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sented	
  by	
  Wada	
   and	
  Kozawa	
   in	
  1964	
   (Wada	
  &	
  Kozawa,	
   1964).	
  With	
   the	
  help	
   of	
   their	
  
Couette	
  cell,	
  made	
  of	
  two	
  transparent	
  concentric	
  quartz	
  cylinders,	
  between	
  which,	
  when	
  
spinning	
  either	
  of	
  the	
  cylinders	
  at	
  a	
  speed	
  of	
  typically	
  1000	
  rotation	
  per	
  minute	
  (rpm),	
  a	
  
DNA	
  orientation	
  could	
  be	
  studied	
  in	
  the	
  ultraviolet	
  region.	
  Unfortunately,	
  the	
  sensitivity	
  
of	
  this	
  approach	
  was	
  rather	
  poor,	
  which	
  made	
  more	
  quantitative	
  studies	
  in	
  dilute	
  solu-­‐
tions	
  difficult.	
  A	
  breakthrough	
  occurred	
   in	
  1972	
  when	
  ”high-­‐sensitivity	
  LD”	
  was	
   intro-­‐
duced	
  using	
  phase	
  modulation,	
  the	
  same	
  technique	
  that	
  allowed	
  circular	
  dichroism	
  to	
  be	
  
measured	
  with	
  sufficient	
  sensitivity.	
  It	
  was	
  also	
  shown	
  rigorously	
  that	
  a	
  commercial	
  CD	
  
instrument	
   could	
   be	
   converted	
   to	
   accurately	
   measure	
   LD	
   and	
   how	
   non-­‐linear	
   effects	
  
could	
  be	
  easily	
  taken	
  care	
  of	
  (Davidsson	
  &	
  Nordén,	
  1976).	
  

With	
   this	
   technique	
   very	
   small	
   molecules	
   were	
   shown	
   possible	
   to	
   study	
   for	
   the	
   first	
  
time,	
   in	
   a	
   polymer	
   matrix	
   (Nordén	
   &	
   Davidsson,	
   1972;	
   Nordén,	
   1973).	
   Also,	
   using	
  
Wada’s	
  Couette	
  cell,	
  DNA	
  binding	
  by	
  intercalators	
  (Nordén	
  &	
  Tjerneld,	
  1976a)	
  as	
  well	
  as	
  
groove	
   binders	
   (Nordén	
  &	
  Tjerneld,	
   1977)	
   could	
   now	
  be	
   studied	
  with	
   unprecedented	
  
sensitivity.	
  The	
  DNA	
  binding	
  geometries	
  of	
  these	
  small	
  molecules	
  could	
  be	
  analysed	
  by	
  
using	
  the	
  orientation	
  of	
  DNA	
  bases	
  as	
  internal	
  standard	
  for	
  determining	
  the	
  flow	
  orien-­‐
tation	
   factor	
   S.	
   In	
   this	
   way,	
   by	
   testing	
   various	
   DNA	
   binding	
   compounds,	
   it	
   was	
   dis-­‐
covered	
   that	
   substitution-­‐inert	
   metal	
   complexes,	
   e.g.	
   Ru(II)-­‐polypyridyl	
   compounds,	
  
could	
   bind	
   to	
   DNA	
   (Nordén	
   &	
   Tjerneld,	
   1976b).	
   Since	
   then,	
   various	
   system	
   specific	
  
orientation	
  techniques	
  have	
  appeared,	
  such	
  as	
   lamellar	
  membrane	
  systems	
  (Nordén	
  et	
  
al.,	
  1977)	
  and	
  flow-­‐deformed	
  liposome	
  membrane	
  systems	
  (Ardhammar	
  et	
  al.,	
  1998).	
  	
  

Linear	
  dichroism	
  (LD)	
  is	
  defined	
  as	
  the	
  differential	
  absorption	
  of	
  linearly	
  polarized	
  light	
  
with	
  polarization	
  parallel	
  and	
  perpendicular	
  to	
  some	
  macroscopic	
  orientation	
  axis	
  of	
  a	
  
system	
   (!" = !∥ − !!).	
   Thereby,	
   LD	
   can	
   be	
   measured	
   on	
   a	
   system	
   that	
   is	
   either	
  
spontaneously	
   oriented	
   (for	
   example	
   a	
   membrane	
   protein	
   in	
   a	
   crystal	
   or	
   in	
   a	
   lipid	
  
bilayer	
   at	
   a	
   surface),	
   or	
   the	
   orientation	
   can	
   be	
   induced,	
   for	
   example,	
   by	
   applying	
   an	
  
electric	
  or	
  magnetic	
  field,	
  or	
  a	
  mechanical	
  force	
  (stretching	
  a	
  polymer	
  or	
  introducing	
  a	
  
shear	
   flow	
   gradient,	
   etc.).	
   The	
   LD	
   signal	
   depends	
   on	
   the	
   local	
   as	
  well	
   as	
  macroscopic	
  
orientation	
   of	
   molecular	
   chromophores	
   within	
   a	
   system.	
   In	
   a	
   case	
   of	
   a	
   protein-­‐DNA	
  
system,	
  these	
  chromophores	
  are	
  the	
  aromatic	
  amino	
  acid	
  residues:	
  tyrosine,	
  tryptophan	
  
and	
  phenylalanine,	
  and	
  all	
  four	
  DNA	
  bases.	
  Each	
  of	
  the	
  chromophores	
  exhibits	
  a	
  number	
  
of	
  electronic	
  transitions	
  with	
  characteristic	
  so-­‐called	
  electric	
  dipole	
  transition	
  moments	
  
(preferential	
  oscillation	
  directions	
  of	
  electrons	
  upon	
  resonance	
  interaction	
  with	
  photon)	
  
that	
   absorb	
   the	
   electromagnetic	
   radiation	
   at	
   different	
   wavelengths	
   and	
   thus	
   can	
   be	
  
differentiated.	
  	
  

If	
   the	
   average	
   polarization	
   of	
   the	
   transition	
   dipole	
  moments	
   of	
   all	
   chromophores	
   in	
   a	
  
molecule,	
  absorbing	
  at	
  a	
  certain	
  wavelength,	
  is	
  more	
  parallel	
  than	
  perpendicular	
  to	
  the	
  
macroscopic	
   reference	
   axis,	
   a	
   positive	
   LD	
   will	
   be	
   recorded,	
   and	
   vice	
   versa,	
   if	
   it	
   is	
  
perpendicular,	
   the	
  LD	
   signal	
  will	
   be	
  negative.	
  Hence,	
   the	
  LD	
   technique	
   can	
  be	
  used	
   to	
  
estimate	
   the	
   orientation	
   of	
   a	
   chromophore	
   relative	
   to	
   a	
   macroscopic	
   orientation	
  
(Figure	
  2.14).	
  A	
  more	
  quantitative	
   characterization	
  of	
   a	
   chromophore	
  orientation	
   can	
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be	
  gained	
  when	
   the	
  LD	
   is	
  normalized	
  by	
  dividing	
   it	
  by	
   the	
   isotropic	
  absorption	
  of	
   the	
  
sample.	
  This	
  quantity	
   is	
   referred	
   to	
  as	
   the	
  Reduced	
  Linear	
  Dichroism	
  (LDr)	
  and	
  under	
  
conditions	
  of	
  a	
   local	
  uniaxial	
  orientation,	
   for	
  an	
  absorption	
  band	
  consisting	
  of	
  a	
  single	
  
electronic	
  transition,	
  i,	
  the	
  LDr	
  can	
  be	
  written	
  in	
  the	
  following	
  way:	
  !!! = !" !!"# = 3 ⋅
! ⋅ (3 cos! !! − 1) 2.	
   Here,	
   αi	
   is	
   an	
   angle	
   between	
   a	
   particular	
   transition	
  moment	
   of	
   a	
  
chromophore	
  and	
  the	
  molecular	
  orientation	
  axis,	
  e.g.	
  DNA	
  helix	
  axis.	
  S	
  is	
  the	
  orientation	
  
factor,	
  which	
  is	
  equal	
  to	
  unity	
  for	
  a	
  perfectly	
  oriented	
  system	
  and	
  zero	
  for	
  an	
  isotropic	
  
sample.	
  In	
  case	
  when	
  the	
  sample	
  is	
  also	
  macroscopically	
  uniaxial,	
  the	
  orientation	
  factor	
  
can	
   be	
   determined	
   by:	
   ! = (3 < !"#!Θ > −1)/2,	
   where	
   Θ	
   is	
   the	
   angle	
   between	
   the	
  
molecular	
   orientation	
   axis	
   (e.g.	
   DNA	
   helix	
   axis)	
   and	
   the	
  macroscopic	
   orientation	
   axis	
  
(e.g.	
   stretch	
   direction	
   of	
   a	
   polymer	
   film)	
   (“<…>”	
   represents	
   ensemble	
   average	
   over	
  
orientation	
  distribution).	
  

One	
  of	
  the	
  limitations	
  of	
  this	
  technique	
  is	
  a	
  difficulty	
  in	
  determination	
  of	
  the	
  orientation	
  
factor	
  S.	
  This	
  hurdle	
  can	
  be	
  overcame	
  by	
  using	
  an	
   internal	
  orientation	
  standard	
   in	
   the	
  
system	
  that	
  gives	
  an	
  opportunity	
  to	
  calibrate	
  S	
  by	
  the	
  LDr	
  measured	
  for	
  a	
  chromophore	
  
with	
  known	
  orientation,	
  e.g.	
   the	
  perpendicularly	
  oriented	
  DNA	
  base	
  pairs	
   in	
  a	
  protein-­‐
DNA	
   system.	
   Another	
   limitation	
   is	
   that	
   the	
   technique	
   only	
   observes	
   an	
   ensemble-­‐
averaged	
  angular	
  orientation	
  of	
  chromophores’	
   transition	
  moments	
  and,	
   in	
  addition,	
   is	
  
complicated	
   by	
   the	
   effects	
   of	
   overlapping	
   absorption	
   bands,	
   for	
   example,	
   in	
   a	
   system	
  
with	
  several	
  chromophores	
  absorbing	
  at	
  the	
  same	
  wavelength.	
  This	
  limitation	
  can	
  also	
  
be	
  resolved	
  by	
  a	
  systematic	
  mutation	
  of	
  a	
  chromophore	
  of	
  interest	
  to	
  another	
  chromo-­‐
phore	
   with	
   non-­‐overlapping	
   absorption	
   bands.	
   This	
   approach,	
   named	
   Site-­‐Specific	
  

	
  
	
  

Figure	
  2.14.	
  An	
   illustration	
  of	
  LD	
  principles.	
   Left:	
   a	
  Couette	
   cell	
  with	
   inner	
  
and	
   outer	
   rotating	
   cylinders	
   that	
   can	
   be	
   used	
   to	
   produce	
   macroscopic	
  
orientation	
  of	
  a	
  liquid	
  sample	
  of	
  elongated	
  particles	
  by	
  creating	
  a	
  shear	
  flow	
  
gradient	
   (source:	
   Frykholm,	
   2010).	
   Right:	
   a	
   schematic	
   representation	
   of	
  
possible	
  ways	
  of	
  DNA-­‐ligand	
   interaction.	
  From	
   the	
   sign	
  and	
   strength	
  of	
   the	
  
LD	
  signal	
   it	
   can	
  be	
   immediately	
  detected	
  whether	
   the	
   ligand	
   is	
   intercalated	
  
(signal	
  is	
  negative)	
  or	
  groove-­‐bound	
  (signal	
  is	
  positive).	
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3. METHODS	
  
In	
  this	
  chapter	
  a	
  brief	
   introduction	
  to	
  the	
  computational	
  chemistry	
  techniques	
  that	
  were	
  
used	
  in	
  the	
  papers	
  presented	
  in	
  this	
  Thesis	
  will	
  be	
  given.	
  	
  

	
  
Computational	
  chemistry	
  is	
  a	
  branch	
  of	
  chemistry	
  where	
  the	
  chemical	
  experiments	
  are	
  
conducted	
  in	
  a	
  computer,	
  or	
  in	
  other	
  words	
  in	
  silico.	
  The	
  computational	
  chemistry	
  field	
  
can	
  be	
  divided	
   into	
  several	
   sub-­‐branches,	
  depending	
  on	
   the	
  way	
  atoms	
  and	
  molecules	
  
are	
   treated.	
   In	
   quantum	
   mechanics	
   (QM)	
   or,	
   when	
   applied	
   to	
   molecules,	
   “quantum	
  
chemistry”,	
   molecular	
   orbitals	
   and	
   electrons	
   occupying	
   them	
   are	
   described	
   for	
   a	
  
molecular	
   system,	
  giving	
  an	
  opportunity	
   to	
   calculate	
   chemical	
   and	
  physical	
  properties	
  
which	
  directly	
  depend	
  upon	
   the	
  electron	
  distribution.	
  Quantum	
  chemical	
  methods	
  can	
  
be	
  subsequently	
  clustered	
  into	
  groups	
  such	
  as	
  ab	
  initio,	
  or	
  “from	
  first	
  principles”,	
  semi-­‐
empirical	
   and	
  density	
   functional	
   theory.	
  Each	
  of	
   these	
  methods	
  has	
  certain	
  advantages,	
  
application	
  areas,	
  as	
  well	
  as	
  limitations	
  among	
  which	
  the	
  size	
  of	
  molecular	
  system	
  or,	
  in	
  
other	
   words,	
   the	
   number	
   of	
   atoms	
   is	
   the	
   most	
   prominent.	
   To	
   overcome	
   the	
   size	
  
limitation,	
   semi-­‐empirical	
   and	
   later	
   empirical	
   methods	
   have	
   been	
   developed.	
   In	
  
comparison	
   to	
   QM,	
   where	
   even	
   today	
   the	
   feasible	
   size	
   of	
   the	
   investigated	
   molecular	
  
system	
  does	
  not	
  exceed	
  a	
  few	
  hundred	
  atoms,	
  the	
  empirical	
  methods,	
  such	
  as	
  Molecular	
  
Mechanics	
   (MM)	
   or	
   Molecular	
   Dynamics	
   (MD),	
   can	
   easily	
   handle	
   several	
   hundred	
  
thousand	
  atoms	
  including	
  salts	
  and	
  explicit	
  solvent.	
  The	
  presence	
  of	
  the	
  latter	
  is	
  highly	
  
important	
   for	
   the	
   conduction	
   of	
   trustworthy	
   in	
   silico	
   experiments	
   and	
   is	
   especially	
  
relevant	
  for	
  bio-­‐macromolecular	
  systems,	
  which	
  exist	
  and	
  function	
  in	
  aqueous	
  solutions.	
  
This	
  giant	
  leap	
  of	
  systems’	
  size	
  was	
  possible	
  due	
  to	
  relative	
  simplicity	
  of	
  the	
  MM	
  and	
  MD	
  
potential	
   energy	
   functional	
   form,	
   which	
   led	
   to	
   that	
   the	
   accuracy	
   of	
   the	
   empirical	
  
methods	
  is	
  highly	
  dependent	
  on	
  the	
  set	
  of	
  empirical	
  parameters	
  describing	
  atoms	
  in	
  the	
  
system.	
  Besides	
   the	
  mentioned	
  QM,	
  MM	
  and	
  MD	
  methods	
   a	
   number	
  of	
   bioinformatics	
  
tools	
  have	
  also	
  appeared	
  over	
   the	
   last	
  years,	
   relevant	
   in	
   the	
   context	
  of	
   this	
  Thesis.	
  By	
  
combining	
   computer	
   science	
   expertise	
   with	
   knowledge	
   of	
   molecular	
   biology	
   and	
  
methodology	
   of	
   computational	
   chemistry	
   it	
   is	
   now	
   possible,	
   for	
   example,	
   based	
   upon	
  
amino	
   acids	
   sequence,	
   to	
   predict	
   with	
   a	
   reasonable	
   accuracy	
   a	
   protein’s	
   secondary	
  
structure	
  or	
  even	
  to	
  create	
  a	
  3-­‐D	
  atom-­‐resolution	
  model	
  of	
  a	
  protein.	
  On	
  the	
  subsequent	
  
pages	
   some	
   of	
   these	
   computational	
   chemistry	
   and	
   bioinformatics	
   methods	
   that	
   were	
  
used	
  to	
  achieve	
  results	
  presented	
  in	
  this	
  Thesis	
  will	
  be	
  introduced	
  in	
  greater	
  detail.	
  

QUANTUM	
  MECHANICAL	
  CALCULATIONS	
  
Despite	
  that	
  the	
  beginning	
  of	
  quantum	
  mechanics	
  could	
  be	
  associated	
  with	
  the	
  discovery	
  
of	
   cathode	
  rays	
  by	
  Michael	
  Faraday	
   in	
  1839	
  and	
  with	
   the	
  statement	
  of	
   the	
  black	
  body	
  
radiation	
   problem	
  by	
  Gustav	
  Kirchhoff	
   in	
   1859,	
   or	
   even	
  with	
   the	
   suggestion	
  made	
   by	
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Ludwig	
  Boltzmann	
  in	
  1877	
  that	
  the	
  energy	
  states	
  of	
  a	
  physical	
  system	
  could	
  be	
  discrete,	
  
I	
   personally	
   think	
   that	
   quantum	
   mechanics	
   started	
   with	
   the	
   Schrödinger	
   equation,	
  
formulated	
  by	
  Erwin	
  Schrödinger	
  in	
  1925.	
  The	
  equation	
  tells	
  how	
  the	
  quantum	
  state	
  of	
  a	
  
system	
  described	
  by	
  a	
  wave	
  function	
  may	
  evolve	
  with	
  time.	
  The	
  wave	
  function,	
  Ψ(!, t),	
  is	
  
an	
  abstract	
  entity	
   that	
  has	
  no	
  physical	
  analogy	
  but	
  has	
   two	
  properties.	
  Firstly,	
   it	
   is	
  an	
  
amplitude	
   function	
   whose	
   phase	
   is	
   important	
   upon	
   interactions	
   with	
   other	
   wave	
  
functions	
  of	
  matter	
  or	
  radiation,	
  secondly,	
  it	
  is	
  a	
  probability	
  function	
  and	
  its	
  square	
  Ψ∗Ψ	
  
may	
  be	
  interpreted	
  as	
  the	
  probability	
  density	
  for	
  finding	
  the	
  system	
  at	
  time	
  t	
  and	
  point	
  r	
  
of	
   the	
   configuration	
   space.	
   The	
  wave	
   function	
   could	
  be	
   also	
   thought	
   of	
   as	
   a	
   statistical	
  
“weighting	
  operator”	
  with	
  the	
  help	
  of	
  which,	
  very	
  conveniently,	
  information	
  about	
  what	
  
is	
   the	
  expected	
  value	
  of	
  any	
  dynamic	
  quantity,	
  corresponding	
  to	
  an	
  operator	
  !,	
  can	
  be	
  
calculated	
  as:	
  

	
   ! =   
Ψ∗!  Ψ!!!

!!
Ψ∗Ψ!!!

!!
= Ψ∗ !   Ψ

Ψ∗|  Ψ 	
   (1)	
  

where	
   ⟨|⟩	
   is	
   the	
   “bra-­‐ket”	
  notation,	
   introduced	
  by	
  Dirac,	
   and	
  Ψ∗	
   is	
   the	
  conjugate	
  wave	
  
function.	
   When	
   !	
   is	
   the	
   operator	
   of	
   energy	
   (i.e.	
   the	
   Hamiltonian),	
   the	
   expression	
  
provides	
  the	
  total	
  energy	
  of	
  the	
  system	
  that	
  the	
  wave	
  function	
  represents.	
  

While	
   the	
   mathematical	
   basis	
   of	
   quantum	
   mechanics	
   had	
   been	
   developed	
   by	
  
Schrödinger	
  in	
  1925,	
  the	
  first	
  quantum	
  chemical	
  calculation	
  on	
  the	
  hydrogen	
  molecule	
  
was	
  performed	
  in	
  1927	
  by	
  Walter	
  Heitler	
  and	
  Fritz	
  London,	
  in	
  their	
  method	
  (known	
  as	
  
Valence	
  Bond	
  method)	
  the	
  interatomic	
  interactions	
  were	
  treated	
  in	
  a	
  pairwise	
  fashion.	
  
An	
  alternative	
  approach	
  was	
  developed	
  by	
  Friedrich	
  Hund	
  and	
  Robert	
  Mulliken	
  in	
  1929.	
  
They	
   suggested	
   the	
   electrons	
   to	
   be	
   described	
   by	
   mathematical	
   functions	
   delocalized	
  
over	
   the	
  entire	
  molecule.	
  The	
  Hund-­‐Mulliken	
  method	
   is	
  generally	
  known	
  as	
  molecular	
  
orbital	
   (MO)	
  method	
  and	
   formed	
   the	
  basis	
  of	
   the	
  Hartree-­‐Fock	
  and	
  post-­‐Hartree-­‐Fock	
  
methods	
   (which	
   will	
   be	
   introduced	
   later).	
   Yet	
   another	
   really	
   alternative	
   approach	
  
developed	
  by	
   Llewellyn	
  Thomas	
   and	
  Enrico	
   Fermi	
   in	
   1927.	
   The	
  Thomas-­‐Fermi	
  model	
  
was	
  the	
  first	
  attempt	
  to	
  use	
  the	
  electron	
  density	
  instead	
  of	
  the	
  wave	
  function	
  to	
  describe	
  
a	
   multi-­‐electron	
   system.	
   Though	
   their	
   approach	
   was	
   not	
   very	
   successful	
   for	
   the	
  
description	
  of	
  the	
  entire	
  molecule,	
  it	
  laid	
  the	
  ground	
  for	
  the	
  development	
  of	
  the	
  Density	
  
Functional	
  Theory.	
  

Since	
  quantum	
  mechanical	
  calculations	
  have	
   just	
  been	
  a	
  secondary	
   tool	
   for	
   the	
  results	
  
presented	
   in	
   this	
   Thesis,	
   and	
   since	
   the	
   background	
   of	
   the	
   computational	
   quantum	
  
mechanics	
   is	
  exhaustively	
  dealt	
  with	
   in	
  numerous	
   textbooks	
   (Hehre	
  et	
  al.,	
  1986;	
  Pilar,	
  
1990;	
  Griffiths,	
  1995;	
  Leach,	
  2001;	
  Cramer,	
  2004),	
  only	
  the	
  principal	
  concepts	
  and	
  main	
  
approximations	
   will	
   be	
   briefly	
   introduced	
   in	
   the	
   following	
   sections,	
   omitting	
   heavy	
  
mathematical	
  derivations.	
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3.1. The	
  Schrödinger	
  Equation	
  
Quantum	
  Mechanics	
  methods	
  originate	
   from	
   the	
  Schrödinger	
  Equation.	
  As	
  deceptively	
  
simple	
  as	
  it	
  might	
  look,	
  this	
  equation	
  is	
  so	
  complicated	
  that	
  it	
  can	
  be	
  analytically	
  solved	
  
for	
   only	
   very	
   few	
   simple	
   systems,	
   e.g.	
   the	
   hydrogen	
   atom.	
   However,	
   using	
   various	
  
approximations	
   and	
   iterative	
   schemes,	
   the	
   equation	
   can	
   be	
   numerically	
   solved	
   even	
  
when	
   applied	
   to	
   much	
   more	
   complex	
   systems.	
   The	
   full,	
   time-­‐dependent	
   form	
   of	
   this	
  
equation	
  is:	
  

	
  
!Ψ !, t = !Ψ !, t 	
  

− ℏ!

2!
𝜕!

𝜕!! +
𝜕!

𝜕!! +
𝜕!

𝜕!! + !(!, !) Ψ !, ! = !ℏ 𝜕Ψ(!, !)
𝜕! 	
  

(2)	
  

This	
  equation	
  refers	
   to	
  a	
  single	
  particle	
  of	
  mass	
  m,	
  which	
   is	
  moving	
   through	
  space,	
   its	
  
position	
   given	
  by	
   the	
   vector	
  r(x,	
   y,	
   z)	
   and	
   time	
   (t),	
   under	
   the	
   influence	
  of	
   an	
   external	
  
field	
  !,	
  which	
   could,	
   for	
   example,	
   be	
   the	
   electrostatic	
   potential	
   due	
   to	
   the	
   nuclei	
   of	
   a	
  
molecule.	
  E	
   is	
   the	
  energy	
  of	
   the	
  particle,	
  Ψ	
   is	
   the	
  wave	
   function	
   that	
  characterizes	
   the	
  
particle,	
  !	
  is	
  the	
  Hamiltonian	
  operator.	
  The	
  Schrödinger	
  equation	
  falls	
  into	
  the	
  category	
  
of	
   partial	
   differential	
   eigenvalue	
   equations	
   in	
   which	
   an	
   operator	
   acts	
   on	
   a	
   function	
  
(eigenfunction)	
  and	
  returns	
  the	
  function	
  multiplied	
  by	
  a	
  scalar	
  (eigenvalue).	
  

3.2. Hierarchy	
  of	
  Approximations	
  Made	
  to	
  Approach	
  the	
  Schrödinger	
  
Equation	
  
As	
  mentioned,	
  the	
  Schrödinger	
  equation	
  can	
  be	
  analytically	
  solved	
  for	
  the	
  exclusive	
  case	
  
of	
  the	
  hydrogen	
  atom.	
  However,	
  even	
  for	
  this	
  trivial	
  system	
  some	
  approximations	
  have	
  
to	
  be	
  made.	
  For	
  more	
  complex	
  systems	
   like	
  multi-­‐electron	
  atoms	
  or	
  molecules	
   further	
  
approximations	
   are	
   required	
   in	
   order	
   to	
   solve	
   the	
   equation.	
   To	
   provide	
   a	
   better	
  
overview	
  on	
  how	
  the	
  ideal	
  theory	
  has	
  evolved	
  to	
  the	
  state	
  of	
  current	
  modern	
  practical	
  
QM	
  methods	
  the	
  major	
  approximations	
  are	
  mentioned	
  here	
  very	
  briefly.	
  

For	
  the	
  majority	
  of	
  nowadays	
  calculations	
  the	
  time-­‐independent	
  Schrödinger	
  equation	
  is	
  
employed,	
  which	
  describes	
  the	
  stationary	
  states	
  of	
  the	
  system.	
  The	
  time-­‐independent	
  or	
  
stationary	
  Schrödinger	
  equation	
  does	
  not	
  describe	
  the	
  relativistic	
  effects,	
  thus,	
  the	
  latter	
  
are	
   commonly	
   neglected.	
   While	
   the	
   non-­‐relativistic	
   treatment	
   is	
   appropriate	
   for	
   the	
  
lighter	
   elements	
   of	
   the	
   periodic	
   table,	
   up	
   to	
   chlorine,	
   for	
   heavier	
   atoms,	
   where	
  
relativistic	
   effects	
   become	
   more	
   and	
   more	
   significant,	
   a	
   number	
   of	
   approximate	
  
approaches	
  have	
  been	
  developed	
  (Moss,	
  1973;	
  Pyykkö,	
  1988).	
  

The	
   second	
   approximation,	
   Born-­‐Oppenheimer	
   approximation,	
   is	
   no	
   doubt	
   the	
   most	
  
important	
   for	
   the	
   development	
   of	
   computational	
   quantum	
   chemistry	
   (Born	
   &	
  
Oppenheimer,	
   1927).	
   Based	
   on	
   the	
   fact	
   that	
   nuclei	
   are	
   approximately	
   2000	
   times	
  
heavier	
  than	
  electrons,	
  Max	
  Born	
  proposed	
  to	
  separate	
  the	
  total	
  wave	
  function	
  into	
  the	
  
electronic	
  wave	
  function,	
  Ψ! !,! ,	
  and	
  the	
  one	
  of	
  the	
  nuclei,	
  Ψ!(!),	
  so	
  that	
  the	
  motion	
  of	
  
latter	
  can	
  be	
  considered	
  as	
  stationary	
  with	
  respect	
  to	
  that	
  of	
  the	
  electrons.	
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3.	
  Methods	
  

40	
  
	
  

were	
  employed,	
  thus	
  all	
  atomic	
  charges	
  of	
  the	
  molecular	
  systems,	
  including	
  proteins	
  and	
  
nucleic	
  acids,	
  were	
  derived	
  with	
  the	
  RESP	
  model.	
  

The	
   derivation	
   of	
   the	
   RESP	
   charges	
   of	
   a	
   molecule	
   of	
   interest	
   starts	
   with	
   geometry	
  
optimization	
   calculations	
   performed	
   with,	
   most	
   often,	
   ab	
   initio	
   QM	
   calculations.	
   The	
  
geometries	
   of	
   all	
   compound	
   conformers	
   have	
   to	
   be	
   optimized,	
   in	
   case	
   of	
   a	
   multi-­‐
conformational	
  nature	
  of	
  the	
  molecule	
  of	
   interest.	
  Luckily,	
   in	
  the	
  case	
  of	
  ruthenium(II)	
  
polypyridyl	
  compounds,	
  [Ru(phen)3]2+	
  and	
  [Ru(phen)2dppz]2+	
  the	
  conformational	
  space	
  
is	
  limited	
  to	
  two	
  enantiomeric	
  forms,	
  Λ	
  and	
  ∆,	
  that	
  are	
  mirror	
  images	
  of	
  each	
  other	
  and	
  
thus	
  the	
  atomic	
  charges	
  set	
  should	
  also	
  support	
  this	
  symmetry.	
  In	
  the	
  case	
  of	
  a	
  binuclear	
  
[Ru2(phen)4bidppz]4+	
   compound	
   the	
   RESP	
   charges	
   derivation	
   accounted	
   for	
   an	
   extra	
  
degree	
   of	
   freedom,	
   namely	
   the	
   rotation	
   around	
   a	
   single	
   bond	
   connecting	
   the	
   two	
  
bridging	
   dppz	
   ligands.	
   Once	
   the	
   geometries	
   of	
   all	
   conformers	
   are	
   optimized,	
   the	
  
molecular	
  electrostatic	
  potential	
  (MEP)	
  has	
  to	
  be	
  calculated.	
  These	
  calculations	
  are	
  also	
  
performed	
  with	
  QM	
  calculations.	
  According	
  to	
  the	
  definition	
  the	
  electrostatic	
  potential	
  at	
  
a	
  point	
  r,	
  !(!)	
  is	
  defined	
  as	
  the	
  work	
  it	
  takes	
  to	
  bring	
  a	
  unit	
  positive	
  charge	
  from	
  infinity	
  
to	
  this	
  point.	
  The	
  electrostatic	
  potential	
  has	
  contributions	
  from	
  both	
  the	
  nuclei	
  and	
  the	
  
electrons	
  of	
  the	
  molecule.	
  The	
  contributions	
  of	
  the	
  nuclei	
  M	
  (15),	
  and	
  the	
  electrons	
  (16)	
  
to	
  the	
  electrostatic	
  potential	
  are:	
  

	
   !!"#$ ! = !!
! − !!

!

!!!
  	
   (15)	
  

	
   !!"!# ! = !!′!(!)
|!′ − !|   	
   (16)	
  

where	
  !(!)	
  is	
  the	
  electron	
  density	
  and	
  can	
  be	
  calculated	
  from	
  the	
  Born	
  interpretation	
  of	
  
the	
  wavefunction	
  as	
  a	
  sum	
  of	
  squares	
  of	
  the	
  spinorbitals	
  at	
  the	
  point	
  r	
   for	
  all	
  occupied	
  
molecular	
   orbitals.	
   Thus,	
   for	
   a	
   system	
  of	
  N	
   electrons	
   occupying	
  N/2	
   orbitals	
   it	
   can	
   be	
  
written	
  as:	
  	
  

	
   ! ! = 2 !!(!) !
!/!

!!!
	
   (17)	
  

Then	
  the	
  total	
  electrostatic	
  potential	
  equals	
  to	
  the	
  sum	
  of	
  the	
  nuclear	
  and	
  the	
  electronic	
  
contributions:	
  

	
   ! ! = !!"#$ ! + !!"!# ! 	
   (18)	
  

The	
   electrostatic	
   potential	
   varies	
   through	
   space,	
   however,	
   since	
   the	
   non-­‐covalent	
  
interactions	
   between	
   molecules	
   often	
   occur	
   at	
   their	
   molecular	
   surfaces,	
   or	
   in	
   other	
  
words	
   at	
   separations	
  where	
   the	
   van	
   der	
  Waals	
   radii	
   of	
   the	
   interacting	
   atoms	
   are	
   just	
  
touching,	
  it	
  is	
  most	
  common	
  to	
  examine	
  the	
  electrostatic	
  potential	
  in	
  these	
  regions.	
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periodically	
  in	
  all	
  3	
  directions	
  to	
  represent	
  an	
  infinite	
  system	
  (Figure	
  3.2).	
  When	
  the	
  so-­‐
called	
  periodic	
  boundary	
  conditions	
  are	
  applied,	
  all	
  simulated	
  atoms	
  are	
  surrounded	
  by	
  
neighbours.	
   Periodic	
  boundary	
   conditions	
   can	
  be	
  used	
  with	
   various	
   geometries,	
   a	
   3-­‐D	
  
cubic	
  box,	
  a	
  rhombic	
  dodecahedron,	
  or	
  a	
  truncated	
  octahedron.	
  The	
  latter	
  is	
  often	
  used	
  
to	
  reduce	
  the	
  number	
  of	
  solvent	
  molecules	
  in	
  the	
  system	
  to	
  speed	
  up	
  the	
  computation.	
  
Another	
  way	
  of	
  minimizing	
  the	
  number	
  of	
  atoms	
  in	
  a	
  simulation	
  is	
  to	
  apply	
  a	
  spherical	
  
(non-­‐periodical)	
   boundary	
   condition.	
   This	
   setup	
   is	
   useful	
   when	
   studying	
   a	
   particular	
  
part	
  of	
  a	
  large	
  system,	
  where	
  the	
  region	
  of	
  interest	
  is	
  enclosed	
  within	
  a	
  shell,	
  where	
  the	
  
atoms	
   are	
   subjected	
   to	
   MD,	
   whereas	
   the	
   outside	
   atoms	
   are	
   kept	
   fixed	
   to	
   their	
   initial	
  
positions.	
  Solvent	
  can	
  also	
  be	
  represented	
  via	
  continuum	
  models,	
  usually	
  referred	
  to	
  as	
  
implicit	
  solvent.	
  

Molecular	
   dynamics	
   experiments	
   are	
   usually	
   performed	
   in	
   conditions	
   as	
   close	
   as	
  
possible	
   to	
   experimental,	
   so	
   physical	
   values	
   like	
   constant	
   pressure	
   or	
   volume	
   and	
  
temperature	
   are	
   carefully	
   chosen.	
   In	
   this	
   way,	
   the	
   most	
   common	
   setups	
   of	
   MD	
  
experiments	
   can	
   be	
   divided	
   into:	
   NVE	
   or	
   microcanonical	
   ensemble,	
   where	
   the	
  
thermodynamic	
  state	
  is	
  characterized	
  by	
  a	
  constant	
  number	
  of	
  particles	
  (N),	
  volume	
  (V)	
  
and	
  energy	
  (E);	
  NVT	
  or	
  the	
  canonical	
  ensemble	
  where	
  all	
  N,	
  V	
  and	
  temperature	
  (T)	
  are	
  
constant;	
  or	
  NPT	
  –	
   the	
   isobaric-­‐isothermal	
   ensemble	
  where	
  N,	
  pressure	
   (P)	
   and	
  T	
  are	
  
constant.	
   In	
   order	
   to	
   keep	
   the	
   constant	
   temperature,	
   the	
   velocities	
   can	
   be	
   rescaled	
  
(Woodcock,	
  1971)	
  during	
   the	
   course	
  of	
   simulation,	
   or	
   the	
   system	
  can	
  be	
   coupled	
   to	
   a	
  
temperature	
   bath	
   (Hoover,	
   1985).	
   The	
   Langevin	
   thermostat	
   temperature	
   control	
  

	
  

	
  

	
  

Figure	
   3.2.	
   Left:	
   a	
   DNA	
   molecule	
   solvated	
   in	
   a	
   truncated	
   octahedron	
   of	
  
explicit	
   water.	
   Right:	
   a	
   schematic	
   representation	
   of	
   periodic	
   boundary	
  
condition.	
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method	
  (Izaguirre	
  et	
  al.,	
  2001)	
  was	
  used	
  for	
  the	
  calculations	
  represented	
  in	
  this	
  Thesis.	
  
Constant	
   pressure	
   can	
   be	
  maintained	
   by	
   allowing	
   the	
   volume	
   to	
   fluctuate	
   or	
   to	
   use	
   a	
  
“pressure	
  bath”	
  in	
  analogy	
  to	
  the	
  temperature	
  bath.	
  In	
  the	
  work	
  included	
  in	
  this	
  Thesis	
  
the	
  simulations	
  were	
  carried	
  out	
  in	
  either	
  NVT	
  of	
  NPT	
  ensembles.	
  	
  

One	
   of	
   the	
  main	
   limitations	
   of	
  MD	
   simulations	
   is	
   still	
   a	
   feasible	
   time	
   frame.	
  With	
   the	
  
development	
   of	
   supercomputers,	
   as	
   well	
   as	
   graphic	
   processing	
   units,	
   and	
   ways	
   to	
  
parallelize	
   the	
  calculations,	
   it	
   is	
  now	
  possible	
   to	
   record	
   longer	
  and	
   longer	
   trajectories.	
  
However,	
  the	
  time	
  scale	
  is	
  not	
  yet	
  sufficiently	
  long	
  to	
  illustrate,	
  for	
  example,	
  a	
  biological	
  
reaction.	
  The	
  length	
  of	
  standard	
  simulations,	
  performed	
  in	
  the	
  studies	
  included	
  into	
  this	
  
Thesis,	
   is	
   fluctuating	
   between	
   10-­‐50	
   ns	
   for	
   systems	
   from	
   25	
   000	
   atoms	
   to	
   125	
   000	
  
atoms.	
  Longer	
   (>	
  100	
  ns)	
   trajectories,	
  despite	
  becoming	
  more	
  and	
  more	
   common,	
   are	
  
still	
  very	
  computationally	
  intense.	
  To	
  speed	
  up	
  the	
  calculation	
  rate	
  all	
  the	
  fastest	
  modes	
  
of	
  bonds	
  vibrations	
  (time	
  scale	
  of	
  approximately	
   femto-­‐seconds)	
  are	
  kept	
   frozen	
  using	
  
SHAKE	
  algorithm	
  (Ryckaert	
  et	
  al.,	
  1977).	
  The	
  hydrogen	
  bonds	
  are	
  constrained	
  to	
   fixed	
  
length	
  and	
  by	
  imposing	
  this	
  restraint	
  larger	
  integrating	
  time	
  steps	
  can	
  be	
  used	
  without	
  a	
  
significant	
  loss	
  of	
  accuracy	
  of	
  the	
  calculations.	
  

3.10. Unrestrained	
  Molecular	
  Dynamics	
  (MD)	
  versus	
  Steered	
  
Molecular	
  Dynamics	
  (SMD)	
  
The	
  major	
  difference	
  between	
  unrestrained	
  molecular	
  dynamics	
  or,	
  simply	
  MD,	
  from	
  a	
  
steered	
  MD	
  approach	
  is	
  the	
  ability	
  of	
  the	
  latter	
  to	
  bias	
  the	
  system’s	
  evolution	
  along	
  some	
  
predefined	
   coordinate	
   by	
   applying	
   an	
   external	
   force,	
   which	
   drives	
   a	
   change	
   in	
  
coordinates	
  within	
  a	
  certain	
  time.	
  Several	
  applications	
  of	
  SMD	
  have	
  been	
  developed	
  in	
  
Klaus	
  Schulten’s	
  group	
  (Izrailev	
  et	
  al.,	
  1998;	
   Jensen	
  et	
  al.,	
  2002),	
  one	
  of	
  which	
   is	
  when	
  
the	
  coordinate	
  of	
  interest	
  is	
  moving	
  with	
  a	
  constant	
  velocity.	
  This	
  implementation,	
  done	
  
by	
   the	
   group	
   of	
   Dario	
   Estrin	
   (Crespo	
   et	
   al.,	
   2005),	
   has	
   been	
   included	
   into	
   AMBER11	
  
software	
  package	
  and	
  used	
  in	
  the	
  studies	
  included	
  in	
  this	
  Thesis.	
  This	
  method	
  is	
  based	
  
upon	
  that	
  the	
  centre	
  of	
  the	
  restraint	
  is	
  time-­‐dependent	
  as	
  in:	
  

	
   !!"#$!%&'$ ! = 1
2 !(! − !!(!))

!	
   (24)	
  

where	
   x	
   could	
  be	
   a	
  distance,	
   an	
   angle,	
   or	
   a	
   torsion	
  angle	
  between	
  atoms	
  or	
   groups	
  of	
  
atoms.	
  This	
  approach	
  can	
  be	
  used	
  to	
  drive	
  various	
  physical	
  processes,	
  for	
  example,	
  ion	
  
diffusion	
  or	
   ligand	
  binding	
  (as	
   illustrated	
   in	
  Paper	
  III),	
  conformational	
  changes,	
  etc.	
  By	
  
integrating	
   the	
   force	
   over	
   time	
   or	
   distance,	
   a	
   generalized	
   work	
   can	
   be	
   calculated.	
  
Subsequently,	
   this	
   work	
   can	
   be	
   used	
   to	
   compute	
   free	
   energy	
   differences	
   using	
   the	
  
Jarzynski	
   relationship	
   (Jarzynski,	
   1997;	
   Hummer	
   &	
   Szabo,	
   2001).	
   According	
   to	
   the	
  
method	
   the	
   free	
   energy	
   difference	
   between	
   two	
   states	
   in	
   question,	
   A	
   and	
   B,	
   with	
  
different	
  coordinates	
  (x)	
  is	
  equal	
  to:	
  	
  

	
   !!∆!/!!! = !!!/!!! !	
   (25)	
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4. RESULTS	
  
In	
   this	
   chapter	
   the	
  main	
   results	
   and	
   conclusions	
  achieved	
   in	
  Papers	
   I-­‐V	
  are	
   summarized	
  
and	
   put	
   into	
   context,	
   as	
   well	
   as	
   some	
   preliminary	
   unpublished	
   results	
   of	
   relevance	
   are	
  
presented.	
  	
  

DNA,	
  the	
  central	
  molecule	
  of	
  life,	
  has	
  always	
  attracted	
  a	
  lot	
  of	
  attention	
  of	
  researchers.	
  
Despite	
   the	
   popularity	
   there	
   are	
   still	
   countless	
   questions	
   on	
   the	
   mechanisms	
   of	
  
molecular	
   function,	
   interactions	
   with	
   small	
   ligands	
   and	
   proteins,	
   ways	
   of	
   utilizing	
  
existing	
   information	
   for	
   creating	
   effective	
  medicines,	
   etc.	
   Being	
   a	
   highly	
   polymorphic	
  
molecule,	
  DNA	
  dynamically	
  adjusts	
   itself	
   to	
  changes	
  in	
  surrounding	
  environments,	
  and	
  
to	
  a	
  great	
  extent,	
  this	
  conformational	
  flexibility	
  defines	
  the	
  character	
  of	
   intramolecular	
  
associations.	
   Some	
   extremes	
   of	
   DNA’s	
   plasticity	
   could	
   be	
   tackled	
   in	
   experimental	
  
models,	
   such	
   as	
   by	
   studying	
   the	
   interactions	
   with	
   a	
   dumbbell-­‐shaped	
   ruthenium	
  
binuclear	
   compound,	
   which	
   has	
   been	
   reported	
   to	
   intercalate	
   into	
   DNA	
   containing	
   a	
  
sufficient	
  number	
  of	
  adjacent	
  AT	
  base	
  pairs.	
  Some	
  two	
  weeks	
  at	
  room	
  temperature	
  was	
  
the	
  time	
  the	
  compound,	
  being	
  conformationally	
  rigid,	
  took	
  before	
  it	
  managed	
  to	
  thread	
  
one	
   of	
   its	
   bulky	
   ruthenium	
   centres	
   through	
   a	
   tightly	
   packed	
   DNA	
   stack.	
   Such	
   an	
  
exceptionally	
  slow	
  kinetics	
  indicates	
  large	
  structural	
  reorganizations	
  of	
  the	
  DNA	
  duplex.	
  
In	
  Paper	
   I	
   an	
   attempt	
   is	
  made	
   to	
   highlight	
   the	
  mechanism	
   of	
   threading	
   intercalation:	
  
several	
   different	
   DNA	
   constructs	
  were	
   tested	
  which	
   resulted	
   in	
   the	
   hypothesis	
   that	
   a	
  
transition	
   from	
  B-­‐	
   to	
  A-­‐DNA	
  might	
  be	
   induced	
  by	
   the	
  presence	
  of	
   the	
   initially	
   outside	
  
binding	
  of	
  the	
  Ru(II)-­‐compound	
  that	
  in	
  turn	
  might	
  facilitate	
  the	
  threading	
  event.	
  

In	
  Paper	
   II,	
   further	
   effort	
  was	
  made	
   to	
   resolve,	
   at	
   atomic	
   scale,	
   a	
   structure	
   of	
   a	
  DNA-­‐
ruthenium	
   compound	
   complex,	
   using	
   NMR	
   spectroscopy	
   supported	
   by	
   molecular	
  
modelling.	
   Due	
   to	
   solubility	
   problems	
   with	
   the	
   more	
   hydrophobic	
   phenanthroline	
  
ruthenium	
  compound,	
  that	
  had	
  shown	
  the	
  highest	
  threading	
  intercalation	
  rates,	
  we	
  had	
  
instead	
   to	
  use	
   its	
  much	
   slower	
  but	
   less	
  hydrophobic	
  bipyridyl	
   analogue.	
  Although	
   the	
  
end	
  product	
  is	
  not	
  an	
  intercalated	
  state,	
  but	
  one	
  in	
  which	
  the	
  compound	
  remains	
  bound	
  
on	
   the	
  outside	
  of	
   the	
  duplex,	
   the	
  obtained	
  structure	
   is	
   interesting,	
  as	
   it	
  may	
  represent	
  
the	
  precursory	
  state	
  before	
  threading,	
  i.e.	
  the	
  binding	
  geometry	
  that	
  Wilhelmsson	
  et	
  al.	
  
observed	
  initially,	
  characterized	
  by	
  a	
  positive	
  LD	
  (Wilhelmsson	
  et	
  al.,	
  2002).	
  	
  

In	
   paper	
   III	
   a	
   computational	
   study	
   was	
   conducted	
   aiming	
   to	
   gain	
   some	
   mechanistic	
  
insight	
   into	
   molecular	
   interactions,	
   preceding	
   threading	
   intercalation,	
   exhibited	
   by	
  
binuclear	
   ruthenium	
   compounds,	
   as	
  well	
   as	
   to	
   resolve	
   an	
   old	
   debate	
   about	
   details	
   of	
  
intercalative	
  binding	
  to	
  DNA	
  by	
  ruthenium-­‐coordinated	
  mononuclear	
  compounds.	
  

The	
  structural	
  studies	
  of	
  recombinases:	
  human	
  Rad51	
  protein,	
  conducted	
  in	
  Papers	
  IV-­‐V,	
  
and	
  bacterial	
  RecA	
  protein,	
  preliminary	
  results	
  are	
  described	
  in	
  the	
  last	
  chapter	
  of	
  this	
  
section,	
  similarly	
  to	
  high-­‐resolution	
  structural	
  techniques,	
  X-­‐ray	
  and	
  NMR	
  spectroscopy,	
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ion,	
  with	
  a	
  frozen	
  coordination-­‐sphere	
  parameters	
  (since	
  no	
  Ru(II)	
  MD	
  parameters	
  were	
  
available	
  at	
  the	
  time	
  of	
  the	
  study),	
  allowed	
  calculations	
  of	
  groove	
  bound	
  and	
  intercalated	
  
states	
  to	
  be	
  performed.	
  Analogously	
  to	
  the	
  binding	
  geometry	
  of	
  the	
  TBP-­‐DNA	
  complex	
  in	
  
the	
   crystal	
   structure,	
   the	
   ∆∆-­‐P	
   compound	
  was	
   placed	
   in	
   the	
  minor	
   groove,	
   while	
   the	
  
intercalation	
   spot	
  was	
   chosen	
   to	
  be	
   in	
   the	
   centre.	
  A	
  10	
  ns-­‐long	
  MD	
  run	
  of	
   the	
  groove-­‐
bound	
   state	
   indeed	
   resulted	
   in	
   a	
   conformation	
   resembling	
   the	
   one	
   of	
   the	
   TBP-­‐case	
  
(Figure	
   4.3):	
   with	
   a	
   helical	
   bending	
   of	
   45°,	
   and	
   most	
   excitingly	
   a	
   C3’-­‐endo	
   furanose	
  
conformation	
   of	
   the	
   two	
   central	
   bases	
   of	
   the	
   3’-­‐5’	
   strand.	
   The	
   simulation	
   of	
   the	
  
intercalated	
  state,	
  when	
  starting	
  with	
  ∆∆-­‐P	
  positioned	
  in-­‐between	
  base	
  pairs	
  of	
  a	
  B-­‐form	
  
duplex,	
  not	
  surprisingly	
  though,	
  did	
  not	
  result	
  in	
  any	
  A-­‐form-­‐like	
  threaded	
  product.	
  The	
  
MD	
   calculations	
   suggested	
   that	
   the	
   intercalation	
   pocket	
   formed	
   in	
   B-­‐DNA	
   could	
   only	
  
protect	
  one	
  of	
  the	
  two	
  dppz-­‐moieties,	
  while	
  the	
  second	
  one	
  was	
  fully	
  exposed	
  to	
  solvent	
  
(Figure	
  4.2	
   bottom	
   left).	
   On	
   the	
   other	
   hand,	
   when	
   placed	
   between	
   the	
   adjacent	
   base	
  
pairs	
  of	
  an	
  A-­‐form	
  duplex	
  the	
  bidppz	
  bridging	
  ligand	
  of	
  the	
  ∆∆-­‐P	
  compound	
  was	
  much	
  
better	
   shielded	
   from	
   the	
   surrounding	
   waters	
   (Figure	
  4.2	
   bottom	
   right).	
   The	
   latter	
  
geometry,	
  thus,	
  seems	
  to	
  be	
  more	
  relevant	
  to	
  explain	
  the	
  observed	
  massive	
  increase	
  in	
  
fluorescence	
   intensity.	
   Additional	
   attempts	
   were	
  made	
   to	
  model	
   the	
   actual	
   threading	
  
with	
   the	
   help	
   of	
   the	
   steered	
   MD	
   approach,	
   although	
   I	
   considered	
   this	
   exercise	
   less	
  
meaningful	
  due	
  to	
  the	
  absence	
  of	
  any	
  high-­‐resolution	
  data.	
  

Although,	
   the	
   simulations	
   did	
   not	
   result	
   in	
   any	
   illustration	
   of	
   the	
   complete	
   threading	
  
intercalation,	
   starting	
   from	
   an	
   outside	
   binding	
   geometry	
   and	
   finishing	
   at	
   a	
   thread-­‐
intercalated	
   state	
   of	
   the	
   ∆∆-­‐P	
   compound,	
   they	
   still	
   provided	
   some	
   interesting	
  
mechanistic	
   insight	
   into	
   the	
   process.	
   The	
   outside	
   binding	
   of	
   the	
   ∆∆-­‐P	
   compound	
   has	
  

	
  
	
  

Figure	
  4.3.	
   Left:	
   starting	
   conformation	
   of	
   binuclear	
   Ru(II)-­‐∆∆-­‐P-­‐DNA	
  
([GCATATATCG]2)	
   complex.	
   Right:	
   the	
   conformation	
   of	
   the	
   complex	
   after	
  
10	
  ns	
  MD	
  simulation	
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In	
  the	
  preceding	
  RecA	
  study	
  the	
  structural	
  information,	
  namely	
  the	
  angular	
  orientations	
  
of	
   seven	
   tyrosine	
   residues	
   collected	
   by	
   Site-­‐Specific	
   Linear	
   Dichroism	
   spectroscopy	
  
(hereafter	
   SSLD),	
   was	
   utilized.	
   Here	
   it	
   is	
   worth	
   reminding	
   that	
   LD	
   only	
   provides	
  
averaged	
   angles,	
   at	
   which	
   an	
   electric	
   dipole	
   transition	
   moment	
   (absorbing	
   at	
   a	
  
particular	
   wavelength)	
   of	
   all	
   chromophores	
   in	
   a	
   system	
   is	
   oscillating	
   relative	
   to	
   a	
  
macroscopic	
   orientation	
   axis.	
   Or,	
   to	
   be	
   fully	
   correct,	
   average	
   cosine	
   square	
   values	
   of	
  
angles.	
   This	
   means	
   generally	
   1)	
   that	
   angles	
   with	
   opposite	
   signs	
   are	
   two	
   possible	
  
solutions,	
   and	
   2)	
   the	
   average	
   will	
   depend	
   on	
   the	
   orientation	
   distribution	
   (which	
   is	
  
unknown	
  except	
  for	
  cases	
  of	
  perfect	
  orientation	
  such	
  as	
  when	
  <cos2(α)>	
  =	
  0	
  or	
  1).	
  	
  

Very	
  conveniently,	
  in	
  the	
  case	
  of	
  filamentous	
  aggregates	
  of	
  recombination	
  proteins,	
  the	
  
macroscopic	
  orientation	
  axis	
  of	
  the	
  sample	
  coincides	
  with	
  the	
  filament’s	
  axis.	
  The	
  main	
  
advantage	
   of	
   the	
   SSLD	
  method,	
   used	
   in	
   the	
   study,	
   over	
   classic	
   LD	
   is	
   that	
   the	
   angular	
  
orientation	
   is	
   no	
   longer	
   averaged	
   over	
   all	
   chromophores	
   of	
   the	
   system	
   but	
   instead	
  
represent	
   the	
   orientation	
   of	
   a	
   specific	
   chromophore,	
   namely	
   a	
   particular	
   preselected	
  
tyrosine	
   residue.	
  Using	
   SSDL	
  data	
   and	
   facilitated	
   by	
   the	
   presence	
   of	
   a	
   high-­‐resolution	
  
crystal	
  structure	
  of	
  a	
  RecA	
  monomer,	
  assuming	
  that	
  the	
  monomer’s	
  conformation	
  does	
  
not	
   change	
   along	
   the	
   course	
   of	
   the	
   homologous	
   recombination	
   reaction,	
   filamentous	
  
models	
   for	
   ss-­‐	
   and	
  dsDNA-­‐RecA	
   complexes	
  were	
   assembled.	
   Conclusions,	
   drawn	
   from	
  
these	
  models,	
  were	
  later	
  confirmed	
  by	
  the	
  crystal	
  structures	
  of	
  the	
  DNA-­‐RecA	
  filaments	
  
(Chen	
  et	
  al.,	
  2008),	
  demonstrating	
  the	
  usefulness	
  of	
  the	
  approach.	
  

Moving	
  over	
  to	
  the	
  human	
  Rad51	
  (HsRad51)	
  project.	
  In	
  contrast	
  to	
  the	
  RecA	
  case,	
  where	
  
the	
   filamentous	
  models	
  were	
   obtained	
   by	
   a	
   straightforward	
   rotation	
   of	
  monomers	
   so	
  
that	
  the	
  angular	
  orientation	
  of	
  the	
  tyrosine	
  residues	
  would	
  coincide	
  with	
  the	
  SSLD	
  data,	
  
the	
  HsRad51	
  study	
  was	
  hampered	
  by	
  the	
  lack	
  of	
  a	
  full-­‐length	
  (339	
  a.a.r.)	
  3-­‐D	
  structure	
  of	
  
the	
   monomer.	
   The	
   HsRad51	
   monomer	
   structure	
   was	
   only	
   fragmentally	
   available:	
  
including	
   a	
   crystal	
   structure	
  of	
   the	
   fusion	
   complex	
  of	
   the	
   central	
  ATP-­‐binding	
  domain	
  
with	
  the	
  BRCA2	
  protein	
  (PDB	
  ID:	
  1N0W)	
  (Pellegrini	
  et	
  al.,	
  2002)	
  and	
  an	
  NMR	
  structure	
  
of	
   the	
  N-­‐terminal	
   domain	
   (PDB	
   ID:	
   1B22)	
   (Aihara	
   et	
   al.,	
   1999).	
   These	
   two	
   structures,	
  
unfortunately,	
  do	
  not	
  overlap,	
  1N0W,	
   residues	
  99-­‐339,	
   and	
  1B22,	
   residues	
  16-­‐85.	
  The	
  
missing	
   residues,	
   86-­‐98,	
   correspond	
   to	
   the	
   crucial	
   part	
   of	
   the	
   structure	
   –	
   the	
  
polymerization	
   motif	
   –	
   a	
   flexible	
   joint	
   connecting	
   two	
   domain	
   regions,	
   which	
   is	
   also	
  
responsible	
  for	
  the	
  filament	
  assembly.	
  In	
  addition,	
  in	
  the	
  ATP-­‐binding	
  domain	
  structure	
  
two	
  putative	
  DNA-­‐binding	
  loops	
  and	
  some	
  other	
  protein	
  fragments	
  were	
  missing.	
  So	
  the	
  
first	
  challenge	
  was	
  to	
  construct	
  a	
  full-­‐length	
  model	
  of	
  the	
  HsRad51	
  protein	
  monomer.	
  	
  

The	
  sequence	
  alignment,	
  performed	
  with	
  ClustalW	
  (Larkin	
  et	
  al.,	
  2007),	
  of	
  those	
  HsRa51	
  
homologues	
   for	
  which	
  high-­‐resolution	
   structures	
  were	
  available	
   in	
  Protein	
  Data	
  Bank,	
  
including	
   human	
   DMC1	
   (Kinebuchi	
   et	
   al.,	
   2004;	
   Hikiba	
   et	
   al.,	
   2008),	
   yeast	
   Rad51	
  
(Conway	
  et	
  al.,	
  2004),	
  and	
  archaea	
  RadA	
  (Shin	
  et	
  al.,	
  2003;	
  Wu	
  et	
  al.,	
  2004;	
  Qian	
  et	
  al.,	
  
2005),	
   indicated	
   the	
   highest	
   level	
   of	
   sequential	
   identity	
   between	
   yeast	
   and	
   human	
  
Rad51.	
   Therefore,	
   yeast	
   Rad51	
   (ScRad51,	
   PDB	
   ID:	
   1SZP)	
   was	
   chosen	
   for	
   homology	
  
modelling,	
   acting	
   as	
   a	
   structural	
   scaffold	
   in	
  which	
   the	
   domain	
   structures	
   of	
   HsRad51	
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electric	
  dipole	
  transition	
  moments	
  are	
  illustrated.	
  

The	
  filament	
  model	
  highlighted	
  several	
  interesting	
  structural	
  features.	
  To	
  start	
  with,	
  the	
  
polymerization	
   of	
   a	
   filament	
   is	
   assured	
   by	
   a	
   typical	
   “key-­‐lock”	
   binding	
   principle,	
  
illustrated	
   in	
  Figure	
  4.11,	
   the	
  Phe86	
   residue	
  of	
  one	
  monomer	
   is	
   sandwiched	
  between	
  
two	
  alanine	
  residues,	
  Ala190	
  and	
  Ala192,	
  of	
  an	
  adjacent	
  monomer.	
  To	
  continue,	
  at	
   the	
  
monomer-­‐monomer	
   interface	
   earlier	
   mentioned,	
   Phe126,	
   Phe129	
   and	
   His294	
   are	
  
projected	
   into	
   a	
   cavity,	
   which	
   is	
   well	
   suited	
   for	
   an	
   ATP-­‐binding	
   pocket,	
   though	
   a	
   co-­‐
factor	
  was	
  not	
  explicitly	
   included	
   in	
   the	
  modelling.	
  The	
  putative	
  ATP-­‐binding	
  site	
   is	
   in	
  
close	
  proximity	
  to	
  the	
  L2	
  loop	
  and	
  the	
  overall	
  configuration	
  of	
  this	
  region	
  is	
  very	
  similar	
  
to	
   the	
  one	
  observed	
   in	
   the	
   crystal	
   structures	
  of	
   the	
  RecA-­‐DNA	
  complexes	
   (Chen	
  et	
   al.,	
  
2008).	
  And	
  finally,	
  the	
  structure	
  of	
  a	
  double-­‐stranded	
  DNA	
  molecule,	
  adopted	
  from	
  the	
  
3CMW	
  structure	
  of	
   the	
  RecA-­‐dsDNA	
  complex,	
  was	
   fitted	
   inside	
   the	
   filament	
  construct:	
  
encouragingly	
  enough,	
  the	
  putative	
  DNA-­‐binding	
  loops,	
  L1	
  and	
  L2,	
  are	
  both	
  found	
  to	
  be	
  
strategically	
  located	
  enabling	
  direct	
  contacts	
  with	
  DNA.	
  The	
  model	
  suggested	
  that	
  the	
  L1	
  
loop	
  interferes	
  with	
  the	
  DNA	
  stack	
  via	
  insertion	
  of	
  the	
  Tyr232	
  residue	
  between	
  two	
  DNA	
  
bases,	
   possibly	
   acting	
   as	
   an	
   anchor	
   during	
   the	
   filament	
   assembly,	
   and	
   electrostatic	
  
interaction	
   of	
   positively	
   charged	
   Arg235	
   with	
   the	
   negatively	
   charged	
   DNA	
   backbone.	
  
Proposed	
  protein-­‐DNA	
  interactions	
  are	
  depicted	
  in	
  Figure	
  4.12.	
  

The	
  model	
   of	
   the	
  HsRad51	
  protein	
   filament,	
   together	
  with	
   the	
   dsDNA	
   structure	
   fitted	
  
into	
  it,	
  was	
  co-­‐aligned	
  with	
  a	
  3-­‐dimensional	
  reconstruction	
  of	
  an	
  electron	
  micrograph	
  of	
  
HsRad51-­‐DNA	
   filament	
   (Galkin	
   et	
   al.,	
   2005).	
   The	
   good	
   agreement	
   between	
   the	
   two,	
  

	
  
	
  

Figure	
  4.12.	
  Rad51-­‐DNA	
  binding.	
  Both	
  loops,	
  L1	
  (magenta)	
  and	
  L2	
  (green),	
  
are	
  facing	
  the	
  interior	
  of	
  the	
  filament,	
  which	
  allows	
  the	
  housing	
  of	
  a	
  dsDNA	
  
molecule.	
  The	
  zoomed-­‐in	
  part	
  illustrates	
  the	
  interactions	
  of	
  the	
  L1	
  loop	
  with	
  
DNA,	
  suggested	
  by	
  the	
  model.	
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