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ABSTRACT: In the past decade or so there has been a dramatic increase in the number of computational applications and tools
that have been developed to enable medicinal chemists to prosecute modern drug discovery programs more efficiently. The upsurge
of user-friendly, well-designed computational tools that enable structure-based drug design (SBDD) and cheminformatics (CI)-
based drug design has equipped the medicinal chemist with an arsenal of tools and applications that significantly augments the entire
design process, thereby enhancing the speed and efficiency of the design—make—test—analyze cycle. Modern computational
applications and tools transcend all areas of drug discovery, and most savvy medicinal chemists can employ them effectively in a
myriad of drug discovery applications. Indeed, the sheer scope and breadth of tools available to the medicinal chemist is vast and, to
our knowledge, has not been comprehensively reviewed. In this article we have catalogued many computational tools, platforms, and
applications that are currently available, with four main areas highlighted: commercially available tools/platforms, open-source
applications, internally developed platforms (software tools developed within a pharma or biotech organization), and artificial
intelligence/machine learning-based platforms. For ease of interpretation, for these categories we provide tables organized by vendor
or organization name, the name of the application, whether the tool/application is employed predominantly for SBDD or ClI-based
design, and a summary of the main function of the tools, with associated hyperlinks to vendor Web sites. We have tried to be as
comprehensive and as inclusive as possible; however, the pace of development of new and existing tools is so rapid that there may be
omissions with respect to newly developed tools and current versions of the software.

KEYWORDS: Structure-based drug design, Cheminformatics, Artificial intelligence, Machine learning, Retrosynthetic analysis, DMTA,
CADD, Drug discovery paradigm, Design applications and tools, Software, Open source
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C omputational applications and tools have been adopted role to a reality now where the medicinal chemist routinely
to enable and accelerate the discovery Of drugs since the employs a spectrum of desktop tools for modern drug design
early 1980s, regarded as the birth of computer-aided drug
design (CADD). Since then, advances in the field have
blossomed due to innovative applications of theoretical

purposes. Indeed, some companies have encouraged, empow-
ered, and trained specialized medicinal chemists to utilize

. . . . computational tools in a specific “designer” role to potentiall
chemistry and physics, computer science, and statistics and P p & P Y

the vast concomitant increase in computational power. On the

ACSMedicinal
Ch

heels of vast computer power has come the data science Received:  November 23, 2021 omstyLetery
evolution that has enabled the derivatization of vast amounts of Accepted:  May 16, 2022
knowledge, thus enabling the burgeoning fields of bio- and Published: June 1, 2022

cheminformatics. In the past decade, with the development of
user-friendly software, the use of computational tools for drug
discovery has shifted from a predominantly CADD specialist
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streamline the drug discovery process. Whether the designer
model is adopted is largely governed by the philosophy and
culture of individual organizations, and the value of this
approach remains an area of debate among the medicinal
chemistry community. Ultimately, though, the fact remains
that savvy medicinal chemists embrace state-of-the-art
computational tools to effectively augment drug design. In
the past decade alone, the number of computational tools that
have been developed by vendors has increased significantly,
with the spectrum of applications broadening appreciably in
addition. Whereas 10 or 15 years ago pharma companies were
more apt to develop their own bespoke tools, today the
availability of commercial tools has shifted the focus for many
companies toward drug design using these user-friendly,
robust, well-built, and well-conceived design platforms in an
attempt to improve the entire design—make—test—analyze
(DMTA) cycle. The optimization of hits to leads to candidates
and ultimately approved drugs is very much an iterative
process where many parameters must be optimized in parallel.
Balancing and optimizing multiple parameters (multiple-
parameter optimization (MPO), or scoring) to produce
chemical matter that is potent, selective, soluble, permeable,
and metabolically stable, and has good oral bioavailability, with
an adequate safety profile, is a vastly complex and challenging
process which can take many years. Parallel processing is not
something that humans are particularly adept at; computers,
on the other hand, were built for such purposes. In addition,
computers are quite useful at repetitive work where large
amounts of data are handled and the likelihood of human error
is high. With the advent of machine learning and, more
recently, deep learning, efficient computer-based MPO is a
reality and, combined with generative chemistry methods, can
significantly reduce the number of DMTA cycles, the number
of compounds to be synthesized, and more importantly the
time and resources it takes for a drug to reach the clinic.
Currently no artificial intelligence/machine learning (AI/ML)-
derived compounds have made it all the way to the market;
however, it is just a matter of time before this eventually
transpires. This illustrates how the burgeoning field of
computational drug discovery has led to a concomitant growth
in innovative computational tools and applications that are
now available to drug hunters.

Computational tools have applicability in many areas of drug
discovery and development. Many of the applications of these
tools toward specific areas of drug discovery have been
reviewed several times before' and therefore will not be the
focus of this article. Instead, for this review we have catalogued
many of the available computational applications and tools that
have recently emerged and evolved specifically to enable drug
discovery, particularly as it relates to the DMTA cycle.
Additionally, the focus of the article is centered on tools
(Tables 1—5) that enable structure-based drug design (SBDD)
and/or cheminformatics (CI)-based design. SBDD facilitates
the design of potential drugs utilizing crystallographically
derived protein structures or related homology models with
and without bound ligands. Examples of such applications are
virtual docking/screening and de novo design. CI-based design
tools are those that facilitate the design of potential drugs
through the curation, manipulation, and analysis of chemical
and biological data. Examples of CI applications are chemical
similarity calculations and searching, clustering, R-group
analysis, and matched molecular pair analysis. Five main
areas are highlighted in the tables: Table 1 highlights
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commercially available tools/platforms; Table 2, internally
developed platforms by individual pharma companies; Table 3,
open-source tools and software; Table 4, companies whose
focus is predominantly on AI/ML applications to drug
discovery; and Table S, tools employed specifically for
synthesis predictions using ML methods. Note also that, for
AlI/ML-based companies in Table 4, we have made the
distinction between companies that are predominantly
software and service providers and companies that use Al/
ML as the prime drug discovery engine and may not
necessarily offer access to their platforms/software. For ease
of interpretation, these tables are organized by vendor/
organization name, the name of the application, whether the
tool/application is employed predominantly for SBDD or CI-
based design, and a summary of the main function of the tools,
with the associated hyperlinks to vendor Web sites—note that
many of the descriptions are taken directly from the vendor’s
Web site. The assignment of whether the computational tools
are predominantly used for SBDD or CI design in some cases
is subjective, as the software may have multiple functions that
cross both design paradigms. For clear examples of this we
have checked both boxes, but there may be instances where the
bias between the two paradigms is not as clear and only one
box (paradigm) was selected. We have tried to be as
comprehensive and as inclusive as possible; however, the
pace of development of new and existing tools is so rapid that
there may be some omissions with respect to newly developed
tools and the current versions of the software.

As we consider the drug discovery continuum from Hit ID
— Hit to Lead — Lead Optimization (see Scheme 1),
computational tools are essential for of all these stages of drug
discovery. For Hit ID, for example, there are many approaches
to virtual screening that use both protein-based and ligand-
based computational approaches. There are pros and cons for
both of these approaches; however, there have been significant
innovations and enhancements in recent years, with many
vendors offering tailored searching/docking algorithms that
often identify both complementary (similar) and orthogonal
(dissimilar) hits.

At the early stages of a project, where screening is required
for Hit ID, it is essential to understand the scope, breadth, and
extent of the chemical space that one needs to explore to
identify tractable chemical matter. Corporate screening
collections are finite and have numbers that do not adequately
sample the vastness of drug-like chemical space. Even with the
introduction of DNA encoded library (DEL) technologies,
which has dramatically expanded synthetically accessible
chemical space into the billions, both curating and exploring
ultra-vast chemical space can only be achieved using innovative
computational methods. There are many ways to approach
building virtual libraries, either using fully enumerated
structures with large but limited numbers (10%) or with
topological/pharmacophoric feature-encoded fragmented mo-
lecular representations, such as Feature Trees (FTrees”'), that
enable the virtual expansion of chemical space to unprece-
dented levels (10?°).” There are undoubtedly pros and cons
associated with these approaches, but they have been effective
at Hit ID, employed either individually or in concert. The
exploration of chemical space is enabled using computational
methods, with vendors offering a variety of tools to enable
searching, clustering, similarity assessments, and mapping
(dimensionality reduction), to mention a few. Note that
virtual screening can be employed at any stage of the drug
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Table 1. continued

Web site

main function

SBDD

CI

application

ICM Chemist Pro

vendor

Molsoft

https://www.molsoft.com/icm-chemist-pro.html

allows scientists to draw and edit chemicals, create and view chemical spreadsheets, and perform chemical

searching, chemical clustering, and many other routine cheminformatics functionalities

https://www.molsoft.com/icm_pro.html

desktop software environment for high-quality protein structure analysis, modeling, and docking

\/

ICM Pro
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discovery continuum, often to augment existing hit series and
to identify new orthogonal tractable chemical series with the
goal of increasing the probability of success. Indeed, if a project
is enabled with a robust protein crystal structure, virtual
docking is arguably the main vehicle for the optimization of
ligand binding. Without structure, but equipped with a known
binder, ligand-based virtual screening or lead/scaffold hopping
can be used to identify new series to pursue. Fortunately, there
are a growing number of computational tools from vendors
that enable both ligand-based virtual screening and lead/
scaffold hopping employing very innovative approaches that
have been used successfully, particularly in Hit ID, but also in
the Hit to Lead phase of the drug discovery continuum.

The Hit to Lead and Lead Optimization stages of the
discovery continuum are complex and challenging paradigms,
where many different properties of lead series must be
optimized concurrently and iteratively to achieve the desired
efficacious in vivo (pharmacokinetics/pharmacodynamics, PK/
PD) profile in a relevant disease model. This may be achieved
efficiently by adopting a MPO approach, a process that is
becoming mainstream in contemporary medicinal chemistry
optimization campaigns.” Therefore, in concert with the
optimization of binding and functional activity, concurrent
physicochemical property-based optimization is essential for
the success of any medicinal chemistry campaign. To achieve
this, a mix of both in vitro and in silico parameters must be
employed to derive multi-parametric scoring functions tailored
to an individual project. A growing number of computational
design platforms are enabled to perform MPO using a range of
tailored methods; in addition, vendors now ofter this capability
employing a variety of mathematical approaches.

Oftentimes, particularly in Lead Optimization, there is
sufficient data to build robust quantitative structure—activity
relationship (QSAR) models which may significantly enable a
project team by augmenting the optimization of a lead to the
desired outcome of candidate selection. Additionally, as most
pharmaceutical companies have vast repositories of absorption,
distribution, metabolism, excretion, and toxicity (ADMET)
data, quantitative structure—property relationship (QSPR)
models using a variety of deep-learning (DL)/machine-
learning (ML) methods are now par for the course, with the
predicted ADMET properties often calculated after registration
of new chemical entities prior to capturing initial primary in
vitro ADMET assay data. Models can then be augmented and
improved continuously through machine-based learning
methods employing the newly added data, with accuracy
often improved for a given similar series. Many pharmaceutical
and biotech companies are enabled with IT infrastructure that
facilitates many of the computational methods needed to
sufficiently augment and improve the drug discovery process.
The extent and utility of these methods depends on the
individual companies, with a mix of both internally and
externally developed applications and platforms adopted. In
the past couple of years, the power of computational drug
discovery has been demonstrated, and the concomitant interest
in the medicinal chemistry community has been heightened by
the development of generative de novo design methods (Table
2). Using DL models, these methods can generate novel
chemical entities which are optimized, in silico, to possess
targeted affinity, PK, and even safety profiles. Moreover, Al-
based platforms can learn which classes of chemical entities
bind selective protein targets and generate associated novel
chemical matter capable of binding and functionally modulat-
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ing the protein target of interest, ultimately leading to the
optimization of leads to clinical candidates very rapidly.* Of
course, the success of generative platforms is directly
proportional to the extent and accuracy of the data used in
the training sets for both the generation and optimization
phases. Typically, therefore, this approach works most
effectively with well-trodden targets such as kinases, where a
wealth of robust data is at hand to enable more accurate
predictions and the most promising in silico de novo designs.’
Drugging less tractable therapeutic targets, however, by
targeting more challenging targets such as PROTACS and
protein—protein interactions (PPIs) using this approach is
significantly more challenging, as is the case for traditional
medicinal chemistry approaches. However, the rate of change
in the development of these generative platforms is so rapid
that it will be very interesting to see how far these evolve in the
coming years and whether they are able to generate novel
chemical matter that can drug these challenging, high-value
targets.

In addition to discussing generative models, as well as a
plethora of software tools developed to generate and test a
variety of hypotheses, it is important to consider methods
related to prediction of chemical synthesis.” Over the past few
years, several new tools have emerged (Table 3) that allow
medicinal chemistry teams to quickly assess the synthesis of
difficult-to-synthesize or novel chemotypes. These approaches
range from ML-based methods trained on large reaction
datasets (e.g., USPTO dataset) to hand-coded rules. Some of
these methods are commercial, and a small handful of them are
open-source (e.g., AiZynthFinder) or part of a consortium
(e.g, ASKCOS). The overall outlook is favorable for these
tools, and this will continue due to the continuous addition of
new reaction datasets. With these tools now emerging online, it
is important that each pharma company ensure that clean and
reliable electronic lab notebook (ELN) data, utilizing both
positive and negative data (failed reactions), is employed to
train models. In addition, combining internal together with
publicly available data may improve the overall quality of the
models. A variety of commercial software providers are already
moving in this direction, i.e., allowing the retraining of models
with both internal and external datasets.

One important area of debate currently is whether to
implement Web-based or desktop-based software, a deploy-
ment issue that leads to multiple concerns such as optimal
machine configuration, security, etc. Routine software upgrades
and updates can be a significant challenge for IT organizations
to implement for each scientist, while understanding the
implications of these upgrades on other software. In the past
few years, most cheminformatics and molecular modeling
applications have been moving to Web-based platforms. In
addition, hosting applications on the “cloud” not only makes
them easy for the user to access but also simplifies application
deployment for the IT organizations. Over the past decade,
with computer resources becoming relatively inexpensive,
newer methods are being continuously developed and adopted
that realize the potential of computationally intensive
calculations. This raises an important issue about running
some of the intensive calculations on high-performance
computing (HPC) facilities available on-premises versus
hosted on external infrastructures (e.g, rented within academic
institutions or cloud providers). The decision to build an in-
house HPC versus other options may provide a huge barrier to
software acquisition from vendors and its deployment. Based

Web site
articles/10.1186/s13321-015-0078-2

datawarrior/ (ref 67)
(ref 70)

http://www.openmolecules.org/
http://vina.scripps.edu/ (ref 69)
https://jcheminf.biomedcentral.com/
https://pyrx.sourceforge.io/

https://www.knime.com/

main function

chem property calculations, large-scale similarity calculations, dimensionality reduction, etc.

candidates, bind to a receptor of known 3D structure
wizard (uses AutoDock Vina) and built on Python

open-source package for property computation, library enumeration, R-group decomposition, Python scripts for PYMOL  http://www.mayachemtools.org/ (ref 68)
plug-ins, etc.

open-source cheminformatics application; includes several data analysis and visualization methods such as clustering, phys-

open-source suite of automated docking tools; designed to predict how small molecules, such as substrates or drug
virtual screening software for computational drug discovery; screen libraries against potential targets; includes docking

open-source software for data science innovation; create workflows in GUI-like pipeline pilot
open-source modular toolkit written in Python for cheminformatics and chemical modeling

SBDD
\/
Vo
\/
Vo

application

DataWarrior
MayaChem

Tools
KNIME
AutoDock Vina
ODDT
Python

Prescription

(PyRx)

vendor

Discovery

Table 3. Various Open-Source Software Tools Available for Cheminformatics (CI)- and Structure-Based Drug Design (SBDD)
Toolkit

Source Forge

OpenMolecules
MayaChem
AutoDock
Open Drug

KNIME
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Innovations

Scheme 1. Some Key Areas along the Drug Discovery Continuum Where Computational Applications and Tools Are

Lead/Scaffold
. Hopping

Employed
Chemical Space
Analytics
Ligand Based Virtual
% Screening

i

Property Based
Drug Design

ﬁ Hit to Lead I Lead Optimization I

Structure Based 315K
Drug Design (SBDD) C
Protein Based Virtual

Screening

Multi-parametric
Optimization (MPO)

Generative

Chemistry
Predictive Models
(QSAR/QSPR)

on the usage and the compute nature of the software, pharma
organizations should carefully plan the right architecture for
software deployment, as it directly affects the users as well the
IT organizations responsible for managing such software.
Another aspect that is important to consider is software-as-a-
service (SaaS), platform-as-a-service (PaaS), or on-premises
installation of software or technology. In the past several years,
many software providers have offered their solutions as either
Saa$ or PaaS. Pharma organizations, when making the decision
to license or utilize a solution, must review this prior to
capitalizing on the technology.

Both the number and the degree of computational
applications and tools available to the medicinal chemist is
expanding rapidly, with the rate expected to continue in the
coming years. Computational tools are integral to the drug
discovery continuum, and they have largely transformed the
way medicinal chemistry is practiced, particularly in the past
decade. In the tables we have highlighted well over 150 tools or
applications from many different vendors, with over 50 focused
predominantly on SBDD and over 80 focused on Cl-based
applications, with at least 10 having utility for both. Many of
the vendors mentioned have relationships with most of the top
pharmaceutical companies, and thus the drug discovery
industry shares many of the same tools. It is unlikely, however,
that any one organization has access to all the tools mentioned
in the tables; therefore, we hope this will give a perspective on
the landscape of computational tools as it stands presently. We
know this list will likely be outdated by the time this article is
published, but we feel that many important computational
applications have been captured and that these tools will
continue to help the medicinal chemist successfully navigate
the drug discovery continuum for years to come.
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