
Basic Principles of Molecular 
Dynamics (MD) Theory 

Dr Karina Kubiak - Ossowska 
ARCHIE-WeSt, University of Strathclyde  

e-mail: karina.kubiak@strath.ac.uk 



1.  Mo%va%on	  	  
a)  Computer	  Simula%ons	  
b)  Molecular	  Dynamics	  simula%ons	  

i.  Why	  are	  Simula%ons	  needed?	  	  
ii.  Some	  Examples	  

2.  Molecular	  Dynamics	  Model	  
3.  Atom	  Model	  
4.  The	  Poten%al	  and	  the	  Force	  Field	  
5.  Energy	  Minimiza%on	  
6.  Integra%on	  Algorithms	  
7.  Ensembles,	  Thermostates,	  Barostates	  
8.  More	  advanced:	  	  

a)  Periodic	  Boundary	  Condi%ons	  (PBC)	  
b)  Full	  Electrosta%c	  Computa%on	  (PME)	  
c)  Constrains	  
d)  Steered	  MD	  

Outline	  



We	  want	  to	  model	  the	  complex	  processes	  occurring	  in	  nature	  as	  
accurately	   as	   possible.	   A	   good	   model	   has	   to	   provide	   a	   precise	  
descrip%on	   of	   the	   process	   and	   to	   allow	   the	   predic%on	   of	   the	  
future	   behavior	   of	   the	   system	   (or	   predic%on	   the	   results	   of	   the	  
similar	  process)	  within	  certain	  bounds.	  	  
	  
	  
	  
	  
	  
	  
1m3	   of	   gas	   under	   normal	   condi%ons	   contains	   2.68678x1025	  
atoms,	   12g	   of	   carbon	   C12	   contains	   6.02214x1023	   atoms,	   Milky	  
Way	  consists	  200	  billion	  stars…..	  

	  
Most	   natural	   processes	   cannot	   be	  
described	   using	   simple	   models.	   For	  
example,	   the	   analy%cal	   solu%on	   of	  
three-‐body	  mo%on	  does	  not	  exist.	  
	   hXp://en.wikipedia.org/wiki/Milky_Way	  

Computer	  Simula0ons	  



Computer	  simula%ons	  are	  used	  for	  inves%ga%ons	  of	  maXer	  at	  the	  
molecular	   level	   (s=10-‐9m,	   t=10-‐12	   –	   10-‐3s,	   m=10-‐27kg)	   as	   well	   as	  
studying	  the	  shape	  of	  the	  universe	  (s=1023m,	  t=1017s,	  m=1040kg).	  
Besides	   experimental	   and	   theore%cal	   approaches,	   computer	  
simula%ons	  are	  a	  third	  way	  in	  science.	  
	  
Computer	   simula%on	   means	   the	   mathema%cal	   predic%on	   of	  
physical	  process	  on	  a	  computer.	  	  

Computer	  Simula0ons	  



We	   want	   access	   to	   dynamica l	  
informa%on	   extrapolated	   from	   the	  
biomolecule	   structure	   (DNA,	   proteins)	  
using	  a	  molecular	  modelling	  tool.	  	  
	  
Structures	  deposited	  in	  the	  Protein	  Data	  
Bank	   (PDB)	   at	   25/02/2015:	   106,858	  
including	  99,287	  protein	  structures.	  	  
	  
How	  these	  biomolecules	  behave?	  How	  
they	  interacts	  with	  other	  biomolecules	  
and	  materials?	  

hXp://www.rcsb.org/pdb/sta%s%cs/contentGrowthChart.do?content=total&seqid=100	  

Molecular	  Dynamics	  Simula0ons	  



Using	  Molecular	  Dynamics	  we	  can	  SEE	  what	  biomolecules	  do,	  and	  
what	  their	  role	  is	  in	  the	  biological	  system.	  That	  is	  the	  only	  method	  

Why	  Simula0ons	  are	  Needed?	  	  

showing	   the	  
c o m p l e t e	  
molecule.	  	  



Computer	   simula%ons	   can	  
correct	   experiments:	   NAMD	  
simula%ons	   have	   revealed	  how	  
synaptotagmin	   I	   acts	   (synapse	  
neurotransmiXer).	   Simula%ons	  
suggest	  that	  the	  experimentally	  
o b s e r v e d	   s t r u c t u r e	   o f	  
synaptotagmin	   I	   measured	   in	  
vitro	   in	   a	   crystal/NMR	   form	   of	  
the	   protein,	   differs	   from	   the	  
a c % v e	   i n	   s i t u	   f o rm	   o f	  
synaptotagmin	  I.	  	  

Experiment	  Correc0on	  

h"p://www.ks.uiuc.edu/Research/namd/spotlight/	  



Graphene	   nanopores	   can	   detect	  
transloca%ng	   DNA	   by	   recording	  
concomitant	  flow	  of	  charged	   ions	  
through	  the	  pore.	  Studies	  	  suggest	  
that	   sheet	   currents,	   in	   graphene	  
membranes,	   can	   be	   used	   to	  
d e t e c t	   c o n f o rma%on	   a n d	  
sequence	   of	   a	   DNA	   molecule	  
passing	   through	   the	   nanopore.	  
This	   new	   research	   will	   guide	   the	  
development	   of	   graphene-‐based	  
nanosensors	  for	  DNA	  detec%on.	  	  

Graphene	  nanopore	  sensor	  

h"p://www.ks.uiuc.edu/Research/namd/spotlight/	  



Pore	   proteins	   are	   very	  
flexible,	   so	   it’s	   very	  
difficult	   to	   obtain	   a	  
crystal	   structure,	   which	  
is	   unfortunate,	   since	  
t h e y 	   c o u l d 	   o ff e r	  
aXrac%ve	   drug	   targets	  
f o r	   n e w	   a n % v i r a l	  
t h e r a p i e s . 	   M D	  
simula%ons	   can	   provide	  
plausible	  3-‐D	  models	  for	  
viroporins	   visualiza%on	  
and	  drug	  design.	  	  

Living	  cells	  –	  ion	  channels	  	  

hXp://www.ks.uiuc.edu/Research/namd/spotlight/	  



Virus	  structure	  and	  ac0on	  
HIV-‐1	   virus	   is	   the	   major	   cause	   of	   AIDS,	   for	  
which	   treatments	   need	   to	   be	   developed	  
con%nuously	   (the	   virus	   quickly	   becomes	  
quickly).	  When	  the	  virus	  infects	  a	  human	  cell	  it	  
releases	   into	   the	   cell	   its	   capsid	   -‐	   a	   closed,	  
stable	   container	   protec%ng	   the	   viral	   gene%c	  
material.	  Characteriza%on	  of	   the	  HIV-‐1	  capsid	  
will	  guide	  the	  design	  of	  novel	  drugs.	  	  

Simula%ons	  of	  the	  complete	  polio	  virus	  
hXp://www.ks.uiuc.edu/Research/namd/spotlight/	  



Thanks	   to	   the	   simula%ons	   we	   can	  
see	   how	   the	   protein	   aggregates	   at	  
the	  atomis%c	   level	  and	  describe	   the	  
a d s o r p % o n	   a n d	   d i ff u s i o n	  
mechanisms.	  	  

Protein	  adsorp0on	  

K.Kubiak-‐Ossowska,	  P.	  Mulheran,	  J.	  Phys.	  Chem.	  B,	  115,	  8891-‐8900,	  2011	  
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1.  Mol.	  Sim.,	  35,	  561-‐566,	  2009	  
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4.  Langmuir,	  26,	  15954-‐15965,	  2010	  



Understanding	  Diseases	  –	  Cataract	  

γ-‐crystalins	   in	   the	   human	   eye	   lens	   are	   responsible	   for	   lens	  
transparency.	   Upon	   UV	   irradia%on	   the	   lens	   becomes	   opaque	  
due	  to	  crystallin	  	  	  
aggrega%on.	  The	  
main	  reason	  for	  
is	  are	  TRP	  	  
altera%ons	  (dye	  
crea%on)	  that	  
influences	  the	  
protein	  structure	  
and	  results	  in	  
aggrega%on.	  

K.Kubiak,	  M.	  Kowalska,	  W.	  Nowak,	  J.	  Mol.	  Struct.	  630,	  315-‐325,	  2003	  



Molecular	  Microscope	  

MD	  is	  a	  computa%onal	  microscope	  enabling	  us	  to	  understand	  how	  
things	  work	  on	  a	  detailed	  molecular	   level,	   ranging	   from	  electronic	  
structures	  to	  long-‐term	  phase	  behavior	  of	  molecules	  

If	  one	  understands	  how	  things	  work,	  
one	  can	  manipulate	  them!	  



But…………	  

MD	  in	  NAMD	  

Molecular	  Dynamics	   is	  a	   theore%cal	  method,	   to	  understand	  the	  
meaning	  of	  results	  obtained	  we	  need	  to	  know	  the	  models	  used	  	  
and	  be	  aware	  of	  the	  approxima%ons	  made.	  MD	  is	  only	  a	  model,	  
but	  a	  model	  which	  works!	  
	  
To	   use	   the	   strength	   of	   the	   MD	   method	   we	   need	   to	   know	   its	  
weakness.	  	  	  
	  
	  
	  
MD	   is	   used	   to	   simulate	   molecular	   fluids,	   crystals,	   amorphous	  
polymers,	   liquid	   crystals,	   zeolites,	   nuclear	   acids,	   proteins,	  
membranes,	  viruses	  and	  many	  more	  biochemical	  materials.	  



Molecular	   Dynamics	   is	   the	   computer	   simula0on	   of	   physical	  
movements	   of	   atoms	   and	   molecules.	   The	   trajectories	   of	  
molecules	  and	  atoms	  are	  determined	  by	  numerically	  solving	  the	  
classical	  equa0ons	  of	  mo0on	  (Newton’s	  equa%ons)	  for	  a	  system	  
of	  interac%ng	  par%cles,	  where	  forces	  between	  the	  par%cles	  and	  
poten0al	   energy	   are	   defined	   by	   molecular	   mechanics	   force	  
fields.	  	  
	  
This	  was	   first	   accomplished	   in	  1957	   and	   1959	   for	   a	   system	   of	  
hard	   spheres	   by	   Adler.	   Now	   is	   applied	   mostly	   in	   materials	  
science	  and	  modelling	  of	  biomolecules.	  	  

Molecular	  Dynamics	  Model	  



Molecular	   mechanics	   (MM)	   in	   MD	   is	   used	   for	   energy	  
minimiza0on.	  The	  force	  field	  is	  used	  as	  an	  op%miza%on	  criterion	  
and	   the	   local	   minimum	   is	   searched	   for	   by	   an	   appropriate	  
algorithm	  (conjugate	  gradient,	  steepest	  descent).	  The	  main	  aim	  
is	   to	   find	   the	   lowest	   (or	   one	   of	   the	   lowest)	   energy	  
conforma0on	  of	  a	  molecule.	  

MD	  and	  Molecular	  Mechanics	  	  

	  
MM	   can	   be	   used	   for	  
biomolecule	   op%miza%on,	  
design	   of	   drugs	   and	   small	  
molecules,	   searching	   of	  
the	   binding	   sites,	   protein	  
folding	  kine%cs	  …	  



Atom	   –	   a	   hard	   ball	   with	   given	   radius	   and	   no	   direc%onal	  
proper%es	  and	  without	  internal	  degrees	  of	  freedom.	  The	  atoms	  
are	  connected	  by	  virtue	  of	  the	  bond	  interac%on	  energies.	  	  	  

Ball	  radius	  depends	  on	  the	  atom	  type.	  Some%mes	  is	  
easier	   to	   treat	   the	   atoms	   as	   a	   point	  with	  mass	   and	  
charge	   (equa%on	  of	  mo%on),	   some%mes	   is	  easier	   to	  
think	  about	  the	  hard	  balls	  (vdW	  radius,	  calcula%on	  of	  
the	  poten%al)	  

	  
Bond	  –	  is	  only	  virtual.	  The	  bonds	  are	  not	  independent	  en%%es	  in	  
the	   model	   and	   their	   characteris%cs	   (single/double)	   are	  
introduced	   only	   through	   the	   proper%es	   of	   interac%on	   with	  
atoms.	  

MD	  Atom	  Model	  



MD	  Atom	  Model	  

•  All	  collisions	  are	  perfectly	  elas0c:	  
i.  The	  total	  kine%c	  energy	  is	  conserved	  
ii.  The	  total	  momentum	  is	  conserved	  
iii.  Par%cles	  do	  not	  change	  their	  shape	  upon	  collision	  

(noble	  gas	  approxima0on)	  	  

•  Bonding	   interac%ons	   are	   modeled	   as	   springs	   (harmonic	  
oscillators).	   All	   bonds	   and	   bond	   angles	   are	   modelled	   as	  
springs.	  



MD	  Atom	  Model	  

•  Atomic	  charges	  are	  not	  changed	  during	  the	  trajectory	  
i.  Quantum	  effects	  are	  not	  included	  
ii.  Charge	  transfer	  is	  not	  possible	  
iii.  Because	   atoms	  have	  no	  direc%onal	   proper%es	   the	  

polariza%on	  effects	  (important	  in	  water	  molecules)	  
have	  to	  be	  introduced	  in	  other	  ways.	  

•  Bonds	   cannot	   be	   created	   (or	   destroyed)	   during	   the	  
simula%on;	   it	   does	   not	  maXer	   how	   far	   the	   bonded	   atoms	  
are,	  or	  how	  close	  the	  non-‐bonded	  atoms	  are.	  



Poten0al	  energy	  is	  associated	  with	  the	  set	  of	  forces	  that	  act	  on	  
a	  body	  which	  depends	  only	  on	  the	  body’s	  posi0on	  in	  space.	  The	  
set	   of	   forces	   can	   be	   considered	   as	   a	  Force	   Field	   (FF).	   In	   other	  
words	  poten%al	  energy	  is	  the	  energy	  of	  the	  object	  or	  the	  system	  
due	  to	  its	  posi%on.	  The	  SI	  unit	  for	  energy	  is	  the	  joule	  (J)	  

Poten0al	  Energy	  

Force	  field	  is	  an	  area	  where	  the	  
forces	   acts.	   It	   can	   be	   for	  
example	   a	   gravita%onal	   force	  
field	  around	  a	  uniform	  spherical	  
body	  (picture).	  



Poten0al	  Energy	  

Protein	  atoms	  exist	  
and	   move	   on	   the	  
c u r v e d ,	   m u l % -‐
dimensional	  energy	  
landscape	   which	  
w e 	   w a n t 	   t o	  
reproduce.	  



Evalua0ng	   the	   force	   is	   the	  most	   computa0onally	   demanding	  
part	  of	  molecular	  dynamics.	  	  
	  
The	   force	   is	   the	   nega%ve	   gradient	   of	   a	   scalar	   poten%al	   energy	  
func%on:	  
	  
Where	   the	   poten%al	   U	   is	   a	   sum	   of	   bonding	   and	   nonbonding	  
poten%als:	  
	  
	  

Ubonded	   involves	   2,	   3	   and	   4	   atom	   interac%on	   while	   Unonbonded	  
involves	  interac%ons	  between	  all	  pairs	  of	  atoms	  (ee	  	  &	  vdW).	  

Poten0al	  Energy	  

( ) ( )rUrF −∇=

( ) ( ) ( )∑∑ += rUrUrU nonbondedbonded



Let’s	  consider	  a	  linear	  molecule	  composed	  from	  10	  atoms.	  
	  
A1	  –	  A2	  –	  A3	  –	  A4	  –	  A5	  –	  A6	  –	  A7	  –	  A8	  –	  A9	  –	  A10	  	  
	  

How	  many	  pairs	  we	  have?	  (A1-‐A2=A2-‐A1)	  	  
	  
	  

Q1.	  Poten0al	  Energy	  -‐exercise	  

So	  how	  many	  terms	  in	  total	  we	  have?	  	  	  

Now	  exclude	  1	  –	  4	  atoms,	  how	  many	  pairs	  we	  have?	  

How	  many	  bonding	  interac%ons	  we	  have?	  	  

We	  have	  to	  do	  that	  twice:	  for	  electrosta%c	  &	  L-‐J,	  so:	  	  



Let’s	  consider	  a	  linear	  molecule	  composed	  from	  10	  atoms.	  
	  
A1	  –	  A2	  –	  A3	  –	  A4	  –	  A5	  –	  A6	  –	  A7	  –	  A8	  –	  A9	  –	  A10	  	  
	  

How	  many	  pairs	  we	  have?	  (A1-‐A2=A2-‐A1)	  	  
	  
	  

A1.	  Poten0al	  Energy	  -‐exercise	  

So	  how	  many	  terms	  in	  total	  we	  have?	  	  	  

Now	   exclude	   1	   –	   4	   atoms,	   how	   many	   pairs	   we	  
have?	  

How	  many	  bonding	  interac%ons	  we	  have?	  	  

55	  

21	  

42	  

9bonds+8angles+8dihedrals=25	  

42+25=67	  

We	  have	  to	  do	  that	  twice:	  for	  electrosta%c	  &	  L-‐J,	  so:	  	  



Now	  let’s	  add	  only	  10	  water	  molecules	  (30	  atoms).	  	  	  

Q2.	  Poten0al	  Energy	  –	  exercise	  	  

How	  many	  Unonbond	  water	  –	  water	  interac%ons	  do	  we	  have?	  

Do	  that	  twice,	  so:	  	  

How	   many	   nonbonding	   interac%ons	   between	   water	   and	   our	  
molecule	  do	  we	  have?	  	  	  

How	  many	  water	  Ubond	  terms	  do	  we	  have?	  	  

How	  many	   terms	   for	   10	   atoms	  molecule	   and	  10	  water	   system	  
do	  we	  have?	  (40	  atoms)	  
Ubond=	  

Unonbond=	  

Total=	  



Now	  let’s	  add	  only	  10	  water	  molecules	  (30	  atoms).	  	  	  

A2.	  Poten0al	  Energy	  –	  exercise	  	  

How	   many	   Unonbond	   water	   –	   water	   interac%ons	   do	   we	  
have?	  
Do	  that	  twice,	  so:	  	  

How	   many	   nonbonding	   interac%ons	   between	   water	   and	   our	  
molecule	  do	  we	  have?	  	  	  

How	  many	  water	  Ubond	  terms	  do	  we	  have?	  	  

How	  many	   terms	   for	   10	   atoms	  molecule	   and	  10	  water	   system	  
do	  we	  have?	  (40	  atoms)	  

405	  

810	  

2x10x10=600	  

3x10=30	  

Ubond=	  

Unonbond=	  

Total=	  25molecule+30water=55	  
42molecule+810water-‐water+600water-‐molecule=1452	  

1507	  



U	  bonded	  
The	   bonded	   poten%al	   terms	   involve	   2,	   3,	   and	   4	   body	  
interac%ons	  of	  covalently	  bonded	  atoms.	  They	  include:	  
	  
1.  Two	  body	  spring	  bond	  poten%al	  
2.  Three	  body	  spring	  angle	  poten%al	  
3.  Four	  body	  (torsional	  angle	  poten%al):	  

a.  Dihedral	  angle	  poten%al	  
b.  Improper	  angle	  poten%al	  

hXp://www.ch.embnet.org/MD_tutorial/pages/MD.Part2.html	  



Ubonding	  

We	   use	   simple	   harmonic	   oscillator	   approxima%on	   (neither	  
driven	  nor	  damped):	  
	  
	  
More	   realis%c	   would	   be	   Morse	   poten%al,	   which	   explicitly	  
includes	  bond	  breaking:	  
	  
	  
	  
But	  it	  is	  much	  more	  difficult	  to	  calculate……	  

€ 

F = −kx

€ 

U =
1
2
kx 2

( ) ( )( )21 err
e eDrU −−−= α

€ 

α =
ke
2De



Harmonic	  vs	  Morse	  poten0al	  

De	  –	  the	  well	  depth	  
α	  -‐	  the	  well	  width	  	  
Ke	   -‐	   the	   force	   constant	  
at	   the	   minimum	   of	   the	  
well	  

e

e

D
K
2

=α
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Bond	  Poten0al	  
The	  2-‐body	  spring	  bond	  poten%al	  describes	  the	  harmonic	  
vibra%onal	  mo%on	  between	  an	  (i,	  j)	  pair	  of	  covalently	  bonded	  
atoms:	  
	  
	  
	  
Where	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  the	  distance	  

( ) ( )∑ −=
bonds

jibbonds rrKRU 2
0,2

1!

ijji rrr −=,

r0	  

Between	  the	  atoms,	  r0	  is	  the	  
equilibrium	  distance	  and	  Kb	  is	  the	  
spring	  constant.	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  

hXp://www.ch.embnet.org/MD_tutorial/pages/MD.Part2.html	  



Angle	  Poten0al	  
The	   3-‐body	   angular	   bond	   poten%al	   describes	   the	   angular	  
vibra%onal	   mo%on	   occurring	   between	   an	   (i,j,k)	   triple	   of	  
covalently	  bonded	  atoms:	  

( ) ( ) ( )∑ −+−=
angles

UBikUBangles rrKKRU 22
02

1
θθθ

!

Where	  θ	  in	  the	  angle	  (in	  radians)	  between	  vectors:	  
	  
	  
θ0	  is	  the	  equilibrium	  angle	  and	  Kθ	  is	  the	  spring	  constant.	  
	  

kjkjijij rrrandrrr −=−=

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  
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Angle	  Poten0al	  
The	   second	   term	   is	   the	   Urey-‐Bradley	   term	   used	   to	   describe	   a	  
noncovalent	   spring	   between	   the	   outer	   i	   and	   k	   atoms,	   ac%ve	  
when	  constant	  KUB≠0,	  where	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  gives	  the	  distance	  
between	  the	  pair	  of	  atoms	  and	  rUB	  is	  the	  equilibrium	  distance.	  	  
	  

( ) ( ) ( )∑ −+−=
angles

UBikUBangles rrKKRU 22
02

1
θθθ

!

ikik rrr −=
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Torsional	  Angle	  Poten0al	  
The	   4-‐body	   torsion	   angle	   (also	   known	   as	   dihedral	   angle)	  
poten%al	   describes	   the	   angular	   spring	   between	   the	   planes	  
formed	  by	  the	  first	  three	  and	  last	  three	  atoms	  of	  a	  consecu%vely	  
bonded	  (i,j,k,l)	  quadruple	  of	  atoms	  
	  
	  
	  
	  
	  
where	  Ψ	  is	  the	  angle	  in	  radians	  between	  the	  (i,j,k)-‐plane	  and	  the	  
(j,k,l)-‐plane.	  The	  integer	  constant	  n	  is	  nonnega%ve	  and	  indicates	  
the	  periodicity.	  For	  n>0,	  φ	  is	  the	  phase	  shix	  angle	  and	  KΨ	  is	  the	  
mul%plica%ve	  constant.	  For	  n=0,	  φ	  acts	  as	  an	  equilibrium	  angle	  
(it’s	  units	  change	  to	  poten%al/rad2).	  	  
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Torsional	  Angle	  Poten0al	  
A	   given	   (i,j,k,l)-‐quadruple	   of	   atoms	   might	   contribute	   mul%ple	  
terms	  to	  the	  poten%al,	  each	  with	  its	  own	  parameteriza%on.	  The	  
use	   of	   mul%ple	   terms	   for	   a	   torsion	   angle	   allows	   for	   complex	  
angular	   varia%on	   of	   the	   poten%al	   which	   is	   effec%vely	   a	  
truncated	  Fourier	  series.	  	  
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Ubonded	  -‐	  summary	  
So	  the	  bonding	  poten%al	  is	  given	  by:	  

torsanglesbonds UUUU ++=
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Unonbonded	  

The	  nonbonded	  poten%al	  terms	  involve	  interac%ons	  between	  all	  
(i,j)-‐pairs	   of	   atoms,	   usually	   excluding	   pairs	   of	   atoms	   already	  
involved	   in	   a	   bonded	   term.	   Only	   the	   van	   der	   Waals	   and	  
electrosta%c	  interac%ons	  are	  considered.	  
	  
	  
Even	  using	   	  fast	  evalua%on	  methods,	  the	  cost	  of	  compu%ng	  the	  
nonbonded	   poten%als	   dominates	   the	   work	   required	   for	   each	  
%me	  step	  of	  an	  MD	  simula%on.	  (see	  our	  example	  above).	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  

elvdWnonbonded UUU +=



Van	  der	  Waals	  Interac0ons	  	  
The	  van	  der	  Waals	  force	  is	  the	  sum	  of	  the	  aXrac%ve	  or	  repulsive	  
forces	  between	  atoms	  other	  than	  those	  due	  to	  covalent	  bonds	  
or	  the	  electrosta%c	  interac%on	  of	  ions	  or	  charged	  atoms.	  	  
	  
The	  vdW	  force	  includes:	  

•  The	  force	  between	  two	  permanent	  dipoles	  (Keesom	  force)	  
•  The	  force	  between	  a	  permanent	  dipole	  and	  a	  corresponding	  induced	  

dipole	  (Debye	  force)	  	  
•  The	   force	   between	   two	   instantaneously	   induced	   dipoles	   (London	  

dispersion	  force)	  

Van	  der	  Waals	  forces	  are	  rela0vely	  weak	  compared	  to	  covalent	  
bonds	  or	  electrosta0c	  interac0ons,	  but	  play	  a	  fundamental	  role	  
chemistry,	  biology,	  nanotechnology,	  surface	  science.	  	  

hXp://en.wikipedia.org/wiki/Van_der_Waals_force	  



Van	  der	  Waals	  Interac0ons	  	  
The	   Van	   der	   Waals	   Force	   is	   described	   by	   the	   Lenard-‐Jones	  
Poten%al:	  
	  
	  
	  
	  
	  
Where	  εmin	  is	  the	  minimal	  	  poten%al	  observed	  	  (well	  depth).	  
	  
The	   Lennard-‐Jones	   poten%al	   approaches	   0	   rapidly	   as	   rij	  
increases,	  so	  it	  is	  usually	  truncated	  (smoothly	  shixed)	  to	  0	  past	  a	  
cutoff	  radius.	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  
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Unonbonded	  in	  Prac0ce	  
In	  NAMD	  cutoff	  is	  used	  together	  with	  switchdist,	  which	  means	  
that	  the	  poten%al	  is	  smoothly	  extrapolated	  to	  zero	  between	  the	  
values	  switchdist	  and	  cutoff.	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  
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Force	  Field	  
The	  exact	   formula%on	  of	   the	  poten%al	  energy	   formula	  and	   the	  	  
choice	  of	  parameters	  defines	  the	  force	  field.	  	  
	  

Each	   spring	   constant	   (KB,	   Kθ,	   KUB,	   KΨ)	   and	   each	   equilibrium	  
value	  (r0,	  θ0,	  rUB,	  φ)	  has	  to	  be	  defined	  for	  each	  pair,	  triple	  and	  
quadruple	   of	   atoms.	   Moreover	   each	   atom	   needs	   to	   be	  
accompanied	  with	  the	  charge	  (q)and	  LJ	  parameters	  (Rmin,	  εmin).	  
	  

The	   determina%on	   of	   these	   parameters	   requires	   significant	  
work	   undertaken	   as	   a	   combina%on	   of	   empirical	   and	   quantum	  
mechanical	  calcula%ons.	  Then	  the	  force	  field	  has	  to	  be	  tested	  to	  
check	   if	   reproduces	   correctly	   the	   structural,	   dynamical	   and	  
thermodynamical	  proper%es	  of	  molecules	  that	  have	  been	  well-‐
characterized	  experimentally.	  	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  
hXp://www.ch.embnet.org/MD_tutorial/pages/MD.Part2.html	  



Force	  Field	  
Commonly	   used	   Force	   Fields	   in	  Molecular	   Dynamics	   (including	  
the	   energy	   minimiza%on	   are:	   AMBER,	   CHARMM,	   GROMOS,	  
OLPS,	  CVFF.	  There	  are	  also	  polarizable	  versions.	  
	  
Force	  fields	  for	  coarse	  grained	  simula0ons:	  
VAMM	  –	  knowledge	  based	  force	  field	  for	  CG	  simula%ons	  
MARTINI	   –	   for	   coarse	   grained	   MD	   simula%ons	   of	   lipids	   and	  
proteins	  



Energy	  minimiza0on	  

Energy	   minimiza%on	   methods	   are	   used	   to	   compute	   the	  
equilibrium	   configura0on	   of	   molecules.	   Stable	   states	   of	  
molecules	   correspond	   to	   global	   and	   local	   minima	   on	   their	  
poten%al	   energy	   surface.	   Star%ng	   from	   non-‐equilibrium	  
geometry	   the	   mathema%cal	   procedure	   of	   op%miza%on	   moves	  
atoms	  to	  find	  the	  lowest	  energy	  configura0on.	  	  
	  

Energy	  minimiza%on	  does	   not	   include	   the	   temperature.	   From	  
physical	  point	  of	  view	  the	  final	  state	  of	  the	  system	  corresponds	  
to	  the	  configura%on	  of	  atoms	  in	  zero	  temperature.	  	  
	  

Poten0al	   energy	   surface	   –	   mul%dimensional	   surface	  
(hypersurface)	   with	   atomic	   posi%ons	   as	   variables.	   During	   the	  
minimiza%on	   procedure	   we	   change	   atoms	   coordinates	   to	   find	  
the	  global	  (ideally)	  minima.	  



Energy	  minimiza0on	  

In	  NAMD	  The	  default	  minimizer	  uses	  a	  sophis%cated	  conjugate	  
gradient	   and	   line	   search	   algorithm.	   The	   method	   of	   conjugate	  
gradients	  is	  used	  to	  select	  successive	  search	  direc%ons	  (star%ng	  
with	  the	  ini%al	  gradient)	  which	  eliminate	  repeated	  minimiza%on	  
along	  the	  same	  direc%ons.	  	  
Once	   the	   minimum	   in	   the	  
given	   direc%on	   is	   found	   the	  
algorithm	  looks	  for	  the	  next,	  
search	  direc%on.	  
	  
It	  is	  simple	  and	  …	  just	  works!	  	  



MD	  trajectory	  	  

MD	  trajectory	  is	  a	  series	  of	  atoms	  posi%ons	  (snapshots)	  in	  %me.	  
To	  obtain	  the	  trajectory	  we	  need	  to	  :	  
	  1.  Build	  the	  molecule	  –	  find	  the	  (x,y,z)	  posi%on	  of	  all	  atoms	  
2.  Chose	  the	  force	  field	  (or	  create	  it)	  
3.  Find	  the	  op%mal	  structure	  (energy	  minimiza0on)	  
4.   Calculate	  the	  trajectory	  =	  Solve	  the	  Newton’s	  equa0ons	  of	  

mo0ons	  of	  all	  atoms	  in	  the	  force	  field	  at	  each	  %me	  moment	  
(%mestep)	  

5.   Analyze	   the	   trajectory	   obtained,	  make	   or	   verify	   hypothesis	  
and	  …	  write	  the	  NATURE	  paper	  J	  



Newton’s	  equa0ons	  

The	  force	  field	  defines	  the	  poten%al	  energy	  	  	  	  	  	  	  	  	  	  	  	  where	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  a	  	  set	  of	  separate	  atom	  vectors	  
	  

and	  N	  is	  a	  number	  of	  atoms	  in	  the	  system.	  	  
	  
We	  know	  that	  the	  force	  ac%ng	  on	  atom	  i	  is:	  	  
	  
	  
and	  simultaneously	  from	  Newton’s	  second	  law:	  
	  
	  
	  

and	   we	  want	   to	   find	   	   	   	   	   	   	   	   (solve	   the	   equa%on	   on	  mo%on)	  	  	  	  	  	  	  	  	  	  	  	  
for	  atoms	  i=1,	  2,...,N	  	  
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Integra0on	  Algorithms	  	  

1.  Finite	  Difference	  Methods	  
2.  The	  Verlet	  Algorithm	  
3.   Velocity	  Verlet	  Algorithm	  (leap-‐frog)	  
4.  …..	  Many	  others……….	  
	  



Finite	  Difference	  Method	  

Given	  the	  posi%on	  of	  the	  atoms,	  veloci%es	  and	  other	  dynamical	  
informa%on	   at	   %me	   t	   we	   aXempt	   to	   obtain	   the	   posi%ons,	  
veloci%es,	  etc.	  at	   the	   later	  %me	  t+δt.	  The	  equa%ons	  are	  solved	  
on	  a	  step-‐by-‐step	  basis	  using	  the	  Taylor	  expansion:	  	  
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Finite	  Difference	  Method	  

The	  algorithm	  would	  be:	  
1.  Predict	   the	  posi%ons,	   veloci%es,	   accelera%ons	   at	   the	  %me	   t

+δt	  using	  current	  values	  of	  these	  quan%%es	  
2.  Evaluate	  the	  forces	  and	  then	  the	  accelera%ons	  from	  the	  new	  

posi%ons	  
3.  Correct	   the	   predicted	   posi%ons,	   veloci%es,	   accelera%ons	  

using	  the	  new	  accelera%ons	  
4.  Calculate	  variables	  (for	  example	  energy)	  and	  go	  to	  step	  1	  
	  
	  
	  



The	   Velocity	   Verlet	   algorithm	   is	   a	   numerical	   method	   used	   to	  
integrate	  Newton’s	  equa0ons	  of	  mo0on.	  	  
	  
1.  Fast	  and	  accurate	  
2.  Linear	  and	  angular	  momentum	  preserved	  
3.  Time	  reversible	  
4.  Requires	  only	  one	  force	  evalua%on	  for	  each	  %me	  step	  
5.  The	  algorithm	  is	  symplec%c	  	  (long-‐%me	  stable)	  	  
	  
	  
The	   Velocity	   Verlet	   algorithm	   generates	   a	   sequence	   of	  
“snapshots”	   for	   the	   par%cle	   coordinates	   and	   veloci%es	   at	   all	  
intermediate	  %mes	  Δt	  

The	  Velocity	  Verlet	  Algorithm	  



The	  posi%on	  of	  the	  atom	  is	  updated	  every	  	  	  	  	  	  	  	  step	  
	  
	  
	  

while	  the	  velocity	  is	  updated	  every	  	  	  	  	  	  	  	  	  	  	  	  	  	  step:	  
	  
	  
	  

The	  accelera%on	  in	  the	  next	  step	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  
	  
	  
The	  velocity	  in	  the	  next	  step	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  

The	  Velocity	  Verlet	  Algorithm	  
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For	  atom	  i=1:	  
1.  Calculate	  the	  ini%al	  accelera%on	  	  	  	  	  	  	  	  	  from	  the	  force	  field	  

2.  Guess	  the	  ini%al	  velocity	  	  	  	  	  	  	  	  	  	  (Gaussian	  distribu%on	  with	  
a	  temperature	  dependent	  variance)	  

3.  Calculate	  the	  posi%on	  at	  next	  %me	  interval	  	  

	  
4.  Repeat	  1-‐3	  for	  atoms	  i=2,…,N	  
5.  Calculate	  the	  force	  field	  at	  the	  next	  %me	  interval	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  using	  new	  posi%ons	  of	  all	  atoms	  i=1,…,N.	  

Trajectory	  calcula0ons	  

( )tv1
!

( )ta1
!

( ) ( ) ( ) ( ) 2
1111 2

1 ttattvtrttr Δ+Δ+=Δ+
!!!!

( ) ( )( )trU
m

ta 1
1

1
1 !!

∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

€ 

t +Δt( )

( )ttRU Δ+(
!

{ }NrrrrR !!!!!
,...,,, 321=



For	  atom	  i=1:	  
6.  Calculate	   the	  accelera%on	   	   	   	   	   	   	   	   	   	   	   	   	   at	   the	  next	  %me	  

interval	  

	  

7.  Calculate	  the	  velocity	  at	  the	  next	  half-‐	  %me	  interval	  	  

	  

8.  Calculate	  the	  velocity	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  at	  the	  next	  %me	  interval	  

9.  Repeat	  for	  atoms	  i=2,…,N	  	  
10. Repeat	  	  3-‐9	  
11. At	  given	  intervals	  rescale	  veloci%es	  to	  given	  temperature	  
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MD	  trajectory	  	  

A	  MD	  trajectory	  is	  a	  series	  of	  atom	  posi%ons	  (snapshots)	  in	  %me.	  
To	  obtain	  a	  trajectory	  we	  need	  to	  :	  
	  1.  Build	  the	  molecule	  –	  find	  the	  (x,y,z)	  posi%on	  of	  all	  atoms	  
2.  Chose	  the	  force	  field	  (or	  create	  it)	  
3.  Find	  the	  op%mal	  structure	  (energy	  minimiza0on)	  
4.   Calculate	  the	  trajectory	  =	  Solve	  the	  Newton’s	  equa0ons	  of	  

mo0ons	  of	  all	  atoms	  in	  the	  force	  field	  at	  each	  %me	  moment	  
(%mestep)	  

5.   Analyze	   the	   trajectory	   obtained,	  make	   or	   verify	   hypothesis	  
and	  …	  write	  the	  NATURE	  paper	  J	  



To	  run	  MD	  we	  have	  to:	  	  

1.  Build	  the	  molecule	  –	  find	  the	  (x,y,z)	  posi%on	  of	  all	  atoms	  
2.  Create	   (or	   apply)	   the	   exis%ng	   force	   field	   (choose	   the	  

soxware	  package)	  
3.  Find	  the	  op%mal	  structure	  (energy	  minimiza0on)	  
4.   Solve	   Newton’s	   equa0ons	   of	  mo0ons	   for	   all	   atoms	   in	   the	  

force	  field	  at	  each	  %me	  moment	  (%mestep)	  -‐>	  the	  trajectory	  
5.   Analyze	   the	   trajectory	  obtained,	  make	  or	   verify	   hypothesis	  

and	  …	  write	  the	  paper	  J	  

Except	  for	  5,	  we	  already	  have	  all	  the	  informa%on	  needed.	  Let’s	  
summarize	  





Build	  the	  protein?	  

Building	  the	  protein	  is	  not	  very	  good	  idea	  -‐	  there	  are	  too	  many	  
atoms	   each	   with	   (x,y,z)	   posi%ons.	   However,	   the	   3D	   protein	  
structure	  is	  crucial	  for	  its	  ac%vity…	  
	  
How	  to	  put	  the	  protein	  into	  the	  computer?	  
	  
Protein	  Data	  Bank	  (pdb).	  Visit	  the	  page	  
hXp://www.rcsb.org/pdb/home/home.do	   and	   download	   the	  
structure!	  	  



Protein	  in	  the	  computer	  

Protein	  structures	  are	  solved	  by:	  	  
1.   X-‐ray	   diffrac0on.	   Experimentalist	   has	   to	   make	   the	   protein	  

crystal	   first	   (difficult),	   H-‐hydrogen	   atoms	   are	   not	   visible	  
within	  this	  method	  (so	  we	  have	  to	  add	  them)	  

2.   NMR.	  Works	  well	  only	  for	  small	  molecules,	  the	  entry	  includes	  
several	   possible	   conforma%ons	   –	   we	   have	   to	   chose	   one	   of	  
them	  

	  

Some%mes	   there	   are	   numerous	   entries	   for	   the	   same	   protein.	  
How	   do	   we	   choose	   the	   best	   structure?	   Check	   the	   deposi%on	  
date,	   the	   resolu%on,	   experimental	   condi%ons,	   presence	   of	   any	  
addi%ves,	  if	  there	  are	  missing	  atoms	  or	  residues.	  It	  is	  easy	  to	  add	  
the	  missing	  atoms	  -‐	  adding	  missing	  residues	  is	  more	  complicated.	  	  



Simula0on	  Run	  

1.  Choose	  the	  molecule	  from	  the	  Protein	  Data	  Bank	  
2.  Choose	  the	  force	  field	  (choose	  the	  soxware)	  
3.   Energy	   minimiza0on:	  Minimize	   the	   poten%al	   energy	   (find	  

the	  op%mal	  conforma%on)	  -‐>	  calculate	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  which	  will	  
be	   used	   to	   calculate	   ini%al	   accelera%ons	   in	   the	   trajectory	  
calcula%ons.	  

4.   Calculate	   the	   trajectory	   under	   chosen	   condi%ons	  
(temperature	   T,	   pressure	   P,	   water).	   Temperature	   and/or	  
pressure	   control	   means	   that	   ….	   our	   equa%ons	   have	   to	   be	  
modified	  L	   because	   in	   the	  Verlet	  algorithm	  we	  don’t	  have	  
the	  control	  of	  T	  or	  P.	  	  

( )( )0=tRU !



Ensembles	  

In	   classical	   MD,	   simula%ons	   are	   done	   with	   a	   microcanonical	  
ensemble	   (N,V,E	   are	   constant)	   where	   energy	   is	   controlled,	  
rather	  than	  temperature.	  Experiments	  are	  (usually)	  done	  in	  the	  
canonical	  ensemble	   (N,V,T	  are	  constant).	   It	  means	  we	  need	  to	  
introduce	   the	   method	   to	   control	   the	   temperature	   –	   the	  
thermostat.	  	  
	  
For	   (N,P,T)	   ensemble	   we	   also	   need	   the	   barostat	   –	   the	  
mechanism	  to	  keep	  the	  pressure	  constant.	  



Ensembles	  

Microcanonical	   ensemble	   (NVE)	   –	   number	   of	   atoms	   (N),	   the	  
system	   volume	   (V)	   and	   the	   total	   energy	   (E)	   are	   conserved.	  
Canonical	   ensemble	   (NVT)	   -‐	   number	  of	   atoms	   (N),	   the	   system	  
volume	   (V)	   and	   the	   temperature	   (T)	   are	   conserved.	   Energy	   is	  
exchanged	  with	  a	  thermostat.	  	  
Isothermal-‐isobaric	  ensemble	  (NPT)	  -‐	  number	  of	  atoms	  (N),	  the	  
system	  pressure	   (P)	   and	   the	   temperature	   (T)	   are	   conserved.	  A	  	  
thermostat	  and	  a	  barostat	  are	  needed.	  
	  
Based	  on	  posi%ons	  and	  veloci%es	  we	  have	  to	  calculate	  sta%s%cal	  
quan%%es	  such	  as	  temperature.	  	  
	  



Temperature	  

Temperature	   is	  a	  sta0s0cal	  quan0ty	  which	  has	   to	  be	  expressed	  
as	   a	   func%on	   of	   posi%on	   and	   momenta	   of	   all	   par%cles	   in	   the	  
system.	  For	  a	  system	  containing	   large	  enough	  number	  of	  atoms	  
the	  temperature	  can	  be	  es0mated	  from	  the	  kine0c	  energy:	  
	  
	  
	  

where	  Nf	  is	  the	  number	  of	  degreed	  of	  freedom	  in	  the	  system	  with	  
N	  par%cles	  (atoms)	  and	  KB	  is	  Boltzman	  constant	  =1.38x10-‐23	  	  	  	  	  	  	  	  	  	  
	  
Temperature	  depends	  on	  0me	  because	  posi%ons	  and	  veloci%es	  
depend	  on	  %me	  
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Ensembles	  

A	  fundamental	  requirement	  for	  an	  integrator	  is	  to	  generate	  the	  
correct	  ensemble	  distribu%on	  for	  the	  specified	  temperature	  and	  
pressure	   in	   an	   appropriate	   way	   to	   allow	   the	   interpreta%on	   of	  
the	  computed	  trajectory	  in	  a	  conven%onal	  way.	  For	  this	  reason	  
the	   system	  needs	   to	  be	   coupled	   (in	  determinis%c	  or	   stochas%c	  
way).	   Typically	   NAMD	   uses	   the	   stochas%c	   coupling	   approach	  
(Langevin	  dynamics).	  



Thermostat	  

Thermostat	   is	   the	   algorithm	   which	   modifies	   the	   classical	  
Newtonian	  MD.	  
	  
Berendsen	  thermostat	  –	  the	  most	  straight	  forward	  method,	  not	  
very	  accurate	  	  
Nosé–Hoover	   thermostat	   –	   efficient	   and	   accurate	  method	   for	  
constant	  temperature	  simula%ons	  
Langevin	   dynamics	   –	   stochas%c	   method	   commonly	   used	   in	  
NAMD	  
	  
	  
	  	  
	  



Langevin	  Dynamics	  

Newton	   equa0ons	   of	   mo0ons	   are	   modified	   by	   adding	   the	  
dissipa0ve	  and	  the	  fluctua0ng	  force.	  
	  
The	  Langevin	  equa%on:	  
	  
	  
	  
	  
	  
m	   –	  mass,	   F	   –	   force,	   r	   –	   posi%on,	   γ	   –	   fric%on	   coefficient,	  KB	   –	  
Boltzmann	  constant,	  T	  –	  temperature,	  R(t)	  –	  univariate	  Gaussian	  
random	  process,	  	  	  	  	  	  	  	  	  	  	  and	  	  
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Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



Langevin	  Dynamics	  

To	  integrate	  the	  Langevin	  equa%on	  NAMD	  uses	  Brunger-‐Brooks-‐
Karplus	   method	   (BBK),	   which	   is	   an	   extension	   of	   the	   Verlet	  
algorithm:	  
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Barostat	  

Barostat	  is	  the	  algorithm	  which	  modifies	  the	  classical	  Newtonian	  
MD	   in	   order	   to	   generate	   the	   sta%s%cal	   quan%ty	   such	   as	   the	  
pressure.	   For	   NPT	   ensemble	   the	   barostat	   has	   to	   be	  
accompanied	  with	  the	  thermostat.	  	  	  
	  
For	   simula%ons	   of	   the	   NPT	   ensemble	   NAMD	   uses	   a	   Nosé-‐
Hoover	   method	   combined	   with	   Langevin	   dynamics	   (piston	  
method)	  to	  control	  fluctua%ons	  in	  the	  barostat.	  	  
	  
Further	  reading:	  
G.	  J.	  Martyna,	  D.	  J.	  Tobias,	  M.	  L.	  Klein,	  J.	  Chem.	  Phys	  101,	  1994	  
S.	  E.	  Feller,	  Y.	  Zhang,	  R.	  W.	  Pastor,	  B.	  R.	  Brooks,	  J.	  Chem.	  Phys.	  103,	  1995.	  	  
hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/node32.html	  



Periodic	  Boundary	  Condi0ons	  

The	   system	  cannot	  
be	   extended	   to	  
infinity	  …..	  
	  
What	   do	   we	   do	   if	  
the	   atom	   leaves	  
t h e	   s imu l a%on	  
system?	  
	  
Use	  
Periodic	   Boundary	  
Condi%ons	  (PBC).	  



Periodic	  boundary	  condi0ons	  

The	  par%cles	  are	  enclosed	   in	  a	  cell	   that	   is	   replicated	   to	   infinity	  
by	   periodic	   transla%ons.	  A	  par0cle	   that	   leaves	   the	   cell	   on	   the	  
one	  side	  is	  replaced	  by	  a	  copy	  entering	  the	  cell	  on	  the	  opposite	  
side,	   each	   par%cle	   is	   subject	   to	   the	   poten%al	   from	   all	   other	  
par%cles	  in	  the	  system	  including	  images	  in	  the	  surrounding	  cells.	  	  
	  
Because	   each	   cell	   is	   an	   iden%cal	   copy	   of	   all	   the	   others	   all	   the	  
image	   par%cles	   move	   together	   and	   need	   only	   be	   represented	  
once	  inside	  the	  MD	  code.	  

Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



Periodic	  boundary	  condi0ons	  

Because	   the	  vdW	  and	  electrosta%c	   interac%ons	  exists	  between	  
every	  nonbonded	  pair	  of	  atoms	  in	  the	  system	  (including	  those	  in	  
the	   neighboring	   cells)	   compu%ng	   the	   long-‐range	   interac%ons	  
exactly	   is	   unfeasible.	   Therefore	   nonbonding	   interac0ons	   are	  
spa0ally	   truncated	   using	   cutoff	   distance.	   The	   cell	   has	   to	   be	  
larger	  then	  2xcutoff.	  

hXp://www.ks.uiuc.edu/Research/namd/2.7/ug/	  

Electrosta%c	  interac%ons	  can	  
be	   computed	   fully	   with	  
minimal	  addi%onal	  cost	  using	  
Par0cle	   Mesh	   Ewald	   (PME)	  
method.	  

Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



Par0cle	  Mesh	  Ewald	  

Ewald	   Summa0on	   is	   a	   descrip%on	   (introduced	   in	   1970)	   of	   the	  
long-‐range	   electrosta%c	   interac%ons	   for	   a	   spa%ally	   limited	  
system	  with	  PBC.	  	  
	  
The	   direct	   summa%on	   of	   interac%on	   energy	   between	   point	  
par%cles	   is	   replaced	  by	   	   two	  summa0ons:	  a	  direct	   sum	  of	   the	  
short-‐ranged	   poten0al	   in	   real	   space	   and	   a	   summa0on	   in	  
Fourier	   space	   of	   the	   long-‐ranged	   part.	   Both	   summa%ons	  
converge	   quickly,	   so	   they	  may	   be	   truncated	   with	   liXle	   loss	   of	  
accuracy	   and	   great	   improvement	   in	   required	   computa%onal	  
%me.	  The	  method	  uses	  FFT	  which	  requires	  that	  the	  density	  field	  
be	  evaluated	  on	  a	  discrete	  la�ce	  in	  space	  (mesh).	  	  	  



Par0cle	  Mesh	  Ewald	  

PME	   uses	   an	   interpola%on	   scheme	   to	   distribute	   the	   charges	  
si�ng	  anywhere	  in	  real	  space	  to	  the	  nodes	  in	  the	  uniform	  grid	  
(mesh).	   The	   par%cle	   mesh	   is	   a	   3D	   grid	   created	   in	   the	   system	  
over	   which	   the	   system	   charge	   is	   distributed.	   The	   weigh%ng	  
func%on	  is	  also	  used.	  	  
	  
	  
	  
	  
	  
	  

Posi%oning	   all	   charges	   on	   a	  
grid	   enables	   the	   applica%on	  
of	   FFT	   and	   significantly	  
reduces	   the	   computa%onal	  
cost.	  	  

Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



Par0cle	  Mesh	  Ewald	  

PME	   method	   can	   be	   applied	   to	   systems	   with	   periodic	  
symmetry.	   In	  MD	  a	  charge-‐neutral	  unit	   cell	   is	   created	  which	   is	  
infinitely	  “%led”	  to	  form	  images.	  It	  means	  that	  PBC	  are	  used.	  The	  
unit	   cell	   must	   be	   big	   enough	   to	   avoid	   improper	   mo%on	  
correla%ons	  between	  two	  faces	  of	  the	  cell	  and	  s%ll	  small	  enough	  
to	  be	  computa%onally	  feasible.	  
	  
PME	  is	  an	  efficient	  full	  electrosta0c	  method	  for	  use	  with	  PBC.	  It	  
should	   not	   affect	   energy	   conserva%on,	   although	   it	   may	   affect	  
the	  accuracy	  of	  the	  result	  and	  momentum	  conserva%on.	  PME	  is	  
more	   accurate	   and	   less	   expensive	   than	   larger	   cutoffs.	  NAMD	  
uses	  a	  PME	  variant	  called	  SPME.	  
Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



Constraint	  MD	  

In	   many	   cases	   the	   energy	   transport	   between	   high-‐frequency	  
(bonds)	   and	   low-‐frequency	   (twist,	   rota%on	   etc)	   degrees	   of	  
freedom	  is	  very	  slow.	  In	  such	  case	  finding	  the	  equilibrium	  state	  
would	  be	  very	  %me	  consuming.	  To	  save	  %me	  the	  high-‐frequency	  
mo0ons	   (bonds	   in	   the	   protein	   and	   bonds	  &	   angles	   in	  water)	  
are	  frozen	  using	  geometric	  constrains.	   It	  does	  not	  significantly	  
affect	  the	  accuracy.	  	  
	  
	  
SHAKE	  algorithm	  sa%sfies	  bond	  geometry	  constraint	  in	  MD,	  and	  
is	  limited	  to	  mechanical	  systems	  with	  a	  tree	  structure	  (no	  closed	  
loops	   of	   constraints).	   Other	   versions:	  Q-‐SHAKE,	  MSHAKE,	   and	  
RATTLE	  work	  well	  with	  Velocity	  Verlet	  algorithm.	  	  	  
	  



RATTLE	  Algorithm	  

( ) 022
=−−= ijji

ij dxxxσ

Constrains:	  the	  forces	  ac%ng	  on	  each	  par%cle	  consist	  of	  physical	  
force	  and	  forces	  resul%ng	  from	  constrains.	  	  
	  
Holonomic	   constrains	  σij	  between	  par%cles	   i	   	   and	   j	   depend	  on	  
their	  posi%ons	  xi	  and	  xj	  and	  the	  desired	  bond	  length	  dij,	  but	  don’t	  
depend	  on	  %me):	  
	  
	  
	  
	  

Again,	  we	   have	   to	  modify	   the	   integra%on	   algorithm	   -‐>	   RATTLE	  
algorithm.	  	  



RATTLE	  Algorithm	  

Understanding	   of	   the	   algorithm	  would	   require	   using	   advanced	  
equa%ons	   (Hamilton	   equa%on)	   so	   the	   RATTLE	   algorithm	   is	   not	  
explicitly	  presented.	  	  
	  
RATTLE:	   The	   next	   posi0on	   of	   atom	   has	   to	   be	   a	   solu0on	   of	  
Newton	  equa0on	  and	   simultaneously	   sa0sfy	   the	   constraining	  
condi0ons.	  	  
	  
We	   need	   to	   calculate	   the	   constraining	   force	   and	   check	  who	   is	  
constrained	  and	  who	  is	  not	  -‐>	  more	  to	  calculate.	  But	  later	  on	  we	  
don’t	  have	  to	  include	  all	  terms	  and	  atoms	  in	  the	  next	  step	  of	  the	  
Newton	  equa%on	  integra%on	  -‐>	  calcula0on	  speed-‐up	  J	  
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Biologically	  important	  events	  oxen	  involve	  transi%ons	  from	  one	  
equilibrium	  state	  to	  another,	  such	  as	  the	  binding	  or	  dissocia%on	  
of	   a	   ligand.	   Such	   processes	   involve	   the	   rare	   event	   of	   barrier	  
crossing	  and	  are	  difficult	  to	  reproduce	  on	  MD	  0mescales.	  
	  
The	  idea	  behind	  SMD	  is	  to	  apply	  the	  external	  force	  to	  guide	  the	  
system	  from	  one	  state	  to	  another.	  	  
	  
Experimental	  techniques	  as	  AFM	  (atomic	  force	  microscopy)	  and	  
op0cal	   tweezers	   have	   enhanced	   understanding	   of	   the	  
mechanical	   proper%es	   of	   biopolymers.	   SMD	   is	   the	   in	   silico	  
complement	  of	  those	  techniques.	  
Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  



SMD	  

Within	   SMD	   external	   force(s)	   are	   applied	   to	   molecules	   in	  
simula0on	  to	  probe	  their	  mechanical	  proper0es	  and	  accelerate	  
processes	  that	  are	  otherwise	  too	  slow	  to	  model.	  
	  
The	  external	  force	  can	  be	  applied	  to	  one	  or	  more	  atoms	  which	  
are	   called	   SMD	   atoms.	   Simultaneously,	   another	   atoms	   can	   be	  
kept	  fixed.	  	  
	  
There	   are	   two	   types	   of	   SMD:	   constant	   force	   pulling	   and	  
constant	  velocity	  pulling.	  
	  

Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  
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In	  constant-‐force	  SMD	  the	  atoms	  to	  which	  the	  force	   is	  applied	  
are	  a	  subject	  to	  a	  fixed,	  constant	  force	  in	  addi%on	  to	  the	  Force	  
Field	   poten%al.	   Typical	   applied	   forces	   range	   from	   tens	   to	   a	  
thousand	  pN.	  
	  
Constant	   velocity	   SMD	   simulates	   the	   ac%on	   of	   a	  moving	   AFM	  
can%lever	  on	  a	  protein.	  An	  atom	  of	   the	  protein	  or	   a	   center	  of	  
mass	  of	  a	  group	  of	  atoms	  is	  harmonically	  restrained	  to	  a	  point	  
in	   space	   that	   is	   then	   shiued	   in	   a	   chosen	   direc0on	   at	   a	  
predetermined	   constant	   velocity,	   forcing	   the	   restrained	   atoms	  
to	  follow.	  This	  variant	  seems	  to	  be	  more	  interes0ng	  and	  easier	  
compared	  with	  the	  experimental	  results.	  
Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  
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In	   constant	   velocity	   pulling	   the	   SMD	   atom	   (pulled	   atom)	   is	  
avached	   to	   a	   dummy	   atom	   via	   a	   virtual	   spring.	   This	   dummy	  
atom	  is	  moved	  with	  a	  constant	  velocity	  and	  the	  force	  between	  
them	  is	  measured:	  
	  
	  
	  
Where: 	  k	  -‐	  spring	  constant	  

	   	   	  v	  -‐	  pulling	  velocity	  
	  

	   	   	  	  	  	  -‐	  actual	  posi%on	  of	  SMD	  atom	  	  
	   	   	  	  	  	  -‐	  ini%al	  posi%on	  of	  SMD	  atom	  
	   	   	  	  	  	  -‐	  pulling	  direc%on	  

The	  USMD	  has	  to	  be	  added	  to	  the	  force	  field	  poten%al.	  
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Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  
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Constant	  velocity	  SMD.	  The	  dummy	  
atom	   is	   shown	   in	   red	  and	   the	  SMD	  
atom	   in	  blue.	  As	   the	  dummy	  atom	  
moves	   at	   constant	   velocity	   the	  
SMD	  atom	  experiences	  a	  force	  that	  
depends	   linearly	   on	   the	   distance	  
between	  both	  atoms.	  

Phillips	  et	  al,	  J.	  Comput.	  Chem,	  26,	  2005	  
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K.	  Kubiak-‐Ossowska,	  P.	  
Mulheran,	  Langmuir	  2012	  
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Where:	  
F0	  -‐	  the	  force	  at	  the	  end	  of	  
transi%on,	  
k	  –	  spring	  constant	  
dF	  –	  the	  force	  change	  
	  
Here:	  	  
F0	  ~	  0	  N	  
dF	  ~	  575	  pN	  
k	  =	  278	  Å/pN	  
dE=543pN*Å	  (10-‐22JJ)	  
	  
dE=0.34	  eV	  

K.	  Kubiak-‐Ossowska,	  P.	  Mulheran,	  Langmuir	  2012	  
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K.	  Kubiak-‐Ossowska,	  P.	  Mulheran,	  Langmuir	  2012	  



We	  would	  like	  to	  simulate	  bigger	  and	  bigger	  systems	  for	  longer	  
0mescales	  relevant	   to	   the	  %mescales	  of	  natural	  processes.	  But	  
….	  

• 	  The	  bigger	  the	  system	  –	  the	  longer	  computa%on	  %me	  
• 	  The	  longer	  simula%on	  %mescale	  –	  the	  longer	  computa%on	  
%me.	  	  
• 	  Explicit	  water	  –	  the	  longer	  computa%on	  %me	  

	  
MD	   simula%ons	   are	   computa%onally	   costly,	   they	   require	  
hundreds	  or	  even	  millions	  of	  CPU	  years…..	  	  
	  
Typical	  length	  of	  an	  MD	  run	  is	  now	  in	  the	  order	  of	  hundreds	  of	  
nanoseconds,	  some%mes	  reaching	  microseconds.	  	  

MD	  limita0ons	  



Cost	  reduc0on	  

Methods	  to	  reduce	  the	  computa%onal	  cost:	  	  
	  
•  Cutoff:	  The	  most	  %me-‐consuming	  part	  in	  MD	  are	  calcula%ons	  

of	   the	   Unonbonded	   interac%ons	   (vdW	   and	   electrosta%cs	  
interac%ons)	   which	   should	   be	   calculated	   to	   the	   infinitum…	  
The	  cutoff	  distance	  used	  is	  12	  Å.	  

•  Constrained	  MD	  
a)  By	  omi�ng	  high	  frequency	  terms	  (O-‐H	  bond	  stretching)	  

using	   RATTLE	   the	   %me	   step	   can	   be	   increased	   to	   2fs	  
without	  losing	  accuracy.	  	  

b)  Water	  molecules	  are	  kept	  rigid.	  	  



Cost	  reduc0on	  

•  Implicit	   solvent:	   popular	   years	   ago,	   now	   not	   really	   due	   to	  
known	  role	  of	  the	  interac%ons	  with	  water,	  H-‐bonds	  etc	  	  

•  SMD	  
•  Correct	  prepara0on	  of	  the	  system:	  for	  example	  omi�ng	  the	  

diffusion	  and	  guessing	  of	  the	  ini%al	  orienta%on	  
•  High	  Performance	  Computers	  (HPCs)	  
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