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ABSTRACT. Age-related macular degeneration (AMD) is the leading cause of irreversible blindness in
developed countries. A large number of human genetic studies have associated a common variant (Y402H)
of complement factor H (CFH) with a highly significant increase in AMD risk. CFH is a modular protein
with 20 homologous short consensus repeats (SCRs). The Y402H variant is located in SCR7 of both
CFH and factor H-like protein 1 (FHL-1), a splice variant of CFH (containing SER1with unique
biochemical properties. Because SCR7 is known to bind to heparin, C-reactive protein (CRP), and M
protein fromStreptococcus pyogendshas been hypothesized that the AMD-associated polymorphism
may affect interactions with these CFH ligands. In this study, we tested this hypothesis in the context of
full-length CFH (SCR%*20) and FHL-1. We systematically analyzed the interactions of the Y402 and
H402 variants of CFH and FHL-1 with heparin, CRP, and several bacterial ligands: M6 protein of
Streptococcus pyogene3spC ofStreptococcus pneumonijeand BbCRASP-1 oBorrelia burgdorferi

In comparing the Y and H variants of CFH and FHL-1, we found no significant difference in their protein
secretion, cofactor activity, or interactions with heparin, BbCRASP-1, or PspC, but a significant difference
in binding to CRP and M6 protein. This study reveals the fundamental properties of a common
polymorphism of CFH and lays the groundwork for elucidating the role of CFH in AMD pathogenesis.

Age-related macular degeneration (AM)Ds the leading tion by acting as the cofactor for factor | in the breakdown
cause of irreversible blindness in Western societies. The of C3b, by accelerating the decay of C3 convertase and by
aging of the population will only increase the incidence of competing with factor B for binding to C3l.4, 15). CFH
this disease. It was discovered in 2005 that a commonis a 150 kDa protein composed of 20 short consensus repeats
polymorphism in the complement factor H (CFH) gene is (SCR). Factor H-like protein 1 (FHL-1) is a 42 kDa plasma
associated with the development of AMD in about 50% of protein produced as an alternatively spliced form of the CFH
patients {—13). Specifically, people with histidine at amino  gene. The FHL-1 protein is identical to SCR1 of the CFH
acid residue 402 (the H variant) of CFH are more likely to protein but with four additional amino acid residues at the
develop AMD than people with tyrosine at this position (the C-terminus. Although FHL-1 shares many properties with
Y variant). CFH including inhibiting the alternative pathway of the

CFH is an abundant serum protein that functions as ancomplement system, it has biochemical properties distinct
inhibitor of the alternative pathway of the complement from those of CFH 16).

system, which is part of the innate immune systé#d 15).

S . . In addition to AMD, CFH is associated with other genetic
CFH inhibits the alternative pathway of complement activa- di . IS assoct . 9 !

seases. In the case of hypocomplementemic glomerulone-
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Ficure 1: A. Schematic diagram of the modular structures of CFH (top two drawings) and its related protein FHL-1 (lower two drawings).
The nomenclature used in this paper is shown on the left of the diagrams. Each SCR is shown as a circle. The polymorphism associated
with AMD is located in SCR7, while point mutations associated with HUS are enriched in SER1@8). Binding sites for CFH ligands

are indicated below the diagram. B. Western blot comparing the expression levels of Y and H variants of AP-CFH and AP-FHL-1 (all with

a N-terminal Myc tag) using anti-Myc antibody. Molecular weight standards from top to bottom: 182, 115, 82, 64, 48, 37, 25 kD. C. The

Y and H variants of FHL-1 show similar cofactor activity for factor | in the breakdown of C3b. Increasing concentrations of the Y or H
variant of CFH were incubated with C3b and factor I. The cleavage products o&i@€Bhin aren-68 anda-43/41. Detection of cleaved

products of human C3b using anti-C3c antibody was performed similarly as desct®ed (

tion is much higher than FHL-1 in human blood, FHL-1 is (24). Consistently, a monoclonal antibody recognizing the
expressed in the regions of the eye involved in AMD C-terminal domain of CFH completely abrogates CFH’s
pathogenesislj and may also be relevant in AMD patho- heparin binding Z5). A model of compact conformation of
genesis. CFH has been proposed to explain the dominant role of
Human cells recruit CFH, a major fluid-phase inhibitor C-terminal domain in CFH’s heparin bindin@q). If the
of the alternative complement pathway, to protect themselvesY402H polymorphism of CFH contributes to AMD patho-
from complement attack(). A major mechanism by which  genesis, change in heparin binding is unlikely to be the cause
CFH recognizes a host cell is by binding to membrane- because SCR7, where the polymorphism is located, has no
associated polyanions on the cell surfa® 22). Since CFH contribution to heparin binding in the context of full-length
binds strongly to heparin, heparin is widely used as a tool CFH. In contrast, HUS, a disease associated with a heparin
to study the interaction of CFH with polyanions. CFH has binding defect in CFH, has a very different mutation
several heparin binding sites located in different SCE8 (  spectrum, which shows clustering of mutations in SCR20
23). It was found that SCR7 contributes to heparin binding (18). Although SCR7 makes no significant contribution to
in the context of SCR19 (24). However, SCR7 has no the heparin binding of CFH (SCR120), it does make a
contribution to full-length CFH’s heparin binding because significant contribution to heparin binding in the context of
CFH minus SCRY still hasg 99% of heparin binding activity = SCR1-7 (27). This suggests that the AMD-associated
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mutation located in SCR7 may affect the heparin binding of ~ Cofactor Actiity Assay for CFH/FHL-1Cofactor activity
FHL-1. of CFH/FHL-1 in factor I-mediated cleavage of C3b was

A wide range of pathogenic bacteria also have cell surface @ssayed similarly to published protocokr(48). Briefly,
proteins that recruit CFH and FHL-1 to protect the bacteria 0.5u4g of human C3b, 0.2ag of human factor | and various
from complement attackl@, 28). These include the YadA  amounts of CFH/FHL-1 proteins were incubated at°87
protein of Yershinia enterocoliticg29), the M protein of ~ for 30 min in buffer (20 mM HEPES, pH 7.5, 140 mM NacCl,
group A streptococcid0, 31), the PorlA protein oNeisseria ~ and 2 mM CaGJ) in a final volume of 2QuL. The reactions
gonorrheae(32), the BOCRASP proteins ddorrelia burg- ~ were stopped by mixing with SDSPAGE loading buffer
dorferi (33), and the PspC protein @treptococcus pneu- —and boiling. C3b fragments were detected by Western blot
moniae(34, 35). Since SCR7, where residue 402 is located, using anti-human C3c antibody (DakoCytomation).
is known to be involved in binding to several bacteria Production of Heparin-BSAPlates used for solid-phase
proteins @7, 28), the Y402H polymorphism may affect the  binding assays such as the Maxi-sorb plate (Nunc) are
binding of CFH or FHL-1 to bacterial ligands. A change in  designed for high affinity protein binding with very low
binding affinity for pathogenic bacteria can have functional polysaccharide binding ability. Therefore, heparin needs to
consequences. For example, if the H variant has a reducede linked to a protein like BSA for this assag7. We
ability to bind to certain pathogenic bacteria, these bacteria synthesized and purified heparin-BSA according to an
may be more prone to complement attack. This beneficial established protocol@). Briefly, 14 mg of heparin, 1 mg
function would be analogous to the mutation in hemoglobin of BSA, and 0.5 mg of sodium cyanoborohydride were
that causes sickle cell anemia but protects against malariasequentially dissolved in 0.6 mL of 0.2 M potassium

CRP is an acute phase protein that functions in both hostphosphate buffer, pH 8.0, and the mixture was incubated at
defense and inflammatior86—38). Circulating CRP con- 40 °C for 24 h. The buffer in this mixture was then
centration rises rapidly in response to infection, tissue injury, exchanged to phosphate buffered saline (PBS) by centrifuga-
and inflammation. CFH has been shown to be recruited to tion on a Microcon YM-10 membrane (Millipore). Heparin-
CRP bound to apoptotic cells and to prevent the assemblyBSA was precipitated by adding 1.5 volumes of 95% ethanol
of terminal complement components and thus has an anti-saturated with sodium acetate, and the mixture was stirred
inflammatory effect on the clearance of apoptotic ce38) ( at room temperature for 30 min. The precipitate was pelleted
SCR7 of CFH, where Y402H is located, is known to be at 1100@ for 10 min and was dissolved in the original
involved in binding of CFH to CRP 27, 40). It was volume of PBS containigp 4 M guanidine-HCI. Guanidine
hypothesized that the AMD-associated polymorphism Y402H was then removed by centrifugation on Microcon YM-10
might affect the binding of CFH to CRP, heparin, and membrane 4 times with PBS washes.

bacterial ligands¥—4). However, this hypothesis has never  prodyction of Bacterial Ligands for CFHBacterial ligands
been tested in the context of full-length CFH and FHL-1 PspC and BbCRASP-1 were cloned by PCR from genomic
proteins, a_lthough the interaction _between Se_ﬁ)f CFH DNAs of S. pneumoniagstrain TIGR4) and. burgdorferi
and CFH ligands has been examinéd, 42). In this study,  (strain B31), respectively (American Type Culture Collec-
we performed a sysFemat|c_anaIyS|s.of the interactions of tion). The proteins were produced as fusion proteins with
CFH a}nd.FHL-l variants with heparin, CRP, and several yjtose binding protein (MBP) using pMAL-cR1 vector
bacterial ligands. (New England Biolabs) in BL21 cells and purified using
Amylose resin according to the manufacture’s protocol (New
MATERIALS AND METHODS England Biolabs). MBP alone has insignificant binding to

A System To Study the Interaction of CFH and FHL-1 CFH and FHL-1 compared with MBP-PspC fusion and
with Their Ligands.We used alkaline phosphatase (Ap) MBP-BDCRASP-1 fusion (data not shown). M6 protein of

fusions to quantitate the interaction between CFH and its Stréptococcus pyogenesas produced and purified as
ligands. The AP system is an effective method to study the d€scribed £0).

interaction between secreted eukaryotic proteins and their Solid-Phase Binding AssaySolid-phase binding assays
binding molecules43—46). We cloned the cDNAs for the  were performed similarly to an established method for AP
Y and H variants of FHL-1 from human retina/RPE cDNA fusion proteins45, 46). BSA, a natural protein in the blood,
and the Y and H variants of CFH from human embryonic was chosen as the blocking reagent because it has insignifi-
brain cDNA. SCR7 alone was cloned using PCR. All clones cant and the lowest binding activity to CFH and FHL-1
were completely sequenced to make sure that there are n@ompared to other commonly used blocking reagents such
spurious mutations. The Y and H variants of CFH or FHL-1 as casein, milk, gelatin, and SuperBlock (Pierce) (Figure 2D
differ only at residue 402. We tagged CFH, FHL-1, and and data not shown). Briefly, Ag of CFH/FHL-1 ligand in
SCR7 with AP at the N-terminus. A Myc tag was inserted 100uL of 50 mM sodium bicarbonate, pH 8.0 is bound per
immediately after the AP tag. To produce these AP fusion well to a Maxisorp plate (Nunc) at 4C overnight. After
proteins, HEK293 cells were transfected with the plasmids removal of unbound ligand, the wells are blocked with 200
using Fugene 6 (Roche). After overnight incubation, the cells uL of 2% BSA in PBS per well fo2 h atroom temperature.
were washed once with PBS and changed to serum freeAfter 3 washes with 20L of HBS/Ca (20 mM HEPES,
medium (SFM). After another 24 h of incubation, the SFM pH 7.0, 140 mM NacCl, and 2 mM Cag] AP-CFH, AP-
containing the secreted AP fusion proteins was harvestedFHL-1 or AP-SCR7 protein diluted in 10@L of 2 mg/mL

and concentrated 10-fold using Amicon Ultra (Millipore). BSA in HBS/Ca is added to each well and is incubated in
The concentrations of AP fusion proteins were quantitated the well far 1 h atroom temperature. After 3 washes of the
as described4@). wells with 200uL of HBS/Ca, 20QuL of AP substrate, pNPP
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Ficure 2: Binding to heparin-BSA or BSA. A. Binding of AP-CFH-Y, AP-CFH-H to heparin-BSA. B. Binding of AP-FHL-1-Y, AP-
FHL-1-H to heparin-BSA. C. Binding of AP-SCR7-Y and AP-SCR7-H to heparin-BSA. D. Binding of AP-CFH-Y and AP-CFH-H to

BSA. All experiments in A, B, C, and D were done under identical conditions. The highest binding activity (AP-CFH-Y to heparin-BSA)
is defined as 100%.

(Sigma), is added to each well. Afté h of incubation at Production and Purification of Anti-Y and Anti-H Specific
37°C in the dark, the plate is read at 405 nM in a microplate Antibodies for CFH.The technique we used to produce Y
reader (Opsys MR, Dynex Technologies). The concentrationand H specific antibodies for CFH is similar to that for
dependent binding assays for all ligands (shown in Figures producing phospho-specific antibodies. For the immunogen,
2—4) were performed more than 3 times with independent we selected a CFH peptide that includes residue 402. The
protein preparations of CFH, FHL-1, and SCR7 variants. “CFH-Y peptide” (YLENGYNQNYGRKF) has Y at the
Side-by-side comparison of all ligands performed at one position corresponding to residue 402, and the “CFH-H
concentration (20 nM) of CFH and FHL-1 variants is shown peptide” (YLENGYNQNHGRKF) has H at this position.
in Figure 6. The color reaction for CRP binding (Figure 3) After conjugating each peptide to keyhole limpet hemocyanin
was performed fo2 h due to low signals. CRP from 3 (KLH), the peptide-KLH conjugate is used to immunize
commercial sources [CRP purified from human serum rabbits. Peptide synthesis and immunization were done
(Calbiochem), purified recombinant human CRP (Calbio- commercially (Genemed Synthesis). After the fourth bleed,
chem), and CRP purified from human pleural fluid (Chemi- the rabbits were terminated. We selected the rabbit sera with
con)] generated similar results. Modified CRP was prepared the strongest immune response to CFH based on Western
using urea as describefl). blot analysis of all crude sera, and we used these sera for
Protein Querlay Assay for CFH/FHL-1 Binding?rotein further purification. We used a sequential purification and
overlay assay for the binding of CFH and FHL-1 to their depletion procedure to select for Y and H specific antibodies.
ligands was performed using a standard protocol of WesternThe affinity columns were prepared by conjugating CFH-Y
blot, but with AP-CFH and AP-FHL-1 as the probing and CFH-H peptides to Affigel (Bio-Rad). For Y-specific
reagents. AP activity of AP-CFH or AP-FHL-1 bound on antibodies, the serum from rabbit immunized with CFH-Y
the blot was assayed using Lumi-Phos WB chemiluminescentpeptide was first purified on an AffigelCFH-Y column to
substrate (Pierce). select for antibodies that specifically recognize the CFH-Y
PepSpot Analysis of CRFifty-four overlapping 14-mer  peptide. Even for a single peptide, there are many potential
peptides covering the whole human CRP protein were epitopes for antibody recognition that are shared by the
synthesized on celluloggalanine-membrane (JPT Peptide CFH-Y and CFH-H peptides. Antibodies bound to Affigel
Technologies GmbH, Berlin, Germany). PepSpot analysis CFH-Y column are eluted off in low pH, neutralized, and
to map the major epitopes of CRP recognized by FHL-1 was passed through the AffigelCFH-H column to deplete
performed as describe&Z, 53). antibodies that recognize the CFH-H peptide. The flowthrough
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Ficure 3: A—C. Solid-phase binding assays for the binding of AP-tagged CFH (A), FHL-1 (B), and SCR7 (C) to CRP. All experiments
in A, B, and C were done under identical conditions. The highest binding activity is defined as 100%. D. Binding of AP-tagged FHL-1-Y
(left) or FHL-1-H (right) to CRP in a protein overlay assay with 0.5 mg of each protein per lane. Lane 1, CRP; lane 2, BSA; lane 3,
lactalbumin; lane 4, ovalbumin; lane 5, prealbumin; lane 6, human retinol binding protein. Molecular weight standards from top to bottom:
182, 115, 82, 64, 48, 37, 25, 20 kD. E. Localization of FHL-1 binding site in CRP. PepSpot analysis of AP-FHL-1-Y binding to overlapping
peptide fragements from CRP.

from the second column contains antibodies that recognizeanti-human C3c antibody (DakoCytomation) as described
CFH-Y but not CFH-H. A similar procedure was performed (56) except that AP-conjugated secondary antibody (Cal-
to purify H-specific antibodies. biochem) was used. AP activity was measured using pNPP
Detection of CFH-Y and CFH-H in Human Sera Using (Sigma) similarly to the solid-phase binding assay as
Western Blot Analysisduman sera from individual donors ~ described above.
were purchased from a commercial source (Innovative
Research). Since we did not obtain any identifiable private RESULTS
information about the blood donors, this study is not  protein Secretion and Cofactor Aciiiy. We cloned and
considered human subject research. Purified Y-specific andproduced the Y and H variants of CFH (SGRA0), FHL-1
H-specific antibodies for CFH were used to identify CFH-Y (SCR]_—?), and SCR7 as alkaline phosphatase (AP) fusion
and CFH-H in human sera using Western blot analysis. Due proteins and used these proteins for systematic functional
to the strong cross-reactivity of anti-rabbit IgG antibody to analysis of the Y402H polymorphism. We found no differ-
human IgG in serum, we used HRP-conjugated anti-rabbit ence in the protein production and secretion of the Y and H
IgG antibody cross absorbed against human IgG (Southern-ariants of CFH and FHL-1 using Western blot analysis
Biotech) as the secondary antibody for Western blot analysis (Figure 1B). Quantitation of AP activity of secreted AP-
of human sera. CFH and FHL-1 fusion proteins also did not reveal any
Assay of C3b Deposition Using Human Serfa. specif- significant difference between Y and H variants of these
ically study alternative pathway activation, we diluted sera proteins. However, FHL-1 is produced more efficiently than
from 402Y homozygotes (Y/Y), 402Y/H heterozygotes (Y/ CFH, consistent with the fact that FHL-1 has a much smaller
H), and 402H homozygotes (H/H) in GVB-Mg-EGTA buffer molecular weight than CFH (they are driven by the same
(54, 55). Complement fixation reactions were performed at promoter for expression) (data not shown). In contrast, two
37°C for 30 min. M6 protein was coated onto 96-well plates CFH mutations associated with CFH deficiency and hypo-
similar to a solid-phase binding assay. Since zymosan complementemic glomerulonephritis block CFH secretion
(Sigma) is insoluble and cannot be coated onto a 96-well (17), and this suggests that the Y402H polymorphism does
plate, changes of solutions were done by low-speed cen-not cause misfolding of CFH to block its secretion. The Y
trifugation of zymosan. C3b deposition was detected using and H variants of CFH and FHL-1 have similar activities in
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Ficure 4: Interaction of CFH and FHL-1 with bacterial ligands of CFH. Solid-phase binding assays for each ligand were done under
identical conditions. The highest binding activity is defined as 100%. For protein overlay assays, 0.5 mg of bacterial ligand was loaded per
lane. A and B. Solid-phase binding assay for the binding of AP-CFH-Y, AP-CFH-H, AP-FHL-1-Y, and AP-FHL-1-H, to BbCRASP-1 of

B. burgdorferi C. Protein overlay assay for the binding of CFH-Y and CFH-H to BbCRASP-1. D and E. Solid-phase binding assay for the
binding of AP-CFH-Y, AP-CFH-H, AP-FHL-1-Y, and AP-FHL-1-H to PspC $f pneumoniad-. Protein overlay assay for the binding of
CFH-Y and CFH-H to PspC. G and H. Solid-phase binding assay for the binding of AP-CFH-Y, AP-CFH-H, AP-FHL-1-Y, and AP-FHL-
1-H to M6 protein ofS. pyogened. Protein overlay assay for the binding of CFH-Y and CFH-H to M6 protein.

acting as a cofactor for factor | in the breakdown of C3b the binding of AP-FHL-1 to CRP using protein overlay assay,
(results for FHL-1 are shown in Figure 1C). This is consistent which has been widely used to study the interaction between
with the fact that SCR14 but not SCR7 is essential for the CFH and its ligands30, 52, 53). In this assay, the Y variant
cofactor activity. These results suggest that the AMD- interacts strongly with CRP, while the H variant almost
associated Y402H polymorphism has no significant effect completely fails to interact (Figure 3D). Likely explanations
on the production, secretion, or cofactor activity of CFH or for the more dramatic difference between Y and H variants
FHL-1. in the protein overlay assay are the nonlinearity of the signal

Interaction of CFH and FHL-1 with HeparirConsistent for protein overlay assay and the denaturing conditions used
with earlier studies on full-length CFH that found no to run the assay. The interaction of FHL-1 with CRP is
contribution of SCR7 in CFH’s heparin bindin@4, 25), specific because control proteins bovine serum albumin,
our experiments showed that there is no significant difference lactalbumin, ovalbumin, prealbumin, and retinol binding
between the Y and H variants of CFH in binding to heparin protein did not give a signal (Figure 3D). Using the protein
(Figure 2A). This is also true for FHL-1 (Figure 2B). We overlay assay, we mapped the major epitope of CRP
also found that SCR7 alone is not sufficient for heparin recognized by FHL-1-Y using PepSpots analysis, which has
binding (Figure 2C). been used as an unbiased approach to map epitopes in CFH

Interaction of CFH and FHL-1 with CRRVe performed ligands 62, 53). The PepSpots membrane contains 54
solid-phase binding assays of CRP to the Y and H variants overlapping 14-mer peptides covering the human CRP
of CFH, FHL-1, and SCR7 (Figure 3). The Y variants of protein. We identified the major linear epitope in CRP
CFH and FHL-1 bound to CRP more strongly than the H recognized by FHL-1-Y as peptide 30 (SWESASGIVEF-
variants did (Figure 3A and 3B). SCR7 alone was also not WVD), while most other peptides showed little or no binding
sufficient for CRP binding (Figure 3C). We further analyzed signal (Figure 3E).
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Ficure 5: A. Genotyping of human sera using Y-specific antibody and H-specific antibody for CFH. Detecting CFH in sera from 14
Caucasian donors using the Y specific antibody (top gel), H specific antibody (middle gel), and an antibody that recognizes both Y and H
variants of CFH (lower gel). Since CFH concentration is much higher than FHL-1 concentration in human serum, CFH signals were used
in genotyping of the sera. The genotype of each donor is indicated on the top. B and C. Comparison of the activation of the alternative
pathway of the complement system using sera from Y/Y, Y/H, and H/H donors. The highest level of C3b deposition is defined as 100%.
There is no significant difference in C3b deposition on zymosan using sera from donors with Y/Y, Y/H and H/H genotypes (B). Sera from
donors with Y/Y, Y/H, and H/H genotypes show dramatic differences in C3b deposition on M6 protein (C).

Interactions of CFH and FHL-1 with Ligands from between the binding of the Y and H variants of FHL-1 to
PathogensWe studied the interactions of CFH and FHL-1 M6 is much smaller (Figure 4H).
variants with three bacterial ligands of CFH: PspCSof The large difference in the binding of Y and H variants
pneumoniag34), M6 protein ofS. pyogene$30, 57), and of CFH to M6 protein predicts that sera containing Y and H
BbCRASP-1 oB. burgdorferi(52). PspC was chosen in our  variants of CFH will differ in C3b deposition on the M6
study as a control because the PspC binding region of CFHprotein. We tested this hypothesis using human sera from
has been localized to SCR&1 but not SCR7 §8). individual donors that have been genotyped using Y-specific
Therefore, CFH-Y and CFH-H are predicted to have no or H-specific antibodies for CFH that we produced and
difference in binding to PspC, and FHL-1 should not bind purified (Figure 5A). There is significant variation in CFH
to PspC. M6 and BbCRASP-1 were chosen because SCR7evels between sera from different donors. However, the
is known to be involved in binding to both proteing8j. difference in CFH level does not correlate with the Y and H
We produced and purified PspC, M6 protein, and BbCRASP-1 genotypes, consistent with our earlier experiment that the
and performed both solid-phase binding assays and proteinY402H polymorphism does not affect CFH protein expres-
overlay assays on these CFH ligands (Figure 4). We foundsion (Figure 1). For the complement activation assay, we
no significant difference between the Y and H variants of used human sera with similar CFH levels as judged by the
either CFH or FHL-1 in binding to BbCRASP-1 (Figure 4A- Western blot signals. To compare C3b deposition of human
4C). Consistent with the known properties of PspC, our sera, we diluted sera from 402Y homozygotes (Y/Y), 402Y/H
experiments showed no difference in the binding of the Y heterozygotes (Y/H), and 402H homozygotes (H/H) in GVB-
and H variants of CFH to PspC and insignificant binding of Mg-EGTA buffer G4, 55) to study alternative pathway
FHL-1 to PspC (Figure 4B4F). However, we found activation. We found no significant difference in Y/Y, Y/H,
dramatically weaker binding of CFH-H than CFH-Y in and H/H sera in C3b deposition on zymosan, a well-known
binding to M6 protein (Figure 4G, 4l). The difference activator of the alternative pathway of the complement
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Ficure 6: Comparison of the binding of 20 nM of CFH-Y, CFH-H, FHL-1-Y, and FHL-1-H to heparin-BSA, CRP, modified CRP (m-
CRP), C3b, M6 protein, PspC, and BbCRASP-Lflof each ligand). The binding for all ligands was done under identical conditions for
side-by-side comparison. The highest binding activity (CFH for BbCRASP-1) is defined as 100%.

system (Figure 5B). In contrast, we found dramatic differ- found no difference in protein secretion and cofactor activity
ences in C3b deposition on M6 protein between Y/Y, Y/H, between the Y and H variants of either protein (Figure 1).
and H/H sera. Consistent with the stronger binding of the Y Consistent with earlier studies on full-length CFH that found
variant of CFH to M6 protein, Y/Y serum has significantly no contribution of SCR7 in CFH’s heparin bindingg( 25),
less C3b deposition than Y/H serum, which has significant we found no significant difference between CFH-Y and
less C3b deposition than H/H serum (Figure 5C). This CFH-H in binding to heparin (Figure 2 and Figure 6). In
experiment demonstrates an inverse correlation between thecontrast, a recent study using CFH fragment SER6
binding activities of CFH of different genotypes and the level expressed in bacteria found significant difference in the
of activation of the alternative complement pathway. binding of Y and H forms of SCR68 to heparin 41). Our
Comparison of the Binding of CFH/FHL-1 to Heparin, experiments are different in many ways from this study. First,
CRP, M6 Protein, PspC, and BboCRASPFew previous  this study used a fragment of CFH (SCR®), while we
studies did side-by-side comparison of multiple CFH ligands studied the full-length forms of CFH and FHL-1. Second,
in binding to CFH and FHL-1. This comparison may provide this study used a bacterial expression system for the CFH
a unique perspective on the abilities of these ligands to recruitfragment, while we used a mammalian expression system.
CFH and FHL-1. We performed a side-by-side comparison Since CFH is a secreted mammalian protein with many
of the binding of CFH and FHL-1 to heparin, CRP, M6 disulfide bonds, a bacterial expression system may be less
protein, PspC, and BbCRASP-1 (Figure 6). We found that effective in producing SCRs with the correct disulfide bonds.
bacterial ligands generally bind much more strongly to CFH/ In addition, our results are consistent with previous publica-
FHL-1 than the host ligands heparin and CRP. This finding tions 24—26) on full-length CFH’s interaction with heparin.
is consistent with the fact that these bacteria are highly consistent with the fact that SCR7 is not involved in
successful human pathogens in evading complement attackpinging to PspC 8), we found no significant difference
Surprisingly, the binding to CRP is significantly weaker than petween CFH-Y and CFH-H in binding to PspC (Figure 4
all other ligands tested. Similar results were obtained for 5ng Figure 6). Of the two bacterial ligands (BbCRASP-1
purified human CRP from 3 different sources (CRP purified 544 m protein) that CFH bind through SCR7, CFH-H
from serum, CRP from pleural fluid, and recombinant CRP). g pstantially loses the ability to bind to M6 protein $f
This is consistent with a recent study that found much weaker pyogenesbut binds to BbCRASP-1 similarly to CFH-Y
binding of CFH to native CRP than to modified CRB). (Figure 4 and Figure 6). These findings demonstrated that
When we tested modified CRP in our assay, we also found {he y402H polymorphism is not neutral and has potential
significantly stronger binding of CFH (but not FHL-1) 10 jyjications in the evolutionary origin of this polymorphism.

modified CRP. We also found that the Y variants of CFH and FHL-1
DISCUSSION gg::eireeg;lally bind to CRP and modified CRP (Figure 3 and

Since the Y and H variants of CFH and FHL-1 have never FHL-1's binding to most substrates is significantly dif-
been systematically analyzed at the functional level in the ferent from that of CFH. These differences can be largely
context of full-length CFH and FHL-1, we compared several explained by the fact that FHL-1 is composed of SER1
fundamental properties of these proteins in this study. We while CFH is composed of SCRR0. For example, the
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stronger binding of CFH than FHL-1 in binding to heparin locus contributing to AMD developmen?%), Y402H of
can be explained by the presence of additional heparin CFH is not the only polymorphism associated with AMD,
binding sites on CFH and the loss of binding of FHL-1 to although it is the nonsynonymous polymorphism in this locus
PspC can be explained by the absence of a PspC bindingmost significantly associated with AMD and is highly
site in SCR1-7 (58). However, a previous study found that prevalent in many human populations affected by AMD.
FHL-1, but not CFH, can mediate RGD-dependent adhesion There are other polymorphisms in CFH associated with AMD
to CC164 cells §9). This result is puzzling given the fact (1, 76) and a deletion of CFHR1 and CFHR3 that protects
that both proteins contain SCR4, where the RGD motif is against AMD {7, 7§. Mechanistic analysis of the functional
located. It was proposed that the RGD sequence may beconsequences of these AMD-associated genetic changes will
hidden in CFH due to the interactions between SCRs andprovide further clues to the AMD pathogenic pathway
that the head and tail domains of CFH may fold back to involving CFH.

form a loop @6, 60, 61). The ability of SCR7 alone, where
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