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Structure, Functions, and Evolution
of the Third Complement Component
and Viral Molecular Mimicry
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Abstract

The third component of the complement system, C3, is a common
denominator in the activation of the classical, alternative, and lectin
pathways. The ability of C3 molecule to interact with at least 20
different proteins makes it the most versatile component of this
system. Since these interactions are important for phagocytic,
immunoregulatory, and immune evasion mechanisms, the analysis
of its structure and functions has been a subject of intense research.
Here we review our current work on the C3—ligand interactions, C3-
related viral molecular mimicry, evolution of the complement sys-
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tem, and identification of C3-based complement inhibitors.

Introduction

The complement (C') system is a complex
group of proteins and glycoproteins, which
together play an importantrole in host defense
against infection. Complement functions
together with the immune response by serving
as the principal mediator of the consequences
of antigen—antibody interactions. The pres-
ence of foreign pathogens or immune com-
plexes initiates a complex enzymatic cascade
in which one C' component sequentially binds

and activates another. During the course of
this cascade, a number of biological processes
are initiated by the various C' components,
including inflammation and phagocytosis. The
endresultof these C'-mediated eventsis adirect
lysis of target cells and microorganisms as a
consequence of membrane-penetrating lesions.
Currently over 30 C' proteins have been iden-
tified, and deficiencies in any particular com-
ponents have been frequently associated with
a diminished ability to clear circulating
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Fig. 1. Schematic diagram showing interactions of human C3 and its ligand with serum proteins, cell-

surface proteins, and proteins of foreign origin.

immune complexes or fight infection. These
association of C' deficiencies with disease states
emphasizes the important physiologic role of
the C' system in the defense against infections.

Among the C' proteins, the third comple-
ment component, C3, is probably the most
versatile and multifunctional molecule known,
interacting with at least 20 different proteins
(I; see Fig. 1). The most abundant C' protein
in serum (1-2 mg/mL), C3 is a glycoprotein
that is comprised of a 115-kDa a-chain linked
to a 75-kDa B-chain by a single disulfide bond
and noncovalent forces. Molecular modeling
of C3, based on data derived from X-ray scat-
tering studies, depicts itas atwo-domain struc-
ture, with a flat ellipsoid associated with a
smaller flat domain.

Activation of the C' system by the classi-
cal, alternative, or lectin pathways results in
cleavage of C3 to C3b and C3a. C3b is unique
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in possessing multiple distinct functional sites
forfactors B, I, and, Hand C5 and P (2). It also
contains the metastable binding site, which is
important for covalent attachment of C3 to
activator surfaces. This site displays a high
degree of specificity in reacting with targets
and plays an important role in complement
activation (3-6). The C3 fragments generated
on activation of the C' system interact with six
different cell-surface receptors and serve as
modulators of C'-dependent leukocyte func-
tions. The interaction of C3 with several other
serum proteins is also well established. In
addition, its interactions with proteins from
foreign pathogens may provide a mechanism
by which these microorganisms evade C' neu-
tralization. The elucidation of the molecular
features of C3 function requires a structural
analysis of C3-ligand interactions, a topic that
has been the focus of intensive research (7).
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Studies on the C3-Ligand Interactions

The complement protein C3 binds to more
than 20 soluble and membrane-bound pro-
teins. The strategies that are used in our labo-
ratory to study various aspects of C3-ligand
interaction approach these problems from sev-
eral directions. The first approach to localiz-
ing a binding site or functional site on C3
involves studying the molecule at the protein
level. In this analysis, C3 is degraded enzy-
matically or chemically into small fragments,
which are then analyzed for binding to the
various C3 binding proteins. Following puri-
fication of the fragment of interest, the
sequence and location of the fragment within
the C3 sequence are determined. Both over-
lapping and analog peptides within the identi-
fied area are synthesized and analyzed for
binding to the ligand of interest.

The second approach originates at the DNA
level and involves construction of an expres-
sion minilibrary (~200-300 bases) from the
cDNA spanning the entire coding sequence of
C3 (7). This library is then screened with
antibodies recognizing C3 or with various pro-
teins thatbind C3. The reactive clones are then
sequenced, and their location within the C3
sequence is determined, thus permitting the
mapping of a specific site. This approach is an
efficient method forrecognizing specific bind-
ing sites. We have screened anumber of mono-
clonal antibodies (MAbs) that differ in their
specificity for surface-bound or fluid-phase
C3, and the resulting epitope map has yielded
a greatdeal of information about the structural
and conformational changes that occur upon
C3 activation and deposition (1,7,8).

We have also used recombinant DNA tech-
nology to express the whole human C3 mol-
ecule and exchange the protein binding
domains among C3 molecules from different
species. The use of site-directed mutagenesis
to study structure—function relationships
requires structural information about the pro-
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teinunder investigation (9). When X-ray crys-
tallographic or NMR spectroscopic data are
not available, structural data can be obtained
by analyzing homologies in protein sequences
(9,10). Thus, the information obtained from
the analysis of C3 structure and function in
various species has greatly assisted our site-
directed mutagenesis and our chimeric mol-
ecule experiments (/7).

The third approach deals with the evolution
and conservation of binding sites within C3
molecule from various species and other
homologous proteins, such as C4, C5, and o2~
macroglobulin. Comparison of the C3 amino
acid sequences among species and correlation
of this information with the ability of these
C3s to bind different ligands and receptors
have been instrumental in allowing us to iden-
tify structural features of C3 that are important
for its functional activity (11).

Using the strategies outlined above, we
have successfully identified the binding sites
on C3 for properdin (/2), bovine conglutinin
(13), factor H (14), C' receptor type 1 (CR1)
(15),C'receptortype2 (CR2)(16),andC5(17).
Previous studies from our laboratory and oth-
ers (15,18-20) have used C3 fragments, syn-
thetic peptides, and antipeptide antibody to
identify the N-terminal 42 amino acid resi-
dues (727-768) of the o'-chain of C3b as the
region that encompass the binding sites for
CR1, factor H, and factor B. In a recent study
(11), we have investigated further the involve-
ment of this region in the interaction of C3 with
factor B, factor H, CR 1, and membrane cofactor
protein (MCP). In this study we have constructed
chimeric molecules and asked the following
questions: Do the cofactor molecules bind to
multiple sites on C3 in order for factor I to cleave
C3b at multiple sites? Do the cofactor molecules
share the same binding sites on C3? Does factor
B bind to the N-terminal region (residues 727—
768) of the o'-chain of C3b? Analysis of the data
led to the following conclusions:
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1. A major binding site for CR1 and factor H is
located in the N-terminal region of the o/'-
chain of C3b, and both proteins react with
C3b via a second site.

2. MCP protein binding sites in C3b differ from
those for CR1 and H; this finding therefore
supports the idea that binding sites on C3b are
different for some cofactors.

3. Althoughsite-directed mutagenesis studies per-
formed by others (21) have suggested an
involvement of charged residues of the N-ter-
minal region in factor B binding, our study sug-
gests that residues in addition to these must
contribute significantly tofactor B binding (11).

There is a general agreement regarding the
binding sites for some C3 ligands, whereas
othersremain controversial (2,21,22). We have
localized the complement receptor type 2 (CR2)
binding site to residues 1201-1214 of the C3d
region of C3(16). This site is similar in sequence
to that of a viral envelope protein (gp350) of
Epstein-Barr virus (EBV) that mediates bind-
ing of EBV to CR2 (23,24). Involvement of
this region in CR2 binding was later analyzed
by Diefenbach and Isenman, who used a site-
directed mutagenesis approach (22). In their
study, 8 of 11 residues in this region were muta-
ted, either individually or in a group. Substitu-
tion with alanine at positions 1999-1200 (ED),
1203-1204 (KQ), or 1207-1208 (NV) had no
effect on binding of C3 mutants to CR2,
whereas a triple mutant containing substitu-
tions at all six residues showed a 20% reduc-
tion in binding as compared to that for
wild-type C3. From these data, they inferred
that this region is not involved in CR2 bind-
ing. We believe, on the basis of the following
data, that residues 1201-1214 and an addi-
tional site on C3d (yet to be identified) are
indeed involved in CR2 binding:

1. A synthetic peptide corresponding to this
region binds to Raji cells in a CR2-dependent
manner (16,19).

2. The CR2 binding site in EBV gp350 is
homologous to these residues, and mutation
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in this region of the intact EBV gp350 mol-
ecule abolishes the binding to CR2 (25).

3. A mutant that is substituted at six residues
(ED, KQ, and NV) with alanine displays a
20% reduction in binding to CR2 (22).

In order to identify small CR2 binding
regions of C3d and study their 2D NMR-
derived solution structures, we have expressed
the overlapping fragments of C3d. Using these
fragments, we have confirmed our earlier find-
ings (16) that region 1177-1252 of C3d is
involved in CR2 binding (Irani and Lambris,
unpublished results). We have also been able
toexpress abiologically active C3dk molecule
(Soulika and Lambris, unpublished results).
Currently, we are performing the site-directed
mutagenesis experiments to investigate fur-
ther the regions of C3d involved in factor H
and CR2 binding.

Complement System and Viral Molecular
Mimicry

The complement system serves as both an
innate and an acquired defense against viral
infection. Activation of the C' system in the
presence or absence of antibodies can lead to
virus neutralization, phagocytosis of C3b-
coated viral particles, lysis of infected cells,
and generation of inflammatory and specific
immune responses. To circumvent these
defenses, viruses not only have developed
mechanisms to control C' but have also turned
these interactions to their own advantage.
Investigation in our laboratory, in collabora-
tion with G. Cohen, R. Eisenberg, H. Fried-
man, and S. Isaacs (University of Pennsylvania,
Philadelphia), are actively engaged in a struc-
tural and functional analysis of viral proteins
involved in C' evasion. The mechanisms
developed by viruses to evade C' attack can be
divided into three categories:

1. Structural and functional mimicry of human
complement regulatory proteins.
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2. Use of complement receptors for cellular entry.
3. Useofhumancomplementregulatory proteins.

In our laboratory, we focus on the first two
categories.

Structural and Functional Mimicry
of Complement Regulatory Proteins
to Evade Complement Attack

Sequence analysis of DNA viruses has
revealed that some members of this group pos-
sess gene(s) with striking homology to the
members of C' control proteins (CCP). Whether
these viral genes have evolved from genes
encoding regulators of complement activation
(RCA) or from common ancestral genes, or
whether they have been captured from the
RCA loci of their hosts is not known at present.
The best-known example of a structural
homolog of the CCPis a vaccinia virus comple-
ment control protein (VCP). Other important
C'-regulating viral proteins are glycoprotein C
(gC) of herpes simplex virus type 1 (HSV-1)
andtype 2 (HSV-2). These proteins donot show
any structural similarity with CCP.

Structural Homologs

VCP is a 35-kDa secretory protein of vac-
cinia virus that contains four short consensus
repeats (SCRs) (26). The protein shows
homology to C4 binding protein (C4Bp) and
many other members of the CCP group. Cul-
ture supernatant containing VCP and partially
purified VCP has previously been shown to
inhibit C'-mediated lysis of sheep erythro-
cytes, bind to C4b and C3b, and decay the clas-
sical and alternative pathway C3 convertases
(27,28). Further studies have claimed that
VCP acts as a cofactor in the proteolytic inac-
tivation of C4b and C3b by factor I (28). How-
ever, factor I-mediated cleavages could not be
characterized in this study, because the o/'-chains
of C3b and C4b had been degraded into small
peptides, probably through the action of con-
taminating proteases.
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To study and re-evaluate the possible
mechanisms by which VCP modulates the C'
system, we have expressed VCP in a pichia
expression system. These studies were per-
formed in collaboration with Stuart Isaacs.
The expressed protein was purified to homo-
geneity, and its biological activity was com-
pared with those of human factor H and CR1.
Recombinant VCP inhibited both the classical
and the alternative pathway-mediated lysis of
erythrocytes, although the concentrations
were higher than those required for factor H
and CR1. We noted that in contrast to factor H
and CR1, which display cofactor activity in
factor I-mediated cleavage of C3b that results
in cleavage of the o'-chain at three different
sites, rVCP primarily displayed cofactor
activity for the first site (29). Thus, our results
suggest that the interaction of VCP with C3 is
different from those of factor H and CR1 and
that the single cleavage by factor1is sufficient
to render C3b nonfunctional. Further studies
on the detailed mechanism of complement
inactivation by VCP are in progress.

Proteins that have four SCRs and are also
homologous to C' control proteins have been
found in herpesvirus saimiri (HVS) and the
recently discovered Kaposi's sarcoma-associated
herpesvirus (HHV-8). These proteins are approx
30% identitcal in sequence with the human C'
control proteins and with each other. Sequence
analysis of cDNAs has shown that transcripts of
the C' control protein of HSV (termed CCPH)
exist as unspliced or single-spliced mRNAs. The
unspliced species of mMRNA directs the translation
of a membrane-bound glycoprotein (mCCPH),
whereas the spliced species encode for a secre-
tory protein. In addition to CCPH, HVS also
contains a gene that directs the expression of a
homolog of CD59 named HVSCD59 (30). Cur-
rently, in collaboration with J-C Albrecht and F.
Neipel (Institut fiir Kiliche and Molekulare
Virologie, Erlangen, Germany) we are express-
ing CCPH of HVS and HHV-8 to study and com-
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pare the mechanisms of C' inactivation by these
novel proteins.

Other Viral Proteins that Regulate Complement

Viruses have also adopted proteins that are
structurally different from CCP but also func-
tion to inactivate complement. Important
examples are gC molecules of HSV-1 and
HSV-2, which are expressed on the virion
envelope and on the surface of infected cells
(31). Studies have clearly indicated that gCs
regulate C' and provide protection against C'-
mediated viral neutralization (32,33). gCs of
HSV-1 (gC-1) and HSV-2 (gC-2) are highly
glycosylated proteins with numerous O-linked
oligosaccharides, and nine and seven poten-
tial sites for N-linked glycosylation, respectively
(34). Both proteins bind to C3b when they are
expressed on the surface of transfected cells
or in the form of purified proteins (35). Previ-
ous reports have suggested that gC-1, like other
regulators of C' activation (factor H, CR1, and
decay-accelerating factor [DAF]), accelerates
the decay of a bimolecular C3 convertase
(C3b,Bb) into its subunits; however, in contrast
to factor H and CRI, it does not mediate the
proteolytic inactivation of C3b by factor I (36).
In collaboration with G. Cohen, R. Eisenberg,
and H. Friedman, we have shown that gC-1, but
not gC-2, can destabilize C3 convertase by
inhibiting the binding of properdin to C3b (37).
Recently, we have also shown that unlike other
regulators of C'activation (factor H, MCP, DAF,
and CR1), which interact with C3b, both gC-1
and gC-2 bind to native C3 (38). Furthermore,
we have shown that the binding sites for gC-1
and gC-2 are located in the C3c region of C3 and
that the C3 region spanning residues 727-768,
which is implicated in the binding of CR1 to
C3b, is not important for the gC—C3 interaction.
Thus, gC-1 does not act as an analog of CR1. On
the basis of the data obtained thus far, we pro-
pose thatactivation of C'is not necessary for gC—
C3 interaction and that gC-1 can inhibit C'
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activity by blocking the binding of properdin
and C5 to C3b. The mechanism by which
gC-2 modulates C'-mediated neutralization
remains unclear and is under investigation.

Use of Complement Receptors for Cellular
Entry

Several viruses have developed strategies
that allow them not only to evade C' attack but
also to use complement receptors for cellular
entry (39). One of the important and well-stud-
ied example of this group is the EBV, which
infects B-cells through C' receptor type 2
(CR2) (23). Some T-cells and dendritic cells
also express this receptor (40). CR2 binds to
iC3b, C3dg, and C3d fragments of C3 (4/) and
shows a low-affinity binding to C3b (42). We
have shown that one of the binding sites in
C3dislocated betweenresidues 1201 and 1214
(PGKQLYNVEATSYA) (16). A sequence
similar to this C3d sequence has also been
identified in a envelope protein (gp350) of
EBV, suggesting that the C3d and EBV bind-
ing sites on CR2 are either identical or confor-
mationally related. Further studies using
MADbs, purified proteins and site-directed
mutagenesis of the proposed sequence have
confirmed that binding site for EBV on CR2 is
located within the C3dg-like sequence of gp350
(25). In collaboration with C. D. Tsoukas, we
have identified a novel EBV receptor on HSB-
2 cells, which is unrelated to CR2. This recep-
tor binds to EBV and C3 but not to anti-CR2
antibodies (43). Detailed biochemical charac-
terization of this receptor is in progress. Other
viruses that use C' receptors for cellular entry
include measles, echo, and West Nile viruses.
These viruses use membrane cofactor protein,
DAF, and C'-receptor type 3 (CR3), respec-
tively, for initiating infection (39,44,45).

Complement Evolution and Diversity

Itis well established that the studies on the
evolutionary processes that give rise to living
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organisms as they are known today constitute
an integral part of modern biology. A compre-
hensive understanding of any complex bio-
logical system, such as the C' system, requires
a thorough knowledge of its origin and evolu-
tion, development, and diversity. For this rea-
son, our laboratory has been engaged in the
study of the evolution of the C' system for the
last 12 yr.

Complement-like activity has been detected
in a variety of invertebrates (46). However,
only the sea urchin has been shown to contain
a complement-like component with high
sequence similarity to C3, C4, and C5 from
other species (47). In collaboration with LC
Smith (George Washington University, Wash-
ington, DC), we have been able to isolate and
obtain the primary sequence of this sea urchin
molecule (47a). The molecule shows high
homology to C3, suggesting that the C' system
is a very ancient immune mechanism (at least
600700 million yrr old), predating the emer-
gence of the vertebrates. Complement activi-
ties have been demonstrated in the most
ancient group of vertebrates (the jawless fish),
with the alternative pathway being the only
pathway detected so far in this group; these
fish lack the classical pathway and membrane
attack complex (MAC) (48). After the jawless
fish, the cartilaginous fish (sharks) appeared,
which contain molecules functioning in both
C' pathways (49); however, the nature and the
similarities of these molecules to mammalian
C' components are ill-defined. All other verte-
brates (including teleost fish, amphibians, rep-
tiles, birds, and mammals) present a well-
developed C' system that includes both the
alternative and classical pathways of activa-
tion, including the MAC. The lectin pathway
has not been extensively studied in all species.

The overall objective of our research is to
study the structure and function of C' compo-
nents from a variety of species. During the
past few years, we have purified C3 from pig,
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rabbit, mouse, chicken, cobra, Xenopus, axo-
lotl, sea bream, trout, and sea urchin and have
studied their biochemical and functional prop-
erties. In addition, we have cloned the genes
encoding chicken (49a) and Xenopus C3 (50)
as well as three trout C3 isoforms (C3-1, C3-3,
and C3-4) (50a).

In all other species analyzed to date, the
functionally active form of C' component C3
exists as the product of a single gene. How-
ever, our most recent work has demonstrated
for the first time in an animal species the
existence of multiple forms of functionally
active C3. These isoforms are the products of
different genes and significantly differ in their
binding efficiencies to various C'-activating
surfaces. Specifically, we have been able to
identify and characterize three C3 isoforms
(C3-1, C3-3, C3-4) in rainbow trout (51), a
quasi-tetraploid fish, five C3 isoforms (C3-1,
C3-2, C3-3, C3-4, and C3-5), and a C5-like
molecule in the gilthead sea bream, a diploid
fish (52,53). The observed structural and func-
tional diversity of C3 in teleost fish might
serve to augment the number of potential
pathogens that these C3 isoforms can recog-
nize. We have hypothesized that teleost fish
has developed a unique approach to expand its
innate immunity by duplicating its C3 genes.
This strategy might reinforce its immune
response to foreign pathogens, since the spe-
cific immune response in fish is relatively
weak: it is based only on one type of Ig (IgM),
the antibodies generated are of low affinity
and limited heterogeneity, and the response
time is longer than that of mammals. Thus, the
structural and functional C3 diversity observed
in fish may have important consequences for
our undestanding of the evolution of immune
processes and of the C3 molecule. Also, it pro-
vides evidence for the formation and genera-
tion of a new C3-related gene family.

In order to understand the origin and evo-
lution of the complement system and the major
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histocompatibility complex (MHC), we have
studied the MHC class III members, factor B
and C2. In mammals, factor B and C2 share
extensive amino acid homology; they have
the same exon and intron organization, they
are located in tandem on the same chromo-
some, and they play homologous functions in
the activation of the alternative pathway (fac-
tor B) and classical pathway (C2). For these
reasons, the two proteins are thought to have
originated by gene duplication from an ances-
tral molecule. We have isolated and character-
ized a molecule from trout that when depleted
from serum, causes depletion of the hemolytic
activity mediated through both the alternative
and classical pathways; addition of the puri-
fied molecule to the depleted serum restores
both classical and alternative pathway func-
tion. This protein plays a crucial role in the
activation of both the alternative and classical
pathways of C' activation in these fish, and may
represent an ancestral molecule from which the
mammalian factor B and C2 originated.

Because the teleost fish appear to represent
a critical point of divergence in the evolution
of the C' system and present an array of C'
proteins with unusual functional properties,
these fish constitute a singularly useful model
for analyzing the origin, development, and
structural and functional diversity of this
immune defense system at the molecularlevel.
In addition, the knowledge obtained should
also contribute to solving health-related prob-
lems in farmed fish.

In Search of Complement Inhibitors

Although the C' system is an important line
of defense against pathogenic organisms, its
unregulated activation may lead to host cell
damage. C'has been implicated in several dis-
ease states, and evidence for its involvement
has been obtained directly from the examina-
tion of patients' tissues and from studies of
animal models of disease. Complement-
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mediated tissue injury has been reported in a
wide variety of diseases, including experimen-
tal allergic neuritis, type II collagen-induced
vasculitis, myasthenia gravis, hemolytic ane-
mia, glomerulonephritis, immune complex-
induced vasculitis, and multiple sclerosis (54).
Inappropriate C' activation has also been
implicated as a pathologic factor in the adult
respiratory syndrome (55), stroke (56), heart
attack (57), and burn injuries (58). Comple-
ment-mediated tissue injury has also been
found to be a consequence of bioincom-
patibility situations, such as those encountered
in patients undergoing dialysis or cardiopul-
monary bypass (59). The synthetic dialyzer
membrane surface and the surfaces of other
extracorporeal vascular plumbing can func-
tion as C' activators, and activation products
are found in patients on assay. The postbypass
syndrome characterized by symptoms of
hypotension and dyspnea (difficult breathing)
may arise directly from C' activation as a con-
sequence of the circulation of blood through
the extracorporeal oxygenation circuits dur-
ing surgery. Control of C' activation will have
tobe achieved if xenotransplantation is ever to
become a realistic approach for organ trans-
plantation and some human gene therapies.
Foreign organs or cells are rejected within
minutes of transplantation. Allografts are
rejected in a hyperacute manner that is medi-
ated by both the classical (involving natural
antibody) and alternative pathways of C' acti-
vation in the graft.

The tissue injury that results from C' activa-
tion is directly mediated by the MAC, C5b-
C9, and indirectly by the generation of
anaphylatoxic peptides, C3a and C5a, which
induce damage through their effects on neu-
trophils (60) and mast cells (61). The com-
plexity of the process indicates that there are
several control points to consider for thera-
peutic regulation. Natural in vivo regulation is
provided at several steps of complement
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activation. Both plasma and membrane pro-
teins provide regulation at the levels of C3 and
C4 involvement. The plasma protein inhibi-
tors are factor H and C4 binding protein, and
the regulatory membrane proteins located on
cell surfaces are CR1, DAF, and MCP. The
proteins with inhibitory activity prevent the
release of the anaphylatoxic peptides C3a and
C5a by inhibiting the C3 and C5 convertases
(multisubunit proteases), by promoting disso-
ciation of the multisubunit complexes, and/or
by inactivation of the complexes by proteolysis
(catalyzed by factor I) (62).

To date there are no inhibitors of C' activa-
tion available in the clinic. Several pharmaco-
logic agents that regulate or modulate C'
activity have been identified by in vitro assay,
but most have been shown to be toxic or of low
activity in vivo (63-65). Thus far the most
promising C3-based candidate for clinical use
is a recombinant form of C' receptor 1 known
as soluble C' receptor 1 (sCR1). This deriva-
tive has been tested in in vivo animal models
of disease and has been shown to suppress C'
inhibition at the control point of inactivating
the C3 and C5 convertases (54). Attention has
been also been given on recombinant forms of
DAF, MCP, and CD59. Soluble CR1 has the
disadvantage of being a large molecular
weight protein (240 kDa) that must be admin-
istered by infusion. Emphasis is now being
placed on developing smaller active versions
of the molecule that have longer half-lives and
are less costly. These considerations are most
important for clinical applications that require
relatively long-term administration, as in
xenotransplantation, when C' activation would
need to be suppressed for a few weeks after
transplantation.

The rich but uncharted molecular diversity
that is offered by the surface of the C3 mol-
ecule and its derivatives calls for an equal
diversity of approaches to searching for
ligands that are complementary and specifi-
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cally interactiveﬁwith particular sites. Within
the last 10 years, random peptide libraries have
provided a rich source of structural diversity
(66). They have Jproven to be a useful tool for
identifying the peptide epitopes recognized by
particular MAbs and for producing mimetics
ofligands for various proteins. The significant
and powerful potential of this methodology
has been recently realized in the study of the
erythropoietin (EPO) receptor: A small pep-
tide (20-mer) has been identified that potently
mimics the 165-amino acid residue hormone
EPO. This peptide has !/, the activity of the
native hormone (67). The 3D character of this
peptide mimetic has been captured within a
crystal structure that contains both the pep-
tide and the extracellular domain of the EPO
in the form of a dimeric product, suggesting
the mechanism of signal transduction for the
peptide mimetic. Our laboratory has used a
similar random peptide library-based search
strategy for the identification of C3-interac-
tive peptides, and has discovered a peptide that
binds C3 and prevents further activation by both
the classical and alternative pathways (68).
This complement inhibiting peptide, giventhe
name compstatin ICVVQDWGHHRCT), is
adisulfided-bonded cyclic peptide of 1554 Da.
It exerts its effect on complement by inhibit-
ing the activation of C3 through reversibly
binding to native C3. It is significant that the
inhibition is not a result of sterically hindered
access to the C3a/C3b cleavage site (68). To
investigate the topology and the contribution
of each critical residue to the binding of comp-
statin to C3, we have determined the solution
structure using 2D NMR and have synthesized
substitution analogs for use in studying the
structure—function relationships involved in
the interaction. The 2D NMR and analog data
indicate that the type 1 B-turn segment (Gln’-
AspS-Trp’-Gly8) forms the C3 binding site
(69). This peptide is active in vitro and ex vivo,
and has properties that suggest clinical poten-
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tial. Significantly, in an ex vivo xenotrans-
plantation model entailing the immune rejection
of a pig kidney via human blood transfusion,
compstatin has imparted complete protection
(Fiane, Mollnes, and Lambris, unpublished re-
sults). In another model system that mimics the
clinically relevant in vitro/in vivo interface situa-
tion encountered in the extracorporeal circulation
of blood, compstatin completely inhibited C'
activation (Nilsson and Lambris, unpublished
results). In response to these findings, we have
embarked on aresearch program that will spanthe
next several years. These studies should help to
define the mechanism of action of this agent with
respect to C3 biochemistry, and to identify poten-
tial new and as yet unrecognized control architec-
tureinthe C3 molecule. The structural information
obtained for compstatin will be used for the ratio-
nal design of peptidomimetic drugs that can be
applied to clinical situations in which C' is inap-
propriately activated.

Perspectives

It has been 37 years since the first isolation
and characterization of the C3 molecule (70).
During this exciting eraof complementresearch,
a wealth of information has been generated on
the C3 structure and its role in complement
activation and immune response pathways (7).
Nevertheless, a complete picture of the C3
interaction with its ligands has not yet
emerged, in part because the 3D structure of
the molecule is still unavailable. In the past, a
variety of approaches, including the genera-
tion of synthetic peptides corresponding to
various regions of C3, development of MAb

and site-specific antipeptide antibodies
against C3, site-directed mutagenesis, and
expression of chimeric molecules, have been
used to define the binding sites on C3. Each of
these methods has its limitations. We believe
that conclusions concerning the involvement
of a particular region in ligand binding can be
drawn only if all the above methods pointin a
single direction. Therefore, identification of
the functional domains of C3 by the methods
discussed above, together with a determina-
tion of their 2D NMR-derived solution struc-
ture, is needed if we are to have a complete
understanding of C3-ligand interactions. This
information will not only help us in under-
standing the overall structure—function rela-
tionships exhibited by the molecule, but will
also assist us in designing better C' inhibitors
and further our knowledge of the interactions
between C3 and proteins of foreign origin
(e.g., viral proteins). Finally, elucidating the
evolution of the molecule promises to enhance
our understanding of the structural features
that are critical for its function and in addition
its evolution. It is our conviction that studies
of the evolution of C3 will reveal many unex-
pected and significant features of C3 that will
expand our understanding of the C' system and
lead to improved treatment of C'-related disease.
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