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Hoffmann, T.; Gastreich, M., The next level in chemical space navigation: going far beyond enumerable compound libraries

Drug Discovery Today 2019, 24, 1148-1156.
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Journal of Computer-Aided Molecular Design 2013, 27, 675-679.



IMTM ey Virtual screening vs. de novo design

Virtual screening

10°-10*? compounds 10-100 compounds

De novo design

A

10-100 compounds

~103¢ drug-like compounds
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IMTM 'y Components of de novo design

1. Structure generation - how to create/assembly new structures

2. Compound scoring - how to estimate/predict a property of a
compound

3. Search strategy - how to find compounds with optimal properties

structure generation

compound scoring iterative strategy

selection

END



IMTM )' De novo structure generation

using machine learning
YES NO

generative deep learning models atom-based
fragment-based
reaction-based

* atom-based - uses simple rules like add/change/remove atom/bond to perturb structures
* fragment-based - uses fragment library to create structures

* reaction-based - uses a set of reaction rules and a library of reactants
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IMTM-)‘- Atom-based structure generation
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Figure 2 Morphing operators. Morphing operators represent simple structural changes (mutations) that lead to the transformation of the
‘reactant’ molecule (left) to the ‘product’ molecule (right).

Hoksza, D.; Skoda, P.; Vorgilak, M.; Svozil, D., Molpher: a software framework for systematic chemical space exploration.
Journal of Cheminformatics 2014, 6, 7, 10.1186/1758-2946-6-7
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Figure 9 An example of the path between pentamidine (CID 4735) and 2-imino-3-(1H-indol-3-yl)propanoic acid (CID 5599) from
dataset D3. The path was generated using Morgan fingerprint, Tanimoto coefficient, and synthetic accessibility filter turned on. The arrows’ labels

show the used morphing operators (see Figure 2). The depiction of the path was done by OpenBabel [74].
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Hoksza, D.; Skoda, P.; Vorgilak, M.; Svozil, D., Molpher: a software framework for systematic chemical space exploration.

Journal of Cheminformatics 2014, 6, 7, 10.1186/1758-2946-6-7
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IMTM->‘- Atom-based structure generation

bt
exhaustiveness of chemical very small steps;
space search more suitable for systematic exploration

of local chemical space
structure novelty +4++"
structure diversity +++
chemically valid structures -

synthetically feasible

combinatorial explosion /
time consuming

atom-based = ab initio
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IMTM )\- Reaction-based structure generation
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Hartenfeller, M.; Zettl, H.; Walter, M.; Rupp, M.; Reisen, F.; Proschak, E.; Weggen, S.; Stark, H.; Schneider, G.,
DOGS: Reaction-Driven de novo Design of Bioactive Compounds. PLOS Computational Biology 2012, 8, e1002380.
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')\- Reaction-based structure generation
DOGS
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Hartenfeller, M.; Zettl, H.; Walter, M.; Rupp, M.; Reisen, F.; Proschak, E.; Weggen, S.; Stark, H.; Schneider, G.,
DOGS: Reaction-Driven de novo Design of Bioactive Compounds. PLOS Computational Biology 2012, 8, e1002380.
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')\‘ Reaction-based structure generation
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newly identified natural products
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HOAc, uw, 100°C, 3-6 h, 43-78%; (b) montmorillonite K10, pw, 90°C, 30 min, 41-85%.

Merk D., et al. J. Med. Chem., 2018, 61 (12), pp 5442-5447
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IMTM->‘- Reaction-based structure generation

+
depends on reactant library and reaction rules;
only grow molecules

exhaustiveness of chemical
space search

structure novelty ++
structure diversity ++
chemically valid structures +++
synthetically feasible +++
combinatorial explosion /time +++
consuming

reaction-based = empirical
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IMTM-)‘- Fragment-based structure generation

Pierce A.C., Rao G., Bemis G.W. J. Med. Chem., 2004, 47 (11), pp 2768-2775
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IMTM
BREED: HIV-1 protease inhibitors

4
>’ Fragment-based structure generation
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Pierce A.C., Rao G., Bemis G.W. J. Med. Chem., 2004, 47 (11), pp 2768-2775
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IMTM *x Fragment-based structure generation

CONCEPTS
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Pearlman D.A., Murcko M.A. J. Med. Chem., 1996, 39 (8), pp 1651-1663
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IMTM *x Fragment-based structure generation

CONCEPTS: HIV-1 protease inhibitors
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Pearlman D.A., Murcko M.A. J. Med. Chem., 1996, 39 (8), pp 1651-1663
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>’ Fragment-based structure generation
IMTM . ;
CReM: chemically reasonable mutations

exhaustive fragmentation taking context of radius R
(\NH cutting single bonds
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Polishchuk, P. CReM: chemically reasonable mutations framework for structure ge heration. J. Cheminf. 2020, 12 (1), 28.
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')\- Fragment-based structure generation
CReM: chemically reasonable mutations
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Generated structures are always chemically valid!

Polishchuk, P. CReM: chemically reasonable mutations framework for structure generation. J. Cheminf. 2020, 12 (1), 28.
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IMTM-)‘- Fragment-based structure generation

exhaustiveness of chemical space ++

search variable, controlled by the size of fragments to replace
structure novelty ++

structure diversity ++

chemically valid structures (+++)

synthetically feasible (+4)

combinatorial explosion /time ++

consuming

fragment-based = semi-empirical
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')\- Reaction-based vs. fragment-based
IMTM
Reaction-based Fragment-based
Prerequisites: reaction rules set database of fragments
database of building blocks
* molecules are more likely to be feasible * do not control synthetic feasibility
Abilities & issues: * not all moves are allowed * many moves are allowed
* usually only increase complexity e arbitrary direction of exploration
* some molecules can be unreachable e cover larger chemical space

N 22

22



IMTM

exhaustiveness of

chemical space search

structure novelty

structure diversity

chemically valid
structures

synthetically feasible

combinatorial
explosion /time
consuming

De novo structure generation

Summary

++++ ++
very small steps; variable, controlled
more suitable for by the size of
systematic exploration of  fragments to replace
local chemical space

+++" ++
+++" ++
- (+++)
--- (++)
--- ++

+

depends on reactant

library and reaction
rules;

only grow molecules

++
++

+++

+++

+++
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IMTM-)‘- Deep learning model for structure generation

Recurrent neural network (RNN)
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Segler, M. H. S.; Kogej, T.; Tyrchan, C.; Waller, M. P., Generating Focused Molecule Libraries for Drug Discovery with
Recurrent Neural Networks. ACS Central Science 2018, 4, 120-131.
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IMTM-)‘- Deep learning model for structure generation
unsupervised generation transfer learning
whole ChEMBL whole ChEMBL

RNN RNN
subset of actives
generate \
compounds

fine-tuned RNN

generate
compounds

Segler, M. H. S.; Kogej, T.; Tyrchan, C.; Waller, M. P., Generating Focused Molecule Libraries for Drug Discovery with
Recurrent Neural Networks. ACS Central Science 2018, 4, 120-131.
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IMTM-)‘- Deep learning model for structure generation

unsupervised generation
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Segler, M. H. S.; Kogej, T.; Tyrchan, C.; Waller, M. P., Generating Focused Molecule Libraries for Drug Discovery with
Recurrent Neural Networks. ACS Central Science 2018, 4, 120-131.
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IMTM-)‘- Deep learning model for structure generation

exhaustiveness of chemical space ++
search

structure novelty ++
structure diversity ++
chemically valid structures ++
synthetically feasible ?
combinatorial explosion /time +++

consuming
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4
>’ Scoring and objective functions

28

Can be any but preferably smooth to follow the chemical similarity principle:

physicochemical properties
similarity measures

QSAR model prediction
pharmacophore fit

docking scoring

molecular dynamics

score

\

ligand-based

structure-based
scoring functions

Y

scoring functions

score

structure generation

compound scoring

selection

END

Y



IMTM

Can be any, for example:

greedy search

Monte Carlo

evolutionary algorithms, e.g.:
e genetic algorithm

simulated annealing

reinforcement learning

score

Y

x*> Search algorithms

score

29

structure generation

compound scoring

selection

END

Y
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IMTM-X- Inverse QSAR: deep learning

Autoencoder

Compressed Data

Learned
representation

Original
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'X‘ Inverse QSAR: deep learning
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Gomez-Bombarelli, R.; Wei, J. N.; Duvenaud, D.; Hernandez-Lobato, J. M.; Sdnchez-Lengeling, B.; Sheberla, D.; Aguilera-
Iparraguirre, J.; Hirzel, T. D.; Adams, R. P.; Aspuru-Guzik, A., Automatic Chemical Design Using a Data-Driven Continuous
Representation of Molecules. ACS Central Science 2018, 4, 268-276.
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IMTM Inverse QSAR: deep learning
(a) (b)
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Gdémez-Bombarelli, R.; Wei, J. N.; Duvenaud, D.; Herndndez-Lobato, J. M.; Sanchez-Lengeling, B.; Sheberla, D.; Aguilera-lparraguirre, J.; Hirzel, T.
D.; Adams, R. P.; Aspuru-Guzik, A., Automatic Chemical Design Using a Data-Driven Continuous Representation of Molecules. ACS Central Science
2018, 4, 268-276.



> Control of syntheti ibilit
IMTM (Y ontrol or syntnetiC accessInllity
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(9) Explicit constraints

34

Gao, W.; Coley, C. W., The Synthesizability of Molecules Proposed by Generative Models. Journal of Chemical Information and Modeling 2020
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IMTM-)‘- Assessment of synthetic accessibility

. - ( )
Journal of Cheminformatics mO.

Research article

Estimation of synthetic accessibility score of drug-like molecules
based on molecular complexity and fragment contributions
Peter Ertl* and Ansgar Schuffenhauer

SOFTWARE Open Access

AiZynthFinder: a fast, robust and flexible

open-source software for retrosynthetic
planning
Samuel Genheden'”, Amol Thakkar'?, Veronika Chadimova’, Jean-Louis Reymondz, Ola EngkvistI

and Esben Bjerrum' ' ® .
| Chermical Cronan
Science -

Genheden et al. } Cheminfarm (2020) 12:70

https://doi.org/10.1186/513321-020-00472-1 J 0 u r n a | Of C h e m

EDGE ARTICLE View Article Online

View Journal | View Issue

W) Check for updates Retrosynthetic accessibility score (RAscore) — rapid
machine learned synthesizability classification from
Al driven retrosynthetic planning}

Cite this: Chem. Sci,, 2021, 12, 3339

8 All publication charges for this article
have been paid for by the Royal Society
of Chemistry Amol Thakkar, ©*2® Veronika Chadimova, @@ Esben Jannik Bjerrum, &2

Ola Engkvist @2 and Jean-Louis Reymond & *°
Variilak et al. J Cheminform (2020) 12:35

https://doiorg/10.1186/513321-020-00439-2 J ourna | Of Chem info rm atics

RESEARCH ARTICLE Open Access

SYBA: Bayesian estimation of synthetic 2
accessibility of organic compounds

Milan Vorgildk'®, Michal Koldi**®, lvan Cmelo'® and Daniel Svozil' '@
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IMTM-)‘- Assessment of synthetic accessibility

ChEMBL22 (1.58 M compounds)
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Assessment of synthetic accessibility
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IMTM

Control of synthetic accessibility

Content of fragmented library

Polishchuk, P., Control of Synthetic Feasibility of Compounds Generated with CReM.
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Journal of Chemical Information and Modeling 2020, 60, 6074-6080. (10.1021/acs.jcim.0c00792)




IMTM-X- V-SYNTHES
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Sadybekov, A. A. et al, Synthon-based ligand discovery in virtual libraries of over 11 billion compounds.
Nature 2021. (10.1038/s41586-021-04220-9)
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V-SYNTHES
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Compound 733 736 738 742 747 749
CB, functional K; (nM) 871 1,185 856 2,340 455 209
potency Cl 95% (nM) (720-1,051) (868-1,603) (725-1,009) (1,878-2,919) (373-558) (177-248)
CB, functional K; (nM) 10.9 48.5 125 120 9.6 49.2
potency Cl95% (nM) 9.3-12.9 38.6-61.0 105-148 101-144 8.58-10.8 42.1-57.6
CB, binding K, (nM) 43.2 140 231 394 228 689
affinity Cl95% (nM) 28.2-66.1 105-186 13.9-38.6 281-551 172-303 472-1,004
CB, binding K, (nM) 1.2 2.8 13.0 6.4 0.9 4.0
affinity Cl95% (nM)  0.9-1.6 2.0-3.7 10.2-16.6 5.2-7.8 0.6-1.2 2.5-6.5
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IMTM )‘ Take home message

* De novo design can efficiently explore much larger chemical space than virtual
screening

* There are multiple approaches to generate chemically valid structures, all of
them have their pros and cons

* The main issue of de novo design is synthetic feasibility of generated compounds

* There are several ways how to control synthetic feasibility



