CHAPTER 2

PHYLOGENY
OF THIRD COMPONENT
oF COMPLEMENT, C3

John D. Lambris, Manolis Mavroidis and J. Oriol Sunyer

f the thirty distinct complement proteins recognized to date, C3 is

probably the most versatile and multifunctional molecule known. It
interacts with numerous sera, cell surface, and foreign origin proteins
and plays an important role in immune surveillance and immune re-
sponse pathways. Due to the pivotal role C3 plays in complement acti-
vation and immune processes, the analysis of its structure and functions
has been the subject of intense investigation (for detailed reviews see
ref. 1). The aim of this review is to summarize recent findings pertain-
ing to the phylogeny of C3, an area in which the phylogenetic analysis
assisted us in understanding C3 structural/functional relationships. Be-
cause human C3 is the best characterized complement protein, for the
purpose of this review, generalizations are made to human C3 and the
numbering of amino acid residues is based on the deduced sequence of
human C3.2

CHEMISTRY AND BIOLOGY

Human C3 is the most abundant complement component in serum
(1-2 mg/ml). It has been characterized as a glycoprotein comprised of a
115 kDa o chain linked to a 75 kDa B chain by a single disulfide bond
and noncovalent forces (Fig. 2.1). The primary structure, deduced from
the cDNA sequence? consists of 1,663 amino acids, including a 22-amino
acid signal peptide. Molecular modeling of C3, based on data derived
from X-ray scattering studies depicts it as a two-domain shape, with a
flat ellipsoid associated with a smaller flat domain. These two domains
move closer together following proteolytic activation of C3 and removal
of C3a.> Carbohydrate analysis revealed that human C3 possesses 2
N-linked carbohydrate moieties, positioned at residues 63 of the B chain
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(MansGlcNac, + ManGlcNac,) and 917 of the
o chain MangGlcNac, + Man,GlcNac,), which
together account for 1.5% of the molecu-
lar weight of C3 (see Fig. 2.1).4°

One of the distinguishing characteris-
tics of C3 is its ability to bind covalently
to acceptor molecules on cell surfaces® via
ester or amide linkages.” This feature has
been attributed to the thioester bond
present within the C3d region of C3 which
is sensitive to nucleophilic attack. The
thioester bond is the product of an in-
tramolecular transacylation between the
thiol group of cysteine and the y-amide
group of the glutamine within the C3 se-
quence Gly-Cys?®-Gly-Glu-Gln®®'-Asn.?
This thioester moiety is also found in C4
and o,-macroglobulin (a,-M), two plasma
proteins homologous to C3. In native C3,
the thioester group appears to be protected
within a hydrophobic pocket and is ex-
posed in the C3b fragment upon cleavage
of C3 by C3 convertase. Thus, the tran-
siently expressed thioester group can then
participate in a transacylation reaction with
nucleophilic groups present on cell surfaces,
complex carbohydrates, or immune com-
plexes.® The deposition of C3b to surface
structures is important for initiation of the
membrane attack complex (MAC), for phago-
cytosis of foreign particles, and for enhance-
ment of effector cell-target cell contact.

Cleavage of C3 between residues 726
and 727 (Arg-Ser) by either the classical

(C4b,2a) or the alternative (C3b,Bb) path-
way C3 convertases leads to the generation
of C3b (185,000 kDa) and C3a (9,000
kDa). In contrast to native C3, C3b ex-
presses multiple binding sites for other
complement components, including C5,
properdin (P), factors H, B, and I, C4
binding protein (C4bp), CR1 (C3b-recep-
tor), and the membrane cofactor protein
(MCP).? Binding of these proteins to C3b
leads either to amplification of the C3
convertase (by B and P in the presence of
factor D) and initiation of the membrane
attack complex (C5), or to the inactivation
of C3b (by factor I)." Whether amplifica-
tion or inactivation occurs depends on the
nature of the surface to which C3b is fixed.

The inactivation of C3b by factor I, an
event by which complement activation is
downregulated, proceeds in three steps''™"’
and requires one of several cofactor mol-
ecules (MCP, CR1, CR2, H, or C4bp). The
cleavage of the o’ chain of C3b first be-
tween residues 1281-1282 (Arg-Ser) and
then between residues 1298-1299 (Arg-Ser)
of C3 liberates the C3f fragment (Mr
2,000) and yields iC3b.1*"'" A third factor
I cleavage site, with CR1 or factor H serv-
ing as cofactors,''"* has been reported to
exist at residues 932-933 (Arg-Glu) of the
o’ chain of C3, generating the C3c and
C3dg fragments.!

The C3 fragments, both soluble and/
or surface bound, generated during comple-

C3 convertase site 3

COCH 0. - Chain

B - Chain

Fig. 2.1. Schematic representation of the C3 molecule. Human C3 consists of an a chain linked to a B chain
by a disulfide bond. N-linked high-mannose carbohydrate moieties are present at residues 917 (a chain) and
63 (B chain) of C3. An internal thioester bond is located within the C3d region. Binding sites for receptors
(CR1, CR2) and regulatory proteins (H, B, properdin) as well as conglutinin are shown. The factor I (I3, I, 13)

and convertase cleavage sites are shown by arrows.
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ment activation have the potential to bind
specifically to several cell surface receptors,
known as CR1, CR2, CR3, CR4, CRS, and
C3a receptor. These C3-receptor interac-
tions lead to various biological responses
(for detailed reviews see also refs. 16-22).

C3 is synthesized as a single chain pre-
pro molecule with o and B chains linked
by a tetra-arginine sequence which is re-
moved by a furin-like enzyme® during
post-translational modification. Following
translocation through the endoplasmic
reticulum to the Golgi, N-linked high-
mannose type carbohydrate moieties are
attached at the « and B chain (Fig. 2.1).4°
The vast majority {more than 90%) of C3
biosynthesis occurs in the liver,”® but syn-
thesis at numerous other sites (reviewed in
ref. 25) may be involved in localized in-
flammatory processes. C3 expression is
regulated by cytokines such as interferon
(IFN), interleukin-1 (IL-1), and tumor ne-
crosis factor (TNF).”” Regulation of C3
synthesis appears to be tissue-specific as in
the cases of estrogen regulation in the

uterus®® or vitamin D regulation in osteo-

blasts.?

Studies on allelic variants of C3 have
demonstrated the existence of 22 different
variants, the most common of which are
C3F and C3S.?® The 41-kb gene for hu-
man C3 has been localized to chromosome
19.% Of the 41 exons (ranging in size from
52-213 bases) contained in the gene, 16
are in the B chain and 25 are in the o
chain.’®*! Each of the major binding sites
in the o chain of C3 appear to be encoded
by single exons (reviewed in ref. 25). The
highly conserved thioester domain is en-
coded by class 1-1 exons, the type most
commonly reshuffled and duplicated.?”
Coding regions of C4 and C5 also contain
approximately 40 exons. The exons flank-
ing the thioester site in C4 are similar to
those of C3.

Rarely occurring, inherited C3 defi-
ciencies are characterized by a heightened
susceptibility to bacterial infections that
lead to purulent lesions. In addition, sev-
eral C3-deficient patients have shown im-
paired chemotactic activity, sluggish re-

sponse of neutrophils to infectious agents,
and development of immune complex dis-
ease, systemic lupus erythematosus, and
membrane proliferative glomeruloneph-
ritis.** Although the antibody response to
routine immunizations is normal, an im-
paired switch from IgM to IgG was ob-
served in two C3-deficient patients immu-
nized with limited doses of the T-
dependent antigen, bacteriophage $X174.34
A similar defective antibody response was
observed in C3-deficient guinea pigs* and
in dogs.>> These findings and those made
using pharmacologically C3-depleted ani-
mals suggest that C3 may play an impor-
tant role in the generation of a normal
immune response (reviewed in ref, 33).

PHYLOGENY

Although complement and other non-
specific lytic systems have been described
in lower vertebrates and invertebrates, rela-
tively little is known about the individual
components that make up these systems.
The main immune features of the major
phyla of living species are summarized in
Figure 2.2. The best phylogenetically char-
acterized component of complement is C3,
no doubt due to its prominent role in both
pathways of complement system. C3-like
activity has been reported in a variety of
species, including invertebrates; yet, thus
far, C3 has been purified only from chor-
dates, and has been found to be present in
representatives of each of the seven living
classes of vertebrates as described below.
Although a number of studies on the pres-
ence of various complement components in
different species have been reported (for
review see ref. 36) our focus here is on the
C3 molecule, and the inclusion of the other
complement components is beyond the
scope of this review. Features of C3 from
different species are summarized and com-
pared in Table 2.2.

MAMMALIA

We have focused primarily on features
of human C3, about which the bulk of
information is known, but the structure
and function of C3 in all mammals so far
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investigated is very similar (Table 2.1),
with a few notable exceptions. C3 has also
been studied from mouse,’” rat,?’3® rab-
bit,>% pig 442 monkey,® guinea pig,i®
and cat.®

The complete primary structures have
been deduced for C3 of human,? mouse,*’*
guinea pig® and rat,’® and partial primary
structures have been determined for C3 of
rabbit.’® All of these C3s show high de-
grees of homology with human C3 (Table
2.2) and have a two-chain structure with
the thioester site present in the o chain.

Both the classical and alternative path-
ways are present in all mammals as is the
binding of different mammalian C3s to
human CR1, CR2, H, B and properdin.*?
The presence of carbohydrates, as deter-
mined by binding to '*’I-labeled ConA,
varies among species and may be present
in either the a or B chain or both
(Table 2.2).“2 The difference in glyco-
sylation is interesting because the o chain

been found to be involved in the binding
of bovine conglutinin, an analog of which
has recently been found in human serum.?

AVES

C3 of the chicken and Japanese quail
consists of two chain (a and B) structures
with a methylamine-sensitive thioester
bond as in mammals.’*** Chicken C3 ex-
ists in multiple molecular forms, yet ge-
netic polymorphism has not been demon-
strated.’® The complete cDNA sequence of
chicken C3 was obtained in our laboratory.
It was found that chicken pro-C3 consists
of an 18-amino acid signal peptide, a 640-
amino acid p-chain (70 kDa), a 989-amino
acid o-chain (111 kDa) and a RKRR linker
region.”> The deduced amino acid sequence
contains an internal thioester sequence and
three potential N-glycosylation sites, all of
which make up the a-chain (one on C3d
and two on the C-terminal 40 kDa « chain
fragment); ConA binding studies demon-

carbohydrate moiety on human C3 has  strated that chicken C3 1is indeed
Immune system features
ACP ACP ACP ACP ACP ACP ACP ACP? 800 Invertebrates————> Sponges
ccP CCP CCP CCP CCP CCP (Acoelomate)
MAC MAC MAC MAC MAC MAC
Ab Ab Ab Ab Ab
'ég €3 C3 C3 C3 C3 C3 Invertebrates—————> Staffish
MHC MHC MHG MHC MHG MHC MHC 7 600 (Coelomate)
TS TS TS TS TS TS T8?
I Cyclostomata ——— > Hagfish and lamprey
Chondrichthyes———> Shak
/400
Osteichthyes— 3 Tt
V4 Amphibia > Frog and axolot
,/ Reptilia > Snake
@on
00 Aves > Chicken
o Mammalia ————> Human
Time to
present
(Million years)

Fig. 2.2. A simplified scheme of the evolutionary relationships of the major phyla of living organisms and their
immune system features. ACP, alternative complement pathway; CCP, classical complement pathway; MAC,
membrane attack complex; Ab, antibodies; C3, complement component C3; MHC, Major histocompatibility

complex; T, thymus; S, spleen.
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glycosylated in all sites (unpublished ob-
servations). Of all the C3 so far analyzed,
chicken C3 is the only one which is
glycosylated in the C3d fragment. The
convertase and second factor I cleavage site,
predicted from the deduced amino acid
sequence to be Arg-Ser (Fig. 2.3), were
confirmed by sequencing the zymosan
eluted C3 fragments fixed on it upon
complement activation. N-terminal amino
acid sequence of C3 chains showed that:
(a) pro-C3 is indeed cleaved at the RKRR
linker sequence to generate the mature two
chain molecule and (b) the B chain of
chicken C3 is blocked.

Quail complement can be activated by
zymosan, but not by CVF’* as can that of
the chicken. These data suggest that the
alternative pathway is present in quail, al-
though it differs from the pathway found
in the chicken and in mammals. The
chicken alternative pathway, however, ap-
pears to be similar to that of mammals.
One of its components, factor B, recently
purified and partially sequenced (200 resi-
dues), is thought to function in both clas-
sical and alternative pathways.’® This hy-
pothesis is based on the high amino acid
sequence similarity to both mammalian C2
and factor B and the apparent lack of a
protein with exclusive C2 activity in
chicken plasma. To determine whether this
is indeed the case will require further in-
vestigations. Koppenheffer’” has found that
the terminal components in chicken serum

can be activated directly by Cl1 with in-
teraction of an intermediate component
through a Ca*-dependent mechanism. The
physiologic role of this pathway is not
known; it may represent a vestigial activa-
tion pathway.

REPTILIA

The cobra complement system is acti-
vated via either the classical pathway or an
alternative pathway and functions similarly
to that of mammals. The recent cloning
and ¢cDNA sequencing of cobra (Naja naja
kaouthia) C3 showed that it is a two-chain
(a/B) polypeptide of 1,651-amino acid resi-
dues with an internal thioester bond in the
o chain that has a high degree of homol-
ogy with C3 of other species.’® In agree-
ment with the absence of glycosylation
sites in its deduced protein sequence,’® co-
bra C3 does not have any ConA binding
carbohydrates.”> A complement activating
protein that is structurally and function-
ally related to C3 is cobra venom factor
(CVE), which has been isolated from the
venom of several species of cobra. It is a
three-chain molecule, that resembles C3c
and contains three oligosaccharide chains
with  composition Galal-3Galpl-4
(Fucal-3)GIcNAcB1.> When exposed to B
and D, CVF forms a stable enzyme com-
plex mimicking the C3bBb convertase, but
it cannot be disassembled by H, thereby
resulting in a much longer half-life for the
convertase. Hence, CVF continuously

€3 CONVERTASE K, I?
723 917
| 1 | !

HUMAN C3 GLARSNLDED ...II //

RABIT C3 AR AR R
RAT C3 KRNRIDYNRR Wk [ FRAR AR
MOUSE C3 KUNNKERERN  wk /) T e L]
G.PIG C3 KRNRRDMN RN Wk [/ HhRARTNRNN
CHICKEN C3 E****EV*DA ...FL // E***KIVE**
COBRA C3 F****DPEDE ...LF // KNI*TIIE**
TROUT C3 .*S**EE*D* DDAYM // K*ETN*LL. .

HAGFISH C3 D*G**QG.** . .FM* //
LAMPREY C3 V*R*NDFM*. .LDLM //

NKTVAVRTLD PERLGREGVQ KEDIPPA  //
*‘N*ﬁQG'ﬁ* ‘RE&*S" //
*AH*NQG*** R**VNA* /7
‘*K*ﬁQGk** *vﬁv*hi //
ﬁ'QﬁiQGﬁﬁ* RﬁE'iAi //
*KT**NN*** EVKVKA*  //
*SVK*VG*T* ELTVIAN //
.NPVKHG*E* TSH**SG //
EMS...*SWS VQPRRHG*Q* VIVVDNE //
IRS...ESRS VHV...EERE TFFIKNE //

1#3 I? I#1 1#2
1280
l 1 [ c3f {

SRSSKITHRI HWESASLLRS EETK
ERRRDYRKH** VADI*Akhwr KAhK

'***PWP*L L"‘G"*'* LA 2 2]
t**ﬁAT*P*L L**NGN**** LA L ]
‘***PSKF*L v'.AG.*it* *Aﬁ'
R*ANA**Y** ENNN*LVA** Av#**
E*EVPERYS* NDRN*VQA*T V***
G*A*VTKWS* NNKNQFHT*T DKVN
ENGVFDKEFQ ITNDNAFVQK PFKV
KNN.FPEKKMK IT*ETRFVQE PHKI

Fig. 2.3. Amino acid sequence comparison of C3 convertase and factor I cleavage sites between C3 from different
species and human. Numbering of the human C3 residues is adapted from DeBruiijn and Fey? after the signal peptide
is subtracted. Asterisks indicate identical residues and periods indicate gaps introduced for maximal sequence
alignment. The factor | (I3, 15, 13,), kallikrein, and convertase cleavage sites are shown by arrows. I? indicates putative
factor I cleavage sites.
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cleaves C3 and C5 in species other than co-
bra, leading to complement depletion in ani-
mals injected with CVF.®* Two mRNAs that
have 90% sequence identity have been iden-
tified for this protein. They both also show
90% sequence identity to cobra C3.,%" which
implies that there are at least three different
C3-related genes in cobra genome. Although
the sequence of the thioester site is conserved
in these isoforms, the site is absent from the
mature CVF protein due to removal of the
C3d peptide during processing. The physi-
ologic role of CVF is still unclear.

AMPHIBIA

C3 has been purified from the African
clawed frog, Xenopus,** and the salamander,
axolotl, (Ambystoma mexicanum).®® It has
been found to resemble mammalian C3
with the characteristic two-chain (¢, B)
structure and a thioester bond in the a
chain. Both the classical and alternative
activation pathways are present in Xenopus
laevis and presumably in axolotl as well,
although this has yet to be determined.
Among the frog complement proteins iden-
tified and/or characterized are factor I,%
C4, C1% and complement receptors.®’
Our laboratory has evidence for the pres-
ence of proteiﬁs with factor H, B, I and D
activities in Xenopus laevis serum. The
c¢DNA sequence of the C-terminal a chain
region (residues 1299-1641 based on hu-
man C3 numbering) of Xenopus laevis C3%
and 95% of the C3 ¢DNA sequence of a
Xenopus laevis|Xenopus gilli (Xenopus LG)
hybrid have been obtained.®® The obtained
sequence contains one potential N-glyco-
cylation site in the B chain, which confirms
the ConA binding to B but not to o chain
of C3. The deduced amino acid sequence
shows that the C3 convertase and second
factor I cleavage sites (Arg-Ser) are con-
served in Xenopus C3; protein sequencing
of the Xenopus C3 fragments fixed on zy-
mosan during complement activation
proved that indeed Xenopus C3 is cleaved
by Xenopus C3 convertase and factor I at
these sites. When the Xenopus LG liver
c¢DNA library was screened with different
C3 oligonucleotide probes, we identified a

C3 clone containing a deletion of 2,502
bases, in addition to full-length C3. The
former suggests the presence of a novel C3
transcript in Xenopus LG liver.® The pres-
ence of this C3 transcript was confirmed
by RT-PCR using Xenopus liver mRNA
and specific oligonucleotide probes. The
molecule coded by this novel C3 transcript
contains the B chain of C3 and the first 59
residues and the last 103 residues of the o
chain with a molecular weight of 102 kDa.
Thus, this truncated C3 is missing many
of the C3-ligand binding sites that exist
in the a chain of C3 and it may be the
analog of truncated human C3 molecule
isolated from human serum allergic derma-
titis patients which acts as inhibitor of
eosinophil cytotoxicity and neutrophil ad-
herence.”

OSTEICHTHYES

The bony fishes possess a well devel-
oped complement system with both alter-
native and classical pathways, similar to
those found in mammals.”! However, the
alternative pathway complement titers in
fish appear to be very high when compared
to those of mammals.”?’> The classical
pathway complement titers are only two or
three times higher than those of the alter-
native pathway. In fish, both the optimal
temperature for complement activity and
the temperature in which complement can
be inactivated are considerably lower than
those of mammalian complement.”" This
may reflect the ambient environmental
temperature of the water in which fish live.
Because the antibody response is not as
well developed in fish as in mammals and
since antibody production is diminished at
lower temperatures,’ it is postulated that
the alternative pathway plays a leading role
in the complement system of bony fishes.

The biochemical characterization of fish
complement components is incomplete
since D, C1, C3, C4, C4bp and C5 are the
only components that have been puri-
fied.”>7? DNA sequences are only available
for C3,%° C4bp,” and C9.%! C3s have been
isolated from carp,® the gilthead-sea bream
(unpublished observations) and trout.27®
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Trout C3s exist in two isoforms, with
(C3-1) and without (C3-2) hemolytic ac-
tivity. They differ in their antigenicity and
tryptic peptide map.®” Both forms have the
characteristic two-chain structure (o,p) and
contain a thioester site in the o-chain. The
deduced amino acid sequence of trout
C3-1, when compared with that of human
C3, mouse C3, human C4, mouse C5, and
human o,-macroglobulin, is 44%, 45%,
28%, 24%, and 15% identical, respec-
tively. In our laboratory we have recently
purified and partially sequenced two C3-
related proteins termed C3-3 and C3-4.
C3-3 is comprised of an o and B chain with
molecular weights similar of those from
C3-1. C3-3 shows 50% amino acid se-
quence identity to C3-1 (500 residues ana-
lyzed). It fails to be fixed to zymosan upon
complement activation (unpublished obser-
vations). C3-4 is also comprised of an «o
and B chain. It shows several amino acid
differences when compared with trout C3-1
and trout C3-3 (50 residues analyzed). Both
C3-3 and C3-4 contain ConA binding car-
bohydrates in both the o and B chains in
contrast to C3-1 which has such moieties
only in the B chain. An antibody directed
to C3-3 failed to recognize C3-1 and C3-4,
which when combined with the sequence
data suggests important structural differ-
ences among all these C3s. Whether these
proteins are functionally related to the
complement system or represent a new
family of proteins with different functions
remains unclear. The presence of these pro-
teins in other vertebrates with novel func-
tions, different from those of complement,
is of great interest to us and is under in-
vestigation in our laboratory.

Sea bream C3 presents some notable
differences when compared to trout C3. Sea
bream C3 contains ConA binding carbo-
hydrates in the o chain, whereas trout has
these carbohydrates in the B-chain. The
trypsin peptide map and reactivity of trout
and sea bream C3 with anti-CVF, and anti-
lamprey, anti-trout, anti-Xenopxs, anti-axo-
lotl, anti-chicken, anti-rat, and anti-human
C3 also show significant differences be-
tween these two proteins. For example,

anti-CVF antibody reacts strongly with
trout C3-1 although it does not recognize
sea bream C3. Anti-Xenopus C3 antibody
is very reactive with sea bream C3, but it
is unreactive with trout C3-1. A partial
amino acid sequence of sea bream C3 (90
amino acids) revealed 49% identity with
mouse C3 and 67% identity with trout
C3-1; trout C3-1 showed 41.3% identity
when the same amino acids were compared
to mouse C3. These findings, which agree
with previous data, suggest that trout is a
more primitive teleost than sea bream. In
sea bream, complement titers and C3 lev-
els are reduced significantly when fish are
chronically stressed for a period of two
weeks (Sunyer et al, submitted).

CHONDRICHTHYES

The cartilaginous fishes, represented by
the nurse shark Ginglymostoma cirratum, are
protected by a rudimentary immune sys-
tem including complement proteins and
immunoglobulins imparting “natural im-
munity.” Antibodies in the nurse shark are
unlike those in mammals in that recogni-
tion sites to numerous antigens exist prior
to immunization. The complement system
consists of six complement components,
interacting sequentially and providing clas-
sical and alternative activation pathways,
as well as a terminal, lytic pathway.®® The
simpler nature of the shark complement
system prohibits direct comparison of these
components to mammalian subunits, yet
their identity as complement components
is ascertained by their ability to interact
with mammalian functional counterparts.

CYCLOSTOMATA

The jawless fishes of the class Agnatha
are the most primitive of all living verte-
brates. The only surviving members of this
class, the cyclostomes (round-mouthed
eels), are lampreys and the more primitive
hagfishes. An alternative pathway in lam-
prey similar to that in mammals has been
identified based on the ability of zymosan
to activate this pathway. Lamprey comple-
ment was found to lack the macromolecu-
lar attack complex (MAC), responsible for
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cell lysis upon complement activation.®> A
protein with opsonic activity homologous
to mammalian C3/C4 has been isolated
from lamprey (Lampreta japonica) and has
recently been cloned.®® This protein is simi-
lar to C4 in its three-chain structure (a, B,
and y),*” although it is more homologous
to C3 in amino acid sequence (Tables 2.1
and 2.2). It has been observed, however,
that: (a) the C3 convertase cleavage site in
lamprey C3 is similar to that in C4 and
not to that in C3 (Fig. 2.3) and that
(b) Asn-Asn and Gln-Glu sequences are
found in the first and second factor I cleav-
age sites in lamprey C3.

Hagfish C3, which was mistakenly
thought to be hagfish 1g,%® is a two-chain
structure. It contains a thioester site in the
o chain® and acts as an opsonin.® The de-
duced primary structure from the cDNA
of hagfish C3, however, shows one cluster
of four basic residues (RRKR) between the
putative o and B chains and another clus-
ter of three basic residues (RRR) between
the putative B and vy chains,” which seems
to suggest a three-chain structure similar
to that of lamprey C3. These findings lead
to the hypothesis that hagfish complement
may have C3 in two different forms. If the
obtained ¢cDNA sequence corresponds to
the isolated two-chain C3, then this would
indicate that hagfish C3 can not be cleaved
at the RRR linker between the putative B
and y chains. Data show that the N-termi-
nus sequence of a-chain and y-chains of the
purified three chain hagfish C3 corresponds
to the o'-chain and to y-chains minus the
first residue. Thus, these data support this
hypothesis and suggest that this three-
chain molecule is the product of enzymatic
degradation.

From all data so far reported it appears
that cyclostome complement is representa-
tive of an intermediate stage in comple-
ment phylogeny. In support of this hypoth-
esis is also the amino acid sequence identity
of lamprey factor B to that of mouse fac-
tor B and C2 which was found to be 33%
and 29%, thus suggesting that lamprey
complement represents a stage before the
Bf/C2 gene duplication.”

INVERTEBRATE SPECIES

Immune capabilities, albeit primitive,
have been detected in a wide variety of
invertebrates. Most of the invertebrate im-
mune responses appear to be non-specific
and non-inducible. Nevertheless, adaptive
immune recognition has been reported in
some invertebrates.” Some functional stud-
ies show complement-like activity in some
of the invertebrate phyla. The presence of
an alternative complement-like pathway in
lobster, horseshoe crab, and also in star-
fish has been implied by experiments show-
ing that hemolymph from these species can
be activated by CVF.”>* The nature of
components involved in these processes has
not yet been characterized. In mammals,
such activation requires factor B, which
suggests that an analogous molecule exists
in these species. Similar circumstantial evi-
dence suggests the presence of an alterna-
tive pathway in other invertebrate species.
CVF has been found to induce C3
convertase activity in a substance present
in the hemolymph of the wax moth Ga/lle-
ria mellonella.” Nevertheless, such activity
may be mediated by any other kind of pro-
tease, since in mammals, for instance,
trypsin and elastase have the same capa-
bilities. Components of the coelomic fluid
of the annelid Lumbricus terrestris®® and the
echinoid Strongylcentrotus drobachiensis® re-
portedly have receptors for C3b. These
components are capable of cleaving mam-
malian C3, although no mechanism has yet
been defined. The only molecule with
structural similarities to C3 so far purified
from invertebrates is the protease inhibi-
tor a,M. It has been isolated from the
horseshoe crab Limulus polyphemus,”® the
crayfish Pacifastcus leniusculus®® and the lob-
ster Homorus americanus.'®® Other inverte-
brate proteins showing similarities to
complement proteins are a hemolysin from
the coelomocytes of the equinoderm
Holothunia polii,'"®' and the factor C of the
horseshoe crab Limulus polyphemus.*®® The
former appears to be similar to perforin
which has considerable amino acid sequence
similarity to the proposed binding domains
of the proteins of the complement mem-
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brane attack complex.'®® Limulus factor C
is part of the blood clotting system of the
horseshoe crab, which plays an important
role in defense against bacteria. It contains
five short consensus repeats (SCRs), like
those found in many components of the
complement system.'®? In many arthropods
the major defense system is the prophenol-
oxidase activating system (proPO). It re-
sembles the complement system in that it
comprises a complex cascade of serine pro-
teases which is activated by B-1,3 glucans
(laminarin, zymosan) and also by LPS.10410
The final products have been reported to
have opsonic, coagulating, fungicidal and
bactericidal activities. However, no struc-
tural homologies with the complement sys-
tem have been found yet.

COMPARATIVE ANALYSIS OF C3

The phylogenetic analysis of C3 from
different species is instrumental in delin-
eating the structural elements involved in

its different functions. Below we will com-
pare the C3 sequences and briefly review
some of the areas that phylogenetic analy-
sis assisted us in understanding C3 struc-
tural/functional relationships.

Several C3 regions have been found to
be highly conserved (Fig. 2.4, regions A-
K). Regions F, and J have been function-
ally analyzed and include the thioester and
the properdin binding site, respectively.
The thioester site, GCGEE, is 100% con-
served in all species and the amino acid
sequences of the surrounding regions are
highly similar. The conservation of the
thioester bond and its surrounding hydro-
phobic amino acids emphasizes the func-
tional importance of this region in main-
taining, the capacity of C3 to attach to
surfaces throughout the evolution. The
hydrophobic nature of the region surround-
ing the thioester bond in C3, C4, and a,-
M may shield the thioester from the aque-

" ous environment and nucleophilic attack.

Similarity Score

[ B-chain

IE

G
FF—(
— J

Fig. 2.4. Average similarity profile among different C3. The average similarity of C3 from different
species was calculated using the PLOTSIMILARITY program of the GCG sequence analysis software
(Genetics Computer Group, 1991) with a sliding window of 25 residues. The sequences were aligned
using the PILEUP program. Segments A-K and -1V are areas of high and low similarity respectively.
Regions corresponding to the functional sites of C3 are indicated. The amino acid sequence of
different members is based on the indicated references: human C3,> mouse C3,%*® rat C3,*° rabbit
C3,'85" guinea pig C3,* lamprey C3,% Xenopus C3,% to be published elsewhere),** chicken C3,%

cobra C3,% trout C3.%
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The areas J and K of C3 (Fig. 2.4)
contain 13 out of 27 Cys of the C3 mol-
ecule, 12 of which form disulfide bonds
within the 40 kDa fragment and one with
the 27 kDa o chain fragment. The area K
(about 170 residues) found in all C3, C4,
and C5 molecules is absent from o,M mol-
ecules and contains the Cys that links the
40 kDa and 27 kDa fragments (Fig. 2.1);
the disulfide bridge pattern of other Cys
in C3 is also different from that in o,M.
These findings, suggest that, although the
complement proteins C3/C4/C5 contain
many domains with similar gross confor-
mation to o,M, there are significant dif-
ferences. The properdin (J) binding site is
located in an area of high conservation
while the CR1, CR2 (IV) and C3aR bind-
ing sites are located in areas of low con-
servation. The I-V segments are areas of
low similarity and represent an insertion/
deletion in some of the C3s.

The phylogenetic analysis of C3 has
greatly assisted studies dealing with the
localization of the properdin binding site
in human C3' and in proving that the
RGD sequence in C3 is not involved in
CR3 binding.'” In addition, the phyloge-
netic analysis proved to be essential in de-
fining the structural elements involved in
the interaction of CR2 with C3d and
gp350 protein of Epstein-Barr Virus (EBV).
The findings show that: (a) mouse C3
binds to human CR2 while mouse CR2 can
bind human C3d but not EBV'® and
(b) the binding site in gp350 of EBV for
human CR2 has sequence similarity to the
CR2 binding site in C3d'*"° suggest that
CR2 possesses additional interaction sites
for EBV. This is further supported by
Scatchard analysis of gp350 binding to
CR2, which has both high and low affin-
ity receptor binding sites. Because the hu-
man CR2 binding site in mouse C3 is con-
served, it was speculated that for efficient
binding of EBV to CR2 both sites would
be necessary. Recent data by Molina et
al,’"! using chimeric CR2 molecules con-
structed by exchanging Mo SCR1-4 as well
as synthetic peptides, confirmed that CR2
has two different EBV binding sites. Us-

ing chimeric human/mouse CR2 molecules,
these same authors as well as Martin et al''?
were able to dissect the EBV, C3d, and
OKB7 antibody binding sites and to dem-
onstrate that these sites are different. Be-
cause these ligands inhibited each other,
it was thought that they were binding to
the same site.

The phylogenetic C3 data have also
enhanced our understanding of C3-CR1,
CR2, H, and B interactions. The analysis
of human H, B, CR1 and CR2 binding to
the C3s from different species showed that
H binds to human, rabbit, porcine, trout
and sea bream C3;2¢ CR1 binds to hu-
man, rabbit, porcine and Xenopus C3b; CR2
binds to human, rabbit, mouse and Xenopus
C3; and B binds to human and porcine C3
(see Table 2.1 and ref. 42). These data sug-
gest that the conservation of sequences
comprising the binding sites for H, P, B,
CR1, and CR2 are important in maintain-
ing binding to these molecules.®*> Human
C3 was recently found by our laboratory
to have multiple interaction sites for hu-
man C3b/C4b binding proteins CR2, H,
and B.'" The differential binding of the
human factor H, factor B, CR1, and CR2
to different C3s made possible the conclu-
sion that although these four molecules
bind to the same domain in human C3,
the exact binding sites are different.*

Moreover, the identification of factor
I- and H-like proteins in different species
and the determination of factor I specific-
ity has been assisted by phylogenetic stud-
ies. The cleavage of human C3b to iC3b
by reptile, amphibian, and bony fish
plasma proteins has suggested the presence
of factor I- and H-like proteins in these
species.''*"> Although some data on the
structural and functional conservation of C3
interactions have appeared in the literature,
they are limited and sometimes speculative;
the specific C3 fragments mediating these
interactions, as well as the interactions of
C3 with autologous C3 ligands, are un-
known. Studies from this laboratory have
addressed the interactions of C3 from dif-
ferent species with autologous C3-binding
proteins. Electrophoretic analysis of the C3
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fragments fixed on zymosan after activa-
tion of trout, chicken, axolotl, and Xenopus
complement showed a similar degradation
pattern to that observed for human C3.9%
N-terminal amino acid sequence of the 68
kDa and 43 kDa fragments showed that
these fragments are analogs of human C3
fragments generated by C3 convertase, and
factors I and H. While similar fragments
were found in the presence or absence of
EGTA (which inhibits the classical comple-
ment pathway), no fragments were detected
when the activation of the different sera
was performed in the presence of EDTA
(which inhibits both complement path-
ways).®”® These data suggest that the spe-
cies so far tested possess proteins with func-
tions similar to those of human factors B,
D, I, and H.

In addition, these data and those of
others show that the cleavage site for the
C3 convertase (human C3 residues 726-
727) is conserved within the C3s from the
species tested (Fig. 2.3) and that it is an
Arg-Ser. An exception, however, is lamprey
C3. When its sequence was aligned to that
of other C3, the site that aligns to Arg-
Ser was found to be Arg-Asn (no Arg-Ser
were found in the surrounding). At the
present, it has not yet been confirmed that
lamprey C3 is indeed cleaved at this site,
or on a site adjacent to it. In relation to
factor I-mediated cleavages, the sequence
Arg-Ala/Glu is found (based on cDNA se-
quencing) at the first factor I cleavage site
of Xenopus, trout, chicken and cobra C3,
instead of the Arg-Ser found in mamma-
lian C3 (human C3 residues 1281-
1282).5% At the second factor I cleavage
site of trout and cobra C3, an Arg-Thr was
found instead of Arg-Ser (human C3 resi-
due 1298-1299). The cleavage of trout C3b
by factor I at this Arg-Thr bond was con-
firmed by sequencing the zymosan-bound
fragments of C3 upon complement activa-
tion.®® Alignment of lamprey and hagfish
C3 sequences to those of C3 from other
species showed that lamprey and hagfish
C3 are lacking an Arg-Ser on the sequence
surrounding the sites that correspond to
first and second factor I cleavage sites of

mammalian, chicken, trout, and cobra C3.
At the present is unknown whether factor
I mediates the cleavage of Arg-Ala/Glu and
where it cleaves lamprey and hagfish C3.
Concerning the site that iC3b is cleaved
to generate C3c and C3dg are the observa-
tions that neither Arg-Ser or Arg-Thr sites
are found at the putative factor I cleavage
sites of C3. In human C3, this site may
be an Arg-Glu. Although, no Arg-Ser fac-
tor I cleavage sites were found near the
Arg-Glu bond, potential cleavage sites were
found, which include Arg-Thr and Lys-Thr.
If indeed iC3b from species other than
human are cleaved to C3¢ and C3dg, then
either this cleavage is mediated by an en-
zyme different than factor I, or factor I
from other species has specificity for Arg/
Lys-Thr bonds. In either case, the cleavage
of C3b could start in any of the above sites.
The findings of Nilsson-Ekdahl et al sup-
port the view that the cleavage of C3b to
C3c and C3dg could start in sites other
than Arg-Glu (human C3). They have iden-
tified three C3dg-like fragments 15 with
their N-terminus starting at residues 933
(cleavage between Arg-Glu), 939 (cleavage
between Lys-Glu) and 919, 924 or 930
(cleavage between Lys-Thr, Arg-Thr or
Arg-Leu). The nature of the enzyme medi-
ating some of these cleavages is still a de-
batable issue.

PHYLOGENETIC TREE

The elucidation of the amino acid se-
quences of several C3- and C3-related pro-
teins (eight C3 proteins, two C4, two C5
and six o,M-related proteins) allowed the
construction of a phylogenetic tree for these
proteins. These proteins were aligned and
a phylogenetic tree was constructed using
the program PHYLIP."¢ The relative high
pairwise percentage identities between se-
quence pairs of C3 and other C3-related
proteins, listed in Table 2.2, are consistent
with the hypothesis that all these proteins
have diverged from a common ancestor.
There is 77%-80% sequence identity
among mammalian C3, 50%-53%, 52%-
54%, 43%-45% and 51%-54% of mam-

malian C3 as a group to that of cobra,
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chicken, trout and Xengpus C3, respectively.
Substantially lower identities (28-33%) of
mammalian C3 were seen with lamprey
and hagfish C3 which is similar to that
observed for C4 (27%-30%) and C5 (26%-
29%). The phylogenetic tree shown in Fig-
ure 2.5, confirms that C3, C4, C5, and o,M
proteins segregate in distinct clades. This
is consistent with the duplication event
which lend to the generation of a comple-
ment protein which is the ancestor of C3,
C4 and C5, possibly from an ancestor
a,M-like protein.

Concerning lampreys and hagfishes,
there is no consensus whether they belong
to the same phyla or not. Based on mor-

phological analysis and fossil data, lampreys
are considered to be more closely related
to the jawed vertebrates (gnathostomes),
than to hagfishes, suggesting a paraphyletic
cyclostomata.''” Recent molecular analysis
of the small subunit (18S) rRNA sequences
from hagfishes, lampreys, chondrichthyan
fish, tunicates and cephalochordates sup-
ports the monophyly of the cyclostomes.''®
Our data are in agreement with this analysis
and support the monophyly of cyclostomes.
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Fig. 2.5. Phylogenetic relationships of C3 and other homologous
protein. Sequences were aligned using the program PILEUP and gaps
were excluded from phylogenetic analysis. The tree was constructed
using the PHYLIP software.’'® The protein sequences for C3, C4, C5,
Pregnancy zone protein (PZP), murinoglobulin 1 (MUG-1), alpha 1
inhibitor Il (A113) and ayM were taken from Swiss Protein and
CenBank data bases. The chicken and Xenopus C3 sequences will be
published elsewhere. For abbreviations on species see Table 2.1.
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