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Abstract: Molecular similarity is an impressively broad topic with many implications in several
areas of chemistry. Its roots lie in the paradigm that ‘similar molecules have similar properties’. For
this reason, methods for determining molecular similarity find wide application in pharmaceutical
companies, e.g., in the context of structure-activity relationships. The similarity evaluation is also
used in the field of chemical legislation, specifically in the procedure to judge if a new molecule
can obtain the status of orphan drug with the consequent financial benefits. For this procedure, the
European Medicines Agency uses experts’ judgments. It is clear that the perception of the similarity
depends on the observer, so the development of models to reproduce the human perception is
useful. In this paper, we built models using both 2D fingerprints and 3D descriptors, i.e., molecular
shape and pharmacophore descriptors. The proposed models were also evaluated by constructing a
dataset of pairs of molecules which was submitted to a group of experts for the similarity judgment.
The proposed machine-learning models can be useful to reduce or assist human efforts in future
evaluations. For this reason, the new molecules dataset and an online tool for molecular similarity
estimation have been made freely available.
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1. Introduction

An orphan drug is a medicinal product used to treat a rare disease that affects only
a small number of patients (the actual number of patients depends on the local legisla-
tions) [1]. Given the small number of patients affected by the rare disease, and the high costs
involved in modern drug discovery programs [2,3], orphan drugs are not an immediately
attractive market for pharmaceutical companies.

To encourage pharmaceutical companies to develop orphan drugs, regulatory agencies
have brought forward legislation that provides a range of incentives. Such incentives
include grants, financial incentives, the possibility of an accelerated review, and market
exclusivity. Market exclusivity is arguably the most important incentive: under the EU
legislation, a pharmaceutical company that develops an orphan drug for a specific rare
disease is given a 10-year period of market exclusivity. During this period, no products
that are considered similar to that orphan drug can be accepted or authorized by any
European regulatory competent authority. Orphan drugs have less competition than
conventional drugs, which encourages pharmaceutical companies to invest in researching
novel medicines for rare diseases.

The assessment of similarity between two drugs takes into account three criteria:
molecular structure, mechanism of action, and therapeutic indication. Two drugs will be
considered diverse if there are significant differences in one or more of the three afore-
mentioned criteria. Thus far, the European Medicines Agency (EMA) has used majority
voting on discretional judgments of similarity when assessing new drugs for rare diseases.
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Similarity is an inherently subjective concept, which depends on individual factors such as
gender, age, state of mind, and previous experiences [4,5]. In general, chemical structure in-
formation is perceived differently by different individuals [6], but a fair level of consistency
can be achieved using a wisdom of crowds approach [7].

Automated procedures that quantitatively evaluate molecular similarity are desirable,
and the use of quantitative estimations of molecular similarity is well established in chem-
informatics for virtual screening purposes [8-10]. Such an algorithm would not replace the
current human-based processes used to evaluate applications for orphan drugs authoriza-
tions. Instead, it would produce a useful quantitative input to be considered by the human
experts evaluating the application. Additionally, such tools could be particularly useful for
managing drug design projects; for instance, to decide early to stop the development of a
lead because it is too similar to an already marketed drug.

Franco et al. developed Logistic Regression (LogReg) models that calculate the prob-
ability that a pair of molecules will be considered similar by a crowd of experts [11,12].
LogReg models relate the opinion of the experts to Tanimoto coefficients calculated on
different 2D molecular fingerprints. The similarity between two compounds computed in
this way is considered to be a quantitative and objective similarity measure because it is
uniquely defined, following a precise algorithmic procedure. These models successfully
reproduced human assessments of molecular similarity, both on the data set used to train
the LogReg models and on an external test set. Unfortunately, these models were not
implemented as public web services and, therefore, are not readily available.

Franco et al. [12] also reported the LogReg models based on 3D molecular fingerprints
calculated with the MOE [13] program. These models performed worse than those based
on the simpler 2D fingerprints. This was explained in [12] by the fact that too much of
the 3D structural information was lost as it was encoded in a 1D bit vector. However,
one could also suggest that the 3D MOE descriptors do not capture well enough the
information relevant for similarity assessment. Indeed, the ROCS tool of OpenEye [14]
considering molecular shape and the spatial orientation of pharmacophoric groups can
be more appropriate. Contrary to simple 3D fingerprints, ROCS does not compress 3D
molecular information that is held in a 3D numerical tensor, and the similarity measure
TanimotoCombo is calculated on a pair of such 3D tensors [15-17].

When gathering their dataset, Franco et al. [11] presented to the experts only 2D
structures; thus, the answers were biased toward perception of 2D similarity, whereas
important 3D features like molecular shape, orientation of pharmacophoric features, etc.,
were completely ignored. Moreover, a test set on which Franco et al. validated their
models is not available. Therefore, in this contribution, we describe a new dataset collecting
expert opinion about the similarity of pairs of compounds that extend the data reported
by Franco et al. [11]. New data were collected using a new online survey for experts to
assess molecular similarity on the new pairs of compounds. In this survey, the experts
were provided with both 2D structures and an optimal alignment of 3D structures of the
compounds. The survey analysis reveals the importance of 3D information on the decision
of human experts when comparing two chemical structures.

We used the survey results to produce new LogReg models predicting for a pair of
compounds the likeliness to be considered as similar or dissimilar by a panel of experts.
These models are publicly available on our WEB site (https://chematlas.chimie.unistra.
fr/ReadySim/ (accessed on 26 May 2022)). We suggest using these publicly available
models in agencies, such as EMA, in order to focus attention on those cases where the
similarity is predicted to be debatable in a panel of experts. Such tools will also be useful
for pharmaceutical companies and drug designers to take objective decisions regarding the
development of a lead suitable for receiving the orphan drug status. Our WEB-based tool
for similarity prediction takes as input a pair of molecules, which can be either drawn by
the user into a graphical interface or submitted in SMILE format, and gives as output the
probability that the pair will be considered similar by a panel of experts.


https://chematlas.chimie.unistra.fr/ReadySim/
https://chematlas.chimie.unistra.fr/ReadySim/
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2. Results and Discussion
2.1. Rational Selection of the Dataset and Human Experts Similarity Assessment

The new dataset was created in order to consider a wide range of molecular similarity
scenarios, including molecular pairs (MP) that are rather difficult to subject to human
analysis. Selection of molecular pairs was performed on the basis of both 2D and 3D
similarity measures. The former was approximated by Tanimoto coefficient calculated with
CDK Extended fingerprints (txr) providing with the best LogReg model on the dataset by
Franco et al. [11]. The latter was assessed as a TanimotoCombo metric (tcg) calculated with
the ROCS tool of OpenEye [14].

A set of 9000 bioactive MP was randomly selected from the ChEMBL 27 database [18]
using subsets of ligands against three well-known biological targets HERG [19], 5SHT2B [20],
and CYP2D6 [21], see Section 3 for the details. To classify molecular pairs as either similar
or dissimilar in 2D and in 3D, we used an approach based on a similarity threshold with
a small buffer region, similar to the one described by Ehrman et al. [22]. We classified a
molecular pair as similar in 2D if txt > 0.7, and as similar in 3D if ¢cg > 1.4. Such thresholds
are popularly used for the two similarity measures [23-25]. To avoid an extreme sensitivity
to small molecular differences around the thresholds [17], we used a 0.05 and a 0.1 buffer
region for txt and tcg, respectively. Therefore, we classified a molecular pair as dissimilar
in 2D if txr < 0.65, and as dissimilar in 3D if t-g < 1.3. Extracted data were then divided
into four subsets: two subsets in which the 2D and 3D similarity measures agreed on the
similarity (sim2D,sim3D) or dissimilarity (dis2D,dis3D) of the MP, and two subsets in which
the calculated similarity measures were diametrically opposite for a given MP: sim2D,dis3D
and sim3D,dis2D (see Section 3 for further details). We selected 25 MP for each of the four
subsets, and challenged experts to label them as similar or dissimilar through the online
survey. The web application that we developed for this task allowed the survey users to
freely inspect the 3D representations of each MP, while at the same time observing the 2D
molecular graphs. The 3D structures corresponded to the best alignment found with ROCS.
In contrast to the survey reported by Franco et al. [11,12], the experts were free to resort to
both 2D and 3D representations to make their decision.

The survey was completed by 418 users: 61.5% of them were professors or researchers,
7.4% were postdocs, and 16.7% were PhD students. The remaining 14.4% of the users
reported to not possess any of the aforementioned academic titles. A total of 2090 MP
assessments were collected: each of the 418 users assessed five randomly selected MP.
The number of assessments per MP varied from 11 to 30. On average, each MP received
21 assessments. The MP in the four calculated similarity subsets received a comparable
number of similarity assessments.

The txt and tcs measures of the MP in each of the four subsets are given in Figure 1,
with 2D structures of some representative MP. The dis2D,dis3D subset includes two main
types of MP. Some pairs are dissimilar in 2D and in 3D because they are of very differ-
ent sizes. This subset also includes MP that are of comparable sizes, but with different
chemical functionalities and shapes. The dis2D,sim3D subset includes MP with similar
size, shape, and relative orientation of functional groups, but with somewhat different
chemical functionalities. The sim2D,dis3D subset includes MP whose 2D graph is fairly
similar; they are of similar size, and have similar chemical functionalities placed in different
positions of the basic scaffold. Their diversity is more apparent when observing their
3D representations. Finally, the sim2D,sim3D subset includes molecules that are highly
similar in 2D and in 3D; they are of similar size, with similar scaffolds, similar chemical
functionalities in similar positions.
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Figure 1. 2D (tx1)/3D (tcs) similarity plots of MP (top) included in the survey and (bottom) studied
by Franco et al. [11]; 2D structures of some representative molecular pairs are shown (top).

The selected subsets are in excellent agreement with the similarity assessments by

survey users (Figure 2). Molecular pairs in the sim2D,sim3D subset are considered similar
by a high percentage of users (81.7% on average). On the other hand, users considered
molecular pairs belonging to the dis2D,dis3D subset to be dissimilar (92.0% on average).
As we expected, users did not agree very strongly on the similarity of molecules in the

sim2D,dis3D and dis2D,sim3D subsets (55.5 and 50.7% respectively).
It should be noted that the tcs—txT plot for the Franco et al. data set (Figure 1, bottom)

contrasts with that for the dataset collected in this work. Indeed, most of the data points
are situated near the diagonal of the plot corresponding to the presence of the sim2D,sim3D
and dis2D,dis3D subsets only. The presence in our data set of more problematic sim2D,dis3D
and dis2D,sim3D subsets makes the similarity prediction task more challenging.
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Figure 2. Distribution of molecular pairs (MP) according to human assessed similarity (horizontal
axis) in each selected subset.

2.2. Building and Validation of the Models

Similar to Franco et al., we developed machine-learning models aiming to predict
human assessment of similarity for molecular pairs. One- and two-feature Logistic Re-
gression models were built on the collected data using Equations (2) and (4), respectively
(see Section 3). The Franco data set was used for the models’ validation. For the sake of
comparison, the LogReg models were also developed on the Franco data set then validated
on the data collected in this work.

Table 1 resumes the performance of the models built on the collected data set. One can
see that at the fitting stage, statistical parameters are rather modest: the model involving
2D similarity calculated with CDK Extended fingerprints (tx7-model) performs much
better than that built on 3D TanimotoCombo similarity ({cs-model). Thus, the number of
correctly predicted molecular pairs (out of 100, Neorrect) is 81 and 70 for tx7- and fcg-models,
respectively. The model involving both txr and tcg variables performd slightly better
(Ncorrect = 84), but still not perfectly. On the other hand, at the validation stage, all models
demonstrated very good performance on the Franco set; the number of correctly predicted
molecular pairs (out of 100) was 92 for both single-feature models and 95 for the double-
feature models (Table 1).

Table 1. Models built on the training set collected here and validated on the Franco data set using
single-feature (Equation (2)) and double-feature (Equation (4)) logistic regression (LogReg) models.
The sizes of the collected and Franco sets are equal to 100 molecular pairs.

Model Type Variables Fit Validation
Ncorrect ROCAUC Ncorrect ROCAUC
. : txr 81 0.920 92 0.988
single-feature tes 70 0.845 92 0.970
double-feature txr, tes 84 0.924 95 0.988

As illustrated in Figure 3, at the training stage, the single-featured models correctly
predicted 100% of the molecular pairs in the sim2D,sim3D and dis2D,dis3D subsets. All the
prediction errors occurred in the sim2D,dis3D and dis2D,sim3D subsets. On the dis2D,sim3D
subset, both the tx7- and tcs-models performed poorly: 52 and 48% correct predictions
each. On the other hand, the tx-model better fitted the sim2D,dis3D subset (72% correct
predictions), whereas the ¢cs-model performed very poorly on the same subset (32%). We
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hypothesize that this difference in 2D and 3D model expressivity on this subset may be
explained by the fact that humans, when in doubt, tend to consider only the 2D molecular
graphs, whose similarity is well represented by the txt values. This behavior may explain
why the txr values are a better predictor than tcg for difficult cases of the similarity
prediction task.

sim2D,sim3D

sim2D,dis3D
(]
o
|Z\ mmm Tanimoto CDK Extended
= B TanimotoCombo
©
(=

dis2D,dis3D

ZIO 4I0 6I0 BIO l(l)O
Percentage of correct predictions in each subset

O -

Figure 3. Percentage of predictions by the Tanimoto CDK Extended (txr) and TanimotoCombo
(tcs) models in the four calculated similarity subsets of the collected set. Both models correctly
predicted 100% of the molecular pairs in the sim2D,sim3D and dis2D,dis3D subsets. All prediction
errors occurred in the sim2D,dis3D and dis2D,sim3D subsets.

In contrast to the models built on the collected set, those trained on the Franco set
demonstrated a reasonable performance at the training stage, but performed poorly at the
validation stage (see Table 2). Indeed, being applied to the collected set, the single-feature
txT- and tcg-models correctly predicted 81 and 69 molecular pairs, respectively. Using a
double-feature equation employing both txr and tcs did not improve the performances
compared to the tx7-model alone.

Table 2. Models built on the Franco training set and validated on the dataset collected here 2.

Model Type Variables Fit Validation
Neorrect ROCAUC Neorrect ROCAUC
- txr 93 0.988 81 0.920
single-feature tog 91 0.970 69 0.845
double-feature txt, tcs 95 0.988 81 0.916

2 see caption for Table 1.

Using Equation (4) and the single-feature model for the collected set, we identified
the thresholds txr > 0.73 (txr < 0.42) and tcg > 1.62 (tcs < 0.89) corresponding to 95% of
expert opinion being that a given molecular pair is similar (or dissimilar).
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3. Materials and Methods
3.1. The Data Set Used for Human Assessments

We created a new dataset of human assessments of molecular similarity to replace the
missing test set from the original Franco et al. work. We changed the design of this dataset
in order to investigate new situations. This new dataset had to include pairs of compounds
that could display a significant 2D dissimilarity but be able to participate in equivalent 3D
interactions. For this reason, we decided to select compounds binding to proteins with
well-defined binding sites. Since the new dataset needed also pairs of compounds sharing
a certain degree of 2D similarity but admittedly different 3D pattern of interaction, we in-
vestigated ligands of cytochromes. Finally, we queried the ChEMBL 27 database [18,26,27]
for molecules that targeted three well-known biological targets: HERG [28], 5HT2B [20],
and CYP2D6 [21]. We included only compounds for which an inhibition constant was mea-
sured, using the pChEMBL values [27]. We selected 1307 compounds that targeted HERG,
1299 compounds that targeted 5HT2B, and 155 compounds that targeted CYP2D6. We
used InChiKey [29,30] to remove duplicate compounds and visually verified the resulting
dataset. This protocol ensured that we were able to recover enough compounds.

We applied the 2D protocol to all compounds, calculating Tanimoto CDK Extended
between each unique MP. We then applied the OpenEye 3D protocol. Several molecules did
not pass the Omega conformer generation step, and were discarded. We randomly selected
3000 molecular pairs for each target, and performed ROCS alignment and scoring between
all conformers of each of the 9000 total MP. This dataset has been divided in 4 subsets: pairs
that are similar in 2D and in 3D (sim2D,sim3D), pairs that are similar in 2D and dissimilar in
3D (sim2D,dis3D), pairs that are dissimilar in 2D and similar in 3D (dis2D,sim3D), and pairs
that are dissimilar in 2D and dissimilar in 3D (dis2D,dis3D). We finally selected 25 pairs
from each set. We thus obtained a data set with 100 MP, containing 25 pairs from each
similarity subset.

We developed a web-survey application. We used Voila [31], a tool for converting
Jupyter notebooks [32] in standalone web applications. The web application was served
on the Heroku Cloud Application Platform [33]. We sent invitations to take part to the
survey to 69 chemistry departments and institutions worldwide. The survey was available
on Heroku from 14 April 2021 to 28 June 2021. The results were automatically stored by the
web application on a private PostgreSQL [34] database available through Heroku.

The web application would present 5 randomly selected MP to each survey users.
For each MP, users were presented the static 2D graph pictures of the molecules (already
aligned to the Maximum Common Subgraph with RDKit). Users were also shown 3D
interactive molecular representations: the best ROCS alignments of Omega conformers were
selected, and presented to users with molecular visualization tool NGLview [35,36]. Users
were free to interact with the NGLview molecular representations, and could return to the
initial well-centered representations by clicking a “Reset 3D Views” button.

Users had to express a similarity assessment for each of the 5 MP that were presented
to them. The application did not allow users to proceed in the survey without answer-
ing. Users could not go back and change similarity assessments of previous molecules.
After the 5 similarity assessments were expressed, users were asked about their academic
qualification. The application stored only the answers of users who completed the survey.

3.2. The Franco et al. Training Set

The first set of models that we developed is based on the original training set created
and kindly made available by Franco et al. [11]. It consists of 100 MP downloaded from
DrugBank 3.0 [37], and selected to cover the widest and most uniform spread of Tanimoto
values computed on ECFP4 fingerprints [38]. The 100 MP were evaluated by 143 experts
from international regulatory authorities. The experts were asked to evaluate whether each
molecular pair was composed by similar (Yes) or dissimilar (No) molecules. The authors
then calculated the percentage (pxp) of experts that considered each MP to be similar. They
labeled as similar the MP that were considered similar by >50% of experts.
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Franco et al. used a test set containing confidential information provided by EMA’s
Committee for Medicinal Products for Human Use (CHMP). We asked CHMP to provide
us confidential access to the original test set. Our request was kindly approved, but at the
time of writing we did not receive the dataset.

3.3. The 2D Protocol

The protocol for building 2D similarity prediction models involved preprocessing
of original SMILES using RDKit [39] and MolVS [40] for standardization. Counterions
were removed, and the remaining species neutralized. We then visually inspected all the
molecules. After preprocessing, we computed all 2D fingerprints available in RDKit and
CDK [41,42], and calculated Tanimoto coefficients on each MP, with each 2D fingerprint.

3.4. The OpenEye 3D Protocol

The other 3D protocol was based on OpenEye software. The first step of the protocol
was SMILES preprocessing with Filter command (included in OMEGA [43] software). The
Filter tool was set to standardize the structures, but not to discard any of them. We used
the Omega with the classic algorithm to generate up to 200 conformers for each molecule.
Conformers generated by Omega are ready to use, since Omega was developed to sample
the conformational space around solid-state structures of drug-like molecules [44,45]. For
each MP, we use ROCS to perform all possible conformer alignments, and to calculate
similarity scores for each alignment. For each MP, we kept the largest TanimotoCombo
score value corresponding to the best alignment. In contrast to other similarity measures,
the TanimotoCombo takes values between 0 and 2. We term this value, the “ComboScore
ROC Similarity”, tcg.

3.5. Training of Similarity Prediction Models

A Logistic Regression (LogReg) model is built according to Equation (1) for a logistic
transform of the percentage of expert opinions py,. Two types of similarity prediction mod-
els were considered “single-feature models” (Equation (2)) and “double-feature models”
in the present work (Equation (3)). The input feature in Equation (2) is either Tanimoto
coefficient calculated on CDK Extended fingerprints (Tanimoto CDK Extended, txt) or
TanimotoCombo, tcs. Both txr and tcg are used as an input in Equation (3).

The predicted percentage of experts with the opinion that a pair is similar, pyy, is
deduced from the predicted logit value, i, Equation (4)

=1lo 1

y gl_pxp 1

Yy = wo+wit; )

Y = wo + witxr + watcs 3)
. d

PXP - 1+€]? (4)

The LogReg models were built using scikit-learn [46] using L1 regularization with the
default value for the regularization parameter (A = 1). The coefficients wy, wj and w; in
Equations (2) and (3), trained on collected data set, are resumed in Table 3. The calculation
of tcs requires an OpenEye license, so only Equation (2) can be used if the license is missing.

Table 3. Coefficients of Equations (2) and (3) for the models built on the collected set.

wo w1 wy
Equation (2), txr —4.860 8.449 -
Equation (2), tcs —4.464 3.554 -

Equation (3) —5.605 5214 2.009
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3.6. Model Performance Evaluation

We evaluated the similarity prediction models using a variety of performance metrics
for classification problems [47]. We focused on the number of samples that a model
correctly classifies (Ncorrect) and the Area Under the Receiver Operating Characteristic
curve (ROC AUQ).

3.7. Model Implementation

The single-feature tx1 model is implemented in our server and is publicly avail-
able online at https://chematlas.chimie.unistra.fr/ReadySim/ (accessed on 26 May 2022)
(Figure 4). This service guarantees that the chemical structures are properly standardized
and that the similarities are computed as described in this article.

Welcome to ReadySim

Input SMILES

SMILES (1 per line, max. 2 SMILES.)
No headers !

OR

Draw compounds

Compound 1 Compound 2
E 100% v \ Bl & & 100% v
x H S H
c c
- \ : - .
\ /
H3C / \ H3C
ey = C =
L Br [ N Br
w no w
" b
= = n [e=:] = =y - B
O OADOOO i O OADOOO | T

Figure 4. The web service ReadySim. The user can type in a molecular pair either as two SMILES
strings or using the chemical sketchers below. The server standardizes the structures, computes the
similarity and transforms it back as a probability that the pair will be considered as similar by a panel
of experts.

4. Conclusions

In this paper, we re-investigated the work of Franco et al., aiming to model the decision
of a panel of experts concerning the similarity of pairs of organic drug-like molecules. In
this context, we have gathered a new dataset comprising pairs of compounds that are likely
to be perceived as similar in 2D while being dissimilar in 3D, and vice versa. The datasets
are publicly available (Zenodo: 10.5281/zenodo.6472293).

Building and testing models, we observed that predicted 2D similarity is the dominant
factor corelating with the perception of similarity by the experts. However, the addition of
3D similarity concepts improves the model. This can originate from a bias of the experts to
favor 2D information over 3D one when in doubt.

Models built on the new dataset can be used to calculate the expected outcome of
majority votes on molecular similarity. The models can be used as an additional tool by
agencies tasked with evaluating molecules for the status of orphan drug: since such agencies
rely on majority voting as their main decision-making tool, comparing their judgement
with the output of a computational model trained to reproduce expert assessments on such
a complex data set can be useful. According to the developed models, similarity thresholds
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txy > 0.73 (txr < 0.42) and tcs > 1.62 (tcs < 0.89) correspond to a 95% probability
that a panel of expert would consider two molecules as similar (dissimilar). In this case,
agencies would not really need to consult a panel of experts to make a decision. Instead,
they can use our web service (https://chematlas.chimie.unistra.fr/ReadySim (accessed on
26 May 2022) to compute the predicted similarity. The models can also be used as a tool by
pharmaceutical companies to perform a preliminary screening of molecules that may be
suitable to receive the orphan drug status.

Author Contributions: Conceptualization, M.S., S.P. and A.V.; methodology, G.M. and E.G.; software,
E.G., GM. and EB.; writing—original draft preparation, E.G.; writing—review and editing, G.M. and
A.V,; supervision, G.M., S.P. and M.S. All authors have read and agreed to the published version of
the manuscript.

Funding: We acknowledge Universita degli Studi di Milano for financial support (PSR 2020 Line 3,
Seal of Excellence (SEED) IceFree project).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Datasets are available under MIT license on Zenodo: 10.5281/zen-
0do0.6472293. Software material is available on the git: https://github.com/enricogandini/paper_
similarity_prediction.git (accessed on 26 May 2022).

Acknowledgments: We wish to thank Hai Nguyen for helpful discussions on the usage of NGLView.

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

References

1. Franco, P. Orphan drugs: The regulatory environment. Drug Discov. Today 2013, 18, 163-172. [CrossRef] [PubMed]

2. DiMasi, J.A.; Grabowski, H.G.; Hansen, R.W. Innovation in the pharmaceutical industry: New estimates of R&D costs. ]. Health
Econ. 2016, 47, 20-33. [CrossRef] [PubMed]

3. Morgan, S.; Grootendorst, P.; Lexchin, J.; Cunningham, C.; Greyson, D. The cost of drug development: A systematic review.
Health Policy 2011, 100, 4-17. [CrossRef] [PubMed]

4. Simmons, S.; Estes, Z. Individual differences in the perception of similarity and difference. Cognition 2008, 108, 781-795. [CrossRef]

5. Kutchukian, PS.; Vasilyeva, N.Y.; Xu, J.; Lindvall, M.K,; Dillon, M.P; Glick, M.; Coley, ].D.; Brooijmans, N. Inside the Mind of a
Medicinal Chemist: The Role of Human Bias in Compound Prioritization during Drug Discovery. PLoS ONE 2012, 7, e48476.
[CrossRef]

6.  Lajiness, M.S.; Maggiora, G.M.; Shanmugasundaram, V. Assessment of the Consistency of Medicinal Chemists in Reviewing Sets
of Compounds. J. Med. Chem. 2004, 47, 4891-4896. [CrossRef]

7. Hack, M.D.; Rassokhin, D.N.; Buyck, C.; Seierstad, M.; Skalkin, A.; Holte, P.T.; Jones, T.K.; Mirzadegan, T.; Agrafiotis, D.K. Library
Enhancement through the Wisdom of Crowds. J. Chem. Inf. Model. 2011, 51, 3275-3286. [CrossRef]

8.  Lopez-Vallejo, F,; Caulfield, T.; Martinez-Mayorga, K.; Giulianotti, M.A.; Nefzi, A.; Houghten, R.A.; Medina-Franco, ]J.L.
Integrating Virtual Screening and Combinatorial Chemistry for Accelerated Drug Discovery. Comb. Chem. High Throughput Screen.
2011, 14, 475-487. [CrossRef]

9.  Medina-Franco, J.L.; Caulfield, T. Advances in the computational development of DNA methyltransferase inhibitors. Drug Discov.
Today 2011, 16, 418-425. [CrossRef]

10. Pérez-Villanueva, J.; Medina-Franco, J.L.; Caulfield, T.R.; Hernandez-Campos, A.; Hernandez-Luis, F.; Yépez-Mulia, L.; Castillo,
R. Comparative molecular field analysis (CoOMFA) and comparative molecular similarity indices analysis (CoMSIA) of some
benzimidazole derivatives with trichomonicidal activity. Eur. J. Med. Chem. 2011, 46, 3499-3508. [CrossRef]

11.  Franco, P; Porta, N.; Holliday, ].D.; Willett, P. The use of 2D fingerprint methods to support the assessment of structural similarity
in orphan drug legislation. J. Cheminform 2014, 6, 5. [CrossRef] [PubMed]

12.  Franco, P; Porta, N.; Holliday, J.D.; Willett, P. Molecular similarity considerations in the licensing of orphan drugs. Drug Discov.
Today 2017, 22, 377-381. [CrossRef] [PubMed]

13.  Chemical Computing Group ULC. Molecular Operating Environment; Chemical Computing Group ULC: Montreal, QC, Canada, 2020.

14.  ROCS. Santa Fe, NM: OpenEye Scientific Software. Available online: https:/ /www.eyesopen.com/rocs (accessed on 26 May 2022).

15. Haigh, J.A; Pickup, B.T.; Grant, J.A.; Nicholls, A. Small Molecule Shape-Fingerprints. |. Chem. Inf. Model. 2005, 45, 673-684.
[CrossRef] [PubMed]

16. Hawkins, P.C.D.; Skillman, A.A.G.; Nicholls, A. Comparison of Shape-Matching and Docking as Virtual Screening Tools. J. Med.

Chem. 2006, 50, 74-82. [CrossRef]


https://chematlas.chimie.unistra.fr/ReadySim
https://github.com/enricogandini/paper_similarity_prediction.git
https://github.com/enricogandini/paper_similarity_prediction.git
http://doi.org/10.1016/j.drudis.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/22981668
http://doi.org/10.1016/j.jhealeco.2016.01.012
http://www.ncbi.nlm.nih.gov/pubmed/26928437
http://doi.org/10.1016/j.healthpol.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/21256615
http://doi.org/10.1016/j.cognition.2008.07.003
http://doi.org/10.1371/journal.pone.0048476
http://doi.org/10.1021/jm049740z
http://doi.org/10.1021/ci200446y
http://doi.org/10.2174/138620711795767866
http://doi.org/10.1016/j.drudis.2011.02.003
http://doi.org/10.1016/j.ejmech.2011.05.016
http://doi.org/10.1186/1758-2946-6-5
http://www.ncbi.nlm.nih.gov/pubmed/24485002
http://doi.org/10.1016/j.drudis.2016.11.024
http://www.ncbi.nlm.nih.gov/pubmed/27965161
https://www.eyesopen.com/rocs
http://doi.org/10.1021/ci049651v
http://www.ncbi.nlm.nih.gov/pubmed/15921457
http://doi.org/10.1021/jm0603365

Int. J. Mol. Sci. 2022, 23, 6114 11 of 11

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Artese, A.; Cross, S.; Costa, G.; Distinto, S.; Parrotta, L.; Alcaro, S.; Ortuso, E.; Cruciani, G. Molecular interaction fields in drug
discovery: Recent advances and future perspectives. WIREs Comput. Mol. Sci. 2013, 3, 594-613. [CrossRef]

Gaulton, A.; Hersey, A.; Nowotka, M.; Bento, A.P.; Chambers, J.; Mendez, D.; Mutowo, P.; Atkinson, F; Bellis, L.J.; Cibrian-Uhalte,
E.; et al. The ChEMBL database in 2017. Nucleic Acids Res. 2017, 45, D945. [CrossRef]

Claesen, M.; de Moor, B. Hyperparameter Search in Machine Learning. arXiv 2015, arXiv:1502.02127. Available online: http:
/ /arxiv.org/abs/1502.02127 (accessed on 25 August 2021).

Roth, B.L. Drugs and Valvular Heart Disease. N. Engl. ]. Med. 2007, 356, 6-9. [CrossRef]

Wang, B.; Yang, L.-P.; Zhang, X.-Z.; Huang, S.-Q.; Bartlam, M.; Zhou, S.-F. New insights into the structural characteristics and
functional relevance of the human cytochrome P450 2D6 enzyme. Drug Metab. Rev. 2009, 41, 573-643. [CrossRef]

Ehrman, J.N.; Lim, V.T,; Bannan, C.C.; Thi, N.; Kyu, D.Y.; Mobley, D.L. Improving small molecule force fields by identifying and
characterizing small molecules with inconsistent parameters. J. Comput. Mol. Des. 2021, 35, 271-284. [CrossRef]

Bickerton, G.R.; Paolini, G.V.; Besnard, J.; Muresan, S.; Hopkins, A.L. Quantifying the chemical beauty of drugs. Nat. Chem. 2012,
4,90-98. [CrossRef] [PubMed]

Nicholls, A.; McGaughey, G.B.; Sheridan, R.P.; Good, A.C.; Warren, G.; Mathieu, M.; Muchmore, S.W.; Brown, S.P,; Grant, ].A,;
Haigh, J.A.; et al. Molecular Shape and Medicinal Chemistry: A Perspective. . Med. Chem. 2010, 53, 3862-3886. [CrossRef]
[PubMed]

Blum, L.C.; Van Deursen, R.; Reymond, J.-L. Visualisation and subsets of the chemical universe database GDB-13 for virtual
screening. J. Comput. Mol. Des. 2011, 25, 637-647. [CrossRef] [PubMed]

Gaulton, A.; Bellis, L.].; Bento, A.P.; Chambers, ].; Davies, M.; Hersey, A.; Light, Y.; McGlinchey, S.; Michalovich, D.; Al-Lazikani,
B.; et al. ChEMBL: A large-scale bioactivity database for drug discovery. Nucleic Acids Res. 2012, 40, D1100-D1107. [CrossRef]
Bento, A.P; Gaulton, A.; Hersey, A.; Bellis, L.J.; Chambers, J.; Davies, M.; Kriiger, FA.; Light, Y.; Mak, L.; McGlinchey, S.; et al. The
ChEMBL bioactivity database: An update. Nucleic Acids Res. 2013, 42, D1083-D1090. [CrossRef]

Sanguinetti, M.C.; Tristani-Firouzi, M. hERG potassium channels and cardiac arrhythmia. Nature 2006, 440, 463—469. [CrossRef]
Heller, S.R.; McNaught, A.; Stein, S.; Tchekhovskoi, D.; Pletnev, L.V. InChlI-the worldwide chemical structure identifier standard.
J. Cheminform. 2013, 5, 7. [CrossRef]

Heller, S.R.; McNaught, A.; Pletnev, I.V; Stein, S.; Tchekhovskoi, D. InChl, the IUPAC International Chemical Identifier.
J. Cheminform. 2015, 7, 23. [CrossRef]

Voila-Dashboards/Voila. Voila Dashboards. 2021. Available online: https://github.com/voila-dashboards/voila (accessed on
22 August 2021).

Kluyver, T.; Ragan-Kelley, B.; Pérez, F; Granger, B.E.; Bussonnier, M.; Frederic, J.; Kelley, K.; Hamrick, J.; Grout, ].; Corlay, S.; et al. Jupyter
Notebooks—A publishing format for reproducible computational workflows. In Positioning and Power in Academic Publishing:
Players, Agents and Agendas; IOS Press: Amsterdam, The Netherlands, 2016; pp. 87-90. [CrossRef]

Heroku-Cloud Application Platform. Available online: https:/ /www.heroku.com/ (accessed on 22 August 2021).

Group, P.G.D. PostgreSQL. 2021. Available online: https:/ /www.postgresql.org/ (accessed on 22 August 2021).

Rose, A.S.; Hildebrand, PW. NGL Viewer: A web application for molecular visualization. Nucleic Acids Res. 2015, 43, W576-W579.
[CrossRef]

Nguyen, H.; Case, D.A.; Rose, A.S. NGLview-interactive molecular graphics for Jupyter notebooks. Bioinformatics 2017, 34, 1241-1242.
[CrossRef]

Knox, C.; Law, V,; Jewison, T.; Liu, P.; Ly, S.; Frolkis, A.; Pon, A.; Banco, K.; Mak, C.; Neveu, V,; et al. DrugBank 3.0: A
comprehensive resource for ‘Omics’ research on drugs. Nucleic Acids Res. 2010, 39, D1035-D1041. [CrossRef] [PubMed]

Rogers, D.; Hahn, M. Extended-Connectivity Fingerprints. J. Chem. Inf. Model. 2010, 50, 742-754. [CrossRef] [PubMed]

RDKit: Open-Source Cheminformatics. Available online: http://www.rdkit.org (accessed on 26 May 2022).

Swain, M. MolVS: Molecule Validation and Standardization. 2021. Available online: https://github.com/mcs07/MolVS (accessed
on 18 August 2021).

Steinbeck, C.; Han, Y.; Kuhn, S.; Horlacher, O.; Luttmann, A.E.; Willighagen, E. The Chemistry Development Kit (CDK): An
Open-Source Java Library for Chemo- and Bioinformatics. J. Chem. Inf. Comput. Sci. 2003, 43, 493-500. [CrossRef] [PubMed]
Willighagen, E.L.; Mayfield, ].W.; Alvarsson, ].; Berg, A.; Carlsson, L.; Jeliazkova, N.; Kuhn, S.; Pluskal, T.; Rojas-Chert6, M.;
Spjuth, O.; et al. The Chemistry Development Kit (CDK) v2.0: Atom typing, depiction, molecular formulas, and substructure
searching. |. Cheminform. 2017, 9, 33. [CrossRef]

OMEGA. Santa Fe, NM: OpenEye Scientific Software. Available online: https:/ /www.eyesopen.com/omega (accessed on 26 May 2022).
Hawkins, P.C.D.; Skillman, A.G.; Warren, G.L.; Ellingson, B.A.; Stahl, M.T. Conformer Generation with OMEGA: Algorithm and
Validation Using High Quality Structures from the Protein Databank and Cambridge Structural Database. |. Chem. Inf. Model.
2010, 50, 572-584. [CrossRef]

Hawkins, P.C.D.; Nicholls, A. Conformer Generation with OMEGA: Learning from the Data Set and the Analysis of Failures.
J. Chem. Inf. Model. 2012, 52, 2919-2936. [CrossRef]

Pedregosa, F; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P; Weiss, R.; Dubourg, V.; et al.
Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825-2830.

Hossin, M.; Sulaiman, M.N. A Review on Evaluation Metrics for Data Classification Evaluations. IJ]DKP 2015, 5, 1. [CrossRef]


http://doi.org/10.1002/wcms.1150
http://doi.org/10.1093/nar/gkw1074
http://arxiv.org/abs/1502.02127
http://arxiv.org/abs/1502.02127
http://doi.org/10.1056/NEJMp068265
http://doi.org/10.1080/03602530903118729
http://doi.org/10.1007/s10822-020-00367-1
http://doi.org/10.1038/nchem.1243
http://www.ncbi.nlm.nih.gov/pubmed/22270643
http://doi.org/10.1021/jm900818s
http://www.ncbi.nlm.nih.gov/pubmed/20158188
http://doi.org/10.1007/s10822-011-9436-y
http://www.ncbi.nlm.nih.gov/pubmed/21618009
http://doi.org/10.1093/nar/gkr777
http://doi.org/10.1093/nar/gkt1031
http://doi.org/10.1038/nature04710
http://doi.org/10.1186/1758-2946-5-7
http://doi.org/10.1186/s13321-015-0068-4
https://github.com/voila-dashboards/voila
http://doi.org/10.3233/978-1-61499-649-1-87
https://www.heroku.com/
https://www.postgresql.org/
http://doi.org/10.1093/nar/gkv402
http://doi.org/10.1093/bioinformatics/btx789
http://doi.org/10.1093/nar/gkq1126
http://www.ncbi.nlm.nih.gov/pubmed/21059682
http://doi.org/10.1021/ci100050t
http://www.ncbi.nlm.nih.gov/pubmed/20426451
http://www.rdkit.org
https://github.com/mcs07/MolVS
http://doi.org/10.1021/ci025584y
http://www.ncbi.nlm.nih.gov/pubmed/12653513
http://doi.org/10.1186/s13321-017-0220-4
https://www.eyesopen.com/omega
http://doi.org/10.1021/ci100031x
http://doi.org/10.1021/ci300314k
http://doi.org/10.5121/ijdkp.2015.5201

	Introduction 
	Results and Discussion 
	Rational Selection of the Dataset and Human Experts Similarity Assessment 
	Building and Validation of the Models 

	Materials and Methods 
	The Data Set Used for Human Assessments 
	The Franco et al. Training Set 
	The 2D Protocol 
	The OpenEye 3D Protocol 
	Training of Similarity Prediction Models 
	Model Performance Evaluation 
	Model Implementation 

	Conclusions 
	References

