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The human complement system plays an essential role in innate and
adaptive immunity by marking and eliminating microbial intruders.
Activation of complement on foreign surfaces results in proteolytic cleavage
of complement component 3 (C3) into the potent opsonin C3b, which
triggers a variety of immune responses and participates in a self-
amplification loop mediated by a multi-protein assembly known as the
C3 convertase. The human pathogen Staphylococcus aureus has evolved a
sophisticated and potent complement evasion strategy, which is predicated
upon an arsenal of potent inhibitory proteins. One of these, the
staphylococcal complement inhibitor (SCIN), acts at the level of the C3
convertase (C3bBb) and impairs downstream complement function by
trapping the convertase in a stable but inactive state. Previously, we have
shown that SCIN binds C3b directly and competitively inhibits binding of
human factor H and, to a lesser degree, that of factor B to C3b. Here, we
report the co-crystal structures of SCIN bound to C3b and C3c at 7.5 and
3.5 Å limiting resolution, respectively, and show that SCIN binds a critical
functional area on C3b. Most significantly, the SCIN binding site sterically
occludes the binding sites of both factor H and factor B. Our results give
insight into SCIN binding to activated derivatives of C3, explain how SCIN
can recognize C3b in the absence of other complement components, and
provide a structural basis for the competitive C3b-binding properties of
SCIN. In the future, this may suggest templates for the design of novel
complement inhibitors based upon the SCIN structure.
© 2010 Elsevier Ltd. All rights reserved.
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The complement cascade is a centerpiece of the
immune system and functions not only as the first
line of response to foreign materials in the body but
also in the initiation of inflammation and stimula-
tion of adaptive immunity. This versatility of com-
plement is based on a highly regulated network of
soluble or cell-surface-bound proteins that serve as
substrates, enzymes, or regulators of a hierarchical
d.
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series of proteolytic and protein–protein recognition
events. Initiation of the cascade may be triggered
by three distinct pattern recognition mechanisms,
which have been denoted the classical, lectin, and
alternative pathways. Despite the precise nature of
the initiating event, all three of these pathways lead
to the formation of homologous multi-protein
complexes [named complement component 3 (C3)
convertases] that enzymatically cleave C3 (184 kDa)
into its active fragments C3a (10 kDa) and C3b
(175 kDa) (reviewed in Ref. 1). Release of the C3a
anaphylatoxin fragment exposes an occluded but
reactive thioestermoiety in C3b. It is the nucleophilic
attack of this group that results in covalent deposi-
tion of the C3b on the surface of nearby biomaterial
and ultimately triggers its phagocytosis via specific
complement receptor-expressing cells.2,3

Structural studies have shown that the conversion
from C3 to C3b is accompanied by substantial
conformational changes, which themselves expose a
number of critical ligand binding sites.4–6 A partic-
ularly prominent example of this is typified by the
alternative pathway, where interaction of the pro-
enzyme factor B (fB) with one of these sites enables
its cleavage by factor D to generate the active alter-
native pathway C3 convertase complex (C3bBb).
Subsequent binding and cleavage of C3 by the
convertase produces additional C3b and thereby
propagates a self-amplification loop of complement
activation on foreign surfaces.7 Unhindered com-
plement activation in this manner leads to the
formation of C5 convertases; generation of addi-
tional anaphylatoxins (i.e., C3a and C5a); induction
of signaling, chemotaxis, and phagocytosis; and
assembly of a lytic membrane attack complex.
However, the convertase assemblies by themselves
are only transiently stabile and undergo irreversible
dissociation with a half-life of approximately 1 min.8

Moreover, on host cells, this dissociation is further
catalyzed by a series of “regulators of complement
activation” that either destabilize the convertases or
mediate the stepwise degradation of the essential
C3b substituent (reviewed in Refs. 1 and 9). One
pivotal regulator of this activation cycle is factor H
(fH), which both accelerates the decay of the con-
vertase complex and acts as a cofactor for the factor I
(fI)-mediated proteolysis of C3b that produces the
inactive C3c fragment.2 Given this tenuous balance
that leads to the “double-edged sword” nature of
the immune system, many pathological conditions
are now known to arise from insufficient regulation
or aberrant activation of complement.10 Therefore,
inhibition of complement initiation or amplification
has been suggested as an attractive means of
protection against these diseases.11

Staphylococcus aureus is a widespread and versatile
human pathogen capable of colonizing a remarkable
number of different tissues.12 Diseases caused by S.
aureus span a broad landscape of relatively minor,
localized skin infections to more life-threatening
conditions such as disseminated bacteremia and
endocarditis.12 S. aureus cells activate all three
complement pathways and stimulate chemotaxis
of leukocytes due to the presence of pathogen-
associated molecular patterns. However, it has
become increasingly clear over the last decade that
this pathogen has evolved an array of successful
strategies to evade the surveillance and elimination
mechanisms that are fundamental to innate immune
system function.13,14 In this regard, S. aureus secretes
nearly one dozen factors that bind to and interfere
with the various steps needed to activate C3 and to
propagate various inflammatory responses within
its host.14,15 Subsequent structure/function analyses
on several of these proteins have demonstrated that
they are diverse in their mechanisms of action and,
in some cases, has identified entirely novel modes of
complement modulation.14,15

The staphylococcal complement inhibitors
(SCINs) are a family of small (∼9.8 kDa), secreted
proteins that adopt an antiparallel three-α-helical
bundle fold,16 variants of which appear to be
common among a larger group of staphylococcal
immune modulators.14–16 The prototypic member of
this family, SCIN (also called SCIN-A), is a human-
specific complement inhibitor that disrupts bacterial
opsonization as well as associated downstream
effects of complement activation by blocking func-
tion of the solid-phase C3 convertases derived from
all three initiation pathways.17,18 Previous studies
originally suggested that SCIN binds only to fully
assembled C3 convertases (e.g., C3bBb);17 however,
this raised significant questions as to the nature of
this interaction because all other characterized C3
convertase regulators or inhibitors bind to one or
more of the complement components directly.
Indeed, while SCIN does not bind native C3, we
have recently shown that SCIN binds directly to
activated C3b with an apparent nanomolar affinity
in near-physiological buffers (Kd≈180 nM).19 Func-
tional dissection of the direct interaction between
SCIN and C3b has revealed amulti-faceted nature to
the SCIN inhibitory mechanism. First, while SCIN
impairs the initial rate of C3 convertase assembly, it
nevertheless stabilizes the assembled convertase
against decay acceleration by fH. Secondly, SCIN
reduces the efficiency of fI- and fH-mediated
degradation of C3b to iC3b. Finally, SCIN also
prevents the proteolytic cleavage, but not the initial
binding of the C3 substrate by the convertase.19

In this manner, SCIN contributes to staphylococ-
cal complement inhibition by trapping the C3
convertase in a stabilized yet inactive state.19,20

Taking advantage of these properties, Rooijakkers et
al. recently described the structure of the SCIN-
inhibited alternative pathway C3 convertase.20

While this work gave important insights into the
molecular architecture and function of the



Table 1. Diffraction data collection and refinement statistics for the C3c–SCIN and C3b–SCIN complexes

C3c–SCIN C3b–SCINa

Data collection
Beamline 22-BM 22-ID 22-BM 22-ID
Wavelength (Å) 1.00 1.00 1.00 1.00
Space group P21212 P21212 P21 P41212
Cell dimensions
a, b, c (Å) 231.16, 231.50, 68.89 214.07, 68.43, 114.93 69.11, 217.03, 115.65 128.31, 128.31, 469.76
β (°) 89.99
Resolution (Å) 50–3.5 50–4.1 50–3.4 50–7.5
Unique reflections 44,393 13,684 45,397 5337
Completeness (%) 93.4 (85.1) 98.4 (99.0) 97.5 (93.1) 97.2 (81.4)
Rmerge (%)b 12.1 (46.6) 18.1 (49.6) 16.0 (50.0) 11.6 (45.3)
Redundancy 7.4 (3.7) 5.4 (5.1) 3.4 (2.8) 10.4 (7.8)
I/σI 10.5 (2.4) 8.7 (4.1) 5.0 (2.4) 13.2 (3.0)

Refinement statistics
RCSB accession code 3NSA 3NMS 3L3O 3L5N
Complexes per asymmetric unit 2 1 2 1
Rwork/Rfree (%)c 26.6/28.8 27.1/28.9 22.3/27.1 26.5/26.8
Mean B-factors (Å2) 68.6 121.2 108.1 172.3
RMSD
Bond lengths (Å) 0.012 0.012 0.009 0.008
Bond angles (°) 1.31 1.37 1.20 1.14
Ramachandran plot (%)
Favored 85.9 86.7 88.9 85.7
Allowed 11.5 11.1 10.4 12.7
Outlier 2.6 2.2 0.8 1.6

Values in parentheses are those for the highest-resolution shell.
Methods. Recombinant SCIN was expressed in Escherichia coli and purified as previously described.21 Purified C3b was prepared by
activated-thiol Sepharose (GE Biosciences) separation of a limited trypsin digestion of isolated human C3 according to previously
established protocols.22 Purified C3c was obtained from Complement Technology (Tyler, TX, USA). Solutions of each purified monomer
were mixed to yield an equimolar complex of C3b–SCIN and C3c–SCIN prior to buffer exchange by ultrafiltration into 10 mM Hepes–
NaOH (pH 7.4) to a final concentration of 5 mgml−1 complex. Crystallization was achieved using hanging drop vapor diffusion. For each
complex, the precipitant was diluted 1:1 with ddH2O, and 1 μl of this solution was mixed with 1 μl of protein solution. C3b–SCIN co-
crystals grew over the course of 21 days at 293 K using 0.1 M Hepes–NaOH (pH 7.0), 30% (v/v) Jeffamine ED-2001–HCl as a precipitant;
this precipitant solution was used directly for cryopreservation of crystal samples. C3c–SCIN co-crystals were obtained in 2–5 days at
277 K using 0.1 M Hepes–NaOH (pH 7.5), 10% (w/v) polyethylene glycol 6000, and 5% (v/v) 2-methyl-1,3-propanediol as a precipitant;
these crystals were cryoprotected by a brief incubation in an analogous buffer that contained 20% (v/v) glycerol. Following flash-cooling
to 93 K, diffraction data were collected using either beamline 22-ID or beamline 22-BM of the Advanced Photon Source (Argonne
National Laboratory) and processed using HKL2000.23 Three different lattice types of C3c–SCIN co-crystals were identified from a single
crystallization condition (one monoclinic and two orthorhombic; Table 1). Structures were solved by molecular replacement with
Phaser24 using the previously published structures of SCIN (RCSB code 2QFF),16 C3b (RCSB code 2IO7),4 and C3c (RCSB code 2A74)5 as
search models. The final models were obtained after manual building in Coot25 and refinement in PHENIX;26,27 non-crystallographic
symmetry restraints were employed where applicable during all steps of solving the C3c–SCIN structures. Models were analyzed and
validated using MOLPROBITY.28 All structural representations were prepared using PyMOL (http://www.pymol.org/), while
quantitative comparisons of superimpositions were determined using STAMP.29

a Crystallization and data collection on the C3b–SCIN crystals have been published separately.21
b Rmerge=∑h∑i|Ii(h)− 〈I(h)〉|/∑h∑iIi(h), where Ii(h) is the ith measurement of reflection h and 〈I(h)〉 is a weighted mean of all

measurements of h.
c R=∑h|Fo(h)−Fc(h)|/∑h|Fo|. Rcryst and Rfree were calculated from the working and test reflection sets, respectively. The test set

constituted 5% of the total reflections not used in refinement.
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alternative pathway C3 convertase, it provided no
conclusive structural information regarding the
direct interaction between C3b and SCIN. Because
of this, the precise nature of the SCIN binding site on
C3b and C3c, its relationship to native C3, and the
structural basis for several important effects of SCIN
on C3 convertase assembly and dynamics remained
incompletely described. Here, we report the crystal
structures of SCIN bound to the C3 derivatives C3b
and C3c. Analysis of these structures provides a
molecular framework to understand SCIN inhibi-
tion of C3b binding to fH and fB and demonstrates
the structural basis for specific recognition of
activated C3 fragments by SCIN.
Structures of SCIN bound to human complement
fragments C3b and C3c

To gain further insight into molecular mechanisms
of SCIN activity, we pursued crystal structures of
SCIN bound to complement fragments C3b and C3c.
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Binary complexes of SCIN bound to C3b and C3c
were reconstituted by incubation of purified compo-
nents followed by concentration by ultrafiltration.21

The presence of each protein component in the
resulting samples was verified by both native and
SDS-polyacrylamide gel electrophoresis21 prior to
Fig. 1 (legend
crystallization of both complexes by vapor diffusion
of hanging drops. Three distinct C3c–SCIN crystal
forms that diffracted X-rays to between 3.4 and 4.1 Å
limiting resolution were identified, while crystals of
C3b–SCIN provided reasonably complete data to
7.5 Å resolution (Table 1). Initial phases were
on next page)
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obtained by molecular replacement, and models for
each crystal form were iteratively improved and
refined to the values reported in Table 1.
The C3c–SCIN structure is composed of a hetero-

tetramer,where two copies of theC3c–SCIN complex
are alignedwith, but rotated 180° about the long axis
of the complement component (Fig. 1b and c). This
arrangement is observed in all three C3c–SCIN
structures, even though the heterotetramer is divided
between neighboring asymmetric units in the second
orthorhobmic crystal form (Supplemental Fig. 1,
Table 1, and Supplemental Table 1). Similarly,
though the asymmetric unit of the C3b–SCIN
structure is defined by a single copy of each protein
arranged as a heterodimer (Fig. 1d and e), inspection
of nearby symmetry-related complexes likewise
indicates that a similar mode of tetramerization to
that of C3c–SCIN is present within the C3b–SCIN
crystal lattice (Fig. 1f). In fact, superposition of the
symmetry-related C3b–SCIN tetramer with that of
C3c–SCIN indicates that these two structures share a
high level of identity to one another.
With the exception of the C345C domains, readily

interpretable density is observed in 2Fo−Fc electron
density maps (contoured at 1.5 σ) for all functional
domains of C3c and C3b present in the final models
of all structures (Fig. 1c and e). In all C3c–SCIN
structures, the model versus map correlation is
somewhat weaker for both copies of the C345C
domain; however, these areas are clearest for
orthorhombic form 1, and thus, this crystal is
discussed in the remainder of the text unless
otherwise indicated. In the case of C3b–SCIN, little
contiguous density is observed in this region;
therefore, in the final model, this domain has zero
occupancy (residues 1497–1641). Conformational
flexibility of C345C has been reported previously,
as this domain adopts alternative conformations
relative to the remainder of the molecule in various
crystal structures of C3 and its activation and
degradation fragments20 (Supplemental Fig. 1f).
This is perhaps not surprising since this domain
projects away from the “key-ring”-like core of C3c,
and it does not make stable contacts with SCIN in
either of the structures reported here or in that of the
SCIN-inhibited C3 convertase [Research Collabora-
tory for Structural Bioinformatics (RCSB) code:
Fig. 1. Crystal structures of complement fragments C3c an
domains that comprise C3c and C3b. (b) Crystal structure of C3
of SCIN (blue to red rainbow from amino to carboxy terminus)
unit. (c) Electron density map of the same structure generated
2Fo−Fc density (blue cage; 1.5 σ contour) fits two copies of C3
clear positive density corresponding to the location of the SCIN
inclined slightly relative to (b) for clarity. (d) Crystal structure o
rainbow from amino to carboxy terminus) and C3b (sand) are
the same structure generated by refinement of the model wit
with those in (c). (f) Generation of the symmetry mate (x
tetramerization similar to that seen in all C3c–SCIN structure
2WIN].20 Most significantly, however, SCINoccupies
the same binding site and orientation relative to its
complement target in both structures, and calculation
of Fo−Fc differencemapswhere the SCIN chainswere
omitted from eithermodel reveals contiguous regions
of positive density (contoured at 2.0 σ) that corres-
pond to the location of the SCIN polypeptide in each
complex (Fig. 1c and e). Together, this strongly
suggests that theC3c–SCINandC3b–SCIN structures
are directly comparable to one another.
A series of crystallographic studies have demon-

strated that significant structural changes accompany
activation of native C3 into C3b,5,6,30 and interac-
tions of C3b with certain ligands, in particular the
distinct staphylococcal complement inhibitor pro-
teins Efb31 and Ehp,32 have been shown to induce
additional conformational changes in the comple-
ment component. We therefore used superimposi-
tion analysis to examine whether additional
conformational changes accompany SCIN binding
in the structures described above. Quantitative
comparisons of each SCIN-bound C3 fragment
with the structure of its unbound counterpart4,5

reveal no obvious changes to the complement
components upon SCIN binding, however; without
including the poorly ordered C345C domains in the
calculations, the main-chain atoms' root-mean-
square deviations (RMSDs) in the SCIN-bound to
unbound structures are 1.80 and 2.60 Å for the C3c5

and C3b4 complexes, respectively. Separately, a
recent crystal structure of a SCIN-inhibited form of
the alternative pathway convertase (C3bBb-SCIN)
has also been reported.20 Although SCIN is indeed
bound to C3b in this structure, the additional
presence of the large Bb fragment (∼57 kDa) raised
the possibility that structural rearrangements of the
C3b–SCIN interaction may be necessary to form the
resulting ternary complex. Because of this possibil-
ity, no direct conclusions regarding the nature of
C3b–SCIN binding from this previous work could
be drawn. We again used superimposition analysis
to address these questions (Supplemental Fig. 2). By
and large, all three SCIN-bound structures super-
impose well with one another; the main-chain
atoms' RMSD in the SCIN-C3c and SCIN-C3b
binary complexes when compared to those of
C3bBb-SCIN are 0.65 and 0.80 Å, respectively.
d C3b bound to SCIN. (a) Schematic representation of the
c–SCIN (drawn from RCSB code 3NSA), where two copies
and two copies of C3c (sand) are found in the asymmetric
by refinement of models not containing SCIN molecules.
c, while the Fo−Fc map (green cage; 2.0 σ contour) shows
polypeptide. Note that the viewing plane of this panel is

f C3b–SCIN, where a single copy of both SCIN (blue to red
present in the asymmetric unit. (e) Electron density map of
hout the SCIN polypeptide. Map parameters are identical
,y,−z) from the C3b–SCIN crystal indicates a mode of
s (please see Supplemental Fig. 1).
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Differences are visible between the structures in
terms of the relative orientations of the C345C
domain (which was not modeled in the C3b–SCIN
structure), although this could be due to packing
effects in the C3c–SCIN crystal lattices. Still, it is
worth noting that this domain appears to serve as a
swinging platform, which binds and orients Bb in a
manner so that its proteolytic active site extends
away from the remainder of the C3b molecule.20

Because the location of the SCIN protein is similar in
both the binary and ternary complexes, it seems that
SCIN binding is accommodated, even in an assem-
bled and active convertase, through minor reorien-
tation of this C345C domain; indeed, real-time
measurements using surface plasmon resonance
(SPR) have shown that SCIN binds readily to
C3bBb.19 When these data are considered along
with recent functional analyses,19 the structures
presented here provide firm evidence that SCIN is
capable of binding C3c and C3b in the absence of
any additional complement proteins or cofactors.

Nature of SCIN binding to activated forms of C3

The structures reported here and elsewhere reveal
that each molecule of SCIN contacts both copies of
the complement protein found in the rotationally
symmetric tetramers presented in Fig. 1. An
examination of available data strongly suggests
that each of these SCIN binding sites on C3b is
relevant: both isothermal titration calorimetry and
SPR analyses have shown that the C3b–SCIN
interaction is most accurately described by a two-
site binding model,19 and small-angle X-ray scatter-
ing studies on the C3b–SCIN complex similarly
indicate a mixture between 1:1 and 2:2 species in
solution.19 To better understand the physical basis
for each SCIN binding site, we used the Protein
Interfaces, Surfaces, and Assemblies (PISA)33 server
to analyze the intermolecular contacts found in the
C3c–SCIN and C3b–SCIN structures.
The first SCIN “footprint” on the C3b surface

masks approximately 900 Å2, where 700 and 200 Å2

are derived from the α and β chains of the
complement component, respectively (Fig. 2a and
Supplemental Fig. 3a). Closer inspection of this
interface (as judged by the C3c–SCIN structures that
provide higher resolution) indicates that it arises
from contacts made almost entirely by the second α-
helix of SCIN. While 22 SCIN residues participate in
complex formation in this manner, 11 of these form
interactions that are polar in nature (e.g., hydrogen
bonds and/or salt bridges). Conversely, the second
SCIN “footprint” arises through interaction of the
first and third α-helices of SCIN with the symmetry-
related complement protein (Fig. 2a and Supple-
mental Fig. 3b). Interface analysis reveals that this
additional site buries approximately 750 Å2 and that
all 20 residues that comprise it are located on C3b α-
chain. While the 25 total SCIN residues that form
this interaction are derived from both the first and
third helices of the bacterial protein, the physical
nature of the contacts formed is verymuch similar to
that of the first site described above (Supplemental
Fig. 3b). In particular, the eight polar interactions
found here are similarly distributed between both
side chain-to-side chain and side chain-to-main
chain contacts. In general, the proportion of polar
contacts found in the SCIN interfaces are somewhat
higher than that of the related staphylococcal
complement inhibitor protein, Efb, which binds to
the C3d/TED domain of C3/C3b via 23 total
residues that form a total of eight polar
interactions.31 Such a difference may partly explain
the lower apparent affinity of SCIN for its C3b target
relative to Efb (Kd≈180 nM19 versus 10 nM31 in near-
physiological buffers, as judged by SPR).
Considerations of SCIN binding aside, activation

of native C3 to C3b is accompanied by significant
conformational changes that alter the large set of
interactions that give rise to the nearly 5000-Å2

interface between the α and β chains of C3.6 One
consequence of such changes is that many residues
previously buried in the C3 α/β interface become
solvent accessible in C3b. This raised questions as to
the nature of the SCIN binding sites in native C3
relative to its activated counterpart, C3b. Signifi-
cantly, whereas 15 of the 23 C3b-derived residues
that constitute the first C3b–SCIN interaction des-
cribed above are buried in the large α/β interface of
native C3, all of the C3b residues that comprise the
second SCIN binding site are solvent exposed in the
structure of the native complement protein (Fig. 2).
At first glance, this appears to suggest that the

second site is actually the primary site of C3b–SCIN
interaction. However, three independent lines of
evidence reveal that this is not the case. First, unlike
the related staphylococcal complement inhibitors
Efb, Ehp, and Sbi,14,15 SCIN itself cannot bind to
native C3.17,19 The fact that the second binding
pocket is exposed in native C3 but that the first is
assembled only upon activation to C3b strongly
suggests that this neoantigen is required for initial
C3b–SCIN binding. Second, a previous study using
chimeric proteins of SCIN and its non-functional
homolog, ORF-D, has shown that residues 31–48 of
SCIN are critical for complement inhibition.16 The
structures presented here demonstrate that this
region of SCIN, in particular the side chain of R42,
forms several contacts with the first binding pocket
on C3b (Supplemental Fig. 3). Finally, recent data
strongly suggest that SCIN blocks C3 cleavage (but
not substrate binding) by surface-bound C3 con-
vertases in their monomeric form.19 Because com-
plement inhibition requires the SCIN region that
binds to the first site on C3b, it follows that this
interaction is responsible for the convertase inhibi-
tory activity of SCIN.



Fig. 2. Molecular nature of SCIN binding sites to C3c and C3b. The EBI PISA server was used to identify and analyze
intermolecular contacts within the C3b–SCIN and C3c–SCIN structures. (a) In the top panel, residues from the
complement components are classified as belonging to either the first (green) or the second (purple) SCIN binding site
described in the text; the residues shown here are greater than 5% buried in the structure of C3b–SCIN relative to
unbound C3b. Numbering is based upon the sequence of human pre-pro-C3, and those that are buried in the structure of
native C3 are shaded gray. Two rotated views of the SCIN protein are provided in the bottom panel. The side chains from
residues comprising the first site (green) and the second site (purple) are represented in ball-and-stick convention. (b)
Location of residues comprising the first (green) and second (purple) SCIN binding sites in native C3. (c) Magnified view
of the boxed region from (b). (d) Location of residues comprising the first (green) and second (purple) SCIN binding sites
within a C3b dimer generated by crystal symmetry. (e) Magnified view of the boxed region from (d).
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The observations above suggest that the second-
ary SCIN binding site on C3b is involved in
tetramerization of this complex rather than con-
vertase inhibition per se. However, aside from its
potent anti-complement properties, SCIN has also
been shown to function as an effective inhibitor of
phagocytosis.16–18 A mechanism for this activity has
recently been proposed, which requires the forma-
tion of inhibited convertase pseudo-dimers (C3bBb-
SCIN)2 to block C3b binding by the complement

image of Fig. 2
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receptors, CR1 and CRIg.34 Although no crystal
structure is currently available for C3b–CR1, exam-
ination of the C3b–CRIg complex35 reveals that the
quaternary structure of C3b dimers apparently
masks the CRIg binding site.34 In this manner, C3b
binding by complement receptors is disrupted, and
phagocytosis of C3b-opsonized bacteria becomes
less efficient. While this clearly suggests that the
second C3b binding site of SCIN plays an important
role in blocking phagocytosis of C3b-opsonized
bacteria, it is worth noting that these (C3b–SCIN)2
tetramers form in the absence of contributions by fB
Fig. 3. SCIN masks the C3b binding site for fH. Refined co
C3b–SCIN structure were superimposed by least-squares meth
C3b drawn as amolecular surface and fH(1–4) drawn as a red r
panel as drawn. (b) Representation of the C3b–SCIN structure,
a blue ribbon. (c) Superposition of the Cα positions from the C3
degree of structural identity. Note that the C345C domain has b
C3b–SCIN structure. (d) Magnified view of a merged superpo
SCIN and the first two domains of fH. The molecular surface
(Fig. 1 and Supplemental Fig. 1).19 Although this
hypothesis may form the basis for future work,
whether or not these (C3b–SCIN)2 structures alone
are sufficient to inhibit phagocytosis has not been
established at this time.

Structural basis for SCIN effects on C3b binding
by fH and fB

Precise regulation of complement activation is
critical to maintaining the delicate balance between
the ability to opsonize foreign cells without directing
ordinates for the C3b-fH(1–4) (RCSB code 2WII)36 and the
ods. (a) Representation of the C3b-fH(1–4) structure, with
ibbon. The N terminus of fH(1–4) lies toward the top of this
with C3b drawn as amolecular surface and SCIN drawn as
b component of (a) (red) and (b) (blue) demonstrates a high
een omitted as this region is not readily interpretable in the
sition from (a) and (b) illustrates the steric clash between
shown here is drawn from the C3b-fH(1–4) structure.
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complement attack against healthy host cells and
tissues. fH acts as an important host regulator of
complement activity by both accelerating the decay
of convertases and promoting the fI-mediated
degradation of C3b to iC3b. The fact that SCIN
binds to the C3b substituent of the C3 convertase
and renders this otherwise labile multi-component
assembly insensitive to both the decay acceleration
by fH and impairs its cofactor activity in the
degradation of C3b19 suggested that the SCIN
binding site might overlap, at least partly, with a
region that is crucial for fH function. Indeed, SPR
studies revealed that SCIN can efficiently compete
with fH for binding to C3b.19

To examine the physical basis for the competition
between fH and SCIN for C3b binding, we super-
imposed the C3b–SCIN structure with that of C3b
bound to an active fragment of fH [fH(1–4)] (Fig. 3).
Aside from the C345C domains (which were
omitted from superposition due to poor map/
model quality in this area), the remainder of the
molecule (including the flexible CUB and TED
domains) adopts a nearly identical conformation in
each structure (Fig. 3a–c). Interestingly, inspection
of the superposed C3b-bound structures of SCIN
and fH(1–4) reveals a clear steric clash between these
two proteins (Fig. 3d). In particular, binding of the
second α-helix of SCIN prevents the extensive
contacts made by the first domain of fH(1–4) with
the MG7 domain of C3b and, to a lesser extent, those
made between the second domain of fH(1–4) and
the MG6β domain of C3b. Even though SCIN is
not in position to impede the interactions between
the third and fourth domains of fH(1–4) and C3b,
the apparently large discrepancy in Kd in near-
physiological buffers [180 nM for C3b–SCIN19

versus 11 μM for C3b-fH(1–4)36] between these two
ligands strongly suggests that SCIN would bind
preferentially over fH in situ. Thus, it appears that
inhibition of fH activity could block both generation
of additional C3b by preventing reassembly of
functional convertases on that particular C3b mol-
ecule and prevent any entrapped C3b from partic-
ipating in downstream inflammatory events.19
Though the major effect of SCIN may be attributed

to the non-functional trapping of assembled con-
vertases, recent data have also shown that this
protein also impedes the rate of C3 convertase
formation on surfaces.19 This feature most likely
arises from the direct competition for C3b binding
between SCIN and fB, which binds to C3b and is
converted to C3bBb through the action of factor D.19

In the absence of the stabilizing properties of
SCIN,19,20,37 the C3bB pro-convertase is a kinetically
labile complex that dissociates rather rapidly, which
has long precluded high-resolution structural stud-
ies of this interaction. Cobra venom factor (CVF) is a
strong complement activator found in certain cobra
species and a structural homolog of C3c that forms
highly stable complexes with fB, which are more
amenable to structural analysis.38 To examine the
physical basis for competition between SCIN and
fB, we superimposed the CVF-fB structure38 with
that of C3c–SCIN (Fig. 4a–c). This shows that while
much of the fB interface is not perturbed, the loop
that connects the first and second α-helices of SCIN
would again create a steric clash with fB (Fig. 4d).
In particular, the Ba segment of fB appears to be
affected to the greatest extent by SCIN binding.
This is significant because it is the Ba segment that
is responsible for the initial fast and metal-
independent loading interaction of fB onto C3b.20

Thus, it seems that by steric impedance of the Ba
segment, SCIN can slow the rate of fB loading onto
the C3b, which, in turn, lowers the rate of C3
convertase formation.

Conclusions

Throughout their ages-long struggle against for-
midable host defenses, many pathogens have
evolved elegant and powerful means to inhibit,
disrupt, or evade the numerous activities required
for proper immune function. As a central compo-
nent of immunity, the complement system has been
repeatedly targeted by diverse microbial evasion
mechanisms.14 Detailed analyses on a growing
number of these proteins have provided a unique
perspective through which the structure/function
relationships of central complement proteins can be
better understood. In several cases, this work has
shown that quite unexpected features can play a
critical role in the evasion proteins' mechanism of
action. For example, the secreted S. aureus proteins
Efb and Ehp both bind to C3b and surprisingly
induce a conformational change that impairs the
activity of the alternative pathway C3 and C5
convertases.18,31,32 While SCIN also binds directly
to C3b and blocks the activity of surface-assembled
convertases,19 its mechanism of action seems to
present a fascinating paradox. Indeed, kinetic
stabilization of the ordinarily labile C3 convertase
assembly17,19 would not at first appear to be
advantageous to the pathogen. This strategy actu-
ally makes a great deal of sense, however: an
assembled but non-functional convertase cannot
effectively activate C3 into C3b, which both abro-
gates the self-amplifying nature of the complement
response19,39 and prevents efficient generation of
downstream pro-inflammatory mediators (i.e., C3a
and C5a).19 Furthermore, by competing with fH and
inhibiting its decay acceleration activity,19 SCIN
ensures that the assembled convertases stay locked
in their non-functional state. Though many potent
regulators of complement activity are known,2
none of them appear to involve a mechanism that
is conceptually similar to SCIN. This further
emphasizes the value of elucidating its functional



Fig. 4. SCIN partially occludes the C3b binding site for fB. Refined coordinates for the CVF-fB (RCSB code 3HRZ)38

and the C3c–SCIN structure (drawn from RCSB code 3NMS) were superimposed by least-squares methods. (a)
Representation of the CVF-fB structure, with CVF drawn as a molecular surface and fB drawn as ribbon. Domains that
comprise the Ba (green) and Bb segments (cyan and purple) are colored separately. (b) Representation of the C3c–SCIN
structure, with C3c drawn as a molecular surface and SCIN drawn as a blue ribbon. (c) Superposition of the Cα positions
from the C3c-like component of (a) (green) and (b) (blue) demonstrates a high degree of structural identity. Note that C3c
lacks the CUB domain found in CVF. (d) Magnified view of a merged superposition from (a) and (b) illustrates the steric
clash between SCIN and the Ba region of fB. The Bb domains have been removed from this panel for clarity. Themolecular
surface shown here is drawn from the CVF-fB structure.
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properties, as well as understanding the precise
nature of how SCIN recognizes various complement
components at a structural level.
One peculiar feature of microbial immune mod-

ulator proteins is that they are often capable of
targeting multiple aspects of host defense and repair
simultaneously.40 On one hand, unique activities
can be localized within discrete functional regions of
the same protein. For example, S. aureus Efb binds to
fibrinogen via its N-terminal region,41 whereas its C-
terminal domain provides its anti-complement
activity.31,42 On the other hand, a single functional
region of a protein can also disrupt independent
processes within the host. In this manner, the helical
bundle domains of the S. aureus complement
inhibitors Efb and Ehp not only block the activity

image of Fig. 4
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of C3 convertases18,31,32 but also block C3d recog-
nition by CR2, which interferes with downstream
activation of the adaptive immune response.43 By
targeting the activity of complement convertases
and phagocytosis simultaneously, SCIN blocks not
only complement amplification and inflammation
but also clearance of opsonized bacterial cells. The
structures presented here reveal that these distinct
activities localize to separate regions of SCIN, yet
together occupy nearly 1/3 of available surface area
of this bacterial protein. The fact that such potent but
uniquely valuable activities coexist in a protein of
this size further highlights the exquisitely tuned
nature of the S. aureus immune evasion arsenal.
Insufficiently controlled activation of complement

is a major contributor in the pathophysiology of
many inflammatory, immune, ischemia/reperfu-
sion, and age-related disorders.10 In all cases, these
events culminate in directing the destructive effects
of complement-mediated immune responses against
host cells and structures and thereby result in severe
tissue damage. Complement inhibitors have long
been recognized as a promising therapeutic ap-
proach to the prevention of these effects.11,44
Surprisingly, bacteria have provided a considerable
source of insight into the nature of complement
regulation and inhibition. Through its secretion of a
collection of small proteins, S. aureus deploys
ingenious mechanisms to interfere with the central
components of the complement cascade, in particu-
lar the pivotal conversion of C3 into C3b. Develop-
ment of complement-directed therapeutics may
therefore be greatly aided by the study of the
structure, function, and mechanisms of pathogen-
derived proteins. In this regard, analysis of the SCIN
protein and the physical basis for its interactions
with C3b and C3c presented here has provided clues
into the recognition of the activated C3b relative its
native C3 precursor. In the future, this may suggest
templates for the design of novel complement
inhibitors thatmimic or expand upon SCIN activities
toward therapeutic applications.

Accession codes

Refined coordinates and structure factors have
been deposited in the RCSB under the accession
codes 3NSA, 3NMS, and 3L3O for C3c–SCIN and
3L5N for C3b–SCIN.
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