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Why do simulations?
1. What are the functional motions?

• Molecular (deterministic) dynamics
• Stochastic dynamics
• Normal modes

2. What are the most probable conformations?
• Molecular dynamics
• Monte Carlo methods
• Hybrid MD-MC methods

3. What is the most stable (probable) 
structure?
• Energy minimization
• Simulated annealing

Optimization

Sampling

Dynamics



Protein Structure and Energy
Model System

Molecular Mechanics Potential
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Energy Surface →
Exploration by Simulation..
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Molecular Dynamics
Movement on the potential energy surface

Newton’s Equations 
propagate the structure 
through time:

Force:



Brownian Dynamics
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Normal Mode Analysis

Pros:
• good local approximation
• yields large scale, correlated motions
• thermodynamic theory (entropy, enthalpy, free energy)

Cons:
• no transitions between states
• forced orthogonalization of modes
• what do modes mean (are all functionally relevant)?
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System will preferentially populate the lowest energy states

Monte Carlo

Quantity of interest:



Metropolis Monte Carlo
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• Rigorous canonical sampling
• Produces Boltzmann weighted 
populations:

• information about equilibrium states
• easy to implement



Monte Carlo Pros/Cons

Simulation involves random trial steps. (Analogy with gambling, 
hence the name Monte Carlo)

Pros:
• does not require a continuous energy function (as in MD)
• number of particles can easily vary (very hard in MD)

Cons:
• highly correlated movements are hard to simulate, leads to a 
poor sampling of large-scale changes



Optimization by Energy Minimization
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Physics Based Modeling

1. Quantum Mechanics - focus on the electrons
• Ab initio methods (MO = LCAO)

HF, DFT
• Semi-empirical methods

2. Molecular Mechanics - focus on the nuclei
• Empirical pairwise potential
• Continuum potential field

3. Hybrid QM/MM



Quantum Chemistry

Quantum chemical calculations yield:

– Structure: ground states ,excited states, transition states

– Energy: reaction energy (equilibrium constant), activation energy, 
ionization energy, torsional energy, vibrational energy

– Spectra: electronic, vibrational (normal modes), NMR

– Charge: partial charges, dipoles

– Chemical reactions: bond breakage

– Quantum effects: tunneling, spin

Physical model: Born-Oppenheimer approximation: electron waves in a 
field of the nuclei. 

Stationary 1D Schrodinger equation:



Quantum Chemistry Pros/Cons

Pros:

• detailed picture of a molecule (electrons etc.)

• electronic description, chemical reactions, excited states

• limited conformational flexibility (relaxation)

• often used to parametrize MD force fields

Cons:

• computationally very demanding (ab initio > DFT > semiempirical)

• static model (no time)

• only small systems: 10-1000 atoms



Molecular Mechanics
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•A molecule is described by interacting (soft) spheres.

• Different types of spheres describe different types of 
atoms.

• The interaction between chemically bound atoms is 
described by special bonding interaction terms.

• The interaction of not chemically bound atoms is 
described by non-bonding interaction terms.

• The motion of all the atoms in the molecule is 
described by Newtonian classical mechanics.



Timescale Limitations

Molecular dynamics:
Integration timestep - 1 fs, set by 
fastest varying force.

Accessible timescale: about 10 
nanoseconds.
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Molecular Mechanics Pros/Cons
Pros:

• detailed stereochemical model that describes certain aspects of 
biomolecules very well

• conformational flexibility

• dynamic model (time dependence) is possible

• large systems (> 10^4 atoms) can be modeled

Cons:

• computationally demanding

• large scale conformational changes are hard to model

• no electronic (quantum) desciption, no chemical reaction (bond 
breaking/forming), no excited states, …

• limited run times



Molecular Dynamics Implementation 



Molecular Dynamics: Pairwise Potential
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Verlet’s Numeric Integration Method

Taylor expansion:

Verlet’s Method



Production Run 
Protocol



Input Files: PDB

atomic structures
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Input Files: PSF
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Input Files: PSF
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Input Files: Topology Files
blueprints for building a PSF file
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Input Files: Parameter Files
defining the MM energy terms
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Practical Tips for Setting up MD
1. Decide what you want to simulate

(protein, DNA, sugars, water, ions, lipids, etc)

2. Build Individual Components
• add missing atoms
• add hydrogens
• modify ionization states
• graft functional groups onto residues
• compute missing energy parameters with QM

3. Solvate Structure

4. Combine Molecular Components
(lipid bilayer, water, ions, polymeric chains)

5. Minimize Energy / Equilibrate



Setting up a MD Simulation
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Build Individual Components

•Split the structure into individual, connected segments

•Delete all hydrogens (avoids atom name conflicts later, they are 
mobile and will be placed by MD program anyway)

•Correct atom names (compare PDB to topology file, edit PDB)



Deal with Unknown Residues
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Solvate the Structure
Implicit vs. Explicit Water Molecules?

Implicit: Distance-dependent dielectric (X-PLOR)
parameter nbonds RDIE SWITCH end end

+ Inexpensive

- Conformation artifacts (“quick and dirty”)

Implicit: Poisson-Boltzmann

+ More accurate than distance-dep. epsilon

- Experimental, research in progress (CHARMM, AMBER)

Explicit: Solvent

+ Best modeling of solvation effects

- Expensive, slow dynamics of water molecules (displacement difficult)



Explicit Solvation Scripts
• VMD solvate (Tcl script in 
library).

• The basic building block is an 
equilibrated cube of water 

• Replicates the water box as 
many times as necessary, 
renaming segments and 
removing overlapping atoms.

• The VMD solvate package 
uses VMD’s atom selection 
capabilities.

• solvate can deal with periodic 
boundary conditions



Predicting Buried Water

To prevent collapse of any 
cavities, we need to fill 
them with water molecules

DOWSER program (Jan 
Hermans, UNC Chapel 
Hill)

URL: 
http://femto.med.unc.edu/
DOWSER/Dowser.htm



Water Layer vs. Periodic Boundaries
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Periodic Boundary Conditions
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Predicting Ion
Positions

Explicit ions neutralize the 
system and mimic 
physiological ionic 
strength.

Placed sequentially at 
minimum of electrostatic 
stat energy with X-PLOR 
script.

Wriggers et al., 
Biophys.Journal 1998, 
74:1622-1639.



Combine Molecular Components

•Once you have all the components (protein water, membrane, 
etc) combine them into one structure (PDB + PSF), e.g. with 
X-PLOR script as shown in earlier sessions.

•Alternatively, use VMD/psfgen to assemble the PDB files



Structure Building in VMD: psfgen

• Tcl script in VMD script library.

• Maps residues to entries in a CHARMM topology file.

• Links residues to form connected segments.

• Combines segments to form a complete structure file.

• Patches residues to form new covalent bonds or modify 
charge states.

• Guesses coordinates for missing atoms.

• Writes PSF and PDB files.



psfgen Flow Chart

MD

PDB
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Take Home Message

• Setting up MD simulations is very tricky.

• May take expert hours to weeks of preparation.

• In this workshop we have already prepared scripts and 
structures for the demos.

• We use relatively ancient X-PLOR (1990s) in flexible 
fitting tutorials because of ease of implementation of 
constraints and ubiquitous distribution/documentation. 
CNS, NAMD, etc are alternatives that we are currently 
exploring.
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