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Abstract 

 

Mechanistic analysis of scaffold contributions to specificity and insulation in Wnt signaling 

Maire Gavagan 

 

Chair of the Supervisory Committee: 

 Dr. Jesse Zalatan  

Department of Chemistry 

 

Glycogen Synthase Kinase 3β (GSK3β) plays a pivotal role in a large number of signaling 

pathways. To avoid cross-pathway interference, signaling pathways that rely on GSK3β must 

have regulatory features that allow signals to be passed through GSK3β to the correct 

downstream substrates without activating other pathways. Scaffold proteins, binding platforms 

that assemble and regulate signaling pathways, may provide a mechanism to direct shared 

signaling components to specific downstream targets. In Wnt signaling, the scaffold protein Axin 

is thought to serve as a control point, coordinating the phosphorylation of the Wnt substrate β-

catenin by GSK3β. We tested the long-standing hypothesis that Axin directs GSK3β activity in 

the Wnt pathway by accelerating GSK3β phosphorylation of the substrate β-catenin. We 

measured reaction rates in a minimal reconstituted in vitro system and found that, surprisingly, 

Axin produced only modest increases in β-catenin phosphorylation rates. Instead, Axin increases 

the specificity of GSK3β for β-catenin by suppressing competing kinase reactions. By 
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suppressing the competition, Axin can produce >10-fold increases in the β-catenin 

phosphorylation rate when competing substrates are present. Acting through Axin, Wnt signals 

could regulate just the pool of GSK3β that is bound to Axin, allowing Wnt signals to be sent 

without affecting other signaling pathways. Axin may also play a role in protecting Wnt-

associated GSK3β from being affected by signals from other pathways. We found that binding to 

Axin protects GSK3β from phosphorylation at Ser9, a key regulatory event in insulin and other 

signaling pathways. These mechanisms allow the scaffold to create a pool of GSK3β that 

preferentially interacts with β-catenin and can be independently regulated through Axin without 

affecting, or being affected by, other signaling pathways.  
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Chapter 1: Introduction 

 

Cells receive a variety of information from the cellular environment and must translate these 

inputs through signaling pathways to produce the correct cellular behavior or output. However, 

signaling pathways often share components which creates the possibility of crosstalk, where one 

pathway inappropriately activates another. Previous work has shown that simple input-output 

relationships can be maintained even when components are shared by multiple signaling 

pathways (Guo and Wang, 2009; Mendoza et al., 2011; Ding et al., 2000). Despite years of work 

in this area we still do not fully understand the mechanisms and organizational features that 

signaling pathways use to manage shared resources and avoid crosstalk.  

 

1.1 Scaffold Proteins and Spatial Organization 

 

One way that signaling pathways could prevent crosstalk is by spatially organizing signaling 

pathways. For example, signaling components may be segregated in different parts of the cell, 

inside organelles, or localized inside distinct protein complexes or phase separated droplets.  

Scaffold proteins are multivalent proteins that serve as binding platforms to physically assemble 

signaling cascades (Good et al., 2011; Langeberg et al., 2015). Scaffold proteins may play a role 

in insulating signaling pathways against crosstalk by anchoring signaling components in 

different locations in the cell or by assembling protein complexes to create separate sub-pools of 

signaling pathway components. Scaffolds may also play a more active regulatory role in 

preventing crosstalk by controlling when and where signaling components are active, or by 

excluding negative regulators from accessing signaling components.  
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1.2 Scaffold Protein Functions in the Wnt Signaling Pathway 

 

1.2.1 GSK3β is shared between multiple signaling pathways 

Glycogen Synthase Kinase 3β (GSK3β) is a central kinase with over 30 known substrates in 

many diverse signaling pathways (Sutherland et al., 2011). Its phosphorylation of the substrate β-

catenin is the defining event in canonical Wnt signaling, determining the outcome of an 

incoming Wnt signal (Kimelman and Xu, 2006; MacDonald et al., 2009; Moon et al., 2004; 

Nusse and Clevers, 2017; Polakis, 2000; Stamos and Weis, 2013). GSK3β also plays a pivotal 

role in an astounding number of signaling pathways, regulating development, proliferation, 

differentiation, cell migration, immunity, metabolism, neurobiology, and others. As might be 

expected from its involvement in these varied and critical cell behaviors, dysregulated GSK3β 

has been linked to many diseases and disorders including diabetes, Alzheimer's, heart failure, 

cancer, and mood disorders such as schizophrenia and bipolar disorder (Jope et al., 2007). 

 
Figure 1.1. Multiple pathways transmit signals through the kinase GSK. 
(A) Signaling pathways are often modeled with simple, linear input-output relationships. (B) GSK3β 
receives input signals from Wnt, growth factors, and hormones like insulin and acts on multiple distinct 
downstream targets. 
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Despite interest in targeting GSK3β for therapies for these diseases, efforts have been 

complicated by the necessity of targeting specific sub-pools of GSK3β involved in the behavior 

of interest. Therapeutics acting on GSK3β indiscriminately may result in toxicity because of 

unwanted effects on other GSK3β-involving signaling pathways (Eldar-Finkelman et al., 2011). 

Indeed, this lack of pathway specificity has led to the failure of many GSK3β inhibitors in 

clinical trials (Bhat et al., 2018). Understanding how the cellular pool of GSK3β is shared by 

multiple signaling pathways can help develop strategies to target just one sub-population of 

GSK3β that is associated with a specific activity or signaling pathway.  

 

 
Figure 1.2. Axin assembles signaling proteins in the Wnt pathway. 
GSK3β assembles into a multi-protein destruction complex containing β-catenin, CK1α, Axin, and APC. 
In the absence of a Wnt signal, β-catenin is phosphorylated and degraded by the proteasome. In the 
presence of a Wnt signal, the destruction complex is disabled, blocking β-catenin phosphorylation. β-
catenin accumulates, moves into the nucleus, and activates downstream gene expression. 
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1.2.2 The scaffold protein Axin is crucial for Wnt signaling 

If GSK3β is involved in so many signaling pathways, how can signals be sent through any one 

pathway without cross-activating the others? One possibility is through scaffold proteins. In Wnt 

signaling, the scaffold protein Axin binds and assembles the destruction complex, a Wnt-specific 

protein complex containing both the kinase GSK3β, the substrate β-catenin, and other Wnt 

proteins. This complex phosphorylates β-catenin, marking it for degradation. When a Wnt signal 

arrives, this machinery is disabled causing β-catenin levels to rise, move into the nucleus, and 

initiate a transcriptional program (Kimelman and Xu, 2006; MacDonald et al., 2009; Moon et al., 

2004; Nusse and Clevers, 2017; Polakis, 2000; Stamos and Weis, 2013) The scaffold Axin is 

absolutely required for Wnt signaling, and normal development cannot proceed without it (Zeng 

et al., 1997). However, many open questions remain about the mechanistic role of Axin in Wnt 

signaling and its role in insulating Wnt signals from other pathways that rely on GSK3β (Nusse 

and Clevers, 2017). 

1.3 Models for scaffold protein insulation of Wnt signaling 

Promoting a specific GSK3β reaction 

The scaffold protein Axin has long been hypothesized to accelerate GSK3β phosphorylation of 

β-catenin, the key reaction in Wnt signaling (Ikeda et al., 1998; Hart et al., 1998; Dajani et al., 

2003). In this model, Axin binds to both the enzyme and substrate, bringing them closer together 

and increasing reaction rates (Figure 1.3A). By accelerating GSK3β activity towards only the 

Wnt substrate β-catenin, Axin could create a subset of GSK3β that could be independently 

regulated without affecting other, non-Wnt pathways. Axin could also allosterically activate 

GSK3β phosphorylation of β-catenin which would allow Axin to control when and where 



 12 

GSK3β is active. Upstream Wnt signals could control GSK3β phosphorylation of β-catenin by 

regulating the scaffold instead of GSK3β.  

 

Figure 1.3. Axin assembles signaling proteins in the Wnt pathway. 
(A) The scaffold Axin could increase GSK3β phosphorylation of β-catenin by tethering the kinase and 
substrate together, or by allosterically activating the kinase. Either mechanism would allow Axin to 
control when and where GSK3β is active. (B) Axin could also act by increasing the specificity of GSK3β 
for β-catenin. Axin could promote GSK3β binding to Wnt substrates or decrease binding to non-Wnt 
substrates. (C) Axin could prevent cross-activation of Wnt signaling from other pathways by preventing 
negative regulators such as Akt and PKA from accessing the Wnt pool of GSK3β. (D) Axin could also 
recruit phosphatases to remove regulatory post-translational modifications from the Wnt pool of GSK3β. 
 

Increasing specificity of GSK3β 

Instead of increasing the rate of GSK3β phosphorylation, Axin could also increase the specificity 

of GSK3β for β-catenin (Figure 1.3B). Enzyme specificity is a measure of how restrictive the 

enzyme is in its choice of substrate, or its preference for one substrate over others (Zhu et al., 

2005). Axin binding could affect GSK3β’s specificity towards β-catenin by making GSK3β less 

able to bind other substrates. Increasing the specificity of GSK3β for the Wnt substrate β-catenin 

would create a pool of GSK3β that preferentially interacts with β-catenin and does not interact 
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with other substrates. This is a relatively new model for scaffold insulation, but our recent work 

shows that Axin increases the specificity of GSK3β for β-catenin by suppressing reactions with 

non-Wnt substrates (Gavagan et al., 2020). This specificity increase could create a pool of 

GSK3β that could be independently regulated without affecting other signaling pathways.  

 

Excluding negative regulators 

In Wnt signaling, upstream signals are thought to inhibit GSK3β activity through changes to 

Axin and the destruction complex. In other signaling pathways, GSK3β is directly inhibited by 

upstream kinases in response to pathway activation (Stamos et al., 2014). Any changes to 

GSK3β’s inherent activity should impact all substrates, resulting in activation of all downstream 

pathways. Axin could protect the Wnt pool of GSK3β from being inhibited by other pathways by 

blocking negative regulators from accessing GSK3β (Figure 1.3C). In this way, scaffold proteins 

could create a subset of GSK3β that is not affected by modifications from other signaling 

pathways.  

 

Recruiting phosphatases 

In non-Wnt signaling pathways such as insulin signaling, GSK3β is regulated by inhibitory 

phosphorylation at Ser9 and other phosphosites (Stamos et al., 2014; Thornton et al., 2008). If 

this inhibited GSK3β exchanges into the pool of GSK3β in the Wnt destruction complex it could 

result in inadvertent activation of Wnt outputs. By recruiting phosphatases such as PP2A 

(Thompson et al., 2018) to remove inhibitory phosphates from GSK3β, Axin could prevent non-

Wnt phosphoregulation from affecting Wnt signaling (Figure 1.3D). 
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The following chapters describe quantitative biochemical experiments to test models for how the 

scaffold protein Axin prevents crosstalk in pathways that share GSK3β. In Chapter 2 we test the 

long-standing model that Axin increases the rate of GSK3β phosphorylation of β-catenin. Instead 

of increasing β-catenin phosphorylation rates, we find that Axin increases the specificity of 

GSK3β for β-catenin by preventing it from interacting with other, non-Wnt substrates. This Axin 

effect could allow signals to pass through the Wnt signaling pathway without affecting other 

GSK3β associated pathways. In Chapter 3 we investigate how Axin could protect Wnt signaling 

from changes to GSK3β when other signaling pathways are activated. We find that Axin 

prevents GSK3β-inactivating kinases from accessing the Wnt-associated pool of GSK3β. 

Together these mechanisms allow Axin to insulate Wnt signaling by creating a pool of GSK3β 

that 1) can be independently regulated by Wnt signals and 2) is protected from GSK3β-

inactivating regulation from other signaling pathways.  

 

 

 

 

 

 

 

 

 

 

 



 15 

Chapter 2  

The Scaffold Protein Axin Promotes Signaling Specificity within the 

Wnt Pathway by Suppressing Competing Kinase Reactions 

 

Maire Gavagan1,2, Erin Fagnan1,2, Elizabeth B. Speltz1, and Jesse G. Zalatan1 

 
1Department of Chemistry, University of Washington, Seattle, WA 98195, USA 
2These authors contributed equally 

 

2.1 Abstract 

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

signaling networks. 

 

2.2 Introduction 

Glycogen synthase kinase 3β (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., 2015; Kaidanovich-Beilin and Woodgett, 2011). GSK3β receives 

signals from multiple upstream inputs and acts on several distinct downstream protein targets 

(Figure 2.1A). 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 
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provides a possible mechanism to control GSK3β activity toward β-catenin without affecting 

GSK3β reactions toward 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 casein kinase 1a (CK1α) and 

GSK3β, which leads to proteasomal degradation of β-catenin (Figure 2.1B). 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 dishevelled (Dvl) 

and adenomatous polyposis coli (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 (Hernández et al., 2012), possibly via a phosphorylation-dependent conformational change 

in Axin (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 
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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 between these possibilities is an important step toward 

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; 

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 toward 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.  

2.3 Results 
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2.3.1 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 (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 (mini-Axin, 

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; 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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Figure 2.1. 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. 

We proceeded to measure the affinity of miniAxin for pS45- β-catenin. The observed KD of 4.0 

µM (Figure S2B; 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 
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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 2.1C). 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 (Liu et al., 2002), 

and product formation can be monitored using an antibody specific for pS33/pS37/pT41-β-
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catenin (see STAR Methods; Figures S3–S8). This antibody preferentially recognizes the fully 

phosphorylated β-catenin product over any partially phosphorylated β-catenin intermediates 

(Figures S3 and S4), and we detected no lag in product formation that would indicate the buildup 

of partially phosphorylated intermediates in the reaction (Figures 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 2.1D; 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). Our observation 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 proceed 

through distributive or processive mechanisms. Our observed rates come from detecting 

pS33/pS37/pT41-β-catenin accumulation (Figures S3 and 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 
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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 with 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 unscaffolded 

interaction between kinase and substrate, or for ternary complex formation to be highly 

cooperative.  

2.3.2 Competition from GSK3β-Mediated Phosphorylation of Axin Does Not Affect 

Observed Rates 

Axin can be phosphorylated by GSK3β (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 
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GSK3β, masking any potential rate acceleration mediated by Axin for β-catenin. To test this 

possibility, we constructed a mini- Axin 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 (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 binding by 

relieving an autoinhibitory interaction be- tween the β-catenin binding site and the DIX domain 

within Axin (Kim et al., 2013). Our use of 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 2.1D).  

2.3.3 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, 
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we removed the β-catenin-binding domain (BCD) from Axin (Figure S1D) and assessed the 

effect 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 2.1C). 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 2.2), indicating that the activity of the Axin∆BCD •GSK3β complex is 

suppressed compared with 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.  

Figure 2.2. 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 
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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toward 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 toward the active site. 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.  

2.3.4 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 cAMP response element-binding protein 

(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 
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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 2.3A). 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 (Figures 

2.3B, 2.3C, S13, and 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 pull-down assay (Figure S13).  
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Figure 2.3. 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). 

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

kinase 2 (CK2) at Ser657 and then sequentially phosphorylated at S653, S649, S645, and S641 

by GSK3β (Fiol et al., 1987, 1990) (Figure 2.3A). 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 (Figures 2.3D, S13, and S14). As with β-catenin, multisite 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 
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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 β-catenin (Axin∆BCD) increases 

the KM for the reaction by ≥4-fold (Figure 2.2; 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.  

2.3.5 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 2.3) and increases the kcat/KM of GSK3β for pS45-β-catenin 

3-fold (Figure 2.1D), the Axin•GSK3β complex is ~102-fold more specific toward 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 
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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 (Figures 2.4A and 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 2.4B). As predicted, this 

larger effect results entirely from a decrease in the β-catenin phosphorylation rate in the absence 

of Axin. When Axin is present, 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 2.4B), 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).  
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Figure 2.4. 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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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; Liu et 

al., 2002). An early mechanistic model for Axin suggested that 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 
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(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 (Figures S20 and 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 and 108088 [Milo et al., 

2010]; see also Box 1). These values are similar to the ~100 nM concentration where we see the 

active to 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 
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condition of high GSK3β concentrations reacting with unprimed β-catenin, which is likely not 

relevant to the preferred physiological reaction of GSK3β with CK1-phosphoprimed pS45-β-

catenin.  

2.4 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 (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). 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 toward β-catenin is the result of two opposing 

effects. First, Axin binding to GSK3β nonspecifically disrupts substrate binding, as seen in the 
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reactions with GS and CREB in the presence of Axin and with β-catenin in the presence of 

Axin∆BCD (Figures 2.2 and 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 (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; Hernández et al., 2012), with a corresponding ~5-fold decrease in 

GSK3β-β-catenin phosphorylation rate (Hernández et al., 2012). 2-fold changes in β-catenin 

levels also have detect- able 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 
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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 2.4). 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; 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 sub- populations that each 
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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 toward 

alternative substrates is likely to be negligible.  

Other components from the Wnt pathway could 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 

2.1B), as it binds Axin and has multiple binding sites for β-catenin in the low nM affinity range 

(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 (Kim et al., 
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2013; Schaefer et al., 2018). It is possible that the destruction complex also promotes the CK1α-

mediated phosphopriming step (Amit et al., 2002; 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 (Hernández et al., 2012). Finally, Wnt signals may lead to competition for 

GSK3β by the co-receptors LRP5/6, which can inhibit activity toward 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  
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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.  
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2.5 Supplemental Information 
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Figure S1. Characterization of purified proteins, related to Figures 1-3. 
(A) Coomassie-stained SDS-PAGE of purified proteins used in this work. MBP-pS45-β-catenin is 
the material purified after coexpression with CK1α. Phosphorylated CREB and GS constructs were 
purified after in vitro phosphorylation (see Methods). Each lane was loaded with 15 µL of 5 µM 
protein. 
(B) GSK3β purified from E. coli is phosphorylated on the activation loop Tyr216. Purified GSK3β 
was incubated with the tyrosine phosphatase YopH and analyzed by western blot using an antibody 
specific for pY216 GSK3β. Purified GSK3β produced a detectable signal at the expected 
molecular weight (94 kD), and the signal decreases substantially upon YopH treatment. 
Timepoints are 0, 0.5, 1, and 4 hrs. The lane labeled (+) was incubated for 0.5 hr with 100 µM 
ATP, which had no apparent effect. The loading control indicates no change in total GSK3β, using 
an anti-MBP antibody that detects the MBP tag on purified GSK3β. Samples were run together on 
a single gel. After the western blot transfer, the membrane was cut down the center of the MW 
ladder lane so each half of the gel could be incubated with separate antibodies. The membrane 
halves were placed back together for imaging. 
(C) β-catenin co-expressed with CK1α in E. coli is phosphorylated on Ser45. The extent of S45 
phosphorylation was detected by western blot using an antibody specific for pS45-β-catenin. 
Phosphoprimed β-catenin can also be obtained by incubating unprimed β-catenin with purified 
CK1α. In this reaction, we observe partial phosphorylation of Ser45, with a total pS45 signal 
(normalized to total protein concentration) reaching only ~40% of that obtained when β-catenin is 
co-expressed with CK1α. 
(D) Schematics of full length human Axin (isoform 2, Uniprot O15169-2), Axin∆BCD, and 
Axin384-518 (miniAxin), which contains the binding sites for both GSK3β and β-catenin (see 
Methods for an explanation of domain boundaries). 
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Figure S2. Axin binding to GSK3β and β-catenin, related to Figure 1. 
(A) Bio-layer interferometry traces showing association and dissociation of GSK3β to 
immobilized biotinylated miniAxin. Similar data were obtained with full length Axin and 
Axin∆BCD. The data were fit to a Heterogeneous Binding Model (Data Analysis HT 11.0, 
ForteBio) that accounts for GSK3β binding to Axin and GSK3β dimerization, which has been 
previously reported (Fraser et al., 2002). This fit gives a KD of 16 nM for miniAxin binding to 
GSK3β. The fitted KD for GSK3β dimerization is 110 nM, which is somewhat tighter than the low 
µM value estimated from crosslinking experiments (Fraser et al., 2002). A 1:1 binding model that 
neglects GSK3β dimerization gives a poor fit to the data. Values of fitted binding constants are 
reported in Table S1. 
(B) Bio-layer interferometry traces showing association and dissociation of miniAxin to 
immobilized biotinylated pS45-β-catenin. This binding event produced a negative shift in the 
interferometry signal (the data are displayed with an inverted y-axis), indicating a compression in 
the surface which could result from a conformational change in the bound complex. The data were 
fit using a 1:1 binding model. This fit gives a KD of 4.0 µM for Axin binding to pS45-β-catenin.  
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Figure S3. Characterization of the anti-Phospho-β-Catenin (Ser33/37/Thr41) antibody (Cell 
Signaling Technology #9561), related to Figure 1. 
CK1α phosphorylates β-catenin at S45. 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. 
(A) Western blot of wild type and phosphosite mutants of β-catenin to assess specificity for the 
triply phosphorylated (S33/S37/T41) state. Gel 1 shows unprimed β-catenin without GSK3β and 
after a GSK3β reaction to completion (50 nM β-catenin, 100 nM GSK3β, 100 nM miniAxin, and 
100 µM ATP at 25 ºC for 16 hrs, see quantification in Figure S4B. Gel 2 shows primed β-catenin 
without GSK3β and after a GSK3β reaction to completion (50 nM β-catenin, 100 nM GSK3β, 100 
nM miniAxin, and 100 µM ATP at 25 ºC for 30 min, see quantification in Figure S4A. Each primed 
β-catenin protein was prepared by coexpression with CK1α, which phosphorylates S45 on all 
constructs except the S45A mutants. After long incubations with GSK3β, two bands can be 
observed by western blotting. The top band corresponds to the expected 131 kD molecular weight 
of full length MBP-β-catenin. The lower band (~100 kD) is likely to be a truncated fragment of β-
catenin that co-purifies with the full length protein, as the signal disappears in the β-catenin 
phosphosite point mutants. Based on coomassie staining for total protein (Figure S1), the 100 kD 
fragment is present at <5% of total purified protein, and phosphorylation of this band is not 
significant in initial rate assays (see Figures S6 & S8). Mutation of any of the GSK3β 
phosphorylation sites substantially reduces the detectable signal, indicating that the antibody 
preferentially recognizes triply phosphorylated (S33/S37/T41) β-catenin. 
(B) In the absence of GSK3β, there is detectable antibody signal in the pS45-β-catenin sample (see 
panel (A); this signal disappears when all three GSK3β phosphosites are mutated, suggesting that 
it results from weak CK1α–mediated phosphorylation of the GSK3β sites). The background signal 
corresponds to ~10% of the total protein. All samples on this gel were loaded at 1:5 dilution (see 
Methods). 
(C) The antibody signal is linear over a broad range spanning the observed signal in all kinetic 
assays. The plot shows a set of 2-fold serial dilutions from a reaction with 3 µM pS45-β-catenin, 
20 nM GSK3β and 500 nM miniAxin at the 1.5 minute timepoint. This is the longest timepoint at 
the highest pS45-β-catenin concentration used in any assay and corresponds to the largest raw 
signal analyzed in any experiment. There are 6 dilutions; the largest dilution factor is 1:64. All 
samples on this gel were loaded at 1:5 dilution (see Methods). Each dilution sample was run in 
duplicate (2 points at every dilution factor). 
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Figure S4. Endpoint standards for GSK3β-phosphorylated β-catenin, related to Figure 1. 
(A) Timecourse of phosphorylation of an endpoint standard of pS45-β-catenin and quantification 
of antibody signal relative to β-catenin phosphosite mutants. Reaction conditions are 50 nM pS45-
β-catenin, 100 nM GSK3β, and 100 µM ATP at 25 ºC. The reaction approaches completion in ~10 
minutes. Phosphosite mutants produce at most ~10% of the signal of wild type β-catenin. 
(B) Timecourse of phosphorylation of an endpoint standard of unprimed β-catenin and 
quantification of antibody signal relative to β-catenin phosphosite mutants. Reaction conditions 
are 50 nM β-catenin, 100 nM GSK3β, 100 nM miniAxin, and 100 µM ATP at 25 ºC. The reaction 
approaches completion in ~10 hours. Phosphosite mutants produce at most ~10% of the signal of 
wild type β-catenin. 
(C) Validation of the endpoint standard of unprimed β-catenin. The endpoint standard is 50 nM β-
catenin, 100 nM GSK3β, 100 nM miniAxin, and 100 µM ATP at 25 ºC. The “spike excess 
reagents” standard is 50 nM β-catenin, 1 µM GSK3β, 1 µM miniAxin, and 100 µM ATP at 25 ºC, 
with an additional 500 nM GSK3β, 500 nM miniAxin, and 100 µM ATP added at 8 hrs. 
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Figure S5. The concentration of ATP used for quantitative kinetic experiments (100 µM) is 
saturating for GSK3β in the presence and absence of Axin, related to Figure 1. 
Michaelis-Menten plot of Vobs vs. [ATP] at 20 nM GSK3β and 500 nM unprimed β-catenin in the 
presence and absence of 100 nM miniAxin. Fits to the Michaelis-Menten equation give KM, ATP 
values of 12 ± 4 µM and 28 ± 3 µM in the presence and absence of Axin, respectively. 
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Figure S6. Representative western blots for the reaction of GSK3β with pS45-β-catenin in 
the presence and absence of Axin, related to Figure 1. 
Western blots for reactions of varying concentrations of pS45-β-catenin at 20 nM GSK3β in the 
presence and absence of 500 nM miniAxin. Two phospho-β-catenin bands can be observed by 
western blotting (see Figure S3A). The top band corresponds to full length MBP-β-catenin and 
was quantified for all rate measurements. For reactions with [p-S45-β-catenin] ≥ 500 nM, gel 
samples were diluted 1:5 to prevent a gel smearing artifact (see Methods). See Figure S7 for 
quantification. The conclusions from this work are not affected if the lower, truncated β-catenin 
species is included in the analysis. The Axin effects on truncated β-catenin phosphorylation rates 
are indistinguishable from the effects on full length β-catenin in all experimental conditions tested. 
Further, in an alternative prep of pS45- β-catenin, accumulation of the truncated band is negligible 
and we observe the same Axin effects (Figures S8 & S17).  
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Figure S7. Plots of product vs. time for reaction of GSK3β with pS45-β-catenin in the 
presence and absence of Axin, related to Figure 1. 
(A) Product vs. time plots for reactions of GSK3β with pS45-β-catenin in the absence of Axin. 
(B) Product vs. time plots for reactions of GSK3β with pS45-β-catenin in the presence of 500 nM 
miniAxin. Data in (A) and (B) correspond to the reaction conditions and western blots shown in 
Figure S6. The reported slopes are initial rates in units of µM/min. At high concentrations of 
substrate, there is detectable background signal (y-intercepts are not 0 at t=0). This background 
arises from partial phosphorylation of the GSK3β sites during expression of pS45-β-catenin (see 
Figure S3D); this signal is <10% of the possible total conversion and should not affect initial rate 
measurements. To confirm that this background does not affect the measured rates or the 
conclusions drawn, we also performed kinetic assays with in vitro phosphorylated pS45-β-catenin, 
which is partially phosphorylated at S45 (Figure S1C) and does not have detectable background at 
t=0 (see Figure S8). The effects of Axin with in vitro phosphorylated pS45-β-catenin were similar 
to the effects observed with the pS45-β-catenin obtained from coexpression with CK1α (Figure 
S8; see also Figure S17 for competition reaction, related to Figure 4). 
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Figure S8. Representative western blots and quantification for the reaction of GSK3β with 
pS45-β-catenin using in vitro phosphorylated pS45-β-catenin, related to Figure 1. 
pS45-β-catenin prepared by coexpression with CK1α has background signal from partial 
phosphorylation of the GSK3β sites (see Figures S3D, S6, and S7). pS45-β-catenin prepared from 
an in vitro reaction of β-catenin with CK1α does not have significant background signal. 
(A) Western blots for reactions of varying concentrations of in vitro CK1α -phosphorylated pS45-
β-catenin at 20 nM GSK3β in the presence and absence of 500 nM miniAxin. For reactions with 
[p-S45-β-catenin] ≥ 500 nM, gel samples were diluted 1:5 to prevent a gel smearing artifact (see 
Methods). 
(B) Michaelis-Menten plot of Vobs vs. [pS45-β-catenin] at 20 nM GSK3β. Values are initial rates 
from the western blots in panel (A); only one replicate was performed at each substrate 
concentration. As observed with pS45-β-catenin prepared by coexpression, Axin has only small 
effects on the steady state rate constants (Table S3). 
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Figure S9. Comparisons of observed rates for GSK3β reactions with pS45-β-catenin at 
estimated physiological concentrations, related to Figure 1. 
Observed rates for GSK3β reactions with pS45-β-catenin in the presence or absence of Axin using 
concentrations estimated for HeLa or colon cells (see main text box 1 and Table 2). Values are 
mean ± SD for 3 measurements. 
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Figure S10. Varying the concentration of Axin for the reaction of GSK3β with pS45-β-
catenin does not produce larger rate effects than observed with 500 nM Axin , related to 
Figure 1. 
Plots of Vobs vs. [Axin] with either miniAxin or full length Axin, 20 nM GSK3β, and 1 µM or 20 
nM pS45-β-catenin. It is important to test both saturating concentrations (i.e. kcat conditions, 1 µM 
pS45-β-catenin) and subsaturating concentrations (i.e. kcat/KM conditions, 20 nM pS45-β-catenin) 
because if Axin has a large effect on KM it would not be detectable in saturating conditions. For 
full length Axin, only a subset of Axin concentrations were measured (20 and 500 nM). Error bars 
are mean ± SD for at least 3 measurements. 
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Figure S11. GSK3β phosphorylates Axin, related to Figure 1. 
(A) GSK3β phosphorylates Axin at residues T481, S486, S493, and S496 GSK3β (S.-E. Kim et 
al., 2013; Willert et al., 1999). Mutation of each of these residues to A (miniAxin-4A) prevents 
detectable phosphorylation. Reactions were prepared with 20 nM GSK3β, 500 nM miniAxin or 
miniAxin-4A, and 100 µM ATP. 20 µL aliquots were quenched at the indicated timepoints and 
loaded on a Phos-tag gel (see Methods). The slower-migrating species in the miniAxin reation is 
phosphorylated miniAxin. 
(B) Michaelis-Menten plot of Vobs vs. [pS45-β-catenin] at 20 nM GSK3β in the presence and 
absence of 500 nM miniAxin or miniAxin-4A. Values are mean ± SD for at least 3 measurements. 
See Table S2 for values of fitted kinetic parameters. 
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Figure S12. Phosphopriming reactions of alternative GSK3β substrates, related to Figure 3. 
(A) PKA phosphorylates CREB. Reactions were performed with 10 µM CREB or CREB127-135, 2 
µM PKA, 100 µM ATP, and trace γ-32P-ATP as described in the Methods section. 32P 
incorporation into CREB rapidly approaches completion within the first 30 seconds of the reaction. 
32P counts were converted to concentration using an independent endpoint standard from a PKA 
reaction with an optimal substrate (see Methods). Full length CREB approaches a limit at 3 µM 
conversion. Each reaction has 10 µM CREB, but the material in the full length CREB reaction was 
<50% pure from Ni-NTA resin, so 3 µM conversion is plausible. 
(B) CK2 phosphorylates GS. The reaction was performed in a 50 µL volume with 5 µM GS634-666, 
250 units of CK2 (0.5 µL 500 U/µL CK2, NEB catalog #P6010), 100 µM ATP, and trace γ-32P-
ATP as described in the Methods section. 32P incorporation into GS approaches completion in 
~200 minutes. 32P counts were converted to concentration as described in (A) above. 
(C) No significant 32P incorporation is detectable in S133A CREB127-135, which confirms that wt 
CREB127-135 is phosphorylated on Ser133. Reaction conditions were as in panel (A), with samples 
taken at 60 minutes. 
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Figure S13. Timecourses for endpoint standards of GSK3β-phosphorylated CREB and GS, 
related to Figure 3. 
(A) GSK3β phosphorylates pS133-CREB on S129 (Fiol et al., 1994), which can be detected with 
anti-Phospho-CREB (Ser129) antibody (Thermo Scientific #PA5-36843). 
(B) GSK3β sequentially phosphorylates pS657-GS on S653, S649, S645, and S641 (Fiol et al., 
1990; 1987). The anti-phospho-GS antibody (Cell Signaling Technology #3891) detects phospho-
S641. 
(C) Timecourses of phosphorylation of endpoint standards for GSK3β reactions with pS133-
CREB, pS133-CREB127-135, and pS657-GS634-666. Reactions were conducted with 50 nM substrate, 
100 nM GSK3β, and 100 µM ATP. 
(D) Representative western blots for reactions of GSK3β with pS133-CREB, pS133-CREB127-135, 
and pS657-GS634-666 in the absence of Axin. Reactions were conducted with 20 nM GSK3β and 
the substrate concentrations indicated. The images shown are the complete, uncropped blot 
membrane images; each gel was cut before transferring to the membrane to facilitate multiple 
simultaneous transfers in the same apparatus (as seen in Figure S6). 
(E) pS133-CREB127-135 does not detectably bind to Axin. In a pulldown assay, GST-GSK3β binds 
to Axin and Axin∆BCD. When pS133-CREB127-135 is included in a binding assay with Axin, there 
is no detectable co-precipitation of pS133-CREB127-135 with Axin or Axin∆BCD (lanes 2 and 5). 
There is also no detectable binding of pS133-CREB127-135 directly to GST-GSK3β (lane 3). The 
observed KM of GSK3β for pS133-CREB127-135 in phosphorylation assays is ~0.2 µM; if the KD is 
similar then this result suggests the detection limit for binding affinity in this assay is ≤0.2 µM. 
Protein standards included for reference on the right side of the gel are the partially-purified 
samples (by Ni-NTA only, see Methods) used in the binding assays. 
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Figure S14. Plots of product vs. time for reaction of GSK3β with pS657-GS634-666 in the 
presence and absence of Axin, related to Figure 3. 
(A) Product vs. time plots for reactions of 20 nM GSK3β with varying concentrations of pS657-
GS634-666 in the absence of Axin. 
(B) Product vs. time plots for reactions of 20 nM GSK3β with varying concentrations of pS657-
GS634-666 in the presence of 500 nM miniAxin. The reported slopes are initial rates in units of 
nM/min. See main text Figure 3D for Michaelis-Menten plots of Vobs vs. [pS657-GS634-666]. 
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Figure S15. Specificity of GSK3β for β-catenin, related to Figure 3. 
(A) The specificity of GSK3β for pS45-β-catenin relative to competing alternative substrates is 
the ratio of the corresponding kcat/KM values. Specificity increases by ~102-fold in the presence of 
miniAxin. Values are from Table S2. 
(B) The rate equations for enzyme specificity, where the relative rates are determined by the 
substrate concentrations and the ratio of the kcat/KM values (Fersht, 1999). See also Figure S16A. 
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Figure S16. Kinetic model for a GSK3β reaction with β-catenin in the presence of competing 
substrates, related to Figure 4. 
(A) Kinetic scheme for a competitive reaction. Each substrate effectively acts as a competitive 
inhibitor for the other substrate. See also Figure S15. 
(B) Predicted rates for β-catenin phosphorylation as a function of CREB127-135 concentration at 20 
nM GSK3β and 50 nM (subsaturating) or 1 µM (saturating) pS45-β-catenin. Increasing 
concentrations of CREB127-135 inhibit the β-catenin reaction in the absence of Axin. The expected 
values of Vobs were calculated using the equations from (A) and the kinetic parameters from Table 
S2. For the +miniAxin reaction, where KM, CREB ≥1 µM, we assumed that the term [CREB127-

135]/KM, CREB is negligible over the [CREB127-135] concentration range shown. When β-catenin is 
present at saturating concentrations, CREB127-135is less effective at competing for GSK3β, leading 
to a smaller effect from Axin at high [CREB127-135]. 
(C) Predicted rates for β-catenin phosphorylation as a function of GS634-666 concentration at 20 nM 
GSK3β and 50 nM (subsaturating) pS45-β-catenin. The expected values of Vobs were calculated 
using the equations from (A) and the kinetic parameters from Table S2, as described in (B) for the 
reaction with CREB127-135 competitor. The predicted effect at 1 µM competitor is smaller than for 
CREB because the KM of GSK3β for GS is larger (Table S2) and a 1 µM concentration of GS is 
not fully saturating. 
(D) Kinetic scheme for a competitive reaction with multiple competitors. The competitive 
inhibition term is the sum of all inhibition terms for each individual competitor.  



 60 

 
 
Figure S17. Axin accelerates the β-catenin reaction when competing substrates are present., 
related to Figure 4. 
(A) Prediction for the effect of Axin on pS45-β-catenin phosphorylation when a competing 
substrate is present, as in main text Figure 4A. 
(B) β-catenin phosphorylation rates (Vobs) measured at 20 nM GSK3β and 50 nM pS45-β-catenin 
in the presence and absence of 500 nM miniAxin with no competitor or 1 µM pS133-CREB127-135. 
Values are mean ± SD for at least 3 measurements. These reactions were performed with in vitro 
phosphorylated pS45-β-catenin (see Figure S8) for comparison with the values obtained with fully-
phosphorylated pS45-β-catenin obtained from coexpression with CK1α (main text Figure 4B). In 
the absence of competitor, Axin produces a 2-fold rate increase. In the presence of CREB 
competitor, Axin produces a 13-fold rate increase, similar to the 20-fold increase observed with 
fully-phosphorylated pS45-β-catenin. 
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Figure S18. Axin has no significant effect on the reaction of GSK3β with unprimed β-catenin, 
related to Figure 1. 
(A) Michaelis-Menten plot of Vobs vs. [β-catenin] at 20 nM GSK3β in the presence and absence of 
500 nM miniAxin. See Table S2 for values of fitted kinetic parameters. 
(B) Comparison of kcat/KM values (Table S2) for phosphoprimed and unprimed β-catenin. 
(C) Varying the concentration of Axin for the reaction of GSK3β with unprimed β-catenin does 
not produce significant rate effects. Plot of Vobs vs. [miniAxin] at 20 nM GSK3β and 10 nM 
(subsaturating) or 500 nM (saturating) β-catenin. Error bars are mean ± SD for at least 3 
measurements. 
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Figure S19. Vobs vs. [GSK3β], related to Figure 1 & Figure 3. 
Vobs for fixed concentrations of substrate with varying concentrations of GSK3β in the presence or 
absence of Axin. 
(A) Plot of Vobs vs. [GSK3β] at 1 µM pS45-β-catenin in the presence and absence of 500 nM 
miniAxin. Vobs increases linearly with enzyme concentration, as expected. An accurate initial rate 
for 0.2 µM GSK3β with Axin could not be measured because the reaction exceeded 40% 
conversion before two timepoints could be collected. 
(B) Plot of Vobs vs. [GSK3β] at 500 nM pS133-CREB in the presence and absence of 500 nM 
miniAxin. 
(C) Plot of Vobs vs. [GSK3β] at 500 nM pS133-CREB127-135 in the presence and absence of 500 nM 
miniAxin. 
(D) Plot of Vobs vs. [GSK3β] at 500 nM pS657-GS634-666 in the presence and absence of 500 nM 
miniAxin. Values in (A-D) are mean ± SD for at least 3 measurements. 
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Figure S20. Axin prevents the buildup of an inactive GSK3β•β-catenin complex in the 
reaction with unprimed β-catenin, related to Figure 1. 
(A) Plot of Vobs vs. [GSK3β] at 500 nM unprimed β-catenin in the presence and absence of 500 
nM miniAxin or full length Axin. Vobs for the -Axin reaction does not increase linearly with enzyme 
concentration, suggesting that an inactive state forms at high [GSK3β]. 
(B) Formation of the inactive state is reversible. Product vs. time plot for a reaction with 500 nM 
GSK3β and 500 nM unprimed β-catenin. At t = 11 min, miniAxin was added to a final 
concentration of 500 nM and the reaction rate sharply increases. A control reaction (+buffer) shows 
no change in rate. 
(C) Expanded view of panel (A) in the absence of Axin with unprimed β-catenin and a kinetic 
model with an inactive, oligomeric state. The model starts from the saturated GSK3β•β-catenin 
complex (see Figure S21 for further discussion of this point). In the absence of the inactive state, 
Vobs should increase linearly with [GSK3β]. Fitting the data to a model with an inactive GSK3β•β-
catenin dimer (N=2) gives non-linear behavior but still shows substantial deviations from the data. 
Fitting the data to a model with a higher-order inactive GSK3β•β-catenin oligomer (N=5) gives a 
reasonable fit. Larger values of N give indistinguishable fits to the data. The N=5 fit is also shown 
in panel (A). Error bars in (A-C) are mean ± SD for at least 3 measurements.  
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Figure S21. Kinetic model for the effect of Axin at high concentrations of GSK3β in reactions 
with unprimed β-catenin, related to Figure 1. 
The observed Axin-dependent rate enhancement in the reaction of GSK3β with unprimed β-
catenin occurs only at high GSK3β concentration and arises because Axin increases active enzyme 
concentration, not because of a tethering effect between kinase and substrate. At low GSK3β 
concentrations, Axin has no significant effect on the steady state rate constants for the reaction 
(Figure S18). At high GSK3β concentrations, we propose that the GSK3β•β-catenin complex 
cooperatively assembles into an inactive, higher-order oligomer. Axin prevents the formation of 
this higher-order oligomer, which leads to an increase in observed rates for the reaction of GSK3β 
with β-catenin (Figure S20). The inactive state includes both GSK3β and unprimed β-catenin; 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-CREB127-133, or pS657-GS634-666 (Figure S19). Thus, the 
kinetic model does not include a hypothetical inactive oligomer of free GSK3β. 
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Supplemental Tables 
 
Table S1. Binding constants for Axin interacting with GSK3β and β-catenin, related to Figure 1.a 
 
Immobilized 
Substrate 

Binding 
Partner 

KD ka (M-1s-1) kd (s-1) 

miniAxin GSK3β 16 ± 0.2 nM (1.7 ± 0.009) ´ 104 (2.7 ± 0.02) ´ 10-4 

Axin (full length) GSK3β 7.5 ± 0.09 nM (2.7 ± 0.01) ´ 104 (2.0 ± 0.02) ´ 10-4 

Axin∆BCD GSK3β 11 ± 0.2 nM (1.9 ± 0.01) ´ 104 (2.1 ± 0.03) ´ 10-4 

pS45-β-catenin miniAxin 4.0 ± 0.05 µM (7.7 ± 0.08) ´ 103 (3.1 ± 0.009) ´ 10-2 
 
a Binding constants were determined using bio-layer interferometry as described in the Methods. 
See Figure S2. Standard errors are from global fits to the bio-layer interferometry traces. All fits 
had 𝜒2 values < 1 and R2 values > 0.98. 
 
 
Table S2. Kinetic parameters for GSK3β reactions, related to Figures 1-3.a 

Substrate Reaction kcat (s-1) KM (µM) kcat/KM (M-1s-1) 
pS45-β-catenin –Axin (5.4 ± 0.2) ´ 10-2 0.29 ± 0.04 (1.8 ± 0.2) ´ 105 
 +miniAxin (7.9 ± 0.6) ´ 10-2 0.14 ± 0.05 (5.7 ± 1.7) ´ 105 
 +miniAxin-4A (7.4 ± 0.4) ´ 10-2 0.30 ± 0.06 (2.4 ± 0.4) ´ 105 
 +full length Axin (7.9 ± 0.1) ´ 10-2 0.26 ± 0.01 (3.0 ± 0.1) ´ 105 
 +Axin∆BCD n.d. n.d. (≥1 µM) (3.4 ± 0.1) ´ 104 

β-catenin –Axin (1.3 ± 0.04) ´ 10-4 0.034 ± 0.004 (3.7 ± 0.3) ´ 103 
 +miniAxin (1.5 ± 0.09) ´ 10-4 0.031 ± 0.007 (4.9 ± 0.9) ´ 103 

pS133-CREB –Axin (2.5 ± 0.3) ´ 10-3 0.28 ± 0.09 (9.0 ± 2.0) ´ 103 
 +miniAxin n.d. n.d. (≥1 µM) (6.8 ± 0.3) ´ 102 

pS133-CREB127-135 –Axin (1.3 ± 0.2) ´ 10-3 0.18 ± 0.02 (7.0 ± 0.6) ´ 103 
 +miniAxin n.d. n.d. (≥1 µM) (3.1 ± 0.1) ´ 102 

pS657-GS634-666 –Axin (2.4 ± 0.4) ´ 10-4 0.38 ± 0.14 (5.2 ± 1.1) ´ 102 
 +miniAxin n.d. n.d. (≥1 µM) 11 ± 0.4 

 
a See Figures 1, 2, 3, & S11 for data and the Methods section for the kinetic model used to fit the 
data to obtain observed values of kcat, KM, and kcat/KM. Standard errors are from non-linear least 
squares fits to the initial rate data as described in the Methods. The CREB and GS reactions in the 
presence of Axin did not detectably saturate up to 1 µM substrate (Figure 3), and only the values 
of kcat/KM could be accurately determined. Similarly, the pS45-β-catenin reaction in the presence 
of Axin∆BCD did not fully saturate (Figure 2). Partial saturation was observed at 3 µM pS45-β-
catenin, suggesting a conservative limit of KM ≥1 µM. 
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Table S3. Observed kinetic parameters for the GSK3β reaction with pS45-β-catenin, related to 
Figure 1.a 
Substrate Reaction kcat (s-1) KM (µM) kcat/KM (M-1s-1) 
pS45-β-catenin –Axin (1.2 ± 0.04) ´ 10-2 0.77 ± 0.07 (1.6 ± 0.2) ´ 104 
 +miniAxin (2.5 ± 0.12) ´ 10-2 0.71 ± 0.1 (3.5 ± 0.5) ´ 104 

 
a The values shown in this table are for pS45-β-catenin prepared by in vitro phosphorylation with 
CK1α (Figure S8); see Table S2 for kinetic parameters obtained with pS45-β-catenin obtained by 
coexpression with CK1α. Standard errors for kcat and KM are from non-linear least squares fits to 
the initial rate data. The error for kcat/KM is propagated from the individual kcat and KM values. 
 
In vitro prepped pS45-β-catenin is not phosphorylated to completion at S45; we estimate that the 
in vitro CK1α reaction goes to ~40% completion (Figure S1C). The presence of significant 
quantities of unprimed β-catenin will affect the observed values of the steady state parameters 
because unprimed β-catenin can compete for GSK3β with a KM ~30 nM (in the presence or absence 
of Axin). This relatively low KM value means that significant quantities of GSK3β will be occupied 
by unprimed β-catenin at all concentrations of pS45-β-catenin (because increasing [pS45-β-
catenin] will also increase unprimed [β-catenin]). This effect will result in a decrease in the 
observed kcat and an increase the observed KM relative to a reaction with 100% pure pS45-β-
catenin. Nevertheless, the relative values of the observed rate constants in the presence or absence 
of Axin should not be affected by the presence of unprimed β-catenin. 
 
 
 
 
 
 
 
 
Table S4. Estimated cellular concentrations for Wnt pathway proteins, related to Box 1.a 
 HeLa cells Colon cells 
GSK3β 9.5 nM 64 nM 
β-catenin 22 nM 719 nM 
Axin 1.3 nM 1.3 nM 

 
a Cellular concentrations can be estimated using the number of molecules per cell, obtained from 
mass spectrometry data, and a cell volume from microscopy data (Itzhak et al., 2016). HeLa cell 
protein concentrations were calculated from protein abundance values (Nagaraj et al., 2011) and a 
cell volume of 2425 μm3 (BNID 103725 (Milo et al., 2010)). Colon cell protein concentrations 
were calculated from abundances obtained from human tissue samples (D. Wang et al., 2019) and 
a cell volume of 1400 μm3 (BNID 111216 (Wisniewski et al., 2012)). 
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Table S5. Protein expression plasmids, related to STAR Methods. 
 

Plasmid Proteina Expressed Protein Vectorb Source 
pES001 GSK3β MBP-GSK3β-HA-His pMBP-MG This study 
pMG033 GSK3β GST-GSK3β-HA-His pETARA This study 
 

pEF073 Axin MBP-Axin-His pMBP-MG This study 
pMG023 Axin384-518 (miniAxin) MBP-Axin384-518-His pMBP-MG This study 
pMG031 Axin384-518 

T481A/S486A/S493A/S496A 
MBP-Axin384-518 
T481A/S486A/S493A/S496A-His 

pMBP-MG This study 

pMG035 Axin∆465-518 (Axin∆BCD) MBP-Axin∆465-518-His pMBP-MG This study 
 

pEF019 β-catenin MBP-β-catenin-His pMBP-MG This study 
pMG050 β-catenin S45A MBP-β-catenin S45A-His pMBP-MG This study 
pMG047 β-catenin S33A MBP-β-catenin S33A-His pMBP-MG This study 
pMG057 β-catenin S33A/S37A MBP-β-catenin S33A/S37A-His pMBP-MG This study 
pMG061 β-catenin S33A/S37A/T41A MBP-β-catenin 

S33A/S37A/T41A-His 
pMBP-MG This study 

pMG062 β-catenin S33A/S37A/T41A/S45A MBP-β-catenin 
S33A/S37A/T41A/S45A-His 

pMBP-MG This study 

pMG051c β-catenin 
CK1α 

MBP-β-catenin-His 
GST-CK1α 

pMBP-MG This study 

pMG063 β-catenin S45A 
CK1α 

MBP-β-catenin S45A-His 
GST-CK1α 

pMBP-MG This study 

pMG064 β-catenin S33A 
CK1α 

MBP-β-catenin S33A-His 
GST-CK1α 

pMBP-MG This study 

pMG065 β-catenin S33A/S37A 
CK1α 

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

pMBP-MG This study 

pMG066 β-catenin S33A/S37A/T41A 
CK1α 

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

pMBP-MG This study 

pMG067 β-catenin S33A/S37A/T41A/S45A 
CK1α 

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

pMBP-MG This study 

 

pMG046 CK1α GST-CK1α-His pETARA This study 
 

pEF086 CREB (127-135) MBP-CREB127-135-His pMBP-MG This study 
pEF087 CREB (127-135) S133A MBP-CREB127-135(S133A)-His pMBP-MG This study 
pMG059 CREB MBP-CREB-His pMBP-MG This study 
 

pMG058 Glycogen Synthase (634-666) MBP-GS634-666-His pMBP-MG This study 
 

H6-rC PKA catalytic subunit His-PKA-rC pET15b Addgene #14921 

pES010 Kemptide MBP-Kemptide-His pMBP-MG (Speltz and 
Zalatan, 2020) 

YopH YopH YopH (untagged) pCDFDuet (Seeliger et al., 
2005) 

 

pJZ101 MBP MBP-His pMBP-MG This study 
pJZ102 GST GST-His pETARA This study 

a All proteins are human sequences except PKA, which is the mouse sequence. 
b pMBP-MG is a modified version of pMAL-p2X (New England Biolabs) with an N-terminal 
TEV-cleavable MBP tag and a C-terminal His6 tag. pETARA contains an N-terminal TEV-
cleavable GST tag and a C-terminal His6 tag. pMBP-MG and pETARA were described previously 
(Good et al., 2009). 
c pMG051 was constructed by inserting the GST-CK1α expression cassette (without the His tag) 
from pMG046 into the pEF019 backbone. Β-catenin mutants (pMG063-67) were cloned into this 
dual expression cassette. 
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Chapter 3  

The Axin scaffold protects the kinase GSK3β from cross-pathway inhibition 

 

Maire Gavagan1 and Jesse G. Zalatan1 

1Department of Chemistry, University of Washington, Seattle, WA 98195, USA 

 

3.1 Abstract 

Multiple signaling pathways regulate the kinase GSK3β by inhibitory phosphorylation at Ser9, 

which then occupies the priming pocket and is thought to block substrate binding. Since this 

mechanism should affect GSK3β activity towards all of its primed substrates, it is unclear why 

Ser9 phosphorylation does not affect other signaling outputs downstream of GSK3β, such as 

Wnt signaling. To test models for how GSK3β in the Wnt pathway is insulated from potential 

cross-activation by other signals, we evaluated the role of the Wnt-specific scaffold protein Axin 

in multiple reaction steps. Using an in vitro reconstituted system, we found that Axin protects 

GSK3β from phosphorylation at Ser9 by upstream kinases, which could prevent accumulation of 

pS9-GSK3β in the Axin-GSK3β complex. Scaffold proteins that protect bound proteins from 

reactions with other signaling molecules could provide a general mechanism to insulate signaling 

pathways from improper crosstalk. 
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3.2 Introduction 

Glycogen Synthase Kinase 3β (GSK3β) is a ubiquitously expressed and evolutionarily conserved 

kinase with important roles in multiple signaling pathways. GSK3β acts on a wide range of 

substrates in different pathways with downstream effects ranging from cell growth and 

differentiation to metabolism to apoptosis. GSK3β has also been implicated in a wide variety of 

diseases and disorders, including schizophrenia, bipolar disorder, type 2 diabetes, Alzheimer's, 

cancer, and others (Nusse and Clevers, 2017; Beurel et al., 2015). Despite strong interest in 

therapies targeting GSK3β for these diseases, these efforts have been complicated by the 

difficulty of targeting only one of the cellular processes regulated by GSK3β (Bhat et al., 2018). 

Understanding how the cellular pool of GSK3β is regulated by multiple signaling pathways is a 

critical first step towards developing strategies to target distinct sub-populations of GSK3β. 

GSK3β plays a key role in the Wnt pathway, a signaling pathway that regulates development and 

stem cell growth (Nusse and Clevers, 2017). Dysregulated Wnt signaling has been linked to 

several types of cancer, including acting as the primary driver of tumorigenesis in colorectal 

cancer (Zhan et al., 2017). In Wnt signaling, the scaffold protein Axin binds and assembles 

GSK3β, its substrate β-catenin, and other Wnt pathway proteins in a Wnt-specific protein 

complex called the destruction complex. In this complex, the kinases CK1a and GSK3β 

sequentially phosphorylate β-catenin, marking it for degradation. Wnt signals inhibit these kinase 

reactions, allowing β-catenin to accumulate and activate transcription of Wnt target genes 

(Kimelman and Xu, 2006; MacDonald et al., 2009; Moon et al., 2004; Nusse and Clevers, 2017; 

Polakis, 2000; Stamos and Weis, 2013, Hernández et al., 2012) (Figure 1A). Axin has been 

proposed to serve as a control point in Wnt signaling, promoting β-catenin phosphorylation in 
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the Wnt off state and coordinating the deactivation of β-catenin phosphorylation in response to 

Wnt signals (Kimelman and Xu, 2006; Nusse and Clevers, 2017).  

 
Figure 3.1. Wnt signaling is insulated from signals that phosphorylate GSK3β at Ser9 
A) In the Wnt pathway, the scaffold protein Axin coordinates a GSK3β complex that phosphorylates β-
catenin, which is then degraded. When a Wnt signal arrives, this machinery is disabled, and β-catenin 
levels rise and initiate a transcriptional program. B) In other signaling pathways, upstream signals 
regulate GSK3β through phosphorylation at Ser9 which blocks substrate binding, inhibiting its activity 
towards downstream substrates, and activates downstream signaling. C) The scaffold protein Axin may 
insulate Wnt-associated GSK3β from Ser9 inhibition by restoring β-catenin binding to pS9-GSK3β 
(Model 1) or by preventing accumulation of pS9-GSK3β in the Wnt destruction complex (Model 2).  
 

Despite sharing the same central kinase, Wnt signals do not activate other GSK3β-dependent 

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

work demonstrated that Axin increases the specificity of GSK3β specificity towards β-catenin 



 71 

(Gavagan et al., 2020), which supports the idea that Wnt signals could regulate Axin to inhibit 

Wnt-associated GSK3β without affecting GSK3β reactions in other pathways (Beurel et al., 

2015). Activation of the Wnt pathway does not lead to GSK3β phosphorylation at Ser9 (Tejeda-

Muñoz et al., 2016, Ding et al., 2000; McManus et al., 2005), consistent with the idea that Wnt 

signals instead regulate the Wnt-specific destruction complex. 

The molecular mechanism that prevents crosstalk from other GSK3β-dependent pathways into 

the Wnt pathway is less clear. In response to growth factors and hormones such as insulin, the 

kinases PKA and PKB/Akt phosphorylate GSK3β at Ser9 (Sutherland et al., 1993; Cross et al., 

1995; Fang et al., 2000). The phosphorylated N-terminus is thought to inhibit GSK3β by acting 

as a pseudosubstrate, binding in the priming pocket and blocking substrate binding (Frame et al., 

2001; Dajani et al., 2001; Stamos et al., 2014; ter Haar et al., 2001) (Figure 1B). Although we 

might expect that phosphorylation of Ser9 would lead to widespread inhibition of GSK3β 

activity, in vivo experiments demonstrate that insulin and growth factor signals do not activate 

the Wnt pathway (Ng et al., 2009; Ding et al., 2000). Thus, there must be mechanisms in cells 

that prevent Wnt pathway activation when pS9-GSK3β accumulates in cells. 

Previous work in the field suggests two potential mechanisms that could insulate the Wnt 

pathway from insulin and growth factor signals. First, by tethering GSK3β and its substrates 

together, the Axin scaffold could overcome the inhibitory effects of Ser9 phosphorylation. Early 

work in the field suggested that Axin-mediated tethering could overcome the phosphopriming 

requirement for GSK3β substrates (Frame et al., 2001). A similar mechanism could allow pS9-

GSK3β to efficiently react with Axin-tethered β-catenin even if the GSK3β priming pocket is 

blocked (Beurel et al., 2015) (Figure 1C). However, the model that Axin overcomes 
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phosphopriming requirements was initially proposed before β-catenin was found to also require 

phosphopriming (Liu et al., 2002), and our subsequent work confirmed that the Axin-mediated 

GSK3β reaction is far slower with unprimed β-catenin than with phosphoprimed pS45-β-catenin 

(Gavagan et al., 2020). Thus, there is no strong evidence supporting the model that Axin can 

overcome the GSK3β phosphopriming requirement. However, the effect of Axin on pS9-GSK3β 

activity has not been directly tested. 

A second possible mechanism for Wnt pathway insulation is that the Axin scaffold prevents 

accumulation of pS9-GSK3β in the destruction complex (Figure 1C). This model is supported by 

in vivo experiments showing that in insulin-treated cells, Ser9 phosphorylation increases in the 

total GSK3β population but is unchanged in the Axin-associated GSK3β pool (Ding et al., 2000; 

Ng et al., 2009). Most simply, this effect could arise if Axin-bound GSK3β is inaccessible to the 

kinases that phosphorylated Ser9. More complex mechanisms involving Axin-associated 

phosphatases could also act to prevent pS9-GSK3β accumulation in the destruction complex. 

To distinguish between these possible models, we have quantitatively evaluated the effect of 

Axin on pS9-GSK3β formation and activity in a minimal, in vitro reconstituted biochemical 

system. We find that in the presence of Axin, pS9-GSK3β activity towards β-catenin remains 

significantly impaired compared to unphosphorylated GSK3β, suggesting that Axin does not 

overcome GSK3β substrate priming requirements. Instead, we observe that Axin protects GSK3β 

from phosphorylation at Ser9 by upstream kinases, which provides biochemical evidence 

supporting the idea that scaffold proteins can shield bound proteins from reactions with other 

signaling enzymes. 
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3.3 Results  

Biochemical Reconstitution of GSK3β reactions  

To test models for how GSK3β activity is regulated, we biochemically reconstituted a 

minimal reaction system with the kinase GSK3β, the substrate pS45-β-catenin, and the Axin 

scaffold. We purified maltose binding protein (MBP) fusions of β-catenin and full length Axin as 

described previously (Gavagan et al., 2020). MBP-GSK3β expressed in E. coli is partially 

phosphorylated on Ser9. To obtain GSK3β in well-defined phosphorylation states, we first co-

expressed GSK3β with lambda phosphatase (𝜆PP), a serine/threonine phosphatase. The purified 

GSK3β from this co-expression system is fully dephosphorylated at Ser9 and remains 

phosphorylated at the activating site Tyr216 (Gavagan et al., 2020). The observed value of 

kcat/KM for GSK3β without 𝜆PP treatment is ~5-fold lower than the 𝜆PP-treated GSK3β (Table 1 

& Gavagan et al., 2020).  

To produce pS9-GSK3β, we incubated GSK3β with PKA, which phosphorylates GSK3β 

to completion at Ser9. We used affinity chromatography with amylose resin to separate MBP-

tagged GSK3β from PKA (see Methods). We also expressed and purified GSK3β_S9A, which 

cannot be phosphorylated on Ser9, in both 𝜆PP-treated and PKA-treated forms. This mutant will 

allow us to distinguish effects specific to Ser9 phosphorylation from any effects that might arise 

from non-specific 𝜆PP-dephosphorylation or PKA phosphorylation at other GSK3β residues. 
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Phosphorylation at Ser9 inhibits GSK3β with a large increase in KM 

It is well established that Ser9 phosphorylation inhibits GSK3β activity, but quantitative 

measurements of the inhibitory effect are limited and variable (Sutherland et al., 1993; Stambolic 

et al., 1994; Frame et al., 2001). To evaluate how GSK3β is affected by Ser9 phosphorylation, 

we measured initial rates for the reaction of GSK3β with pS45-β-catenin using a quantitative 

western blot assay. The initial rates were used to determine the steady state Michaelis-Menten 

kinetic parameters kcat, KM, and kcat/KM as described previously (Gavagan et al., 2020). Using this 

system, we found that phosphorylation of GSK3β at Ser9 strongly inhibits its activity towards 

pS45-β-catenin, with a ~200-fold decrease in kcat/KM compared with non-phosphorylated or 

mutant S9A GSK3β (Figure 2B & Table 1). The observed rates for non-phosphorylated GSK3β 

and PKA-treated GSK3β_S9A are indistinguishable, indicating that the large rate decrease in 

pS9-GSK3β is from phosphorylation specifically at Ser9, not any other unknown PKA 

phosphosites.  

 

The observed rates for the pSer9-GSK3β reaction increase linearly with pS45-β-catenin 

concentration with no detectable saturation up to 2 µM substrate (Figure 2B). We can estimate a 

conservative limit that KM ≥ 2 µM, which is >7-fold larger than the KM of 0.28 µM for both non-

phosphorylated GSK3β and mutant GSK3β_S9A. This KM increase is consistent with the model 

that phosphorylation of Ser9 inhibits GSK3β by interfering with substrate binding, although we 

cannot rule out the possibility that pS9 inhibition also produces kcat effects.  
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Figure 3.2. Phosphorylation at Ser9 inhibits GSK3β activity towards pS45-β-catenin 
A) Minimal kinetic scheme for the reaction of non-phosphorylated GSK3β, pS9-GSK3β, and 
GSK3β_S9A with pS45-β-catenin. GSK3β phosphorylates pS45-β-catenin at three sites: S33, S37, and 
T41. B) Michaelis-Menten plot of Vobs versus [pS45-β-catenin] at 10 nM non-phosphorylated GSK3β, 
pS9-GSK3β, and GSK3β_S9A. Values are mean ± SD for at least 3 measurements. See Table 1 for values 
of fitted kinetic parameters. The pS9-GSK3β reaction does not detectably saturate at high [pS45-β-
catenin], which means that only the value of kcat/KM can be accurately determined. We can estimate a 
conservative limit that KM ≥ 2 µM, substantially higher than the KM for non-phosphorylated GSK3β and 
GSK3β_S9A.  
 

The scaffold protein Axin cannot overcome pS9-GSK3β inhibition  

To test the model that Axin-mediated tethering overcomes pS9 inhibition of the GSK3β 

phosphopriming site, we measured reaction rates for pS9-GSK3β, non-phosphorylated GSK3β, 

or PKA-treated GSK3β_S9A with pS45-β-catenin in the presence and absence of Axin. These 

reactions were performed at Axin concentrations where all of the GSK3β is bound to Axin, 

which allows direct comparisons of rate constants for GSK3β and Axin-GSK3β reactions 

(Gavagan et al., 2020). Addition of Axin to reactions with non-phosphorylated GSK3β and 

PKA-treated GSK3β_S9A produced modest ~2-fold increases in kcat/KM arising from small 
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changes to both the kcat and the KM, consistent with previous results (Gavagan et al., 2020). Axin 

produced a  

 
 
Figure 3.3. Axin restores the KM for β-catenin but cannot overcome pS9-GSK3β inactivation 
A) Minimal kinetic scheme for the reaction of pS9-GSK3β with pS45-β-catenin in the presence and 
absence of Axin. At the Axin concentrations used in these experiments all the GSK3β is bound to Axin 
(Gavagan et al., 2020). B-D) Michaelis-Menten plots of Vobs versus [pS45-β-catenin] in the presence and 
absence of 500 nM Axin with 10 nM pS9-GSK3β (B), non-phosphorylated GSK3β (C) or GSK3β_S9A 
(D). E) Michaelis-Menten plots of Vobs versus [pS45-β-catenin] in the presence of Axin with pS9-GSK3β, 



 77 

non-phosphorylated GSK3β and GSK3β_S9A are plotted together as in Figure 2B. Although Axin fully 
rescues the KM effect from Ser9 phosphorylation, there is still a substantial ~10-fold kcat decrease in the 
pS9-GSK3β reaction compared to non-phosphorylated GSK3β and GSK3β_S9A. Values are mean ± SD 
for at least 3 measurements. See Table 1 for values of fitted kinetic parameters. 

much larger ~20-fold kcat/KM increase in the pS9-GSK3β reaction. Notably, this kcat/KM increase 

is primarily due to rescue of the KM. Addition of Axin results in a decrease in the observed KM to 

0.27 µM, similar to the KM values for non-phosphorylated GSK3β and GSK3β_S9A. This result 

suggests that Axin can compensate for the inhibitory effect of pS9-GSK3β on substrate binding, 

possibly because the Axin binding site for β-catenin allows formation of an Axin•GSK3β•β-

catenin ternary complex even when the GSK3β priming pocket is blocked. 

Although Axin appears to fully rescue the KM effect from Ser9 phosphorylation, there is still a 

substantial ~10-fold kcat decrease in the pS9-GSK3β reaction compared to non-phosphorylated 

GSK3β. Thus, despite apparently rescuing substrate binding, Axin cannot fully restore pS45-β-

catenin phosphorylation rates. The simplest interpretation of this result is that Axin assembles a 

non-productive pS9-GSK3β•β-catenin complex that is still inhibited by pSer9 occupying the 

priming pocket.  

The large kcat effect suggests that pS9 inhibition of GSK3β may be more mechanistically 

complex than previously thought. The available crystal structures of Axin-bound pS9-GSK3β do 

not provide a clear explanation for this behavior (Stamos et al., 2014). One possibility is that 

although Axin restores pS45-β-catenin binding to pS9-GSK3β, it results in a distinct binding 

mode/substrate confirmation that has slower turnover. Another possibility is that binding of 

primed substrates in the priming pocket affects the catalytic step in addition to the KM. Substrate 

docking sites have been shown to play dual roles, both controlling substrate binding and 

specificity and allosterically modulating kinase activity (Schulze et al., 2016).  
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Although Axin produces large rate increases in the pS9-GSK3β reaction, there is still a large, 

>10-fold kcat decrease, and corresponding >10-fold rate decrease across all pS45-β-catenin 

concentrations when GSK3β is phosphorylated (Figure 3 & Table 1). This rate drop is likely 

sufficient to activate Wnt outputs since stimulation with high levels of Wnt ligand can produce 

~5-fold decreases in GSK3β phosphorylation of β-catenin, with corresponding ~5-10-fold 

increases in total β-catenin levels (Hernández et al., 2012; Hannoush, 2008). In vivo changes in 

β-catenin levels as low as 2-fold can have measurable effects on transcription of Wnt output 

genes (Jacobsen et al., 2016). Thus, if pS9-GSK3β accumulates in the Axin-mediated destruction 

complex, inhibition of β-catenin phosphorylation and improper activation of the Wnt pathway is 

likely to occur. 

 

Axin prevents accumulation of pS9-GSK3β in the destruction complex 

To test the model that Axin prevents upstream kinases from phosphorylating GSK3β, we 

evaluated the effect of Axin on the PKA-mediated phosphorylation of GSK3β at Ser9. We 

recombinantly purified the kinase PKA and performed in vitro reactions with non-

phosphorylated GSK3β, both with and without Axin. We measured initial rates for pS9-GSK3β 

formation through quantitative western blotting using an antibody that recognizes pS9-GSK3β 

and determined Michaelis-Menten kinetic parameters, as before. We found that adding Axin to 

the reaction produced a 7-fold drop in the kcat/KM for PKA mediated phosphorylation of GSK3β. 

The 7-fold drop in kcat/KM is primarily a KM effect, with a 4-fold increase in KM when Axin is 

present. This KM increase indicates that Axin interferes with formation of the PKA-GSK3β 

enzyme substrate complex, consistent with Axin blocking access to the N-terminus of GSK3β. 
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Figure 3.4. Axin prevents phosphorylation of GSK3β at Ser9 
A) Minimal kinetic scheme for the reaction of PKA with pS9-GSK3β in the presence and absence of 
Axin. At the Axin concentrations used in these experiments all the GSK3β is bound to Axin (Gavagan et 
al., 2020). B) Michaelis-Menten plots of Vobs versus [GSK3β] with 20 nM PKA in the presence and 
absence of 500 nM Axin. Axin produces a 7-fold drop in the kcat/KM for PKA mediated phosphorylation 
of GSK3β. C) Michaelis-Menten plots of Vobs versus [CREB127-135] with 20 nM PKA in the presence and 
absence of 500 nM Axin. Axin does not decrease PKA activity towards CREB127-135, suggesting that the 
Axin•GSK3β interaction is responsible for the decrease in PKA phosphorylation of GSK3β at Ser9. 
Values are mean ± SD for at least 3 measurements. See Table 1 for values of fitted kinetic parameters. 
 

An alternative explanation for the observed kcat/KM decrease is that Axin is also a substrate for 

PKA, and simply acts as a non-specific competitive inhibitor of the in vitro GSK3β 

phosphorylation reaction. If this model is correct, then the Axin-mediated kcat/KM decrease would 
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not arise specifically from the interaction between Axin and GSK3β, but would instead occur for 

any PKA substrate, To test this possibility, we recombinantly purified the PKA substrate CREB 

as a short MBP fusion peptide (MBP-CREB127-135). CREB is phosphorylated by PKA at Ser133 

(Fiol et al., 1994; Naqvi et al., 2014; Gavagan et al., 2020). When we add Axin to the PKA 

phosphorylation of CREB127-135 we see no change in observed rates or in the value of kcat/KM. 

This result indicates that Axin is not a competitive inhibitor of PKA at the concentrations used in 

our assays and that the Axin•GSK3β interaction is responsible for the decrease in PKA 

phosphorylation of GSK3β at Ser9. This decrease in pSer9 phosphorylation of GSK3β is 

consistent with literature reports that the Axin-bound pool of GSK3β does not become 

phosphorylated at Ser9 in vivo (Ng et al., 2009; Ding et al, 2000). 

 

 

3.4 Discussion 

To understand how the scaffold protein Axin insulates Wnt signaling from GSK3β 

phosphoregulation associated with other signaling pathways, we biochemically reconstituted 

pathway reactions in a minimal, in vitro reconstituted biochemical system. We evaluated how 

Axin affects two distinct reaction steps: the activity of pSer9-GSK3β towards downstream 

substrates and the activity of upstream kinases that inhibit GSK3β. We observed that S9 

phosphorylation has large, detrimental effects on GSK3β activity and while Axin can rescue the 

KM for pS45-β-catenin, the observed kcat remains impaired (Figure 2 & Table 1). Even when 

bound to Axin, GSK3β phosphorylation at Ser9 produces ~10-fold rate decreases which are 

likely sufficient to activate Wnt outputs (Hernández et al., 2012; Hannoush, 2008; Jacobsen et 
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al., 2016). Thus, if pSer9-GSK3β is present in the Wnt-associated Axin-GSK3β complex, then 

activity towards downstream substrates will be impaired, which would improperly activate the 

Wnt pathway. Instead, we found that Axin protects GSK3β from phosphorylation at Ser9 by 

upstream kinases. Adding Axin produced a 7-fold drop in the kcat/KM of PKA-mediated 

phosphorylation of GSK3β. This decrease in pS9 phosphorylation of GSK3β is consistent with 

literature reports that the Axin-bound pool of GSK3β does not become phosphorylated at Ser9 in 

vivo (Ng et al., 2009; Ding et al, 2000) and suggests that scaffold proteins can insulate signaling 

pathways by protecting bound kinases from negative regulators associated with other pathways 

(Perlson et al., 2006; Greenwald et al., 2014; Su et al., 2016).  

The Axin-mediated drop in kcat/KM for the PKA-reaction with GSK3β at Ser9 is primarily due to 

a 4-fold increase in KM. There are several plausible models for how Axin might disrupt the PKA 

interaction with the N-terminus of GSK3β. The simplest model is that Axin sterically occludes 

upstream kinases from accessing the Ser9 site on GSK3β. The Axin binding site on GSK3β does 

not directly overlap with Ser9, nor is it immediately adjacent, but Axin is a large, disordered 

protein and could potentially extend towards the N-terminus of GSK3β. Another possibility is 

that Axin binding produces allosteric changes in the N-terminus of GSK3β that make it less 

accessible to upstream kinases. There are several crystal structures of GSK3β available, both 

with and without an Axin peptide bound. These crystal structures do not indicate any obvious 

changes at the Ser9 site or in the region near the N-terminus of GSK3β. However, the N-

terminus of GSK3β is believed to be disordered and is not visible or is only partially visible in 

the available crystal structures of Axin-bound GSK3β and free GSK3β (Stamos et al., 2014; ter 

Haar et al., 2001; Dajani et al., 2003; 2001).  
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Other mechanisms could also contribute to preventing accumulation of pS9-GSK3β in the Wnt 

destruction complex. Axin has been shown to interact with several phosphatases, including PP2A 

(Ikeda et al., 2000; Seeling et al., 1999, Hsu et al., 1999), PP1 (Luo et al., 2007), and PP2C 

(Strovel et al., 2000), and Axin can promote PP2A-mediated dephosphorylation of pS9-GSK3β 

(Cantoria et al., 2022). Axin recruitment of PP2A into the destruction complex could remove the 

inhibitory Ser9 phosphorylation from the Wnt-associated pool of GSK3β. A phosphatase-

mediated mechanism could be important if exchange between the cellular pools of Axin-bound 

and free GSK3β is relatively fast compared to the timescale of signaling (Zalatan et al., 2012). 

Even if Axin protects bound GSK3β from upstream kinases, as we have observed here, if the 

unphosphorylated GSK3β dissociates and is replaced by pS9-GSK3β then Wnt outputs could 

still be improperly activated. Further experiments will be needed to quantitively evaluate the 

effect of Axin on PP2A activity towards pS9-GSK3β.   

Another mechanism that could contribute to pathway insulation is if Wnt-associated GSK3β is 

physically separated from free GSK3β in localized or phase separated compartments. Liquid-

liquid phase separation is thought to promote signaling by spatially organizing signaling 

pathways (Banani et al., 2017; Lyon et al., 2021). Phase separated droplets have been shown to 

exclude negative regulators from signaling complexes (Su et al., 2016). Wnt pathway proteins 

also phase separate (Schaefer et al., 2018; Nong et al., 2021), which could exclude kinases like 

Akt and PKA from accessing Wnt-associated GSK3β. Alternatively, insulin and growth factor 

signals might only act on a separate, highly-localized pool of GSK3β. Such behavior has been 

observed in other PKA-dependent pathways, with cAMP-associated microdomains allowing 

multiple pathways to use PKA to process distinct signals (Anton et al., 2022; Zhang et al., 2020; 

Bock et al., 2020). Formation of these cAMP microdomains may be mediated in part by the 
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action of phosphodiesterases, and a similar role for phosphatases might be important for physical 

separation of GSK3β pools. 

Over the past 20 years new models have emerged to suggest that scaffold proteins are more than 

static binding platforms. These models propose an astounding array of scaffold behaviors. 

Scaffolds have been proposed to spatially organize and insulate signaling across a vast range of 

length scales from molecular mechanisms that modulate the rate and localization of one specific 

chemical reaction, to coordinating positive and negative regulation within signaling pathways or 

shared signaling nodes, to organizing large structures such as membraneless organelles (Good et 

al., 2011; Langeberg et al., 2015; Pan et al., 2012; Banani et al., 2017). Dissecting the underlying 

mechanisms behind these behaviors requires the intersection of fields with similarly varied 

length scales; techniques in genetics, cell biology, and quantitative biochemistry build on one 

another to propose and test scaffold mechanisms. Here we provide biochemical evidence for one 

potential mechanism of scaffold contribution to pathway insulation. Biochemical reconstitution 

of pathway reactions in vitro allowed us to rigorously test how Axin could prevent non-Wnt 

GSK3β regulation from activating downstream Wnt outputs. Future experiments that expand on 

this work by exploring the role of phosphatases and phase separation in Axin insulation of Wnt 

signals will likely provide further insights and reveal additional complexity.  
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Methods 

Protein Expression Constructs 

The proteins Axin, pS45-β-catenin, PKA, and the CREB127-135 peptide ILSRRPSYR were cloned 

and expressed as previously described (Gavagan et al., 2020). In short, all sequences except PKA 

were cloned into E. coli expression vectors containing an N-terminal maltose binding protein 

(MBP) and a C-terminal His6 tag. The catalytic subunit of mouse PKA was expressed from 

pET15b with an N-terminal His-tag (addgene #14921)(Narayana et al., 1997). 

pS45-β-catenin was produced by coexpression with CK1α. Lambda phosphatase (lPP) was 

cloned with an N-terminal GST tag and a C-terminal His6 tag; the human lPP sequence was 

obtained from VMG950 (Good et al., 2009). Dephosphorylated GSK3β was produced by 

coexpression with lPP. The coexpression plasmid for GSK3β and lPP was constructed by 

inserting the GST-lPP expression cassette (without the His6 tag) into the MBP-GSK3β-His 

plasmid. GSK3β point mutants and Axin truncations were constructed by assembling PCR 

fragments. Unless otherwise noted, all wt and mutant GSK3β constructs in this study were 

coexpressed with lPP to ensure they are unphosphorylated. 

 

Protein Expression and Purification 

For quantitative kinetic and binding assays, all Wnt pathway, CREB, and PKA proteins were 

expressed in Rosetta (DE3) pLysS E. coli cells by inducing with 0.5 mM IPTG overnight at 18 

ºC. Constructs with N-terminal MBP and C-terminal His6 tags (GSK3β, pS45-β-catenin, Axin, 

and CREB127-135) were affinity purified with HisPur Ni-NTA resin (Thermo Scientific) and 

amylose resin (NEB). The PKA catalytic subunit was purified on Ni-NTA resin. Purified 
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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). pS45-β-catenin was 

further purified by size exclusion chromatography using a Superdex 200 Increase 10/300 GL 

column (GE Healthcare) to remove a copurifying fragment before being dialyzed into 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 ºC in 60 µL total volume. Reactions were 

initiated by adding ATP to a final concentration of 100 µM. Reaction timepoints for initial rate 

kinetics were obtained at 10, 30, 60, and 90 seconds (pS45-β-catenin reactions with 

unphosphorylated GSK3β and GSK3β_S9A); 1, 2, 5, and 10 minutes (pS45-β-catenin reactions 

with pS9-GSK3β); and 0.5, 1, 2, and 4 minutes (vary [GSK3β] CREB127-135] reactions with 

PKA). 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 

pS45-β-catenin, all gel samples were diluted 5-fold in 1X SDS loading buffer to prevent a gel 

smearing artifact that occurs with [pS45-β-catenin] ≥ 500 nM. For reactions with PKA 
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phosphorylation of GSK3β, samples were diluted 4-fold (500nM GSK3β reactions without Axin) 

or 2-fold (all other GSK3β concentrations) to prevent signal saturation of the western blot scan.  

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

(Ser33/37/Thr41) antibody (Cell Signaling Technology #9561). PKA-phosphorylated GSK3β 

was detected using a primary anti-phospho-GSK3β (Ser9) antibody (Cell Signaling Technology 

#5558) that recognizes phospho-S9-GSK3β. PKA-phosphorylated CREB127-135 was detected 

using a primary anti-phospho-CREB (Ser133) antibody (Cell Signaling Technology #9198). For 

all reactions, the secondary antibody was IRDye 800CW Goat Anti-Rabbit IgG antibody (Li-Cor 

#926-32211). 

Concentrations of phosphorylated product in each reaction were determined by comparing 

western blot signal intensities to an endpoint standard containing 50 nM product phosphorylated 

to completion. For pS45-β-catenin reactions the endpoint is pS45-β-catenin phosphorylated to 

completion by GSK3β as previously described (Gavagan et al., 2020). The pS45-β-catenin 

standard was prepared in a reaction with 50 nM pS45-β-catenin, 100 nM GSK3β, and 100 µM 

ATP in kinase assay buffer at 25 ºC for 15 min. For PKA phosphorylation of GSK3β reactions 

the endpoint is pS9-GSK3β, phosphorylated to completion by PKA. The pS9-GSK3β standard 

was prepared in a reaction with 50 nM dephosphorylated GSK3β, 100nM PKA, and 500 µM 

ATP in kinase assay buffer at 25 ºC for 24 hours. To prevent signal saturation of the western blot 

scan, the pS9-GSK3β standard was diluted 4-fold in 1x SDS loading dye, to a final concentration 

of 12.5nM pS9-GSK3β. For CREB127-135 reactions the endpoint is pS133-CREB127-135, 

phosphorylated to completion by PKA. The pS133-CREB127-135 standard was prepared in a 
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reaction with 50 nM CREB127-135, 100nM PKA, and 200 µM ATP in kinase assay buffer at 25 ºC 

for 20 hours. 

Initial rate measurements were performed in triplicate. Phosphorylated product levels from 

quantitative western blots were analyzed using Image Studio Lite 5.2.5 (Li-Cor) and kinetic 

parameters were determined by fitting to the Michaelis-Menten equation or to a linear fit using 

Kaleidagraph 4.1.3. Initial rates for each reaction were determined by fitting a linear model to a 

graph of [product] vs time.  Kinetic parameters were determined by fitting plots of initial rates 

(Vobs) vs. [substrate] to the Michaelis-Menten equation 𝑉!"# = 𝑘$%&[E]'[S]/(𝐾( + [S]). Standard 

errors for kcat and KM reported in Tables 1 and 2 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!"# = (𝑘$%& 𝐾(⁄ )[E]'[S]/11 + ([S]/𝐾()3. For the pS9-GSK3β reactions without Axin, which 

did not detectably saturate, the value of kcat/KM was obtained from the slope of linear fit to the 

plot of Vobs vs. [substrate].  
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Table 1. Kinetic parameters for pS45-β-catenin reactions, related to Figures 2-3. 

Enzyme Reaction kcat (s-1) KM (µM) kcat/KM (M-1s-1) 
pS9-GSK3β –Axin n.d. n.d. (³ 2 µM) (4.9 ± 0.1) ´ 103 
 +full length Axin (2.9 ± 0.3) ´ 10-2 0.29 ± 0.08 (1.1 ± 0.3) ´ 105 
GSK3β –Axin (2.8 ± 0.2) ´ 10-1 0.33 ± 0.08 (8.5 ± 2.1) ´ 105 

 +full length Axin (3.4 ± 0.1) ´ 10-1 0.17 ± 0.02 (2.0 ± 0.2) ´ 106 
GSK3β_S9A –Axin (2.8 ± 0.2) ´ 10-1 0.27 ± 0.05 (9.5 ± 1.8) ´ 105 

 +full length Axin (3.3 ± 0.1) ´ 10-1 0.16 ± 0.02 (2.1 ± 0.3) ´ 106 

 
 

Table 2. Kinetic parameters for PKA reactions, related to Figure 4. 

Substrate Reaction kcat (s-1) KM (µM) kcat/KM (M-1s-1) 
GSK3β –Axin (7.5 ± 0.3) ´ 10-3 0.062 ± 0.007 (1.2 ± 0.1) ´ 105 
 +full length Axin (4.4 ± 0.1) ´ 10-3 0.25 ± 0.02 (1.7 ± 0.1) ´ 104 
CREB127-135 –Axin (2.3 ± 0.04) ´ 10-2 0.15 ± 0.009 (1.5 ± 0.1) ´ 105 
 +full length Axin (2.3 ± 0.05) ´ 10-2 0.14 ± 0.010 (1.6 ± 0.1) ´ 105 
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