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BACKGROUND REPRESENTATION OF MOLECULE

CC(=O)OC1=CC=CC=C1C(=O)O

SMILES String 2D Topology 3D Geometry

Diverse molecular representations exist!
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BACKGROUND REPRESENTATION OF MOLECULE

3D Geometry

Why 3D Geometry Matters?

• Essential for predicting molecular properties
• Controls chemical reactivity and interactions
• Key to biological recognition (Lock-and-Key)

Challenges
Trade-off between cost and accuracy

• ETKDG algorithm à Fast but less accurate
• CREST algorithm  à More balanced,  but still very slow
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Molecular Relational Learning
Learning the interaction behavior between a pair of molecules

Examples
• Predicting optical properties when a Chromophore and Solvent react
• Predicting solubility when a solute and solvent react
• Predicting side effects when taking two types of drugs simultaneously

Materials Discovery

Drug Discovery

BACKGROUND MOLECULAR RELATIONAL LEARNING

Can we learn utilize 3D geometry for molecular relational learning?
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BACKGROUND MOLECULAR RELATIONAL LEARNING

Step1. Pre-training Stage

Step2. Fine-tuning Stage

𝒇
𝟐𝐃 𝟐

𝒇
𝟐𝐃 𝟏

G
eo

m
et

ric
 

G
N

N
 (𝒇

𝟑𝐃
)

𝒇
𝟐𝐃 𝟐

𝒇
𝟐𝐃 𝟏 Various properties

Absorption
Solvation Free Energy
Drug-Drug Interaction
…

Pre-training & Fine-tuning Framework
• Learn interaction geometry during Pre-training stage
• Predict target properties from 2D structure in Fine-tuning stage

Challenges
• How to get interaction geometry of molecules?
• Pre-training strategy for molecular relational learning?
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(a) Single Molecule (b) Molecular Interaction Environment(a) Single Molecule (b) Molecular Interaction Environment
Single Molecule Molecular Interaction Environment

BACKGROUND 3D GEOMETRY FOR MOLECULAR RELATIONAL LEARNING

How to calculate interaction geometry?

• The geometry of individual molecules
• The relative spatial arrangements between multiple molecules
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BACKGROUND 3D GEOMETRY FOR MOLECULAR RELATIONAL LEARNING

Vacuum Implicit Solvent Explicit Solvent

In Molecular Dynamics Simulation…

• More accurate
• Expensive

• Less accurate
• Cheap
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Larger Molecule Smaller Molecule

METHODOLOGY VIRTUAL INTERACTION GEOMETRY CONSTRUCTION

Virtual Interaction
Geometry
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Larger Molecule

Smaller Molecule

METHODOLOGY VIRTUAL INTERACTION GEOMETRY CONSTRUCTION

Smaller molecules

[Step1] Select target atom from larger molecule

[Step2] Position smaller molecules near target atom
Create random direction vector 𝜀
Scale the direction vector by the smaller molecule’s radius (𝑟#)

Transit smaller molecules near target atom

[Step3] Interaction Geometry

Virtual Interaction 
Geometry
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METHODOLOGY PRE-TRAINING FOR 3D INTERACTION GEOMETRY

Virtual Interaction Geometry

SE(3) Invariant Global Geometry
Reveals overall geometry of interaction environment

SE(3) Equivariant Local Geometry
Fine-grained relative geometry between large and small molecules
• Utilize Local frame for equivariance
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SE(3) Invariant Global Geometry
Reveals overall geometry of interaction environment

METHODOLOGY PRE-TRAINING FOR 3D INTERACTION GEOMETRY

Projection

Contrastive Learning 𝓛𝐠𝐥𝐨𝐛
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SE(3) Equivariant Local Geometry
Fine-grained relative geometry between large and small molecules
à Training 2D molecule encoder to predict geometry of the larger molecule

METHODOLOGY PRE-TRAINING FOR 3D INTERACTION GEOMETRY
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SE(3) Equivariant Local Geometry
Fine-grained relative geometry between large and small molecules
à Training 2D molecule encoder to predict geometry of the larger molecule

METHODOLOGY PRE-TRAINING FOR 3D INTERACTION GEOMETRY
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Local Frame for Equivariance
Orthogonal frame between atoms 𝑘 and 𝑙 in small molecule

Projection to invariant feature

Restore to equivariant feature
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SE(3) Equivariant Local Geometry
Fine-grained relative geometry between large and small molecules
à Training 2D molecule encoder to predict geometry of the larger molecule

METHODOLOGY PRE-TRAINING FOR 3D INTERACTION GEOMETRY

Relative Geometry 
𝒇𝒌

Virtual Interaction 
Environment (𝒈𝒗𝒓)

Local relative geometry as Pseudo Force
Since solvent atoms are placed near specific solute atoms,
the dominant interaction direction aligns with the interatomic vector
à Reasonable proxy for the net force axis
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EXPERIMENTS

Chromophore dataset
• Absorption max
• Emission max
• Lifetime

Solvation Free Energy dataset
• MNSol
• FreeSolv
• CompSol
• Abraham
• CombiSolv

Drug-Drug Interaction dataset
• ZhangDDI
• ChChMiner

Dataset statistics
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EXPERIMENTS

Observations
• 3DMRL obtains consistent improvements over the base GNNs in all 40 tasks
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EXPERIMENTS

Observations
• Single molecule pre-training methods did not yield satisfactory results in molecular relational learning
• 3DMRL consistently delivers significant performance improvements



18

EXPERIMENTS

Ablation Studies
• Learning the global geometry plays a critical role
• Combining both losses (3DMRL) yields the best results
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EXPERIMENTS

Sensitivity Analysis (a)
Selecting appropriate number of target atoms is crucial for 
both model performance and computational efficiency

Sensitivity Analysis (b)
Selecting appropriate weight of local geometry loss is crucial
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THANK YOU!

[Full Paper] https://openreview.net/forum?id=PZaxCfLGLA

[Source Code] https://github.com/Namkyeong/3DMRL

[Author Email] namkyeong96@kaist.ac.kr
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