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Dvl (Dishevelled) is one of several essential nonenzymatic compo-
nents of the Wnt signaling pathway. In most current models, Dvl
forms complexes with Wnt ligand receptors, Fzd and LRP5/6 at the
plasma membrane, which then recruits the destruction complex,
eventually leading to inactivation of p-catenin degradation. Al-
though this model is widespread, direct evidence for the individual
steps is lacking. In this study, we tagged mEGFP to C terminus of
dishevelled2 gene using CRISPR/Cas9-induced homologous recom-
bination and observed its dynamics directly at the single-molecule
level with total internal reflection fluorescence (TIRF) microscopy.
We focused on two questions: 1) What is the native size and what
are the dynamic features of membrane-bound Dvl complexes dur-
ing Wnt pathway activation? 2) What controls the behavior of
these complexes? We found that membrane-bound Dvi2 is pre-
dominantly monomer in the absence of Wnt (observed mean size
1.1). Wnt3a stimulation leads to an increase in the total concen-
tration of membrane-bound DvI2 from 0.12/pm? to 0.54/pm?
Whnt3a also leads to increased oligomerization which raises the
weighted mean size of Dvl2 complexes to 1.5, with 56.1% of Dvl
still as monomers. The driving force for DvI2 oligomerization is the
increased concentration of membrane DvI2 caused by increased
affinity of DvI2 for Fzd, which is independent of LRP5/6. The olig-
omerized DvI2 complexes have increased dwell time, 2 ~ 3 min,
compared to less than 1 s for monomeric DvI2. These properties
make Dvl a unique scaffold, dynamically changing its state of as-
sembly and stability at the membrane in response to Wnt ligands.
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he Wnt pathway is a central and conserved developmental

pathway in all metazoans. Some of the genes of this pathway
originated in choanozoans but the core pathway is clearly already
established in sponges, tens of millions of years before the
Cambrian explosion. Examples of the conserved role of the Wnt
pathway include: anterior-posterior axis formation in embryos, in
organogenesis, and in tissue homeostasis (1-3). Dysregulation of
the Wnt pathway plays a role in various human diseases, including
skeletal, cardiac vascular diseases (4), and cancer (5). Animals
generally have multiple Wnt ligands, e.g., 19 Wnt ligands and 10
Fzd, 1 LRPS, and 1 LRP6 receptor proteins in mammals. In the
off state of the canonical Wnt pathway, p-catenin levels are low,
due to active proteolysis mediated by a conserved set of proteins
associated in a putative destruction complex (6). The destruction
complex might very well be structurally flexible, with no well-
defined stoichiometry. In the absence of a Wnt signal, the scaf-
fold proteins APC and Axin bind p-catenin and recruit the kinases
CKla and GSK3. A priming phosphorylation on f-catenin medi-
ated by CKla leads to further phosphorylation by GSK3. The
phosphorylated B-catenin is then recognized and ubiquitinated by
the E3 ligase p-TrCP, and then targeted by the proteasome for
degradation. Wnt ligand binding to the Fzd and LRP5/6 receptors
at the plasma membrane somehow interferes with this process and
therefore causes a buildup of B-catenin protein (the rate of protein
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synthesis is unaffected by Wnt pathway activation) (7). The Wnt
signal for inhibiting degradation is thought to proceed by inter-
ference with the activity of CKla and GSK3. Several molecular
mechanisms for the Wnt-mediated repression of GSK3 activity have
been proposed. These models include ones where Wnt-induced
LRP5/6 phosphorylation acts as a pseudo substrate and directly
inhibits GSK3 activity (8), or Wnt-induced Axinl dephosphoryla-
tion and a conformational change leads to dissociation of f-catenin
and Axinl (9), or Wnt-induced receptor endocytosis drives GSK3
into multivesicular bodies, sparing the cytosolic p-catenin from
phosphorylation (10).

Apart from APC and Axin, a third scaffold protein, Dvl
(Dishevelled) plays an essential but cryptic role in Wnt pathway
activation. It must be critical, as its loss completely abolishes the
activation of the pathway and leads to constitutive p-catenin
degradation regardless of Wnt addition (11). But the means by
which Dvl carries out its essential function are still not defined.
Unlike APC and Axin, which primarily work as scaffolds allowing
for the assembly of the putative destruction complex, DvI’s only
apparent role in the canonical Wnt pathway is inhibiting the
destruction complex. One popular model is that Dvl bridges the
destruction complex and the receptors, communicating the effect
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of Wnt binding perhaps by interacting with both Fzd and Axinl.
In this view, Dvl performs its task by binding to the intracellular
region of Fzd and forms a receptor complex together with the
coreceptor LRP5/6 in what is known as the signalosome (12). Dvl
may remain as a stable complex or shuffle on and off the mem-
brane (8, 13). Dvl may also guide Axinl and other components to
the plasma membrane which may then disrupt the destruction
complex and repress its p-catenin degradation activity. Much of
the evidence supporting this model has come from biochemical
and imaging experiments with overexpressed Wnt pathway com-
ponents. While approaches based on protein overexpression can
be informative, they have potential limitations, if concentration is
important to the properties of the system. This state of uncertainty
ultimately can only be clarified by direct visualization of dynamics
of pathway components at their physiological levels.

In studies of pathway dynamics, the importance of expressing
proteins in cells at their physiological levels cannot be over-
emphasized. Overexpression, which is widely used, comes with
caveats of potential artifacts. The Wnt pathway scaffold proteins
have dimerization (14, 15) or oligomerization (16, 17) domains
that carry with them the potential for forming large and potentially
nonphysiological structures when expressed at very high concen-
trations (18-20). Whether these structures ever exist in the physi-
ological context remains a matter of debate. Specifically, the DIX
domain of Dvl exhibits linear head-to-tail oligomerization, and
overexpressed Dvl forms so-called “puncta” (17, 21-24), which are
protein structures as big as 1 ~ 2 pm in some cases (over a million
Dvl molecules if composed only of Dvl). A physiological function
for these puncta of Dvl has been proposed by some groups as
scaffolds to repress the destruction complex (17, 21) and chal-
lenged by others (25). With the help of modern CRISPR ap-
proaches for endogenous tagging of proteins, we are now able to
ask questions of the form of Dvl when expressed at a physiological
concentration. With total intensity reflection fluorescence (TIRF)
microscopy, it is possible to measure dynamic processes at the
subsecond time scale with a spatial resolution that allows the res-
olution of individual molecular-sized complexes. Using such ap-
proaches, we have addressed anew the size and dynamic features of
membrane-bound Dvl complexes during Wnt pathway activation
and analyzed the control of Dvl binding at the plasma membrane.

Results

Most DvI2 Is Evenly Distributed in the Cytosol Regardless of Exposure
to Wnt3a. To measure the distribution of Dvl, we fused mEGFP
to the C terminus of the dishevelled2 gene in HEK293T cells
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using CRISPR/Cas9-mediated genome editing. HEK293T cells
express all three Dvl genes; DvI2 represents more than 80% of
the total pool (26). Indeed deletion of DvI2 results in the most
severe phenotype among the Dvl gene deletions in mouse models
(27). In knockin (KI) HEK293T cells, the concentration of Dvl2-
mEGFP varies within 8% of the concentration of the DvI2 in wild-
type (WT) cells; judging from the intensity of Western bands,
the response of B-catenin kinetics to Wnt3a is nearly identical to
the WT control (Fig. 14). All of the experiments are done in the
presence of 100 nM LGK974 to decrease the autocrine Wnt signal
activation. When we imaged DvI2-mEGFP knockin cells for 10 h
by confocal microscopy after the cells were activated by Wnt3a,
DvI2-mEGFP was evenly distributed in the cytosol and rarely
found in the nucleus or on the membrane (Fig. 1B and Movie S1).
In a few cells, some DvI2 is localized to a structure that might
correspond to the centrosome (28) or endosomes (29). The lack of
any discernible plasma membrane localization is likely to be due to
the high background of cytosolic DvI2. Indeed, when we overex-
pressed SNAP-tagged Fzd5 in the same cells (SI Appendix, Fig.
S1), we found some DvI2 proteins clearly colocalized with SNAP-
FzdS at the plasma membrane. Presumably the number of DvI2
complexes on the membrane before or after Wnt3a treatment is
very low, either due to low density of membrane Fzd or weak
interaction between Dvl and Fzd.

TIRF Visualization and Quantification of DvI2 Oligomer States on the
Plasma Membrane before and after Wnt Addition. To overcome the
limitations of confocal microscopy, we imaged the labeled DvI2-
KI cells using TIRF microscopy. TIRF microscopy illuminates to
a depth of about 150 nm above the coverglass, which greatly
reduces the fluorescence glow from the deeper cytosol. A total of
100 nM LGK974 was added the day before the imaging experi-
ment to decrease the autocrine Wnt signaling. DvI2-KI cells were
imaged once every 30 s for 75 min, with exposure time of 100 ms;
Wnt3a (200 ng/mL) was added to the cell culture media at 15 min
and images were processed with u-Track (30) (an example of
single-molecule detection shown in SI Appendix, Fig. S2). There is
a question of whether the cell is accessible to the Wnt3a proteins
at its lower surface facing the coverglass. To test this, we measured
the diffusion of a cell-impermeable organic dye (CLIP-Surface
647) together with recombinant Wnt3a protein randomly labeled
with the Alexa 555 dye. By imaging at the TIRF plane, we found
that the cell bottom surface is accessible to both organic dye and
labeled Wnt3a. We also found that the Wnt3a appears at similar
time underneath or surrounding the cell, indicating fast accessibility
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DvI2 forms complexes on the cell membrane in response to Wnt3a treatment. (A) p-Catenin concentration increases while DvI2 concentration remains

constant within 2 h after Wnt3a treatment, both in HEK293T cells and DvI2-mEGFP knockin cells. -Catenin shows no change in DvI-TKO cells after Wnt3a
treatment. (B) Confocal images of DvI2-mEGFP show no clear change after Wnt treatment while TIRF images show clear membrane localization.
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of the cell bottom surface to the ligands, with most of the delay
coming from the diffusion in the bulk media instead of underneath
the cell (SI Appendix, Fig. S3).

To determine the number of DvI2-mEGFP in each complex,
we used two methods to quantitate single mEGFP intensity. We
first analyzed the intensity distribution of all of the fluorescent
spots in one image; second, we analyzed the precipitous jumps of
intensity of the spots in temporal traces. We assumed that these
jumps were either due to photobleaching or to association/dis-
sociation of DvI2-mEGFP subunits. The absolute value of all of
the signals (Fig. 2C) or intensity jumps in the spots (Fig. 2 B and
D) were compiled into histograms and fitted with a Gaussian
mixture function to establish the single mEGFP intensity value.
The ratio of mean mEGFP intensity achieved from the two
methods is 1.09 + 0.16 (six control datasets). The first method
does not require high-quality long single-molecule traces, so we
have generally used it in later analyses to quantify the mEGFP
intensity. As another measurement of single-molecule fluorophore
intensity, we measured a tagged membrane protein mEGFP-
GlyRal, which yielded a similar single mEGFP intensity value
(SI Appendix, Fig. S4).

One important factor affecting the quantification of complex
size is the maturation of mEGFP. In previous studies, it is esti-
mated that about 50% (31) to 80% (32) of the mEGFP are
bright by estimating the visible subunit in the tetrameric receptor
GluK2. Similarly, we quantified the percentage of bright mEGFP
in live HEK293T cells by fitting the size distribution of mEGFP-
GluK?2 tetramers. We concluded that the size distribution is best
explained by a maturation ratio of 75% (SI Appendix, Fig. S5).
Both the total number and oligomer size of DvI2 complexes will
be affected by the invisible DvI2-mEGFP molecules. We corrected
the total number or density by dividing 0.75, and corrected the size
distribution by solving a set of linear equations described in S/
Appendix, Supplementary Text S1. From this point forward we only
make use of the corrected number.

In the absence of Wnt, we observed that 85.2 + 3.8% of
membrane DvI2 complexes contain only a single DvI2, with 14.8 +
3.8% containing two molecules of Dv12, virtually none of the spots
had more than two DvI2 molecules. Within 5 min of Wnt3a
treatment, there was an increase in the number of DvI2 molecules
localized to the cell membrane which reaches a maximum at
15 min, gradually declining to a level that was higher than before
Whnt3a treatment (Fig. 2E and Movie S2). This time scale (t;,) of
membrane Dvl increase is very similar to the decrease of fully
(T41/S37/S33) phosphorylated B-catenin, well before there is a
measurable increase in B-catenin concentration (30 min), as ob-
served in bulk assays (7). Following Wnt treatment, monomeric
DvI2 was still the majority of the population, comprising 56.1 +
2.2% of the total complexes, although there was a significant shift
to larger complexes. By 15 min, 28.4 + 2.4% of the complexes
contained two Dvl molecules and the rest (15.5%) more than two.
As a result, the weighted average size of Dvl oligomers increased
from 1.1 to 1.5 (Fig. 2F).

To estimate the number of DvI2 bound to the plasma mem-
brane, we first estimated the cellular Dvl2 concentration in a
single HEK293T cell, to be 140 nM (SI Appendix, Fig. S6). With
a cell volume of 1.94 pL (measured by ORFLO), on average
there should be a total of 1.6 x 10° molecules of DvI2 per cell.
We estimated the bottom area of the cells by quantifying images
(8I Appendix, Fig. ST) which allows us to estimate the area
density of DvI2 to be ~0.54/um? (Fig. 3B) after Wnt3A treat-
ment. Assuming the cell to be spherical, its total surface area
would be about 7.5 x 10> um? (note that a model of a flattened cell
as an oblate ellipsoid of revolution with an axial ratio of 4 and the
same volume of the cell would have a surface area about twice as
large, 1.6 X 10° pmz). On the membrane, therefore, there should
be between 4.1 x 10% molecules of Dvl for a spherical cell model
and 8.6 x 10? molecules of Dvl for the oblate ellipsoid of a
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revolution cell model. In either case there would be less than 0.6%
of the cellular Dvl2 on the membrane, even at peak DvI2 re-
cruitment. This small fraction of Dvl at the membrane together
with high cytosolic DvI2 background helps explain why membrane
Dvl was invisible by confocal microscopy and why it could only be
detected by TIRF microscopy.

A Mass Action Description of Dvl-Fzd Interactions after Wnt
Treatment. The change in oligomerization of Dvl on the mem-
brane in response to Wnt3a is likely due to homotypic interac-
tions between Dvl molecules and heterotypic interactions
between Dvl and Fzd. Since TIRF microscopy can quantitatively
measure the size and distribution of Dvl membrane complexes,
we have tried to explain the Dvl changes with the simplest pos-
sible mass action model. We consider only Fzd and Dvl, where
Fzd is the membrane receptor that binds Dvl. Dvl alone can form
linear head-to-tail oligomers mediated through its DIX domain
(17). Thus, there are two basic binding reactions in the model,
Dvl-Dvl binding and Dvl-Fzd binding. We define the dissociation
constant between Dvl molecules to be Kp, and the heterotypic
dissociation constant between Dvl and Fzd to be Kr. Once on the
membrane, we expect that proteins might have different binding
affinities due to changed local concentration and membrane-
induced constraints on protein structure, such as an effective
lower dielectric constant (33). We assume all Dvl complexes that
contain Fzd are on the membrane. As explained in SI Appendix,
Supplementary Text S2, we converted Fzd membrane density to
equivalent three-dimensional (3D) concentration, to simplify the
calculation. We correct for the membrane effects on both asso-
ciation constants by adding a factor o (<1) to indicate the in-
creased binding affinity of Dvl with other molecules once bound
to Fzd. We then have the following mass action equilibrium
equations:

Ay +dig S dyu(n —j > m > 0)

Kr
dn’() + Fzd s dn,l

aKp
dn—j,m—k + dj,k o dn,m

dyr + F2d S dyi(n > m > 1).

Here d,, ,, represents the concentration of one specific con-
figuration of Dvl complexes that contains » Dvl molecules and m
Fzd molecules. Note that d,, o contains 0 Fzd, thus representing
cytosolic Dvl complexes. The first equation describes Dvl complex
formation in the cytosol, or the binding of cytosolic Dvl complexes
to the membrane Dvl complexes through Dvl-Dvl interaction. The
second equation shows the recruitment of cytosolic Dvl complexes
to the membrane by Fzd. The third equation describes the com-
bining and splitting of membrane-bound Dvl complexes, and the
fourth equation denotes the binding and unbinding of membrane-
bound Dvl complexes to Fzd. o in the last two equations repre-
sents general membrane effects. At equilibrium, we can solve for
the concentration of all forms of Dvl complexes. Note that there
are only five parameters in the model, and we can fix Dvl con-
centration with our experimental measurements. This allows us to
explore the behavior of the model in the full parameter space.

The increased localization of Dvl to the membrane during
Wnt pathway activation could be explained by an increase in Dvl
protein concentration, or an increase in its binding affinity.
When we measured the concentration of Dvl by Western blot in
response to Wnt, there was <20% change in the 4-h period after
Wnt treatment (Fig. 14 and SI Appendix, Fig. S8). During this
time there was a 30 ~ 40% decrease of Fzd during the first hour
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of Wnt activation (as measured by the level of overexpressed
surface mEGFP-Fzdl with TIRF microscopy, SI Appendix, Fig.
S9). Given little change in total cellular Dvl and no increase in
Fzd concentration, the remaining possible explanation for in-
creased Dvl at the membrane must be due to a decrease of either
Kp or Kr or both. To explore the model further we fixed o, Dvi,
and Fzd, and asked how changes in K and K affect the amount
of Dvl at the membrane.

The parameter o changes the apparent concentration on the
membrane and in turn determines the degree by which the
membrane environment affects both Dvl-Dvl binding and Dvl-
Fzd binding. We tried « = 0.5 ~ 0.001 and found that o does not

affect the general shape of the membrane Dvl size distribution.
For further analysis of the oligomerization of Dvl, we chose an
arbitrary value for a, which we fixed at 0.01. The Dvl concen-
tration, as measured experimentally, is 140 nM. As stated in ST
Appendix, Supplementary Text S2, we converted Fzd membrane
density to an equivalent 3D concentration to simplify the cal-
culation. We do this by multiplying the ratio of the cell surface
area to the membrane density of Fzd and then divide by the cell
volume, or just divide the molar number of Fzd to cell volume;
1,200 Fzd molecules per cell is equivalent to 1 nM. We assumed
the Fzd concentration to be 10 nM in our calculation; higher or
lower concentrations do not qualitatively change the following
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Fig. 2. Quantification of the size and dynamics of membrane Dvl during Wnt pathway activation. TIRF images (A) are analyzed and single-molecule traces (B)
are extracted using u-Track. The traces are then used to identify steps where mEGFP intensity increases or decreases. Either the fitted intensity of all of the
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Fig. 3. Dvl membrane recruitment is driven by increased Dvl-Fzd interaction. (A) Predicted percentage of membrane-bound Dvl while varying K, and K. (B)
Experimental measurement of total membrane-bound DvI2 molecules during Wnt3a treatment. (C) Predicted monomeric Dvl on the plasma membrane when
varying Kp and K. (D) Experimental measurement of membrane-bound monomeric DvI2 during Wnt3a treatment. (E) Predicted Dvl size distribution with Kp
fixed while varying K. (F) Predicted Dvl size distribution with K fixed while varying Kp. (G) Predicted average size of Dvl complexes while varying Dvl and Fzd
concentration. (H) Average size of Dvl complexes while changing total DvI2 concentration. Each dot corresponds to a single cell. Black dots are cells without
Whnt3a treatment while red dots are cells with Wnt3a treatment. (/) Average size of Dvl complexes while varying Wnt3a concentration.

16694 | www.pnas.org/cgi/doi/10.1073/pnas.1910547117

Ma et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1910547117

conclusions. Not surprisingly the model predicts that a decrease
(increase the binding affinity) of either K or K can result in
increased membrane-bound Dvl (Fig. 34), as we observed in our
experiments (Fig. 3B). However, by computing the average Dvl
complex size from the model (SI Appendix, Fig. S10), we find
that the average size increases to more than 2 when K, is in the
sub pM range, indicating weak Dvl-Dvl interactions in the cell.
This is in the same range as found in previous studies (5 ~ 15 pM
in ref. 17 and 5 pM in ref. 34). Furthermore, we found that to
explain the large increase in monomeric membrane Dvl there
must be a decrease (increased binding affinity) in K but not in
Kp (Fig. 3 C and D). This systematic search of parameter space
strongly suggests that Wnt treatment acts primarily by increasing
the binding affinity between Fzd and Dvl (a decrease in Kr). It is
worth noticing that Fzd may undergo dimerization or oligo-
merization in the presence of Wnt ligands. How would that affect
the predictions of the model? Unfortunately, the analytical for-
mulas needed to calculate the effect of dimerization are too
complicated for us to derive. Instead, we show with a simple
example that Fzd dimer helps to recruit Dvl complexes to the
plasma membrane through avidity effect (SI Appendix, Supple-
mentary Text S3). Indeed, we don’t know the molecular mecha-
nism of the increased Fzd-Dvl binding affinity. Both a change in
protein configuration or receptor dimerization/oligomerization
are candidate mechanisms.

The size distribution of Dvl contains rich information about
molecular interactions. We find that K, controls the shape of the
distribution while Ky controls the height of the distribution (S/
Appendix, Fig. S11). Decreased K, favors large Dvl oligomers
which flattens the distribution, while increased K, skews the
distribution to monomeric Dvl. On the other hand, a decreased
K would increase Dvl-Fzd binding which in turn increases the
total membrane-bound Dvl, resulting in the distribution shifting
upward, while a larger Kr would move the distribution down-
ward. By comparing the experimental distributions (Fig. 2F) to
theoretical ones (Fig. 3 E and F), we conclude that the shift-up of
the experimental distribution after Wnt3a treatment must be due
primarily to decreased K (stronger Dvl-Fzd binding). A more
complete set of simulations covering a larger parameter range
can be found in SI Appendix, Fig. S11. Based on the ratio of
membrane Dvl to total Dvl, and the shape of the distribution, we
estimate that in the absence of Wnt, both K, and Ky are weak, in
the micromolar range.

The model also predicts that an increased concentration of
either Dvl or Fzd should result in an increased average Dvl
oligomer size (Fig. 3G). Presumably an increase in Dvl concen-
tration will increase the oligomerization of Dvl through its DIX
domain, thereby increasing the oligomerization of Dvl in the
whole cell, including the membrane. An increased Fzd concen-
tration, on the other hand, increases the membrane local density
of Dvl which will be the driving force for larger oligomers. Both
predictions can be verified experimentally. To vary Dvl concen-
tration in the cell, we overexpressed DvI2-mEGFP in Dvl-TKO
cells, which had all three Dvls knocked out (KO) (11), and
measured cytosolic concentrations with wide-field fluorescence
microscopy and Dvl2 size on the membrane with TIRF micros-
copy. We found a weak but positive correlation between increased
DvI2 size and an increased DvI2 total concentration. DvI2 size
further increases in response to Wnt3a (Fig. 3H). We use an in-
direct way to change the apparent Fzd concentration, by adding
different concentrations of Wnt. As predicted by the model, Wnt3a
should induce a population of Fzd with higher binding affinity to
Dvl. Indeed, increased Wnt3a concentration produces a higher
average Dvl oligomer size on the plasma membrane (Fig. 31).

Structural Requirements for Dvl Plasma Membrane Recruitment. In

principle Dvl could be recruited either by direct interactions with
Fzd or through intermediate proteins. Dvl is known to have three
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globular domains: DIX, PDZ, and DEP. It has been shown re-
cently that the DIX and DEP domains in Dvl are important for
canonical Wnt pathway function (11). To test which domains
affect the membrane dynamics of Dvl, we individually removed
the DIX, PDZ, or DEP domains from the DvI2-mEGFP construct
and assayed the effects on Wnt activation, using a transcriptional
TOPFlash assay (Fig. 4 A and B). When we overexpressed ADEP-
DvI2 in DvI-TKO cells, it failed to rescue the Wnt pathway ac-
tivity. The ADIX mutant showed a very low degree of comple-
mentation. Notably expression of APDZ-DvI2 strongly complemented
the knockout, but not to the original level. There were corre-
sponding effects of expressing these constructs on Dvl recruitment
(Fig. 4F). In TIRF measurements for the above cell lines, we
found that cells expressing ADEP-DvI2 failed to recruit additional
Dvl to the membrane after Wnt3a addition and the Dvl on the
membrane did not increase its degree of oligomerization. We also
found the membrane density of ADEP-DvI2 to be lower than WT-
DvI2. By contrast the ADIX-DvI2 complemented the membrane
Dvl density to a similar level as WT-DvI2 but did not show in-
creased level of Dvl binding or oligomerization upon Wnt addi-
tion. Dvl deleted in the PDZ domain behaves very similarly to
WT-Dvl both in the level of binding and the increased membrane
localization and oligomerization in response to Wnt (Fig. 4 E and
F). These properties of the Dvl2 mutants attest to the importance
of Dvl membrane recruitment in Wnt pathway activation and the
central importance of the DIX and DEP domains.

Similar experiments allowed us to test whether the membrane
recruitment of Dvl depends on Fzd or LRP5/6. We made DvI2-
mEGFP knockin cell lines in a Fzd-null (all Fzd knockout) cell
line, and similarly in an LRP-DKO (LRP5/6 double knockout)
(35) cell line. In cells lacking Fzd, we found no Dvl membrane
recruitment upon Wnt treatment (Fig. 4F), in agreement with
the prediction that Fzd-Dvl interaction increases after Wnt
treatment. By contrast in LRP5/6 double knockout cells, Dvl2
still increases its localization to the plasma membrane after Wnt
treatment, although it fails to activate downstream genes (Fig. 4).
Furthermore, while the canonical Wnt pathway inhibitor, DKK1
blocks Wnt induced f-catenin accumulation through direct
binding to the Wnt3a binding region of LRP5/6, cells still show
increased Dvl2 membrane localization and oligomerization (S7
Appendix, Fig. S12). Taken together, these experiments show
that Dvl membrane recruitment is Fzd dependent but LRP5/6
independent, as previously shown by Jiang et al. with antibody to
quantify protein level of pan-Fzd or Lrp6 (36). Dvl is known
to be a general mediator of both canonical and noncanonical
pathways. Therefore, it is reasonable to expect that the Dvl re-
sponse is dependent on Fzd but not on coreceptors, such as
LRP5/6 or ROR1/2 (37).

The Potential Significance of the Dwell Time of DvI2 on the
Membrane. Although steady-state descriptions are useful, many
complex processes are governed principally by dynamical pro-
cesses. This is especially true if such processes involve chemical
reactions, such as phosphorylation or ubiquitination, where ac-
cumulation of the modified form of the protein is driven by the
time an individual molecule remains on a site rather than the
average occupancy of that site (38). For this reason, we extended
our study of the steady-state distribution of Dvl on the membrane
to examine the dwell time of individual Dvl complexes. To analyze
the dwell time of individual membrane-bound DvI2 oligomers, we
made 20 Hz videos with TIRF microscopy and tracked the protein
complexes. These video images show the diffusional movement of
the molecule in the plane of the membrane. The persistence of the
signal on a given protein is registered by the number of frames that
contains a specific protein complex, thus providing the measure of
the dwell time. One important complication with Dvl is that in
addition to its dissociation from the membrane, photobleaching
can also terminate the signal. This is especially true when images
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are taken at high imaging rate with a high intensity laser. To
correct for the effects of photobleaching, we used a membrane-
bound pentameric channel protein GlyRal-mEGFP to estimate
the rate of photobleaching (S Appendix, Fig. S13); the probability
distribution of photobleaching can be approximated as geometric
distribution. By this means we estimated the photobleaching first
order rate constant to be 1.17 + 0.13/s, which corresponds to mean
half-life of 0.59 s (11.8 frames) for mEGFP.

Two potential reactions could affect the dwell time of Dvl
complexes. Dissociation from the membrane will terminate the
recording of Dvl complexes in the series of video frames, thus
shortening the trace length. On the other hand, the merging of a
membrane-bound Dvl with another membrane-bound Dvl or
with a new Dvl molecule from the cytosol would extend the trace
length (Fig. 54). Based on these basic processes, we can show by
simulation that the dwell time distribution of photobleaching can
be modeled by a geometric distribution which decays exponen-
tially with increased dwell time. The distribution would still be
geometric after adding the dissociation term, but the experi-
mental traces would have considerably shortened dwell times.
When we add merging and splitting of Dvl molecules to the
model, it lengthens the apparent dwell time for two reasons:
First, merging Dvl complexes introduces fresh fluorophores to
the membrane complexes, which counteracts photobleaching;
second, the resulting larger complexes have a reduced rate of
dissociation (Fig. 5B).
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With this framework, we can begin to estimate the dissociation
rate for all of the mutants and Fzd KO, LRP5/6 DKO cells. The
pooled dwell time distributions of different mutants are shown in
Fig. 5C. Wnt3a clearly shifts the distribution to form a long tail
for WT-DvI2, DvI2-APDZ in DvIl-TKO cells, and in LRP5/6
DKO cells, indicating active DvI-Dvl association and dissociation
events, consistent with the requirement of the DIX domain for
Dvl-Dvl interaction and the DEP domain for Dvl-Fzd interac-
tion. We used the steep decline region of the dwell time distri-
bution to approximate the dissociation rate constant (SI Appendix,
Supplementary Text S4), which is shown in Fig. 5D. The fitted
dissociation rate constants are in the range of 2 ~ 10/s. The frame
rate of the TIRF microscope (20/s) unfortunately limits the pre-
cision of our estimate of the dissociation rate constants for these
very fast dissociation events. Nevertheless, if we assume an asso-
ciation rate constant of 5 x 10°/M/s for proteins the size of Dvl
(39), the dissociation constant will be in the range of 4 ~ 20 pM,
which is very weak at a cellular DvI2 concentration of 140 nM.
This estimate of the dissociation constant confirms our estimate
based on the modeling of Dvl-Fzd association. Such weak binding
explains the small number of Dvl on the plasma membrane (less
than 0.3% of the cytosolic concentration) despite relatively high
Dvl concentration in cytosol. In the presence of Wnt3a, the av-
erage dissociation rate constant for WT-DvI2 changes from 6/s to
4/s, indicating increased interaction between Dvl and the mem-
brane, presumably through Fzd. This further confirms our analysis
of the Dvl size distribution and membrane localization. The
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change of dissociation rate constant is less than twofold because
the number reflects the pairwise interaction change between Dvl
and Fzd for a mixed population of Fzd, both Wnt bound and Wnt
free. As expected, we found Dvl without the DEP domain in-
creases the dissociation rate from ~6/s to ~10/s, as does DvI2 in
Fzd KO cells, indicating decreased Dvl membrane binding. These
mutants also show no change in the dissociation rate constant with
Whnt3a treatment. Surprisingly LRP5/6 knockout cells show de-
creased Dvl membrane binding but still respond to Wnt3a. This
suggests that in the absence of LRP5/6 the Wnt3a interaction with
Fzd is strong enough to affect the binding affinity of Fzd with Dvl.
DvIl-ADIX mutants show similar basal membrane binding with
wild-type Dvl but do not respond to Wnt3a.

Due to photobleaching, the dissociation rate estimate when
averaged in Fig. 5D reflects the time scale of the population with
the shortest dwell time. To estimate the dwell time of the rela-
tively few large Dvl complexes that bind more stably to the
membrane, we measured their fluorescence recovery after pho-
tobleaching. We imaged the recovery process by using 5-s time
intervals for 10 min after photobleaching, where the fast time
scale ~5/s would not show up. This experiment showed that the

Ma et al.

recovery time is indistinguishable before (125 + 65 s) and after
(156 + 96 s) Wnt3a treatment. Arguably this population of large
stable complexes would be stable before and after Wnt addition.
The dwell time, however, becomes much more than an academic
interest, when we consider relevant chemical reactions that
might occur at similar time scale.

Dvl is well known to be phosphorylated at multiple sites (40),
probably at the plasma membrane, although the exact function
of these modifications is unclear. Based on the BRENDA da-
tabase, which catalogs enzyme kinetic information, the turnover
number of general Ser/Thr kinase like CK1 is only 0.057 ~ 0.19/s,
much slower than the fast time scale of Dvl-Fzd interaction (4 ~
6/s) discussed above, but faster than the slow time scale which
corresponds to the average Dvl oligomer binding (0.0083 ~
0.0056/s). If Dvl phosphorylation occurs on the membrane in the
absence of Wnt, the transient binding (rapid first order dissoci-
ation rate) and the low level of Dvl on the membrane would
mean that there would be a very low probability that a given Dvl
molecule would be phosphorylated during its very short resi-
dence on the membrane. Furthermore, phosphatases in the cell
will work continuously to remove the existing phosphate group,
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lowering the background phosphorylation level. After Wnt path-
way activation Dvl oligomers form on the membrane, substantially
increasing the dwell time from less than a second to a few minutes
and this could allow appreciable phosphorylation. A process de-
pendent on dwell time rather than occupancy would ensure a very
low background of Dvl phosphorylation in the absence of Wnt.
While the difference of dwell time may seem modest after Wnt
treatment, it is arguably sufficient to switch a significant fraction of
Dvl complexes from an unphosphorylated state to a phosphorylated
state.

If this hypothesis is correct, we would expect phosphorylation
to occur with overexpressed Fzd. It would also occur with the
PDZ domain-deleted Dvl, but not with DEP domain deletions.
We further tested the hypothesis by overexpressing Fzd5 in a
Fzd-NULL cell line at increasing Fzd plasmid concentration. We
found that DvI2 phosphorylation increases with Fzd (SI Appen-
dix, Fig. S14). Because Fzd recruits Dvl onto the plasma mem-
brane, more Fzd results in higher levels of Dvl and leads to
increased phosphorylation. Like WT-Dvl, ADIX, and ADEP Dvl
deletions also show increased phosphorylation (SI Appendix,
Fig. S15).

How Oligomerization Affects Dvl Dynamics and Thus Activates the
Wnt Response. The oligomerization of Dvl complexes appears
to be a necessary feature of canonical Wnt pathway activation.
Can we say something about whether association of Dvl subunits
is itself sufficient to activate the pathway? To answer this ques-
tion, we generated a series of artificial Dvl oligomers by replacing
the DIX domain of DvI2 with a set of artificially designed helical

bundles, designed to generate specific oligomer states (41). The
set of Dvl oligomeric constructs are named dimer, trimer, tetra-
mer, and hexamer which correspondingly contain two, three, four,
and six Dvl molecules in stable complexes (Fig. 64). The size of
the various stable oligomeric constructs was confirmed by sucrose
gradient sedimentation (SI Appendix, Fig. S16). Each of these
modified forms of Dvl was separately expressed in Dvl-TKO cells
and the activation of the Wnt pathway was measured by the
TOPFlash assay. Wnt pathway activation peaks at the Dvl trimer
and drops as the DvI2 size increases further (Fig. 6B). That there is
an optimum in the size of the complexes, taken literally means that
activity of the native Dvl depends on the proper balance of effi-
cient binding and efficient release.

If the dynamic oligomerization of Dvl2 was important for its
function, we should be able to replace the DIX domain with
other domains with a similar property of reversible oligomeri-
zation and retain DvI2 protein function. To test this proposition,
we used the SAM (Sterile Alpha Motif) domains of the LEAFY
transcription factor found in flowering plants. Like the Dvl
DIX Domain, SAM has a tendency to form an equilibrium
distribution of linear head-to-tail oligomers (42). By replacing
the DIX domain of Dvl2 with two different SAM domains
(SAM1 from Arabidopsis thaliana or SAM2 from Ginkgo biloba),
we were able to rescue the Wnt pathway activity (Fig. 6C).
Point mutations in the SAM domain that disrupt oligomer
formation disrupt Wnt pathway activity (SAM1-M, and SAM2-
M in Fig. 6C). These experiments strongly suggest that one im-
portant function of the DIX domain on Dvl is to form dynamic
oligomers.
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Discussion

Our current mechanistic understanding of the mechanism of
Wnt signal transduction focuses around the “destruction com-
plex” and the “signalosome,” concepts which are still speculative.
Among the most enigmatic of all of the components of these
complexes is the set of essential Dvl scaffold proteins. To assess
the function of Dvl in Wnt signaling we have carried out a kinetic
study of the behavior of Dvl in living cells, combining CRISPR-
induced genome modification with single-molecule imaging, and
analyzing the data through quantitative modeling. Our studies of
single-molecule imaging coupled with modeling point to a role of
Dvl oligomerization at the membrane and the very weak binding
between Dvl-Dvl and Dvl-Fzd. These weak and dynamic inter-
actions are very important and for that reason it is important to
express labeled proteins in the cell at close to their endogenous
levels. We found that Dvl’s interactions in the cell are defined by
its relatively high endogenous concentration, which at 140 nM is
still significantly lower than DIX domain binding affinity to Fzd
in the membrane (~uM). The disparity between the very low
concentration and the weak binding affinity guarantees that the
predominant species of Dvl in the cell is in the form of a soluble
monomeric pool. The weak binding and rapid off rate allow the
Dvl proteins to quickly interrogate various sites in the cytosol
and membrane (Fig. 74). Monomeric Dvl binds to Fzd and
dissociates in less than a second. Upon Wnt treatment, increased
Fzd-Dvl interaction increases the binding between Fzd and Dvl
and in turn increases the local concentration of Dvl (Fig. 7B).
The higher local concentration then drives Dvl to form oligomers
on the cell membrane. Following Wnt binding the oligomerized
Dvl binds at higher stoichiometry, but perhaps most significant
feature is that individual Dvl molecules now spend much more
time on the membrane, where reactions such as phosphorylation
alter the Dvl molecule, which may activate the downstream sig-
naling process (Fig. 7C). Dvl in the larger complexes are still dy-
namic and come on and off the membrane, with smaller oligomers,
more dynamic than larger ones. If these modifications of Dvl are
sufficiently stable, they may survive long enough to perturb down-
stream cytosolic reactions and affect B-catenin turnover.

It should not be surprising that binding affinity to the mem-
brane would in some way determine Dvl activity. It is somewhat
more surprising that the effect on downstream processes reaches
a maximum activity at the level of a trimer of Dvl and then de-
clines. It is important to note the significant differences between
the dynamic oligomers and stable oligomers. WT-DvI2 forms
dynamic oligomers that actively exchange the Dvl subunits in the
complexes. Stable oligomers cannot exchange subunits and only
associate and dissociate as a whole. In this way, large complexes
can be maintained for an extended period of time on the plasma
membrane while still remaining inherently dynamic. Small com-
plexes, by contrast come on and off rapidly. The responsiveness of
the signal pathway is partially related to the reaction speed of
individual reaction steps like phosphorylation. While the reaction
speed is hindered by either too strong or too weak binding be-
tween the enzyme and the substrate, due to either product inhi-
bition or lack of enzyme-substrate complexes. We assume that Dvl
protein complexes are most effective in downstream signaling
when they are both stable and dynamic on the membrane, when
the binding affinity is neither too strong nor too weak. Nature
solves this seemingly incompatible task by designing Dvl protein to
be a dynamic scaffold, having one membrane protein binding
domain (DEP) and one oligomerization domain (DIX). The DEP
domain controls the binding of Dvl to Fzd, while DIX, together
with local concentration, controls the size of the Dvl oligomer.
The instability of the individual Dvl subunits is related to the
relative low binding affinity between DIX domains (~pM from our
model) (17, 34) and DEP-Fzd (~uM from the experiments).
When a Dvl complex gets to a certain size, it has multiple DEP
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domains that are incorporated into one complex, and this in-
creases the binding to the membrane through an avidity effect.

Dvl oligomers might be confused with puncta in the previous
experiments; their nature is very different. The Dvl oligomers in
our study (less than five Dvl for more than 90% of the com-
plexes) are far smaller than the puncta in some other studies that
could reach the diameter of 1 ~ 2 pm, potentially containing
millions of proteins. The total number of DvI2 proteins in one
cell is only about 160,000 in comparison, so much of the large
puncta formation seems to be an artifact of overexpression. We
must point out that large complexes involving other Wnt pathway
proteins like Axin and APC may in fact form under physiological
conditions (20) or that Dvl might form supersized complexes in
other biological systems like early embryos (43, 44). It is fair to
point out when superphysiological levels of proteins capable of
weak dynamic interactions are expressed in cells, the burden of
proof on the significance of the structures that are produced lies
with the experimenter to show that complexes of similar size and
composition actually exist under natural conditions.

We can speculate but do not yet fully understand why Dvl
dynamicity is carefully programmed into the system. One expla-
nation may derive from the phosphorylation of Dvl. It is possible
that phosphorylation of Dvl is a modulator of Wnt signaling, af-
fecting the dynamicity of Dvl. But a more interesting interpretation
is that the dynamicity itself may control the phosphorylation of Dvl
and that phosphorylation may in turn control the stability of
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f-catenin. The rapid rate of turnover of monomeric Dvl is too fast
for modification by typical kinases (although the actual Dvl kinases
acting on the Dvl at the membrane could have atypical kinetics). In
this view the Wnt signal by stabilizing larger oligomers of Dvl would
be required to allow Dvl to persist long enough at the membrane to
be phosphorylated. The phosphorylated Dvl might then travel back
into the cytosol and inhibit p-catenin degradation. Such a model
would be very different from a view that Dvl, and perhaps specif-
ically phosphorylated Dvl, only acts near the plasma membrane to
inhibit the “destruction complex.” This is one possible model to
explain the activation of the Wnt signaling pathway. To fully un-
derstand the process, we will need to work out the detailed
mechanism of Dvl phosphorylation and dephosphorylation, in-
cluding knowledge of the dynamics of kinases and phosphatases in
the pathway.

Materials and Methods

Plasmids. Human Dvl2 wild-type cDNA sequence was acquired from Harvard
PlasmID (HsCD00326703). The DvI2 gene is then PCR amplified and moved
onto pBABE-puro backbone (Addgene 1764) using Gibson assembly. There is
a 12-amino acid linker in between DvI2 and mEGFP (GGAGGTAGTGGTGGA
TCTGGTGGATCAGGAGGTTCT). DvI2 mutants were made by using Agilent
QuikChange Il mutagenesis kit (200523) on the basis of the DvI2-mEGFP
plasmid. For the DvI2 oligomer mutations, all oligomer sequences are from
Sl appendix, table S1 of ref. 36. SAM domain sequences are from A. thaliana
(SAM1) and G. biloba (SAM2) (37).

To construct donor vector for DvI2-mEGFP-knockin, 5" and 3" homology arms
(609 bp and 840 bp, respectively) were PCR amplified using genomic DNA of
HEK293T as the template and cloned into a vector containing mEGFP.

Cell Culture and Cell Lines. HEK293T and the derived cells were grown at 37 °C
and 5% (volivol) CO, in Dulbecco’s Modified Eagle’s Medium (DMEM), 10% (volivol)
fetal bovine serum (FBS), and 1% antibiotics (penicillin/streptomycin).

The DvI-TKO cell line is the abbreviation of HEK293T cells with all of the
Dvl knocked out, which was made by S.A.’s laboratory. Fzd-null is the abbre-
viation of HEK293T cells with all Fzd knocked out. LRP-DKO is the abbreviation
of HEK293T cells with LRP5/6 knocked out. Fzd-Null is the abbreviation of
HEK293T cells with all Fzd knocked out, which is a gift from Feng Cong, Novatis,
Cambridge, MA. HEK293T cells are from ATCC. The DvI2-KI cell line is the ab-
breviation of HEK293T cells with mEGFP knocked in on the C terminus of DvI2.
DvI2-1Mer are DvI2-ADIX overexpressed in DvI-TKO cells.

Antibodies and Immunoblotting. Total cell lysates in Nonidet P-40 lysis buffer
(50 mM Tris, pH 7.5, 150 mM NadCl, 1 mM EDTA, 1% Nonidet P-40, 10% glycerol,
10 mM NaF, 10 mM Na3VO,, and protease inhibitor mixture, pH = 7.4) were
prepared by gentle rotating at 4 °C and cleared by centrifugation. Samples were
run on an sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to Immobilon-P membrane. A total of 0.015% digitonin in phosphate-
buffered saline (PBS) supplemented with 50 mM NaF and protease inhibitor
mixture were used to isolate the cytoplasmic fraction of f-catenin. Indirect im-
munochemistry using a secondary antibody conjugated with horseradish peroxi-
dase was visualized using ECL reagents on an LAS-3000 imager (FujiFilm).
The following commercially available antibodies were used: from BD
Transduction Laboratories: anti-p-catenin (610154, 1:2,000); from Hybridoma
Bank: anti-g-tubulin (E7, 1:5,000); from Cell Signaling Technology, anti-DvI2
(3216, 1:1,000); from Abcam, anti-GFP (ab13970, 1:1,000); and from R&D
Systems, rhwnt-3a (5036-WN).
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Dual Luciferase Assay. HEK293T cells (ATCC CRL-11268) were transfected using
FUGENE HD (Promega, E2312) in triplicate. Cells were plated in 24-well plates
and transfected the following day with 50 ng SuperTOPFlash, 5 ng TK-Renilla.
Dual luciferase reporter assays were performed using the Dual-Luciferase Re-
porter Assay System (Promega, E1960) according to the manufacturer’'s in-
structions. Representative results are shown from one of three (or more)
independent experiments.

TIRF Experiments. The TIRF experiments were done on a Nikon Ti motorized
inverted microscope with Perfect Focus System, 491-nm laser (50 mW max
power) with 50-ms exposure time. Images or movies were acquired with
MetaMorph software. The microscope has temperature and CO, level control
to minimize the environment perturbation on cells.

The cells were either grown on y-irradiated 35-mm glass bottom dishes
(MatTek P35G-0.170-14-C) or on high-precision microscope cover glasses
(Marienfeld 0117650 lot. 33825 819). The glass was coated with 10 pg/mL
fibronectin (Sigma-Aldrich F0895) in PBS for 10 min before cells were plated.
A total of 100 nM LGK974 (Caymanchem 14072) was added to the cell cul-
ture medium when the cells were plated to decrease the autocrine Wnt
signaling. The cells were cultured in normal DMEM and switched into
FluoroBrite (Thermo Fisher A1896701) with 10% FBS and 100 nM LGK974
before imaging. The imaging experiments were normally done the next day
after the cells were plated.

Image Analysis of TIRF Experiments. The images from TIRF experiments were
analyzed by u-Track (29) from Danuser Lab. The parameters used are 1.3 for
point spread function (PSF) sigma, 0.05 for alpha, and 5 for fit window size.
The single-molecule intensity distributions and traces were then analyzed
with homemade MATLAB codes.

To quantify single mEGFP intensity, we tracked the membrane protein with
20-Hz imaging frequency and then extracted all of the traces longer than 20 steps.
These traces were then analyzed with tdetector (45) for step analysis. The step
sizes from all of the traces were then fitted with Gaussian mixture model with
proportional mean. The peak value of the first Gaussian function was used as the
single MEGFP intensity value. The procedure can be applied to either control
protein GlyRa1-mEGFP or DvI2-mEGFP itself. Another way to estimate the single
mEGFP intensity is by fitting the histograms of intensity of all of the complexes in
the cell. We compared the two methods and could achieve similar single mEGFP
intensity estimations. Step size estimation is more restricted to the quality of
single-molecule traces. Transient traces could greatly increase the noise of this
method. The intensity histogram method was used in most of the experiments.

All of the plasmids are available on Addgene. Other data, code, and
materials will be made available upon request.
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