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Assessment

• Course 4: five-minutes presentation on an article chosen from 
those mentioned in courses 1, 2 and 3

• Course 8: five-minutes presentation on an article chosen from 
those mentioned in courses 5, 6 and 7



COMPLEXITY

Life emerges from molecular assembly



Life emerges from molecular assembly

Main building blocks of life :

• amino acids       proteins

• nucleic acids       DNA

• lipids lipid bilayers

Life is (mostly) soft matter



Sizes in biochemistry 
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Timescales in biochemistry
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Molecular Biophysics

Protein structure



Proteins are amino acids polymers

Amino acids are composed of:

- Backbone (conserved)

- Side chain (variable)
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Amino acids polymerize forming a 

peptidic bond (condensation)
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Glutamic acid
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Proteins are amino acids polymers

Amino acids are composed of:

- Backbone (conserved)

- Side chain (variable)
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Protein Primary Structure: Sequence

SAESQ

Proteins with similar
sequence, likely:
• have similar

functions in an 
organism

• are evolutionarily
related



G.K. Hochberg et al. Structural principles that enable oligomeric small heat-shock protein paralogs to evolve distinct functions. Science, 2018 [SI]

Protein Primary Structure: Sequence

Proteins with similar
sequence, likely:
• have similar

functions in an 
organism

• are evolutionarily
related



Protein Secondary Structure

The amino acid chain path is determined
by backbone torsional angles



Protein Secondary Structure

Ramachandran plot: scatter plot of amino 
acids backbone torsional angles

G.N. Ramachandran, C. Ramakrishnan, V. Sasisekharan. Stereochemistry
of polypeptide chain configurations. Journal of Molecular Biology, 1963

The amino acid chain path is determined
by backbone torsional angles



Protein Secondary Structure

DSSP classification defines 7 secondary
structure elements (regions in the plot):
• H = α-helix
• G = 310 helix
• I = π-helix
• B = residue in isolated β-bridge
• E = extended strand
• T = hydrogen bonded turn
• S = bend

W. Kabsch and C. Sander, Dictionary of protein secondary structure: Pattern 
recognition of hydrogen‐bonded and geometrical features, Biopolymers, 1983

Ramachandran plot: scatter plot of amino 
acids backbone torsional angles

The amino acid chain path is determined
by backbone torsional angles



Protein Secondary Structure

Proline
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DSSP classification defines 7 secondary 
structure elements (regions in the plot):
• H = α-helix
• G = 310 helix
• I = π-helix
• B = residue in isolated β-bridge
• E = extended strand
• T = hydrogen bonded turn
• S = bend

Ramachandran plot: scatter plot of amino 
acids backbone torsional angles

W. Kabsch and C. Sander, Dictionary of protein secondary structure: Pattern 
recognition of hydrogen‐bonded and geometrical features, Biopolymers, 1983

The amino acid chain path is determined
by backbone torsional angles



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids

Cartoon
representation



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids

Cartoon
representation:
helices



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids

Cartoon
representation:
sheets



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids

Cartoon
representation:
loops



Protein tertiary structure: folding
Protein («polypeptide»): 10 to >1000 amino acids Anfinsen’s dogma

The three-dimensional 

structure of a protein in 

its native environment is 

solely determined by its 

amino acid sequence.

Christian Anfinsen. Principles that govern the folding 
of protein chains. Science, 1973



Hydrogen bonds

Hydrogen bond energy in biomolecular 
systems typically 5-25 kJ/mol, e.g.:
• O−H···:O , 21 kJ/mol (5.0 kcal/mol)
• N−H···:O , 8 kJ/mol (1.9 kcal/mol)

Electrostatic interaction. Structure:
• donor-acceptor distance typically 1.6-2 Å
• donor-acceptor-hydrogen angle must be small

amino acids’ backbone and polar side chains 
can be donor/acceptor



Hydrogen bonding on protein backbone

book.bionumbers.org

http://book.bionumbers.org/


Hydrogen bonding on protein backbone

book.bionumbers.org

http://book.bionumbers.org/


Disulfide bridges
Under oxidising conditions, cysteine side chains 

can form a covalent bond.

• Protein more resistent to denaturation

• Changes in conditions      structural change

T.J.Bechtel and E.Weerapana, From structure to redox: the diverse functional roles of disulfides and implications in disease, Proteomics, 2017

gp120, PDB: 5F4L

HIV-1 virus



Proteins fold in a structure of minimal energy

ΔG = ΔH – TΔS

Proteins fold spontaneously, i.e. ΔG < 0 

ΔSprotein is < 0
ΔS = ΔSprotein + ΔSwater > 0



Proteins fold in a structure of minimal energy

ΔG = ΔH – TΔS

Proteins fold spontaneously, i.e. ΔG < 0 

ΔSprotein is < 0
ΔS = ΔSprotein + ΔSwater > 0

H = U + PV; at physiological conditions ΔH≈ΔU
ΔH is small: a folded protein forms bonds with 
itself, an unfolded one forms bonds with water. 

Hydrophobic collapse drives folding!



Levinthal’s paradox
How can proteins find their unique fold in sub-second timescales?

- 100 amino acids-long protein

- 2x100 - 2 = 198 backbone torsional angles

- each torsional angle has on average 3 stable positions

- 3198 different configurations

- side chain rotation in the fs timescale (10-12 s)

- random search worst case scenario: 10-12 x 3198 ≈ 10-12 x 1099 = 1087 s

- age of the universe ≈ 13.7 billion years = 4.32x1017 s

Cyrus Levinthal. How to Fold Graciously. Mossbauer Spectroscopy in Biological Systems: Proceedings of a meeting held at Allerton House, 
Monticello, Illiois, 1969

Protein folding cannot be a random process



Can proteins unfold?

Denaturation: protein 
unfolding caused by its 
exposition to non-native 
conditions, e.g.:

•heat

•pH

• reducing/oxydising
agents temperatures >56o C denatures proteins in the egg yolk

Protein denaturation is usually harmful for an organism



Take home messages

• Proteins are amino acids polymers

• Proteins fold in three dimensional structures determined by their 

amino acids sequence

• Protein folding is driven by entropy (hydrophobic collapse)

• Folding is not a random process


