Methods in Pharmacology and Toxicology (2016): 257-296
DOI 10.1007/7653_2014_35

© Springer Science+Business Media New York 2014
Published online: 22 January 2015

Recent Advances in the Open Access Cheminformatics
Toolkits, Software Tools, Workflow Environments,
and Databases

Pravin Ambure, Rahul Balasaheb Aher, and Kunal Roy

Abstract

Cheminformatics utilizes various computational techniques to solve a wide variety of drug discovery
problems, including drug design and predictive toxicology. These computational exercises employ various
toolkits/libraries, workflows, databases, etc. for their applications in lead optimization, virtual screening,
chemical database mining, structure-activity,/toxicity studies, etc. It is therefore important for such tech-
niques to be freely available. Open-access resources permit free use and redistribution of a product via a free
license, while open-source resources also provide source code that can be utilized to modify the product. In
order to extract the knowledge from enormous amount of data that accumulates at a staggering rate, open-
access or open-source cheminformatics packages also need to be efficient and user-friendly. In this chapter,
we record the recent advances in freely available (including both open access and open source) cheminfor-
matics toolkits, software (stand-alone and online applications), workflow environment, and databases. The
objective of this chapter is to get the readers acquainted with the freely available resources, so that they can
utilize those tools for solving different drug discovery challenges. We will start with the toolkit/libraries
such as Chemistry Development Kit (CDK), Open Babel, RDKit, ChemmineR, Indigo, chem?, etc., which
provide various functionalities that can aid researchers to develop their own cheminformatics software/
applications. Next we will discuss various cheminformatics software tools, including iDrug, PharmDock,
DecoyFinder, DemQSAR, Chembench, etc. which have recently been developed with a wide variety of
applications. We will further discuss workflow environments, including Konstanz Information Miner
(KNIME), Taverna, recent combinations, i.e., CDK-KNIME or CDK-Taverna and their contributions in
the cheminformatics field. At the end, we will briefly touch various recent databases, such as QSAR
DataBank, VAMMPIRE, CREDO, PubChem3D, MMsINC, etc., and their applications. The open-access
resources covered in this chapter would enable the medicinal chemists and cheminformaticians to solve
various problems encountered during their research.

Key words Open source, Open access, Cheminformatics, Tool kits, Software, Databases, Stand-alone
tools, Online tools, Workflows

1 Introduction

Cheminformatics is an applied field of chemistry that involves
the use of different computational resources for solving a
variety of problems arising in chemical, pharmaceutical, and allied
industries. This field is a combination of chemistry, computer sci-
ence, and information science that aids in transforming huge raw
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data into information and this information into knowledge.
Cheminformatics has revolutionized various areas including phar-
maceutical and chemical research, in taking faster decisions, cutting
cost, and hence increasing efficiency.

The availability of cheminformatics resources is based on the
provider,/source that are commonly categorized into commercially
available, open access, or open source. Commercial resources are
normally well developed but expensive; thus, their users are limited
to those who can afford such costly services. Open-source
resources, on the other hand, are freely available (i.e., open access),
and their source code is openly accessible for modification or distri-
bution. To best support the majority of the scientific community in
resolving the different problems arising in multifarious areas of
chemistry, it is essential that cheminformatics resources are openly
accessible, which is not only important for resolving problems but
also critical for bringing new amendments to overcome shortcom-
ings of current resources and for exploring innovative concept/
ideas associated with cheminformatics resources. Developing and
managing such freely available cheminformatics resources is often
“community driven” and an outcome of a teamwork from numer-
ous contributors. In this chapter, we highlight the advances made
in a variety of freely available (both open access and open source)
cheminformatics resources, i.e., toolkits, software, workflow, and
databases.

2 Cheminformatics Toolkits

Cheminformatics toolkits are a set of libraries comprising of source
codes for various algorithms/functions that allow the cheminfor-
maticians to develop their own software applications for possible
use in structural similarity searching, virtual screening, database
mining, structure-activity relationship analysis, etc. The develop-
ment of open-source cheminformatics toolkits has started more
than a decade ago, and so far many highly functional toolkits have
been developed. Some toolkits were developed from the scratch,
e.g., Chemistry Development Kit (CDK) [1] and Open Babel [2],
while others, such as RDKit [3] and Indigo [4] toolkits, were made
open source by donating #z-house source code under liberal
licenses. The development of such cheminformatics toolkits
became a part of the Blue Obelisk movement [5, 6] established in
2005 as a response to the lack of Open Data, Open Standards and
Open source (ODOSOS) in chemistry.

The main reason that these toolkits are so essential is that
their availability aids the development of a next generation of
cheminformatics software like Bioclipse [7], Avogadro [8], CDK
Descriptor Calculator GUI [9], etc., where there is no need to
concern about the low-level details of manipulating and/or
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handling various algorithms; thus one can focus on providing
additional functionality and /or ease of use [6].

In this section, we describe various cheminformatics toolkits
(see Table 1 for a brief summary) and their recent progress.

The CDK is an open-source Java library for structural cheminfor-
matics and bioinformatics. This project was initiated in 2000 by
Christoph Steinbeck, Egon Willighagen, and Dan Gezelter, the
developers of Jmol [20] and JChemPaint [21]. Till date, it is one
of the most active open-source cheminformatics projects that are
being carried out with wide support from the scientific community.
The number of contributors to this project has increased to 89 in
2014 [22].

CDK toolkit provides many functionalities for developing new
software in the cheminformatics field such as various chemical
input/output (1/0) file formats, including simplified molecular-
input line-entry system (SMILES), Chemical Markup Language
(CML), and MIT Design Language (MDL); structure generators;
2D diagram editing and generation; 3D geometry generation;
substructure search using exact structures and Smiles ARbitrary
Target Specification (SMARTS)-/zke queries; molecular descriptor
calculation for quantitative structure-activity relationship (QSAR)
study; fingerprint calculation; International Chemical Identifier
(InChlI) support (via JNI-InChI); etc., and in bioinformatics field,
the functionalities include cognate ligand detection, metabolite
identification, etc. [1, 23, 24].

At present, the CDK is the source for a number of software
projects including JChemPaint [21 ], SENECA [25], NMRShiftDB
[26], PaDEL-Descriptor [27], Jmol [20], JOELib, Nomen, Safe-
Base, and many more [28]. The functionality of CDK can also be
freely accessed through workflow system, such as KNIME and
Taverna, which are discussed in the workflow section of this
chapter.

The CDK developers regularly perform unit testing, code qual-
ity checking, bug fixing, and proper versioning of CDK library.
Information about the library functionality, core classes, inheri-
tance hierarchy, and the dependencies among the fundamental
classes of the CDK are well described in the literature [1, 10].

CDXK s available for Windows, UNIX, and Mac OS and is freely
distributed under the GNU Lesser General Public License (LGPL)
version 2.0 (v2). In contrast to the more common GNU General
Public License (GPL), the LGPL allows the use of the CDK in
proprietary software packages.

The RDKit was developed and employed at Rational Discovery
during 2000-2006, for building predictive models for absorption,
distribution, metabolism, elimination, toxicity, and biological
activity. In June 2006, Rational Discovery was shut down, but the
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http://www.ggasoftware.com/opensource/indigo
http://www.ggasoftware.com/opensource/indigo
http://jcompoundmapper.sourceforge.net/
http://jcompoundmapper.sourceforge.net/
https://github.com/stefan-hoeck/chemf
http://www.scala-lang.org/
https://code.google.com/p/pychem/downloads/list
https://code.google.com/p/pychem/downloads/list
http://www.bioconductor.org/packages/release/bioc/html/ChemmineR.html
http://www.bioconductor.org/packages/release/bioc/html/ChemmineR.html
http://bioconductor.org/packages/release/bioc/html/Rcpi.html
http://bioconductor.org/packages/release/bioc/html/Rcpi.html
http://wiki.chemkit.org/Main_Page
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2.3 Open Babel

toolkit was released as open source under BSD license. At present,
the open-source development of RDKit is actively contributed by
Novartis, which includes the source code donated by Novartis [29].

RDKit offers various functionalities such as different chemical
1/0 formats, including SMILES /SMARTS, structure data format
(SDEF), Thor data tree (TDT), Sybyl line notation (SLN), Corina
mol2, and Protein Data Bank (PDB); substructure searching;
canonical SMILES; chirality support (i.e., R/S or E/Z labeling);
chemical transformations (e.g., remove matching substructures);
chemical reactions; molecular serialization; similarity /diversity
selection; 2D pharmacophores; Gasteiger-Marsili charges; hierar-
chical subgraph/fragment analysis; Bemis and Murcko scaffold
determination; retrosynthetic combinatorial analysis procedure
(RECAP) and BRICS implementations; multi-molecule maximum
common substructure; feature maps; shape-based similarity;
RMSD-based molecule-molecule alignment; shape-based align-
ment; unsupervised molecule-molecule alignment using Open3-
DALIGN algorithm; integration with PyMOL for 3D
visualization; functional group filtering; salt stripping; molecular
descriptor library; similarity maps; machine learning; etc.

The Contrib directory [30] is a part of the standard RDKit
distribution that includes source code that has been contributed by
the community members, for instance, Local Environment Finger-
prints (LEF), a Python source code; plane of best fit (PBF), a C++
source code; matched molecular pair algorithm (mmpa), a Python
source code and sample data; a fragment indexing algorithm; and
synthetic accessibility (SA) score, a Python source code.

RDKit has an official website, i.c., http: //www.rdkit.org/, for
online documentation, recent news, Wiki link, and other related
information. The core data structures and algorithms are written in
C++ programming language, but Python wrapper (generated using
Boost.Python) and Java and C# wrapper (generated using SWIG)
are also available. Here, wrapper or binding means a thin layer of
code that converts a library’s existing interface into a user’s com-
patible interface, so that one can use the library in other program-
ming languages. RDKit is supported by Mac, Windows, and Linux
operating system [31].

Open Babel is an open-source chemical toolbox intended to be a
cross-platform library that is built to support interconversion
between various file formats used in cheminformatics, molecular
modeling, and related areas. In addition to the complete, extensible
toolkit/libraries, it also offers ready-to-use applications for the
development of cheminformatics software [2].

Open Babel 2.3 can perform reading, writing, and interconver-
sion of over 111 chemical file formats that includes reading and
writing of 82 and 85 file formats, respectively. These encompass
common formats used in cheminformatics (SMILES, InChl,
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MOL, MOL2),1/0 files from a variety of computational chemistry
packages (GAMESS, Gaussian, MOPAC), crystallographic file
formats (CIF, ShelX), reaction formats (MDL RXN), file formats
used by molecular dynamics simulation (Amber) and docking
packages (AutoDock), formats used by 2D drawing packages
(ChemDraw), 3D viewers (Chem3D, Molden), chemical kinetics,
and thermodynamics (ChemKin, Thermo). It supports filtering
and searching molecule files using Daylight SMARTS pattern
matching and computes group contribution descriptors such as
LogP, polar surface area (PSA). and molar refractivity (MR). It
also provides extensible molecular fingerprinting and molecular
mechanics functions.

File formats are employed as “plug-ins” which aid users to
contribute new file formats. Further, depending on the file format,
Open Babel can extract additional information besides molecular
structure. For instance, property fields can be read from SDF files,
unit cell information can be extracted from CIF files, and vibra-
tional frequencies can be extracted from computational chemistry
log files. For each file format, multiple choices/options can be
chosen to read or write in a particular format.

Open Babel has its origin in a version of OELib, which was
released as open-source software by OpenEye Scientific under the
GNU GPL v2. In 2001, OpenEye decided to rewrite OELib -
house as the proprietary OEChem library, and the existing code
from OELib was released as the new Open Babel project. Since
then, Open Babel has been developed and substantially extended as
an open-source project with extensive international collaborations.
Up to November 2014, it has over 324,780 downloads [32] and
more than 476 citations [33] and has been utilized by over 40
software projects. While the majority of the Open Babel library is
written in C++, its bindings have been developed for other pro-
gramming languages, including Java, NET platform, Perl, Python,
and Ruby. These can be automatically generated from the C++
header files using the SWIG tool. Open Babel supports a wide
variety of C++ compilers (MSVC, GCC, Intel Compiler, MinGW,
Clang), operating systems (Windows, Mac OS X, Linux), and plat-
forms (32-bit, 64-bit). OpenEye scientific has also provided a set of
cheminformatics and modeling toolkits [ 34] that are freely accessi-
ble under the free public domain research license [35].

In summary, Open Babel offers a solution to deal with the
growing number of chemical file formats along with various func-
tionalities like conformer searching, 2D depiction, filtering, batch
conversion, and substructure and similarity search. For software
developers, it can be used as a library to handle data in ample of
areas such as organic chemistry, drug design, molecular modeling,
and computational chemistry [2, 36].

Scripting languages like Python are highly popular since they
allow rapid writing of scripts within a few lines of code and are well



264 Pravin Ambure et al.

2.4 CGinfony

2.5 Small Molecule
Subgraph Detector
(SMSD)

suited for common programming tasks in cheminformatics. For the
same reason, a Python wrapper for Open Babel called Pybel [37]
has been made available. It is an open-source, cross-platform
Python module that provides the functionality of the Open Babel
toolkit to Python programmers.

In the present scenario, the most active open-source cheminfor-
matics toolkits under development comprise of Open Babel, the
CDK, and the RDKit. All of these toolkits share the same core
functionality although the implementation details and the chemical
model employed may differ. However, these toolkits are indepen-
dently developed, and therefore, each has certain specific function-
alities, e.g., these toolkit support different sets of file formats and
force fields and represent various molecular fingerprints and
descriptors in different ways. There are also features in each of the
toolkits that are not shared by the others.

To this end, Cinfony is a Python module which provides a
common interface for Open Babel, RDKit, and CDK through a
simple and robust method to pass the chemical models among
these toolkits. It is an extension of Pybel (discussed above), a Python
module that only provides access to Open Babel. It allows interop-
erability at the application programming interface (API) level,
which has the advantage of not requiring any changes to the exist-
ing software. It is platform independent and hence supported by all
operating systems such as Mac, Windows, and Linux operating
system and is released as open source under the BSD license. The
details about the barriers, interoperability, implementation, and
performance are well discussed in the literature [11].

The chemical similarity determination between molecules is widely
used to compute chemical diversity and for clustering analysis of
similar molecules. This is a highly useful concept in cases like
discovering new drug-like molecules. Maximum common subgraph
(MCS) is one of the recent methods that overcome nearly all the
shortcomings posed by descriptor- or fragment-based similarity
searches. All of the early MCS algorithms lacked chemical knowl-
edge to rank the MCS solutions, which led to the development of
SMSD toolkit [12].

SMSD is a chemically sensitive and robust tool, which uses a
combination of various graph-matching algorithms (i.e.,
CDKMCS, MCS+, and VF+ Lib [12]) for finding the MCS
among small molecules. It can generate bond-sensitive and bond
-insensitive MCS and ranks the solutions according to minimal
fragments, bond breaking energy, and stereochemical matches. It
also overcomes the disadvantages of MCS algorithm coded in the
CDK toolkit (CDKMCS) by first using the atom and bond count
filter to discriminate between two dissimilar structures before
performing the MCS search and, secondly, by using the VE+ Lib
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and MCS+ method. The reported disadvantages of CDKMCS
include: (a) it may treat two chemically nonidentical molecules as
identical because it works on the maximum common induced
subgraph (MCIS) principle, and (b) the runtime is high if two
graphs are large with few dissimilar edges.

SMSD is a combination of various algorithms (i.e., CDKMCS,
MCS+, and VF+ Lib). The choice of using which algorithm is
completely based on the complexity of the input molecules.
CDKMCS is used first for molecules whose bond count and atom
count are not equal. If the solution is not computed within a
limited set time, then it is passed to the MCS+ algorithm, which
starts the search from the scratch. If the d-edge count (those edges
that do not share similar bond types) is greater than 99,999, then
VE+ Lib is used to find MCS, which is very efficient in handling
medium- to large-sized graphs. The MCS solutions are then passed
to the chemical post-filters, which ranks the solutions in a chemi-
cally meaningful way. The three filters are applied in the following
orders: (a) specific matching of the chemical functional groups,
bond types, and stereochemistry of molecules are identified and
matched; (b) the resulting solutions are sorted in ascending order
of the total bond breaking energy required by this MCS match (i.e.,
lowest energy is highest ranked); and (c) the top solutions are
selected based on the above two steps (in the case that the matched
part of the molecule is detached from the reference structure, the
solutions are sorted again in decreasing order based on the number
of fragments generated). In such a way, one can get chemically
relevant MCS solutions computed in polynomial time.

SMSD can be applied in a variety of bioinformatics and che-
minformatics areas for exhaustive MCS matching. For example, it
can be employed to analyze metabolic networks by matching the
reactants with the products of the reactions. It can also be used to
detect the MCS /substructure in small molecules reported by meta-
bolomics experiments, as well as to screen for drug-like compounds
with similar substructures.

SMSD is a Java-based toolkit, which is platform independent
and is released under Creative Commons (CC) license [38]. This
toolkit is freely available at www.ebi.ac.uk [12].

BALL is written in C++ with a specific purpose of significantly
reducing the development time of building derived computational
applications while ensuring stability and errorless implementation
in the computational biology and molecular modeling field. It
provides an extensive set of data structures along with classes for
molecular mechanics (MM), file 1/0, comparison and analysis of
protein structures, advanced solvation methods, and visualization.
BALL has been designed to be robust, easy to use, and also simply
extensible due to its object-oriented programming background. In
2010, a new version, i.e., BALL 1.3, was released, and this version
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2.7 Indigo

showed significant improvements in functionality compared to the
previous version that had been released in 1999 [13].

BALL handles a variety of molecular structure formats. The
previously published version only supported the PDB and MOL2
molecular file formats, while version 1.3 additionally reads and
writes MOL, HIN, XYZ, KCF, and SD files. It also supports a
variety of other data sources, such as DCD, DSN6, GAMESS,
JCAMP, SCWRL, and TRR. Along with this, the new version also
offers functionality for generating and editing molecules. For pro-
teins, DNA, and RNA, BALL 1.3 can automatically deduce much
of the missing information such as connectivity or bond order or
missing hydrogen from an extensible fragment database. Both
fragment database and rotamer library have been significantly
improved in the latest version. A rotamer library allows the user
to easily determine the most likely side-chain conformation of a
protein residue or to switch between various rotameric states. The
new features also include a kekulizer (an aromaticity processor),
a secondary structure predictor, and hydrogen bond detection.

The previous version of BALL has provided two force field
classes, i.e., CHARMM and AMBER. In the 1.3 version, an imple-
mentation of the Merck Molecular Force Field (MMFF94) has
been included that allows handling of almost all types of organic
compounds. The energy minimization functions have been
extended via providing standard methods like steepest
descent and conjugate gradient and the well-known methods, i.e.,
L-BFGS and shifted L-VMM algorithms [13].

BALL is freely available and supported by all major operating
systems, including Linux, Windows, and Mac OS X. Previously,
BALL was distributed as a commercial product, but now it is
released open source under the GNU Lesser General Public
License (LGPL), and parts of the code are released under the
GNU GPL. The source code and binary packages are available
from the project website at http: //www.ball-project.org [13].

In 2009, GGA software services released a toolkit titled “Indigo”
and related software under the terms of GNU GPL. It includes
some unique algorithms developed by GGA, along with some
standard well-known algorithms.

The main features of Indigo are:

¢ Supports commonly used and popular chemistry formats: mol-
files/Rxnfiles v2000 and v3000, SDF, RDFE, SMILES,
SMARTS, and SMIRKS

e Supports tetrahedral and cis-trans stereochemistry
e Molecule and reaction rendering to PNG, SVG, and PDF files
e Molecule and reaction depiction

e Aromatization and kekulization
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¢ Canonical (isomeric) SMILES computation

e Exact and substructure matching for molecules and reactions
e Support matching and highlighting

e Matching of tautomers and resonance structures

¢ Computing molecule and reaction fingerprints

e Similarity search

e Maximum common substructure (MCS) algorithm

¢ R-group deconvolution and scaffold detection

It is a C++ language-based library, majorly focused on perfor-
mance and essential chemical features. The high-level wrappers or
bindings are built around it for Python, Java, and C# language.
This library also allows multi-threaded use. All binaries are sup-
ported by all the essential operating systems, i.e., Windows, Linux,
and Mac OS X, both 32-bit and 64-bit [39]. The JAVA GUI
utilities, command-line utilities, KNIME nodes, and documenta-
tion material are available on their official website [4]. A commer-
cial license version is also available for receiving ongoing support
and maintenance and for clients who like to include Indigo as a
component in their proprietary software product [4].

jCompoundMapper [14] is an open-source Java library for the
encoding of chemical graphs as fingerprints. It offers a variety of
topological (e.g., radial atom environments, extended connectivity
fingerprints, depth-first search fingerprints, or autocorrelation vec-
tors) and geometrical (e.g., 2-point and 3-point encodings or
geometrical atom environments) fingerprints. It is based on CDK,
which offers the basic functionality for parsing, typing, and graph
algorithms for molecular data and also provides several fingerprint
functionalities. But unlike CDK, jCompoundMapper focuses on
exact definition of its encoding and provides functionality to export
the fingerprints or pairwise similarity matrices to formats of popular
machine learning toolboxes such as comma-separated value (csv)
format, LIBSVM format (sparse and matrix), and WEKA ARFF.
Hence, various data mining libraries can be directly applied on the
output files.

This library is built from various implementations of literature
fingerprints and descriptors used in comparison studies, and its
algorithms can be parameterized with various options to adapt
the encodings, for instance, by applying a custom labeling function;
adjusting the search depth, the distance cutoff, or the geometrical
scaling factor; etc.

jCompoundMapper is platform independent and is released
under the LPGL license. It features a command-line interface but
can also be used as a Java application programming interface (API).
The access via the API or the binary using the command-line
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29 chem’

210
Cheminformatics
in Python (ChemoPy)

interface enables the user to utilize the library for batch processing.
The source code and an executable library are available at Source-
Forge [40].

Chem' is a chemistry toolkit, a first of its kind being built using a
functional programming language named “Scala” [15]. Scala is a
modern multi-paradigm open-source programming language that
is fully object-oriented with a strong support for typical concepts
from functional programming such as higher-order functions, type
inference, and pattern matching. It has one of the most expressive
type systems [41].

Most of the freely available and widely used cheminformatics
toolkits, such as the CDK or Open Babel, are written in object-
oriented languages using typical imperative concepts such as muta-
ble data structures and opaque methods to implement chemical
entities and algorithms. The developers of the Chem' toolkit have
discussed the advantages of functional programming compared to
the imperative programming languages and reported an example
for justification, i.e., the comparison between CDK’s and Chem®s
SMILES parser [15].

Functional programming languages were designed with refer-
ential transparency in mind, and they encourage a more declarative
style of programming without the control statements and value
assignments that are typically found in imperative languages. An
expression in a program is called referentially transparent when it
performs calculation of the result just from its input parameters.
Functional programming significantly facilitates writing referen-
tially transparent functions and using immutable data structures.
The methods and objects written in most of the languages
(other than functional languages) are a priori unsafe to be used in
parallel computations (i.e., multi-threaded operations) unless
their documentation explicitly states differently. More detailed
information about the functional programming, Scala language,
and some examples illustrating its basic syntax and comparison with
other open-source toolkits are provided in the freely accessible
literature [15].

In summary, chem' is an open-source toolkit written in Scala
language and is released under GNU GPL and is currently under
development [42].

ChemoPy is an open-source package for computing the commonly
used structural and physicochemical features. It depends on several
other packages that are Pybel, RDKit, Open Babel, and MOPAC, in
order to provide its complete functionalities. It calculates about
16 feature groups composed of 19 various features that in all
comprises of around 1,135 descriptors. Additionally, it
offers seven types of molecular fingerprint systems that include
topological fingerprints, electro-topological state fingerprints,
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MACCS keys, FP4 keys, atom-pair fingerprints, topological torsion
fingerprints, and Morgan /circular fingerprints. Some of these fea-
tures and fingerprints are derived using Open Babel and RDKit.
Using MOPAC, ChemoPy computes a large number of 3D molec-
ular descriptors. Interestingly, ChemoPy is reported as the first
open-source package computing a large number of molecular fea-
tures based on the MOPAC optimization.

The ChemoPy toolkit encloses several modules and functions
manipulating drug molecules. For instance, to obtain the molecular
structures easily, ChemoPy provides a downloadable module to get
molecular structures from four databases (i.e., KEGG, PubChem,
DrugBank, and CAS). Further, ChemoPy can compute a large
number of 2D and 3D descriptors and offers two ways to calculate
these molecular descriptors. One way is to utilize the built-in
modules, which consist of 19 modules responding to the calcula-
tion of descriptors from 16 feature groups, and the second way is to
call the PyChem2d or PyChem3d class by importing the pychem
module [43], which encapsulates commonly used descriptor calcu-
lation methods. Here, PyChem2d and PyChem3d are responsible
for the calculation of 2D and 3D molecular descriptors,
respectively.

The developers of ChemoPy have recommended utilizing this
toolkit to analyze and represent the drugs or ligand molecules
under investigation and suggested that this package will be helpful
when exploring questions concerning drug activity, ADME /T, and
drug-target interactions [16].

ChemoPy is written solemnly in Python language. It is sup-
ported by Linux and Windows operating systems. New extensions
or functionalities can be implemented easily without cumbersome
or time-consuming modifications in the source code because of the
modular structure of ChemoPy [16].

ChemmineR is a cheminformatics package for analyzing drug-like
small molecule data in the popular statistical programming envi-
ronment R. The first version of this package was published in 2008
[17]. It comprised of functions for 2D structural similarity compar-
isons between compounds, similarity searching against compound
databases, functions for clustering entire compound libraries, and
visualizing the clustering results.

The recent version of ChemmineR released in 2013 has addi-
tional utilities and add-on packages, including functions for effi-
cient processing of large numbers of small molecules,
physicochemical /structural property predictions, structural simi-
larity searching, classification, and clustering of compound libraries
with a wide spectrum of algorithms, including mismatch tolerant
MCS search algorithm [44] used for pairwise compound compar-
isons. Accelerated compound similarity searching is now
enabled with ¢R add-on package [45]. The current version
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2.12 Compound-
Protein Interaction
with R (Rcpi)

of ChemmineR also integrates a subset of cheminformatics
functionalities implemented in the Open Babel C++ library. These
utilities can be enabled by installing the ChemmineOB package and
the Open Babel software. ChemmineR can automatically detect
ChemmineOB and make use of its additional utilities. Streaming
functionality allows processing of millions of molecules using
sdfStream function. The recent addition also includes fast and
memory-efficient fingerprint search, which supports the use of
atom pair or PubChem fingerprints, and improved SMILES sup-
port via new SMIset object class and SMILES import/export
functions.

ChemmineR is freely available from the Bioconductor official
website  (http: //www.bioconductor.org/packages/release /bioc/
html/ChemmineR.html). It is distributed under Artistic 2.0
license and is available for both Windows and Mac OS X operating
systems [17].

Repi toolkit provides a freely available R/Bioconductor package
focusing on integrating bioinformatics and cheminformatics into
a molecular informatics platform for drug discovery. It aims
at providing a complete toolkit for complex molecular representa-
tion from small molecules and proteins and more complex
interactions, including protein-protein and compound-protein
interactions [18].

The functionalities provided by Repi toolkit can be divided into
tour groups as follows:

(a) For small molecules:

e It calculates more than 300 molecular descriptors, includ-
ing constitutional, topological, geometrical, electronic,
hybrid, and molecular property descriptors.

e It calculates ten types of molecular fingerprints, including
standard and extended Daylight fingerprints, graph finger-
prints based on simple connectivity, hybridization finger-
prints only based on hybridization state, FP4 keys, E-state
fingerprints, MACCS keys, PubChem fingerprints, KR fin-
gerprints defined by Klekota and Roth, short path finger-
prints, etc.

e It can compute parallelized pairwise similarity derived by
fingerprints and five types of similarity measures within a list
of small molecules.

e It also perform parallelized chemical similarity search with
selected similarity metrics and MCS search between a query
molecule and a molecular database.


http://www.bioconductor.org/packages/release/bioc/html/ChemmineR.html
http://www.bioconductor.org/packages/release/bioc/html/ChemmineR.html
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(b) For protein sequences:

e It computes a large number of commonly used structural
and physicochemical descriptors, such as amino acid com-
position descriptors; autocorrelation descriptors; composi-
tion, transition, and distribution descriptors; conjoint triad
descriptors; quasi-sequence-order descriptors; and pseudo
amino acid composition descriptors; etc.

e It calculates six types of generalized scale-based descriptors
tor proteochemometric (PCM) modeling, such as
generalized scale-based descriptors derived by principal
component analysis, amino acid properties, molecular
descriptors, factor analysis, and multidimensional scaling,
and  generalized BLOSUM/PAM  matrix-derived
descriptors.

e It computes profile-based protein features based on
position-specific scoring matrix (PSSM).

e It also performs parallelized similarity derived by protein
sequence alignment and Gene Ontology (GO) semantic

similarity measures between a list of protein sequences/
GO terms/Entrez Gene IDs.

(c) For interaction data:

By combining various types of descriptors for drugs and pro-
teins, interaction descriptors representing protein-protein or
compound-protein interactions could be conveniently gener-
ated with Repi, including:

¢ Two types of compound-protein interaction descriptors

e Three types of protein-protein interaction descriptors

(d) Several useful secondary utilities are also included in Repi that
are as follows:
e Parallelized molecule and protein sequence retrieval from
several online databases, such as PubChem, ChEMBL,
KEGG, DrugBank, UniProt, RCSB PDB, etc.

e Molecular reading/writing in SMILES/SDF formats for
small molecules and FASTA /PDB formats for proteins

¢ Molecular format conversion between around 140 types of
molecular file formats defined by Open Babel

It is recommended to use Repi to analyze and represent various
complex molecular data under study as well as to explore various
queries concerning structure, functions, and interactions of such
molecules in system biology perspective. Repi is freely available
from the Bioconductor official website (http://bioconductor.
org/packages/release /bioc/html/Rcpi.html) and is released
under Artistic 2.0 license. It is available for Windows and Mac OS


http://bioconductor.org/packages/release/bioc/html/Rcpi.html
http://bioconductor.org/packages/release/bioc/html/Rcpi.html
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2.13 Chemkit

X operating systems. Users can conveniently apply various statistical
machine learning methods in R to solve various problems in drug
discovery and computational biology [18].

Chemkit is an open-source library developed by Kyle Lutz [19],
which supports molecular modeling, cheminformatics, and visuali-
zation functionalities. The key features provided by Chemkit
include 1/0 chemical file formats (pdb, cml, cjson, cube, thz, fps,
inchi, mol, mol2, sdf, smi, etc.), access to the Web resources (e.g.,
Protein Data Bank, PubChem), calculation of various molecular
descriptors, automatic atom typing and topology building, and
visualization based on OpenGL.

The Chemkit library is written in C++ language, and it uses Qt
framework for graphics. It is released under the BSD license. It is a
cross platform library and is supported by Windows, Mac, and
Linux operating systems.

Other toolkits that are not recently updated and /or not actively
maintained but are worth mentioning include Chemfp 1.1 (http://
chemfp.com/; Python Library), Chemical Descriptor Library
(http://cdelib.sourceforge.net/doc/index.html; a C++ library),
PerlMol-Perl Modules for Molecular Chemistry (http://www.per
Imol.org/; collection of Perl scripts), MayaChemTools (http://
www.mayachemtools.org/; collection of Perl scripts), JOELib/
JOELib2 (http://sourceforge.net/projects /joelib/; Java library),
and mx-Java (https: //code.google.com/p/mx-Java/; Java Library).

3 Cheminformatics Software

Software is a set of machine-readable instructions that directs a
computer’s processor to perform specific functions. It is usually
written in high-level programming languages that are easier and
more efficient for humans to understand and employ than the
machine language. Cheminformatics software provides various
ready-to-use cheminformatics functionalities like virtual screening,
chemical structural editor, QSAR model development, molecular
dynamics packages, etc. that are most often user-friendly tools
comprising of graphical user interface (GUI).

Software can be commercial, open access, or open source. They
can be developed with or without the use of external libraries/
toolkits. Existing libraries/toolkits may help reduce the software
development time because source codes for various algorithms are
already well defined in terms of efficiency and are ready to use.
However, in many cases, the developers prefer not to use external
toolkits to avoid the usage of inefficient or time-consuming algo-
rithms, but to develop their own more efficient algorithms.

In this section, we have divided the cheminformatics
software tools into two parts: stand-alone software and online tools.


http://chemfp.com/
http://chemfp.com/
http://cdelib.sourceforge.net/doc/index.html
http://www.perlmol.org/
http://www.perlmol.org/
http://www.mayachemtools.org/
http://www.mayachemtools.org/
http://sourceforge.net/projects/joelib/
https://code.google.com/p/mx-Java/
http://en.wikipedia.org/wiki/Computer#Computer
http://en.wikipedia.org/wiki/High-level_programming_language#High-level%20programming%20language

3.1 Stand-Alone
Software Tools

3.1.1  Molpher

3.1.2  PharmDock

3.1.3 VHELIBS

3.1.4 MOLE 2.0
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The stand-alone software is a tool /application that can work offline
and does not require another software package to run. The online tool
means a Web-based platform-independent software tool that runs
online, making the facilities available to users over the Internet.
Here, both open-access and open-source software are discussed,
including computer as well as mobile applications. The brief summary
of cheminformatics software and their home page, supporting
operating system, and programming languages are listed in Table 2.

Molpher [46] is an open-source software framework for the system-
atic exploration of the chemical space. When a source /target molec-
ular pair is given as an input entry, Molpher identifies the structural
neighborhood through a process known as molecular morphing.
The molecular morphing process produces a path in the chemical
space by an iterative application of morphing operators, which
represent a structural change such as the addition or removal of an
atom or a bond. This path consisting of molecules called as morphs
and its surroundings constitutes a virtual chemical library focused
on a mechanistic class of compounds given by the characteristics of
the source/target pair. Although Molpher is written in C++ lan-
guage, it uses Boost C++ libraries [47] for standard tasks and
employs open-source cheminformatics RDKit [3] for chemical
functionalities. It could be easily incorporated into any computa-
tional drug design pipeline and thus is highly useful for either
discovery of novel drugs or as new tool for chemical biology [46].

PharmDock [48] is a pharmacophore-based docking program that
combines pose sampling and ranking, which are based on opti-
mized protein-based pharmacophore models, with local optimiza-
tion using an empirical scoring function. The testing of
PharmDock for ligand pose prediction, binding affinity estimation,
compound ranking, and virtual screening yielded comparable or
better performance as compared to other existing and widely used
docking programs [49, 50]. This docking program comes with an
easy-to-use GUI within PyMOL [48].

VHELIBS (validation helper for ligands and binding sites) is a
software tool for assessing the quality of ligands and binding sites
in the crystallographic models from the PDB/PDB_REDO for the
non-crystallographers (i.e., users with little or no crystallography
knowledge). It allows the users to check how the ligand and bind-
ing site coordinates fit to the electron density map (ED) and to
validate the protein structures prior their use for the drug discovery
purposes [51].

MOLE 2.0 [52] is an advanced software tool for analyzing the
molecular channel and pores of the biomolecular surface. MOLE
2 also estimates the physicochemical properties of the identified
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3.1.6 1B Mobile

3.1.7 JSME
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channels, i.e., hydropathy, hydrophobicity, polarity, charge, and
mutability; this feature was absent in the previously developed
related software tools, such as MOL 1.x [53], MolAxis [54, 55],
and CAVER 3.0 [56]. The estimated physicochemical properties of
the identified channels in the selected biomacromolecules corre-
sponded well with the known functions of the respective channels.
Thus, the predicted physicochemical properties by MOLE 2.0
provide useful information about the potential functions of identi-
fied channels [52].

FragVLib is a free database mining software for performing similar-
ity search across database(s) of ligand-receptor complexes for iden-
tifying binding pockets which are similar to that of a target
receptor. The methodology employed relies on the graph represen-
tation of interfacial atoms for the ligand-receptor complex. The
interfacial atoms are defined as nodes, and the distances between
them are represented by edges connecting these nodes. The search
is based on 3D geometric and chemical similarity of the atoms
forming the binding pocket. For each match identified, the ligand
fragments corresponding to that binding pocket are extracted, and
thus the formed virtual library of fragments (FragVLib) is useful to
the structure-based drug design [57].

TB Mobile is a mobile application (app) that provides the useful
functionality for viewing and manipulating data about the antitu-
bercular compounds with activity against Mycobacterium tuberculo-
sis (Mtb), their targets, pathways, and other related information
available in the Collaborative Drug Discovery (CDD) database.
The app enables the similarity searching to identify the potential
targets and to retrieve the active compounds. The molecules can be
copied to the clipboard, opened with other apps, and bookmarked
and exported. TB Mobile may assist the researchers as part of their
workflow in identifying the potential targets for hits generated from
phenotypic screenings and in hit prioritizations. The TB Mobile
app is freely available from the Apple iTunes App Store and Google
Play [58].

JSME is the free molecular editor (JSME) written in the JavaScript.
The actual molecule editing Java code of the JME editor was
translated into a JavaScript with the help of the Google Web Toolkit
compiler and a custom library that emulates a subset of the GUI
features of the Java runtime environment (JRE). In this process, the
editor performance was enhanced by the additional functionalities
of a substituent menu; copy/paste, drag and drop, and undo/redo
capabilities; and an integrated help as compared to the previously
available JME applet. The editor supports a molecule editing on the
touch devices, such as iPhone, iPad, Android phones, and tablets in
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3.1.8 CheS-Mapper

3.1.9
ScreeningAssistant2 (SA2)

3.1.10 LipidMapsTool

3.1.11  DecoyFinder

addition to the desktop computers. This new editor is easy to use
and easy to be incorporated into the Web pages [59].

CheS-Mapper (Chemical Space Mapper) is a 3D molecular viewer
software tool to visualize and explore the chemical datasets. It
divides a large dataset into clusters of similar compounds and con-
sequently arranges them in the 3D space, such that their spatial
proximity reflects their similarity. The tool detects the subgroups
(clusters) within the data and can be employed to analyze the data to
find the possible structure-activity relationship (SAR) information.
This tool also calculates different kind of features, such as structural
fragments as well as quantitative chemical descriptors [60].

ScreeningAssistant2 (SA2) is an open-source Java software dedi-
cated to the storage and analysis of small to very large chemical
libraries. SA2 stores the unique molecules in a MySQL database
and encapsulates several cheminformatics methods such as provi-
der’s management, interactive visualization, scaffold analysis,
diverse subset creation, descriptors calculation, substructure/
SMART search, similarity search, and filtering. It facilitates the
management of chemical libraries through an intuitive and interac-
tive graphical interface and provides a set of advanced methods to
analyze and exploit their content. Thus, it is useful for removing a
variety of classes of compounds that are likely to be characterized as
false positives in biochemical screening [61].

LipidMapsTool is a software package for the template-based com-
binatorial enumeration of virtual compound libraries for lipids.
A set of command-line scripts is used to enumerate all possible
structures corresponding to the specified lipid abbreviations with-
out any additional input requirements from the user. The virtual
libraries are enumerated for the specified lipid abbreviations by
using matching lists of predefined templates and chain abbrevia-
tions, instead of core scatfolds and lists of R-groups provided by the
user. This tool is capable of generating large virtual compound
libraries for lipids with minimal input from the user [62].

DecoyFinder [63] is a Python-based GUI application for the build-
ing of target-specific decoy sets. It selects a set of decoys for a target
from a compound database based on a given collection of active
ligands. The algorithm for decoy selection implemented in Decoy-
Finder is similar to that used to construct the DUD database [64,
65]and other benchmarks [66]. The MACCS fingerprints [ 67 ] and
five physical descriptors are calculated for each active and potential
decoy molecule using the Open Babel toolbox [2]. The Decoys are
selected if they are similar to the active ligands according to five
physical descriptors (molecular weight, number of rotational
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bonds, total hydrogen bond donors, total hydrogen bond accep-
tors, and the octanol-water partition coefficient) without being
chemically similar to any of the active ligands used as an input
(according to the Tanimoto coefficient between MACCS finger-
prints). This is the first application designed to build the target-
specific decoy sets [63].

OMG is the first open-source structure generator, which produces
all the non-isomorphic chemical structures that match with a given
elemental composition. Also, this structure generator accepts addi-
tional input as one or multiple nonoverlapping prescribed substruc-
tures to drastically reduce the number of possible chemical
structures. OMG relies on a modified version of the Canonical
Augmentation Path approach, which grows intermediate chemical
structures by adding bonds and checks that at each step only unique
molecules are produced. When OMG was compared with the com-
mercially available structure generator such as MOLGEN [68], the
results obtained, i.e., the number of molecules generated, were
identical for elemental compositions having only C, O, and H.
The major advantage of OMG is that it is an open-source software;
thus, the user can understand the functioning of software and also
can customize the software according to his/her requirements.
This structure generator would be useful to many fields, especially
to the metabolomics area, where identifying the unknown metabo-
lites is still a major bottleneck [69].

This tool is written in the Python language to convert a large
number of structures in molfile or SMILES format into the
LATEX source code. Its output is written in the syntax defined by
the chemfig TEX package, which allows for flexible and concise
description of chemical structures and reaction mechanisms. The
program is freely available through a Web interface. It also can be
locally installed on the user’s computer, and the source code is
accessible from the home page [70].

LICSS is the lightweight Excel-based chemical spreadsheet (open-
source software) which stores structures as SMILES strings. Chem-
ical operations are carried out by calling Java code modules, which
uses the CDK, JChemPaint, and OPSIN libraries to provide the
cheminformatics functionality. The compounds in the sheets may
be visualized (individually or combined), and the sheets may be
searched by substructure or similarity. The descriptors available in
CDK may also be calculated for all the compounds, and various
cheminformatics operations such as fingerprint calculation, Sam-
mon mapping, clustering, and R-group table creation may be car-
ried out. It can be used suitably on a sheet containing thousands of
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3.1.15 Avogadro

3.1.16 MyChemise

3.1.17 Open3DALIGN

3.1.18 mpAD4

compounds without compromising the normal performance of
Microsoft Excel [71].

The Avogadro library is an advanced semantic chemical editor,
visualization, and analysis platform. This framework provides a
code library and application programming interface (API) with
the three-dimensional visualization capabilities and has direct appli-
cations for research and education in the fields of chemistry, phys-
ics, materials science, and biology. Moreover, this application also
provides a rich graphical interface using dynamically loaded plug-in
through the library itself. The application and library can be
extended by implementing a plug-in module in C++ or Python to
explore different visualization techniques, build/manipulate
molecular structures, and interact with the other programs [8].

My Chemical Structure Editor (MyChemise) is a new 2D structure
editor designed as a Java applet, which enables the direct creation of
structures in the Internet using a Web browser. It has a morphing
module, which allows the creation of different types of presentation
for dynamic visualization, for example, clear and simple illustration
of molecule vibrations and reaction sequences. Thus, this new
2D drawing program has a versatile way of creating structural
images [72].

Open3DALIGN is an open-source software tool which is capable of
carrying out conformational searches and multi-conformational,
unsupervised rigid-body alignment of 3D molecular structures. The
multiple alignment paradigms (i.e., atom-based, pharmacophore-
based and mixed) are implemented in the methodology. The mixed
and atom-based superposition algorithms give rise to the most con-
sistent and well-ordered alignments, which are particularly suitable for
the 3D-QSAR techniques. The high computational performance, the
unsupervised nature of the alignment algorithms, and its scriptable
interface make Open3DALIGN an ideal component of automated
cheminformatics workflows. The Open3DALIGN tool is written in C
language and linked to high-performance BLAS and LAPACK
libraries with parallel algorithms implemented for high computational
performance using the multiprocessor architectures [73].

Norgan et al. [74] reported the multilevel parallelized AutoDock
4.2 (mpAD4) software which was built using system-level (MPI)
and node-level (OpenMP) parallelization to facilitate the applica-
tion of this docking software on MPI-enabled systems and multi-
thread the execution of individual docking jobs. The multi-
threading of AutoDock’s Lamarkian Genetic Algorithm with
OpenMP increases the speed of individual docking jobs; when
combined with MPI parallelization, it can significantly reduce the
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execution time of virtual screenings. This multilevel parallelized
AutoDock 4.2 software speeds up the execution of certain molecu-
lar docking workloads and allows the user to optimize the degree of
system-level (MPI) and node-level (OpenMP) parallelization to
best fit both the workloads and the computational resources.

DemQSAR is a stand-alone Java application tool that can be used to
predict the human volume of distribution (VDy,) and human clear-
ance (CL). DemQSAR integrates the open-source CDK library to
compute various molecular descriptors and fingerprints, and thus
the QSAR models can be built without any additional software.
DemQSAR incorporates two state-of-the-art feature selection stra-
tegies: embedded Lasso and recursive feature elimination (RFE).
The appropriate quality measures are computed automatically
depending upon whether the analysis being performed is classifica-
tion based or regression based. In addition to the predicted VD
and CL values, 2D images, SMILES codes, molecular formula, and
molecular weights are also computed for the uploaded compounds.
Due to its fully automated approach and good predictive power,
DemQSAR is an attractive tool for many QSAR /QSPR tasks [75].

Shape software package is used for predicting 3D conformation of
carbohydrates up to a considerable size, which covers most of the
known biologically active oligosaccharide compounds. Because
detailed experimental three-dimensional structures of carbohy-
drates are often difficult to acquire, software, such as Shape, is an
alternative and attractive method for the prediction of oligosaccha-
ride conformations. The predictions of Shape agreed well with
experimental data as well as with other published conformation
prediction studies [76].

OrChem is an open-source extension of the Oracle 11G database
platform. It added the registration and indexing of chemical struc-
tures functions to support the fast substructure and similarity
searching. Its cheminformatics functionality is provided by the
CDK toolkit. OrChem provides similarity searching with response
times in the order of seconds for databases with millions of com-
pounds, depending on a given similarity cutoff [77].

PaDEL-Descriptor is a free and open-source software for calculat-
ing the molecular descriptors and fingerprints. This software calcu-
lates 797 descriptors (663 1D and 2D descriptors, 134 3D
descriptors) and ten types of fingerprints. It has both graphical
user interface and command-line interface that function on all
major platforms (Windows, Linux, MacOS). PaDEL-Descriptor
supports more than 90 different molecular file formats and is
multi-threaded [27].
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3.1.23 QSARINS
and QSARINS-Chem

3.1.24 VEGA
Non-Interactive
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3.1.25 OECD
QSAR Toolbox

3.1.26 ChemAxon

Software Tools

3.1.27 DTC Lab
Software Tools

QSARINS (QSAR-INSUBRIA) is a free software for the develop-
ment, analysis, validation, and application of QSAR MLR models
according to the OECD principles. The updated version of QSAR-
INS, i.e., QSARINS-Chem, comprises several datasets of environ-
mental pollutants and their corresponding endpoints (i.e.,
physicochemical properties and biological activities). Those chemi-
cals can be accessed by querying CAS number, SMILES string,
compound names, etc., and the developed models can be down-
loaded in the QSAR model reporting format (QMRF) [78].

VEGA [79] (Virtual models for property Evaluation of chemicals
within a Global Architecture) is an open-source platform that
provides the valid QSAR models to be used especially under the
European legislation for chemical substances (REACH).
VEGANIC is a software under VEGA platform in which one can
execute all the VEGA models on the local machine without sending
any information to the server. It is freely available for download
from the VEGA website [79], and the endpoints and properties
such as BCF (bioconcentration factor), mutagenicity, carcinogenic-
ity, developmental toxicity, skin sensitization, L.Cs, aquatic toxicity,
biodegradability, and LogP can be determined.

OECD QSAR toolbox [80] is a software application intended to be
used by governments, chemical industries, and other stakeholders
in filling the gaps in (eco)toxicity data needed for assessing the
hazards of chemicals. The key features of this toolbox include
identification of relevant structural characteristics and potential
mechanism or mode of action of a target chemical, identification
of other chemicals that have the same structural characteristics
and/or mechanism or mode of action, filling the data gap(s),
using existing experimental data, and systematically grouping of
chemicals into categories according to the presence or potency of
a particular effect for all members of the category.

ChemAxon is a software company specializing in developing pro-
gramming interfaces and end-user applications for cheminformatics
and life science research. It provides some of the noncommercial
and academic free version tools such as MarvinSketch, MarvinView,
MarvinSpace, Marvin JS, JChem Base /JChem Cartridge, MolCon-
verter, and JChem for Excel applications [81].

The Drug Theoretics and Cheminformatics laboratory (DTC Lab.,
Jadavpur University, India) has developed several open-access che-
minformatics tools, mostly dealing with QSAR studies. All the
stand-alone tools are built using Java language and can be freely
downloaded from the official website [82]. These basic QSAR tools
such as MLR plus Validation (for performing MLR and computing
all validation pavameters), dataset division GUI (dataset division
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into training and test sets using various algorithms), data pretreat-
ment GUI (zo remove constant and intercovvelated descriptors prior
to model development), modified K-medoid (clustering method),
AD-MDI and Euclidean (o define applicability domain), genetic
algorithm, stepwise MLR and MLR best subset selection (variable
selection methods), etc., are very helpful when performing QSAR
studies; manuals and sample input files of these software tools are
also provided.

iDrug is a versatile Web-based server for pharmacophore and
similarity-based virtual screening and target identification to facili-
tate computational drug discovery. It provides ready-to-access
compounds and pharmacophore target databases (such as ZINC,
NCI, PharmTargetDB) for virtual screening and target identifica-
tion. Different modules such as Cavity (detects and scores potential
binding sites of a protein), Pocket v.2 (derives pharmacophore
models based on a given receptor of complex structure), Pharm-
Mapper (pharmacophore mapping), SHAFTS (3D similarity calcu-
lation), Cyndi (molecular conformation generation), and Pybel
(Python wrapper for the Open Babel cheminformatics toolkit)
have been incorporated and can work together as a pipeline. Differ-
ent molecular design processing tasks can be submitted and visua-
lized simply in one browser without installing locally any stand-
alone modeling software. It provides a novel, fast, and reliable tool
for conducting drug design experiments [83].

OCHEM is a Web-based platform that provides the tools for
automation of typical steps necessary to create a predictive
QSAR/QSPR model. The platform consists of two major subsys-
tems: a database of experimental measurements and a modeling
framework. The database contains almost 10,000 data points for
the density, bubble point, and azeotropic behavior of binary mix-
tures. The OCHEM has the features that allow the reading and
uploading of data for binary nonadditive mixtures, creating special
descriptors for mixtures, and validating models. It is a useful Web-
based tool for the modeling and prediction of mixtures of chemical
compounds [84].

Chembench [85] is a Web-based tool for analyzing the experimen-
tal chemical structure-activity data (QSAR modeling and predic-
tion). It provides a broad range of tools for data visualization and
embeds a rigorous workflow for creating and validating the predic-
tive QSAR models and using them for virtual screening of chemical
libraries to prioritize the compound selection for drug discovery
and /or chemical safety assessment. It supports model building with
kNN [86] and random forest [87] techniques. User may predict a
specific activity or a spectrum of activities for a virtual chemical
library or a single compound (available libraries include NCI
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3.2.4 Spectral Game

3.2.5 ACD/I-Lab Tool

diversity set (http://dtp.nci.nih.gov/branches/dscb /diversity_
explanation.html), DrugBank [88], ChEMBL (http://www.ebi.
ac.uk/chembldb/), and Wombat [89]); user may also upload his
own library [85].

Spectral Game is a Web-based game where players try to match
molecules to various forms of interactive spectra, including 1D /2D
NMR, mass spectra, and infrared spectra. Player earns one point for
every correct answer, and the play continues until player supplies
the incorrect answer. The game is usually played by using a Web
browser interface. The spectra are uploaded as Open Data to
ChemSpider in JCAMP-DX format and are used for the problem
sets together with structures extracted from the website. The spec-
tra are displayed using JSpecView, an open-source spectrum view-
ing applet, which affords zooming and integration. The application
of the game is also utilized for the teaching of proton NMR
spectroscopy [90].

ACD/I-Lab [91] is a Web-based prediction engine which provides
structure-based predictions of the following properties: free basic
physicochemical properties and ITUPAC naming capabilities for
structures containing 50 atoms or less, advanced physicochemical
properties (absolve, boiling point/vapor pressure, adsorption coef-
ficient/BCEF, LogP, logD, pK,, solubility, etc.), ADME character-
istics (bioavailability, absorption, active transport, plasma binding,
Vd, Pgp inhibitors, and Pgp substrates), toxicity hazards (AMES
test, genotoxicity, aquatic toxicity, health effects, endocrine disrup-
tion, MRDD), NMR spectra and chemical shifts for '*C, and
systematic chemical nomenclature and structure generation
(IUPAC, index names). Several of these predictions are free, while
others require licenses.

4 Workflows

Workflow systems in various fields including cheminformatics allow
users/scientists to define, manage, and execute time-consuming
processes in succession and/or to perform recurring task effec-
tively. A workflow process is logically carried out using a GUI (see
Fig. 1) where various types of nodes or software components are
available for connection through edges or pipes that define the
workflow process. Here, nodes are defined by three parameters,
i.e., (1) input metadata, (2) algorithms or user-defined parameters
or rules, and (3) output metadata. Further, nodes can be connected
together only if the output of the previous node represents the
mandatory input requirements of the subsequent node. Edges or
pipes are the visual representation that provides information about
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Fig. 1 Basic components of a workflow system (a snapshot of KNIME workflow was taken for demonstration)

the direction of execution process and are also used for dividing the
workflow process [92].

Workflows are increasingly employed and are very useful in
cheminformatics since numerous recurring tasks can be automated,
which in many cases significantly reduces the manual attention for
time-consuming multiple step processes, such as virtual screening
via various filters, docking of huge libraries, QSAR studies, etc.
There are several commercially well-established workflow systems
that are developed for the cheminformatics field such as Pipeline
Pilot [93] from Accelrys (now BIOVIA Pipeline Pilot) and the
InforSense Knowledge Discovery Environment (KDE) from Infor-
Sense [94]. Initially, Pipeline Pilot was mainly employed in the
cheminformatics field but later extended its functionality to other
scientific fields such as next-generation sequencing and imaging. In
2009, the InforSense organization was acquired by IDBS and the
KDE has further made progress in the translational medicine field
since then [95].

4.1 Open-Source In the open-source community, Konstanz Information Miner
Workflows (KNIME) and Taverna have made a significant impact and offer a
wide applicable domain. Cancer Grid (CaGrid) [96] is another
open-source workflow system which is an extension of Taverna.
myExperiment [97] is a collaborative environment where scientists
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Taverna

can safely publish their workflows and is the largest freely accessible
public repository of scientific workflows. Many examples of
KNIME and Taverna workflows that are highly useful for various
cheminformatics tasks can be found in the repository.

In this section, we will discuss in detail the recent developments
in the above mentioned open-source workflows, especially the new
functionalities /plug-in added in these workflow systems.

Taverna workflow management system was created by myGrid
team (http://www.mygrid.org.uk/) and 1is currently funded
through FP7 projects BioVeL (http://www.biovel.eu/), SCAPE
(http: //www.scape-project.cu/), and Wit4Ever (http:/www.
wf4dever-project.org/). It is licensed under the Lesser General Pub-
lic License (LGPL) Version 2.1. Taverna was initially used in bioin-
formatics but is now employed in other fields too, including
cheminformatics. Recently, the CDK toolkit was combined to
Taverna workflow system [98] to improve the handling of various
cheminformatics functionalities.

CDK-Taverna: The integration of CDK with Taverna was
started in 2005 to extend the functionalities of Taverna in the
cheminformatics domain. Both the CDK and Taverna, as well as
combined technology, are open source.

The CDK-Taverna 1.0 plug-in provides 164 different
workers (note that in case of Taverna, nodes are called workers).
These include workers for 1/0 of various chemical files and line
notation formats, databases 1/0, and clustering methods and for
computing descriptors for atoms, bonds, and molecules. The mis-
cellaneous workers comprise of a substructure filter, a reaction
enumerator, an aromaticity detector, etc. The complete list of work-
ers with short description is provided at http://cdk.sourceforge.
net/cdk-taverna/workers.html. The architecture of Taverna does
not allow the “Joop” function to control huge data entries to process
them one by one. Combining Taverna with CDK allowed workers
to act like loops and permit workflows to process large datasets using
Taverna’s iteration-and-retry mechanism. To allow storage and fast
retrieval of up to a million molecules without running into memory
limitations, the CDK-Taverna 1.0 supports database system using
the PostgreSQL relational database management system (RDBMS)
with the open-source Pgchem::tigress extension [98].

The version 2.0 of CDK-Taverna was further developed to
extend its usability and strength; CDK-Taverna 2.0 not only made
improvements in all workers but also major improvements to the
whole platform through a complete setup on the basis of Taverna
2.2 and CDK 1.3.5. This improved version now provides 192
different workers and supports 64-bit computing and multi-core
usages by paralleled threads allowing fast in-memory processing and
analysis of huge number of molecules, which benefits workers asso-
ciated with molecular descriptor calculation or machine learning.
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The data analysis abilities are also extended with newly added work-
ers that offer access to the open-source WEKA library for clustering
and machine learning in addition to dataset division into training
and test sets. CDK-Taverna 1.0 offered basic functions for combi-
natorial chemistry-related reaction enumeration; it supported the
use of only two reactants, a single product and one generic group
per reactant. As a comparison, the advanced reaction enumeration
options employed by CDK-Taverna 2.0 incorporated significant
improvements including multi-match detection, no limitation for
number of reactants, products or generic groups, and variable R-
groups, ring sizes, and atom definitions. This version also provided
two groups of workers to compute natural product (NP)-likeness
core for small molecules.

The CDK-Taverna 2.0 plug-in is built in Java (platform inde-
pendent) and supported by Windows, Linux, and Mac OS/X (32-
and 64-bit). It is released under the GNU LGPL. For its installa-
tion, it takes advantage of the plug-in detection manager of
Taverna. The plug-in is available at http: //www.cdk-taverna.de/
plug-in/ and the user can select the desired version. The CDK-
Taverna plug-in uses Maven 2 as a build system. It also uses other
open-source components such as Bioclipse for visualization of
workflow results and Pgchem::tigress as an interface to the database
back end for storage of large datasets. A Wiki page is available for
this version, which provides general information about the project,
documentation, and installation procedure [99, 100].

CaGrid: Cancer Grid (CaGrid) is a workflow system, which
prefers to employ and extend Taverna due to a number of benefits
including integration with the Web services technology, plug-in
architecture which provides an easy integration of third party exten-
sions, and a wide scientific community base. CaGrid is the underly-
ing infrastructure of Cancer Biomedical Informatics Grid (caBIG)
and is built on the Globus Toolkit Grid middleware. CaGrid con-
sists of Web services as virtualized access points of data and analyti-
cal resources related to cancer detection, diagnosis, treatment, and
prevention [96].

Biological Data Interactive Clustering Explorer (BioDICE)
Taverna Plug-In: BioDICE is a recent Taverna plug-in [101] that
offers clustering analysis capacity and provides visualization of mul-
tidimensional biological datasets. The Self-organizing map (SOM)
is a well-known unsupervised method for data visualization and
clustering. The core algorithm in BioDICE is a fast learning SOM
(FLSOM), an improved version of the SOM algorithm that belongs
to the category of the emergent self-organizing maps (ESOM).
BioDICE is the first Taverna component performing SOM cluster-
ing with U-Matrix visualization. Other Taverna plug-ins, i.e., CDK
or RapidMiner, were lacking these functionalities; hence BioDICE
filled such a gap. The BioDICE plug-in and its documentation,
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4.1.2  KNIME

tutorial, workflow, and dataset examples are available at http://
biolab.pa.icar.cnr.it/biodice.html.

KNIME was developed by a team of software engineers led by
Michael Berthold at the University of Konstanz, Germany. It is
licensed under GNU GPL. Initially, KNIME entered the market
as a data mining tool but rapidly gained popularity in the chemin-
formatics community. Further combination of KNIME with CDK
[102] extended a large amount of cheminformatics functionalities.

KNIME-CDK: The KNIME workflow platform supports a
wide range of functionality and has a large number of active users
in the cheminformatics community. Thus, CDK is combined with
KNIME to wrap the CDK’s core functionality and released to the
users. This KNIME-CDK plug-in, similar to the CDK-Taverna
plug-in, is open source and community driven.

KNIME-CDK[102] consists of various functions which include
molecule conversion to/from commonly used formats, generation
of signatures, fingerprints, and molecular properties. The plug-in
recognizes molecules in CML, SDFile, MDL Mol, InChl, and
SMILES formats via the Molecule to CDK node and can write
SDFiles via the CDK to Molecule node. All other operations are
performed on the internal CDK molecule representation that
includes generation of coordinates, hydrogen manipulator, structure
sketcher, atom signatures, common fingerprints (e.g., MACCS and
Pubchem), 2D and 3D descriptor values (e.g., XLogP and Lipinski’s
rule of five), chemical name lookup via OPSIN, and substructure
search. It can also be utilized in the management and analysis of
chemical libraries through descriptors, conformer analysis via
RMSD, and NMR spectra prediction. The KNIME preference
page contains a CDK tab to set global visualization preferences,
and a renderer is provided to draw the molecules using the JChem-
Paint library. The different routes employed in the workflow can be
run in parallel and the nodes are always run multi-threaded.

KNIME-CDK plug-in has been developed in Java (platform
independent) and installed via the KNIME update mechanism. It is
build under GNU LGPL license.

5 Databases

A database is a collection of systematically organized or structured
repository of indexed information that allows easy retrieval, updat-
ing, analysis, and output of data. Freely accessible cheminformatics
databases include the databases of chemical structures, proteins,
QSAR models, drugs, biological targets, bioactive molecules, etc.
The widely used cheminformatics databases, their official links, and a
brief description about each database are illustrated in Table 3. Each
of these tabulated databases has its own application in specific areas.
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The QsarDB [103] could be used to solve everyday QSAR and
predictive modeling problems, including applications in the field of
predictive toxicology. The utility and benefit of QsarDB can also be
applied to a wide variety of other endpoints.

VAMMPIRE [104], a matched molecular pair database, pro-
vides valuable information for structure-based lead optimization
and for fundamental studies such as understanding protein-ligand
interactions.

PubChem3D [105], an addition to the existing contents of
PubChem, provides a new dimension to its ability to search, subset,
export, visualize, and analyze chemical structures and associated
biological data.

MMSINC [106] is a database of nonredundant, richly anno-
tated, and biomedically relevant chemical structures. It has been
created to support chemo-centric approach to relate protein phar-
macology by ligand chemistry.

CREDO [107] is a novel and comprehensive publicly available
database of protein-ligand interactions, which uses contacts as
structural interaction fingerprints, implements novel features, and
is completely scriptable through its application programming
interface.

ChemBank [ 108] consists of freely available data derived from
small molecules and small molecule screens, which can be used to
guide chemists in synthesizing novel compounds or libraries and
aid biologists in identifying small molecules that block the specific
biological pathways of the target protein.

The DrugBank database [88] contains the information of both
the drug (i.e., chemical, pharmacological, and pharmaceutical com-
pound) and drug targets (i.e., sequence, structure, and pathway).
The different categories of drugs include FDA-approved small
molecule drugs, FDA-approved biotech (protein/peptide) drugs,
nutraceuticals, and experimental drugs.

ChemDB [109] and ChemMine [110] are public databases of
small molecules and for chemical genomics, respectively. The
ChemMine database, a compound mining database, facilitates
drug and agrochemical discovery and chemical genomics screening.

The NCI DIS 3D database [111] is a collection of 3D struc-
tures of drugs. It was built and maintained by the Developmental
Therapeutics Program, Division of Cancer Treatment and Diagno-
sis, National Cancer Institute, Rockville, USA. This 3D database is
being used for identifying 3D pharmacophoric features in order to
discover novel active anticancer molecules.

ChemSpider [112] is a free online chemical structure database
owned by Royal Society of Chemistry. It provides fast access to over
32 million structures, properties, and associated information. By
combining and integrating compounds from varied data sources,
ChemSpider facilitates the discovery of chemical data from a single
online search. It offers both text and structure search for the query
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compound and provides a unique service to improve this informa-
tion by curation and annotation.

In summary, the information associated with all these databases
is a valuable resource of small molecules/drugs/proteins for
medicinal chemists, biologists, cheminformaticians, and bioinfor-
maticians for their exploitation in their respective researches.

6 Conclusion

This chapter highlights freely available cheminformatics resources
including toolkits, software, workflow, and databases. The readers
will get acquainted to the functionalities as well as the recent
advances of these open-source toolkits, workflow systems, ready-
to-use software, and freely accessible databases. The information
provided would assist the cheminformaticians, including program-
mers/developers, to explore and utilize these freely available
resources to resolve different computational challenges in the che-
minformatics field and further contribute in new advancement for
the next-generation cheminformatics resources.
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