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Abstract: The concept of molecular similarity has been commonly used in rational drug design, where
structurally similar molecules are examined in molecular databases to retrieve functionally similar
molecules. The most used conventional similarity methods used two-dimensional (2D) fingerprints
to evaluate the similarity of molecules towards a target query. However, these descriptors include
redundant and irrelevant features that might impact the performance of similarity searching methods.
Thus, this study proposed a new approach for identifying the important features of molecules in
chemical datasets based on the representation of the molecular features using Autoencoder (AE), with
the aim of removing irrelevant and redundant features. The proposed approach experimented using
the MDL Data Drug Report standard dataset (MDDR). Based on experimental findings, the proposed
approach performed better than several existing benchmark similarity methods such as Tanimoto
Similarity Method (TAN), Adapted Similarity Measure of Text Processing (ASMTP), and Quantum-
Based Similarity Method (SQB). The results demonstrated that the performance achieved by the
proposed approach has proven to be superior, particularly with the use of structurally heterogeneous
datasets, where it yielded improved results compared to other previously used methods with the
similar goal of improving molecular similarity searching.

Keywords: molecular similarity; drug design; autoencoder; irrelevant and redundant features

1. Introduction

Virtual Screening (VS) is one of the most extensively utilized computational methods
for searching for small molecule libraries in drug discovery. The vs. is often used to dis-
cover structures most likely used as binding for a drug target [1]. In virtual screening, there
are two approaches: ligand-based virtual screening (LBVS) and structure-based virtual
screening (SBVS). Similarity searching is one of the LBVS approaches that is used to search
and scan chemical databases for molecules that are most similar to a user-defined reference
structure using a quantitative measure of intermolecular structural similarity. LBVS meth-
ods search for molecules structurally similar to the ligand and need a known active input.
The second approach, SBVS, searches for compounds that match the target binding site
and needs the target protein’s structure [2]. The basic underlying assumption in similarity
searches is that structurally similar compounds would have similar physicochemical and
biological properties [3].

The 2D similarity methods are the most commonly used for large numbers of molecules.
The concept behind the molecular similarity measure is that molecules with similar struc-
tures have a higher degree of similarity than molecules with diverse structures. Therefore,
the goal of similarity searching is to retrieve molecules that exhibit a structural similarity
with the user’s reference structure. Scaffold Hopping is a term used in chemoinformatics to

Biomolecules 2022, 12, 508. https:/ /doi.org/10.3390/biom12040508

https://www.mdpi.com/journal /biomolecules


https://doi.org/10.3390/biom12040508
https://doi.org/10.3390/biom12040508
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0003-3788-5722
https://orcid.org/0000-0002-2822-1708
https://orcid.org/0000-0002-9530-2815
https://orcid.org/0000-0003-1404-4146
https://doi.org/10.3390/biom12040508
https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com/article/10.3390/biom12040508?type=check_update&version=2

Biomolecules 2022, 12, 508

2 0f23

refer to the process of identifying structurally diverse molecules that exhibit biological ac-
tivity. This process may be used to learn more about compounds that have been discovered
as active compounds by modifying the molecule’s core structure. Hence, newer methods
for identifying biologically active compounds must be developed [4,5].

As discussed above, measuring the similarity of two molecules is highly important
and is routinely performed in chemoinformatics. Various coefficients measure the degree
of similarity /dissimilarity between two molecules. The basic concept of determining simi-
larity /dissimilarity based on numerical measures has been widely implemented in various
areas. However, the lack of communication between these disciplines presents an opportu-
nity to reinvent similar coefficients under different names, leading to duplication [6,7].

The ability of a coefficient to accurately predict the property/activity value of a
compound is used to determine its effectiveness, which can be determined using the values
of the most similar compounds in the same dataset. Many subsequent studies compared the
effectiveness of various similarity coefficients and concluded that the Tanimoto coefficient
surpassed the others [8]. Thus, the Tanimoto coefficient has been acknowledged as the
standard similarity measure of chemical compounds in chemo-informatics [9].

The majority of currently used similarity-based virtual screening methods deal with
massive amounts of data that contain redundant and irrelevant features. The present
molecule’s fingerprint consists of several features. Furthermore, due to the irregularities
in their relevance levels, removing some of the features may improve the recall of the
similarity measure [10]. Data with irrelevant and redundant features might mislead the
virtual screening findings and make them harder to interpret [11,12]. Numerous modern
fingerprints are complex, consisting of many features as well as many bit locations, with
typically over 1000 features.

Deep learning (DL) techniques based on deep artificial neural networks have greatly
advanced state-of-the-art in computer vision [13,14], speech recognition [15,16], natural
language processing [17,18], and molecular bioactivity prediction [19]. Deep learning
has made considerable gains, bringing it closer to one of its main goals: Artificial Intelli-
gence. One advantage of DL is that it is beneficial for feature learning, which can be done
automatically using a general-purpose technique. This procedure is frequently used by
implementing a multi-layer stack of simple neural networks with non-linear input-output
mappings, including deep neural networks (DNNs) [20], convolutional neural networks
(CNN ) [21,22], recurrent or recursive neural networks (RNNs) as well as deep networks
with more than one hidden layer and more neurons in each layer. Besides, DL archi-
tectures have proven capable of handling large volumes of data with minimum manual
intervention [23].

Over the last several years, DL technology has advanced dramatically. This approach
outperformed other ML algorithms in terms of empirical findings, most likely because,
similar to the brain model, this method replicates brain activity by stacking multiple neural
network layers [24-26]. According to Wang and Raj [27], who use the feature extraction
approach, DL methods outperform conventional machine learning methods. However,
there is no theoretical underpinning for DL technology at this time. The DL approaches are
used to learn feature hierarchies by combining features from higher hierarchical levels with
low-level features. The availability of feature learning at different abstraction levels enables
the system to learn sophisticated functions that map input and output from data without
requiring human-developed features [27]. Handcrafted features are extracted and fed into
SVM and other classification algorithms in the conventional setup for image recognition
systems. On the other hand, deep learning outperforms conventional methods since it
optimizes all extracted features.

The most noticeable distinction between machine learning and deep learning tech-
nologies is how their effectiveness fluctuates as the data increases. DL techniques perform
inefficiently on smaller datasets as they require a large amount of data to comprehend
adequately [28].
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Autoencoders (AE) are a sophisticated deep learning technique used in situations
involving complicated data such as images and videos. AE is good at handling low
dimensional feature representation from the inputs based on unsupervised learning [29-31].
The AE has the benefit of providing a functional relationship between the high-dimensions
and low-dimensions representations, as well as vice versa. The AE establishes efficient
functional links between the high-dimensions and low-dimensions representations and is
compelled to offer a meaningful point arrangement in the low-dimensions representation by
employing a non-linear distance metric-based cost function [32]. In chemoinformatics, one
of the major drawbacks in chemical fingerprints in virtual screening is that the fingerprint
descriptors often consist of irrelevant and redundant features, and removing some of
these features can improve the recall of the similarity measure performance [10]. In this
paper, a new similarity-based virtual screening approach has been developed based on a
new molecular representation that uses Autoencoder to remove irrelevant and redundant
features to provide low dimensions. This new representation with low dimensions is
regarded as a new descriptor and utilized to enhance the recall of the similarity searching
measures. Based on the experiments conducted, the results demonstrated that the new
proposed representation based on Autoencoder is effective and superior to the proposed
benchmarks methods using full descriptors features. In general, this paper presents the
following significant contributions:

e  Proposing a novel ligand-based virtual screening dimensionality reduction method
based on Autoencoder deep learning offers low-dimensional representations of molec-
ular features while removing irrelevant and redundant features that affect similarity
searching.

e  Enhancing the effectiveness of the similarity searching by applying the proposed low
dimensional representation of molecules.

e The proposed method has demonstrated superior results in terms of overall perfor-
mances than the benchmark methods, e.g., TAN, ASMTP, and SQB.

2. Related Work

Many similarities between text information retrieval and chemoinformatics have sug-
gested that techniques developed in text documents information retrieval can perhaps be
used to enhance similarity searching of molecules [33]. Hence, many molecular similar-
ity approaches employed in ligand-based virtual screening were originally based on the
text retrieval domain. Bayesian Inference Networks are one of the techniques that have
been extensively used for text in a variety of domains, as well as substantially used in
virtual screening as a substitute for conventional similarity searching strategies, surpass-
ing conventional similarity approaches [34-37]. Several similarity measures have been
recently developed for virtual screening that outperformed the Tanimoto coefficient, such
as quantum-based similarity measure (SQB) [38] and adapting text similarity measures
(ASMTP) [39] which has been derived from a similarity measure of text processing and
ideal for virtual screening.

The fragment bases and bit-strings similarity method has gained attention from re-
searchers in chemoinformatics and especially in virtual screening [40,41]. The weight
of each fragment in chemical structure compounds has been examined by adding more
weight to highly significant fragments [42]. In Ligand-Based Virtual Screening, several
weighting functions have been presented for a new fragment weighting approach for
Bayesian Inference Network [40]. The fragment reweighting approach was developed
by integrating reweighting variables with relevance feedback to enhance the Bayesian
Inference Network’s retrieval recall performance [43].

Several reweighting methods that have been used, such as features reweighting,
features selection, mini-fingerprint, and fuzzy correlation coefficient, have been used to
improve the performance of the similarity methods [44—46]. However, performance over a
highly diverse dataset is still low and requires more enhancement [41].
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Data fusion approaches have significantly improved the overall performance of con-
ventional similarity algorithms [47,48]. They combine multiple data sources into a single
source, with the output of the combined source expected to be more informative than the in-
put sources individually [49,50]. Most chemical representations, query molecules, docking
scores, and similarity coefficients were integrated using linear combination techniques [51].
Many fusion studies, whether in text or chemical compound retrieval, have established that
using multiple sources rather than a single source yields a greater outcome. To enhance
retrieval performance via data fusion, two requirements must be met: the accuracy of each
source and the independence of sources [52].

Samanta et al. [53] introduced a novel approach for molecular similarity, in the form
of a variational autoencoder (VAE) to instate a new method that uses only the canonical
SMILES encoding of the molecules themselves, leading to its representation as a 100-element
vector and using Simple Euclidean distances to obtain a metric of similarity calculated
for any new molecule, including the entire set of molecules used in the development of
the latent space. First, The VAE has been trained to use SMILES molecule representation.
This training returned more than 95% valid SMILES in the test (holdout) set, so those
that were invalid could simply be filtered out without significant loss of performance.
Following training, each molecule (SMILES) was associated with a normalized vector of
100 dimensions, and the Euclidean distance between them was calculated. The VAE was
trained on over six million druglike molecules and natural products (including over one
million in the final holdout set). The VAE vector distances provided a rapid and novel
metric for molecular similarity that is easily and rapidly calculated. The new metrics
determine the similarity to clozapine of other drugs.

Recently, Nasser et al. [54] developed a new feature selection model based on the deep
belief networks method for ligand-based virtual screening. The reconstructed features
weight and features error were calculated, and the features were filtered according to the
value of the features error. Important features with lower error values are selected based on
threshold and utilized to enhance the recall of similarity searching measures [54,55]. An-
other recent new research focuses on determining whether some descriptors and molecular
presentation are better as individual or complementary to other descriptors. The results
show that the combined use of descriptors demonstrated to be better [56]. Several molecu-
lar representations, in particular, are included by merging and integrating features from
multi-descriptors, which improves the effectiveness of similarity searching [56]. The pro-
posed research was based on a new feature selection model based on deep belief networks
applied to five descriptors, with the significant features from each descriptor being selected
and integrated to generate a new descriptor. This descriptor is then used to improve the
final performance of molecule similarity searching [56,57].

3. Materials and Methods
3.1. Dimensionality Reduction Based Autoencoder

Autoencoder (AE) is a method that encodes some input into a low-dimensionality
representation known as code and then reconstructs this compact representation to match
the original input as closely as possible using a decoding module [58]. AE is obliged to
learn an encoding transformation that contains the most important information about the
structural data for the decoding component to function effectively in the reconstruction task.
The AE is divided into two parts: an encoder and a decoder. The encoder takes the original
input and makes a limited representation of it, referred to as the representation code layer
or the latent space layer, while the decoder is in charge of reconstructing the original input
from the code layer. Encoders and decoders are frequently linear transformations that may
be done unsupervised using a dense layer of a neural network [59].

The AE transforms a molecule into a continuous space, which the decoder then utilizes
to rebuild the molecule based on its continuous representation. Therefore, by employing
this fundamental concept, the model is not required to acquire a generic mathematical
representation of the molecules. Due to the large number of parameters in Neural Networks
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Input Data

]

and the relatively lesser amount of training data, the AE will almost certainly learn an
explicit mapping of the training set, and the decoder will be unable to decode random
points in the continuous space [60]. Figure 1 depicts a basic autoencoder architecture. The
encoder takes x input to a hidden representation / and a decoder which reconstructs the
input £ back from the h.

latent

Encoder .
representation

Dimensionality
reduction

Reconstructed Data

Figure 1. The Standard structure of Autoencoder.

An encoder is a deterministic mapping function f(x) that converts a d-dimensional
input vector x into an r-dimensional hidden representation / called an encoder [61]. It
commonly takes the form of an affine mapping preceded by a nonlinearity, as seen in the

following:
1

1)
where w denotes the affine mapping weight matrix, b denotes the bias vector and @ is the ac-
tivation function, typically a non-linear squashing function known as the sigmoid function.

A decoder is a mapping function g(h) that converts the latent representation & derived
based on Equation (3) into a reconstructed vector z in the input space. A decoder can
alternatively take the form of an affine mapping with a squashing nonlinearity [61], which
can be stated as the following;:

1

@

where @ and b are the affine mapping weight matrix and the bias vector, respectively, and
®(h) is the activation function known as the sigmoid function.
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Input

Generally, learning in autoencoders includes the optimization of the weights for the
minimization of the reconstruction error. Hence, the objective function can be expressed as
the following:

212
L=|x—z%| ®3)

which is the mean squared error (MSE) between the input data and the reconstructed data
and the tied weights is commonly used, i.e., w = @' [62]. Figure 2 shows the structure and
the visualization description of an autoencoder.

Output

Encoder — Decoder —

Reconstruction
Error

Figure 2. The visualization description of Autoencoder.

3.2. Ability of Autoencoder for Molecular Dimensionality Reduction

A certain level of dimensionality is required to retrieve useful information such as
important states and major conformational shifts. The ability of dimensionality reduction
methods varied to efficiently project huge amounts of data to useful low-dimensional
(low-d) representations varied, as did the manner the low-d and high-dimensional (high-d)
representations are connected [32]. The autoencoder method has the benefit of establishing
a functional link between the high-d and low-d representations and vice versa. This allows
us to not only effectively project data points to a low-d representation but also to generate
high-d representations for each point on the low-d map. The Autoencoder creates efficient
functional links between the high-d and low-d representations. It is compelled to offer
a meaningful point arrangement in the low-d representation by employing a non-linear
distance metric-based cost function.

In this paper, deep Autoencoder is proposed to exploit the powerful ability to learn a
feature representation of molecules from low-level encodings of a large corpus of chemical
structures. It employs the concepts of neural machine translation to translate between
two semantically similar but syntactically diverse representations of chemical structures,
condensing the relevant information shared by both representations into a low-dimensional
representation vector. After training the model, this molecule’s representation can be
retrieved and utilized as a new descriptor for similarity searching. The Tanimoto similarity
measure was used to search for molecular similarity using the new low-dimension descrip-
tor. The findings were compared to existing similarity approaches that utilized the original
full-dimension descriptor.

Figure 3 depicts the general framework of the Autoencoder proposed method for
molecular dimensionality reduction, which begins by training the Autoencoder to calculate
the weight of the reconstructed feature for the molecule, then calculates the mean squared
error by subtracting the input molecule features values from the weight of the reconstructed
features. If the mean squared error value for the trained molecule is greater than the
proposed autoencoder learning rate, the autoencoder matrix weight and bias weight should
be updated, and the Autoencoder trains again till the mean squared error becomes less
than the proposed learning rate. The new representation of molecules based on the code
layer is then saved. A similar process is conducted on all proposed datasets molecules. The
output of this training is a new molecules representation with low dimensions based on
the size of the latent space code layer (autoencoder dimension reduction layer).
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Figure 3. Autoencoder framework for molecular dimensionality reduction.

Algorithm 1 shows the pseudo-code used to represent the proposed datasets molecules,
which is based on an autoencoder with a variable number of encoder and decoder layers to
build a new low-dimensional molecules representation dependent on the size of the latent
space code layer.

Algorithm 1: Autoencoder Algorithm. The Pseudocode of the proposed Autoencoder algorithm for 2D molecular fingerprints.

1: Mols = 2 D figerprints dataset descriptor

2: M = number of database molecules.// 102516

3: N = number of hidden layers.

4: o = learning rate value.

5: Epoch = 0;

6: Fork =1:M // for all dataset molecules

7 Input = Mlos(k) // input data

8: x = mols(k); // initial the encoder input layer with molecule k.

9: AE®X) // Autoencoder function

10: Fori=1until N / /start the encoder phase

11: If epoch = 0 do // first time training

12: wj =random (0,1) // initial the weigh matrix for the first time training

13: b; = random (0,1) // initial the bias vector for the first time training

14: Else

15: wij = wj + £ // update the weigh matrix based on the error value

16: b; = b; + L // update the bias vector based on the error value

17: hj =1/1+e (wit)  //calculate the hidden layers values based on Equation (1)

18: x =hj // make the hidden layer values to be an input to the next hidden layer.
End // end encoder phase

19: Encoded date = x / /'keep the last encoder layer which the new represented molecule.

20: h=x / /'keep last encoder layer be an input encoder layer.

21: n=N

22: Forj=1untilN / /start decoder phase

23: Wj = wn! / /male the weight matrix of the decoder layer j be the transpose of n encoder weight matrix layer
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24:
layer.
25:
26:
27:

28:
29:
30:
31:
32:

33:

Bj = BE // make the value of the bias vector of the decoder layer j be the transpose of bias vector of n encoder

zj=1/1+ e~hihtb)  / / calculate the z;j reconstructed decoder layer values
h = z; // keep the hidden decoder layer values to be an input to the next hidden layer.

n=n—1

End // end decoder phase
output =h // Reconstructed data

L = |jinput — outputH2
If (£ > w)
Epoch = epoch+1
Goto9
Else

// calculate the error value based on Equation (3)
// if the error value is greater than the learning rate.
// need more training to reduce the error value
// call the AE function again for new training—fine tune.

New_Rep_mols(k) = Encoded date;//

3.3. Autoencoder Proposed Cases for Molecular Dimensionality Reduction

In the paper, three different architectures of Autoencoder are proposed, namely AE1-
DR, AE2-DR, and AE3-DR. Each Autoencoder consists of a different number of encoder and
decoder layers while using a different number of layer nodes for molecular representation.
The three proposed cases of AE are trained using different error rates (0.01, 0.05, 0.06)
and different epochs (20, 30, 50, 70, 100), and for each we calculated the similarity of the
molecules based on the new proposed molecular representations. The performance of
the similarity searching methods was compared with other benchmarks methods. The
experiments showed that the best results were obtained when the epoch is 100 and the error
rate is 0.01. These three proposed cases are further explained in the following subsection.

3.3.1. Proposed Autoencoder Case 1 (AE1-DR)

In this case, the Autoencoder is trained using four encoder layers. The first encoder
layer is known as the input layer, which consists of 1024 nodes and 1024 features of the
extended connectivity fingerprints count (ECFC) for each molecule in the datasets. The
remaining three hidden layers have 900, 700, and 500 nodes, respectively. The last hidden
layer of the encoder is called the code layer (encoded data). The size of this vector is
500 dimensions which will be used as a new molecule’s representation. The decoder is a
reconstruction of the encoder representation where the nodes for all the decoder layers in
this care are 500, 700, 800, and 1024, respectively. The last decoder layer is known as the
output layer, which is the reconstructed input data most like the input data.

Each molecule in the proposed datasets has been trained using AE1-DR until the error
value of the training became lesser than the proposed learning rate value, which is 0.01. The
new representation of molecules based on the code layer is then saved. A similar process
has been conducted on all proposed datasets molecules. The proposed design of AE1-DR
is shown in Figure 4. The output of this proposed case of Autoencoder is a new molecule
representation with 500 dimensions only used for similarity searches between molecules.
The experimental results of AE1-DR have been presented in Section 5.
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Figure 4. The AE1-DR proposed design.

3.3.2. Proposed Autoencoder Case 2 (AE2-DR)

The AE2-DR has been trained using five encoder layers in which the input data to the
first layer of the encoder is the molecule vector with 1024 features. The remaining four
hidden layers have 800, 600, 400, and 300 nodes, respectively. The size of the encode layer
in this proposed case is 300, where it will be used as a new representation for the molecules
and the size of the decoder layers in this proposed case are 300, 400, 600, 800, and 1024,
respectively. The last decoder layer is the reconstructed input data which is mostly like the
input data. All the molecules in the proposed datasets have been trained using the AE2-DR
until they achieved a lesser error rate of the training compared to the proposed learning
rate value, which is 0.01. The proposed design of AE2-DR is presented in Figure 5. The
finished training output of AE2-DR is a new molecules representation with 300 dimensions
which is only used for similarity search between molecules. The experimental results of
AE2-DR have been presented in Section 5.
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3.3.3. Proposed Autoencoder Case 3 (AE3-DR)

The AE3-DR has been trained using five encoder layers in which the input data to the
first layer of the encoder is the molecule vector with 1024 features. The remaining four
hidden layers have 900, 800, 600, and 400 nodes, respectively. The size of the encode layer
in this proposed case is 400, where it will be used as a new representation for the molecules,
and the size of the decoder layers in this proposed case are 400, 600, 800, 900, and 1024
respectively. The last decoder layer is the reconstructed input data which is mostly like the
input data. All molecules in the proposed datasets have been trained using the AE3-DR
until they achieved a lesser error rate of the training than the proposed learning rate value,
which is 0.01. The proposed design of AE3-DR is shown in Figure 6. The finished training
output of AE3-DR is a new molecules representation with 400 dimensions which is only
used for similarity search between molecules. The experimental results of AE3-DR have
been presented in Section 5.
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3.3.4. Similarity Searching Based Autoencoder Molecular Representation Using Tanimoto
Similarity Measure

Several similarity methods have been developed in virtual screening to calculate the
similarity between the query and the molecular database. In this study, the continuous
Tanimoto measure is utilized to calculate the similarity of the molecules in the represented
datasets, which are based on three Autoencoder proposed cases. The continuous Tanimoto
measure formula is expressed in Equation (7) where S 4 is the similarity between molecules
A and B and the molecules A and B are represented Autoencoder with new vectors f of
length N and N has a different length based on the size of the autoencoder code layer for
all the proposed cases, where f;4 is the value of the i fragments of molecule A and f;p is
the value of the i fragments of molecule B.

N
L fiafi
= 4)

Sap =

. 2 N . 2 N . .
(fia) +i§1 (fiB) +i§1szsz

M=

4. Experimental Design

The Autoencoder (AE) can be used as supervised and unsupervised training models.
For the proposed model, we used the unsupervised Autoencoder for training all the
molecules in the dataset in order to remove irrelevant and redundant features and generate
a new representation of the molecules. The low dimensionality of the new molecular
representation helps to improve the molecular similarity searching. The proposed models
in the experiments are built using Keras.
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This study uses three different benchmark datasets that feature 2D structure repre-
sentations to conduct simulated virtual screen searches to examine the effectiveness of the
proposed molecular representations based on Autoencoder deep learning. The datasets are
the MDDR (MDL Drug Data Report) from MDDR datasets. DS1, DS2, and DS3 datasets are
used with different 2D fingerprints that consist of different bit strings length. The extended
connectivity fingerprints count (ECFC), which consists of 1024 bits, is used to be an input
to each proposed case of the Autoencoder. Moreover, each proposed case of Autoencoder
was trained until it achieved an error rate of training lesser than the proposed learning
rate and for all the molecules in the proposed datasets. For each proposed case, the output
serves as a new low-dimensional molecular representation based on the encoded data layer.
The new representations are used as a new descriptor for molecular similarity searching.
Figure 7 depicts the experiment design steps used in the proposed study.
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Figure 7. The Experimental design processes.

The experiments were carried out using several similarity measures to provide a com-
parison result between all three proposed cases of Autoencoder with commonly used and
conventional similarity measures such as the Tanimoto Similarity Method (TAN) [63], which
is deemed as the baseline and standard similarity measure; Adapted Similarity Measure of
Text Processing (ASMTP) [39]; and Quantum-Based Similarity Method (SQB) [38].

The simulated virtual screening studies were conducted by searching using ten refer-
ence structures selected at random from each activity class. All the previously mentioned
similarity measures are applied with the selected references that were unified. The final
output, derived from the similarity findings of all molecules in the database, is then ranked
in decreasing order. This is usually done in ligand-based virtual screening to investigate
and identify where the active compounds will appear in the ranked list. The presence of
active compounds at the top of the ranking list demonstrates the effectiveness of the virtual
screening techniques. A similar procedure is followed for all experiments performed on
all datasets. The average retrieved output of the ten references’ query results mean is
calculated in the 1% and 5% recall data cut-offs. Then, the average of the recall results of
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all classes is calculated to compare and evaluate the proposed measure with the standard
measures. This process is repeated for all datasets and all experiments in this research.

4.1. Datasets

Evaluating the similarity searching methods requires chemical datasets that can carry
out retrospective searches based on compounds of known activity. Therefore, several
licensed datasets can be used to assign biological activities to chemical compounds applied
on various algorithms for evaluation purposes. The MDL Drug Data Report (MDDR)
dataset is one of the most widely used chemo-informatics databases for measuring the
success of retrieving active chemical structures from similarity screens (Accelrys Inc.: San
Diego, CA, USA, http:/ /www.accelrys.com, accessed on 15 January 2020) [64] and has been
used in several studies to validate ligand-based virtual screening methods [34,38,39,44].
The MDDR database consists of over 102,000 chemical compounds with hundreds of
different activities, some of which are related to therapeutic areas such as antihypertensive,
while others include specific enzymes such as Renin inhibitors. In contrast to other datasets
that use unstructured text to represent activity, the MDDR dataset has a limited set of set
activities. Tables 1-3 show the specifics of the dataset’s active compounds.

Table 1. The MDDR-DS1 structure activity classes.

Activity Class Active Molecules AIChVIty 1?a1¥w1?e
ndex Similarity
Renin inhibitors 1130 31,420 0.290
HIV protease inhibitors 750 71,523 0.198

Thrombin inhibitors 803 37,110 0.180

Angiotensin II AT1 antagonists 943 31,432 0.229

Substance P antagonists 1246 42,731 0.149

5HT3 antagonist 752 06233 0.140

5HT reuptake inhibitors 359 06245 0.122

D2 antagonists 395 07701 0.138

5HT1A agonists 827 06235 0.133

Protein kinase C inhibitors 453 78,374 0.120

Cyclooxygenase inhibitors 636 78,331 0.108
Table 2. The MDDR-DS2 structure activity classes.

Activity Class Active Molecules AICI:;‘:;Y SI;rarl\IiT;;?:y
Adenosine (A1) agonists 207 07707 0.229
Adenosine (A2) agonists 156 07708 0.305

Renin inhibitors 1130 31,420 0.290

CCK agonists 111 42,710 0.361

Monocyclic B-lactams 1346 64,100 0.336

Cephalosporins 113 64,200 0.322

Carbacephems 1051 64,220 0.269

Carbapenems 126 64,500 0.260

Tribactams 388 64,350 0.305
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Table 3. The MDDR-DS3 structure activity classes.
.. Active Activity Pairwise
Activity Class Molecules Index Similarity
Muscarinic (M1) agonists 900 09249 0.111
NMDA receptor antagonists 1400 12,455 0.098
Nitric oxide synthase inhibitors 505 12,464 0.102
Dopamine B-hydroxylase inhibitors 106 31,281 0.125
Aldose reductase inhibitors 957 43,210 0.119
Reverse transcriptase inhibitors 700 71,522 0.103
Aromatase inhibitors 636 75,721 0.110
Cyclooxygenase inhibitors 636 78,331 0.108
Phospholipase A2 inhibitors 617 78,348 0.123
Lipoxygenase inhibitors 2111 78,351 0.113

In this paper, the experiments were carried out using the MDDR dataset to simulate
virtual screening to evaluate various methods in this work. All MDDR datasets utilized in
this work are 2D structural representations converted to multiple fingerprint descriptors
using Pipeline Pilot’s software [65]. The descriptors used in these research experiments are
ECFC_4 (Extended Connectivity Counts). The MDDR dataset contains 102,516 active and
inactive molecule data from the MDDR DS1, MDDR DS2, and MDDR DS3 datasets. The
MDDR-DS1 comprises eleven distinct activity classes, some of which include structurally
homogeneous actives (i.e., structurally diverse). On the other hand, the MDDR-DS2 dataset
comprises ten homogeneous classes of activity, whereas the MDDR-DS3 dataset comprises
ten heterogeneous classes of activity. The following Tables 1-3 provided each description
for the datasets used.

The diversity level in each of the chosen sets of bioactivities can be estimated, using
Pipeline Pilot software, through the matching of each chemical structure with every other
structure in its activity class. The class diversity is calculated using ECFC 4 fingerprints
and the Tanimoto coefficient. These findings were provided in the tables where the scores
demonstrate that activity class “Vitamin D analogs”, as shown in Table 2, is the most
homogeneous, while activity class “NMDA receptor antagonists”, as shown in Table 3, is
the most diverse.

4.2. Evaluation Measures of the Performance

The performance of the similarity methods is measured using different evaluation
methods. First, the screening is performed using the proportion of active compounds
discovered within the top 1% and 5% of the ranking test set. Most virtual screening
techniques commonly employ the top 1% and 5% to measure the recall of virtual screening
methods [66].

The second measure involves the comparison of proposed methods against the bench-
mark approach. Over the past years, the searching benchmark approach in ligand-based
virtual screening has been the Tanimoto similarity method. Additionally, several existing
methodologies are available for the performance evaluation of the proposed methods. The
methods are listed as the following;:

e  Tanimoto Similarity Method (TAN) [63]: is used to calculate both binary and distance
similarity coefficients.

e Adapted Similarity Measure of Text Processing (ASMTP) [39] is a similarity measure
based on ligand-based virtual screening. It has been generated to utilize the process of
chemical structure databases for a textual database.

e  Quantum-Based Similarity Method (SQB) [38] is a method for determining molecular
similarity based on quantum mechanics. To improve the model’s performance, the
approach concentrates on the complex pure Hilbert space of molecules.

The final important measure that can be used to evaluate the proposed methods is the
Significance Test. The Kendall W test of concordance is one of the important measures that
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use the Significance Test for a quantitative method for measuring the performance of the
similarity approach [67]. In particular, Kendall’s W was used to translate the coefficient
of concordance, commonly referred to as the measure of agreement among raters. The
assumption is based on, there is either a judge or a rater for each possible instance and that
each variable is either an object or a person being judged. The overall rankings for each
variable are determined accordingly. The range of Kendall’s W is between 0 (no agreement)
and 1 (complete agreement). Assume that object i (search similarity method) is provided a
rank r; ; by judge number j (activity class), where there are in total n objects and m judges.
Thus, the total rank provided to the object i is:

m
Ri =) i ®)
j=1
and the mean value of these total rankings is
- 1
R ==} R (6)

The sum of squared deviations, S, is defined as

n
=2
S=) (Ri—R) )
i=1
and then Kendall’s W is defined as
12 S
W= — 7
m2(n3 —n) ®)

The Kendall W test determines if a group of judges can reach similar conclusions
regarding the rank of each set of objects and vice versa. An experiment is carried out as part
of this study. Each of the dataset’s activity classes served as judges, while the recall rates of
the various search models served as objects. The findings supplied the Kendall coefficient
value and corresponding relevance levels, demonstrating whether the occurrences of the
coefficient are due to chance. It was possible to provide an overall object ranking provided
the value was important (cut-off values of both 1% and 5% were used).

5. Experimental Results and Discussion

The study results presented a new molecules representation based on autoencoder
dimensionality reduction (AE_DR) to exploit the powerful ability to learn a feature repre-
sentation of molecules from low-level encodings of a large corpus of chemical structures.
In addition, the similarity score between the reference structures of the molecules and the
entire represented molecules was calculated. As noted in Section 3.3, three different autoen-
coder architectures were proposed in this study (AE1-DR, AE2-DR, AE3-DR). The retrieval
outcomes of all three proposed autoencoder cases were compared to different comparison
approaches, including the Tanimoto Similarity Method (TAN), the Adapted Similarity
Measure of Text Processing (ASMTP), and the Quantum-Based Similarity Method (SQB).
For many years, the TAN coefficient has been employed in ligand-based virtual screening
and has been deemed as a reference standard, whereas the others have only recently been
applied with a similar aim of improving the performance of similarity searching. The
overall experimental findings of the MDDR-DS1, MDDR-DS2, and MDDR-DS3 based on
the new molecular representation are reported in Tables 4-9, with cut-off values of 1%
and 5%. The dataset’s activity class is represented in the first column of each table. The
second, third, and fourth columns reflect the average recall achieved at the top 1% and top
5% ranking results for each activity class, using TAN, ASMTP, and SQB similarity metrics,
respectively. The results achieved by the three proposed cases of the autoencoder approach
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are represented in the following columns. The average recall for the top 1% and top 5% of
the rankings is presented at the end of each column, and the contrasted shaded cell counts
for all techniques will be evaluated.

Table 4. The Retrieval results of the top 1% for the MDDR-DS1 dataset.

Activity

o TAN ASMTP SOB AE1 DR AE2 DR  AE3 DR
31,420 69.69 7384 73.73 7131 70.43 70.99
71,523 25.94 15.03 26.84 28.37 25.37 25.85
37,110 9.63 20.82 24.73 21.40 21.90 20.92
31,432 35.82 37.14 36.66 41.34 40.71 41.04
42,731 17.77 19.53 2117 19.23 17.67 22.03
06233 13.87 10.35 12.49 13.01 14.04 14.87
06245 6.51 5.50 6.03 6.03 778 7.08
07701 8.63 7.99 11.35 9.87 8.91 12.31
06235 9.71 9.94 10.15 10.71 11.07 10.49
78,374 13.69 13.90 13.08 11.91 12.04 13.74
78,331 7.17 6.89 5.92 7.3 7.07 8.14
Mean 19.86 20.08 22.01 21.86 21.54 22.50
Shaded 0 2 1 2 2 4
cells

Table 5. The Retrieval results of top 5% for MDDR-DSI dataset.

AIC;;‘Q;Y TAN ASMTP SQB AE1L DR AE2 DR  AE3 DR
31,420 83.49 86 87.75 858 85.03 87.08
71,523 48.92 51.33 60.16 55.21 57.22 56.41
37,110 21.01 23.87 39.81 4353 4217 41.79
31,432 7429 76.63 82 78.72 80.40 80.12
4,731 29.68 329 28.77 27.04 26.03 27.04
06233 27.68 262 20.96 238 2411 25.19
06245 16.54 155 15.39 19.76 21.17 21.07
07701 24.09 239 26.90 2521 2478 26.25
06235 20.06 236 2247 22,08 2191 24.17
78,374 2051 2226 20.95 18.19 19.88 23.74
78,331 162 15 1031 11.07 119 13.19
Mean 34.77 36.11 37.77 37.31 37.69 38.73

Shaded 2 1 3 0 1 3
cells

Table 6. The Retrieval results of top 1% for MDDR-DS2 dataset.

AICI:;‘Z;Y TAN ASMTP SOB AE1L DR AE2 DR  AE3 DR
07707 61.84 67.86 72.09 70.15 7318 73.46
07708 47.03 97.87 95.68 95.73 97.57 98.75
31,420 65.10 73.51 78.56 73.75 75.17 74.04
42,710 81.27 81.17 76.82 80.12 83.03 82.01
64,100 80.31 86.62 87.80 86.19 88.17 87.79
64,200 53.84 69.11 70.18 67.61 67.02 69.08
64,220 38.64 66.26 67.58 67.96 66.74 67.19
64,500 30.56 46.24 79.20 74.04 76.02 79.72
64,350 80.18 68.01 81.68 81.96 81.77 83.09
75,755 87.56 93.48 98.02 97.26 97.08 98.15
Mean 62.63 75.01 80.76 79.48 80.58 81.33
Shaded 0 0 2 1 2 5

cells
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Table 7. The Retrieval results of top 5% for MDDR-DS2 dataset.

AS;‘;‘;" TAN ASMTP SOB AE1.DR AE2. DR  AE3_DR
07707 70.39 76.17 7422 73.33 7778 80.24
07708 56.58 99.99 100 97.9 98.03 99.28
31,420 88.19 95.75 95.24 92.08 94.11 95.22
42,710 88.09 96.73 93 91.06 91.27 92.71
64,100 93.75 98.27 98.94 98.90 97.41 97.85
64,200 77.68 96.16 98.93 93.80 94.80 95.90
64,220 52.19 94.13 90.9 91,5 92.09 92.33
64,500 448 90.6 92.72 89.04 91.08 91.07
64,350 91.71 98.6 93.75 91.11 92.44 90.9
75,755 94.82 97.27 98.75 98.08 97.09 97.19
Mean 75.82 94.36 93.61 91.68 92.61 93.27

Shaded 0 4 5 0 0 1
cells

Table 8. The Retrieval results of top 1% for MDDR-DS3 dataset.

Activity TAN SQB AE1_DR AE2_DR AE3_DR
Index
09249 12.12 10.99 15.01 16.03 17.76
12,455 6.57 7.03 7.88 9.17 6.77
12,464 8.17 6.92 11.12 12.50 12.04
31,281 16.95 18.67 17.66 17.75 165
43,210 6.27 6.83 9.76 9.07 10.90
71,522 3.75 6.57 7.19 9.14 9.02
75,721 17.32 20.38 22.29 21.66 23.90
78,331 6.31 6.16 6.09 5.06 8.98
78,348 10.15 8.99 9.11 6.89 6.40
78,351 9.84 125 14.02 15.78 16.06
Mean 9.75 10.50 12.01 12.31 12.83
Shaded 1 1 0 3 5
cells

Table 9. The Retrieval results of top 5% for MDDR-DS3 dataset.

Activity TAN SQB AE1_DR AE2_DR AE3_DR
Index
09249 2417 17.8 26.08 26.02 2579
12,455 10.29 11.42 14.85 15.86 14.99
12,464 15.22 16.79 19.76 20.74 19.78
31,281 29.62 29.05 3233 33.19 35.01
43,210 16.07 14.12 19.11 20.22 19.55
71,522 12.37 13.82 15.44 15.07 16.06
75,721 2521 30.61 33.71 34.45 3533
78,331 15.01 11.97 13.22 13.10 14.12
78,348 24.67 21.14 20.87 20.98 21.89
78,351 11.71 13.30 17.50 16.45 18.08
Mean 18.43 18.00 21.29 21.61 22.06
Shaded 2 0 1 3 4
cells

The recall values of MDDR-DS1 are shown in Tables 4 and 5 for the 1% and 5% cut-off,
respectively. Tables 6 and 7 show the recall values of MDDR-DS2 results of the top 1%
and 5%, respectively, and Tables 8 and 9 report the retrieval recall results for MDDR-DS3
data sets of the top 1% and 5%, respectively. The last row of each table demonstrated the
number of classes that achieved the best recall from each similarity measure. The best recall
average values for each class are shaded.
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Tables 4 and 5 summarizes the top 1% and top 5% recall rates for DS1, respectively.
Based on findings, the three proposed cases of AE1-DR, AE2-DR, and AE3-DR surpassed
both TAN and ASMTP at the 1% and 5% cut-off values. Meanwhile, the AE3-DR surpassed
TAN, ASMTP, and SQB for the 1% and 5% cut-off. In the first case, the AE1-DR surpasses all
TAN and ASMTP benchmark comparison approaches, with increases of 2% in mean recall
values when compared to TAN and 1.78 in mean recall values when compared to ASMTP,
respectively, for the top 1%. The findings for the top 5% are provided in Table 5, where it
can be observed that the AE1-DR surpassed TAN by 2.54% mean recall values and ASMTP
by 1.20% mean recall values. In the second case, the AE2-DR with DS1 surpassed the TAN
and ASMTP benchmark similarity approaches, increasing mean recall values by 1.68% to
TAN and 1.46% compared to ASMTP for the top 1%. The AE2-DR surpassed TAN and
ASMTP in the top 5%, achieving 2.92% mean recall values and 1.58% mean recall values,
respectively. Finally, compared to the TAN, ASMTP, and SQB benchmark methods, the
third recommended case of AE3-DR yielded the best results. On the DS1 dataset, AE3-DR
surpassed the other similarity techniques in the top 1%, with mean recall values increased
by 2.64% to TAN, 2.42% when compared to ASMTP, and 0.49% when compared to SQB.
The findings of the top 5% demonstrated that AE3-DR performed well, with mean recall
values increasing by 3.96% compared to TAN, 2.62% when compared to ASMTP, and 0.96%
when compared to SQB.

The DS2 dataset comprises ten homogeneous activity classifications. This dataset’s
molecules are more similar to one another with lower diversity. In Tables 6 and 7, the
recall values for the three proposed cases were compared to those obtained using the
TAN, ASMTP, and SQB benchmark techniques. The AE1-DR beats the TAN, and ASMTP
benchmark similarity approaches for the top 1%, with increases of 16.85% mean recall
values versus TAN and 4.47% mean recall values versus ASMTP. The AE2-DR for the top 1%
with DS2 outperforms the TAN and ASMTP benchmark similarity methods, with increases
of 17.95% mean recall values compared to TAN, and 5.57% mean recall values compared to
ASMTP. Among all three proposed cases, the AE3-DR for the top 1% with DS2 demonstrated
the best results compared to TAN, ASMTP, and SQB benchmark methods. The AE3-DR
outperformed other similarity methods, with increases of 18.70% for mean recall value
compared to TAN, 6.32% compared to ASMTP, and 0.57% compared to SQB. The results for
the top 5% of the three proposed cases of AE1-DR, AE2-DR, and AE3-DR are provided in
Table 7, where each case outperforms the TAN with increases of 15.86%, 16.79%, and 17.45%,
respectively. The ASMTP and SQB, on the other hand, outperformed the proposed cases.
The DS2 Dataset is more homogenous, with less important and redundant characteristics
that might affect similarity performance. Therefore, compared to ASMTP and SQB, the
performance of similarity searches using the new molecules’ representations based on low
dimensions was worse. Thus, our work focuses on how to improve the similarity between
molecules that are diverse and have low similarity values.

The DS3 dataset comprises ten heterogeneous activity classes with highly diverse
molecules. Based on the findings, the DS3 dataset produces the best outcomes. Table 8
shows the top 1% retrieval results of AE1-DR, AE2-DR, and AE3-DR when compared to
TAN and SQB benchmark methods, while Table 9 presents the retrieval results of the top
5% of AE1-DR, AE2-DR, and AE3-DR. The results of AE1-DR in the top 1% demonstrated
increased performance, with improvements of 2.26% in mean recall values compared to
TAN and 1.51% in mean recall values compared to SQB. While the AE1-DR performed well
in the top 5% of results, it gained 2.86% of mean recall values compared to TAN and 3.29%
of mean recall values compared to SQB. In the second case, the outcomes of AE2-DR with
the top 1% performed better than the TAN, with improvements of 2.56% of mean recall
values and 1.81% of mean recall values compared to SQB. While the AE2-DR fared better
in the top 5% of results, with improvements of 3.18% mean recall values compared to TAN,
and 3.61% mean recall values compared to SQB. Compared to benchmark methodologies,
the AE3-DR findings outperformed the other two proposed cases. AE3-DR outperformed
the benchmark similarity approaches for the top 1%, gaining 3.08% of the mean recall
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values compared to TAN and 2.33% of the mean recall values compared to SQB. While the
AE3-DR fared better for the top 5% of results, with improvements of 3.63% of the mean
recall values when compared to TAN and 4.06% when compared to SQB.

Another important measure used to evaluate the performances of the proposed
method is a quantitative approach known as the Significance Test. The Kendall W test
of concordance, as previously discussed in Section 4.2, was employed as the Significance
Test in this study. The Kendall W significance test determines if a group of raters makes
comparable judgments about the ranking of a group of objects; the raters, in this case, are
the activity classes, and the item to be ranked is represented by the recall rates of the various
search methods. Kendall’s coefficient of concordance test aims to measure whether the
output result of the virtual screening was random or if the proposed approach produced
good results that enhanced the virtual screening efficiency. In this study, if the value was
significant, for which the cut-off values of 1% and 5% were chosen, it is possible to rank the
items overall. Table 10 summarizes the top 1% and top 5% ranks for the different similarity
findings of the TAN, ASMTP, SQB, AE1-DR, AE2-DR, and AE3-DR based on the Kendall
analysis for DS1, DS2, and DS3 with ECFC 4 fingerprints. Table 10 has columns labeled
with the dataset type, recall%, Kendall W coefficient value, related probability, and ranking
of each of the six approaches.

Table 10. The Rankings of TAN, ASMTP, SQB, AE1-DR, AE2-DR, and AE3-DR approaches Based on
Kendall W Test Results: DS1, DS2, and DS3 at top 1% and top 5%.

Recall Mean Rank
Data Set W P
Cut-Off TAN ASMTP SQB AE1_DR AE2 DR AE3_DR
DS1 1% 0.19 0.00012 1.56 1.64 2.59 2.95 2.55 3.737
DS1 5% 0.11 0.03 1.73 2.55 2.82 2.05 2.36 3.5
DS2 1% 0.49 0.002 0.4 1.7 3.2 24 3.2 4.1
DS2 5% 0.61 0.001 0.2 44 44 1.8 26 3.1
DS3 1% 0.23 0.0001 1 Not used 1.4 23 26 2.7
DS3 5% 0.47 0.0011 1.1 Not used 0.7 22 2.7 3.3

Kendall W tests have a range of 0 to 1, with 0 indicating no agreement and 1 indicating
total agreement, and the associated probability (p) should be less than 0.05. Kendall W
test values for DS1 were p = 0.00012 and w = 0.19 for the top 1% retrieval results, p = 0.03
and w = 0.11 for the top 5% retrieval results, p = 0.002 and w = 0.49 for the top 1% retrieval
results, p = 0.001 and w = 0.61 for the top 5% retrieval results, and p = 0.000 for the DS3
dataset. Thus, the Kendall W test findings for the top 1% and top 5% of all datasets DS1,
DS2 and DS3 indicate that the associated probability (p) is less than 0.05. This indicates
that the AE1-DR, AE2-DR, and AE3-DR are statistically significant at both the 1% and 5%
cut-offs. Thus, the overall ranking of techniques for DS1 with the top 1% is AE3-DR > SQB
> AE1-DR > AE2-DR > ASMTP > TAN while for the top 5% is AE3-DR > SQB > ASMTP
> AE2-DR > AE1-DR >TAN. As for the DS2, the overall ranking of techniques for the top
1% is AE3-DR > AE2-DR > SQB > AE1-DR > ASMTP > TAN while for the top 5% is SQB
> ASMTP > AE3-DR > AE2-DR > AE1-DR >TAN. Next, for DS3, the overall ranking of
techniques for the top 1% is AE3-DR > AE2-DR > AE1-DR > SQB > TAN while for the top
5% is AE3-DR > AE2-DR > AE1-DR > TAN > SQB.

As mentioned in the related works section, the Bayesian inference network (BIN) is
the most popular method of machine learning used for molecular similarity searching
that provided an interesting performance to the existing tools of similarity-based virtual
screening. The BIN is particularly effective when the active molecules being sought have
a high degree of structural homogeneity but has been found to perform less well with
the structurally heterogeneous sets of molecules. The mean recall value results of BIN
based on the MDDR-DS3 heterogeneous dataset is 10.55 with a cutting-off of 1 %, while
the mean recall value results with cutting 5% is 17.81 [36]. In this paper, we aimed to
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improve the performance of similarity searching for the heterogeneous dataset, where
the molecules are highly diverse and where the benchmarks methods failed to improve
the performance of the LBVS similarity searching. Thus, we introduced an alternative
approach for molecular representation called Autoencoder, which aims to remove irrelevant
and redundant features that impact the performance of the similarity searching methods
and produces a new molecules’ representation (new descriptor with low dimensions)
used for improving the performance of the similarity searching. This helped overcome
the limitations of the previous methods, such as BIN. For instance, the results of the
Autoencoder cases AE1-DR, AE2-DR, and AE3-DR with the top 1% showed an improved
performance using the mean recall values compared to BIN (12.01, 12.31, 12.83, and 10.55,
respectively. Similarly, for the top 5%, AE1-DR, AE2-DR, and AE3-DR obtained better
performance than BIN (21.29, 21.61, 22.06, and 17.81).

6. Conclusions

The selection of favorable reduced metric space without prior information is not easy.
However, the use of new algorithms that can learn complex functions has opened up a
new way of providing a lower-dimensional representation of the data without signifi-
cant information loss. Autoencoders have proven extremely effective at reducing data
dimensionality while preserving significant underlying features. Three proposed cases
with different architectures of Autoencoder have been employed to remove irrelevant and
redundant features and produce a new molecular representation with low dimensions. This
new representation based on the low dimension is regarded as a new descriptor and used
to enhance the recall of the similarity searching measures. The proposed cases resulted
in a low dimensional molecular representation that preserved the significant underlying
features. The represented datasets were utilized to calculate the molecular similarity search
using the Tanimoto similarity measure. The experiments performed in this study using the
MDDR benchmark dataset demonstrated that virtual screening of chemical databases using
ligands is more cost-effective than other techniques. The screening and evaluation findings
indicated that the proposed method outperforms other similarity search methods, including
Tanimoto coefficient (TAN), Adapted Similarity Measure for Text Processing (AS-MTP), and
Quantum-Based Similarity (QBS) approaches. The screening investigation demonstrated
that the new approaches outperformed the existing methods. The performance of the three
proposed cases featuring structurally heterogeneous datasets (MDDR-DS1, MDDR-DS3),
in particular, outperformed current approaches used in prior work to improve molecular
similarity searches.

Author Contributions: Conceptualization, M.N., N.S,, ES. and S.B.; Data curation, M.N., L.R. and
H.H.; Formal analysis, M.N., E.S. and H.H.; Funding acquisition, N.S. and S.B.; Investigation, L.R.
and M.A.A.; Methodology, M.N., N.S., ES. and H.H.; Project administration, N.S., ES. and S.B.;
Resources, LR. and M.A.A.; Software, M.N., LR., HH. and M.A.A.; Supervision, N.S. and FS.;
Validation, N.S., S.B. and M.A.A.; Visualization, L.R., H.H. and M.A.A.; Writing—original draft, M.N.;
Writing—review & editing, M.N., E.S. and S.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Research Management Center (RMC) at the Universiti
Teknologi Malaysia (UTM) under the Research University Grant Category (VOT Q.J130000.2528.16H74,
Q.J130000.2528.18H56, and R.J130000.7828.4F985) and funded by the Data Analytics and Artificial
Intelligence (DAAI), Birmingham City University, UK.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The MDL Drug Data Report (MDDR) dataset is owned by www.
accelrys.com, accessed on 15 January 2020. A license is required to access the data.


www.accelrys.com
www.accelrys.com

Biomolecules 2022, 12, 508 21 of 23

Acknowledgments: This work is supported by the Ministry of Higher Education (MOHE) and the Re-
search Management Center (RMC) at the Universiti Teknologi Malaysia (UTM) under the Research Uni-
versity Grant Category (VOT Q.J130000.2528.16H74, Q.J130000.2528.18H56, and R.J130000.7828.4F985)
and funded by the Data Analytics and Artificial Intelligence (DAAI) research group, Birmingham City
University, UK.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rollinger, ].M.; Stuppner, H.; Langer, T. Virtual screening for the discovery of bioactive natural products. In Natural Compounds as
Drugs; Springer: New York, NY, USA, 2008; pp. 211-249.

2. Gonczarek, A.; Tomczak, ] M.; Zareba, S.; Kaczmar, J.; Dabrowski, P.; Walczak, M.]. Learning Deep Architectures for Interaction
Prediction in Structure-based Virtual Screening. arXiv 2016, arXiv:1610.07187.

3.  Coley, CW,; Rogers, L.; Green, W.H.; Jensen, K.F. Computer-assisted retrosynthesis based on molecular similarity. ACS Cent. Sci.
2017, 3, 1237-1245. [CrossRef]

4. Hu, Y,; Stumpfe, D.; Bajorath, J. Recent advances in scaffold hopping. J. Med. Chem. 2017, 60, 1238-1246. [CrossRef]

5. Vogt, M.; Bajorath, J. Chemoinformatics: A view of the field and current trends in method development. Bioorganic Med. Chem.
2012, 20, 5317-5323. [CrossRef]

6.  Bajorath, J. Molecular Similarity Concepts for Informatics Applications. In Bioinformatics: Volume II: Structure, Function, and
Applications; Humana Press: New York, NY, USA, 2017; pp. 231-245.

7. Maggiora, G.M. Introduction to molecular similarity and chemical space. In Foodinformatics; Springer: New York, NY, USA, 2014;
pp- 1-81.

8. Willett, P. Similarity searching using 2D structural fingerprints. In Chemoinformatics and Computational Chemical Biology; Springer:
New York, NY, USA , 2010; pp. 133-158.

9. Bajusz, D.; Racz, A.; Héberger, K. Why is Tanimoto index an appropriate choice for fingerprint-based similarity calculations? J.
Cheminformatics 2015, 7, 20. [CrossRef]

10. Vogt, M.; Wassermann, A.M.; Bajorath, J. Application of information—Theoretic concepts in chemoinformatics. Information 2010,
1, 60-73. [CrossRef]

11. Liu, H.; Motoda, H. Computational Methods of Feature Selection; CRC Press: Boca Raton, FL, USA, 2007.

12.  Solorio-Fernandez, S.; Carrasco-Ochoa, J.A.; Martinez-Trinidad, J.F. A review of unsupervised feature selection methods. Artif.
Intell. Rev. 2020, 53, 907-948. [CrossRef]

13. Le, Q.V. Building high-level features using large scale unsupervised learning. In Proceedings of the 2013 IEEE International
Conference on Acoustics, Speech and Signal Processing, Vancouver, BC, Canada, 26-31 May 2013; pp. 8595-8598.

14. Jia, Y,; Shelhamer, E.; Donahue, J.; Karayev, S.; Long, J.; Girshick, R.; Guadarrama, S.; Darrell, T. Caffe: Convolutional architecture
for fast feature embedding. In Proceedings of the 22nd ACM International Conference on Multimedia, Orlando, FL, USA, 3-7
November 2014; pp. 675-678.

15. Noda, K.; Yamaguchi, Y.; Nakadai, K.; Okuno, H.G.; Ogata, T. Audio-visual speech recognition using deep learning. Appl. Intell.
2015, 42, 722-737. [CrossRef]

16. Deng, L.; Yu, D.; Dahl, G.E. Deep Belief Network for Large Vocabulary Continuous Speech Recognition. U.S. Patent 8,972,253,
3 March 2015.

17.  Mikolov, T.; Sutskever, I.; Chen, K.; Corrado, G.S.; Dean, J. Distributed representations of words and phrases and their composi-
tionality. In Proceedings of the Advances in Neural Information Processing Systems, Lake Tahoe, NV, USA, 5-10 December 2013;
pp. 3111-3119.

18. Gao, J.; He, X,; Deng, L. Deep Learning for Web Search and Natural Language Processing; Microsoft Technical Report; Microsoft
Corporation: Redmond, WA, USA, 2015; MSR-TR-2015-7.

19. Hamza, H.; Nasser, M,; Salim, N.; Saeed, F. Bioactivity prediction using convolutional neural network. In Proceedings of the
International Conference of Reliable Information and Communication Technology, Johor, Malaysia, 22-23 September 2019;
pp. 341-351.

20. Hinton, G.; Deng, L.; Yu, D.; Dahl, G.E.; Mohamed, A.-R.; Jaitly, N.; Senior, A.; Vanhoucke, V.; Nguyen, P,; Sainath, T.N. Deep
neural networks for acoustic modeling in speech recognition: The shared views of four research groups. IEEE Signal Processing
Mag. 2012, 29, 82-97. [CrossRef]

21. Sun, Y.; Wang, X,; Tang, X. Deep convolutional network cascade for facial point detection. In Proceedings of the IEEE conference
on Computer Vision and Pattern Recognition, Portland, OR, USA, 23-28 June 2013; pp. 3476-3483.

22. Tompson, ].J.; Jain, A.; LeCun, Y.; Bregler, C. Joint training of a convolutional network and a graphical model for human pose
estimation. In Proceedings of the Advances in Neural Information Processing Systems, Montreal, QC, Canada, 8-13 December
2014; pp. 1799-1807.

23.  Schmidhuber, J. Deep learning in neural networks: An overview. Neural Netw. 2015, 61, 85-117. [CrossRef]

24. Alsoufi, M.A,; Razak, S.; Siraj, M.M.; Al-Rimy, B.A.; Ali, A.; Nasser, M.; Abdo, S. A Review of Anomaly Intrusion Detection

Systems in IoT using Deep Learning Techniques. Adv. Data Sci. Adapt. Anal. 2021, 72, 2143001. [CrossRef]


http://doi.org/10.1021/acscentsci.7b00355
http://doi.org/10.1021/acs.jmedchem.6b01437
http://doi.org/10.1016/j.bmc.2012.03.030
http://doi.org/10.1186/s13321-015-0069-3
http://doi.org/10.3390/info1020060
http://doi.org/10.1007/s10462-019-09682-y
http://doi.org/10.1007/s10489-014-0629-7
http://doi.org/10.1109/MSP.2012.2205597
http://doi.org/10.1016/j.neunet.2014.09.003
http://doi.org/10.1142/S2424922X21430014

Biomolecules 2022, 12, 508 22 of 23

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.
48.

49.
50.
51.
52.
53.
54.

55.

Alsoufi, M.A.; Razak, S.; Siraj, M.M.; Nafea, I.; Ghaleb, F.A.; Saeed, F; Nasser, M. Anomaly-based intrusion detection systems in
iot using deep learning: A systematic literature review. Appl. Sci. 2021, 11, 8383. [CrossRef]

Alsoufi, M.; Razak, S.; Siraj, M.M.; Ali, A.; Nasser, M.; Abdo, S. Anomaly Intrusion Detection Systems in IoT Using Deep Learning
Techniques: A Survey. In Proceedings of the International Conference of Reliable Information and Communication Technology,
Langkawi, Malaysia, 21-22 December 2020; pp. 659-675.

Wang, H.; Raj, B. On the origin of deep learning. arXiv 2017, arXiv:1702.07800.

Wang, H.; Yeung, D.-Y. Towards Bayesian deep learning: A survey. arXiv 2016, arXiv:1604.01662.

Strub, F.; Mary, ]J. Collaborative filtering with stacked denoising autoencoders and sparse inputs. In Proceedings of the NIPS
Workshop on Machine Learning for eCommerce, Montreal, QC, Canada, 27 December 2015.

Liu, W.; Wang, Z.; Liu, X,; Zeng, N.; Liu, Y.; Alsaadi, FE. A survey of deep neural network architectures and their applications.
Neurocomputing 2017, 234, 11-26. [CrossRef]

Zhang, C.; Patras, P.; Haddadi, H. Deep learning in mobile and wireless networking: A survey. IEEE Commun. Surv. Tutor. 2019,
21, 2224-2287. [CrossRef]

Lemke, T.; Peter, C. EncoderMap: Dimensionality reduction and generation of molecule conformations. J. Chem. Theory Comput.
2019, 15, 1209-1215. [CrossRef]

Willett, P. Textual and chemical information processing: Different domains but similar algorithms. Inf. Res. 2000, 5, XIII-XIV.
Abdo, A; Saeed, F.; Hamza, H.; Ahmed, A.; Salim, N. Ligand expansion in ligand-based virtual screening using relevance
feedback. J. Comput.-Aided Mol. Des. 2012, 26, 279-287. [CrossRef]

Abdo, A,; Salim, N.; Ahmed, A. Implementing relevance feedback in ligand-based virtual screening using Bayesian inference
network. J. Biomol. Screen. 2011, 16, 1081-1088. [CrossRef]

Abdo, A.; Chen, B.; Mueller, C.; Salim, N.; Willett, P. Ligand-based virtual screening using bayesian networks. J. Chem. Inf.
Modeling 2010, 50, 1012-1020. [CrossRef]

Abdo, A.; Leclére, V.; Jacques, P; Salim, N.; Pupin, M. Prediction of new bioactive molecules using a bayesian belief network. J.
Chem. Inf. Modeling 2014, 54, 30-36. [CrossRef]

Al-Dabbagh, M.M.; Salim, N.; Himmat, M.; Ahmed, A.; Saeed, F. A quantum-based similarity method in virtual screening.
Molecules 2015, 20, 18107-18127. [CrossRef]

Himmat, M.; Salim, N.; Al-Dabbagh, M.M.; Saeed, F.; Ahmed, A. Adapting document similarity measures for ligand-based virtual
screening. Molecules 2016, 21, 476. [CrossRef]

Abdo, A.; Salim, N. New fragment weighting scheme for the bayesian inference network in ligand-based virtual screening. J.
Chem. Inf. Modeling 2010, 51, 25-32. [CrossRef]

Himmat, M.H.I. New Similarity Measures for Ligand-Based Virtual Screening; Universiti Teknologi Malaysia: Johor, Malaysia, 2017.
Arif, S.M.; Holliday, J.D.; Willett, P. The Use of Weighted 2D Fingerprints in Similarity-Based Virtual Screening. In Advances in
Mathematical Chemistry and Applications; Bentham Science Publishers: Oak Par, IL, USA, 2015.

Ahmed, A.; Abdo, A ; Salim, N. Ligand-based Virtual screening using Bayesian inference network and reweighted fragments. Sci.
World |. 2012, 2012, 410914. [CrossRef]

Ahmed, A.; Salim, N.; Abdo, A. Fragment Reweighting in Ligand-Based Virtual Screening. Adv. Sci. Lett. 2013, 19, 2782-2786.
[CrossRef]

Ahmed, A.; Abdo, A.; Salim, N. An enhancement of Bayesian inference network for ligand-based virtual screening using
minifingerprints. In Proceedings of the Fourth International Conference on Machine Vision (ICMV 11), Singapore, 9 December
2011; p. 83502U-83502U-83505.

Ahmed, A.; Abdo, A.; Salim, N. Ligand-based virtual screening using fuzzy correlation coefficient. Int. J. Comput. Appl. 2011,
19, 38-43.

Willett, P. Combination of similarity rankings using data fusion. J. Chem. Inf. Modeling 2013, 53, 1-10. [CrossRef]

Ahmed, A.; Saeed, E; Salim, N.; Abdo, A. Condorcet and borda count fusion method for ligand-based virtual screening.
J. Cheminform. 2014, 6, 19. [CrossRef]

Hall, D.L.; McMullen, S.A. Mathematical Techniques in Multisensor Data Fusion; Artech House: Norwood, MA, USA, 2004.
Liggins II, M.; Hall, D.; Llinas, J. Handbook of Multisensor Data Fusion: Theory and Practice; CRC Press: Boca Raton, FL, USA, 2017.
Salim, N.; Holliday, J.; Willett, P. Combination of fingerprint-based similarity coefficients using data fusion. J. Chem. Inf. Comput.
Sci. 2003, 43, 435-442. [CrossRef] [PubMed]

Saeed, F; Salim, N.; Abdo, A. Combining multiple clusterings of chemical structures using cluster-based similarity partitioning
algorithm. Int. J. Comput. Biol. Drug Des. 2014, 7, 31-44. [CrossRef] [PubMed]

Samanta, S.; O’'Hagan, S.; Swainston, N.; Roberts, T.J.; Kell, D.B. VAE-Sim: A novel molecular similarity measure based on a
variational autoencoder. Molecules 2020, 25, 3446. [CrossRef]

Nasser, M.; Salim, N.; Hamza, H.; Saeed, F.; Rabiu, I. Features Reweighting and Selection in ligand-based Virtual Screening for
Molecular Similarity Searching Based on Deep Belief Networks. Adv. Data Sci. Adapt. Anal. 2020, 12, 2050009. [CrossRef]
Nasser, M.; Salim, N.; Hamza, H.; Saeed, F. Deep Belief Network for Molecular Feature Selection in Ligand-Based Virtual
Screening. In Proceedings of the International Conference of Reliable Information and Communication Technology, Kuala
Lumpur, Malaysia, 23-24 July 2018; pp. 3-14.


http://doi.org/10.3390/app11188383
http://doi.org/10.1016/j.neucom.2016.12.038
http://doi.org/10.1109/COMST.2019.2904897
http://doi.org/10.1021/acs.jctc.8b00975
http://doi.org/10.1007/s10822-012-9543-4
http://doi.org/10.1177/1087057111416658
http://doi.org/10.1021/ci100090p
http://doi.org/10.1021/ci4004909
http://doi.org/10.3390/molecules201018107
http://doi.org/10.3390/molecules21040476
http://doi.org/10.1021/ci100232h
http://doi.org/10.1100/2012/410914
http://doi.org/10.1166/asl.2013.5012
http://doi.org/10.1021/ci300547g
http://doi.org/10.1186/1758-2946-6-19
http://doi.org/10.1021/ci025596j
http://www.ncbi.nlm.nih.gov/pubmed/12653506
http://doi.org/10.1504/IJCBDD.2014.058584
http://www.ncbi.nlm.nih.gov/pubmed/24429501
http://doi.org/10.3390/molecules25153446
http://doi.org/10.1142/S2424922X20500096

Biomolecules 2022, 12, 508 23 of 23

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nasser, M.; Salim, N.; Hamza, H.; Saeed, F,; Rabiu, I. Improved deep learning based method for molecular similarity searching
using stack of deep belief networks. Molecules 2021, 26, 128. [CrossRef]

Nasser, M.; Salim, N.; Hamza, H. Molecular Similarity Searching Based on Deep Belief Networks with Different Molecular
Descriptors. In Proceedings of the 2020 2nd International Conference on Big Data Engineering and Technology, Singapore, 3-5
January 2020; pp. 18-24.

Ponti, M.A; Ribeiro, L.S.F.; Nazare, T.S.; Bui, T.; Collomosse, J. Everything you wanted to know about deep learning for computer
vision but were afraid to ask. In Proceedings of the 2017 30th SIBGRAPI Conference on Graphics, Patterns and Images Tutorials
(SIBGRAPI-T), Niteroi, Brazil, 17-20 October 2017; pp. 17-41.

Coates, A.; Ng, A.; Lee, H. An analysis of single-layer networks in unsupervised feature learning. In Proceedings of the Fourteenth
International Conference on Artificial Intelligence and Statistics, Fort Lauderdale, FL, USA, 11-13 April 2011; pp. 215-223.
Blaschke, T.; Olivecrona, M.; Engkvist, O.; Bajorath, J.; Chen, H. Application of generative autoencoder in de novo molecular
design. Mol. Inform. 2018, 37, 1700123. [CrossRef]

Pathirage, C.S.N.; Li, J.; Li, L.; Hao, H.; Liu, W.; Wang, R. Development and application of a deep learning-based sparse
autoencoder framework for structural damage identification. Struct. Health Monit. 2019, 18, 103-122. [CrossRef]

Konda, K.R. Unsupervised Relational Feature Learning for Vision. Ph.D. Thesis, Johann Wolfgang Goethe-University, Frankfurt
am Main, Germany, 2016.

Ellis, D.; Furner-Hines, J.; Willett, P. Measuring the degree of similarity between objects in text retrieval systems. Perspect. Inf.
Manag. Annu. Rev. 1993, 3, 61108641.

MDL Drug Data Report (MDDR). Available online: http://www.accelrys.com (accessed on 15 January 2020).

San Diego Accelrys Inc. Pipeline Pilot Software: SciTegic Accelrys Inc; San Diego Accelrys Inc.: San Diego, CA, USA, 2008.

Hert, J.; Willett, P.; Wilton, D.J.; Acklin, P.; Azzaoui, K.; Jacoby, E.; Schuffenhauer, A. Comparison of fingerprint-based methods
for virtual screening using multiple bioactive reference structures. J. Chem. Inf. Comput. Sci. 2004, 44, 1177-1185. [CrossRef]
Legendre, P. Species associations: The Kendall coefficient of concordance revisited. J. Agric. Biol. Environ. Stat. 2005, 10, 226.
[CrossRef]


http://doi.org/10.3390/molecules26010128
http://doi.org/10.1002/minf.201700123
http://doi.org/10.1177/1475921718800363
http://www.accelrys.com
http://doi.org/10.1021/ci034231b
http://doi.org/10.1198/108571105X46642

	Introduction 
	Related Work 
	Materials and Methods 
	Dimensionality Reduction Based Autoencoder 
	Ability of Autoencoder for Molecular Dimensionality Reduction 
	Autoencoder Proposed Cases for Molecular Dimensionality Reduction 
	Proposed Autoencoder Case 1 (AE1-DR) 
	Proposed Autoencoder Case 2 (AE2-DR) 
	Proposed Autoencoder Case 3 (AE3-DR) 
	Similarity Searching Based Autoencoder Molecular Representation Using Tanimoto Similarity Measure 


	Experimental Design 
	Datasets 
	Evaluation Measures of the Performance 

	Experimental Results and Discussion 
	Conclusions 
	References

