Molecular Dynamics Simulation,
a household tool for future structural biology
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What we want to achieve

“...everything that is living can be | 1 |
understood in terms of the jiggling FEﬁT\l(’RSE,SCOSN
and wiggling of atoms.” 1 |

--R. Feynman




What is molecular dynamics



Typical MD trajectory output
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Everything Should Be Made as Simple as Possible, But
Not Simpler

Einstein



Protein Structure and Function Paradigms
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Molecular mechanics handles atoms connected by interactions
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MOLECULAR POTENTIAL ENERGY
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Integrate Newton’s equation of motion
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The theoretical foundation of MD



Why MD simulation of a molecular system is possible in theory?

Ergodic theorem (2545 1 48 52 7

A system explores all possible states and can
effectively attain thermal equilibrium
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Free Energy landscape

MOVING OVER ENERGY SURFACE
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The history of MD



Brief history of MD

e 1953: Metropolis Monte Carlo (MC) by Metropolis,
Rosenbluth, Rosenbluth, Teller & Teller

—simulation of a dense liquid of 2D spheres
e 1955: Fermi, Pasta, and Ulam

—simulation of anharmonic 1D crystal
e 1956: Alder and Wainwright

—molecular dynamics (MD) simulation of hard spheres
e (1958: First X-ray structure of a protein)
e 1960: Vineyard group

— Simulation of damaged Cu crystal



Brief history of MD

e 1964: Rahman

— MD simulation of liquid Ar
e 1969: Barker and Watts

— Monte Carlo simulation of water
e 1971: Rahman and Stillinger

— MD simulation of water



Brief history of MD

e 1970s: Simulations of small solutes and peptides
e 1977: McCammon, Gelin, Karplus
— First MD simulation of proteins
e 1980s:
— Free energy calculations
— Protein-ligand docking calculations
e 1990s:
— Continued force field development and sampling techniques
e 1998: Duan and Kollman: 1us MD simulation of the folding of
the Villin headpiece in explicit solvent
e 2009: Anton supercomputer specialized for MD
e 200: Karplus, Warshel, and Levitt--- Nobel Chemistry prize









Biomolecular Timescales

Simulation Exeeriment
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Understanding trajectories

* Proteins tend to have a small number of important states
e Transitions between states are sudden events
e States often live for tens of microseconds to milliseconds
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Shaw et al., Science 2010



ldentification nhew conformation

Deactivation of EGFR kinase

Shan et al.. PNAS 2013



Commonly uses MD softwares

CHARMM (Chemistry at HARvard Molecular Mechanics)
AMBER (Assisted Model Building with Energy Refinement)
NAMD (Not (just) Another Molecular Dynamics program)
GROMACS (GROningen MAchine for Chemical Simulations)
OpenMD

DESMOND



Commonly uses MD forcefields

CHARMM (Chemistry at HARvard Molecular Mechanics)
AMBER (Assisted Model Building with Energy Refinement)

OPLS-AA



MD as a tool for structural biology



1951: PAULING THE GREAT CHEMIST

1901-19%

i The alpha—helix




1953: FRANCIS CRICK
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1959:_ KENDREW AND MYOGLOBIN

Scientific American 1961
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First protein X-ray
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Why MD simulation

= MD simulations provide a molecular level
picture of structure and dynamics of biological
systems = property/structure relationships

= Experiments often do not provide the
molecular level information available from
simulations

= Simulators and experimentalists can have a
synergistic relationship, leading to new insights
into materials properties



Protein folding

105.472us

Piana et al., PNAS (2012)



Active Inactive

Arkhipov et al., Cell (2013)
Endres et al., Cell (2103)



Lapatinib binding to EGFR kinase
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Simulation binding pose superimposed to the Xtal poses

Virtually identical to crystal structures

Order-of-magnitude correct kinetics



The most important thing to remember:

By using MD simulation we should make predictions and guide
experiments, not only to explain what is already known.

Think like a biologist using simulation



A Safety Measure Encoded
in the Kinase Domain
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Cancer Mutations Suppress Disorder
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Higher Dimerization Rate and Activity

Specific activity (s
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Greater difference at low density

Dimerization dependence remains



Indeed, the mutants are predisposed to dimerization...
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Currently, MD is more useful as a qualitative tool than a quantitative
one

Qualitative understanding can be powerful



In principle, MD can calculate free energy and kinetic rates

FEP—Free energy perturbation method
Tl — Thermodynamic Integration
many other more empirical methods, such as MM-GBSA/PBSA

For the calculation of conformational energy
Umbrella sampling
Metadynamics



Many ideas to speed up MD

Replica exchange

Metadynamics

Accelerated molecular dynamics

Parallel MD simulations/Markov analysis



Molecular Dynamics is already an widely used tool
in today’s structural biology and a household tool
for tomorrow’s



