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Molecular Biophysics

• What is Life? An Historical Prelude
• Central Dogma(s) of Molecular Biology
• The Storage of Information
• The Protein Folding Problem
• Basics of Biomolecular Structure
• Biological Function of Macromolecules
• The Ligand-Perturbed Free Energy Landscape
• Graphic Visualizaton of Biomolecules



• All of the components of the cell arrange themselves to 
make up the cell

• There is no “guide”, “life force”, or “volition”. The only 
”decisions” obey the laws of physics

Physics in Biology: What’s the 
Difference?



• Living things are much bigger than atoms

• Living things must be ordered

• Statistical Physics assumes order arises from large numbers of 
small molecules

• Example: magnetism-nuclear magnetization vs. temperature

Schrodinger 1942: What 
is Life?



• Living things are much bigger than atoms

• Living things must be ordered

• Statistical Physics assumes order arises from large numbers of 
small molecules

• Genetic instructions for the cell on 2-48 chromosomes

Schrodinger: What is Life?



the most essential part of a living cell-the chromosome fibre may suitably be 
called an aperiodic crystal. In physics we have dealt hitherto only with 
periodic crystals. To a humble physicist's mind, these are very interesting and 
complicated objects; they constitute one of the most fascinating and complex 
material structures by which inanimate nature puzzles his wits. Yet, 
compared with the aperiodic crystal, they are rather plain and dull. The 
difference in structure is of the same kind as that between an ordinary 
wallpaper in which the same pattern is repeated again and again in regular 
periodicity and a masterpiece of embroidery, say a Raphael tapestry, which 
shows no dull repetition, but an elaborate, coherent, meaningful design 
traced by the great master

Schrodinger: What is 
Life?



DNA RNA Protein

The Classical Central 
Dogma
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The Mechanism of Information 
Transmission in Biology



RNA, a Passive “Messenger”?
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”Memory” 
of previous 
generations 

(Natural 
Selection)

DNA Sequence

External Environment

DNA (Chromatin) Structure

RNA SequenceRNA Structure

Protein Sequence Protein Structure “Behavior”
Realm of Bio-
sensing and 
Information 
Transduction

Realm of Information Encoding and Storage

Modern Central Dogma?



helix (stem)

multi-branch
loop

internal loop

hairpin loop

bulge loop

A partition function can be 
used to determine the base 
pair probability (BPP)

McCaskill, J. S. (1990). Biopolymers 29(6-7): 1105-
1119.

Base pair probability could be more 
informative than a single minimal 
free energy (MFE)structure

Wei HuangJoohyun Kim (CCT)

RNA Folds as a Single Strand



Predicting Protein Folding

• Evolution selects for function, which is linked 
to structure

• Mutation can occur more rapidly at RNA level 
(splicing, recombination, etc.)

• Thermodynamics links sequence to structure, 
and often but not always to function



Forces driving protein folding
• Conformational entropy: favors conformations 

which contain dynamic elements
• Hydrogen bonds (intra and with water)
• vdW (hydrophobic interactions)
• Electrostatic forces
• Topological stress due to disulfide bridges

Predicting Protein Structure from First Principles was 
long the Holy Grail of Biophysics: Protein Structure may 
be Predicted based on Physics or Homology



Basic components of proteins: 
the Backbone
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Protein components: the side 
chains
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The Accessable Conformational 
Space

• Level 1: Rotation about f and y are restricted by 
steric blocks: leads next figure (for poly-A)

• Level 2: Add potential functions: leads to following 
figure for poly-A

• Adding side chains further limits accessible angles
• Map of database torsions and accessible torsions are 

in agreement: restrictions on f and y reflect steric 
constraints

This method then provides us with allowed structures



Ramachandran Maps



Calculating Potentials

Equation 3.4 shows the form used for a potential in 
molecular mechanics/dynamics calculations:

Ep = S K1(r – ro)2 +S K2(q– qo)2 + S (V/2)[1 – cos(nf + g) ] 
+ Electrostatics + H-bond + L-J 

This expression is a summation over all of the atoms, 
bond, bond angles, charges, and vdw and dispersion 
forces 



Ramachandran Maps



Structure validation by Cα geometry: ϕ,ψ and Cβ deviation

Proteins: Structure, Function, and Bioinformatics
Volume 50, Issue 3, pages 437-450, 8 JAN 2003 DOI: 10.1002/prot.10286
http://onlinelibrary.wiley.com/doi/10.1002/prot.10286/full#fig1

http://onlinelibrary.wiley.com/doi/10.1002/prot.v50:3/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/prot.10286/full


Structure validation by Cα geometry: ϕ,ψ and Cβ deviation

Proteins: Structure, Function, and Bioinformatics
Volume 50, Issue 3, pages 437-450, 8 JAN 2003 DOI: 10.1002/prot.10286
http://onlinelibrary.wiley.com/doi/10.1002/prot.10286/full#fig4

http://onlinelibrary.wiley.com/doi/10.1002/prot.v50:3/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/prot.10286/full


Protein Structures are built from 
Modular Elements

• a-helix
• 310 helix and b-turns
• Polyproline helices
• b sheets



a-Helices Contain a Dipole 
Moment
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310 Helix and b-Turn
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Protein Structure Prediction



Protein Structure Prediction

• Deep Mind Won 2020 CASP 
Competition

• Deep Mind Used >19,000 Structures 
(protein databank) in the “Learning 
Set”

• Algorithm Assumes Static Structure
• Still Remains to Predict Change in 

Fold on Binding to a Partner

https://predictioncenter.org/casp14/



The Cell is Made up of Dynamically 
Interacting Components

(PDB: 2MS2)

Chromatin 3mvd

Ribosome 4v49

DNA Lipids/membranes RNA

Vitamins

Drugs

Metabolites



Ligand Binding and Biomolecular
Flexibility

Specificity

• Enzymes

• Ligand/Drug Design

• Synthetic Biology

• Regulation of Gene Expression



Emil Fischer: The Lock and Key 
“Model” (1894)

Louis Pasteur 
Biography.com



Dan Koshland: The Induced Fit 
“Model” (1958)

Dan Koshland



1990s: Conformational Capture 
Model

Protein 
Structure 
from Nuclear 
Magnetic 
Resonance
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Textbook in Progress

Biophysics of Nucleic Acids

• The Free Energy Landscape of DNA and RNA 
and its Perturbation by Ligands



Biophysics of Nucleic Acids:
Proposed Topics

• Introduction
• Nucleic acid composition
• Folding on the Free Energy Landscape
• Experimentally Charting the FEL
• The FEL of Nucleic Acids

– Nucleotides
– Dinucleotide stacking
– Hydrogen bonding and water

• Nucleic Acid Helical Polymorphism
• Cooperative Structural Transitions
• Topology and DNA Supercoiling
• Three Dimensional RNA Folding
• Ions and Solvation
• Ligand binding: Linked Equilibria
• Small molecule Interactions
• Nucleic acid-Nucleic Acid Interactions
• Protein-Nucleic Acid Interactions
• Cryo-EM and Complex Assemblies
• Nucleic Acid Biophysics in Systems Biology


