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Drug-likeness prediction is important for the virtual screening of drug candidates. It is challenging because
the drug-likeness is presumably associated with the whole set of necessary properties to pass through
clinical trials, and thus no definite data for regression is available. Recently, binary classification models
based on graph neural networks have been proposed but with strong dependency of their performances
on the choice of the negative set for training. Here we propose a novel unsupervised learning model
that requires only known drugs for training. We adopted a language model based on a recurrent neural
network for unsupervised learning. It showed relatively consistent performance across different datasets,
unlike such classification models. In addition, the unsupervised learning model provides drug-likeness

scores that well separate distributions with increasing mean values in the order of datasets composed of
Received 22nd September 2021 | l t a3 lat tep i d d L t h the classificati del dicted
Accepted 10th December 2021 molecules at a later step in a drug development process, whereas the classification model predicte
a polarized distribution with two extreme values for all datasets presumably due to the overconfident

DOI: 10.1039/d1sc05248a prediction for unseen data. Thus, this new concept offers a pragmatic tool for drug-likeness scoring and
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1 Introduction

Prediction of the biochemical properties of molecules is
essential for efficient drug development. Simulations based on
physicochemical principles can be used for this purpose.
However, these methods are often not practical, especially if
either target properties are associated with a number of
different biological causes or those mechanisms are unclear.
Data-driven approaches can be applied to such cases thanks to
their convenience of making predictions from data alone
without efforts to know the underlying biological mechanisms,
as have been shown by successful examples of deep learning
methods for accelerated drug developments.'”

One example of such biochemical properties is drug-
likeness. It can be used to remove compounds in advance that
are likely to fail in clinical trials, which is important to enhance
the success rate and reduce the economic costs of drug devel-
opment.®® It is presumably associated with the whole set of
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further can be applied to other biochemical applications.

essential characteristics to pass through clinical trials such as
bioactivity, metabolic stability, toxicity, and so on. As those
numerous factors can affect drug-likeness, it cannot be directly
measured as a single-valued quantity. Therefore, various drug-
likeness expressions have been suggested using data-driven
approaches as a result of studies for more than two decades.'®

In the beginning, the drug-likeness has been defined based
on the certain physicochemical properties of the known drug
molecules.” In general, human experts select those physico-
chemical properties that seem to be closely associated with the
drug-likeness and have been analyzed their distribution from
drug databases. According to the result, a certain drug-likeness
method is determined and used in a virtual screening scenario.
Most methods developed in the early days were a classifier type
based on the rules derived from the property distribution
analysis."*?® It is designed to determine whether a query
molecule has drug potential or not. The representative example
is the rules of five (Ro5) proposed by Lipinski et al, which
introduced the criteria of the number of hydrogen bond donors,
the number of hydrogen bond acceptors, the molecular weight,
and the octanol-water partition coefficient for being drug-
like.**** Though these rule-based filters have been widely used
thanks to the convenience, their inflexibility provokes
a substantial possibility of screening out good drug candidates.
For instance, 16% of the oral drugs violate at least one of the
Ro5, and 6% of them violate more than two.?*>* Thus, these
rules have been used to predict the bioavailability of molecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To prevent such strict cut-off, quantitative approaches have
been proposed.***® The quantitative estimate of drug-likeness
(QED) score is a representative example, which derives a final
score from desirability functions fitted to the distribution of
eight molecular properties.*®* However, a recent study reported
that QED is not practical to discriminate drug from non-drug
molecules by showing that the distributions of the features
used in QED are indistinguishable for drugs and non-drugs.*
This result indicates that human-driven features at the current
level may have limitations for a screening purpose in practice.

To overcome the weakness of the previous data-driven
methods, deep learning approaches have been attempted.****
The key difference of the deep learning approaches from the
previous ones is to extract suitable features directly from raw
data.>** Thus, the performance of deep learning models
strongly relies on the quality and quantity of data used in
training. Unfortunately, however, no quantitative data for the
development of regression models is available because the
drug-likeness is not a directly measurable quantity. In this
regard, most deep learning approaches for drug-likeness
adopted a two-class classification (TCC) method, which aims
to classify query molecules into drug or non-drug.>*?***

The TCC methods inevitably need both drug molecules for
a positive set and non-drug molecules for a negative set. The
positive set can readily be prepared with the known drug
molecules. However, preparing a comprehensive negative set
with chemical diversity is not straightforward, as true non-drug
molecules can only be verified with the investigation through
clinical trials. Thus, TCC approaches proposed so far regarded
a certain set of molecules, so-called non-drug-like molecules, as
the negative set by assuming that they have a very low proba-
bility of turning out to be a drug. Based on this assumption, Hu
et al. used an autoencoder-based classifier to distinguish drug
and ZINC molecules with ~700 chemical descriptors that can be
obtained from given molecules.*® Beker et al. improved the
performance of the classifier to distinguish drug and ZINC
molecules by combining autoencoder, Mol2vec, and graph
convolutional network (GCN) models with uncertainty quanti-
fied from Bayesian deep neural network.*

In the TCC approaches, deep learning models are trained to
find features from data that are appropriate for discriminating
drugs from non-drug-like molecules. In other words, these TCC
models tend to learn features specialized for discrimination
between two classes rather than learn the respective features of
drugs and non-drug-like molecules, which is in contrast to the
traditional approaches that focused on deriving the common
features of drugs. This implies that the features for discrimi-
nating drug and non-drug-like molecules learned by the TCC
models can be significantly affected by the negative set for
training. More seriously, TCC models trained with a specific
negative set may not distinguish non-drug-like molecules that
are substantially different from those in the negative training
set. Indeed, Beker et al. pointed out that their TCC model pre-
dicted hydrocarbon molecules such as benzene and cyclo-
hexane as drugs, even though they are obviously non-drug-like
molecules.” They argued that such a failure comes from the
fact that the training data, which was a set of ZINC molecules,
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contains only a small portion of those hydrocarbons. It shows
that TCC models may have limitations in generalization ability
unless both the positive and negative sets encompass the entire
chemical space of drug and non-drug-like molecules, respec-
tively. In practice, it is not possible to prepare such an ideal data
set, especially the negative one. In this regard, it is questionable
whether or not the TCC models can be used in a practical virtual
screening process.

Here, we propose a novel approach based on unsupervised
learning to define drug-likeness in a data-driven way. Unlike
supervised learning, such as the TCC model, unsupervised
learning does not need any labeled data. It extracts features
directly from unlabeled data, in our case, the known drug
molecules. The unsupervised learning allows our model to find
common features from the drug molecules. The trained model
can be used to assess the drug-likeness of query molecules by
analyzing how similar these molecules are to the known drugs
in the resulting feature space. Because the proposed method
only uses drug molecules in training, we expect it can avoid the
aforementioned undesirable dependency on the negative sets of
the TCC models originating from the use of an incomplete
negative set. Conceptually, the unsupervised learning approach
is rather close to the conventional approaches analyzing the
common features of known drugs in the sense that it learns the
feature space only from the drug molecules. However, it differs
from the conventional ones in that it replaces hand-crafted
features with those obtained by deep learning models.

Amongst others, we employed a simple language model
based on recurrent neural network (RNN) for learning the
probability distribution of the known drugs in an unsupervised
way. The language model learns the probability of the next word
from the previous sequence.? After that, the trained model can
generate new sequences or calculate the likelihood of the given
sequence based on the Bayes' rule and the learned probability
distribution. In the same way, the language model can be
applied to the quantification of drug-likeness by representing
drug molecules as a string such as SMILES. The model is
trained to learn the probability of the next character from the
given piece of SMILES. Then, the model can score the drug-
likeness of query molecules in terms of the probability that
those molecules will appear in the learned drug space.

To show the feasibility of our unsupervised learning for drug-
likeness scoring, we have assessed its performance for several
tasks. For comparison, we devised our own TCC model based on
a graph convolutional network (GCN), which has been widely
used in molecular property predictions,***” including drug-
likeness, and examined its performance for the same tasks.
We prepared various types of data sets, especially several
negative sets to evaluate the generalization ability of the
models. As expected, the language model showed relatively
more consistent performance than the TCC model across
different negative sets.

In what follows, we first describe the datasets used in this
study. Then, we introduce how the language model can be used
for drug-likeness scoring as a new concept and explain the TCC
model for comparison with the implementation detail for both
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models. Finally, we analyzed the performance of the two models
with tests on various datasets and drew conclusions.

2 Method
2.1 Dataset

Molecules in the datasets are represented with SMILES. For data
preprocessing, we only used the molecules whose SMILES are
RDKit**-readable, shorter than 100 characters, and represent
a single molecule (SMILES without *-’).

We considered the known drug molecules as a positive set.
We prepared two groups of the known drugs: the FDA-approved
drug set (referred to as ‘FDA’) and the other approved drugs
(referred to as ‘Worlddrug’). The Worlddrug and FDA sets were
used for training and testing, respectively. For fair evaluation,
we excluded molecules from Worlddrug if they have the Tani-
moto similarity®® of 0.8 or higher with any molecule in FDA.

Negative sets were prepared from various databases:
GDB17,* ZINC15," and ChEMBL.** GDB17 is a set of molecules
composed of less than 17 C, N, O, S, and halogen atoms, which
are virtually generated through a graph enumeration method.
ZINC15 is composed of commercially available compounds for
virtual screening in drug discovery. ChEMBL is a set of mole-
cules that are known to be bioactive. For ChEMBL, we used
molecules with a pChEMBL value of 5.85 or higher to only
consider highly bioactive molecules. We used only molecules
having a molecular weight of 600 or less in the ChEMBL's “small
molecule” category to meet the SMILES length condition
mentioned above. Molecules can be approved as a drug only if
they successfully pass through all steps in drug development. As
a drug candidate passes through one more step, it becomes
more probable to be approved. Therefore, it is reasonable to
assume that molecules at a later step in the drug development
would be more drug-like than molecules at an earlier step. In
this sense, within the prepared negative sets, GDB17 can be
considered as the most non-drug-like dataset. ZINC15 could be
the next non-drug-like dataset as it is regarded as a chemically
accessible set for hit discovery. Finally, ChEMBL would be the
least non-drug-like dataset among them.

Our language model requires only drug molecules and so
was trained with Worlddrug. For the TCC model, we used the
same Worlddrug as the positive set, while ZINC15 was used as
the negative set in training since Beker et al. have shown that
ZINC15 can be effective as a negative set of TCC models for
drug-likeness study. To avoid a data imbalance problem, we
randomly sampled 2833 molecules from ZINC15 for training,
which is the same number as that of Worlddrug. As for the test
set, we used FDA as the positive set and 10 000 molecules
randomly selected from each negative set. Since the size of the
test sets used here is small compared to the entire size of the
negative sets (e.g., GDB17 contains more than 166 billion
molecules), we randomly sampled five different negative sets as
our test sets and investigated whether different samplings cause
different results.

The purpose of introducing drug-likeness is to remove
molecules with a high failure rate before carrying out expensive
experiments. Thus, it would be a more practical test to evaluate
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our models' performance on real drug candidates rather than
relatively easy ChEMBL, ZINC15, and GDB17 cases. Here, we
used the investigation group of the DrugBank®*® database, which
contains molecules in the clinical I/II/III stages. 1792 molecules
that met the aforementioned structural conditions were ob-
tained from the database and were called the “investigation”
set. In fact, some of them may have high probabilities to be
approved as a drug, meaning that, on average, they may have
more common features with the known drugs. Therefore, the
Investigation set cannot be readily judged as negative, unlike
ChEMBL, ZINC15, and GDB17. It is intriguing to study how our
TCC and unsupervised learning models predict the drug-
likeness of those drug candidates. Table 1 summarizes all the
datasets used in this work.

2.2 Language model

A language model predicts the probability of the next possible
characters based on the previous piece of sequence.* In this
work, we represent molecules as a sequence of characters with
SMILES prepared as described above. For example, suppose the
model takes the sequence ‘clcce’ as input, which can be a part
of the cyclobutadiene's SMILES ‘clcccl’ or the benzene's
SMILES ‘clcccecl’. Then, the model predicts the probability of
‘c’ and ‘1’ as output to be the next character. The output prob-
ability of each character in that example depends on the
distribution of molecules that the model used as a training set.
For instance, the predicted probability of ‘c’ would be higher
than that of ‘1’, if it is trained with typical molecular databases
such as PubChem, because benzene is a more common ring
structure than cyclobutadiene in those datasets. In such a way,
the model learns the probability distribution of molecules in
the training set and predicts the probability of a query molecule
as an output according to how frequently the features of the
molecule appear in the distribution of the feature space ob-
tained from the training data.

More precisely, the language model outputs a conditional
probability distribution, denoted as p(si1|So,..-,Ss), since it
predicts the probability of the next possible characters (s.1)
from the given previous (¢ + 1) characters, denoted as sy, $1,...,5:
Similar to other language models, for the given SMILES, deno-
ted as S = (84, Sa,---,Sn), We used a sequence that begins with SOS
(start of sequence), followed by the characters of SMILES, and
ends with EOS (end of sequence). In other words, the sequence
is defined as (so, $1,-...,Sn+1), Where s, = SOS, sy = EOS, for the
given SMILES S = (s4, S3,...,Sn)- The model sequentially predicts
the conditional probability p(s.1|So,...,S¢), starting from s, =
SOS with ¢ = 0, until it meets s,.; = EOS. For every ¢ + 1-th step,
the model is trained to predict those conditional probabilities
as 1, when s, is equal to the (¢ + 1)-th character of SMILES of
the drug molecules, otherwise 0.

2.3 Drug-likeness scoring with unsupervised learning

Fig. 1 depicts the overall scheme of drug-likeness scoring with
unsupervised learning based on a language model. As the
model learns the probability distribution, we can compute the
joint probability, denoted as p(so, Si,---»Sn, Sn+1), Of a given

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Dataset information used in this work
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Data name Composition Description
Training Worlddrug 2833 Worlddrug molecules Dataset for training the RNN-based
language model. The model only
requires drug molecules
Worlddrug/ZINC15 2833 Worlddrug + 2833 ZINC15 Dataset for training the GCN-based
molecules TCC model. ZINC15 has been widely
used as a negative set for training
TCC models for drug-likeness
Test FDA/GDB17 1489 FDA + 10 000 GDB17 GDB17 is a set of molecules
molecules composed of less than or equal to 17
G, N, O, S, and halogen atoms
generated by a graph enumeration
method. It is expected to be highly
non-drug-like
FDA/ZINC15 1489 FDA + 10 000 ZINC15 ZINC15 represents a chemically
molecules accessible space, expected to be
more drug-potential than GDB17
FDA/ChEMBL 1489 FDA + 10 000 ChEMBL ChEMBL represents a bioactive
molecules space. Molecules with a pChEMBL
value of 5.85 or higher were used
and thus expected to be more drug-
potential than ZINC15
Investigation 1792 molecules from DrugBank that Examples of real drug candidates in

are under investigation

sequence. Since this sequence is given as the SMILES of an
input molecule, which is determined by the RDKit rule in this
work, this joint probability can be defined as the final output
probability of the given molecule. In short, p(S) = p(So, S1,---,Sns
sny+1)- The joint probability can be calculated as the product of
the conditional probability of each character consisting of the

sequence according to the Bayes rule as follows.
p(S) :p(S07 S1, SZ7-~-7SN+1)

N
= p(so) [T p(si+1l80, s1,-.., ;) (Bayes rule) 1)

=0

:ﬁ)p<s,+1|so, Stveens) (plso) = 1)

Here, p(s,) is equal to 1, because every sequence starts with SOS.
Eqn (1) implies that the higher the value of each conditional

clcccecect SOS c 1
) ,

(Pe» P1» Peos)

log(ps,,,)

log(1.0) + log(0.4) + log(0.9) + - --

clinical trials

probability, the higher the probability that the corresponding
molecule will appear in the distribution of the training dataset.
In terms of (structural or linguistic) syntax, the molecule has
a high probability of having a common feature with molecules
in the training set. In other words, p(S), defined as the product
of conditional probabilities, means that the corresponding
molecule to the SMILES code S as input is more likely to have
the common features of the training set. Since we use drug
molecules in Worlddrug as the training set for the language
model, we can consider the p(S) value as a drug-likeness score.
The actual p(S) value is numerically too small. For the sake of
convenience, we applied the logarithm to the value and added
100 to the result, so the maximum score becomes 100. Our final
drug-likeness score is defined as follows.

c 1
I

. EOS
| I | |
model model model - model model
! | ! ! |
(1.0,0.0,0.0)/ (0.5,0.4,0.1)/ (0.9,0.1,0.0) --- (0.0,1.0,0.0)/(0.3,0.1,0.6)

Drug

+ log(1.0) + 10g(0.6) [ = o

Fig.1 Diagram of calculating drug-likeness score from the language model. s; denotes the t-th character of the given SMILES, S. p,  denotes the
conditional probability distribution p(s¢1]So.....Se). By referring to the next character s;,; (indicated as the grey curved arrows), the correct
probability can be selected as shown in red. This example shows the scoring process of the drug-likeness of benzene. Starting from sq = SOS, it
repeats obtaining ps,, . until s..; equals to the EOS. The drug-likeness score is given as the sum of log values (log(ps,, ). Constant 100 is added to
the score so that the maximum score becomes 100.
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drug-likeness = 100 + log(p(S))

N
=100 + log( 1 p(sealsos s1, ...
=0

N
=100 4 > log(p((si41]S0, S1,---
=0

One of the important factors for drug-likeness is the infor-
mation on stereocenters, as a slight change of the stereo-
chemistry could lead to a huge difference in the drug-target
interactions. Therefore, we considered all possible stereoiso-
mers of given molecules for drug-likeness scoring and then
chose the one with the highest score.

2.4 Implementation of the language model

Fig. 2 shows the language model used in this work. We adopted
a simple RNN architecture based on the gated recurrent unit
(GRU).* The input starts with SOS, subsequently followed with the
SMILES code of a given molecule, and ends with EOS. Considering
all stereoisomers can cause very slow training, so we used only
a single stereoisomer randomly sampled among them at each
training epoch. Also, the drug-likeness based on the language
model depends on the SMILES format since the probability of the
next character is given conditionally by the previous characters.
Therefore, we only used the canonical SMILES format to avoid it.
The output of the GRU is passed through a fully connected layer
and a softmax layer to convert the output value to the probability
distribution of the next character. In this work, we used four GRU
layers with the dimension of the hidden state equal to 1024. The
output dimension was equal to 66 since there are 66 different
types of characters (including EOS) within SMILES for the entire
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molecules of the PubChem database. The loss is calculated by the
cross-entropy between the model's output and the encoded one-
hot vectors of a given sequence. We also tested a transformer
model,” another widely used language model, but its perfor-
mance was poorer than that of the RNN for this drug-likeness
problem. Thus, we will only discuss the RNN-based language
model and its results in what follows.

2.5 Transfer learning

Transfer learning is useful to improve the performance of
a model, especially if the training data on a given task is insuffi-
cient.” The model is first trained on a general task with a large
amount of data and then fine-tuned on a target task that needs to
be solved with a small amount of data. The model performance
can be improved as the pre-trained model already learned relevant
features from a large amount of data on the general task. Since the
number of known drug molecules is not enough, we applied the
transfer learning strategy to training the RNN-based language
model. We performed pre-training it with 10 million molecules
that were randomly selected from the PubChem database*” that
covers a wide range of general molecules. After that, we fine-tuned
the model parameters with the drug molecules in Worlddrug. We
note that the transfer learning improved the model performance
significantly; we refer to ESIT for more details about the effect of
the transfer learning. Therefore, we only use the results from the
model with transfer learning hereafter.

2.6 Graph convolution network

Fig. 3 shows the GCN-based TCC model tested in this work. We
used the attention and gate-augmented GCN that was proposed

c 1 c c c c c 1 EOS
Probabilities of [ [} [ | [ | [ | |
the next character [ | [ | | -
(Pes P1» Peos)
ettt
[ Softmax ]
Lt 1t t 1 1 1
( Fully Connected (x n,_,) ]
( Embedding (x 1024) )
So S1T SZT ssT S4T SsT SeT S7T SST
S0sS — c 1 c c c c c 1

SMILES (c1cccec)

Fig. 2 The architecture of the language model used in this work. It is a simple RNN consisting of four GRU layers and a fully connected layer
which gives the final probability distribution of the possible next character throughout the softmax layer. The darker color in the output values
means a higher probability. The numbers denoted in the embedding/fully-connected layer indicate the output dimension. The figure shows the
working process of RNN with an input example of benzene represented as clcccccl, with Nepar = 3.
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G(Hgle A) O ~—— Graph convolution J—  — Readout F~
| ®
Hgate
[ Graph convolution ] x4 : é?te
I [ Dropout HJJZ‘4 1
1
[ Readout ] : BJJ7 1 | Dropout ]
I | Fully Connected " * l
——
[ Droi)out | ’ e HJ‘%“ lFuIly Connected + ReLU]
|
[Fully Connected + ReLUJ l Concaienation l I Summation ]
I !
I DroiJout I [ Dropout | [ Sigmoid ]
[ Fully Connected | | Fully Connected | Graph feature
l vector
[ Sigmoid ] (1+1) 7
1 (1 -Z) attz
Probability of being a drug 31
(Drug-likeness) L Hgate J \. J

Fig. 3

[llustration of the GCN model with attention and gate-augmentation mechanism for two-class classification. (a) The overall model

architecture. The model consists of four graph convolution layers, a single readout layer, two fully-connected layers, and a sigmoid layer which
gives a probability of being a drug as an output. (b) Each graph convolution layer uses the attention and gate-augmentation mechanism. (c) The

readout layer aggregates the atom features as a graph feature vector.

in our previous work.*® Fig. 3(a) shows the overall scheme of the
model. It receives the graph representation of molecules,
denoted as G(H, A), where H is the initial atom feature, and
A is the adjacency matrix of a given molecule. The input passes
through four graph convolution layers. Then, the resulted
output of the graph convolution layers passes through the
readout layers, which aggregate the set of vectors into a single
graph feature vector representing the features of the whole
graph. Finally, the graph feature vector passes through two MLP
layers where the dimension of the first output is 256, and the
second one is 1. The final output of the MLP layers is converted
to a probability of being drug through a sigmoid function.
Fig. 3(b) illustrates the structure of a single graph convolution
layer, which uses the attention and gate-augmentation mecha-
nism. Each convolution layer has four fully connected layers,
four self-attention heads, and one fully connected layer. Fig. 3(c)
shows the readout layer. The readout layer first sums up all the
updated node features and then produces a graph feature vector
with the dimension of 256. We put dropout layers right before
the fully connected layers as a regularization for preventing
overfitting.

To train the GCN-based TCC model, we used Worlddrug and
ZINC15 as a positive set and a negative set, respectively. We
used binary cross entropy as a loss function, so the model was
trained to classify whether a query molecule is a drug or non-
drug-like. For the input atom feature of each node, we
included an atomic symbol, number of hydrogen atoms, degree,
implicit valence (prepared by RDKit), and aromaticity as

© 2022 The Author(s). Published by the Royal Society of Chemistry

Table 2 The atom features of the input for the GCN-based TCC
model

Atom feature Type Values

Symbol atom-type) One-hot C,N, O, S, F, P, Cl, Br, I, else
Number of hydrogens One-hot 0,1, 2, 3, 4, 5, else

Degree (without hydrogen)  One-hot 0, 1, 2, 3, 4, 5, else

Implicit valence (RDKit) One-hot 0,1, 2, 3, 4, else

Aromaticity Integer 0,1

summarized in Table 2. The edge feature, ie., the bond
connectivity, can be written as an adjacency matrix. We used a 5-
fold cross-validation method for training since the size of the
training set was small (<10 000). More details of the training
hyperparameters of our models are available in ESI.}

3 Results and discussions

3.1 Performance of our drug-likeness models on FDA/ZINC

We first examined the performance of the GCN-based TCC
model and the RNN-based unsupervised learning model on
a classification test using FDA/ZINC15, a typical test set used in
other studies.*?* QED was also included in the test for
comparison. We evaluated the AUROC of each model for the
same task.

Fig. 4 shows the resulting ROC curves, and the correspond-
ing AUROC values are given in the legend. The grey dotted line
indicates the ROC curve of a random classifier whose AUROC
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Fig. 4 ROC curves of the three drug-likeness models on the FDA/
ZINC15 test set. The values in the legend represent the AUROC value
of each ROC curve.

equals to 0.5. Notably, the two deep learning models showed
high AUROC values above 0.9, whereas that of QED (0.330) was
even worse than the random classification. These results indi-
cate the high potential of deep learning compared to traditional
data-driven approaches based on hand-crafted features. Of the
two deep learning models, the GCN model performed slightly
better than the RNN model. The latter performed well with
a high AUROC value of 0.923, while the former showed an
almost perfect AUROC value close to 1 (0.991). It is not
surprising because the GCN model was trained with ZINC15 as
a negative set. If the feature difference between positive and
negative samples in a test set is similar to those in a training set,
it can readily be identified by the TCC model, leading to high
prediction accuracy. On the contrary, the RNN model, which
was trained in the way of unsupervised learning, has never seen
any molecule in ZINC15 during the training; it has been trained
only with Worlddrug as a true drug set. The model does not
explicitly learn the difference between positive and negative
samples. Instead, it evaluates to what extent the features of
molecules in either FDA or ZINC15 share with those of World-
drug. Thus, the high AUROC of the RNN model means that the
molecules of FDA had much more common features with those
of Worlddrug compared to those of ZINC15. However, the
AUROC of the RNN model (0.923) also implies that ZINC15
molecules also contain a slight extent of the common features
of Worlddrug molecules, leading to a slightly lower perfor-
mance than the GCN model.

3.2 Data dependency of the model performance

Next, we studied how consistent the performances of the three
models are across different datasets. This test is important for
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their practical use in virtual screening, especially considering
the fact that such models are trained with a tiny portion of the
entire chemical space of potential drug candidates. To assess
the generalization ability of our models, we evaluated the model
performance by changing the negative set to GDB17, ZINC15,
and ChEMBL, while using the same FDA positive set.

Table 3 shows the mean AUROC values along with the
standard deviation of each model during the five tests on
GDB17, ZINC15, and ChEMBL negative sets. The standard
deviation value is relatively small compared to each mean value,
meaning that there is no significant change in the performance
of the model. Therefore, we used results from a single test for
each data type throughout the article except for Table 3. The
bold values denote the highest AUROC value for each test set.
Except for FDA/ZINC15 discussed before, the RNN-based
unsupervised learning model outperformed the GCN model
and QED. The RNN model showed relatively high values with
the gradual decrease from GDB17 to ZINC15 to ChEMBL,
whereas QED underperformed consistently. In contrast, the
performance of the TCC model was significantly decreased in
FDA/GDB17 and FDA/ChEMBL compared to FDA/ZINC15. It
should be noted that the AUROC value of the GCN model for
FDA/GDB17 was even lower than FDA/ZINC15, although mole-
cules in GDB17 can be regarded as more non-drug-like. This
result meets our expectation that the features learned in the
TCC model are particularly over-fitted for distinguishing FDA
and ZINC15, but they may not work well with other test sets. In
that sense, unsupervised learning would be a more pragmatic
approach for drug-likeness by avoiding the data dependency
problem of the TCC model. In addition, we investigated
whether the data dependency is common to other data types of
negative training sets. We trained each model with a negative
set sampled from various data types and carried out the same
test with that of Table 3. The result (available in ESIt) confirmed
that the TCC model shows a similar data dependency to that of
Table 3 regardless of the data type.

The result in Table 3 may vary since we only used a small
fraction of the negative training set sampled randomly. To
examine such undesirable data dependency, we performed two
additional experiments. First, we trained the model with five
different negative sets that have been sampled independently
from the same data type and assessed its performance. Second,
we applied a PU learning approach by regarding the negative set
as unlabeled since the fixed negative set we assumed may
contain positive samples. The PU learning enables to label
reliable negative samples out of the unlabeled data automati-
cally, so it is expected to alleviate the data bias stemming from

Table3 AUROC values of the three drug-likeness models on different
test sets with respect to the negative sets. The maximum value for
each test set was written in bold

Model FDA/GDB17 FDA/ZINC15 FDA/ChEMBL
RNN (unsupervised) 0.979 + 0.005 0.921 + 0.001  0.824 £ 0.010
GCN (TCC) 0.747 £ 0.002  0.991 + 0.000 0.701 £ 0.012
QED (traditional) 0.539 £ 0.024  0.326 4= 0.003  0.549 =+ 0.004

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc05248a

Open Access Article. Published on 14 December 2021. Downloaded on 6/19/2026 10:27:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

the fixed negative set. We adopted the PU learning method
proposed by Fusilier et al.* In both experiments, we found no
significant change in the model performance from the original
result in Table 3. For more details of the experiments, we refer
to the ESI Section.

3.3 Feasibility of drug-likeness scoring

Another expected advantage of unsupervised learning is that it
can naturally quantify drug-likeness from the learned distri-
bution of drug molecules. To test the feasibility of using the
learned probability distribution of the model as drug-likeness
scores, we analyzed the distribution of the output values of
each model for molecules in each test set. The RNN model
quantifies the drug-likeness score of a query molecule using eqn
(2). On the other hand, the GCN model works as a classifier, so
its output can be interpreted as the probability that a query
molecule belongs to the positive class. Thus, we regarded the
probability values as drug-likeness scores despite that there
would be a debate on whether the output value of the TCC
model can be used as an actual probability.>**> QED was also
used for comparison.

Fig. 5 shows the prediction results of QED, the RNN model,
and GCN-based TCC model. As a baseline, QED failed to
discriminate the drug molecules in FDA from the other non-
drug-like molecules, as shown in Fig. 5(a). It evaluated
ZINC15 even as the most drug-like data set. One possible reason
for the remarkably high score is that ZINC15 has been made to
obey Ro5 for use in drug discovery. QED uses the features of Ro5
to evaluate drug-likeness score and hence it will score high if
test molecules obey Ro5. The result once again confirmed the
previous report that the features QED adopted were not effective
for drug-likeness scoring.*

In contrast, the RNN model gave separated distributions for
each case. Fig. 5(b) shows the results. The average output value
of the RNN model for each dataset gradually increases from the
lowest value of GDB17 to the highest value of FDA. The drug-
likeness distribution form of GDB17 is close to a typical
Gaussian distribution, presumably due to its nature as
a collection of randomly generated molecules. On the contrary,
the distribution form of the FDA is substantially distorted from
a Gaussian function toward higher values, which well reflects
the fact that the FDA molecules are true drugs. Interestingly, the
distribution shapes of ZINC15 and ChEMBL are closer to
a Gaussian function but with slight distortions toward higher
values; that of ChEMBL shows more distortion than that of
ZINC15. This propensity agrees with our expectation consid-
ering the characteristics of each dataset as discussed in the
dataset section; GDB17 as the most non-drug-like, subsequently
followed by ZINC15 and ChEMBL. This result also supports our
suggestion that the drug-likeness defined as eqn (2) can be
a reasonable alternative as a pragmatic tool to conventional
ones.

Notably, the score distributions given by the TCC model were
polarized to either 0 or 1 for all the datasets as shown in
Fig. 5(c). It gives well-discriminated scores for ZINC15 and FDA.
However, it failed to discriminate the other negative test sets

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The violin plots of drug-likeness scores on various datasets. (a)
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score distribution of the RNN-based unsupervised learning model. (c)
The drug-likeness score distribution of the GCN-based TCC model.
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from FDA. This result is another evidence that the TCC model
was trained to discriminate ZINC15 and FDA only, so it cannot
be generalized to other datasets. Moreover, the TCC model may
cause overconfident judgments for unseen data. For example, it
predicted high probabilities above 0.9 for 53% of the GDB17
molecules, whereas it gave very low values below 0.1 for most
ZINC15 molecules. This is because the GCN model has used
ZINC15 as the negative training set. It tends to make over-
confident judgments for unseen molecules. In fact, such over-
confident prediction by the TCC model has been reported in
other domains as well.*>>*

Fig. 6 shows five randomly selected molecules from GDB17
that had extremely low drug-likeness scores, less than 25, pre-
dicted by the RNN model but had high probabilities above 0.95
estimated by the GCN model. While the RNN model scored
them as non-drug-like, which seems reasonable, the GCN
model strongly predicted them as drug-like as a result of over-
confidence. QED also assigned relatively high values to those
molecules ranging from 0.6 to 0.8.

3.4 Testing models on virtual screening scenario

As the final test, we applied our models to the investigation set
consisting of molecules in clinical phases. This task is closer to
a real virtual screening scenario that aims to select compounds
from numerous candidates with considerable potential to pass
through all clinical trials. Classifying them into drugs and non-
drugs is challenging because they have relatively high proba-
bilities of being approved drugs than the other negative sets
presented in this work and thus may share more common
features with the known drugs. We compared the drug-likeness

DI 00,
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Druglikess: 2.54
QED: 0.828

GCN(TCC): 0.983
Druglikess: 23.94
QED: 0.675
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GCN(TCC): 0.956
Druglikess: 15.64
QED: 0.706

GCN(TCC): 0.998
Druglikess: 20.33
QED: 0.673

GCN(TCC): 0.998
Druglikess: 23.56
QED: 0.653

Fig. 6 Examples of overconfident predictions of the GCN-based TCC
model within the GDB17 dataset, a set of highly non-drug-like mole-
cules. The GCN output probabilities of those molecules are written as
bold with red color, where all of them are larger than 0.95. The drug-
likeness scores obtained by the RNN-based language model are
written as bold with blue color, where all of them are less than 25, fairly
small compared to scores of drug molecules. QED also showed slight
overconfidence, where all of the QED values were between 0.6 and
0.8.
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score for the molecules in the investigation set with those of
ChEMBL and FDA.

Fig. 7(a)-(c) exhibits the distributions of the drug-likeness
predicted by QED, the GCN-based TCC model, and the RNN-
based unsupervised learning model for the three datasets,
respectively. Both QED and GCN models provided indistin-
guishable distributions across the three datasets, manifesting
their limitations for practical use. The QED scores show very

ChEMBL —— Investigation —— FDA

(a)
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Fig. 7 Distribution of the drug-likeness scores of the investigation set.
The distribution of ChEMBL and FDA were also plotted for comparison.
(a) The distribution of QED. (b) The distribution of the output of the
GCN-based TCC model. (c) The distribution of the drug-likeness
scores from the RNN-based language model.
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similar distributions for all the datasets, covering a broad range
from 0 to 1, already shown in Fig. 5(a). In contrast, the GCN
model resulted in polarized distributions to either 0 or 1 for all
the datasets, as observed in Fig. 5(c).

Meanwhile, the RNN-based unsupervised learning model
made a meaningful difference in the distribution of the three
test sets. The distribution form for the investigation set looks
more similar to that of ChEMBL. We suspect that the relatively
low discrimination between the ChEMBL and investigation sets
may be due to limitations in unsupervised learning. It only
evaluates how similar molecules in the test set are to those in
the training data (in this case, Worlddrug). If the two test sets
have almost equal extent of similarity to the training set, they
may have similar drug-likeness scores, even though they are
different from one another. Nonetheless, the investigation set
has more portions at higher values, which follows the propen-
sity observed in Fig. 5(b) Compared to the FDA case, however,
the investigation set had more molecules in lower values (less
than 60). On average, the RNN model placed the investigation
set between ChEMBL and FDA. This prediction result can be
rationalized considering the fact that only less than 10% of the
drug candidates in clinical trials can eventually be approved as
drugs,>*** while the ChEMBL molecules have a much lower
success rate. It should be noted that the RNN-based drug-
likeness score proposed here has not been proved to be
directly interpreted as the real probability of being approved.
However, it has shown the feasibility as an alternative to
conventional drug-likeness scoring methods.

4 Conclusion

Here we proposed a new approach based on unsupervised
learning for drug-likeness scoring. A recurrent neural network
(RNN)-based language model was adopted for implementation.
We also implemented a graph convolution network (GCN)-based
two-class classification (TCC) model for comparison. We tested
the two deep learning models on various test sets, including
GDB17, ZINC15, ChEMBL as a negative set and approved drug
molecules in the FDA and Worlddrug databases as a positive set.
We also considered the investigation group (investigation set) in
the DrugBank database, which contains molecules in clinical
phases. The GCN-based TCC model showed excellent perfor-
mance when a test set was similar to a training set. However, its
performance severely degraded for the other test sets. In
contrast, the RNN-based unsupervised learning model showed
relatively low data dependency. It determines the drug-likeness
of a query molecule by identifying to what extent the molecule
shares the common features of the drug molecules used in
training. Thus, it can avoid such a strong dataset dependency
observed in the TCC model. In addition, the unsupervised
learning model well-separated drug-likeness distributions with
increasing mean values in the order of GDB17, ZINC15,
ChEMBL, Investigation set, and FDA. This result meets our
expectation that molecules at a later step in a drug development
process would be more drug-like than those at an earlier step.
However, the TCC model predicted a polarized distribution with
two extreme values (0 or 1) for all datasets, presumably due to the
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well-known overconfidence problem. Therefore, unsupervised
learning can be a practical approach for drug-likeness scoring as
an alternative to conventional methods.

In this study, we represented molecules with SMILES to
implement the RNN-based unsupervised learning model. The
drug-likeness score is given as the sum of the log values of each
conditional probability output of the RNN model. It should be
noted that the RNN model tends to give a higher drug-likeness
score for molecules with shorter SMILES codes regardless of
their structures, presumably due to numerical issues. For
example, methane (obviously non-drug-like molecule), repre-
sented as ‘C(EOS)’ in SMILES, can have a high drug-likeness
score. Similarly, molecules with longer SMILES codes can
have lower drug-likeness scores since the conditional proba-
bility of each character in SMILES, which should be smaller
than one, is multiplied many times. We expect such weakness
can be resolved by using other unsupervised learning models
with better model architectures and molecular representation.

Apart from that, the idea of using unsupervised learning for
the drug-likeness prediction can be readily applied to other
problems in which only one class of data is primarily available.
Toxicity, metabolic stability, or synthetic accessibility can be
such examples. We believe that our concept proposed here
offers new opportunities to solve biochemical problems using
a deep learning approach.

Data availability

The source code and datasets used in this article can be found
at https://github.com/SeonghwanSeo/DeepDL.

Author contributions

Conceptualization: J. L. and W. Y. K.; methodology: J. L.; soft-
ware, investigation and formal analysis: S. S., J. J. and K. L
writing - original draft: S. S., J. J. and K. L.; writing - review &
editing: K. L. and W. Y. K.; supervision: W. Y. K.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(NRF-2017R1E1A1A01078109) the grant (20183MFDS410) from
Ministry of Food and Drug Safety in 2021.

References

1 ]J. Kirchmair, A. H. Goller, D. Lang, J. Kunze, B. Testa,
I. D. Wilson, R. C. Glen and G. Schneider, Nat. Rev. Drug
Discovery, 2015, 14, 387-404.

2 H. Chen, O. Engkvist, Y. Wang, M. Olivecrona and
T. Blaschke, Drug Discovery Today, 2018, 23, 1241-1250.

Chem. Sci., 2022, 13, 554-565 | 563


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc05248a

Open Access Article. Published on 14 December 2021. Downloaded on 6/19/2026 10:27:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

3'Y. Jing, Y. Bian, Z. Hu, L. Wang and X.-Q. S. Xie, 4APS J.,
2018, 20, 1-10.

4 A. Zhavoronkov, Y. A. Ivanenkov, A. Aliper, M. S. Veselov,
V. A. Aladinskiy, A. V. Aladinskaya, V. A. Terentiev,
D. A. Polykovskiy, M. D. Kuznetsov, A. Asadulaev, et al.,
Nat. Biotechnol., 2019, 37, 1038-1040.

5 J. Vamathevan, D. Clark, P. Czodrowski, I. Dunham,
E. Ferran, G. Lee, B. Li, A. Madabhushi, P. Shah,
M. Spitzer, et al., Nat. Rev. Drug Discovery, 2019, 18, 463-477.

6 J. M. Stokes, K. Yang, K. Swanson, W. Jin, A. Cubillos-Ruiz,
N. M. Donghia, C. R. MacNair, S. French, L. A. Carfrae,
Z. Bloom-Ackermann, et al., Cell, 2020, 180, 688-702.

7 D. Paul, G. Sanap, S. Shenoy, D. Kalyane, K. Kalia and
R. K. Tekade, Drug Discovery Today, 2020.

8 O. Ursu, A. Rayan, A. Goldblum and T. I. Oprea, Wiley
Interdiscip. Rev.: Comput. Mol. Sci., 2011, 1, 760-781.

9 P. D. Leeson and B. Springthorpe, Nat. Rev. Drug Discovery,
2007, 6, 881-890.

10 D. E. Clark and S. D. Pickett, Drug Discovery Today, 2000, 5,
49-58.

11 S. Tian, J. Wang, Y. Li, D. Li, L. Xu and T. Hou, Adv. Drug
Delivery Rev., 2015, 86, 2-10.

12 A. K. Ghose, V. N. Viswanadhan and ]. J. Wendoloski, J.
Comb. Chem., 1999, 1, 55-68.

13 T. I. Oprea, J. Comput.-Aided Mol. Des., 2000, 14, 251-264.

14 D. F. Veber, S. R. Johnson, H. Y. Cheng, B. R. Smith,
K. W. Ward and K. D. Kopple, J. Med. Chem., 2002, 45,
2615-2623.

15 K. Nagren, Drug Discovery Today, 2003, 8, 876.

16 M. P. Gleeson, J. Med. Chem., 2008, 51, 817-834.

17 ]J. D. Hughes, J. Blagg, D. A. Price, S. Bailey,
G. A. DeCrescenzo, R. V. Devraj, E. Ellsworth, Y. M. Fobian,
M. E. Gibbs, R. W. Gilles, N. Greene, E. Huang, T. Krieger-
Burke, J. Loesel, T. Wager, L. Whiteley and Y. Zhang,
Bioorg. Med. Chem. Lett., 2008, 18, 4872-4875.

18 W. J. Egan, K. M. Merz and J. J. Baldwin, J. Med. Chem., 2000,
43, 3867-3877.

19 M. V. Varma, R. S. Obach, C. Rotter, H. R. Miller, G. Chang,
S. J. Steyn, A. El-Kattan and M. D. Troutman, J. Med. Chem.,
2010, 53, 1098-1108.

20 1. Muegge, S. L. Heald and D. Brittelli, /. Med. Chem., 2001,
44, 1841-1846.

21 C. A. Lipinski, F. Lombardo, B. W. Dominy and P. J. Feeney,
Adv. Drug Delivery Rev., 1997, 23, 3-25.

22 C. A. Lipinski, J. Pharmacol. Toxicol. Methods, 2000, 44, 235-
249.

23 G. R. Bickerton, G. V. Paolini, J. Besnard, S. Muresan and
A. L. Hopkins, Nat. Chem., 2012, 4, 90-98.

24 1. Yusof and M. D. Segall, Drug Discovery Today, 2013, 18,
659-666.

25 M. Lobell, M. Hendrix, B. Hinzen, J. Keldenich, H. Meier,
C. Schmeck, R. Schohe-Loop, T. Wunberg and A. Hillisch,
ChemMedChem, 2006, 1, 1229-1236.

26 A. Rayan, D. Marcus and A. Goldblum, J. Chem. Inf. Model.,
2010, 50, 437-445.

27 M. P. Gleeson, A. Hersey, D. Montanari and J. Overington,
Nat. Rev. Drug Discovery, 2011, 10, 197-208.

564 | Chem. Sci, 2022, 13, 554-565

View Article Online

Edge Article

28 N. Singh, H. Sun, S. Chaudhury, M. D. M. AbdulHameed,
A. Wallqvist and G. Tawa, J. Cheminf., 2012, 4, 1-12.

29 W. Beker, A. Wolos, S. Szymku¢ and B. A. Grzybowski, Nat.
Mach. Intell., 2020, 2, 457-465.

30 A. Aliper, S. Plis, A. Artemov, A. Ulloa, P. Mamoshina and
A. Zhavoronkov, Mol. Pharm., 2016, 13, 2524-2530.

31 C. Y. Jia, J. Y. Li, G. F. Hao and G. F. Yang, Drug Discovery
Today, 2020, 25, 248-258.

32 Y. Lecun, Y. Bengio and G. Hinton, Nature, 2015, 521, 436—
444,

33 Q. Hu, M. Feng, L. Lai and J. Pei, Front. Genet., 2018, 9, 1-8.

34 S. A. Hooshmand, S. A. Jamalkandi, S. M. Alavi and
A. Masoudi-Nejad, Distinguishing drug/non-drug-like small
molecules in drug discovery using deep belief network, 2020.

35 Y. Goldberg, J. Artif. Intell. Res., 2016, 57, 345-420.

36 C. W. Coley, W. Jin, L. Rogers, T. F. Jamison, T. S. Jaakkola,
W. H. Green, R. Barzilay and K. F. Jensen, Chem. Sci., 2019,
10, 370-377.

37 F. Montanari, L. Kuhnke, A. Ter Laak and D.-A. Clevert,
Molecules, 2020, 25, 44.

38 G. Landrum, et al, http://www.rdkit.org/,
github.com/rdkit/rdkit, 2016.

39 J. Bostrom, A. Hogner and S. Schmitt, J. Med. Chem., 2006,
49, 6716-6725.

40 L. Ruddigkeit, R. Van Deursen, L. C. Blum and
J.-L. Reymond, J. Chem. Inf. Model., 2012, 52, 2864-2875.

41 T. Sterling and J. J. Irwin, J. Chem. Inf. Model., 2015, 55, 2324~
2337.

42 D. Mendez, A. Gaulton, A. P. Bento, J. Chambers, M. De Veij,
E. Félix, M. P. Magarifios, J. F. Mosquera, P. Mutowo,
M. Nowotka, et al., Nucleic Acids Res., 2019, 47, D930-D940.

43 D. S. Wishart, Y. D. Feunang, A. C. Guo, E. ]J. Lo, A. Marcu,
J. R. Grant, T. Sajed, D. Johnson, C. Li, Z. Sayeeda, et al.,
Nucleic Acids Res., 2018, 46, D1074-D1082.

44 K. Cho, B. Van Merriénboer, C. Gulcehre, D. Bahdanau,
F. Bougares, H. Schwenk and Y. Bengio, 2014, arXiv
preprint arXiv:1406.1078.

45 A. Vaswani, N. Shazeer, N. Parmar, ]J. Uszkoreit, L. Jones,
A. N. Gomez, L. Kaiser and I. Polosukhin, Adv. Neural Inf.
Process. Syst., 2017, 5999-6009.

46 S.].Pan and Q. Yang, IEEE Trans. Knowl. Data Eng., 2009, 22,
1345-1359.

47 S. Kim, J. Chen, T. Cheng, A. Gindulyte, J. He, S. He, Q. Li,
B. A. Shoemaker, P. A. Thiessen, B. Yu, et al., Nucleic Acids
Res., 2021, 49, D1388-D1395.

48 S.Ryu,]. Lim, S. H. Hong and W. Y. Kim, 2018, arXiv preprint
arXiv:1805.10988.

49 D. H. Fusilier, M. Montes-y GoOmez, P. Rosso and
R. G. Cabrera, Inf. Process. Manage., 2015, 51, 433-443.

50 C. Guo, G. Pleiss, Y. Sun and K. Q. Weinberger, International
Conference on Machine Learning, 2017, pp. 1321-1330.

51 X. Yang, Y. Wang, R. Byrne, G. Schneider and S. Yang, Chem.
Rev., 2019, 119, 10520-10594.

52 P. Schneider, W. P. Walters, A. T. Plowright, N. Sieroka,
J. Listgarten, R. A. Goodnow, J. Fisher, J. M. Jansen,
J. S. Duca, T. S. Rush, et al., Nat. Rev. Drug Discovery, 2020,
19, 353-364.

https://

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc05248a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 December 2021. Downloaded on 6/19/2026 10:27:30 PM.

(cc)

Edge Article

53 D. Hwang, S. Yang, Y. Kwon, K. H. Lee, G. Lee, H. Jo, S. Yoon
and S. Ryu, J. Chem. Inf. Model., 2020, 60, 5936-5945.

54 G. Scalia, C. A. Grambow, B. Pernici, Y.-P. Li and
W. H. Green, J. Chem. Inf. Model., 2020, 60, 2697-2717.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

55 C. H. Wong, K. W. Siah and A. W. Lo, Biostatistics, 2019, 20,
273-286.

Chem. Sci., 2022, 13, 554-565 | 565


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc05248a

	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a

	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a

	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a
	Drug-likeness scoring based on unsupervised learningElectronic supplementary information (ESI) available: The algorithm and implementation details of all the models used in the experiments. See DOI: 10.1039/d1sc05248a


