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Abstract

Properdin (FP) is an essential positive regulator of the complement
alternative pathway (AP) providing stabilization of the C3 and C5
convertases, but its oligomeric nature challenges structural analy-
sis. We describe here a novel FP deficiency (E244K) caused by a
single point mutation which results in a very low level of AP activ-
ity. Recombinant FP E244K is monomeric, fails to support bacteri-
olysis, and binds weakly to C3 products. We compare this to a
monomeric unit excised from oligomeric FP, which is also dysfunc-
tional in bacteriolysis but binds the AP proconvertase, C3 conver-
tase, C3 products and partially stabilizes the convertase. The
crystal structure of such a FP-convertase complex suggests that
the major contact between FP and the AP convertase is mediated
by a single FP thrombospondin repeat and a small region in C3b.
Small angle X-ray scattering indicates that FP E244K is trapped in
a compact conformation preventing its oligomerization. Our stud-
ies demonstrate an essential role of FP oligomerization in vivo
while our monomers enable detailed structural insight paving the
way for novel modulators of complement.
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Introduction

Complement is of paramount importance for an effective immune
defense. The system is activated when pathogens, immune

complexes, dying host cells, or damaged tissue (collectively called
activators) are recognized (Bajic et al, 2015; Merle et al, 2015). Acti-
vation triggers a proteolytic cascade through the classical pathway
(CP), the lectin pathway (LP), or the alternative pathway (AP). This
leads to assembly of the C3 convertase, which cleaves C3 into C3a
and C3b (Fig 1A). Activator-bound C3b together with zymogen
factor B (FB) form the AP proconvertase C3bB, which is subse-
quently activated by factor D (FD) resulting in the active AP C3
convertase C3bBb. Since each C3b acts as a focal point for conver-
tase assembly, strong amplification occurs through the AP, and the
activator is opsonized by multiple C3b molecules. Once a threshold
density of C3b is reached on the activator, the C3 convertase
changes specificity and becomes a C5 convertase (Fig 1A).
Complement is a powerful tool for opsonization of pathogens
and dying cells, but it is also potentially a threat to healthy host
cells. Hence, the AP is tightly controlled by regulators that exert
decay accelerating activity by dissociating Bb irreversibly from C3b,
and cofactor activity through assisting factor I (FI) in degrading C3b
to iC3b (Fig 1A). FP is the only positive regulator of complement;
it stabilizes C3bBb increasing its half-life fivefold to 10-fold
(Hourcade, 2006). FP deficiency is a rare X-chromosomal linked
disorder with 100-500 known cases characterized by an increased
susceptibility to Neisseria infections and sepsis (Skattum et al,
2011), which can be divided into three subtypes: Type I referring to
complete lack of FP, type II representing a low FP level in plasma
(1-10% of normal concentration), and type III designating normal
level of a dysfunctional FP (Fijen et al, 1999). In vivo, FP is orga-
nized as dimers, trimers, and tetramers in a ratio of 1:2:1 and
present at a plasmatic concentration of 5-25 pug/ml (Blatt et al,
2016a). The FP monomer encompasses seven thrombospondin type
I repeats (TSRs) denoted as TSRO-TSR6. A recent EM study of oligo-
meric FP suggested that vertexes in oligomeric FP are formed by
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Figure 1. The alternative pathway of complement and a new form of FP deficiency.

A The AP may be initiated by C3b produced in the CP or by C3(H,0) generated via C3 tick-over. Upon C3b complex formation with FB and cleavage by FD, the AP C3
convertase C3bBb(P) is formed. The “P” in parenthesis signifies that FP is optional.

B Pedigree of the FP deficiency family. The father and the heterozygous mother carrying the FP mutation exhibited normal complement activity profiles (AP50/CH50)
and FP serum levels. Serum FP levels for both sons were below 10% of normal. AP50 and CH50 were determined for one of the sons and showed normal CP but
impaired AP activity. T deceased; ND, not determined.

C  SDS-PAGE analysis of recombinant purified wt and E244K FP.

D  SEC analysis (24 ml Superdex 200 increase column) of wt FP, commercial sFP and FP E244K. Oligomeric FP and sFP eluted in multiple peaks between 10.1 and
11.4 ml whereas FP E244K eluted almost entirely in a single peak at 14.0 ml. The elution volumes and molecular weights of standard proteins are marked by
arrows.

E, F The contribution of FP (E) or FP E244K (F) during bacteriolysis of N. meningitidis HF85 (serogroup C). FP was present at 10 ug/ml FP in 1:5 FP-depleted serum. Error

bars indicate SDs of bacteria counts in duplicates. *P < 0.05, Student’s t-test. HI, heat inactivated.

four thrombospondin repeats from two neighboring monomers, but
the exact composition of the vertexes could not be determined. It
was also suggested that such vertexes stabilize the AP C3 convertase
C3bBb by contacting both the C3b C345c and the Bb vWA domain
and even approaches the junction between the Bb serine protease
and vWA domains (Alcorlo et al, 2013).

Strong binding to a multimeric pattern by a protein containing
multiple copies of the recognition domain is known as avidity and
plays a prominent role in both innate and adaptive immunity. Avid-
ity is highly relevant for FP since the activator will present multiple
copies of C3b, iC3b, the proconvertase C3bB, and the convertase
C3bBb to which an oligomeric FP may bind to simultaneously. So
far, it is not known whether FP oligomerization is required for func-
tion, but both with respect to stimulation of hemolysis (a typical
in vitro assay to assess AP activity), the formation of platelet/

© 2017 The Authors

leukocyte aggregates in vivo, and binding to Chlamydia pneumoniae
in vitro, the tetramer exhibits significantly higher activities than
both the trimer and the dimer (Pangburn, 1989; Blatt et al, 2016b).
In this study, we show that FP oligomerization is essential for
in vivo function. We characterize a patient-derived monomeric FP,
which is dysfunctional due to a single point mutation and compare
this monomer to a functional unit excised from oligomeric FP. The
resulting protein does not form oligomers and is therefore mono-
meric although it is formed by TSRs 0-3 from one FP molecule and
TSRs 4-6 from a second FP molecule, and in contrast to the patient-
derived monomer, TSR3 and TSR4 are not connected in the excised
FP monomer. Whereas both monomers fail to support lysis of
Neisseria by complement, biophysical and biochemical studies
demonstrate that binding of FP to C3 products and convertase does
not require oligomerization although it strongly enhances these
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functions. The access to the FP monomer allowed us to crystallize
the FP-convertase complex. The resulting structure demonstrates
that FP interacts extensively with the very C-terminal region of C3b
through a single thrombospondin repeat (TSR) with possible addi-
tional contacts to the catalytic subunit Bb. We propose that the iden-
tification of the functional FP monomer can help in the purposeful
design of novel complement inhibitors.

Results
FP E244K mutation causes type Il properdin deficiency

A patient with a type II FP deficiency was identified in the
Complement Diagnostic Laboratory at the HEGP hospital in Paris
(with informed consent from the patient’s parents for the genetic
analyses). The patient was found to carry a novel variant of the
FP gene with a single point mutation E244K in thrombospondin
repeat 3 (TSR3). The index patient died at the age of 3 years from
a fulminant Neisseria meningitidis serogroup Y infection. Family
investigation revealed FP deficiency in the patient’s brother, in
whom the functional activity of the AP was undetectable while CP
activity was normal (Fig 1B). Recombinant wild-type (wt) FP and
mutant containing the E244K mutation (FP E244K) were expressed
in mammalian cells and purified (Fig 1C). Compared to wt FP the
mutant was typically expressed at a fivefold lower level in
mammalian cell culture in accordance with the reduced plasma
concentration of FP in the two sons compared to their parents
(Fig 1B). Size-exclusion chromatography (SEC) analysis revealed
that recombinant wt FP eluted in two high-molecular weight peaks
(10.1 and 11.4 ml) indicating its appearance as dimers, trimers,
and a low content of tetramers. The major peak of FP E244K
eluted much later (14.0 ml) suggesting that it is monomeric, while
a minor peak eluted like the FP dimer (Fig 1D). Clearly the E244K
mutation prevents FP oligomerization during secretion from
HEK293 cells, and this, together with the decreased FP plasma
level in the patient, is likely to underlie its functional defect in the
patient. The potency of wt and FP E244K in AP-mediated lysis of
N. meningitidis was evaluated in bacteriolysis assays. Compared
to serum alone, addition of oligomeric wt FP resulted in consider-
able increased bacterial killing in FP-depleted serum, whereas
addition of FP E244K did not stimulate bacteriolysis (Fig 1E and
F) in agreement with the phenotype of the patients carrying the
mutation.

An excised monomeric unit of FP

Having observed that monomeric FP E244K was non-functional
in vivo and in bacteriolysis, we wanted to investigate whether this
was solely due to its lack of oligomerization. As a recent EM study
has shown that a FP vertex formed by TSRs from two neighboring FP
subunits binds to C3bBb (Alcorlo et al, 2013), we wanted to compare
such a vertex and its associated TSRs to FP E244K. We hypothesized
that a vertex could be excised from recombinant oligomeric FP by
proteolytic cleavage of a TEV linker inserted between TSR3 and
TSR4 (Fig 2A). For both FP and FP E244K, this strategy resulted in
formation of the monomeric unit that we term FPc which eluted
identically in SEC (Fig 2B and D). Strikingly, FPc E244K eluted
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earlier than its non-cleaved version indicating that FP E244K is more
compact than the monomeric unit excised from oligomeric FP.

Bacteriolysis assays demonstrated that like the monomeric FP
E244K, FPc did not support bacteriolysis (Fig EV1). We next asked
whether the FPc dysfunction was caused by failure to interact with
C3b. Reconstituted C3bPc (by convention P is used instead of FP in
complexes) and C3bBPc samples were subjected to SEC. This
showed that FPc formed stable and well-defined complexes with
C3b and the proconvertase C3bB (Fig 2E and F). The SCIN-
stabilized C3 convertase, where the 10 kDa bacterial protein SCIN
induces the formation of a stable dimeric inactive convertase
(C3bBbSCIN), (Rooijakkers et al, 2005, 2009), was also evaluated
for FPc binding by letting FD cleave C3bBPc in the presence of SCIN.
SEC analysis revealed that FPc formed a stable complex with the
SCIN-stabilized AP C3 convertase (Fig 2G).

Kinetic analysis of properdin-C3 interactions

Using surface plasmon resonance (SPR), we then compared the
binding activity of commercial serum-derived FP (sFP), recombinant
wt FP, FP E244K, and their FPc version toward C3b, iC3b, or
methylamine-treated complement C3 (C3MA), which mimics the
tick-over product C3(H,0O). These C3 products were biotinylated
through the thioester to allow their immobilization on streptavidin-
coated SPR sensors in an orientation reflecting that of activator-
bound C3b and iC3b. FPc and FPc E244K exhibited similar binding
profile and affinities for C3b (Fig 3A). However, when comparing
the uncleaved FP variants, the E244K version bound 10-20 times
weaker to C3MA, C3b, and iC3b (Fig 3B and C). A kinetic analysis
revealed that FPc bound C3b, C3MA, or iC3b with Kp values ranging
from 4 to 11 uM compared to oligomeric sFP exhibiting apparent Kp
values of 0.2-1.5 nM (Figs 3D and EV2A, and Table EV1). These Kp
values were calculated using 1:1 interaction model assuming a
conformational change upon ligand-analyte interaction. For all
analyzed interactions, this model gave the best fits to the
experimental data as compared to a simple 1:1 model.

Furthermore, equilibrium binding analysis showed that at lower
pH there is increased binding of FPc to C3b, C3MA and iC3b
(Fig 3E). This is in line with previous observations (Fishelson et al,
1987) and suggests that the enhanced AP activation upon serum
acidification, as compared to physiological pH, is at least partially
driven by a stronger association of FP with C3b.

Surface plasmon resonance analysis was also carried out in the
reverse orientation with sFP or FPc covalently attached to the
biosensor. This made it possible to investigate the interaction with
C3 states devoid of a cleaved thioester, to eliminate the contribution
from FP avidity, and to use complement C4, C5, and cobra venom
factor (CVF) as controls. CVF is a C3b homologue that forms a
stable fluid-phase C3/C5 convertase with host FB. Both immobilized
sFP and FPc bound C3b, iC3b and C3c, but did not interact with
native C3, C3d, C4, CS5, or CVF (Fig EV2B-D and Table EV1). This
confirms prior studies (Lambris et al, 1984; Farries et al, 1988), and
suggests that the FP binding site is unavailable in native C3 and
C3d, but exposed on the major derivatives C3b, iC3b and C3c.

Assembly and dissociation of the AP C3 convertase were also
evaluated using SPR. A dramatic effect of FP oligomerization was
demonstrated: As previously observed (Hourcade, 2006), C3bBbsP
(the C3bBb in complex with sFP) dissociated 16-fold slower than

© 2017 The Authors
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Figure 2. Engineering and binding properties of FPc.

Elution volume, ml

Elution volume, ml

A Outline of the strategy for preparing FPc by TEV cleavage between TSR3 and TSR4 of recombinant oligomeric FP.
B SDS—PAGE analysis of purified wt and FPc E244K. The two fragments within FPc migrate similarly and appear as one band.

C  Wtand FPc E244K elute identically in SEC.

D  SEC analysis of C3b (176 kDa), FB (90 kDa), and FPc (53 kDa). All three proteins eluted in single symmetrical peaks at 11.9, 13.3, and 13.4 ml, respectively.

E F

SEC analysis of C3bPc (228 kDa) and C3bBPc (318 kDa) complexes and SDS—PAGE analysis of peak fractions.

G SEC analysis of SCIN-stabilized C3 convertase (C3bBbPcSCIN), (598 kDa) and SDS—PAGE analysis of the peak fraction.

Data information: SEC analysis in panels (C-F) was performed on a 24 ml Superdex 200 increase column, whereas a 24 ml Superose 6 increase column was used for

(C3bBbPcSCIN), in panel (G).

C3bBb whereas FPc only decreased the dissociation rate by a
factor of 1.4 (Fig EV3A). To reduce the rate of convertase dissoci-
ation in the following studies we used the FB mutant D279G-
S699A, which according to SPR binds ~sixfold stronger to C3b
which is also the case for FB D279G (Marinozzi et al, 2014). We
observed a synergistic effect of FPc and FB upon binding to C3b
(Fig 4A-C) in line with previous observations for FP (Farries
et al, 1988). At the level of the C3 convertase, FPc decreased the
rate of Bb dissociation by 1.7- and 1.5-fold even after its own
dissociation from both C3bBb and C3MABb convertases, respec-
tively (Figs 4D and EV3B). The rate of FH-mediated dissociation
of C3bBbPc (Fig 4E) and C3MABDbPc (Fig EV3C) was likewise
reduced by FPc by 2.8- and fourfold as compared to C3bBb and
C3MABD. At the time of FH injection, only very little residual
FPc, if any, could have remained bound, since FPc dissociated
rapidly from the convertase complexes. This suggests that FPc
induces a conformational change in the C3 convertase, which is
maintained after FPc dissociation. In summary, both the excised
monomer and FP E244K bound much weaker than oligomeric FP
to immobilized C3b, iC3b and C3MA probably due to lack of
avidity. However, FPc bound to all ligands recognized by
oligomeric FP and also decreased the rate of both spontaneous
and FH-induced Bb dissociation from the C3bBb and C3MABDb
convertases.

© 2017 The Authors

FP oligomerization stimulates C3/C5 convertase stabilization

We next asked whether FPc might be partially functional under
conditions closer to in vivo than SPR despite its failure to support
bacteriolysis. We tested FP and FPc in an assay where rabbit
erythrocytes (E;) acted as AP activator in FP-deficient serum. Both
stimulated lysis in a dose-dependent manner, but FP was more
potent since a > fivefold higher FPc concentration was required to
obtain the same level of lysis (Fig 5A). This was further corrobo-
rated in an assay quantitating C3b deposition in zymosan-coated
microtiter wells, also run at conditions inhibiting CP and LP.
Roughly 10-fold more FPc than FP was required to reach a C3b
deposition plateau (Fig 5B). We also investigated the function of
oligomeric murine properdin (mFP) and monomeric mouse prop-
erdin (mFPc) prepared like the human counterparts (Fig 5C). E;
hemolysis and C3 deposition assays were performed in FP-deficient
murine serum. Similarly to the human system, both mFP and mFPc
stimulated AP-mediated lysis of rabbit erythrocytes (Fig 5D), but
compared to the human equivalents even more mFPc was needed
relative to mFP to obtain similar levels of lysis. Likewise, mFP and
mFPc both stimulated C3 deposition on zymosan surfaces (Fig 5E).
To more directly investigate the role of FP oligomerization in
C3/C5 convertase stability, we coated sheep erythrocytes (Es) with
AP convertases and incubated them for 30 min with increasing

The EMBO Journal Vol 36 | No 8| 2017

1087



1088

The EMBO Journal

The structure and function of properdin Dennis V Pedersen et al

A C3b B C3b c
500 500
400 400
-]
2 300 g 300
200 200
100 100
0 400 800 0 400 800 C3MA  C3b iC3b
time, s time, s
=FPc —FPc E244K - FP —FP E244K @B FP W FP E244K
D C3b C3MA iC3b
Kp7.8x10%M Kp 4.110%M Kp1.1x10% M
100 100 100
—FPc 100 pg/ml
- 75 - 75 o 75 —FP¢ 50 pg/ml
x 50 x 25 4 50 S FPc 25 pg/ml
—FPc¢ 12.5 pg/ml
25 25 E 25 —FPc 6.25 pg/ml
0t 01 - - 0
0 400 800 0 400 800 0 400 800
time, s time, s time, s
ks (Mxs1) k4 (s7) b ks (M) kq (s°7) X2 ks (Mxs1) Ky (5°7) x?
9.01x10* 7.00x10"  4.69 1.29x10° 527<10" 6.40 8.35¢10" 9.03«10" 4.12
E 3
=
. 24 Hm C3b
& . C3MA
o B iC3b
o]
N
T 14
£
—
]
c
ol
FPAVE FFPAVP FPAAAP

pH

Figure 3. Binding of FP and FPc (wild type or E244K) to C3 products analyzed by surface plasmon resonance.
A, B SPR analysis of FPc and FPc E244K (20 pg/ml) on immobilized C3b showing that they bind similarly to C3b (A). In contrast, non-cleaved FP E244K (2.5 pg/ml) bound

much weaker to immobilized C3b compared to wild-type recombinant FP (B).

C Comparison of Ky values observed for FP and FP E244K at 5.0, 2.5, and 1.25 pg/ml upon binding to C3MA, C3b, and iC3b confirms the functional defect of the
mutant.

D  Adetailed kinetic SPR analysis using FPc at concentrations ranging from 6.25 to 100 pg/ml. FPc was injected on the C3b/C3MA/iC3b-coated chip for 300 s followed
by 600 s dissociation. The Ky values were calculated using a 1:1 interaction model assuming a conformational change upon ligand-analyte binding.

E SPR experiments with wt FPc injected at 100, 50, and 25 pg/ml over immobilized C3b, C3MA, and iC3b at different pH values. The calculated Req values are

normalized to Req at pH 7.2.

Data information: Error bars indicate SDs of the three replicates. *P < 0.05, **P < 0.025, Student’s t-test.

amounts of either sFP, FP, FP E244K, or FPc. Residual AP conver-
tase on the sheep erythrocytes was subsequently determined by
measuring Eg lysis induced by lytic pathway reconstitution using rat
serum. In contrast to rabbit erythrocytes, Es express large amounts
of sialic acid serving as ligand for FH which in turn protect the Eg
against human complement attack (Goicoechea de Jorge et al,
2007). sFP and recombinant FP exhibited similar stabilizing effect
on the C3 convertase. Neither FPc nor FP E244K stabilized the AP
convertases at low concentrations (Fig 5F) although at very high
concentrations FPc increased convertase life time. In summary, both
human and murine FPc could restore FP activity in erythrocyte lysis

The EMBO journal Vol 36 | No 8 | 2017

and C3b deposition assays, but significantly higher concentrations
were needed as compared to oligomeric FP. Likewise, convertase
stabilization on erythrocytes was dependent on FP oligomerization.

The structure and convertase binding site of FPc

Having shown that FPc was functional in binding the convertase,
we prepared crystals of the SCIN-stabilized C3bBbPc complex,
which diffracted X-rays to a maximum resolution of 6 A (Fig EV4A
and Table 1). The asymmetric unit of the crystals was found to
contain two copies of the C3bBbSCIN complex (Fig EV4B). The

© 2017 The Authors
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resulting electron density map revealed for both copies a flat, eye-
shaped electron density, not covered by the C3bBbSCIN complex.
This was located on the edge of the C3b C345c domain and
extended toward the Bb vWA domain with one major leg oriented
in the plane of the eye and protruding from this (Figs 6A and
EV4C). A comparison with the EM envelope for FP determined at
23 A resolution (Alcorlo et al, 2013) revealed a good resemblance
in terms of the eye shape and the direction of the major leg (Fig 6B).
Due to the resolution of our X-ray diffraction data, we cannot

© 2017 The Authors
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Figure 4. SPR analysis of FPc-convertase interaction and stabilization.

A Binding of FPc (6.25-100 pg/ml) to immobilized C3b.

B Formation of C3bB induced by injecting FB D279G/S699A (20 ug/ml) for
300 s followed by injection of the indicated concentrations of FPc. To the
left is shown the raw sensorgram and to the right the buffer (FB injected
for 300 s, but no FPc) subtracted sensorgram isolating the FPc signal from
binding to decaying C3bB.

C As in panel (B) but with simultaneous injection of FD (2 pg/ml) together
with FB for 300 s. After 300 s decay, FPc was injected for 300 s followed by
600 s decay. To the left is shown the raw sensorgram and to the right the
buffer (FB and FD injected for 300 s, but no FPc) subtracted sensorgram
isolating the FPc signal from binding to decaying C3bBb.

D (C3bB was assembled on immobilized C3b in the presence or absence of
FPc. FD was injected after 350 s C3bB decay, and the convertase was left to
dissociate spontaneously after cleavage. The convertase decay phase (gray
shading and zoomed in sensorgram to the right) was fitted to an
exponential decay model and the half-life t,, calculated.

E The effect of FPc stabilization on FH-mediated decay of C3bBbPc. The
convertase was assembled as in panel (D). FH was injected for 350 s to
dissociate the convertase. The binding of FH to immobilized C3b was
measured in parallel and subtracted from the signal obtained in the
channels with the convertase. The FH-induced decay (gray shading and
zoomed in sensorgram to the right) was fitted to an exponential decay
model and the half-life t,, calculated.

Data information: In panels (A-C), 1,545 RU C3b was immobilized on the chip.
In panels (D, E), immobilized C3b (1,520 RU) was treated sequentially with FB
D279G/S699A + FPc, FD, and FH.

construct an atomic model of C3bBb-bound FPc. Nonetheless, we
have tentatively docked six identical polyalanine-model throm-
bospondin repeats into the density (Figs 6B and EV4C). Two of
these TSRs are not fully covered by density and may not necessar-
ily correspond to a repeat, but function as makers for a certain
volume of electron density. One of the remaining four repeats is
quite well embedded in the density of the major leg, and this
repeat must be terminal due to a crystal contact formed in one of
the two copies, implying that it is TSR3 or TSR4. A neighboring
repeat connected to this terminal repeat forms the vast majority of
the interactions with C3b. As multiple lines of evidence points to
TSRS as being deeply involved in C3b interaction (see Discussion),
we have made a putative assignment of TSR4 to the major
protruding leg, and TSRS as the connected TSR interacting exten-
sively with C3b (Figs 6B and EV4C). On the convertase side, resi-
dues in and around the C-terminal o,-helix in the C3b C345c
domain are in a position suitable for forming contacts with FPc
(Fig 6C). At the N-terminal end of this helix, negatively charged
and highly conserved acidic residues are clustered, which could
interact with a positively charged domain such as TSRS. Residues
at the other end of the C3b o,-helix together with a single leucine
from Bb form a conserved and predominantly non-polar patch
likewise close to the FPc-containing electron density (Fig 6C). A
comparison with the C3bBbSCIN complex hints at one mechanism
for how FP stabilizes the convertase: The C3b C345c domain is
rotated significantly relative to Bb in the C3bBbPc complex as
compared to the C3bBb complex (Fig 6D).

A FP binding site located almost entirely on the C345c domain
of C3b explains why we observe comparable interactions between
FP/FPc and C3b, iC3b, C3MA, or C3c (Figs 3 and EV2). The fact that
native C3 does not bind FP even though it features an exposed
C345c domain (Janssen et al, 2005; Fredslund et al, 2006) with a
structure similar to that adopted in C3b and C3c (Janssen et al,
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Figure 5. FPc support alternative pathway activation on erythrocytes and zymosan but not prolonged convertase stabilization.

SDS—PAGE analysis of recombinant murine mFP and mFPc.

mm g O W >

mFP and mFPc stimulated AP-mediated lysis of E. in murine FP-deficient serum.
Addition of mFP and mFPc to FP-deficient murine serum also led to augmentation of C3b deposition in zymosan-coated microtiter wells.
C3/C5 convertase stability assay performed with C3b-covered sheep erythrocytes E,. The efficacy of serum-derived sFP, FP, FP E244K, and FPc was measured as the %

In a hemolysis assay with FP-deficient serum using the AP initiating rabbit erythrocytes (E;), the addition of both recombinant human FP and FPc stimulated lysis.
The addition of FP and FPc to FP-deficient serum also enhanced AP-mediated C3b deposition on zymosan-coated microtiter wells.

of the residual convertase on the erythrocyte surface compared to a reference without a 30-min decay period. While recombinant FP and sFP stabilized the C3
convertase in a dose-dependent manner, FP E244K and wild-type FPc failed to stabilize the convertase, but with at very high FPc concentration some stabilization is

observed.

Data information: Data on Es hemolysis (panel F) are reported as means of triplicates, while E. hemolysis and zymosan C3b deposition data (panels A, B, D, and E) are

reported as means of duplicates. Error bars indicate SDs of the replicates.

2005; Forneris et al, 2016) is possibly related to the so-called anchor
region connecting the C345c domain to the preceding MG8 domain.
In native C3, it is a-helical, whereas in almost all known structures
containing C3b or C3c it forms a p-hairpin (Fig 6E). It is conceivable
that the anchor conformation is conformationally coupled with the
FP interacting residues at each end of the o2 helix since (i) the
anchor regions is connected to the ol helix through a linker that is
flexible in many structures of C3 and C3b; (ii) the o1 helix interacts
directly with o2 helix; (iii) the a1 helix is connected through a disul-
fide bridge to the very C-terminal end of the a2 helix (Fig 6E). A
model stating that the C3 C345c domain has to be presented in a
specific structural context to bind FP is also supported by SEC: A
recombinant form of the isolated C3 C345c domain did not form a
stable complex with FPc (Fig EV4D-E). Overall, our crystallographic
data in combination with our SPR data puts forward an unequivocal
model for the interaction between FP and C3b/C3bBb stating that
the vast majority of the interactions occur between a single TSR
(likely to be TSRS) and a small C-terminal part of the C3b C345c
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domain possibly with minor contributions from Bb residues and
other FP TSRs.

Solution structures of FPc and FP E244K

We next compared the solution conformation of the two types of
monomers by small angle X-ray scattering (SAXS), which suggested
that FP E244K is more compact than FPc in agreement with the SEC
data (Fig 7A-D). Ab initio modeling revealed that FPc is an elon-
gated particle with a central eye-like feature close to one end of the
particle, whereas FP E244K is more compact but also contains the
eye shape (Fig 7E and F). We performed rigid body refinement
using homology models of TSR domains. For FPc, TSR0-3 and
TSR4-6 were linked in two separate chains as TSR3 and TSR4 are
separated upon TEV cleavage and no other distance restrains were
applied. More than 75% of the output models formed an eye-like
structure delimited by 3-4 TSR domains with ¥* = 1.22 + 0.075.
Rigid body refinement of FP E244K was performed with TSR0-6

© 2017 The Authors
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Table 1. Data collection and refinement statistics.

Data collection

Space group

c2

Cell dimensions

a b cd) 634.9,122.0, 264.4

o By () 90.00, 112.9, 90.00
Resolution (A) 48.8-6.0 (6.27-6.0)
Rizezs 034 (2.53)
lfol 517 (0.92)
Completeness (%) 99.5 (99.9)
Redundancy 6.2 (6.4)
Refinement
Resolution (A) 48.8-6.0
No. reflections 46729
Ruord/Reree 28.9/322
No. atoms

Protein/Ligand 34,018/422
B-factors (A?

Protein/Ligand 352.3/528.0
R.m.s. deviations

Bond lengths (A) 0.004

Bond angles (°) 0911
Clash score 1.54
Ramachandran plot (%)

Favored/Allowed/Outliers 95.3/4.2/0.5

Data from two crystals were merged. The resolution limit was chosen
according to CC(%), which has values of 0.99 and 0.31 for the resolution
shells 48.8-6.0 and 6.27-6.0 A, respectively. Using I/c(l) = 2 in the outer
shell as criteria, the maximum resolution would be around 7 A.
Refinement statistics does not include any contribution from FP, and the
model is therefore only 82% complete. Ryeas is the redundancy
independent R-factor on intensities. Values in parentheses are for highest
resolution shell.

linked in a single chain reflecting that TSR3 and TSR4 in this protein
are connected. The output models were very homogenous with
x* =1.00 + 0.013, and more than 90% of the models formed an
eye-like structure similar to that of FPc (Fig 7F). In summary, the
solution scattering studies provided structural insight into the dif-
ference between FPc and FP E244K and confirmed the flat, eye-
shaped feature observed by crystallography in the FPc-convertase
complex and in oligomeric FP by EM (compare Figs 6A and B, and
7E and F). Formation of FP oligomers must involve formation of
extensive contacts between thrombospondin repeats from different
FP monomers which must require a quite open conformation of the
involved monomers. Hence, the observed compact conformation is
a likely reason why FP E244K is much less prone to oligomerization
during the post-translational steps taking place prior to secretion.

Discussion

Since its discovery in 1954 (Pillimer et al, 1954), human FP has
been subject to extensive research. However, both the structure and
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crucial aspects of FP function remain unclear, and oligomerization
has been a major obstacle for a detailed analysis. Our interest in FP
monomers was sparked by the discovery of a novel type II FP defi-
ciency caused by a mutation that upon expression in cell culture
resulted in an almost exclusively monomeric protein. The recent EM
study of oligomeric FP (Alcorlo et al, 2013) inspired us to engineer
another form of monomeric FP which enabled detailed structural
information and offered an opportunity to investigate how function
depends on oligomerization. Our SPR experiments allowed for the
first time a biophysical analysis of the contribution of FP oligomer-
ization to the interaction with its binding partners. This showed that
monomeric FPc is able to bind C3b, C3MA, iC3b, C3c, the C3
proconvertase C3bB, and the convertase C3bBb. From these
measurements, we conclude that oligomerization lowers the dissoci-
ation constant 10>-10°-fold for FP in complexes with physiologically
relevant C3 products, as compared to the monomeric FPc
(Table EV1). Our SPR experiments additionally indicated that FPc
stimulates FB binding and assembly of the proconvertase. But after
FD cleavage, FPc only modestly prevented spontaneous Bb dissocia-
tion from C3bBb, probably because FPc dissociated very rapidly
from the convertase. Interestingly, even after its own dissociation,
FPc significantly decreased FH-induced convertase dissociation. Our
assays with erythrocyte lysis and C3b deposition on zymosan con-
firmed the partial functionality of both mouse and human FPc. In
bacteriolysis assays, FPc and FP E244K did not stimulate lysis of
N. meningitidis suggesting that oligomerization may have additional
roles besides increasing the C3/C5 convertase activity during bacte-
riolysis as compared to lysis of erythrocytes. This role is probably
not pattern recognition (see below) since physiological forms of FP
does not bind directly to N. meningitidis (Agarwal et al, 2010).

The E244K mutation itself does not alter the fundamental binding
properties as evidenced by the comparable binding of FPc and FPc
E244K to C3b. Our structural work also showed that FP E244K
adopts a compact conformation compared to FPc, but FP E244K still
has the central eye shape observed in both free and convertase-
bound FPc. By exploring the functional consequences of the FP
E244K mutation, we underscored the importance of FP oligomeriza-
tion for the positive regulation of the AP. The reduced plasmatic
concentration together with the failure of the mutant protein to
oligomerize and stabilize the C3 convertase and to induce killing of
N. meningitidis explain the clinical phenotype.

FP aggregates with the formation of large oligomers during
freeze-thaw cycles, and many prior functional studies have been
performed with purified FP containing such large FP oligomers
(Ferreira et al, 2010). These cause fluid-phase AP activation and
artifactual binding to biologic surfaces. A minor content of such
large FP oligomers was present in the commercial sFP we used, but
absent in our recombinant FP. Possibly, such sFP oligomers contrib-
uted to an unnaturally strong binding to C3 products in a subset of
our SPR experiments—but we merely used sFP as a convenient posi-
tive control during analysis of FPc function.

Two groups have reported that FP may bind directly to necrotic
and apoptotic human cells, recruit fluid-phase C3b or C3(H,0), and
initiate complement activation—thereby acting as a pattern recogni-
tion molecule (Kemper & Hourcade, 2008; Kemper et al, 2008; Xu
et al, 2008). FP has also been observed to bind directly to Chlamy-
dophila pneumoniae and strongly stimulate AP C3b deposition
(Cortes et al, 2011), and in this case, binding of FP increased with
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Disulfide Disulfide

B-hairpin anchor «-helical anchor

Figure 6. Structure of the AP C3 convertase with bound FPc.

A Crystal structure of the SCIN-stabilized C3bBbPc complex. The FPc-containing electron density map is a real space twofold averaged 2mF,-DF. map contoured at
0.8 o containing no model information concerning FPc.

B Comparison of the FP vertex EM envelope (EMDB 2402) (Alcorlo et al, 2013) and the electron density for FPc drawn at same scale. Six identical polyalanine TSRs are
docked into the FPc density, see also Fig EV4c.

C (C3b and Bb seen from a FPc perspective. Residues with side chains displayed are facing the FPc-containing density and are therefore putative interaction partners.

D Comparison of the SCIN-stabilized C3bBbPc (gray and green, this study) and C3bBb complexes (pink, RCSB entry 2WIN) (Rooijakkers et al, 2009). Binding of FPc causes
a significant rotation of the C3b C345¢ domain relative to Bb.

E Comparison of the anchor region (blue) preceding the C345c domain in the SCIN-stabilized C3bBbPc complex (left) and in native C3 (right, RCSB entry 2A73) (Janssen
et al, 2005). The a-helical conformation is found only in C3 and in C3b bound to FH or MCP. The B-hairpin is present in all other known structures of C3b and C3c.

the number of subunits demonstrating the effect of oligomerization pattern recognition molecule binding to sulfated glycan on tubular
and avidity. An important chronic pathological condition is protein- epithelial cells and triggering complement activation (Gaarkeuken
uric renal disease, where FP is believed to acts as C3b-independent et al, 2008; Zaferani et al, 2011, 2012). However, doubts have also
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Figure 7. Solution structures of FPc and FP E244K.

A Experimental SAXS data (dark blue) from FPc and the calculated curve (red) from the rigid body model shown in panel (E).

B Experimental SAXS data (dark blue) from FP E244K and the calculated curve (red) from the rigid body model shown in panel (F).

C The distance distribution functions P(r) calculated from the data indicate D,y values of 18 and 15 nm for FPc and FP E244K, respectively.

D The Rg-normalized Kratky plot indicates that FPc has a compact core with flexible legs attached. FP E244K appears more globular and slightly less flexible. The
dashed black lines indicate gRg = V(3) and I(q)/I(O)(ng)2 ~ 1.104, which is the theoretical maximum value for a globular shape. The FP E244K plot has a maximum

much closer to this theoretical maximum compared to FPc.

m

F Similar to panel (E), but based on data from FP E244K.

been raised concerning whether FP actually performs C3b-indepen-
dent pattern recognition (Harboe et al, 2012, 2017). Potentially FPc
enables detailed structural analysis of FP and its complexes with
small molecule ligands mimicking patterns recruiting FP indepen-
dent of prior C3b deposition. Such structures will greatly facilitate
an in depth analysis of the putative pattern recognition function.

An EM study of oligomeric FP bound to C3bBb resulted in a 3D
reconstruction with a resolution of 30 A, suggested that FP vertexes
are formed by 4 TSRs from two neighboring monomers interacting
in a head-to-tail manner. Three suggestions for the composition of
the vertexes were presented: TSRO/TSR-4-5-6, TSRO-1/TSR5-6 and
TSRO-1-2/TSR6 (Alcorlo et al, 2013). Our assignment also contains
four TSRs in the vertex including TSRS but has TSR4 outside the
vertex, and we cannot decide whether TSR6 is part of the vertex.
The EM studies furthermore proposed that a FP vertex forms exten-
sive contacts with both the C3b C345c and the Bb vWA domain and
even approaches the junction between the Bb serine protease
domain and the vWA domain (Alcorlo et al, 2013). Our crystal
structure clearly shows that FPc forms strong contacts to the C3b
C345c domain, possibly supplemented with minor interactions to
the Bb vWA domain. This is also in agreement with our SPR
experiments demonstrating FB independent interaction of FPc and
sFP with C3MA, C3b, iC3b, or C3c. Furthermore, a 2D-average
image of the C3bBbP complex presented by the same authors

© 2017 The Authors

Ab initio model (transparent surface) and a representative rigid body model (cartoon) of FPc.

(Alcorlo et al, 2013) appears to be in excellent agreement with our
structure further supporting the FP binding site that we observe by
crystallography.

We used the SCIN protein to trap the convertase-FPc complex in
a crystallizable state, but we cannot exclude that SCIN partially
prevents FPc from exerting its true function with respect to stabiliz-
ing the convertase. However, comparison of our structure of SCIN-
stabilized C3bBb bound to FPc with the same structure in its
absence (Wu et al, 2009) suggests that FPc induces a rotation of the
C3b C345c domain relative to the Bb vWA domain (Fig 6D). If this
also occurs in the AP C3 convertase not stabilized by SCIN, it may
explain the slower spontaneous and FH-induced dissociation of Bb
we observed by SPR when C3bBb was assembled in the presence of
FPc as compared to without FPc (Fig 4D and E). Based on the struc-
ture of the C3b-FH complex, it was proposed that FH destabilization
of C3bBb is due to massive steric hindrance and electrostatic repul-
sion between FH and Bb, but in none of the known C3b-regulator
structures (Wu et al, 2009; Forneris et al, 2016) is there a direct
overlap between the FP binding site we observe and the regulator.
The simplest explanation for both the slower FH-induced and spon-
taneous Bb dissociation from the AP C3 convertase is therefore that
Bb binds with higher affinity to a C3bBb assembled and activated in
the presence of FPc. However, this will be challenging to verify
experimentally due to the irreversible dissociation of Bb from C3b,
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and structures at higher resolution are required to understand the
effects of FP binding to C3bBb in atomic details.

Our crystal structure is also compatible with FP binding to the
proconvertase C3bB. A comparison of our C3bBbPc complex with
the structures of C3bB and its complex with FD (Forneris et al,
2010) shows that the FP binding mode we observe is fully compati-
ble with FP binding to C3bB and subsequent exosite binding of FD
and cleavage of FB. Overlap would not occur between FP and the
FB CCP domains or between FP and FD, and FP would be located
rather close to the N-terminus of FB, which offers an explanation for
the crosslink formed within the C3bBP complex between FP and the
N-terminal Ba moiety of FB (Farries et al, 1988). This proximity
may also underlie the cooperative binding of FB and FP to C3b
(DiScipio, 1981) that we and others (Hourcade, 2006) have
confirmed by SPR.

We also suggest that the TSR docked on the top of the C3b C345c
domain represents TSR5 and that the protruding leg pointing away
from Bb encompass TSR4. Deletion of TSR3 does not affect any of
the functions ascribed to FP (Higgins et al, 1995) whereas there is
ample evidence for the functional importance of TSR4-5-6. Recombi-
nant FP lacking TSR6 is unable to form oligomers, and deletion of
either TSRS or TSR6 makes FP unable to bind C3b. FP lacking TSR4
is able to bind C3b but fails to stabilize C3bBb, and proteolytic nick-
ing within TSRS interferes with C3b binding and convertase stabi-
lization (Higgins et al, 1995). Furthermore, a T414D mutation in
TSR6 results in type III FP deficiency characterized by normal
plasma level of dysfunctional FP. FP Y414D has an almost normal
oligomer distribution, but the Y414D mutation most probably causes
a conformational change that prevents it from binding to C3b and
the convertases (Fredrikson et al, 1996). Polyclonal anti-TSR5 anti-
bodies also inhibit binding of FP to immobilized C3b as well as
inhibiting FP-mediated hemolysis of rabbit erythrocytes (Perdikoulis
et al, 2001), and a monoclonal antibody binding mouse TSR5-6 has
been shown to block AP-dependent pathogenesis in a mouse model
of abdominal aortic aneurysm (Bertram et al, 2015). Likewise, the
anti-FP antibody CLG561 developed by Alcon as an AP inhibitor
also binds TSRS (Johnson et al, 2016). Finally, a recent study
showed that a recombinant TSR4-5 fragment expressed in bacteria
is sufficient for C3b-binding, but not capable of stabilizing C3bBb
(Kouser et al, 2016). These results clearly imply TSRS, and to some
extent also TSR6 and TSR4, as principal modules for C3b-binding
and stabilization of C3bBb. In contrast, the epitope of the anti-FP
antibody NM9401 preventing binding to C3b and AP activation is
located in TSR1 (Bansal, 2014). A detailed atomic structure of FP is
needed to clarify how antibody binding at this repeat can translate
into inhibition if our assignment of TSRS as the primary C3b binding
site is correct. Possibly NM9401 alters the overall conformation of
FP, and the decreased C3b affinity we observed for FP E244K may
also be due the altered conformation detected in our SAXS studies.

The exact role of FP in pathogenesis of complement-related
diseases also remains to be settled. Recent in vivo studies showed
that FP inhibition using either anti-FP-mAbs or FP gene deletion
reduces renal ischemia reperfusion injury in DAF~~ CD59 /" mice
and markedly decreases disease severity in the K/B x N model of
arthritis (Kimura et al, 2010; Miwa et al, 2013). Similar beneficial
effect of FP inhibition is observed in allergen-induced airway
inflammation where FP appeared to contribute to lung injury locally
during allergen challenge through AP-mediated complement
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activation and C3a production (Wang et al, 2015). On the contrary,
in a murine FH-related C3G model, FP deletion converts a mild C3G
to a lethal and rapidly progressing C3G phenotype (Lesher et al,
2013). Thus, anti-FP therapy may serve as therapeutic target in
several complement mediated pathologies but do also require
disease specific treatment to avoid adverse effects. Inhibition of FP
is currently investigated in a phase 2 clinical trial with the
TSR5-binding anti-mAb CLG561 for the treatment of age-related
macular degeneration is ongoing (ClinicalTrials.gov Identifier
NCT02515942). The two different types of FP monomers presented
here offer novel opportunities for obtaining a detailed structure
based understanding of FP function, which will greatly facilitate the
future development of complement therapeutics targeting the alter-
native pathway of complement.

Materials and Methods
Protein preparation

Factor P

Human FP and murine FP (mFP) cDNA constructs were designed
using the endogenous Kozak sequences and signaling peptides. The
constructs were synthesized (Genscript) and subcloned using
HindIll and BamHI restriction sites into the pCEP4 mammalian
expression vector. To generate the cleavable FPc and mFPc, a TEV
site was inserted between TSR3 and TSR4 by site-directed mutagen-
esis. For expression, suspension-adapted HEK293F cells were main-
tained following manufacturer’s instructions at 37°C, 8% CO,,
125 rpm, in serum-free FreeStyle 293 Expression Medium (Invitro-
gen). Cells were transiently transfected using final concentrations of
2 mg/l polyethylenimine (PEI — 25 kDa, Polysciences) and 1 mg/1
plasmid-DNA. The conditioned medium was harvested 3-4 days
post-transfection, diluted twofold with water, and adjusted to pH
6.4. Secreted FP or mFP was purified with a human C3b-Sepharose
column equilibrated with 20 mM imidazole, 50 mM NaCl, 5 mM
EDTA, pH 6.4. Bound protein was eluted with 15 column volumes
(CVs) of the imidazole buffer containing 500 mM NaCl and concen-
trated to approx. 0.5 mg/ml. To obtain the monomeric forms FPc or
mFPc, TEV protease was added in a TEV:protein mass ratio of 1:4
and left to cleave without reducing agent for 3-4 days at 4°C.
Complete digestion was confirmed by SDS-PAGE analysis. Mutant
FP E244K and FPc E244K were prepared as FP and FPc, but due to
the low affinity of FP E244K for the C3b-Sepharose the flow through
was recycled over the column multiple times. Prior to cation
exchange chromatography, FP, FPc, mFP, and mFPc were dialyzed
against 50 mM phosphate buffer, 2.5 mM EDTA, pH 6.0. The
proteins were loaded on a 1 ml MonoS column (GE Healthcare) and
eluted with a 20 CV linear gradient from 0 to 500 mM NaCl and
subsequently dialyzed into 10 mM HEPES, 75 mM NaCl, pH 7.2.
The final yield of FP and FP E244K was 1 mg and 0.2 mg, respec-
tively, per liter HEK293F culture.

Factor B

The FB and FB D279G constructs were previously described
(Roumenina et al, 2009; Marinozzi et al, 2014). The FB S699A and
the FB D279G, S699A mutants were generated by site-directed muta-
genesis. With the gain-of-function mutation D279G, C3b-binding is
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enhanced, and with S699A the C3-cleaving property is lost. Both
features were confirmed by SPR and functional hemolytic assays
(data not shown). Transient expression was carried out in the
Expi293™ expression System (Invitrogen) according to the ExpiFec-
tamin 293 Transfection protocol. The medium was harvested 4 days
post-transfection, diluted twice with water, adjusted to pH 6.0, and
added the protease inhibitor benzamidine (BZA) to a final concen-
tration of 5 mM. FB was purified on a 9 ml SP Sepharose FF column
(GE Healthcare) equilibrated in 50 mM Na,H;3 PO, 2.5 mM EDTA,
pH 6.0. Bound FB was eluted with a 10 CV linear gradient from 0 to
500 mM NaCl, and further purified by SEC using a Superdex 200
increase GL 30/100 column (GE Healthcare) equilibrated in 20 mM
HEPES, 100 mM NaCl, pH 7.4.

C3b, biotin-C3b, and biotin-iC3b

C3 was isolated from outdated human plasma as previously
described (Janssen et al, 2005) and stored in 20 mM HEPES,
150 mM NaCl, pH 7.5 at —80°C. For C3b generation, C3 was incu-
bated with 1% (w/w) trypsin for 90 s at 37°C. The reaction was
stopped by adding fourfold molar excess of pancreatic trypsin inhi-
bitor (PTI) relative to trypsin. Additionally, PMSF and iodoac-
etamide were added to 1 and 10 mM final concentration,
respectively. The reaction was incubated for 2 h on ice and then
diluted fivefold in 20 mM MES pH 6.0. The generated C3b was puri-
fied on a 9 ml Source 15S column (GE Healthcare) using a 10 CV ml
linear gradient from 0 to 500 mM NaCl. The C3b eluate was concen-
trated and further purified on a Superdex 200 increase GL 10/300
column (GE Healthcare) equilibrated in 20 mM HEPES, 150 mM
NaCl, pH 7.5. Site-specific biotinylated C3b (biotin-C3b) was gener-
ated by substituting iodoacetamide in the reactions given above
with fivefold molar excess of Maleimide-PEG2-Biotin reagent, which
reacts with the cysteine residue of the C3b thioester. Biotinylation
was carried out for 2 h on ice and purification was carried out as
described above. Biotin-iC3b was generated from biotin-C3b by
adding FH and FI in a mass ratio of 1:100 and 1:500, respectively,
relative to biotin-C3b and left at 4°C overnight. The biotin-iC3b was
further purified using a Mono Q 5/50 GL (GE Healthcare) equili-
brated in 20 mM HEPES, 150 mM NaCl, pH 7.5, eluting with a 10
CV linear gradient from 150 to 1,000 mM NacCl.

Biotin-C3MA

Fresh plasma-derived C3 in 20 mM HEPES, 150 mM NaCl, pH 7.5
was diluted in 1 M Tris, pH 8.0 to 100 mM final concentration.
Methylamine pH 8.0 was added to 100 mM final concentration
together with fivefold molar excess of the Maleimide-PEG2-Biotin
reagent and incubated for 4 h at 37°C. The sample was subse-
quently diluted tenfold in 20 mM MES pH 6.0 and loaded on a 1 ml
Source S column. C3 was separated from the newly generated
biotin-C3MA by applying a 10 CV linear gradient from 0 to 500 mM
NaCl. Biotin was incorporated on the a-chain as seen from Western
blotting using streptavidin-HRP (ThermoFisher). One mole biotin
was incorporated per mole C3b/C3MA/iC3b as determined by the
Pierce™ Biotin Quantitation Kit (ThermoFisher).

C3 C345c domain

The human C3 C345c¢ domain (Alal492-Asnl641) cDNA was
synthesized (GenScript) with an N-terminal TEV cleavage site and
cloned into the pET-32a(+) expression vector (Novagen)
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downstream of thioredoxin A (TrxA) and a His-tag using BamHI
and HindIII restriction sites. Protein was expressed in the E. coli
SHuffle T7 strain (New England Biolabs) in LB Broth containing 2 %
(w/v) glucose and 100 pg/ml ampicillin. Protein expression was
induced at ODgggpm = 0.6 by adding IPTG to 1 mM final concentra-
tion. Expression was carried out for 18-20 h at 18°C. Bacteria were
harvested by centrifugation at 6,000 g for 20 min, and subsequently
re-suspended in binding buffer containing 20 mM Tris, 200 mM
NaCl, 20 mM imidazole, 1 mM PMSF, pH 8 (10 ml/g pellet), and
lysed by sonication. Bacterial debris was removed by centrifugation
at 16,000 g for 20 min at 4°C, and the supernatant was loaded on a
S ml HisTrap FF crude column (GE Healthcare) equilibrated in bind-
ing buffer. The column was washed with 10 CV of binding buffer
containing 1 M NaCl and the His-tagged protein was eluted with
buffer containing 500 mM imidazole. The eluate containing the
TrxA-His-TEV-C345c fusion protein was added TEV protease in a
TEV:protein mass ratio of 1:50, and left to cleave overnight at 4°C
while being dialyzed against cleavage buffer (20 mM Tris, 200 mM
NaCl, 0.5 mM EDTA, pH 8). The sample was again loaded on the
HisTrap column, and the untagged C345c protein was collected in
the flow through. The flow through was diluted fourfold with
20 mM Tris pH 8 to reach a NaCl concentration of approximately
50 mM before the protein was loaded on a 9 ml Source 15Q anion
exchange column (GE Healthcare). The protein was eluted with a
10 CV ml linear gradient from 50 to 400 mM NaCl. Finally, the
C345¢ protein was purified by SEC on a Superdex 75 GL 10/300
column (GE Healthcare) equilibrated in 20 mM HEPES, 100 mM
NaCl, pH 7.5.

SCIN

The SCIN protein was expressed from the pETm11 vector (Novagen)
including an N-terminal His-tag and TEV site. Expression in E. coli
BL21 (DE3) was induced at ODgponm = 0.6 by adding IPTG to a final
concentration of 1 mM and carried out for 12-16 h at 18°C. Bacteria
were harvested by centrifugation at 6,000 g for 20 min. The pellet
was re-suspended in binding buffer containing 50 mM HEPES,
300 mM NacCl, 30 mM imidazole, 1 mM PMSF, 1 mM benzamidine,
pH 7.5 before sonication. The supernatant was recovered after
centrifugation at 16,000 g for 20 min and loaded on to a 5 ml
HisTrap FF crude column (GE Healthcare) equilibrated in binding
buffer. After washing with 8 CVs of binding buffer, His-tagged SCIN
was eluted by applying a 10 CV gradient from 30 to 300 mM imida-
zole. TEV protease was added to the eluted protein in a TEV:protein
mass ratio of 1:25, and dialyzed against 20 mM HEPES, 200 mM
NaCl, pH 7.5 for 12-16 h at 4°C. The cleaved SCIN was again loaded
on the HisTrap column, and the protein-containing flow through
was collected. Finally, SCIN was purified by SEC using a Superdex
75 10/300 column (GE Healthcare) equilibrated in 20 mM HEPES,
150 mM NaCl, pH 7.4.

Size-exclusion chromatography

Analytical SEC with isolated C3b, FB D279G/S699A, FP, sFP (Com-
plement Technology, catalogue number A139), FP E244K, FPc, and
FPc E244K was performed on a Superdex 200 increase GL 30/100
column (GE Healthcare) equilibrated in 10 mM HEPES, 150 mM
NaCl, pH 7.2. For the C3bPc complex, C3b was mixed with FPc in a
molar ratio of 1:1.1. For the C3bBPc complex, C3b was mixed with
FB and FPc in a molar ratio of 1:1.1:1.2. For the SCIN-stabilized
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C3-convertase (C3bBbPcSCIN),, C3b was mixed with FB, FPc, SCIN,
and FD in a molar ratio of 1:1.1:1.2:2:0.02. For C3bPc and C3bBPc
SEC experiments, the individual components were mixed in gel
filtration buffer approximately 10 min before injection. For
C3bBbPcSCIN (FD), the components were mixed and incubated for
2 h at room temperature prior to injection. C3bPc and C3bBPc were
purified on a Superdex 200 increase 10/300 GL column (GE Health-
care) equilibrated in 10 mM HEPES, 75 mM NaCl, 5 mM MgCl,, pH
7.2. C3bBbPcSCIN was purified on Superose 6 increase 10/300 GL
column (GE Healthcare) equilibrated in the same buffer. Analysis of
possible complex formation between the recombinant C3 C345c
domain and FPc was performed on a Superdex 200 Increase 10/300
GL column equilibrated in 10 mM HEPES pH 7.2, 75 mM NaCl.

Surface plasmon resonance

Surface plasmon resonance experiments were performed on
ProteOn™ XPR36 protein interaction array system (Bio-Rad) at
25°C. Biotin-C3b, -C3MA, or -iC3b were immobilized on NeutrA-
vidin-coated ProteOn NCL sensor chips (Bio-Rad) according to the
manufacturer’s recommendations. All experiments were performed
in running buffer containing 10 mM HEPES, 150 mM NacCl, 5 mM
MgCl,, 0.005% Tween 20, pH 7.2 at a flow rate of 30 pl/min. Regen-
eration of the chip was performed with three 20 s pulses of 4 M
NaCl. Reference spots without immobilized protein were used for
background subtraction. Binding affinities of FP and FPc to biotin-
C3b, -C3MA, and -iC3b were determined by global fitting to a two-
state kinetic model assuming 1:1 binding in combination with a
conformational change. Data analysis was performed using the
manufacturer’s software (Proteon Manager™). Prior studies and
data obtained in this study suggest that there is a conformational
change upon FP binding to the convertase. Therefore, a 1:1 Lang-
muir binding model (assuming rigid body interactions) for the SPR
data fitting was compared to a two-state model (assuming a confor-
mational change upon interaction), using the ProteOn Manager soft-
ware. The 1:1 Langmuir binding model gave bad fitting curves with
high y? values whereas the two-state model resulted in fitting curves
very similar to the experimental data and much lower values of 3.
For these reasons, the two-state model was used throughout. SPR
analysis of the putative monovalent interaction of sFP and FPc with
C3, C4, C5, CVF, C3b, iC3b, C3c, and C3d was performed with sFP
and FPc covalently bound to a GLC chip surface using a standard
amine coupling procedure, as recommend by the manufacturer
(Bio-Rad). A flow rate of 30 pl/min was applied at all times. Human
serum-derived complement proteins (C3, C3b, iC3b, C3c, C3d,
CVF, C5, C4, FH, FD, and sFP) were obtained from Complement
Technology.

Hemolysis of rabbit erythrocytes

To assess the biological activity of FP and FPc, hemolytic assays
were performed using the standard AP target, rabbit erythrocytes
(Ep). E; suspended in Alsever’s solution (Statens Seruminstitut) were
washed and re-suspended in AP assay buffer (5 mM barbital,
145 mM NaCl, 10 mM EGTA, 5 mM MgCl,, pH 7.4, with 0.1%
(w/v) gelatin) to obtain a 6% (v/v) suspension. Ten micro liter of
the 6% E,-suspension was transferred to a V-shaped bottom 96-well
microtiter plate (Nunc). Samples of 20 ul human or murine FP-
deficient serum diluted in assay buffer and supplemented with FP,
FPc, mFP, or mFPc were prepared in a separate microtiter plate and
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then transferred to the assay plate in duplicates. The assay plate
was mixed well and incubated for 2 h at 37°C with gentle shaking.
Hemolysis was stopped by adding 40 pl ice-cold 0.9% NaCl, 5 mM
EDTA to each well. The plate was centrifuged at 90 g for 10 min,
and 60 pl of each supernatant was subsequently transferred to a
flat-bottom microtiter well plate (Nunc). Hemolysis was then deter-
mined from the optical density measured at 405 nm on a Victor3
plate reader (PerkinElmer). Results are expressed relative to
total hemolysis (obtained with water alone) and to background
hemolysis (buffer alone). FP-deficient serum obtained from a patient
suffering from type I FP deficiency (complete deficiency) was used
in some experiments. Murine serum was obtained from wild-type
and FP-deficient mice as described (Stover et al, 2008).

Hemolysis of convertase-coated sheep erythrocytes

The AP convertase was assembled on sheep erythrocytes as previ-
ously described (Roumenina et al, 2009). C3b-coated sheep erythro-
cytes, 100 pl with 10® cells/ml, were incubated with 40 ng purified
human FD (Sigma) and FB (Complement Technology) in serial dilu-
tions starting from 15 ng to achieve Z values (corresponding to the
number of lytic sites per cell) between 1 and 2. Samples were incu-
bated in DGVB®* at 30°C for 30 min. After incubation, 100 ul sFP,
FP, FPc, or FP E244K diluted in GVB-EDTA buffer was added, and
incubation was continued for another 30 min to allow natural decay
of the AP C3 convertase. The number of residual convertases was
then revealed by adding 300 pl rat serum diluted 1:40 in GVB-EDTA
buffer serving as a source of terminal complement components. The
samples were incubated for 45 min at 37°C to allow MAC assembly.
Hemolysis obtained during this period was measured by absorbance
at 414 nm, and Z values were calculated. A reference sample repre-
senting 100% lysis was incubated in GVB-EDTA only, and the AP
C3 convertase sites were developed without the 30 min of sponta-
neous decay. A negative control was performed without FB. The
efficacies of FP, FP E244K, sFP, and FPc are expressed as % of stabi-
lization, calculated as the fraction of residual convertases on the cell
surface as compared to the reference sample without decay.

C3 deposition on zymosan

The activity of the AP was analyzed by measuring the deposition of
C3b on a zymosan surface (whole yeast cell walls) in a buffer
inhibiting both the CP and the LP. A 96-well MaxiSorp plate (Nunc)
was coated with 100 pl of 20 pg/ml zymosan in 50 mM sodium
carbonate buffer pH 9.6 overnight at 4°C. Unbound zymosan was
removed by washing the wells three times with 300 pl TBS/Tween
(10 mM Tris, 145 mM NaCl, 0.05% Tween 20, pH 7.4). Wells were
subsequently blocked with 200 pl of 1 mg/ml human serum albumin
(HSA) in TBS/Tween for 1 h at room temperature. A 50 ul sample of
human or mouse FP-deficient serum diluted in VBS/EGTA/Mg buffer
(5 mM barbital, 145 mM NaCl, 10 mM EGTA, 5 mM MgCl,, pH 7.4)
supplemented with either FP/FPc or mFP/mFPc was added to each
well and incubated at 37°C for 1 h with gentle shaking. After incuba-
tion, the wells were washed three times with 300 ul TBS/Tween.
Deposited human C3b was detected by adding of 50 pl of 0.75 pg/ml
biotin-anti-hC3c (biotinylated version of anti-C3c antibody from
Dako) in TBS/Tween to each well and incubating 12-16 h at 4°C.
The following day, wells were washed three times with 300 pl
TBS Tween. 50 pl of 1 pug/ml Europium-labeled streptavidin
(Perkin-Elmer) in TBS/Tween with 25 uM EDTA was then added to
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each well, and the plates were incubated for 1 h at room tempera-
ture. The wells were washed, and 50 pl DELFIA enhancement solu-
tion was added to each well. The plates were vortexed vigorously
and incubated for 2 min before the fluorescence was measured at
615 nm with a VICTORS plate reader (PerkinElmer).

The deposition of mouse C3b on zymosan was detected by using
50 pl of 0.5 pg/ml rat anti-mouse C3 (Connex GmbH) in TBS/
Tween as the primary antibody. After 12- to 16-h incubation, 50 pl
of 0.25 pg/ml rabbit biotin-anti-rat (Dako) in TBS/Tween was added
to each well and the plates were incubated for 1 h at room tempera-
ture. After washing the plates, each well was added 50 pl of
1 pg/ml Europium-labeled streptavidin in TBS/Tween with 25 uM
EDTA, and left for incubation for one more hour. The wells were
washed, and the fluorescence was measured as described above.

Serum bactericidal assay

Bactericidal assays were performed to investigate the ability of
recombinant FP to support lysis of Gram-negative bacteria. The
Neisseria meningitidis strain HF85 (serogroup C, own collection)
was cultured on chocolate agar (heated blood agar plate, Statens
Serum Institut) at 37°C, 5% CO,, and used to inoculate 5 ml of
gonococcus (GC) broth. Bacteria were grown in a 50-ml falcon tube
by slow “end over end” rotation at 12 rpm, 37°C for approximately
2 h until reaching mid-log phase (Agoonm = 0.100, approximately
10® bacteria/ml). 1.25 ml of bacterial culture was then centrifuged
at 2,000 g for 10 min and re-suspended in 1.5 ml pre-warmed
Hanks buffered salt solution (HBSS) containing 1.2 mM CaCl, and
0.9 mM MgCl,, pH 7.4 (Invitrogen). The bacteria were washed three
times before being re-suspended in HBSS at a concentration of
2.5 x 10° bacteria/ml. For the lysis reaction, normal human serum
(NHS) or FP-depleted serum (Complement Technology) was diluted
1:5 in HBSS buffer and supplemented with 10 pg/ml recombinant
human FP, FP E244K, or FPc. Heat-inactivated sera (56°C for
30 min) were used as negative controls. For 250 pl reactions, 40 pl
bacterial suspensions at 2.5 x 10° bacteria/ml were used. Incuba-
tion was carried out on a plate mixer at 200 rpm, 37°C. 10 pl of
samples was drawn at 0, 40, 80, 120, and 160 min in duplicates.
The samples were serially diluted in HBSS and plated onto chocolate
agar and incubated for 12-16 h at 37°C, 5% CO,, and the number of
colony-forming units (cfu) were counted.

Crystal structure determination

Crystals of the C3bBbFPcSCIN complex were grown at 4°C in sitting
drops made by mixing the SEC purified complex at 6.8 mg/ml in a
1:1 ratio with reservoir solution containing 0.05 M Mg acetate,
0.05 M MES pH 6.5, and 5% PEG 10,000. Crystals were cryo-
protected by soaking in reservoir solution supplemented with 25%
glycerol prior to flash cooling in liquid nitrogen. Data were collected
at PETRA Il P14 using radiation with A = 0.976 A at 100 K and
processed with XDS (Kabsch, 2010). The structure was determined
using the coordinates of the C3bBbSCIN complex (RCSB entry
2WIN) for molecular replacement in Phaser (McCoy et al, 2007).
The solvent content of the crystals was 85% with two C3bBbSCIN-
FPc complexes in the asymmetric unit. The solution from Phaser
was refined with rigid body refinement in Phenix.refine (Afonine
et al, 2012). A few regions were manually rebuilt in Coot (Emsley
et al, 2010), and the rebuild structure was then fitted to the electron
density map using iMDFF as described (Croll & Andersen, 2016).
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The iMDFF fitted structure was subsequently refined to the final
structure with Phenix.refine. Atom positions were refined with posi-
tional refinement, whereas temperature factors were refined with
grouped B-factors and TLS groups. The two copies of the complex
in the asymmetric unit were restrained domain-wise with non-crys-
tallographic symmetry restraints. The resulting structure displayed
superior stereochemistry according to Molprobity (Chen et al, 2010)
considering the low resolution of the diffraction data. No model
information from the docked TSRs were used at any point, but they
served as atomic models underlying the masks used in real space
averaging conducted using the RAVE package (Kleywegt et al,
2006). Polyalanine TSRs derived from RCSB entry 1LSL were docked
by hand in Coot or Pymol. Figures were prepared with PyMol v1.8
(www.pymol.org).

Small angle X-ray scattering

Small angle X-ray scattering measurements were performed in batch
mode at the P12 beamline at PETRA III, DESY using a Pilatus 2 M
pixel detector (DECTRIS, Switzerland) and A = 1.240 Aina tempera-
ture-controlled capillary at 20°C. The sample-to-detector distance was
3.0 m, covering a range of momentum transfer 0.028 < q < 4.8 nm™!
q=(4-m-sin 0) + A, where 20 is the scattering angle). Data were
collected from samples containing FPc and FP E244K in 10 mM
HEPES, 150 mM NaCl, pH 7.2 with twenty exposures of 45 ms.
Radial averaging, buffer subtraction, and concentration scaling were
performed by the beamline pipeline (Franke et al, 2012). For FP
E244K, data collected at 2.7 mg/ml were used for further modeling.
Data collected for FPc at 2.7 mg/ml with ¢ < 2 nm™' were merged
with data collected at 9.1 mg/ml with g > 0.15 nm™" using PRIMUS
(Konarev et al, 2003). The pair distribution function was calculated
by indirect Fourier transform using GNOM (Svergun, 1992). Ab initio
models were modeled using DAMMIF (Franke & Svergun, 2009) and
averaged with the DAMAVER suite (Volkov & Svergun, 2003). Rigid
body refinements were performed using a momentum transfer range
of g <0.28 A~ with CORAL (Petoukhov et al, 2012). For rigid body
modeling, the thrombospondin repeats from RCSB entry 1WOR (Sun
et al, 2004) were used and extended to an all-atom model with
PULCHRA (Rotkiewicz & Skolnick, 2008). For the FP E244K, TSRO-6
were connected using LINK statements, whereas FPc was divided into
the TSRO0-3 chain and the TSR4-6 chain, each connected using LINK
statements. No other restraints were applied. Calculations of theoreti-
cal scattering profiles of atomic structures and their fits to the experi-
mental data (as measured by the xz—value) were done using
CRYSOL3 (Svergun et al, 1995).

Data availability

Coordinates and structure factors for the crystal structure of FP in
complex with the SCIN-stabilized C3 convertase are available at the
RCSB protein data bank in entry SM6W. The solution structures and
scattering curves for FPc and FP E244K are available at the SASBDB
as entries SASDB59 and SASDBG69, respectively.

Expanded View for this article is available online.
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