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Chapter 1

Introduction

As the title suggests, this Thesis presents a framework for “Executable Knowledge”
in the Post-Genomic Life Sciences, using Wnt signaling as a case study. As such, the
notions of Knowledge and Ezecutability on this whole project are scoped to the relevancy
as determined and allowed by the current state of Life Sciences. Moreover, Wnt signaling
has proven to be a sufficiently rich set of phenomena as to allow theoretical exploration
at multiple levels of mechanistic coarse-graining and scales [1-3]. To begin with, a small

description will be given on these three key elements.

1.1 Knowledge

1.1.1 What Is Knowledge?

The subject of “Knowledge” has been explored and debated for several millenia, from the
greek emotnun (episteme) and teyvn (techne) [4], to the current framework for Justified
True Belief [5], touching on Cartesian Doubt [6], and even Kantian absolutisms [7]. As
a formal definition of Knowledge lies outside the scope of this project, suffice it to pose
that the Knowledge we deal with is the type that can best be described as a Scientific
Hypothesis that must be, to the extend that reason and evidence allow, correct. A subtle
point withing the Correctness of the hypothesis that must be rendered explicit is that

the Hypothesis should be a true mechanistic statement. The reason for this is to ensure
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Chapter 1. Introduction 2

compatibility with further statements. For example, propositions such as:

Planar Cell Polarity patterning follows Dorso-Ventral Axis
establishment. (1.1)

evidently gloss over information and variables when compared with statements such as:

Wnt induction causes B-catenin upregulation. (1.2)

Yet the exact same applies when we compare the former with finer statements such as:

Serine 33 on CTNBI1_HUMAN can be phoshorylated by
functional GSK3B_HUMAN only if Tyrosine 86 is already

phosphorylated.

It is clear that while 1.1 is written at a cheaply accessible level of information, it is too
coarse to be integrative with other hypothesis '. As for 1.2, this was compatible to a de-
gree with other statements of the sort, and to its credit goes the “Age of MicroArrays”.
But with the advent of High Throughput technologies, we are now accessing a vast level
of information at the scale required by 1.3. And of particular intelecutal seduction is a
possible lower bound for the mechanistic level our knowledge can achieve. Indeed, estab-
lishing a Lingua Franca of Knowledge in biochemical signaling will require integrating
vast amounts of data from a myriad of sources, and the most effective way of ensuring
integrability is to handle Knowledge as Factoids, that is an atomized representation of

the empirical reality.

In other words, since the Knowledge that is of interest is by nature collaborative, said
Knowledge must be expressed in a currency that is atomized to ensure on one hand
consistency, and extensibility on the other. This epistemic thing still requires a formal

way of being represented.

!The problem is the multi-referral of inner variables that simply make the set highly incompatible
with other sets. For example, attempting to integrate new information such as “Patterning triggered by
maternally inherited Wnt mRNA” | introduces the notion of Wnt mRNA, which is partially implied in
the phenomenology of “Dorso-Ventral Axis establishment”.
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1.1.2 Knowledge Representations

There are currently several frameworks that attempt to express Knowledge in regards
to Life Sciences, all trying to ensure consistency and extensibility. Initiatives like the
BioPAX [3], the Open Biological Expression Language [8], and the Microarray Gene Ex-
pression Markup Language [9], among many others attempt to offer a concise framework
to express knowledge from various sources. These frameworks most often take the form
of Resource Description Frameworks [10] specialized to a particular lexicon. Indeed, a
key aspect of these resources is their particular Dictionary [3]. However, the same con-
straint that structures statements into machine-readable concatenations of classes, such
as the typical triple of subject-predicate-object, has the side-effect of focusing expression
to pre-defined Concepts. An evident caveat of these implementations is that Knowledge

can only be explicitly expressible if the Dictionary explicitly expects it.

As should be evident from the previous section, the level of granularity for the Knowledge
of interest is quite fine, and therefore a Knowledge Representation should allow for such
fine expressions. This has the advantage of no longer requiring naming conventions
for coarse phenomenology, such as “Creutzfeldt Jakob”, but only dealing with finer
dynamics, such as “Prion polymerization in Insoluble Conformation”. It is thus clear
that the Lingua Franca of interest must adequately express mechanistic knowledge as is
relevant to biochemical signaling. In particular, support for protein-protein interactions,

as well as protein modifications, should be quite robust.

1.1.3 Sources of Knowledge

Ideally, full integration of any and all sources of Knowledge into a cohesive corpus of
truths would be the ultimate goal of Science. However, this is not yet a realized case.
While there are databases of information on the web, freely accessible and curated, more
often than not the bulk of their information is in raw English, which requires human
intervention to be successfully integrated into a different context. For example, the
Universal Protein Resource (UniProt) [11] offers excellent curated information in a pro-
gramatically accessible way, however there’s also much in the annotations and comments

fields that is not truly standardized. The same applies to the Kyoto Encyclopedia of
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Genes and Genomes (KEGG) [12], and even PhosphoSite [13]. In regards to Protein-
Protein interactions, integrative databases such as the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) [14] holds information at an undefined physical
location for the interaction, while some others such as DOMINE [15] utilize references
that meld Domains, Families, and Motifs, within Pfam entries [16]. These levels of
melding obscure a very important aspect of biochemical signaling, and that is the time
dimension: what interactions exclude other interactions by nature of sequestering their

binding site [17]?

In absence of digested and ready-to-use information, it is clear that the greatest resource
for information regarding biochemical signaling is the Literature. As such, engines for
text mining, such as Linguamatics [18] or the Information Hyperlinked Over Proteins
(IHOP) effort [19] often yield promising results for small well-though queries. However,
their poor integration with standardized knowledge representations yield results that
although summarized, are still in traditional English, and thus still require a human to
integrate these factoids into a cohesive set. Moreover, the often syntactical richness found
in articles from different countries appears to prove too confusing for these algorithms,

and thus renders them effectively illiterate at large scales.

These obstacles to knowledge integration unfortunately hinder a cataloging of informa-
tion, with the expected result of a scientific community that is truly unaware of the
bona fide “Current State of the Art” for a given topic. In other words, information
that is unaccessible (by virtue of being hidden), is almost as good as information that
is not there. Indeed, it is all too often that an ambitious representation of a particu-
lar signaling pathway is shot down because “We don’t know enough”. Yet how is the
community supposed to know what it knows if that Knowledge is not represented in a

Lingua Franca?

1.2 Execution

Execution is the effective fulfillment of a set of instructions. An ambitious extrapolation
of this concept are the theoretical perspectives known as Digital Physics [20], where
the entire Universe is a described as mathematically isomorphic to a vast Computation

Machine carrying out a programme. As the scale of Plank-lengths, Qubits, and Quantum
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Space-Time yields a frightengly heavy simulation for biologically relevant entities and
times, let us avoid that extreme of reductionism and deal with a more comfortable idea:
the execution of an Encoded Programme by a biological simulator entity, on biologically
relevant “things” 2. Indeed, given an Executable framework, Knowledge representation
would gain the ability to be Model checked, that is to be verified for consistency given
a specification. FEvidently, having verified, consistent, and specified Knowledge would

greatly reduce reduntant experimentation and would boost knowledge exchange.

1.2.1 What Constitutes Executability?

For an instruction set to be executable under current implementations of computation
machines, it must basically be either a computer programme, or the input for one. In

other words, it is a Model.

1.2.2 Current Modeling Limitations

The most simple of modeling frameworks would be a species-based Ordinary Differen-
tial Equation (ODE) set, however a problem quickly grows out of control when deal-
ing with large systems: the Combinatorial Explosion. For a single protein, such as
AXIN1_HUMAN, there are at least 9 known modified residues, and that effectively
leads to 22 = 512 flavors of that protein given full independence of each and all residues
3 this phenomenon is colorfully known as the Curse of Dimensionality [21]. A similar
explosion occurs with polymerizations, as each length of the chain constitutes a different
species. As such, what is the upper bound of the species number, and why? Evidently,
a modeling approach that requires knowledge of the entire species space beforehand, or

that requires the user to state the entire species space is evidently undesirable.

There have been several attempts at dealing with these situations in an executable
framework, notable efforts include representing networks using n-calculus as an effort

of pattern space computation [22], pattern-based shorthands for ODE generation using

2Though the notion of Encoded Programme may appear to reference the information encoded in the
Genome, the recent rise of EpiGenetics has proven that we are not “Slaves to our Genes”, and indeed the
term is not meant to be interpreted in such a manner. Likewise, biological simulator does not exclusively
mean cell, or even chemoton.

31f we acknowledge that some of those residues may have more than 2 states, the number grows to
ridiculous heights. For H31_HUMAN, there are at least 22+ 6% 2% 3%« 5% 2% 2% 243 %3 %3 % 5% 2% 5%
2% 2% 4%2%2x%5%2x%2=9953280000 flavors ...
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the Bio Net Gen Language [23]|, and Rule Based modeling frameworks such as the x

Language [24].

1.3 Wnt Signaling

Of the mayor biochemical signaling cascades, those involving the family of Wnt proto-
oncogenes have been extensively studied across species, from nematodes and amphibians,
to humans and insects. In absence of the Wnt signal, the cytosolic level of the -
catenin protein is kept low by proteosomal degradation following ubiquitination by the
SIFB-TrCP complex, after phosphorylation by glycogen synthase kinase 3-f (GSK3-
B) and casein kinase 1 (CK1). This phosphorylation involves two scaffold proteins,
Axis Inhibitory Protein 1 (Axin), and tumor suppressor Adenomatous Polyposis Coli
(APC). Interestingly, there exists a second pool of B-catenin located at the Adherens
Junctions [25]. That 3-catenin is an integral part of the a-cadherin assembly [26], and its
depletion leads to cells loosing adhesion. Moreover, it has been shown that APC has ATP
dependent movement along microtubules towards their plus terminus and concentrating
there at ultrastructural aggregates [27], which may localize at adherens junctions [28].
The possible role of the unstructured APC sweeping the cytosol, collecting (-catenin,

and increasing its local concentration at adherens junctions has not been explored.

In presence of a Wnt signal, B-catenin accumulates and enters the nucleus. Inside the
nucleus, fB-catenin displaces the family of Transducin-Like Enhancer proteins (TLE),
homologues of the Drosophila Groucho protein, from the T Cell-specific transcription
Factors (TCF) * their binding partners. While the TLE-TCF dimer usually acts as
a repressor of transcription, the (-catenin / TCF dimer may act as an activator or
a repressor, depending on where it binds with respect to the Transcription Start Site
[29]. B-catenin then induces transcription of several different genes, among which there
are several regulators of cell cycle progression, and others who act as feedbacks on the

signaling cascade (discussed in Section 3.1.4).

One notable induced target of B-catenin is Cyclin D1 [30], which in turn activates the
Transcription Factor E2F1, which posses a high affinity binding site on the [-catenin

promoter [31], suggesting some level of autoinduction. Moreover, as will be discussed in

4TCFa is also known as the Lymphoid Enhancer-binding Factor 1, LEF1.
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Protein Family Members Oligomerization
Wnt 12 None observed
Fzld 10 Observed homodimerization
LRP 8 Observed heterodimerization
Dsh 4 Observed heteropolymerization
Axin 2 Observed homopolymerization
APC 2 Observed homopolymerization

TABLE 1.1: Wnt Signaling related families of proteins

greater detail in section 3.1.3, Wnt signaling may activate part of the NFxB signaling
pathway, and therefore the NFxB binding site on -catenin promoter [31] would suggest
a second route of auto-regulation. Finally, it would appear there is a direct LEF'1 binding

site on the B-catenin promoter, suggesting a third auto-regulation direct event [31].

In terms of the Wnt signal, upon Wnt stimulation the following cascade takes place:

e Recruitment of membrane co-receptor Frizzled (Fzld) by Wnt

e Recruitment of membrane co-receptor Low-density lipoprotein Receptor-related

Protein (LRP) by Wnt

e Recruitment of the Segment polarity protein dishevelled homolog DVL (Dsh) by
Fzld

e Recruitment of Axin by Dsh
e Recruitment of Axin by LRP

e Release of APC from Axin complex

Of particular note is the fact that there are several families for several of these compo-
nents, often with overlapping functionalities. Moreover, these often form homopolymers,
and even heteropolymers, sometimes with a marked phenotype upon polymerization ab-
rogation [32]. Table 1.1 lists the number of known homologues listed in curated UniProt

for the human species and their capacity to oligomerize.

Interest should be given to exploring the biological role of all these oligomerizations, as it
should be evident that their maintenance throughout evolutionary history is no accident.
However, as has been show in the Section 1.2.2, exploring a solution space where the

total number of protein species is not known beforehand is no trivial task. Clearly a
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different modeling framework is needed to even allow addressing these events. Moreover,
given that the key step in B-catenin turnover is a post traductional modification (PTM),
and considering the difference in binding affinities based on the tuning of the scaffolds

by the kinases [33, 34], it is clear that PTMs should also be addressed in detail.



Chapter 2

Methods

2.1 Rule Based Modeling: The » (Kappa) Language

At the heart of the x modeling framework are two notions: Concurrency and Combina-
torials !. The first is addressed by utilizing a Stochastic simulation, while the second is

handled through Pattern-space encoding.

2.1.1 Stochastic Simulation

While traditional ODE systems treat time as a global variable, synchronized across
species, and uniformly sampling the Instruction set, this grosses over the causal depen-

dence some events have on others. As explained by Danos et al. [35]:

!Just as A calculus represents Logic, and as m calculus captures Process, x modeling addresses Com-
binatorials & Concurrency. As will be seen in Figures 4.1, 4.12, and the composite of 4.5, 4.6, and 4.7,
the casual chains favor lateral concurrent events over linear cascades.
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In molecular systems, the temporal precedence among
events cannot be defined (at first) on physical time, since
cells or molecules do not bear watches, let alone synchro-
nized ones. It is well known in concurrency that temporal
precedence is a logical relation that gives rise to a partial
order, as opposed to a total order. Some events must occur
before others can happen, while other events may happen in
any sequence, reflecting their mutual independence. Clearly,
in any particular physical realization one will observe a par-
ticular sequence of events. The issue, however, is to uncover
which aspects of that sequence are necessary and which con-
tingent. The issue is to discover the invariant structure un-
derlying all observable sequences. Differential equations are
unable to resolve this causality, precisely because they treat
time as global, as if everything proceeded in a synchronized

fashion.

Contrary to ODE systems, where reactions are modeled as occurring at infinite volumes
with infinite molecules, with pre-determined concentrations and at synchronous times, x
uses a continuous time Markov chain as generated by a rule-based version of Gillespie’s
algorithm [36]. It therefore assumes a well mixed environment to simulate the stochastic
interaction of a set of molecules. In particular, it is able to capture low-concentration
effects while yielding an exact representation of the equation sampling distribution as

predicted by the Master Equation for a random walk.

Having established the stochastic sampling of the rule set, the evolution of any partic-
ular trajectory is subject to the stochastic sampling of the rules. As such, there is an
extremely large set of solutions the simulation may achieve. While some of these event-
chains may be concurrent, some others will have causal dependencies on one another.
Given the 2.2 set of conditions as described by Danos et al. [35], these casual lineages

can be analogous to the idea of pathways.
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e The sequence of events begins with the initial condi-
tion and ends with an event of a given type called the
Observable,
e it consists only of events that are in the causal lineage 2.2)
2.2
to the Observable (which eliminates events that are

concurrent to the observable),

e it contains no event subsequence with the same prop-

erties (which in particular eliminates cycles).

Indeed, encoding explicitly reactions in an ODE system leads to explicit Pathway Recon-
struction, whereas representing reactions as Rules through a causal traceback enables

Pathway Discovery.

2.1.2 Patterns instead of Species

A particular phenomenon was assailing the then current discipline of alchemy several
decades ago, where every substance was a species of its own, and the Curse of Dimen-
sionality was a formidable barrier to progress. However, the realization that the actual
Laws that governed the field cared little for the species, but much more for the pattern
contained by the species lead to the emergence of the current structure-less language of
chemical reactions. Indeed, the very notion of a chemical group such as an ester conveys
the notion of a pattern tethered to a molecule. Along those lines, full specification of

the molecule is not required for an esterification reaction to be represented.

In x, proteins are represented as Agents who have Sites. These Sites, represent interac-
tion potentials, and may have multiple States. An Agent’s Sites and States are termed
the Agent’s Signature, and the syntax is explained in table 2.1. A particularly useful
aspect of this representation is the fact that the Observables are specified by patterns,
similarly to Degenerate Species, and as such the modeler is not required to explicitly

state all the species to be grouped, nor is he presented with the full reaction mixture
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signature_expression = 1d(sig)
sig == Id internal_state_list, sig | €
internal_state_list = ~Id internal_state_list | &

TABLE 2.1: Agent signature expression, as taken from the KaSim v3 manual. € repre-
sents terminal symbols.

that is taking place 2. In terms of the generation of Agents and their Signature, this is

the area where the Ezploratorium comes into play, further discussed in Section 2.2.

2.1.3 Rates, and the notion of Volume

It should come as no surprise that in a stochastic framework, a binding event is depen-
dent on the volume. Indeed, reaction rate theory derives a rate constant in terms of
a collision cross-section between its participants, their velocity, and internal quantum
states. For a bimolecular reaction, given fixed concentrations, the collision probability is
intuitively inversely proportional to the volume of the reaction. In general terms, given

the deterministic rate constant k, the stochastic rate constant y can be calculated by:

Where V is the Volume and a is the arity of the reaction. Evidently, unimolecular
reactions are unaffected by changing volumes. Moreover, given that three-body collisions
are extremely rare, it is much more parsimonious these events can be represented as
consecutive bimolecular reactions. As for changing the unit of measure from mol~! to
molecule™, it suffices to divide by Avogadro’s number, 6.022 * 10?3, This action only
changes the unit of measure, but not the dimension of the rate. For more useful tricks

on rate conversion, refer to Appendix B.

As stated above, reaction rates hold intrinsic properties of the conditions they are mea-
sured in: a species’ state may be changed by a myriad of factors, from pH to different
metal ion concentrations, while the molecule’s diffusion is directly influenced by the vis-

cosity of the fluid. Even though carefully defined experiments can successfully account

2 As of the Kappa Simulator v3, the modeler may request the entire reaction mixture at a given time.
This is intended to be an on-demand feature.
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for these variations, traditional models usually indulge in fitting practices and machine-
learning processes to square a model to the empirical observations, all while trying to

avoid overfitting and overparametrizing.

2.2 The Exploratorium

The FEzxploratorium is the programatic support that is intended to house formalized
factoids in a model-friendly environment. It may also be seen as a procedure that

renders Knowldege model-ready.

2.2.1 Abstraction Scaffold: What is -catenin?

When the word “ B-catenin” is mentioned, it evokes different things to different peo-
ple. A bioinformatitian could think of an amino-acid sequence, while a geneticist may
contemplate a locus on a genome, and a protein crystallographer may even consider a
three-dimensional physical entity 3. Even more confusing, a specialist of Caenorhabditis
elegans could think of Wormadillo, a specialist of Drosophila melanogaster may consider
Armadillo, and a cancer clinician could think of B-catenin. It is therefore necessary to
establish explicit criteria of meaning, as the term “B-catenin” is clearly an abstraction.
For the Exploratorium, we decided to use a particular flavor of abstraction: phylogeny

coupled with reasonable functional equivalence.

Based on the idea that the multiple proteins referred as -catenin are bona fide homo-
logues, this assumption is formalized by declaring the agents as phylogenetically related
proteins. A special type of agents is created, one which will represent all its constituents.
This agent will be referred to as a Platoonic Agent, where the term “platoonic” is ex-
pected to evoke the idea of a platoon of constituents, as well as of the cartoon that
is an abstraction 4. Thus, platoonic B-catenin refers to and incorporates Wormadillo,
Armadillo, B-catenin, as well as many other proteins. For a justification for this proce-

dure, as Jacques Monod said, “Anything found to be true of E. coli must also be true of

3 Amino-acid sequences and gene loci are not necessarily isomorphic as a single locus may yield
multiple mRNAs due to alternative slicing, whose proteins may be further edited to yield vastly different
peptides. The same applies to protein crystals, as there are multiple conformations a given sequence
may fall into.

4If the reader is generous, it may even evoke the ideal Platonic concept.
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elephants.”, particularly at the levels of the most basic aspects of proteins. Platoonism
is therefore capable of enriching the notion of $-catenin with knowledge from different
sources. For this Exploratorium, the KEGG phylogeny was used to obtain the initial
set of constituents per orthology. This superset was further refined through removal of
deprecated or un-curated UniProt entries. Table 2.2 lists the information as retrieved

from the KEGG.

2.2.2 Agent Signature: What of (3-catenin is Important?

It follows human intuition that two bodies must physically touch to interact, and while
the concept of Action at a Distance has led to significant advances in Physics, it is clear
that this phenomenon’s contribution to biologically relevant scales is negligible. As
such, the abstraction that represents B-catenin can be defined in terms of its interaction
potentials as physical interaction sites. The notions of “Binding Domain” or “Binding
Site” are natural and intuitive extensions of this idea, and they are anchored to a physical
principle that governs said interaction. For example, the affinity a Transcription Factor
to its target Promoter Region may be defined through the stability of the bound pair,
which relies on the increase of free energy. Indeed, this precise physical mechanism of
action can be regulated by processes that change the interacting partners: a hyper-
phosphorylated protein is more negatively charged that its “normal” predecessor, and
therefore may be better suited to bind positively charged entities. This is the basis for
regulation by PTMs. As PTMs operate at the level of residues, we can therefore define

B-catenin as a collection of Binding Sites and Modification Sites.

While the notion of a Modification Site is fairly straightforward °, the notion of a Binding
Site is less evident. The frequent use of the term “Binding Domain” introduces confusion
by evoking the notion of a Domain, which was originally a concept regarding subsections
of a protein who, by nature of “rapid self-assembly”, were capable of being “structurally
independent” [37]. Clearly, the structural notion of a Domain is different from the
interaction potential that is a Site. This distinction notwithstanding, Sites are dependent

on the structural information that is the Domain, but in no way are the two isomorphic.

5A Modification Site is a Residue at a particular location in a particular protein that undergoes a
particular change from one defined state to another defined state.
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UniProt Name Status Description or Name

A7TSKL9_NEMVE Unreviewed Predicted protein

ASPULS_.BRUMA Unreviewed Armadillo/beta-catenin-like repeat family
protein

A8Q356_BRUMA Unreviewed Armadillo/beta-catenin-like repeat family
protein

WRM1_CAEBR Reviewed Armadillo repeat-containing protein wrm-1

BAR1.CAEBR Reviewed Beta-catenin/armadillo-related protein 1

ASXWE9_CAEBR Unreviewed Protein CBR-HMP-2

BOWHS4_CULQU Unreviewed Armadillo

B1IMV73_HORSE Unreviewed Beta catenin 1

B3MXH2_DROAN Unreviewed GF19474

B3P8S9_DROER Unreviewed GG12670

B3RR98_TRIAD Unreviewed Putative uncharacterized protein

B419K6_DROSE Unreviewed GM18941

B4JWY3_DROGR Unreviewed GH17847

B4L5M8_DROMO Unreviewed GI21760

B4M333_DROVI Unreviewed GJ19138

B4N1V6_DROWI Unreviewed GK16376

B4Q1K8_DROYA Unreviewed GE16998

B4R322_DROSI Unreviewed GD16405

B6VS8E6_CANFA Unreviewed Beta-catenin

B7TQGWT71IXOSC Unreviewed Armadillo, putative

C3ZT37_BRAFL Unreviewed Putative uncharacterized protein

EOV8WS8_PEDHC Unreviewed Armadillo segment polarity protein, putative

E5SLR3_TRISP Unreviewed Armadillo segment polarity protein

F6WBD5_ORNAN Unreviewed Uncharacterized protein

F7TGNE4_MACMU Unreviewed Catenin beta-1

G1LYUO_AILME Unreviewed Uncharacterized protein

G4VFS7_SCHMA Unreviewed Putative beta-catenin

H2R2U1_PANTR Unreviewed Uncharacterized protein

H3I553_STRPU Unreviewed Uncharacterized protein

HMP2_CAEEL Reviewed Protein humpback-2

ARM_DROME Reviewed Armadillo segment polarity protein

CTNB1_HUMAN Reviewed Catenin beta-1

CTNB1_-MOUSE Reviewed Catenin beta-1

CTNB1_BOVIN Reviewed Catenin beta-1

WRM1_CAEEL Reviewed Armadillo repeat-containing protein wrm-1

ARM_AEDAE Reviewed Armadillo segment polarity protein

BAR1_.CAEEL Reviewed Beta-catenin/armadillo-related protein 1

ARM_DROPS Reviewed Armadillo segment polarity protein

Q4H3U7_CIOIN Unreviewed Beta-catenin

Q5R5L8_PONAB Unreviewed Putative uncharacterized protein DK-
FZp469E1714

ARM_ANOGA Reviewed Armadillo segment polarity protein

Q8WNW4_PIG Unreviewed Beta-catenin

CTNB1_RAT Reviewed Catenin beta-1

TABLE 2.2: [-catenin extended Platoon.
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For the Exploratorium, the decision was made of generating a suggested Agent Signa-
ture based on the collected structural information for the platoon of proteins. Therefore,
our platoonic Axin holds the superset of domain information from its constituent pro-
teins. In other words, it holds the de-duplicated collection of PFAM entries, modifiable
residues, and featurettes of interest, as cataloged by DOMINE and PhosphoSite, related
to multiple Axins, as well as referencing the structural Protein Data Bank (PDB) infor-
mation from them, all within a unified naming convention based on the position of the
features on the multiple sequence alignment of the platoon. The Exploratorium is thus
able to inform the modeler not only of the PDB entries 1dk8 (corresponding to the RGS
domain) and 1wsp (corresponding to the DIX domain) from AXIN1_HUMAN;, but also
1qz7 (corresponding to the Catenin Binding Domain) from AXIN1_XENLA. It is there-
fore up to the modeler to refine this predictions as needed by either explicitly refining
the Domain-to-Site transition %, or by accepting the suggested signature. Evidently, if
the data were available at the mechanistic scope that is required to support the auto-
matic generation of Agent Signatures, it could be fed directly into the Exploratorium.

As such, this is not a technical limitation of the effort, but simply a lack of fine data.

2.2.3 Agent States: When & How can [3-catenin act?

Given the platoonic agents with their respective signatures, we can suspect a particular
level of causal information. For example, if a region known to participate as a bind-
ing interface between two proteins also contains sites know to be post-translationally
modified, we can hint at the possible regulation at this level. This is clearly not actual
confirmed knowledge that a particular site is required to be in a particular state for the
binding to take place, however it is merely a hint. It is therefore up to the modeler to
determine if that hint is relevant or not: a lysine within a binding pocket would surely
break a binding event if that lysine is ubiquitinated. As such, even a coarse mapping of
residues withing regions can prove to be a potent inference engine. When we consider
also the platoonic nature of these agents, we can effectively map residues to regions
across species. These hints can later be verified or disproved, which leads in effect to a
refinement of the knowledge contained in the Exploratorium (i.e. it is now known that

something matters, or not). This engine serves therefore a dual purpose, not only does

SFor example, Axin’s DIX domain can form polymers in a head-to-tail arrangement. The Domain
therefore has two binding Sites. We refer to the splitting of such site DIX into DIX_a and DIX_b as a
refinement of the suggested signature. Similar efforts must be done for Wnt, LRP, Fzld, and APC.
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it organize and present the information contained within, it also serves as a guide for

additional experimentation. Such are the benefits of model checking Knowledge.

2.2.4 Rulexraft: What does (3-catenin do?

Regarding the dynamic aspect of an agent, the best source of information has proven to
be the scientific literature. Indeed, as this data is fundamentally different from the static
data that is a Protein, it deserves different treatment. Moreover, databases of protein-
protein interactions are notoriously poor in terms of the actual physical interaction
taking place. More often that not, they deal with phenomenologies that are too coarse

to be of use. Therefore, an extensive literature dive is often required.

In terms of the actual information that can be acquired, it can be classified into two
types of event, binding/unbinding events, and modification events. Table 2.3 lists some
examples of xification of knowledge. This factoids are the executable instructions that
become x rules. Careful translation of literature information eventually leads to a care-
fully assembled corpus of x rules, which has the advantages of representing mechanistic
knowledge, in a Lingua Franca, and being executable. Such a corpus of executable
knowledge, with its agent definition support, will be referred to as a “Moodel”. The
differences between our “Moodel” and a traditional Model is that the assumptions that
went into generating the Moodel are contained explicitly in the Moodel itself. Unlike
a traditional Model, where only the author really understands its inception, its as-
sumptions, its caveats, and that most likely dies when the person changes laboratory, a
Moodel is expected to be self-sustaining. Not only are its rules human readable, they
are the explicit statement of what they mean. But above all, a Moodel is capable of and
expecting to, undergo continual expansion, revision, and growth. A discovery of a new
state of a protein would yield to a re-write of a species-based model, but as a Moodel is
pattern-based, it can effectively incorporate this new knowledge into an already existing
rule pool by taking advantage of the independence of sites for the rules where this is the
case. For the rules that would require refinement due to new causal restrictions, this
clarification would effectively be independent from the rest of the rules, and as such the
change is scoped to a sub-section of the Moodel. In other words, a Moodel is a kind of

fat extended model that contains obsessively self-documented Executable Knowledge 7.

"Perhaps a useful distinction to make between Moodeling and Modeling is that the latter begins with
a construction by the modeler of what the system represents. Notice that a model is not isomorphic
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Empirical Observation

x-ification

Axin binds APC’s SAMP repeat
through the RGS domain

APC(SAMP), Axin(RGS) ->
APC(SAMP!1), Axin(RGS!'1)

RGS unbinds APC’s

Axin’s

SAMP

APC(SAMP!1), Axin(RGS!1) ->
APC(SAMP), Axin(RGS)

GSK33 phosphorylates Axin’s
T481 when bound through their
interface

GSK3(i_Axin!1), Axin(i_GSK3!'1, T4817un) ->
GSK3(i_Axin!1), Axin(i_GSK3!1, T4817ph)

Phosphatase 2  dephosphory-
lates Axin’s T481 when bound
through their interface

PP2(i_Axin'1), Axin(i_PP2!'1, T4817ph) ->
PP2(i_Axin!1), Axin(i_PP2!1, T4817un)

Phospho-Axin binds (-catenin’s
ARM through the CBD

Axin(T4817ph, CBD), Cat_b(ARM) ->
Axin(T481"ph, CBD!1), Cat_b(ARM!1)

TABLE 2.3: x-ification of Empirical Observations.

to Reality, but is just a facet viewed from a particular angle. As such, there is no “One True Model”.
Moodels begin by integrating Knowledge from different sources, and then executing them. The moodeler
is not required to wed a particular abstraction of what the system is. Perhaps a useful metaphore is the
following: a Moodel is to a Model what a Primitive is to a Function.
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Results

The main Moodel serves as the initial corpus of rules to feed into the Exploratorium.
This collection, termed BigWnt, is composed of around 180 rules of empirical facts
observed in different cellular executions. The Contact Map for BigWnt is presented in
Figure 3.1. Some factoids have been observed in the cytosol, some in the nucleus, some
others at the membrane, and yet others beyond the same. Likewise, the rules do not
refer exclusively to any one organism. The rules are constructed in a certain style to
preserve the advantages of pattern-based models; refer to Appendix B for the Manual
of Style for such xrafting. In terms of stories, or local miniature pathways, BigWnt can

be divided into separate narratives !. For the full raw ruleset, please refer to Appendix

A.

3.1 BigWnt

3.1.1 Membrane Signaling

The first set of events in Wnt signaling are the first interactions of the Wnt signaling
peptide with the target cell. Wnt begins by recruiting a member of the Fzld family

of receptors through their Frizzled domain, and also a member of the LRP proteins

!The rules are presented as a grouped entity for clarity. They are fully independent and therefore do
not constitute a formal Pathway on their own. Indeed, some rules are members of multiple narratives,
where they may have completely different consequences: Phosphatase 2 assembly of o and Catalytic
subunits may lead to an active holoenzyme, or to an inactive compound depending on which 3-subunit
is loaded.

19
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[38] through one of the exposed B-propeler features. Regarding the binding interfaces
on Wnt, they are not currently known. Of particular interest is that the same Wnt
is able to bind simultaneously a Fzld and an LRP [39], yet the interaction between
Fzld and LRP is extremely weak at best [40]. Though it may be tempting to speculate
an interaction between Fzld and LRP within the context of a stabilization inside the

hydrophobic mid-region of the cell membrane, this Moodel does not include such a rule.

Branching out, it has been found that LRP is able to form homodimers, probably
through their C-terminus [41], as has been shown for Fzld through their Cystein Rich
Domains [42]. Moreover, Fzld is able to recruit Dsh’s PDZ domain through the conserved
KTxxxW motif [40], while LRP’s pppSpS motives can bind Axin’s Catenin Binding Do-
main once they have been phosphorylated [40]. Considering that Dsh can oligomerize
through it’s DIX domain [43] in much the same way that Axin can with its own [32],
and that these two can form at least heterodimers, it is tempting to ponder the lack of
exploration of these phenomena: as can be seen in the Contact Map on Figure 3.2, why

can almost everyone aggregate?

3.1.2 Destruction Complex

At the heart of Wnt signaling is the Destruction Complex. Traditional views group
B-catenin, Axin, GXK3-3, CK1l-o, and APC into a rigid, static, and defined structure
with stoichiometric ratios of its components, the so called “Destroyer” 2. However, even
a simple exploration of the structures of these proteins reveals an interesting trend:
multimerization. APC is able to dimerize through its Oligo domain [44], yet it is also
endowed with three separate binding sites for Axin, the SAMP repeats [45]. APC also
holds seven Cystein Rich regions, the primary binding sites of -catenin also known as
twenty amino-acid (20aa) repeats, and three secondary binding sites also for B-catenin,
termed fifteen aminoacid (15aa) repeats. All these repeats are present in the unstruc-
tured 3 mid-section of the protein. In terms of the regulation of these events, most are
subject to phosphoregulation by the same kinases that are loaded onto the complex,

notably CKla, CKle [46], and GSK3- [47].

2This structure is akin to a network catalyst, and as such is able to generate interestingly unbelievable
properties . ..

3The usage of “unstructured” is meant to convey the idea that the protein has no fixed and defined
three-dimensional configuration as an isolated peptide. It may however acquire such a conformation
upon binding to another element.
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FIGURE 3.2: Wnt is able to find simultaneously a Fzld and an LRP. Fzld can dimerize

through its CRD, as can LRP through its Cytosolic C-terminus Dsh and Axin can also

oligomerize through their DIX domain. Notice this contact map contains no causal

information. The contact map has been simplified for clarity: residues and some sites
have been omitted.

As for the actual phosphorylation of -catenin, this is achieved by phosphopriming by

CKla at Threonine 41 and Serine 45 [47], subsequent hyperphosphorylation by GSK3-

at Serine 33 and Serine 37 [47], and protection of the Destruction Mark by APC [48].

Phospho-f3-catenin is then fed to the SCF 3-TrCP ubiquitination machinery [48]. Once

ubiquitinated, it is targeted through unknown means to the 26s proteasome *. This

associations are represented in the Contact Map on Figure 3.3.

In terms of the de-stabilization of the Destroyer, it has been observed that something

related to the “sequence B” section on APC is related to its liberation from the complex

if Dsh is also interacting with it [49].

“Evidently, moodeling the dynamic assembly of the STF-3-TrCP complex or of the 26s proteasome
requires some consideration, as it has been suggested APC may play an integral part in said targeting.
However, this is not a formal part of the moodel. It is included through the use of fictitious agents for

modeling purposes, yet it is not a formal part of the Exploratorium.
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Proteasome

FIGURE 3.3: Binding of -catenin to the Axin-APC-GSK33-CKla complex results in

its hyperphosphorylation, subsequent ubiquitination by the SIFBTrCP, and consequent

degradation by the 26S Proteasome. Notice this contact map contains no causal infor-

mation. The contact map has been simplified for clarity: residues and some sites have
been omitted.

3.1.3 Calcium Signaling

Besides the canonical Wnt signaling cascade that involves directly interfering with the
Destroyer, there appears to be a separate collection of events related to Ca®t signaling
[50]. These begin with the export of inactive Atazia Telangiectasia Mutated (ATM)
from the nucleus following the ion spike [51] . Once in the cytoplasm, ATM can homo-
oligomerize in a head-to-tail conformation through a region located at positions 1961-
2046 targeting the Catalytic cleft [52]. Likewise, it also able to recruit TNF Receptor-
Associated Factor 6 (TRAF6) [51] through their respective TRAF6 Binding Domain
(TBD) and Meprin And TRAF Homology (MATH) regions. Considering the TBD on
ATM, at positions 2152-2157, is very close to the oligomerization interface, this could

explain TRAF6’s multimerization [53] through an increased local concentration.

Moreover, multimerized TRAF6 activates as an ubiquitination enzyme, and after auto-
ubiquitination it gains full activity [53]. This triggers two synergistic events. On one
hand TRAF®6 is able to recruit through part of its MATH region an inactive Mitogen-
Activated Protein Kinase Kinase Kinase 7 (MAP3K7) ¢ [54] and activate it through

°It is assumed Wnt induced Ca?" spike is sufficiently similar to stress induced Ca** spike.
SMAP3KY is also known as Transforming growth factor-B-Activated Kinase 1 (TAK1).



Chapter 3. Results 24

ubiquitination. On the other hand, TRAF6’s Lysine 63 polyubiquitination chain is rec-
ognized by the zinc finger of TGF-B-Activated Kinase 1 (TAB1) [53], which happens
to be a functional subunit of MAP3K7. Upon ubiquitination of MAP3K7 and recruit-
ment of TAB1, MAP3KY7 is able to auto-phosphorylate at Threonine 184, Threonine
187 and Serine 192, and consequently activate [55]. Considering these recruitments, it
may be useful to think of multimerized TRAFG as a scaffold for assembly and activation
of MAP3KT7. Active MAP3KY is then able to phosphorylate Serine/threonine-protein
kinase Nemo Like Kinase (NLK) at Serine 522, which activates and is translocated into
the nucleus [56]. Within the nucleus, it is able to phosphorylate LEF1 at Threonine 155
and Serine 166. Phosphorylated LEF1 looses affinity for DNA, and gains recognition
by a 14-3-3 export complex. Refer to the Contact Map on Figure 3.4 for a graphical

representation of this narrative.

Evidently, this alternate cascade would appear to affect little the phosphorylation of -
catenin. Nonetheless, it would be able to significantly abrogate [>-catenin transcriptional
activity through co-activator depletion, as well as provide an export mechanism for
nuclear B-catenin tethered to said co-activator. On a different note, TRAF6, MAP3K7,
TAB1, and NLK are involved in NFxB signaling. While massive crosstalk between
signaling cascades is not unheard of, it is very uncommon to find a cohesive model of

these regulations.

3.1.4 Nuclear-Related Events

Regarding the nuclear events, there are several phenomena that are puzzling. To begin
with, APC shuttles into and out of the nucleus through unknown means [57]. On
one hand it possesses several Nuclear Localization Signals, and several Nuclear Export
Signals [58], some of them dormant, but most of them unnecessary [59]. On the other
hand, it associates with B-catenin, which happens to compete with Importins for binding
to the nuclear pore complex [57] 7. Moreover, APC possesses an ARM domain that
bears striking resemblance to (-catenin’s, and indeed it may associate directly with
the nuclear pore complex [59]. It has been postulated that APC may shuttle excess

B-catenin from the nucleus, but exploring such a mechanism of action would require

"Importin Subunit o 6 contains 10 Armadillo repeats within its ARM domain, which is surprisingly
similar to 3-catenin’s.
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through recruitment of the TAB2 subunit. Active MAP3K7 activates NLK, which

phosphorylates LEF1, reducing its affinity for DNA. Notice this contact map contains

no causal information. The contact map has been simplified for clarity: residues and
some sites have been omitted.
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profound understanding of said mechanism. Moodeling the nuclear pore complex lies

outside the scope of this project for the time being.

Other events of interest withing the nucleus include the transcriptional feedbacks of
the LEF1 / B-catenin activator. These include transcription of Protein Naked Cuticle
Homolog 1 (Nkd), which recruits Phosphatase 2 into an inactive complex along with
Dsh [60] through several Calcium binding pockets in EF-hand domains; transcription
of Dickkopf-related protein 1 (Dkk), which after paracrine export sequesters the Wnt
binding site on the Fzld domain [38]; transcription of Axin2 [61], which is functionally
isomorphic to Axinl [62], the concentration limiting protein in the Destruction Complex;
and destabliziation of LRP mRNA [41]. While rigorous moodeling of transcription and
translation mechanism in mammalian cells would be an interesting endeavor, it lies

outside the present project’s scope °.

3.1.5 Additional Regulation: Phosphatases Everywhere!

Regarding the phosphatases, it is interesting to note that thermodynamically, they serve
to balance the kinase activities of the Destroyer’s members. Indeed, the phosphorylation
marks on APC are erased by the holoenzyme Protein Phosphatase two (PP2), who
binds APC’s ARM through the B56 subunit, a isoform [59]. PP2 is also able to erase
the Destruction Motif on [3-catenin when bound through the B55 subunit, o isoform
[63] 9. As for Axin, it was surprising to find that Axin is also know as the PPP1R49:
regulatory subunit 49 of Protein Phosphatase one (PP1). Indeed, the catalytic subunit
of PP1 associates directly with Axin, and dephosphorylates it [64]. The Contact Map

for the phosphatases is on Figure 3.5.

3.2 SmallWnt

SmallWnt is a subsection of BigWnt. It includes the 3.1.2 and 3.1.1 rules. This is the

prototype formal cohesive model housed within the Exploratorium. The rules related to

8Note that Nkd is subject to alternative splicing, as is its binding parter PR72 on PP2. That would
require assembly of the spliceosome and the regulation of such a complex, a process which is not fully
understood at present.

9Notice these are two different subunits, the 55KDa and the 56KDa.
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has been simplified for clarity: residues and some sites have been omitted.

the Ca®t signaling are referred as SideWnt in Appendix A, where the transcriptional

feedbacks are grouped under FeedbackWnit.

3.2.1 The Rule Set

While the link between the 3.1.2, 3.1.1 rulesets is fully compatible with the current
state of the moodel, including the 3.1.4 in a formal sense would require additional
endeavors that lie outside the current moodeling scope. Nonetheless, the Transcriptional
Regulators can be included through their injection at given times. The Contact Map on
Figure 3.6 is for SmallWnt, and it highlights the rampant polymerization potential of

the elements in Wnt Signaling.
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FIGURE 3.6: Map of the assembled pieces that constitute SmallWnt. Scaffolding pro-

teins, such as Axin, can be seen in action by the their increased number of binding sites.

Of note is the view that most agents can form homooligomers, or are at least part of a

cycle group. Notice this contact map contains no causal information. The contact map
has been simplified for clarity: residues and some sites have been omitted.

3.2.2 The Particulars of the Model

The initial conditions that make the executable part of SmallWnt are by nature not
the type of Knowledge that would be desirable to include in the formal Exploratorium.
Indeed, concentrations can vary vastly even within a particular cell line, more so during
embryonic development. Moreover, the frequent use of referencing concentrations over
quantities carries around an implicit volume definition, which hinders portability of
models across conditions. In the case of Wnt signaling, some of these parameters were

described previously [1], though others have contested their extrapolation and relevance



Chapter 3. Results 29

Molecule Count Equivalent Concentration Species

135000 100 nmol Dsh

5400 4 nmol APC 1

94500 70 nmol GSK3

202500 150 nmol Axin §

661500 490 nmol Cat-b §

2700 2nmol Fzld

2700 2nmol LRP

67500 50nmol CK1

6750 5nmol PP2 A subunit

6750 Snmol PP2 Catalytic subunit
6750 5nmol PP2 B55a subunit
6750 5nmol PP2 B56a subunit
6750 5nmol PP2 B72 subunit
6750 Snmol PP1 Catalytic subunit
135000 100nmol SCF{-TrCP

20250 15nmol 26s Proteasome

TABLE 3.1: Proposed Initial Concentrations in the SmallWnt model. Entries with a }
were taken from [1] corresponding to Xenopus laevis egg extract; entries with a { from
[65], for HEK293T cells.

[65]. Nonetheless, these parameters must be chosen for a given execution, and therefore
the molecule counts for the initial conditions are those presented in Table 3.1, assuming

a typical volume for mammalian cell of around 2.25712 liters.

The same applies to rates. Though ODE-based mathematical modeling is usually obses-
sive in regards to rates '°, anecdotal evidence suggests that pattern-based modeling is
more concerned with having correct causal dependencies and ballpark rates. Indeed, as
seen in Section 2.1.3, the deterministic rates are subject to all sorts of pitfalls that render
them difficult to port across models. Therefore, the model states rates compatible with
more general notions, such as a rate of 1.0 x 10 %second™" for a diffusion limited reac-
tion, such as a binding event. Table 3.2 lists the different values used for general terms,
with optional references indicated as BRENDA entries between chevrons. Though it
could be argued the rates presented in [1] should be sufficient, most of those rates are
not compatible with the level of granularity in this moodel; for example, their 3-catenin
production rate was constant, but as seen in Section 1.3, this is clearly not the case for

variable 3-catenin concentrations.

10The “fitting” step on most traditional models is often due to the inability of the model to actually
model what it is supposed to model. Often, the modeler has to fall back on Machine Learning principles
to fit the abstraction that is the model to desired observables that are supposed to be modeled. Moodeling
is a very different approach because it is integrative instead of reconstructive.
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Variable Value Range  Unit

GeneralBinding 10.07° — 10.073  molecules Tsecond ™!
GeneralUnbinding 10.07° — 10.07'  second™*
GeneralDephosphorylation 1.0 second ™!
GeneralPhosphorylation 10.071 second ™
ReceptorDimerization 1.6 %107° molecules™'second™!
ReceptorDissociation 1.6 % 1072 second ™
GeneralUbiquitination 3.0 % 1072 second™! <6.3.2.19 >
GeneralDeubiquitination 1.0 second™! <3.4.19.12 >
GeneralProteolysis 2.0 % 10" second™! <3.4.21.4 >
RingClosureRate 1.0 104 Arbitrary Rate for ring closure

TABLE 3.2: General Rates used in the SmallWnt model. Values between chevrons
indicate BRENDA entries as sources for the values.



Chapter 4

Discussion

Given such a big execution, here are presented some insights into Wnt Signaling. These
simulations are not of the full moodel, but of notable slices of it. Moreover, as the
molecular counts reported in the literature render the simulation extremely costly in
terms of computing power, these simulations were run with a donwnscaling factor of

0.01 or 0.05, as described in Appendix B.

4.1 Dynamic Analysis

4.1.1 Causal Traceback

A particularly useful tool enabled by the standarized notation in x rule-based modeling
are the “stories”, constrained in Table 2.2. These narratives are the sequential applica-
tions of rules that lead to a particular observable. They therefore constitute a systematic
approach at pathway discovery: the input ruleset does not require an explicit declara-
tion of the causal relationships between rules, and yet through Abstract Interpretation
is able to extract the adequate narrative. Figure 4.1 shows one such in silico predicted
pathway. The key events are clearly visible, notably recruitment of the kinases at level
zero, phosphorylation of the CBD at level one, allowing recruitment of 3-catenin at the
subsequent level two, phosphopriming and hyperphosphorylation at levels three and four
respectively, and finally ubiquitination and degradation. Notice these signaling events

do not mention APC, which is indeed not required in the causal chain.

31
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FIGURE 4.1: Weakly compressed story for the degradation of 3-catenin. Blue boxes
represent rules, red ovals the end observable. At level zero, the first rule is GSK3pB
recruitment by Axin, and CK1 recruitment by Axin. At level one, first rule is GSK33
mediated phosphorylation of Axin’s S486, GSK3(3 mediated phosphorylation of Axin’s
T481, and CK1 mediated phosphorylation of Axin’s S469. On level two, the rule is
B-catenin recruitment by phosphoAxin. At level three, the rules are CK1 mediated
phosphorylation of B-catenin’s T41, and CK1 mediated phosphorylation of 3-catenin’s
545, these are the phosphopriming events. At level four, the rules are GSK3p mediated
phosphorylation of B-catenin’s 533, as well as GSK3 mediated phosphorylation of -
catenin’s S37. At level five the rule is recruitment of hyperphosphorylated -catenin by
the SIF 3-TrCP complex. At level six the rule is ubiquitination of 3-catenin. AT level
seven is release of ubiquitinated -catenin from the SIF 3-TrCP complex. At level eight
the rule is recruitment of ubiquitinated 3-catenin by the 26s Proteasome. Finally, at
level nine, the tracked application is degradation of 3-catenin. The labels on the boxes
refer to the actual labels on the x file. Refer to Appendix A for the rules.

The potential for such systematic approaches at pathway discovery at the mechanistic
level that is being dealt with in this work is staggering. Far from requiring a curator to
hold the entire idea of what a pathway is in mind, the usage of x as a Lingua Franca
allow the embedding of the pathway in the very rules that constitute it. Moreover, the
interlocking dependiencies and allowances on the causal constraints on the rules yield a
remakable feature: crosstalk ceases to be unwanted noise for traditional signaling chains,

and is now an integral part of signaling networks.
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4.1.2 Signalosome Assembly

LRP to Wnt, Wnt to Fzld, Fzld to Dsh, Dsh to Axin, Axin to LRP, these interactions
form the kernel for assembly of a much larger structure termed the Signalosome [66].
These ribosome sized structures are a puzzle, as they appear to be extremely stable at
the scaffold level even though the turnover rate for their constituents is fast [66-68].
It is tempting to consider such an assembly a dynamically unstable structure. This
behavior is predicted by the moodel in the form of large aggregates of LRP, Wnt, Fzld,
Dsh, and Axin, as seen in Figure 4.2 '. However, such aggregates are very sensitive to
the composition of the reaction mixture, further highlighting the need to address and
instanciate parameters per simulation, and therefore per intent. Figure 4.3 is a snapshot
of the reaction mixture taken 100 time units after Wnt induction. The Patchwork
rendering serves in comparing that mixture with the Pre-Wnt found in Figure 4.4.

These highlight the extreme connectivity the reaction mixture aquires.

The appartition of this giant component is explained by the satisfaction of the causal
restrictions that prevented an avenue of polymer growth: the LRP-Axin binding event.
Whnt is equivalent to the Keystone in the LRP-Wnt-Fzld-Dsh-Axin arch. Without Wnt,
LRP is completely disconnected. With Wnt, LRP is gained into the line, and following
hyperphosphorylation by Axin-bound CK1 and GSK3-3, LRP is able to satisfy the
causal dependiencies required for binding Axin, closing the cycle. Once the cylce has
been assembled, and in absence of any dephosphorylation evidence, Wnt is dispensable:
the causal dependiencies on LRP have been satisfied. In other words, the system was
deadlocked. Indeed, as seen in the composite of Figures 4.5, 4.6, and 4.7, the system is
unable to progress in the cycle closure in absence of Wnt. At level zero the components
begin to recruit each other, however LRP remains a separate species. With the addition
of Wnt, the system can progress to level one, where Wnt bridges LRP to Fzld. Once the
proteins are assembled into a single species, then the GSK3p can phosphoprime LRP,
as seen in level two. Consequently, hyperphosphorylation by CK1 follows at level three.
Finally, LRP sequesters Axin’s 3-catenin binding site at level four. Notice however that
in this conception, there is a single Dsh bridging Fzld to Axin. If Dsh can polymerize

while tethered to the membrane, it may provide a much greater number of possible Axin

Note however that x is not spacially aware, and therefore these components are not subject to the
physical constraints that would limit their growth. Once such a constraint may very well be the calveolin
mediated endocytosis event.
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j/@

FIGURE 4.2: Snapshot of the Reaction Mixutre at 100 time units after Wnt induction,
rendered using GraphViz SFDP algorithm. Each circular cluster represents a separate

complex. Of note is the central giant agglomeration of hyperconnected components in
a single complex.
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F1GURE 4.3: Snapshot of the Reaction Mixture at 100 time units after Wnt induc-
tion, rendered under GraphViz Patchwork algorithm. Clusters are sorted in descending
complexity into patches. Cluster elements, the individual squares, are grouped radially
with less frequent elements closer to the origin at the upper right corner of each patch.
In color code and starting from the origin, light purple corresponds to Wnt, dark blue
to CK1, mauve to LRP, dark red to Fzld, teal to Axn, cyan to GSK3, and brown to
Dvl. Labels have been removed for clarity. Notice Wnt is found almost exclusively in
a single species.
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FIGURE 4.4: Snapshot of the Reaction Mixutre at 90 time units of simulation, rendered

under GraphViz Patchwork algorithm. Clusters are sorted in descending complexity

into patches. Cluster elements, the individual squares, are grouped radially with less

frequent elements closer to the origin at the upper right corner of each patch. In color

code and starting from the origin, red corresponds to CK1, mauve to Fzld, dark purple
to Axin, teal to GSK3p, and blue to Dvl. Notice LRP, in dark red, is isolated.
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binding sites on the chain in a unimolecular fashion, thereby increasing the expected local
concentration of Axin. If such is the case, the association of Axin to the signalosome
would be much more stable indeed. In x modeling, this is handled painlessly through the
use of dual rate notation: the simulator will determine if the Right Hand Side pattern

contained in a rule is a conected graph and determine which rate to use.

However, these signalosomes pose an interesting problem for the “return to homeostasis”
hypothesis: how is the Wnt signal abrogated? Indeed, the rampant oligomerization of its
constituents renders the structure extremely stable, and evidence suggests such assem-
blies are internalized in a calveolin dependent manner [66, 69] into acidic multivesicular
endosomes and / or lysosomes [70]. If the signalosome breaks apart, do endosomes some-
how release Axin and GSK3@3? If not, what is the fate of the endosome’s contents? Is
there a special transcriptional regulatory mechanism capable of rapidly restoring GSK3(3

concentrations [70]7?

Considering that the Wnt induced Planar Cell Polarity pathway also involves assembly
of a Signalosome, it is surprising such events also include receptor endocytosis, but
through a clathrin dependent mechanism [71]. Moreover, recalling that the canonical
Wnt pathway regulates dorso-ventral axis establishment in the developing embryo, it
appears that the developmental aspect of Wnt signaling occurs at large timescales,
further hinting at additional regulation mechanisms. Likewise, a developing embryo
is subject to continuous morphological changes, ranging from differential concentrations
of maternal mRNA, to massive synthesis of proteins, and even dramatic membrane
reorganizations; all these events simply add complexity to the fate of the Signalosomes,

and the consequent “return to homeostasis”.

Recently, the assembly of large signaling protein complexes has been proposed as a
Phase Transition [72] forming liquid-liquid demixing phase separations. Such assemblies
require multivalent entities and some form or another of polymers. Considering the
multi-valent binding events happening at the Signalosome, the puncta of Dsh proteins
[67], and the extreme hydrophobicity of Wnt proteins [71, 73], it would be interesting to
explore the fate of these Signalosomes: is their high stability due to a diffusion hindrance
enforced by nature of being in a different phase? If so, has the cell evolved endocytosis
mechanisms to sever the signaling cascade? Do Signalosomes un-assemble on their own,

or is there a special mechanism to destroy them?
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FIGURE 4.5: Left side of the Weakly compressed story for the sequestration of the

B-catenin binding site on Axin by LRP. Refer to Figure 4.6 for the center, and Figure

4.7 for the Right side. Blue boxes represent rules, red ovals the end observable. The

labels on the boxes refer to the actual labels on the x file. Refer to the main text for a
description.
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FIGURE 4.6: Center section of the Weakly compressed story for the sequestration of

the B-catenin binding site on Axin by LRP. Refer to Figure 4.5 for the Left, and Figure

4.7 for the Right side. Blue boxes represent rules, red ovals the end observable. The

labels on the boxes refer to the actual labels on the x file. Refer to the main text for a
description.
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FIGURE 4.7: Right segment of the Weakly compressed story for the sequestration of

the B-catenin binding site on Axin by LRP. Refer to Figure 4.5 for the Left side, and

Figure 4.6 for the Center. Blue boxes represent rules, red ovals the end observable. The

labels on the boxes refer to the actual labels on the x file. Refer to the main text for a
description.
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4.1.3 Regulation of -catenin

Traditional views involve a step of “Dsh Activation” that abrogates (-catenin phos-
phorylation by GSK3B [74]. To date, such an activation of Dsh by unknown means,
or inactivation of GSK3(3 has not been observed, and apparently extracted post-Wnt
GSK3p appears to be fully functional [70]. It was thus surprising to find in this moodel
that the key event in the abrogation of 3-catenin phosphorylation is sequestration of the
Catenin Binding Site (CBD) on Axin by the C-terminus of LRP following hyperphos-
phorylation of ten Serine / Threonine residues by CK1 and GSK3p [34] 2. Recruitment
of these kinases to the membrane assembly is also found to dependent on Dsh [66]. In-
deed, GSK3p is unable bind to or directly phosphorylate 3-catenin, but requires Axin
as an intermediary [75], and therefore the sequestration of the CBD would be sufficient
to abrogate phosphorylation without modification of the enzyme. Moreover, as was
seen in Section 4.1.2, the Signalosome also sequesters the enzyme itself into a separate

compartment from the cytosol.

Previous modeling attempts invoked a Wnt induced inactivation of the Destoyer complex
as a direct antagonistic component of the forward reaction rate for the network catalyst
[1, 74]. It is therefore of no surprise that refinements of that same model with different
initial parameters yield models of “questionable applicability” [65]. This moodel how-
ever, not only offers a mechanistic explanation of the events, but can elaborate on the

effect of these initial concentrations.

While Xenopus embryos are undergoing their initial developpment stages, a system with
limiting concentrations of Axin would indeed be particularly sensitive to Wnt signaling,
with dynamics similar to those seen in Figure 4.9. However, in a normal mammalian
kidney cell, such sensitivy could be expected to be abated to avoid erroneous signaling
events. Such an abatement may be very well be due to much higher concentrations
of Axin, beyond the capacity of the membrane receptors to sequester it, as seen in
Figure 4.10. This tuning of the system at the concentration level leads to an interesting

observation: Prozone effects ? everywhere.

2These ten residues are organized into 5 motifs named the pppSpxS motifs. The second phosphory-
lated residue matches the recognition pattern of GSK3p, and after its phosphorylation, the first residue
can be recognized by CKla.

3Also known as the Hook Effect.
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FIGURE 4.8: Simulation of the SmallWnt model without Wnt induction. Notice the

different levels of B-catenin achieved by the systems when compared to Figure 4.9,

where the concentration of B-catenin goes off the chart. The initial concentrations for

this simulation are presented in Table 4.1. The observed variables, in order, are Wnt in

dark blue, Axin bound LRP in dark green, unphosphorylated LRP in red, and 3-catenin

in light blue. As expected, both Wnt and Axin boudn LRP remain at zero, while LRP
remains unphosphorylated.
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FIGURE 4.9: Simulation of the SmallWnt model with Wnt induction. Notice the dif-

ferent levels of 3-catenin achieved by the systems when compared to Figure 4.8, where

the steady state of B-catenin concentration appears to be at around 50 molecules. The

initial concentrations for this simulation are presented in Table 4.1. The observed vari-

ables, in order, are Wnt in dark blue, Axin bound LRP in dark green, unphosphorylated
LRP in red, and B-catenin in light blue.
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Mo

Molecule Count

Equivalent Concentration Species

135000
5400
94500
202500
661500
2700
2700
67500
67500
67500
67500
67500
67500
67500
135000
20250

50 nmol Dsh
0 nmol APC
50 nmol GSK3
2 nmol Axin
20 nmol Cat-b
15 nmol Fzld
15 nmol LRP
50 nmol CK1
0 nmol PP2 A subunit
0 nmol PP2 Catalytic subunit
0 nmol PP2 B55a subunit
0 nmol PP2 B56a subunit
0 nmol PP2 B72 subunit
5 nmol PP1 Catalytic subunit
100 nmol SCFE-TrCP
15 nmol 26s Proteasome

TABLE 4.1: Initial Concentrations in the SmallWnt model for the simulations yielding
Figures 4.9 and 4.8.
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FIGURE 4.10: Simulation parameters identical to those presented for Figure 4.9, but
with an initial Axin concentration of 50 nmol. Notice the steady state appears to be
similar to the wntless simulation of Figure 4.8, even though there is a Wnt signal present
with the consequent recruitment of Axin to LRP.
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As seen in Figure 4.11 %, the Prozone effect refers to the lower abundance of a composed
entity when one of its constituents is at too high concentrations in regards to the other
constituents. Indeed, dramatic variations in the composition of the membrane, notably
the ratio of LRP to Fzld, may very well nullify any sensitivity to Wnt signaling. As for
the CK1-Axin-GSK3p trio, particularly if Axin is not in dramaticly low concentrations,
a prozone may reduce the overall turnover of B-catenin. These observations serve to
exemplify the need for proper characterization of the system at the level of the concen-
trations of its components, as any of these effects can prove to be an avenue towards

disease that does not direclty involve modification of the protein sequence.

In regards to the transcrptional feedbacks introduced in Section 3.1.4, it is tempting to
speculate negative regulation tailored to different disturbances of the pathway. Muta-
tions that lead to overexpression of Wnt, may desensitize the cell’s LRP by action of Dkk
after B-catenin induced transcription. Overexpression of LRP, which has been shown to
trigger ectopic Wnt signaling [41], may also be countered by -catenin mediated mRNA
disruption. Likewise, disturbances that inactivate Axinl may rescue a healthy pheno-
type through f-catenin mediated transcription of Axin2. Similarly, events that skew
the phosphorylation state of the Destroyer’s entities towards an unphosphorylated state
may trigger 3-catenin mediated transcription of Nkd and the subsequent recruitment of
PP2 into an inactive complex. The pathway’s auto-regulation appears to be diverse in
nature, and this is likely just the tip of the iceberg. Nonetheless, there is one weak link

in the auto-regulation cascade: tumor suppressor APC.

4.1.3.1 Prozone Code

%agent: A(sl,s2)

%agent: B(sl,s3)

%agent: C(s2,s3)

>/B/’ -> B() @ 1.0

A.B’ A(s2),B(s1) <-> A(s2'1),B(s1'1) @ 1.0e-5,1.0e-3
’B.C’> C(s2),B(s3) <-> C(s2!'1),B(s3!1) @ 1.0e-5,1.0e-3
%init: 500 (AQ),CQO))

%obs: ’<B>’ B()

%obs: ’<A.B.C>’ A(s2'1),B(s1!1,s83!3),C(s2!3)

4Refer to Section 4.1.3.1 for the code of such simulation.
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FIGURE 4.11: The Prozone effect refers to the lower concentration of a composed entitiy

(Trimer A.B.C) when one of its constituents (B) is in much higher concentrations that

the others (A & C). The code for such toy model is presented in subsection 4.1.3.1.

In ELISA testing, high concentrations of the target antigen may overwhelm both the

conjugate antibody and the coating antibody, reducing the likelyhood of the same
antigen being bound at once to both antibodies.
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4.1.4 APC and PP2

Why does the Destruction Complex require two Scaffold proteins? Indeed, APC does
not appear to directly contribute to f-catenin phosphorylation [45], but it is a crucial
part of the mechanism targeting B-catenin for ubiquitination [48]. Likewise, if both APC
and Axin compete for the exact same binding domain in B-catenin [46], and as discussed
in Section 4.1.3 Axin serves as a linker between the kinase GSK3B3 and its substrate

B-catenin, how is APC contributing?

The answer emerges when we consider a bigger picture of the interacting agents. It would
appear APC is responsible for protecting the phosphorylation mark of destruction on (-
catenin from PP2 [48]. Indeed, the Causal Traceback seen in Figure 4.12 structures this
idea. Moreover, as APC appears to be actively targeting phospho-3-catenin to the SIF
B-TrCP complex, its role could be simply that of a carrier. If we additionally consider

the following:

e APC having multiple binding sites for 3-catenin, some of which are not even in-

volved in the phosphorylation modification [44],

e APC shuttling into and out of the nucleus through unknown means [57], possibly

shuttling -catenin from the nucleus [76],

e Cancerous mutations on APC most often affect the 20aa and 15aa repeats [49],

which are the binding sites of 3-catenin,

e Phospho-APC has higher affinity for phospho-f-catenin than phospho-Axin [46].

It would appear the transitive association to the Destruction Complex is merely to clear
Axin’s CBD through recruitment of phospho-f-catenin after APC has been phosphory-
lated by CK1 and GSK3p, which are loaded on Axin [77]. It is perhaps reassuring that
in models lacking phosphatases, APC has indeed no active role in Wnt signaling, sauf
to satisfy stochiometric constrains for an “Active Destruction Complex” network cata-
lyst. However, in this moodel, Tumor Suppressor APC is a key player in the signaling
cascade, as it is effectively beyond control of the known transcriptional feedbacks, and
as seen in Figure 4.13, it actively guards phosphorylated [3-catenin, the “goal” of the

Destruction Complex.
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FIGURE 4.12: Weakly compressed story for the dephosphorylation of Tyrosine 41 of
the Destruction Motif on 3-catenin, by PP2. Blue boxes represent rules, red ovals the
end observable. The labels on the boxes refer to the actual labels on the x file. At level
zero, assembly of the PP2 holoenzyme takes place, as well recruitment of the kinases
to the Axin scaffold. Level one sees the phosphorylation of the Catenin Bindind Site
of Axin by the kinases, thus enabling recruitment of B-catenin at level two. At level
three, B-catenin is phosphorylated. This phenomenon is however reduced by premature
release from Axin, symbolized by the dashed line. Once (-catenin is phosphorylated
and released, it then is able to fall pray to PP2, as seen at level four. Finally, once
recruited, PP2 dephosphorylates 3-catenin at level five.
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FIGURE 4.13: Stochastic Simulations of the system. Clockwise from topleft of the
figure, Normal simulation with all agents, simulation with APC concentration of zero,
simulation with PP2 concentration of zero, and simulation with concentrations of APC
and PP2 both of zero. These simulations lack a basal expression level for 3-catenin, as
well as the transcriptional feedbacks on the system. Note that upon APC knockout,
the overall turnover for -catenin is lower, as is observed in vivo. However, upon
additional PP2 knockout, the normal phenotype is restored. The single knockout of
PP2 appears to contribue little to the destruction activity, suggesting APC is able to
recruit all available phospho-B-catenins. This behaviour would be very sensitive to the
concentrations of APC, which should be further explored. Note these simulations do
not include the basal 3-catenin expression in the interest of lower execution times for
the simulation.

In all these reactions, there are some notable phosphorylations that are not balanced:
LRP hyperphosphorylation by CKla and GSK3(. Indeed, the biochemcial litterature
is notoriously quiet in this regard. Though the fact that PP1 subunit 49 (a.k.a. Axin)
is bound directly to it, there appears to be little, if any, evidence that LRP eventually
get dephosphorylated by a phosphatase. It would therefore be tempting to consider the
lack of requirement for dephosphorylation given that phospho-LRP gets recruited into
a membrane enclosed endosome, thus limiting its capacity to recruit additional Axin.
However, this simply highlights the need to address the fate of the Signalosomes after

endocytosis.
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4.2 Implications for “Modularity”

Throughout the text, several puzzling abuses of terminology may have been found. These
are presented precisely to highlight the limitations of the current Protein-to-Function

mental framework. For example:

e Why would a phosphatase subunit serve as a scaffold protein for kinases? (Axin)

e Why would an inactive kinase serve as a scaffold for assembly of a kinase-activating

ubiquitination machinery? (ATM, TRAF6, & MAP3KT7)

e Why can multiple proteins bind a single binding domain at the same time? (DIX

domain)

e How does a conformational change induced by recruitment affect other binding

domains? (APC’s 20aa)

e How do protein-protein interactions change in different contexts within the same

cell? (Acid Endosome)

e How can a signaling protein also be a scaffolding protein? (B-catenin in adherens

junctions)

e Why are some promoter regions autoregulated at different scales? (B-catenin with

LEF1, CycD-E2F1, NFxB-p65)

e Why are there phosphatases and kinases loaded at the same time on the same

complex in an unimolecular do-undo loop? (CKla and PP2 on Axin-APC)

Though it would seem counter-intuitive to think Nature would use a phosphatase sub-
unit as a scaffolding protein for assembly of a hyperphosphorylation machinery, let us
consider the words of Frangois Jakob of “Evolution as a Tinkerer”. Indeed, the notions
of “scaffold”, “subunit”, “binding domain”, “statically defined protein interactions”, et
cetera, are deprecated. They were once useful mental constructs, but now clinging to
them will create mental barriers. We need to improve the current abstraction to ac-
commodate new findings. Proteins are not statically defined, but may very well be a
collection of potentials. As such, it may be more correct to think of protein acting as a

kinase, instead of being a kinase.
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4.3 Rate Obsession?

On a final note, as seen in Figures 4.9 and 4.8 the system behaves as expected while
utilizing ballpark rates. This fact serves to illustrate an important aspect of rule based
modeling: it’s the causal architecture what matters, not so much the parameters. Indeed,
biologically speaking across species, it would appear there is much more control on

maintaining activities through concentrations, than through turnover numbers.



Chapter 5

Conclusion & Perspectives

5.1 Conclusion

A framework, philosophy, and manual of style have been provided to the Scientific
Community in order to allow and encourage the effective exchange and collection of
knowledge in biochemical signaling by the establishment of a Lingua Franca. Moreover,
the examples provided here showcase the evident value of addressing knowledge as an
executable set of Rules operating on a set of formally defined Agents in a mechanistic
fashion. As a side bonus, the successful implementation of an Inventory of Knowledge
is shown, shedding modeling insight into a myriad of interesting phenomena, and gen-
erating a tremendously valuable resource for the moodeling community that can reflect
the State of the Art on Wnt Signaling given sufficient effort, and could potentially grow
to accommodate the Biochemical Signaling, Transcriptional Regulation, and Metabolic

Networks that are present within a Platoonic Cell.
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Appendix A

BigWnt Ruleset

Presented here is the entire ruleset that is the corpus of dynamic knowledge in the
Exploratorium, in addition to the elements that instantiate the moodel into an actual

model. The code segments are listed as follows:

SmallWnt Ruleset

SmallWnt Agent Signatures, Perturbations, and NonFormal Rules

SideWnt Ruleset

SideWnt Agent Signatures, Perturbations, and NonFormal Rules

FeedbackWnt Ruleset

FeedbackWnt Agent Signatures, Perturbations, and NonFormal Rules
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A.1 SmallWnt Ruleset

# HEHHHARHBASHB AR B AR BB RS H B AR B RS R BB RS
# Signal Initialization

#ORHHHHARBHARARBRARARRBHRRRRRRBRARBHARS

# Wnt binds Fzld, then recruits the co-receptor LRP <10.1038/sj.onc.1208303>. Of
interest, Wnt also binds LRP <10.1038/35035117>, generating a cycle: LRP-Axin
-Dsh-Fzld-Wnt-LRP. Contrary to popular theory, LRP and Fzld do not bind
<10.1242/dev.01318>. Though LRP dimerizes <10.1128/MCB.00773-07>, this model
assumes all worthwhile instances are of the homodimer. On a different note,
since Fzld dimerization is required for and induced by Wnt <10.1242/jcs
.00451>, this may serve as a physical branch-point in the membrane cycle to
further aggregate components of the signalosome.

’Fzld.Wnt’> P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom), P_WNT1_HUMAN(P_WNT1_HUMAN
-+-i_P_FZD8_HUMAN) -> P_FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!1),
P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!1) @ (1/ ’RescaleFactor’ ) x ?’
GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’ )

’Fzld..Wnt’ P_FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!1), P_WNT1_HUMAN(
P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!1) -> P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom)
, P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_FZD8_HUMAN) @ ’GeneralUnbinding’

>LRP.LRP’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term), P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term
) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term!1), P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-
term!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ * ’
GeneralBinding’)

LRP..LRP’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term!1), P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-
term!1) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term), P_LRP6_HUMAN(P_LRP6_HUMAN-+-C

-term) @ ’GeneralUnbinding’

’Wnt .LRP’ P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN), P_LRP6_HUMAN (P_LRP6_HUMAN
-+-i_P_WNT1_HUMAN) -> P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'1),
P_LRP6_HUMAN (P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!1) @ (1/ ’RescaleFactor’ ) x ’
GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’ )

Wnt..LRP’> P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!1), P_LRP6_HUMAN (
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'1) -> P_WNT1_HUMAN (P_WNT1_HUMAN -+-
i_P_LRP6_HUMAN), P_LRP6_HUMAN(P_LRP6_HUMAN-+-i_P_WNT1_HUMAN) @ °

GeneralUnbinding’

’Fz1d.Fzld’ P_FZD8_HUMAN (P_FZD8_HUMAN-+-CRD), P_FZD8_HUMAN(P_FZD8_HUMAN-+-CRD) ->
P_FZD8_HUMAN (P_FZD8_HUMAN-+-CRD!1), P_FZD8_HUMAN (P_FZD8_HUMAN-+-CRD!1) @ (1/
’RescaleFactor’ ) * ’ReceptorDimerization’( ’RingClosureRate’ * ’

ReceptorDimerization’ )
’Fzld..Fzld’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-CRD!'1), P_FZD8_HUMAN (P_FZD8_HUMAN -+-CRD
'1) -> P_FZD8_HUMAN (P_FZD8_HUMAN-+-CRD), P_FZD8_HUMAN(P_FZD8_HUMAN-+-CRD) @ ’

ReceptorDissociation’
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HOHHBHARHHBRABRARRARBRBRRRR R R BB AR RHR RS
# Dial D for Destroyer
#OHHBHHRHAHHHHHRRBEHBRH R AR B R R BB R R H R RS

# Axin can multimerize through the P_AXIN1_HUMAN-+-DIX_a to P_AXIN1_HUMAN-+-DIX_b
domain <10.1074/jbc.274.6.3439>

’Axin.Axin’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
DIX_b) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN
-+-DIX_b!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ *
GeneralBinding’ )

’Axin..Axin’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!'!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN
-+-DIX_b!1) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b) @ ’GeneralUnbinding’

# Dsh can multimerize through the P_DVL1_HUMAN-+-DIX_a to P_DVL1_HUMAN-+-DIX_b
domain, and this process is enhanced by polyubiquitination of said domain.
This polyubiquitination is antagonized by CYLD, though this fact is not in
the model <10.1016/j.molcel.2010.01.035>

’Dsh.Dsh’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a), P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b)
-> P_DVL1_HUMAN (P_DVL1_HUMAN-+-DIX_a'1), P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b!1)

@ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ *
GeneralBinding’ )

’Dsh..Dsh’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a!1), P_DVL1_HUMAN(P_DVL1_HUMAN-+-
DIX_b!1) -> P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a), P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_b) @ ’GeneralUnbinding’

# APC can multimerize through the P_APC_HUMAN-+-0ligo domain <10.1093/hmg
/10.7.721>
>APC.APC’ P_APC_HUMAN(P_APC_HUMAN-+-0ligo), P_APC_HUMAN(P_APC_HUMAN-+-0ligo) ->
P_APC_HUMAN (P_APC_HUMAN -+-0ligo!1), P_APC_HUMAN (P_APC_HUMAN -+-0ligo!1) @ (1/
’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’)
>APC..APC’> P_APC_HUMAN (P_APC_HUMAN-+-0ligo!1), P_APC_HUMAN(P_APC_HUMAN-+-0ligo!1)
-> P_APC_HUMAN (P_APC_HUMAN -+-0ligo), P_APC_HUMAN(P_APC_HUMAN-+-0ligo) @ °’

GeneralUnbinding’

# CK1 phosphorilates Axin on 4 residues, the first 3 are associated with Axin
stability, the fourth is part of the Cat_BETA binding site. CK1 binds Axin on
a region overlapping with the Phosphatase binding region <10.1016/j.pep
.2007.02.020>, and therefore this model assumes exclusive binding of either
enzyme

’CK1.Axin’> P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Phosphatase_bind), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom) -> P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-
Phosphatase_bind!1), P_KC1A_HUMAN (P_KC1A_HUMAN-+-Prot_kinase_cat_dom!1l) @ (1/
’RescaleFactor’ ) * ’GeneralBinding’

’CK1..Axin’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!1), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!1) -> P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-
Phosphatase_bind), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom) @ °’

GeneralUnbinding’
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’CK1.Axin|S75%’ P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN
-+-8S75"un), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!9) ->
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S757ph),
P_KC1A_HUMAN (P_KC1A_HUMAN-+-Prot_kinase_cat_dom!9) @ ’GeneralPhosphorylation’

’CK1.Axin|S77%’> P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN
-+-877%un), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!9) ->
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S77 ph),
P_KC1A_HUMAN (P_KC1A_HUMAN -+-Prot_kinase_cat_dom!9) @ ’GeneralPhosphorylation’

’CK1.Axin|S217*’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN
-+-8217"un), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!9) ->
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S217"ph),
P_KC1A_HUMAN (P_KC1A_HUMAN-+-Prot_kinase_cat_dom!9) @ ’GeneralPhosphorylation’

’CK1.Axin|S8469%’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN
-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-S469~un), P_KC1A_HUMAN (P_KC1A_HUMAN -+-
Prot_kinase_cat_dom!9) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9,
P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-S469 ph), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!9) @ ’GeneralPhosphorylation’ # O0f the CK1

mediated phosphorylated, 5469 is directly within the CBD, therefore the

latter must be free for the former to be modified

# GSK3_BETA finishes phosphorilating Axin at the last two residues of the
Catenin_BETA binding domain

>GSK3_BETA.Axin’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!1),
P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!1) @ (1/ ’RescaleFactor’ ) x*
GeneralBinding’

’GSK3_BETA..Axin’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!1), P_GSK3B_HUMAN
(P_GSK3B_HUMAN -+-i_Axin!1) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN),

P_GSK3B_HUMAN (P_GSK3B_HUMAN -+-i_Axin) @ ’GeneralUnbinding’

’GSK3_BETA.Axin|T481%’ P_GSK3B_HUMAN(P_GSK3B_HUMAN-+-i_Axin!9), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!9, P_AXIN1_HUMAN-+-T481%un) -> P_GSK3B_HUMAN(
P_GSK3B_HUMAN-+-i_Axin!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!9,
P_AXIN1_HUMAN-+-T481°ph) @ ’GeneralPhosphorylation’

’GSK3_BETA.Axin|S486%*° P_GSK3B_HUMAN(P_GSK3B_HUMAN-+-i_Axin!9), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!9, P_AXIN1_HUMAN-+-S486~un) -> P_GSK3B_HUMAN(
P_GSK3B_HUMAN-+-i_Axin!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!'9,
P_AXIN1_HUMAN-+-S486"ph) @ ’GeneralPhosphorylation’

# APC is recruited by Axin through the SAMP-to.Regulat_G_prot_signal binding

’APC|SAMP_1.Axin’ P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1), P_AXIN1_HUMAN(P_AXIN1_HUMAN
-+-Regulat_G_prot_signal) -> P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1'1),
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Regulat_G_prot_signal!l) @ (1/ ’RescaleFactor’
) * ’GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’)

>APC|SAMP_1..Axin’ P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Regulat_G_prot_signal!l) -> P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1)
, P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Regulat_G_prot_signal) @ ’GeneralUnbinding’
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>APC|SAMP_2.Axin’ P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2), P_AXIN1_HUMAN (P_AXIN1_HUMAN
-+-Regulat_G_prot_signal) -> P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2'1),
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Regulat_G_prot_signal!l) @ (1/ ’RescaleFactor’
) * ’GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’)

>APC|SAMP_2..Axin’ P_APC_HUMAN (P_APC_HUMAN-+-SAMP_21!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Regulat_G_prot_signal!1l) -> P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2)
, P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Regulat_G_prot_signal) @ ’GeneralUnbinding’

>APC|SAMP_3.Axin’ P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3), P_AXIN1_HUMAN (P_AXIN1_HUMAN
-+-Regulat_G_prot_signal) -> P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3!'1),
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Regulat_G_prot_signal!l) @ (1/ ’RescaleFactor’
) * ’GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’)

>APC|SAMP_3..Axin’ P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Regulat_G_prot_signal!1l) -> P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3)
, P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Regulat_G_prot_signal) @ ’GeneralUnbinding’

# The recruiting potential of APC for Cat_BETA is mediated by phosphorylation
<10.1016/j.molcel .2004.08.010>, and this is mediated by Axin-bound CK1
epsilon <10.1074/jbc.M105148200>

’CK1.Axin.SAMP_1|APC|APC_Cys-rich_rpt_1%’ P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys -
rich_rpt_1"un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-
rich_rpt_1"ph, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_2|APC|APC_Cys-rich_rpt_1%’ P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys -
rich_rpt_2~un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_2~ph, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_3|APC|APC_Cys-rich_rpt_1x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_3~un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys -
rich_rpt_3"ph, P_APC_HUMAN-+-SAMP_11!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_4 | APC|APC_Cys-rich_rpt_1x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_4"un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_4~ph, P_APC_HUMAN-+-SAMP_11!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
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’CK1.Axin.SAMP_5|APC|APC_Cys-rich_rpt_1%’> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_5~un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-

rich_rpt_5~ph, P_APC_HUMAN-+-SAMP_11!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1i_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_6|APC|APC_Cys-rich_rpt_1x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_6"un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN -+-APC_Cys -

rich_rpt_6"ph, P_APC_HUMAN-+-SAMP_11!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_7 | APC|APC_Cys-rich_rpt_1x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_7 un, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN -+-APC_Cys -

rich_rpt_7 ph, P_APC_HUMAN-+-SAMP_1!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_1|APC|APC_Cys-rich_rpt_2%’ P_APC_HUMAN (P_APC_HUMAN -+-APC_Cys -
rich_rpt_1"un, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -

rich_rpt_1~ph, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_2|APC|APC_Cys-rich_rpt_2x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_2~un, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -

rich_rpt_2~ph, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_3|APC|APC_Cys-rich_rpt_2%’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_3~un, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-

rich_rpt_3"ph, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
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’CK1.Axin.SAMP_4|APC|APC_Cys-rich_rpt_2%’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_4"un, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-

rich_rpt_4~ph, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1i_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_5|APC|APC_Cys-rich_rpt_2x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_5"un, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN -+-APC_Cys -

rich_rpt_5~ph, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_6|APC|APC_Cys-rich_rpt_2x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_6~un, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN(P_APC_HUMAN -+-APC_Cys -

rich_rpt_6~ph, P_APC_HUMAN-+-SAMP_2!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_7 |APC|APC_Cys-rich_rpt_2%’ P_APC_HUMAN (P_APC_HUMAN -+-APC_Cys -
rich_rpt_7 un, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -

rich_rpt_7~ph, P_APC_HUMAN-+-SAMP_21!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_1|APC|APC_Cys-rich_rpt_3x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_1~un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -

rich_rpt_1"ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
’CK1.Axin.SAMP_2 | APC|APC_Cys-rich_rpt_3x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_2~un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-

rich_rpt_2~ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-

Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’
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’CK1.Axin.SAMP_3|APC|APC_Cys-rich_rpt_3x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_3~un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_3~ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_4 | APC|APC_Cys-rich_rpt_3x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_4~un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN(
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_4~ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_5|APC|APC_Cys-rich_rpt_3x*’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_5"un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_5~ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_6|APC|APC_Cys-rich_rpt_3*’ P_APC_HUMAN (P_APC_HUMAN -+-APC_Cys -
rich_rpt_6~un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_6~ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.SAMP_7 |APC|APC_Cys-rich_rpt_3x’ P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_7 un, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) -> P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys -
rich_rpt_7 ph, P_APC_HUMAN-+-SAMP_3!2), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2, P_AXIN1_HUMAN-+-Phosphatase_bind!3), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

# PhosphoAxin recruits Catenin_BETA

>(Axinx*) .(Cat_BETA")’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM), P_AXIN1_HUMAN (
P_AXIN1_HUMAN -+-S469"ph, P_AXIN1_HUMAN-+-T481 ph, P_AXIN1_HUMAN-+-S486"ph,
P_AXIN1_HUMAN -+-Axin_b-cat-bd) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1),
P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-S469 ph, P_AXIN1_HUMAN-+-T481 ph, P_AXIN1_HUMAN
-+-S486"ph, P_AXIN1_HUMAN-+-Axin_b-cat-bd!'1) @ (1/ ’RescaleFactor’ ) *
GeneralBinding’

>Axin..Cat_BETA’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN -+-Axin_b-cat-bd!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM),
P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd) @ ’GeneralUnbinding’

# Cat_BETA’s T41 & S45 are phosphoprimed by CK1 <10.1016/S0092-8674(02)00685-2>
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’CK1.Axin.Cat_BETA|T41%’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-T41"un, P_CTNB1_HUMAN-+-
i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd!1l, P_AXIN1_HUMAN-+-
Phosphatase_bind!3), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-T41"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN
(P_AXIN1_HUMAN -+-Axin_b-cat-bd!1l, P_AXIN1_HUMAN-+-Phosphatase_bind!3),
P_KC1A_HUMAN (P_KC1A_HUMAN -+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

’CK1.Axin.Cat_BETA|S45%’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S45"un, P_CTNB1_HUMAN-+-
i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd!1l, P_AXIN1_HUMAN-+-
Phosphatase_bind!3), P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S45"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN
(P_AXIN1_HUMAN -+-Axin_b-cat-bd!1l, P_AXIN1_HUMAN-+-Phosphatase_bind!3),

P_KC1A_HUMAN (P_KC1A_HUMAN-+-Prot_kinase_cat_dom!3) @ ’GeneralPhosphorylation’

# The S33 & S37 constitute the Destruction Motif that is recognized by the SCF-b/
TRCP ubiquitination machinery <10.1016/j.molcel.2008.10.023>, this are
phosphorylated by GSK3_BETA <10.1016/S0092-8674(02)00685-2,>

’GSK.Axin.Cat_BETA|S33%’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"un, P_CTNB1_HUMAN -+-
T41"ph, P_CTNB1_HUMAN-+-S45~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN'!2),
P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!2) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-833~
ph, P_CTNB1_HUMAN-+-T41 ph, P_CTNB1_HUMAN-+-S45"ph, P_CTNB1_HUMAN-+-i_ARM!'1),

P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Axin_b-cat-bd!1l, P_AXIN1_HUMAN-+-
i_P_GSK3B_HUMAN!2), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!2) @ °
GeneralPhosphorylation’

’GSK.Axin.Cat_BETA|S37%’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S37 un, P_CTNB1_HUMAN -+-
T41"ph, P_CTNB1_HUMAN-+-S45~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!2),
P_GSK3B_HUMAN (P_GSK3B_HUMAN -+-i_Axin!2) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-837~
ph, P_CTNB1_HUMAN-+-T41 ph, P_CTNB1_HUMAN-+-S45"ph, P_CTNB1_HUMAN-+-i_ARM!'1),

P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-
i_P_GSK3B_HUMAN!2), P_GSK3B_HUMAN(P_GSK3B_HUMAN-+-i_Axin!2) @

GeneralPhosphorylation’

# Cat_BETA gets recruited by APC, more so after both are phosphorilated since the
affinity of Axin for phosphCat_BETA is lower than APC’s. Note however that
the 15aa repeats have not made it into the model, as their mechanism of
action is still murky. Once the model is running, this phenomenon may be
included to "see what happens"... These rules do not use kappa’s dual
molecularity rates for a simple reason, APC bound Cat-b would also trigger
such a rule and leads to hyperactive rules, deadlocking the simulation.

’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_1%)’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33
“ph, P_CTNB1_HUMAN-+-S37"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_1"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-

APC_Cys-rich_rpt_1"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
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’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_2%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_11!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_2"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1!'2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_2"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_3%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_3"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_3"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_4x*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_4~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-833"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_4~ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_5%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_5"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_5~ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_6%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_6"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_6"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_1|APC|APC_Cys-rich_rpt_7%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_1!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_7"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1!2, P_APC_HUMAN-+-

APC_Cys-rich_rpt_7"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
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’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_1%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_2!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_1"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2!'2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_1"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_2%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_21!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_2"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_2"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
»Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_3%)’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33
“ph, P_CTNB1_HUMAN-+-S837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_3~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-833"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_3~ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_4x*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_4~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_4~ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_5%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_2!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_57ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_56~ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_6%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_21!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_6"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2!2, P_APC_HUMAN-+-

APC_Cys-rich_rpt_6"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
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’Cat_BETA.Axin.SAMP_2|APC|APC_Cys-rich_rpt_7%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_21!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_7"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2!'2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_77ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_1%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_1"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_1"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
»Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_2+)’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33
“ph, P_CTNB1_HUMAN-+-S837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_2~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-833"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_2~ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_3*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_3~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_3~ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_4%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_4"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!'!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN -+-
APC_Cys-rich_rpt_4"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
’Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_5%)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_57ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!'1), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-

APC_Cys-rich_rpt_567ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
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’Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_6%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
“ph, P_CTNB1_HUMAN-+-S837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_6~ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37 ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_6"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
>Cat_BETA.Axin.SAMP_3|APC|APC_Cys-rich_rpt_7%*)’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33
~ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd!1, P_AXIN1_HUMAN-+-Regulat_G_prot_signal!2),
P_APC_HUMAN (P_APC_HUMAN -+-SAMP_3!2, P_APC_HUMAN-+-APC_Cys-rich_rpt_7"ph) ->
P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33"ph, P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN
-+-i_ARM!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!2), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!2, P_APC_HUMAN-+-
APC_Cys-rich_rpt_7"ph!1l) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA.(APC_Cys-rich_rpt_1%)|APC’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~ph,
P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN (P_APC_HUMAN -+-
APC_Cys-rich_rpt_1~"ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-
rich_rpt_1"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

»Cat_BETA.(APC_Cys-rich_rpt_2%) |APC’ P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33~ph,
P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN (P_APC_HUMAN -+-
APC_Cys-rich_rpt_2~ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN (P_APC_HUMAN -+-APC_Cys-
rich_rpt_2"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA.(APC_Cys-rich_rpt_3%) |APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph,
P_CTNB1_HUMAN -+-S37~ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN(P_APC_HUMAN -+-
APC_Cys-rich_rpt_3~ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-
rich_rpt_3~ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA.(APC_Cys-rich_rpt_4x)|APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph,
P_CTNB1_HUMAN -+-S37"ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN(P_APC_HUMAN -+-
APC_Cys-rich_rpt_4~ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~"ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_4"ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA.(APC_Cys-rich_rpt_5%)|APC’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~ph,
P_CTNB1_HUMAN -+-S37~ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN (P_APC_HUMAN -+-
APC_Cys-rich_rpt_5~ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-
rich_rpt_57ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

»Cat_BETA.(APC_Cys-rich_rpt_6+) |APC’ P_CTNB1_HUMAN (P_CTNB1_HUMAN -+-S33~ph,
P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN (P_APC_HUMAN -+-
APC_Cys-rich_rpt_6~ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-
rich_rpt_6~ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’
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’Cat_BETA.(APC_Cys-rich_rpt_7*)|APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph,
P_CTNB1_HUMAN -+-S37"ph, P_CTNB1_HUMAN-+-i_ARM), P_APC_HUMAN(P_APC_HUMAN -+-
APC_Cys-rich_rpt_7 ph) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33~ph, P_CTNB1_HUMAN
-+-837"ph, P_CTNB1_HUMAN-+-i_ARM!'1), P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-

rich_rpt_7~ph!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA..20aal|APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN-+-APC_Cys-rich_rpt_1!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'!1)
, P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-rich_rpt_1!1) @ ’GeneralUnbinding’
>Cat_BETA..20aa2|APC’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN -+-APC_Cys-rich_rpt_2!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1)
N P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-rich_rpt_2!1) @ ’GeneralUnbinding’
’Cat_BETA..20aa3|APC’ P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN-+-APC_Cys-rich_rpt_3!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'!1)
, P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-rich_rpt_3!1) @ ’GeneralUnbinding’
>Cat_BETA..20aa4 |APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN -+-APC_Cys-rich_rpt_4!'1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1)
, P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-rich_rpt_4!1) @ ’GeneralUnbinding’
’Cat_BETA..20aa5|APC’ P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN-+-APC_Cys-rich_rpt_5!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'!1)
, P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-rich_rpt_5!1) @ ’GeneralUnbinding’
>Cat_BETA..20aa6|APC’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN -+-APC_Cys-rich_rpt_6!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1)
, P_APC_HUMAN (P_APC_HUMAN-+-APC_Cys-rich_rpt_6!1) @ ’GeneralUnbinding’
>Cat_BETA..20aa7|APC’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_APC_HUMAN(
P_APC_HUMAN -+-APC_Cys-rich_rpt_7!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1)
, P_APC_HUMAN(P_APC_HUMAN-+-APC_Cys-rich_rpt_7!1) @ ’GeneralUnbinding’

#OHHBHHBHERAR BB R AR R AR RBRRBRRA AR RAR RS
# Wnt Induced Destroyer Imnactivation

# OHAEHHHARHBRARBARHHRARHBRRH B AR AR RARHBRS

# Frizzled’s KTxxxW motif recruits Dishevelled’s P_DVL1_HUMAN-+-PDZ domain
<10.1242/dev.01318>

’Fz1ld.Dsh’ P_FZD8_HUMAN (P_FZD8_HUMAN-+-PDZ_bind), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
) -> P_FZD8_HUMAN(P_FZD8_HUMAN-+-PDZ_bind!'1), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ * ’
GeneralBinding ’)

’Fzld..Dsh’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-PDZ_bind!'!1), P_DVL1_HUMAN(P_DVL1_HUMAN -+-
PDZ!1) -> P_FZD8_HUMAN(P_FZD8_HUMAN -+-PDZ_bind), P_DVL1_HUMAN(P_DVL1_HUMAN -+-

PDZ) @ ’GeneralUnbinding’

# Dsh and Axin bind through their multi(poly?)merization interface P_DVL1_HUMAN

-+-DIX_a to P_DVL1_HUMAN-+-DIX_b <10.1073/pnas.1017063108>
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’Dsh|DIX_a.DIX_bl|Axin’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b) -> P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a!1), P_AXIN1_HUMAN
(P_AXIN1_HUMAN-+-DIX_b!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’
RingClosureRate’ * ’GeneralBinding’)

’Dsh|DIX_a..DIX_blAxin’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a'!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!1) -> P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a), P_AXIN1_HUMAN
(P_AXIN1_HUMAN-+-DIX_b) @ ’GeneralUnbinding’

’Dsh|DIX_b.DIX_alAxin’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a) -> P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b!1), P_AXIN1_HUMAN
(P_AXIN1_HUMAN-+-DIX_a!l1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’
RingClosureRate’ * ’GeneralBinding’)

’Dsh|DIX_b..DIX_alAxin’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!1l) -> P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b), P_AXIN1_HUMAN
(P_AXIN1_HUMAN-+-DIX_a) @ ’GeneralUnbinding’

# Upon Dsh binding to Axin, something in APC’s "sequence B" breaks apart the
complex and releases APC <10.1091/mbc.E10-11-0871>. Now if we only knew what
interface is the important one......

>(Dsh|DIX_a.DIX_b|Axin)..P_APC_HUMAN-+-SAMP_1|APC’> P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_a!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_b!'!9, P_AXIN1_HUMAN -+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_a!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!'9,
P_AXIN1_HUMAN-+-Regulat_G_prot_signal), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_1) @
100 * ’GeneralUnbinding’

’(Dsh|DIX_b.DIX_alAxin)..P_APC_HUMAN-+-SAMP_1|APC’> P_DVL1_HUMAN (P_DVL1_HUMAN -+-
DIX_b!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_a!'!9, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1!1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_b!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!'!9,
P_AXIN1_HUMAN -+-Regulat_G_prot_signal), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_1) @
100 * ’GeneralUnbinding’

>(Dsh|DIX_a.DIX_bl|Axin)..P_APC_HUMAN-+-SAMP_2|APC’ P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_a!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!'!9, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!'1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_a!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_b!9,
P_AXIN1_HUMAN-+-Regulat_G_prot_signal), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2) @
100 * ’GeneralUnbinding’

>(Dsh|DIX_b.DIX_alAxin)..P_APC_HUMAN-+-SAMP_2|APC’ P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_b!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_a!'!9, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_2!'1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_b!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_a!'9,
P_AXIN1_HUMAN-+-Regulat_G_prot_signal), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_2) @
100 * ’GeneralUnbinding’
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’(Dsh|DIX_a.DIX_b|Axin)..P_APC_HUMAN-+-SAMP_3|APC’ P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_a!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_b!9, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_a!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_Db!9,
P_AXIN1_HUMAN-+-Regulat_G_prot_signal), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3) @
100 * ’GeneralUnbinding’

>(Dsh|DIX_b.DIX_al|Axin)..P_APC_HUMAN-+-SAMP_3|APC’ P_DVL1_HUMAN(P_DVL1_HUMAN -+-
DIX_b!9), P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-DIX_a!9, P_AXIN1_HUMAN-+-
Regulat_G_prot_signal!l), P_APC_HUMAN (P_APC_HUMAN-+-SAMP_3!1) -> P_DVL1_HUMAN
(P_DVL1_HUMAN-+-DIX_b!9), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!9,
P_AXIN1_HUMAN-+-Regulat_G_prot_signal), P_APC_HUMAN(P_APC_HUMAN-+-SAMP_3) @

100 * ’GeneralUnbinding’

# LRP is phosphoprimed by GSK3B <10.1038/nature04185>, then phosphorylated by
Axin bound CK1. Considering that Axin can dimerize, that Dsh is also around,
that APC may be re-recruited if Dsh is lost, and that LRP forms aggregates,
this could explain the Ribosome-Sized-Signalosomes found. Moreover, this
presents many cycle-forming possibilities, all dependent on Wnt exposure.

’*x51490 | LRP.Wnt .Fzd.Dvl|DIXa.DIXb|Axn.GSK’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-S51490~un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN -+-PDZ
'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1490~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
'8), P_FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN (P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a'!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1i_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’

>*T1530 | LRP.Wnt .Fzd .Dv1l|DIXa.DIXb|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1530 un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-T1530 ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN'!'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18) , P_FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a'!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (

P_GSK3B_HUMAN-+-i_Axin!5) @ °’GeneralPhosphorylation’
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>xT1572 | LRP.Wnt.Fzd.Dvl|DIXa.DIXb|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1572 un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-T1572 ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’

’*S1590 | LRP.Wnt .Fzd .Dvl|DIXa.DIXb|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN -+-S81590un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1590~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’

31607 | LRP.Wnt .Fzd.Dvl|DIXa.DIXb|Axn.GSK’ P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1607 “un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_b!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ °’GeneralPhosphorylation’

’*S51490 |LRP.Wnt .Fzd.Dvl|DIXb.DIXa|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1490"un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN -+-S5S1490~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (

P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’
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>x*T1530 | LRP.Wnt .Fzd.Dv1l|DIXb.DIXa|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1530 un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_Db!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’

’>*T1572|LRP.Wnt .Fzd.Dvl|DIXb.DIXa|Axn.GSK’> P_LRP6_HUMAN(P_LRP6_HUMAN -+-T1572un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN (P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-T1572 ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_Db!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’

31590 | LRP.Wnt .Fzd .Dvl|DIXb.DIXa|Axn.GSK’ P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1590~un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1590~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (
P_GSK3B_HUMAN-+-i_Axin!5) @ °’GeneralPhosphorylation’

’x51607 | LRP.Wnt .Fzd.Dvl|DIXb.DIXa|Axn.GSK’> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1607 “un,
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9) ,P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
'9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8), P_FZD8_HUMAN (P_FZD8_HUMAN -+-
Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7), P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ
'7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-DIX_a!6,
P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!5)
-> P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!9),
P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN
18), P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN!5), P_GSK3B_HUMAN (

P_GSK3B_HUMAN-+-i_Axin!5) @ ’GeneralPhosphorylation’
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>xT1493 | LRP.Wnt .Fzd.Dvl|DIXa.DIXb|Axn.CK1’> P_LRP6_HUMAN(P_LRP6_HUMAN -+-T1493un,
P_LRP6_HUMAN-+-S1490"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN (P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1493 ph
, P_LRP6_HUMAN-+-S1490~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

’>xS1533 | LRP.Wnt .Fzd.Dvl|DIXa.DIXb|Axn.CK1’> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S81533~un,
P_LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN (P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a'!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1533"ph
, P_LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!'7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

>xS1575|LRP.Wnt .Fzd.Dvl|DIXa.DIXb|Axn.CK1’> P_LRP6_HUMAN(P_LRP6_HUMAN -+-81575un,
P_LRP6_HUMAN-+-T1572"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1575"ph
, P_LRP6_HUMAN-+-T1572"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
P_AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (
P_KC1A_HUMAN -+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’
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>xT1693 | LRP.Wnt .Fzd .Dvl|DIXa.DIXb|Axn.CK1’> P_LRP6_HUMAN(P_LRP6_HUMAN -+-T1593un,

P_
P_
P_
P_
P_
P_

s

P_
P_
P_
P_
P_

LRP6_HUMAN-+-S1590"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1593 ph
P_LRP6_HUMAN-+-51590~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
AXIN1_HUMAN -+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

>*T1610 | LRP.Wnt .Fzd .Dvl|DIXa.DIXb|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1610 un,

P_
P_
P_
P_
P_
P_

5

P_
P_
P_
P_
P_

LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1610 ph
P_LRP6_HUMAN-+-S51607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_a!6), P_AXIN1_HUMAN(
AXIN1_HUMAN -+-DIX_b!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

>xT1493 |LRP.Wnt .Fzd .Dv1 |DIXb.DIXa|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN -+-T1493un,

P_
P_
P_
P_
P_
P_

s

P_
P_
P_
P_
P_

LRP6_HUMAN-+-S1490"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN -+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1493 ph
P_LRP6_HUMAN-+-51490~ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’



Appendix A. BigWnt Ruleset 72

’>*S16533 | LRP.Wnt .Fzd.Dvl|DIXb.DIXa|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-S81533un,

P_
P_
P_
P_
P_
P_

s

P_
P_
P_
P_
P_

LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1533"ph
P_LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

’>*S1675|LRP.Wnt .Fzd.Dvl|DIXb.DIXa|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN -+-81575un,

P_
P_
P_
P_
P_
P_

5

P_
P_
P_
P_
P_

LRP6_HUMAN-+-T1572"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1575"ph
P_LRP6_HUMAN-+-T1572%ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN -+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

>*T1693 | LRP.Wnt .Fzd .Dvl |DIXb.DIXa|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN -+-T1593un,

P_
P_
P_
P_
P_
P_

s

P_
P_
P_
P_
P_

LRP6_HUMAN-+-S1590"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN -+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1593 ph
P_LRP6_HUMAN-+-51590~"ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN(
AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN(
KC1A_HUMAN-+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’
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>*T1610 | LRP.Wnt .Fzd .Dv1 |DIXb.DIXa|Axn.CK1’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1610 un,

P_LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!8),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN (

P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (

P_KC1A_HUMAN-+-Prot_kinase_cat_dom!5) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-T1610 ph

, P_LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!9) ,P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!9, P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!38),
P_FZD8_HUMAN (P_FZD8_HUMAN -+-Frizzled_dom!8, P_FZD8_HUMAN-+-PDZ_bind!7),
P_DVL1_HUMAN(P_DVL1_HUMAN-+-PDZ!7, P_DVL1_HUMAN-+-DIX_b!6), P_AXIN1_HUMAN (

P_AXIN1_HUMAN-+-DIX_a!6, P_AXIN1_HUMAN-+-Phosphatase_bind!5), P_KC1A_HUMAN (

P_KC1A_HUMAN -+-Prot_kinase_cat_dom!5) @ ’GeneralPhosphorylation’

# Hyperphosphorylated LRP presents a docking site for Axin <10.1242/dev.013540>.

>LRP..Axn’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-i_PPPSP!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-

Axin_b-cat-bd!1) -> P_LRP6_HUMAN(P_LRP6_HUMAN-+-i_PPPSP), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-Axin_b-cat-bd) @ ’GeneralUnbinding’

>LRP.Axn’ P_LRP6_HUMAN (P_LRP6_HUMAN-+-S1490~ph, P_LRP6_HUMAN-+-T1530"ph,
P_LRP6_HUMAN-+-T1572"ph, P_LRP6_HUMAN-+-S1590~ph, P_LRP6_HUMAN-+-S1607 “ph,
P_LRP6_HUMAN-+-T1493"ph, P_LRP6_HUMAN-+-S1533"ph, P_LRP6_HUMAN-+-S15757ph,
P_LRP6_HUMAN-+-T1593"ph, P_LRP6_HUMAN-+-T1610"ph, P_LRP6_HUMAN-+-i_PPPSP),

P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat-bd)-> P_LRP6_HUMAN (P_LRP6_HUMAN -+-
51490~"ph, P_LRP6_HUMAN-+-T1530"ph, P_LRP6_HUMAN-+-T1572 ph, P_LRP6_HUMAN -+-
S1590"ph, P_LRP6_HUMAN-+-S1607 "ph, P_LRP6_HUMAN-+-T1493"ph, P_LRP6_HUMAN -+-
S1533"ph, P_LRP6_HUMAN-+-S1575"ph, P_LRP6_HUMAN-+-T1593"ph, P_LRP6_HUMAN -+-

T1610"ph, P_LRP6_HUMAN-+-i_PPPSP!1), P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Axin_b-cat

-bd!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’ ( ’RingClosureRate’ *

GeneralBinding’)

# O HAHHABHEHHSBHS B RSB RSB RSB RSB RSB BB RS
# Phosphatases lurking everywhere!

#ORHHARARBHARARBRARARRBHRARRBARR AR BHARS

# Phosphatase 2 holoenzyme assembly: recruitment of recognition subunit alpha,
catalytic subunit, and variable subunit beta. Notice the recoginition
subunit undergoes a conformational change upong holoenzyme assembly,

therefore the model assumes its binding potentials are for the holoenzyme

of

conformation. Though specifying a fictitious site to reflect this change may

be used, it would effectively duplicate the information as there is absolute

correlation between the two conformations for the protein and the bound-ness

with the holoenzyme.

# Recruitment of B55a Subunit B by Subunit A
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’PP2:A.B55a’ P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB), P_2ABA_HUMAN (P_2ABA_HUMAN -+-
SubUnitA) -> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!1), P_2ABA_HUMAN (
P_2ABA_HUMAN -+-SubUnitA!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’PP2:A..B55a’ P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitB!1), P_2ABA_HUMAN (P_2ABA_HUMAN
-+-SubUnitA!1) -> P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB), P_2ABA_HUMAN(
P_2ABA_HUMAN -+-SubUnitA) @ ’GeneralUnbinding’

# Recruitment of Bb56a Subunit B by Subunit A

’PP2:A.B56a’ P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB), P_2A5A_HUMAN(P_2A5A_HUMAN -+-
SubUnitA) -> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!1), P_2A5A_HUMAN (
P_2A5A_HUMAN -+-SubUnitA!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’PP2:A..B56a’ P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitB!1), P_2A5A_HUMAN (P_2A5A_HUMAN
-+-SubUnitA!1) -> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB), P_2A5A_HUMAN(

P_2A5A_HUMAN -+-SubUnitA) @ ’GeneralUnbinding’

# Recruitment of Catalytic alpha subunit by subunit Bb55a

’PP2:C.B55a’ P_2ABA_HUMAN(P_2ABA_HUMAN -+-i_SubUnitC), P_PP2AA_HUMAN (P_PP2AA_HUMAN
-+-SubUnitB) -> P_2ABA_HUMAN (P_2ABA_HUMAN-+-i_SubUnitC!1), P_PP2AA_HUMAN(
P_PP2AA_HUMAN -+-SubUnitB!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’PP2:C..B55a’ P_2ABA_HUMAN (P_2ABA_HUMAN-+-i_SubUnitC!1), P_PP2AA_HUMAN(
P_PP2AA_HUMAN -+-SubUnitB!1) -> P_2ABA_HUMAN (P_2ABA_HUMAN-+-i_SubUnitC),
P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitB) @ ’GeneralUnbinding’

# Recruitment of Catalytic alpha subunit by subunit Bb56a

’PP2:C.B56a’ P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_SubUnitC), P_PP2AA_HUMAN (P_PP2AA_HUMAN
-+-SubUnitB) -> P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_SubUnitC!1), P_PP2AA_HUMAN(
P_PP2AA_HUMAN -+-SubUnitB!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’PP2:C..B56a’ P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_SubUnitC!1), P_PP2AA_HUMAN (
P_PP2AA_HUMAN -+-SubUnitB!1) -> P_2A5A_HUMAN (P_2A5A_HUMAN -+-i_SubUnitC),
P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitB) @ ’GeneralUnbinding’

# Recruitment of Catalytic alpha subunit by A Subunit PR65

>PP2:C.A° P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitC), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
SubUnitA) -> P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitC!1), P_PP2AA_HUMAN (
P_PP2AA_HUMAN -+-SubUnitA!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’PP2:C..A°> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitC!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN
-+-SubUnitA!1) -> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitC), P_PP2AA_HUMAN (

P_PP2AA_HUMAN -+-SubUnitA) @ ’GeneralUnbinding’

# Recruitment of B72 Subunit B by Subunit A
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’PP2:A.B72° P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitB), P_P2R3A_HUMAN(P_P2R3A_HUMAN -+-
SubUnitA) -> P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!1), P_P2R3A_HUMAN (
P_P2R3A_HUMAN -+-SubUnitA!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’
RingClosureRate’ * ’GeneralBinding’)

’PP2:A..B72° P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!1), P_P2R3A_HUMAN (P_P2R3A_HUMAN
-+-SubUnitA!1) -> P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitB), P_P2R3A_HUMAN(
P_P2R3A_HUMAN -+-SubUnitA) @ ’GeneralUnbinding’

# Recruitment of Catalytic alpha subunit by subunit B72

>PP2:C.B72° P_P2R3A_HUMAN (P_P2R3A_HUMAN-+-i_SubUnitC), P_PP2AA_HUMAN (
P_PP2AA_HUMAN -+-SubUnitB) -> P_P2R3A_HUMAN (P_P2R3A_HUMAN -+-i_SubUnitC!1),
P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitB!1) @ (1/ ’RescaleFactor’ ) *
GeneralBinding ’( ’RingClosureRate’ #* ’GeneralBinding’)

’PP2:C..B72° P_P2R3A_HUMAN(P_P2R3A_HUMAN-+-i_SubUnitC!1), P_PP2AA_HUMAN (
P_PP2AA_HUMAN -+-SubUnitB!1) =-> P_P2R3A_HUMAN(P_P2R3A_HUMAN -+-i_SubUnitC),
P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitB) @ ’GeneralUnbinding’

# PP2-B56a is dephosphorylating APCs. Interestingly, it would appear APC’s ARM
may be sufficiently similar to B-cat’s (and therefore to Importins), to allow
it to migrate into the nucleous with help of B56a... <10.1074/jbc.M107149200
>

’PP2.APC’ P_APC_HUMAN(P_APC_HUMAN-+-i_ARM), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog,
P_2A5A_HUMAN -+-i_SubUnitC!2, P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3) -> P_APC_HUMAN(
P_APC_HUMAN-+-i_ARM!'!'4), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!'4, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!'1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3), P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB
'1, P_2AAA_HUMAN-+-SubUnitC!3) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

>PP2..APC’> P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!'!'4), P_2A5A_HUMAN (P_2A5A_HUMAN -+-
i_Recog!4, P_2A5A_HUMAN-+-i_SubUnitC!2, P_2A5A_HUMAN -+-SubUnitA!1l),
P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN -+-i_ARM), P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog,
P_2A5A_HUMAN-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN(
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3), P_2AAA_HUMAN (
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3) @ ’GeneralUnbinding’

>PP2.APC|APC_Cys-rich_rpt_1~’ P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN -+-
APC_Cys-rich_rpt_1~ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!'!'1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_1~un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) @ °

GeneralDephosphorylation’
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’PP2.APC|APC_Cys-rich_rpt_2~° P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-
APC_Cys-rich_rpt_2"ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN -+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_27un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!'!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) @ °
GeneralDephosphorylation’

>PP2.APC|APC_Cys-rich_rpt_3~’ P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-
APC_Cys-rich_rpt_3~ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!'1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN -+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_3~un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) @ °
GeneralDephosphorylation’

’PP2.APC|APC_Cys-rich_rpt_4~° P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN -+-
APC_Cys-rich_rpt_4~ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_4~un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!'!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3) @ °
GeneralDephosphorylation’

’PP2.APC|APC_Cys-rich_rpt_57"° P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-
APC_Cys-rich_rpt_57ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN -+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_5~un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!'!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3) @ °’

GeneralDephosphorylation’
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’PP2.APC|APC_Cys-rich_rpt_6"’ P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-
APC_Cys-rich_rpt_6~ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_6~un),
P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!'!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) @ °
GeneralDephosphorylation’

’PP2.APC|IAPC_Cys-rich_rpt_7"’ P_APC_HUMAN (P_APC_HUMAN-+-i_ARM!9, P_APC_HUMAN -+-
APC_Cys-rich_rpt_7~ph), P_2A5A_HUMAN(P_2A5A_HUMAN-+-i_Recog!9, P_2A5A_HUMAN
-+-i_SubUnitC!'!2, P_2A5A_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN -+-
i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2, P_PP2AA_HUMAN-+-SubUnitA!3),
P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) ->
P_APC_HUMAN (P_APC_HUMAN -+-i_ARM!9, P_APC_HUMAN-+-APC_Cys-rich_rpt_7 un),
P_2A5A_HUMAN (P_2A5A_HUMAN -+-i_Recog!9, P_2A5A_HUMAN-+-i_SubUnitC!2,
P_2A5A_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB'!2, P_PP2AA_HUMAN-+-SubUnitA'3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN-+-SubUnitC!3) @ °

GeneralDephosphorylation’

# PP2-B5b5a is actively seeking branded Cat_BETA with active DestructionMotifs and
removing the destruction mark <10.1016/j.molcel.2008.10.023> if accessible.

APC protects the DestructionMotif. Subunit b55 alpha deals with beta-catenin
<10.1074/jbc.M109.013698>

’PP2.Cat-b’ P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog, P_2ABA_HUMAN-+-i_SubUnitC!2,
P_2ABA_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB!1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM) ->
P_2ABA_HUMAN (P_2ABA_HUMAN -+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2,
P_2ABA_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB!'1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9) e (1/ °
RescaleFactor’ ) * ’GeneralBinding’

’PP2..Cat-b’ P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2,
P_2ABA_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN (P_2AAA_HUMAN-+-SubUnitB!1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9) ->
P_2ABA_HUMAN (P_2ABA_HUMAN -+-i_Recog, P_2ABA_HUMAN-+-i_SubUnitC!2,
P_2ABA_HUMAN -+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB!1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM) @ °

GeneralUnbinding’
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’PP2.Cat-b|T41"’> P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog'!9, P_2ABA_HUMAN-+-i_SubUnitC
'2, P_2ABA_HUMAN-+-SubUnitA!'1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9, P_CTNB1_HUMAN-+-T41"ph) -> P_2ABA_HUMAN (P_2ABA_HUMAN
-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2, P_2ABA_HUMAN-+-SubUnitA!1),
P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9,
P_CTNB1_HUMAN-+-T41"un) @ ’GeneralDephosphorylation’

’PP2.Cat-b|S45~° P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC
'2, P_2ABA_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9, P_CTNB1_HUMAN-+-S45"ph) -> P_2ABA_HUMAN (P_2ABA_HUMAN
-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2, P_2ABA_HUMAN-+-SubUnitA!1),
P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB!1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9,
P_CTNB1_HUMAN-+-S45”un) @ ’GeneralDephosphorylation’

’PP2.Cat-b|S33°° P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog!'!9, P_2ABA_HUMAN-+-i_SubUnitC
'2, P_2ABA_HUMAN-+-SubUnitA!'1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9, P_CTNB1_HUMAN-+-S33~ph) -> P_2ABA_HUMAN (P_2ABA_HUMAN
-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2, P_2ABA_HUMAN-+-SubUnitA!1),
P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN-+-SubUnitB!'1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9,
P_CTNB1_HUMAN-+-S833"un) @ ’GeneralDephosphorylation’

’PP2.Cat-b|S37"’> P_2ABA_HUMAN(P_2ABA_HUMAN-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC
'2, P_2ABA_HUMAN-+-SubUnitA!1), P_PP2AA_HUMAN(P_PP2AA_HUMAN-+-i_Catalytic,
P_PP2AA_HUMAN -+-SubUnitB!2, P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(
P_2AAA_HUMAN -+-SubUnitB!1, P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9, P_CTNB1_HUMAN-+-S37"ph) -> P_2ABA_HUMAN (P_2ABA_HUMAN
-+-i_Recog!9, P_2ABA_HUMAN-+-i_SubUnitC!2, P_2ABA_HUMAN-+-SubUnitA!1),
P_PP2AA_HUMAN (P_PP2AA_HUMAN-+-i_Catalytic, P_PP2AA_HUMAN-+-SubUnitB!2,
P_PP2AA_HUMAN -+-SubUnitA!3), P_2AAA_HUMAN(P_2AAA_HUMAN -+-SubUnitB!'1,
P_2AAA_HUMAN -+-SubUnitC!3), P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9,
P_CTNB1_HUMAN -+-S37"un) @ ’GeneralDephosphorylation’

# This <10.1038/sj.emboj.7601607> references PP1 as the enzyme responsible for
dephosphorylating Axin. Since UniprotKB only mentions a binding site for Axin
as PPP2CA, I’m assuming the similarities between PP1 and PP2 are sufficient
for PP1 to bind here. If not, we require an additional PP1 binding site...

somewhere.... somehow.....
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’PP1.Axn’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-Phosphatase_bind
'1), P_PP1A_HUMAN (P_PP1A_HUMAN-+-i_Catalytic!1) @ (1/ ’RescaleFactor’ ) *
GeneralBinding’

’PP1..Axn’> P_AXIN1_HUMAN(P_AXIN1_HUMAN -+-Phosphatase_bind!1), P_PP1A_HUMAN (
P_PP1A_HUMAN-+-i_Catalytic!1) -> P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-
Phosphatase_bind), P_PP1A_HUMAN (P_PP1A_HUMAN-+-i_Catalytic) @ ’

GeneralUnbinding’

>Axn|S75°° P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S75~
ph), P_PP1A_HUMAN(P_PP1A_HUMAN-+-i_Catalytic!9) -> P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S75un), P_PP1A_HUMAN (
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’

’Axn | S77°° P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S77~
ph), P_PP1A_HUMAN (P_PP1A_HUMAN-+-i_Catalytic!9) -> P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S77 un), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’

>Axn|S217°° P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN -+-
S217~ph), P_PP1A_HUMAN(P_PP1A_HUMAN-+-i_Catalytic!9) -> P_AXIN1_HUMAN (
P_AXIN1_HUMAN -+-Phosphatase_bind!9, P_AXIN1_HUMAN-+-S217 un), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’

>Axn|S469°° P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN -+-
Axin_b-cat-bd, P_AXIN1_HUMAN-+-S469~ph), P_PP1A_HUMAN(P_PP1A_HUMAN -+-
i_Catalytic!9) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9,
P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-S469~un), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’

’Axn|T481°° P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN -+-
Axin_b-cat-bd, P_AXIN1_HUMAN-+-T481 ph), P_PP1A_HUMAN(P_PP1A_HUMAN -+-
i_Catalytic!9) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9,
P_AXIN1_HUMAN -+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-T481 un), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’

’Axn|S486~° P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9, P_AXIN1_HUMAN -+-
Axin_b-cat-bd, P_AXIN1_HUMAN-+-S486~ph), P_PP1A_HUMAN(P_PP1A_HUMAN -+-
i_Catalytic!9) -> P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!9,
P_AXIN1_HUMAN -+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-S486~un), P_PP1A_HUMAN(
P_PP1A_HUMAN-+-i_Catalytic!9) @ ’GeneralDephosphorylation’
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A.2 SmallWnt Agent Signatures, Perturbations, and Non-

Formal Rules

# OHHHHAHABHARAHBRA R R AR ARBR AR AR R R BHRRS
# ######## AGENT SIGNATURES
#ORHHAHARBHARARBRARARRBHBRBRB AR AR BHARS

# Membrane Signaling

%agent: P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_FZD8_HUMAN, P_WNT1_HUMAN-+-i_P_LRP6_HUMAN
) # P04628, P_WNT1_HUMAN

%agent: P_FZD8_HUMAN (P_FZD8_HUMAN-+-Frizzled_dom, P_FZD8_HUMAN-+-CRD,
P_FZD8_HUMAN -+-PDZ_bind) # Q9H461, P_FZD8_HUMAN

%agent: P_LRP6_HUMAN(P_LRP6_HUMAN-+-i_P_WNT1_HUMAN, P_LRP6_HUMAN-+-C-term,
P_LRP6_HUMAN-+-S51490~un"ph, P_LRP6_HUMAN-+-T1530 un~ph, P_LRP6_HUMAN-+-T1572~
un“ph, P_LRP6_HUMAN-+-S51590~un"ph, P_LRP6_HUMAN-+-S1607 un~ph, P_LRP6_HUMAN
-+-T1493"un"ph, P_LRP6_HUMAN-+-S1533"un"ph, P_LRP6_HUMAN-+-S1575%un”ph,
P_LRP6_HUMAN-+-T1593 un"ph, P_LRP6_HUMAN-+-T1610 un"ph, P_LRP6_HUMAN -+-
i_PPPSP) # 075581, P_LRP6_HUMAN

# Destruction Complex

%agent: P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a, P_DVL1_HUMAN-+-DIX_b, P_DVL1_HUMAN -+-
PDZ, P_DVL1_HUMAN-+-i_Nkd) # 014640, P_DVL1_HUMAN

%agent: P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin) # P49841, P_GSK3B_HUMAN

%agent: P_AXIN1_HUMAN (P_AXIN1_HUMAN-+-Regulat_G_prot_signal, P_AXIN1_HUMAN -+-
i_P_GSK3B_HUMAN, P_AXIN1_HUMAN-+-Axin_b-cat-bd, P_AXIN1_HUMAN-+-DIX_a,
P_AXIN1_HUMAN-+-DIX_b, P_AXIN1_HUMAN-+-S75"un"ph, P_AXIN1_HUMAN-+-S77 un”ph,
P_AXIN1_HUMAN-+-S217 un"ph, P_AXIN1_HUMAN-+-S469 un~ph, P_AXIN1_HUMAN-+-T481~
un~ph, P_AXIN1_HUMAN-+-S486~un"ph, P_AXIN1_HUMAN-+-Phosphatase_bind) # 015169
, P_AXIN1_HUMAN | Axinl and Axin2 are FUNCTIONALLY EQUIVALENT <10.1128/MCB
.25.11.4371-4376.2005 >

%agent: P_APC_HUMAN (P_APC_HUMAN-+-0ligo, P_APC_HUMAN-+-APC_Cys-rich_rpt_1~un”ph,
P_APC_HUMAN-+-APC_Cys-rich_rpt_27un“ph, P_APC_HUMAN-+-APC_Cys-rich_rpt_3~un”
ph, P_APC_HUMAN-+-APC_Cys-rich_rpt_4"un"ph, P_APC_HUMAN-+-APC_Cys-rich_rpt_5"~
un~ph, P_APC_HUMAN-+-APC_Cys-rich_rpt_6~un"ph, P_APC_HUMAN-+-APC_Cys-
rich_rpt_7 un"ph, P_APC_HUMAN-+-i_ARM, P_APC_HUMAN-+-SAMP_1, P_APC_HUMAN-+-
SAMP_2, P_APC_HUMAN-+-SAMP_3) # APC_Human, P_APC_HUMAN

%agent: P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom) # P48729, P_KC1A_HUMAN

# Perifery Agents: Phosphatase 2

%agent: P_2AAA_HUMAN (P_2AAA_HUMAN -+-SubUnitB, P_2AAA_HUMAN-+-SubUnitC) # P30153,
P_2AAA_HUMAN, holoenzyme regulatory subunit "a" PR65, isoform alpha

%agent: P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-SubUnitA, P_PP2AA_HUMAN-+-SubUnitB,
P_PP2AA_HUMAN-+-i_Catalytic) # P67775, P_PP2AA_HUMAN, holoenzyme catalytic
subunit, isoform alpha

%agent: P_2ABA_HUMAN (P_2ABA_HUMAN-+-i_Recog, P_2ABA_HUMAN-+-SubUnitA,
P_2ABA_HUMAN-+-i_SubUnitC) # Q15173 , P_2ABA_HUMAN, holoenzyme recognition

subunit B55, isoform alpha
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%agent: P_2A5A_HUMAN (P_2A5A_HUMAN-+-i_Recog, P_2A5A_HUMAN-+-SubUnitA,
P_2A5A_HUMAN-+-i_SubUnitC) # Q15172, P_2A5A_HUMAN, honoenzyme recognition
subunit B56, isoform alpha

%agent: P_P2R3A_HUMAN (P_P2R3A_HUMAN-+-i_Recog, P_P2R3A_HUMAN -+-SubUnitA,
P_P2R3A_HUMAN-+-i_SubUnitC) # Q06190 , P_P2R3A_HUMAN, holoenzyme recognition
subunit B72

# Perifery Agents: Phosphatase 1
%agent: P_PP1A_HUMAN(P_PP1A_HUMAN-+-i_Catalytic) # P62136, P_PP1A_HUMAN,

holoenzyme catalytic subunit alpha

# The Center of the Universe

%agent: P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-S33~un~ph, P_CTNB1_HUMAN-+-S37 un~ph,
P_CTNB1_HUMAN-+-T41 un~ph, P_CTNB1_HUMAN-+-S45~un"ph, P_CTNB1_HUMAN-+-i_LysX~
un~ub, P_CTNB1_HUMAN-+-i_ARM) # CTNB1_Human, P35222

# Extra-Symbolic Agents
%agent: SCF_BETA_TRCP(SCF_BETA_TRCP-+-i_Catalytic)

%hagent: Proteasome (Proteasome-+-i_Catalytic)

HAHBHBARAHHBRAHBARHBRARHBRARBBAAHBARAHH
######## OTHER RULES
HARHBARHHBRBHBARHBRARHBARBHBERBHBRRHHH

E .

The DestructionMotif is the mark carried by P_CTNB1_HUMAN that signals it to be

ubiquitinated somewhere <10.1016/j.molcel.2008.10.023>, eventually leading
to its Proteasome-regulated degradation

>(P_CTNB1_HUMAN#) . SCF_BETA_TRCP’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph,
P_CTNB1_HUMAN-+-S37"ph, P_CTNB1_HUMAN-+-i_LysX~un), SCF_BETA_TRCP(
SCF_BETA_TRCP-+-i_Catalytic) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S33"ph,
P_CTNB1_HUMAN-+-S37~ph, P_CTNB1_HUMAN-+-i_LysX~un!1l), SCF_BETA_TRCP(
SCF_BETA_TRCP-+—i_Cata1ytic!1) @ ’GeneralBinding’

>(P_CTNB1_HUMANGQ@) ..SCF_BETA_TRCP’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_LysX~ub!1l),
SCF_BETA_TRCP (SCF_BETA_TRCP-+-i_Catalytic!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN
-+-i_LysX~ub), SCF_BETA_TRCP(SCF_BETA_TRCP-+-i_Catalytic) @ ’GeneralUnbinding
>

»P_CTNB1_HUMAN@’ P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-i_LysX~un!9), SCF_BETA_TRCP (
SCF_BETA_TRCP-+-i_Catalytic!9) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_LysX~ub!9),

SCF_BETA_TRCP (SCF_BETA_TRCP -+-i_Catalytic!9) @ ’GeneralUbiquitination’

’Proteasome.(P_CTNB1_HUMAN@)’ Proteasome (Proteasome-+-i_Catalytic), P_CTNB1_HUMAN
(P_CTNB1_HUMAN -+-i_LysX“ub) -> Proteasome(Proteasome-+-i_Catalytic!1l),
P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-i_LysX~ub!1) @ ’GeneralBinding’

’Proteasome.//P_CTNB1_HUMAN@//’ Proteasome (Proteasome-+-i_Catalytic!9),

P_CTNB1_HUMAN (P_CTNB1_HUMAN-+-i_LysX~ub!9) -> Proteasome (Proteasome-+-

i_Catalytic) @ ’GeneralProteolysis’
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%var: ’Init_P_DVL1_HUMAN’ 100 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 100 nmol of
Dsh <10.1371/journal.pbio.0000010.st002>

%var: ’Init_P_APC_HUMAN’ 4 % ’Nano_Avo_Vol’ * ’RescaleFactor’ # 4 nmol of APC
<10.1371/journal .pone .0031882>

%var: ’Init_P_GSK3B_HUMAN’ 70 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 70 nmol of
GSK3 <10.1371/journal.pone.0031882>

%var: ’Init_P_AXIN1_HUMAN’> 150 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 150 nmol of
Axin <10.1371/ journal.pone.0031882>, or 0.02nmol <10.1371/journal.pbio
.0000010.st002>

%var: ’Init_P_CTNB1_HUMAN’> 490 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 490 nmol of
Cat-b <10.1371/ journal.pone.0031882>

%var: ’Init_P_FZD8_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of Fzld
Arbitrary Concentration

%var: ’Init_P_LRP6_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of LRP
Arbitrary Concentration

%var: ’Init_P_KC1A_HUMAN’ 50 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 50nmol of CK1
Arbitrary Concentration

%var: ’Init_P_2AAA_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of PP2 A
subunit Arbitrary Concentration

%var: ’Init_P_PP2AA_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of PP2
Catalytic subunit Arbitrary Concentration

%var: ’Init_P_2ABA_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of PP2
B55a subunit Arbitrary Concentration

%var: ’Init_P_2A5A_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5nmol of PP2
B56a subunit Arbitrary Concentration

%var: ’Init_P_P2R3A_HUMAN’® 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # bnmol of PP2
B72 subunit Arbitrary Concentration

%var: ’Init_P_PP1A_HUMAN’ 5 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 5 nmol of PP1

Catalytic subunit Arbitrary Concentration

%var: ’Init_SCF_BETA_TRCP’ 100 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 100 nmol of
the E2 ligase according to <10.1016/S1097-2765(00)80446-3>. We are assuming
this is representative of the active E3 complex

%var: ’Init_Proteasome’ 15 * ’Nano_Avo_Vol’ * ’RescaleFactor’ # 15nmol of 26s

Proteasome, arbitrary concentration

%init: ’Init_P_DVL1_HUMAN’ P_DVL1_HUMAN ()
%init: ’Init_P_APC_HUMAN’ P_APC_HUMAN ()
%init: ’Init_P_GSK3B_HUMAN’ P_GSK3B_HUMAN ()
%init: ’Init_P_AXIN1_HUMAN’> P_AXIN1_HUMAN ()
%init: ’Init_P_CTNB1_HUMAN’ P_CTNB1_HUMAN ()
%init: ’Init_P_FZD8_HUMAN’ P_FZD8_HUMAN ()
%init: ’Init_P_LRP6_HUMAN’ P_LRP6_HUMAN ()
%init: ’Init_P_KC1A_HUMAN’ P_KC1A_HUMAN ()
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%init: ’Init_P_2AAA_HUMAN’ P_2AAA_HUMAN ()
%init: ’Init_P_PP2AA_HUMAN’ P_PP2AA_HUMAN ()
%init: ’Init_P_2ABA_HUMAN’> P_2ABA_HUMAN ()
%init: ’Init_P_2A5A_HUMAN’> P_2A5A_HUMAN ()
%init: ’Init_P_P2R3A_HUMAN’> P_P2R3A_HUMAN ()
%init: ’Init_P_PP1A_HUMAN’> P_PP1A_HUMAN ()

%init: ’Init_SCF_BETA_TRCP’ SCF_BETA_TRCP ()

%init: ’Init_Proteasome’ Proteasome ()

%obs: ’<Wnt>’ P_WNT1_HUMAN ()

%obs: ’<Wnt.LRP>’ P_WNT1_HUMAN(P_WNT1_HUMAN-+-i_P_LRP6_HUMAN'!1), P_LRP6_HUMAN(
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!1)

%obs: ’<Wnt.Fzd>’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!1), P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_FZD8_HUMAN'!1)

%obs: ’<Wnt.LRP.Fzd>’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-Frizzled_dom!'1), P_WNT1_HUMAN (
P_WNT1_HUMAN-+-i_P_FZD8_HUMAN!1, P_WNT1_HUMAN-+-i_P_LRP6_HUMAN!'!2),
P_LRP6_HUMAN (P_LRP6_HUMAN-+-i_P_WNT1_HUMAN'!2)

# Jobs: ’<Fzd.Fzd>’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-CRD!'!1), P_FZD8_HUMAN (P_FZD8_HUMAN
-+-CRD!1)

# %obs: ’<LRP.LRP>’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-C-term!1l), P_LRP6_HUMAN(
P_LRP6_HUMAN -+-C-term!1)

%obs: ’<Fzd.Dvl>’ P_FZD8_HUMAN(P_FZD8_HUMAN-+-PDZ_bind!'!'1), P_DVL1_HUMAN(
P_DVL1_HUMAN-+-PDZ!1)

# %obs: ’<Dvl_b.Axn_a>’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_b!1), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-DIX_a'1l)

# %obs: ’<Dvl_a.Axn_b>’ P_DVL1_HUMAN(P_DVL1_HUMAN-+-DIX_a!1l), P_AXIN1_HUMAN (
P_AXIN1_HUMAN-+-DIX_b!'1)

%obs: ’<Axn.LRP>’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-i_PPPSP!1), P_AXIN1_HUMAN(
P_AXIN1_HUMAN -+-Axin_b-cat-bd!'1l)

%obs: ’<LRP-S1490_u>’ P_LRP6_HUMAN(P_LRP6_HUMAN-+-S1490"un)

%obs: ’<LRP-T1493_u>’ P_LRP6_HUMAN (P_LRP6_HUMAN-+-T1493 un)

%obs: ’<Axn.CK1>’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-Phosphatase_bind!1), P_KC1A_HUMAN
(P_KC1A_HUMAN -+-Prot_kinase_cat_dom!1)

%obs: ’<Axn.GSK>’ P_AXIN1_HUMAN(P_AXIN1_HUMAN-+-i_P_GSK3B_HUMAN'1), P_GSK3B_HUMAN
(P_GSK3B_HUMAN -+-i_Axin!1)

%obs: ’2<CK1.Axn.GSK>’ P_KC1A_HUMAN(P_KC1A_HUMAN-+-Prot_kinase_cat_dom!'1),
P_AXIN1_HUMAN (P_AXIN1_HUMAN -+-Phosphatase_bind!1, P_AXIN1_HUMAN-+-
i_P_GSK3B_HUMAN!2), P_GSK3B_HUMAN (P_GSK3B_HUMAN-+-i_Axin!2)

%obs: ’<Cat|S37>’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-S37~ph)

%obs: ’<Cat-B>’ P_CTNB1_HUMAN ()

’intro Wnt’ -> P_WNT1_HUMAN() @ 0.0

%var: ’Wnt’ P_WNT1_HUMAN(Q)

#%mod: [T] > 100 do $UPDATE ’intro Wnt’ 100.0

#%mod: ’Wnt’ > (2.7 * ’Nano_Avo_Vol’ * ’RescaleFactor’) do $UPDATE ’intro Wnt’
0.0 # 2.7nM <10.1371/journal.pone.0030601>
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#%def: "dotSnapshots" "true"
#/%def: "colorDot" "true"

#%mod: [T] > 90 do $SNAPSHOT

#%def: "displayCompression" "weak"

#%mod: [T]1>1250 do $TRACK ’<Axn.LRP>’ [true]

#%mod: [T]>1350 do $TRACK ’<Axn.LRP>’ [false]

#/%mod: [true] do $TRACK ’Proteasome.//P_CTNB1_HUMANG@//’

[true]
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A.3 SideWnt Ruleset

# This block contains several elements common to the Ca2+ "non-cannonical" Wnt
pathway. They are of relevance because they affect the transcriptional
activity of the P_LEF1_HUMAN/Cat_BETA complex while taking as input Wntl
<10.1074/ jbc.M307801200>. The mode of action of this pathway is complicated,
but upon induced DNA-damage-related Ca2+ influx, P_ATM_HUMAN translocates to
the cytosol <10.1016/j.molcel.2010.09.008>. We speculate that Wnt induced Ca2
+ influx also translocates P_ATM_HUMAN. Once in the cytosol, P_ATM_HUMAN can
oligomerize, usually into 2mer o 4mer conformations. This oligomerizations
bind the 1961-2046 region (0ligo) of one monomer, to a catalytic region of
the next <10.1038/nature01368>. 0f special interest is the fact that
P_ATM_HUMAN con bind P_TRAF6_HUMAN through the 2152-2157 region <10.1016/j.
molcel.2010.09.008>, which happens to be VERY close to 0Oligo. Considering
that P_TRAF6_HUMAN can also multimerize <10.1002/jcp.21190>, it is logical to

assume that P_ATM_HUMAN polymerization induces P_TRAF6_HUMAN aggregation.
Another key step in this cascade is the activation of the P_TRAF6_HUMAN
ubiquitination activity upon multimerization, and subsequent auto-
ubiquitination <10.1002/jcp.21190>. This phenomenon leads to two events:
firstly active P_TRAF6_HUMAN binds & ubiquitinates MAP3K7 <10.1038/35085597>.
Secondly, ubiquitinated P_TRAF6_HUMAN is recognizable by P_TAB2_HUMAN’z zinc
finger domain <10.1002/jcp.21190>. As this three components are found
together <10.1038/35085597>, it is tempting to postulate that P_TRAF6_HUMAN
acts as a scaffold to assemble MAP3K7 to TAB1. Once MAP3K7 and TAB1 are
assembled, MAP3K7 autophosphorylates and activates <10.1128/MCB
.22.20.7158-7167.2002>. Active MAP3K7 then phosphorylates P_NLK_HUMAN, which
activates it and triggers its translocation to the nucleus <10.1074/jbc.
M307801200>. Once in the nucleus, it phosphorylates P_LEF1_HUMAN/TCF. The
ensuring complex formation and nuclear export of TCFs mediated by 14-3-3 lies
beyond the scope of this model. This block makes one assumption to fill the
gap between Wnt input and MAP3K activation, and that hole is filled in by
P_ATM_HUMAN & P_TRAF6_HUMAN.

>P_ATM_HUMAN.P_ATM_HUMAN’> P_ATM_HUMAN (P_ATM_HUMAN -+-Dim), P_ATM_HUMAN (P_ATM_HUMAN
-+-Catalytic) -> P_ATM_HUMAN(P_ATM_HUMAN-+-Dim!'!1), P_ATM_HUMAN (P_ATM_HUMAN -+-
Catalytic!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’RingClosureRate’ *
’GeneralBinding ’)

>P_ATM_HUMAN..P_ATM_HUMAN’® P_ATM_HUMAN (P_ATM_HUMAN-+-Dim!'1), P_ATM_HUMAN (
P_ATM_HUMAN -+-Catalytic!1) -> P_ATM_HUMAN(P_ATM_HUMAN-+-Dim), P_ATM_HUMAN (
P_ATM_HUMAN-+-Catalytic) @ ’GeneralUnbinding’

>P_ATM_HUMAN.P_TRAF6_HUMAN’> P_ATM_HUMAN (P_ATM_HUMAN -+-TBM), P_TRAF6_HUMAN (
P_TRAF6_HUMAN-+-MATH_a) -> P_ATM_HUMAN(P_ATM_HUMAN-+-TBM!1), P_TRAF6_HUMAN (
P_TRAF6_HUMAN-+-MATH_a!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’
RingClosureRate’ * ’GeneralBinding’)

’P_ATM_HUMAN..P_TRAF6_HUMAN’ P_ATM_HUMAN(P_ATM_HUMAN-+-TBM!'!'1), P_TRAF6_HUMAN (
P_TRAF6_HUMAN-+-MATH_a!1) -> P_ATM_HUMAN(P_ATM_HUMAN-+-TBM), P_TRAF6_HUMAN (
P_TRAF6_HUMAN -+-MATH_a) @ ’GeneralUnbinding’
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’P_TRAF6_HUMAN .P_TRAF6_HUMAN’ P_TRAF6_HUMAN (P_TRAF6_HUMAN -+-MATH_b),
P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b
11), P_TRAF6_HUMAN(P_TRAF6_HUMAN-+-MATH_b'!1) @ (1/ ’RescaleFactor’ ) * ’
GeneralBinding’ (’RingClosureRate’ #* ’GeneralBinding’)

>P_TRAF6_HUMAN..P_TRAF6_HUMAN’ P_TRAF6_HUMAN(P_TRAF6_HUMAN-+-MATH_b!'1),
P_TRAF6_HUMAN (P_TRAF6_HUMAN -+-MATH_b!1) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN -+-
MATH_b), P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b) @ ’GeneralUnbinding’

’P_TRAF6_HUMAN .MAP3K7°’ P_TRAF6_HUMAN(P_TRAF6_HUMAN-+-MATH_b!_, P_TRAF6_HUMAN -+-
TRAF), P_M3K7_HUMAN (P_M3K7_HUMAN-+-Lys63~un) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN
-+-MATH_b!_, P_TRAF6_HUMAN-+-TRAF!1), P_M3K7_HUMAN(P_M3K7_HUMAN-+-Lys63~un!1)

@ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

>P_TRAF6_HUMAN..MAP3K7’> P_TRAF6_HUMAN (P_TRAF6_HUMAN -+-MATH_b!_, P_TRAF6_HUMAN -+-
TRAF!1), P_M3K7_HUMAN (P_M3K7_HUMAN-+-Lys63~ub!1) -> P_TRAF6_HUMAN (
P_TRAF6_HUMAN -+-MATH_b!_, P_TRAF6_HUMAN-+-TRAF), P_M3K7_HUMAN (P_M3K7_HUMAN -+-
Lys63~ub) @ ’GeneralUnbinding’

>P_TRAF6_HUMAN .MAP3K7@°> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b!_, P_TRAF6_HUMAN -+-
TRAF!9), P_M3K7_HUMAN (P_M3K7_HUMAN-+-Lys63~un!9) -> P_TRAF6_HUMAN (
P_TRAF6_HUMAN -+-MATH_b!_, P_TRAF6_HUMAN-+-TRAF!9), P_M3K7_HUMAN (P_M3K7_HUMAN

-+-Lys63~ub!9) @ ’GeneralUbiquitination’

’P_TRAF6_HUMAN@’> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b!_, P_TRAF6_HUMAN-+-Lys63~un
) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_b!_, P_TRAF6_HUMAN-+-Lys63~ub) @ °
GeneralUbiquitination’ # Oligomerized P_TRAF6_HUMAN has auto-ubiquitination

activity

>(P_TRAF6_HUMAN@) .P_TAB2_HUMAN’ P_TRAF6_HUMAN (P_TRAF6_HUMAN -+-Lys63~ub),
P_TAB2_HUMAN (P_TAB2_HUMAN -+-NZF) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-Lys63~ub!1)
, P_TAB2_HUMAN (P_TAB2_HUMAN-+-NZF!1) @ (1/ ’RescaleFactor’ ) * ’
GeneralBinding’

>(P_TRAF6_HUMANG@) ..P_TAB2_HUMAN’> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-Lys63!1),
P_TAB2_HUMAN (P_TAB2_HUMAN-+-NZF!1) -> P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-Lys63),
P_TAB2_HUMAN (P_TAB2_HUMAN-+-NZF) @ ’GeneralUnbinding’

’P_TAB2_HUMAN .MAP3K7’> P_TAB2_HUMAN (P_TAB2_HUMAN-+-i_MAP3K7), P_M3K7_HUMAN(
P_M3K7_HUMAN -+-i_TAB2) -> P_TAB2_HUMAN(P_TAB2_HUMAN-+-i_MAP3K7!1),
P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2!1) @ (1/ ’RescaleFactor’ ) * ’
GeneralBinding’( ’RingClosureRate’ * ’GeneralBinding’)

>P_TAB2_HUMAN..MAP3K7°’ P_TAB2_HUMAN(P_TAB2_HUMAN-+-i_MAP3K7!1), P_M3K7_HUMAN (
P_M3K7_HUMAN-+-i_TAB2!1) -> P_TAB2_HUMAN(P_TAB2_HUMAN-+-i_MAP3K7),
P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2) @ ’GeneralUnbinding’

’MAP3K7 | P_M3K7_HUMAN -+-Thr184*’> P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2!_,
P_M3K7_HUMAN -+-Thr184~un) -> P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2!_,
P_M3K7_HUMAN-+-Thr184~ph) @ °’GeneralPhosphorylation’

>MAP3K7 | P_M3K7_HUMAN -+-Thr187*’> P_M3K7_HUMAN (P_M3K7_HUMAN -+-i_TAB2!_,
P_M3K7_HUMAN -+-Thr187 “un) -> P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2!_,
P_M3K7_HUMAN -+-Thr187 “ph) @ ’GeneralPhosphorylation’

’MAP3K7 | P_M3K7_HUMAN -+-Ser192%’ P_M3K7_HUMAN (P_M3K7_HUMAN -+-i_TAB2!_,
P_M3K7_HUMAN -+-Ser192~un) -> P_M3K7_HUMAN (P_M3K7_HUMAN-+-i_TAB2!_,
P_M3K7_HUMAN-+-Ser192~ph) @ ’GeneralPhosphorylation’
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’MAP3K7 .P_NLK_HUMAN’> P_M3K7_HUMAN (P_M3K7_HUMAN-+-Thr184~ph, P_M3K7_HUMAN-+-Thri187

“ph, P_M3K7_HUMAN-+-Ser192~ph, P_M3K7_HUMAN-+-Prot_kinase_cat_dom),
P_NLK_HUMAN (P_NLK_HUMAN -+-Term_C) -> P_M3K7_HUMAN (P_M3K7_HUMAN-+-Thr184~ph,
P_M3K7_HUMAN -+-Thr187 “ph, P_M3K7_HUMAN-+-Ser192~ph, P_M3K7_HUMAN -+-
Prot_kinase_cat_dom!'!1), P_NLK_HUMAN(P_NLK_HUMAN-+-Term_C!'1) @ (1/
RescaleFactor’ ) * ’GeneralBinding’

’MAP3K7..P_NLK_HUMAN’ P_M3K7_HUMAN (P_M3K7_HUMAN -+-Prot_kinase_cat_dom!1),
P_NLK_HUMAN (P_NLK_HUMAN -+-Term_C!1) -> P_M3K7_HUMAN (P_M3K7_HUMAN -+-
Prot_kinase_cat_dom), P_NLK_HUMAN (P_NLK_HUMAN-+-Term_C) @ ’GeneralUnbinding’

>MAP3K7 .P_NLK_HUMANx*’> P_M3K7_HUMAN (P_M3K7_HUMAN -+-Prot_kinase_cat_dom!9),
P_NLK_HUMAN (P_NLK_HUMAN-+-Term_C!9, P_NLK_HUMAN-+-Ser522~un) -> P_M3K7_HUMAN (
P_M3K7_HUMAN -+-Prot_kinase_cat_dom!9), P_NLK_HUMAN(P_NLK_HUMAN-+-Term_C!9,
P_NLK_HUMAN-+-Ser522~ph) @ ’GeneralPhosphorylation’

# See the comment block on P_ATM_HUMAN, P_TRAF6_HUMAN, MAP3K7, TAB2, P_NLK_HUMAN,

and P_LEF1_HUMAN.

’P_NLK_HUMAN.P_LEF1_HUMAN’ P_NLK_HUMAN (P_NLK_HUMAN-+-Prot_kinase_cat_dom),
P_LEF1_HUMAN (P_LEF1_HUMAN-+-i_NLK, P_LEF1_HUMAN-+-HMGbox) -> P_NLK_HUMAN (
P_NLK_HUMAN -+-Prot_kinase_cat_dom!1), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i NLK!'1,
P_LEF1_HUMAN -+-HMGbox) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

>P_NLK_HUMAN..P_LEF1_HUMAN’> P_NLK_HUMAN (P_NLK_HUMAN -+-Prot_kinase_cat_dom!'1),
P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK!1) -> P_NLK_HUMAN (P_NLK_HUMAN -+-
Prot_kinase_cat_dom), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK) @ ’GeneralUnbinding’

>P_NLK_HUMAN.P_LEF1_HUMAN|P_LEF1_HUMAN-+-Thr155%’ P_NLK_HUMAN (P_NLK_HUMAN -+-
Prot_kinase_cat_dom!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK!'!'9, P_LEF1_HUMAN-+-
HMGbox , P_LEF1_HUMAN-+-Thr155~un) -> P_NLK_HUMAN(P_NLK_HUMAN -+-
Prot_kinase_cat_dom!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK!9, P_LEF1_HUMAN-+-
HMGbox , P_LEF1_HUMAN-+-Thr155~ph) @ ’GeneralPhosphorylation’

>P_NLK_HUMAN.P_LEF1_HUMAN|P_LEF1_HUMAN-+-Ser166%*’ P_NLK_HUMAN (P_NLK_HUMAN -+-
Prot_kinase_cat_dom!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK!9, P_LEF1_HUMAN-+-
HMGbox , P_LEF1_HUMAN-+-Ser166~ un) -> P_NLK_HUMAN (P_NLK_HUMAN -+-
Prot_kinase_cat_dom!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-i_NLK!'!'9, P_LEF1_HUMAN-+-
HMGbox , P_LEF1_HUMAN-+-Ser166~ph) @ ’GeneralPhosphorylation’

>Cat_BETA.P_LEF1_HUMAN’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM), P_LEF1_HUMAN (
P_LEF1_HUMAN-+-CBD) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_LEF1_HUMAN(
P_LEF1_HUMAN-+-CBD!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Cat_BETA..P_LEF1_HUMAN’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!1), P_LEF1_HUMAN (
P_LEF1_HUMAN-+-CBD!1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM), P_LEF1_HUMAN (
P_LEF1_HUMAN-+-CBD) @ ’GeneralUnbinding’
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A.4 SideWnt Agent Signatures, Perturbations, and Non-

Formal Rules

# OHHHHABHAEH B BB BB R RS H RS R RSB RS RS H SRS

# ######## AGENT SIGNATURES

#OHHBHHBHARRHBRRBRARBRBRRRB BB BB AR RHR R A

%agent: P_TAB2_HUMAN(P_TAB2_HUMAN-+-i_MAP3K7, P_TAB2_HUMAN-+-NZF) # TAB2_HUMAN,
Q9NYJ8

%agent: P_M3K7_HUMAN (P_M3K7_HUMAN-+-Lys63~un~ub, P_M3K7_HUMAN-+-Thr184~un”ph,
P_M3K7_HUMAN -+-Thr187 “un"ph, P_M3K7_HUMAN-+-Ser192~un~ph, P_M3K7_HUMAN -+-
Prot_kinase_cat_dom, P_M3K7_HUMAN-+-i_TAB2, P_M3K7_HUMAN-+-i_PP2) #
M3K7_HUMAN, 043318

%agent: P_NLK_HUMAN (P_NLK_HUMAN -+-Ser522~un~ph, P_NLK_HUMAN-+-Prot_kinase_cat_dom
, P_NLK_HUMAN-+-Term_C) # NLK_HUMAN, Q9UBES8

%agent: P_ATM_HUMAN (P_ATM_HUMAN-+-Dim, P_ATM_HUMAN-+-TBM, P_ATM_HUMAN-+-Catalytic
) # ATM_HUMAN, Q13315

%agent: P_TRAF6_HUMAN (P_TRAF6_HUMAN-+-MATH_a, P_TRAF6_HUMAN-+-MATH_b,
P_TRAF6_HUMAN -+-TRAF, P_TRAF6_HUMAN-+-Lys63~un~ub) # TRAF6_HUMAN, Q9Y4K3

%agent: P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD, P_LEF1_HUMAN-+-i_NLK, P_LEF1_HUMAN-+-
HMGbox , P_LEF1_HUMAN-+-Thr155~un"ph, P_LEF1_HUMAN-+-Ser166~un”ph) #
LEF1_HUMAN, Q9UJU2

# Extra-Symbolic Agents

%agent: Genome (Genome-+-i_BS)

# OHAEHBARAHABBH BB AR AHBHBA B R B AR B RAHRH RS

# ######## OTHER RULES

# HEHHHHAHAHBHBSHSEHAEH AR RS R AR AR RS RS HEH RS

’(Cat_BETA.P_LEF1_HUMAN) .Genome’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'!9),
P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN-+-Thr155~un, P_LEF1_HUMAN -+-
Ser166~un, P_LEF1_HUMAN-+-HMGbox), Genome (Genome-+-i_BS) -> P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN -+-
Thr155~un, P_LEF1_HUMAN-+-Ser166~un, P_LEF1_HUMAN-+-HMGbox'1), Genome (Genome
-+-i_BS!1) @ ’GeneralBinding’

>(Cat_BETA.P_LEF1_HUMAN)..Genome’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9),
P_LEF1_HUMAN (P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN-+-HMGbox'!'1l), Genome (Genome -+-
i_BS!'1) -> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9), P_LEF1_HUMAN(P_LEF1_HUMAN
-+-CBD!9, P_LEF1_HUMAN -+-HMGbox), Genome (Genome-+-i_BS) @ ’GeneralUnbinding’

# OHHHHAHAHHHRER BB HASRRBHR RS SHHBSSBRHHRY

# #######4# PERTURBATIONS & INITIALS

# OHHHHARABHHREH BB R RS R BB BB B H S BB B SBHH RS

%var: ’Init_P_TAB2_HUMAN’ 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’
%var: ’Init_P_M3K7_HUMAN’ 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’
%var: ’Init_P_NLK_HUMAN’> 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’
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%var: ’Init_P_ATM_HUMAN’® 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’
%var: ’Init_P_TRAF6_HUMAN’ 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’
%var: ’Init_P_LEF1_HUMAN’ 10 * ’Nano_Avo_Vol’ * ’RescaleFactor’

%init: ’Init_P_TAB2_HUMAN’> P_TAB2_HUMAN ()
%init: ’Init_P_M3K7_HUMAN’> P_M3K7_HUMAN ()
%init: ’Init_P_NLK_HUMAN’ P_NLK_HUMAN ()
%init: ’Init_P_ATM_HUMAN’ P_ATM_HUMAN ()
%init: ’Init_P_TRAF6_HUMAN’ P_TRAF6_HUMAN ()
%init: ’Init_P_LEF1_HUMAN’> P_LEF1_HUMAN ()

%init: 1 Genome ()
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A.5 FeedbackWnt Ruleset

# Dkk is a secreted protein that binds LPR. Through the action of the Kremen
receptor, Dkk induces the endocytosis of LPR <10.1038/sj.onc.1208303>. Since
Kremen’s presence appears to only play a role when LRP6 is over-expressed
<10.1074/jbc.M802376200 >, this model will only consider the competitive
binding of Dkk to LRP6. Likewise, since Kremen mediates internalization of
LRP, and recently it was shown that sequestration of GSK3_BETA into multi-
vesicular endosomes through the membrane-bound signalosome is required
<10.1016/j.¢cel1.2010.11.034>, this model deliberately ignores this.

’Dkk.LPR’ P_DKK1_HUMAN(P_DKK1_HUMAN-+-CRD_2), P_LRP6_HUMAN (P_LRP6_HUMAN -+-
i_P_WNT1_HUMAN) -> P_DKK1_HUMAN (P_DKK1_HUMAN-+-CRD_2!'1), P_LRP6_HUMAN(
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’

’Dkk..LPR’> P_DKK1_HUMAN(P_DKK1_HUMAN-+-CRD_2!'1), P_LRP6_HUMAN (P_LRP6_HUMAN -+-
i_P_WNT1_HUMAN'1) -> P_DKK1_HUMAN (P_DKK1_HUMAN-+-CRD_2), P_LRP6_HUMAN(
P_LRP6_HUMAN-+-i_P_WNT1_HUMAN) @ ’GeneralUnbinding’

# Through PR72, a subunit of PP2, Nkd is able to bind and recruit Dsh into an
phosphatase-inactive complex <10.1101/gad.328905>. It may also destabilize
Dsh, possibly through CYLD mediated (de?)ubiquitination, though that is less
clear...

P72 .Nkd’> P_P2R3A_HUMAN(P_P2R3A_HUMAN-+-i_Recog), P_NKD1_HUMAN(P_NKD1_HUMAN -+-
i_PP2_a) -> P_P2R3A_HUMAN(P_P2R3A_HUMAN-+-i_Recog!1), P_NKD1_HUMAN(
P_NKD1_HUMAN-+-i_PP2_a!1) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( ’
RingClosureRate’ * ’GeneralBinding’)

’P72..Nkd’> P_P2R3A_HUMAN (P_P2R3A_HUMAN-+-i_Recog!'!1), P_NKD1_HUMAN (P_NKD1_HUMAN -+-
i_PP2_a!1) -> P_P2R3A_HUMAN(P_P2R3A_HUMAN-+-i_Recog), P_NKD1_HUMAN(
P_NKD1_HUMAN-+-i_PP2_a) @ ’GeneralUnbinding’

’Nkd.PP2c’ P_NKD1_HUMAN (P_NKD1_HUMAN-+-i_PP2_b), P_PP2AA_HUMAN (P_PP2AA_HUMAN -+-
i_Catalytic) -> P_NKD1_HUMAN(P_NKD1_HUMAN-+-i_PP2_b!'!'4), P_PP2AA_HUMAN (
P_PP2AA_HUMAN-+-i_Catalytic!4) @ (1/ ’RescaleFactor’ ) * ’GeneralBinding’( °’
RingClosureRate’ * ’GeneralBinding’)

’Nkd..PP2c’ P_NKD1_HUMAN (P_NKD1_HUMAN-+-i_PP2_Db!4), P_PP2AA_HUMAN (P_PP2AA_HUMAN
-+-i_Catalytic!4) -> P_NKD1_HUMAN (P_NKD1_HUMAN-+-i_PP2_b), P_PP2AA_HUMAN(
P_PP2AA_HUMAN-+-i_Catalytic) @ ’GeneralUnbinding’
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A.6 FeedbackWnt Agent Signatures, Perturbations, and

NonFormal Rules

BOBHBBHARRAH BB H AR RAH BB AR BB BB RBHRBHERR

# ######## AGENT SIGNATURES

B ORHBBHARRAHEBRARRBHEBHRRRB A BB RS HEHR

%agent: P_DKK1_HUMAN (P_DKK1_HUMAN-+-CRD_2) # DKK1_HUMAN, 094907

%agent: P_NKD1_HUMAN (P_NKD1_HUMAN-+-i_PP2_a, P_NKD1_HUMAN-+-i_PP2_b, P_NKD1_HUMAN
-+-EF_hand) # NKD1_HUMAN, Q969G9

# HEHHHARHBRARBERHHBARHRRR R BB H BB AR H RS

# ######## OTHER RULES

# OHAHBARAHAFBH BB AR AHBHBA B AR AR B RAHAH RS

’>/Nkd/’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD
19, P_LEF1_HUMAN -+-HMGbox'!'1), Genome (Genome-+-i_BS!1) -> P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!'9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN-+-
HMGbox'1), Genome (Genome-+-i_BS!1), P_NKD1_HUMAN() @ 0.1

>/Dkk/’> P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!9), P_LEF1_HUMAN(P_LEF1_HUMAN -+-CBD
19, P_LEF1_HUMAN -+-HMGbox!1), Genome (Genome-+-i_BS!1) =-> P_CTNB1_HUMAN(
P_CTNB1_HUMAN-+-i_ARM!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN -+-
HMGbox!'1), Genome (Genome-+-i_BS!1), P_DKK1_HUMAN() @ 0.1

>/Axin2/’ P_CTNB1_HUMAN(P_CTNB1_HUMAN-+-i_ARM!'9), P_LEF1_HUMAN(P_LEF1_HUMAN -+-CBD
19, P_LEF1_HUMAN -+-HMGbox'!1), Genome (Genome-+-i_BS!1) -> P_CTNB1_HUMAN (
P_CTNB1_HUMAN-+-i_ARM!9), P_LEF1_HUMAN(P_LEF1_HUMAN-+-CBD!9, P_LEF1_HUMAN -+-
HMGbox'1), Genome (Genome-+-i_BS!1), P_AXIN1_HUMAN() @ 0.1
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e Modifications are seldom “at a distance”. It is generaly good practice to decipher
the path from the modificator to the modified entity. For example, a phosphatase
catalytic cleft would probably require a path that links the catalytic unit, to the
recognition unit, to the substrate, in addition to other regulatory units that may
be present. Though it may be tempting to simply collapse the holoenzyme into a
single species, that would defeat the purpose of preserving the patterns entailed

by the multi-agent representation. In other words, it’s lazy modeling.

e Reactions are seldom irreversible. Inclusion of the reverse reaction, particularly for
binding reactions, helps prevent locked terminal states. A good practice for model
clarity is to group related rules together, such as binding and unbinding rules. The
use of reversible rules in KaSim v3 is particularly useful in this regard. However,
notice the causal dependencies: a binding may depend on being phosphorylated,

but does the unbinding event mean the protein remains phosphorylated?

e Don’t Care, Don’t Write: Use the pattern philosophy to only specify what the

reaction cares about.

e Fetch Agent Signature. The agent signature is your friend: it WILL help keep

consistency across rules.

As for rule conversion, the following can be used as conversion methods from determin-

istic rates to stochastic rates.

92
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For the dissociation constant Kj:

Kynbind _ Yunbind

Kbind Topd

Ky=

For the Michaelis-Menten constant K,,:

In terms of donwscaling a system by a given factor o, in order to maintain the stochastic
nature a coefficient is applied to the Volume term on elements. Thus, initial conditions
are multiplied by the scaling factor, and rates are multiplied by the inverse factor. This

means unimolecular reactions are unaffected. Given a concentration of x in moles:

Init, = [x] * Volume x Avogadro x o

Likewise, for a rate v; in molecules™'second™!

Y2 =1k —
g
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