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Amplification of the complement cascade through the alter-
native pathway can lead to excessive inflammation. Targeting
C3b, a component central to the alternative pathway of comple-
ment, provides a powerful approach to inhibit complement-me-
diated immune responses and tissue injury. In the present study,
phage display technologywas employed to generate an antibody
that selectively recognizes C3b but not the non-activated mole-
cule C3. The crystal structure of C3b in complex with a Fab
fragment of this antibody (S77) illustrates the structural basis
for this selectivity. Cleavage of C3 to C3b results in a plethora of
structural changes within C3, including the rearrangement of
macroglobulin domain 6 enabling binding of S77 to the adjacent
macroglobulin domain 7 domain. S77 blocks binding of factor B
toC3b inhibiting the first step in the formationof the alternative
pathway C3 convertase. In addition, S77 inhibits C5 binding to
C3b. This results in significantly reduced formations of anaphy-
latoxins and membrane-attack complexes. This study for the
first time demonstrates the structural basis for complement
inhibition by a C3b-selective antibody and provides insights
into the molecular mechanisms of alternative pathway comple-
ment activation.

Next to its importance in immune surveillance, the alterna-
tive pathway (AP)3 of complement activation is of central
importance in immune responses (1) where it can account for

up to 80% of total complement activation (2). A first step in the
AP of complement activation is the cleavage of C3 into C3a and
C3b. C3b then binds pro-enzyme factor B (fB) and properdin (P)
to form the C3 convertase responsible for subsequent cleavage of
the substrates C3 and C5 (3). In addition to acting as the non-
catalytic subunit of theprotease fB,C3b serves as thebindingpart-
ner for several complement regulators and receptors, including
complement factor H (fH) and complement receptor 1 (CR1).
Our understanding of complement activation at the struc-

tural levels has been greatly advanced with solving the struc-
tures of the central complement component C3, the first cleav-
age product C3b and second product C3c (4–6). The cleavage
of C3 to C3b, the first step in activation of the alternative com-
plement pathway, is accompanied by large conformational
changes. These changes result in the exposure of new surfaces
required for convertase assembly and regulation (7). Most
importantly, C3b serves as the binding partner for fB that, upon
cleavage by factor D (fD), forms the catalytic subunit of the AP
convertase.
Because levels and turnover of C3 in serum are high (8)

reagents that target systemic C3 require high dosing to estab-
lish therapeutically relevant concentrations in the circulation.
In the present study, phage-display technology was employed
to generate S77, an antibody that selectively bindsC3 activation
products but not native C3, targeting only a small portion
(0.5%) of total C3 proteins present in serum. To further define
the structural basis for this selectivity, we solved the crystal
structure of S77 in complex with C3b at 3.1-Å resolution.
Because epitopes exposed after the first C3 cleavage step also
serve as binding sites for complement receptors and modula-
tors, we further determined if S77 inhibits binding of comple-
ment regulators fH and CR1 to C3b and whether S77 interferes
with the formation of the complement convertase. Together,
we demonstrate the utility of phage display technology to gen-
erate a C3b-specific antibody and further elucidate the molec-
ular basis by which this antibody interferes with AP comple-
ment activation.

EXPERIMENTAL PROCEDURES

All complement proteins were obtained from CompTech
except C3 and its fragments. C3 was generated as described
elsewhere (9). C3b was derived from C3 by cleavage with a C3
convertase and purified as described elsewhere (10). Briefly, C3
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was incubated with CVF, fB, and fD (CompTech) in a 10:10:1
molar ratio at 37 °C for 1 h in the presence of 10mMMgCl2. The
C3b fragments were subsequently isolated by a strong anion
exchanger Mono Q 5/50 and Superdex S-200 10/300 GL gel
filtration column (AmershamBiosciences) for a purity of�95%
byCoomassie Blue-stained gel. iC3b andC3cwere generated by
incubating C3b, fI, and fH in 1:10:10 molar ratios at 37 °C for
1 h. The reaction was diluted with a 0.05� volume of 20 mM
Tris, pH8.0, containing 5mMEDTAand loaded onto aMonoQ
(Amersham Biosciences) column equilibrated in the same
buffer. Proteinwas elutedwith a 0.0 to 0.5 MNaCl gradient. The
Identity of C3c and iC3b fragments was confirmed by Edman
degradation. Generation of iC3 (hydrolyzed C3) and recombi-
nant solubleCR1 (sCR1) consisting of long homologous repeats
A and C is described in the supplemental materials. The gener-
ation of CRIg-Fc has been described elsewhere (10). S77 was
expressed in Escherichia coli as described (10). Anti-neuropilin
Fab (11) was used as a control antibody.
Selection of Phage Antibodies That Specifically Bind to C3b—

The human synthetic phage antibody libraries displayed biva-
lent Fab fragments onM13 phage, and the diversity was gener-
ated by use of oligonucleotide-directedmutagenesis in selected
positions of three heavy chain CDRs (12). Nunc 96-well Maxi-
Sorp immunoplates (Nunc) were coated overnight at 4 °C with
C3b (10 �g/ml) and blocked for 1 h with PT buffer (phosphate-
buffered saline, 0.05%Tween 20) supplementedwith 1% bovine
serum albumin. The antibody phage libraries were added and
incubated overnight. The plates were washed with PT buffer,
and bound phage were eluted with 50 mM HCl and 500 mM
NaCl for 30 min and neutralized with an equal volume of 1 M
Tris base. Recovered phages were amplified in E. coliXL-1 blue
cells. During subsequent selection rounds, the amplified anti-
body phage were preincubated with 500 nM C3 before being
added to antigen-coated plates to counter-select against phage
antibodies that could also bind human C3. The binding time of
antibody-antigen was reduced to 2–3 h, and the stringency of
plate washing was gradually increased (11). The phage antibod-
ies that specifically bound to C3b but not C3 were reformatted
to full-length IgGs by cloning VL and VH regions of individual
clones into LPG3 and LPG4 vectors, respectively (13). Antibod-
ies were transiently expressed in mammalian cells and purified
with protein A columns.Methods for affinity maturation of the
candidate antibody, measuring binding specificity by an
enzyme-linked immunosorbent assay (ELISA) and affinity
determination of the antibody by surface plasmon resonance
are described in the supplemental materials.
Crystallization, Data Collection, Structure Solution, and

Refinement—Crystals of the C3b-S77 complex were obtained
within a week at 19 °C from 4-�l hanging drops, consisting of a
1:1 ratio of protein solution (10 mg/ml protein in 50 mM NaCl,
25 mM Tris, pH 7.8) to mother liquor (10% polyethylene glycol
4000, 0.2MMgCl2, 100mMNa-HEPES, pH7.0), suspended over
mother liquor. Crystals were harvested, briefly placed in a solu-
tion containing 20% glycerol, 10% polyethylene glycol 4000, 0.2
MMgCl2, and 0.1 MNa-HEPES, pH 7.0, and then flash frozen in
liquid N2. Diffraction data were collected at Advanced Light
Source beamline 5.0.2 and processed using HKL2000 (14).
Crystals of the C3b-S77 complex diffracted to 3.1-Å resolution,

belonged to space groupC2with cell parameters of a� 216.4Å,
b � 180.4 Å, c � 154.6 Å, and � � 115.73°. Crystals contained
two complexes each composed of one C3b molecule bound to
one S77 fragment in the asymmetric unit. The structure was
solved by molecular replacement with the coordinates of C3b
from the C3b-CRIg complex (pdb code 2ICE) using the pro-
gramPhaser. Refinement usingRefmac (15) andmanual adjust-
ments with programO (16) resulted in amodel with an Rcryst of
21.7% and Rfree of 28.3% (supplemental Table S1). With the
exception of the CUB and the C345C domains, all domains
were well defined in the electron density.
Methods for detecting fB, fH, and CR1 binding to C3b, decay

acceleration assays, fH and CR1 co-factor activity for fI-medi-
ated proteolytic cleavage of C3b, convertase assays, and the C5
binding assay are described in the supplemental materials.
C5 Convertase Assay—C5 convertase was assembled on

zymosan particles (CompTech) as described previously (17)
with modification described in the supplemental materials.

RESULTS

Generation of a Phage Antibody Selective for Cleavage Prod-
ucts of C3—To identify antibodies that distinguish C3 and C3b,
a protocol was designed that employed subtractive phage pan-
ning to counter-select phage antibodies that bind to C3. Phage
that boundC3bwere identified, the Fab sequences were grafted
onto the human IgG1 framework of herceptin (18), and the
sequences were expressed in mammalian cells. Antibody
YW144.2.45 IgG was selected out of a panel of 15 clones based
on its binding affinity (KD � 160 nM measured by surface plas-
mon resonance; results not shown) and its selectivity for C3b
but not to C3.
To further improve its affinity, YW144.2.45 was affinity-

matured using three different complementarity determining
region (CDR) combinatorial libraries. Selected amino acids in
the CDRs 1, 2, and 3 of both the light chain and the heavy chain
(see supplemental Fig. S1) were randomized, and a high strin-
gency selection process was applied to improve the on- and
off-rate of the antibody. After six rounds of sorting, phage anti-
bodies that bound specifically to C3b and that displayed higher
affinity compared with parental clones were reformatted to
full-length IgGs. Out of eight antibodies, YW144.2.45.S77
(hereafter referred to as S77 IgG), had the highest affinity as
measured by surface plasmon resonance (results not shown)
and was selected for further analysis. S77 IgG contained seven
amino acid changes (supplemental Fig. S1) in the CDRs of the
heavy chain and two changes in CDR L3 of the light chain and
had a 10-fold higher affinity when compared with the parent
antibody. Furthermore, S77 IgG bound C3b but not C3 as
shown by ELISA (Fig. 1, A and B). Residual binding to C3 at
higher concentrations of S77 IgGmost likely resulted frompar-
tial hydrolysis of C3 when exposed to water. Surface plasmon
resonance studies using S77 (the Fab fragment of the antibody)
further confirmed binding of S77 to C3b, hydrolyzed C3 (iC3),
iC3b, and C3c with affinities ranging from 1.2 to 2.2 nM (Fig.
1C). S77 did not bind to C3dg (results not shown). In line with
the selective recognition of C3b, iC3b, and C3c but not C3 by
S77, the antibody detected only a small fraction (0.5%) of the
total C3 proteins present in human serum (Fig. 1D).
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Crystal Structure of S77 in Complex with C3b Indicates Why
S77 Recognizes C3b and Not C3—To determine the structural
basis for S77’s selective recognition of C3b and not C3, the
structure of S77 in complex with C3b was solved at 3.1-Å reso-
lution. Crystals contained two complexes, each composed of
one C3b molecule and one Fab fragment, in the asymmetric
unit (Fig. 2A). Both complexes superimposed well onto each
otherwithminor conformational changes in theC1r/C1s, Uegf,
and bonemorphogenetic protein-1 (CUB), thioester bond-con-
taining domain (TED), and the C-terminal C345C domain.
Similarly, C3b in complex with S77 also superimposed well
onto the C3b-CRIg complex (pdb 2ICF) with 574 C� positions
of the �-chain superimposing with �0.8 Å r.m.s.d. and 824 C�
positions of the�-chain superimposing with�3Å r.m.s.d. This
indicates that C3b, with the exception of the C345C domain,
and to a lesser extent the CUB and TED domains are very rigid.
The interface between C3b and the Fab buries a total of �1930
Å2 of solvent-accessible surface. The Fab contacts residues

from the ��NT (�50 Å2), the MG6
domain (�140 Å2), and the MG7
domain (�830 Å2) of C3b (Fig. 2).
The bulk of these interactions is
mediated by the heavy chain
CDR-H1 (�210Å2), CDR-H2
(�180 Å2), and CDR-H3 (360 Å2)
with additional contributions from
the light-chain CDRs (�150 Å2). In
addition to a number of hydrophilic
interactions, a few hydrophobic
interactions exist; most notably
Phe-898 that protrudes from the
surface of C3b binding into a hydro-
phobic pocket formed by residues
from CDR-H3 and CDR-L2 of the
Fab (Fig. 2B). Comparison of C3b-
Fab complex with structures of C3b
in its unbound form (pdb code:
2I07) or bound to CRIg (pdb code:
2ICF) reveals that minimal confor-
mational changes are required in
C3b to allow binding to the Fab,
with the largest difference occur-
ring at the position of the Phe-898
side chain. S77 recognizes an
epitope that is present on the pri-
mary sequence level in C3, the un-
activatedmolecule, as well as in C3b
or C3c, yet it selectively binds C3b
and C3c. Comparison of C3 and
C3b structures reveal the underly-
ing basis for this selectivity: whereas
the overall domain structure of both
the MG6 and the MG7 domains is
very similar in C3b and C3 (r.m.s.d.
of 0.5 Å for 97 C� positions in MG6
and r.m.s.d. 0.65 for 101 C� posi-
tions in MG6), the orientation of
these domains with respect to each

other is quite different in thesemolecules. The rotation ofMG6
with respect to MG7 of �15° (4) occurring during C3 activa-
tion, allows the Fab to recognize an epitope formed by both
domains. Superimposition of the MG7 domain of the C3b-Fab
complex onto the MG7 domain of C3 shows that numerous
steric clashes of the Fab and the MG6 domain within C3 pre-
vent the Fab frombinding toC3 (Fig. 2,C andD). In this respect
binding of S77 to C3b or C3c is analogous to binding of CRIg,
which also recognizes a binding epitope that is formed only
after conformational changes occur during C3 activation (i.e.
conversion to either iC3 or C3b).
S77 Inhibits fH and CR1 Binding to C3b and Factor I-medi-

ated Cofactor Activity—After cleavage, C3 undergoes large
conformational changes that result in the exposure of new sur-
faces that form binding sites for various complement receptors
and regulators. Binding sites for fH and CR1 (19) are located
within residues 727–768 of the ��NT andMG6 domain of C3b,
a region that also harbors binding sites for fB (20, 21). S77 inhib-

FIGURE 1. Generation of a phage antibody that selectively binds to C3b, but not native C3. Binding of S77
IgG (A) or a polyclonal anti-C3 antibody (C3 pAb, B) to C3b or C3 protein. Binding is expressed as the ratio of
optical densities of the reaction mixtures measured at 450 and 630 nm. C, Biacore analysis of binding affinity of
S77 to C3b, iC3, iC3b, and C3c. S77 was captured on a CM5 sensor chip. Increasing concentrations of S77 (3.1,
6.25, 12.5, 25, 50, and 100 nM) were injected for 180 s. The KD is calculated from binding curves showing
response at equilibrium plotted against the concentration. D, the plasma concentration of C3 protein recog-
nized by S77 IgG is significantly lower than the plasma concentration of total C3 proteins. Data in A and B
represent average � S.D. of triplicate measurements.
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ited fH binding to C3b by ELISA (Fig. 3A) and fH cofactor
activity for factor I (fI)-mediated cleavage of C3b to iC3b in a
fluid-phase cofactor assay (Fig. 3B). S77 also inhibited CR1
binding to C3b (Fig. 3C) and sCR1-mediated fI cofactor activity
(Fig. 3D). Because S77 binding sites on C3b do not overlap with
the binding sites of CR1 and fH onC3b (supplemental Fig. S2,A
and B), the Fab fragment likely prevents access of fH, CR1, and
factor B to these residues via steric clashes. Thus, S77 binds to a
site onC3b that is important for fH andCR1 functional activity.
Formation, but Not the Stability, of the Alternative Pathway

C3 Convertase Is Inhibited by S77—Because C3b is a central
subunit of both the C3 and C5 convertases of the alternative
pathway we further determined whether S77 binding to C3b
could inhibit the activity of both convertases. The first step in
the generation of C3 convertase is binding of factor B to iC3 or
C3b, afterwhich exposure of a scissile bond allows factorD-me-
diated cleavage of factor B to form the proteolytic active serine
protease C3bBb (22). S77 inhibited binding of factor B to C3b
(Fig. 4A) and consequently prevented the formation of C3 con-

vertase (Fig. 4B). Unlike CR1, S77
did not decay the C3 convertase
(Fig. 4C) nor did S77 interfere with
P binding (supplemental Fig. S3).
Thus, S77 inhibits the formation,
but not the stability, of the alterna-
tive pathway convertase.
Blockade of the Alternative Path-

way C3 and C5 Convertases by S77—
Next, the effect of S77 on activity of
a fluid phase C3 convertase was
determined. Generation of C3a des-
Arg (Fig. 5A) and C3b (Fig. 5B) was
inhibited by S77, confirming that
S77 prevents formation of the active
C3-convertase. Because S77 also
recognizes iC3, S77 may addition-
ally inhibit factor B binding to iC3,
preventing formation of the initial
fluid-phase C3 convertase of the AP
(23).
At the next level of complement

activation, C3b dimers constitute
the noncatalytic subunit of the C5
convertase with two potential bind-
ing sites for S77. To determine if S77
could block C5 convertase in addi-
tion to C3 convertase activity, a C5
convertase was generated by assem-
bling C3b subunits on the surface of
zymosan particles. The presence of
S77 prevented cleavage of the sub-
strate C5 into C5a and C5b.
Together, these results indicate that
S77 inhibited the alternative path-
way at the level of both the C3 and
C5 convertases (Fig. 5C). To be
cleaved by the complement conver-
tases, C5 needs to bind to the C3b

subunit of the C5 convertase. S77 inhibited binding of C5 to
C3b multimers in an ELISA-based assay (Fig. 5D). Thus, in
addition to interfering with the binding of fB to C3b, S77
inhibited C5 binding to C3b, a step required for C5 proteo-
lytic activation and formation of C5a and the membrane
attack complex.
S77 Inhibits the Alternative, but Not Classical Pathway of

Complement Activation in Human Serum—Both, the AP and
classical pathway (CP) C5 convertases contain at least one C3b
molecule that could potentially serve as a binding partner for
S77. Therefore, we next determined if S77 could block terminal
C5 cleavage and membrane attack complex formation medi-
ated by the AP or CP convertases. S77 inhibited hemolytic
activity in C1q-depleted serum (Fig. 6A) but did not inhibit the
CP of complement in fB-depleted human serum (Fig. 6B) indi-
cating that S77 is a selective inhibitor of the AP convertases.
While testing species cross-reactivity of the Fab, we observed

the absence of blocking potential in serum from baboon, cyno-
mologus, and rhesus monkey (results not shown). To further

FIGURE 2. Crystal structure of S77 in complex with C3b. A, structure of the C3b-S77 dimer in the asymmetric
unit. One C3b-S77 complex is shown as a ribbon diagram; the other is in surface representation. The �-chains of
C3b are depicted in green, the �-chains shown in violet, light blue (TED domain), and orange (CUB domain). S77
is shown with the light chains colored white, and the heavy chains colored yellow. B, the Fab surface is shown
with the light chain atoms in white and heavy chain in yellow. All amino acids that have at least one atom closer
than 4.5 Å to the S77 are shown in stick representation and are labeled with carbon atoms of residues from the
�-chain and �-chain colored green and violet, respectively. C, the S77 binding site of C3b. Atoms of C3b that are
closer than 4.5, 4, and 3.5 Å are colored yellow, orange, and red, respectively. D, the surface of C3 is shown after
superimposing the MG7 domain of C3 onto the MG7 domain of the C3b-S77 complex. Although the MG7
domains of C3 and C3b superimpose very well (r.m.s.d. 0.5 Å for 97 common C� positions), the different relative
orientation of MG7 in respect to MG6 leads to steric clashes between the light chain of the S77 and the MG6
domain in a potential complex, thus preventing S77 binding to C3.
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elucidate the basis for lack of species cross-reactivity, we
sequenced the stretch of rhesus C3b that encompasses the S77
binding site. Importantly, His-897 in human C3b is replaced by
the more hydrophobic Phe in C3b from rhesus (supplemental
Fig. S2A). This specificity of the Fab toward human C3b has a
clear structural rationale. His-897, located in the center of the
interface betweenC3b and the Fab, is ideally positioned to form
two hydrogen bonds to the main-chain carbonyl of Ser-31 of
CDR-H1 and the main-chain nitrogen of Leu-97 in CDR-H3
(Fig. 6D). The exchange of His-897 against Phe introduces a
much more hydrophobic residue into the hydrophilic environ-

ment in this part of the interface abolishing the ability of the Fab
to recognize rhesus C3b and hence to inhibit alternative path-
way complement activation in rhesus serum (Fig. 6C). Thus, we
provide the structural basis for the selectivity of S77 for human
and not rhesus C3b and provide evidence that complement
inhibition by S77 requires binding of the Fab to the C3b
molecule.

DISCUSSION

Complement activation has been associated with an increasing
number of disease indications, including ischemia-reperfusion
injury,membranoproliferative glomerulonephritis, cardiopulmo-
nary bypass, asthma, autoimmune disease and age-relatedmac-
ular degeneration (1, 8, 24). Various inhibitors have been gen-
erated that target complement activation (see for reviewRef. 2).
These consist of natural regulators of complement activation
(25),monoclonal antibodies that block enzymatic activity of the
serine proteases factor D and factor B (26, 27), or a cyclic pep-
tide that blocks enzyme-substrate interaction (28). Systemic
dosing of therapeutics that target complement components in
the circulation may result in unfavorable pharmacokinetics.
Antibodies that recognize C3b directly and thus target the
active C3- and C5-convertase therefore have an advantage over
antibodies that target both the pro-molecule and the active var-
iant. Phage display offers the advantage of altering the binding
conditions such that selection against specific epitopes can be
achieved using fluid-phase competitors. Using this approach,
an antibody was generated that selectively blocked the alterna-
tive pathway of complement by inhibiting binding of fB to the
C3b subunit of C3 convertase, an essential step in the activation
of the AP. In addition, S77 inhibited C5 binding to the C5 con-
vertase. This mechanism of action confers the ability of S77 to
inhibit both the formation and the activity of already formed
convertase, explaining its potent inhibition of AP complement
activation in human serum.
S77 interferedwith both fluid-phase and solid-phaseAP con-

vertase activity. Similar to CRIg, S77 did not interfere with CP
complement activation, which is surprising given that C3b is
part of the heterodimeric C3bC4b subunit of the CP C5 con-
vertase. A possible explanation for this is that residual binding

of C5 to the C4b subunit of the CP
convertase, which is not recognized
by S77, precludes inhibition of bind-
ing activity. Similar to S77, a previ-
ously described monoclonal anti-
body that binds C3b and iC3b was
shown to selectively inhibit the AP
of complement (29). Selectivity for a
single pathway is of much impor-
tance from a safety point of view,
because it permits residual comple-
ment activation through one of the
other pathways to mount an appro-
priate host response to pathogens.
Comparing the crystal structure

of C3b and C3 shows that cleavage
of the anaphylatoxin domain results
in large conformational change in

FIGURE 3. S77 inhibits fH and sCR1 binding to C3 and inhibits fH and sCR1
co-factor activity. A, microtiter plates were coated with C3b, and fH was
added in the presence of increasing concentrations of S77 or control Fab.
Binding of fH to C3b was determined using an anti-fH antibody and a second-
ary HRPO-conjugated antibody. Absorbance of the reaction mixture was
measured at 450 nm. B, cofactor activity for fI-mediated cleavage of C3b was
measured by incubating C3b and fI with fH or increasing concentrations of
S77 or control Fab. The mixture was incubated at 37 °C, and the samples were
analyzed by gel-electrophoresis and Simply Blue staining. C, S77 inhibits CR1
binding to C3b. Microtiter plates coated with C3b were incubated with
sCR1 and increasing concentrations of S77 or control Fab. Binding of sCR1 to
C3b was detected with an anti-CR1 primary antibody and an HRPO-conju-
gated secondary antibody. D, sCR1 cofactor activity was determined as
described under B except that fH was replaced by sCR1. Data in A and C are
expressed as mean � S.D. of four repeats.

FIGURE 4. S77 affects the formation, but not stability, of the alternative pathway C3 convertase. A, S77
inhibits binding of factor B to C3b. C3b was coated on microtiter plates. S77 or control Fab was added, followed
by addition of factor B. Binding of factor B to C3b was determined with anti-factor B antibody and secondary
antibodies conjugated to HRPO. B, S77 Fab inhibits formation of C3 convertase. C3b was coated on microtiter
plates. S77 or control Fab was added, followed by addition of fB and factor D. Binding of fBb to C3b was
determined with anti-fB antibody and secondary antibody conjugated to HRPO. C, S77 does not decay the C3
convertase. Microtiter plates were coated with C3b, incubated with factor B and factor D followed by the
addition of S77, sCR1 or control Fab. Factor Bb was detected with goat anti-human factor B and donkey
anti-goat antibody conjugated to HRPO. Absorbance of the reaction product was read at 450 nm. Data are
expressed as mean � S.D. of four repeats.
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TED/CUBdomains and resulting exposure of hydrophobic sur-
face amenable to interaction (Janssen, et al. (4) andWiesmann,
et al. (6)). The reorientation of the MG6 and other domains in
C3b creates binding sites that account for the selective interac-
tion of a variety ofmolecules toC3b. S77 binds selectively to the
MG6 andMG7 domains in the domain arrangement present in
C3b and C3c and sterically blocks the interaction of C3b with
complement fH, CR1, fB, and C5. Although both CRIg and S77
share binding affinity for C3b, iC3b, and C3c, they recognize
different sites of C3b. CRIg binds primarily to the residues of
the C3b �-chain (6), whereas S77 binds predominantly to resi-
dues from the �-chain (Fig. 7). Interestingly, the binding sites
for CRIg as well as for S77 are located on the same face of C3b:
on the opposite site of the CUB and TED domain, the latter
mediating the opsonization of particles by C3b. In addition,
compstatin also binds to this face (28) (Fig. 7). As all three mol-
ecules, soluble CRIg, S77, and compstatin, are able to prevent
binding of substrate to the complement convertases, it appears
likely that the molecular surface of the face of C3b, opposite of
the TED domain, contains the binding surface for the sub-
strates C3 and C5.
Mapping approaches employing blocking antibodies and

synthetic peptides have implicated the 727–767 segment at the

N terminus of C3b ��-chain as contributing to the interactions
with fB, fH, and CR1 (19–21). One monoclonal anti-C3c anti-
body, clone C3-9, shares some properties with S77. C3-9 binds
to a neoepitope present in C3b (30) and inhibits fH, CR1, and fB
binding to EC3b cells (20). Moreover, negative-stain electron
microscopy combined with image classification identified

FIGURE 5. S77 inhibits the alternative pathway C3 and C5 convertase. A,
C3 and factors B and D were incubated in the presence of increasing concen-
trations of S77 or control Fab. The concentration of C3a des-Arg reaction
product was determined by ELISA. Data are expressed as mean � S.D. of
triplicate measurements. B, in a separate experiment, the effect of S77 or
control Fab on C3 convertase activity was determined by gel electrophoresis.
Experiments were repeated three times with similar results. C, S77 inhibits C5
convertase activity. C5 convertase was assembled on the surface of zymosan
particles. A fixed concentration of C5 and convertase was mixed with increas-
ing concentrations of S77 or control Fab. Convertase activity was determined
using a chicken erythrocyte hemolytic assay and expressed as percentage of
hemolysis in the absence of inhibitor. D, C3b was coated on microtiter plates
and incubated with a mixture of C5 and increasing concentrations of S77 or
control Fab. C5 bound to plate-coated C3b was detected with a polyclonal
antibody against C5 and a HRPO-conjugated secondary antibody.

FIGURE 6. S77 inhibits the alternative, but not classical, pathway C5 con-
vertase in human serum. A, S77 inhibits AP-mediated hemolysis. Rabbit
erythrocytes were incubated with C1q-depleted human serum in the pres-
ence of increasing concentrations of S77 or control Fab. Hemolysis was deter-
mined by absorbance of the supernatant at 412 nm. Convertase activation
was expressed as percentage of hemolysis in the absence of inhibitor. B, S77
does not inhibit CP convertase activation. IgM-coated sheep erythrocytes
were incubated with factor B-depleted human serum and increasing concen-
trations of S77 or anti-C5 antibody. C, S77 lacks complement inhibitory activ-
ity in rhesus serum where His-897 is substituted by Phe-897. CRIg-Fc was used
as a positive control. D, His-897 of C3b is within hydrogen bonding distance to
the main-chain atoms of the heavy chain CDR1 and CDR3 of S77. The
exchange of His-897 against phenylalanine, the respective amino acid in the
C3 sequence of rhesus, leads to the loss of these hydrophilic interactions.
Data in A–C are expressed as mean � S.D. of triplicate measurements.

FIGURE 7. Structural basis for complement inhibition by S77, CRIg, and
compstatin. The superposition of the C3b-S77 complex, the C3c-CRIg com-
plex, and the C3c-compstatin complex shows that all three inhibitors recog-
nize the same “face” of the complement protein; their binding sites are
located on the opposite site of the TED position in C3b. C3b-C3c and S77 are
colored as described in Fig. 2, CRIg is shown in red, and compstatin is depicted
as purple sticks.
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binding of a Fab fragment of this antibody to a region between
the C345C knob and the MG1–6 ring, identified as the MG7/
MG8 region of C3b (31). Because there is no high resolution
structure of this antibody in complex with C3b, we cannot con-
firm if the binding sites of C3-9 overlap with those of S77.
S77 does not recognize native C3 but recognizes C3 proteins

formed following C3 hydrolysis or cleavage by C3 convertase,
which account for 0.5% of total C3 proteins present in serum
(Fig. 1D). This selectivity provides therapeutic advantage over
targeting C3, which is highly abundant in human serum.More-
over, S77 selectively inhibits the alternative, but not classic,
pathway of complement activation, avoiding complete shut-
down of the complement-mediated host response. The anti-
body is fully humanized, avoiding unwanted neutralizing
immune responses by the host. Thus, although further studies
are required to determine the therapeutic potential of the S77,
this study provides a unique approach for generating a selective
complement inhibitor and further provides structural insight
into the function of the complement convertases central to var-
ious chronic inflammatory diseases.
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