 
C

1r
, 

C
1s

 (
2 

ea
ch

), 
C

6,
 C

7 
(2

 e
ac

h)
 

E
pi

de
rm

al
 g

ro
w

th
 f

ac
to

r 
do

m
ai

n 
E

G
F

 
35

-4
0 

re
si

du
es

; 
si

x 
C

ys
 

C
1r

, 
C

1s
, 

C
6,

 C
7,

 C
Sa

, 
C

Sp
, 

C
9 

(1
 e

ac
h)

 
L

ow
-d

en
si

ty
 l

ip
op

ro
te

in
 r

ec
ep

to
r 

L
D

L
R

 
40

 r
es

id
ue

s;
 s

ix
 C

ys
 

I 
(2

), 
C

6,
 C

7,
 C

Se
x,

 C
sp

, 
C

9 
(1

 e
ac

h)
 

do
m

ai
n,

 t
yp

e 
A

 
T

hr
om

bo
sp

on
di

n 
re

pe
at

 
T

P
 

60
 r

es
id

ue
s;

 s
ix

 C
ys

, 
P 

(6
), 

C
6"

 C
7,

 C
Se

x,
 C

Sp
 (

2 
ea

ch
), 

C
9 

th
re

e 
T

rp
 

V
on

 W
il

le
br

an
d 

fa
ct

or
 r

ep
ea

t 
V

W
F

 
17

0-
22

0 
re

si
du

es
 

C
R

3,
 C

R
4,

 C
2,

 B
 (1

 e
ac

h)
 

Se
ri

ne
 p

ro
te

as
e 

do
m

ai
n 

S
P

 
21

0-
24

0 
re

si
du

es
 

D
, 

C
1r

, C
1s

, 
C

2,
 B

I 
(1

 e
ac

h)
 

C
 1

 ri
C

 1
 s-

sp
ec

if
ic

 r
ep

ea
t 

C
1r

ls
 

10
6-

11
4 

re
si

du
es

; 
tw

o 
C

ys
 

C
1r

, 
C

1s
 (

2 
ea

ch
) 

F
ac

to
r 

I/
C

7 
re

pe
at

 
I/

C
7 

60
-7

0 
re

si
du

es
; 

ei
gh

t 
C

ys
, 

I,
 C

6,
 C

7 
(1

 e
ac

h)
 

on
e 

T
rp

 
M

et
al

 (
di

va
le

nt
 c

at
io

n)
 b

in
di

ng
 

M
B

 
60

 r
es

id
ue

s 
C

R
3,

 C
R

4 
ex

-c
ha

in
s 

(7
 e

ac
h)

 b 
do

m
ai

ns
 

D
at

a 
fo

r 
C

6 
ar

e 
ta

ke
n 

fr
om

 C
ha

kr
av

ar
ti

 e
t 

al
. 

(1
9S

9)
. 

a 
C

4b
p 

ha
s 

S 
C

C
P

s 
on

 e
ac

h 
of

 7
 i

de
nt

ic
al

 p
ol

yp
ep

ti
de

s,
 p

lu
s 

3 
or

 m
or

e 
C

C
P

s 
in

 a
n 

ad
di

ti
on

al
 s

ub
un

it
 (

R
ei

d 
an

d 
D

ay
 1

9S
9)

; 
b 

E
ac

h 
ch

ai
n 

co
nt

ai
ns

 7
 r

ep
et

it
iv

e 
st

ru
ct

ur
es

, 
of

 w
hi

ch
 o

nl
y 

3 
ar

e 
lik

el
y 

to
 b

in
d 

di
va

le
nt

 c
at

io
ns

 

~
 

o <> n C
 EO
 

.., ~
 

o 0
- ~
 

5'
 

OC
> g,
 

(J
 

w
 [ ~
.
 i ~ tv
 

.....
 

.....
 



212 R. B. Sim and S. J. Perkins 

C6-C9. Substantial progress has been made in expressing and analysing one CCP 
structure from human factor H (BARON et al. 1989), and resolution of a small number 
of these domains will provide a basis for modelling any of the CCPs from CR1, CR2, 
H, C4bp, etc. Further information on the way in which domains fit together to form 
the whole protein can be obtained from 2D-NMR and from X ray and neutron 
scattering. In this way, an approach can be made to predicting, with high accuracy, 
the complete tertiary structure of some of the complement proteins. Similar methods 
are being applied successfully to proteins of the coagulation system (for review of 
domain structures of coagulation proteins, see PATTHY 1985; FURIE and FURIE 1988). 

The proportion of the primary structure of complement proteins which is occupied 
by recognizable domains or repetitive structures is shown in Table 2. Those com
ponents which are made up largely of such structures are good candidates for the 
domain-by-domain approach to determining tertiary structure. 

Table 2. Proportion o~primary structure occupied by recognised domains or repetitive structures 

Protein 

C3, C4, C5 
CR3, CR4 (X-chains 
C9 
C1q 
C8 (X- and ~-chains 
C6, C7 
I 
DAF, MCP 
P 
B, C;Z 
H, CR1, CR2, C4bp 
Clr, Cls 
D 

Proportion 

5% 
30% 
30% 
30% 
45% 
55% 
70% 
70% 
80% 
90% 

>90% 
>90% 
100% 

Domain type 

C3a, C4a, C5a 
VWF, MB 
LDLR, EGF, TP 
Collagen 
LDLR, EGF, TP 
CCP, TP, EGF, LDLR, IjC7 
LDLR, SP, IjC7 
CCP 
TP 
CCP, VWF, SP 
CCP 
CCP, EGF, SP, Clrjs 
SP 

Estimates for C6-C9 do not take account of a region of homology with perforin 

2 Domain Structures Present in Proteins that Interact with C3 

Of the structures described in Tables 1 and 2, those occuring within proteins which 
interact with C3 include CCP, TP, VWF, LDLR, serine protease (SP), factor I/C7, 
and metal-binding (MB) domains. The characteristics of these structures have been 
reviewed in detail by DAY (1989). 

2.1 Complement Control Protein Repeat 

The commonest domain type in complement proteins is the CCP (DAY 1989; Table 1). 
It also occurs in many non-complement proteins, including ~2 glycoprotein I, 
interleukin 2 receptor, thyroid peroxidase, cartilage proteoglycan core protein, 
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coagulation factor XIII f3-chain, a 35-kDa protein from vaccinia virus, factor C 
protease of horseshoe crab, and haptoglobin (DAY 1989). This unit is rather variable 
in length, of about 56-75 amino acids (average 60 or 61), with four conserved cysteines 
and conserved acidic, proline, tryptophan and Tyr/Plie residues. The consensus 
sequence is shown in Fig. 1. Disulphide bridges are formed between cysteines 1 and 
3, 2 and 4 within the CCP, indicating strongly that each CCP folds independently 
of others (DAY 1989). With few exceptions, each CCP is encoded as a single exon at 
the gene level. Proteins which contain many CCPs (such as factor H, f32I and C4bp) 
can be shown by simple hydrodynamic methods to have very elongated structures, 
and this is confirmed by electron microscopy and scattering techniques (for summary 
see SIM et al. 1986; PERKINS et al. 1986). This has led to the general view that CCP 
units are assembled in proteins like small beads on a string, each unit having 
dimensions of about 45 x 20 x 20 A, where 45 Ais the length (PERKINset al.1986). 

CCP xCxxPPxlxNGxlxxxxxxxYxxGExVxYxCxxGYxxxxGxxxlxCxxxGxWxxxxPxCxx 

TP DxGWxxWSxWxxCSxTCGxGVxxxRxRxCN---5tolO---CxGxxxExxxCxxQxxC 

LDLR xxCxxxxxFxCxxxGxClxxxxxCNGDxDCxDxSxDExxxxC 

riC? xxCxxWxxxxxxxxxCVCxxxxxCxxxxxxxCxxxxxxxxxxxxxxCxxxxxxCxxxxxxxxxxxxCxxxxx 

Fig. 1. Consensus sequences for the CCP, TP, LDLR and l/C7 structures. Conserved amino 
acids are shown in one-letter code. Dashed lines with numbers in the TP sequence represent 
gaps of variable length; X, non-conserved positions 

Prediction of secondary structure from primary structure is not expected to have 
an accuracy of greater than 50%-60% where single sequences are involved. However 
since the sequences of well over 100 CCPs are now available, secondary structure 
predictions of much greater statistical validity can be made. Secondary structure 
prediction methods, in which predictions for 101 CCP sequences were averaged, in 
combination with Fourier transform infrared spectroscopy (FTIR) of factor H (which 
contains 20 CCPs) has resulted in a satisfactory model for the secondary structure 
of the CCP. FTIR spectra are consistent with extensive anti-parallel f3-strand 
secondary structure. Structure prediction indicates clearly that residues 21-51 of the 
61-residue (average) CCP form four strands of f3 structure and four f3 turns (PERKINS 
et al. 1988). Residues 7-20 and 52-61 are also reasonably compatible with the f3-sheet 
structure. The model accounts for the pattern of conserved alternating hydrophobic 
and hydrophilic residues within the CCP, the hydrophobic residues being at the 
interface between two f3 sheets. The semi-conservation of glycine residues at turn 
positions is also consistent with the model, as are the positions of some insertions 
in the sequences, at predicted external loops. Further high-resolution structural 
determination by 2D-NMR (BARON et al. 1989) is expected to refine this relatively 
simple model. 

Although CCPs occur in many proteins which bind C3 or C4 fragments, it is clear 
that not all proteins containing CCPs bind such fragments. It is also evident that 
within C3 or C4 fragment-binding proteins, such as CR1, CR2 or factor H, only a 
few of the many CCPs present are likely to be involved in binding these ligands. In 
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factor H, the major C3b binding site is likely to be located in one or more of CCPs 
4,5 or 6 (ALSENZ et al. 1985) although a subsidiary C3b binding sitt1 may occur more 
towards the C-terminus. In CRI two C3b and one C4b binding regions have been 
detected, involving in total about six of the CCPs in the molecule (KUCKSTEIN et al. 
1988). Evidently CCPs in DAF, MCP, CR2 and C4bp are involved in binding C3 
fragments or C4b, and CCPs at the amino-termini ofC2 and factor B are also involved 
in C4b and C3b binding. It can be suggested that CCPs in Clr and CIs may interact 
with C4b, although there is no experimental evidence to support this hypothesis. 
Similary, CCPs in C6 and C7 could be involved in binding C5, a homologous of C3 
and C4. As with the immunoglobulin domain, however, it is to be expected that 
structures mediating many different functions may be superimposed on the basic 
~-sheet framework structure of the CCP. Further functions for CCPs remain to be 
investigated. Further very similar structures which contain six rather than four cysteine 
residues have recently been reported in the platelet and endothelial cell proteins 
ELAM 1 and G MP 140, and in the lymph node homing receptor MEL-14 (for summary 
see REID and DAY. 1989). 

2.2 Thrombospondin Repeat 

The thrombospondin repeat first observed as a repetitive feature in thrombospondin, 
a 420-kDa adhesion protein, is present in properdin (GOUNDIS and REID 1988) 
and C6-C9 (Table 1). A consensus sequence for this repeat is shown in Fig. 1. 
Like the CCP, the TP repeat is about 60 amino acids long but contains six 
highly conserved (but not in varied) Cys residues three Trp residues and conserved 
Pro, Ser, Gly and Arg residues. The position of disulphide bridges is unknown. 
A combination of averaged secondary structure prediction backed up by FTIR 
of properdin (which contains six TPs), has been performed (PERKINS et al. 1989a) 
in a similar way to that reported above for CCPs. The results indicate a structure 
with 19%-38% ~ sheet, and an unusually high percentage of ~ turn (57%-66%). 
The high amount of turn structure is consistent with Gly, Pro, Cys and Ser 
being the four most abundant amino acids in properdin. 

Estimates from electron microscopy of properdin and consideration of the 
secondary structure indicate that the TP is similar in size (3.3-4.3 nm) to a CCP, 
and, as with the CCP, that contiguous TPs give rise to a very elongated protein 
structure. The TP structure is of appropriate length for tertiary structure determination 
by 2D-NMR and is likely to fold as an independent domain. 

Again, it has been suggested that since TPs in properdin are likely to mediate 
binding to C3b, similar structures in two malaria parasite proteins may possess this 
function (GOUNDIS and REID 1988). Similarly it is possible that TPs in C6-C9 may 
have a role in C5 binding, but there is as yet no experimental evidence for these 
suggestions. 

2.3 Von Willebrand Factor Repeat 

The VWF domain is a region of about 220 amino acids which occurs as a triple 
repeat in Von Wille brand factor. Single regions homologous to this are present 
in each of the a-chains of CR3, CR4 (pI50,95) and LAF-l but not in other 
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integrins described to date. A single such unit is also found in the N-terminal region 
of Bb and, with relatively poor sequence identity, in the corresponding region of C2. 
This structure contains no highly conserved cysteines, and there is insufficient 
information available to draw conclusions as to whether it folds homogeneously as 
one independent domain. 

Because of this, and because of its relatively large size, it is not a good candidate 
for structural determination by 2D-NMR. Since this structure is present in B, CR3, 
CR4 and in a modified form in C2, it is possible that it mediates magnesium ion 
dependent binding to C3b, iC3b or C4b. Potential magnesium ion binding sites within 
VWF domains have been suggested (CORBI et al. 1988). 

2.4 Low-Density Lipoprotein Receptor Domain Type A 

Low density lipoprotein receptor contains seven contiguous repetitive units about 
40 amino acids long, each with six cysteine residues (for summary see STANLEY et al. 
1986). The LDLR repeat occurs twice in factor I but not in other proteins which 
interact with C3. It is also present in C6-C9. A consensus sequence is shown in 
Fig. 1. There is only fragmentary information on the disulphide-bridging pattern, 
intron-exon arrangement or function of this structure. 

2.5 Serine Protease Domain 

The SP domain is a well-characterised large structural unit which contains numerous 
conserved residues, including the Asp-His-Ser charge relay catalytic system, and 
residues determining the specificity of the serine proteases. The tertiary structures of 
small serine proteases such as trypsin and chymotrypsin have been determined to high 
resolution by X-ray crystallography (for review see YOUNG et al. 1978) and provide a 
basis for modelling the structures of the SP domains of all the complement proteases. 
Among the proteases which act on C3, the SP domain of factor I contains an Asp 
residue at position 501, the region associated with binding of the side chain of the 
substrate amino acid residue on the amino-terminal side of the bond cleaved. This is 
consistent with the specificity of factor I for cleaving arginyl bonds. The factor I SP 
domain contains, in comparison with other SPs, an additional disulphide bridge which 
is also present in urokinase and tissue plasminogen activator (CATTERALL et al.1987). 

The SP domain of factor B, of which a model has been constructed based on 
trypsin and chymotrypsin coordinates (CAPORALE et al. 1984), and that of C2 are in 
the C-terminal half of Bb and C2a and are unusual in that activation of these 
pro enzymes does not involve proteolytic cleavage at the amino-terminus of the SP 
domain. A general mechanism ocurring after activation of serine proteases, involving 
conformational changes partly due to salt bridging of the newly created amino
terminal residue of the SP domain (usually Ile or Val) cannot occur in C2 or factor 
B, as the site of proteolytic activation of these molecules is distant in the primary 
sequence from the SP domain. In both factor Band C2, the SP domains contain a 
number of small insertions in the primary sequence not seen in other serine proteases, 
and one or more of these may have a role in interaction with substrate (BENTLEY 
and CAMPBELL 1986). 
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2.6 Factor I/C7 Repeat 

A region in factor I (residues 29-93) originally interpreted as being an EGF domain 
(CATTERALL et al. 1987) is now recognised as a longer type of repetitive sequence, of 
which two examples are found at the C-terminus of C7 (residues 678-751 and 
752-821 and in C6 (DAY 1989; R. G. DISCIPIO, personal communication). Each 
unit ofthis type contains eight conserved Cys residues and one conserved Trp residue. 
The disulphide-bridging pattern and the function of this structure are unknown. The 
structure is of suitable size for analysis by 2D-NMR if it does fold as an independent 
domain. 

2.7 Metal-Binding and Other Domains 

CR3 and CR4 contain within their ct.-chains seven repeating elements 47-64 residues 
in length. These la.ck conserved cysteine residues. The fIfth, sixth and seventh such 
repeats contain within them divalent cation binding consensus sequences similar to 
the EF hand. The three-dimensional structure of the putative calcium ion and 
magnesium ion binding regions of these domains could be modelled on the known 
tertiary structure of other calcium and magnesium ion binding proteins such as 
parvalbumin and calmodulin (PYTELA 1988; CORBI et al. 1988). 

Other structures of a repetitive or predictable nature within the proteins which 
interact with C3 are the cysteine-rich segments of the ~-chain of CR3 or CR4 (LAW 
et al. 1987) and the collagenous region of conglutinin (STRANG et al. 1986; THIEL and 
REID 1989). 

2.8 Summary 

Of the structural motifs discussed above, the SP domains and portions of the MB 
regions can be modelled on existing crystallographic data. The CCP, TP, LDLR and 
I/C7 structures are suitable in size for attempts at high-resolution tertiary structure 
determination by 2D-NMR. The VWF homology is too large for this technique to 
be applied, and it is not yet possible to predict whether this type of sequence folds as 
an independent domain. As noted in Table 2, however, C3, C4 and C5 are not made 
up of numerous small domains, and so crystallisation of the whole molecules or of 
the large domains corresponding to C3c and C3d still remains a favourable approach. 

3 Ultrastructure of Proteins that Interact with C3 

3.t CRt, CR2, MCP, DAF, and Factor H 

Each of the proteins CR1, CR2, MCP, DAF and factor H is made up entirely or 
predominantly of CCP units (Tables 1,2). Hydrodynamic measurements on factorH 
(SIM and DISCIPIO 1982) indicate a very elongated structure (frictional ratio 2.1), and 
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recent electron microscopy shows a thin thread-like structure with a slight kink or 
bend near the middle, giving a predominant flattened V shape. The overall length is 
in the range of 60-80 nm (A. J. DAY, personal communication). Electron microscopy 
of CRI has also been reported (BARTOW et al. 1989), again indicating a filamentous 
structure, 80-90 nm long and about 3 nm thick, with a small globular end. In this 
case a "string of beads" appearance was noted, each bead (possibly corresponding 
to one CCP) being about 3 nm in diameter. The overall length of CRl, which has 
30 CCPs, suggests a rather smaller length for each CCP (3 nm) than the estimates of 
about 4.5 nm based on C4bp structure (PERKINS et al. 1986). An earlier brief report 
of electron microscopy of factor H suggested a length of only 28 nm, with a large 
globular portion (SMITH et al. 1984a). This may have arisen froni a sample preparation 
artefact. 

CR2, consisting of 15 or 16 CCPs, is likely to be similar in shape to Hand CRl. 
MCP and OAF, with 4 CCPs each, might be expected to have an elongated N-terminal 
region, but the effect on the overall shape of the extensive O-glycosylation of the 
C-terminal halves of these molecules is difficult to predict. 

3.2 Factors B and I 

The two proteases which act on C3 and its fragments are of similar size, but in terms 
of domain structures the only common feature is the SP domain. The SP domain of 
B has been computer-modelled (CAPORALE et al. 1984), and the same could be done 
for the factor I SP domain. Electron microscopy offactor B, Bb and C3bBb complexes 
(SMITH et al. 1984b: VOGEL et al. 1984) indicates that factor B is globular, about 
8-9 nm diameter, and appears as a three-lobed structure. Each lobe or domain is 
4 nm in diameter. It is likely that one lobe corresponds to the three CCPs in the Ba 
region, since the Bb fragment has only two lobes, of similar size. Possibly, therefore, 
the three CCPs in Ba do not adopt an elongated shape, as in factor H, but rather 
interact non-covalently with each other to form a more compact structure. The two 
lobes in Bb are connected by a short linking strand, and only one lobe makes contact 
with C3b. These two lobes may correspond to the SP domain (C-terminal) and the 
VWF repeat-containing region (N-terminal) 

3.3 Conglutinin 

The ultrastructure of bovine conglutinin has been investigated (STRANG et al. 1986) 
and has been described as a tetramer of four "lollipop" structures emanating from 
a central hub. It is suggested that the conglutinin monomer (40-kDa) polypeptides 
associate in threes, and the 180-residue-Iong collagenous regions near the N-termini 
intertwine to form a collagen triple helix, while the C-terminal regions of the three 
polypeptides combine to form a globular head. This represents one "lollipop". Four 
of these structures associate to form the native molecules (480 kDa). The recently 
described human conglutinin is likely to have a similar shape (for discussion see 
THIEL and REID 1989). 
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3.4 Properdin 

The properdin monomer consists largely of six TP units and, like the CCP-containing 
proteins, is very elongated. Electron microscopy (SMITH et al. 1984c) indicates that 
the monomer polypeptide (56 kDa) is a flexible rod about 24 nm long, with a sharp 
bend in the middle. These associate to form cyclic dimers, trimers, tetramers and 
higher oligomers. Trimers appear to be the commonest form. The head-to-tail 
intersubunit contacts form a small loop structure. 

3.5 CR3, CR4, and Other C3 Receptors 

CR3 and CR4 are both members of the integrin family, and although there are no 
ultrastructural data for these two receptors, the structurally related fibronectin 
receptor has been examined by electron microscopy. At high detergent concentration 
(where, presumably, oligomerisation via interaction of membrane-spanning segments 
was avoided), it was seen as having a U, or staple shape. The portion at the bend of 
the U corresponded to a thick globular head, approximately 8 x 12 nm, with the 
straight parts of the U formed from two "tails" about 2 nm thick and 20 nm long 
(Nermut et al. 1988). It appears that one tail is made up of p-chain sequence, the 
other of ex-chain, and the globular portion contains segments of both chains. 

The identification of a fifth type of C3 receptor (CR5) at the molecular level is still 
not fully established. JOHNSON et al. (1989) have hypothesised that intercellular 
adhesion molecule-l (ICAM-l), a member of the immunoglobulin superfamily, may 
be a C3 fragment-binding protein. The hypothesis was made on the basis of two 
observations: (a) an antibody to ICAM-1 has been reported to inhibit C3b binding 
to cells; (b) it was suggested that ICAM-l contains a CCP unit, like CRl, factor H, 
etc. The latter suggestion is incorrect, as there is no statistically valid homology 
between ICAM-l and CCP sequences, but the studies with antibodies merit further 
investigation. 

4 The Structures of C3, C4, and C5 

C3, C4 and C5 are homologues and also interact with each other, since it is now 
apparent that in forming the C5 convertases activated C3 binds covalently to a surface
bound C4b or C3b molecule, and that the C4b-C3b or C3b~C3b complexes form a 
binding site for C5 (TAKATA et al. 1987). Electron microscopy ofC3, C3 fragments and 
homologues (VOGEL et al. 1984, and as summarised by PERKINS and SIM 1986) have 
given variable results. Extensive solution scattering studies of C3 and C4 and their 
fragments and ofC5 (PERKINS and SIM 1986: PERKINS et al. 1989b, c) show that C3, C4 
and C5 can all be represented by a similar two-domain shape, consisting of a flat 
ellipsoid about 18 nm long, 2 nm thick and 8~1O nm wide, with a smaller flat domain 
of 2 x 4 x 9 nm (Fig. 2). The larger domain represents the C3c or C4c region of the 
molecule, and the smaller is the C3d or C4d region. No movement of the domains 
relative to each other was detected· on conversion of C3 or C4 to the form in which 
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the thiolester is hydrolysed (C3u or C3b-like C3 and the equivalent in C4), but on 
proteolytic activation and removal of C3a or C4a there is a large conformational 
change, with the two domains moving closer together. Two interpretations of this 
movement, both compatible with the experimentally obtained scattering curves, are 
shown in Fig. 2. These models are similar in shape to some of the electron microscope 
images seen by VOGEL et al. (1984). The single major difference between C3 and C4 
observed in these studies was that C4c, unexpectedly, exists in solution as a 
non-covalent dimer, while C3, C3b, C3c, C3d, C4, C4d and C5 were all monomeric. 

C3 or C3u 
o 

C3b 
nm 

Fig. 2. Models of C3 derived from scattering studies. As noted in the text, C3 and C3 in which 
the thiolester has been cleaved have the same conformation at this resolution. In C3b the two 
domains move closer to each other; two possible conformations are shown. The equivalent 
forms of C4 and C5 have shapes essentially identical to those shown here 

C3, C4 and C5, unlike most complement components, do not have a recognisable 
multi-domain structure at the amino acid sequence level. At the ultrastructural level 
they appear to consist of only two large domains. They are therefore, as noted above, 
poor candidates for determination of tertiary structure with a segment-by-segment ap
proach. The three-dimensional structure of one small region of C3 and C4 is, however, 
of exceptional interest and can be modelled. This region is the thiolester site, which 
consists only of the highly conserved pentapeptide sequence Gly-Cys-Gly-Glu-Gln, 
with the thiolester formed between the SH of Cys and the side-chain carbonyl of 
GIn. C5 lacks the GIn residue and does not form a thiolester. The thiolester is 
extremely reactive once C3 or C4 has been activated by proteolysis and has a half-life 
of only about 0.1 ms (SIM et al. 1981). It is in contrast relatively unreactive in the 
native proteins. Since in the native proteins the thiolester can be attacked only by 
low molecular weight nucleophiles (e.g. ammonia, water), it is clear that the thiolester 
is shielded from the environment by the folding of the polypeptide chain. Once C3 
or C4 is activated, the thiolester appears to become exposed ; however, in this condition 
it is several orders of magnitude more reactive than a simple thiolester. Thus a 
mechanism of charge transfer or polarisation must exist to increase the electrophilic 
properties of the carbonyl group of the thiolester. This mechanism may come into 
existence only when C3 is activated or may pre-exist in the native molecule. One 
simple explanation for the activation of the carbonyl group is the formation of a 
hydrogen bond between the OH group of the Glu side chain and the oxygen of the 
thiolester carbonyl (Fig. 3; DAVIES and SIM 1981). Models of the pentapeptide structure, 
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b 

Fig. 3a, b. The conformation of 
the thiolester in C3. a Confor
mational drawing. Dotted line, 
hydrogen bond. b A space-filling 
model showing the position of 
the thiolester and the hydrogen 
bond. Details are given in the 
text 

with the hydrogen bond appropriately placed (Fig. 3) have two attractive features, 
in addition to providing the required enhancement in reactivity. These are (a) the 
planar thiolester is completely shielded from solvent on one side by the pentapeptide 
itself, thus requiring only a single protein segment to shield the other side; (b) the 
normally planar peptide bond between the Glu and Gin residues is distorted, an 
essential feature in explaining the unusual autolytic cleavage reaction which occurs 
when C3 or C4 is denatured (SIM and SIM 1983). In this reaction, nucleophilic attack 
by the distorted peptide bond NH on the thiolester carbonyl results in peptide bond 
cleavage and formation of a new cyclic N-terminus. This small segment of C3 can 
therefore be modelled satisfactorily. 
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The third component of complement is central to both pathways of the complement 
cascade and in mediating or initiating the bulk of physiological and often pathological 
effects of this system; it is also dominant due to its abundant plasma concentration 
and the number of different epitopes and binding sites for a large number of 
cooperating and regulatory, soluble and membrane-bound proteins. Consequently, 
deficiencies in C3 would be expected to exhibit a life-threatening clinical picture. In 
the early years of discovering complement deficiency states it was thought that C3 
deficiency in man does not exist because of the presumed inherent lethality. When 
the first human C3 deficiences were described, followed by reports of genetic defects 
of C3 in guinea pigs and dogs, a more realistic and differentiated picture as to the 
biological role of C3 in vivo emerged. This view was supported by in vivo data from 
transient C3 deficiencies secondary to massive activation of C3. Our knowledge about 
the central function of this component has been broadened through experimental in 
vivo models of C3 depletion and disease-associated C3 consumption or hypercatabo
lism, due to disturbances in the regulatory network which physiologically guarantees 
a delicate balance between activation and inactivation of C3. 
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schow-Str. 8, 3000 Hannover 61, FRG 
2 Department of Immunology, Robert Koch-Institute, Bundesgesundheitsamt, Nordufer 20, 
1000 Berlin (West) 65 
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In this chapter we discuss primary human C3 deficiencies and genetic C3 deficiencies 
in animals and give an overview of secondary or acquired deficiencies in man 
and of experimental depletion of C3 in animals. 

1 Inherited Deficiencies of Human C3 

The first report on the probable existence of a genetically controlled human C3 
deficiency was from ALPER et al. (1969) who presented a family with seven members 
exhibiting a heterozygous state, i.e., only half of normal C3 concentration in plasma 
due to one normal and one silent allele inherited in an autosomal codominant fashion. 
All affected members of this family were quite healthy. Three years later the same 
group of authors described the first case of total C3 deficiency (ALPER et al. 1972). 
This patient, a 15-year-old white South African girl was homozygous for a blank or 
null C3 allele and showed less than 0.1 % plasma C3 in protein and hemolytic terms. 
The impressive family tree of this patient over three generations undoubtedly revealed 
the autosomal codominant inheritance of a blank C3 gene (C3 QO) allelic to the 
structural genes C3F and C3s. The patient's history showed numerous episodes of 
recurrent, life-threatening pyogenic infections, such as pneumonia, meningitis, otitis, 
osteomyelitis, peritonitis, and bacteremia caused by encapsulated bacteria, mostly 
pneumococci, Haemophilus injluenzae, and meningococci. 

A number of later C3-deficient patients showed impaired chemotactic responses 
and a sluggish neutrophilic response to infectious agents. Interestingly, some of the 
C3-deficient patients, in contrast to the original description, had about 1 % C3-like 
hemolytic activity without antigenic C3 (DAVIS et al. 1977; OSOFSKY et al. 1977; 
KI"fAMURA et al. 1984b). In addition to the susceptibility to bacterial infections, which 
is especially prominent early in life (median age of the first episode is far younger 
than in other complement deficiencies), immune complex disease, vasculitis, systemic 
lupus erythematosus, and membranoproliferative glomerulonephritis are diagnosed 
with a significant frequency. 

In 1984 Ross and DENSEN summarized all genetic complement deficiencies reported 
so far in the literature; those of C3 were 14 in number. They noted a remarkable 
disequilibrium in the male/female ratio (1: 6) in these patients. Since that time two 
more cases have been published (STRATE et al. 1987; BORZY et al. 1988), with the same 
overall clinical picture. None of the affected individuals was free of infectious or 
immune complex mediated sequelae from the C3 deficiency. This is in sharp contrast 
to most other complement deficiencies, in which a substantial number of persons do 
not suffer from their complement abnormality. In two C3-deficient patients the ability 
of their monocytes to synthesize C3 was studied, and it was shown that they produced 
C3 at a rate 20%-30% of that in normal controls (EINSTEIN et al. 1977). 

What is the reason for this clinical syndrome involving such different entities as 
pyogenic infections and immune complex diseases? Obviously C3 cannot be bypassed. 
Therefore absence of C3 profoundly influences classical pathway functions and totally 
abrogates the alternative pathway of complement activation. No other complement 
can substitute the central humoral preimmune defense mediated by the C3-dependent 
alternative pathway amplification loop at the bacterial surface, which leads to 
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opsonization, chemotaxis, and subsequent triggering of the lytic membrane attack 
mechanisms of the terminal complement sequence. This explains the severe pyogenic 
infections early in life in children at a time when protective antibodies and anamnestic 
responses are missing. The infectious agent cannot be eliminated until antibodies a 
few days after onset of infection are produced. It is at this time that the IgM-mediated 
activation of the classical pathway should operate. However, the lack of C3 also 
blocks the efficiency ofthis pathway. IgM is dependent on C3b-mediated opsonization 
of bacteria for further processing by phagocytic cells. Therefore, the IgM -mediated 
activation of C1, C4, and C2 stops just before the essential C3 step, and C4b can 
substitute for C3b only to a limited extent (because of a weak affinity for C3 receptors). 
Consequently the elimination of invasive encapsulated bacteria such as pneumococci 
and meningococci is further postponed to the IgG phase of the specific immune 
response. Here, IgG-Fc-dependent opsonization takes place although IgG-dependent 
classical pathway activation of C3 would increase phagocytic efficiency 10- to 100-fold. 

Taken together, the blockade ofC3b- and C3bi-mediated opsonization, the inability 
to initiate the generation o(the lytic membrane attack complex, the lack of generation 
of the inflammatory and chemotactic anaphylatoxic pep tides C3a (because of missing 
precursor molecule C3) and C5a (because of missing activation), and the absence of 
C3e and probably other C3 fragments to induce leukocytosis and to recruit 
polymorphonuclear neutrophilic leukocytes from the storage pool offer a plausible 
explanation for the infectious problems and history in these C3-deficient patients. 

What effect does the lack of C3 have in predisposing to immune complex diseases? 
The crucial position of C3 in both pathways of complement activation, and thus its 
role in antibacterial defense, is further substantiated and generalized by its role in 
immune complex handling. In addition to opsonic requirements for immune complex 
processing, C3b is essential in preventing the generation and deposition of large 
immune complexes. SCHIFFERLI and YIU (1988) have extensively studied and described 
the mechanism by which complement, especially C3b, prevents local accumulation 
of immune complexes in tissues, enhances their clearance, inhibits immune precipita
tion, and thereby generates removal of soluble immune complexes by diffusion and 
by interaction (immune adherence) with CR1 on cells the erythrocytes having a 
transport function for immune complexes. 

Finally, C3 plays a role in regulation of the humoral immune response, and the 
lack of C3 may thus contribute to the pathogenesis of autoimmune diseases. This 
issue is discussed below together with C3 deficiencies in guinea pigs and dogs, the 
only instance in which the influence of C3 deficiency on the immune homeostasis 
can be tested experimentally. Whereas C3-deficient patients were previously reported 
to show a normal humoral immune response (ALPER et al. 1976), C3-deficient patients 
were later shown to exhibit some abnormalities in qualitative (no isotype switch from 
IgM to IgG) rather than quantitative terms (OCHS et al. 1986). More detailed analysis 
has recently revealed that all deficiencies which prevent activation of C3 like C2 and 
C4 deficiencies (via the classical pathway) or C3 deficiency itself exhibit an imbalance 
in the production of IgG isotypes, especially a severe depression of IgG4, a subclass 
associated with secondary responses to T-dependent antigens (BIRD and LACHMANN 

1988). 
In addition to C3 deficiency itself, genetic deficiencies of two regulatory proteins 

involved in the control of C3b mimic most of the clinical picture characteristic for 
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the absence of C3. The few patients with genetic deficiencies in factor H and factor 
I of the complement system lack C3 in the circulation (for review see Ross and DENSEN 
1984; DAY 1986; LACHMANN 1988). This is because of uncontrolled and permanent 
C3b-mediated (C3bBb) hyperactivation ofC3 with subsequent consumption. Synthesis 
of C3 is normal, but in essence C3 is not available when needed. 

2 C3 Deficiency in Guinea Pigs 

Identification of a C3 deficiency in a guinea pig strain was the first description of a 
C3 deficiency in a small laboratory animal (BURGER et al. 1986; BITTER-SUERMANN 
and BURGER 1986). The C3-deficient guinea pigs were identified among a colony of 
inbred strain 2 guinea pigs. Strain 2 animals represent one of the few common inbred 
guinea pig strains available. The C3 deficiency was initially recognized by the impaired 
capacity of serum from these animals to serve as a source of complement in the 
standard assay for complement-mediated lysis. When leukemia cells were treated with 
appropriate antibody, followed by incubation with fresh serum from these animals, 
the cell lysis was considerably reduced compared to those receiving serum obtained 
from normal guinea pigs. The C3-deficient animals might originate from a single pair 
of guinea pigs. The animals were propagated by brother-sister mating. Functional 
titration revealed a reduced total hemolytic activity corresponding to about 34% of 
activity of components of the classical and alternative pathways and of the regulatory 
protein H, with the exception of C3. The hemolytic titer of C3 was reduced on average 
to about 5.67% of normal. Measuring C3 protein via its antigenic activity in an 
enzyme-linked immunosorbent assay (ELISA) gave a similar result (5%-10% of 
normal). The reduction in both antigenic and functional activity of C3 in the serum 
of these animals indicates that C3 is absent and argues against the presence of a 
major proportion of a functionally inactive C3 protein. There was no indication of 
C3 cleavage or any other abnormality of the C3 present in the C3-deficient serum 
on Western blot analysis or in an indirect sandwich ELISA using combinations of 
monoclonal antibodies to C3a and C3b determinants. 

2.1 Molecular and Genetic Basis of the C3 Deficiency 

At the molecular level the nature of the C3 deficiency is still unclear, but several 
possible explanations have been excluded (BURGER et al. 1986). No obvious defect in 
synthesis or secretion of C3 was observed in these animals. In cultured supernatants 
of peritioneal macrophages and of hepatocytes from C3-deficient animals comparable 
levels of C3 protein were found as in control cultures from normal animals. C3 was 
measured· in these experiments by ELISA. Therefore, no conclusion regarding the 
functional activity of secreted C3 can be made because the monoclonal antibodies 
used in this ELISA system might also detect functionally inactive protein. An obvious 
alternative explanation for the reduced level of C3 is a genetic deficiency in one of 
the regulatory proteins controlling. C3 turnover in vivo, as previously described in 
the human system. This mechanism was similarly excluded by measuring the 



C3 Deficiencies 227 

catabolism of radio labeled C3 in C3-deficient guinea pigs in comparison to normal 
guinea pigs. No difference in the plasma clearance of the radiolabeled C3.was found, 
arguing strongly against a defect in regulatory proteins. It should be emphasized, 
however, that in these experiments purified normal C3, i.e., that of serum from normal 
animals, was used. Therefore, no prediction about the turnover of the C3 from the 
C3-deficient animals can be made. Immunization of the C3-deficient guinea pigs with 
normal serum failed to induce any antibody reactive with components of normal 
serum. Thus, there seems to be no complete absence of a serum protein. 

The C3-deficient animals possessed the expected pattern of genetically controlled 
cell surface markers present in inbred strain 2 animals, including proteins controlled 
by the major histocompatibility complex (MHC) as well as non-MHC coded proteins. 
The inheritance of the C3 deficiency and its genetic linkage to other immunologically 
relevant markers was analyzed by breeding studies (BURGER et al. 1986). The C3 
deficiency is inherited in a codominant autosomal fashion and is not linked to the 
MHC. In addition, the C3-deficient trait is not linked to the C3a receptor deficiency 
which we described in the guinea pig (ZANKER et al. 1983; BITTER-SUERMANN and 
BURGER 1986). 

Analysis at the cDNA level is obviously required in order to identify or exclude 
any structural defect in the C3 gene of C3-deficient animals. This work is currently 
in progress. C3 clones were obtained from cDNA libraries of C3-sufficient and of 
C3-deficient animals, and nucleotide sequencing is being performed (AUERBACH et aI., 
manuscript in preparation). The preliminary sequencing data of the C3 clones revealed 
no major nucleotide differences resulting in an abnormal amino acid sequence 
(AUERBACH, personal communication). Additional studies regarding the fate of the 
C3 protein of C3-deficient animals in vivo and its immunochemical properties are 
required, for example, with regard to carbohydrate substitution, proteolytic fragmenta
tion, and catabolism. 

2.2 Biological Consequences of the C3 Deficiency 

Examining hereditary deficiencies in complement proteins greatly facilitated analysis 
of the various biological functions of given proteins. The rare cases of these helped 
considerably in elucidating the role of complement components in host defense and 
immune reaction (ROTHER and ROTHER 1986). The bactericidal activity of C3-deficient 
serum as a parameter for nonspecific host defense mechanisms was determined, and 
the capacity for producing a specific immune response to selected antigens was 
measured. 

The bactericidal effect of C3-deficient serum on a serum-sensitive rough strain of 
Escherichia coli K12 was reduced several-fold compared to normal serum (BURGER 
et aI. 1986). C3-deficient serum had to be used at 8- to 15-fold higher concentrations 
to achieve a comparable effect. Nevertheless, under the conventional conditions of 
animal facilities, in the C3-deficient colony a higher frequency of bacterial infection 
was not observed. Obviously, even the low amount of 5% C3 maintains a sufficient 
level of host defense mechanisms to cope with the pathogenic micro-organisms present 
in the more or less protected environment of an animal breeding facility. 
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The C3-deficient guinea pigs, further, represent a model system to study the role 
of C3 in the induction of the specific immune response. A genetically controlled 
deficiency provides information about the contribution of a given component in a 
direct manner. In contrast, the artificial complement depletion by treatment with 
cobra venom factor (CVF) might have undesired side effects leading to poor control 
of factors unrelated to the intended depletion per se. In addition, a number of studies 
on the modulation of humoral and cellular immune response by C3 led to quite 
controversial results (BOTTGER and BITTER-SUERMANN 1987). Therefore, an in vivo 
analysis in the C3-deficient guinea pigs seems particularly promising. 

The immune response of the C3-deficient animals to several model antigens was 
analyzed and compared to control groups of normal complement-sufficient strain 2 
animals. This control via the appropriate inbred strain from which the deficiency 
was derived excludes the effects of unrelated genetically controlled phenomena such 
as the Ir gene. Upon immunization with the bacteriophage <!>X174 a marked 
impairment of the antibody response was observed (BOTTGER et al. 1986b). IgM 
formation in the primary response was reduced. In the secondary response after a 
booster injection, the amplification of the antibody titer and the isotype switch from 
IgM to IgG did not occur. This impairment resembles the reduced antibody response in 
C4- or C2-deficient guinea pigs. In these two deficient strains the impairment is 
compensated by increasing the antigen dose (BOTTGER et al. 1985). Overcoming the 
reduced capacity for antibody formation in the C3-deficient animals proved more 
difficult. Increasing the antigen concentration led only 10 a partial normalization in 
antibody formation. The same was true when the antigen <!>X174 was given with 
complete Freund's adjuvant, or when the animals were reconstituted to at least a 
certain extent with C3 during the primary immunization (KLEINDIENST et al. 1987). 
Thus, the requirement for C3 to effect an immune response seems to be quite stringent. 

The antibody response to sheep red blood cells was similarly impaired in 
C3-deficient animals. In contrast, no reduction was found in antibody formation to 
the antigen ovalbumin (KOHLER et aI., manuscript in preparation). This may be due 
to the fact that the animals had a low level of antibodies to ovalbumin prior to the 
immunization, and that an amnestic response actually did occur that was less 
dependent on C3. The cellular site and the nature of this impairment in immune 
response remains to be analyzed. The critical role of C3 may be the development of 
B-cell memory, the generation of B-cell growth factors, the trapping and processing 
of antigen or immune complexes and localization in germinal centers, and finally 
modulation of macrophage function. The C3-deficient guinea pigs should provide a 
tool to address these questions and other biological phenomena in an experimental 
animal. 

2.3 Historical C3-Deficient Guinea Pigs 

In retrospect, a complement deficiency described in guinea pigs in the first quarter 
of this century may actually have been a complete C3 deficiency (MOORE 1919). These 
animals were identified by their lack of hemolytic complement activity and were 
classified as deficient in C3. However, at that time the term C3 was applied to a 
functionally defined moiety of the complement system which includes - as we know 
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today - not only the C3 protein but also that of C5, C6, C7, C8, and C9. Mixing 
experiments showed that heat-inactivated but not zymosan or cobra venom treated 
serum did restore the hemolytic function of the deficient serum. This finding is 
compatible with a real C3 deficiency. Unfortunately, this guinea pig strain was lost 
in the mid 1930s, possibly due to an epidemic infection with group C hemolytic 
streptococci, a well-known pathogen in guinea pigs. 

3 C3 Deficiency in Dogs 

In 1981 WINKELSTEIN et al. reported on a colony of Brittany spaniels which were 
studied for hereditary canine spinal muscular atrophy; some of the animals had 
suffered during the course of inbreeding from recurrent local and systemic bacterial 
infections. The authors investigated the immune functions of these animals including 
the complement system and, noted a markedly reduced hemolytic complement activity 
due to the absence of C3. Recently they summarized their current knowledge on the 
nature and inheritance of this C3 deficiency (WINKELSTEIN et al. 1986). Below we 
describe the essential features of this genetic disorder, which in contrast to the 
above-described partial C3 deficiency in guinea pigs leads to increased susceptibility 
for infections. 

3.1 Inheritance of C3 Deficiency 

In dogs C3 deficiency is inherited in an autosomal recessive pattern due to the 
homozygo~ity of a null gene allelic to the structural genes C3F or C3s. As in man 
and guinea pigs, C3 is not linked to the MHC in dogs (JOHNSON et al. 1986). 
Heterozygotes have C3 antigen levels that range from 50% of the mean for normal 
dogs up to nearly normal levels. Segregation from the susceptibility for hereditary 
canine spinal muscular atrophy, inherited as an autosomal dominant trait, seems 
possible but has not yet been established. A molecular-genetic analysis to clarify the 
structural basis for this deficiency has thus far not not published. 

3.2 Antigenic and Functional Levels of C3 

Neither by immunoprecipitation methods nor by ELISA has antigenic canine C3 
been detectable ( < 0.003 % of normal serum C3), but no discrimination between lack 
of synthesis and lack of secretion can yet be made. All other complement components 
are normal or nearly normal. Increased turnover of C3 by inhibitory factors is not 
detectable, and substitution with purified normal dog C3 completely restores the 
functional C3 activity of these sera without increased consumption (WINKELSTEIN 

et al. 1982). Interestingly, the sera of C3-deficient dogs have some residual C3-like 
hemolytic activity (6%-10% of C3 titer in normal dog sera) which is not absorbable 
by anti-canine C3. This activity coincides in gel filtration with normal C3 activity. 
The activity is inhibited by incubation of erythrocyte antibody complexes and deficient 
dog serum in 0.01 M ethylenediaminetetraacetate (JOHNSON 1987). The C3-like activity, 
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as with that of normal C3, is also inhibited by treatment of serum with 2 M 
methylamine. In considering the alternatives of (a) the existence of an aberrant C3 
protein and (b) a completely C3-unrelated new protein for which appropriate detection 
conditions are not yet available, the authors favor the latter. They speculate that this 
may be in line with a residual (1 %) C3-like hemolytic activity in some human C3 
deficiencies (see above). This may be explained by a direct but inefficient activation 
of C5 by the classical pathway C3 convertase (KITAMURA et al. 1984a). Opsonic and 
chemotactic activities directly dependent on C3 or indirectly on its role in activation 
of C5 are markedly deficient. 

3.3 Disease Association in C3-Deficient Dogs 

There seems to be a remarkable similarity between C3-deficient dogs and humans 
with regard to susceptibility to pyogenic infections with encapsulated bacteria and to 
renal involvement such as in membranoproliferative glomerulonephritis (BLUM et al. 
1985). 

3.4 Defective Antibody Production in C3-Deficient Dogs 

Total IgM levels in C3-deficient dogs were found to be sjgnificantly higher than those 
in normal or heterozygous dogs. In line with previously described abnormalities of 
humoral immune responses in C3-depleted animals (with CVF) and C3-deficient 
guinea pigs, O'NEIL et al. (1988) reported on markedly reduced and delayed primary 
antibody responses to T-dependent and T-independent antigens (bacteriophage 
¢X174, SRBC, DNP-Ficoll) with a delayed and reduced switch from IgM to IgG. 
After secondary immunization C3-deficient dogs produced more IgM and less IgG 
than normal dogs in the control group. Neither intramuscular immunization nor the 
intravenous administration of increased antigen doses could correct the defect in the 
antibody response. Again, this is compatible with the results in C3-deficient guinea 
pigs (KLEINDIENST et al. 1987). Reconstitution experiments with purified C3 or serum 
as a source of C3 were not performed because of short supply. 

4 Hereditary C3 Hypocomplementemia in Rabbits 

Recently in a strain of C8-deficient New Zealand white rabbits animals were found 
with about 10% residual C3 activity and C3 antigen, not in linkage with this additional 
complement deficiency (KOMATSU et al. 1988). The C3 hypocomplementemia is 
inherited as a simple autosomal codominant trait. Purified rabbit C3 dose-dependently 
restored the antigenic and functional defect with no evidence of increased turnover 
and catabolism. The health status differed from that in rabbits without C3 hypocom
plementemia in that during the first 3 months there was a significantly reduced survival 
rate. No reason (infectious agents?) or disease association was given. Similarities and 
differences to the C3-deficient guinea pigs must await further studies in both species. 
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5 Acquired C3 Deficiencies 

A few clinical and experimental situations are known in which a significantly depressed 
plasma C3 titer (below 10% of normal) is the consequence of prolonged or transitory 
hyperactivation of this crucial complement component. All these situations have in 
common dysregulated C3 convertase of either the classical or the alternative pathway 
in vivo. This means that the complex enzyme C4b2a or C3bBb escapes the normal 
control of dissociation and cleavage by fluid-phase and cell-bound regulatory proteins 
(factors I and H, CR1). This imbalance can be initiated by autoantibodies of the IgG 
isotype against neodeterminants of both convertases leading to a stabilization of their 
C3-cleaving function instead of their inactivation. The autoantibodies against 
cell-bound or fluid-phase C3bBb are termed C3 nephritic factors (C3-NeF) and those 
against C4b2a termed C4NeF because of their association with a clinical syndrome 
dominated by a membranoproliferative, hypocomplementemic glomerulonephritis 
(DAllA 1988a, b). The half-life of cell-bound C3bBb is increased by C3-NeF from 4 min 
to 50 min. 

The second, experimental instance of stabilized C3 convertase in vivo and in vitro 
is due to a substitution of C3b in the C3bBb enzyme by the snake analogue of 
mammalian C3, CVF (ALPER and BALAVITCH 1976). It seems reasonable, although 
it has yet to be proven, that phylogenetically conserved regions in the two proteins 
C3b and CVF interact equally well with factor B, whereas the fluid-phase regulatory 
proteins factors H and I obviously achieved more specialization during evolution 
and are restricted to the mammalian complement proteins. Therefore CVFBb 
convertase has a half-life in the circulation of more than 20 h compared to one in 
C3bBb of less than 5 min. This is the reason for the prolonged decomplementation 
of C3 in experimental animals for about 5-7 days after two to three consecutive doses 
of CVF intravenously or intraperitoneally within 12 h. After 1 week a strong humoral 
immune response against CVF leads to a neutralization and clearance of the CVFBb 
enz~me. Most experiments have been done with CVF purified from the crude venoms 
of either the Indian cobra Naja naja or the Egyptian cobra Naja haje. While in concert 
with factor B these act similarly in the cleavage of C3, they differ in their efficiency 
in the cleavage of C5 (for review see SCHULTZ 1986). 

The in vivo depletion of C3 by CVF has a profound effect on primary antibody 
responses, mainly to T-dependent antigents, as was initially reported by PEPYS 
(1974, 1976), and mimics and resembles the impaired humoral immune responses 
in an inherited C3-deficient situation. By analogy, the CVF -induced disturbances 
may therefore be taken as evidence for the pivotal role of C3 in the induction 
of antibody responses (BOTTGER et al. 1986a) of B-cell memory, antigen retention, 
and immunoregulatory effects in vivo at the level of B cells and follicular dendritic 
cells, both carrying CR1 and CR2; this was recently summarized by KLAUS 
(1988). Whereas the detrimental effects of complement activation in vivo are 
well known but often overestimated (such as in the pathological inflammatory 
sequelae of immune complex generation), the beneficial role of complement (especially 
C3) and of immune complexes in antigen removal and in augmenting the humoral 
immune response is often overlooked (NYDEGGER and KAZATCHKlNE 1986). Therefore, 
examining acquired or induced C3 depletion contributes to our knowledge as 
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to the key role that C3 plays in the induction, processes, and perpetuation 
of immune complex diseases associated with inherited complement deficiencies, 
including those of C3. 
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1 Introduction 

Monoclonal antibodies (MoAbs) have greatly facilitated the structural and functional 
analysis of proteins in general and of the third protein of complement (C3) in particular. 
Various aspects of the structure and functions of C3 have been addressed using 
MoAbs; these include: (a) the study of conformational changes occurring in the C3 
molecule and its fragments during complement activation, (b) the analysis of the 
interactions of C3 with other complement components and receptors as well as with 
proteins offoreign origin, and (c) the detection of C3 activation products in biological 
fluids. The purpose of this review is to summarize the contribution that MoAbs have 
made in understanding the structure and functions of C3. 

2 Generation of Anti-C3 Monoclonal Antibodies 

Although the generation of MoAbs has become a routine procedure, a few interesting 
points have been observed concerning the nature of the immunizing antigen and the 
subsequent specificity of the anti-C3 MoAb. In the most commonly used immunization 
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protocol, intact C3 (BURGER et al. 1982) or fluid-phase (TAMERIUS et al. 1982; 
HACK et al. 1988) or surface-bound (LACHMANN et al. 1980) C3 fragments were 
used as immunizing antigens. Although the antibodies so produced may have 
interesting features with respect to C3 functions, often the recognized epitopes are 
difficult to map due to their dependence on the tertiary structure of the molecule. 
Thus synthetic pep tides (BURGER et al. 1988) or expressed segments of C3 (MA et al. 
1985) have been used to generate MoAbs of predetermined specificity (LAMBRIS et al. 
1989). The former have been especially useful in generating MoAbs which recognize 
exclusively C3a. Another interesting observation is that when sodium dodecyl 
sulfide denatured C3 was used as an immunizing antigen, the produced MoAbs 
preferentially recognized epitopes expressed by surface-bound C3 fragments (NILSSON 
et al. 1987; NILSSON et al. 1989b). An important consideration in generating 
MoAbs to C3 is the screening procedure used. This is the result of the different 
conformations assumed by C3 and depends on whether the molecule is in its 
native form or is degraded to its fragments; the latter possibility exists in two 
forms, surface-bound and fluid-phase (see below). 

3 Structural and Functional Analysis 
of C3 Using Anti-C3 Monoclonal Antibodies 

3.1 Detection of Conformational Changes in C3 and Its Fragments 

During complement activation the C3 molecule undergoes gross conformational 
changes as it is processed by the enzymes of the complement cascade. This is evident 
from the ability of the generated fragments (C3a, C3b, iC3b, C3c, C3dg, C3d) to 
bind differentially to various complement components and receptors (LAMBRIS 1988; 
BECHERER et al. 1989a, 1989b). The changes in C3 conformation accompanying the 
proteolytic cleavage events have been detected using an assortment of chemical probes 
and spectral and solution scattering techniques (MOLENAAR et al. 1975; ISENMAN and 
COOPER 1981; ISENMAN 1983; PERKINS and SIM 1986; PANGBURN et al. 1981). Although 
these techniques allow the analysis of conformational changes of fluid-phase C3 
fragments, technical difficulties have hampered a similar analysis of surface-bound 
fragments. The use of MoAbs, however, has overcome these difficulties, and they 
have been shown to be more sensitive in probing conformational changes in proteins 
than the low-resolution spectroscopic methods (COLLAWN et al. 1988). Especially in 
studying C3, the MoAbs have provided a wealth of data on the specific epitopes 
expressed during the degradation of C3; the identification of these epitopes using the 
other methods mentioned above would not be possible. The reactivity of several 
MoAbs with C3(HzO) as well as with C3b but not with native C3 (Table 1) has 
suggested that similar conformational changes are induced when C3(HzO) or C3b 
are generated (HACK et al. 1988). This is in agreement with the similar conformations 
observed spectroscopically (ISENMAN et al. 1981; PANGBURN 1987) as well as with the 
similar functional activities expressed by these molecules; the C3(HzO) acquires 
"C3b-like activities" by expressing sites which are recognized by C3b binding proteins 
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(PANGBURN et al. 1981 and Volanakis, this volume). The epitopes recognized by these 
antibodies are located within the different fragments of the C3 molecule, namely the 
C3c, C3dg, or C3a fragments (Table 1). Despite the observed similarities between 
C3(H20) and C3b, epitopes expressed only in C3 degradation fragments C3a and 
C3b but not in C3(H 20) have also been described (Table 1), thus demonstrating that 
some conformational differences exist between these two molecules. 

Cleavage of fluid-phase C3b to iC3b by factor I in the presence of one of its several 
cofactor molecules (BECHERER et al. 1989a) is accompanied by further conformational 
changes in the molecule. This has been shown using MoAbs that are specific for 
fluid-phase or surface-bound iC3b fragments of C3 and agrees with the appearance 
and disappearance of ligand binding sites upon this cleavage (for review see Ross 
and MEDOF 1985 and BECHERER et al. 1989a; as used in the present review, the term 
ligand is defined as those complement proteins which bind to C3, whether they are 
found in serum or on the surface of cells). The newly exposed sites in iC3b include 
the conglutinin, the CR2, and the CR3 binding sites (LAMBRIS 1988; BECHERER et al. 
1989b). The iC3b-specific MoAbs react with the iC3b and/or C3dg/C3d fragments 
but not with C3, C3(H20); or C3b (Table 1) (TAMARIUs et al. 1985; LACHMANN et al. 
1982; IIDA et al. 1987 a). Interestingly, most of the iC3b-specific antibodies that react 
with neoantigenic sites recognize the C3dg/C3d fragment of C3. This fragment contains 
the binding site for CR2 and one of the H sites (LAMBRIS et al. 1985, 1988). 

In addition to neoantigenic sites expressed in both fluid-phase and surface-bound 
C3 fragments, epitopes expressed solely in surface-bound C3 fragments have also 
been described (Table 1). It appears that most of these epitopes are also expressed 
by denatured C3 (NILSSON et al. 1982, 1986, 1987, 1989a, 1989b), a fact which has 
facilitated their localization within the C3 molecule (see below). 

3.2 Analysis of the C3 Functions 

Due to their remarkable specificity, MoAbs have been used as tools to identify 
functionally important sites in C3. The inhibition of C3 binding to a given ligand is 
a good starting point for identifying the ligand interaction site(s) in C3. Although 
several points of concern are associated with such inhibitory effects (steric inhibition, 
change in C3 coformation upon antibody binding, inability to localize the recognized 
epitope due to its dependence on the conformation, etc.) several interesting obser
vations have been made using anti-C3 MoAbs. One example is the MoAb 130. This 
antibody was found to inhibit the binding of C3d to CR2, an observation which has 
assisted the localization of the CR2 binding site in C3d (LAMBRIS et al. 1985). Another 
finding is that MoAbs to either C3c (C3-9, Ab 12, and Ab 72) or C3d (311, Ab 14) 
inhibit H binding to C3b (Table 1; TAMERIUS et al. 1982; BECHERER et al. 1989c) 
which, together with the results derived using MoAbs to H (ALSENZ and LAMBRIS 
1988), suggests that these two molecules interact via multiple binding sites. Fur
thermore, the observation that several MoAbs to C3 (C3-9, 311, H11, H2) inhibit H, 
CRl, CR2, and/or B binding to C3 suggests that these ligands may bind to common 
or proximal sites in C3 (Table 1; BECHERER et al. 1989c; WORNER et a1.1989; Koistinen 
et al. 1989). This assumption is in agreement with the recent localization of the CRl, 
B, and H binding sites in C3. By using synthetic peptides, two H interaction sites 
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have been identified in C3b, one in C3d and another in C3c (GANU and MULLER
EBERHARD 1985; LAMBRIS et al. 1988; BECHERER et al. 1989a; LAMBRIS er al. 1989; 
BECHERER et al. 1989c). The H binding site in C3d is associated with the CR2 site 
while the site in C3c is within the domain of C3 containing the Band CRI binding 
sites. It is interesting that the latter site contains a sequence (between residues 744 
and 755) that is similar to the sequence of the CR2 binding site in C3d (for more 
details see BECHERER et al. 1989a). Furthermore, a third sequence similar to the CR2 
binding site has been identified in the ~-chain of C3 (between residues 295 and 306), 
and a peptide spanning this sequence has been found to bind to CR2 (ESPARZA et 
al. 1989). Although a direct binding of CRl, H, or B to this peptide has not yet been 
determined, this may explain the finding that MoAbs to the ~-chain of C3 have also 
been found to inhibit H, CRl, and B binding to C3b (WORNER et al. 1989). 

The selective inhibition by MoAbs of either B (498, 105, 111) or H binding (311, 
Ab 12, 14, 72, and 84) to C3b (TAMERIUS et al. 1982; BURGER et al. 1982) suggests 
the presence of distinct binding sites for Band H on C3b. This is not necessarily in 
contrast to the above findings and might be attributed to the interaction of these 
molecules with C3b via mUltiple sites. In this context, it has been observed that 
MoAb 130 inhibits CR2 but not H binding to C3d; both sites are located within 
residues 1187-1249 of C3. The latter fact further supports the findings with synthetic 
peptides which have shown that these two sites are related but are not the same 
(LAMBRIS et al. 1985, 1988). Of interest also is the recent finding that MoAbs to C3 
which binding H were also found to inhibit the binding of glycoprotein C (gC) of herpes 
simplex virus type 1 (HSV-l) to C3b (HUEMER et al. 1989). However, the inhibition 
of H but not gC binding to C3b by other antibodies (Table 1) may explain the 
functional differences between these two molecules; H has both cofactor and 
decay-accelarating activity while gC has only the latter. 

The interaction of properdin with C3b, as investigated by MoAbs to either C3c 
or C3d (Table 1; TAMERIUS et al. 1982), suggests a two-side interaction between these 
two molecules. Since the site in C3c for P has recently been localized to residues 
1402-1435 of C3 (DAOUDAKI et al. 1988), it will be of interest to see whether these 
anti-C3c antibodies react with this region of C3, or whether the observed inhibition 
is indirect (steric or allosteric effects, etc.). The presence of a second P interaction site 
in C3b remains to be determined. 

The epitopes recognized by several other MoAbs (Table 1) have not yet been 
localized, and this makes it difficult to correlate the structural elements involved in 
antibody binding to those involved in ligand binding. In addition, MoAbs which 
bind close to a functional site in C3 (see also Fig. 1) were fount not to inhibit its 
reactivity with the ligand. However, this is not necessarily unexpected since it has 
been shown that a peptide, 24 amino acids in length, is able to bind two different 
antibodies simultaneously (JACKSON et al. 1988). 

3.3 Mapping of the Epitopes Recognized by the Monoclonal Antibodies 

A major breakthrough in understanding antibody-antigen interactions was provided 
by the crystallographic studies of Fab fragments complexed to the protein antigens 
lysozyme (AMIT et al. 1986) and influenza virus neuraminidase (COLMAN et al. 1987). 
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C3a C3g C3d C3f 

COOH 

L--__ s-S _____ ---.J 

Fig. 1. A schematic representation of the C3 molecule showing the position of epitopes recognized 
by the anti-C3 MoAbs and ligand binding sites in C3. The thioester site in C3d (*), the 
carbohydrate structure ( __ ), and the sites of C3 cleaved by the C3 convertases (between 
residues 726 and 727), factor I (1), elastase (E), and trypsin (T) are indicated by arrows. Other 
MoAbs with specificities similar to the ones shown are listed in Table 2. The numbering of the 
residues of C3 is based on the reported amino acid sequence of C3 (DE BRUIJIN and FEY 1985) 
after subtracting the signal peptide 

However, since the three-dimensional structure for every antibody-antigen complex 
- in our case an antibody-C3 complex - is not practical, other methods have been 
employed to study the structural requirements of antigen-antibody interactions 
(COLLAWN et al. 1988). Although the information obtained using these methods 
is not as detailed as that from crystallographic data, it is nonetheless beneficial 
in the understanding of structural and functional aspects. The strategy that is 
used in our laboratory to study several aspects of C3 structure and functions 
approaches the problem at hand from three different directions and is outlined 
in Fig. 2. The first approach is to study the problem on the protein level. C3 
is degraded enzymatically or chemically into small fragments which are then 
analyzed for binding to the various MoAbs or C3 binding proteins. Following 
purification of the fragment of interest, its sequence is determined in order to 
localize its position within the C3 sequence. Overlapping peptides within the 
identified area are then synthesized and analyzed for binding to the MoAb or 
ligand of interest. The second approach, which orignates at the DNA level, 
involves construction of an expression minilibrary from the cDNA spanning the 
entire coding sequence of C3 (kindly provided by G. FEY, Scripps Clinic, LA JOLLA, 
California, USA; DE BRUHN and FEY 1985). In this case, the cDNA is first 
digested with DNAase, fragments 200--300 bases in length are cloned into an 
expression vector (Agtll (GROSSBERGER et al. 1988), and the library is then screened 
with the monoclonal anti-C3 antibodies (GROSSBERGER et al. 1988; NILSSON et al. 
1989a; WORNER et al. 1989) or with various proteins that bind C3. The reactive clones 
are then sequenced to map the specific site. This "approach can be a fast and efficient 
method for screening numerous monoclonal antibodies. 
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A. PROTEIN 

C3 

~ 
Enzymatic or chemical 

fragmentation 

+ 
Fragment purification and 

analysis for their binding to 

MoAbs or C3-binding proteins 

+ 
Sequencing of the fragment 

of interest 

+ 
Synthesis of peptides corresponding 

to segments of the active fragment 

~ 
Analysis of peptides for binding 

to MoAbs or C3-binding proteins 

B.DNA 

C3cDNA .. 
DNAase digestion to generate 

200-300 nucleotide fragments 

+ 
Construction of an expression 

cDNA library 

+ 
Screening of the library with anti-C3 

MoAbs or C3-binding proteins 

~ 
DNA sequencing of the inserted fragments - from the reactive clones 

C. CONSERVATION OF THE LIGAND BINDING SITES AND MoAb-RECOGNIZED 

EPITQPES IN C3 

Analysis of the MoAb binding to C3 from different species or of the C3-ligand interactions 

between different species. 

~ 
Comparison of the amino acid sequence of C3 and other homologous proteins from 

different species. 

+ 
Analysis of the amino acid similarities, in conjuction with the results from approach A and 

S, for determining the structural elements in C3 important for binding of MoAb 

and C3-binding proteins. 

Fig. 2. Schematic representation of a general strategy to localize MoAb-recognized epitopes 
and ligand binding sites in C3 

The third approach deals with the conservation of antigenic and functional sites 
within C3 from different species and other homologous proteins such as C4, C5, and 
C'trmacroglobulin. First, C3 from different species is purified and tested for its ability 
to bind to MoAbs or to the various human C3 ligands (ALSENZ et al. 1989; BECHERER 
et al. 1987). These proteins can then be sequenced at the DNA level, thus allowing 
analysis of the conservation of epitopes or binding sites between different species. 
This, together with the conserved sequences of other homologous proteins that do 
or do not bind the MoAb or ligand of interest, offers a wealth of information on the 
structural features of the C3 molecule. Concerning this third approach, the complete 
amino acid sequences of human and mouse C3 (DE BRUUN and FEY 1985; LUNDWALL 
et al. 1984; WETSEL et al. 1984) and the partial sequences of rabbit (KUSANO et al. 
1986) and Xenopus C3 (GROSSBERGER et al. 1989) have been resolved recently. 
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Using the above approaches, various epitopes recognized by anti-C3 MoAbs have 
been localized (Table 2). Several of the antibodies recognize epitopes located within 
or close to functional regions of C3 and therefore have been used as tools to analyze 
its functions. For example, the MoAb 130 was localized to a discontinuous epitope 
within residues 1192-1249 of C3 (LAMBRIS et al. 1989). This MoAb inhibits the 
binding of C3d to CR2 and assists in the localization of the CR2 binding site within 
this fragment to residues 1199-1210 (LAMBRIS et al. 1985). 

Table 2. Summary of the monoclonal anti-C3 antibodies whose epitopes in C3 have been mapped 

Antibodies C3-fragment(s) Residues References 
recognized 

H11 a •h C3bjC3cj~-chain 1-645 WORNER et al. 1989 
GV1.8b . h ~-chainjCHO 63* GRIER et al. 1987 
GV1.10b ,h rxj~-chain, CHO 63*, 917* GRIER et al. 1987 
H7a ,h C3bjC3cj~-chain 89-645 WORNER et al. 1989 
H15a,h C3b/C3cj~-chain 98-293 WORNER et al. 1989 
H2a ,h C3bjC3cj~-chain 98-293 WORNER et al. 1989 
H21 a ,h C3bjC3cj~-chain 294-645 WORNER et al. 1989 
H453, H454c,i C3a 718-725 BURGER et al. 1988 
398.1d,i sb C3b 741-758 BECHERER, NILSSON, LAMBRIS 

unpublished 
406.4d,i sb C3b 741-758 BECHERER, NILSSON, LAMBRIS 

unpublished 
595.2d,i sb C3b 741-758 BECHERER, NILSSON, LAMBRlS 

unpublished 
615.1d,i sb C3b 741-758 BECHERER, NILSSON, LAMBRIS 

unpublished 
7D 84.1d,i sb C3bjiC3b 926-946 NILSSON et al. 1989a 
7D 264.6d,i sb C3bjiC3b 926-936 NILSSON et al. 1989a 
7D 323.1d,i sb C3bjiC3b 926-946 NILSSON et al. 1989a 
Clone ge,i iC3bjC3dg 933-946 MYONES et al. 1989 
7D 9.2d,i sb C3b 1082-1118 NILSSON et al. 1989a 
MoAb 130f ,i iC3bjC3dgjC3d 1192-1249 LAMBRIS et al. 1985, 1989 
7D 326.1d,i sb C3bjiC3b 1234-1294 NILSSON et al. 1989a 
7D 331.1d.i sb C3bjiC3b 1234-1294 NILSSON et al. 1989a 
4SD 11.1 d,i sb C3b 1476-1510 NILSSON et al. 1989a 
4SD 18.1 d,i sb C3b 1476-1510 NILSSON et al. 1989a 
H18a,i C3c 1476-1531 WORNER et al. 1989 
H6ba,i C3c 1476-1531 WORNER et al. 1989 
H3a,i C3c 1476-1531 WORNER et al. 1989 
H206d,i C3c 1476-1531 WORNER et al. 1989 
H215 g,i C3c 1476-1531 WORNER et al. 1989 

sb = surface bound; 
* The MoAb binds to the carbohydrate moiety linked to this residue. 

Immunization with: Mapped by: 
a native C3; h enzymatic fragmentation; 
b cobra venom factor; i synthetic peptides; 
c synthetic peptide C369 - 76 coupled to KLH; i expressed C3 fragments 
d SDS-denatured C3; 
e inulin-fixed C3bjiC3b; 
f trypsin-generated C3b; 
g expressed C3 fragment. 
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The segment of C3 spanning residues 929-946 contains at least four different 
overlapping epitopes (Table 2). These epitopes are expressed by surface-bqund and/ 
or fluid-phase iC3b and are within the segment of C3 which also contains: (a) the 
carbohydrate moiety mediating conglutinin binding (HIRANI et al. 1985), (b) the factor 
I cleavage site(s) (DAVIS and HARRISON 1982 and BECHERER et al. 1989a), and (c) the 
leukocytosis-inducing activity of the C3 molecule (MEUTH et al. 1983). Using these 
antibodies to localize the fragments generated upon cleavage of iC3b by factor I, it 
was found that factor I cleaves C3 within this region at three different positions 
(NILSSON-EKDAHL et al. 1989; BECHERER et al. 1989a). The existence of several epitopes 
within such a limited amino acid sequence is not surprising since a segment as small 
as 19 amino acids has been shown to accommodate three different epitopes (FIESER 
et al. 1987). 

Other epitopes in C3 have been mapped using either synthetic peptides or expressed 
C3 fragments (Table 2). These epitopes - several being expressed solely by surface
bound C3 fragments - have been located to residues 741-758 (four MoAbs), 
1234-1294 (two MoAbs), and 1476-1531 (seven MoAbs) of the C3 sequence (for 
references see Table 2). The'localization of these epitopes has been greatly facilitated 
by their expression in denatured C3 also. The possibility that some of these antibodies 
recognize the same epitope has not been excluded. 

Related to the third approach (conservation of epitopes and binding sites), anti-C3 
antibodies have been shown to cross-react with C3 from other species. Cross-reactivity 
studies using MoAbs have facilitated the identification ofwhicnresidues are involved 
in the binding, and which MoAbs recognize the same or different epitopes. For 
example, from three MoAbs which recognize epitopes within residues 929-946 of 
human C3, only MoAb 7D323.1 and not 7D84.1 or 7D264.6 react with rabbit C3. 
Based on their reactivity with rabbit C3 and overlapping synthetic peptides, it was 
predicted that these MoAbs recognize different epitopes, and that residues Arg929, 

Arg932, and Glu933 are essential for the binding of MoAbs 7D84.1 and 7D264.6 but 
not that of 7D323.l (NILSSON et al. 1989b). 

4 Analysis of the Complement Activation C3 Products 

The selective binding of MoAbs to either native C3 or its degradation products, 
whether fluid-phase or surface-bound, has rendered possible the development of 
sensitive assays detecting these products in biological fluids. Most of these are simple 
(e.g., enzyme-linked immunosorbent assay, or ELISA) and available to laboratories 
that are not specialized in dealing with some ofthe tedious and complicated assays used 
in analyzing the complement system. To date three MoAbs have been found to react 
specifically with the C3a fragment of C3 (Table 1). The detection of this fragment is 
relevant for the diagnosis and/or prognosis of adult respiratory distress syndrome 
and various other diseases (e.g., rheumatoid arthritis, systemic lupus erythematosus; 
SLE) (for review see BITTER-SUERMANN 1988 and HUGU 1989). Two versions of ELISA 
have been described for detecting C3a. In a competition ELISA using MoAb 4SD 
17.1, which recognizes C3a but not native C3 (NILSSON et al. 1988), the amount of 
C3a in the test sample is quantitated based on its ability to inhibit the binding of 
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this MoAb to micro titer plate-fixed C3a. In the ELISA reported by BURGER et aI. 
(1988), the C3a-containing sample is first incubated with an immobilized polyclonal 
anti-C3a antibody, and the bound C3a is detected by the MoAb H453. The sensitivity 
of both assays briefly described above is approximately 1 ng/ml. 

In addition to the above antibodies which detect complement activation based on 
the generation of the C3a fragment, the MoAbs 130 (KANAYAMA et al. 1986), clone 9 
(MOLLNES and LACHMANN 1987), and bH6 (GARRED et al.1988a), all of which recognize 
neoantigens (Table 1), have also been used to develop assays that detect complement 
activation. These assays use either MoAbs fixed to microtiter plates (MoLLNES and 
LACHMANN 1987; GARRED et al. 1988a) or competition assays similar to that described 
for C3a. 

The reactivity of several MoAbs with surface-bound, but not fluid-phase, C3 
fragments led to the development of assays detecting and quantitating these fragments 
fixed to immune complexes (AGUADO et al. 1985; IIDA et al. 1987b) or particles and 
micro-organisms (NEWMAN and MIKUS 1985). A highly sensitive ELISA measuring 
C3 fragments in immune complexes has been developed using MoAbs 130 and 105. 
This assay detects as little as 6.26 Ilg aggregated human Ig/ml serum (AGUADO et al. 
1985) and is comparable or superior to the most commonly used Raji (THEOFILOPOULOS 
et al. 1976) and C1q assays (ZUBLER et al. 1976). Using this assay, increased levels of 
complement-fixing immune complexes were detected in plasma of patients with 
autoimmune diseases (rheumatoid arthritis, Sjogrens syndrome, systemic lupus ery
thematosus) and paracoccidioidomycosis (AGUADO et ~l. 1985). Interestingly, patients 
with paracoccidioidomycosis were found to have a markedly decreased degradation 
of immune complex bound C3b/iC3b to C3dg compared to patients with autoimmune 
diseases. This observation resulted from the differential specificities of MoAb 105, an 
antibody which binds preferentially to surface-bound C3b, and MoAb 130, an 
antibody specific for iC3b. In addition to the different fragments of C3 found on 
immune complexes, differences were also observed, using MoAb clone 9, in the 
fragments bound to the surface of complement activators (NEWMAN and MIKUS 1985). 
These findings emphasize the importance of monoclonal antibodies in distinguishing 
the C3 activation products in biological fluids. 

5 Conclusions 

MoAbs have been useful tools for studying the C3-ligand interactions as well as the 
conformational changes associated with its degradation. A great deal of information 
on the functional aspects of C3 has been obtained based on the ability of MoAbs 
differentially to inhibit certain C3 interactions. Since the results obtained with MoAbs 
are often due to steric or allosteric effects, and since most antibodies recognize 
conformation-dependent epitopes which are difficult to localize by present techniques, 
other approaches are necessary to confirm functional sites identified only by MoAbs. 
For diagnostic purposes, MoAbs directed against particular fragments of C3 have 
facilitated the development of assays detecting these fragments in biological fluids, 
and their use will augment our understanding of complement involvement, particularly 
the role of C3, in various diseases. 



Structural and Functional Analysis of C3 Using Monoclonal Antibodies 245 

Acknowledgements. We thank Drs. D. Goundis and H. Huemer for helpful discussions 
and critical reading of the manuscript. Also, we thank Drs. 1. Tamerius al1d B. Kolb 
(Cytotech) for generously providing serveral of the MoAbs used in our studies. 

References 

Aguado MT, Lambris JD, Tsokos GC, Burger R, Bitter-Suermann D, Tamerius JD, Dixon FJ, 
Theofilopoulos AN (1985) Monoclonal antibodies against complement 3 neoantigens for 
detection of immune complexes and complement activation. Relationship between immune 
complex levels, state of C3, and numbers of receptors for C3b. J Clin Invest 76: 1418-1426 

Alsenz J, Lambris JD (1988) Modulation of factor H (H) functional activities by monoclonal 
antibodies (MoAbs) to H. Complement 5: 202-203 (Abstract) 

Alsenz J, Becherer JD, Esparza I, Daoudaki ME, Avila D, Oppermann S, Lambris JD (1989) 
Structure and function analysis of C3 from different species. Complement Inflamm 6: 307 
(Abstract) 

Amit AG, Mariuzza RA, Phillips SEV, Poljak RJ (1986) Three-dimensional structure of an 
antigen-antibody complex at 2.8A resolution. Science 233: 747-753 

Becherer JD, Daoudaki ME, Lambris JD (1987) Conservation of the C3 ligand binding sites 
within different species. Fed Proc 46: 771 (Abstract) 

Becherer JD, Alsenz J, Lambris JD (1989 a) Molecular aspects of C3 interactions and 
structural/functional analysis of C3 from different species. Curr Top Microbiol Immunol 
153: 45-72 

Becherer JD, Alsenz J, Servis C, Myones BL, Lambris JD (1989b) Cell surface proteins reacting 
with activated complement components. Complement Inflamm 6: 142-165 

Becherer JD, Alsenz J, Hack CE, Drakopulou E, Lambris JD (1989c) Identification of common 
binding domains in C3b for members of the complement family of C3b-binding proteins. 
Complement Inflamm 6: 313 (Abstract) 

Bitter-Suermann D (1988) The anaphylatoxins. In: Rother K, Till GO (ed) The complement 
system. Springer Berlin Heidelberg New York, pp 367-395 

Burger R, Deubel U, Hadding U, Bitter-Suermann D (1982) Identification offunctionally relevant 
determinants on the complement component C3 with monoclonal antibodies. J Immunol 
129: 2042-2050 

Burger R, Bader A, Kirschfink M, Rother U, Schrod L, Worner I, Zilow G (1987) Functional 
analysis and quantification of the complement C3 derived anaphylatoxin C3a with a 
monoclonal antibody. Clin Exp Immunol 68: 703-711 

Burger R, Zilow G, Bader A, Friedlein A, Naser W (1988) The C terminus of the anaphylatoxin 
C3a generated upon complement activation represents a neoantigenic determinant with 
diagnostic potential. J Immunol 141: 553-558 

Chaplin H Jr, Monroe MC (1986) Comparisons of pooled polyclonal rabbit anti-human C3d 
with four monoclonal mouse anti-human C3ds. I. Preparation, purification and binding 
properties. Vox Sang 50: 42-51 

Collawn JF, Wallace CJA, Proudfoot AEI, Paterson Y (1988) Monoclonal antibodies as probes 
of conformational changes in protein-engineered cytochrome c. J Bioi Chern 263: 8625-8634 

Colman M, Laver WG, Varghes IN, Baker AT, Tulloch PA, Air GM, Webster RG (1987) 
Three-dimensional structure of a complex of antibody with influenza virus neuraminidase. 
Nature 326: 358-363 

Daoudaki ME, Becherer JD, Lambris JD (1988) A 34-amino acid peptide ofthe third component 
of complement mediates properdin binding. J Immunol 140: 1577-1580 

Davis AEIII, Harrison RA (1982) Structural characterization of factor I mediated cleavage of 
the third component of complement. Biochemistry 21: 5745-5749 

De Bruijn MHL, Fey GH (1985) Human complement component C3: cDNA .coding sequence 
and derived primary structure. Proc Nat! Acad Sci USA 82: 708-712 



246 J. Alsenz, J. D. Becherer, B. Nilsson, and J. D. Lambris 

Dobbie D, Brazier DM, Gardner B, Holbum AM (1987) Epitope specificities and quantitative 
and serologic aspects of monoclonal complement (C3c and C3d) antibodies. Transfusion 27: 
453-459 

Esparza I, Vilbois F, Becherer JD, Lambris JD (1989) Multiple sites of interaction in C3 for 
CR2/EBV-receptor: functional implications. Complement Inflamm 6: 334 (Abstract) 

Fieser TM, Tainer JA, Geysen HM, Houghten RA, Lerner RA (1987) Influence of protein 
flexibility and peptide conformation on reactivity of monoclonal anti-peptide antibodies 
with a protein C(-helix. Proc Natl Acad Sci USA 84: 8568-8572 

Ganu VS, Muller-Eberhard HJ (1985) Inhibition of factor B and factor H binding to C3b by 
synthetic peptide corresponding to residues 749--789 of human C3. Complement 2: 27 
(Abstract) 

Garred P, Mollnes TE, Lea T (1988a) Quantification in enzyme-liked immunosorbent assay of 
a C3 neoepitope expressed on activated human complement factor C3. Scand J Immunol 
27: 329-335 

Garred P, Mollnes TE, Lea T, Fischer E (1988b) Characterization of a monoclonal antibody 
MoAb bH6 reacting with a neoepitope of human C3 expressed on C3b, iC3b, and C3c. 
Scand J Immunol 27: 319-327 

Grier AH, Schultz M, Vogel CW (1987) Cobra venom factor and human C3 share carbohydrate 
antigenic determinants. J Immunol 139: 1245-1252 

Grossberger D, Riegert P, Becherer JD, Nilsson B, Nilsson-Ekdahl K, Nilsson UR, Lambris 
JD (1988) Monoclonal anti-C3 antibodies specific for either bound or fluid phase C3: mapping 
oftheir antigenic sites in C3 by the use of an expression minilibrary. FASEB J A1643 (Abstract) 

Grossberger D, Marcuz A, Du Pasquier L, Lambris JD, (1989) Conservation of structural and 
functional domains in complement component C3 of Xenopus and mammals. Proc Nat! 
Acad Sci USA 86: 1323-1327 

Hack CE, Paardekooper J, Smeenk RJT, Abbink J, Eerenberg AJM, Nuijens JH (1988) 
Disruption of the internal thioester bond in the third component of complement (C3) results 
in the exposure of neodeterminants also present on activation products of C3. An analysis 
with monoclonal antibodies. J Immunol 141: 1602-1609 

Hirani S, Lambris JD, Muller-Eberhard HJ (1985) Localization of the conglutinin binding site 
on the third component of human complement. J Immunol 134: 1105-1109 

Holt PDJ, Donaldson C, Judson PA, Johnson P, Parsons SF, Anstee DJ (1985) NBTS/BRIC 
8. A monoclonal anti-C3d antibody. Transfusion 25: 267-269 

Huemer HP, Burger R, Garred P, Cohen G, Eisenberg R, Friedman H, Esparza I, Dierich MP, 
Lambris JD (1989) The interaction sites in C3b for HSV-l gC and factor H are related. 
Complement Inflamm 6: 348 (Abstarct) 

Hugli TE (1989) Structure and function of C3a anaphylatoxin. Curr Top Microbiol Immunol 
153: 181-208 

Iida K, Mitomo K, Fujita T, Tamura N (1987a) Characterization of three monoclonal 
antibodies against C3 with selective specificities. Immunology 62: 413-417 

Iida K, Mitomo K, Fujita T, Tamura N (1987b) A solid-phase anti-C3 assay for detection of 
immune complexes in six distinguished forms. J Immunol Methods 98: 23-28 

Isenman DE (1983) Conformational changes accompanying proteolytic cleavage of human 
complement protein C3b by the regulatory enzyme factor I and its cofactor H. Spectroscopic 
and enzymological studies. J BioI Chem 258: 4238-4244 

Isenman DE, Cooper NR (1981) The structure and function of the third component of human 
complement 1. The nature and extent of conformational changes accompanying C3 activation. 
Mol Immunol 18: 331-339 

Isenman DE, Kells DIC, Cooper NR, Muller-Eberhard HJ, Pangburn MK (1981) Nucleophilic 
modification of human complement protein C3: correlation of conformational changes with 
acquisition of C3b-like functional properties. Biochemistry 20: 4458-4467 

Jackson DC, Poumbouries P, White DO (1988) Simultaneous binding of two monoclonal 
antibodies to epitopes separated in sequence by only three amino acid residues. Mol Immunol 
25: 465-471 

Kanayama Y, Kurata Y, McMillan R, Tamerius JD, Negoro N, Curd JG (1986) Direct 
quantitation of activated C3 in human plasma with monoclonal anti-iC3b-C3d-neoantigen. 
J Immunol Methods 88: 33-36 



Structural and Functional Analysis of C3 Using Monoclonal Antibodies 247 

Klos A, Ihrig V, Messner M, Grabbe J, Bitter-Suermann D (1988) Detection of native human 
complement components C3 and C5 and their primary activation peptides C3a and C5a 
(anaphylatoxic peptides) by ELISAs with monoclonal antibodies. J Immunol Methods 111: 
241-252 

Koch C, Behrendt N (1986) A novel polymorphism of human complement component C3 
detected by means of a monoclonal antibody. Immunogenetics 23: 322-325 

Koistinen V, Wessberg S, Leikola J (1989) Common binding region of complement factors B, 
Hand CRI on C3b revealed by monoclonal anti-C3d. complement Inflamm 6: 270 

Kusano M, Choi NH, Tomita M, Yamamoto K, Migita S, Sekiya T, Nishimura S (1986) 
Nucleotide sequence of cDNA and derived amino acid sequence of rabbit complement 
component C3 alpha-chain. Immunol Invest 15: 365-378 

Lachmann PJ, Oldroyd RG, Milstein C, Wright BW (1980) Three rat monoclonal antibodies 
to human C3. Immunology 41: 503-515 

Lachmann PJ, Pangburn MK, Oldroyd RG (1982) Breakdown ofC3 after complement activation. 
Identification of a new fragment, C3g, using monoclonal antibodies. J Exp Med 156: 205-216 

Lambris JD (1988) The multifunctional role of C3, the third component of complement. Immunol 
Today 9: 387-393 

Lambris JD, Ganu VS, Hirani S, Muller-Eberhard HJ (1985) Mapping of the C3d receptor 
(CR2)-binding site and a neoantigenic site in the C3d domain of the third component of 
complement. Proc Natl Acad Sci USA 82: 4235-4239 

Lambris JD, Avilla D, Becherer JD, Muller-Eberhard HJ (1988) A discontinuous factor H 
binding site in the third component of complement as delineated by synthetic peptides. J 
Bioi Chern 263: 12147-12150 

Lambris JD, Becherer JD, Daoudaki ME, Servis C, Alsenz J (1989) Use of synthetic peptides 
in exploring and modifying complement reactivities. In: Sim RB (ed) Activators and inhibitors 
of complement activation. Kluer Academic, Lancaster (in press) 

Lundwall A, Wetsel RA, Domdey H, Tack BF, Fey GH (1984) Structure of murine complement 
component C3. I. Nucleotide sequence of cloned complementary and genomic DNA coding 
for the ~ chain. J BioI Chern 259: 13851-13862 

Ma D, Sessler MJ, Meyer TF, Schrod L, Hansch GM, Burger R (1985) Expression of polypeptide 
segments of the human complement component C3 in E. coli: genetic and immunological 
characterization of cDNA clones specificfor the ~-chain of C3. J Immunol 135: 3398-3402 

Meuth JL, Morgan EL, DiScipio RG, HugJi TE (1983) Suppression of T lymphocyte functions 
by human C3 fragments. I. Inhibition of human T cell proliferative responses by a kallikrein 
cleavage fragment of human iC3b. J Immunol 130: 2605-2611 

Molenaar JL, Helder AW, MiilIer MAC, Goris-Mulder M, Jonker LS, Brouwer M, Pondman 
KW (1975) Physico-chemical and antigenic properties of human C3. Immunochemistry 12: 
359-364 

Mollnes TE, Lachmann PJ (1987) Activation of the third component of complement (C3) 
detected by a monoclonal anti-C3'g' neoantigen antibody in a one-step enzyme immunoassay. 
J Immunol Methods 101: 201-207 

Myones BL, Avila D, Lachmann PJ, Lambris JD (1989) Localization of the epitopes recognized 
by the anti-C3G (clone 9) monoclonal antibody using synthetic pep tides. Complement 
Inflamm 6: 373 (Abstract) 

Newman SL, Mikus LK (1985) Deposition of C3b and iC3b onto particulate activators of the 
human complement system. Quantitation with monoclonal antibodies to human C3. J Exp 
Med 161: 1414-1431 

Nilsson UR, Nilsson B (1982) Analogous antigenic alterations elicited in C3 by physiologic 
binding and by denaturation in the presence of sodium dodecylsulfate . .T Immunol 129: 
2594-2597 

Nilsson B, Nilsson UR (1986) SDS denaturation of complement factor C3 as a model for 
allosteric modifications occurring during C3b binding: demonstration of a profound 
conformational change by means of circular dichroism and quantitative immunoprecipita
tion. Immunol Lett 13: 11-14 

Nilsson B, Svensson KE, Borwell P, Nilsson UR (1987) Production of mouse monoclonal 
antibodies that detect distinct neoantigenic epitopes on bound C3b and iC3b but not on 
the corresponding soluble fragments. Mol Immunol 24: 487-494 



248 J. Alsenz, J. D. Becherer, B. Nilsson, and J. D. Lambris 

Nilsson B, Svensson KE, Inganas M, Nilsson UR (1988) A simplified assay for the detection 
of C3a in human plasma employing a monoclonal antibody raised against denatured C3. 
J Immunol Methods 107: 281-287 

Nilsson B, Grossberger D, Nilsson-Ekdahl K, Riegert P, Becherer JD, Nilsson U, Lambris D 
(1989a) Localization of neoantigenic epitopes in C3b and iC3b. Complement Inflamm 
6: 376 (Abstract) 

Nilsson B, Nilsson-Ekdahl K, A vila D, Nilsson UR, Lambris JD (1989 b) Conformational changes 
in C3 as detected by monoclonal antibodies: mapping ofthe recognized epitopes by synthetic 
peptides. J Bioi Chem (submitted for publication) 

Nilsson-Ekdahl K, Nilsson B, Becherer JD, Nilsson UR, Lambris JD (1989) Further studies on 
the degradation of complement factor C3 by factor I. Inhibition of factor I with DFP. 
Seventh International Congress of Immunology Gustav Fischer Verlag Stuttgart p. 131 
(Abstract 22-24) 

Pangburn MK (1987) A fluorimetric assay for native C3. The hemolytically active form of the 
third component of human complement. J Immunol Methods 102: 7-14 

Pangburn MK, Schreiber RD, Mii1ler-Eberhard HJ (1981) Formation ofthe initial C3 convertase 
of the alternative pathway. Acquisition of C3b-like activities by spontaneous hydrolysis of 
the putative thioester in native C3. J Exp Med 154: 856-867 

Perkins SJ, Sim RB (1986) Molecular modelling of human complement C3 and its fragments 
by solution scattering. Eur J Biochem 157: 155-168 

Ross GD, Medof (1985) Membrane complement receptors specific for bound fragments of C3. 
Adv Immunol 37: 217-267 

Ruddy S, Moxley GF, Purkall DB (1983) Inhibition of classic and alternative pathway convertases 
by rat monoclonal antibody to human C3. Immunobiology 164: 291 (Abstract) 

Tamerius JD, Pangburn MK, Muller-Eberhardt HJ (1982) Selective inhibition of functional 
sites of cell-bound C3b by hybridoma-derived antibodies. J Immunol128: 512-514 

Tamerius JD, Pangburn MK, Muller-Eberhard HJ (1985) Detection of a neoantigen on human 
C3bi and C3d by monoclonal antibody. J Immunol135: 2015-2019 

Theofilopoulos AN, Wilson CB, Dixon FJ (1976) The Raji cell radio immune assay for detecting 
immune complexes in human sera. J Clin Invest 57: 169-182 

Wetsel RA, Lundwall A, Davidson F, Gibson T, Tack BF, Fey GH (1984) Structure of murine 
complement component C3. II. Nucleotide sequence of clones complementary DNA coding 
for the alpha chain. J Bioi Chem 259: 13857-13862 

Whitehead AS, Sim RB, Bodmer WF (1981) A monoclonal antibody against human complement 
component C3: the production ofC3 by human cells in vitro. Eur J Immunoll1: 140--146 

Worner I, Burger R, Lambris JD (1989) Localization and functional characterization of epitopes 
on r:l and ~-chains of C3. Complement Inflamm 6: 416 (Abstract) 

Zubler RH, Lange G, Lambert PH, Miescher PA (1976) Detection of immune complexes in 
untreated sera by a modified 125I_Clq binding test. J Immunol 116: 232-235 



Subject Index 

u2-Macroglobulin 46,49,58-59,78 
Anaphylatoxins 181-208 
Antipeptide antibodies 51, 56, 200, 236 

~-glucan 106-108 
Bilharziasis 172 

C3 
- binding sites 50-58, 237-239 
- biochemical characteristics 23-24 
- biosynthesis 25-29 
- - leader peptide 25 
- - precursor processing and 

intracellular transport 25-26 
- - glycosylation 26 
- - tetra-arginine linker 25 
- C3 from 
- - axolotl 49,60,63 
- - chicken 49,61 
- - cobra 46, 60-62 
- - feline 60, 61 
- - guinea pig 49,60,61 
- - human 45-72 
- - lamprey 64 
- - mouse 46,49,55,59 

- porcine 60, 61 
- - quail 49,61 
- - rabbit 46,49,55,59-60 
- - rat 60, 61 
- - trout 49,60,63 
- - Xenopous 46,49,55,60,62 
- C3 (H20) 5,236-237 
- C3a 181-208 
- fragments 46-48, 181-208,235,243-244 
- gene structure 31-35 
- - correlation of protein domains 

with gene structure 33-35 
- - intron/exon organization 31-35 
- - structural map 33 
- gene transcription 29 
- - truncated message 29 
- glycosylation 24, 46, 52, 59-63 
- monoclonal antibodies, MoAb 200,235-245 

- - analysis of C3 functions 237-239 
- - analysis of conformational changes 

236-237 
- - analysis of complement activation 

243-244 
- - epitope mapping 239-243 
- - detection of C3 fragments 200, 236-238, 

243 
- - generation 235-236 
- - neoepitopes 200, 238 
- neoepitopes 51,200,238 
- polymorphism 36 
- sites of synthesis 26-29 
- - astrocytes 26 
- - endothelial 28 
- - epithelial 28-29 
- - hepatocytes 26-27 
- - monocyte/macrophage 27-28 
- - Raji cells 29 
- transcriptional and translational 

regulation 29-31 
- - acute phase response 29,31 
- - stimulation by 

glucocorticoids 30 
hormones 31 
interferons 30-31 
interleukins 30-31 
lipopolysaccharide (LPS) 30 
phorbol esters 30 
tumor necrosis factor (TNF) 30-31 

C3 convertase 
- alternative pathway 2-3,12-13,40 
- - amplification 6 
- - initiation 5 
C3a receptors 
- C3a 197-200 
- C3a functional aspects 
- - C3a 190-196 
- - immunomodulation 194-195 
- - isolated tissues 192, 194 
- - mast cells 195 
- - microvascular 191-192 
- - platelet activation 195-196 



250 Subject Index 

- - skin responses 191 
- - vasoconstriction 192, 194 
- cross-linking receptor-ligand 198-199 
- granulocytes 197 
C4 46,49,58,59,64 
C4 binding protein 47,48,56 
C5 47-49,58-59,61,63 
C5 convertase 
- alternative pathway 2-3,13-14 
- classical pathway 2-3,14-15 
Candida albicans 165,173-175 
Carboxypeptidase N 181, 183, 190-192 
Chagas'disease 170 
Chemical cross-linking 196-199 
Cobra Venom factor, CVF 49,57,61-63, 

229,231 
Complement receptor type 1, CR1 
- allotypes 85-86 
- binding site(s) in C3. 50-52,56,59-60, 

237-239 
- biosynthesis 87 
- functions 47, 48, 90-92 
- glycosylation 87 

sites of expression 87 
- structure 83-85,212-214,217 
Complement receptor type 2, CR2 
- binding site(s) in C3 53-56,59-60, 

237-239, 242 
- biosynthesis 89 
- functions 47, 48, 53-54, 90-92 
- glycosylation 90 
- sites of expression 89-90 
- structure 88, 212-214, 217 
Complement receptor type 3, CR3 
- binding site(s) in C3 55-56,103-109 

functions 109-112 
-ligands 55-56,103-109,174 
- surface expression 110-112 
- structure 100-103,214,216,218 
Complement receptor type 4, CR4 see 

p150,95 
Conformation 
- C3a 187-190 
- - Circular dichroism 187-188 
-- NMR 189 
- - X-ray crystallography 188 
- C3 conformational changes 46-48, 

236-237 
Conglutinin 48, 52, 58, 217 
CR1 see Complement receptor type 1 
CR2 see Complement receptor type 2 
CR3 see Complement receptor type 3 
CVF see Cobra Venum factor 

DAF see Decay-Accelerating factor 
Decay-Accelerating facto~, DAF 
- activities 131-132 
- alternative forms 127-128 
- biosynthesis 124-125 
- blood groups 133 
- cDNA 128-131 
- gene 131 
- glycophospholipid anchor 126 
- glycosylation 124-125 
- guinea pig 133 
- paroxysmal nocturnal hemoglobinuria, 

PNH 132 
- physiological role 131-132 
- purification 124 
- rabbit 133 

sites of expression 127-128 
- Trypanosoma cruzi 170. 175 
Deficiencies 
- C2 225,228 
-C3 36-37,223-232 
- - acquired 231 
- - inherited 223,227,229 
- - human 224-226 
- - guinea pig 226 
- - dog 229 
- - rabbit 230 
- - biological consequences 224-226 
- - infections 224,230 
- - membranoproliferative glomerulonephritis 

224,230 
- - immune response 225,228,230 
- C3a receptor 227 
- C4 225,228 
- C8 230 
- factor H 151 
- Leucocyte adhesion dificiency (LAD) 

112-114 
- - animal model 114 

EBV, see Epstein-Barr virus 
ELAM-1 104,214 
Epstein-Barr virus, EBV 50,52-55,89-90, 

92-93, 168-169 

Factor B 6-9,47-51,56-57,61,215,217,237 
Factor D 10,61 
Factor H 
- allelic variants 152 
- alternative splicing 155, 157 
- binding characteristics 56-57, 60-63, 149, 

150,237 
- carbohydrates 151 
- cofactor activity 47-51, 148 



- decay accelerating activity 148 
- gene linkage 154 
- genomic organization 153 
- regulatory sequences 154 
- structure 212-214, 217 
Factor I 47-50,56,57,59-60,216-217,243 
Factor X 56, 105-107 
Fibrinogen 55-56, 105-106 
Fibronectin 105 

Herpes Simplex virus, HSV 50,164-169 
- glycoprotein C 165, 166-168,239 
Histoplasma Capsula tum 108 
HSV, see Herpes Simplex virus 

ICAM-1 218 
Integrins 100-101 
-leucocyte integrins 100-103 
- a-subunits 100-103 
- - Ca++ binding motifs 102,216 
- - L-domain 102, 215 
- ~-subunit 
- - cysteine-rich octet 101-102 
- - gene location 112 
- - high homology region 102 
--RFLP 112 

Leishmania 55-56, 105-108 
- gp63 49,55-56, 105-107 
Leukocytosis 47,49 
LFA-1 100-101 
Lipopolysaccharide (LPS) 106, 108-109 

Malaria 171 
MCP see Membrane cofactor protein 
Membrane cofactor protein, MCP 
- biosynthesis 136 
- cDNA 136-138 
- gene 138 
- glycosylation 136 
- physiological role 47-48, 139 
- purification 133 
- sites of expression 139 
- structural variations 134-136 
- structure 212-214 

NeF 231 

p150,95 99-122,218 
Phagocytosis 100-110 

Subject Index 251 

Plasmodium falciparum 171 
Plasmodium knowlesi 171 
Plasmodium vivax 171 
Primary structure 
- C3a 183 
-C3 49 
-DAF 129 
-MCP 137 
Properdin 
- binding site(s) in C3 47,48,57-63,239 
- functions 11-12 
- structure 214, 218 

Respiratory distress syndrome 243 
RGD-tripeptide 55,62, 105 
Rheumatoid arthritis 243,244 

Schistosoma mansoni 165, 172-173 
Serine proteinase 9, 10,215 
Staphylococus epidermidus 108 
Structural motifs 
- metal binding domain 102,216 
- factor I/C7 repeat 102, 216 
- serine protease domain 7,215 
- LDLR domain 215 
- thrombospondin repeat 11, 214 
- Von Willebrand factor repeat 9, 214 
- complement control protein repeat, CCP 

7,84,88,140,153,213-215 
Synthetic peptides 
- epitope mapping 236,240, 241, 243 
Synthetic peptides binding to 
-CR1 51 
- CR2 53-54, 239 
- CR3 55,105 
-H 56 
- Properdin 59 
- C3a receptor 
- - LGLAR 183-186 
- - C3a analogs 184-187 
- - hydrophobic groups 185-187 
Systemic lupus erythrematosus 243, 244 

Thiolester bond 5, 25-26, 46-47, 60-64, 
73-80,219-220 

Trypanosoma cruzi 165,170-171 

Vaccinia virus 165, 169-170 
Von Willebrand factor 9,214 

Zymosan 108 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA1B:2005
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200039002000280039002e0034002e00350032003600330029002e000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003100200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




