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Reconstitution of the destruction complex defines
roles of AXIN polymers and APC in B-catenin capture,
phosphorylation, and ubiquitylation
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AXIN1 polymerization and APC facilitate
the recruitment, phosphorylation, and
ubiquitylation of B-catenin. Oncogenic
truncation of APC partially preserves APC
function.
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SUMMARY

The Wnt/B-catenin pathway is a highly conserved, frequently mutated developmental and cancer pathway.
Its output is defined mainly by B-catenin’s phosphorylation- and ubiquitylation-dependent proteasomal
degradation, initiated by the multi-protein B-catenin destruction complex. The precise mechanisms underly-
ing destruction complex function have remained unknown, largely because of the lack of suitable in vitro sys-
tems. Here we describe the in vitro reconstitution of an active human B-catenin destruction complex from pu-
rified components, recapitulating complex assembly, B-catenin modification, and degradation. We reveal
that AXIN1 polymerization and APC promote B-catenin capture, phosphorylation, and ubiquitylation. APC fa-
cilitates B-catenin’s flux through the complex by limiting ubiquitylation processivity and directly interacts
with the SCFPT°P E3 ligase complex in a B-TrCP-dependent manner. Oncogenic APC truncation variants,
although part of the complex, are functionally impaired. Nonetheless, even the most severely truncated
APC variant promotes $-catenin recruitment. These findings exemplify the power of biochemical reconstitu-

tion to interrogate the molecular mechanisms of Wnt/B-catenin signaling.

INTRODUCTION

The highly conserved Wnt/B-catenin signaling pathway coordi-
nates key events in early embryogenesis, tissue homeostasis,
and regeneration, governing stem cell maintenance, cell fate
specification, and cell proliferation (Clevers et al., 2014; Steinhart
and Angers, 2018). It is one of the most frequently mutated path-
ways in cancer (Sanchez-Vega et al., 2018). The degree of its
activation is the outcome of balanced activities of two opposing
multi-protein complexes that determine the fate of newly synthe-
sized cytoplasmic B-catenin: the B-catenin destruction complex
(DC) and the Wnt signalosome (Gammons and Bienz, 2018; Sta-
mos and Weis, 2013; van Kappel and Maurice, 2017). The DC
predominates at basal Wnt/B-catenin signaling and, via phos-
phorylation-dependent ubiquitylation, earmarks B-catenin for
proteasomal degradation. Receptor engagement by Wnt growth
factors converts the DC into a receptor-associated Wnt signalo-
some complex, where B-catenin phosphorylation and ubiquityla-
tion are attenuated, resulting in increased levels and nuclear
accumulation of B-catenin and the expression of B-catenin/T
cell factor/lymphoid enhancer-binding factor (TCF/LEF) target
genes (Gammons and Bienz, 2018).

Inthe DC, the scaffolding proteins and tumor suppressors axis
inhibition protein 1 (AXIN1) and adenomatous polyposis coli
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(APC) collaborate to co-recruit the kinases casein kinase 1
(CK1) and glycogen synthase kinase 38 (GSK3p) jointly with their
substrate B-catenin (Stamos and Weis, 2013; van Kappel and
Maurice, 2017; Figure 1A). This enables the sequential phos-
phorylation of an N-terminal B-catenin phosphodegron and the
subsequent ubiquitylation of newly synthesized f-catenin by a
SKP1-CUL1-F box (SCF) E3 ubiquitin ligase complex containing
the substrate recruitment component B-TrCP (SCFF TPy (Amit
et al., 2002; Jiang and Struhl, 1998; Li et al., 2012; Liu et al.,
2002; Orford et al., 1997; Stamos and Weis, 2013; van Kappel
and Maurice, 2017; Winston et al., 1999; Wu et al., 2003).
Beta-catenin poly-ubiquitylation triggers its proteasomal degra-
dation (Aberle et al., 1997).

The central DC scaffold, AXIN1, directly binds and assembles
all components of the core DC, strongly boosting B-catenin
phosphorylation (Dajani et al., 2003; Hamada et al., 1999; lkeda
etal., 1998; Willert et al., 1999), in part by suppressing phosphor-
ylation of substrates competing with B-catenin (Gavagan et al.,
2020). Its low average cellular concentration (Lee et al., 2003;
Tan et al., 2012) requires AXIN1 to form filamentous polymers
for efficient B-catenin degradation (Fiedler et al., 2011). The sec-
ond DC scaffold, APC, harbors up to ten B-catenin binding sites,
a subset of which are phospho-regulated by the DC kinases
(Eklof Spink et al., 2001; Ha et al., 2004; Liu et al., 2006;
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Rubinfeld et al., 1993; Su et al., 1993), as well as three AXIN1
docking motifs (Behrens et al., 1998; Kishida et al., 1998; Spink
et al., 2000; Stamos and Weis, 2013; van Kappel and Maurice,
2017; Figure S1A). Loss of varying numbers of these motifs by
APC truncating mutations within the intestinal stem cell compart-
ment confers high basal 3-catenin levels and initiates up to 80%
of colorectal cancers (CRCs) (Barker and Clevers, 2006;
Kohler et al., 2008, 2009; Morin et al., 1997; Munemitsu et al.,
1995; Novellasdemunt et al., 2017; Roberts et al., 2011; Rubin-
feld et al., 1997; Zhang and Shay, 2017), the third most common
cancer type worldwide (Bray et al., 2018). Although the function
of AXIN1 in the DC is relatively well understood, that of APC is
less clear (van Kappel and Maurice, 2017). Several non-mutually
exclusive functions have been proposed for APC, among them
the capture of B-catenin in the cytoplasm for its modification
(Ha et al., 2004) or cytoplasmic retention (Krieghoff et al., 2006;
Roberts et al., 2011), the transfer of phosphorylated B-catenin
from AXIN1 to the ubiquitin-proteasome system (Kimelman
and Xu, 2006), or the protection of B-catenin from de-phosphor-
ylation (Su et al., 2008) or de-ubiquitylation (Novellasdemunt
et al., 2017).

Our understanding of the DC is shaped largely by genetic,
cell biological, cellular biochemical, and structural studies (Sta-
mos and Weis, 2013; van Kappel and Maurice, 2017; and refer-
ences above). A minimal DC has been constructed in mamma-
lian cells (Pronobis et al., 2017), and the reconstitution of DC
function in mammalian cell (Su et al., 2008) or Xenopus egg
(Salic et al., 2000) extracts has been the closest step toward
achieving full DC reconstitution in vitro. Still, both these sys-
tems offer limited control over the factors present in the exper-
imental setup. The biochemical reconstitution of the DC from
purified components, thus far hampered by the lack of purified,
recombinant, full-length human AXIN1 and APC, has long been
sought after, as it would enable the controlled interrogation of
DC function in a reductionist system without confounding
cellular factors.

Here we describe the in vitro reconstitution of the core DC and
recapitulate p-catenin capture, phosphorylation, ubiquitylation,
and degradation, using purified components. We demonstrate
that oncogenic APC mutations in CRC impart deficiencies to
DC assembly and activities.

Molecular Cell

RESULTS

Biochemical reconstitution of the DC

To interrogate the mechanism of the core DC, we expressed the
recombinant human complex in insect cells and affinity-purified
it through a C-terminal double-Strepll tag on AXIN1. We included
AXIN1 either in its wild-type or non-polymerizable mutant form
(M3) (Fiedler et al., 2011). All full-length DC components
(AXIN1, APC, CK1a, GSK3B, and B-catenin) were present in
the purified complex (Figure 1B). However, loss of AXIN1 poly-
merization significantly reduced B-catenin recruitment (Figures
1B, 1C, and S1B), in agreement with the essential role of
AXIN1 self-assembly in destabilizing B-catenin in vivo (Fiedler
et al., 2011). Phosphorylation of B-catenin, APC, and AXIN1 is
critical to the DC function (Stamos and Weis, 2013; van Kappel
and Maurice, 2017). Immunoblotting revealed that a subpopula-
tion of B-catenin within the complex was phosphorylated on the
authentic phosphodegron sites targeted by CK1a and GSK3p
(S45 and S33/S37/T41, respectively; Figure S1B; Liu et al.,
2002). Loss of AXIN1 polymerization also significantly reduced
degron phosphorylation (Figures 1C and S1B). Treatment of
the purified DC with A-phosphatase increased APC and AXIN1
mobility in SDS-PAGE and abolished detectable 3-catenin phos-
phorylation (Figures S1C). Conversely, ATP addition reduced
AXIN1 mobility and further augmented B-catenin phosphoryla-
tion, showing that phosphorylation of these components was
not saturated (Figure S1C).

We next analyzed the DC’s mass by size exclusion chroma-
tography coupled to in-line multi-angle light scattering (SEC-
MALS). AXIN1 (92 kDa) is expected to bind a single copy each
of B-catenin (85 kDa), CK1a (39 kDa), and GSK3p (47 kDa). Dis-
regarding AXIN1 and APC multimerization (Fiedler et al., 2011;
Kunttas-Tatli et al., 2014), we reasoned that up to three AXIN1
molecules could be bound by a single APC molecule (312 kDa)
through APC’s SAMP repeats. APC would bind up to ten p-cat-
enin molecules through its 15Rs and 20Rs. The resulting overall
theoretical molecular weight would amount to 1,951 kDa (Fig-
ure S1A). At its highest attainable concentration, the DC dis-
played an average molecular weight of 2,395 + 141 kDa (Figures
1D and S1D-S1F), indicating additional higher order contribu-
tions to DC stoichiometry. Dilution of the complex decreased

Figure 1. AXIN1 polymerization is a major contributor to the concentration-dependent DC stoichiometry

(A) Schematic representation of the DC. See Figure S1A for further details.

(B) DC variants containing either wild-type or polymerization-deficient (M3) AXIN1, affinity-purified via AXIN1-dStrepll, and analyzed using SDS-PAGE and
Coomassie staining. FT, flowthrough.

(C) Quantification of total B-catenin recovered with AXIN1-dStrepll and its phosphorylation, normalized to recovered total B-catenin. Data are from immunoblot
analyses of experiments as shown in (B). See Figure S1B for a representative set of immunoblots. Results are means from three independent experiments + SEM.
Statistical analyses were performed using an unpaired Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

(D) SEC-MALS of the DC containing either wild-type or M3 AXIN1 at different input concentrations. Data points are mean weight average molecular weights
(Mw) £ uncertainty (see STAR Methods). See Figure S1D for SDS-PAGE analysis of input samples and Figures S1E and S1F for SEC-MALS data and repre-
sentative SDS-PAGE analyses of elution fractions.

(E) SEC-MALS of the DC containing either wild-type or M3 AXIN1 at a single input concentration. Light scattering intensities at 90° and calculated M; values are
plotted. Input Axgo, My, and dispersities (D) over the peak areas with uncertainties are tabulated. Peak fractions were analyzed using SDS-PAGE and Sypro Ruby
staining.

(F) Mass photometry of input and SEC-MALS elution fractions (indicated by colored dots in E).

(G) In silico modeling of DC stoichiometry. Predicted stoichiometries are shown on the right- or left-hand y axes for the DC with wild-type or M3 AXIN1,
respectively. Dashed lines indicate mean number average molecular weight (M) values from SEC-MALS; shaded areas indicate corresponding 95% confidence
intervals.
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the measured molecular weights, in line with the anticipated con-
centration dependency of complex assembly (Figures 1D and
S1D-S1F). The size of the DC was not saturated at its highest
concentration, but we were unable to concentrate the complex
by ultrafiltration. AXIN1 polymerization is a major contributor to
the overall size of the DC: even at a higher concentration than
that for the wild-type DC, the AXIN1 M3 mutant complex dis-
played an average molecular weight of only 1,072 + 68 kDa,
and its dilution had no impact on its overall mass (Figures 1D
and S1D-S1F). As for affinity purification, the eluting complex
showed an increased B-catenin occupancy with wild-type
compared with M3 AXIN1 (Figures ST1E and S1F).

We next used mass photometry to measure the DC’s mass
distribution at the single-molecule level (Sonn-Segev et al.,
2020; Young et al., 2018). We first performed SEC-MALS on
DCs containing either wild-type or M3 AXIN1 (Figure 1E), with re-
sults comparable with those shown in Figure 1D. We next
analyzed the SEC-MALS input material and fractions across
the elution peaks (Figure 1E, indicated by colored dots on gels)
using mass photometry (Figure 1F). Molecular weight distribu-
tions were broad. The dominance of events below 0.2 MDa indi-
cated DC dissociation upon dilution for mass photometry
(<100 nM) (Sonn-Segev et al., 2020), even within the short time
frame (=5 min). This generated multiple lower molecular weight
events from the parental complex, in line with the dynamic, con-
centration-dependent assembly of the DC (Barua and Hlavacek,
2013; Nong et al., 2021; Pronobis et al., 2017; Schaefer and Pei-
fer, 2019). Nonetheless, we still detected high-molecular weight
species (Figure 1F). Although most events measured for DC
AXIN1 M3 were less than 1.5 MDa, the wild-type DC displayed
a broader mass distribution ranging up to =3 MDa (Figure 1F).
In conclusion, mass photometry further illustrates the impor-
tance of AXIN1 polymerization in DC assembly.

We performed in silico modeling to predict possible stoichiom-
etries within the DC that satisfy both the molecular weights
observed in SEC-MALS and constraints on the basis of our
own and published findings on DC assembly (Figure 1G; Table
S1; see STAR Methods for details). Modeling suggests that the
DC can attain different stoichiometries for a given molecular
weight range. Although AXIN1 polymerization and the APC/
AXIN1 ratio are important stoichiometry determinants, the de-
gree of B-catenin incorporation contributes most to the stoichi-
ometry variability (Figure 1G; Table S1).

Taken together, we show that AXIN1 polymerization governs
the concentration-dependent assembly of the DC, recruitment
of B-catenin, and complex composition.

Oncogenic APC variants are part of the DC

We next assessed the contribution of APC to DC assembly by
purifying different DC variants. The kinases robustly co-purified
with AXIN1, regardless of APC’s presence (Figure 2B, lanes 17
and 13). Although only sub-stoichiometric amounts of B-catenin
were recovered in the absence of APC (Figures 2B and 2C, lane
17, and Figure 2D), APC co-expression robustly increased p-cat-
enin co-purification (Figures 2B and 2C, lane 13, and Figure 2D).
Analyzing the phosphorylation status of B-catenin using immu-
noblotting, we observed that APC omission not only limited
-catenin recruitment but also reduced its degron phosphoryla-
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tion by =75% (Figure 2C, compare lanes 13 and 17; Figures 2E
and 2F).

Germline and sporadic nonsense mutations give rise to trun-
cated APC variants lacking large C-terminal stretches, with var-
iable losses of AXIN1-binding SAMP repeats and B-catenin-
binding 15R and 20R repeats, depending on the truncation site
(van Kappel and Maurice, 2017; Zhang and Shay, 2017; Fig-
ure 2A). To explore whether these truncated variants can be
part of the recombinant DC and facilitate B-catenin recruitment
and phosphorylation, we expressed and purified the DC in the
context of APC mutant variants found in commonly used CRC
cell lines (APC T1556* from COLO-205, APC Q1338* from
SW480, and APC S811* from COLO-320DM; Figure 2A; Table
S10). All APC variants were expressed (Figures 2B and 2C, lanes
1-12), and APC T1556* and APC Q1338* robustly co-purified
with AXIN1 (Figures 2B and 2C, lanes 14 and 15). This was sur-
prising, given the absence of AXIN1-binding SAMP repeats in
both these APC variants. APC S811*, although co-purifying at
much reduced levels, as anticipated given the loss of all 15R,
20R, and SAMP repeats, nonetheless was detectable within
the complexes (Figures 2B and 2C, lane 16). A parallel control
pull-down from cells expressing only APC S811* (without any
other DC components) indicated that APC S811* inclusion into
the DC was specific (Figures 2B and 2C, lane 18). The three trun-
cation variants, including APC S811*, still stimulated B-catenin
recruitment (Figures 2B-2D). Both GSK3p- and CK1a-depend-
ent B-catenin phosphorylation were reduced upon APC trunca-
tion. This was especially apparent for APC S811*, for which
B-catenin phosphorylation was comparable with that observed
upon APC omission (Figures 2E and 2F). Expression of APC
T1556*, but not APC omission or expression of any other APC
variant, reproducibly increased the electrophoretic mobility of
AXIN1 in SDS-PAGE, suggesting altered post-translational
modification, and lowered levels of AXIN1 and B-catenin (Figures
2B and 2C).

In conclusion, APC truncation variants are hypomorphs still
able to incorporate into the DC, in line with previous cell-based
biochemical studies (Li et al., 2012; Novellasdemunt et al.,
2017; Voloshanenko et al., 2013). APC promotes both the
recruitment of B-catenin to the DC and its phosphorylation. Sur-
prisingly, even an extreme CRC mutant variant of APC lacking all
B-catenin-binding motifs still supports B-catenin recruitment.
Although APC 15R and 20R motifs are therefore not strictly
required for facilitating B-catenin recruitment, they play a role
in promoting B-catenin phosphorylation.

APC facilitates B-catenin phosphorylation and
ubiquitylation

We next aimed to reconstitute the biochemical activities of the
DC to investigate the consequences of lost AXIN1 polymeriza-
tion and oncogenic APC truncation. We individually expressed
full-length APC, the aforementioned CRC truncation variants,
and an APC variant lacking the so-called B-catenin-inhibitory
domain (CID), which is essential for the suppression of B-catenin
levels in cells (Choi et al., 2013; Kohler et al., 2009; Liu et al.,
2006; Novellasdemunt et al., 2017; Roberts et al., 2011). We
separately produced in vitro-dephosphorylated B-catenin (Fig-
ures 3A and 3B). We further generated an AXIN1-CK1a-GSK3p
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(AXIN1-kinase) complex containing either the wild-type proteins,
non-polymerizable AXIN1 M3, and/or a kinase-dead (kd) GSK3p
variant (KD85/181AN) (Figures 3A, 3B, and S5E). To reconstitute
the ubiquitylation reaction, we supplied the E1 ubiquitin-acti-
vating enzyme UBE1, the E2 ubiquitin-conjugating enzyme UB-
CH5a and the E3 ubiquitin ligase complex composed of
B-TrCP, SKP1, CUL1, and RBX1, with the latter being in vitro
neddylated on CUL1 (Rabut and Peter, 2008; Figure 3C). To
track B-catenin modification by SDS-PAGE and multi-channel
fluorimetry, we labeled B-catenin with an Alexa Fluor 680 fluoro-
phore and used fluorescein-ubiquitin (Figures 3A and 3B). Upon
combining the relevant components, we initiated B-catenin
phosphorylation and ubiquitylation by ATP addition, terminating
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machinery without the AXIN1-kinase
complex resulted in the moderate (mostly
mono- and di-) ubiquitylation of B-catenin
(Figure 3D, lanes 3 and 4). Further addition of the AXIN1-kinase
complex gave rise to B-catenin poly-ubiquitylation (Figure 3D,
lane 5), which was further augmented by APC, leading to the
near complete depletion of un-modified B-catenin (Figure 3D,
lane 6). Given that B-catenin was present in excess (1 uM B-cat-
enin, 150 nM AXIN1-kinase complex, 200 nM APC, and 100 nM
SCFPTCP) the near stoichiometric poly-ubiquitylation of p-cate-
nin indicates that the reconstituted DC releases B-catenin upon
modification and subsequently captures new B-catenin mole-
cules. Although the proportion of modified B-catenin increased,
the average ubiquitin chain length decreased in the presence of
APC, indicating that APC reduces the processivity of B-catenin
ubiquitylation, increasing throughput of the DC (Figure 3D). By
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dividing the poly-ubiquitylated B-catenin Alexa Fluor 680 signal
by the total B-catenin signal in each lane, we compared the
extent of B-catenin poly-ubiquitylation between reactions (Fig-
ures S2B and S2C). We subsequently quantified the B-catenin
poly-ubiquitylation attributed to APC versus AXIN1-kinase com-
plex only (Figure 3D, lanes 6-10 compared with lane 5; Figures
3E and S2D). Although wild-type APC and its ACID variant
moderately but significantly increased B-catenin poly-ubiquityla-
tion, the APC truncation mutants did not (Figure 3E). We
observed a small but statistically significant decrease in B-cate-
nin poly-ubiquitylation with the APC truncations compared with
wild-type APC (Figure 3E). Catalytic inactivation of GSK3p re-
sulted in background levels of B-catenin poly-ubiquitylation
comparable with those without AXIN1-kinase complex (Fig-
ure 3D, compare lanes 11-16 with lane 4). We observed similar
trends at the 15 and 30 min reaction time points (Figure S2D).

Interestingly, we noted discrete ubiquitylation at molecular
weights corresponding to wild-type, ACID, and T1556* APC var-
iants (Figure 3D, lower panel, lanes 6-8), suggesting that APC is
a substrate of SCF?T™°P. The B-catenin poly-ubiquitylation signal
may mask any potential signal from APC Q1338* and S811*; we
were therefore unable to ascertain the ubiquitylation status of
these two variants. APC ubiquitylation was dependent on active
GSK38 (Figure 3D, lanes 12-14).

We confirmed phosphodegron phosphorylation in poly-ubig-
uitylated B-catenin using immunoblotting (Figure S3A, lanes 5-
10). The much reduced B-catenin phosphorylation kinetics with
kinase-dead GSK3p revealed that wild-type and ACID APC
promote residual B-catenin phosphorylation (Figure S3A, lanes
12 and 13). This led us to optimize our experimental setup,
reasoning that the rapid progression of B-catenin phosphoryla-
tion with wild-type GSK3B may mask potential effects of APC
on B-catenin modification. To attenuate the reaction kinetics
while using wild-type GSK3B, we titrated GSK3 or CK1 inhibitors
and monitored B-catenin modification across different time
points. Indeed, with the GSKS3 inhibitor, we observed a dose-
dependent suppression in B-catenin phosphorylation and poly-
ubiquitylation, which was more extensive in the absence than
presence of APC (Figure 3F for 30 min time point; Figures S4A
and S4B for 15 and 60 min time points). This sensitization of
the assay toward APC addition displayed a maximum at
30 min with 5 pM GSKS inhibitor (Figure 3G). In contrast, we
did not observe this sensitization using a CK1 inhibitor (Figures

Molecular Cell

3F and S4A-S4C), possibly because of its limited potency to-
ward CK1a (Rena et al., 2004), especially at the high ATP con-
centration (5 mM) in the reactions.

We next revisited the impact of APC truncations under the
sensitized reaction conditions (5 pM GSK3 inhibitor, t = 30 min
[Figures 4A and 4B] or t = 60 min [Figures S5A and S5B]).
Wild-type and ACID APC stimulated B-catenin modification
=~6-fold (Figures 4A and 4B). This stimulation was reduced by
=50% for the T1556* and Q1338* truncation variants and
completely abolished for the S811* variant, with a similar trend
after 60 min (Figures 4A, 4B, S5A, and S5B). Under the sensitized
conditions, APC retained its ability to limit poly-ubiquitylation
processivity (Figure S6A). Although CRC-associated APC trun-
cations were less able to stimulate B-catenin poly-ubiquitylation,
APC ACID behaved identically to wild-type APC (Figures 4A, 4B,
S5A, and S5B), suggesting that the essential role of the CID re-
gion in cells (Choi et al., 2013; Kohler et al., 2009; Liu et al.,
2006; Novellasdemunt et al., 2017; Roberts et al., 2011) is medi-
ated by other factors not present in our in vitro system.

We also probed the contribution of AXIN1 polymerization to
the activity of the DC containing either wild-type or truncated
APC. Loss of AXIN1 polymerization (M3) significantly reduced
the APC-dependent activity of the DC (Figures 4A, 4B, S5A,
and S5B). With AXIN1 M3, wild-type and ACID APC were only
able to stimulate B-catenin ubiquitylation to levels similar to
those attained with APC T1556* and APC Q1338 in the context
of wild-type AXIN1 (Figures 4A, 4B, S5A, and S5B). Therefore,
AXIN1 polymerization is critical to DC activity, in line with the
reduced ability of AXIN1 M8 to recruit B-catenin (see above).

Both AXIN1 and B-catenin binding define APC functionin
the DC

We next explored the mechanism underlying the deficiency of
APC truncation variants to promote B-catenin ubiquitylation.
Any known APC truncation in CRC removes both a number of
AXIN-binding SAMP repeats and 20R B-catenin binding sites
(van Kappel and Maurice, 2017; Zhang and Shay, 2017). To
dissect the contributions of either AXIN1 or B-catenin binding to
APC function, we generated point mutant variants of APC, inacti-
vating either all AXIN1-binding SAMP repeats (Spink et al., 2000)
or abolishing the 20R phosphorylation sites responsible for
turning 20Rs into high-affinity B-catenin binding sites (Ha
et al.,, 2004; Liu et al., 2006; Table S10). The impairment of

Figure 3. Reconstitution of the biochemical activity of the DC

(A) Schematic representation of the DC and accessory components for biochemical assays.
(B) Purified DC components analyzed using SDS-PAGE and Coomassie staining. kd, kinase-dead.

(C) Purified ubiquitylation machinery components.

(D) In vitro DC activity assay (reaction time 60 min). Top panel: dual-channel fluorimetry of SDS-PAGE gel with B-catenin in red and ubiquitin in green. Middle and
bottom panels: separated channels. Asterisks in the bottom panel mark ubiquitylated APC variants. See Figure S2 for additional time points and Figure S3 for
analyses of B-catenin phosphorylation.

(E) Quantification of APC-dependent B-catenin poly-ubiquitylation. See Figures S2B and S2C for quantification details. Data are means from three independent
experiments + SEM. Statistical significance was tested using one-way ANOVA with the Bonferroni test for multiple comparisons. Asterisks above bars (without
brackets) refer to comparisons to the no-APC condition (black bar). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant. See Table S5 for details of
statistical analyses.

(F) In vitro DC activity assay (as in D, but at 30 min time point) + GSK3 or CK1 inhibitors at the indicated concentrations. The asterisk in the bottom panel marks
ubiquitylated APC. See Figures S4A and S4B for additional time points and analyses of B-catenin phosphorylation.

(G) Quantification of APC-dependent B-catenin poly-ubiquitylation + GSK3 inhibitor, on the basis of data shown in (F) (n = 1 representative experiment). See
Figure S4C for CK1 inhibitor quantification.
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Figure 4. Oncogenic APC truncation and
impaired AXIN1 polymerization limit DC
activity

(Aand C) In vitro DC activity assays in the presence
of 5 uM GSK3 inhibitor. Data are displayed as in
Figure 3D. APC and AXIN1 mutant variants were
used as indicated.

(B and D) Quantification of the APC-dependent
poly-ubiquitylation of B-catenin. Data are means
from three independent experiments + SEM.
Statistical analyses were performed using one-
way ANOVA with the Bonferroni test for multiple
comparisons. Asterisks above bars (without
brackets) refer to comparisons to the no-APC
condition (black bar). *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001; ns, not significant. See Ta-
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bles S6 and S8 for details of statistical analyses,
Figure S5 for data from the 60 min time point and
protein quality control, and Figures S6B and S6C
for analysis of poly-ubiquitin linkage type.

AXIN1 M3

(Figures 4C and 4D). We note that the
20R mutations can, however, be consid-
ered a less severe mutation than those of
the SAMP repeats. We made similar ob-
servations at the 60 min reaction time point
(Figures S5C and S5D). The stronger
impact of the APC S811* truncation, which
removes all direct PB-catenin binding
sites (Figures 4A, 4B, S5A, and S5B) illus-
trates that 15Rs and 20Rs nonetheless
contribute to APC function in our in vitro
system, implying possible redundancy. In
summary, we show that both AXIN1 and
B-catenin binding define the function of
APC in the DC and that the loss of APC-
AXIN1 interaction largely accounts for the
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APC-dependent B-catenin poly-ubiquitylation upon loss of all
SAMP repeats was comparable with that seen for APC T1556*
(=50%), which additionally lacks four of the six B-catenin-binding
20R repeats (4-7) (Figures 4C, 4D, and 2A). Both mutants also
behaved similarly to each other in the context of non-polymeriz-
able AXIN1 M3, where they were unable to significantly stimulate
-catenin poly-ubiquitylation (Figures 4C and 4D). This suggests
that loss of AXIN1 binding is the primary cause for the deficiency
of APC T1556" and that additional loss of 20R 4-7 has a limited
effect. Concordantly, mutation of all 20R phosphorylation sites
accounted only for a small, non-significant reduction of 3-catenin
poly-ubiquitylation relative to wild-type APC in the context
of wild-type AXIN1 and a weaker (=40%) but significant reduc-
tion of B-catenin poly-ubiquitylation in the context of AXIN1 M3

impact of APC truncations that preserve
at least some B-catenin binding sites.

AXIN1 M3

AXIN1 polymerization and APC
control B-catenin phosphorylation
The contribution of APC toward B-catenin
phosphorylation (Figures 2E, 2F, and S3A)
prompted us to characterize the B-catenin phosphorylation ki-
netics using a radiometric assay (Figures 5 and S7; see STAR
Methods for details). Our experimental setup did not distinguish
between B-catenin degron-specific phosphorylation and poten-
tial other phosphorylation events on the protein. We therefore
generated a B-catenin phosphodegron mutant variant (4A) as
a control (Table S10). These mutations abolished the pS45
and pS33, pS37, pT41 signals corresponding to CK1a- and
GSK3B-dependent phosphorylation, respectively (Figure S7A),
which is unsurprising, but also very much reduced overall
B-catenin phosphorylation, as detected by autoradiography (Fig-
ure S7B). This demonstrated that the bulk of B-catenin phos-
phorylation in vitro occurs on the phosphodegron. The auto-
inhibitory pS9 phosphorylation of GSK3 (Dajani et al., 20071;
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Figure 5. AXIN1 polymerization and APC regulate kinase activity in the DC

Kinetic kinase assays to assess f-catenin phosphorylation.

(A) p-Catenin-directed activity of an AXIN1-kinase complex containing either wild-type or polymerization-deficient (M3) AXIN1 + APC, at different ATP con-
centrations. See Figure S7 for control reactions and representative autoradiographs. Data points are means from three independent experiments + SEM.

(B) B-Catenin-directed kinase activity as in (A), but at different B-catenin concentrations.

(C) Summary of kinase activity parameters. Data are means from three independent experiments + SEM. n.d., not determined because of lack of reaction velocity

saturation.

Frame et al., 2001) was barely detected and will therefore have a
limited impact on the in vitro kinase reactions (Figure S7A).

Titrating ATP while maintaining a fixed concentration of B-cat-
enin and wild-type or M3 AXIN1-kinase complex, we measured
the initial rates of B-catenin phosphorylation (Figures 5A, S7C,
and S7D). Addition of APC had no (within error) or only a minor
effect on the apparent kinase Ky (ATP) in either the wild-type
or M3 AXIN1-kinase containing reactions (Figure 5C). Further-
more, Ky (ATP) was comparable for the wild-type and M3
AXIN1-kinase complexes. Therefore, neither inclusion of APC
nor AXIN1 polymerization affect ATP binding. In contrast, APC
increased the apparent k.4 for wild-type and M3 AXIN1-kinase
reactions by =3-and = 6-fold and thereby the apparent reaction
efficiencies (kca/Knv) by =2- and =5-fold, respectively (Fig-
ure 5C). In the absence or presence of APC, AXIN1 polymeriza-
tion increased the apparent reaction efficiency by =5- or
= 3-fold, respectively (Figure 5C). The apparent reaction effi-
ciencies of the wild-type AXIN1-kinase complex without APC
and the AXIN1 M3-kinase complex with APC were comparable,
suggesting that AXIN1 polymerization and APC have overlap-
ping functions (Figure 5C).

We next performed f-catenin titrations at a saturating ATP
concentration of 200 uM to explore whether the increased phos-
phorylation efficiencies are due to an effect of B-catenin binding

3254 Molecular Cell 817, 3246-3261, August 19, 2021

or another mechanism (Figures 5B, S7E, and S7F). In the
absence of APC, the initial velocities of neither the wild-type
nor the M3 AXIN1-kinase complex reactions were saturated
with up to 15 uM B-catenin (Figure 5B). We could therefore
only determine the apparent k..i/Ku reaction efficiencies for
these conditions (Figure 5C; see STAR Methods for details).
Both the wild-type and M3 AXIN1-kinase complexes experi-
enced a strong (= 8- and = 6-fold, respectively) increase in reac-
tion efficiencies upon APC addition (Figures 5B and 5C). In the
presence of APC, where we could reliably measure all kinetic pa-
rameters, AXIN1 polymerization had no effect on the apparent ki-
nase Ky (B-catenin); however, we observed a modest (= 2-fold)
increase in ket and the corresponding reaction efficiency (Fig-
ures 5B and 5C). These observations suggest that under the re-
action conditions, AXIN1 polymerization promotes B-catenin
phosphorylation not through enhancing B-catenin binding but
through directly affecting the maximum phosphorylation rates
the kinases can attain. This is surprising in the light of our findings
described above (Figures 1B, 1C, 1E, and 1G), which would pre-
dict a change in K.

Taken together, AXIN1 polymerization and APC binding both
increase the DC’s phosphorylation efficiency. We note that
AXIN1 and APC are both CK1a and GSK3B substrates (Ha
et al., 2004; Ikeda et al., 1998; Kim et al., 2013; Liu et al., 2006;
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Rubinfeld et al., 1996; Figures S7C-S7F) and may act as B-cat-
enin competitors in our assays, complicating the interpretation
of the derived parameters.

APC interfaces the DC with the ubiquitylation machinery

Among the many mutually compatible roles proposed for APC in
the DC, one is to communicate with SCF*T°F (Kimelman and
Xu, 2006; Pronobis et al., 2015; Su et al., 2008; Xu and Kimelman,
2007). Reasoning this role may involve a physical interaction of
APC with the E3 ubiquitin ligase complex, we performed analyt-
ical gel filtration experiments. To benchmark our experimental
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Figure 6. Interaction of APC with the
SCFP-Tr°P E3 ubiquitin ligase complex

The indicated proteins and complexes were
resolved by size exclusion chromatography and
fractions analyzed using SDS-PAGE and Coo-
massie (input) or silver staining (SEC fractions). The
top and bottom parts of the gels were separated
for silver staining of SKP1 and RBX1 to avoid
overstaining of the other components. See Fig-
ure S8 for purification of the E3 complexes and
analyses of B-catenin and AXIN1 interactions with
SCFB-TrCP.

setup, we confirmed that the elution of
phosphorylated but not non-phosphory-
lated B-catenin is affected by addition
of SCF¥TCP (Figures S8B and S8C),
in agreement with the well-understood
phosphorylation-dependent interaction
of B-catenin with B-TrCP (Wu et al,
2003). The APC elution peak was
centered around 2.2 mL and that of
SCFP TP around 2.8 mL. Mixing of both
components resulted in a substantially
earlier elution of SCF*TF in a range
similar to that for APC alone (Figure 6), in
line with the largely intrinsically disor-
dered APC dominating the elution
behavior of an APC-SCFP ™" complex.
Purifying SCFP TP we obtained two
populations, the full E3 complex and one
lacking B-TrCP (Figure S8A). This enabled
us to test the role of B-TrCP in the E3-
APC interaction. Omission of B-TrCP
abolished the elution shift by APC (Fig-
ure 6), suggesting that the interaction
either occurs directly through B-TrCP
or through another B-TrCP-dependent
mechanism. A recently proposed interac-
tion of Drosophila Axin with the B-TrCP or-
tholog Slimb (Schaefer et al., 2020)
prompted us to perform the same exper-
iment with AXIN1. However, we observed
only a small population of SCF#T°F shift-
ing compared with APC (Figure S8D),
indicating that APC is the predominant
DC component binding to the E3 complex in our system. Our
in vitro system will be a valuable tool to decipher the precise
molecular mechanisms by which APC communicates the activ-
ities of the DC to the ubiquitylation machinery to control Wnt/
B-catenin signaling.

Reconstitution of B-catenin proteasomal degradation

To interrogate whether poly-ubiquitylation of B-catenin is suffi-
cient for its proteasomal degradation in vitro, we next sought
to recapitulate the final step of B-catenin processing, its degra-
dation. We confirmed that B-catenin is indeed modified with
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Figure 7. In vitro reconstitution of ubiquitylation-dependent B-catenin degradation by the proteasome

(A) In vitro DC activity assay in the presence of 5 uM GSK3 inhibitor. After 60 min,

26S-proteasome was added for the indicated time periods. Data are displayed

as in Figure 3D. The high-mobility Alexa 680 signal (bottom of the gel) accumulates in a proteasome- and ubiquitylation-dependent manner. Areas boxed in
orange and red-orange highlight the differences in B-catenin levels with or without incubation with proteasome for 3 h, respectively.

(B) Quantification (as in Figure S2B) of the percentage of poly-ubiquitylated B-catenin from the data shown in (A).

(C) Model summarizing functions of AXIN1 polymerization and APC in the DC. APC promotes B-catenin recruitment, both by direct binding and by facilitating
B-catenin binding by AXIN1. Likewise, AXIN1 polymerization enhances B-catenin recruitment. Both APC binding and AXIN1 polymerization boost the efficiency of
B-catenin phosphorylation. Increased B-catenin phosphorylation translates into increased ubiquitylation of B-catenin. APC may further promote B-catenin
ubiquitylation through a direct interaction with SCF* T"°_ Dashed arrows represent interactions, solid arrows enzymatic modifications. The 26S-proteasome was

created using BioRender.com.

proteasome-targeting K48-linked ubiquitin chains in vitro (Fig-
ures S6B and S6C). We next performed B-catenin phosphoryla-
tion/ubiquitylation assays, adding purified human 26S-protea-
some 60 min after initiating the reactions. As observed
previously, the AXIN1-kinase complex and APC stimulated
B-catenin poly-ubiquitylation in a GSK3B-dependent manner
(Figures 7A and 7B). We observed a time-dependent degrada-
tion of poly-ubiquitylated B-catenin by the 26S-proteasome,
which was severely inhibited by the proteasome inhibitor
MG132 (Figures 7A and 7B). We further noted the proteasome-
dependent accumulation of a high-mobility Alexa Fluor 680
degradation product, which correlated with the extent of B-cate-
nin poly-ubiquitylation (Figure 7A). We conclude that our in vitro
system fully recapitulates the biochemical functions of the core
DC from component assembly to phosphorylation-dependent
ubiquitylation of B-catenin and its proteasomal degradation.

DISCUSSION

A recent interrogation of the cBioPortal for Cancer Genomics
database (Cerami et al., 2012) highlights APC, AXIN2, and B-cat-
enin mutations in =67%, =5%, and =6% of colorectal carci-
nomas, respectively (Bugter et al., 2021). Other cancer types
with DC mutations include hepatocellular, endometrial, adreno-
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cortical, gastric, and bladder urothelial carcinoma as well as mel-
anoma (Bugter et al., 2021). This underpins the significance of
understanding the molecular mechanisms of the DC. The
biochemical reconstitution of the core DC from purified, recom-
binant proteins enables detailed mechanistic studies of the DC
and its regulators. The latter include protein phosphatases (van
Kappel and Maurice, 2017), the poly-ADP-ribosyltransferase
tankyrase (Mariotti et al., 2017), ubiquitin ligases (Tauriello and
Maurice, 2010), and components of the Wnt signalosome (Gam-
mons and Bienz, 2018).

We show that AXIN1 polymerization is a major determinant of
DC assembly and that both AXIN1 polymerization and APC pro-
mote B-catenin recruitment, phosphorylation, and ubiquitylation.
Despite the loss of all AXIN1-binding SAMP repeats and numerous
or all known B-catenin binding sites, APC truncation variants found
in CRC are still part of the DC and act as functional hypomorphs.
Stimulation of B-catenin ubiquitylation by AXIN1 polymerization
and APC correlates with 3-catenin phosphorylation. Beyond a sim-
ple phosphorylation-dependent effect, APC may promote (-cate-
nin ubiquitylation by recruiting the SCF*°" complex to the DC.
These insights led us to propose a model describing roles of poly-
meric AXIN1 and APC in the DC (Figure 7C). We further reconsti-
tuted the ubiquitylation- and proteasome-dependent degradation
of B-catenin, enabling future investigations of DC-dependent
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B-catenin processing at every step, namely recruitment, phos-
phorylation, ubiquitylation, and proteolysis.

DC assembly and stoichiometry

We observe a concentration-dependent contribution of AXIN1
polymerization to the overall size of the DC. Rather than
describing the DC as a stoichiometrically well-defined multi-pro-
tein machine, it is more appropriately portrayed as a dynamic as-
sembly whose composition responds to the concentration of its
components, in line with previous proposals (Schaefer et al.,
2018; Xue et al., 2013). The molecular weights of the complexes
attainable indicate that the extent of AXIN1 polymerization is
limited in our system, which agrees with the relatively high
(low-micromolar) K4 of AXIN1 DIX domains (Kan et al., 2020). Us-
ing parameters derived from SEC-MALS, we calculated the DCs
extinction coefficients and concentrations across the SEC-
MALS elution peaks (see STAR Methods). For the DC with
wild-type AXIN1, the estimated concentration in the input sam-
ple was 415 nM; its maximum concentration at the detector
was 56 nM. In SEC-MALS experiments performed on the iso-
lated AXIN1 DIX domain at >10-fold higher protein concentration
(6.6 uM in the input and 0.71 uM at the detector), molecular
weights compatible with only 1 or 2 protomers were observed
(Kan et al., 2020). Despite the comparably low DC concentra-
tions in our study, we still observe a contribution of AXIN1 poly-
merization to the size of the DC, both in SEC-MALS and even in
mass photometry, likely because of avidity provided by APC. The
main consequence of AXIN1 polymerization is an increased
recruitment of B-catenin to the DC. Although our current setup
does not lend itself to the precise determination of DC stoichiom-
etries, we used in silico modeling to determine a subset of
possible DC stoichiometries that satisfy the observed molecular
weights. Our analysis indicates that AXIN1 polymerization pro-
vides the DC with a broader range of possible stoichiometries
and increased B-catenin recruitment. Our model also reveals po-
tential stoichiometries at which the wild-type DC is nearly or fully
saturated with B-catenin.

These stoichiometries obtained in vitro may differ from those in
cells, where DC-accessory factors, additional regulatory events,
potential effects of molecular crowding (Rivas and Minton, 2016),
and the subcellular context add to the complexity. Indeed, our
work and that of Kan et al. (2020) points toward stoichiometry dif-
ferences between DCs assembled in vitro and those observed in
cells by light microscopy (Schaefer et al., 2018). Cytoplasmic
puncta in the Wingless interstripes within the epidermis of
Drosophila embryos, equivalents of the DC known as B-catenin
degradasomes, were measured to contain tens to hundreds of
Axin molecules (Schaefer et al., 2018). DC-associated factors
influencing the size of the DC may include the poly-ADP-ribosyI-
transferase tankyrase (Martino-Echarri et al., 2016; Mariotti et al.,
2017) or the Hippo signaling protein YAP/TAZ, which has been
proposed to complex with the DC (Azzolin et al., 2014). These
and other mechanisms may lead to still higher local concentra-
tions of AXIN1 in cells than those we achieved in this study.

Overlapping functions of AXIN1 polymerization and APC
The functional overlap of AXIN1 polymerization and APC in DC
activities illustrates the redundancy and robustness inherent to
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the DC (Pronobis et al., 2017). Although loss of AXIN1 polymer-
ization reduces DC activity, APC can still stimulate the complex.
This partial mechanistic redundancy likely ensures that the DC
efficiently maintains low levels of newly synthesized B-catenin,
given the large impact leaky B-catenin target gene expression
would have on cellular decision making.

Functions of AXIN1 polymers

Polymerization of AXIN1 is required for its function in the Wnt/
B-catenin pathway (Fiedler et al.,, 2011; Schwarz-Romond
et al., 2007) and, as we show here, for normal DC assembly.
AXIN1 polymerization likely increases its avidity for other DC
components. This was apparent in our pull-down experiments
for B-catenin, but lower experimental concentrations of compo-
nents may be needed to reveal a potential avidity effect in APC
recruitment, particularly if the AXIN1-APC interaction is of higher
affinity. In turn, clustering of AXIN1 by APC may support AXIN1
polymerization. A contribution of Apc to the formation cyto-
plasmic Axin puncta has been revealed in Apc null Drosophila
tissues, in line with roles for both Axin and Apc in the formation
of polymeric assemblies (Mendoza-Topaz et al., 2011). AXIN1
has been proposed to adopt different conformations (Kim
et al., 2013; Wang et al., 2013), and we speculate that polymer-
ization may, in addition to increasing local AXIN1 concentration,
allosterically expose the AXIN1 B-catenin binding site. However,
in the light of enhanced B-catenin binding conferred by AXIN1
polymerization (Figures 1B, 1C, 1E, and 1G), it is surprising
that AXIN1 polymerization promotes B-catenin phosphorylation
through increasing k..t rather than decreasing K. Future studies
will address the underlying mechanism.

Functions of APC

Many non-mutually exclusive functions have been postulated for
APC (Gammons and Bienz, 2018; Ha et al., 2004; Kimelman and
Xu, 2006; Krieghoff et al., 2006; Kunttas-Tatli et al., 2014; Men-
doza-Topaz et al., 2011; Novellasdemunt et al., 2017; Pronobis
et al., 2017; Roberts et al., 2011; Stamos and Weis, 2013; Su
etal., 2008; Tacchelly-Benites et al., 2018; van Kappel and Maur-
ice, 2017). Our in vitro system offers novel opportunities for
studying the precise effects of APC on DC assembly and its
biochemical activities.

DC assembly

As does AXIN1 polymerization, APC promotes B-catenin recruit-
ment to the DC, in agreement with previous proposals and the
notion that B-catenin-binding 15R and 20R motifs in the exten-
sive intrinsically disordered regions of APC act like a “fishing
net” to retrieve cytoplasmic B-catenin (Ha et al., 2004; Kimelman
and Xu, 2006; van Kappel and Maurice, 2017). APC truncation
variants observed in CRC are still incorporated into the DC, as
observed in cellular biochemistry studies (Li et al., 2012; Novel-
lasdemunt et al., 2017; Voloshanenko et al., 2013). With loss of
SAMP repeats in APC T1556* and APC Q1338* (Figure 2A), we
hypothesize that the interaction of these APC variants with
AXIN1 occurs largely indirectly through p-catenin. Indeed, B-cat-
enin has been shown to simultaneously bind AXIN1 and a non-
phosphorylated 20R3 motif from APC but not its phosphorylated
variant, in agreement with structural findings (Ha et al., 2004).
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APC 15R motifs are expected to bind B-catenin simultaneously
with AXIN1 (Ha et al., 2004).

Surprisingly, even the most extensive truncation mutant tested
(APC S811*, found in COLO-320DM cells) can be part of the DC
and promote B-catenin recruitment. How APC S811* can
achieve this in the absence of known B-catenin binding sites re-
mains unknown. APC S811*, and also the other APC variants
tested, may bind AXIN1 through its armadillo repeat domain
(Pronobis et al., 2015), and this APC-AXIN1 interaction may pro-
mote a conformational change in AXIN1 that enables B-catenin
binding to AXIN1 (Kim et al., 2013; Wang et al., 2013). The
partially retained function of APC S811* offers a potential expla-
nation for why a complete loss of APC is selected against during
colorectal carcinogenesis (Albuquerque et al., 2002).

APC and enzymatic functions of the DC

We find that APC promotes both B-catenin phosphorylation and
ubiquitylation. Given the absence of DC accessory components
in our setup, this cannot be explained by APC-dependent pro-
tection of B-catenin from de-phosphorylation (Su et al., 2008)
or de-ubiquitylation (Novellasdemunt et al., 2017), or the partition
of the DC from the Wnt signalosome (Mendoza-Topaz et al.,
2011), although each of these scenarios is likely relevant in the
cellular context. Our mutagenesis studies illustrate the impor-
tance of APC’s AXIN1 and B-catenin binding sites for DC-depen-
dent modification of B-catenin.

Phosphorylation. We unequivocally show that APC promotes
B-catenin phosphorylation, clarifying previous uncertainties
around this question (e.g., Novellasdemunt et al., 2017). We find
that neither APC incorporation nor AXIN1 polymerization affect
Kwm (ATP) and thereby ATP binding by the kinases. Instead, both
APC binding and AXIN1 polymerization stimulate k.4, leading to
an enhanced catalytic efficiency k../Kym. As we did not achieve
saturation of the initial -catenin phosphorylation velocities when
titrating B-catenin in vitro, we could not deduce whether APC ren-
ders B-catenin phosphorylation more efficient by lowering the Ky
(B-catenin), as our pull-down experiments would suggest. Our
inability to achieve saturation of B-catenin phosphorylation rates
by titrating B-catenin may reflect distinct reaction conditions
from those used by Gavagan et al. (2020); this includes the pres-
ence of full-length AXIN1 and APC, which are also substrates of
CK1a and GSK3B (Ha et al., 2004; Ikeda et al., 1998; Kim et al.,
2013; Liu et al., 2006; Rubinfeld et al., 1996).

Ubiquitylation. We observe that APC limits the ubiquitin chain
length on B-catenin, and thereby processivity, while increasing
the stoichiometry of B-catenin ubiquitylation, indicating that
APC promotes the flux of B-catenin through the DC and
SCFFTCP_ Further supporting a role of APC in communicating
with the ubiquitylation machinery, we show that APC interacts
with the SCFFT°P complex independently of B-catenin and
that this interaction is mediated by B-TrCP. AXIN1, however, ap-
pears to interact with SCF*"T"°F much more weakly than APC, at
least under our experimental conditions. These observations
differ from those of Schaefer et al. (2020), in which the Drosophila
B-TrCP ortholog Slimb was shown to co-localize and co-immu-
noprecipitate with Axin but not Apc2. Our data further suggest
that APC is a substrate of SCFFT°P potentially being mono-
ubiquitylated (Figure S6B), with hitherto unknown functional
consequences.
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Role of the 20R2-CID region of APC

Previous studies have revealed that the 20R2-CID region in APC
is critical for B-catenin ubiquitylation and degradation (Choi et al.,
2013; Kohler et al., 2009; Liu et al., 2006; Novellasdemunt et al.,
2017; Roberts et al., 2011). As 20R2-CID does not bind B-cate-
nin, the underlying mechanism has remained unclear. In contrast
to these cell-based studies, our in vitro system does not ascribe
a function to the CID, strongly suggesting that the core DC lacks
additional factors or the cellular context required for the CID to
fulfil its role. Indeed, several studies proposed additional regula-
tors that may act through the 20R2-CID region, including the
serine/threonine protein phosphatase PP1, a-catenin, and the
de-ubiquitylating enzyme USP7 (Choi et al., 2013; Novellasde-
munt et al., 2017; Su et al., 2008).

In summary, the reconstitution of the DC provides detailed in-
sights into the functions of the DC scaffolds AXIN1 and APC and
opens new avenues for the mechanistic dissection of Wnt/B-cat-
enin signaling. The system further provides important tools for
the identification and development of molecular probes and po-
tential therapeutics to modulate this highly cancer-relevant
pathway.

Limitations of the study

This study presents a prototypic application of our reductionist
system to interrogate the DC at mechanistic detail. For technical
reasons, the experiments were carried out at higher than cellular
concentrations of the relevant proteins (Lee et al., 2003; Tan et al.,
2012), which in part may limit or override the requirement for scaf-
folding to drive interactions or biochemical reactions. Where DC
core components were co-expressed prior to their purification,
the cellular context may still affect their interplay. Similarly, the
phosphorylation status of AXIN1 and APC, known to regulate
the DC (van Kappel and Maurice, 2017), was not controlled in
our assays. AXIN and APC paralogs (AXIN2, APC2) will also
need to be considered. Future developments of the system will
address these and other limitations referred to above.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-AXIN1 Cell Signaling Technology Cat# 2087; RRID: AB_2274550
anti-APC Novus Biologicals Cat# NB100-667; RRID: AB_521749

anti-B-catenin

anti-phospho-B-catenin pS45
anti-phospho-B-catenin pS33/pS37/pT41
anti-non-phospho-B-catenin S33/S37/T41
anti-GSK3p

anti-GSK3B pS9

anti-StrepMAB-Classic

anti-ubiquitin P4D1 clone

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
IBA Life Sciences

Enzo Life Sciences

Cat# 610153; RRID: 397554

Cat# 9564; RRID: AB_331150

Cat# 9561; RRID: AB_331729

Cat# 8814; RRID: AB_11127203

Cat# 12456; RRID: AB_2636978

Cat# 5558; RRID: AB_10013750

Cat# 2-1507; RRID: AB_513133

Cat# BML-PW0930; RRID: AB_10998070

anti-ubiquitin K48 linkage-specific Abcam Cat# ab140601; RRID: AB_2783797
anti-ubiquitin K63 linkage-specific Abcam Cat# ab179434; RRID: AB_2737584
IRDye 680RD donkey anti-mouse LI-COR Cat# 926-68072; RRID: AB_10953628
IRDye 800CW donkey anti-rabbit LI-COR Cat# 926-32213; RRID: AB_621848
IRDye 800CW donkey anti-mouse LI-COR Cat# 926-32212; RRID: AB_621847
Bacterial and virus strains
E. coli BL21-CodonPlus(DE3)-RIL Agilent Cat# 230245
E. coli DH10 MultiBacTurbo ATG:biosynthetics GmbH N/A

(Bieniossek et al., 2008)
Chemicals, peptides, and recombinant proteins
Protease inhibitor cocktail tablets Thermo Scientific Cat# A32965
AEBSF Melford Laboratories Ltd Cat# A20010
B-Glycerophosphate Sigma-Aldrich Cat# G9422
StrepTactin-Sepharose resin IBA Life Sciences Cat# 2-1201

Cellfectin Il
Penicillin-Streptomycin

Alexa Fluor® 680 C, Maleimide
Coenzyme A

Sfp1

Lambda phosphatase
APPB1-Uba3

UbcH12

Hisg-NEDD8

N-terminally fluorescein-labeled ubiquitin
ubiquitin

K48-linked ubiquitin chains
K63-linked ubiquitin chains
UBA1

GSK8 inhibitor CHIR-99021
CK1 inhibitor D4476

ATP regeneration solution

26S proteasome

Proteasome inhibitor MG132
v-32P-ATP

Thermo Scientific
Thermo Scientific
Thermo Scientific
Sigma-Aldrich

Dr Alessandro Vannini lab
Dr Gideon Coster lab
Enzo Life Sciences
Enzo Life Sciences
Enzo Life Sciences
Boston Biochem.
Boston Biochem.
R&D Systems

R&D Systems

Dr Edward Morris lab
Sigma-Aldrich
Sigma-Aldrich

Enzo Lifesciences
Boston Biochem.
Sigma-Aldrich
Hartmann Analytics
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Cat# 11496015
Cat# 15070063
Cat# A20344
Cat# C3019
N/A

N/A

Cat# PRT112
Cat# UW9145
Cat# UW9225
Cat# U-580
Cat# U-100H
Cat# UC-230
Cat# U-C-330
N/A

Cat# 361571
Cat# 218696
Cat# BML-EW9810
Cat# e-365
Cat# M7449
Cat# SCP-301
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REAGENT or RESOURCE SOURCE IDENTIFIER
Pierce™ silver stain kit Thermo Scientific Cati# 24612
SYPRO Ruby protein stain Thermo Scientific Cat# S12000

InstantBlue protein stain

kTM

NativeMar| unstained protein standard

Precision Plus Protein™ standards

Abcam
Thermo Scientific
Bio-Rad

Cat# 119211
Cat# LC0725
Cat:# 1610373

Experimental models: Cell lines

S. frugiperda Sf9 insect cells
T. ni High-Five insect cells

Thermo Scientific
Thermo Scientific

Cat# 11496015
Cat# B85502

Recombinant DNA

pLIB vector

pBIG1a vector

pBIG1b vector

pBIG2ab vector

pLIB_ APC

pLIB_ APC T1556*

pLIB_ APC Q1338*

pLIB_ APC S811*
pLIB_dStrepll-TEV-APC
pLIB_dStrepll-TEV-APC SAMP mutant
pLIB_dStrepll-TEV-APC 20R phospho mutant
pLIB_dStrepll-TEV-APC ACID
pLIB_dStrepll-TEV-APC T1556*
pLIB_dStrepll-TEV-APC Q1338*
pLIB_dStrepll-TEV-APC S811*
pBIG1b_APC

pBIG1b_APC T1556*

pBIG1b_APC Q1338*
pBIG1b_APC S811*
pLIB_AXIN1-TEV-dStrepll
pLIB_AXIN1 M3-TEV-dStrepll
pLIB_AXIN1

pLIB_AXIN1 M3
pLIB_dStrepll-TEV-B-catenin
pLIB_dStrepll-TEV-B-catenin-ybbR

pLIB_dStrepll-TEV-B-catenin S33A, S37A, T41A

pLIB_p-catenin

pLIB_CK1a

pLIB_GSK3p

pLIB_GSK3pB K85N, D181N
pLIB_B-TrCP

pLIB_CULA

pLIB_SKP1

pLIB_RBX1
pBIG1a_AXIN1-kinase complex

Jan-Michael Peters lab, IMP N/A
(Weissmann et al., 2016)

Jan-Michael Peters lab, IMP N/A
(Weissmann et al., 2016)

Jan-Michael Peters lab, IMP N/A
(Weissmann et al., 2016)

Jan-Michael Peters lab, IMP N/A
(Weissmann et al., 2016)

GenScript (this paper) N/A
This paper, see Table S10 N/A
This paper, see Table S10 N/A
This paper, see Table S10 N/A
GenScript (this paper) N/A
GenScript (this paper, see Table S10) N/A
GenScript (this paper, see Table S10) N/A
This paper, see Table S10 N/A
This paper N/A
This paper N/A
This paper N/A
This paper N/A
This paper N/A
This paper N/A
This paper N/A
GenScript (this paper) N/A
This paper, see Table S10 N/A
This paper N/A
This paper, see Table S10 N/A
GenScript (this paper) N/A
This paper, see Table S10 N/A
This paper, see Table S10 N/A
This paper N/A
GenScript (this paper) N/A
GenScript (this paper) N/A
This paper, see Table S10 N/A
GenScript (this paper) N/A
GenScript (this paper) N/A
GenScript (this paper) N/A
GenScript (this paper) N/A
This paper, see Table S11 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pBIG1a_AXIN1-kinase GSK3B-dead complex This paper, see Table S11 N/A
pBIG1a_AXIN1 M3-kinase complex This paper, see Table S11 N/A
pBIG1a_AXIN1-kinase-B-catenin complex This paper, see Table S11 N/A
pBIG2ab_wild-type DC (destruction complex) This paper, see Table S11 N/A
pBIG2ab_DC_APC T1556* complex This paper, see Table S11 N/A
pBIG2ab_DC_APC Q1338* complex This paper, see Table S11 N/A
pBIG2ab_DC_APC S811* complex This paper, see Table S11 N/A
pBIG2ab_DC_AXIN1 M3 complex This paper, see Table S11 N/A
pBIG2ab_SCF#T°P E3 ligase This paper, see Table S11 N/A
pProEx HISe-TEV-UBCH5¢ Frank Sicheri lab (Chou et al., 2012) N/A

Software, algorithms, databases

Imaged (Fiji)
Imaged Linearize GelData plugin

GraphPad Prism

Image Studio Lite

ImageQuant

ASTRA version 7.3.1

AcquireM? acquisition software

DiscoverVP analysis software

Scientific Python Development Environment
DC stoichiometry algorithm

ExPASy ProtParam

UniProt

Research Collaboratory for Structural
Bioinformatics Protein Data Bank (RCSB PDB)

NIH

https://rsb.info.nih.gov/ij/plugins/
linearize-gel-data.html

GraphPad

LI-COR

GE Healthcare

Wyatt Technology

Refeyn Ltd

Refeyn Ltd
https://www.spyder-ide.org/

This paper
https://web.expasy.org/protparam/
(Gasteiger et al., 2005)

https://www.uniprot.org (UniProt
Consortium, 2021)

http://www.rcsb.org/pdb/
(Berman et al., 2002)

PDB: 1EMU (Spink et al., 2000)
PDB: 1V18 (Ha et al., 2004)
PDB: 1H8F (Dajani et al., 2001)

RRID: SCR_002285
N/A

RRID: SCR_002798
RRID: SCR_013715
RRID: SCR_04246
RRID: SCR_016255
Cat# 600-1

Cat# 600-1

RRID: SCR_008394
N/A

RRID: SCR_018087

RRID:SCR_004426

RRID:SCR_012820

Deposited data

Original data and gel/Western blot images

This paper; Mendeley Data

https://doi.org/10.17632/wynmtr788p.1

Other

Insect-Xpress cell medium
NuPAGE™ 4 - 12% Bis-Tris SDS-PAGE gels
StrepTrap HP column

HiLoad 16/60 Superdex 200 column
HiLoad 16/600 Superose 6 column
WTC-50N5 column

WTC-100N5 column

DAWN® MALS detector

Optilab refractometer

Agilent 1260 Infinity Il HPLC system
Odyssey CLx fluorescence imager
Typhoon FLA 9500

High Precision Coverslips
CultureWell™ gaskets

Refeyn OneM” mass photometer

Lonza

Thermo Scientific
GE Healthcare
GE Healthcare
GE Healthcare
Wyatt Technology
Wyatt Technology
Wyatt Technology
Wyatt Technology
Agilent

LI-COR

GE Healthcare
VWR
Sigma-Aldrich
Refeyn Ltd

Cat# BELN12-730Q

Cat# NP0321; Cat# WG1402; Cat# WG1403A
Cat# 28907547

Cat# 28989335

Cat# 29323952

Cat# WTC-50N5

Cat# WTC-100N5

Cat# N1018; RRID: SCR_020896
Cat# N10010P

RRID: SCR_019354

RRID: SCR_014579

RRID: SCR_019957

Cat# 630-2187

Cat# GBL103250

Cat# 100-01
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Sebastian
Guettler (sebastian.guettler@icr.ac.uk).

Materials availability
Reagents generated in this study will be made available upon request, but we may require a completed Materials Transfer Agreement
if there is potential for commercial application.

Data and code availability
e Original data and gel/Western blot images have been deposited at Mendeley and are publicly available as of the date of pub-
lication. The DOl is listed in the Key resources table.
o All original code is available in this paper’s supplemental information (Data S1).
® Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The E1 protein, A-phosphatase and Sfp enzyme (all obtained as gifts; see below) were produced in Escherichia coli. The E2 protein
was expressed in Escherichia coli BL21-CodonPlus(DE3)-RIL cells. All other proteins and protein complexes were expressed in either
Sf9 (Spodoptera frugiperda) or High-Five (Trichoplusia ni) insect cells.

METHOD DETAILS

Cloning and expression of recombinant proteins and complexes

cDNA constructs of DC components and the SCFPT"CF E3 ligase complex were codon-optimized for E.coli expression by GenScript
and were subcloned into the pLIB vector (Weissmann et al., 2016) under control of the polyhedron gene promoter of the Autographa
californica nuclear polyhedrosis virus (AcNPV). The codon-optimized DC cDNAs were inserted into the pLIB vector as follows:

BamHI - Kozak sequence (AGCCGCCACC) - Start codon - insert - Stop codon - Hindlll

Affinity-tagged versions were synthesized by extending the ORF with a double-Strepll (dStrepll) tag followed (for N-terminal tags)
or preceded (for C-terminal tags) by a TEV protease site. Tag and TEV site sequences were as follows:

N-terminal: MSA-WSHPQFEK-(GGGS),-GGSA-WSHPQFEK-GA-ENLYFQG

C-terminal: GA-ENLYFQG-SA-WSHPQFEK-(GGGS),-GGSA-WSHPQFEK *stop codon.

See Table S10 for plasmid details. Multi-protein expression constructs were assembled using the biGBac system (Weissmann
et al., 2016) to generate single baculoviruses with core destruction complex (DC) variants, sub-complexes and the SCFPT"°F E3 ubig-
uitin ligase complex (Table S11). Correct assembly was verified by restriction digest and sequencing of the open reading frames.
Further construct details are available upon request.

Viral bacmids for the expression of individual subunits (from the pLIB vector) or complexes (from the pBIG vector) were generated
using Tn7 transposition in DH10 MultiBacTurbo E. coli competent cells (Bieniossek et al., 2008). Insect cells were grown in Insect-
Express media (# BELN12-730Q, Lonza) supplemented with 1% Penicillin-Streptomycin (# 15070063, Thermo Scientific). 2 mL of 5 x
10° cells/mL adherent Sf9 cells (# 11496015, Thermo Scientific) were transfected with purified bacmids using Cellfectin Il reagent
(# 10362100, Thermo Scientific) to generate recombinant baculoviruses. P1 virus was harvested after 72 h of incubation without
shaking at 27°C. All of the =2 mL of harvested media was used to infect a fresh 30-mL culture of Sf9 cells (5 x 10° cells/mL) for
a second round of viral amplification at 27°C and shaking at 130 rpm. Virus-containing media were harvested (P2 virus) once cell
viability had dropped to =80%, and stored at 4°C.

Destruction (sub-) complexes were expressed in 0.25-L cultures of Sf9 cells, whereas the SCF* TP E3 ubiquitin ligase complex
and individual DC components in 0.5-L cultures of High-Five cells (# B85502, Thermo Scientific). The amplified viruses were used to
infect 1 x 10° cells/mL of Sf9 or High-Five cells and incubated at 27°C, 130 rpm. Cultures were harvested by centrifugation (250 x g
for 10 min at 4°C) when cell viability had reached between 90 — 80%, which typically took approximately 72 h, and cell pellets were
stored at —80°C.

APC purification

High-Five cell pellets were resuspended in a buffer containing 50 mM HEPES-NaOH pH 7.5, 750 mM NaCl, 10 mM B-mercaptoetha-
nol, 5% glycerol, 1 mM AEBSF protease inhibitor and Pierce protease inhibitor tablets, EDTA-free (# A32965, Thermo Scientific). Ly-
sates were briefly sonicated, centrifuged at 45,000 x g for 45 min to remove insoluble material and filtered through a 0.45-um filter.
The cleared lysate was loaded onto a 5-mL StrepTrap HP column (GE Healthcare) and washed with 20 column volumes (CV) of wash
buffer (identical to lysis buffer but lacking protease inhibitors). dStrepll-fusion proteins were eluted with 5 mM d-desthiobiotin in wash
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buffer. The eluted peak fractions were pooled and dialysed overnight at 4°C against 50 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
2 mM TCEP, 5% glycerol and Hisg-Strep-TEV protease to cleave the dStrepll affinity tag. Residual affinity tag, uncleaved protein
and Hisg-Strep-TEV protease were removed through a subtractive Strep affinity chromatography step using a 5-mL StrepTrap HP
column. The cleaved APC proteins were concentrated and flash-frozen in liquid nitrogen.

B-catenin purification

High-Five cell pellets were resuspended in a buffer containing 50 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 10 mM B-mercaptoetha-
nol and Pierce protease inhibitor tablets, EDTA-free. The subsequent steps until after loading of the cleared lysate onto the 5-mL
StrepTrap column were performed as described for the purification of APC (see section above). Unbound material was removed
with 20 CV of wash buffer, followed by equilibration with 2 CV of wash buffer containing 2 mM MnCl,. Purified A-phosphatase
(kind gift from Dr Jerome Gouge and Dr Gideon Coster) at 20 ng/mL in 3 CV wash buffer containing 2 mM MnCl, was passed through
the StrepTrap column. The column was capped and incubated at room temperature for 30 min to de-phosphorylate B-catenin.
Lambda phosphatase was removed with 20 CV of wash buffer (without MnCl,) and the de-phosphorylated B-catenin eluted with
5 mM d-desthiobiotin. The eluted peak fractions were pooled and dialysed overnight at 4°C against 50 mM HEPES-NaOH
pH 7.5, 150 mM NaCl, 2 mM TCEP and Hise-Strepll-tagged TEV protease to cleave the dStrepll affinity tag. Residual affinity tag, un-
cleaved protein and Hisg-Strep-TEV protease were removed through a subtractive Strep affinity chromatography step using a 5-mL
StrepTrap HP column.

B-catenin-ybbR Alexa Fluor® 680 labeling

A CoA-fluorophore conjugate can be covalently attached to a serine residue in a short ybbR peptide by the Bacillus subtilis Sfp phos-
phopantetheinyl transferase (Yin et al., 2005). Purified Sfp enzyme was kindly provided by Dr Erin Cutts, and the labeling of -catenin-
ybbR was performed as described (Yin et al., 2006) or with the following modifications. Alexa Fluor® 680 maleimide (# A20344,
Thermo Scientific) at 2.5 mM was conjugated to 0.5 mM Coenzyme A (# C3019, Sigma-Aldrich) in 100 mM sodium phosphate pH
7.0 reaction buffer, with five-fold excess of fluorophore to ensure near-complete conjugation of CoA. The reaction was incubated
in the dark for 2 h at room temperature, and unconjugated Alexa Fluor® 680 maleimide was quenched with 12.5 mM DTT and incu-
bation for a further 15 min. The entire sample was used in the following B-catenin labeling reaction: CoA conjugation reaction with
=0.5 mM Alexa Fluor® 680-CoA, 26 uM B-catenin-ybbR, 6 ptM Sfp enzyme and 10 mM MgCl,. The reaction was performed in
the dark for 1.5 h at room temperature, and reaction components were separated from labeled B-catenin-Alexa Fluor® 680 by
size exclusion chromatography on a HiLoad 16/60 Superdex 200 column (prep grade, GE Healthcare) equilibrated in 50 mM
HEPES-NaOH pH 7.5, 150 mM NaCl, 2 mM TCEP, 5% glycerol. Pure protein fractions were pooled, concentrated and flash-frozen
in liquid nitrogen.

Purification of the destruction complex and subcomplexes

Sf9 cell pellets were resuspended in 50 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10 mM B-mercaptoethanol, 5% glycerol, 10 mM
B-glycerophosphate, 1 mM AEBSF and Pierce protease inhibitor tablets, EDTA-free. Lysates were briefly sonicated and centrifuged
at 25,000 x g for 45 min to remove insoluble material. Cleared lysates were incubated in batch with 1 -2 mL of pre-equilibrated Strep-
Tactin Sepharose resin (IBA Lifesciences) at 4°C rotating for 2 h. Resin was washed with > 50 CV of wash buffer (lysis buffer lacking
protease and phosphatase inhibitors), and protein complexes were eluted with wash buffer supplemented with 50 mM d-biotin. At-
tempts to concentrate the purified destruction (sub-) complexes resulted in their precipitation. To obtain more concentrated samples,
the protein complexes were eluted with biotin, which competes with the dStrepll tag more efficiently than desthiobiotin on the Strep-
Tactin resin. The eluted peak fractions were pooled and dialysed overnight at 4°C against 50 mM HEPES-NaOH pH 7.5, 150 mM
NaCl, 2 mM TCEP, 5% glycerol, then flash-frozen in liquid nitrogen.

SCFF-TrCP E3 ligase complex purification and in-vitro neddylation

High-Five cell pellets were resuspended in a buffer containing 50 mM HEPES-NaOH pH 7.5, 200 mM NaCl, 10 mM B-mercaptoetha-
nol, 0.1% NP-40, 5% glycerol and Pierce protease inhibitor tablets, EDTA-free. Lysates were briefly sonicated, centrifuged at
45,000 x g for 45 min to remove insoluble material and filtered through a 0.45-um filter. The cleared lysate was loaded onto a
5-mL StrepTrap HP column (GE Healthcare), washed with 20 CV of wash buffer (lysis buffer lacking NP-40 and protease inhibitors),
and the protein complex was eluted with 5 mM d-desthiobiotin. The peak protein fractions were pooled and subjected to size exclu-
sion chromatography on a HiLoad 16/600 Superose 6 column (prep grade, GE Healthcare), equilibrated in 50 mM HEPES-NaOH
pH 7.5, 200 mM NaCl, 2 mM TCEP, 5% glycerol. The elution fractions containing all the components of the SCF*T°F E3 ligase com-
plex were pooled, concentrated and flash-frozen in liquid nitrogen. Elution fractions from a second peak corresponding to a complex
without B-TrCP were processed likewise.

The in-vitro neddylation was performed in the following reaction: 8 uM SCFPT"°" E3 ligase complex, 350 nM APPBP1-Uba3
(# PRT112, Enzo Lifesciences), 1.8 uM UbcH12 (# UW9145, Enzo Lifesciences), 10 uM Hisg-NEDDS8 (# UW9225, Enzo Lifesciences),
10 mM MgCl, and 1.25 mM ATP. The reaction was incubated for 10 min at 37°C and stopped by the addition of DTT at a final con-
centration of 15 mM. A Strep-affinity chromatography on a 5-mL StrepTrap HP column was performed to remove the reaction com-
ponents from the neddylated E3 ligase complex. The bound material was washed with 20 CV of wash buffer (50 mM HEPES-NaOH
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pH 7.5, 200 mM NaCl, 2 mM TCEP, 5% glycerol) and eluted with 5 mM d-desthiobiotion. Elution fractions containing neddylated
SCFPTCP E3 ligase were pooled, concentrated and flash-frozen in liquid nitrogen.

E1 and E2 purifications

Purified recombinant human E1 enzyme (UBA1, ubiquitin-like modifier-activating enzyme 1), expressed in E. coli, was generously
provided by Dr Aylin Morris-Davies and Dr Edward Morris. The bacterial expression plasmid for the human E2 ubiquitin-conjugating
enzyme (pProEx Hisg-TEV- UBCHS5c) was provided by Dr Frank Sicheri (Chou et al., 2012). Human UBCH5c was expressed as Hisg-
TEV fusion protein in E. coli BL21-CodonPlus(DE3)-RIL (# 230245, Agilent) grown in 2 L of LB media. Expression was induced at an
ODeggp of 0.6 with 1 mM IPTG overnight at 18°C. Cells were harvested by centrifugation, resuspended in a buffer containing 50 mM
HEPES-NaOH pH 7.5, 150 mM NaCl, 5 mM imidazole, 10 mM B-mercaptoethanol, EDTA-free Pierce protease inhibitor tablets, lysed
by sonication and centrifuged at 45,000 x g for 45 min to remove insoluble material. Lysates were filtered through a 0.45-um filter and
loaded onto a 5-mL HisTrap HP affinity column (GE Healthcare). The bound material was washed with 20 CV of wash buffer (lysis
buffer lacking protease inhibitors). Hisg-TEV-UBCH5c was eluted with a linear imidazole gradient (5 to 250 mM imidazole) in a buffer
containing 50 mM HEPES-NaOH 7.5, 150 mM NaCl and 5 mM B-mercaptoethanol. The peak fractions containing relatively pure pro-
tein were pooled and dialysed overnight at 4°C against 50 mM HEPES-NaOH pH 7.5, 150 mM NaCl and 2 mM TCEP, concentrated
and flash-frozen in liquid nitrogen.

SEC-MALS

Affinity-purified DCs (wild-type and a mutant variant containing polymerization-deficient AXIN1 M3 (Fiedler et al., 2011)) were quan-
tified by UV spectroscopy at 280 nm (Axgo). Given the unknown stoichiometry of the complexes, an accurate determination of their
concentrations was not possible as extinction coefficients could not be reliably estimated. Therefore, serial dilutions of the com-
plexes were made on the basis of Axgg. 90 pL samples of different dilutions were resolved by size exclusion chromatography on
an Agilent 1260 Infinity Il HPLC system with a WTC-100N5 column (Wyatt Technology). The separation was performed in 50 mM
HEPES-NaOH pH 7.5, 150 mM NaCl, 2 mM TCEP, 5% glycerol at a flow rate of 0.25 mL/min with collection of 100 pL elution fractions.
25 uL of elution fractions and 15 pL of the DC complexes, representing one sixth of input material, were analyzed by SDS-PAGE. Light
scattering and differential refractive index (dRI) of the samples were analyzed in-line using the DAWN® and Optilab instruments from
Wyatt Technologies, respectively. Data analysis, using the Zimm light scattering model and a dn/dc of 0.185 mL/g, was performed
using Wyatt’s ASTRA software version 7.3.1. Weight average molecular weights (M,,), number average molecular weights (M,,) and
dispersities (D) with their associated uncertainties for the elution peak areas were obtained through the ASTRA software data analysis
(see ASTRA 7 User’s Guide for details). See the “In-silico stoichiometry modelling of the DC and estimation of DC molar concentra-
tions” section below for details on estimating DC concentrations in input samples and eluates.

Assessment of SCF*"T°P E3 ligase interactions with DC components

Size exclusion chromatography of affinity-purified SCF* TP E3 ligase (as described above) resulted in the separation of fully assem-
bled SCF?T™°P E3 ligase and a distinct subpopulation of SCF E3 ligase lacking B-TrCP (SCF*/° #T°F E3 ligase). All subsequent bind-
ing analyses were performed in buffer containing 50 mM HEPES-NaOH pH 7.5, 200 mM NaCl, 2 mM TCEP. Purified DC components
APC, AXIN1 WT or B-catenin at 1.5 uM were incubated with 1.5 uM of either SCF*"T™°F E3 ligase or SCF"/° FT°F E3 ligase for 30 min
on ice. For each individual set of samples, i.e., APC - SCF*T™°F E3 ligase and APC - SCF"/° F-TCP E3 |igase, the individual compo-
nents were also incubated with equal volumes of the respective protein buffer instead of the component being omitted. As a positive
control, 1.5 uM B-catenin was phosphorylated using 75 nM AXIN1-CK10-GSK3p complex in the presence of 5 mM MgCl, and 1 mM
ATP, by incubating at 25°C for 60 min and terminating the reaction by addition of 10 mM EDTA. A similar reaction lacking ATP was
conducted in parallel as a negative (non-phosphorylated B-catenin) control.

90 pL of the samples were resolved by size exclusion chromatography on an Agilent 1260 Infinity Il HPLC system with a WTC-
50N5 column (Wyatt Technology). The setup, including detectors and fraction collector, was the same as for the SEC-MALS exper-
iments described above. The separation was performed in 50 mM HEPES-NaOH pH 7.5, 200 mM NaCl, 2 mM TCEP at a flow rate of
0.25 mL/min with collection of 100 L elution fractions. 10 pL of elution fractions were resolved by SDS-PAGE (4 — 12% gradient Bis-
Tris polyacrylamide gels (Life Technologies)), and proteins were detected by silver staining using the Pierce™ Silver stain kit. Sepa-
rately, one sixth of input materials (15 L) was analyzed by SDS-PAGE and Coomassie staining. Phosphorylation of B-catenin was
detected through immunoblot analysis of the input samples and elution fractions using anti-p-catenin and anti-phospho-B-catenin
pS33, pS37, pT41 antibodies.

B-catenin phosphorylation and ubiquitylation reactions

The concentrations of proteins added to the reactions were determined by UV spectroscopy (Azgo) using theoretical extinction co-
efficients calculated using the ProtParam tool in ExPASy (Gasteiger et al., 2005) for the fully reduced forms of the proteins. For the
AXIN1-kinase complex, we assumed a 1:1:1 AXIN1:CK1a:GSK3p stoichiometry to calculate the theoretical extinction coefficient. All
reactions were performed in the following reaction buffer: 50 mM sodium phosphate pH 7.0, 150 mM NaCl, 1 mM TCEP. Salt con-
tributions from the proteins added to the reactions were less than 50 mM NaCl. Master mixes were made of reaction components
whenever possible to facilitate reaction assembly and to minimize variability between individual reactions. Complete reactions of
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30 pL were prepared on ice from three components; the concentrations listed refer to the final concentrations in the 30 pL reactions: I.
Ubiquitin mix (10 pL per reaction): reaction buffer containing 10 pM recombinant human ubiquitin (# U-100H, Boston Biochem.), 1 uM
N-terminally fluorescein-labeled human ubiquitin (# U-580, Boston Biochem.), 50 nM E1 (human UBA1), 1 uM E2 (UBCH5c), 10 mM
MgCl,, 5 mM ATP added just before starting the reactions. Il. DC components (10 uL per reaction): reaction buffer lacking NaCl (due
to the high NaCl contribution from the APC protein stocks) containing 1 uM B-catenin-Alexa Fluor® 680, 200 nM APC, 150 nM AXIN1-
kinase complex. Equal volumes of different APC proteins and AXIN1-kinase complex variants were added to reactions, respectively,
by diluting the more highly concentrated stocks such that the stocks had the same concentrations as that which was least concen-
trated among them. Dilution ensured equal salt carryover between different reactions. In addition, equal volumes of corresponding
protein buffers were used when proteins were omitted from the reaction. GSK3 inhibitor CHIR-99021 (# 361571, Sigma-Aldrich) or
CK1 inhibitor D4476 (# 218696, Sigma-Aldrich) were added at this step, at the final concentrations stated in the figure legends;
vehicle solution was used in control reactions. lll. E3 ligase complex (10 uL per reaction): 100 nM SCFPT°F E3 ligase complex in
reaction buffer. The reaction parts Il and lll were combined and incubated at room temperature for 10 min. Likewise, reaction part
| was also prepared, but without ATP, and incubated at room temperature for 10 min. The reaction was started by adding ATP to
reaction part | and combining it with Il and lll. Reactions were incubated under agitation (500 rpm) at 25°C in a Thermomixer (Eppen-
dorf) and terminated at the specified time points by adding 9 uL of the progressing reaction mixture to 9 pL of 2x SDS-PAGE loading
buffer and heating to 95°C for 5 min. Typically, 7 uL of boiled samples were resolved on 4 — 12% gradient Bis-Tris polyacrylamide gels
(Life Technologies) and imaged for -catenin-Alexa Fluor® 680, fluorescein-ubiquitin and the protein standards on a Typhoon FLA
9500 biomolecular imager (GE Healthcare). Signals were quantified using ImageQuant software (GE Healthcare). The protein stan-
dards (# 1610373, Bio-Rad) were imaged at 635 nm excitation wavelength, which to a lesser extent also triggers Alexa Fluor® 680
fluorescence. The raw image contained B-catenin-Alexa Fluor® 680 signals obtained at 635 nm and 685 nm excitation wavelengths.
The B-catenin-Alexa Fluor® 680 signals obtained at 635 nm excitation wavelength were masked, leaving only the lane showing the
protein standards. The B-catenin-Alexa Fluor® 680, fluorescein-ubiquitin and the protein standards images were merged back to
obtain the final multicolor images presented. Where downstream immunoblot analyses were performed, the same gels were subse-
quently used to transfer the proteins onto nitrocellulose membranes. These were scanned for B-catenin-Alexa Fluor® 680 on the
Typhoon imager before being processed for immunoblot detection and analyzed on an Odyssey infrared imaging system (LI-COR).

In-vitro phosphorylation and de-phosphorylation

The reactions were set up with 40 uL of affinity-purified DCs (Axgg of 0.4) in a final reaction volume of 45 uL. For the phosphorylation
reactions, affinity-purified DCs were incubated with 10 mM MgCl,, 5 mM ATP for 30 min at 25°C. Reactions were terminated by add-
ing 15 pL of 4x SDS-PAGE loading buffer, followed by heating to 95°C for 5 min. Where indicated, affinity-purified DCs were de-phos-
phorylated in a reaction containing 2 mM MnCl, and 2 uM A-phosphatase for 30 min at 25°C and reactions terminated by adding
15 plL of 4x SDS-PAGE loading buffer, followed by heating to 95°C for 5 min.

B-catenin proteasomal degradation

In-vitro B-catenin ubiquitylation reactions of 30 uL were set up as described above (B-catenin phosphorylation and ubiquitylation re-
actions) in the presence of 5 uM GSK3 inhibitor and incubated for 60 min under agitation (500 rpm) at 25°C. Immediately afterward,
reactions were placed onice. 5 uL of each reaction were mixed with 5 uL of 2x SDS-PAGE loading buffer and heated to 95°C for 5 min;
these samples served as input references for the subsequent proteasome reactions. The B-catenin proteasomal degradation was
performed in the following buffer: 50 mM Tris-HCI pH 7.5, 100 mM NaCl, 2 mM ATP, 5 mM MgCl,, 1 mM TCEP, 0.2 mg/mL BSA,
2% glycerol supplemented with 1x ATP regeneration solution (# BML-EW9810, Enzo Lifesciences) and 25 nM human 26S protea-
some (# e-365, Boston Biochem). Control reactions were further supplemented with 10 uM MG132 (# M7449, Sigma-Aldrich) in
the presence or absence of 26S proteasome. 5 uL of each ubiquitylation reaction were distributed over four microcentrifuge tubes
and incubated in a total reaction volume of 15 pL under agitation (500 rpm) at 25°C. The reactions were stopped after 1, 2 and 3 h by
adding 5 puL of 4x SDS-PAGE loading buffer and heating to 95°C for 5 min. The samples were resolved on 4 — 12% gradient Bis-Tris
polyacrylamide gels (Life Technologies) and imaged for B-catenin-Alexa Fluor ® 680 and fluorescein-ubiquitin on a Typhoon FLA
9500 biomolecular imager (GE Healthcare). Signals were quantified using ImageQuant software (GE Healthcare).

Radiometric kinetic kinase assays

All reactions were performed in the following reaction buffer: 50 mM HEPES-NaOH pH 7.0, 150 mM NaCl, 10 mM MgCl,, 1 mM TCEP
at room temperature. Reactions were initiated by adding 200 uM unlabelled ATP with 0.9 pCi y-*2P-ATP (# SCP-301, Hartmann An-
alytics) or serial dilutions of this ATP mix. Master mixes were made of reaction components whenever possible to facilitate reaction
assembly. Assays were set up in a 96-well PCR plate using a multichannel pipette to ensure simultaneous initiation and termination of
parallel reactions. Each 30 pL reaction in either an ATP titration or B-catenin titration experiment was set up from two components as
specified below; the concentrations listed refer to the final concentrations in the 30 pL reactions:

ATP titration reactions

I. ATP mixture (6 uL per reaction): ATP buffer (50 mM HEPES-NaOH pH 7.0, 150 mM NaCl, 1 mM TCEP) containing 200 uM unlabelled
ATP and 0.9 uCi y-*2P-ATP. A two-fold serial dilution of a 200-uM ATP master mix was made in ATP buffer with each dilution volume
sufficient for at least 2.5 reactions; ATP concentrations were 200, 100, 50, 12.5, 6.26, 3.125, 1.56, 0.78 uM.
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1. DC components mixture (24 uL per reaction): reaction buffer lacking NaCl (due to the high NaCl contribution from the APC pro-
tein) containing 1 uM B-catenin, 200 nM APC (or an equal volume of APC protein buffer added to reactions without APC), 150 nM
AXIN1-kinase complex, 10 mM MgCl, and incubated for 10 min at room temperature.

6 pL of ATP mixture were placed in individual wells on a 96-well PCR plate; a separate set of wells contained 29 pL of the DC com-
ponents mixture.

B-catenin titration reactions
I. ATP mixture (6 puL per reaction): ATP buffer (50 mM HEPES-NaOH pH 7.0, 150 mM NaCl, 1 mM TCEP) containing 200 uM unlabelled
ATP and 0.9 uCi v-32P-ATP.

Il. DC components mixture (24 pL per reaction): reaction buffer lacking NaCl (due to the high NaCl contribution from the APC pro-
tein) and containing 200 nM APC (or an equal volume of APC protein buffer added to reactions without APC), 150 nM AXIN1-kinase
complex, 10 mM MgCl, and serial dilutions of B-catenin (15, 10, 7.5, 5, 2.5, 1.0, 0.5, 0.25 uM). A master mix of the reaction compo-
nents without B-catenin was placed in 96-well PCR plates, each well containing solution sufficient for 1.25 reactions. Subsequently,
B-catenin from serial dilutions was mixed into the same wells, completing the DC component mixture.

6 uL of ATP mixture were placed in individual wells on a 96-well PCR plate.

To start the reactions, 24 pL of the DC components mixture was transferred into the wells containing the ATP mixture using a
multichannel pipette and mixed by pipetting 3 times before starting the time course. Using a multichannel pipette, the reactions
were terminated at specific time points (0.5, 1, 2 and 5 min) by pipetting 6 pL of the reaction volume into wells containing 6 pL of
2x SDS-PAGE loading buffer. At the end of the experiment, the samples were transferred to microcentrifuge tubes and heated
to 95°C for 5 min. For the ATP titration reactions, the complete contents of the boiled samples were resolved on 4 — 12%
gradient Bis-Tris polyacrylamide gels. For the B-catenin titrations, the boiled reaction samples containing more than 1 uM
B-catenin were diluted with 1x SDS-PAGE loading buffer to prevent gel overloading. The samples were diluted to obtain a
similar loading concentration of B-catenin as in the boiled sample for the 1.0 uM reaction. 12 uL of the diluted, boiled samples
for the 15, 10, 7.5, 5, 2.5 uM reactions and the complete boiled samples from the other reactions (12 uL) were resolved on
4 - 12% gradient Bis-Tris polyacrylamide gels. All polyacrylamide gels were stained with Coomassie prior to drying on chro-
matography paper (Whatman). To enable quantification of the extent of protein phosphorylation, two-fold serial dilutions of
the left-over ATP mixture containing unlabelled ATP and y-P®2-ATP were made for each experiment and specific amounts of
the ATP mixture (12.5, 6.25, 3.125, 1.563, 0.781, 0.390, 0.195 pmol) were spotted onto nitrocellulose membrane strips and
air-dried. For each experiment, the dried polyacrylamide gels and the corresponding nitrocellulose membrane strips were simul-
taneously exposed to a phosphorimaging screen (GE Healthcare) and scanned on a Typhoon FLA 9500 biomolecular imager
(GE Healthcare).

Control reactions to validate the B-catenin-4A phospho mutant (S33A, S37A, T41A, S45A) and assess GSK3p serine 9 phosphor-
ylation were performed as described above with the following changes: reactions contained 200 uM unlabelled ATP and 0.9 uCi
v-32P-ATP (for radiometric reactions only), 1 uM B-catenin and 200 nM APC. The reactions were terminated after 5 min by pipetting
6 pL of the reaction volume into wells containing 6 pL of 2x SDS-PAGE loading buffer.

The phosphorimaging files were analyzed using ImageJ (Fiji) (Schindelin et al., 2012). The raw files (.gel), which use a square root
algorithm for signal compression, were normalized prior to gel densitometry analysis using the Imaged “Linearize GelData” plugin
(https://rsb.info.nih.gov/ij/plugins/linearize-gel-data.html). Background-corrected signal intensities of phosphorylated (32P) B-cate-
nin were converted into picomoles using the standard curve generated from the background-corrected signal intensities of known
ATP (y-*2P-ATP) quantities in serial dilutions.

The initial reaction rates (pmol/min) were obtained from the slopes of linear fits to data describing the amounts of generated prod-
uct (pmol phosphorylated B-catenin) over time (min) at the different concentrations of either ATP or B-catenin. The initial rates were
plotted as a function of [ATP] or [B-catenin] by nonlinear least-squares regression fit and kinetic parameters, Vax (pmol/uL), Ky (WM)
and kst (Min”") determined using the Michaelis-Menten equation:

_ Keat X [E7] % [S]
° Ku +[S]

To calculate kcqt, the total enzyme concentration [Eq] in the reactions needs to be known. The precise kinase concentrations in
the AXIN1-CK1a-GSK3B complexes are not known in the experimental setup. Therefore, the concentration of the complete
AXIN1-kinase complex was used as simplification, giving an [Ef] of 0.9 pmol based on 6 uL of 150 nM AXIN1-kinase complex.
(Note that as per convention, [E+] is not entered as a concentration but as an amount.) Standard errors for Vij,ax, Ky and kga: reported
in Figure 5C were derived from the non-linear least-squares fits to the Michaelis-Menten equation. For the B-catenin reactions in the
absence of APC, which did not saturate, the catalytic efficiencies (k.o/Kw) were obtained from the linear fit to the plots of the initial
rates against [B-catenin], and the associated standard errors were derived from the linear regression fit. For reactions reaching satu-
ration, standard errors for k../Km were propagated from individual ket and Ky values using the following equation:

oz _ (0, ()
z X y
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Mass photometry
Instrument setup
Microscope coverslips (High Precision, No. 1.5, 24 x 50 mm, # 630-2187, VWR) were cleaned twice, sequentially with Milli-Q water,
100% isopropanol, Milli-Q water. Washed coverslips were dried with compressed air. Reusable silicone CultureWell™ gaskets (#
GBL103250, Sigma-Aldrich) were cleaned sequentially with Milli-Q water, 100% Isopropanol, Milli-Q water and dried with com-
pressed air. Cleaned gaskets were placed on the cleaned coverslips and mounted on the sample stage of a Refeyn OneM” mass
photometer (Refeyn Ltd, Oxford, UK). All measurements were performed in acquisition buffer containing 50 mM HEPES-NaOH
pH 7.5, 150 mM NaCl and filtered through a 0.2-um filter. Each measurement was performed in a separate well. Data were acquired
using the Refeyn AcquireMF 2.3.1 software. Mass photometry movies of 30,000 frames were recorded from a 10 x 10 pm instrument
field of view at a frame rate of 362.4 Hz with a frame binning value of 4, resulting in an effective frame rate of 90.6 Hz. For each acqui-
sition, 15 pL of acquisition buffer were pipetted into a well, and the focal position was identified and secured in place using the au-
tofocus functionality in the software.
Sample preparation and acquisition
Same-day, affinity-purified AXIN1 wild-type and AXIN1 M3 DCs at A,go = 0.84 and 0.86, respectively, were subjected to SEC-MALS
analysis under conditions similar to those reported above. For accurate detection of single events during data acquisition, the rec-
ommended final protein concentration in the acquisition wells should be below 100 nM (Sonn-Segev et al., 2020). As stated above,
the precise concentration of the DCs could not be reliably estimated. By determining the Axgq values of the SEC-MALS input samples
and peak elution fractions and performing several test acquisitions, a sample concentration corresponding to an Aygg of =0.01 in the
acquisition wells enabled detection of individual single events below saturation levels during acquisition. For instance, 2 uL of a 1:10
dilution in acquisition buffer of the input samples and 2 to 3 pL of undiluted elution fractions were used for the acquisitions. Input
samples were diluted just prior to each respective data acquisition. Upon addition of the samples to the wells, data acquisition
was started after 10 s to allow for autofocus stabilization.
Data processing
Data were processed and analyzed using Refeyn Discover™” 2.3.0 software by performing three main steps: (1) background removal,
(2) identification of particle landing events on the coverslip acquisition field, and (3) particle fitting to extract maximum contrast. The
following default fitting parameters were used; threshold 1 (related to the particle contrast relative to the background noise) was
set to 1.5, threshold 2 (related to the radial symmetry of the particle signature) was set to 0.25, and 5 ratiometric frames were binned.
Individual particle contrasts from each individual movie were converted to mass using a contrast-to-mass (C2M) calibration. From
these data, kernel density estimates (KDEs) were generated for each sample using a Gaussian kernel with a fixed bandwidth of 25 kDa.
Calibration procedure: Contrast-to-mass calibration was performed in the acquisition buffer. NativeMark ™ unstained protein stan-
dard (# LC0725, Thermo Scientific), which contains proteins in the range of 20 to 1200 kDa, was diluted 1:100 in acquisition buffer,
and 2.5 plL were added to an acquisition well for measurement. The following masses were used to generate a standard calibration
curve in the Discover? software: 66, 146, 480 and 1048 kDa.

In-silico stoichiometry modeling of the DC and estimation of DC molar concentrations
Inputs
The following inputs were used for modeling of DC stoichiometries:

i) Predicted molecular weights and extinction coefficients (e) of the individual proteins in the DC, from Expasy ProtParam (Gas-
teiger et al., 2005). As protein complexes can have similar molecular weights without sharing similar €, by taking ¢ into account,
we were able to narrow down the modeled stoichiometries.

i) Means of molecular weights obtained from individual SEC-MALS data slices (M) for the DC with AXIN1 WT or DC with AXIN1
M83 across the peak (DC AXIN1 WT: 2.3 — 3.0 mL; DC AXIN1 M3: 2.5 - 3.2 mL). Mean molecular weights are number average
molecular weights (M,).

iii) Mean molar extinction coefficients (in M™' cm™") of the DC calculated from the parameters recorded by SEC-MALS for individ-
ual data slices as follows:

The differential refractive index (dRI) of a sample solution relative to the solvent is directly proportional to the sample concentration.
Hence, the sample concentration (c) can be calculated from the dRI measurements and the protein-specific refractive index incre-
ment dn/dc of 0.185 mL g™' as follows:
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With the concentration determined and converted into g L™, the extinction coefficient (¢) in L g™' cm™ is calculated using the Beer-
Lambert law equation:

_A
Tle
where A is absorbance measured at 280 nm (Axgo) in absorbance units (AU), and / is length of light path (1 cm). € is then converted into
the molar units (M cm™) by multiplying e with the calculated molar masses (g mol™) from MALS.

Performing these calculations across the elution peak, we obtained the concentrations of the DC at the detector in SEC-MALS for
each data slice for the SEC-MALS experiment shown in Figure 1E. The maximum concentration measured for the DC with wild-type
AXIN1 was 56 nM; that for the DC with M3 AXIN1 was 94 nM. We also calculated the average ¢ of the DC (2,024,161 + 367,667 M~ cm”
" for the DC with wild-type AXIN1 and 980,087 + 275,179 M~ cm™ for that with M3 AXIN1 ; variance, SD). This enabled us to estimate
the molar concentrations of the DC in the SEC-MALS input samples: 415 nM for the DC with wild-type AXIN1, and 877 nM for that with
M3 AXIN1. Note, however, that due to the highly concentration-dependent composition of the DC, the molar extinction coefficients
will also vary with concentration, especially for the DC containing wild-type AXIN1.

Conditions
The DC stoichiometries are modeled on the conditions that:

. DC components are APC, AXIN1, CK1a, GSK3p and B-catenin.
. The molecular weight of the DC is the sum of molecular weights of its components at a given stoichiometry.
. The extinction coefficient (¢) of the DC is the sum of the individual ¢ values of its components at a given stoichiometry.
. Molecular weight and ¢ of the DC at the modeled stoichiometry must satisfy the input values + 1.96 standard deviations from
the mean values calculated from SEC-MALS (95% confidence interval).
. At least one of each component is present in the complex.
. The number of molecules in the DC takes the form of a positive integer.
7. DC stoichiometries are modeled by incrementing the number of molecules of each component by 1 in the order of conditions
8-14.
8. Atleast two AXIN1 molecules are present in the DC with wild-type AXIN1, as we observe that AXIN1 polymerization is a major
DC size determinant.
9. CK1a and GSK3p occupancy on AXIN1 is at least 50%, and at most both kinases are bound to AXIN1. This is to mitigate
possible modeling errors in the case of incomplete occupancy of kinase binding sites on AXIN1.
10. Each APC binds at least one and a maximum of ten B-catenin molecules through four 15R and six 20R repeats, as 20R2 does
not bind B-catenin (Liu et al., 2006).
11. Each APC binds one to three AXIN1 molecules via three available SAMP repeats.
12. At least one molecule of B-catenin is bound to each AXIN1 or APC molecule present in the complex.
13. Foragiven AXIN1:APC stoichiometry, at least one more molecule of B-catenin is present in the DC containing wild-type AXIN1
compared to the DC containing AXIN1 M3.
14. The number of B-catenin molecules in the DC with AXIN1 M3 does not exceed the number of B-catenin molecules in the DC
with wild-type AXIN1.
Conditions 9 and 12-14 are based on the SDS-PAGE analysis of affinity-purified material and the elution fractions from SEC-
MALS. As a consequence of condition 9, the number of B-catenin molecules can increase if AXIN1 is not saturated with kinases.

A ON =2

[© ¢

The algorithm first imports the inputs, sets the constraints on the stoichiometries that can be modeled and starts from the minimum
number of AXIN1 molecules (AXIN1 M3 n = 1, AXIN1T WT n = 2). For each AXIN1 molecule, the algorithm then explores all possible
combinations of the DC in the order of conditions specified above. Modeled stoichiometries which satisfy all of the set theoretical
limits on the APC:AXIN1:kinases:p-catenin ratios and attain a molecular weight and ¢ falling within the range calculated from
SEC-MALS are written in the final output file. The molecular weights plotted in Figure 1G correspond to number average molecular
weights (M,,). The Python scripts for DC stoichiometry modeling are available for download as Data S1 in the online version of the
article.

Antibodies and reagents

Primary antibodies used were anti-B-catenin (# 610153, BD Transduction Laboratories), anti-phospho-f-catenin pS33, pS37, pT41 (#
9561, Cell Signaling Technology), anti-non-phospho-p-catenin S33, S37, T41 (#8814, Cell Signaling Technology), anti-phospho-
B-catenin pS45 (# 9564, Cell Signaling Technology), anti-StrepMAB-Classic (# 2-1507-001, IBA Life Sciences) to detect dStreplI-
AXIN1, anti-AXIN1 (# 2087, Cell Signaling Technology), anti-APC (# NB100-667, Novus Biologicals), anti-GSK3p (# 12456, Cell
Signaling Technology), anti-phospho-GSK3p pS9 (# 5558, Cell Signaling Technology), anti-ubiquitin K48 linkage-specific
(# ab140601, Abcam), anti-ubiquitin K63 linkage-specific (# ab179434, Abcam), anti-ubiquitin P4D1 clone (# BML-PW0930, Enzo
Lifesciences). Secondary antibodies for immunoblotting with detection using the Odyssey infrared imaging system (LI-COR) were
IRDye 800CW donkey anti-mouse (# 926-32212, LI-COR), IRDye 800CW donkey anti-rabbit (# 926-32213, LI-COR), IRDye 680RD
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donkey anti-mouse (# 926-68072, LI-COR). Recombinant human poly-ubiquitin chains were obtained from commercial source: K63-
linked chains (# UC-330, R&D Systems), K48-linked chains (# UC-230, R&D Systems).

QUANTIFICATION AND STATISTICAL ANALYSIS

Various B-catenin signals from in-vitro ubiquitylation reactions were analyzed using ImageQuant software (GE Healthcare). Phos-
phorylated B-catenin levels from in vitro y-32P-ATP kinetic reactions were analyzed using ImageJ (Fiji) 1.53c software, and the kinetic
parameters were determined as described above using GraphPad Prism 8.2.1 software. All statistical analyses were performed using
GraphPad Prism 8.2.1 software. Statistical significance was calculated using either an unpaired Student’s t test or one-way ANOVA
analysis with Bonferroni test for multiple comparisons. p < 0.05 was considered significant.
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