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ABSTRACT

There are dargenumber of software packages availaileth commercial and academio assist researchers fimodeling

protein networkslin this paer, we briefly review some of the more commonly used tools and fodhe @urrent state of the
Systems Biology Wdibench EBW), a modular framework that connects modeling and analysis applications, enabling them
to reuse each otherdéds capabilities. We dessibahdclrrentlyhagadw us er
able SBW madules.

1 INTRODUCTION

Cellular neworks are by nature highly dynamic structures where proteins, metabolites and expression leveltartyco
changing and adjusting to internal and external influences. Protein networks in particular provide th@uogtiofal compu-

tational capacityhat cells need to respond coherently to external signals (Sauro and KholodedBolr2Bcent years there

has been a growing interestunderstandindnow protein networks behave dynamically since ultimately it is dynamics that
generate the phenotypeDue to the large number of components and nonlinear nature of protein interactions, the study of
protein network dynamics invariably involves simulation and mathematicalsass\@bupled with experimentatigfyson et.

al. 2001 Neves and lyengar, 200@eva-Zatorsky, 2006Kholodenko, 2006

Simulating biochemical networks has a long history dating baek least the 1940s (Chance, 1943). In the early days sim
lation relied on building either mechanical or electrical analogs of biochemiwabmks. Itwas only in the 196Qswith the

advent of digital computers that the ability to simulate biochemical networks became more widely available withlthe deve
opment of specialized software toozarkinkel, 1968. In recent years there has been a plethoraa$ tmade available to

the budding systems biologist. The quality and user friendliness of these tools is highly vitéabl¢ools are open source,

that is the source code is available for free which to some degree can ensure its swenvaien theoriginal author looses
interest. Some tools are commercial such as SimBio for M@athworks, 2006)

This article will be concerned with the software todts simulating and analyzing protein network§e will start with a
brief review of existing médologies and tools and then focus on our own tool set, the Systems Biology Wor{&eamach
et. al., 2003

1.1 Modeling

There are many reviews and books that now cover the art and science of building models of biochemical iditvporéss (
al, 2005, therefore only a brief survey is given here.

There are a number of mathematical formalisms that can be used to represent protein networks. The most common is to use
ordinary differential equations to describe the rate of change of each protein speaesod#h. Such an approach asssme

that concentrations can bescribedusing continuous variables and ignores the fact thaeinis are particulate and change

in a discretemanner. However, if the protein concentrations are sufficiently high (say > 2R@utes) then the continuity
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assumptions reasonably good. In eukaryotiells thelevel of protein innetworks such as the MAPK pathwaypresent in
the ten of thousands of molecul@ithgen, et al, 20063nd the use of differential equations to ralogrotein networks is
not unreasonable. The alternativettis approach is to use stochastic modeling (Gillespieg)l 8t this tebnique should
only be used when particle numbers aeey low. A useful mddle ground is to add noise to a continuous aagh by using
chemical Langevin equations (Gillespie, BROMany of the software tools support all three modeling approachest-
nuous, stochastic andahgevin.

1.2 Standards

While software toolhave a vital role in the study ofd@hemical networksthe externalrepresentation ahese networks as
computational models is alsm important consideration. The most tedious and potentially error prggreachwhen -
scribing a modeis to write the system egtions manually. Many ahbrs for example still publish their rdels as lists of
differential equations, usualligown in an appendix. Although the raw system equations represent the model precisely, the
process of generating the equations looses important biological infornsath as stoichiometry. Moower reverse eng
neering the equations tecoverthe originalbiological network is often very difficult. As a result of these issues, maty sof
ware writers prefer to enter models in a morddgally relevant notation. These representations can be simple text based
lists of reactions together with their rate laws, or more elaboeateondiagrams representing thetamrk.

Prior to the year 2000, all simulation software tools used thair fownats to export modelsisually these were some form

of text basedepresentationThis meant it was €ficult if not impossible in some cases to move models from one software
tool to another.As a result, a group of modelers, computer scientists aidgists came together to formulate a common
standard for exchanging computational models. This resulted in the publication of SBML, the systems biology markup la
guage Hucka, et al, 2003 A similar process was discussed in the physiology communitynfadeling physiological
processes with the outcome being the publication of Cel(Médley et. al., 2001;loyd et. al, 2004. Since the publication

of these stadards, mostif not all software tools now have the capability to import and export either LS&MCellML,

though SBML tends to be the more commomfat used due to its greater simplicity.

1.3 Software Tools

In the last ten years or so, numerous software applications have been written to support modeling of biocheasieas.pro

Table 1 lists somefdhe tools that weurselvesise or have used on occasion. In many cases we use alternativextaokseb

our own software may not have the required capabilisiesther times we use other tools to comghedr simubtion results

against our owrsimuldions. Some of the more advanced software applications are very complex and given the nature of
software development in academia, where funding tends to be sporadic and uncertain, it is always wise to compare results
across different applétions.

All the tools listed in Table 1 can import and export SBML and a few can exchange CellML. All thedalistactively
maintained, some sporadically, but most have some sort of active community which is important for receiving feedback on
bugs, usability or fuctionality issuesMost of the tools run on multiple platform (Windows, Linux, Mac) and meih the

exceotion of one or twpare open source though under varying licenSesne run only under Linux which severely limits

their user base. Roughly tvthirds have automatesetup programs which makieextremely simple for anyone to install

them on gersonacomputer Some of the Linux and Java based toetsuire technicaskills of varying degrees and are best

used by rperienced technical useSome ofthe tools are extensible, that is new functionality can be added by a user. Often
this is accomplished through scripting languages. This aspect is still largely undeveloped and in practice few users seem to
exploit this powerful feature.Most have some fan of documentation, including tutorials but documentation tends to be
patchy. When in doubt it is best to contact the authors who are usually more than willing to help out with any problems and
often welcome such contaiven that we aralsodeveloperof simulation tools it would be unfair for us to do a detailed
comparison of the different applicatgrinstead we refer interested readers to the réndependenteview by Alves et al,

2006.

We will comment brieflyon some tools that supplement our own software applications. Although not on the list, we should
first mention Matlab as an excellemumeical and data analysis application. Matlab is an application which we frequently

use for complex data analysis. Other tablstare particularly importanthough do requiréurtherdevelopment, are bifuas

tion analysis software. Bifurcation analysise tstudy of model behavias a function oparameters is probably one of the

most important analysis methods available and we include in this list XPP and Oscill8 as good candidates. Other tools that
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we use include Copasittp://www.copasi.organd PWBCeS (Olivier et. al., 2005¥or testing purposes, both these tools are
developed by long standing researshia the field and we considéneir tools to beeliable. For most of our work we use
SBW, with Jarnac and JDesigner being the most important todtds categoryEvery research group will have their tav
rites and our own particular choicase biased @ording to our own interests and needs.

Software Tool  User Inteface Comments

CellDesigner Visual Implements a proposed visual representation
Copasi GUI Parameter Optimization

Dynetica GUI

E-Cell Scripts

Hy3S Scripts One of the few hybrid simulators

Jarnac Scripts SBW Compatible, extensible

JDesigner Visual SBW Compatible, extensible

JigCell GUI Includes a comprehensive modelmager

JSim GUI/Scripts Especially good at physiological modeling
MathSBML Scripts Mathematica tool

Oscill8 GUI/Scripts Bifurcation Analysis, uses AUTO

PySCeS Scripts Excellent Python based tool

SBML-PET Scripts Parameter Optimizer, supports SBML events
Sysbio TodBox  Scripts Comprehensive Matlab Tool

VCell GUI/Scripts Internet based spatial modeling workbench
XPP GUI/Scripts Bifurcation Analysis, uses AUTO

Table 1: A variety of softwaretools formodelingprotein networks.Web Inks to thee and otherelatedsoftware tools can
be found at www.sbml.org

In the remainder of this article we will describe our own simulation tool kit, the Systems Biology Workblern&la et
al. 2002 Sauro et. al., 2003The philosophy of the SBW is thatstead of developing monolithic application, weaake a
modular approacthat supports distributed computir@ur developmenfocuseson a platform/language independent feam
work of loosely coupled applications: the Systems Biology Workbehhls allows newly deveped applications to reuse
functionality from existing applications, rather tharmglement them. For example, rather than implementing a newr sim
lator for a new project, we simply take advantage of an existing-8Baled oneThere are other approaches to implethen
ing a modular architecture, in particular sieouldmention BioSPICE and Cytoscape as alternative appesactbuilding
modular applietions. .

The BioSPICE (Garvey et al. 2003approach is tdi wr a p 6 a p p laialgzartolbjexta with spactfied input and
output behavior. Thesanalyzers can then be used witldrgraphical interfacdo create workflows between applications.
While this approach works for applications that di require user input at runtime, it does not work well for a modeling
process. A modeling process requires more flexibility than a workflow can prdvide. S B W, fl ow bet ween
nonlinear and dependent on the whim of the modeler.

Finally, CytascapgShannon et. al. 20038)sesa traditionalplugin approach, a technique popularized by Photashiop
gins are small software libraries that can integrate into the main application at runtime thereby adding new functionality
without requiring a recomfaition of the main applicatiorifThe main application goses a programming interfaagich
third-party cevelopers can gloit. The technique is quite successful, however the main drawback is theasgiage to be
written in the computer language that thain applicatioris written in. Thus in the case of Cytoscape, plugins must be wri
ten in JavaTo Java writers this is not an issue, but to developers of other languages it is a problem. SBW circumvents this
problem by integrda ng o6 p | u g i mguége indepemdengbnokea. | a

1.4 Architecture

The Systems Biology Workbench (SBW) is a resowitaring framework based on a broker architecture. SBW uses-a me
sage based system that employs binary fttedamessages sent over TCR/uro et al. 2003)This basic architecture was
chosen with regard to performance, portability, simplicity, and langoag#ality. We also considered XMRPC, Java
RMI (Sun Microsystems 2006and CORBAOMG 2006)but ultimately favored a simple petrpeer technique.

Binding libraries, provided for most programming languages, allow applications to becomeg#Negd. This means
that the application can make use of funuaiity provided by other SB¥W¢nabled applications or @ride functionality for
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other applications. The bindingotaries are written to fit the natural pattern of the programming language of choice. SBW
enabled applitions are called modules. Each module in turn will provide oneaerservices and each service will have
one or more methods. Each method is defined by its unignatare and help string. Help strings are also available at the
service and module level. Help strings provide a degree of internal documentation to thetSBatle and are useful in a
number of situations (see SBW add). Services are also classified into categories, which allow the discovery of modules
not only by name but also by functionalityxdnple categories include simulators (with various ley8BML translators, or

a simple analyzer category. The convention is that every service belonging to a cestairydatplements specific method
signatures that allow the services to be exchanged at a later time.

At the core of SBW stands the SBW Brok&he Boker negotiates communication between SBW modules. Its main
function is to provide other modules with events such as the startup/shutdown of applications, a system shutdown, or adve
tising newly registered modules. TheoBer also allows the useo find SBW modules either by name or by category. While
the broker is most often used to negotiate communications between local modules, it can also communicate witloremote br
kers. Furthermore, SBW allows all SBW modules to be available as WeltesW3C 2006) This communication flow
can be summarized askigurel.

4

= Module 1
{
7,

Module 1

C 2INPON

Module 3

Figure 1: SBW Communication Flow

SBW can be used in a hosting environment whereoitiges analysis support for SBML models. This has been done by
BioSPICE, BioUML (Kolpakov 2002) CellDesigner(Kitano et al. 2005)and JDesignefSauro et al. 2003 BioSPICEal-
lows integrating SBW modules as analyzers into the generated workflow. A simpler way of integration has been done in
CellDesigner and JDesigner by incorporating a SBW menu.

As shown with PySCeflivier, Rohwer, and Hofmeyr 2005kripting can be a powerful tool for researchers. \&e d
veloped a set of scripts that allow SBW to be used in the Python interactive mode. Users wilfidx ofoévery module
startup and are able to access all SBW modules from the shellai8imuses can access SBW via scripting from Matlab
(Wellock et al. 2005)

A more detailed description of the inner workings of SBW can be fou(iduoka et al. 2002and(Sauro et b 2003)

2 SBW FROM A UBI¥RIWE PE

A user of an SB\Wenabled application will probably never perceive SBW working at all. For a user, SBW iscliaoltf

loosely coupled applications, all of which support SBML. One example would be the use B¥\aar@bled model editor

such as JDesigner, which is a program that allows the user to load or construct a biochemical model and then analyze the
model. When loading a model created by another software tool, JDesigner will ask another SBW module tcagagetsdte

for the loaded model. As JDesigner has no inherent simulation capahitidgesiodel is handed over to a SBW module that
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canperform the simulation. The results from the simulation are tiagded back to JDesigner, via SBW, allowing them to
be displayed according to user specificatidBisnilarly, if a user performs structural analysis on the model, JDesigner will
acquire thisnformation via SBW from MetatodPfeiffer et al. 1999)

JDesigner (and CellDesigner) also feature an SBW menu. This menu is populated dynamically on startup and lists all
SBW modules implementing the SBW analysis category. When the user selects a program from this menuethab&B\V
program is invoked, the model is passed to it, and the program performs further analysis on the model. There isi@-wide var
ty of modules available, such as bifation analysis, frequency analysis, (stochastic) simulation, and 3D Visualization.

Because the SBWhenu is shared between many applications, usarshave a new option for moving between these
applications. A user woikg on an SBML model in one programan switch to another SBW module by selectintfpriough
the SBW menu, thereltyansferring thanodel to the next pgram wheret canbefurther analyzd. Thi s Betweeppi ng o
progransis rather different from the usual export/import scenario and allows usersciergfff use many tools

3 SBW FROM A DEVELOPER'S PERSPECTIVE

SBW is a modular framewk that gives developers tools for basic modeling and analysis tasks such as interrogating models,
simulating models, and analyzing models (such as structural or stoichiometry analysis). Therefore | tperdefva new
software application can use thasels as a foundation and focus on novel tasks insteadiofeating the wheel. It should
be noted that the basic analysis tools are exchangeable, so that, for example, one simulator can easily be replaced by anothe
one.

Similarly, an existing applicatn written in any spported programming language can be modified to interact with SBW
with minimal programming overhead. This enables otlpplieations to use its functionality.

3.1 Language Bindings

Native SBW language bindings are available for the masinoon programming languages such as C/C++, Java, .NET la
guages, Python, Delphi/Kylix, and Matlab. Other languages, such as FORTRAN, would use the C libraries to access SBW.
Other languages can be supported; the only requirement is that the programmirgdapigpvides string handling routines
and IP socket access.

The language bindings encapsulate all communication with SBW making remote communication to another module as
simple as any other method call. A default method call will result in the apptidalbaking until a result comes back. Akle
natively, asynchronous methods can be implemented. Should a call to another SBW module result in failure, exceptions will
be thrown in a language dependent way. In other words, for languages that supmbidrekeedling (such as C++, Java, or
the .NET languages) the caller will receive a proper exception, otherwise error flags have to be checked (for older languages
such as C or FORTRAN).

It should be noted that the binding libraries only support simple daés tsuch as bytes, characters, complex numbers,
floating point numbers, and strings. Furthermore; amel twedimensional regular arrays of these types appatied. More
complex data types can be constructed by the use of lists. Lists are recurdivelg dad can therefore contain any cémb
nation of other types. With this set of types, any other data type can be represented.

3.2 SBW Visual Studio Add-on

In order to call a method with SBW, the following four steps must be executed: First, the chosendsBMY mmust bees

lected; second, the SBW Service containing the method has to be found; third, the method to execute needs to be selected
finally, a call has to be made. This pedare is approximately the same for all program languages. For examplestiygse

could be written in C# as follows:

/I get module instance of a "simul ator"
Module oSimulator = new Mo dule("simulator");

/I obtain simulation service by category lookup
Service oSimService = oSimulator.findServicesByCat egory("simService");

1l get a method handle
Method oSimulate = oSimService.getMethod("double[][] simulate()");

/I finally call the method
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oSimulate.Call();

The code shown above must be repeated, at least in part, for every method that an application wishes to use. For any given
module there may be tens or possibly hundreds of method calls. As a result we have deviseonato daog Microsoft \&-
ual Studio programming environmeiMicrosoft 2006b)that allows any SBW module to be automatically wrappedyréar
use. The adan can generate interface code for Visual Basic (.NET), C# (.NET), and C++ (unmanaged). The developer
simply selects the SBW module and service to be wrapped, along wéhaseptions, and a wrapper file will be created and
added tolte current project. The programming language will be detected from the current project. Possible optioms-that mo
fy the behavior of the wrapper include optimization options that influence when and how the metheodsisrd and an @
tion to automaticajl restart an applation, in case it was closed by someone else and is still needed.
Once this is completed, the SBW module will look like any other static class in the current project. Bantpée e
above, this means we can replace the four linesds voth a single call:

Sim.simulate();

Further mor e, as soon as the model s e smSewie® niatmet hes dxyg
above), the developer will be presented with a complete list of available methods, includiagihgipthat explain the pu
pose of the method.

3.3 SBW Web Service Interface

Another useful tool for developers is the SBW Webvi®e Interface. The Web Service Interface allows other SBW modules

to be wrapped into a Web Servi@g43C 2006) Once an SBW module and service are selected, tiegager will wrap every

method in this service into a proper web method signature. Method and service help strings are used to populate web method
help fields. In this way they appear in the WSBdwsdl:documentation in the correspondingvsdl.operation

Special care has to be given to the data types. All simple types have direspandents in web methods. The same holds

for onedimensional arrays. Twdimensional regular arrays have to be espnted as jagged arrays. Finally, the SBW lists
arerepes e n t eAday@fAnyTiype O .

The web services created i n t hMigosoft a0p6aXpavwidedpAEP.NED is aveid wi t
abl e) or wi (MbnoRroject®@8)mpleBiéhtation (which can also be integrated into Apache). This all@lvs
servicehosting on all supported platforms (WIN32, Linux, and OS X) laedcepresents measy way to make legacy appl
cations (e.g., applations written in FORTRAN or C) available as a Web Service.

A sample i mplementation can be found on the authords v
SBW module / service and tested. (Created Web Services will only be avélaalimited amount of time.)

4 AVAILABLE SBW MODULE S

Since the publication of the initial description of SEWucka et al. 2002¢onsiderable progress has been made in module
development

4.1 SBW Utility Modules

The following SBW modués provide the core functionality for SBML analysis. They provide the capability to readrany ve
sion of SBML and SBML layout annotations. rehermore, basic mathematical analysis can be performed with them. It
should be noted once again that any of thesduies can be called from any language supported by SBW. Of course, they
also can be wrapped up as a Web Service and so can be easily used in more dymamioenmts.

Network Object Model (NOM)This module provides a unified SBW interface around likiEBBornstein et al. 2006)
By creating another layer on top of libSBML we will be able to support future versions of $Bikthey and Hucka 2003)
with the same interface. libSBML provides platform indepen&BML reading and writing capabilities for many pragra
ming languages and thus is an indispensable tool for application developers supporting SBML. The NOM performs a slightly
different role. In its current version, it supports mainly SBML reading, atidid, and conversion capabilities. Furthermore,
the NOM allows several SBW modules working together on an analysis to share an SBML model in a didbozather.
Instead of the SBML model being parsed repeatedly, this task has to be performed eniytodt canmprove the overall
runtime.

SBW CLAPACK:This module provides a wrapper arouheé functions of CLAPACK, which is the C version of the
commonly used Linear AlgebraAEKage(Netlib 2006) Since many analysis tools aystems biology need to compuie e
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genvalues or singular valuésr a given matrix or to perform matrix factorizationsr inversions, we generated an SBW
module that performs these taskbis module supports matrices witbth real and complex elemenend additional cag-
bilities can easily be added when such a need arisatuire f

SBMLLayoutModule: For the upcoming third version of SBML, the SBML community decided on a layout extension
(Gauges et al. 20067 his extension wilkllow the overall layout (i.e., the position and dimensions efisp/compartments
as well as the way reactions are drawn) to be store@®BML model. Until level three of SBML is finalized, this SBMk-e
tension will be stored in an annotation in catrenodels. Based on this layout extension we developed a renderingiente
that specifies all rendering information (i.e., color, font, gradients, andpiggunformation). We implemented the
SBMLLayoutMdule so that all SBW modules can take advantafge onified layout interface. This module allows reading
and modifying a given layout, or generating a new layout from scratch. The module also supports the generatimamf a bi
containing the layout for use in another program. We also embedded thissl8BWul e i n a Web Applicat
website(Bergmann 2006)Finally, since the SBML Layout Extension is not yet widely adopted, the module provides sep
rate support for JDesigner and CellDesigner models, as they are $hearmononly used graphical model editors.

DrawNetwork Since many available SBML models do not contain any layout information, the next logical step was to
develop an auttayout SBW module. This has been done vidawNetwork.This SBW module uses varisdorcedirected
layout algorithms based on work fiyruchterman et al. 1991Qptionally the user of the rdale can decide to generate alias
nodes (i.e., multiple copies of one species that refer to the same element in the 8dWijnplifies the generated layout
immensely. The module can be used in server or interactive mode. In server mode, it listens for SBW calls and serves them.
In interactive mode the user can manually modify the generated layout, moving or lockingspeetaés or alias species i
dividually. Figure 2 displays the generated layout (with aliasing) of BioModel # 14 (fBBML model repository at
www.biomodels.net).

(3 Drawhietwork  [2006-05 26_BIOMDOODODODO14. ]

Figure 2: Autolayout of BioModel #14 (From ModeleRository at www.biomodels.net)

Translators SBML Translators SBW features a number of SBML translator modules ¢bavertSBML into XPR,
Matlab-, Simulink, Java, Jarnadiles and others. These translators take SBML as input and generate the translated code
the user chosen format. All the translator modules support a standard trarsseigory which other applications such as
JDesigner can exploit. Here, wdetail the process of translation for the Matlab translator, which converts the SBML model
into a function that can be called by Matlab integrators (for example ode23s) to simulate the model. The SBW Msatlab tran
lator is probably the onliatlab translator thegupports SBML compartments. The translator checks the SBML declarations
for each of the sgries and converts them internally to amounts, which are then integCat@eersions between concemtr
tions and amounts ataken care of automaticalduring the simulationThe output from the translator is in units of amounts
(or mass, equivalently), lich the user should then modify to concentrations by dividing each species output value by its
compartment viume.
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Another important member of this family of tools is the SBML to XPP translator, which is used by Oscill8, an analysis
tool that can be usem study the effect of parameter changes and their corresponding bifurcation patterns. While the XPP
translator is similar to the Matlab translator in functionality, a key difference lies in the elimination of dependestfspacie
themodel This is ackeved by calling thétructural Analysis Moduledescribedunder the analysis tools section, to evaluate
the correct conservation laws for the given SBML model. This step is essential in order to compugéinguianJacobian
which is required for the fircation analysis carried out by Oscill8. This approach allows the nudehensionto be e-
duced, as only the equations for the independent species are needed, while those for the dependent species can be construct
from computed valuesf the independdrspecies This model reduction is also implemented by the other translators, namely
SBML to C, C# and Java translatoFigure 3 shows a simplified flow diagram describing the fators.

SBML

Translator
(C or C# or Java)

Conservation Rate-laws
Analysis Initial Conditions
Boundary Conditions
Simulator
Model —
Reduction S¢= T+ LoS; |——Results
Conserved Cycles_ Reduced ODEs dS,’

Independent Sp 7 — Nv
Dependent Species dt

Model in SBML format SBML }

=l

Re-compute the dependent
species before integrating
the system of ODEs

Figure 3: Flow diagram for SBML translations witdimination of dependent species equations using conservation analysis

In the case of compiled languages, such as C, C# and Java, the translator generates two files, one which encapsulates th
model,and anothethatcan simulate the model by means dfasicimplementation of the"4orderfixed stepRungeKutta
integrator Users can easily interface the model file with other solvers for more complex systems, since thepledehits

a method namedmodelfcn(int neq, double time, double x[], double dxdt [) whose arguments oform to
moststandard solvar Hereneq is the number of equationgme is the current simulation time[] is the array containing

the values of all the input variables, amdit]] is the vector containing all the right hand sidaleations in the original
system egation. The model file also includes/o methods for numerical evaluation of the Jacobian. Thes@ 2 order
method(JacobianOrder2) and a 4 order methodJacobianOrder4) for evaluating theelementsf the Jacobia using

finite differences of the" and 4" orderrespectively The file containing the model is namédodeb(with a ¢ extension in

case of C Translator, .cs in case of C# Translator, and .java in the case of Java Translator). The other filtataadoeyo
calling the method getHosting) in the translator API. No arguments are required to generate this file. It can be saved as
hostingApp.c (or .cs or .java based on the translator used). Since C# and Java suppeaitiehjedtdata staiures,the

model is stored as a class, which is instantiated in the hosting application. The purpose of separating the modehfiem its si
lation environment (for C, C# and Java Translat@gp enable the user to modify the model as desired without having to
change the simulation &ags.

4.2 SBW Simulators

The dynamic behavior of biochemical networks is one of the main interests of researchers in systems biology. érhis has r
sulted in a multitude of simulators becoming available. While in some cases the retedoedevise ggialized simulators
for certain areas, in most cases it will be enough to consider existing simulators.

Jarnac: Jarnadsee ref Sauro, (2000)8 more than just a simulator. It is a complete scripting environment combining
stochastic ath ODE simulation capabilities with a powerful control languegéuding a fairly complete matrix librarPne
unigue aspect of the matrix manipulation is that rows and columrataaied This allows the position of species andaea
tions to be easilyracked when rows and columns are swapped during analyses. déoasaisers to buildnodek usinga
shorthand notation as well as analyzing the models and graphing the results. For ODE simulations, Jarnac uses the populat
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integrators CVODHECohen and Hindmarch 1996) LSODA (Hindmarch 1983Wwhich can be individually selected by the
user.Also included is an implementation of a simpleatder fixed step Rungiutta. Stochastic simulations are performed

using an implementation of the Gillespie algoritf@illespie 1976) The shathand language of Jarngsee Figure 4) can

easily be converted into SBML and vice versa. It should be noted that some features of SBML ¥/ aesiemot beenmi-
plemented, such as events or delay equations. However, these features can be implemented with functions written in Jarnac
Script. Ading as an SBW module, Jarnac provides its simulation capabilities or analysis routines to any otheo@&B&V m
Probably the greatest shortcoming of Jarnac i s ctiodalgyt it
available on other systems, we devised a new SBW module dalledcLite This module has been written for the sole-pu

pose ofquickly trarsforming SBML into Jarna&Scriptand vice versaallowing for modifications in the useful stiband and

then letting other modules analyze the model by transforming it back into SBML. As JarnaclLite was written using the .NET
language C#, it ms under WIN32 as well as all operating systenppstied by Mono.

p = defn plos_1_model

var OCT4, SOX2, NANOG, OCT4_SOX2, Protein;
ext OCT4_Gene, NANOG_Gene, SOX2_Gene, targetGene, degradation;

JO: $OCT4_Gene  ->OCT4; (k1*A  +al*OCT4_SOX2*SOX2 + epl + m1*OCT4_SOX2)/(1 + epl/f +
(alpha2 + a1/1000)*OCT4_SOX2*SOX2 +
k2*A+(alpha3+m1/1000)*OCT4_SOX2);

J1: OCT4 - > degradation; g1*OCT4;

J2: NANOG_Gene ->NANOG; (a2*OCT4_SOX2*SOX2 + ep2 + k3*A + m2*OCT4_SOX2)/(1 +
ep2/f + b2*OCT4_SOX2*SOX2 + k4*A + n2*OCT4_SO0X2);

J3: NANOG - > degradation; g2*NANOG;

J4: OCT4 + NANOG - > OCT4_SOX2; J4_K1*OCT4*NANOG - J4_k2*OCT4_SOX2;

J5: OCT4_SOX2 - > degradation; J5_k*OCT4_SOX2;

J6: SOX2_Gene - > SOX2; (@3*OCT4_SOX2*SOX2 + m3*OCT4_SOX2+ep3)/(1 + ep3/f

+ (0.0009+a3/1000)*OCT4_SOX2*SOX2 +  beta*p53
+ (0.00099+m3/1000)*OCT4_SOX2);

J7: SOX2 - > degradation; g3*SOX2;

J8: targetGene - > Protein; (p1*OCT4_SOX2 + ep4)/(1 + ep4/1000 +
b4*OCT4_SOX2*SOX2 + p2*OCT4_SOX2);

J9:  Protein - > degradation; g4*Protein;

end;

p.OCT4_Gene = 0; p.NANOG_Gene = 0; p.SOX2_Gene = 0;

p. targetGene = 0; p.degradation = 0;

p.OCT4 =0.01; p.SOX2 = 0.01; p.NANOG =0.01;
p.OCT4_SOX2 =0.01; p.targetGene = 0.01, p.Protein = 0;

p.kl=1,; p.A=0; p.al=0.2; p.epl = 0.0001;

p.m1=0.01; p.f = 1000; p.alpha2 = 0.0005; p.k2 =0.0011;
p.alpha3 = 0.00099; p.gl =1; p.a2=0.2; p.ep2 = 0.0001;

pk3=1; p.m2=0.01; p.b2=0.0007; p.k4=0.0011;

p.n2 = 0.001; p.g2=1; pJ4_kl1=0.05; p.J4_k2=0.001;
p.J5 _k=5; p.a3=0.1; p.m3=0.005; p.ep3 = 0.0001;
p.beta=0.01; p.p53=0; p.g3=1; p.pl=0.1;

p.ep4 =0.0001; p.bd=1; p.p2=0.001; p.g4 = 0.01;

Figure 4: Example Jarnac script from the work by €kd@irmane et al., 2006. The script illustrates the shorthand la
guagefor describingreactions, rate laws and initial conditions. The reaction descriptionafaesliar chemical na-
tion with reactants on the left side and products on the right. Thiavaie specified after the reion. Reactions can be
named which makes it possible to reference the reaction rates in later analyses. Jaragasdy@easily translated to
and from SBML using JaacLite by simply dragging and dropping the scriptsrdtie application.

roadRunner In an effort to create a fully SBML compliant simulatee have also developed a new simulator called
roadRunner. Instead of interpreting model equations, roadRunner csitigilenodel equations dynamicallyesulting in
significant improvements in ggformance when compared with traditional simulateadRunner uses the integrator
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CVODE and NLEQ(ZIB 2003)for steady state analysis. To further speed up the simulation, the model is separated into a
system of independent and dependent variables. This separation process is described in(datiiblmjosyula et al.
2006) roadRunner has been writterngaetely in C#. Provided that CVODE and NLEQ are available for a givenatipg
system, roadRunner will run on that operating system. Thus, all major operating systerppamtedcu
Dizzy A further collection of simulators has been developed by Stephen Ramsey at the Institute for Systems Biology
(Ramsey 2006) Dizzy allows for stochastic simulations using Gillespie, GibBauck, or TauLeap algrithms. Dizzy can
be called via the SBW menu in model editors such as JDesigner or CellDesigner.
Oscill8: Developed by Emery Conrg€onrad 2006)Oscill8 is used for bifurcation analysis and tiomurse simu-
tions. Oscill8 provides a usétiendly interface around AUT@Doedel 1981)allowing for one and two parameter bifarc
tion diagrams Figure 5) or bifurcation searches. For SBW, itopides a simulation service and additionally is caldé
through the SBW menu to perform bifurcation analysis. Oscill8 is available for WIN32, Linux, and OS X. Thenfilaet
quires a .NET implementation such as the .NET Runtime or Mono.

Figure 5: Oneparametebifurcationrdiagramgenerated by Oscill8

Stochastic Simuladrs: An alternative tahe deterministi@pproach is the Gillespie algorithm (Gillespie, 1977), which
makes it feasible to carry out stochastic simulations. This algorithm provides an exact numerical approximation to the master
equation which provides a complete description of the system.

In the following we describe a new analysis tool for stochastilsition of biochemical networks, which interfaces
with the stochastic simulator to generate data runs, and performs statistical data analysis and frequency analysis-to aid in
derstanding the complexity of biological networks. This involves computatiensemble statistidGsnamely, the population
means and variances of the species humbers, followed by the construction of correlation functions. Probability distribution
functions of the species are also generated. The computation of correlations ifailjesuto and crossorrelations for all
the species ptcipating in the network. When converted into the frequency domain with the help of Fast Fourier Transforms,
these ar&nown as Power Spectral Densiteasd provide important irdrmation such as frequencies at which the network can
oscillate. Such an example is shown in Bigure 6, which shows results from a stochastimslation of a small networki
volving two interacting sets of mMRNA (M1, M2) and proteins (P1, P2).ifitreduction of negative feedback via inhibition
of M1 by P2 causes the power spectral density of P2 to peak, and can be inferredrsgtiod ascillations in the numbers
of P2, P1, M1 and M2. This & result ofnoise at the input beindhited to higher frequencies by the negative feedback
(Simpson et. al., 2003

Computation of the power spectral densities of all the species, along with thespeotsl densities (from cress
correlations) allows the computation of transfer functibesveen selected inputs and outputs. However, in the case-of bi
chemical networks, since boundaries are assumed to stay constant, this tool allows users to select the boundary nodes tha
should be treated as noise souy@exl tlen modifying the input SBML to convertdbenodes to floating type for the dar
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tion of the simulation. This allowthe construction of transfer functions, for example, betwesreptor and an internalggr
tein state These features makiais tool very useful for lmchemical network design, analogous to electrical circuit design.

Figure 6: Auto-Correlation and Power Spectral Density plots for a small network involving two mRMA$/12) and two
proteins (P1,P2), with negative thmck from P2 to M1.

SimDriver. To implement a unified usénterface to interact with all these simulators, we wroteStmaDriver. There
are several implementations of this module ldé. For noANVIN32 operating systems, we use a Java implementafion
WIN32 systems, we use a .NET version of the SimDrifggure 7) with additional functionality such as steady state ynal
sis, continuous timeourse simulations, and modifications to parameter values SitDriver works for all simulatorsni-
pl ementing one of t(®aaro &®BErgmanmA00Gpdreoare sevétdl i@vels of this APl with an i
creasing number of features. The user interface will disable all controlsupported by the selected simtor. The
SimDriver also supports stochastic simulators and therefore provides additional facilities to aid the analgsisasficst
models, in particular, probability density function estimation, frequency analysiso@swlinjection aselected nodes

Figure 7: Time-course Simulation Eing the SimDriver



