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Wnt signals bind to Frizzled receptors to trigger canonical and
noncanonical signaling responses that control cell fates during
animal development and tissue homeostasis. All Wnt signals are
relayed by the hub protein Dishevelled. During canonical (β-catenin–
dependent) signaling, Dishevelled assembles signalosomes via dy-
namic head-to-tail polymerization of its Dishevelled and Axin (DIX)
domain, which are cross-linked by its Dishevelled, Egl-10, and Pleck-
strin (DEP) domain through a conformational switch from monomer
to domain-swapped dimer. The domain-swapped conformation of
DEP masks the site through which Dishevelled binds to Frizzled, im-
plying that DEP domain swapping results in the detachment of Dish-
evelled from Frizzled. This would be incompatible with noncanonical
Wnt signaling, which relies on long-term association between Dish-
evelled and Frizzled. It is therefore likely that DEP domain swapping
is differentially regulated during canonical and noncanonical Wnt
signaling. Here, we use NMR spectroscopy and cell-based assays to
uncover intermolecular contacts in the DEP dimer that are essential
for its stability and for Dishevelled function in relaying canonical Wnt
signals. These contacts are mediated by an intrinsically structured
sequence spanning a conserved phosphorylation site upstream of
the DEP domain that serves to clamp down the swapped N-terminal
α-helix onto the structural core of a reciprocal DEP molecule in the
domain-swapped configuration. Mutations of this phosphorylation
site and its cognate surface on the reciprocal DEP core attenuate DEP-
dependent dimerization of Dishevelled and its canonical signaling
activity in cells without impeding its binding to Frizzled. We propose
that phosphorylation of this crucial residue could be employed to
switch off canonical Wnt signaling.
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Wnt signaling cascades are ancient cell communication path-
ways that regulate cell fates during embryonic development

and tissue homeostasis (1, 2). Extracellular Wnt ligands bind to
seven-pass transmembrane Frizzled receptors and transduce sig-
nals to downstream effectors through Dishevelled, an intracellular
hub protein that binds to Frizzled and assembles dynamic signaling
complexes termed “signalosomes” (1, 3). Dishevelled pivots be-
tween alternative Wnt signaling branches to specify distinct outcomes
(4). These branches are broadly defined as canonical (or β-catenin–
dependent), typically driving cellular proliferation or differentiation
(5, 6), and noncanonical, comprising a collection of signaling branches
that coordinate cellular properties such as planar cell polarity (PCP)
(7) and morphogenetic processes such as convergent extension (8, 9).
Dishevelled has three well-conserved domains: an N-terminal

Dishevelled and Axin (DIX) domain; central Postsynaptic den-
sity protein-95, Disk large tumor suppressor, Zonula occludens-1
(PDZ) domain; and C-terminal Dishevelled, Egl-10, and Pleckstrin
(DEP) domain. Dishevelled is recruited to Frizzled by the DEP
domain and assembles Wnt signalosomes via self-association of
both its DIX and DEP domains (Fig. 1 A and B). The DIX domain
undergoes reversible head-to-tail polymerization (10) to generate
dynamic filaments of Dishevelled that are stably cross-linked by
dimerization through the DEP domain (11). This rapidly increases
the local concentration of Dishevelled and boosts its avidity for
low-affinity effectors such as Axin, enabling Dishevelled to interact

with these effectors even if present at a low cellular concentra-
tion (1, 3, 12).
The DEP domain is a small globular domain composed of three

α-helices and a flexible hinge loop between the first (H1) and sec-
ond helix (H2), which, in the monomeric configuration, folds back
on itself to form a prominent “DEP finger” that is responsible
for binding to Frizzled (Fig. 1A) (13). DEP dimerization involves
a highly unusual mechanism called “domain swapping” (14). During
this process, H1 of one DEPmonomer is exchanged with H1 from a
reciprocal one through outward motions of the hinge loops, replacing
intra- with intermolecular contacts. This results in a dimer whose
DEP cores, almost identical in structure to the monomer, are con-
nected by a β-sheet formed between the two hinge loops (Fig. 2A)
(11). In other words, these hinge loops, which form the “DEP finger”
in the monomer, undergo a major conformational change engaging
in new intermolecular interactions that are likely to stabilize the
dimeric configuration. Functional assays in Dishevelled null-mutant
cells based on structure-designed mutants have revealed that this
mechanism is essential for Wnt/β-catenin signaling (15). There
are several examples of domain swapping underlying pathologi-
cal processes (e.g., in neurodegenerative disease); however, the
DEP domain of Dishevelled represents a rare example of a do-
main undergoing physiologically relevant domain swapping (16).
A consequence of domain swapping is that the Frizzled binding

“DEP finger” undergoes a conformational change that is structurally
incompatible with Frizzled binding (Fig. 1B) (13). Therefore, domain
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swapping blocks binding between DEP and Frizzled, which could
cause detachment of Dishevelled from Frizzled. In turn, this would
terminate Wnt signal transduction, as the signal relay depends on
continued association between Frizzled and Dishevelled. For ex-
ample, PCP signaling in Drosophila requires apical recruitment of
Dishevelled (Dsh) by Frizzled to be maintained for many hours,
even days, in stable, membrane-localized signalosomes that are
clearly visible by confocal microscopy (17, 18). In contrast, Wnt/
β-catenin signaling appears to need only a transient association
between Frizzled and Dsh. This is illustrated by dsh1 flies that
bear a mutation in the DEP finger (K417M), which reduces the
membrane localization of Dishevelled and thus causes PCP defects
without apparently affecting canonical Wnt signaling (7, 19, 20).
The same mutation in Dvl2 (K446M) causes PCP and convergent
extension defects when introduced into Dvl1−/− Dvl2−/− transgenic
mice (21). Thus, either DEP domain swapping needs to be attenu-
ated in PCP signalosomes or, if domain-swapped Dishevelled mol-
ecules were to remain within signalosomes, adaptor proteins would
be required to mediate continued association between Dishevelled
and Frizzled receptor complexes.
One mechanism by which the DEP domain could be regulated

is by Wnt-induced phosphorylation (19, 20, 22), which accompanies
the “activation” of Dishevelled (23, 24). During PCP signaling in
flies, phosphorylation of Dishevelled correlates with its membrane
recruitment by Frizzled (19, 20). Furthermore, its phosphoryla-
tion by Discs Overgrown (Dco), the Drosophila casein kinase-1e
(CK1e) ortholog, promotes asymmetric localization of Dishevelled
along the apical plasma membrane (25) and its stable association
with junctional complexes (26). Dishevelled is phosphorylated on
numerous serine (Ser) and threonine (Thr) residues, but it is unclear
which of these are biologically important, as the vast majority of
phosphorylations detected by mass spectrometry (MS) are not re-
quired for function or are functionally redundant (22, 25, 27, 28).
However, we previously reported that single point mutations of two
conserved Ser residues in the DEP domain (S418 and S435)
reduce Wnt/β-catenin signaling (11) (SI Appendix, Fig. S1), sug-
gesting that the phosphorylation of either Ser could regulate DEP
domain function. Importantly, S418 is clearly a substrate for phos-
phorylation since high-throughput analysis of phosphorylation sites
in breast cancer samples detected S418 phosphorylation by MS (29)
(PhosphoSite). In addition, a recent comparative analysis of human
Dishevelled-3 (DVL3) phosphorylation revealed that several Ser/
Thr kinases are capable of phosphorylating S407 (the equivalent of
DVL2 S418) in cells (30). Whether S435 is a bona fide substrate for

phosphorylation remains to be determined; however, phosphory-
lation of its equivalent in flies, S406, was detected by MS in cells
undergoing PCP signaling (28). Based on this evidence, we decided
to investigate whether these or any other phospho-sites in the DEP
domain affect signaling by altering DEP domain swapping.
Here, we show that these two highly conserved Ser residues

(S418 and S435) are required for the stability of the DVL2 domain-
swapped DEP dimer. We used NMR spectroscopy to demonstrate
that S418, located immediately upstream of H1, engages in crucial
noncovalent interactions with a structured loop that connects H2
and H3. As a consequence, a β-sheet forms that clamps down each
H1 onto its reciprocal DEP core within a domain-swapped dimer,
thereby providing stability to this DEP dimer without, however,
affecting the binding between DEP monomer and Frizzled. An
important corollary is that the phosphorylation of the key residue
S418 within this clamp, for example, during noncanonical Wnt
signaling, attenuates domain swapping, thereby allowing a stable
association between DEP monomers and Frizzled. Our work has
uncovered a pivotal residue within Dishevelled that negatively
regulates DEP domain swapping, thereby antagonizing canonical
Wnt signaling.

Results
Two Conserved Putative Phosphorylation Sites Are Required for DEP
Dimerization and Canonical Wnt Signaling. We previously reported
that mutation of two Ser residues in the DEP domain reduced
canonical signaling, as measured by a β-catenin–dependent T cell
factor (TCF) transcriptional reporter (called SuperTOP) in sig-
naling assays based on transient overexpression of FLAG-tagged
DVL2 (FLAG-DVL2) in HEK293T cells (31). Based on these
results, we decided to test whether other phosphorylatable resi-
dues in the DEP domain were required for DVL2-dependent
signaling. We thus performed alanine (Ala)-scanning mutagenesis
of all 11 Ser or Thr residues in the DEP domain, which revealed
that only S418A and S435A significantly reduced DVL2-dependent
SuperTOP activity by ∼80% compared to wild type (wt) (SI Ap-
pendix, Fig. S2). Note that a construct bearing a deletion of the
conserved phosphorylation cluster upstream of DEP (amino acids
396 to 407 in human DVL2) still activated SuperTOP (SI Appendix,
Fig. S2). Next, we mutated S418 and S435 to glutamic acid (Glu) to
mimic the bulky negative charge of a phosphoserine and compared
them to Ala substitutions. Transient overexpression of wt FLAG-
DVL2 activated SuperTOP and promoted substantial phosphory-
lation of FLAG-DVL2 (detectable as multiple upward-shifting
bands of FLAG-DVL2 on SDS-PAGE; to be called phospho-
shifted DVL2, PS-DVL2) (Fig. 2B and SI Appendix, Fig. S2),
which correlates with DVL2-dependent signaling (20, 22) and po-
lymerization (10, 11). However, neither Glu nor Ala substitutions
stimulated signaling or formed PS-DVL2 (Fig. 2B). These results
are consistent with a previous study showing that mutations of
DVL3 S407 (corresponding to DVL2 S418) reduced signaling by
DVL3 and its condensation into supermolecular assemblies (32).
Overexpression of DVL2 enables it to signal independently of

Wnt3a and of its recruitment to Frizzled at the plasma membrane,
but signaling by overexpressed DVL2 nevertheless depends on DIX-
dependent polymerization and DEP-dependent domain swapping
(11). We therefore wondered whether the inactivity of our Ser
mutants, located either side of H1 (Fig. 2A), might be due to a defect
in DEP domain swapping. To test this, we used a coimmunopreci-
pitation (coIP) assay, based on differently tagged DVL2, to monitor
DEP domain swapping–dependent dimerization of DVL2 (11). In-
deed, either Ser mutant abolished coIP, similarly to the previously
characterized. domain swapping mutant G436P (Fig. 2C) (11),
which confirmed that these Ser residues are required for DEP
domain swapping.
The minimal DEP domain is efficiently recruited to the plasma

membrane by various Frizzled paralogs (e.g., FZD5) upon co-
overexpression in cells, and this depends on its prominent protruding

Fig. 1. Cartoon of DVL domain architecture and function in canonical Wnt
signaling. (A) Dishevelled with its three well-conserved domains, DIX, PDZ,
and DEP. The DEP domain binds Frizzled directly through its prominent “DEP
finger,” formed from the hinge loop separating H1 and H2 in the mono-
meric configuration. (B) Wnt signals cause DEP to dimerize by domain
swapping. During this process, H1 from one DEP molecule is exchanged with
H1 from another through extension of the hinge loop. As a consequence,
the “DEP finger” undergoes a conformational change, resulting in a struc-
turally distinct β-sheet connecting the two DEP molecules, which cannot bind
to Frizzed. Domain swapping therefore promotes detaching of Dishevelled
from the receptor complex.
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loop called DEP finger (11, 33, 34). Based on their location in
the monomeric DEP structure, we anticipated that neither Ser
would be required for FZD5-dependent DEP translocation to the
plasma membrane, which was indeed the case; neither mutant af-
fected recruitment of DEP tagged with GFP (DEP-GFP) to SNAP-
FZD5 (Fig. 2D and SI Appendix, Fig. S2) nor its ability to block
endogenous signaling in response to Wnt3a stimulation (Fig. 2E),
unlike mutants that affect the binding between the DEP finger and
Frizzled (L445E and K446M) (11, 33, 34). This confirms that these
two Ser residues are dedicated to the dimerization of DEP rather
than its binding to Frizzled as a monomer.

S418 Mutations Reduce the Stability of the DEP Domain. Next, we
assessed our Ser mutants in vitro by size-exclusion chromatography
with multiangle light scattering (SEC-MALS) of purified Lipoyl-
tagged DEP (Lip-DEP402–510). For simplicity, only the results for

S418A and S418E are shown, but S435A and S435E essentially
behaved the same. SEC-MALS profiles revealed that the mutant
domains produce significantly fewer dimers compared to wt Lip-
DEP402–510 (Fig. 3A), as previously reported for other DEP domain
swapping mutants (11). To determine whether mutant DEP re-
duced protein stability, we used urea-induced equilibrium dena-
turation to monitor unfolding of wt and mutant DEP monomers
(following cleavage of the Lip tag) by recording intrinsic flores-
cence intensity. The urea half maximal effective concentration
(EC50) of S418A and S418E were reduced compared to wt, con-
sistent with a decrease in their conformational stability (Fig. 3B). In
addition, the thermal stability of these mutants was also reduced if
assayed by Prometheus, an instrument that detects unfolding by
monitoring changes in intrinsic fluorescence intensity (i.e., each
mutant unfolded at a lower temperature compared to wt DEP) (SI
Appendix, Table S1).

Fig. 2. Mutations attenuating DEP dimerization and DVL2-dependent signaling. (A) Structure of the DEP dimer showing domain swapping (molecule A, dark
turquoise; molecule B, light turquoise) superimposed on the DEP monomer (gray, “DEP finger”). S418 and S435 are shown (balls). (B) SuperTOP assays of
HEK293T cells, expressing wt or mutant FLAG-DVL2 (as indicated; above, corresponding Western blot); ev, empty vector control; error bars, SEM of >3 in-
dependent experiments. (C) Western blots of immunoprecipitants (IPs) of polymerization-deficient DVL2 (M2M4-GFP) after coexpression with wt or DEP-
mutant FLAG-DVL2 in transiently transfected HEK293T cells, probed with antibodies as indicated on the right; M2M4 was used instead of wt DVL2 to guard
against confounding effects of DIX-dependent polymerization on DEP-dependent coIP (11). (D) Quantitative analysis of SNAP-FZD5-dependent recruitment of
wt or mutant DEP-GFP to the plasma membrane (n = 100 cells scored in each case). (E) SuperTOP assays of HEK293T cells, monitoring the blocking of en-
dogenous signaling in response to Wnt3a stimulation by overexpressed wt or mutant DEP-GFP (as indicated; above, corresponding Western blot); ev, GFP
control; WCM, Wnt3a-conditioned medium (applied 6 h before lysis); error bars, SEM of >3 independent experiments. ****P < 0.0001; one-way ANOVA with
repeated measures.
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Domain swapping requires either partial unfolding of swapped
elements or complete unfolding of the whole domain (16, 35).
Furthermore, interconversion between monomers and domain-
swapped dimers is typically separated by high energy barriers and
requires high protein concentration (16), and it is therefore chal-
lenging to observe these monomer-to-dimer interconversions un-
der standard in vitro assay conditions. To examine the extent of
DEP unfolding during domain swapping, we therefore used SEC-
MALS following exposure of monomeric DEP to urea concen-
trations expected to induce partial protein unfolding (<EC50; 0 to
5 M urea). The resulting elution profiles revealed that a fraction
of DEP monomer (∼5 to 10%) shifted to dimer at 2 to 4 M urea
concentrations. We determined an optimal urea concentration of
3 M, as this induced dimer formation without causing significant
unspecific aggregation (i.e., elution in the void volume), as ob-
served at higher urea concentrations (5 M) that caused signifi-
cant aggregation (Fig. 3C). Therefore, the DEP domain is stable
and maintains most of its secondary structure under the conditions
(3 M urea) that allow it to undergo domain swapping. However, if
we apply the same conditions to S418A and S418E, each of these
mutants aggregates and thus transitions from monomer to the void
volume (Fig. 3D).
Our results using S418E and S435E mutants suggest that phos-

phorylation of either site would also reduce DEP stability. To test
this directly, we attempted site-specific phosphorylation of the
DEP domain in vitro. This is challenging because kinases are gen-
erally promiscuous and lack the specificity needed to selectively

phosphorylate individual sites. Therefore, we used a technology
based on an orthogonal SepRS/transfer RNA (tRNA)pSerCUA
aminoacyl-tRNA synthetase/tRNA pair to direct site-specific
incorporation of phosphoserine (pSer) during synthesis of recombi-
nant proteins in Escherichia coli (36). As our S418E and S435E
mutants essentially behaved the same, we opted to introduce pSer at
S435 because incorporation at sites close to the N terminus tend to
be rather inefficient. However, because of low yields, we were unable
to carry out additional purification steps such as removing the Lip
tag. Therefore, we first tested wt Lip-DEP by SEC-MALS following
exposure to urea concentrations (as was done for cleaved DEP;
Fig. 3C) and determined 3.5 M as optimal to induce domain
swapping without causing aggregation (SI Appendix, Fig. S3).
Using these conditions, we also confirmed that Lip-DEP S435A
and S435E mutants transitioned to the void volume (SI Appendix,
Fig. S3), as was observed for cleaved equivalents (S435 substitu-
tions behaved the same as S418 substitutions shown in Fig. 3D).
During purification, we used anion exchange chromatography

(AEC) to enrich for pSer (Lip-DEP S435pS) and the remaining
protein fraction as an unphosphorylated internal control (Lip-DEP
ctrl). MS analysis revealed that more than half (60.4%) of the total
S435 was phosphorylated (S435pS). The rest of the protein con-
tained unphosphorylated Ser (8.6%) or misincorporation of glu-
tamine (Gln, 15.8%) and tyrosine (Tyr, 13.5%) (SI Appendix, Fig.
S4). Note that misincorporation of Gln and Tyr was also observed
in the internal control (79.3% and 9.2%, respectively). Therefore,
we tested both samples (S435pS and ctrl) alongside Lip-DEP wt in

Fig. 3. SEC-MALS and thermodynamic analysis of purified DEP domain. (A) Elution profiles of unfractionated wt (black) or mutant (S418A, red; S418E, blue)
Lip-DEP402 to 510 revealing monomers (M), dimers (D), and higher molecular mass species (*); molecular mass (MM) for M and D were calculated (expected MM
shown below in brackets). (B) Urea-induced denaturation equilibrium curves following 8-h incubations with urea at room temperature; EC50 ± SEM of three
independent experiments (labeled). (C) Elution profiles of cleaved wt DEP monomer following incubation with urea (0 M, black; 1 to 5 M, color) revealing M,
D, and V. MM of M and D were determined at 3 M urea (expected MM shown below in brackets, as in A). (D) Elution profiles of wt (black) and mutant (S418A,
red; S418E, blue) DEP monomer following incubation with 3 M urea (M, D, V, and MM as in C).
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SEC-MALS following exposure to 3.5 M urea. Like our Glu
substitutions, S435pS aggregates and transitions to the void vol-
ume (SI Appendix, Figs. S3 and S4). The internal control (which is
predominantly S435Q, ∼80%) also partially transitioned in the
void (SI Appendix, Fig. S4). This suggests that S435pS or Gln
substitution behave like Glu and Ala mutants in destabilizing the
DEP, although this was not tested directly. The same proportion
of domain swapping is observed in all three samples, suggesting
that dimerization in this case does not reflect incorporation of
pSer but misincorporation of other amino acids that are per-
missive for domain swapping (SI Appendix, Fig. S4). However,
this interpretation, while plausible, remains speculative, as we
were unable to determine the proportion of S435 misincorporation
for each eluted peak following SEC-MALS (monomer, dimer, and
void). Despite this caveat that we were unable to generate pure
DEP-S435pS in vitro, given that the predominant species within
our sample was DEP exclusively phosphorylated at S435, our re-
sults are consistent with the notion that pSer incorporation at S435,
and thus phosphorylation of S435, destabilizes the DEP domain.
We anticipate that the same would be true if pSer were incorpo-
rated at S418, given the similar behavior of S418 and S435 mutants
(Fig. 3D and SI Appendix, Fig. S3). We conclude that S418E and
S435E substitutions are valid surrogates for phosphorylation, jus-
tifying the use of these phosphomimetic mutants for further anal-
ysis. Their increased sensitivity to urea is consistent with the notion
that these mutant domains are less stable than wt DEP, mostly
likely because of a loss of stabilizing noncovalent bonds.

Stabilization of the DEP Fold by Intramolecular Contacts between
S418 and DEP Core. In order to discover these putative contacts
between S418 and the DEP domain, we used NMR to probe the
structural environment of the DEP monomer in solution, focusing
on the S418E phosphomimetic mutant. We chose S418 because it
is a known substrate for phosphorylation and because it is highly
unlikely that S418E would act by merely altering the flexibility of
the hinge loop. A 1H-15N heteronuclear single-quantum coherence
(HSQC) spectrum of 15N-labeled monomeric S418E was overlayed
with a reference HSQC spectrum from wt DEP [whose reso-
nances have been assigned previously (11)]. S418E produced
well-dispersed HSQC spectra (SI Appendix, Fig. S5), consistent
with stable folded protein, and highly conservative chemical shift
perturbations (CSPs) relative to wt, indicating that its overall fold
is highly similar to that of wt DEP. Most CSPs were localized either
upstream of H1 or in a well-conserved region connecting H2 and H3
(Fig. 4A), encompassing residues V466, E467, and G468 (Fig. 4B). A
“heatmap” of CSPs projected onto the structure of monomeric
mouse Dvl1 DEP [Protein Data Bank (PDB) 1FSH (13)] confirms
that S418 binds to the region connecting H2 and H3 (Fig. 4C).
As the relative configurations of the α-helices are the same in the
monomer and domain-swapped dimer, we expected the same
interface to form in the domain-swapped conformation. Indeed,
the high-resolution DVL2 domain-swapped crystal structure (PBD:
5SUZ; ∼2 Å) shows hydrogen bond patterning between E467 and
L417 as well as V419, consistent with a classical short parallel β-sheet
(hydrogen bond = 2.9 Å; Fig. 4D).

A Crucial Role of S418 in Conferring DEP Domain Stability. Having
obtained backbone resonance assignments for both wt and S418E
mutant, we assessed the backbone conformational changes that can
be inferred from the random coil index (RCI) chemical shift order
parameters using the program TALOSe+ (37) (Fig. 5A). RCI-S2

order parameters were almost identical for wt and mutant through-
out the entire sequence except for the region between R415 and
D422 at the start of H1. Upstream of H1, the wt protein shows
backbone order parameters similar to the bulk of the structured core
up to and including S418. Residues to the N terminus of S418 are
disordered. However, in the mutant, the less ordered region includes
all residues upstream of H1, revealing that S418E disfavors the

formation of the contacts between S418 and the structured re-
gion connecting H2 and H3. Loss of these contacts is evidently
sufficient to destabilize the packing of the domain-swapped el-
ement and to inhibit formation of stable homodimers (Figs. 2B
and 3A).
The apparent changes in backbone dynamics of the monomeric

DEP N terminus were corroborated from 15N relaxation mea-
surements, specifically, steady-state amide {1H}15N heteronuclear
nuclear Overhauser effects (hetNOE) and the 15N relaxation
time-constant T2. The relaxation measurements revealed that the
region N-terminal to H1 is more flexible in the mutant as indi-
cated by several hetNOE values below 0.7 (S418, V419, and D422;
Fig. 5B). The backbone remains structured up to the S418 contact
site in wt DEP but is disordered upstream of D422 in the mutant.
Consistent with this, residues mapping to this region show reduced
15N T2 values in wt S418E, reflecting an increased conformational
exchange contribution to relaxation (Fig. 5C). We also examined
how the destabilizing S418E mutation affects amide backbone
hydrogen/deuterium exchange protection factors (PF). A BEST-
TROSY H–D exchange time course was recorded to compare
slow exchange rates (10−3 to 10−7 · s−1) for both wt and S418E
proteins to single-residue resolution. As expected, the location of
highly protected amide groups reflects the hydrogen bonds that
stabilize the secondary and tertiary protein structure but does not
include the structured region upstream of H1, showing amide
hydrogens in this region exchange with solvent during the exper-
iment dead time (Fig. 5 D and A). Differences in protection be-
tween wt and mutant were minor (reflecting the well-dispersed
HSQC mutant spectrum); however, a significant number of resi-
dues were consistently less protected in the S418E mutant. No-
tably, the E467 amide hydrogen in the H2-H3 linker, which is
H-bonded to L417 in the wt crystal structures, shows a strong PF
in wt DEP but exchanged within the experiment dead time for the
mutant. This is consistent with loss of the H-bonded contact
inferred from the backbone dynamics data.
We projected PF differences for residues more exposed in the

mutant onto the monomeric structure to generate a heatmap.
This highlights that the greatest differences are observed for resi-
dues likely involved in stabilizing loop and helix contacts, while few
differences were observed in key contacts in the hydrophobic
core (Fig. 5D). We also assessed fast-exchange rates on the
millisecond-to-second timescale, using phase-modulated CLEAN
chemical exchange experiments; however, exchange on this time-
scale was only evident for amides in the unstructured N-terminal
tail, whereas wt and mutant were identical. We conclude that wt
DEP is structured upstream of H1 (up to and including S418) and
forms dynamic contacts with the linker between H2–H3, thereby
forming a β-sheet. Furthermore, the formation of this β-sheet is
blocked by mutation of S418. Within the dimer, formation of this
β-sheet is intermolecular and, therefore, necessary for stabilizing
domain-swapped DEP.

Intermolecular Contacts Mediated by S418 Are Necessary for DEP
Domain Swapping and Canonical Wnt Signaling. Given that the
1H-15N HSQC spectra for S418E showed localized CSPs map-
ping to the structured region connecting H2–H3 (Fig. 4 A–C), we
designed an additional 19 mutations to test their effect on Dish-
evelled signaling by FLAG-DVL2 overexpression in SuperTOP
assays. Guided by the contacts visible in the domain-swapped DEP
crystal structure (PDB: 5SUZ), we targeted residues surrounding
S418 (G416 to H420) and the H2–H3 linker (V466 to G468;
Fig. 6A). Mutation of L417 and V419, but not of the surrounding
residues G416 and H420, behaved similarly to S418 in reducing
SuperTOP activity (Fig. 6A and SI Appendix, Fig. S6). In addition
to Glu and Ala substitutions, we also mutated S418 to other amino
acids (summarized in SI Appendix, Table S2). Conservative re-
placements to Thr (often replacing Ser in orthologous proteins; SI
Appendix, Fig. S1) and asparagine, which have polar uncharged side
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chains like Ser, were well tolerated and signaled normally, whereas
leucine, glycine, and arginine mutants failed to do so. Although the
L417 side chain projects away from the interface, its mutations can
be rationalized by a loss of stabilizing hydrophobic interactions with
T421, V426, A429, W461, and V466 (SI Appendix, Fig. S6). Based
on our NMR results, we predicted that mutation of key contacts in
the H2-H3 region such as V466 and G468 would abolish signaling,
which was indeed the case (Fig. 6A). The side chain of E467 pro-
jects away from the interface, and so it was not surprising that
mutation of E467 to Ala or lysine signaled normally. However, we
also tested an E467P mutation (whereby the proline nitrogen
backbone is not available for hydrogen bonding), which significantly
attenuated SuperTOP (Fig. 6A). To confirm that these signaling-

defective mutants attenuate domain swapping in vivo, we monitored
DVL2 coIP for representative mutations of each residue (as in
Fig. 2B). The strength of coIP correlated with signaling defects
(i.e., the mutants that failed to signal also failed to coIP) (Fig. 6B).
These results define the residues contributing to intermolecular
contacts that are necessary for stable domain-swapped DEP and
consequent signaling activity to β-catenin.
To confirm that these intermolecular contacts are required to

transduceWnt3a signals to β-catenin rather than forWnt-independent
signaling by overexpressed FLAG-DVL2, we employed our previously
characterized Dishevelled complementation assay whereby DVL2-
GFP is stably re-expressed at physiological levels in Dishevelled
null cells (DVL triple knock out [TKO]), resulting in a strictly

Fig. 4. Intramolecular contacts by S418 as revealed by NMR. (A) Quantification of CSP for each residue caused by S418E (black bars); two residues were
unassigned (gray bars); above, secondary structure representation. (B) Overlay of 1H-15N HSQC spectrum from wt (red) and S418E (blue) for a selection of
residues exhibiting CSPs. (C) Heatmap of CSPs projected onto the solution monomer structure of mouse Dvl1 DEP (PDB 1FSH). (D) Structure of the DVL2 DEP
dimer (PDB 5SUZ), revealing hydrogen bonds typical of a short parallel β-sheet; secondary structure elements are labeled for molecule A (dark turquoise), and
molecule B (light turquoise); key residues are in stick (red, oxygen; blue, nitrogen); yellow dashed lines, hydrogen bonds.
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Wnt-dependent signaling activity of DVL2-GFP (15). We selected
mild Ala substitutions of the strongest mutation upstream of H1
(S418A) and in the H2–H3 linker (V466A) to compare to wt DVL2-
GFP. Neither mutant cell line activated SuperTOP in response to
Wnt3a, unlike wt DVL2-GFP, which did so efficiently (SI Ap-
pendix, Fig. S7). Indeed, both mutants essentially behaved the
same as previously reported domain swapping-defective mutants,
G436P and E499G (15). We conclude that the intermolecular
contacts, which stabilize the domain-swapped DEP domain, are
essential for endogenous Dishevelled to transduce canonical Wnt
signals to β-catenin.

Discussion
Our work uncovered intermolecular contacts between reciprocal
DEP monomers that stabilize the domain-swapped DEP dimer
that are essential for canonical Wnt/β-catenin signaling by Dish-
evelled. These contacts are mediated by a deeply conserved phos-
phorylation site, and our results imply that the phosphorylation of
this residue would block these contacts and thereby attenuate do-
main swapping of DEP and favor its monomeric state. Since DEP
dimerization is essential for Wnt signaling to β-catenin, we propose
that this phosphorylation event would attenuate canonical sig-
naling but allow noncanonical signaling which requires long-term

Fig. 5. Conformational dynamics of DEP. RCI-S2 order parameters generated using the program TALOS+ (A) (37), 15N relaxation measurement {1H}15N-NOE
(B) and 15N relaxation time-constant T2, (C) BEST-TROSY H-D exchange time course (D), used to generate single residue PF for wt (Top) and S418E (Middle).
Several residues failed to exchange during the experiment (gray bars). (A–D) Differences between wt (red) and S418E (blue) shown underneath each panel
and after projection onto heat maps (PDB 1FSH); gray, unassigned residues (A–C) or unprotected residues (D). (Top) Schematic representation of DEP
structural elements including previously unknown β-strands inferred from our results (gray arrows); (Bottom) residue numbers.
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association of Dishevelled with Frizzled through its monomeric
DEP domain. We hypothesize that phosphorylation of this key
sensor residue upstream of DEP has the potential to regulate the
switch between canonical and noncanoncial Wnt signaling. While
our hypothesis is plausible and consistent with our data, its physi-
ological relevance will require further investigation in tissues of
whole animals, for example, during PCP signaling in Drosophila.
The intermolecular contacts between the structured region up-

stream of H1 and the H2–H3 linker region are consistent with a
classical short parallel β-sheet, which tethers or “clamps down” the
swapped H1 from one DEP molecule to the hydrophobic core of
another one (Fig. 7A). Our work with recombinant wt and mutant
DEP has shown that this is essential for the stability of the DEP
dimer in solution. Based on our structure-designed point muta-
tions, we are able to predict S418 phosphorylation to block the
clamping down of the swapped H1 on the reciprocal DEP mole-
cule (because the bulky charge of a phosphoserine is expected to
block or disrupt intermolecular contacts), thus rendering the dimer
thermodynamically unstable and shifting the equilibrium in favor of
its monomeric conformation (Fig. 7B). In other words, phosphor-
ylation at this site would not be compatible with the formation of a
stable DEP dimer. Our H–D exchange analysis revealed that the
corresponding contacts in the monomer (formed in an intra- as
opposed to intermolecular fashion) undergo dynamic exchange, or
“conformational breathing,” in solution, which implies that their
formation is not limiting for DEP monomer function despite being
essential for dimer stability. A precedent for this was the discovery
of a salt-bridge network of interactions that constrains the β3–β4
loop, which selectively stabilizes the hydrophobic DEP core in the

dimeric conformation but appears dispensable for the function of
DEP monomer in binding to Frizzled (11). Similarly, mutations of
S418 (or, by implication, its phosphorylation) reduce the stability of
the DEP domain and selectively inhibit the DEP dimer function
without detectably affecting monomer function. Evidently, the
domain-swapped DEP dimer is far more reliant than the DEP
monomer on a number of weak intra- and intermolecular non-
covalent contacts in terms of its stability and function.
Our evidence implicates the phosphorylation of S418, or its

equivalent in Dishevelled paralogs (SI Appendix, Fig. S1), as a
key event for the pivoting between canonical and noncanonical
Wnt signaling. This residue clearly gets phosphorylated in vivo,
although the physiological conditions required for its phosphoryla-
tion have not been determined. One of the kinases shown to phos-
phorylate this residue is PKCδ (30), which is required for convergent
extension in Xenopus (38) (i.e., for noncanonical Wnt signal trans-
duction). This supports the notion that the phosphorylation of
this key DEP residue by PKCδ would allow Dishevelled to bind
to Frizzled via monomeric DEP, consistent with the observation
that PKCδ promotes the recruitment of Dishevelled to the plasma
membrane and to Frizzled (38), whereby the activation of this kinase
is essential for the transduction of noncanonical Wnt/Ca2+ signals
(39). Similarly, the PKCζ isoform has been shown to act through the
DEP domain to phosphorylate DVL3 and promote its stability (40).
Another candidate kinase in support of our model is CK1e (41),

which has been implicated in phosphorylating numerous Dishevelled
residues. CK1e binds to Dishevelled (41, 42) and, interestingly,
blocks the formation of Dishevelled puncta in cells upon over-
expression (41, 43), whereby the formation of these puncta depends

Fig. 6. Intermolecular contacts necessary for DEP domain swapping. (A) SuperTOP assays of HEK293T cells expressing wt or mutant FLAG-DVL2 (as indicated;
above, corresponding Western blot); ev, empty vector control; error bars, SEM of >3 independent experiments; one-way ANOVA with repeated measures;
****P < 0.0001, ***P < 0.001. (B) Western blots of IPs of M2M4-GFP after coexpression with wt or mutant FLAG-DVL2, as in Fig. 1C, probed with antibodies as
indicated on the right. Note that in this experiment, M2M4-GFP expression was slightly reduced upon coexpression with G468A (lane 12) and G468P (lane 13).
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on DEP domain swapping (11). Furthermore, mutation of Dro-
sophila CK1e (dco) reduces the phosphorylation of Dishevelled,
blocks its asymmetric localization, and decreases its junctional
instability, thereby causing PCP defects (26, 44). We note, how-
ever, that although the S418 phosphorylation site is well conserved
throughout the animal kingdom, it does not appear to be present
in Drosophila Dsh (SI Appendix, Fig. S1) but is replaced by an
aspartic acid, which, based on our results, would be incompatible
with intermolecular clamping down of its DEP. Yet Dsh DEP can
substitute for DVL2 DEP in domain swapping assays in cells (11),
which suggests that Dsh DEP utilizes other motifs upstream of H1
to form stabilizing intermolecular contacts during domain swap-
ping. However, it is possible that DEP domain swapping in Dro-
sophila is regulated via phosphorylation of the other conserved Ser
residue, S406 (corresponding to S435 in human DVL2), located in
the hinge-loop region (SI Appendix, Fig. S1), where phosphory-
lation has been detected, albeit sporadically, by MS in cells un-
dergoing PCP signaling (28). Although these authors concluded
that Ser/Thr phosphorylation of Dsh is not required for its func-
tion, several individual sites including S406 were not tested in the
functional assays used in this study. Thus, a crucial role for this
residue would have been missed. Whether S406/S435 is a bona fide
substrate for phosphorylation during noncanonical Wnt signaling
remains to be determined; however, our results clearly predict that
its phosphorylation would attenuate DEP domain swapping, simi-
larly to phosphorylation of S418, likely by altering the flexibility of
the hinge region, a biophysical property that is well known to play a
pivotal role in promoting domain swapping (16, 45).
We have proposed that the phosphorylation of two conserved

phosphorylation sites in the DEP domain alters its conformational
equilibrium to favor its monomeric state, thereby disallowing ca-
nonical signaling activity of Dishevelled and favoring transduction
of noncanonical Wnt signals. According to the evidence available
to date, noncanonical Wnt signal transduction relies on relatively
stable, long-lived Wnt signalosomes, such as those observed during
PCP signaling in wing imaginal discs (17, 18). However, it is con-
ceivable that not all noncanonical signaling branches will require a
stable association with Frizzled, and therefore, the need to atten-
uate domain swapping may not be universal to all noncanonical
signals. Future studies are needed to test our hypothesis that the
phosphorylation of the two conserved DEP phosphorylation sites

uncovered by our work is pivotal for the switching of cells from
canonical to noncanonical Wnt signaling.

Materials and Methods
Plasmids and Antibodies. The following plasmids were used: human DVL2-GFP
and FLAG-DVL2 (12); FLAG-DVL2, E499G, K446M (46), G436P, S418A, and
S435A (11); and SNAP-FZD5 (47). Lip-DEP402–510 was megaprimer cloned into
Lip-DEP416–511 (11). His6 N terminally tagged LipDEP416–511 (LipDEP416–511-
His6) was cloned into a pNHD vector (36) with Gibson assembly, and an
amber mutation (TAG) at position encoding for S435 was inserted by
QuickChange cloning. DVL2 and DEP point mutations were generated by
standard procedures and verified by sequencing. The following antibodies
and resins were used: α-FLAG (Sigma) α-GFP (Sigma), α-actin (Abcam),
α-SNAP (NEB), α-DVL2 (CST), and α-GSK3β (CST).

Cell-Based Assays.HEK293T cells were obtained from the European Collection
of Cell Cultures (authenticated by short tandem repeat DNA profiling) and
regularly tested for Mycoplasma infection. Cells were cultured and trans-
fected and coIPs conducted essentially as described (46). Stable pBabe DVL2-
GFP were generated in DVL TKO HEK293T cells essentially as described (15);
in addition, control (wt; DVL2-GFP) stable cell lines were regenerated every
time a new mutant was made for direct comparison. Single confocal images
were acquired at identical settings with a Zeiss Confocal Microscope. For
SuperTOP assays (31), HEK293T cells were lysed 16 h after transfection and
analyzed with the Dual-Glo Luciferase Reporter Assay (Promega) according
to the manufacturer’s protocol. Values were normalized to Renilla luciferase
and are shown as mean ± SEM expressed as percent activation of wt.

Protein Purification, Thermal Stability, and Urea-Induced Denaturation. Lip-
DEP402–510 and Lip-DEP416–511 proteins were expressed in E. coli BL21-
CodonPlus(DE3)-RIL cells (Stratagene) at 37 °C, induced with isopropyl β-D-1-
thiogalactopyranoside (IPTG) at optical density (OD) 0.8, grown for 6 h at
24 °C and purified at 4 °C using NiNTA resin, followed immediately by gel
filtration with S200 SEC Superdex 200 Increase 10/300 GL (SEC). Note that gel
filtration was always performed on freshly prepped protein. The Lip tag was
removed by tobacco etch virus protease for NMR, thermal stability, and
urea-induced denaturation experiments. For protein synthesis with geneti-
cally encoded unnatural amino acids, Lip-DEP416–511-His6 was expressed in
E. coli BL21ΔSerB(DE3) cells containing a pKW2 EF-Sep vector (36). Cells were
grown at 37 °C, induced with IPTG at OD 0.8, and grown for 4 h at 37 °C.
pSer was added to the media at 4 mM (half prior to starting expression and
half after IPTG induction). Purification was done at 4 °C using an NiNTA 1-mL
resin column (HisTrap FF Crude GE Healthcare), followed immediately by gel
filtration with SEC and AEC with a HiTrap 5-mL Q HP. Phosphatase Inhibitor
Mixture Tablets (PhosSTOP Roche) were used in all buffers. MS analysis was
done by liquid chromatography (LC)-MS/MS (Ultimate U3000 HPLC, Thermo
Scientific Dionex). Thermal denaturation curves were done with Prometheus
NT.48 (NanoTemper Technologies). Intrinsic fluorescence intensity at dis-
crete wavelengths (350 and 330 nm) was measured with increasing tem-
perature from 15 to 95 °C. Tm was automatically calculated by PR
ThermControl. For urea-induced denaturation, monomeric DEP or Lip-DEP
was incubated with various concentrations of urea for 8 h at 25 °C and
analyzed by SEC-MALS. SEC-MALS was performed in Tris-buffered saline
[30 mM Tris, 300 mM NaCl, NaN3 0.03% (pH 7.4)], using a GE Superdex S-200
10/300 analytical column, and analyzed as described (48).

NMR Spectroscopy. NMR was performed with monomeric DEP protein. NMR
spectra were recorded using Bruker Avance-III spectrometers operating at 1H
frequencies of 600 or 800 MHz, equipped with 5-mm inverse cryogenically
cooled probes, and with a sample temperature of 283 K unless otherwise
stated. Backbone and Cβ resonance assignments were obtained for samples
with 350 μM 13C and 15N-labeled protein in an aqueous buffer containing
25 mM phosphate (pH 6.7), 150 mM sodium chloride, using standard triple
resonance techniques and unmodified Bruker pulse programs. Hα resonance
assignments were obtained from an HBHA(CO)NH spectrum for wt DEP and
from an (H)CCH-TOCSY for the mutant, owing to difficulty in obtaining
HBHA(CO)NH. Chemical shifts were referenced to the 1H frequency of internal
115 μM dimethylsilapentanesulfonate added to a 250 μM 15N-labeled sample,
with X-nuclei referenced according to International Union of Pure and Applied
Chemistry (IUPAC) recommendations (49). Weighted CSP in two-dimensional
1H-15N correlation, spectra was calculated as |Δδ1H| + |Δδ15N|/5, where |Δδ| is
the absolute magnitude of the change in chemical shift. Steady-state {1H}
15N-NOEs were acquired as pseudo–three-dimensional (3D) spectra at 800 MHz
1H, 64 scans per row, 256 rows, and interleaving rows with or without 120° 1H

Fig. 7. Model of phosphorylation-dependent control of DEP domain
swapping. (A) DEP monomer (light turquoise) showing the S418 phospho-
residue (red circle) undergoing dynamic exchange (dotted line) and forming
intramolecular contacts. During domain swapping, DEP molecule A partially
unfolds to donate its H1 to DEP molecule B (dark turquoise), adopting an
intermediate conformational state. The transition to a stable DEP dimer
requires intermolecular contacts mediated by S418 and its flanking residues
to clamp down H1 from molecule A onto the hydrophobic core of molecule
B. (B) Disruption of intramolecular contacts, for example by phosphorylation
(P, yellow circle), does not affect the function of the DEP monomer in
binding to Frizzled but attenuates the formation of a stable and functional
domain-swapped DEP dimer.
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pulses applied at 5 ms intervals throughout the 5-s recycle delay. Samples were
15N-labeled at concentrations of 330 μM. 15N T2 were measured at 600 MHz 1H
using pseudo 3D HSQC-based spectra with 2,048 in t2, respectively. T2 datasets
were acquired with 12 CPMG delays from 8 to 270 ms, 16 scans, and 5 s recycle
delay. H–D exchange was measured by passing 330 μM 15N-labeled protein
through a chilled NAP-5 column (illustra) containing Sephadex G-25 resin and
eluting with phosphate-buffered 2H2O. Exchange kinetics were extracted from
the peak heights in BEST-TROSY spectra recorded at 9 min intervals for the first
hour, then 20 min intervals for 3 h and hourly intervals up to 24 h. The dead
time between buffer exchange and the start of data acquisition was 8.5 min.
Per residue exchange, PF were calculated from the ratio of rate constant for
peak height decay to the intrinsic exchange rate obtained using the program
SPHERE (50). All NMR datasets were processed using TopSpin version 3 (Bruker)
and analyzed using NMRFAM-SPARKY (51). RCI-S2 order parameters were
calculated using the program TALOS+ (37), incorporating the frequencies

from Hα, HN, N, Cα, Cβ, and CO resonances for each residue. Where an
assignment was unavailable for either wt or mutant DEP, the resonance
was omitted from both assignment lists to maintain comparability.

Data Availability.All study data are included in the article and/or SI Appendix.
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