
Persistent function based 
machine learning for drug 

design

Xiang Liu
Nankai University

December 8, 2023



Time: > 10 years                Cost: > 2.6 billion$                   High failure rate 

Drug Discovery Process (Simplified)



Drug discovery is a challenging search 

problem 

Chemical Space

Best drug

Number of  possible drug-like molecules   ≈ 1060

obeying Lipinski’s rule-of-five for oral bioavailability

Kirkpatrick, P., Ellis, C. Nature (2004); Acc. Chem. Res. 2015, 48, 3, 722–730



AI in drug design and discovery 





Feature extraction and feature learning
“The success of 

machine learning 

algorithms generally 

depends on data 

representation…” 
Y. Bengio, etc,“Representation 
Learning: A Review and New 
Perspectives

“The deep learning research 

aims at discovering learning 

algorithms that discover 

multiple levels of distributed 

representations…” 
Y. Bengio, “Deep Learning of 
Representations: Looking 
Forward

Feature extraction classification

Rabbit
(not Rabbit)

Rabbit
(not Rabbit)



Molecular Descriptors in 

QSAR models
More than 5000 Molecular 

descriptors in Quantitative 

Structure Activity relationship

(QSAR)  models. 

Grisoni F, Ballabio D, Todeschini R, et al. 

Molecular descriptors for structure–activity 

applications: a hands-on approach[M]// 

Computational Toxicology. Humana Press, New 

York, NY, 2018: 3-53.



Topological Data Analysis (TDA)

Topological  invariant:

Homology Group

Homotopy Group

Cohomology Ring

Steenrod Module

……

Torus                       Double Torus                     Knot                       Sphere

Klein bottle



Topological Data Analysis---- Persistent Homology



Persistent Homology Analysis of  Carbon-60

(Xia, Feng, Tong & Wei, JCC, 2015)



Biomolecular topological fingerprints(TF)

TF for alpha helix TF for beta barrel

Slicing method

Biomolecular Topological Fingerprints
(Xia & Wei, IJNMBE, 2014)



(Pun, Lee and Xia, AIR, 2021)

TDA based machine learning models 



Recent progress of  TDA

based drug design
Guowei Wei 

MSU Foundation professor

(Cang & Wei, PLOS CB, 2018)

DUD database  128374 protein-ligand/decoy pairs

Prediction correlations for 2648 mutations on globular proteins 
(Cang & Wei, PLOS CS, 2017)

(Wu & Wei, JCC, 2018)

Prediction RMSD of logP(star set )

(Cang & Wei, PLOS CB, 2017)

Binding affinity prediction of PDBbind v2013    



Wei Team’s performance 
at D3R Grand Challenge

D3R Grand Challenge 3 (2017-2018) D3R Grand Challenge 4 (2018-2019)

Recent progress of  TDA 

based drug design

Drug Design Data Resource (D3R) 

Grand Challenges

Grand Challenge 2：win 14%

Grand Challenge 3:   win 38% while 

the second winner had a rate of 19%

Grand Challenge 4:   win  50%



Mutations at 501 and 452 in 

prevailing SARS-Cov-2 variants

Alpha:  N501Y

Beta:  K417N, E484K, N501Y

Gamma: K417T, E484K, N501Y

Delta:  L452R, T478K

Epsilon:  L452R

Kappa:  L452R, E484Q

Omicron:  N501,…

Wei’s Team predicts key mutation 
sites in prevailing variants

Received 4 June 2020;
Received in revised form 9 July 2020;

Accepted 17 July 2020;

They discovered 

the mechanism of 

viral transmission 

and evolution: 

more infectious

TDA-based learning models in SARS-Cov-2



Why is TDA so powerful ?
Representation

Featurization

Graph                       Simplicial complex          Filtered simplicial complex

Persistent barcode               Persistent diagramTopological invariants

Homology Group

Homotopy Group

Cohomology Ring

Steenrod Module

……



Hypergraph based 

data representation

Graph    Simplicial complex             Hypergraph                 Super-hypergraph 

Grbic J, Wu J, Xia K, Wei GW. Aspects of topological approaches for data science[J]. 

Foundations of Data Science, 2022.

Bressan, Li, Ren, Wu. The embedded homology of hypergraphs and applications , 2016

Ren, Shiquan, et al. "Computing the Homology of Hypergraphs." arXiv preprint 

arXiv:1705.00151 (2017). 

Ren, Shiquan, Chengyuan Wu, and Jie Wu. "Operators on random hypergraphs and 

random simplicial complexes." arXiv preprint arXiv:1712.02045 (2017). 

Ren, Shiquan, and Jie Wu. "Stability of persistent homology for hypergraphs." arXiv 

preprint arXiv:2002.02237 (2020). 

Ren, Shiquan, et al. "A Discrete Morse Theory for Hypergraphs." arXiv preprint 

arXiv:1804.07132 (2018).

Jie Wu, 
BIMSA



Embedded homology of  hypergraph

Hypergraph H Associated 
simplicial complex 

𝑲𝑯    

Bressan, Li, Ren, Wu. AJM, 2019





Liu, Wang, Wu, Xia, 
BIB, 2021



Gradientboostingtree



Persistent function based machine learning

Simplicial complex: Neighborhood 
complex, Dowker complex,…

Polyhedral complex: Hom complex…

Algebraic representation:face ring…

Persistent homology

Persistent Spectral

Persistent Tor-algebra

Machine learning:  Random 
Forest, GBT, SVM,…

Deep learning: Convolution 
neural network,…

Data                     Representation              Featurization                      Learning

Protein

Protein-ligand 
complex

Protein-protein 
complex

Hypergraph, Super-hypergraph …



Thank You!
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