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Binding of the Human Complement Regulators CFHR1 and
Factor H by Streptococcal Collagen-like Protein 1 (Scl1) via
Their Conserved C Termini Allows Control of the
Complement Cascade at Multiple Levels™
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Group A streptococci (GAS) utilize soluble human comple-
ment regulators to evade host complement attack. Here, we
characterized the binding of the terminal complement complex
inhibitor complement Factor H-related protein 1 (CFHR1) and
of the C3 convertase regulator Factor H to the streptococcal
collagen-like proteins (Scl). CFHRI1 and Factor H, but no other
member of the Factor H protein family (CFHR2, CFHR3, or
CFHR4A), bound to the two streptococcal proteins Scll.6 and
Scl1.55, which are expressed by GAS serotypes M6 and M55.
The two human regulators bound to the Scll proteins via their
conserved C-terminal attachment region, i.e. CFHR1 short con-
sensus repeats 3—5 (SCR3-5) and Factor H SCR18 -20. Binding
was affected by ionic strength and by heparin. CFHR1 and the
C-terminal attachment region of Factor H did not bind to Scl1.1
and Scl2.28 proteins but did bind to intact M1-type and M28-
type GAS, which express Scll.1 and Scl2.28, respectively, thus
arguing for the presence of an additional binding mechanism to
CFHR1 and Factor H. Furthermore mutations within the C-ter-
minal heparin-binding region and Factor H mutations that are
associated with the acute renal disease atypical hemolytic ure-
mic syndrome blocked the interaction with the two streptococ-
cal proteins. Binding of CFHR1 affected the complement regu-
latory functions of Factor H on the level of the C3 convertase.
Apparently, streptococci utilize two types of complement regu-
lator-acquiring surface proteins; type A proteins, as represented
by Scl1.6 and Scl1.55, bind to CFHR1 and Factor H via their
conserved C-terminal region and do not bind the Factor H-like
protein 1 (FHL-1). On the contrary, type B proteins, represented
by M-, M-like, and the fibronectin-binding protein Fba proteins,
bind Factor H and FHL-1 via domain SCR7 and do not bind
CFHRI1. In conclusion, binding of CFHR1 is at the expense of
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Factor H-mediated regulatory function at the level of C3 con-
vertase and at the gain of a regulator that controls complement
at the level of the C5 convertase and formation of the terminal
complement complex.

Streptococcus pyogenes is a specialized Gram-positive 3-he-
molytic human pathogen. Group A streptococci (GAS)? infec-
tions cause a variety of diseases including superficial infections
of the throat and skin, such as pharyngitis and impetigo, and
deep soft tissue infections like necrotizing fasciitis and myositis,
as well as live threatening septic infections including toxic
shock syndrome and puerperal sepsis (1, 2).

Upon infection of a human host, S. pyogenes, similar to other
microbes, is immediately confronted and attacked by the
human complement system. This central defense system rep-
resents an enzymatic cascade which is initiated via three major
pathways, the alternative, the classical, and the lectin pathway.
The alternative complement pathway (AP) is activated sponta-
neously, continuously, and independently of antibodies. Upon
activation, a C3 convertase is formed on the surface of an invad-
ing microbe; this enzyme cleaves the central complement com-
pound C3 into surface-opsonizing C3b and into the chemotac-
tic and antimicrobial anaphylatoxin C3a (3). If activation
proceeds, a C5 convertase is formed that generates the potent
anaphylactic peptide C5a and further initiates the terminal
complement complex (TCC), which forms a pore in the mem-
brane of the microbe and leads to target lysis (4 - 6). In addition,
cytokine-like activity is described for soluble TCC (7, 8).

Host cells are generally protected from the damaging effects
of alternative complement attack by surface-expressed as well
as surface-acquired complement regulators. Factor H is the
major soluble regulator of the AP, and this protein is composed
of 20 domains termed short consensus repeats (SCR). The C
terminus (SCR18-20) forms the major binding region of the
protein and facilitates surface binding (9-12).

2 The abbreviations used are: GAS, group A streptococci; AP, alternative path-
way; TCC, terminal complement complex; SCR, short consensus repeat;
CFHR, complement Factor H-related (protein); Scl, streptococcal collagen-
like (protein); DPBS, Dulbecco’s phosphate-buffered saline; aHUS, atypical
hemolytic uremic syndrome; MFI, mean fluorescence intensity.
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The complement regulatory region is located in the N termi-
nus (SCR1-4) of the protein. Factor H-like protein 1 (FHL-1),
which is derived from an alternatively spliced transcript of the
Factor H gene, consists of the first seven SCRs including the
regulatory region. Both regulators act on the level of the C3
convertase, accelerating the decay of the convertase and acting
as cofactors for the C3b-cleaving serine protease Factor I (13—
15). The complement Factor H-related protein 1 (CFHR1) con-
sists of five SCRs (16). CFHR1 is a complement inhibitor that
inhibits the C5 convertase and blocks formation of the terminal
complement complex (17). CFHRI1 shares the C-terminal sur-
face binding region with Factor H, and the three most C-termi-
nal domains of both proteins display almost 99% identity on the
amino acid level. CFHR1 lacks the N-terminal regulatory region
of Factor H and consequently lacks regulatory functions on the
C3 convertase level. The three regulators, CFHR1, Factor H,
and FHL-1, are members of the Factor H protein family that
also include four additional Factor H-related proteins
(CFHR2-CFHRS5). All members of the Factor H protein family
share common structural features and are composed exclu-
sively of short consensus repeats, which have high sequence
similarities among each other (18).

S. pyogenes expresses several surface proteins that recruit the
host complement regulators Factor H, FHL-1, CFHRI, and
C4-binding protein (C4BP) to the bacterial surface. This allows
the pathogen to control host complement attack, to inactivate
complement effector proteins, and consequently to block C3b
opsonization and the generation of inflammatory anaphylatox-
ins (C3a and C5a), as well as TCC formation and surface depo-
sition. The known streptococcal binding proteins are M-pro-
tein, M-like proteins, and fibronectin-binding protein (Fba)
(19, 20). The anti-phagocytic M-protein, which is expressed
by S. pyogenes, shows high sequence variations and is there-
fore used for epidemiological typing. More than 140 GAS
M-protein variants are identified on the basis of emm gene
typing (19, 21-27).

Streptococcal collagen-like (Scl) proteins are expressed by all
S. pyogenes M-types and have a conserved domain structure: a
C-terminal cell wall membrane-spanning region, with an
LPXTG cell wall-binding motif followed by an extracellular col-
lagen-like domain with the repetitive GXY amino acid motif,
and an adjacent N-terminal variable domain. The predicted
structure indicates a “lollipop-like” domain organization,
where the collagen-like domain forms a triple helical stalk and
the variable domain folds into a globular head. S. pyogenes
expresses two distinct Scl proteins, Scll and Scl2. The two bac-
terial proteins have a rather similar domain organization, but
Scll includes an additional linker region between the cell wall
membrane-spanning region and the collagen-like domain
(28-33).

Recently the Scll of serotypes M6 and M55 (Scll.6 and
Scll.55, respectively) were identified as CFHR1 and Factor
H-binding surface protein (34). Binding was observed exclu-
sively for Scll of the M6 and M55 serotypes, whereas Scll
and Scl2 proteins of other serotypes, e.g. Scll of M1-type bacteria
(Scl1.1), Scll and Scl2 of M28-type bacteria (Scl1.28 and
Scl2.28), and others (34), did not bind. CFHR1 and Factor H
bind to the variable domain of both Scll1.6 and Scl1.55 (34),
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which show 85% sequence identity. In contrast, the variable
domain of nonbinding Scl proteins Scll.1 and Scl2.28 have a
lower level of identity of 35 and 40%, respectively, when com-
pared with the binding Scl proteins. Scl proteins bind CFHR1
and Factor H and also additional human proteins, including
a, 3, integrin, low density lipoprotein (LDL), fibronectin, lami-
nin, and the thrombin-activatable fibrinolysis inhibitor
(34-39).

GAS express Factor H-binding proteins, e.g. M-protein and
Fba, that bind Factor H and FHL-1 via SCR7. Scl1, derived from
S. pyogenes serotype M6 and M55 (Scll.6 and Scll1.55), bind
CFHRI1 and Factor H, but the binding region within the two
host proteins is thus far unknown. In the present study we local-
ized the binding regions in the human CFHR1 and Factor H
proteins for Scll interaction with the C termini of the two com-
plement regulators by using recombinant deletion fragments.
CFHR1 and Factor H compete for binding to both Scl1.6 and
Scll.55, indicating that the two human regulators bind the same
epitope(s) within the streptococcal proteins. By peptide spot
assays a linear Scl binding sequence with a length of five amino
acid residues was identified in SCR4 of CFHRI1. This sequence
is also conserved in SCR19 of Factor H. In addition, several
residues located within SCR20 of Factor H (or SCR5 CFHRI1)
are also relevant for binding to Scl1.6 and Scl1.55. Based on this
unique binding profile for the CFHR1 and Factor H C-terminal
regions, Scll1.6 and Scl1.55 proteins represent a new class of
streptococcal CFHR1/Factor H-binding proteins. They bind a
different region of the Factor H protein as compared with the
previously identified streptococcal Factor H-binding proteins
M-, M-like, and Fba protein. This difference in recognition and
binding is relevant for GAS immune evasion as complement is
blocked at multiple levels.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Scl Proteins—
Production of recombinant Scl proteins has been reported (30,
41). Briefly, Escherichia coli strain DH5« was used in cloning
experiments, and E. coli BL21 was used for protein expression.
E. coli strains harboring plasmid constructs were routinely
grown in Luria-Bertani (LB) liquid medium (BD Biosciences)
supplemented with ampicillin (100 pug/ml). Recombinant Scl
proteins were produced in the E. coli periplasm using the Strep-
Tag II expression and purification system (IBA GmbH, Goet-
tingen, Germany).

Expression of Recombinant Factor H Family Proteins and
Fragments—Factor H fragments SCR8—11, SCR11-15, SCR8 —
20, SCR15-18, SCR15-19, SCR15-20, and SCR19-20, as well
as Factor H SCR8-20-based mutant proteins (V1197A,
W1183V, R1210C, and R1215@G), Factor H SCR15-20-based
mutant HepG (R1203E, R1206E, R1210S, K1230S, and
R1231A), and Factor H family proteins CFHR2, CFHR3,
CFHR4A, and FHL-1, were expressed using the baculovirus
expression system described previously (42, 43). Briefly, follow-
ing cultivation of insect cells of Spodoptera frugiperda (Sf9) at
28 °C in protein-free Grace medium (BioWhittaker), cells were
infected with recombinant baculovirus. After 9 days the culture
supernatant was harvested, and the recombinant proteins were
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purified by affinity chromatography using nickel-nitrilotriace-
tic acid-agarose (Qiagen).

The recombinant CFHR1 protein was expressed by using the
Pichia pastoris expression system (Invitrogen). The CFHR1-
encoding gene was cloned into the pPicZaB vector and subse-
quently introduced into P.pastoris X33. Expression was
induced with 1% methanol. The recombinant protein-contain-
ing supernatant was harvested after 4 days of expression and
purified by using the FPLC Akta purifier (GE Healthcare)
together with 1 ml nickel-chelating columns (HiTrap HP, GE
Healthcare). The purified proteins were concentrated (Amicon
Ultra-15), and buffer was changed to 1X Dulbecco’s phos-
phate-buffered saline (DPBS, Lonza).

Enzyme-linked Immunosorbent Assay (ELISA)—The recom-
binant Scl proteins Scl1.1, Scl1.6, Scl1.55, and Scl2.28 (10 ug/ml
in DPBS) were immobilized overnight at 4 °C onto a microtiter
plate (Maxisorb, Nunc). All samples were probed in triplicate.
Following washing, plates were blocked with 1X PBS contain-
ing 2% bovine serum albumin (BSA, Applichem) and 1X Roti-
Block (Roth) for 1.5 h at 37 °C. Plates were washed three times,
and the ligand protein, Factor H (Comptech) or CFHRI,
respectively, was added with increasing amounts in a range of 0
to 20 pug/ml in DPBS. Following incubation for 1 h at room
temperature, plates were washed extensively with 1X PBS con-
taining 0.05% Tween 20 (Sigma). Bound proteins were detected
with polyclonal Factor H antiserum (1:1000, Comptech) and a
secondary horseradish peroxidase (HRP)-coupled anti-goat
antibody (1:1000, Dako), each diluted in blocking buffer.
Serum-derived CFHR1 was detected with monoclonal CFHR1
antibody JHD10 (1:1000, Prof. Dr. Wallich, Heidelberg Univer-
sity) and a secondary HRP-coupled anti-mouse antibody
(1:1000, Dako) (17). The reaction was developed with the
chromogen substrate 1,2-phenylenediamine dihydrochloride
(OPD, Dako), and absorbency was measured at 490 nm.

For the reverse setting, Factor H, CFHRs, or Factor H frag-
ments (SCR1-7, SCR8-11, SCR11-15, SCR15-20, SCR15-18,
and SCR19-20) were immobilized (10 ug/ml), and Scl were
used as ligand (15 ug/ml). Bound Scl proteins were detected
with anti-Strep-Tag II-HRP.

Ionic Strength—Dependence was measured by using 1X PBS
buffer (2.7 mm KCl, 10 mm Na,HPO,, and 1.8 mm KH,PO,)
with increasing NaCl molarities ranging from 0 to 560 mm for
protein diluents, blocking solution, and washing buffer. Factor
Hand CFHR1 were immobilized (10 ug/ml), and Scl (15 pg/ml)
was added.

Heparin Blocking—Experiments were performed as de-
scribed above. Upon immobilization of Scl (10 ug/ml), Factor H
or CFHR1 (5 pg/ml) were added to the wells, together with
increasing amounts of heparin sodium salt (Fluka) ranging
from 0 to 512 ug/ml

Catch ELISA—A catch ELISA was performed to measure the
interaction of Factor H SCR8 —20-based mutant proteins with
Scll.6, Scl1.55, and Scl2.28. The mutations were located at posi-
tions V1197A, W1183V, R1210C, and R1215G. In addition, a
Factor H SCR15-20 fragment (a non-disease-associated pro-
tein) was added. This mutant construct harbors amino acid
exchanges of five heparin-binding residues, ie. R1203E,
R1206E, R1210S, K1230S, and R1231A, that form a positively
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charged patch in SCR20. All mutants used in this assay showed
impaired heparin and C3b binding.

Heparin binding was assayed as described above, with the
following modifications. First, a Factor H SCR15-18-specific
antiserum was immobilized (1:300 in DPBS) overnight at 4 °C.
Following blocking, baculovirus supernatant containing the
various mutant proteins was added and incubated for 2 h at
room temperature. Two plates were prepared in parallel. The
first plate was used to verify equal binding of mutant proteins by
adding a polyclonal Factor H antiserum (1:1000, Comptech)
and a secondary anti-goat-HRP antibody (1:1000, Dako). The
second plate was used to analyze the Scl interaction. Then Scl
was added (10 pg/ml) and detected with anti-Strep-Tag
II-HRP.

Whole-cell ELISA—This was performed as follows. 25 ml of
brain-heart infusion (BHI, Fluka) medium was inoculated with
0.5 ml of an overnight culture of GAS types M1, M6, M28, and
M55. The cultures were grown at 37 °C for 4 h until mid-log
phase. GAS at 5 X 10° colony-forming units in DPBS were
added to each well and incubated overnight at 4 °C. Equal
attachment was verified by staining bound bacteria with crystal
violet in a parallel approach. The ligand proteins were added at
15 pug/ml, and the assay was developed as described above. The
M-type-dependent antibody background level was measured
and subtracted to compare ligand binding among the serotypes.

Competition ELISA—This was performed by adding different
molar ratios of Factor H:CFHR1 (1:0, 1:0.5, 1:1, 1:2, 1:4, and 0:1)
to immobilized Scl proteins (10 pg/ml). The ELISA was per-
formed as described above. Bound Factor H was detected with a
polyclonal rabbit Factor H SCR1-4 antiserum (1:1000) and a
secondary anti-rabbit-HRP antiserum (1:1000, Dako).

Surface Plasmon Resonance (SPR) Studies—Protein-protein
interactions were analyzed by the SPR technique using a Bia-
core 3000 instrument (Biacore AB) as described (44) with the
following modifications. The recombinant Scl proteins (i.e.
Scll.1, Scll.6, Scl2.28, and Scl1.55) were immobilized on the
sensorchip by Strep-Tactin (IBA), which was fixed by standard
amine coupling to the surface of a CM5 chip (3000 relative light
units). All SPR experiments were performed in DPBS.

Peptide Spot Analysis—Forty peptides representing CFHR1
SCR4 and SCR5 (residues 202—330) with a length of 13 amino
acids and an overlap of 10 amino acids were synthesized and
coupled to a cellulose membrane (JPT, Berlin, Germany). The
membranes were treated as described (44). Then 1 pug/ml Scl1.6
or Scl2.28 protein in DPBS was used. Bound protein was
detected with 1:1000 anti-Strep-Tag II-HRP antibody.

SDS-PAGE and Western Blot Analysis—Samples were sepa-
rated by SDS-PAGE using 12% gels. After transfer of the pro-
teins onto nitrocellulose membranes (Protran, Whatman) by
semidry blotting, the membranes were blocked with 4% (w/v)
dried milk, 1% BSA, and 0.1% Tween 20 in DPBS (Lonza) over-
night at 4 °C. Blots were incubated with the indicated primary
antibodies for 1 h at room temperature followed by the corre-
sponding secondary antisera coupled with horseradish peroxi-
dase. Antibodies were diluted in blocking buffer. ECL plus solu-
tion (GE Healthcare) was used for protein detection, and
images were taken using Bio-Imaging Systems MF-ChemiBIS
3.2 (Biostep).
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Flow Cytometry—GAS types M1, M6, M28, and M55 were
grown overnight at 37 °C in 10 ml of brain-heart infusion. Bac-
teria were washed twice with DPBS, and 1 X 10® GAS colony-
forming units/sample were incubated with Factor H SCR15-20
(15 pug/ml), Factor H SCR15-18, CFHR1, or buffer without pro-
tein for 30 min at 37 °C. Next, bacteria were washed twice, a
polyclonal antiserum (1:100, Comptech) that also detects
CFHRI1 and Factor H was added, and the mixture was incubated
for 20 min at room temperature. Bacteria were washed again, a
secondary anti-goat F'ab, antibody coupled with Alexa 488
(1:100, Invitrogen) was added, and the mixture was incubated
for 20 min at 4 °C. Bacteria were washed with DPBS and exam-
ined by flow cytometry (LSR II, BD Biosciences). Forward and
sideward scatter were used to identify bacteria, and 10,000
events were counted.

Complement Cofactor Assay—The functional activity of
Scl-bound Factor H was analyzed using a cofactor assay.
First, Scl1.6, Scl1.55, and Scl2.28 protein (each at 10 pg/ml)
was immobilized overnight at 4 °C. After washing (1X PBS
and 0.05% Tween 20) and blocking (1 X PBS, 2% BSA, and 1 X
Roti-Block), Factor H was added (15 png/mlin DPBS), and the
mixture was incubated for 1 h at room temperature. Wells
without Factor H were prepared in parallel to verify Factor H
specificity. Next, the plate was washed, and C3b (10 pg/mlin
DPBS) together with Factor I (0.7 ug/ml in DPBS) was added
and incubated for 30 min at 37 °C. Samples were collected,
separated by SDS-PAGE, and analyzed by Western blotting.
C3b cleavage was visualized using a C3-specific antiserum
(1:1000, Calbiochem) and a secondary anti-goat-HRP anti-
body (1:2000, Dako).

In addition a cofactor assay was performed to determine the
functional relevance of the Factor H and CFHR1 competition
upon Scl binding. Various molar ratios of Factor H:CFHR1 (1:0,
1:0.5, 1:1, 1:2, 1:4, 1:8, and 0:1) were added to immobilized Scl
proteins (10 ug/ml). C3b cleavage was assayed as described. In
addition, competition of CFHR1 and Factor H was followed by
ELISA (see “Competition ELISA” above).

CFHR1 TCC Inhibition Assay—Scl proteins Scll.6, Scl1.55,
and Scl2.28 or human serum albumin (each at 15 ug/ml) was
immobilized for 1 h at 37 °C, washed, and blocked, and then
CFHR1 and Factor H were added as ligands. CFHR1 and Factor
H binding was verified with a polyclonal Factor H antiserum. In
parallel, purified TCC compounds (Comptech) diluted in
HEPES buffer (20 mm HEPES, 144 mm NaCl, 7 mm MgCl,, and
10 mm EGTA) were added to the wells. C5b6 (3.8 ul, 20 pg/ml)
and C7 (5 ul, 20 pg/ml) were adjusted to 40 ul with HEPES
buffer and added to the sample. This mixture was incubated for
10 min at room temperature, and then C8 and C9 (both at 5 ul,
20 pg/ml) were added. After incubation for 30 min at 37 °C, the
samples were washed, and surface-deposited TCC was detected
using a polyclonal SC5b9 (TCC)-reacting rabbit antiserum
(1:1000, Comptech) and a secondary anti-rabbit HRP-coupled
serum (Dako).

Hemolysis Assay—CFHR1, used at increasing amounts (0-2
uM) was incubated together with increasing amounts of Scl1.6,
Scll1.55, or Scl2.28 (0-2 um) in HEPES buffer. Samples were
split; one aliquot was analyzed for CFHR1-Scl complex for-
mation, whereas the other part was used in a hemolytic assay.
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The level of Scl-bound CFHR1 was identified using the catch
ELISA described above, with the following modifications.
Anti-Strep-Tag II antibody (1:400) was immobilized to bind
Scl protein. Samples diluted 1:100 in DPBS were added to the
wells and incubated for 1 h at room temperature, and bound
complexes were detected with a polyclonal CFHR1 anti-
serum (1:1000) and a secondary HRP-coupled anti-goat anti-
serum (1:1000). Unbound CFHR1 protein was detected upon
transfer of the supernatant, which contained free, non-ab-
sorbed CFHRI1 protein to a new ELISA plate that had the
immobilized JHD10 monoclonal antibody, specific for
CFHR1 (1:1000).

The second part of the probe was assayed in a hemolysis
assay. The sample (10 ul) was incubated together with C5b6
(4.5 ul; 20 pg/ml), C7 (6 ul; 20 ug/ml), and 30 ul of HEPES
buffer containing 2 X 10® sheep erythrocytes (Rockland). The
volume was adjusted to 48 ul with HEPES buffer. Samples were
incubated for 10 min at room temperature, and then C8 and C9
(each 6 ul, 20 ug/ml) were added. The reaction was incubated
for 30 min at 37 °C with agitation and then centrifuged for 2 min
at 5000 rpm. Erythrocyte lysis was determined by measuring
the absorbance at 414 nm.

RESULTS

CFHRI1 and Factor H Binding to Scl—To characterize the role
of Scl proteins for immune and complement escape of GAS, we
analyzed the binding of recombinant Scl1.6 and Scl1.55 to four
immobilized CFHR proteins (i.e. CFHR1, CFHR2, CFHR3, and
CFHR4A), as well as to Factor H and FHL-1. Both Scl1.6 and
Scl1.55 bound to immobilized CFHR1 and Factor H but did not
bind to any other CFHR protein or FHL-1 (Fig. 1A4). In this assay
Scll.6 bound the two human complement regulators with
stronger intensity as compared with Scll.55. Streptococcal
Scl2.28 was used as a negative control, and this protein did not
bind to any tested Factor H family protein. Binding of CFHR1
and Factor H to immobilized Scl proteins was confirmed using
10% human serum as a protein source (Fig. 1B). Bound CFHR1
was detected with the specific mouse monoclonal antibody
JHD10 and bound Factor H with Factor H-specific antiserum.
Serum-derived CFHR1 and Factor H bound to immobilized
streptococcal Scll.6 and Scl1.55 proteins but not the related
Scl2.28 protein.

Dose-dependent Binding of CFHR1 and Factor H to Scl1.6 and
Scl1.55—CFHR], a regulator of the C5 convertase and terminal
complement pathway, and Factor H, a regulator of the C3 con-
vertase, bind to streptococcal Scll.6 and Scl1.55 proteins. The
two human complement inhibitors bound to immobilized
Scl1.6 as well as to Scl1.55 in a dose-dependent manner (Fig. 2,
A and B). CFHR1 binding was saturated at a concentration of
~5 ug/ml and Factor H binding at ~10 ug/ml. Given the
plasma concentrations of CFHR1 and Factor H of ~100 and
500 pg/ml, respectively, the binding is relatively efficient. Nei-
ther CFHR1 nor Factor H bound to Scl proteins Scll.1 and
Scl2.28, expressed by the streptococcal strains serotypes M1
and M28 (Table 1).

Binding was further characterized by SPR. CFHR1 and Fac-
tor H bound to immobilized Scl1.6 and Scl1.55 but did not bind
to either Scll.1 or Scl2.28 (Fig. 2C). The two human regulators
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FIGURE 1. Binding of Scl proteins to Factor H protein family members.
A, CFHR1, CFHR2, CFHR3, and CFHR4A, as well as Factor H and FHL-1, were
immobilized, and binding of streptococcal proteins Scl1.6, Scl1.55, and
Scl2.28 was followed using a Strep-Tag Il-specific HRP-coupled antibody.
Streptococcal proteins Scl1.6 and Scl1.55 bound to CFHR1 and Factor H but
not to any other Factor H family protein. Scl2.28 bound to none of the tested
proteins (***, p < 0.001). B, 10% normal human serum was added to immobi-
lized Scl1.6, Scl1.55, or Scl2.28, and bound CFHR1 and Factor H derived from
human plasma were detected by a monoclonal antibody specific for CFHR1
(JHD10) and by a polyclonal antiserum specific for Factor H SCR1-4. The
human regulators bound to Scl1.6 and Scl1.55 but not to Scl2.28. Mean values
from triplicate wells of a representative experiment =+ S.D. are shown (total of
three independent experiments; ***, p < 0.001).

Serum Factor H

showed different binding profiles, i.e. CFHR1 had a slower asso-
ciation than Factor H but also a slower dissociation profile. The
two human complement regulators, CFHR1 and Factor H,
bound to the streptococcal proteins Scll.6 and Scll1.55, with
CFHR1 binding appearing the stronger.

CFHR1 and Factor H Bind Scl1.6 and Scl1.55 via Their C-ter-
minal Surface Binding Regions—Next we aimed to localize the
binding region of both human regulators for the streptococcal
proteins. To this end recombinant fragments of both CFHR1
and Factor H were used. The C-terminal CFHR1 fragment,
SCR3-5, similar to the intact full-length protein CFHR1, bound
to both streptococcal proteins Scll.6 and Scll.55 but not to
Scl2.28 (Fig. 3A). The N-terminal fragment CFHR1 SCR1-2 did
not bind to any Scl protein.

Binding was confirmed by SPR analysis. Again, C-terminal
SCR3-5 bound to the immobilized streptococcal proteins
Scll.6 and Scl1.55. The N-terminal CFHR1 SCR1-2 frag-
ment did not bind. In this setup, however, the full-length
CFHRI1 protein bound more strongly than the C-terminal
fragment (Fig. 3B). Thus CFHR1 binds both streptococcal
proteins, i.e. Scll.6 and Scl1.55, via the C-terminal surface
binding region.

Factor H also bound to the two streptococcal proteins Scl1.6
and Scll1.55. Using several Factor H fragments, the binding
region for the two streptococcal proteins was localized to C-ter-
minal SCR19-20. Scl1.6 and Scl1.55 bound to the two C-termi-
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FIGURE 2. Dose-dependent binding of CFHR1 and Factor H to streptococ-
cal Scl1.6 and Scl1.55. Purified CFHR1 (A) and Factor H (B) bound dose-de-
pendently to immobilized Scl1.6 (black circles) and Scl1.55 (black squares). No
binding was detected for Scl1.1 (white triangles) and Scl2.28 (white diamonds).
Error barsindicate S.D. C, binding of CFHR1 and Factor H toimmobilized Scl1.6
(black), Scl1.55 (gray), Scl1.1 (light gray), and Scl2.28 (black dotted/dashed dot-
ted) was analyzed by surface plasmon resonance SPR. CFHR1 (solid lines) and
Factor H (dashed lines) bound to Scl1.6 and Scl1.55 but not to Scl1.1 or to
Scl2.28. A representative experiment of three is shown.

nal Factor H constructs SCR15-20 and SCR19 —20, whereas Scl
proteins did not bind to constructs lacking SCR19-20, i.e.
SCR1-7, SCR8-11, SCR11-15, and SCR15-18 (Fig. 3C). Sim-
ilar results were obtained in the reverse setting with immobi-
lized streptococcal proteins (data not shown). Thus the C-ter-
minal surface binding region of Factor H, ie. SCR19-20,
contacts the two streptococcal proteins.

Binding of the C-terminal Factor H construct SCR15-20 to
Scll.6 and Scl1.55 was also assayed by SPR. In this case, the
association profile of the Factor H fragment was stronger for
Scll.6 as compared with Scll1.55. Again, Factor H SCR15-18
fragment did not bind (Fig. 3D). In summary, both CFHR1 and
Factor H bound to the two streptococcal proteins, Scll.6 and
Scl1.55, via their C-terminal surface binding regions. Binding
was detected in both orientations either with immobilized
CFHR1/Factor H or with immobilized streptococcal proteins
(data not shown), and in this assay both human regulators
bound more strongly to Scl1.6 than to Scl1.55.
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TABLE 1
S. pyogenes strains used in this study

Complement regulator binding to Complement regulator binding to

GAS strain Scl protein M-type intact bacteria purified Scl proteins
MGAS6169 Scll.6 Mé6 CFHRI1 and Factor HSCRs15-20 CFHRI1 and FactorH
MGAS1863 Scll.55 M55 CFHRI1 and Factor HSCRs15-20
MGAS5005 Scll.1 M1 None
MGAS6143 Scl1.28, Scl2.28 M28 CFHRI1 and Factor HSCRs15-20
A B 250 1 —— CFHR1 to Scl1.6
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FIGURE 3. Binding of CFHR1 and Factor H, and of deletion fragments to Scl1.6 and Scl1.55. A, binding of Scl1.6, Scl1.55, and Scl2.28 to CFHR1 and
to the two CFHR1 fragments, SCR1-2 and SCR3-5, was assayed. Scl1.6 and Scl1.55, but not Scl2.28, bound to CFHR1 and the C-terminal CFHR1 fragment
SCR3-5. No Scl protein bound to the N-terminal CFHR1 fragment SCR1-2. Mean values from triplicate wells of a representative experiment = S.D. are
shown (total of three independent experiments). The insert shows the schematic domain structure of CFHR1 and that of the two fragments (***, p <
0.001). B, binding of CFHR1 as well as CFHR1 fragments to immobilized Scl1.6 (light gray) and Scl1.55 (dark gray) was assayed by SPR. CFHR1 (solid line)
and the C-terminal fragment SCR3-5 (dashed-dotted line) bound to Scl1.6 and Scl1.55. The N-terminal CFHR1 SCR1-2 fragment (dotted line) did not bind
to Scl1.6and Scl1.55. C, binding of Scl1.6, Scl1.55, and Scl2.28 to Factor H, and the indicated immobilized Factor H fragments was assayed by ELISA. Scl1.6
and Scl1.55 bound to full-length Factor H as well as the C-terminal Factor H fragments SCR15-20 and SCR19-20. Scl2.28 did not bind to any Factor H
fragment tested. Mean values from triplicate wells of a representative experiment * S.D. are shown (total of three independent experiments). The insert
shows the schematic domain structure of Factor H and that of the various fragments (***, p < 0.001). D, binding was also analyzed by SPR. Again, the
C-terminal Factor H SCR15-20 (dashed line) bound to immobilized Scl1.6 (light gray) and Scl1.55 (dark gray). The Factor H SCR15-18 fragment (dotted line)
did not bind.

Identification of a Linear Scll-binding Motif within SCR4 of
CFHRI—Having localized the Scll-binding region within the
C-terminal surface binding region of both CFHR1 and Factor
H, we aimed to identify linear binding sequences within this
region. To this end, peptides with a length of 13 amino acids and
an overlap of 10 residues that cover the entire sequence of
CFHR1 SCR4 and SCR5 (residues 202-330) were spotted
onto a membrane, and binding of Scl1.6 was assayed. Scll1.6
bound to five consecutive peptides that represent the
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sequence ***PLSVYAPASSVEYQCQNLYQLEGNK?*” (core
residues are shown in bold) (Fig. 44, upper panel). GAS pro-
tein Scl2.28 did not bind to any peptide, thus confirming the
specificity of the Scl1.6-CFHR1 interaction (Fig. 44, lower
panel). The core residues SVEYQ, which represent the major
linear Scll-binding motif in SCR4 of CFHRI1, are conserved
in the corresponding SCR19 of Factor H. The positions of the
residues that form this linear Scll.6-binding motif were
localized in a structural model of CFHR1 SCR4 -5 (Fig. 4B).
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A B the binding of CFHR1 to both Scl1.6
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I |3 scrs 232 - SVEYQ - 236 tions binding was reduced by 12 and

FIGURE 4. Identification of a linear Scl1.6-binding motif in SCR4 of CFHR1.
SCR4 -5 of CFHR1 (residues 202-330), each with a length of 13 amino acids and an overlap of 10 residues, were
spotted onto a membrane, and binding of Scl1.6 (upper panel) and Scl2.28 (lower panel) was followed. Scl1.6
bound to five spots representing the core motif, 222SVEYQ?3® (upper panel). The nonbinding Scl2.28 did not
bind to any peptide (lower panel). SCR4 of CFHR1 and SCR19 of the Factor H protein share sequence identity,
and thus the binding motif is also contained in SCR19 (' **SVEYQ""3”) of Factor H. B, structure of SCR4 and SCR5
of CFHR1 (corresponding to SCR19 and SCR20 of Factor H). The residues that form the linear binding motif are

shown in black and are surface-exposed (Protein Data Bank code: 2G7I).

8%, and at higher NaCl concentra-
tions by 39 and 23% (Fig. 5B). Thus
NaCl affected the binding of both
CFHR1 and Factor H to Scl1.6 and
Scll1.55 at comparable levels, sug-
gesting a related interaction. The
modest effect at the physiological
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A B concentration (140 mm) demon-
CFHR1 Factor H -e- Scl1.6
s0- 2.5 ' = sciss Strates that CFHR1-Scl and Factor
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REYRE e ‘ ' e O8] Z - streptococcal proteins in the
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FIGURE 5. lonic strength (NaCl) and heparin affect CFHR1 and Factor H binding to Scl1.6 and Scl1.55.
A, the influence of ionic strength on CFHR1 binding to immobilized Scl1.6 and Scl1.55 was analyzed by increas-
ing the NaCl concentration. CFHR1 bound to immobilized Scl proteins in the absence of NaCl, and NaCl
reduced binding in a dose-dependent manner. B, similarly, NaCl affected the interaction of Factor H with Scl1.6
and Scl1.55. The arrows (A and B) indicate the physiological NaCl concentration. C, increasing concentrations of
heparin dose-dependently affected the binding of CFHR1 to immobilized Scl1.6 and Scl1.55. D, similarly, hep-
arin affected the binding of Factor H to immobilized streptococcal Scl1.6 and Scl1.55 proteins. Again, the effect
was dose-dependent. The mean values derived from at least three separate experiments * S.D. are shown. *,

p < 0.05; **, p < 0.01; ***, p < 0.001; versus 0 mm NaCl or 0 ug/ml heparin.

The five binding residues are surface-exposed and thus
accessible for ligand interaction.

CFHRI and Factor H Binding to Scll.6 and Scl1.55 Is Influ-
enced by Ilonic Strength—To characterize the nature of the
CFHR1-Factor H interaction with the two streptococcal viru-
lence factors the effect of ionic strength (NaCl) was assayed.
First, the influence of different salt concentrations for CFHR1
or Factor H binding to immobilized Scll.6 and Scl1.55 was
tested. Both complement regulators bound to the streptococcal
proteins in the absence of NaCl (Fig. 5, A and B). Increasing
NaCl concentrations reduced the binding of both complement
regulators, and the effect was dose-dependent. At physiological
NaCl concentrations (140 my; Fig. 54, marked by an arrow),

SN

DECEMBER 3, 2010+VOLUME 285+-NUMBER 49

heparin [ug/mi]

and to Scll1.55 by 37%. Similarly,
heparin affected Factor H binding
to both streptococcal proteins
(Fig. 5D). At 512 pg/ml, heparin
inhibited Factor H binding to
Scll.6 by 75% and to Scll.55 by
58%. Thus heparin affects the
interaction of both human com-
plement regulators with each of
the streptococcal proteins.

Disease-associated Factor H Variants Do Not Bind to Scl1.6
and Scl1.55—Factor H bound to the two streptococcal proteins
Scll.6 and Scl1.55 with the C-terminal surface binding region;
this binding was affected by both NaCl and by heparin.

First, binding of the C-terminal Factor H SCR15-20 mutant
“HepG” was assayed; it has five heparin-interacting residues in
SCR20 of Factor H mutated (i.e. R1203E, R1206E, R1210S,
K1230S, and R1231A) and does not bind heparin. This Factor H
mutant construct was attached via an immobilized antibody to
allow proper orientation and accessibility of the protein. Scl1.6
and Scl1.55 were applied to the fluid phase, and bound proteins
were detected with a specific antibody. None of the Scll pro-
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M55, which express the CFHRI1-
and Factor H-binding Scll.6 and
Scll.55 proteins. In addition, bind-
ing was also assayed for GAS sero-
types M1 and M28 that express the
non-CFHR1- and non-Factor H-
binding Scl proteins Scll.1 and
Scl2.28, respectively. Binding of
CFHRI1 and of the C-terminal Fac-
tor H fragments, SCR15-20 and
SCR15-18, to intact streptococci
was assayed by flow cytometry (Fig.
7, A and B) using a polyclonal anti-
serum that detects CFHR1 and Fac-
tor H. Both CFHR1 and Factor H
SCR15-20 bound strongly to sero-
types M6 and M55 (CFHR1, mean
fluorescence intensity (MFI) 1278
and 1541; SCR15-20, MFI 1231 and
2638) (Fig. 7B) and with lower
intensity to the M28-type strain

R 12108

R1231 A

K12
%S HepG

R 1206 E

R1203 E

R1210C

Iamizn

FH15-20 HepG FH8-20 V1197A

teins bound to the immobilized HepG mutant, but they did
bind the wild-type SCR15-20 construct (Fig. 6).

Atypical hemolytic uremic syndrome (aHUS)-associated
mutations that cluster within the C-terminal recognition
region of Factor H affect heparin, C3b, and human cell binding
(45, 46). Therefore, we investigated whether mutations in the C
terminus of Factor H affect binding to Scl1.6 and Scl1.55. Bind-
ing of four aHUS-associated C-terminal Factor H SCR8-20
mutant fragments, which harbor the disease-associated muta-
tions V1197A, W1183V, R1210C, and R1215G, was assayed.
Again, none of the Scll variants bound to aHUS-associated
mutants V1197A, W1183V, and R1215G. As expected, both
Scll variants bound to wild-type construct SCR8 20 (Fig. 6).
Scll.6 bound weakly to mutant Factor H SCR8-20 with the
R1210C exchange, but binding was of relatively weak intensity
(~30%). Thus, mutations of positively charged residues in
SCR20 of Factor H, as well as aHUS-associated single amino
acid substitutions, affected and blocked Scl-Factor H
interaction.

CFHRI and Factor H Bind to Intact Streptococci—CFHR1
and Factor H bind to Scll.6 and Scl1.55 via their C-terminal
surface binding regions. We therefore asked whether the two
host regulators use the same C-terminal region to bind to intact
bacteria. Binding of CFHR1 and Factor H C-terminal con-
structs was compared for the streptococcal serotypes M6 and

38480 JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 6. Mutations in SCR20 and also disease-associated sequence variants affect Factor H binding to
Scl1.6 and Scl1.55. Factor H SCR8-20, as well as four fragments that include aHUS-associated mutations
(R1210C, V1197A, R1215G, and W1183V), and Factor H SCR15-20, which has heparin-binding residues
exchanged (HepG), were attached via animmobilized monoclonal antibody (equal immobilization was verified
in a parallel approach). Binding of Scl1.6, Scl1.55, and Scl2.28 applied to the fluid phase was detected using a
Strep-Tag llI-specific HRP-coupled antibody. Scl1.6 and Scl1.55, but not Scl2.28, bound to the unmodified
fragment Factor H SCR8-20 and to Factor H SCR15-20, but the streptococcal proteins did not bind to any of the
mutant proteins. Scl1.6 bound weakly to the Factor H SCR8-20 R1210C mutant construct. The mean values
from triplicate wells of a representative experiment = S.D. are shown (total of three independent experiments,
*** p < 0.001 versus no mutated proteins). The insert shows the structural model of SCR19-20 of Factor H
(Protein Data Bank code: 2G7I). The positions of the five exchanged amino acids are indicated for the HepG
mutant (upper panel). The disease-associated amino acids that were exchanged individually in four different
aHUS cases are shown in black (lower panel). The linear Scl-binding motif is marked in dark gray.

(CFHR1, MFI 847; SCR15-20, MFI
984). No binding was observed for
serotype M1, which expresses the
Scll.1 protein. Factor H SCR15-18,
which lacks the C-terminal Scll-
binding region, SCR19-20, did not
bind to bacteria of serotypes M1,
M6, and M28 and bound weakly to
M55-type bacteria. Thus CFHR1, as
well as the C-terminal surface bind-
ing region of Factor H, binds to
intact bacteria. We hypothesized
that binding of the two human regulators to GAS strain sero-
types M6 and M55 is mediated by Scll.6 and Scll1.55 proteins.
Binding to the M28-type strain suggests the presence additional
binding proteins.

The role of the C-terminal surface binding region of CFHR1
and Factor H was confirmed using a whole-cell ELISA. Strep-
tococci were attached to a microtiter plate, and binding of
CFHRI1 and Factor H fragments was analyzed (Fig. 7C). In this
assay, the C-terminal CFHR1 construct, i.e. SCR3-5 but not the
N-terminal construct CFHR1 SCR1-2, bound to all four strep-
tococcal serotypes, i.e. M1, M6, M28, and M55. Similarly, the
C-terminal construct of Factor H SCR15-20, but not construct
SCR15-18, bound to all four serotypes. The discrepancy
observed for Factor H SCR15-18 in binding to S. pyogenes
serotype M55 may be due to different methods applied. Flow
cytometry revealed weak binding (Fig. 7B), whereas a whole-
cell ELISA showed no binding of the same fragment to strain
M55 (Fig. 7C). The two C-terminal constructs bound strongly
to M6-, M28-, and M55-type GAS and weakly to the M1-type
bacteria. This pattern reflects the results obtained by flow
cytometry, where residual binding to M1-type bacteria was also
observed.

Depending on the assay, each of the four GAS M-types, i.e.
M1, M6, M28, and M55, bind CFHR1 as well as the C terminus
of Factor H. Scl1.6 and Scl1.55 expressed by S. pyogenes sero-
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FIGURE 7. CFHR1 and Factor H bind to various S. pyogenes serotypes. A and B, binding of CFHR1, Factor H
SCR15-20, or Factor H SCR15-18 to S. pyogenes M1-, M6-, M28- and M55-type, which express Scl1.1, Scl1.6,
Scl2.28, and Scl1.55, respectively, was assayed by flow cytometry (A), and the MFI are shown (B). CFHR1 and
Factor H SCR15-20 bound to the Scl1.55-expressing M55-type and to the Scl1.6-expressing M6-type bacteria.
Both proteins also bound with weaker intensity to the M28-type streptococci, which express the non-CFHR1/
C-terminal Factor H-binding Scl1.28 and Scl2.28 surface proteins. The two human proteins did not bind to
M1-type streptococci. Factor H SCR15-18 did not bind to any of the tested streptococcal serotypes. One
representative experiment of five independent experiments is shown. C, binding of CFHR1 and of Factor H
fragments to immobilized S. pyogenes serotypes M1, M6, M28, and M55 was analyzed by whole-cell ELISA.
Bound proteins were identified with a polyclonal antiserum that detects CFHR1 and Factor H. The C-terminal
CFHR1 SCR3-5, but not the N-terminal CFHR1 SCR1-2 construct, bound to all four streptococcal serotypes,
however with different intensities. Factor H construct SCR15-20 also bound, whereas construct SCR15-18 did
not bind. The background intensities were subtracted to allow direct comparison of the four serotypes. The
mean values derived from at least three separate experiments = S.D. are shown (***, p < 0.001).

types M6 and M55 bind the two regulators via their C-terminal
domains, but the Scl1.1 and Scl2.28 surface proteins expressed
by serotype M1 and M28 do not bind to the two human com-
plement regulators. Binding of the CFHR1 and the C-terminal
fragment of Factor H at least to M28-type bacteria argues for
the existence of additional binding proteins expressed on the
surface GAS.

CFHRI and Factor H Compete for Binding to Scll.6 and
Scl1.55 and Modulate Complement Function—CFHR1 and
Factor H, which are both present in human plasma, bind Scl1.6
and Scll.55 proteins with their conserved C-terminal surface
attachment regions. We therefore asked whether the two
human proteins compete for binding to streptococcal Scll pro-
teins. To this end, the effect of increasing amounts of CFHR1 on
Factor H binding to Scll proteins was assayed (Fig. 84). Factor
H binding to both Scl1.6 and Scl1.55 was reduced upon increas-
ing the concentration of CFHR1. Thus, CFHR1 and Factor H
compete for binding to both streptococcal proteins. Interest-
ingly, at the physiological CFHR1:Factor H molar ratio of ~1:2,
Factor H binding was reduced by ~50%, suggesting that bind-
ing of equal amounts of both regulators bind to these strepto-
coccal proteins.

Factor H bound to Scll.6 and Scl1.55 is functionally active
and acts as cofactor for Factor I in C3b cleavage, as revealed by
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the appearance of specific C3b
cleavage products, i.e. o' 68 kDa, o'
43 kDa, and o' 41 kDa (Fig. 8B, lanes
1and 3) (34). As expected, no cofac-
tor activity was observed in samples
containing the Scl2.28 protein,
which does not bind Factor H (Fig.
8B, lane 5).

CFHR1 lacks cofactor activity at
the level of C3 convertase but
instead acts as a regulator of the C5
convertase and of TCC formation.
On the basis of the competitive
binding to Scll proteins, we investi-
gated whether CFHR1 binding to
Scll affects complement regulatory
activity of Factor H at the level of C3
convertase. Therefore, the effect of
increasing amounts of CFHR1 for
cofactor activity of Scl1-bound Fac-
tor H was assayed. Factor H bound
to Scll.6 and Scl1.55 in the presence
of increasing concentrations of
CFHRI1. After addition of a constant
amount of C3b and Factor I and
upon incubation, samples were sep-
arated by SDS-PAGE and then
transferred to a membrane, and C3b
degradation fragments were identi-
fied by Western blotting. Increasing
concentrations of CFHR1 reduced
Factor H-mediated cofactor activ-
ity, as evidenced by the decreased
intensity of the specific C3b cleav-
age products, i.e. ' 68 kDa, o’ 43 kDa, and o’ 41 kDa fragments
(Fig. 8C). This effect was dose-dependent. At the physiological
molar ratio of CFHR1:Factor H of 0.5:1, C3b cleavage was
reduced by ~30% (Fig. 8C, lanes 3 and 10), as determined by
densitometry of the C3b «’ 43 kDa band. The effect was even
more pronounced at higher CFHR1:Factor H ratios (Fig. 8C,
lanes 4—7and 11-14). At the highest ratio of 8:1, cofactor activ-
ity was reduced by almost 90% (Fig. 8C, lanes 7 and 14).

CFHR1 Bound to Scl1.6 and Scl1.55 Inhibits TCC Deposition—
CFHRI1 inhibits TCC formation by the terminal complement
pathway (17). First, complex formation of CFHR1 and Scl pro-
teins was analyzed, and also the level of free, uncomplexed
CFHR1 was assayed. The other part of the sample was tested in
a hemolytic assay with sheep erythrocytes to evaluate the regu-
latory activity of CFHR1 complexed with Scll1.6 or Scll.55.
CFHRI1 formed complexes with Scl1.6 and Scl1.55 in fluid
phase (supplemental Fig. 14). Complex formation was dose-
dependent, and the level of free, uncomplexed CFHR1 was
rather low. Samples were used for hemolysis assay. Increas-
ing amounts of CFHR1:Scl complexes or Scll.6 alone were
first added to purified terminal complement compounds
C5b6, C7, C8, and C9 and then incubated with sheep eryth-
rocytes. After incubation TCC-mediated erythrocyte lysis
was recorded. In the absence of CFHR1, TCC was formed,
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FIGURE 8. Factor H binding to Scl proteinsis influenced by CFHR1, CFHR1 competes with Factor H for binding,
and CFHR1 affects cofactor activity of Scl-bound Factor H. A, Factor H bound to Scl1.6 and Scl1.55 (columns T and
2). CFHR1 competes with Factor H for binding, and increasing amounts of CFHR1 affected Factor H binding in a
dose-dependent manner (columns 3-10). Bound Factor H was detected with a Factor H SCR1-4-specific antiserum.
Mean values from triplicate wells of a representative experiment = S.D. are shown (total of three independent
experiments). ***, p < 0.001 versus column 1 and 2. B, Factor H bound to Scl1.6 and Scl1.55 retains complement
regulatory activity. Factor H bound to the indicated Scl proteins; then C3b and Factor | was added, and after incu-
bation the mixture was separated by SDS-PAGE and transferred to a membrane. Cofactor activity of bound Factor H
was analyzed by assaying C3b cleavage products by Western blotting. C3b cleavage results in the appearance of the
o' 68-, &’ 43-,and o’ 41-kDa fragments for Factor H bound to Scl1.6 (lane 1) or Scl1.55 (lane 3). A control reaction with
Factor H in the fluid phase was assayed in lane 7. A representative experiment of three is shown. C, CFHR1 affects
Factor H-mediated complement control at the level of C3 convertase. Factor H, used at constant amounts together
with increasing concentrations of CFHR1, bound to immobilized Scl1.6 or Scl1.55 at molar ratios of Factor H:CFHR1
1:0.5, 1:1, 1:2, 1:4, and 1:8 (lanes 3-7 and lanes 10-14). Following washing, C3b and Factor | were added, and after
incubation the mixture was separated by SDS-PAGE and transferred to a membrane. Cofactor activity of bound
Factor H was analyzed by assaying the appearance of C3b cleavage products by Western blotting using a polyclonal
C3b antiserum. C3b cleavage is identified by the appearance of the &’ 68-, @’ 43-,and «’ 41-kDa fragments. CFHR1,
by displacing Factor H, affects Factor H cofactor activity on the level of the C3 convertase. A representative experi-
ment of three is shown.

and sheep erythrocytes were lysed (Fig. 94, 0 um). Increasing
amounts of CFHR1-Scl1.6 and CFHR1-Scl1.55 complexes inhib-
ited TCC-mediated erythrocyte lysis. This effect was dose-depen-
dent, and at 2 um CFHR1 lysis was reduced by 70 and 50%, respec-

S

38482 JOURNAL OF BIOLOGICAL CHEMISTRY

tively. In the absence of CFHRI,
Scll1.6 alone affected lysis to a much
smaller extend. CFHR1 did not form
complexes with Scl2.28 (supplemen-
tal Fig. 1B).

Additionally, the role of CFHR1
bound to Scl proteins on C5b9
(TCC) deposition was assayed.
CFHR1 bound to Scl1.6 or to Scl1.55
(supplemental Fig. 1C) was func-
tionally active and inhibited TCC
formation by 45 and 33%, respec-
tively (Fig. 9B). Factor H, which
lacks TCC regulatory activity, also
bound to Scl1.6 and Scl1.55 and did
not block TCC formation. As
CFHR1 does not bind to Scl2.28, no
TCC inhibition was detectable
when this streptococcal protein was
immobilized. Thus, CFHR1 bound
to Scll.6 and Scl1.55 is functionally
active and acts as a regulator of the
terminal complement pathway.

DISCUSSION

Group A streptococci utilize sol-
uble human complement regulators
to evade host complement attack.
Here, we have characterized the
binding of the TCC inhibitor
CFHR1 and of the C3 convertase
regulator Factor H to streptococcal
collagen-like proteins Scll.6 and
Scl1.55, which are expressed by
GAS serotypes M6 and M55.
CFHRI1 and Factor H bind to the
two streptococcal proteins, and the
two human regulators bind via their
conserved C-terminal attachment
region. In contrast, no additional
member of the Factor H protein
family, neither CFHR2, CFHR3,
CFHR4A, nor FHL-1, bound to
these streptococcal proteins. Scll.6
and Scl1.55 are the first streptococ-
cal proteins found to recruit host
regulators via their conserved
C-terminal surface recognition
regions. All previously reported
complement regulator-binding GAS
proteins, i.e. M-, M-like, and Fba,
bind Factor H and FHL-1 via
domain SCR7 and do not bind
CFHRI (19, 21, 22).

Purified Factor H and CFHR1 bound more strongly to Scl1.6
followed by Scl1.55. On the contrary, when normal human
serum was used, both regulators bound more strongly to
Scl1.55 than to Scll.6. CFHR1 and Factor H are both present in
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FIGURE 9. CFHR1 bound to Scl1.6 and Scl1.55 inhibits TCC formation.
A, the functional relevance of CFHR1-Scl1.6 and CFHR1-Scl1.55 complexes
was analyzed in a hemolysis assay with sheep erythrocytes. TCC formation on
sheep erythrocytes was induced with C5b6, C7, C8, and C9 and assayed by
following erythrocyte lysis. Lysis was inhibited by increasing amounts of
CFHR1-Scl1.6 and CFHR1-Scl1.55 complexes. Scl1.6 alone had a minor effect
on hemolysis that was not amplified by increasing amounts. The mean val-
ues = S.D. of three independent experiments are shown. B, TCC deposition
was analyzed by the addition of TCC compounds C5b6, C7, C8, and C9 to
CFHR1 bound to immobilized Scl1.6 and Scl1.55. For the negative control
sample (no TCC), no C9 was added. TCC was detected using a TCC-specific
antiserum. CFHR1 bound to Scl1.6 and Scl1.55 significantly reduced TCC dep-
osition, whereas bound Factor H did not affect the TCC. Scl2.28, which bound
to neither CFHR1 nor Factor H, did not influence TCC deposition. *, p < 0.05;
® p < 0.01; % p < 0.001.

human serum, and as both proteins bind simultaneously they
also compete for Scl binding. Furthermore, additional Factor
H- and/or CFHR1-binding proteins such as C3 may influence
the interaction of the human complement regulators with the
bacterial proteins, which likely explains the discrepancy in
binding.

The three most C-terminal SCRs, i.e. SCR3-5 of CFHR1 and
SCR18-20 of Factor H, represent the conserved surface attach-
ment region that displays 99% sequence identity. Within SCR4
of CFHRY], a linear Scl1.6-binding motif was identified with the
core sequence **>SVEYQ?>*°. This motif, which is also present
in SCR19 of Factor H, is surface-exposed and thus accessible for
ligand binding. In general PepSpot assays are useful for identi-
fying linear binding regions. However, this approach does not
identify a more complex three-dimensional folding as occurs
for SCR domains. Thus, the linear binding motif does not exclu-
sively mediate interaction. Single amino acid residues within
the most C-terminal domain of Factor H also affect the inter-

SN

DECEMBER 3, 2010+VOLUME 285+-NUMBER 49

TABLE 2
Two distinct types of complement regulator recruitment
Pathogen-encoded host

Genus and complement regulator-recruiting proteins
species
Type A“ Type B®
S. pyogenes Scll.6 and Scl1.55 M-protein, emm-like
protein, and Fba
S. aureus Sbi
B. burgdorferi ~ CRASP-3, CRASP-4 CRASP-1 and CRASP-2
and CRASP-5
P. aeruginosa Tuf

C. albicans CaCRASP1 and CaCRASP2

“ CFHR1- and C-terminal Factor H-binding protein.
» FHL-1- and N-terminal Factor H-binding protein.

action with Scl1.6 and Scl1.55. Scl1.6 and Scl1.55 did not bind to
a heparin mutant (HepG) of Factor H, which has five heparin-
binding residues exchanged. In addition four proteins carrying
aHUS-associated single amino acid mutations within SCR20 of
Factor H (V1197A, W1183V, R1210C, and R1215G) bound to
neither Scll.6 nor Scl1.55. This lack of binding shows that sev-
eral amino acid residues within the most C-terminal domain
are relevant for this interaction. Importantly, our data suggest
that certain genetic abnormalities in Factor H affect binding to
GAS surfaces.

NaCl and heparin influence the binding of both human reg-
ulators to the streptococcal Scll.6 and Scll.55 proteins. At
physiological levels, NaCl (140 mwm) reduced the CFHR1/Factor
H-Scl interaction by about 10%, and heparin (512 pg/ml)
reduced the interaction by ~50%. The C-terminal surface bind-
ing regions of both CFHRI1 and Factor H include several hepa-
rin-interacting residues, which are positioned in the direct
vicinity of the linear Scl-binding residues. This suggests that
heparin may occlude the Scl-binding region in the C terminus
of Factor H. Thus, the interaction of CFHR1 and Factor H with
the streptococcal proteins is complex, most likely includes mul-
tiple contact points and sites, and is influenced by charged
residues.

Streptococcal Scll1.6 and Scl1.55 proteins bind CFHR1 and Fac-
tor H but do not bind FHL-1. In contrast, each of the three previ-
ously identified streptococcal complement regulator-binding pro-
teins, M-protein, M-like proteins, and Fba, bind Factor H and
FHL-1 but do not bind CFHR1 (21, 47—49) (Table 2). On the basis
of these different binding features, we propose that S. pyogenes
expresses two distinct types of surface proteins that recruit com-
plement regulators by separate regions. Type A proteins, as iden-
tified here for Scll.6 and Scl1.55, recruit CFHR1 and Factor H via
their conserved C-terminal regions and do not bind FHL-1. Type B
proteins, as represented by streptococcal M-Protein, M-like
proteins, and Fba, bind Factor H and FHL-1 via SCR domain 7 and
do not bind CFHRI.

Such distinct and selective recruitment of host immune reg-
ulators is also used by other pathogens. For example, the Gram-
negative bacterium Borrelia burgdorferi expresses three type A
proteins, i.e. CRASP3, CRASP4, and CRASP5, that bind CFHR1
and Factor H via their C-terminal surface binding regions (50)
and two borrelial type B proteins, i.e. CRASP1 and CRASP2,
that bind Factor H and FHL-1 via SCR 7 (50-52). Additional
examples of type A proteins include the Sbi protein of Staphy-
lococcus aureus (53), Tuf of Pseudomonas aeruginosa (54), and
CaCRASP-1 and CaCRASP-2 of Candida albicans (40, 55)
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(Table 2). Thus, GAS, similar to other pathogens, recruit differ-
ent members of the Factor H protein family to the bacterial
surface. It will be of interest to determine during which phase of
infection the different sets of regulators are relevant.

The attachment of functionally distinct human complement
regulators allows the pathogen to control and inhibit the com-
plement cascade at multiple levels, i.e. AP C3 and C5 convertase
and TCC formation. Both Factor H and CFHRI1 are present in
the plasma of healthy individuals and bind simultaneously to
the streptococcal Scl proteins Scl1.6 and Scl1.55. Streptococcal
type A proteins recruit Factor H, a regulator of the AP C3 con-
vertase C3bBb, and also CFHR1, an inhibitor of the AP C5 con-
vertase (C3bBbC3b) and of TCC formation. Thus, streptococci,
by recruiting two different complement regulators, control
host complement attack at distinct levels. Acquired Factor H
blocks complement activation at the level of C3 and thereby
inhibits C3b deposition and release of the anaphylatoxin C3a.
In addition, acquired CFHR1 inhibits complement activation at
the level of C5 convertase and blocks release of the anaphyla-
toxin C5a as well as TCC formation. In the presence of CFHR1,
Factor H is recruited less efficiently, which at a physiological
CFHR1-Factor H ratio of 1:2 reduced Factor H-mediated C3b
degradation by ~30%. Thus, simultaneous binding of CFHR1
and Factor H to Scl1 provides a unique and novel mechanism of
complement evasion by GAS.

CFHR1 and Factor H bind to Scll1.6 and Scl1.55 but do not
bind to Scll.1 or to Scl2.28. However, M28-type streptococci,
which express the nonbinding Scl2.28 protein, do bind CFHR1
and Factor H via their C termini. The binding appears to be at a
lower intensity as compared with the Scll.6- and Scll.55-ex-
pressing GAS serotypes M6 and M55. This binding suggests
that these strains express additional CFHR1- and Factor
H-binding type A proteins. The identification of these proteins
will be the subject of further studies.

In summary, the two human complement inhibitors CFHR1
and Factor H bind the streptococcal proteins Scl1.6 and Scl1.55.
Scll.6 and Scl1.55 are the first streptococcal proteins found to
bind the two human complement regulators via their conserved
C-terminal surface attachment regions. The interaction is com-
plex and is likely mediated by several contact points, including
a linear binding motif of five amino acids (SVEYQ) in SCR4 of
CFHRI1 and SCR19 of Factor H, as well as additional residues
located in the adjacent domain (i.e. SCR5 of CFHR1 and SCR20
of Factor H).

Both CFHR1 and Factor H are present in human plasma, and
both human complement regulators compete for binding to
Scll.6 and Scl1.55. At physiological levels, CFHR1 binding
reduces Factor H binding, resulting in decreased regulatory
activity of Factor H on AP C3 convertase. However, this effect is
at the gain of C5 convertase activity and control of TCC forma-
tion. This novel mechanism involving the single surface protein
Scll of GAS type M6 and M55 and two human ligands, CFHR1
and Factor H, protects GAS from complement attack by inhib-
iting the complement cascade at multiple levels.
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