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Model Composition and Aggregation in Macromolecular Regulatory Networks

Ranjit Randhawa

Abstract

Mathematical models of regulatory networks become more difficult to construct and understand as
they grow in size and complexity. Large regulatory network models can be built up from smaller models,
representing subsets of reactions within the larger network. This dissertation focuses on novel model
construction techniques that extend the ability of biological modelers to construct larger models by supplying
them with tools for decomposing models and using the resulting components to construct larger models.

Over the last 20 years, molecular biologists have amassed a great deal of information about the genes and
proteins that carry out fundamental biological processes within living cells — processes such as growth and
reproduction, movement, signal reception and response, and programmed cell death. The full complexity
of these macromolecular regulatory networks is too great to tackle mathematically at the present time.
Nonetheless, modelers have had success building dynamical models of restricted parts of the network.
Systems biologists need tools now to support composing “submodels” into more comprehensive models of
integrated regulatory networks.

We have identified and developed four novel processes (fusion, composition, flattening, and aggregation)
whose purpose is to support the construction of larger models. Model Fusion combines two or more models
in an irreversible manner. In fusion, the identities of the original (sub)models are lost. Beyond some size,
fused models will become too complex to grasp and manage as single entities. In this case, it may be more
useful to represent large models as compositions of distinct components. In Model Composition one thinks of
models not as monolithic entities but rather as collections of smaller components (submodels) joined together.
A composed model is built from two or more submodels by describing their redundancies and interactions.

While it is appealing in the short term to build larger models from pre-existing models, each developed
independently for their own purposes, we believe that ultimately it will become necessary to build large
models from components that have been designed for the purpose of combining them. We define Model
Aggregation as a restricted form of composition that represents a collection of model elements as a single
entity (a “module”). A module contains a definition of pre-determined input and output ports. The process
of aggregation (connecting modules via their interface ports) allows modelers to create larger models in a
controlled manner.

Model Flattening converts a composed or aggregated model with some hierarchy or connections to one
without such connections. The relationships used to describe the interactions among the submodels are lost,
as the composed or aggregated model is converted into a single large (flat) model. Flattening allows us to use

existing simulation tools, which have no support for composition or aggregation.
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Chapter 1

Introduction

The physiological properties of cells are governed by macromolecular regulatory networks of great complex-
ity [31]. Understanding the dynamical properties of these networks is facilitated by mathematical modeling
of the biochemical reactions [31,43,67,72]. These models are often implemented deterministically, as sets of
nonlinear differential equations, or probabilistically by Gillespie’s stochastic simulation algorithm. In either
case, the modeler is faced with the problem of specifying the reactions involved in a large complex network
of interacting species, the rate laws describing each reaction, and numerical values for the rate constants
involved in each rate law. Building regulatory network models is a little like putting together a complicated
jigsaw puzzle with many interlocking pieces. This complex modeling challenge is best broken down into

smaller components that can later be joined together into a larger whole.

The main research objective for the work described in this dissertation is to extend the ability of modelers
to construct large models by supplying them with tools for decomposing models and using the resulting
components to construct larger models. This will be accomplished by identifying novel modeling processes
(called model fusion, composition, flattening, and aggregation), identifying language extensions for Systems
Biology Markup Language (SBML) [25], and implementing the proposed language changes into the SBML
language to support the construction of models of increasing complexity and size. We shall first construct
large models from existing toy models, then move up to realistic models of biological systems, such as the
Tyson and Novak 2001 cell cycle model [74], and finally trying to combine large-scale biological models of
increasing complexity such as the morphogenesis checkpoint model [12] and the budding yeast cell cycle
model [11].

SBML was created to support the modeling of biochemical reaction networks, but the present version
(Level 2) does not support any notion of model composition or aggregation. The language extensions proposed
in this dissertation were ratified at meetings about model composition; the Third SBML Hackathon (2005)
in Tokyo, Japan; the Fifth Annual SBML Hackathon (2007) in Newcastle, UK; the SBML Composition
Workshop (2007) at the University of Connecticut Health Center; the Sixth SBML Hackathon (2008) in

Stellenbosch, South Africa; and private communications with Mike Hucka, Andrew Finney, Martin Ginkel,
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and Stefan Hoops among others. We will provide a concrete proposal for composition for SBML Level3.
Current SBML parsers must also be extended to deal with model composition and aggregation. The open
source JigCell SBML Parser Library was developed in-house at Virginia Tech and has been extended to
enable model composition and aggregation.

Building accurate biological models is a painstaking task of collecting experimental data from published
papers and fitting the model to the experimental data. In this approach, there is a correlation between the size
of a model and the amount of biological information it represents. Therefore, the ability to construct large
biological models provides the potential for better insights into the workings of a cell under investigation.
Models that exist today are small compared to the amount of information known about a particular organism
or cellular pathway/process. Previous modeling work focused on building small models that dealt with a
restricted view of the overall physiology of a cell. Modelers work on individual pieces (cellular processes or
certain pathways) that are easy to construct and manage. Their ultimate goal is to put these pieces together to
construct a more complete picture of the underlying molecular machinery of the organism under investigation.
Merging the pieces together will provide researchers with more complete and biologically accurate models
with which to perform simulations. Currently this merging step is an error-prone process as it is done
manually. The level of complexity is difficult to deal with as the number of models and their sizes increase.
When making large models it is better to start from existing models in order to reuse information from smaller
models, rather than from scratch. This is analogous to adding features to an existing computer program rather
than having to completely re-write it to incorporate new functionality.

Modeling tools help modelers construct their models by providing a computational environment or
framework that minimizes the amount of human error during the construction step. While modelers are
currently able to construct large models by hand, the process is simplified by using computational tools which
not only decrease the time taken to input a model but also ensure that the modeler does not make mistakes

while inputting the model.

1.1 Overview

Chapter 2 introduces the building blocks from which biological modelers construct their models. The models
described in this dissertation are in terms of chemical reactions and chemical reaction kinetics. Chemical
reactions describe the structure of the biological processes that take place within a cell. Chemical reaction
kinetics describe the rate at which the chemical reactions occur. The corresponding primitive building block
for mathematical models is the differential equation. A differential equation defines a family of functions in
terms of their rate of change over time.

Chapters 3, 4, and 5 apply the new modeling processes to develop tools that biological modelers
can use. The Fusion/Composition Wizard, the Flattening Algorithm, and the Aggregation Connector are
additions to the JigCell modeling environment, which is a suite of applications, programming libraries, and

utility programs that focuses on the production, execution, and analysis of models of biochemical reaction
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networks. The modeling tools developed are open source and employ documented standards for interoperable
communication with other tools and applications. Efforts are underway to prepare and present an abridged
version of this dissertation as a formal proposal in order to include these language features into the next
version of SBML.

Chapter 6 presents a case study applying the processes, tools, and frameworks presented in this dissertation
to combine together a biological model for cell cycle control and a biological model morphogenesis checkpoint
in budding yeast.

Chapter 7 contains the conclusions, summarizes the contributions made, and presents future avenues for
research to extend and expand the ideas in this dissertation. This chapter also discusses the ongoing interaction

with the SBML community to propose and implement support for composition within the language.

Connections to other works

Much of the material in this dissertation previously appeared in part in publications [56—58,66] or online [27].
In most cases, these publications contain abridged versions of the material presented here. This dissertation
supersedes the earlier publications by providing a more thorough treatment of the material, up-to-date

accounts of the software, methods, and results, and corrections to the errors found subsequent to publication.

1.2 Modeling and Simulation

A model is a theoretical construct that reproduces the set of variables, behaviors and properties of a natural
system. There are many different types and forms of models, such as physical, logical, or mathematical
models. However, our focus is on mathematical models of biological systems. Modelers attempt to capture
the properties of their biological system with mathematical equations. After performing experiments on
the model, a modeler then relates the results of the model experiment to an equivalent experiment in the
biological system.

Simulation is a method for studying the evolution of model behaviors over time. Simulation does not
have to be exact and when dealing with mathematical models of biological systems, some level of abstraction
exists. Given existing tools, standards, and resources, it is not likely that modelers could replicate the complex
behaviors of a cell without error or abstraction.

Biologists employ modeling and simulation to test their hypotheses about a biochemical reaction network
or develop hypotheses they test by experimental validation. The cost of building a mathematical model of the
biological system and performing experiments on that model is usually less than the cost (both monetary and
time) of laboratory experimentation. It is crucial that models are credible and reliable, and that biologists
understand the limitations of their modeling and simulation efforts. Developers, modelers, decision makers,
and those impacted by the outcome of the model are all concerned with whether the model is correct [61].

Model verification, validation, and testing activities assess the accuracy of a model. Performing these

activities also improves the credibility and reliability of a model. The practice of model verification, validation,
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and testing is essential to the consistent production of models that are useful and correct. Comprehensive
overviews of model verification, validation, and testing already exist and are provided for reference [4,61].

Model verification is the process of certifying that transformations of the model from one form to another
maintain the fidelity of a model. Model verification ensures that the modeler transforms the model as they
intended and that the modeler preserves the accuracy of the model over time. Modeling tools that support
model verification allow the modeler to check that the tool operates in the manner that the modeler assumes.
Model verification checks that the process of building the model is correct. We try to address verification,
both in terms of the models generated and the processes used.

Model validation is the process of determining whether a model sufficiently approximates the real system.
The definition of the term “sufficiently” depends upon the purpose of the model. Increasing the validity of a
model has cost, it is therefore most efficient to evaluate the model with respect to its intended application [6].
The purpose of the model dictates the important aspects to validate and the standards that should apply.
Different modelers may have different intended purposes for a model. Therefore, it is possible for a model to
pass the criteria for acceptability for one modeler but not for another modeler.

Model testing is the process of checking for errors in the model. Model testing determines if the model
is functioning properly by subjecting the model to controlled inputs. The modeler designs a model test to
perform model verification, model validation, or both activities. The model experiments that the modeler uses
for testing determine the domain of acceptability for the model. Although one form of model experimentation
is to compare the model with historically-collected or newly designed laboratory experiments, the modeler
can use other applicable model verification and validation techniques. The intended application of the
modeler determines the acceptable range of results from the model tests. Preferably, the modeler fixes
the acceptable range before the development and testing of the model, and then works to make the model
acceptable. One part of model accreditation, the certification that the model is acceptable for a particular
application, comes from the documentation of model verification and validation that the modeler generates

from these activities [61].



Chapter 2

Modeling Regulatory Networks

The ultimate goal of computational molecular biology is to understand the physiology of a cell in terms of the
underlying molecular machinery. While experimental observation can provide snapshots of a cell’s physiology
under defined sets of conditions, it does not provide the complete picture. Computational molecular biology
aims to take these snapshots and create a better understanding of the temporal dynamics of a cell. The
focus is on the networks of interacting proteins within a cell that govern its physiology. The aim is to
derive the physiological properties of a cell from the wiring diagrams of its underlying molecular regulatory
circuits [74].

This chapter provides a background for this dissertation, by explaining models of regulatory networks
using simple examples and how they are constructed, tested, simulated, and validated. Section 2.1 describes
the process of modeling with a basic example of the frog egg model. Section 2.2 describes the overall
modeling process. Section 2.3 describes the need for extending current modeling frameworks in order to
build larger models than previously possible. Finally, Section 2.4 describes previous efforts and related work

that motivated our approaches.
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2.1 Regulatory Network Modeling

Mathematical models of gene-protein regulatory networks play key roles in archiving and advancing our

understanding of the molecular basis of cell physiology. Models provide rigorous connections between the
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Species  Description Phosphorylated

M, Active MPF no
M; Inactive MPF yes
Cyq Active Cdc25 yes
C; Inactive Cdc25 no
We Active Weel no
W; Inactive Weel yes
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Figure 2.1: Network diagram, mapping of species names, and the corresponding set of ordinary differential
equations for a model of the mitotic regulatory system in frog eggs. The regulation of MPF (Mitosis
Promoting Factor) by Weel (kinase) and Cdc25 (phosphatase) controls when the cell enters mitosis. Notice
the two positive feedback loops whereby MPF actives Cdc25 (MPF’s activator) and inactivates Weel (MPF’s
inactivator). The active forms (M,, C,, and W,) have associated differential equations. The total amounts
of MPF (Mr), Weel (Wr) and Cdc25 (C7) are conserved (i.e., remain constant throughout the process).
M; + M, = Mp, W; + W, = Wrp, and C; + C, = C7. Therefore, the inactive forms (M;, C;, and W;) do
not have differential equations because they can be calculated from these conservation relationships.

physiological properties of a cell and the molecular wiring diagrams of its control systems. A simple example
is the set of reactions controlling the activity of MPF (mitosis promoting factor) in Xenopus oocytes [38],
which we refer to herein as the frog egg model. Such networks are often represented as graphs. In the diagram
of this network (Figure 2.1), vertices represent substrates and products (collectively referred to as species),

solid directed edges represent biochemical reactions, and dashed directed edges represent regulatory signals.

Collectively, these biochemical reactions cause the concentrations of the chemical species (.5;) to change
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in time according to a set of differential equations (one for each species)

R

dsS;

dtz = Zbijvj,i = 1,...,N,
j=1

where R is the number of reactions, NV is the number of species, v; is the velocity of the 7! reaction in the
network, and b;; is the stoichiometric coefficient of species 7 in reaction j (b;; < O for substrates, b;; > 0 for
products, b;; = 0 if species ¢ takes no part in reaction j). Figure 2.1 shows differential equations derived
from the reactions in the network diagram. The set of rate equations and associated parameter values is a

mathematical representation of the temporal behavior of the regulatory network.

Since the purpose of these models is to codify a systems-level understanding of the control of some aspect
of cell physiology, it is necessary to validate a proposed model against observed behavior of the reference
system. In most cases it is essential to model the behavior of not only the wild-type form of the organism, but
also of many mutant or manipulated forms (where each mutant form typically represents one or two variations
in the genetic specification of the control system). For example, if we are modeling the cell cycle of an
organism, then we would wish to know features such as the cell size at division, the time required for various
phases of the cell cycle (G1, S, G2, M), and the viability or point of failure for each mutation. Measurements
of the amounts for various control species within the cell over time would also be valuable information. In the
case of a thoroughly studied an d genetically tractable organism such as Saccharomyces cerevisiae (budding

yeast), a model can be compared against many dozens of mutants defective in the regulatory network.

A realistic model of the budding yeast cell cycle consists of over 30 differential equations and 100 rate
constants and is tested against the phenotypes of over 150 mutants [11]. A model of this complexity represents
the upper limit of what a dedicated modeler can produce “by hand” with nothing but a good numerical
integrator like LSODE [24]. Beyond this size, we begin to lose our ability even to meaningfully display the
wiring diagram that represents the model, let alone comprehend the information it contains, or parameter
estimation becomes problematic. To adequately describe fundamental physiological processes (such as the
control of cell division) in mammalian cells will require models of 100-1000 equations. Efforts such as
the DARPA BioSPICE initiative [7] and the DOE Genomes to Life project [46] aspire to support models
at least one order of magnitude larger than are currently used. To handle this next generation of dynamical
models will require sophisticated software to automate the modeling process: network specification, equation

generation, simulation and data management, and parameter estimation.

There are a number of distinct approaches to simulation. Deterministic models usually represent the
system of chemical reactions with ordinary differential equations [2,39,62]. In some cases, partial differential
equations are used to account for spatial effects [63]. Stochastic modeling or biochemical signaling networks
is in its infancy, and most often is done by some variation of Gillespie’s algorithm [10, 16,36]. For the
remainder of this dissertation, we will consider only deterministic simulation by ODEs. Creating a model that
mimics the observed behavior of a living organism is a difficult task. This process involves a combination of

biological insight, persistence, and support by good modeling tools.
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2.2 The Modeling Process

Successful modeling of macromolecular regulatory networks can be aided by software tools based on a
well-defined modeling process. Such tools should support the line of thought followed by modelers as they
approach a problem. Mid-sized models of macromolecular regulatory networks track reactions among tens of
species and are tested against hundreds of experimental observations. Thus, modelers need tools that help to
organize the relevant information and automate as many steps of the process as possible. Figure 2.2 shows
our conception of the modeling process. The modeler starts with an idea about an organism and a regulatory
system to model. Next, the modeler gathers information (from the literature and from their own experiments)
related to the regulatory system of the organism. During the literature search the modeler builds a hypothesis
from information already published, continuously checking the hypothesis against the existing literature.
Once the modeler has a testable hypothesis about the regulatory system, the hypothesis can be codified into

four types of technical information:

e Experimental Data: The information that will be used to validate the model. This information
might come as time series data of the concentrations of certain regulatory chemical species, as other
observables such as the average size of cells at division, or as qualitative properties such as the viability
or inviability of a mutant.

e Simulation Runs: Specifications for the simulations that will be made to model the experimental data.
For example, each simulation might relate to a specific mutation of the organism. The specification will
define the distinct conditions necessary to simulate that mutation, such as differences in rate constants
from the wild-type values.

e Reaction network: The chemical equations that describe the regulatory processes.

e Rate constants: The parameters that govern the reaction rates.

Typically, the experimental data and simulation run descriptions are part of the problem definition and
are not subject to frequent modifications. Nor are they considered to be “right” or “wrong” in the same way
as the reaction network and rate constant values typically will be. The network and rate constants together
define the mathematical model that will be simulated, compared to experimental observations, and judged
“acceptable” or “unacceptable.”

One simulation run of an ODE model takes only a fraction of a second on a typical desktop computer
in 2007. As described above, a complete model actually involves a large collection of simulations, to be
compared against a collection of experimental results. This entire set of runs might take a second or so for a
smaller model such as our frog egg example on a desktop computer for one choice of rate constants, and
about a minute or two for a larger model needed to describe the budding yeast cell cycle.

Once an initial specification of these four types of information has been made, the next phase of the
process begins. This is a simulation-compare-update loop, whereby simulation results are compared to the
experimental data. In some way, either a human or a computer will make a judgement as to the quality of the

relationship between the two. At that point, since the model is typically judged unsatisfactory, the modeler
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Figure 2.2: The modeling process. Once the modeler has generated a testable hypothesis about the organism,
he or she must assemble the four necessary collections of information (experimental data, simulation runs,
reaction network, and rate constants). This defines both the mathematical model and the behavior that the
model must reproduce. The modeler then will repeatedly simulate and update the model, perhaps with the aid
of automated analysis tools, until an acceptable result is obtained.

will make adjustments and repeat the cycle. We prefer to view this as a double loop, in that changes to rate
constant values are made much more frequently than changes to the reaction network. That is, the modeler
will typically “twiddle” the rate constants so long as progress is being made in matching simulation output
to experimental data. When changes to the rate constants appear no longer to improve the match, then the
modeler will attempt to improve the model by changing the reaction network, which in turn will trigger
another round of changes to the rate constants. The process is continued until the model is judged satisfactory
or totally hopeless.

Modelers often try to assign values to rate constants by a time-consuming process of “parameter twiddling”
and visual comparison of simulation results to experimental data. A better approach is automated parameter
estimation (once the modeler is confident that the basic structure of the reaction network is sound enough).

To fit a model to experimental data by automated optimization algorithms requires thousands to millions of
repetitions of the full calculations.



The process of comparing real-world observation (experimental data) with the mathematical model
(time-series output from a simulation) is called model validation. Model validation is closely related to
automated (or manual) parameter estimation, because both require that some measure of the quality of the
model can be made. In the case of automated parameter estimation, we need a way to take the experimental
data and the output from a simulation run, and create a single number as a measure of the quality of the fit.

This can be extremely difficult. The simulation data (usually in the form of time series plots) often
appears in a form different from the experimental data (often qualitative information such as whether a cell is
viable or not). In general, some complex computation must be done to relate the two. The function that does
this computation is called a transform. Then, while it might be a simple judgement to measure the goodness
of fit between one simulation and one experiment, it is often difficult to judge the goodness of fit of an entire
ensemble of runs. Improvements in matching some experiments might come at the cost of worse fits for

others, so their relative merits must be weighted [49].

2.3 Building Larger Models

Over the last 20 years, molecular biologists have amassed a great deal of information about the genes and
proteins that carry out fundamental biological processes within living cells — processes such as growth and
reproduction, movement, signal reception and response, and programmed cell death. The full complexity of
these macromolecular regulatory networks is too great to tackle mathematically at the present time. Nonethe-
less, modelers have had success building dynamical models of restricted parts of the network. For example,
for budding yeast cells there have been recent successful efforts to model the cell cycle [11], the pheromone
signaling pathway [30], the response to osmotic shock [29], and the morphogenesis checkpoint [12]. Systems
biologists need tools now to support composing “submodels” (like these) into more comprehensive models
of integrated regulatory networks. Another motivation for our desire to create and implement concrete
frameworks for composition are making a model suitable for stochastic simulation which increases the
number of reactions by a factor of 3-5 [76].

We assume that each of the submodels used in creating the larger model can be a validated model itself,
with experimental data that fixes its parameters. The main motivation for creating a larger model is that there
exists experimental information on the interaction of the subsystems for which submodels cannot account
for. By aggregating validated submodels, we mitigate the problem of searching through large parameter
spaces. The parameter estimation problem is now to ensure that the aggregated model is consistent with the
original data used to validate the submodels (for which we already have good initial guesses, inherited from
the submodels) and also the new data relevant to the interactions of the subsystems (which are governed by
the new parameters describing how the submodels fit together).

Our prior work has identified several distinct processes (called model fusion, composition, flattening,
and aggregation) whose purpose is to support the construction of larger models [56-58, 66]. Figure 2.3

shows the relationship between these four processes. In the figure, both composition and aggregation are
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labelled as reversible processes as the integrity of the submodels is maintained and can be derived from the
resulting composed or aggregated model. This is not the case in fusion, where submodel identity and the
model developmental history of how the larger model is created is lost. Flattening converts composed and
aggregated models into their flattened forms which are essentially equivalent to the fused form of the model.

The fused (or flattened) model can now be simulated in order to generate results.

Fusion ——— Sm?\}l%g:lsed —— Simulate ———»
Distinct .
Aggregation )
’ Mzogr?(ljss) (reversible) Flattening

\ 4

Composition Large Model +

L ; —— | Glue (additional language
(reversible) ( features) guag

Figure 2.3: Relationship between Fusion, Composition, Aggregation and Flattening.

Model Fusion (Chapter 3) is an iterative process to combine two or more models in an irreversible manner.
The goal of fusion is to combine submodels into a single unified model containing the combined information
(without redundancies) across the original collection. In fusion, the identities of the original (sub)models
being combined are lost. The result of fusion is a model in the same language as the submodels (in our case
standard SBML [25]), meaning that the same simulation analysis tools can be applied. Beyond some size,
fused models will become too complex to grasp and manage as single entities. In this case, it may be more
useful to represent large models as compositions of distinct components. Thus, while model fusion is a useful
tool for manipulating small to mid-sized models, it does not seem to be a viable solution in the long run.

Model Composition (Chapter 4) provides a potential solution to our goal to build models of large reaction
networks. With composition, one thinks of models not as monolithic entities but rather as collections of
smaller components (submodels) joined together. A composed model is built from two or more submodels
by describing their redundancies and interactions. Composition is a reversible process, in that removing
the inter-model interaction description that holds the composed model together recovers the individual
submodels.

While it is appealing in the short term to build larger models from pre-existing models, each developed
independently for their own purposes, we believe that ultimately it will become necessary to build large
models from components that have been designed for the purpose of combining them. We distinguish this
approach from model composition as described in [57,66]. We define Model Aggregation [58] (Chapter 5) as

a restricted form of composition that represents a collection of model elements as a single entity (a “module”).
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A module contains a definition of pre-determined input and output ports. We distinguish between the terms
module and submodel by defining a module to be a submodel with ports. These ports link to internal species
and parameters and enable them to be accessed/referenced outside the model in which they occur. They
define the module’s interface, which provides restricted access to the components within the module. The
process of aggregation (connecting modules via their interface ports) allows modelers to create larger models
in a controlled manner.

Model Flattening (Section 4.5) converts a composed or aggregated model with some hierarchy or
connections (discussed later) to one without such connections. The result of flattening is equivalent to fusing
the submodels. The relationship information provided by the composition or aggregation process must be
sufficient to allow the flattening to take place without any further human intervention. The relationships used
to describe the interactions among the submodels are lost, as the composed or aggregated model is converted
into a single large (flat) model. Flattening a model allows us to use existing simulation tools, which have no
support for composition or aggregation.

In order to better understand the relationships between the four processes described above, consider the
timeline we followed to develop these processes and tools. Fusion was originally conceived as modelers in
John Tyson’s Group at Virginia Tech desired some computational assistance in creating and combining large
models of macromolecular regulatory networks. Our first step in solving the model composition problem
was to provide a fusion tool to enable modelers to quickly, easily, and efficiently combine models together.
as this was previously done manually and thus was an error-prone process. The only requirement that we
adhered to while developing the fusion process and tool was to use existing standards, such as SBML Level2,
to ensure that it would be viable. After developing the fusion tool we realized that it was not an ultimate
solution. Fusion turned out to be a somewhat temporary measure as ultimately even fused models would
become too large and complex to manage and maintain. Developing fusion first, led us naturally to model
composition, which we learnt was very similar to the fusion process, both in terms of the information needed
in developing a composed model and the step-by-step process used to facilitate this information from the
modeler. Once both fusion and composition were completed, we decided to look at the fundamental problem
of model composition differently which led to model aggregation. In aggregation we would only try to
combine models that were meant to be combined together. During this time we also developed flattening
(for composed models and later, for aggregated models) as a way to use existing software (and simulator)
packages.

2.4 Context and Prior Work

This review covers a combination of works from the fields of software engineering, modeling and simulation
(M&S) and artificial intelligence (AI). We surveyed several papers on modeling, composition and reuse from
a purely theoretical M&S perspective [3,47,48,51-54,78-80]. We also surveyed several papers on model
composition in Al [1,17,26,33,41,42,59,60].
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Snoep et al. [68] show it is possible to construct a large model in a bottom-up manner by manually
linking together smaller modules. They demonstrate this by combining a glycolysis pathway model with
a glycoxylate pathway model. Bulatewicz et al. [9] suggest an interface for model coupling and provide
a number of solutions, from a brute force technique to using frameworks specifically designed to support
coupling. A number of authors from domains both within [23,32] and outside of [14, 19,28,37,69] systems
biology find that successful composition (or model “reuse”) requires components that are specifically designed
for the purpose, and their experiences served as motivation for our approaches to model composition and
aggregation.

Spiegel et al [69] provide a case study of model context for composability and reuse. They identify a
taxonomy of validation constraints and found that this was a harder task than previously believed. The authors
conclude that a library of components designed for composition is needed for successful composition/reuse.
Having a library of composable elements will enable modelers to rapidly construct large models and might be
an area of future research. Kasputis and Ng [28] describe a composable simulation framework and state the
composition is made easier through standardized component descriptions. Standardized descriptions allow
modelers to classify models/modules into different classes in order to represent a model using its description.
Using standardized descriptions could potentially decrease the development time for modelers who need to
understand their models before connecting them together and might be yet another area of future study for

our work. Our approach allows composing models together using a number of different techniques:

1. By merging/fusing submodels together.
2. By manually connecting/composing submodels together using new language features that fully explains
the interactions between components within a composition.

3. By modifying submodels before composition.

Bulatewicz et al [9] and Liang and Paredis [34] describe different approaches to the connections within
a model composition. Bulatewicz et al [9] suggest using a potential coupling interface for model coupling
and provide a number of solutions, from a brute force technique to using frameworks designed to support
coupling. Bulatewicz et al [9] identify different types of coupling and provide a detailed description of their
coupling interface. Liang and Paredis [34] describe a port ontology for automated model composition. While
automating composition is outside the scope of this dissertation, the ontology for representing ports is useful
in detailing the different roles and functions port structures can take. Liang and Paredis [34] state that the
ports provide and specify interaction constraints between components and argue that an ontology is needed
to resolve ambiguity of components within a composition. The two approaches to support unambiguous
representations are labels and metadata. This dissertation uses unique names for port structures to resolve the
ambiguity as these labels are easy to create and understand by modelers. The metadata approach suggested
by Liang and Paredis [34] assigns primitive and compound attributes to the terms used to define concepts and
is not relevant as the port structures in this dissertation can only be of a certain type. They stress that the
benefit of aggregation over composition is that there is no duplication of information that is already captured

within the submodels.
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Proposals have been made within the SBML community [18, 20, 64,77] that describe the mechanics of
composition (or aggregation) through additional SBML language features (referred to herein as “glue”), as
we will do. The common idea among these proposals is to support the composition of larger models from

smaller ones (submodels). In all these proposals a model can contain:

1. Submodels: Models can be contained within an SBML document or can be externally referenced.

2. Instances: Models may contain one or more instances or (copies) of submodels. Composed models
represent a hierarchy of submodel instances connected together

3. Links: Models may contain directional links between objects (SBML components).

4. References: Components within a model can be referenced from another model.

However, none of these proposals have been published in the peer-reviewed literature, nor to our knowledge
have any been implemented. While some commercial tools might have more or less support for various
forms of composition, we are unaware of any non-proprietary implementations for model composition (or
aggregation) in this application domain, or any publications describing proprietary features in commercial
applications. Composition and aggregation for pathway models remains very much an open problem.

In Finney’s Model Composition proposal [18], a model can be composed of instances of submodels,
which themselves are full-fledged models. Other language features discussed in Finney’s proposal include
<submodel> and <instance> structures. An <Instance> structure refers to submodels and represents a
copy of that model within the current model. Finney lists three ways of describing composition in SBML by
creating connections between components in different models using links, ports or direct links. The <Link>
structure connects two components together directly. Restrictions are needed for linkages, but it is not clear
how far this should be defined as part of the language.

Finney’s <Port> structure creates interfaces of components within a model. It should be noted that the
<port> structures described by Finney are different that those presented in Chapter 5. Ports in [18] are
interfaces for components within a model and not for the model itself. There are a number of arguments for
and against the use of interfaces. Interfaces provide a contract between a submodel and the model composed
using it. Several different submodels can implement a contract with the same interface, as these submodels
may use different simulation packages and/or encode different hypothesis for modeled phenomena. An
interface facilitates the documentation of the functions of the submodel from the perspective of a modeler
wanting to reuse a submodel. The argument against the use of interfaces is that while ports have no biological
analogy, nonetheless biology built in modules, with limited interconnections, is only useful to structure
human knowledge of those networks (they have no biological analogy) and that ports add an additional and
unnecessary overhead. .

The <Direct Link> structure enables direct access to components within a submodel without having
to define it beforehand. Direct links can be used in cases where models are not easy to construct using the
above architecture. An example is composing of two models together by creating a reaction between them.
Finney’s approach duplicates everything in one model within another. Alternatively, modifying the existing

SBML element <simpleSpeciesReference> can make this connection, to allow referencing a component
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directly. In an object-oriented analogy, submodels are analogous to class definitions and instances to object
declarations. Two types of connections are possible, one is analogous to pointers (direct links) and the other

to overloading parameters (links).

Weimar’s method of modularization [64] considers SBML <modules> and their dependencies. Modules
are defined as the smallest part of the SBML definition, which can be removed independently of other
modules. There are two types of dependencies that exist, syntactic and semantic. The syntactic dependencies
exist due to the XSD schema, while the semantic dependencies exist due to variations in intuition in English
text. dependencies Tools for modularization should create XML schema for any subset of modules, create
UML modules for a subset and analyze SBML files and determine module usage. More information is needed

to provide an in-depth analysis, as there is no proposal currently available for this approach.

Ginkel’s proposal [20] highlights the advantages of modularity and describes what is necessary for
creating modular models. These include: modules (encapsulated logical/physical submodels) with the same
set of elements as the SBML model; namespaces (hierarchical names) to access and specify parts of modules;
interfaces to integrate modules into a larger model; model assembly consisting of model instantiation
and connection; and parameterization to adjust initial and parameter values and compartments of model
instances. Ginkel considers separating the interface from the implementation of a model by creating terminals
representing inner species to the outside or outer species to the inside. Links establish connections between
terminals of model instances, which contain attribute information for species and reactions. An SBML
extension proposed by Ginkel would have <listOfTerminals> composed of a list of <terminal> elements
that define model interfaces. The scope of the interfaces and what to create instances of is not well-defined
as yet. <ListOfLinks> contains lists of terminals and species that should be connected together. The links
establish mathematical equations, and <speciesSpecification> and <reactionSpecification> allow changing

attributes, but prevent the addition of new parts to the model instances.

A number of questions exist with Ginkel’s approach. Areas of uncertainty include how to deal with units
and whether they are separate from the SBML document/model. The distinction between a module and a
submodel remains ambiguous. Ginkel describes a submodel as a separated part in an SBML model that
contains a namespace for its elements but does not define an interface. For connections to the parent model or
other submodels you can establish links to all inner parts of the submodel by (possibly hierarchical) model
references. A module is also a separate part (as is the submodel), but defines an accessible interface. The parts
in an interface can be safely linked to other modules. Everything else is hidden and can be changed by the
modeler without notice. This allows for different implementations or model improvements without breaking
other “applications” [20] of the module. Some of the other questions we have that remain unanswered
in Ginkel’s proposal are whether separate namespaces are needed for all terminals, whether additional
specifications are possible and if modelers could/should override the <isA> attribute for <modellnstance>
in <listOfModellnstances>.

Webb [77] proposes language constructs that enable composition by specifying links to models and

model components from other model/composition files. Webb argues that new syntax is needed in SBML to
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represent the distinction between an actual element (a Species element) and a reference to an element (used
in the definition of a component). Webb takes a document view, which encompasses the use of models as
a presentation device in line with how XML is handled. The reasoning behind this approach is that XML
comes from a document-centric view of a collection of data. Since SBML is based on XML, it makes sense
to use the facilities of XML rather than trying to invent a representation that looks more like a programming
language. There are two parts to identifying a component, the instance of the component to reference and the
element in the component being referenced in a particular element of the referencing model. References to
the component definition are made through an XLink attribute. <listOfComponentInstances> contains the
list for defining the components and associated element references used in the composed model. References
to model elements are given by the element <elementReference> and model component instances are
defined by the element <componentInstance>. Connections between components are defined by the element
<link>.

2.4.1 Related Tools

A small number of tools exist that provide limited support for composition (in the context of pathway models)
in some form or another. However, none of the tools reviewed provides any support for composition in SBML.
SBMLmerge [65] is a tool for building large models from smaller components, but does not support model
composition or aggregation. Pathway Builder [50] skirts the issue of model composition. While a user can
arrange elements hierarchically in the diagram, the actual model is kept flat.

ProMoT (Process Modeling Tool) [21,55] is an equation-based process modeling tool where encapsulated
modules are ordered in an object-oriented form of inheritance. Terminals within models act as interfaces
and enable variables to be exported for use outside the model/namespace they are in. Links exist connecting
different terminals and provide a rudimentary ability for model composition in this manner. Modules in
ProMoT are logical, encapsulated groupings of modeling elements that represent compartments which contain
reactions, species and special signaling parts. ProMoT provides support for modularity and hierarchical
modeling. It uses object-oriented models, composed from modules, and has its origins in process engineering.
It provides support for importing/exporting standard SBML (Level2).

E-cell System [70] is an object-oriented software suite for modeling, simulation, and analysis of large-
scale complex systems. Models are developed using EML (E-cell modeling language) which is XML based.
E-cell provides multiple simulators and has weak support for SBML. Support for modularity and model
composition is under development and is in the early stages. E-Cell uses an architecture where the complete
model may be modularized through compartments. In this sense, modules must have some physical border
and are not only logical or functional groupings but represent an object in the physical topology of the
cell. E-cell has three fundamental object classes: Variable (represent state variables), Process (represent
discrete or continuous changes in values of the Variable objects), and System (container of these classes
of objects and can contain other Systems). The System class has three subclasses, LogicalSystem (list of

Variables, Processes, and sub-Systems, but no volume), VirtualSystem (list of Processes and sub-Systems)
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and CompartmentSystem (represent a compartment).

Teranode Design Suite [71] does not directly provide any support for composition but it does provide
some support for grouping models together. A more appropriate term for model composition in Teranode
is model collection. The Teranode Design Suite (using its own file format and not SBML) is able to build
a collection of models. Models can interact with each other and components within a model are able to be
linked across models. Models in Teranode Design Suite are analogous to compartments in SBML. Model

collection is therefore analogous to being able to link species in different compartments to each other.
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Chapter 3

Model Fusion

Model Fusion is a step-by-step process to build large models by merging two or more submodels. Unlike
composition or aggregation (where submodels are connected but not modified), fusion irreversibly changes
the submodels in the process of combining them. In fusion there is no “glue” (additional SBML language
constructs) to describe how submodels are combined or connected. The goal of fusion is to combine
submodels into a single unified model containing the aggregated information (without redundancies) across
the original collection. Our approach to fusion is to provide a tool that aids modelers attempting to perform
the fusion process. Fusion involves two steps, known as name resolution and automatic merging. During
resolution, naming conflicts between SBML components (e.g. species, reactions, etc) are resolved, thus
removing redundancies and expressing equivalences. During merging the fused model is created based on
information supplied during resolution. The fusion process is discussed in more detail below using the
following example: two models, m; and mo, each containing two chemical species (A and B in m1, A and D
in mg) will be fused together to produce the fused model ().

This chapter introduces the process by which models are fused together. Section 3.1 describes how to
resolve naming conflicts and identify equivalences between components within models. Section 3.2 describes
the prototype software developed to implement the ideas of this chapter. The terms Wizard [40] (used in
Windows based operating systems) and Assistant (used in Mac OS X) are synonymous and describe a user
interface where the user is led through a sequence of dialogs in order to perform a task. The fusion prototype,
based on the wizard interface paradigm, provides a step-by-step guide that walks users through the fusion
process. Finally, Section 3.3 describes the fusion process with an example that models the protein interaction

network controlling cell division.
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3.1 Mapping Tables

Fusion provides a systematic approach to combine models together using mapping tables. Mapping tables
resolve naming conflicts of SBML components between submodels. During fusion, the modeler produces a
mapping table for each of the the various SBML component types (compartments, species, reactions, etc.).

The mapping tables enable a modeler to express equivalences between components using their names.

3.1.1 Layout and Setup

The mapping tables for fusion have a predefined layout. Each column in a mapping table represents a model,
and each row represents an SBML component in that model. Duplicate names within a model are not allowed.
For example, a species name may occur only once per column. The first column in the mapping table is
reserved for the fused model (m for the above example). The two actions available to the modeler during

fusion are:

1. define two or more SBML components to be equivalent
2. remove the equivalence definition between two or more SBML components (which have previously

been incorrectly equivalenced).

The modeler can decide how the submodel data is arranged and displayed in the mapping tables. The
first option is to place all components with the same name on the same row (Table 3.1). The second option
is to place every component on a different row in the mapping table (Table 3.2). Another useful feature to
minimize the amount of work done by the modeler is to automatically fill in the names of components in the
fused model column on rows where there are no naming conflicts (Table 3.3). After manual manipulation of
the mapping table by the modeler, if the species name in each cell is different on a single row, the cell in
my is left empty to enable the modeler to either define its name or select a name from a list of options. This
occurs when a species exists in all the submodels, but is named differently in one or more of the submodels.
Automatically filling in the name of components for the fused model is based on a component’s name/id
matching other components, and not whether the component represents the same biological entity. In this
dissertation the options selected for the mapping tables is to place components with the same name on the
same row and enable the mapping tables to partially complete the fused model column. Components with the
same name will be placed on the same row and it is up to the modeler to distinguish when components that

represent different biological entities share the same name.
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myg | my | ma
1 A A
2 B

3 D

Table 3.1: Fusion mapping table where species with the same name are on the same row

mf mi meo

A
D

W W[ =

Table 3.2: Fusion mapping table where each species is on a different row

3.1.2 Component Dependencies

Forcing a fixed order during name resolution resolves dependencies across SBML component types, which
exist as some components are referenced in other components. For examples, we must resolve the identities
of compartments (which represent the bounded space in which species are located) before species, since each
species stores a reference to its containing compartment in terms of a compartment identifier. Fortunately, the

following ordering for the eight SBML component types has no conflicting dependencies:

Compartments
Species

Function Definitions
Rules

Events

Unit Definitions

Reactions

® Nk W=

Parameters.

In other words, by fusing the component types in this order, we resolve all dependencies before they are

encountered.

3.1.3 Construction

The construction of the species mapping table using the example models m; and ms is shown below; the
other mapping tables are constructed using the same process. Every column (c) in the species mapping table
corresponds to a particular model (m;...mas), where M is the number of models. Every cell in a column is
either empty or contains a distinct species name. Duplicate names within a model are not allowed, therefore a
species name will only occur once in any particular column. The total number of columns is ¢ + 1, as the first

column (co) is reserved for the fused model (m¢).
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Each row (r) in the species mapping table corresponds to a distinct species in some submodel. If s; is the
number of species in model m;, the maximum number of rows is in the mapping table is Zf\i 1 8i- Acellin
column c; contains a species from the list of species in model m;. The modeler is able to change the name of
a species in m , but is unable to change the name of species in any of the other columns/models.

Suppose species A represents the same biological entity in both models (11 and m3), then m ¢ also gets a
species with the same name initially (Table 3.3: row 1). It should be noted that the name of the species in m
can be changed by the modeler at anytime. There are no equivalent species in either model for the species B
and D. The initial species mapping table is shown in Table 3.3.

myg | my | ma
1| A A A
2| B B
3|1 D D

Table 3.3: Initial Species Map based on options selected by modeler.

mf miq meo
1] A Al A
2 B D
3

Table 3.4: Intermediate mapping table to show what happens when a modeler assigns two species (species D
and species B in row 2) with different names to be equivalent.

mf mq meo
1] A A | A
2| C B | D

Table 3.5: Intermediate mapping table where modeler chooses what species to place in fused model. The
empty row is automatically removed from the mapping table and the modeler enters a species name for the
fused model for Row 2.

When a modeler defines two species with different names to be equivalent to each other, a number of
events occur. In Table 3.4, the modeler defines species D in my to be equivalent to species B in my, by
“picking up” and moving species D from row 3 to row 2. At this point, the previous occurrence of species
D is deleted (in row 3, column mg of Table 3.4) to ensure that there are no duplicate names in any single
column (or model). The empty row is automatically deleted (to reach the status shown in Table 3.5). The
modeler can select which name to give this species in the fused model from the following options: (1) B;
(2) D; (3) some user defined name. If a new species name C is specified for row 2 in the fused model, the
resulting m ¢ contains the species A and C (Table 3.5).

If two species (say species A in mq and species A in mg) were incorrectly identified as being equivalent to
each other (Table 3.3), the reverse process occurs. The modeler must redefine what species are equivalent to

each other by setting the other cells in that row to empty, as is the case for the species in row 1, column ms in
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Table 3.6. When a species name is replaced by a empty cell, a new row is created for it in the mapping table.

The next step is to allow the modeler to fill the cells in column m ; with new names as required (Table 3.7).

mf mq mo
1] * A
2| B B
3| D D
4 A

Table 3.6: Mapping table showing what happens when two species, with the same name (A), are declared
unequivalent. Note that the cell marked with an * can either be set to A or something the modeler specifies.

mf mi meo
1| Al | A
2| B B
3/ D D
41 A2 A

Table 3.7: A completed mapping table, produced by assigning new species names in Table 3.6.

3.2 Fusion Wizard

The fusion prototype follows a wizard interface paradigm, which means that information is solicited from the
modeler in a step-by-step process. A modeler can navigate across the different panels of the wizard in both
directions (forward and backward) using the “Back” and “Next” buttons on the lower panel of the application
(Figure 3.1). A major goal of the Fusion Wizard is to minimize the time and errors associated with combining
models by hand. The model generated by the Fusion Wizard can be used with other SBML-compliant
software to simulate the response of the model to given conditions. The Fusion Wizard proceeds in three
main stages: setup, resolution, and merging. During setup the modeler is guided through various steps that
initialize the Fusion Wizard. Once the environment has been initialized, the modeler starts resolving the
naming conflicts in the various submodels. Finally, when the SBML component mapping tables have been

generated, the application uses this information to automatically merge the submodels together.

3.2.1 Setup

On start up, the Fusion Wizard displays a welcome panel (Figure 3.1) that provides some basic information
about the application and the fusion process. The next panel enables the modeler to assign the name of the
fused model and the type of the wizard (Figure 3.2). In earlier versions of the application the modeler was
only able to fuse two or more models together, however over time more features and functionality were

added. The Fusion Wizard became the Fusion/Composition Wizard capable of both fusion and composition.
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A modeler is now able to choose the type of the wizard — Fusion Wizard or Composition Wizard — by
selecting the appropriate option button. The button labelled “Open Composed Model” will be discussed in
Section 4.3.1.

Model Fusion/Composition Wizard

Welcame to the Model Fusion/Composition Wizard.

Fusion is the process of combining two or more SBML models (called subrmodels)
into a single "flat" model. The goal of fusion is to cambine submodels into a
single unified model containing all the information of the original collection,
without amy redundancies that might occur across submodels in the collection.

Campasition is the process of connecting submodels together 1o generate a hierarchy
of models {called a composed model) that interact with each other, These composed
models can be thought of as a collage of smaller submaodels. Within the context of
SBML, new language features are used ta describe the relationships between submodels

The modeler produces mapping takles for each of the eight SBML component types
wehich are used to resolve naming conflicts between submodels. A COLUMM in the
mapping table represents a (subimodel and a EOW represents the SEML components
within that maodel. The first column in the mapping table is reserved far the
fuzed/composed model.

The two actions awailable to the modeler in the mapping tables are:

1. Define one or mare SBML components to be equivalent

2. Eemowe the linkfassociation between two or more SBML components across
the various submodels.

During compaosition the follvwing steps occur autamatically

1. Caomponents that are defined equivalent are added to the composed model and
then linked to components in the submodels

2. Remowing the linkfassociation between two O mare components deletes that
compaonent and its links in the composed model

) Cnen ) (Ccancel )

Figure 3.1: Fusion/Composition Wizard welcome panel.

Model Fusion/Composition Wizard

Select the type of wizard: (®) Fusion wizard
£ LY
() Compaosition wizard __Open Composed Model )

Enter a name for the fusedfcomposed model: |Fused Maodel

r's ™ £ Y F 4 b Y
L Back ) [ MNext . Cancel )

Figure 3.2: Fusion/Composition Wizard name and type panel enables a modeler to name the fused model and
select the type of Wizard to use (Fusion or Composition).

Next, submodels are selected from the file chooser panel (Figure 3.1). The file chooser panel is divided
into two unequal halves, on the left is a large regular file open dialog window that navigates the local

filesystem, on the right is a small text area that lists the submodels already added. In between the two are two
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buttons, a right arrow (—) that adds submodels from the file open dialog to the “Submodels Added” list (and

thus the application) and a left arrow («—) that removes submodels from the “Submodels Added” list.

N

Model Fusion/Composition Wizard

Select models wou wish to fuse/compose together:

% Fusian '} s __J_

Submoadel 1. skiml

Submodel2. stiml

Submodel2. shml Submodels added:
SFusionfsubmadel 1. sbml
JFusionfSubmodel2. shml

s — ) JFusionfSubmodelz . shml
.\ <= :

"submodell. shml" "Submodel2. sbhml" "Submodel 2. sbhml"

{ Madel file (*.shmli -

L Back) L Next) L Cancel)

Figure 3.3: Fusion/Composition Wizard file chooser panel.

Once the submodels have been added, the Fusion Wizard updates all component IDs to ensure that
there are no duplicate component IDs across the submodel collection. It should be noted that each SBML
component contains both a name and id attribute. The names within a model do not have to be unique
whereas the IDs do according to the SBML schema. Therefore, to facilitate the modeler all the component
IDs are automatically updated to ensure they are unique. The modeler is now ready to initialize and set up
the mapping tables. The resolution panel (Figure 3.4) allows the modeler to select a control option for the

mapping tables, the modeler directs the system to either:

1. place components of the same name on the same row or

2. place each component on a different row.

The auto-fill panel (Figure 3.5) attempts to minimize the modeler’s work by filling up the fused column
on rows where there are no naming conflicts. However, the modeler may decide during resolution whether to
use these initial choices or to change them. At this stage setup is complete and the modeler can start resolving

naming conflicts within the submodels using the mapping tables.

3.2.2 Resolution

Resolving names is vital in order to unambiguously identify all the distinct entities within a model and their

relationships with each other. The compartment mapping table (Figure 3.6) is the first panel displayed during
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Model Fusion/Compaosition Wizard

Select resalution type:

@ Place components with the same name on the same row in the mapping tables.

Largertdode| Submode Submode |2
Speciesl Speciesl
Species2

Species3

O Place ewery component on a different row in the mapping table

Largertdode| Submode Submode|2

Speciesl
Species2

Speciesl
Species3

( pack ) { Mext ) ¢ Cancel)

Figure 3.4: Fusion/Composition Wizard resolution type panel for mapping tables.

Model Fusion/Compaosition Wizard

Auto-fill names of components for the first column {on rows where there are no naming conflicts):

@Yes
Largertdode| Submaods] Submods|2
Speciesl Speciesl Speciesl
Species2 Species?
Speciess Speciess
() Mo
Largertdode| Submaode| Submode|2
Speciesl Speciesl
Species2
Speciess

( Eack} ¢ Next} ¢ Cancel)

Figure 3.5: Fusion Wizard auto-fill panel for mapping tables.

resolution, followed by the species and function mapping tables (Figures 3.7 and 3.8 respectively). The
mapping table panels are divided into two parts: a top part that displays the component map in the form

of a mapping table and an optional bottom part that displays attribute information for the components on a
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selected row.

2 W

Model Fusion/Compasition Wizard

Compartment Mapping Tahle

Fused Model Submode|1 Submode|2 Submode|3 Fused Mode| Motes

1 |cen |cell |cell [cell | |
Description of Attributes: Compartments in grey are
1. Click on a row number abowve to view the attributes NOT INCLUDED in the fused
2. Click on a cell below to scrall through the attribute list or composed model.
[Id]: cell_1 [Id]: cell_1 [Id]: cell_2 [Id]: cell 3
[outside0f] [Outside0s] [Outside0s] [Outsident]
[Spatiallinensions] 3 [ Spatiallinensions] 3 [ Spatiallinensions] 3 [ Spatiallimensions] 3
[Size] 1.0 [Size] 1.0 [Size] 1.0 [Size] 1.0

[Units] wvoluwme
[ IsConstant] TEUE
[Motes]

[Tnits] wolume
[ IsConstant] TRUE
[Motesl

[Tnits] wolume
[ IsConstant] TRUE
[Motesl

[Tnits] volume
[ IsConstant] TEUE

[Wnte=1
( cancel )

Cpark ) ( Newt )

Figure 3.6: Fusion Wizard compartment mapping table.

The compartment component map in Figure 3.6 contains five columns. The row number is displayed on
the left of each row and is provided for convenience when dealing with large models. The first column is
reserved for the fused model and is named according to the information provided in Figure 3.2. The fused
column is followed by the submodel columns, their number depends on the number of models selected in
Figure 3.3. The last column (the right-most column) in the component map is reserved for “Notes”. The
notes attribute in SBML is optional information about a component (stored in the SBML file) intended to
be seen by humans. The “Notes” column is meant as an aid to enable modelers to quickly enter relevant
information about an SBML component.

The attribute information is only displayed when a particular row in the mapping table is selected. The
attribute information is displayed in column form where the first column is reserved for the fused model. It
should be noted that there is one less column in the attribute information table than its corresponding mapping
table. This is because the notes attribute is already displayed in each cell in the attribute information table.
Clicking on the first row in the compartment mapping table (Figure 3.6) displays the attribute information for
each compartment called cell, such as its ¢d, whether it contains an enclosing compartment (OutsideO f
attribute), its Spatial Dimentions, its Size, its Units, whether its a constant (C'onstant attribute), and
finally any optional information in the Notes attribute. The cells in the attribute information table are
scrollable for viewing but uneditable. The only way to modify the attributes of a component of the model
would be in the JigCell ModelBuilder.

Color is used in the component map to provide additional information:

1. a non-empty white cell in any column not reserved for the fused model or notes indicates that the
component in that cell is included in the fused model
2. a non-empty gray cell in any column not reserved for the fused model or notes indicates that the

component in that cell is excluded from the fused model
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Model Fusion/Compasition Wizard

Species Mapping Table

Fused Maoclel
4B

Subrmodel1
CyB

Submodel2

Subrmode]3

Fused Mode| Mokes

Cohli

Cdhli

Ciohl

Cohl

CDK

CDK

Kl

CKl

CKIP

CHIP

CDRICK]

CDK:CKI

@~ @] | B Lof pa| =

MPF

MPF

w

Coc20

Cdc20

IE

IE

IEF

IEF

Coc20a

Cdc20a

Description of Attributes:

1. Click an a row number above 1o wiew the attributes

2. Click on a cell below to scroll through the attribute list

P N Y

Figure 3.7: Fusion Wizard species mapping table.

Species in grey are MOT
INCLUDED in the fused
or composed model.

( Back) ¢ NE}{I)

(" cancel )

Model Fusion/Composition Wizard

Function Definition Mapping Table

Fused Madel 5 ubmiodel Submodel2 S ubmade] 3 Fused Maodel Motes
1 Michaelis_Menten  |[Michaelis_Menten Michaelis_Menten
2 Mass_action_1 Mass_Action_1 Mass_Artion_1 Mass_Action_1
3 Mass_Action_0 Mass_Action_0 Mass_Action_0 M ass_Action_0
4 Mass_Action_2 Mass_Action_2

Description of Attribtes:
1. Click on a row number abowve 1o view the attributes
2. Click an a cell below to scrall through the attribute list

Function Definitions in grey
are NOT IMCLUDED in the
fused or composed model

Cpack ) men )

¢ cancel )

Figure 3.8: Fusion Wizard function mapping table.

3. anon-empty cell with blue text indicates that the component is actually being used in the fused model

(and should therefore be included/added to the column reserved for the fused model).

The white and grey colors indicate the originating submodel for a component added to the fused model. The
first row in the compartment component map in Figure 3.6 contains three white and two gray cells. The way
the component map is set up in Figure 3.6 with three white and two gray cells, it is evident that the fused
model will contain a compartment called cell from the second column (Submodell). This is a trivial case as
all three compartments in the submodels contain the same attribute information, but suppose the modeler
wanted to use the compartment from the third column (Submodel2) instead of the second column. The

following steps and screenshots demonstrate how a modeler would perform this action.

1. The modeler clicks on the cell in the fused model column which in turn displays a combo box
(Figure 3.9) which is a combination of a drop-down list and a single-line textbox, that allows the

modeler either to type a value directly into the control or choose from the list of existing options. The
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fused model column combo box has the following options:

(a) Remove Component - removes the component from the fused model
(b) [Column Number] : Component Name (e.g. [1]: cell indicating the compartment named cell in
Submodell).

2. The modeler then selects the component cell from Submodel2 ([2] : cell)
3. The component map is updated to the state in Figure 3.10. Note that the cell in the Submodel2 column

is now white while the two cells in the Submodell and Submodel3 columns are now gray.

= @ Madel Fusion/Composition Wizard
Compartment Mapping Table
Fused Model| Submodell Submodel2 Submode|3 Fused Mode| Motes
1 T IREMOVE CO... w»|eall |cell |cell | |
[FEMOWE COMPOME
[1]:cell
[2]:cell
[2]:cell
Description of Attributes: Compartments in grey are
1. Click an a row number above 1o wiew the attributes NOT INCLUDED in the fused
2. Click an a cell below to scroll through the attribute list or composed model,
[Id]: cell_ 1 [Id]: cell_ 1 [Id]: cell_2 [Id]: cell_3
[Cutsidedf] [Cutzsidedi] [Cutsidedf] [Cutzsidedi]
[Spatiallinensions] 3 [ Spatiallinensions] 3 [ Spatiallinensions] 3 [Spatiallimensions] 3
[Size] 1.0 [Size] 1.0 [Size] 1.0 [Size] 1.0

[Thmits] wolume

[I=sConstant] TRUE
[MNatesl

[Tnits] wolume

[ IsConstant] TRUE
[MNotesl

[Tnits] wolume

[IsConstant] TRUE
[Maotesl

[Tnits] wolume

[I=sConstant] TRUE
[Matesl

“gark ) ( Newt )

" Cancal )

Figure 3.9: Steps needed to add a component from another submodel to the fused model.

= @ Model Fusion/Composition Wizard
Campartment Mapping Tahla
Fused Mode| Submodel Submodel2 Submode|3 Fused Model Motes

1 |cell |cell |cell |cell | |
Description of Attributes: Compartments in grey are
1. Click an a row number above 1o wiew the attributes NOT INCLUDED in the fused
2. Click an a cell below to scroll through the attribute list or composed model,
[Id]: cell_2 [Id]: cell_1 [Id]: cell_2 [Id]: cell_3
[Cutsidedf] [Cutzsidedi] [Cutsidedf] [Cutzsidedi]
[Spatiallinensions] 3 [Spatiallinensions] 3 [ Spatiallinensions] 3 [SpatialDimensions] 3
[Size] 1.0 [Size] 1.0 [Size] 1.0 [Size] 1.0

[Thits] volume

[I=sConstant] TRUE
[Mates=1

[Thits] volume

[ IsConstant] TRUE
[Motes=1

[Thits] wolume

[IsConstant] TRUE
[MNotes=1

[Thits] wolume

[I=sConstant] TRUE
[MNotes=1

(" pack ) . Mext :) ~ Cancel )

Figure 3.10: State of the component map after the selection from Figure 3.9 has been done.

Another option is to remove the component from the fused model altogether. Figures 3.11 and 3.12

demonstrate this by removing the component called cell from the fused model.
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Maodel Fusion

SO0

/Composition Wizard

Compartment Mapping Table

Fused Mode| Submode1 Submode|2 Submocde|3 Fused Mode| Motes
1 CIREMOVE CO... gl |cell |cell | |
[FEMOWE COMPOME
[1]:cell
[2]:cell
[=]:cell
Description of Attributes: Compartments in grey are
1. Click on a row number above to view the attributes NOT INCLUDED in the fused
2. Click on a cell below 1o scroll through the attribute list or composed model.
[Id]: cell 1 [Id]: cell 1 [Id]: cell_2 [Id]: cell 3
[outside0f] [Outside0s] [Outside0s] [Outside0s]
[Spatiallinensions] 3 [ Spatiallinensions] 3 [ Spatiallinensions] 3 [Spatiallimensions] 3
[Size] 1.0 [Size] 1.0 [Size] 1.0 [Size] 1.0

[Thits] wolume
[IsConstant] TRUE
[Mates=1

[Thits] wolume
[ IsConstant] TRUE
[Mates=l

[Thits] wolume
[ IsConstant] TRUE
[Motes=l

[Thits] wolume
[IsConstant] TRUE
[Motes=l

y Back) L Next)

_ Cancel )

Figure 3.11: Selecting to remove a component from the fused model.

™

Maodel Fusion

/Compasition Wizard

Compartment Mapping Table
Fusged hacde! 5 Ubatrice

|cell

11 Submode|2

[cell |cell

Submode|3

Fused Mode| Notes

Description of Artributes:

1. Click on a row number abowve 1o wview the attributes

2. Click on a cell below to scroll through the attribute list
[Id]: cell 1
[Cutside0t]
[ Spatiallinensions] 3
[Size] 1.0
[Tnits] wolume

[ IsConstant] TRUE
[Matesl

[Id]: cell_2
[Cutsidelf]

[ Spatiallinensions] 3
[Size] 1.0

[Tnits] wolume

[ IsConstant] TRUE
[Motesl

Compartments in grey are
NOT INCLUDED in the fused
or composed model.

[Id]: cell_3

[Outsidelf]
[Spatiallimensions] 3
[Size] 1.0

[Tnits] wolume

[IsConstant] TRUE
[Motesl

“Bark ) ( Next )

" Cancel )

Figure 3.12: State of the component map after the selection from Figure 3.11 has been done.

The component map contains another type of combo box that is displayed when the modeler clicks on
a cell in columns reserved for submodels. This combo box has a different function than the one described
earlier, it is used to define or remove equivalences between components across the submodels. As an example
suppose we wanted to include two components called cell in the fused model, one from Submodel2 and the
other from Submodel3. The following steps, along with accompanying screenshots, demonstrate how this is

achieved.

1. The modeler clicks on the cell in the Submodel3 column which in turn displays a combo box
(Figure 3.13). The submodel column combo box, differs from the fused model combo box and
has the following options:

(a) No Match - removes the link/association between components on the same row. This results in

adding a new row to the bottom of the component map that contains the selected component.
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(b) A list of all the components in (sub)model. For the compartment mapping table all the compart-
ments will be displayed in this list.
2. The modeler then selects “No Match” (Figure 3.13).
3. The component map is updated to the state in Figure 3.14. Note that the fused model now contains two

compartments named cell (with different IDs).

M Madel Fusion/Composition Wizard
Compartment Mapping Takle
Fused Model| Submode1 Submode|2 Submodel3 Fused Mode| Motes
1 |cell |cell |cell el - |
[MD MATCH]
cell
Description of Artributes: Compartments in grey are
1. Click on a row number abowve to wiew the attributes NOT INCLUDED in the fused
2. Click on a cell below ta scroll through the attribute list or composed model.
[Id]: cell_2 [Id]: cell_1 [Id]: cell 2 [Id]: cell_3
[Outsident] [outsideot] [outsidedf] [outsideot]
[Spatiallimensicons] 3 [ Spatiallimensions] 3 |[[Spatiallimensions] 3 |[[Spatiallimensions] 3
[Size] 1.0 [Size] 1.0 [Size] 1.0 [Size] 1.0
[Tnits] wolume [Units] wolume [Tnits] wvolunme [Units] wolume
[IsConstant] TRUE [ IsConstant] TREUE [ IsConstant] TRUE [ IsConstant] TREUE
[Maotes=]1 [Motes=] [MNnte=1 [HMnte=]

Ceack ) Cwet ) cancel )

Figure 3.13: Selecting to remove the association between two components from the fused model.

e

Model Fusion/Compaosition Wizard

Compartment Mapping Takle

Fused Madel Submaodel Submodel2 Submaede]3 Fused Made| Notes
1 |cel [cell [cell | | |
2 cell [ [ cell [ |
Description of Attributes: Compartments in grey are
1. Click on a row number abowe to wiew the attributes NOT INCLUDED in the fused
2. Click on a cell below to scrall through the attribute list or composed model.
[Id]: cell_ 3 [Id]: cell 3
[Cutsidedf] [Cutsidedf]
[SpatialDimensions] 3 [ SpatialDimensions] 3
[Size] 1.0 [Size] 1.0
[Units] wolume [Tnits] wolume
[IzConstant] TREUE [ IsConstant] TRUE
[Mates=] [Notes]

f Back) f Next) f Cancel)

Figure 3.14: State of the component map after the selection from Figure 3.13 has been done.

Section 3.3 describes the fusion process in more detail using concrete biological models. However,
the sample models do not have any rules, or events, as such their corresponding mapping tables are empty
(Figure 3.15)

The last three mapping tables are for unit definitions, reactions and parameters (Figures 3.16, 3.17,

and 3.18 respectively). As there are usually a large number of parameters in models, the parameter mapping
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Fule Mapping Tatle
Fused Mode!

-~

Des -
1 ¢ Ewert Mapping Table
2.C Fused Mode!

Description of Attributes:

Submodsl1

Submodsl2

Model Fusion/Compasition Wizard

Submods|3

Model Fusion/Compasition Wizard

Submodsl1

Submodsl2

1. Click on a row number abowve to wview the attributes
2. Click on a cell below to scrall through the attribute list

Submods|3

P N

Fused Mode| Notes

Fused Mode| Notes

Events in grey are NOT
INCLUDED in the fused
or composed model,

z'____'\_
. Cancel

Figure 3.15: Fusion Wizard rule, and event mapping table.

table contains an additional aid using colored text (not found in the other mapping tables). The blue text, as

previously mentioned, indicates that a parameter is actually being used in a reaction, function, rule or event

in the fused model (and should therefore be included or added to the column reserved for the fused model).

N

Model Fusion/Composition Wizard

Unit Definition Mapping Table

Fusedhodel Submode 1 Submodel2 Submodel3 Fusedhdodel Motes
1 area area area area
2 length length length length
3 substance substance substance substance
4 time time time time
5 wolume wilurme wilume Wolume

Description of Attributes:

1. Click on a row number abowve to wiew the attributes
2. Click an a cell below 1o scroll through the attribute list

Unit Definitions in grey
are NOT INCLUDED in the
fused or composed model.

( Back) C Mext )

( Cancel )

Figure 3.16: Fusion Wizard unit mapping table.

3.2.3 Merging

Once resolution has been completed and all the naming conflicts have been resolved, the modeler can select

what to do with their results from a variety of options (Figure 3.19):

AU

If the modeler selects options 1-4 from above the fused model is generated from the reaction networks of the

Save the fused model to file and exit the wizard

Save composed model to file (discussed in Chapter 4)

Save the fused model to file and launch the JigCell ModelBuilder

Launch the JigCell ModelBuilder with the fused model without saving the model to files

Restart the fusion process and reset all values.

submodels and either written to file or loaded into the JigCell ModelBuilder.
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OO0 Maodel Fusion/Composition Wizard

Eeaction Mapping Table

Fused hMode| Submode ] Submode|2 Submaodel3 Fused Mode| Motes
1 = Cyrh > yrB
2 CwiB - CyiB -
3 Cohli -= Cdhl Cdhli-» Cdhl
4 Cahl -= Cdhli Cdhl -= Cdhli
5 - CDK -= CDK
i COK -= CDK ->
7 —= CEl —= Kl
g CKI -= CKIl -=
g CKI -= CKIP CKIl -= CKIP
10 CKIP -= CKIP -=
11 COK + CKI -> CDK:CEl COK + CKI -> CDKCEl
12 COK:CKl -= CDK + CKI CDOKICEl - CDE + CKI
13 COR:CRl -= CEI CDR:CEl -= CKI
14 COK:CKl -= CDK + CKIP COR:CKIl = CDK + CKIP
1% -= MPF -» MPF
16 MPF -= MPF -=
17 - Cde2d -» Cdc2d
18 Cdc20 -= Cdc20 -»
19 IE -= IEP IE -= |EP
20 IEF -> IE IEP - |E
21 Cdc20 -»= Cdc20a Cdc20 -» Cdc20a
22 Cdc20a -» Cdc2o Coc20a -»= Cdc20
Description of Aftributes: Reactions in grey are
1. Click on a row number abowve 1o view the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model.
( Back ) ( Mext ) ( cancel )
Figure 3.17: Fusion Wizard reaction mapping table.
o000 Model Fusion/Composition Wizard
Parameter Mapping Table
Fused Maodel S ubimodel1 ] S ubimods|2 S ubimods|3 Fused Mode| Motes
1 TO TO
2 k1 k1 k1 k1
3 k2! k2 K2'
4 k2" k2"
5 & k3 k3 K3
G 1K 13
7 14 4
a8 k4 k4 k4 k4
9 k2 k2 k2
10 kS k3 k3
11 k& k6 K6
12 k¥ k7 k7
13 k8 k8 k8
14 k4 k4
15 |7 17
16 IE] 18
Description of Attributes: Parameters in grey are NOT INCLUDED in the
1. Click an a row number abowve 1o wiew the attributes fused or composed model.

2. Click on a cell below to scroll through the attribute list Parameters in blue are USED in the fused;/composed
model's functions, rules, events or reactions.

( Back ) ¢ Next) ( cancel )

Figure 3.18: Fusion Wizard parameter mapping table.

3.3 Biological Example

We illustrate the process of model fusion with an example that models the protein interaction network

controlling cell division [13]. In eukaryotes, the cell cycle is controlled by a set of cyclin-dependent protein
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Model Fusion/Compasition Wizard

Hawe you completed the Fusion process?

(® ves: Sawe model to file and exit wizard,

(O es: Save composed model to file (with additional SEML constructs) and exit wizard.
(O es: Save model to file and launch the Model Builder.

(O ves: Launch the Model Builder without saving model.

(O Mo: Restart the fusion process and reset all the values.

[ Back:'f 4 Finishj . Cancel }

Figure 3.19: Final panel in the Fusion/Composition Wizard.

kinases (Cdks) that phosporylate specific target proteins and thereby initiate the events of DNA replication,
mitosis and cell division. As their name suggests, Cdks require association with a cyclin partner (CycA,
CycB, ...) in order to be active. The activity of a Cdk-Cyc dimer is controlled by interactions with a variety
of regulatory proteins, including the anaphase promoting complex (APC), which, in combination with two
auxiliary proteins (Cdc20 and Cdhl), degrades the cyclin component of the Cdk-Cyc dimer, and a suite of
cyclin-dependent kinase inhibitors (CKIs), which bind to and inhibit the Cdk-Cyc dimer. A simple model of
these interactions (Figure 3.20) is sufficient to reproduce (in simulation) many features of cell cycle regulation
in budding yeast [74]. This model shows how progress through the cell cycle can be thought of as irreversible
transitions (Start and Finish) between two stable states (G1 and S-G2-M) of the regulatory system.

To illustrate how fusion is implemented using the Fusion Wizard we follow the approach used by
Tyson and Novak when building their basic model of cell cycle control in yeast cells [74]. They built their
model in stages starting from a simple model and then adding new pieces until they obtained a satisfactory
representation of the cell cycle control system. Their starting model (which we will call Submodel I) deals
with the antagonistic interactions between cyclin B-dependent kinase (C'ycB) and a cyclin B-degrading factor
(C'dhl), as shown in Figure 3.21. The next step was to create a model (which we call Submodel IT) of the
interaction between the cyclin-dependent kinase (now called C'D K') and a cyclin-dependent kinase inhibitor
(CK1), as shown in Figure 3.22. With Submodel I and I1 operating, the cell can exit in one of the two
alternating stable steady states - G1 where C'K [ is high, C'dh1 is on, and C DK activity is low or S/G2/M
where the reverse is true (C K I is low, C'dhl is off, and C D K activity is high). Finally, they built a second
version of the simple model (which we call Submodel 111) of the interaction between “mitosis promoting
factor” (M PF’) and a different form of the cyclin-degrading factor (C'dc20), as shown in Figure 3.23. This
model describes the M P F' induced activation of C'dc20 and is invoked when cells make the transition from
the S/G2/M to Gl state. M PF induced C'dc20 activation, leads to M PF degradation, which allows C' K
and C'dh1 to come back. Note that different names have been used here for the same cyclin B-dependent
kinase in all three models (C'ycB, C DK and M PF’) to better highlight implementation details of fusion.

The three submodels (Figures 3.21, 3.22, and 3.23) are combined using the Fusion Wizard to create an
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Figure 3.20: Reaction network for cell cycle control in yeast. Icons are proteins, solid arrows are chemical
reactions, and dotted arrows represent enzymatic catalysis.

Submodel1

JigCell ModelBuilder - Compositionlmplementation/Submodell.sbml
ModelBuilder File Edit

Parameters Events Units Conservation Relations Equations
Feactions Functions Fules Cornpartments Species
Mams Reaction Type Equation Fast  MNotes
- Cyeh Mass Action k1 &
CyB - Mass Action (k2' + k2" * Cdh1*CyeB
Cdhli-> Cdhl Michaelis-Menten  |{{k3*Cdhli* 1.01/(2 + Cdhli)
Cdhl -> Cdhli Michaelis-Menten (k4 * CwB*Cdh1)*1.01/(4+ Cdhl)

Figure 3.21: Submodel I wiring diagram and reaction definitions in the JigCell ModelBuilder.

Initial Fused Model (Figure 3.24). The mapping tables in Figures 3.6, 3.7, 3.8, 3.15,3.16, 3.17, and 3.18
are generated as the initial best guesses by the Fusion Wizard. Both the species and reaction mapping tables
need to be updated to take into account that C'ycB in Submodell, CDK in Submodelll, and M PF in
Submodel 11 represent the same biological species. Thus, the species and reaction mapping tables are
updated to their final states (Figures 3.25 and 3.26).

Once the fusion process is completed, the Initial Frused M odel is generated and opened in the JigCell
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Submodel2

000 JigCell ModelBuilder - Compositionimplementation/Submodel2.sbml
ModelBuilder File Edit
Parameters Events Units Conservation Relations | Equations
Reactions [ Functions | Rules | Compartments | Species
Name Reaction Type Equation Fasl Notes
-> CDK Mass Action k1
CDK -> Mass Action k2*CDK &)
-> CKI Mass Action K3 &)
CKI -> Mass Action Kk4*CKI ||
CKI -> CKIP Mass Action (K5 * CDKJ*CKI &)
CKIF > Mass Action K6*CKIP &)
CDK + CKI -> CDK:CKI  [Mass Action (K7*CDKI*CKI &)
CDK:CKI -> CDK + CKI  [Mass Action Kk&*CDK: CKI &
CDK:CKI -> CKI Mass Action K2"™*CDK:CKI e
CDK:CKI -> CDK + CKIP |Mass Action (k4' * COK*CDK:CKI &
Figure 3.22: Submodel II
Submodel3
— ._T> (@)
@ [e)e)
Cdc20a
CE>F=2CEP D> 1
. - >
Cdc20 ooo
000 JigCell ModelBuilder - Compositionimplementation/Submodel3.sbml
ModelBuilder File Edit
Parameters Ewvents Units Conservation Relations | Equations
J Reactions | Functions Rules Compartments Species
Name Reaction Type Equation Fast N...
-> MPF Mass Action K1 ||
MPF -> Mass Action k2*MPF |
-> Cdc20 Mass Action k3 &)
Cdc20 -> Mass Action k4*Cdc20 &)
IE -> IEP Mass Action (K5 * MPFI*IE &)
IEP -> IE Mass Action KE*IEP &)
Cdc20 -» Cdc20a  |Michaelis-Menten ((K7*Cdc20)*IEP) /()7 + Cdc20) ™~
Cdc20a -> Cdc20  |Michaelis-Menten ((k8*Cdc20a)*1.0)/(J8+ Cdc20a) &)

Figure 3.23: Submodel III
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Initial Fused Model |

Figure 3.24: Initial Fusion of Submodels I-III.

ModelBuilder for editing. Three additional reactions for starter kinase activation (synthesis and degradation of
S K and synthesis of M respectively), are added (in red) to complete the Final Fused M odel (Figure 3.27).
S K refers to a “starter kinase” and M represents cell “mass”. M increases according to a logistic rate
equation, and M is decreased by a factor of 2 each time the cell divides. Cell division is triggered when
CycB drops below a certain threshold, as CycB is degraded by C'dc20 and C'dh1. SK activation is invoked
when cells are big enough to make the transition from G1 to S/G2/M. S K accumulates to high enough levels
to inactivate C' K I, allowing C'ycB to come up and turn off C'dhl. See [74] for details.

These steps produce the Fiinal Fused Model in Figure 3.27 which must then be simulated to verify that
its dynamic properties represents the observed behavior of growing-dividing yeast cells in expected ways.
Simulating the resulting model on XPP produces the simulation output shown in Figure 3.28, which closely

matches the simulation output from Tyson and Novak’s model (Figure 8 in [74]).

36



P N

Model Fusion/Compasition Wizard

Species Mapping Table

Fused Mode|
B

Subrmodel
B

Submodel2
COK

Submodel3
MPF

Fused Mode| Hotes

Cdhli

Cdhli

Cohl

Cohl

CKI

CKI

CKIP

CKIP

COKICKI

COKICKI

Cocz0

Cdcz0

IE

IE

IEF

IEF

of ] 00| | O] P o) | =

—

Cdc20a

Cdc20a

Description of Attributes:
1. Click on a row number abowe to wiew the attributes

2. Click an a cell below to scroll through the attribute list

Species
INCLUD

in grey are NOT
ED in the fused

or composed model.

( Back) ( Next )

( cancel )

Figure 3.25: Fusion Wizard final species mapping table.

Feaction Mapping Tahle

Fused hMode| Submodel1 Submodel2 Submode!3 Fused Mode| Motes
1 —-= CyiB -= CyiB -= CDK -= MPF
2 B -= CycB -= CDK -= MPF -=
3 Cohli-= Cdhl Cdhli -= Cdhl
4 Cdhl -= Cdhli Colhl -= Cdhli
B -= CKI -x CKl
[i CKl -> CKI ==
7 CKI -= CRIP CKI == CKIP
8 CKIP -> CKIP ->
9 COR + CKI -= COKICKI COR + CKI -> CORICKI
10 CDOR:CRI == CDR + CKI CORCRI == CDK + CKEI
11 COK:CKI > CKI CORCEl -= CKI
12 CDK:CKIl -> CDK + CKIP CORCKl -= COK + CKIP
13 -x Cdc20 —-= Cdc20
14 Cdc2Q -= Cdc20 -»
15 IE - IEP IE -= IEP
16 IEF -= IE IEF -= IE
17 Cdc2( -»= Cdc20a Cdc20 -» Cdc20a
18 Cdc20a —»= Cdc20 Cdc20a -»= Cdc20

Description of Aftributes:
1. Click on a row number abowve to view the attributes
2. Click on a cell below to scroll through the attribute list

[Id]: _1
[Hame] _1

[Equation] CycE_1 -=
[Kinetic Law] null
[IsFast] FALSE

[Hotes]

[Name] 1

[Equation] CycB_1 -=
[Einstic Law] null
[IsFast] FALSE

[Hotes]

[Id]: CDE_2Z
[Mame] CDE_Z

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

[Equation] CDE_1 —=
[Kinetic Law] null

[ IsFast] FALSE
[Hotes]

( Back) ( Mext )

( cancel )

Figure 3.26: Fusion Wizard final reaction mapping table.
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Figure 3.27: Final Fusion of Submodels I-III. Components in red were added after the fusion process was
completed.
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Figure 3.28: Simulation for the F'inal Fused Model using XPP.
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Chapter 4

Model Composition

Model Fusion was not intended as our ultimate solution for solving the open-ended model composition
problem in systems biology, however it was a rather good place to start. The problem with fusion is that
beyond some size, fused models will become too complex to grasp and manage as single entities. In this
case, it may be more useful to represent large models as compositions of distinct components. Thus, while
model fusion is a useful tool for manipulating small to mid-sized models, it does not seem to be a viable
solution in the long run. Model Composition provides a potential solution to our goal to build models of
large reaction networks, as it is a step-by-step process to generate a composed model (also called a hierarchy
of models). A composed model is built from two or more submodels by describing their redundancies and
interactions. One can think of models not as monolithic entities, but rather as a collage of smaller submodels.
Within the context of SBML, new language features provide a vocabulary to describe the hierarchy of
models, and all the relationships among submodels. Composition is a reversible process, in that removing the
inter-model interaction description that holds the composed model together recovers the individual submodels.
To illustrate composition, consider a large model (called Global), composed of two submodels (A and B).
Model A contains the chemical species x and model B contains the species y. It is now possible to make a
new reaction in GGlobal that represents x — y, by referring to x and y in A and B respectively. The Global
model will only contain a single reaction. The names of reactants and products for that reaction refer to the
corresponding species in the two submodels.

This chapter introduces the process by which models are composed together. Section 4.1 describes the
SBML language features needed to describe model composition. Section 4.2 describes how to resolve naming
conflicts and identify equivalences between components within models. Section 4.3 describes the prototype
software developed to implement the ideas in this chapter. Section 4.4 describes the composition process
with an example that models the protein interaction network controlling cell division. Finally, Section 4.5

describes the flattening process, the algorithm, and the prototype software developed.
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4.1 SBML Syntax

The section describes the three SBML extensions (<submodels>, <instances>, and <links>) needed to
describe composition. A composed model can contain one or more submodels within its structure. A
submodel contains a valid SBML model (an SBML <model> structure, with its own namespace, and
can itself be a composed model. A simple example (Figure 4.1) shows a composed model (Big) and its
corresponding flattened model (Flat). Model Big contains a submodel called Little, and each (sub)model
contains a compartment (names compl and comp2 respectively) and reaction (A— B and C'— D respectively).
The compartment for each submodel is linked, meaning that it is a shared compartment that appears in each
representation. In contrast, the reactions are distinct.

After the list of submodels has been declared in the global model, the modeler needs to instantiate the
submodels to use/access them through an <instance> structure. Finally, different components (species,
reactions, etc) within either the submodels or the global model are connected/accessed using <link>

structures.
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Big Flat
[ Little
Flattening
e
= O+
comp?2
comp1 comp1

Figure 4.1: Composed model showing a link between two compartments in different submodels and its
corresponding flattened model. The dashed line connecting the compartments in each model indicates that
they are actually the same compartment.

4.1.1 Naming Convention

A naming convention is used to enable modelers to uniquely identify an SBML component (e.g. species,
parameters, etc) within a model (or submodel). The proposed format of the naming convention is as follows:

<component object="ObjectIdentifier">
<subobject object="SubobjectIdentifier"/>
</component>

We will also represent this same information using the syntax Objectldentifier.Subobjectldentifier. This
convention makes it possible to refer to SBML components with the same name in different models without
having to change their names. Having a predefined naming convention ensures clarity during the composition
process, and enables the modeler to uniquely identify all the components in the proposed composition.
The format described by this naming convention replaces the component’s name if that component is
referenced outside its namespace in an <instance> or <link> structure. A species called mySpecies! in
model MyM odel can be be referenced using its modified name, MyModel.mySpeciesI and is expressed in
SBML as follows:

<object="MyModel">
<subobject object="mySpeciesl"/>
</object>

The <object> structure is used to reference objects and refers to content implied by the <instance>
structures. Reference to objects can only made from <link> (Section 4.1.4) and <port> (Section 5.1.1)

structures.

4.1.2 Submodel

A composed model can contain one or more submodels within its structure. A <submodel> structure contains
a valid SBML model (an SBML <model> structure), with its own namespace and can also be a composed
model. Figure 4.2 shows how a composed model (Huge) can be created from a previously composed model

(Large) and another model (Small) producing a composition hierarchy.
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Huge

Small Large

C D E

Figure 4.2: Composition Hierarchy

Since there is no restriction on the number of submodels a model can contain, a <submodel> structure is
enclosed in a <listOfSubmodels> structure. A simple example (Figure 4.3) shows how model Big contains
a submodel called Little, both models contains a single compartment (comp! and comp?2 respectively). To

avoid unnecessary confusion the two compartments were named differently. The sample SBML code for
Figure 4.3 is provided below:

Big

Little

comp?2

comp1

Figure 4.3: The empty composed model (from Figure 4.1) showing two compartments in different models.

<model id="Big">
<listOfCompartments>
<compartment id="compl" volume="1"/>
</listOfCompartments>
<listOfSubmodels>
<model id="Little">
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<listOfCompartments>
<compartment id="comp2" volume="1"/>
</listOfCompartments>
</model>
</listOfSubmodels>

</model>

4.1.3 Instances

Each <instance> structure (enclosed in a <listOflnstances> structure) refers to a particular <model>
structure. An <instance>> indicates that a copy of a submodel is being instantiated within the current model.
Models can be composed of multiple instances of a particular submodel. The instance structure uses the
XML Linking Language (XLink) [15] to refer to submodels, as it is a standard mechanism for linking XML
elements between XML/SBML documents. An instance of submodel Little (called Submodel_Little) can be
made within model Big to access submodel Little in model Big (Figure 4.3).

The <instance> structure contains three attributes: an ¢d (a unique identifier for the <instance>), the
XLink’s type, and the XLink’s href. The href attribute is represented using an XPointer string [22] which
is used for locating data within an XML document. The type attribute takes the values simple and extended.
A simple link is a link that associates exactly two resources, one local and one remote. The direction of the
link is from the former to the latter and thus is always an outbound link. An extended link associates an
arbitrary number of resources. The participating resources may each be local or remote. For our example
we only need to link together two objects (resources) and so the value of the rype field will be simple. The

sample SBML code for Figure 4.3 can be extended to include <instance> structures and is provided below:

<model id="Big">
<listOfCompartments>
<compartment id="compl" volume="1"/>
</listOfCompartments>
<listOfSubmodels>
<model id="Little">
<listOfCompartments>
<compartment id="comp2" volume="1"/>
</listOfCompartments>
</model>
</listOfSubmodels>
<listOfInstances>
<instance
id="Submodel_Little"
xlink:type="simple"
xlink:href="#xpointer
(/sbml/model/listOfSubmodels/model [@id=%22Little%22])"/>
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</listOfInstances>
</model>

The above example shows an href attribute where the submodel Little occurs within the same SBML
document. If the submodel Little occurred in another SBML document named temp.sbml in the current

directory, the href attribute of the <instance> structure would have temp.sbml prepended to it.

4.1.4 Links

A <link> structure (enclosed in a <listOfLinks>) connects two entities (SBML components) in a com-
posed model. A <link> should be able to connect two <species>, <parameters>, <reactions>, or
<compartments> to each other. Linking components in composition can be achieved using mapping tables
similar to those created during fusion, whereby components on the same row in the mapping table will be
automatically linked together.

A <link> is composed of two fields, <from> and <to>. The <to> field references an object (the fo
object) whose attribute values will be overridden by the object referenced by the <from> field (the from
object). The objects referenced by <from> and <to> fields must be of the same type. Only those attribute
values that have been declared in the from object will be overridden in the fo object. This is somewhat
analogous in C/C++ to treating the fo object as a pointer, and the from object as its target. However, a
to object can have attribute values that are retained if no overriding attribute value is declared in the from
object. Note that if we have two components inside a (sub)model we are still able to link sub-objects of the
components using our object/sub-object naming convention. The following example shows how the two
compartments in Btg and Little (from Figure 4.3) can be linked together (Figure 4.4).

Big

Little

comp2

comp

Figure 4.4: The empty composed model (from Figure 4.1) showing a link between two compartments in
different submodels.

<model id="Big">
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<listOfCompartments>
<compartment id="compl" volume="1"/>
</listOfCompartments>
<listOfSubmodels>
<model id="Little">
<listOfCompartments>
<compartment id="comp2" volume="1"/>
</listOfCompartments>
</model>
</listOfSubmodels>
<listOfInstances>
<instance
id="Submodel_Little"
xlink:type="simple"
xlink:href="#xpointer
(/sbml/model/listOfSubmodels/model [Rid=%22Little%22])"/>
</listOfInstances>
<listOfLinks>
<link>
<from object="compl"/>
<to object="Submodel_ Little">
<subobject object="comp2"/>
</to>
</link>
</1istOfLinks>
</model>

The <link> structure contains a merge attribute, whose value can be either true (indicating a merge link)
or false (indicating a replacement link). To see the difference, consider models R and 7" which each contain
a chemical species called S/ with different attributes. S7 in Model R has attribute Initial Substance = 1.0.
S1 in Model T has attributes Initial Substance = 2.0 and Constant = true. Linking SI in Rto S in T
with a merge link uses S/’s attributes from 7".51 that have not been declared in R.S7. The result is that S7 has
attributes Initial Substance = 1.0 and C'onstant = true since it keeps its old value for InitialSubstance
and gains the definition for Constant. If SI in R is linked to S in 7" using a replacement link (i.e., the
merge attribute is false), then only R.SI’s attributes are used. The result will be that S/ will only have
attribute Initial Substance = 1.0 (it has no value for Constant). Specifying the type of link for composition
requires adding a new field to the mapping table to specify the merge/replacement attribute.

The <link> structure can link certain combinations of differing SBML component types to each other,
such as species < parameters and rules < species/parameters. A link can take a <species> structure as
the from object and a <parameter> structure as the to object, and vice versa. The <link> structure should

also be able to link together groups of reactions, thus enabling N to N links. The syntax for the <link>
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structure should allow zero or more <from> and one or more <to> object references. A link with zero
<from> references deletes the <to> object(s). This is useful to remove or ignore a component or a group of
components within a particular (sub)model that do not participate in the overall composition. A link cannot
contain more than one species or compartment <from> references (otherwise it would be possible to split a

species or compartment). Note that a <link> to nothing is not allowed.

4.2 Composition Mapping Tables

We now explain in detail how to generate a hierarchy of models that produce what we call a composed model.
It turns out that there are significant similarities between model fusion (Chapter 3) and model composition, as
we discovered during the process of developing the fusion tool. The fusion process described in Chapter 3
defines a series of steps taken to merge two or more models together. This series of steps can be viewed
as an “audit trail” used in generating the necessary mapping tables. Precisely this same information can
be used to describe the set of instructions needed to connect/link the submodels for composition. Both
composition and fusion should produce the same simulation results, as the simulation output of both fused and
composed forms of a model should be identical. While fusion combines submodels together in an irreversible
way, composition simply references submodel components by defining the “glue” that holds the submodels
together. A major difference is that in fusion, the explicit description of relationships between entities within
submodels is lost, while composition keeps a record of how models were connected together.

Constructing composed models is a bottom-up process as smaller models (both flat and composed) are
first composed together to create larger models which in turn can be used to create even more complex
models, as previously demonstrated in [68]. The result of composition is to generate a composition tree
that describes the hierarchical relations among the various submodels. Changing the connections between
submodels in the composed model results in a different composition tree structure. Both model construction
and development are iterative processes, as models are usually constructed in increments, with modelers
switching back and forth between adding components to a model and fine tuning models through simulations.
Since model composition is a combination of constructing submodels and generating composition trees, a

tool for composition should take into consideration the iterative nature of the process.

4.2.1 Layout and Setup

Composition mapping tables are constructed in the same way as fusion mapping tables (Section 3.1.3). The
order of resolution for SBML component types is also the same as in fusion (Section 3.1.2). The two main
differences between the two types of mapping tables is how they are used and the fact that composition
mapping tables must also deal with combining both composed and flat models.

The first column of a composition mapping table is reserved for the root of the composition tree (the
composed model), followed by its children (submodels). The mapping tables are able to identify equivalent

components across the submodels in order to determine which components to add (and link) in the composed
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model. The various lists of SBML components (species, reactions, parameters, etc) in each submodel are
treated as distinct sets, and the intersection of these sets represent components that occur across all the
submodels. For example, only those species that occur within all the submodels will be present in the
intersection set and therefore automatically added to the composed model. To signify equivalence, links
are automatically created from components in the composed model to components in the submodels. The
composed model will also contain modeler defined components (selected during name resolution) from its
children, which will also be linked together. Adding and linking components at each level in a composition
hierarchy ensures that a composed model will only directly reference components at most one level below
itself, but can indirectly reference components across many levels in the composition tree. The four actions

available to the modeler during composition are:

1. Automatically add components that occur within the intersection (initially components with the same
name) of the immediate submodels to the composed model only, and create links between equivalent
components from the composed model to its submodels.

2. Add new user defined/selected components from the immediate submodels to the composed model and
create links to the equivalent components in the submodels.

3. Define two or more SBML components within the immediate submodels to be equivalent, add them to
the composed model, and create links to the equivalent components in the submodels.

4. Remove the link between a component in the composed model and a component within the submodels

(which have previously been incorrectly linked together).

4.3 Composition Wizard

The composition prototype follows the same wizard interface paradigm as in Section 3.2. The Composition
Wizard was originally developed as a stand-alone application, but over time as more functionality was added
it was combined with the Fusion Wizard (Section 3.2) and renamed the Fusion/Composition Wizard. This
was possible as the two processes require the same information to generate either fused or composed forms
of a model. The difference between the two forms are in how they are represented and stored in SBML.
The Composition Wizard proceeds in three main stages: setup, resolution and composing. During setup
the modeler is guided through various steps that initialize the Composition Wizard. Once the environment
has been initialized, the modeler starts resolving naming conflicts in the various submodels. Finally, when
the composition mapping tables have been generated, the application uses this information to automatically

create the composed model.

4.3.1 Setup

On start up, the Fusion/Composition Wizard displays the welcome panel (Figure 3.1) that provides some

basic information about the application and the composition process. The next panel enables the modeler to
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assign a name for the composed model (Figure 4.5). The button labelled “Open Composed Model” allows the
modeler to load an existing composed model into the Fusion/Composition Wizard. If this option is selected,
the composition mapping tables are generated based on the information provided in the composed model’s
<link> structures. An added benefit of the Composition Wizard over the Fusion Wizard is that one is able to

save and track progress during the model development process.

D0 Model Fusion/Composition Wizard

Select the typoe of wizard: (O Fusion wizard

=
@® Composition wizard . Open Composed Model )

Enter a narne for the fusedfcomposed model: | Composed Model

[ Back} [ Next} € Cancel)

Figure 4.5: Fusion/Composition Wizard name and type panel enables modeler to name the composed model
and select the type of Wizard to use (Fusion or Composition).

Next, submodels are selected from the file chooser panel (Figure 3.1). The modeler is now ready to
initialize and set up the composition mapping tables. The resolution and auto-fill panels (Figures 3.4 and 3.5
respectively) are the same as in fusion and allow the modeler to select control options for the composition
mapping tables. At this stage setup has been completed and the modeler can start resolving naming conflicts

and assigning equivalencies within the submodels using the composition mapping tables.

4.3.2 Resolution

The first composition mapping table displayed is the compartment mapping table (Figure 4.6), followed
by the species and the function mapping tables (Figures 4.8 and 4.9 respectively). While the layout and
structure of the composition mapping tables is the same as the fusion mapping tables, how they are used is far
different. Consider the initial compartment mapping table (Figure 4.6), all the models (the composed model
and the three submodels) contain a compartment called cell. The use of color (gray and white) indicates
the originating submodel for a component added to the composed model, therefore the cell compartment in
the Composed M odel was derived from Submodel I. In addition, links are automatically created between
components on the same row, in this case from components in the composed model to their corresponding
components within the submodels. After the modeler has set up the compartment mapping table to the state in
Figure 4.6, the composed model will contain three submodels, one compartment and three links (Figure 4.7).

The other mapping tables are similar to the ones encountered in Section 3.2.2. The initial unit, reaction
and parameter mapping tables for composition are provided for more detail (Figures 4.10, 4.11, and 4.12

respectively). It should be noted that the initial reaction mapping table contains no reactions in the composed

49



e e e

Model Fusion/Composition Wizard

Compartment Mapping Table
Composed Madel | Composed Model Submodell| Composed Model Submodel2 | Composed Model S ubmaode|3
1 |cell |cell el =

Composed Mode| Notes

Description of Attributes:
1. Click on a row number abowve 1o wiew the attributes
2. Click on a cell below to scrall through the attribute list

Compartments in grey are
NOT INCLUDED in the fused
or composed model.

C Back ) (Nt )

( cancel )

Figure 4.6: Composition Wizard compartment mapping table.

Composed Model |
Submodel T |
cell cell
Submqael 1] NSubmodel [ |
cell cell

Figure 4.7: Conceptual representation of the Composed Model from Figure 4.6.

e e

Model Fusion/Composition Wizard

Species Mapping Tahle

Composed Model Composed Model Submode | Composed Model Submodel2| Composed Model. S ubmode|3 Composed Model Motes

1 CyeB

2 Cdhli

3 Cdhl

4 COK

5 CKI

[ CKIP

7 COK:CKI

3 MPF

[ Cdc20
10 IE
11 IEP
12 Cdc20a

Description of Artributes:
1. Click on a row number above to wview the attributes
2. Click on a cell below ta scroll through the attribute list

Species in grey are NOT
INCLUDED in the fused
or composed model.

¢ Back) ¢ Next)

(" cancel )

Figure 4.8: Composition Wizard species mapping table.

model. Section 4.4 will provide a more complete explanation of this and will include a walkthrough of the

composition process with a relevant example.
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Model Fusion/Composition Wizard

Function Definition Mapping Tahle
Composed Mode|

Composed Model S ubmaode |1 J Composed Model Submode|2 | Composed Model S Ubmods 3

Composed Model MNobes

1 Michaelis_Menten Michaelis_Menten Michaelis_Menten
2 Mass_aAction_1 Mass_aAction_1 Mass_Action_1 Mass_Action_1

3 Mass_Action_0 M ass_Action_0 Mass_Action_0 Mass_Action_o

4 Mass_Action_2

Description of Attributes:

1. Click on a row number abowve to view the attributes
2. Click on a cell below ta scroll through the attribute list

aan

Function Definitions in grey
are NOT INCLUDED in the
fused or composed model.

( Back ) ( Next ) (" cancel )

Figure 4.9: Composition Wizard function mapping table.

Model Fusion/Composition Wizard

Unit Definition Mapping Table

Composed hMode| Composed Model.5 ubmodel1] Composed Model S ubmode 2| Composed Model Submode|3 Composed Mode| Notes
1 area area area area
2 length length length length
3 substance substance substance substance
4 time time time time
3 wolume wolume wolume wolume

Description of Attributes:

1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

a0

Unit Definitions in grey
are NOT INCLUDED in the
fused or composed model.

€ Back) € Mext ) € Cancel )

Figure 4.10: Composition Wizard unit mapping table.

Model Fusion/Composition Wizard

Feaction Mapping Tahle

Composed Model Composed ModeI.SubmodeH] Composed Model Submode|2 | Composed Model S ubmode3 Composed Model Motes
1 -= (B
2 CWiB >
3 Cdhli -» Cdhl
4 Cdhl -= Cdhli
5 -» CDK
G CDR -=
7 - CRkI
g CEl -=
9 CEl -= CEIP
10 CEIP -=
11 COR + CEl -» CDR:CKI
12 COR:CRI - CDK + CKI
13 COR:CRI == CRI
14 COR:CRI - CDK 4+ CEIP
15 —= MFF
16 MPF —=
17 -» Cdc20
18 Cdc2d -»
19 IE -= |EP
20 IEP -= |E
21 Cdc20 -» Cdc20a
22 Cdc20a -» Cdc20

Description of Artributes:

1. Click on a row number above to wview the attributes
2. Click on a cell below ta scroll through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

€ Back) ( Newt ) (" cancel )

Figure 4.11: Composition Wizard reaction mapping table.
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Model Fusion/Composition Wizard

Parameter Mapping Tahle

Composed Mode| Composed Model Submodell | Composed Model. Submedel2 | Composed Model S ubmodsl3 Composed Mode| Notes
! To TO To
2 k1 k1 k1 k1
3 k2' k2' k2!
4 k2"
5 k3 k3 k3 k3
G 3
7 4
g k4 k4 k4 k4
9 k2 k2 k2
10 =) =) =)
11 33 k& k&
12 k7 k7 k7
13 k8 k5 k8
14 k4’
15 17
16 18
Description of Attributes: Parameters in grey are NOT INCLUDED in the
1. Click on a row number above to wiew the attributes fused or composed model.
2. Click on a cell below to scroll through the attribute list Parameters in blue are USED in the fused;/composed

model's functions, rules, events or reactions.

¢ Back) O hext ) ¢ Cancel)

Figure 4.12: Composition Wizard parameter mapping table.

4.3.3 Linking Mechanism

The Composition Wizard resolves components based on their names and automatically adds and links
the intersection of components within the submodels to the composed model (described in more detail in
Section 4.4). The Composition Wizard restricts the linking mechanism to ensure components can only
be linked together level-by-level and not across many levels. For example, suppose model X contains a
submodel Y which itself contains another submodel Z. Both model X and Z contain the same species S.
Then X .S cannot be linked directly to Z.§ as there is more than a single level of distance between the two
models in the composition hierarchy. In this case the Composition Wizard automatically adds a new species
S to model Y and creates two links, one from X .S to Y.S and the other from Y.S to Z.S. This mechanism
ensures that components can be indirectly linked across any number of levels in a composition hierarchy and

prevents the linking of components not defined in the namespace they are used in.

Since components in the submodels are also included in the resulting model when the composed model is
flattened, deleting components must be done explicitly. Unlike the Fusion Wizard where components that are
not needed in the fused model are simply not added to the fused column, the Composition Wizard behaves
somewhat differently. Components that are not required in the composed model must be explicitly deleted
using a delete flag in the composed column, called DELETE_FROM_SUBMODEL. This creates a
link with an empty <from> reference, indicating the <to> reference will be marked for deletion (when the
composed model is flattened). An example is provided in Figure 4.13, where two species will be explicitly
deleted from the submodels they occur in when the composed model is flattened. After a modeler has
selected the DELETE_FROM_SUBMODEL option in Figure 4.13 two delete links are created (links
with empty <from> references), one to SBF in submodel A and the other to SBF in submodel B.
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A0 Model Fusion/Composition Wizard
Speries Mapping Table

Composediadsl Composedidads submadel A Composediadel submads B Compogediodel Motes
1 [CIbz2 [Cl2 |CIk2 | |
2 il +SEF |SEF | |

[REMOYWE COMPOMNEMT]
[DELETE FROM SUBMODEL]

[1]:5BF
[2]:5BF
Description of Aftributes: Species in grey are NOT
1. Click on a row numbier abowve to wiew the attributes INCLUDED in the fused
2. Click on a cell below 10 scroll through the artribute list or composed model.
[Id]: SEF_1 [Id]: SEF_2
[ Initialiwmount] Mal [ Initialimouant] MNad
[ InitialConcentration] Nal [InitialConcentration] Mal
[ChargeSet] FALSE [ChargeSet] FALSE
[Compartment] cell_1 [Compartment] cell_2
[ Substancelnits] substance [ Subsztancelnits] substance
[SnatialSizelnits=l [SnatialSirelnitsl
“pack ) (e ) cancel )

Figure 4.13: Composition Wizard delete mechanism to explicitly delete a component from a submodel.

4.3.4 Composing

Once resolution has been completed and and all naming conflicts are resolved, the modeler can select what to
do with their results from a variety of options (Figure 3.19). In order to save the composed model (with its

added SBML constructs) the option to “Save the composed model to file” must be selected.

4.3.5 Model Verification

The fusion process described in Chapter 3 defines a series of steps taken to merge two or more models
together. This series of steps can be viewed as an “audit trail” used in generating the necessary mapping
tables. Precisely this same information can be used to describe the set of instructions needed to connect and
link the submodels for composition. Fusion on the one hand, and composition-then-flattening on the other,
each produce the same series of transformations on the original collection of models. Thus, both composition
and fusion produce the same results. This can be ensured in two ways, first, comparing the simulation results
of the fused and flattened version of the composed model and second, fusion and composition are equivalent
processes that take the same information to create larger models, the process therefore guarantees the same
set of transforms are used to create the fused and composed models. By restricting the type of information
required to generate the fused and composed forms we can say with some certainty that both fusion and

composition will indeed produce the same results.

4.4 Biological Example

We now use the Composition Wizard to compose together the three sample models from Section 3.3 to
create a Composed Model (Figure 4.14). Species, reactions and modifier effects in red in the figure are new

components that have been added after completing the composition process.
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Composed Model

Submodel1

o°o

Submodel2

Figure 4.14: Conceptual representation of the composition of Submodels I-III. Colored species indicate
equivalences across submodels. Components in red were added to the model after the composition process
was completed.

The Composed Model shown in Figure 4.14 is only a conceptual version, showing how the user
envisions the composed model but not how the computer represents it. The Composed M odel produced by
the Composition Wizard is better represented by Figure 4.15, which contains duplicated species, reactions
and parameters (not shown in the Figure 4.14). In both figures, color is used to indicate equivalent species that
have been linked together across submodels. Construction of the Composed M odel requires multiple rounds
of both model construction (using the JigCell ModelBuilder [75]) and composition (using the Composition

Wizard). The three steps needed to create the Composed M odel are as follows:

1. Submodels I-111 are loaded into the Composition Wizard and initial mapping tables for species and
reactions are produced. From these mapping tables, the user generates an intermediate composed
model.

2. The intermediate composed model is opened in the ModelBuilder and additional species and reactions
are added (shown in red in Figure 4.15).

3. The intermediate composed model is opened in the Composition Wizard and a second round of name

resolution occurs, producing the final mapping tables.
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Composed Model
[__Submodel2 Submodell

Figure 4.15: Actual representation of the composition of Submodels I-1II by the Composition Wizard and
the JigCell ModelBuilder. Colored species and numbered reactions (r1-r5) indicate equivalences across
submodels. For example while there are four reactions labelled 5, only one (reaction r5 in the top-level
composed model) is “used”, the others are linked to the top-level reaction and remain “unused”. Similarly
with species, while the model contains four green species representing C'ycB only the top-level C'ycB is
used, and the others become placeholders. Flattening this model will produce the model in Figure 3.27.

The Composition Wizard resolves components based on their names and automatically adds and links the
intersection of components within the submodels to the composed model. Each (sub)model in this example
contains only one compartment, and they are all identified as a single compartment in the composed model
in the compartment mapping table. The compartment mapping table can also handle models with more
than one compartment. As the cyclin-dependent kinase has been named differently in the three submodels,
the first step in the initial species mapping table is to set these species to be equivalent to each other by
placing them on the same row. Next the cyclin-dependent kinase is added to the composed model column
and called C'ycB. This causes three links to be automatically created: one from Composed M odel.CycB to
Submodel 1.C'ycB, the second from Composed Model .CycB to Submodel I1.C'DK, and the third from
Composed Model.CycB to Submodel 11.M PF. In this way, all the instances of cyclin-dependent kinase

are linked together in the initial species mapping table and thus represent the same species (Figure 4.16).

The next step is to create the initial reaction mapping table in Figure 4.17. The five reactions marked
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Species Mapping Table
Composedidode| | Composedidadel Submodel | Composediodel Submodel2 | Composedhdode] Submodel3 Composedidods | Hotes

1 Oy B OB CDk MPF

2 Cohli

3 Cdhl

4 CEl

5 CEIP

g CDk:CK

7 Cdc2

] IE

a iEP

10 [Cdc20a
Description of Aftributes: Species in grey are NOT
1. Click on a rowe number abowe to view the attributes IMCLUDED in the fused
2. Click on a cell below to scroll through the attribute list or composed model,

Ceark ) (nent ) ( cancel

“

Figure 4.16: Initial species mapping table for the Composed M odel in the JigCell Composition Wizard.

r1-r5 in Figure 4.15 are added and linked in the composed model. Reactions ( r1-r4) will be modified as a
result of the composition. The C'ycB synthesis reaction (r5) occurs in all submodels with the same rate law
and is thus linked to ensure that only one copy of the reaction will be used during simulation or flattening.
However the reverse reaction (C'ycB degradation) is not added or linked in the composed model as it contains
different rate laws (and modifier effects) in the three submodels.

Feaction Mapping Takle
Composedidode| Composediode | Submeodsl | Composediode] Submode)2| Composedioeds] Submeodsl3 | Composediads] Notes

1 -> CyeB - CDK -x MPF

2 OB -= CDK -= MPF -=

3 Cdhli-> Cdhl

4 Cdhl -» Cdhli

5 - CKI

G CKl -=

7 Ckl - CKIP CK| - CKIP

a8 CKIP -=

9 CDK + CKI -> COK:CKI

10 CDRICKI -= CDK + CKI

11 CORKICKI -= CEl CORICKI -= K

12 CDK:CKI = CDK + CKIP CDRICKI == CDK + CKIP

13 -» Cdc20

14 CHe20 =

15 IE -=> IEF

16 IEF - IE

17 CHe20 —= Cdc20a

18 Cdc2da -» Cdc20 Cdc20a -» Cdc20
Description of Artributes: Reactions in grey are
L. Click on a row number abowe to view the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model.

* Bark ) ( Next) C Cancel \‘/
“

Figure 4.17: Initial reaction mapping table for the Composed M odel.

Once the first round of composition is finished, an intermediate composed model is generated and opened
in the JigCell ModelBuilder for editing. Three additional reactions (— SK, SK —, and — M) are added,
which correspond to the red reactions in Figure 4.15. S K refers to a “starter kinase” and M represents cell

“mass”. M increases according to a logistic rate equation, and M is decreased by a factor of 2 each time the
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cell divides. Cell division is triggered when C'ycB drops below a certain threshold, as cyclin B is degraded by
(C'dc20 and C'dh1 and is best represented as an event in the model (see [74] for details). Next, the four novel
reactions in the composed model (r1-r4) are updated to reflect their new kinetic laws. This intermediate
composed model is saved and loaded into the Composition Wizard. The components are once again resolved,

and the final species and reaction mapping tables are produced (Figures 4.18 and 4.19 respectively).

Species Mapping Table
Composediodel | Composediodel Submodell | Composediodel Submodel2 | Composediaode] Submode 3 Composediode| Motes

1 B B COk MPF

2 Ckl CFKl

3 CKIP CKIP

4 CDk:CEI COk:CK

5 Cdc2 Cdc2i

G Cdc20a Cdc20a

7 Sk

a M

q Mad

10 Cdhl Cdhl

11 Cdhli

12 IE

13 [=3
Description of Attributes: Species in grey are NOT
1. Click on a row number abowe to wiew the attribiutes INCLUDED in the fused
2. Click on a cell below to scroll through the attribute list or composed model.

¢ Back) ¢ Next) ( Cancel \’/
“

Figure 4.18: Final species mapping table for the Composed M odel.

Feaction Mapping Takle
Composedidode| Composediode | Submeodsl | Composedhedel Submods2| Composedioeds] Submodsl3 | Composediads] Notes

1 Ckl - CKIP CKl - CKIP

2 CORKICKI -= CEl CDRECKI -= CKI

3 CORCCKI - CywB + CKIP CDKCKI -»> CDK + CKIF

4 Cdc20a -= Cdc20 Cdc20a -» Cdc20

5 -= 5K

G S ->

7 -x M

a8 M -=

9 -> CyiB - CDK - MPF

10 CyviB -> CDK -= MPF —=

11 Cdhli-= Cdhl

12 Cdhl -> Cdhli

13 -= CKI

14 CKl ->

15 CKIP -

16 CDK + CKI -> COK:CKI

17 COKCKI - CDK + CKI

18 -> Cdc20

19 Cdc20 -

20 IE -= |EF

21 IEF -> IE

22 Cdc20 - Cdc20a
Description of Attributes: Reactions in grey are
1. Click on a row number abowe to view the attributes MOT INCLUDED in the
2. Click an a cell below to scrall through the attribute list fused or composed model.

£ Back) ( Next ) ( cancel \1/
“

Figure 4.19: Final reaction mapping table for the Composed M odel.
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These steps produce the final composed model (Figure 4.15) which must then be simulated to verify that
its dynamic properties represents the observed behavior of growing-dividing yeast cells in expected ways
Since our current simulators require standard SBML (Level 2) input, composed models must be flattened
before they can be simulated. This flattening is done by removing the additional constructs used to describe
the composition. The JigCell flattening algorithm automates this process and produces a single flat model
that can then be sent to a simulator. Simulating the flattened Composed M odel produces the simulation

output shown in Figure 4.20, which closely matches the simulation output from Tyson and Novak’s model
(Figure 8 in [74]).
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Figure 4.20: Simulation for the Composed M odel using XPP.

4.5 Model Flattening

Model Flattening automatically and unambiguously converts composed or aggregated models to their fused
(or flattened) versions. Flattening takes a model which contains our additional SBML language constructs (i.e
<listOfSubmodels>, <listOfInstances>, <listOfPorts> and <listOfLinks>), and generates a valid SBML
Level2 model (i.e., with our language constructs removed). The flattening process is done automatically,
using the information provided by the composition or aggregation glue to perform the steps that otherwise
are done by hand when a modeler fuses models. The purpose of flattening is to generate a standard SBML

file (Level2) from our modified file, for the purpose of running simulations, performing analysis, etc.
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4.6 Flattening Process

This section describes the process by which composed or aggregated models can be flattened. Flattening
has three steps: separation, saving and resolution. During separation, submodels are separated based on
the information within the <listOfSubmodels> and <listOfInstances> structures. Then components are
separated one at a time in the same order as described for fusion. The information required to fuse models
together is encoded by our added SBML language features used for composition and aggregation. This
information is translated to create a single flattened model. Once this is done the connections/links between
models is saved for reference during flattening. Finally, during the resolution step the components of the
submodels are sorted, separated and assigned based on the model (or submodel) they originated from. The
resolution step in flattening is similar to the resolution stage in fusion, except here it is done automatically

rather than by the modeler.

4.6.1 Flattening Algorithm

The JigCell Flattening Algorithm (Table 4.1) is a modified breath first search algorithm and was implemented
as a standalone application capable of being run from the command line or called from another JigCell
application such as the ModelBuilder. For example, if a composed model is opened in the ModelBuilder the

modeler is presented with the following choice (Figure 4.21):

1. If a “Yes” option is selected the Flattening Algorithm is called and once it automatically flattens the
composed model the resulting flattened model is displayed in the ModelBuilder.

2. If a “No” option is selected, the ModelBuilder will open the composed model and treat it as a single
model and only display its compartments, species, parameters, functions, events, units, and reactions
ignoring it’s submodels, instances and links. It should be noted that saving the model will also save
the composition information (instances, submodels, and links), as this information is stored by the
program even though its not displayed. This option is useful for adding components to the top level
model while going through multiple rounds of model construction and composition.

Y

Composed Model Detected

0 Do wou want to flatten the composed model and its 2 submodels into a single SBML L2V 1 madel?

Yes il [u]

Figure 4.21: ModelBuilder dialog box that detects a composed model and queries modeler whether the
composed model from Figure 4.15 should be flattened.

To better understand the flattening algorithm consider the example in Figure 4.22. The composed model
Modell_Composed contains two species A and B, and two submodels (M odel2 and M odel3). Both the
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Table 4.1: Algorithm for flattening a hierarchy of models starting from the model Root.

FlattenModels (ModelTree* Root) {
Queue ModelTree* pending;
Links linklist == null;
pending.enqueue(Root);
while pending # () {
m «— pending.dequeue();
for each Link in m.links
...addlink only adds Link if it is not already in linklist...
linklist.addlink (Link);
for each Species in m.species
... addspecies only adds Species if it is not alread in specieslist...
specieslist.addspecies (Species);
for each Children of m
pending.enqueue (Child);

submodels also contain two species (A and C' in Model2 and A and D in M odel3), in addition M odel3
is itself a composed model. Species A in Modell_Composed, Model2, and M odel3 represents the same
biological entity (and are thus colored the same). The three instances of species A are linked together with
two links, from Modell_Composed.A to Model2.A and M odell _Composed.A to Model3.A. Similarly
species D in M odel3 is linked to it’s equivalent species in M odel4 and M odel5. When the composed model
is flattened automatically using the flattening algorithm (Table 4.1), the resulting model (M odell_Flattened)
contains six species. Note only one instance of species A and D is present in M odell_Flattened. Due to
how the links are set up in Modell_Composed, species A is actually Modell_Composed.A and species
D is actually Model3.D. The flattened model (M odell_Flattened) in Figure 4.22 in constructed in the
following steps:

1. Species A and B from M odell_Composed are added to Modell_Flattened

2. The two links in M odell_Composed (M odell_Composed.A — Model2.A and M odell_Composed.A
— Model3.A) are parsed. This results in deleting the two species in the <to> fields of the <link>
structures (M odel2.A and M odel3.A respectively).

3. The remaining species of Model2 and Model3 are added to M odell_Flattened.

4. While parsing M odel3, it is detected as a composed model and the above steps are repeated.

5. The two links in Model3 (Model3.D — Model4.D and Model3.D — M odel5.D) are parsed. This
results in deleting the two species in the <to> fields of the <link> structures (Model4.D and
Model5.D respectively).

6. Finally, the remaining species of M odel4 and M odel5 are added to M odell_Flattened.
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Figure 4.22: Visual representation of the flattening algorithm showing a composed model containing only
species (A-F’) and its corresponding flattened model. Color indicates biological equivalences and the solid
arrows indicate <link> structures between species.

4.6.2 Uses

Flattening a composed or aggregated model has a number of advantages and disadvantages. The biggest
advantage of flattening a model is that it allows us to use existing simulation tools, which have no support for
composition or aggregation. We could think of model flattening as analogous to compiling a program written
in a high-level programming language into the machine code ready to execute on a computer. In addition
to simulating composed or aggregated models, flattening also allows modelers the use of a multitude of
SBML.-compliant tools for composed or aggregated models. Converting a composed or aggregated model into
a flattened model removes redundancies as equivalent model entities (e.g. <species>, <parameters>, etc.)
need only be declared once in the resulting flattened model. Removing redundancies decreases the size of the
model while ensuring that no information is lost. Modelers have the option of flattening existing composed or
aggregated models in situations where they would like to perform further composition or aggregation using
non-hierarchical models, instead of using the composed or aggregated models as submodels. This option
allows modelers to avoid having to deal with the additional complexity of having a separate and distinct
hierarchy within their submodels during composition. It is left up to the modeler to decide if this increases or

decreases clarity.
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The drawbacks to flattening include losing the explicit description of relationships between entities within
submodels. Information about individual submodels and their characteristics will be replaced by a fused
model which contains no implicit history of how it was constructed. The flattened model might be too large
and verbose to comprehend, and therefore to manage in practice. It is intended that models will be saved and
maintained as composed or aggregated models and will only be flattening if the modeler needs to perform

some form of analysis (such as simulation) on the model.
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Chapter 5
Model Aggregation

Real molecular networks seem to be built up from simpler modules that carry out specific tasks and can be
hooked together [73]. By allowing modelers to substitute an aggregate for groups of reactions, and enabling
aggregated modules to be connected to one another, we envision that model construction will become faster
and more intuitive while holding true to the apparent structure of the organism being modeled. Modularization
is defined here as the process of grouping reactions together as a single entity (a module) with a defined
set of inputs and outputs (called ports). A module is not a simplification of the group of reactions (or their
behavior). It is purely representational and is used to aid better understanding of how parts of the model (the
modules) interact with each other. Aggregation is the process of connecting modules together (by linking
outputs of one module to inputs of another) in order to create a larger model (an aggregate of modules).
This chapter introduces the process by which models are aggregated together. Section 5.1 describes
the SBML language features needed to describe model aggregation. Section 5.2 describes how to create an
aggregate model from a collection of pre-existing modules. Section 5.3 describes the prototype software
developed to implement the ideas in this chapter. Finally, Section 5.4 describes the aggregation process with

an example that models the protein interaction network controlling cell division.
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5.1 SBML Syntax

We implemented aggregation by means of new language features for SBML. All the language features
previously identified for composition (Section 4.1) are also used for aggregation. In addition we added new
language features to describe the connections between modules. The features both define the hierarchy of the
modules and represent the interactions, relationships, and links between the modules. Aggregation, fusion
and composition should produce the same results, in that the simulation output of all three forms of a model
should be identical. While fusion combines submodels together in an irreversible way, aggregation (and
compostion) simply reference module components by defining the “glue” that holds the modules together. A
major difference is that in fusion, the explicit description of relationships between entities within submodels
is lost, while aggregation (and compostion) keeps a record of how models were aggregated (or composed)
together.

Like composition, aggregation is also an iterative process, as models are usually constructed in increments,
with modelers switching back and forth between adding components (or modules) to a model and fine tuning
models through simulations. Constructing aggregated models is a bottom-up process as smaller models are
first aggregated together to create larger models which in turn can be used to create even more complex
models, as previously demonstrated in [68]. An aggregated model can be created from a combination of flat
and/or aggregated models. Model aggregation generates an aggregation graph that describes the relations
among the various modules. Changing the connections between modules in an aggregated model results in a
different aggregation graph structure. Since model aggregation is a combination of constructing modules and

generating aggregation graphs, a tool for aggregation should support the iterative nature of the process.

Big
[ Titel | [ Little2 Flat
oS
: Flattening < D
== @ — | oo

Figure 5.1: Aggregated model showing a link between two ports in different modules and the corresponding
flattened model.

To illustrate the SBML language features needed to describe model aggregation, consider the example in
Figure 5.1, which shows an aggregated model (Big) and its corresponding flattened model (Flat). Model
Big contains two modules called Littlel and Little2. The SBML code to describe the two models Littlel
and Little2 in Figure 5.1 is:

<model name="Littlel">
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<listOfSpecies>
<species id="A_1" name="A"/>
<species id="B_1" name="B"/>
</listOfSpecies>
<listOfParameters>
<parameter id="k1_1" name="k1"/>
</listOfParameters>
<listOfReactions>
<reaction id="reactionl">
<listOfReactants>
<speciesReference species="A_1"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="B_1"/>
</listOfProducts>
<kineticLaw>
<math:math>
<math:ci>kl_1</math:ci>
</math:math>
</kineticLaw>
</reaction>
</listOfReactions>

</model>

<model name="Little2">
<listOfSpecies>
<gspecies id="A_1" name="A"/>
<species id="C_1" name="C"/>
<species id="D_1" name="D"/>
</listOfSpecies>
<listOfParameters>
<parameter id="k2_1" name="k2"/>
</listOfParameters>
<listOfReactions>
<reaction id="reaction2">
<listOfReactants>
<speciesReference species="C_1"/>
</listOfReactants>
<listOfProducts>
<speciesReference species="D_1"/>
</listOfProducts>
<listOfModifiers >
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<modifierSpeciesReference
species="A_1"/>
</listOfModifiers >
<kineticLaw>
<math:math>
<math:apply>
<math:times/>
<math:ci>k2_1</math:ci>
<math:ci>A_1</math:ci>
</math:apply>
</math:math>
</kineticLaw>
</reaction>
</listOfReactions>

</model>

5.1.1 Ports

To begin aggregation we must first convert the (sub)models into modules by defining their ports. The <port>
structure (enclosed in a <listOfPorts> structure) gives a modeler access to a particular species, parameter or
another port within a module for aggregation. A <port> structure is composed of three attributes: ¢d, target,
and mutable. The id field gives a unique identifier to the port structure. The target field specifies a single
species, parameter, or another port by its SBML identifier. The boolean mutable field specifies whether the
port is an input or output port (false for output and true for input). The syntax for an output port structure is

as follows:

<listOfPorts>
<port id="Port_Id"
target="species|parameter|port id"
mutable="false"/>

</listOfPorts>

Input and output ports are distinguished from each other by their target type. <Port> structures are used in

conjunction with the other language constructs described below.

5.1.2 Submodels and Instances

Once we have created the modules, we are ready to add them to the aggregated model which can contain one
or more modules. A module (or submodel) is just an SBML model (enclosed within an SBML <model>
structure), described in Section 4.1.2. After the list of modules has been declared and included in the

aggregated model (Big), the modeler needs to instantiate the modules to use or access them through the
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<instance> structure, described in Section 4.1.3. The naming convention adopted in Section 4.1.1 is also

used for aggregation.

5.1.3 Links

Ports are connected together using the <link> structure described in Section 4.1.4. In aggregation, a <link>
structure connects two ports in separate modules of an aggregated model. Linking components in aggregation
can be achieved by connecting two port structures (and is described in more detail in Section 5.3). The SBML

code to describe the connections between modules in Figure 5.1 is:

<model id="Big">
<listOfSubmodels>
<model id="Littlel">

<listOfPorts>
<port id="A" target="A_1"
mutable="true"/>
</listOfPorts>
</model>
<model id="Little2">

<listOfPorts>
<port id="A" target="A_2"
mutable="true"/>
</listOfPorts>
</model>
</listOfSubmodels>

<listOfInstances>
<instance
id="Littlel_instance"
xlink:type="simple"
xlink:href="#xpointer
(/sbml/model/listOfSubmodels/model [R1id=%22Littlel%22])"/>
<instance
id="Little2_ instance"
xlink:type="simple"
xlink:href="#xpointer
(/sbml/model/listOfSubmodels/model [R1id=%22Little2%22])"/>

</listOfInstances>

<listOfLinks>
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<link>
<from object="Littlel_instance">
<subobject object="A_1"/>
<to object="Little2_instance">
<subobject object="A_2"/>
</to>
</link>
</1listOfLinks>
</model>

In summary, the <listOfSubmodels> and <listOfInstances> structures are used to define the layout
of the aggregated model. Connections between the modules within the layout are made using the <link>
structures which can only connect <port> structures to each other. The four SBML language features

discussed above are sufficient to describe all aspects of model aggregation.

5.2 Aggregation Process

The fundamental differences between aggregation and composition include:

1. the amount of access to model information
2. the initial source of these components and
3. new interactions cannot be made from the submodels used to create the aggregated model (new modules

with the new interactions must be created and connected in the aggregated model instead).

The basic building blocks permitted for composition and aggregation are the same — in both cases, a building
block is one or more reactions. However, in composition, a component’s information is not hidden from
other components. A modeler can link to any variable or component within a submodel. In aggregation,
model information is deliberately hidden to control complexity, and a modeler can only link to variables or
components that are explicitly made visible (through ports) in a given module. Components for composition
are typically pre-existing models that thus might contain redundancies between components and were not
necessarily created with the intent of combining with other components. In contrast, aggregation modules are
designed to be connected.

A major benefit of aggregation is that the modeler does not need to know the details about what is within
a module in order to use it, only its list of input and output ports. Constraints exist on what can be defined
as an input or output port to a module. Inputs are parameters (with fixed values) or species participating as
modifiers in reactions, while outputs are species (any reactant or product in any reaction within the module
could be defined as an output). These constraints ensure that a consistent set of differential equations will

always be produced from a network of modules.
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5.3 Aggregation Connector

We now explain in detail how to generate an aggregated model by connecting together modules through their

ports using the JigCell Aggregation Connector. The Aggregation Connector in Figure 5.2 has two functions:
1. it converts (sub)models to modules by specifying their ports, and
2. it connects modules together to create aggregated models.
The user interface is divided into two parts, an aggregation window (top) which allows modelers to connect
modules together graphically, and an embedded JigCell ModelBuilder [75] (bottom) which displays a selected
module using JigCell’s standard spreadsheet interface.

JigCell Aggregation Connector

Open Module(s) :, Create Mew Module :, save Module :, Save Layout :, Flatten Module :,

® Q & &

File Edit

Eeactions | Functions | Eules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations

Harme Reaction Type Equation Fast Motes

Figure 5.2: Screen shot of the JigCell Aggregation Connector.

The options shown in the top bar in Figure 5.2 are:

1. Open Module(s) - Displays a file chooser to enable the modeler to select what SBML model files to
open from the filesystem.

2. Create New Module - Takes the existing connections between models displayed in the aggregation
window and creates a new aggregated model.

3. Save Module - Saves the aggregated model displayed in the aggregation window as an SBML file.

4. Save Layout - Saves the layout information of the figure displayed in the aggregation window only (the
SBML file is not saved in this case).

5. Flatten Module - Flattens the aggregated model and prompts a user with a save dialog box in order to
save the flattened model in an SBML file.
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To begin aggregation, the modeler presses the “Open Module(s)” button on the top left of the application
window to select SBML models from a file chooser. These models can be both submodels (without defined
ports) or modules (with defined ports). Modules are displayed 5.3 as boxes with inputs and outputs in the
aggregation window, while submodels are only displayed as boxes without ports until such time as the

modeler defines its inputs and outputs. Each module has the following components:

1. aname in the middle of the box

2. an optional set of input ports on the left hand side of the box

3. an optional set of output ports on the right hand side of the box

4. abox with a “+” sign in the top-left hand corner of each box, when clicked displays the module in the
embedded ModelBuilder.

To see the complete model (reactions, species, etc) or convert a model to a module (by defining the ports),
the modeler loads it into the embedded ModelBuilder. The ModelBuilder displays the module’s components
in a spreadsheet interface. The ModelBuilder has been extended to enable a modeler to select which species
and parameters are defined as ports by adding an additional column to the species and parameters spreadsheets,
respectively. After loading two or more modules onto the aggregation window, a modeler can link the output
ports of one module to the input ports of another module to create an aggregated model. The links between
modules are indicated as solid black lines in Figure 5.3.

Once the aggregated model is completed it can be saved in an SBML file, flattened into a standard SBML
(Level 2) model, or be converted into a more complex module for use in future aggregation. When converting
an existing aggregate model into a new module, the Aggregation Connector performs an initial best-guess for
the ports. Since an output port can connect to more than one input port, all the output ports of the modules
connected together in the aggregate model are made into output ports in the newly created module. Input
ports on the other hand, can only be connected once, so only those input ports that are unconnected are

exposed in the newly created module as input ports.

5.4 Biological Example

To illustrate how aggregation is implemented we again follow the approach used by Tyson and Novak when
building their basic model of cell cycle control in yeast cells [74]. They built their model in stages starting
from a simple model and then adding new pieces until they obtained a satisfactory representation of the
cell cycle control system. Note that the sample models used here are slightly different from those used for
fusion and composition. The models used for aggregation are customized (by removing redundancies) and
information within them is restricted (using ports) in order to easily and quickly connect them together. The
first model (which we will call Module I) deals with the interaction between the cyclin B-dependent kinase
(C'ycB) and a cyclin-dependent kinase inhibitor (C'K T), as shown in Figure 5.4. Module I deals with the
antagonistic interactions between C'ycB and a cyclin B-degrading factor (C'dhl), as shown in Figure 5.5.

Module 111 deals the interaction between C'ycB and a different form of the cyclin-degrading factor (C'dc20),

70



—~

JigCell Aggregation Connector
Open Modulegs) bl Create New Module ) save Module bl Save Layout bl Flaten Module D

2¢ hd AW ARSI

N »

[+ ]

CycB
Module | CyiB -

| Module lIl

——
oK Cdcz0g,

Madule IV

I NEK:

Maodule: Module IV File Edit

| Reactions | Functions | Rules | Cormpartrnerms | Species | Parameters | Events | Units | Conservation Relations | Equations

MName Reaction Ty Equation Fast Motes
-> 5K Mass Action (k17 * TF) ™~
5K -> Mass Action (k18¥SK) ™~
= M Local (UM (L, 0- (M /Mstar]]) e

Figure 5.3: Screen shot for the Aggregated M odel in the JigCell Aggregation Connector.

as shown in Figure 5.6. Finally, M odule I'V contains four additional reactions (synthesis and degradation
of SK and M respectively), as shown in Figure 5.7. S K refers to a “starter kinase” and M represents cell
“mass”. M increases according to a logistic rate equation, and M is decreased by a factor of 2 each time the
cell divides. Cell division is triggered when C'ycB drops below a certain threshold, as CycB is degraded
by C'dc20 and Cdhl. See [74] for details. It should be noted that Module IV is treated as a separate and
distinct model for aggregation, but was added after fusion and composition were completed in the previous
examples. This is because we are able to customize models to remove redundancies in aggregation.

The four models can be combined using the fusion process to create a F'used M odel (Figure 3.27) or
customized and linked together in the Aggregation Connector to create an Aggregated M odel (Figure 5.3).
The four steps needed to create the Aggregate M odel are as follows:

1. Modules I-IV are created with predefined ports in either the standard ModelBuilder or the version
of the ModelBuilder embedded within the Aggregation Connector. For convenience, the ports are
set for each module during the construction process but could just as easily be set or adjusted in the
Aggregation Connector once the modules have been created.

2. Modules I-1V are loaded into the Aggregation Connector.

3. Links between ports are created by holding down the mouse button and dragging the mouse from an
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Figure 5.4: Module I wiring diagram and reaction definitions in the JigCell ModelBuilder

Module Tl |

JigCell ModelBuilder - Module2.sbml
ModelBuilder File Edit

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations

Name Reaction Type Equation Fast  Notes
Cdhli -» Cdhl Michaelis-Menten {(k10*Cdh1i*1.0)/(J10+Cdhli)
|Cdhl -» Cdhli Michaelis-Menten (((k9 * CycBy*Cdh1)*1.0)/(J)9+Cdh1)

Figure 5.5: Module II

output port of one module to an input port of another module.
4. Once all the links have been created the model may be saved as an SBML file with additional language
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Module 11 |

ModelBuilder File Edit

JigCell ModelBuilder - Module3.sbml

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations

Reaction
-» Cdc20
Cdc20 ->
Cdc20 -> Cdc20a
Cdc20a -> Cdc20
IE -> IEP
IEP -> IE

Name

ModelBuilder File Edit

Type Equation Fast Notes
Mass Action k1l &
Mass Action k12*Cdc20 &)

Michaelis-Menten
Michaelis-Menten
Mass Action
Mass Action

((k13*Cdc2 0)*IEP)/(]13+Cdc20)
((k14*Cdc20a/*Mad2)/ () 14+ Cdc20a)
(k15 * CycBIMIE

K16*IEP

Figure 5.6: Module II1

Module IV
COEET

o°o<y—®"<r
T C De—
ez - - >

JigCell ModelBuilder - Module4.sbml

¥

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations

Reaction
-» SK
SK ->
-> M

Name

features.

These steps produce the Aggregate M odel in Figure 5.3 which must then be simulated to verify that its
dynamic properties represents the observed behavior of growing-dividing yeast cells in expected ways. Since
our current simulators require standard SBML (Level 2) input, aggregated models must be flattened before
they can be simulated. This flattening is done by removing the additional constructs used to describe the
aggregation. The JigCell flattening algorithm automates this process and produces a single flat model that can
then be sent to a simulator. Simulating the flattened Aggregated M odel on XPP produces the simulation

output shown in Figure 5.8, which closely matches the simulation output from Tyson and Novak’s model

Type Equation Fast Notes
Mass Action K17 * TF )
Mass Action k18*SK |

Local {mu*M)*(1.0-(M/Mstar))

Figure 5.7: Module IV
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(Figure 8 in [74]).

1 ﬁ
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Figure 5.8: Simulation for the Agggregated M odel using XPP.
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Chapter 6

Case Study: Combining Two Components
For A Budding Yeast Model

Current modeling efforts by expert modelers (Kathy Chen and Suman Banik) in John Tyson’s Group
at Virginia Tech involve challenging issues in large-scale modeling. One such effort is focused on the
morphogenesis checkpoint in budding yeast. Ciliberto et al. [12] developed a model of the morphogenesis
checkpoint that was “hooked up” to a very primitive cell cycle engine in budding yeast. The aim of this case
study is to successfully combine the morphogenesis checkpoint model with the full cell cycle engine model
proposed by Chen et al. [11] using fusion, composition and aggregation. When simulated, both Chen’s cell
cycle engine model and Ciliberto’s morphogenesis checkpoint model are able to describe certain distinct
aspects of the cell cycle in budding yeast. When combined, it is envisaged that the resulting model will
be able to not only describe the behavior of the individual models but also new behavior that couldn’t be
described previously.

This chapter applies the processes, tools, and frameworks presented in this dissertation to a large-scale
biological modeling problem. Section 6.1 introduces the biology behind the cell cycle model. Section 6.2
introduces the biology behind the morphogenesis checkpoint model. Sections 6.3, 6.4, and 6.5 describe the
steps an expert modeler takes to combine two these models using model fusion, model composition, and

model aggregation, respectively. Finally, Section 6.6 summarizes our experiences and results.
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6.6.2 Results . . . . . . .. e e e 98

6.1 Cell Cycle Model

The budding yeast cell cycle consists of four distinct phases: G1, S, G2, and M. The G1, S, and G2 phases
are collectively known as interphase, while the M phase is composed of karyokinesis (where chromosomes
divide) and cytokinesis (where cytoplasm divides forming two daughter cells). A newly born cell starts in the
G1 phase (the first phase in interphase), which lasts from the end of the previous M phase till the beginning
of DNA synthesis. During this phase the cell acquires resources and grows until there are suitable conditions
for replication. After reaching a viable size for replication, the cell transitions to the S phase. During the S
phase, the cell synthesizes a new copy of its DNA. After the completion of DNA synthesis, the cell continues
to grow until it reaches a mass of approximately twice its birth size. This is known as the G2 phase in the
standard cell cycle. However, the cell soon reaches the end of G2 and begins mitosis, which is the most
physically complex portion of the cell cycle.

Mitosis, also called M phase, is the process of nuclear and cell division. By the end of mitosis, the cell
will produce a complete new copy of itself. At the start of mitosis, the nuclear membrane usually breaks
down (it should be noted that this does not occur in budding yeast) and a mitotic spindle forms. Then the cell
enters metaphase, in which the duplicated chromosomes align themselves along the mitotic spindle. The cell
next passes through anaphase and enters telophase. During this period, the pairs of chromosomes separate
and move to the ends of the mitotic spindle, where new nucleuses are forming. Finally, the cell pinches until
the mass of the cell divides. After division, the two cells are again in the G1 phase.

Chen et al. [11] previously developed a model of the budding yeast cell cycle. Figure 6.1 shows their
wiring diagram for the biochemical reaction network that regulates DNA synthesis, bud emergence, and
mitosis in budding yeast. Chen simplified the wiring diagram by omitting portions of the model and using
abstractions. For example, a text description of a function (e.g. “Budding”) stands in the place of that part of
the model and several species were combined together representing more that one biological entity. Cln2
in the model represents both C'lnl and CIn2 in the cell. C'Ib5 represents both C'lb5 and C1b6, and C'1b2
represents both C'lb1 and C1b2. Although Chen does not formalize or describe these abstractions in detail,
understanding the abstractions is essential to understanding the model.

Figures 6.2, 6.3, and 6.4 show this same budding yeast model in the JigCell ModelBuilder. The version of
the budding yeast model in the ModelBuilder consists of 97 chemical reaction equations. The ModelBuilder

translates the biochemical reaction network into a system of 39 differential equations.
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Figure 6.1: Wiring diagram for the budding yeast model by Chen.
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aso JigCell ModelBuilder - Morpho/Chen_2004_Banik.sbml
MaodelBuilder File Edit

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Marne | Reaction | Type | Equation | Fast| Notes |
cell growth -> mass fass Action kg * mass |&| -
Cln2 synthesis -= CIn2 fass Action {kegn2' + ksn2" * SBF) * mass i W
Cln2 degradation Cln2 -= fass Action kdn2 * Cln2 i
Clh2 synthesis -z Clh2 Mass Action fksh2' + ksh2"* Mcml) * mass i
Clh2 degradation Clh2 -= fass Action Vb2 * Clh2 i
ClhS synthesis -= b5 fass Action {ksh5' + kshE" * SBF) * mass i
ClhS degradation ClhS -= fass Action Wdbs ¥ ClhE i
Sicl synthesis -= 5icl fass Action kscl' + kscl'" * Swis i
Sicl phosphordation Sicl - SiclP fass Action Wikpol * Sicl i
Sicl dephosphordation SiclP -= Sicl fass Action kppcl * Cdcl4d * SiclP i
SiclP degradation {fast) SiclP -= Mazs Action kd3cl* SiclP i
Agsoch of Clb2 and Sicl Clhd + 5icl -» C2 Mass Action kash2 * Clb2 * Sicl i
Dissacn of C2 {Clb2/Sicl) C2 -= Clb2 + Sicl Mazs Action kdib2 * 2 i
Agsoch of ClbS and Sicl Clb5 + 5icl -» C& Mass Action kashs * Clhs * Sicl i
Dissacn of C5 {CIbS /Sicl) 5 -= ClhS + Sicl Mazs Action kdibs * 5 i ]
2 phosphordation 2 -= 2P fass Action Vikpol * C2 i
2P dephosphordation C2P -= C2 fass Action kppcl* Cdcld * C2P i
5 phosphordation 5 - (SP fass Action Vikpol * C5 i
5P dephosphordation CSP -= 5 fass Action kppcl* Cdcld * CSP i
Clb2 degradation in C2 C2 -= Sicl fass Action Vb2 ¥ 22 i
ClhS degradation in C5 5 -= Sicl fass Action Vdhs ¥ C5 i
Sicl degradation in C2P C2P -= Clb2 fass Action kd3cl* C2P i
Sicl degradtion in C5P CSP -= CIbS fass Action kd3cl* C5P i
Clb2 degradation in C2P C2P -= SiclpP fass Action Vb2 * C2P i
Clb5 degradation in C5P CSP -= SiclP fass Action Wohs * C5P i
Cdcé synthesis -> Cdcé fass Action ksfe' + ksfE" * SwiS + ksfé"' * SBF i
Cdcé phosphordation Cdcé - CdoéP fass Action Vkpfe * Cdeg i
Cdcé dephosphondation CAc&P -= Cdcé fass Action kppfé * Cdcld * CdegP i
Cdc&P degradation {fast) CocgP - Mazs Action kd3f& * CdegP i
Agsoch of Clb2 and Cdcg Clbd + Cde -» F2 Mass Action kasf2 * Clh2 * Cdcé i
Dissach of F2 (Clb2/Cdcé) F2 -= Clh2 + Cdié Mazs Action kdif2 * F2 i
Agsoch of ClbS and Cdcg ClbS + Cdeé -» F5 Mass Action kasfs * Clhs * Cdcé i
Dissach of F5 (Clb5/Cdeé) F5 -= ClhS + Cdié Mazs Action kdifS * F% i
F2 phosphordation F2 -= F2P fass Action Vkpfs * F2 i
F2F dephosphaondation F2P -= F2 fass Action kppfé * Cdcld * F2P i
F% phosphordation F5 -= FGP fass Action Vkpfs * FS i
F5F dephosphaondation FSP - F5 fass Action kppfé * Cdcld * FSP i =
"1h2 Aaaradatinn in B2 F2 = & hdacc Artinm WVrlkh? % £ i Al

Figure 6.2: 1°¢ of 3 screenshots of the reaction network for the budding yeast model of Figure 6.1 in the
JigCell ModelBuilder.
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aen

JigCell ModelBuilder - Morpho/Chen_2004_Banik.sbml

MaodelBuilder File Edit

Reactions | Functions | Rules | Compartments | Species | Farameters | Events | Units | Conservation Relations | Equations |

Marne Reaction ] Tupe Equation ]FasE] Motes ]
Clb2 degradation in F2 F2 -= Cdcé Mass Action Vb2 * F2 |& ?
ClhS degradation in F% F& —= Cdcé Mass Action Vdhs ¥ FS i
Cdcé degradation in F2P F2P —= Clb2 Mass Action kd=f& * F2P i
Cdcé degradation in FSP FSP —= ClbS Mass Action kd=f& * FS5P i
Clb2 degradation in F2P F2P —» Cdc&P Mass Action Vb2 * F2P i
Clb5 degradation in F5P FSP - Cdc&P Mass Action Wdbs * FSP i
SwiS synthesis - SwiS Mass Action ksswi' + ksswi' * Mcom 1 i
SwiS degradation SweiS Mass Action kdswi * Swis i
SwiSP degradation SweiS P - Mass Action kdswi * SwisP i
SwiS acthation SIS P - Swis Mass Action kaswi * Cocld * Swisp [
Swis inactivation Swis - SwisP Mass Action kiswi * CliaZ2 * Swit [
APC phosphordation APC -x APCP Michaelis-Menten kaapc * APC* Clh2 / {Jaapc + APC) i
APC inactivation APCP —= APC Michaelis-Menten kiapc * APCP* 1.0/ (Jiapc + APCP) [
Cclc2 0 {inactive) production - Coc20l Mass Action ks20' + ks20" * Mcm1 i
Cclc2 0 {inactive) degradation Coc2 0l - Mass Action kd20 * Cde20l i -
Ccc2 0 {active) degradation Colc2 0A - Mass Action kd20* Cde2 0A i
Cclc2 0 {active) activation Coc2 0 -» Cdc204A Mass Action ka2Q' + ka2 (" * APCP * Cdc2 0l i
Cclc2 0 {active) inactivation Coc2 04 —= Cdc201 Mass Action mad2 * Cdc20A i
Cclhl {active) production -» Cdhl Mass Action kscdh i
Cahl {active) degradation Ccohl -= Mass Action kdcdh * Cadhl i
Cchl {inactive] degradation Cohll -= Mass Action kdcdh * Cdhll i
Cdhl {active) activation Cohll -»= Cdhl Michaelis-Menten Wacdh * Cadhll* 1.0 / {Jacdh + Cdhll i
Cclhl {active) inactivation Cclhl -= Cdhll Michaelis-Menten Wicdh * Cahl * 1.0 / {Jicdh + Cdhl) [
Cdcl4 production = Cdcld Mass Action ksl4 i
Cdcl4 degradation Cocld - Mass Action kdl4 * Cdcl4 i
Assoch with Metl to form RENT - [Metl + Cdcld - RENT Mass Action kasrent * Metl* Cdcl4 [
Dissocn of RENT REMT -> Metl + Cdcl4 Mass Action kdirent * REMT [
Assach with Met1P to form RENTP [Met1P + Cdcld -= RENTP Mass Action kasrentp * MetlP * Cdcl4 i
Dissach of RENTP FEMTP - MetlP + Cdcld Mass Action kdirentp * RENTP i 1
Metl production > Metl Mass Action ksnet i
Metl degradation Metl —= Mass Action kdnet * Metl i
Met 1P degradation MetlP -= Mass Action kdnet * Metlp i
Metl phosphondation Metl —= MetlP Mass Action Vikpnet * Metl i
Metl dephosphordation MetlP -= MNetl Mass Action Vppnet * NetlP i
FEMT phaosphordation FEMT -= REMTP Mass Action Vikpnet * RENT i
FEMT dephosphordation FEMTP - EENT Mass Action Vppnet * RENTP i
Diegradation of Metl in RENT FEMT -= Cdcl4 Mass Action kdnet * REMT i -
Manradatinn af Reot1D in PORTD CERITE _~ TAr14 hocc Artinn Lrrnat * DERITD T hd

Figure 6.3: 2™ of 3 screenshots of the reaction network for the budding yeast model of Figure 6.1 in the
JigCell ModelBuilder.

Diegradation of MetlP in RENTP  |REMTP -= Cdcl4 fass Action kdnet * REMTP [
Diegradation of Cdcl4 in REMT REMT -> Metl fass Action kdl4 * RENT [
Diegradation of Cdcl4 in RENTP  [REMTP -3 MetlP fass Action kdl4 * RENTP [
Teml kinetics {activation) TemlGDP -= TemlGTP Michaelis-Menten ltel * Tem1GDP * 1.0 f (Jatern + Tem 1GDOP) |
{inactivation) TemlCTP -= TemlGDP Michaelis-Menten bub2 * Tem1STP * 1.0 f {Jitern + Tem1GTR) i
Cdc 1S kinetics {activation) Cocl5i-> CdclS Mass Action kalS'* Tem1GDP + kalS" * Tem1GTP + kal5™ * Cacl4 * . []
{inactivation)2 Cocls = CdclSi Mazs Action KilS * CdclS [
PPX synthesis - PPX fass Action ksppx [
PP¥ degradation PPY —= fass Action Wdppx * PPX [ ol
Pds1 production -> Pdsl fass Action kspds' + kslpds" * SBF + ks2pds" * Mcml [
Pdsl degradation Pdsl -» fass Action Wopds * Pdsl [
Diegradation of Pdsl in PE PE -= Espl fass Action Ydpds * PE [
Assach with Espl to form PE Espl + Pdsl -= PE fass Action kasesp * Espl * Pdsl [
Dissach of PE PE -= Pdsl + Espl fass Action kdiesp * PE [
CR| kinetics -= ORI fass Action ksari * {garibs * Clb5s + eorib2 * Clb2) i
ORI -> Mass Action kdori * ORI [
BUD kinetics -> BUD fass Action ksbud * (ebudn2 * Cln2 + ebudnz * CInZ + ebudhSs * Clk5) i
BUD -> Mass Action kdhbud * EUD [
SPM kinetics -= SPH fass Action ksspn * Clb2 [ {Jspn + Clb2) i
SPN —= Mass Action kdlsph * SPMN [
—= mad2 Mass Actian 0.0 [
—= Itel Mass Actian 0.0 [ L
-> bub2 Mass Action 0.0 i -
Figure 6.4: 37 of 3 screenshots of the reaction network for the budding yeast model of Figure 6.1 in the

JigCell ModelBuilder.
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6.2 Morphogenesis Checkpoint Model

The main transitions of the cell cycle, namely the onset of DNA replication (Start transition), entry into
mitosis (G2-M transition), and exit from mitosis (Finish transition), are controlled by checkpoint mechanisms.
When bud formation is impaired (perhaps due to environmental stimuli such as heat or osmotic shock), the
morphogenesis checkpoint in budding yeast delays the cell cycle at the G2-M transition. This delay effectively
prevents the formation of dinucleated cells, which are less viable than mononucleated cells. However, the
arrest in the cycle is not complete. After several hours, the cell cycle will continue and unbudded cells will
undergo mitosis and dinucleate cells will be formed. Ciliberto et al. [12] previously developed a model of
the morphogenesis checkpoint in budding yeast, using a much simpler version of Chen’s cell cycle engine.
Figure 6.5 shows their wiring diagram for the Swel box part of the model. The complete model is presented
in Figures 6.6 and 6.7. The version of the morphogenesis model in the ModelBuilder consists of 52 chemical
reaction equations. The ModelBuilder translates the biochemical reaction network into a system of differential

equations with 21 differential equations.

Figure 6.5: Wiring diagram for the morphogenesis checkpoint model by Ciliberto.
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aen

JigCell ModelBuilder - Morpho/Morpho_01.sbml

MaodelBuilder File Edit

Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

PSuwa T Aanradatinn ke SOF

PSaa Thl -

hdacc Artinm

LAowa nn % PSaaThl

hd hd illi

Marne | Reaction | Type | Equation |Fast] Motes |

Crowth - mass Mass Action mu* mass B

SBF activation by Cln SBFi -= SBFa Michaelis-Menten 1.0 * SBFi * kashi_p * mass + kasbf_pp * CIn / {Jashf + SBFi) [[ ] i

SBF inactivation by Clh2 SBFa -= SBFi Michaelis-Menten 1.0*5BFa™ kishi_p + kisbf_pp * Clb f {ishf + SBFa) =]

MM activation by Clb MCMi -= MCMa Michaelis-Menten kamcm * MCMi * Clb j {Jamcm + MCMi) |

MM inactivation MCha -= MCMi Michaelis-Menten kimecm * MCMa* 1.0 f {Jimcm + MCha) =]

Cln syrithesis —= Cln Mass Action kscln * SBFa | s

Cln degradation Clr - Masz Action kelcln * Cln ™~

Clh synthesis -= Clb fass Action ksclb * mass * Jm * {eps + MCMa) / {mass + Jm) &S|

Clb degradation Clb -> Mass Action vdclb * Clb ™

Clb inactivation by Swel Clb -» PClb Mass Action Wswe * Clb ™

Clb activation by Mihl PClb -= Clb fass Action mih * PClb ™~

PCllh degradation PClh -> Mass Action vdclb * PClb ™

Clb association with Sicl to fro.. |Clb + Sicl -= Tri Mass Action kass * Clo* Sicl &S|

Tri dissociation to Clb and Sic Tri -»> Clb + Sicl Mass Action kdiss * Tri &S|

Degradation of Sicl in Tri Tri -> Clb Mass Action Wdsic * Tri ™

Degradation of Clb in Tri Tri -> Sicl Mass Action Vdclb * Tri ™

Sicl synthesis —= Sicl Masz Action kssic ™~

Sicl p'lation and degradation b... [Sicl -= Mass Action Y dsic * Sicl | s

PClb association with 5icl to for.. [PCID + Sicl -» PTrim Mass Action kass * PClb * Sicl &S|

PTrim dissaciation to PCIb and ... |[PTrim -» PClb + Sicl Mass Action kdiss * PTrim &S|

Diegradation of Sicl in PTrim PTrim -= PClb fass Action Wdsic * PTrim ™~

Diegradation of PCIb in PTrim PTrim -= Sicl fass Action Vdclb * PTrim | s

Tri p'lation by Swel to PTrim Tri -= PTrim Masz Action Y swve ¥ Tri ™~

PTrim dep'lation by Mihdl to Tri  [PTrim -= Tri fass Action mih* PTrim | s

IE activation by Clb |Ei -= IEa Michaelis-Menten kaie * [Ei * Clo / {Jaie + |Ei) =]

|E inactivation IEa - IEi Michaelis-Menten kiie* I[Ea* 1.0 / (Jiie + [Ea) |

Cdc20i synthesis -= Cdc20i fass Action ks20_ o+ ks20 pp* ClbA 4.0 [ (5204 4.0 + ClhA 4.0 =] -

Ccc20i degradation Colc20i -> Mass Action kd20 * Cdc20i ™

Colc2 0i activation Cc20i -»= Cdc20a Michaelis-Menten ka0 * Coc20i* |Ea [/ (Ja2 0 + Cdc20i =]

Cdc20a inactivation Coc20a -= Cdc20i Michaelis-Menten Ki2O* Coc20a™* 1.0 f{Ji20 + Cdc20a) |

Cdc20a degradation Cdc20a -» Mass Action kd20 * Cdc20a ™

Cdhli activation Cohli -= Cdhla Michaelis-Menten 1.0* Cdhli* kacdh_p + kacdh_pp * Cdc20a / Jacch + Cd... | [ ]

Cdhla inactivation Cohla -= Cdhli Michaelis-Menten 1.0* Cdhla* kicdh_pp * CIn + kicdh_ppp * Clo J dicdh + C. [ ]

Swel synthesis by SBFa > Swel fass Action ksswe_p + ksswi_pp * SBFa | s

Swel degradation Sl - Masz Action kilswe_p * Swel ™~

PSwel degradation Powel —= Mass Action kilswe_p * Powel | s

Swie LM degradation Swe LM - Masz Action kilswe_p * Swe 1M ™~ L
= hd

Figure 6.6: 15 of 2 screenshots of the reaction network for the morphogenesis checkpoint model in budding
yeast of Figure 6.5 in the JigCell ModelBuilder.

PSwee 1M degradation by SCF

PSiwelM >

Mass Action

kdswe_pp * PSwe 1M

MeMilli...

Sweel inactivation by Clb to for...

Swel - Phwel

Michaelis-Menten

kivwee * Swel* Clh f (Jiwee + Swel)

MeMilli...

PSwel activation 10 Swel

Poiwel —= Swel

Michaelis-Menten

kawee * PSwel * 1.0 f {Jawee + PSwel)

Swee 1M inactivation by Clb to for...

Swe LM -> Powe 1M

Michaelis-Menten

Kiveee * Swelk * Clb [ (Jiwee + SwelM)

PSwe 1M activation to Swe 1k

PSiwelM -> SwelM

Michaelis-Menten

kawee * PSwelM * 1.0 § (Jawee + PSwealM)

Sweel inactivation by BUD to for... [Swel -> SwelM fass Action khsll * BUD * Swel
SwelM activation 10 Swel SwelM -> Swel Mass Action khsl1lr* SuwelM
PSwe 1 inactivation by Bud to for... [PSwel —= PSwe 1M fass Action khsl1l * BUD * PSwee 1
PSwelM activation to PSwel PSwelM -> PSwel Mass Action khsl1lr* Pawe 1M

Mih 1i activation by Clh Mihli -> Mihla Michaelis-Menten kamih * Mih1i * Clb § {Jamih + Mih1i
Mihla inactivation Mihla -= Mihli Michaelis-Menten kimih * Mihla* 1.0 f {Jimih + Mihla)
BE synthesis -> BE fass Action ksbud * Cln

BE degradation BE -=> fass Action kdhbud * BE

Eudding flag -> BUD fass Action 0.0

Anaphase flag - ARA fass Action 0.0

-
-

Figure 6.7: 2"? of 2 screenshots of the reaction network for the morphogenesis checkpoint model in budding
yeast of Figure 6.5 in the JigCell ModelBuilder.
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6.3 Fusion of the Cell Cycle and Morphogenesis Models

An expert modeler used the Fusion Wizard (Section 3.2) to combine the cell cycle model (Section 6.1) and
the morphogenesis model (Section 6.2) to produce the combined model (Figure 6.8). The primary aim was to
replace the simple cell cycle engine in the morphogenesis model with the more complex cell cycle model.
Creating the combined model involved a single round of fusion followed by editing a number of reactions,
rules, and events in the ModelBuilder.

The expert modeler started the Fusion Wizard and went through the initialization process, where the
fused model was given a name (F'used_-Cell_M orpho), the submodels where loaded into the application,
and the environment was specified. The Fusion Wizard detected that the Events did not have any names or
ids associated with them and informed the modeler that automatic names and ids would be assigned. This
occurred as SBML <event> structures contain optional id and name fields. Once the submodels were
selected and the Fusion Wizard was initialized, name resolution for the various SBML components began,
starting with the compartment mapping table (Figures 6.9).

The species mapping table generated for the Fused_Cell_M orpho model was quite large and for the
sake of convenience and readability is broken up into three screenshots (Figure 6.10, A.1, and A.2). Next,
the function, rule, and event mapping tables were generated (Figures 6.11, 6.12, and 6.13). Like the
species mapping table, both the reaction and parameter mapping tables produced were too large to fit on
a single screen shot and had to be broken up into five (Figures 6.14, A.3, A.4, A.5, and A.6) and seven
(Figures 6.15, A.7, A.8, A.9, A.10, A.11, and A.12) screenshots respectively.

After the mapping tables were generated, the newly created fused model was saved and opened in the
JigCell ModelBuilder. New reactions were added (components in red in Figure 6.8) in the ModelBuilder
(Figure 6.16, A.13, A.14, and A.15) and the rules (Figure 6.17) and events (Figure 6.18) were updated
accordingly. These steps produced the Fused_Cell_Morpho model which was then sent to a simulator
(Section 6.6).
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Figure 6.8: Fusion of the morphogenesis checkpoint model (in blue) and cell cycle model (in black) in
budding yeast. Components in red were added after the fusion process was completed. For easier readability,
not all reactions of the fused model are included in this schematic representation. For a full list of reactions
refer to Figure 6.16.
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o0 Maodel Fusion/Composition Wizard

Compartment Mapping Tahle
Fused_Cell_Morpho | CallCyele ] Metpho ‘ Fused_Cell_Morphe Notes ]
1 |cell |cell |cell | |

Description of Attributes;
1. Click on a row number above 10 view the attributes
2. Click on & cell below to scroll through the attribute list

Compartments in grey are
MNOT INCLUDED in the fused
or composed model.

Back ) Mext ) Cancel )

Figure 6.9: Compartment mapping table of the morphogenesis and cell cycle combined model.

e~

Model Fusion/Composition Wizard

Species Mapping Table

Fused_Cell_Morpho CellCyele horpho Fused_Cell_Morpho Motes
1 APC APC |Ei -
Z APCP APCP IEa M
3 Bck2 Bck2
4 bub2 hub?z
5 BUD BUD BE
G 2 2 Tri
7 2P 2P FTrim
g 5 5
] 5P 5P
10 Cdcld Cdcl4g
11 Cdcl4T Cdcl4T -
12 CdclS Cdcls
13 Cdclsi Cdcl5i
14 Cdr20A Cde204A Cdc20a
15 Cdc2ol Cde20l Cdc20i
16 Cdcé Cdce
17 CdcépP CdeéP
18 Cdc&T CdceT
19 Cdhl Cohl Cdhla
20 Cdh1ll Cdh1ll Cdhli
21 CRIT CRIT
22 Clh2 Clh2 Clh
23 Clb2T Clh2T
24 Clbs ClbSs
25 CIasT CIhsT
26 Cln2 Cln2 Cln
27 Clnz Cln3
28 Espl Espl
29 F2 F2 =
an rn T At

Description of Attributes:

Species in grey are NOT

1. Click on a row number abowe to wiew the attributes
2. Click on a cell below to scroll through the attribute list

INCLUDED in the fused
or composed model.

€ Back)  Next ) ( cancel )

Figure 6.10: 15¢ of 3 screenshots of the species mapping table of the morphogenesis and cell cycle combined
model. The rest can be found in Appendix A.
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60

Model Fusion/Compasition Wizard

Function Definition Mapping Takle

Fused_Cell_Maorpho CellCycle J Maorpho Fused_Cell_Morpho Motes
1 BB BB
2 GK, [
3 Michaelis_Menten Michaeliz_Menten Michaelis_Menten
4 Mass_Action_0 Mass_Action_0 Mass_aAction_0
5 Mass_aAction_1 Mass_action_1 Mass_Action_1
E Mass_Action_2 Mass_Action_2 Mass_Action_2

Description of Attributes:

1. Click on a row number abowe 1o view the attributes
2. Click on a cell below to scrall thraugh the attribute list

Function Definitions in grey
are NOT INCLUDED in the
fused or composed model.

(Cpack ) ( newt )

{ cancel )

Figure 6.11: Function mapping table of the morphogenesis and cell cycle combined model.

el e

Model Fusion/Composition Wizard

Fule Mapping Tahle

Fused_Cell_Morpho CellCycle Mot ho Fused_Cell_Morpho Motes
1 Bclk2 Bck2
2 Cin3 Cin3
3 Clb2T Clb2T
4 CIRsT Clb=T
5 CocldT Cdcl4T
[ MNetlT NetlT
7 SiclT SiclT
8 CdceT CdeeT
g CRIT CRIT
10 Wilh2 Wih2
11 Wohs Ydbs
12 Washf Vashf
13 Wisht Wishf
14 SBF SBF
1% Mcml Mcml
16 Wipcl Whkpol
17 Wkpfs Ykpfs
18 “acdh Vacdh
19 Wicdh Wicdh
20 W kpnet Wikpnet
21 Yppnet Vppnet
22 Widpds Wdpds
23 Ndppx Wdppx
24 D [a]
2% T T
26 Weclh
27 Ydsic
28 Ve Y Swye Combined Swel activity
29 ' mih Wik Combined Mihl activity
30 Swwe 1T SwelT

Description of Attributes:

1. Click on a row number abowe to view the attributes
2. Click an a cell below to scroll through the attribute list

Rules in grey are NOT
INCLUDED in the fused
or composed model.

( pack ) ¢ Next)

(" cancel )

Figure 6.12: Rule mapping table of the morphogenesis and cell cycle combined model.
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el e e

Model Fusion/Composition Wizard

Ewvent Mapping Tahle

Fused_Cell_Morpho CellCycle Marpho Fused_Cell_Morpho Nobes
evient_1 event_1
event_2 event_2
event_3 event_3
evient_4 event_4

Bud initiation

Bud initiation

Anaphase initiation

Anaphase initiation

1o wA| | ra| =

Mitaosis

Description of Attributes:

1. Click on a row number abowve 1o wiew the attributes
2. Click an a cell below to scroll through the attribute list

Events in grey are NOT
INCLUDED in the fused
or composed model.

( pack ) § Next)

( cancel )

Figure 6.13: Event mapping table of the morphogenesis and cell cycle combined model.

e e~

Model Fusion/Composition Wizard

Feaction Mapping Tahle

3 »

Fused_Cell_Morpho CellCyele Morpho Fused_Cell_Morpho Motes
1 - mass -= Inass —= Imass
2 == Cln2 == Cln2 == Cln
3 Clnd -= Cln2 -= Cln ->
4 -= Clh2 -= Clb2 -= Clh
5 Clh2 -» Clhz -= Clh -=
[ -= Clhs -= Clhs
7 Clhs -= Clhs -=
g == 5icl == 5icl == 5icl
9 Sicl -= SiclP Sicl -= SiclP
10 SiclP - Sicl SiclP - Sicl
11 SiClP -= SiClP == Sicl ==

12 Clh2 + Sicl -» C2

Clh2d + Sicl -»= C2

Clb + Sicl -= Tri

13 C2 -= Clhb2 + Sicl

C2 -» Clb2 + 5icl

Tri -= Clb + Sicl

14 Clh% + 5icl -» C5

Clbs + Sicl -» C5

15 CE —» Clb5 + Sicl

C5 -» Clh5 + 5icl

16 2 -»= C2P C2 -» C2FP Tri —-= FTrim
17 C2P -» (2 C2P -= (2 PTrim == Tri
18 5 -= C5P 5 -= (5P

19 5P -= C5 5P -= C5

20 C2 == 5icl C2 == 5icl Tri == 5icl

21 C5 -= Sicl 5 -= Sicl

22 C2P -= Clhb2 C2P -= Clb2 PTrim -= PClb
23 C5P -= Clb% 5P -= Clbs

24 C2P -= SiclP C2P -= SiclP PTrim -= Sicl
25 C5P -= SiclP C5P -= SiclP

26 - Cdc == Cdce

27 Cdcé —» CdcgP

Cdee -> CdceP

28 Cde&P - Cdcé

CdéP -= Cdce

29 CdeeP -

CoreP -=

an Clh2 + Cdcé —»= F2

Clh2 + Cdcé -» F2

Description of Attributes:

1. Click on a row number abawe to wiew the attributes
2. Click on a cell below to scroll through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

€ Back) ¢ Next)

( cancel )

Figure 6.14: 15 of 5 screenshots of the reaction mapping table of the morphogenesis and cell cycle combined
model. The rest can be found in Appendix A.
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Model Fusion/Composition Wizard

Parameter Mapping Table

Fused_Cell_Morpho CellCyele Morpho Fused_Call_Morpho Notes

1 ksn2' ksn2' O
2 ksn2" ksn2" T
3 kcin2 kdn2

4 kshs' Ksh3'

5 kshS5" ksh3"

i} ko3cl kd3cl

7 kolibZ kdib3

2 kd3f6 kd3fa

9 kdifs kdifs

10 kashs kasb3

" kasfs kasfs

12 ksh2' ksh2"

13 ksh2" ksh2™"

14 kdib2 kdib2

15 kdif2 kdif2

16 kash2 kasb2

17 kasf2 kasf2?

18 kscl' kscl®

19 kscl" kscl™

20 kppcl kppcl

i ksfE' Ksf6"

22 ksfe" Ksfa"

23 ksfE" ksf6™

24 kppfé kppfa

25 ksswl' Ksswi’

26 ksswi' ksswi

27 k.ol swi kdswi

28 kaswi Kaswi

29 ki swi Kiswi

ki) Jaapc Jaapc

Ell kaapc Kaapc .

Description of Anributes
1. Click on a row number above 10 wiew the anributes
2. Click on a cell kelow to scroll through the atribute list

Figure 6.15: 15 of 7 screenshots of the parameter mapping table of the morphogenesis

Parameters in grey are NOT INCLUDED in the
fused or composed model.

Parameters in blue are USED in the fused composed
model's functions, rules, events of reactions.

| Back ) [ Mext )

| Cancel )

combined model. The rest can be found in Appendix A.

OO0

JigCell ModelBuilder - Morpho/fused/fused_cell_morpho_ordered.sbml

and cell cycle

ModelBuilder File Edit

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Name Reaction Tvpe J Equation Fast Motes
cell growth -> mass Mass Action kg * mass [T |celCyce [a]
ClIn2 synthesis == Cln2 Mass Action (ksn2' + ksn2'" * SBF) * mass i CellCyrle il
CIn2 degradation Clnz -> Mass Action kdn2 * CIn2 i CellCycle
Clb2 synthesis == Clh2 Mass Action (ksh2' + ksh2" * Mcml) * mass i CellCyrle
Clb2 degradation Clb2 -= Mass Action W2 ¥ Clh2 i CellCyrle
Clh5 synthesis -= Clhs Mass Action (ksh5' + ksh3" * SBF) * mass [ CellCytle
ClbS degradation Clhs - Mass Action Wohs ¥ Clhs i CellCycle
Sicl synthesis == Sicl Mass Action kscl' + kscl" ™ Swis i CellCyrle
Sicl phosphordation Sicl -= SiclP Mass Action Wkpel * Sicl i CellCycle
Sicl dephosphondation SiclP -= Sicl Mass Action kppcl * Cdcld * Siclp i CellCycle
Sic1P degradation (fast) SiclP -= Mass Action ko3cl * SiclP i CellCyrle
Assocn of Clb2 and Sicl Clh2 + Sicl -= C2 Mass Action kash2 * Clh2 * Sicl i CellCycle
Dissocn of C2 (Clb2/Sicl) 2 -> Clh2 + Sicl Mass Action kdib2 * C2 i CellCycle
Azzocn of ClbS and Sicl Clb5 + Sicl -= C5 Mass Action kash5 * Clb5 * Sicl i CellCyrle
Dissocn of C5 (CIbS /Sicl) C5 -> Clh5 + Sicl Mass Action kdibs * C5 i CellCycle
C2 phosphordation C2 -= C2P Mass Action Wkpel* C2 i CellCycle
C2P d Aation C2P -= C2 Mass Action kppel * Cocl4 * C2P i CellCyrle
C5 phosphordation C5 -» C5P Mass Action Wkpel > C5 i CellCycle
C5P dephosphondation CSP -= (5 Mass Action kppcl * Cdcld * C5P i CellCycle
Clb2 degradation in €2 C2 -= 5icl Mass Action Wih2 v C2 i CellCyrle
ClbS degradation in C5 C5 -> Sicl Mass Action Violbs * C5 i CellCycle
Sicl degradation in C2P C2P -= Clhb2 Mass Action kd3cl* C2P i CellCycle
Sicl degradtion in C5P C5P -= ClbS Mass Action ko3cl* CS5P i CellCyrle
Clb2 degracation in C2P C2P -» SiclP Mass Action Wiolb2 * C2P i CellCycle
ClbS degradation in CSP e Mass Action wdhs ¥ 5P i CellCycle
Cdcé synthesis -= Cdcé Mass Action ksf6' + ksfG" * SwiS + ksfé"' * SBF i CellCyrle
Cdcé phosphardation Cdcé - CdceP Mass Action Wkpfe * Ccé i CellCycle
Cdcé dephosphondation CdeéP -> Cdcé Mass Action kppf& * Cdeld * CdosP i CellCycle
Cdc&P degradation (fast) oGP - Mass Action ko315 * Cde6P i CellCyrle
Assocn of Clb2 and Cdce Clh2 + Cocé -> F2 Mass Action kasf2 * Clb2 * Cdcé i CellCycle
Dissocn of F2 (Clh2/Cdc) F2 -> Clb2 + Cdcé Mass Action kdif2 * F2 i CellCycle
Azzocn of ClbS and Cdcs Clb5 + Cdcé -= F5 Mass Action kasfs * Clh5 * Cdcé i CellCyrle
Dissocn of F5 {Clh5/Cacs) F5 —»= Clhs + Coce Mass Action kdifs * F5 i CellCycle
F2 phosphordation F2 -= F2P Mass Action Wkpfé * F2 i CellCycle
F2P dephosphondation F2P -= F2 Mass Action kppfé * Cdcl4 * F2P i CellCyrle
FS phosphondation FS = FSF Mass Action Vkpfe * FS i CellCycle
F5P dephosphordation FSP -= F% Mass Action kppf& * Cdcld ¥ FSP i CellCycle C
CIh? Aanradatian in F7 F? . CArR Mazc hrtion e % F2 L. allurla ]

Figure 6.16: 15! of 4 screenshots of the reactions spreadsheet for the Fused_Cell_Morpho model in the
JigCell ModelBuilder. The rest can be found in Appendix A.
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JigCell ModelBuilder - Morpho/fused/fused_cell_morpho_ordered.sbml

ModelBuilder File Edit

| Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Variabke | T Eqquation Mates
Algebraic TemlCDP + Tem1GTP - TO
Algebraic mMihla + Mihli - T1
Algebraic Espl + PE-T2
Algebraic APCP + APC -T2
Algebraic Cdcls + Cdcl5i-T4
Bckz Assignment BO * mass
CInZ Assignment CO*Dn2* mass / (InZ + Dn3 * mass)
Clh2T Assignment Clb2 + C2 + C2P + F2 + F2P + PC2 + PClh2 + PF2
ClhST Assignment Clb% + C5 + C5P + F5 + F5F
Coc 14T Assignment RENTP + RENT + Cdcld
MetlT Assignment Metl + MetlP + RENT + RENTP
SiclT Assignment Sicl + SiclP + C2 + C2P + C5 + (5P + PC2
CdceT Assignment Cdcé + CdceP + F2 + F2P + F5 + FSP + PF2
CKIT Assignment SiclT + CdoeT
Yohb2 Lhssignment kob2' + kdb2" * Cdhl + kdb2p * Cdc20A
Yobs Lhssignment kob%' + kdbE" * Cde2 A
Vashf Assignment kashf * (eshin2 * Cin2 + eshfn2 * {CIn3 + Bck2) + esbfbS * Clh5)
Wishf Lhssignment kishf' + Kish™ * Clb2 + kishi™' * PClb2
SBF Assignment G ashf, visbf, Jashf, Jishf)
Meml Assignment Grdkameom * Clb2, kimem, Jamcm, limem)
YVikpcol Assignment kdlcl + kd2cl * éeclnZ * CIn2 + eclka * Bck2 + ecln2 * CIn2 + eclbS * ClbS + eclbz * Clh2) /...
Wkpfé Lhssignment k16 + kd2f& * (efén3 * CIn3 + efék2 * Bck2 + efén2 * CIn2 + eféb% * Clhs + eféh2 * Clh2) /()
Yacdh Assignment kacdh' + kacdh" * Cdcld
Vicdh Assignment kicdh' + kicdh" * {(ecdhn2 * CInZ + ecdhn2 * CIn2 + ecdhb2 * ClbZ2 + ecdhbs * CIbS)
Yikpnet Assignment (kkpnet' + kkpnet" * CdclS) * mass
Vppnet Assignment kppnet' + kppnet" * PPX
Ydpds Assignment kdlpds' + kd2pds" * Cdo20A + kdZpds"* Cdhl
Ydppx Assignment kdppx' + kdppx" ¥ {20ppx + Cdc20A) * (Jpds f (jpds + Pds1))
8] Assignment 1.026 jkg-22.0
f Assignment expii-kg) *
W S Assignment kswe_p ¥ SwelM + kswe_pp* Swel + kswe_ppp ¥ PSwel Combined Swel activity
Ymih Assignment kmih_p * Mihli + kmih_pp * Mihla Combined Mihl activity
Swe 1T Assignment Swel + Swell + Powel + PSwelMM

Figure 6.17: Rules spreadsheet for the Flused_Cell_M orpho model in the JigCell ModelBuilder.
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JigCell ModelBuilder - Morpho/fused/fused_cell_morpho_ordered.sbml

MaodelBuilder File Edit

| Reactions | Functions | Rules | Compartments | Species | Parameters | Buents | Units | Conservation Relations | Equations |

Marme Trigiget ] Delay ]Time Units] Assignments ] Mobes ]
event_1 Clh2 + Clh5 - kez2 < 0.0 0 time DRI=0.0
event_2 OFRl-1.0= 010 o] time mad2 =madzh;bub2 =hubzh
event_3 SPM - 1.0 = 0.0 0 time madZ=madzl;tel=[telh;hubz =bubz|
event_4 Clh2 - kez < 0.0 0 time ltel=Itell;BUD =0 05PM=0.0;mass=* mass BUDZ =00 AkA=1.0
Bud initiation BUD - 1.0 > 0.0 o] time BUDZ2=1.0
Anaphase initiation (Cdc204 - Thres_ana = 0.0 0 time APNA=00

Figure 6.18: Events spreadsheet for the F'used_Cell_M orpho model in the JigCell ModelBuilder.
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6.4 Composition of the Cell Cycle and Morphogenesis Models

An expert modeler used the Composition Wizard (Section 4.3) to combine the cell cycle model (Section 6.1)
and the morphogenesis model (Section 6.2) to produce a composed model called Composed_Cell_M orpho.
Construction of the Composed_C'ell_M orpho model involved multiple rounds of composition and construc-

tion and are detailed below:

1. The cell cycle model and the morphogenesis model were composed together using the Composition
Wizard to produce an intermediate Composed_Cell_M orpho model.

2. The intermediate Composed_C'ell_M orpho model was then edited in the ModelBuilder to add addi-
tional reactions, and update certain rules and events.

3. The intermediate Composed_Cell_M orpho was loaded into the Composition Wizard to produce the
final Composed_Cell_M orpho model.

This multi-step process was necessary as a number of new reactions were added to the intermediate
Composed_Cell_M orpho model (components in red in Figure 6.8). This resulted in having to run through
the composition wizard again to create links between the newly added components and the existing ones.

As in fusion, the expert modeler started the Fusion/Composition Wizard, named the composed model
Composed_Cell_M orpho, and selected to use the Composition Wizard. The submodels were then loaded
into the application and the environment was specified. As in Section 6.3, the Composition Wizard detected
events without ids or names within the submodels and resolved this automatically.

The initial compartment, function, unit, and parameter composition mapping tables generated by the
Composition Wizard were not modified at all by the expert modeler during the two rounds of composition
and therefore screenshots for them are not included (as they are essentially the same as their equivalent fusion
mapping tables in the previous section). The initial species mapping table created during the first round of
composition was large and was broken up into three screenshots (Figures 6.19, A.18, and A.19). The event
and rule mapping tables were updated by the modeler during the first round of composition and remained
unchanged thereafter (Figures 6.20 and 6.21 respectively). The initial reaction mapping table generated after
the first round of composition was too large to fit on a single screenshot and had to be broken up into five
screenshots (Figures 6.22, A.20, A.21, A.22, and A.23).

After the first round of composition was completed, the newly created composed model was saved and
opened in the JigCell ModelBuilder. New reactions were added (components in red in Figure 6.8), and the
rules and events were updated accordingly. The assignments of some rules and the event assignments of some
events were modified to include the effects of both the cell cycle and morphogenesis models. The expert
modeler then went through a second round of composition by opening the Composed_C'ell_M orpho model
in the Composition Wizard using the “Open Composed Model” button (Section 4.3.1). This second round
of composition produced the final species and reaction composition mapping tables (Figures 6.23, A.24,
and A.25 and Figures 6.24, A.26, A.27, A.28, and A.29 respectively). Collectively these steps produced the
final Composed_Cell_M orpho model which was flattened for simulation (Section 6.6).
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000

Model Fusion/Composition Wizard

Species Mapping Table

Composed_Cell_Morpho

[Composed_Cell_Morpho CeliCycld Composed_Cell_MorphoMorpho | Composed_Cell_Morpho Notes

|&

1 APC APC IEi
2 APCP APCP IEa
3 Bck2
4 bub2
5 BUD BUD BE
6 c2 C2 Tri
7 C2P
8 C5
9 C5P
10 Cdcl4
" Cdcl4T
12 CdclS
13 Cdcl5i
14 Cdc20A Cdc20A Cdc20a
15 Cdcz20l Cdc20l Cdc20i
16 Cdcé Cdcé
17 Cdc6P
18 Cdc6T
19 Cdhl Cdhl Cdhla
20 Cohll Cdhll Cdhli
21 CKIT
22 Clb2 Clb2 Clb
23 Clb2T
24 ClbS
25 Clb5T
26 Cin2 Cln2 Cln
27 CIn3
28 Espl
29 F2 F2
an rfan

Description of Attributes:

1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

hd
Species in grey are NOT
INCLUDED in the fused
or composed model.

(Back ) Cne )  (cancer )

Figure 6.19: 15 of 3 screenshots of the initial species composition mapping table of the morphogenesis and
cell cycle combined model. The rest can be found in Appendix A.

‘000

Model Fusion/Composition Wizard

Ewvent Mapping Table

Composed_Cell_Motpho

Composed_Cell_Motpho. CellCye Ie] Composed_Cell_Motpho Motpho

Composed_Cell_Motpho Notes

1 event_1

2 event_2

3 Event_3

4 event_4

B Bud initiation

G Anaphase initiation
7 [DELETE FROM SUBMODEL] Mitasis

Description of Attributes:

1. Click on a row number above to wiew the attributes
2. Click on a cell below to scroll through the attribute list

[1d]:

Events in grey are NOT
INCLUDED in the fused
or composed model.

[ Trigger] {Clb_1-Thres_mitosis_13<0.0

[Delawy] O
[TimeUnits] time
s5_2=(0. B*maszs_2) BUD_2=0. 0:ANA 1=1.0;

[Mates]

( Back ) ( Mext ) ( Cancel )

Figure 6.20: Screenshot of the event composition mapping table of the morphogenesis and cell cycle combined

model.
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000

Model Fusion/Composition Wizard

Rule Mapping Table

Composed_Cell_Morpho

|Composed_Cell_Morpho CellCycle] Composed_Cell_Morpho Morpho | Composed_Cell_Morpho Notes

1 Bck2

2 Cln3

3 Clo2T

4 CIbST

° Cdcl14T

6 NetlT

7 SiclT

8 CdcéT

9 CKIT

10 Vb2 Yob2 wdclb
1 Ylks

12 Washf

13 Visbf

14 SBF

15 Mcml

16 Wkpcl

17 YKpfe

18 Vacdh

19 Yicdh

20 Wkpnet

21 Wppnet

22 Vdpds

23 Ydppx

24 D

25 f

26 [DELETE FROM SUBMODEL] Wdsic
27 W swe
28 Wmih
29 Swell

Description of Aftributes:

1. Click on a row number above to wview the attributes
2. Click on a cell below to scroll through the attribute list

Rules in grey are NOT
INCLUDED in the fused
or composed model.

(Back ) (vt ) (cancel )

Figure 6.21: Screenshot of the rule composition mapping table of the morphogenesis and cell cycle combined

model.

000 Model Fusion/Composition Wizard
Reaction Mapping Table
Composed_Cell_Morpho \Composed_cell_Morpho,CallOy.J Compo@ed_Oell_Morpho.Morpho\ Composed_Cell_Morpho Notes
1 —> mass -> mass -> mass [
2 —> Cin2 —> CIn2 —> CIn il
4 Cin2 -> CIn2 -= Cin ->
4 => Clh2 => Clb2 -> Clb
5 Clh2 -> Clh2 -> Clb ->
6 -> Clb5
7 Clb5 -=
8 -> Sicl -> Sicl -> Sicl
9 Sicl -> SiclP
10 Sic1P -> Sicl
11 SiclP ->
12 Clb2 + Sicl -» C2 Clb2 + Sicl -» C2 Clb + Sicl -> Tri

13 C2 -> Clb2 + Sicl

C2 -> Clb2 + Sicl

Tri > Clb + Sicl

14 ClbS + Sicl -> C5
15 C5 -> Clb5 + Sicl
16 C2 -> C2P
17 IC2P -> C2
18 C5 -> C5P
19 CSP -> C5
20 C2 -» Sicl C2 -> Sicl Tri —> Sicl
21 C5 -= Sicl
22 C2P -> Clb2 C2P > Clb2 Tri -> Clb
23 CSP -> ClhS
24 C2P -> Sic1P
25 C5P -> SiclP
26 -> Cdc6
27 Cdcé -> CdcéP
28 Cdc6P -> Cdcé
29 Cdc6P >
T S

L
v

an
Description of Attributes:

1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

( Back ) ( Next ) ( Cancel )

Figure 6.22: 1% of 5 screenshots of the initial reaction composition mapping table of the morphogenesis and
cell cycle combined model. The rest can be found in Appendix A.
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Species Mapping Takle

Composed_Cell_Morpho

Composed_Cell_Morpho.CellCycle, Composed_Cell_Morpho Morpho ] Compesed_Cell_Morpho Motes

1 APC APC IEi B
H AFCF AFCF IEa il
3 EUD BUD BE

4 c2 cz Tri

5 CdcZ0A CocZ0A Coc20a
§ Cdc20l Cdc20l Cdr20i
7 Cdeg Cdcé

E] Cahl Calhl Cohla
] Cdhll Cohll Cdhli
10 Clbz Clhz Clo

11 Cin2 CIn2 Cin

12 F2 F2

13 mass mass mass
14 Mernl Mcrnl MCMa
15 SBF SBF SBFa

16 Sicl Sicl Sicl

17 Vb2 Vb2 il
18 BUDZ BUD

19 Swis SwiS

20 CzP c2p

21 mad2 mad2

22 Cin3 CIn3

23 Clbs Clhs

24 PF2

25 PClh2

26 Vacdh Vacdh

27 Vicdh Vicdh

28 Bek2

23 bubz

30 s

3 CSP

32 Cdcl4

33 Cdc14T

34 Cdcls =

£
Description of Anributes

1. Click on a row number above 10 wiew the anributes
2. Click on a cell kelow to scroll through the atribute list

Figure 6.23: 15¢ of 3 screenshots of the final species composition mapping table of the morphogenesis and

cell cycle combined model. The rest can be found in Appendix A.
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Composed_Cell_Morpho.CeliCycle Compesed_Csll_MorphoMempho | Composed_Csl|_Morpho Motes

1 -> mass -> mass -> mass -
z -= cinz > Cin2 -> (i 1i
3 Cin2 -= Clnz -= Clh -

4 -» Clb2 -= (b2 -> Clh

5 Clb2 = Clh2 -= Clh ->

[ - 5icl -= Sicl -2 5icl

7 Clb2 + Sicl -» C2 Clb2 + Sicl -= C2 Clb + 5icl -» Tri 1
8 C2 -> Clh2 + 5icl C2 -» ClhZ + 5icl Tri -= Clb + 5icl

El C2 - 5icl C2 -» 3icl Tri-> Sicl

10 C2P -= Clb2 C2P -> Clb2 Tri-= Clh

11 APC -= APCP APC -> APCP IEi - |Ea

12 APCP —= APC BAPCP -= APC IEa - IEi

13 -> Cdc20l -» Cdc20l -» Cdc20i

14 Cde2ol -= Coc20l - Cdc20i ->

15 Cdc20A -> Coc2 04, - Cdc20a ->

16 Cde20l -»= Cdc2 04 Cdc20l -> Cdc2 04 Cdc20i -» Cdc20a

17 Cdc204A -> Cdc20l Coc204 - Cdc20l Cdcz20a -> Cdc20i

18 Cdhll -» Cdhl Cohll -= Cahl Cdhli -= Cdhla

19 Cdhl -> Cdhll Cdhl —> Cdhill Cdhla -> Cdhli

20 -= BUD -= BUD -> BE

21 -= BUDZ -» BUD

22 F2 -»= PF2

23 PF2 -»= F2

24 PFZ -» PClh2

25 PF2 -> Cdcé

26 PClh2 + Cdc6 -> PF2

27 PFZ - PClbZ + Cdce

28 -= Clbs

29 Clh5 - -

Reactions in grey are

£
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Figure 6.24: 15t of 5 screenshots of the final reaction composition mapping table of the morphogenesis and
cell cycle combined model. The rest can be found in Appendix A.
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6.5 Aggregation of the Cell Cycle and Morphogenesis Models

The expert modeler first customized the morphogenesis and cell cycle models before beginning aggregation.
First, redundancies were removed from the two models, this step essentially involved removing the reactions
for the simpler cell cycle component of the morphogenesis model, and updating rules and events. Then
the new reactions (in red in Figure 6.8) were added to the morphogenesis model. The screen shots for the
ModelBuilder reactions, rules, and events spreadsheets for the cell cycle module (Figures 6.25, A.16, A.17,
6.26, and 6.27) and morphogenesis module (Figures 6.28, 6.29, and 6.30) are provided for reference. Finally,
the two models were converted into modules ready for aggregation by specifying their ports. After these steps
were performed, the modeler loaded the modules into the Aggregation Connector to create the aggregated
model (called Aggregated_Cell_M orpho) by connecting the corresponding ports in each module to each
other (Figure 6.31). It should be noted that usually species linked together via linked ports play roles in
reactions across submodels (either as reactants, products or modifiers), however four particular species are
linked in the Aggregated_C'ell_M orpho model that play roles in events (BU D2) and rules (PF2, PC?2, and
PCIb2) in the Aggregated_Cell_Morpho model. These steps produced the Aggregated_Cell_M orpho
model which was then flattened for simulation (Section 6.6).

S e~

JigCell ModelBuilder - Morpho/aggregation/CellCycleModule.sbml

MadelBuilder File Edit

Reactions | Functions | Rules | Companments | Species | Parameters | Events | Units | Conservation Relations | Equations

Marme Reaction Type Equation Fast| Motes
cell grovwth —> rass Mass Artion kg * mass | -
Clnz syrthesis - CInz Mass Action (ksn2' + ksn2" * SBF1 * mass | T
CInz degradation ClnZ -= Mass Action kcnz * Cin2 |
Clo2 synthesis —> Clh2 Mass Artion (ksh2' + ksh2"* Mcml) * mass |
Clb2 degradation ClhZ -» Mass Action Web2 * Clhz2 ||
CIhS synthesis -> Clb5 Mass Action (kshS' + ksh5" * SBF1 * mass | s
CIbS degradation Clh5 > Mass Action Vb5 * Clbs =
Sicl synthesis -5 Sicl Mass Action kscl' + kscl" * Swis |
Sic 1 phospharyation Sicl - SiclP Mass Action Vkpcl * Sicl s
Sicl dephosphordation SiclP —» Sicl Mass Action kppcl * Cdcl4 * SiclpP |
SicLP degradation (fasm SiclP —» Mass Action kidzcl * SiclP =
Assocn of Clb2 and Sicl Clh2 + 5icl -= C2 Mass Actian kashz * Clh2 * Sicl ]

Dissoch of C2 (Clb2 fSicl) C2 -= Clh2 + Sicl Mass Action kdib2 * C2 =
Assoch of CIbS and Sicl Clhs + &icl -= C5 Mass Action kashs * Clhs * Sicl |
Dissocn of C5 (Clb5 f5icl) C5 -» Clb5 + Sicl Mass Action kdik5 * 5 | -
C2 phosphardation C2 -» C2P Mass Artion Vkpol * C2 |
C2P dephosphordation C2P -= (2 Mass Action kppcl * Cocl4 * C2P =
C5 phasphoryation C5 -» (5P Mass Action Vkpcl * €5 =~
C5P dephosphordation C5P -= 5 Mass Action kppcl * Cdcl4 * C5P =
Clb2 degradation in C2 €2 -> sicl Mass Action Wbz * 2 ™
CIbS degradation in C5 5 -> 5icl Mass Action Vb5 ¥ C5 s
Sicl degradation in C2P C2P -= Clh2 Mass Action kd3cl * C2P |
Sicl degradtion in C5P C5P -= Clhs Mass Action kd3icl > C5P &)
Clh2 degradation in C2P 2P -= SiclP Mass Action Welb2 v C2P | =]
ClbS degradation in C5P C5P -= SiclP Mass Action YdbSs * CSP =
Cdcé synthesis -> Cdcg Mass Action ks 4+ Kef&" * SwiS + ksf&"' * SEF |
Cdc6 phosphandation Cdc6 -> CdebP Mass Action Vkpf6 * Cdcé s
Cdcé dephosphordation CdceP -= Cdeé Mass Action kppfé * Cdcld * CdogP |
CodcEP degradation {fast) CoceP -= Mass Action kd3f6 * CdcEP &)
Assacn of Clb2 and Cdcg Clh2 + Cdié -»= F2 Mass Actian kasf2 * Clh2 * Cdcg ]
Dissoch of F2 {Clh2/Cdcg) F2 -= Clb2 + Cdié Mass Action kdif2 * F2 =
Assoch of CIbS and Cdcé Clhs + Cdié - F5 Mass Action kasfs * Clhs * Cdcg |
Dissocn of FS {(CIh5/Cdcg) F5 -= ClIbS + Cdcé Mass Action kdifs * F5 |
F2 phosphordation F2 - F2P Mass Artion VKpfé ¥ F2 |
F2P dephosphondation FZP -= F2 Mass Action kppf6 * Cdcld * F2FP =
F5 phosphoryation F5 -» F5P Mass Action VKpf6 * F5 =~
F5P dephosphondation FSP -> FS Mass Action kppfé * Cdold * FSP = -
r1h? Aanradatinn in F2 F7 _~ rArR Macc Artinn AR % F2 | o

Figure 6.25: 15! of 3 screenshots of the reactions spreadsheet for the cell cycle module in the JigCell

ModelBuilder. The rest can be found in Appendix A
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asn

JigCell ModelBuilder - Morpho/aggregation/CellCycleModule.sbml

ModelBuilder File Edit

| Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Consenvation Relations | Equations |

Yariable ] Type ] Equation Notes
Algebraic Espl + PE-T4
Algebraic APCP + APC - TS
Algebraic Cdcls + Cdcl5i-Te
Algebraic Tem1GCDFP + Tem1GTP - T7
Brk2 Assignrment BO * mass
Cinz Assignment  [CO* Dnz * mass [ (n3 + Dn3 * mass)
CIh2T Assignment Clb2 + C2 + C2P + F2 + F2P + PCZ + PCIbZ + PF2
CInST Assignrment ClbS + 5 + C5P + F5 + FSP
Cdcl4T Assignment FEMTP + EEMT + Cdcl4
MetlT Assignment Metl + MetlP + RENT + RENTP
SiclT Assignrment Sicl + SiclP + C2 + C2P + C5 + C5P + PC2
CdceT Assignment Cdcé + Cde&P + F2 + F2P + F% 4+ F5P + PF2
CKIT Assignment SiclT + CdceT
Y2 Assignment kob2' + kdb2" * Cahl + kdb2p * Cdc20A
Yolbs Assignment kobs' + kdb5" ¥ Cdo20A
Washf Assignment kasbf * (esbin2 * CIn2 + esbfn3 * (CIn3 + Bck2) + esbfb5 * Clb5)
Wiskf Assignment kishf' + kishf" * ClbZ + kishf™ * PClb2
SBF Assignrnent  |GR(Vashf, ¥ishf, Jashf, Jishf]
ecml Assignment GCK{kamcm * Clb2, kimcm, Jamem, [imcm)
Ykpol Assignment kolcl + kd2cl * {ecln3 * CIn3 + eclk2 * Bck2 + ecln2 * CIn2 + eclkbS * ClbS + eclb2 * Clb2) / {d2cl + SiclT)
Whpre Assignment ko1& 4+ kd2f6 ™ (efén3 * CIn2 + efekd ™ Brkd + efén2 * Cin2 + efébs * Clbs + eféb2 ¥ Clb2) [ (Jd2fe + CdceT)
Wacdh Assignment kacdh' + kacdh" * Cdcl4
Yicdh Assignrment kicdh' + kicdh" * {ecdhn2 * CIn3 + ecdhn2 * CIn2 + ecdhb2 * Clb2 + ecdhbs * ClhS)
Ykpnet Assignment (kkpnet' + kikpnet" * Cdcls) * mass
Wppnet Assignment kppnet' + kppnet" * PPX
Yopds Assignrment kdlpds' + kd2pds" * Cde20A + kd32pds" * Cdhl
Ydppx Assignment kdppy' + kdppx" ™ (J20ppx 4+ Cdc204) ™ (pds [ (Jpds + Pds1))
D Assignment 1.026 [ kg -32.0
f Assignrment expi-kgl* D
Figure 6.26: Rules spreadsheet for the cell cycle module in the JigCell ModelBuilder.
eae0 JigCell ModelBuilder - Morpho/aggregation/CellCycleModule.sbml
MocelBuilder File Edit
| Reactions | Functions | Rules | Compartments | Spacies | Parameters | Events | Units | Conservation Relations | Equations |
MNams | Trigger | Delay | Time Units | Assighments | Motes |
event_1 Clh2 + ClhS - kez2 < 0.0 |0 tirme QORI=0.0
Bvant_2 ORI - 1.0 > 0.0 0 tirme mad2 =mad2h;bub2=hbukbzh
event_32 SPR - 1.0 = 0.0 0 time madz =madz|;ltel=ltelhhubz =bub2|
event_4 Clh2 - kez < 0.0 0 tirme ltel=Iltell;BUD=0 05PN =00 mass=f * mass;BUDZ2 =0 0 ANA=1 0

Figure 6.27: Events spreadsheet for the cell cycle module in the JigCell ModelBuilder.
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o660 JigCell ModelBuilder - Morpho/aggregation/MorphoPlusModule.sbml

ModelBuilder File Edit

Feactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Marne | Reaction | Tupe | Eqquation | :E;IEJ Mates
Clb2 inactivation by Swel Clb2 -» PClb2 Mass Action Vowe ¥ Clb2 Connector
Clb2 activation by Mihl PCIDZ -z Clb2 Mass Action WVmih * PCIb2 "T|Connector
PCIhZ degradation PCIRZ -= Mass Action Vdba * PClh2 " T|Connector
Assocn of PCIB2 and Sicl PClb2 + Sicl -»= PC2 Mass Action kash2 * PClb2 * 5icl [ T|connector
Dissocn of PC2 (PCID2 f5icl) PCZ2 -> PClb2 + Sicl Mass Action lkdibz * PC2 " T|Connector
Degradation of 5icl in PC2 PC2 -» PClb2 Mass Action kd3cl * PC2 "T|Connector
C2 p'lation by Swel to PC2 C2 -» PC2 Mass Action Vewe * C2 " T|Connector
PCZ dep'lation by Mihl to C2 PC2 -» C2 Mass Action Vmih * PC2 "T|Connector
Degradation of PCID2 in PC2 PC2 -» Sicl Mass Action Vdb2 v PC2 " T|Connector
Association of PCID2 and Cdcé PClb2 + Cdcé -» PF2 Mass Action kasf2 * PClb2 * Cdcé [ T|connector
Dissociation of PF2 (PCIb2/Cdcé) |PF2 -= PClbZ + Cdcé Mass Action ldif2 * PF2 " T|Connector
F2 p'lation by Swel F2 - PF2 Mass Action Vewe * F2 "T|Connector
PF2 dep'lation by Mihl PF2 -=> F2 Mass Action WVmih * PF2 " T|Connector
PCIbZ degradation in PF2 PF2 -=> Cdc& Mass Action Vdb2 * PF2 "T|Connector
Cdcé degradation in PF2 PF2 -= PClh2 Mass Action kdzZ76 * PF2 " T|Connector
Swel synthesis by SBF - Swel Mass Action ksswe' + ksswe" * SBF U] [SwelBox
Swel degradation Swel - Mass Action kdswe' * Swel U] [swe1B0x
P5wel degradation Powel -> Mass Action lkdswe' * Powel U] [SwelBox
SwelM degradation Swelh -= Mass Action kdswe' * SwealM U] [swe1B0x
P5welM degradation by SCF PowelM = Mass Action lkdswe" ¥ PSywe 1M U] [SwelBox
Swel inactivation by Clb2 1o fo... |[Swel -> Piwel Michaelis-Menten kiswe * Swel * Clb2 [ (Jiswe + Swel) U] [swe1B0x
P5wel activation to Swel PSwel -> Sweal Michaelis-Menten kaswe * PSwel * 1.0 f (Jaswe + Powel) U] [SwelBox
Swelh inactivation by Clb to for. . |[SwelM -> PSwelhM Michaelis-Menten kiswe * SwelM * Clb2 [ (iswe + Swell) U] [swe1B0x
P5welM activation to Swelh PEwelM -= Swell Michaelis-Menten kaswe * PowelM * 1.0 f {Jaswe + PSwelh) U] [SwelBox
Swel inactivation by BUD to for... |Swel -> Swelh Mass Action khsll * BUD2 * Swel U] [swe1B0x
Swell activation to Swel SwelM -» Swel Mass Action khsl1r * SwelM [ | lswelBox
P5wel inactivation by Bud to for... |[PSwel -> PSwelM Mass Action khsll * BUD2 * PSwel U] [swe1B0x
Pawe 1M activation to PSwel Pawe 1M - Powel Mass Action khsl1r * PEwe 1M [ | lswelBox
Mihli activation by Clho Mihli ->= Mihla Michaelis-Menten kamih * Mihli * Clb2 f (Jamih + Mihli) U] [swe1B0x
Mihla inactivation Mihla ->= Mihli Michaelis-Menten kimih * Mihla™ 1.0/ {limih + Mihla) U] [SwelBox
Anaphase flag —= ARLA Mass Action 0.0 U] [swe1B0x
Budlding flag -» BUD2 Mass Action 0.0 [ [SwelBox

Figure 6.28: Reactions spreadsheet for the morphogenesis module in the JigCell ModelBuilder.

o600 JigCell ModelBuilder - Morpho/aggregation/MorphoPlusModule.sbml

ModelBuilder File Edit

| Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Yariable J Type I Equation I Mokes
Algehraic Mihla + Mihli - TO
W owe Assignment kswe_p * SwelM + kewe_pp * Swel + kewe_ppp * Pawel Combined Swel activity
“Wrmih Assignment kmih_p * Mihli + kmih_pp * Mihla Combined Mihl activity
ST Assignment Swel + Swelb + PSwel + PSwe 1

Figure 6.29: Rules spreadsheet for the morphogenesis module in the JigCell ModelBuilder.

asan JigCell ModelBuilder - Morpho/aggregation/MorphoPlusModule.sbml

ModelBuilder File Edit

| Reactions | Functions | Rules | Compartments | Species | Parameters | Bvents | Units | Conservation Relations | Equations |

MNarme J Trigger ] Delay I Time Units ] Assignments I Neotes
Bud initiation BUD - 1.0 = 0.0 [0 [time [BUDZ=1.0 |
Anaphase initiation [Cdc20A - Thres_ana = 0.0 [0 time |AMA=0.0 |

Figure 6.30: Events spreadsheet for the morphogenesis module in the JigCell ModelBuilder.

95



oy Sy

JigCell Aggregation Connector

(¢ Open Module(s) )'/ Create Mew Module )f Sawe Module )'/ Save Layout )f Flatten Module )
Y
e o XEm KE s -
SBF
— PF2
CellCytle LSBE
— Sicl _________ﬂ Morphogenesis
Sicd
"
-
-
Module: CellCycle File Edit &
Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |
Mame Reaction Type Equation Fast)  Motes
cell growth -> mass Mass Action (kg * mass) ] -
CIn2 syhthesis —» Cin2 Mass Action (ksn2' + Ksnz" * SBF) * mass ™~ 1l
CIn2 degradation CInz -» Mass Action (kdn2*CIn2) =
Clb2 symhesis - Clh2 Mass Action (ksh2' + ksh2" * Mcml) * mass ™
Clb2 cegradation Clh2 —» Mass Action (vdh2*Clh2) ]
Clb5 swnthesis - ClhS Mass Action (ksb5' + ksh5" * SBF1 * mass ™~
CIbS degradation Clhs -> Mass Action (wdb5*Clh5) |
Sicl synthesis —> Sicl Mass Action (ksCl' + KsCl'" * Swis) ™~
Sic1 phosphordation 5icl - SiclP Mass Action (¥kpc 1*5ic 1) = ‘ p

Figure 6.3 1 Screenshot of the Aggregated_Cell_Morpho in"the JigCell Aggregation Connector.
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6.6 Summary

Sections 6.3, 6.4, and 6.5 produced the F'used_C'ell_M orpho, Composed_Cell_M orpho, and Aggregated-
_Cell_Morpho models, respectively. In order to judge whether the three model construction processes
produced valid models, the modeler needed to verify, through simulation, that their dynamic properties
represented the observed behavior of growing-dividing yeast cells in expected ways. This was accomplished
by comparing the simulation results of the combined model to the results for the individual models published
in [12] and [11]. The combined model was able to explain behavior that the two individual models could
not explain by themselves. Since our current simulators require standard SBML (Level 2) input, the
Composed_Cell_M orpho, and the Aggregated_Cell_M orpho models needed to be flattened before they
could be simulated. The JigCell flattening algorithm was used to automate this process and produced two

single flat models that were then sent to a simulator.

6.6.1 Verification

Modeling and Simulation (M&S) Verification and Validation (V&V) typically focuses on the assessment
of M&S transformational accuracy (verification) and representational/behavioral accuracy (validation) [5].
In this section we focus on transformational accuracy (verification) to verify the accuracy of our models,
their simulation results, and the modeling processes used. In aggregation, no verification is performed as the
modeler defines what to connect and how to connect. However, model testing activities are performed during
aggregation to ensure a consistent model is produced. It should be noted that in this context consistent does
not refer to biological consistency but rather whether the model follows the aggregation schema (e.g. input
ports only containing a single linkage).

Model verification techniques can be applied to the fused and composed models. In this case the fused
model is compared with the flattened version of the composed model, as the two processes are meant to
give the same model. The two versions (fused and flattened composed model) will generate the same SBML
Level2 model which can be verified manually or by checking the rate laws generated. Once again, both
versions of the model will produce the same rate laws as the same information and transformations were
provided by the modeler to produce the two models. Simulating the two models produces graphs which can

be compared by graphical comparison (a V&V technique) by:

1. checking reflection points of the graphs
2. checking the skewness of the plots
3. superimposing the graphs

Yet another way to confirm that the results are not only are similar but match exactly is to generate a time
series data from the simulation. Using time series data the modeler can quickly and definitively state whether

the two simulation plots are identical.
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6.6.2 Results

The two processes (fusion and composition plus flattening) are intended to produce identical results. The
third process (aggregation plus flattening) is also intended to produce identical results depending on how
the aggregated model is created and connected. Using time series data and the simulation output of the
Fused_Cell_M orpho model, the flattened version of the Composed_C'ell_M orpho model, and the flattened
version of the Aggregated_C'ell_M orpho model, the modeler was able to accurately state that the simulation
results of all three models exactly match with each other (Figures 6.32 and 6.33). In addition, the simulation
output produced also closely matched the simulation output from Chen’s (Figure 2 in [11]) and Ciliberto’s
model (Figure 3 in [12]) as expected, demonstrating that the results from the combined models are superior

to the individual models.
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Figure 6.32: Simulation of the combined model using PET which closely matches Figure 2 in [11]. All three
versions (the Fused_Cell_M orpho model, the flattened version of the Composed_Cell_M orpho model,
and the flattened version of the Aggregated_Cell_M orpho model) generated the same graphs. This was
verified by confirming that the time series simulation output of the three models was identical.
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Figure 6.33: Further simulation of the combined model using PET which closely matches Figure 3 in [12].
All three versions (the Flused_Cell_M orpho model, the flattened version of the Composed_Cell_M orpho
model, and the flattened version of the Aggregated_Cell_M orpho model) generated the same graphs. This
was verified by confirming that the time series simulation output of the three models was identical.

Our experiences lead us to believe that aggregation is a faster and easier way to create models than either
fusion or composition. In fusion and composition, a lot of time and effort is used in identifying and dealing
with redundancies across the (sub)models. In aggregation there are no such redundancies across submodels
(or modules) as all submodels are customized before they are connected together. While it might take longer
initially to create models for aggregation, once done, it is relatively straightforward to connect them together
through their ports to create larger models. The expert modeler noted that composition was the slowest of
the three options to create models. In fusion, only relevant and important information is added to the final
model. By this we mean that only components that will be present in the fused model are handled by the
modeler and explicitly added in the tool. In contrast, composition requires a modeler to document not just
components that should be included in the composed model, but also components that should be excluded
from the composed model. The slow down comes from the fact that composition strives to create a more
complete record of model development by documenting the inclusion/exclusion of components within the

composition hierarchy.
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Chapter 7

Conclusions And Future Work

The computational software that this dissertation presents solves an open problem in model composition
using pathway modeling. Model composition (and aggregation) was a particular bottleneck in the model
development process and models were thus limited in their size and scope. Alleviation of the model
composition (and aggregation) bottleneck should lead to the construction of larger and more complex pathway
models than previously possible and a deeper understanding of biological systems under investigation.

This dissertation describes the construction of large models of biochemical reaction networks through
hierarchical composition. Using previously existing modeling tools, a skilled modeler could create accurate
mathematical models of biological systems with moderate complexity and gain an understanding of dynamical
processes. However, this method for building complex models is already reaching its limits of practicality.
The ability to construct large biological models provides the potential for better insights into the physiological
properties of cells, if only we can handle the complexity involved. The level of complexity is difficult to deal
with as the number of models and their sizes increase.

Further progress in biological modeling requires the use of better tools and modeling processes, as
existing modeling processes and tools do not scale to models of this size. Investigations of complex
eukaryotic organisms requires models at least an order of magnitude larger than the current state of the art.
This dissertation describes how to fuse, compose, and aggregate collections of models to create models of
greater complexity than previously possible.

The remainder of this section summarizes our major contributions and conclusions. Section 7.1 summa-
rizes the contributions of this dissertation both in terms of the modeling community, the modeling process,

and the SBML language. Section 7.2 examines future avenues of research.
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7.1 Contributions

This research provides the following contributions to the modeling process for regulatory networks and the

SBML modeling community.

Extends the ability of modelers to construct larger models

Chapters 3, 4, and 5 described three distinct modeling processes to extend the ability of modelers to
decompose models and use the resulting components to construct larger models. Chapter 6 provided a
practical demonstration that these novel modeling processes can help biological modelers build models. The
example we provided in Chapter 6 is already more sophisticated than previous examples of composed or
aggregated models, and the resulting model is clearly larger than any hand-constructed pathway model. The
results of this case study demonstrate that these approaches are applicable to real models, reduce development
time for models at the limit to the state of the art in biology, and work for large-scale models with complex

outputs.

Provides modeling software that can handle and combine large-scale biological models

We have developed working implementations that demonstrate the feasibility of fusion, composition, and
aggregation. Sections 3.2, 4.3, 4.6.1, and 5.3 described the additions to the JigCell modeling environment
for building models of reaction networks. The biological modeling community needed tools for efficiently,
reliably, and repeatably building (and combining) large models of biochemical reaction networks. The new
JigCell applications support combining larger models than comparable modeling tools, making these JigCell

applications especially suitable for particular modeling efforts.

Maintains information about inter-relations between models

The SBML language features described in Sections 4.1 and 5.1 indirectly maintain a record of how models
are assembled. This record explicitly documents overlaps and redundancies which are stored implicitly in
the additional language features (or “glue”) of the composed or aggregated forms of a model. The overall
structure of a composed or aggregated model provide the following information and features not present in

flattened versions of the same model:

1. How the composed or aggregated model is constructed from smaller components.
2. The ability to deconstruct a composed or aggregated model into its distinct subparts.
3. The amount of overlap between components.

Provides an ability to reuse existing models

The arrangement of composed and aggregated models naturally favors model reuse. Models, submodels, and

modules can all be reused either within the current composed or aggregated model they reside in or within
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other models in different SBML files. This is possible due to the use of the <instance> structures which

enable modelers to use the same model more than once in a composed or aggregated model.

Provides backwards compatibility to use existing tools with composed or aggregated models

Complex models can be created, stored, updated and maintained in their composed or aggregated forms.
Modelers can make use of a wide variety of existing tools for analysis, simulation, etc by flattening their
composed or aggregated models into their respective flattened forms. The backwards compatibility ensures
that composed and aggregated models can be developed in conjunction with older tools that provide little or

no support for these types of models.

Worked with SBML community to develop model composition (and aggregation) that ensures this is
a practical solution

This dissertation has provided a real solution to model composition in regulatory network modeling. The
SBML language features described in Sections 4.1 and 5.1 provide an implementation-independent framework
for managing the complexity when building models. We have interacted with the SBML community to
standardize our extensions. We are working with the SBML editors (in particular, Stephan Hoops) to document
our solutions and approaches into the SBML Level3 proposal for Hierarchical Modeling (Appendix B), using
our experiences and processes with respect to model composition and aggregation.

7.1.1 Work Completed

1. Fusion

(a) Implemented in the Fusion Wizard

(b) Distributed as part of the JigCell package.
2. Composition

(a) Implemented and combined with the Fusion Wizard to create the Fusion/Composition Wizard
(b) Distributed as part of the JigCell package.

3. Aggregation
(a) Implemented in the Aggregation Connector
(b) Distributed as part of the JigCell package.
4. Flattening

(a) Implemented as the Flattening algorithm in the JigCell SBML parser library
(b) Distributed as part of the JigCell package.

5. SBML

(a) Formed the bulk of the official SBML Proposal for composition and aggregation titled Hierarchical
Modeling.
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(b) Got proposals implemented into SBML
6. Use Cases: Fused, Composed and Aggregated the following use cases successfully.

(a) Tyson and Novak 2001 Basic Cell Cycle Model
(b) Chen 2004 cell cycle model and Ciliberto 2003 morphogenesis checkpoint model.

7.2 Future Work

The ideas, processes, frameworks, and practices described in this dissertation provide a solid foundation for
future avenues of research. Developing composed (and aggregated) models with the existing state of the art
fails to address one major issue: When can a modeler can reliably and with some confidence state they are
done? Introducing more detailed and developed verification and validation activities to improve the credibility
and reliability of a model will greatly benefit the composition and aggregation processes. A checker tool
that validates the results of composition and aggregation and provides some metrics and measurements when
composition and aggregation have been accurately completed would provide a quantifiable demonstration
that the model construction processes and the software applications developed help biological modelers build
models.

The motivation for solving composition and aggregation was to provide a framework for dealing with
complexity when model size increased. However what happens when the size and complexity of composed
or aggregated models also increases beyond some viable point? This situation is imminently possible as
composed and aggregated models can become fairly large and verbose, due to all the additional SBML
language constructs. Developing a short-hand (human readable) notation for composed and aggregated
models would provide an added layer of abstraction between the model and the modeler. The short-hand
notation should ensure that there is no significant loss of information when reducing the verbosity of composed
or aggregated models.

Model construction processes would greatly benefit from some form of automation. While an automated
form of fusion, composition, or aggregation was not within the scope of this dissertation, there exist novel
efforts within the systems biology community that focus on model curation and annotation of quantitative
models of biological systems, such as MIRIAM (Minimum Information Requested in the Annotation of
biochemical Models) [45] and BioModels [44], that might someday make this a real possibility. Even a limited
form of automation would provide two main advantages over current practices. First model development time
would decrease, and second, model verification activities would benefit greatly from curation and annotation
standards.

Enhancing our applications and frameworks would provide a better modeling experience both to the
novice and expert modeler. Three important areas of improvement are providing interoperability between
SBML and other modeling languages, providing better integration between fusion and composition (in the
Fusion/Composition Wizard) and model construction (in the ModelBuilder), and extending 1ibSBML [8].
Facilitating interoperability between SBML and other modeling languages, such as CellML [35] would open
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a whole modeling community to the advances made in this dissertation. In this way a composed or aggregated
model might someday be constructed from both SBML and CelIML models. The obvious benefit would be
the construction of even more complex models than previously possible, that describe biological processes
in terms of their biochemistry and physiology. Tighter integration of JigCell applications would provide a
better model construction experience. Currently, fusion and composition are separate and distinct processes
with respect to model construction. A tighter association between the Fusion/Composition Wizard and the
ModelBuilder would enable a modeler to perform both tasks in one environment and thus would greatly
speed up the model development process. The language features presented in this dissertation should be
added to libSBML, an application programming interface library for reading, writing, manipulating and
validating content expressed in SBML in order to gain the largest audience possible within the systems
biology community.

In the immediate future modelers in John Tyson’s Group at Virginia Tech will continue the efforts started
in the case study (Chapter 6) by adding additional components to the combined models of Chen [11] and
Ciliberto [12] and by making existing models more suitable for stochastic simulation by automatically
converting deterministic models into stochastic models [76]. Extending the large-scale combined model
developed in the case study by adding more components, such as a polo kinase module and a osmotic shock
module, and by creating stochastic formulations of deterministic models will produce a more complete picture

of the underlying biology in budding yeast.
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Appendix A

Fusion/Composition Wizard Screenshots

el e e

Model Fusion/Composition Wizard

Species Mapping Table
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30 FZFP F2P
1 FS F&
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33 Itel Itel
34 mad2 madi2
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40 ORI ORI
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42 PE PE
43 PP PP
44 RENT RENT
45 RENTP REMTP
46 SBF SBF SBFa
47 Sicl Sicl Sicl
48 SiclP SiclP
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=0 SPM SPN
51 S5 i
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54 TemlGCTF TemlGTP
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56 Vb2 Yob2
57 Vashf Washf -

Description 0% 'Alltr:ibutes:

1. Click on a row number abowe to view the attributes
2. Click on a cell below to scroll through the attribute list

Figure A.1: 2™? of 3 screenshots of the species mapping table of the morphogenesis and cell cycle combined

model
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Figure A.2: 3"¢ of 3 screenshots of the species mapping table of the combined model
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Model Fusion/Composition Wizard

Figure A.3: 2% of 5 screenshots of the reaction mapping table of the morphogenesis and cell cycle combined

model
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62 Cdclg - Coclg —=

63 Metl + Cdcld -»= RENT

Metl + Cdcld -= RENT

;53 RENT -= Metl + Cdcld

REMT -> Metl + Cdcl4

G5 MetlP + Cdcld -»= REMTP

MetlP + Codcld -= RENTP

i} REWNTP = MetlP + Cdcld

REMTP -= MetlP + Cdcl4d

67 -= Metl - Metl
63 Metl -= Metl -
69 MetlP -= Met1P -

70 Metl -= NetlP

Metl -> MetlP

71 MetlP -= Metl

Met1P -» Metl

72 RENT -= REMTP

REMT -= REMTP

73 RENTP - REMT

REMTP -= RENT

74 RENT -= Cdcl4

REMT -= Cdcld

= REWTP = Cdcl4

REMTP -= Cdcl4

76 RENT -= Metl

REMT -> Metl

i REWTP -= MetlP

REMTP -= MetlP

78 TemlGCDP -» TemlGTP

TemlGDP -» Teml1GTP

79 TemlCTP -> Teml1GDP

TemlGTP - TemlGDP

a0 Cdcl5i-» Cdcls

CoclSi-»> Cdcls

a1 Cdcl5 -» Cdcl5i

Cdcls -» Cdcl5i

a2 —= PPX —= PPX

83 PPY -= PPY =

a4 -= Pdsl - Posl
a5 Pzl -= Posl -
86 PE -= Espl PE -= Espl

a7 Espl + Pdsl -= PE

Espl + Pdsl -= PE

88 PE -> Pdsl + Espl

PE -= Pdsl + Espl

ad -= ORI

Description of Attributes:

-= ORI

1. Click an a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

€ Back) ( Next )

( cancel )

Figure A.4: 3¢ of 5 screenshots of the reaction mapping table of the combined model

ooy

Model Fusion/Composition Wizard

Reaction Mapping Tahle

Fused_Cell_Morpho CellCycle Morpho Fused_Cell_Morpho Motes
a0 ORI -= ORI -=
a1 -= BUD -= BUD ->» BE
gz BUD -= BUD -= BE ->
a3 -= 5PN - 5PN
a4 SPN —= SPM -
g5 -= mad2 -> madd
g5 -= Itel -= Itel
a7 -= bub2 -= hubZ
a8 SBFi -= SBFa
a9 SBFa -= SBF
100 MCMi -> MCMa
101 MCMa —= MCMi
102 Clh -= FClb Clb -= PCla
103 PCl -= Clb PClb -= Cla
104 PCll -= Pl -=

105 PCla + 5icl -» PTrim

PClb + Sicl -= PTrim

106 PTrim -= PClh + Sicl

FTrim -» PClb + Sicl

107 - Swel

- Siwel

108 Swal - Gwel -»

104 Pl —= Paiel =

110 SwalhM - NS

111 Pawe 1M = Painve 1M > MeMillian et al. 2002 il

112 Swel -> Piwel

Gwel -> Phwel

McMillian et al. 2002

113 Pawel -= Swel

Paivel —= Swel

114 SwelM -= PowelM

SwelM -» PowelM

115 Pawe 1M = SwalM

Paiwve 1M -> Swelh

116 Swel - Sweld

Gwel -» SwalM

117 SwelM -» Swel

Swa 1M -= Siwel

118 Pawel -= Powa 1M

Paiwel = Powa 1M

114 Pawe 1M —= PSwel

Paiwve 1M > PSwel

Description of Attributes:

1. Click an a row number abowve to view the attributes
2. Click on a cell below to scroll through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

(pack ) ( mewt )

( cancer )

Figure A.5: 4" of 5 screenshots of the reaction mapping table of the combined model
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Model Fusion/Composition Wizard

Reactioh Mapping Table

Fused_Cell_Meorpho CellCyele WMerphe Fused_Cell_Morpho Motes
a5 - mad?2 -= nad2 &
96 -= Itel - Itel
a7 -= bub2 - bub2
a3 SBFi -= SBFa
a9 SBFa - SEFi
100 MCMI - MCMa
101 MCMa - MCMI
102 Clh == PCla Clb -= PCla
103 PClb == Clb Pl -= Cla
104 PClb - Pl -=
105 PCIb + Sicl -= PTrim PCla + Sicl -5 PTrim
106 PTrirn -> PClb + Sicl PTrim - PCIb + Sicl
107 - Swel - Swel
108 Swel - Swel -
109 Powel -5 Powel -
110 Swell -> SwelM -=
111 PSwe 1M - PSwe 1M - McMillian et al. 2002
112 Swel -> Powel Swel - PSwel McMillian et al. 2002
13 PSwel - Swel Powel > Swel
114 SwelM -= PSwelM SwelM - PowelM
15 PSwelM -= SwelM PSwe 1M - SwelM
116 Swel -5 SwelM Swel -» SwelM
17 SwelM -= Swel SwelM -3 Sel il
118 PSwel -> PSwelM PSwel - Powe 1M
1148 PSwelM -= Powel PSwe 1M -5 Powel
120 Mih1i -= Mihla Mihli - Mihla
121 Mihla -= Mih1i Mihla - Mihli
122 - ARA = ANA
123 -= BUD - BUD Il
124 Tri = Clb -

Description of Anrioutes:
1. Click on a row number above to view the attributes
2. Click on & cell below to scrall through the attribute list

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

€ Back) (" Next )

 Cancel )

Figure A.6: 5" of 5 screenshots of the reaction mapping table of the combined model

e

Model Fusion/Composition Wizard

Parameter Mapping Tahle

Fused_Cell_Morpho CellCycle Motpho Fused_Cell_Morpho Notes
32 liapc Jiapc -
33 kiapc kiapc
34 ks20! ks20°
3% ks20" ks20"
36 kd20 kd20 ko2 0
a7 ka2’ ka20" id
a8 kaz20" ka20"
ag kmad2
40 kscah kscdh
4 kdcdh kdcdh ™
42 Jacdh Jacdh Jacdh
43 licoh Jicdh Jicdh
44 kltel kltel
45 Jatem Jatem
45 khub2z
47 Jitem Jitermn
48 kals' kals"
49 kals" kals"
=0 kals" kals™
=1 kil% kils
52 ks14 ksi4
53 kol4 kd14
54 kasrent kasrent
55 kasrentp kasrentp
56 kdirent kdirent
57 kdirentp kdirentp
58 kdnet kdnet
54 ksnet ksnet
G0 CdclST
B APCT ]
G2 TemlT v

Description of Attributes:
1. Click on a row number above to wview the attributes
2. Click on a cell below to scroll through the attribute list

Figure A.7: 2"¢ of 7 screenshots of the parameter mapping table of the morphogenesis and cell cycle

combined model.
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Parameters in grey are NOT INCLUDED in the

fused or composed model.

Parameters in blue are USED in the fused/composed
model's functions, rules, events or reactions.

(pack ) ( mext )

( cancel )
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Model Fusion/Composition Wizard

Parameter Mapping Table

Fused_Cell_Morphe CellCycle I Morphe Fused_Cell_Morphe Motes
63 ksppx Ksppx -
54 kspds' Kspds'
6% kslpds” Kslpds”
66 ks2pds” Ks2pds”
67 kasesp Kasesp
68 kdiesp Kdiesp
69 ksori Ksori
70 eoribs eoribs
kil eoribg eorib2
2 kdori Kdori -l
3 lkshud ksbud kshud
4 ebudnz2 ebudn2
5 ebudn3 ebudn3
6 kdbud Kdbud kdbud “]
7 ebudhs ebudb3
78 ksspn Ksspn
79 llspn Ispn
80 kdspn Kdspn
a1 co co
H Cn3 Dn3
EE] In3 In3
84 BO EOD
8% EsplT
86 ko5 kdby'
87 kohs" kdb3"
[=E] koh2' kdb2'
89 koh2" kdb2"
a0 kob2p Kdb2p
a1 lkashf Kasbf
92 eshin2 eshfn2 L
93 eshing esbfn3 hd|

Description of Artributes:

1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

000

Parameters in grey are NOT INCLUDED in the
fused or composed model.

Parameters in blue are USED in the fused, composed
model's functions, rules, events or reactions.

Model Fusion/Composition Wizard

(pack ) ( wew )

(cancer )

Figure A.8: 37¢ of 7 screenshots of the parameter mapping table of the combined model.

Parameter Mapping T able

Fused_Cell_Meorpho CellCycle ] Merpho Fused_Cell_Marpho Motes
94 eshfhs eshfb3 -
95 kishf' kisbf
96 kishf" kisbf"
97 kellcl kdicl
98 kel2cl kd2cl
99 ecln3 ecind
100 eclk2 eclk?
101 ecln2 ecin2
102 eclhs eclbs
103 eclhz eclb2
104 clz2cl Jd2cl
105 kol 1f& kd1ft
106 kel2f& kd2f6
107 efén3 ef6n3
108 efEk2 efok2
109 efénz ef6n2
110 efths efobs
111 efth2 efob2
112 cl2f& 1d2f6
113 kacdh' Kacdh'
114 kacdh" kacdh"
115 kicah' kicdh'
116 kicch" kicdh”
117 ecchn3 ecdhn3
118 ecchn2 ecdhn2
119 ecchb2 ecdhb2
120 ecchhs ecdhb3
121 kppnet' kppnet'
122 kppnet" kppnet”
123 kkpnet' kkpnet' L
124 kkpnet" kkpnet" hdi

Description of Attributes:
1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribiute list

Parameters in grey are NOT INCLUDED in the

fused or composed model.

Parameters in blue are USED in the fused/composed
model's functions, rules, events or reactions.

Cpark ) Cwewt ) cancel )

Figure A.9: 4" of 7 screenshots of the parameter mapping table of the combined model.
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Model Fusion/Composition Wizard

Parameter Mapping T able

Fused_Cell_Meorpho CellCycle ] Merpho Fused_Cell_Marpho Motes
125 |kolppx’ kdppx' 2
126 kdppx” Kdppx"
127 J20ppx J20ppx
128 dpds Ipds
129 ld 1pds’ kdipds®
130 ld2pds" kd2pds™
131 kd3pds" kd3pds™
132 Jasbf Jasbf |ashf
133 Jishf lisbf lishf
134 kamcm kamcm kamcm
135 kimcm Kimcm kimcm
136 Jamcm Jamcm Jamem
137 Jimcm Jimcm Jimem
138 [8] D
139 T T
140 kez kez
141 kez2 kez2
142 madzh mad2h
143 bub2h bubZh
144 ltelh Itelh
145 madZ| mad2|
146 bub2| bub2l
147 ltell ltell
148 |kg kg
149 mu
150 SBFT
151 lashf_p
152 kashf_pp
153 kishf_p
154 kisbf_pp -
155 MCMT hd|

Description of Antributes:

1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribiute list

ann

Parameters in grey are NOT INCLUDED in the
fused or composed model.

Parameters in blue are USED in the fused/composed
muodel's functions, rules, events or reactions.

Model Fusion/Composition Wizard

Ceack ) ( wewt )

( cancel )

Figure A.10: 5! of 7 screenshots of the parameter mapping table of the combined model.

Parameter Mapping T able

Fused_Cell_Meorpho CellCycle ] Merpho Fused_Cell_Marpho Motes
156 Kscln -
157 kdcln 1
158 kdclb_p
159 kdclb_pp
160 kdclb_ppp
161 kdsic_p
162 kdsic_pp
163 kdsic_ppp
164 kswe_j kswe_p
16% kswe_pip kswe_pp
166 kswe_ppp kswe_ppp
167 krmih_p kmih_p
168 kmih_pp kmih_pp
169 ksclb
170 Jm
11 epns
172 IET
173 kass kass
174 kdiss kdiss
175 Kssic
176 Jaie
177 kaie
178 Jiie
179 Kiie
180 Ks20_n
181 Ks20_pp
182 1520
183 1a20
184 kazo
185 Ji20
186 ki20 -

Description of Attributes:
1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribiute list

Parameters in grey are NOT INCLUDED in the

fused or composed model.

Parameters in blue are USED in the fused/composed
model's functions, rules, events or reactions.

Cpark ) Cmext ) ( cancel )

Figure A.11: 6! of 7 screenshots of the parameter mapping table of the combined model.
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Model Fusion/Composition Wizard

Parameter Mapping Tahle

Fused_Cell_Meorpho Cellcycle Merpho Fused_Cell_Meorpho Motes
179 Kile -
180 ks20_p |
181 ks20_pp
182 1520
183 1a20
184 kazo
185 120
186 ki20
187 kacdh_p
188 kacdh_pp
189 kicdh_pp
190 kicdh_ppp
191 ksswe_p Ksswe_p
1892 ksswi_pp Ksswi_pp
193 kdlswe_p kdswe_p
134 kdlswe_pp Kdswe_pp
18% Jiwee Jiwee
196 kiwee kiwee
197 lawee Jawee
{EE] kawee kawee
199 khsl1 khsl1
200 khsllr khslir
201 Jamih Jamih
202 kamih kamih
203 limik Jimih
204 kimih kimih
205 Thres_bud Thres_bud
206 CdhlT
207 MihlT
208 Thres_ana Thres_ana "
209 Thres_mitosis -
Description of Attributes: Parameters in grey are NOT INCLUDED in the
1. Click on a row number abowve to view the attributes fused or composed model.
2. Click on a cell below to scroll through the attribute list Parameters in blue are USED in the fused/composed

model's functions, rules, events or reactions.
€ Eatk) £ Next) € Cante\)

Figure A.12: 7t of 7 screenshots of the parameter mapping table of the combined model.

86en JigCell ModelBuilder - Morpho/fused/fused_cell_morpho_ordered.sbml
ModelBuilder File Edlit

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |
Narme ] PReaction ] Tupe J Equation I Fasﬂ MNotes:

ClbZ degradation in F2 F2 -» Cdcé Mass Action Vb2 * F2 ™ CellCycle ?
ClhS degradation in F5 F5 -» Cdcé Mass Action Vdh5 * F5 [ CellCycle

Cdcé degradation in F2P F2P -» Clh2 Mass Action kol2f6 * F2P [ CellCycle

Cdcé degradation in FSFP F5P -» ClbS Mass Action Kcl2f& * F5P [ CellCycle

Clb2 degradation in F2P F2P -» CdcbP Mass Action Vdh2 * F2P [ CellCycle

CllbS degraciation in FSP FSP -» CdceP Mass Action Vobs ¥ FSP i CellCycle

SwiS synthesis == Swis Mass Action ksowi' + ksswi" * Mcoml [ CellCycle

SwiS degradation SwiS - Mass Action kodswii * S5 [ CellCycle

SwiSP degradation SwiSP - Mass Action kclswi * SwiS P [ CellCycle

SwiS activation SWiSP > Swis Mass Action kaswi * Cdcld * SwisP [ CellCycle

SwiS inactivation SwiS - SwiSP Mass Action Kiswi * Clh2 * SwiS [ CellCycle

APC phosphordation APC - APCP Michaelis-Menten kaapc * APC* Clb2 [ (Jaapc + APC) i CellCycle sd
APC inactivation APCP -= APC Michaelis-Menten Kiapc * APCP* 1.0 § {Jiapc + APCP) [ CellCycle

Cdc20 {inactive) production - Cdcz2dl Mass Action ks20' + ks20"* Mcml [ CellCycle

Cdc2 0 (inactive) degradation Clc20) -= Mass Action k20 * Colc20l [ CellCycle

Cdic20 {active) degradation Cor20A -> Mass Actian ko200 * Cdc204 [ CellCycle

Cdc20 {active) activation Coc20] -= Cdc20aA Mass Action kaz (' + ka2 0" * APCP * Cdc20| [ CellCycle

Coc2 0 (active) inactivation Colc204 -= Cdc20l Mass Action mad2 * Coc20a i CellCycle

Cdh1 {active) praduction -» Cdhl Mass Actian kscoh [ CellCycle

Cdhl {activel degradation Cohl -> Mass Action kdcdh * Cdhl [ CellCycle

Cdhl {inactive) degradation Codhll -= Mass Action kolcdh ¥ Colhll [ CellCycle

Cdh1 {active) activation Cohll - Cdhl Michaelis-Menten Wacdh * Cahll* 1.0 f (Jacdh + Cahll) [ CellCycle L
Cdhl (activel inactivation Cdhl -= Cdhll Michaelis-Menten Vicch * Cdhl* 1.0 f (Jicch + Cdhl) i CellCycle

Cdcl4 production -> Cdcld Mass Action ks14 i CellCycle

Cdcl4 degradation Celcld - Mass Action kelld * Cocld [ CellCycle

Assocn with Netl to form RENT  |Metl + Cdcld -= RENT Mass Action kasrent * Netl* Cdcl4 [ CellCycle

Dissocn of RENT RENT -» Metl + Cdcld Mass Action kdirent * RENT [ CellCycle

Assocn with Net1P to farm RENTP Met1P + Cdcld -= RENTP  |Mass Action kasrentp * Met1P * Cocld [ CellCycle

Dissocn of RENTP REMTP -> MetlP + Cdcl4  |Mass Action kdirentp * RENTP [ CellCycle

Metl production - Metl Mass Action ksnet i CellCycle

Metl degracdation Metl -» Mass Action kilnet * Metl [ CellCycle

MetlP degradation MetlP -» Mass Action kdnet * MetlP [ CellCycle

Metl phosphordation Metl -> MNetlP Mass Action Vikpnet * Metl [ CellCycle

Metl dephosphondation MetlP -= Matl Mass Action Vppnet * MetlP [ CellCycle

RENT phosphordation RENT -> RENTP Mass Action Vkpnet * RENT [ CellCycle

RENT dephosphordation RENTP -> RENT Mass Action Vppnet * RENTP i CellCycle
Degradation of Netl in RENT RENT -» Cdcl4 Mass Action kilnet * RENT [ CellCycle L
Manradatinn of klat1P in FERTR RFERTP _~ drld Mace Artinn Lrnat * PELTR ¥ alluala L]

Figure A.13: 2"? of 4 screenshots of the reactions spreadsheet of the Fused_C'ell_M orpho model in the
JigCell ModelBuilder.
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JigCell ModelBuilder - Morpho ffused/fused_cell_morpho_ordered.sbml

ModelBuilder File Edit

Reactions | Functions | Rules | Compartments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Hame Reaction Type Equation Fast Motes
Degradation of Met1P in RENTP  |RENTP -» Cdcl4 Mass Action lkdnet * RENTP [ Tcelltycle -
Degraciation of Clcl4 in RENT _ [RENT -» Netl Mass Action kd14 * RENT [T [cencyrie 3
Degradation of Cccld in REMNTP  |REMTP - MNetlP Mass Action kidld ™ RENTP T cencyeie
Teml kinetics (activation] Teml1GDP -> Tem1GTP Michaelis-Menten ltel * Tem1GDP * 1.0 / (Jatem + Tem1GDP) ™ CellCytle
{inactivation) TemlGTP -> Teml1GDP Michaelis-Menten bub2 * TemlGTP* 1.0/ (Jitem + Tem1GTP) [ Tcencyeie
Cdcls Kinetics factivation) Cdcl5i-»= Cdcls Mass Action kals'* Tem1GDP + kal5"* TemlGTP + kals™ * Cdcld .. || | |CellCyrle
{inactivation)2 Cdcl5 -»= CdclSi Mass Action kilS * Cdcl5 ™ CellCytle
PPX syrithesis -> PPX Mass Action ksppi [T |cencyrie
PPX degradation PPX -> Mass Action WHppx * PPX T |cencyrie
Pds1 production -» Pdsl Mass Action kspds' + kslpds" * SBF + ks2pds" * Mcm1 ™ CellCytle
Pos1 cegradation Posl - Mass Action Wopds * Poisl T |cencyrie
Degradation of Pds1 in PE PE -» Espl Mass Action Wolpds * PE |l cencye
Assocn with Espl to form PE Espl + Pdsl -> PE Mass Action kasesp * Espl * Pdsl ™ CellCytle
Dissocn of PE PE -> Pdsl + Espl Mass Action kdiesp * PE [ Tcencyeie
ORI Kinetics -» ORI Mass Action ksori ¥ (eorias ¥ Clhs + eorik2 * Cla2) |l cencyle
ORI -> Mass Action kdori * ORI [ celcycle
BUD Kinetics -= BUD Mass Action ksbud * {ebudn2 * CIn2 + ebudn3 * CIn3 + ehudbs * Cbs) ||| CellCyrle
BUD - Mass Action kdbud * BUD [T [cencyrie
5PN kinetics -» 5PN Mass Action ksspn * Clb2 f (Ispn + Clb2) ™ CellCytle
SPM - Mass Action kdspn * SPN [T [cencyrie
—> mad2 Mass Action 0.0 T |cencyrie
—> ltel Mass Action 0.0 [ celcycle b
-> hubz Mass Action 0.0 [T [cencyrie
Association of PCIb2 and Cdcé PClb2 + Cdct -> PF2 Mass Action kasf2 * PCIb2 * Cdce T Mew
Dissociation of PF2 (PCIb2 /Cdcé) |PF2 —> PCIb2 + Cdcé Mass Action ldif2 * PF2 [T [New
F2 p'lation by Swel F2 -» PF2 Mass Action Vi sue * F2 |1 [Mew
FF2 dep'lation by Mihl PFZ - F2 Mass Action mih * FFZ 1] [Mew
PClb2 degradation in PF2 PF2 -> Cdcé Mass Action v dh2 * PF2 [T [New
Cdcé degradation in PF2 PF2 - PClh2 Mass Action kd3f6 * PF2 T Mew
Clh2 inactivation by Swel Clbz -» PClb2 Mass Action Wewe ¥ Clh2 |_I'Morpha
Clb2 activation by Mihl PClB2 -> Clb2 Mass Action Wmih * PCIb2 ™ Morpho
PCIb2 degradation PClh2 - Mass Action Wolbh2 * PClb2 [T [Marpho "
Assocn of PCIR2 and Sicl PClb2 + 5icl -» PC2 Mass Action kash2 ¥ PClh2 * 3icl T Marpho
Dissocn of PC2 (PCIb2 /Sicl) PC2 -= PCIbZ + Sicl Mass Action ldib2 * PC2 ™ Morpho
Degradation of 5icl in PC2 PC2 -= PClbZ Mass Action kd3cl > PC2 [T Marpho
2 p'lation by Swel to PC2 C2 -» PC2 Mass Action Wewe ¥ C2 T Marpho
PC2 dep'lation by Mihl to C2 PC2 -= C2 Mass Action Wmih * PC2 ™ Morpho L
Nenraniatinn nf Prik? in Pr? Pro - Sirl Macs Artinn wrih? ¥ Pro I T IMarnkn =

Figure A.14: 3"% of 4 screenshots of the reactions spreadsheet of the Fused_Cell_M orpho model in the
JigCell ModelBuilder.

Degradation of PCIb2 in PC2 PC2 -> Sicl Mass Action vdbh2 * PC2 s | Morpho
Swal synthesis by SBF - Gwel Mass Action ksswe' + Ksswe" * SBF |1 Morpha
Swel degradation Swel - Mass Action kolswie' ™ Swe 1 |_I'Morpha
PSwel degradation PSwel -> Mass Action kdswe'* PSwel ™ Morpho
Swe 1M degradation SwelM -> Mass Action kiswe' * Swve 1M |1 Morpha
Powie LM degradation by SCF Paiwe IM - Mass Action kolswe” > Powe 1M |l Morpha
Swel inactivation by Clb2 to fo... Swel -» PSwel Michaelis-Menten kiswee * Swel * ClbZ [ (liswe + Swel) ™ Morpho
Pawel activation 1o Swel Powel -> Swel Michaelis-Menten kaswe * PSwel* 1.0/ (jaswe + PIwel) |1 Morpha
Swre LM inactivation by CIb to for... SwelM -> PSwelM Michaelis-Menten kiswe * SwelM * Clla2 f (Jiswe + SwelM) |_I'Morpha
PSwelM activation to SwelM PSwelM -= SwelM Michaelis-Menten kaswe * Pawe 1M * 1.0 [ (Jlaswe + PSwelM) ™ Morpho
Swel inactivation by BUD 1o for.. [Swel -> Swe 1M Mass Action khsll * BUDZ * Swel [T [Marpho
S LM activation to Swel SwelM -> Swel Mass Action khs|1r* SwelM |l Morpha
PSwel inactivation by Bud to for... [PSwel -> PSwelh Mass Action khsl1 * BUDZ * PSwel ™ Morpho
PSwe 1M activation 1o Powel Pawe IM ->= Powel Mass Action khsI1r* PSwve 1M |1 Morpha
Mih1i activation by Clia Mihli -> Mihla Michaelis-Menten karmih * Mih1i* Cla2 § (Jamih + Mih1i) |_I'Morpha
Mihla inactivation Mihla -= Mihli Michaelis-Menten kimih * Mihla* 1.0 f {limih + Mihla) ™ Morpho
Anaphase flag —> ANA Mass Action |1 [T [Marpho Il
Budding flag —= BUDZ Mass Action 0.0 T [Marpho -

Figure A.15: 4" of 4 screenshots of the reactions spreadsheet of the Fused_Cell_M orpho model in the
JigCell ModelBuilder.
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a0 JigCell ModelBuilder - Morpho/aggregation/CellCycleModule.sbml
ModelBuilder File Edit

Reartions | Functions | Rules | Cornpaniments | Species | Parameters | Events | Units | Conservation Relations | Equations |

Nare | Reaction | Type ] Equation Fast| Motes
Clbz degradation in F2 F2 -» Cdcg Mass Action Wbz * F2 r -
b5 degradation in F5 F3 -» Cdcg Mass Action Wb v FS F
Cdcé degradation in F2P F2P -> Clb2 Mass Action kd3f& * F2F F
Cdcé degradation in F5P FSP -» ClhS Mass Action kd3f6 * FSP F
Clb2 degradation in F2P F2P -» Cdi6P Mass Action Wbz v F2P t
ClbS degradation in FSP F5P -> CdcéP Mass Action vdhS * FSP F
SwiS synithesis -GS Mass Action ksswi' + ksswi" * Mcml t
Swis degradation Swis - Mass Action ks ¥ Sl t
SwiSP degradation SwiSP —> Mass Action kdswi * SwiSP F
SwiS activation SWISP - SwiS Mass Action kaswi * Cdcl4 * SwisP t
S5 inactivation Swis -> SwisP Mass Action kiswi * Clh2 * Swis t
APC phosphordation APC —= APCP Michaelis-Menten kaapc * APC* Clb2 [ (Jaapc + APC) F
APC inactivation APCP - APC Michaelis-Menten kiape * APCP * 1.0 j (Jiapc + APCP) t
Coc2 0 (inactive) procuction - Cdc20l Mass Action ks20' + Ks20" > Moml t
Cdc20 {inactive) degradation Cde20l -= Mass Action kd20 * Cdc20l F -l
Cdc20 (active) degradation Cdc20A -> Mass Action k20 * Coc20A F
Cdc20 factive) activation Cde20l -= Cdc2 04, Mass Action ka20' + kaZ0"* APCP ™ Cdc20l t
Cdc20 {active) inactivation Cdc20A -> Cdc20l Mass Action mad2 * Cdc20A F
Cdhl (active) production -> Cdhl Mass Action kscdh t
Cdhl factive) degradation Cdhl -> Mass Action kdcch * Cdhl F
Cdhl (inactive) degradation Cdhll -» Mass Action kdcdh * Cdhll F
Cdhl (active) activation Cdhll - Cdhl Michaelis-Menten Wacdh * Cahll* 1.0/ (Jacdh + Cdhll) F
Cdhl factive) inactivation Cdhl -> Cdhll Michaelis-Menten Wicdh * Cohl ™ 1.0 f (Jicdh + Cdhl) t
Cdc14 production -» Cdcl4 Mass Action ksl4 F
Cdcl4 degradation Cdcld -= Mass Action kdl4 * Cocld F
Assocn with Metl to form RENT  |Metl 4+ Cclcld -» RENT Mass Action kasrent * MNetl ™ Cccld F
Dissocn of REMT RENT —» MNetl + Cdcld Mass Action kdirent * RENT [
Assoch with Net1P 1o form REMTP |MetlP + Codcl4 -> RENTP Mass Action kasrentp * MetlP * Cocld F
Dissocn of RENTP REMTF -> MetlP + Cdcl4 Mass Action kdirentp * RENTP t
Metl production -» Metl Mass Action lksnet F
Metl degradation Metl -> Mass Action ket * Netl t
Met1P degradation MetlP - Mass Action ket * Net1P t
Metl phosphordation MNetl -»> MetlP Mass Action Wipnet * MWetl F
Metl dephosphordation MetlP - Metl Mass Action Wpopnet * NetlP t
RENT phosphordation RENT - REMTP Mass Action W kpnet * RENT t
REMT dephosphorgdation RENTP -> REMT Mass Action Y ppnet * RENTP F
Degracdation of Metl in RENT RENT -» Cdcld Mass Action kdnet * RENT F -
[ e Y L T T B [ T P P [Py Ve % BT T hd

Figure A.16: 2"? of 3 screenshots of the reactions spreadsheet of the cell cycle module in the JigCell
ModelBuilder.

Degradation of MetlP in RENTP  |[RENTP - Cdcl4 Mass Action kidnet * RENTP F
Degracdation of Cdcl4d in RENT REMT - Metl Mass Action kil4 ™ RENT t
Degradation of Cdcl4 in RENTP  |[RENTP -> MNetlP Mass Action kd14 * RENTF F
Teml kinetics (activation) TemlGDP -» TemlGTP Michaelis-Menten Itel * Tem1GDP * 1.0 f (Jatem + Tem1GDFP) F
(inactivation) TemnlGTP -» Tem1GOP Michaelis-Menten bukZ * Tem1GTP* 1.0/ {Jiterm + Tem1GTF) t
Cdecl5S kinetics {activation) Cdcl15i-»= Cdcls Mass Action kal5'* Tem1GDP + kal5"* Tem1GTP + kal5™ ™ Cdcl4 * F
{inactivation)2 Cdcls = Cdcl5i Mass Action KilS * CdclS F
PPX_synthesis -» PPX Mass Action ksppi t
PPX degradation PP¥ -= Mass Action v dppx ¥ PPY F &
Pds1 production -> Pdsl Mass Action kspos' + kslpds" * SBF + ks2pds” * Moml t
Pos1 clegradation Poisl -» Mass Action Wolpos ¥ Polsl t
Degradation of Pds1 in PE PE -> Espl Mass Action v dpds * PE F
Assoch with Espl to farrn PE Espl + Posl - PE Mass Action kasesp * Espl * Posl t
Dissocn of PE PE -» Posl + Espl Mass Action kdiesp * PE t
ORI kinetics -» ORI Mass Action ksori * {eoribS * Clb5 + eorib2 * Clb2) F
QORI -= Mass Action kdori * ORI F
BUD Kinetics -= BUD Mass Action kshud * (ebudn2 * CIn2 + ebudn3 * CIn2 + ebudhs * Clb3) F
BUD —» Mass Action kdbud * BUD [
SPM Kinetics - 5PN Mass Action kssphn * Clb2 f (sph + Clb2) F
PN - Mass Action ldspn * SPM i
- mad?2 Mass Action 0.Q f
-> el Mass Actian 0.0 t ~L
-+ buh2 Mass Actian 0.0 f -

Figure A.17: 3"¢ of 3 screenshots of the reactions spreadsheet of the cell cycle module in the JigCell
ModelBuilder.
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f 000 Model Fusion/Composition Wizard
Species Mapping Table

Composed_Cell_Morpho  Composed_Cell_Morpho.CeliCycle Composed_Cell_MorphoMompho | Composed_Cell_Morpho Notes

30 F2P =

31 FS

32 FSP

33 Itel

34 rnad2

35 mass mass mass

36 Mcml Mcml MCMa

37 Netl

38 Net1lpP

39 NetlT

40 ORI |

41 Pds1

42 IPE

43 PPX

44 IR_ENT

45 RENTP

46 BF SBF SBFa

47 Sicl Sicl sicl

48 SiclP

49 SiclT

50 SPN 1

51 |§\m

52 SwiSP

53 Tem1GDP

54 Tem1GTP

55 Wdb5

56 Vb2 Wielb2 Vdclb

57 Washf

58 Visbf v
Description of Attributes: Species in grey are NOT
1. Click on a row number above to view the attributes INCLUDED in the fused
2. Click on a cell below to scroll through the attribute list . or composed model.

( Back ) ( Next ) (Cancelj

Figure A.18: 2¢ of 3 screenshots of the initial species composition mapping table of the morphogenesis and
cell cycle combined model.

f 000 Model Fusion/Composition Wizard
Species Mapping Table

Composed_Cell_Morpho  Composed_Cell_Motpho.CeliCycle| Composed_Gell_Morpho Morpho | Composed_Cell_Morphe Notes

54 Tem1GTP =

55 Wdb5

56 db2 Vb2 vdclb

57 Washf

58 Vishf

59 Wkpcl

60 Wkpf6

61 Wacdh

62 Yicdh

63 Vppnet

64 Vkpnet

65 Vdppx

58 Velpds

67 [DELETE FROM SUBMODEL] [SBFi

68 [DELETE FROM SUBMODEL] MCMi

69 Ydsic

70 Vswe

kil Yrmih

72 PClb ™

73 PTrim

4 PSwe 1M

75 ANA

76 [SwelM

77 Swiel

8 %we 1

79 Mih1i

80 Mihla

81 SwelT

82 BUD2 BUD v
Description of Attributes: Species in grey are NOT
1. Click on a row number above to view the attributes INCLUDED in the fused
2. Click on a cell below to scroll through the attribute list or composed model.

f Back , ! Next ) ( Cancel )

Figure A.19: 37¢ of 3 screenshots of the initial species composition mapping table of the morphogenesis and
cell cycle combined model.
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000 Model Fusion/Composition Wizard

Reaction Mapping Table
Composed_Cell_Morpho  [Composed_Cell_Morpho.CelICy... Composed_Cell_Morpho Morpho| Composed_Cell_Morpho Notes

30 Clb2 + Cdc6 -> F2 &

A F2 -> CIb2 + Cdcé

32 Clb5 + Cdc6 -> F5

33 F5 -> ClbS + Cdc6

34 F2 -> F2P

35 F2P -> F2

36 F5 —> F5P

& FSP -> F5

38 F2 -> Cdcé

39 F5 -> Cdcé

40 F2P -> Clb2

# FSP -> ClbS

42 F2P -> Cdc6P

43 F5P —> CdcéP

44 -> Swis

45 Swi5 ->

46 SWISP ->

47 SwiSP -> Swis

48 Swi5 -> SwiSP

49 APC -> APCP APC -> APCP IEi —> IEa

50 APCP -> APC APCP -> APC IEa > IEi

51 -> Cde201 -» Cdc20l -> Cdc20i

52 Cdc20l - Cdc20l -> Cdc20i ->

53 Cdc20A -> Cdc20A -> Cdc20a ->

54 Cdc20l -> Cdc20A Cdc20l -> Cdc20A Cdc20i -> Cdc20a

55 Cdc20A -> Cdc20l Cdc20A -> Calc20! Cdc20a -> Cdc20i

56 -» Cdhl

57 Cdhl ->

L — Lol > v
Description of Attributes: Reactions in grey are
1. Click on a row number above to view the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model.

( Back ) ( Next ) ( Cancel )

Figure A.20: 2"? of 5 screenshots of the initial reaction composition mapping table of the morphogenesis and
cell cycle combined model.

000 Model Fusion/Composition Wizard
Reaction Mapping Table
Composed_Cell_Morpho  Composed_Cell_Morpho.CellCy..| Composed_Cell_Morpho Morpho| Composed_Cell_Morpho Notes

59 Cdhll -> Cdhl Cdhll -> Cdhl Cdhli -> Cdhla =

60 Cdhl -> Cdhll Cdhl -> Cdhll (Cdhla -> Cdhli

61 -> Cdcl4

62 Cdcl4 ->

63 Netl + Cecl4 -> RENT

64 RENT -> Netl + Cdcl4q

65 NetlP + Cdcl4 -> RENTP

66 RENTP -> NetlP + Cdcl4

67 -> Netl

68 Netl ->

69 Net1p -

70 Netl -> NetlP

il NetlP -> Netl

72 RENT —= RENTP

73 RENTP -> RENT

4 RENT -> Cdcl4

5 RENTP -> Cdcl4

76 RENT -> Netl

7 RENTP -> NetlP

78 Tem1GDP -> Tem1GTP

79 Term1GTP -> Tem1GDP

80 Cdcl15i -> Cdcl5

81 CdclS -> Cdcl5i

82 => PPX

83 PPX >

84 => Pdsl

a5 Pdsl ->

86 PE -> Espl

87 Espl + Pdsl > PE v
Description of Aftributes: Reactions in grey are
1. Click on a row number above to view the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model.

( Back ) ( Next ) ( Cancel )

Figure A.21: 37¢ of 5 screenshots of the initial reaction composition mapping table of the morphogenesis and
cell cycle combined model.
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Reaction Mapping Table

Composed_Cell_Morpho

|Composed_Cell_Mompho.CellCycle| Composed_Cell_MorphoMorpho | Composed_Cell_Morpho Notes |

a8 PE -> Pdsl + Espl

83 -> ORI

90 ORI ->

91 -=> BUD -> BUD ->BE

92 BUD ->

93 -> SPN

94 SPN ->

95 -> mad2

96 -2 Itel

a7 -> hub2

98 [DELETE FROM SUBMQDEL] SBFi -> SBFa

99 [DELETE FROM SUBMODEL] SBFa -> SBFi

100 [DELETE FROM SUBMODEL] MCMi -> MCMa

10 [DELETE FROM SUBMODEL] MCMa -> MCMi

102 Clb -> PClb

103 PClb -> Clb

104 PClb =>

105 Sicl ->

106 PClb + Sicl -> PTrim
107 PTrim -> PClb + Sicl
108 [PTrim -> PCib

109 PTrim -> Sicl

110 Tri -> PTrim

111 PTrim -> Tri

112 -> Swel

113 Swel ->

114 PSwel —>

115 SwelM —>

116 PSwelM -> -

Description of Antributes:
1. Click on a row number above to view the attributes
2. Click on a cell below to scroll through the attribute list

Figure A.22: 4*" of 5 screenshots of the initial reaction composition mapping table of the morphogenesis and

cell cycle combined model.

17

Swel -> PSwel

( Back ’

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

{ cancel ’

MNext

118

Panel -> Swel

118

Swelkd —> PSwelh

120 Poine 1M - Swe 1M
121 Swel —= swelM
122 Swelkd —» Swel
123 PSiwal -> PSwelM
124 Pane 1M -= Pawel
125 Mihli -> Mihla
128 Mihla -= Mihli
127 BE >

128 —> ANA

129 - BUD

Figure A.23: 5" of 5 screenshots of the initial reaction composition mapping table of the morphogenesis and

cell cycle combined

model.
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Species Mapping Table

Composed_Cell_Momsho Composed_Cell_Morpho.CeliCycle Compesed_Cell_MomphoMomsho | Composed_Gell_Monsho Motes

EE Caclsi -

36 Cdc6P

37 Cde6T

36 CKIT

39 Clb2T

a0 ClhsT

41 Espl

42 F2F

a3 FS

44 F5P

45 Itel

45 el

47 et 1P

48 Net1T

EE] ORI

50 Polsl

51 FE

52 PP

53 RENT

54 RENTF

55 Sic1P

56 SiclT

57 5PN

5@ SwisP

53 Tem1GDP

60 Tem1GTF

61 VedhS

62 Vasbf

63 Visbf

64 Wkpcl

65 Vkpfe

66 Vppnet

67 WVkpnet

[ Vel -l
Description of Attributes Species in grey are NOT
1. Click on a rovy number abowve to wiew the attributes INCLUDED in the fused
2. Click on a cell below to scroll through the attribute list or composed model.

! Back , (L,NE»(I , ( Cancel ’

Figure A.24: 2"? of 3 screenshots of the final species composition mapping table of the morphogenesis and
cell cycle combined model.

Bon

Species Mapping Tahle
Composed_Cell_Morpho Composed_Cell_Morpho.CellCycle Composed_Cell_Morpho Morpho ] Composed_Cell_Morpho Motes

56 SiclT =

57 SPN

S SwiS P

549 TemlGOP

60 Teml1CTP

61 Wlhs

62 Washf

63 Wisbf

64 Wkpol

65 Vkpfé

66 Vppnet

67 Wkpnet

-] Vs

69 Vdpds

70 [DELETE FROM SUBMODEL] SEFi

1 [DELETE FROM SUBMODEL] M CMi

V2 W dsic

73 W Swe

74 W rnin )

5 FClb

76 FTrim

i Pwe 1M

78 AR

79 S 1M

a0 el

a1 Pwe 1

g2 Mih1i

GE] Mihla "

24 SwelT -
Description of Aftributes Species in grey are NOT
1. Click on & row number above to view the attributes INCLUDED in the fused
2. Click on a cell below to scroll through the attribute list or composed model,

Back ) Mext ) Cancel )

Figure A.25: 3" of 3 screenshots of the final species composition mapping table of the morphogenesis and
cell cycle combined model.
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OO0 Madel Fusion/Composition Wizard

Reaction Mapping Tahle
Composed_Cell_Morpho Composed_Cell_Morpho.CellCycle  Composed_Cell_MorphoMorpho | Composed_Cell_Morpho Motes

30 Sicl —» SiclP -
El] SiclP - Sicl 3
32 SiclP >
33 Clb5 + Sicl -» C5
34 C5 -> CIh5 + 5icl
35 2 -> C2P
36 C2F -» (2
Ell 5 > C5P T
36 C5P -» C5
39 C5 —> Sicl
a0 CSP -= ClbS
41 C2P -» SiclP
42 CSP —» SiclP i
a3 -> Cdcé
44 Cclc6 -> Cde6P
45 Cdc6P —» Cdc6
45 Cc6P =
47 Clh2 + Cdc6 -» F2
48 F2 -> Clb2 + Cdcé
EE] Clh5 + Cdc6 - FS
50 F5 -> CIb5 + Cdcé
51 F2 -> F2P
52 F2F - F2
53 F5 - F5P
54 FSF —> F5
55 F2 -> Cdc6
56 F5 -> Cdc6
57 F2F > Clh2
5@ FSP - CIbS L
ca CID ~ rd-eD hd
Description of Attributes Reactions in grey are
1. Click on a rovy number abowve to wiew the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model.

I Bark . Next Cancel

Figure A.26: 2™? of 5 screenshots of the final reaction composition mapping table of the morphogenesis and
cell cycle combined model.

OO0 Madel Fusion/Composition Wizard

Reaction Mapping Tahle
Composed_Cell_Morpho Composed_Cell_Morpho.CellCycle  Composed_Cell_MorphoMorpho | Composed_Cell_Morpho Motes

54 F2P = CdieP -
60 F5P —= CdcéP [
61 -= Swis
62 Swis -
63 SwiSP >
64 SwiSP - SwiS
65 WS - iz P
66 -= Cdhl
67 Cohl -
-] Cohll -
69 ->= Cdcl4
70 Cdcld -»
1 Metl + Cdcld - RENT
iz RENT -» Netl + Cdcl4 T
73 MetlP + Cdcld -»= REMTP
74 REMNTF - MetlP + Cdcl4
% -» hetl
76 MHetl =
77 HetlP -= i
78 Metl —» MetlP
79 MetlP -= Metl
a0 RENT -> REMTP
g1 RENTF -= RENT
g2 RENT -> Cdcl4
g3 RENTP - Cdcl4
g4 RENT -> Metl
85 REMNTP - MetlP
g6 TemlCOP -» Tem1CGTP
a7 Tem1CTP —» Tem1GDP —
an CAFIRE _n CArIE i
Description of Aftributes Reactions in grey are
1. Click on & row number above to view the attributes NOT INCLUDED in the
2. Click on a cell below to scroll through the attribute list fused or composed model,

Back ) Mext ) Cancel ,

Figure A.27: 3" of 5 screenshots of the final reaction composition mapping table of the morphogenesis and
cell cycle combined model.
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Model Fusion/Compaosition Wizard

Reaction Mapging Table

Composed_Cell_Monzho

Composed_Cell_Morpho.CeliCycle Compesed_Cell_Meorpho Monzho

Compossed_Cel_Merpho Motes

a8 Cdclsi-» Cdcls

g9 CdclS -» CdclSi

g0 -= PPX

91 FP¥ -

92 -» Pdsl

93 Pzl ->

94 FE -=> Espl

95 Espl + Pdsl -> PE

96 FE -> Pdsl + Espl

97 -= ORI

98 ORI ->

99 BUD -=

100 -= 5PN

101 SPN -

102 -= mad2

103 -= Itel

104 -= bub2

105 [DELETE FROM SUBMODEL] SBFi ->= SBFa
106 [DELETE FROM SUBMODEL] 5BFa —= SBFi
107 [DELETE FROM SUBMODEL] MCMi -= MCMa
108 [DELETE FROM SUBMODEL] MCMa —> MCMi
109 Clh - PClh
110 FClb -> Clh
111 PClb -

112 Sicl -

113 PClb + Sicl —» PTrim
114 PTrim - PClb + 5icl
115 FTrim -= PClb
116

PTrim —= Sicl

Description of Antributes
1. Click on a row number above 10 wiew the anributes
2. Click on a cell kelow to scroll through the atribute list

Figure A.28: 4" of 5 screenshots of the final reaction composition mapping table of the morphogenesis and

cell cycle combined model.

Back } Mext }

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

Cancel )

Model Fusion/Compaosition Wizard

Reaction Mapging Table

Composed_Cell_Monzho

(e s o oo ey

Composed_Cell_Morpho.CeliCycle Compesed_Cell_Meorpho Monzho

Compossed_Cel_Merpho Motes

107

[DELETE FROM SUBMODEL] MCMi -= MCMa ~|
108 [DELETE FROM SUBMODEL] MCMa —= MCMi
109 Clb -» PClh
110 PClb -> Clh
111 FCIb -
112 Sicl —»
113 PCIb + Sicl -= PTrim
114 FTrim -= PClb + Sicl
1% PTrim —> PClb
116 PTrim - Sicl
il Tri -= PTrim
118 PTrim —> Tri
119 - Swel
120 swel >
121 Pawel =
122 Swe 1M =
123 Powe 1M -
124 Swel —» PSwel
125 PSwel - Swel
126 SwelM ->= PawelM
127 Pawe 1M —> Swe 1M
128 Swel -> SwelM
128 SwralM - Swal T
130 Pawel > Pawe 1M
131 PSwelM -> PSwel
132 Mihli -= Mihla
133 Mihla —> Mihli
134 BE -> Il
135 - AMA -

Description of Antributes
1. Click on a row number above 10 wiew the anributes
2. Click on a cell kelow to scroll through the atribute list

Figure A.29: 5! of 5 screenshots of the final reaction composition mapping table of the morphogenesis and

cell cycle combined model.

Back ) Next )

Reactions in grey are
NOT INCLUDED in the
fused or composed model.

Cancel )




Appendix B

Hierarchical Modeling Proposal

The following is a proposal for the Hierarchical Modeling extension for SBML Level3. It is written as an
outline of the sections we envision being important to put into the document and was prepared in its current

form by Stefan Hoops.

B.1 Goals and Scope

The original objectives for the proposed SBML Composition extension were the following:

1. Facilitate the reuse of existing models (as components)

2. Manage complexity when building large models.

As various different approaches were analysed in considerable amount of detail during the September 2007

workshop on model composition, the goals, scope, and design of the extension evolved considerably:

1. There is a fundamental need for a simple algorithm for defining, referring to, and including, separate
model components - e.g. chunks of SBML documents (or fragments thereof). This should be a “core”
enhancement to SBML in Level 3. A separate proposal for such an enhancement (based on xlink) was
drafted and is described here.

2. To define a model that can be arbitrarily complex, but purely hierarchical (when referring to its parts), is
both required and sufficient for achieving all of the goals of the proposal. To reflect this, the proposed L3
extension has been renamed the Hierarchical Modeling extension. The syntactical elements needed are
surprisingly few - as long as there is an unequivocal mechanism for separating*‘sub-model” namespaces
and replacing (“overloading”) model elements.

3. The proposed solution is simple, but has a number of quite powerful additional features (that were

somewhat unforeseen):

(a) The ability to create related collections of model variants - e.g. storing “multiple runs” of a model

(with different kinetic parameters or initial conditions) - in a single SBML document
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(b) The ability of almost complete backwards compatibility if libSBML will be enhanced to support
this extension - e.g. Level2 software tools that use libSBML for document handling may be able
to read in any such model as a “flattened” Level2 version3 model

(c) The ability to create “smart” visualization tools/algorithms - e.g. “black-box” display of compo-
nents, selective zoom/editing of components, etc.

(d) The facilitation of tool interoperability with CellML language-encoded models and components

B.2 Syntax

B.2.1 HierarchicalModel Type

The HierachicalModel (Figure B.1) is the type of the <model> element, which is the top element of an SBML
file containing a model which is composed from multiple submodels. The HierarchicalModel is derived from
the Model type of the SBML core. The attributes of the <model> stay unchanged however the sequence of
child elements is expanded. The added child elements are <listOfSubmodels>, <listOfReplacements>, and
<listOfPorts>.
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SEase

SBML

+level positive integer {use="reguired" fixed="3"}
+yersion: positive irteger juse="required" fixed="1"}

Model

model %

HierarchicalModel

ECUEnCEe

izt frSubmodels
I:I '

ListOfSubmodels

liztOfReplacements
01

ListOfReplacements

listOfParts
01

ListOfPorts

Figure B.1: Proposed HierarchicalModel Type for SBML Level3.

B.2.2 ListOfSubmodels Type

The ListOfSubmodels (Figure B.2) is the type of the <listOfSubmodels> element. This element contains
the a list of submodels . The <model> sources which are instantiated may be defined by a model element,
or locally and remotely (in another XML documnet) through the SBMLInclude type. The two alternate
attribute lists of the source element present restrictions of the SBMLInclude type (derived from xi : include)
applicable for the local or remote model definitions. The scope of the SBML ID of the hierarchical model
does exclude the child of the <submodel> element. This means that an instantiated model has its own

namespace. It is possible to instantiate several copies of a submodel from the same source.
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The resulting section in an SBML document would look like:

<listOfSubModels>
<submodel id="Submodel_1">
<substanceConversionFactor
id="SCF_1"
name="Substant Conversion Factor 1"
value="1000"
units="submodelSubstsanceUnitPerParentModelSubstanceUnit"
constant="true" />
<volumeConversionFactor
id="VCF_1"
name="Volume Conversion Factor 1"
value="1000"
units="submodelVolumeUnitPerParentModelVolumeUnit"
constant="true" />
<areaConversionFactor
id="ACF_1"
name="Area Conversion Factor 1"
value="100"
units="submodelAreaUnitPerParentModelArealUnit"
constant="true" />
<lengthConversionFactor
id="LCF_1"
name="Length Conversion Factor 1"
value="10"
units="submodelLengthUnitPerParentModelLengthUnit"
constant="true" />
<timeConversionFactor
id="TCF_1"
name="Time Conversion Factor 1"
value="60"
units="submodelTimeUnitPerParentModelTimeUnit"
constant="true" />

<model id = "HierarichicalModel_ 1">

</model>

</submodel>

<submodel id="Submodel_ X">
<model xref=".,.."
</submodel >

</listOfSubmodels>

xpointer="..." />
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ListOfSubmodels I

submocel

Submodel

+ick: Sl fuze="required"?

eCuUence

—l +substanceConversionFactor
01

| ConversionFactor I

—l +volumeConversionFactar
0,1

I ConversionFactor }

—I +areaConyersionFactar
01

| ConversionFactor I

+lengthConversionFactor
0,1

. |
| ConversionFactor |

—l +HimeCaorversionFactor
0,1

| ConversionFactor I

+m0de' m

hoice

HierarchicalModel

xiiinclude

SBMLInclude

+xi:href: string {use="optional"}
+xixpointer: string {use="required" constraint="=*madel="}
+mdS: string {use="optional}

Figure B.2: Proposed ListOfSubmodels Type for SBML Level3.
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B.2.3 ListOfReplacements Type

See Figure B.3.

SBase

ListOfReplacements [—

replacement

Replacement

ECUENCE

| SaUrce

ObjectRef

| tarcet

ObjectRef

conversionFactor
0,1

ConversionFactor

Figure B.3: Proposed ListOfReplacements Type for SBML Level3.

B.2.4 ListOfPorts Type

See Figure B.4.

B.2.5 ConversionFactor Type

The ConversionFactor type (Figure B.5) is used to specify the conversions required between the parent and
sub models as well as the conversion required for replacements. The type is derived from the Parameter type

of the SBML core with the restriction that the constant attribute is fixed to the value true.
The conversion is such that following two MathML fragments are equivalent in value and in units.

<ci> target </ci>
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SBase

ListOfPorts

+idl: Sld: juse="required"}
+name: ztring {use="optional"}
+inutahle: boolean {use="optional" default="true"}

obiject
ObjectRef

Figure B.4: Proposed ListOfPorts Type for SBML Level3.

SBase

Parameter

ConversionFactor

| +constant; boolean {use="reguired" fixed="trus"1

Figure B.5: Proposed ConversionFactor Type for SBML Level3.

<apply>
<times/>
<ci> conversionFactor </ci>
<ci> source </ci>

</apply>

This means that when we flatten a hierarchical model to a SBML core model every occurrence of the first
fragment will be replaced by the second. For this mechanism to work properly in the units space it is required

that proper units for the conversion factors must be defined as part of the parent model.

B.2.6 ObjectReference Type
See Figure B.6.
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ObjectRef

hoice

ohjectld: Sld juse="required"}

subobject
oA

Xpointer

Figure B.6: Proposed ObjectReference Type for SBML Level3.

B.3 Expected impact on other extensions

Some possible other L3 extensions that might be impacted by this one are: modularity/inclusion, rule-based

models, arrays, spatial geometry.
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