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Molecular Similarity
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https://www.kubinyi.de/dd-06.pdf
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A Possible Solution
• Compare compound  

structures in view  
of their preferences  
for specific molecular  
interactions

• Annotate molecules 
with all interaction 
features possible

• Find out, which of 
them are the really 
important ones …
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A Possible Solution
• Look at interactions in the protein binding site

Schütz D., PhD Thesis,  
University of Vienna, 2018
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“A pharmacophore is the ensemble of 
steric and electronic features that is 
necessary to ensure the optimal supra-
molecular interactions with a specific 
biological target and to trigger (or block) 
its biological response.”    

   
C.-G. Wermuth et al., Pure Appl. Chem. 1998, 70: 1129-1143

The Pharmacophore Concept

1933 - 2015
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Feature-based Pharmacophores
    Totality of universal chemical features that represent a defined 

binding mode of a ligand to a bio-molecular target  

    Features: Electrostatic interactions, H-bonding, aromatic inter-
actions, hydrophobic regions, coordination to metal ions ... 
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Pharmacophore Screening ...

[Mangold 2006] Martina Mangold. Human Rhinovirus Coat Protein Inhibitors - A 
Pharmacophore Modeling Approach. 

Master’s thesis at the University of Innsbruck (2006)

Catalyst/DS

51 vHits 73 vHits

21 vHits

Phase

MOE

6

3 2
2
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Pharmacophore Screening ...

[Mangold 2006] Martina Mangold. Human Rhinovirus Coat Protein Inhibitors - A 
Pharmacophore Modeling Approach. 

Master’s thesis at the University of Innsbruck (2006)

Catalyst/DS

78 vHits 48 vHits

168 vHits

Phase

MOE

5

10 7
2
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There was a problem ...

• “Old” 3D pharmacophore methods suffer  
 from severe limitations 

–  different tools return inconsistent results  

–  alignment by graph matching  ---->  slow 

–  low number of features  ---->  inaccurate

What is the solution ?
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We Need Speed & Accuracy

• Redesign the alignment algorithm 

• Avoid computationally inefficient graph matching 

• Create a pattern recognition based approach  

0 | 1 | 1 

0 | 0 | 1 

0 | 1 | 1 Donor

Acceptor

Lipophilic

Typed Distance Shells
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Pattern Recognition
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... Breaking the Code

• Why Yuor Barin Can Raed Tihs

http://www.livescience.com/18392-reading-jumbled-words.html

http://www.livescience.com/18392-reading-jumbled-words.html
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... Breaking the Code

• It deson’t mttaer in waht oredr the ltteers in a 
wrod aepapr, the olny iprmoatnt tihng is taht the 
frist and lsat ltteer are in the rghit pcale. The rset 
can be a toatl mses and you can sitll raed it 
wouthit pobelrm.

http://www.livescience.com/18392-reading-jumbled-words.html

http://www.livescience.com/18392-reading-jumbled-words.html
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... Breaking the Code

• S1M1L4RLY,  Y0UR  M1ND  15  R34D1NG  
7H15 4U70M471C4LLY  W17H0U7  3V3N  
7H1NK1NG  4B0U7   17

http://www.livescience.com/18392-reading-jumbled-words.html

http://www.livescience.com/18392-reading-jumbled-words.html


T. Langer, 2023-01-31

Final step: 3D rotation using Kabsch algorithm

Distance Characteristics
Result: Best matching pairs for each feature
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LigandScout Prototype 2003

Gerhard Wolber 
University of Innsbruck
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LigandScout Evolution 

• Automated structure-based pharmacophores 

• Alignment algorithm development 

• Ligand-based pharmacophore generation & clustering 

• Virtual screening 

• Software code refactoring 

• Implementation of dynamic relational databases 

• Including docking algorithms & rescoring technology 

• Creation of Inte:Ligand KNIME Extension Nodes 

• Pharmacophore-based analysis of MD trajectories   
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LigandScout 4.4 Expert
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LigandScout Scientific Articles
• More than 2800 papers* 

– structure-based modeling 

– ligand-based modeling 

– virtual screening 

• Hit identification 

• Fragment-based design 

• Lead structure optimization 

• Protein-Protein Interactions 

• Drug repurposing 

• Profiling (side-effects)
* scholar.google.com, January 2023

http://scholar.google.com
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An Interesting Article To Read ...

Karaboga et al.,  
J. Chem. Inf. Model. 53  

 1043−1056 (2013)
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LigandScout for VS

Pharmacophore from PDB entry 3OE6

Karaboga et al., J. Chem. Inf. Model. 2013, 53, 1043−1056
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Virtual Screening Performance

Karaboga et al., J. Chem. Inf. Model. 2013, 53, 1043−1056
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The Author’s Conclusions

• Overall, the total area under de curve of the ROC plot and 
the early recovery results of the present pharmacophore 
model show that it is a highly specific and sensitive 
screening filter, which makes it very appropriate for 
identifying CXCR4 antagonists. 

• Moreover, the scaffold retrieval analysis shows that  
the pharmacophore model is able to retrieve a diverse 
scaffold pool.

Karaboga et al., J. Chem. Inf. Model. 2013, 53, 1043−1056
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Be Better: New Drugs  

Sir James Black 

Chong & Sullivan,  
Nat. Drug Discov. 2007, 448, 645-646

Camille G. Wermuth: 
SOSA: Selective Optimization  
of Side Activities (1993)
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An Example
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An Example

Bernd Riedl, Bayer Pharma, Wuppertal
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LigandScout Model of ABCG2-I

Yinxiang Wei et al., Mol. Cancer Ther.,11, 1693-1702 2012
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Inhibiting ABCG2 With Sorafenib

… at a concentration up to 2,5µM/L 
no cytotoxic effect was observed ... 

…. led us to conclude that sorafenib 
behaves like ABCG2 degradation-
induced inhibitor. Sorafenib may, 
therefore, be a good candidate for 
MDR chemosensitizing agent.

Yinxiang Wei et al., Mol. Cancer Ther.,11, 1693-1702 2012
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First Summary

• Universal and rapid method for accurate feature-based  
3D-pharmacophore model generation now available 

• Highly selective models will retrieve low number of 
false positives  

• High enrichment factor will be obtained 

• Where and how to apply such models in the drug 
discovery pipeline ? 

• What are the next steps to integrate ?
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Statics & Dynamics



T. Langer, 2023-01-31

Statics & Dynamics



T. Langer, 2023-01-31

Molecular Dynamics

• MD approaches have gained substantial interest in 
early drug discovery due to parallel computing 
hardware options* 

• Interpretation of MD trajectories still cumbersome 

• Pharmacophores are a perfect solution

* J. Mortier et al., Drug Discov Today. 2015. 20(6):686-702. doi: 10.1016
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Molecular Dynamics
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MD Analysis by Pharmacophores

MD simulation

3-D Pharmacophore  
Models

Crystallographic structure
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LigandScout Trajectory Analysis 
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MD Feature Frequency Analysis
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Find Models With Specific Features
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Determine Interacting Amino Acids
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Use in Lead Optimization 
• Easy understandable design guidance provided 

• Focus on specific regions 
–  e.g. replacing ‘unhappy’ water molecules with small hydrophobic 

substituent (“magic methyl positioning”) 

• Pharmacophore hotspot feature frequency analysis  
–  for prioritizing replacement/modifications of molecular substructures 

–  providing interaction preference guidance  

–  easily adaptable for automatization for de novo design
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Post-screening Process
• Underlying Principle 

– A true active molecule should have a higher chance to fit more 
than one model than a false positive one 

– A higher enrichment should be obtained when using a 
consensus fit approach 

• Application: “Common Hits Approach (CHA)” 
– First, all hits from all models are considered 

– Then, the hits are ranked by the number models they fit 

Wieder M. et al., J. Chem. Inf. Model., 57, 365-385 (2017)
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VS Results Example: AUC (2i78)

ROC - AUC
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VS Results Example: AUC (2i78)

ROC - AUC

CHA
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Further Steps in the Procedure
• Create a grid within the binding site for each MD frame 

• Perform grid calculations  
–  Buriedness and drugability threshold 

–  Interaction probabilities for each grid point 

• Align the grids 

• Vizualize and analyse data 
–  Look for emerging binding pockets 

–  Find hot spots for potential ligand-protein interactions 

–  Evaluate binding contribution of specific water molecules 

https://github.com/aglanger/CDPKit  
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Vizualisation (1)

8

Calculation of Pharmacophore Interaction Field 
Grids

→Outcome: Eight grids, one for every supported type of interaction

Residue Phe 138:
(A) aromatic - aromatic (AR-AR) grid in blue
(B) hydrophobic - hydrophobic (H-H) grid in yellow
(C) positive ionizable - aromatic (PI-AR) grid in purple

Positively charged residue Lys 100:
(D) negative ionizable - positive ionizable (NI-PI) grid in pink
(E) aromatic - positive ionizable (AR-PI) grid in light blue
(F) hydrogen bond acceptor - hydrogen bond donor grid
     (HBA-HBD) in red

Negatively charged residue Asp 85:
(G) hydrogen bond donor - hydrogen bond acceptor grid 
      (HBD-HBA) grid in green
(H) positive ionizable - negative ionizable (PI-NI) grid in turquoise

Residue Phe138 interactions: 
(A) … aromatic - aromatic 
(B) … hydrophobic - hydrophobic 
(C) … positiv charge - aromatic

A B

C
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Vizualisation (2)

Residue Lys100 interactions: 
(D) … negative - positive charge 
(E) … aromatic - positive charge 
(F) … HBA - HBD

8

Calculation of Pharmacophore Interaction Field 
Grids

→Outcome: Eight grids, one for every supported type of interaction

Residue Phe 138:
(A) aromatic - aromatic (AR-AR) grid in blue
(B) hydrophobic - hydrophobic (H-H) grid in yellow
(C) positive ionizable - aromatic (PI-AR) grid in purple

Positively charged residue Lys 100:
(D) negative ionizable - positive ionizable (NI-PI) grid in pink
(E) aromatic - positive ionizable (AR-PI) grid in light blue
(F) hydrogen bond acceptor - hydrogen bond donor grid
     (HBA-HBD) in red

Negatively charged residue Asp 85:
(G) hydrogen bond donor - hydrogen bond acceptor grid 
      (HBD-HBA) grid in green
(H) positive ionizable - negative ionizable (PI-NI) grid in turquoise

8

Calculation of Pharmacophore Interaction Field 
Grids

→Outcome: Eight grids, one for every supported type of interaction

Residue Phe 138:
(A) aromatic - aromatic (AR-AR) grid in blue
(B) hydrophobic - hydrophobic (H-H) grid in yellow
(C) positive ionizable - aromatic (PI-AR) grid in purple

Positively charged residue Lys 100:
(D) negative ionizable - positive ionizable (NI-PI) grid in pink
(E) aromatic - positive ionizable (AR-PI) grid in light blue
(F) hydrogen bond acceptor - hydrogen bond donor grid
     (HBA-HBD) in red

Negatively charged residue Asp 85:
(G) hydrogen bond donor - hydrogen bond acceptor grid 
      (HBD-HBA) grid in green
(H) positive ionizable - negative ionizable (PI-NI) grid in turquoise

D

E F



T. Langer, 2023-01-31

Vizualisation (3)

8

Calculation of Pharmacophore Interaction Field 
Grids

→Outcome: Eight grids, one for every supported type of interaction

Residue Phe 138:
(A) aromatic - aromatic (AR-AR) grid in blue
(B) hydrophobic - hydrophobic (H-H) grid in yellow
(C) positive ionizable - aromatic (PI-AR) grid in purple

Positively charged residue Lys 100:
(D) negative ionizable - positive ionizable (NI-PI) grid in pink
(E) aromatic - positive ionizable (AR-PI) grid in light blue
(F) hydrogen bond acceptor - hydrogen bond donor grid
     (HBA-HBD) in red

Negatively charged residue Asp 85:
(G) hydrogen bond donor - hydrogen bond acceptor grid 
      (HBD-HBA) grid in green
(H) positive ionizable - negative ionizable (PI-NI) grid in turquoise

Residue Asp85 interactions: 
(G) … HBD -> HBA 
(H) … hydrophobic - hydrophobic 

G H
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Further Steps in the Procedure
• Create grid covering the binding site for each frame of the MD  

• Perform calculations at grid points: 
–  Buriedness and drugability threshold 

–  Interaction probabilities for each feature at each point 

• Align the grids and vizualize 

• Further analysis  
–  Look for emerging binding pockets 

–  Find hot spots for interactions 

–  Evaluate water molecules
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 9 nM  42 nM

 195 nM  485 nM
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Use in Lead Optimization 
• Easy understandable design guidance provided 

• Focus on specific regions 
–  e.g. replacing entropically disfavored water molecules with small 

hydrophobic substituent (“magic methyl positioning”) 

• Pharmacophore hotspot feature frequency analysis  
–  for prioritizing replacement/modifications of molecular substructures 

–  providing interaction preference guidance  

–  easily adaptable for automatization for de novo design
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• Our pattern recognition-base pharmacophore 
technique is superior to all previous P4 methods  
with respect to speed and accuracy 

➡  Highly useful for hit identification 

• The pharmacophore interaction analysis concept is 
no more limited to static observation but is available 
in a convenient dynamic approach 

➡  Highly useful for lead structure optimization

Conclusions
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• On average, the CHA retrieved more structurally 
diverse actives than the PDB method  

• The higher the number of considered molecules, the 
more diverse the retrieved actives 

• Next steps: Comparison with pharmacophore 
fingerprint methods  

Conclusions (2)
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The NeuroDeRisk project has received funding from the 
Innovative Medicines Initiative 2 (IMI2) Joint Undertaking  

under grant agreement No 821528. 

This Joint Undertaking receives support from the  
European Union’s Horizon 2020  

research and innovation programme and EFPIA.

https://ec.europa.eu/programmes/horizon2020/en
https://www.efpia.eu/
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De-risking Neurotoxicity
Target Based Approach 
- Seizure Risk / Pharmacology 
- GABA-A Antagonist 
- GABA-A NAM  
- GABA-A Channel Blocker 
- GABA-A PAM 
- GABA-A Agonist 
- GABA-A Neurosteroid 

Outcome Based Approach 
- Suicidal Ideation 
- Drugs associated with reported 
   outcomes (pharmacovigilance) 
- RNA Editing (Alcediag)
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De-risking Neurotoxicity
GABA-A orthosteric site, channel SB-modeling examples

Bicuculline-GS-Antagonist  
(PDB ID:6huk)

2D-Depictions

GABA-GS-Agonist  
(PDB ID:6huj)

Picrotoxinin-Channel  
(PDB ID:6huj)
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De-risking Neurotoxicity
Can we identify chemical features in 3D-space associated with suicidal ADEs?

Promising results with the IFN⍺ like RNA editing (Editox) datasets

• Outcome Based Approach – No Target 
• Suicidal Ideation (5 terms) 
• 1492 drugs with suicidal annotations 

from FAERS, Meta ADEDB and NIH 
databases (pharmacovigilance) 

• Clustering; > 45 LB models created and 
tested 

• Models also generated using confidential 
experimental data from Alcediag 

• Editox – unambiguous IFNa like RNA 
editing profiles (Alcediag)

Van der Laan, S, et. al., (2017) Emerging RNA editing biomarkers will foster drug development.  
Drug Discovery Today, 22(7), 1056. doi:10.1016/j.drudis.2017.01.017
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De-risking Neurotoxicity
• >60 3D-pharmacophore models have so far been incorporated and 

deployed in the toolbox for profiling of molecules 
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Neurotox Off Target Prediction
• Profile chemical structures (queries) using 3D-pharmacophore models. 
• All compounds nominated for studies (WPs 1, 2, 3) have been profiled. 
• 30 Models and LigandScout algorithms for profiling are coded into the 

NeuroDeRisk IL Profiler node. 
• Multiple inputs supported including a 2D-editor. 
• Visualize and export (PNG, CSV, XLS, SDF, etc) results.

https://neuroderisk.eu/in-silico-toolbox/
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Next Gen Pharmacophores: QPhAR

* GRAIL: GRids of phArmacophore Interaction fieLds. Schütz D. et al., J. Chem. Theory Comput. 2018, 14, 9, 4958. 

 

 

 

 
Today

GRAIL* Based 
Pharmacophore

LigandScout Merged 
Pharmacophore

Novel Quantitative  
Pharmacophore Methodology

Cross Validation

Mo. 6
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Training Steps in QPhAR
Page 5 of 14Kohlbacher et al. J Cheminform           (2021) 13:57  

Fig. 1 Schema of generating the quantitative pharmacophore model

Fig. 2 Feature extraction and ML-modeling (Step 5)

Kohlbacher SM et al., J Cheminform 13, 57 (2021) 
https://doi.org/10.1186/s13321-021-00537-9 
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QPhAR Workflow

Applications of the novel quantitative pharmacophore activity

relationship method QPhAR in virtual screening and

lead-optimization

Stefan M. Kohlbacher, Matthias Schmid, Thomas Seidel and Thierry Langer

https://doi.org/10.3390/ph15091122

Image 8: Scheme of end-to-end pharmacophore modelling workflow[95]

The initial study has been designed by S. Kohlbacher, T. Seidel, and T. Langer. M. Schmid has collected

the QPhAR datasets and trained the corresponding QPhAR models. The algorithm for the extraction

of the refined pharmacophore models, as well as the end-to-end workflow of the trained QPhAR

models, was developed by S. Kohlbacher. S. Kohlbacher has also developed the method for the 3D

activity profiling of lead molecules based on the QPhAR model. S. Kohlbacher carried out the

experiments and wrote the manuscript. T. Seidel and T. Langer have supervised the work and have

revised the manuscript.

49

Kohlbacher SM et al., Pharmaceuticals 2022, 15, 1122.  
https://doi.org/10.3390/ ph15091122  
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QPhAR in KNIME Platform

https://github.com/StefanKohlbacher/qphar-knime-nodes

https://github.com/StefanKohlbacher/qphar-knime-nodes
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LigandScout 5 Sneak Preview
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Thank you for your attention

https://cheminfo.univie.ac.at 

https://www.inteligand.com 

https://neuroderisk.eu

https://www.inteligand.com

