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The mammalian complement system in blood and interstitial  
fluids provides protection against invading microbes and contributes 
to tissue maintenance1,2. Upon complement activation, surfaces of 
microbes, non-healthy host cells and debris are extensively marked 
(opsonized) by C3b molecules, either via pathways initiated by specific 
recognition of surface-danger patterns or through a low-level, nonspe-
cific autonomous activation of complement3–5. Local overactivation 
of complement due to deposits, such as soft drusen and amyloid- 
β plaques, may induce bystander damage to neighboring cells, causing 
deterioration of vision in age-related macular degeneration (AMD)6 
and loss of long-term memory in Alzheimer’s disease7,8. To avoid self-
injury, complement activation is controlled. An important mechanism 
of protection is provided by FI. FI is recruited to sites of complement 
activation by so-called cofactors, which belong to a protein family of 
regulators of complement activity (RCA)9. FI binds to cofactor–C4b 
or cofactor–C3b complexes and subsequently degrades C4b and C3b 
by cleaving them up to two and three times, respectively, in their com-
plement C1r/C1s, Uegf, Bmp1 (CUB) domains, yielding proteolytic 
fragments iC4b and iC3b (after one and two cleavages, respectively) or 
C4c/C4d and C3c/C3dg (after two and three cleavages, respectively). 
These fragments cannot form C3 and C5 convertases and thereby 
stop further opsonization and generation of membrane-attack com-
plexes. Mutations in RCA proteins, FI, C3b and C4b have been linked 
to atypical hemolytic uremic syndrome (aHUS) and dense deposit 
disease (DDD), diseases of dysregulated complement control mani-
fested in kidneys10. Moreover, the proteolytic fragments produced 
by FI cleavage induce cellular innate and adaptive immune responses 

that aid in clearance of opsonized material. Complement receptors 
CR3 and CR4 and CRIg on macrophages bind iC3b and/or C3dg, 
inducing phagocytosis of the labeled cell or particle4,5,11. Phagocytosis 
induced by the interaction between CR3 on microglia and iC3b on 
synaptic compartments is important for synaptic pruning, suggest-
ing that complement may have a role in schizophrenia and multiple 
sclerosis12. Antigen-conjugated C3dg or iC3b enhance the immune 
response via interactions with the CR2 on follicular dendritic cells 
and B cells13,14.

FI is a five-domain trypsin-like serine protease, consisting  
of an FI membrane-attack complex domain (FIM), a scavenger recep-
tor cysteine-rich domain (SRCR), and two low-density lipoprotein 
receptor class A (LA1 and LA2) domains followed by a C-terminal 
catalytic serine protease (SP) domain15. FI is secreted as a mature 
disulfide-linked two-chain enzyme, consisting of a heavy chain 
(Lys19–Ile335, containing the FIM, SRCR, LA1 and LA2 domains) 
and a light chain (Ile340–Val583, forming the SP domain). However, 
in solution, free FI has extremely low activity toward its native sub-
strates C3b and C4b16. A crystal structure determined at 2.7-Å resolu-
tion of FI purified from human plasma showed a highly disordered SP 
domain15. Similar to that of thrombin without interacting partners17, 
the low enzyme activity of free FI has been attributed to disorder 
in its SP domain15. Mutagenesis and domain truncation data show 
that the FIM domain and the hydrophobic interface between FI’s 
heavy and light chains are critical for FI activation18, because the FI 
SP domain alone cannot cleave C3b or C4b efficiently, regardless of 
the presence of a cofactor16. Thus, to cleave C3b or C4b efficiently,  
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The complement system labels microbes and host debris for clearance. Degradation of surface-bound C3b is pivotal to direct 
immune responses and protect host cells. How the serine protease factor I (FI), assisted by regulators, cleaves either two or three 
distant peptide bonds in the CUB domain of C3b remains unclear. We present a crystal structure of C3b in complex with FI and 
regulator factor H (FH; domains 1–4 with 19–20). FI binds C3b–FH between FH domains 2 and 3 and a reoriented C3b  
C-terminal domain and docks onto the first scissile bond, while stabilizing its catalytic domain for proteolytic activity. One 
cleavage in C3b does not affect its overall structure, whereas two cleavages unfold CUB and dislodge the thioester-containing 
domain (TED), affecting binding of regulators and thereby determining the number of cleavages. These data explain how FI 
generates late-stage opsonins iC3b or C3dg in a context-dependent manner, to react to foreign, danger or healthy self signals.
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FI requires its regulatory heavy chain and complement regulators that 
exert cofactor activity.

RCA proteins, or regulators, contain strings of consecutive  
complement-control-protein (CCP) domains. In humans, the RCA 
family includes fluid-phase factor H (FH), C4b-binding protein, 
cell-surface-bound CR1 (CD35), membrane cofactor protein (MCP 
or CD46), and decay-accelerating factor (DAF or CD55)9. Apart 
from acting as a cofactor to FI (referred to as cofactor activity), these 
proteins may enhance dissociation of the C3-convertase enzyme 
complexes (called decay-acceleration activity). Structures of C3b in 
complex with three to four consecutive CCP domains from several 
regulators showed that the regulators share an extended binding 
platform on C3b19,20. Furthermore, the last two C-terminal domains 
of FH, CCP19 and CCP20, interact with the C3b TED and the host 
surface, mediating self-recognition and protection21,22. In addition 
to differences in C3b and C4b affinities, there are large variations in 
activities among the regulators. DAF exhibits only decay-acceleration 
activity and has no cofactor activity, whereas MCP has only cofactor 
activity, and FH and CR1 have both9. Furthermore, CR1 effectively 
supports three cleavages by FI, whereas FH supports high activity 
for the first two cleavages and very low activity for the third one, and 
MCP yields only two cleavages23. A vaccinia-virus-encoded homolog, 
vaccinia complement protein (VCP), shows high activity for one cleav-
age of C3b24. Smallpox inhibitor of complement (SPICE), encoded by 
variola virus, differs in only 11 residues from VCP and has markedly 
higher activity with respect to human C3b25. Thus, differences among 
regulators affect the proteolytic fragments produced by FI on the sur-
faces of opsonized particles and cells. However, how the cofactors aid 
FI in performing its proteolytic function and how the differences in 
regulators affect the number of cleavages by FI remains unclear.

Crystal structures of C3b and C4b show that the scissile bonds in the 
CUB domains are 20–26 Å apart26,27. The predominant sequence of 
cleavage in C3b is first Arg1303–Ser1304; second, Arg1320–Ser1321; 
and third, Arg954–Glu955 (ref. 28) (using UniProt numbering).  
A docking model based on the crystal structures of free FI and C3b in 
complex with FH domains CCP1–4 (ref. 19) positioned FI in a niche 
between the C-terminal C3b (CTC) domain and domains CCP1–3 
of FH with the catalytic domain toward Arg1303–Ser1304 in the C3b 
CUB domain15. Domains CCP1–3 have been shown to be important 
for cofactor activity of FH29,30, whereas domain swapping of DAF and 
MCP indicated that only CCP2 and CCP3 in MCP are involved in its 
cofactor activity31. The first two cleavages in C3b remove residues 
1304–1320 (C3f fragment), disrupting the factor B (FB) binding site 
that is required for C3-convertase formation32. Furthermore, these 
two cleavages yield structural arrangements of a C3c-like core with 
a flexibly attached TED, indicating an unfolded and extended CUB 
domain33,34. In contrast, Alcorlo et al. reported a compact arrange-
ment of iC3b with TED localized near the CTC domain35. Taking 
these results together, it is unclear whether consecutive cleavages 
depend on large rearrangements in C3b and iC3b and whether reg-
ulators and FI rearrange to establish productive enzyme-substrate 
complexes for the three scissile bonds.

Here we present a crystal structure of the complex formed by 
human C3b, a shortened variant of FH, and FI. The structure provides 
a structural basis for understanding cofactor activity and cleavage of 
C3b by FI. EM and small-angle X-ray scattering (SAXS) showed the 
structural effects upon one or two cleavages in C3b. Based on these 
data, together with binding and functional cleavage data, and struc-
tures of other C3b–regulator complexes20, we propose a mechanistic 
model for cofactor-assisted sequential cleavages of C3b by FI. The 
model explains why MCP allows FI to cleave C3b only twice, FH two 

or three times (depending on the reaction time) and CR1 three times, 
yielding different proteolytic fragments of C3b on the cell or particle 
surface inducing immune responses.

RESULTS
Crystal structures of C3b–miniFH and C3b–miniFH–FI
We crystallized human plasma-derived C3b, a short variant of human 
FH, or miniFH, consisting of CCP domains 1–4 and 19–20, con-
nected by 12 glycine residues36, and catalytically inactivated (S525A) 
human FI. Structures of C3b–miniFH and C3b–miniFH–FI at 4.2-Å  
resolution (Fig. 1) were determined by molecular replacement37 
using known structures of C3b–FH CCP1–4 (PDB 2WII)19, C3d–
FH CCP19–20 (PDB 3OXU)21 and FI (PDB 2XRC)15(Table 1 and 
Supplementary Fig. 1). In both C3b–miniFH and C3b–miniFH–FI, 
the polyglycine linker and part of CCP20 were not resolved in the den-
sity and were omitted from the models. The carboxyl and amino ends 
of CCP4 and CCP19, respectively, are 36–37 Å apart in the models, in 
agreement with the presence of a 12-residue linker (Supplementary 
Fig. 1c). MiniFH binds C3b identically to the binding of its separate 
components: CCP1–4 and CCP19–20 to C3b and C3d, respectively 
(Supplementary Fig. 1d)21,22, with minimal contacts between CCP4 
and CCP19. In C3b–miniFH–FI, density was present for the loops in 
the SP domain of FI that were missing in the 2.7-Å structure of free FI, 
even though the current resolution was limited to 4.2 Å. The model 
for SP was completed by building loops, residues 394–408, 471–485, 
514–524 and 547–553, and its amino-terminal tail, residues 340–353 
(Supplementary Fig. 1e).

CTC of C3b reorients upon FI binding to C3b–miniFH
C3b–miniFH maintains its conformation upon binding FI, except for 
a marked 34° rotation of the CTC domain of C3b (Fig. 1a–c). This 
orientation of CTC is established by a β-turn-β configuration of the 
‘neck’ region (residues 1496–1514), placing CTC in an upward posi-
tion20, and a twisting of a hinge loop formed by residues 1515–1526 
(Supplementary Fig. 1f). In contrast, in C3b complexes with FH 
CCP1–4 and MCP, the neck region adopts a helical configuration, 
positioning the CTC downward, whereas C3b–SPICE, C3b–CR1, 
C3b–DAF and C3b–miniFH (without FI) display the β-turn-β con-
figuration and have CTC in the upward position20. However, only 
the C3b–miniFH–FI complex reveals an additional twist of the CTC 
domain required for FI binding. Therefore, an ′open′ CTC–CUB–
TED arrangement of C3b is needed for binding FI; thus, the ′closed′ 
CTC–CUB–TED as observed in C3b–regulator complexes of FH 
CCP1–4 and MCP20 is not relevant for FI binding.

FI interactions with C3b–miniFH
FI binds C3b–miniFH at three sites formed by (i) the CTC domain of 
C3b, (ii) the regulator FH, and (iii) the macroglobulin (MG) domain 
2 and CUB domain of C3b (Fig. 1d). A total of ~2,560 Å2 surface area 
is buried at these interfaces in C3b–miniFH–FI, with 780, 1,010 and 
990 Å2 for each site, respectively.

The rotation of the CTC domain of C3b facilitates interactions of 
the heavy chain of FI with the ‘back’ side of CTC (where the FH- 
binding site is defined as the front side). Hydrophobic residues V1657, 
V1658 and F1659, and the methylene groups of the K1570 side chain 
from the C-terminal helix α2 and V1576 from loop β2–β3 of the C3 
CTC domain27, interact with a hydrophobic patch on FI formed by 
residues I55, V60, L63, P64, Y65, F82, P83 and L91 of the FIM domain 
(Fig. 2a). In addition, C3b CTC E1654, the carboxyl group of N1663 
and E1575 make interactions with K69, R80 of FI FIM and R575 
of FI SP, respectively (Fig. 2a). Furthermore, a charge interaction  
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is observed between C3b CTC E1575 and FI SP R575 (Fig. 2a). 
Mutations K69A, R80A and L91A reduced FI activity for its natural 
substrate C3b38, which confirms the arrangement observed in the 
crystal structure. The V1658A polymorphism of C3 has been linked 
to aHUS; though previously attributed to gain-of-function in FB 
binding to C3b39, this mutation lies in the middle of the FI-binding 
site and is outside the FB-binding site on the CTC domain of C3b 
(Supplementary Fig. 2a,b). C3b V1658 contacts both P64 and P83 
of FI, for which mutations P64L and P83Q have been linked to AMD 
and aHUS40. P64L possibly causes steric hindrance at the interface, 
whereas P83Q additionally introduces a hydrophilic moiety at the 
hydrophobic interface.

Only domains CCP2 and CCP3 of FH make contact with FI in 
C3b–miniFH–FI (Fig. 3a), with approximately 650 and 390 Å2 buried 
surface area, respectively. FH CCP2 residues L121, I124, I138 and 
I140 form a large hydrophobic patch that facilitates van der Waals 
interactions with W393, P402, L404, I407, V408, I409 and Y411 of 
FI. A smaller hydrophobic patch, formed by FH residues L147, P148 
and F197 of CCP3, interacts with FI residues I400, H401 and F482. 
Residues 394–408 were largely unstructured in free FI (Supplementary  

Fig. 1e)15. Putative hydrogen bond and charge interactions are observed 
for E123, N136, D137 and E142 of FH CCP2 with R406, K441, K437 
and K358 of FI, respectively. The charge interaction of FH E123 and FI 
R406 likely contributes considerably to the stabilization of FI, because 
both residues have been linked to disease-related mutations41,42, 
and R406 is part of the unstructured loop 394–408 in free FI15.  
Several other disease-related FH mutations map onto CCP2–3 and 
the neighboring region on CCP1, indicating either direct or indirect 
effects on the FI-binding interface (Supplementary Fig. 2d).

The most marked change between the structures of free FI and FI 
bound to C3b–miniFH is the enhanced ordering of the catalytic SP 
domain. The SP domain of FI is buttressed in C3b–miniFH–FI by 
interactions with FH CCP2–3, interactions with the C3b CTC domain 
transmitted by the heavy chain of FI and, additionally, three charge 
interactions between FI SP R383 and C3b CUB D973, FI SP R389 and 
C3b MG2 E197 (Fig. 2b) and FI SP R575 and C3b CTC E1575 (Fig. 2a). 
FI mutant R389H has been linked to AMD; this mutation abrogates the 
observed charge interaction between the FI SP domain and C3b MG2.

In C3b–miniFH–FI the five domains of the FI heavy chain rotate 
as a rigid body by 11° compared to free FI (Supplementary Fig. 3a). 
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Figure 1  Crystal structures of C3b–miniFH and C3b–miniFH–FI. (a) Structure of C3b–miniFH-FI. C3b, gray; miniFH, orange; FI colored by domain as 
shown at the bottom of the figure. (b) Superposition of C3b–miniFH (C3b, cyan; miniFH, black) and the corresponding parts from the C3b–miniFH–FI 
complex (C3b, gray; miniFH, orange). (c) Top view of superposition showing binding of FI (colored by domain as indicated) to CTC domain of C3b (gray); 
the CTC domain as found in C3b–miniFH is shown (cyan) for reference. (d) Contact regions for FI domains shown as footprints on C3b–miniFH (left) and 
contact region of C3b–miniFH domains on FI (right); domain coloring as defined by labels and schematic domain compositions of C3b, FI and miniFH 
as shown at the bottom.
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The heavy chain is connected to the light chain, or SP domain, by the 
C327-C453 disulfide bond and a hydrophobic patch consisting of Y38 
and F47 of FIM and I285 of LA2 contacting W456, L460 and Y459 
of SP (burying ~400 Å2 interface area; Fig. 2c). Mutations F47A and 
I285A at this interface reduce FI activity for its natural substrates C3b 
and C4b18. Moreover, FI mutant W456L and Y459S in this interface 
have been linked to aHUS and AMD43.

FI interactions with FH and the heavy chain resemble ligand bind-
ing at exosites 1 and 2 of thrombin17. FI loop 358–363 corresponds 
to the thrombin 37s loop (Supplementary Fig. 3b,c) and contains 
K358, which interacts with E142 of FH (Fig. 3). Furthermore, FI loop 
394–408 corresponds to the thrombin 70s loop and becomes ordered 
upon interactions with FH CCP2–3. Together, the 37s and 70s loops 
correspond to exosite 1 in FI. The relatively short FI loop 471–485 
relates to the γ loop in thrombin and provides F482 for hydrophobic 
contacts (Fig. 3 and Supplementary Fig. 3b,c). Thus, interactions 
with miniFH CCP2–3 at FI’s exosite 1 and interactions of C3b CTC 
with FI’s heavy chain, transmitted through the heavy chain–light 
chain interface, stabilize the SP domain.

First scissile bond of C3b docked into active center of FI
The active site of FI in the C3b–miniFH–FI crystal structure is con-
sistent with an active configuration of the catalytic triad H380, D429 
and S525 (without its nucleophilic hydroxyl moiety due to the S525A 
mutation) and the terminal NH2 group of I340 in place to stabilize 
the oxyanion hole (Fig. 3b). Density is present for the N-terminal tail 
of the FI SP domain, residues 340–353, in contrast to a disordered 

loop observed in the structure of free FI15. R1303 of C3b CUB binds 
FI D519 of the S1-binding pocket and the first scissile bond R1303-
S1304 docks into the FI catalytic center (Fig. 3b). The scissile loop 
1300–1306 of C3b is flipped out with respect to other structures of 
C3b (Supplementary Fig. 4a). The first and third scissile loops of 
C3b have relatively high B factors in C3b crystal structures (which are 
not observed for the second scissile loop), indicating a higher local 
flexibility that facilitates a rearrangement to dock into the active site 
of FI (Supplementary Fig. 4b).

FI–regulator interactions for cofactor activity
Structure-based sequence alignment of cofactors shows that CR1 
CCP16–17 and MCP CCP2–3 each have hydrophobic patches for FI 
binding to their CCPii and CCPiii domains (using generic number-
ing of CCP domains according to FH numbering)20( Supplementary 
Fig. 5a). FH residue E142, at the C-terminal end of the CCP2 domain, 
is positioned between these two hydrophobic patches and makes a 
charge interaction with FI K358 (Fig. 3a). A negatively charged resi-
due at this position is conserved in MCP, whereas CR1 CCP9 and 
CCP16 have glutamine at this position. In contrast, DAF does not 
have these hydrophobic patches on its CCP3 and CCP4 domains (cor-
responding to CCPii and CCPiii). DAF E187, which corresponds to 
FH I140, disrupts the hydrophobic patch in CCP3 and E243 disrupts 
the patch in CCP4 (Supplementary Fig. 5b). In addition, R189 at the 
C-terminal end of DAF CCP3 abolishes a possible charge interaction 
with FI K358. Moreover, DAF differs from cofactors not only because 
of the absence of the hydrophobic patches required for FI binding. 
Superposition of regulator–C3b complexes19, superposed on CCPii–
iii domains to highlight local differences, shows that DAF yields a 
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Figure 2  Interactions of C3b–FI heavy chain and FI heavy-light chain in 
the C3b–miniFH–FI complex. (a) Hydrophobic contacts and two charge 
interactions between C3b CTC domain and FI FIM domain are shown.  
(b) Outside of the C3b cleavage sites, FI SP interacts with C3b domains MG2 
and CUB through two charge interactions. (c) Interactions between FI heavy 
chain domains LA2 and FIM with FI SP. Color scheme as defined in Figure 1.

Table 1  Data collection and refinement statistics.
C3b–miniFH–FI (S525A) 

(PDB 5O32) C3b–miniFH (PDB 5O35)

Data collection

Space group P1 P3121

Cell dimensions

  a, b, c (Å) 116.4, 122.8, 157.2 142.9, 142.9, 312.7

  α, β, γ (°) 69.8, 76.1, 70.1 90.0, 90.0, 120.0

Resolution (Å) 48.8–4.2 (4.4–4.2)a 61.9–4.2 (4.4–4.2)

Rmerge 0.17 (0.63) 0.089 (0.343)

I / σ (I ) 6.2 (2.4) 7.4 (2.3)

CC1/2 0.98 (0.84) 0.99 (0.56)

Completeness (%) 93.1 (100.0) 99.9 (99.9)

Redundancy 3.5 (3.5) 2.0 (2.0)

Refinement

Resolution (Å) 48.8–4.2 (4.4–4.2) 61.9–4.2 (4.4–4.2)

No. reflections 192,679 (19,373) 27,693 (2,689)

Rwork / Rfree 0.230 / 0.254 0.216 / 0.246

No. atoms

  Protein 38,732 15,153

  Carbohydrate 352 26

  Calcium 6 2

  Malonate 1 0

  Water 0 0

B factors (Å2)

  Protein 107.9 143.0

  Ligand/ion 143.5 191.7

R.m.s. deviations

  Bond lengths (Å) 0.004 0.002

  Bond angles (°) 0.98 0.48

aValues in parentheses are for highest-resolution shell.
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different relative orientation of the C3b CUB that is not compatible 
with the hypothetical position of the FI SP domain for catalysis.

The distribution of charged residues around the FI-binding site in 
CCP2 differs for FH when compared to MCP CCP2 and CR1 CCP9 
and CCP16. FH E123 is in a unique position to interact with FI R406 
(in loop 394–408) because it has a one-residue insert compared to 
other cofactors, yielding a bulge in the main chain conformation 
(Fig. 3a; Supplementary Fig. 6). This negative charge is absent in 
the CR1 cofactor regions. Although MCP has two glutamate residues 
in the sequence at this site, both residues point away from FI R406. 
Furthermore, FH D137 interacts with K437 of FI. However, both CR1 
CCP16 and MCP have a lysine at this position (Supplementary Fig. 6a).  
Similarly, modification of E120K from VCP to SPICE is responsi-
ble for 32-fold increase in activity25. These data on charge interac-
tions appear to be in conflict with the arrangement observed in the 
C3b–miniFH–FI crystal structure, which represents the situation 
for cofactors with a negative charge at this position. Compared to 
FH, the other cofactors have four more residues between Cys129 
and Cys141 (Supplementary Fig. 6a). The opposing area in FI 
is formed by residues 435–448. This amino acid stretch is rich in 
charged residues (435xKKDxxKKDxExxR448) and exhibits relatively 
high B factors (Supplementary Fig. 6b). Possibly, residues 435–448 
of FI adjust their conformation and adapt to the pattern of charges 
present on the various cofactors. Besides E120K, mutations H98Y 
and S103Y account for the increase in activity going from VCP 
to SPICE25 (Supplementary Fig. 6c). Residue 98 participates in 
hydrophobic interactions between FH and FI; replacing a histidine 
in VCP by a tyrosine in SPICE potentially increases hydrophobic 
interactions and thereby increases activity. However, the effect from 
serine-to-tyrosine modification at position 103 remains unclear, 
because residue 103 is not located at the FH-FI interface. Thus, these  
data indicate that the heavily charged peptide stretch loop 435–448 
in FI possibly adjusts to accommodate charge variations present in 
different regulators.

Overall shape unaffected by one cleavage in C3b
We used VCP to generate C3b that is cleaved predominantly once by FI24, 
referred to as iC3b1. iC3b1 was prepared by incubating C3b with FI and 
VCP for 1 h at 37 °C; iC3b was obtained by incubating C3b with FI and 
miniFH for 10 min at 37 °C (Online Methods; Supplementary Fig. 7a,b).  
The purified C3b, iC3b1 and iC3b were used for negative-stain  

EM and small-angle X-ray scattering (SAXS). Averaging and 2D clas-
sification of individual particles extracted from EM images showed 
that the overall shape of iC3b1 was for the majority of classes similar to 
that of C3b (gray averages, Fig. 4a; Supplementary Fig. 7c), indicating 
that noncovalent interactions are maintained to keep CUB TED asso-
ciated with the main body of C3b and iC3b1, irrespective of cleavage at 
the first site. 2D classification of iC3b (or iC3b2), however, resulted in 
classes indicating dislocation of TED and unfolding of CUB (Fig. 4a,  
red and blue averages), similar to previous observations33 and con-
tradicting a previous report by another group35. SAXS of C3b, iC3b1 
and iC3b confirmed the EM analysis (Fig. 4b; whereas scattering- 
intensity curves from C3b and iC3b1 are similar, iC3b differs from 
C3b and iC3b1. C3b, iC3b1 and iC3b exhibit radii of gyration of 48, 48 
and 53 Å and longest dimensions of 164, 166 and 200 Å, respectively. 
Ab initio reconstructions yielded similar shapes for C3b and iC3b1 
and an elongated shape for iC3b (Supplementary Fig. 7d).

Relative affinities of regulator fragments for C3b, iC3b and C3c
CR1 supports three rapid cleavages, whereas FH supports two cleav-
ages efficiently and the third cleavage only in low-ionic-strength 
environment or prolonged incubation; MCP aids FI to cleave C3b 
only twice (Supplementary Fig. 8a)23,24,44. Using surface plasmon 
resonance (SPR), we analyzed the relative binding activities of regula-
tor fragments for C3b, iC3b and C3c (Fig. 5; Supplementary Fig. 8b). 
In agreement with earlier reports19, FH fragment CCP1–4 binds C3b 
more strongly than FH CCP1–3. FH CCP1–3 binds with comparable, 
yet very weak, affinity to C3b, iC3b and C3c, suggesting that this 
interaction does not depend on the CUB and TED domains. The low 
binding profile of FH CCP1–4 for iC3b and C3c is comparable to that 
observed for FH CCP1–3. Thus, CUB unfolding and TED dislocation 
in iC3b, and the absence of CUB–TED in C3c, explains the reduced 
affinity of FH CCP1–4 for iC3b and C3c. The higher affinity of FH 
CCP1–4 for C3b requires interactions with folded CUB and TED 
placed next to MG1 (ref. 19). A similar dependence of properly folded 
and bound CUB–TED can be claimed in the case of MCP, because no 
binding to iC3b or C3c could be detected for this regulator. Although 
less residual binding to iC3b and C3c was observed for MCP when 
compared to FH CCP1–4, the concentration range use does not ena-
ble a quantitative assessment (Supplementary Fig. 8b). Finally, the 
binding data for CR1 CCP15–17 shows that this fragment strongly 
binds to C3b but with some ten-fold weaker affinity to iC3b and C3c 
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Figure 3  Interactions of FI SP domain with FH CCP2-3 and C3b CUB. (a) FH CCP2 and CCP3 and FI SP are shown with interacting residues shown 
in sticks. (b) FI SP domain binds first scissile loop in C3b CUB domain in its active site. Shown are the scissile loop with cleavage site at R1303 and 
S1304 of C3b CUB, with R1303 bound to D519 of FI SP; the catalytic center of FI SP with D429, H380 and A525 (serine in wild-type FI) and I340 of 
the N-terminal tail of SP stabilizing the oxyanion hole. Color scheme as defined in Figure 1.
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(Fig. 5; Supplementary Fig. 8b). These relative interaction profiles 
are consistent with the observed cofactor activities. CR1 binds rela-
tively strongly to C3b and iC3b, thereby supporting three cleavages. 
In contrast, MCP binds only to C3b but not to iC3b, thus supporting 
two cleavages. FH binds C3b, supporting two cleavages. Overall, the 
efficiency of cofactor activity depends on the binding affinity, which 
decreases from miniFH, through FH CCP1–4 to FH CCP1–3 (ref. 19). 
At prolonged incubation times, however, FH apparently overcomes 
the weak apparent binding to iC3b, showing that the interaction of 
CCP1–3 with the core of C3b and iC3b suffices to yield three cleavages 
by FI under certain conditions.

DISCUSSION
Degradation of C3b by cofactor-assisted FI cleavage is critical for 
protection of host cells from complement attack and for processing 
of opsonized microbes and apoptotic host cells to invoke cellular 
responses45. The presented crystal structures reveal how the human 
regulator FH assists in binding FI to the C3b–FH complex and how 
the complex activates FI to cleave C3b at its first cleavage site. FI binds 
C3b–FH primarily at the CTC domain of C3b and domains CCP2–3 
of FH. As predicted15, the partially disordered SP domain of free  
FI is stabilized in the ternary C3b–FH–FI complex, indicating that 
its catalytic activity is induced similarly to thrombin activation by 
ligand binding17. FH domains CCP2 and CCP3 induce structure 
in loops 394–408 and 471–485 of the SP domain through critical  
hydrophobic regulator-FI interaction sites31. Surrounding charge inter-
actions appear to be variable for different cofactor regulators. These 

variations are likely accommodated by conformational rearrange-
ments of the highly charged residue stretch 435–448 in FI. Although  
DAF is structurally similar to other regulators, it lacks cofactor activ-
ity. Consistent with published DAF chimera data31, DAF CCP3–4 
does not contain the hydrophobic patches and critical charges for 
FI interactions, and in C3b–DAF, the CUB position differs from 
those of the cofactors (Supplementary Fig. 5c). C3b interacts  
primarily through its CTC domain with the FIM domain in the heavy 
chain of FI. Upon binding, the heavy chain reorients by 11° without  
significant conformational changes in the heavy chain or heavy and 
light chain interface. Nevertheless, a large number of mutations linked 
to AMD and aHUS43, as well as effects from several experimental 
alanine mutations18, indicate that the CTC-FIM interface, the integ-
rity of the heavy chain and the heavy and light chain interface, are 
critical for activity (Supplementary Note, Supplementary Table 
1, and Supplementary Fig. 9). Overall, these data indicate that all 
interactions between C3b–FH and FI contribute, either directly or 
indirectly, to stabilization of the catalytic SP domain of FI and hence 
induce proteolytic activity to the enzyme.

The EM and SAXS analyses of the sequential substrate states, C3b, 
iC3b1 and iC3b, indicate that one cleavage does not affect the over-
all domain arrangement, whereas two cleavages unfolds CUB and  
dislodges TED. Here, we consider a simple mechanistic model in 
which the substrate putatively rearranges to facilitate sequential cleav-
age of the three distant scissile bonds in C3b CUB. The presented 
crystal structure revealed a composite arrangement needed to stabilize 
the catalytic domain of FI for proteolysis of the first bond, Arg1303-
Ser1304. Cleavage of the first bond putatively induces local flexibility, 
allowing the subsequent stretch of amino acids (from residue 1,304 to 
~1,323) to rearrange and position the second scissile bond Arg1320-
Ser1321 into the active site. Unfolding of the CUB domain after the 
second cleavage yields an extended and flexible peptide chain between 
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MCP CCP1–4 and CR1 CCP15–17 toward C3b, iC3b and C3c. FH 
CCP1–4, MCP and CR1 CCP15–17 all show significant binding to C3b, 
whereas FH CCP1–3 binds much more weakly to C3b. In contrast, only 
CR1 CCP15–17 shows considerable interaction with iC3b and C3c; the 
apparent binding of FH CCP1–4, FH CCP1–3 and MCP is either very weak 
or not detectable under the conditions used for this study. Individual SPR 
sensorgrams and additional information about the interaction analysis are 
provided in Supplementary Figure 8b.
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Figure 6  Model of the molecular basis of cofactor activity. (a) Overview of regulator-dependent C3b proteolysis by FI in protection against over activation 
of the complement cascade and signaling adaptive immune responses. (b) RCA proteins, or regulators, share a common binding platform on C3b for 
binding; however, regulators differ in subsites exploited for binding. For instance, FH binds C3b mainly through CCP1–4 and CCP19–20 binding at 
binding sites i–iv, ixx and xx. MCP interacts with C3b MGs through CCP3–4 binding at sites iii–iv, whereas its other CCP domains do not contact C3b. 
CR1 (CCP15–17) mainly interacts with C3b through domains CCP16 and CCP17 binding at ii–iii. Curved black lines on C3b outline the common 
regulator-binding platform on C3b. The intensity of the red coloring of CCP domains reflects the relative contribution to binding affinity. (c) Regulators 
with cofactor activity bind C3b forming C3b-regulator complexes providing a binding platform for FI. Upon binding, FI is stabilized by interactions 
with the C3b-CTC domain and CCP domains of the regulator, which induces proteolytic activity, yielding cleavage of the first scissile bond (yellow) 
in the CUB domain of C3b. Cleavage of the first site (Arg1303-Ser1304, yellow) causes local flexibility in the CUB domain that exposes the second 
site (Arg1320-Ser1321, red), which is adjacent in sequence, for subsequent cleavage. After cleavage of these first two bonds, the CUB domain of 
the product iC3b becomes highly flexible and unfolds. Upon unfolding of the CUB domain, the TED domain becomes dislodged, thereby iC3b loses 
the CCP-binding site iv (dashed line). Cofactors that depend on the CCP-iv binding site for sufficient binding affinity, like MCP and FH, therefore only 
produce iC3b fragments. In contrast, CR1 and its CCP15–17 fragment do not rely on interaction at site iv, and, therefore, the regulator remains bound, 
allowing FI to process iC3b further (for example, to cleave the third site, Arg954-Glu955, blue), yielding the final fragments C3dg and C3c.
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MG7 and TED (residues 935–985), which facilitates docking of the 
third bond, Arg954-Glu955, into the catalytic site for cleavage. In such 
a simple ‘substrate-readjustment’ model the FI SP domain remains 
buttressed by the C3b, or iC3b, CTC domain and cofactor CCPii–iii 
domains to induce catalytic activity (as observed in C3b–FH–FI). 
An alternative mechanism that would depend on different compact 
arrangements that stabilize and activate FI, either through concerted 
domain movements or rebinding, is difficult to conceive. Thus, the 
simplest model that agrees with our data implies that the substrate 
rearranges upon sequential cleavages with no or minor movements 
of the catalytic protease domain.

The proposed mechanistic ‘substrate-readjustment’ model for 
sequential cleavages of C3b provides an explanation for the difference 
in the number of cleavages supported by cofactor activities of CR1, FH 
and MCP. C3b provides a continuous binding platform for regulator 
domains CCPi–iv formed by the α′-chain N-terminal region, MG7, 
MG6, MG3, MG2, CUB, MG1 and TED20. After unfolding of CUB 
and dislodging of TED, as in iC3b, these two domains can no longer 
participate in cofactor binding. Our relative binding data show that 
CR1 CCP15–17 binds equally strong to C3c and iC3b; this is consist-
ent with the crystal structure of C3b CR1 CCP15–17, which shows 
that these domains bind to the C3b CCPi–iii binding sites on the 
MG ring20. Correspondingly, CR1 cleaves C3b efficiently three times, 
because binding of CR1 barely depends on CUB or TED. In contrast, 
MCP cleaves C3b only twice. MCP binds C3b strongly and does not 
bind C3c or iC3b. As indicated by the crystal structure of C3b–MCP20, 
MCP binding to C3b requires TED located next to MG1. Since TED-
MG1 interactions are intact in C3b and iC3b1, MCP binds these two 
states and exerts its cofactor activity for cleaving sites one and two. 
Because TED is dislodged in iC3b, MCP loses its affinity and, there-
fore, does not support further cleavage of iC3b. Similar to MCP, FH 
cleaves C3b twice under physiological conditions, at which FH binds 
to C3b via binding sites CCPii–iv with TED being positioned next 
to the MG core19. At prolonged incubation times, however, FH sup-
ports three cleavages; the very weak binding of FH CCP1–3 to iC3b 
(similar to the C3c interaction) appears to be sufficient for enabling FI 
to cleave the third site over time. Thus, the cofactor-binding affinity 
for the CCP-binding site on the C3c-like core of C3b and the depend-
ence on additional affinity provided by binding to TED determines 
the number of cleavages and, hence, the production of either iC3b or 
C3dg and C3c, by FI.

Overall, our data provide insights into the underlying mechanisms 
of host-cell protection and differential processing of C3-opsonized 
microbes and apoptotic host cells to invoke cellular responses (Fig. 6).  
When C3b binds inadvertently to healthy host cells, such as in 
situations that may lead to bystander damage, host regulators like 
cell-surface bound MCP bind C3b, which facilitates binding and 
activation of FI to cleave C3b. Cleavages of C3b at Arg1303-Ser1304 
and Arg1320-Ser1321 disrupt the CUB-binding site required for 
factor B binding in the formation of C3 convertases32,46, thereby 
stopping the amplification loop of complement activation. However, 
on cells that either lack or have insufficient protective regulators, 
such as invading microbes and apoptotic host cells, amplification 
by C3 convertases leads to rapid opsonization with C3b. The expo-
sure of a C3b-opsonized cell to a distinct set of complement regula-
tors, whether present on the cell surface, recruited from plasma or 
mediated by another cell, largely defines the fate of this cell and the 
immune response that is raised. For example, reduced expression 
of MCP and CR1 (ref. 47) and the enhanced recruitment of FH to 
apoptotic cell surfaces48 indicate that processing of opsonized apop-
totic host cells involves mostly FH; the two FI cleavages mediated by 

this regulator yield an iC3b opsonin that stimulates phagocytosis by 
immature dendritic cells49, thereby preventing excessive complement 
activation and inflammation50,51. Heavily opsonized microbial cells 
may face a diverse set of regulator-mediated actions depending on 
their environment, including lysis and inflammation, clearance by 
phagocytosis and/or the adherence to erythrocytes with shuttling to 
the spleen followed by processing by and transfer between follicu-
lar dendritic cell and B cells in the lymph nodes to help in raising  
an adaptive immune response52,53. Thus, the molecular mecha-
nism of cofactor-assisted sequential proteolysis of C3b by FI, as  
deduced from the presented structural data, is governed by the C3b-
binding patterns of the regulators and provides the basis for the dif-
ferential processing and immune recognition of opsonized material 
from different sources.

Methods
Methods, including statements of data availability and any associated 
accession codes and references, are available in the online version of 
the paper.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Protein purification. Human FI mutated at S525A was co-expressed with furin 
in N-acetylglucoaminyltransferase I-deficient human embryonic kidney 293 cells 
that stably express Epstein-Barr virus nuclear antigen I (HEK293-ES, supplied 
by U-Protein Express BV (U-PE), Utrecht, the Netherlands). Expression yielded 
FI cleaved at 336–339, consistent with the mature state of the enzyme. Secreted 
matured FI was captured by incubating culture medium with Ni-excel beads 
(GE Healthcare) at room temperature for 1 h, followed by a washing step using 
25 mM HEPES pH 7.5, 500 mM NaCl, 15 mM imidazole. After elution using the 
same buffer supplemented with 250 mM imidazole, the sample was subjected 
to a gel-filtration step using a Superdex 200 10/300 GL (GE Healthcare) equili-
brated in 25 mM HEPES pH 7.5 and 100 mM NaCl. Additional proteolysis was 
observed in purified FI samples after prolonged storage at room temperature 
and 4 °C (Supplementary Fig. 10). This second proteolytic event was attributed 
to cleavage at 315RRR317.

MiniFH consisting of human FH CCP1–4 and CCP19–20 connected by a 
polyglycine linker was expressed in Pichia pastoris and purified according to 
previous work36.

Human CR1 CCP15–17, MCP CCP1–4, FH CCP1–4 and FH CCP1–3 were 
expressed in HEK293-ES cells20. Recombinant VCP was expressed and purified 
from P. pastoris as previously described24.

Human C3b was obtained by treating C3 purified from healthy donors with 
recombinant FB and factor D, as described32. The nascent thioester was blocked 
by iodoacetamide to prevent dimerization of C3b.

iC3b1 was generated by incubating C3b with FI and VCP in a molar 
ratio 1:0.001:1 at 37 °C for 1 h. The digestion mixture was loaded onto  
monoQ 5/50 GL (GE Healthcare) column, followed by a gradient washing 
step. Fractions containing iC3b1 were collected and purified by gel-filtra-
tion column (Superdex 200 10/300 GL, GE Healthcare). iC3b, or iC3b2, was 
produced by incubating C3b with FI and miniFH in molar ration 1:0.001:1 
at 37 °C for 1 h and purified by gel-filtration column (Superdex 200 10/300 
GL, GE Healthcare).

Crystallization, data collection and structure determination. Crystals of  
C3b–miniFH–FI were grown in 60 mM sodium malonate pH 5.0, 6% w/v 
PEG3350, using the hanging drop vapor diffusion method at 18 °C. Crystals 
were soaked for several minutes in reservoir solution supplemented with 25% v/v  
glycerol and then flash frozen in liquid nitrogen. Diffraction data were collected 
at European Synchrotron Radiation Facility (ESRF) and Swiss Light Source at 
Paul Scherrer Institute (SLS-PSI). Diffraction data were processed by XDS54 
and AIMLESS55. Crystals of C3b–miniFH–FI exhibited space group P1 and dif-
fracted to a resolution of 3.8 Å. However, the diffraction data was highly aniso-
tropic. The data were therefore truncated to 4.2-Å resolution and rescaled using 
the Diffraction Anisotropy Server56. The structure was determined by molecular 
replacement with Phaser37, using known structures of C3b–FH CCP1–4 (PDB 
2WII19), C3d–FH CCP19–20 (PDB 3OXU21) and FI (PDB 2XRC15). Crystals 
of C3b–minFH–FI contained two copies of the complex in the P1 unit cell. The 
structure was refined by Phenix57. Because the resolution of ternary complex 
structure was low, we used the structure of C3b (PDB 5FO7)20, C3bFH (PDB 
2WII)58, and FI (PDB 2XRC)15 as reference models in refinement. To improve 
the model quality, we further used PDB-redo58 server to optimize our model. 
The model was finally refined yielding R / Rfree values of 23.0% / 25.4%, with 
acceptable stereochemistry. The quality of the refined electron density map is 
presented in Supplementary Figure 1.

C3b–miniFH complex crystals were grown in 60 mM ammonium sulfate, 6% 
w/v PEG3350, using the hanging drop vapor diffusion method at 18 °C. Crystals 
were soaked for several minutes in reservoir solution supplemented with 25% 
glycerol (v/v) and then flash frozen in liquid nitrogen. Diffraction data were 
collected at the ESRF and SLS. Data were processed by XDS54 and AIMLESS55. 
Crystals exhibited space group P3121 and diffracted to a resolution of 4.2 Å. 
The structure was determined by molecular replacement using Phaser37. The 
data were affected by merohedral twinning, as determined by phenix.xtriage57. 
Thus, in order to refine the structure properly, the twin-law operator -h,-k,l was 
used as twin-refinement target in phenix.refine57. The final model was refined to  
R / Rfree values of 21.6% / 24.6%, with good stereochemistry. Data collection and 
refinement statistics are summarized in Table 1.

Negative-stain electron microscopy. Purified C3b, iC3b1, and iC3b were loaded 
onto glow-discharged carbon-coated copper grids and stained with 0.75% uranyl 
formate. Grids were imaged using a Tecnai T20 transmission electron microscope 
(Thermo Fisher Scientific) operating at 120 kV with an objective lens spherical 
aberration coefficient of 2 mm. Images were acquired at 56000× magnification 
with a defocus of –2 µm on a Gatan Ultrascan 4k charged coupled device (Gatan, 
Inc.) binned 2× for a final pixel size of 4.236 Å per pixel. Image data was processed 
by EMAN2 (ref. 59) and Xmipp60 as previously described61. Briefly, 6,927, 5,997, 
8,022 particles were manually picked for C3b, iC3b1 and iC3b, respectively, using 
e2boxer.py from EMAN2 (ref. 59), and extracted using Xmipp60. The CTF of each 
micrograph was estimated and corrected by phase flipping using Xmipp. Finally, 
each data set was classified into 30 classes by CL2D protocol in Xmipp60.

Small-angle X-ray scattering. Purified C3b, iC3b1 and iC3b were prepared in 
25 mM HEPES pH 7.5 and 100 mM NaCl. SAXS data were collected at the ESRF 
beamline BM29 on a Pilatus 2M detector (Dectris) using the standard setup for 
size-exclusion chromatography coupled SAXS mode62. A Superdex 200 column 
(GE Healthcare) connected to an HPLC system (Shimadzu) was used for size-
exclusion chromatography to separate aggregates from monodisperse samples. 
Raw data were preprocessed by DATASW63, and frames showing radiation dam-
age were removed before analysis. The ab initio shapes of all the samples were 
modeled based on buffer-subtracted data by DAMMIF from ATSAS suite64. 
All SAXS curves were compared and plotted by SAXSview (http://saxsview. 
sourceforge.net).

Surface plasmon resonance. Interaction analysis between opsonins and the vari-
ous regulators was performed on a Biacore 3000 instrument (GE Healthcare) at  
25 °C using PBS pH 7.4 containing 0.005% Tween-20 as running buffer. C3b, iC3b 
and C3c (all from Complement Tech) were immobilized on separate flow cells of 
a CM5 sensor chip using standard amine coupling. The immobilization densities 
were adjusted under consideration of each protein’s molecular weight to provide 
a comparable number of binding sites (6,100–7,600 RU). A non-modified flow 
cell was used for signal referencing. Injections with the complement inhibitor 
compstatin (analog 4(1MeW)), which binds to the C3c part common in all tested 
opsonins, were used to validate the activity of each surface. Subsequently, linear 
concentration series of FH CCP1–3, FH CCP1–4, MCP and CR1 (20 µM–10 
nM) were simultaneously injected onto all flow cells at 20 µl/min with injection 
contact times of 1 min; all injection signals returned to baseline levels without 
the need for surface regeneration. All data were processed using Scrubber (v2.0c; 
BioLogic Pty, Australia). Steady-state responses were fit to a single binding site 
model and normalized to the calculated maximum binding response (Rmax) to 
reflect the binding signals as percentage of the binding capacity.

Cofactor assays. Cofactor assays were performed in PBS buffer using the same 
method as previously described25. Briefly, purified C3b (~1 µg) incubated with 
regulators and FI in a molar ratio of 1:1:0.001 in a total volume of 6 µl at 37 °C. 
The reaction was stopped by adding SDS-PAGE loading buffer with DTT. The 
cleavage results were analyzed by SDS-PAGE.

Structural models and sequence alignments. All structural figures were gen-
erated using Pymol65. Structure-based sequence alignment was performed by 
T-coffee and 3D T-coffee66.

Data Availability. Coordinates and structure factors for C3b-miniFH-FI and 
C3b-miniFH have been deposited in the Protein Data Bank with accession codes 
PDB 5O32 and PDB 5O35. Other data available from the corresponding author 
upon reasonable request.

54.	Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 66, 125–132 (2010).
55.	Evans, P.R. & Murshudov, G.N. How good are my data and what is the resolution? 

Acta Crystallogr. D Biol. Crystallogr. 69, 1204–1214 (2013).
56.	Strong, M. et al. Toward the structural genomics of complexes: crystal structure of 
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