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In virtually  all species examined to date, the  functionally active third component of complement (C3) i s  encoded by a single 
gene. We have recently demonstrated,  however, that trout possess three structurally and functionally  distinct active C3 that 
represent the products of at least two different C3  genes. In the present study,  we provide evidence that multiple forms of 
functional C3 occur not only in the  rainbow trout (Salmo gairdneri), a quasi-tetraploid old teleost fish, but also in the diploid 
gilthead sea bream (Sparus aurafa), a modern teleost fish. In the gilthead sea bream, we have characterized five different forms 
of C3  (C3-1,  C3-2,  C3-3,  C3-4, and C3-5); in addition, we have identified and isolated a C5-like molecule. Each of the six proteins 
was composed of an a-chain and a p-chain; however, only the C3 isoforms contained a thioester bond in their a-chains. These 
proteins all differed in the molecular masses of their a- and P-chains and in their glycosylation patterns, reactivity with various 
Abs, tryptic peptide maps, and NH,-terminal  sequences of their chains.  These observations together with  the fact  that each  of 
the six proteins were also purified  from a single fish suggest that the C3 isoforms represent the products of several genes.  The 
presence of multiple forms of C3 in a modern diploid fish, very distant in evolutionary time from the trout, strongly suggests that 
the C3 isoforms generated once from a single  C3  gene  have remained functional in the genomes of these  animals. These findings 
not  only have important consequences for our understanding of the  evolution of the C3 protein, but also provide evidence for 
the  formation and generation of a new C3-related gene family. The Journal of Immunology, 1997, 158: 281 3-2821. 

T he third component of complement  (C3)3  is  a key com- 
ponent in all pathways of complement activation. C3 is a 
multifunctional protein that interacts not only with other 

serum proteins but also with cell surface receptors and proteins of 
foreign origin, thereby playing an important role in immunosur- 
veillance and immunoregulatory processes (1, 2) .  C3-like activity 
has been reported in many species, including invertebrates (3, 4). 
The complete primary structures have already been reported for 
human (5).  guinea pig (6), mouse (7), rat (8), cobra (9), chicken 
( IO) ,  trout ( I l ) ,  hagfish (12), and lamprey (13) C3, and partial 
primary structures have been determined for C3 of Xenopus (14), 
rabbit (15), and sea urchin (16). 

In all species analyzed to date with the exception of lamprey, C3 
is composed of two chains linked by a disulfide bond, contains a 
thioester in the a-chain, and is glycosylated on the a-chain, 
P-chain. or both chains  (3). In virtually all these species, function- 
ally active C3 exists as the product of a  single  gene. However, at 
least three different C3-related genes have been identified in the 
cobra genome: one  encoding functional C3 and the other two  en- 
coding cobra venom factor (CVF) (17). Furthermore, we have re- 

'Protein Chemistry  Laboratory,  Department of Pathology  and  Laboratory  Medi- 
cine,  University of Pennsylvania, Philadelphia, PA 19104;  and 'Department of 
Cellular  and  Physiologic  Biology,  Autonomous  University of Barcelona, Cer- 
danyola, Spain 

Received for publication September 13,  1996.  Accepted  for  publication  Decem- 
ber 9, 1996. 

The costs of publication of this  artlcle  were  defrayed in part by  the  payment  of 

accordance with 18 U.S.C. Sectlon 1734  solely to indicate  this fact. 
page charges. This  article must therefore  be  hereby  marked  advertisement in 

National Institutes of Health  Grant A130040, and Cancer and Diabetes Centers 
' This  work was supported by National Science Foundation  Grant  MCB931911, 

Core Support Grants  CA16520  and  DK19525. 

Chemlstry  Laboratory,  Department of Pathology  and  Laboratory  Medicine,  Uni- 
' Address correspondence  and  reprint requests to  Dr.  John 0. Lambris, Protein 

versity of Pennsylvania, Philadelphia, PA 19104-6079, 

cobra  venom factor; PEG, polyethylene  glycol; TPCK, t-1-tosylamide-2-phenyl- 
' Abhrevialions used in this  paper: C3. third  component of complement; CVF, 

ethyl  chloromethyl  ketone. 

Copyright 63 1997  by  The  American  Association of Immunologists 

cently reported the presence of an alternately spliced 2502-bp 
product of the Xenopus C3 gene in Xenopus LC liver (14). We 
have also recently demonstrated that the trout contains three func- 
tional C3 proteins (C3-1,  C3-3, and C3-4), which are the products 
of at least two different C3 genes. The three proteins are composed 
of  an a-chain and a P-chain, and each contains a thioester bond in 
the a-chain. However, they differ in the molecular masses of their 
chains, their glycosylation patterns,  Ab reactivities, amino acid 
sequences, and relative abilities to bind to various surfaces (18). 
The trout has also previously been shown to possess an inactive C3 
isoform and a  C5 molecule (1 9, 20). 

Rainbow trout are tetraploid fish  in the process of diploidization 
(21). Therefore, the existence of different forms of C3 in trout 
might be attributed to their quasitetraploid condition. To ascertain 
whether the presence of multiple forms of C3 is specific to this 
species, we have investigated the presence of multiple forms of C3 
in the gilthead sea bream (Sparus aurafa), a  modem diploid fish 
(22) with well-developed alternative and classical complement 
pathways (23, 24). We now report that the gilthead sea bream 
possesses five different isoforms of C3, which are the products of 
three to five different genes; we further demonstrate the presence 
of a C.5-like protein in the same species. 

Materials and Methods 
Fish 

Gilthead sea bream (S. aurafa) were obtained from Aquadelt S.A. fish farm 
in the  Ebre Delta (East Spain). Blood was collected by syringe from the 
caudal  artery, plasma was separated from cells by centrifugation, and se- 
rum was obtained by incubating the blood at 4°C for 4 h. The serum was 
then  separated by centrifugation at 2000 X g for 10 min. Plasma and  serum 
were stored at -70°C. 

Purification of the C3 and C5 proteins from sea bream 
plasma 

The strategy used to purify  the various proteins is shown in Figure 1. 
Twenty milliliters of sea bream pooled plasma (10 fish) or 5 ml of plasma 
from a single animal was precipitated with 4% polyethylene glycol (PEG) 
at 4°C for 30 min in the presence of 20 mM EDTA, 10 mM benzamidine, 
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FIGURE 1. Schema  representing  the  purifica- 
tion of the  various  gilthead  sea  bream  C3 iso- 
forms  and  the  C5-like  protein.  Plasma  was  frac- 
tionated  with  4  to  16% PEG, and  the  resulting 
pellet  was  resuspended in 10 mM sodium  phos- 
phate buffer, pH 7.5,  and  subjected  succes- 
sively  to  anion  exchange  chromatography 
(Mono Q HR 10/10 or Mono Q HR 5/5),  cation 
exchange  chromatography  (Mono S HR 5/5), or 
gel filtration  (Superose 12). After each  chro- 
matographic  step,  fractions  containing  proteins 
with  masses  similar  to  that of C3 under  both 
reducing  and  nonreducing  conditions or frac- 
tions  containing  proteins  immunoreactive  with 
an  anti-C3-l  trout Ab were  pooled  and  applied 
to  the  next  column. 

(supernatant) 

) Column  equilibrated  in 
10 mM sodlum  phosphate,  pH 7.5 

IO mM  sodlum  phosphate, pH 1.5. 
The  proteins  were  eluted  wlth  a 
salt  gradient (0-500 mM NaCI). 

Column  equilibrated In 

for C3-1 and  pH 5.8 for  other C3s. 
10 mM  sodium  phosphate, pH 6 

The  proteins  were  eluted  wlth a 
salt  gradient ( 0-500 mM  NaCI). 

on Anion exchange chromatography (Mono Q HR 515) 

Column  equilibrated in 
Column  equilibrated in 

10 mM  sodium  phosphate 
10 mM  sodlum  phosphate,  pH 7.5. 
The  protelns  were  eluted  with  a 

150 mM NaCI, pH 7.5. salt gradient (0-500 mM NaCI) 

Gel filtration (Superose 12) 

and 1 mM PMSF, then centrifuged (15,000 X g, 20 min). The resulting 
supernatants were brought to 16% in PEG, stirred for 30 min at 4 ° C  and 
centrifuged (15,000 X g, 20 min). The pellets obtained were then resus- 
pended in 10 mM phosphate buffer, pH 7.5, and loaded onto a Mono Q HR 
10/10 anion exchange chromatography column (Pharmacia Biotech, Inc.. 
Piscataway, NJ). Thereafter, the pools containing the various proteins 
(C3-I, C3-2, C3-3, C3-4, C3-5, and C5) were subjected to several addi- 
tional chromatographic steps (Fig. I ) .  All proteins needed to be passed 
through a Mono S HR 5/5 cation exchange chromatography column (Phar- 
macia Biotech). C3-5 and C5 were then further purified by gel filtration 
chromatography on a  Superose  12 column (Pharmacia Biotech). C3-3 was 
further purified to homogeneity on  a Mono Q HR 5/5 column (Pharmacia 
Biotech), whereas C3-4 needed an additional chromatographic step of  gel 
filtration on Superose 12 (Pharmacia Biotech). Before being applied to a 
column, the samples were exchanged into the bufer used to equilibrate that 
column. Purification of the various proteins was monitored by gel electro- 
phoresis and Western blotting using an  Ab specific for the 0-chain of trout 
C3-1. This Ab was used to distinguish the fractions containing the C3-I, 
C3-2, C3-4, and C3-5 proteins from those containing C3-3 and C5. 

Detection of carbohydrates and the internal thioester bond 
in the various C3s and C5 

Con A-binding carbohydrates and the thxoester bond in the various proteins 
were detected as described previously (25). 

Reactivity of the C3 isoforms and C5 with various Abs 

The reactivity of each form of C3 and the C5 protein with a battery of 
antiLC3 Ahs and an anti-CVF Ab was assessed by ELISA and Western blot. 
Purified protein in I O  mM PBS, pH 7.2 (0.2 pg/well), was fixed onto an 
ELlSA plate (Dynatech Laboratories, Inc., Chantilly, VA) and incubated 
for 2  h. Wells were saturated with  2% milk in PBS, pH 7.2, for 30 min, then 
washed and incubated with various dilutions of antiserum for 1 h. Abs 
bound to C3 were detected by incubation with a 1/1000 dilution of perox- 
idase-labeled goat anti-rabbit IgG (Bio-Rad Laboratories, Richmond, CA) 
for 30 min. Color was developed by adding 2,2’-azino-bis-(3-ethylbenz- 
thiazoline-6-sulfonic acid) Substrate (Boehringer Mannheim Corp., India- 
napolis, IN). Between steps the wells were washed with 0.05% Tween in 
PBS, pH 7.2. All steps were conducted at room temperature. OD was 
measured at 405 nm. 

Tryptic  peptide  mapping 

The purified proteins were digested with 1% (w/w) TPCK-trypsin at 37°C 
for 45 min. The reaction was stopped by the addition of 2% (v/v) 2-ME/2% 
(w/v) SDS/IO% (v/v) glycero1/0.0025% (w/v) bromophenol blue/0.0625 M 
Tris-HCI, pH 6.8, or by addition of the same buffer without 2-ME.  The 
tryptic fragments were separated by SDS-PAGE on a 7.5% gel and visu- 
alized by silver staining. 

Column  equilibrated in 
10 mM  aod~um phosphate a 150 mM NaCI, pH 7.5. 

NH,-terminal amino  acid sequencing 

To obtain the NH,-terminal sequences of the C3 chains we used a modified 
version of the method of Matsudaira (26) as previously described (IO) .  The 
electroblotted proteins were subjected to Edman degradation, using an Ap- 
plied Biosystem 473A Protein Sequencer (Foster City, CA). 

Results 
Purification of various C3 and C5 proteins from  gilthead sea 
bream plasma 

We have previously established that a tetraploid fish, the rainbow 
trout, possesses three forms of C3 that differ in their binding to 
complement activators (1 8). To search for such proteins in a dip- 
loid fish, the gilthead sea bream, we used a modification of the 
method that we had previously established for the purification of 
trout C3 isoforms. After several chromatographic steps, we iso- 
lated five C3 isoforms and one  C5-like protein from sea bream 
plasma (Fig. 1 ) .  The 16% PEG pellet obtained from sea bream 
plasma was applied to an anion exchange chromatography column 
(Fig. 2A), and the eluted fractions contained proteins with molec- 
ular masses similar to those of C3 under both nonreducing and 
reducing conditions (Fig. 2, B and D, respectively); some of these 
proteins were reactive by Western blotting with  an anti-trout C3-1 
Ab (Fig. 2C). C3-1 was further purified by cation exchange chro- 
matography. Most of the C3-1 did not  bind to the column at pH 6 
and was obtained in the flow-through. C3-2 was also obtained in 
virtually pure form after one additional chromatographic step of 
cation exchange chromatography (Fig. 3). Fractions containing 
C3-3 and (23-4 (Fig. 2) were also applied to a cation exchange 
column (Fig. 4A). The eluted fractions containing both proteins 
were pooled and passed through an anion exchange column, from 
which C3-4 eluted first, followed by C3-3 (Fig. 4Bj. Thereafter, 
the C3-4-containing fractions were passed through a Superose 12 
gel filtration column (Fig. 4Cj to remove a high m.w. contaminant 
present in the C3-4 preparation (data not shown). To purify C5 and 
C3-5, the CS- and C3-5-containing fractions from the first anion 
exchange column (Fig. 2A) were separated by cation exchange 
chromatography (Fig. 5A) and then further resolved by gel filtra- 
tion chromatography (Fig. 5 ,  B and C). The C3-1, C3-2, C3-3, 
C3-4,  and C5 proteins were >9S% pwe, as judged by SDS-PAGE 
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FIGURE 2. Elution  profile, SDS-PAGE, and West- 
ern  blot  analysis of the  various  C3  and  C5  proteins 
after  Mono Q HR 10/10  column  chromatography. 
A, The  16% PEG fraction of the  gilthead  sea  bream 
plasma  was  resuspended in 5 mM sodium  phos- 
phate, pH 7.5,  containing 5 mM EDTA and applied 
to a Mono Q HR 10/10 anion  exchange  column. 
Bound  proteins  were  eluted  with an  NaCl gradient 
(0-500 mM) at a flow  rate  of 3 ml/min. Protein  was 
monitored by absorbance at 280 nm. The  shaded 
peaks  represent  the  pooled  fractions  containing  the 
various  C3  isoforms  and  the  C5-like  protein. B, SDS- 
PAGE of the  eluted  fractions  under  nonreducing 
conditions. C, Western  blot  analysis of the  nonre- 
duced  fractions;  detection  was  carried  out  with an 
Ab  that recognizes  trout  C3-1. D, SDS-PAGE of the 
same  fractions  under  reducing  conditions,  followed 
by Coomassie  blue  staining. 
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and Coomassie  blue  staining; in contrast,  the final C3-5  prepara- 
tion  was  approximately  70%  pure.  From  20  ml  of  pooled  sea  bream 
plasma,  we  obtained  approximately 3 mg  of  purified  C3- I ,  2.7  mg  of 

of  C5.  All  six  purified  sea  bream  proteins  had an a- and echain 
structure  (Fig. 6A), with  analogous  chains  having  similar  molecular 
masses.  Thus,  the a- and Pchains had  molecular  masses  of 116 and 
66 kDa (C3-I), 1 16 and 70 kDa  (C3-2), I 18 and 74 kDa  (C3-3).  120 
and 70 kDa  (C3-4). 1 16 and 60 kDa  (C3-5),  and I 12 and 70 kDa  (C5). 
The name  of  each C3 isoform  is  related  to  the  order  in  which  each 
new C3 was  purified  and is independent  of  the  numbering  given for 
the  trout C3 isoforms. 

To confirm  the  presence of  all  five C3 isoforms  and  the  C5-like 
molecule in a single  fish,  all  six  proteins  were  purified  from  the 
plasma  of a fish (data not shown). When  the  first  five residues  from 
the NH, terminus of  the P-chain of  each  protein  were sequenced, 
they  were  found to be the  same as those of proteins  purified  from 
the  pooled  plasma  (data  not  shown). 

C3-2,200 pg Of C3-3,200 pg of  C3-4, 1 0 0  pg of  C3-5,  and 500 pg 

I " 

Detection of Con A-binding carbohydrates 

The  presence of  Con A-binding  carbohydrates in the  various C3 
isoforms  and in C5 of the  sea bream  was assessed by  the  binding 
of  1251-labeled  Con A to their a- and  P-chains.  Con A bound to 
both  the a- and  P-chains of C3-3  and  C5; in contrast, C3-I, C3-2, 
C3-4,  and  C3-5  contained  Con  A-binding  carbohydrates  only in 
their a-chains (Fig. 6B) .  

Detection of the thioester  bond 

The  presence of a thioester bond  was determined by analyzing  the 
ability of each  purified  protein  to  incorporate  ['4C]methylamine 
covalently  into its a-chain. Except for the  C5-like  molecule,  all  the 
C3 isoforms  revealed  the  presence of  an internal  thioester bond in 
their a-chains (Fig. 6C). The  C3-3  protein  appeared  to  incorporate 
less  [14C]methylamine,  indicating a possible  conversion of  this C3 
to C3(H,O)  during  the  purification  procedure.  Although  the  a-chain 
of  C3-5  strongly  incorporated  ['4C]methyIamine,  some  minor  lower 
m.w.  bands  could  also be observed.  Because  the  C3-5  preparation  was 
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0 20 

Elution  volume  (ml) 
FIGURE 3. Elution  profile of C3-2 from a Mono S HR 5/5 cation 
exchange column. The C3-2-containing fractions from the Mono Q 
HR 10/10 column (Fig. 2) were pooled  and applied to the Mono S HR 
5/5 column, and the bound  proteins were eluted with a NaCl gradient 
(0-500 mM) at a flow rate of 1 ml/min.  Protein  was  monitored by 
absorbance at 280 nm. The shaded peak  represents the fractions con- 
taining the purified  C3-2. 

only 70% pure, it  is possible that  the  preparation contained a contam- 
inating enzyme that was capable of degrading C3-5 during the 8-h 
incubation  period  with the ['4C]methylamine (Fig. 6C). 

Reactivity of the C3 isoforms and C5 with various Abs 

To analyze the antigenic differences among  the purified C3 iso- 
forms and the C5 protein, an anti-CVF  Ab and several anti-trout 
C3-specific Abs were used  in direct ELISAs. Four of the proteins 
showed a distinctive pattern of reactivity with the Abs; C3-1  and 
C3-2 had very similar reactivity patterns (Fig. 7 and Table I). De- 
spite the fact that C3-5 was almost identical with C3-I and C3-2 in 
its NH2-terminal amino acid sequence, it displayed a different pat- 
tern of reactivity with the Abs. Thus, the anti-trout C3-4 Ab 
strongly reacted with the C3-5 protein, but it did not react with 
either C3-1 or C3-2. In addition, the anti-trout C3-3  Ab reacted 
significantly with C3-5, but not with C3-1 or C3-2. 

The reactivity of the C3 and C5 proteins with the same Abs  was 
also assessed by Western blotting. The anti-CVF  Ab strongly re- 
acted with C3-1 and C3-2 under nonreducing conditions and with 
the a-chains of C3-I, C3-2, and C3-5 under reducing conditions 
(data not shown); the anti-trout C3-I P-chain-specific Ab reacted 
well with the P-chains from C3-I, C3-2, C3-4, and  C3-5, but 
showed no reactivity with C3-3 and C5 (data not shown). 

Tryptic  peptide maps 

The structural similarities of the isolated proteins were further  an- 
alyzed by tryptic peptide map analysis. When the sea bream C3 
isoforms and C5 were digested with trypsin and  examined by SDS- 
PAGE under reducing conditions, the fragmentation patterns ob- 
tained for C3-1 and C3-2 were very similar, suggesting that the 
overall primary structures of these isoforms are also similar (Fig. 
8A). Under nonreducing conditions,  two of the major proteolytic 
fragments generated from C3-I of about 28 and 3 1 kDa. were not 
generated in C3-2  (Fig. 8B). A significant amount  of the cleaved 

A 
MonoSHR515 , 5oo 

Elution  volume  (ml) 

Elution  volume  (ml) 

Superme 12 
1 

0 32 50 68 86 104 
Elution  volume  (ml) 

FIGURE 4. Purification of C3-3 and C3-4. A, Fractions containing 
C3-3  and  C3-4 from the Mono Q HR 10/10 column were applied to a 
Mono S HR 5/5 cation exchange column. The shaded peak  represent 
the fractions containing C3-3 and C3-4. The inset  shows SDS-PAGE  of 
the nonreduced (NR) and  reduced (R) fractions containing C3-3  and 
C3-4. B, Fractions containing C3-3  and  C3-4 were then applied to a 
Mono Q HR 515 anion exchange column. The shaded peaks  represents 
the fractions containing purified C3-3 and  partially  purified  C3-4. C, 
The C3-4-containing fractions from the Mono S HR 515 column were 
passed  through a Superose 12 gel  filtration column. Sea  bream  C3-4 
was eluted at a flow  rate of 0.6 ml/min.  Bound  proteins  from the anion 
and cation exchange columns were eluted with a NaCl gradient (0- 
500 mM)  at  flow rate of 1 ml/min.  For  all chromatographic steps,  pro- 
tein  was  monitored by absorbance at 280 nm. 

C3-2 was present as high m.w. aggregates  under nonreducing con- 
ditions;  this aggregation was probably the result of disulfide bond 
formation by free sulfhydryl groups, since  under reducing condi- 
tions the dimers were not present. The fragmentation pattern 
shown by C3-5  was very similar to that of C3-1 and C3-2 under 
both reducing and nonreducing conditions. Although the C3-5 di- 
gestion products included major proteolytic fragments generated in 
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FIGURE 5. Purification of C5 and C3-5. A, Fractions containing C5 
and  C3-5 from the Mono Q HR 10/10 column were pooled and ap- 
plied to a Mono S HR  5/5 cation exchange column, and the proteins 
were eluted with an NaCl gradient (0-500 mM) at flow rate of 1 ml/ 
rnin. The  shaded  peaks  represent  the fractions containing partially pu- 
rified C5 and C3-5. The  inset  shows SDS-PAGE of the nonreduced 
(NR) and reduced (R) fractions containing C5 and C3-5. Band C, The 
fractions containing C5  and  C3-5  were  separately pooled, and  each  was 
concentrated to 1 ml. Each protein  preparation was applied to a Superose 
12 gel filtration and  eluted at flow rate of 0.6 ml/rnin.  The  shaded  peaks 
represent  sea  bream  C5 for  B and C3-5  for C. For all chromatographic 
steps, protein was monitored by absorbance  at 280 nm. 

C3-1  and  C3-2,  some other  minor  fragments  were  also  observed 
that  were  unique  to  the  C3-5  fragmentation  profile  and  might  have 
originated  from  the  protein  contaminants  present  in  the  C3-5 
preparation. 

The  patterns of trypsin-generated  fragments  observed  under  re- 
ducing  and  nonreducing  conditions  from  C3-3,  C3-4,  and  C5  were 
very  different  from  each other and  from  those of C3-1,  C3-2,  and 
C3-5,  indicating  that  the  primary  structures of C3-3,  C3-4, and  C5 
are  markedly  different  from  each other and  from  those of C3-I, 
C3-2,  and  C3-5  (Fig. 8). Under  nonreducing  conditions,  fragments 
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Coomassie  blue  staining 
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- 200 

-116 - 97 

- 66 

- 55 

- 36 
- 31 

achain- 

[14C] -Methylamine  incorporation 

FIGURE 6. SDS-PACE, identification  of Con A-binding carbohy- 
drates, and analysis of ['4C]methylarnine incorporation into the vari- 
ous C3 and C5  proteins. A, Proteins (3 pg) were resolved on 7.5% 
SDS-PACE under reducing conditions and stained with Coornassie 
blue. 6, The  same proteins as those in A were electroblotted onto a 
polyvinlylidene  difluoride membrane, incubated with '251-labeled 
Con A, washed, and subjected to autoradiography. C, After incubation 
with ['4C]methylamine, 10 p g  of each protein was  electrophoresed, 
and the gel  was  treated with EN'HANCER (New England Nuclear Re- 
search  Products,  Boston, MA) according to the  manufacturer's instruc- 
tions and subjected to autoradiography. 

analogous in size to C3c  and  C3d (140 and 34 kDa,  respectively) 
were  generated  from  C3-1,  C3-2,  and  C3-5.  We  sequenced  the 
NH, terminus of the  C3d-like  fragment  from  C3-1, and  the se- 
quence  obtained (I8 residues)  showed  high  homology  with  the 
corresponding C3d sequences  from  other  species  (data  not  shown). 
In  the case of C3-3,  C3-4,  and  C5, a C3c-like  fragment of  different 
size was  observed for each of the  three  proteins;  there  was no clear 
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FIGURE 7. Reactivity of the C3 isoforms and C5 with various Abs. The reactivity of each of the  proteins with Abs specific for CVF, trout C3-1 
(/3-chain specific), trout C3-3, native  trout C3-1, and  trout C3-4 was  assayed by ELSA (for details, see Materials and Methods). Each graph presents 
the  reactivity of all six proteins with a  given Ab. 

appearance of a C3d-like fragment similar to that observed for the other of C3-3 and C3-4. Of 36 residues, C3-1 and C3-5 had the 
C3-I, C3-2, and C3-5 (Fig. 8 B ) .  same NH,-terminal sequence, and they differed from the C3-2  se- 

quence in one amino acid. Significant differences in NH,-terminal 

The C3 isoforms could be divided into two distinct groups on the two isoforms and C3-1,  C3-2, and C3-5. The NH,-terminal se- 
basis of their NH,-terminal sequence similarities and differences quence of C3-3 was identical with that of C3-4 in 19 of 38 resi- 
(Table I); one group was composed of C3-1, C3-2, and C3-5, and dues, with eight conserved changes. Compared with C3-1 and 

NH2-terminal amino acid sequences Of the CY- and pachains sequence were Seen between C3-3 and C3-4 and between these 
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Table I .  Properties of the  gilthead  sea  bream C3 and C5 proteins 

C3 lsoform C3-1 C3-2 c3-3  c3-4  c3-5 cs 
Chain  structure 
M, aP X 10’ 
Thioester in 
Con A binding  to 
Binding to 

Anti-CVF Ab” 
Anti-trout  C3-1” Ab 
Anti-trout  C3-1 Ab 
Anti-trout  C3-3 Ab 
Anti-trout  C3-4 Ab 

Sea  bream  C3-1 
Sea  bream  C3-2 
Sea  bream  C3-3 
Sea  bream  C3-4 
Sea  bream  C3-5 
Sea  bream  C5 

No. of amino  acids  (identicalldifferent)  to 

1 1 6/66 
.P 

ff 

a 

+++ 
++++ 
++++ 

- 
- 

1 1 6/70 
4 
CY 

a 

++ 
+++ 

++++ 
- 
- 

1 1 8/74 
aP 

ffP 
ff 

- 
- 

++++ 
- 
+ 

120170 
4 
a 
a 

- 
+ 

++++ 
++ 
+ 

1 1 6/60 
4 
a 
ff 

- 
+ 

++++ 
+++ 

++++ 

ffP 
1 12/70 

Not  present 
aP 

+ 
++ 
+ 

+++ 

“The reactivity  of  the sea bream C3 isoforms with the  various  Abs,  was  assessed  by  ELISA. 
“This anti-trout C3-1 Ab  recognized only the p-chain of C3. 
‘This anti-trout C3-1 Ab  recognized  the  native C3-1 molecule. 
“The residues were  obtained by  sequencing  the NH, termini  of  the (I- and  p-chains of the  various C3 isoforms  and C5. 

A 

- 55 

- 36 
0 - 31 

Reducing  conditions 

fragment -1. 
C3d-like 
fragment + 

Non-Reducing  conditions 

The  sequence of C3-4 was identical with those of C3-I and C3-5 
in 31 of 36 amino  acids, and three  showed  conserved  changes; it 
was identical with  that  of C3-2 in 31 of 37 residues and showed, 
on  the other hand,  four  conserved  changes. 

The NH,-terminal sequence of C5 was  identical  with  those  of 
the  five C3 isoforms in only four to  six  NH,-terminal  residues  and 
showed  only  two  to  four  conserved  changes in the 27 residues 
examined. In fact, C5 was  more similar in sequence to human  and 
mouse C5 (eight  identical  residues  and five conserved  changes) 
than  to  any of the C3 isoforms  (Fig. 9). 

Discussion 
Until  very  recently,  data  accumulated  from  the  study of  many spe- 
cies had  indicated that  functionally  active C3 existed  as  the  prod- 
uct  of a single  gene.  Within  the  past  year,  however,  we  have  dem- 
onstrated  that  three  structurally  and  functionally  distinct C3 

MW 
proteins (C3-1, C3-3, and C3-4) are  present in the  serum  of the 

(kDa) rainbow  trout (Suho gairdneri), a teleost  fish,  and  that  these c 3  
- 200 isoforms  are  the  products of  at  least  two distinct C3 genes (18). 

Trout  species, in particular  the  rainbow  trout (S. guirdneri), are 
-116 

- 66 their  gene  products  remain  duplicated,  whereas  others  have  already - 55 completed  the  process  of  diploidization (21, 27). Hence,  the  pres- 
ence of three  forms of C3 in the  rainbow  trout  might  be  explained 

- 36 by the  quasi-tetraploid  nature of  this  species. - 31 To explore the  possibility  that  the  occurrence of multiple C3 
isoforms  was  not  particular  to  rainbow  trout, we investigated  the 
possible  presence of  more  than one  form of C3 in a diploid  fish,  the 
gilthead  sea bream (S. aurafa). In  this  report,  we  present evidence 

- 97 tetraploid  animals in the  process of diploidization, and  many  of 

FIGURE 8. Tryptic  peptide map of the  C3  isoforms  and  C5.  Each 
protein (10 pg) was  incubated  with  TPCK-trypsin  (0.1 pg) at 37OC  for 
45 min. The  reaction  was  stopped by the  addition of reducing ( A )  or 
nonreducing (6) sample  buffer  as  described in Materials and Methods, 
and the  fragments  were  separated by  SDS-PAGE  on a 7.5% gel. Gels 
were  stained  with  silver  stain. 

C3-5, C3-3 had 19 identical  amino  acids  and  seven  conserved 
changes  (in a total  of 36 residues);  compared with C3-2, it had 21 
identical  residues  and  six  conserved  changes  (of 37 amino  acids). 

demonstrating  the  presence in a diploid  animal of  at  least  five 
different C3 isoforms,  which  probably  represent  the  products  of 
three  to  five  distinct  genes.  The  evidence  that  five of  the isolated 
molecules (C3-I, C3-2, C3-3, C3-4, and C3-5) are  indeed C3 is as 
follows: 1) they  all  have  an  +chain  structure  similar  to  that  of 
C3 from other species; 2) their  NH,-terminal  sequences  show  high 
similarity to those of  the  trout C3 isoforms  and of C3 sequences 
from other species; 3) all  the C3 isoforms  react  with a variety  of 
anti-trout C3 and anti-CVF  Abs;  and 4) they  all  contain a thioester 
bond in the a-chain. Our  conclusion  that  the five  isolated C3 iso- 
forms  represent  the  products of distinct alleles or genes is  based  on 
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FIGURE 9. Alignment of the NH,-terminal sequences of the  various 
trout C3,  sea bream C 3 ,  sea bream  C5-like protein, human C 3  and C5, 
and  mouse C5. Identical  amino acids are indicated by an asterisk; dots 
indicate regions where  amino  acid sequence was not determined; 
dashes indicate gaps introduced to give maximum sequence 
alignment. 

a number of observations: first, that all five C3 isoforms could be 
isolated from a single fish; second, that the individual isoforms 
differed in 1) the molecular masses of their a- and P-chains, 2) 
their glycosylation pattern, 3) their reactivity with specific Abs, 4) 
their tryptic peptide maps, and 5) the NH,-terminal sequences of 
their a- and P-chains. In addition, when we tested the functional 
activities of these C3 isoforms we found that although they func- 
tion as  C3 they differ from each other in 1) the efficiencies to bind 
to various complement-activating surfaces, 2) their patterns of deg- 
radation by sea bream factor H- and I-like proteins, and 3) the 

metal dependence of factor H- and I-like mediated cleavage of C3b 
(to be published elsewhere). 

We have also identified a  C5-like molecule in sea bream plasma. 
It is highly likely that this molecule is indeed C5 because 1) it is 
composed of an a-chain and a  P-chain, as are C5 molecules from 
other species; 2) its NH,-terminal sequence is more similar to that 
of C5 from mouse and humans than to the NH,-terminal sequences 
of the C3 isoforms in the sea bream (Table I and Fig. 9); 3) it 
resembles all the other C5 molecules analyzed to date in lacking a 
thioester bond in the a-chain; 4) it reacts to a much lesser degree 
with the anti-trout C3 Abs than do the C3 isoforms; and 5) it 
strongly reacts with  an anti-trout C5 Ab (kindly provided by Dr. 
Nonaka, Nagoya, Japan), whereas none of the C3 isoforms reacts 
to the same Ab (data not shown). Nevertheless, more data are 
needed to establish without question that this C5-like protein is the 
counterpart of C5 in other species. 

Among the many functional and structural differences we ob- 
served between the C5-like protein and the C3 isoforms, perhaps 
the most significant was in the NH,-terminal sequences of their 
chains, since these portions of the C5-like protein had  very  low 
sequence similarity to those of the C3 isoforms (Fig. 9). Although 
more sequence data are needed, this preliminary finding suggests 
that the C5-like molecule preceded the emergence of the sea bream 
C3 genes. 

When we compared the biochemical properties of sea bream 
C3s  (C3-1, C3-2, C3-3,  C3-4, and C3-5) with those of the rainbow 
trout (C3-1, C3-2,  C3-3, and C3-4), we were unable to establish 
any connection between these molecules. However, there seem to 
be functional homologies between the proteins of the two species 
(to be published elsewhere). 

Rainbow trout belong to the superorder Protocanthopterygii and 
to the order Salmoniformes, which is considered to  be the ancestral 
group from which the modem teleost evolved; the gilthead sea 
bream belongs to the most evolved superorder of teleost, the Ac- 
anthopterygii, and within this group it belongs to one of the most 
modem orders, the Perciformes (28). Thus, it is possible that the 
sea bream C3s evolved from the C3s present in trout, although it 
is likely that one or more of these isoforms have again been du- 
plicated in the sea bream. Since the C3s have remained functional 
in the sea bream genome, it is possible that they are also present in 
other animal groups, including reptiles, birds, and/or mammals. 
The presence of multiple forms of C3 in the gilthead sea bream 
indicates that this phenomenon is not unique to trout and that the 
duplications suffered by the primordial C3 gene of the trout an- 
cestors have not become silent; instead, they have been fixed into 
the genome.  This finding has important consequences for our un- 
derstanding of the evolution of the C3 protein and suggests the 
generation of a C3-related gene  family. 
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