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"… we cannot improve the language of any science, 
without, at the same time improving the science itself; 
neither can we, on the other hand, improve a science, 
without improving the language or nomenclature which 
belongs to it …”

— Lavoisier, 1787

It’s all about representations! 
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https://www.science.org/doi/full/10.1126/science.aat2663

How to represent a molecule?



▪Machine-accessible formats for molecules 
(how to store molecules on a computer)

▪Molecular representations

▪Molecular descriptors (like molecular weight)

▪Molecular fingerprints (based on present/absent 

structural motifs)

Overview 4



Aim 5

fθ(molecule) = activity

Given a molecule, what is its activity?

ML model

Challenge: Human-written names (e.g. Aspirin) typically 

do not provide structural/atomic/molecular information! 



Key ingredients for 
Machine Learning
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Representations 
(machine-readable)

Molecular fingerprints

000010000….0100

Text-based representations 

CN1C=NC2=C1C(=O)N(C(=O)N2C)C

Graph-based representations

3D coordinates 
& surface

Data 

• Molecules & properties

• Chemical reactions

• Synthesis procedures


(garbage in = garbage out) Models/algorithms

Linear regression model

Neural networks

And many more.. 
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https://www.youtube.com/watch?v=C0Qaf-UJ2XQ



Storing molecular information
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▪ Databases of chemicals require machine-
readable formats (e.g. for Chemical 
Abstracts Service, CAS)


▪ Development from the `60s

▪ Line notations

▪ Encode molecular graph implicitly

▪ Connection tables

▪ Encode molecular graph explicitly


▪ Enabled structure, substructure, and 
similarity searching (early use cases)

Need for machine-readable formats 9

Army Chemical Typewriter (ACT)

https://doi.org/10.1016/j.patter.2022.100588



Storing molecular graphs
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Simplified molecular-input line-entry 
system (SMILES)
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CN1C=NC2=C1C(=O)N(C(=O)N2C)C



SMILES basics 12

http://opensmiles.org/opensmiles.html, https://archive.epa.gov/med/med_archive_03/web/html/smiles.html

Atoms:
aliphatic_organic  'B' | 'C' | 'N' | 'O' | 'S' | 
'P' | 'F' | 'Cl' | 'Br' | 'I’
aromatic_organic  'b' | 'c' | 'n' | 'o' | 's' | ‘p’
Other atoms in brackets, e.g. [Li]

Hydrogen atoms are often implicit!

=> can be calculated from the atom’s valence 

http://opensmiles.org/opensmiles.html
https://archive.epa.gov/med/med_archive_03/web/html/smiles.html


Non-uniqueness of SMILES 
— canonicalisation
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https://www.cell.com/patterns/fulltext/S2666-3899(22)00206-9



Stereochemistry 14

http://opensmiles.org/opensmiles.html

SMILES could technically also 
encode Square Planar Centers,

(@SP1, @SP2 and @SP3)
Trigonal Bipyramidal Centers, 
Octahedral Centers, etc.  



InChI, the IUPAC International 
Chemical Identifier
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https://jcheminf.biomedcentral.com/articles/10.1186/s13321-020-00460-5



Connection tables 16

https://chem.libretexts.org/Courses/Intercollegiate_Courses/Cheminformatics/02:_Representing_Small_Molecules_on_Computers/2.02:_Connection_Tables, 

https://jcheminf.biomedcentral.com/articles/10.1186/s13321-020-00460-5 

• Representing D-alanine  
- using a Molfile takes 612 bytes 
- using InChI 59 bytes 
- using SMILES 15 bytes



Connection tables — non-uniqueness 17

https://chem.libretexts.org/Courses/Intercollegiate_Courses/Cheminformatics/02:_Representing_Small_Molecules_on_Computers/2.02:_Connection_Tables



Storing atomic coordinates
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Cartesian coordinates (xyz) 19

https://openbabel.org/docs/2.3.1/FileFormats/XYZ_cartesian_coordinates_format.html

Atomic coordinates (without defined bonds) 
 
minimal content: element and coordinates => not for crystals



Crystal structures (.cif) 20



Converting coordinates to 
molecular graphs
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https://github.com/lcmd-epfl/cell2molhttps://github.com/jensengroup/xyz2mol



Now that we have machine-accessible 
molecular formats to store molecules.  
What’s next?
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fθ(molecule) = activity
Can we represent the molecules as vectors of 
numbers? How do we make them comparable?



Molecular descriptors 23

CN1C=NC2=C1C(=O)N(C(=O)N2C)C

There are many more.



RDKit - the most used Python  
cheminformatics toolkit
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https://github.com/rdkit/rdkit 

https://github.com/rdkit/rdkit


Mordred: a molecular 
descriptor calculator
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https://jcheminf.biomedcentral.com/articles/10.1186/s13321-018-0258-y, 

https://github.com/mordred-descriptor/mordred 

https://github.com/mordred-descriptor/mordred


QM descriptors 26

https://github.com/kjelljorner/morfeus,  https://chimia.ch/chimia/article/view/2023_22/2023_22

https://github.com/kjelljorner/morfeus
https://chimia.ch/chimia/article/view/2023_22/2023_22


Molecular fingerprints 27

[0, 0, 1, 0, …, 0, 1, 1]

Depending on the substructures, 
present (1) or absent (1) in the 
molecular structure.



ECFP / Morgan fingerprint 
(circular)

28

ECFP https://pubs.acs.org/doi/full/10.1021/ci100050t (2010), Morgan Algorithm https://pubs.acs.org/doi/pdf/10.1021/c160017a018 (1965)

https://www.rdkit.org/UGM/2012/Landrum_RDKit_UGM.Fingerprints.Final.pptx.pdf 

Atomic properties to create hash

•  Connectivity: Element, #heavy 

neighbors, #Hs, charge, isotope, inRing 

•  Chemical features: Donor, Acceptor, 

Aromatic, Halogen, Basic, Acidic


Modulo  
fingerprint size

[0, 0, 1, …, 1, 0, 1]

Bit vector 

https://pubs.acs.org/doi/full/10.1021/ci100050t
https://pubs.acs.org/doi/pdf/10.1021/c160017a018
https://www.rdkit.org/UGM/2012/Landrum_RDKit_UGM.Fingerprints.Final.pptx.pdf


▪ MACCS fingerprint (functional groups)

▪ Atom pair fingerprints (good for large mols)

▪ MinHash fingerprint (shingles - good for small mols)

▪ One molecular fingerprint to rule them all:  

drugs, biomolecules, and the metabolome  
=> MAP4 fingerprint (https://tm.gdb.tools/map4/)

Other molecular fingerprints 29

https://jcheminf.biomedcentral.com/articles/10.1186/s13321-020-00445-4

https://tm.gdb.tools/map4/


Similarity in molecules — Tanimoto 
coefficient / Jaccard Index
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Intersection of the two molecular fingerprints A and B,

divided by the union.  

A: [1, 1, 0] 
B: [0, 1, 1]

1
3

= 0.333

https://pubs.rsc.org/en/content/articlelanding/2004/OB/b409813g
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https://tm.gdb.tools/map4/npatlas_map_tmap/, 

Using MAP4 fingerprint


