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•  Mo7va7on	  for	  Molecular	  Dynamics	  

•  Molecular	  Dynamics	  Theory	  

•  Molecular	  Dynamics	  	  What	  is	  possible	  
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•  Live	  Demo	  of	  Molecular	  Dynamics	  

Introduc7on	  to	  Molecular	  Dynamics	  
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Introduc7on	  to	  Molecular	  Dynamics	  

What	  is	  Molecular	  Dynamics?	  

“Certainly no subject or field is making more 
progress on so many fronts at the present moment 
than biology, and if we were to name the most 
powerful assumption of all, which leads one on and 
on in an attempt to understand life, it is that all 
things are made of atoms, and that everything that 
living things do can be understood in terms of the 
jigglings and wigglings of atoms.” 

Richard	  Feynman	  
The	  Feynman	  Lectures	  on	  Physics:	  Mainly	  Mechanism,	  Radia?on	  and	  Heat	  (1963)	  
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Introduc7on	  to	  Molecular	  Dynamics	  

What	  is	  Molecular	  Dynamics?	  

•  Developed	  as	  a	  simple	  method	  in	  the	  late	  1950's,	  MD	  algorithms	  evolved	  greatly.	  

•  MD	  assists	  inves?ga?on	  of	  atomic	  mo7on	  as	  does	  no	  other	  methodology.	  	  

•  The	   trajectories	  of	  molecules	  are	  determined	  mostly	  by	  numerically	  solving	  Newton's	  
equa7ons	  of	  mo7on	  for	  a	  system	  of	  interac?ng	  par?cles.	  

•  The	   forces	   between	   the	   atoms	   and	   their	   poten?al	   energies	   are	   calculated	   from	  
interatomic	  poten?als	  in	  molecular	  mechanics	  force	  fields	  that	  are,	  in	  effect,	  huge	  data	  
bases	  of	  molecular	  proper?es.	  



Introduc7on	  to	  Molecular	  Dynamics	  

Development	  of	  Molecular	  Dynamics	  over	  the	  past	  decades:	  

Why	  it	  is	  so	  Important?	  

www.ks.uiuc.edu/	  
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Introduc7on	  to	  Molecular	  Dynamics	  

Not	  only	  structure	  but	  also	  dynamics	  is	  important	  

Myoglobin	  Structure	  
Kendrew	  (1962	  Chemistry	  Nobel	  Prize)	   Dynamics	  plays	  an	  important	  role.	  	  
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Introduc7on	  to	  Molecular	  Dynamics	  

Protein	  Structure	  Determina7on:	  

X-‐Ray	  Crystallography	  	  
Nuclear	  Magne7c	  Resonance	  (NMR)	  
Cryo-‐Electron	  Microscopy	  
Homology	  Modeling	  and	  ab	  ini@o	  Modeling	  

Structure	  of	  Large	  Complexes	  are	  usually	  
solved	  combining	  two	  or	  more	  methods.	  



Introduc7on	  to	  Molecular	  Dynamics	  

www.ks.uiuc.edu/	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

The	  Computa7onal	  Microscope	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  
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Uses	  simple	  Physics	  concepts	  of	  Classical	  Mechanics.	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

Why	  not	  use	  Quantum	  Mechanics?	  

Problem:	  Bonds	  cannot	  break!	  
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Classical	  Mechanics	  vs.	  Quantum	  Mechanics	  

Classical	  Mechanics	  

Quantum	  Mechanics	  (ab	  ini@o)	  

Semi-‐empirical	  Methods	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

fs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ps	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ns	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  µs	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ms	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  s	  

Pure	  QM	  
	  
	  
Hybrid	  QM/MM	  
	  
	  
Classical	  MD	  
	  
	  
Coarse	  Grained	  MD	  

The	  Time	  Scale	  Problem	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

Hybrid	  QM/MM	  

QM 	   	  / 	  MM	  

MM	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

Now	  bonds	  can	  break!	  

New	   NAMD	   QM/MM	  
interface	   is	   ready	   and	  
will	  be	  released	  soon.	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

What	  7mescales	  are	  accessible	  
using	  classical	  Molecular	  Dynamics?	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

Performance	  of	  NAMD	  simula7ons	  on	  different	  computer	  plakorms	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

NAMD	  vs	  AMBER	  vs	  GROMACS	  



www.ks.uiuc.edu/	  

Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  

NAMD	  vs	  GROMACS	  
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Molecular	  Dynamics	  Simula7ons	  –	  What	  is	  possible	  

What	  can	  we	  study	  with	  the	  
Computa7onal	  Microscope?	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Theory	  
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Molecular	  Dynamics	  Simula7ons	  –	  What	  is	  possible	  
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Molecular	  Dynamics	  Simula7ons	  –	  What	  is	  possible	  

Not	  only	  size	  but	  also	  detail	  maners	  
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Molecular	  Dynamics	  Simula7ons	  –	  What	  is	  possible	  

Protein	  
In	  Solvent	  

Protein	  
+	  Membrane	  

Mul7-‐Protein	  
Complex	  

Cell	  
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Molecular	  Dynamics	  Simula7ons	  –	  What	  is	  possible	  

Molecular	   dynamics	   simula?ons	   connect	   func7on	   and	  
dynamics	   to	   structural	   data	   from	   diverse	   experimental	  
sources	   to	   inves?gate	  cri?cal	   cellular	  processes	  occurring	  at	  
the	  sub-‐Ångstrom	  level	  up	  to	  the	  macromolecular	  level.	  	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Some	  selected	  examples	  of	  	  
Molecular	  Dynamics	  simula7on	  studies	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Structure	  of	  the	  HIV	  Capsid	  	  

Juan	  Perilla	  

64	  million	  atoms	  

MD	  helps	  to	  solve	  
complex	  structures	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

100	  million	  atoms	  

MD	  helps	  to	  inves7gate	  the	  	  
func7on	  of	  small	  organelles	  

like	  the	  photosynte7c	  
chromatophore	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

A	  complex	  clockwork	  	  
of	  over	  30	  different	  proteins	  	  

26S	  Proteasome	  
The	  Recycling	  System	  of	  the	  Cell	  

5	  million	  atoms	  

Collabora?on	  with	  Wolfgang	  Baumeister	  MPI	  Munich	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Enzyma7c	  Ac7vity	  of	  Cellulases	  
Rafael	  C.	  Bernardi	  

Biofuels	  
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Molecular	  Dynamics	  Simula7ons	  	  -‐	  Examples	  

Ultrastable	  Protein	  complexes	  

Challenging	  environments	  have	  guided	  nature	  in	  the	  
development	  of	  ultrastable	  protein	  complexes.	  Specialized	  

bacteria	  produce	  discrete	  mul?-‐component	  protein	  networks	  
called	  cellulosomes	  to	  effec?vely	  digest	  lignocellulosic	  biomass.	  	  

	  
Certain	  cellulosomal	  ligand–receptor	  interac?ons	  exhibit	  extreme	  

resistance	  to	  applied	  force.	  

Catch	  Bond	  

Steered	  Molecular	  Dynamics	  

Nature	  Comm	  5,	  5635	  -‐	  2014	  
Nano	  Le2.,	  2015,	  15	  (11),	  7370	  -‐	  2015	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Ultrastable	  Protein	  complexes	  

Nature	  Comm.	  5,	  5635	  -‐	  2014	  
Nano	  Le2.,	  2015,	  15	  (11),	  7370	  -‐	  2015	  

Force	  Propaga7on	  Pathway	  

Collaboration w/ Hermann Gaub (Munich) 

Dockerin 

Cohesin 
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Combining	  MD,	  X-‐ray,	  and	  IR-‐spectroscopy	  	  
to	  explain	  enzyma?c	  catalysis	  

Enzyma7c	  catalysis	  

JBC	  290,	  40	  	  24079	  -‐	  2015	  
PNAS	  109,	  15295	  -‐	  2014	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  Examples	  

Molecular	  Dynamics	  Simula7ons	  

Theory	   Experiment	  
Socware	  Development	   Socware	  Applica?on	  

Disciplines:	  Physics,	  Mathema?cs,	  Informa?cs,	  
	  Chemistry,	  Biology,	  Medicine	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  So[ware	  	  

The	  Computa7onal	  Microscope	  
	  

So[ware	  

NAMD	  –	  VMD	  –	  QwikMD	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  So[ware	  	  

NAMD	  –	  Nanoscale	  Molecular	  Dynamics	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  So[ware	  	  

VMD	  –	  Visual	  Molecular	  Dynamics	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  So[ware	  	  

1	  Gigabit	  Network	  

Compressed	  Video	  

Solu7on:	  Interac?ve	  Remote	  Visualiza?on	  and	  Analysis	  

Theore?cal	   inves?ga?ons	   of	   large	   macromolecular	   complexes	   is	   more	   than	   just	  
running	  MD	   simula?ons.	   It	   also	   involves	  visualiza7on	   and	  analysis	   of	   Terabytes	   of	  
data.	  
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Molecular	  Dynamics	  Simula7ons	  -‐	  So[ware	  	  

Bringing	  supercomputers	  
to	  your	  home	  

•  Enable	  visualiza?on	  and	  analyses	  not	  possible	  with	  conven?onal	  worksta?ons	  
•  Access	  data	  located	  anywhere	  in	  the	  world	  	  
–  Same	  VMD	  session	  available	  to	  any	  device	  
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QwikMD	  -‐	  Integra7ve	  Molecular	  Dynamics	  Toolkit	  for	  Novices	  and	  Experts	  

www.ks.uiuc.edu/Research/qwikmd	  

Employing	   QwikMD,	   a	   user	   is	   able	   to	   prepare	   an	  
MD	   simula?on	   in	   just	   a	   few	   minutes,	   allowing	  
studies	   of	   point	   muta?ons,	   par?al	   dele?ons	   and	  
even	  atomic	  force	  microscopy	  experiments.	  
	  
	  
QwikMD	   assists	   a	   new	   user	   in	   performing	   MD	  
simula?ons,	  while	  it	  also	  servers	  as	  a	  learning	  tool.	  
Many	   "info	   bufons"	   provide	   the	   theore?cal	  
background	  underlying	  the	  MD	  procedures	  carried	  
out	  in	  modern	  MD	  simula?ons.	  

QwikMD	  
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QwikMD	  -‐	  Integra7ve	  Molecular	  Dynamics	  Toolkit	  for	  Novices	  and	  Experts	  

QwikMD	  Workflow	  

	  
www.ks.uiuc.edu/Research/qwikmd	  
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QwikMD	  -‐	  Integra7ve	  Molecular	  Dynamics	  Toolkit	  for	  Novices	  and	  Experts	  
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QwikMD	  -‐	  Integra7ve	  Molecular	  Dynamics	  Toolkit	  for	  Novices	  and	  Experts	  
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Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

Using	  NAMD:	  
Par?cipants	  learn	  how	  to	  use	  NAMD	  to	  set	  up	  
basic	   molecular	   dynamics	   simula?ons,	   and	   to	  
understand	   typical	   NAMD	   input	   and	   output	  
files,	  with	  an	  emphasis	  on	  such	  files	  for	  protein	  
energy	   minimiza?on	   and	   equilibra?on	   in	  
water.	  Tutorial	  versions	  available	  for	  Windows,	  
or	  Mac	  and	  Unix/Linux	  plajorms.	  
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Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

Using	  VMD:	  	  
Par?cipants	   build	   an	   image	   of	   ubiqui?n	  while	  
becoming	  familiar	  with	  basic	  VMD	  commands.	  
Addi?onally,	  par?cipants	  learn	  how	  to	  look	  for	  
interes?ng	   structural	   proper?es	   of	   proteins	  
using	  VMD.	  
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Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

VMD	  Images	  and	  Movies	  Tutorial:	  	  
This	   tutorial	   is	   designed	   to	   give	   users	   of	   VMD	   an	   introduc?on	   to	  
advanced	   techniques	   for	  making	   custom	   images	   and	  movies.	   The	  
first	  sec?on	  looks	  at	  how	  to	  use	  features	  such	  as	  resolu?on,	  color,	  
and	  material,	   depth	   percep?on,	   and	   volumetric	   data	   to	   produce	  
effects	   and	   enhancements	   for	   s?ll	   images.	   The	   second	   part	  
demonstrates	  how	   to	  work	  with	   trajectories,	  by	  using	   techniques	  
such	   as	   smoothing	   trajectories,	   showing	  mul?ple	   frames	   at	   once,	  
and	   making	   atom	   selec?ons	   "follow"	   a	   trajectory.	   It	   also	   shows	  
how	   to	   create	   a	  movie	   file	   from	   a	   trajectory	   using	   VMD's	  Movie	  
Maker	  plugin.	  	  
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Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

Structure	  Check:	  	  
This	   tutorial	   describes	   two	   VMD	   plugins	   that	  
can	   be	   used	   to	   detect	   and	   correct	   certain	  
structure	   errors,	   namely	   chirality	   and	   cis	  
pep?de	  bonds.	  The	  plugins	  can	  also	  be	  used	  to	  
prevent	   these	   errors	   from	   occurring	   in	  
simula?ons	   with	   NAMD.	   Requires	   VMD	   and	  
NAMD.	  
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Tutorials	  

hfp://www.ks.uiuc.edu/~trudack/QwikMD/	  

QwikMD	  image	  tutorials:	  	  
QwikMD	  -‐	  How	  to	  perform	  HIV-‐proteases	  simula7ons.	  	  
QwikMD	  -‐	  How	  to	  perform	  Glycoside	  Hydrolases	  simula7ons.	  	  
QwikMD	  -‐	  How	  to	  perform	  simula7ons	  of	  Pep7de	  +	  Membrane.	  	  
QwikMD	  -‐	  How	  to	  perform	  simula7ons	  of	  Aquaporin	  in	  Membrane.	  	  
QwikMD	  -‐	  How	  to	  perform	  steered	  molecular	  dynamics	  simula7ons	  
of	  ultrastable	  cellulosome	  components.	  

Well	  suited	  for	  beginners	  



www.ks.uiuc.edu/	  

Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

Molecular	   Dynamics	   Flexible	   Fipng	   (MDFF):	  
This	   tutorial	   describes	   how	   to	   flexibly	   fit	  
atomic	   structures	   into	  density	  maps	  using	   the	  
MDFF	   method.	   This	   method	   can	   be	   used	   to	  
obtain	   atomic	   models	   of	   macromolecular	  
complexes	   by	   combining	   X-‐ray	   structures	   and	  
cry-‐electron	   microscopy	   maps.	   Requires	   VMD	  
and	  NAMD.	  

Tutorial	  files	  are	  provided	  in	  your	  home	  folder.	  



www.ks.uiuc.edu/	  

Tutorials	  

hfp://www.ks.uiuc.edu/Training/Tutorials/	  

ModelMaker:	  	  
This	   tutorial	   describes	   interac?ve	   model	  
building	   with	   ModelMaker	   to	   fill	   in	   missing	  
pieces	  of	  structures.	  



www.ks.uiuc.edu/	  

Tutorials	  

hfp://www.ks.uiuc.edu/~trudack/QwikMDFF/	  

QwikMD	  image	  tutorial:	  	  
QwikMD	  /	  MDFF	  GUI	  -‐	  How	  to	  perform	  MDFF	  of	  Adenylate	  Kinase.	  

Well	  suited	  for	  beginners	  

hfps://www.youtube.com/watch?v=-‐KJiH_WF65s	  

YouTube	  tutorials	  interac7ve	  MDFF:	  	  



www.ks.uiuc.edu/	  

Key	  Web	  Sites	  

New	  VMD	  Release	  VMD	  1.9.3	  beta2	  available	  here:	  
	  
hfp://www.ks.uiuc.edu/Research/mdff/vmdbeta/	  

hfp://www.ks.uiuc.edu/Training/Workshop/Juelich2016/	  

Slides	  will	  be	  provided	  here:	  

hfp://www.ks.uiuc.edu/~trudack/QwikMD/	  

QwikMD	  Tutorials:	  

QwikMDFF	  Tutorial:	  
hfp://www.ks.uiuc.edu/~trudack/QwikMDFF/	  



Thank	  You	  


