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Wnt signaling is initiated by Wnt ligand binding to the extracel-
lular ligand binding domain, called the cysteine-rich domain (CRD),
of a Frizzled (Fzd) receptor. Norrin, an atypical Fzd ligand, specif-
ically interacts with Fzd4 to activate -catenin-dependent canon-
ical Wnt signaling. Much of the molecular basis that confers Norrin
selectivity in binding to Fzd4 was revealed through the structural
study of the Fzd4cgp—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, we
show that a flexible linker domain, which connects the CRD to the
transmembrane domain, plays an important role in Norrin signaling.
The linker domain directly contributes to the high-affinity interac-
tion between Fzd4 and Norrin as shown by ~10-fold higher binding
affinity of Fzd4cgp to Norrin in the 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
MS revealed Norrin-induced 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
p-catenin—-dependent signaling activity, indicating the functional sig-
nificance of these sites. Together, our results provide functional and
biochemical dissection of Fzd4 in Norrin signaling.
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nt signaling plays an important role in embryonic develop-

ment, tissue homeostasis, and cell proliferation in adult tissues.
Aberrant Wnt signaling causes various human diseases such as cancer
and neurodegenerative disease (1). Frizzled (Fzd) receptors on the
cell surface recognize Wnt ligands by their extracellular cysteine-rich
domain (CRD) (2) and transmit their signal to the cytoplasm. Al-
though Wnt is the main ligand for the Fzd family, Fzd4 has an
atypical and highly specific ligand called Norrin. Norrin functions as a
growth factor that is especially required for angiogenesis in the eye
(3), and mutations in the gene encoding human Norrin are associated
with Norrie disease, which impairs vision (4). Specific Norrin binding
to Fzd4 (5) activates the B-catenin—dependent canonical Wnt signal-
ing pathway, in which Dishevelled (Dvl), as a cytoplasmic downstream
molecule, is shown to interact with intracellular loop 3 (ICL3) and
the highly conserved KTXXXW motif of Fzd (6, 7).

From a structural point of view, Norrin is completely different
from Wnt. Norrin has a cystine-knot motif and forms a homo-
dimer through intermolecular disulfide bonds (8, 9). Unlike Wnt,
in which a palmitoleic acid lipid group is attached at a conserved
serine (10), Norrin is not lipid-modified. The molecular basis of
the specific interaction of Norrin with Fzd4 was shown by the
crystal structures of the Fzd4cgp—Norrin complex, in which two
CRD molecules interact with a head-to-tail Norrin dimer in a 2:2
stoichiometry (9). A structural comparison of the Fzd4cgp—Norrin
complex with the Fzd8crp—Xenopus Wnt8 (XWnt8) complex
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showed that the binding surface on the CRD for Norrin overlaps
with that for the Wnt finger loop, but the lipid-mediated in-
teraction of XWnt8 is missing in Norrin (9, 10).

Most structural studies on the Fzd family have focused on the
extracellular domain to understand how Fzd achieves its ligand
specificity. To our knowledge, no structural information about
the Fzd transmembrane domain (TMD) or the linker domain
between the CRD and the TMD is available yet. The linker
domain is highly divergent among Fzd subtypes, varying in length
from approximately 40 aa in Fzd4 to 100 aa in Fzd8, and in
sequence as well. The functional role of the linker domain has
not yet been studied to our awareness.

Although X-ray crystallography remains the favorite tool for
structural evaluation of membrane proteins, it is, in general, a
challenging and time-consuming approach, and the crystal struc-
ture provides only a thermodynamically static view of the protein.
The structural dynamics of a protein are as important as its static
structure in understanding its function. Hydrogen/deuterium ex-
change MS (HDX-MS) has been successfully used to probe the
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Fig. 1. 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) Each ABRET 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 RLuc8-/YFP-tagged order.
(B) Kinetic measurement of the BRET ratio is plotted with a black arrow
marking the injection time point of MBP-Norrin. For M2R and Fzd4ANqq,
only the data at the highest MBP-Norrin concentration (5 pg/mL) are plotted
because similar results were obtained at all three concentrations.

ligand-mediated dynamic conformational change of G protein-
coupled receptors (GPCRs) (11). In this study, we evaluated the
conformational change of Fzd4 upon Norrin binding by using
HDX-MS in combination with computational structure modeling.
We also revealed that full-length Fzd4 binds to Norrin ~10 times
more tightly than the CRD itself, and that the linker region is
responsible for this tight binding. Further functional assays were
performed to assess whether the linker and ICL3 regions, which
show that the ligand-induced conformational dynamics are related
to biological function. Our studies provide an important allosteric
activation mechanism of Fzd4 in Norrin signaling.

Results and Discussion

Oligomeric State of Fzd4. Although the crystal structures of Fzd4crp
itself or in complex with Norrin are available (9, 12), no structure of
full-length Fzd has been reported to characterize its interaction with
the ligand. As the first step to study the structural dynamics of Fzd4
upon Norrin binding, we purified full-length Fzd4 (hereafter simply
Fzd4) and made a complex with Norrin (SI Appendix, Fig. S1). We
examined the oligomeric states of purified Fzd4 and the Fzd4-
Norrin complex by using a multiangle light scattering (MALS) sys-
tem (SI Appendix, Fig. S2). The molecular weights of Fzd4 alone
and the Fzd4-Norrin complex were calculated to be 51 kDa and
128 kDa, respectively, suggesting that Fzd4 forms a Norrin-induced
dimer, whereas Fzd4 alone remains a monomer in vitro.

Whereas the purified Fzd4 from an insect cell culture was a
monomer, we observed oligomeric Fzd4 in vivo by using a bio-
luminescence resonance energy transfer (BRET) assay (Fig. 14),
consistent with previous reports (8, 12). The discrepancy in the
oligomeric states of Fzd4 in vitro and in vivo could be caused by the
purification procedure being too harsh for a dimer to withstand and
the presence of endogenous ligands and unsaturated fatty acid
in vivo that can stimulate Fzd4 oligomerization (12, 13). To exclude
the effect of endogenous ligands or fatty acyl groups on the oligo-
meric state of Fzd4 in vivo, a BRET assay was performed with a
CRD-deleted Fzd4 (Fzd4AN,go) construct. As shown in Fig. 14,
Fzd4ANyy gave a similar BRET signal to Fzd4, proving that the
Fzd4 TMD by itself has the ability to form a dimer. This finding is in
line with a previous report showing that Fzd6 forms a homodimer
through a dimeric interface between TM4 and TMS5 helices (14).

To investigate the effect of Norrin binding on Fzd4 oligo-
merization in vivo, BRET signals were monitored after an ex-
ogenous treatment of Norrin fused to a maltose binding protein
(MBP) for stability. As MBP-Norrin was added, an increased
BRET signal was observed for Fzd4 in a dose-dependent man-
ner, whereas Fzd4AN,y, and muscarinic receptor 2 (M2R) did
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not show any response to Norrin treatment (Fig. 1B). This im-
plies that further oligomerization of Fzd4 above the basal level
can be enhanced by Norrin in vivo, probably through its dimeric
form. Recently, the Wnt5a ligand was shown to induce Fzd4
oligomerization through its lipid moiety (12). Although Fzd4
oligomerization appears to be the common response to Norrin
and Wnt, the molecular mechanism of Fzd4 oligomerization by
these ligands likely differs because of their structural differences.

Structural Modeling of Fzd4-Norrin Complex. To better visualize
how Fzd4 interacts with Norrin, nine candidate model structures
were generated by computational modeling that used template-
based modeling (TBM), domain docking, linker modeling, and
molecular dynamics (MD) simulations (SI Appendix, Fig. S3). A
dimeric TM structure of Smoothened receptor (SMO), which
belongs to the class F GPCR family, along with Fzd [Protein Data
Bank (PDB) ID code 4JKV] (15) and a Fzd4-gp—Norrin complex
structure (PDB ID code 5BQC) (9), were used as templates for
domain structure building by TBM. The main element of variation
among our model structures was the rotation angle (p) of CRD-
Norrin relative to the TMD (SI Appendix, Fig. S4). MD simula-
tions were carried out to monitor the stability of these nine con-
formations in the lipid environment. In all of the models, over the
second half (10 ns) of the simulation time, relatively high struc-
tural fluctuations occurred in the CRD and loop regions, whereas
low variation occurred in the TMD (SI Appendix, Fig. SS5). Models
7 and 9 showed the lowest Ap of all of the models and the lowest
total rmsd from the initial model structures after MD simulations,
implying the greatest stability (SI Appendix, Fig. S5 and Table S1).
Therefore, they were chosen as representative model structures of
the Fzd4-Norrin complex (Fig. 2 and SI Appendix, Table S2). Both

Model 9

Fig. 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 is in cyan. For clarity, both CRDs are col-
ored in darker shades. Both models were aligned against the TMDs and are
shown in the same orientation. Eight disulfide bonds in each Fzd4 are shown
in yellow sticks, and two molecules of GIcNAc, which were identified in the
crystal structure of Fzd4crp (PDB ID code 5BQC), are shown in orange sticks.
Schematic drawings were made for each top view.
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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; C204-C282), and one
between the ECL2 and TM3 (C302-C377). Although two N-
linked glycans on the CRD were not included in our modeling,
structural alignment of the crystal structures of Fzd4crp with our
models shows that there is no potential steric hindrance of bulky
glycans with Fzd4 or Norrin in our final models (Fig. 2).

A comparison of the Fzd4 model with the SMO structure
revealed one striking difference. Whereas SMO has a character-
istically long TM6 that extends into extracellular space, Fzd4 seems
to lack such a feature (SI Appendix, Fig. S6). The extended TM6
helix in SMO, together with ECL3, interacts with the CRD,
holding it in a relatively fixed orientation (16, 17). Although a fully
active state of the SMO structure is unavailable, a 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 (16, 17). On the contrary, 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 (SI Ap-
pendix, Fig. S6). Compared with SMO, Fzd subtypes have a long
linker between CRD and TM1 of various sequence and length.
Interestingly, our structure and energy analysis suggest that the
linker region contributes to the binding of Norrin. The interactive
energy of Fzd4crp with the linker domain (Fzd4crpiinker; residues
41-203) for Norrin calculated from model 9 was 63.3 kcal-mol ™,
which was similar to that of Fzd4 (—69.5 kcal-mol™"), whereas that
of Fzd4crp was much lower (—46.0 kcal-mol’l). Details on the
functional role of the linker domain will be discussed later.

Conformational Dynamics of Fzd4 upon Norrin Binding. To address

the structural dynamics of Fzd4 upon Norrin binding, an HDX-
MS experiment was performed. The HDX-MS data of ligand-free
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Fzd4 were consistent with the proposed serpentine structure (S
Appendix, Fig. S7). Ordered or buried regions, such as TM helices,
had lower deuterium exchange levels than in flexible or exposed
regions, including linker, ICLs, ECLs, and C-terminal tail regions.

To analyze the conformational change of Fzd4 upon Norrin
binding, the HDX-MS profiles of ligand-free and Norrin-bound
Fzd4 were compared. Unfortunately, we could not obtain peptidic
peptides from Fzd4crp—Norrin interface (i.e., G57, T107-P113,
and Q151-P174 based on the crystal structures of the Fzd4crp—
Norrin complex) (9), and therefore we could not measure HDX
profiles in the Norrin-binding interface. Instead, we observed
HDX profiles of other regions, including the linker and ICL3.
Norrin binding induced increased deuterium uptake in five regions
of Fzd4 (Fig. 34): the linker (residues 191-200), two sites in ECL1
(residues 285-292 and 270-278), ICL3 (residues 420-432), and the
C terminus of TM6 (residues 457-464). ICL3, which is located far
from the ligand binding site, showed a change in HDX profile,
implying the transmission of the conformational change through
the TMD upon Norrin binding at the extracellular domain.

Our HDX data clearly show that Norrin binding significantly
affects the conformation of 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 fea-
tures: large outward movement of the cytoplasmic part of TM5
and TM6, rearrangement of TM7 around the NPXXY motif, and
a broken “ionic lock” between the DRY motif in TM3 and the
arginine in TM6 (18-20). 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. Our HDX-MS data provides a clue
into the structural dynamics of Fzd4 in response to Norrin.

HDX-MS Kinetic Property of Fzd4 Helix 8 and Its Functional Role in
Norrin Signaling. Helix 8 of Fzd4 showed an interesting HDX-MS
profile (Fig. 3B). Under a physiological condition, most proteins
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Fig. 3. HDX-MS result for Fzd4. (A) Differences in deuterium uptake observed for Fzd4 upon Norrin binding is noted on model 7. Whereas two Fzd4
molecules are in light green and light blue, the uncolored white patches represent the regions with no peptides identified by MS. Disulfide bonds are shown
as yellow sticks. Norrin dimer is colored with light and dark gray. 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 three to six independent experiments. (*Significant at P < 0.05.) (B) Mass spectra of peptides from ICL1 (Left) and helix 8 (Right) showing a binomial and a

bimodal isotropic distribution, respectively, are presented.

Bang et al.

PNAS | August 28,2018 | vol. 115 | no.35 | 8789

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805901115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805901115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805901115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805901115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805901115/-/DCSupplemental

undergo fast local unfolding/refolding events (much faster than
the HDX rate), which generate EX2 kinetics presented as a bi-
nomial isotropic distribution in the mass spectrum (11). On the
contrary, EX1 kinetics are achieved when the unfolding/refolding
rate is considerably slower than the HDX rate, and exhibits a bi-
modal distribution (21). Whereas all other peptides from Fzd4
showed a binomial isotropic distribution, peptide 497-504 from
helix 8 showed a bimodal isotropic distribution (Fig. 3B), suggesting
conformational heterogeneity. Because the intensity and the m/z of
the faster exchanging conformer increased as deuterium exposure
increased, it is evident that the region 497-504 underwent a mixture
of EX1/EX2 kinetics, reflecting the partial unfolding of helix 8. In
the case of B,AR or rhodopsin, helix 8 forms a stable a-helix, and
previous HDX-MS analyses did not report EX1 kinetics from helix
8 of these receptors (21). 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 im-
portant for the interaction with Dvl (6, 7). Far-UV CD and an NMR
study of the C-tail of Fzd1 showed that the C-tail peptide, including
the KTXXXW motif, is unstructured in an aqueous environment,
whereas the major population forms an o-helix in a detergent solu-
tion with micelles present, suggesting that Fzd helix 8 exhibits micelle-
dependent conformational change (22). In our experiment with Fzd4,
partial unfolding of helix 8 was observed in the presence of micelles.

We inspected the functional role of the KTXXXW motif by
using two C-terminal truncated mutations: Fzd4so, whose last
amino acid is W504 of KTXXXW motif, and Fzd4sy;, which
contains three extra amino acids after the KTXXXW motif.
Consistent with a previous report (23), Fzd4sy4 showed a dra-
matically reduced Norrin signaling, whereas the activity of Fzd4s,;
was similar to that of the WT (SI Appendix, Fig. S8). Reduced
Norrin signaling of Fzd4sy, may relate to a defect in the in-
teraction with Dvl, as demonstrated by a BRET assay (SI Ap-
pendix, Fig. S9). Previous studies using the peptide derived from
the Fzd7 C-terminal tail showed that the KTXXXW motif inter-
acts with the Dvl PDZ domain, and deleting the residues N- or C-
terminal to the KTXXXW motif changes the secondary structure
of the peptide, leading to a reduced binding affinity to Dvl (7). In
our HDX experiment, we could not detect the kinetic change in
the folding of helix 8 upon Norrin binding, possibly because of the
absence of Dvl. Further study is required to validate the link be-
tween the kinetic dynamics of helix 8 and the interaction with Dvl.

Contribution of Fzd4 Linker Region on Norrin Binding. Based on our
calculated interactive energy (discussed earlier), and given how
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MBP-Norrin
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the signal from ligand binding needs to be propagated to the cy-
toplasm, we reasoned that the linker might be involved in the
ligand interaction to mediate the signal transmission to the
TMD. To investigate if other regions than the CRD contribute to
the interaction with Norrin, we compared the binding affinities
of Fzd4crp and Fzd4 for MBP-Norrin by using a gel filtration
assay (Fig. 44). When 1 puM MBP-Norrin was mixed with 1 pM
Fzd4crp or Fzd4 and injected into the gel filtration column, only
Fzd4 eluted together with MBP-Norrin. Fzd4crp coeluted with
MBP-Norrin at a higher concentration, 10 uM (SI Appendix, Fig.
S10), revealing that Fzd4 binds to Norrin more tightly than
Fzd4crp. To test if the linker domain is involved in tighter
binding, Fzd4crpiinker Was purified and used for the gel filtration
assay. Unlike FZd4CRD, FZ(],“-(jRDlinkﬁr was coeluted with MBP-
Norrin at the 1-pM concentration (Fig. 44). A series of gel fil-
tration assays were performed to test if Fzd4crpiinker and Fzd4
have a similar affinity to Norrin. Both complexes dissociated at a
similar concentration (SI Appendix, Fig. S11), suggesting that
Fzd4crpiinker has full affinity to Norrin. For a quantitative analysis
of binding affinity, the Ky values of Fzd4crp and Fzd4crpiinker for
MBP-Norrin were measured by microscale thermophoresis
(MST) experiments (Fig. 4B). Consistent with the gel filtration
assays, Fzd4crpiinker binds to Norrin more strongly than Fzd4cgrp,
with a K4 of 260 nM, whereas the Ky of Fzd4cgp is 2.0 pM.
Previously, the affinity of Fzd4cgrp for Norrin or MBP-Norrin
was measured as 1.1 pM by a surface plasmon resonance (SPR)
experiment and 11 nM by an AlphaScreen assay (8, 9). This
discrepancy was attributed to the use of the monomeric Fzd4crp
in the SPR experiment, in contrast to the use of Fc-fused dimeric
Fzd4crp in the AlphaScreen assay. Fzd4crp, Fzd4crpiinker, and
Fzd4, used in our binding assays, were purified as monomers, as
confirmed by MALS analysis (SI Appendix, Figs. S2 and S12).
Thus, we can safely conclude that the difference in the affinity to
Norrin measured in our binding assays did not originate from
different oligomeric states. Therefore, our results clearly show
that Fzd4crpiinker and Fzd4 have similar affinity for Norrin,
whereas Fzd4crp has an approximately 10-fold lower affinity.

Functional Roles of the Linker and ICL3 of Fzd4 in Norrin Signaling. As
the importance of the linker became evident, we analyzed the se-
quences of the linker domain between the conserved CRD and
TMD in the Fzd subtypes. Sequence alignment of the linker do-
main shows an interesting feature, that Fzd4 has unique linker se-
quences especially in the region between two Cys residues mak-
ing intramolecular disulfide bond (C181-C200), whereas other
Fzd subtypes have relatively conserved sequences within their
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Fig. 4.

In vitro binding assays between Norrin and Fzd4. (A) The size exclusion chromatography profile (Top), Coomassie-stained SDS/PAGE gel (Middle), and

Western blot (Bottom) of each complex are shown. MBP-Norrin is plotted in black for all three profiles. Fzd4crp is in sky blue, Fzd4crpiinker in yellow, and full-
length Fzd4 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.
Fzd4crp and Fzd4cprpiinker Were detectable only 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 Fzd4crp and Fzd4crpiinker for MBP-Norrin, and their
binding curves are shown in red and blue, respectively. Error bars represent SD of three independent experiments.
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Fig. 5.

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 at the cytoplasmic region are colored red, whereas insignificant
ones are in green. FEVR-associated mutations tested in our assays are colored pink. Orange colored region represents the Fzd4 linker domain. (B-D) The effects of
Fzd4 mutations on Norrin signaling were investigated. 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.

phylogenetic subgroups (SI Appendix, Fig. S13). To further assess
whether the linker domain is functionally important in Norrin
signaling, we designed two linker-deleted mutations at designated
positions, A167-176 and A177-200 (Fig. 5A and SI Appendix, Fig.
S14) and measured the level of canonical signaling activity of each
mutation. We observed an activity decrease in both deletion mu-
tants (Fig. 5B). In our calculated models, several residues in the
167-176 region (E166, V167, 1169, 1175) were found to make
direct contacts with Norrin, whereas the hydrophobic residues
V184, 1192, and V201 in the other part of the linker were shown to
interact with ECL1, which could contribute to Norrin binding in-
directly. A previous SPR experiment that measured the binding
affinity between Fzd4crp and Norrin used the CRD, which was
defined differently from ours, containing part of the linker (resi-
dues 43-179) (9). The Ky of 1.1 uM from that experiment is similar
to our K, for Fzd4crp, given that they were measured by different
methods, and much higher than that for Fzd4crpiinker, SUggesting
that the full-length linker is required to achieve the full affinity for
Norrin. Then, we tested the activity of the Fzd4 construct with a
linker swap (Fzd4sjiker), in which the Fzd4 linker (residues 164—
203) was replaced with the Fzd5 linker (residues 153-221; Fig. 54
and SI Appendix, Fig. S15). If the CRD is the only ligand binding
domain and determines ligand specificity, a linker swap construct
would still transmit Norrin signaling through the CRD. As shown
in Fig. 5B, the linker swap completely eliminated the Fzd4 re-
sponse to Norrin, demonstrating that the Fzd4 linker has a specific
role in Norrin signal transduction. Purified Fzd4crp with the Fzd5
linker (Fzd4crpsiinker) Showed lower binding affinity for Norrin
than Fzd4crpiinker, With a Ky of 1.8 pM (SI Appendix, Fig. S16),
suggesting that the loss of Norrin signaling of Fzd4sj;., is related
to a defect in Norrin binding. This result again proves the im-
portance of the linker for the interaction with Norrin.

Several single missense mutations in Fzd4 have been found in
patients with familial exudative vitreoretinopathy (FEVR) (5, 24),
and four of them, the E180K, C181R, C204Y, and C204R muta-
tions, are located in the linker domain. Each Cys mutant may cause
a structural defect by missing a disulfide bond, leading to a defect in

Bang et al.

Norrin binding. The effect of the E180K and C181R mutations on
Norrin signaling was investigated by using a TOPFlash assay with the
M157V FEVR-associated mutation in the CRD as a control be-
cause it was previously shown to affect the Norrin signaling (5).
Three FEVR-associated mutations, M157V, E180K, and CI81R,
displayed 20-50% loss of WT signaling activity (Fig. 5C), indicating
the importance of these residues in Norrin signaling. In vitro binding
assay of Fzd4crpiinker With the E180K mutation showed similar but
slightly lower affinity to Norrin (Ky of 290 nM), compared with WT
Fzd4crpiinker, Suggesting that E180 in the linker does not contribute
to the Norrin binding directly (SI Appendix, Fig. S17).

Next, we assessed the ICLs of Fzd4 that are suspected to be im-
portant in Wnt signaling (7, 25). Based on our HDX-MS results in
combination with a previous report about eight key residues identi-
fied to be crucial for Dvl recruitment, we designed four point mu-
tations: R247A and Y250A at ICL1 and L430A and 1 433A at ICL3
(25, 26). Two more mutations, S249A and L329A, located on ICL1
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Fig. 6. BRET assays showing the interaction between YFP-DvI2 and various
Fzd4-RLuc mutations. All graphs are plotted with SEM of five repeats. (A)
Measurements were made in the absence of Norrin to show basal level in-
teraction. (**Significant at P < 0.01; ns, not significant.) (B) The effect of
Norrin on BRET between each Fzd4 construct and DvI2 was investigated by
adding an increasing amount of Norrin (0, 0.1, 1, 5, 8 pg/mL) in each BRET
assay. (***Significant at P < 0.001.)
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and ICL2, respectively, were made as functionally silent mutations
(Fig. 54 and SI Appendix, Fig. S14). Whereas S249A and L.329A did
not show a significant signal change in the TOPFlash assay, the other
four mutations (R247A, Y250A, L430A, LA433A) showed dramati-
cally reduced activity (Fig. 5D), suggesting that these amino acids are
important for canonical signaling by Norrin. It is notable that 1430
and 1433, which are located in the region showing Norrin-induced
conformational change, are functionally important for Norrin sig-
naling. In a previous study using Fzd5 ICL3 peptide, corresponding
Leu residues were shown to be critical for Dvl binding (25). To in-
vestigate the Norrin-dependent interaction between Fzd4 and Dvl,
BRET assays were performed by using Fzd4; 430414334, FZd4AN5g,
and Fzd4. In basal state, BRET ratio from Fzd4ANy is similar to
that from Fzd4 and higher than those from M2R, Fzd4; 53014334,
and Fzd4sy, (Fig. 64). Previous reports showed that Dvl can coloc-
alize with Fzd4 when coexpressed (7, 27), which explains the basal
BRET signal, and we suspect the ICL3 mutations and C-tail trun-
cation completely lost their ability to interact with Dvl. WT Fzd4,
and not Fzd4ANy, showed a Norrin-induced BRET increase (Fig.
6B), implying the Norrin-dependent recruitment of DvI2.

As shown by our functional assays using Fzd4 mutations, it is
evident that 1.430 and 433 in ICL3 and C-tail are important for
Dvl binding. We also show that the linker domain is required for
the specific and high-affinity interaction with Norrin and is im-
portant for transducing the canonical signal in response to Norrin.

Conclusion

In summary, we demonstrated that the linker region of Fzd4 con-
tributes to a high-affinity interaction with Norrin and signaling. In
vitro binding assays showed that the Fzd4crpjinker binds to Norrin
approximately 10 times more strongly than Fzd4crp, and our cell-
based experiments demonstrated that the linker deletion and swap
mutations reduce Norrin signaling activity. Further supported by
computational modeling and a conformational change observed
through HDX-MS, 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 conforma-
tional 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
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TMS5 and TM6 (18-20), although we 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 1.430
and [433 in ICL3, together with the KTXXXW motif, are im-
portant for the interaction with Dvl at the basal level and during
activation by Norrin. The molecular details of how the confor-
mational change at ICL3 identified by HDX relates to Dvl binding
and downstream signaling remain an open question.

It is unclear whether our findings, such as Norrin-induced con-
formation changes and the contribution of the linker domain to
high-affinity ligand binding, are generally applicable to Fzd-ligand
interactions and activation. Unfortunately, in our assay system, we
could not detect the response of the Fzd4 mutations to Wnt stim-
ulation because Wntl and Wnt3a treatments gave a strong positive
signal even without Fzd transfection, possibly because of endoge-
nous Fzd. Norrin and Wnt use different binding modes for Fzd with
different coreceptors, such as Tspan12 (28, 29), involved in signal-
ing. 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.

Methods

Mus musculus Fzd4, Fzd4crp, Fzd4crpiinkerr and human Norrin were expressed
in Spodoptera frugiperda (5f9) cells. Fzd4 was purified from the membrane
fraction, and Fzd4crp, FZd4crpiinker» and human Norrin were purified from the
cell medium by using an affinity column followed by Superdex 200 gel filtra-
tion chromatography. Details on the construct information, protein puri-
fication, molecular weight determination with a MALS detector, binding
experiments using fluorescence size-exclusion chromatography (FSEC) and
MST, TOPFlash, immunofluorescence, BRET assays, TBM, and HDX experi-
ments are provided in S/ Appendix, Materials and Methods.
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