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ABSTRACT

Functional and Structural Study of
Norrin/Frizzled4 Signaling Complex
Injin Bang
Department of Biological Sciences
The Graduate School
Seoul National University

Wnt signaling is initiated by Wnt ligand binding to the extracellular ligand binding
domain, called the cysteine rich domain (CRD), of a Frizzled receptor (Fzd), a class
F G protein coupled receptor (GPCR). Involvement of Wnt signaling in many
diseases has made it popular subject to study but the regulation and activation
mechanism is still obscure. Norrin, an atypical Fzd ligand, specifically interacts
with Fzd4, to activate β-catenin-dependent canonical Wnt signaling. Much of the
molecular basis that confers Norrin the selectivity in binding to Fzd4 was revealed
through the structural study of the Fzd4CRD-Norrin complex. However, how the
ligand interaction, seemingly localized at the CRD, is transmitted across full-length
Fzd4 to the cytoplasm remains largely unknown. Here, I show that a flexible linker
domain, which connects the CRD to the transmembrane domain (TMD), plays an
important role in Norrin signaling. The linker domain directly contributes to the
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high affinity interaction between Fzd4 and Norrin as shown by ~10 fold higher
binding affinity of Fzd4CRD to Norrin in presence of the linker. Swapping the Fzd4
linker with the Fzd5 linker resulted in the loss of Norrin signaling, suggesting the
importance of the linker in ligand-specific cellular response. In addition, structural
dynamics

of

Fzd4

associated

with

Norrin

binding,

investigated

by

hydrogen/deuterium exchange mass spectrometry (HDX-MS) revealed Norrininduced conformational changes on the linker domain and the intracellular loop 3
(ICL3) region of Fzd4. Cell-based functional assays showed that linker deletion,
L430A and L433A mutations at ICL3, and C-terminal tail truncation displayed
reduced β-catenin-dependent signaling activity, indicating the functional
significance of these sites. Bioluminescence resonance energy transfer (BRET)
assay confirmed that this decreased in signaling potency is due to reduced
Dishevelled (Dvl) recruitment. Together, my results provide functional and
biochemical dissection of Fzd4 in Norrin signaling and hint at the activation
mechanism of class F GPCR. Further elucidation of the molecular mechanism of
how these residues/regions and linker work together to propagate the canonical
signaling will require more structural studies.
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Chapter 1. Introduction
1.1.

Background on Wnt signaling

Wnt signaling is one of the most highly conserved signaling pathway in animal
kingdom, as it has been shown to be present in all phyla from a metazoan to a
human (Loh, van Amerongen, & Nusse, 2016). Its universal and ingrained presence
indicates the extreme importance of its role in living organisms. It has astoundingly
pleiotropic effects in development, tissue homeostasis and metabolism and many
reviews are available on this topic (Clevers, 2006; Sethi & Vidal-Puig, 2010;
Steinhart & Angers, 2018). Given its diverse role, the precise orchestration of its
signaling pathway is critical and the disruption of this pathway can lead to various
diseases including osteoarthritis, neurodegenerative diseases, and cancers (Logan
& Nusse, 2004).
It has been almost 40 years since the first discovery of mammalian Wnt
and many details of the signaling pathway have been worked out. In human, total
19 subtypes of Wnts were found. They specifically and yet promiscuously bind to
a family of receptors called Fzd. Although Fzd is the main receptor, Wnt signaling
was shown to require co-receptors in addition including LRP5/6, RYK and ROR
(Green, Nusse, & van Amerongen; Tamai et al., 2000). When activated,
Dishevelled (Dvl) is recruited to the signaling complex and act as the versatile main
scaffold protein (Boutros & Mlodzik, 1999; Wharton, 2003). Number of inhibitors,
like sFRPs, and WIF were reported as well (Hsieh et al., 1999; Salic et al., 1997;
Surmann-Schmitt et al., 2009; S. Wang et al., 1997). In the earlier years, much
focus has been on the –catenin dependent signaling of Wnt, termed ‘canonical’ as
the interest was piqued by the fact that mutation of –catenin was common in
cancers (van Amerongen & Nusse, 2009). It is so far the best characterized
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signaling pathway, but other signaling pathways initiated by the interaction of Wnt
and Fzd, collectively called ‘non-canonical’, are also being explored. Schematic of
the signaling pathway is shown in figure 1.1. How these different pathways crosstalk and regulate each other is of great interest, as Wnt signaling has a great
potential as a therapeutic target. My thesis focuses on the canonical Wnt signaling.
Implication of Wnt in a number of diseases is certainly intriguing but only
few attempts at drugs have been made so far. The truth is that previous researches
have revealed much about the players in the signaling but only limited information
on the precise mechanism of activation and regulation. Success in targeting this
pathway would require more profound understanding of the signaling mechanism.
There are many hurdles that hampered the research progress in Wnt signaling. In
fact, the sheer complexity of the pathway itself presents a challenge and the high
instability of Wnt ligand in aqueous environment makes it difficult to do most of
the in vitro experiments.
I chose to look at the events at the cell membrane. It is presumably where
the first decision of the pathway is made and I can narrow down my scope and start
with the minimal signaling complex that is the ligand and receptor system.
Molecular features associated with a particular signaling will be identified. To
circumvent the issue of hydrophobicity of Wnt, Norrin was chosen as the ligand of
interest instead of Wnt, as it can activate canonical Wnt signaling pathway with
Fzd4, yet the protein does not have the lipid moiety like Wnt.

2

3

Figure 1.1 Schematics of Wnt signaling pathway. (A) When Wnt signaling is
inhibited, destruction complex functions by promoting β-catenin degradation.
Ubiquitination of Fzd by RNF43/ZNRF3 also act as a negative regulation by
promoting endocytosis of Fzd. (B) β-catenin dependent signaling is active.
Phosphorylation of LRP6 and following reaction results in sequestration of
destruction complex. Glycogen synthase kinase-3β (GSK-3β) kinase activity is
inhibited. β-catenin accumulates in cell and is imported into nucleus. T-cell
factor/lymphoid enhancer factor (TCF/LEF) target genes are transcribed. (C)
Planar cell polarity (PCP) and Ca2+ pathways are shown
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1.1.1.

Fzd, the class F GPCR

Fzd is a class F GPCR and has 7 transmembrane (TM) helices with extra 8th helix
at C-terminus. At the N-terminus, signal sequence is followed by the ligandbinding CRD domain (Dann et al., 2001). CRD is connected to TMD through
‘linker’ region. TMD is interspersed with short intra- and extracellular loops. Fzd
has high level of conservation in TM helices among its subtypes. The linker and Ctail region vary greatly both in length and amino acid composition. For instance,
the shortest Fzd4 linker consists of 40 amino acids while the longest Fzd8 linker
has 100 amino acids. The sequence analysis of this divergence classifies Fzd into
four phylogenetic groups. Fzd4 is phylogenetically closest to Smoothened (SMO),
the most well-studied class F GPCR. Out of 10 mammalian Fzd subtypes, Fzd4
was the favored choice for structural studies due to its short linker and C-tail. In
fact, the structure of TM region of Fzd4 was solved through crystallography, the
first and so far, the only TMD structure of Fzd to be available (Fig. 1.2A).
Majority of work on structure and conformational dynamics of GPCRs
have been focused on class A GPCRs. For class F, the structural study of SMO only
gives the indirect glimpse into the molecular mechanism of Fzd family (Byrne et
al., 2016; X. Zhang et al., 2017). Fzd4 TMD structure (Yang et al., 2018) is also
limiting as the truncated CRD domain is actually essential for the ligand interaction
and needless to say, ligand response is a crucial aspect of any type of cell signaling.
Fzd has long been disputed as being the unconventional GPCR (Gunnar Schulte &
Bryja, 2007; G. Schulte & Wright, 2018), and the need for Fzd specific structural
studies is ever mounting. There are many attributes that Fzd do not share with class
A GPCRs. Fzd lacks D(E)RY, CWXP, and NPXXY motif that are known as
‘molecular switch’ for class A GPCR activation. Instead, Fzd has its own
KTXXXW motif at helix8 and a recent study suggests R6.32, following the
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Ballesteros and Weinstein GPCR nomenclature (Wright et al., 2019), is the
functionally important molecular feature. Complete structural evaluation of
inactive and active Fzd is needed to confirm these studies.
Structural study of Fzd has made more progress on the extracellular side.
A few representative structures of ligand binding domain, CRD are available both
apo and ligand bound form (Fig. 1.2B, 1.2C) (Janda et al., 2012; Nile et al., 2017).
Wnt has two binding sites on CRD; one site is highly conserved across Fzd
subtypes and strongly binds to lipid moiety of Wnt and the other, less conserved,
appears to confer specificity to ligand and receptor binding. One interesting
discovery from the structures was lipid-mediated dimerization of CRD. It
implicates that Fzd can dimerize through CRD. Oligomerization is important
feature of GPCR signaling. It is considered to be a mode of allosteric regulation.
Some studies on the oligomerization of Fzd have been reported recently (DeBruine
et al., 2017; Petersen et al., 2017). Wnt5a was shown to induce Fzd4
oligomerization while another study exhibited an opposite effect with the same
Wnt5a. The relationship between oligomerization and ligand binding is suspected
to be an important part of signal regulation but more work needs to be done to
determine the correlation between Fzd oligomerization and downstream signaling.
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Figure 1.2 Published structures of Fzd subdomains. (A) shows TMD of Fzd4
(Yang, Wu, Xu, de Waal, He, Pu, Chen, DeBruine, Zhang, Zaidi, Popov, Guo, Han,
Lu, Suino-Powell, Dong, Harikumar, Miller, Katritch, Xu, Shui, Stevens, Melcher,
Zhao, & Xu, 2018). (B) From left to right, structures of CRD of Fzd7 with lipid
and without lipid to mediate the dimeric interface, and CRD of Fzd5 with another
dimeric interface (Nile, Mukund, Stanger, Wang, & Hannoush, 2017). (C) Structure
of Xenopus Wnt8 in complex with Fzd8. All the PDB IDs are written below the
structure (Janda, Waghray, Levin, Thomas, & Garcia, 2012).
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1.1.2.

Norrin, the Norrie disease protein

Norrin is an atypical Wnt ligand. Mutations in Norrin severely affect normal retinal
development, and cause genetic diseases like Norrie disease and familial exudative
vitreoretinopathy (FEVR) (Berger, 1998; Ye et al., 2009). It is a ligand of high
specificity and affinity to Fzd4, and the interaction with Fzd4 activates canonical
signaling in presence of canonical signaling co-receptor, LRP5/6 (Xu et al., 2004).
All three components are necessary to activate the signal cascade. Both the
structure of Norrin alone in MBP-tagged form and the one bound to CRD of Fzd4
were published (Fig. 1.3A and 1.3B respectively) (Chang et al., 2015; Ke et al.,
2013). The stark difference in structure between Wnt and Norrin is evident. Norrin
has a cystine-knot motif and exists as a homodimer held together by three
intermolecular disulfide bonds (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones,
2015; Janda, Waghray, Levin, Thomas, & Garcia, 2012).
From their disparate structure, it is difficult to guess that they share a
common function. Unlike Wnt, in which a palmitoleic acid lipid group is attached
at a conserved serine (Janda, Waghray, Levin, Thomas, & Garcia, 2012), Norrin is
not lipid-modified. The molecular basis of the specific interaction of Norrin with
Fzd4 shows two CRD molecules interact with a head-to-tail Norrin dimer in a 2:2
stoichiometry (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones, 2015). A
structural comparison of the Fzd4CRD-Norrin complex with the Fzd8CRD-Xenopus
Wnt8 (XWnt8) complex showed that the binding surface on the CRD for Norrin
overlaps with that for the Wnt finger loop, but the lipid-mediated interaction of
XWnt8 is missing in Norrin (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones,
2015; Janda, Waghray, Levin, Thomas, & Garcia, 2012). It seems evident that the
detailed mechanism may differ, even though Norrin and canonical Wnts share the
downstream signaling output, namely turning on the transcription of target genes
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through -catenin. For instance, Norrin signaling is enhanced by Tspan12 while
Wnt is unaffected (Junge et al., 2009; Lai et al., 2017). On the other hand, Gpr 124
is essential for Wnt7a/b signaling, but not for Norrin and other canonical Wnts
(Vanhollebeke et al., 2015; Zhou & Nathans, 2014). Also, the natural homodimeric
state of Norrin differs from the natural monomeric state of Wnt. This may have
consequential effect on the oligomeric state of Fzd when the ligand binds. It is
naturally suspected that homodimeric Norrin would induce Fzd4 dimerization
while for Wnt, oligomerization is more questionable as previous researches showed
mixed results (DeBruine, Ke, Harikumar, Gu, Borowsky, Williams, Xu, Miller, Xu,
& Melcher, 2017; Ke, Harikumar, Erice, Chen, Gu, Wang, Parker, Cheng, Xu,
Williams, Melcher, Miller, & Xu, 2013; Petersen, Wright, Rodriguez, Matricon,
Lahav, Vromen, Friedler, Stromqvist, Wennmalm, Carlsson, & Schulte, 2017).
It is assumed that the signaling of canonical ligands converge at one point
but exactly when and how that happens is up to speculation. Elucidating the
molecular mechanism of activation of Norrin/Fzd4 signaling complex will further
our understanding of the ligand specificity and response of the immensely complex
Wnt signaling system.
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Figure 1.3 Structure of (A) MBP-Norrin and (B) Norrin bound to CRD.
Norrin is colored green and light yellow in both structures and PDB IDs are
written below. (A) MBP tags are colored brown and green (Ke, Harikumar, Erice,
Chen, Gu, Wang, Parker, Cheng, Xu, Williams, Melcher, Miller, & Xu, 2013). (B)
CRDs of Fzd4 are shown in purple and cyan (Chang, Hsieh, Zebisch, Harlos,
Elegheert, & Jones, 2015).
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1.2.

Current trend in GPCR structural studies

X-ray crystallography in lipid cubic phase (LCP) is currently the favorite tool for
structural evaluation of membrane proteins. After first human GPCR was
crystallized, there was exponential increase in the number of GPCR structures
solved through crystallography. However, getting enough material for
crystallography is often challenging and finding the crystal hit is a chance based
process. In addition, while it is still the most useful technology for high resolution
structures, it is also limited by the fact that a crystal structure provides only a
thermodynamically static view of a protein. The structural dynamics of a protein
are as important as its static structure in understanding its function. In silico
molecular dynamics (MD) simulation often accompany structural data to offer
insight into actual conformational movement of a protein. Experimentally, filling
this missing information, hydrogen/deuterium exchange mass spectrometry
(HDX-MS) has been successfully used to probe the ligand-mediated dynamic
conformational change of GPCRs before (West et al., 2011). A few other methods
based on spectroscopy also exist for the study of dynamics. Currently surging
interest is in cryo-electron microscopy (cryo-EM) to solve both the molecular
structure and the dynamics. After the ‘resolution revolution’ in 2013, it quickly
gained momentum in establishing itself as a routine tool to solve a large protein
structure (Glaeser, 2019; Murata & Wolf, 2018). The technique is not without its
caveats, for example the size limitation, but it is certainly becoming the most
powerful tool that can handle both high resolution and dynamics.
In addition to these tools, structural study of GPCRs have been greatly
aided by antibodies, especially a special class of a single-domain antibody
fragment, termed ‘nanobody’. An antibody has an ability to recognize a specific
antigen with high affinity. It can be screened to find the one that stabilize GPCR
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in a particular conformation associated with a particular signaling activity, and
this has helped solve various GPCR structures in both crystallography and cryoEM. Due to its useful properties, nanobodies have been successfully implemented
as a probe for GPCR signaling as well, both in vitro and in cells. So far, the
mentioned techniques are yet to be successfully applied to Fzd family.

1.3.

Overview

In brief, I studied Fzd4/Norrin complex as the model system for canonical Wnt
signaling pathway. Chapter 3 Results is organized into three subchapters. In 3.1
Purification chapter, I show the purification results and optimization steps for
major proteins used in this project and prove their functionality with cell-based
signaling assay or ligand binding. Chapter 3.2 is the the structural study of this
complex. Topics of oligomerization and dynamics are discussed here. Multi angle
light scattering (MALS), and BRET analysis were done to study oligomerization.
Conformational dynamics were evaluated with HDX-MS 1 , computational
modeling, and molecular dynamics (MD) simulations2. These two analyses were
done through collaboration and the data are mentioned briefly here. All the data
from collaboration are presented in Appendix. Through these combinatorial
efforts, I found that Norrin indeed induces oligomerization of Fzd4 and identified
linker region and residues in ICL3 as potentially important for signaling. In

1
2

HDX-MS analyses was done by Hee Ryung Kim
Computational analyses were mostly done by Andrew H. Beaven and Gyu Rie
Lee
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chapter 3.3, I further confirmed the importance of the identified regions by
comparing binding affinity for ligand and potency to activate canonical signaling.
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Chapter 2. Material and Methods
2.1.

Protein expression and purification

2.1.1.

Expression and purification of Fzd4

Mus Musculus full-length Fzd4 (41-537), excluding signal sequence, was
expressed in Spodoptera frugiperda (Sf9) cells using a Bac-to-Bac Baculovirus
Expression System (Invitrogen), with FLAG tag at N-terminus and His tag or green
fluorescent protein (GFP)-His tag at C-terminus. Human rhinovirus 3C (HRV3C)
protease site was introduced between Fzd4 and GFP to enable tag elimination. Sf9
cells were infected with recombinant baculovirus and harvested 48 hours after
infection. Cell pellets were lysed in hypotonic buffer (10 mM Tris-Cl, pH 8.0, 1
mM EDTA) with protease inhibitors (benzamidine and leupeptin). Fzd4 was
extracted from the membrane by solubilization with 1.0% (w/v) n-dodecyl-β-Dmaltopyranoside (DDM, Anatrace) supplemented with 0.1% (w/v) cholesteryl
hemisuccinate (CHS, Anatrace). After centrifugation at 18,000 rpm for 25 min, the
supernatant was collected and incubated Nickel-nitrilotriacetic acid (Ni-NTA) resin
and eluted with imidazole. The elution fraction with Fzd4 was further purified with
anti-DYKDDDDKA G1 affinity resin (Genscript). Bound protein was eluted from
the resin with a FLAG elution buffer, consisting of 20 mM HEPES at pH 7.5, 100
mM NaCl, 0.05% DDM, 0.005% CHS, and 100 g/mL FLAG peptide. Eluted
protein was loaded onto a Superdex 200 10/300 GL column, which was preequilibrated with 20 mM HEPES at pH 7.5, 100 mM NaCl, 0.05% DDM, and 0.005%
CHS. A sharp symmetric peak was observed in the profile. The fractions containing
Fzd4 were pooled together and concentrated.
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2.1.2.

Expression and purification of Norrin and Fzd4 subdomain

Human Norrin (29-133) with a cleavable maltose binding protein (MBP) tag at its
N-terminus was expressed in Sf9 cells using the BestBac protocol (Expression
System). Fzd4CRD (41-163), Fzd4CRDlinker (41-203), which was designed to prevent
Fzd4CRDlinker from having an unpaired Cys residue (C204), and Fzd4CRD5linker (164203 of Fzd4CRDlinker was replaced with the residues 153-221 of Fzd5 linker) with a
C-terminal His6 tag were similarly expressed in Sf9 cells. The cell medium was
harvested 60 h after infection and was incubated with amylose resin (MBP-Norrin)
or Ni-NTA resin (Fzd4CRD and Fzd4CRDlinker, Fzd4CRD5linker, and Fzd4CRDlinker E180K,).
Each bound protein was eluted with 20 mM maltose (MBP-Norrin) or 200 mM
imidazole (Fzd4CRD, Fzd4CRDlinker, Fzd4CRD5linker). Final purification was carried out
by size-exclusion chromatography (SEC) with a Superdex 200 column.
To make the Fzd4-Norrin complex, purified Fzd4 and MBP-Norrin were
mixed and incubated at 4ºC overnight in the presence of HRV3C protease. The
Fzd4-Norrin complex was then purified by gel filtration chromatography with a
Superdex 200 column.

2.2.

Thermofluor assay

50 M protein samples were incubated with 7-diethylamino-3-(4’-maleimidylphenyl)-4-methylcoumarin (CPM) dye at 1 mM concentration for 30 minutes at
room temperature (RT). Fzd4 was solubilized and purified in DDM so for the
change of detergent to lauryl maltose neopentyl glycol (MNG) or MNG/glycoldisogenein (GDN), Fzd4 was incubated with the new detergent for at least 1 hour
before the experiment. The fluorescence from the protein-dye mixture was

16

measured in temperature range 40 to 60C. The heating was done in steps of 5C
and protein was incubated at the temperature for 15 mins before the fluorescence
measurement at 470 nm. Blank measurements were made with buffer and
subtracted as reference. Graphs were plotted with Graphpad (Prism)

2.3.

SEC-MALS analysis

Each purified sample of Fzd4, Fzd4-Norrin complex, Fzd4CRD, and Fzd4CRDlinker (1
mg/mL concentration) was injected into a Superdex 200 Increase 5/150 GL column
in 20 mM HEPES pH 7.5, 100 mM NaCl, 0.05% DDM, 0.005% CHS, and the
signal was monitored with three detectors: a UV detector, a MALS detector (Wyatt
TREOS), and a differential refractometer detector. The collected data was analyzed
using the protein conjugate method in ASTRA 6 software, distributed by Wyatt
technology. The dn/dc for protein was taken to be 0.185, while that for DDM was
set to 0.1435, following the product description of DDM on the Anatrace website.

2.4.

Fluorescence-detection SEC (FSEC) analysis

20 μL of purified Fzd4CRD-Norrin and Fzd4-Norrin complex at the designated
concentration (1, 0.5, 0.2, 0.05, 0.02 μM) was injected into a Superdex 200 Increase
5/150 GL column in 20 mM HEPES pH 7.5, 500 mM NaCl, 10% glycerol, 0.04%
DDM, and 0.004% CHS. The intrinsic tryptophan fluorescence of the proteins was
detected by an Agilent 1260 Infinity fluorescence detector (Agilent Technologies),
with the excitation set at 295 nm and emission at 340 nm.
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2.5.

MST affinity measurement

MicroScale thermophoresis (MST) affinity measurements were performed using a
NanoTemper Monolith NT.115pico instrument. Purified MBP-Norrin was labeled with
NT-647 (Cy5) using the Monolith NT.115 Protein Labeling kit. Labeled MBP-Norrin
was used at a concentration of ~ 5 nM. Each unlabeled Fzd4CRD, Fzd4CRDlinker, and
Fzd4CRD5linker was titrated in 1:1 serial dilutions in MST optimized binding buffer (20
mM HEPES pH 8.0, 500 mM NaCl, 0.5 mg/mL BSA, 0.05% (v/v) Tween20), with
the highest concentration of 2 μM (Fzd4CRDlinker), 6 μM (Fzd4CRDlinker E180K) and 50
μM (Fzd4CRD and Fzd4CRD5linker). After 10 min incubation of each mixture at RT, each
sample was filled into Monolith NT.115 hydrophobic capillary. The measurements
were performed at 10% LED power and 40% MST power at 22 ℃.

2.6.

Cell-based Fzd4 activity assay

All Fzd4 constructs were subcloned in the pcDNA3.1A vector with an N-terminal
FLAG tag. Five C-tail truncate mutations Fzd4504, Fzd4507, Fzd4517, Fzd4521 and
Fzd4525 were made, each named after the position of truncation: 504 means the Ctail is truncated after the 504th residue. Six point mutations at intracellular loops,
three FEVR-associated mutations in the linker, and two linker deletion mutations
were also constructed: S249A, L329A, R247A, Y250A, L430A, L433A, M157V,
E180K, C181R, ∆167-176, and ∆177-200. The linker swap construct, labeled as
Fzd45linker, contains Fzd5 linker (153-221) instead of Fzd4 linker (164-203). Fulllength human LRP6 in pcDNA was also co-transfected as it is a critical co-receptor
for the canonical Wnt pathway. Human Norrin in the pRK vector was cotransfected when necessary. The well-established TOPflash reporter plasmid
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system was used to monitor the activation of the Wnt canonical pathway. Renilla
luciferase (RLuc) plasmid was co-transfected as a control to normalize the
TOPflash luminescence signal. HEK293A cells were seeded with 30,000 cells per
well in a 96-well dish prior to transfection. The total amount of DNA per well was
kept constant at 130 ng, and Lipofectamine 3000 (Life technologies) was used as
the transfection reagent. 24 h after transfection, the luciferase signal was detected
following the Dual Luciferase Reporter Assay System (Promega) protocol with
microplate luminometer LB96V (Berthold). The TOPflash signal was normalized
by the Renilla signal, and the graph was plotted using Graphpad (Prism).

2.7.

BRET assay

BRET constructs were subcloned in pcDNA3.1A. RLuc was fused to the Cterminal end of either full-length Fzd4 (41-537) or mutants (Fzd4N200, R247A,
L430A/L433A, Fzd4504) separated by a GGGGS linker. Fzd4ΔN200 construct (201537) was designed to delete Norrin binding region (the CRD and the linker) but
includes the C-terminal eight amino acids of the linker, to keep a disulfide bond
between C204 and C282. BRET pair for muscarinic receptor 2 (M2R) was also
constructed to be used as the negative control. For Dvl2, yellow fluorescent protein
(YFP) was fused to N-terminal with GGGGS in between. HEK293A cells were
transfected at either the 6- or 12-well with YFP fusion constructs to be expressed
in excess. 24 h post-transfection, cells were detached with PBS + 5 mM EDTA
buffer and distributed to the 96-well microplate. Coelenterazine h (NanoLight) was
added to each well to 5 M. For kinetic measurement of Fzd4 oligomerization,
MBP-Norrin was added to final of 0.2, 1 and 5 g/mL with an injector. For endpoint measurement of interaction between Fzd4 and Dvl2, co-receptors, LRP6 and
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Tspan12, were co-transfected and MBP-Norrin was added to final of 0.1, 1, 10
g/mL and incubated for 30 minutes before measurement. All the plate readings
were done with LB96V luminometer (Berthold).

2.8.

Immunofluorescence assay (IFA)

HEK293A cells (4x106 cells) were plated in a 35 mm glass-bottom dish and were
transfected with Lipofectamine 3000 (Life Technologies). 24 h after transfection,
cells were fixed with a 4% paraformaldehyde (PFA) solution (Sigma) at RT for 15
min. Fixed cells were washed and blocked with PBS + 2% BSA buffer. As all
Fzd4 DNA constructs have FLAG tag at their N-terminus, the localization of
protein at the cell surface was detected with Anti-DDDDK tag antibody Alexa 647
conjugate (Abcam). The antibody was incubated at 4ºC overnight. Cells were
washed with PBS and stained with Hoechst 33342 (Life Technologies) the
following day. Confocal microscopy, LSM 700 (Carl Zeiss), was used to visualize
the cells, and images were processed with ZEN Lite software (Carl Zeiss).

2.9.

Cell surface biotinylation and endoplasmic recticulum (ER)

staining
HEK293T cells were transfected in 6-well plate with 1 g of target DNA using
Lipofectamine 300 (Thermo Scientific). After 24 h, cells were washed with PBS
and treated with EZ-LinkTM Sulfo NHS-LC-LC-Biotin (Thermo Scientific) to
biotinylate proteins on cell surface. After the reaction cells were washed and lysed
with RIPA buffer. Input samples were prepared from the total lysate, and the
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remaining volume was incubated with streptavidin resin to pull down biotinylated
proteins. Resins were washed and resuspended in SDS sample loading buffer. 10
μg of input sample and resins were loaded for western blot with Na/K pump
antibody (Abcam) and Anti-DYKDDDDK (Abcam).
HEK293A cells were seeded in Poly-D lysine coated 35 mm confocal dish.
Cells were transiently transfected with 1 μg of Fzd4 plasmid or Fzd45linker plasmid
and after 24 h, cells were fixed with 1% PFA for 10 min and washed with PBS
buffer 3 times. For membrane staining, cells were incubated with Rabbit AntiFlag antibody (Cell signaling Technology) at 4ºC overnight and detected with
secondary antibody, Donkey anti-rabbit antibody Alexa-Fluor 555 conjugate
(Thermo fisher scientific). For ER staining, cells were permeabilized weakly with
2% BSA and 0.1% Tween 20 for 1hr and incubated with mouse Anti-Calnexin
antibody (Thermo fisher scientific) at 4ºC overnight. After PBS 3 washings, cells
were detected with Donkey anti-mouse antibody Alexa-Fluor 488 conjugate
(Thermo fisher scientific). In each sample, nuclei were stained with Hoechst
33342 and cells were visualized with Carl Zeiss LSM700 confocal microscopy
(Carl Zeiss).

2.10.

Western blot

HEK293T cells were seeded in 6-well plates and transfected with 1 g of target
DNA, using Lipofectamine 3000 (Life Technologies). After 24 h, cells were lysed
with RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS). The lysate was centrifuged at 14,000 rpm and 4ºC for
20 min to eliminate cell debris. The amount of protein in the lysate was measured
using a bicinchoninic acid assay. 10 μg of lysate was loaded per well. Western blot

21

was carried out with Anti-DYDDDDK tag HRP conjugate (Abcam). Na/K pump
antibody (Abcam) was chosen as the reference housekeeping gene as Fzd4 is a
membrane protein.

2.11.

Computational modeling and MD simulation of Fzd4/Norrin

complex3
Detailed methods are described in previous paper (Bang et al., 2018). In brief, the
TMD structure of Fzd4 was generated using human SMO (hSMO) receptor (PDB
ID: 4JKV) as template with Galaxy template-based modeling (GalaxyTBM)
program (Ko et al., 2012; Ko, Park, & Seok, 2012). The CRD-Norrin complex
(PDB ID: 5BQC) was then docked to TMD. After the orientation of CRD to TMD
was confirmed, the linker was modeled to connect CRD and TMD in that position.
For docking, the rotation of CRD-Norrin with respect to TMD about the C2
symmetry axis, denoted by ρ, was considered to be the main degree of freedom.
Nine models were built by changing ρ in steps of 20 degrees followed by
optimization by Monte Carlo with minimization using the GalaxyPPDock energy
(Lensink et al., 2016) and loop was built with FALC loop sampling program (Ko
et al., 2011; J. Lee et al., 2010).
Stability of the models were assessed with MD simulation using NAMD
(Phillips et al., 2005) and the CHARMM all-atom force field (Klauda et al., 2010;
A. D. MacKerell et al., 1998; Alexander D. Mackerell, Feig, & Brooks, 2004).
Proteins were inserted into POPC bilayers using the Membrane Builder module (Jo,
Kim, & Im, 2007; Jo et al., 2009) of CHARMM-GUI (Jo et al., 2008), and the

3

Computational analyses were mostly done by Andrew H. Beaven
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systems were solvated with TIP3P water (Jorgensen et al., 1983) and ~0.15 M NaCl.
Temperature was maintained at 310.15K by Langevin dynamics and pressure at 1
atm by a Nosé-Hoover Langevin piston (Feller et al., 1995; Martyna, Tobias, &
Klein, 1994). The representative model structures of Fzd4/Norrin complex, are
uploaded on the lab website in the provided link (https://biosci.snu.ac.kr/
strucbio/en/board/DepostiedPDB?bm=v&bbsidx=396&page=1).

2.12.

Calculation of Fzd4-Norrin binding energy4

The Fzd4-Norrin interaction energy was calculated for three systems, the fulllength Fzd4, the CRD and linker region of Fzd4, and the CRD of Fzd4. The
representative model of each system was further optimized by the GALAXY
refinement program (Heo, Lee, & Seok, 2016; Heo, Park, & Seok, 2013; G. R. Lee
& Seok, 2016) before the binding energy calculation.

2.13.

HDX-MS analyses5

Detailed methods are described in previous paper (Bang, Kim, Beaven, Kim, Ko,
Lee, Lee, Im, Seok, Chung, & Choi, 2018). Protein was mixed in D2O buffer (20
mM HEPES, pD 8.0, 150 mM NaCl, 0.05% DDM in D2O) and samples were
stopped with quenching buffer (100 mM NaH2PO4, pH 2.01, 20 mM TCEP, and 0.4
M guanidine hydrochloride) at different time points, 10, 100, 1000, and 10000 s.
The quenched samples were digested by passing through an immobilized pepsin

4
5

Computational analyses were mostly done by Gyu Rie Lee
HDX-MS analyses were done by Hee Ryung Kim
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column, and the peptide masses were analyzed as described previously (Park, Yun,
& Chung, 2017).
Peptides from non-deuterated samples were identified with ProteinLynx
Global Server (PLGS) 2.4 (Waters, Milford, MA, USA). For HDX-MS samples,
the amount of deuterium in each peptide was determined by measuring the centroid
of the isotopic distribution using a DynamX 2.0 (Waters, Milford, MA, USA). The
average back-exchange level in our system was about 35%, and the back-exchange
was corrected by multiplying the raw centroid values by a multiplication factor of
1.54.
The bimodal distribution of the mass spectra was examined by manually
inspecting all the mass spectra, and selected mass spectrum were calculated using
HX-Express2 software (www.hxms.com/HXExpress). All data were derived from
6 independent experiments, evaluated with a paired t-test for the statistical analyses.
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Chapter 3. Results
3.1.

Purification of Fzd4/Norrin signaling complex

3.1.1.

Optimization of Fzd4 purification

Setting up the stable purification scheme for a protein is the rudimentary step to
perform any in vitro biochemical and biophysical studies. Yet, this is also the
bottleneck in many cases as some proteins are difficult to express and stabilize in
purified state. There are many critical steps to consider in purifying a protein.
Failure of purification could be attributed to not selecting a suitable host organism
for the target protein or inability to identify and/or reproduce cellular environment
the protein was originally in. This is especially true for the membrane proteins,
including GPCRs, considering they require a host with fully functional protein
folding and trafficking system and their native environment is lipid membrane.
Although some efforts are being made, it is extremely challenging to
express a mammalian membrane protein using commonly used E. coli protein
expression strains and I resorted to using insect cells, a popular choice for GPCRs.
Genetically modified baculovirus can be generated and its transfection will force
insect cells to express a target protein. Extracting Fzd4 from its native hydrophobic
lipid environment and render it ‘soluble’ requires additional reagents classified as
detergents. Selection of a detergent with good extraction power and stabilizing
effect is important in obtaining functional GPCR in high yield. As no protocol had
been available for Fzd4 purification, I established protocol of Fzd4 purification by
adapting and modifying protocols from other GPCR purification. The detailed
procedures are explained in Methods 2.1.1.
Initial purification gave very low yield. In efforts to increase Fzd4 yield,

25

the codons of plasmid constructs were optimized to the translation system of insect
cells. Fzd4 was fused with GFP at the C-terminal end, which made it easy to detect
the protein expression. The transfection efficiency of baculovirus was checked with
fluorescence of GFP tag using fluorescence-activated cell sorting (FACS) (Fig.
3.1A). The complete peak shift to left on day 3 implies that around 72 hours posttransfection is the ideal time for cell harvest. The most critical step after the
expression is the composition of solubilization buffer. Various salt concentration
and detergent was tested in small-scale. Salt at 150 mM and fortunately both
commonly used detergents, DDM and MNG, worked well for Fzd4 solubilization.
However, the large-scale purification showed that Fzd4 was prone to cleavage. The
degradation exacerbated with MNG micelle, shown in figure 3.1B, probably due
to the different micelle size exposing the vulnerable region of Fzd4 more. Fzd4
band at the degraded size was cut and sent for Edman sequencing. The sequencing
revealed that the cleavage occurred after the lysine at 172 position at linker region
between CRD and TMD. As a basic residue like lysine is a common recognition
site of a protease, a mutation was introduced, K172Q. The mutant dramatically
reduced the stability of Fzd4 (Fig. 3.1C). The purification protocol for Fzd4 was
successfully established. In final, the average Fzd4 yield was about ~ 1 mg of
protein per liter of Sf9 cells.
To perform any kind of experiment with the purified protein, it needs to
be stable for at least some time in the storage and experimental condition and most
importantly it needs to be functional. The purified protein was tested for stability
in buffer with three types of detergent composition. There are two popular methods
to do this, one is SEC analyses. The protein samples are kept at different
temperature for days and checked for degradation or aggregation on SEC profile.
This was done for 5 days, taking samples at daily interval at both RT and 4 C.
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Fzd4 exhibited good stability in both temperatures for a couple of days but started
showing shoulder in later time zones and it was better refrigerated (data not shown).
Second method is thermofluor assay with CPM dye. CPM dye is weakly
fluorescent by itself but when crosslinked to thiol group on cysteine, it exhibits a
strong fluorescence with excitation/emission maxima of 384/470 nm. When a
protein sample is heated in presence of this dye, heat-induced denaturation will
expose the free cysteine to the solvent and the dye will react. The resulting
conjugation will result in the increase of fluorescence. The intensity of fluorescence
can be interpreted as the degree of denaturation and the melting temperature
calculated from this can be taken as the indicator of the resilience of the protein to
heat. The chemical structures of detergents tested are shown in figure 3.2A. Variety
in their chemical structure confers different chemical environment to the purified
membrane protein as evident in the curve shift (3.2B). Mixture of MNG/GDN
micelle gave the highest melting temperature of 62.2 C, but even DDM was found
to be sufficient condition for Fzd4 with melting temperature of 54.7 C. I
successfully established the condition where the purified Fzd4 is stable. The next
question to be answered was the functionality. One common method to show that
a protein is functional and properly folded is by assessing its ability to interact with
its well-known ligand/partner. For Fzd4, such ligand is Norrin. Purification of
Norrin had to be done next.

27

28

Figure 3.1. Expression and purification of Fzd4, and its optimization. (A) FACS
profile of Sf9 cells infected with engineered baculovirus. GFP tagged at the Cterminal of Fzd4 was detected with FITC filter. Population shift to right means
more GFP expression, which implies more Fzd4 is expressed as well. (B) SEC
profile and SDS-PAGE of Fzd4 wild type show clear sign of unwanted degradation.
The position of Fzd4 and degraded Fzd4 are marked on the gel. (C) The optimal
purification results with Fzd4 K172Q with GFP tag. SDS-PAGE of Ni-NTA and
M1 elution are shown. Unlike wild type Fzd4, SEC profile gives one sharp peak
with no shoulder.
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Figure 3.2. Detergents tested and thermofluor assay result. (A) Chemical
structures of DDM, MNG and GDN are shown. (B) Thermalfluor assay results were
plotted with Prism, data fit to sigmoidal standard curve.

30

3.1.2.

Purification of Norrin and Fzd4/Norrin complex

Initial attempts to purify Norrin was made following protocol set up by Jiyuan Ke,
based on protein refolding after overexpression in E. coli Origami B (DE3) strain
(Ke, Harikumar, Erice, Chen, Gu, Wang, Parker, Cheng, Xu, Williams, Melcher,
Miller, & Xu, 2013). I used modified constructs with HRV3C cleavage site between
MBP and Norrin to get rid of MBP tag after purification as it could interfere with
other assays or crystallization (Fig. 3.3A). Two constructs, named version 1 and
version 2 were tested, latter with slightly shorter Norrin to reduce flexibility. There
was not much difference between different MBP-Norrin constructs in terms of
expression and purification. I focused on MBP-Norrin version 2 as it seemed the
best candidate for crystallography. The expressed protein was crudely purified with
amylose resin using MBP tag, and after refolding step it was injected into heparin
column (Fig. 3.3B). The change in FPLC profile, from the broad multi peaks before
refolding to a single symmetric peak after refolding proves that the refolding
process was indeed successful. However, the recovery efficiency was extremely
low.
Instead of using E. coli expression system, I developed new system to
overexpress Norrin in insect (HighFive) cells using BestBac system. This is
actually a better system for Norrin considering the inter and intra cystine bonds it
needs for a proper folding. Fully functional eukaryotic protein trafficking system
would be much beneficial than prokaryotic system of E. coli. Purification steps
were also much simplified as no refolding was necessary. It is a two-step process
involving amylose column and gel filtration. The resulting SDS-PAGE and SEC
profile are shown (Fig. 3.4A). Homodimeric state of purified MBP-Norrin was
confirmed by comparing non-reducing and reducing SDS-PAGE gels (Fig. 3.4A).
With reducing agent to disrupt the intermolecular disulfide bonds, the dimeric size
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band at around 100 kDa disappeared and the band at monomeric size appeared. I
tried to obtain tag free Norrin but after cleavage, only MBP peak was visible (Fig.
3.4B). Norrin appears to have been lost through precipitation and aggregation in
tag free state. Despite many trials of varying buffer composition of high salt and
detergents, it was difficult to obtain tag-free Norrin. The functionality of purified
MBP-Norrin was confirmed with TOPflash assay (Fig. 3.4C) MBP-Norrin was
treated with HRV3C 1 hour after incubation with cells, to give Norrin time to bind
to its receptor before getting rid of the bulky tag that may affect signaling.
Luciferase activity increased in a dose-dependent manner, proving that MBPNorrin is functional.
To make Fzd4/Norrin, MBP-Norrin mixed at 1 to 1 ratio with Fzd4-GFP
and tags were cleaved with HRV3C protease. Fzd4/Norrin coeluted and peak shift
is evident in SEC profile (Fig. 3.5A). The specific binding proves the functionality
of the Fzd4 as well. The stability of the complex was assessed using thermofluor
assay. As shown in figure 3.5B, Fzd4/Norrin complex is as stable as Fzd4 apo form
in DDM micelle. Purification pipeline for Fzd4 and Fzd4/Norrin is successfully
established.
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Figure 3.3. Constructs of MBP-Norrin and expression from Origami B (DE3)
strain (A) Three constructs of MBP-Norrin are shown. (B) FPLC profile from
heparin column is shown. The orange line shows the UV absorption and the black
line indicates the level of salt in the column, the eluting agent.
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Figure 3.4 Expression and purification of MBP-Norrin with HighFive cells. (A)
SEC and SDS-PAGE profile of MBP-Norrin. SEC shows clean symmetry peak.
SDS-PAGE was done in both non-reducing and reducing condition and the result
show clear size shift from dimeric to monomeric MBP-Norrin. (B) SEC profiles of
MBP-Norrin before and after cleavage with HRV3C are shown in grey and black
respectively. No peak for Norrin was detected and only MBP peak is visible as
labeled. (C) TOPflash result with exogenous treatment of MPB-Norrin is shown.
The bar graphs are plotted with standard error of the mean (SEM) of at least four
repeats.
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Figure 3.5 Complex formation of Fzd4/Norrin. (A) SEC and SDS-PAGE profile
of Fzd4 and Fzd4/Norrin complex. (B) Thermofluor assay result is shown with
Fzd4 and Fzd4/Norrin, colored blue and green respectively in same DDM detergent
micelle (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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3.2.

Structural Study: Ligand-induced structural change in Fzd4

3.2.1.

Oligomerization in response to Norrin

With Fzd4/Norrin complex, the first question to arise was if the homodimeric state
of Norrin affects the oligomeric state of Fzd4. Crystal structures of Fzd4CRD in
complex with Norrin are available and they show 2:2 stoichiometry. This result
strongly suggests the possibility of ligand-induced oligomerization (Chang, Hsieh,
Zebisch, Harlos, Elegheert, & Jones, 2015; DeBruine, Ke, Harikumar, Gu,
Borowsky, Williams, Xu, Miller, Xu, & Melcher, 2017). Yet no previous work has
been reported with purified full-length Fzd on this topic. In addition to this,
previous studies has suggested that Fzd4 oligomerizes in vivo even in ligand free
state (DeBruine, Ke, Harikumar, Gu, Borowsky, Williams, Xu, Miller, Xu, &
Melcher, 2017; Ke, Harikumar, Erice, Chen, Gu, Wang, Parker, Cheng, Xu,
Williams, Melcher, Miller, & Xu, 2013). Which oligomeric state apo Fzd4 is
purified in, is another question yet to be answered. As the first step to assess the
structural dynamics of Fzd4 upon Norrin binding, I examined the oligomeric states
of purified Fzd4 and the Fzd4/Norrin complex through SEC-MALS analyses with
three detector system. Calculated protein size can be compared to the expected
monomeric or dimeric size of the complex to reveal its oligomeric state. The
molecular weights of the Fzd4 alone and the Fzd4-Norrin complex were calculated
to be 51 kDa and 128 kDa respectively (Fig. 3.6A, 3.6B), suggesting that Fzd4
indeed forms a Norrin-induced dimer. However, Fzd4 alone remains a monomer in
vitro.
On the other hand, with in vivo studies using BRET assay I observed
contrasting result, supporting the previous reports of oligomeric apo Fzd4 (Fig.
3.7A) (DeBruine, Ke, Harikumar, Gu, Borowsky, Williams, Xu, Miller, Xu, &
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Melcher, 2017; Ke, Harikumar, Erice, Chen, Gu, Wang, Parker, Cheng, Xu,
Williams, Melcher, Miller, & Xu, 2013). The constitutive interaction is evident in
emission spectrum of BRET for Fzd4 pair where emission from YFP visibly peaks
at 520 nm. The bar graph of BRET ratio is shown in figure 3.7B. The discrepancy
in the observed oligomeric states of Fzd4 in vitro and in vivo could be caused by
the purification procedure being too harsh for a dimer to withstand. The possible
presence of endogenous ligands and unsaturated fatty acid in vivo that can stimulate
Fzd4 oligomerization (DeBruine, Ke, Harikumar, Gu, Borowsky, Williams, Xu,
Miller, Xu, & Melcher, 2017; Nile, Mukund, Stanger, Wang, & Hannoush, 2017)
is another factor not to be ignored. To exclude the effect of endogenous ligands or
fatty acyl groups on the oligomeric state of Fzd4 in vivo, a BRET assay was
performed with a Fzd4 construct with CRD and linker domain deletion
(Fzd4ΔN200). Fzd4ΔN200 gave a similar BRET signal to Fzd4 (Fig. 3.7B), proving
that the Fzd4 TMD by itself has the ability to form a dimer. This finding is in line
with a previous report that showed Fzd6 forms a homodimer through a dimeric
interface between TM4 and TM5 helices (Petersen, Wright, Rodriguez, Matricon,
Lahav, Vromen, Friedler, Stromqvist, Wennmalm, Carlsson, & Schulte, 2017).
I was interested if Norrin retained the ability to induce the oligomerization
as it was shown to have in vitro, which would suggest CRD mediated
oligomerization. To investigate the effect of Norrin binding on Fzd4
oligomerization in vivo, I monitored BRET signals after the exogenous treatment
of Norrin, fuse to MBP for stability. As MBP-Norrin was added, an increased
BRET signal was observed for Fzd4 in a dose-dependent manner, whereas
Fzd4ΔN200 and muscarinic receptor 2 (M2R) did not show any response to Norrin
treatment (Fig. 3.7C). This implies that further oligomerization of Fzd4 above the
basal level can be enhanced by Norrin in vivo, probably through its dimeric form.
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Previously, Wnt5a ligand was shown to induce Fzd4 oligomerization through its
lipid moiety (DeBruine, Ke, Harikumar, Gu, Borowsky, Williams, Xu, Miller, Xu,
& Melcher, 2017). Although Fzd4 oligomerization appears to be the common
response to both Norrin and Wnt, the molecular mechanism of Fzd4
oligomerization by these ligands likely differs because of their structural
differences.
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Figure 3.6. MALS analyses of Fzd4 and Fzd4-Norrin complex. SEC-MALS
data of Fzd4 in grey and Fzd4-Norrin complex in light-green are shown (A and B
respectively). The left y-axis indicates protein molar mass, while the right y-axis
shows refractive index. The calculated molar mass is labeled on the protein peak.
Second peak is detergent micelle peak. (Bang, Kim, Beaven, Kim, Ko, Lee, Lee,
Im, Seok, Chung, & Choi, 2018).
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Figure 3.7. Fzd4 oligomerization in vivo observed with BRET. All
measurements were done with at least four repeats and the error bars are drawn
with SEM. (A) Luminescence emission spectrum was scanned across 400 to 600
nm nanometer wavelength. Black line shows M2R-RLuc/Fzd4-YFP pair and blue
line shows Fzd4-RLuc/Fzd4-YFP pair. (B) Each BRET ratio was calculated by
taking the BRET ratio of a structurally unrelated muscarinic receptor 2 (M2R) and
Fzd4 pair as the background ratio. Transfected receptor pair is labeled below in
RLuc/YFP-tagged order. (C) Kinetic measurement of the BRET ratio is plotted
with a black arrow marking the injection time point of MBP-Norrin. For M2R and
Fzd4N200, only the data at the highest MBP-Norrin concentration (5 g/ml) are
plotted because similar results were obtained at all three concentrations (Bang, Kim,
Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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3.2.2.

Computational Modeling Fzd4/Norrin complex6

To better visualize the interaction between Fzd4 and Norrin, I collaborated with
computational modeling research group and obtained nine candidate model
structures. GalaxyTBM, domain docking, linker modeling, and molecular
dynamics (MD) simulations were used to generate and assess models (Fig. A.1A).
Templates used for TBM were then available structures, a dimeric TM structure of
SMO, (PDB ID 4JKV) (C. Wang et al., 2013) and a Fzd4CRD/Norrin complex
structure (PDB ID 5BQC) (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones,
2015). The main element of variation among the model structures was the rotation
angle (ρ) of CRD/Norrin relative to the TMD (Fig. A.1B). MD simulations were
carried out to monitor the stability of these nine conformations in the lipid
environment. In all the models, over the second half (10 ns) of the simulation time,
relatively high structural fluctuations occurred in the CRD and loop regions, while
low variation occurred in the TMD (Fig. A.1C). Models 1, 7, and 9 showed the
lowest Δρ among all the models and the lowest total root-mean squared deviation
from the initial model structures after MD simulations, implying the highest
stability (Table A.1, Fig. A.1C). Since model 9 was similar to model 1 and is the
most stable out of two, it was chosen as the representative model structure of
Fzd4/Norrin complex in addition to structurally distinct and stable model 7. (Fig.
A.2, Table A.2).
Both models contain eight intramolecular disulfide bonds: five within the
CRD (C45-C106, C53-C99, C90-C128, C117-C158, C121-C145), one in the linker
domain (C181-C200), one between the linker and the extracellular loop 1 (ECL1)
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Computational modeling and simulation were mostly done by Andrew H. Beaven
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(C204-C282), and one between the ECL2 and TM3 (C302-C377) (Fig. A.2). All
the expected disulfide bonds are intact. Although two N-linked glycans on the CRD
were not included in the modeling, structural alignment of the crystal structures of
Fzd4CRD with the representative models shows that there is no potential steric
hindrance of bulky glycans with Fzd4 or Norrin in our final models (Fig. A.2).
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3.2.3.

Comparison of Fzd4/Norrin model with SMO structure

I compared Fzd4 model with the SMO structure revealed one striking difference.
SMO has a characteristically long TM6 helix that extends into extracellular space.
Sequence alignment shows that the sequence of the extended helix is not conserved
in Fzd4. Fzd4 model structure has a relatively short ECL3 loop (Fig. 3.8A, 3.8B).
The extended TM6 helix in SMO, together with ECL3, interacts with the CRD,
holding it in a relatively fixed orientation (Byrne, Sircar, Miller, Hedger, Luchetti,
Nachtergaele, Tully, Mydock-McGrane, Covey, Rambo, Sansom, Newstead,
Rohatgi, & Siebold, 2016; Zhang, Zhao, Wu, Yang, Han, Zhao, Ishchenko, Ye, Lin,
Ding, Dharmarajan, Griffin, Gati, Nelson, Hunter, Hanson, Cherezov, Stevens, Tan,
Tao, & Xu, 2017). Although a fully active state of the SMO structure is unavailable,
the comparison of apo- and antagonist-bound structures of SMO suggests that
movement of the extracellular region of TM6 by antagonist binding could
contribute to the allosteric influence between the CRD and TMD (Byrne, Sircar,
Miller, Hedger, Luchetti, Nachtergaele, Tully, Mydock-McGrane, Covey, Rambo,
Sansom, Newstead, Rohatgi, & Siebold, 2016; Zhang, Zhao, Wu, Yang, Han, Zhao,
Ishchenko, Ye, Lin, Ding, Dharmarajan, Griffin, Gati, Nelson, Hunter, Hanson,
Cherezov, Stevens, Tan, Tao, & Xu, 2017). On the other hand, Fzd4 would have a
different form of allosteric modulation between the CRD and TMD, because Fzd4
is predicted to have much shorter TM6 and ECL3 (Fig. 3.8B).
Compared to SMO, Fzd subtypes have a long linker between CRD and
TM1 of various sequence and length. Large variation of linkers among Fzd
subtypes implies the possibility that the specificity of Fzd ligand response and
function may in part rely on the linker. Interestingly, the structural and energy
analyses suggest that the linker region contribute to the binding of Norrin. The
interactive energy of Fzd4CRD with the linker domain (Fzd4CRDlinker; 41-203) for
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Norrin calculated from model 9 was 63.3 kcal mol-1, which was similar to that of
Fzd4 (-69.5 kcal mol-1), whereas that of Fzd4CRD was much lower (-46.0 kcal mol1 7

) . No previous work has shown that the linker is implicated in ligand binding or

signaling. Even in the published structure of Norrin/Fzd4CRD and Wnt8/Fzd8CRD
(Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones, 2015; Janda, Waghray, Levin,
Thomas, & Garcia, 2012; Shen et al., 2015), there appears to be no necessity for
the linker region in ligand interaction. However, the result here seems to implicate
otherwise. The higher binding affinity between Norrin and Fzd4CRDlinker needed to
be confirmed with in vitro assay and functional role of linker domain had to be
further evaluated. Details on the functional role of the linker domain will be
discussed later.

7

Interactive energy calculation was done by Gyu Rie Lee.
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Figure 3.8. Sequence analyses of Fzd4 and SMO and structural comparison of
Fzd4 homology model with SMO structure. (A) Sequence alignment between
hSMO and mouse Fzd4 was done with T-COFFEE (Notredame, Higgins, &
Heringa, 2000), and the image was prepared with a BOXSHADE. C-termini of
both proteins are excluded in the alignment as it is highly variable region. Black
box indicates identical residues and grey box indicates similar residues. Each 
helical element is drawn as a cylinder on top of the sequence. The magenta box
marks long ECL3 absent in Fzd4, and the orange box marks the helix of TM6. (B)
On the left is the SMO structure (PDB ID: 5L7D) in pink and on the right is the
Fzd4 (model 9) in green. Only the monomer of Fzd4 is shown for the better
comparison (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi,
2018).
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3.2.4.

Conformational Dynamics of Fzd4 upon Norrin binding8

Modeling provided valuable visual information on the interaction between Norrin
and Fzd4. To validate the model structure and to further assess the structural
dynamics induced upon Fzd4 by binding of Norrin, I collaborated with Prof. Chung
group at Sungkyunkwan University to perform an HDX-MS experiment. The
HDX-MS data of ligand-free and Norrin bound Fzd4 are marked on the serpentine
structure (Fig. A.3A and A.3B respectively). Ligand-free data was consistent with
the proposed model. Ordered or buried regions, such as TM helices, had lower
deuterium exchange levels compared to flexible or exposed regions, including
linker, ICLs, ECLs, and C-terminal tail regions (Fig. A.3A).
To analyze the conformational change of Fzd4 upon Norrin binding, the
HDX-MS profiles of ligand-free and Norrin-bound Fzd4 were compared.
Unfortunately, peptidic peptides from Fzd4CRD-Norrin interface (i.e. G57, T107P113, and Q151-P174 based on the crystal structures of the Fzd4CRD-Norrin
complex) (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones, 2015) were not
detected. HDX profiles in the Norrin-binding interface is therefore missing. Instead
however profiles of other regions, including the linker and ICL3 were observed.
Interaction with Norrin induced increased deuterium uptake in five regions of Fzd4
(Figs. A.4): the linker (191-200), two sites in ECL1 (285-292, 270-278), ICL3
(420-432), and the C-terminus of TM6 (457-464). Especially the change in HDX
profile from ICL3 is interesting because it is located far from the ligand binding
site. It implies that the transmission of the conformational change occurred through

8

HDX-MS analyses were done by Hee Ryung Kim
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the TMD upon binding of Norrin at the extracellular domain.
The HDX data clearly show that the binding of Norrin significantly affects
the conformation of both extracellular (i.e., linker, ECL1, and C-terminus of TM6)
and intracellular (i.e., the N-terminus of TM6 and ICL3) regions. Typical GPCR
activation, as characterized in mostly class A GPCRs, can be summarized by three
major features: large outward movement of the cytoplasmic part of TM5 and TM6,
rearrangement of TM7 around the NPXXY motif, and lastly, a broken “ionic lock”
between the DRY motif in TM3 and the arginine in TM6 (Injin & and Hee-Jung,
2015; Manglik & Kruse, 2017; Rasmussen et al., 2011). Because the Fzd family
lacks an NPXXY motif and a DRY motif, how the intracellular region changes as
it is activated is of keen interest. This HDX-MS data provide the first clue to the
structural dynamics of Fzd4 in response to Norrin.
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3.2.5.

HDX-MS Kinetic Property of Fzd4 Helix 89

From HDX-MS spectra analyses helix 8 of Fzd4 showed an interesting HDX-MS
profile (Fig. A.5). Whereas all other peptides from Fzd4 showed a binomial
isotropic distribution, peptide 497-504 from helix 8 showed a bimodal isotropic
distribution (Fig. A.5), suggesting conformational heterogeneity.
In the case of 2AR or rhodopsin, helix 8 forms a stable α-helix, and
previous HDX-MS analyses did not report EX1 kinetics from the helix 8 of these
receptors (Weis et al., 2006). It is not clear whether partial unfolding of helix 8 is
Fzd4-specific or a general characteristic of the Fzd family. One interesting clue is
that peptide 497-504 contains the KTXXXW motif, which is conserved in all Fzd
subtypes and known to be important for the interaction with Dvl (Tauriello et al.,
2012; Wong et al., 2003). Far-UV circular dichroism (CD) and nuclear magnetic
resonance (NMR) study of the C-tail of Fzd1 showed that the C-tail peptide, is
unstructured in an aqueous environment, whereas in presence of detergent micelles,
the majority forms an α-helix. Fzd4 helix8 may exhibit micelle-dependent
conformational change (Gayen et al., 2013). HDX-MS experiment was done with
Fzd4 in detergent solution. The observed mass sepctra support that Fzd4 exhibit
partial unfolding of helix 8 in presence of detergent micelle.

9

HDX-MS analyses were done by Hee Ryung Kim
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3.2.6.

Role of Fzd4 C-tail in Norrin signaling

With helix 8 showing characteristic kinetics, I suspected the C-tail of Fzd4 may
have functional role in signaling. Fzd C-tail has been suspected to be the binding
site for many downstream effectors. In the absence of typical class A GPCR motifs,
NPXXXY in TM7, Fzd family instead has KTXXXW motif in region predicted to
be helix 8. The tail sequence is conserved to about six residues following helix 8,
after which the sequence and length vary among 10 Fzd subtypes. Previous reports
suggested functional importance of Fzd C-tail, including Dvl DEP binding, the
interaction with PDZ domains of PSD-95 and syntenin, and localization (Aznar et
al., 2015; Egea-Jimenez et al., 2016; Hering & Sheng, 2002; Tauriello, Jordens,
Kirchner, Slootstra, Kruitwagen, Bouwman, Noutsou, Rüdiger, Schwamborn,
Schambony, & Maurice, 2012). However, the mechanism and the subtype specific
role it plays is still under dispute. To assess the impact of Fzd4 C-tail length in
Norrin signaling, I designed five Fzd4 C-tail truncation mutants, whose last
residues are 504, 507, 517, 521, and 525. Fzd4504 ends immediately after
KTXXXW motif and Fzd4507 was designed as it has been previously shown that
Fzd requires three extra amino acids after KTXXXW motif to function (Bertalovitz
et al., 2016). Fzd4517, Fzd4521 and Fzd4525 were made based on sequence
conservation of other Fzd subtypes.
The result of TOPflash assays was rather surprising as all truncation
mutants except for Fzd4-504 did not display significant impairment in canonical
signaling activation, compared to full-length Fzd4 (Fig. 3.9A). One possible
explanation for this is that since the critical KTXXXW motif, is conserved, these
constructs may have no problem in transducing signal in canonical downstream
pathway if the truncated region is only important for non-canonical pathways.
Another explanation is that after the helix 8, the rest of the C-tail may be involved
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in secondary aspect of signaling, like localization, which cannot be assessed
through TOPflash assay using overexpression system in HEK293T cells.
Reduced Norrin signaling of Fzd4504 appears to be linked to a defect in
the interaction with Dvl, as demonstrated by a BRET assay (Fig. 3.9B). Previous
studies using the peptide derived from the Fzd7 C-terminal tail showed that the
KTXXXW motif interacts with the Dvl PDZ domain and deleting the residues
either N- or C-terminal to the KTXXXW motif changes the secondary structure of
the peptide, leading to a reduced binding affinity to Dvl (Tauriello, Jordens,
Kirchner, Slootstra, Kruitwagen, Bouwman, Noutsou, Rüdiger, Schwamborn,
Schambony, & Maurice, 2012). The kinetic change in the folding of helix 8 upon
Norrin binding was not detected with HDX-MS data, possibly due to the absence
of Dvl. Further study is required to validate the link between the kinetic dynamics
of helix 8 and the interaction with Dvl.
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Figure 3.9. Functional assay of Fzd4 C-tail truncation mutant and its effect on
Dvl recruitment. (A) TOPflash assay of C-terminal truncated mutations of Fzd4.
(B) BRET assay was done to show interaction between target receptor and Dvl2.
All the assays were repeated six times and each bar graph is drawn with the SEM
as error bars. M2R-RLuc was used as the negative control and YFP-Dvl2 was used
for BRET pair. The concentration of MBP-Norrin added in each reaction is noted
below the graph and 0 means only buffer was added as a control. Multiple
comparison was done with one-way ANOVA followed by Tukey’s test. ‘ns’ means
not significant and ‘***’ means P < 0.001 (Bang, Kim, Beaven, Kim, Ko, Lee, Lee,
Im, Seok, Chung, & Choi, 2018).
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3.3.

Functional dissection of Fzd4/Norrin signaling

3.3.1.

Contribution of Fzd4 Linker to interaction with Norrin

Based on the calculated interactive energy (discussed above) and given how the
signal from ligand binding needs to be propagated to the cytoplasm, I reasoned that
the linker might be involved in the ligand interaction to mediate the signal
transmission to the TMD. To investigate if regions other than the CRD contribute
to the interaction with Norrin, I compared the binding affinities of Fzd4CRD and
Fzd4 for MBP-Norrin using a gel filtration assay (Fig. 3.10A). When 1 μM MBPNorrin was mixed with 1 μM Fzd4CRD or Fzd4 and injected into the gel filtration
column, only Fzd4 eluted together with MBP-Norrin. Fzd4CRD co-eluted with
MBP-Norrin at a higher concentration, 10 μM (Fig. 3.10B), revealing that Fzd4
indeed binds to Norrin more tightly than Fzd4CRD, and that this is not due to
misfolding of Fzd4CRD. To test if the linker domain is involved in tighter binding,
Fzd4CRDlinker was purified and used for the gel filtration assay. Unlike Fzd4 CRD,
Fzd4CRDlinker co-eluted with MBP-Norrin at the 1 μM concentration (Fig. 3.10A),
implying much stronger affinity for Norrin.
It was challenging to measure affinity between Fzd4 and Norrin directly
due to difficulty in concentration and interference from detergent. Instead a series
of gel filtration assays were performed to test if Fzd4CRDlinker and Fzd4 have a
similar affinity to Norrin. Both complexes dissociated at a similar concentration
(Fig. 3.11A), suggesting that Fzd4CRDlinker has a full affinity to Norrin. For a
quantitative analysis of binding affinity, the dissociation constants (KD) of Fzd4CRD
and Fzd4CRDlinker for MBP-Norrin were measured with MST experiments (Fig.
3.11B). Consistent with the gel filtration assays, Fzd4CRDlinker binds to Norrin more
strongly than Fzd4CRD with KD of 250 nM, whereas KD of Fzd4CRD is 2.0 μM.
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Previously, the affinity of Fzd4CRD for Norrin or MBP-Norrin was
reported as 1.1 μM by surface plasmon resonance (SPR) experiment and 11 nM by
an AlphaScreen assay (Chang, Hsieh, Zebisch, Harlos, Elegheert, & Jones, 2015;
Ke, Harikumar, Erice, Chen, Gu, Wang, Parker, Cheng, Xu, Williams, Melcher,
Miller, & Xu, 2013). This discrepancy was attributed to the use of the monomeric
Fzd4CRD in the SPR experiment, in contrast to the use of Fc-fused dimeric Fzd4CRD
in the AlphaScreen assay. Fzd4CRD, Fzd4CRDlinker, and Fzd4, used in our binding
assays, were purified as monomers, as confirmed by MALS analysis (Figs. 3.6A,
3.11C). Thus, I can safely conclude that the difference in the affinity to Norrin
measured in my binding assays did not originate from the different oligomeric
states. My results clearly show that Fzd4CRDlinker and Fzd4 have similar affinity for
Norrin, while Fzd4CRD has about 10-fold lower affinity.
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Figure 3.10. Binding pattern between Norrin and Fzd4. (A) Size exclusion
chromatography (SEC) profiles, Coomassie-stained SDS-PAGE gels and Western
blots of each complex are shown. MBP-Norrin is plotted black for all three profiles.
Fzd4CRD is in sky-blue, Fzd4CRDlinker in yellow, and full-length Fzd4 is in green. The
complexes are in a darker corresponding shade. Fractions marked by the black bar
below the x-axis were loaded on SDS-PAGE gel. Fzd4CRD and Fzd4CRDlinker were
only detectable with a Western blot. Although Fzd4 bands were visible with
Coomassie staining, Fzd4 was verified with an anti-Flag antibody in a Western blot.
(B) MST experiments were done to measure the binding affinity of Fzd4CRD and
Fzd4CRDlinker (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi,
2018).
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Figure 3.11. In vitro binding assay between Norrin and Fzd. (A) The FSEC
profiles of each complex at various concentrations are shown with clear
dissociation pattern at lower concentrations. The profile for Fzd4CRDlinker/MBPNorrin is in brown, Fzd4/Norrin in green and Fzd4/MBP-Norrin in blue. For
Fzd4CRDlinker, MBP-Norrin alone (black) was used as a reference elution point, as
Fzd4CRDlinker by itself was barely visible as a peak. In the case of full-length Fzd4,
Fzd4 was injected as a reference (grey). Norrin as well as MBP-Norrin, was used
to make a complex, to confirm that there is no difference in the binding affinity of
Fzd4 for Norrin or MBP-Norrin. The lighter the FSEC profile, the lower the
concentration, as denoted in the color code. All three complexes seem to be halfdissociated when injected at around 400 nM concentration. (B) MST experiments
were done to measure the binding affinity of Fzd4CRD and Fzd4CRDlinker for MBPNorrin, and their binding curves are shown in red and blue, respectively. Error bars
represent SD of three independent experiments. (C) MALS analyses of Fzd4CRDlinker
and Fzd4CRD. SEC-MALS results of Fzd4CRDlinker and Fzd4CRD are shown in yellow
and sky-blue, respectively. The y-axis on the left indicates the protein molar mass,
while the y-axis on the right shows the refractive index. The calculated molar mass
is labeled on the protein peak (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok,
Chung, & Choi, 2018).
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3.3.2.

Functional Roles of the Linker and ICL3 of Fzd4 in Norrin Signaling

As the importance of the linker became evident, I analyzed the sequences of the
linker domain between the conserved CRD and TMD in the Fzd subtypes (Fig.
3.12). Sequence alignment of the linker domain shows an interesting feature. Fzd4
has a unique linker sequence especially in the region between two Cys residues
making intramolecular disulfide bond (C181-C200), whereas other Fzd subtypes
have relatively conserved sequences within their phylogenetic subgroups (Fig.
3.12). Thus, I propose that this uniqueness could be linked to Fzd4 specific Norrin
binding.
To prove that the linker domain is functionally important in Norrin
signaling, I designed two linker-deleted mutations at designated positions, ∆167176 and ∆177-200. Including these two mutations, all the Fzd4 mutations used in
this section is summarized in figure 3.13A. I measured the level of canonical
signaling activity of each mutation (Fig 3.13B). As introduction of mutation can
hamper with membrane trafficking and protein expression level, IFA and western
blot was done for each construct mentioned in this session to confirm its expression
and correct localization to the cell surface (Fig. 3.14). I observed the activity
decrease in both deletion mutants (Fig. 3.13B). In my calculated models, several
residues in the 167-176 region (E166, V167, L169 I175) were found to make direct
contacts with Norrin, whereas the hydrophobic residues V184, I192, and V201 in
the other part of the linker were shown to interact with ECL1, which could
contribute to Norrin binding indirectly. A previous SPR experiment that measured
the binding affinity between Fzd4CRD and Norrin used the CRD, which was defined
differently from mine, containing part of the linker (43-179) (Chang, Hsieh,
Zebisch, Harlos, Elegheert, & Jones, 2015). The KD of 1.1 μM from that experiment
is similar to my KD for Fzd4CRD, considering that they were measured with different
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methods and much higher than that for Fzd4CRDlinker. This suggests that the fulllength linker is required to achieve the full affinity for Norrin. I tested the activity
of the Fzd4 construct with a linker swap mutant (Fzd45linker), in which the Fzd4
linker (164-203) was replaced with the Fzd5 linker (153-221). Surface expression
of linker swap constructs was confirmed with surface biotinylation and calnexin
staining to show that linker swap did not stall Fzd45linker in ER (Fig. 3.15). If the
CRD is the only domain involved in ligand binding and determines ligand
specificity, a linker swap construct would still transmit Norrin signaling as it retains
the ability to bind to the CRD. As shown in figure 3.13B, the linker swap
completely eliminated the Fzd4 response to Norrin even stronger that linker
deletion mutants, demonstrating that the Fzd4 linker has a specific and a critical
role in Norrin signal transduction. Purified Fzd4CRD with the Fzd5 linker
(Fzd4CRD5linker) showed lower binding affinity for Norrin than Fzd4CRDlinker, with KD
of 1.8 μM (Fig. 3.16A), suggesting that the loss of Norrin signaling of Fzd45linker is
related to defect in Norrin binding. This result again proves the importance of the
linker in the interaction with Norrin.
Several single missense mutations in Fzd4 have been found in patients
with familial exudative vitreoretinopathy (FEVR) (Milhem et al., 2014; Xu, Wang,
Dabdoub, Smallwood, Williams, Woods, Kelley, Jiang, Tasman, Zhang, & Nathans,
2004) and four of them, the E180K, C181R, C204Y, and C204R mutations, are
located in the linker domain. Each Cys mutant is likely to cause a structural defect
by disrupting a disulfide bond. Therefore, it is not surprising that its mutation is
associated with a disease. The effect of the E180K and C181R mutations on Norrin
signaling was investigated by a TOPflash assay using the M157V FEVR-associated
mutation in the CRD as a control (Xu, Wang, Dabdoub, Smallwood, Williams,
Woods, Kelley, Jiang, Tasman, Zhang, & Nathans, 2004). Three FEVR-associated
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mutations, M157V, E180K, and C181R displayed 30-50% loss of wild type
signaling activity (Fig. 3.13C), indicating the importance of these residues in
Norrin signaling. In vitro binding assay of Fzd4CRDlinker with the E180K mutation
showed similar but slightly lower affinity to Norrin (KD of 290 nM), compared to
wild type Fzd4CRDlinker, suggesting that E180 in the linker does not contribute to the
Norrin-binding directly (Fig. 3.16B).
Next, I assessed the ICLs of Fzd4 that are suspected to be important in
Wnt signaling (Gammons et al., 2016; Tauriello, Jordens, Kirchner, Slootstra,
Kruitwagen, Bouwman, Noutsou, Rüdiger, Schwamborn, Schambony, & Maurice,
2012). Based on my HDX-MS results in combination with the previous report
about 8 key residues identified to be crucial for Dvl recruitment, I designed four
point mutations: R247A and Y250A at ICL1 and L430A and L433A at ICL3
(Gammons, Renko, Johnson, Rutherford, & Bienz, 2016; Strakova et al., 2017).
Two more mutations, S249A and L329A, located on ICL1 and ICL2, respectively,
were made as functionally silent mutations (Figs. 3.13A, 3.14). Whereas S249A
and L329A did not show a significant signal change in the TOPflash assay, the other
four mutations (R247A, Y250A, L430A, L433A) showed dramatically reduced
activity (Fig. 3.13D), suggesting that these amino acids are important for canonical
signaling by Norrin. It is notable that L430 and L433, which are located in the
region showing Norrin-induced conformational change, are functionally important
for Norrin signaling. In a previous study using Fzd5 ICL3 peptide, corresponding
Leu residues were shown to be critical for Dvl binding (Gammons, Renko, Johnson,
Rutherford, & Bienz, 2016). To investigate the Norrin-dependent interaction
between Fzd4 and Dvl, BRET assays were performed using Fzd4 L430A/L433A,
Fzd4ΔN200, and Fzd4. In basal state, BRET ratio calculated from Fzd4ΔN200 is
similar to that from Fzd4 and higher than those from M2R, Fzd4 L430A/L433A, and
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Fzd4504 (Figs. 3.22A). Previous reports showed that Dvl can co-localize with Fzd4
when co-expressed (Tauriello, Jordens, Kirchner, Slootstra, Kruitwagen, Bouwman,
Noutsou, Rüdiger, Schwamborn, Schambony, & Maurice, 2012; C. Zhang et al.,
2017) This explains the undisturbed basal BRET ratio of Fzd4ΔN200, which has
intact Dvl interacting surface. The ICL3 double mutations and C-tail truncation
completely disrupted the ability of Fzd4 to interact with Dvl. However, when it
came to ligand-induced effect, inevitably enough only wild type Fzd4, not
Fzd4ΔN200 showed a Norrin-induced BRET increase (Fig. 3.22B), implying the
Norrin-dependent recruitment of Dvl2.
My functional assays using Fzd4 mutations showed that Fzd4 linker
domain is essential for the specific and high affinity interaction with Norrin and is
important for transducing the canonical signal in response to it. Mutation in key
residue L4330 and L433 in ICL3 and completely destroyed the ability to recruit
Dvl, hence signaling as well. Deletion mutant on extracellular side had no effect on
the basal Dvl recruitment but failed to respond to ligand accordingly.
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Figure 3.12. Sequence alignment of the linker domain in class F GPCR.
Conserved cysteine residues are colored in red and other conserved amino acids
within phylogenetic subgroups are in green and blue, respectively. Residue
numbers are shown for each human Fzd (hFZD) subtype, mouse Fzd4 (mFZD4)
and hSMO. The CRD and the TMD are shown as boxed regions. 29 residues of the
hFzd8 linker are omitted in this alignment for simplicity and marked as <29>.
Based on this alignment, Fzd4 linker domain can be defined as the region covering
residues 161 – 208 (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, &
Choi, 2018)
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Figure 3.13. Functional assessment of various Fzd4 mutations. (A) Schematic
view of all Fzd4 constructs used for functional and binding assays. The conserved
KTXXXW motif is colored blue. Based on our mutational studies, functionally
significant residues are colored red, whereas insignificant ones are in green. FEVRassociated mutations tested in our assays are colored grey. (B,C,D) The effects of
Fzd4 mutants on Norrin signaling were measured. The bar graphs are plotted with
SEM of at least four repeats. Luciferase activities of the linker deletion and the
linker swap mutations are shown in (B) and those of FEVR-associated mutations
and point mutations at ICL regions are shown in (C) and (D), respectively (Bang,
Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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Figure 3.14. Expression of Fzd4 mutations detected by IFA imaging and
western blot. IFA images were produced with a confocal microscope. Each Fzd4
mutation was transfected and visualized with Anti-DYDDDDK tag antibody
conjugated with Alexa 647, and nuclei were stained with Hoechst 33342 (Scale
bars: 5 m). Expression of each Fzd4 mutation was detected by Western blot. Na/K
Pump was used as a reference house-keeping protein (Bang, Kim, Beaven, Kim,
Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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Figure 3.15. Cell surface biotinylation and double staining of the cells
transfected with Fzd4 wild type and Fzd45linker. (A) Western blots of input
samples from total cell lysates and streptavidin pull-down samples are shown. Fzd4
and Fzd45linker were biotinylated in similar amount. (B) Surface expression of Fzd4
linker mutation. HEK293A cells were transfected with FLAG-Fzd4 or FLAGFzd45linker. Transfected cells were detected with Rabbit α-FLAG and Mouse αcalnexin antibody. Nuclei were stained with Hoechst33342. (Scale bars: 5 μm)
(Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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Figure 3.16. Binding curve of MBP-Norrin with Fzd4CRDlinker mutants
measured by MST. (A) shows binding between MBP-Norrin and Fzd4CRD5linker and
(B) shows that between MBP-Norirn and Fzd4CRDlinker with E180K. Error bars
represent SD of 2 independent experiments. KD was calculated by Graphpad Prism
one site specific binding model (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok,
Chung, & Choi, 2018).
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Figure 3.17 BRET assays showing the interaction between YFP-Dvl2 and
various Fzd4-RLuc mutations. All graphs are plotted with SEM of 5 repeats. (A)
Measurements were made in absence of Norrin to show basal level interaction. ‘**’
means significance at p < 0.01 and ‘ns’ means not significant. (B) The effect of
Norrin on BRET between each Fzd4 construct and Dvl2 was investigated by adding
the increasing amount of Norrin (0, 0.1, 1, 5, 8 μg/ml) in each BRET assay. ‘***’
means significance at p < 0.001 (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok,
Chung, & Choi, 2018).

74

Chapter 4. Conclusions
In summary, I demonstrated that the linker region of Fzd4 contributes to a high
affinity interaction with Norrin and signaling. In vitro binding assays showed that
the Fzd4CRDlinker binds to Norrin about 10 times stronger than Fzd4CRD.
Theoretically calculated binding energy also supports the argument and my cellbased experiments demonstrated that the linker deletion and swap mutations reduce
Norrin signaling activity. This is further supported by the conformational change
observed through HDX-MS, as the linker appears to play an important role in
transmitting the extracellular ligand binding signal to the TMD. Together with the
linker region, the ICL3 showed a conformational change by Norrin-induced
activation of Fzd4. It is widely accepted that agonist-induced activation of class A
GPCR leads to conformational change at ICL3 and the cytoplasmic regions of TM5
and TM6, although I doubt that Fzd4 in the Wnt signaling pathway shows a similar
conformational change as class A GPCR. Cell-based assays and BRET assays
suggest that L430 and L433 in ICL3, together with the KTXXXW motif, are
important for the interaction with Dvl at the basal level and during activation by
Norrin. The molecular details of how the conformational change at ICL3 identified
by HDX relates to Dvl binding and downstream signaling remain an open question.
Recent study identified conserved molecular switch at TM6 among class F GPCRs
(Wright, Kozielewicz, Kowalski-Jahn, Petersen, Bowin, Slodkowicz, Marti-Solano,
Rodríguez, Hot, Okashah, Strakova, Valnohova, Babu, Lambert, Carlsson, &
Schulte, 2019), but it is yet to see how the switch dynamically respond to activation.
It is unclear whether these findings, such as Norrin-induced conformation
changes and the contribution of the linker domain to high affinity ligand binding,
are generally applicable to Fzd-ligand interactions and activation. Unfortunately,
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in current assay system, I could not detect the response of the Fzd4 mutations to
Wnt stimulation, because Wnt1 and Wnt3a treatments gave a strong positive signal
even without Fzd transfection, possibly because of endogenous Fzd. Norrin and
Wnt have different binding modes for Fzd with different co-receptors, such as
Tspan12, involved in signaling. It is possible that Fzd4 shows Norrin-induced
conformational changes distinct from those of Wnt, despite the fact that both share
the canonical signaling pathway. Further structural and functional studies of Fzd
are required to examine this possibility.
Structural study of Norrin/Fzd4 complex at the molecular level is
currently on-going. Micrographs from cryo-EM appeared to be promising, but
more optimization needs to be done to obtain high resolution protein structure.
There could be many reasons behind the difficulty in determining structure.
Measures to reduce the flexibility in structure and stabilize 2 to 2 stoichiometry
form are being taken. Norrin/Fzd4 complex is being tested with a few nanobodies
that looked promising in binding assay. Hopefully nanobody can increase the
stability of Norrin/Fzd4 in complex form. pH of the buffer is varied to mimic the
physiological environment as closely as possible. Various conditions of membrane
protein presentation on grids are being tested as well. Instead of simple detergent
micelles, to better mimic the lipid environment and hopefully better stabilizing the
membrane protein, Norrin/Fzd4 in nanodiscs are being screened for cryo-EM.
Once the structure is defined many questions regarding the activation mechanism
will finally be answered.
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Appendix
Data from collaborations are printed here with permission. Computational
modeling and evaluation of generated models using MD simulation were done
mostly by Andrew Beaven under supervision of Prof. Chaok Seok. HDX-MS
analyses were performed by Hee Ryung Kim under supervision of Prof. Ka young
Chung.
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Figure A.1 Computational models of Fzd4/Norrin complex and their MD
simulations. (A) Computational models of Fzd4-Norrin complex. All nine
computational models are shown. (B) The rotation angle ρ in function of time
during the MD simulation. (C) Root-mean-square-distance (RMSD) for the dimer
models as a function of time. Deep/light blue are the CRD, deep/light green are the
loops, red is the TMD, and black is the total protein and ligand RMSD (Bang, Kim,
Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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Figure A.2 Two representative computational models of Fzd4-Norrin complex.
Two molecules of Norrin are shown in green and yellow green. One Fzd4 chain is
in magenta and the other in cyan. For clarity, both CRDs are colored in darker shade.
Both models were aligned against TMD and are shown in the same orientation.
Eight disulfide bonds in Fzd4 model are shown in yellow sticks and two molecules
of GlcNAc, which were identified in the crystal structure of Fzd4 CRD (PDB ID
5BQC) are shown in orange sticks (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im,
Seok, Chung, & Choi, 2018).
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Table A.1 Norrin rotation angle of the models. ρi is the initial rotation a
ngle and ρf is the final angle after 20 ns simulations. Small Δρ implies a
stable initial structure (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok,
Chung, & Choi, 2018).

Model

ρi

ρf

Δρ

1

19.0

15.5

-3.5

2

25.1

56.1

31.0

3

41.5

56.9

15.4

4

73.6

89.1

15.5

5

87.1

113.7

26.6

6

-63.7

-57.1

6.6

7

-53.8

-53.1

0.7

8

-23.4

4.9

28.3

9

-0.1

-2.0

-1.9
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Table A.2. Molprobity analysis of Fzd4/Norrin complex model (Bang, Kim,
Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018; Chen et al., 2010).

Model 7

Model 9

Clash scorea

1.35 (99th percentile)

1.69 (99th percentile)

Poor rotamersb

0.60%

0.81%

Ramachandran outliersc

0.18%

0.00%

Ramachandran favoredd

97.49%

97.67%

Cβ deviations > 0.25 Åe

0.94%

0.75%

0.00%

0.00%

0.77%

0.85%

0.97 (100th percentile)

0.99 (100th percentile)

Residues with bad bond
lengthf
Residues with bad bond
angleg
Molprobity scorea
a

100th percentile is the best, 0th percentile is the worst

b

Goal: < 0.30%

c

Goal: < 0.05%

d

Goal: > 98.0%

e

Goal: = 0.00%

f

Goal: = 0.00%

g

Goal: < 0.10%
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Figure A.3 HDX profiles of Fzd4 alone (A) and Norrin-bound Fzd4 (B). The
HDX-MS results are shown as the deuterium exchange rate, which is color-coded
on the snake diagram of Fzd4. The quenching time point is labeled on the top of
each snake diagram. (Bang, Kim, Beaven, Kim, Ko, Lee, Lee, Im, Seok, Chung, &
Choi, 2018)
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Figure A.4 HDX-MS result for Fzd4. Differences in deuterium uptake observed
for Fzd4 upon Norrin binding is noted on model 7. While two Fzd4 molecules are
in light green and light blue, the uncolored white patches represent the regions with
no peptides identified by mass spectrometry. Disulfide bonds are shown as yellow
sticks. Norrin dimer is colored with light and dark grey. The peptides with altered
HDX upon Norrin binding are color-coded (red, magenta, green, blue, and orange)
and marked on the model. Next to the model, the deuterium uptake plots of the
color-coded peptides are shown. Error bars represent SEM of 3-6 independent
experiments, and * indicates significance at p < 0.05. (Bang, Kim, Beaven, Kim,
Ko, Lee, Lee, Im, Seok, Chung, & Choi, 2018)
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Figure A.5 Mass spectra of peptides showing different kinetics. Mass spectra of
peptides from ICL1 (left) and helix 8 (right) showing a binomial and a bimodal
isotropic distribution, respectively are presented (Bang, Kim, Beaven, Kim, Ko,
Lee, Lee, Im, Seok, Chung, & Choi, 2018).
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국문초록
Wnt 신호전달은 Wnt 리간드가 class F G protein coupled receptor (GPCR)인
Frizzled 수용체 (Fzd)의 세포 밖 리간드 상호작용 도메인인 CRD에
붙으면서 시작된다. 여러 질병과 관련 있는 만큼 그간 많은 연구가
되어 왔으나 아직 활성/조절 기작에 대해 알려진 바가 많지 않은
신호전달 체계이다. Norrin은 특이한 Fzd 리간드로 오직 Fzd4와만
상호작용하며 β-catenin 기반 canonical Wnt 신호전달을 활성화 시킨다.
Norrin이 어떻게 Fzd4 특이적 상호작용을 하는지 그 분자적 기작은
현재

발표된

Fzd4CRD/Norrin

구조에서

밝혀져

있다.

그러나

이

구조에서는 리간드와의 상호작용이 CRD에 국한되어 있으므로 그
상호작용이

어떻게

Fzd4

전체를

통해

세포질

쪽

전달되는지에

대해서는 알 수 없다. 본 논문은 CRD와 TMD를 잇는 링커 (linker)
도메인이

Norrin

신호전달에서

중요하게

작용함을

밝혔다.

링커

도메인은 직접적으로 Norrin과 Fzd4 사이의 높은 결합력에 영향을 준다.
CRD만 있을 때보다 CRD에 링커까지 있을 때 Norrin과의 결합력이
10배 이상 차이나는 것을 보면 알 수 있다. 또한, Fzd4의 링커 일부분을
제거하거나 Fzd4 링커를 Fzd5 링커로 치환했을 때 Norrin 신호전달이
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크게 감소하는 것을 확인하였다. 이로부터 CRD 뿐 아니라, 링커도
Norrin 리간드 특이적 신호전달 반응에 매우 중요하게 작용함을 알 수
있었다. 링커는 Norrin 상호작용에 수반되는 Fzd4의 구조적 역동성에도
관여하고 있음을 HDX-MS 실험을 통하여 관찰하였다. 흥미롭게도 링커
뿐 아니라 Norrin이 Fzd4의 세포 밖 도메인에 결합함에 의해 세포 내
ICL3에서도 구조적 변화가 생기는 것이 관찰되었다. 세포 기반 기능
assay를 통해, 링커 부분이 삭제된 돌연변이와 ICL3에 위치한 특정
아미노산의 돌연변이들 (L430A, L433A), 그리고 카르복시 말단 33개
아미노산들이 제거된 돌연변이들은 모두 세포 내 Dishevelled (Dvl)
recruitment가 저해되며 β-catenin 기반 신호전달이 방해되는 것을 관찰할
수 있었다. 본 논문은 세포생물학, 생물리학, 생화학적 방법을 이용하여
다방면으로 접근하여 Norrin에 의한 Fzd4의 구조적, 기능적 변화를
통합적으로 분석하였다. 이러한 연구를 통해 class F GPCR의 활성
기작에 대한 정보도 얻을 수 있었다. 본 연구를 기반으로 좀 더 정확한
분자적 기작을 이해하기 위해 현재 구조 연구가 진행 중이다.
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주요어: Norrin, Fzd4, Wnt 신호전달체계, linker, CRD, HDX-MS, BRET assay,
Dvl
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