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Abstract wnt signalling regulates multiple processes including angiogenesis, inflammation, and
tumorigenesis. Norrin (Norrie Disease Protein) is a cystine-knot like growth factor. Although
unrelated to Wnt, Norrin activates the Wnt/  -catenin pathway. Signal complex formation involves
Frizzled4 (Fz4), low-density lipoprotein receptor related protein 5/6 (Lrp5/6), Tetraspanin-12 and
glycosaminoglycans (GAGSs). Here, we report crystallographic and small-angle X-ray scattering
analyses of Norrin in complex with Fz4 cysteine-rich domain (Fz4 crp), of this complex bound with
GAG analogues, and of unliganded Norrin and Fz4 crp. Our structural, biophysical and cellular data,
map Fz4 and putative Lrp5/6 binding sites to distinct patches on Norrin, and reveal a GAG binding
site spanning Norrin and Fz4 crp. These results explain numerous disease-associated mutations.
Comparison with the Xenopus Wnt8—mouse Fz8-rp complex reveals Norrin mimics Wnt for Frizzled
recognition. The production and characterization of wild-type and mutant Norrins reported here
open new avenues for the development of therapeutics to combat abnormal Norrin/Wnt signalling.
DOI: 10.7554/eLife.06554.001

Introduction

Wnt morphogens, secreted cysteine-rich palmitoleoylated glycoproteins, play critical roles in cell-fate
determination, tissue homeostasis and embryonic development ( Clevers and Nusse, 2012 ; Malinauskas
and Jones, 2014 ). Aberrant Wnt signalling leads to cancer, osteoporosis and degenerative illnesses
(Anastas and Moon, 2013 ). Norrie Disease Protein (NDP) gene encodes Norrin (Berger et al., 1992 ;
Chen et al., 1992 ), a secreted cystine-knot like growth factor, distinct from the lipid-modified Wnt
(Willert et al., 2003 ). Norrin activates the canonical Wnt/ -catenin pathway by interaction with Wnt
receptor Frizzled4 cysteine-rich domain (Fz4cgrp), and co-receptor low density lipoprotein receptor
related protein 5/6 ectodomain (Lrp5/6 gcp), plus the auxiliary four-pass transmembrane protein
Tetraspanin-12 (Tspan-12) and glycosaminoglycans (GAGs) of heparan sulfate proteoglycans (HSPGs)
(Xu et al., 2004 ; Junge et al., 2009 ; Ke et al., 2013 ).

The Norrin mediated pathway maintains the blood-retina and blood-brain barriers ( Wang et al.,
2012) and regulates angiogenesis in the cochlea and uterus (Rehm et al., 2002 ; Ye et al., 2011 ) as well
as neuroprotective effects on retinal neurons ( Ohlmann et al., 2010 ; Seitz et al., 2010 ). Mutations in
the NDP gene and the receptor genes, FZ4, LRP5 and TSPAN-12 have been identified for vitreoretinal
diseases including Norrie Disease, Familial Exudative Vitreoretinopathy, and Coats’ Disease
(Nikopoulos et al.,, 2010 ; Ye et al.,, 2010 ; Ohlmann and Tamm, 2012 ). NDP, FzZ4, LRP5 and
TSPAN-12 knock-out mice experiments further support the notion that dysfunctional Norrin signalling
results in impaired retinal angiogenesis (Richter et al., 1998 ; Kato et al., 2002 ; Robitallle et al., 2002 ;
Xu et al.,, 2004 ; Junge et al., 2009 ). Unlike Wnts which have promiscuous interactions with Fz
receptors, Norrin specifically binds to Fz4 cgrp, but not to the 14 other CRDs of Fz and secreted

Chang et al. eLife 2015;4:e06554. DOI: 10.7554/eLife.06554

1 of 27


http://elifesciences.org/
https://creativecommons.org/
http://dx.doi.org/10.7554/eLife.06554.001
mailto:yvonne@strubi.ox.ac.uk
mailto:yvonne@strubi.ox.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.7554/eLife.06554

LI FE Biophysics and structural biology | Developmental biology and stem cells

elLife digest The cells within an animal need to be able to communicate with each other to
coordinate many complex processes in the body, such as the formation of tissues and organs. One
way in which the cells can communicate is through a pathway called Wnt signalling. Generally, one
cell releases a protein called Wnt, which binds to a receptor protein called Frizzled that sits on the
surface of the same or another cell. This activates a series of events in the cells that can change the
activity of particular genes. Wnt signalling has many roles in animals, and defects in it can contribute
to cancer and other devastating diseases.

Another protein called Norrin can also activate Wnt signalling by binding to Frizzled and another
receptor protein called Lrp5/6. This group or ‘complex’ also includes molecules called glycosami-
noglycans. In humans, mutations in the gene that encodes Norrin can cause a disease in which blood
vessels in the eye fail to form correctly, which can result in blindness. However, it is not clear how
Norrin activates Wnt signalling.

Chang et al. developed a method to produce large quantities of Norrin protein to allow them to
study the structure of the protein. Then, a technique called X-ray crystallography was used to reveal
the three-dimensional structure of Norrin when it is bound to Frizzled. The model reveals that a pair
of Norrin proteins form a complex with two Frizzled proteins and highlights particular areas of the
Norrin protein that interact with Frizzled. Molecules of glycosaminoglycan bind to a site in the
complex that spans both Norrin and Frizzled. The model also predicts that other areas of the Norrin
protein may be involved in binding Lrp5/6.

Chang et al. compared the model to the structure of a Wnt protein bound to Frizzled, which
revealed that Norrin and Wnt show some fundamental similarities in the way they bind to Frizzled.
These findings move us closer to defining the essential features of the protein complexes that modify
Whnt signalling, and may aid the development of new therapies for diseases that affect the
development of the eye.

DOI: 10.7554/elife.06554.002

Frizzled-related protein (sFRP) family members (Hsieh et al., 1999; Smallwood et al., 2007). Similar to
Whnt, Norrin (1) binds to Lrp5/6 gcp (Ke et al., 2013); (2) interacts with HSPGs and shows limited spatial
diffusion (Perez-Vilar and Hill, 1997; Xu et al., 2004; Smallwood et al., 2007, Ohlmann et al., 2010).
As well as being a potential target for therapeutic i nterventions, an understanding of Norrin mediated
signalling will also provide insights into the fundam ental features required t o trigger canonical Wnt/ -catenin
signalling.

Structural analyses of the extracellular components and interactions mediating Norrin signalling
were considered to be challenging because of the difficulties of generating recombinant Norrin
(Perez-Vilar and Hill, 1997; Shastry and Trese, 2003; Ohlmann et al., 2010). Ke et al. (2013)
reported a refolding method (from Escherichia coli inclusion bodies) to produce active recombinant
Norrin fused with a N-terminal maltose binding protein (MBP-Norrin), an advance that enabled them
to determine the crystal structure of MBP-Norrin. Here, we develop an efficient mammalian cell
expression method to produce active untagged recombinant Norrin and detail the structural and
functional properties of this potential therapeutic agent. Our crystallographic and solution studies
further reveal that dimeric Norrin forms a complex with two copies of monomeric Fz4 cgrp. Our
molecular level analysis of the Norrin—-Fz4cgp complex bound with GAG analogue, in combination
with structure-guided biophysical and cell-based studies, defines the basis for ligand recognition.
Structural comparison with the Xenopus Wnt8 in complex with mouse Fz8 cgrp (Janda et al., 2012)
shows that Norrin uses its B-strands to mimic a finger-like loop in Wnt for binding to the Fz receptor
CRD. Finally, we note that engineered Norrin mutants resulting from our analyses may be of use as
agents for blocking Wnt receptor activation.

Results
Production of biologically active Norrin

To address the challenge of producing Norrin in large quantities, we screened conditions and constructs
for Norrin expression ( Figure 1A). We found that fusion of Norrin to the C-terminus of small ubiquitin-like
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Figure 1. Expression and purification of biologically active recombinant Norrin. (A) Schematic diagrams of the expression constructs including Norrin
(a signal peptide, SP, followed by Norrin and Rho-1D4 tag at C-terminus) and SUMO-Norrin (a SP followed by a Strep-tag I, an octahistidine, SUMO, HRV
3C protease cleavage site, Norrin, and Rho-1D4 tag at C-terminus). (B and C) Conditioned media from transfected HEK293T cells were immunoblotted (IB)
with the anti-Rho-1D4 antibody. (B) SUMO fusion improves Norrin secreted expression. (C) The expression level of SUMO tagged Norrin was further
boosted for HEK-293T cells treated with valproic acid. (D) SEC elution profile and SDS-PAGE under reducing conditions with fractions analysed marked by
red lines. (E) Purified recombinant untagged Norrin actives the canonical Wnt/p-catenin pathway in the luciferase reporter assay. RLU: relative light unit.
Error bars indicate standard deviations (n = 3).

DOI: 10.7554/eLife.06554.003

modifier (SUMO) (Peroutka et al., 2008), in combination with addition of valproic acid ( Backliwal et al.,
2008), a putative histone deacetylase inhibitor, substantially boosted expression of the secreted protein
in human embryonic kidney (HEK) 293T cells Figure 1B,C). After removal of the SUMO fusion tag, the
recombinant Norrin shows a monodispersed state in size-exclusion chromatography (SEC; Figure 1D)
and is biologically active in a cell-based luciferase reporter assay (Figure 1E).

The crystal structure of Norrin and its oligomeric state in solution

We determined three crystal structures of Norrin ( Figure 2A and Table 1), using selenomethionine-
labeled protein for phasing ( Figure 2—figure supplement 1). The Norrin protein fold is identical to

that of the previously reported MBP-Norrin crystal structure ( Ke et al., 2013). Each Norrin monomer
comprises three B-hairpins (B1-p2, p3-p4 and p5-p6), a B7 strand at the C-terminus, and four
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Figure 2. Crystal structure and structural analysis of apo Norrin. (A) Schematic diagram of Norrin is rainbow coloured and disulphide bonds are drawn as

lines. Cartoon representation of dimeric Norrin. Four intramolecular disulphide bonds are shown as magenta sticks. Cys93, Cys95, and Cys131 (forming
intermolecular disulphide bridges) are shown as cyan, blue, and green sticks, respectively. Two cystine-knot motifs are marked with dotted boxes and the
filled circles denote the N- and C-termini. (B) Ribbon diagram of superpositions of Norrin molecules from the asymmetric unit of crystal form | (green,

chain A and B; cyan, chain C and D; magenta, chain E and F), crystal form Il (yellow, chain A and B; blue, chain C and D), crystal form Il (grey, chain A and
B; purple, chain C and D), and MBP-Norrin (cyan; PDB ID: 4MY2). The flexible regions are highlighted as red lines. Loop regions (31-p2 loop, p3-p4 loop,
and p5-B6 loop) show structural plasticity. The well ordered regions include the cystine-knot motifs plus intermolecular disulphide linked areas (black circle)

and two Fz4 binding sites (cyan dotted circle). (C) Representative Norrin dimer displayed with the diameter of the Ca tube defined by Ca atom B factor
(small tube means structural rigidity; large tube indicates structural flexibility).

DOI: 10.7554/eLife.06554.004

The following figure supplements are available for figure 2:

Figure supplement 1. Electron density map of Norrin structure.

DOI: 10.7554/eLife.06554.005

Figure supplement 2. Multiple sequence alignment of Norrin.

DOI: 10.7554/eLife.06554.006

Figure supplement 3. Norrin solution structure and structural analyses.

DOI: 10.7554/elife.06554.007

intramolecular disulphide bonds ( Figure 2—figure supplement 2). The two monomers assemble as
an elongated, head-to-tail, dimer ( Figure 2A) stabilized by three intermolecular disulphide bridges
(Cys93-Cys95, Cys95-Cys93, and Cys131-Cys131), in agreement with small-angle X-ray scattering
(SAXS) measurements which showed Norrin dimer in solution (Figure 2—figure supplement 3A and
Table 2). The dimer interface is further stabilized by extensive hydrogen bonds and hydrophobic
interactions (Figure 2—figure supplement 3B,C). Superposition of all molecules in the asymmetric
units from our three crystal forms with the MBP-Norrin structure ( Ke et al., 2013) showed an average
root-mean-square (r.m.s.) deviation of 1.5 A over 190 equivalent Ca atoms (Figure 2—figure
supplement 3D). On inspection the superpositions revealed a high degree of conformational
plasticity in the p1-p2, p3-p4 and p5-p6 loops (Figure 2B). The flexibility inherent in these regions is
consistent with the relatively high crystallographic B factor values ( Figure 2C). Conversely, the
structural comparisons underscore the conserved nature of the interface at the dimer core. It has
previously been noted that disruption of the dimer by either Cysteine-to-Alanine mutations of
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Table 1. Data collection, phasing and refinement statistics

Norrin- Methylated Norrin Methylated
Fz4crp-SOS Norrin-Fz4cgp Norrin Se-Met Norrin
Crystal form 1 | |
Data collection
Space group P6122 P4322 P212121 P212121 P212121

Cell dimensions

a b, c (A) 119.1, 119.1, 119.2  98.9, 98.9, 120.4  46.4,79.1, 243.3 458, 78.8, 232.8 102.7, 53.1, 96.1
a, By () 90, 90, 90 90, 90, 120 90, 90, 90 90, 90, 90 90, 90, 90
Peak
Wavelength 0.9200 0.9795 0.9686 0.9795 0.9795
Resolution (A) 47.34-3.00 49.46-2.30 65.56-2.40 116.39-3.18 33.65-2.00
(3.18- 3.00) (2.38-2.30) (2.49-2.40) (3.26-3.18) (2.05-2.00)
Roim (%) 3.1 (54.8) 4.5 (56.1) 6.1 (42.3) 2.8 (23.4) 4.1 (58.3)
I/sl 14.6 (1.6) 10.7 (1.4) 7.8 (1.9) 20.2 (3.0 9.1(1.7)
Completeness (%) 100 (100) 98.9 (97.2) 99.9 (100) 99.9 (99.9) 100 (100)
Redundancy 19.6 (20.6) 6.0 (5.6) 5.6 (5.7) 33.3(9.9 5.6 (5.8)
Refinement
Resolution (A) 47.34-3.00 49.46-2.30 65.56-2.40 33.65-2.00
(3.18-3.00) (2.38-2.30) (2.49-2.40) (2.05-2.00)
No. reflections 10,503 (1648) 26,816 (2514) 34,722 (3384) 36,272 (2635)
Rwork/ Reree 21.5/26.7 19.7/22.1 21.6/26.2 23.3/24.8
No. atoms
Protein 1759 2557 4930 3187
Ligandfion 83 39 101 a 10
Water 0 115 164 N 2
B-factors
Protein 113 63 70 57
Ligand/ion 133 71 92 73
Water 0 57 55 51
R.m.s deviations
Bond lengths (A) 0.005 0.004 0.009 0.005
Bond angles ()  1.18 093 108 a 107
Ramachandran plot
Favored (%) 95.5 97.0 96.7 97.2
Allowed (%) 4.5 3.0 3.3 2.8
PDB code 5BQC 5BQE 5BPU 5BQ8
Norrin Fz4crp Fz4crp
Crystal form i | Il
Data collection
Space group c121 P2,2:24 P64

Cell dimensions

a b, c(A) 86.8, 38.1,177.2 72.6,102.1, 1165 76.1,76.1, 204.5
a, By () 90, 94, 90 90, 90, 90 90, 90, 90
Wavelength 0.9795 0.9686 0.9686

o

Resolution (A)

44.19-2.30 (2.38-2.30)

Table 1. Continued on next page

41.77-2.20 (2.27-2.20)

47.37-2.40 (2.49-2.40)
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Table 2. Molecular properties of the proteins determined by SAXS

Volume porod MWrheoretical MWpieasured MWyicasured
Proteins N-Glyc state Ry (nm)* Dax (nm)t (V, [nm?)) (kDa)t (KDa)$§ (KDa)#
Fzdcro  deglyet 198 693 330 171 (monomer) 159 199
Frero C glye 224 784 a1 214 (monomer) 237 Y
Norrin - 274 918 374  272(dime 335 25
Norrin-Fz4crp deglyc 3.41 11.92 93.8 61.3 (2:2 complex) 57.9 56.5

*Rg is Radius of gyration, calculated from Guinier plot using AutoRg (Petoukhov et al., 2012).

TDmax is the maximum dimension of the particle, calculated by GNOM (Svergun, 1992).

1The theoretical molecular weight (MWreoretical) is predicated from amino acid sequence plus the molecular weight of N-linked glycans (see ‘Materials
and methods’, SEC-MELS analysis for detailed information of calculation).

8The measured molecular weight (MW easured) is calculated from forward scattering of sample (I(0)) by comparison with reference bovine serum
albumin (BSA).

#The measured molecular weight (MWieasured) is obtained by dividing the Volume Porod (V,, [nm?®)) by 1.66 (Rambo and Tainer, 2011).

1 The proteins were produced from HEK293T cells in the presence of kifunensine with limited glycosylation and treated with endoglycosidase-F;.
**The proteins were produced from HEK293T cells with full glycosylation.

DOI: 10.7554/elife.06554.009

Assessment of the monomeric states of Fzcgp in solution

Fz receptors are members of the GPCR family (Nichols et al., 2013), known for formation of receptor
dimers, although it is unclear whether dimerization is mediated by the CRD, transmembrane helices or
intracellular domain. In the case of Fz4, p-galactosidase complementation in combination with
bioluminescence resonance energy transfer and split-yellow fluorescence protein assays suggest that
Fz4 exists as dimer on the cell membrane in the absence of Norrin or Wnts ( Kaykas et al., 2004;
Ke et al., 2013). However, ligand-independent receptor dimerization of Fz4 is not sufficient to
activate signalling (Xu et al., 2004; Ke et al., 2013). Interestingly, we found that our Fz4 crp Structures
form the same dimeric assembly in two crystal lattices (r.m.s. deviation of 0.7 A over 238 equivalent C a
atoms from two crystal forms; Figure 3—figure supplement 2A). The dimer interface has an average
1330 A2 buried surface area, in agreement with the characteristics of known protein—protein interfaces
(Lawrence and Colman, 1993). However, this Fz4crp dimer (front-to-front) is distinct from the previously
reported crystal structure of mouse Fz8 crp dimer (back-to-back; Figure 3—figure supplement 2B)
(Dann et al., 2001). We were therefore curious to assess the dimerization characteristics of the CRDs of
Fz receptors. Size-exclusion chromatography coupled to multi-angle light scattering (SEC-MALS) results
(Figure 3B and Table 3) showed Fz4cgrp, FZ5crp and Fz8:rp exist as monomers in solution at 50 pM
concentration, in agreement with previously reported SEC studies of Fz8 crp and SEC-MALS analyses of
MuSKcrp and Smocgp (Stiegler et al., 2009; Nachtergaele et al., 2013). SAXS measurements further
support the conclusion that Fz4 cgrp is monomeric in solution at 290 pM concentration ( Figure 3C,D).
Taken together, our results suggest that the CRDs of Fz receptors exist as monomers and may not be
involved in receptor dimerization; multiple GPCRs dimerize through their hepta-helical transmembrane
domains (Rios et al., 2007). However, we cannot exclude the possibility that in the environment of
the cellular membrane the weak interaction propensities of the CRDs, in combination with the
transmembrane domains, are important for the dimerization of Fz receptors.

The crystal structure of Norrin in complex with Fz4crp

We purified Norrin—Fz4 crp complex (Figure 4—figure supplement 1A) and determined the crystal

structures of methylated Norrin—-Fz4 crp (dimethylated surface-exposed lysine residues;
Figure 4—figure supplement 1B,C) and Norrin—-Fz4cgrp—SOS (complex bound with heparin mimic
sucrose octasulfate, SOS; Figure 4A and Figure 4—figure supplement 1D) at 2.3 A and 3.0 A
resolution, respectively (Table 1). These two complex structures show different stoichiometries: a 2:1

complex for the methylated Norrin—-Fz4 cgp and a 2:2:2 stoichiometry for the Norrin—Fz4 crp—SOS
complex, the architecture of which resembles a butterfly ( Figure 4A). The Norrin—Fz4crp binding

interface is conserved between the complex structures ( Figure 4—figure supplement 1E). Each
Fz4c-rp interacts one-to-one with a separate Norrin chain, burying on average 1680 A? of surface area.
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Figure 3. Crystal and solution structures of unliganded Fz4cgrp. (A) Schematic domain organization (SP, signal peptide; TM. transmembrane domain; CD,
cytoplasmic domain). Crystallization constructs are rainbow coloured. Disulphide bonds are drawn and blue hexagons denote N-linked glycosylation sites.
Cartoon representation of Fz4cgp in rainbow colouring. N-linked N-acetyl-glucosamines (GlcNAc) and disulphide bonds are shown as blue sticks. (B) SEC-
MALS experiments. The red line represents the molecular weight (left ordinate axis) and black lines show the differential refractive index (right ordinate
axis) as well as SDS-PAGE (Inset). The numbers denote the corresponding molecular weights of each peak. (C and D) SAXS analyses of deglycosylated and
glycosylated Fz4crp solution structures. The experimental scattering data (black circles) and calculated scattering patterns (coloured lines) are shown and
the Fzdcgp solution structure model is presented. The upper right inset shows the experimental (black circles) and calculated (coloured lines) Guinier
region. The dashed lines delimit the range of fitting for Ry analysis (Rg:S < 1.3). The bottom right inset shows the experimental (black circles) and
calculated (coloured lines) pair distance distribution P(r) curve.

DOI: 10.7554/elife.06554.010

The following figure supplements are available for figure 3:

Figure supplement 1. Multiple sequence alignment and structural analysis of cysteine-rich like domains.
DOI: 10.7554/eLife.06554.011

Figure supplement 2. Distinct dimeric assembly of Fz4crp and mouse Fz8crp observed from crystal structures.
DOI: 10.7554/elife.06554.012

To investigate the preference for complex formation in a 2:1 or 2:2 stoichiometry, we performed SEC-
MALS (Figure 4B) and SAXS Figure 4C) measurements in the absence of SOS. Both methods show
Norrin interacts with Fz4 cgp in a 2:2 stoichiometry. Lysine methylation of the Norrin—Fz4 crp complex
was used to facilitate crystal lattice formation ( Walter et al., 2006; Malinauskas et al., 2011), and on
close inspection of the structure we found Lys102 and Lys104, two residues which contribute to the
Norrin—Fz4cgp interface, (see next section) are dimethylated in the uncomplexed subunit of the Norrin
dimer (Figure 4—figure supplement 1C), and contribute instead to a lattice contact. This observation
suggests that the 2:1 stoichiometry merely reflects the favourable crystallization characteristics of a
sub population of asymmetrically methylated Norrin—-Fz4 crp complexes. Thus although the

Chang et al. eLife 2015;4:e06554. DOI: 10.7554/eLife.06554 8 of 27
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Table 3. Molecular properties of the proteins determined by SEC-MALS

Protein Number of N-glyc sites N-Glyc state MWrpcoretical (kDa)f MWpeasured (KDa)
Frlero 2  deglyc* 171 (monomer) 157+ 04
Fz4crp 2 glyct 21.4 (monomer) 236+ 0.3
mFz5crp 2 glyct 22.2 (monomer) 239+ 0.9
mFz8crp 2 glyct 22.1 (monomer) 237 +02
Norrin—Fzdcrp 4 (2:2 complex) deglyc* 61.3 (2:2 complex) 60.1+ 04
Norrin—Fzdcrp 4 (2:2 complex) glyct 69.9 (2:2 complex) 613+ 05

*The proteins were produced from HEK293T cells in the presence of the N-glycosylation processing inhibitors,
kifunensine resulting in limited glycosylation and were treated with endoglycosidase-F;.

tThe proteins were produced from HEK293T cells with full glycosylation.

1The measured molecular weight (MWeasured) is in general agreement with theoretical molecular weight
(MW eoretical) Predicated based on the primary sequence plus the molecular weight of N-linked glycans

(see '‘Materials and methods’, SEC-MELS analysis for detailed information of calculation).

DOI: 10.7554/elife.06554.013

methylated Norrin—Fz4 crp structure usefully provides high-resolution information for the ligand—
receptor interface ( Figure 4—figure supplement 1F), the Norrin—-Fz4cgp—SOS structure defines the
overall architecture of the native complex ( Figure 4A). The two Fz4crp diverge from the Norrin dimer
without contacting each other ( Figure 4A), and with their C-termini suitably oriented for attachment
to the same cell surface.

The Norrin—Fz4crp complex has a novel architecture; the mode of interaction of Norrin is distinct
from that of other cystine-knot secreted growth factors (transforming growth factor- f, bone
morphogenetic protein, platelet-derived growth factor, and vascular endothelial growth factor) with
either their receptors or antagonists ( Figure 4—figure supplement 2).

Neither Norrin nor Fz4 crp undergoes large conformational changes upon complex formation,
although the flexibility of residues involved in the binding interface is reduced ( Figure 4—figure
supplement 3). Interestingly, superposition of the Norrin—-Fz4 -rp complex and the previously reported
MBP-Norrin structure resulted in steric clashes between the Fz4 cgp and the MBP (Figure 4—figure
supplement 4). This suggests that MBP hinders Norrin interaction with Fz4 cgp consistent with MBP-
Norrin only having half of the signalling activity of untagged Norrin ( Ke et al., 2013).

Analyses of binding interfaces

At the ligand—receptor interface ( Figure 5A) two p-hairpins in Norrin (p1-p2 and p5-p6) contact three
loops in Fz4crp (I, Il, and 1ll). Fz4rp loop | hydrogen bonds to Norrin ( Figure 5B). Fz4crp loop I
makes extensive hydrophobic contacts plus one salt-bridge (Fz4 crp Lys109 with Norrin Asp46;
Figure 5C). Fz4crp loop 11l interacts with Norrin via an extensive hydrogen bond network as well as
hydrophobic contacts ( Figure 5D). Interactions with SOS involve the positively charged residues of
Lys58, Arg107, Arg109, and Argl115 on Norrin, plus His154 and Asn155 on Fz4 cgp loop Il (Figure 5E).
These residues define a likely binding site for GAGs, in agreement with previous reports of Norrin
interactions with extracellular matrix and heparin ( Xu et al., 2004; Ohlmann et al., 2010).

Verification of Fz4 binding site

The Norrin—Fz4 interface revealed in our crystal structures (Figure 6A,B) is in excellent agreement with
reported disease-associated mutations ( Figure 6C) and surface residue conservation (Figure 6D).
We performed mutagenesis and functional assays to verify this Fz4 binding site. Surface plasmon
resonance (SPR) experiments Figure 6E and Figure 6—figure supplement 1A) show a micromolar
equilibrium dissociation constant between Norrin and Fz4 crp. Mutations of either H43N/V45T or
L61N/A63S, which resulted in the introduction of an N-linked glycosylation site in the Fz4 binding site
on Norrin, completely abolish the interaction ( Figure 6—figure supplement 1B). Norrin disease-
associated mutants V45E and L61P/A63D lose binding affinity for Fz4 crp (Figure 6—figure
supplement 1C), as do mutants R41E/H43E and R38E/R41S/H43E/K102E/K104E Eigure 6—figure
supplement 1D). In contrast, Norrin mutants L52N/K54S and M114N/L116S (to introduce an N-linked
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