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Never Forget

 Only experiments will validate your computational models !
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Understanding Ligand Binding
• The most crucial question in early drug discovery

–  Hit identification

–  Hit to lead expansion

–  Lead optimisation

– for finding the needle
in the haystack ...
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The Important Questions

Data Analysis …
• Which molecule(s) to chose for biological assessment ?

• How to modify molecules for optimising properties ?

• How to build models for reliable medicinal chemistry 
decision support ?

• How to design molecules void of toxicity risks ?

… and Representation
• How to guide analysis of molecular modelling results ?

• How to make use of MD trajectories for molecular design ?
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A Possible Way To Do It 
• 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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Target Structure Available

• Consider only
all those 
interactions 
of the ligand
within the protein 
binding site

Schütz D., PhD Thesis, 
University of Vienna, 2018
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The Pharmacophore Concept

“A pharmacophore is the ensemble of steric 
and electronic features that is necessary to 
ensure optimal supra-molecular interactions 
of a ligand 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

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 interactions, hydrophobic 

regions, coordination to metal ions, halogen bonds ...

A pharmacophore model is the most
suitable data representation method

for guiding medicinal chemistry



T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 

Pharmacophores: An Old Fashioned Concept ?
• Not at all ... there are a lot of new and exciting developments going on ....
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Example: MD 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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Hierarchical Pharmacophore Network Analysis

Garon A. et al (2020) [https://doi.org/10.3389/fmolb.2020.599059]

Arthur Garon
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Glucokinase Case Study

Garon A. et al (2020) [https://doi.org/10.3389/fmolb.2020.599059]

• Analysis of binding 
modes of ligands 
in human glucokinase:
Difference in ligand 
behaviour, inducing 
formation of active or 
inactive form becomes 
evident from hierarchical 
pharmacophore network 
analysis, provides 
guidance for further design
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Glucokinase Case Study
1v4s - inactive form

4no7 - active form

Garon A. et al (2020) [https://doi.org/10.3389/fmolb.2020.599059]
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Glucokinase Case Study
1v4s - inactive form

4no7 - active form

Garon A. et al (2020) [https://doi.org/10.3389/fmolb.2020.599059]
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Glucokinase Case Study
1v4s - inactive form

4no7 - active form

Garon A. et al (2020) [https://doi.org/10.3389/fmolb.2020.599059]
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LigandScout

• Fully integrated molecular design package 

• High end GUI & command line tools

• Workflow integration into KNIME

• World wide user basis

• Leading solution for pharmacophore based modelling

• Next generation capabilities in active development:
- faster high throughput on giga-scale libraries
- interactive pharmacophore-based clustering ...
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LigandScout Scientific Articles

• Around 3600 papers*
–structure-based modelling

–ligand-based modelling

–virtual screening

• Hit identification

• Fragment-based design

• Lead structure optimisation

• Protein-Protein Interactions

• Drug repurposing

• Profiling (side-effects)

* https://scholar.google.com, 25 January 2025



LigandScout Success Story @Pfizer
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AI-based Design into Binding Site
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Our Open Source Toolkit: CDPKit

https://github.com/molinfo-vienna/cdpkit 
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Our Open Source Toolkit: CDPKit
• Chemical Data Processing Toolkit

– Implemented in C++

– Contains all basic functionality for chemoinformatics workflows

• Comprises the Chemical Data Processing Library (CDPL) together with 
command line software tools

• CDPL C++ API and Python-interfacing layer provided

• Integration of major machine learning libraries

– scikit-learn, PyTorch, TensorFlow

• Represents our standard environment for prototyping novel algorithms

• Follow-up implementation into LigandScout and KNIME platforms

Oliver Wieder

Thomas Seidel
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Bigger Haystack -> Better Hits ?

• Need for faster 
conformer generator
and alignment 
procedure
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Thomas Seidel
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CONFORGE
• Novel conformer generator based on LigandScout iCon

• Available in CDPKit

• Improved small compound performance accuracy

–Especially for complex compounds such as macrocycles

• Integration into LigandScout XT

–Faster database generation & possibly better screening hits

• Approximately two times faster than iCon Fast

–Additional changes in database format (LDB2)

• Reduced file size (ca. 60% of LDB; 1 billion compounds currently 16 Tb)

–Together with G3PS alignment: Basis for P4-based exa-scale VS
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Christian Permann
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G3PS Alignment

• How can we improve on previous method ?
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G3PS Alignment

• Another common pitfalls
–Failing on exclusion volume spheres
• Barely touching exclusion volume invalidates alignment

–Allowing omission of m out of f features
• for each value r = {0..m}

–1. Create all combinations with ( f − r ) features
–2. Perform alignment for each combination

• #Alignments = Pm f  = O(f (m)) →       exponential in m
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G3PS Alignment

• New algorithm is based on iterative improvement of heuristic guesses
• Runtime
–Much faster than previous methods
–Independent of number of potentially omitted features
–User-defined number of computed guesses: Runtime vs Accuracy tuneable

• Found Alignments
–More accurate retrieval according to user query
–Optimised for maximum number of matched features
–Adapts also to exclusion volume spheres
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Heuristic Alignment Trees

• Steers alignment between faster runtimes & more accurate retrieval
• Represents the number of (three-point) starting configurations
• Higher number will better sample solution space 
– more correctly identified hits

• Smaller number will result in a faster screening
• Runtime increases less than linearly with number of tries
– e.g. changing from 20 to 50 - results in approximately 25% longer runtime

• Recommended settings
– 50 for generic fast run, 300 for generic accurate run
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Some More Examples

• New graph neural network architecture for better prediction of 
standard molecular properties (logP, logS, logD)

• New protein-ligand descriptors for machine learning
• Novel representation of pharmacophore models for machine learning
• Extending pharmacophore based virtual screening for exa-scale 

libraries
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Oliver Wieder

https://doi.org/10.3390/molecules26206185
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Novel GNN Architecture: D-GIN 

• D-GIN: Directed edge graph isomorphism network
• Composed of two distinct sub-architectures (D-MPNN, 

GIN)
• Achieves drastic improvement in accuracy over its sub-

architectures
• Successfully used for logP, logS, logD predictions

https://doi.org/10.3390/molecules26206185
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How To Rank Pharmacophore Features
?
• Ligand-based modelling
– Explain quantitative differences in binding (Ki, IC50)

• Structure-based modelling
– Geometry of the features: Delta to optimum
– Environment
– Analysis of dynamics / kinetics of binding: MD 

Simulations
• MD trajectory analysis with pharmacophore models
• Construction of hierarchical pharmacophore feature trees
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Next Gen Pharmacophores: QPhARs

 

 

 

 
Today

GRAIL* Based
Pharmacophore

LigandScout Merged
Pharmacophore

Novel Quantitative 
Pharmacophore Methodology

Cross Validation

Mo. 6
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Stefan Kohlbacher



T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 

QPhAR Training Steps

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

 

https://github.com/StefanKohlbacher/QuantPharmacophore
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QPhAR Model Generation

https://github.com/StefanKohlbacher/QuantPharmacophore
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Automated QPhAR Model Building

https://github.com/StefanKohlbacher/qphar-applications
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QPhAR in KNIME Platform

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

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


T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 

QPhAR Application: Quantitative GABA-A Models

Assay ID Nr. Molecules RMSE

CHEMBL1273617 44 0.51

CHEMBL1787625 45 0.97

CHEMBL3370250 34 0.99

CHEMBL3430052 32 0.26

CHEMBL676826 52 0.69

CHEMBL823916 48 0.62

CHEMBL824296 41 0.40

Kohlbacher SM, et al. (2023) https://doi.org/10.1002/minf.202200245

• Usage: Quantitative prediction of drug-induced seizure risks
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New Protein-Ligand Interaction Fingerprints

• Contains defined set 
of floating point 
values rather than bit-
string

• Useful as input for 
machine-learning 
models for QSAR and
binding 
affinity estimation 

Fellinger C, et al., submitted 

Christian
Fellinger

• GRADE & X-GRADE (eXtended GRAil-based DEscriptors)
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GRAIL Descriptors
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GRAIL Scoring Function

• Grid is defined within the protein binding 
site, no ligand needed

• At each grid point: Pharmacophore feature 
probability calculated

• For every interaction type: Optimum 
distances & angles defined

• Extremely fast, amendable for the analysis 
of entire MD trajectories

• Script available for CDPKit
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Visualisations: HSP90 Case Study

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

Residue Lys100 and Asp 85 
interactions:
(E) … aromatic - positive charge
(F) … HBA - HBD
(G) … HBD -> HBA
(H) … hydrophobic - hydrophobic

D



T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 T. Langer | 8th Advanced in silico Drug Design Workshop/Challenge 2025 

GRAIL Use in Lead Optimisation

• Easy understandable medicinal chemistry design guidance provided

• Focus on specific regions

–  e.g. replacing entropically disfavoured water molecules with small 
hydrophobic substituent (“magic methyl positioning”)

• Pharmacophore hotspot feature frequency analysis 

–  for prioritising replacement/modifications of molecular substructures

–  providing interaction preference guidance 

–  easily adaptable for generative de novo design
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Back to the haystack ...

• Is there a way to use
high quality 
pharmacophore 
information but avoid
conformer 
generation and 3D 
alignment ?
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Next Generation Descriptors for P4 Modeling
• Virtual screening using traditional P4 matching

Daniel Rose
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New Concept: PharmacoMatch
• Contrastive learning framework maps pharmacophore model vectors into an 

order embedding space -> virtual screening possible, avoiding 3D alignment

Rose D. et al., PharmacoMatch, accepted [https://doi.org/10.48550/arXiv.2409.06316]

Daniel Rose
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Vector Embedding Space

• RECS: Retrieval of Concepts in Databases
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Embedding Model
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Subgraph Isomorphism & Order Embedding
• Subgraph isomorphism
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P4 Vector Embedding Model
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Virtual Screening
• Neural subgraph matching
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Case Study: Preliminary Results

Tran-Nguyen VK, Jacquemard C, Rognan D. (2020).  JCIM, 60(9), 4263. doi: 10.1021/acs.jcim.0c00155
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Case Study: Preliminary Results

CDPKit PhectorMatch

On Disk Space 50 MB 50 MB + 20 MB

Screening Time 2.0 s 0.02 s
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Potential for Faster DB Search

• Vector database for 
faster retrieval 

• Inherent tree structure 
could be exploited
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Another Application for P4 Vectors
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Enhanced Hydrophobic Perception

Example molecules adopted from: Wolber G et al., ,Drug Discov. Today, vol. 13, no. 1-2, pp. 23–29, 
2008.
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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://neuroderisk.eu

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)

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 
NeuroDeRisk in silico 
toolbox and more are 
currently developed
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Neurotoxicity Off Target Prediction

https://neuroderisk.eu/in-silico-toolbox/

• Profile chemical structures (queries) using 3D-pharmacophore models
• Both models and LigandScout algorithms for profiling are encoded into the 

NeuroDeRisk IL Profiler node
• Multiple inputs supported including a 2D-editor
• Visualisation and export in different formats: PNG, CSV, XLS, SDF, etc.
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Conclusions

• Next generation pharmacophore models are ready for the most 
difficult challenges in computer aided molecular design

• Highly useful for hit identification & prioritisation

• Amendable for high precision virtual screening in exa scale libraries

• Most comprehensive for medicinal chemistry guidance

• Take into account dynamic effects in binding kinetics and translate 
directly to design

• Better lead structures void of toxicity risks
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Understanding MD Trajectories
• Define a new way to analyse MD trajectory big data:

Hierarchical pharmacophore graph representation

Molecular dynamics simulations

3-D Pharmacophore models

Crystallographic structure

Garon A et al., Models. Front. Mol. Biosci. 7:599059. doi: 10.3389/fmolb.2020.599059 
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MD P4 Relationship Analysis
• Hierarchical network of pharmacophores 
• Layers are organised by multidimensional scaling
– each node represents one unique

pharmacophore model 

– nodes are sorted to best represent 
 the distance between them

–  fingerprint space reduced into 
 one dimension

–  distance between nodes defined 
 by Manhattan metrics
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P4 Model Vector Representation
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P4 Model Vector Representation
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P4 Model Vector Representation
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P4 Model Vector Representation
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P4 Model Vector Representation
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Hierarchical Links Between Models

B

C
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Hierarchical Links Between Models
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Hierarchical Links Between Models
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Hierarchical Links Between Models
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Multi-dimensional Scaling
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Multi-dimensional Scaling
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From P4 Model to Vector to Node
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Hierarchical Graph of P4 Models

A

B

C

• 3-D Pharmacophore model ⬄ Vector ⬄ Node
• Frequency ⬄ Node size
• Hierarchical link ⬄ Subset/superset of P4 features
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Hierarchical Graph of P4 Models

• 3-D Pharmacophore model ⬄ Vector ⬄ Node
• Frequency ⬄ Node size
• Hierarchical link ⬄ Subset/superset of P4 features
• Node color (observed/calculated) A

B

C
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Hierarchical Graph of P4 Models

• 3-D Pharmacophore model ⬄ Vector ⬄ Node
• Frequency ⬄ Node size
• Hierarchical link ⬄ Subset/superset of P4 features
• Node color (observed/calculated)
• Distance projection: Y-Axis
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Hierarchical Graph of P4 Models

• 3-D Pharmacophore model ⬄ Vector ⬄ Node
• Frequency ⬄ Node size
• Hierarchical link ⬄ Subset/superset of P4 features
• Node color (observed/calculated)
• Distance projection: Y-Axis
• Number of node features: X-Axis 
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Example
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AUC Virtual
Screening

Example - Virtual Screening AUC
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Example - P4 Clustering
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P4 Feature Representation

• Type of Interaction
– Distance, Angle, Direction

• Partners
– X,Y,Z Coordinates

• Type of Interaction
– Distance, Angle, Direction

• Partners
– The Ligand Atoms / None

– The Protein Atoms / Residue Name / None
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Example - P4 Feature Partners
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– The Ligand Atoms

– The Protein Atoms
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Tree Simplification
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Tree Simplification (2)
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Glucokinase Case Study

• Analysis of
binding 
modes 
of ligands 
in human 
glucokinase:
Difference 
between active 
& inactive form 

Garon A et al., Models. Front. Mol. Biosci. 7:599059. doi: 10.3389/fmolb.2020.599059 
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Glucokinase Case Study

1v4s - inactive form

4no7 - active form
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Glucokinase Case Study
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Glucokinase Case Study
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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 optimisation

Conclusions
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Thank you for your attention

https://cheminfo.univie.ac.at

https://CDPKit.org

https://www.inteligand.com
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LigandScout XT


