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Protein Physics

• Understanding protein structure & 
stability 

• Understanding protein folding 

• Sequence-structure-function 

• Predicting protein structure 

• Engineering protein structure 

• Mix of chemistry/biology/physics



Course homepage

•  http://courses.theophys.kth.se/SI2700/ 

• Full schedule with changes online asap 

• Copies of slides, papers, etc. will be uploaded

http://courses.theophys.kth.se/SI2700/


Book

• “Protein Physics” 

• Alexei Finkelstein & Oleg Ptitsyn 

• ISBN 0-12-256781-1 

• Can be a bit hard to get, try online 

• Extra reading material will be handed 
out



Assessment

• There will be 2 hand-in tasks (pass/fail) 

• 2-part written exam (E, D-A) 

• Reports must be passed before 
taking the exam 

• Pass on 2 hand-in task + 70% on E-part = E 

• D-A decided by rest of written exam  



Outline today

• Basic concepts - possibly repetition for some 

• Amino acids, proteins 

• Basic physical properties of aa & proteins 

• Structure of proteins, protein folding 

• Elementary interactions in proteins 

• Introduction to entropy, phase transitions



Protein structure

Sequence->Structure->Function



Amino acids

zwitterionic

19 out of 20 are chiral: natural state is L!

different properties



Amino acids

Different 
representations of 

arginine amino acid
atomic vs molecular 

levels



Polymerization



Polypeptides



Peptide bonds

Peptide bond 
rigid & planar 
(sp2-hybridization, 
electron 
delocalized) 

Peptide bond 
polarity



Example Proteins
weight ~110 per amino acid



Case study: Titin

FnIII domain



An assembled protein



X-ray crystallography

Protein 
structure



Protein structure

Max Perutz & Hemoglobin

X-ray structure
Took 22 years...



Protein structure

Kv1.2 ion channel  

Rod MacKinnon - 2003

KcsA 



Protein structure
Peter Agre - 2003

aquaporin



Protein structure
RNA Polymerase

Roger Kornberg 2006



Protein structure
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Ribosome

Tom Steitz & 
Peter Moore



Protein structure
GPCRs

Brian Kobilka 2012 25 unique 
structures



Cryo-EM

Nature, 2015



X-ray vs Cryo-EM



TRPV1

capsaicin allyl isothiocyanate



Why this diversity?



Conformational space
• How many conformations are there? 

• Sample Φ,Ψ torsion in 10 degree units 

• 36 ‘states’ for each torsion 

• 362 states per residue 

• For a 100-residue chain we get: 

• (362)100=36200≈10308 states for the chain 

• Only one is the native structure



Cis/trans isomers

In Proline, both Cis & Trans occur, 
and it is important for function!



Discussion
Which angle(s) affect protein structure the most?

and why?



Ramachandran diagrams

Natural degrees of freedom for amino acids
(due to steric clashes)



Ramachandran species
Glycine more flexible 
Proline less flexible; 

even messes up 
previous residue!

αR

β
αL



Anfinsen & Levinthal

• Anfinsen: Proteins adopt the structure 
corresponding to the global minimum in 
free energy 

• Levinthal: But how can a protein find 
that? Even with just 2 states per amino 
acid and 100 residues there are 2^100 
states! (Levinthal’s Paradox)



Polypeptide structure
• Backbone degrees of freedom: 

• Peptide (Ω) bond (trans) 

• Φ (C-N-CA-C),Ψ (N-CA-C-N) torsions  

• Side chain degrees of freedom: 

• χ1,χ2,χ3 torsions Rotational barrier around 
“single” (CH3-CH3) bond 
is roughly 2-4 kcal/mol



Protein Structure
Primary 

Structure
Secondary 
Structure

Tertiary 
Structure

Structure

Quaternary 
Structure

Residues Helix Chain Subunits



Helices

• Naturally occuring amino acid  
helices are right-handed 

• Nomenclature: NM-helix 

• Residue i h-bonds to i+N 

• M atoms per helical turn 

• 413 (α) helix - most common! 

• 310 helix



Helix examples

310 helix

α helix The α-helix is the most  
relaxed of the helical 

structures



Discussion
Which secondary structural element is more stable?



Secondary structure
• Local structure is very ordered 

• Helices 

• Sheets 

• Turns 

• Stable building blocks 

• Paired hydrogen bonds 

• Good local packing 

• No interference of side chains



Beta sheets

Antiparallel sheets Parallel sheets



Beta sheets

• Extended chains 

• H-bonds between, not 
inside individual chains 

• Pleated sheets 

• Slightly twisted (both for 
strand & sheet) 



Helix & sheet discovery
• Pauling, Corey (and partly Branson) - 1951 

• “The protein papers” (8 papers in PNAS vol 37) 

• reviewed by David Eisenberg (hand out)



Pauling DNA 



Ramachandran, again

• α-helices occupy favorable part of diagram 

• 3.6 residues per turn (100 degrees per residue)

α
27

310

αleft



Helix dipoles



KcsA ion stabilization

Roux & McKinnon, 1999

AND: How can potassium pass, but not  
sodium which has a smaller radius!?

How can a K+ ion pass through 
the membrane almost without barriers?

KcsA



H-bonds in Water

• Extremely high freezing & boiling points 
compared to similar molecules (O2,CH4) 

• All due to the hydrogen bonds
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Electrostatic strength

Example interaction energy:  
Two charges separated by ~1Å: 330 kcal/mol! 

(Compare to bond rotation, 2-4 kcal)

Electrostatic interactions decay as 1/r (slow!)



Hydrogen bonds

O-H or N-H group is donor 
Other O group is acceptor 

Donor group is very directional: 
max 30 degrees offset! 5 kcal/mol energy!



Water

Virtually all h-
bonds are intact!  

(1.7 per water)



Hydrogen bonds



H-bonds in proteins



Summary

• Read chapters 1-2 of “Protein Physics” 

• Understand amino acids, conformations 

• Understand hydrogen bonds  

• Anfinsen & Levinthal - what did they say? 

• Questions?



Advice from fellow students

• “Attending the class helps a lot in 
understanding the book contents” 

• “Start reading in the beginning! Try to 
read the covered chapters the same day 
or week” 

• “Go to the lectures I guess. I didn’t and it 
was really hard to read the course 
yourself”



For Lecture 2

• More on interactions, charges & 
electrostatics 

• Hydrogen bonds 

• The peptide bond properties  

• Boltzmann distribution 

• Free Energy 

• Definitions of entropy, temperature, etc.


