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Single-Instance 3D-QSAR
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4D-QSAR

Hopfinger, A. J.; Wang, S.; Tokarski, J. S.; Jin, B.; Albuquerque, M.; Madhav, P. J.; Duraiswami, C. Construction of 3D-QSAR Models Using the 4D-QSAR Analysis Formalism. J. Am. Chem. Soc. 1997, 
119 (43), 10509-10524.
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4D-QSAR
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Multi-instance problem
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Axis-parallel hyperrectangles (APR)
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Dietterich, T. G.; Lathrop, R. H.; Lozano-Pérez, T. Solving the multiple instance problem with axis-parallel rectangles. Artificial Intelligence 1997, 89 (1), 31-71.



MIL papers in chemoinformatics
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Paper Year Task Datasets

Jain et al 1994 Bioactivity of molecules (musk strength) MUSK1 (102 molecules)

Dietterich et al 1997 Bioactivity of molecules (musk strength)
MUSK1 (92 molecules) and MUSK2 (102 
molecules)

Davis et al 2007 Binding affinity of molecules
Dopamine agonists, thermolysin inhibitors, and 
thrombin inhibitors

Bergeron et al 2008
Identification of metabolic sites of 
molecules

227 compounds metabolized by cytochrome 
CYP3A4

Bergeron et al 2012
Identification of metabolic sites of 
molecules

10 CYP datasets

Fu et al 2012 Inhibitory activities of molecules
Inhibitors against GSK-3, P-gp, and CBrs
receptors

Nikonenko et al 2021 Bioactivity of molecules 162 ChEMBL datasets

Zankov et al 2021 Bioactivity of molecules 175 ChEMBL datasets
Zankov et al 2021 Enantioselectivity of organic catalysts Phosphoric acid catalysts

Xiong et al 2022 macro- and micro-pKa of molecules
16595 compounds associated with 17489 pKa
values

Zankov et al 2023 Enantioselectivity of organic catalysts
Phosphoric acid catalysts; two datasets on 
phase-transfer catalysts; disulfonimides

Feeney et al 2023 Mutagenicity 6512 compounds tested in the Ames test

Zankov, D.; Madzhidov, T.; Varnek, A.; Polishchuk, P. Chemical complexity challenge: Is multi-instance machine learning a solution? WIREs Computational Molecular 
Science 2024, 14 (1), e1698.
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Generation of 
up to 100 

conformations per 
molecule

RDKit

Calculation of 
Pmapper 3D descriptors
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175 data sets from ChEMBL

Kutlushina, A.; Khakimova, A.; Madzhidov, T.; Polishchuk, P. Ligand-Based Pharmacophore Modeling Using Novel 3D Pharmacophore Signatures. Molecules 2018, 23 (12), 3094.

Multi-instance learning case study

alignment-free representation
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Groups of models that are not significantly 
different (at a confidence level of 0.05) are 

connected by the thick line

Zankov, D. V.; Matveieva, M.; Nikonenko, A. V.; Nugmanov, R. I.; Baskin, I. I.; Varnek, A.; Polishchuk, P.; Madzhidov, T. I. 
QSAR Modeling Based on Conformation Ensembles Using a Multi-Instance Learning Approach. J. Chem. Inf. Model. 2021, 61 (10), 4913-4923.

Comparison of 3D MIL approaches

Model Mean R2
test Median R2

test Top-1

3D/MI/Instance-Wrapper 0.530 ± 0.123 0.532 71

2D/MorganFP/Net 0.474 ± 0.189 0.503 41

ЗD/MI/Bag-Attention Net 0.474 ± 0.157 0.476 14

2D/PhysChem/Net 0.436 ± 0.165 0.443 17

2D/PharmFP/Net 0.357 ± 0.275 0.383 3

3D/SI/Net 0.027 ± 0.374 0.092 0

Comparison of 3D MIL, 3D and 2D single instance approaches
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R2
test

3D Instance-wrapper vs 2D Morgan models
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Identification of biologically relevant conformers

coagulation factor XI (CHEMBL2820)

protein-tyrosine phosphatase 1B (CHEMBL335)

Selected compounds had average RMSD of generated conformers > 2A relative 
to PDB structure
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Diversity density (DD)

Conventional MIL approaches
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Hausdorff distance - the greatest of all the distances from 
a point in one set to the closest point in the other set

Wang J, Zucker JD. Solving multiple-instance problem: a lazy 
learning approach. In: Proceedings 17th IEEE international 
conference on machine learning. 2000:1119–1125.

searching for points where many instances of positive 
bags are close and instances of negative bags are far

Maron O, Lozano-Pérez T. A framework for multiple-instance learning. 
In: Advances in neural information processing systems. 1998: 570–576.

Citation-kNN



Types of ambiguity in tasks related to modelling molecular properties and functions
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Metabolites as instances

20

Feeney, S. V.; Lui, R.; Guan, D.; Matthews, S. Multiple Instance Learning Improves Ames Mutagenicity Prediction for Problematic Molecular 
Species. Chemical Research in Toxicology 2023, 36 (8), 1227-1237.



Atoms as instances
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Altae-Tran, H.; Ramsundar, B.; Pappu, A. S.; Pande, V. Low Data Drug Discovery with One-Shot Learning. ACS Cent. Sci. 2017, 3 (4), 283-293.



Xiong, J.; Li, Z.; Wang, G.; Fu, Z.; Zhong, F.; Xu, T.; Liu, X.; Huang, Z.; Liu, X.; Chen, K.; Jiang, H.; Zheng, M., Multi-instance learning of graph neural networks for aqueous pKa prediction. 
Bioinformatics 2021, 38, 792-798.

Atoms as instances
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Xiong, J.; Li, Z.; Wang, G.; Fu, Z.; Zhong, F.; Xu, T.; Liu, X.; Huang, Z.; Liu, X.; Chen, K.; Jiang, H.; Zheng, M., Multi-instance learning of graph neural networks for aqueous pKa prediction. 
Bioinformatics 2021, 38, 792-798.

Atoms as instances
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major histocompatibility complex 
class II molecules (MHC II)

Peptide sequences as instances
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https://doi.org/10.1093/nar/gkac965

http://dx.doi.org/10.3389/fimmu.2019.01081



Morphological profiling
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(Krentzel et al. 2023)
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MIL toolkits and software
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• Multi-instance models outperformed both single-instance 3D models and conventional QSAR models 
built on 2D descriptors in many cases

• Multi-instance models is a good alternative to 2D modeling if the latter fails

• Multi-instance neural network with an attention mechanism can correctly identify a “bioactive” 
conformation close to the experimental structure of a ligand retrieved from PDB

• Atoms, tautomers, protomers, stereoisomers, etc can be considered as instances

• Mixtures can also be modeled within MIL framework, where instances are individual components

Conclusions
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Future directions

• The ability to identify relevant instances, e,g conformers, is very intriguing and underexplored. There are 
different approaches to identify relevant instances and which one is more suitable for chemical 
problems is unknown.

• How different 3D representation will work on different chemical problems.
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