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Abstract

Complement Factor H has recently come to the fore with variant forms implicated in a range of
serious disease states. This review aims to bring together recent data concerning the structure and
biological activity of this molecule to highlight the way in which a molecular understanding of
function may open novel therapeutic possibilities. In particular we examine the evidence for and
against the hypothesis that sequence variations in factor H may predispose to disease if they
perturb its ability to recognise and respond appropriately to polyanionic carbohydrates on host
surfaces that require protection from complement-mediated damage.

1 Introduction

The human complement factor H (CFH) protein is a key regulator of the alternative pathway
of the complement system. The alternative pathway entails ubiquitous and continuous
generation of relatively small quantities of C3b molecules. These bind indiscriminately and
have the potential to self-amplify. Any surface exposed to complement, and not protected by
regulatory molecules, will therefore quickly become coated in C3b and subject to multiple
potentially destructive complement-mediated processes. CFH acts to specifically prevent
C3b amplification on self-surfaces while permitting complement to proceed unchecked on
foreign surfaces. It thereby selectively protects host tissues and it appears to be essential for
the healthy functioning of at least some organs.

This approximately 155-kDa (Ripoche et al. 1988) plasma (~150-550 pg/ml) (Esparza-
Gordillo et al. 2004) glycoprotein is encoded by the CFH gene within the regulators of
complement activation (RCA) gene cluster on chromosome 1g32 (Rodriguez de Cordoba et
al. 1985) where it is linked closely to genes CFHR1-CFHRS5, which code for five smaller
and less abundant CFH-related proteins (Zipfel et al. 1999). A seventh protein — FH-like or
CFHT - is a splice-variant of CFH present at appreciable levels in the blood (Schwaeble et
al. 1987). Some of the CFH-related proteins and CFH-like-1 also exhibit complement
regulatory activity (Zipfel and Skerka 1994) although their physiological properties have not
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yet been clearly defined. Most CFH in the circulation has a hepatic origin but many cell-
types are endogenous sources (Schlaf et al. 2001).

The CFH protein is composed from a total of 20 domains, each containing approximately 60
amino acid residues and termed “complement control protein modules” (CCPSs) or short
consensus repeats (Ripoche et al. 1986), that are joined by short linkers consisting of 3-8
residues (Fig. 1). Each module is encoded by a single exon out of the 23 in CFH, except
CCP module 2 that is encoded by two exons (Male et al. 2000). Exon one encodes an 18
amino acid signal peptide that is cleaved during processing. Exon ten does not contribute to
CFH but encodes the last of seven modules in the splice-variant, CFH-like-1, plus its unique
C-terminal sequence Ser-Phe-Leu-Thr (Estaller et al. 1991).

By utilising its multiple protein and carbohydrate binding sites (Schmidt et al. 2008), CFH
binds to C3b and its complexes C3bBb and C3b2Bb — the C3- and C5-convertases of the
alternative pathway. It engages with these binding partners both in fluid phase and when
they are immobilised. Critically, CFH has the remarkable property of acting selectively on
C3b and C3bBb on self vs. non-self surfaces (Meri and Pangburn 1990). It competes for
binding of complement factor B (CFB) to C3b (Farries et al. 1990), acts as a cofactor for
factor I-catalysed proteolytic cleavage of C3b (Pangburn et al. 1977), and it accelerates the
irreversible dissociation of C3bBb and C3b2Bb into their separate components (Pangburn
and Muller-Eberhard 1983). Thus CFH not only inhibits formation of the convertases but it
also shortens the lifespan of any convertase complex that forms.

The discovery of mutations and single nucleotide polymorphisms (SNPs) in CFH that can be
linked to human diseases has led to a surge of interest in this protein; an update is presented
in the next section. We will then summarise the current state of knowledge of structure-
function relationships of CFH, with an emphasis on recent structural studies of a key
disease-linked, glycosamioglycan (GAG)-binding region in CCPs 6, 7 and 8. Finally, both
established and emerging biochemical attributes/properties of CFH will be discussed in the
context of the consequences for human health of its genetically encoded sequence variations.

2 Involvement of Factor H in Human Disease

Mutations and polymorphisms that lead to amino-acid residue substitutions (or a deletion in
one case) within CFH have been linked to several human diseases, including atypical
haemolytic uremic syndrome (aHUS), age-related macular degeneration (AMD), and
membranoproliferative glomulonephritis type Il (MPGNII also known as dense deposit
disease) (de Cordoba and de Jorge 2008). More tentatively and controversially the AMD-
linked Y402H SNP (see below) has been linked to an altered risk of three other late-onset
conditions — myocardial infarction (Kardys et al. 2006; Mooijaart et al. 2007; Nicaud et al.
2007; Pai et al. 2007; Stark et al. 2007), CAD/CHD (Meng et al. 2007; Pulido et al. 2007,
Topol et al. 2006) and Alzheimer’s Disease (Hamilton et al. 2007; Zetterberg et al. 2007).

Hemolytic uremic syndrome (HUS) is a leading cause of pediatric kidney failures and is
generally a sequela of bacterial infections. It is characterized by thrombocytopenia,
microangiopathic hemolytic anemia and acute renal failure. The rare atypical HUS (aHUS)
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is not linked to infection, but is sporadic or familial. Full recovery from typical HUS is the
norm, but the long-term diagnosis for sufferers of aHUS — 5-10 % of cases of HUS —is
unfavorable. Single and double amino-acid changes that occur predominantly in the C-
terminal segment of CFH (CCPs 19 and 20) have been identified in 10-15% of patients with
aHUS (Buddles et al. 2000; Heinen et al. 2006; Richards et al. 2001; Warwicker et al. 1998)
(http://www.th-hus.org/). In many cases the variant form of CFH is present in plasma at
approximately normal levels (Kavanagh et al. 2007). Mutations in membrane cofactor
protein and factor | have also been linked to aHUS. This topic has been the subject of a
recent review (Kavanagh et al. 2007), hence our emphasis here is on AMD.

Age-related macular degeneration is characterized by a progressive loss of central vision
attributable to degenerative and, in advanced cases, neovascular changes in the macula, a
highly specialized region of the ocular retina comprising only 4% of total retinal surface area
(Gehrs et al. 2006). This region contains the highest density of cone photoreceptor cells, is
the only portion of the retina where 20/20 vision is attainable, and accounts for
approximately 10% of the visual field. Thus, the pathological lesions that develop in this
region have a major impact on visual function and productivity.

Age-related macular degeneration is characterized in its earliest clinical stages by the
accumulation of drusen, hallmark extracellular deposits that accumulate between the retinal
pigmented epithelium (RPE) and Bruch’s membrane, a unique basement membrane complex
separating the retina and choroid. In recent years, a variety of complement activators,
complement components, and complement regulatory proteins have been identified as
molecular constitutents of drusen (Anderson et al. 2001; Crabb et al. 2002; Hageman et al.
1999; Johnson et al. 2000, 2001; Mullins et al. 2000). This compositional profile of drusen
formed the basis for the general conclusion that drusen are a byproduct of chronic, local
inflammatory events at the level of the RPE-Bruch’s membrane interface and that
complement activation and immune responsiveness are important facets of AMD
pathogenesis (Hageman et al. 2001; Penfold et al. 2001; Zarbin 2004). In this model, RPE
atrophy and the subsequent deposition of RPE-derived debris in the sub-RPE space is
construed as a local pro-inflammatory event, leading to activation and amplification of the
complement alternative pathway which, in turn, induces substantial bystander damage to
macular cells and tissues over time.

Strong support for this new paradigm of AMD pathobiology emerged from subsequent
genetic discoveries reported in early 2005 by four independent research teams (Edwards et
al. 2005; Hageman et al. 2005; Haines et al. 2005; Klein et al. 2005). These studies revealed
a highly significant association between AMD and common variants in the CFH gene on
human chromosome 1g31. Three of these studies focused on a single SNP in the coding
region of CFH, Y402H, as the causal variant (Edwards et al. 2005; Haines et al. 2005; Klein
et al. 2005). However, it was clear from the fourth study (Hageman et al. 2005) that multiple
CFH variants (and their tagged haplotypes), rather than the single Y402H variant, confer
either an elevated or reduced risk for one’s propensity to develop AMD. Three significant
haplotypes; a major risk haplotype, tagged by the Y402H coding SNP (cSNP) and two
protective haplotypes, tagged by intronic variants and/or cSNPs, were identified (Hageman
et al. 2005). lwata and colleagues subsequently identified an additional risk haplotype in the
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Japanese population (Okamoto et al. 2006). More recent studies of Caucasian populations
have provided evidence for an additional risk haplotype, tagged by rs2274700 [A473A] or
an intronic rs1410996 SNP (Li et al. 2006; Seddon et al. 2006) and a strongly protective
haplotype tagged by a complete deletion of the two CFH-related genes, CFHR1 and CFHR3
(Hageman et al. 2006; Hughes et al. 2006). Interestingly, the same AMD-associated risk
haplotype has also been shown to be associated with MPGNI|I, a rare renal disease
characterized by uncontrolled activation of the alternative complement pathway and the
development of ocular drusen and neovascularization that are indistinguishable from those
that occur in AMD (Hageman et al. 2005). These data provided additional strong support for
the notion that specific CFH variants are associated with drusen deposition and AMD.

The AMD-CFH discovery was followed by the identification of an association of AMD with
three additional complement regulators — Complement Factor B and component 2 (CFB/C2)
on chromosome 6p21 (Gold et al. 2006) and C3 on chromosome 19p13 (Maller et al. 2007;
Yates et al. 2007) — as well as a significant association of three tightly linked genes
(PLEKHAI1, LOC387715and PRSS11/HTRAI) on human chromosome 10026
(Jakobsdottir et al. 2005; Rivera et al. 2005; Weeks et al. 2004). Genetic variation at all four
loci defines a major proportion of AMD disease burden, making this disease one of the most
well-defined complex traits.

All accumulated data at this time support the concept that dysregulation of the complement
alternative pathway is an early step in AMD (Gehrs et al. 2006) regardless of ocular
phenotype. This contrasts with genes within the 10926 locus, which is associated mainly
with the advanced stages of AMD. The specific variants, or their combinations, within the
CFH, CFB/CZand C3genes, which result in functional consequences at the protein and
functional levels, must be more precisely defined. Nonetheless, it seems clear from the
available data that genetically predetermined variation in genes associated with the
complement pathway, when combined with an as yet undefined triggering event, underlie a
major proportion of AMD in the human population.

Thus, although aHUS and MPGNII affect glomeruli while AMD is an ocular disease, it is
MPGNII and AMD that share pathological characteristics. Both MPGNII and AMD involve
the deposition of complement-containing material (Mullins et al. 2000) onto specialised
regions of extracellular matrix (the glomerular basement membrane in the case of the kidney
or Bruch’s membrane in the macula) accessible to plasma via fenestrations within the
endothelial lining of the microvasculature; and indeed MPGNII patients develop ocular
drusen as mentioned earlier (Mullins et al. 2001). The phenotype of CFH-/- knockout mice
includes both MPGNII (Pickering et al. 2002) and abnormalities in retinal ultrastructure
(Coffey et al. 2007). On the other hand aHUS, which is characterised by endothelial cell
activation, swelling and detachment from the basement membrane, does not arise in CFH-/-
mice unless a gene encoding CFH- 1-15 (i.e. a CFHA16-20 mutant) is re-introduced
(Pickering et al. 2007). As discussed below, such a mutant will retain fluid-phase C3b-
binding activity but will be unable to recognise surfaces. This suggests that the fluid-phase
convertase-regulating activity of CFH is required for development of aHUS while surface-
specific convertase regulation by CFH inhibits the development of mouse model of aHUS.
This is discussed further below in the light of recent structural and functional results.
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3 CFH Binding Sites

Early work identified the N-terminal five or seven CCPs of CFH as the locus of its fluid-
phase C3b-binding and cofactor activities (Alsenz et al. 1984, 1985; Misasi et al. 1989).
Subsequent studies localised this functionality (Gordon et al. 1995; Kuhn et al. 1995), along
with a proportion of the native decay accelerating activity (Kuhn and Zipfel 1996), to CCP
modules 1-4. Additional C3b-binding sites were identified using module-deletion CFH
mutants (Sharma and Pangburn 1996). Thus, while CFHA1-5 retained some binding affinity
for cell-surface -bound C3b (csbC3b), deletions of CCPs 16-20 decimated its binding
affinity for csbC3b. This observation implicated the C-terminal region of CFH as a second
C3b-binding site, which was later pinpointed to CCPs 19 and 20 REF. A third C3b-binding
site has been suggested on the basis that CFHA6-10 exhibited a decreased affinity for
csbC3b, similar to that of CFHA1-5. Additional studies (Jokiranta et al. 2000) implied but
did not confirm a third C3b binding site in CCPs 12-14. This information is summarised in
Fig. 1.

Fundamental to the ability of CFH to regulate efficiently complement on surfaces is its
affinity for polyanions (Meri et al. 1990). A photoaffinity-tagging analogue (Pangburn et al.
1991) implicated the very basic CCP 13 in heparin binding. But while deletion of CCP 13
(Sharma et al. 1996) resulted in only very slightly reduced ability to bind a heparin-agarose
column, deletion of CCPs 6-10 showed significantly weaker heparin affinity (Sharma et al.
1996) implying that a stronger GAG/sialic acid-binding site exists in the CCPs 6-10 region;
CCP 7 was subsequently demonstrated to play a prominent role (Blackmore et al. 1996). A
CFHA7A13 deletion mutant still bound heparin but a CFHA7A20 construct did not
(Blackmore et al. 1998) implicating CCP 20 as a further locus for polyanion interaction.
Convincingly, non-heparin-binding CFH-1-5 was converted to heparin-binding CFH-1-5,20
by inclusion of CCP 20 in the construct (Blackmore et al. 1998). Moreover, highly purified,
structurally characterised CFH-19,20 (Herbert et al. 2006) binds well to a heparin-agarose
column. More recently, a set of short recombinant CFH constructs having in common the
presence of CCP 9 were all found to bind heparin (Ormsby et al. 2006), but the additional
presence of an N-terminal cloning artefact containing arginine residues might have
contributed to this affinity. In summary (Fig. 1), while GAG-binding sites in module 7 (with
contributions likely from CCPs 6 and 8) and module 20 (with possible contributions from
CCP 19) are well-established, current evidence for involvement of either CCP 9 or CCP 13
is inconclusive. Finally, it should be mentioned that the N-linked glycans of CFH could
theoretically have an elecrostatic influence on CFH-polyanion interactions although they are
dispensable for complement regulation (Jouvin et al. 1984).

The importance of the C-terminal heparin-binding site for self vs. non-self discrimination
was clearly demonstrated by Ferreira et al. (2006) who found that highly purified
CFH-19,20 competitively inhibited the action of CFH on cell surfaces. This double-module
construct was able to overcome the protective effects of full-length CFH and thereby
promote aggressive complement-mediated lysis of sheep erythrocytes. This finding is
reinforced by studies showing the ability of monoclonal CCP 20-specific antibodies
(Oppermann et al. 2006) to block interactions of CFH with endothelial cells. Thus this C-
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terminal polyanion- and C3b-binding site is critical for the ability of CFH to recognise and
protect host cells bearing sialic acids and GAGs.

4 The Structure of Factor H

The multiple, flexibly-linked modules of CFH render it a problematic target for high-
resolution structural methods. Below we outline low-resolution structural studies of intact,
full-length CFH molecule, which have provided us with valuable insights into its overall
architecture. Our understanding of the atomic-resolution structure of CFH derives from
studies of constructs consisting of only a few CCPs. Some of these studies will be described
subsequently, with an emphasis on recent work on the AMD-related and GAG-binding CCP
7 and its neighbouring modules.

4.1 Low Resolution Structural Information on CFH

Determination of 3-D structure from extended, multi-domain, proteins is a significant
challenge and the level of accuracy of such models is low compared to the atomic structures
of fragments. However, major progress has been made by the group of Perkins using a
combination of biophysical techniques (primarily neutron and X-ray solution-scattering
combined with analytical ultracentrifugation, reviewed in (Perkins et al. 2002)) capable of
giving low-resolution information about molecular shape combined with using homology
models of the domains to aid interpretation of the shape information. Although these studies
lead to sets of atomic coordinates for the proteins studied it is important to reflect on the fact
that the data can only inform about overall shape and have no ability to validate the atomic
detail of the homology models used, as discussed further below. When applied to study of
full length CFH (Aslam and Perkins 2001) the data revealed that the maximum length of the
CFH in solution was approximately 40 nm compared to a length of 73 nm theoretically
possible for a fully extended structure. These data strongly suggest that, on the average, the
20 CCP modules within CFH are folded back upon themselves in solution. Such folding
back has been supported by later studies (Okemefuna et al. 2008) using the same techniques,
which suggest short truncated segments of CFH are likewise not entirely linear with regard
to their module arrangements.

4.2 Atomic Structure of the CFH Carboxy-Terminus

Both NMR (Herbert et al. 2006) and X-ray crystallography (Jokiranta et al. 2006) have been
employed to study the 3-D structure of the C-terminal pair of CCPs, CFH-19,20 (Fig. 2a).
Module 19 is similar in structure to other CCPs of known structure such as CFH modules 5
(Barlow et al. 1992), 15 (Barlow et al. 1993) and 16 (Barlow et al. Campbell 1991). In all
these CCPs, the polypeptide chain contributes to five extended regions that are joined by
turns or loops. The extended regions, which form short beta-strands and small sheets to an
extent that varies between CCP structures (Soares et al. 2005), are approximately aligned
forming an oblate structure with N and C termini at opposite poles. Each 40 A-long module
has its own small hydrophobic core containing highly conserved non-polar side-chains and
is further stabilised by two disulfides that form between four invariant Cys residues. CCP 19
is tightly coupled, in a head-to-tail arrangement, to CCP 20 via a three-residue linking
sequence — the shortest linker in CFH. This C-terminal module also has many features
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typical of CCP modules but it is shorter and broader than any other CCP of known structure.
When CFH-19,20 is titrated with the GAG-like compound, dp4, perturbations are observed
of CCP 20 NMR chemical shifts but not CCP 19 ones (Herbert et al. 2006), thus identifying
module 20 as the dp4-binding site. Closer scrutiny of which residues within CCP 20 are
most affected in terms of their chemical shifts upon addition of dp4 implicates the presence
of a dp4-binding patch on one face of CCP 20 (Fig. 2b). There is a notable degree of overlap
between this putative GAG-binding region, which is predominantly electropositive, and a set
of residues considered important in aHUS (see above).

4.3 Atomic Structures for both Tyr and His Variants of CCP 7

The first detailed structural information on an AMD-associated CCP 7, emerged from NMR-
derived structures of both the Tyr402 and His402 allotypic variants of the recombinantly
expressed single module (Herbert et al. 2007) (Fig. 3) i.e. CFH-7. This study revealed that
both variants of CFH-7 adopt the classical CCP-fold (Norman et al. 1991), and that the side-
chain of residue 402 lies on the surface between two Tyr side-chains (Tyr390 and Tyr393).
With the exception of the altered side-chain, the two variants are identical in structure;
indeed even the orientations of the altered side-chain are the same. The authors further
demonstrated that residue 402 lies on the edge of a patch of amino acid residues whose
NMR chemical shifts are sensitive to addition of a fully sulphated heparin-derived
tetrasaccharide, dp4, which is a model-GAG compound. Thus they concluded that the AMD-
linked substitution could alter the interaction between CCP 7 and GAGSs on the self-surfaces.

4.4 Low-Resolution Models for CFH-6,7,8

Subsequent insights into the structure of this AMD-associated region of CFH came from
low-resolution techniques: small-angle X-ray scattering (SAXS) measurements in solution
and analytical ultracentrifugation. These methods were employed (Fernando et al. 2007) to
investigate the structure of a recombinantly expressed construct (Clark et al. 2006)
consisting of the seventh CCP flanked by its immediate neighbours i.e. CFH-6,7,8. As
pointed out earlier, neither of these techniques is able to yield atomic-level information and
both are dependent in their interpretation upon construction of homology-based computer-
generated models for the domains or modules under investigation. Their potential advantage
is that they can provide information about the dimensions of the molecule and hence
inferences may be made regarding orientation of the domains with respect to each other and
the overall molecular architecture. Both His402 and Tyr402 variants of CFH-6,7,8 were
shown to adopt similar, bent conformations (Fernando et al. 2007). The authors noted that
the His402 variant had a slightly higher tendency to self-associate (Fernando et al. 2007,
Nan et al. 2008), although there is no evidence that this occurs in vivo.

By exploring numerous possible relative arrangements of the three homology-modelled
CCPs for best fit to the data, restrained models of CFH-6,7,8 were created. These allowed
the tentative mapping of positively charge and therefore putative GAG-interacting residues,
and led to the claim that many of these are exposed on the convex surfaces of the models.
Additionally, study of CFH-6,7,8 in complex with a heparin decamer by SAXS (Fernando et
al. 2007) suggested that subtle structural rearrangements resulting in a more linear
arrangement of the three CCPs might accompany the binding of heparin-like ligands.
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Presumably these could arise from the involvement of more than one module in contacting a
single heparin molecule.

4.5 Atomic Structure for CFH-678

While low-resolution studies inform the overall shape of CFH-6,7,8 they are difficult or
impossible to interpret reliably in terms of individual side-chains. To gain true insight into
the implications of the Y402H substitution for this region, high-resolution data were
required. In particular, there was a need for structural information on the interaction of
CFH-6,7,8 with anionic carbohydrates. Such information has become available in the form
of a near-atomic resolution crystal structure (Prosser et al. 2007b) of the His402 variant of
CFH-6,7,8 in complex with sucrose octasulfate (SOS), a highly sulfated sugar analogue of
GAGs (Fig. 4). Justification for the use in this study of SOS as a structurally amenable
mimic of GAGs was provided by NMR work on CFH-7,8, which indicated similar binding
modes for both the heparin-derived tetrasaccharide, dp4, and SOS.

As was predicted on the basis of low-resolution methods (Fernando et al. 2007) The
CFH-6,7,8402n structure (Prosser et al. 2007b) adopts an extended but slightly curved
conformation. The crystal structure reveals that the overall conformation is maintained by a
tight interface between CCPs 6 and 7, but there are weaker interactions between CCPs 7 and
8 that may allow some flexibility between the domains. However, the scattering and
homology based model was found to be wrong with respect to inter-modular angles, the
structures of individual modules, and the details of how side-chains are arranged at the
modular surfaces. These discrepancies likely reflect the difficulties of making detailed
interpretations of inherently low-resolution data and there is not necessarily a conflict
between the crystal structure and the solution scattering and sedimentation data of Fernando
et al. (Fernando et al. 2007).

Within the crystal structure of CFH-6,7,84¢2H (Prosser et al. 2007b) the structure of CCP 7 is
identical to the NMR-derived solution structure of CFH-7 (Herbert et al. 2007), which
increases confidence in the reliability of both solution and crystal structures. Comparison of
the NMR structure (solved in absence of a GAG-like ligand) and the crystal structure (solved
in the presence of bound SOS) reveals that the His402 side-chain adopts the same
conformation in the absence or presence of bound SOS. The Tyr402 side-chain in the NMR
structure of CFH-74q,y also adopts this conformation. These observations justified the
generation of a reliable model for the CFH-6,7,8402v structure, which unfortunately could
not be crystallized (Prosser et al. 2007a).

4.6 Sulfated Sugar Recognition at the Polymorphic Residue

The earlier NMR chemical-shift perturbation studies had implied a direct role for the
polymorphic residue in recognition of GAGs (Herbert et al. 2007). This was confirmed by
the crystallographic structure of the complex that revealed a direct interaction between the
AMD-associated His402 residue in CCP 7 and the sulfated-sugar ligand; one of the histidine
ring nitrogens is hydrogen-bonded to a sulfate group of the ligand (Figs. 4 and 5). Together
with His360 from CCP 6 His402 forms a histidine-clamp around the SOS sulfate groups,
docking the ligand into the CCP 6-7 interface. This mode of SOS recognition by His402 is
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incompatible — both chemically and sterically — with the presence of a bulkier tyrosine at the
same position. This is not to imply that the Tyr402 variant is incapable of interacting with
other sulfated-sugar ligands that are subtly different at the molecular level; indeed
experimental data suggests CFH-6,7,8492y can bind to some GAGs more tightly than
CFH-6,7,8402y depending upon GAG-type and level of sulfation (Clark et al. 2006; Herbert
et al. 2007; Skerka et al. 2007). Other protein-sugar contacts in this region consist mainly of
hydrogen-bonds and Van der Waals contacts with the protein backbone; there is an
additional contribution from the side chain of the more distant Lys405, which has been
previously implicated in heparin binding by mutagenesis (Clark et al. 2006; Giannakis et al.
2003).

It is noteworthy that the SOS at this site is present in two, slightly different conformations in
the native protein crystals, related by a rotation of the sulfated fructose ring (a major
conformation representing 65% of the population and a minor conformation representing
35%). This conformational difference between two forms of SOS is accompanied by a
reorientation of the side-chain of Tyr390 to accommodate a repositioned sulfate group. In
the ligand-free solution structure of CFH-7, only the minor conformation of the tyrosine
side-chain is observed (Herbert et al. 2007), implying that movement of this side-chain may
contribute to recognition of specific ligands. Such a role for Tyr390 in binding heparin fits
well with NMR chemical shift perturbation studies on CFH-7 (Herbert et al. 2007) that also
implicated this residue in GAG binding.

4.7 Additional Binding Sites for Sulfated-Sugar Within CFH-6,7,8

In addition to a SOS-binding site centred on the polymorphic residue 402, the co-crystal
structure of CFH-6,7,8 showed that other parts of the surface of this region of CFH could be
involved in specific GAG recognition. Furthermore, earlier work (Clark et al. 2006;
Giannakis et al. 2003; Herbert et al. 2007), along with mutagenesis experiments designed
specifically to test these additional sites (Prosser et al. 2007b), support a novel picture of
GAG binding that incorporates extensive interactions over this region.

A secondary SOS-binding site is observed on the opposite face of CCP 7 in which the sugar
sulfates contact the side-chains of Arg404 and Lys410, previously implicated in heparin
binding by mutagenesis (Clark et al. 2006; Giannakis et al. 2003), and consistent with NMR
chemical-shift perturbation studies on CFH-7 (Herbert et al. 2007). In addition to the
involvement of H360 from CCP 6 in the major CCP 7-centered SOS-binding site, the
structure also revealed a novel SOS-binding site contained entirely within CCP 6. This third
site is chemically similar to that seen in CCP 7, with a central positively charged residue
(Arg341) flanked by two histidine sidechains (His337 and His371) that directly coordinate
two ligand sulfate groups. Finally, a fourth SOS-binding site in the crystal was observed in
the linker between CCPs 7 and 8, and involves a salt bridge between sulfate and Arg444.

Previously, GAG-binding sites have been localised primarily to single modules of CFH — see
above (Blackmore et al. 1996, 1998; Ormsby et al. 2006; Pangburn et al. 1991). Calculation
of the electrostatic potential of the crystal structure reveals that the binding sites for SOS
observed in the complex occupy a positively charged groove extending over all three
modules of CFH-6,7,8409oH With the AMD-related polymorphism lying within this channel.
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Many other residues (e.g. Arg387, Lys388, Lys405) previously implicated in polyanion
recognition by mutagenesis (Clark et al. 2006; Giannakis et al. 2003) also line this groove.
Taken together this suggests an extended mode of interaction between GAGs and this region
of CFH with the polyanion lying along the positively charged groove to form a large
interaction surface. This hypothesis was supported by an analytical ultracentrifugation
analysis of CFH-6,7,8 in complex with heparin dp18 or dp24.

5 Structure: Insights into Disease Mechanism

As discussed above, three regions of the CFH molecule have been highlighted in respect of
its role in disease. To summarise: single and double amino-acid changes occurring
predominantly in the C-terminal segment of factor H (CCPs 19 and 20) have been identified
in some aHUS patients. (Buddles et al. 2000; Heinen et al. 2006; Richards et al. 2001,
Warwicker et al. 1998) (http://www.fh-hus.org/); an SNP at the CFH locus (rs1061170)
corresponding to the presence of His at position 402 (in CCP 7 of CFH), is one component
of a major risk haplotype for AMD (Edwards et al. 2005; Hageman et al. 2005; Haines et al.
2005; Klein et al. 2005) There is evidence for at least one aHUS-linked mutation (Kavanagh
et al. 2007) and an AMD-protective SNP in the N-terminal portion of factor H (CCPs 1-2)
(Hageman et al. 2005). The SNPs linked to AMD (Abrera-Abeleda et al. 2006) are also
linked to DDD/MPGNII (Hageman et al. 2005) along with a deletion in CCP 4 (Licht et al.
2006).

The results of structural and functional work carried out on various regions of CFH (outlined
in the previous sections) afford the opportunity to explore the molecular basis of some of
these diseases. A “GAG recognition” hypothesis is emerging as one mechanism amongst
several possibilities for linking molecular changes to disease (Schmidt et al. 2008). This is
founded upon the putative capability of CFH to discriminate between subtly different GAG
molecules through specific contacts with, for example, sugar rings or sulfate groups. For the
host, the advantage is that a specific recognition capability of CFH deters subversion by a
pathogen that adopts a molecular mimicry strategy (Lindahl et al. 2000). A potential
disadvantage is that GAG-specific CFH would have a diminished capacity to bind to the
diversity of GAGs that is necessitated by unrelated aspects of cell and tissue physiology or
that may arise from loss of homeostasis in stressed or ageing individuals (MVerdugo and Ray
1997). GAGs form an extremely diverse group of molecules that vary according to tissue,
cell type and age (Turnbull et al. 2001). Thus according to the GAG recognition hypothesis,
CFH has different affinities for different tissues and this will vary over the lifetime of an
individual. It is difficult to prove or disprove the notion that CFH can discriminate between
closely related GAGs due to the difficulty of preparing a panel of chemically pure model
GAG compounds with which to test the idea. Nonetheless, the available structural and
functional data can be interpreted in a way that is broadly supportive of this model as
follows:

i. Different allotypic variations (at 402) of CFH (in the context of the CFH-6,7,8
fragment) have different affinities for certain types of GAG (Clark et al. 2006).

ii. Disease-linked amino-acid substitutions in modules 7 and 20 coincide with discrete
patches on the surface of these modules that have been identified as GAG-
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interaction sub-sites (Herbert et al. 2006, 2007). Therefore they are likely to
modulate specific aspects of factor H-GAG interactions.

iii. The two modules, CCP 7 and CCP 20, each lie within different segments of CFH
that are unique in their proven affinities for heparin (Schmidt et al. 2008), which is
a widely accepted although crude model for GAGs. It seems unlikely that the
correspondence of the two principal GAG interaction sites with the two principal
sites of disease-linked sequence variations is a mere coincidence.

iv. The structure of CFH-6,7,8 (Prosser et al. 2007b) shows an interaction between
His402 and a sulfate group in the ligand, SOS — another GAG model compound —
that is incompatible with the presence of a Tyr at this position. This is direct
evidence for the ability of CFH to “read” a pattern of sulfates and for such a pattern
recognition functionality to be modulated by a disease-linked amino-acid switch.

v. The presence of several sub-sites able to contact SOS within CFH-6,7,8 (Prosser et
al. 2007b) implies binding of a GAG molecule across multiple modules and a
consequent alteration in the shape of this segment of the protein. Scattering studies
support this idea to some extent (Fernando et al. 2007). This scenario creates the
potential for CFH to respond in different ways to different GAGs — thus adding an
extra layer of specificity or selectivity to this interaction.

vi. The absence of proven binding functionality amongst the CCPs 8-18 (Schmidt et
al. 2008) of CFH implies they could have an architectural rather than a binding
role. The preponderance of long linkers and small modules in the CCPs 12-14
region is consistent with a role as a “hinge” promoting the bending back upon itself
of CFH. This could bring the two GAG-interaction sites into proximity creating the
potential for higher specificity via a multi-site interaction.

vii. Scattering studies indicate that CFH does indeed have a bent back structure (Aslam
et al. 2001). Other studies indicate that antibodies to the C-terminus can modulate
complement regulatory activity at the N-terminus adding further support to
functionally critical proximity of the two ends of CFH (Oppermann et al. 2006).

Thus an attractive model, supported by most data but requiring further testing, is that the
likelihood of excessive complement activation and attendant inflammation is inversely
correlated to the affinity of CFH for self-surfaces. A diminishment in affinity could arise
either from an amino-acid substitution in CFH; or it could stem from inappropriate levels or
patterns of sulfation amongst surface GAGs. A third factor to consider is the level of
complement activation in the immediate vicinity generating short-lived C3b molecules that
will stretch local complement-regulatory capacity including that contributed by CFH. Some
combination of two or all of these factors may be required for pathogenic levels of
complement activation to occur. The variation of GAGs between tissue-types might explain
organ-to-organ variations in the consequences (or lack of consequences) of CFH sequence
variations; and given that GAG composition also changes with age, this would additionally
explain the late onset of some symptoms. Moreover, certain locations may be particularly
susceptible due to higher levels of apoptotic or necrotic activity —the macular RPE-choroid
interface is one such region since Bruch’s membrane separates the RPE from the epithelial
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cells of the choriocapallaris, thereby creating a potential SUbRPE entrapment site that
accumulates debris (Sivaprasad et al. 2005).

Not all observations, however, fully support a GAG-recognition model. Several aHUS-linked
mutations — within the context of the double-module fragment CFH-19,20 — do not appear to
affect binding to heparin columns or defined-length, sulphated, heparin fragments (Jokiranta
et al. 2006). This may simply reflect the inadequacy of heparin as an emulator of the
physiological GAG ligand. On the other hand, several of these mutants appear to exhibit
lower affinity for C3b (Jokiranta et al. 2006). Given that CFH probably binds to a composite
binding surface consisting both of C3b and the surrounding GAGs, it is not unreasonable to
propose that disturbance of either its protein binding or carbohydrate binding components
could have similar physiological outcomes. Thus it is not necessary to abandon the idea of
specific GAG recognition to accommodate these results. A more radical suggestion
originating from the observation of a crystallographic tetramer for CFH-19,20 (Jokiranta et
al. 2006) is that some mutations could interfere with a putative ologomerisation of CFH via
the C-terminal region. There is little support so far in the literature for oligomerisation of
CFH but it is an enticing idea (Aslam et al. 2001; Perkins et al. 1991). CFH recognition of
CRP (Jarva et al. 1999) (Aronen et al. 1990) is also mapped to this region and, in the case of
Y402H in module 7, there are multiple reports of defective C-reactive protein (CRP)
recognition (Laine, Jarva et al. 2007; Sjoberg et al. 2007; Skerka et al. 2007; Yu et al. 2007)
but these have been challenged on the basis that some were performed on CRP in a
physiologically questionable non-pentameric state (Hakobyan 2007). On the other hand a
“CRP hypothesis” to explain the mechanism of the AMD pathogenesis is seductive in that
the putative CRP-CFH interaction has been reported to form part of a strategy for the
recruitment of CFH to apoptotic cells so as to protect against alternative pathway activation
and inflammation (Gershov et al. 2000). The presence of higher levels of CRP in the
choroids of AMD patients (Johnson et al. 2006) further fuels this theory.

6 Options for Therapy

Activation of complement is part of a normal homeostatic mechanism that includes
opsonization and lysis of microorganisms, removal of foreign particles and dead cells,
recruitment and activation of inflammatory cells, regulation of antibody production, and the
elimination of immune complexes (Kinoshita 1991; Markiewski and Lambris 2007). Under
normal conditions, local complement activation is beneficial by promoting the rapid
clearance of cell debris and facilitating the removal of toxic protein aggregates. Uncontrolled
or aberrant activation and/or regulation of this system, however, can lead to bystander
damage of host cells and tissues, thereby contributing significantly to the pathogenesis of a
number of diseases in addition to those discussed above including rheumatoid arthritis, IgA
nephropathy, asthma, systemic lupus erythematosus, and ischemia reperfusion injury
(Markiewski et al. 2007; Thurman 2007; Thurman and Holers 2006). Much of the tissue
damage in these diseases results from complement-mediated lysis of bystander host cells by
the membrane attack complex or downstream effects resulting from excess production of the
anaphylatoxin C3a by C3 convertases.

Adv Exp Med Biol. Author manuscript; available in PMC 2016 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barlow et al.

Page 13

Based upon a surge of complement-related research over the last two decades, it has become
apparent that modulation of the complement system is a promising strategy for drug
discovery (Liszewski and Atkinson 1998; Ricklin and Lambris 2007; Ryan 1995; Sahu and
Lambris 2000). Additional evidence supporting the development of complement modulating
strategies comes from studies showing that complement inhibitors can reduce inflammation
and tissue destruction and ameliorate disease progression in a variety of animal models of
human disease (Bao et al. 2003; Holers 2003; Holers et al. 2002; Thurman et al. 2006).
Importantly, the first complement pathway-directed therapeutic, a humanized monoclonal
antibody directed against complement component C5 (Eculizumab; Soliris) was approved in
March 2007 for use in the treatment of paroxysmal nocturnal hemoglobinuria (PNH), a
debilitating disease characterized by chronic complement-mediated intravascular hemolysis
(Rother et al. 2007). This breakthrough validates the complement system as a realistic
therapeutic target and has provided a strong rationale for the investigation of other
indications for this and other drugs in complement-related diseases.

Many promising complement pathway-directed therapeutics have been developed; these
include various recombinant human complement inhibitors, monoclonal antibodies,
synthetic peptides, and peptidomimetics designed to block activation of specific complement
components, neutralize complement activation fragments, or antagonize complement
receptors (Ricklin et al. 2007). Additional therapeutic compounds are currently in various
investigational and developmental stages (Ricklin et al. 2007). None of the agents developed
to date have been designed to specifically target CFH in diseases such as AMD, MPGNII,
and aHUS. The more comprehensive understanding of the functional attributes of the risk
and protective forms of CFH that has emerged from studies conducted over the past 2 years
will no doubt hasten the rapid conception and development of CFH-directed drug
candidates. That being said, important forethought will have to be given regarding length of
administration (chronic vs. acute), mode of delivery (systemic vs. local) and method of
delivery. These parameters will certainly affect decisions related to the nature (i.e. small
molecule, large protein) of candidate drugs.

In contrast to a strategy of inhibition, one interesting operational paradigm being developed
is based upon the concept that replacement or augmentation of the complement modulating
activity of dysfunctional “risk” CFH protein with functional “protective” protein might be an
effective strategy for preventing or delaying the pathology associated with CFH-mediated
disease. Indeed, replacement of defective CFH with normal CFH protein through plasma
exchange has been shown to be effective in preventing further disease episodes and
normalizing kidney function in MPGN 11 and atypical hemolytic uremic syndrome (aHUS)
patients harboring loss of function CFH mutations (Gerber et al. 2003; Licht et al. 2005;
Pickering and Cook 2008; Stratton and Warwicker 2002). Similar results have been obtained
in Yorkshire pigs with an inherited deficiency of CFH that develop lethal glomerulonephritis
(Hegasy et al. 2002; Jansen et al. 1998).

Collectively, the robust efforts being expended to understand the structures, functions and
roles of CFH and other complement-associated molecules will likely expedite the transition
from early stage discovery and identification of therapeutic targets, to the translation of this
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information into clinically effective diagnostics and pharmaceutical treatment modalities for
a number of diseases associated with aberrant regulation of the complement system.
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Modular composition of CFH and putative binding sites. In this schematic, the CCPs (ovals)

of CFH are drawn to emphasize their variation in size (51-63 residues) and the linkers

(rectangles) are proportional to their lengths (3-8 residues). Functional/binding sites are

indicated. The question marks are used where no direct proof is available
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Fig. 2.
Surface representations of the structure of FH-19,20. Highlighting: (a) The positions of

mutations in CFH found in aHUS patients. (b) The residues that are involved in interacting
with a model GAG compund, dp4
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Fig. 3.
Comparison of structures of FH-7. Secondary structure and electrostatic surface

representations (red = negative, blue = positive) are shown for the Y402 (left-hand panels)
and H402 (right-hand panels) allotypic variants. Residue 402 is labeled and boxed and three
tyrosine side-chains on the same face of the module are also boxed
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Fig. 4.

antre panel shows a cartoon representation of the structure of CFH-6,7,840oH (Prosser et al.
2007b) with the sulphated sugar ligands displayed as electron density and modeled atoms
(ball and stick representation). The panels arranged around the centre show close up views
of the GAG binding sites
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Fig. 5.
Cartoon to illustrate incompatibility of sulphated sugar recognition by the Histidine at

position 402 with a tyrosine at the same position
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