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Abstract

In recent years the development of computational techniques that identify all the likely targets for a
given chemical compound, also termed as the problem of Target Fishing, has been an active area of
research. Identification of likely targets of a chemical compound helps to understand problems such
as toxicity, lack of efficacy in humans, and poor physical properties associated with that compound
in the early stages of drug discovery. In this paper we present a set of techniques whose goal is to
rank or prioritize targets in the context of a given chemical compound such that most targets that this
compound may show activity against appear higher in the ranked list. These methods are based on
our extensions to the SVM and Ranking Perceptron algorithms for this problem. Our extensive
experimental study shows that the methods developed in this work outperform previous approaches
by 2% to 60% under different evaluation criterions.

1 Introduction

Target-based drug discovery, which involves selection of an appropriate target (generally a
single protein) implicated in a disease state as the first step, has become the primary approach
of drug discovery in pharmaceutical industry.1:2 This was made possible through the advent
of High Throughput Screening (HTS) technology in the late 1980s that enabled rapid
experimental testing of a large number of chemical compounds against the target of interest
(using target-based assays). HTS is now routinely utilized to identify the most promising
compounds (called hits) that show desired binding/activity against this target. Some of these
compounds then go through the long and expensive process of optimization and eventually
one of them goes to clinical trials. If clinical trials are successful then it becomes a drug. HTS
technology was considered to usher a new era in drug discovery by reducing time and money
taken to find hits that will have a high chance of eventually becoming a drug.

However, the expansion of candidate list of hits via HTS did not result in productivity gains
in terms of actual drugs coming out of the drug discovery pipeline. One of the principal reasons
ascribed for this failure is that the above approach suffers from a serious drawback of only
focusing on the target of interest and therefore taking a very narrow view of the disease. As
such, it may lead to unsatisfactory phenotypic effects such as toxicity, promiscuity, and low
efficacy in the later stages of drug discovery.2:3 More recently, focus is shifting to directly
screen molecules to identify desirable phenotypic effects using cell-based assays. This
screening evaluates properties such as toxicity, promiscuity and efficacy from the onset rather
than in later stages of drug discovery.2-4 Moreover, toxicity and off-target effects are also a
focus of early stages of conventional target-based drug discovery.>:® But from the drug
discovery perspective, target identification and subsequent validation has become the rate
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limiting step in order to tackle the above issues.” Targets must be identified for the hits in
phenotypic assay experiments and for secondary pharmacology as the activity of hits against
all of its potential targets sheds light on the toxicity and promiscuity of these hits.6:8 Therefore,
the identification of all likely targets for a given chemical compound, also called Target
Fishing'* has become an important problem in drug discovery.

In this work we focus on the target fishing problem by utilizing the available target-ligand
activity data matrix. In this approach, we are given a set of targets and a set of ligands (chemical
compounds) and a bipartite activity relation between the targets and the ligands in the two sets.
Given a new test chemical compound not in the set, the goal is to correctly predict all the
activity relations between the test compound and the targets. We address this problem by
formulating it as a category ranking problem. The goal is to learn a model such that for a given
test compound it ranks the targets that this compound shows activity against (relevant targets)
higher than the rest of the targets (non-relevant targets). In this work, we propose a number of
methods that are inspired by research in the area of multiclass/multilabel classification and
protein secondary structure prediction. Specifically, we develop four methods based on support
vector machines (SVM)? and ranking perceptrons?® to solve the above ranking problem. Three
of these methods try to explicitly capture dependencies between different categories to build
models. Our results show that the methods proposed in this work are either competitive or
substantially outperform other methods currently employed to solve this problem.

The rest of this paper is organized as follows. Section 2 describes related research in the area
of target fishing. Section 3 introduces definition and notations used in this paper. Section 4
describes our methods for target fishing. Section 5 discusses the datasets and experimental
methodology used in this work. Section 6 describes our results and finally section 7 has
concluding remarks.

2 Related Methods

Computational techniques are becoming increasingly popular for target fishing due to plethora
of data from high-throughput screening (HTS), microarrays, and other experiments.# Given a
compound whose targets need to be identified, these techniques initially assign a score to each
target based on some measure of likelihood that the compound binds to each target. These
techniques then select as the potential compound’s targets either those targets whose score is
above a certain cut-off or a small number of the highest scoring targets. Three general classes
of methods have been developed for determining the required compound-target scores. The
first, referred to as inverse docking, contains methods that score each compound-target pair by
using ligand docking approaches.®11 The second, referred to as nearest-neighbor, contains
methods that determine the compound-target scores by exploiting structural similarities
between the compound and the target’s known ligands.12 Finally the third, referred to as model-
based, contains methods that determine these scores using various machine-learning

approaches to learn models for each one of the potential targets based on their known ligands.
13-15

The first class of methods to derive a score for each compound-target pair comes from the
computational chemistry domain. Specifically, inverse docking process docks a single
compound of interest to a set of targets and obtains a score for each target against this
compound. The highest scoring targets are then considered as most likely targets that this
compound will bind to.8 This approach suffers from a serious drawback that all the targets used
in this process must have their three dimensional structure available in order to employ a
docking procedure. However, the majority of target proteins do not have such information
available.16
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The second class of methods, nearest-neighbor based techniques, rely on the principle of
structure-activity relationship (SAR)17+18 which suggests that very similar compounds will
have a higher chance of overlap between the sets of targets that they show activity against.12
Therefore, identifying targets for a given chemical compound can be solved by utilizing its
structural similarity with other chemical compounds that are known to be active or inactive
against certain targets. In these approaches, for a given test compound, its nearest-neighbor(s)
are identified from a database of compounds with known targets using some notion of structural
similarity. The most likely targets for the test compound are then identified as those targets
that its nearest neighbors show activity against. A ranking among these targets can be obtained
by taking into account the similarity values/rankings of the nearest neighbors that these targets
belongs to. In these approaches the solution to the target fishing problem only depends on the
underlying descriptor-space representation, the similarity function employed, and the
definition of nearest neighbors.

Lastly, a number of methods have been proposed that explicitly build models on the given set
of compounds with known targets. These techniques treat the target fishing problem as an
instance of a multilabel (multi-category) prediction problem.15:19:20 |n this setting, for a given
chemical compound, each of the targets is treated as one of the potential labels and the goal is
to predict all the labels (i.e., targets) that the compound belongs to (i.e., binds to). One such
approach utilizes multi-category bayesian models3 wherein a model is built for every target
using the available SAR data. Compounds that show activity against a target are used as
positives instances and the rest of the compounds are treated as negatives instances. For a new
compound, each of these models is used to compute the compound’s likelihood to be active
against the corresponding target and the targets that obtained the highest likelihood scores are
considered to be the targets for this compound. In addition, approaches have been developed
that build the classification models using one-versus-rest binary support vector machines!® and
neural networks.14 Note that even though the underlying machine learning problem is that of
multilabel prediction, all of the above model-based methods essentially build one-vs-rest
models and then produce a ranking of the possible targets by directly comparing the outputs
of these models.

3 Definitions and Notations

The target fishing problem that we consider in this paper is defined as follows:

Definition 1 (Target Fishing Problem). Given a set of compounds (more than one)
whose bioactivity is known to be either active or inactive against each of the targets
in a given set, learn a model such that it correctly predicts for a test compound a
ranking of all the targets according to how likely they are to show activity against the
test compound.

Throughout this paper we will use € = {¢q, ..., em} to denote a library of chemical compounds,
T ={r1, ..., 7z} to denote a set of protein targets, and will assume that they contain M and N
elements, respectively. For each compound ¢, we will use 7, to denote the set of all targets
that ¢, shows activity against. Note that 7, C 7. We will use 7* to denote a total ordering of
the targets of 7. Given two sets A and B such that A C T"and B C 7, we will use A <p=B to
denote that every target of A precedes every target of B in 7*, and A £~ B otherwise.

Each compound will be represented by a topological descriptor-based representation.18:21 |n
this representation, each compound is modeled as a frequency vector of certain topological

descriptors (e.g., subgraphs) present in its molecular graph. Each dimension’s frequency counts
the number of times (i.e., embeddings) the corresponding topological descriptor is present in
the compound’s molecular graph. We will use 2 to represent the dimensionality of descriptor-
space representation of the chemical compounds in #. Given a compound ¢, and a parameter
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£, we define top-# to be the /4 predicted targets that are most likely to show activity for .
Lastly, throughout this paper we will use the terms target, category, and labels interchangeably.

4 Methods

Our solution to the Target Fishing problem relies on the principle of Structure Activity
Relationship (SAR). Specifically, we develop solutions for the target fishing problem using
SAR data by formulating it as a ranking problem. We pursue this approach because in real-
world situations a practitioner might want to know the top-# most likely targets for a given
compound so that they can be tested experimentally or further investigated. Therefore, if the
relevant (true) targets fall in one of these top-# predicted targets, they will have a higher chance
to be recognized. These methods are described in the rest of this section.

4.1 SVM-based Method

One approach for solving the ranking problem is to build for each target t, € T"a one-versus-
rest binary SVM classifier. Given a test chemical compound ¢, the classifier for each target

7, will then be applied to obtain a prediction score /L'(c). The ranking 7* of the N targets will
be obtain by simply sorting the targets based on their prediction scores. That is,

T*=argsort {f; (¢)},
T,'ET (1)

where argsort returns an ordering of the targets in decreasing order of their prediction scores

/L'(c). Note that this approach assumes that the prediction scores obtained from the N binary
classifiers are directly comparable, which may not necessarily be valid. This is because
different classes may be of different sizes and/or less separable from the rest of the dataset
indirectly affecting the nature of the binary model that was learned and consequently their
prediction scores.22 This SVM-based sorting method is similar to the approach described
previouslyl® in Section 2. We refer to this method as SVMR.

4.2 Cascaded SVM-based Method

A limitation of the previous approach is that by building a series of one-vs-rest binary classifiers
it does not explicitly couple the information on the multiple categories that each compound
belongs to during model training and as such it cannot capture dependencies that might exist
between the different categories. A promising approach that has been explored to capture such
dependencies is to formulate it as a cascaded learning problem.19:23:24 |n these approaches,
two sets of binary one-vs-rest classification models for each category, referred to as L1 and
L, are connected together in a cascaded fashion. The L; models are trained on the initial inputs
and their outputs are used as input, either by themselves or in conjunction with the initial inputs,
to train the L, models. This cascaded process is illustrated in Figure 1. During prediction time,
the L1 models are first used to obtain the required predictions which are used as input to the
L, models from which we obtain the final predictions. Since the L, models incorporate
information about the predictions produced by the L1 models, they can potentially capture inter-
category dependencies.

Motivated by the above observation, we developed a ranking method for the target fishing
problem in which both the L1 and L, models consist of N binary one-vs-rest SVM classifiers,
one for each target in 7. The L1 models correspond exactly to the set of models built by the
SVMR method discussed in the previous section. The representation of each compound in the
training set for the L, models consists of its descriptor-space based representation and its output
from each of the N Ly models. Thus, each compound ¢ corresponds to an » + N dimensional
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vector, where # is the dimensionality of the descriptor space. The final ranking 7* of the targets
for a compound ¢ will be obtained by sorting the targets based on their prediction scores from

the L, models (1% (¢)). That is,

T*=argsort {_/I.LZ (c)} ;
;€T (2

We will refer to this approach as SVM2R.

A potential problem with such an approach is that the descriptor-space based representation of
a chemical compound and the set of its outputs from L; models are not directly comparable.
Therefore, in this work, we also experiment with various kernel functions that combine 2
dimensional descriptor-space representation and the N dimensional L; model outputs of a
chemical compound. Specifically, we experiment with two forms of the kernel function. The
first function is given by

K {ac) e, (o) + 1 - )%, e, 0

where o is a user defined parameter and ¥’ 5 and #'g are the kernel functions measuring the
similarity between compound vector formed using descriptor-space based representation and
L1 SVM classifier outputs respectively. The second kernel function is given by

K (6065) K, 6, (). !

These approaches are motivated by the work on kernel fusion2® and tensor product kernels.26

4.3 Ranking Perceptron Method

We also developed a ranking method that exploits the potential dependencies between the
categories based on the ranking perceptron.1? The ranking perceptron extends Rosen-blatt’s
linear perceptron classifier?” for the task of learning a ranking function. The perceptron
algorithm and its variants have proven to be effective in a broad range of applications in
machine learning, information retrieval and bioinformatics.10:20,28

Our approach is based on the online version of the ranking perceptron algorithm proposed to
learn a ranking function on a set of categories developed by Crammer and Singer.10 This
algorithm takes as input a set of objects and the categories that they belong to and learns a
function that for a given object ¢ it ranks the different categories based on the likelihood that
¢ binds to the corresponding targets. During the learning phase, the distinction between
categories is made only via a binary decision function that takes into account whether a category
is part of the object’s categories (relevant set) or not (non-relevant set). As a result, even though
the output of this algorithm is a total ordering of the categories, the learning is only dependent
on the partial orderings induced by the set of relevant and non-relevant categories.

The pseudocode of our ranking perceptron algorithm is shown in Algorithm 1. This algorithm
learns a linear model W that corresponds to a Nx2 matrix, where N is the number of targets
and » is the dimensionality of the descriptor space. Using this model, the prediction score for
compound ¢, and target 37 is given by (W/, ¢;), where W  is the ythrow of W, ¢; is the
descriptor-space representation of the compound, and {-,-) denotes a dot-product operation.
Our algorithm extends the work of Crammer and Singer by introducing margin based updates
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and extending the online version to a batch setting. Specifically, for each training compound
¢, that is active for targets belonging to categories 7, € T, our algorithm learns W such that
the following constraints as satisfied:

VT, €T, Vi € T\ T (Wjacr) — (Wi i) 2 B, ®)

where £ is a user-specified non-negative constant that corresponds to the separation margin.
The idea behind these constraints is to force the algorithm to learn a model in which the set of
relevant categories (7,) for a given chemical compound ¢, are well-separated and ranked higher
from all the non-relevant categories (T \ 7,). Therefore, our algorithm tries to satisfy .. 7 |
T,| X |T\ T,| constraints for each of the training set compound ¢, to enforce a degree of
acceptable separation between relevant and non-relevant categories that is controlled by g.

During each outer iteration (lines 3-20) the algorithm iterates over all the training compounds
(lines 4-18) and for each compound ¢, it obtains a ranking 7* of all the categories (line 5)
based on the current model W, and updates the model if any of the constraints in Equation 5
are violated. The check for the constraint violation is done in line 8 by comparing the lowest

ranked target r , € T, with the highest ranked target /4 € T\ T,. If there are any constraint
violations, the condition on line 8 will be true and lines 9-16 of the algorithm will be executed.
The model W is updated by adding/subtracting a multiple of ¢, from the rows of W involved
in the pair of targets of the violated constraints. Instead of updating the model’s vectors by
using a constant multiple, which is usually done in perceptron training, our algorithm uses a
multiple that is proportional to the number of constraints that each target violates in 7*.
Specifically, for each target 7q € 7, our algorithm (line 10) finds the number 4 of targets ¢, €
T'\ T, that violate the margin constraint with 7y and adds in the gth row of W (which is the
portion of the model corresponding to target zy) a 4 multiple of 5¢,, where » is a small constant
set to 1/M in our experiments. The motivation behind this proportional update is that if a
relevant target zy follows a large number of non-relevant targets in the ordering 7*, z4’s model
(Wg) needs to move towards the direction of ¢, more than the model for another relevant target
g Which is followed only by a small number of non-relevant targets in 7*. Note that the term
“follows” in the above discussion needs to be considered within the context of the margin f.
A similar approach is used to determine the multiple of ¢, to be subtracted from the rows of
W corresponding to the non-relevant targets that are involved in violated constraints (lines 13—
16). Our experiments (not reported here) showed that this proportional update achieved
consistently better results than those achieved by constant update rules.

Algorithm 1
Learning Category Weight Vectors with the ranking perceptron algorithm
input:
% Set of M training compounds.
T: Set of N targets (categories).
(¢4, Ty): Compound ¢, and its categories 7.
f: User defined margin constraint.
»: Dimensionality of the compound’s descriptor-space representation.

output:

W: N x 2 model matrix.

J Chem Inf Model. Author manuscript; available in PMC 2010 October 1.
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1: W = 0 {Initial model}2: n = 1/M {Update weight}3: while (STOPPING
CRITERION == FALSE) do4: for ¢=1 to M do5: ™ = argsortK/JT {WM/,
¢,/ }6: ﬁ/ = lowest ranked target of 7, in T*7: 1/ = highest ranked
target of 7 \ 7, in 18: if W/, el - W4, ¢;0 < p then9:
for [rq [ 7,2 (W, ¢) - [W£, ¢ < p dolo: A= HrrOT\ T,
Wq, ¢/ - OWp, /0 < B}11: Wq = Wq + Anc/l2: end
forl3: for Uy 00 T \ Tt uw/; ¢/l — (Wp, ¢/ < g dol4: A
= |{tq U Tg: Wg, &0 - Wy, <0 < B}]15: Wr = Wy — Anc/16:
end forl7: end if18: end forl9: Oty 017, Wy = W/ [Ws1120: end
while2l: return W

Since the ranking perceptron algorithm is not guaranteed to converge when the training
instances are not S-linearly separable, Algorithm 1 incorporates an explicit stopping
criterion. After every pass over the entire training set, it computes the average uninterpolated
precision (Section 5.2.4) over all the compounds using the weights W, and terminates when
this precision has not improved in N consecutive iterations. The algorithm returns the W that
achieved the highest training precision over all iterations. We directly apply the above method
on the descriptor-space representation of the training set of chemical compounds.

The predicted ranking for a test chemical compound ¢ is given by

T*:arg:(T)rt {<Wj,c>}. ©

We will refer to this approach as RP.

4.4 SVM+Ranking Perceptron-based Method

A limitation of the above ranking perceptron method over the SVM-based methods is that it
is a weaker learner as (i) it learns a linear model, and (ii) it does not provide any guarantees
that it will converge to a good solution when the dataset is not linearly separable. In order to
partially overcome these limitations we developed a scheme that is similar in nature to the
cascaded SVM-based approach, but the L, models are replaced by a ranking perceptron.
Specifically, N binary onevs-rest SVM models are trained, which form the set of L1 models.
Similar to the SVM2R method, the representation of each compound in the training set for the
L, models consists of its descriptor-space based representation and its output from each of the
N L; models. Thus, each compound corresponds to an » + N dimensional vector, where » is
the dimensionality of the descriptor space. Finally, aranking model W learned using the ranking
perceptron of Algorithm 1. Since the L, model is based on the descriptor-space based
representation and the outputs of the L; models, the size of W is N x (2 + N). A recent study
within the context of remote homology prediction and fold recognition has shown that this way
of coupling SVM and ranking perceptrons improves the overall performance.28 We will refer
to this approach as SVMRP.

5 Materials

5.1 Datasets

We evaluated the methods proposed in this work using a set of assays derived from a wide
variety of databases that store the bioactivity relationship between a target and a set of small
chemical molecules or ligands. In particular, these databases provide us target-ligand activity
relationship pairs.
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We use the PubChem?? database to extract target-specific dose-response confirmatory assays.
For each assay we choose compounds that show the desired activity and confirmed as active
by the database curators. We filter compounds that show different activity signals in different
experiments against the same targets and they are deemed to be inconclusive and so not used
in the study. Duplicate compound entries are removed by comparing the canonical
SMILES?? representations of these molecules. We also incorporate target-ligand pairs from
the following databases: BindingDB,3! Drug-Bank,32 PDSP K, database,33 KEGG BRITE
database,3* and an evaluation sample of the WOMBAT database.3° All the protein targets that
can be mapped to an identifier in PDB databasel® are extracted from this set. We then eliminate
all the targets that have < 10 actives to ensure that there is some amount of activity information
available for each target in our database. Note that a minority of databases report binding
affinity between compound and targets (that can be converted to binds to or does not bind to
a target) instead of activity. In this work we do not distinguish between the two. It should be
noted that the datasets used in our study consists of mostly confirmatory dose-response assays.
Therefore it is expected to have lower level of noise than either the single point or the High
Throughput Screening data.

After the above integration and filtering steps our final dataset contains 231 targets, and 27,205
compounds or ligands with a total of 40,170 target-ligand active pairs. Note that certain
compounds may show activity in relation with two or more targets as well. Table 1 shows the
number of compounds that belong to one or more categories. Out of the 27,205 compounds,
19,154 belong to a single category, 5,363 belong to two categories, 1,697 belong to three
categories and the rest of the compounds belong to greater than three categories. It should also
be noted that most of these compounds have been experimentally tested for activity against a
very small subset of the 231 targets. Thus, if a compound belongs to a very small number of
categories, it may be simply due to the fact that it has not been experimentally tested against
many targets. Figure 2 shows the distribution of actives against the 231 targets in this dataset.
The dataset has a skewed distribution wherein most targets have few active compounds (less
than hundred) but a small number of targets have a large number active compounds (in
thousands).

The filtered dataset consists of many clinically important enzymes such as PDEs as well as
many Kinase proteins. It also consists of many targets of clinically important virulent bacterial
and viral strains such as tuberculosis, cholera, HIV, and herpes. In particular the dataset
contains 165 human targets, 25 non-human mammalian targets and the remaining 41 consists
mostly of bacterial, viral, and fungal targets. Figure 3 describes the distribution of the 231
targets in various classes. (The dataset with smiles representation of compounds and all the
PDB ids of targets it binds to can be found online?).

5.2 Experimental Methodology

All the experiments were performed on dual core AMD Opterons with 4 GB of memory. The
following sections will review our experimental methodology to assess the performance of
various methods proposed in Section 4.

5.2.1 Descriptor Spaces and Similarity Measures—The similarity between chemical
compounds is usually computed by first transforming them into a suitable descriptor-space

representation.18:21 A number of different approaches have been developed to represent each
compound by a set of descriptors. These descriptors can be based on physiochemical properties
as well as topological and geometric substructures (fragments).39:36-40 |n this study we use the
ECFP descriptors37+38 as it has been shown to be very effective in the context of classification,

http://www.cs.umn.edu/~nwale/target_fishing/TLPAIR_INFO_SMILES_PDB_ID.db
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ranked-retrieval, and scaffold-hopping.39:41 We utilize Scitegic’s Pipeline Pilot*2 to generate
ECFP4, a variation of ECFP descriptor-space for our dataset.

We use the Tanimoto coefficient?? (extended Jacquard similarity coefficient) to measure the
similarity of chemical compounds based on their descriptor-space representation. This
similarity measure was used to form the kernel function in SVMR and the kernel .# 5 in SVM2R
(Equations 3 and 4). We also utilize the cosine similarity to measure the similarity between
two compounds represented by the L; SVM outputs (/g in Equations 3 and 4). Tanimoto
coefficient was selected because it has been shown to be an effective way of measuring the
similarity between chemical compounds using sparse descriptor-space representations,39:40;
43 whereas the cosine function was selected because it achieved slightly better performance as
compared to Tanimoto coefficient and variants of Eucledian distance for this task.

5.2.2 Multi-Category Bayesian Predictor—We implemented the multi-category
bayesian models as described in13 and will call this approach Bavesian as the original authors
call their approach Laplacian-corrected multi-category bayesian models.1® We compare this
scheme to our methods developed in this paper. We have experimented with nearest-neighbor
based scheme!? as well and found the overall results to be comparable to the Bavesiav method.
Therefore, we do not report the results for the nearest neighbor scheme in this paper.

5.2.3 Training Methodology—~For each dataset we separated the compounds into test and
training sets, ensuring that the test set is never used during any parts of the learning phase. We
split the entire data randomly into ten parts and use nine parts for training and one part for test.
We will refer to the nine parts training set as %, and the one part test set as #s.

In order to learn models using Bavesiav, SVMR, and RP, we utilize the entire set %/ for training.
To learn the models for the cascaded methods (SVM2R and SVMRP) we experiment with an
approach that allows us to use the entire training set (¢ to build both L4 as well as L, models.
This approach is motivated by the cross-validation methodology and is similar to that used in
previous works.20:28 In this approach we further partition the entire training set %, into ten
equal-size parts. Nine out of these ten parts are used to train N first level (L1) binary classifiers
(one for each target). A total of N prediction values are then obtained for each compound in
the remaining part. This process is repeated for each of the ten parts. At the end of this process,
each training instance in %, has been predicted by a set of N binary classifiers, and these
predicted values serve as descriptors of the training samples (%) for the second-level learning
(using the SVMRP or the SVM2R algorithm). Having learned the second-level (L,) models,
we take the entire training set ¢ and retrain the L; models. These L; models are then used to
obtain output values (that form the input representation for L, models) for the independent test
set Zs.

In our setup we use each part (%) from the initial ten way split as the test set exactly once.
Therefore we have ten different variants of ¢ and #s. In order to be consistent with the
methodology described in13 for learning Bavesiav models, we assumed all the compound-target
pairs with unknown activity as inactives. Moreover, we did not have inactivity information for
many targets in our dataset so it was impossible to model most of our targets using true actives
and inactives.

5.2.4 Evaluation Metrics—During the evaluation stage, we compute the prediction for our
untouched test dataset. These predictions are then evaluated using the uninterpolated
precision?6 and precision/recall values in top-#£.47

To calculate uninterpolated precision for each test compound we utilize the following
methodology. For a test compound we obtain top-# ranked targets (using one of the five
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schemes described in this paper), where # is equal to the number of targets that this test
compound is active against. Now, for every correctly predicted target that appears at a

position 7 the top-# predictions we compute precision value at that position. This precision
value is defined as the ratio of the number of correct targets identified up to that position /
over the total number of targets seen thus far (which is the same as the number /). We calculate
this value for every one of the positions in the top-# ranking that corresponds to a correctly
predicted target for the given test compound. The final un-interpolated precision value is given
by summing up all the precision values obtained above and dividing it by 4.

We also calculate precision and recall values in the top one to fifteen ranks of the target for
each test compound. This precision value for a test compound is defined as the fraction of
correct targets in the top-# ranked targets (where # ranges from one to fifteen). Note that this
precision is different from the uninterpolated precision described above. The recall value is
defined as the number of correctly predicted targets in the top-# ranked predictions divided by
the total number of true targets for a test compound. Note that a high recall value indicates the
ability of a scheme to identify a high fraction of true targets for a given compound in top-#
ranks. The final values of uninterpolated precision, precision and recall reported in this work
are averaged over all the compounds in the test set.

We used the box plots to compare the relative performance of the different methods. These
box plots were derived from the performance achieved in each one of the ten independent test
sets in the ten-fold cross validation experiments. Using these box plots, the relative
performance of two methods was assessed by comparing the first (lower) quantile (q1) of one
method against the median of the other. Specifically, we will consider that method A performs
relatively better than another method B if the first quantile of A is higher than the median of
B. Note that this approach only provides a qualitative way by which to compare the relative
performance of two schemes and does not convey any indication of statistical significance. We
resorted to this approach because the results of the ten-fold cross validation are not entirely
independent from each other (training compounds overlap), and as such the traditional
statistical significance tests cannot be used.*8

5.2.5 Model Selection—The performance of SVM depends on the parameter that controls
the trade-off between the margin and the misclassification cost (“C” parameter in SV
M!ight49) \whereas the performance of ranking perceptron depends on the margin 4 in Algorithm
1.

We perform a model selection or parameter selection step. To perform this exercise fairly, we
split our test set into two equal halves of similar distributions, namely sets A and B. Using set
A, we vary the controlling parameters and select the best performing model for set A. We use
this selected model and compute the accuracy for set B. We repeat the above steps by switching
the roles of A and B. The final results are the average of the two runs. While using the SV
Might program we let C take values from the set {0.0001, 0.001, 0.01, 0.1, 0.1, 0.5, 1.0, 2.0,
5.0, 10.0, 15.0, 25.0}. While using the perceptron algorithm we let the margin £ take values in
the set {0.00001, 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 1.0, 2.0, 5.0, 10.0}.

For SVM2R, we experiment with kernel functions described by Equations 3 and 4. For the
kernel function described by equation 4 no parameter tuning is required. For the kernel function
described by Equation 3 we experiment with five different values of the parameter o (o = 0.2,
0.4, 0.5, 0.6, and 0.8). Since Equation 3 with parameter « = 0.5 showed the best performance,
we only present results for SVM2R using this kernel and parameter value.
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In this section, we will evaluate the performance of the Bavesian Scheme as well as the four
methods described in Section 4: SVMR, SVM2R, RP, and SVMRP.

We compare these methods along three directions. The first direction compares the overall
performance of these methods with each other on the entire dataset. The second direction
compares the effect of the number of categories that a compound belongs to on the results
obtained. We utilize un-interpolated precision described in Section 5.2.4 as our metric for these
comparisons. The third direction compares these five methods on their ability to retrieve all
the relevant categories in the top-# ranks. In order to evaluate and compare the performance
of these category ranking algorithms for this task we utilize two measures - precision in top-
/4 and recall in top-# (also described in Section 5.2.4). Finally, we also compare each of these
methods for the time they take to train the final ranking model.

6.1 Overall Comparison

Table 2 compares the uninterpolated precision of the five methods using the ECFP4 descriptor-
space for each of the ten tests sets. These results are derived using compounds that bind to at
least one target (L > 1) and therefore include all the compounds in the dataset. Figure 4(a)
shows the box plot results corresponding to L > 1.

From Table 2 it can be observed that the best performing schemes over the ten test sets are the
SVMZ2R and SVMRP. The two schemes are better than all the other methods tested in our work
over these ten splits. Comparing SVM2R and SVMRP shows that SVM2R performs better
than SVMRP. However, from figure 4(a) it can be observed that this difference is not substantial
as the variance in the results of SVM2R and SVMRP overlap considerably. Similarly, the next
two methods, SVMR and RP show equivalent performance among each other as observed
through the box plots. Note that the variance in the results of SVM2R and SVMRP (Figure 4
(a)) is much smaller than their single stage counterparts, SVMR and RP respectively. Finally,
all of the above four methods are significantly better than the Bavesian approach.

Table 2 also indicates that the absolute gain in performance achieved by SVM2R over the other
methods is not very high (with the exception of its performance over the Bavesian Scheme). The
gains are relatively modest with SVM2R gaining 0.4% over SVMRP, 2.0% over RP and nearly
1.5% over SVMR on an average. Similarly, SVMRP achieves a gain of only about 1.5% over
RP as well as about 1.2% over SVMR. However, the gains are consistent across all the ten test
sets highlighting the power of SVM2R and SVMRP in capturing the interclass dependencies.

Finally, it can be observed from Table 2 and Figure 4(a) that RP performs as well as SVMR
(a insignificant difference of 0.6% between the two methods). RP is a simple linear learning
method that does not guarantee convergence. However, it tries to capture dependencies
between the different categories by explicitly trying to rank them in the context of a given test
compound. SVMR on the other hand is based on the powerful SVM methodology which
employs a sophisticated Tanimoto kernel function shown to be the most effective kernel
function for chemical compounds.*? However, it builds independent one-vs-rest classifiers that
fail to capture dependencies among different categories and therefore does not perform better
than RP.

6.2 Effect of the number of categories

We also investigated the effect of the number of categories (L) that a compound belongs to on
the performance of the different methods. This type of evaluation can provide insights on the
ability of these methods to identify compounds that hit more than one target and may pose
problems in terms of toxicity or promiscuity.
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Table 3 summarizes the average performance of the five different methods over subsets of
compounds that belong to L or more targets in the ten test sets utilizing the uninterpolated
precision metric. The first row in this table corresponds to L > 1, which is the set of all the
compounds in the dataset. Therefore the average results in the first row of Table 3 are identical
to the averages reported in Table 2. The subsequent rows show the performance of different
methods over compounds that belong to two or more categories. We also utilize Figures 4(a)-4
(d) to compare the performance across the methods for different values of L and the variability
within each one of them.

From this table it can be observed that, in general, as the number of targets (L) that a compound
belongs to increases, the methods that try to capture dependencies among the different
categories (SVM2R, RP, and SVMRP) perform better than the SVMR method, which does
not.

Moreover, as L increases from one to four, the edge of SVM2R over the two ranking perceptron
based schemes disappears, and SVMRP achieves the best results (Table 3 and Figures 4(a)-4
(d)). However, as seen from Figures 4(a) to 4(d), the variability of these methods within
themselves increases considerably when L is > 3 and 4. Finally, simple sorting based scheme
SVMR which performs slightly better than RP in terms of absolute performance for L > 1
performs worse than RP for L > 2, 3, and 4.

Overall, these results indicate that the schemes that capture interclass dependencies tend to
outperform schemes that do not for compounds that belong to more than one category.

6.3 Ability to retrieve all relevant categories

In this section we compare the ability of the five methods to identify relevant categories in the
top-# ranks. We analyze the results along this direction because this directly corresponds to
the use case scenario where a user may want to look at top-# predicted targets for a test
compound and further study or analyze them for toxicity, promiscuity, off-target effects,
pathway analysis etc. If all the true targets fall in the top-# ranks, there is a high likelihood of
successfully recognizing them for the above analysis.

For this comparison we utilize precision and recall metric in top-# for each of the five schemes
as shown in Figures 5(a) and 5(b). These figures show the actual precision and recall values
in top-# by varying # from one to fifteen. These figures are obtained by averaging precision
and recall results over all the test sets used in this study. Therefore, these results are averaged
over all the 27,205 compounds present in the dataset.

A number of trends can be observed from these figures. First, for identifying one of the correct
categories or targets in the top 1 predictions, SVM2R outperforms all the other schemes in
terms of both precision and recall. This is followed by SVMRP, RP and SVMR in that order.
Second, Bavesian is still the worst performing method among the five compared and the
performance order of these schemes is exactly the same as the performance order for the
uninterpolated results in Table 2.

However, as /£ increases from one to fifteen, the precision and recall results indicate that the
best performing scheme is now SVMRP and it outperforms all other schemes for both precision
as well as recall. This is followed by RP, which outperforms the other three schemes
(Bavesian, SVMR, SVMZ2R) for both precision and recall in the top fifteen. The performance of
RP is followed by SVM2R, SVMR, and finally Bavesian. The ranking perceptron based methods
achieve an average recall of approximately 0.96 and 0.95 for SVMRP and RP respectively for
# =15 and is better than the other schemes for the ten test sets (with average recall rates of
0.90, 0.89, and 0.76 respectively for SVM2R, SVMR, and Bavesian). Moreover, these values in
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figure 5(b) show that as # increases from one to fifteen, ranking perceptron based schemes
start performing consistently better that others in identifying all the correct categories. The two
ranking perceptron based schemes also achieve average precision values that are significantly
better than other schemes in the top fifteen (Figure 5(a)).

In summary, these result indicate that ranking perceptron based methods because they have a
higher recall will tend to find more of the correct categories in top ranks than other schemes.
Thus, these methods present a better chance of finding and analyzing targets in the context of
a chemical compound.

6.4 Performance on Dissimilar Compounds

To evaluate how well the models being learned by the different methods can generalize to a
set of compounds that are structurally different from those used for training, we partitioned the
compounds into ten clusters and then used a leave-one-cluster-out cross validation
approach?* to assess the performance of the different methods. The clustering was computed
using the direct £-way clustering algorithm of CLUTO# with cosine similarity and its default
clustering criterion function. The size and various characteristics of the resulting clusters as
they relate to the inter- and intra-cluster similarities are shown in Table 4.

Table 5 shows the average uninterpolated precision that was achieved by the different methods
on the ten clusters. From these results we can see that even though the absolute performance
achieved by the methods developed in this paper is lower than the corresponding performance
reported in Table 2, it is still considerably higher than what would have been achieved by a
random predictor (which for the number of classes involved, is close to zero) and they are still
much better than the performance achieved by the Bayesian approach. In fact the relative
performance gains achieved by the SVM- and ranking perceptron-based methods over the
Bayesian approach are higher in this experiment than in the earlier one. These results indicate
that the methods that we developed are not only able to effectively predict the targets of the
compounds when these compounds are drawn from the same overall distribution as those used
for training (Table 2) but they can also generalized to compounds that are structurally different
from those whose activity information is already known. Finally, comparing the relative
performance of the different methods, the results of Table 5 show that SVM2R performs better
than the rest of the schemes and that the approaches based on ranking perceptron do not perform
as well as they did in the earlier experiments.

6.5 Computational Complexity

The complexity of Ranking Perceptron based methods depend on the number of compounds
as well as the number of targets. If the number of compounds is M and the number of targets
is N, our ranking perceptron iterates over the dataset until the stopping criterion is satisfied
(Algorithm 1). The complexity of the outer loop on line 4 in Algorithm 1 is O(M). Each
compound in the worst case has to resolve O(N2) constraints in the inner loops on lines 8 and
13. Therefore, for every iteration the algorithm has a complexity of O(MN2).

Bavesian approach has a linear complexity with respect to the number of compounds and targets
as for each feature it computes the probability of occurrence in every target using all the
compounds in the dataset. This can be efficiently computed in O(M) time. Lastly,
computational complexity of the SVM algorithm depends on the implementation as well as
the kernel employed. For our setting, we use SV M'i%htimplementation“® in a one-vs-rest setting
and use the Tanimoto kernel. The computational complexity is quadratic with respect to the
number of compounds#® and linear with respect to the number of targets. Therefore, the final
complexity of the SVM algorithm is O(M2N).
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We also compare the actual run-time performance of different methods we developed and the
Bavesiaw method on 64 bit AMD Opetron Machines. We report both the training and test set
run-times for each method. Table 6 summarizes the run-time results for one of the 10 cross-
validation folds for each of the five methods. The run-times for other cross-validation folds
were found to be very similar.

It can be observed from this table that two stage methods, particularly SVM2R, has the longest
training time among all of the methods. This is followed by SVMRP, SVMR, RP, and
Bavesian in the decreasing order of training times. Therefore, for training models, Bavesian is the
fastest among all the methods. This is not surprising as Bavesian ScCheme does not perform any
direct optimization. However, as seen in the preceding sections, it is also the worst performing
scheme to others by a significant margin.

Looking at the time taking for the testing 2720 compounds from Table 6 it can again be
observed that SVM2R has the longest run-time. This is followed by SVMR, SVMRP,
Bavesian, and RP in that order. Thus, the fastest methods are RP and Bavesian as they only requires
dot-product of each test compound with the weight vectors of each of 231 classes.

7 Discussion and Conclusion

SVM based methods have been extensively employed for the task of virtual screening,
classification, as well as selectivity analysis of chemical compounds and their performance has
been assessed for these tasks.39:°0-52 For example, Wassermann and co-workers®2 showed that
the SVM results in better predictions for selectivity analysis than either nearest neighbor based
or Bavesiaw method. Similarly, Glick and co-workers®? showed that the SVM outperformed
Bavesian SCheme when performance was measured as enrichment of actives in top 1% of the
high throughput screening data. However, they also found that the performance of SVM and
Bavesian Was near identical when the noise level was significantly increased. In this work, we
proposed methods based on the SVM and ranking perceptrons for the task of Target Fishing.
Extensive experiments and analysis comparing our methods showed that our methods are either
as good as or superior to the current state-of-the-art.

However, a number of issues still need to be addressed. First, in this work we assumed the
compound with no activity information against a target to be inactive against that target. The
primary reason for such assumption was almost no inactive data available for many of the
targets in our dataset collected from publicly available sources. Similar assumption has been
made by previous studies.13 However, this is not a very satisfactory assumption from the point
of view of drug discovery as it may result in the method missing some rare compound-target
activity. Therefore, in our future work, we will try to address the issue of unknown compound-
target activity explicitly in order to come up with practical methods for drug discovery.

Second, in this work we have not utilized target category information (for example target
sequence, structure, family) in building these ranking perceptron or SVM based models.
Identification of key characteristics common across two target themselves (similar geometry
of binding sites or similar biochemical characteristics of binding residues) might identify two
targets that will likely bind to the same compound. Therefore, effective solutions can be devised
using both SAR data and target information. A number of recent approaches for
chemogenomics utilize SAR data as well as target information to build predictive models on
the target-ligand graph.>3:5* Our initial studies in trying to include target information did not
yield promising results for the problem of target fishing. They were found to be no better as
compared to only SAR data based approaches proposed in this paper. So we did not pursue
approaches that include target information in this work. However, we believe that exploring a
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good way of including target information is a worthwhile effort and plan to investigate it
rigorously as a part of our future work.

Fi

nally, recent approaches have shown that the interclass dependencies could be learned within

structural learning framework that utilizes structural SVM.20:28:55 \\e also experimented with
this approach in our work using the SVM-struct algorithm.>® However, our preliminary results

sh

owed that this approach did not yield any significant gains over the ranking perceptron based

approach over the large number of categories in our domain. Moreover, the computational cost

of

employing structural learning was much higher than that of utilizing ranking perceptrons.

Therefore we did not pursue structural SVM based approach in the present work.
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Figure 4.
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