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Recap: the linear view of drug discovery

Adapted from Paul et al. “How to Improve R&D Productivity: The Pharmaceutical 
Industry’s Grand Challenge.” Nature Reviews Drug Discovery, 2010
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One goal of target-based drug discovery: to make a molecule 
that binds specifically and strongly to the target protein
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a) Chemical structure of two inhibitors of human soluble epoxide hydrolase (sEH); b) 
X-ray cocrystal structure of human sEH and 6 (cyan carbons, PDB: 3I1Y). The phenyl 
ring (transparent CPK magenta) is positioned to allow a π-stacking interaction with H524 
(shown as transparent CPK). Hydrogen bonds are displayed in dotted green lines.

Freitas, R. F. de & Schapira, M. A systematic analysis of atomic protein–ligand 
interactions in the PDB. Med. Chem. Commun. 8, 1970–1981 (2017)



ChEMBL is an information source of small molecules

A subset of available information from EBI ChEBI/ChEMBL, 
inspired by EBI’s roadshow Small Molecules in Bioinformatics 4

Visualisation

caffeine
1,3,7-trimethylxanthine 
methyltheobromine 

Nomenclature

Formula: C8H10N4O2
Charge:  0 
Mass:     194.19

Chemical data

Affinity to human 
proteins and drug 
targets

Bioactivity

PubChem: CID2519
BindingDB: 1849

Database Xrefs

Chemical Informatics

InChI=1/C8H10N4O2/c1-10-4-9-6-5(10)7(13)
12(3)8(14)11(6)2/h4H,1-3H3

SMILES: CN1C(=O)N(C)c2ncn(C)c2C1=O 



Representation of small molecules

• Simplified Molecular-Input Line-Entry System (SMILES)

• IUPAC International Chemical Identifier (InChI)

• InChiKey: a 27-character, hash version of InChI

• Molfile: a type of chemical table files
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https://en.wikipedia.org/wiki/Chemical_table_file


Molecular descriptors: numeric values that describe 
chemical molecules

In contrast to symbolic 
representations, molecular 
descriptors enable 
quantification of 
molecular properties.

Molecular descriptors  
allows mathematical 
operations and statistical 
analysis that associate 
biophysical or biochemical 
properties with molecule 
structures.
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Selected commonly used molecular descriptors

Molecular Weight (MW). 
for example, adenosine 
triphosphate (ATP), the 
energy molecule, has a 
MW of 507.

logP (partition coefficient) 
quantifies the hydrophilicity 
and hydrophobicity of a 
molecule. The calculated 
version (cLogP) exists as 
well.
While logP is independent 
of pH, logD measures the 
pH-dependent lipophilicity 
of ionizable molecules.

Molecular 
fingerprints: a set of 
techniques to 
represent molecules in 
a bit array.

The Tanimoto 
coefficient, similar to 
Jaccard Index, makes 
it easy to compare 
molecules pairwise.
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Number of hydrogen bond acceptors and donors are 
important descriptors, too

A hydrogen bond: an 
electrostatic force of attraction 
between a hydrogen (H) atom 
which is covalently bonded to 
a more electronegative 
"donor" atom or group (Dn), 
and another electronegative 
atom bearing a lone pair of 
electrons—the 
hydrogen-bond acceptor.

Hydrogen bonds (H-bonds) 
both influence the structure of 
the molecule and its binding 
to the target.

Effect of adding a hydrogen bond in a thrombin 
inhibitor: a) chemical structure of a pair of thrombin 
inhibitors; b) crystal structure of molecule 4 (cyan 
carbons) in complex with thrombin (PDB: 2ZC9). 
Hydrogen bonds are displayed in dotted green lines.
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Lipinski’s Rule of Five of small-molecule drugs

• HBD<=5: No more than 5 hydrogen-bond 
donors, e.g. the total number of 
nitrogen–hydrogen and oxygen–hydrogen 
bonds. 

• HBA<=10: No more than 10 hydrogen-bond 
acceptors, e.g. all nitrogen or oxygen atoms

• MW<500: A molecular weight less than 500 
Daltons, or 500 g/mol. 

• logP<=5: An octanol-water partition 
coefficient (log P) that does not exceed 5. 
(10-based)

9

ATP (MW=507)

Source: cheminfographic.com

https://cheminfographic.files.wordpress.com/2020/05/partition-coefficient-logp.jpg?w=1194


Ligand-based and structure-based drug design
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Not Available Available
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Solving protein structure or 
use predictions like 
AlphaFold

Target-based screening

Available
Ligand-based drug design, 

e.g. similarity and QSAR, and 
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Structure-based drug design, 
e.g. docking
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QSAR= quantitative structure activity relationship; MoA= mechanism of action, or mode of action

Phenotypic screening 



Things you need to start a target-based drug discovery program

1. Indication and patient profile

2. Protein target of interest, e.g. evolutionary conservation, isoforms, expression 
profiles, structure, effect of modulation, etc.

3. Modality, shall we use small molecule, large molecule, antisense 
oligonucleotides or gene therapy? Shall we activate the target or inhibitor it? ...

4. Tool compounds and competitor information, if available

5. Target (ideal) profile of your drug

6. Material for the campaign: enough amount of proteins, compounds, etc.
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Protein MAGL (MGLL) is a key protein linking metabolism and 
inflammation that may be therapeutically exploited

The MAGL protein, known as monoglyceride 
lipase, is encoded by the MGLL gene in 
human. MAGL is a key enzyme in the 
hydrolysis of the endocannabinoid 
2-arachidonoylglycerol (2-AG). It converts 
2-AG into arachidonic acid (AA) and glycerol.

MAGL has been proposed as a potential target 
for many diseases. However, there has been 
no approved drugs targeting MAGL.

Figures above: Gil-Ordóñez et al., Biochemical Pharmacology, 2018

A drug candidate, BIA 10-2474, which targets a closely related protein, fatty acid amide 
hydrolase (FAAH), caused serious adverse events in trial participants, leading to death 
of one man, in Rennes, Frances, 2016. The event has complicated the development of 
other drugs targeting the endocannabinoid system. 12

https://www.sciencedirect.com/science/article/pii/S0006295218303046
https://en.wikipedia.org/wiki/BIA_10-2474
https://en.wikipedia.org/wiki/BIA_10-2474


Things you need to start a target-based drug discovery program

1. Indication and patient profile: Multiple sclerosis (among others)

2. Protein target of interest: MAGL

3. Modality: small-molecule inhibitor

4. Tool compounds and competitor information: patents, publications, etc.

5. Target (ideal) profile of your drug: reversible, selective, brain penetrating

6. Material for the campaign: ready
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Key steps in lead identification (LI) and lead optimization (LO)

Screening

Identify 
molecules 
(hits and 
leads) that 
bind to and 
modulate the 
target protein 

Structure

Determine the 
mode of 
binding 
between the 
lead molecule 
and the target

Optimization

Optimize the 
potency, 
selectivity, 
and physico-
chemical 
properties of 
the molecule

In vivo 

Evaluate 
pharma-
cology, 
ADME/PK, 
and safety in 
animals (or 
alternative 
systems)

In vitro

Evaluate 
pharma-
cology, ADME, 
and safety 
profiles of the 
molecule in 
vitro
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Example: Identification of a novel, reversible MAGL inhibitor with 
high potency and selectivity, and excellent absorption, distribution, 
metabolism, and excretion (ADME) properties

Screening Structure Optimization in vivoin vitro

Kuhn, B. et al. Structure-Guided Discovery of 
cis-Hexahydro-pyrido-oxazinones as Reversible, 
Drug-like Monoacylglycerol Lipase Inhibitors. J. Med. 
Chem. 67, 18448–18464 (2024). 15

https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01769
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01769
https://pubs.acs.org/doi/10.1021/acs.jmedchem.4c01769


Starting point: a library of compounds that may modulate the target

Left: selected published compounds targeting MAGL protein. Right: library assembly
ECFP6: extended connectivity fingerprints, diameter of bond distance 6, using compounds extracted from existing MAGL patents 
as references
2D-MOS: two-dimensional graph-based maximum overlapping spheres similarity search
ROCS: three-dimensional shape-based similarity search
GOLD: Docking program
Pharmacophore: molecular features that necessary for molecular recognition between ligand and target
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Screening hit 7a and early 
optimizations

The hit 7a  (benzoxazinone) was selected because of 
the high ligand efficiency (LE).

Ligand efficiency is defined as the binding energy (ΔG) 
divided by the number of non-hydrogen atoms. The 
binding energy is a function of IC50: higher affinity 
means larger absolute value of the binding energy.

The co-structure of 7a and human MAGL protein was 
soon solved with X-ray crystallography (see right). The 
structure, when compared with the co-structures of 
other compounds, helps to guide medicinal chemists’ 
work to optimize the molecule.
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Medicinal chemists, 
computer-aided drug design 
(CADD) experts, structural 
biologists and other colleagues 
worked together to build 
hypotheses about which changes 
may improve potency and ADME 
properties.

They synthesized new compounds, 
solved more structures, comparing 
structures and activities, thereby 
gaining insights in structure-activity 
relationship (SAR).

Further optimizations guided by structures, experiments, and machine 
learning predictions

Some parameters, for instance logD values marked by superscripts e, are predicted by in-house 
machine-learning algorithms. 18



• MW: Molecular Weight
• PSA: Polar Surface Area (drugs with PSA<90 Å² penetrates blood-brain barrier more easily).
• LIMBA: lipid membrane binding assay. Low value→lower risk of non-specific binding in the brain.
• PAMPA: Parallel artificial membrane permeability assay. High value→penetrates cell membrane.

From hit to lead, and from lead to in vivo candidate HHPO 7o

Hit: 

In vivo 
candidate 
HHPO 7o: 

Lead

HHPO=cis-hexahydro-pyrido-oxazinone
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https://www.sciencedirect.com/science/article/abs/pii/S0928098715300038
https://en.wikipedia.org/wiki/Parallel_artificial_membrane_permeability_assay


In vitro pharmacology, ADME, and safety profile

Offline activity: using mandatory reading material and any resource (including Wiki and ChatGPT) to 
understand and explain following concepts: (1) SPR, (2) Kd, (3) kon and koff, (4) microsomal clearance, 
(5) plasma protein binding, (6) GSH adducts, (7) hERG assay, (8) Ames test, (9) micronucleus test 
(MNT), and (10) phototoxicity. 20



In vivo PK profiles
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Compound 7a shows reasonable target engagement

Left: sampling after 4h of varying doses. Right: one dose (30 mg/kg), varying time points
22



Biomarker study confirms a brain-specific anti-inflammatory effect

Efficacy of the compound 7o in the LPS (lipopolysaccharide) model of neuroinflammation. Mice were 
dosed with vehicle, LPS, or LPS + 7o (3, 10, 30 mg/kg intraperitoneal). mRNA analyses of the lcn2 
gene (lipocalin-2) and the Il1b (interleukin 1-beta) demonstrated the anti-inflammatory properties of 
compound 7o specifically in the brain, not in liver.
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Workflow in a typical target-based drug-discovery program 

1. Compound library construction (small molecules, large 
molecules, RNA therapeutics, or other modalities)

2. Screening compounds with bioassays, or assays, which 
determine potency of a chemical by its effect on biological 
entities: proteins, cells, etc;

3. Hit identification and clustering;

4. More assays, complementary to the assays used in the 
screening, maybe of lower throughput but more biologically 
relevant;

5. Analysis of ligand-target interactions, for instance by 
getting the co-structure of both protein (primary target, and 
off-targets if necessary) and the hit;

6. Drug design, namely to modify the structure of the drug 
candidate;

7. Analog synthesis and testing (back to step 4);

8. Multidimensional Optimization (MDO), with the goal to 
optimize potency, selectivity, safety, bioavailability, etc;

9. Further in vitro, ex vivo, and in vivo testing, and preclinical 
development;

10. Entry into human (Phase 0 or phase 1 clinical trial).

24A schematic presentation of structure-based drug discovery
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Summary

1. Target-based drug discovery relies on screening, structure information, and 
iterative optimization to identify drug-like molecules.

2. Drug-like molecules are tested in vitro and in vivo to ensure their 
pharmacological, ADME, and safety profiles.

3. Chemoinformatics, computer-aided drug design, and machine learning play 
important roles in lead identification and optimization.
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Backup slides
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Free training opportunity offered by U.S. Food & Drug 
Agency: FDA Clinical Investigator Training Course 2024

The primary goal of this clinical investigator training course is to provide participants with the 
essential knowledge and skills to conduct clinical trials effectively, ethically, and in accordance with 
regulatory standards. Participants will acquire a practical understanding of:

● FDA’s approach to trial design
● Statistical issues in the analysis of trial data
● Safety concerns in the development of medical products
● Understanding preclinical information relevant to medical product development
● Clinical investigator responsibilities

The agenda is designed for clinical investigators, health care professionals (physicians, nurses, 
pharmacists, etc.), and individuals involved in biomedical research and the development of drugs 
and biological products. The course will take place on December 10-12th, 2024 via Zoom, between 
11AM and ~ 4PM ET (17:30-22:00 in Switzerland). Information and registration: 
https://www.fda.gov/drugs/news-events-human-drugs/fda-clinical-investigator-training-course-citc-2
024-12102024
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https://www.fda.gov/drugs/news-events-human-drugs/fda-clinical-investigator-training-course-citc-2024-12102024
https://www.fda.gov/drugs/news-events-human-drugs/fda-clinical-investigator-training-course-citc-2024-12102024


X-ray, NMR, and CryoEM are major experimental approaches 
to determining protein structures

28

X-ray crystallography

Nuclear Magnetic Resonance (NMR)

Cryo-electron microscopy (CryoEM)

Figure sources: 
https://www.creative-biostructure.com/comparison-of-crystallography-nmr-and-em_6.htm

https://www.creative-biostructure.com/comparison-of-crystallography-nmr-and-em_6.htm


Molecular similarity and similarity measures
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(Left) Maggiora, Gerald, Martin Vogt, Dagmar Stumpfe, und Jürgen Bajorath. „Molecular Similarity in 
Medicinal Chemistry“. Journal of Medicinal Chemistry 57, Nr. 8 (24. April 2014): 3186–3204. (Right) 
Bajusz, Dávid, Anita Rácz, and Károly Héberger. 2015. “Why Is Tanimoto Index an Appropriate Choice 
for Fingerprint-Based Similarity Calculations?” Journal of Cheminformatics 7 (1): 20.

S denotes similarities, while D denotes distances. The two can be converted to each other by 
similarity=1/(1+distance). xjA means the j-th feature of molecule A. a is the number of on bits in 
molecule A, b is number of on bits in molecule B, while c is the number of bits that are on in both 
molecules. 

https://doi.org/10.1021/jm401411z
https://doi.org/10.1021/jm401411z
https://doi.org/10.1186/s13321-015-0069-3
https://doi.org/10.1186/s13321-015-0069-3


Extended-connectivity fingerprints (ECFPs) and  
Functional-class fingerprints (FCFPs) extract and compare 
(multi-)sets of subgraphs

Benzamide 

Implemented in RDKit and other software. Publication and tutorials: (1) Rogers, David, and Mathew Hahn. “Extended-Connectivity Fingerprints.” Journal of Chemical 
Information and Modeling (2010). (2) Tutorial by Manish Kumar and (3) Tutorial by Leo Klarner.

hash(Daylight atomic 
invariants*)

*# non-H neighbors, bond 
order, atom number, atom 
mass, atom charge, 
attached Hs.

A bit array as 
output:[0,0,0,0,0, …, 1, 
0, 0,..., 1,0,...]

30

http://rdkit.org/
https://doi.org/10.1021/ci100050t
https://chemicbook.com/2021/03/25/a-beginners-guide-for-understanding-extended-connectivity-fingerprints.html
https://www.blopig.com/blog/2022/06/exploring-topological-fingerprints-in-rdkit/

