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On the importance of getting to know your neighbors 3



Outline 4

I) Brief intro to protein structure and function

II) Deciphering surface fingerprints for protein functional assignment

III) Fingerprint-driven design of de novo protein-protein interactions



Proteins are a fundamental molecular unit of life 5

Genetic 
information

Amino acids

Folded protein 
structure

Molecular function(s)
- Binding/recognition
- Catalysis 
- Mechanical functions 
- …. 

Biological function(s)
- Proliferation 
- Metabolic processes
- Host defense 
- ….



Protein function 6

Defense (antibody)

Structure (collagen)Catalysis (enzyme)

Transport (calcium pump)

Communication (insulin)

Storage (haemoglobin)



Pre-emptively addressing a common point !!! 7

AlphaFold2 from Google DeepMind did not solve all the scientific questions 
in protein science. 

Sequence Structure

Structure prediction 
problem

✓ Function prediction 
problem

Protein-protein 
interactions

Protein-metabolite
interactions

✗



“If you want to understand function – study structure”(Crick)   8

Protein structures are studied at different levels

Point cloud
(atomic diagram)

Molecular 
surface

Graph
(stick diagram)

Secondary 
structures

(ribbon diagram)



Yin et al. 2009

Dissimilar sequence, dissimilar structural architecture,
but similar function

-Some similarities can be observed at the surface level.



The many (sur)faces of protein structures 10

Can we identify surface patterns that reveal functional features of proteins ?

Pablo Gainza & Freyr Sverrisson  

Gainza,…, Correia
Nature Methods, 2020 



Images

Acoustic signals

Social networks Interaction 
networks

3D geometric dataMolecules

Geometric Deep 
Learning

Traditional
Deep Learning

Which data science framework to use ?
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Graphs Surfaces

Prototypical objects



Volumetric Point cloud Surface / mesh

Representation



Monti et Bronstein 2017

• Vertex-wise 𝑑𝑑-dimensional features: 𝑛𝑛 × 𝑑𝑑
matrix 𝐗𝐗

𝐱𝐱𝑖𝑖

𝑖𝑖

MoNet architecture



• Vertex-wise 𝑑𝑑-dimensional features: 𝑛𝑛 × 𝑑𝑑
matrix 𝐗𝐗

• Local geodesic polar coordinates 𝐮𝐮𝑖𝑖𝑖𝑖 around 𝑖𝑖

𝐱𝐱𝑖𝑖

𝑖𝑖

MoNet architecture

Monti et Bronstein 2017



• Vertex-wise 𝑑𝑑-dimensional features: 𝑛𝑛 × 𝑑𝑑
matrix 𝐗𝐗

• Local geodesic polar coordinates 𝐮𝐮𝑖𝑖𝑖𝑖 around 𝑖𝑖

• Local weights 𝑤𝑤1 𝐮𝐮 , … ,𝑤𝑤𝐿𝐿 𝐮𝐮 w.r.t.𝐮𝐮, e.g. 
Gaussians: 

𝑤𝑤ℓ 𝐮𝐮 = exp − 𝐮𝐮 − 𝛍𝛍ℓ T𝚺𝚺ℓ−1 𝐮𝐮 − 𝛍𝛍ℓ
‘soft pixels’

𝑖𝑖

MoNet architecture

Monti et Bronstein 2017



• Vertex-wise 𝑑𝑑-dimensional features: 𝑛𝑛 × 𝑑𝑑
matrix 𝐗𝐗

• Local geodesic polar coordinates 𝐮𝐮𝑖𝑖𝑖𝑖 around 𝑖𝑖

• Local weights 𝑤𝑤1 𝐮𝐮 , … ,𝑤𝑤𝐿𝐿 𝐮𝐮 w.r.t.𝐮𝐮, e.g. 
Gaussians: 

𝑤𝑤ℓ 𝐮𝐮 = exp − 𝐮𝐮 − 𝛍𝛍ℓ T𝚺𝚺ℓ−1 𝐮𝐮 − 𝛍𝛍ℓ
‘soft pixels’

• Spatial convolution with filter 𝑔𝑔:

𝐱𝐱𝑖𝑖′ =
∑ℓ=1𝐿𝐿 𝑔𝑔ℓ ∑𝑗𝑗=1𝑛𝑛 𝑤𝑤ℓ 𝐮𝐮𝑖𝑖𝑖𝑖 𝐱𝐱𝑗𝑗
∑ℓ=1𝐿𝐿 𝑔𝑔ℓ ∑𝑗𝑗=1𝑛𝑛 𝑤𝑤ℓ 𝐮𝐮𝑖𝑖𝑖𝑖

𝑖𝑖

MoNet architecture

Monti et Bronstein 2017



The many (sur)faces of protein structures 18

Can we identify surface patterns that reveal functional features of proteins ?

Pablo Gainza & Freyr Sverrisson  

Gainza,…, Correia
Nature Methods, 2020 
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MaSIF – a framework to generate fingerprint descriptors (vectors) that encode surface 
features

In collaboration with Michael Bronstein – Imperial College  

Molecular surface interaction fingerprints (MaSIF) 
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Applications

Molecular surface interaction fingerprints (MaSIF) 



Pocket Classification with MaSIF 21

Performance 
&

feature contribution

MaSIF correctly classifies pockets of proteins independently of sequence identity.

Comparison with other predictors
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Protein-protein interaction site prediction 22

MaSIF-site predicts PPI sites in the absence of the information of the binding partner.

Performance 

Comparison with other predictors

?



Super-fast search of protein complexes (docking) 
23

MaSIF-search finds true interacting patches with high accuracy  

Fingerprint Comparisons

Fingerprint Distance  
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MaSIF-search finds true interacting patches with high accuracy  

Fingerprint Comparisons

Fingerprint Distance  



Super-fast search of protein complexes (docking) 
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Fingerprint Comparisons

Fingerprint Distance  
Large-scale docking experiment

(100 targets all against all) 
Bound Complexes 



Super-fast search of protein complexes (docking) 
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Fingerprint Comparisons

Fingerprint Distance  
Large-scale docking experiment

(100 targets all against all) 
Bound Complexes 

MaSIF-search performs super-fast docking with similar performances to other programs



End-to-End MaSIF (dMaSIF)  27

-MaSIF limitations: 
Slow and high storage requirements
Pre-computation of handcrafted features

Sverrisson, F., Feydy, J., Correia, B. E., & Bronstein, M. M. (2020). Fast end-to-end learning on protein surfaces. bioRxiv.

Freyr Sverrisson  



dMaSIF – Prediction of surface chemical features 28

Sverrisson, F., Feydy, J., Correia, B. E., & Bronstein, M. M. (2020). Fast end-to-end learning on protein surfaces. bioRxiv.

Electrostatic potentials of the protein surface  

Ground truth dMaSIF prediciton Error Correlation



dMaSIF – Performance 29

Sverrisson, F., Feydy, J., Correia, B. E., & Bronstein, M. M. (2020). Fast end-to-end learning on protein surfaces. bioRxiv.

-Currently the results are equivalent to the initial MaSIF architecture 

-These technical improvements will be critical for problems related to protein 
flexibility and design

dMaSIF



Future perspectives - Deciphering fingerprints on 
interactomes

30

Protein-protein 
interactions

Protein-metabolite
interactions

Hypothesis: Proteins that perform similar interactions may display 
similar ‘fingerprints’ regardless of their evolutionary history



De novo design of protein interactions – an unsolved problem 

Target 
protein

Designed proteins

Aim: One-sided design to bind to a specific site in a protein target 



Challenges in designing computationally de 
novo PPIs

32

I) Empirical scoring functions lack the 
accuracy for proper discrimination

II) Solvent absent 

III) Dynamics absent 



PD-L1 binds to PD-1 and 
inhibits T-cell killing of tumor 
cell

Blocking PD-L1 or PD-1 
allows T-cell killing of tumor 
cell

2018 Nobel Prize
PD-proteins role in 

immunotherapy

Example: Binder design for cancer immunotherapy target 



Match
fragments

using
fingerprints

Transfer
fragment
to  stable 
protein

Fragment DB : > 100M fragments

Target protein: 
PD-L1

w/ F. Sverrisson

MaSIF

Target surface fingerprint

MaSIF – De novo design of PPIs 



Cell

M I SX

DNA strand

Protein sequence

Testing new molecules in the lab 



M I SX

DNA strand

Protein sequence

Testing new molecules in the lab 



M I SX

DNA strand

Protein sequence

Cell lysis

Testing new molecules in the lab 



M I SX

DNA strand

Protein sequence

Protein purification

Synthesized proteinTesting new molecules in the lab 



39PD-L1 Test Case 



40

Grafted seeds

PD-L1 Test Case 
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Grafted seeds

Experimental validation

PD-L1 Test Case 



Structural validation of computationally designed binder

Binder Xtal structure
Binder model
Seed model

Whole complex alignment: 0.77 Å

PD-L1

w/ S Wehrle, S Tan, G Gao

Computational model and experimental x-ray structure are in 
agreement at atomic level



MaSIF uncovers binding motifs distinct from native ligands

PD1 (Native binder) 
Seed model

PD-L1

-Hot-spot residues do not resemble the interactions present in the native ligand  



Distinctive points in our modeling framework 44

Molecular
Representation

Scoring
Scheme

State of the art MaSIF

 residue pairwise interactions
 pre-defined physical potentials 

 operates at the patch level 
 task-specific learned potentials 



Conclusions and Future Work
45

- Vector fingerprints reveal functional signatures from protein structures 
(independent of sequence evolutionary data)

- Identification of interaction fingerprints for small-molecules and proteins 
(critical for function)

- Fingerprint-base comparisons enable ultra fast docking simulations 
(unbound docking largely unsolved)

- Generation of protein binders straight of the computational stage (𝛍𝛍M range)

- One of the designed binders is in close agreement with the xtal structure  



Outlook 46

Genome Engineering

Vaccines

Synthetic Cells

TopoBuilder 

Surface-centric design 

Surface features

Methods Applications

Searching for the functional sequences
in an immense space of possibilities
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