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         Not yet, so let’s keep doing it!  



A brief introduction to proteins

Linear chains (of amino acids) with bond length ~3.8Å
20 amino acid types with distinct side chains
Proteins fold rapidly and reproducibly (Anfinsen) 
Textbook paradigm: sequence determines structure 
Folding driven by hydrophobicity    protein maximizes 
self-interaction & expels water from its interior 
Space-filling building blocks: α – helices and almost 
planar β – sheets
Modular structure, finite number of folds



β β 

                            Linus Pauling
Geometries of protein building blocks predicted from
quantum chemistry: planarity of the peptide bond & 
need for a coherent placement of hydrogen bonds  

α-helix x



Energy

Entropy

 Minimal frustration
Sequence specificity
   Folding funnel
 Dill, Onuchic, Wolynes, ...

Energy

Polymers vs. Proteins 

 Gobule
 

Taylor, Paul, Binder, ...



What is missing?

           Amino acid heterogeneity?  Chemistry?

  Or does one need to remove spurious symmetries? 



Breaking spherical symmetry 

Chain is uniaxial
Sphere is isotropic

Sphere overlap introduces cylindrical symmetry

This inconsistency can be
removed by overlap

+ effective attraction mimicking hydrophobic collapse
+ side spheres in anti-normal direction (steric hindrance)



Škrbić, Hoang, Maritan, Banavar & Giacometti, Proteins (2019)
Škrbić, Hoang, Maritan, Banavar & Giacometti, Soft Matter (2019)
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When inspected carefully, helices & sheets do not have 
the right geometries

Breaking spherical symmetry helps

                            But what is missing?

               Space-filling is not correctly captured!



Sphere vs Tube



               

• Bond length equal to 3.81Å
• Space-filling discrete helix 

determined from elementary 
mathematics & physics

Tube radius Δ ≈ 2.63Å

Rotation angle ε ≈ 99.8°

Pitch to radius ratio         
η = P/(2 π R) ≈ 0.400

The discrete 
space-filling helix  
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       Maritan, Micheletti, 
Trovato & Banavar, Nature (2000)

Continuum case  



Discreteness: β-strands   

r(t) = R(sint, cost, ηt)
ε is rotation angle
t = n ε, n = 1, 2, 3, ...
R = helix radius
P = helix pitch
η = P/(2 π R) 

 RED AND BLUE               

SITES

FORBIDDEN 
BY STERICS

STANDARD   
     HELIX

• Three distinct geometries

• Discreteness enables a 
    second building block



Two types of assembly of β-strands   



            Tube radius of 2.63Å  

3α

α+4β



Experimental data on more than 4000 protein structures 
from PDB are in accord with zero-parameter theory
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Škrbić, Maritan, Giacometti, Rose & Banavar, Phys. Rev. E (2021)
Škrbić, Hoang, Giacometti, Maritan & Banavar, Int. J. Mod. Phys. B (2022)
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Experimental data on more than 4000 protein structures 
from PDB are in accord with zero-parameter theory

Škrbić, Maritan, Giacometti, Rose & Banavar, Phys. Rev. E (2021)
Škrbić, Hoang, Giacometti, Maritan & Banavar, Int. J. Mod. Phys. B (2022)
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Experimental data on more than 4000 protein structures 
from PDB are in accord with zero-parameter theory

Škrbić, Maritan, Giacometti, Rose & Banavar, Phys. Rev. E (2021)
Škrbić, Hoang, Giacometti, Maritan & Banavar, Int. J. Mod. Phys. B (2022)
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 – Banavar, Maritan et al. (2000 onwards)

       Textbook paradigm: Sequence determines structure 

       Sequence selects structure
            from the menu of pre-determined folds: 
        Sequence independent free energy landscape

        Homopolymer :
all minima are equivalent
   

        Specific sequence:
 one minimum is selected

         Finite # of distinct folds              vs.                 Astronomical # of putative  
      (~10,000 structures in PDB)                                     sequences (~100 20)



Summary

* First principles, zero parameter predictions of protein building 
blocks geometries validated by experimental structures

* Discreteness is essential for life
* Possibility of new classes of protein-like nano-machines not 
necessarily based on carbon chemistry
* While sequences and functionalities undergo Darwinian evolution, 
protein structures are Platonic and immutable – this helps maintain 
functionality during evolution 

* Future investigation: understanding the role of amino acid 
specificity in dictating the choice of the native state fold

* Consilience: Chemistry & Biology provide a perfect fit to the 
dictates of Mathematics & Physics
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