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Traditional Drug Discovery & Development Process

Drug discovery Pre-clinical Phase 1 Phase 2 Phase 3

Time spent 4-5 years 1-2 years 1-2 years 1-2 years 2-3 years

$ spent $550M $125M $225M $250M $250M

Output 5,000 - 10,000 
compounds 10-20 candidates 5-10 

candidates
2-5 

candidates
1-2 

candidates

in vitro in vivo Clinical trials Approved
for clinical use

Pre-clinical
Drug Development

Drug 
Discovery

Clinical Drug 
Development

Animal model Safety & effect concern



Eroom’s Law



ML Accelerates Drug Discovery





Pseudoephedrine

SMILES
Simplified molecular-input 

line-entry system

CC(C(C1=CC=CC=C1)O)NC

What’s a compound?



Amino Acid Sequence
MFRQEQPLAEGSFAPMGSLQPDAGNASWNGTEA
PGGGARATPYSLQVTLTLVCLAGLLMLLTVFGNVL
VIIAVFTSRALKAPQNLFLVSLASADILVATLVIPFSL
ANEVMGYWYFGKAWCEIYLALDVLFCTSSIVHLCA
ISLDRYWSITQAIEYNLKRTPRRIKAIIITVWVISAVIS
FPPLISIEKKGGGGGPQPAEPRCEINDQKWYVISSC
IGSFFAPCLIMILVYVRIYQIAKRRTRVPPSRRGPDA
VAAPPGGTERRPNGLGPERSAGPGGAEAEPLPTQ
LNGAPGEPAPAGPRDTDALDLEESSSSDHAERPP
GPRRPERGPRGKGKARASQVKPGDSLPRRGPGA
TGIGTPAAGPGEERVGAAKASRWRGRQNREKRFT
FVLAVVIGVFVVCWFPFFFTYTLTAVGCSVPRTLFK
FFFWFGYCNSSLNPVIYTIFNHDFRRAFKKILCRGD
RKRIV

Alpha-2A receptor

What’s a protein?



Q: Will they bind?

What’s DTI?



A machine learning question:

Given drug SMILES, target amino acid sequence, 
what is their predicted binding affinity score?

What’s DTI?



DTI Mechanism



binds

Drug Molecule

Protein X Protein Y

binds

off-target

binds

Drug Molecule

Protein X

Virtual Screening Drug Repurposing

DTI Application



Drug
Encoder

Target
Encoder

Binding 
Score

Decoder

A Typical Deep Learning 
DTI Framework



Challenge 1: Inadequate modeling of 
interaction mechanism

Drug
Encoder

Target
Encoder

Binding 
Score

Decoder

Concatenation + MLP is 
not modeling anything

Previous methods do 
not model the sub-

structural nature of DTI 



Challenge 2: Restricted to limited 
labeled data

The model architectures in 
previous works (DeepDTA, 
DeepDTI, GraphDTA) are not 
designed to enable the 
integration of massive dataset.



MolTrans

A new data-driven 
substructural fingerprint 

that uses vast data 
sources.

A new model block 
motivated by and 

simulated DTI 
mechanism.



Substructure Decomposition 

In order to model the DTI 
substructural interaction, we 
have to identify substructure in 
the input sequence.



Substructure Decomposition 
A New Data-Driven Algorithm!

Partition each SMILES/Amino 
Acid Sequence into 
reasonable-sized high-quality 
substructures. 

Mine through vast ChEMBL and 
UniProt Database!

~2M SMILES Strings ~500K target sequence



Substructure Decomposition 
Example 

Formamide 
CO[C@@H]1[C@H](O)[C@@H](C)O[C@@H](OC[C@
@H]2[C@@H](C)OC(=O)\\C=C\\[C@H](C)[C@H](CC
[C@@H](C)C(=O)\\C=C\\[C@H]3O[C@@H]23)O[C@
@H]4O[C@H](C)C[C@H](O)[C@H]4O)[C@@H]1OC

CO[C@@H]1 
[C@H](O)[C@@H](C) 
O[C@@H]( OC[C@@H]2 
[C@@H](C) 
OC(=O)\\C=C\\
[C@H](C)[C@H](CC
[C@@H](C)C(=O) 
\\C=C\\
[C@H]3
O[C@@H]23)
O[C@@H]4
O[C@H](C)C
[C@H](O) 
[C@H]4O)
[C@@H]1 
OC

moderate-sized partition with each partition associated with sub-structures



Augmented Embedding 

To capture relations among 
each substructure in the input, 
we leverage Transformer’s self-
attention mechanism! 



Modeling Sub-structural Interaction

Motivated by the fact that DTI happens in 
sub-structural level, the interaction module 
pair each drug-target substructure 
fingerprint and generate a scalar that 
measures their interaction, 

Each position corresponds 
to an interaction intensity 
between a drug and a 
target substructure!



Capturing Higher Order Interaction

Nearby sub-structure of proteins and 
drugs also influence each other in 
triggering the interactions. We include a 
convolutional neural network to model 
these higher-order interactions.



Prediction

By flattening the CNN output, we generate 
an embedding for the DTI pair. The 
embedding is fed into a decoder for 
prediction.



MolTrans Achieves Superior 
Predictive Performance

MolTrans has up to 25% 
increase over best 
performing baseline!



MolTrans has competitive 
performance in unseen
drug and target setting



MolTrans performs best with 
scarce data



MolTrans is robust in various 
protein families



MolTrans allows model 
understanding

Drug: 2-nonyl n-oxide

Protein: Cytochrome bc1
complex unit 1

[N+]([O-]) and KNWV has the highest 
interaction coefficient, matching with the 
previous study (Lightbown and Jackson, 
1956) who showed that nitrogen oxide group 
is essential for cytochrome inhibition activity. 



Ablation Study



PaperCode

Thank you!


