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1 Introduction

1.1 Purpose and scope

One of the core applications of the OpenMolGRID system is molecular engineering. For this, severa
modules for the generation of chemical structures with predefined target properties have to be
developed. The purpose of this document is to analyse requirements relevant to the Molecular
Engineering Environment. The analysis covers the definition of user requirements to the system,
specification of input/output formats, the specification of application specific metadata and the
selection of most appropriate methods for the structure generation.

1.2 Document Overview

The primary objective of the Molecular Engineering Environment is to provide software prototype for
the construction of molecular structures with given chemical properties or biological activities. The
detailed description of the molecular engineering process is described in Déliverable D3.6 [1]. The
design of molecular structures relies on the basic knowledge that the properties of molecular
compounds are determined by the properties of the molecular fragments and their interaction. The
Molecular Engineering Environment implements algorithms to combine molecular fragments into new
compounds. For all generated candidates the target properties are estimated by the quantitative
structure-property relationships (QSPR) or quantitative structure-activity relationships (QSAR) models
and candidates that match the predefined target property are presented to the end user. The
QSPR/QSAR predictions use software modules from the data mining environment, which are
devel oped within the WP2 of the OpenMol GRID project.

The modules developed for the Molecular Engineering Environment will be integrated into the general
architecture of the OpenMolGRID system, which is described in detail in Deliverable D4.5a[2].

1.3 Document Structure

The specification is divided into four sections, as follows:
e Section 2 describes requirements and use cases for the Molecular Engineering Environment.

e Section 3 isdescribes UNICORE applications in the Molecular Engineering Environment.

» Section 4 contains the literature references.
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2 Requirements to Molecular Engineering Environment

The primary task of the Molecular Engineering Environment is the construction of molecular
structures with predefined chemical properties or biological activities. The analysis of the user
requirements for the Molecular Engineering Environment identified three general use cases for the
generation of molecular structures. The detailed descriptions for these use cases are given in Sections
2.1 (Evolutionary generation of molecular structures with predefined target properties), 2.2
(Enumeration of fragment library) and 2.3 (Enumeration of fragment library to find subset of
structures with predefined target properties). These use cases use two methods for the structure
generation.

The method to be selected for the generation of the molecular structures depends heavily on the size of
the fragment library, which determines the number of structures that can be generated. For the
fragment library with a modest size the full enumeration is a feasible option. In this case al the
possible combinations are evaluated and tested. In the case of large fragment librariesit is not possible
to evaluate and test all the possible combinations and evolutionary structure generation methods have
to be used to reduce the amount of computations.

The structure generation process in the Molecular Engineering Environment involves several subtasks.
The first step is the generation of molecular structures and the second step is the screening of
generated structures with the help of QSPR/QSAR models [3, 4]. Therefore, facilities for realising
these complex workflows are required. The necessary workflow elements are provided by the
OpenMolGRID architecture and are used as a basis for the Molecular Engineering Environment. The
architecture of the OpenMolGRID system is described in detail in Deliverable D4.5a [2]. The
OpenMolGRID system is set up on top of the UNICORE infrastructure and adds support for the
automated workflow processes. The support for automated workflows on top of the Grid adds a great
deal of flexibility to the molecular engineering process. For example, depending on the resources
offered at different sites, various subtasks can be executed there. In addition, computationally intensive
tasks such as the screening of candidate structures can be split up and distributed to more than one
system. For example, if the structure generation software is provided by the site 1 and software for the
screening of candidate structures is provided by the site 2 and the screening process is the limiting
factor, then the molecular engineering process on top of the Grid infrastructure can be described with
the following scheme:

Ul for Molecular Engineering UNICORE Client
UNICORE Middleware
Vsite 1 Vsite 2 S .
Structure Generation Screening ervices
UNICORE
Vsite 3 Vsite N
Screening |TTTTT Screening
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2.1 Use case: Evolutionary generation of molecular structures with predefined target
properties

Scenario: The user defines a maxima number of candidate structures and target property values for
structures to be generated. The user starts structure generation module to develop molecular structures
with given target properties. The generation of structures is performed from large fragment libraries,
using an evolutionary algorithm that enables to avoid the combinatorial explosion from all possible
fragment combinations. The list of generated structuresis saved to storage.

Preconditions:

1. Fragment library with fragment descriptors.
2. Oneor several QSPR/QSAR models.

Trigger: User starts evolutionary structure generation tool.

Description:

1. Systemdisplaysalist of available QSPR/QSAR models.

2. User selects one or more QSPR/QSAR models and defines the targeted property values.

3. System extracts the relevant molecular descriptors for selected models. Based on the target
property values, system proposes hypothesis about the optimal descriptor values.

4. User refines hypothesis (optional).

5. User refinesthe library of core and substituent fragments, e.g. excludes certain fragments from
consideration (optional).

6. User gtartsthe structure generation.

7. System uses evolutionary algorithm to generate set of molecular structures with given target
properties.

8. User usesvisualisation tool to view or edit list of generated structures and predicted property
values.

9. User savesthelist of generated structures to storage.

Extensions: N/A
Variations: N/A

Postconditions: List of structures saved to storage.

|ST-2001-37238 PUBLIC 8/17



Doc. Identifier: SOFTWARE MODULESFOR
OpenMolGRID-3-D3.1-0101-1-3 STRUCTURE GENERATION Date: 10/07/2003

2.2 Use case: Enumeration of virtual library

Scenario: User makes a selection of core and substituent fragment structures from the fragment
library. After that, user starts the structure enumeration process, where selected core structures with
given substitution points are combined with a list of subgtituent fragments (R-groups) to build
molecular structures. The resulting list of structures is saved to storage and can be further refined by
screening with QSPR/QSAR models.

Preconditions: Fragment library.

Trigger: User starts structure enumeration tool.

Description:

1. Systemdisplaysalist of core structures that are available for the structure generation in the
fragment library.

User selects one or more core structures from the list.

For each core structure, user defines substituent fragment list for each substitution site.
System generates connectivity information for the virtual library.

User uses visualisation tool to check connectivity information (list of applicable fragments at each
substitution site) and saves connectivity information.

User initiates the structure enumeration

System starts the structure enumeration and builds molecular structures

User saveslist of generated structures to the storage

agkrwd

© N

Extensions:
la  User usessub-structure search to limit the list of available core structure fragments.
lal System displays core structuresthat match sub-structure search criteria.

8a  User uses visualisation tool to check the generated molecular structures and then saves only
selected structures to the storage.

Variations:

3a  User uses sub-structure search to select alist of substituent fragments.
3b  User specifies applicable substituent fragment types.

3c  User specifies combination of 3aand 3b.

3d  User selects dl substituent fragments.

3f  User selects predefined list of substituent fragments.

Postconditions: List of structures saved to storage.
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2.3 Use case: Enumeration of virtual library to find subset of structures with
predefined target properties

Scenario: User has afragment library and one or more QSPR/QSAR models. This information can be
used to construct the molecular structures with predefined target properties or activities. User defines
the values of target properties and initiates the enumeration of virtual library (described in use case
2.2). Theresulting molecular structures are then screened using pre-sel ected QSPR/QSAR models and
asubset of candidate structures satisfying the user-defined criteriais picked out.

Preconditions:

1. Fragment library.
2. Oneor more QSPR/QSAR models.

Trigger: User starts structure prediction tool.

Description:

1. Systemdisplaysalist of available QSPR/QSAR models.

2. User selects one or more QSPR/QSAR models and defines property values for the selection
criteria

3. Systemdisplays tools for enumeration of virtual library

4. User generates list molecular structures by enumerating virtual library (Use case: Enumeration of
virtua library)

5. System uses selected QSPR/QSAR modelsto predict property/activity values and select subset of
structures that satisfy user-defined criteria.

6. User usesvisualisation tool to view or edit list of generated structures and predicted property
values

7. User saveslist of generated structures to the storage

Extensions:

2a  User defines additional criteria with target descriptor values (e.g. range of molecular weight
values, number of hydrogen bonds, etc.).

Variations: N/A

Postconditions: List of structures with predicted property values saved to storage.
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3 UNICORE Applications

3.1 Enumeration of Virtual Library

The methodology for generating molecular structures by enumerating the virtual library is given in
Deliverable D3.6 [1]. Often this is a two-stage process, where initial step involves the enumeration of
structures in the virtual library and produces a list of candidate structures. The second stage uses
QSPR/QSAR predictions to select (or screen) best structures that have predicted property values
closest to the target properties.

3.1.1 Input Formats

The structure enumeration task takes a list of molecular fragments as input. The XML schema for the
fragment list is defined in Section 4.1 (FragmentList). The atomic coordinates of fragment structures
are defined in Chemical Markup Language (CML) format. In addition, the MDL's MOL file format is
supported.

If screening is performed, then additiona input includes QSPR/QSAR models in XML format and
target property/activity values. The respective XML schema is defined in Deliverable D2.1, Section
9.5[4].

If fragment descriptors are used for screening, then additional input includes fragment descriptor
vaues in XML format. The respective XML schema is defined in  Section 4.2
(FragmentDescriptorFile).

3.1.2 Output Formats

This task generates list of molecular structuresin XML format. The XML schema for the structure list
isdefined in Deliverable D2.1, Section 9.1 [4].

If enumeration process was followed with screening process, then calculated descriptor and predicted
property/activity values are stored in separate XML files. The respective XML schemas are defined in
Deliverable D2.1, Sections 9.3 (DescriptorFile) and Section 9.4 (PropertyFile).

3.1.3 Application Specific Metadata
A table with configurable parameters that control the enumeration of virtual library:

Parameter Name type Description

Max structures Integer The maximum number of structures that is allowed to be
generated. Default is zero, which means that the number
of structuresis not limited.

Output Type String Representation of atomic coordinates in generated
structures. Possible values are “2D” and “3D”. Default
iSll 3D1’

Store Fragments Boolean Save a list of fragment ID numbers that were used to

assembl e the molecule. Default valueis “false”.

3.1.4 Requirements

The output options for the structure generation agorithm should include 2D and 3D representations.
The visualisation of the generated molecular structures should include options to view structuresin 2D
or 3D representation. The output should include the following information together with generated
molecular structures:

e List of fragment ID numbers that were used to assembl e the molecul e (optional)

* Name of the fragment library that was used as a source for molecular fragments
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» Nameand version of the construction agorithm
* Generdtiontime
When preparing virtual library for structure enumeration, each substitution site at the core structure

should be controlled by the following substitution options:
»  Use substituents that have compatible types

e Use substituents from predefined substituent list

»  Use substituents from user defined list of substituents. User should have an option to use
substructure search to select matching fragmentsto thelist.

Before the structure enumeration is started, there should be possibility to check the number of
molecular structures that will be generated. The structure generation process should give feedback
about the generation progress (e.g. percentage of generated structures).

3.2 Evolutionary Generation of Structures

The evolutionary approach for constructing molecular structures with predefined property values
involves several steps, which are carried out in the following order: (1) selection of appropriate
QSPR/QSAR models for target properties, (2) definition of target property values, (3) definition of
optimal target descriptor values, (4) evolutionary generation of molecular structures on the basis of a
fragment library, and (5) QSPR/QSAR validation of candidate molecules against property values.

3.2.1 Input Formats

The structure enumeration task takes a list of molecular fragments as input. The XML schema for the
fragment list is defined in Section 4.1 (FragmentList).

QSPR/QSAR modelsin XML format and target property/activity values. The respective XML schema
isdefined in Deliverable D2.1, Section 9.5 [4].

Fragment descriptor values in XML format. The respective XML schema is defined in Section 4.2
(FragmentDescriptorFile).

3.2.2 Output Formats

The molecular structures are represented in XML format. The respective XML schema is defined in
Deliverable D2.1, Section 9.1 [4].

Calculated descriptor and predicted property/activity values are stored in separate XML files. The
respective XML schemas are defined in Deliverable D2.1, Sections 9.3 (DescriptorFile) and Section
9.4 (PropertyFile).

3.2.3 Application Specific Metadata
A table with configurable parameters that control the evolutionary generation of molecular structures:

Parameter Name type Description

Output Type String Representation of atomic coordinates. Possible values
are“2D” and “3D”. Default is“3D”

Store Fragments Boolean Save lig of fragment ID numbers that were used to
assemble the molecule. Default valueis “false”.

Iterations Integer Number of iterations.

Subset Size Integer Size of the subset to be selected for the next step.
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Candidates Limit Integer Number of candidate structuresto be selected.

3.2.4 Requirements

The output options for the evolutionary structure generation algorithm are the same as for the
enumeration of the fragment library. In addition, the required substitution options for the substitution
sites are the same.
The evolutionary generation of structures should have following options for pre-defined
activity/property criteria:

»  Property/activity islessthan user defined threshold

»  Property/activity islarger than user defined threshold

» Property/activity is equal to user defined threshold

» User defined range for property/activity values
In addition, the following user-defined constraints should be available to limit the number of generated

structures:
» Criteriafor user selected descriptor values (range, min/max value)

* Presence or absence of some functional group or fragment

The evolutionary structure generation algorithm selects at the end of the each iteration a subset of
structures to the next step that are closest to user defined input criteria. The size of this subset should
be configurable by user. At the end of iteration, the status of calculation should be updated to show the
number of generated structures, the number of structures matching target descriptors, and the number
of structures that match the target properties.

The visualisation of the generated molecular structures should include options to view structuresin 2D
or 3D representation. The descriptors and properties that were calculated during the structure should
be displayed together with the structures (e.g. as a spreadsheet). In addition, it should include facilities
to select and remove unsuitable candidates from the list of generated structures.
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4 XML Schema Definitions

4.1 http://Iwww.openmolgrid.org/namespaces/FragmentList

<?xm version="1.0"7?>
<xsd: schema xm ns: xsd=htt p: //ww. w3. or g/ 2001/ XM_Schema
xm ns=ht t p: // www. opennol gri d. or g/ nanespaces/ Struct ur eLi st

t ar get Nanespace=ht t p: // ww. opennol gri d. or g/ nanespaces/ St ruct ur eLi st

el enent For nDef aul t =" qual i fi ed" >
<xsd: annot at i on>
<xsd: docunent ati on xnm :|ang="en">
XML schema for a list of fragments
</ xsd: docunent at i on>
</ xsd: annot at i on>

<xsd: el ement nanme="fragnmentList">
<xsd: conpl exType>
<xsd: sequence>
<xsd: el ement nanme="source" type="sourceType" m nCccurs="0"
maxQccur s="1"/>

<xsd: el ement name="fragnment" type="fragnment Type" m nCccurs="0"

maxQccur s="unbounded"/ >
</ xsd: sequence>
</ xsd: conpl exType>
</ xsd: el enent >

<xsd: si npl eType nane="i dType" >
<xsd:restriction base="xsd: | ong">
<xsd: m nl ncl usi ve val ue="1"/>
</ xsd:restriction>
</ xsd: si npl eType>

<xsd: conpl exType nanme="sour ceType">
<xsd: sequence>

<xsd: el ement name="sof t war eName" type="xsd:string" m nCccurs="0"

maxQccur s="1"/>
<xsd: el ement name="versi on" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>

<xsd: el ement nanme="net hod" type="xsd:string" m nCccurs="0" maxCccurs="1"/>

<xsd: el ement name="architecture" type="xsd:string" m nCccurs="0"

maxQccur s="1"/>

<xsd: el ement nanme="operati ngSystem' type="xsd:string" m nCccurs="0"

maxQccur s="1"/>
</ xsd: sequence>
</ xsd: conpl exType>

<xsd: conpl exType nane="fragnent Type" >
<xsd: sequence>

<xsd: el ement nanme="name" type="xsd:string" m nCccurs="0" maxCccurs="1"/>
<xsd: el ement nanme="coor di nat es" type="coordi nat esType" mi nCccurs="0"

maxCccurs="1"/>

</ xsd: sequence>
<xsd:attribute name="id" type="idType" use="required"/>
</ xsd: conpl exType>

<xsd: si npl eType nane="f or mat Type" >
<xsd:restriction base="xsd:string">
<xsd: enuneration val ue="CWM."/ >
<xsd: enunerati on val ue="ML"/>
</xsd:restriction>
</ xsd: si npl eType>

<xsd: si npl eType nane="cat egor yType" >

|ST-2001-37238 PUBLIC
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<xsd:restriction base="xsd: string">
<xsd: enuner ati on val ue="2D"/>
<xsd: enurer ati on val ue="3D"'/>
<xsd: enuner ati on val ue="3Dopt "/ >
</xsd:restriction>
</ xsd: si npl eType>

<xsd: conpl exType nane="coor di nat esType" >
<xsd: si npl eCont ent >
<xsd: ext ensi on base="xsd: string">
<xsd: attribute name="format" type="formatType" use="required"/>
<xsd:attribute nanme="category" type="categoryType" use="required"/>
</ xsd: ext ensi on>
</ xsd: si npl eCont ent >
</ xsd: conpl exType>

</ xsd: schema>

4.2 http://Iwww.openmolgrid.org/namespaces/FragmentDescriptorFile

<?xm version="1.0"7?>
<xsd: schema xm ns: xsd=htt p: //ww. w3. or g/ 2001/ XM_Schema
xm ns=htt p://ww. opennol gri d. or g/ nanespaces/ Descri ptorFil e
t ar get Nanespace=htt p: // ww. opennol gri d. or g/ nanespaces/ DescriptorFil e
el ement For mDef aul t =" qual i fi ed">
<xsd: annot at i on>
<xsd: docunent ati on xn :|ang="en">
XML schema for fragment descriptors
</ xsd: docunent at i on>
</ xsd: annot at i on>

<xsd: el ement nanme="fragnmentList">
<xsd: conpl exType>
<xsd: sequence>
<xsd: el ement nanme="source" type="sourceType" m nCccurs="0"
maxQccur s="1"/>
<xsd: el ement nanme="net adat a" type="netadataType" m nCccurs="0"
maxQccur s=" unbounded"/ >
<xsd: el ement name="fragnment" type="fragnment Type" m nCccurs="0"
maxQccur s=" unbounded"/ >
</ xsd: sequence>
</ xsd: conpl exType>
</ xsd: el ement >

<xsd: si npl eType nane="i dType" >
<xsd:restriction base="xsd: | ong">
<xsd: m nl ncl usi ve val ue="1"/>
</xsd:restriction>
</ xsd: si npl eType>

<xsd: conpl exType nanme="sour ceType">
<xsd: sequence>
<xsd: el ement nanme="sof t war eName" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>
<xsd: el ement name="versi on" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>
<xsd: el ement name="architecture" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>
<xsd: el ement nanme="operati ngSystent' type="xsd: string" m nCccurs="0"
maxQccur s="1"/>
</ xsd: sequence>
</ xsd: conpl exType>

<xsd: conpl exType nanme="net adat aType" >
<xsd: sequence>
<xsd: el ement name="descriptor" type="descri ptorMetaType" m nCccurs="0"

|ST-2001-37238 PUBLIC 15/17



Doc. Identifier: SOFTWARE MODULESFOR
OpenMolGRID-3-D3.1-0101-1-3 STRUCTURE GENERATION Date: 10/07/2003

maxCccur s="unbounded"/ >
</ xsd: sequence>
</ xsd: conpl exType>

<xsd: conpl exType nanme="fragnent Type" >
<xsd: sequence>
<xsd: el ement nanme="name" type="xsd:string" m nCccurs="0" maxCccurs="1"/>
<xsd: el ement name="descriptorlList" type="descriptorlListType" m nCccurs="0"
maxQccur s="1"/>
</ xsd: sequence>
<xsd: attribute name="id" type="idType" use="required"/>
</ xsd: conpl exType>

<xsd: conpl exType nane="descri pt or Met aType" >

<xsd: sequence>
<xsd: el ement name="name" type="xsd:string" m nCccurs="0" maxQccurs="1"/>

<xsd: el ement nanme="type" type="xsd:string" m nCccurs="0" maxCccurs="1"/>
<xsd: el ement name="subtype" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>
<xsd: el ement name="cat egory" type="xsd:string" m nCccurs="0"
maxQccur s="1"/>
</ xsd: sequence>
<xsd: attribute name="id" type="idType" use="required"/>
</ xsd: conpl exType>

<xsd: conpl exType name="descri ptorLi st Type">
<xsd: sequence>
<xsd: el ement nanme="descriptor" type="descri ptorType" m nCccurs="0"
maxQccur s="unbounded"/ >
</ xsd: sequence>
</ xsd: conpl exType>

<xsd: conpl exType nane="descri pt or Type" >
<xsd: conpl exCont ent >
<xsd:restriction base="xsd: anyType">
<xsd: attribute name="id" type="idType"/>
<xsd:attribute name="val ue" type="xsd:float"/>
</xsd:restriction>
</ xsd: conpl exCont ent >
</ xsd: conpl exType>

</ xsd: schema>
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