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ABSTRACT

Atypical haemolytic uraemic syndrome (aHUS) and C3 glomerulopathy (C3G) are associated
with loss of regulation of the alternative pathway of complement and its resulting over-
activation. As rare diseases, genetic variants leading to aHUS and C3G were previously
analysed in relatively low patient numbers. To improve this analysis, data were pooled from
six centres. Totals of 610 rare variants for aHUS and 82 for C3G were presented in an
interactive database for 13 genes. Using allele frequency comparisons with the Exome
Aggregation Consortium (ExAC) as a reference genome, the aHUS patients showed
significantly more protein-altering ultra-rare variants (allele frequency <0.01%) in five genes
CFH, CFI, CD46, C3 and DGKE. In C3G patients, the corresponding association was only
found for C3 and CFH. Protein structure analyses of these five proteins showed distinct
differences in the positioning of these variants in C3 and FH. For aHUS, variants were clustered
at the C-terminus of FH and implicated changes in the binding of FH to host cell surfaces. For
C3G, variants were clustered at the N-terminal C3b binding site of FH, and implicated changes
in the fluid-phase regulation of C3b. We discuss the utility of the web-database as a patient
resource for clinicians.
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CLINICAL SUMMARY
¢ Aninteractive public web database is presented at https://www.complement-db.org/ for

610 rare genetic variants in 13 mostly complement genes from >3500 patients with
aHUS and C3G.

e The database showed that genetic variants in CFH, CFI, CD46, C3 and DGKE most
often lead to aHUS, and those in C3 and CFH most often lead to C3G.

e Protein three-dimensional structural analyses explained the occurrence of these two
distinct diseases in terms of localised hot spots in functional regions of these proteins.

e This web resource provides clinicians with an improved tool for patient diagnosis and
management.



INTRODUCTION

Atypical haemolytic uraemic syndrome (aHUS) and C3 glomerulopathy (C3G) are rare
kidney diseases with severe consequences. Both diseases involve a failure to regulate the
alternative pathway in the complement system of innate immunity. In terms of the onset of
both diseases, both familial (85%) and sporadic forms of aHUS and C3G are observed. Rare
genetic abnormalities in the alternative pathway and thrombosis-related genes are present in
~60% of aHUS cases, ! and in ~20% of C3G patients.* Anti-CFH autoantibodies are involved
in 5-13% of cases.*> The penetrance of a disease-causing mutation is the proportion of
individuals with the mutation who exhibit clinical symptoms. The penetrance of genetic aHUS
is ~50% and is determined by additional rare variants, the CFH and CD46 haplotype, and a
trigger.*6-8

Most aHUS cases are attributed to genetic variants in the complement proteins, namely
CFH (25-30% of cases), followed by CD46 (8-10%), CFI and C3 (4-8% each) and CFB (1-
4%).* These genes correspond to CFH, CD46, and CFI which are complement regulatory
proteins while C3 and CFB are complement activators. Rare variants in thrombomodulin
(THBD) additionally account for 3-4% of aHUS, # however none were detected in the French
aHUS cohort.!? Rare variants in diacylglycerol kinase epsilon (DGKE) account for ~27% of
aHUS presenting under the age of one year, and <4% under two years.!!!? Rare copy number
variation (CNV) in the CFH-CFHR region, leading to rearrangements such as the CFH/CFHR1
and CFH/CFHR3 hybrid genes, have been identified in aHUS.!3-!® In contrast, familial C3G
differs in that this is most often linked to highly penetrant heterozygous CNV in the CFHRI-5
genes, as well as homozygous CFH deficiency and heterozygous gain-of-function mutation in
C3.17-24 Other rare complement gene variants have been identified in ~20% of sporadic cases
of C3G.%?7 For both aHUS and C3G, unaffected carriers of these rare variants are seen,
meaning that the genetic variation only predisposes for the manifestation of both diseases.?

In relation to these rare variants and genes in complement, their link with aHUS and
C3G involve two issues. First, prior to our recent work, the rare variants were not known to be
significantly more common in large patient populations than in large reference populations. To
clarify a robust association with these diseases, we have statistically analysed a comparatively
large number of 610 rare genetic variants from 3571 patients in six renal centres.?” The results
are presented in an interactive web database. The resulting comparison with 60,706 genomic
reference sequences from the Exome Aggregation Consortium (ExAC)*® enabled the rare
variant allele frequency, the gene-based rare variant burden, and mutational hotspots to be
assessed. Second, the effects of genetic variants on protein function are often revealed by
mapping the location of the variants onto the three-dimensional structure of the protein in
which they occur. Such a comparison is available from the interactive database since its
inception, but is now updated by the inclusion of more recent protein structures.?-3!-32 This
reveals the functional significance of the mutational hotspots in the disease-related proteins
and the molecular mechanisms of aHUS and C3G. The interactive database thus provides two
new insights into patient management, and a simplified account of both these are provided here.
In addition, we also illustrate how the database can be used to analyse variants, including new
ones of unknown significance.

CONCISE METHODS

The Database of Complement Gene Variants is available at https://www.complement-
db.org and includes variant search tools, allele frequency analyses, protein structural views,
species conservation of residues, predictions of protein damage caused by missense variants
(PolyPhen-2 and SIFT), and literature searches.?® The aHUS and C3G variant data for 13 genes




were sourced from six centres and tested for duplicates. The rare variant burden per gene was
computed for the aHUS, C3G and ExAC datasets for the nine genes.

ALLELE FREQUENCIES IN AHUS AND C3G

Specifically the allele frequency is the fraction of all chromosomes in the population
that carry that allele. In order to amass sufficient variant data for statistical analysis, a total of
610 variants were identified in 13 genes from 3128 aHUS and 443 C3G patients based in six
laboratories in six countries.?’ The 13 genes comprised ten complement ones (CFH, CFI, C3,
CD46, CFB, CFHRI, CFHR3, CFHR4, CFHRS5, CFP), and three non-complement ones
(THBD, DGKE, PLG). When compared with three reference datasets (the 1000 Genomes
Project, the Exome Variant Server, and ExAC), 610 variants in the 13 genes were identified
with an allele frequency (AF) of <1%, showing that these were indeed rare variants (Figure
1A). A further 14 variants were found to be more common with allele frequencies of >1% in
at least one reference dataset, or were rare copy number variants not covered by the reference
datasets. In the aHUS dataset, 32% (174 of 542) of the rare variants, when compared with
ExAC as reference, showed an allele frequency >0% (orange, yellow, green, Figure 1A). This
proportion was higher in the C3G dataset, being 58% (67 of 110) (orange, yellow, green, Figure
1A). Overall, 542 and 110 rare variants were identified for aHUS and C3G respectively, with
an overlap of 42 variants between both. This total of 610 genetic variants®® (Osborne et al 2018)
showed a continued increase when compared to 12 variants originally reported for CFH in
aHUS in 2002,*3 then 167 variants for CFH, MCP and CFI in aHUS in 2006,?? and 324 variants
in CFH, MCP, CFI and C3 in aHUS in 2014.3!

Analyses of the variant datasets from these 3128 aHUS and 443 C3G patients showed
that most rare variants corresponded to aHUS cases (1231; 91%) when compared to C3G (116;
9%).%° Note that the extent of genetic screening differed between the six laboratories that
contributed to this project. For example, for aHUS, CFH was screened in 3128 patients, CD46
in 2942 and CFI in 2923, while for C3G, CFH was screened in 443 patients, CD46 in 406, and.
CFI in 408. Overall there were 0.44 unique rare variants per case in aHUS, compared to 0.95
in C3G. This suggested that aHUS cases were more likely to share the same rare variant,
whereas almost every C3G case had a different, unique rare variant. In the 1231 aHUS and 116
C3G cases, 1024 and 82 patients respectively had a single rare variant on one of the 13 genes.
Two rare variants were identified in 182 aHUS and 31 C3G cases, and three in 24 and 3
respectively. A small bias towards females was noticed for aHUS cases but not for C3G cases,
but the removal of CFH variants from this dataset removed this aHUS gender bias.

The pathogenicity of each rare variant was typically evaluated using (i) the reference
allele frequency, (ii) protein structural predictions and (iii) published experimental functional
studies.? Because the average healthy genome contains benign rare variants that occur at
similar allele frequencies to disease-related rare variants, allele frequencies alone cannot be
used as evidence for pathogenicity. Because only gain-of-function variants in the activators C3
and CFB will predispose for aHUS or C3G, a damaging and over-activated C3 or CFB variant
will result from the loss of interaction with an inhibitory complement regulator FH, FI or MCP.
This effect is distinct from FH, FI or MCP variants where the ability of these proteins to interact
with C3 or CFB to regulate these is damaged, leaving C3 and CFB to become more active.
This difference prevents predictive software from predicting gain-of-function phenotypes, thus
the significance of many C3 and CFB variants is unclear. Thus, for aHUS, the majority of rare
variants in CFH, CFI, CD46 and DGKE were predicted as either ‘pathogenic’ or ‘likely
pathogenic’ for reason of their predicted loss-of-function phenotypes. In C3G, the majority of
rare variants in all genes were predicted to be of ‘uncertain significance’ except for CFH. The



identification of ‘likely pathogenic’ rare variants will require further functional studies to
confirm or disprove the disease relevance of the variants.

In aHUS and C3G, most rare variants were missense ones, in which one amino acid is
replaced by another. For example, of the 216 rare unique FH variants, 64% were missense. In
C3G, of the 32 rare unique FH variants, 75% were missense. Only the variants that were not
classified as ‘benign’ or ‘likely benign’ by protein structural predictions were analysed here.
In aHUS with ~490 such variants, four proteins occurred the most frequently. CFH showed the
most rare variants with 204, followed by CFI with 82, CD46 with 79, and C3 with 68. This
outcome replicated our 2014 analyses for CFH, CFI, CD46 and C3. 3! Lesser abundances for
aHUS were seen for CFB with 20, DGKE with 20, THBD with 11, and PLG, CFHRS5, CFHRI,
CFHR3 and CFP with 2-4 variants in each. The most frequent variant in our aHUS dataset was
C3 p.Argl61Trp with an allele frequency of 1.16% in 52 aHUS patients. In C3G with ~85
variants, only two proteins, C3 with 31 and CFH with 25, showed the most rare variants. Other
genes showed much reduced abundances for C3G in CFI (5), CD46 (1), CFB (8), DGKE (2),
THBD (2), PLG (2), CFHRS5 (1), CFHRI (1), and CFHR3 (1). For C3G, none of the rare
variants were notably more frequent than others.

Allele frequency differences between aHUS and C3G relate to their different
phenotypes. Significantly greater proportions of C3G rare variants, unlike aHUS, were
identified in the reference datasets, with allele frequencies between 0-1% rather than 0%,
(Figure 1A). This meant that our C3G rare variants occurred more frequently in individuals
without C3G (the reference datasets) than for our aHUS rare variants. Allele frequency
differences also revealed differences between the most common rare variants in the aHUS and
C3G datasets that were likely to reflect their different phenotypes.

The allele frequency cut-off to employ when using the database depends on the context
in which it is used, and can be adjusted in the database. Our allele frequency analyses verified
the rarity of 97% of the aHUS and C3G variants when compared to the ExAC reference (Figure
1A), especially given the ability of EXAC to resolve ultra-rare variant allele frequencies as low
as 1x107 (0.001%).3* This result employed an allele frequency <1% in the reference datasets.
A more stringent rare variant allele frequency cut-off of 0.01% was used for the rare variant
burden calculations in order to restrict them to rare variants with a higher confidence of
pathogenicity. However, rare variants observed in both aHUS and C3G have reduced
penetrance, and disease-free individuals also harbour these pathogenic rare variants. For these,
an intermediate reference allele frequency cut-off of <0.1% was thus applicable when required.

RARE VARIANT BURDEN TESTS IN AHUS AND C3G

The rare variant burden is the proportion of screened cases with an identified protein-
altering rare variant for which the ExAC allele frequency was <0.01%. As opposed to the allele
frequency analyses that look at each variant one-by-one, the rare variant burden now provides
insight into all the rare variants associated with each gene. In general, rare variant burden tests
assume that all tested rare variants influence the phenotype in the same direction.’> We
therefore separated rare variants into ‘truncating’ (loss-of-function) and ‘non-truncating’
(either loss- or gain-of-function, or neutral). Rare variant burden tests showed clear differences
between aHUS and C3G when compared to reference datasets. Prior knowledge of
experimental functional characterization indicated that aHUS is more related to surface
alternative pathway dysregulation, while C3G is more related to fluid phase alternative
pathway dysregulation.



Rare variant burden tests confirmed that the rare variation seen in the genes of aHUS
and C3G patients was greater than in the genes of disease-free individuals, thus associating
these rare variants with these diseases.?” The tests were made possible by the (i) sufficient
availability of 610 rare variants in 13 genes from 3128 aHUS and 443 C3G patients, together
with (ii) the corresponding information from reference datasets such as that of ExXAC. Because
not all the required information was available for the 13 genes, only nine could be analysed
(CFH, CFI, CD46, C3, DGKE, CFB, CFHR)5, PLG, THBD). For aHUS, a significantly greater
burden of rare variation was revealed in patients than in the ExAC dataset for six genes, namely
CFH, CFI, CD46, C3, CFB and DGKE, and no such association was seen for rare variants in
THBD, PLG and CFHR5. For the five genes of the alternative pathway, CFH, CFI, C3 and
CFB are functionally involved in both cell surface and fluid phase regulation, but CD46 is only
involved in cell surface regulation. Therefore, the rare variant burden analyses suggested that
aHUS involved defects that result in both cell surface and fluid phase dysregulation. For C3G,
just C3 and CFH showed a significantly greater burden of protein-altering rare variation in
patients than in the EXAC dataset. This outcome suggested that C3G is not caused by defects
in cell surface regulation by CD46 or defects in cell surface or fluid phase regulation by FI.
These comparisons were based on a minor allelic frequency cutoff of <0.01% per gene, thus
giving a higher confidence of pathogenicity in these tests.

LOCATION OF THE RARE VARIANTS IN THE COMPLEMENT PROTEINS

The knowledge of the domains in the sequences in each of FH, FI, MCP, C3 and FB
(Figure 2), plus known crystal structures for the individual proteins and several of the co-
complexes formed by the interacting proteins, provides key molecular insights into the causes
of aHUS and C3G when combined with the known missense variants.?’ The distribution of the
missense variants within each protein structure showed whether or not mutational hotspots that
possess increased numbers of variants occurred, or whether the variants were spread out more
evenly across the protein. However, the consequence of each rare variant on complement
protein function is not always straightforward to interpret.

For FH, the most aHUS variants (currently 51) dominate in the C-terminal SCR-20
domain (Figure 1B; defined in Figure 2), compared to the other 19 SCR domains, and this
result has been known since 2006.3!-*? For aHUS, the total missense allele frequency of 2.03%
in SCR-20 was the highest of all 20 domains. No notable localisation of variants occurred in
the other FH domains, although more were seen in the N-terminal four domains SCR-1/4 (i.e.
SCR-1 through SCR-4), and in the C-terminal domains SCR-14/19. This varied localisation of
variants correlates well with the functional association of the C3b binding site at SCR-1/3
(which correlate with FH binding to C3b at SCR-1/4) and SCR-20 with crystal structures of
C3d and sialic acid binding to SCR-19/20 and cell surface dysregulation of FH binding.?%3’

For FH, the C3G rare missense variants were clustered at the N-terminal C3b binding
site at SCR-1/3, and also in the non-surface associated C-terminal domain SCR-18 (Figure 1B).
In contrast to aHUS, rare missense C3G variants were not found in twelve SCR domains
(Figure 1B). For C3G, SCR-2 showed the greatest frequency of missense rare variants. It is
noteworthy that p.Cys431Tyr (SCR-9) and p.Cys1218Arg (SCR-20) were seen in both aHUS
and C3G patients. Overall, the distribution of FH hotspots between aHUS and C3G showed
clear differences between the two diseases.

For C3, the aHUS C3 missense rare variants occurred in 9 of the 13 C3 domains (pink;
Figure 1C). The MG2 domain (MG: macroglobulin) showed the highest missense allele
frequency for C3 (1.3%), normalised by the proportion of domain residues, followed by the



MG6 domain (0.5%). Both the MG2 and MG6 domains were thus aHUS hotspots. The 29 C3G
missense rare variants occurred in 9 of the 13 C3 domains. In contrast to aHUS, these were
spread more evenly throughout C3 and no hotspots were inferred (blue; Figure 1C). No known
aHUS or C3G variants involved the crucial C3 thioester residues at the active site in the TED
domain that form covalent links with the immune targets of C3 (Glu991, Cys998, His1104 and
Glul106).

For FI and CD46, the missense rare variants in aHUS were distributed across all five
domains of FI and all four CD46 domains (Figure 2). No mutational hotspots were evident for
either aHUS or C3G in both proteins.

STRUCTURAL ANALYSES HELP RATIONALISE aHUS AND C3G VARIANTS

The effect of predisposing variants in aHUS and C3G involved assessments of their
impacts on protein function and structure. From the above, for aHUS and C3G, the most
common variants involved non-truncating, missense changes in the regulators FH, FI and MCP,
and the activators C3 and FB. Their molecular correlations with aHUS and C3G were assessed
by mapping the variants onto three-dimensional structures for unbound FH, FI, MCP, C3, and
FB.? For FH, the missense rare variants for aHUS and C3G were initially mapped onto protein
structural models from atomistic scattering modelling®, there being no crystal structure for
full-length FH, while crystal structures were available for C3,* FI,* and MCP.*! Compared to
previous FH modelling,*® the more recent FH modelling started from 17 high resolution SCR
structures and advanced atomistic modelling to generate full-length FH structures, including
the eight FH glycan chains.*> Two distinct FH molecular structures were determined that
showed either an extended N-terminal domain with a folded-back C-terminus, or an extended
C-terminus and folded-back N-terminus. The extended N-terminal conformation accounted for
C3Db fluid phase regulation (Figure 3A), the extended C-terminal conformation accounted for
C3d binding and cell surface regulation (Figure 3B), and both conformations accounted for
bivalent FH binding to anionic saccharides at target cell surfaces. These two new full-length
FH structures are displayed superimposed onto crystal structures for fragments of FH in
complexes with its C3b-FI and C3d ligands (Figure 3A,B).*%

Residues involved in molecular interactions are mainly surface-associated whereas
residues involved in protein structural stabilisation are typically buried. Residue accessibilities
were calculated from the new modelled FH structures.* Of the 1213 residues in FH, 1171
(97%) are surface accessible and exposed to solvent, while just 42 are surface inaccessible.
This outcome resulted from the most elongated FH structure which is much exposed to solvent.
Of a total of 107 FH rare variants associated with aHUS, 98 involved surface accessible
residues, and 9 involved buried residues. For a total of 17 FH rare variants associated with
C3G@, 16 involved surface accessible residues, and 1 was buried. For FH, 128 aHUS missense
rare variants mostly affected three types of residues, namely 13 case alleles in the 42 buried
residues (31%), 290 case alleles in the 1045 non-binding surface-accessible residues (28%),
and 12 case alleles in the 92 residues at C3b-binding interfaces (13%). None were found at the
FH-FI interface. In contrast, for 19 C3G variants in FH, these three types of residues totalled
2% (one case allele), 3% (26 case alleles) and 5% (five case alleles) respectively, plus two case
alleles (6%) at the FH-FI binding interface. SCR-20 with 31 rare variants and a rare variant
density of 37.2% was a notable missense hotspot. This is well explained by the involvement of
SCR-20 in FH binding to surfaces, leading to host cell damage from excess complement
activation caused by unregulated C3b. aHUS missense rare variants were also identified in the
remaining 19 SCR domains in FH. However several FH domains (SCR-5, SCR-8, SCR-12,
and SCR-13) do not correspond to known FH binding sites and have only single missense rare



variants. Inspection of these best-fit FH structures confirmed indeed that SCR-5 and SCR-
12/13 were sparsely populated and distant from any functional sites (Figure 3A,B).

While many rare variants were spatially clustered near functionally-relevant binding
sites, the existence of variants that are located distant from these functional regions implies that
another molecular mechanism is responsible for damaging the FH protein structure. A
prominent group of rare variants turned out to be buried Cys residues involved in disulphide
bridges. The disruption of a structural disulphide bond often leads to loss of function via protein
misfolding, thus these events are predicted by the occurrence of missense rare variants in Cys
residues. Only those in the regulators FH, MCP and FI were associated with aHUS, while only
those in FH and C3 were associated with C3G. The SCR domain is the most abundant domain
type in complement, occurring in FH, MCP and FB, and stabilised by two disulphide bridges
within two pairs of conserved Cys residues. Of the 96 Cys residues in FH, 29 (30%) are Cys
residues that were replaced in aHUS variants, and 3 more in C3G variants. By creating a
consensus view of the rare variants superimposed onto a typical SCR domain, it is seen that
many rare variants involve all four Cys positions (purple, Figure 4) compared to other rare
variants, and therefore these rare variants would cause disease by misfolding of the SCR
domain. Misfolding is expected either to destabilise its folded protein structure through the loss
of the disulphide bridge or, in the case of surface—accessible residues, alters the arrangement
of its folded-back SCR domain structure by modifying the linker conformation between two
adjacent SCR domains. This interpretation would account for the rare variants seen outside the
functionally-important binding residues in FH (Figure 4). Previously, for the SCR consensus
domain for FH and MCP, the so-called “hypervariable loop” in SCR domains was suggested
to have a functional association involving aHUS and C3G disease variants.’! Given the
increased number of available variants for analysis,> our consensus SCR domain showed
relatively fewer 24 aHUS variants (13%) in a total of 192 found in FH and MCP, plus two
more in C3G variants. The comparison with the 30% of Cys variants noted above shows that
the “hypervariable loop” is less significant that previously thought (Figure 3A,B).

In the protein core of C3, interestingly, the TED and MG2 domains showed more aHUS
variants (pink, Figure 1C) while MGS5, MG6 and CUBf showed more C3G variants (blue,
Figure 1C). In the crystal structure of C3b, the aHUS and C3G variants in C3 showed different
spatial distributions (Figure 3C), with those for C3G being located further away from the FH-
C3b interface, unlike those for aHUS which are seen at this interface. The MG2 and MG6
domains in C3b have the highest rare variant density. Both MG domains interact with FH SCR-
2 and SCR-3 to enable C3 regulation by FH in both the fluid phase and on the cell surface. The
disruption of the MG2 and MG6 domains would reduce C3 regulation by FH. Interestingly,
while the TED domain contained 22 rare variants, its rare variant density, which considers the
number of residues in the domain (300), was not as high as might be expected from its
functionally important thioester group and its binding to cell surfaces. For FI, the aHUS
variants were distributed evenly throughout FI, and not just at the interface between FI and FH
(Figure 3A). For CD46, the aHUS variants were likewise distributed throughout the protein
(Figure 2), but C3G variants were almost all missing in MCP.

UTILITY OF THE aHUS AND C3G WEB SITES

In order to analyse genetic variants identified in aHUS and other complement diseases,
an interactive FH-HUS web-database (http://www.th-hus.org) was originally set up at
University College London in 2006 for both clinicians and researchers.?? By 2014, 193 CFH,
130 CFI, 86 CD46 and 64 C3 variants were reported for aHUS and other complement
diseases.’! However, major omissions from the 2006 FH-HUS database included not only new




complement genes and variants associated with aHUS and related complement diseases, but
also the inclusion of variant allele frequency data. The recent Database of Complement Gene
Variants has incorporated these new variant and allele frequency data, which were used to
verify the association of rare variants in the complement and related genes with aHUS and
C3G, as well as more recent crystal structures.

Typically, gene analysis for aHUS and C3G is undertaken in small patient numbers, yet
it is unclear which genes most frequently predispose to aHUS or C3G. The six-centre analysis
of 610 rare genetic variants in 13 mostly complement genes provided data on 3571 aHUS and
C3G patients. This resulted in 371 novel rare variants for aHUS and 82 for C3G. The resulting
Database of Complement Gene Variants was used to_extract allele frequency data for these 13
genes using the EXAC server as the reference genome, and presented for users. Because the
renal clinics are based in Western Europe and the US, the effect of ethnicities not well
represented in EXAC will be minimal. For aHUS, significantly more protein-altering rare
variation was found in five genes CFH, CFI, CD46, C3 and DGKE than in EXAC (allele
frequency <0.01%), thus correlating these with aHUS. For C3G, an association was only found
for rare variants in C3 and the N-terminal C3b-binding or C-terminal non-surface-associated
regions of CFH. The rare variant analyses showed non-random distributions over the affected
proteins, and different distributions were observed between aHUS and C3G that clarified their
phenotypes. Importantly, unlike previously, these results were able to clarify how changes in
the same biochemical pathway and/or proteins result in the different pathologies observed with
aHUS and C3G. Furthermore, this work has reduced the earlier knowledge gap in the genetics
and genotype-phenotype correlations of C3G to bring these closer to that of aHUS.#6

In conclusion, the web Database of Complement Gene Variants enhances the
understanding of rare genetic variants in aHUS and C3G for clinical applications. We illustrate
how the database can be used by clinical nephrologists. For variants that are already in the
database, new improvements include the use of a user-selected ExAC allele frequency cut-off
in the search tools (Figure 5), the display of allele frequency data for the disease and reference
datasets, predictive comparisons of wild-type and mutant amino acids, protein predictions
using PolyPhen-2 and SIFT in application to a damaging variant Cys431Tyr in SCR-7, which
is visualised (Figure 6), examination of evolution-conserved residues across species, and
correlations with functional binding sites. These tools enable clinicians to assess rare variants
in disease, for example, to investigate which variants within these genes conferred
predisposition to aHUS and C3G, and to identify mutational hotspots within these protein
structures. For new variants of unknown significance, for which no experimental data exist, it
is possible to identify its sequence location in the protein via the “New variant” option under
the “Variants” tab, together with an assessment of its likely effect on protein function, and its
location viewed in a protein structure model. Through the use of allele frequencies and burden
testing in the database, the new database informs patient management by enabling clinicians to
interpret known variants in terms of their associations with aHUS and C3G. The differences
between aHUS and C3G reflect their different pathologies. The structural location of a newly-
discovered variant may clarify the occurrence of aHUS or C3G in patients.
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FIGURE LEGENDS

Figure 1. Pie chart analyses of the reference allele frequencies of the rare variants
identified in the aHUS and C3G datasets, and the distribution and disease allele
frequencies of non-benign missense rare variants in the FH and C3 domains.

A. The total number of unique rare variants are shown in the bar chart. These are broken down
in terms of allelic frequencies in the two pie charts for each of aHUS and C3G. The aHUS and
C3G datasets have allele numbers of 634-6256 and 208-886 respectively, to be compared to
the ExAC dataset with an allele number of 14,708-121,142.

B. The 20 SCR domains in FH. The functional binding sites associated with each SCR domain
are shown by labelled coloured arrows. Each domain missense rare variant allele frequency is
normalised for its size by dividing it by the proportion of residues in the protein domain. Pink
represents the total missense rare variants identified in the aHUS dataset, blue for C3G, and
green for both aHUS and C3G.

C. The 13 domains in C3. The aNT region and anchor peptide are shown also. The functional
binding sites associated with each C3 domain are shown by labelled coloured arrows to
correspond to the SCR domains in FH (pink), FI domains (orange) and the cell surface (cyan).
The C3d binding site on SCR-19/20 is equivalent to the TED domain in C3. The colours follow
those in B. Adapted from Ref. 29.

Figure 2. Domain structures of Factor H, Factor I, Membrane Cofactor Protein and C3.
The schematic cartoon (not drawn to scale) with residue numbering represents the 20 SCR
domains of Factor H, the five FIMAC, CDS5, LDLr1, LDLr2 and serine protease domains of
Factor I, the four SCR domains of Membrane cofactor protein, and the 13 domains of
complement C3, including eight MG domains, and the LINK, ANA, CUB, TED and C345C
domains. Crystal structures are known for all these domains except for nuclear magnetic
resonance-determined structures for FH SCR-5, SCR-10/13 and SCR-15/16 (green) and
homology models for FH SCR-9, SCR-14 and SCR-17 (orange). The signal peptides are shown
as grey boxes at the N-terminus (left). The totals of reported genetic variants in each domain
are shown in blue above each domain. Abbreviations: SCR, short complement regulator/short
consensus repeat; MG, macroglobulin.

Figure 3. Rare missense variants mapped onto structures for FH in its complexes with
C3b, FI and C3d. A. The N-terminal extended FH model, from atomistic scattering modelling,
shown as a blue ribbon cartoon, was aligned with structures for FI (green), C3b (tan) and SCR-
1/4 (cyan) seen in their co-crystal structures. B. The C-terminal extended FH structure was
aligned with the co-crystal structure for C3d (green) and FH SCR-19/20 (not shown). Missense
rare variants for aHUS, C3G and both aHUS and C3G were mapped as red, yellow and black
spheres, respectively. For FH, 128 aHUS (109 unique residues) and 19 C3G (18 unique
residues) missense rare variants are shown, of which eight in each dataset are common to both
aHUS and C3G (eight unique residues). For C3, 61 aHUS (56 unique residues) and 24 C3G
(24 unique residues) missense rare variants are shown, of which five in each dataset are
common to both aHUS and C3G (five unique residues). Adapted from Ref (45). C. To show
the distribution of aHUS and C3G rare variants in the co-crystal structure of C3b (bronze) and
FH SCR-1/4 (cyan), two views of this structure are shown, rotated by 90° (PDB code 2WII).
The 67 aHUS missense rare variants (red) in C3b were mostly located to the MG2 and MG6
domains that were adjacent to the SCR-1/4 domains of FH in their complex (denoted by a
dashed red ellipse), and also by residues in the TED domain (such as ''**DICEEQ!'!*). In
distinction, the 29 C3G missense rare variants (yellow) were spread more evenly throughout
the C3b structure.
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Figure 4. Front and back view of a secondary structure cartoon of the consensus SCR
structure. The N-terminus and C-terminus are denoted by N and C respectively. Four of the
six B-strands (B2, B4, 6 and B7) are visible in this cartoon. The number of missense variants
at each position in the sequence are highlighted as spheres. The size of the individual spheres
indicates the number of variants at that position, and ranges from one to 13. The four conserved
Cys residues (5-13 variants) and one Trp residue (7 variants) are highlighted in purple and red.
Five SCR residue positions that show 5-6 variants are highlighted as orange spheres. The
position of the so-called hypervariable loop between Ser13 and Lys14 is arrowed.

Figure 5. The genetic search results web-page in the Database for a FH variant
p-Cys431Tyr. The original interactive database®'*? for the four CFH, CFI, MCP and C3
complement genes had 27,608 hits in March 2018 at the point when it was replaced by the new
database for 13 genes at https://www.complement-db.org/).?” Since then, the total of hits has
increased to 31,503 in February 2020. The interactive nature of the web database enables
searches for variant data based on search terms that includes the source of the variant data, the
disease condition, the number of variants per case and an Exome Aggregation Consortium
(ExAC) allele frequency cut-off value for filtering based on a reference allele frequency of 0.01
that can be adjusted. For the CFH variant, ¢.1292G>A p.Cys431Tyr in the SCR-7 domain,
which is associated with both aHUS and C3G, the estimated allele frequencies of 0.00016 for
aHUS and 0.002257 for C3G are shown. These values are compared with those derived from
the 1000 Genomes Project (1000GP), the Exome Aggregation Consortium (ExAC) and the
Exome Variant Server (EVS). For the EXAC values, these allele frequencies are further
categorised by ethnicity. Links are also provided to this variant in two other databases of single
nucleotide polymorphisms (dbSNP) and ClinVar. Similar websites for the evolutionarily-
related coagulation proteins Factors VII, VIII, IX and XI have been created in the author’s
laboratory (http://www.factorvii.org/; http://www.factorviii-db.org/; http://www.factorix.org/
and http://www.factorxi.org/). The website copyright for all these sites is retained by S.J.
Perkins and University College London.

Figure 6. The structural search results web-page in the Database for the variant FH
p.Cys431Tyr. Using as example the same CFH variant ¢.1292G>A p.Cys431Tyr as in Figure
5, the structural and functional implications of this genetic variant in the database are presented
as follows. The physicochemical properties of the wild-type and mutated residue are first
compared, then the results from the in silico predictive tools PolyPhen-2, SIFT and Provean
are presented. Because the missense variant affects a Cys residue, this variant is predicted to
be damaging. The variant (red text) is visualised on the three-dimensional protein structure
using the JSMol tool. SCR-1/7 are labelled here for reason of clarity, although these are not
displayed on the web site.
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Figure 1. Pie chart analyses of the reference allele frequencies of the rare variants
identified in the aHUS and C3G datasets, and the distribution and disease allele
frequencies of non-benign missense rare variants in the FH and C3 domains.
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Figure 5. The genetic search results web-page in the Database for a FH variant
p.-Cys431Tyr.
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In Depth Variation Analysis: ¢.1292G>A (p.Cys431Tyr)

CFH (FH) c¢.1292G>A p.Cys431Tyr (413) The 1000 Genomes Project AF: 0
Location: Exon(9) Variant Type: Point Variant Effect: Missense
Domain: SCR7 Transcript: ENST00000367429 Genomic: 196659325 [GRCh37]
Residue Information
Name Size Charge Hydrophobicity Preferred position Type Class
Wild Type Cys medium neutral hydrophilic buried - -
Mutated Tyr large neutral hydrophobic surface - aromatic

Structural Implications

Cys431 is shown in the structural model below as a red sphere

The substitution involves a conserved cysteine residue that forms a disulphide bridge. Breakage of this disulphide bridge may have serious effects on the
stability of the domain

Cys431 is in a proposed C3c binding site Schmidt (2008)

Tool Prediction Binding site PPH2 DSSP (SecsStr)
PolyPhen-2: HumDiv probably damaging DISULFID deleterious -
SIFT Damaging (score: 0.00) - - -
Provean Deleterious (score: -8.57) - - -

Available structures
+ 3NOJ: Full length FH (original: 3N0J.pdb)

The default structure is shown below

Controls

The molecule can be rotated with the mouse holding the left button and
the image can be magnified using the middle mouse button. Right Click
on the JMOL screen for more options

Options

Structure ©3NOJ
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Trace @OoFF ©04 008 Ostructure
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Background @ Black () White
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Colour
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Please click here to view the Database Statistics
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Figure 6. The structural search results web-page in the Database for the FH variant
p.Cys431Tyr.
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