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WNT signaling is fundamental in development and homeostasis, but how the
Frizzled receptors (FZDs) propagate signaling remains enigmatic. Here, we
present the cryo-EM structure of FZD4 engaged with the DEP domain of
Dishevelled 2 (DVL2), a key WNT transducer. We uncover a distinct binding
mode where the DEP finger-loop inserts into the FZD4 cavity to form a
hydrophobic interface. FZD4 intracellular loop 2 (ICL2) additionally anchors
the complex through polar contacts. Mutagenesis validates the structural
observations. The DEP interface is highly conserved in FZDs, indicating a
universal mechanism by which FZDs engage with DVLs. We further reveal that
DEP mimics G-protein/B-arrestin/GRK to recognize an active conformation of
receptor, expanding current GPCR engagement models. Finally, we identify a
distinct FZD4 dimerization interface. Our findings delineate the molecular
determinants governing FZD/DVL assembly and propagation of WNT signal-

ing, providing long-sought answers underlying WNT signal transduction.

WNT signaling is a highly conserved and intricate molecular pathway
that plays a pivotal role in numerous biological processes, including
embryonic development, tissue regeneration, and disease
pathogenesis'>. Dysregulation of WNT signaling is associated with
various diseases, including cancer, osteoporosis and degenerative ill-
nesses, making it a crucial area of intense biomedical research. The
signaling is initiated by the simultaneous engagement of WNT ligand
to the extracellular cysteine-rich domain (CRD) of a Frizzled receptor
(FZD) and to an extracellular domain (ECD) of the co-receptor LRP5 or
LRP6*°. In canonical WNT signaling, the active WNT-FZD-LRP5/6
complex recruits the key transducer protein, Dishevelled (DVL), to the
plasma membrane (PM) of cells, which then serves as a hub to recruit
Axin, and in turn to bring glycogen synthase kinase-3 3 (GSK3f) and
casein kinase 1 (CK1) to PM to form the membrane associated

signalosome (Supplementary Fig. 1a). Formation of the signalosome
triggers the collapse of the destruction complex (DC) which leads to
the stabilization and nuclear translocation of p-catenin, where it col-
laborates with T cell factor/lymphoid enhancer-binding factor (TCF/
LEF) to orchestrate the transcription of WNT target genes®. There are
also two B-catenin independent non-canonical WNT signaling path-
ways, the planar cell polarity (PCP) pathway and the Ca** pathway’
which are less characterized than the canonical pathway.

FZDs belong to the class F G-protein coupled receptor (GPCR)
subfamily which encompasses 10 FZDs (FZD1-10) and a smoothened
receptor (SMO)®. All FZDs contain a conserved CRD, followed by a
flexible linker before the transmembrane domain. While FZDs pri-
marily interact with DVL and initiate WNT signaling, specific members
of the FZD family can also engage with G-proteins’". Additionally,
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although all FZDs can bind to WNT, it's important to note that FZD4 is
the only receptor known to recognize Norrin™, an atypical WNT ligand.
Furthermore, there is evidence to suggest that FZDs have the capacity
to form homodimers in both WNT-dependent and WNT-independent
manners™'*. Notably, Norrin has a nature of being dimerized through
covalent bonds, and each monomer is capable of binding to one CRD
of the dimeric FZD4"'°. However, it has also been demonstrated that
monomeric FZDs are able to activate WNT signaling alone”, which
leaves the functional significance of dimerized FZDs shrouded in
mystery.

DVLs play an essential role in mediating WNT signaling by bridging
the connection between the receptor and downstream proteins'®. They
act akin to G-proteins by directly interacting with the active receptor
and relaying the signal to downstream effectors. There are three DVLs
(DVL1-3) in human, each consisting of three conserved domains,
namely DIX, PDZ, and DEP, arranged sequentially from the N-terminal
to the C-terminal region, interconnected by intrinsically disordered
linkers. The DIX domain is responsible for DVL polymerization and
DVL-Axinl interaction. The PDZ domain has been shown to interact
with a highly conserved KTxxxW motif of the helix 8 (H8) of FZDs in
vitro'>?°. However, whether this interaction occurs in cells and its role
in signalosome assembly are not clear. In contrast, the DEP (Dishev-
elled, Egl-10, and Pleckstrin) domain has emerged as the primary driver
of the interaction between FZD and DVL?. The DEP domain of DVL is a
compact domain consisting of approximately 100 amino acid residues,
comprising a three-helix bundle, a f-hairpin ‘arm’ (finger-loop) and two
short B-strands at the C-terminal region (C-loop)*. It has been
observed that DVL can autonomously associate with FZD without
WNT?, however, the interaction is markedly enhanced upon adding of
WNT ligand. Interestingly, a recent study shows FZD-DVL interaction is
positively regulated by the lipid PI(4,5)P,*. The latest research showed
that WNT stimulation dynamically regulate the FZD-DVL interaction,
and the extracellular agonist cooperates with the intracellular trans-
ducer to maintain the complex in active conformation for downstream
effector recruitment, a reminiscent of the classical GPCR activation®.
Furthermore, DVL2 has been shown to undergo liquid-liquid phase
separation that is crucial for controlling the assembly of the Wnt
receptor signalosome?®. DVL has also been shown to localize in nucleus
and affect gene transcription, moreover, to promote cancer cell inva-
sion, migration and proliferation®.
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Fig. 1| The relay of WNT signaling is mainly mediated by the DEP domain of
Dishevelled. a A schematic diagram of the DVL2 constructs used in this study.

b, ¢ The TOPFlash assay for Norrin (b) or WNT3a (c) stimulated FZD4 activity. Data
are presented as mean values + SD; n = 3 independent samples; Two-side T-test. See
source data for each exact p value. RLU: relative luciferase unit. d A schematic

The advances in structural studies make substantial contributions
to our comprehension of WNT signal transduction. For instance, the
crystal structure of Xenopus WNT8 (XWNTS8) in complex with the CRD
of mouse Fzd8 revealed the ligand recognition model of FZD?, and the
CRD-truncated apo FZD4 structure unveiled the architecture of the
transmembrane domain of FZD4?%, Despite the structural progresses
on illuminating each component of the WNT/FZD/LRP signaling
complex, two fundamental questions still remain: first, how the ligand
binding signal is transferred to the transmembrane domain to activate
the receptor; second, how the receptor passes the activation signal to
the key transducer, DVL, to initiate downstream signaling cascade
(Supplementary Fig. 1a).

To unravel the central enigma of WNT signaling, we solved the
cryo-EM structure of FZD4 bound with the DEP domain of DVL2. Given
the pivotal role of the DEP domain of DVL in mediating the FZD/DVL
interaction, we designate DEP as the DEP domain of DVL thereafter,
unless otherwise specified. Our structural analysis has unveiled a dis-
tinct engagement model of FZD4/DEP, which stands in stark contrast
to the canonical GPCR/G-protein engagement model. Additionally, we
have revealed the active conformation of FZD4 for DEP recognition, as
well as a, to the best of our knowledge, previously undiscovered
dimerization interface of FZD4. The insights gleaned from our study
lay the foundational groundwork for understanding WNT signaling.

Results

FZD/DVL interaction is mainly mediated by the DEP

domain of DVL

We chose FZD4 and DVL2 as the model for investigating FZD/DVL
interaction due to the sole ability of FZD4 to interact with both WNT
and Norrin ligands” and the fact that DVL2 is the most extensively
studied DVL protein. Our initial exploration aimed to determine whe-
ther the DEP domain serves as the primary mediator of the FZD4-DVL2
interaction. To assess the domain contributions to FZD interaction, we
employed three DVL2 constructs: the full-length DVL2, the PDZ-DEP
construct in which the DIX domain and the flexible C-terminus region
have been omitted, and the DEP domain alone (Fig. 1a). In the TOPFlash
assay, a gold-standard assay for the measurement of WNT signaling
activation, both WNT3a and Norrin induce an increase of reporter
activity without exogenous transfection of DVL2 protein (the first
column of Fig. 1b, ¢), indicating WNT3a and Norrin activate FZD4
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diagram of the BRET assay used for detecting FZD/DVL interaction. e, f BRET assay
of FZD4/DVL2 interaction, e for basal activity and f for MBP-Norrin (10 pg/ml)
induced activity. Data are presented as mean values + SD; n =3 independent sam-
ples; n.s. no significant; *p < 0.05; **p < 0.01; **p < 0.001; Two-side T-test. See
source data for each exact p value. Source data are provided as a Source Data file.
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through endogenous DVLs in the AD293 cells. The induction is
diminished without FZD4 transfection, indicating that the activation is
indeed mediated through FZD4 (Supplementary Fig. 3a). The exo-
genous transfection of full-length DVL2 significantly boosts both the
basal and ligand induction activity (The second column of Fig. 1b, c).
Interestingly, the exogenous transfection of the PDZ-DEP domain
exhibits a stronger induction activity than the full-length DVL2 (the 3™
lane of Fig. 1b, ¢), consistent with the observation that the DIX domain
has an inhibitory effect on DVL2, and the combination of PDZ and DEP
(PDZ-DEP) domain is sufficient to initiate complete WNT signaling®.
Western-blot shows that the increase of receptor activity by the PDZ-
DEP construct is not attributed to higher expression level compared to
full-length DVL2 (Supplementary Fig. 1b). To our surprise, the exo-
genous transfection of DEP almost totally abrogates ligand induced
FZD4 activity (the last column of Fig. 1b, ¢, compared with the 1* col-
umn). We reasoned that the exogenously transfected DEP competes
with the endogenous DVLs for FZD4 binding. Since DEP binding of the
receptor alone is not able to recruit downstream effectors, the com-
petitive binding of DEP with the endogenous DVLs results in a
squashing of receptor activity, a dominant negative effect that has
been seen for many receptors® . To validate this hypothesis, we used
DVL1/2/3 triple knock-out (TKO) HEK293T cells® to repeat the WNT3a/
Norrin induction assays. In the DVL1/2/3 TKO HEK293T cells, there is
no WNT3a/Norrin induction without the exogenous transfection of
DVL2, and the dominant negative effect of DEP disappears due to the
absence of endogenous DVLs to compete with (Supplementary
Fig. 3b), suggesting that WNT indeed signals through DVL, with DEP
being the primary binding domain for DVL to engage with FZD.

A similar activity of DEP is also observed in FZD5 (Supplementary
Fig. 1c). These findings underscore the pivotal role of the DEP domain
in the interaction between FZD and DVL. We also used a biolumines-
cence resonance energy transfer (BRET) assay, where FZD4 is fused
with Nluc and DVL2 is fused with Venus, to assess the domain con-
tribution of DVL2 in the interaction with FZD4 (Fig. 1d). In the absence
of ligand, the full-length DVL2 only marginally increases the basal BRET
signal while the PDZ-DEP construct shows a moderate increase of basal
BRET signal (Fig. 1e). Conversely, the DEP construct causes a strong
increase of the basal BRET signal, demonstrating that the FZD4/DVL2
interaction is predominantly mediated by the DEP domain. Similarly,
when the ligand Norrin (MBP-Norrin) is added to the system, the DEP
domain exhibits a robust increase of BRET signal, whereas the PZD-DEP
domain and full-length DVL2 only slightly increase the signal (Fig. 1f). It
is noteworthy that the BRET assay and TOPFlash assay provide distinct
perspectives: the BRET assay measures the interaction between the
receptor and DVL, whereas the TOPFlash assay assesses the outcome
of signaling.

The overall structure of FZD4/DEP complex

The FZD-DVL interaction has been notoriously difficult to investigate
for several reasons. First, DVL dynamically switches from monomer to
oligomer due to the DIX-DIX interaction. Second, the FZD/DVL inter-
action is disrupted upon cell lysis. Third, the large flexible region
between each domain of DVL hindered the structural determination of
FZD/DVL complex. Our initial attempt of obtaining full-length receptor
in complex with full-length DVL failed due to the high instability of the
CRD domain of FZD4 and the weak interaction between the receptor
and the full-length DVL2. We then decided to obtain a CRD-truncated
receptor in complex with DEP, the core domain for receptor interac-
tion. In class A GPCR, it has been shown that receptor on the PM
constantly switches between active and inactive conformation, form-
ing a transient complex with the transducer (e.g. Ga protein) without
ligand stimulation, a phenomenon known as receptor “breathing”*>*,
The complex can be stabilized by either ligand binding or increasing
local concentration of the binding partners. For this reason, we
adopted the NanoBiT technology** where the C-terminus of the CRD-

truncated FZD4 was fused with the large part of NanoBiT (LgBiT) and
the C-terminus of DEP was fused with the renovated high affinity
peptide of NanoBiT (HiBiT) (Supplementary Fig. 1d and details see
Methods). The NanoBiT tethering strategy has been successfully used
in solving multiple GPCR/G-protein complexes structures, particularly
those complexes with weak or dynamic associations®*°. Based on the
ligand and transducer cooperation theory, we hypothesized that a
substantial increase in the local concentration of binding partners
could promote the formation of a receptor/transducer complex under
conditions of very low or even “zero” ligand concentration. Indeed, the
NanoBiT tethering strategy enabled apo SHT1A to complex with G; in
an active conformation identical to ligand-bound SHT1A*’. Similar
phenomenon has also been seen in the bitter taste receptor TAS2R46,
where the G-protein engaging model of apo TAS2R46 is identical to
that of strychnine-bound TAS2R46%%,

Based on above observations, we co-expressed the CRD-truncated
human FZD4 fused with LgBiT and the DEP fused with HiBiT in Spo-
doptera frugiperda (Sf9) cells and purified the complex. The purifica-
tion profile indicates that FZD4 forms complexes with DEP in both
monomeric and dimeric configurations, with distinct peaks for each
configuration (Supplementary Fig. 1e and details see Methods). Due to
the small size of the monomeric complex ( < 60 kDa) and the absence
of a distinct fiducial marker, we were unable to attain a sufficiently
high-resolution structure of the monomer (Supplementary Fig. 1g). In
contrast, the dimeric complex displayed significantly improved fea-
tures in the 2D classification, allowing us to solve the complex at 3.43 A
to reveal the engagement details of the complex (Supplementary
Figs. 1f, 2a, b and Supplementary Table 1).

The dimer is mainly formed by two FZD4 transmembrane
domains. Protomer A (ProtA) exhibits a better density than protomer B
(ProtB) (Fig. 2). While the trace amount of density on the protomer B
cytoplasmic side suggested that DEP is also able to associated with
ProtB (Supplementary Fig. 1f left lower panel) but the complex is much
weaker, explaining why we were only able to solve one DEP in the
complex. Further local refinement on ProtA improves the resolution to
3.35A (Fig. 2 and Supplementary Fig. 2a). The extracellular side of
FZD4 is not well resolved due to the flexibility of the region and the
small size of the complex. Nevertheless, the transmembrane domain
and the interface between FZD4 and DEP are well resolved, enabling us
to obtain structural insight into DEP engagement of FZD4. Overall, DEP
uses its finger-loop to engage the intracellular side of FZD4, a remi-
niscent of the G-protein engagement of class A GPCRs. It's worth
highlighting that a cluster of cholesterol molecules facilitates dimer-
ization by engaging in hydrophobic interactions with the transmem-
brane domain of each protomer (Fig. 2). A comparison of ProtA with
ProtB shows that FZD4s of the two protomers are very similar with a
root mean square deviation (r.m.s.d.) of 0.879 A over 300 pairs of Ca
(Supplementary Fig. 7b).

The FZD4/DEP engagement

Since the local refinement of ProtA shows a better density, we used it
to build an atomic model for FZD4/DEP interaction. The FZD4/DEP
engagement is mainly mediated by two patches of interactions.
The first patch of interactions (Interface I) are the hydrophobic
interactions between the transmembrane helix 5-intracellular loop
3-transmemembrane helix 6 (TM5-ICL3-TM6) of FZD4 and the finger-
loop of the DEP (31-$2); the second patch of interactions (Interface I)
involve the engagement between the ICL2 of FZD4 and the groove
situated between the finger-loop and C-loop of DEP (Supplementary
Fig. 4a). The total buried interface is 750 A2,

On interface I, hydrophobic residues L413°%°, 1416°72, L420%7¢,
L430'“® and L433%% (superscripts refer to the Ballesteros-Weinstein
numbering®) of TM5-ICL3-TM6 of FZD4 make a close contact with the
hydrophobic surface formed by W444°%, 445, 1447°% of the finger-
loop of DEP (the superscript of DEP indicates residue of DEP)
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Fig. 2 | The overall structures of FZD4/DEP complexes. Upper panel, orthogonal views of the cryo-EM density map; lower panel, model of the complex in the same view
and color scheme as shown in the left panel. The protomer A (ProtA) of the dimer was further local refined to generate the enhanced map of ProtA (upper right panel).

(Fig. 3a, b). Of note, K446°% is at the border of the interface; the long
side chain of K446°® may also contribute to the hydrophobic inter-
action with the receptor. On interface I, the ICL2 of FZD is embedded
into a groove formed by the finger-loop and C-loop of DEP through key
polar interactions. Specifically, the backbone carbonyl group of
W335'%2 forms a hydrogen-bond with W444°% of the finger loop, and
E338*3¢ forms polar interactions with Y502°% of the C-loop (Fig. 3¢, d).
In addition, R442°% is in close proximity to E338*%*. A sequence
alignment in the class F GPCR family shows that key residues on TM5-
ICI3-TM6 and ICL2 that form crucial interactions with DEP are highly
conserved in the FZD1-10, but not in SMO, implying that the Frizzled
family employs a similar mechanism to interact with DVL (Fig. 3i).

Likewise, residues on DEP that establish essential interactions with
FZD4 are highly conserved among DVLI1-3 (Fig. 3j).

We employed functional assays to validate the structural obser-
vation of FZD4/DEP engagement. In the TOPFlash assay, mutants of
1416A57%, L420A57¢, L430A"%, L433A%%°, W335A1'12 and E338A**, sub-
stantially decrease both basal activity and ligand (Norrin and WNT3a)
induced activity (Fig. 3e for Norrin, Supplementary Fig. 4b for WNT3a;
protein expression level, Supplementary Fig. 3c), confirming the cru-
cial roles of TM5-ICL3-TM6 and ICL2 in DEP engagement. To rule out
the influence of endogenous DVLs on the mutagenesis data, we
applied these FZD4 mutants in the DVL1/2/3 TKO HEK293T cells
(Supplementary Fig. 5a, b). Similarly, these mutants substantially
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Fig. 3 | The FZD/DEP engagement. a A view of the TM5-ICL3-TM6 of FZD4 on the
hydrophobic surface of DEP. b The details of the hydrophobic interactions between
the TMS5-ICL3-TM6 of FZD4 and the finger-loop of DEP. ¢ A view of the embedding
of ICL2 on the surface of DEP. d The details of the polar interactions between ICL2
and DEP. e The TOPFlash assay for FZD4 mutants w/wo Norrin. f The BRET assay for
FZD4 mutants with the stimulation of MBP-Norrin (10 pg/ml). g The TOPFlash assay
for DEP mutants on the context of PDZ-DEP w/wo Norrin. h The BRET assay for DEP

mutants with the stimulation of MBP-norrin (10 ug/ml). From (e) to (h) data are
presented as mean values + SD; n.s. no significant; *p < 0.05; **p < 0.0L; **p < 0.001;
n =3 independent samples; Two-side T-test. See source data for each exact p value.
Source data are provided as a Source Data file. i A sequence alignment of key
residues for FZD4/DEP interaction in the class F GPCR family. j A sequence align-
ment of key residues for FZD4/DEP interaction in DVLs.

decrease WNT3a/Norrin-induced activity on FZD4 in the TOPFlash
assay. In the BRET assay, mutants of L420A>7¢, L430A'“, L433A%*, and
W335A'%2 |argely decrease MBP-Norrin induced FZD/DEP interaction
(Fig. 3f). On the DEP side, mutants of W444AP®, L445AP%, K446AP%,
1447AP¥, R442A® and Y502AP¥ on the context of PDZ-DEP all sub-
stantially decrease both the basal and ligand induced activity in the
TOPFlash assay (Fig. 3g for Norrin, Supplementary Fig. 4c for WNT3a;

protein expression level, Supplementary Fig. 3c), demonstrating the
essential role of the finger-loop and the groove of finger/C-loop in
receptor engagement. We also observed similar results in the DVL1/2/3
TKO HEK293T cells (Supplementary Fig. 5c, d). When applying these
DEP mutants on the context of DEP itself, these mutants lose their
ability to compete with endogenous DVLs (Supplementary Fig. 4d, e),
results in restored Norrin/WNT induction activity to the level of
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Fig. 4 | The active conformation of FZD4 and DEP. a A comparison of the overall
structures of the inactive FZD4 (PDB: 6bd4), DEP-bound FZD4 and active SMO
(PDB: 60t0). b A comparison of the conformation change of the micro switch

Wa4g47ss

DEP in engaging

between the inactive receptor and active receptors. ¢ A comparison of DEP con-
formation in solvent (PDB: 1fsh) and its conformation in engaging FZD4.

without DEP transfection (the loss of dominant negative effect), con-
sistent with the data on the context of PDZ-DEP. In the BRET assay,
these DEP mutants substantially reduce Norrin-induced FZD4/DEP
interaction (Fig. 3h).

We also use DVL membrane recruitment assay to further validate
our discovery. Firstly, we used a NanoBiT recruitment assay to quantify
the membrane recruitment of DVL. In this assay, the C-terminus of the
large part of NanoBiT (LgBiT) is fused to the CAAX membrane anchor,
while the small part of NanoBiT (SmBIT) is fused to the C-terminus of
DVL2 (Supplementary Fig. 6a). We then assessed the membrane
recruitment of DVL2 by overexpressing FZD4 and its key DEP interface
mutants. The data shows that the DEP interface mutants of
FZD4 significantly decrease DVL2 recruitment to the membrane
(Supplementary Fig. 6b), consistent with the FZD4 mutant data in the
TOPFlash reporter assay (Fig. 3e). Secondly, we directly visualized the
DVL membrane recruitment via FZD4 overexpression. In this setting,
we fused FZD4 with RFP at its C-terminus and DVL2 with GFP at its C-
terminus, and then co-expressed them in Hela cells. The data shows
that DVL2 was recruited to the plasma membrane by co-expression of
WT FZD4, with clear colocalization on the plasma membrane (Sup-
plementary Fig. 6c, left panel). In contrast, when co-expressed with the
representative DEP interface mutant of FZD4 (1416A), DVL2 was evenly
distributed in the cytoplasm, and the plasma membrane was solely
occupied by the red fluorescence of FZD4, with no colocalization of
DVL2 (Supplementary Fig. 6c, right panel).

To assess the conservation of the DEP interface in FZDs, we
introduced mutations to key interface residues in FZD5 and exam-
ined their impact on WNT3a-induced reporter activity. The data
shows that mutants of residues on TM5-ICL3-TM6 (1429A572, 1433A57¢,
L443A'", L446A%%) and ICL2 (W348A'°?, E351A**) that form key
interactions with DEP, markedly reduce reporter activity in the
TOPFlash assay (Supplementary Fig. 4f; protein expression level,
Supplementary Fig. 3c). Similarly, mutants of residues on DEP that
establish crucial interactions with the receptor largely lose their
ability to compete with endogenous DVLs to bring down FZD5
induction (Supplementary Fig. 4g; protein expression level, Supple-
mentary Fig. 3c), implying a general mechanism by which DVLs
interact with FZDs.

WNT signaling is a highly conserved pathway that regulates
embryonic development from insect to mammal. We asked whether
the FZD/DEP interaction mode is conserved in other species. We
searched the Drosophila database and found that the DEP mutants
R413H and K417M of Drosophila disheveled (dsh) exhibit the dsh*® and
dsh’ phenotypes, characterized by aberrant orientation of bristles and
hairs*’. The Drosophila dsh R413 and K417 residues correspond to

human DVL2 residues R442 and K446, respectively, which are key
residues of the finger loop that play a crucial role in FZD4 interaction
(Fig. 3b, c). These data strongly suggest that the FZD/DEP binding
mode is conserved from flies to humans.

Active conformations of FZD4 and DEP

Two pivotal questions regarding the FZD4/DEP engagement are as:
Does DEP require an active conformation of the receptor for engage-
ment, similar to the GPCR/G-protein engagement? Additionally, does
DEP itself need to assume an active conformation for receptor
engagement? One hallmark of GPCR activation is the outward move-
ment of the intracellular part of TM6**, which allows the transducer (G-
protein) to engage receptor. We compared the DEP-bound FZD4 with
the crystal structure of apo (inactive) FZD4* and noted an outward
movement of TM6 (4.0 A, measured form the Ca atom of L433%),
which opens up the intracellular cavity for DEP to engage the receptor
(Fig. 4a). Interestingly, we also observed an inward movement of TM5
upon DEP binding. A superimposition of the active SMO (G; coupled)**
with the DEP-bound FZD4 shows similar conformation of TM6 and
TMS5, suggesting that the DEP-bound FZD4 exhibits an active con-
formation. We also compared the DEP-bound FZD4 with the active
conformation of the Gs-coupled B2AR*, G;-coupled BLT1*, G4-coupled
HIR* and G3-coupled GPR110*. The comparison shows that the active
FZD4 has the smallest outward movement of TM6 (4 A) (Supplemen-
tary Fig. 7a). This observation is consistent with recent reports indi-
cating that Class F receptors have minimal TM6 outward movement
upon receptor activation***¢, A comparison of the protomer A with the
protomer B of the FZD4 dimer shows that protomer B adopts an
intermediate conformation between active and inactive receptor
(Supplementary Fig. 7b), explaining why we only obtained one stable
DEP within the complex.

In class A GPCRs, receptor activation is generally mediated by the
cooperation of multiple conserved motif such as PIF, CWxP, NPxxY
and DRY, which are notably absent in class F receptors'®*. A micro
switch (R/K®*-W"%) has been discovered to play a crucial role in reg-
ulating class F receptor activation'. In the inactive state, the R/K®*
forms a cation-Tt interaction with W’ to lock receptor in the inactive
form; upon receptor activation, the cation-t interaction is broken.
Although in the crystal structure of inactive FZD4, we did not observe a
cation-t stacking interaction, we do see a coordinated movement of
K436°%% and W4947%° upon receptor activation, where W4947% is
pushing down and K436°%* is displaced toward outside of TM6, similar
to the conformation of active SMO (Fig. 4b). Mutants of the molecular
switch in FZD4 substantially decrease ligand induction activity in both
the TOPFlash and BRET assays (Supplementary Fig. 7c-e). Similar
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Fig. 5| DEP vs G-protein, B-arrestin and GRK2 engagements. a A comparison the
DEP engagement of FZD4 with the G5 engagement of FZD7 (PDB: 7evw). b A
comparison of the DEP engagement of FZD4 with the B-arrestin 1 engagement of

B1AR (PDB: 6tko). ¢ A comparison of the DEP engagement of FZD4 with the GRK2
engagement of NTSR1 (PDB: 8jpb).

FZD4
™2
4

Fig. 6 | FZD4 dimerization interface. a A hydrophobic surface analysis of the FZD4
dimer. b FZD4 uses its TM2, TM3 and TM4 as primary interface to form the dimer.
c-fComparisons of the FZD4 cryo-EM dimer with the FZD4 crystal symmetry dimer

FZD4-cryoEM
™ ‘ >
g‘j ™4 ‘ -

(PDB: 6bd4), SMO dimer (PDB: 4jkv), APJR dimer (PDB: 7wOl) and GABAg dimer
(PDB: 6w2y).

results are also obtained in the DVL1/2/3 TKO HEK293T cells (Supple-
mentary Fig. 5e, f).

On the DEP side, the most striking change is the movement of
finger loop (B1-B2) toward the receptor (Fig. 4c). In the NMR structure
of DEP* within a solvent environment (inactive state), the finger-loop
is oriented in an upward direction. However, upon receptor interac-
tion, the finger-loop undergoes a 35° rotation toward the intracellular
cavity of the receptor, suggesting DEP endures a substantial global
rearrangement when engaging with the receptor.

DEP engagement vs G-protein, B-arrestin and GRK engagements
In canonical GPCR signaling, ligand activation of receptor induces
G-protein coupling, then the activated receptor is phosphorylated by
GPCR kinase (GRK) and the phosphorylated receptor is subsequently
recognized and bound by [-arrestin. We therefore compared the
engagement of DEP with the engagements of three major transducers

(G-protein, B-arrestin and GRKs) for GPCR. We compared the DEP
engagement of FZD4 with the recently reported Gs engagement of
FZD7*¢. The primary distinction between DEP and Gs engagements lies
in the deeper insertion of «a-helix 5 (¢H5) into the receptor’s intracel-
lular cavity compared to the finger-loop of DEP (Fig. 5a). Nonetheless,
the total interface of the FZD7/Gas is smaller than that of FZD4/DEP
(630 A2 vs 750 A?) due to the additional interaction of FZD4 ICL2 with
the finger-loop/C-loop of DEP (interface II, Fig. 3c, d). This difference
may also account for why DVL serves as the primary partner of FZD. Of
note, the classical GPCR/G-protein interface, for example the 2AR/Gs,
is much bigger (1276 A) than the FZD7/G, engagement due to the
extensive outward expansion of TM6*. A closer examination of the
FZD7/Gs engagement reveals that the surface of aHS5 is primarily
hydrophilic, and the binding of aH5 to FZD7 are driven by both
hydrophilic and hydrophobic interactions (Supplementary Fig. 8a, b),
in contrast to the dominantly hydrophobic interaction between the
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finger-loop of DEP and FZD4. When comparing the f-arrestin 1
engagement of B1AR*® with the DEP engagement of FZD4, there is a
much wider expansion of TM6 in B1AR which allows the much deeper
insertion of B-arrestin 1 finger-loop than that of DEP finger-loop in
FZD4 (Fig. 5b), accounting for the much bigger interface than that of
FZD4/DEP (2200 A? vs 750 A?). Both finger-loop/receptor interactions
exhibit a hydrophobic nature (Supplementary Fig. 8c). The recently
resolved NTSR1/GRK2 complex structure greatly expanded our
understanding of GPCR signaling*’, we therefore compared the GRK2
engagement of NTSRI with the DEP engagement of FZD4. Like the
canonical GPCR activation, there is an extensively outward expansion
of TM6 in the active NTSR1, allowing the N-terminal helix (aN) of GRK2
to insert deeper into the intracellular cavity of the receptor than that of
the finger-loop of DEP (Fig. 5c). However, the interface of NTSR1/GRK2
is almost the same size as that of FZD4/DEP (693 A% vs 750 A2) due the
additional interaction of ICL2 of FZD4 for DEP as mentioned earlier.
Similar to the finger-loop interaction, the binding of GRK2 aN to NTSR1
has a nature of hydrophobic interaction (Supplementary Fig. 8d).
Taken together, the DEP engagement represents a distinct class of
transducer engagement for GPCRs. A detailed comparison of the
above four major transducer engagements is summarized in Supple-
mentary Table 2.

The dimerization interface of FZD4

FZDs have been documented in monomeric, dimeric and oligomeric
states under varying conditions™"*, The dimerization interface of FZD4
is established by the hydrophobic interactions between the trans-
membrane domain of each protomer and the polar interactions within
the extracellular region of each protomer (Fig. 6a). Notably, the dimer
interface primarily includes TM2, TM3, TM4, and the corresponding
ECL1 region of each subunit (Fig. 6b). The interface has some similarity
with the dimer interface seen in the crystal structure of FZD4% via
symmetry expansion, where TM3 and TM4 are the main drivers of the
dimer interface. However, the involvement of TM2 in the formation of
dimer is only seen in the cryo-EM structure (Fig. 6¢). When comparing
the FZD4 dimer to the SMO dimer of the crystal structure®’, the key
distinction lies in the fact that FZD4 dimerizes at the interface of TM2,
TM3, and TM4, whereas SMO dimerizes primarily at TM4 and TM5
(Fig. 6d). Additionally, it’s worth noting that in the SMO dimerization,
TM4 and TM5 make direct contact with the counterpart of the other
subunit. Interestingly, the FZD4 dimer is very similar to the recently
reported apelin receptor (APJR) dimer>.. Both of them are mainly dri-
ven by the hydrophobic interactions of TM2, TM3, differing only in a
clockwise 30° rotation of the interface along the axle of two protomers
(Fig. 6e). In the contrast, the dimer interface of the GABAg receptor®? of
class C GPCR is mainly driven by the interaction of TM6, TM7 of each
subunit (Fig. 6f).

We looked at the details of the FZD4 dimer. On the extracellular
side, T300** of protomer B is in close contact with K298*" of pro-
tomer A (Supplementary Fig. 8e). On the transmembrane side, TM2,
TM3 and TM4 of each promote do not directly contact, instead, a
cluster of cholesterols fills in the highly hydrophobic interface of TM3,
TM4 and TMS5. Of note, W352*5° makes close contact with the hydro-
phobic sterol ring of the cholesterol, while H348**¢ contacts the polar
head of the cholesterol (Supplementary Fig. 8f). However, mutants of
most of these residues did not yield discernible effects on receptor
activity in the TOPFlash assay (Supplementary Fig. 8g, h), except a
combination of K298A and T300A exhibits a marginal effect on Norrin
induction in the TOPFlash assay.

Discussion

A fundamental query in WNT signaling pertains to the recruitment of
DVL, the pivotal transducer, to FZD. Addressing this query has proven
to be a formidable task owing to the dynamic and weak interaction
between DVL and FZD. We tackled this challenge via the NanoBiT

strategy through increasing local concentration of the binding part-
ners. Indeed, this strategy has been proven to be successful in
assembling complex with weak association. It’s important to highlight
that the NanoBiT tethering approach can enhance the affinity of
dynamic or weakly associated complexes, but cannot forge an inter-
action that does not naturally occur. For example, we tried to establish
an interaction between SIPR1 and DEP via the NanoBiT strategy, but
our efforts were unsuccessful. We further validated our structural
observations of the FZD4/DEP interaction via extensive functional
assays, including both TOPFlash and BRET assays, affirming that our
structural insights faithfully depict the authentic interaction between
FZD4 and DEP.

To our surprise, DEP engages the dimeric receptor in the form of
monomer, not in the form of dimer through the domain swapping
model proposed in the crystal structure of DEP*, Unexpected, only
one protomer of the FZD dimer exhibits a fully activated conformation
(Supplementary Fig. 7b)., It is common in GPCR dimers for only one
protomer to be active while the other remains inactive, such as in
APJR* and as the metabotropic glutamate receptor mGlu2**. One rea-
son for this phenomenon is the clash of two transducers. When we
tried to docked DEP into protomer B, we noticed very close contact
between two DEP (Supplementary Fig. 8i). Given that the structure
reveals only part of DEP (with the N- and C-termini missing from the
map) and considering the dynamic interaction between FZD4 and DEP,
there is a high chance of a clash if both protomers are coupled with
DEP. This may explain why only one DEP engagement was captured by
the cryo-EM analysis.

Despite the well-documented presence of dimeric or oligomeric
FZD receptors™, the precise function of FZD dimerization remains an
enigma within the field. In our research, we observed the existence of
both dimeric and monomeric FZD4/DEP complex in our purification
profile. Intriguingly, most mutations made on the dimerization inter-
face of FZD4 did not yield any noticeable effects on receptor activity
except a marginal effect of the double mutant K298A/T300A on Norrin
induction. Previous study of the APJR shows that both dimer and
monomer are about equally functional®. The physiological function of
FZD dimerization is influenced by many factors, such as local con-
centration, membrane environment, co-receptor binding and ligand
stimulation. It is important to point out that the CRD domain plays a
key role in FZD4 dimerization. In case of WNT3a activation, the
dimerization is not needed, whereas for Norrin activation, the dimer-
ization of CRDs is essential>*>'°, The CRD domain may cooperate with
the linker region connecting the CRD domain and the transmembrane
domain to reinforce the dimerization. Overall, the functional impor-
tance of dimerization may hinge on the collaboration between the CRD
and the transmembrane domain of FZD4.

Our structural findings, highlighting the finger-loop of DEP as the
primary interface to engage the intracellular cavity of the receptor,
also provides a comprehensive explanation for why previously repor-
ted mutants”??, like K446M, L445E of DEP, and L430A, L433A of
FZD4, cause substantial impairment on the WNT signaling. The invol-
vement of ICL2 to DEP interaction is out of our expectation as prior
literature had indicated the TM5-ICL3-TM6 regions is the primary
interface for DVL interaction™, Strikingly, residues W335'“> and
E338*3¢ of the ICL2 play an essential role in complex formation by
establishing vital polar interactions with key residues within the finger-
loop and the C-loop (Fig. 3c, d). Notably, the key residues within TM5-
ICL3-TM6 and ICL2 that mediate the DEP interaction are highly con-
served across the Frizzled receptor family, but not in SMO (Fig. 3i). This
observation elucidates why DVL selectively interacts with FZDs and not
with SMO, even though they both belong to the same class F family
of GPCRs.

Comparing to the well-established G-protein and [-arrestin
engagement, as well as the established GRK engagement of GPCR,
the DEP engagement of FZD represents a distinct class of engagement
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of GPCR. The interface of DEP to FZD4 is much smaller than that of the
G-protein and B-arrestin to classic GPCRs, but is comparable to the size
of GRK2/NTSR1 interface (Supplementary Table 2). These observations
align with the dynamic nature of the FZD/DVL interaction and explain
the complexity of WNT signaling.

In summary, we have successfully determined the cryo-EM
structure of the FZD4/DEP complex, unveiling additional structural
insights into the interaction between DEP and FZD4. The insights
gleaned from our study serve as a foundational resource for advancing
our understanding of WNT signaling.

Methods

Constructs

For protein expression, the human Frizzled 4 gene (residues 178-537)
was engineered with four specific mutations (M309L, C4501, C507F,
S508Y, as previously described®®) and inserted into the HA-tagged
pFastBac plasmid. It was then fused with the LgBiT, followed by a
Tobacco etch virus (TEV) cleavage site and 2xMBP. The HiBiT was
attached to the C-terminus of the human DEP domain (residues 433-
507), following the approach used in the VIPIR paper*'. For TOPFlash
assay, the human full length wild type Frizzled 4 gene (residues 1-537)
was fused with eYFP at the C-terminus and inserted into pcDNA3.
Additionally, separate pcDNA3 plasmids were utilized for inserting the
human DEP domain (residues 433-507), PDZ-DEP domain (residues 93-
507), and DVL2 domain (residues 1-736). For BRET assay, the human
full-length wild type Frizzled4 gene was fused with Nluc at its
C-terminus and inserted into pcDNA3. The cpl73Venus was fused to
the N-terminus of the human DVL2 constructs (full-length, PDZ-DEP, or
DEP), according to the published paper®.

Protein expression and purification

As previously mentioned”, Spodoptera frugiperda (Sf9) cells were
cultured at a density of 2 x 10° cells per ml. They were co-infected with
baculovirus containing the Frizzled4-LgBiT-TEV-2MBP and the DEP
protein at a ratio of 1:100 (virus volume to cell volume). After 48 h, the
cells were harvested and resuspended in a buffer containing 20 mM
Hepes, 150 mM NaCl, 10 mM MgCl,, 20 mM KCI, 5mM CaCl,, pH 7.5,
with the addition of 0.5 mU/ml apyrase. The cell suspension was then
homogenized by douncing approximately 30 times. Subsequently, the
mixture was incubated for 1 h at room temperature. Following the 1-h
incubation, 0.5% (w/v) lauryl maltose neopentylglycol (LMNG, Ana-
trace) and 0.1% (w/v) cholesteryl hemisuccinate TRIS salt (CHS) were
added at 4 °C and incubated for 2 h. The sample was then subjected to
ultracentrifugation at 60,000 g at 4 °C for 40 minutes. The resulting
supernatant was loaded onto an amylose column and incubated for
2 h. It was subsequently washed with a buffer composed of 25 mM
Hepes, pH 7.5, 150 mM NaCl, 0.01% LMNG, and 0.002% CHS, and then
eluted using the same buffer containing 10 mM maltose. After con-
centration and overnight TEV cleavage at 4 °C, the eluate was sepa-
rated on a Superdex 200 Increase 10/300 GL (GE Health Science) gel
filtration column using a buffer of 25 mM HEPES, pH 7.5, 150 mM NaCl,
0.00075% (w/v) LMNG, 0.00025% glyco-diosgenin (GDN), and
0.0002% (w/v) detergent (Anatrace). The corresponding peak was
concentrated to 10 mg/ml and then rapidly frozen for subsequent grid
preparation.

TOPFlash assay

The TOPFlash assay was conducted using HEK293T embryonic kidney
cells. Cell-based luciferase assays were carried out according to pre-
viously established methods®. In brief, cells were initially seeded at a
density of 20,000 cells per well in a 24-well plate and incubated for
24 h in DMEM (Gibco) supplemented with 5% fetal bovine serum prior
to transfection. Subsequently, the cells were transfected with the fol-
lowing components per well: 10 ng of FZD4-eYFP expression plasmid,
10 ng of LRP6 expression plasmid, 100 ng of the Super-TOPFlash TCF-

luciferase reporter, 10 ng of the ligand expression vector (WNT3a or
Norrin or vehicle), and 1ng of the phRGtkRenilla control plasmid.
Transfections were carried out using X-tremeGene 9 (Roche). Cell
collection and lysis were performed 48 h post-transfection. Lumines-
cence activities were assessed using the Dual Luciferase Kit (Promega),
following the manufacturer’s instructions. Renilla luciferase activity
served as a transfection control. All activities were normalized
(expressed as relative activities) in comparison to the basal activity of
the wild-type FZD, which was set as 1.0.

MBP-Norrin expression and purification

The N-terminal fusion of human Norrin (residues 25-133) with MBP was
cloned into the primary cloning site of the pETDuetl vector from
Novagen. This vector also accommodated a Dsbc cDNA in the sec-
ondary cloning site. The expression of Norrin was conducted in
Escherichia coli Origami B (DE3) strain, following a procedure akin to
that detailed in prior work®®, with some minor adjustments. To sum-
marize, the MBP-Norrin protein was subjected to refolding within a
solution containing 1 M L-arginine, 20 mM Tris (pH 8.5), 0.5M NaCl,
1mM GSH, 1 mM GSSG, and 1 mM EDTA. The resulting active dimeric
protein was subsequently purified using a Heparin column (GE Health
Science), followed by another purification step with a Superdex 200
Increase 10/300 GL column (GE Health Science). The peak fraction
from this purification was concentrated to 2 mg/ml and then flash-
frozen for use in subsequent experiments.

BRET assay

In accordance with the published paper”, the BRET experiments were
conducted using a receptor-Nluc plasmid at a concentration of 500 ng/pl
and a cpl73Venus-DVL2/PDZ-DEP/DEP plasmid at the same con-
centration of 500 ng/pl. The BRETO signal was assessed using either a
ClarioStar (BMG) or SPARK (Tecan) plate reader, employing band-pass
filters set at 535-30 nm (for acceptor) and 475-30 nm (for donor), or a
monochromator set within the range of 535 to 560 nm (for acceptor)
and 430 to 455nm (for donor) with an integration time of 100 ms,
unless explicitly stated otherwise. Cell seeding was performed in white
96-well plates with flat bottoms (Greiner BioOne), pre-coated with
PDL. Twenty-two hours post-transfection, the cells were washed once
with 200 pl of HBSS (Hanks’ Balanced Salt Solution) and maintained in
HBSS. In these experiments, Venus fluorescence was initially quanti-
fied. Subsequently, 10 pl of furimazine (Promega), achieving a final
dilution of 1:1000, were added to reach a final volume of 90 pl. After a
5-minute incubation following this addition, luminescence was recor-
ded three times. Following that, 10 pl of the ligand were added to
attain a final volume of 100 pl, and luminescence measurements were
continued for 30 readings, extending over a period of 45 minutes. All
measurements were carried out at a temperature of 37°C using a
PerkinElmer EnVision Multilabel Plate Reader.

Western-blot

For receptor, AD293 cells were subjected to transfection with 100 ng of
pcDNA3-FZD4-eYFP per well in a 24-well plate, employing PEI at a 1.5
ratio. After a 48-h incubation post-transfection, the cells were lysed
using Cell Lysis Reagent from Sigma. The cellular lysates’ proteins were
subsequently separated on a 10% Bis-Tris gel at a voltage of 170V for
1h, followed by a transfer onto a polyvinylidene difluoride (PVDF)
membrane at 100V for 1.5 h. The membranes were blocked with 10%
milk dissolved in TBS-T (20 mM Tris-HCI, pH 7.5, 50 mM NaCl, 0.1%
Tween-20) for a duration of 30 minutes at room temperature. One of
the membranes was exposed to mouse anti-GFP-Tag monoclonal
antibody (1:5000, ABclonal) in TBS-T over 2 h at room temperature.
Meanwhile, another membrane was treated with [-actin mouse
monoclonal antibody (1:10,000, ABclonal) in TBS-T containing 3%
milk, also for a duration of 2 h at room temperature. Subsequently, the
membranes were subjected to TBS-T rinses and incubated with
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HRP-conjugated goat anti-mouse IgG (1:5000, ABclonal) for 30 min-
utes in TBS-T. The protein bands were detected using the iBright
CL1000 imaging system (Thermo Fisher Scientific) following treat-
ment with a chemiluminescent substrate (Thermo Fisher Scientific). As
DVL2, AD293 cells were transfected with 100 ng of pcDNA3-DVL2/PDZ-
DEP/DEP-3flag. One of the membranes was treated with monoclonal
anti-FLAG M2 peroxidase (HRP) antibody (1:5000, Sigma) in TBS-T for
2 h at room temperature. The subsequent steps remained consistent
with those mentioned above.

Grid preparation and cryo-EM data collection

A protein complex sample of 3-5ul with a concentration of
approximately 10 mg/ml was applied to glow-charged Quantifoil
R1.2/1.3 Cu holey carbon grids (Quantifoil GmbH). These grids were
subsequently plunge-frozen in liquid ethane using a Vitrobot Mark IV
instrument from Thermo Fisher Scientific. The settings used were a
blot force of 10, a blot time of 5 seconds, a humidity level of 100%,
and a temperature of 4°C. The prepared grids, which contained
particles evenly distributed in a thin layer of ice, were then loaded
into a FEI 300kV Titan Krios transmission electron microscope,
equipped with a Gatan Quantum energy filter. Imaging was carried
out using a Gatan K2 Summit direct electron detector with super-
resolution counting mode, with a pixel size of 0.55 A at a magnifica-
tion of 64,000x. The energy filter slit was set to 20 eV. Each image
was composed of 40 frames, resulting in a total exposure time of
7.3 seconds, with a dose rate of 1.5 electrons per square angstrom
per second (total dose 60 e/A?). The nominal defocus value ranged
from -1.2 to 2.2 um.

Data processing

A total of 3632 raw movie frames were initially subjected to one round
of binning (L1A per pixel) and underwent motion correction using
MotionCor2”. Subsequently, the parameters for the contrast transfer
function (CTF) were determined using CTFFIND 4.1°%, Particle selection
was carried out using crYOLO*, followed by two rounds of reference-
free 2D classification within RELION®®. The well-defined 2D features
obtained from this classification were then utilized to create initial
models through cryoSPARC’s ab initio method®. These generated
initial models, comprising both good and bad references, were
employed for two rounds of hetero-refinement. Following this, the
particles were transferred to RELION for 3D classification, without
alignment, while applying a mask to isolate the complex. The best class
resulting from this classification was subsequently transferred back to
cryoSPARC for Non-uniform refinement, which was followed by
Bayesian polishing®®> and additional rounds of Non-uniform refine-
ment, ultimately yielding a map with a resolution of 3.53 A. For the final
local refinement in cryoSPARC, a mask was created specifically for
ProtA. The resolution of the map was estimated using the gold stan-
dard Fourier Shell Correlation (FSC) criterion at FSC = 0.143, and local
resolution assessments were carried out using an integrated program
within cryoSPARC.

Model building

We initiated the process of model reconstruction against the electron
microscopy map by utilizing the AlphaFold prediction®® for human
FZD4 (AF-Q9ULV1-v1) and the NMR structure of DEP (PDB:1fsh)? as our
starting models. We employed UCSF Chimera® to dock these models
within the density map. Subsequent to this, we carried out a series of
iterative manual refinements in Coot® to enhance the precision and
quality of the models. Additionally, we utilized Rosetta cryoEM
refinement®® and Phenix real space refinement® to further improve the
structural accuracy. For the purposes of visualizing and preparing
structural figures, we relied on UCSF ChimeraX®® and PyMOL (acces-
sible at https://pymol.org/2/).

NanoBiT membrane recruitment assay

The N-terminally SmBiT-fused DVL2 was expressed with the plasma
membrane-localizing LgBiT construct (LgBiT-CAAX). AD293 cells cul-
tured in the 6-cm culture dish were transfected with a plasmid mixture
consisting of 200ng pcDNA3.1-FZD4, pcDNA3.1-DVL2-SmBIiT and
PCAGGS-LgBiT-CAAX. The transfected cells were dispensed in a 96-
well plate with flat bottoms, add 20 ul of 50 uM CTZ to each cell, RT
(about 25C) for 2 h, in darkness. Then uses US Lumi to measure. All
measurements were carried out at room temperature (25 °C) using a
PerkinElmer EnVision Multilabel Plate Reader.

Confocal

FZD4 and FZD4-1416A were fused with RFP, while the DVL2 was fused
with GFP, then 300 ng FZD4-RFP or FZD4-1416A- RFP were transfected
with 300 ng DVL2- GFP into HeLa by lifpofectamine 2000 at ratio of 1:2
for around 20 h. Single confocal images were acquired at identical
settings with 100x oil immersion lens of Zeiss Confocal Microscope
LSM880 with fast airyscan.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data produced or analyzed in this study are included in the main
text or the supplementary materials. The cryo-EM density maps and
atomic coordinates have been deposited in the Electron Microscopy
Data Bank (EMDB) and Protein Data Bank (PDB) under accession
numbers EMD-37646 and 8WM9 for the FZD4/DEP dimeric complex,
and EMD-37647 and 8WMA for the local refined FZD4/DEP protomer A
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