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The role of computer-aided drug design (CADD) in modern drug discovery [1–15] is
to support its various processes, including hit finding, hit-to-lead, lead optimization,
and the activities preluding to preclinical trials, through numerous in silico predic-
tors and filters. These tools have a wide variety of objectives, such as enriching the
families of molecules that will be submitted to experimental screening with poten-
tially active compounds, identifying molecules that may be problematic such as toxic
moieties or those with nonspecific activities, generating ideas on the chemical mod-
ifications to be made to the compounds to increase their affinity for the therapeutic
target or to improve their pharmacokinetics [16–19], or finally assisting in the var-
ious selection processes aimed at identifying and promoting the most promising
molecules. These approaches are generally divided into two main families [20].

Structure-based approaches [8, 21–23] use the three-dimensional structure of the
targeted protein, for example, to estimate via the use of a docking software how
and how strongly a small molecule will bind to it. Avoiding the necessity to resort
solely to an experimental method (e.g. X-ray crystallography, NMR, or cryo-electron
microscopy) to obtain this information makes it possible to process a large num-
ber of molecules very quickly and at a moderate cost. In turn, this information can
be used to determine how to modify the chemical structure of a small molecule to
optimize rationally the intermolecular interactions with the protein target. It is then
possible to select the most promising compounds for experimental validations, cre-
ating a cyclic optimization process, thanks to this feedback loop between in silico and
in vitro approaches.

Ligand-based approaches take advantage of already known molecules with cer-
tain bioactivities or physicochemical properties, in order to derive the information
necessary to predict the bioactivity or properties of other compounds, real or virtual.
Indeed, CADD has been a pioneering research area in the development and appli-
cation of machine learning methods [24–32], with the emergence, as early as the
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1960s [33], of quantitative structure–activity relationships (QSAR [34]) or quantita-
tive structure–property relationships (QSPR).

To perform these tasks, CADD benefits from numerous databases and datasets
of small molecules, bioactivities and biological processes, 3D structures of small
compounds and biomacromolecules, or molecular properties – some of which being
related to pharmacokinetics or toxicity [13, 35–38]. Created in 1971, the Protein Data
Bank (PDB) [39], which stores the three-dimensional structural data of large bio-
logical molecules such as proteins and nucleic acids, is a precursor in the field of
freely and publicly available databases with possible applications in CADD. Cur-
rently managed by the wwPDB [40] organization and its five members, RCSB PDB
[41], PDBe [42], PDBj [43], EMDB [44] and BMRB [45], the PDB continues to provide
the CADD community with numerous valuable 3D structures of therapeutically rel-
evant proteins in the apo form or in complex with small drug-like molecules, which
can be used to nurture structure-based approaches. Several subsets involving such
structures have been created over time, for instance, to provide reference sets to
benchmark docking software, such as the Astex [46] or the Iridium [47] datasets.
For a very long time, ligand-based approaches were generally limited to the use of
small datasets, collected on a case-by-case basis during specific drug design projects,
thus precluding their application beyond the building of focused models with lim-
ited scope. This situation dramatically changed during the 2000s with the rise of
large-scale databases created specifically for the benefit of drug discovery in gen-
eral and CADD in particular. ChEMBL [48, 49] released in 2008 or PubChem [50]
in 2004, which collect molecules and their activities in biological assays systemati-
cally extracted from medicinal chemistry literature, patent publications, or experi-
mental high-throughput screening programs, are certainly among the forerunners
of this trend. Such databases paved the way for CADD approaches addressing, for
instance, the prediction of bioactivities on a very large scale, including ligand-based
methods. ZINC [51], freely accessible from 2004, is another large-scale database of
small molecules, this time prepared especially for virtual screening. This important
resource focuses on the compilation and storage of commercially available chemical
compounds. DrugBank [52], whose first version dates back to 2006, is an example of
a database gathering numerous curated and high-quality information about a group
of molecules of biological interest, in this case mainly but not exclusively, approved
or developmental drugs. Although smaller than ChEMBL or PubChem for instance,
this type of resources, because of the quality, the structure and the practicality of the
information provided, also plays an critical role in the development of new CADD
techniques and filters, or for more direct applications in virtual screening.

Researchers working in CADD can be considered to have two main activities:
one consists in designing, validating, and benchmarking new in silico approaches,
the other is applying existing tools to support drug descovery projects. The nature
of the databases reflects this duality. Some are clearly oriented toward an applica-
tive usage. With virtual screening in mind, this is the case for resources gathering a
large amount of commercial or virtual molecules, such as ZINC [51] or GDB-17 [53],
whose main purpose is to be used as a source of molecules to feed virtual screening
campaigns. At the opposite end of the spectrum, we find molecular sets constructed
specifically for benchmarking screening methods, such as DUD-E [54] or DEKOIS
[55]. These contain a limited number of compounds, known to be active or inactive
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on certain protein targets, and carefully chosen to avoid any bias in many molec-
ular properties that would allow a screening software to identify the active ones
too easily. Between these two extremes, we can find databases, such as ChEMBL,
PubChem, or TCRD/Pharos [56], containing a large number of known bioactive
molecules. These generalist databases can not only be used to develop a large range
of CADD methods, including screening or reverse screening approaches, such as
Similarity Ensemble Approach (SEA) [57, 58] or SwissTargetPrediction [59, 60], but
also constitute a source of real molecules to be virtually screened.

By definition, the interest for many CADD-related databases lies in their capacity
to store a possibly large quantity of molecules, along with useful annotations, and
in their efficient diffusion to the public. This was made possible by the development
and dissemination of widely accepted specific file formats. The most common file
for representing molecules as strings are in SMILES [61, 62] and InChI [63, 64] for-
mats. These one-line formats have the great advantage of using little disk or memory
resources, facilitating the storage, and rapid transfer of large numbers of molecules.
It should be noted, however, that several SMILES strings can represent the same
molecule. This can be problematic and potentially generate redundancy when
compounds from different sources are gathered. To avoid this kind of situation, it
is possible to produce canonical SMILES by a well-chosen software, which are by
definition unique for each molecule, or to use the UniChem [65] database that pro-
vides pointers between the molecules of most common databases. Structure-based
approaches, such as molecular docking, 3D fingerprinting [66], or pharmacophores
[67, 68], require a spatial representation of small molecules. The most frequently
employed file definitions, including tridimensional atomic coordinates, are the
Structural Data File (SDF), the MDL Mol, and Tripos Mol2 formats. Compounds
are often available in such formats in the major small-molecule databases, such
as ZINC [51], Chemspider [69], or DrugBank [52], which allow their direct use
in 3D-based approaches. Other formats are available to store 3D structures of
biomacromolecules, taking advantage of the fact that large biomolecules are based
on the repetition of a small number of residues. The PDB and mmCIF [70] formats
are among the standards and provided by the wwPDB consortium, and by other
major databases of 3D structures of macromolecules, including PDB Redo [71, 72],
as well as the SWISS-MODEL [73], MODBASE [74], and AlphaFold [75, 76]
repositories of structural models.

To be valuable in the context of CADD, a database should meet several criteria in
addition to the nature of its content. These criteria are very close to the findability,
accessibility, interoperability, and reuse (FAIR) principles [77].

First, a database must be maintained and made available for the long term,
ideally via a persistent URL, so that it can be employed for sustainable projects
and developments. Unfortunately, a large fraction of new databases and datasets
disappear only a few years after their initial release, due to lack of resources to
maintain them or lack of interest. Attwood and colleagues studied the 18-year
survival status of 326 databases published before 1997 and found that 62.3% were
dead, 14.4% were archived (and not updated), and only 23.3% were still alive under
their original identity or after rebranding [78]. This first analysis was independently
confirmed by Finkelstein et al. who found that of the 518 original databases
published in the journal Database between 2009 and 2016, 35% were already no
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longer accessible in 2020 [79], and by Imker who observed that among the 1727
databases published between 1991 and 2016 in Nucleic Acids Research’s “Database
Issue,” 40% were dead in 2018 [80]. They found that databases with higher citation
counts and from researchers with higher h-index within renowned institutions
were more likely to survive. In addition to straightforward online accessibility over
the long term, databases should ideally be regularly updated to include the latest
useful information. In order to make this process efficient and compatible with
the reproducibility of the research projects that need the databases, these updates
should be clearly versioned and previous releases archived for the long term. In
addition, unique identifiers should be assigned to individual database entries and
maintained persistently across all versions.

Second, the database should be easily searchable and retrievable. Most of those
mentioned in this chapter can be accessed via a Graphical User Interface (GUI)
developed to browse and search data easily, for instance by typing keywords in a
search box, providing a query molecule in SMILES format or as a file, or by draw-
ing compounds or molecular fragments within a molecular sketcher. Such interfaces
are particularly efficient to search for information about a few given molecules and
to display them in a well-designed graphical representation. However, such inter-
faces become inefficient when a project requires a large amount of data, which will
eventually have to be analyzed by the user through dedicated scripts and programs.
In these cases, the information should be searchable and massively retrievable by
command lines, for example, with an API through specific search and download
commands. Ideally, the whole database content should be downloadable for local
use by classic database management systems, such as MySQL or PostgreSQL, in
order to be easily deployed and managed on the computers of advanced users.

Third, CADD databases and datasets should use renowned and well-accepted for-
mats to store and deliver molecules to the users. As mentioned above, several strings
and file formats are already available for this purpose, including SMILES, InChI,
SDF, Mol, Mol2, PDB, and mmCIF. These formats are readily processed by most
CADD software, making the use of the databases or datasets content straightforward.

Fourth, to make the interoperability between databases easier, they should include
as much as possible well-accepted unique identifiers from long-standing key players
in the field. For instance, the UniProt [81] ID provides a valuable solution to identify
proteins. In addition, small molecules can be identified in many cases by one of the
identifiers present in UniChem. This does not prevent the authors of new databases
to create their own unique identifiers, for more flexibility. For example, ChEMBL
uses its own unique identifier for proteins and ensures interoperability with other
resources by providing a file mapping these ChEMBL IDs with UniProt [81] IDs.

Fifth, accurate information regarding the origin of the data stored in the database
or dataset should be provided, as well as a detailed description of the manual or
automatic curation processes applied to it.

Sixth, databases and datasets should have a clear usage license. Free- and
open-access resources are often favored in academic environment, where funding
may be limited, because they increase the visibility, maximize the use and impact of
data, and facilitate the reuse of research results (Table 1.1).
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