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Previous  studies  have suggested that the residues  727-768 of human (Hu) C3 contain  the  binding sites for CR1, factor H, and 
factor B. Here, we have (1) characterized further some of the C3 structural requirements for i t s  binding to CR1, H, and B, (2) 
investigated the functions associated with these C3-ligand interactions, and (3) studied the relationship of MCP-binding sites in 
C3 with those for CR1,  H, and B. Hu C3 molecules in which residues  727-768 were deleted (designated C3A727-768) or 
substituted with the corresponding segment of cobra venom  factor, Xenopus, or  trout C3 (chimeric C3s) were expressed in the 
baculovirus system and analyzed for  their  reactivity with C3-binding proteins. In contrast to  wild-type iC3 which, in the 
presence of CR1, is cleaved by factor I to iC3b-a and C3c-a and C3dg, all chimeric C3s were cleaved only to iC3b-a. In addition, 
the cleavage of deleted (C3A727-768) iC3 to iC3b-a by factor I in the presence of CR1  was significantly reduced,  whereas it 
remained unaltered in the presence of MCP.  Cleavage of iC3 to iC3b-a by factor I and H was similar in  all expressed  C3s except 
C3A727-768,  whose  cleavage  was significantly reduced. All of  the expressed molecules except C3A727-768 were capable of 
forming the fluid-phase alternative pathway C3  convertase, and all reacted with properdin. These results suggest that  during 
cleavage of iC3 by factor I and CR1, or H, CR1 and H bind  to at  least two sites on C3 and that the MCP binding site(s) on C3b 
are different from those for CR1.  They  also indicate that some or  all  of the C3  residues that are directly  involved in, or  contribute 
to, the structure of one of the CR1 and H binding sites are located within residues  727-768.  These studies also demonstrate that, 
although this segment of C3  may  be involved in C3-factor B interaction, other residues in addition to 736EE (previously impli- 
cated in B binding) must  also contribute significantly to this interaction. Thelournal of Immunology,  1996, 156: 4821-4832. 

C 3 binds to more than 20 serum and membrane proteins, 
many of which belong to a superfamily of structurally 
related molecules. The complement proteins in this fam- 

ily include the membrane proteins CRl,3 CR2,  DAF, and MCP, 
and the serum proteins factor  B, factor H, C2, and C4bp (Reviewed 
in Refs. 1-5). These proteins share sequence homology and  an 
ability to interact with C3b or C4b. In addition, several of these 
molecules are functionally similar in that they serve as cofactors 
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for factor I-mediated degradation of C3b or C4b (CRl, CR2, MCP, 
factor H,  C4bp) or accelerate the decay of the C3 convertase (CRI , 
DAF,  C4bp, factor H). Because of these structural and functional 
similarities, the ability of several of these molecules to compete for 
binding to C3b, and the capacity of mAbs specific for various 
domains of C3  to inhibit selectively one or more of C3b's inter- 
actions with these proteins (6), we hypothesized that the sites in C3 
that are recognized by the members of this family of proteins may 
be related. The exact binding sites of these three proteins are ex- 
pected to be different, however, because CRl and CR2, but not 
factor H, are capable of binding to Xenopus iC3, and factor H, but 
not CRl and CR2, can interact with trout iC3 (7). In addition, the 
inability of human factor B to bind to either Xenopus or trout C3 
has suggested that its binding site on human C3b differs from that 
for factor H and CR1 (7) and that the ability of factor H and CR1 
to compete with factor  B  for binding to C3b may be the result of 
an allosteric or steric effect rather than competition for the same 
binding site(s). 

Previous studies have suggested that the N-terminal 42 amino 
acids of the a'-chain of human (Hu) C3 (residues 727-768) ac- 
commodate binding sites for CRl, CR2, factor H, and a neoanti- 
genic site (7-9). The same segment of C3 has been implicated in 
factor B binding. Ganu and Muller-Eberhard (10) have shown that 
a synthetic peptide spanning residues 727-768 of C3 and an Ab to 
this peptide are capable of inhibiting factor B binding to C3b. 
Becherer et al. (7), however, although finding the same effect for 
the anti-peptide Ab, did not observe any significant inhibition with 

peptide. Fishelson has shown that the peptide the ~3727-768 
~3727-768 . 

IS capable of binding to factor B (1 1). 
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Table I. Oligonucteotides 

Oligonucleotide Sequence Annealing  Target 

Oligo 52 

Oligo 16 

Oligo 53 

Oligo 54 

Oligo 65 

Oligo 66 

Oligo 67 

Oligo 68 

Oligo 69 

Oligo 70 

GCAAGTGCTGCGAGGACG 

ATGACATATGGAACGG 
Ndel 

GAGCTTCGTAGAGATCTGGCCAGGCCCAGGTGGCTGGC 
Bgll I 

GCCAGATCTCTACGAAGCTCATGAATA 
Bgll I 

Bgll I 

BamHl 

Bgll I 

BamHl 

Bgll I 

BamHl 

GCCAGATCTGATGAAGATGACGAATACATGC 

CCGGGATCCCGTTGACATCAGGCTTTTC 

GCCAGATCTGAGGAGGATGATGATGATGATGC 

CCGGGATCCCTTCAGGAAGATTGGTGTC 

GCCAGATCTGATGATAACGAAGACGGTTTTCATC 

CCGGGATCCCCATTGTCTTAGACGAGATACC 

Human C3 cDNA 
2134-2149 
Human C3 cDNA 
2744-2759 
Human C3 cDNA 

Human C3 cDNA 
2299-2303,2416-2437 
Xenopus C3 cDNA 

Xenopus C3 cDNA 

Trout C3 cDNA 

Trout C3 cDNA 

CVF DNA 

CVF DNA 

2281-2303,2416-2430 

Pept-tf; 
c3 
c37J6-768 
C37a7-7rs 

FIGURE 1. Amino acid sequence of the C3 and c3741-757 
CVF synthetic  peptides  used in this study. 

c v F 7 a 8 - 7 7 1  

CVF7a8-7r1 
cVF737-771 
cvF745-771 

Although synthetic peptides representing various regions of C3, 
as well as mAb- and site-specific anti-peptide Abs against C3,  have 
been found to interfere with the binding of C3-ligands to  C3, the 
contribution of particular regions of the molecule to the interaction 
of native C3 fragments with the same ligands is currently un- 
known. This issue was addressed recently by Taniguchi-Sidle and 
Isenman (12),  who found by site-directed mutagenesis that resi- 
dues 73%E and 736EE of the sequence DEDIIAEE within the 

region are apparently involved in the interaction of pro- 
teolytic fragments of C3 with CR1,  CR3, and factor  B. 

In this study, we have analyzed further the involvement of the 
C3 segment spanning residues 727-768 in the interaction of C3 
with factor  B, factor H,  CR1, and MCP by constructing chimeric 
C3 molecules containing the C3 ligand-binding sites of the C3s 
from species that either bind or do not bind to a specific ligand. We 
present evidence that a site within residues 727-768 is involved in 
the interaction of CR1 and factor H with C3b that occurs during 
cleavage of iC3b to C3c  and C3dg by factor I, and we demonstrate 
that this site  is not involved in MCP binding. In addition, we dem- 
onstrate that residues other than 736EE must also contribute sig- 
nificantly to the interaction of C3/C3b with factor BBb.  

~3727-768 

Materials and  Methods 
Materials 

Restriction enzymes, Klenow enzyme, and Taq DNA polymerase were 
purchased from Boehringer Mannheim (Indianapolis, IN). The baculovirus 
expression kit and linear AcNPV DNA transfection module were obtained 
from Invitrogen (San Diego, CA), the serum-free insect cell  culture media 
EX-CELL 400  and 401 were obtained from JRH Biosciences (Lenexa, 

Sequence 
SNLDEDIIAEENIVSRSEFPESWLWNVEDLKEPP~GISTKL 

EENIVSRSEFPESWLWNVEDLKEPPKNGISRKL 
SNLDEDIIAEENIVSRSEF 

SRSEFPESWLWNVEDLK 

DDNEDGFIADSDIISRSDFPKSWLWLTKDLTEEPNSQGISSKTM 
DDNEDGFIADSDII 

DSDIISRSDFPKSWLWLTKDLTEEPNSQGISSKTM 
DFPKSWLWLTKDLTEEPNSQGISSKTM 

KS), pansorbean S was obtained from Calbiochem (La Jolla, CA), and 
radionucleotides were obtained from DuPont NEN (Boston, MA). 

Oligonucleotide synthesis 

Oligonucleotides were synthesized on a Cyclone Plus DNA synthesizer 
(MilliGedBiosearch, Millipore, Bedford, MA) and purified using 
OligoPak columns (MilliGedBiosearch) following the procedures sug- 
gested by the manufacturer. The chemicals for DNA synthesis were also 
from MilliGen. The sequences of the oligonucleotides used in this study are 
shown in Table I and Figure 2. 

Antibodies 

Polyclonal antisera against purified human C3b  and C3c were prepared in 
New Zealand white rabbits using purified proteins. Anti-peptide Abs 
against human C3 and CVF were generated in New Zealand white rabbits 
immunized with peptides coupled to keyhole limpet hemocyanin (KLH) 
(8). Peptides representing amino acid residues 727-768  of the human C3 
sequence and  the corresponding region of the CVF sequence (Fig. 1) were 
synthesized using an Applied Biosystems 430A synthesizer (Foster City, 
CA) as described below. The purity of the peptide was assessed by HPLC 
and  its mass confirmed by laser desorption mass spectroscopy (13). IgG 
fractions of these polyclonal Abs were obtained by sequential precipitation 
with caprylic acid and ammonium sulfate and then were purified further by 
affinity columns (14). Anti-human C3 mAbs were kindly provided by Drs. 
J. Alsenz, J. Tamerius, B. Nilsson, and R. Burger. mAb C3-9 was pro- 
duced previously and recognizes a neoepitope expressed after cleavage of 
C3 to C3b (15). Affinity-purified, peroxidase-conjugated anti-IgG Abs 
were purchased from Bio-Rad (Melville, NY). 

Peptide synthesis 

Peptides representing particular stretches of amino acid residues of the C3 
and  CVF sequences (Fig. 1) were synthesized in an Applied Biosystems 
430A synthesizer by the standard solid phase t-Boc (16, 17) (C3 peptides) 
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FIGURE 2. N-terminal amino  acid  and 
cDNA  sequence of the y-chain of CVF. The 
sequences of the  synthesized  oligonucleo- 
tides  oligo 71 and  oligo  72  are  underlined. 
The restriction enzyme Bglll and BarnHl 
sites  (bold)  and  stop  codon (*) were  added 
for other  purposes. 

Oligo71 SGCAGATCTGAACGAAGACGGTTTCATCGCTGACAGTGATATTATCTCCC 
CGTCTAGACTTGCTTCTGCCAAAGTAGCGACTGTCACTATAATAGAGGG 

Bg/ II 

D L N E D G F I A D S D I I S  

GATCGGACTTCCCGAAGTCGTTGCTATGGCTAACTAAGGACCTGACTGA 
CTAGCCTGAAGGGCTTCAGCACCGATACCGATTGATTCCTGGACTGACT 
R S D F P K S W L W L T K D L T E  

BamHl 
AGAGCCTAACTCGCAAGGTATCTCGTCTAAGACAATGTAAGGATCCAG 3 ’  

TCTCGGATTGAGCGTTCCATAGAGCAGATTCTGTTACATTCCTAGGTC oliW72 
E P  

or F-moc  (18)  (CVF peptides) procedures. The t-Boc synthesis was con- 
ducted on  a 4-methylbenzylhydrylamine resin with tert-butyloxycarbonyl- 
protected amino acids, dicyclohexylcarbodiimide couplings, and trifluoro- 
acetic acid (TFA) (40%) for deprotection. The peptides were cleaved from 
the resin with anhydrous hydrogen fluoride in the presence of anisole as a 
scavenger (9).  The F-moc synthesis was conducted on a 4-(2’,4’-dimeth- 
oxyphenyl-Fmoc-aminomethyl)-phenoxy resin (Rink amide resin), with 
N-a-9-fluorenylmethyloxycarbonyl-protected amino acids, 2-(l-H-benzo- 
triazol- 1.~1)- 1,1,3,3-tetramethyIuronium hexafluorophosphate (HBTU) 
coupling, and 20% piperidine in N-methylpyrrolidine (NMP) deprotection. 
The peptides were cleaved from the resin with TFA/phenoUthioanisoV 
EDT/H,O (82.5:5:5:2.5:5) (19). After cleavage, the peptides were washed 
with cold methyl t-butyl ether  and then extracted with 0.1% TFA in 50% 
acetonitrile and lyophilized. Crude peptides were purified by reverse-phase 
high performance liquid chromatography (HPLC) on  a C-18 column (Wa- 
ters, Milford, MA) using a 5 to 90% acetonitrile gradient containing 0.1 % 
TFA. The  punty of the peptide was assessed by HPLC, and its mass was 
confirmed by laser desorption mass spectroscopy (13). 

Purification of human  C3  and C3-binding proteins 

Human C3 and factor B were purified as described previously (7, 20). 
Factors H  and  I were purified from plasma by  affinity chromatography 
using monoclonal anti-H and anti-I columns as described previously (21, 
22). C3b was generated by incubating C3 (1 mg) with factors B (130 pg) 
and D  (5.3 pg) in 1 ml  of GVB containing 1 mM NiZt for  1  h  at 37°C. 
iC3b was produced by incubating trypsin-generated C3b (9)  (1 mg/ml) 
with factors H  (170  pg/ml)  and I (33  pg/ml) in PBS for 1 h  at 37°C. Both 
C3b and iC3b were purified by anion exchange chromatography on a 
MonoQ column as described previously (9). The purified proteins were 
analyzed by SDS-PAGE  and ELISA and were found to be >95% pure. 
Human factor D was provided by Dr. J. Volanakis (University of Birming- 
ham, Birmingham, AL). The recombinant human CR1 was kindly provided 
by Dr. S. Makrides (T Cell Sciences, Needham, MA). Purified, secreted 
full-length MCP (23) was provided by CytoMed (Cambridge, MA). 

Synthesis of DNA encoding the 42 N-terminal residues of 
the y-chain of CVF 

To construct a chimeric C3 molecule (HdCVF C3) in which the human 
CR1-binding site (residues 727-768) was substituted with the correspond- 
ing sequence of CVF, we determined the N-terminal sequence of the 
y-chain of CVF and back translated it to obtain a  DNA sequence. CVF was 
purified from Naja nuja venom by anion exchange chromatography using 
a Waters 650E Advanced Protein Purification System. Two-hundred and 
fifty milligrams of lyophilized cobra (Naja naja kuourha) venom (Accurate 
Chemical, Westbury, NY) were dissolved in 20 mM phosphate buffer (pH 
7.4) containing 2 mM EDTA and applied to a  MonoQ HR 10/10 anion 
exchange column (Pharmacia, Piscataway, NJ) equilibrated in  20 mM 
phosphate (pH 7.4). CVF was eluted with a linear (0-500 mM) NaCl 
gradient. Fractions containing CVF were identified by ELISA and  SDS- 
PAGE. The y-chain of  CVF was purified by reduction with 10 mM 2-ME 
followed by HPLC chromatography on  a reverse-pbase C4  column using a 
microbore Applied Biosystems separation system. The  amino acid se- 
quence of the first 43 residues was determined by Edman degradation on an 
Applied Biosystems 473A gas-phase protein sequencer. 

The amino acid sequence of the CVF peptide was back-translated to a 
DNA sequence using the universal genomic codon (Fig, 2). Two overlap- 
ping oligonucleotides representing the forward (oligo 71) and inverse 
(oligo 72)  DNA sequences of the translated sequence were synthesized and 
used as templates in a PCR reaction to amplify this segment of CVF (Fig. 
2). The PCR reaction was performed as follows: 1 pM  each  of oligo 71 and 
oligo  72 was mixed with 1 X Taq DNA polymerase buffer and annealed at 

N S Q G I S S K T M ”  

room temperature for 10 min; 200 p M  dNTP and 1 U of Taq DNA poly- 
merase were added to the reaction mixture (100 p1 total volume). The DNA 
chains were extended at  72°C  for 10 min. After addition of oligo 69  and 
oligo 70  (to  a concentration of 1 pM) as primers, we conducted routine 
PCR in a  COY TempCycler. The PCR fragment obtained was then purified 
by agarose gel electrophoresis. 

Construction of the chimeric C3  expression plasmid 

A baculovirus transfer vector containing an intact human C3 cDNA se- 
quence (pVL-C3) was constructed as described previously (24). The mu- 
tated C3 molecules were constructed using the subcloning strategy shown 
in Figure 4. 

First, by splice overlap extension PCR (25, 26) the segment of human 
C3 cDNA that encodes residues 727-768 was deleted and replaced by the 
restriction enzyme BglII cleavage site to facilitate the insertion of DNA 
fragments from other species. Using the plasmid pC3  DNA as template and 
two sets of oligonucleotides, oligo  52 and oligo 53, and oligo 54 and oligo 
16 (Table I), we constructed human C3 DNA fragments 5253 and 5416 by 
PCR. These two fragments were then precipitated and dissolved in water at 
a concentration of 0.1 mg/ml. Then, 1 pl of each PCR fragment was mixed 
with 100 p1 of PCR solution (1 X Taq DNA polymerase buffer containing 
200 p M  of each dNTP), denatured at 97°C for 10 min, and then brought to 
room temperature to allow overlapping segments of the fragments to an- 
neal. The DNA extension was performed by incubation with 1 U of Taq 
DNA polymerase at 72°C for  10 min. The generated product was then 
PCR-amplified by adding 100 pmol each of  oligo  52 and oligo 16 (Table I). 

The generated PCR fragment 5216 was subcloned into the pCRl00O 
plasmid vector (Invitrogen). The BglII site of the pCRlOOO vector was then 
deleted by NaeI digestion, and self-ligation generated the plasmid 
pCR5216B. For the construction of the truncated C3 (C3A728-763), plas- 
mid pCR5216B was digested by BglII and the ends were filled in with 
Klenow enzyme. The plasmid was re-ligated, and an in-frame deletion was 
created in this new plasmid pCR5216K. For the construction of chimeric 
molecules, the DNA segments of Xenopus (27) and trout (28) C3 and CVF 
that correspond to the human C3 segment spanning residues 727-768 were 
synthesized by PCR using  oligo  65 and oligo  66, oligo 67 and oligo 68, and 
oligo 69 and oligo 70 as the paired primers and Xenopus C3 cDNA, trout 
C3 cDNA, and  CVF cDNA (see below) as templates, respectively. The 
generated fragments were then digested with BglII and BanHI and sub- 
cloned into the BglII site of plasmid pCR5216B to generate plasmids 
pCR5216165, pCR5216/67, and pCR5216/69. The orientation of the in- 
serted fragments was confirmed by ApaI and BglII digestions. The inserts 
ofplasmids pCR5216K, pCR5216/65, pCR5216167, andpCR5216/69 were 
excised by SphI and NdeI digestion and then subcloned into the SphI and 
NdeI sites of plasmid pC3. The full-length chimeric human C3 cDNA that 
was generated was excised by  Hind111 digestion, blunted with Klenow 
DNA polymerase in the presence of dNTP, and then subcloned into the 
SmuI site of the baculovirus expression vector pVL1392. The generated 
plasmids pVL-C3K, pVL-C3/65, pVL-C3/67, and pVL-C3/69 represent 
C3A728-763 and the chimeric HulXe, Hu/Tr, and HdCVF C3, respec- 
tively. The construction of each chimera was confirmed by restriction en- 
zyme digest analysis and sequencing around the junctions. 

Expression and purification of C3 

The isolation of the recombinant baculovirus and the expression and pu- 
rification of the expressed wild-type and mutated C3s were described pre- 
viously (24). In brief, Sf9 insect cells were cotransfected by plasmid pVL- 
C3K, pVL-C3/65, pVL-C3/67 or pVL-C3/69 DNA, and wild-type AcNPV 
virus DNA. The recombinant viruses were isolated by multiple rounds of 
plaque purification (29) and amplified by repeated infection of Sf9 cells. 
Large-scale expression of C3 was conducted using High-Five insect cells 



4824 CR1-, H-, MCP-, AND B-BINDING SITES IN C3 

727  739 7 6 8  

SNLDEDI.IAE...ENIVSRSEFPESWLWNVEDLKEPPK...NGISTICL 
t t t 

*DE*DEY.MLD...SD****T******F*K**QMV*K*D..V******* 
. . .   . .  S-T """""_ """""""""""~" ""_ 

*EE*D*D.D*YMRSSD*****Q*****M*EDTN*PF....... ****** 
C*AQNKHCE**SV """_ """""""""""""" 

*DDN**GF**D...SD*I***D**K****LTK**T*E*NS..Q****** 
. . .  . .  SKT """"" """"""""""""" "" 

*......*....................................***** 

> I  
CRl,H,B? 

Human  C3 

HuMe C3 
Xenopus C3 

Hu/Tr  C3 
Trout C3 

HuICVF C3 
CVF Peptide 

C3A728-763 

(Invitrogen) cultured in suspension in a spinner culture flask (Bellco, Vine- 
land, NJ) in EX-CELL 401 medium and infected with the C3-producing 
recombinant virus at a multiplicity of infection of five. On the fourth day 
after infection, the virus-containing culture supernatant was collected and 
phenylmethylsulfonyl fluoride (PMSF) was added to a final concentration 
of 2 mM. The supernatant was then cooled to 4"C, filtered through a  0.45 
pM cellulose acetate membrane, and concentrated and dialyzed against 5 
vol of PBS (pH 7.4) using the Millitan ultrafiltration system (100,000 MW 
cutoff, Millipore). Proteins were precipitated from the concentrated super- 
natant with 16% PEG 3350 (Sigma Chemical Co., St. Louis, MO). After 30 
min at 4"C, the precipitate was collected by centrifugation (8000 X g, 30 
min), dissolved in 20 mM phosphate buffer (pH 7.4) containing 2 mM 
EDTA, and applied to a MonoQ HR 10/10 anion exchange column (Phar- 
macia) equilibrated in 20 mM phosphate (pH 7.4).  C3 was eluted with a 
linear (0-500 mM) NaCl gradient. Fractions containing C3 were identified 
by  ELISA  and SDS-PAGE and pooled, and  the  amount  of C3 in each was 
quantitated  using a sandwich ELISA. Purified C3 stored in aliqnots at -70°C. 

ELISA 

Two different types of assays, sandwich and direct ELISAs, were used to 
assess the binding of expressed C3 to various Abs and to localize the 
epitopes recognized by Abs anti-C3727-768 and (30, 31). 

In the case of the sandwich ELISA, the various mAbs (at 1  pg/ml) were 
fixed to Maxisorp plates (LDP, North Haledon, NJ); serial dilutions of C3 
(0.156-10 pg/ml) were then added, and the bound C3 was detected by a 
rabbit antiLC3c  Ab. For the localization of epitopes recognized by anti- 

Ab, the Ab was fixed to the ELISA plates and then incubated 
with serial dilutions of C3 synthetic peptides, followed by iodinated C3b. 
The bound C3b was quantified by counting the individual wells. The hind- 
ing of anti-C3727"768 Ab t o C3 fragments generated after the incubation of 
human serum with zymosan was assessed as described previously (7). 

In the case of the direct ELISA, C3 (0.156-10 pg/ml)  or synthetic 
peptide (at 100-0.312 pg/ml) was fixed to the ELISA plates, individual 
monoclonal and anti-peptide Abs were added, and the bound Abs were 
detected by a peroxidase-conjugated goat anti-mouse or anti-rabbit IgG 
(Bio-Rad). 

~3727-768 

Cleavage of recombinant baculovirus-expressed C3 (rC3) by 
factor I 

All C3 preparations used in these studies were inactivated by incubation 
with 100 mM methylamine (pH 8.6)  for  2  h  at 37°C and then iodinated by 
the iodogen method (32). Cleavage of rC3 by factor I in the presence of 
factor H, CRI, or  MCP was performed at 10 mM phosphate, 140 mM NaCl 
(pH 7 3 ,  or 5 mM phosphate, and 70 mM NaCl (pH 7.5) as described 
previously (33,34). The cleavage reaction was conducted by incubating 50 
ng  of purified serum derived C3 (sC3) or recombinant C3 (rC3) with factor 
H  (50 ng), CRl (50 ng), or  MCP  (50 ng) and 10 ng  of factor 1 at 37°C for 
2 to 18 h. After the addition of sample buffer, each sC3 sample was ana- 
lyzed by SDS-PAGE and autoradiography. Because rC3 contains a minor 
contaminant that comigrates with C3 cleavage products, the digested rC3 
samples were immunoprecipitated before SDS-PAGE. The samples were 
first precleared by a 2-h incubation at 4°C with normal rabbit serum (20 pl  
of serum)-coated pansorbean S (Calbiochem, La Jolla, CA). After removal 
of the pansorbean S, the cleared supernatant was reacted for 30 min at 4°C 
with 0.2 pg  of affinity-purified anti-human C3b polyclonal Ab (recognizes 
all C3 fragments except C3a). Twenty microliters of pansorbean S in 1% 
BSA were then added, and the mixture was incubated at 4°C  for 30 min. 
The pansorbean S-bound proteins were washed three times with PBS con- 
taining 1% Nonidet P-40 and 5 mM EDTA, and then eluted by heating for 
10 min  at 80°C in electrophoresis sample buffer and analyzed by SDS- 
PAGE and autoradiography. 

The inhibition of factor I-mediated cleavage of iC3b and iC3 by anti-C3 
Abs was performed by preincubating the iodinated C3 with 85 to 100 ng of 
anti-C3727-768, C3-9, or 1 33H1 1 at 37°C for  1  h before the addition of 
factor I and cofactor molecules. 

Hemolytic activity of recombinant C3 and formation of 
alternative pathway C3 convertase 

The ability of recombinant C3 to reconstitute C3-deficient serum and sup- 
port complement activation was assessed as described previously (24). The 
amount of C3 required for 50% lysis of erythrocytes by 5 pl of C3-defi- 
cient serum was considered as 1 U of C3. The ability of rC3 to participate 
in the formation of fluid-phase alternative pathway C3 convertase was 
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FIGURE 4. Construction  of  truncated  and  chimeric C3. A, Deletion  of segment 727-768 and  insertion  of Bglll site. In the first PCR, oligo 52 and 
a mutagenic  oligo  53  were used as primers for the PCR product 5253, oligo  16 and  the  mutagenic  oligo  54 for PCR fragment 541 6. PCR fragments 
5253  and  5416  were  then  mixed, denatured, and  annealed  to each other to form a partially  overlapping  intermediate  product. The overlapping 
region was then  extended  by Taq DNA polymerase, and the double-stranded DNA product was amplified  by the second PCR using  oligo 52 and 
oligo 16 as the primers. 5, Insertion  of Xenopus C 3 ,  trout C3, and CVF segments that correspond to residues 727-768 of human C3 and  generation 
of  the  chimeric  cDNA fragments. The segments of Xenopus C3, trout C3, and CVF were synthesized by PCR. C, Modification  of the Bglll site to 
create an  in-frame  deletion  of segment 728-763. Plasmid pCR5216B was digested by Bglll enzyme,  and the ends were  filled  in  with  Klenow 
enzyme  and  re-ligated. The cDNA segment that corresponds to residues 27-768 is depicted  by a loop. 

assessed by analyzing the cleavage of iodinated factor B in presence of 
factor D (3s). C3 (1  pg i n  100 p1 of  GVB containing either I mM Ni'+ or 
I O  mM EDTA) was incubated for 60 rnin at 37°C with 130 ng of  iodinated 
factor B and 5.3 ng of factor D. The reaction was terminated by addition 
of SDS-PAGE sample  buffer,  and the cleavage of factor B was  detected by 
SDS-PAGE and  autoradiography. 

SDS-PAGE 

Electrophoresis of C3  and its fragments was performed in  the presence of 
SDS as described by  Laemmli (36). The  samples  were run nonreduced or 
were  reduced with 2% rnercaptoethanol. Protein bands  were  detected by 
staining with 0.1% Coomassie blue R-250 (Bio-Rad) in isopropanol/meth- 
anohcetic acid/H,O (2.8:2.0: 1.0:4.2 (v/v)). The molecular weights  were 
estimated using reference proteins. 

Results 
Construction  and expression of chimeric C3 cDNAs 

Human C3, the deletion mutant C3A728-763, cDNAs, and each of 
the chimeric C3 molecules were successfully expressed in High- 
Five insect cells using a baculovirus (AcNPV) expression vector 
system. As in the case of the wild-type human C3 (24), all chi- 
meric C3s were secreted from the virus-infected insect cells at 
similar levels (-10 pg/ml). SDS-PAGE, Western blotting with 
anti-C3 Ab, and concanavalin A binding assays showed that the 
C3s were secreted into the culture medium as mature molecules, 
with an a- and 0-chain structure and the expected glycosylation in 

both chains (data not shown). The expressed C3s were purified by 
PEG precipitation and anion-exchange chromatography to a purity 
of >80%. These C3 preparations were used directly in ELISA. 

Characterization of chimeric C3 

We have  shown  previously  that baculovirus-expressed C3 and 
serum-purified C3 react similarly with 10 different  monoclonal 
antiLC3 Abs and that the  recombinant C3 is able  to react with 
several C3-binding proteins (CRl, H, and P),  reconstitute  C3- 
deficient  serum and support the activation of both complement 
pathways (24). To assess  whether  the  deletion or exchange of 
C3 residues 727-768 has  altered  the overall conformation of the 
expressed  molecules we tested  their  reactivity with anti-C3 
Abs, and their  ability to participate in the  hemolytic  pathway 
and the  formation of C3 convertase. The reactivity of expressed 
C3 with the  various  Abs  is summarized in Table 11. All C3 
except C3A728-764 were  found to be hemolytically  active as 
assessed by their  ability to support  lysis of Ab-coated sheep 
erythrocytes when  added to human  C3-deficient serum. On a  per 
weight basis purified  wt,  Hu/Xe, Hu/Tr,  Hu/CVF, and C3A728 - 
763  possessed 90, 80, 83, 75,  and 0%, respectively. In addition, 
all C3 except  C3A728-764  were able to participate in the for- 
mation of the alternative pathway C3  convertase and to be 
cleaved by this convertase  (see below).  Although local changes 



4826 CR1-, H-, MCP-, AND B-BINDING SITES IN C 3  

Table 11. Reactivity of surface-fixed C3s with various Abs and hemolytic activity of expressed C3 molecules 

C3 Molecule 
Antibody 

Designation Specificity Hu" Wt Hu/Xe Hunr H u/CV F C3A728-764 

1 3 3 H 1 1   c 3 c  + + + + + 
31 

+ 
+ 

H15 + 
+ 

C3-15 C3d  + + + + + 
130 

+ 
+ + + + + + 
+ + + + + 
+ 

+ 
+ + + + 

+ 
+ 

+ + + + 
+ 

+ 
+ + + + + 

+ + + + + 
+ + 

C3d 
C 3 b/C 3 c/p 

C3d  

+ + + + 
+ + + + N D" 

498 
18.1 
305 
220 

anti.C3727-768 
anti-CVF72"77" 

c 3 - 9  C3b/C3bi/C3c 
c 3 c  
CVF 

- 
- - - - 

- - + + + - 

Hemolytic Activity 
Units of C3d 1.8  1.62  1.44  1.5  1.35 0 

a Hu, from human serum;  wt, wild-type baculovirus-expressed; Hu/Xe, hurnanixenopus hybrid; Hunr, humanArout hybrid; Hu/CVF, human/cobra venom factor 

' ND: not done. 

"The amount of C3 required for 50% lysis of erythrocytes by 5 PI of C3-deficient serum  was considered 1 U of C3. 

hybrid; C3A728-764, human C3 with residues 728-764 deleted. 

For the relative binding of anti-CVF728-77' to chimeric C3, see Figure 6A. 

might  have occurred, these data show  that  the introduced 
changes  did not appreciably  alter the  overall  conformation of 
the expressed molecules. 

To assess whether the local folding occurred properly in the 
chimeric molecules, we analyzed the reactivity of expressed C3 
with two different site-specific anti-peptide Abs, anti-human 

and anti-CVF728-77L.  These Abs, when tested in a direct 
binding ELISA for their ability to bind to both the C3727-768 and 

peptides, were found to react only with the corre- 
sponding immunogen. When the C3s were fixed to a microtiter 
plate, anti-human C3727-768 reacted only with native C3 and wild- 
type C3 but not with the chimeric molecules. In contrast, anti- 

reacted with the chimeric molecules but not with na- 
tive C3 or wild-type C3. These data suggest that the exchanged C3 
segment folded properly in the in HuKVF chimeric C3 molecule 
and that the epitope(s) recognized by the anti-CVF is also dis- 
played in HuNe and H u n r  C3. Although the binding of anti-CVF 
to  HuRr  C3 was lower than that with Hu/Xe and Hu/CVF C3, it 
was reproducible. C3A728-763, as expected, reacted with neither 
Ab. The differential reactivity of chimeric molecules with these 
two Abs was an unexpected finding, because they have segments 
of high sequence similarity, (e.g., the segment between residues 
1741 and L768). To determine whether the anti-peptide Abs recog- 
nize different epitopes, their binding sites were sublocalized using 
a panel of synthetic peptides spanning residues 727-768  of the 
human and CVF sequences (Fig. 1). For anti-C3727-768, a sand- 
wich ELISA was used in which C3 fragments from zymosan- 
activated serum were detected by the Ab. Synthetic peptides 

the C3 activation fragments, whereas C374"768 had 
no effect (Fig. 5A). Thus, anti-C3727-768 apparently recognizes a 
neoepitope that is expressed after cleavage of C3 to C3b and is 
confined within the 19 N-terminal amino acids (residues 727-745) 
of the a'-chain of C3b. C3727-768 also inhibited the 
binding of anti-C3727-768 to fluid-phase C3b (Fig. 5B) ,  iC3b, and 
C3c (data not shown), indicating that the epitope(s) recognized in 
activated serum is the same as those in the purified components. 
The epitope recognized by anti-CVF728-771 was sublocalized us- 
ing a direct-binding ELISA. It was found that the Ab binds to 
peptides CVF728-77'  and cvF7'7-771 but not to peptides 

~3727-768 

CVF728-771 

CVF728-77) 

~3727-768 and ~3727-745 inhibited . the binding of anti-C3727-768 to 
and C3741-757 

and ~3727-745 

CVF728-741 and C V F ~ ~ ~ - ~ ~ ~  (Fig. 6). These data strongly indicate 
that anti-C3727"6s and anti-CVF728-771 Abs recognize different 
epitopes. 

Interaction of recombinant C3 with CR1, H, and MCP 

The interaction of expressed C3 with CR1,  H, and MCP was as- 
sessed by testing the ability of expressed iC3 to be cleaved by 
factor I in the presence of the various cofactor molecules. Before 
analyzing the behavior of expressed C3, we compared the cofactor 
activity of each C3 ligand on C3b. Several groups have demon- 
strated that C3b can be cleaved by factor I to iC3b andor C3c and 
C3dg in the presence of the cofactor molecules CR1, factor H, and 
MCP (33, 34); however, a comparative analysis on the cofactor 
activity of these molecules has not yet been reported. C3b was 
treated with factor I at the concentration that it  is found in serum 
at physiologic ionic strength and pH. In all of our analyses, we 
used fluid-phase assays, which can detect even low-affinity inter- 
actions. The appearance of 64.3- and 39.5-kDa fragments indicated 
cleavage between residues 1281-1282 and 1298-1299 of C3 and 
generation of iC3b, whereas the appearance of a 38.9-kDa frag- 
ment indicated cleavage at a third site that generates C3c and C3dg 
(Fig. 7). C3b was cleaved to iC3b in the presence all cofactor 
molecules, but iC3b was cleaved to C3c and C3dg only in the 
presence of CR1. Even after 24 h incubation of C3b with I and 
MCP, we saw no significant cleavage to C3c and C3dg (Fig. 7). 
The cleavage of iC3b to C3c and C3dg by I in the presence of 
factor H was only observed after extensive incubation. In the pres- 
ence of similar amounts of factor H and CR1,lO and 100% of C3b 
were  cleaved to C3c and C3dg, respectively,  after  24-h  incubation 
(data  not shown). The cleavage of iC3 by factor I in the presence of 
the various cofactors was similar to that for C3b (data not shown). 

The cleavage of expressed C3 in the presence of the various 
cofactor molecules was assessed using methylamine-treated C3 
(iC3). Because the recombinant C3s contain a minor contaminant 
that comigrates with C3 cleavage products, the various rC3 sam- 
ples were immunoprecipitated before SDS-PAGE. When the dif- 
ferent expressed iC3 molecules were cleaved by factor I, the ex- 
pressed wild-type iC3 had the same degradation pattern as that 
seen for serum-purified iC3  (Fig. 8 and Table 111). However, unlike 
the native C3 and wt C3,  none of the chimeric C3s could be 
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FIGURE 5. Inhibition of anti-C37Z7-768 binding to 
C3b by  synthetic  peptides.  Three picomoles of affin- 
ity-purified anti-C3727"h8 were fixed to microtiter 
plates overnight. The wells were  then  saturated with 
1% BSA in PBS for 30 min. Serially diluted synthetic 
peptides  were  then  added  and incubated for 30 min. 
After  the unbound peptide was  washed  away, 50 pl 
of 1 &ml iodinated C3b (1 X 1 O5 cpm) ( A )  or 50 pl 
of zymosan-activated serum (1/40 dilution) (6) was 
added  and  its binding to anti-C3727-76R was  detected 
by counting the ELISA plate wells ( A )  or with  a 
monoclonal anti-C3c Ab followed by peroxidase- 
labeled goat anti-mouse lg (6). 
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cleaved to C3c-a and C3dg with either  cofactor H or CR1  as  co- 
factor. The truncated iC3 also lost its ability to be cleaved to 
iC3b-a, even when CRI and H were used as cofactors (Fig. 9 and 
Table 111). When the truncated iC3 was incubated with I in the 
presence of CR1 for 24 h, we observed <5% cleavage to iC3b-a. 
In contrast to the results of factor H and CR1, no significant change 
was observed in the cofactor activity of MCP  for the cleavage of 
iC3 by I at both sites 1 and 2. These results suggest that the MCP 
interaction sites on C3b are different  than  those for factor H and CR1. 

Inhibition of C3 degradation by anti-C3  Abs 

The  data  described above suggested that some or all of the C3 
residues that are directly involved or contribute to the CRl and 
factor H binding site(s) are located within residues 728-763 of C3. 
To confirm the involvement of this segment in iC3b cleavage by 
factor I, the cleavage of iC3b by I and CR1 was tested in the 
presence of anti-C3727-768 Ab. Preincubation of iC3b with anti- 
c3727-7en . Inhibited the generation of C3dg by -70%, whereas Ab 
133H11 had no effect on the cleavage of iC3b to C3c and C3dg 
(Fig. 10). Whereas the anti-C3727-768 inhibited the cleavage of 
iC3b to C3c  and  C3dg, it did not affect the cleavage of iC3 to 
iC3b-a; in the presence of this Ab. iC3 was completely cleaved 
to iC3b-a.  Similar results to those of were observed 

when C3-9 was used as the inhibiting Ab, thus confirming previ- 
ous results on the inhibition of CRl binding to C3b (9, 14). 

Interaction of expressed  C3 with factor B 

It has been suggested that the C3 segment spanning residues 730- 
739 is involved in factor B binding to  C3b (10, 11). To determine 
whether residues within this segment of C3 or other residues 
within segments 727-729 and 740-768 are involved in factor B 
binding, we analyzed the ability of the various C3 to form the 
fluid-phase alternative pathway C3 convertase with factor B in 
the presence of factor D. An indication of convertase formation is 
the cleavage of radiolabeled B to Bb and Ba. AI1 C3 except the 
C38728-763 were able to form this C3 convertase (Fig. 11).  

Discussion 
Although both synthetic peptides representing various regions of 
C3 and mAb or site-specific anti-peptide Abs have been found to 
interfere with the binding of the particular C3 ligands to C3, the 
contribution of each of these regions to the interaction of native C3 
fragments with the same ligands is unknown at present. We have 
now addressed this issue by constructing chimeric C3 molecules 
containing C3 ligand-binding sites of C3 molecules from species 
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FIGURE 6. Binding of anti-CVF728-77' to ex- 
pressed C3 and synthetic peptides. Serially diluted 
affinity-purified  anti-CVF728-77' was incubated 
with  CVF728-771 (M), CVF72"74' (O), CVF 777-771 

( 0 ,  or CVF745-771 (0) peptides ( A ) ,  or with  immo- 
bilized  human C3 (O), wild-type C3 (01, Hu/CVF 
C3 (+), HuDr C3 (B), Hu/Xe C3 (O), or  C3A728- 
764 (A) C3 ( B )  for 30  min at  room temperature. 
Bound Ab was detected by horseradish peroxidase- 
conjugated goat anti-rabbit Ig. 
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that either hind or do not bind to a particular ligand (7). Compar- 
ison of the C3 amino acid sequences between species and corre- 
lation of this information with the ability of these C3s to bind the 
different ligands and receptors were instrumental in identifying 
structural features of C3 that are important for its functionality 
(37). All these C3 molecules, as well as homologous proteins such 
as C4, C5, and a,-macroglobulin, serve as ''natural analogs" and 
yield information concerning which C3 residues are critical for 
ligand binding. 

Studies with chimeric molecules  have  proven very useful in 
assessing  the particular role of the various domains of multi- 
functional proteins  (38-42). Use of chimeric  and mutated  mol- 
ecules to analyze Hu C3  functions, in  contrast to the  use of 
random  mutations over a C3  segment (a very laborious  analy- 
sis),  introduces specific changes in C3 that are based on the 
structural  and functional conservation of C3-ligand interac- 
tions. Using chimeras of homologous proteins to  study  struc- 
ture-function relationships makes  it  easy to identify  second 
sites  (43)  and  causes  less distortion of the molecule's  structure 

(44). From the  tertiary structure of C3  from different  species, it 
is  anticipated  that  it  would be approximately  the same  and, 
therefore, shuffling of different domains would  not distort the 
C3  structure significantly. 

The similar reactivity that we observed for each expressed pro- 
tein with I O  different mAb suggests that the exchange or deletion 
of the C3 segment spanning residues 727-768 did not significantly 
alter the conformation of the expressed molecules. Among all of 
these Abs, only Ab  C3-9  was unreactive with C3A728-763. The 
anti-peptide Abs, as expected, showed differential reactivity with 
the various C3. Anti-C3727-76X reacted with serum-purified and 
wtC3, whereas reacted with HdCVF, HulXe, and 
Hu/Tr C3. The epitopes in C3 recognized by anti-C3727-768, anti- 

, and mAb C3-9 were localized using C3 fragments 
and synthetic peptides. Anti-C3727-7hx recognized a neoepitope 
that is expressed after cleavage of C3  to C3b (14) and is confined 
within the 19 N-terminal amino acids (residues 727-745)  of the 
a'-chain of C3b, whereas the epitope recognized by anti- 

1s located with residues 736-771 of CVF. In view of 

CVF728-77 I 

CVF727-768 ' 





4830 CR1-, H-, MCP-, AND B-BINDING SITES IN C3 

Table 111. Cleavage  of  C3s by factor I in the presence of  human  MCP,  factor H, or CRl as  cofactor 

Cofactor 

MCP H CR1 

1 *' 2" 3" 1 " 2" 3" 1 .' 2" 3= 

iC3 + + + + weak + + + 
C3 b + + + + weak + + + 
wt c 3  + + + + weak + + + 
Huhe C3 + + + + + + 
Hu/Tr  C3 + + + + + + 
Hu/CVF  C3 + + + + + + 

- 
- 
- 
- - - 
- - - 
- - 

C38728-764 + + - 
- 

- - - weakb  weakb - 

.' 1, 2, or 3, first,  second,  or  third  cleavage  site for factor I on  human C3. 
"The observed  cofactor  activity is <5% of  that  observed with wtC3  after  24-h  incubation. 

a chain 

- " 

MCP - - - + 
H - - + -  

CR1 - + - * 

I + +  + +  
ic3 -Wtic3+ 

" -  
" +  
- + -  
+ + +  

+ 

+ 
+C3A728-7631 

41.6 kDa 
39.5 kDa 

F IGURE 9. Cleavage of C3A728-763  by  factor I in the  presence of 
human  MCP,  factor  H,  or CRl . The  conditions  were  the  same  as in 
Figure 7 with  the  exception that the  incubation  time  was 1 h to  detect 
cleavages of  iC3 at  both  sites 1 and 2 (see Fig. 3). The  shorter  incu- 
bation  time  results in diminished  cleavage of  iC3b-a  to  C3c-a  and 
C3dg by I in the  presence of CRl . 

919,924, or 930  (cleavage  between  Lys9I9-Thr9",  Arg924-Thr925, 
or Arg930-Leu931).  From  the  above  cleavages  and  those  of C4 (50, 
51). it appears  that  factor I preferentially  cleaves ArgLys-X bonds 
but that  this  specificity  is  restricted by the  required  presence of one 
of several  cofactor  molecules  (factor H, C4bp, CRI, and  MCP). 
The  presence of sequences  His-Thr,  His-Leu,  and  Gln-Gly  at  the 
proposed  factor I cleavage site in rabbit,  mouse,  and  rat  C3s (52- 
54) has  led to  the  hypothesis  that  some of  the  observed cleavages 
are  mediated by enzyme(s)  other  than  factor I. Whether  factor I 
possesses  a  broader  specificity  than  previously  proposed or 
whether  some of the  cleavage  does not occur in rabbit,  rat,  and 
mouse  C3s  is as yet  unclear. 

The  data  presented  here  using  recombinant C3 and CRI and  affin- 
ity-purified  factor I suggest  that,  indeed,  factor I cleaves  iC3b  to  C3c 
and  C3dg.  Whether all of  the  above  mentioned  cleavages,  between 
Arg933  and  Glu9", are mediated  by  factor I  awaits  further  investiga- 
tions.  Mutagenesis  of C3 at  this  region  could  clarify  this  issue. 

Do the  cofactor  molecules share the same binding 
domain(s)? 

Our  previous  studies  on  the  interaction of  human CRl, CR2,  H, 
and B with the C3 from  different  species  have  shown  that CRI and 
CR2,  but  not  H,  bind  to Xenopus iC3  and  that  human  H,  but  not 
CRl and  CR2,  interacts  with  trout  iC3. These findings  suggest  that, 
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FIGURE 10. Inhibition  of CR1 cofactor  activity by Abs.  '251-labeled 
iC3b  or  '251-iC3 (20 nM) was  incubated  for  30 min at 37OC  with var- 
ious  Abs, and then  factor I (10 nM) and the recombinant  human CRl 
(20 nM) were  added  for  an  additional 1 h incubation  at  37°C.  After 
incubation,  the  mixtures  were  treated  with  sample  buffer  with  or with- 
out 2-ME and  then  analyzed  by  SDS-PACE  (4-1 2% gradient  gel)  and 
autoradiography. A, '251-labeled  iC3b  (nonreducing  conditions). 6, 
'251-labeled  iC3  (reducing  conditions). 

although  these  three  molecules  recognize  the  same  domains in hu- 
man C3,  their  exact  binding sites are different  (7). In addition,  the 
inability of  human factor  B  to  bind  to  either Xenopus or trout C3 
suggests  that its binding site on  human C3b is different  from  that 
for factor  H  and CR 1. Thus,  the  ability of factor  H  and CR 1 to 
compete with factor B for binding to C3b may  be attributable to an 
allosteric or steric  effect  and  not  to  competition for the  same  bind- 
ing  site(s).  Because CRI, factor B, and  factor  H  appear  to  bind  to 
distinct  domains in C3, we hypothesized  that  there may be multiple 
sites of interaction in C3 to these  molecules  and  that  some of these 
sites may  be  common for some of the molecules.  Such  a  hypoth- 
esis would explain  the  ability  of  these  molecules to compete  for 
binding  to  C3b. In addition, it  would also explain  previous  reports 
describing the following: (1) that  Abs  from  the  C3c  and  C3d  do- 
main  inhibit  factor CRl, factor H,  and factor B binding  (6, 10, 
55-58); (2) that  two sites exist in CRI, factor H, and  factor B for 
binding  to  C3b  (59, 60); and (3) that  the  extent of C3b  binding  to 
the  various  ligands  is  higher  than  that of C3c andor C3d  (61). 

Our  present  data  on  the  differential  cofactor  activity of factor H, 
CRI, and  MCP  on  C3b  and  C3A728-763  suggest  that  the  MCP 
binding sites in C3b  differ  from  those for factor  H and CRl. This 
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FIGURE 11. Formation of fluid-phase alternative pathway C3 con- 
vertase by chimeric and truncated C3 molecules. '2'1-labeled  factor B 
(130 ng) was  incubated with chimeric or truncated C3 (1 pg) and 
factor D (5.3 ng)  for 60 min at 37"C, in the presence or absence of 
EDTA. The reaction  was  terminated  using SDS-PACE sample buffer, 
and  the  formation of the C3 convertase was detected by the presence 
of the Bb fragment of factor B on 9% SDS-PACE. 

hypothesis is also supported by the  absence of any effect of anti- 
~ ~ 7 2 7 - 7 6 n  on the MCP cofactor activity. Whether MCP binds to a 
single or to multiple binding sites is unclear at present. The inhi- 
bition of MCP cofactor activity by Ab C3-9 suggests that its bind- 
ing site  on C3b is related to the binding site of other  cofactor 
molecules, because their binding to C3b is also inhibited by this 
Ab. The inhibition of MCP cofactor activity by Ab 13'HI 1 sug- 
gests that the site that is recognized by Ab is involved in MCP 
binding. Taken together, these observations suggest that the vari- 
ous cofactors bind to  C3 via multiple sites, some of which are 
shared by the several molecules. For efficient binding, more than 
one  site may be required. This possibility is supported by the ob- 
served complete inhibition of C3 ligand binding to  C3 by Abs. 

Does factor B bind  to the C3 segment spanning residues 
728-768? 

With regard to the factor B binding interaction site@) in C3b, we 
have shown previously that factor B binding to EC3b cells  is com- 
pletely inhibited by Ab  C3-9 and partially by  anti-C3727-768. 
These findings supported two previous reports suggesting that the 
factor B binding site lies within the C3c fragment of C3.  The first 
report described an anti-C3c mAb that also inhibited factor B bind- 
ing to C3b (56). Unfortunately, further localization of the  epitope 
involved was not reported. A second study, reported in abstract 
form (IO),  used a synthetic peptide nearly identical in sequence to 

factor B binding to EC3b cells. Because the region of C3 spanned 

domain would explain the partial inhibition observed by anti- 
~3727-76n as well as the regulatory role of CRI in the decay and 
dissociation of the C3 convertase (C3b.Bb). However, contrary to 
the abstract report, peptide C3727-76n was unable to inhibit factor 
B binding in the assay systems employed in our studies (7). These 
discrepancies in the peptide inhibition data are difficult to explain 
in view of the fact that the peptides used represented nearly the 
same C3 sequence (peptide C3727-76n was 2 amino  acids longer). 
This lack of inhibition by C3727-76n would then suggest that the 
anti-peptide Ab indirectly blocks factor B binding by either  steric 

the C3727-768 , together with a generated anti-peptide Ab, to inhibit 

by c3727-76x contains the CRI site, binding of factor B within this 
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or allosteric effects. Recently, Taniguchi-Sidle and Isenman (12) 
have used site-directed mutagenesis to show that mutation of res- 
idues 736EE and, to a lesser extent, residues 730DE to the isosteric 
amides  diminishes significantly the binding and modulation of fac- 
tor B by cell-surface factor B, fluid-phase C3b, and iC3, thus sug- 
gesting that these segments  are involved in B binding to C3b. 
However, our experiments involving the  chimeric C3 molecules in 
which residue 73hEE  was substituted with DS in Hu/Xe and 
HdCVF  C3 and with YMRSS in H f l r  C3 suggest that if this 
segment of C3 is involved in B-binding, residues other than 7"EE 
must contribute significantly to this interaction. In our hands, de- 
letion of residues 728-768 of C3 renders the molecule nonfunc- 
tional in the fluid-phase convertase assay, suggesting that this seg- 
ment of C3 is somehow involved in factor B binding. In view of 
the fact that anti-CVF728-77' reacted with the H f l r  and Hu/Xe 
chimeric molecules but not with the Xe or Tr C ~ S ,  it  appears that 
the  folding of the C3 molecule within the  segment spanning res- 
idues 727-768 is influenced by residues outside  this segment. 
Thus, to clarify which residues within 727-768 are directly or 
indirectly involved in factor B binding, additional experiments  are 
required. This segment, however, is clearly involved in CRI and H 
binding to C3b, because data from studies of synthetic peptides (7, 
9), anti-peptide Abs  (7, 9). and  chimeric C3 molecules (present 
study) point to this conclusion. 

Acknowledgments 
We thank Yang  Wang  and  Lynn  Spruce for their  excellent  technical  as- 
sistance,  loanna  Kostavasili for the  experiments of Figure 11, and Dr. D. 
McClellan for editorial  assistance. 

References 
I .  Campbell. R. D., S. K. A.  Law, K. B.  M. Reid, and  R.  B. Sim. 1988. Structure, 

2.  Holers. V. M.. J. L. Cole, D.  M. Lublin. T. Seya.  and J. P.  Atkinson.  1985.  Human 
organization and  regulation  of the complement genes. Annu. Rev. Immunol. 6: l .  

C3b- and C4bregulatory proteins: a new  multigene family. Immunol. Today 
6: 188. 

3. Fearon, D.  T.. and J .  M. Aheam. 1 9 9 0 .  Complement  receptor  type I (C3/C4b 
receptor, CD35) and complement receptor type 2 (C3dEpstein-Barr virus recep 

4. Vik, D.  P.,  P. Munoz-Canoves. D.  D. Chaplin, and  B.  F. Tack. 1 9 9 0 .  Factor  H. 
tor.  CD21). Curr. Top. Microbiol. Immunol. /53:83. 

5. Volanakis, J. E., Y. Yamauchi,  and Y. Ishii.  1993. Structure, polymorphism,  and 
Curr. Top. Microbiol. Immunol. 153:147. 

6. Alsenz, J., 1. D.  Becherer.  B.  Nilsson,  and J. D. Lambris.  1989. Structural and 
regulation  of expression of  the C2 gene. Complemenr Today 1 5 .  

Immunol. 153:235. 
functional analysis of C3 using  monoclonal antibodies. Curr. Top. Microbiol. 

7.  Alsenz, 1.. D.  Avila,  H.  P.  Huemer,  1. Espam, 1. D. Becherer. T. W. Kinoshita, 
Y. S. Oppermann, and J. D.  Lambris.  1992.  Phylogeny  of  the  third component of 
complement, C3: analysis of  the conservation of  human CRI, CR2.  H,  and B 
binding sites, concanavalin A binding sites, and thiolester bond in the C3 from 
different species. Develop. Comp. Immunol. 16:63. 

8. Esparza, I., 1. D. Becherer, J. Alsenz.  A.  Delahera, Z. Lao,  C.  D.  Tsoukas.  and 
J. D.  Lambris.  1991.  Evidence  for  multiple sites of interaction  in C3 for com- 

9. Becherer, 1. D.,  and 1. D. Lambris.  1988.  Identification of the C3b receptor- 
plement  receptor type-2 (C3dEBV receptor.  CD21). Eur. J. Immunol. 2/:2829. 

binding  domain  in  third component of complement. J.  Biol. Chem. 263:14586. 
IO. Ganu, V. S., and  H. 1. Muller-Eberhard. 1985.  Inhibition  of factor B and factor 

H binding to C3b by synthetic peptide corresponding to residues 749-789 of 

I I .  Fishelson, Z .  1991.  Complement-C3: a molecular  mosaic  of  binding  sites. Mol. 
human C3. Complement 2:27 (Absrr.). 

12.  Taniguchi-Sidle.  A,.  and  D. E. Isenman.  1994. Interactions of human  complement 
Immunol. 28:545. 

component C3 with factor B and  with complement receptors type I (CRI. CD35) 
and  type 3 (CR3, CDI  IbKDI8) involve an acidic sequence at  the N terminus of 

13.  Hillenkamp.  F., M. Karas, R. C.  Beavis,  and B. T.  Chait.  1991.  Matrix-assisted 
C3 a-chain. J.  lmmunol. 153:5285. 

laser desorptiodionization mass spectrometry of  biopolymers. Anal. Biochem. 
63:  1/93, 

14. Becherer. J. D., J. Alsenz, 1. Esparra, C.  E.  Hack,  and J. D.  Lambris.  1992. 
Segment spanning residues 727-768 of the complement C3 sequence contains a 
neoantigenic site and accommodates the  binding of CRI. factor H. and factor B. 
Biochemisfry 3/:1787. 

15. Hack,  C. E., J. Paardekooper. R. I. T. Smeenk. J. Abbink,  A. J. M. Eerenberg.  and 
J. H. Nuijens.  1988.  Disruption  of the internal thioester bond in the third  com- 
ponent  of  complement (C3) results in the exposure of neodeterminants also 



CR1-, H-, MCP-, AND B-BINDING SITES IN C3 

J. Immunol. 141:1602. 
present on activation products of C3: an analysis with monoclonal antibodies, 

16. Memfield, R.  B. 1963. Solid phace  peptide synthesis. 11. The synthesis of a tetrapep- 
tide. J. Am. Chem. Soc. 85.2149. 

17. Stewart, J.  C.,  C. Pensa, G. Matsueda. and K. Harris. 1976. Some improvements 
in the solid phase synthesis of large peptides. In Peptides. A. Loffer, ed. Editions 
de I'Universitb de Bruxelles, Bruxelles, pp. 285-290. 

18. Atherton, E., H. Fox, D. Harkiss, C. J. Logan, R. C. Sheppard, and B. J. Williams, 
1978. A mild procedure for solid phase peptide synthesis: use  of fluorenyl- 
methoxy-carbonylamino-acids. J. Chem. Soc. Chem. Comm. 537. 

19. King, D. S., C. G. Fields, and G. B. Fields. 1990. A cleavage method which 
minimizes side reactions following Fmoc solid phase peptide synthesis. Int. 
J. Pep.  Prot. Res. 36r2.55. 

20. Lambris, J. D., and H. 3. Muller-Eberhard. 1984. Isolation and characterization of 
a 33,000-dalton fragment of complement Factor B with catalytic and C3h binding 
activity. J. Biol. Chem. 259:12685. 

21. Alsenz, J.. T. F. Schulz, J. D. Lambris, R.  B. Sim, and M. P. Dierich. 1985. 
Structural and functional analysis of the complement component factor H with 
the use of different enzymes and monoclonal antibodies to factor H. Biochem. J. 
232:841. 

22. Hsiung, L.-M., A.  N. Barclay, M. R. Brandon, E. Sim. and R. R. Porter. 1982. 
Purification of human C3b inactivator by monoclonal-antibody affinity chroma- 

23. Adams, E. M., M. C. Brown, M. Nunge, M. Krych, and J .  P. Atkinson. 1991. 
tography. Biochem. J. 203:293. 

Contribution of the repeating domains of membrane cofactor protein (CD46) of 
the complement system to ligand binding and cofactor activity. J. Immunol. 147: 
3005. 

24.  Lao, Z., Y.  Wang, M. Mavroidis, 1. Kostavasili, and J. D. Lambris. 1994. Over- 
expression, purification, and characterization of third component of complement. 
J. Immunol. 176:127. 

25.  Landt, 0.. H. P. Grunert, and U. Hahn. 1990. A general mkthod for rapid site- 
directed mutagenesis using the polymerase chain reaction. Gene 96:125. 

26. Susumu, 0. 1993. Patterns in genome evolution. Curr. Opin. Genet. Der,. 3:911. 
27. Lambris, J. D., J. Pappas, M. Mavroidis, Y. Wang, H. Manzone. H. Schwager, 

L. Du Pasquier. and R. Silihovsky. 1995. The third component of  Xenopus com- 
plement: cDNA cloning, structural and functional analysis, and evidence for an 

28, Lambris, J. D., 2. Lao, 1. Pang, and J. Alsenz. 1993. Third component of trout 
alternate C3 transcript. Eur. J .  Immunol. 25:572. 

complement. cDNA cloning and conservation of functional sites. J. Immunol. 
151:6123. 

29. Summers, M. D., and G. E. Smith. 1987. A manual of methods for baculovirus 
vectors and insect cell culture procedures. 7"x. Agric. Exp. Sfn. Bull. 1555:l. 

30. Heuertz, R. M., D. Y .  Xia, D. Samols, and R. 0. Webster. 1994. Inhibition of C5a 
desArg-induced neutrophil alveolitis in transgenic mice expressing C-reactwe 

31. Nilsson, B.,  K. Nilsson Ekdahl, D. Avila, U. R. Nilsson, and J. D. Lambris. 1990. 
protein. Am. J. Physiol. 266:L649. 

Neoantigens in complement component C3  as detected by monoclonal antibod- 
ies: mapping of the recognized epitopes by synthetic peptides. Biochem. J. 268: 
55. 

32. Fraker, P. J., and J .  C. Speck. 1978. Protein and cell membrane iodinations with 
a sparingly soluble chlocoamide, 1,3,4,6,-tetrachloro-3ru,6a-diphenylglycol~ril. 
Biochem. Biophys. Res. Commun. 80:849. 

33. ROFS, G.  D., J.  D. Lambris, .I. A. Cain, and S. L. Newman. 1982. Generation of 
three different fragments of bound C3 with purified factor I or serum. I. Require- 

34. Ballad, L. L., N. s. Bora, G .  H. Yu, and J .  P. Atkinson. 1988. Biochemical 
ments for factor H vs CRI  cofactor activity. J. Immunol. 129:2051. 

characterization of membrane cofactor protein of the complement system. J. Im- 
munol. 141:3923. 

35. Hung, S.  L., C. Peng. I. Kostavasili, H. M. Friedman, J. D. Lambris, R .  J.  Eisen- 
berg, and G. H. Cohen. 1994. The interaction of glycoprotein C of herpes simplex 

36. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of the 
virus types 1 and 2 with the alternative complement pathway. Virology 203:299. 

37. Lambris, J. D. 1993. Chemistry, biology and phylogeny of C3. Complement 
head of bactenophage T4. Nature 277580. 

38. Walsh. C. T. 1987. Biological and biochemical methods in protein modification. 
Projles l:16. 

In Protein Engineering. D. L. Oxender and F. C. Fox, eds. Alan R. Liss, New 
York, pp. 47-49. 

39. Lax, I., F. Bellot, R. Howk, A. Ullrich, D. Givol, and J. Schlessinger. 1989. 
Functional analysis of the ligand binding site of EGF-receptor utilizing chimeric 
chickenhuman receptor molecules. EMBO J. 8:42/.  

40. Mamllo, S.. L. J. Emorine, D. A.  Strosberg, and C. Delavier-Klutchko. 1990. 
Selective binding of ligands to pl,p2 or chimeric pllp2-adrenergic receptors 
involves multiple subsiter. EMBO J. 9:1471. 

41. McKenzie, A. N. J. ,  S. C. Barry, M. Strath, and C. J. Sanderson. 1991. Structure- 
function analysis of interleukin-5 utilizing mousehuman chimeric molecules. 
EMBO J. 10:l193. 

42. Molina, H., C. Brenner, S. Jacohi, J. Gorka, J.  C.  Carel, T. Kinoshita, and V. M. 
Holers. 1991. Analysis of Epstein-Barr virus-binding sites on complement recep- 
tor 2  (CR2KD21) using human-mouse chimeras and peptides: at least two dis- 
tinct sites are necessary for ligand-receptor interaction. J. Bid. Chem. 266:12173. 

43. DeFeo-Jones, D., K. Tatchell, and E. Scolnick. 1987. Biologlcal function of mod- 
ified Yeast and mammalian ras genes in their heterologous systems. In Protein 
Engineering. D. L. Oxender and F. C. Fox, eds. Alan R. L i s ,  New York, pp. 
307-314. 

44. Pompton, D., and A. Nicolaa. 1989. Protein engineering by cDNA recombination 
in yeasts: shuffling of mammalian cytochrome P-450 functions. Grnr 83:15. 

45. Medof, M. E., K. Iida, C. Mold, and V. Nussenzwelg. 1982. Unique role of the 
complement receptor CRl in the degradation of C3b associated with immune 
complexes. J. Exp. Med. 156:1739. 

46. Medicua, R. G., J. Melamed, and M. A. Arnaout. 1983. Role of human factor I 
and C3b receptor in the cleavage of surface-hound C3h. Eur. J. Immunol. 13:465. 

47. Mitomo, K..  T. Fujita, and K. Iida. 1987. Functional and antigenic propenies of 
complement receptor type 2, CR2. J. Exp. Med. 165:1424. 

48. Davis, A. E. I., and R. A. Hamison. 1982. Structural characterization of factor I 
mediated cleavage of the third component of complement. Biochernirtr?. 2/:5745. 

49. Ekdahl, K. N., U. R. Nilsson, and B. Nilsaon. 1990. Inhibition of factor I by 
diisopropylfluorophosphate: evidence of conformational changes in factor I in- 
duced by C3b and additional ctudies on the specificity of factor 1. J. Imrnunol. 
144:4269. 

50. Press, E. M.. and J. Gagnon. 1981. Human complement component C4. Biochern. 
J. I99:3Sl. 

5 I .  Camphell, R. D., J. Gagnon, and R. R. Porter. 198 1. Amino acid sequence around 
the thiol and reactive acyl groups of human complement component C4.  Bio- 
chem. J. 199:359. 

52. Wetsel, R. A., A. Lundwall, F. Davidson, T. Gibson, B. F. Tack. and G. H. Fey. 

cloned complementary DNA coding for the alpha chain. J. Biol. Chem. 259: 
1984. Structure of murine complement component C3.11. Nucleotide sequence of 

13857. 
53. Kusano, M.,  N.  H. Choi, M. Tomita, K. Yamamoto, S. Migita, T. Sekiya, and 

quence of rabbit complement component C3 alpha-chain. Immunoi. Invest. IS: 
S. Nishimura. 1986. Nucleotide sequence of cDNA and derived amino acid se- 

365. 
54. Misumi, Y. ,  M.  Sohda, and Y. Ikehara. 1990. Nucleotide and deduced amino acid 

sequence of rat complement C3. Nucleic Acids Res. 18:2178. 
55.  Tamerius, J. D., M. K. Pangbum, and H. 1. Muller-Eberhard. 1982. Selective 

J. Immunol. 128:512. 
inhibition of functional sites of cell-hound C3b by hybridoma-derived antibodies. 

56. Burger, R., U. Deuhel, U. Hadding, and D. Bitter-Suermann. 1982. Identification 
of functionally relevant determinants on the complement component C3 with 
monoclonal antibodies. J. Immunol. 329:2042. 

57. Warner, I., R. Burger, and J. D. Lambris. 1989. Locahzation and functional charac- 
terization of epitopes on a and p chains of C3. Compl. lnflam. 6:416 (Absrr.). 

59. Koistinen, V., S. Wessberg, and J. Leikola. 1989. A common binding reglon of 
complement factors B and H on C3b revealed by monoclonal antiLC3d. Compl. 
Injlam. 6:2 70. 

60. Alsenz, J., and J. D. Lamhris. 1988. Modulation of factor H  (H) functional ac- 
tivities by monoclonal antibodies (MoAhs) to H. Complemenr 5:202 (Ahstr.1. 

61. Klickstein, L. B., T. J. Bartow, V. Miletic, L. D. Rabson, J. A. Smlth, and D.  T. 
Fearon. 1988. Identification of distinct C3b and C4b recognition sitec in the 
human C3b/C4b receptor (CRI,  CD35) hy deletion mutagenesir. J. Exp. Med. 
168:1699. 


