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AI and Computational Modeling in Drug Discovery: 
History

Symbolic AI

Machine Learning

Foundation 
of 
Generative 
AI

Corwin Hansch
QSAR paper 1953 

& 1966

Computer-aided drug discovery has been around for 

decades

A recent surge in embracing computational technology



Scientific models in pharmaceutical sciences

Hypothetical example: efficacy of an antidepressant in a tablet dosage form

Animal models
Clinical 
trials: 

clinical models 
of the real 
patient 

population

In vitro models Computational models



All we do in science is modeling

“... the sciences do not try to explain, they hardly even 
try to interpret, they mainly make models. By a model 
is meant a mathematical construct which, with the 
addition of certain verbal interpretations, describes 
observed phenomena. The justification of such a 
mathematical construct is solely and precisely that it 
is expected to work—that is, correctly to describe 
phenomena from a reasonably wide area.”

John von Neumann



Computational modelling:
The use of computers to simulate and study 
complex systems using mathematics, 
physics, and computer science. A 
computational model contains numerous 
variables that characterize the system being 
studied. Simulation is done by adjusting the 
variables alone or in combination and 
observing the outcomes. Computer 
modeling allows scientists to conduct 
thousands of simulated experiments by 
computer. 

https://www.nibib.nih.gov/science-education/science-topics/computational-

modeling



AI and ML (Artificial Intelligence and Machine Learning)

ML discovers patterns in 
data so that this knowledge 

can be applied to enable 
future predictions

• Specific AI (weak AI) is engineered to execute a specific 
task, the most prevalent form of AI today

• Universal AI (strong AI) can comprehend, learn, and apply 
intelligence across a variety of tasks

• Superhuman AI: hypothetical, a topic of debate and 
research.

• ML is the tool used in AI: creating algorithms that learn 
from data and make predictions:
• Supervised learning, Unsupervised learning, 

Reinforcement learning
• Neural networks: an MI algorithm to identify patterns 

in data by simulating the brain’s processing methods. 
Deep learning, employs complex, multilayered neural 
networks to perform these tasks.



Data Modelling (Machine Learning)
Data Source

Machine 
learning (Data 
Mining)

Learned 
Patterns or 
rules (AI 
system) Prediction

s &
Decisions 
for new 
questions

Knowledge
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FDA Modernization Act 2.0

As part of the Omnibus Bill signed in Dec 2022 by President Biden, 
the act eliminates the requirement to conduct animal testing before 
human trials

• Opportunities for alternatives to animal testing



Progress in Computational 
modelling for Drug Discovery

• The flood of data on ligands and their binding 
to targets

• the 3D structures of proteins (PDB has 200K 
proteins, AlphaFold can predict the 3D model)

• abundant computing capacities 
• on-demand virtual libraries of billions of drug-

like molecules (3 × 1010 on-demand 
compounds in 2022)

• deep learning predictions of ligand properties 
and target activities 

presenting new opportunities for the cost-effective 

development of drugs; democratizing the drug discovery 
processhttps://www.nature.com/articles/s41586-

023-05905-z



Impact of New ”Revolutionary” Technologies on 
Drug Discovery and development

• High-throughput automated chemistry: microwave-assisted and flow chemistry, 
combinatorial chemistry

• Gene chips, genomics and sequencing and now CRISPR/Cas9 for gene editing

• Omics tools

• High-throughput screening & assays: 3D-cell cultures, Organ-on-Chip, in vitro 
ADME/Tox

• Progress in tissue engineering and organ on a chip

• Bioinformatics & Molecular biology tools

• Biomedical Databases: bioactivity, protein distribution, differential gene 
expression, network pharmacology

• Longitudinal observational data

• Virtual screening and library design and Docking

• …. and now AI 



Databases: Big Data
• Chemical data and drug data

14

500,000 drugs & drug products

>114 million structures



Databases: bioactivity data

15

https://www.ebi.ac.uk/chembl/

The European Molecular Biology Laboratory 

(EMBL)

https://www.ebi.ac.uk/chembl/


Toxicogenomic Data

16https://tools.niehs.nih.gov/cebs3/views/index.cfm?action=main.data

Review&bin_id=15670



Differential Gene Expression due 
to many exogenous and endogenous 
perturbations

17
https://lincsproject.org/LINCS/centers/data-and-signature-

generating-centers

1. Drug Toxicity Signature Generation Center:  cell signatures to predict adverse drug reactions

2. The HMS LINCS Center: normal and diseased human cells response to perturbation by drugs, mutations, environment

3. The LINCS Center for Transcriptomics is studying up to 50 cell types perturbed by a large number of compounds 

4. The LINCS Proteomic Characterization Center for Signaling and Epigenetics studies phosphorylation-mediated signaling

5. Microenvironment Perturbagen (MEP) LINCS Center: impact on cellular phenotype, proteins, genes

6. The NeuroLINCS Center concentrates on human brain cells



STITCH: Chemical-Protein Interaction Networks

18
https://www.embl.org

/



Longitudinal Medical Data

19
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http://images.google.com/imgres?imgurl=www.elements.nb.ca/theme/health/patty/sick.jpg&imgrefurl=http://www.elements.nb.ca/theme/health/theme.htm&h=128&w=75&prev=/images?q=sick+clipart&svnum=10&hl=en&lr=&ie=UTF-8&safe=off


Skills for the AI-enabled chemist of the 
future



Molecular Representations in Chemical Librar: 
Used for virtual screening
• Large virtual chemical information generated by pharm, food, and agriculture industry with 

synthetic and stability feasibility
• Contain structural data, stereochemical information, physicochemical and spectroscopic properties
• PUBCHEM has 119m compounds
• ZINC, Enamine Real, GDB-13, and SAVI (109 compounds)

InChI is the International Chemical Identifier developed 
by the IUPAC, a unique label for each compound 

InChI=1S/C15H10O2/c16-13-10-15(11-6-2-1-3-7-11)17-14-9-
5-4-8-12(13)14/h1-10H



Molecular modelling software capabilities

Molecular 

graphics

Perform theoretical 

chemistry calculations 

(forcefield or quantum 

mechanics)

interactive 

molecular 

drawing and 

conformational 

editing
The software recognizes the molecular 

structures in a chemically meaningful way, 

i.e.: Not just a graph, but a chemical 

entity

Model or mimic the behavior of molecules using computational chemistry for 

drug design



Molecular modelling
• They may treat atoms as the smallest unit (a molecular mechanics 

approach), or model protons, neutrons and electrons (a quantum 
chemistry approach)

• Methods that take advantage of data are winning as we get more 
data and more compute! Hence Machine Learning methods for 
molecular simulations (Amin, Raja, Krishnapriyan, 2025)

Probability densities 
of the wave functions 
of an electron in 
hydrogen atom

Molecular 

mechanics uses a 

force field to 

minimize the 

bond stretching 

energy and 

optimize angles.

Towards Fast, Specialized Machine Learning Force Fields: Distilling Foundation Models via Energy Hessians - Astrophysics 

Data System

https://ui.adsabs.harvard.edu/abs/2025arXiv250109009A/abstract


Molecular modelling empowered by AI
• More accurate behavior is captured with:

• Large scale simulations

• Longer time scales

• Use available data to train AI models, one trained prediction 
cheap 

Towards Fast, Specialized Machine Learning Force Fields: Distilling Foundation Models via Energy Hessians - Astrophysics 

Data System

https://ui.adsabs.harvard.edu/abs/2025arXiv250109009A/abstract


Protein–ligand docking for 
virtual screening to identify hits

• Predict binding geometry of drugs to target proteins and 
interaction energy.

• Available software AutoDock and AutoDock Vina, rDock, 
FlexAID, Molecular Operating Environment, and Glide. 

• Available compound libraries (109 compounds with 
fingerprints, molecular descriptors, etc)

• Accelerated docking protocols are necessary: the protein-
ligand docking results between the prepared receptors and 
compounds are used to build ML        data-frames for each 
binding site. 

Babuji, Y. et al. Targeting sars-
cov-2 with ai-and hpc-enabled 
lead generation: A first data 
release. 
http://arxiv.org/abs/2006.02431 
(2020)





Protein data bank
1. Protein Databank has the 3D 

structure of proteins 
https://www.rcsb.org

2. Various resolutions and 
accuracy

Proteopedia: Protein methods and vocabulary encyclopedia



• The problem of predicting protein folding from amino acid sequences a grand challenge 
(Nobel Laureate Christian Anfinsen in 1972)

• A biennial competition called Critical Assessment of Protein Structure Prediction (CASP) 
was launched in 1994 to encourage efforts around the protein folding problem

• DeepMind, a UK-based AI company now part of Alphabet Inc developed a neural network 
model named AlphaFold which was trained on known protein structures in the protein 
data bank (PDB) and won the 14th CASP competition with remarkably accurate 
predictions within error of experiments.

AI in Protein Folding: AlphaFold

https://youtu.be/cx7l9ZGFZkw?si=JvFNEcINqW-

uuJjs

https://youtu.be/cx7l9ZGFZkw?si=JvFNEcINqW-uuJjs


Do we have enough data?
• No! 
• Compare the amount of available human text that 

powers ChatGPT
• Complexity of systems requires complex data collection 

strategies
• High-throughput data collection is focused on specific 

research questions: (confirmation bias?)
• Phenotypic data is lagging behind

Volk and Abolhasani, et al, Nature Comm. 

AlphaFlow,  2023, 

https://www.nature.com/articles/s41467-023-

AlphaFlow is a self-driven fluidic lab capable of 

autonomously discovering complex multi-step 
chemistries.



A combined in vitro and in silico 
approach in the study of drug-induced 

mitochondrial dysfunction



Drug-Induced Mitochondrial Dysfunction 

related to organ toxicities
“Failures to predict adverse drug reactions have immense financial 

implications, result in adverse human suffering and erode in trust of 

regulatory and pharmaceutical processes” 
Dykens, J.A. and Y.  Will, 2007 The significance of mitochondrial toxicity testing in drug development. Drug Discovery Today, 12(17): p. 

777-785.

Adapted from Dykens, J.A. and Y. Will, The significance of mitochondrial toxicity testing in drug development. Drug Discov Today, 2007. 

12(17-18): p. 777-85.

Examples of drugs with Black Box warnings

Of the 38 drugs withdrawn 

from the market between 1994 

and 2006, the majority were 

hepatotoxic or cardiotoxic

Drugs with mitochondrial liabilities in red 

ink Hepatic 
toxicity

Cardiovascular toxicity Renal 
toxicity

Antivirals
Abacavir

Didanosine
Emtricitabine

Entecavir
Lamivudine
Nevirapine
Telbivudine
Tenofovir
Tipranavir
Stavudine
Zalcitabine
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CNS Drugs
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CNS Depressants 
and Stimulants

Amphetamines
Atomoxetin
Droperidol

Methamphetamine
Pergolide
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Compound
Concentration 

range (µM)

Direction of change

Summary 

mechanism
OCR

Reserve 

capacity
ECAR ATP

Proton 

leak

Ametoctradin 0.1 – 100 ↓ ↓ ↑ ↓ NR ETC inhibitor

Atovaquone 0.05 – 50 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Cyazofamid 0.1 – 100 ↑ ↓ ↑ ↓ ↑ Uncoupler

Dimoxystrobin 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Diuron 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Fenamidone 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Fluoxastrobin 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Kresoxim-methyl 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Picoxystrobin 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Pyraclostrobin 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Trifloxystrobin 0.1 – 100 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

Rotenone 0.003 – 1 ↓ ↓ ↑ ↓ ↓ ETC inhibitor

The Acute Extracellular Flux Assay to 
Investigate Real-Time Effects of Fungicides 
on Mitochondrial Function

Intact HepG2 cells

Seahorse Bioscience 

XF96 

Bioenergetic profile of 

compounds tested

Fungicides (chapter 4)



Succinate-cytochrome c reductase activity 
followed by Computer-based modelling



In silico 
methodologies

Molecular 
docking + 

PLIF analysis

QSAR

A combined in vitro and in silico approach in the study of 
drug-induced mitochondrial dysfunction

• Investigate the 
interaction mechanisms 
between the mitochondria 
and its inhibitors

• Calculate binding energies 
to mt Enzymes

To predict future 
inhibitors

Molecular 
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compounds
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SCR IC50
values



OH

OH

Cl

O

CH3

CH3 CH3

O

CH3

CH3 CH3

O

OH

OH

Cl

O

CH3

CH3 CH3

CH3

O

CH3

O

OH

OH

Cl

O

CH3

CH3 CH3

OH

CH3

O

CH3

CH3

O

CH3OH

OH

Cl

O

CH3

Derivatives

Molecular Docking

QSAR

Molecular Descriptors

Predicted AOX Inhibitors

Rosell-Hidalgo A, Young L, Moore AL, Ghafourian T, QSAR and molecular docking for the 
search of AOX inhibitors: a rational drug discovery approach J Comput Aided Mol Des (2020)

Prediction of AOX inhibitors as 
antifungals High-resolution respirometry to 

experimentally determine the IC50 values of 

AOX inhibitors (recording Oxygen Consumption 

Rates) using an Oroboros® Oxygraph-2K and 

Seahorse XF



AI in the Pharmaceutical Industry: artificial 
intelligence (AI)-based drug-discovery
• Design-Build-Test model
• The entire decision-making and design 

process is driven by algorithms
• Exscientia (Andrew Hopkins): 

collaborations with other drug 
companies—including Evotec, 
GlaxoSmithKline, Roche, and Sanofi

• Insilico Medicine (Zhavoronkov, 2013)
• BenevolentAI (Bryn Williams-Jones): 

Partnered with AstraZeneca and Merk



C. Arnold, Nature Medicine (2023) pp.1292–1295 https://www.nature.com/articles/s41591-023-02361-0/tables/1

Aug 2024: Merger of Exscientia with Recursion: 

Dec 2024: Recursion Reports Interim Phase 1 Clinical Data for REC-617 Monotherapy, a CDK7 Inhibitor

REC-3565 is a potential best-in-class MALT1 inhibitor for multiple hematology indications, designed to reduce the risk of 
hyperbilirubinemia, a common side effect of other MALT1 inhibitors

REC-4539, an LSD1 inhibitor, is the first designed to be reversible and CNS penetrant for small-cell lung cancer

https://ir.recursion.com/news-releases/news-release-details/recursion-announces-two-key-investigational-

oncology-drugs



BenevolentAI drug pipeline

Retrieved: Feb, 2025



Example AI system in the Pharmaceutical 
Industry
• R2E (Retrieve to Explain) system combines AI-driven information 

retrieval (scientific literature, genomics, and clinical information) with 
explainable predictions to prioritize drug targets



Conclusion

• AI can enable wider accessibility of drug discovery to
smaller, minimally funded entities (democratization of
drug discovery)

• Researchers and start-ups can benefit greatly within the
competitive market of the pharmaceutical industry.

• A scientist and a health professional of the future will
need to be able to operate the AI systems (prompt
engineering etc), if not build them!

• Complex machine-learning algorithms may grow in the
future, for example, by incorporating
biological/clinical data into AI models for personalized
dosing and precision medicine.

• The prediction quality of AI models, including their
accuracy, generalizability, reliability, and
interpretability, is a major consideration, especially
when used for regulatory purposes (e.g., FDA
submissions) and clinical decision-making.

• The black-box nature of AI systems hinders their
acceptance: the need for more transparency and


