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ABSTRACT OF THE DISSERTATION

Novel Structure Similarity-Based Methods for Identifying Drug-Like Compounds

by

Yi Qun Cao

Doctor of Philosophy, Graduate Program in Computer Science
University of California, Riverside, August 2010
Dr. Tao Jiang, Chairperson

The prediction of biologically active compounds is of great importance for high-throughput
screening (HTS) approaches in drug discovery and chemical genomics. Many computational
methods in this area focus on measuring the structural similarities between chemical struc-
tures. However, traditional similarity measures are often too rigid or they consider only
global similarities between structures. This study introduces two new alternative search ap-
proaches that overcome most of these limitations. First, the maximum common substructure
(MCS) approach provides a more promising and flexible alternative for predicting bioac-
tive compounds. A new backtracking algorithm for MCS is proposed here and compared to
global similarity measurements. Our algorithm provides high flexibility in the matching pro-
cess and is very efficient in identifying local structural similarities. To apply the MCS-based

similarity measure in predictive models of biological activity of compounds, the concept



of basis compounds is introduced to enable researchers to easily combine the MCS-based
and traditional similarity measures with modern machine learning techniques. Our experi-
ments on real compound datasets demonstrate that MCS complements the well-known atom
pair descriptor-based similarity measure. By combining these two measures, we propose an
SVM-based algorithm for predicting the biological activities of chemical compounds with
high specificity and sensitivity.

In similarity search and clustering applications of very large compound sets, most meth-
ods are limited in efficiency and scalability and cannot handle today’s large compound datasets
with several million entries. This is particularly true for MCS-based methods and the com-
putation complexity renders MCS infeasible for large compound dataset. The second main
topic of this study addresses this time performance issue by introducing a new method for
greatly accelerating similarity search and clustering of very large compound sets using em-
bedding and indexing techniques. The method, which can be used with MCS-based as well
as traditional similarity measures, embeds compounds in a high-dimensional Euclidean space
and searches this space using an efficient index-aware nearest neighbor search method based
on Locality Sensitive Hashing. The method can also be used to accelerate cluster analysis
of large compound sets. When applied to similarity search in compound datasets as large as
PubChem, we found that the method was 40-200 times faster than sequential search meth-
ods, while maintaining comparable recall rates. It also made MCS-based similarity search
tractable for large compound datasets. When applied to the clustering of such compound

datasets, it helped to reduce the computation time from several months to only a few days.
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Chapter 1

Introduction

1.1 Overview

One of the fundamental problems in drug discovery and chemical genomics is to identify
biologically active compounds with desirable properties in the chemical space of available
small molecules. Recent advancements in compound synthesis have greatly expanded the
size of the accessible chemical space. However, our capability to screen an ever-increasing
set of compound libraries has only been slightly increased in the past years (Dobson, 2004b).
Besides, High Throughput Screening (HTS) - the most widely used tool to probe the chemical
space - has a less-than-ideal effectiveness that hinders the discovery process of novel drugs.
Because of this situation, there is a burgeoning demand for computational methods to
mine the available small molecule space. Digitized compound information such as structures

and biological activity information of millions of small molecules are now collected and



published in open-access databases, like PubChem (Austin et al., 2004), ChemBank (Seiler
et al., [2008)), NCI (Ihlenfeldt et al., 2002), ChemMine (Girke et al., [2005a), ChemDB (Chen
et al., 2007) and ZINC (Irwin and Shoichet, 2005). Software tools have been developed
to facilitate discovery process in areas ranging from drug discovery, chemical biology and
chemical genomics to medicinal chemistry (Oprea, 2002} |Strausberg and Schreiber, 2003;
Savchuk et al., 2004; Haggarty, 2005} Oprea et al., 2007). As an example, in silico virtual
screening has been used in combination with traditional in vitro screening methods to jointly
improve the turnaround time and success rate of the drug discovery process (Abt et al., 2001}
Engels and Venkatarangan, 2001}).

This dissertation addresses several problems in in silico virtual screening, and more
specifically, ligand-based virtual screening. Unlike receptor-based virtual screening, which
depends on known knowledge about the structure of the protein target and often also the bind-
ing domain, ligand-based virtual screening does not require knowledge of the protein target.
Instead, it uses structure and activity information of small molecules to conduct drug design
studies by screening databases of structures of available or potentially available chemicals.

The fundamental principle behind ligand-based virtual screening is the similar property
principle, which states that similar compounds have similar properties (Johnson and Mag-
giora, 1990a). This places the methods to measure chemical similarity between chemical
compounds as the foundation of all ligand-based virtual screening techniques. A variety of
structure similarity search methods are available (reviewed by Willett et al., 1998; |[Nikolova

and Jaworska, 2004). However, almost all of them suffer from one or both of the following



two problems:

1. They are often too rigid to identify weak similarity features or too relaxed to identify

local similarities between structures or those with large size differences.

2. In addition, it is often very costly to perform similarity searches using these similarity
measures, either because of the intrinsic complexity in computing the similarity mea-
sures, or because of the need to sequentially compare the query structure to all database

structures, or a combination of both factors.

This dissertation investigates Maximum Common Substructure (MCS) as a promising
alternative metric for chemical similarity measure and applies it in similarity search and
biological activity prediction. Although it is widely accepted that MCS has the advantages
of being intuitive, quantitative, flexible and sensitive to structure similarity at a local level,
its intractable computational complexity has plagued its applicability and usefulness. This
dissertation describes an efficient and flexible algorithm for computing MCS-based chemical
similarity. Using this algorithm, it addresses several questions not answered in previous
studies. These include a quantitative study of the effectiveness of MCS-based similarity in
terms of identifying novel biologically active structures not captured by traditional methods, a
framework to utilize MCS-based chemical similarity in building statistical prediction models
for biological activities, and a method to combine MCS-based and other similarity measures
in such models.

To address the scalability issue of similarity search in chemical databases, this disserta-



tion demonstrates a method to accelerate nearest neighbor search. This method is shown to
be applicable to a wide variety of chemical similarity measures including the MCS-based
chemical similarity. Due to the intrinsic computational complexity of the MCS problem, the
time to perform MCS-based similarity search and cluster analysis is unmanageable in com-
pound databases with several thousand entries. Many chemical similarity measures having
highly desirable features also share the same problem thanks to their computationally ex-
pensive metric functions. With a large chemical database with millions of entries, almost
all chemical similarity measures will become unscalable in similarity search applications
and cluster analysis because of the need to sequentially compare the query structure to all
database structures. At the cost of not guaranteeing the exact accurate results, we propose
a generic acceleration scheme that utilizes a fast and accurate indexing scheme to provide
high-quality results with high efficiency. We demonstrate that this index-aware similarity
search method scales elegantly with the size of the database, the computational complexity
of the underlying similarity metric function, and the intrinsic dimensionality implied by this
function. This dissertation also introduces a fast algorithm for clustering large compound

datasets by taking advantage of the enhanced similarity search speed.

1.2 Chemical Similarity Concepts

Similar property principle plays an important role in modern approaches of virtual screening,

structure-based drug design and property analysis and prediction of chemical compounds.



Because of the importance of this principle in drug discovery research, many similarity mea-
sures have been proposed to quantify similarity between chemical structures and to predict
their bioactivity potential.

Substructure and superstructure relationships are among the most intuitive and most com-
monly used similarity measures. They consider two structures to be similar if one (the sub-
structure) is fully contained in the other (the superstructure). A structure that is putatively
associated with certain properties of interest or certain types of chemical reactions can be
used as query to identify in databases all compounds that share this substructure (or su-
perstructure) and possibly its properties or reactions. Despite the intuitiveness, this type of
similarity measures has several drawbacks. First, the utilized matching strategy is very rigid
and has a high false negative rate. Second, substructure searching is a knowledge-based ap-
proach, in which every utilized query substructure needs to be well defined. If this is not the
case or a substructure model is not entirely correct, the search results will be of poor quality
and of very limited predictive value. Most importantly, this search type does not generate
any quantitative similarity measure, which makes it difficult to rank the search results in a
meaningful manner.

Structural descriptor-based similarity measures are another type of commonly used ap-
proaches in measuring chemical similarity in structural similarity search and bioactivity pre-
dictions. Unlike substructure and superstructure methods, structural descriptors represent
chemical structures in a way so that their similarity can be easily quantified. Usually, this

is achieved by identifying presence and absence of structural features in chemical structures



and encoding them using a fixed-size or variable-size vectors. These structural features can
be generated from a predefined reference set or directly enumerated from the structures. The
resulting representations in the form of sets or vectors, often referred as structural descriptors
or molecule fingerprints, are used in combination with a similarity coefficients such as the
Tanimoto coefficient to quantify chemical similarity. This type of similarity measure repre-
sents a much less stringent and far more flexible approach than substructure or superstructure
searches.

Since there is flexibility in choosing structural features in structural descriptor-based sim-
ilarity measures, many divergent types of descriptors have been proposed and are widely
employed in various software applications. Examples of structural descriptor-based methods
include the various widely-used fingerprint methods, atom pair (AP), atom sequence (AS)
and many others (Carhart et al., 1985; Johnson and Maggiora, |1990bj |Dean, 1995; Willett
et al., [1998; Chen and Reynolds, 2002; Sheridan and Kearsley, |2002; (Girke et al., 2005b).
Combined with a wide range of similarity coefficients to choose from, the family of structural
descriptor-based similarity measures are highly diverse and cover different levels of complex-
ity and effectiveness. However, due the simplicity of structural features in all methods of this
type, they are unable to identify local similarities between structures or those with large size
differences. Their false negative rates increase vastly when it comes to the identification of
weaker similarities. In addition, the diversity of methods also complicates the design of a
generic mechanism to optimize similarity search and cluster analysis applications.

Chapter [2] gives an in-depth overview of several chemical similarity measures used in



this study, including substructure, superstructure, atom pair descriptor-based methods, and
PubChem fingerprints. Several examples are presented to highlight drawbacks of each of

these methods.

1.3 Maximum Common Substructure-based Similarity

One of the major contribution of this dissertation is a comprehensive study of MCS as an
alternative chemical similarity measure. MCS-based chemical similarity considers 2D topo-
logical representations of compound structures. For a pair of chemical compounds, the MCS
is the largest substructure that appears in both structures. The chemical similarity value
between them is then quantified using the size of the MCS and optionally a similarity coeffi-
cient.

Chapter |3| formally introduces the MCS-based chemical similarity and the MCS prob-
lem. It reviews several relevant previous studies, and introduces a new MCS algorithm that
is designed for flexible matching of chemical structures. This is followed by a quantitative
evaluation of the effectiveness of MCS-based similarity measure in similarity search applica-
tions and a comparative study of several structural descriptor-based methods. This answers
the questions of whether MCS-based chemical similarity provides comparable or better per-
formance in identifying biologically active compounds, and whether using it in addition to
traditional methods can help capture novel biologically active compounds that are missed if

only traditional methods are used.



1.4 Similarity Measures and Machine Learning Models

Chapter ] expands the usage of MCS as an alternative chemical similarity measure to build-
ing statistical prediction models for biological activities. It demonstrates a generic scheme to
easily apply virtually any chemical similarity in machine learning models. This scheme en-
ables new applications of MCS-based and many other similarity measures that are otherwise
difficult to be employed in these models. It also allows easy integration of multiple similarity
measures in a single model to potentially increase the predictive power.

Most machine learning models require the data to be in a feature space with explicit
finite dimensions. Although many traditional chemical similarity measures satisfy this re-
quirement, the MCS-based method does not. Kernel-based methods provide more flexible
alternatives, but the computational complexity of the MCS problem renders a combination
of such methods and the MCS-based similarity measure is currently impractical for large
compound databases.

This chapter introduces a novel concept of basis compounds that allows us to easily uti-
lize the MCS-based similarity measure in modern machine learning models with manageable
computational complexity. The basis compounds method maps each compound into a vector
in an explicit feature space with limited dimensions. MCS-based similarity information is
encoded into each vector. Many machine learning methods can then be applied to these vec-
tors without modification to build prediction models. These models implicitly make use of

the MCS-based similarity. This is the first report of using MCS-based similarity in predicting



biological activity. As a natural extension, it is also demonstrated that multiple complemen-
tary similarity measures can be integrated into one hybrid predictive model using the basis
compounds method.

This chapter ends with a detailed quantitative evaluation of the prediction models based
on different similarity measures. The study on hybrid predictive models reconfirm our answer
to the question of whether using MCS-based similarity in addition to traditional methods can
help capture novel biologically active compounds that are missed if only traditional methods

are used.

1.5 High-Fidelity Embedding of Chemical Structures

The basis compound concept is interesting and powerful because it allows to map structure
information into vector representations that encode, losefully, similarity information based on
arbitrary similarity measures. Despite the loss of information, numeric representation brings
flexibility and enables many possibilities.

This dissertation extends this idea by introducing high-fidelity embedding, a mechanism
to derive vector representations in Euclidean space for chemical structures using a chosen
similarity measure. This mechanism allows high-fidelity reproduction of similarity values
between a pair of chemical structures using the Euclidean distance between the correspond-
ing vector pair. In other words, the distance between any pair of vectors highly resembles the

dissimilarity between the pair of the corresponding chemical compounds using the chosen



similarity measure. By minimizing the loss of information, high-fidelity embedding intro-
duces a high degree of flexibility and enables many possibilities.

Chapter[5|describes several important existing and potential useful applications of embed-
ding chemical structures into Euclidean space. It also outlines why existing methods fail to
achieve high-fidelity embedding of large compound datasets. This is followed by an in-depth
description of a new embedding method with focus on high-quality results and scalability.
To evaluate the efficiency and embedding accuracy of the method, it is tested using large-size

chemical databases and various similarity measures.

1.6 Accelerating Structure Similarity Search and Cluster-
ing

Of the many possibilities revealed by high-fidelity embedding, this dissertation is particularly
interested in using it in combination with spatial indexing to accelerate structure similarity
searching and clustering of compound databases.

While Chapter 3] introduces MCS as a promising alternative chemical similarity mea-
sure, in practice it remains challenging to apply MCS-based similarity measure in similarity
search and cluster analysis applications due to its intractable computational complexity. This
is a problem shared with many other similarity measures in medium size databases with
thousands of entries. A majority of available similarity measures would run into similar

scalability problems with large databases containing millions of entries.

10



Chapter [6] describes a novel approach to accomplish fast compound similarity search-
ing and clustering by integrating high-fidelity embedding with a locality sensitive hashing
technique. It demonstrates that when the vector representations generated by high-fidelity
embedding are indexed properly, similarity searches can be faithfully reproduced by a highly
efficient nearest neighbor search in the embedding space. The chapter also extends the ben-
efit of this technique from similarity search to cluster analysis. This acceleration scheme is
put to test in building an online high-performance similarity search engine and in clustering

a very large compound database of nearly 20 million compounds.

1.7 A Toolkit for Studying Similarity Measures

Several highly-reusable and user- and developer-friendly software packages and online ser-
vices have been created along the course of this dissertation study. Chapter [/| will briefly

introduce the following:

ChemmineR is a software package designed for R programming environment (Cao et al,
2008). It provides support for 2D structural similarity comparisons between com-
pounds and similarity searching against compound databases. Both features use atom
pair descriptor for scoring chemical similarity. The package also provides various
functions for clustering entire compound libraries and visualizing clustering results
and compound structures. All functions and data objects are well integrated into the

existing infrastructure of the R environment. This package has been accepted to be

11



distributed as part of bioconductor releases (Gentleman et al., [2004).

libap provides a highly efficient implementation of the most important functions in Chem-
mineR. Similar to ChemmineR, it supports calculations of atom pair descriptor, sim-
ilarity comparisons between compounds, and similarity searching against compound
databases. Written in C++ for the highest efficiency, this package provides bindings to
various scripting languages. For example, it includes a companion package for Chem-
mineR that seamlessly boosts the performance of ChemmineR. In addition, it allows to

perform similarity searches directly in the PostgreSQL database engine using standard

SQL.

libmes is an MCS solver written in ANSI C. It serves as a reference implementation of
our new MCS algorithm introduced in Chapter [3] Bindings are available in several
program languages. Besides being widely used in internal projects and building an on-
line MCS solver, it has also been downloaded and used by several third party research

organizations.

The geometric embedding toolkit is based on techniques introduced in Chapter[5] It offers
the capability to embed a compound set into a high-dimensional Euclidean space. Be-
ing a generic method neutral to the choice of similarity measure, it is bundled with
support for atom pair descriptor-, PubChem fingerprint- and MCS-based similarity
measures, and allows extensions in the form of supporting more similarity metrics to

be easily created. The package can also perform automatic evaluation by running ran-

12



dom queries and compare the results generated by exact search and embedding-assisted

searches.

The EI web application serves as a PubChem gateway with a similarity search functional-
ity with subsecond response time, and up-to-date cluster analysis for each compound
in the PubChem Compound collection. This application uses the method introduced in
Chapter 0] to build a highly efficient and accurate similarity search engine. The subsec-
ond response time has made it a promising alternative to PubChem’s built-in similarity
search function, which is more than twenty times slower. Using the new clustering
method demonstrated in Chapter [6] of this dissertation, this application is capable of
maintaining pre-computed clustering results for the whole PubChem Compound col-

lection.

The ChemMine platform is a web application that intends to build a foundation for sharing
and collaboration of cheminformatics tools. By providing a simple publishing and in-
tegration platform of reusable functional modules, it aims at reducing the gap between
method developers and end users, simplifying method development, publishing and

consumption, and facilitating comparative study of cheminformatics methods.

1.8 Publications

This dissertation encompasses five publications with four other authors: Thomas Girke, Tao

Jiang, Anna Charisi, Li-Chang Cheng, all from the University of California Riverside. The

13



complete list of publications includes:

¢ A maximum common substructure-based algorithm for searching and predicting
drug-like compounds. Yiqun Cao, Tao Jiang, Thomas Girke. ISMB 2008. Also

appeared on Bioinformatics 24(13).

e ChemmineR: a compound mining framework in R. Yiqun Cao, Anna Charisi, Li-

Chang Cheng, Tao Jiang, Thomas Girke. Bioinformatics 24(15).

e Accelerated Similarity Searching and Clustering of Large Compound Sets by Ge-
ometric Embedding and Locality Sensitive Hashing. Yiqun Cao, Tao Jiang, Thomas
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Chapter 2

Background

Many similarity measures have been proposed to quantify similarity between chemical struc-
tures. After introducing typical ways to represent chemical structure in computer systems,
this chapter gives an in-depth overview of a few chemical similarity measures relevant to or
used in this study. This includes substructure, superstructure, and atom pair-, and PubChem
fingerprint-based methods. Each method has its strengths and weaknesses, which will also be
discussed in this chapter. This chapter does not serve as a comprehensive review of chemical
similarity methods. For such purpose, one can consult the reviews on this topic by Willett

et al.| (1998)); Nikolova and Jaworskal (2004).
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2.1 Substructure and Superstructure

Substructure and superstructure relationships are among the most commonly used similar-
ity measures. Given two chemical structures A and B, if structure A is fully contained in
structure B, then A is a substructure of B, while B is a superstructure of A. According to
the above similar property principle, A and B may share properties that are related to their
common substructure. Therefore, a substructure that is putatively associated with certain
properties of interest can be used as query to identify in databases all compounds that share
this substructure (or superstructure) and possibly its activities.

This type of similarity measures have several drawbacks. First, the utilized matching
strategy is very rigid and has a high false negative rate. Second, substructure searching is
a knowledge-based approach, in which every utilized query substructure needs to be well
defined. If this is not the case or a substructure model is not entirely correct, the search
results will be of poor quality and of very limited predictive value. Most importantly, this
search type does not generate any quantitative similarity measure, which makes it difficult to

rank the search results in a meaningful manner.

2.2 Structure Descriptor-based Chemical Similarity

Structural descriptor-based methods are commonly used approaches for structural similarity
searching and bioactivity predictions. These methods represent a chemical structure in its

structure descriptors, which encode the presence and absence information of structure fea-
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tures in a binary vector or a list. Using such representations, similarity values between a pair
of chemical structures can be easily quantified using a similarity coefficient.

This type of search represents a much less stringent approach than substructure searches.
Typically, the search uses a full structure or substructure as query, and identifies structures in
the database that are globally “similar” to the query structure. Eliminating the requirement
of an exact match between the query and database structures, similarity searches based on
structural descriptor-based methods is far more flexible and allows much higher level of
tolerance in the quality of user query structures. Being quantitative methods, they can provide

scores as a similarity measure for ranking the results from the most similar to the least.

2.2.1 Structure Descriptors

Based on how the structure features are enumerated, methods to generate structure descrip-
tors can be roughly categorized into two groups. The first group of methods use a fragment
library for enumeration. For each chemical structure the presence or absence of each frag-
ment is determined. This information is then encoded into a binary string, often referred to
as structural keys or fingerprints, as a compact representation of chemical structures. A rep-
resentative example of this approach are the MACCS Structural Keys. MACCS contains a
total of 166 structural keys, corresponding to various groups (e.g., aromatic-C-aromatic) that
may appear in chemical structures. Using this fragment library of 166 entries, each chemical
structure is represented as a 166-bit binary string. An obvious disadvantage of these methods

is the bias introduced by the limited fragment library. Features that are crucial for reliably
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enriching compounds with a property of interest from a large database may be absent in the
fragment library. Varying the fragment library may also result in inconsistent conclusions
about whether two structures are similar. A second group of methods avoid the need for a
fragment library and instead enumerate all substructure features that are present in a given
chemical structure. Due to the exponential increase in the number of substructure features
with the size of chemical structures, this enumeration is artificially limited to simple sub-
structures. For example, the approach from |Carhart et al.| (1985)) limits the enumeration to
all atom pairs, and |Young (1999) uses the atom triple features. Each compound is therefore
converted into a list that encodes all substructure features identified by the enumeration pro-
cess. Some methods, such as Daylight fingerprints (James et al., [1992), also compress the
representation by folding the list into a fixed-length binary strings. Because of the exhaus-
tive enumeration, this group of methods often offer a less lossy representation of chemical
structures at the cost of higher computational complexity and a larger storage footprint.

The descriptors used in this dissertation are based on Carhart et al.| (1985)’s original def-
initions of atom pairs and the fragment library-based PubChem fingerprint (National Center

for Biotechnology Information, 2009).

2.2.2 Atom Pair Descriptors

Atom pairs are based on enumerating a simple type of substructures: pairs of atoms. Since
introduced by [Carhart et al. (1985), their performance has been very well studied (Willett

et al., 1998} Sheridan and Kearsley, [2002; Sheridan et al., 1996; [Kearsley et al., |1996) and
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deployed in public compound databases such as ChemMine (Girke et al., |2005b). Because
Chen and Reynolds (2002) claims superior performance of atom pair descriptors when used
with the Tanimoto coefficient, this method combination is used in this dissertation for various
performance comparisons.

Carhart et al.| (1985)) define atom pairs as a substructure composed of two non-hydrogen
atoms and an interatomic separation:

atom 1 description - separation - atom 2 description

The two atoms in an atom pair do not need to be directly connected by a bond, and the
separation gives the number of the bonds on the shortest path connecting the two atoms.
The description of each atom defines the atom type, the number of non-hydrogen atoms it is
directly connected to via a chemical bond, and the number of 7 electrons that it has.

In our implementation, each descriptor is packed into a 32-bit binary string, which is
conveniently handled as an unsigned integer internally. The least significant 13 bits stores
the description of the heavy atom, among which the first 7 bits are used for atomic number,
the next 3 bits are for the number of non-hydrogen neighboring atoms, and the last 3 bits are
for the number of 7 electrons. The most significant 12 bits stores the description of the other
atom. Compared to 13 bits used for the heavy atom, this representation uses only 6 bits for
the atomic number. This can cause very little information loss because it only happens in
rare cases when both atoms have atomic numbers larger than 63.

All unique atom pairs of a structure are then saved in a list together with their number

of occurrences in this structure. Compared to Daylight fingerprints that folds fragment in-
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formation into a fixed-length binary string, our approach keeps more structural information
and can potentially increase the quality of similarity measure at the cost of higher memory
space requirements and longer computation time. In our implementation, we even make a
new copy of the unsigned integers encoding the atom pair for every recurrence. By storing
the unsigned integers then in a sorted vector, we can greatly accelerate the calculation time
of the Tanimoto similarity coefficient at the cost of a larger memory footprint. We consider
this a justifiable trade-off for compound datasets as large as hundreds of thousands of entries,
although for larger datasets with millions of entries, online processing based on this type of
descriptor may require an optimization scheme as the one demonstrated in Chapter [6]

In general, atom pair descriptors are relatively simple to calculate from chemical struc-
tures. Our implementation computes atom pair descriptors directly from the common Struc-
ture Data Format (SDF). Unlike Carhart’s original implementation, our implementation sup-
ports all atom types and has proved its robustness in processing the over 26 million com-
pounds PubChem’s Compound collection. It is part of the 1ibap package described in

detail later in Chapter

2.2.3 PubChem Fingerprints

The PubChem fingerprints represent another type of structure descriptor. Unlike atom pair
descriptors, the PubChem fingerprints employ a fragment library to generate an 881-bit bi-
nary substructure fingerprint for each chemical structure. Each bit of the fingerprint repre-

sents a boolean determination for the presence of an element count, a type of ring system,
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atom pairing, atom environment (nearest neighbors), etc. in a chemical structure.
The 881 substructure features in the fragment library used by PubChem fingerprint are

highly diverse and can be categorized into the following seven categories:

1. Hierarchic element counts These features describe the presence or counts of individ-
ual chemical atoms for most atom types. For example, the fourth feature is whether

there are over 32 hydrogen atoms in the structure.

2. Ring counts These features describe the presence or counts of chemical ring systems.
The PubChem fingerprint uses Extended Smallest Set of Smallest Ring (ESSSR) to

remove ambiguity in the ring counts.

3. Simple atom pairs These 64 features are simple pairs of atoms that are directly con-

nected by a bond.

4. Simple atom nearest neighbors These features describe the presence of atom nearest
neighbor patterns. For example, the 335th feature is whether there exists a carbon atom

directly connected to four other carbon atoms.

5. Detailed atom neighborhoods These features are identical to the simple atom nearest

neighbor features, but specify the bond types that connect the neighboring atoms.

6. Simple structure patterns These features describe simple substructure patterns con-

sisting of four to six atoms.
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7. Complex structure patterns These features describe more complex substructure pat-
terns consisting of seven to eight atoms. All substructure patterns in this group have

rings and branches.

Computation of PubChem fingerprint is relatively simple. Because all substructure fea-
tures are simple patterns, one can create a simple implementation by taking advantage of
existing substructure search functionality in software modules such as JChem. An open
source implementation is made available by the National Center for Biotechnology Informa-
tion|(2009). This Java-based program can process one compound in a time scale of one-tenth
of a second. Though much less efficient than atom pair descriptors, there is a lot of possi-
bilities for optimization. For instance, each feature in the fragment library can be checked
independently, and it is trivial to parallelize the fingerprint computation.

Compared to atom pair descriptors, the PubChem fingerprints are more compact and
much easier to process and store. With 7 bits at the end to complete the last byte and a
four-byte prefix, each fingerprint takes exact 115 bytes. This amounts to less than 3 GB for a
library of 26 million compounds and the whole fingerprint database fits into the main memory
of a workstation. In our tests, similarity searches using PubChem’s fingerprints were seven

times faster than the atom pair descriptor method.

2.2.4 Similarity Coefficients

To quantify the similarity value between a pair of chemical structures, structure descriptors

are used in combinator with similarity coefficients. A similarity coefficient provides a quan-
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titative measure of the degree of relatedness between a pair of structure descriptors. Some
similarity coefficients measure the distance, or dissimilarity instead, and are referred to as
distance coefficients.

There are many similarity coefficients defined and widely used in many research areas.
In this dissertation, however, we will not provide a thorough review of these similarity co-
efficients. Readers are advised to consult various reviews on this topic |Willett et al.| (1998);
Chen and Reynolds| (2002); [Haranczyk and Holliday| (2008). Instead, we briefly introduce
the Tanimoto coefficient, which is the major similarity coefficient used in this dissertation
study. For measuring chemical similarity, the Tanimoto coefficient is one of the most com-
monly used methods and reported to outperform many other common alternatives (Chen and
Reynolds, [2002).

Generally, a structure descriptor for a chemical structure, either represented as a finger-
print binary string, a list of structure fragments or a vector of indexed values, can be described

as a vector of attributes

X ={z,29,..0,}, (2.1)

where z; is the value for the ith attribute. Each attribute may corresponds to a bit in the fin-
gerprint binary string, or the absence information of a substructure feature, or a value related
to some structure features such as the number of hydrogen bonds. We consider the simple

case when the attribute values are integer values. Then the Tanimoto coefficient between two
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vectors X 4 and X g is defined as

Z min(xA,i, .23371')
Sap = =1 (2.2)

n n n
E Ta;+ E TR — E min(za;, rp,;)
i—1 i1 i—1

If the attribute values are further limited to binary values, then the above equation can be

simplified as the binary form:

Syp=—— 2.3
AB a+b—c (2:3)

where a is the number of unique “on” attributes in X 4, b is the number of unique “on”
attributes in X g, and ¢ is the number of shared “on” attributes in X 4 and Xp.

In this dissertation, we use atom pair descriptors with the Tanimoto coefficient as given in
Equation[2.2] In this case, each attribute counts the occurrence of one atom pair fragment in
a chemical structure. Though there are contradictory claim regarding whether including the
occurrence information may improve the effectiveness of similarity measure for similarity
searching (Flower, 1998} Brown and Martin, [1996), we use the chosen form of Tanimoto
coefficient because |Chen and Reynolds|(2002) have demonstrated the superiority of counting

the occurrences of atom pair descriptors.
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2.2.5 Drawbacks of Structure Descriptor-based Similarity

The popularity of structure descriptor-based similarity can be attributed to it being compu-
tationally simple and effective in practice. However, generally all of the methods in this
category share severe limitations. Most importantly, though sensitive to full-structure simi-
larity, they are unable to identify local similarity between structures or those with large size
differences, which is depicted in Figure In this example, a researcher would be interested
in retrieving the database structure using the query structure because the former contains a
substructure highly similar to the query structure. However, a full-structure similarity search
using structure descriptor-based similarity would fail to identify the database structure be-
cause the overall global similarity between the two structures is not significant. It is further
noted that a substructure or superstructure search would also fail.

In addition to being insensitive to local similarity, structure descriptor-based similarities
also have vastly increasing false negative rates when it comes to the identification of weaker
similarities. This is because compounds of interest with a weaker similarity to the query are
often undistinguishable from noise.

Last but not least, from a usability perspective, structure descriptor-based similarity does
not provide assistance in illustrating the relatedness between similar structures. This is in
contrary to the substructure and superstructure concepts, in which the counterpart of the con-
tained structure can be highlighted in the containing structure to intuitively reveal the sim-
ilarity. Due to missing visualization assistance, similarity search results based on structure

descriptors can also be unintuitive without further investigation.
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2.3 Summary

This chapter has discussed the basics of chemical similarity, from representing chemical
structures, to structure descriptor types and quantifying similarity between descriptors. For
computer-based analysis, chemical structures must be represented in computer-friendly for-
mats. 2D topology is the most commonly used computerized representation of chemical
structures because of its simplicity and effectiveness. Using such representations, many met-
ric to measure the similarity between a pair of chemical structures have been proposed. We
have reviewed substructure- and superstructure-based methods, which are intuitive and ef-
fective, but often too rigid and hard to use than structure descriptor-based methods, which
are far more flexible. To illustrate the two types of structure descriptors, atom pair and
PubChem fingerprints are introduced in more details as two representative descriptors. To
measure chemical similarity, a descriptor must be used with a similarity coefficient. Here
we described the Tanimoto coefficient as the most important similarity measure in chemin-
formatics. Together, the structure descriptors and Tanimoto coefficient are very efficient for

measuring similarity, searching chemical compound datasets and performing cluster analysis.
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Figure 2.1: Local similarity between compounds. The two structures share a common
substructure (dashed boxes). The size difference will result in insignificant scores in 2D
fragment-based similarity measures.
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Chapter 3

Maximum Common Substructure-based
Similarity

This chapter formally introduces the Maximum Common Substructure (MCS)-based chem-
ical similarity. Having been considered as a promising alternative to more commonly used
chemical similarity measures for almost two decades, MCS has only been investigated in
a few cheminformatic studies. Most of these studies are also based on the general Maxi-
mum Common Subgraph problem and do not adapt to the special characteristics of chemical
structures and needs of measuring chemical similarity. This chapter describes a new MCS
algorithm that is designed for flexible matching of chemical structures. Using this algo-
rithm, we perform a quantitative study of the MCS-based chemical similarity by comparing

it against two more commonly used chemical similarity measures.
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3.1 Maximum Common Substructure

The Maximum Common Substructure or MCS of two compounds is the largest substructure
that appears in both structures. Conceptually, a substructure is not necessarily connected
and can consist of several disjoint connected substructures. Practically, we often limit the
substructure to be a connected one or to be a set of limited number of disjoint connected
ones. In this dissertation, one substructure is said to be larger than another if the former one
consists of more atoms than the latter. This differs from studies on Maximum Common Edge
Substructure (MCES) which uses the number of edges as the size of a substructure.

The compound MCS problem can be modeled using the well-studied problem of Max-
imum Common Subgraph. Here we include a formal definition of Maximum Common In-
duced Subgraph, which is used in this study to model compound MCS.

A pair of graphs are said to be isomorphic if there is a one-to-one correspondence between
their vertices. Moreover, this correspondence has the property that an edge between two
vertices exists in one graph if and only if an edge exists between the corresponding two
vertices in the other graph. A graph G is said to be an induced subgraph of a graph G if all
vertices of graph GG belong to the set of vertices of graph (7, and there is an edge between two
vertices in graph G if and only if there is an edge between those two vertices in graph G. For
example, in Figure[3.1] graph[3.1c]is an induced subgraph of graph[3.Tal A common induced
subgraph between the graphs G; and G4 are two graphs G, and G, such that G is an

induced subgraph of G1, G, is an induced subgraph of GG5, and GG4; and G 4, are isomorphic.
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In Figure [3.1] graph is an induced subgraph of both graphs [3.1a and [3.1b] and is a

common induced subgraph of graphs and The largest common induced subgraph
for a pair of graphs is referred to as the maximum common induced subgraph (MCIS) between

them. In this dissertation, we model Maximum Common Substructure using MCIS.
A F

B E
B = G B E G

C D C D C D
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Figure 3.1: Induced subgraph, common induced subgraph and MCIS. Graph is an in-
duced subgraph of graphs and [3.1b] Therefore, it is the common induced subgraph of
the two graphs. It is also the MCIS between them.

3.2 Previous Studies

The MCS problem has been well studied as a general graph matching problem, and has
found applications in many areas (Bunke, 2000). Garey and Johnson (1979) showed that
the MCS problem is NP-complete. However, many algorithms have been proposed to solve
the problem either optimally (McGregor, |1982; Cordella et al.,|1998)), sub-optimally (Wilson
and Hancockl [1997; Wang et al., |1997; |Luo and Hancock, 2001)) or with error-tolerance
(Tsa1 and Fu, [1979; Dumay et al., 1992} Berretti et al., 2001). A comprehensive review
of different MCS algorithms is available in [Conte et al. (2004). However, most of these

algorithms are focused on general graphs from the pattern recognition area. These methods
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do not meet the specific needs for efficient graph representations in the chemical compound
area, which are sparse, small in size and with bounded degrees. Also, most of the algorithms
convert input graphs to association graphs and convert the MCS problem to a clique detection
problem. These conversions make it much harder to perform flexible matching effectively.
For example, allowing a bromine atom to be matched to a chlorine atom when they are
attached to an aromatic ring, but not elsewhere, is much harder to do with association graphs.

Surprisingly, after Cone et al.| (1977) proposed to use MCS as a similarity measure, the
approach has received much less attention than other similarity measure strategies. This is
mainly due to the intractable computational complexity of the MCS problem. [Hagadone
(1992) has built an MCS-based chemical structure search program for 2D structure drug dis-
covery databases. More recently, Raymond et al.|(2002a) applied several heuristic strategies
that are based on specific properties of chemical structures to improve the efficiency of the
MCS-based similarity search algorithm (Raymond et al., 2002b). The most recent work on
the MCS problem is from Yan et al. (2005). The result is restricted to the design of an efficient

feature database and does not include a structure comparison step.

3.3 Computing Maximum Common Subgraphs

3.3.1 Compatibility Graph-based Algorithms

Many MCS algorithms convert the MCS problem into the maximum clique problem by in-

troducing association graphs, also known as compatibility graphs (Levi, |1973]; Barrow and
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Burstall, [1976; Cone et al., [1977). An association graph between the graphs GG; and G5 is a
graph, in which the vertex set is the Cartesian product of the vertex set of G; and G2, and
the two vertices (u;, v;) and (u;, v;) are adjacent if, and only if, u; and u; are adjacent to G,
and v; and v; are adjacent to G5, or if u,; and u; are not adjacent to (i1, and v; and v; are
not adjacent to GG5. For example, in Figure the graph is the association graph of the
graphs and In this association graph, the vertices (A, a) and (B, b) are adjacent,
because the vertices A and B are adjacent in graph[3.2aland the vertices a and b are adjacent
in graph Similarly, the vertices (A, b) and (B, c¢) are not adjacent in the association

graph, because the vertices A and B are adjacent in graph but the vertices b and c are

not adjacent in graph

Ae
A d Be
Ce

B C b C

() (b) (©)
Figure 3.2: Association graph. Graph is the association graph of the graphs and

3.2b

An edge between (u;, v;) and (u;, v;) in the association graph implies that matching u;
to v; and u; to v; is compatible when searching for common induced subgraphs between Gy
and G5. In other words, if vertices (u;, v;) and (u;, v;) are adjacent in the association graph,
matching u; to v; and matching u; to v; do not conflict with each other. For example, there
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is an edge between the vertices (A, a) and (B, b) in the association graph Therefore,
matching A in graph to a in graph and matching B in graph to b in graph
[3.2b does not conflict with the process of finding the common induced subgraph between
the graphs and However, there is no edge between the vertices (A, b) and (B, ¢),
thus, it is not valid to match vertex A in graph[3.2ato b in graph[3.2b] and to match at the same
time vertex B in graph[3.2a/to ¢ in graph [3.2b] The reason that these two vertex matchings
conflict with each other is that the vertices A and B are adjacent to each other in the graph
while the vertices b and c are not adjacent in graph The definition of induced
subgraph requires that if the vertices A and B are adjacent in graph then the vertices b
and ¢ must also be adjacent in graph in order to match A to b and B to c in the process
of finding a common induced subgraph between the graphs [3.2aland [3.2b]

Because an edge in the association graph, implies compatibility between two vertex
matchings in searching for common induced subgraphs between (G; and G5, a clique in the
association graph corresponds to a set of compatible vertex matchings, and a maximum clique
in the association graph corresponds to a maximum common induced subgraph between GGy
and G. The original problem of searching MCIS between two graphs has been converted
into the maximum clique problem. For example, one of the maximum cliques in graph
is {(A4,a), (B,b)}, and it corresponds to the induced subgraph of graph containing ver-
tices A and B and an edge between them, which is an MCIS of the graphs and
These strategies provide a sufficient solution for utilizing the clique detection algorithms

for MCS-based approaches. Using this approach, we can take advantage of the availability
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of different types of clique detection algorithms. However, due to the nature of chemical
structures, the conversion will result in an association graph with a large and dense structure
(Raymond et al., 2002a). In addition, such a conversion will complicate flexible matching
approaches for finding common substructures. For instance, although it is possible to limit
the solution to connected subgraphs (Koch, 2001)), using association graphs it is not easy to
further relax the constraints on their connectedness, such as limiting the solution to contain
at most three connected components. Another example is matching different atoms under
certain conditions, such as matching bromine and chlorine only when they are both attached
to an aromatic ring. This level of flexibility in subgraph matching is also difficult to achieve

with association graphs.

3.3.2 Backtracking Algorithm

To avoid the difficulty in the association graph based approaches, we propose a new back-
tracking algorithm for the MCS problem, which operates directly on the chemical structure
graph. This algorithm is based on the VF algorithm, which is designed for the graph and
subgraph isomorphism problems (Cordella et al., 2001). The pseudocode of our algorithm is
included in the Supplementary Material Section.

To illustrate the basic idea of our backtracking algorithm, one can consider the problem
of finding the MCS of the graphs [3.2a and [3.2b|in Figure [3.2] A common subgraph of two
graphs can be represented by the vertex correspondences between the isomorphic subgraphs.

For example, the subgraph of the graph consisting of the vertices A and B and the edge
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(A, B) and the subgraph of the graph consisting of the vertices a and b and the edge
(a, b) are isomorphic. This common subgraph can be represented by matching A to a and B
to b, and it is denoted by a set of vertex correspondences as { A : a, B : b}. The backtracking
algorithm searches all possible combinations of vertex correspondences. It organizes these
combinations in a search tree. Each node of the search tree is a set of correspondences. By
moving down the tree, this set is expanded. Therefore, the set of correspondences at the
parent node is always a subset of the set at any child node (see Figure [3.3). For example,
the root of the tree is an empty set {}. The leftmost child of the root, {a : A}, has one
correspondence, which matches vertex a to vertex A. The leaf nodes correspond to maximal
common subgraphs, which cannot be further expanded. The final solution to the MCS prob-
lem corresponds to one of these leaf nodes. The backtracking algorithm searches this tree
in a depth-first fashion, and will return the leaf node that contains the largest set of vertex

correspondences as the solution to the MCS problem. In this example, the leftmost leaf node

({a: A,b: B}) may be returned as the MCS of the graphs and
{3

{a_'A,b:B} {a.‘A,b:C} {a:B,b:C} {a_'B,b:A} {a.‘C,b:B} {aC,b:A}

Figure 3.3: Search tree of a backtracking algorithm in search of the MCS between of the

graphs [3.2a)and [3.2b]

To speed up the computation, we introduce several strategies to reduce the search space.

First, we limit the connectedness of the resultant MCS. Second, we use a heuristic based
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on the induced subgraph constraints to quickly remove branches with infeasible matches.
Third, branch and bound strategies are employed to discard entire branches in the search
tree. Finally, we order the search space such that the branch containing the solution can be
searched as early as possible. This can improve the effectiveness of the branch and bound

strategy, and it also helps when progressive optimization steps are used.

Connectedness of the Resultant Subgraphs

The MCS of two graphs may contain a number of disconnected structural fragments. This
type of MCS is often not desirable when applied to similarity measure of chemical structures.
For example, the MCS of two chemical structures in Figure [3.4] consists of five disconnected
C-0 fragments. When using the MCS as a similarity measure between chemical structures,
it is often desired to only identify connected MCSs or MCSs consisting of only a limited
number of disconnected fragments. Such a connectedness constraint can drastically reduce
the search space in finding the MCS. To take advantage of this, our algorithm expands the
current common subgraph by growing existing fragments if possible, and it keeps track of the
connectedness of the current common subgraph. When it is required to start a new fragment
in the common subgraph, the algorithm checks whether the number of disconnected frag-
ments has reached its limit. If the limit has been reached, then the algorithm stops searching
along the present branch and considers the common subgraph as the maximal one it can find
along this branch of the search tree. In the pseudocode, this constraint is tested in the order

subroutine. When the connectedness limit is reached and there is no way to further expand
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the current common subgraph without introducing a new disconnected fragment, the order
subroutine will return a None value to stop searching the current branch. At this point the
current common subgraph found will replace the global solution if it provides an improve-

ment to the previous one.

O—x

N
H’0 i

P S N N NP W {
H

(a) (b)

Figure 3.4: Two sample structures. The MCS of the two structures will be five disjoint C-0
pairs.

Induced Subgraph Heuristic

A heuristic to quickly identify an infeasible set of correspondences can be derived from the
definition of the induced subgraph. Consider the problem of finding the MCS between two
graphs (G; and G,. Let u; and v, be unmatched in the vertices in G; and G, respectively.
To check whether adding a correspondence, u; : vy, to the current set of correspondences
will lead to a feasible set of correspondences, the heuristic retrieves a set S; of matched
neighbors of u; in G'1, and a set Sy of matched neighbors of v; in G5. If the elements in these
two sets do not have a one-to-one correspondence in the current set of correspondences, then
the correspondence u; : v; cannot be added. This heuristic is implemented in the compatible

routine in the pseudocode.

37



For example, for finding the MCS between the graph in Figure [3.2a]and the one in Figure
3.2b, when the current set of correspondences is {b : A}, it is not feasible to add the corre-

spondence ¢ : B, because c is a neighbor of b in graph while A and B are not neighbors

in graph[3.24

Branch and Bound

Our algorithm employs the branch and bound strategy to discard branches of the search tree
that cannot lead to an improvement of the candidate solution. An upper bound on the sizes of
the common subgraphs at the leaf nodes of the present branch can be estimated. If this upper
bound is worse than the candidate solution, then the branch can be discarded immediately
and the algorithm backtracks to another branch.

The upper bound is estimated by using the above induced subgraph heuristic. At some
point in traversing the search tree, let m be the size of the correspondence set, U be the set
of the unmatched vertices in G; and V' be the set of the unmatched vertices in Go. For each
vertex v in U, if v has not been marked as infeasible by previous search, we apply the above
heuristic to test whether it is allowed to match to some vertex in V. If n vertices of U find
potential matches in V/, then an upper bound on the sizes of the common subgraphs at the
leaf nodes of the present branch is m + n.

A tighter bound can be achieved by building a bipartite graph from these unmatched
vertices. A bipartite G = (U + V, E) is built. Initially £ is an empty set. For u; from U and

vy from V, if the correspondence u; : v; passes the induced subgraph heuristic test, then edge
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(u1,vp) is added to E. To obtain a tighter upper bound, the size of the maximum matching

in this bipartite is computed, and then added to m.

Ordering the Search Space

When using branch and bound, a proper order of the search space can help save a lot of
computation time. We would like to search the branches that most likely contain the optimal
or suboptimal solutions first, to potentially allow the candidate solution to be more quickly
improved at an earlier stage. In this way, more branches can be discarded during the branch
and bound steps.

A proper order of the search space also benefits progressive optimization. Progress op-
timization is a strategy that returns a suboptimal solution as early as possible to the user,
and later progressively improves it over time. For example, progressive optimization can be
applied to similarity searches that involve time-consuming computation of the similarity val-
ues between the query compound and compounds in the databases. To perform this search,
a suboptimal solution is built using the approximate similarity values that can be computed
faster. If the user is not satisfied with the result, the algorithm can improve it over time by
progressively increasing the accuracy of similarity values. Our MCS algorithm can easily be
adopted in progressive optimization-based similarity searches. This is achieved by suspend-
ing the MCS computation at any time, and using the candidate solution as an approximate
result. To further refine the result, the MCS computation can be resumed on demand. Since

ordering of search space in our MCS algorithm aims at more quickly improving the candi-
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date solution at an earlier age, the result of progress optimization will be close to the optimal
result at an earlier stage and it will stabilize sooner to an acceptable result.

At any point in traversing the search tree for computing the MCS between graphs GG and
G5, our algorithm chooses the next node to visit based on the following strategy. It finds the
vertex (or vertices) in graph (G; with the most neighbors in the current common subgraph.
Among all the unvisited nodes in the search tree relevant to this vertex (or these vertices),
it chooses the one that can improve the aforementioned upper bound the most. Experiments

have shown that this ordering strategy can reduce the average computation time.

3.4 Implementation and Availability

The above algorithm has been implemented in C. The corresponding software has been made

available as part of 1ibmcs package, which is introduced in Chapter[7]

3.5 Evaluation

3.5.1 Datasets

To test the performance of the proposed methods and models, experiments on similarity
search and bioactivity prediction have been performed on two public available compound
datasets, the NCI AIDS Antiviral Screen dataset and a subset of the NCI Human Tumor Cell

Line Screen dataset. Both datasets have been published in the PubChem BioAssay database
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(Wheeler et al., 2007), and can be retrieved by BioAssay IDs 179 and 85, respectively. The
NCI AIDS Antiviral Assay tested 40,000 compounds for evidence of anti-HIV activity. The
NCI Human Tumor Cell Line Screen checked interesting compounds for anti-cancer activity
by measuring growth inhibition of the MDA-MB-435 human breast tumor cell line. Both
datasets record confirmatory activity information as well as concentration-response relation-
ships, but only the confirmatory activity information was used in our experiments.

The NCI AIDS Antiviral Screen dataset contains structure and activity information for
44,150 compounds, among which 1,812 are classified as having antiviral activity. After re-
moving compounds with missing structure information, the dataset contains 42,689 com-
pounds, 1,504 of which are classified as active. The subset of the NCI Human Tumor Cell
Line Screen dataset covers 27,706 compounds, including 1,822 compounds that show anti-
cancer activity. After removal of compounds without structure information, 26,366 com-

pounds remain in the dataset, 1,647 of which are active compounds.

3.5.2 Evaluation Methods

We first evaluated the performance of the two similarity measures by applying them in sim-
ilarity searches. As similarity metrics we used for the MCS-approach the size of the MCS
between the query and each compound in the database, and for the AP method the Tanimoto
coefficient. The AP method was chosen for benchmarking, because Chen and Reynolds
(2002) showed that it outperforms other 2D structural descriptor-based similarity measures,

such as the approach based on MACCS keys proposed by Molecular Design Limited (MDL).
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The performance of the two similarity search methods were compared by calculating
their average positive predictive values (PPV) (Altman and Bland, 1994)) on the search results
concerning the two chosen compound datasets. A series of simulated similarity searches were
performed using a random set of active compounds as queries. Each simulated similarity
search ranked all compounds from the most similar one to the least similar one relative to the
query. Considering the set of the k& top-ranked compounds, the ratio of active compounds in
this set was defined as the PPV. PPV expresses the capability of a similarity search method to
enrich active compounds at the top of the search results. The higher the PPV, with the same

k value, the better a similarity search performs.

3.5.3 Experimental Results
MCS Calculation Speed

To evaluate the speed performance of our MCS algorithm, we performed the following test.
We calculated the MCS between 1000 randomly selected pairs of compounds from the NCI
anti-cancer data which had on average 24 non-hydrogen atoms and 27 bonds. The tests were
performed in single thread mode on a workstation with a 2.0GHz Intel Xeon processor and
2GB of RAM. The average time required to finish a MCS calculation was 27.4 millisec-
onds, with a standard deviation of 35.6 milliseconds. We also tested flexible matching on the
same dataset by allowing one atom mismatch and disjoint MCSs. As expected, the flexible
matching required more computation time. For example, when allowing one mismatch, the
average time for one MCS calculation was about 2.2 seconds with a standard deviation of

42



1.6 seconds. Unfortunately, we were not able to perform direct speed and accuracy com-
parisons with other methods because their implementations are currently not freely available
in the public domain. In addition, the provided speed estimates are not comparable to those
recorded in previous publications, because of major differences in their implementation, such
as heuristic filtering and preprocessing steps before the MCS computation (e.g. Raymond

et al., 2002a; |Yan et al., 2005)).

Similarity search

Using the method described in the previous section, we have plotted the average PPV across
the simulated similarity searches with various & values representing the number of predicted
positives. The plot (see Figure [3.5) shows that PPVs of both search methods decrease when
k increases. This means that if one moves down the ranked search result list, the cumulative
ratio of active compounds decreases. Interestingly, the MCS method performs better for
larger k values (>29) and the AP method for smaller k£ values. This result is expected,
because the AP method performs well in detecting compounds with high global similarities
which are more likely to share the same bioactivity than compounds with local similarities.
On the other hand, the MCS method is able to rank global and more sophisticated local
similarities equally well. Therefore, the MCS method identifies a larger set of bioactive
candidates, but it does not necessarily rank compounds with global similarities at the top of
the list. The following example illustrates this performance benefit of the MCS approach. For

instance, if the user is interested in more than 29 of the top compounds, the MCS searches
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exhibit a better performance than the AP searches. If the top 100 compounds are of interest,
which is a reasonable choice for similarity searches, the MCS method has a PPV of 0.30, and

the AP method has a PPV of 0.27.

3.6 Summary

This chapter describes a new backtracking algorithm for finding the MCS between a pair of
graphs and evaluates its performance in similarity search applications. This algorithm can
be applied to chemical structure graphs directly (instead of association graphs), and hence
supports several matching constraints as well as relaxations that can be useful when applied
to comparison of chemical compounds. Several strategies are introduced to increase the
efficiency and flexibility of the algorithm. This algorithm can be effectively used with a
progressive optimization strategy, which is very beneficial for ranking a large number of
chemical structures by their similarities to query structures. Our experimental results show
that despite less efficiency, the MCS-based similarity measure is more effective in searching
chemical databases than the well-known atom pair- and PubChem fingerprint-based methods.
It is also capable to detect novel compound structures that are missed by other methods, and

is valuable to be used in combination of other methods.
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Figure 3.5: Performance Comparisons of AP- and MCS-based search methods. The average
PPVs from all simulated similarity searches are plotted against the & values. Part (a) provides
the results for the NCI antiviral dataset and part (b) for the NCI anti-cancer dataset.
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Chapter 4

Similarity Measures and Machine

Learning Models

This chapter continues the study of MCS as an alternative chemical similarity measure by ap-
plying it in building statistical prediction models for biological activities. Similarity search is
a crude way to exploit chemical similarity because it uses knowledge about active compounds
and only one active compound at a time. When information about multiple active compounds
and inactive ones are available, building a statistical model for predicting biological activity
offers more value. This chapter demonstrates a generic scheme to easily apply virtually any
chemical similarity in machine learning models. This scheme enables new applications of
MCS-based and many other similarity measures that are otherwise difficult to be employed
in these models. It also allows easy integration of multiple similarity measures in a single

model to potentially increase the predictive power.
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4.1 Machine Learning in Cheminformatics

Recent advancements in combinatorial chemistry and compound synthesis have greatly ex-
panded our access to chemical space. However, our capability to screen an ever-increasing
set of compound libraries has only been slightly increased in the past years. Moreover, even
by screening the set of all compound libraries currently available to human beings, we are
still far short of the over 10%° potential compounds in the chemical space (Dobson, 2004a).
The need for an alternative to the traditional method of producing and testing every single
molecular combination possible has sparked a lot of interest in using machine learning to
assist refined search as an integral part of drug screening process.

Many model building methods have been applied for predicting biological activities based
on structural similarities. [Schneider (2000) reveals that artificial neural networks (ANN) have
been used to “turn a blind search for novel drug-like molecules into an informed search”.
Burbidge et al. (2001) demonstrate the potential of support vector machines (SVM) for
structure-activity relationship analysis and compares it to several other machine learning
techniques used in cheminformatics, including several ANN methods and decision trees.
Schwaighofer et al. (2007) present an accurate statistical model of aqueous solubility based
on Gaussian Process nonlinear regression model. Cannon et al.| (2007) investigate the classi-
fication performance of circular fingerprints in combination with the Naive Bayes Classifier
(MP2D), Inductive Logic Programming (ILP) and Support Vector Inductive Logic Program-

ming (SVILP).
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All these methods require the compound representation to be in a feature space of lim-
ited dimensions, or in other words, the input to be vector data. They also work on structural
descriptors directly and often employ their own similarity coefficient explicitly or implicitly.
For instance, in Cannon et al’s investigation of Naive Bayes Classifier method for classifica-
tion of bioactive and inactive compounds, each compound is represented by a feature vector.
Each element of this feature vector is used in calculating a conditional probability of the com-
pound being active. This does not utilize any similarity coefficient. Similarly, in Burbidge’s

study, Gaussian RBF is used as the kernel function for the SVM:

x —z| |2
K(x,z) = exp (—%) :

Here the use of Euclidean distance assumes both x and z representing chemical compounds
to be vectors. Euclidean distance is used in place of any similarity coefficient that may be
more appropriate to the used with the structural representation.

Because MCS-based similarity is a similarity coefficient, it is difficult to enforce its use in
the machine learning models more sophisticated than nearest neighbor classifiers. As a simi-
larity coefficient, MCS-based similarity quantifies relatedness between compound structures
by working directly on the 2D graph representation of structures without any intermediate
structural descriptors.

The family of kernel-based methods is one exceptional case in which MCS-based simi-

larity may be applicable. This is because kernel-based methods such as SVM allow custom
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kernel functions, and one may be able to create a kernel function based on MCS-based simi-
larity. Neuhaus and Bunke (2006) introduced a kernel function based on graph edit distance.
The authors pointed out that the validity of the kernel method cannot be established for edit
distance, but the proposed kernel functions are nevertheless suitable for classification pur-
pose and perform well. Since MCS and graph edit distance is related (Bunkel [1997), one
can construct a similar SVM classifier using MCS-based similarity. However, in addition to
the lack of theoretic validity of the kernel functions, computational complexity of MCS and
therefore the derived kernel function is a great concern in such a classifier.

Another notable exception is nearest neighbor classifier. Nearest neighbor classifier
works by classifying an object based on the most common labels of its labeled neighbors
in the training dataset. Such approach requires only a suitable distance measure. However,
employing MCS-based similarity in nearest neighbor classifier is computationally very ex-

pensive, because it would require an against-all comparison for each object to be classified.

4.2 Vector Representation based on MCS Similarity

To avoid performing a large amount of expensive MCS calculations, and to achieve the max-
imum level of flexibility in harnessing the power of modern machine learning techniques,
we use the concept of basis compounds to generate vector representations of chemical struc-
tures using the MCS approach. Basis compounds are a designed set of n diverse compounds,

C1, Cs, ..., C,, such that each compound D; from the compound database can be represented
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by an n-dimensional vector

(|MCS(D;, Cy)|, |MCS(D;, C)l, . ... |MCS(Dy, C)|).-

In other words, each compound is represented by a vector, where each element is the size
of an MCS between the compound and a basis compound. The set of basis compounds
can be carefully designed or randomly chosen from a large set of diverse compounds. It is
important to note that vectorization of a chemical structure using basis compounds requires
only a numerical similarity measure and is not specific to MCS. Therefore, the MCS-based
similarity measure can be replaced by any other similarity measure scheme, such as the
AP-based similarity measure. When using basis compounds, each chemical structure can
be represented as a multi-dimensional vector. Since the dimensionality is controllable and
each vector contains real numerical values, these vectors can be used in statistical modeling
and machine learning techniques. In this paper, we use SVMs as an example modeling
technique to demonstrate the utility of the above vectorization method in predicting bioactive

compounds.

4.3 Support Vector Machines

Support vector machines (SVM) was chosen as the machine learning technique to build mod-
els for predicting biological active compounds. SVM is a linear classifier that simultaneously

minimizes the empirical classification error and maximizes the geometric margin. When used
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with kernel methods, SVM can yield powerful non-linear classifiers. Formally, given a set of

input and response

(Xla y1)7 (X27 92)7 CII) (Xna yn)

the SVM method will search for a vector w and a margin b, such that for every pair of input

and response (X;, ¥;),
s —b) > 1, @)

and |w| is minimized. If|4.1|does not have a solution, which means there is no hyperplan that
can separate the positive points from the negative points, a soft margin £ is introduced, and

the problem is then

min(|[w|[> +CY &) st yi(wxi—b) >1-&1<i<n (4.2)

)

SVM is a linear classifier. However, it can be converted into a non-linear classifier by
using a kernel method. For this, the kernel function can transform a vector in feature space
into a higher dimensional space, where SVM is applied. Although the classifier in the higher
dimensional space is linear, it is non-linear in the original feature space. The approach has
been described in all details by |[Boser et al. (1992).

For our application of predicting biologically active compounds, the vector representation
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of a chemical structure is the input, and the biological activity of the structure is the response.
A training testset with known structures and known activities is used to train the SVM, and
then the SVM can predict the biologically active candidate structures in novel compound

libraries given their structure information.

4.4 Sequential Screening

Sequential screening, also known as hybrid screening, is a chemical screening strategy that
combines in vitro screening and in silico modeling and prediction. In sequential screening,
a relatively small set of compounds is assayed and the results are statistically analyzed to
produce a mathematical model. The model is used to predict activity and select additional
compounds for screening. The new screening results are added to the results for the initial set
and a new model is determined. This process is iterated until a sufficient amount of candidate
compounds has been identified.

The above vectorization and SVM method can be easily incorporated into a sequential
screening strategy. For this, the initial screening can provide both the basis compounds and
the training data, while the prediction is used to guide the second screening. With the re-
sults of the second screening, the basis compounds can be redesigned, and the model can be

retrained.
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4.5 Implementation

We use the MCS implementation described in Chapter [3] All statistical analyses, model-
ing and prediction steps were performed in R 2.5. The SVM implementation used by this
project is from the e1071 package (Dimitriadou et al., 2005)), which is based on the C++-
implementation by Chang and Lin|(2001)). The function svm is used for building the models
with the kernel function set to radial, and the predict function is used for predictions.

The aforementioned svm function is used as a regression machine, in which the response
values are numeric values representing the confidence of bioactivity of compounds. The
response values are determined in the following way. If a training compound is active, then
its corresponding response y is set to 1, and if it is inactive, its corresponding ¥ is set to O.
The predicted responses for the testing data points will be numeric values, each of which is a
confidence scores describing how likely the corresponding compound is active.

After the prediction step, each compound will have its confidence score. All the com-
pounds can then be sorted by decreasing order of their scores. The top results can then be
used for the following screening iterations. To illustrate this in the context of the sequential
screening process: a screening facility can use the predicted bioactive candidates in experi-

mental screens and the verified hits can be used to improve the subsequent predictions.
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4.6 Evaluation

4.6.1 Datasets

The same dataset used in Chapter [3|is used in this evaluation.

4.6.2 Evaluation Methods

The MCS- and AP-based similarity measures were also compared with regard to their perfor-
mance in building SVM models for predicting bioactive candidates in compound databases.
The proposed basis compound concept was used in converting chemical structures into vec-
tors, which were then used in the training and testing of SVM-based prediction models.
Between 20 to 140 randomly selected compounds from the whole dataset were used as basis
compounds in the tests.

Three models were built and tested independently. The three models varied in their repre-
sentations of chemical compounds. The first model uses the MCS similarity measure to build
a vector for each compound (see section4.2)). The second one uses the AP similarity measure
for vector building. The third one - the hybrid model - concatenates the vectors from both
previous models. The three models were tested in a series of experimental settings which
varied in the size of the training set, the number of basis compounds, and the coefficients
used in defining similarity between compounds. The output of each model was a ranking
of the compounds, in which the compounds were sorted by how likely they were bioactive

based on the prediction. From these ranked results, an ROC curve was generated by plotting
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the true positive rates against the false positive rates (Provost and Fawcett, 2001). The per-
formance of the prediction models for different experimental settings were then evaluated by
measuring the corresponding areas under the ROC curves (AUC). Each experimental setting
was tested in multiple runs, and the average AUC was used for comparisons, in which a larger

AUC value indicates a better performance.

4.6.3 Experimental Results

To compare the predictive power of the MCS method against the AP method and the hybrid
approach, each method was coupled with SVMs to build a model for predicting bioactive
compounds. The input of the SVMs was the vector representation of compounds generated
by each method. The output was either 0 for inactive compounds, or 1 for active compounds.
SVM-based models were used to predict the bioactive compounds. The AUC values were
recorded and used for evaluating the qualities of the predictions.

The SVM implementation provided in the R package e1071 (Dimitriadou et al., [2005)
was used for the tests. This package is based on the widely-used C++-based LibSVM from
Chang and Lin|(2001). The default regression parameters defined in the package were used
in the tests. In one of our tests we also used the ROC Curve for Binary SVM tool distributed
with LibSVM, to achieve a fair comparison against data reported elsewhere. In this test, cross
validation was used to select the parameters (C' and ) for the radial kernel function-based

classifiers.
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Varying the Size of the Training Set

One of the key factors impacting the prediction performance is the size of the training set.
For real applications, it is desirable to achieve an acceptable performances with small train-
ing set sizes, because the prediction model is often used to select compound subsets from
a large compound library to be used in the experimental screening process. The prediction
models are only practically useful if the training set, obtained from an experimental screen-
ing process, is much smaller than the whole screening library. This is especially important
for sequential screening, in which only a small initial set of compounds are experimentally
tested and used to train the initial models. For both datasets, we performed experiments with
training sets consisting of 1%, 5%, 10%, and 25% of the whole dataset. 20 basis compounds
were selected randomly from the whole dataset for each test. The average AUC values and
standard deviations are listed in Table 4.1l

Table shows that the performance of all three models improves with the size of the
training dataset. The hybrid model achieves in all cases the best performance, while the
MCS model performs almost consistently better than AP model. Moreover, the hybrid model
outperforms the AP model with much smaller training sets. For instance, in both datasets,
the hybrid model performs with a training set of 10% of the dataset better than the AP model

with a training set that is 2.5 times as large.
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Training set size
1% 5% 10% 25%
MCS-based 57.9(3.0) 64.0(2.4) 67.0(1.3) 70.0(0.9)
AP-based 58.2(3.1) 63.7(1.8) 65.8(1.8) 68.9(1.5)
Hybrid 61.3(3.4) 66.7(1.9) 69.2(1.3) 71.6(1.2)

(@)

Models

Training set size
1% 5% 10% 25%
MCS-based 60.3(2.8) 65.4(1.8) 68.0(1.7) 70.9(1.3)
AP-based 59.3(3.3) 65.2(1.8) 67.8(1.7) 70.9 (1.8)
Hybrid 62.7(3.2) 69.2(1.8) 71.8(1.4) 74.8(1.2)

(b)

Models

Table 4.1: Average AUC values using different prediction models and different training set
sizes. Table (a) lists the result for the NCI antiviral dataset, and Table (b) lists the result for
the NCI anti-cancer dataset. The MCS-based model uses the absolute MCS sizes to represent
a chemical structure as a vector. The AP-based model uses the AP-based similarity, and the
hybrid model concatenates the vectors from both previous models. Standard deviations are
given in parentheses.

Overlap of Active Compounds Identified by the Models

The superior performance of the hybrid approach can be explained by the performance dif-
ferences of the individual models in identifying similarities with different structural features
(e.g. global or local similarities). For instance, in one of the tests with the NCI antiviral
dataset, the active compound NSC 79521 was ranked by the AP model at position 1, while
the MCS model ranked it at position 10,568. On the other hand, the active compound NSC
683278 was ranked at position 23 by the MCS model, and at position 2,673 by the AP-based
model. The hybrid model ranked both of these actives at the very top of the list, at positions
33 and 4, respectively.

To evaluate these performance differences more carefully, we analyzed the overlaps be-

tween the active compounds identified by each pair of the three models. For a pair of models
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A and B, if the set of active compounds identified by A is S(A), and the set of active com-

pounds identified by B is S(B), we define A’s coverage of B, or C(B) as

[5(A) N S(B)|
1S(B))]

(4.3)

The larger the coverage is, the better model A can cover the chemical space covered by
B. If both C'4(B) and Cp(A) are small, the two models cover different subspaces of the
chemical space and they complement each other. We studied the cross coverage between
each pair of models by plotting the corresponding coverage values with different number
of predicted active compounds, n. The plot shown in Figure 4.1] shows that with a typical
choice of n, one’s coverage of the other is relatively small between the AP model and the
MCS model. On the other hand, the hybrid model’s coverages of the other two models are
relatively high. For example, if 5% of the compounds are predicted to be active, 62% of the
active compounds identified by the AP model are also identified by the MCS model, and 59%
vice versa. On the other hand, the hybrid model identifies 85% of the active compounds of
the AP model and 73% of the MCS model. These data show that the AP model and the MCS
model cover different subspaces of the chemical space and they complement each other. The
hybrid model effectively utilizes both the MCS and the AP similarity information, and covers

a wider chemical space than any one of the other two models alone.
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Figure 4.1: Cross coverages between pairs of prediction models. The x axis is the number
of predicted positives over the total number of compounds in the dataset. The y axis is
one model’s coverage of another model (see Equation 4.3). For example, when 10% of the
compounds are predicted to be active, 82% of the compounds identified by the AP model are
also identified by the hybrid model. This means that under this condition the hybrid model’s
coverage of the AP model is 82%. This corresponds to point (10, 82) in the curve.
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Varying the MCS Coefficients

In addition to the absolute size of the MCS between structures, a normalized MCS size has
been considered in previous studies to measure similarity between a pair of structures (Bunke
and Shearer, 1998)). We performed tests using different MCS-based similarity measures, or

MCS coefficients. The following coefficients are included in these comparisons:

MCS(Gy,Gy)

, 4.4

max([G1 ], |Cal) )
MCS(Gy, G)

- , 4.5

min(|Gh], [Ga) )
MCOS(Gy, Gy)

4.6

TeN (+6)

Here, (5, is the chemical structure to be vectorized, and (55 is one of the basis compounds.
Each coefficient is also used to derive a hybrid model, which is included in the comparisons.
All the models have been tested using training sets of different sizes and multiple sets of 20
randomly selected basis compounds on both compound sets. Results are listed in Table {.2]
Data in Table {.2] suggests that the coefficient from Equation [4.5] exhibits in general the
best performance, although the advantage is marginal. When using only MCS information,
MCS c2 generates the best results in the NCI antiviral dataset, and close to the best results

in the NCI anti-cancer dataset. When both the MCS and the AP information are used, the
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Models

400

Training set size

2000

5000

10000

MCS
MCS cl
MCS c2
MCS ¢3

hybrid
hybrid cl
hybrid c2
hybrid ¢3

58.5(3.0)
58.8(3.1)
59.7(3.2)
59.2(2.7)
61.3(3.4)
60.1(3.3)
60.8(3.4)
60.2(3.2)

64.3(2.4)
65.2(1.7)
67.0(1.5)
65.8(1.7)
67.0(1.9)
66.6(1.6)
67.6(1.7)
67.0(1.7)

67.2(1.3)
68.2(1.4)
69.2(1.0)
68.5(1.1)
69.7(1.3)
69.4(1.3)
70.4(1.2)
69.9(1.2)

69.8(0.9)
70.0(1.9)
71.0(0.9)
70.5(1.9)
71.5(1.2)
71.8(1.7)
72.3(0.9)
72.3(1.2)

(a)

Models

300

Training set size

1000

2000

5000

MCS
MCS cl
MCS c2
MCS c3

hybrid
hybrid cl
hybrid c2
hybrid ¢3

60.0(2.8)
59.5(3.2)
59.4(3.1)
58.2(3.0)
62.7(3.2)
61.5(3.2)
61.7(3.5)
60.4(3.4)

64.5(1.8)
64.7(1.8)
64.6(1.8)
64.2(1.7)
67.6(1.8)
67.2(1.6)
67.4(1.7)
66.8(1.7)

66.8(1.7)
67.7(1.5)
67.5(1.5)
67.4(1.4)
70.4(1.4)
70.2(1.5)
70.7(1.3)
70.2(1.5)

69.9(1.3)
71.1(1.3)
71.0(1.2)
71.4(0.9)
73.8(1.2)
73.8(1.2)
74.4(1.1)
74.2(1.3)

Table 4.2: Average AUC values using prediction models based on different MCS coefficients
and different training set sizes. Standard deviations are given in parentheses. Table (a) lists
the result for the NCI antiviral dataset, and Table (b) lists the result for the NCI anti-cancer
dataset. The MCS model uses the absolute MCS sizes. The models MCS cI, MCS ¢2 and
MCS c3 use the MCS coefficients listed in Equations and respectively. The
hybrid model uses the absolute MCS sizes and the AP information. The models hybrid
cl, hybrid c2 and hybrid c3 use the MCS coefficients listed in Equations [{.4] {.5] and [4.6]

respectively, and the AP information.

(b)
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Number of basis compounds
20 40 60 80 100 120 140
AP 70.7 724 733 739 740 729 729
MCSc2 730 746 746 758 755 754 752
hybridc2 744 752 754 76.2 76.1 754 75.6

(@)

Models

Number of basis compounds
Models 50 40 60 80 100 120 140
AP 69.5 724 72.6 732 739 747 73.7
MCSc2 710 742 752 755 759 76.6 76.4
hybridc2 744 759 759 76.1 76.5 772 769

(b)

Table 4.3: Average AUC values using the prediction models with different numbers of basis
compounds. Table (a) lists the result for the NCI antiviral dataset, and Table (b) lists the
result for the NCI anti-cancer dataset. For the NCI antiviral dataset, 25000 randomly selected
compounds were used as the training set. For the NCI anti-cancer dataset, 5000 randomly
selected compounds were used as the training set.

hybrid c2 model (Equation 4.5) shows the best performance in both datasets.

Varying the Number of Basis Compounds

Another factor that might affect the performance of prediction models is the choice of the
basis compounds. In principle, the set of basis compounds should be as diverse as possible
and should cover the chemical space as thoroughly as possible. To evaluate the sensitivity of
our models regarding the choice of basis compounds, we performed a series of tests on both
compound datasets. We varied the number of basis compounds from 20 to 140 in increments
of 20 compounds. The obtained AUC values are listed in Table d.3]

The results in Table indicate that for all the listed models, the AUC values increase
with the number of basis compounds. This trend peaks at around 80 to 120 basis compounds.

After this, no significant improvement can be achieved. It is important to point out, that the
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Models hybrid c2  physicochemical-based  descriptor-based SUBDUE  SubdueCL FSG

AUC 82.3 47.3 72.1 58.5 65.2 79.4

Table 4.4: AUC values for different prediction models applied to the NCI antiviral dataset.
Hybrid c2 is our proposed hybrid model using the coefficient from Equation and 80
randomly selected compounds as basis compounds. Radial kernel function-based classifier
were used, with C' set to 64 and v set to 0.0625. The physicochemical-based method is
described in Deshpande et al.| (2005). The descriptor-based method combines 166 MACCS
keys from the MDL and Daylight fingerprints. SUBDUE (Holder et al.,|1994)) and SubdueCL
(Gonzalez et al., [2001) are methods based on heuristic substructure discovery. FSG is the
method proposed by Deshpande et al.|(2005) using topological subgraphs but not geometrical
subgraphs.

peak performance of each method in Table 4.3|should be used for comparisons between the

three methods, and not their performance within the same number of basis compounds.

Comparisons with Other Prediction Approaches

We compared the performance of our prediction models to results reported by |Deshpande
et al. (2005). In this study, the authors listed the prediction performance measured by the
AUC values of several representative approaches. The authors applied 5-way cross validation
to all models using several datasets, among which was the NCI antiviral dataset. To compare
our proposed approach with these models, we used the ROC Curve for Binary SVM tool to
calculate the AUC value of our proposed hybrid model by applying 5-way cross validation
on the NCI antiviral dataset. The result for our hybrid model is listed in Table 4.4 along with
the data reported by Deshpande et al.| (2005)).

According to these comparisons, our method outperforms all the methods listed in Table
4.4l In addition to its improved performance, our method uses a feature space with a much

lower dimensionality. Therefore, it is computationally less complex to train the SVM model
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and make predictions. For example, to achieve the performance exhibited in the table, the
FSG model used 18,542 features to represent a compound. The authors had to apply feature
selection to reduce this number to 2460. However, this feature selection step also reduced
the prediction quality and cut the AUC value to 78.5. In comparison, our method used only
160 features to achieve the better performance without requiring any feature selection step.
Furthermore, it is easy to incorporate other similarity measures into our hybrid model to fur-
ther advance its performance. For example, one can easily incorporate the similarity measure

used in FSG into our hybrid model.

4.7 Summary

This chapter describes the development of a simple generic scheme to apply virtually any
chemical similarity measure to machine learning models and applies it in building SVM
models based on MCS similarities to efficiently predict biologically active compounds. Us-
ing this scheme, it also established the increased predictive of power of combining multiple
similarity measures in a single hybrid model. Quantitative evaluations have shown the ef-
fectiveness of this model building technique and also the superior quality of MCS similarity
when used in predictive models alone and in combination of other similarity measures.
More specifically, the concept of basis compounds is proposed to easily integrate the
MCS-based similarity measure and other similarity measures in modern machine learning

techniques to form effective bioactivity prediction models. This concept allows for a vec-
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tor representation of chemical structures, similar to traditional fingerprint approaches, while
avoiding many drawbacks of the traditional fingerprint approaches. Finally, the derived vec-
tors are incorporated into SVMs to build prediction models of biological activities of com-
pounds.

Our experimental results show that the MCS-based similarity measure is more effective
in searching chemical databases than the well-known AP-based method. They also show that
the SVM models based on vectors derived from basis compounds are effective for identifying
bioactive compounds. Moreover, the MCS-based similarity measure complements the AP-
based measure effectively. Our proposed hybrid model, which combines the MCS and the AP
similarity measures, provides the most effective predictions in comparison with the existing

approaches.
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Chapter 5

High-Fidelity Embedding of Chemical

Structures

The basis compound concept introduced in the previous chapter is a simple yet powerful
technique to generate vector representations of chemical compounds based on arbitrary sim-
ilarity measures. Despite the lossy nature of the conversion, this numeric representation
captures important similarity information and at the same time brings extraordinary flexibil-
ity and possibilities. To enable and explore more interesting applications, this chapter aims at
demonstrating another technique to produce vector representation in Euclidean space. This
technique is less lossy, hence the name of high-fidelity embedding, and allows high-quality
reproduction of a chemical similarity value using the Euclidean distance between the cor-
responding vector pair. In additional to many applications that directly benefit from the

accelerated similarity calculation, adaptation in many more areas can be foreseen.
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5.1 Previous Studies on Embedding

Our goal of generating vector representation for chemical structure in Euclidean space which
can be used to approximate compound dissimilarities by the inter-vector distances is in line
with studies on embedding. Embedding objects in Euclidean space offers many benefits, such
as the possibility of accelerating nearest neighbor search. In addition, they are useful for all-
pair query approaches used in data visualization, clustering and data mining (Faloutsos and
Lin, [1995).

The problem of geometric embedding has previously been studied and applied to near-
est neighbor search in metric space. Three of the most widely used methods in this area
are multi-dimensional scaling (MDS; [Kruskal and Wish, |1978)), Stochastic Proximity Em-
bedding (SPE; Agrafiotis and Xu, 2002; Agrafiotis, 2003} Smellie et al., 2006) and FastMap
(Faloutsos and Lin, [1995). MDS is used to discover structures in data sets by representing
the relationships among its objects as spacial distances in a low-dimensional display plane.

Given a set of [V objects and their pairwise dissimilarities, MDS induces a D-dimensional
vector for each object such that dissimilarities among objects are preserved by the Euclidean
distances among the induced vectors. More specifically, the following stress function is

minimized:

Zi,j (d;j - di,j)2
Zi,j dzz,j 7

stress =

G.D

where d; ; is the dissimilarity measure between objects ¢ and j, and d;j is the Euclidean

distance between the two induced vectors for objects ¢ and ;.
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It is computationally expensive because it depends on the availability of all pairwise
dissimilarities among the objects in a data set. As a result, it becomes quickly infeasible
for compound databases with more than a few thousand entries.

Many variances of MDS have been proposed to solve the problem for large data sets.
Chang and Lee| (1973) selected from the whole data set a smaller number of representative
objects, called pivots, and applied classic MDS to this subset. The remaining objects were
then embedded to the same Euclidean space based on their distances to the pivots.

SPE is an alternative to MDS. As a self-organizing algorithm, SPE starts with an initial
assignment of data points to coordinates and carries out iterative pairwise refinement steps
by adjusting randomly selected pairs of coordinates to better approximate the corresponding
dissimilarity values. SPE is very efficient and is reported to scale linearly with the size of the
data set.

FastMap is another fast alternative of MDS with linear time complexity. The key idea of
the method is to consider the objects as unknown vectors in D-dimensional space. The algo-
rithm recursively projects these unknown vectors onto perpendicular lines, and uses known
dissimilarity values among the objects to calculate the required projections and vector coordi-
nates. It gains its computational efficiency by directly calculating the induced vectors rather
than iterative improvement steps used by most MDS implementations. In addition, it requires
only 2n + 1 dissimilarity computations for n objects, while MDS requires ”72 However, the
proper choice of the set of pivor objects used to compute perpendicular lines can be compli-

cated by the presence of large numbers of outlier compounds that are not similar to any other
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compounds in a compound library and will be selected as pivot objects by definition to result
in explosive number of dimensions.

Several studies have used these embedding methods in cheminformatics, but all of these
studies target a low-dimensional embedding space in small to medium size compound datasets.
For instance, Agrafiotis and Lobanov| (1999) reported an algorithm based on k-dimensional
(or k-d) trees for diversity analyses, and mentioned the possibility of using MDS to generate
low-dimensional vector representations to feed into the k-d trees. The method was tested
using 10,000 artificial points of at most eight dimensions. Shi et al.| (2000) investigated the
use of several embedding and dimensionality reduction techniques to visualize 70,000 anti-
cancer drugs in 2D space. Many methods used in these studies, such as principle component
analysis (PCA) (Meglen, |1992) even serves the specific purpose of reducing the dimensional-
ity of vector data. By using a low-dimensional representation, these studies traded precision

in data representation for manageability and ease of processing in applications.

5.2 Modified MDS for Embedding

5.2.1 Overview

The goal of this study is to design an embedding method to produce high-dimensional vector
representation of chemical structures that is accurate enough to preserve inter-molecule sim-
ilarity and scalable enough to comfortably process large compound dataset with millions of

entries. The initial steps of the embedding procedure are similar to the method from Chang
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and Lee|(1973), but it differs significantly in its final optimization steps. The method starts
by dividing all compounds into two sets: a small reference compound set and a much larger
target compound set. The reference compound set is a user-definable parameter that can be
generated by maximum diversity or random selection methods of compounds in a given li-
brary. Traditional MDS is applied to obtain the coordinates of the induced reference vectors
for the reference compounds. Subsequently, an induced target vector is obtained for each
target compound by computing the vector coordinates that can best preserve its dissimilarity
to all reference compounds. More specifically, for the ¢th target compound o;, the following

stress function is minimized:

R
stress = |Z|: (d(os, ;) — d(zs,75))°. (5.2)

j=1
In this equation, d(o;, ;) is the dissimilarity value between target compound o; and reference
compound 7;. The variable r; is the coordinate of the jth induced reference vector obtained
by applying MDS to the reference compounds. The unknown coordinate of the ith target
vector is x;, and d(a:l, 7;) gives the Euclidean distance between x; and 7';. By minimizing the
stress function with a global optimization algorithm, the coordinate x; can be computed so
that it best preserves the dissimilarities from target compound o; to all reference compounds.
The L-BFGS-B algorithm from [Zhu et al. (1997) is used to obtain the induced vectors

for each target object by minimizing the above stress function. The algorithm is a general

method for non-linear optimization with bounded constraints. It can minimize any non-
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linear function of n variables, each of which is bounded by lower and upper bounds. We
utilize this method to obtain the induced vectors of compounds by bounding each element
of the vector in the [—1, 1] region after the coordinates of the reference vectors are centered.
The correctness of this bound is because Tanimoto similarity coefficient which can only take

values between O and 1.

5.2.2 User-defined Parameters

Two very important parameters in our modified version of the MDS algorithm are the number
of dimensions D and the reference compound set. Large D values will not increase the
minimum value of the stress function, and thus will never negatively impact the embedding
quality. To maximize the embedding quality, our method can be used with conservatively
large D values of over 100, but at the expense of longer computation times for both the
embedding and the downstream similarity searches. Often D values above 100 may not
be necessary for many types of molecular descriptors (e.g. physicochemical), due to their
frequently high redundancy and correlation among each other (Agrafiotis and Xu, 2002). It
might also be possible to take advantage of low intrinsic dimensionality of some similarity
measures, using methods such as ISOMAP (Tenenbaum et al., 2000) and Locally Linear
Embedding (LLE; Roweis and Saul, 2000). However, our tests using ISOMAP with atom pair
descriptor also showed that D values above 100 may still be necessary for some molecular
descriptors to achieve satisfactory accuracy.

The reference compound set is the second important parameter for our approach. The size
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of the set, R, directly controls the complexity of the stress function. Therefore, the larger the
reference compound set, the longer the embedding time. Furthermore, both the size and the
composition of the reference set have an influence on the embedding quality. This is because
the induced reference vectors serve as similarity landmarks to position each target compound
in the embedding space according to its dissimilarity profile to all reference compounds.
To minimize ambiguous placements, the reference set should ideally be chosen as diversely
as possible and cover the entire chemical space of the target compounds. However, our
benchmark tests for structure similarity searching and clustering, have shown that randomly
selecting reference compounds is sufficient to obtain robust results (see Section [6.4.3)). This
is partly because I? is usually much larger than the number of D). Due to this redundancy,
choosing one or several suboptimal reference compounds will not have a great impact on the
embedding quality.

Moreover, it is important to identify the smallest values for R and D that can achieve
satisfactory accuracy. Increasing either value will result in longer processing time. This does
not only apply to the embedding of the compound database, but also to every query struc-
ture used in similarity searches, because both components have to go through the embedding
process. This slightly offsets the time saving gained by the other parts of the algorithm.
Agrafiotis et al.| (2001) presented a neural network-based method that could reduce the em-
bedding time of our method significantly. However, in our tests we were not able to achieve
embedding qualities with this method that were sufficient for similarity search and clustering

applications. This is shown in Table[5.1]
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#Pivots vy Recall
top 10 top 100
1 13.0% 2.5%
2 135% 3.6%

15 144%  6.2%
10 15.6% 9.7%

30 194% 20.0%

I 120% 1.0%

12.1%  1.3%

700 122%  2.2%

10 123% 3.6%
30 13.0% 6.1%

Table 5.1: Embedding quality of a non-linear mapping network method benchmarked by
recall rates of similarity searches. An embedding algorithm known as non-linear mapping
networks (Agrafiotis et al.,[2001)) was implemented using the nnet package in R 2.10. The
input to the network is a set of similarity keys, which are obtained by comparing a compound
to a set of pivot compounds. The embedding experiments were performed with the NCI
data set using different numbers of pivots and 3000 randomly selected compounds to train
the network. Each compound was embedded into a 100-D vectors. With these embedding
results, 1000 random similarity searches were carried out using different relaxation ratios .
The table lists the average recall rates that were achieved in these tests. Both recall rate and

relaxation ratio are defined in Section@
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5.2.3 Comparison with Previous Methods

Compared to the quadratic time complexity of traditional MDS methods, our algorithm offers
large time savings. Given similar distributions of pairwise dissimilarities and a fixed number
of reference compounds, the running time of the above embedding algorithm is roughly linear
to the number of compounds. Because each target compound is processed independently, our
method can be easily parallelized on computers with multiple CPU cores or compute clusters.
This is a very desirable feature when processing very large compound databases.

The related SPE method is in its current form less effective for processing very large
data sets because of the challenges involved in implementing a parallelized version of this
algorithm. Our tests with a publicly available implementation of the SPE algorithm show
that its unparallelized compute times on very large data sets with millions of compounds are
too long to obtain embeddings of high enough qualities to perform accurate nearest neighbor
searches with acceptable recall rates (see Table [5.2)).

Though reference compound set in our method is similar in concept to pivot objects
employed by FastMap, the selection of reference compounds is far less stringent and far more
resistant to the impact of outlier compounds. By randomly selecting reference compounds
instead of rationally calculate them, the outlier compounds will not create unnecessary extra
dimensions. (They are instead grouped together.) Due to the redundancy in the reference
compound set, making suboptimal choice in selecting reference compounds will not have a

great impact on the embedding quality.
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#Dimensions #Steps Average Embedding Time Recall

(in second per compound) top 10 top 100

1,000,000 0.012 103%  2.6%

’ 5,000,000 0.054 102%  2.9%

10,000,000 0.099 104%  3.0%

32,000,000 0.286 102%  3.3%

50,000,000 0.432 103% 4.4%

1,000,000 0.012 13.3% 21.4%

120 5,000,000 0.063 55.5% 80.0%
10,000,000 0.116 77.8% 91.2%

20,000,000 0.179 88.7% 95.4%

32,000,000 0.340 942% 97.6%

50,000,000 0.535 97.0% 98.8%

Modified MDS (120D) 0.259 97.9% 96.4%
Modified MDS (120D) 0.146 95.9% 95.0%

Table 5.2: Embedding efficiency and accuracy of SPE-based embedding method compared
to EI’'s modified MDS method. The table gives the average per-compound embedding times
and recall rates for the NCI data sets when using the SPE algorithm or EI’s modified MDS
method. Embedding with SPE was carried out using different number of output dimensions
and different number of steps (first and second column). Recall rates, as defined in Section
[0.4.3] are given for searches of the 10 and 100 most similar neighbors of 1000 randomly
selected query compounds. Relaxation ratio is set to 30 in all tests. All experimental param-
eters for the SPE method were chosen according the recommendations from |Agrafiotis and
Xu! (2002). The corresponding results from our modified MDS algorithm are given in the last

twWO rows.
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5.3 Implementation

We implemented the modified MDS algorithm as C++ programs. Internally, it uses the L-
BFGS-B library (Zhu et al., |1997) for the global optimization step in the embedding pro-
cedure. In our tests, we used 1ibmcs and 1ibap as implementations of MCS- and atom
pair-based similarities, both described in Chapter [/| for computation of chemical similarity.
To also include in our tests one of the most widely used fingerprint methods, we employed the
fingerprint descriptors used by PubChem and utilized a fingerprint implementation provided
by the NIH Chemical Genomics Center| (2009). An embedding and evaluation workflow pro-
gram has been created using the Python programming language. This allows us to perform a

large number of automatic tests of our modified MDS algorithm in a number of settings.

5.4 Evaluation

5.4.1 Data sets and Testing Platform

To test the performance of the proposed method, benchmark comparisons for embedding
were performed using the publicly available compound structures from NCI and PubChem.
The NCI data set consisted of 260,071 compounds. After removing entries that did not gen-
erate any usable atom pair descriptors, 260,027 compound structures were used from this
collection. From PubChem we used the structures from the PubChem Compound data sets.

From this collection we selected two sets: one subset consisting of 2.3 million compounds
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with at least 5 non-hydrogen bonds (PubChem Subset) as well as the entire PubChem Com-
pound library as of May 2009 with over all 19 million compounds (PubChem Compound).
The tests were performed on a Linux computer equipped with Xeon CPUs clocked at 2.4
GHz and 16 GB of RAM. For parallelized computations, a computer cluster was used with
the exact same hardware configuration per compute node. Compute times are given as total

CPU hours throughout the text.

5.4.2 Time Efficiency of Embedding

First, we evaluated the running time of our modified MDS algorithm for different parameters.
For this, the compounds from all three data sets were embedded into a high-dimensional

Euclidean space.

Time efficiency with respect to the size of the data set

Our results show that the time required for embedding increases almost linearly with the
number of compounds in the library (see Table[5.3]in Supplementary Materials). The average
time to embed one compound varies only slightly across the three data sets and is below 0.3
seconds using a practical parameter set. Because the embedding algorithm processes each
compound independently after applying MDS to the reference compound set, it is trivial to
further reduce its computation time by using a compute cluster. In our experiments, it took
around 10 minutes to process the 260,027 compounds of the NCI data set using 87 CPUs.

Similarly, the 19 million compounds of the PubChem Compound library could be processed
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Data set NCI  PubChem Subset PubChem Compound

Size 260,071 2,288,680 19,629,027
Embedding time
Total (hours) 18.72 179.24 1543.83
Per-compound (seconds)  0.259 0.282 0.284

Table 5.3: Processing time for embedding. The table gives the time required for embedding
each compound library as well as the average time required per compound. All experiments
were performed on the same hardware using the same parameters (R=300 and D=120).

in less than one day using 80 CPUs.

Time efficiency with respect to the embedding parameters

As discussed above, the number of dimensions D and and the number of reference com-
pounds R are the two main factors that will affect the embedding time. To estimate their
impact, we randomly selected from the NCI library seven reference compound sets with
sizes ranging from 240 to 800 compounds. These reference sets were used in independent
test runs of our embedding algorithm where D was set to a fixed value to study the influence
of R on the total CPU time. Similarly, to model the impact of D, the value of R was fixed
to three times the value of D and the total CPU time was collected using D values ranging
from 120 to 260. These ranges were chosen to ensure high quality embedding, but also to
keep the computation within manageable time limits. Our test results, shown in Figure [5.1]
indicate that the total CPU time of our method grows linearly with 2, and exponentially with
D. Based on this time behavior, the values for R and D should be chosen as small as possi-

ble, but large enough to maintain an embedding quality that is sufficient for the downstream
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Parameters Average Embedding Time Recall
(in second per compound) top 10 top 100

FACTR=10'°, PGTOL=0.001 0.526 98.0% 97.0%
FACTR=10'2, PGTOL=0.010 0.259 97.9% 96.4%
FACTR=10'%, PGTOL=0.040 0.146 95.9% 95.0%
FACTR=10'¢, PGTOL=0.100 0.035 86.9% 85.7%

Table 5.4: Processing times for the embedding step using different optimization parameters.
The table gives the average per-compound embedding times for the NCI data set using the
indicated optimization parameters for the L-BGFS-B algorithm. All experiments were per-
formed on the same hardware using the same parameters (retrieval of top 100 compounds by
performing 3000-nearest-neighbor search in the embedding space. =300 and D=120).

similarity search and clustering steps (see below).

Time efficiency and global optimization parameters

Solving the global optimization problem accounts for most of the embedding time. There-
fore, the parameter choice of this step has a great impact on the time efficiency of the em-
bedding step of our method. Using less stringent termination conditions for the L-BFGS-B
algorithm, will typically reduce the embedding time, but at a cost of embedding quality. For
example, the average time to embed one compound could be easily cut in half with a small
loss in accuracy (see Table [5.4)). Although the preprocessing of new data sets is time con-
suming, our method is relatively flexible with respect to adding new entries to an already
preprocessed library. Because all entries are embedded independently, one can easily add
new ones without repeating this process for the entire data set. This meets the work flow
requirements of many large compound databases, where minor updates occur frequently, but

major revisions are rare.

79



CPU time (hours)

CPU time (hours) (log scale)

60

50

40

30

20

200

100

50

7

s

s

300

T
400

T
500

T
600

T
700

Number of reference compounds with 140 dimensions

(a)

800

120

140

160

180

T
200

T
220

Number of dimensions

(b)

T
240

T
260

Figure 5.1: Embedding time and parameters. The graphs show the impact of the sizes of
reference compound set R |(a)land the number of dimensions D |(b)|on the total CPU time re-
quired for embedding the compounds from the NCI data set in a high-dimensional Euclidean
space. In graph @ R was set to three times the value of D.
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5.4.3 Quality of Embedding

As pointed out by previous studies, embedding metric representations of objects in Euclidean
space may reduce the accuracy of nearest neighbor searches (Fu et al.,|2000). However, when
the parameters for our embedding method are chosen properly, the method is accurate enough
to be used in the pre-screening step of similarity search (as shown in Section [6.4.3). As a
performance test of the embedding step, we randomly selected 10 million compound pairs
from the NCI data set, computed their atom pair-based Tanimoto similarity coefficients and
compared them with the corresponding distance values obtained from the induced vectors.
The two data sets were highly correlated, as indicated by a Pearson correlation coefficient of
0.79. Additionally, the agreement among the data sets was evaluated by grouping the Tani-
moto coefficients into ten similarity intervals from 0-1 using increments of 0.1. Subsequently,
the distributions of the vector distances for each interval were plotted in form of box plots. In
this representation a low degree of overlap among the boxes from adjacent intervals indicates
a strong agreement between the two methods. The box plots obtained from our tests, shown
in Figure suggest only a moderate overlap among adjacent intervals, and only minor to
no overlap among more distant intervals. This indicates a strong agreement among the two
methods for the majority of the compounds with some inconsistencies at the interval bound-
aries, but for a much smaller number of cases. For example, for high Tanimoto similarities
ranging from 0.8 to 1, the similarities of the corresponding vectors pairs (1 — distance) fall
all into a very narrow range of 0.75-1.0. The two methods also agree very well in the low

similarity range. This is indicated by the fact that 98.17% of all compound pairs with a Tani-
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moto coefficient <0.4 are placed into a very similar range (<0.38) in vector space. Based on
these results, our embedding method appears to preserve well separated ranges of Tanimoto

coefficients in a robust manner.

5.5 Summary

This chapter demonstrates modified MDS, an efficient and effective algorithm that scales
linearly to size of the dataset and can comfortably process large compound datasets with
millions of entries. Built to avoid the quadratic time complexity of traditional MDS, modi-
fied MDS also outperforms many MDS alternatives in terms of scalability through straight-
forward parallelism and resistance to the impact of large numbers of outlier compounds in
databases. It is shown to generate high-quality embedding that preserves groups of similar
compounds in the embedding as neighboring points in the high-dimensional space. Such re-
sults are valuable in applications such as building an efficient pre-screening step for similarity
search.

In addition, this chapter provides a detailed study on the user-defined parameters of the
modified MDS method. After establishing the relationship of these parameters to the compu-
tational time, it identifies a set of parameters suitable to be used with atom pair-, PubChem
fingerprint- and MCS-based similarity. A few observations suggest potential rules in choos-
ing these parameters in other applications and databases.

In evaluating the quality of embedding, nearest neighbor search in the embedding space
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Figure 5.2: Embedding accuracy. The box plots compare the compound-to-compound dis-
tances obtained from the embedding method with the corresponding Tanimoto similarities
for ten intervals ranging from 0-1.
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is performed in lieu of chemical similarity search in the chemical space. The high recall
rates and precisions achieved in real chemical databases suggest that the generated vector
representations faithfully preserve the similarities between related structures. This and the
computational efficiency collectively demonstrate that our high-fidelity embedding provides
a valuable tool to generate high-quality vector representation of compounds that can benefit

many applications.
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Chapter 6

Accelerating Structure Similarity Search

and Clustering

Similarity searching and clustering of chemical compounds by structural similarities are
among the most important approaches in cheminformatics. Most algorithms available for
these tasks are limited by their speed and scalability, and cannot handle today’s large com-
pound databases with million of entries. The practical value of MCS-based similarity intro-
duced in Chapter 3] for example, is plagued by the intractable computation complexity of
applying it in similarity search and clustering applications. This chapter describes an novel
approach to accomplish fast similarity search and clustering by integrating high-fidelity em-
bedding with locality sensitive hashing technique. Accomplishing significant efficiency en-
hancement in these applications is a success in itself and also highlights the usefulness of

high-fidelity embedding technique introduced in Chapter [3]
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6.1 Bottleneck in Similarity Search and Cluster Analysis

A variety of structure similarity search methods are available (reviewed by Willett et al.,
1998). Unfortunately, they are often not fast enough for systematic analyses of very large
compound collections with millions of compounds. This is because most of these methods
sequentially compare a query structure against all entries in the database and then rank the
results by a chosen scoring system, and thus the cost to perform similarity searches grows
linearly with the size of the compound database. Therefore, more efficient and sophisticated
search methods need to be developed to utilize the available chemical space efficiently.
Clustering of compound sets is essential on practically all stages of the discovery pro-
cess of bioactive compounds (reviewed by Downs and Barnard, 2002). Commonly, structure
similarity-based clustering utilizes the pairwise similarity measures generated by the above
compound search methods to partition the data into discrete groups of similar compounds.
An example is Jarvis-Patrick clustering, which is among the most widely used clustering
methods in cheminformatics (Willett, [ 1987)). Alternatively, they can be used to build hier-
archical trees that represent the similarity relationships among all items in a compound data
set. One of the main challenges in this area is the difficulty to cluster the millions of com-
pounds structures that are currently available in the public domain. This is because many
cluster analysis approaches multiply the complexity of a chosen similarity search method by
the number of compounds in the data set. They often require the calculation of all-against-all

similarities for the compounds under investigation and the computational cost grows quadrat-
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ically with the size of the data set. Therefore, novel clustering methods need to be developed
for exploring this vast chemical space efficiently.

A few methods have been proposed to accelerate nearest neighbor searching in compound
databases. Agrafiotis and Lobanov|(1999) reported an algorithm based on k-dimensional (or
k-d) trees for diversity analyses. This problem is relevant to clustering (Bentley, |1975) and
the method can possibly be adopted to nearest neighbor searching. It works by representing
each chemical compound as a multi-dimensional vector and organizing the compound data
set in a k-d tree structure to speed up diversity analyses. However, the vector representa-
tion used is very limited and the k-d tree cannot handle high-dimensional vector data. Later
the authors proposed a new data structure called p-tree to perform guided nearest neighbor
search of compounds in general metric space (Xu and Agrafiotis, 2003). A u-tree organizes
the database in recursively partitioned Voronoi regions and represents these partitions as a
tree. The method greatly reduces the number of similarity comparisons required for nearest
neighbor search by applying an efficient branch and bound strategy. As a distance-based
indexing method, the p-tree approach does not require the compounds to be represented as
multi-dimensional vectors. However, it requires the similarity measure used to be a metric.
Swamidass and Baldi| (2007) used upper bounds on similarity measures for structural fin-
gerprints to reduce the number of molecules that need to be considered in nearest neighbor
searches. Later, Baldi et al.| (2008) employed tighter bounds to achieve further time savings.
These latter two methods have been designed to be used only with fingerprint-based similar-

ity measures. Recently, Dutta et al.| (2006) utilized locality sensitive hashing (LSH) to hash
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chemical descriptors so that points close to each other in the descriptor space are also close
to each other in the hashed space. They achieved similarity search that was at least 2 order
os magnitude faster than traditional sequential scan-based search. However, their method
is only applicable to structural descriptors with limited dimensions and Euclidean distance
measure.

A variety of data structures and algorithms have been proposed to accelerate nearest
neighbor search in multi-dimensional Euclidean space (reviewed by Bohm et al., 2001).
These methods, often referred to as Multidimensional Access Methods (MAMs), have not
been widely used in similarity searching and clustering of chemical compounds. The reason
for this may be the popularity of non-Euclidean similarity coefficients in chemical structure
similarity searching, which are not immediately compatible with MAMs. Moreover, Fu et al.
(2000) reported that the embedding of the generic metric space into multi-dimensional space

can introduce considerable inaccuracy in nearest neighbor search applications.

6.2 El-Search

6.2.1 Assisted Nearest Neighbor Search

We designed an efficient similarity search algorithm that accomplishes dramatical accelera-
tion by taking advantage of a spatial index based on Locality Sensitive Hashing (LSH) (Datar
et al.l 2004} (Gionis et al., [1999; [Shakhnarovich et al., [2005; [Lv et al., 2007)). Unlike Dutta

et al.| (2006)’s study, which also employs LSH, El-Search capitalizes on our high-fidelity
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embedding method described in the previous chapter to achieve high degree of compatibil-
ity with similarity measures and scalability in working with large compound dataset with
millions of entries.

The algorithm works by assisting structure similarity search with a proper companion
nearest neighbor search. After the compounds are embedded into the D-dimensional Eu-
clidean space using our high-fidelity embedding method, a structure similarity searches will
be prefixed with an assistant nearest neighbor search in the embedding space. For this, the
query compound is embedded into the same D-dimensional Euclidean space. Subsequently,
the corresponding induced vector is used to perform a nearest neighbor search in the em-
bedding space. The result of the assistant search will be used to retrieve a small candidate
compound set from the original compound dataset. The actual structure similarity search will
then take place in the candidate set instead of the whole compound dataset.

This search method offers great time savings and flexibility for similarity searches be-
cause of two major reasons. First, compared to other similarity measures used for comparing
compound structures, Euclidean distances can be calculated very efficiently. Therefore, us-
ing an assistant search with small overhead to avoid sequential scan of the whole dataset can
often dramatically reduce search time. Second, many MAMs can be employed in the nearest

neighbor search to further improve its time efficiency.
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6.2.2 Further Speedup through MAMs

Although many MAMs have been proposed to speed up the nearest neighbor search problem,
most of them are affected by the dimensionality problem, often referred to as the curse of di-
mensionality. This is the phenomenon that for various geometric search problems, including
nearest neighbor search, the best algorithms known have performance trends that degrade ex-
ponentially with an increase in dimensionality (Weber et al., [ 1998)). Our tests also confirmed
that the SR-tree method (Katayama, 1997) becomes slower than sequential scans of the data
set as soon as D is set to values greater than 100. However, our tests also indicated that
the dissimilarities between compound structures can only be preserved reliably with large D
values of at least 100. Thus, it is important for our method to combine high-dimensional
embedding and an indexing method that are both insensitive to the dimensionality problem.
It has become increasingly popular to use the approximate nearest neighbor search in
high-dimensional space to avoid the dimensionality problem. One of these approximation
approaches utilizes a spatial index using Locality Sensitivity Hashing (LSH) to perform fast
nearest neighbor search in Euclidean space. LSH uses a family of hashing functions to map
database objects into buckets. It is designed to join related items based on a given similar-
ity measure with high probability. Accordingly, many hashing functions vary with respect
to their similarity measures. For example, |Gionis et al.| (1999) introduced in the original
LSH paper a bit sampling-based LSH approach that uses the Hamming distance measure.
Datar et al.| (2004) proposed an LSH scheme for p-stable distributions along with Euclidean

distances. However, so far no hashing functions have been developed for the similarity mea-
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sures that are commonly used for comparing compound structures. This limitation can be
addressed by embedding compounds in Euclidean space and building for them a spatial in-
dex using induced vectors in embedding space.

Taking advantage of the above embedding and the LSH-based spatial indexing approaches,
we designed an efficient approximate compound structure similarity search algorithm. This
algorithm is named EI-Search after its two key components: embedding and indexing. The
algorithm first pre-processes the compound data set by embedding it into a high-dimensional
Euclidean space and generating a spatial index using LSH. When searching for £ compounds
that are most similar to a given query compound, a two-step approach is employed to reduce
the error introduced in the embedding process and the approximate nearest neighbor search.
First, the query compound is embedded in the same Euclidean space. The resulting induced
vector is then used in an index-assisted nearest neighbor search of the embedding space to
retrieve a candidate set consisting of 7y - k vectors that are most similar to it. The relaxation
ratio vy 1s a user-defined parameter that controls the trade-off between processing time and
search accuracy. Larger values for «y result in larger candidate sets and possibly higher accu-
racy, but at the cost of longer search times. Second, a refinement step applies exact structure
similarity searches to the candidate set obtained in the first step. This allows the selection of

the final £ compounds that are most similar to the query structure.
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6.2.3 Advantages of EI-Search

Compared to commonly used structure similarity search methods, EI-Search has several ad-
vantages. The most important ones are its time efficiency and compatibility with a wide
range of similarity measurements. This makes the method potentially useful for accelerating
similarity searches of a variety of data objects that are of relevance to many life science and

non-life science areas.

6.3 EI-Clustering

In addition to similarity searching, Euclidean space representations can be used for clustering
large data sets very efficiently. For example, spatial join can be used to perform single linkage
clustering by finding all vector pairs which are separated by a distance below a given thresh-
old (Brinkhoff et al., |[1993). The nearest neighbor information required for Jarvis-Patrick
clustering can also be obtained very efficiently in Euclidean space by using an efficient algo-
rithm for the all-nearest-neighbors problem (Vaidya, |1989).

In this paper, we introduce a new clustering method, EI-Clustering, that takes advantage
of the accelerated search speed provided by EI-Search to cluster very large sets of chemical
compounds under the Jarvis-Patrick clustering framework. Jarvis-Patrick clustering requires
a nearest neighbor table, which consists of p nearest neighbors for each compound in the data
set. This information is then used to join compounds into clusters that share at least m nearest

neighbors. The values for p and m are user-defined parameters. In case of EI-Clustering,
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the EI-Search method generates the nearest neighbor information for each compound in the
data set. The resulting nearest neighbor table is then used as direct input for Jarvis-Patrick
clustering. When clustering very large data sets, EI-Clustering is particularly efficient due to

its fast computation of the nearest neighbor table.

6.4 Evaluation

6.4.1 Implementation

We implemented the EI-Search and EI-Clustering algorithms as C++ programs. Internally,
they use the modified MDS implementation introduced in Chapter [S| For the LSH-based
spatial indexing, we utilized the Ishkit library that implements the MPLSH algorithm, a vari-
ant of LSH that requires fewer hash tables and offers large space savings as well as shorter
query time (Lv et al.,2007). Similar to evaluation of our high-fidelity embedding method, we
used 1ibmcs and 1ibap as implementation of MCS- and atom pair-based similarities, and
utilized the PubChem fingerprint implementation provided by the NIH Chemical Genomics
Center (2009). Jarvis-Patrick clustering was performed with a custom program implemented

in C++.

6.4.2 Data sets and Testing Platform

We used the same data sets and testing strategy as in Chapter 5]
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6.4.3 Accuracy of EI-Search

To further examine the accuracy of the EI-Search method for compound similarity searching,
we implemented an EI-Search program and tested it with different parameters. The accuracy
of EI-Search is measured by the recall rate. When retrieving the & most similar compounds
to a query structure, the recall rate is defined as the percentage of compounds obtained with
El-Search that are also returned by sequential search methods. To evaluate the impact of the
different parameters used by EI-Search, the program was run using different values of D, R,
k and 7. In each run, the recall rates for 1000 random queries from the NCI data set were
calculated.

First, we compared the recall rates when searching for the k£ most similar compounds
with different R and v values while the values of k and D were fixed. Figure shows
the results for constant £ and D values of 100 and 140, respectively. The results indicate
that increasing v from 1 to 50 results in a significant improvement of the recall performance,
while this effect starts to plateau off at values of greater than 20. With respect to the number
of reference compounds R, the recall rate increases from values 240 to 420. Based on these
results, a good empirical choice for R is between two and three times the value of D. Another
observation is the fact that the effect of R diminishes for « values above 20. In other words,
large enough v values can compensate a suboptimal choice of R. For example, when  was
set to 20, and k to 100 and D to 140, the best and worst recall rates were 97.87% and 97.35%,
respectively. This corresponds to a difference of only 0.52%.

Similarly, we investigated the correlation between the recall rates and the values of D
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Figure 6.1: Recall rates of the EI-Search method. Panel |(a) provides the recall rates of EI-
Search using different relaxation ratios vy and numbers of reference compounds R. Both
recall rate and relaxation ratio is defined in Section [6.4.3] Panel [(b)| shows the same data for
variable v and D values. In panel the chosen R values for each v were: 240, 300, 360,
420, 500, 560, and 800, and 260 (from left to right). In panel the D values were: 40, 60,
80, 100, 120, 140, 160 and 180.
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and . According to the results from the previous tests, the R values were always set to three
times the values of D. When searching for the k£ most similar compounds the recall rates
were collected for different D and v values while the value of £ was fixed. Figure in
the Supplementary Materials shows the results for a £ value of 100. These results indicate
that the recall rates consistently improve with the number of dimensions. This effect is much
stronger for smaller 7 values. For example, when k& was set to 100 and + to 1, then the recall
rate could be improved from 58.35% to 65.57% for D values of 120 and 260, respectively.
For large ~ values above 100 this effect is again much less pronounced. While larger -y values
will result in an increase in processing time, their impact is less severe than increasing the
value of D). Accordingly, we chose in the subsequent experiments the [ values as small
as possible and the  values as large as necessary to maintain both high accuracy and time

efficiency of the method.

6.4.4 Time Efficiency of EI-Search

While maintaining high recall rates, EI-Search was able to greatly reduce the time for per-
forming structure similarity searches in large compound databases. To examine the time
efficiency of EI-Search, 1000 random queries were performed on each of the three data sets
using first the EI-Search program and then exhaustive sequential searches with the atom
pair and fingerprint similarity search programs. For each comparison we used for EI-Search
the same descriptor type as for the sequential search methods. The query compounds were

randomly selected from the data set. To obtain realistic search results, the 100 most simi-
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Table 6.1: Performance tests of EI-Search. Search times and recall rates are listed for search-
ing three large compound sets with EI-Search and the sequential search methods. The same
descriptor type was used for each comparison pair. The experiments were performed on the
same hardware using the same embedding and relaxation parameters (R=300, D=120 and
~v=30). The LSH parameters were supplied by Ishkit.

Data set NCI PubChem Subset  PubChem Compound
Descriptor type ~ Atom Pair Atom Pair Atom Pair Fingerprint
Average search time (seconds)
Sequential search 0.800 11.570 93.121 19.658
El-Search 0.067 0.170 0.427 0.499
Recall of EI-Search (%)
Mean 99.95 99.60 97.38 96.32
Standard deviation 0.44 1.82 5.61 11.54

lar compounds with a minimum similarity of 0.5 were retrieved for each query. Atom pair
descriptors combined with Tanimoto coefficients were used as similarity measure. For the
PubChem Compound library, we also included in the tests the Tanimoto similarities of Pub-
Chem’s fingerprints. According to the above parameter optimization results, we used in all
tests the following settings: R=300, D=120 and y=30. The obtained search times and recall
rates are listed in Table

Several conclusions can be drawn from Table [6.1] First, in comparison to the highly
accurate atom pair method, EI-Search achieves in the atom pair descriptor tests very high
recall rates ranging from 97.38% to 99.95%. In comparison to the fingerprint method, the
recall rate of the corresponding EI-Search is slightly lower with 96.32%. The reason for
this reduction may be the fact that fingerprints provide less accurate similarity measures than
atom pairs (Chen and Reynolds,2002)). This could result in less robust rankings of the nearest

neighbor search results, and therefore a slightly lower recall rate is reasonable. Second, EI-
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Search provides significant time savings for nearest neighbor searches. For example, the
average time required to search the >19 million compounds of the PubChem Compound data
set is reduced for the atom pair approach from over 93 to less than 0.5 seconds, and for the
fingerprint method from over 19 to less than 0.5 seconds. This corresponds to accelerations
by our EI-Search method of over 200 and 40 folds, respectively. Third, while the search
time for the exhaustive sequential search methods increases linearly with the size of the
databases, this increase is less than linear for the EI-Search method. For instance, searching
the PubChem Subset data set with EI-Search takes on average only 2.5 times longer than
searching the NCI data set, that has one ninth of the size of PubChem Subset. Finally, another
outstanding feature of EI-Search is the fact that its search speed is much less impacted by the
complexity of the similarity measure used for database searching than this is the case for
the exhaustive methods. For instance, the switch from the fingerprint similarity measure
to the more computationally expensive atom pair similarity measure results only in a minor
increase of El-search’s query time, while it is a more than four fold increase for the exhaustive

sequential search methods.

6.4.5 Accuracy and Time Efficiency of EI-Clustering

To test the performance of our EI-Clustering method for partitioning large compound sets,
we clustered all three compound sets with the Jarvis-Patrick algorithm. The required nearest
neighbor tables were generated with EI-Search and the exhaustive sequential search methods.

El-Search was run with the same embedding and searching parameters (2=300, D=120 and
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Table 6.2: Performance tests for EI-Clustering. The table compares the time and accuracy
performance of EI-Clustering with Jarvis-Patrick clustering when using exhaustive search
methods for generating the required nearest neighbor information. The compute time is given
in hours of total CPU time. The agreement among the clustering results is given in the last
row in form of Jaccard partition coefficients. Clustering of the PubChem Compound data set
was not possible with the exhaustive search methods due to their insufficient performance on
this large data set.

Data set NCI PubChem Subset  PubChem Compound
Similarity Measure ~Atom Pair Atom Pair Atom Pair Fingerprint
Total clustering time (hours)

Jarvis-Patrick 72.9 7355.6 N/A N/A
EI-Clustering 3.5 92.2 1517.2 2869.71
Jaccard Coefficient ~ 0.9913 0.9887 N/A N/A

~v=30) as in the previous section. The LSH parameters were slightly changed to achieve
higher accuracy. The process of generating the nearest neighbor tables was parallelized on
a computer cluster. For each clustering result the total search time was calculated for all
utilized CPUs. To measure the agreement among the clustering results, we computed the
Jaccard partition coefficient for each pair of clustering results (Table[6.2). Jaccard coefficients
close to 0 indicate low similarities and values close to 1 high similarities among the evaluated
cluster sets.

The results in Table show that the EI-Clustering method can dramatically reduce
the processing time of the Jarvis-Patrick clustering approach while maintaining a high level
of agreement with the results obtained by Jarvis-Patrick clustering with exhaustive nearest
neighbor search methods (Jaccard coefficients >0.98). The total CPU time to process over
2.3 million compounds from the PubChem Subset could be reduced from over 306 days to

just 4 days. This is a major improvement, because it makes it feasible to cluster millions of
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compounds in a few days on a regular workstation or in a few hours when a small computer
cluster is available. By running EI-Search on 80 CPUs on a computer cluster, we were able to
cluster the entire PubChem Compound library in only one day. Because EI-Clustering spends
most of the time running EI-Search which runs in time sub-linear in the size of the data set,
the compute time of EI-Clustering is sub-quadratic to the size of the data set. Therefore,
EI-Clustering scales much more efficiently to larger data sets than traditional methods. The
superior speed of EI-Clustering comes at the cost of a larger memory footprint compared to
the other methods. Most of the memory is consumed by its LSH index. For example, when
clustering the 19 million PubChem Compound library, the LSH index requires around 13GB
of memory. Considering the performance of today’s research workstations, this memory

requirement appears to more than manageable.

6.5 Discussions and Summary

In this chapter, we have presented EI-Search and EI-Clustering as efficient methods for ac-
celerating structure similarity searches and clustering of very large compound data sets. The
acceleration is achieved by applying embedding and indexing techniques to represent chemi-
cal compounds in a high-dimensional Euclidean space and to employ ultra-fast pre-screening
of the compound data set using LSH-assisted nearest neighbor search in the embedding space.
Our tests show that the method can dramatically reduce the search time of large databases,

by a factor of 40-200 fold when searching the 100 closest compounds to a query. Recently
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published acceleration methods achieved only a 5.5-fold reduction in search time when us-
ing a Tanimoto threshold of 0.8 and up to 20-fold with a relatively restrictive threshold of 0.9
(Swamidass and Baldi, 2007 |Baldi et al.,[2008)). Another limitation of these methods is their
narrow utility spectrum that is currently restricted to fingerprint-based searches. In contrast
to this, the EI-Search framework is designed to be useful for a wide spectrum of similarity
measures. After embedding, EI-Search will run in most cases with comparable time efficien-
cies independent of the complexity of the similarity measure. This can be particularly useful
for accelerating searches that use much more accurate, but computationally very expensive
similarity measures, such as maximum common substructures or 3D approaches (Raymond
et al., 2003; ‘Willett, 2005}, |Cao et al., 2008).

By taking advantage of the fast similarity search speed of EI-Search, we developed EI-
Clustering into an effective clustering method for very large data sets. The method accel-
erated the clustering of the three test data sets used in this study by 20 to 80 folds. Most
importantly, the EI-Clustering made it feasible to cluster data sets of almost 20 million en-
tries within acceptable time limits. Due to its subquadratic running time, the EI-Clustering
method should scale well enough to cluster even larger data sets with tens or even hundreds

of millions of objects.
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Chapter 7

A Toolkit for Studying Similarity

Measures

This dissertation has pursued a comprehensive quantitative study of MCS as an alternative
chemical similarity measure and investigated its computational efficiency, effectiveness in
retrieving bioactive molecules, integration with machine learning technologies, and time ef-
ficiency in similarity search and clustering applications. Along the course of this study, many
tools and software packages have been created. We have designed them to be highly-reusable
and user- and developer-friendly in hope it can facilitate further research in chemical simi-

larity measures. This chapter will provide a brief introduction to some of the packages.
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7.1 ChemmineR

7.1.1 Overview

To search and analyze the vast amounts of available compound and screening information,
and to assemble diverse screening libraries, efficient compound analysis tools are a critical
enabling resource. Unfortunately, most of the available software in this area is only commer-
cially available, and open-source approaches are still the exception (e.g. OpenBabel, JoeLib,
Guha et al., 2006)). The longterm goal of the ChemmineR project is to narrow this resource
gap by providing free access to a flexible and expandable open-source framework for the
analysis of small molecule data from chemical genomics, agrochemical and drug discovery
screens.

The development of compound analysis software for the statistical environment and pro-
gramming language R has many obvious advantages (R Development Core Team, 2008)). To
name just a few: (1) R is one of the most widely used data mining environments used in
bioinformatics. (2) The software and its associated packages are available for all common
operating systems. (3) CPU and memory intensive calculations can be computed in high-
performance languages, like C. (4) The data objects and base functions available in R are
extremely efficient for typical compound and screening data mining routines. (5) Finally, an
unmatched spectrum of data mining resources is available in R, such as extensive graphics
utilities, powerful statistical functions, and a wide variety of algorithms for clustering and

machine learning tasks.
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Figure 7.1: Sample 3D scatter plot of a clustering result and online visualization of the
corresponding compound structures using ChemmineR.

The current release of the ChemmineR package contains functions for 2D structural simi-
larity comparisons between compounds and similarity searching against compound databases.
Both methods use the highly accurate atom pair approach for scoring structural similarities
(Carhart et al., |[1985; |[Chen and Reynolds, 2002)). In addition, the package provides vari-
ous functions for clustering entire compound libraries and visualizing clustering results and
compound structures. All functions and data objects are well integrated into the existing
infrastructure of the R environment. An overview of the ChemmineR-specific functions is

provided in the online instructions and the PDF manual of this project.
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7.1.2 Compound Import and Descriptor Calculation

Compound structures are imported into ChemmineR in the generic Structure Definition File
(SDF) format. Single compounds are imported by providing an SDF with one compound
structure, whereas entire compound databases are imported by providing all SDF formatted
structures concatenated in one batch file. The atom pair descriptors are calculated during
the SDF import and stored in a searchable descriptor database as a list object (Chen and
Reynolds, [2002). Because the calculation of descriptors for thousands of compounds can
be time consuming, functions are provided to efficiently store and reload existing descriptor
databases as binary files. Custom compound databases can be generated with a SDF subset-

ting function.

7.1.3 Compound Similarity Searching

A search function is available to perform structure similarity searches against the generated
atom pair descriptor databases. The default setting uses the Tanimoto coefficient as similarity
measure (Holliday et al., 2003). The search function can return all entries in a compound
database sorted by similarity score. Alternatively, the search results can be limited by a
similarity threshold or a desired number of similar compounds. To view the compounds
structures of search results, the function can automatically upload the returned compounds
to the online ChemMine service where they are rendered into chemical structure images (see
below).

The compound search function calls internally a generic function for calculating atom
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pair-based similarities between compound structures (Chen and Reynolds, 2002). This sim-
ilarity function can be used to calculate pairwise compound similarities or to design custom

subroutines for similarity scoring and searching.

7.1.4 Compound Clustering

Structure-based clustering is required for many analysis steps of compound libraries and
HTS data sets. ChemmineR provides a novel binning clustering method that is optimized for
these compound analysis tasks. The algorithm uses single-linkage clustering to join com-
pounds into similarity groups, where every member in a cluster shares with at least one other
member a similarity value above a user-specified threshold. The algorithm is optimized for
speed and memory efficiency by avoiding the calculation of an all-against-all distance matrix.
This is achieved by calculating on-the-fly only the distance values that are required in each
clustering step. Because an optimum similarity threshold is often unknown, a series of bin-
ning clustering result can be calculated simultaneously for several user specified thresholds.
Cluster results for several thresholds can be calculated almost with the same speed as for a
single threshold by issuing multiple clustering processes simultaneously, but calculating the
required distances only once.

If desired by the user, then the binning clustering function can generate an all-against-
all distance matrix for clustering compound sets with many other classification algorithms
available in R, such as hierarchical clustering or K-means. In addition, ChemmineR provides

an interactive wrapper function for Multidimensional Scaling (MDS) clustering. The online
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instructions provide several examples on how to cluster compound sets in ChemmineR with
external clustering utilities. These include examples for using the fully interactive visual data

mining tool RGGobi (Lang et al., 2007).

7.1.5 Interacting with ChemMine

The ChemmineR package provides bidirectional communications with online tools and databases
available on the ChemMine portal (Girke et al., 2005b). The service allows users to view and
compare any combination of compound structure images in large batches via a standard inter-
net browser along with extensive compound annotation information and custom data tables
for basic QSAR analyses (Gedeck et al., 2006). This includes structure viewing of exten-
sive similarity search results generated by ChemmineR. All online viewing utilities can be
accessed directly from R simply by selecting the online viewing argument in various Chem-
mineR functions or issuing a dedicated data exchange function. Uploading compound data
to the ChemMine interface gives the user access to many additional tools available on Chem-
Mine’s online compound analysis WorkBench. This includes the calculation of physicochem-
ical property descriptors (Guha et al., 2006), inter-conversions between different structure
formats (e.g. SMILES and SDF), searching of the millions of drug-like compounds available

in ChemMine, and easy access to published bioactivity and target protein information.
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7.1.6 Future Updates

The ChemmineR framework will be expanded in the future by adding many more useful
compound and screening data analysis functions. These include functions for (1) calculating
physicochemical properties of compounds directly in R, (2) local similarity searching based
on most common substructures (MCS, |[Raymond et al., 2002a), various utilities for QSAR
modeling (Gedeck et al., 2006)), and (4) wrapper functions for interfacing directly with other
open-source small molecule analysis projects, such as OpenBabel and JoeLib (Guha et al.,
2006;|0’Boyle et al., 2008). Extensive user tutorials and download options of different pack-
age versions will be available from the ChemmineR project site and from the BioConductor

site (Gentleman et al., |2005)).

7.1.7 Summary

ChemmineR is the first open-access compound mining toolkit for the popular statistical envi-
ronment R. The package provides flexible functions for powerful structure similarity search-
ing, compound clustering, screening library management and online batch viewing of chem-
ical structures. Users with a basic understanding of the R environment can easily customize
the provided functions and design sophisticated compound library analysis pipelines that uti-

lize the extensive statistical and machine learning resources available in R.
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7.2 libap

7.2.1 Overview

An important aspect of the ChemmineR project is its use of programming language R, which
brings a number of advantages, such as the high degree of familiarity of the target audience
and the vast availability of existing data mining resources in the programming environment
and user community. However, performing computation intensive calculations and working
with large compound dataset can result in impractically low efficiency due to the intrinsic
limitation of the R programming language. Therefore, we create 1ibap, a highly efficient
implementation of the most important functions in ChemmineR using C++ programming
language. Similar to ChemmineR, 1ibap supports calculation of atom pair descriptor, sim-
ilarity comparisons between compounds, and similarity search against compound databases.
The package exposes the functionality as a standalone package, an R extension package, a
Python module, and a PostgreSQL extension. The R extension package is particularly in-
teresting because of its seamless integration with ChemmineR package. Support for other
programming languages, called biddings, can be easily added due to the use of an automatic

binding generation tool, SWIG (Beazleyl, 1996).

7.2.2 Compound Import and Descriptor Calculation

The package allows import of compound structure data in various formats, including the

commonly used SDF and SMILES formats. This takes advantage of availability of Open-

109



Babel on the users’ computer and automatically supports additional formats that OpenBabel
accepts. In case OpenBabel does not exist on the user platform, the package activates its own
parser that can robustly handle SDF format.

The imported structures are converted to atom pair descriptors and stored in a compound
database. The atom pair descriptors are calculated using highly optimized C++ code and
can process millions PubChem Compound chemical structures in an hour in our tests. By
utilizing file system-backed database, there is no extra limit to the size of the database besides
the constraint of the underlying file system itself. To assist different types of applications, two
different implementations of file system-backed structure descriptor database are included,
a simple list style database optimized for sequential scan and an associative array style one
based on Berkeley DB (Olson et al., [ 1999)) that is ideal for random access. While the former
one is suitable for traditional similarity search routines based on exhaustively comparing
the query to all database structures, the latter is useful in index-assisted searchers such as

EI-Search introduced in Chapter [6]

7.2.3 Similarity Comparison and Search

Using the generated compound structural descriptor database, similarity comparison and
search functions are available to measure inter-molecule similarity and perform structure
similarity using atom pair descriptor-based structure similarity. In addition to one-to-one
structure comparison, 1 ibap also allows all-pairwise comparisons between two compound

datasets. This is useful in generating pairwise distance matrix and in comparing all database
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compounds to the set of reference compounds in the high-fidelity embedding algorithm
(Chapter [5)). Similarity search allows the retrieval of & most similar compounds to a query
structure. If a candidate set is available, such as the one generated by an assistant nearest
neighbor search in El-Search, it can be supplied to avoid a sequential search and to greatly

reduce the search time.

7.2.4 Binding for Python

Python has become a very popular programming language in the cheminformatics commu-
nity (DeLanol 2005; O’ Boyle et al.,[2008). By providing access to Python programs, 1ibap
reaches to many researchers building their workflow in the Python ecosystem and also allows
a high level of extensibility and flexibility thanks to the dynamic nature of the programming
language.

libap exposes to the user the functions of construction and read-write access of struc-
tural descriptor databases, fine control of individual descriptor, and similarity comparison.
Users can create a new database by parsing a compound structure file in supported formats,
and open an existing database file for random access or traversal with an iterator. Functions
are provided to modify the database, for example, by appending new descriptors.

Using these building blocks, many advanced functions can be created with a few lines
of code. For example, taking advantage of the iterator of the database and the similarity
comparison function, the package document demonstrate a custom similarity search routine

in seven lines of code. In another example, one can build a sub-database of compounds with
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desired properties using the function that appends new descriptors to a database. The exposed
functionality of the package is comprehensive enough to enable a number of possibilities in

extending capabilities and building cheminformatics toolkit that satisfies customized needs.

7.2.5 Binding for R Programming Environment

The binding for R programming environment is highly similar to the python binding because
both are generated with the automatic tool SWIG. However, the goal of the R binding is to
enable seamless integration with ChemmineR and therefore zero extra learning for users of
ChemmineR. Therefore, the R binding is created as a companion package for ChemmineR.
When installed and detected by ChemmineR, it automatically boosts the performance of user
program based on ChemmineR. There is no need to change any part of the user program to

take advantage of the higher efficiency of 1ibap.

7.2.6 Extension for PostgreSQL

As compound data become more versatile, many users have adopted relational database man-
agement system (RDBMS) such as PostgreSQL a centralized storage system for compound
structure and annotation information. To avoid the extra maintenance effort of a separate de-
scriptor database, we build a PostgreSQL extension to allow atom pair descriptor data to be
stored directly in the PostgreSQL database alongside with the other compound information,
and enable similarity search to be performed using standard SQL statements.

This extension adds two functions to be used in SQL statements, one for calculating atom
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pair descriptor using an SDF string, and the other for computing the similarity between a
pair of descriptors. A typical user case is to use a trigger to invoke the former function to
calculate the atom pair descriptor and fill a column with the result when a new compound
is inserted. Similarity search can make use of the latter function and data in the column for

atom pair descriptor.

7.3 libmecs

7.3.1 Introduction

We implemented algorithm described in Chapter [3|in ANSI C, and packaged the reusable
code in the form of a software library called 1 ibmcs. The advantages of using ANSI C as
the implementation language include high portability and efficiency and also the possibility
to expose the functionality to higher-level scripting languages. Similar to 1ibap, 1ibmcs

also includes API for several scripting languages including Python and R.

7.3.2 Usage

The library is designed to be small, easy to use and yet extensible. Using 1ibmcs, users
pass in two molecules represented using a supported format, such as SDF format, and a call
to the single MCS function returns the maximum common substructure match. Internally,
a molecule is represented using a simple labeled graph. Users could add support to more

file formats and add matching flexibility by manipulating the mapping from the molecule file
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to the representation graph. For example, by labeling the charged atoms different from the
uncharged atoms in the representation graph, the user can disallow matching between charged
to uncharged atoms in the MCS match. In combination with other tools such as OpenBabel
or Pybel (O’Boyle et al., 2008), it can yield further flexibility such as configurable matching
behavior between aromatic and non-aromatic bonds.

The library also has time-out support to provide a reasonable workaround to search MCS
between large molecules that would take too long to find the precise MCS. A parameter can
be set to control the maximum time the MCS search can take. When that limit is hit, the
search routine will stop the search process and return the best solution it has at that moment.
In this case, though the program often does not return the actual MCS, in many applications
such as similarity comparisons, the returned result is a good enough estimation.

libmcs has been heavily tested and used in several internal projects. For example, it
is employed in generating data shown in Chapter [3| and building an online web-based MCS

solver. It has also been downloaded and used by several third party research organizations.

7.4 High-Fidelity Embedding Toolkit

7.4.1 Introduction

We provide an implementation of the high-fidelity embedding techniques introduced in Chap-
ter [5 as a customizable toolkit. The core embedding functionality is implemented as a C++

program. However, to provide maximum flexibility and extensibility, the toolkit consists
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a set of programs written in different languages. Each of these components focus on one
self-contained sub-process of embedding, and they together are orchestrated by a user-facing
script written in Python to convert compound representations into embedding results.

In its original form, we offer the capability to embed a compound set into a high-dimensional
Euclidean space using atom pair- or PubChem-based Tanimoto similarity. Using the included
LSH implementation, users then can perform highly efficient index-assisted similarity search
or generating nearest neighbor table for downstream cluster analysis. The data presented in

Chapter 5| and [6| are generated using this toolkit.

7.4.2 Customization

To exploit the full potential of our high-fidelity embedding technique, we design the toolkit
as a generic utility that is neutral to the choice of similarity measure. By plugging a custom
similarity measure implementation, users can power the same embedding technique with a
custom similarity measure and even apply the tool in processing non-compound data. The
process involves customization of a single program component that is used to generate dis-
similarity table. Users are given the freedom to use any programming language or environ-

ment to implement this custom program.
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7.5 EI Web Application

7.5.1 Introduction

Chapter [6] illustrated EI-Search and EI-Cluster as methods to greatly improve the efficiency
of similarity search and cluster analysis of large compound database. To put the power of
this method into real applications, we combined it with one of the largest public compound
datasets to create the EI web application. EI Web application provides ultra fast similarity
search for over 19 million compounds in PubChem Compound dataset. Most queries that
retrieve 200 most similarity compounds are answered within a second. Being an approximate
method, it could send user queries to PubChem search service on demand on the user’s
behalf and present the precise search result along with the result from EI-Search. EI Web
application also publishes pre-computed cluster analysis for all these compounds generated

by EI-Clustering.

7.5.2 Implementation

EI Web application uses the High-Fidelity Embedding Toolkit in Section to generate
high-quality embedding for all 19 million compounds in PubChem Compound collection
using PubChem fingerprint Tanimoto similarity measure. It then applies EI-Cluster to pre-
compute cluster analysis and uses EI-Search to answer similarity search queries. The Web
Ul is built with Django web framework (Adrian Holovaty, Simon Willison, et al, 2003). To

evaluate the search results generated by EI-Search on demand, Power User Gateway (PUG)
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service of PubChem is employed to perform similarity search.

Due to the property of our embedding algorithm to independently process individual
compound and the high efficiency of EI-Clustering, EI Web application can synchronize with
PubChem’s update, and therefore provide always up-to-date search and clustering results
of PubChem Compound collection. This reinforce the value of EI Web application as an

efficient alternative gateway to PubChem Compound database.

7.6 ChemMine Platform

The ChemMine platform is a web application that intends to build a foundation for sharing
and collaboration of cheminformatics tools. It aims at bridging the gap between methodol-
ogy researchers and end users by providing a publishing and integration platform of reusable
functional modules. One of the major hurdles of wider and faster adoption of latest research
in cheminformatic tools and methods is the weak connection between publishers and the con-
sumer. There is no easy way for method researchers to publish new tools and methods in a
form that end users can easily integrate into their existing workflow either for validation or
evaluation purpose or for permanent deployment. ChemMine platform, similar to commer-
cial products like Pipeline Pilot, is a repository of tools and functional modules published
and maintained by method developers. Users can build custom workflows by chaining mod-
ules, and experiment with new tools by replacing a module in an existing workflow. As an

open platform, it is an ideal solution for a method developer to provide /ive demonstration
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of a new method, using data provided by the method developer or, much more interestingly,
using users’ own existing data and workflows. Comparative study can be achieved simply
by replacing the new method with an alternative old method and observing changes in the
outcome. As a web application, it provides the maximum flexibility and inherits many other
benefits of web applications, such as platform agnostics, zero install, and automatic update.

A component built for ChemMine platform, or a ChemMine Tool, is a simple Web ap-
plication. From the perspective of the ChemMine platform, a component has only the sole
responsibility to convert input in some format to output in some format. For example, a
component to perform cluster analysis of compound data takes compound data as input and
output a hierarchical tree to represent the clustering result. The external interface of the com-
ponent is also simple. It only needs to answer one pre-defined query to allow ChemMine
to remotely start an instance of the component. Upon the creation of the instance, it down-
loads input from the ChemMine platform, perform the actual data processing, and upload the
output to ChemMine platform.

The simple design allows us to provide a framework for developers to build custom com-
ponent in various programming languages. For example, a tool is provided to simplify the
task of wrapping an existing command line program that confines to the program model of
transferring input to output. This tool enables the developer to continue creating and releasing
applications in traditional forms and at the same time quickly publish it on ChemMine plat-
form with little effort. Allowing developers to host their own component yields high level

of flexibility and freedom in development and also allows us to keep ChemMine platform
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simple, robust and flexible.

The design of ChemMine platform is influenced by the UNIX philosophy. Component,
as UNIX programs, are small, simple and dedicated function modules that do one thing and
do it well, and the platform provides a mechanism to allow these component to work to-
gether. ChemMine platform allows user to build linear workflow by chaining components.
This allows the developer to focus on core method development and frees them from other
concerns such as file format conversion or visualization. This also gives a user the flexibil-
ity in building complicated data processing workflow using his preferred components, and
simplifies the task of comparative study of components of the same task. For example, using
the same workflow that performs bioactivity prediction, a user can easily experiment a new
similarity measure by replacing the existing similarity measure component with a new one

and compare the prediction results.
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Chapter 8

Conclusions

This dissertation addressed several problems in in silico ligand-based virtual screening. Specif-

ically, it makes the following contributions.

e This dissertation investigates Maximum Common Substructure (MCS) as a promis-
ing alternative metric for measuring chemical similarity, used either as a standalone
method or in combination of other similarity measures, in both similarity search and

bioactivity prediction applications.

e This dissertation demonstrates EI-Search and EI-Clustering as an effective way to solve
the scalability issue of compound similarity measures in similarity-based applications

involving large chemical databases.

e This dissertation results in a toolkit to perform effectiveness and efficiency study of

chemical similarity measures.
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8.1 Maximum Common Substructure

This dissertation describes the development of a novel MCS algorithm and the concept of
basis compounds for measuring the similarity between chemical structures. Both methods
are applied to similarity searching of chemical databases and are incorporated into SVM
models to efficiently predict biologically active compounds.

More specifically, a new backtracking algorithm for finding the MCS between a pair of
graphs is designed and its performance is tested. This algorithm can be applied to chemical
structure graphs directly (instead of association graphs), and hence supports several matching
constraints as well as relaxations that can be useful when applied to comparison of chemical
compounds. Several strategies are introduced to increase the efficiency and flexibility of the
algorithm. This algorithm can be effectively used with a progressive optimization strategy,
which is very beneficial for ranking a large number of chemical structures by their similarities
to query structures.

In order to combine the MCS-based similarity measure and other similarity measures
with modern machine learning techniques to form effective bioactivity prediction models,
the concept of basis compounds is proposed. This concept allows for a vector representation
of chemical structures, similar to traditional fingerprint approaches, while avoiding many
drawbacks of the traditional fingerprint approaches. Finally, the derived vectors are incorpo-
rated into SVMs to build prediction models of biological activities of compounds.

Our experimental results show that the MCS-based similarity measure is more effective
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in searching chemical databases than the well-known AP-based method. They also show that
the SVM models based on vectors derived from basis compounds are effective for identifying
bioactive compounds. Moreover, the MCS-based similarity measure complements the AP-
based measure effectively. Our proposed hybrid model, which combines the MCS and the AP
similarity measures, provides the most effective predictions in comparison with the existing

approaches.

8.2 El-Search and EI-Clustering

In this dissertation, we have presented EI-Search and EI-Clustering as efficient methods for
accelerating structure similarity searches and clustering of very large compound data sets.
The acceleration is achieved by applying embedding and indexing techniques to represent
chemical compounds in a high-dimensional Euclidean space and to employ ultra-fast pre-
screening of the compound data set using LSH-assisted nearest neighbor search in the em-
bedding space. Our tests show that the method can dramatically reduce the search time of
large databases, by a factor of 40-200 fold when searching the 100 closest compounds to a
query. Recently published acceleration methods achieved only a 5.5-fold reduction in search
time when using a Tanimoto threshold of 0.8 and up to 20-fold with a relatively restrictive
threshold of 0.9 (Swamidass and Baldi, [2007; [Bald1 et al., [2008)). Another limitation of
these methods is their narrow utility spectrum that is currently restricted to fingerprint-based

searches. In contrast to this, the EI-Search framework is designed to be useful for a wide
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spectrum of similarity measures. After embedding, EI-Search will run in most cases with
comparable time efficiencies independent of the complexity of the similarity measure. This
can be particularly useful for accelerating searches that use much more accurate, but com-
putationally very expensive similarity measures, such as maximum common substructures or
3D approaches (Raymond et al., 2003} Willett, 2005} (Cao et al., 2008)).

By taking advantage of the fast similarity search speed of EI-Search, we developed EI-
Clustering into an effective clustering method for very large data sets. The method accel-
erated the clustering of the three test data sets used in this study by 20 to 80 folds. Most
importantly, the EI-Clustering made it feasible to cluster data sets of almost 20 million en-
tries within acceptable time limits. Due to its subquadratic running time, the EI-Clustering
method should scale well enough to cluster even larger data sets with tens or even hundreds

of millions of objects.

8.3 Chemical Similarity Toolkit

This dissertation resulted in several highly-reusable and user- and developer-friendly soft-
ware packages and applications. ChemmineR provides support for 2D chemical structure
similarity comparison, search, and clustering capability to the popular R programming en-
vironment. 1ibap exposes the similar functionality with more efficient implementation to
C++, Python and R developer. 1 ibmcs wraps our MCS solver in a reusable software pack-

age accessible using C++, Python and R programming languages. High-Fidelity Embedding
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Toolkit provides efficient and easily customizable tools to embed compound or other data
into high-dimensional Euclidean space with high quality preservation of inter-object dissimi-
larities. Built on EI-Search and EI-Cluster, the EI web application serves as a PubChem gate-
way with a similarity search functionality with subsecond response time and pre-computed
clustering result synchronized with PubChem Compound collection. Finally, the ChemMine
platform provides an ideal foundation for sharing and collaboration of cheminformatics tools,
and facilitates quick publishing, integration and application of new cheminformatics meth-

ods.
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