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Summary

Scaffold proteins are thought to promote signaling specificity by accelerating reactions between 

bound kinase and substrate proteins. To test the long-standing hypothesis that the scaffold protein 

Axin accelerates GSK3β-mediated phosphorylation of β-catenin in the Wnt signaling network, we 

measured GSK3β reaction rates with multiple substrates in a minimal, biochemically-reconstituted 

system. We observed an unexpectedly small, ~2-fold Axin-mediated rate increase for the β-catenin 

reaction when measured in isolation. In contrast, when both β-catenin and non-Wnt pathway 

substrates are present, Axin accelerates the β-catenin reaction by preventing competition with 

alternative substrates. At high competitor concentrations, Axin produces >10-fold rate effects. 

Thus, while Axin alone does not markedly accelerate the β-catenin reaction, in physiological 

settings where multiple GSK3β substrates are present, Axin may promote signaling specificity by 

suppressing interactions with competing, non-Wnt pathway targets. This mechanism for scaffold-

mediated control of competition enables a shared kinase to perform distinct functions in multiple 

signaling networks.

eTOC blurb

Scaffold proteins are thought to direct signals between alternative outcomes by accelerating 

reactions between signaling kinases and specific downstream targets. Gavagan, et al. use 

quantitative biochemical reconstitution to demonstrate that the Wnt pathway scaffold protein Axin 

accomplishes this task by suppressing competing reactions rather than by accelerating one specific 

reaction.

Introduction

GSK3β is a central kinase in mammalian cell signaling networks that responds to growth 

factors and hormones to regulate cell growth, differentiation, and metabolism (Beurel et al., 
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2015; Kaidanovich-Beilin and Woodgett, 2011). GSK3β receives signals from multiple 

upstream inputs and acts on several distinct downstream protein targets (Figure 1A). 

GSK3β-dependent responses to Wnt and growth factor or insulin signals appear to be 

insulated from each other, so that Wnt signals do not activate alternative GSK3β-dependent 

pathways and vice versa (Ding et al., 2000; McManus et al., 2005; Ng et al., 2009). These 

observations raise the fundamental question of how GSK3β activity can be independently 

regulated by different signaling pathways. Analogous questions arise in many eukaryotic 

signaling networks, and understanding the mechanisms by which biochemical systems 

resolve this problem is a major outstanding challenge for the field.

Scaffold proteins that physically assemble protein signaling pathways provide potential 

mechanisms to direct shared signaling proteins to specific downstream targets (Good et al., 

2011; Park et al., 2003; Zalatan et al., 2012). In the Wnt signaling network, the scaffold 

protein Axin coordinates the assembly of a multi-protein complex including GSK3β and its 

substrate β-catenin. By binding to both GSK3β and β-catenin, Axin is thought to promote β-

catenin phosphorylation (Kimelman and Xu, 2006; MacDonald et al., 2009; Moon et al., 

2004; Nusse and Clevers, 2017; Polakis, 2000; Stamos and Weis, 2013). Consequently, 

regulation of Axin provides a possible mechanism to control GSK3β activity towards β-

catenin without affecting GSK3β reactions towards other, non-Wnt pathway substrates 

(McNeill and Woodgett, 2010).

We know a great deal about the general features of Wnt pathway activation, although the 

molecular mechanism by which Wnt signaling controls β-catenin phosphorylation and the 

precise role of Axin in this process is still debated (Nusse and Clevers, 2017). In the absence 

of a Wnt signal, β-catenin is sequentially phosphorylated by the kinases CK1α and GSK3β, 

which leads to proteasomal degradation of β-catenin (Figure 1B). Phosphorylation takes 

place in a multi-protein destruction complex that includes the scaffold protein Axin, the 

kinases CK1α and GSK3β, the substrate β-catenin, and the accessory proteins Dvl and 

APC, which may also have scaffolding functions. Wnt pathway activation recruits the 

destruction complex to the membrane and disrupts its activity, allowing β-catenin to 

accumulate and activate downstream gene expression. Wnt signaling has been proposed to 

block β-catenin phosphorylation at both the CK1α and GSK3β kinase reaction steps 

(Hernandez et al., 2012), possibly via a phosphorylation-dependent conformational change 

in Axin (S.-E. Kim et al., 2013) or by inhibition of GSK3β when the destruction complex is 

recruited to the membrane (Stamos et al., 2014).

Initial support for the model that Axin promotes β-catenin phosphorylation came from in 
vitro biochemical experiments showing that the rate of GSK3β-catalyzed β-catenin 

phosphorylation increases substantially in the presence of Axin (Dajani et al., 2003; Hart et 

al., 1998; Ikeda et al., 1998). To test this hypothesis, we biochemically reconstituted 

GSK3β-catalyzed reactions in vitro and quantitatively measured reaction rates in the 

presence and absence of the Axin scaffold protein. By defining a minimal kinetic framework 

and systematically measuring rate constants for individual reaction steps, we expected to 

determine whether Axin promotes binding between GSK3β and β-catenin or whether Axin 

allosterically modulates the activity of a GSK3β•β-catenin complex. Both mechanisms have 

been observed with other kinase signaling scaffolds (Good et al., 2011), and distinguishing 
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between these possibilities is an important step towards understanding how Wnt signals 

might perturb Axin to regulate β-catenin phosphorylation.

Contrary to expectations, we found that Axin has small, ~2-fold effects on the steady state 

rate constants for β-catenin phosphorylation in vitro. We observed similar effects with 

CK1α-phosphoprimed β-catenin, which is the preferred substrate of GSK3β in vivo (Amit 

et al., 2002; C. Liu et al., 2002), and with unprimed β-catenin, which was used in early 

biochemical studies (Dajani et al., 2003; Hart et al., 1998; Ikeda et al., 1998). The much 

larger effects from Axin reported in these earlier studies appear to occur only with unprimed 

β-catenin under highly specific conditions, and the physiological relevance of these 

conditions is uncertain. We further demonstrate that Axin has an unexpected ability to 

suppress GSK3β activity towards other, non-Wnt pathway substrates, and that Axin can 

produce a >10-fold increase in the β-catenin phosphorylation rate when a competing 

substrate for GSK3β is present. This effect arises because Axin disrupts binding interactions 

between GSK3β and its substrates, but rescues the binding defect for one specific substrate 

by tethering β-catenin to GSK3β. In the cell, where there are >30 substrates of GSK3β 
(Sutherland, 2011), the ability of Axin to suppress competing reactions provides a 

mechanism to specifically promote the β-catenin reaction. These findings demonstrate 

important biochemical features of the Wnt destruction complex and reveal a new model for 

how scaffold proteins can promote specificity in signaling networks.

Results

Reconstituting a minimal destruction complex

To test the model that Axin accelerates the reaction of GSK3β with β-catenin, we 

biochemically reconstituted a minimal reaction system for quantitative kinetic analysis. We 

purified recombinant human forms of GSK3β, β-catenin, and Axin as maltose binding 

protein (MBP) fusions (Figure S1A). We purified active GSK3β from E. coli (Q. M. Wang et 

al., 1994) and found that it was phosphorylated on the activation loop Tyr216 (Figure S1B), 

as had been previously reported for GSK3β purified from insect cells (Dajani et al., 2003). 

We purified recombinant primed, phospho-Ser45-β-catenin (pS45-β-catenin) by 

coexpressing β-catenin with CK1α in E. coli (Figure S1C). For comparison, we purified 

unprimed β-catenin expressed in the absence of CK1α. Finally, we purified full length Axin 

and a minimal fragment of Axin (miniAxin, residues 384-518) that includes the domains 

that bind both GSK3β and β-catenin (Dajani et al., 2003; Xing et al., 2003) (Figure S1D).

To confirm that recombinant Axin binds GSK3β and β-catenin in our in vitro system, we 

performed quantitative binding assays using bio-layer interferometry. We determined that 

full length Axin has a KD of 7.5 nM for GSK3β. The miniAxin fragment has a KD of 16 nM 

for GSK3β (Figure S2A and Table S1). These values are similar to the previously reported 

KD of 65 nM for the interaction between human GSK3β and rat Axin (Ikeda et al., 1998). 

Because miniAxin behaved similarly to full length Axin, and because this construct was 

easier to express and purify in larger quantity than the full-length protein, we used miniAxin 

for most subsequent binding and kinetic assays. For several key experiments, we verified 

that full length Axin demonstrated similar behavior.
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We proceeded to measure the affinity of miniAxin for pS45-β-catenin. The observed KD of 

4.0 μM (Figure S2B and Table S1) is similar to the reported KD of 1.6 μM for unprimed 

mouse β-catenin binding to a short human Axin fragment (residues 436-498) (Choi et al., 

2006). We also attempted to measure an affinity with unprimed β-catenin. We could detect 

miniAxin binding to unprimed β-catenin in a similar concentration range, but we were 

unable to accurately measure a KD value due to surface aggregation artifacts. Taken together, 

we confirmed that Axin binds to both GSK3β and β-catenin, and that Axin binds GSK3β 
substantially more tightly than β-catenin.

To determine how Axin affects β-catenin phosphorylation, we measured the steady state rate 

constants kcat/KM and kcat in the presence and absence of Axin (Figure 1C). Because Axin 

binds GSK3β much more tightly than β-catenin, we can define a minimal, simplified kinetic 

scheme that allows straightforward comparisons. We chose an Axin concentration above the 

KD for GSK3β and below the KD for β-catenin, which ensures that all GSK3β is bound to 

Axin. Although there is excess free Axin in the system, the concentration of Axin is below 

the KD for β-catenin and there should be very little β-catenin bound to free Axin. We 

obtained steady state rate constants for the Axin•GSK3β complex by varying the β-catenin 

concentration and compared these values to a reaction of GSK3β with β-catenin in the 

absence of Axin. If Axin promotes binding between GSK3β and β-catenin, we expect that 

the observed KM should shift to a lower concentration and kcat should remain unchanged. 

Alternatively, if Axin allosterically activates the GSK3β•β-catenin complex, then kcat should 

increase without necessarily affecting KM. This interpretation potentially oversimplifies the 

reality of a complex kinetic scheme that could include multiple Axin-bound states, 

intermediates, and rate-limiting conformational change or product release steps; it 

nevertheless represents a useful and straightforward starting point.

To measure β-catenin phosphorylation rates, we used quantitative Western blotting. GSK3β 
sequentially phosphorylates pS45-β-catenin at three sites: T41, S37, and S33 (C. Liu et al., 

2002), and product formation can be monitored using an antibody specific for pS33/pS37/

pT41-β-catenin (see Methods and Figures S3–S8). This antibody preferentially recognizes 

the fully phosphorylated β-catenin product over any partially phosphorylated β-catenin 

intermediates (Figure S3 & S4), and we detected no lag in product formation that would 

indicate the buildup of partially phosphorylated intermediates in the reaction (Figure S6–

S8). We therefore fit the observed rates to a simple Michaelis-Menten kinetic model. In the 

presence of miniAxin, there is a 1.5-fold increase in the observed value of kcat, a 2-fold 

decrease in the observed value of KM, and a 3-fold increase in kcat/KM (Figure 1D, Table 

S2). In the presence of full length Axin, there is a 1.5-fold increase in kcat and no change in 

KM within error. These effects are far smaller than expected based on prior reports, one of 

which suggested that Axin accelerates the reaction by >104-fold (Dajani et al., 2003; Hart et 

al., 1998; Ikeda et al., 1998). The conclusion that Axin has a small effect on the β-catenin 

phosphorylation reaction comes from rates measured at protein concentrations chosen to 

obtain defined rate constants; we also considered reactions at estimated cellular 

concentrations and found no effect from Axin (see Box 1 & Figure S9).

When considering the role of Axin in β-catenin phosphorylation, it is important to note that 

the kinetics could be complicated by the fact that multisite phosphorylation reactions can 
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proceed through distributive or processive mechanisms. Our observed rates come from 

detecting pS33/pS37/pT41-β-catenin accumulation (Figure S3 & S4), and we did not 

measure accumulation of the intermediate phosphorylation states. The observed steady-state 

kinetic parameters obtained from a Michaelis-Menten model could include contributions 

from multiple individual phosphorylation steps. Although we did not detect any lag in the 

initial rate assays which could suggest the buildup of partially phosphorylated intermediates 

(Figure S7), it is challenging to definitively characterize multisite phosphorylation reactions 

(Burack and Sturgill, 1997; Ferrell and Bhatt, 1997; Selenko et al., 2008). Further, if β-

catenin phosphorylation is distributive, tethering on a scaffold protein could potentially shift 

the mechanism to processive (Burack and Shaw, 2000). We cannot formally distinguish 

between these possibilities using the approaches described here. Despite these potential 

complications, the lack of a large effect from Axin on the observed rate constants for β-

catenin phosphorylation remains puzzling.

One possible explanation for the discrepancy between our results and prior work is that 

scaffold-dependent reactions can be slow if too little scaffold is present, but inhibited at 

excess scaffold concentrations if the kinase and substrate are not bound to the same scaffold 

(Levchenko et al., 2000). While we chose an Axin concentration carefully to avoid this 

issue, it is possible that our assumptions were incorrect. We therefore varied the 

concentration of miniAxin and measured reaction rates at both saturating and subsaturating 

pS45-β-catenin concentrations, but found no miniAxin concentration that produced a larger 

rate enhancement (Figure S10). Thus, Axin has only a modest effect on the GSK3β reaction 

with pS45-β-catenin, and this effect arises from small changes in kcat and KM. The effect on 

KM is relatively small, possibly because Axin binding to β-catenin is weak (KD ~4 μM) 

compared to the KM for the reaction of GSK3β with pS45-β-catenin (KM = 0.29 μM). In 

order to obtain large tethering effects from a scaffold, it may be necessary for binding 

affinities to the scaffold to be at least comparable to the un-scaffolded interaction between 

kinase and substrate, or for ternary complex formation to be highly cooperative.

Competition from GSK3β-mediated phosphorylation of Axin does not affect observed rates

Axin can be phosphorylated by GSK3β (S.-E. Kim et al., 2013; Willert et al., 1999), which 

leads to two potential complicating issues. First, Axin could compete with β-catenin as a 

substrate for GSK3β, masking any potential rate acceleration mediated by Axin for β-

catenin. To test this possibility, we constructed a miniAxin mutant with Ser to Ala 

substitutions at all four phosphorylation sites (miniAxin-4A), which prevents any detectable 

phosphorylation by GSK3β (Figure S11A). The miniAxin-4A mutant had small effects on 

the rate constants for GSK3β-mediated phosphorylation of pS45-β-catenin, 

indistinguishable from the values observed in reactions with wild type miniAxin (Figure 

S11B & Table S2). Thus, competition from Axin as a substrate for GSK3β does not appear 

to affect the observed rates, presumably because at the concentrations in our assay the Axin 

phosphorylation sites are not saturating the GSK3β active site.

The second potential complication is that phosphorylation of Axin increases its affinity for 

β-catenin (S.-E. Kim et al., 2013; Willert et al., 1999), which could be necessary to enable 

Axin to promote β-catenin phosphorylation. Axin phosphorylation promotes β-catenin 

Gavagan et al. Page 5

Cell Syst. Author manuscript; available in PMC 2021 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



binding by relieving an autoinhibitory interaction between the β-catenin binding site and the 

DIX domain within Axin (S.-E. Kim et al., 2013). Our use of a minimal Axin fragment 

(miniAxin) was motivated in part to avoid complications from this effect. miniAxin does not 

include the DIX domain (Figure S1D), so this construct should be fully competent to bind β-

catenin. However, regardless of whether the DIX domain was present (full length Axin) or 

absent (miniAxin), we observed relatively small effects from Axin on GSK3β-mediated 

phosphorylation of β-catenin (Figure 1D).

Removing the β-catenin binding site on Axin disrupts the activity of the Axin•GSK3β 
complex

The Axin•GSK3β complex and free GSK3β have similar kcat and KM values for β-catenin, 

suggesting that the β-catenin binding site on Axin should be dispensable. To test this 

prediction, we removed the β-catenin binding domain (BCD) from Axin (Figure S1D) and 

assessed the affect of Axin∆BCD on GSK3β activity. Because GSK3β binds to both Axin 

and Axin∆BCD with similar affinity (Table S1), we can use the same minimal kinetic 

framework as for wild type Axin (Figure 1C). In the presence of Axin∆BCD, the observed 

rates for phosphorylation of pS45-β-catenin were substantially slower than the 

corresponding rates for GSK3β in the absence of Axin (Figure 2), indicating that the activity 

of the Axin∆BCD•GSK3β complex is suppressed compared to free GSK3β. The reaction 

does not fully saturate at high pS45-β-catenin concentrations, so we can estimate a 

conservative limit that KM ≥ ~1 μM, which is >3-fold larger than the KM of 0.29 μM in the 

absence of Axin (Table S2). A simple model to explain this observation is that Axin 

interferes with the ability of GSK3β to bind substrates. More strictly, this result suggests that 

Axin interferes with the steady state accumulation of the GSK3β•β-catenin complex or a 

bound intermediate along the reaction pathway; our discussion below will refer to KM 

effects as binding effects, but the analysis holds if the true effect is on steady state 

accumulation of an intermediate.

The available literature provides some support for the idea that Axin binding can perturb 

GSK3β activity. A minimal Axin peptide that binds GSK3β has been reported to inhibit 

GSK3β activity towards multiple substrates, including β-catenin (Zhang et al., 2003). The 

available crystal structures of GSK3β bound to Axin do not provide a clear explanation for 

this behavior. Axin does not physically occlude the substrate binding site of GSK3β, and 

there are no obvious structural changes in the active site between GSK3β bound to Axin and 

free GSK3β (Dajani et al., 2003; 2001; Stamos et al., 2014). However, the structures were 

obtained with a 19 amino acid Axin peptide. The minimal fragment reported to inhibit 

GSK3β was 25 amino acids, and a longer Axin peptide could potentially extend towards the 

active site. Thus, although we lack a complete structural model, the kinetic data strongly 

suggest that Axin binding to GSK3β disrupts substrate binding. This detrimental effect is 

rescued by Axin binding to β-catenin, which restores KM to its original value. We initially 

concluded that the lack of an effect on KM implied that Axin makes no contribution to β-

catenin binding to the Axin•GSK3β complex. However, if we compare Axin•GSK3β to 

Axin∆BCD•GSK3β, there is a ≥4-fold decrease in KM (Table S2), suggesting that the β-

catenin binding domain on Axin does play a role in promoting β-catenin binding to GSK3β.
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Axin slows the GSK3β reaction with non-Wnt pathway substrates

If Axin has two competing functions, disrupting GSK3β substrate binding and promoting 

binding to β-catenin, we predicted that Axin should have a detrimental effect on the activity 

of GSK3β with alternative, non-Wnt pathway substrates that do not bind Axin. To determine 

how Axin affects interactions with these substrates, we measured reaction rates with two 

non-Wnt pathway substrates, glycogen synthase (GS) and CREB. GS is the canonical 

substrate of GSK3β in the insulin signaling pathway (Beurel et al., 2015; Kaidanovich-

Beilin and Woodgett, 2011). Insulin represses GSK3β but does not activate the Wnt pathway 

(Ding et al., 2000; McManus et al., 2005; Ng et al., 2009). CREB is a transcription factor 

that is phosphorylated by GSK3β and integrates signals from a number of pathways (Fiol et 

al., 1994; Shaywitz and Greenberg, 1999). In cells, PI3K/Akt signaling represses GSK3β, 

which affects CREB-dependent transcription but does not activate Wnt outputs (Ng et al., 

2009; Tullai et al., 2007).

We expressed full length CREB and a short CREB peptide (CREB127-135) as MBP fusions. 

CREB is phosphorylated by PKA at Ser133, which serves as a priming site for GSK3β to 

phosphorylate Ser129 (Fiol et al., 1994) (Figure 3A). We phosphorylated both CREB and 

CREB127-135 to completion in vitro with PKA to produce pS133-CREB and pS133-

CREB127-135 (Figure S12) and measured reaction rates for GSK3β–catalyzed 

phosphorylation of pS133-CREB127-135. As predicted, Axin substantially decreased CREB 

phosphorylation rates (Figure 3B, C, S13, & S14). Axin decreased kcat/KM by factors of 13-

fold for pS133-CREB and 23-fold for pS133-CREB127-135, relative to the same reaction in 

the absence of Axin (Table S2). The reactions did not detectably saturate in the presence of 

Axin, suggesting that the KM has shifted to a much larger value and that at least some of the 

decrease in kcat/KM arises from a disruption of binding interactions between GSK3β and 

pS133-CREB. An alternative possibility is that Axin binds directly to CREB and prevents it 

from binding GSK3β, but there are no reports of CREB binding to Axin and we did not 

detect any binding in a pulldown assay (Figure S13).

We also expressed a GS peptide (GS634-666) as an MBP fusion. GS is phosphorylated by 

CK2 at Ser657 and then sequentially phosphorylated at S653, S649, S645, and S641 by 

GSK3β (Fiol et al., 1987; 1990) (Figure 3A). We phosphorylated GS634-666 on S657 to 

completion in vitro with CK2 to produce pS657-GS634-666 (Figure S12) and measured 

reaction rates for GSK3β–catalyzed phosphorylation of pS657-GS634-666 using an antibody 

specific for pS641 (Figure 3D, S13, & S14). As with β-catenin, multi-site phosphorylation 

of GS has the potential to be quite mechanistically complicated. Nevertheless, the initial 

rates for pS641 accumulation were linear and could be fit to a simple Michaelis-Menten 

model to obtain observed steady state kinetic parameters. Similar to the reaction with CREB, 

Axin decreased kcat/KM for pS657-GS634-666 phosphorylation by a factor of 46-fold. Again, 

the reaction did not detectably saturate in the presence of Axin.

Taken together, these results are consistent with a model where Axin binding inhibits 

GSK3β activity by increasing the KM of GSK3β for its substrates and preventing 

accumulation of GSK3β•substrate complexes. For the reaction with β-catenin, Axin 

compensates for this inhibition by binding directly to β-catenin and stabilizing the 

GSK3β•β-catenin complex. Consistent with this model, an Axin mutant that cannot bind to 
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β-catenin (Axin∆BCD) increases the KM for the reaction by ≥4-fold (Figure 2 & Table S2). 

In reactions with the non-Wnt pathway substrates CREB and GS, Axin does not compensate 

for GSK3β inhibition because it has no native binding interactions to these substrates. Thus, 

Axin increases the KM of GSK3β for CREB and GS and substantially decreases the 

phosphorylation rate at low substrate concentrations below the KM.

Axin accelerates the β-catenin reaction when competing substrates are present

The Axin-mediated inhibition of GSK3β activity for non-Wnt pathway substrates has a large 

effect on the specificity of GSK3β for alternative substrates, which can result in large effects 

on β-catenin phosphorylation rates. Because Axin decreases the kcat/KM of GSK3β ~10-50-

fold for non-Wnt pathway substrates (Figure 3) and increases the kcat/KM of GSK3β for 

pS45-β-catenin 3-fold (Figure 1D), the Axin•GSK3β complex is ~102-fold more specific 

towards β-catenin than free GSK3β (Figure S15). When both β-catenin and an alternative 

GSK3β substrate are present at low, subsaturating concentrations, this specificity increase 

from Axin will manifest largely as a decrease in the rate for the alternative substrate 

reaction. However, when the non-Wnt pathway substrate is present at saturating 

concentrations and in excess over β-catenin, Axin can produce larger rate increases for β-

catenin phosphorylation. This effect arises because any other GSK3β substrate can act as a 

competitive inhibitor of the β-catenin reaction. When Axin is added to the system, the KM 

for the competitor will increase, resulting in more GSK3β available to react with β-catenin 

and increasing the rate of β-catenin phosphorylation (Figure 4A & Figure S16). To test this 

prediction, we measured pS45-β-catenin phosphorylation in a competitive reaction with 

excess, saturating pS133-CREB127-135 present. In this system, adding Axin produced a 20-

fold increase in pS45-β-catenin phosphorylation, much larger than the 3-fold increase in the 

absence of competitor (Figure 4B). As predicted, this larger effect results entirely from a 

decrease in the β-catenin phosphorylation rate in the absence of Axin. In the presence of 

Axin, the β-catenin phosphorylation rates are similar in the presence or absence of 

competitor because Axin suppresses the competition effect. In the absence of Axin, pS133-

CREB127-135 competes for GSK3β and inhibits the β-catenin reaction. We observed a 

similar effect in the presence of pS657-GS634-666 (Figure 4B), although slightly smaller than 

with CREB because GS does not fully saturate GSK3β in the reaction conditions tested 

(Figure S16C). Thus, while Axin alone has a modest effect on the β-catenin reaction rate, in 

the presence of competing substrates Axin can produce much larger increases in β-catenin 

phosphorylation. This competition-mediated scaffold effect may be relevant in vivo, where 

GSK3β has many potential competing substrates (Sutherland, 2011) (Figure S16D).

An inactive GSK3β•β-catenin complex accumulates in the reaction with unprimed β-catenin

Our quantitative kinetic data described above suggest a new model for how the destruction 

complex specifically accelerates the β-catenin reaction, but a major question remains 

unanswered: if Axin has only ~2-fold effects on kcat and KM values for β-catenin 

phosphorylation, why did early biochemical studies in this system observe much larger rate 

increases? One notable difference is that the initial biochemical studies on Axin were 

performed with unprimed β-catenin as a substrate (Dajani et al., 2003; Hart et al., 1998; 

Ikeda et al., 1998), prior to or concurrent with the discovery of phosphopriming by CK1 

(Amit et al., 2002; C. Liu et al., 2002). An early mechanistic model for Axin suggested that 
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its function might be to bypass the need for phosphopriming (Frame et al., 2001). In this 

case, either phosphopriming of β-catenin or Axin-mediated tethering would promote the 

reaction of GSK3β with β-catenin, but there might not be an additional effect from Axin 

when β-catenin is phosphoprimed. When we measured reaction rates with unprimed β-

catenin, we found that the unprimed reaction was ~102-fold slower than the primed reaction, 

as expected. However, the steady state rate constants for unprimed β-catenin were not 

affected by the presence of Axin (Figure S18 & Table S2).

Additional experiments with unprimed β-catenin revealed an unexpected behavior that can 

explain previous reports of large Axin-mediated rate enhancements. In most circumstances, 

enzymatic reaction rates should increase linearly with increasing enzyme concentration, and 

this behavior occurs in the reactions with pS45-β-catenin, pS133-CREB, pS133-

CREB127-135, and pS657-GS634-666 (Figure S19). However, when we varied the GSK3β 
concentration in reactions with unprimed β-catenin, we observed that the rate does not 

increase linearly with GSK3β concentration. Instead, in the absence of Axin the observed 

rates level off sharply above ~100 nM GSK3β. In contrast, in the presence of Axin the 

observed rates increase linearly with GSK3β concentration (Figure S20). This 

concentration-dependent inactivation of GSK3β could be due to the formation of an inactive 

dimer or oligomer, and Axin binding to GSK3β could prevent the formation of this inactive 

state. Thus, if reaction rates are measured at relatively high levels of GSK3β and with 

unprimed β-catenin, which was the case in the early biochemical studies (Dajani et al., 2003; 

Hart et al., 1998; Ikeda et al., 1998), Axin produces a large increase in the observed rates.

Based on the kinetic data, the inactive state could be a reversible, oligomeric GSK3β•β-

catenin complex (Figure S20–S21). If the inactive state were a dimer or oligomer of GSK3β 
alone, we would have expected to see a similar inactivation effect in all GSK3β reactions, 

but this effect is not observed in reactions with pS45-β-catenin, pS133-CREB, pS133-

CREB127-135, or pS657-GS634-666 (Figure S19). Thus, the inactive state likely includes both 

GSK3β and unprimed β-catenin. Further, kinetic modeling suggests that the inactive state is 

a higher-order oligomer. The observed rates level off too sharply with increasing GSK3β 
concentration to fit to a dimer model (Figure S20). The proposed inactive oligomer is 

consistent with the kinetic data, but we cannot exclude alternative models.

The physiological relevance of an oligomeric, inactive GSK3β•β-catenin complex is 

uncertain. Cellular GSK3β concentrations estimated from mass spectrometry proteomics 

datasets (Beck et al., 2011; Itzhak et al., 2016; Nagaraj et al., 2011) vary in the range of 

~10-300 nM for human HeLa and U2OS cells (cell volumes from BioNumbers BNID 

103725 & 108088 (Milo et al., 2010); see also Box 1). These values are similar to the ~100 

nM concentration where we see the active/inactive transition in vitro, and additional 

experiments to determine if an oligomeric GSK3β•β-catenin complex exists in vivo could be 

justified. However, the observation that Axin accelerates the β-catenin reaction in vitro was 

the initial foundation to explain the function of the Wnt pathway destruction complex in vivo 
(Kimelman and Xu, 2006; MacDonald et al., 2009; Moon et al., 2004; Nusse and Clevers, 

2017; Polakis, 2000; Stamos and Weis, 2013). Our data suggest that the mechanistic origin 

of this original observation is only applicable to the specific condition of high GSK3β 
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concentrations reacting with unprimed β-catenin, which is likely not relevant to the preferred 

physiological reaction of GSK3β with CK1-phosphoprimed pS45-β-catenin.

Discussion

To understand how Wnt signals regulate Axin to modulate GSK3β activity, we 

biochemically reconstituted GSK3β-mediated reactions in vitro and attempted to reproduce 

the long-standing result that Axin substantially accelerates the reaction of GSK3β with β-

catenin (Dajani et al., 2003; Hart et al., 1998; Ikeda et al., 1998). Although prior reports 

suggested large effects as high as 104-fold, we found modest 2- to 3-fold effects from Axin 

on the rate constants for the phosphorylation reaction (Table S2). Two key features of our 

work can explain this discrepancy. First, we measured in vitro reaction rates with the 

phosphoprimed form of β-catenin, while most prior work used unprimed β-catenin.1 A large 

Axin-dependent rate enhancement can be observed with unprimed β-catenin, but only in the 

specific condition of high GSK3β concentration, where Axin prevents the formation of an 

oligomeric, inactive GSK3β•β-catenin complex (Figure S20). Second, we measured well-

defined rate constants in the presence and absence of Axin, while previous reports made 

indirect comparisons between observed rates, leading to the estimate of a 104-fold effect 

from Axin (Dajani et al., 2003).

The small effect of Axin on GSK3β activity towards β-catenin is the result of two opposing 

effects. First, Axin binding to GSK3β nonspecifically disrupts substrate binding, as seen in 

the reactions with GS and CREB in the presence of Axin and with β-catenin in the presence 

of Axin∆BCD (Figures 2 & 3). Second, Axin has a β-catenin binding site that rescues 

substrate binding specifically for β-catenin. These opposing effects result in ≤2-fold changes 

in KM when comparing the β-catenin reactions of Axin•GSK3β to GSK3β, but a larger >4-

fold decrease when comparing Axin•GSK3β to Axin∆BCD•GSK3β. Thus, it is reasonable 

to view Axin as a tethering scaffold that specifically promotes binding of GSK3β to β-

catenin, even though there is no net effect of Axin on KM.

How do we reconcile the finding that Axin has small effects on reaction rates in vitro with 

the vast literature that supports the importance of Axin in Wnt signaling (MacDonald et al., 

2009; Nusse and Clevers, 2017; Stamos and Weis, 2013)? We know that Axin has 

substantial effects on Wnt signaling and vertebrate development (Anvarian et al., 2016; 

Peterson-Nedry et al., 2008; Zeng et al., 1997), and Axin mutants are associated with cancer 

(Anastas and Moon, 2013; Satoh et al., 2000). Moreover, the idea that the destruction 

complex acts to accelerate β-catenin phosphorylation is a cornerstone of functional models 

for Wnt signaling (S.-E. Kim et al., 2013; Lee et al., 2003). One important point to consider 

is that we do not have a clear framework to evaluate how large of an in vitro effect is 

necessary to account for phenotypic effects in vivo, and a 2-fold increase in reaction rates 

might actually be physiologically meaningful. In cell culture models, treatment with high 

levels of Wnt ligand can produce ~5-10-fold increases in total β-catenin levels (Hannoush, 

2008; Hernandez et al., 2012), with a corresponding ~5-fold decrease in GSK3β-β-catenin 

1 One study included both CK1 and GSK3β in a reaction with β-catenin in the presence and absence of Axin (Ha et al., 2004). The 
effect of Axin on the observed rates reported in that work is consistent with the rate constants we observe here
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phosphorylation rate (Hernandez et al., 2012). 2-fold changes in β-catenin levels also have 

detectable effects on transcription in vivo (Jacobsen et al., 2016). However, the observation 

that in vivo changes in β-catenin levels and phosphorylation rate can substantially exceed 2-

fold suggests that we should be able to identify mechanisms that produce correspondingly 

larger effects in vitro.

While Axin alone does not appear to have a sufficiently large effect on β-catenin 

phosphorylation in vitro to account for in vivo observations, additional proteins and 

components that are present in vivo could lead to larger effects. We demonstrate one such 

possible contribution here: Axin produces large increases in reaction rates when another 

GSK3β substrate is present at saturating concentrations. The β-catenin reaction with GSK3β 
is inhibited by the presence of competing substrates, and Axin relieves this inhibition to 

produce much larger increases in the β-catenin phosphorylation rate than observed in the 

absence of competition (Figure 4). This effect arises because Axin nonspecifically disrupts 

GSK3β binding to its substrates while simultaneously binding to β-catenin to maintain this 

specific interaction with GSK3β. The possibility that this effect occurs in vivo does not 

require large physiological GS or CREB concentrations. In a cellular environment, where 

>30 competing substrates of GSK3β are present (Sutherland, 2011), many possible non-Wnt 

pathway substrates could contribute to saturating GSK3β and inhibiting the reaction with β-

catenin (Figure S16D). Cellular Axin abundances are 10 to 103-fold lower than GSK3β 
(Beck et al., 2011; Geiger et al., 2012; Itzhak et al., 2016; Lee et al., 2003; Nagaraj et al., 

2011; D. Wang et al., 2019), which means that a small fraction of the total GSK3β could be 

bound to Axin and preferentially phosphorylate β-catenin at rates much faster than the Axin-

independent pool. The precise magnitude of this effect depends on the concentrations of 

GSK3β, Axin, and the competing GSK3β substrates. The Axin-dependent rate enhancement 

will also depend on how much GSK3β in the Axin-independent pool is free to phosphorylate 

β-catenin. Other scaffold and adapter proteins are known to engage GSK3β (Beurel et al., 

2015), which could produce multiple distinct subpopulations that each promote a specific 

GSK3β reaction and suppress competitors. We emphasize that the proposed model is a 

prediction based on a simplified in vitro system, which allows us to evaluate the functional 

behaviors that are possible for biological molecules (see Box 1). Determining whether this 

mechanism is operative in cells will require experiments that can modulate competition in an 

in vivo setting.

A model where Axin promotes β-catenin phosphorylation by suppressing competing 

reactions is consistent with our understanding of Wnt and GSK3β function in vivo. Wnt 

signals that disrupt binding interactions to Axin or perturb the conformation of Axin would 

be predicted to prevent β-catenin phosphorylation. We would also still predict that Wnt 

signals do not activate other GSK3β-dependent signaling pathways (Ding et al., 2000; 

McManus et al., 2005; Ng et al., 2009). A Wnt signal that disrupts the Axin•GSK3β 
complex and relieves the non-specific inhibition of GSK3β could lead to faster reactions 

with non-Wnt GSK3β substrates, but since the amount of Axin•GSK3β is small relative to 

the total amount of GSK3β, the overall change in rates towards alternative substrates is 

likely to be negligible.
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Other components from the Wnt pathway are likely to make additional contributions to 

reactivity and specificity for β-catenin phosphorylation in the destruction complex, although 

their precise contributions have not yet been quantified. APC is a particularly intriguing 

candidate (Figure 1B), as it binds Axin and has multiple binding sites for β-catenin in the 

low nM affinity range (J. Liu et al., 2006; Xing et al., 2004). By binding tightly to β-catenin, 

the Axin•APC complex could be more effective than Axin alone at tethering β-catenin to 

GSK3β (Hinoi et al., 2000; Ji et al., 2018; Kishida et al., 1998), leading to larger rate effects. 

Post-translational modifications of Axin and the formation of higher-order assemblies could 

also affect reaction rates (S.-E. Kim et al., 2013; Schaefer et al., 2018). It is possible that the 

destruction complex also promotes the CK1α-mediated phosphopriming step (Amit et al., 

2002; C. Liu et al., 2002), which would increase the GSK3β-mediated β-catenin 

phosphorylation rate. There are conflicting reports on whether Axin accelerates the CK1α-

catalyzed reaction in vitro (Amit et al., 2002; Ha et al., 2004; Sobrado et al., 2005), and 

there is evidence that Wnt signals affect both the CK1α and GSK3β-mediated reactions in 
vivo (Hernandez et al., 2012). Finally, Wnt signals may lead to competition for GSK3β by 

the co-receptors LRP5/6, which can inhibit activity towards β-catenin (Stamos et al., 2014). 

An important feature of our work is that we have established a clear and quantitative kinetic 

framework to evaluate the functional effects of Axin on β-catenin phosphorylation, and we 

can now introduce additional components to evaluate their functional effects, including other 

kinases, scaffold proteins, and phosphatases.

In addition to providing new insights into Wnt pathway signaling, our results have broad 

implications for understanding scaffold protein function. Axin was among the earliest 

proteins identified as a signaling scaffold (Ikeda et al., 1998), and was initially discussed as 

a prototypical model for tethering a kinase and substrate together to accelerate a 

phosphorylation reaction (Pawson and Nash, 2003). There is now an emerging consensus 

that scaffold proteins can have many functions beyond simply tethering a kinase to its 

substrate, including allosterically modulating the activity of their target proteins (Good et al., 

2011). Here we show that Axin does have a tethering function, but the opposing effect from 

nonspecifically perturbing GSK3β binding to its substrates results in a modest net effect 

when the activity of Axin is studied in isolation. The functional advantage from Axin-

mediated tethering only emerges in a more complex system with multiple competing 

substrates, which may more accurately reflect the in vivo environment. These insights arose 

from reconstitution and quantitative kinetic characterization of a minimal biochemical 

system in vitro, which highlighted an apparent discrepancy between in vitro and in vivo 
behavior and enabled us to identify a possible solution. Future biochemical studies that 

introduce additional Wnt pathway and GSK3β-interacting proteins will likely provide 

further insights and rigorous tests to expand our understanding of complex, interconnected 

cell signaling networks.

STAR Methods

RESOURCE AVAILABILITY

Lead Contact: Further information and requests for resources should be directed to and 

will be fulfilled by the Lead Contact, Jesse Zalatan (zalatan@uw.edu).
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Materials Availability: Plasmids generated in this study will be deposited to Addgene as 

expeditiously as responsible conduct allows during the COVID-19 pandemic.

Data and Code Availability: All data generated for this manuscript are available upon 

request. A spreadsheet containing the raw data for each figure is included as a supplemental 

item with the manuscript.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All proteins used in this study were expressed in Rosetta (DE3) pLysS E. coli cells.

METHOD DETAILS

Protein Expression Constructs—A complete list of protein expression constructs is 

provided in Table S5. The human Wnt pathway proteins GSK3β, β-catenin, and Axin 

(hAxin1 isoform 2, Uniprot O15169-2) were cloned into E. coli expression vectors 

containing an N-terminal maltose binding protein (MBP) and a C-terminal His6 tag. GSK3β 
was also cloned with an N-terminal GST tag and a C-terminal His6 tag for use in pulldown 

assays. Human coding sequences were obtained as follows: GSK3β (addgene #14753)(He et 

al., 1995), β-catenin (addgene #17198, a gift from Randall Moon), and Axin (derived from 

hAxin1-rLuc, a gift from Randall Moon). β-catenin and Axin point mutants were 

constructed by assembling PCR fragments. CK1α was cloned with an N-terminal GST tag 

and a C-terminal His6 tag; the human CK1α sequence was obtained from addgene #92014 

(Golden et al., 2017). The coexpression plasmid for β-catenin and CK1α was constructed by 

inserting the GST-CK1α expression cassette (without the His6 tag) into the MBP-β-catenin-

His plasmid. Coexpression cassettes with β-catenin mutants were constructed by replacing 

wt β-catenin with mutant sequences.

Axin truncation constructs Axin384-518 (miniAxin) and Axin∆465-518 (Axin∆BCD) were 

cloned as described for full length Axin above. MiniAxin contains binding sites for both 

GSK3β and β-catenin. The N-terminal boundary was defined based on the crystal structure 

of GSK3β with an Axin peptide (Dajani et al., 2003) and the C-terminal boundary was 

defined based on the Pfam annotation of the BCD (PF08833) (El-Gebali et al., 2019). The 

N-terminal boundary of the BCD (for Axin∆BCD) was also defined from the Pfam 

annotation.

The GSK3β substrates CREB and glycogen synthase were cloned into E. coli expression 

vectors with N-terminal MBP and C-terminal His6 tags. The human CREB coding sequence 

was obtained from addgene #82203 (E. Kim et al., 2016). The CREB127-135 peptide 

ILSRRPSYR was cloned by oligo annealing. The glycogen synthase peptide GS634-666 

YRYPRPASVPPSPSLSRHSSPHQSEDEEDPRNG was cloned from HEK293 cell cDNA (a 

gift from Glenna Foight, obtained using an Aurum Total RNA extraction kit (Bio-Rad 

#7326820) and iScript Reverse Transcription Supermix (Bio-Rad #1708841)). GS peptide 

boundaries were chosen to encompass the CK2 and GSK3β phosphorylation sites (Fiol et 

al., 1987) with an extra 7-10 residues flanking each end.

The catalytic subunit of mouse PKA was expressed from pET15b with an N-terminal His-

tag (addgene #14921)(Narayana et al., 1997).
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Protein Expression and Purification—For quantitative kinetic and binding assays, all 

Wnt pathway, CREB, GS, and PKA proteins were expressed in Rosetta (DE3) pLysS E. coli 
cells by inducing with 0.5 mM IPTG overnight at 18 °C. Constructs with N-terminal MBP 

and C-terminal His6 tags (GSK3β, β-catenin, Axin, CREB, and GS) were affinity purified 

with HisPur Ni-NTA resin (Thermo Scientific) and amylose resin (NEB). CK1α was 

purified with Ni-NTA resin and glutathione agarose resin (Thermo Scientific). The PKA 

catalytic subunit was purified on Ni-NTA resin. Purified proteins were dialyzed into 20 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, and 2 mM DTT at 4 °C, aliquoted and stored 

at−80 °C. If necessary, proteins were concentrated using 10000 or 30000 MWCO Amicon 

Ultra-15 Centrifugal Filter devices at 4 °C, 2000×g. Protein concentrations were determined 

using a Bradford assay (Thermo Scientific). YopH was expressed in BL21 (DE3) E. coli 
cells and purified as previously described (Seeliger et al., 2005). A coomassie gel showing 

the purity of the proteins used in this work is shown in Figure S1A.

For quantitative binding assays using bio-layer interferometry (Figure S2), MBP-GSK3β 
was further purified by size exclusion chromatography using a Superdex 200 Increase 

10/300 GL column (GE Healthcare) and used immediately.

For pulldown assays, GST-GSK3β, MBP-Axin, and MBP-Axin∆BCD were purified with 

Ni-NTA resin and used without further purification (Figure S13). pS133-CREB127-135 was 

purified as described below.

Quantitative Western Blotting—Protein samples were run on 4-15% miniProtean TGX 

gels (Bio-Rad) and transferred to 0.2 μm nitrocellulose membranes (Bio-rad). Membranes 

were blocked with 50:50 Li-Cor blocking buffer:TBST, incubated with antibodies as 

described below using either manual washes or a Precision Biosystems BlotCycler, 

visualized using the Li-Cor Odyssey Imaging System, and analyzed using Image Studio Lite 

5.2.5 (Li-Cor).

Determination of the phosphorylation state of GSK3β Tyr216—200 nM purified 

GSK3β was incubated with 12 μM tyrosine phosphatase (YopH) for 0.5, 1, or 4 hrs in PMP 

buffer (New England Biolabs) [50 mM HEPES pH 7.5, 100 mM NaCl, 2 mM DTT, 0.01% 

Brij 35] at 25 °C (Figure S1B). The level of Tyr216 phosphorylation was assessed by 

western blotting using a primary Anti-GSK-3β (pY216) antibody (BD Biosciences 

#612312) and a secondary IRDye 800CW Donkey Anti-Mouse IgG antibody (Li-Cor 

#926-32212). Total GSK3β (MBP-tagged) was detected by western blotting using a primary 

MBP Tag (8G1) antibody (Cell Signaling Technology #2396) and a secondary IRDye 

800CW Donkey Anti-Mouse IgG antibody (Li-Cor #926-32212).

Preparation of phospho-primed β-catenin (pS45-β-catenin)—For quantitative 

kinetic and binding assays, pS45-β-catenin was obtained by co-expression with CK1α in E. 
coli and purified as described above for β-catenin.

pS45-β-catenin could also be obtained by in vitro phosphorylation of β-catenin with purified 

CK1α. The phosphorylation reaction was performed in a 5 mL volume with 5 μM β-catenin, 

1 μM CK1α, and 500 μM ATP in 40 mM HEPES pH 7.4, 50 mM NaCl, 10 mM MgCl2, 
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0.05% IGEPAL. The reaction was incubated at 25 °C for 1.5 hours (Figure S1C). Kinetic 

data obtained with this preparation of pS45-β-catenin support the same conclusions as for 

pS45-β-catenin obtained from co-expression (Figure S8 & S17, Table S3).

For both co-expressed and in vitro phosphorylated pS45-β-catenin, the extent of pS45 

phosphorylation was evaluated by western blotting using a primary anti-phospho-β-Catenin 

(Ser45) antibody (Cell Signaling Technology #9564) and a secondary IRDye 800CW Goat 

Anti-Rabbit IgG antibody (Li-Cor #926-32211).

Preparation of pS133-CREB, pS133-CREB127-135, and pS657-GS634-666—In vitro 
phosphorylation reactions of CREB and CREB127-135 at Ser133 and of GS634-666 at pS657 

were performed after Ni-NTA purification. To determine the time necessary for preparative-

scale phosphorylation reactions, analytical-scale reactions were performed using γ−32P-ATP 

(Perkin Elmer #BLU002A). CREB reactions were performed with 10 μM CREB or 

CREB127-135 and 2 μM PKA in 40 mM HEPES pH 7.4, 50 mM NaCl, 10 mM MgCl2, 

0.05% IGEPAL, 100 μM unlabeled ATP, and 0.01 μCi/μL γ−32P-ATP at room temperature 

(21 ± 1 °C). The GS reaction was performed with 5 μM GS634-666 and 5 U/μL CK2 (NEB 

catalog #P6010) in the same reaction conditions except with 0.02 μCi/μL γ−32P-ATP. 

Reactions were initiated by adding ATP. Timepoints were collected by taking 4.5 μL 

aliquots, spotting on 0.2 μm nitrocellulose membranes (Bio-rad) and immediately placing 

the membrane in 0.5% v/v phosphoric acid. Membranes were washed 4X 5 min in 0.5% v/v 

phosphoric acid, allowed to air dry, exposed to a phosphorimager cassette, and imaged on a 

GE Typhoon FLA 9000. Images were analyzed using ImageQuant 5.1 (GE Healthcare). The 

data indicate that the CREB phosphorylation reactions approached completion within the 

first minute and the GS reaction approached completion within ~200 minutes (Figure S12).

32P counts were normalized to concentration using a 1 μM endpoint standard from a reaction 

of PKA with Kemptide substrate (Adams and Taylor, 1993). Endpoint reactions contained 

200 nM PKA, 1 μM MBP-Kemptide, 40 mM Tris pH 7.4, 100 μM EGTA, 10 mM MgCl2, 

0.05% IGEPAL, 100 μM unlabeled ATP, and the same amount of γ−32P-ATP as the CREB 

or GS reaction run in parallel (either 0.01 or 0.02 μCi/μL). Endpoint reactions were 

incubated for 45 minutes. The Kemptide reaction goes to completion in <1 min (Adams and 

Taylor, 1993; Speltz and Zalatan, 2020).

Preparative scale phosphorylation of CREB was performed in a 2 mL reaction with 10 μM 

CREB and 2 μM PKA. Preparative scale phosphorylation of CREB127-135 was performed in 

a 10 mL reaction with 13 μM CREB127-135 and 6.5 μM PKA. Preparative scale 

phosphorylation of GS634-666 was performed in a 2 mL reaction with 5 μM GS634-666 and 5 

U/μL CK2. All reactions had 100 μM ATP in 40 mM HEPES pH 7.4, 50 mM NaCl, 10 mM 

MgCl2, 0.05% IGEPAL at 25 °C. CREB reactions were incubated for 20 minutes. The GS 

reaction was incubated for 4 hours. Phosphorylated proteins were purified with amylose 

resin, concentrated in storage buffer [20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 

and 2 mM DTT], aliquoted and stored at-80 °C.

Quantitative Kinetic Assays—In vitro kinetic assays were conducted in kinase assay 

buffer [40 mM HEPES pH 7.4, 50 mM NaCl, 10 mM MgCl2, and 0.05% IGEPAL] at 25 °C 
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in 60 μL total volume. Reactions were initiated by adding ATP to a final concentration of 

100 μM (this concentration of ATP is saturating for GSK3β–see Figure S5). Reaction 

timepoints for initial rate kinetics were obtained at 10, 30, 60, and 90 seconds (pS45-β-

catenin reactions); 2, 5, 10, and 20 minutes (unprimed β-catenin reactions); 2, 5, 10, and 15 

minutes (vary [pS133-CREB] reactions and pS133-CREB vary [GSK3β] reactions with 

Axin); 0.5, 1, 2, and 5 minutes (pS133-CREB reactions varying [GSK3β] without Axin); 

0.5, 1, 2, and 3 minutes (pS133-CREB127-135 reactions at [GSK3β] > 20 nM); 2, 5, 10, and 

15 minutes (pS133-CREB127-135 reactions at [GSK3β] = 20 nM); 5, 10, 20, and 40 minutes 

(pS657-GS634-666 reactions). 10 μL aliquots were quenched by boiling in 5X SDS loading 

buffer. Samples were analyzed by SDS-PAGE and quantitative western blotting as described 

above. For reactions with [β-catenin] ≥ 500 nM, gel samples were diluted 2-fold (unprimed 

β-catenin reactions) or 5-fold (pS45-β-catenin reactions) to prevent a gel smearing artifact.

GSK3β-phosphorylated β-catenin was detected using a primary anti-Phospho-β-Catenin 

(Ser33/37/Thr41) antibody (Cell Signaling Technology #9561) (Figure S3). GSK3β-

phosphorylated CREB was detected using a primary anti-Phospho-CREB (Ser129) antibody 

(Thermo Scientific PA5-36843) (Figure S13). GSK3β-phosphorylated GS was detected 

using a primary anti-phospho-GS antibody (Cell Signaling Technology #3891) that 

recognizes phospho-S641 (Figure S13). For all reactions, the secondary antibody was IRDye 

800CW Goat Anti-Rabbit IgG antibody (Li-Cor #926-32211).

Concentrations of phosphorylated β-catenin product were determined by comparing western 

blot signal intensities to an endpoint standard containing 50 nM β-catenin phosphorylated to 

completion with GSK3β (Figures S3 and S4). The standard was prepared in a reaction with 

50 nM unprimed β-catenin, 100 nM GSK3β, 100 nM miniAxin, and 100 μM ATP in kinase 

assay buffer at 25 °C for 17 hrs, or in a reaction with 50 nM pS45-β-catenin, 100 nM 

GSK3β, 100 nM miniAxin, and 100 μM ATP in kinase assay buffer at 25 °C for 25 min. The 

signal intensities for endpoints prepared from unprimed and phosphoprimed β-catenin were 

indistinguishable, and adding additional GSK3β and ATP after reaching the endpoint did not 

further increase the signal (Figure S4). We note that it remains possible that the endpoint 

standard has not proceeded to 100% completion. The most critical aspect of the endpoint 

standard is that it allows comparison between reactions analyzed on different gels. If the 

endpoint standard has not reached 100% completion, the absolute values of the observed rate 

constants would be smaller than the values reported in Table S2. However, the changes 

between values for reactions in the presence and absence of Axin would not be affected.

Concentrations of phosphorylated CREB and CREB127-135 products were determined with 

endpoint standards containing 50 nM pS133-CREB or pS133-CREB127-135 phosphorylated 

to completion with GSK3β (Figure S13). The full length CREB standard was prepared in a 

reaction with 100 nM GSK3β and 100 μM ATP in kinase assay buffer at 25 °C for 3 hours. 

The CREB127-135 standard was prepared in a reaction with 500 nM GSK3β, 100 °M ATP in 

kinase assay buffer at 25 °C for 2.5 hrs.

Concentrations of phosphorylated GS634-666 product were determined with endpoint 

standards containing 50 nM pS657-GS634-666 phosphorylated to completion with GSK3β 
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(Figure S13). A reaction with 100 nM GSK3β and 100 μM ATP was incubated in kinase 

assay buffer at 25 μC for 5 hours.

Kinetic parameters were determined by fitting plots of initial rates (Vobs) vs. [substrate] to 

the Michaelis-Menten equation V obs = kcat E 0 S / KM + S . Standard errors for kcat and 

KM reported in Table S2 are from non-linear least squares fits to this equation. Standard 

errors for kcat/KM were obtained by fitting an alternative form of the equation 

V obs = kcat/KM E 0 S / 1 + S /KM ; errors for kcat/KM obtained by propagating the 

errors for kcat and KM are not accurate in cases where kcat/KM is well-determined but KM 

has a large error because the reaction did not fully saturate over the concentration range 

tested. For the CREB and GS reactions in the presence of Axin, which did not detectably 

saturate, the values of kcat/KM were obtained from the slopes of linear fit to the plots of Vobs 

vs. [substrate]. For the inactive GSK3β oligomer model (Figure S20), the data were fit to the 

equation: GSK3β total = V obs/kcat + N /Koligomer × V obs/kcat
N .

Quantitative Binding Assays—Binding affinities (KD) and the corresponding 

association and dissociation rate constants (ka and kd) were determined with bio-layer 

interferometry using an Octet Red96e system (ForteBio) and Streptavidin biosensor tips 

(ForteBio 18-5019). Proteins were biotinylated using an EZ-Link Micro NHS-PEG4-

Biotinylation kit (Thermo Scientific 21955) with a molar coupling ratio of 1:1 and purified 

using 7K MWCO Zeba Spin Desalting Columns (Thermo Scientific). Binding assays were 

performed in 10 mM Na2HPO4/NaH2PO4 pH 7.4, 137 mM NaCl, 2.6 mM KCl, 0.1% BSA, 

and 0.02% Tween-20 at 22 °C with Greiner Bio-One 96-Well Non-treated Polypropylene 

Microplates (Fisher Scientific) at a shake speed of 1000 rpm. Well volumes were 200 μL. 

Background buffer effects were corrected using a buffer reference sample (a tip loaded with 

biotinylated protein and dipped into buffer instead of analyte). The buffer reference sample 

was subtracted from the binding assay data before analysis. Data were analyzed using Data 

Analysis HT 11.0 (ForteBio) to obtain values of KD, ka and kd.

For the binding interaction between GSK3β and miniAxin, the miniAxin protein was 

biotinylated. Biosensor tips were hydrated for 10 minutes in assay buffer, equilibrated for 1 

minute, and then loaded with 10 nM biotinylated miniAxin for 5 minutes. After a 1 minute 

equilibration in assay buffer, tips were immersed in varying concentrations of GSK3β (500 

nM, 250 nM, 125 nM, 62.5 nM, 31.3 nM, 15.6 nM, and 7.81 nM) for 5 minutes to monitor 

association kinetics. Tips were then immersed in assay buffer for 10 minutes to measure 

dissociation kinetics.

For the binding interaction between pS45-β-catenin and miniAxin, pS45-β-catenin was 

biotinylated. Biosensor tips were hydrated for 10 minutes in assay buffer, equilibrated for 1 

minute, and then loaded with 30 nM nM biotinylated pS45-β-catenin for 5 minutes. Tips 

were sequentially washed 3X for 1 minute in assay buffer to minimize a baseline drift effect 

that occurred if these wash steps were omitted. Tips were immersed in varying 

concentrations of miniAxin (10 μM, 2.5 μM, 625 nM, 156.25 nM) for 100 seconds to 

monitor association kinetics. Tips were then immersed in assay buffer for 60 seconds to 

measure dissociation kinetics.
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Pulldown binding assays—Pulldown binding assays with GST-GSK3β and MBP-

tagged Axin and pS133-CREB127-135 were performed in 60 μL total volumes with 3 μM 

GST-GSK3β bait, 6 μM target proteins, and 20 μL of 50% glutathione agarose resin slurry 

(Thermo Scientific) in kinase assay buffer [40 mM HEPES pH 7.4, 50 mM NaCl, 10 mM 

MgCl2, and 0.05% IGEPAL]. Binding reactions were incubated at 4 °C for 1.5 hr. The resin 

was pelleted (1 min, 100×g) and washed 5X with 200 μL buffer. Samples were eluted by 

boiling in 1X SDS loading buffer for 10 minutes and analyzed by SDS PAGE (Figure S13).

Phos-tag gel analysis of Axin phosphorylation state—Phos-tag gels were prepared 

with 10% acrylamide, 25 μM phos-tag acrylamide, and 50 μM MnCl2 with a 4.5% 

acrylamide stacking gel, stained with SYPRO Ruby (Thermo Scientific S12000), and 

imaged on a GE Typhoon FLA 9000.

QUANTIFICATION AND STATISTICAL ANALYSIS

Phosphorylated protein levels from quantitative western blots were analyzed using Image 

Studio Lite 5.2.5 (Li-Cor). Phosphorylated protein levels from γ−32P-ATP reactions were 

analyzed using ImageQuant 5.1 (GE Healthcare).

Kinetic parameters for phosphorylation reactions were determined by fitting to kinetic 

models as described above using the curve fit function of Kaleidagraph 4.1.3. Standard 

errors for kcat, KM, and kcat/KM are from non-linear least squares fits to the initial rate data 

(Table S2). Initial rate measurements were performed in triplicate.

Binding affinities (KD) and the corresponding association and dissociation rate constants (ka 

and kd) from bio-layer interferometry experiments were obtained using Data Analysis HT 

11.0 (ForteBio) (Table S1). Binding constants, rate constants, and their associated standard 

errors are obtained from global fits to at least four independent binding assays (Figure S2).
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Refer to Web version on PubMed Central for supplementary material.
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Box 1.

The relevance of in vitro rate measurements for reactions in cells

A common question posed for biochemical studies is whether rate effects measured in 
vitro are relevant at physiological concentrations in cells. This question is complicated by 

fundamental limitations in our understanding of cell biology. A seemingly 

straightforward approach would be to use rate constants measured in vitro to predict the 

effect of the Axin scaffold for any arbitrary set of concentrations, including at estimated 

cellular concentrations of kinase, substrate, and scaffold. The predictions could then be 

confirmed by measuring observed rates at these cellular concentrations. We took this 

approach using concentrations for HeLa, a widely-studied cell line, and colon cells, 

where Wnt signaling is active. In both cases reliable protein abundance values are 

available from mass spectrometry data, which can be converted to concentration using 

cell volumes from microscopy data (Table S4). Using our measured rate constants (Table 

S2) and the affinity of Axin for GSK3β to estimate the amount of the Axin•GSK3β 
complex (Table S1), we predict no effect from Axin, and for both cell types the observed 

rates at these concentrations match the prediction (Figure S9).

Although performing in vitro experiments at estimated in vivo concentrations is 

technically straightforward, it is important to recognize that determining in vivo 
concentrations is inherently problematic. The state of the cell, including the cell cycle 

and external perturbations, will affect measured protein abundances. Competition from 

other binding partners will also have serious confounding effects. Total protein 

abundance includes proteins engaged in multiple different complexes or in different post-

translationally modified states, which will not reflect the amount of free protein that is 

available for a particular reaction of interest. Defining a cell volume is equally 

challenging. Much of the cell is occupied by organelles and other structures, so the actual 

cell volume may be much smaller than the value obtained from a size-based microscopy 

measurement. In addition, cells are not well-mixed solutions. Rather, they are spatially 

heterogeneous with variations in local protein abundance throughout due to localization 

signals, recruitment to protein complexes, and phase separation effects. Given these 

challenges, it is difficult to establish the cellular concentrations that should be used to 

measure and compare observed rates in vitro. Instead, we suggest that in vitro 
concentrations should be chosen so that rate constants can be measured, which allows 

well-defined comparisons to be made between different reaction conditions. The purpose 

of comparisons in simplified model systems is not to ascertain what is happening inside a 

cell, but rather to develop a rigorous understanding of what functional behaviors, in 

principle, are possible in biological systems.
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Highlights

• The Axin scaffold protein directs the kinase GSK3β between alternative 

substrates

• Axin does not dramatically boost rate constants for GSK3β reacting with β-

catenin

• Axin suppresses GSK3β reactions with competing substrates

• When multiple substrates are present, Axin accelerates the β-catenin reaction
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Figure 1. 
Axin assembles signaling proteins in the Wnt pathway.

(A) GSK3β receives input signals from Wnt, growth factors, and hormones like insulin and 

acts on multiple distinct downstream targets. (B) GSK3β assembles into a multi-protein 

destruction complex with β-catenin, CK1α, Axin, Dvl, and APC. In the absence of a Wnt 

signal, β-catenin is phosphorylated and degraded. In the presence of a Wnt signal, β-catenin 

phosphorylation is blocked, which allows β-catenin to accumulate. (C) Minimal kinetic 

scheme for the reaction of GSK3β with pS45-β-catenin in the presence and absence of Axin. 

GSK3β phosphorylates pS45-β-catenin at three sites: S33, S37, and T41. When KGSK3 < 

[Axin] < Kβ-cat, all GSK3β is bound to Axin (when [Axin] > [GSK3β]) and there should be 

very little pS45-β-catenin bound to free Axin. (D) Michaelis-Menten plot of Vobs vs. [pS45-

β-catenin] at 20 nM GSK3β in the presence and absence of 500 nM miniAxin or full length 

(FL) Axin. Values are mean ± SD for at least 3 measurements. See Figures S6–S8 for 

representative western blot images and plots of product vs. time used to obtain the initial rate 

values (Vobs) plotted here. See Table S2 for values of fitted kinetic parameters.
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Figure 2. 
Removing the β-catenin binding site on Axin disrupts the activity of the Axin•GSK3β 
complex.

Michaelis-Menten plot of Vobs vs. [pS45-β-catenin] at 20 nM GSK3β in the presence and 

absence of 500 nM full length Axin or Axin∆BCD. At low substrate concentrations, the 

Axin∆BCD reaction is slower than both the Axin reaction and the no Axin reaction. Values 

are mean ± SD for at least 3 measurements. See Table S2 for values of fitted kinetic 

parameters. The Axin∆BCD reaction does not fully saturate at high [pS45-β-catenin], which 

Gavagan et al. Page 27

Cell Syst. Author manuscript; available in PMC 2021 June 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



means that only the value of kcat/KM can be accurately determined. The reaction may be 

starting to saturate, suggesting a conservative limit of KM ≥ ~1 μM.
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Figure 3. 
Axin decreases phosphorylation rates of non-Wnt pathway GSK3β substrates.

(A) Minimal schemes for phosphorylation of CREB and GS. PKA phosphorylates CREB at 

S133. pS133 serves as a priming site for GSK3β, which phosphorylates pS133-CREB at 

S129. CK2 phosphorylates GS at S657, which primes sequential GSK3β reactions at S653/

S649/S645/S641. (B-D) Michaelis-Menten plots of Vobs vs. substrate for (B) [pS133-

CREB], (C) [pS133-CREB127-135], and (D) [pS657-GS634-666] at 20 nM GSK3β in the 

presence and absence of 500 nM miniAxin. Values are mean ± SD for at least 3 

measurements. See Table S2 for values of fitted kinetic parameters. There is no detectable 

saturation of the reactions in the presence of miniAxin up to 1 μM substrate, which means 

that only the value of kcat/KM can be determined from the slope of a linear fit to the data. We 

were unable to detect GSK3β-catalyzed phosphorylation of unprimed CREB127–133 (Vobs ≤ 

3 × 10−5 μM/min at 0.5 μM CREB127–133) or GS634-666 (Vobs ≤ 6 × 10−7 μM/min at 0.2 μM 

GS634-666).
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Figure 4. 
Axin accelerates the β-catenin reaction when competing substrates are present.

(A) Prediction for the effect of Axin on pS45-β-catenin phosphorylation when a competing 

substrate is present. When a competitor is present at saturating concentrations and pS45-β-

catenin is present at subsaturating concentrations, the competitor forms a complex with 

GSK3β and inhibits the reaction with pS45-β-catenin. Axin disrupts the interaction of 

GSK3β with the competitor, preventing buildup of the GSK3β•competitor complex. Using a 

Michaelis-Menten model with a pS133-CREB127-135 competitive inhibitor present at 1 μM 

concentration (Figure S16B), we predict that Axin should produce a 15-fold increase on the 

β-catenin phosphorylation rate in the presence of pS133-CREB127-135, much larger than the 

3-fold increase in the absence of competitor. A similar analysis with pS657-GS634-666 as the 

competitor predicts an 8-fold increase in β-catenin (Figure S16C); the predicted effect is 

smaller than for CREB because the KM of GSK3β for GS is larger (Table S2) and 1 μM GS 

is not fully saturating. (B) β-catenin phosphorylation rates (Vobs) measured at 20 nM 

GSK3β and 50 nM pS45-β-catenin (subsaturating) in the presence and absence of 500 nM 

miniAxin with either no competitor, 1 μM pS133-CREB127-135, or 1 μM pS657-GS634-666. 

Values are mean ± SD for at least 3 measurements. In the absence of competitor, Axin 

produces a 3-fold rate increase. In the presence of CREB or GS competitors, Axin produces 

20-fold or 8-fold rate increases, respectively, similar to the predicted values.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GSK-3β (pY216) BD Biosciences Cat# 612312; RRID:AB_399627

MBP Tag (8G1) Cell Signaling Technology Cat# 2396; RRID:AB_2140060

anti-phospho-β-Catenin (Ser45) Cell Signaling Technology Cat# 9564; RRID:AB_331150

anti-Phospho-β-Catenin (Ser33/37/Thr41) Cell Signaling Technology Cat# 9561; RRID:AB_331729

anti-Phospho-CREB (Ser129) Thermo Scientific Cat# PA5–36843; RRID:AB_2553772

anti-Phospho-Glycogen Synthase (Ser641) Cell Signaling Technology Cat# 3891; RRID:AB_2116390

IRDye 800CW Donkey Anti-Mouse IgG Li-Cor Cat# #926–32212; RRID:AB_621847

IRDye 800CW Goat Anti-Rabbit IgG Li-Cor Cat# 926–32211; RRID:AB_621843

Bacterial and Virus Strains

E. coli Rosetta (DE3) pLysS Fisher Scientific Cat# 70 956 3

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Ni-NTA resin Thermo Scientific Cat# PI88223

Amylose resin New England Biolabs Cat# E8021

Glutathione agarose resin Thermo Scientific Cat# PI16101

γ−32P-ATP 3000Ci/mmol 10 mCi/ml Perkin-Elmer Cat# BLU002A

Phos-tag Acrylamide AAL-107 Wako Chemicals Cat# 304–93521

Casein Kinase II (CK2) New England Biolabs Cat# P6010

PageRuler Prestained Protein Ladder, 10 to 180 kDa Thermo Scientific Cat# 26616

SYPRO Ruby Protein Gel Stain Thermo Scientific Cat# S12000

Critical Commercial Assays

Streptavidin biosensor tips ForteBio Cat# 18–5019

EZ-Link Micro NHS-PEG4-Biotinylation kit Thermo Scientific Cat# 21955

Deposited Data

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pES001 MBP-GSK3β-HA-His This paper
(see Table S3)

N/A

pMG033 GST-GSK3β-HA-His This paper
(see Table S3)

N/A

pEF073 MBP-Axin-His This paper
(see Table S3)

N/A

pMG023 MBP-Axin384–518-His This paper
(see Table S3)

N/A

pMG031 MBP-Axin384–518 T481A/S486A/S493A/S496A -His This paper
(see Table S3)

N/A

pMG035 MBP-Axin∆465–518-His This paper
(see Table S3)

N/A

pEF019 MBP-β-catenin-His This paper
(see Table S3)

N/A

pMG050 MBP-β-catenin S45A-His This paper
(see Table S3)

N/A

pMG047 MBP-β-catenin S33A-His This paper
(see Table S3)

N/A

pMG057 MBP-β-catenin S33A/S37A-His This paper
(see Table S3)

N/A

pMG061 MBP-β-catenin S33A/S37A/T41A-His This paper
(see Table S3)

N/A

pMG062 MBP-β-catenin S33A/S37A/T41A/S45A-His This paper
(see Table S3)

N/A

pMG051 MBP-β-catenin-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG063 MBP-β-catenin S45A-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG064 MBP-β-catenin S33A-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG065 MBP-β-catenin S33A/S37A-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG066 MBP-β-catenin S33A/S37A/T41A-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG066 MBP-β-catenin S33A/S37A/T41A/S45A-His,
GST-CK1α

This paper
(see Table S3)

N/A

pMG046 GST-CK1α-His This paper
(see Table S3)

N/A

pEF086 MBP-CREB127-135-His This paper
(see Table S3)

N/A

pEF087 MBP-CREB127-135 S133A-His This paper
(see Table S3)

N/A

pMG059 MBP-CREB-His This paper
(see Table S3)

N/A

pMG058 MBP-Glycogen Synthase634-666-His This paper
(see Table S3)

N/A

H6-rC His-PKA-rC Addgene Cat# 14921

pES010 MBP-Kemptide-His Speltz & Zalatan, 2020 N/A

pCDFDuet-1 YopH Seeliger et al., 2005 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pJZ101 MBP-His This paper
(see Table S3)

N/A

pJZ102 GST-His This paper
(see Table S3)

N/A

Software and Algorithms

Image Studio Lite 5.2.5 Li-Cor

ImageQuant 5.1 GE Healthcare

Kaleidagraph 4.1.3 Synergy Software

Data Analysis HT 11.0 ForteBio

Other
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