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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/ml. It
is synthesized predominantly in the liver (ALPER et al. 1969) as a single chain pre-pro
molecule with B—o-chain sequence (DOMDEY et al. 1982; GOLDBERGER et al. 1981) and
assumes its native two-chain form after enzymatic processing (see BARNUM et al., this
volume). The a-chain (115-kDa) is linked to the B-chain (75-kDa) by a single disulfide
bond and noncovalent forces (MATSUDA et al. 1985; JANATOVA 1986). The complete
primary structures for human (DE BRUDN FEy 1985) and mouse (WETSEL et al. 1984;
LUNDWALL et al. 1984a) C3 and the partial structures for rabbit (KusaNo et al. 1986)
and Xenopus (GROSSBERGER et al. 1989) C3 have been elucidated. Carbohydrate
analysis revealed that human C3 possesses two N-linked carbohydrate moieties
positioned at residue 63 of the B-chain (MansGlcNac, + MangGlcNac,) and at
residue 917 of the a-chain (MangGlcNaC, + Many,GlcNaC,) which together account
for 1.5% of the molecular weight of C3 (HASE et al. 1985; HIRANI et al. 1986). [The
numbering of residues of C3 throughout this review has been ascertained from the
report of DE BRUDN 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 al. 1966) via ester or amide
linkages (LAw el al. 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-Cys®®8-Gly-Glu-GIn®°*-Asn (for review see Tack 1983 and LEVINE
et al,, this volume). This thiolester moiety is also found in C4 and a,-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; IsenmMaN and CooPER 1981; NiLssoN and NiLssoN 1986; HAcCK et 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,O 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,O is 60 ms (SiM
et al. 1981). The generation of C3b leads to the expression of binding sites for factors
B, H, and I, C5, 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 play a critical role in determining the fate
of further complement activation (reviewed in PANGBURN 1986b; ATKINSON and
FARRIES 1987).

Control of the amplification 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 o 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
(p150,95). A third factor I cleavage site, with CRI, CR2, or factor H serving as
cofactors (Ross et al. 1982; MEDOF et al. 1982; MEepIcCUS et al. 1983; MITOMO et al.
1987) has been reported to occur at residues 932-933 (Arg-Glu) of the o/-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,-
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 Siv 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;
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Fig. 1. Degradation of C3 and reactivity of its fragments with other complement proteins, cellular
receptors, and proteins on foreign particles. Asterisks, interactions observed when the C3
fragments are coated on microtiter plates, but whether these occur under physiological conditions
is unknown. These interactions, however, have been essential in localizing the ligand and receptor
binding domains in C3

Kusano et al. 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
etal. 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,-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, a,-macroglobulin). 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 BrRUIN and FEy (1985) after subtracting the signal peptide. Boxed sequences,
areas of functional importance; asterisks, identical residues; periods, gaps, introduced for maximal
sequence alignment. The sequence of guinea pig C3 surrounding the thiolester 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, NH,-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 activity 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 NH,-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 (sce Fig. 2).
Recent results from our laboratory suggest that three different C3dg-like fragments
are generated in serum. This is based on NH,-terminal sequence data and on the
reactivity of several monoclonal antibodies (NiLssON et al. 1988) which recognize
different cpitopes within residues 929946 of C3. The three C3dg-like fragments had
their NH,-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 1 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
carlier 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
(160280 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 C3b/C4b 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 multivalency of surface-bound C3b may be
physiologically important in CR1-mediated functions. This is supported by the
fact that dimeric C3b (K, approximately 5x 107 M~!) binds CR1 with a much
higher affinity than monomeric C3b (K, approximately 0.5x 10 — 2x 105 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 CR1. NH,-terminal sequence analysis revealed that the C3c fragments
which did not bind CR1 were missing eight and nine amino acids from the
NH,-termini of their 27-kDa o/-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 BRUDN and FEy 1985; HIRANI et al. 1985),
played no role in CR1 binding.

Both a synthetic peptide (C3727-7%), which spans residues 727-768 of the
C3 sequence, and the generated antipeptide antibody (anti-C3727-7%%) inhibit the
binding of C3b and C3c to CR1. The finding that C3727-7%% 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 CR1. This region of C3 has also been shown to be
involved in the interaction of C3b with factors H and 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 (Funta and
NUSSENZWEIG 1979), by the observations that CR1 and factors H and B compete
for binding to C3b (DiScreio 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
KLICKSTEIN using deletion mutants of recombinant CR1 showed that two C3b
binding sites exist in CR1 (KLICKSTEIN etal. 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-C3727-7°® 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 CRI, 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 C3727-7°% and C3727-7*° but
not by C37#1-7%8, Thus, anti-C3727-7%% recognized a neoepitope expressed after
cleavage of C3 to C3b that is confined within the 14 NH,-terminal amino
acids (residues 727-740) of the o’~chain of C3 (BECHERER et al. 1989b). This antibody,
or a monoclonal antibody generated against 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 H and B, CR1, CR2, CR3, C3aR,
properdin, and conglutinin (see text for details). Residues 1385/1252 of the a-chain denote the
endpoints of the CNBr fragments originally generated which aided in the localization of the
properdin and CR2 binding sites, respectively. Residues 735 and 736 of the a-chain represent
the NH, termini of the C3c fragments which led to the localization of the CR1 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 etal. 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 peptides 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 LaMeris 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 2p350/220,
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. 1983), 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 of B 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



54 J.D. Becherer, J. Alsenz, and J. D. Lambris

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; Bonnsack 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-lymphoblastoid 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-IgM induced
increase of cytoplasmic free Ca?* (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 peptides in an attempt to mimic the effects of CR2 ligation
by C3d. Under serum-free conditions, a multivalent CR2-binding peptide,
(3120212194 qupnorted the growth of Raji cells, and this effect could be inhibited
by the monovalent CR2-binding peptide C3'20'-121* (SErvis and LAMRBRIS 1989). A
similar inhibition was observed by a synthetic peptide which spans residues 19-30
of the NH,-terminus of gp350/220. In addition, a multimeric form of the same
2p350/220 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 Lameris 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 o-chain (Table 1). These residues are within
the identified CR1 and H binding domain located in the NH, terminus of the o/-chain
(Figs. 2, 3). The contribution of these amino acids in this region of C3 to the H and
CR1 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 to the structural and
functional similarities between CR1, CR2, and factor H.
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Table 1. Amino acid sequence similarity between the identifiecd CR2 binding site in C3d and
other segments of C3 and the gp*°%?2° protein of EBV

Residues Sequence
CR2 binding site in C3d 1199-1210 ED. PGKQLYNVEA
B-Chain of human C3 295-306 * ok LV R F 5§ *F * * S ¥
o-Chain of human C3 744-755 * F . * ES W* W* * * D
CR2 binding site in gp350 21-30 * X * K FF * * * I

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

4.3 Interaction of C3 Fragments with Complement Receptor Type 3

CR3 (Mac-1, CD11b/18)is membrane glycoprotein that participates in the phagocyto-
sis of iC3b-opsonized particles and in cell adhesion (see ROSEN and LAw, this volume).
It is a heterodimer consisiting of noncovalently linked a- (165-kDa) and B-chains
(95-kDa) and is a member of a superfamily of cell surface receptors termed integrins
(Hy~es 1987).

CR3 binds to the iC3b fragment of C3, and this binding is dependent on divalent
cations (BELLER et al. 1982; Ross and Lamsris 1982). One binding site in iC3b for
CR3 has been localized to residues 1361 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 endothelial 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-1, 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,-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 macrophages 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 (Artierl 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 JONG
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 multispecificity 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 al., this volume). Several
reports have identified different regions of the C3b molecule to be involved in H
binding, thus suggesting that H and 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 peptides (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 o'-chain based on
the inhibition of factor H binding to EC3b by synthetic peptides and antipeptide
antibodies (GANU and MULLER-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 B and CR1 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 o/'-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 convertases (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 NH,-terminus of the
o’-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 Lamsris 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. 1983).
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 (FARRIES 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 (CuariTis and Lerow 1976), and
subsequent studies placed the properdin binding site within the 40-kDa COOH-
terminal a-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 o,-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 (C3'*°>-'*%) 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
etal. 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 deficicncy 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
14241432, and synthetic analogues indicate that His'#*** and Ser'**? 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; FARRIES 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 Ca?* 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 microtiter
plates, conglutinin was also shown to bind C3b, C3c, and the a-chain of C3 but not
the B-chain or to C3d. Molecular dissection of the C3c molecule identified the
conglutinin binding site within the NH,-terminal o/-chain fragment of C3c. Since
endo-H removal of the a-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?*-dependent endogenous lectins recently reviewed by DRICKAMER
(1988).



Molecular Aspects of C3 Interactions 59

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, CS5, and o,-macroglobulin serve as
““npatural 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; KamoH 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 B-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 B-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 EC3bi/C3dg rosettes with Raji cells suggest that the binding sites for human
factor I, CR1, and CR2 are conserved in mouse C3 (KmNosHITA 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 etal. 1981;
HoRSTMANN and MULLER-EBERHARD 1985a) and was found to be composed of
glycosylated o- (123-kDa) and B-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 corresponding human
component (HOrRSTMANN and MULLER-EBERHARD 1985a). Identification of the nu-
cleotide sequence for a region of approximately 70% of the a-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
a-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 125|-ConA

o chain

B chain

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

Fig. 4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis and binding of '?°I-labeled
concanavalin A (1231-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 1?°I-labeled
concanavalin A, washed, and subjected to autoradiography. The purification of C3 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 Lamsris 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)

C3 from 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
B-chain (TroMAs 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 purilied 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; Kar1 et al.
1983), and during ontogeny synthesis of quail C3 appears to be associated with cells
belonging to the reticuloendothelial system (Kar ctal. 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
(¢) 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 B and
D (Kar et al. 1985).

Chicken C3. The C3 of chicken has been characterized as a two-chain structure
(x-chain, 118 kDa; B-chain, 68 kDa) that participates in both the classical and
alternative pathways of complement activation in chickens. It has a pl 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 (Kocu
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 B and 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 CS5,
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, NH,-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 C3 led 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 B-chains
of human and cobra C3 and in the a-chain of CVF. NH,-terminal sequence (see
Fig. 2) analysis of the a-, B-, and y-chains of CVF revealed homology with the f-
and a-chains of human C3 (VOGEL et al. 1984; LUNDWALL 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’KEeerE which describes a protease in cobra venom that can cleave human C3 into
C3c-like and C3d-like fragments (O’KEEFE et al. 1988). This C3c-like fragment, unlike
the C3c generated by trypsin or elastase, retains the ability to bind factor B and
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 '>*I-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. 1984b). Xenopus C3 resembled human C3 in its chain structure
(a-chain, 125 kDa; B-chain, 85 kDa), its electrophoretic mobility (B-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 a-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 scgment 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 (SEKIZAWA 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



Molecular Aspects of C3 Interactions 63

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 Lamsris, 1989). It consists of a disulfide-linked a- (110-kDa)
and B-chain (72-kDa; Fig. 4) and it contains, within the a-chain, an internal thiolester
bond as deduced from its amino acid sequence and the incorporation of ['*C]-
methylamine within the C3d fragment of axolotl C3. NH,-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 a-chain (AviLa and Lamsris 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 lIytic
activity, suggesting that a C3-like molecule is essential. Consequently, trout C3 was
isolated and, like human C3, was found to possess an o-B-chain structure and a
methylamine-sensitive thiolester site, in addition to its integral role in complement-
mediated hemolysis (NONAKA et al. 1984b). Similar to Xenopus and axolotl C3, only
the B-chain of trout C3 contains concanavalin A binding carbohydrate (Fig. 4).
Additionally, the amino acid composition and NH,-terminal amino acid sequences
of the a- and B-chains of trout C3 show homology to human C3 and CVF (NoNaka
et al. 1984b; 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 a-chain, 21 of the B-chain)
only two substitutions (both in the a-chain) were observed (NoNAKaA 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
a- (84-kDa), B- (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 a-chain. This segment shows homology with the sequences of the
thiolester region of mammalian C3 (NONAKA etal. 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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