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Drug development is very expensive and lengthy

Source: Phrma foundation

It takes 10-15 years and costs 3-5 billion dollars to develop a medicine!
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What is a drug?

Molecular level 

A drug engages a 

molecular target and 

alters its function.

Cellular level 

Autophagy

Apoptosis

Mitosis

Δ

Target modulation changes 

cellular pathways, networks, 

and gene expression.

Organ & tissue level

Cellular changes alter 

physiology and produce 

therapeutic effects or toxicity. 

Drug action begins with a molecular interaction and propagates across biological scales

In this lecture, we focus on small molecules that alter the function of protein targets



How have drugs been discovered preclinically?

• Natural product screening (e.g., aspirin)

• Serendipity (luck; e.g., penicillin, viagra)

• Repurposing (remdesivir)

• Biochemistry/Pathway Based

• Literature

• Patent busting

• Substrate/ligand analogs, mechanism based

• High-throughput screening (since the 90’s)

• Rational drug design

• Virtual screens

• Structure-based design

• Almost all feed into chemical optimization (Affinity, ADME/Tox)

• The rise of artificial intelligence and machine learning



Target based drug discovery

• Drug target: Specific macromolecule, or biological system that when modulated 

pharmacologically (e.g., by interaction with a drug), provides meaningful efficacy and 

acceptable safety for a specific human disease

• The process of identifying a molecular target for treatment of a disease is called 

target identification

• Drug candidates are often discovered by a process called screening, which uses 

knowledge about the target molecule (e.g. activity, structure) to identify small-

molecules that can modulate its function

Disease
Target 

identification
Assay 

development
Screening

Hits and 
leads



Penicillin

(antibiotics)

Gleevec 

(anticancer)

D-alanyl-carboxypeptidase-transpeptidase BCR-ABL Tyrosine kinase

Drug act by binding to their protein targets

Understanding protein-drug interactions

can help us design better and safer drug



Three key challenges in modern drug discovery

• Identifying drug targets whose modulation can 

reverse disease phenotype

•Determining protein (target) structures to guide 

drug development

•Searching the vast chemical space for novel, safe, 

and efficacious drugs



How can we find new drug targets?

Signal Transduct Target Ther. 2026 Jun 3;11(1):210.



Chemical Space

“Drug-Like”

Space

Bioactivity

Space

Drug Space

The chemical space is estimated to 

be ~1025-1060 drug-like molecules

Mullard. Nature 549, pages 445–447 (2017)



Challenges in small molecule drug prediction

• Chemical space: ~ 1025-1060 drug-like molecules

• Stars in the universe: 1024

• Sand grains on earth: 1020

• TikTok data ever generated: 1018 bytes

• Off-target binding can occur unexpectedly 

• Hard to find novel scaffolds

Schlessinger A et al Cell Chem Biol. 2017 Dec 21;24(12):1434-1435.

Vatansever et al Med Res Rev. 2021 May;41(3):1427-1473.

Current known experimental data of molecules 

covers around 1011 molecules



Screening 120 million compounds for treating alcoholism 

NCATS

Virtual screening evaluates binding of 
millions of molecules quickly

Zhao et al. Cell Rep. 2020 Jun 16;31(11):107770. 



New AI approaches allow us screen billions 
of potential compounds within weeks

• AI algorithms learns physics and can virtually screen faster

• The larger the library the hit-rate improves, more novel 

compounds, everything is faster



Protein structure determines function and its 

structure determination can be challenging

GFCHIKAYTRLIMVG… 

Protein structureAmino acid sequence



Experimentally determined structures are 

deposited to the Protein Data Bank (PDB)

Source: www.rcsb.org
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…but sequences outnumber 

protein structures



Has the protein folding problem been solved with AI?

• Qded



Google’s AlphaFold outperforms all other 

modeling methods

Jumper et al. Nature. 2021 Aug;596(7873):583-589. 



Is the protein folding problem solved? 

Non-globular proteins

Binding

Protein-ligand interactions

Multi-domain proteins Protein dynamics

Akyuz et al. Nature. 2013 Oct 3;502(7469):114-8. 



Kinases are among the most important drug targets

• A kinase is an enzyme that catalyzes the transfer of 

phosphoryl groups from high-energy molecule (ATP) 

to specific substrates

• Protein kinases are a family of 500 proteins that 

regulate many biological processes, including cell 

growth, survival, and differentiation

• More than 100 kinases are associated with >200 

distinct diseases, including cancer, diabetes, and 

neurodegenerative disorders

• Protein kinases are validated targets with >100 FDA-

approved drugs

Lemmon & Schlessinger. Cell 2010

Rudolph J, Hoeflich KP, Dar AC. Nat Rev Drug Discov. 2026

Problem: current drugs suffer from off-target toxicity and acquired 

resistance. Many high potential targets remain undrugged.

Manning et al. Science. 2002



Structure of protein kinases

Knighton DR et al. Science (1991) 253, 407. 

Taylor SS et al. Annu Rev Cell Biol (1992) 8, 429.

N-lobe

C-lobe

ATP
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Kinases are dynamic

Most kinases adopt several druggable conformational states 

McClandon et al. PNAS. 2014 Oct 28;111(43):E4623-31.



Kinase conformations can be defined by structural motifs

Ung, Rahman, Schlessinger (2018) Cell Chem Biol. 25(7):916-924.e2.

Only 10% (PDB) in the DFG-out state

The Protein Data Bank is highly biased for specific  conformations

Herrington et al. PLoS Comput Biol. 2024



Default AF2-generated models exhibit similar bias
2% (AF2) and 1% (Meta ESMFold) are in the DFG-out state

Lin et al, Science, 2023 AF2 models obtained from Varadi et al, NAR, 2022 

Herrington et al. PLoS Comput Biol. 2024





AlphaFold3 places the compound
in the ATP binding site (Type-I inhibitor) 

AF3 prediction

New structure 

(allosteric)

Herrington, Khamrui et al. JACS. 2026 Jun 17;148(23):24274-24286.



AI-enabled drug discovery loop



Targeting the bicarbonate transporter 
NBCn2 (SLC4A10) to modulate neuronal excitability

Yang and Zhao et al. Nat Commun. 2026 Jul 22;17(1):8923.

Jinye Dai (Epilepsy models)

Jian Jin (chemistry)

Daniel Wacker 

(structural biology)

Bin Zhang (multi-omics)



Conclusions

• AI helps prioritize disease targets and promising molecules across vast 

chemical space.

• AlphaFold and other AI protein structure modeling methods provide 

structural starting points, but protein motion and model bias can hide 

important binding sites.

• PKMYT1 shows why experimental structures matter; NBCn2 shows how 

a chemical probe can connect a target to neuronal function.

• Progress comes from repeating the cycle: predict, make, measure, and 

refine.
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