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Wnt/ /3-catenin signaling is initiated at the cell surface by 
association of secreted Wnt with its receptors Frizzled (Fz) and 
low density lipoprotein receptor-related protein 5/6 (LRPS/6). 
The study of these molecular interactions has been a significant 
technical challenge because the proteins have been inaccessible 
in sufficient purity and quantity. In this report we describe 
insect cell expression and purification of soluble mouse Fz8 cys­
teine-rich domain and human LRP6 extracellular domain and 
show that they inhibit Wnt/ /3-catenin signaling in cellular 
assays. We determine the binding affinities of Wnts and Dick­
kopf 1 (Dkkl) to the relevant co-receptors and reconstitute in 
vitro the Fz8 CRD·Wnt3a·LRP6 signaling complex. Using puri­
fied fragments of LRP6, we further show that W nt3a binds to a 
region including only the third and fourth /3-propeller domains 
of LRP6 (E3E4). Surprisingly, we find that Wnt9b binds to a 
different part of the LRP6 extracellular domain, ElE2, and we 
demonstrate that Wnt3a and Wnt9b can bind to LRP6 simulta­
neously. Dkkl binds to both ElE2 and E3E4 fragments and com­
petes with both Wnt3a and Wnt9b for binding to LRP6. The 
existence of multiple, independent Wnt binding sites on the 
LRP6 co-receptor suggests new possibilities for the architecture 
of Wnt signaling complexes and a model for broad-spectrum 
inhibition of W nt/ /3-catenin signaling by Dkkl. 

Since its discovery more than 30 years ago, the W nt signaling 
pathway has captured the interest of researchers due to its role 
in development, progression of cancer, and self-renewal and 
differentiation of stem cells (1, 2). Wnt signaling is initiated at 
the cell surface where secreted Wnt glycoprotein forms a com­
plex with the receptors Frizzled (Fz)2 (3) and low density 
lipoprotein receptor-related proteins 5 or 6 (LRP5/6) (4, 5). 
This results in stabilization of intracellular /3-catenin ("W nt//3-
catenin pathway") and its translocation to the nucleus. Nuclear 
/3-catenin then initiates T-cell factor-dependent transcription 
of downstream Wnt target genes (6, 7). The interactions of 
LRP5/6 and Fz with Wnt are critical for mediating Wnt//3-cate­
nin signaling (5, 8, 9). Underscoring the central role that these 
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receptors play in Wnt signaling, suppression of either Fz or 
LRPs has been shown to generate phenotypes associated with 
Wnt mutations (10). Furthermore, mechanisms have evolved 
to regulate the Wnt·Fz·LRP complex through secreted proteins 
that interfere with these extracellular interactions. One such 
example is Dickkopf-1 (Dkkl), which inhibits Wnt signaling by 
binding to LRP6 (9, 11, 12). Dkkl has been shown to play a 
crucial role in bone formation, vertebrate embryogenesis, and 
suppression of cancer cell proliferation (13- 15). Therefore, 
Wnt ligands, receptors Fz and LRP, and their natural inhibitors 
are all of great therapeutic interest. Indeed, recent findings 
show that the soluble extracellular domain of Fz8 interferes 
with Wnt-driven tumor growth in vivo (16). 

The detailed molecular arrangement of the Wnt·Fz·LRP ter­
nary complex at the cell surface is still unknown, although it has 
been established that Fz binds to LRP6 in a Wnt-mediated fash­
ion (5) and that this interaction is inhibited by conditioned 
media containing Dkkl (12). Importantly, there is no evidence 
to date that supports formation of the ternary complex from 
purified extracellular domains, leaving open the possibility that 
other factors are required. Given that there are 19 Wnts, 10 Fzs, 
and 2 LRPs in mammals, it is likely that many different ternary 
complexes form. The combinatorial nature of this system 
makes it suitable for spatiotemporal control of development in 
an organism, a well established function of the Wnt pathway. 
However, there is still ambiguity about whether all of the 
Wnt·Fz·LRP combinations are biologically relevant (17- 20). 
Moreover, the specificity of physical interactions among differ­
ent Wnts and their corresponding Fz and LRP5/6 receptors 
remains largely unaddressed. 

Several domains can be predicted with high confidence for 
the protein components that make up the Wnt signaling 
complex. Wnt molecules are lipid-modified proteins, possi­
bly associated with lipoproteins and/or lipid vesicles in the 
extracellular environment (21, 22). Fz proteins are hepta-span 
transmembrane receptors with an additional conserved N-ter­
minal cysteine-rich domain (CRD) responsible for Wnt binding 
(3). LRP5/6 receptors are single-span transmembrane proteins 
composed of a large extracellular domain of four predicted 
/3-propellers, each followed by an epidermal growth factor-like 
domain. After this segment is an LDL type A repeat (LDLa) that 
is in close proximity to the transmembrane region. Finally, 
there is a short intracellular sequence that potentiates the Wnt 
signal (4, 5, 23). 

The extracellular domains of Fz and LRP5/6 receptors are 
difficult to produce in good yields by utilizing common pro-
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karyotic expression syst ems. In part, this is because they con­
tain a large number of cysteines that form disulfide bonds in the 
folded protein. Mammalian expression systems have been used 
to obtain Fz8 CRD; in the case of LRP6, it is necessary to co­
express with the chaperone mesoderm development (MESD) 
protein to ensure appropriate protein folding (24, 25). Hence, 
methods for producing high yields of soluble Wnt receptor 
proteins are needed to enable biochemical investigation of 
W nt·Fz·LRP interactions and to facilitate future structural 
characterization. Because of the current difficulty in obtaining 
purified protein, researchers have used indirect methods to 
examine the role of LRP6 domains, such as assessing the effects 
of overexpression of truncated LRP6 forms on cellular W nt 
signaling (9, 12). These studies provide important information 
but stop short of determining which interactions are direct and 
what the relevant binding affinities for LRP6 with W nt or Dkkl 
might be, both precursors to a full understanding of the signal­
ing mechanism. 

To dissect Wnt signaling at the cell surface, we examined the 
physical interactions of LRP6, W nt3a, Wnt9b, Fz8, and Dkkl. 
Human Dkkl, mouse Fz8 CRD, and various truncated forms of 
the LRP6 extracellular domain were purified in high yield from 
insect cells. We established that the proteins are properly 
folded by showing that, as expected, they can inhibit W nt//3-
catenin signaling. We then measured binding constants for a 
number of binary complexes, providing clear evidence that the 
interactions are direct. Using these purified proteins, we recon­
stituted a Fz8·Wnt3a·LRP6 ternary complex, reflective of a 
complex that may indeed form at the cell surface. Formation of 
this complex is inhibited by binding of Dkkl to LRP6, which 
blocks the Wnt3a-LRP6 interaction. Remarkably, Wnt3a and 
W nt9b can bind to LRP6 simultaneously at distinct sites located 
within the E3E4 and ElE2 regions, respectively. The relatively 
straightforward process we describe here could be used, in 
principle, to characterize every possible W nt· Fz, Wnt-LRP, and 
Fz-Wnt-LRP combination and to identify those likely to be bio­
logically most relevant. Furthermore, our assays could be used 
as a screening platform for identifying ligands that inhibit the 
formation of W nt signaling complexes. 

EXPERIMENTAL PROCEDURES 
Materials-Highly pure human Wnt3a and mouse W nt5a, 

W nt5b, and Wnt9b were obtained as carrier-free proteins 
(R&D Systems) for use in the binding assays. Mouse Wnt3a was 
purified from L-cells as described previously (22) for use in 
cell-based assays, unless otherwise indicated. For cloning and 
construct boundaries, see the supplemental data. 

Protein Purification- Trichoplusia ni cells were maintained 
in suspension in ESF921 (Expression Systems LLC) at 27 •c as 
recommended by the vendor. Cells were grown to a density of 
2 X 106 cells/ ml in ESF921 and infected at an estimated multi­
plicity of infection of 1. Scale-up production of 5 liters or more 
was performed using a Wave Bioreactor ( GE Bioscience). LRP6, 
Fz8 CRD, or Dkkl proteins were expressed as secreted extra­
cellular proteins. At 48 h post-infection, the medium was 
adjusted with 50 ml of 1 M Tris-HCI, pH 8, 5 ml of0.25 M CaC~, 
and 1 ml of 1 M NiCl2 per liter of medium. After an incubation 
period of 30 min, cells and debris were spun down at 3000 rpm 
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for 20 min. The supernatant containing the proteins was sub­
sequently filtered (0.22 µ,m). Nickel-nitrilotriacetic acid resin (1 
ml, Qiagen) equilibrated in 50 mM Tris, pH 8, 300 mM Na Cl was 
used for processing of l liter of insect cell media containing the 
His6 -tagged proteins. The medium was passed twice through 
the column to increase the yield of purified protein. The col­
umn was washed twice with 20 ml of Tris, pH 8,300 mM NaCL 
Proteins were eluted from the resin by the addition of 4 X 1 ml 
of the same buffer containing 300 mM imidazole. The collected 
fractions were concentrated and resolved on a Superdex S200 
gel-filtration column (GE Healthcare). Fractions were collected 
and concentrated to 10 µ,M stocks. Protein concentration was 
determined by absorbance at 280 nm. 

Cellular /3-Catenin Assay- Experiments were conducted 
with mouse fibroblast L-cells as previously described (26) and 
detailed in the supplemental data. 

Binding Assays- Binding kinetics were measured by biolayer 
interferometry on an Octet Red instrument (ForteBio ). Strepta­
vidin high binding FA or anti-hlgG-Fc capture (AHC) biosen­
sors were loaded with biotinylated hLRP6 or mFz8 CRD-Fc (16) 
in Tris, pH 8,300 mM NaCl, 5% (v/v) glycerol, and 0.05% (w/v) 
Triton X-100. The loaded biosensors were washed in the same 
buffer before carrying out association and dissociation mea­
surements for the indicated times. Kinetic parameters (k00 and 
k0 ff) and affinities (KD) were calculated from a nonlinear fit of 
the data using the Octet software Version 6.1; data were then 
plotted in Kaleidagraph (Synergy Software). Each reported 
value represents an average of three or more experiments at 
different concentrations, with a fitted experimental curve for 
which the correlation coefficient (R2

) is above 0.96. 

RESULTS 

Expression of LRP6 Extracellular Domain and Fz8 CRD in 
Insect Cells- To study the biochemical interactions of Fz8, 
LRP6, Wnt3a, and Dkkl, we generated the extracellular do­
mains of human LRP6 and mouse Fz8 as well as full-length 
human Dkkl. Rather than using transfected mammalian cells 
that produce low amounts of LRP6, we chose insect cells 
infected with AcNPV baculovirus to produce the 156-kDa, 47 
cysteine-containing extracellular domain of LRP6 (FL ECD) 
(27, 28). We designed five constructs, choosing domain bound­
aries based on sequence alignment of the protein from different 
species, primary sequence analysis using programs such as 
SMART (29), and secondary structural prediction (Quick2D, 
MPI toolkit (30)) (supplemental Fig. SlA). To test the roles of 
the various LRP6 domains in Wnt signaling, we expressed the 
full-length extracellular domain ofLRP6 (LRP6 FL ECD) as well 
as subfragments of this domain, which include ElE4 (the first 
four /3-propellers with the epidermal growth factor-like do­
mains that follow each of them), ElE2 (the first two /3-propel­
lers), and E3E4 (the third and fourth /3-propellers) 
(supplemental Fig. SlA). For Fz8, we cloned and expressed the 
CRD (31); this domain has been shown both to be sufficient to 
bind Wnt3a and to be necessary for signaling (3, 16). 

After testing expression in two insect cell lines and compar­
ing the LRP6 native secretion signal to the secretion signal of 
the baculovirus coat protein GP67 (supplemental Fig. SlB), we 
selected Tni Pro cells and the GP67 secretion signal for express-
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FIGURE l .Soluble LRP6 ECO inhibits Wnt3a-mediated /3-catenin stabilization by direct binding to Wnt3a.A,shown isa binding assay between ( -terminal 
biotinylated LRP6 El E4 (coated on the streptavidin biosensor tip) and Wnt3a in solution (K0 = 9 nM). 8, shown is the effect of LRP6 fragments on Wnt3a­
mediated stabilization of /3-catenin. Increasing concentrations of the indicated molecules were added to mouse L-cells in the presence of a constant concen­
tration ofWnt3a (0.6 nM). This concentration was predetermined to stabilize intracellular /3-catenin and produce a good signal-to-noise ratio in the assay. FL 
ECD (IC50 = 480 nM) and El E4 fragment (IC50 = 360 nM) inhibit /3-catenin stabilization, which indicates that the LDLa region is not required. El E2 and E3E4 have 
IC50 values exceeding 2 µ,M, which indicates that the E 1 E4 region is required for full inhibition. 

ing LRP6 and Fz8 proteins. Purification was on a nickel-nitrilo­
triacetic acid affinity column followed by size-exclusion chro­
matography. As a representative example, the purity of LRP6 
£3£4 is shown at every step in the protocol (supple­
mental Fig. SlC). Proteins were purified to a high degree 
of homogeneity as determined by SDS-PAGE analysis 
(supplemental Fig. S1D ), and their identities and glycan content 
were determined by mass spectrometry (supplemen­
tal Fig. Sl,A and £). Overall yields ranged from 2 mg (LRP6 FL 
ECD) to 10 mg (Fz8 CRD) of purified protein per liter of 
expression medium. Thus, we have developed a method 
allowing access to significant quantities of LRP6 FL ECD and 
fragments without co-expression of the mesoderm development 
(MESD) chaperone. 

Soluble LRP6 ECD Directly Binds to Wnt3a and Inhibits 
Wnt3a-mediated /3-Catenin Stabilization- To study the inter­
action between LRP6 and Wnt3a, we developed a binding assay 
based on biolayer interferometry (32). Site-specifically biotiny­
lated LRP6 ElE4 was obtained by co-expressing a C-terminal 
His6-Avi-tagged (33) version of LRP6 ElE4 with biotin ligase in 
insect cells. This version of LRP6 expressed at similar levels as 
the non-biotinylated form and was easily purified from insect 
cells. We loaded biotinylated LRP6 ElE4 at 20 µ,g/ml onto 
streptavidin biosensors and transferred the sensor tip to Wnt3a 
solutions of various concentrations. We observe direct binding 
between LRP6 ElE4 and Wnt3a with a KD of9 ::!: 4 nM (Fig. lA, 
Table 1), suggestive of a tight complex between LRP6 and 
Wnt3a on the cell surface. To our knowledge, this is the first 
demonstration of direct binding between purified LRP6 and 
Wnt3a. 
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TABLE 1 
Binding affinities and kinetic constants for various Wnts and Dkkl 
binding to LRP6 E1E4, E1E2, E3E4, and Fz8 CRD, as m easured by 
biolayer interferometry 

KD Kon Ko« 

f1M M - 1.S- l . JD4 s- 1.10- • 

Binding to LRP6 ElE4 
Wnt3a 9.1 :!: 3.8 3.62 :!: 0.Ql 3.31 :!: 0.Ql 
Wnt5a• 
Wnt5b• 
Wnt9b 10.5 :!: 3.0 3.66 :!: 0.Ql 3.82 :!: 0.Ql 
Dkkl 3.0 :!: 0.6 9.81 :!: 0.03 2.90 :!: 0.Ql 

Binding to LRP6 ElE2 
Wnt3a• 
Wnt9b 7.4 :!: 1.3 252 :!: 0.Ql 1.85 :!: 0.Ql 
Dkkl 64.4 :!: 16.9 18.5 :!: 0.Ql 119 :!: 0.4 

Binding to LRP6 E3E4 
Wnt3a 174 :!: 10 0.38 :!: 0.06 6.7 :!: 0.03 
Wnt9b• 
Dkkl 20.9 :!: 1.5 224 :!: 0.04 4.68 :!: 0.04 

Binding to Fz8 CRD 
Wnt3a 3.6 :!: 1.2 266 :!: 0.01 0.96 :!: 0.01 
Wnt5a 50.4 :!: 12.8 1.01 :!: 0.41 5.07 :!: 0.15 
Wnt5b 36.5 :!: 7.9 1.26 :!: 0.33 4.59 :!: 0.16 
Wnt9b 482 :!: 16 0.23 :!: 0.06 11.3 :!: 38 

a No binding. 

Next, we tested the biological activity of soluble LRP6 ECD in 
mouse fibroblast L-cells. For this, we used a cell-based infrared 
imaging assay recently developed in our laboratory (26). We 
treated L-cells with Wnt3a in the presence or absence of the 
various LRP6 fragments and monitored quantitatively /3-cate­
nin stabilization. To account for any variations in cell number, 
the /3-catenin signal was normalized to the DNA signal. Our 
results show that purified soluble LRP6 FL ECD and ElE4 
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inhibit Wnt signaling in L-cells with IC50 values of 480 ::!: 50 and 
360 ::!: 90 nM, respectively (Fig. l B), suggesting that the LDLa 
domain of LRP6 is not important for Wnt binding. £1£2 (first 
two /3-propellers) and £3£4 fragments (last two /3-propellers) 
did not inhibit W nt3a signaling at low concentrations in the 
cell-based assay. However, at concentrations higher than 2 µ,M, 

they start to exhibit an inhibitory effect, indicating that their 
IC50 values may fall in the 10-20 µ,M range (Fig. l B). Alto­
gether, the biochemical and cellular results are consistent with 
a model in which soluble LRP6 directly competes with the cell 
surface LRP6 receptor for binding to Wnt3a, hence disrupting 
Fz/Wnt/LRP6 complex formation and resulting in inhibition of 
cellular /3-catenin stabilization. 

Dkkl Competes with Wnt3afor Binding to LRP6- Although 
Dkkl is established as an inhibitor of Wnt signaling (9, 12), a 
direct interaction with LRP6 has not been demonstrated with 
purified proteins. Instead, earlier reports utilized Scatchard 
analysis, co-immunoprecipitation, and overexpression of LRP6 
deletion mutants to demonstrate that Dkkl interacts with LRP6 
on the cell surface (9, 11, 12). By using biolayer interferometry, 
we show that full-length soluble Dkkl does indeed bind directly 
to LRP6 with a KD of 3 ::!: 1 nM (Fig. 2A and Table 1). We further 
demonstrate that Dkkl inhibits Wnt3a binding to LRP6 (Fig. 2B 
and supplemental Fig. S2). These data are in agreement with a 
previous study utilizing Dkkl-conditioned media to study Fz8-
Wntl-LRP6 interactions (12). Taken together, these findings 
support a model in which Dkkl antagonism of Wnt3a signaling 
is due to direct competition with Wnt3a for binding to the LRP6 
receptor. 

Using the /3-catenin imaging assay, we show thatDkkl inhib­
its Wnt3a-mediated stabilization of cellular /3-catenin with an 
IC50 of 100 ::!: 5 nM (Fig. 2C). The difference observed between 
the cellular IC50 and the biochemical KD for Dkkl and LRP6 
may reflect differences in assay sensitivity and readout. 
Additionally, differences in LRP6 receptor occupancy or 
organization at the cell surface may decrease sensitivity to 
these inhibitors. 

Soluble Fz8 CRD Binds Directly to Wnt3a and Inhibits 
Wnt3a-mediated /3-Catenin Stabilization- To quantitatively 
measure the Fz8-Wnt3a interaction, we used a Fz8 CRD-Fc 
fusion protein (16) and immobilized it onto anti-human Fe 
biosensors. In this format we observed tight binding be­
tween Wnt3a and Fz8 CRD-Fc with a KD of 4 ::!: 1 nM 

(supplemental Fig. S3). Using the /3-catenin imaging assay, we 
found that Fz8 CRD (monomer, see "Experimental Procedures" 
and supplemental Fig. S4) potently inhibits Wnt3a//3-catenin 
signaling with an IC50 of0.8 ::!: 0.2 nM (supplemental Fig. S3B), 
in agreement with a previously reported IC50 value (16). There­
fore, consistent with earlier reports on Fz8 CRD interactions 

FIGURE 2. Okk1 inhibits Wnt3a-mediated /3-catenin stabilization by com­
peting with Wnt3a for binding to LRP6. A, shown is a direct bind ing assay 
between C-terminal-biot inylated LRP6 E1E4 coated on the streptavidin bio­
sensor and Dkkl in solut ion (K0 = 3 nM). 8, binding ofWnt3a to LRP6 is inhib­
ited in the presence of Dkkl . Dkkl pre-bound to LRP6 (raw data in 
supplemental Fig. S2) inhibits the binding of Wnt3a to LRP6. LRP6 is not sat­
urated by Dkkl, resulting in residual Wnt3a binding. C, shown is Dkkl inhibi­
tion of Wnt3a-mediated /3-catenin stabilization (IC50 = 100 nM). Wnt3a con­
centration is 0.6 nM. 
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A 8 2 z8 CRD loading Wnt3a binding LRP6 binding that LRP6 does not bind to Fz8 CRD 
in the absence of Wnt3a, in agree­
ment with the immunoprecipita­
tion data (Fig. 3A). It is worth noting 
that we could not perform this 
experiment in the reverse format, 
i.e. by coating LRP6 first on the bio­
sensor tip and measuring Fz8 CRD 
binding as a function of prebound 
Wnt3a. This could be due to the dis­
play of LRP6 on the biosensor tip 
hindering binding of Fz8 CRD-Fc. 
Nevertheless, our studies establish 
formation of a Fz8 CRD·Wnt3a· 
LRP6 ternary complex with purified 
components, both in solution and 
on a biosensor tip. 
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Wnt3a and Wnt9b Bind Simulta­
neously to Distinct Sites on LRP6-
Having established a biophysical 
assay for probing the interactions 
of Wnt3a with its receptors, we 

FIGURE 3. Fz8 CRD and LRP6 form a triple complex mediated by Wnt3a. A, shown is pulldown of purified 
LRP6 E 1 E4 by purified Fz8 CRD in the presence of purified Wnt3a. Purified full-length Dkkl prevents ternary 
complex formation (fourth Jane) by competing with Wnt3a for LRP6 binding.JP, immunoprecipitation.8, shown 
is direct binding of ( -terminal Fe fusion ofFzS CRD (coated on the anti-human Fe biosensor) to Wnt3a and LRP6. 
The first step corresponds to Fz8 CRD loading and shows the interaction between the Fe fusion and the 
anti-human Fe bio-layer. After a washing step, Wnt3a is loaded on Fz8 CRD for an extended period of time to 
establish formation of the binary complex. The third step corresponds to the binding of LRP6 El E4 to the 
preformed Fz8·Wnt3a binary complex (blue trace) in the presence of constant concentration of Wnt3a. LRP6 
does not interact with Fz8 CRD in the absence of Wnt3a (orange trace). The green trace serves as a negative 
control for which there is no loading of Fz8 CRD. 

investigated the binding of other 
representative Wnts to LRP6 and to Fz8 CRD. Our results 
demonstrate that Wnt5a and Wnt5b bind with lower affinity 
than Wnt3a to Fz8 CRD (Wnt5a, KD = 50 nM; Wnt5b, KD = 
36 nM; Table 1 and supplemental Fig. S6), whereas Wnt9b only 
binds very weakly. On the other hand, Wnt5a and Wnt5b do 
not interact with LRP6, whereas Wnt9b binds tightly to LRP6 
with a KD of 11 ::!: 3 nM (Table 1 and supplemental Fig. S7A). 
Furthermore, we found that Dkkl inhibits Wnt9b binding to 
LRP6 (supplemental Fig. S7, Band C). 

with Wnt ligands (16, 19), inhibition of W nt//3-catenin signal­
ing by Fz8 CRD is due to direct competition with the endoge­
nous Fz receptors for Wnt3a binding. 

Reconstitution of a Fz8 CRD· Wnt3a·LRP6 Triple Complex in 
Vitro- It is now commonly accepted that W nt3a, Fz8 CRD, and 
LRP6 form a ternary signaling complex at the cell surface (10, 
34). However, it has not been demonstrated that the purified 
proteins can form this complex. First we sought to reconstitute 
the Fz8 CRD·Wnt3a·LRP6 complex in solution by mixing Fz8 
CRD-Fc, Wnt3a, and LRP6 £1£4. Fz8 CRD-Fc was precipitated 
with protein G beads, and the precipitate was analyzed by 
Western blot (Fig. 3A). In the absence of Wnt3a, LRP6 does not 
coprecipitate with Fz8 CRD. However, in the presence of 
W nt3a, we observe coprecipitation of LRP6, suggesting forma­
tion of a Fz8 CRD·Wnt3a·LRP6 ternary complex. In agreement 
with the result above (Fig. 2B), LRP6 £1£4 co precipitation does 
not occur in the presence of added Dkkl. These findings are 
consistent with a model in which Fz8 CRD forms a W nt3a­
mediated complex with LRP6, and Dkkl prevents LRP6 binding 
to Wnt3a. 

Having demonstrated that W nt3a binds to both LRP6 £1£4 
and Fz8 CRD by using biolayer interferometry (Figs. 1A and 
supplemental S3A), we investigated the formation of the ter­
nary complex in the same manner. Fz8 CRD-Fc was loaded 
onto anti-human Fe biosensors. We then established the for­
mation of a Fz8 CRD·Wnt3a binary complex (Fig. 3B) in the 
presence of Wnt3a (100 nM). Next, the binary complex was 
exposed to LRP6 £1£4 (800 nM) while maintaining a constant 
concentration of Wnt3a (100 nM). The observation of a second 
binding event demonstrates that LRP6 forms a ternary complex 
with Wnt3a that is already bound to Fz8 CRD (Figs. 3B and 
supplemental Fig. S5). As a control, we conducted the above 
steps without adding W nt3a and detect no interaction between 
LRP6 and Fz8 CRD (Fig. 3B). These results indicate that LRP6 
and Fz8 CRD must bind to different locations on Wnt3a and 
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Given that Wnt3a and Wnt9b both bind to LRP6 and that 
both interactions are inhibited by Dkkl (Fig. 2B and 
supplemental Fig. S7, Band C), we hypothesized that Wnt3a 
and Wnt9b might bind to the same site on LRP6. To testthis, we 
measured whether pre-binding of Wnt9b to immobilized LRP6 
blocks Wnt3a binding. Strikingly, our data show instead that 
Wnt3a binds to LRP6 that is already bound to Wnt9b (Fig. 4A). 
This finding is remarkable, as it indicates that different binding 
sites on LRP6 may recruit different Wnts and, provocatively, 
that simultaneous binding of more than one Wnt may initiate 
different types of intracellular signaling responses. 

To further explore this unexpected result, we investigated 
binding of Wnt3a and Wnt9b to biotinylated LRP6 £1£2 and 
£3£4 subdomains. We demonstrate that Wnt9b binds exclu­
sively to £1£2, whereas Wnt3a binds instead to E3E4 (Fig. 4, B 
and C). This suggests that E3E4 may be the primary region on 
LRP6 that binds Wnt3a on the cell surface. It is worth noting 
that Wnt9b affinity for £1£2 (KD = 7 nM, Table 1, and 
supplemental Fig. SBA) is similar to its affinity for ElE4 (KD = 
11 nM). On the contrary, Wnt3a affinity for E3E4 (KD = 174 nM, 

Table 1 and supplemental Fig. S8B) is significantly decreased 
compared with its affinity for ElE4 (KD = 9 nM). This observa­
tion might be explained by ElE2 being necessary for £3£4 sta­
bilization and, therefore, for full affinity for Wnt3a. The LRP6 
£3 region has been reported to be less stable than the other 
/3-propellers (35), which would support this hypothesis. 
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The existence of independent Wnt3a and Wnt9b sites on 
LRP6 raises the question of how the relatively small Dkkl pro­
tein can block binding of both Wnts to LRP6. Two possibilities 
exist; 1) Dkkl may bind to more than one site on LRP6, or 2) 
Dkkl may bind at a single site that is in close proximity to 
both the Wnt3a and Wnt9b binding sites, such that Dkkl 
either sterically interferes with Wnt binding or induces a 
conformational change on LRP6 that disrupts both Wnt 
binding sites. To discriminate between these two models, we 
assessed binding of Dkkl to LRP6 ElE2 and E3E4 fragments. 
We found that Dkkl binds to both fragments with KD values 
of 64 and 21 nM for ElE2 and E3E4, respectively (Table 1, 
supplemental Fig. S8, C and D ). This supports the conclusion 
that Dkkl has multiple binding sites on the LRP6 extracellu­
lar domain. 

DISCUSSION 

The Wnt co-receptors LRP6 and Fz8 are critical for mediat­
ing Wnt//3-catenin signaling, but study of their precise physical 
interactions with Wnt3a has been hampered due to technical 
challenges with their production. In this report we describe a 
simple protocol for generating biologically active extracellular 
domains of these receptors from insect cells. It is likely that a 
similar protocol could be used to generate other proteins 
involved in Wnt//3-catenin signaling such as LRP5 and other Fz 
homologues. Using a cell-based /3-catenin imaging assay, we 
show that the extracellular domains of LRP6 and Fz8 are effec­
tive at inhibiting Wnt//3-catenin signaling. Our studies support 
previous findings about the Wnt inhibitory activity ofFz8-Fc in 
cells and in vivo models (16). In addition, the LRP6 fragments 
reported herein add to the toolbox of reagents available to 
investigate Wnt-receptor interactions. 

To corroborate models of Wnt//3-catenin signaling derived 
from cellular data, we investigated the physical interactions 
among the Wnt receptors, their ligands, and the Wnt inhibitor 
Dkkl. The notion that Wnt forms a complex with Fz and 
LRP5/6 has been established in studies utilizing conditioned 
media and receptor overexpression (5, 12). However, direct 
binding with purified components had not been demonstrated. 
In this study we detect high affinity (nM) interactions between 
1) Wnt3a and LRP6 ElE4 and 2) Dkkl and LRP6 ElE4. Armed 
with these findings and knowledge of the previously established 
high affinity interactions between Fz proteins and Wnt ligands 
(19), we asked whether the Fz/Wnt3a/LRP6 biochemical inter­
action could be reconstituted from purified components. Our 
data show the formation of a ternary complex on a biosensor tip 
and in solution, demonstrating clearly that Wnt3a and the 
extracellular regions of co-receptors Fz8 and LRP6 are suffi­
cient to mediate complex formation. 

As described previously (9, 11, 12, 36), we find that Dkkl 
inhibits Wnt//3-catenin signaling (IC50 100 nM). The mecha­
nism ofDkkl inhibition has been controversial One idea is that 

FIGURE4.Multiple Wnts bind atdistinctsites on LRP6.A, shown is prebind­
ing ofWnt9b (red trace) to LRP6 El E4 does not preventWnt3a binding (com­
pare with the blue trace), suggesting two independent Wnt binding sites on 
LRP6. 8, Wnt9b binds tightly to LRP6 E 1 E2, whereas Wnt3a shows no binding. 
C, Wnt3a binds to LRP6 E3E4, whereas Wnt9b does not. 
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FIGURE 5. Proposed model for Fz8-Wnt3a·LRP6 complex formation and its regulation by Okk1 .A, Fz8 CRD 
binding to LRP6 is mediated by Wnt3a binding to E3E4. Dkkl competes with Wnt3a for binding to LRP6. 8, two 
Dkkl molecules bind at distinct sites on LRP6 and inhibit binding of both Wnt3a and Wnt9b. C, Wnt3a and 
Wnt9b simultaneously bind to the LRP6 receptor at distinct sites. One LRP6 molecule may recruit two WnHz 
complexes at the cell surface, thereby promoting clustering of Fz receptors and initiating different down­
stream Wnt responses. 

Fz8 CRD than does Wnt9b, Wnt9b 
may interact with another Fz pro­
tein instead. This would promote 
clustering of different Fz receptors 
within a single signaling complex 
as a way to propagate and enhance 
the Wnt signal or to initiate differ­
ent types of downstream responses 
(17). 

In conclusion, we have reconsti­
tuted a Fz8·Wnt3a·LRP6 ternary 
complex and revealed new insight 
about its molecular arrangement 

Dkkl promotes LRP6 internalization that is mediated by Kre­
men receptors present in certain cell types (37, 38). This was 
recently challenged by a study showing that Dkkl antagonizes 
Wnt signaling without LRP6 internalization (36). However, this 
latter study did not provide evidence that Dkkl competes with 
W nt3a for binding to LRP6. Our sequential binding data show 
that neither Wnt3a nor W nt9b can bind to LRP6 in the pres­
ence of saturating Dkkl and, therefore, suggest strongly that 
Dkkl competes directly with Wnt ligands for binding to LRP6 
on the cell surface. This is consistent with a model of Dkkl 
inhibition that does not require LRP6 internalization. Instead, 
as concluded previously (12, 36), Dkkl prevents formation of 
the Fz8·W nt3a·LRP6 extracellular signaling complex (Fig. 5A). 
Dkkl inhibits binding of LRP6 to Wnt3a but does not disrupt 
the W nt3a-Fz8 CRD interaction. 

Unexpectedly, we find that LRP6 has at least two indepen­
dent binding sites for Wnt ligands and for Dkkl. Data support­
ing this include our observation of simultaneous binding of 
W nt3a and Wnt9b to LRP6 £1£4, binding ofWnt3a and W nt9b 
to LRP6 £3£4 and £1£2, respectively, and binding of Dkkl to 
both £1£2 and £3£4. In addition, we show that Dkkl that is 
prebound to £3£4 is no longer able to bind to £1£2 
(supplemental Fig. S9), suggesting that a common binding sur­
face on Dkkl recognizes both sites. We, therefore, propose a 
more detailed model for Dkkl inhibition (Fig. 5B) in which two 
(or more) Dkkl molecules bind to multiple Wnt binding sites 
on LRP6. Furthermore, our data suggest that £1£2 and E3E4 
may be the primary regions on LRP6 that interact with Wnt9b 
and Wnt3a on the cell surface, respectively. Our results chal­
lenge the prevailing view that Wnt3a interacts with the ElE2 
region of LRP6 and that Dkkl interacts only with LRP6 E3E4 
(9). Although Wnt3a has been shown to bind to ElE2 in an 
enzyme-linked immunosorbent assay (35), this experiment was 
performed with conditioned media containing ElE2, raising 
questions about whether other proteins are involved in medi­
ating this binding event. The differences seen between the 
direct binding studies reported here and interaction analyses 
based either on enzyme-linked immunosorbent assay (35) or 
indirect transcriptional readouts (9) stress the importance of 
well defined biochemical assays using purified proteins. 

It is remarkable that Wnt3a and Wnt9b can bind at the same 
time to two exclusive binding sites on LRP6. It is, therefore, 
conceivable that one LRP6 receptor recruits two Wnt·Fz com­
plexes (Fig. 5C). Because Wnt3a has a much higher affinity for 
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and regulation by Dkkl. It is now 
clear that Dkkl inhibits assembly ofWnt3a or Wnt9b signaling 
complexes by competing with Wnt ligand binding to LRP6. 
Understanding the molecular details of Dkkl binding to LRP6 
through high resolution structural studies could help in the 
design of potent W nt signaling inhibitors that mimic the ability 
of Dkkl to bind to multiple biologically relevant sites. These 
may have therapeutic applications in treating Wnt-related dis­
eases. Finally, our study demonstrates Wnt-receptor interac­
tions with purified proteins allowing further dissection of the 
biochemical interactions among other Wnts, Fzs, and LRPs. 
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