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We sequenced the whole exome of 35 cases and 7 controls from 9 age-related macular degeneration (AMD) fam-
ilies in whom known common genetic risk alleles could not explain their high disease burden and/or their early-
onset advanced disease. Two families harbored novel rare mutations in CFH (R53C and D90G). R53C segregates
perfectly with AMD in 11 cases (heterozygous) and 1 elderly control (reference allele) (LOD 5 5.07, P 5 6.7 3
1027). In an independent cohort, 4 out of 1676 cases but none of the 745 examined controls or 4300 NHBLI
Exome Sequencing Project (ESP) samples carried the R53C mutation (P 5 0.0039). In another family of six
siblings, D90G similarly segregated with AMD in five cases and one control (LOD 5 1.22, P 5 0.009). No other
sample in our large cohort or the ESP had this mutation. Functional studies demonstrated that R53C decreased
the ability of FH to perform decay accelerating activity. D90G exhibited a decrease in cofactor-mediated inacti-
vation. Both of these changes would lead to a loss of regulatory activity, resulting in excessive alternative
pathway activation. This study represents an initial application of the whole-exome strategy to families
with early-onset AMD. It successfully identified high impact alleles leading to clearer functional insight into
AMD etiopathogenesis.

INTRODUCTION

With the emerging understanding of the strong genetic underpin-
nings of age-related macular degeneration (AMD) (MIM
603075) based on genome-wide association studies and more re-
cently targeted sequencing with the discovery of rare, penetrant
variants (1,2), we are approaching an era of applying these
genetic discoveries for personalized medicine. Common var-
iants collectively allow us to predict increased risk of AMD

and progression of disease on a population level (3–5), but
may not be applicable for an individual family. Rare and pene-
trant variants, which are strongly related to AMD, can have a
major impact on disease risk in an individual and a family. For
example, the CFH R1210C variant, with a gene frequency of
0.02% in the European population, carries a 20-fold increased
risk of AMD for an individual with the heterozygous mutation,
the strongest genetic risk factor for AMD to date. These indivi-
duals are also diagnosed with advanced AMD at an earlier age (1).
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More recently, rare variants in C3, CFI and C9 have also been
discovered that influence disease risk (2,6,7). These rare variants
open up new avenues for family counseling, selective and pos-
sibly more informative clinical trials, and eventually for perso-
nalized targeted therapies.

We previously demonstrated that some families, despite a
high density of affected individuals, have a lower than expected
genotypic load based on known common variants, suggesting
they may harbor undiscovered risk variants (8). It has been
reported that rare, high penetrant mutations that co-segregate
with early-onset or severe phenotypes may exist among the dis-
tribution of a common trait (e.g. high-density lipoprotein choles-
terol) (9). They can be transmitted through generations like a
dominant Mendelian disease, yet remain hidden in the popula-
tion given the high frequency of AMD. Since very rare (private)
mutations occur in only a few families, we performed state-
of-the-art whole-exome sequencing in families most likely to
harbor novel or rare, highly penetrant variants. Such variants
in CFH were discovered to segregate with disease in two of
the nine families reported here.

To understand the impact of these variants, we performed
functional studies to characterize the effect(s) these mutations
have on protein function. Functional studies are crucial to eluci-
date the relationship between rare variants and disease given the
limited power to associate these variants in all but the largest
families and cohorts.

RESULTS

We sequenced the exomes of 42 samples from 9 families with un-
usually low common variant AMD risk (Methods). The coverage
was .10× for a median of 97.25% of the targeted regions (Sup-
plementary Material, Fig. S1A). For the 18 783 RefSeq genes
captured by the Nimblegen Human exome library, 16 717 genes
were sequenced at .10× depth for 90% of the regions targeted
per gene (Supplementary Material, Fig. S1B). After strict quality
control, we identified 153 534 high quality variants with no
missing genotypes. To test the overall quality of the sequence
data, we compared the genotypes of variants found in the se-
quence data to variants derived from genotyping via an exome
array (Illumina Infinium Human Exome BeadChip v1.0). There
were 20 454 variants that were captured by sequencing and that
were also genotyped using the exome array. The concordance

between sequencing and genotyping data was 99.76%. Allelic
dosages were almost perfectly correlated (r . 0.99) for 93.5%
of common variants (f . 0.01) and 99.2% of rare variants (Sup-
plementary Material, Fig. S1C and D); only 1.3 and 0.7% of
common and rare SNPs, respectively, had modestly correlated
dosages (r , 0.9).

To screen for rare functional variants in the selected families, we
filtered the variants in each step by several criteria (Table 1). First,
we included only coding SNPs of high and moderate impact on
protein sequence/structure (missense, nonsense, read-through or
splice variants). We excluded SNPs with minor allele frequency
greater than 0.1% in the 1000 genomes project or the NHBLI
exome sequencing project (ESP). There was only one variant
exome-wide (R53C in CFH) remaining in pedigree V that segre-
gated with advanced AMD (Table 1). Remarkably, this was a mis-
sense variant, R53C, in the well known AMD gene, CFH.

For other families with multiple candidate SNPs remaining,
we included SNPs that were annotated as loss of function or
probably damaging by PolyPhen-2 or were assigned ‘deleteri-
ous’ by SIFT. Using functional prediction, pedigree II yielded
a novel variant that segregated with disease and was predicted
to be deleterious: D90G in CFH (Table 1). To further narrow
down the list of candidate SNPs remaining after filtering (rare,
segregating in exome sequenced individuals and predicted to
be altered by either Sift or Polyphen-2), we recruited additional
relatives and obtained their genotypes and analyzed segregation
(Table 2 and Supplementary Material, Table S1). Table 2 shows
the genomic locations, amino acid change and minor allele fre-
quencies in ESP of the SNPs that passed filtering and segregated
in each family with LOD scores . 1.0. The results for the candi-
date SNPs with no evidence of segregation when using data from
sequenced and genotyped members of each family are shown in
Supplementary Material, Table S1.

Because two of the new rare variants (R53C and D90G)
are located in CFH, in which both a rare causal mutation
(R1210C) (1) and common alleles have been previously asso-
ciated (11–13), we conducted follow-up analyses by recruiting
additional family members and a replication analysis in inde-
pendent samples. We performed Sanger sequencing of the
CFH gene in six additionally affected relatives in pedigree V
using the same approach as our previous targeted sequencing
project (2). These additional cases also carried the R53C muta-
tion. There were a total of 11 cases heterozygous for R53C and
1 unaffected individual (90 years old) without the mutation in

Table 1. Number of SNPs identified in each family by filtering on their function and rareness in population databases

I II III IV V VI VII VIII IX

Case: control ratio per family 3:1 5:1 4:1 3:1 5:1 4:0 4:1 4:0 3:1
High and moderate impact SNPsa 20397 18414 21313 19437 22984 17904 20853 17796 17603
MAF ,0.1% in databasesb 436 320 540 420 572 394 480 286 324
Shared between cases but not in controls 4 5 2 6 1 18 3 11 18
Probably damaging (Polyphen-2) 1 1 1 3 1 3 0 3 7
Deleterious (SIFT) 2 2 1 3 1 5 3 6 9
Probably damaging or deleterious 2 2 2 3 1 5 3 6 10
Probably damaging and deleterious 1 1 0 3 1 3 0 3 6

aHigh and moderate impact SNPs include missense, nonsense, read-through or splice variants.
bVariants with minor allele frequency (MAF) greater than 0.1% in the data sets of the 1000 genomes project or the NHLBI GO ESP were filtered out. Polyphen-2 is a
tool that predicts possible impact of an amino acid substitution on the structure and function of a human protein using physical and comparative considerations. SIFT is
a tool that predicts whether an amino acid substitution affects protein function. SNPs, single nucleotide polymorphisms.
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pedigree V (Fig. 1B). Complement Factor H R53C was signifi-
cantly linked to advanced AMD in this pedigree (LOD ¼ 5.07,
P ¼ 6.7 × 1027). We separately sequenced CFH in our study
targeting 681 genes in 1676 cases and 745 controls (2). We iden-
tified four cases with the R53C mutation (unrelated to indivi-
duals in pedigree V). Combining the ESP data set of European
ancestry as shared controls (4300 samples) with our targeted
sequencing data set, R53C was associated with AMD (Fisher’s
exact test, P ¼ 0.0039).

Since some of the original families were selected for advanced
AMD of early onset, we tested whether cases with R53C allele in
the independent cohort also tended to be diagnosed with
advanced AMD at an early age. We compared the age of diagno-
sis of advanced AMD in the four patients with R53C mutations

who were unrelated to family V and in 1832 unrelated patients
without rare mutations in CFH, C3 or CFI genes. As seen
previously with the rare R1210C variant of CFH (1), patients
with R53C mutations had a significantly earlier onset of
advanced AMD (median of 71 versus 76 years, P ¼ 0.03, the
rank-sum test).

Based on the exome sequencing of pedigree II, there were five
affected individuals with D90G and one unaffected individual
without this variant, resulting in a LOD score of 1.22 (P ¼
0.009). We did not find any additional samples with the D90G
mutation in our targeted sequencing project and there were no
additional relatives available for sequencing in this pedigree
(Fig. 1A). The proband of this family has ‘low renal function’
and is on dialysis and her brother has chronic kidney disease

Table 2. Potential pathogenic variants identified in each family with LOD score ≥1.0

FAM Gene Location Ref Alt rsID Amino acid Allele frequency
(ESP Europeans)

LOD score

II CFH∗ chr1:196643011 A G D90G 0 1.22
V CFH∗ chr1:196642206 C T R53C 0 5.07
VIII CCDC75∗ chr2:37315562 C A S9Y 0 1.50
IX TARS2∗ chr1:150477420 C A P620H 0 1.22
IX WNT2 chr7:116918397 G A rs148046128 R299W 0.00093 1.22

Variants predicted to be both probably damaging by Polyphen-2 and deleterious by SIFT. FAM, family; Ref, reference allele; Alt, alternative allele; rsID, rs number;
ESP, exome sequencing project. Asterisks indicate genes expressed in retina tissue (10).

Figure 1. Rare CFH mutations segregate with AMD in families. (A) Pedigree of a family with AMD carrying the D90G mutation in CFH. (B) Pedigree of a large
multigenerational family with AMD explained by the R53C mutation in CFH. Family members in the generation of the proband (arrow) and their descendants are
displayed except for individuals not enrolled in the study including some unaffected individuals. Common antecedents are also displayed although deceased and
not enrolled. Squares represent male and circles are female family members. Black symbols indicate affected persons and white symbols represent unaffected
persons. Slashes indicate deceased family members. The genotype information of common risk SNPs in CFH and R53C or D90G mutation allele (in red) are
shown below each genotyped individual. Blue star indicates a whole-exome sequenced sample. Red cross indicates individual with renal disease or low kidney
function.
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stage III with creatinine clearance of 41. Their father also had
kidney disease (specific diagnosis unknown).

Although the R53C and D90G risk alleles reside on the CFH
haplotype containing the rs1061170(Y402H) and rs10737680
common risk alleles (Fig. 1A and B), the common risk alleles
cannot explain the extraordinary large effect size and the
early-onset cases in these families. Therefore, we carried out
functional studies to investigate the potential impact of R53C
and D90G risk alleles on the activation of the complement
pathway.

We measured serum FH levels in the 22 individuals carrying
the R53C and D90G variants and the levels of secreted FH
protein were normal. We then generated wild-type (FH1-4WT)
and mutant (FH1-4R53C; FH1-4D90G) in a recombinant fragment,
comprising the functional domains CCPs 1–4 of FH. These pro-
teins were expressed in both a yeast system and a mammalian

system. We saw the same effects in proteins produced in either
system.

Effect of R53C and D90G on C3b binding

We used SPR to examine the binding interaction between FH1-4
(0.04–40 mM) to immobilized C3b. Overlaying sensograms
show the steady-state response for the concentration range.
We calculated the dissociation constant (KD) using a steady-state
affinity model. The affinity of FH1-4WT and FH1-4D90G for
C3b was similar, 7.6 and 8.3 mM, respectively. The affinity of
FH1-4R53C for C3b is slightly weaker than FH1-4WT. The KD

was 12.2 mM for the FH1-4R53C–C3b interaction versus 8.3
mM for FH1-4WT (Fig. 2). In addition, we identified a similar
trend if the FH1-4 proteins were immobilized on a sensor chip.
FH1-4WT and FH1-4D90G had a KD of 8.6 and 8.3 mM,

Figure 2. R53C binds C3b with a lower affinity than WT. Overlaying sensograms show the steady-state response for the binding of CFH1-4 (Pichia) (0.4–40 mM)
to immobilized C3b on the surface of a CM5 sensor chip for (A and B) WT, (C and D) R53C and (E and F) D90G. The steady-state response was plotted against
concentration and an affinity curve was fitted.
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respectively, while the KD of FH 1-4R53C for C3b was 34 mM

(Supplementary Material, Fig. S2).

Decay accelerating activity (DAA)

We then examined decay accelerating activity (DAA) of
FH1-4R53C, FH1-4D90G and FH1-4WT using SPR (Fig. 3).
In the SPR assay, the FH1-4R53C showed a marked loss
of DAA, while FH1-4D90G exhibited normal DAA (Fig. 3).
To further investigate the DAA defect in R53C, we used a
sheep erythrocyte lysis assay. Fifty percent inhibition of lysis
was achieved using 6.0 nM FH1-4WT; however, 2000 nM

(a .300-fold difference) was required to obtain the same inhib-
ition using FH1-4R53C. (Supplementary Material, Fig. S3).

Both R53C and D90G affect cofactor function

Using a fluid phase assay in which FH1-4 supplies cofactor
activity (CA) for the protease CFI, we saw decreased CA with

both mutants. As C3b is cleaved to iC3b, the C3 a′ chain is con-
sumed and a1 and a40 fragments are generated (Supplementary
Material, Fig. S4). Both mutants lag behind FH1-4WT in terms of
a′ remaining (Fig. 4) over a 30-min timecoursecompared with the
original amount of a′. FH1-4D90G’s activity is significantly less
than FH1-4WT at all time points (Fig. 4A, P , 0.01, the two-tailed
t-test). FH1-4R53C also had a consistent and reproducible trend
toward less activity than FH1-4WT (Fig. 4B, P . 0.05). To
confirm that FH1-4R53C’s CA was less than FH1-4WT, we also
used an hemolysis based assay; �8 mM of FH1-4WT was required
to achieve 50% inhibition of lysis, while at any given concentra-
tion of FH1-4R53C, less protection was seen (Fig. 4C).

DISCUSSION

Common variants explain a large part of the genetic burden
related to AMD. However, the observation of densely affected
families with early onset cases of advanced AMD lacking a sig-
nificant contribution from common alleles suggested that rare,
more Mendelian-like subtypes of disease exist, being hidden
within the otherwise common phenotype. These rare, highly
penetrant alleles can be detected only by sequencing, so we
applied the strategy of whole-exome sequencing in these AMD
families. To our knowledge, cohorts and families with AMD
have never been thoroughly investigated previously on the
whole-exome level. This approach successfully identified two
rare mutations, R53C and D90G, in the CFH gene. These two
newly identified CFH mutations are highly penetrant, similar
to the previously identified R1210C mutation in the same gene
(1) but with lower frequencies. The strong evidence of linkage
and association with these very rare variants observed in this
study indicates that our family selection strategy leveraged the
inherent power of the family structure and effectively increased
the power to detect such mutations. Our functional studies of
these new high impact alleles provide clearer insight into the
mechanisms underlying the development of AMD.

Other than these two new rare variants in CFH, several other
variants passed our filtering analysis in selected families. Com-
pared with the other families, the two pedigrees for whom a
causal allele was identified in this report had more affected indi-
viduals as well as an unaffected individual sequenced, thus
allowing identification and investigation of a smaller number
of variants that followed the assumed dominant inheritance
pattern. Other pedigrees did not have additional members avail-
able so we resorted to bioinformatic means to narrow the list of
variants that could explain their disease. Such tools are not 100%
accurate and additional causal variants may exist which are not
predicted to be damaging or deleterious or that were not well
covered by the exome sequencing. As more affected pedigrees
are interrogated, we expect more overlap will occur between
‘causal variants’ in terms of genes and pathways. While avail-
ability of functional assays and known relationship of CFH to
AMD made interpretation of new CFH variants more straight-
forward, some of these additional prioritized variants may also
be relevant but await replication in additional families and unre-
lated cases as well as functional characterization.

Several rare risk alleles in genes of the complement pathway
have been identified recently, including R1210C in CFH (1),
G119R in CFI (14), K155Q in C3 (2) and P167S in C9 (2), as

Figure 3. R53C has a profound decay accelerating defect. SPR decay accelerat-
ing assay for (A) R53C and (B) D90G. R53C fails to facilitate decay of the
C3b:Bb complex in the same way that WT and D90G do (representative trace
of three replicates).
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well as multiple rare variants in CFI (2). Most of these rare alleles
were found in genes where a common AMD risk locus had been
previously associated, but they are independent of the common

risk haplotypes in the disease gene. In this family-based study,
the two newly identified risk alleles, R53C and D90G, reside
on the common risk haplotype but have larger effects. While
these rare variants might be tagging a different causal mutation,
we consider this possibility unlikely given the functional altera-
tions conferred by these mutations. It is worthwhile to continue
searching for other rare, causal, function-altering variants that
are likely to unveil the underlying roles of the associated genes
in AMD pathogenesis and to provide new targets for screening,
prevention and treatment for AMD.

The molecular mechanisms of R53C and D90G are different
from the previously identified R1210C substitution in CFH,
which disrupts FH binding to C3b and heparin (15,16), and has
been demonstrated to circulate in serum complexed covalently
to albumin (15,17,18). R1210C and the common allele Y402H
both affect localization of FH onto surfaces (19–22). These
new rare variants illustrate that, even when localized, FH must
have intact regulatory function to prevent AMD.

The R53C variant shows only a minor decrease in binding
affinity for C3b. A co-crystal structure of C3b/FH demonstrates
that R53 does not oppose C3b, but is on the exposed face of FH, in
keeping with the minor differences in binding (Fig. 5). The R53C
variant, however, severely impairs DAA of FH1-4 and reduces
its CA.

R53C is an example of the pleiotropic effects mutations in the
alternative pathway (AP) can have. Generally, rare, highly pene-
trant variants in this pathway have been linked to a variety of
kidney diseases, which can vary widely in their presentation
and pathologic findings. The R53C variant has been detected
in three such patients with glomerular disease. One patient was
heterozygous for this variant and had moderately low C3
levels and C3 glomerulopathy (24). Another patient was hetero-
zygous for R53C, had moderately low C3 levels and developed
atypical hemolytic uremic syndrome (aHUS) (25). A third
patient was homozygous for the variant and had very low C3
levels and mesangioproliferative glomerulonephritis type 1
(24). Interestingly, this amino acid has also been found
mutated to histidine in another patient with aHUS (26). Func-
tional analysis of the R53H variant demonstrated only a minor
perturbation of binding to C3b, consistent with this amino acid
not playing a major role in the interaction between C3b and
FH. As with the R53C variant, the R53H variant also profoundly
impaired DAA and reduced CA. None of the individuals carry-
ing R53C in pedigree V reported renal disease. Both R53C and
R1210C highlight the phenotypic heterogeneity possible with
variants leading to dysregulation of the AP. There are no
reports in the published literature of associations between
D90G and kidney disease, to our knowledge. In our pedigree
with the D90G mutation, two affected individuals with the
variant reported having chronic kidney disease or reduced
kidney function. It remains to be seen if individuals with such
variants that manifest with renal disease will go on to develop
AMD at higher rates.

A model of FI docked in a groove between FH and C3b would
suggest that R53 would oppose FI in keeping with the impaired
CA (27). Additionally, the loss of DAA suggests that an inter-
action with FB occurs on this face; overlapping binding sites
for FI and FB have previously been suggested (26).

Despite residing in the interface between FH and C3b, the
D90G variant does not impair the binding to C3b or disrupt
DAA at levels detectable in our assays. D90G does, however,

Figure 4. Both D90G and R53C have defects in CA. (A) D90G has a significant
defect in co-factor activity (CA) (P , 0.01 at all time points, two-tailed t-test). (B)
R53C has lower CA in the fluid phase assay (P . 0.05 at all time points, two-tailed
t-test). (C) R53C also has a significant defect in CA in a hemolysis based assay. For
(A) and (B), quantitation of the a′ produced over time relative to the amount of a′

present originally. These are the average of four independent experiments; error
bars represent one standard deviation. Quantification was done by densitometrically
scanning the a′ bands and normalizing to the amount of C3b in that lane (b chain).
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affect CA. In aHUS, CA is the critical modality of regulation
required for AP homeostasis. This variant has not been identified
previously in normal individuals (NHLBI ESP and 1000
Genome Project) or patient populations (aHUS or C3 glomeru-
lopathies). The D90G phenotype of normal C3b binding to one
of its regulators, but reduced CA has previously been described
for complement inhibitors. Specifically, mutations in the C3b
binding site of MCP (CD46) and CR1 (CD35) have been charac-
terized with this type of a dysfunctional pattern (28). CA requires
the transient formation of a tri-molecular complex (C3b:Cofac-
tor:Factor I), which is dominated by low affinity interactions.
While in most cases, dysfunction moves in parallel (i.e. altera-
tions in C3b binding mimic those observed in CA), the require-
ment for FI to join the party indicates that some variants may
solely affect CA (29–31).

Small losses in regulatory activity may lead to excessive AP
activation over decades that manifest itself as the degenerative
process of AMD. Thus, rare mutations such as D90G, with a
more subtle loss of function, may not be fully penetrant for
kidney disease, but are likely to be causative in AMD.

The identification of such rare variants with large effect has
implications for clinical trial design and the medical care of car-
riers and their relatives. Currently, complement inhibitors are
available for a variety of complementopathies (32,33) and prom-
ising results have come for a phase II trial in AMD (34). Carriers
of variants such as those described here in CFH, and already
described in CFI, would facilitate proving the concept that
such a therapeutic intervention is efficacious.

MATERIALS AND METHODS

Diagnosis and family selection

All family members included in this study were evaluated by
board-certified ophthalmologists. Individuals were evaluated
(i) by clinical examination with visual acuity measurements,
dilated slit-lamp biomicroscopy and stereoscopic color fundus
photography or (ii) by reviewing ophthalmologic medical
records. All individuals were graded using the Clinical
Age-Related Maculopathy Grading System (CARMS) (35).
Advanced AMD patients had either geographic atrophy
(advanced dry AMD) or neovascular disease (wet AMD). Phe-
notypes were based on fundus photography or dilated fundus
examination using standardized protocols.

Among a collection of 591 families we recruited over the past
two decades, 364 families have at least two members with
advanced AMD. Using an algorithm we previously published,
we selected three families with a genotypic load that was less
than expected given the density of disease in their family
(3,8,36). We also included one family with more than two
cases with a low genetic risk score (, 21.0) derived from a
general linear model of the genotype dosages of known
common alleles (37). Only 5% of the advanced cases in our
GWAS cohort had such a low genetic risk score (,21.0). The
chance of observing two or more cases with low genetic risk
score in a family by random chance is rare. Finally, we included
five families with at least two advanced AMD cases diagnosed
before age 60. Demonstrating the effect of the R1210C

Figure 5. FH1-4-C3b co-crystal structure demonstrating the position of the R53C and D90G mutations. An X-ray-derived co-crystal structure of FH-C3b (23) was
used to model the mutation and displayed with Pymol (Delano Scientific). The location of the two mutated amino acids (red spheres) are shown within the co-crystal
structure of a FH1-4 (dark grey):C3b (light grey) complex. The R53 amino acid is on the opposite face to the FH-C3b interface, while the D90 amino acid is in direct
opposition to C3b (Protein Data Base ID code 2WII) (23).
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variant, nine other families identified using these criteria had the
high-risk CFH R1210C allele and were excluded from exome se-
quencing (1).

For each selected family, all advanced AMD cases with suffi-
cient DNA and an unaffected relative with CARMS grade 1
(if available) were selected for whole exome sequencing. The
number of cases and controls in each family are shown in Table 1.

Exome capture and sequencing

The samples were sequenced at the Genome Institute at
Washington University. Genomic DNA extracted from blood
samples was used to construct Illumina libraries with indexing
barcodes to uniquely identify each sequenced individual.
We sequenced family members by combining the indexed librar-
ies at an equimolar mixture and then hybridizing to the Nimble-
gen 3.0 human exome reagent, designed to capture a total 60 Mb
consisting of the coding exons and splice junctions of genes
cataloged in the human RefSeq database, non-repetitive 3′

and 5′ UTRs, and selected non-coding RNA sequences. We iso-
lated the hybridized library fragments, quantitated with qPCR
and then sequenced with the Illumina HiSeq2000

TM

platform.
We produced 2 × 100 bp reads on the HiSeq2000.

Read mapping, variant detection and annotation

Following deconvolution of the barcodes from each Illumina
lane, we aligned individual reads for each sample to the human
reference genome (NCBI build 37.3, hg19) using Burrows-
Wheeler Aligner (BWA, v0.59) (38). We called the consensus
genotypes in the target regions with SAMtools (39) and
VarScan 2 (40) in the genomic regions targeted by the capture
probe set. We filtered variants with ‘PASS’ and high quality
(Phred-like quality score ≥30 and an allele balance ≥35) to
remove systematic false positives followed by annotation with
the VEP tool (41). All sequenced samples were required to
have over 10× coverage at greater than 90% of the targeted
regions and over 20× coverage at greater than 80% of the tar-
geted regions.

Data analyses

To distinguish potentially pathogenic mutations from other var-
iants, we examined variants that altered coding sequences (mis-
sense, nonsense, read-through or splice variants). We predicted
that the variants responsible for advanced AMD in the selected
families would be very rare and therefore likely to be previously
unidentified or have low frequency in public databases. Conse-
quently, we filtered out variants with allele frequency .0.1%
in the data sets of the 1000 genomes project (42) or the NHLBI
GO ESP (43). Since we were searching for mutations that have
a high penetrance and follow a dominantly inherited pattern,
we prioritized candidate variants that occur in all cases in a pedi-
gree and none of the sequenced controls. Finally, when evaluat-
ing candidate variants, we applied one additional filter to include
only variants predicted to be loss of function or probably dam-
aging by PolyPhen-2 (44) or predicted to be deleterious by
SIFT (45). These analyses were performed by xBrowse, devel-
oped at ATGU at the Massachusetts General Hospital (http://
atgu.mgh.harvard.edu/xbrowse). We performed linkage analysis

with the LINKAGE programs (46). Fisher’s exact test was used
to test the association in case-control samples.

TaqMan genotyping of selected SNPs

To confirm segregation within families, we genotyped candidate
variants within additional samples within the same families at the
Johns Hopkins Genotyping Core Laboratory using a custom made
TaqMan genotyping assay by Applied Biosystems and with the
ABI 7900 Real-Time PCR system. For the R53C and D90G var-
iants in CFH, we sequenced the additional cases and controls
using a targeted-sequencing approach described previously (2).

Production and purification of proteins

We generated and purified wild-type and mutant complement
factor H (FH) in the setting of complement control protein
(CCPs) 1-4 (FH1–4) using two distinct methods. The first pro-
duction system utilized a Pichia pastoris system as previously
described (26). Briefly, for wild-type we used a pPICZaB (Invi-
trogen) vector containing residues 19–263 of CFH (which
encodes CCPs 1-4 of mature FH; residues 1–18 are the mamma-
lian signal peptide) with an N-terminal myc tag and a C-terminal
6× His tag. We generated the R53C and D90G point mutations
using QuikChange site-directed mutagenesis kit (Stratagene)
with the following primers: R53C—(f) cccaggctatctataaatgc
,T. gccctggatatagatctcttgg; (r) ccaagagatctatatccagggc ,A.
gcatttatagatagcctggg and D90G—(f) ggccctgtggacatcctggag
,G. tactccttttggtacttttaccc; (r) gggtaaaagtaccaaaaggagta ,C.
ctccaggatgtccacagggcc. We confirmed fidelity with bi-directional
Sanger sequencing and transformed these vectors into Pichia
pastoris (KM71H cells) by electroporation. Clones producing
wild-type (FH1-4WT) or mutant (FH1-4MUT) FH1-4 were selected
by zeocin and checked for protein expression.

We expressed protein in a 3 liter BioFlo 115 Biofermenter (New
Brunswick) by transferring a starter culture in buffered minimal
glycerol into 1 liter of basal fermentor salts [0.095% (w/v) cal-
cium sulphate, 1.82% (w/v) potassium sulphate, 1.5% (w/v) mag-
nesium sulphate heptahydrate, 0.42% (w/v) potassium hydroxide,
2.7% (v/v) phosphoric acid and 2.5% (v/v) glycerol, enriched with
1% (w/v) casein amino acids, 0.5% (w/v) PTM1 salts and 0.5%
(v/v) antifoam A (Sigma)]. After the initial batch fed glycerol was
exhausted, glycerol feeds were maintained for 24 h at 308C. The
cells were allowed to starve for 4 h before recombinant protein ex-
pression was induced with 0.75% methanol containing 0.5% (w/v)
PTM1 salts. After 3 days at 158C with methanol feeds, the super-
natant was removed and filtered and its pH adjusted to 7.4.

We applied the supernatant to a 5 ml His trap column
(GE-healthcare) at 48C and eluted the protein with 500 mM imid-
azole followed by size exclusion chromatography on Superdex
200 (GE Healthcare). The protein concentrations were deter-
mined using absorbance at 280 nm and calculated extinction
coefficients (47870 M.cm21).

The second method for production of FH124 was performed in
human 293-T cells. The first 265 amino acids, including the
signal peptide of FH, were cloned by PCR and a C-terminal
6× His Tag was added. This was inserted into a pSG5 vector
using EcoR1. R53C was introduced using the following primers:

Forward: ACC CAG GCT ATC TAT AAATGC ,T.GC
CCT GGATAT AGATCT CTT
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Reverse: AAG AGATCT ATATCC AGG GC,A.
GCATTT ATA GAT AGC CTG GGT. D90G was introduced
with forward: GGACATCCTGGAG,G.TACTCCTTTTGGT;
reverse: ACCAAAAGGAGTA,C.CTCCAGGATGTCC. PCR
with Phusion (NEB) in the presence of 1 M betaine was used to
introduce mutations and they were confirmed with bidirectional
Sanger sequencing.

Transfection of 293T cells was performed with XtremeGene-9
(Roche) in serum-free Optimem for 3 days. Supernatants were
harvested and recombinant FH1-4 was purified using a His-
Trap column (GE). Binding to the column was carried out at
50 mM imidazole with elution at 95 mM imidazole. Protein con-
centration was determined using an ELISA relative to full-length
purified FH (CompTech). A monoclonal capture antibody (H2,
#A254, Quidel) was coated in ELISA wells at 500 mg/ml.
A goat polyclonal antibody (#A312, Quidel) was used for detec-
tion. Relative concentration was confirmed by subjecting FH 1-4
constructs to SDS–PAGE and subsequent silver stain or fluores-
cent stain with Krypton dye (Thermo).

Binding affinity for C3b by surface plasmon resonance

We monitored the binding affinity of FH1-4WT, FH1-4R53C and
FH1-4D90G by surface plasmon resonance (SPR) with Biacore
X100 and Biacore 2000 instruments (GE Healthcare). These
measurements were performed in two orientations. First, we
immobilized 850 resonance units (RU) of human C3b (Comp-
Tech) on a Biacore series CM5 sensor chip (GE Healthcare)
using standard amine coupling. The reference surface of the
chip was prepared by performing a mock coupling in the
absence of any protein. We performed the experiments at 258C
and 30 ml/min flow rate in duplicate using FH1-4 produced in
Pichia [concentrations 0.04–40 mM in 10 mM HEPES-buffered
saline, 3 mM EDTA, 0.05% (v/v) surfactant p20 (GE Health-
care)]. In the second method, we attached the FH1-4 recom-
binant proteins (produced in mammalian cells) to the CM5
sensor chips via standard amine coupling (�1000 RU). Purified
C3b was injected in duplicate using multiple concentrations
(500 nM–5.6 mM). In both cases, a contact time of 90 s was
used (sufficient for achieving steady-state conditions) followed
by a dissociation period of 45 s. We regenerated the chip
surface between sample injections with one 45 s injection of
1 M NaCl (pH 7.0). We processed data using the BIAevaluation
4.1 software (GE Healthcare). The data from the reference cell
and a blank (buffer) injection were subtracted and we calculated
dissociation constants using a steady-state affinity model from
the background-subtracted traces.

Measurement of decay accelerating activity by SPR

We measured DAA in real-time using a Biacore X100 instru-
ment as described previously (26). Briefly, we immobilized
850 RU of C3b using standard amine coupling Biacore series
CM5 sensor chip (GE Healthcare). We injected a mixture of
500 nM complement factor B (fB), and 60 nM complement
factor D (fD), at 10 ml/min over the surface for 120 s to form
the AP C3 convertase.

We allowed the convertase to decay naturally for 210 s and
then injected 0.5 mM FH1-4WT or FH1-4MUT produced in
Pichia [in running buffer, HEPES-buffered saline containing

0.5% (v/v) surfactant P20 and 1 mM MgCl2, 258C] across the
surface for 60 s and C3 convertase decay was visualized in real
time. Between injections, we regenerated the chip surface
using a 45 s injection of 10 mM FH1-4WT followed by a 45 s in-
jection of 1 M NaCl, pH 7.0. We evaluated data using BIAevalua-
tion 4.1 (GE Healthcare). As a control, the construct was also
flowed over the bare surface and binding data subtracted from
the decay sensogram.

Measuring DAA on sheep erythrocytes

We prepared C3b-coated sheep erythrocytes (EA-C3b) as
described previously (26). The cells were resuspended to 2%
(v/v) in AP buffer (5 mM sodium barbitone, pH 7.4, 150 mM

NaCl, 7 mM MgCl2, 10 mM EGTA) and then the AP C3 conver-
tase was formed on the cell surface by incubating 50 ml of the cell
preparation with an equal volume of AP buffer containing fB
(40 mg/ml; purified from serum by Dr C. Harris, Cardiff) and
fD (0.4 mg/ml; CompTech) at 378C for 15 min. We incubated
cells with 50 ml of a concentration range of CFH1-4WT and
CFH1-4R53C in PBS/20 mM EDTA for 15 min (both produced
in Pichia). We developed lysis by adding 50 ml of 4% (v/v)
normal human serum depleted of fB and CFH (NHS-DBDH; pre-
pared by Dr C. Harris, Cardiff) (47) in PBS/20 mM EDTA and in-
cubating at 378C for 60 min. To determine the amount of lysis,
we pelleted cells by centrifugation and hemoglobin release was
measured at 410 nm (A410). We used buffer only (no FH1-4) to
define maximum lysis by the addition of serum-A410 (buffer
only). Percentage of inhibition of lysis in the presence of increas-
ing concentrations of FH was defined as [A410(buffer only)2
A410(CFH)/A410(buffer only)∗100].

Cofactor assay in fluid phase

Fluid phase assays were carried out with the following concen-
trations of components: FH1-4 (produced in mammalian cells),
23 nM (0.67 ng/ml); C3b, (Comptech), 35.1 nM (6.67 ng/ml)
and factor I (FI) (Comptech), 25 nM (2.2 ng/ml). All dilutions
were made in 150 mM NaCl Tris-buffered saline. A positive
control used an equivalent mass of full-length purified FH
(Comptech). A negative control used full-length FH but no
CFI. Reactions were prepared on ice and with a refrigerated cen-
trifuge. Time began when reactions were placed in a 378C water
bath. Samples were removed at 10, 20 and 30 min. Reactions
were stopped with 3× reducing Laemmeli buffer, mixed and
heated at 958 C for 5 min. A volume of reaction equivalent to
45 ng of C3b was electrophoresed by SDS–PAGE and stained
with Krypton dye. Gels were scanned on a Typhon variable
mode imager with excitation at 530 and a 580 nm filter. Quanti-
fication was performed in ImageQuantTL. Krypton stain was
found to be equally sensitive and more robust than silver stain
or western blot using polyclonal anti-C3 antibodies.

Measuring CA on sheep erythrocytes

To test for CA, we resuspended washed EA-C3b cells to 2% (v/v)
in AP buffer and incubated with an equal volume of a range of
concentrations of CFH1-4WT and FH1-4R53C (produced in
Pichia) and 2.5 mg/ml FI (CompTech) for 8 min at 258C. After
three washes in AP buffer, we mixed a 50 ml aliquot of cells
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(2%) with 50 ml AP buffer containing FB (40 mg/ml) and fD
(0.4 mg/ml) and then incubated for 15 min at 258C to form the
AP C3 convertase on the remaining C3b. We developed lysis
by adding 50 ml of 4% (v/v) NHS-DBDH in PBS/20 mM

EDTA and incubating at 378C for 10 min. We again calculated
the percentage of inhibition of lysis in the presence of increasing
concentrations of FH using [A410(buffer only)2A410(FH)/
A410(buffer only)*100].

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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