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A primary feature of age-related macular degeneration (AMD) is the presence of extracellular deposits
between the retinal pigment epithelium (RPE) and underlying Bruch’s membrane, leading to RPE
dysfunction, photoreceptor death and severe visual loss. AMD accounts for about 50% of blind registrations
in Western countries and is a common, genetically complex disorder. Very little is known regarding
its molecular basis. Late-onset retinal degeneration (L-ORD) is an autosomal dominant disorder with striking
clinical and pathological similarity to AMD. Here we show that L-ORD is genetically heterogeneous and
that a proposed founder mutation in the CTRP5 (C1QTNF5) gene, which encodes a novel short-chain
collagen, changes a highly conserved serine to arginine (Ser163Arg) in 7/14 L-ORD families and 0/1000
control individuals. The mutation occurs in the gC1q domain of CTRP5 and results in abnormal high
molecular weight aggregate formation which may alter its higher-order structure and interactions. These
results indicate a novel disease mechanism involving abnormal adhesion between RPE and Bruch’s
membrane.

INTRODUCTION

Late-onset retinal degeneration (L-ORD) is an autosomal
dominant disorder characterized by onset in the fifth to
sixth decade with night blindness and punctate yellow-white
deposits in the retinal fundus, progressing to severe central and
peripheral degeneration, with choroidal neovascularization and
chorioretinal atrophy (1–5). The prevalence of L-ORD is
unknown, but it is thought to be uncommon. The disease is
associated with a thick extracellular sub-RPE deposit between

the basal lamina of the retinal pigment epithelium (RPE) and
Bruch’s membrane, extending from the central retina to the ora
serrata (Fig. 1A and B). It contains protein and lipid and
consists of an inner collagenous/mucopolysaccharide layer, an
outer lipid layer and a layer of neovascularization between the
elastin layer of Bruch’s membrane and the RPE (1,2). In later
stages, there is widespread loss of RPE and photoreceptors,
with choroidal neovascularization and disciform macular
scarring (1,2,4,5). The presence of both focal and diffuse
sub-RPE deposits is also a feature in age-related macular
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degeneration (AMD), which is a genetically complex disorder
affecting up to 30% of the elderly population and which
accounts for 50–60% of new blind registrations in Western
countries (6,7). The sub-RPE deposits in L-ORD have been
investigated and are similar histopathologically to those found
in the macula in AMD (1,2). However, over 100 different
proteins have been found in AMD deposits (8) so that it is
difficult to dissect primary from secondary disease mechan-
isms. L-ORD is distinct from AMD in its Mendelian
inheritance and the more extensive distribution of sub-RPE
deposits and atrophy, leading to loss of both central and
peripheral vision. It differs from another autosomal dominant
condition, Sorsby fundus dystrophy (SFD), in its slightly later
onset of night blindness and less prominently haemorrhagic
macular degeneration (9). SFD results from mutations in the
TIMP3 gene and maps to chromosome 22. The chromosomal
localization of L-ORD has not been reported. Here we describe
the genetic mapping of an extended L-ORD kindred to
chromosomal region 11q23 and the identification of a proposed
causal gene.

RESULTS

To map the L-ORD locus genetically, we sought a phenotypic
marker to increase the number of inferred gene carriers among
asymptomatic family members. Delays in the kinetics of dark
adaptation, implying RPE dysfunction, were detectable decades
before the eye disease became overt (1–3). The distribution of
dark adaptation abnormalities across the retina in L-ORD was
found to be more pronounced in the macula than in peripheral
retina (Fig. 1C and D), as also found in AMD (10,11).

A 10 cM genome scan was carried out in an extended L-ORD
family (L2) which identified linkage to a 15 cM interval in
chromosomal region 11q23.3, flanked by D11S4127 and
D11S4151, with a maximum LOD score of 6.77 (Fig. 2).
Two clinically indistinguishable L-ORD families (L4–5) were
unlinked to this region, consistent with genetic heterogeneity,
one of which (L4) also showed a different distribution of sub-
RPE deposits compared with linked families (1,2,4).

The flanking markers defined a genomic region spanning
8.7–8.9 Mb containing 90–118 genes (www.ensembl.org/;

Figure 1. Phenotype of L-ORD by histopathology and visual testing. (A) Normal human retina has a thin Bruch’s membrane (BrM) between the retinal pigment
epithelium (RPE) and choroid (C). The RPE is uniform in thickness with melanin granules in the apical portions of the cells. The neural retina has a normal number
and distribution of cells for this locus (edge of macula). (B) L-ORD retina has a thick layer of extracellular deposits (bracket) between RPE and choroid. The RPE
cells are reduced in number and size, and are heavily pigmented (arrowheads). The neural retina is degenerate with loss of cells and abnormal architecture.
Bar¼ 100mm. (C) Psychophysically measured dark adaptation in L-ORD demonstrating large delay in recovery of rod sensitivity following a flash estimated
to isomerize 14% of rhodopsin. Two functions represent data obtained at 4 and 30� eccentric in the temporal retina (insert); normal (mean� 2SD) results delimited
by gray lines. (D) The delay in recovery of sensitivity shows dramatic regional retinal variation with the greatest abnormality in the macula and less abnormality in
peripheral retina.
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Figure 2. Genetic mapping of a L-ORD locus. (A) Haplotypes of L-ORD family L2 are shown with 11q23 markers, in which the disease-associated haplotype is
shown as a thick black line. Affected members are shown as solid diamonds and unaffecteds as open diamonds (sexes are not shown for reasons of confidentiality).
CTRP5 mutation carriers are shown with an ‘M’ and non-carriers with a ‘þ’symbol below the haplotype. (B) Multipoint LOD scores are shown spanning the 11q23
region, showing significant linkage to markers in the interval between D11S4127 proximally (crossover in V-32) and D11S4151 distally (crossovers in individuals
IV-15, V-25 and V-26).
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Figure 3. Identification of CTRP5 mutations in L-ORD families. (A) Genomic map of the region of search flanked by markers D11S4127 proximally and
D11S4151 distally, showing: (i) genes predicted by Ensembl; (ii) markers used in the genetic analysis and excluded candidate genes—UBE4A, RNF26, MFRP,
USP2 (MMP3, BACE, PCSK7, ORP150 and ERGB were also excluded prior to narrowing the disease interval to this extent); and (iii) schematic diagram of
the genomic region containing CTRP5 and its relationship to MFRP (12). CTRP5 is entirely contained within the 30-untranslated region of the final exon of
MFRP (exon 13). The 13 exons of MFRP (coding regions) are shown as solid rectangles and numbered accordingly on the left of the figure, together with the
30-untranslated region (30-UTR). On the right of the figure the three CTRP5 exons (coding regions) are shown in red (marked 1–3). (B) Sequence analysis of
CTRP5 exon 3 showing a heterozygous C to G transversion at codon 163, resulting in a predicted serine to arginine mutation in an affected individual with
L-ORD (upper trace) compared with a normal control (lower trace). (C) Mutation detection in affected members of seven different L-ORD families using
BstNI digests, which generate bands of 258 and 60 bp in normal (Ser163) controls (N), and bands of 208, 60 and 50 bp in mutant (Arg163) carriers. Each family
shows the undigested (U) DNA fragment (left track) and digested fragment (right track) with their sizes indicated by arrows. Each affected individual is hetero-
zygous for normal and mutant alleles. M, 100 bp ladder marker. (D) L-ORD families L3, 8, 15, 16 and 18 in which the Ser163Arg mutation (M) is found in all
affected individuals tested (solid diamonds). Non-carriers of known clinical status are shown with an unfilled diamond above a ‘þ’ symbol. Other individuals
shown were unavailable for testing.
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Figure 4. (A) Sequence conservation of CTRP5 protein orthologues and the 163Ser residue in eight different species (human, mouse, rat, bovine, chicken, Fugu
rubripes, zebrafish and trout). Predicted domains are shown in violet (signal peptide), green (collagen) and red (gC1q) and the Ser163 residue is arrowed. Residues
conserved in all species are shown in black, in all but one species in red, in all but two in green and in all but three in dark blue, the remainder in light blue. The
alignment was made using Clustalw. Accession numbers used were: AF32984 (human); NM_145613 (mouse); XM_236180 (rat); AF451167 (bovine); BM427498.
BM488918, BU217601 (chicken); scaffold 231 (Fugu); BQ419058, BI705095 (Zebrafish); CA37060, CA360025 (trout). (B) Tissue expression of CTRP5 as
shown by reverse transcriptase PCR from eight different human tissues, in the presence (RTþ) and absence (RT�) of reverse transcriptase, compared with an
HPRT control. The expected 490 bp product is seen in RPE (lane 1) and other tissues as shown. Water (H2O) and genomic DNA controls are shown with the
marker lane on the right.
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http://genome.ucsc.edu/; Fig. 3A). Candidate genes were
prioritised and 10 genes excluded before we found a
heterozygous C!G transversion at nucleotide 686 in exon 3
of the CTRP5 gene, resulting in a Ser163Arg substitution
(Fig. 3B). This creates a new BstNI restriction site (Fig. 3C),
which was absent from 1000 ethnically matched control
individuals. The CTRP5 gene is entirely contained within the
last exon of the MFRP gene and in the same orientation
(Fig. 3A). In mouse and humans (data not shown) both genes
are expressed as a bicistronic transcript. This was tested by
PCR amplification of retinal cDNA between MFRP exon 12
and CTRP5 exon 3, which gave a product of 1.858 kb, as
predicted when both genes are co-expressed. In addition, since
the Mfrp gene is mutated in the rd6 mouse retinal degeneration
(12), the entire human MFRP gene, including all 13 exons and
introns, was sequenced, but no mutations were identified.

Alignment of CTRP5 with its orthologues in seven other
species showed that Ser163 is completely conserved in
mammals, birds and fish (Fig. 4A). The same Ser163Arg
substitution was then found in affected members of seven out of
14 unrelated L-ORD families (Fig. 3C). The presumed Arg163
mutation was found in 28 affected and no unaffected individuals
from the seven families (Figs 2A and 3D). However, in one
North American family (L1), two apparently affected indivi-
duals in one sibship did not carry the mutation, despite the fact
that it segregated with disease in other branches of the family.
Both individuals (aged 41 and 48 years) had no ocular
abnormalities on clinical examination (specifically, no drusen
to suggest a phenocopy, such as an early form of AMD), but did
have delayed recovery kinetics of dark adaptation, which we
have previously shown to be a phenotypic marker for L-ORD
(3). This family (L1) originated from within 10 miles of family
L2 at the time of their emigration from Scotland in the early
1800s. Haplotype analysis showed that neither of these affected
individuals shared an extended 11q23 haplotype with other
affected members (see Fig. 1 in Supplementary Material),
strongly suggesting that their disease results from some other
cause rather than from linkage disequilibrium with a nearby and
causal mutation. Based on the existence of other L-ORD
families unlinked to the 11q23 region but showing this same
phenotype, the disease in these individuals is most likely to
result from another molecular cause of L-ORD, which is

reinforced by the uncertainty regarding its prevalence, although
subclinical AMD cannot be ruled out. Other examples in which
two distinct genes segregate within a single disease kindred
have been reported (13,14), due to ascertainment bias in
selection of multiple affected families. This explanation was
reinforced by showing that a seven-locus haplotype containing
the Ser163Arg mutation was common to all seven families,
including family L1, defined by markers rs11999–rs3819250–
rs3181261–CTRP5–D11S4171–D11S924–rs3817142 (alleles
A–G–G–163Arg–7–6–G), spanning a distance of 3.18 Mb
(Table 1). This suggests that Ser163Arg is a disease-causing
founder mutation, since all seven families originated from
south-east Scotland, similar to the situation with founder TIMP3
and EFEMP1 mutations in other macular degenerations (15,16).

CTRP5 was initially identified in a cDNA library enriched for
genes showing RPE-specific expression (17). Expressed
sequence tags (ESTs) have been reported in RPE, retinal
fovea, macular and eye libraries and at low levels in several
other tissues (www.ncbi.nlm.nih.gov/). We examined its
expression by reverse transcriptase PCR of RNA isolated from
eight human tissues and found that it is expressed in RPE, liver,
lung, brain and placenta (Fig. 4B).

CTRP5 is predicted to be a 25 kDa protein with three
domains: a signal peptide (residues 1–15), a collagen domain
(residues 30–98) containing 23 uninterrupted Gly-X-Y repeats,
and a gC1q domain (residues 99–243; Fig. 4A). It is a member
of the C1q/tumor necrosis factor superfamily, which shows
diverse functions (18–20), including cell adhesion and base-
ment membrane components. The Ser163 residue occurs within
the gC1q domain, which in short-chain collagens nucleates
trimerization and folding of the collagen stalk and mediates
other interactions (18–22).

The normal and mutant gC1q domains were expressed in
bacteria as fusion proteins to examine their structure and
function. Protein and gel extracts were examined by MALDI-
ToF mass spectrometry, which confirmed the identity of mutant
and normal fusions and showed that the Arg163 mutant has a
stronger tendency to form higher order multimers than the
Ser163 fusion. The Arg163 fusion also readily became
insoluble in vitro, suggesting that it is prone to aggregation,
compared with Ser163 (Fig. 5A). In denaturing polyacrylamide
gel electrophoresis (PAGE) gels, the Ser163 and Arg163

Table 1. Haplotype sharing between the seven L-ORD families with markers flanking the Ser163Arg (S163R) mutation in CTRP5, consistent with a founder
mutation. The D markers are microsatellites and rs markers are single nucleotide polymorphisms. The distance between markers D11S4127 and D11S925 is
3.18 Mb (http://genome.ucsc.edu/). The bold entries indicate the common haplotype

Family 1 Family 2 Family 3 Family 8 Family 15 Family 16 Family 18

D11S4090 9 9 13 8 9 12 11
D11S908 2 3 3 3 5 2 6
D11S4127 2 2 2 2 2 2 4
rs11999 A A A A A A A
rs3819250 G G G G G G G
rs3181261 G G G G G G G
S163R 163R 163R 163R 163R 163R 163R 163R
D11S4171 7 7 7 7 7 7 7
D11S924 6 6 6 6 6 6 6
rs3817142 G G G G G G G
D11S925 1 7 18 1 10 10 1
D11S4094 4 5 6 5 5 5 5
D11S4151 2 4 8 2 8 8 2
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Figure 5. Functional analysis of CTRP5 protein. (A) Time course showing changes in solubility at 37�C of thioredoxin-CTRP5 gC1q fusion protein (gC1q fusion)
containing normal (Ser) or mutant (Arg) sequence at residue 163. (i) Western blot analysis of a denaturing PAGE gel labelled with anti-His tag antibody and (ii) the
corresponding Coomassie stained gel. Arrows indicate the gC1q fusion monomer. The protein concentration remaining in solution at each time point is shown
below. The results of three experiments (mean�SD) show a statistically highly significant difference (P< 0.001) between mutant and normal at all times.
(B) Comparison of normal (þ) and mutant (M) gC1q fusion proteins run on denaturing and non-denaturing PAGE gels. Both show equal amounts of the mono-
meric (M) form under denaturing conditions. Under non-denaturing conditions, the mutant failed to enter the gel, while the normal protein migrated predominantly
as a trimer (T; estimated 97 kDa) with a lesser amount of hexamer (H; estimated 201 kDa). SG, stacking gel. (C) In vitro translation of normal (N) and mutant (M)
CTRP5 gC1q domain showing that both are able to form monomers, dimers and trimers. (D) Structural model of CTRP5 gC1q domain containing either Ser163
(normal) or Arg163 (mutant). The electrostatic surface was drawn by the program GRASP (32) for the models described in Methods. The red regions indicate
negatively charged regions corresponding to the carboxylate groups of the protein, and the blue regions positively charged regions from Arg, Lys and N-terminal
amino groups. The effect of the mutation can be clearly seen. The x, y and z axes of the co-ordinate frame used by the program are shown as blue, green and red,
respectively.
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fusions both showed a major monomeric species (Fig. 5B). In
contrast, the Arg163 mutant was unable to enter non-
denaturing PAGE gels, while Ser163 migrated as a major
trimeric and weak hexameric species (Fig. 5B). The Arg163
mutant therefore forms high molecular weight aggregates that
are not detected with the normal protein. Finally, fresh in vitro
translated gC1q domains containing Ser163 or Arg163 were
both able to form trimers (Fig. 5C), suggesting that this residue
is not directly involved in trimerisation (see below).

Comparative protein modelling of Ser163 and Arg163 gC1q
domains were analysed using a model (23), based on the crystal
structures of adiponectin (20) and collagen X (21), which
showed good correspondence with both templates. The
Ser163Arg mutation occurs in a surface loop and produces a
significant positive patch on the protein surface, remote from
the trimer interface (Fig. 5D). It is tempting to speculate that
the observed aggregation results from heterologous association
of this positive patch with a negative patch elsewhere on the
molecular surface.

DISCUSSION

Few genes are capable of individually reproducing major
pathological features of common multifactorial diseases (24).
Those that do generally involve primary and rate-determining
steps in the disease process and provide important mechanistic
insights. In AMD, macular drusen and neovascularization are
important focal features but these either appear late in the
disease process (choroidal neovascularization) or, in the case of
drusen, are not a prominent disease feature in some ethnic
groups. This suggests that the most compelling primary
aetiological factor in AMD is the presence of diffuse macular
extracellular deposits between RPE and Bruch’s membrane,
which thicken and become lipid-laden with age (6,25). In
L-ORD, the deposit shows earlier onset and is more extensive
than in AMD but is otherwise hard to distinguish (1–5).
Among proposed ‘genetic models’ of AMD, only SFD, which
results from mutations in TIMP3, shares this important
pathological feature (9).

The fact that the major clinical features of AMD are each
found in L-ORD, at various stages of the disease, suggests that
the normal L-ORD gene has an important and primary role in
prevention of both diseases. These common features include: (i)
diffuse sub-RPE deposits that are indistinguishable at the light
microsope level from those seen in AMD, although these extend
into the peripheral retina in L-ORD (1,2,4,5); (ii) macular
degeneration associated with abnormal dark adaptation kinetics
(1–3,10,11); (iii) drusen-like sub-RPE deposits in the early to
middle stages of the disease (1–3); and (iv) choroidal
neovascularisation and disciform scarring (1,2,4,5). Although
the question as to whether mutations in CTRP5 influence
susceptibility to AMD remains to be resolved, the identification
of a CTRP5 mutation that can reproduce so many features of
AMD shows that this finding alone provides a new insight into
fundamental disease mechanisms in both diseases. CTRP5 has
been proposed to interact with the CUB domain of MFRP and
preliminary yeast two-hybrid results are consistent with this
(data not shown), suggesting that a novel Wnt/Frizzled pathway
is implicated in both L-ORD and AMD, as it is in the rd6 mouse.

AMD is one of the commonest diseases in the elderly and is
likely to be both multifactorial and highly polygenic in nature
(7,24). Understanding of pathogenetic mechanisms in such
common diseases has been accordingly hard to obtain but
progress has been greatest where genes responsible for
comparatively rare Mendelian models of such disorders have
been identified. Few of these genes individually have any
impact on the common disease per se and yet they have
highlighted primary disease pathways in coronary artery
disease, breast and colon cancer, type 2 diabetes mellitus,
Alzheimer disease and numerous others (24).

Disease-causing mutations occur in short-chain collagens
VIII and X, including its gC1q domain (26,27). The presence
of a non-conservative missense mutation in the gC1q domain
of CTRP5 in a highly conserved residue in 7/14 L-ORD
families and 0/1000 control individuals suggests that it is a
disease-causing founder mutation, similar to those seen in
Doyne honeycomb retinal dystrophy (EFEMP1) and SFD
(TIMP3) (15,16). The only discrepancy is the presence of two
apparently affected siblings in one family (L1) who neither
carry the mutation nor share the linked 11q23 chromosomal
region, suggesting that their disease results from another cause.
The most plausible explanation is that, since L-ORD is
genetically heterogeneous, the disease in these individuals
results from segregation at another locus within this branch of
the family, as a result of ascertainment bias arising from
identification of multiple affected member families. This has
been reported in at least two other families, a rare early-onset
autosomal dominant glaucoma family and a large consangui-
neous retinitis pigmentosa kindred (13,14). However, the
Ser163Arg mutation in CTRP5 was present in 28 affected
members of seven apparently unrelated L-ORD kindreds and
no normal controls, and shows both abnormal stability and a
tendency to aggregation in vitro, strongly suggesting that it is
the disease-causing mutation in these families. At least two of
the remaining seven L-ORD families appear to be unlinked to
the 11q23 region, so that these almost certainly result from
mutation in one or more additional L-ORD genes.

The close relationship of CTRP5 to MFRP raises the issue of
whether the causal mutation in L-ORD could lie within MFRP,
which is already known to cause retinal degeneration in the rd6
mouse (12). This possibility has firstly been excluded by
sequence analysis of the entire MFRP gene in all seven L-ORD
families carrying the Ser163Arg mutation in CTRP5. However,
the possibility of a regulatory or cryptic mutation in MFRP
cannot be completely excluded. However, two other arguments
make the possibility of a primary CTRP5 mutation more
compelling. Firstly, most genes expressed as dicistronic
transcripts are functionally related (12) so that the possibility
that either or both genes can cause similar disease is reasonable.
Preliminary data from yeast two-hybrid experiments show that
CTRP5 and MFRP do indeed interact directly (data not shown).
Secondly, both functional and structural analyses of the mutant
CTRP5 protein strongly indicate that it is potentially patho-
genic, due to its instability and tendency to aggregation, the
non-conservative nature of the substitution and conserved site
of the mutation. Finally, the alternative possibility that the rd6
Mfrp mutation in fact results from mutation or functional
impairment of C1qtnf5 (Ctrp5), or of both genes, is again
unlikely. Firstly, C1qtnf5 was excluded by sequence analysis
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(12). Secondly, the rd6 mutation is a 4 bp deletion immediately
adjacent to the conserved exon 4 splice site, which causes
in-frame deletion of exon 4, encoding 58 amino acids lying
between the transmembrane segment and first CUB domain
within the presumptive extracellular region. The consequences
of this deletion on MFRP function remain to be shown but it
is unlikely to interfere with transcription of C1qtnf5 as a result
of mechanisms such as nonsense-mediated decay.

CTRP5 appears to be secreted by RPE and preliminary data
(not shown) suggest that it is a constituent of Bruch’s
membrane. By analogy with collagens VIII and X, and
probably saccular collagen (18,19,26,27), it may form an
extracellular hexagonal lattice, facilitating the adhesion of basal
RPE to Bruch’s membrane. The Ser163Arg mutation is likely
to impair this adhesion, leading to the build-up of extracellular
deposits. This contrasts with the situation in SFD, in which
it is proposed that mutant TIMP3 accumulates in Bruch’s
membrane, and is associated with abnormal metalloproteinase
and/or vascular endothelial growth factor activity within the
membrane (28,29).

CTRP5 is similar to adiponectin, C1q peptides and short-
chain collagens VIII and X, which share a similar genomic
structure, suggesting a common origin (18,19). It consists of a
short amino-terminal collagenous domain followed by a
globular C1q domain, which is proposed to be necessary for
‘zippering’ and trimerization of the collagen domain (18,19).
The instability of the Arg163 mutant gC1q domain in vitro
suggests that it may be associated either with loss-of-function
due to haploinsufficiency or gain-of-function due to protein
aggregation. In each case, the result may be impaired adhesion
between RPE and Bruch’s membrane, leading to build up of
extracellular material shed by RPE or diffusing from choroidal
vessels to RPE. The precise role of CTRP5 remains to be
established but the presence of a common founder mutation in
L-ORD suggests that this protein exerts an important influence
on the build-up of extracellular deposits with age, as seen in
both L-ORD and AMD.

MATERIALS AND METHODS

Patient ascertainment and diagnoses

Research procedures were in accordance with institutional
guidelines and the tenets of the Declaration of Helsinki.
Fourteen families with L-ORD were ascertained from genetic
eye clinics in Edinburgh and Philadelphia. Eleven families
either included autopsy evidence of L-ORD (L1, L3–4) or
evidence of L-ORD based on clinical and psychophysical
criteria (1–3) plus autosomal dominant inheritance (‘definite’
L-ORD; L2, L5–8, L12–14). Three L-ORD families (L15–16,
L18) were diagnosed on the basis of clinical criteria and
autosomal dominant inheritance (‘probable’ L-ORD).
Unaffected individuals were assumed to be normal only if
they were clinically examined (by S.G.J.) and showed normal
two-colour dark adaptometry after age 50 years, whereas those
under age 50 years were assumed to be of status unknown.
Retinal regional variation of the dark-adaptation abnormality
was quantified by comparing the results within the macula
to more peripheral retina. Dark-adaptation functions were

obtained at 16 loci from 4 to 40� (1.3–13 mm) eccentric along
the horizontal meridian, and from 4 to 20� in the vertical
meridian; bright full field white flashes (6.2 log scot-td s;
�14% bleach) were used as the adapting light. The extent of
dark-adaptation abnormality was quantified by determining the
time to reach 3.5 log sensitivity adjusted by the mean
normal value.

Histopathology and immunohistochemistry

Post-mortem human eyes were obtained through the
Foundation Fighting Blindness and University of Washington
Lions Eye Bank. A retina with L-ORD (80-year-old woman,
6.25 h post mortem; family L1) and a normal retina (60-year-
old man, 3.25 h post-mortem) were fixed, stored and processed
by published methods (1,2). Clinical details about this L-ORD
patient-donor (at age 75) were previously reported (patient
III-4) (1). Sections (4 mm) were stained with Richardson’s
methylene blue/azure II.

Genetic mapping

A 400 marker genome scan was carried out using the ABI HD10
set of micro satellite markers, spaced at 10 cM intervals, and run
on an ABI3700 automated genotyper. Genotypes were analysed
and checked using ABI Genescan and Genotyper software. Allele
frequencies were obtained from the CEPH database and genetic
distances from Kong et al. (30). The disease gene frequency was set
at 0.0001. The disease haplotype was established by comparing the
results of 10 markers (six microsatellites and four single-nucleotide
polymorphisms (SNPs) flanking CTRP5 (cen–D11S4127–
rs11999–rs3819250–rs3181261–CTRP5–D11S4171–D11S924–
rs3817142–D11S925–D11S4094–D11S4151–qter). SNPs were
analysed by direct sequencing. Linkage analyses were per-
formed using the LINKAGE programme package (31) with
serial multipoint LODS calculated from LINKMAP data by
interpolation. Individuals tested ‘normal’ after age 50 were
taken to be unaffected; those under this age were assigned status
unknown.

Candidate gene analyses

Candidate genes were analysed by direct sequencing using the
ABI Big-DYE version 2 sequencing kit. CTRP5 primer
sequences used for mutation analysis are shown in Table 1 of
Supplementary Material. The Ser163Arg mutation was con-
firmed by sequencing of both strands following PCR using the
forward primer 50-ACG AGC AGG GAC ATT ACG AC and
reverse primer 50-AGA AAT CCG GAG AAG GTG CT. The
same PCR fragment was used for further confirmation of the
mutation and screening by restriction digestion with BstNI
(New England Biolabs) according to the manufacturer’s
protocol, which gave bands of 258 and 60 bp (normal,
Ser163) or 208, 50 and 60 bp (mutant, Arg163).

Expression analysis

Total RNA was isolated using TRIZOL (Invitrogen). First-
strand cDNA was generated from 2.5mg of total RNA by
priming with oligo-dT followed by reverse transcription
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(www.invitrogen.com). Primers for CTRP5 were designed to
span a 490 bp region based on cDNA sequence. Forward
primer is located at position 248 within exon 2
(50-CCCACTGGACGACAACAAG). Reverse primer is located
at position 737 within exon 3 (50-CTGGAAGAAAGAGG
CAATGG). Since the primers span an intron, products from
genomic contamination could be distinguished from products
resulting from cDNA. Primers for HPRTyielded a 386 bp product
from cDNAs (F, 50-ACCCCACGAAGTGTTGGATA; R;
50-TAAACAACAATCCGCCCAAA). These primers span
�1.5 kb of intronic sequence, thus products are based on
cDNA and not genomic DNA contamination. PCR reactions
were performed using standard conditions.

Functional analysis of CTRP5

CTRP5 expression and purification. The gC1q domain of
human CTRP5 (residues 100–243) was PCR amplified from
normal (163Ser) or mutant (163Arg) genomic DNA using
forward primer 50-GGA TCC GTG CCT CCG CGA TCC
GCC TTC and reverse primer 50-AGC AAA GAC TGG
GGA GCT using standard PCR conditions. Products
were ligated into an N-terminal thioredoxin fusion vector,
pBAD/Thio-TOPO (Invitrogen), containing a C-terminal
hexa-Histidine epitope tag and transformed into E. coli strain
LMG194. Expression was induced with 0.02% arabinose at
18�C, and the cells centrifuged and disrupted using a French
press in cell lysis buffer (150 mM NaCl, 50 mM Tris–HCl,
10% glycerol, pH 8.0) containing proteinase inhibitors
(Roche). The cell lysate was centrifuged for 30 min at
13 000 rpm, and fusion protein was purified with Ni-NTA super-
flow (QIAGEN), following the manufacturer’s instructions.
The proteins were added to 2� loading buffer (1% SDS,
20 mM Tris–HCl pH 6.8, 20% sucrose) and analysed by SDS–
PAGE, after which the gel was stained with Coomassie Blue
R250 or transferred to nitrocellulose membrane for western
analysis, using anti-His Tag antibody (1 : 5000; Clontech)
and HRP-labelled anti-mouse antibody (1 : 5000). Native
(non-denaturing) gels were prepared by omitting SDS and
dithiothreitol from the standard Laemmli SDS–PAGE protocol
and bands were sized using non-denatured molecular weight
standards (Sigma) run on 6, 8, 10 and 12% gels, following the
manufacturer’s protocol.

Co-transcription of MFRP and CTRP5 was tested by PCR
amplification of retinal cDNA (Clontech) using the forward
primer 50-ACA CCA CAG CCT TCC CTA ACA TCT (MFRP
exon 12) and reverse primer 50-GCT GGC ATA GAT GCC
AAT GTA GTC (CTRP5 exon 3), which gave a product of
1.858 kb, as predicted when both genes are co-expressed. PCR
was carried out using the Expand High Fidelity PCR System
(Roche) and standard conditions.

Protein solubility. Aliquots of purified protein (normal or
mutant) were kept at 37�C for 1, 2, 4, 8, 16 or 24 h, then cen-
trifuged at 12 000 rpm for 10 min, and 10 ml aliquots analysed
by SDS–PAGE and western blot. The concentrations of 20 ml
aliquots were determined from the absorbance at 595 nm using
the Coomassie Plus protein assay reagent, according to the
manufacturer’s instructions (Pierce). The time course data were
evaluated by analysis of variance using the ratio of all protein

concentrations compared with time zero. Tests for homogeneity
of variance were satisfied and standard errors were pooled over
all groups.

In vitro translation. Normal and mutant CTRP5 gC1q
domains (positions 97–243) were cloned after PCR amplifica-
tion from normal and patient genomic DNA using forward pri-
mer 50-ATG GAG TGC TCG GTG CCT CCG CGA and
reverse primer 50-AGC AAA GAC TGG GGA GCT GTG, and
standard PCR conditions. The products were ligated into pCR-
TOPO 2.1 (Invitrogen) and checked by sequencing. In vitro
expression was carried out using the TNT T7 Quick couple
transcription/translation system (Promega), in which 1 mg of
purified construct was expressed in 40 ml of TNT Quick
Master Mix containing 2 ml [35S]-methionine (>1000 Ci/mmol,
Amersham) made up to a final volume of 50 ml with sterile
distilled water. The reaction was incubated at 30�C for
90 min. Aliquots of 5 ml of each reaction were added to 40 ml
sample buffer (10 mM Tris–HCl, pH 6.8, 0.5% SDS, 20%
sucrose). All samples were resolved on standard 12% PAGE gels
containing 0.1% SDS. Gels were fixed, dried and exposed to
Kodak Biomax Film.

Mass spectrometry analysis. Matrix-assisted laser desorption
ionisation time of flight (MALDI-ToF) analysis was performed
on peptides extracted from PAGE gels after trypsin digestion
or on whole protein extracts using a Voyager-DE STR
Biospectrometry Workstation (Applied Biosystems). A mass
spectrum was obtained which confirmed that each of the
excised bands were thioredoxin-gC1q fusion protein; over
70% sequence coverage was achieved for both normal and
mutant peptides. A mass at 1089.642 Da was only observed
in the mutant and this was assigned to residues 162–170
(ARLQFDLVK), containing the 163Arg mutation. A Q-ToF I
(Mircromass UK) was used to sequence residues 115–127
and 110–114 from both the Ser163 and Arg163 forms.

Protein alignments. Public databases (dbEST, GenBank and
others) were searched using the tblastn software available at
NCBI (www.ncbi.nlm.nih.gov/) to identify CTRP5 orthologues
in other species (mouse, rat, bovine, chicken, Fugu rubripes,
zebrafish and rainbow trout). The alignment with human
CTRP5 was carried using the Clustalw tool, available at the
European Bioinformatics Institute (www.ebi.ac.uk/).

Molecular modelling. The amino acid sequences for the
normal CTRP5 gC1q domain and Ser163Arg mutant
were pasted separately into the SWISS-MODEL software
package (23) (http://swissmodel.expasy.org/), using the First
Approach mode with the supplied defaults. With the mutant
sequence, two models were found, firstly, the A-chain of
type X collagen [1gr3; P(N)¼ 4� 10�21; 41% identity] and
secondly, all three chains of adiponectin [1c28; P(N)¼
4� 10�20, 9� 10�18, 2� 10�14; 45, 38, 53% identity].
Similar results were obtained with the normal sequence.
Models were produced automatically for the C-terminal portion
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of the protein between residues Glu112 and Ser239, and used
without further refinement to generate an electrostatic surface,
using the defaults in the program GRASP (32).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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