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Abstract

The recent release of large open access chemistry daabés¢he public domain
generates a demand for flexible tools to process gteas taliscover new knowledge.
To supportOpen Drug Discoveryand Open Notebook Sciencen top of these data
resourcs, is it desirablefor the processing tools to bepén Source and availabléo

everyone.

The aim of this project was the development ofCupen Source workflow engine to
solve crucial cheminformatics problem#s a consequencéhe CDK-Tavernaproject
developed in the course of this thebigilds a cheminformatics workflow solution
through thecombination of different @en Source projects such as Taverwarkflow
engine) the Chemistry Development Ki{CDK, cheminformatics library) and
Pgchem::Tigresgchemistry database cartridgé@he work on this project includes the
implementation of over 160 different workers, which focus on cheminformatics. task
The application of the developed methtal real world prolems washe final objective

of the project.

The validation of Open Source software libraries anctlegmicaldata derived from
different databaseis mandatory to all cheminformatics workflowdethods to detect

the atom types of chemical structures wased to validate the atom typing of the
Chemistry Development Kand to identify curation problems while processing different
public databases, including tB#| drug databaseShEBIand ChEMBL as well aghe

natural product€hapman & Hall Chemical Datsase The CDK atom typing shows a

lack on atom types of heavier atoms but fits the need of databases containing organic

substances including natural products.

To support combinatorial chemistry an implementation of a reaction enumeration
workflow was redked. It is based on generic reactions with lists of reactants and allows

the generation of chemical libraries up to O(1000) molecules.

Supervised machine learning techniques (percefiyqom artificial neural networks and
support vector machines) were ds&s a proof of concept for quantitative modelling of

adhesive polymer kinetics with thdathematicaGNWI.CIP package. Thisopers the



perspective of an integration of highe v e | Afexperi ment aCDK-mat hemat |
Tavernabased scientific pipelining.

A chemical diversity analysis based d¢wo different public and oneproprietary
databases including over 2000 molecules was largescale application of the
methods developed. For the chemical diversity analysis different molecular properties
are calcudted using theChemistry Development KiThe analysis of these properties
was performedvith AdaptiveResonancd heory(ART 2-A algorithm) for an automatic
unsupervised classification of open categorical probléihs. result shows a similar
coverage of tb chemical space of the two databases containing natural products (one
public, one proprietary) whereas tlghEBI database covers a distinctly different
chemical space. As a consequence these comparisons reveal interestirgpotaite

the proprietary dabase.The combination of these results with pharmacological
annotations of the molecules leads to further research and modelling activities.



Zusammenfassung

In jungerer Zeit fuhrt die Veroffentlichung von lizenzfreien Opatess
Chemiedatenbanken zuner erhéhten Nachfrage flr flexible Tools zur Verarbeitung
der Daten und zur Gewinnung neuen Wissens. Zur Unterstitzun@miar Drug
Discoveryund derOpen Notebook Sciencst es erstrebenswert, dass zusatzlich zu den
Daten, auch die Anwendungen zur Bestung der Daten, OpeBource und somit fur

jedermann verflgbar sind.

Ziel dieser Arbeit war die Entwicklung einer Op8ource Workflow LOsung zur
Bearbeitung von Chemoinformatikroblemen. Da€DK-TavernaProjekt erstellt eine
ChemoinformatikWorkflow-Lésung durch die Kombination verschiedener QOpen
SourceProjekte wie z.BTaverna(Workflowumgebung), da€hemistry Development

Kit (CDK, ChemoinformatilBibliothek) oder Pgchem::Tigress (chemische
Datenbankerweiterung). Wéahrend der Arbeit an diesem Projefden mehr als 160
verschiedene Prozessoren zur Bearbeitung von ChemoinfaPnaikemen
implementiert. Neben der Implementierung von verschiedenen Prozessoren stand die

Anwendung der entwickelten Methoden auf reale Probleme im Zentrum dieser Arbeit.

Die Validierung von Softwarebibliotheken sowie von Daten verschiedener Datenbanken
ist obligatorisch fur jede Chemoinformatiorkflow-L6sung. Die Validierung der
Methoden zur Identifizierung von Atomtypen dékemistry Development Kitsfolgte
wahrend der ¥rarbeitung von Datensétzen verschiedener Datenbanken zur Erkennung
von Kurierungsproblemen. Folgende Datenbanken wurden eingesetzt: die
pharmakologischen EBI DatenbankeBhEBI und ChEMBL und die Naturstoff
Chapman & Hall Chemical Datenbanbie Validierurg zeigte, dass es dem CDK an
Atomtypen schwerer Atome mangelt, sich jedoch sehr gut fur Naturstoffe sowie

organischer Molekiile eignet.

Zur Unterstitzung der kombinatorischen Chemie wurde eine Implementierung eines
ReaktionsenumeratWorkflows umgesetziDieser basiert auf generischen Real¢ion
sowie Eduktlisten und ermdéglicht die Erstellung von chemischen Bibliotheken mit bis
zu O(1000) Molekulen.



Methoden des nicht Uberwachten Maschinen LerndtexcéptronType Atrtificial
Neural Networkund SupportVector Machineswurden als Proebf-Concept fur die
quantitative Modellierung der Kinetik von Klebstoffpolymer mittels tathematica
GNWI.CIP Erweiterung eingesetzt. Diese Perspektive ermdglicht die Integration von
Aexperimentel |l er f{NBKTaemabasieleride wissensdhaftichea u
Workflow-L6sung.

Eine chemische Diversitatsanalyse basierend auf den Daten zweier offentlicher und
einer proprietaren Datenbank mit zusammen mehr als 200000 Molekulen stellte eine
weitere Anwendung der entwickeft Methoden dar, die innerhalb dieser Arbeit erledigt
wurden. Fur die chemische Diversitatsanalyse wurden verschiedene molekulare
Eigenschaften unter Nutzung dékemistry Development Kitserechnet. Die Analyse

der Eigenschaften erfolgte mittels einer lepentierung eines Algorithmus der
Adaptiven Resonanztheori¢gART 2-A) zur automatischen nicht dberwachten
Klassifizierung von offen kategorischen Problemen. Die Analyse zeigte eine ahnliche
Abdeckung des chemischen Raums der beiden NatuBavénbankenEinzig die
ChEBI Datenbank deckte einen anderen chemischen Raum ab. Die Diversitatsanalyse
beinhaltete auch die Suche nach WA3fmts einzelner Datenbanken. Als Ergebnis
dieser Vergleiche wurden interessante WHipwts innerhalb der proprietéaren
Datenbak entdeckt. Die Kombination aus diesen Ergebnissen mit der
pharmakologischen Annotation einzelner Molekile fuhrt zu weiteren Forschumds
Modellierungaktivitaten.
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1 Introduction

The recent release of large open Chemistry databases into the public doctaias
PubChen(il), ZINC(2), ChEBK3) and ChemDR4) calls for flexible, open toolkits to
process them. These databases and tools wilth&first time, create opportunities for
academia and thirdiorld countries to perform statd-the-art open drug discovery and
transnationatesearch endeavourso far asoledomain of the pharmaceutical industry.
In order tofacilitate this procesghe tools for processing these data$eige tobe free
and open. WithirOpen Drug Discovergnd Open Notebook Scien¢®) scientists can

participate in the research and get unrestricted access to what has beer(é¢arned

The delayed development of publicheminformaticstool kits, compred with
bioinformatics, was causé by a dearth of publicly availablehemistry data The
Cheminformatics tool kits handleoltections of small molecules with at most a few
dozen atomsvhich are usable for combinatorial chemistry as building do@g, in
polymer chemistry as mononsgras molecular probes for anaihgs biological systems
in chemic& genomics and system biology and of course in drug discoveryhéor
screening, design and discovery of new compeumtis wide range of applications

justifies the fundamental requirement of public chemiformatics tool kits.

Figurel.1 shows two possible starting points foe design of new drug€ne starting

point is a protein with a knawstructure and perhaps a corresponding ligand. With
public molecule databases available, an in silico docking experiment withnsilib
molecules could bring umew lead structuse With sufficient computer power, a
docking of all known small moleculesgainst all proteins from thdé®DB (8) is
thinkable. On the other hand starting from the ligand, a search for similar molecules on
the databases could detect known similar compounds. These compounds could yield to
a better biocomatible ligand and thus to a new lead structure.
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Figurel.1: Methods of detectingharmacological targetnd the disciplines involved

The availability of largechemical datasetshas generated a demand for publicly
available tools to handle and process these data. Theimtrreededo create subsets
using substructure searches or chemical similafitythis point different definitions of
similarity, such asthe Tanimoto coefficient or theDistance Moment9) are usable.
These subsets creatthe necessityfor flexible local storage systems, whidan be a
single file or folder withmolecular structurestored in a specific format or a database
Such adatabase should preferalgyovide chemical functionalitysuch assubstructure
search otthe abilityto count the number of atonis each moleculeTo support this

functionalitya database needslaeminformaticcartridge.

Another weltknown prollem with chemical information systems the formatused for
the representatiorof stored molecules. Nowadays here are manyavailable and
differing formats for storing moladar information which makes a errorprone
conversion between formatearly alwaysmandatory Somenewerand openformats
arethe Chemical Markup Languag@&ML) (10) or the IUPAC International Chemical
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Identifier (InChl). Both are attempting to replace existing proprietéoymats in the

long run.

The level of the chemical information stored in a molecdescriptionis another
problem. Many datasets contain molecwath disallowed atom configuratigrsuch as
five-bonded nitroger{seeFigure 1.2). Thesetypes of disallowed atom configurations
can lead to the calculation mfcorrectmolecular propertie®A scientist handling larga
number of molecules from different datatmlsaveto check his molecules to avoid this
kind of problems. After the identification of the problematic moleculeows the
exclusion of the moleculess the first and easiest possibilitiythe replacement dhe

disallowed atom typelsy allowed ones in a cation process.

NO, N Ny
O O O O

Figure1.2: The first tworepresentationsf Nitrobenzene are chemicalbprrect whereasNitrobenzene
with five bonded nitrogelis unreasonable.

The availability of a very large number @hemical datasetsas lead to an increased
demand fortoolsto procesghesedataautomatically or serrautomatically These tools
should be flexible, extensible and usable for scientgth little or no specific

programming knowledge.

1.1 The Workflow Paradigm

The term AWorkflowo can be used to describe
abstraction of real work segregated into the divisions of work, worldsigions and

with specific types of ordering describes a workflow. In 1996 iNerkflow

Management Coalitioml e f i ned a wor kfl ow as: AThe aut oma
in whole or part, during which documents, information or tasks are passed from one

participant to another for ac@@l)on, according
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Leyman and Rolle¢12) describedour different types for workflows in business. Most

of them have direct counterparts in science and engineeriogllaorative workflow

is commonly met with a large project which involves many individuals and which has a
high business value for a company: This includes the production, documentation and
release of major products. A scientific counterpart would be the management of data
produced and distributed due to the undertaking of a large experiment. The second type
of wor kfl ow tallbogw .delshdrsi blee siss fibr mal activity
process, which informs about a changed business practice or policy. Notificatiem driv
workflows are common in science. A good example is an agent process that looks for
new publications with specific keywords. The third workflow typedsninistrative

and refers to enterprise activitiessich asdatabase management and maintenance
scheduhg. These frequently used workflows do not belong to the core businass of
company. The last type of workflow referred to psoduction workflow. This
workflow type contains processes directly concerned with the core business of a
company, such as thetseg up of loans and their processing by a bank.s&he
administrative and the productive workflows have a counterpart in science. The
managing of data originating from a measuring instrument could be seen as an example
of an administrative workflow. Alteatively, the daily data analysis of new measured
properties would belong to the production workflow category in sci€¢h8g.

The daily work of a chemist involves number of different workflows. For example, an
organic chemistwwho synthesises a new compound and analyses the success of the
reaction involved with an NMRpectrometer usually uses an electronic lab journal for

the documentation of the experiment. The same chemist also uses a range of other tools
to handlehis daily work. Heuses specific tools to calculate chemical properties or tools

for the statistical analysis of his results. All these steps are stages in a specific workflow

and therefore occur in a specific sequence.

The advantage a workflow environments the creation of workflows for the scientist

in aLego™ like manner. Heean combine minimum sized different unitsindividual
workers to get a workflow that satisfgurrent requirements The workflow, once
created, is a source of suitable documentation and bedbmieasisfor future work. A

major advantage of a workflow system is the reduction of error possibilities due to user

interactions- such asthe incorrect copying of data betere different tools or the
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extraction of wrong or inappropriate content from specific results. A -oresed
workflow is executablen the same environment fonultiple iterations. The metaphor

drawn here s thawahole idigreater than the sum of ttept s 0O .

1.2 Open Source- Open Tools

Open Sourcés an overall sharedevelopmenmethodology(14) that offers a practical
mode ofaccess tesoftwareitself, and all background information regarding it, including
source codeAccording tothe Open Source InitiativOSI) Open Sourceloes not just
mean access to the source code. The terms of distribut@pesf Sourceoftwaremust
fulfil differentcriteria: (15)

Free redistribution

Program has toclude the source code

Modification and derived works must be allowed

I ntegrity of the authords source code
No discrimination against persons or groups

No discrimination against field @ndeavour

Distribution of the license

The license must not pecific to a product

License must not restrict other software

=4 =4 4 4 -4 A4 -5 -4 A -

License must be technologneutral

Historically all software was operefore the commercialization of software started in
the 1988 apart from in the main frame worl@he distribution ofsoftware systemsat
this time happened directly with the hardware arat oftenfreely exchange in user
forums.As a reaction to the commercialization of Softwd&ehard Stallmarfounded

the Free Software Foundatiot®©85 to support the free software movement

One of the cdoundes of OSIEric S. Raymondummarized firstlyn 1997, his view

on the advantages @pen Sourcs of t war e devel opment in his
Cat hedr al and t he Ba figavenremougkv eyebhlls, ialtbsigs are nt r a |
shal.(16)wo
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Raymondcomparedt wo di f fer ent software devel opment
the ~nABwith@aach ot her. The ACathedral 0o model
software developmenfbut also used iMOpen Sourceprojecty is a synonym for

centralized development-ere, development between releases is restricted to an
exclusive group of developeisong development cycles and a vertical management are

the characteristgfor this development modeProbably the mostamous example for

the ABazaar o model i's t hthe ddwelopeend gndchéhe t o f
distribution occurs over thénternet and is visible to the publi@& collaborative

development approach with short development cycles and a democraticemanag

are the foundations of this model.

The fundamentals of science are similar to the idea be@iipdn Source Both
propagate the improving of knowledge through producing, sharing and validating
information. The ongoingOpen Access discussigifior example Jeads to larger amount

of freely accessible scientific publications and dagaoming availableOver the last

few yearsthe foundation o& number ohon-profit organizations for supportin@pen
Source scientific softwarehas lead to a better teroperability between different
projects.Examples includéhe Blue Obelisk Movemel®) and theOpenScience Project
(17).

A sign for the increased importance of tlpen Sourcemovenent is the first
advertisement for a W2 professorship in the fieldpen Sourcsoftware in Germany
by the University of ErlangeiNirnberg(18).

1.3 Open Drug Discovery

In the recenyears,the low number of novel therapeutics approved byirttiastrialised
n a t i noedidalsinstitutions or boardsuch aghe US FDAhascaused great concern
about the productivitylevels and apparently declining innovationlevels of the
pharmaceutical industry19) Reasongited for this ineffectiveness arthe hierarchical
organsational structurgof vertical integrated companies witteir rigid and inflexible
research unitg20) In addition, there is the danger of innovatistagnatinghrough the

rising transaction cost# the bringing together afurrent research results.
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The expense gbharmaceutical research and the low number of novel therapbascs
lead to average casbf overUSS$ 1 billion (21)22) for the development ad successful

new drug which has to include the cost of failed drug developmenitss immense
investment forces the pharmaceutical companies to focus their research and
development (R&D) on diseasgsevalent in the comparatively wealthgdustrial

nations.

The idea of adopting th®pen Source concept for pharmaceutical R&D has ocirr
while biology is becoming more and more an information based science. The first
contact with Open Source within the drug development was in the field of
bioinformatics with the use of Open Source tools and databdsesdifferences
betweenthe softwareand concepts iiology and those in chemistry havienited its

application ordrug developmenip to now

In the last couple ofears,organizations called pubhgrivate partnerships (PPRsve
adapted th®©pen Sourcenodelfor drug developmeniThe APPs created new, leaost
business models through a combinationrOgfen Sourceand outsourcingThus, these
organizationscan tackle challenges that the blockbuster business model of large
pharmaceutical companies cannot addressadmch might be a way t@ddress market
niches.(23)

Existing publieprivate partnershipsuch aghe Medicines for Malaria VenturéviVV)

(24) addressmany of the practical questiomsvolved in Open Sourcalrug research

These types of business operate as virtual pharmaceutical company, which allow
everyone to contribute to their projects. An expert committee of the N \éxample

reviews every proposal and assigns the fundable proposals to a company project leader.
Different facilities such asuniversities, pharmaceutical companies, biotechnology
companies or research institutes are assigned to do the research and development for the
projects. The MVV paysgor the research from private or public contributions. During
every development steguch aghe target validation, the identification and optimization

of lead structures or the preclinical and the clinical developnteatexpert committees
decideon the ongoing stages of egatoject on the bas of the available prect data.

Figurel.3 shows the portfolio of the MMV.
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Figurel.3: Portfolio of the Medicines for Malaria Ventu(24)

Other projects also adopted tB@en Sourcerinciple for drug developmerguch aghe
International HaplotypeMapping Project(HapMap) (25) and theTropical Disease
Initiative (26). The goal of the HapMap project is to develop a haplotype map of the
human genome, the HapMap, which will describe the common patterns of human DNA
sequence variation. Thgopical Disease Initiative provides tools fOpen Sourcerug
discovery. These tools allow scientistswork together on the development of drugs

against diseasessich asVialaria or Tuberculosis.

Beside the publiprivate partnershipsmany organizationprovide tools ordatabases,
which are essential for an open dmggearchThese contributions are the base on which
the open research is possible and this bedaecoming larger and largeRecently
(2008) the EuropeanBioinformatics Institute obtainedthe funding to provide open
accessto largescale drugresearchdata. (27) This will help in the discovey and
development ofnew medicines through the public availability of data about drugs and

small molecules.
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1.4 Service Oriented Architecture

In theworkflow paradigm as described in chaptet the Service Oriented Architecture

(SOA) plays a fundamental role. A workflow environment allows the creation of
workflows though the combination of different services. Thus, a workflow is a
container, which describes the composition of different services and contains

information about th@nteraction between these services.

The Service Oriented Architecture (SOA) is an architecturalvariant of computer

systemshat supports service orientation. Service orientation defines a way of thinking

in terms of services, servidmsed development and the outcomes of a ser{@ép.

There are many different definitions for SOFhe Organizatio for theAdvancement of

Structured Information StandargsOAS1 S) defi nes SOA as the fol
for organizing and utilizing distributed capabilities that may be under the control of

different ownership domains. It provides a uniform meansffer,adiscover, interact

with and use capabilities to produce desired effects consistent with measurable
preconditi ons (29 Anotrexabsract deftnition fraaklao He (30)

ASOA i s an architectur al style whose goal
interacting software agents. A service is a unit of work done by a service provider to
achieve desired end results for a service consumer. Both provider and consumer are

roes played by software agents on behalf of
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Figurel.4: Different individuals provide different distinct services.

As long ascivilisation has existed, services have playedundamental role in the
everyday world around us. Historically a service provithes fulfilment of adistinct
task in support of other&igure 1.4 shows differenindividuals, wio provide different
distinct services. A group of services combineth one service, which is a typical
scenario defining a company or organizatiomequires the recognition of some
fundamental characteristicdefining each (sub)servicésee Figure 1.5). Important
characteristics okervices are availability, reliability and the ability to communicate
using the same languad8l) (32)
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The SOA design paradigm follows a software engineering theory known as the
Asepar at i on (33 fThisctieargstates thaithe decomposing of large
problems into smaller sets of probleersablesa more effective solutioaf the problem

to be foundFor the design of &OA, services have téulfil somefundamentadesign

requirements(32)

Standardized Service Contract
Service Loose Coupling
Service Abstraction

Service Reusability

Service Autonomy

Service Statelessness

Service Discoverability
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Service Composability






2 Aim of this work

The aim of this project iso build of a free and open workflow engine for
cheminformaticsand drug discoverwafter getting an overview of available solutions
These fields, like any other science, encompass sets of typical workflows. Areas calling

for such workflow support include

1 Chemical data filtering, transformation and migration workflows
Chemical information retrieval related workflows (structures, reastiobject
relational data etc.)

1 Data analysis workflows (statistics, clusteringgachine learning computational

intelligence, QSAR / QSPR / pharmacophore oriented workflows)

Parts of this project aréhe implementation of algorithms and applicationspimg
scientiss to create workflows for handling the described ta3ke work uses different
Open Sourcetools to buld a cheminformaticsworkflow solution, which allows
scientists to create, run and share workflows tthéir research demands.

Workflow
Input Layer

‘ Process Layer ‘

Output /
Visualization
Layer

Figure2.1: The three typical layers of each workflow

Workflows typically consistof three layergsee Figure 2.1) containng one or many

servicesFigure2.2 shows the schema of a complex workflow.
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Figure 2.2: A data analysis workflowwith stepsfor loading mol-éalfe»s from a file or a database
generabn of data for the analis and theomparison of different anadisresults.

Through a cooperation with InterMed Discovery, a natural productdeadvery
company, a validation of the implemented methods, algorithms and applications on real

world data was possible and an important part of this work.

The outcome of this projeds released under the terms af Open Sourcdicense
During the whole time of this work, llaimplemented methods, algorithms and

workflows are publically available on the project website andSourceforge(34), a
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public source code repositoresides the opinion thatthe development of software as
OpenSource provides numerous advantages, especially within saieatifironments,
the support oOpen Drug Discoveryand Open MtebookScienceis a contribution to
help create opportunities for academia and twatld countries to perform statéd-the-

art research.






3 State ofTechnology

This chapter will shortly introduce some of the available other workflow solutions for
cheminformaticsproblems.The descriptions makeo judgmentsabout the described
software packagesviore information about the different tool kits can be foundain

recent publication ofWendy Wari(35) or on the websites of each tool.

3.1 Pipeline Piot

The Pipeline Pilotis a commercialclosed sourcesolution from SciTegi¢ a wholly
owned subsidiary oAccelrys(36) which uses a data pipelining approach for its tool kit.
Within its clientserver platform the user constructs workflows by graphically
combining components for data retrieval, filtering, analysis and repoftiRipeline

Pilot provides three different user interface clients:

1 Professional Client For building new own components
1 Lite Client- For building workflows

1 Web Portal Client To run standardized analysis

A number of different collections of componerdgse availableto the user. The

collections cover

1 Thecheminformatis with thechemistry andADMET component collection

1 The bioinformatics withgene expression andsequenceanalysis component
collections

1 The statistics and data modeling with modelipigte analytics, Ftatistics and
decision trees collections
The image analysisollections

1 The life science modeling and simulationdth the Catalystand CHARMmM
component collections

1 The textmining and analytics collections

1 The material modeling and sudation collection

The report and dashboard creation collection
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SciTegic provides different tools for the integratioof external applications and
databasesto Pipeline Pilot Beside the integratiotools, three Software Development
Kits (SDKs) are usald to control thePipeline Pilot execution from external

applications.

3.2 InforSense

The InforSenseplatform (37), a commercial closed source solutias, based on a
Service Oriented Architecturmethodology and providescalable services tbuild,
deploy and embed analytical applications into web portal€ostomer Relationship
ManagemenfCRM) systemsEour set of components build the isdsr the platform:

1 Analytical Workflow- Allows the developing of analytical applications by
visually constructing analytical workflow®ver 700 different modules exist
including modules for data mining, statistics or domain specific modules for
cheminformatis, bioinformaticsgenomicsand clnical research

1 Analytical portal- Enablesthe packaging of analytical workflows as reusable,
interactive web applications.

1 In-database executiori Provides methods forembedding of analytical
workflows within databaseslhe execution of workflowswithin the database
has the advantages of scalability, security attte data accuracyof an in
database execution.

1 GridT Supportsascaling up and scaling out of the infrastructure.

ChemSensdhe cheminformaticsmodule for the analytical workflow allowshe
combination of tools from multipleheminformaticsvendors, igluding Chem#Aon
(38), Daylight (39), MDL (40), Molecular Networkq41) and Tripos (42). Besides the

available extensions, an SDK allows the implementation of custom applications.

3.3 KNIME

KNIME (43) is a modular dataxploration platform developed kvlichael Berthold
groupat the Universityf Konstanz, Germany. It enables the user to visually create data

flows, execute analysis steps and interactively investigate the results through different
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views onthe dataKNIME provides with its standard releasseveral hundred different
nodes including nodes for data processmggdelling analysis and minindt includes
different interactive views to visualize the data such as scatter plots or parallel
coordnates In addition, the gining, manipulating, partitioning and transforming of

differentdatabase sourcesepossiblewith SQL, OracleandDB2 databases

A\ KNIME [=[E S
File Edit View Search Node Help
Cr & > ol i%p |10% ~+| E=DO06BOOG & -
A\ Workflow Projects 52 | = O || A\ Example Flow &3 = B | A Node Description 53 =8
‘ = :’ ks Scatter Plot
& Eample Flow () Interactive
Table

Plot the points

Parallel Displays data in a taple view. I
" Coordmates the number of rows is unknown,
e Reader Coloy Managee the view counts the number of

. b@ rows when opened. Furthermore,
A\ Node Repository 52 | ' D@ rows can be selected and hilited.  |=|
=
Plot parallel coordinates
v Read in data Color an attribute 2 ol Ports
L Interactive Table Data Input
i 1%] o D@ 0 Input table to
i3 E [D)atal;j‘se. ati display.
#-= Data Manipulation .
+750)
[c2] Data Views
> 5 Show the data values .
@-X Statistics Views
@ Mining
- Chemistry Table View
@-t® Meta
e B2 Outline 52 = 0|2 console wbE| e E-ri-=0
(- Python KNIME Console
=R R

Log file is located at: D:\kr .5-win32.x86\knime_1.3.5\works]
WARN WorkflowManager The current XNIME version (1.3.5)

23M of 3ITM (i}

Figure3.1: This screenshot d§NIME shows its typical multi window layout.

The Open Sourcelatform Eclipse(44) provides the base fa&¢NIME andallows with
its extensible architecture and the modugoplication Programming Interfac@APl),
for a creationof custom nodesVarious forprofit organsatiors such asTripos (42),
Schrédinger(45), ChemAxon(38) and othershave implemented sets of nodes and

provide business support options KiXIME.

KNIME is available under the terms of the Aladdinfree public license. Thi©pen
Sourcedual licensing modekllows free use for norprofit as well as for profit
organizations bupermits the distribution ofKNIME to third partiesonly in exchange

for payment.
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3.4 Kepler

Kepler (46) is a user friendlyOpen Sourceapplication for analyzing, modeling and
sharing scientific data and analytical processes. Réger project isa collaborative
development from the University of California at DgvSanta Barbara and San Diego,
which released its 1.0.0 version in May080Keple® aim is not only théacilitation of

the execution of specific anabg but it tries to support the userstire sharing and
reusing of data, workflows and components. This allows the community to develop

solutions to address common problems.

K| file:/C:/Programme/Kepler-1.0.0/demos. . .arted/02-LotkaVolterraPredatorPrey.xml g@
File Edit VYiew Workflow Tools Window Help
3 = A !——'——7
eeERelP i@ mmc[-ce
[ R A
omponents | Data R X
Search
CT Director
[] Search repositary er:2
Timed Plotter
' o501
S i E I eb: 0.1
£ @ Components d: 0.1
#- € Projects XY Plotter L
- €Y Disciplines
- €Y Statistics
Gdni/dt Integrate n1
r'n1-a*n1*n2
Integrator
This model shows the solution to the classic Lotka-Volterra
predator prey dynamics model. It uses the Continuous Time
domain to solve two coupled differential equations, one that models
0 results Found. the predator population and one that models the prey
D - population. The results are plotted as they are calculated showing
@ : both population change and a phase diagram of the dynamics.
()
Rich Williams, 2003, NCEAS
™
o < | . >
execution finished., [:

Figure3.2: This screenshot d€eplershows one of the example workflows.
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The 1.0.0 release oKepler already contains a library of over 350 processing
components. After the customizing and connecting of different components, the created
workflow is runnable on a desktop environment. Althougpler has only recently

been releasedt is alreadysuccessfily used to study the effect of climate change on
species distributior(13), to simulate supernova explosions, to identify transcription

factors and to perform statistical analysis.

Kepleris released and freely available unteeterm of theOpen Sourc®SD License






4 Software, Libraries and Methods

This chapter contains detailed descriptions of the software tools, libraries and methods
usedin the course othis work

4.1 Taverna

The Taverna(47) workbench is a fre®©pen Sourcaoftware tool fothe designing and
executing of workflowsTom Oinnat theEuropean Bioinformatics Institu{&BI) leads
the development ofavernawith the ™Grid development team from the University of
ManchesterTavernareleases are availablender theterms of theOpen Sourcé&sNU

Lesser General Public License.

Tavernawas originallydeveloped for the composition and enactment of bioinformatics
workflows (48). Nowadays itoffers the possibilityof being usedin various other
disciplines such asastrology, social science artheminformatis. Originally, the
Taverna workbench enabledscientiss to orchestrate web servicesnd existing

bioinformatics applications a graphical manne49)

41.1T av e rArchiedure

T a v e rmocularsaand extensible architectumeableghe integration of different kind

of servicesinto the workflow execution environmenAn overview of Taver nads
architecturas shown in Figure4.1. Thegraphical u®r interface(GUI) of Taverna the
workbench, permitbrowsing through the available services, the creation and running of
workflows and the handling of metaddt®e chaptet.1.2.
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‘ Tavema Workbench ’
‘ ScuflModel ’
‘ Workflow Execution ’
Workflow Enactor
10 10 10 10 10 10 10
Processor Processor Processor Processor Processor Processor Processor Processor
10 10 10 10 10 10 10
1 Plain Web i Local Java .
BioMART SeqHound Service Soaplap BioMOBY Application Beanshell Styx Client

Figure4.1: The modular architecture dfavernaallows the integration of different kind of toolsThe
TavernaWorkbench is used as graphical user interface. The Scufl model describes a workflow in a
XML -based concépal language. fie workflow execution layeuses this language load the required
processor type through the workflow enactor.

A workflow in Tavena represents a graph of processors. Each processor transforms a
set of data inputs into a set of data outputs. $imaple Conceptual Unified Flow
Language (Scufl) represents these workflow&cufl is an XML -based conceptual
language. Each atomic task repents one processing step of the workflow. In the Scufl

language, a workflow contains three main entities:

1 Processors
1 Data links

9 Coordination constraints

A processor is an objeatxternally characterized kayset of input portsa set of output
ports and a status which can beinitializing, waiting, running complete failed or
aborted Currently there are many different implementations for the processor available

(seeFigure4.1). Each input or output port is associated with three types of metadata, a
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MIME type, a semantic type based on tHérid bioinformaticsontology (50) and a
free textual description.

The data links indicate the flow of the data from a data source to a data sink. A
processor output or a workflow input, are possible data sources. As data sink a
processor input port or a workflow output is thinkat¥ultiple links from one data

source will distribute the same values to the different data sinks.

A coordination constraint links two processors and controls their exectliicaallows
the control of the order of execution of two processors with no direct data depeynd

between them.

The workflow execution layer usess workflow description the Scufl languagend
handles the execution of the workflow. This layer controls the flow assumptions made
by the user, managehe implicit iterations over collections and implents the fault
recovery strategies on behalf of the usehapter4.1.3 shows more details on the
iteration strategy and fault tolerancel@verna

The aim of the workflow enactor layer is the interaction with and invoking of concrete
services.The concept of this layer allow@hrough the integration of plugns) the

extension of processor types.
The framework offavernaprovides three levels of extsibility: (51)

1 The first level provides a pldip framework for adding new GUI paneihich
allows an integration of GUI elements for the user interaction to control or
configure extensions incorporated infaverna This extasion is available at
the workbench layer.

1 The second levehllows the integration of new processor typésenables the
enactment engine to recognize and invoke the new processoratygpestends
the workflow execution layer with new possibilities.

1 Thelast level provides a loose integration of external components via an event
observer interfaceand is also available at the workflow execution layer. It
enablesthe extension, whiclreact on the eventgenerated by the workflow

enactor during the changétbe state of the workflow.
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4.1.2 The Taverna Workbench

The aim of theTavernaworkbench is to provide a GUVherethe user caraccess
different servicecomposea workflow, run the workflow and visualize the result of the
workflow. For this the workbench provides different views. The view for the

composing of workflowss shown inFigure4.2.

1@ Taverna Workbench v1.7.1.0 =|8

[le Tools Workflows Advanced Help
Search ¢ | [7] Watch loads Graphical | Interactive |

) Available Processors Uj Save diagram } % Refresh ‘ |# Configure diagram

£ Local Services
(3) Local Java widgets
@ String Constant
@ Notification Processor
@ AbstractProcessor - Processor for abstract taskdescriptions
@® Rohell - Run R[S scripts through RServe
() CDK - Chemistry Development Kit
@ Beanshell scripting host
[#-{2) Soaplab @ http://www.ebi.ac.uk/soaplabjemboss4/services/
(1+(5) Biomart service @ http:/[www.biomart.org/biomart/martservice
() WSDL @ hittp://www. ebi. ac.uk/xembl/XEMBL. wsdl
() WSDL @ http://www.ebi.ac.uk/ws/services/urn:Dbfetch?wsdl
() WSDL @ http://soap.genome. jp/KEGG. wsdl
® o WSDL @ http: //eutils.ncbi.nim.nih. tils . wsdl
[#-{2) WSDL @ http://soap.bind.ca/wsdl/bind.wsdl
[#{2) Biomoby @ http://moby.ucalgary.ca/moby/MOBY-Central.pl

namespace

fAdvanced model explorer

Workflow | ] :
— | getDragonSimpleAnnotatedimages I
%= Add Nested Workflow | [ Offiine
Workflow object Retries  Delay Backoff Threads Critical
|5 Fetch Dragon images from BioMoby L getJpegFromAnnotatedimage I

(=) Workflow inputs
(= Workflow outputs
A images | Parse_Moby_Data_JPEGImage |
A\ annotations
{3 Processors
(- P Decode_base64_to_byte
(-4 id : cho
[+ @ namespace : DragonDE:Allele
(% getDragonSimpleAnnotatedimages
(-9 getIpegFromAnnotatedimage
[0 Object %
- P Parse_Moby_Data_SimpleAnnotatedIPEGImac 2
- P Parse_Moby_Data_JPEGImage .
- Data links o s e aees .
7" Decode_base64_to_byte:bytes-images
7" Object:mobyData-getDragonSimpleAnnotatedl
7 Parse_Moby_Data_JPEGImage:image_'content’
7 getD i
7 getD i
7" getIpegFromAnnotatedimage:b64_encoded_jp
7" id:value-Object:id
7 namespace:value-Object:namespace
7 Parse_Moby_Data_SimpleAnnotatedJPEGImage
() Control links

o@

I Parse_Moby_Data_SimpleAnnotatedJPEGImage

o

\Workflow Outputs

annotations

coococoocoo
i i

cococoocoocooo

Rendering done.

Figure 4.2: The Tavernaworkbench contains different viewShown here is the view used for the
designing of workflows. In the upper ledbrner,all available services are selectable.the lower left
corner all processors, links between processors and controlafrtke currently loaded workflovare
visible. The right side of the screenshot shows the workflow diagram.workflow fetchesmages and
annotations of snapdragons from a public database.

Besides the view for the composing of workflows, the result @leaws the state of the
different processors during the execution of a workflow on one of its(sales-igure

4.3). This view allows also the inspectiontbkintermediate results of every processor.
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4 Taverna Workbench v1.7.1.0

Workflow Status : Running
Status

Processor statuses

= B
~ Tools Workflows Advanced Help
[ Results| @ Taverna 2 preview [ myExperiment (beta) C4 Discover
[ B> Fetch Dragon images from BioMoby 15:16 | [ Fetch PDB Fatfile from RCSB server 16:11 | B> Fetch Dragon images from Biobaby 16:16

T... Name

@ namespace

id
@) Decode_base64_to_byte
Y getJpegFromAnnotatedimage
% getDragonSimpleAnnotatedimages
45 Object

Last event

ProcessComplete

ProcessComplete
heduled

InvokingWithIteration
ProcessComplete
ProcessComplete

Event timestamp
06.10.2008 16:16:11
06.10.2008 16:16:11
06.10.2008 16:16:08
06.10.2008 16:16:17
06.10.2008 16:16:17
06.10.2008 16:16:11

Event detail

IterationNumber='1" IterationTotal="7" Acti...

Breakpoint

P Parse_Moby_Data_SimpleAnnotatedJPEGL... ProcessComplete 06.10.2008 16:16:17
P Parse_Moby_Data_JPEGImage ProcessSche

heduled 06.10.2008 16:16:08

Graph

inputs outputs|

Parse_Moby_Data_JPEGImage

Decode_base64_to_byte

Figure 4.3: The resultview showsthe state of the different processataring the execution of a

workflow. On the upper sidét showsthe list of processors from this workflow witheir states. A
graphicaldisplayof the state of the workflow iatthe bottom of this screenshot.

Figure 4.4 shows another tab of the result viewith the results of a workflow

execution. In this case, the workflow results are images and annotations of snapdragons.
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& Taverna Workbench v1.7.1.0 (2| E S
| File Tools Workflows Advanced Help
|[# Design [S—R?ZJE] @ Taverna 2 preview myExperiment (beta) (g Discover

> Fetch Dragon images from BioMoby 15:16 ‘

<> Save as XML | (L] Save to disk | (] Save to disk as website | (1] Excel | ¥ Close

- Results | progress report
|
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Figure4.4: Result view showinghe outcomeof the workflow inFigure4.2.

4.1.3 lteration Strategy and Fault Tolerance

In Taverna workflows are a series of inteelated components linked together by data.

There the output of one component forms the inpuhe next. The process flows of

workflows often require construcetichas t he o6if ¢é el sed or O6whi
imperative languageslo support these constructs additional invocation semantics have

been defined52)

M Iterative Semantics
I Recursive Semantics

9 Fault Tolerance
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Figure4.5: Schema oflf a v e rstata hachine governing the processes of fault tolerance and iteration
(52)
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The iterative semantics introduces a mecharfisnthe introspection of input data at
runtimecomparingthe data type expected with tberrentlysupplied data type from the
upstream process. With the help of this process, the workflow engine is able to split the
incoming data sets into a queue of data itewisich the operation has declared it is
capable b computing The Tavernaworkbench provides a GUI element to ettie
iteration strategy if the user needs an explicit override of the split.

The recursive semantics support the repeated invocation of a single op&omticdhe

use inrecursive functioao r constructs | ike 6call service |1

In Tavernaworkflows, every processor has its individual fault tolerance setting. The
user can specify the number of retries for a procgasmiaiminga failure event, the
time between the mees, or add an alternative processor to substthedailing one.

The failure settings allow the specification ofcalled critical processors. If a critical
processor fails, the whole workflow aborts. Otherwise, the workflow will continue to
run withaut the invocation of the downstream procességure 4.5 shows a detailed

schema off a v e rstata mashine.

4.1.4 Nested Workflows
The Tavernaenvironmentfeaturesso-called nested workflowsrherewhole workflows
can be used asne processor. Nested workflows hglike any other processptheir

individual fault tolerance settings.
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Nested_Workflow

- Workflgw Inputs

inReaderID

>

ORIGIN

Figure 4.6: Usedan iterative file reader and a nested workflow to insert molecules from a file into a
databas€53)

4.1.5 MyExperiment.org
A successful workflow environment needs an ecosystem of tools for supporting the

completescientificlifecycle (54). This lifecycle includs

1
1
1
1

designing and running of workflows
providing service management
discovering and publishingf services and workflows

provenance logging

™Experiment55) is a virtual research environment ftwe social sharing of workflows.

On this platformworkflow uses can gossip about and exchange workflows, regardless

of the workflow system. The reuse of workflows is effective at multiple |€@éls

1 As part of the daily work a scientist reuses workflows with different parameters

and dataor may modify the workflow
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1 The sharing of workflows with other scientisfioing similar work allows a

broadcastingfthewor kf | ow des()gner 6s

1 The reuse of workflows, components of workflows and workflow patterns

pract.i

allows the suporting of science outside itsitial applications.

™Experimentprovidesa web based virtual research environment tfe reuse of

workflows. The design ofExperimentis inspiredby the Web 2.0(57) community.

Beside the websitd"Experimentprovides a plugn for Taverna which allows the

searching, viewing and downloading of workflow directly withithe Taverna

workbench.

(@ Taverna Workbench v1.7.1.0 [ESNEN >N
File Tools Workflows Advanced Help

[ Design [ Results @ Taverna 2 preview ([ myExt “(betay| C4, Discover

[ Example Workflows | Latest Workflows | Search Workflows | Tags Browser|

Workflow Preview

cdk-taverna

3 workflows found for ‘cdk-taverna'

Insert Molecules into Database (version 1)
Uploader: Thomasku

This workflow reads the molecules form the an MDL SD File and
=N stores them into a database. The database used here is a

= Postgres SQL database which uses the PGChem: Tigress
chemoinformtic extension.

To run this workflow you have to install the CDK-Taverna Plug-in for
Taverna 1.7.1.0 from http:/icdk-taverna.deiplugin

-

Open in myExperiment

J, Preview (= Open

Uploader: Thomasku

This workflow loads molecules from a database. Each molecule
goes through the atom typing, gets its explecite hydrogens and the
detection of the hueckel aromaticity. After that different gsar
properties will be calculated. The output of this workflow will be a
gsarvector as a csvfile and a file which contains the time needed to
calculate each gsar property.

Open in myExperiment

Atom typing of molecules from database (version 1)
Uploader: Thomasku

This workflow loads molecules from a database. For each
molecule the atom type gets perceived. The output of this workflow
are a couple oftext files. The frist text file contains all molecule id's
which are loaded from the database. The second text file contains
all molecules which had problems with the atom typing. This file
contains the molecule id and the atom which caused the problem.

e The last outputfile, a pdf, contains all structures of the molecules
which caused problems during the atom typing to visual inspect the
molecules

Open in myExperiment

< T

QSAR workflow to measure the time used for calculating different gsar properties (version 1)

%, Refresh
-

m

Figure 4.7: The ™Experimentplug-in enablesthe search of workflows, visualize the workflows and

provides the possibility to download them directly into the workbench.

C

e
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4.1.6 Taverna 2
The Tavernateamis working on a complete redesigntbe systemThe newTaverna
designincludes

1 A new graphical user interfacerhich supports thegraphical designg of

workflows

Improved performance via iteration artdeaming
Management of largeolumes of data

Better remote workflow execution
Integrationwith grid resources

Decreased memory fAfootprinto

=4 =2 A 4 -4

Support for provenance capture

Currently theTavernateamhasreleasd beta versiosof the upcomingraverna2.

4.2 The Chemistry Development Kit

The Chemistry Development KICDK) (58) (59) is a Java library for structural chemo
and bioinformatics. The CDK originatathder the aegisf Christoph Steinbecks a
successor tgome of his old libraries in autumn 20@ver the years, the CDK library
has evolvedinto a fully blown cheminformaticspackage with code extendirfgom
QSAR calculatios upto 2D and 3D model buildingThe following chapters,will
introduce briefly some of the mayor functionaliés of the CDK The information
presented in the chapter are based orattieles(58) (59), the website and the source

code.

4.2.1 2D Structure Graphical Handling

For anycheminformatis-related program,the ability to display and manipulate 2D
drawings of chemical structures is one of thestimportant featuresConsequently,
integrated and based on the CD&ChemPainthas beendeveloped(60). For the
graphical handling of chemicadtructures,the library includes the capability of
generating coordinatesee chaptes.2.? for those chemical structures, which have
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beencreatedby a structure generatgsee chapted.2.3 as chemical graghwithout
coordinatesFigure4.8 showsJChemPaint

|£/| Unbenannt-1

Datei Bearbeiten Ansicht Einfiigen Report

D ElE IR E SRR G AN EIREEEE Vf

OH
HiC i,

HC

=
v

CH,

<[] ] - [

Select ConZOO (of these 20 Hs implicit)

Figure4.8: JChemPaints a CDK based 2D structure editor

4.2.2 Structure Diagram Layout

Virtual combinatorial chemistry, virtual screening or compuatesisted structure
elucidation handleshemical structures frequently as efimensional graphsdn any of

these key fields oEheminformatis, howeverjt is required to present the structumne

graphical form to a chemisfThis has necessitated a totd generate 2D or 3D
coordinates.The processof the generationof coordinateshas been terme8tructure

Diagram Generation(61). The CDK features a powerful 2D stture diagram

generator.

4.2.3 Structure Generators

The CDK contains some simple structure generatSENECA(62) a tool for the
computerassisted structure elucidation uses these generd&ased on aspecific
molecular formula the SingleRandomStructureGeneratotass generates a totally

random structure within the constitutional space. RaadomGeneratahan uses these
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erraticallygenerated structures for small random moves in the constitution space, based

on an algorithm suggested Bgulon(63).

4.2.4 Ring Searchers

The structure diagram generatdor example uses an implementation afohn
Fi g u dastaagarithm for finding the&Smallest Set of Smallest RINGESSR)(64).
These packageontains classesgebides the ring searchefsr parttioninga given ring
system intoAtomContainershich leads taone AtomContainerfor each ring. For the
aromaticity detection, it is essential to comptite Set of All RinggSAR). Therefore,

the CDK implements an efficient and fast algorithm givemdbpser et al(65).

4.2.5 Aromaticity Detection

The CDKcontains a package for the various definitions of aromaticity. Each definition
has at least one way of detecting the aromaticity. Currently the CDK contains the
CDKHueckelAromaticityDetectarlass, whichmplementshe weltknownHiickelrule.

After the SAR detection algorithm by thelanser et al (seesection4.2.4 this class
starts with the largest detected ringhere it counts the number of alternating bonds or
triple bonds and talsanto account the free electrons of heteroatoms. According to the
Huckelrule, the class checks whether the ring contams 2 “-electrons. All atoms

and bonds of this ring are marked aromatic before the search continues whth

remaining rings.

4.2.6 Isomorphism

The determination of identical chemical structures is one of the important capabilities of
a cheminformatis library. The Isomorphism package of the CDK contains a versatile
module forMaximum Common Substructure Searc(M€SS). The MCSS, the most
general case of graph matching, allows the determination of structure ideritity

subgraph matching and of maximum common substructure searches.
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4.2.7 File Input/Output

The CDK follows a generalized approach for the file input and outpbe
ChemObjectReadand theChemObjectWriteclasses are the base interfaces for all file
formats. Thus, two separated classes implementing these interfaces represent each file
format. Among othersthe CDK supports IO classes fafYZ, MDL molfile(66),
PDB(67) and CML(10).

4.2.8 SMILES

The Simplified Molecular Line Entry Specificatig®MILES) provides a compact and
relativdy simple string representation of molecular constituti¢68). The CDK
supports thisvidely usedcoordinateless interchange fotm@raph isomorphism checks

are also postble basedon the specification of unique (canonical) SMILER). To
support this, the CDK provides a canonical SMILES generator, which implements all of
the SMILES standardscluding chirality.

4.2.9 InChl ™

The IUPAC International Chemical Identifier InChl™(70) is a nonproprietary
identifier for chemical substanceghis identifier is usable witprintable and electronic
data sources and thus enaldeseasier linking between diverdata compilationsThe
CDK providesthe possibility ofcreaing a chemical substance from an In€hiand

vice versa.

4.2.10 Fingerprints

Fingerprints are mainly used as jitefs for isomorphism checkinghese prefilterare
commonly usedor searcing for molecules irdatabasesAs a result, the CDK contains
different fingerprint implementations. THangerprinter class for example produces
Daylighttype fingerprints (71) or the EStateFingerprintergenerates a 79 bit g
fingerprint usiry theE-Statefragments describdaly Hall and Kier(72).
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4.2.11 Molecular Descriptors
The CDK contais packages foratomic, bond, atompair andmolecular descriptors.

Molecular descriptors create numevaluesfor a mathematical characterization of the

structure and the environment of a molecule. These valede usedor database

searches,Quantitative Structuré\ctivity Relationships(QSAR) and Quantitative

StructureProperty RelationshipQSPR) Each desaptor implementatiorof the CDK

contains metalata asa supplement. This metdata includes information regarding the

author, version, title of implementation and a reference to a dictionary describing th

descriptors. The dictionary wakeveloped withirthe independenOpen Sourc&®SAR

(73) project and thuss not CDK specific. It contains informaticsuch ashe reference

to the original literature, mathematical formulapecifying the descriptor, links to

related @scriptors and other detail$ thhe algorithm.Tablel gives an overview of the

implemented molecular descriptors of the CDK.

Tablel: A summary of descriptor types currently available in the GB®

Class Implemented descriptors Reference
Constitutional | Atom and bond counts, molecular weight

Aromatic atom and bond counts

Hydrogen bond donordcceptor counts

Rotatable bond count

Proton type

Pi-contact of two atoms (74)

Proton RDF (75)

Rule of Five (76)

XLogP (77)
Topological gt indices (0t and 1t ) |[(78)79)80)

v indices (0Oecv and 1c6v) | (78)79)80)

Wiener number (81)

Zagreb index (82)

Vertex adjacency information

Atomic degree

Petitiean Number (83)

8 shape indices (1la, 28, (84)85)(86)
Geometric Gravitational indices (87)
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Shortest path bond count (74)

Moment of inertia (88)

Distance in space (74)
Electronic Sigma electronegativity

Proton partial charges
Van der Waals radii
Number of valence electrons

Polarizability (effective, sum, difference)

Hybrid BCUT (89)90)
WHIM (91; 92)
Topological surface area (93)
4.2.12Tools

The CDK contains tools for various problerfe example:

1 The ConnectivityCheckerclass checks whether a given chemical graph is
connected

1 The PathTools class provides methods for finding the shortest path in a
molecule between two given atoms.

1 TheMFAnalyserclass contains methods for retrievitg molecular formula for
a given molecule

1 The HOSECodeGeneratorclass produces HOSE codes (94) for a given
molecule.

1 The BremserOneSphereHOSECodePredicttaiss uses HOSE codes for the
prediction of expectation rangés carbornl3 NMR chemicakhifts (95).

4.3 Other libraries used

This chaptebriefly describes some of tlmthermain libraries used within this project.

4.3.1 PostgreéSQL Databasewith the Pgchem::tigressextension
Besides the need to access the databage public domain, the creation and use of
local database instances is an important feature for a workflow systerRo$tggeSQL
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(96) Open Sourcerelational database systetras earned a strong reputation for
reliability, data integrity and correctness after over 15 years of active development
Based on thePostgreSsQL database systemErnstGeorg Schmidt developed
Pgchem::tigress(97), an Open Source cheminformatis cartridge. This cartridge
provides its functionality baseon a wrapper around the checkmol/matchr(@s)
molecular analser and theOpenBabel(99) computational chemistry packagplus
some database functigndatatypes,a Generalsed Search TredGiST) index and
auxiliary tables. All functionality of th@gchem::tigresgxtension is accessible through

SQL statementshis includes the followingunctionality:

1 Exact and substructure search on molecules
Searching by functional groups
Calculation of chemical propertiesich asmolecular formula and molecular
weight

1 Tanimoto similarity searching

Pgchem::tigressupports the MDL V2000 and V3000 mddfi SIMLES and InChlss

input and output format®r molecular structures

4.3.2 Weka

Weka(100)is anOpen Sourc@roject, which contains a collection of machine learning
algorithms for data mining tasks.siipportgools for data prgrocessing, classification,
regression, clusteringssociationrules andfor datavisualisation. Wekais distributed
under the GNU Public License and written Java Besides thelava library, Weka
supports a graphical user interfacethich includes data visualiation and an

environment for comparing learning algorith(sseFigure4.9).
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Figure4.9: The WekaExplorerenableghe applying of different data mining methods to datasets by using
a graphical user interfa@adthe visualgation of the experimental results.

4.3.3 Bioclipse

Bioclipse (101) is a Javeébased, Oen Source, visual platform for chenand
bioinformatics based on tteclipse Rich Client Platforf(RCP).Bioclipseusesa plug
in architecture that inherits functionality and visual interfaces from Eclipsenttins
features forrchem and bioinformatics, and extension points thliw the extension by
plug-ins to provide further functionality. Thincludes a 2D molecular struceueditor

anda 3D visualisatiorof moleculeqseeFigure4.10).
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Figure 4.10: Bioclipse contains different visualisation and editing components for

bioinformatics.

4.4 Machine Learning

<cheamd

The amount of data and ¢havailability of readily usableomputational poweare

increagng exponentiallyi n

t o d a.ylldesncreasén dordputational power is still

following Mo o r lawd(302) - from the mid1970s aboua doublingof the transistors

on an integrated circuit every twerfgur monthgand the cost being halved)
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Moore's law on the exponential grow
of the number of transistors
incorporated in a chip
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Figure4.11: The number of transistors incorporated in a chip follMys o r l@wd Bhis diagram shows a

logarithmic plot of the number afansistors incorporated ghipswith the year of its introductio(iL.03)

This free availability of computational power and the omnipreserof persnal
computers are some reasdor thelnformationExplosion(104) Machine learning is a
promising method for finding information hidden in huge volumes of data and for

making it availabl e i(0)a more fAuser friendly
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Figure4.12: The exponential growth gbenBankis a typical indicatiorof the effects of thénformation

explosion.(105)

Machine learning as stield of artificial intelligencetries to enable computsrto

Al ear no. leaingas & mdcdss/can be divided into the categoriexdattive

and deductivdearning(106). Inductive machine learning methods are responsible for

the extraction of pattern and rules. Machine ar ni ng i s defined today
computer al gorithms that i mpr ¢lO7gandaitst omat i c a
techniques are used in wide range of applications including search engines, natural
language reognition (108), speech(109) and handwriting recognition, bioinformatics

and cheminformatis. Figure 4.13 shows the disciplire which influence Machine

Learning.(110)
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Computer Science ‘ ‘ Cognitive Science

Nrma

Machine |
/ Leaming | \

Statistics ‘ ‘ Pattem Recognition

Figure4.13: Disciplinesinvolved in the process of Machine Learniiid 0)

For the process of machine learning a dataseallygets divided into training and test
datasetsThetraining dataseis used to train and build mathematicamode| whichis
evaluatedapplying atest datasetThe generatedmodel should generalize from its
training data and be able to predict outputs. Models, winntyr havememorizedtheir
inputs, will not be able to generalize. The process of machine learnings théfeieen

two learning concepts, supervissadunsupervised learning

4.4.1 Supervised Learning

Supervised learning uses a training dataset, which consists of pairs of input objects, and
desired output objects to build a model. During the training, the model tries to fit its

specific adaptive modellinfunction to generate the correct output for a newly given

i nput. The comparison of the model 6s output
The task of the training is to minimize these ertmysadaption of the parameters of the

modelling function Figure4.14 shows the process of supervised machine learning for a

real world problem.
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Figure4.14: Process of supervised machine learr{ihiyl)

Decision treesperceptrortype artificial neural networkor support vector machines

commonly use the supervised machine learning strategy.
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4.4.2 Unsupervised Learning

The unspervised learning methoequiresa set of input datanly to detectpatterns

within the data Typical applications for unsupervised machine learning methods are
clustering, data compression and outlier detection. Methods based on unsupervised
learning areSeltOrganizing Maps(SOMs), also known akKohonennetworksor the
Adaptive Resonance ThedART).

4.4.3 Artificial Neural Networks

The brain is a complex, nonlinear and parallel computer that has the ability to perform
taskssuch agpattern recognition, perception and motor control. The idedfificial

Neural Networksor Neural NetworkgNN) was inspiredby the study of the central
nervous system. There the neurons wfiteir axons, dendrites and synapseiild the

most significat processing element. The artificial neuron (AN) is a model of the
biological neuron. TheMcCullochPitts (112) neuron, a model AN, receives signals
from other ANs or the environmerEach AN makes spatiotemporal itegration of the

input signals. Usually the sum of each input signal is weighted and passed through a
nonlinear function. This function is known #se activation function orthe transfer

function.

w,u,
w,u
272 Output a
Wi, _r
Wi, Sum  Activation

Function

Figure 4.15: McCullochPitts Neuroncontairing the spatiotemporal integration of the input signals and
the activation function. The input represents a weighted signal andhe weight.

Figure 4.16 shows an ANN as a layered network of ANsg.the widely used
perceptrortype ANN contains an input layer, a hidden layer and an ougyar. Two
AN layersarefully or partially connected
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Input Hidden Output Output
Vector ¢ Layer Layer Vectord

Figure 4.16: This threelayer perceptron represents ANN which is built from an feedforward
interconnected group of nodes.

The research of the last decadeslvedmanyd i f f er ent t(IM3PJes of ANNsO

1 Singlelayer ANNs, such as thdopfieldnetwork(114)
Multilayer feedforward ANNSs, includingback propagatignfunctional link and
product unit networks

1 Temporal ANNssuch as€lman(115) andJordanrecurrent networks and time
delay networks

1 Selforganizing ANNssuch aghe Kohonenself-organizing feature mag416)

1 Combinedfeed forwardand selorganizng ANNS, such asthe radial basis
function networkg117)

A large variety of applications use different ANN typedypical aredata mining,

speeh recognition, image processing anfiot control.

4.4.4 SeltOrganizing Feature Maps

Teuvo Kohonereveloped selbrganizing feature maps (SOM)16) also known as
topologically ordered maps dfohonenselforganizing feature map¥ohonenwas
inspired from studies othe selforganizationcharacteristics of the human cerebral
cortex which showedhat the motor cortex, somatosensory cortex, visual cortex and

auditory cortex are represented by topologically ordered 1433 (118).
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The selforganizing feature map is a multidimensional scaling method. It allows a
projection of a multidimensional input space to a discrete output space, which is usually

a two-dimensional grid.

O @

Figure 4.17: A self-organizing feature map projects a multidimensional input spade a two
dimensional grid(119)

This form of unsupervised learning based on a competitive
principle. The selforganizing maps consist of compounds called nodes or neurons.
Each neuron is associated with a weight vector of the same dimension as the input
vector and a position in the output space. A-timensional hexagonal or rectangular

grid is the usal arrangement of the neuroms.order toplace an input vector from data
space onto the map, the algorithm searches the neuron with the closest weight vector to
the vector from data space. The algorithrentlssigns the coordination of this neuron

to theinput vector from data spacBeeFigure4.11 for a schematic structure of a self

organizing feature map.

3t

W i



4.4 Machine Learning 49

Kohonen Neurons

1, ....m with
Neighborhood Grid

Input-Layer
X=(X4,.0.Xp)

Figure4.18: Schematic structure of a selfganizing feature map

4.4.5 Adaptive Resonance Theory
The Adaptive Resonance TheolfART) (120) is a neural network architecture
developed bystephen Grossbergnd Gail Carpenter It is developed for an automatic

unsupervised classification of opeategorical problems.

The basic ART system typically consists of a comparison field and a recognition field
composed of neurons, a vigilance parameter and a reset mddeevigilance
parameter has considerabiefluence on the system. A high vigilangarameter
resulted in very detailed memories with many fgrained categories, whila lower
vigilance parameter producesemories that are more general and thus it produces
fewer but nore-general categees. The comparison field receiviee onedimensional

input vector and transfers this vector to its best match in the recognition field. The best
match is a single neuron, whoseights vectors most closetgatch those ofhe input
vecbr. Proportional to the quality of this match, then matching neurons of the
recognition fieldreceive or obtain @egative signal from the winning neuron, which
inhibits their output accordingly. This allows each neuron to represent a category to
which the input vectors are classified. After the input vector classification, the reset
module is used to compare the strength of the recognition match to the given vigilance
parameterThe training of the network startstife strength of the match tsigherthan
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the vigilance threshold. Otherwise, until a new input vector is apptieel winning
neuron gets inhibitedDuring the search procedure, the reset function disables each
recognition neuron one by one until a recognition match satisfies the vigilance
paameter. If all matches are below the vigilance threshold, a new neuron is added to the
recognition neurons. The new one gets adjusted towards the matching inputMaetor.
Figure4.19 shows the schematic flow of the ART 2A algorithm &igure4.20 shows

the structure of the ART 2A neural network.

‘ Initialization

!

Random Selection
of a sample vector

!

Preprocessing

L‘
"

(contrast enhancement) |
Adaption '| Adaption
{incremental leaming) | {novelty leaming)
Move winning cluster a step | Copy sample vector to new
towards sample vector | cluster
A . . F 3
A 4
Any clusters exist? — no —
| |
yes
_ v
‘ Find winning cluster, that is
closest to sample vector
L ves _' Resonance Check k- no —
Is sample vector inside winning cluster? |

!

‘ Stop, if clusters converged

Figure4.19: The schematic flow of the ART 2A algorithm
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preprocessed neuron (contrast enhanced)

@ committed output neuron (represents already detected classes)

o

Uncommitted cutput neuron (represents vacant classes for novelty leaming)

Figure4.20: Schema of the ART 2A neural network with its different layers

The literature describes different types of ART algorithms:

T

ART 1(120)(121)accepts only binary inputs and is the simplest variety of ART
networks

ART 2(122)supports continuous inpuds extended network capability.

ART 2A (123)has a drastically aclerated runtime and is a streamlinednf of
ART-2. A detailed mathematical description of the AR‘Aalgorithmis given

in the Appendixof chapter8.2

ART 3(124) simulates rudimentary neurotransmitter regulations of synaptic
activity. Therefore, it incorporates simulated sodium and calcium ion
concentrations into the system equations. This leads to a more physiologically
realstic means of partially inhibiting categories.

Fuzzy ART(125) add an implementation of fuzzy logic into the ART pattern
recognition and enhanced generalzability.
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ARTMAP (126) combines two modified ARTL or ART-2 units to build a
supervised learning structure.

Fuzzy ARTMAR127) uses the fuzzy ART units to build the ARTMAP, which
results in a corresponding increase of efficacy.
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This chapter contains information about thew methods and algorithmsreated

specificallyduringthis work.

5.1 The CDK-Taverna Plugin

Tavernaas anOpen Sourcevorkflow envirorment with its extensible architecture (see
chapterd.1.]) formsthe base fothe CDK-Tavernaplug-in. The goal of the plugn is to
add cheminformaticsfunctionality to Taverna using different extasion poins of
Tavernato integrate all its functionality. The CDK provides tkkbeminformatics

functionality used within this plu@.

5.1.1 Plug-in Architecture

Tavernaprovides a list oBervice Provider Interfacg$P1I) for the extension. The phug
in packages all implemented interfaces and adts functionality toTaverna A list of
T a v e ravaidalBlesSPIs showBable 2.

Table 2: AvailableTavernaS P | (128)
Interface Description

LocalWorker A simple type of processor that doesn't require the full
invocation infrastructurdt appears as a Local Java Widget in
the Service Panel and works on a set of inputs to produce a
of outputs.

PerspectiveSPI Defines a perspective, which describes a Workbench layout
comprising of a set of Ul components.

ProcessorActionSPI Defines an action that can be performed on a Psoces set of
Processors. These actions enlectedand presented within the
menu when rightlicking on that Processor in the Advanced

Model Explorer, such as Processor configuration, metadata

handling etc.
ProcessorinfoBean Defines information aboutRrocessor component.
RendererSPI Provides Rendering capability for a particular type of data

object, such as displaying a Graph or an Image.
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ResultMapSaveSPI Providesa customiation capability for saving a collection of
DataThing objects that res@itom running a workflow, for
example saving to an Excel file.

ScavengerActionSPI Provides actions capable of being operated upon a Scavenc
object in the Service Panel, such as Scavenger configuratio

ScavengerHelper Provides the ability to add a Seanger to the Service Panel thi
requires additional information before being added, such as
providing a WSDL url when adding a WSDL processor. This
appears as a menu item when rigltking on Active
Processors in the Service Panel.

Scavenger A Scavengeis created by the ScavengerHelper, but also car
defined as an SPI. If defined as an SPI it appears in the Ser
Panel under Local Services, for examd&ing Constant.

ScuflModelActionSPI Defines an action that can be performed on the ScuflMadédl,
appear on the Advanced Model Explorer toolbar. Add Neste
Workflow is an example.

WorkflowEventListener Provides the ability to listen to events occurring during an
enacting workflow. The LogBook pluig uses this SPI to gathe
Provenance.

UlComponentFactorySPI | A factoryfor a UIComponentSPI. Theseplevel Ul
componentsippear within a layout and can be added to a
workbench layout as part of a perspective. The Service Pan
and the Advanced Model Explorer are UIComponentSPI's tt
are disovered through its own UIComponentFactorySPI.

The CDK-Tavernaproject implements some of these extensions, which lead to an
integration of the CDK functionality asso-calledLocal Worker The execution of this
worker is performed orachlocal machineAll workersprovided by theCDK-Taverna
plug-in implement theCDKLocalWorkerinterface.The detection ofhis interface from

each worker performs an extensionTof v e r ScaaengeIiSP|, the CDKScavenger

The AbstractCDKProcessorActionmplements T a v e r Br@éssorActionSPIfor
adding user interfaces to specific worker. The use of this SPI allows the addition of, for
example, file chooser dialogs for workesuch aghe file reader or writerFigure 1.1

shows the schema of ti@DK-Tavernaplug-in architecture.
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) Extends | Fetch [
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‘ Tavema )—P{ Publish CDK-Tavema Plug-in on the Web

Figure5.1: The architecture of theDK-Tavernaplug-in

Maven (129) a software management tool, packagthe entire classes and
configurations file of theCDK-Tavernaplug-in. This package is stored in a public
Mavenrepository. Besides this package, two configuration files describing tharplug
are needed foiTavernato find, download and install it on each loc&@hverna
installation. The first configuration file contains a list of available phggwith their
distinct file names. The second configuration file contains the description of thenplug
with information abouthe name, a description, the version number, the target version
number andhe repository location of the installable plig The Appendix8.2 contains

a copy ofthe two configuration files from theéDK-Tavernaplug-in.

To install theCDK-Tavernaor any other plugn in Tavernathe user needs to add a
URL of the configuration files. For thEDK-Tavernaplug-in, the configuration files

arepublicly available at the project websitdtp://www.cdktaverna.de/plugin
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5.1.2 Functional Overview
The CDK-Tavernaplug-in provides a large variety adbout 160 different workes.
Table3 containsa task oriented overview of theas@rkers. The appendix at chap&#

contains dist of all workers with a short description of theinttionality.

Table3: Overviewof CDK-Tavernaworkers

Group Number of Workers
File I/0 15

Database 1/0 7

Molecular descriptors 42

Atom descriptors 27

Bond descriptors 6

ART2A classifier and result analysig 10
worker

SimpleKMean and EM clusterer 3
(uses Weka)

SMILE tools 2
Inchi Parser 2
Miscellaneous 50

5.1.3 Pgchem::Tigr ess as Database Backend
The CDK-Tavernaplug-in contains different workerto use aPostgreSQLdatabase
with thePGChem::Tigressheminformatis cartridge (see chapt#:3.1) asabackend:

Writing of molecules into the database
Loading of molecules from éhdatabase
Performing substructure searches on the database

Adding QSAR values as properties of different molecules

= =4 A 4 -

Loading vectors of QSAR values of specific molecules

Table4 shows themain table of the database backend, which stores the molecules and
some molecule related properti€sr the molecule column of this table &% index is

created, which allows a fast substructure search.
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Table4: This £henma describes the molecules table for the database backend. The left column contains
the names of the different table columns whereas the right column represents the data type
of each column.

molecules
id (PK) |serial

molecule | molecule

comment | text

originalid | character varying

origin character varying

Besides the molecules table, a table for the QSAR values is created for the work of this
project. This table contains the molecule identifier and a column for each value
calculated by a QSAR descriptor.

For the configuration of each database workeiGB&-Tavernaplug-in provides a user
interface. This user interface allows the setting of a database URL, a username, a
password and the SQL query ($agure5.2).

| £/ Edit Database Connection =Ry

i Database URL: | jdbc:postgresal:/flacalhost/cdk-taverna
|Username: postgres

| Password: | sasssss

|
|
i SOL Query: |INSERT INTO malecules (maleculs, originalid, arigin comment) VALUES(migr ate_malecule(?),2,7,7)

| QK | Cancel |

Figure5.2: This user interface allows the editing of the database configuration.

5.1.4 Iterative Handling of Large Datasets

During a typical task of acheminformatis workflow many thousands of molecules
need to be processed. An example workflow would be the sorting of molecules into
aromatic and noaromatic molecules. The design of the curr@alverna version
provides directly no possibility to perform thingsch & for- or while loops on a set of
workers. To be able to handle many thousands of moleculédDKeTavernaplug-in

uses more or less a hack to provide an iterative handling of large dafagets.5.3
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shows suclaworkflow. Forprovidingan analogue tafor-loop this workflowcontains
four importantworkers

Nested_Workfl

. Workflow Inputs

DatabaseReaderID A

Figure5.3: This workflow shows an iterative loading of faoules from a database. After the perception

of the atom types, each molecule goes through the detection bfittieel aromaticity. At the end all
identifier of aromatic molecules are written to a text {{le30)

The Iterative_Molecule_From_Database Readsitialises and configure a database
connection.This includes &QL query to select distinct molecules form the datgbase
which contains the SQL keywordsIMIT and OFFSET These keywords allowhe
splitting of the database result set into subsets. The isé@ldatabase connection is
stored into a registry and the output of the first worker is a link to this database
connection.

The following workers are all part of a nested workflow, which allows a speeifig r

configuration. TheGet_Molecule_From_Databaseorker uses the stored database
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connection to load one result subset each tiAdger the loading of asubset of
molecules, these can be processed in various ways. The example workflow perceives
the atom ypes, before each molecule goes through the detection oHtickel
aromaticityprocess As result of this workflow all identifier of aromatic molecules are

written to a text file.

The Has_Next Molecules From_Databasworker starts its work after the
Iterative_File_Writer has finishedits job. This worker checks whether the database
query contains more subsets or not. If the query contains more subsets will the output of
this worker be the valutrue. Otherwise will the output of this worker be the value

false

The Fail_If_True worker throws an exception if it gets as input the vdftue. This
worker is configured as critical, which allows a failure of the whole nested workflow.
The retry configuration of the nested workflow allows the rerun of the nestddlow.

This timethe Get_Molecule_From_Databasgorker will load the next subset of the
database query. This construction of workflows enabtesernato perform a fofloop

analogue.

5.2 Reaction enumeration

Markush structures are generic chemical structusehich contains variable patterns
suchasiHet erocycl i co, AAl kyl 6 or AR =arMet hyl ,
commonly used within patents for describing whole compound classes andnaee
afterEugene A. Markustvho describd these kind oftructures firstly in his US patent

in the 1920s. In the process of reaction enumeraMarkush structures are used to
design generic reactions. These reactions us@ble for the enumeration of large
chemical spaces, which includdéee generation offemical target librariesThe result

of the enumeration i®n important basdor patents and fothe High Throughput
ScreeningHTS) laboratories in drug developmeWtithin HTS experimerg acouple

of years ago the enumeration of large libranes driven toabout O(1000-100.000)
molecules in one rui.hese large and often unspecific HTS libraries did not prove to be
successful in generaloday the enumeratias basel on moretargeted librariesvith a
reducedsize ofO(1.000) molecules.
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For a reaction enumeration, a given reaction contains different building blocks, which
are needed for the enumeration (Begure5.4). Each reactant of the reactia@presents

a building block. A scientist #m selects a number of molecules for each reactant and
the reaction enumeration creates a list of all possible products. The list of pribenct
pasgs a virtual screening beforet dast a scientist decides whicproducts will be
synthesized.

Reaction Schema

o)
O 0\/\
R1—/< B Y R2 | Ha
R cl R1

Lstof | [ Lstof | /

reactants A reactants B / Enumeration Products
(0]
HO\/\/ 0] oO._~_ O O _~_~ 0% O
Al cl B1 .
A1-B1 A2-B1 A3-B1
(0]
H Ho\/Y g OVW/ OJ\;O\/Y OQ/O\/W/
A2 ¢l B2 r .
A1-B2 A2-B2 A3-B2
(0]
Ho\/>< 0.__0O o O\/7< 040 \%
AR B3 i j; o
| & ) \. A1-B3 A2-B3 A3B3

Figure5.4: This reaction enumeration example contains two building blocks. For each building block, a
list of three reactants is defined. This enumeration results in nifieeedif products.

5.2.1 ReactionEnumeration algorithm
For showing the different steps of the algorittirareactionfrom Figure 5.4 (Reaction
Schema and tworeactantsAl and Bl(seeFigure5.4) are usedThese inputs would

lead totheresult moleculeA1-B1 from Figure5.4.

The first stepof the algorithmdeletes thggseudo atonR1from the first reactant of the

reaction (se&igureb.5).
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O O
R1— —— {
Cl Cl
Figure5.5: In the first step of the reaction enumeration, the pseudo Ridmdeleted.

In the nextstep,the rest of the first reactaftom Figure 5.5 is used to perform a

substructure search on the read#seeFigures.6).

O

{ 0

Cl -

O

/_{:I Cl

Figure5.6: The second step performs a substructure search on the reactants.

The third step removes the substructure fourfeigure 5.6 from the reactant and sets a

flag on the atoms, which contains broken bofsg&Figure5.7).

O
/) *
> /
Figure5.7: The third step removes the substructure from the reactant.

The following step removes the same pseudo d&drfrom the producbf the reaction
(seeFigure5.8). This has to be the same pseudo atom as it was in the firsAgaap.

all atomsseta flag, which contains broken bonflem the remoing process
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—_— *
R1

Figure5.8: This step removes the pseudo atfrfrom the product of the reaction.

At this point two molecule fragments are available which contains marked atoms. The
next step combines the fragments fréigure 5.7 and Figure 5.8 by the creation of a
new bond (se€igureb.9).

O~ _O

Figure5.9: In this step, the two molecule fragments are combined.

In this example, the product molecule of the reaction containgsgudo atomsn the
further steps,hte second still remaining pseudo atom is replacdte way as the first,
described in the steps above. This leads to the préddu@l of Figure5.4. After the
recombination of the reactant fragments with the product fragment the creation of new
2D coordinates is necessaiithis example shows only the creation of one product but

normallya list of different reactants leads to many diffejgnoiducts(seeFigure5.4).

5.3 GNWI.CIP

GNWI.CIP (Computational Intelligence Packagesyn (LGPL)OpenSource project
currently under development and financed by tG&WI T Gesellschaft fiur
naturwissenschaftliche Informatik mi31) GNWI.CIPis a set of packages based on
Mathematica(132), a commercial software system for mathematical computation and
visualisation Mathematicais extensible with &-like programming language and may
be interfaced from thelavg133) as well as theMicrosoft.Net (134) platform.
GNWI.CIP comprises packages for scientific data transformation, graphical

visualisationand linear as well as ndmear data fitting and machine learning.
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GNWI.CIP methods can be accessed Viaverna workers on theJava platform.
Parameters of the method calls @®NWI.CIP are passed as string variables. Return
values are again strings or graphics primitives (JPEGs, metafiles etd@.avétna
worker encapsulates one or m@bBWI.CIPmethod calls and Imalles further treatment

of return values, e.g. graphics display.

SinceGNWI.CIPis currently under development the following res(#se sectiors.3)

are proofs © concept that open the perspective of an integration of-leig
Nfexperi ment al m davdrrabased sciensific pipelmingo This tae be a
crucial advantage for Chemoinformatics method development and validation: As an
example a neural nebrk or support vector regression method baseilathematica

can be realized with a few lines of hitgvel code in contrast to hundreds or thousands

of lines of errofprone code in traditional programming languag@sh asC or Java.






6 Results

This chapter contains the resutif this work. It demonstrateshe created workflows,
the possibilities of these workflows atitke results of workflowsapplied to real world

research problems

6.1 Validation of Software and Databases

The validation of software and databases was one of the rasks of this project,
especially the validation of the CDK against the content of chemical datahabes
public domainsuch a<ChEBlandChEMBL ChEMBLwill be availableto the public at
the beginning of 2009 andill provide an open access to largmale drug discovery
data.(27) The curation of databasés aresourceconsumingtask and within the life
sciencs an ongoing discussion withthelad 1l i ne A Cur ati on Cri si so.
extraction of chemical imirmation from different conterguch asarticles, books and
websitesis automaticallyperformed by tools such a®SCARor OSRA(135) the
validation of the data is an important step. The beginning of this chapter shows how to
storechemical structureimto a database and how to review thiemfurther processing.

The end of this chapter shows results of atom typing analysis using tKeain

typing detection performed on different database.

6.1.1 Storage ofMoleculesin a Database
For writing molecules into a databaskfferent possible workflows are thinkable
depending on the format in which the molecules are stored before they get Idaded in

the databasand on the number of molecules
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© Workflow Inputs

A

origin

¢w Outputs

Comments V .

Figure6.1: This workflow stores molecules into a database. The molecules originally are stored in a MDL
SD file. (136)

This example workflow loads molecules into a database from a MDL SD file (see
Figure6.1). TheRead_MDL_SD Fd as DB_inputorker loads the MDL SD file and
outputs the content of the file as plain text. Tingert Molecule_into_databaseorker

gets the content of the MDL SD file and the value of the workflow input caliigih.

The workflow input is used to adth origin to each molecule which is loaded into the
database. The workflow output contains information about the success of the database
insert process. This workflow is usable for small to+simed MDL SD files up to ten
thousand of molecules. The limétion o the size of files loaded by this workflow is

causednly by the available memory of the local computer.

For loading large datasets into the database the iterative handling described in chapter
5.1.4 is preferred.The workflow shown inFigure 6.2 allows the loading of large
datasetsand was used to & an MDL SD filewith over 400000 molecules in 3 hours

on a yeaR004dual core Intel Xeon workstation.
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Nested_Workflow

Workflgw Inputs

inReaderlD | A

ORIGIN

Figure6.2: This workflow loads datasets into the database using an iterative appddth.

After loading aset of molecules from the file with thé&etContentworker, the
Remove_Mol_Files_without_Structures_from_Listorker removes the molecules
without structures. These molecules normally contaily an identifier and are relicts

of the creation of the MDL SD file from other databases. The
Iterative_File_Writer_Molecules_Without_Structuresorker writes the removed
content to a text file to store the information about the removing process. The
Extract_org_IDs_from_MOL_Filevorker processes thealid content of the MDL SD

file. Beside the filecontent,this worker getshte origin of the data as input and extracts
the original molecule identifier from the content of each molecule if it is availalile

the information, the molecule, the origin and the original identifier than gets uploaded to
the database by tHesert Molecule_into_databaseorker. The Iterative_File Writer

worker writes information about the success of the loading of molecules into the
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database to a fild&every retry of the nested workflow processes 100 molecules loaded
from the MDL SD file.

6.1.2 Retrieval of Molecules froma Database

After the storing, the loadg of molecules from a database is another important task for
a Cheminformaticstoolkit. The CDK-Tavernaplug-in provides again two different
ways for loading molecules from a database. The first workflow showfigure 6.3
fetches the molecules from a databasth the Get_molecules_from_databas®rker.

With the loaded molecules, ti&reate PDF_File_with_ 2D _Structuregorker creates a

PDF document, which containgable showing the 2D structures of each molecule.

Figure 6.3: This workflow creates a PDF document, which shows the molecules loaded from the
database(138)

This kind of workflow could be used for the loading of hundreds or thousands of
molecules. The second type of workflows for loading molecties) database is
designed to loadrom many thousands up to milie of molecules Again this
workflow uses theterative approach for the creation of workflows, which is described
in chapter5.1.4 The lastchapteralreadyshowedan examplef an iterative loading of

molecules from a database (sEgure5.3).

6.1.3 Import of the ChEBI Database

The Chemical Entry of Biological Intere¢ChEBI) (3) databaseurrently contains over
13,000 structures, whichre downloadable on the Web as tabular separatedialues
(tsv) file. This file represents a data table arwhtaing(beside the molecular structure in
different format¥ an identifier, a compound identifiethe type of entry, and the
dimension of the structur&he available datdormat created a need far specific

worker to extract the information from the tsv files (Begure6.4).
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Origin

Figure 6.4: This workflow extracts the ChEBI dataset and inserts the molecules into a local database.
(139)

The Extract_Data_from_Chebi_Structure_T3Mrker gets the content of GhEBI tsv

file and  separates each column of  the data  table. The
Remove_all non_MDL_Mol_entries_form_ksbrker removes all molecules which are
not stored in the MDL mol fonat before thdnsert_Molecule_into_databasgorker

uploads the extracted molecules into a database.

6.1.4 Validation of CDK Atom Types

The calculation of different physiochemical properties is only feasible if the atom types
are detected correctly for each molectlae CDK contains methods ftie detection

of defined atom types. These methods allow also the identification of unknomn ato
types.With the help of these methodsvalidation of the CDK and of thocessedata

is possible. Tie detection of an unknown atom type by the CDK indicates whether the
CDK is missing this specific atom type or the moleadatainschemicaly nonsengal
atomtypessuch ad i ve b ondeThe foliovwing awvagrkélowdssused to detect

suchunknown atom types.
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Nested_Workflow

Workflow Injputs

DatabaseReaderlD | A

Figure 6.5: This workflow shows the iterative loadj of molecules from a database and dezscor
molecules with(for the CDK) unknown atom typeg140)

Figure6.5 shows another workflow which uses an iterative loading of molecules from a
database t@nable the processing tfousand of molecules.This workflow searches
molecules which contain unknowatom types. Therefore it tries to pexaethe atom
types of each molecule using th@erceive _atom_typesworker. Than the
Extract_the databaselD_from_the _molecwlerker extracts the database identifiers
from the molecules with unknown atom types. As rtssol this workflow two text files

are created, the first contains the identifier of the molecules and is created by the
Iterative_File_Writer. The second file contains information about which atom of which
molecule is unknowio the CDK.

A second workflav is used torisualisethe outcomeThe workflow shown irFigure6.6

loads one of the result text files through theextfile Readerworker and the
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Analyse Atom_TypingResultworker creates a PDF document which visualide

outcome of the atom type perception.

Figure6.6: Workflow for analysing the result of the workflow shown Figure6.5 (141)

During the work for this project three different databases are used for the validation
purposes. Th&€hEBI database, th€hEMBEL databaseand through the cooperation

with InterMed Discovery a Natural Productleaddiscovery companya processing of

the Chapman & Hall Chemical Databasgas possible On the following pages, three

diagrams, one for each database, showdts&ibution of the detected unknown atom

types.A summary of the result is shownTable5

Table 5: The table shows the summary of the vatidn of the CDK atom types while processing the

different databases.

Database ChEBI ChEMBL Chapman & Hall
Number of Molecules 12367 440036 187502
Number of Molecules with Unknown 1035 3067 1350
Atom Types

% of Molecules with Unknown Atom 8.37 % 0.70 % 0.72 %
Types

Total Number of Unknown Atom Types 2414 5520 1817
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Allocation of unknown, atom types
while processing the ChEBI Database
(12367 molecules in DB,
1035 (8,37%) molecules with 2414 unknown atom types.)
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Figure6.7: The diagram shows the allocation of the unknown atom types detected during the analysis of
the ChEBldatabase.
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Allocation of unknown, atom types
while processing the ChEMBL Database
(440000 molecules in DB,
3067 (0,70%) molecules with 5520 unknown atom types.)
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Figure6.8: The diagram shows the allocation of the unknown atom types detected during the analysis of
the ChEMBLdatabase.
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Allocation of unknown, atom types while processing the
Chapman & Hall Chemical Database
(185000 molecules in DB,

1350 (0,72%) molecules with 1817 unknown atom types.)
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Figure6.9: The diagram shows the allocatiof the unknown atom types detected during the analysis of

theChapman & Hall Chemical Database




6.1 Validation of Software and Databases 75

The analysis of the different databases shtvat the CDKatom typegnatch theatom
types of the databaseuite well. TheChEMBL (0.70 %) and theChapma & Hall
Chemical Databas€0.72 %) contain only a few molecules which contain unknown
atom typesOnly the ChEBI database (8.37 %) has a quite large numbem&hown

atom types.

The results of this analysidwaously show thatthe CDK is unsatisfactory reayding
atom types of heavier atoms which lead to problems with coordination compounds

containing metals.

The quite large number of unknown boron atom types withirCtieBI (226 / 9.4 %)
andespecially theChEMBL (1704 / 30.9 %) database indicates a lakcknssing atom
types within the CDK. Althougbnly a small number of molecules contains these boron
atom types, 33 i€hEBIland 144 inChEMBL (seeFigure6.10). On the otherhandthe
Chapman & Hall Chemical Databasanly contains two unknown boron atom types.
The reason for the low number is caused thrabghabsencef molecules containing

boron.

Figure6.10: This molecule is one exampleshich contains multiple, for the CDK, unknown boron atom

types.

A closer look on the missing nitrogen atom types fromGh&BlandChapman& Hall
Databaseshows hat these databases heavilyfise v e b o n d efor examptetoo ge n 6 s

code a nitro functional grougseeFigurel.2). The CDK d@snot containanatom type
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for this coding of nitrogensThis shows one of the mayor problems of dateation

because different databases use different coding standards for molecular structures.

There is arongoing discussion on thigithin the CDK communityas to whethethis

kind of atom types should be supported or
chemically not correct but widely usedthin different database#\ solution for such a

problem would be to detect thekands of atom types and perform a curatitm a

chemically correct moleculatructurelt would be amajorstep for the public databas

to provide valid structures within their tablesThe difficulty with this task is the

changingof chemical structureand all the consequencesf this change such as

change in the 2D coordinates.

6.2 Reaction Enumeration Workflow

The implementation ofhe reaction enumeration algorithm described in chdpters
used to create the workflow shownHRigure6.11.

Figure 6.11: This workflow performs a reaction enumerati@onsequentiyit loads a generic reaction

from a MDL rxn file and two reactant lists from MDL SD files. Tpeducts from the enumeration are
stored as MDL mol files. Besides these files a PDF document showing the 2D structure of the products is
created At the end Bioclispse will start up to inspect the res(l2)

Within this workflow theRead_MDL_RXN_Filgvorker loads a generic reaction from a
MDL reaction file and thé&-ile_Reademworker loads the list of reactants from MDL SD
files. TheReactionEnumeratoworker performs the enumeration based on the generic
reection and the Ilist of reactants. For each enumerated product the
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Structure_Diagram_Generatavorker creates new 2D coordinates before products are
stored as MDL MOL filedy theWrite_MDL_Mol_Fileworker. For a visual inspection
of the result the enumeraltstructure are drawn as chemical spreadskeathin a PDF

documentThe Start_Bioclispenvorkeris used tcstart Bioclipsg(101) (seeFigure6.12)

for an inspection of the created results.
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Figure6.12: The Bioclipse platform is written in Java and usable for cheard bioinformatics. Here used

to inspect the results created by teaction enumeration workflow.
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Figure6.13: This generic example reaction is used to build a small chemical library for a virtual screening
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Cl

Figure6.14: These molecules are a subset of the enumerated products from the generic reaction shown in
Figure6.13.

This workflow is a starting point for creation of chemicalrditbes based on generic
reactions for virtual screening analysitfie example reactioshown inFigure6.13 was

used for an enumeratiomith a list of 12 reactants fdahe reactant A and 64 reactants

for the reactant BThis enumeration results in 768 products, a subset of them is shown
in Figure6.14.

The current implementation dahis algorithm is limited to two reactants per generic
reaction and only one generic group per reacthot addresses the majority of

industrial enumeration requirements

6.3 Machine learning workflows with GNWI.CIP

TavernaGNWI.CIP integration was tested thi a machine learning problemsing
kinetics data of an adhesive polymer model system taken from the lité@43 The
Ati me to maxi myym ameasupeefar the hardeniag characteristics) is
determined aa function of different compositions of the adhesive system:

! Theexperimentatiataare part of the test data packag&ofwI.CIP
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Figure 6.15. Composition of the adhesive polymer model system (from top left to bottom right):
Hardener, accelerator, diluter (MMA), polymer (RM)
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Theoretical predictions of this kind of kinetic parameters for a polymer mixture are
impossible so machine learning employed to set up a prediction model from the
experimental data. Input parameters are the compositions of the four components of the

adhesive model system and the single output parametgg.s t

The workflow consists of a data access worker tatgeexperimental data in form of a
string representation suited for input into tG&WI.CIP machine learning methods,
machine learning workers that encapsulate the com@iieé/I.CIP machine learning

steps andisualisationworkers that show the results.

Aprincipal problem of al|l machine | earning n

experimental data which may be detected by visual inspection or data segmentation into
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training and test setswhich in turn is a principal problem. The following figis show

a distinct Aover ftiytptei nngeou rfadr nae t pveomr ke pairtchn At
units and a dramatic Aoverfittingo of a sup
wavelet kernel that lead to models with a Jayp to a vanishingpredictivity (for all

figures: MMA/PMMA mass ratio: 80/20, Input 2: Hardener in g, Input 3: Accelerator in

g, Output 1:4naxin S):

Blue : Sorted Machine - Output 1, Red: Data Blue : Sorted Machine - Output 1, Red: Data
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Figure6.17: The left side shows eepceptrortype neural network with Bidden unitsand the right side a
wavelet kernel support vector machine with kernel parameter of 0.1

Without visual inspection of the fitted model surface the deviation plots could be

mi sl eading and pretend a fAgoddufti thoo.ve3dtiitdfia
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and within the experimental errbmit of about 15% can be obtained with an adequate
choice of the hidden units and the kernel function respectively:

Blue: Sorted Machine-Output 1, Red: Data Blue : Sorted Machine - Output 1, Red: Data
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Figure6.18: The left sideshows the result of agpceptrortype neural network with 5 hidden unéad on

the right side the result of aawelet kernel support vector machine with kernel parameter of 0.9
GNWI.CIPalso provides methods for training and test set generation, enriclamen
optimization which may help to address
be implementedy the use opre-processingravernaworkerswhich are inserteéhto

machine learning workflows

t

he



6.4 Data Analysis Workflows 83

6.4 Data Analysis Workflows

During this project different kind of workes has beercreated to support the whole
cycle of chemicaldata analysisFrom the creation othemicaldata,via filtering and
pre-processing, to the analysis afidally the comparison of different data anasys
procedures This chapter sté&s with the descption of two different kinds of
substructure searche$his enables a filteringor removal of molecules containing
specific substructures. After this short excurse the calculation of physiochemical
properties is showfor workflows using different data analysis algorithms. At the end
of this chapter a chemical diversity analysisiésnonstrated that uses publicly available

as well as propetay drugdevelopment databases

The proprietarydataused within the data analyssprovided through the cooperation
with InterMed Discovery144) a natural product leadiscovery company. The work on
the data of the proprietary-imuse database fromterMed Discoveryand on the data
of the Chapman & Hall Chemical Databasgas performedwithin the premises of

InterMed Discovery

6.4.1 Substructure Search ona Database
A Cheminformatics databasartridge allows the indexing of molecules, which leads to

avery fastsubstructure search.

Workflow Inputs

in SMILES | A

Figure 6.19: This workflow performs a substructure search on the database. The SMILES as workflow
input represents the substructure for this sedfeth)
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The workflow shown irFigure6.19 performs a substructure search on the molecules of
a databas TheParse_SMILESvorker takes the SIME8om the workflow inputand

processeit to an internal molecular representation.

The Substructure_Search_of_molecules_on_the dataladeer gets the molecule and
performs a substructure search on the database. Depending on the SQL query, this
worker can perform a substructure seaochan exact search. As result all matched
molecules are loaded from the database for further processing. In this case the matched

molecules are summarised witleir 2D structures into one PDF document.

6.4.2 Topological Substructure Search Workflow

Besides he substructure search on a database shown in cléapiethe CDK-Taverna
plugin provides a worker to perform a topological substructure search. The
performanceof this kind of substructure search is not comparable with the database

substructure search because this one caefetto an index.

© Workflow Inputs

in_SMILES | A

- Workfloy Outputs

matched_CML NOT Matched_InChl v

Figure6.20: This workflow performs a topological substructure seafth6)
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The topological substructure search workflow showRigure6.20 loads the molecules

to be searched from a MDL SD file with the help of tike_Readerworker. The
substructure for the search has to be entered in the SMILES format as workflow input.
After the parsing of the SMILES from thdParse SMILES worker, the
Substructure_Filtemworker performs the topological substructure search. As result of
this workflow, the structures, which contain the substructure, are stored in the CML
format. The Generate_InChlworker generatean InChI™ for each of theother

structures

6.4.3 Calculation of Molecular Descriptors

The generation othemicaldataused in adata analysis is arucial step within a data
analysis cycleFor chemical problems usually physiochemical properties are calculated
to support QSAR or QSPR analysis. Within this work we used the molecular descriptors

provided by the CDK to generate the data for the analysis.
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Nested_Workflo

Workflow Inputs

DatabaseReader|D A

Figure6.21: This workflow loads iteratively molecules from a databasenTthperceives the atom types,

adds the hydrogends and detects the aromaticity of e
QSAR descriptors. The result the @lculation is stored ia database tabl€147)

The workflow shown inFigure6.21 is used to calculate the molecular descriptors and

store the results on a database table. The workflow uses an iterative loading of
molecules from a database approach to be able to calculate descriptors for many
thousands of molecules. After tli@et Molecule_from_databassorker fetches the

molecules fromthe database, the perceiving of atom types is performed by the
Perceive_atom _typesor k er . Each molecule than gets it
aromaticity is detected by thddeuckel Aromaticity Detector These are the
requirements before tH@SAR_wdker worker can calculate the different descriptors for

each moleculeThis worker provides a user interface for choosing the descriptors to
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calculate  (see Figure 6.22). From the calculated properties the
Vector_Generator_For_Database_Inputorker generates a vector which is used to

store the values in a database table for further processing.

] QsAR (= | B )
ratomic - Package—— atompair - Package————  bond - Package——— -molecular - Package
- -
| [] PiContactDetection [ BondPartialPiCharge [] AminoAcidCount
omHybridization [] BondPartialSigmaCharge | APal
tomHybridizationVSEPR. [ BondPartialTCharge | AromaticAtomsCaount
tomValence [ BondSigmaElectronsgativity omaticBondsCount A
[] BondsTaAkam [] 1PBondLearning omCount 3
| CovalentRadius L [] MasshumberDifference | Autocorrelation_Charge
[] DistanceToAkom T | Autocorrelation_Mass
| EffectiveAtomPolarizability tocorrelation_Polarizability
ductiveAtomicHardness ut
ductivedtomicSoftness ndCaunt
[ IPAtomicHOSE ol
[ 1PAtomicLearning | | chichain
[] IsProtonInAromaticSystem [] ChiCluster
[ IsProtonInConjugatedPisyste [ chiPath
[] PartialPiCharge [ chiPathCluster
|| PartialsigmaCharge | CPSA
[ PartialTChargeMMFFa4 [] EccentricConnectivityIndex
artialTChargePEOE [ FragmentComplexity
eriodicTablePosition [¥] Gravitationallndex
[ PiElectranegativity [] HBondAcceptorCount
[] PratonTotalPartialChargs [] HBandDonarCount
[”] ROFProton_G3R - [C] PMalecularLearning -
4| L1} L 4 1 | F
| Select all | Clear oK Cancel

Figure6.22: This user interface of th@SAR_workeworker shows the available descriptors and enables
the user to select the descriptors to calculate.

The database table for storing the calculated physiochemical rpespeontains a
column for each descriptor value. Only the molecular descriptorsatoelatedduring

the work of this project anfitom aperformance respective the time needed to calculate
each descriptovariessignificantly. An overview of the time eeled tocalculatesome
molecular descriptors is shownhigure6.23.
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Molecular Descriptors
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Figure6.23: The diagram shows the time needed for each descriptor to calculate the descriptor values for

1000 1500

The analysis othe time needed toalculatethe different descriptors shows thdte

CDK performs quite well for the majority of molecular descriptors.
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6.4.4 Molecular Weight Distribution
A molecular weight distribution contains valuable information about large chemical
datasets. It allows aexaminationof the diversity of the chemical dataset regarding the

size of the molecules.

Figure6.24: This workflow creates a chart, which shows the molecular weight distribution for a given set
of molecules from a database qudy8)

The small workflow shownin Figure 6.24 creates a molecular weight distribution.
Therefore theGet_Molecular_Weight_from_databaserker uses the possibility of the
cheminformatics database cartridge to calculate the moleculghtwand outputs this
value for each molecule. Ti&et Molecular_Weight_Distributioworker creates from
the different molecular weighia distribution and outputs diagram as resulDuring
the work for this project the molecular distributsoare createé for the ChEBI (see
Figure 6.25), ChEMBL (seeFigure 6.26), the Chapman& Hall ChemicalDatabases
(seeFigure 6.27) and the proprietary database frdmterMed Discovery(seeFigure
6.28).
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Figure6.25: The diagram shows the molecular weight distribution o@hEBIdatabase.
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Figure6.26: The diagram shows the molecular weight distribution ofGhEMBLdatabase.
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Figure 6.27: The diagram shows the molecular weight distribution of Ghepman& Hall Chemical
Database

Figure 6.28 The diagram shows the molecular weight distribution of the proprietary database from
InterMed Discovery

The molecular weight distribution from th@hEBI database shows a maximum at

approximately 225g/mol whereas th€hEMBL database has its maximum at



