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Factor H (FH) is a central complement regulator comprised of 20 short complement repeat (SCR) domains.
Nucleotide changes within this gene (CFH) have been observed in patients with hemolytic uremic syndrome
(HUS), and also membranoproliferative glomerulonephritis and age-related macular degeneration. All parts of
FH are affected, but many mutations are clustered in the C-terminal part of FH. Up to now, structural analyses
of HUS have been based on SCR-20, a domain that is involved in FH interactions with C3b, heparin, and
endothelial cells. In order to identify the structural and functional consequence of HUS mutations, further
disease-associated mutations were analyzed in terms of homology and nuclear magnetic resonance (NMR)
models for factor H SCR domains. An interactive web database of 54 human HUS-associated mutations and
others was created from the literature (www.FH-HUS.org). This has comprehensive search and analysis tools,
integrating phenotypic and genetic data with structural analysis. Each mutation can be highlighted on the SCR
structure together with the patient FH and C3 levels where available. Two new insights were obtained from our
collection of data. First, phenotypic data on FH clarify our previously-proposed classification of Type I and Type
II disorders that both lead to HUS, where Type I affects FH secretion and folding, and Type II leads to expressed
protein in plasma that is functionally defective. Second, the new mutations show more clearly that SCR
domains from SCR-16 to SCR-19 are important for the ligand binding activities of FH as well as SCR-20.
This FH web database will facilitate the interpretation of new mutations and polymorphisms when these
are identified in patients, and it will clarify the functional role of FH. Hum Mutat 27(1), 21-30, 2006. © 2005
Wiley-Liss, Inc.

KEY WORDS: factor H; complement; HUS; CFH; mutation database; immunodeficiency diseases; membranoproliferative
glomerulonephritis; age-related macular degeneration

INTRODUCTION 1998] and a third heparin-binding site originally thought to be at
SCR-13 has now been localised to SCR-9 [Pangburn et al., 1991;
Ormsby et al., 2004]. The physiologically more relevant sialic

acid binding regions of FH have also been localized to SCR-6/10,

In the immune defense system, factor H (FH) is a central
complement regulator in the alternative pathway of complement
activation by acting as a cofactor for factor I in the breakdown of
C3b to form iC3b [Law and Reid, 1995]. It also accelerates the
decay of the C3 convertase C3bBb, and competes with factor B for

binding to C3b. FH consists entirely of 20 short complement The Supplementary Material referred to in this article can be

repeat (SCR) domains, also known as complement control protein
domains, each of length about 61 residues. The cofactor and decay
accelerating activity are located within the four N-terminal
domains, SCR-1 to SCR-4, which bind to intact C3b, a second
C3 site is located within SCR-6 to SCR-10, which binds to the
C3c fragment within C3b, and a third site is located within SCR-
16 to SCR-20, which binds to the C3d fragment within C3b
[Sharma and Pangburn, 1996; Zipfel et al., 1999; Jokiranta et al.,
2000; Pangburn, 2000] (Fig. 1). Heparin modulates the comple-
ment regulatory functions of FH, where two heparin-binding sites
have been located in SCR-7 and SCR-20 [Blackmore et al., 1996,
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FIGURE 1. Multiple sequence alignment of SCR templates. a: The sequence of each modeled SCR in FH is shown. Conserved Cys
residues are highlighted in black and labeled as C1 to C4.The disulfide bridge connectivity is C1-C3 and C2-C4. Residues associated
with HUS point mutations are highlighted within black and gray ellipses (SupplementaryTable S1). The sequence numbering is indi-
cated in brackets at the start and end of each SCR. b: The sequences of SCR-5, SCR-15, and SCR-16 for which NMR structures are
available are shown aligned with the SCR crystal and NMR structures used as other templates in the homology modeling. Residues
associated with HUS point mutations in SCR-5, SCR-15, and SCR-16 are highlighted within black and gray ellipses (Supplementary
Table S1). Structures are identified by their PDB codes (Table 2).The conserved B-strands (labeled 1 to 6 in the order they occur) are
highlighted in gray backgrounds on the basis of DSSP analyses. The consensus side chain accessibilities of these seven SCR domain
structures are given underneath the alignment on a scale of 0 to 9 for each residue, where 0 corresponds to 0-9% accessibility,
1 corresponds to 10-19% accessibility, and so on. Buried residues have accessibilities of 0 or 1.

SCR-13, and SCR-16/20 [Koistinen, 1992, 1993; Ram et al., 1998].
FH also binds to the surface of endothelial cells, and to proteins
such as BbCRASP proteins from Borrelia sialylated lipooligosac-
charides of pathogens such as Neisseria gonorrhoeae and Streptococcus
pyogenes to enhance the pathogenicity of these microorganisms
[Horstmann et al., 1998; Ram et al., 1998; Kraiczy et al., 2004].
Hemolytic uremic syndrome (HUS) is characterized by a
phenotype of microangiopathic hemolytic anemia, thrombocyto-
penia, and acute renal failure in affected individuals [Perkins and
Goodship, 2002]. The primary event in all these diseases is
endothelial cell damage [Ballermann, 1998]. The majority of
diarrheal HUS cases are caused by toxic Escherichia coli bacteria.
Alternatively, there are cases that are not associated with diarrhea,
known as atypical HUS, which have a poorer prognosis and can be
associated with FH deficiency. Mutations in a variety of
complement regulatory genes have been associated with HUS.
Mutations within the FH gene (CFH; MIM 134370) are
frequently found in HUS patients. Our previous structural analysis
of atypical-HUS focused on 12 CFH mutations from 10 sporadic
and 10 familial cases [Perkins and Goodship, 2002]. Disorders in
plasma proteins are generally classified as two types by analogy
with coagulation protein defects. Type I is defined when the
protein plasma level is low and indicates a secretory defect or rapid
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degradation. Type II mutations are associated with normal plasma
levels and are defined to correspond to a functional defect in
activity. When this scheme was applied to CFH mutations
[Perkins and Goodship, 2002], most of the original 12 mutations
in FH SCR-20 were assigned as Type II, and they initially
suggested that HUS may result from a failure of FH SCR-20 to
interact with polyanions at cell surfaces or with C3b in the kidney.
Recent studies have reported a further 35 CFH mutations
involved with HUS [Remuzzi et al., 2002; Sanchez-Corral et al.,
2002; Caprioli et al., 2003; Manuelian et al., 2003; Neumann
et al., 2003; Dragon-Durey et al., 2004]. Our other unpublished
studies leading to HUS have yielded six more novel missense and
nonsense mutations in FH (TH.J. Goodship, H.PH. Neumann,
and PE Zipfel, unpublished observations).

Here, we describe the compilation of a comprehensive web-
based database of all reported CFH mutations and the insights
into the classification and molecular consequences of HUS that
have been gained from this. FH mutations associated with
membranoproliferative glomerulonephritis (MPGN) and age-
related macular degeneration (AMD) are also included. This
database provides genetic and phenotypic information. With the
use of homology models based on recent SCR structures in the
Protein Data Bank (PDB), it also provides three-dimensional



structural analyses if required. We believe that the use of such an
interactive and contextual database alongside structural analysis
will enable the significance of new mutations to be more easily
understood, leading to a molecular interpretation of FH function
and its mutants.

FH-HUS MUTATION DATABASE

The FH-HUS mutation database is available at www.FH
HUS.org. It is maintained and updated on the server of the
Department of Biochemistry and Molecular Biology at University
College London. The database was constructed using mySQL
(www.mysql.com) and is displayed and navigated on the web via
PHP (www.php.com), Javascript, and HTML programming.

Database Functions

The website is fully interactive with a user-friendly graphical
interface. A choice of three search tools is available (quick, basic,
and advanced) that can be adapted to perform specific require-
ments such as retrieving mutations over a range of SCR domains
or for a specific phenotype. The results of all searches can be
downloaded in Microsoft Excel (www.microsoft.com) format for
further analysis or retrieved in a printer friendly format. The
following fields of information are available for each mutation
record: nucleotide alteration, codon number, initial residue,
mutated residue, phenotype (classified as Type I or Type II),
reference, mutation type (e.g., insertion or deletion), SCR domain,
secondary structural position (taken from consensus Database of
Secondary Structure in Proteins [DSSP] assignments), sequence
(to highlight the mutation within a short sequence of FH),
comments, and reference state (whether it is an abstract or a full
citation). Following the Human Genome Variation Society
(HGVS) guidelines for mutation nomenclature (www.hgvs.org/
mutnomen/), the details of the specific nucleotide alteration are
available for each mutation. The reference nucleotide sequence is
taken from RefSeq #: NM_000186.1 and nucleotides are
numbered starting from the A of the ATG translation initiation
codon. The amino acid substitution and codon number, for
example, Trpl 183 Arg, where residue numbering includes the 18-
residue signal peptide and codon 1 refers to the initiating
methionine residue, is also used to describe mutations. The
residue number with reference to the mature FH protein
(following PDB numbering: PDB code lhaq) is also given. The
following fields of information are available for each patient
record: FH and C3 levels (given as low, normal, or high depending
on control values used in the original reference), genotype, clinical
history, inheritance (sporadic/familial), and a comments field for
any extra information. Data are available describing the FH and
C3 assays used in each study and can be viewed in the context of
the results to allow comparison between different data sets.
Statistics for the mutations within the database are displayed
graphically, such as the distribution of the mutations over different
SCR domains or different phenotypes. The website also provides
information pages, associated links, and a reference library for FH
and HUS with each reference linked to the abstract via the
PubMed database (www.ncbi.nlm.nih.gov).

New mutations are entered into the database via an electronic
submission form. In order to maintain the database entries in a
reliable and structured format, the database curator checks all new
mutations. In particular, the database will not only accept
mutations that have been published in peer-reviewed articles,
but will also accept and flag mutations and patients that have not
been published in peer-reviewed articles, or those that have only
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been published in abstract form. The reference field of these
unpublished mutations and patients will contain the name of the
depositor responsible for the submission. This will permit the
development of a larger, more up-to-date data set, while also
enabling the source of each mutation to be identified. Users can
choose to omit unpublished mutations from their searches via
the advanced search form. A mailing list function is available to
alert users when a new mutation is submitted. The data was
first published on our website in November 2004. The structure
and content of the FH-HUS database corresponds to the
recommendations of the HGVS for locus-specific databases
[Claustres et al., 2002].

Advanced Database Functions

As well as providing published information on CFH mutations
and patients, the database also provides analysis of mutations in
the context of structural models for each of the 20 FH SCR
domains. Experimentally solved nuclear magnetic resonance
(NMR) structures were available for SCR-5, SCR-15, and SCR-
16 [Batlow et al., 1992, 1993] of human FH. The remaining 17 FH
SCR domains were constructed using MODELLER v7 (http://
salilab.org/modeller/FAQ.html) alongside the structure verifica-
tion program PROCHECK [Laskowski et al., 1993]. PSI-BLAST
[Altschul and Koonin, 1998] searches of the Protein Data Bank
(PDB) [Berman et al.,, 2000] identified 27 SCR structural
templates in 14 structures. Their PDB codes are listed as follows:
lhce, 1hfi, 1g40, lojv, 1h03, 1gpz, lelv, 1gkg, 1gkn, 1ly2, 1ckl,
1g3x, 1qub, and Isrz. From these 27 possible templates, the closest
template for each SCR sequence in terms of sequence identity and
minimum insertions and deletions was identified using CLUSTAL
alignments [Higgins et al., 1994]. This is summarized in Table 1
and Figure 1. Although the sequence identity between the SCR
domain structures is quite low (10-51% between themselves),
they generally possess a six-stranded antiparallel B-sheet SCR
structure (Bl to PB6) that is subdivided into three pairs of
B-strands, with B1-B3-B5 forming a central B-sheet and stabilized
by two disulfide bridges, C1-C3 and C2-C4, at the two ends of the
domain [Perkins et al., 2002].

The SCR domain structures are used to highlight the positions
of point mutations with interactive views provided by the newly
developed Java Applet ]Mol version 10 (http://jmol.sourceforge.n-
et/). An in-depth analysis of each mutation provides the user with
structural information such as the DSSP secondary structure
assignment and side chain surface accessibility [Kabsch and
Sander, 1983] and highlights known binding regions of FH that
the mutation may perturb. A comparison of amino acid properties
such as hydrophobicity and charge is also shown. This approach
can use information contained within the database to predict a
similar analysis of any new user-defined substitution at any
position in FH. This flexible, yet powerful tool can be used to
predict whether a novel point mutation may perturb structural
stability (Type I) or biological function (Type II), or alternatively
may be a non-disease-causing polymorphism. The homology
models of the FH SCR domains constructed during this study
are also available for download in PDB format (www.FH-HUS.org/
models.php), and links are provided for experimentally solved FH
SCR structures that are deposited in the PDB.

CFH Mutations

A total of 48 mutations causing HUS were identified in CFH by
searching the Human Gene Mutation database (http://archive.
uwcm.ac.uk/uwem/mg/hgmdO.html) and the literature database

Human Mutation DOI 10.1002/humu
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TABLE 1. Summary of the Homology Modeling of 17 SCR Domains of FH*

SCR Template PDB? Protein Insertions Deletions Sequence Identity
1 1hfi Human FH 3 None 25.0%
2 1qub_1 Human B2-glycoprotein I 1 None 27.6%
3 1qub_3 Human $2-glycoprotein I 1 None 18.3%
4 lhcc Human FH None 1 31.5%
6 1g40-1 VCCP None 1 16.1%
7 SCR5 Human FH None None 33.3%
8 1hfi Human FH 3 2 26.7%
9 SCR5 Human FH 2 None 23.2%

10 lhcc Human FH 1 None 30.9%

11 lhcc Human FH 1 None 32.7%

12 lhcc Human FH None None 33.3%

13 lhcc Human FH None 3 18.5%

14 1g40-3 VCCP None None 29.6%

17 1g40-3 VCCP 1 None 40.0%

18 1g40-3 VCCP 1 None 34.5%

19 1g40_3 VCCP 1 None 40.0%

20 1g40-1 VCCP 1,1 1 17.5%

*The template PDB files used for homology modeling of the individual FH SCR domains are described in this Table. The numbers in the insertions and
deletions columns indicate how many residues had to be inserted or deleted from the template structure in order to model the FH SCR domain. Two
values separated by a comma indicate there are insertions or deletions at more than one place in the model. The sequence identity is a pairwise compar-
ison of the sequence of the FH SCR domain and the sequence of the SCR domain from the template protein.

“The PDB codes are as follows: 1hfi, 1hcc [Barlow et al., 1993]; 1qub [Bouma et al., 1999]; SCR5 [Barlow et al., 1992]; and 1g40 [Murthy et al., 2001].

VCCP, vaccinia virus complement control protein.

PubMed using the following search expressions: FH mutation,
factor H mutation, CFH mutation, HUS mutation. The World
Wide Web was also searched using the search engine Google
(www.google.com) (Supplementary Table S1 [available online at
www.interscience.wiley.com/jpages/1059-7794/suppmat] and Fig. 2).
Three more novel unpublished mutations (Supplementary Table
S1) were identified by CFH mutation screening of UK patients at
the Institute of Human Genetics, Newcastle upon Tyne, by
DHPLC (wave) and fluorescent sequencing. The phenotype was
based on the clinical information provided by the referring
physician. Three more novel and two previously known mutations
were identified in Jena from German patients using standard assays
as previously described [Neumann et al., 2003].

Each mutation and patient record has been manually entered
with the aim of registering every individual described with a CFH
mutation and not just one member of each family. At present the
database records correspond to 58 patients, each possessing a
unique ID number. Varying amounts of data are available for each
mutation and patient, with only five mutations having no available
patient information. Figure 3a highlights the variation on the
amount of reported data for each of the 58 patients. This variation
shows the inconsistency of the published mutation reports to date,
and highlights areas where information is lacking, such as the
clinical history of the patient.

Mutation Classification

Our previous study [Perkins and Goodship, 2002] proposed the
classification of the mutations into a Type I or Type II phenotype,
and the presently increased total of known mutations now clarify
this. Problems arise for FH-HUS mutations as there is a large
variation of FH protein levels in plasma. Even with unaffected
individuals, FH levels can range between 235 and 810 mg/l
[Neumann et al., 2003] or 350 and 650 mg/l [Caprioli et al.,
2001], and FH levels have been shown to be significantly lower in
neonates and infants than in adults [Ault, 2000]. This makes it
increasingly difficult to assign whether the FH level of a patient
that is within the normal range accounts for one or two alleles. For
example, the majority of HUS patients are heterozygous, having
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one intact and one defective allele. If the mutated allele has a
defective protein secretion, FH secretion is blocked and conse-
quently the FH plasma level would be about 50% of the normal
value. However, as the “normal” values cover such a large range, it
is difficult to say whether this is Type I. It also should be noted that
different groups use different methods for the FH assay and the
serum FH values depend highly on the type of standard used. An
improved classification scheme would denote Type I as either
complete with no observed FH secretion (homozygous) or partial
(heterozygous). Published phenotypic data for the FH and C3
levels were indicated in our study as high, normal, low, or very low
according to the assignments in the literature. Details such as the
method of assay and the range of values in the normal controls are
stored in the database and can be displayed for comparison
between patients from different studies. For future database
submissions, details of the assays and ranges will be included to
facilitate interpretation of FH levels in patients. At the present
time, those mutations with FH levels that fall within the normal
ranges are classified with an unknown phenotype unless the
structural models provide strong enough evidence of a Type I or
Type II phenotype. It is useful to display mutations within the SCR
structural models as this can indicate areas of the SCR domain
that are more susceptible to disruption than others. For example, a
number of Type II mutations are found on loop regions, whereas
Type I mutations are often found on buried B-strands.

The nine mutations in SCR-7, SCR-9, SCR-11 (two), SCR-15,
SCR-16 (two), SCR-17, and SCR-19 within CFH that involve
substitution of cysteine residues (Supplementary Table S1) provide
a good example of this problem of classification. For small -sheet
Cys-rich domains such as the SCR of this study, and others such as
the epidermal growth factor domain found in first component of
complement and the thrombospondin repeat Type I domain found
in properdin and the late complement components, a Cys
substitution may result in the loss of the disulfide bridge. This
would be predicted to cause incorrect folding, given that these
small domains are largely stabilized by these Cys-Cys bridges
[Creighton, 1993]. However, only six of these mutations show low
FH levels in patient plasma, and, surprisingly, two mutations

(Cys630Trp and Cys1043Arg) show levels falling within the
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FIGURE 2. Positions of 59 mutations in CFH. Mutations associated with HUS within CFH are identified, above and below the corre-
sponding SCR. Type I mutations are highlighted in red and Type Il mutations are highlighted in green. Unclassified mutations are
unshaded. The MPGN mutations and the AMD polymorphism are noted in blue text. The SCR domains involved in C3b binding are
highlighted in orange with red borders, and SCR-7, SCR-9, and SCR-20 involved with heparin-binding are indicated with red arrows

labeled with H. N denotes an NMR structure.

normal control range. At first glance this suggests that breakage of
either the C1-C3 bond of SCR-11 (Cys630Tip) or the C2-C4 bond
of SCR-17 (Cysl043Arg) does not necessarily lead to the
misfolding and degradation of the FH protein. Unfortunately, it
is difficult to establish whether the FH level in plasma is the
consequence of only the wild-type allele or from both the wild-type
and mutant alleles of a heterozygous patient. Another example can
be seen with the analysis of five nonsense mutations within CFH
(Supplementary Table S1). Three of these mutations (Glu189Stop,
Tyr899Stop, and GIn924Stop) can be defined as Type I, where the
mutant allele produces an unstable FH molecule and there is a
lower amount of FH in patient plasma. However, one nonsense
mutation (Ser714Stop) is seen in a patient with normal FH levels,
and again the problem arises whether this is due to a truncated
protein in the plasma, or the result of one wild-type allele.
Manuelian et al. [2003] carried out functional studies on three
mutations within FH, of which one was a nonsense mutation
(Glul17Stop). Here the truncated protein was purified from
patient plasma and shown to have reduced binding to heparin,
C3b/C3d, and endothelial cells, leading to its assignment as Type II

[Manuelian et al., 2003]. In short, it is not straightforward to
predict the effect of a given mutation on the FH phenotype using
FH serum levels alone, and each mutation will require
experimental characterization in order to fully appreciate its effect
on FH structure and function.

Distribution of Mutations in SCR-19 and SCR-20

The majority (64%) of the CFH nucleotide changes are point
substitutions in the sequence that lead to missense and nonsense
mutations, although there are a small number of insertions and
deletions (11%), splice site mutations (1%), and non-disease
causing polymorphisms (22%) (Fig. 3b). Of the 54 mutations, only
32 could be classified as having a Type I or Type II phenotype. The
remaining 22 did not have sufficient data, or FH levels were in the
normal range and it could not be identified whether the mutant
protein was in patient plasma. The majority of classified mutations
have a Type Il phenotype (37%) with the remaining mutations
classified as Type I (22%) (Fig. 3c). Although the mutations are
distributed throughout the SCR domains, they cluster towards the

Human Mutation DOI 10.1002/humu
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FIGURE 3. Statistical surveys of HUS patients. a: The coverage of 58 patient records with respect to different data fields. b: Pie chart
of all 76 reported nucleotide changes showing their distribution between five types of change. c: Pie chart of all 54 reported HUS

mutations to show the distribution of HUS phenotypes.

Asp1119Gly

Cys1163Trp

Trp1157Arg

Leu1189Arg/Phe

SCR-19

Ser1191Leu/Trp

Glu1198Ala
Phe11995er

Heparin

Lys1202

Glu11725top

Trp1183Arg/Leu
Thr118aArg

SCR-20

FIGURE 4. Molecular views of point mutation sites within FH SCR-19 and SCR-20 domains. Secondary structure cartoon of SCR-19
and SCR-20 in FH. The relative orientation of the two SCR domains about their longest axes is arbitrary. The four disulfide bridges are
shown in yellow. -strands where visible are labeled 1 to 6. Mutations with phenotypic classification are shown in red for Type I
and green for Type II. Those without classification are shown in orange. The predicted heparin-binding site at the C-terminus of
SCR-20 [Ganesh et al., 2004] is highlighted by two blue spheres to denote Lys1202 and Arg1206. N and C denote the N-terminus
and C-terminus, respectively, of each SCR domain. Figures were prepared with Molscript [Kraulis, 1991] and Raster 3d [Merritt and

Murphy, 1994].

C-terminal domains, with nearly half (48%) of the total mutations
occurring in SCR-19 and SCR-20, and a quarter occurring in SCR-
15 to SCR-18. Where classified the C-terminal mutations
predominantly show Type II phenotypes (72%), reflecting
the functional significance of these domains. The remaining
12 mutations in SCR-1 to SCR-15 predominantly show a
Type I phenotypes (50%), reflecting the structural significance of
these domains.

In SCR-19/20, two of 27 mutations are Type I, 15 are Type II,
and 10 have no known phenotypes (Fig. 2). Figure 4 shows that
the Type I (red) and Type II (green) mutations are not localized to

Human Mutation DOI 10.1002/humu

any one specific region of SCR-19 and SCR-20. One of the two
Type I mutations (Phel199Ser) is on the buried B3 strand. A
change in this area of the SCR domain may affect the secondary
structure of SCR-20 and cause the incorrect folding of the SCR-20
domain effecting the secretion or degradation of the entire cellular
FH protein. This is evident in the low serum levels of FH in the
patient with this mutation. The 15 Type II mutations have a
functional effect on FH activity. The relatively large number of
Type II mutations in this region is consistent with the importance
of SCR-19 and SCR-20 in heparin and C3 binding, and many of

these side-chains are exposed.
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TABLE 2. FH Mutations Reported in MPGN Patients

DSSP and
Nucleotide Molecular position of
SCR change? consequence® substitution in model Phenotype Reference
2 c.377G>T Argl127Leu (109) E (B5) I Dragon-Durey et al. [2004]
7 c1292G>C Cys431Ser (413) E (p5,C3) I Dragon-Durey et al. [2004]
9 c1606T >C Cys536Arg (518)° E (B3, C2) I Ault et al. [1997]
11 c.2017G>C Cys673Ser (655) E (p5, C3) I Dragon-Durey et al. [2004]
16 c.2876G>A Cys959Tyr (941)° E (B3,C2) I Ault et al. [1997]

2cDNA numbering is taken from RefSeq # NM_000186.1 where +1 corresponds to the A of the ATG initiation codon.
YResidues are numbered starting from the initiating methionine residue at +1. The number of the residue with respect to the mature FH protein (PDB

code: 1hagq) is indicated in brackets.
“Patient was a compound heterozygote for C518R and C941Y.

The increased number of 27 known FH mutations in SCR-19
and SCR-20 compared to the 10 that were considered previously
[Perkins and Goodship, 2002] has altered our structural under-
standing of how CFH mutations cause HUS. The distribution of
these 27 mutations across SCR-19 and SCR-20 now argues against
the previously predicted binding site for heparin at the junction of
SCR-19 and SCR-20. This early model was based on the analysis
of what is now seen to be too few mutations and the
superimposition of a FH homology model with the crystal structure
of the acidic fibroblast growth factor-heparin complex was not
unambiguous [DiGabriele et al., 1998]. Another eatlier prediction
suggested that heparin interacted with both the tip and side of
SCR-20 on the basis of manual docking and energy minimization
simulations; however, this modeling was also not unambiguous
[Hellwage et al., 2002]. The recent crystal structure of the
vaccinia complement control protein with heparin is a closer
analogue of the interaction between SCR-20 of FH and heparin
[Ganesh et al., 2004]. This showed that heparin interacts with
only the C-terminal tip of SCR-20. The crystal structure suggested
that the FH residues Lys1202, Argl206, and Lys1220 may make
direct contact with heparin (Fig. 4a).

Interestingly, none of these three residues are implicated with
HUS (Supplementary Table S1; Fig. 4a). Further support for the
localization of the heparin-binding site at the tip of SCR-20 comes
from sequence alignments of two factor H-related proteins FHR-3
and FHR-4. Neither of these bind to heparin at their C-terminal
domains, and these residues are missing [Hellwage et al., 2002].
In addition, analyses of the six-domain SCR-15/SCR-20 fragment
of FH showed that heparin-binding at SCR-20 is weakened by the
following five mutants: Argl203Glu, Argl206Glu, Argl210Ser,
Lys1220Ser, and Argl221Ala [Hellwage et al., 2002]. While only
Argl210 is associated with HUS (Supplementary Table S1), all
five mutants are near the C-terminal tip of SCR-20 (Fig. 4a). Two
of them correspond to the recent crystallography-predicted
heparin-binding site on FH [Ganesh et al., 2004].

The increasing evidence for a heparin-binding site at the tip of
SCR-20 also makes it less easy to account directly for the role of
the 31 missense mutations across SCR-16 to SCR-20 in causing
HUS. The majority of these demonstrate Type II phenotypes
(Fig. 2). A single SCR domain is 3.64+0.2 nm in length [Aslam
et al,, 2003]. If FH were to be a straight molecule, its overall
length is expected to be in the region of 73 nm. Instead, FH is
observed to possess a folded-back SCR structure of maximal length
43 nm by solution scattering [Aslam and Perkins, 2001]. The tip of
SCR-20 is required to be solvent-exposed and unhindered by the
rest of the FH structure in order that it can bind to an anionic
polysaccharide on a cell surface. It is possible that a residue
mutation within SCR-16 to SCR-20 may affect the folded-back

inter-SCR arrangement in FH to the extent that SCR-20 is less
able to interact with heparin. This interpretation may be
supported by the observed conformation rearrangement of the
C-terminal SCR domain relative to the other three SCR domains
in the crystal structures of vaccinia coat protein with and without
bound heparin [Ganesh et al, 2004]. As an alternative
explanation, if the correct association of C3b with FH is important
for the avoidance of HUS, it may be the case that these Type II
residue substitutions perturb residues that either directly interact
with C3b or with the inter-SCR arrangement that is necessary for
the C-terminal domains to interact with C3b. The approximate
dimensions of C3b are 18 nm x 2 nm x 10 nm [Perkins and
Sim, 1986]; hence, C3b is large enough to present difficulty in
forming contacts with FH if its folded back structure has been
altered to offer steric hindrance to C3b binding.

MPGN

FH deficiency is also associated with another rare kidney
disease, MPGN. Whereas HUS patients show a wide range of FH
plasma levels, with the majority (37%) of mutations showing Type
II phenotypes, all of the patients reported with MPGN showed
decreased FH plasma levels and Type I phenotypes. This lack of
plasma FH leads to hypocomplementemia, progressive glomerulo-
nephritis, mesangial cell proliferation, and an increase in mesangial
matrix size. In contrast, the FH missense mutations seen in the
majority of HUS patients rarely resulted in hypocomplementemia,
and lead to dysfunctional FH protein present in normal amounts in
plasma.

To utilize our FH structural models further, five mutations
associated with MPGN (Table 2) were analyzed. MPGN is
observed in patients with a complete FH deficiency (compound
heterozygous or homozygous) where there is little or no FH in
plasma. Interestingly, a mutation at the same position (Cys673) is
seen in a heterozygous HUS patient (Cys673Tyr) and a
homozygous MPGN patient (Cys673Ser) [Dragon-Durey et al.,
2004]. Four of the five mutations (Cys431Ser, Cys536Arg,
Cys673Ser, and Cys959Tyr) involve the substitution of a buried
conserved Cys residue on either B-strand B3 or B5, whereas the
remaining mutation, Argl27Leu, involves a buried Arg residue on
B-strand B5 close to the disulfide bridge. Two mutations have also
been reported in a Norwegian Yorkshire breed of pig with MPGN
symptoms [Hegasy et al., 2002]. Leu493Val and Ilel166Arg
(numbered with respect to porcine FH; GenBank accession no:
AJ278470) occur in SCR-9 and SCR-20, respectively. The
Leu493Val substitution most likely represents a polymorphism
since a valine is seen at this position (Val513) in human FH.
The Ile1166Arg substitution corresponds to Ile1179Arg in human
FH. The model of SCR-20 places Ile1179 on B-strand PI.
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The substitution of a large polar arginine residue for the smaller
hydrophobic isoleucine residue may affect side chain packing
around the B-strand and destabilize the SCR-20 domain to
prevent the secretion of FH. This structural analysis provides
explanations for defective secretion that results in the lack of FH
in the kidneys of MPGN patients. It is possible that the difference
between MPGN and HUS relates to the point at which a deficient
FH serum level becomes effective in a patient. A patient that has
little or no FH in plasma early in life may result in the onset of
MPGN, while HUS may result from an immunological insult due
to infection or stress that destabilizes a prevailing balance of
mutant and normal serum FH in the heterozygous patient.

AMD

FH has been implicated with AMD of the eye retina, the
leading cause of blindness in the developed world, through the
observation of a Tyr402His polymorphism in SCR-7 in affected
patients [Klein et al., 2005; Haines et al., 2005; Hageman et al.,
2005; Edwards et al., 2005]. The allele frequencies were found to
be 54% for tyrosine and 46% for histidine from a control
population; however, 94% of AMD cases were found to have the
histidine allele [Haines et al., 2005]. This polymorphism has also
been previously identified in HUS patients, but was not associated
with the disease as it was seen in both patients and controls
[Neumann et al., 2003]. Our homology model of SCR-7 shows
His402 to be on a surface exposed loop in close proximity to
positively charged exposed residues Arg404 and Lys405. FH
constructs in which both Arg404 and Lys405 are replaced with
uncharged alanine residues showed reduced binding to heparin,
C-reactive protein (CRP), and M protein, indicating these
residues are important for binding [Giannakis et al., 2003]. The
change between tyrosine and histidine in close proximity to these
residues could inhibit heparin-binding and lead to a dysfunctional
FH molecule. It is interesting that the presence of histidine at this
position might lead to a dysfunctional FH and cause AMD, but not
cause HUS.

CONCLUSIONS

To our knowledge, this database is the only up-to-date and
maintained locus specific database for HUS mutations within
CFH. It allows rapid access to the entire listing of published
mutations in CFH including splice site mutations, point muta-
tions, insertions and deletions, and non-disease causing poly-
morphisms. It is now possible to view each mutation in the full
context of what has been previously elucidated for other CFH
mutations. The structural analysis tools will allow fast and easy
classification of new mutations. We would like to encourage the
submission of new mutations and new patients in order to keep the
database up to date and improve its utility for the clinical
community. As these submissions will be via an electronic form,
new data in the database will be automatically organized in the
required structured and complete manner necessary to improve
the utility of the database. Previously, the analysis of mutations
across the CFH gene has been difficult due to the lack of
standardized reports of mutations and patient data. One
anticipated benefit of the web database is that the information
contained within this may lead to the standardization of the serum
levels of FH required to diagnose whether a given mutation is Type
I or Type IL. It may help define the level of FH necessary in serum
in order to avoid the onset of HUS in patients. The restoration of
FH to the serum of patients with atypical HUS has been proposed
as a therapeutic strategy [Remuzzi et al., 2002].
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