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Outline

• Atomic-level modeling of biological macromolecules 
– Biomolecular structure (including protein structure) 
– Energy functions and their relationship to molecular conformation 
– Molecular dynamics simulation 
– Protein structure prediction 
– Protein design 
– Ligand docking 

• Coarser-level modeling and imaging-based methods 
– Fourier transforms and convolution 
– Image analysis 
– X-ray crystallography 
– Cryoelectron microscopy  
– Microscopy 
– Diffusion and cellular-level simulation 

• Recurring themes 2



Atomic-level modeling of  
biological macromolecules
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Biomolecular Structure
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Water (and salt ions)

Protein  
(adrenaline receptor)

Cell membrane (lipids)

• Proteins are constantly jiggling around, as are the molecules that surround 
them (mostly water). 

• Each protein can in fact assume many structures, but they tend to be 
similar to one another.  Usually we talk about the “average” structure, which 
is (roughly) what’s determined experimentally and deposited in the PDB. 

• The surrounding molecules play a key role in determining protein structure.



Two-dimensional protein structure

• Proteins are chains of amino acids 
• These amino acids are identical except for their 

sidechains (R groups in the diagram below). 
– Therefore proteins have regular (repeating) backbones 

with differing side chains 
– The different side chains have different chemical 

properties, and they ultimately determine the 3D 
structure of the protein. 

6http://bcachemistry.wordpress.com/2014/05/28/chemical-
bonds-in-spider-silk-and-venom/



What determines the three-dimensional 
structure of a protein or other biomolecule?

• Basic interactions 
– Bond length stretching 
– Bond angle bending 
– Torsional angle twisting 
– Electrostatic interaction 
– Van der Waals interaction 

• Complex interactions 
– Hydrogen bonds 
– Hydrophobic effect 
– These “complex interactions,” which result from the basic 

interactions above, are particularly important to understanding 
why biomolecules adopt particular 3D structures 7



Energy functions and their relationship 
to molecular conformation
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Potential energy functions

• A potential energy function U(x) specifies the total potential 
energy of a system of atoms as a function of all their positions (x)  
– For a system with n atoms, x is a vector of length 3n (x, y, and z 

coordinates for every atom) 
– In the general case, include not only atoms in the protein but also 

surrounding atoms (e.g., water) 
• The force on each atom can be computed by taking derivatives of 

the potential energy function
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bonded 
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Example of a potential energy function:  
molecular mechanics force field 
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Above is the form of a typical molecular mechanics force field (as used in molecular 
dynamics simulations, for example).  The terms correspond to the “basic interactions” 
discussed previously.



The Boltzmann Distribution
• The Boltzmann distribution relates the potential energy of a 

particular arrangement of atoms to the probability of observing 
that arrangement of atoms (at equilibrium): 
 
 
 
 
where T is temperature and kB is the Boltzmann constant 

• Note: Z is chosen such that the probabilities sum to 1 across all 
arrangements of atoms. It depends on U and T but not on x.
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Equivalently, 



Macrostates
• We typically care most about the probability that protein atoms 

will be in some approximate arrangement, with any 
arrangement of surrounding atoms 

• We thus care about the probability of sets of atomic 
arrangements, called macrostates 
– These correspond roughly to wells of the potential energy function 
– To calculate probability of a well, we sum the probabilities of all the 

specific atomic arrangements it contains 
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Free energies
• The free energy GA of a macrostate A satisfies: 

• Clarifications: 
– Free energies are clearly defined only for macrostates  
– However, in protein structure prediction, protein design, 

and ligand docking, it’s often useful to define a “free 
energy function” that approximates a free energy for some 
neighborhood of each arrangement of protein atoms 
• To predict protein structure, we minimize free energy, not 

potential energy 
– The term “energy function” is used for both potential 

energy and free energy functions
13

P(A) = exp −GA
kBT( )



Molecular dynamics simulation
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Molecular dynamics (MD) simulation
• An MD simulation predicts how atoms move around based on 

physical models of their interactions 
• Of the atomic-level modeling techniques we covered, this is 

closest to the physics; it attempts to predict the real dynamics 
of the system 

• It can thus be used to capture functionally important 
processes, including structural changes in proteins, protein-
ligand binding, or protein folding
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Basic MD algorithm

• Step through time (very short steps) 
• At each time step, calculate force acting on every 

atom using a molecular mechanics force field 
• Then update atom positions and velocities using 

Newton’s second law
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Note: this is inherently an approximation, because we’re using classical 
physics rather than quantum mechanics.  (Quantum mechanical 
calculations are used to parameterize force fields, however.) 



MD is computationally intensive

• Because: 
– One needs to take millions to trillions of timesteps to get 

to timescales on which events of interest take place 
– Computing the forces at each time step involves 

substantial computation 
• Particularly for the non-bonded force terms, which act 

between every pair of atoms 
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Sampling

• Given enough time, an MD simulation will sample 
the full Boltzmann distribution of the system 
– This means that if one takes a snapshot from the 

simulation after a long period of time, the probability of the 
atoms being in a particular arrangement is given by the 
Boltzmann distribution 

• One can also sample the Boltzmann distribution in 
other ways, including Monte Carlo sampling with the 
Metropolis criterion 
– Metropolis Monte Carlo: generate moves at random.  

Accept any move that decreases the energy.  Accept 
moves that increase the energy by ∆U with probability 
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