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   and	
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  generation,	
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  also	
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  designed	
  to	
  facilitate	
  diffusion	
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nutrients	
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  governed	
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   interactions	
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   the	
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  network.	
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  1.2.	
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  al.,51	
  of	
  polyion	
  complex	
  
formation	
  with	
  siRNA	
  and	
  PEG-­‐PLL	
  conjugate	
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  model	
  is	
  shown	
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the	
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  and	
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  located	
  in	
  the	
  core	
  and	
  the	
  PEG	
  is	
  on	
  the	
  surface.	
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Figure	
   2.1.	
   (a)	
   Geometry	
   of	
   our	
   coarse-­‐grained	
   (CG)	
  model,	
   ePRIME,	
   for	
   the	
   studied	
   PA	
  
molecule,	
  C16H31O-­‐Val3Ala3Glu3,	
  representing	
  united	
  groups	
  of	
  atoms	
  as	
  spheres:	
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   group	
   (red);	
   valine	
   sidechain	
   (green),	
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   sidechain	
   (blue),	
   glutamic	
  
acid	
  sidechain	
  (pink),	
  and	
  backbone	
  atoms	
  (NH,	
  CαH,	
  and	
  CO	
  as	
  cyan,	
  purple	
  and	
  
orange,	
   respectively).	
   The	
   united	
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   are	
   not	
   shown	
   full	
   size	
   for	
   ease	
   of	
  
viewing.	
  (b)	
  Snapshots	
  of	
  equilibrium	
  structures	
  of	
  the	
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  at	
  different	
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   temperatures	
   from	
   ePRIME	
   replica-­‐exchange	
   simulation.	
   The	
   color	
  
scheme	
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   tail	
   (red),	
  valine	
   (green),	
  alanine	
   (blue),	
  glutamic	
  
acid	
   (pink),	
   consistent	
   for	
   all	
   subsequent	
   figures.	
   (c)	
   Equilibrium	
  PA	
   structure	
  
obtained	
  from	
  NAMD	
  replica-­‐exchange	
  temperature	
  simulation	
  at	
  T	
  =	
  260K.	
  (d)	
  
Plot	
   of	
   the	
   percentage	
   of	
   secondary	
   structure	
   formation	
   as	
   a	
   function	
   of	
  
temperature	
   obtained	
   from	
   replica-­‐exchange	
   simulations	
   for	
   16	
   temperatures	
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   coarse-­‐grained	
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  NAMD.	
  The	
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ePRIME	
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  T*	
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  0.07	
  –	
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  NAMD	
  is	
  T	
  =	
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  550K.	
  Data	
  shown	
  is	
  taken	
  
from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data	
  and	
  standard	
  deviation	
  is	
  
calculated	
  to	
  be	
  	
  ±20%.	
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Figure	
  2.2.	
  (a)	
  A	
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  from	
  a	
  simulation	
  at	
  
a	
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  temperature	
  (T*	
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  0.11)	
  and	
  weak	
  electrostatic	
  interaction	
  strength	
  
(εES	
  =	
  100%	
  εHB);	
  the	
  fiber	
  axis	
  is	
  along	
  the	
  length	
  of	
  hydrophobic	
  core	
  in	
  the	
  z-­‐
direction.	
   (b)	
   Self-­‐assembly	
   process	
   of	
   PA	
   molecules	
   to	
   form	
   a	
   cylindrical	
  
nanofiber	
  starting	
  from	
  a	
  random	
  configuration	
  shown	
  through	
  time-­‐dependent	
  
snapshots.	
  For	
  ease	
  of	
  viewing,	
  only	
  PA	
  molecules	
  involved	
  in	
  the	
  self-­‐assembly	
  
of	
  a	
  chosen	
  cylindrical	
  nanofiber	
  are	
  shown	
  since	
  the	
  whole	
  simulation	
  system	
  
contains	
   800	
  PA	
  molecules.	
   (c)	
   For	
   the	
   cylindrical	
   nanofiber	
   shown	
   in	
   (a),	
   the	
  
average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates	
  
as	
   a	
   function	
   of	
   reduced	
   time	
   are	
   plotted.	
   (d)	
   Plot	
   of	
   the	
   percentages	
   of	
  
secondary	
   structures	
   of	
   the	
   PA	
  molecules	
   involved	
   in	
   the	
   self-­‐assembly	
   of	
   the	
  
cylindrical	
  nanofiber	
  shown	
  in	
  (a)	
  as	
  a	
  function	
  of	
  reduced	
  time.	
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Figure	
   2.3.	
   (a)	
   Hydrophobic	
   core	
   of	
   a	
   cylindrical	
   nanofiber	
   (Figure	
   2.2a)	
   comprised	
   of	
  
alkyl	
   tails	
   from	
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   simulation	
   at	
   a	
  moderate	
   temperature	
   (T*	
  =	
  0.11)	
   and	
  weak	
  
electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%	
   εHB)	
   shown	
   with	
   the	
   fiber	
   axis	
  
along	
  the	
  z-­‐direction	
  and	
  (b)	
  Hydrophobic	
  core	
  of	
  the	
  same	
  cylindrical	
  nanofiber	
  
comprised	
  of	
  alkyl	
  tails	
  and	
  valine	
  residues.	
  (c)	
  The	
  probability	
  for	
  each	
  peptide	
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residue	
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  bond	
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  a	
  neighboring	
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  acid	
  residue	
  sequence	
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  V3A3E3	
  corresponds	
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  numbers	
  1-­‐
9	
  respectively.	
  (d)	
  The	
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  of	
  secondary	
  structures	
  corresponding	
  to	
  the	
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  are	
  shown.	
  (e)	
  Time-­‐dependent	
  snapshots	
  show	
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  self-­‐
assembly	
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  Figure	
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  data	
  is	
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   for	
   10	
   independent	
  
simulations	
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  in	
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   cylindrical	
   transition.	
   (b)	
   Comparison	
   of	
  
secondary	
  structure	
  elements	
  (α-­‐helix,	
  β-­‐sheet,	
  random	
  coil)	
  as	
  a	
  function	
  of	
  the	
  
electrostatic	
   interaction	
   strength	
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   the	
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   All	
   simulations	
   are	
   conducted	
   at	
   the	
   same	
   moderate	
  
temperature	
  of	
  T*	
  =	
  0.11.	
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   and	
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structures	
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   function	
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   2.7.	
   Phase	
   diagram	
   obtained	
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   simulation	
   results	
   at	
   various	
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interaction	
  strengths	
  and	
   temperatures.	
  Defined	
  regions	
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the	
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   exhibited	
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Figure	
   2.8.	
   Schematic	
   diagram	
   of	
   three	
   kinetic	
   mechanisms	
   proposed	
   by	
   simulation	
  
results.	
  (a)	
  At	
  moderate	
  temperatures	
  (T*	
  =	
  0.10	
  -­‐	
  0.11)	
  and	
  weak	
  electrostatic	
  
interaction	
  strength	
  (εES	
  =	
  100%	
  εHB),	
  cylindrical	
  nanofibers	
  are	
   formed.	
   (b)	
  At	
  
moderate	
   temperatures,	
   weak	
   hydrophobic	
   interaction	
   strength,	
   and	
   strong	
  
electrostatic	
  interaction	
  strength	
  (εES	
  >	
  300%	
  εHB),	
  spherical	
  micelles	
  are	
  formed	
  
with	
  the	
  absence	
  of	
  secondary	
  structures.	
   (c)	
  At	
   low	
  temperatures	
  (T*	
  =	
  0.08	
  -­‐	
  
0.09),	
  mild	
  hydrophobic	
  interaction	
  strength,	
  and	
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  electrostatic	
  interaction	
  
strength,	
   spherical	
   micelles	
   with	
   secondary	
   structures	
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helices)	
  are	
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Figure	
  3.1.	
   Snapshots	
  of	
   the	
   self-­‐assembly	
  process	
  of	
  PA1	
  molecules	
   as	
   a	
   function	
  of	
  CG	
  
simulation	
  time	
  (in	
  reduced	
  time	
  units).	
  (A)	
  A	
  spherical	
  micelle	
  without	
  β-­‐sheet	
  
content	
   is	
   formed	
   at	
   a	
   strong	
   electrostatic	
   repulsion	
   (200%	
   εHB).	
   (B)	
   A	
  
cylindrical	
   nanofiber	
   with	
   β-­‐sheet	
   content	
   is	
   formed	
   at	
   zero	
   electrostatic	
  
repulsion.	
  PA1	
  molecules	
   are	
   colored	
  as	
   follows:	
   alkyl	
   tail	
   in	
   red,	
   isoleucine	
   in	
  
green,	
  alanine	
  in	
  blue,	
  and	
  glutamic	
  acid	
  in	
  pink.	
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   A.	
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   strength	
   of	
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   in	
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simulation.	
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  Snapshot	
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Figure	
   3.3.	
   Snapshot	
   of	
   the	
   PA1	
   tetramer	
   obtained	
   from	
   the	
   100	
   ns	
   standard	
   MD	
  
simulation	
   with	
   all	
   Glu	
   side	
   chains	
   fully	
   protonated.	
   Two	
   views	
   (related	
   by	
   a	
  
180°	
   rotation)	
   are	
  presented.	
  The	
  Glu	
   side	
   chains	
   are	
  highlighted	
   in	
  blue	
   stick	
  
representation.	
  The	
  shade	
  of	
  blue	
  (white	
  to	
  blue)	
  corresponds	
  to	
  the	
  pKa	
  value	
  
(0	
  to	
  8).	
  The	
  pKa	
  values	
  are	
  extracted	
  from	
  an	
  explicit-­‐solvent	
  CpHMD	
  simulation	
  
(see	
  Figure	
  3.5).	
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Figure	
  3.4.	
  pH-­‐dependent	
  β-­‐sheet	
  content	
  of	
  the	
  PA1	
  tetramer.	
  (a)	
  Residue-­‐based	
  β-­‐sheet	
  
content	
  calculated	
  as	
   the	
  percentage	
  residence	
  time	
  of	
  a	
  residue	
   in	
   the	
  β-­‐sheet	
  
conformation	
   (assigned	
   using	
   the	
   DSSP	
   algorithm37).	
   Blue,	
   green,	
   and	
   red	
  
represent	
   pH	
   3,	
   6.5,	
   and	
   8,	
   respectively.	
   The	
   four	
   monomers	
   correspond	
   to	
  
residues	
   1–8,	
   9–16,	
   17–24,	
   and	
   25–32,	
   respectively.	
   (b)	
   Total	
   number	
   of	
  
backbone	
   hydrogen	
   bonds	
   as	
   a	
   function	
   of	
   pH.	
   Data	
   points	
   are	
   the	
   averages	
  
while	
  the	
  error	
  bars	
  represent	
  the	
  standard	
  deviation.	
  Data	
  from	
  the	
  last	
  2	
  ns	
  of	
  
the	
  all-­‐atom	
  CpHMD	
  simulation	
  run	
  2	
  were	
  used.	
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Figure	
   3.5.	
   Titration	
   of	
   Glu	
   residues	
   in	
   the	
   PA1	
   tetrameric	
   β-­‐sheet.	
   (a)	
   Calculated	
   pKa	
  
values	
   of	
   the	
   individual	
   Glu	
   side	
   chains.	
   The	
   black	
   dashed	
   line	
   indicates	
   an	
  
average	
  pKa	
  of	
  5.4.	
  (b)	
  The	
  unprotonated	
  fraction	
  averaged	
  over	
  all	
  the	
  Glu’s	
  of	
  
the	
   PA1	
   tetramer	
   as	
   a	
   function	
   of	
   pH.	
   The	
   curve	
   represents	
   the	
   fitting	
   to	
   the	
  
generalized	
  Henderson–Hasselbalch	
  equation.	
  The	
  obtained	
  bulk	
  pKa	
  is	
  5.4	
  with	
  
a	
   Hill	
   coefficient	
   of	
   0.6.	
   The	
   error	
   bars	
   correspond	
   to	
   the	
   standard	
   deviation	
  
among	
  the	
  unprotonated	
  fractions	
  of	
  all	
  the	
  Glu’s.	
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Figure	
  4.1.	
  (A)	
  Snapshots	
  of	
  equilibrium	
  conformations	
  for	
  a	
  single	
  PA	
  molecule	
  is	
  shown	
  
at	
   T*=0.07	
   for	
   5	
   different	
   R	
   values.	
   Color	
   scheme	
   for	
   the	
   molecule	
   by	
   using	
  
VMD47:	
   hydrophobic	
   polymeric	
   tail	
   (red),	
   valine	
   (green),	
   alanine	
   (blue),	
   and	
  
glutamic	
  acid	
  (pink).	
   (B)	
  The	
  number	
  of	
  hydrophobic	
   interactions	
  between	
  the	
  
polymeric	
   tail	
   and	
   the	
   peptide	
   side	
   chains	
   as	
   a	
   function	
   of	
   R	
   at	
   T*=0.07.	
   The	
  
percentage	
   of	
   (C)	
   α-­‐helical	
   and	
   (D)	
   random	
   coil	
   structures	
   as	
   a	
   function	
   of	
  
temperature	
  over	
  a	
  range	
  of	
  R	
  values	
  using	
  coarse-­‐grained	
  ePRIME.	
  Inset	
  graph	
  
provides	
  validation	
  data	
  obtained	
   from	
  atomistic	
   simulation.	
  All	
  data	
   shown	
   is	
  
taken	
  from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data.	
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Figure	
  4.2.	
  (A)	
  Distinctive	
  nanostructures	
  (e.g.	
  network	
  of	
  β-­‐sheets,	
  cylindrical	
  nanofibers,	
  
and	
   cylindrical	
   micelles)	
   at	
   equilibrium	
   are	
   shown.	
   (B)	
   Average	
   solvent	
  
accessible	
   surface	
   area	
   restricted	
   to	
   the	
  polymeric	
   tail	
   implemented	
   in	
  VMD,47	
  
using	
  a	
  probe	
  of	
  1.4Å	
  radius,	
  (C)	
  average	
  radius	
  of	
  gyration,	
  and	
  (D)	
  secondary	
  
structure	
   formations	
   as	
   a	
   function	
   of	
   hydrophobic	
   interaction	
   strength	
   are	
  
plotted	
   at	
   a	
   moderate	
   temperature	
   of	
   T*	
   =	
   0.11.	
   Inset	
   in	
   plot	
   (C)	
   shows	
  
representative	
   single	
   molecule	
   conformation	
   extracted	
   from	
   self-­‐assembled	
  
aggregates	
  at	
  weak,	
  moderate	
  and	
  strong	
  hydrophobic	
  interaction	
  strength.	
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Figure	
  4.3.	
  Representative	
  structures	
  (at	
  a	
  moderate	
  temperature	
  of	
  T*	
  =	
  0.11)	
  shown	
  to	
  
highlight	
   the	
   composition	
   of	
   hydrophobic	
   core	
   of	
   cylindrical	
   nanostructures	
  
containing	
   polymeric	
   tails	
   (red),	
   valines	
   (green),	
   alanines	
   (blue)	
   and	
   the	
  
secondary	
   structure	
   as	
   a	
   function	
   of	
   sequence	
   at	
   (A-­‐B)	
   moderate,	
   and	
   (C-­‐D)	
  
strong	
  hydrophobic	
  interaction	
  strength.	
  Valines	
  are	
  at	
  position	
  1-­‐3,	
  alanines	
  at	
  
4-­‐6,	
  and	
  glutamic	
  acids	
  at	
  7-­‐9.	
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Figure	
  4.4.	
  At	
  strong	
  hydrophobic	
  interaction	
  strength	
  of	
  R	
  =	
  1.3:	
  (A)	
  arrangement	
  of	
  the	
  
polymeric	
   tails	
   (red)	
   within	
   the	
   hydrophobic	
   core	
   is	
   shown	
   to	
   emphasize	
   the	
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discontinuity	
   within	
   the	
   central	
   axis	
   of	
   the	
   representative	
   equilibrium	
  
supramolecular	
   aggregates;	
   the	
   (B)	
   average	
   radius	
   of	
   gyration;	
   and	
   (C)	
  
secondary	
  structure	
  as	
  a	
  function	
  of	
  temperature.	
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Figure	
  4.5.	
  At	
  weak	
  hydrophobic	
   strength	
  of	
  R	
  =	
  1/6:	
   (A)	
   representative	
  nanostructures	
  
are	
  shown	
  emphasizing	
  the	
  formation	
  of	
  β-­‐sheets	
  (blue)	
  and	
  α-­‐helices	
  (purple);	
  
(B)	
   average	
   radius	
   of	
   gyration;	
   and	
   (C)	
   secondary	
   structure	
   as	
   a	
   function	
   of	
  
temperature.	
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Figure	
   4.6.	
   	
   Phase	
   diagram	
   of	
   representative	
   equilibrium	
   structures	
   as	
   function	
   of	
  
hydrophobic	
  interaction	
  strength	
  and	
  temperature:	
  (A)	
  network	
  of	
  α-­‐helical	
  and	
  
β-­‐sheets;	
   (B)	
   network	
   of	
   β-­‐sheets;	
   (c)	
   spherical	
  micelles	
  with	
   α-­‐helical	
   and	
   β-­‐
sheets;	
   (D)	
   cylindrical	
  micelles	
   stabilized	
  by	
  contiguous	
  core	
  of	
  polymeric	
   tails	
  
and	
   peptide	
   residues;	
   (E)	
   cylindrical	
  micelles	
   stabilized	
   by	
   contiguous	
   core	
   of	
  
polymeric	
  tails;	
  (F)	
  cylindrical	
  nanofiber	
  structures;	
  (G)	
  spherical	
  micelles	
  with	
  
only	
   β-­‐sheets;	
   (H)	
   spherical	
   micelles	
   with	
   minimal	
   secondary	
   structure	
  
elements;	
  (I)	
  oligomers;	
  (J)	
  random	
  coils.	
  ............................................................................	
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Figure	
  4.7.	
  Snapshots	
  of	
  PAs	
  as	
  a	
  function	
  of	
  time	
  (t*,	
  in	
  reduced	
  time	
  units)	
  showing	
  the	
  
formation	
  of	
   a	
   cylindrical	
  micelle	
  with	
  discontinuity	
   in	
   its	
  hydrophobic	
   core	
  at	
  
T*=0.08	
  and	
  R	
  =	
  1.3.	
  .....................................................................................................................	
  105	
  

Figure	
  5.1.	
  Distinctive	
  equilibrium	
  nanostructures	
  such	
  as	
  (A)	
  open	
  network	
  of	
  β-­‐sheets,	
  
(B)	
   cylindrical	
   nanofibers	
   and	
   (C)	
   elongated	
   micelles	
   that	
   are	
   self-­‐assembled	
  
from	
   large-­‐scale	
   simulations	
   containing	
   800	
   PAs	
   as	
   a	
   function	
   of	
   hydrophobic	
  
interaction	
   strength,	
   R.	
   Color	
   scheme	
   for	
   the	
   molecule	
   by	
   using	
   VMD51:	
  
hydrophobic	
   polymeric	
   tail	
   (red),	
   valine	
   (green),	
   alanine	
   (blue),	
   and	
   glutamic	
  
acid	
  (pink).	
   120	
  

Figure	
  5.2.	
  Time-­‐dependent	
  snapshots	
  of	
  the	
  self-­‐assembly	
  process	
  for	
  the	
  formation	
  of	
  a	
  
cylindrical	
  nanofiber	
  at	
  moderate	
  hydrophobic	
  interaction	
  strength,	
  R	
  =	
  1/3.	
  122	
  

Figure	
   5.3.	
   For	
   the	
   cylindrical	
   nanofiber	
   shown	
   in	
  Figure	
   5.2,	
   time	
   dependent	
   data	
   are	
  
plotted	
   in	
   a	
   logarithmic	
   scale	
   for	
   (A)	
   Relative	
   shape	
   anisotropy	
   value,	
   (B)	
  
Average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates;	
  
(C)	
  Average	
  solvent	
  accessible	
  surface	
  area	
  restricted	
  to	
   the	
  polymeric	
   tail	
  and	
  
the	
   radius	
   of	
   gyration;	
   (D)	
   Number	
   of	
   intramolecular	
   interactions	
   per	
   PA	
  
molecule	
   (E)	
   Secondary	
   structure	
   formation;	
   (F)	
   Number	
   of	
   intermolecular	
  
interactions	
   per	
   PA	
  molecule.	
   For	
   plots	
   (D)	
   and	
   (F),	
   HP	
   denotes	
   hydrophobic	
  
interactions	
  (red)	
  and	
  HB	
  denotes	
  hydrogen	
  bonds	
  (green).	
  ...................................	
  124	
  

Figure	
  5.4.	
  Time-­‐dependent	
  snapshots	
  of	
  the	
  self-­‐assembly	
  process	
  for	
  the	
  formation	
  of	
  a	
  
network	
  of	
  β-­‐sheets	
  at	
  weak	
  hydrophobic	
  interaction	
  strengths,	
  R	
  =	
  1/6.	
  .........	
  125	
  

Figure	
   5.5.	
   For	
   the	
   assembly	
   shown	
   in	
   Figure	
   4,	
   time	
   dependent	
   data	
   are	
   plotted	
   in	
   a	
  
logarithmic	
  scale	
  for	
  (A)	
  Relative	
  shape	
  anisotropy	
  value,	
  (B)	
  Average	
  number	
  of	
  
PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates;	
  (C)	
  Average	
  solvent	
  
accessible	
  surface	
  area	
  restricted	
  to	
  the	
  polymeric	
  tail	
  and	
  the	
  radius	
  of	
  gyration;	
  
(D)	
   Number	
   of	
   intramolecular	
   interactions	
   per	
   PA	
   molecule	
   (E)	
   Secondary	
  
structure	
  formation;	
  (F)	
  Number	
  of	
  intermolecular	
  interactions	
  per	
  PA	
  molecule.	
  
For	
   plots	
   (D)	
   and	
   (F),	
   HP	
   denotes	
   hydrophobic	
   interactions	
   (red)	
   and	
   HB	
  
denotes	
  hydrogen	
  bonds	
  (green).	
  ..........................................................................................	
  128	
  

Figure	
   5.6.	
   Time-­‐dependent	
   snapshots	
   of	
   the	
   spontaneous	
   self-­‐assembly	
   process	
   are	
  
shown	
  for	
  strong	
  hydrophobic	
  interaction	
  strengths,	
  R	
  =	
  1.3.	
  .................................	
  129	
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Figure	
   5.7.	
   For	
   the	
   elongated	
  micelle	
   in	
  Figure	
   6,	
   time	
   dependent	
   data	
   are	
   plotted	
   in	
   a	
  
logarithmic	
  scale	
  for	
  (A)	
  Relative	
  shape	
  anisotropy	
  value,	
  (B)	
  Average	
  number	
  of	
  
PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates;	
  (C)	
  Average	
  solvent	
  
accessible	
  surface	
  area	
  restricted	
  to	
  the	
  polymeric	
  tail	
  and	
  the	
  radius	
  of	
  gyration;	
  
(D)	
   Number	
   of	
   intramolecular	
   interactions	
   per	
   PA	
   molecule	
   (E)	
   Secondary	
  
structure	
  formation;	
  (F)	
  Number	
  of	
  intermolecular	
  interactions	
  per	
  PA	
  molecule.	
  
For	
   plots	
   (D)	
   and	
   (F),	
   HP	
   denotes	
   hydrophobic	
   interactions	
   (red)	
   and	
   HB	
  
denotes	
  hydrogen	
  bonds	
  (green).	
  ..........................................................................................	
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Figure	
   5.8.	
   	
   Schematic	
   diagram	
   of	
   three	
   kinetic	
   mechanisms	
   proposed	
   by	
   simulation	
  
results	
   at	
   a	
   weak	
   electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%*εHB)	
   and	
   at	
  
moderate	
   temperatures	
   (T*	
   =	
   0.11):	
   (A)	
   at	
   weak	
   hydrophobic	
   interaction	
  
strength	
   (R	
   =	
   1/6),	
   network	
   of	
   β-­‐sheets	
   are	
   formed	
   with	
   the	
   hydrophobic	
  
elements	
   in	
   the	
   system	
   exposed	
   to	
   solvent;	
   	
   (B)	
   at	
   moderate	
   hydrophobic	
  
interaction	
  strength	
  (R	
  =	
  1/3),	
  cylindrical	
  nanofibers	
  are	
  formed;	
   	
  (C)	
  at	
  strong	
  
hydrophobic	
  interaction	
  strength,	
  peptide-­‐peptide	
  hydrophobic	
  interaction	
  aids	
  
in	
   the	
   micelle-­‐merging	
   process	
   resulting	
   in	
   elongated	
   micelles	
   with	
   minimal	
  
secondary	
  structure	
  elements.	
  ................................................................................................	
  135	
  

Figure	
  6.1.	
   (a)-­‐(b)	
  PA1	
  and	
  PA2	
  sequences:	
  numerical	
  order	
   from	
  residue	
  #1	
   to	
  residue	
  
#9	
  goes	
  from	
  the	
  first	
  amino	
  acid	
  that	
  is	
  adjacent	
  to	
  the	
  alkyl	
  tail.	
  	
  (c)-­‐(d)	
  	
  Plots	
  
of	
  the	
  percentage	
  of	
  secondary	
  structure	
  formation	
  as	
  a	
  function	
  of	
  temperature	
  
obtained	
  from	
  replica-­‐exchange	
  simulations.	
  Data	
  is	
  averaged	
  from	
  the	
  last	
  10%	
  
of	
  equilibrium	
  data.	
  (e)-­‐(f)	
  Distributions	
  of	
  conformations	
  in	
  various	
  structural	
  
states	
  as	
  a	
  function	
  of	
  temperature.	
  (g)-­‐(h)	
  Equilibrium	
  conformations	
  obtained	
  
from	
   replica-­‐exchange	
   temperature	
   simulation	
   at	
   T	
   =	
   260	
   K	
   showing	
   a	
   folded	
  
structure	
  for	
  PA1	
  and	
  a	
  partially-­‐folded	
  structure	
  for	
  PA2.	
  Color	
  scheme	
  for	
  the	
  
molecule	
  by	
  using	
  VMD:	
  hydrophobic	
  polymeric	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  
(blue),	
   and	
   glutamic	
   acid	
   (pink).	
   (i)-­‐(j)	
   2D	
   PMF	
   contour	
   plots	
   of	
   conjugated	
  
sequences	
  at	
  T=298	
  K	
   showing	
   the	
   free	
  energy	
  as	
  a	
   function	
  of	
   the	
  number	
  of	
  
hydrogen	
   bonds	
   and	
   radius	
   of	
   gyration.	
   Black	
   contours	
   are	
   drawn	
   every	
   1	
  
kcal/mol,	
  beginning	
  at	
  1	
  kcal/mol.	
  Grey	
  contours	
  are	
  drawn	
  every	
  10	
  kcal/mol,	
  
beginning	
  10	
  kcal/mol	
  after	
  the	
  final	
  black	
  contour.	
  (k)-­‐(l)	
  Density	
  curves	
  of	
  the	
  
distance	
   between	
   the	
   first	
   half	
   of	
   the	
   alkyl	
   tail	
   and	
   alanine	
   (blue)	
   and	
   valine	
  
(green)	
  residues	
  at	
  298	
  K.	
  Data	
   for	
  PA1	
   is	
   in	
   the	
   left	
   column	
  and	
  PA2	
   is	
   in	
   the	
  
right	
  column.	
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Figure	
   6.2.	
   2D	
   PMF	
   contour	
   plots	
   of	
   tail-­‐free	
   sequences	
   at	
   T=298	
   K	
   showing	
   the	
   free	
  
energy	
  as	
   a	
   function	
  of	
   the	
  number	
  of	
  hydrogen	
  bonds	
  and	
   radius	
  of	
   gyration.	
  
Global	
  minimum	
  for	
  tail-­‐free	
  sequences	
   is	
  at	
  0	
  hydrogen	
  bond	
  and	
  7.5	
  Å.	
  Black	
  
contours	
   are	
   drawn	
   every	
   1	
   kcal/mol,	
   beginning	
   at	
   1	
   kcal/mol.	
   Grey	
   contours	
  
are	
   drawn	
   every	
   10	
   kcal/mol,	
   beginning	
   10	
   kcal/mol	
   after	
   the	
   final	
   black	
  
contour.	
   151	
  

Figure	
   6.3.	
   Probability	
   of	
   forming	
   a	
   α-­‐helical	
   hydrogen	
   bond	
   by	
   all	
   possible	
   hydrogen	
  
acceptor-­‐donor	
   groups	
   of	
   (a)	
   PA1	
   and	
   (b)	
   PA2.	
   The	
   label	
   on	
   the	
   x-­‐axis	
   shows	
  
residue	
  positions	
  (as	
  numbers)	
  and	
  amino	
  acid	
  identity	
  (as	
  letters).	
  ...................	
  153	
  

Figure	
  6.4.	
  (a)-­‐(b)	
  Snapshots	
  showing	
  a	
  310-­‐helical	
  turn	
  formed	
  on	
  residues	
  4,	
  5,	
  and	
  6	
  of	
  
PA1	
   at	
   t=24	
   ns	
   involving	
   two	
   hydrogen	
   bonds	
   between	
   residues	
   3	
   and	
   6	
   and	
  
between	
  residues	
  4	
  and	
  7.	
  At	
  t=36	
  ns,	
  a	
  α-­‐helical	
  turn	
  on	
  residue	
  3,	
  4,	
  5,	
  6,	
  and	
  7	
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is	
   transitioned	
  from	
  the	
   former	
  310-­‐helical	
   turn	
  by	
   forming	
  one	
  hydrogen	
  bond	
  
between	
  residues	
  3	
  and	
  7.	
  	
  (c)-­‐(d)	
  The	
  probability	
  of	
  forming	
  a	
  310-­‐helical	
  turn	
  
as	
  a	
  nucleation	
  site	
  by	
  all	
  three-­‐residue	
  groups.	
  (e)-­‐(f)	
  The	
  probability	
  of	
  an	
  α-­‐
helical	
  hydrogen	
  bond	
   transitioning	
   from	
   its	
   complementary	
  pair	
  of	
  310-­‐helical	
  
hydrogen	
  bonds.	
  The	
   label	
  on	
   the	
  x-­‐axis	
  shows	
  residue	
  positions	
  (as	
  numbers)	
  
and	
  amino	
  acid	
  identity	
  (as	
  letters).	
  .....................................................................................	
  156	
  

Figure	
   6.5.	
   (a)	
   For	
   the	
   PA2	
   sequence:	
   (top	
   panel)	
   a	
   plot	
   of	
   the	
   number	
   of	
   α-­‐helical	
  
hydrogen	
   bonds	
   (red),	
   310	
   helical	
   hydrogen	
   bonds	
   (green);	
   (middle	
   panel)	
  
distance	
  between	
  the	
  center	
  of	
  masses	
  of	
  the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  valine	
  
residues	
  4-­‐6	
  (green);	
   	
  (bottom	
  panel)	
  distance	
  between	
  the	
  center	
  of	
  masses	
  of	
  
the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  alanine	
  residues	
  1-­‐3	
  (blue)	
  as	
  a	
  function	
  of	
  time	
  
(ns).	
  A	
  dashed	
  red	
  line	
  is	
  drawn	
  at	
  12	
  Å	
  showing	
  the	
  interacting	
  phases	
  between	
  
alkyl	
  tail	
  and	
  peptide	
  segment.	
  (b)	
  Snapshots	
  of	
  PA2	
  showing	
  a	
  310-­‐helical	
  turn	
  
formed	
   on	
   residues	
   2,	
   3	
   and	
   4	
   (AAV)	
   at	
   84	
   ns	
   and	
   another	
   310-­‐helical	
   turn	
  
formed	
  on	
  residues	
  6,7	
  and	
  8	
   (VVE)	
  at	
  111	
  ns	
  before	
   transitioning	
   to	
  α-­‐helical	
  
turn	
  on	
  residues	
  4-­‐8	
  (VVVEE).	
  (c)-­‐(d)	
  density	
  curves	
  of	
  the	
  distance	
  between	
  the	
  
first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  alanines	
  (blue)	
  and	
  valines	
  (green)	
  for	
  PA1	
  and	
  PA2.	
  
Percentage	
  of	
  hydrophobic	
  contacts	
  at	
  12Å	
  and	
  below	
  is	
  shaded.	
  .........................	
  158	
  

Figure	
   6.6.	
   	
  Distributions	
   of	
   helical	
   conformations	
   from	
   replica-­‐exchange	
   simulations	
   at	
  
298K	
  by	
  the	
  full	
  PA1	
  and	
  PA2	
  sequences.	
  ..........................................................................	
  163	
  

Figure	
  6.7.	
  	
  The	
  percentage	
  of	
  secondary	
  structure	
  formation	
  as	
  a	
  function	
  of	
  temperature	
  
obtained	
   from	
   replica-­‐exchange	
   simulations	
   for	
   the	
   (a)	
   PA1	
   and	
   (b)	
   PA2	
  
unconjugated	
  sequences.	
  ...........................................................................................................	
  163	
  

Figure	
  6.8.	
  Probability	
  as	
  a	
  function	
  of	
  psi-­‐phi	
  angles	
  from	
  replica-­‐exchange	
  simulations	
  at	
  
all	
   temperatures	
  (260-­‐550	
  K)	
   for	
  (a)	
  unconjugated	
  PA1,	
   (b)	
  unconjugated	
  PA2,	
  
(c)	
   conjugated	
  PA1,	
   (d)	
   conjugated	
  PA2.	
  High	
  probability	
   at	
   the	
  unfolded	
   state	
  
(being	
   a	
   random	
   coil)	
   over	
   the	
   folded	
   state	
   (being	
   a	
   α-­‐helix)	
   for	
   both	
  
unconjugated	
  sequences;	
  the	
  reverse	
  is	
  true	
  for	
  conjugated	
  sequences.	
  .............	
  164	
  

Figure	
  6.9.	
  For	
  the	
  PA2	
  sequence:	
  (a)	
  A	
  plot	
  of	
  the	
  number	
  of	
  alpha	
  helical	
  hydrogen	
  bonds	
  
(red),	
  310	
  helical	
  hydrogen	
  bonds	
  (dark	
  purple),	
  distance	
  between	
  the	
  center	
  of	
  
masses	
  of	
  the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  residues	
  1-­‐3	
  (blue)	
  and	
  4-­‐6	
  (green)	
  
vs.	
   Time	
   (ns)	
   (b)	
   Snapshots	
   of	
   folding	
   and	
   unfolding	
   at	
   different	
   time	
   frames	
  
with	
  continuous	
  alkyl	
  tail	
  interactions	
  throughout	
  the	
  whole	
  simulation.	
  .........	
  165	
  

Figure	
   6.10.	
   For	
   the	
   PA1	
   sequence:	
   (a)	
  A	
   plot	
   of	
   the	
   number	
   of	
   alpha	
   helical	
   hydrogen	
  
bonds	
   (red),	
   310	
   helical	
   hydrogen	
   bonds	
   (dark	
   purple),	
   distance	
   between	
   the	
  
center	
  of	
  masses	
  of	
  the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  residues	
  1-­‐3	
  (green)	
  and	
  4-­‐6	
  
(blue)	
  vs.	
  Time	
  (ns).	
  (b)	
  Snapshots:	
  310	
  helix	
  nucleation	
  at	
  t=6.9	
  ns,	
  interacting	
  
alkyl	
  tail	
  at	
  t=78	
  ns,	
  unfolded	
  structure	
  at	
  t=173	
  ns	
  .....................................................	
  165	
  

Figure	
  7.1.	
  Representative	
  equilibrium	
  structure	
  of	
  cylindrical	
  nanofibers	
  showcasing	
  (i)	
  
only	
   the	
   alkyl	
   tails,	
   (ii)	
   plus	
   the	
   next	
   three	
   residues,	
   (iii)	
   plus	
   another	
   three	
  
residues,	
   and	
   (iv)	
   the	
   whole	
   sequence	
   of	
   (A)	
   PA1	
   and	
   (B)	
   PA2.	
   Color	
   scheme	
  
using	
   VMD61:	
   alkyl	
   tail	
   (red),	
   valine	
   (green),	
   alanine	
   (blue),	
   and	
   glutamic	
   acid	
  
(pink).	
   179	
  

Figure	
  7.2.	
   (A)	
  Average	
  number	
  of	
   intermolecular	
  hydrophobic	
   interactions	
  between	
  the	
  
alkyl	
   tail	
  of	
  each	
  PA	
  molecule	
  and	
   the	
   first	
   three	
  residues	
  adjacent	
   to	
   the	
  alkyl	
  
tail	
  of	
  a	
  neighboring	
  PA	
  molecule	
  within	
  the	
  interior	
  of	
  cylindrical	
  nanofibers	
  in	
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PA1	
   and	
   PA2	
   systems.	
   Schematic	
   diagram	
   showing	
   a	
   cross-­‐sectional	
   view	
   of	
  
typical	
   cylindrical	
   nanofibers	
   (perpendicular	
   to	
   the	
   elongated	
   direction)	
  
illustrating	
  the	
  data	
  shown	
  in	
  (A)	
  for	
  (B)	
  PA1	
  and	
  (C)	
  PA2.	
  ......................................	
  182	
  

Figure	
   7.3.	
   For	
   PA1:	
   (A)	
   Snapshots	
   showing	
   dynamic	
   self-­‐assembly	
   process	
   at	
   different	
  
times	
  starting	
  from	
  random	
  configurations;	
  (B)	
  Schematic	
  diagram	
  generalizing	
  
a	
  self-­‐assembly	
  kinetic	
  mechanism	
  for	
  PA1	
  from	
  multiple	
  simulations;	
  (C)	
  Time-­‐
dependent	
  data	
  are	
  plotted	
  on	
  a	
  logarithmic	
  scale	
  for	
  the	
  average	
  number	
  of	
  PA	
  
molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates.	
  Similarly	
  for	
  PA2:	
  (D)	
  
Snapshots;	
  (E)	
  Schematic	
  diagram;	
  and	
  (F)	
  Quantitative	
  data.	
  ................................	
  183	
  

Figure	
   7.4.	
   For	
   both	
   PA1	
   and	
   PA2	
   cylindrical	
   nanofibers	
   at	
   equilibrium:	
   (A)	
   Average	
  
amount	
   of	
   β-­‐sheets.	
   (B)	
   The	
   β-­‐sheet	
   propensity	
   is	
   plotted	
   as	
   a	
   function	
   of	
   the	
  
peptide	
  residue.	
  (C)	
  The	
  Lindemann	
  value	
  at	
  different	
  points	
  along	
  the	
  fiber	
  axis.	
  	
  
(D)	
  Average	
  velocity	
  of	
   individual	
  regions	
  of	
  each	
  molecule.	
  The	
   first	
  4	
  regions	
  
correspond	
   to	
   the	
   alkyl	
   tail	
   and	
   remaining	
   9	
   regions	
   correspond	
   to	
   9	
   peptide	
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Figure	
   7.6.	
   Snapshot	
   of	
   the	
   equilibrated	
   structure	
   for	
   (A)	
   PA3	
   and	
   (B)	
   PA4	
   cylindrical	
  
nanofibers.	
   Assembly	
   kinetics	
   with	
   respect	
   to	
   the	
   average	
   number	
   of	
   PAs	
   per	
  
cluster	
  and	
  total	
  number	
  of	
  aggregates	
  is	
  plotted	
  as	
  a	
  function	
  of	
  time	
  for	
  (C)	
  PA3	
  
and	
  (D)	
  PA4.	
  Snapshot	
  of	
  (E)	
  PA3	
  and	
  (F)	
  PA4	
  nanostructure	
  at	
  the	
  temperature	
  
at	
  which	
  the	
  structure	
  starts	
  to	
  dissociate.	
  Dissociation	
  kinetics	
  with	
  respect	
  to	
  
the	
  average	
  number	
  of	
  PAs	
  per	
  cluster	
  and	
  total	
  number	
  of	
  aggregates	
  is	
  plotted	
  
as	
  a	
   function	
  of	
   time	
   for	
   (G)	
  PA3	
  and	
   (H)	
  PA4	
  during	
   the	
  heating	
  process.	
  The	
  
heating	
  intervals	
  and	
  temperature	
  are	
  indicated	
  by	
  dashed	
  lines.	
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Figure	
   7.7.	
   Snapshots	
   of	
   equilibrium	
   structures	
   of	
   a	
   singe	
   PA2	
   molecule	
   at	
   the	
   lowest	
  
temperature	
   from	
   replica-­‐exchange	
   simulations	
   using	
   (A)	
   coarse-­‐grained	
  
ePRIME	
   model	
   and	
   (B)	
   atomistic	
   CHARMM	
   model.	
   The	
   color	
   scheme	
   is:	
  
hydrophobic	
   alkyl	
   tail	
   (red),	
   valine	
   (green),	
   alanine	
   (blue),	
   and	
   glutamic	
   acid	
  
(pink).	
  	
  Plot	
  of	
  the	
  percentage	
  of	
  secondary	
  structure	
  formation	
  as	
  a	
  function	
  of	
  
temperature	
   for	
  a	
  singe	
  PA2	
  molecule	
   from	
  replica-­‐exchange	
  simulations	
  using	
  
(C)	
   coarse-­‐grained	
   ePRIME	
   model	
   and	
   (D)	
   atomistic	
   CHARMM	
   model.	
   Data	
  
shown	
   is	
   taken	
   from	
   the	
   average	
   of	
   the	
   last	
   10%	
   of	
   equilibrium	
   data	
   and	
  
standard	
  deviation	
  is	
  ±20%.	
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Figure	
  7.8.	
  The	
  probability	
  of	
  β-­‐sheet	
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  at	
  a	
  certain	
  angle	
  is	
  plotted	
  for	
  PA1	
  and	
  PA2	
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  are	
  determined	
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  script	
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  Thomas	
  Holder.	
  The	
  values	
  are	
  
obtained	
  from	
  all	
  simulations	
  for	
  PA1	
  and	
  PA2.	
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   (iii)	
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   Color	
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Figure	
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Figure	
   8.3.	
   Coarse-­‐grained	
   model	
   of	
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  based	
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   the	
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   and	
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Figure	
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   (A)	
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   normalized	
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   the	
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   and	
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individual	
   domains:	
   PEG44	
   (PEG2000)	
   and	
   LYS18.	
   (C)	
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   for	
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   Peptide-­‐polymer	
   conjugates	
   are	
   versatile	
   molecular	
   building	
   blocks	
   that	
   can	
   self-­‐

assemble	
  into	
  well-­‐defined	
  nanostructures	
  with	
  customizable	
  biofunctionality	
  and	
  tunable	
  

physical	
  properties	
   for	
  a	
  wide	
  range	
  of	
  biomedical	
  applications.	
   	
   In	
   this	
  dissertation,	
   two	
  

structural	
   analogues	
   of	
   peptide-­‐polymer	
   conjugates	
   are	
   discussed:	
   peptide	
   amphiphiles	
  

and	
   block	
   copolymers	
  with	
   the	
   difference	
   between	
   their	
   respective	
   domains	
   tailored	
   for	
  

specific	
   applications.	
   Self-­‐assembly	
   process	
   of	
   these	
   peptide-­‐polymer	
   conjugates	
   into	
  

different	
   nanostructure	
   morphologies	
   is	
   examined	
   via	
   molecular	
   dynamics	
   simulations	
  

using	
  our	
  recently	
  developed	
  integrated	
  simulation	
  package,	
  called	
  BioModi	
  (Biomolecular	
  

Multiscale	
  Models	
  at	
  UC	
  Irvine).	
  This	
  simulation	
  package	
  consists	
  of	
  coarse-­‐grained	
  models	
  

that	
  mimic	
  realistic	
  molecules	
  and	
  molecular	
  interactions	
  of	
  amino	
  acids,	
  nucleic	
  acids,	
  and	
  

polymers,	
   yet	
   are	
   simplified	
   enough	
   to	
   allow	
  molecular	
   simulation	
  of	
   large	
   systems	
  over	
  

long	
  time	
  scales.	
  	
  

	
   For	
   peptide	
   amphiphiles,	
   emphasis	
   is	
   placed	
   on	
   achieving	
   a	
   fine	
   balance	
   between	
  

the	
   two	
   distinct	
   hydrophobic	
   and	
   hydrophilic	
   domains	
   to	
   attain	
   a	
   supramolecular	
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architecture	
   that	
   can	
   serve	
   as	
   a	
  biomimetic	
  hydrogel	
   scaffold	
   for	
   tissue	
   engineering.	
  The	
  

role	
  of	
  different	
  environmental	
  factors	
  (e.g.	
  temperature,	
  pH,	
  solvent)	
  on	
  the	
  self-­‐assembly	
  

behavior	
  of	
  peptide	
  amphiphiles	
   is	
  elucidated	
   in	
  detail.	
  Our	
   simulations	
   show	
   that	
  under	
  

optimal	
   conditions,	
   spontaneously	
   self-­‐assembly	
   results	
   in	
   the	
   formation	
   of	
   cylindrical	
  

nanofibers	
   that	
   can	
   switch	
   into	
   spherical	
   micelles	
   in	
   response	
   to	
   a	
   small	
   pH	
   range	
   as	
  

similarly	
  observed	
  by	
   in	
  vitro	
   experiments.	
  Moreover,	
  phase	
  diagrams	
  are	
  constructed	
   to	
  

identify	
   morphological	
   transitions,	
   and	
   unique	
   self-­‐assembly	
   kinetic	
   mechanisms	
   are	
  

characterized.	
   Chemical	
  modification	
   of	
   the	
   peptide	
   amphiphile	
   sequence	
   is	
   investigated	
  

and	
   contrasting	
   structural	
   characteristics	
   are	
   observed	
   to	
   correlate	
   with	
   differences	
   in	
  

mechanical	
  behavior	
  of	
  the	
  resulting	
  gel.	
  	
  

For	
  block	
  copolymers,	
  the	
  inherent	
  design	
  utilizes	
  a	
  cationic	
  polypeptide	
  conjugated	
  

to	
  a	
  synthetic	
  polymer	
  that	
  promotes	
  favorable	
  electrostatic	
  interactions	
  with	
  nucleic	
  acid	
  

fragments	
  upon	
  the	
  formation	
  of	
  a	
  polyionic	
  complex	
  as	
  an	
  effective	
  gene	
  carrier.	
  Efficient	
  

complexation	
   of	
   block	
   polymers	
   with	
   siRNA	
   is	
   determined	
   via	
   molecular	
   dynamics	
  

simulations	
   to	
   be	
   a	
   function	
   of	
   the	
   length	
   of	
   the	
   polymer	
   and	
   the	
   charge	
   density	
   of	
   the	
  

system.	
  	
  

Implementation	
   of	
   our	
   newly	
   developed	
   coarse-­‐grained	
   models,	
   BioModi,	
   and	
  

insight	
   gained	
   from	
   our	
   simulations	
   will	
   provide	
   key	
   parameters	
   to	
   advance	
   computer-­‐

aided	
  design	
  and	
  development	
  of	
  innovative	
  smart	
  biomaterials.	
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CHAPTER	
  1	
   	
   Introduction	
  
	
  

1.1	
  	
   	
   Motivation	
  
	
  

Molecular	
  self-­‐assembly	
   is	
  a	
  spontaneous	
  process	
   that	
   facilitates	
  construction	
  of	
  well-­‐

defined,	
   hierarchical	
   structures.	
   The	
   formation	
   of	
   these	
   supramolecular	
   assemblies	
   by	
  

peptide-­‐polymer	
   conjugates	
   is	
   held	
   together	
  primarily	
   through	
  non-­‐covalent	
   interactions	
  

such	
   as	
   hydrogen	
   bonds,	
   electrostatic	
   and	
   hydrophobic	
   interactions.1-­‐3	
   Peptide-­‐polymer	
  

conjugates	
   have	
   been	
   exploited	
   as	
   advantageous	
   molecular	
   level	
   building	
   blocks	
   due	
   to	
  

their	
   inherent	
  biofunctional	
  properties.	
  Through	
  the	
  incorporation	
  of	
  both	
  peptide	
  motifs	
  

and	
   synthetic	
   polymer,	
   this	
   combination	
   yields	
   a	
   hybrid	
   system	
   that	
   serves	
   to	
   broaden	
  

nanostructure	
  formation	
  for	
  multifaceted	
  applications	
  including	
  but	
  not	
  limited	
  to:	
  protein	
  

therapeutics,	
  drug	
  delivery,	
  gene	
  delivery,	
  and	
  tissue	
  engineering.4,5	
  Although	
  the	
  ability	
  for	
  

peptide-­‐polymer	
  conjugates	
  to	
  form	
  a	
  range	
  of	
  diverse	
  nanostructures	
  has	
  been	
  attributed	
  

to	
  its	
  chemical	
  structure6,7	
  or	
  its	
  dynamic	
  response	
  to	
  the	
  external	
  environment8-­‐10	
  (i.e.	
  pH,	
  

ion	
  concentration,	
  solvent,	
  temperature,	
  etc.),	
  the	
  current	
  understanding	
  of	
  the	
  underlying	
  

molecular	
  pathway	
  for	
  self-­‐assembly	
  remains	
  limited.	
  Predominant	
  approach	
  has	
  relied	
  on	
  

the	
  expertise	
  or	
  experience	
  of	
  experimentalists	
  but	
  through	
  the	
  use	
  of	
  computational	
  aided	
  

design,	
   the	
   large	
  design	
  space	
  can	
  be	
  explored	
   in	
  a	
  more	
   time	
  manageable	
  manner.	
  With	
  

aims	
   to	
   develop	
   these	
   biomaterials	
   for	
   targeted	
   therapeutic	
   applications,	
   molecular	
  

dynamics	
   simulations	
   are	
   performed	
   to	
   provide	
   a	
   clearer	
   understanding	
   of	
   the	
   role	
   of	
  

external	
   environment	
   and	
   choice	
   of	
   specific	
   chemical	
   sequence	
   in	
   order	
   to	
   attain	
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nanostructures	
   with	
   desired	
   structural	
   design,	
   morphological	
   response,	
   and	
   biological	
  

functionality.	
  	
  	
  

	
  

1.2	
  	
   Use	
  of	
  peptide	
  amphiphiles	
  as	
  molecular	
  level	
  building	
  
blocks	
  for	
  tissue	
  engineering	
  scaffolds	
  	
  

	
  
The	
  loss	
  or	
  failure	
  of	
  an	
  organ	
  or	
  tissue	
  remains	
  a	
  tremendous	
  health	
  problem	
  although	
  

viable	
  treatment	
  options	
  such	
  as	
  surgical	
  reconstruction,	
  drug	
  therapy,	
  and	
  use	
  of	
  synthetic	
  

prostheses	
   and/or	
   mechanical	
   devices	
   can	
   be	
   implemented.11,12	
   However,	
   each	
   of	
   these	
  

therapies	
   is	
   not	
   a	
   comparable	
   substitute	
   for	
   the	
   innate	
   organ	
   or	
   tissue	
   since	
   they	
   can	
  

neither	
  restore	
  full	
  functionality	
  nor	
  guarantee	
  an	
  improved	
  survival	
  with	
  the	
  possibility	
  of	
  

only	
   serving	
   as	
   a	
   temporizing	
   measure.	
   With	
   the	
   growing	
   needs	
   of	
   organs	
   and	
   tissues	
  

transplant,	
  the	
  shortage	
  of	
  available	
  donors	
  is	
  of	
  concern.13,14	
  In	
  2014,	
  according	
  to	
  OPTN	
  

(Organ	
  Procurement	
  and	
  Transplantation	
  Network)	
  an	
  estimated	
  14,400	
  donors,	
  living	
  and	
  

deceased,	
  donated	
  an	
  organ	
  whereas	
  over	
  123,000	
  candidates	
  were	
  on	
  the	
  waitlist	
  for	
  an	
  

organ	
  (e.g.	
  kidney,	
  liver,	
  pancreas,	
  heart,	
  lung,	
  intestine).	
  The	
  vast	
  shortages	
  of	
  donors	
  have	
  

spurred	
   recent	
   advances	
   in	
   tissue	
   engineering,	
   specifically	
   in	
   the	
   design	
   of	
   artificial	
  

scaffolds.15	
  

Both	
   the	
   structure	
   and	
   the	
   dynamic	
   interactions	
   of	
   the	
   extracellular	
   matrix	
   with	
  

surrounding	
   cells	
   have	
   been	
   shown	
   to	
   influence	
   cell-­‐fate	
   behavior	
   and	
   function.16-­‐18	
  

Consequently,	
  aims	
  to	
  develop	
  and	
  create	
  tissues	
  that	
  can	
  be	
  integrated	
  within	
  the	
  body	
  are	
  

of	
   significant	
   consideration	
   in	
   the	
   design	
   of	
   artificial	
   scaffolds	
   for	
   clinical	
   applications.	
  

Essential	
  features	
  would	
  be	
  to	
  have	
  a	
  definitive	
  spatial	
  structure	
  that	
  allows	
  and	
  guides	
  the	
  

formation	
  of	
  new	
  tissues,	
  encourage	
  desirable	
   interactions	
  between	
  cells	
  and	
  the	
  scaffold	
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to	
  promote	
   specific	
   functionality,	
   and	
  most	
   importantly	
   to	
  be	
  biocompatible	
   to	
  minimize	
  

immunological	
  responses	
  and/or	
  toxicity	
  (Figure	
  1.1).19,20	
  

	
  

	
  

Figure	
   1.1	
   Schematic	
   of	
   a	
   self-­‐assembled	
   extracellular	
   matrix	
   mimic	
   by	
   peptide-­‐polymer	
   conjugates.	
   The	
  
crosslinked	
   structure	
   is	
   designed	
   to	
   be	
   biocompatible	
   and	
   biodegradable	
   upon	
   biophysical	
   or	
   chemical	
  
factors.	
   In	
   order	
   to	
   ensure	
   viable	
   tissue	
   generation,	
   the	
   structure	
   should	
   also	
   be	
   designed	
   to	
   facilitate	
  
diffusion	
   of	
   nutrients	
   as	
   governed	
   by	
   the	
   interactions	
   within	
   the	
   interfiber	
   network.	
   Image	
   taken	
   from	
  
Huebsch	
  and	
  Mooney.21	
  

	
  
Hydrogels	
  are	
  attractive	
  biomaterials	
  to	
  serve	
  as	
  an	
  extracellular	
  matrix	
  mimic	
  because	
  

of	
  its	
  inherent	
  3D	
  network	
  structure	
  that	
  can	
  absorb	
  large	
  amounts	
  of	
  water	
  in	
  an	
  aqueous	
  

environment	
   by	
   swelling	
   extensively	
   without	
   the	
   polymer	
   dissolving	
   which	
   is	
   most	
  

resemblant	
  of	
  natural	
  soft	
  tissues.22,23	
  The	
  unique	
  characteristic	
  of	
  hydrogels	
  to	
  have	
  a	
  3D	
  

network	
   further	
   improves	
   upon	
   simple	
   2D	
   models	
   by	
   better	
   representing	
   the	
   intricate	
  

cellular	
   microenvironment.	
   The	
   versatility	
   of	
   having	
   flexible	
   building	
   blocks	
   including	
  

natural,	
  synthetic,	
  or	
  a	
  combination	
  of	
  the	
  above	
  (i.e.	
  hybrid)	
  for	
  polymer	
  choices,	
  enables	
  

the	
   precise	
   manipulation	
   of	
   the	
   resulting	
   scaffold’s	
   chemical,	
   physical,	
   and	
   mechanical	
  

properties.	
  	
  

	
   Natural	
  polymer-­‐based	
  hydrogels	
   comprised	
  of	
  polynucleotides,	
  polypeptides,	
   and	
  

polysaccharides	
   have	
   been	
  widely	
   used	
   as	
   scaffolding	
  materials.23,24	
   Derived	
   from	
   either	
  

mammalian	
  protein	
  or	
  algae-­‐based	
  sources,	
  these	
  biomaterial	
  such	
  as	
  collagen,	
  hyaluronic	
  

acid,	
   alginate,	
   and	
   chitosan	
   are	
   effective	
   as	
   extracellular	
   matrices	
   mimics	
   because	
   they	
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contain	
   existing	
   cell-­‐signaling	
   domain	
   in	
   addition	
   to	
   their	
   inherent	
   biocompatibility.25	
  

However,	
   there	
   has	
   been	
   a	
   gradual	
   transition	
   toward	
   the	
   use	
   of	
   synthetic	
   /	
   biohybrid	
  

polymers	
   due	
   to	
   unfavorable	
   drawbacks	
   including	
   immunogenicity,	
   weak	
   mechanical	
  

strength,	
   and	
   complex	
   structural	
   aspects.10,26	
   Even	
   though	
   chemical	
  modification	
   such	
   as	
  

purification	
  treatments	
  can	
  reduce	
  the	
  possibility	
  of	
  having	
  antigenic	
  determinants	
  or	
  use	
  

of	
   crosslinking	
  may	
   improve	
  mechanical	
  properties,	
   natural	
  polymers	
   are	
   still	
   limited	
  by	
  

having	
  a	
  complex	
  structure	
  that	
  is	
  difficult	
  to	
  undergo	
  these	
  modifications.	
  	
  

	
   Biohybrid	
  synthetic	
  polymer-­‐based	
  hydrogels	
  offer	
  an	
  advantage	
   in	
  comparison	
  to	
  

natural	
   polymer-­‐based	
   hydrogels	
   by	
   maintaining	
   levels	
   of	
   biocompatibility	
   yet	
   offering	
  

enhanced	
   functionality,	
   and	
   efficiency.	
   By	
   design,	
   biohybrid	
   synthetic	
   polymers	
  maintain	
  

the	
   ability	
   to	
   spontaneously	
   self-­‐assemble	
   into	
   hierarchical	
   structures	
   similar	
   to	
   native	
  

biological	
  systems	
  such	
  as	
  lipid	
  bilayers	
  or	
  organized	
  nucleic	
  acids	
  as	
  genetic	
  information	
  

carriers.27	
   Preservation	
   of	
   this	
   process	
   allows	
   for	
   the	
   precise	
   “bottom-­‐up”	
   approach	
   to	
  

fabricate	
  novel	
  materials.	
  Biofunctional	
  and	
  mechanical	
  properties	
  of	
   these	
  materials	
   can	
  

be	
  carefully	
  tuned	
  through	
  chemical	
  modification	
  and/or	
  response	
  to	
  external	
  stimuli.	
  

	
   A	
  specific	
  class	
  of	
  these	
  synthetic	
  hydrogel-­‐forming	
  polymer-­‐based	
  building	
  blocks	
  

is	
  peptide	
  amphiphiles	
  that	
  shares	
  structural	
  similarities	
  to	
  surfactant	
  molecules	
  and	
  other	
  

self-­‐assembling	
   peptides	
   including	
   hybrid	
   block	
   copolymers28-­‐30	
   and	
   peptide-­‐polymer	
  

conjugates31,32.	
   The	
   hydrophobic	
   domain	
   can	
   be	
   comprised	
   of	
   single	
   or	
   multiple	
  

hydrocarbon	
   chains	
   covalently	
   attached	
   to	
   a	
   charged	
   polypeptide	
   sequence	
   as	
   the	
  

hydrophilic	
   domain	
  with	
  built-­‐in	
   biofunctionality.33,34	
  Alternatively,	
   the	
   two	
  domains	
   can	
  

be	
   simplified	
   to	
   be	
   a	
   uniform	
   polypeptide	
   sequence35,36	
   or	
   further	
   complicated	
  with	
   the	
  

added	
  specification	
  of	
  spacers37,38	
  or	
  difference	
  in	
  molecular	
  geometry39,40.	
  The	
  structural	
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flexibility	
   incorporated	
   in	
   the	
   inherent	
   design	
   of	
   these	
   molecules	
   have	
   marketed	
   the	
  

resulting	
   nanoassemblies	
   derived	
   from	
   PA	
   molecules	
   to	
   be	
   advantageous	
   candidates	
   in	
  

drug	
  delivery41,42	
  and	
  tissue	
  engineering	
  applications43-­‐46.	
  Integration	
  of	
  a	
  polymer	
  tail	
  with	
  

polypeptides	
  enables	
  a	
  collaborative	
  environment	
  in	
  which	
  the	
  polymer	
  tail	
  yields	
  minimal	
  

toxicity	
   and	
   added	
   stability	
   complemented	
   by	
   the	
   polypeptide	
   to	
   facilitate	
   tunable	
  

attributes	
  through	
  specific	
  sets	
  of	
  structural	
  and	
  chemical	
  functionality.2,47	
  	
  

	
  

1.3	
  	
   	
   Development	
  of	
  Block	
  Copolymers	
  for	
  siRNA	
  Delivery	
  
	
  

Block	
   copolymers	
   are	
   structurally	
   designed	
   to	
   overcome	
   challenges	
   associated	
   with	
  

common	
   non-­‐viral	
   vectors	
   such	
   as	
   liposomes,	
   polymers	
   and	
   polymer-­‐lipid	
   hybrids.48	
   In	
  

general,	
   there	
   are	
   a	
   wide	
   variety	
   of	
   cationic	
   polymers	
   that	
   can	
   form	
   self-­‐assembled	
  

nanostructures	
  with	
   genetic	
  material	
   including	
  poly(L-­‐lysine)	
   (PLL),	
   poly(ethyleneimine)	
  

(PEI)	
   and	
   poly(amido	
   amine)	
   (PAMAM).49,50	
   The	
   nanostructures’	
   arrangement	
   adopts	
   a	
  

configuration	
   in	
  which	
   the	
   cationic	
   polymer	
   is	
   positioned	
   on	
   the	
   surface	
  with	
   a	
   charge-­‐

neutralized	
  inner	
  core	
  comprised	
  of	
  the	
  polymer	
  and	
  the	
  nucleic	
  acid	
  fragments.	
  While	
  this	
  

arrangement	
   is	
   beneficial	
   for	
   traversing	
   the	
   cellular	
   membrane,	
   it	
   also	
   facilitates	
   non-­‐

specific	
  association	
  to	
  form	
  large	
  aggregates	
  with	
  charged	
  serum	
  proteins	
  resulting	
  in	
  rapid	
  

clearance.	
   Instead,	
   these	
   structures	
   can	
   be	
   modified	
   to	
   incorporate	
   a	
   biocompatible	
  

polymer	
   such	
   as	
   hydrophilic	
   polyethylene	
   glycol	
   (PEG)	
   to	
   form	
   stable	
   nanostructures	
   of	
  

smaller	
  sizes.51	
  Combination	
  of	
  a	
  PEGylated	
  block	
  copolymer	
  with	
  poly(L-­‐lysine)	
  results	
  in	
  

a	
   “core-­‐shell”	
   structure	
   with	
   the	
   outer	
   layer	
   as	
   steric	
   stabilization	
   to	
   shield	
   the	
   genetic	
  

material	
  that	
  is	
  complexed	
  with	
  the	
  cationic	
  peptide	
  (Figure	
  1.2).52	
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Figure	
  1.2.	
  Adapted	
  schematic	
  representation	
  taken	
   from	
  Jeong	
  et	
  al.,51	
  of	
  polyion	
  complex	
   formation	
  with	
  
siRNA	
  and	
  PEG-­‐PLL	
  conjugate	
  .	
  A	
  core-­‐shell	
  model	
  is	
  shown	
  with	
  the	
  siRNA	
  and	
  PLL	
  located	
  in	
  the	
  core	
  and	
  
the	
  PEG	
  is	
  on	
  the	
  surface.	
  	
  

	
  

1.4	
  	
   Implementation	
  of	
  Molecular	
  Dynamics	
  Simulations	
  to	
  
Examine	
  Self-­‐Assembly	
  Processes	
  of	
  Peptide-­‐Polymer	
  
Conjugates	
  

	
  
Experimental	
   work	
   has	
   contributed	
   tremendously	
   to	
   the	
   advancement	
   of	
   scientific	
  

research	
   but	
   limitations	
   are	
   inevitable	
   with	
   respect	
   to	
   understanding	
   the	
   properties	
   of	
  

molecular	
   behavior	
   and	
   their	
   interactions	
   due	
   to	
   the	
   spatial	
   and	
   temporal	
   resolution.53	
  

Computer	
   simulations	
   act	
   as	
   a	
   liaison	
   connecting	
   theoretical	
   and	
   experimental	
   work.	
   It	
  

provides	
   an	
   efficient	
   means	
   to	
   simulate	
   and	
   investigate	
   systems	
   that	
   are	
   difficult	
   or	
  

otherwise	
  impossible.	
  Molecular	
  dynamics	
  (MD)	
  simulations	
  are	
  one	
  of	
  the	
  techniques	
  that	
  

have	
   been	
   advantageous	
   in	
   examining	
   biomolecular	
   systems.	
   Fundamentally,	
   Newton’s	
  

equations	
  of	
  motion	
  is	
  integrated	
  forward	
  in	
  time	
  to	
  simulate	
  the	
  dynamics	
  of	
  the	
  system	
  of	
  

atoms	
   or	
  molecules.54	
   In	
   contrast	
   to	
   experimental	
   aspects,	
   precise	
   details	
   of	
   a	
   particle’s	
  

motion	
  can	
  be	
  characterized	
  as	
  a	
  function	
  of	
  time,	
  providing	
  a	
  means	
  to	
  identify	
  pathways	
  

or	
  to	
  discern	
  the	
  dynamic	
  features	
  of	
  a	
  process.55,56	
  

Different	
  models	
  are	
  implemented	
  in	
  conjunction	
  with	
  molecular	
  dynamics	
  depending	
  

on	
   the	
   level	
   of	
   resolution	
   that	
   they	
   can	
   represent.	
   All-­‐atomistic	
   (AA)	
   models	
   developed	
  

have	
   been	
   able	
   to	
   represent	
   atoms	
   as	
   individual	
   sites	
   with	
   a	
   one-­‐to-­‐one	
   mapping.57	
  

Interactions	
   between	
   these	
   atoms	
   are	
   represented	
   by	
   continuous	
   potentials	
   with	
   terms	
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describing	
  bond	
  stretches,	
  bond	
  angles,	
   torsional	
   rotations,	
  and	
  non-­‐bonded	
   interactions.	
  

While	
   this	
   model	
   has	
   been	
   previously	
   limited	
   to	
   small	
   systems	
   of	
   a	
   few	
   hundred	
   of	
  

molecules,	
   recent	
   advances	
  of	
   computational	
  model	
  has	
  now	
  been	
  able	
   to	
   examine	
  more	
  

computationally	
   complex	
   systems	
   including	
   explicitly	
   solvated	
   proteins.58	
  However,	
  with	
  

interest	
   to	
   examine	
   large	
   macromolecular	
   aggregates	
   and	
   processes	
   such	
   as	
   molecular	
  

rearrangement	
   that	
  occurs	
  on	
   larger	
   timescales,	
   the	
   feasibility	
  of	
  atomistic	
  simulations	
   is	
  

limited.	
  For	
  atomistic	
  models,	
  with	
  an	
  integration	
  of	
  2	
  fs	
  time	
  step	
  while	
  solving	
  Newton’s	
  

equation	
  of	
  motion,	
  the	
  extent	
  of	
  the	
  trajectory	
  is	
  limited	
  to	
  1	
  μs	
  to	
  about	
  100	
  ns	
  which	
  can	
  

study	
   stability	
   of	
   preformed	
   structures	
   but	
   has	
   difficulty	
  with	
   protein	
   folding	
   or	
   protein	
  

aggregation.59	
   Development	
   of	
   coarse-­‐grained	
   (CG)	
   models	
   offers	
   an	
   united-­‐atoms	
  

approach	
  by	
  reducing	
  the	
  complexity	
  of	
  the	
  system	
  through	
  the	
  representation	
  of	
  multiple	
  

atoms	
   or	
   groups	
   as	
   a	
   single	
   entity.	
   In	
   combination	
   with	
   the	
   use	
   of	
   implicit	
   solvent	
   and	
  

simplification	
  of	
  potentials,	
   the	
  overall	
  computational	
  cost	
   is	
  greatly	
  reduced	
  to	
  allow	
  for	
  

larger	
   timescale	
  simulations.60	
  The	
  use	
  of	
  coarse-­‐grained	
  models	
  as	
  opposed	
   to	
  atomistic	
  

models	
   are	
   not	
   to	
   be	
   thought	
   of	
   to	
   replace	
   one	
   another.61	
   Instead,	
   information	
   from	
  

atomistic	
   models	
   is	
   used	
   to	
   obtain	
   parameters	
   for	
   coarse-­‐grained	
   potentials	
   providing	
  

accuracy	
  for	
  data	
  obtained	
  without	
  being	
  limited	
  by	
  computational	
  speed.	
  

	
   Aside	
   from	
   the	
   use	
   of	
   a	
   simplified	
   model	
   to	
   reduce	
   the	
   degree	
   of	
   freedom	
   in	
   a	
  

modeled	
   system	
   to	
   increase	
   computational	
   speed,	
   the	
   transition	
   from	
   traditional,	
  

continuous	
  molecular	
  dynamics,	
   to	
  discrete,	
  or	
  discontinuous	
  molecular	
  dynamics	
  (DMD)	
  

can	
  be	
  a	
  practical	
  alternative.62	
  As	
  briefly	
  described	
  above,	
  traditional	
  molecular	
  dynamics	
  

is	
  a	
  method	
  to	
  simulate	
  the	
  particles’	
  motion	
  in	
  a	
  system	
  through	
  integration	
  of	
  Newton’s	
  

equation	
  of	
  motion.	
  Continuous	
  potentials	
  are	
  used	
  and	
  the	
  algorithm	
  updates	
  the	
  particles	
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coordinates	
   and	
   velocity	
   at	
   fixed	
   time	
   steps	
   whereas	
   with	
   DMD,	
   the	
   potentials	
   are	
  

simplified	
  and	
  are	
  represented	
  as	
  discontinuous	
  step-­‐functions.	
  The	
  velocity	
  of	
  a	
  particle	
  

remains	
   constant	
   until	
   a	
   collision	
   event	
   is	
   encountered	
   and	
   the	
   next	
   collision	
   event	
   is	
  

calculated	
  under	
  laws	
  of	
  conservation.	
  Consequently,	
  DMD	
  is	
  a	
  technique	
  that	
  offer	
  a	
  much	
  

faster	
  algorithm	
  to	
  simulate	
  large	
  biomacromoleuclar	
  systems.63	
  	
  

In	
   this	
  work,	
  self-­‐assembly	
  of	
  peptide	
  amphiphiles	
  and	
  block	
  copolymers	
   is	
  examined	
  

using	
  a	
  newly	
  developed	
  coarse-­‐grained	
  model,	
  ePRIME,	
  which	
   is	
  an	
  extended	
  version	
  of	
  

the	
   original	
   PRIME	
   model.64-­‐66	
   Modifications	
   have	
   been	
   made	
   such	
   that	
   ePRIME	
   can	
  

accommodate	
   all	
   20	
   naturally	
   occurring	
   amino	
   acids	
   by	
   accounting	
   for	
   the	
   size,	
  

hydrophobicity,	
  and	
  charge	
  of	
  each	
  sidechain	
  type	
  using	
  well-­‐established	
  experimental	
  and	
  

modeling	
   parameters.67,68	
   The	
   ePRIME	
   model	
   is	
   designed	
   to	
   contain	
   sufficient	
   genuine	
  

biological	
  character	
  to	
  represent	
  real	
  amino	
  acids	
  and	
  polymers	
  while	
  being	
  simple	
  enough	
  

to	
  be	
  computationally	
  tractable.65	
  This	
  model	
  has	
  been	
  shown	
  to	
  examine	
  spontaneous	
  self-­‐

assembly	
  processes	
   starting	
   from	
  random	
   initial	
   configurations	
  without	
  a	
  predetermined	
  

structure	
   eliminating	
   any	
   conformational	
   biases.	
   By	
  modeling	
   the	
   necessary	
   interactions	
  

involved	
  between	
  peptide	
  and	
  polymer	
  species	
  including	
  steric,	
  directional	
  hydrogen	
  bond,	
  

hydrophobic,	
   electrostatic	
   interactions,	
   this	
   model	
   is	
   able	
   to	
   further	
   examine	
   secondary	
  

structure	
  formation	
  as	
  a	
  function	
  of	
  the	
  trajectory.	
  The	
  use	
  of	
  ePRIME	
  with	
  a	
  discontinuous	
  

molecular	
  dynamics	
   (DMD)	
  algorithm,	
  a	
   fast	
  alternative	
   to	
   standard	
  molecular	
  dynamics,	
  

further	
  enables	
  the	
  simulation	
  of	
  very	
  large	
  systems.	
  The	
  current	
  ePRIME	
  model	
  has	
  been	
  

further	
   developed	
   into	
   BioModi	
   (Biomolecular	
   Multiscale	
   Models	
   at	
   UC	
   Irvine)	
   to	
  

incorporate	
  and	
  adequately	
  model	
  the	
  biological	
  behavior	
  of	
  nucleic	
  acids	
  and	
  polyethylene	
  

glycol	
  units	
  to	
  examine	
  the	
  complexation	
  behavior	
  of	
  block	
  copolymers	
  with	
  siRNA.	
  siRNA	
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is	
  modeled	
  with	
   sequence	
   specificity	
   instead	
   of	
   a	
   simple	
   flexible	
   polymer	
   to	
   account	
   for	
  

sequence-­‐dependent	
   interactions	
   (e.g.	
   base-­‐stacking,	
   electrostatic	
   interactions,	
   solvent-­‐

induced	
   interactions).	
   Physiologically	
   relevant	
   behavior	
   is	
   captured	
   from	
   performing	
  

atomistic	
  simulations	
  to	
  determine	
  the	
  dynamics	
  of	
  individual	
  PEGylated-­‐polypeptide	
  and	
  

double	
  stranded	
  siRNA	
  molecules.	
  	
  

	
  

1.5	
  	
   	
   Structure	
  of	
  the	
  Dissertation	
  
	
  

The	
   general	
   goal	
   of	
   this	
   dissertation	
   aims	
   to	
   determine	
   the	
   factors	
   that	
   influence	
   the	
  

thermodynamics	
   and	
   kinetics	
   of	
   peptide-­‐polymer	
   conjugates	
   self-­‐assembly.	
   In	
   particular,	
  

we	
   employ	
   our	
   newly	
   developed	
   coarse-­‐grained	
  model,	
   ePRIME,	
   and	
   perform	
  molecular	
  

dynamics	
  simulations	
   to	
  examine	
   the	
  underlying	
  principles	
   for	
   the	
   formation	
  of	
  different	
  

nanostructures.	
  This	
  dissertation	
  begins	
  by	
  introducing	
  our	
  coarse-­‐grained	
  model,	
  ePRIME,	
  

and	
   comparing	
   its	
   performance	
   to	
   atomistic	
   model	
   for	
   single	
   molecules	
   of	
   peptide	
  

amphiphiles	
   (Chapter	
   2).	
   Cylindrical	
   nanofibers	
   are	
   observed	
   to	
   form	
   from	
   large	
  

spontaneous	
   self-­‐assembly	
   event	
   of	
   800	
   peptide	
   amphiphiles.	
   The	
   role	
   of	
  modifying	
   the	
  

electrostatic	
   interaction	
   (i.e.,	
   pH	
   and	
   ion	
   concentration)	
   between	
   charged	
   side	
   chain	
  

groups,	
   and	
   the	
   effect	
   of	
   changing	
   temperature	
   is	
   found	
   to	
   yield	
   a	
   broad	
   array	
   of	
  

nanostructures.	
  In	
  Chapter	
  3,	
  the	
  formation	
  of	
  cylindrical	
  nanofibers	
  is	
  examined	
  in-­‐depth	
  

with	
   the	
   use	
   of	
   an	
   all-­‐atom	
   constant	
   pH	
   molecular	
   dynamics	
   in	
   conjunction	
   with	
   our	
  

coarse-­‐grained	
   ePRIME	
   model.	
   The	
   implementation	
   of	
   both	
   of	
   these	
   models	
   provides	
   a	
  

multiresolution	
  perspective	
  of	
  the	
  pH-­‐dependent	
  self-­‐assembly	
  of	
  nanofibers	
  and	
  indicates	
  

our	
  coarse-­‐grained	
  model	
  is	
  a	
  valid	
  candidate	
  for	
  computer-­‐aided	
  design	
  and	
  discovery	
  of	
  

novel	
  biomaterials.	
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In	
   Chapter	
   4,	
   the	
   role	
   of	
   hydrophobicity	
   on	
   self-­‐assembly	
   by	
   peptide	
   amphiphiles	
   is	
  

examined	
   to	
   provide	
   an	
   intuition	
   with	
   respect	
   to	
   selecting	
   particular	
   polymer	
   type	
   or	
  

solvent	
   choice.	
   Phase	
   diagrams	
   are	
   constructed	
   to	
   illustrate	
   optimal	
   conditions	
   at	
  which	
  

cylindrical	
  nanofibers	
  can	
  be	
  formed.	
  To	
  further	
  examine	
  the	
  underlying	
  kinetic	
  pathway	
  as	
  

a	
   function	
   of	
   the	
   external	
   stimuli,	
   Chapter	
   5	
   presents	
   a	
   detailed	
   quantitative	
   analysis	
   to	
  

characterize	
   the	
  multistep	
  process	
   for	
   the	
   formation	
  of	
   these	
  nanostructures.	
  Aside	
   from	
  

looking	
  at	
  the	
  effect	
  of	
  external	
  stimuli,	
  the	
  effect	
  of	
  changing	
  the	
  peptide	
  sequence	
  is	
  also	
  

examined	
   using	
   two	
   sequences	
   that	
   share	
   the	
   same	
   chemical	
   composition	
   but	
   different	
  

placement	
  of	
   hydrophobic	
   residues	
  with	
   respect	
   to	
   the	
  polymer	
   tail.	
   In	
  Chapter	
  6,	
   single	
  

molecule	
   peptide	
   amphiphiles	
   are	
   studied	
   in-­‐depth	
   to	
   examine	
   the	
   intramoleuclar	
  

interactions	
   between	
   the	
   hydrophobic	
   and	
   hydrophilic	
   domains	
   of	
   the	
   molecule	
   and	
   its	
  

effect	
  on	
  the	
  subsequent	
  peptide	
   folding.	
  Chapter	
  7	
  provides	
   further	
  studies	
  of	
   these	
  two	
  

sequences	
   in	
   large	
   self-­‐assembly	
   events	
   indicating	
   that	
   the	
   single	
   molecule	
   behavior	
  

influences	
  nanostructure	
  formation	
  and	
  the	
  resulting	
  stability	
  and	
  mechanical	
  behavior	
  of	
  

the	
  nanostructure.	
  	
  	
  

	
   In	
   Chapter	
   8,	
   ePRIME	
   is	
   further	
   developed	
   into	
   BioModi	
   by	
   extending	
   to	
   model	
  

polyethylene	
  glycol	
  (PEG)	
  monomer	
  chain	
  and	
  nucleic	
  acids.	
  The	
  model	
  is	
  built	
  to	
  evaluate	
  

the	
   feasibility	
   and	
   validity	
   of	
   the	
   coarse-­‐grained	
   model	
   for	
   a	
   heterogeneous	
   system.	
  

Complexation	
   of	
   siRNA	
   with	
   PEGylated	
   polymer	
   is	
   observed	
   and	
   the	
   parameters	
   that	
  

influence	
   the	
   size	
   and	
   distribution	
   of	
   the	
   aggregates	
   are	
   determined.	
   Finally,	
   the	
  

conclusions	
   of	
   this	
   dissertation	
   are	
   summarized	
   in	
   Chapter	
   9,	
   and	
   some	
   directions	
   for	
  

future	
  research	
  are	
  presented.	
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CHAPTER	
  2	
  	
   The	
  Role	
  of	
  Electrostatics	
  and	
  Temperature	
  on	
  
Morphological	
  Transition	
  of	
  Hydrogel	
  Nanostructures	
  
Self-­‐Assembled	
  by	
  Peptide	
  Amphiphiles	
  via	
  Molecular	
  
Dynamics	
  Simulations	
  	
  	
  

2.1	
  	
   	
   Abstract	
  
	
  

Smart	
   biomaterials	
   that	
   are	
   self-­‐assembled	
   from	
   peptide	
   amphiphiles	
   (PA)	
   are	
  

known	
  to	
  undergo	
  morphological	
  transitions	
   in	
  response	
  to	
  specific	
  physiological	
  stimuli.	
  

The	
  design	
  of	
  such	
  customizable	
  hydrogels	
   is	
  of	
  significant	
   interest	
  due	
  to	
   their	
  potential	
  

applications	
   in	
   tissue	
   engineering,	
   biomedical	
   imaging,	
   and	
   drug	
   delivery.	
   Using	
   a	
   novel	
  

coarse-­‐grained	
   peptide/polymer	
   model,	
   which	
   has	
   been	
   validated	
   by	
   comparison	
   of	
  

equilibrium	
   conformations	
   from	
   atomistic	
   simulations,	
   we	
   have	
   performed	
   large-­‐scale	
  

molecular	
   dynamics	
   simulations	
   to	
   examine	
   the	
   spontaneous	
   self-­‐assembly	
   process.	
  

Starting	
   from	
   random	
   configurations,	
   these	
   simulations	
   result	
   in	
   the	
   formation	
   of	
  

nanostructures	
   of	
   various	
   sizes	
   and	
   shapes	
   as	
   a	
   function	
   of	
   the	
   electrostatics	
   and	
  

temperature.	
   At	
   optimal	
   conditions,	
   the	
   self-­‐assembly	
   mechanism	
   for	
   the	
   formation	
   of	
  

cylindrical	
  nanofibers	
   is	
  deciphered	
   involving	
  a	
   series	
  of	
   steps:	
   (1)	
  PA	
  molecules	
  quickly	
  

undergo	
  micellization	
  whose	
  driving	
   force	
   is	
   the	
  hydrophobic	
   interactions	
  between	
  alkyl	
  

tails;	
  (2)	
  neighboring	
  peptide	
  residues	
  within	
  a	
  micelle	
  engage	
  in	
  a	
  slow	
  ordering	
  process	
  

that	
   leads	
   to	
   the	
   formation	
   of	
   β-­‐sheets	
   exposing	
   the	
   hydrophobic	
   core;	
   (3)	
   spherical	
  

micelles	
  merge	
  together	
  through	
  an	
  end-­‐to-­‐end	
  mechanism	
  to	
  form	
  cylindrical	
  nanofibers	
  

that	
  exhibit	
  high	
  structural	
  fidelity	
  to	
  the	
  proposed	
  structure	
  based	
  on	
  experimental	
  data.	
  

As	
   the	
   temperature	
   and	
   electrostatics	
   vary,	
   PA	
   molecules	
   undergo	
   alternative	
   kinetic	
  

mechanisms,	
   resulting	
   in	
   the	
   formation	
   of	
   a	
   wide	
   spectrum	
   of	
   nanostructures.	
   A	
   phase	
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diagram	
   in	
   the	
   electrostatics-­‐temperature	
   plane	
   is	
   constructed	
   delineating	
   regions	
   of	
  

morphological	
  transitions	
  in	
  response	
  to	
  external	
  stimuli.	
  	
  

2.2	
  	
   	
   Introduction	
  
	
  

Hydrogels	
   are	
   versatile	
   biomaterials	
   with	
   many	
   potential	
   applications	
   in	
   drug	
  

delivery,	
   diagnostic	
   medicine,	
   tissue	
   engineering,	
   and	
   design	
   of	
   bio-­‐inspired	
  

nanomaterials.1-­‐5	
  They	
  are	
  characterized	
  by	
   three-­‐dimensional	
  polymer-­‐related	
  networks	
  

capable	
   of	
   absorbing	
   a	
   significant	
   amount	
   of	
   fluid1,2,5,6	
   and	
   have	
   physiological	
   stimuli-­‐

responsive	
   properties	
   that	
   can	
   influence	
   the	
   resulting	
   network	
   structure	
   and/or	
  

mechanical	
  strength	
  for	
  tailored	
  purposes.1,2,5-­‐10	
  Emerging	
  interest	
  has	
  been	
  focused	
  on	
  the	
  

molecular-­‐level	
   self-­‐assembly	
   of	
   a	
   specific	
   class	
   of	
  molecules	
   called	
   peptide	
   amphiphiles	
  

(PA),	
   which	
   consists	
   of	
   a	
   hydrophobic	
   alkyl	
   tai,	
   an	
   amino	
   acid	
   sequence	
   that	
   drives	
  

secondary	
  and	
  tertiary	
  conformations,	
  and	
  a	
  hydrophilic	
  head	
  group	
  of	
  a	
  few	
  amino	
  acids	
  

for	
   bioactive	
   signaling.11-­‐15	
   Experiments	
   have	
   shown	
   that	
   assemblies	
   by	
   PAs	
   exhibit	
  

excellent	
   biocompatibility	
   and	
   desired	
   functionality	
   in	
   a	
   physiological	
   environment.16-­‐20	
  

Moreover,	
   through	
   structural	
   analysis	
   on	
   PA	
   molecules	
   that	
   self-­‐assemble	
   into	
   fibrous	
  

morphology	
   as	
   observed	
   in	
   cryo-­‐TEM	
   experiments,	
   a	
   model	
   structure	
   described	
   as	
   a	
  

cylindrical	
  nanoscale	
  fiber	
  has	
  been	
  proposed	
  by	
  Stupp	
  and	
  co-­‐workers.12,13	
  Furthermore,	
  

critical	
  factors	
  influencing	
  the	
  self-­‐assembly	
  of	
  such	
  nanostructures	
  have	
  been	
  identified	
  as	
  

chemical	
   structure,	
   molecular	
   geometry,	
   intermolecular	
   interactions	
   (e.g.	
   hydrophobic,	
  

hydrogen	
  bonding,	
  and	
  electrostatic	
   interactions)	
  and	
   the	
  solvent	
  condition.21,22	
  The	
  size,	
  

shape,	
  interfacial	
  curvature,	
  and	
  mechanical	
  properties	
  of	
  the	
  resulting	
  assemblies	
  reflect	
  a	
  

delicate	
  interplay	
  of	
  these	
  important	
  factors.16,23-­‐25	
  However,	
  the	
  current	
  understanding	
  of	
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the	
   mechanism	
   wherein	
   peptide	
   amphiphiles	
   assemble	
   into	
   certain	
   shapes	
   at	
   different	
  

solvent	
   environments	
   and	
   the	
   exact	
   nature	
   of	
   how	
   PA	
   molecules	
   arrange	
   within	
   those	
  

nanostructures	
  are	
  not	
  fully	
  elucidated.	
  	
  

	
   The	
  contributions	
  from	
  theoretical	
  and	
  simulation	
  perspectives	
  on	
  PA	
  assembly	
  are	
  

invaluable,	
  especially	
  the	
  works	
  by	
  Schatz,	
  Ratner,	
  and	
  colleagues	
  who	
  examined	
  the	
  role	
  of	
  

geometric	
   packing	
   and	
   structural	
   stability.26,27	
   However,	
   relevant	
   atomic-­‐resolution	
  

simulation	
  studies	
  of	
  the	
  whole	
  self-­‐assembly	
  process	
  are	
  difficult	
  due	
  to	
  the	
  large	
  system	
  

sizes	
   required	
   and	
   the	
   long	
   timescales	
   involved.28,29.	
   For	
   example,	
   Lee,	
   Stupp	
   et	
   al.,	
  

performed	
  an	
  atomistic	
  molecular	
  dynamics	
  (MD)	
  simulation	
  on	
  a	
  system	
  of	
  144	
  peptide	
  

amphiphiles	
  that	
  were	
  arranged	
  in	
  a	
  cylindrical	
  configuration	
  as	
  an	
  initial	
  structure.29	
  After	
  

40ns,	
   the	
   structure	
   remained	
   stable	
   and	
   secondary	
   structure	
   analysis	
   signified	
   the	
  

presence	
   of	
   both	
   α-­‐helical	
   and	
   β-­‐sheet	
   content.	
   Although	
   the	
   results	
   are	
   comparable	
   to	
  

experimental	
  findings12,13	
  by	
  capturing	
  the	
  detailed	
  interactions	
  and	
  distinctive	
  structural	
  

motifs	
   that	
  comprise	
  of	
  a	
  cylindrical	
  nanofiber,	
   the	
  mechanism	
  by	
  which	
   this	
  structure	
   is	
  

formed	
   cannot	
   be	
   extracted	
   since	
   the	
   simulation	
   started	
   from	
   a	
   cylindrical	
   template.	
  

Consequently,	
   most	
   simulation	
   studies	
   capable	
   of	
   examining	
   the	
   whole	
   self-­‐assembly	
  

process	
  have	
  been	
  limited	
  to	
  using	
  simplified	
  models.30-­‐33	
  For	
  instance,	
  Velichko	
  et	
  al.,	
  used	
  

a	
   coarse-­‐grained	
   model	
   to	
   perform	
   Monte	
   Carlo	
   simulations	
   providing	
   a	
   molecular	
  

perspective	
  between	
   the	
   structure	
   and	
   simulation	
   conditions	
  of	
   the	
   system.32	
  By	
  varying	
  

the	
  strength	
  of	
  the	
  hydrophobic	
  attraction	
  and	
  the	
  hydrogen	
  bond,	
  their	
  model	
  was	
  able	
  to	
  

capture	
  important	
  aspects	
  of	
  PA	
  self-­‐assembly	
  by	
  delineating	
  a	
  phase	
  diagram	
  with	
  distinct	
  

morphologies.	
   However,	
   electrostatic	
   interactions	
   and	
   peptide	
   specificity	
   were	
   not	
  

included;	
   such	
   an	
   omission	
   could	
   alter	
   the	
   phase	
   diagram.	
   Recently,	
   Lee,	
   Cho	
   et	
   al.,33	
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performed	
   coarse-­‐grained	
   MD	
   simulations	
   on	
   a	
   system	
   containing	
   140	
   PA	
   molecules	
  

solvated	
   in	
   an	
   aqueous	
   environment	
   for	
   16μs	
   using	
   the	
   MARTINI	
   force	
   field.34	
   They	
  

observe	
  that	
  the	
  PA	
  molecules	
  self-­‐assemble	
  into	
  micelles,	
  which	
  subsequently	
  merge	
  into	
  

a	
  fiber.	
  	
  Water	
  molecules	
  are	
  excluded	
  from	
  the	
  hydrophobic	
  core	
  of	
  the	
  fiber	
  and	
  majority	
  

of	
  peptides	
  is	
  exposed	
  to	
  aqueous	
  environment.	
  However,	
  since	
  the	
  MARTINI	
  force	
  field34	
  

requires	
   that	
   the	
   secondary	
   structure	
  of	
   a	
  peptide	
   to	
  be	
  predetermined	
  and	
   fixed	
  during	
  

the	
   simulation,	
   it	
   was	
   unfeasible	
   to	
   examine	
   the	
   role	
   of	
   solvent	
   condition	
   on	
   the	
   time-­‐

dependent	
  formation	
  of	
  hydrogen	
  bonds	
  and	
  secondary	
  structures,	
  which	
  is	
  known	
  to	
  play	
  

an	
  important	
  role	
  in	
  the	
  self-­‐assembly	
  of	
  nanostructures.35	
  

	
   To	
   investigate	
   the	
   kinetics	
   and	
   thermodynamics	
   of	
   spontaneous	
   PA	
   self-­‐assembly	
  

without	
  predetermined	
  secondary	
  structures,	
  we	
  use	
  our	
  newly-­‐developed	
  coarse-­‐grained	
  

(CG)	
  model	
  called	
  ePRIME	
  (see	
  Supporting	
  Information),	
  which	
   is	
  an	
  extended	
  version	
  of	
  

the	
  original	
  PRIME	
  model.36-­‐38	
  We	
  have	
  modified	
  this	
  model	
  to	
  accommodate	
  all	
  20	
  amino	
  

acids	
  by	
  accounting	
   for	
   the	
  size,	
  hydrophobicity,	
  and	
  charge	
  of	
  each	
  sidechain	
   type	
  using	
  

well-­‐established	
  experimental	
  and	
  modeling	
  parameters.39,40	
  The	
  ePRIME	
  model	
  contains	
  

enough	
  genuine	
  biological	
  character	
  to	
  mimic	
  real	
  amino	
  acids	
  and	
  polymers,	
  yet	
  is	
  simple	
  

enough	
   to	
  be	
   computationally	
   tractable.37	
  When	
  coupled	
  with	
  a	
  Discontinuous	
  Molecular	
  

Dynamics	
  (DMD)	
  algorithm,41	
  a	
  fast	
  alternative	
  to	
  standard	
  molecular	
  dynamics,	
  our	
  model	
  

allows	
  us	
  to	
  simulate	
  very	
  large	
  systems.	
  This	
  in	
  turn	
  enables	
  us	
  to	
  probe	
  the	
  fundamental	
  

physics	
   underlying	
   self-­‐assembly	
   by	
   exploring	
   nanostructures	
   of	
   various	
   morphologies	
  

under	
  specific	
  solution	
  conditions	
  (pH	
  or	
  ionic	
  strength,	
  and	
  temperature).	
  	
  

In	
   this	
  work,	
  we	
   simulate	
   the	
   spontaneous	
   formation	
   of	
   nanostructures	
   including	
  

cylindrical	
   nanofibers	
   as	
   a	
   function	
   of	
   the	
   electrostatics	
   and	
   temperature.	
   The	
   model	
  



18	
  
	
  

peptide	
   amphiphile	
   chosen	
   for	
   this	
   study	
   is	
   a	
   hydrophobic	
   alkyl	
   16-­‐mer	
   tail	
   covalently	
  

conjugated	
  to	
  a	
  peptide	
  sequence,	
  which	
  is	
  comprised	
  of	
  valine,	
  alanine,	
  and	
  glutamic	
  acid,	
  

V3A3E3,	
   as	
   shown	
   in	
   Figure	
   2.1a.	
   It	
   is	
   one	
   of	
   the	
   sequences	
   systematically	
   designed	
   by	
  

Pashuck	
  et	
   al.,	
  who	
   investigated	
   the	
  placement	
  and	
  position	
  of	
   valine	
  and	
  alanine	
  on	
   the	
  

mechanical	
   properties	
   of	
   the	
   resulting	
   nanofiber	
   gels.42	
   Two	
   types	
   of	
   simulations	
   are	
  

performed:	
   one	
   type	
   is	
   on	
   a	
   single	
   molecule	
   for	
   validation	
   and	
   the	
   other	
   type	
   is	
   on	
   a	
  

multiple-­‐molecule	
   system	
   to	
   examine	
   self-­‐assembly	
   (see	
   Supporting	
   Information).	
   As	
   a	
  

proof-­‐of-­‐concept	
  study	
  to	
  validate	
  our	
  CG	
  model,	
  the	
  results	
  from	
  single-­‐molecule	
  replica-­‐

exchange	
   simulations	
   using	
   ePRIME	
   are	
   contrasted	
   with	
   those	
   from	
   atomistic	
   NAMD43	
  

simulations	
  using	
  the	
  CHARMM	
  27	
  force	
   field.44-­‐46	
  Here	
  the	
  comparisons	
   focus	
  on	
  (1)	
  the	
  

detailed	
   interactions	
  between	
   the	
  alkyl	
   tail	
   and	
  peptide	
   segment	
  and	
   (2)	
   the	
  equilibrium	
  

structure	
   of	
   the	
   peptide	
   segment	
   at	
   different	
   temperatures.	
   To	
   investigate	
   the	
   self-­‐

assembly	
  of	
  PA	
  chains,	
   constant	
   temperature	
  simulations	
  on	
  a	
   system	
  containing	
  800	
  PA	
  

molecules	
  are	
  performed	
  at	
  a	
  high	
  concentration	
  of	
  c	
  =	
  85mM	
  over	
  a	
  range	
  of	
  temperatures	
  

(T*	
   =	
   0.08	
   –	
   0.15	
   in	
   reduced	
   units)	
   beginning	
   from	
   an	
   initial	
   random	
   conformation.	
   To	
  

examine	
   the	
   effect	
   of	
   ionic	
   concentration	
   and	
   pH,	
   the	
   repulsive	
   strength	
   (εES)	
   of	
   the	
  

electrostatic	
   interactions	
   between	
   charged	
   glutamic	
   acids	
   are	
   varied	
   systematically	
   by	
  

increasing	
  its	
  value	
  relative	
  to	
  the	
  strength	
  of	
  a	
  hydrogen	
  bond	
  (εHB).	
  In	
  this	
  case,	
  differing	
  

kinetic	
   mechanisms	
   responsible	
   for	
   the	
   formation	
   of	
   a	
   variety	
   of	
   self-­‐assembled	
  

nanostructures	
   are	
   deciphered.	
   Structural	
   characterization	
   of	
   the	
   self-­‐assembled	
  

aggregates	
   allows	
   the	
   construction	
   of	
   a	
   phase	
   diagram	
   to	
   delineate	
   a	
   wide	
   range	
   of	
  

morphological	
  nanostructures	
  that	
  are	
   formed	
  at	
  different	
  environmental	
  conditions.	
  The	
  

results	
   of	
   this	
   study	
   aim	
   to	
   provide	
   a	
   fundamental	
   understanding	
   of	
   the	
   role	
   of	
  



19	
  
	
  

electrostatics	
  and	
  temperature	
  on	
  the	
  self-­‐assembly	
  of	
  PA	
  molecules	
  for	
  the	
  design	
  of	
  smart	
  

bio-­‐inspired	
  hydrogel	
  materials.	
  

2.3	
  	
   	
   Results	
  and	
  Discussions	
  

2.3.1	
   Equilibrium	
  conformations	
  of	
  single	
  PA	
  molecule	
  are	
  similar	
  
from	
  coarse-­‐grained	
  and	
  atomistic	
  simulations	
  

	
  
As	
   a	
   proof-­‐of-­‐concept	
   to	
   validate	
   the	
   use	
   of	
   our	
   coarse-­‐grained	
   ePRIME	
   model,	
  

replica-­‐exchange	
   simulations	
  were	
   performed	
   using	
   both	
   atomistic	
  NAMD43	
   and	
   ePRIME	
  

models	
  to	
  examine	
  the	
  effect	
  of	
  temperature	
  on	
  the	
  equilibrium	
  structure	
  of	
  the	
  chosen	
  PA	
  

molecule.	
  For	
  both	
  simulations,	
  16	
  replicas	
  corresponding	
  to	
  16	
  temperatures	
  are	
  selected	
  

to	
  encompass	
  a	
  wide	
  range	
  of	
  temperatures	
  to	
  observe	
  the	
  formation	
  of	
  entire	
  spectrum	
  of	
  

secondary	
  structures.	
  Snapshots	
  of	
  the	
  PA	
  molecule	
  over	
  a	
  range	
  of	
  reduced	
  temperatures	
  

(T*	
   =	
   0.07	
   –	
   0.17)	
   using	
   the	
   ePRIME	
   model	
   are	
   shown	
   in	
   Figure	
   2.1b.	
   At	
   the	
   lowest	
  

temperature	
  of	
  T*	
  =	
  0.07,	
  the	
  peptide	
  folds	
  into	
  an	
  α-­‐helical	
  conformation.	
  Comparing	
  this	
  

structure	
  at	
  T*	
  =	
  0.07	
  (Figure	
  2.1b)	
  to	
  the	
  final	
  conformation	
  obtained	
  at	
  T	
  =	
  260K	
  from	
  

the	
   NAMD	
   replica-­‐exchange	
   simulation	
   (Figure	
   2.1c)	
   shows	
   a	
   high	
   resemblance	
   in	
   the	
  

folded	
  conformation	
  of	
  the	
  peptide	
  segment	
  and	
  the	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  

the	
  peptide	
  segment	
  from	
  the	
  coarse-­‐grained	
  and	
  all-­‐atom	
  simulations.	
  In	
  both	
  simulations,	
  

the	
  alkyl	
  tail	
  does	
  not	
  disrupt	
  the	
  folding	
  process	
  of	
  the	
  peptide	
  segment	
  to	
  form	
  secondary	
  

structure	
   at	
   low	
   temperatures.	
   Once	
   the	
   peptide	
   segment	
   folds	
   into	
   an	
   α-­‐helical	
  

conformation,	
   favorable	
   hydrophobic	
   interactions	
   are	
   present	
   between	
   the	
   flexible	
  

hydrophobic	
   tail	
   and	
   the	
   sidechains	
   of	
   the	
   corresponding	
   hydrophobic	
   residues.	
   In	
  

particular,	
   weak	
   hydrophobic	
   interactions	
   are	
   predominantly	
   between	
   the	
   alkyl	
   tail	
   and	
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valine	
   residues	
   since	
   the	
   valine	
   sidechains	
   are	
   more	
   hydrophobic	
   than	
   the	
   alanine	
   and	
  

glutamic	
  sidechains.	
  	
  

	
  

Figure	
  2.1.	
   (a)	
  Geometry	
  of	
  our	
  coarse-­‐grained	
  (CG)	
  model,	
  ePRIME,	
   for	
   the	
  studied	
  PA	
  molecule,	
  C16H31O-­‐
Val3Ala3Glu3,	
   representing	
   united	
   groups	
   of	
   atoms	
   as	
   spheres:	
   alkyl	
   group	
   (red);	
   valine	
   sidechain	
   (green),	
  
alanine	
   sidechain	
   (blue),	
   glutamic	
   acid	
   sidechain	
   (pink),	
   and	
   backbone	
   atoms	
   (NH,	
   CαH,	
   and	
   CO	
   as	
   cyan,	
  
purple	
  and	
  orange,	
  respectively).	
  The	
  united	
  atoms	
  are	
  not	
  shown	
  full	
  size	
  for	
  ease	
  of	
  viewing.	
  (b)	
  Snapshots	
  
of	
   equilibrium	
   structures	
   of	
   the	
   PA	
   molecule	
   at	
   different	
   reduced	
   temperatures	
   from	
   ePRIME	
   replica-­‐
exchange	
   simulation.	
   The	
   color	
   scheme	
   is:	
   hydrophobic	
   alkyl	
   tail	
   (red),	
   valine	
   (green),	
   alanine	
   (blue),	
  
glutamic	
  acid	
  (pink),	
  consistent	
  for	
  all	
  subsequent	
  figures.	
  (c)	
  Equilibrium	
  PA	
  structure	
  obtained	
  from	
  NAMD	
  
replica-­‐exchange	
   temperature	
   simulation	
   at	
   T	
   =	
   260K.	
   (d)	
   Plot	
   of	
   the	
   percentage	
   of	
   secondary	
   structure	
  
formation	
   as	
   a	
   function	
   of	
   temperature	
   obtained	
   from	
   replica-­‐exchange	
   simulations	
   for	
   16	
   temperatures	
  
using	
  coarse-­‐grained	
  ePRIME	
  and	
  atomistic	
  NAMD.	
  The	
  temperature	
  range	
  for	
  ePRIME	
  is	
  T*	
  =	
  0.07	
  –	
  0.17	
  and	
  
for	
  NAMD	
  is	
  T	
  =	
  260	
  –	
  550K.	
  Data	
  shown	
  is	
  taken	
  from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data	
  and	
  
standard	
  deviation	
  is	
  calculated	
  to	
  be	
  	
  ±20%.	
  	
  	
  

	
  
Equilibrium	
   results	
   obtained	
   from	
   replica-­‐exchange	
   simulations	
   using	
   either	
   our	
  

coarse-­‐grained	
   or	
   all-­‐atom	
   models	
   produce	
   similar	
   structures	
   over	
   a	
   wide	
   range	
   of	
  

temperatures	
   as	
   shown	
   in	
   Figure	
   2.1d,	
   which	
   plots	
   the	
   percentages	
   of	
   secondary	
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structures	
   created	
   by	
   the	
   peptide	
   segment	
   as	
   a	
   function	
   of	
   temperature.	
   At	
   low	
  

temperatures,	
   α-­‐helical	
   morphologies	
   are	
   the	
   primary	
   conformations	
   while	
   random	
   coil	
  

structures	
   are	
   less	
   prevalent.	
   As	
   the	
   temperature	
   increases	
   to	
   higher	
   values	
   than	
   the	
  

melting	
   temperature	
  at	
  T*	
  =	
  0.085	
   that	
  corresponds	
   to	
  ~320K,	
  an	
   inverse	
  relationship	
   is	
  

observed	
   such	
   that	
   the	
   predominant	
   morphology	
   is	
   random	
   coil.	
   Interestingly,	
   β-­‐strand	
  

characteristics	
   are	
   minimal	
   even	
   at	
   moderate	
   temperatures	
   because	
   (1)	
   the	
   peptide	
  

containing	
  nine	
  residues	
  is	
  too	
  short	
  to	
  form	
  a	
  complete	
  β-­‐hairpin,	
  and	
  (2)	
  high	
  number	
  of	
  

hydrophobic	
   interactions	
   especially	
   between	
   the	
   alkyl	
   tail	
   and	
   the	
   peptide	
   segment	
   are	
  

more	
   favorable	
   than	
   just	
   a	
   few	
   hydrogen	
   bonds.	
   Since	
   the	
   peptide	
   segment	
   is	
   relatively	
  

short	
  containing	
  just	
  nine	
  residues,	
  it	
  folds	
  and	
  unfolds	
  rapidly	
  producing	
  a	
  large	
  standard	
  

deviation	
   error	
   of	
   about	
  20%	
   in	
   the	
   structural	
   data.	
   	
  Nevertheless,	
   the	
   results	
   plotted	
   in	
  

Figure	
   2.1d	
   show	
   similar	
   trends	
   such	
   as	
   the	
   morphological	
   transitions	
   between	
  

equilibrium	
   conformations	
   throughout	
   the	
   whole	
   range	
   of	
   selected	
   temperatures.	
   	
   This	
  

indicates	
  that	
  our	
  coarse-­‐grained	
  model	
  of	
  the	
  chosen	
  PA	
  molecule	
  has	
  a	
  remarkable	
  ability	
  

to	
  predict	
  not	
  only	
  the	
  secondary	
  structure	
  created	
  by	
  the	
  peptide	
  segment	
  as	
  a	
  function	
  of	
  

temperature	
  but	
  also	
  the	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  peptide	
  segment.	
  

	
  

2.3.2	
   Self-­‐assembly	
  of	
  PA	
  molecules	
  is	
  spontaneous	
  to	
  form	
  
supramolecular	
  aggregates	
  starting	
  from	
  a	
  random	
  
configuration	
  

	
  
Self-­‐assembly	
   of	
   PA	
   chains	
   to	
   form	
   supramolecular	
   aggregates	
   is	
   observed	
  

spontaneously	
  in	
  molecular	
  dynamics	
  simulations	
  of	
  large	
  systems	
  containing	
  800	
  isolated	
  

PA	
  molecules	
  starting	
  as	
  random	
  coils.	
  Beginning	
  from	
  an	
  unseeded	
  random	
  conformation,	
  

multiple	
  aggregates	
  are	
   formed	
  over	
   the	
  course	
  of	
  simulation	
  at	
  a	
  moderate	
   temperature	
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(T*	
  =	
  0.11)	
  and	
  weak	
  electrostatic	
  interaction	
  strength	
  (εES	
  =	
  100%εHB),	
  The	
  main	
  driving	
  

force	
  for	
  self-­‐assembly	
  is	
  the	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tails,	
  which	
  bring	
  

PA	
  molecules	
  together	
  to	
  create	
  large	
  aggregates.	
  The	
  arrangement	
  of	
  these	
  PA	
  molecules	
  

within	
   each	
   aggregate	
   consists	
   of	
   the	
   alkyl	
   tails	
   residing	
   in	
   the	
   interior	
  with	
   the	
   peptide	
  

residues	
  covering	
   the	
  exterior	
  of	
   the	
  aggregate.	
  Upon	
  arriving	
  at	
  an	
  aggregated	
  state,	
   the	
  

peptide	
   segments	
   stay	
  away	
   from	
  one	
  another	
  due	
   to	
   repulsive	
  electrostatic	
   interactions	
  

between	
  the	
  charged	
  sidechains	
  of	
  glutamic	
  acids.	
  Gradually,	
  each	
  peptide	
  segment	
  starts	
  

to	
  form	
  hydrogen	
  bonds	
  between	
  neighboring	
  molecules,	
  thus	
  leading	
  to	
  the	
  emergence	
  of	
  

secondary	
  structure	
  motifs	
  within	
  the	
  aggregate.	
  The	
  final	
  morphologies	
  of	
  self-­‐assembled	
  

nanostructures	
  at	
   this	
  above-­‐mentioned	
  condition	
  are	
  mostly	
   cylindrical	
  micelles	
   (whose	
  

average	
  number	
  per	
  simulation	
  is	
  3	
  ±	
  2)	
  and	
  spherical	
  micelles	
  (whose	
  average	
  number	
  per	
  

simulation	
   is	
   30	
   ±	
   4).	
   Typical	
   cylindrical	
   micelles	
   comprise	
   of	
   30-­‐49	
   PA	
   molecules	
   and	
  

spherical	
   micelles	
   are	
   comprised	
   of	
   13-­‐18	
   PA	
   molecules.	
   Cylindrical	
   micelles	
   that	
   have	
  

elongated	
   attributes	
   with	
   a	
   significant	
   amount	
   of	
   β-­‐sheets	
   are	
   identified	
   as	
   cylindrical	
  

nanofibers	
  as	
  shown	
  in	
  Figure	
  2.2a.	
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Figure	
   2.2.	
   (a)	
   A	
   typical	
   self-­‐assembled	
   cylindrical	
   nanofiber	
   observed	
   from	
   a	
   simulation	
   at	
   a	
   moderate	
  
temperature	
  (T*	
  =	
  0.11)	
  and	
  weak	
  electrostatic	
  interaction	
  strength	
  (εES	
  =	
  100%	
  εHB);	
  the	
  fiber	
  axis	
  is	
  along	
  
the	
   length	
   of	
   hydrophobic	
   core	
   in	
   the	
   z-­‐direction.	
   (b)	
   Self-­‐assembly	
   process	
   of	
   PA	
   molecules	
   to	
   form	
   a	
  
cylindrical	
   nanofiber	
   starting	
   from	
   a	
   random	
   configuration	
   shown	
   through	
   time-­‐dependent	
   snapshots.	
   For	
  
ease	
  of	
  viewing,	
  only	
  PA	
  molecules	
  involved	
  in	
  the	
  self-­‐assembly	
  of	
  a	
  chosen	
  cylindrical	
  nanofiber	
  are	
  shown	
  
since	
  the	
  whole	
  simulation	
  system	
  contains	
  800	
  PA	
  molecules.	
  (c)	
  For	
  the	
  cylindrical	
  nanofiber	
  shown	
  in	
  (a),	
  
the	
  average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates	
  as	
  a	
  function	
  of	
  reduced	
  
time	
  are	
  plotted.	
  (d)	
  Plot	
  of	
  the	
  percentages	
  of	
  secondary	
  structures	
  of	
  the	
  PA	
  molecules	
  involved	
  in	
  the	
  self-­‐
assembly	
  of	
  the	
  cylindrical	
  nanofiber	
  shown	
  in	
  (a)	
  as	
  a	
  function	
  of	
  reduced	
  time.	
  	
  	
  

	
  

2.3.3	
   Formation	
  of	
  cylindrical	
  nanofibers	
  is	
  preceded	
  by	
  multiple	
  
merging	
  events	
  involving	
  spherical	
  micelles	
  

	
  
A	
   kinetic	
   mechanism,	
   which	
   is	
   responsible	
   for	
   the	
   formation	
   of	
   cylindrical	
  

nanofibers,	
   is	
   deciphered	
   based	
   on	
   the	
   results	
   from	
   10	
   simulations	
   at	
   a	
   moderate	
  

temperature	
   (T*	
   =	
   0.11)	
   and	
   weak	
   electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%εHB).	
   It	
  

involves	
  a	
  series	
  of	
  steps:	
  (1)	
  simultaneous	
  formation	
  of	
  multiple	
  spherical	
  micelles	
  driven	
  

by	
  hydrophobic	
  interactions	
  between	
  alkyl	
  tails,	
  and	
  (2)	
  micelle-­‐merging	
  events	
  prompted	
  

by	
   the	
   exposure	
   of	
   the	
   hydrophobic	
   core	
   due	
   to	
   the	
   change	
   in	
   the	
   architecture	
   of	
   the	
  

spherical	
   micelles	
   that	
   ultimately	
   leads	
   to	
   the	
   fabrication	
   of	
   one	
   continuous	
   rod-­‐shaped	
  

nanostructure.	
  Figure	
  2.2b	
  depicts	
  such	
  a	
  mechanism	
  through	
  time-­‐dependent	
  snapshots	
  

by	
   capturing	
   the	
   self-­‐assembly	
   process	
   of	
   a	
   cylindrical	
   nanofiber	
   containing	
   37	
   PA	
  

molecules	
   that	
  were	
   selected	
   for	
   ease-­‐of-­‐viewing	
   from	
   the	
   800-­‐PA	
   system.	
   Initially,	
   each	
  

system	
  is	
  raised	
  to	
  a	
  high	
  temperature	
  of	
  T*	
  =	
  5.0	
  briefly	
  to	
  ensure	
  that	
  all	
  PA	
  molecules	
  are	
  

indiscriminately	
  dispersed	
  as	
  random	
  coils	
  to	
  minimize	
  any	
  bias	
  that	
  might	
  potentially	
  be	
  

added	
  to	
  the	
  simulation.	
  Next,	
  the	
  system	
  is	
  reduced	
  to	
  a	
  specified	
  temperature	
  of	
  T*	
  =	
  0.11	
  

that	
  remains	
  constant	
  throughout	
  each	
  MD	
  simulation	
  to	
  begin	
  a	
  production	
  run	
  (t*	
  =	
  0.0).	
  	
  

Immediately	
  following	
  the	
  production	
  run,	
  groups	
  of	
  5–7	
  PA	
  random	
  coils	
  condense	
  

into	
  multiple	
  small	
  micelles	
  spontaneously	
  by	
   forming	
  hydrophobic	
   interactions	
  between	
  

neighboring	
   alkyl	
   tails	
   (t*	
   =	
   6.1).	
   Since	
   the	
   electrostatic	
   repulsion	
   between	
   charged	
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residues	
  are	
   located	
  at	
   the	
  periphery	
  of	
   each	
  micelle,	
  peptide	
   segments	
  adopt	
  a	
  disperse	
  

arrangement	
  to	
  minimize	
  the	
  charge-­‐charge	
  repulsion	
  through	
  the	
  creation	
  of	
  a	
  spherical	
  

micelle	
  with	
  the	
  residues	
  distributed	
  uniformly	
  on	
  the	
  surface.	
   	
  Due	
  to	
  the	
  kinetic	
  energy,	
  

spherical	
  micelles	
   continue	
   to	
   collide	
  with	
   one	
   another	
   and	
   gradually	
   over	
   time	
   collapse	
  

together	
   to	
   form	
  a	
   larger	
  elongated	
  unit	
  via	
  a	
  micelle-­‐merging	
  step,	
   thereby	
  reducing	
  the	
  

total	
   number	
   of	
   aggregates	
   as	
   seen	
   at	
   t*	
   =	
   10.3.	
   	
   This	
   micelle-­‐merging	
   event	
   can	
   be	
  

attributed	
   to	
   the	
  presence	
  of	
   exposed	
  hydrophobic	
   regions	
  of	
   the	
  alkyl	
   tails	
  on	
   spherical	
  

micelles	
   provided	
   that	
   the	
   initial	
   aggregate	
   sizes	
   are	
   relatively	
   small.	
   In	
   other	
   words,	
  

spherical	
   micelles	
   merge	
   together	
   by	
   forming	
   more	
   hydrophobic	
   interactions	
   at	
   the	
  

micelle-­‐micelle	
  interface	
  between	
  exposed	
  hydrophobic	
  domains	
  on	
  two	
  micelles.	
  	
  

Over	
  the	
  course	
  of	
  simulation,	
  the	
  elongated	
  structure	
  continues	
  to	
  add	
  one	
  more	
  micelle	
  at	
  

t*	
  =	
  19.9	
  and	
  another	
  at	
   t*	
  =	
  39.3.	
  Upon	
  undergoing	
  multiple	
   successive	
  micelle-­‐merging	
  

events,	
  the	
  resulting	
  self-­‐assembled	
  structure	
  is	
  shown	
  at	
  t*	
  =	
  194.8	
  containing	
  a	
  total	
  of	
  37	
  

PA	
  molecules.	
  The	
  final	
  nanostructure	
  is	
  similar	
  to	
  the	
  cylindrical	
  nanofiber	
  model	
  that	
  has	
  

been	
  proposed	
  by	
  Stupp	
  and	
  coworkers12,13	
  (see	
  Subsection	
  2.3.5).	
  	
  

The	
  kinetic	
  mechanism	
  involving	
  micelle-­‐merging	
  events	
  is	
  quantitatively	
  shown	
  in	
  

Figure	
   2.2c,	
   which	
   plots	
   the	
   average	
   number	
   of	
   PA	
   molecules	
   per	
   aggregate	
   and	
   the	
  

number	
  of	
   aggregates	
   as	
   a	
   function	
  of	
   reduced	
   time.	
  This	
  plot	
   indicates	
   that	
   the	
   average	
  

number	
   of	
   PA	
   molecules	
   per	
   aggregate	
   increases	
   while	
   the	
   total	
   number	
   of	
   aggregates	
  

decreases	
   in	
  a	
   step-­‐wise	
  manner.	
  At	
  distinct	
  points	
  of	
   time	
   (t*	
  =	
  39.3	
  and	
  115.0),	
   a	
   step-­‐

function	
   is	
   characterized	
   by	
   the	
   decrease	
   in	
   the	
   total	
   number	
   of	
   aggregates	
  whereas	
   the	
  

average	
   number	
   of	
   PA	
  molecules	
   increases	
   until	
   the	
   formation	
   of	
   one	
   final	
   aggregate	
   is	
  

reached.	
  Such	
  successive	
  micelle-­‐merging	
  events	
  are	
  typical	
  in	
  all	
  simulations	
  at	
  moderate	
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temperatures	
   and	
  weak	
   electrostatic	
   interaction	
   strengths	
   allowing	
   spherical	
  micelles	
   to	
  

merge	
  together	
  to	
  form	
  large	
  cylindrical	
  nanofibers.	
  	
  

	
  

2.3.4	
  	
   High	
  frequency	
  of	
  micelle-­‐merging	
  events	
  is	
  correlated	
  to	
  an	
  
ordering	
  process	
  by	
  the	
  peptides	
  on	
  the	
  surface	
  of	
  spherical	
  
micelles	
  through	
  the	
  formation	
  of	
  β-­‐sheets	
  

	
  
Hydrophobic	
   interactions	
  by	
   the	
  alkyl	
  groups	
  are	
   responsible	
   for	
   the	
   formation	
  of	
  

small	
   spherical	
   micelles	
   causing	
   the	
   alkyl	
   groups	
   to	
   locate	
   in	
   the	
   interior	
   core	
   and	
   the	
  

peptide	
   segments	
   to	
   reside	
   on	
   the	
   surface.	
   Since	
   each	
   peptide	
   segment	
   contains	
   three	
  

negatively	
  charged	
  residues	
  of	
  glutamic	
  acid,	
  those	
  charges	
  are	
  uniformly	
  distributed	
  along	
  

the	
   surface	
   of	
   spherical	
   micelles	
   to	
   minimize	
   the	
   number	
   of	
   charge-­‐charge	
   repulsions	
  

between	
   neighboring	
   PA	
   molecules.	
   Once	
   in	
   an	
   aggregated	
   state,	
   peptide	
   residues	
   start	
  

forming	
   intermolecular	
  hydrogen	
  bonds	
   resulting	
   in	
   the	
  creation	
  of	
  β-­‐sheets.	
  As	
  a	
   result,	
  

the	
  peptide	
  segments	
  on	
  the	
  surface	
  are	
  no	
  longer	
  uniformly	
  distributed;	
  instead,	
  such	
  an	
  

ordering	
   process	
   of	
   β-­‐sheet	
   formation	
   creates	
   segregation	
   wherein	
   isolated	
   β-­‐sheets	
  

expose	
  the	
  hydrophobic	
  core	
  to	
  the	
  surface.	
  These	
  micelles	
  subsequently	
  merge	
  together	
  at	
  

the	
   exposed	
   location	
   through	
   hydrophobic	
   interactions	
   by	
   the	
   alkyl	
   groups.	
   This	
  

information	
   can	
   be	
   extracted	
   from	
   Figure	
   2.2c	
   and	
   Figure	
   2.2d,	
   which	
   plots	
   the	
  

percentage	
  of	
  secondary	
  structure	
  formation	
  by	
  the	
  PA	
  molecules	
  that	
  eventually	
  form	
  the	
  

cylindrical	
  nanofiber	
  as	
  a	
   function	
  of	
   time.	
   	
  Over	
  a	
  short	
  period	
  of	
   just	
   t*	
  =	
  20	
  time	
  units	
  

initially,	
  the	
  number	
  of	
  aggregates	
  reduced	
  quickly	
  from	
  10	
  to	
  2	
  while	
  the	
  percentage	
  of	
  β-­‐

sheet	
  structure	
  is	
  already	
  half	
  of	
  the	
  final	
  value	
  of	
  30%	
  at	
  t*	
  ~	
  200.	
  After	
  this	
  early	
  stage	
  (t*	
  

>	
   20),	
   the	
   peptides	
   within	
   the	
   self-­‐assembled	
   cylindrical	
   nanofiber	
   undergo	
   a	
   slow	
  

reorganization	
  process	
  until	
  the	
  end	
  of	
  simulation	
  by	
  increasing	
  the	
  percentage	
  of	
  β-­‐sheet	
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structure	
   from	
  15%	
   to	
  30%.	
  As	
   a	
   result	
   of	
   such	
  a	
   structural	
   reordering	
  process,	
   random	
  

coil	
  conformations	
  decrease	
  as	
  the	
  nanostructure	
  stabilizes	
  towards	
  the	
  end	
  of	
  simulation	
  

to	
  reach	
  equilibrium.	
   	
   In	
  other	
  words,	
   the	
  sharp	
   increase	
   in	
  β-­‐sheet	
   formation	
  during	
  the	
  

early	
   stage	
   of	
   the	
   self-­‐assembly	
   process	
   corresponds	
   to	
   the	
   high	
   frequency	
   of	
   micelle-­‐

merging	
  events.	
  This	
  correlation	
  indicates	
  the	
  formation	
  of	
  β-­‐sheets	
  thereby	
  facilitating	
  the	
  

exposure	
  of	
  hydrophobic	
  regions	
  so	
  micelle-­‐merging	
  events	
  can	
  take	
  place.	
  	
  

	
  

2.3.5	
  	
   Similarity	
  between	
  coarse-­‐grained	
  PA	
  self-­‐assembled	
  
structure	
  and	
  experimental	
  morphology	
  and	
  all-­‐atom	
  
molecular	
  dynamics	
  simulation	
  

	
  
The	
   self-­‐assembled	
   cylindrical	
   nanofiber	
   structures	
   from	
   the	
   ePRIME	
  model	
   show	
  

high	
  fidelity	
  to	
  the	
  proposed	
  model	
  structure	
  by	
  Stupp	
  and	
  coworkers.12,13	
  Using	
  cryo-­‐TEM,	
  

they	
   performed	
   structural	
   characterization	
   of	
   nanofibers	
   by	
   examining	
   the	
   result	
   of	
  

positive-­‐stain	
  TEM	
  that	
  preferentially	
  stains	
  for	
  acidic	
  groups.	
  Since	
  the	
  image	
  showed	
  two	
  

concentric	
   circles	
   with	
   the	
   outer	
   circle	
   darker	
   compared	
   to	
   the	
   inner	
   circle,	
   it	
   was	
  

hypothesized	
  that	
  the	
  charged	
  residues	
  from	
  the	
  peptide	
  sequence	
  were	
  on	
  the	
  surface	
  of	
  

the	
  cylindrical	
  nanofiber	
  whereas	
  the	
  core	
  is	
  composed	
  of	
  the	
  hydrophobic	
  alkyl	
  tail.	
  	
  FTIR	
  

spectroscopy	
  data	
  further	
  indicated	
  the	
  presence	
  of	
  secondary	
  structure	
  elements	
  such	
  as	
  

α-­‐helices	
   and	
   β-­‐sheets.	
   A	
   typical	
   oblong	
   structure	
   observed	
   from	
   our	
   simulations	
   (at	
   a	
  

moderate	
  temperature	
  simulation	
  of	
  T*	
  =	
  0.11	
  and	
  weak	
  electrostatic	
  interaction	
  strength	
  

of	
  εES	
  =	
  100%	
  εHB)	
  as	
  shown	
  in	
  Figure	
  2.2a	
  parallels	
   the	
  model	
  structure	
  of	
  a	
  cylindrical	
  

nanofiber	
  proposed	
  from	
  experiments	
  by	
  presenting	
  its	
  fiber	
  axis	
  (i.e.,	
  vertical	
  axis)	
  that	
  is	
  

longer	
   in	
   comparison	
   to	
   its	
   horizontal	
   axis.	
   Moreover,	
   in	
   accordance	
   with	
   experimental	
  

data,	
   peptide	
   residues	
   are	
   distributed	
   at	
   the	
   surface	
   of	
   the	
   nanostructure	
   exhibiting	
   β–
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sheet	
   conformations	
  with	
   the	
   core	
  of	
   the	
   structure	
  populated	
  by	
  hydrophobic	
   alkyl	
   tails.	
  	
  

These	
   tails	
   are	
   intertwined	
   and	
   entangled	
   to	
   maximize	
   the	
   number	
   of	
   favorable	
  

hydrophobic	
   interactions	
   due	
   to	
   their	
   relative	
   structural	
   flexibility	
   as	
   compared	
   to	
   the	
  

peptide	
  segments.	
  This	
  arrangement	
  can	
  be	
  attributed	
   to	
   the	
   following	
  reasons:	
   (1)	
  alkyl	
  

tails	
  can	
  only	
  interact	
  with	
  one	
  another	
  via	
  hydrophobic	
  interactions	
  that	
  are	
  non-­‐isotropic	
  

in	
  nature;	
  (2)	
  the	
  entropic	
  cost	
  to	
  arrange	
  themselves	
   in	
  an	
  absolutely	
  ordered	
  fashion	
  is	
  

prohibitively	
  high.	
  

The	
  morphology	
  of	
  our	
   cylindrical	
  nanofiber	
   structures	
   compares	
   reasonably	
  well	
  

with	
   the	
   all-­‐atom	
   simulation	
   results	
   by	
   Lee,	
   Stupp	
   et	
   al.29	
   They	
   performed	
   an	
   explicit	
  

solvent	
   atomistic	
  molecular	
   dynamics	
   simulation	
   for	
   40ns	
   starting	
   from	
   a	
   structure	
   that	
  

was	
   built	
   by	
   arranging	
   144	
   PA	
  molecules	
   (whose	
   peptide	
   sequence	
   is	
   SLSLAAAEIKVAV)	
  

into	
  a	
  cylindrical	
  nanofiber	
  model	
  as	
  proposed	
  Stupp	
  and	
  coworkers.12,13	
  Lee,	
  Stupp	
  et	
  al.,	
  

characterized	
   the	
   distribution	
   of	
   water	
   molecules	
   inside	
   the	
   fiber	
   and	
   found	
   that	
   water	
  

molecules	
   solvate	
   around	
   the	
   peptide	
   portion	
   without	
   penetrating	
   into	
   the	
   alkyl	
   tails	
  

during	
  the	
  simulation.29	
  This	
  agrees	
  with	
  spectroscopic	
  measurements	
  by	
  Tovar	
  et	
  al.,	
  who	
  

used	
  a	
  hydrophobic	
  probe	
  attached	
   to	
  various	
   locations	
  on	
  a	
  different	
   IKVAV-­‐bearing	
  PA	
  

molecule	
   PA	
  molecule	
   (peptide	
   sequence:	
   AAAAGGGEIKVAV)	
   and	
   found	
   that	
   the	
   peptide	
  

shell	
   is	
  well	
  solvated.47	
  Although	
  the	
  solvent	
   is	
  not	
  explicitly	
  modeled	
   in	
  our	
  simulations,	
  

most	
   peptide	
   segments	
   of	
   our	
   cylindrical	
   structures	
   are	
   significantly	
   exposed	
   to	
   the	
  

surroundings	
   whereas	
   the	
   interior	
   portion	
   is	
   relatively	
   shielded.	
   This	
   can	
   be	
   seen	
   in	
   a	
  

snapshot	
   of	
   the	
   full	
   structure	
   shown	
   in	
   Figure	
   2.2a.	
   However,	
   the	
   alkyl	
   portion	
   of	
   our	
  

cylindrical	
  structure	
  has	
  a	
  high	
  degree	
  of	
  porosity	
  as	
  shown	
  in	
  Figure	
  2.3a	
  indicating	
  that	
  

the	
   alkyl	
   tails	
   are	
   not	
   closely	
   packed	
   with	
   one	
   another.	
   Instead,	
   many	
   valine	
   residues	
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position	
   themselves	
   in	
   the	
   interior	
   among	
   the	
   alkyl	
   tails	
   as	
   seen	
   in	
   Figure	
   2.3b,	
   which	
  

shows	
  all	
  alkyl	
   tails	
  and	
  valine	
  residues	
  of	
   the	
  cylindrical	
  nanofiber.	
  Due	
  to	
  the	
  bulkiness	
  

and	
   strong	
   hydrophobicity	
   of	
   the	
   valine	
   sidechains	
   as	
   compared	
   to	
   any	
   other	
   chemical	
  

groups	
  available	
  in	
  this	
  system,	
  favorable	
  hydrophobic	
  interactions	
  with	
  the	
  alkyl	
  tails	
  can	
  

be	
  formed.	
  Therefore,	
  the	
  interior	
  core	
  is	
  closely	
  packed	
  and	
  shielded	
  from	
  the	
  surrounding	
  

since	
  many	
  valine	
   residues,	
  which	
  adopt	
   random	
  coil	
   conformations,	
   intertwine	
  with	
   the	
  

alkyl	
  tails.	
  Since	
  it	
  is	
  uncertain	
  to	
  speculate	
  that	
  the	
  hydrophobic	
  residues	
  peripheral	
  to	
  the	
  

alkyl	
  tail	
  are	
  buried	
  within	
  the	
  hydrophobic	
  core	
  based	
  on	
  the	
  spectroscopic	
  experiments	
  

by	
  Tovar	
  et	
  al.,47	
  comparison	
  with	
  their	
  results	
  is	
  inconclusive.	
  However,	
  it	
  is	
  of	
  certainty	
  to	
  

state	
  that	
  our	
  results	
  regarding	
  the	
  hydrophobic	
  core	
  are	
  in	
  contrast	
  with	
  the	
  observation	
  

by	
  Lee,	
  Stupp	
  et	
  al.,	
  who	
  found	
  that	
  only	
  the	
  alkyl	
  portion	
  is	
  closely	
  packed.28	
  This	
  can	
  be	
  

attributed	
  mainly	
  to	
  the	
  difference	
  in	
  our	
  choice	
  of	
  the	
  peptide	
  sequence	
  (VVVAAAEEE)	
  and	
  

to	
  some	
  degree	
   their	
   simulation	
  setups.	
  Because	
   the	
   initial	
   configuration	
   in	
   the	
  atomistic	
  

simulation	
   by	
   Lee,	
   Stupp	
   et	
   al.,	
   is	
   a	
   densely-­‐packed	
   cylindrical	
   nanofiber	
   structure,29	
   PA	
  

molecules	
   especially	
   the	
   interior	
   segments	
   are	
   perhaps	
   too	
   confined	
   to	
   undergo	
   any	
  

dynamics	
  after	
  just	
  40ns	
  for	
  the	
  hydrophobic	
  residues	
  at	
  the	
  interior	
  to	
  form	
  interactions	
  

and	
   intertwine	
   with	
   the	
   alkyl	
   tails	
   on	
   neighboring	
   molecules.	
   Moreover,	
   the	
   secondary	
  

structures	
  were	
  fixed	
  in	
  the	
  coarse-­‐grained	
  simulations	
  by	
  Lee,	
  Cho	
  et	
  al.,	
  which	
  could	
  deter	
  

the	
  formation	
  of	
  hydrophobic	
  interactions	
  between	
  the	
  first	
  few	
  peptide	
  residues	
  and	
  the	
  

alkyl	
  tails.33	
  In	
  comparison,	
  our	
  simulations	
  are	
  started	
  from	
  random	
  configurations	
  so	
  the	
  

PA	
  molecules	
  have	
  the	
  freedom	
  to	
  undergo	
  the	
  whole	
  self-­‐assembly	
  process	
  before	
  arriving	
  

at	
  the	
  lowest	
  energy	
  state.	
  In	
  this	
  case,	
  it	
  is	
  more	
  favorable	
  for	
  the	
  valine	
  residues	
  to	
  form	
  

hydrophobic	
   interactions	
   with	
   the	
   alkyl	
   tails	
   than	
   hydrogen	
   bonds	
   with	
   neighboring	
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peptide	
   segments;	
   thus	
   those	
   residues	
   become	
   random	
   coils.	
   In	
   light	
   of	
   our	
   results,	
  

experimental	
  work	
  using	
   this	
   selected	
  peptide	
   sequence	
  of	
  VVVAAAEEE	
  may	
   see	
   a	
  more	
  

dramatic	
  shift	
  in	
  peak	
  intensity	
  of	
  spectroscopic	
  measurements	
  due	
  to	
  the	
  incorporation	
  of	
  

strongly	
  hydrophobic	
   residues	
   that	
  are	
  peripheral	
   to	
   the	
  alkyl	
   tail	
   in	
  order	
   to	
  extend	
   the	
  

notion	
  of	
  a	
  minimal	
  void	
  space	
  within	
  the	
  interior	
  of	
  the	
  self-­‐assembled	
  structure.	
  	
  

	
  

	
  
	
  

Figure	
   2.3.	
   (a)	
   Hydrophobic	
   core	
   of	
   a	
   cylindrical	
   nanofiber	
   (Figure	
   2.2a)	
   comprised	
   of	
   alkyl	
   tails	
   from	
   a	
  
simulation	
  at	
   a	
  moderate	
   temperature	
   (T*	
  =	
  0.11)	
   and	
  weak	
  electrostatic	
   interaction	
   strength	
   (εES	
  =	
  100%	
  
εHB)	
   shown	
   with	
   the	
   fiber	
   axis	
   along	
   the	
   z-­‐direction	
   and	
   (b)	
   Hydrophobic	
   core	
   of	
   the	
   same	
   cylindrical	
  
nanofiber	
  comprised	
  of	
  alkyl	
  tails	
  and	
  valine	
  residues.	
  (c)	
  The	
  probability	
  for	
  each	
  peptide	
  residue	
  to	
  form	
  a	
  
hydrogen	
  bond	
  with	
  another	
  residue	
  on	
  a	
  neighboring	
  peptide	
  is	
  shown.	
  The	
  amino	
  acid	
  residue	
  sequence	
  of	
  
V3A3E3	
  corresponds	
  to	
  numbers	
  1-­‐9	
  respectively.	
  (d)	
  The	
  percentages	
  of	
  secondary	
  structures	
  corresponding	
  
to	
   the	
   amino	
   acid	
   residue	
   are	
   shown.	
   (e)	
   Time-­‐dependent	
   snapshots	
   show	
   the	
   last	
   self-­‐assembly	
   step	
  
involving	
  a	
  micelle-­‐merging	
  event	
  between	
  two	
  micelles	
  to	
  form	
  the	
  cylindrical	
  nanofiber	
  as	
  shown	
  in	
  Figure	
  
2.2b.	
  For	
  (c)	
  and	
  (d),	
  data	
  is	
  taken	
  from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data	
  for	
  10	
  independent	
  
simulations	
  performed	
  at	
  the	
  same	
  conditions	
  shown	
  in	
  Figure	
  2.2.	
  

	
  
The	
  arrangement	
  of	
  the	
  peptides	
  forming	
  β-­‐sheets	
  within	
  our	
  cylindrical	
  nanofibers	
  

is	
   relatively	
   disordered	
   in	
   such	
   a	
   way	
   that	
   each	
   peptide	
   is	
   shifted	
   by	
   a	
   few	
   residues	
  

compared	
  to	
  its	
  neighbors.	
  Such	
  a	
  misalignment	
  among	
  the	
  peptides	
  within	
  β–sheets	
  at	
  the	
  

surface	
   can	
   be	
   seen	
   in	
  Figure	
  2.3c,	
  which	
   is	
   a	
   contour	
   plot	
   representing	
   the	
   probability	
  

that	
  a	
  residue	
  forms	
  a	
  hydrogen	
  bond	
  with	
  any	
  residues	
  on	
  a	
  neighboring	
  peptide.	
  This	
  plot	
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indicates	
  that	
  that	
  the	
  position	
  of	
  the	
  sidechains	
  of	
  the	
  peptide	
  sequence	
  contributes	
  to	
  the	
  

misalignment	
  of	
  the	
  hydrogen	
  bond	
  formation.	
  Specifically,	
  hydrophobic	
  residues	
  3	
  and	
  4,	
  

corresponding	
   to	
   valine	
   and	
   alanine	
   respectively,	
   are	
   primarily	
   responsible	
   for	
   the	
  

formation	
  of	
  β-­‐sheets	
  as	
  seen	
  in	
  Figure	
  2.3d,	
  which	
  shows	
  the	
  probability	
  of	
  each	
  residue	
  

forming	
   a	
   particular	
   secondary	
   structure	
   motif.	
   In	
   other	
   words,	
   the	
   residues	
   that	
   are	
  

positioned	
   further	
   away	
   from	
   charged	
   glutamic	
   acid	
   residues	
   and	
   to	
   the	
   alkyl	
   tails	
  

contribute	
  to	
  the	
  large	
  percentage	
  of	
  β-­‐sheet	
  formation.	
  In	
  contrast,	
  the	
  valine	
  residues	
  at	
  

positions	
  1	
  and	
  2	
  adopt	
  mostly	
  random-­‐coil	
  conformations	
  because	
  they	
  are	
  buried	
  within	
  

the	
   interior	
   forming	
   hydrophobic	
   interactions	
   with	
   the	
   alkyl	
   tails.	
   Similarly,	
   the	
   three	
  

glutamic	
   acid	
   residues	
   at	
   positions	
   7	
   -­‐	
   9	
   adopt	
   random	
   coil	
   conformations	
   due	
   to	
   the	
  

electrostatic	
  repulsion	
  between	
  the	
  charges	
  on	
  their	
  sidechains.	
  	
  

	
  

2.3.6	
  	
   Formation	
  of	
  a	
  cylindrical	
  nanofiber	
  involves	
  micelle-­‐
merging	
  events	
  through	
  an	
  “end-­‐to-­‐end”	
  mechanism	
  due	
  to	
  
electrostatic	
  repulsions	
  

	
  
The	
  growth	
  of	
  cylindrical	
  nanofibers	
  is	
  unidirectional	
  allowing	
  additional	
  spherical	
  

micelles	
   to	
   add	
   onto	
   the	
   cylindrical	
   structure	
   only	
   through	
   its	
   ends	
   (top	
   and	
   bottom	
  

positions	
   along	
   the	
   z-­‐direction	
   of	
   the	
   structure	
   shown	
   in	
  Figure	
  2.2a).	
   For	
   example,	
   the	
  

final	
  micelle-­‐merging	
  event	
  of	
  the	
  self-­‐assembly	
  process	
  observed	
  in	
  the	
  simulation	
  shown	
  

in	
   Figure	
   2.2b	
   occurs	
   at	
   the	
   ends	
   of	
   the	
   cylindrical	
   micelle	
   as	
   opposed	
   to	
   any	
   other	
  

location.	
   Figure	
   2.3e	
   renders	
   detailed	
   snapshots	
   at	
   sequential	
   times	
   preceding	
   the	
  

resulting	
   self-­‐assembled	
   structure	
   from	
   the	
   same	
   simulation	
   as	
   depicted	
   in	
  Figure	
   2.2a.	
  	
  

Initially,	
   two	
  micelles	
  are	
  present	
  (t*	
  =49.8	
   in	
  Figure	
  2.3e)	
  with	
  the	
  right	
  cylindrical	
  one	
  

slightly	
   larger	
   in	
   size	
   (27	
   PA	
   chains)	
   than	
   the	
   left	
   spherical	
  micelle	
   (10	
   PA	
   chains).	
   The	
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micelle	
  on	
  the	
  left	
  interacts	
  with	
  the	
  micelle	
  on	
  the	
  right	
  at	
  multiple	
  instances	
  yet	
  the	
  final	
  

merging	
  event	
  of	
  a	
  non-­‐spherical	
  assembly	
  does	
  not	
  occur	
  for	
  a	
  long	
  time.	
  At	
  t*	
  =	
  65.8,	
  the	
  

two	
  micelles	
  are	
  within	
  close	
  contact	
  with	
  the	
  left	
  spherical	
  micelle	
  approaching	
  the	
  right	
  

cylindrical	
  micelle	
   on	
   the	
   side	
   only	
   to	
   be	
   dispersed	
   away	
   at	
   t*	
   =	
   91.8.	
   Next,	
   as	
   a	
   second	
  

attempt,	
  the	
  spherical	
  micelle	
  traversed	
  to	
  the	
  top	
  of	
  the	
  cylindrical	
  micelle	
  (t*	
  =	
  112.8)	
  to	
  

which	
  it	
  finally	
  succeeds	
  in	
  a	
  micelle-­‐merging	
  event	
  (t*	
  =	
  115.8).	
  From	
  these	
  interactions,	
  

we	
  hypothesize	
  that	
  micelle-­‐merging	
  events	
  occur	
  via	
  an	
  “end-­‐to-­‐end”	
  growing	
  mechanism.	
  	
  

The	
  morphological	
  transition	
  from	
  a	
  spherical	
  to	
  a	
  cylindrical	
  nanostructure	
  can	
  be	
  

attributed	
   to	
  minimizing	
   the	
  electrostatic	
  repulsion	
  between	
  PA	
  chains	
  while	
  maximizing	
  

hydrophobic	
   interactions	
   between	
   the	
   alkyl	
   tails	
   that	
   drive	
  micelle-­‐merging	
   events.	
   The	
  

first	
   merging	
   event	
   involves	
   two	
   spherical	
   micelles	
   meeting	
   at	
   any	
   location	
   where	
  

hydrophobic	
  regions	
  are	
  exposed	
  to	
  the	
  surface.	
  This	
  event	
  creates	
  the	
  first	
  oblong	
  micelle;	
  

subsequent	
  micelle-­‐merging	
   events	
   are	
   significantly	
   different	
   due	
   to	
   the	
   positions	
   of	
   the	
  

charged	
  residues.	
  	
  As	
  a	
  spherical	
  micelle	
  merges	
  onto	
  the	
  cylindrical	
  micelle	
  during	
  the	
  self-­‐

assembly	
   process,	
   the	
   oblong	
  micelle	
   is	
   not	
   only	
   larger	
   in	
   size,	
   but	
   also	
   is	
   comprised	
   of	
  

more	
  charged	
  residues.	
  To	
  accommodate	
  more	
  PA	
  molecules,	
  a	
  spherical	
  to	
  non-­‐spherical	
  

assembly	
   transition	
   is	
  exhibited	
  at	
   t*	
  =	
  115.8	
   in	
  Figure	
  2.3e	
   arriving	
  at	
  a	
   self-­‐assembled	
  

structure	
  that	
   is	
  cylindrical	
  with	
  a	
   large	
  percentage	
  of	
  β	
  –sheet	
  formation.	
  With	
  efforts	
  to	
  

minimize	
   the	
   electrostatic	
   repulsion,	
   charged	
   residues	
   are	
  positioned	
  on	
   the	
   surface,	
   but	
  

due	
  to	
  geometry	
  restriction,	
  the	
  total	
  charge	
  on	
  the	
  fiber	
  axis	
   is	
  significantly	
  greater	
  than	
  

the	
  other.	
  	
  This	
  provides	
  an	
  explanation	
  as	
  to	
  why	
  the	
  spherical	
  micelle	
  on	
  the	
  left	
  is	
  seen	
  to	
  

interact	
   with	
   the	
   cylindrical	
   micelle	
   on	
   the	
   right	
   at	
   multiple	
   instances.	
   	
   Significant	
  

electrostatic	
  repulsion	
  on	
  the	
  side	
  of	
  the	
  cylindrical	
  micelle	
  prevents	
  the	
  spherical	
  micelle	
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to	
  merge	
   onto	
   the	
   cylindrical	
   micelle.	
   	
   However,	
   at	
   the	
   optimal	
   placement	
   of	
   these	
   two	
  

micelles,	
  noticeably	
  at	
  the	
  “end”	
  of	
  the	
  micelles,	
  a	
  micelle-­‐merging	
  event	
  occurs	
  due	
  to	
  the	
  

presence	
  of	
  lesser	
  electrostatic	
  repulsions.	
  

	
  

2.3.7	
  	
   Increasing	
  the	
  strength	
  of	
  the	
  electrostatic	
  interaction	
  
between	
  charged	
  residues	
  results	
  in	
  a	
  cylindrical	
  to	
  spherical	
  
morphological	
  transition	
  

	
  
Repulsive	
   electrostatic	
   interactions	
   play	
   an	
   important	
   role	
   in	
   determining	
   the	
  

morphology	
   of	
   the	
   self-­‐assembled	
   nanostructures	
   as	
   seen	
   in	
   Figure	
   2.4a,	
   which	
   shows	
  

snapshots	
   of	
   large	
   aggregates	
   observed	
   at	
   the	
   end	
   of	
   the	
   simulations	
   at	
   increasing	
  

electrostatic	
   interaction	
   strengths	
   and	
   the	
   same	
  moderate	
   temperature	
   (T*	
   =	
   0.11).	
   Self-­‐

assembled	
   nanostructures	
   display	
   a	
   hydrophobic	
   core	
   comprised	
   of	
   alkyl	
   tails	
   and	
   the	
  

surface	
  aligned	
  with	
  charged	
  residues.	
  When	
  the	
  strength	
  of	
  the	
  electrostatic	
  repulsion	
  is	
  

weak	
   or	
   moderately	
   strong	
   (i.e.,	
   50%εHB	
   ≤	
   εES	
   ≤	
   300%εHB),	
   cylindrical	
   nanofibers	
   as	
  

described	
  previously	
  in	
  Figures	
  2.2	
  and	
  2.3	
  are	
  the	
  prevalent	
  species.	
  	
  Over	
  this	
  particular	
  

range	
  of	
  electrostatic	
  repulsion	
  strengths,	
  the	
  amount	
  of	
  β-­‐sheet	
  varies	
  slightly	
  as	
  shown	
  in	
  

Figure	
  2.4b,	
  which	
  plots	
  the	
  percentages	
  of	
  secondary	
  structure	
  elements	
  (α-­‐helix,	
  β-­‐sheet,	
  

random	
   coil)	
   as	
   a	
   function	
   of	
   the	
   electrostatic	
   interaction	
   strength.	
   The	
  percentage	
   of	
   β-­‐

sheet	
   is	
   at	
   the	
   highest	
   quantity	
   of	
   ~35%	
  when	
   the	
   strength	
   of	
   electrostatic	
   repulsion	
   is	
  

relatively	
  weak	
  at	
  a	
  value	
  of	
  εES	
  =	
  50%εHB;	
  it	
  drops	
  to	
  ~25%	
  when	
  the	
  when	
  the	
  strength	
  of	
  

electrostatic	
  repulsion	
   is	
  relatively	
  strong	
  at	
  a	
  value	
  of	
  εES	
  =	
  300%εHB.	
  Such	
  a	
  range	
  of	
  β-­‐

sheet	
  amounts	
  observed	
  in	
  our	
  simulations	
  for	
  cylindrical	
  nanofibers	
  is	
  in	
  good	
  agreement	
  

with	
  previous	
  CD	
  spectra	
  experiments	
  by	
  Niece	
  et	
  al.,48	
  who	
  found	
  the	
  β-­‐sheet	
  population	
  

of	
   IKVAV-­‐bearing	
   PAs	
   is	
   ~25	
   ±	
   20%	
   even	
   though	
   our	
   peptide	
   of	
   a	
   completely	
   different	
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sequence.	
   They	
   also	
   determined	
   the	
   α-­‐helix	
   population	
   of	
   IKVAV-­‐bearing	
   PAs	
   showing	
   a	
  

broad	
  range	
  from	
  less	
  than	
  10%	
  to	
  ∼80%.	
  Although	
  the	
  α-­‐helix	
  population	
  is	
  minimal	
  from	
  

our	
  simulations	
  at	
  this	
  moderate	
  temperature	
  of	
  T*	
  =	
  0.11,	
  lowering	
  the	
  temperature	
  to	
  T*	
  

=	
  0.09	
  increases	
  the	
  α-­‐helix	
  population	
  to	
  ~8%	
  without	
  disrupting	
  the	
  cylindrical	
  nanofiber	
  

morphology	
  of	
   self-­‐assembled	
  nanostructures	
  as	
   shown	
   in	
  Figure	
  2.6a	
   and	
  Figure	
  2.6b,	
  

and	
  discussed	
  in	
  Subsection	
  2.3.9.	
  

	
  

	
  
	
  

Figure	
   2.4.	
   (a)	
   Snapshots	
   of	
   representative	
   self-­‐assembled	
   structures	
   observed	
   from	
   simulations	
   at	
  
increasing	
   electrostatic	
   repulsion	
   strength	
   between	
   charged	
   residues	
   showcasing	
   a	
   spherical	
   to	
   cylindrical	
  
transition.	
  (b)	
  Comparison	
  of	
  secondary	
  structure	
  elements	
  (α-­‐helix,	
  β-­‐sheet,	
  random	
  coil)	
  as	
  a	
  function	
  of	
  the	
  
electrostatic	
  interaction	
  strength	
  that	
  is	
  varied	
  relative	
  to	
  the	
  strength	
  of	
  a	
  hydrogen	
  bond.	
  All	
  simulations	
  are	
  
conducted	
  at	
  the	
  same	
  moderate	
  temperature	
  of	
  T*	
  =	
  0.11.	
  

	
  
The	
   morphology	
   of	
   self-­‐assembled	
   supramolecular	
   aggregates	
   undergoes	
   a	
   sharp	
  

transition	
  as	
  a	
  function	
  of	
  the	
  strength	
  of	
  the	
  electrostatic	
  repulsion.	
  A	
  shift	
  from	
  cylindrical	
  

nanofibers	
   to	
   spherical	
   micelles	
   occurs	
   when	
   the	
   strength	
   of	
   the	
   electrostatic	
   repulsion	
  

increases	
   significantly	
   above	
   the	
   strength	
   of	
   hydrogen	
   bond	
   (i.e.,	
   εES	
   >	
   300%εHB).	
  

Interestingly,	
   the	
   spherical	
   micelles	
   at	
   εES	
   =	
   400%εHB	
   is	
   quite	
   distinctive	
   from	
   those	
   at	
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higher	
   electrostatic	
   repulsion	
   strengths	
   (e.g.,	
   εES	
   =	
   500%εHB).	
   The	
   amount	
   of	
   β-­‐sheet	
  

decreases	
  significantly	
   from	
  almost	
  25%	
  at	
  εES	
  =	
  400%εHB	
  to	
  about	
  5%	
  at	
  εES	
  =	
  500%εHB;	
  

inversely,	
   the	
   amounts	
   of	
   random	
   coils	
   considerably	
   increase.	
   	
   This	
   suggests	
   when	
  

electrostatic	
   repulsion	
   strengths	
   are	
   strong,	
   charged	
   residues	
   are	
   positioned	
   uniformly	
  

around	
   the	
   surface	
   maximizing	
   the	
   distance	
   between	
   charged	
   residues	
   and	
   prohibiting	
  

additional	
  interactions	
  with	
  PA	
  molecules	
  on	
  other	
  micelles.	
  

The	
  morphological	
  transition	
  observed	
  for	
  supramolecular	
  aggregates	
  as	
  a	
  function	
  

of	
   the	
   electrostatic	
   interaction	
   strength	
   is	
   analogous	
   to	
   experimental	
   results	
   that	
   have	
  

examined	
  the	
  effects	
  of	
  pH	
  and	
  ionic	
  concentration.	
  	
  Xu	
  et	
  al.,	
  examined	
  a	
  series	
  of	
  peptide	
  

amphiphiles	
  with	
   different	
   length	
   of	
   hydrophobic	
   alkyl	
   tails	
   at	
   different	
   pH	
   conditions.49	
  

The	
  nanofibers	
  self-­‐assembled	
  from	
  PAs	
  with	
  relatively	
  short	
  hydrophobic	
  alkyl	
  tail	
  at	
  an	
  

acidic	
  pH	
  convert	
  into	
  spherical	
  micelles	
  upon	
  a	
  pH	
  increase	
  due	
  to	
  electrostatic	
  repulsion	
  

between	
   the	
   headgroups	
   from	
   deprotonation	
   of	
   the	
   peptide	
   charges.	
   For	
   the	
   system	
  

containing	
   relatively	
   long	
   hydrophobic	
   alkyl	
   tails,	
   a	
   high	
   number	
   of	
   hydrophobic	
  

interactions	
   can	
   tolerate	
   the	
   electrostatic	
   repulsion,	
   thus	
   maintaining	
   the	
   nanofibers	
  

regardless	
  of	
   the	
  changing	
  pH.	
  Toksoz	
  et	
  al.,	
   investigated	
   the	
  effect	
  of	
   charged	
  groups	
  on	
  

the	
   peptides	
   on	
   nanofiber	
   formation,	
   which	
   was	
   triggered	
   upon	
   neutralization	
   of	
   the	
  

charged	
   residues	
  by	
  pH	
   change	
  or	
   addition	
  of	
   either	
   electrolyte	
   or	
   biomacromolecules.50	
  

For	
  PA	
  molecules	
   that	
  do	
  not	
  undergo	
   charge	
  neutralization,	
   no	
  nanofiber	
   structure	
  was	
  

observed,	
  resulting	
  in	
  the	
  formation	
  of	
  a	
  viscous	
  solution	
  in	
  contrast	
  to	
  a	
  gel.	
  	
  Ghosh	
  et	
  al.,	
  

demonstrated	
   that	
   certain	
   self-­‐assembling	
   PA	
   molecules	
   can	
   exhibit	
   a	
   pH-­‐triggered	
  

reversible	
   assembly	
   mechanism	
   switching	
   between	
   single	
   molecules,	
   spherical	
   micelles,	
  

and	
  nanofibers	
  through	
  the	
  precise	
  control	
  of	
  several	
  tenths	
  of	
  a	
  pH	
  unit.51	
  They	
  observed	
  a	
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shift	
   from	
   cylindrical	
   nanofibers	
   to	
   spherical	
   micelles	
   occurring	
   at	
   a	
   pH	
   value	
   of	
   ~6.0,	
  

which	
  corresponds	
  to	
  our	
  strength	
  of	
  the	
  electrostatic	
  repulsion	
  that	
  is	
  significantly	
  above	
  

the	
  strength	
  of	
  hydrogen	
  bond	
  (i.e.,	
   εES	
  >	
  300%εHB).	
  This	
  qualitative	
  correlation	
   indicates	
  

that	
   our	
   results	
   can	
   provide	
   a	
   framework	
   in	
   elucidating	
   the	
   governing	
   principles	
  

underlying	
  PA	
  self-­‐assembly	
  and	
  explaining	
  existing	
  trends	
  observed	
  in	
  characterizing	
  PA	
  

aggregation.	
  	
  

	
  

2.3.8	
  	
   Micelle-­‐merging	
  events	
  are	
  not	
  observed	
  at	
  strong	
  
electrostatic	
  interactions	
  

	
  

	
  
Figure	
  2.5.	
  (a)	
  Snapshots	
  of	
  the	
  self-­‐assembly	
  process	
  at	
  strong	
  electrostatic	
  repulsion	
  (εES	
  =	
  500%	
  εHB)	
  and	
  a	
  
moderate	
  temperature	
  (T*	
  =	
  0.11)	
  as	
  a	
  function	
  of	
  reduced	
  time	
  units.	
  (b)	
  Corresponding	
  plot	
  of	
  the	
  average	
  
size	
  of	
  an	
  aggregate	
  characterized	
  by	
  the	
  number	
  of	
  chains	
  and	
  the	
  total	
  number	
  of	
  aggregates	
  as	
  a	
  function	
  of	
  
time.	
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Contrasting	
  with	
  the	
  weak	
  conditions	
  described	
  earlier,	
  an	
  alternative	
  mechanism	
  is	
  

involved	
   at	
   highly	
   repulsive	
   electrostatics	
   as	
   shown	
   in	
   Figure	
   2.5a	
   through	
   time-­‐

dependent	
   snapshots	
   of	
   the	
   self-­‐assembly	
   process	
   when	
   the	
   electrostatic	
   interaction	
  

strength	
   is	
   significantly	
   stronger	
   than	
   a	
   hydrogen	
   bond	
   (εES	
   =	
   500%εHB)	
   and	
   moderate	
  

temperature	
  (T*	
  =	
  0.11).	
  Due	
  to	
  strong	
  charge-­‐charge	
  repulsion,	
  intermolecular	
  hydrogen	
  

bonds	
   favoring	
   the	
   formation	
   of	
   β-­‐sheets	
   are	
   near	
   impossible	
   between	
   neighboring	
  

peptides.	
  Once	
  micelles	
  are	
   formed,	
  charged	
  residues	
  are	
  distributed	
  uniformly	
  along	
  the	
  

surface	
   of	
   each	
  micelle	
   inhibiting	
   interactions	
  with	
   the	
   nearby	
  micelles.	
   Therefore,	
   these	
  

micelles	
  become	
  spherical	
  and	
  persist	
  as	
   isolated	
  aggregates	
   throughout	
  each	
  simulation.	
  

Such	
  a	
  mechanism	
  of	
  self-­‐assembly	
   is	
  quantitatively	
  seen	
   in	
  Figure	
  2.5b,	
  which	
  plots	
   the	
  

average	
   aggregate	
   size	
   increasing	
   and	
   the	
   number	
   of	
   aggregates	
   decreasing	
   over	
   a	
   brief	
  

period	
  of	
  time	
  to	
  form	
  a	
  spherical	
  micelle.	
  This	
  indicates	
  that	
  the	
  chosen	
  spherical	
  micelle	
  

containing	
  18	
  PA	
  molecules	
  remains	
  relatively	
  stable	
  over	
  a	
   long	
  period	
  of	
   time	
  with	
   the	
  

absence	
   of	
  multiple	
  micelle-­‐merging	
   events.	
   The	
   size	
   of	
   such	
   spherical	
   nanostructures	
   is	
  

much	
   less	
   than	
   cylindrical	
   nanofibers	
   that	
   are	
   formed	
   through	
  multiple	
   merging	
   events	
  

involving	
  many	
  spherical	
  micelles	
  when	
  the	
  electrostatic	
  repulsion	
  is	
  weaker	
  as	
  shown	
  in	
  

Figure	
  2.2.	
  

	
  

2.3.9	
  	
   At	
  low	
  temperatures,	
  spherical	
  micelles	
  with	
  both	
  α-­‐helical	
  
and	
  β-­‐sheet	
  structures	
  are	
  observed	
  

	
  
Temperature	
  plays	
  an	
  important	
  role	
  during	
  the	
  folding	
  and	
  self-­‐assembly	
  process	
  

of	
   PA	
   molecules	
   at	
   various	
   PA	
   concentrations.	
   As	
   shown	
   in	
   Figure	
   2.1b,	
   a	
   single	
   PA	
  

molecule	
  at	
  an	
  extremely	
  diluted	
  concentration	
  folds	
  into	
  an	
  α-­‐helical	
  conformation	
  at	
  low	
  

temperatures	
   (T*	
   =	
   0.07).	
   At	
   moderate	
   temperatures	
   (T*	
   ≥	
   0.09),	
   the	
   α-­‐helical	
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conformation	
  unravels;	
  however,	
  weak	
  interactions	
  between	
  the	
  hydrophobic	
  alkyl	
  tail	
  and	
  

valine	
   residues	
   are	
   still	
   present.	
   As	
   the	
   temperature	
   increases	
   further,	
   the	
   PA	
  molecule	
  

adopts	
   to	
   more	
   extended	
   conformations	
   (T*	
   ≥	
   0.13).	
   This	
   behavior	
   carries	
   over	
   to	
   the	
  

system	
  at	
  high	
  PA	
  concentrations	
  as	
  decreasing	
  the	
  temperature	
  from	
  T*	
  =	
  0.11	
  to	
  T*	
  =	
  0.08	
  

shifts	
  the	
  cylindrical	
  nanofibers	
  to	
  predominant	
  spherical	
  micelles	
  with	
  occasional	
  rod-­‐like	
  

structures.	
   Interestingly,	
   the	
   spherical	
  micelle	
   structure	
  observed	
  at	
  T*	
  =	
  0.08	
   shows	
   the	
  

presence	
  of	
  α-­‐helical	
  conformation	
  in	
  addition	
  to	
  β-­‐sheet	
  as	
  shown	
  in	
  Figure	
  2.6a.	
  Indeed,	
  

the	
   amount	
   of	
   α-­‐helical	
   conformations	
   and	
   β-­‐sheet	
   are	
   highly	
   dependent	
   upon	
   the	
  

temperature	
   as	
   shown	
   in	
   Figure	
   2.6b.	
   The	
   optimal	
   β-­‐sheet	
   formation	
   occurs	
   at	
  

intermediate	
   temperatures	
   of	
   T*	
   =	
   0.10	
   -­‐	
   0.11	
  which	
   corresponds	
   to	
   the	
   temperature	
   at	
  

which	
  the	
  α-­‐helix	
  reaches	
  complete	
  unfolding	
  (Figure	
  2.1d).	
  The	
  optimal	
  α-­‐helix	
  formation	
  

occurs	
   around	
   T*	
   =	
   0.08	
   -­‐	
   0.09,	
   which	
   is	
   of	
   the	
   temperature	
   range	
   where	
   a	
   single	
   PA	
  

molecule	
  folds	
  into	
  an	
  α-­‐helical	
  structure.	
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Figure	
   2.6.	
   (a)	
   Snapshots	
   of	
   representative	
   self-­‐assembled	
   structures	
   observed	
   from	
   simulations	
   of	
  
increasing	
   temperatures	
   and	
   weak	
   electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%	
   εHB).	
   (b)	
   Plots	
   of	
   the	
  
percentage	
  of	
  β-­‐sheet	
  and	
  α-­‐helical	
  structures	
  as	
  function	
  of	
  the	
  temperature;	
  the	
  data	
  are	
  averaged	
  from	
  the	
  
last	
  10%	
  of	
  all	
  simulations	
  at	
  equilibrium.	
  (c)	
  Time-­‐dependent	
  snapshots	
  of	
  the	
  self-­‐assembly	
  process	
  for	
  the	
  
formation	
   of	
   a	
   spherical	
  micelle	
   at	
   a	
   low	
   temperature	
   of	
   T*	
   =	
   0.08	
   exhibiting	
   predominantly	
   α-­‐helical	
   and	
  
some	
  β-­‐sheet	
  structures.	
  	
  	
  

	
  
The	
  mechanism	
  of	
  forming	
  spherical	
  micelles	
  with	
  α-­‐helical	
  conformations	
  at	
  a	
  low	
  

temperature	
   of	
   T*	
   =	
   0.08	
   is	
   unique	
   in	
   the	
   sense	
   that	
   secondary	
   structure	
   elements	
   are	
  

formed	
  prior	
  to	
  a	
  condensation	
  step	
  as	
  shown	
  in	
  Figure	
  2.6c,	
  which	
  shows	
  time-­‐dependent	
  

snapshots	
  of	
   the	
  self-­‐assembly	
  process	
   for	
   the	
   formation	
  of	
  a	
  spherical	
  micelle.	
  Single	
  PA	
  

molecules	
   exhibiting	
   extended	
   conformations	
   swiftly	
   form	
   hydrogen	
   bonds	
   (i.e.,	
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intramolecular	
  to	
  create	
  α-­‐helices)	
  followed	
  by	
  the	
  formation	
  of	
  a	
  spherical	
  micelle	
  at	
  low	
  

temperatures.	
   This	
   is	
   in	
   contrast	
   to	
   the	
   mechanism	
   responsible	
   of	
   forming	
   cylindrical	
  

nanofiber	
   structures	
   at	
   higher	
   temperatures	
   wherein	
   condensation	
   into	
   an	
   aggregate	
  

precedes	
   the	
   formation	
   of	
   hydrogen	
   bonds	
   (i.e.,	
   intermolecular	
   to	
   create	
   β-­‐sheet).	
   	
   The	
  

presence	
   of	
   α-­‐helical	
   structures,	
   which	
   are	
   distributed	
   evenly	
   on	
   the	
   surface,	
   prevents	
  

micelle	
  growth	
  and	
  elongation	
  due	
  to	
  steric	
  interactions	
  and	
  electrostatic	
  repulsions.	
  

Increasing	
   the	
   temperature	
   beyond	
   T*	
   =	
   0.11	
   shifts	
   the	
   cylindrical	
   nanofibers	
   to	
  

spherical	
  micelles	
  as	
  shown	
  in	
  Figure	
  2.6a.	
  Spherical	
  micelle	
  structures	
  are	
  also	
  observed	
  

at	
  T*	
  =	
  0.13	
  but	
  lack	
  the	
  presence	
  of	
  secondary	
  structure	
  as	
  indicated	
  by	
  the	
  quantitative	
  

results	
   plotted	
   in	
   Figure	
   2.6b.	
   In	
   this	
   case,	
   the	
   kinetic	
   energy	
   at	
   a	
   high	
   temperature	
  

prevents	
  non-­‐isotropic	
  hydrogen	
  bonds	
  from	
  forming	
  yet	
  still	
  allows	
  isotropic	
  hydrophobic	
  

interactions	
   to	
   occur	
   to	
   form	
   micelles.	
   	
   A	
   further	
   increase	
   in	
   the	
   temperature	
   prevents	
  

micelles	
  from	
  self-­‐assembly;	
  thus	
  all	
  PA	
  molecules	
  are	
  random	
  coils	
  at	
  high	
  temperatures	
  

(i.e.,	
  T*	
  >	
  0.13).	
  	
  

	
  

2.3.10	
  	
   Electrostatics-­‐temperature	
  phase	
  diagram	
  of	
  self-­‐assembled	
  
nanostructures	
  

	
  
In	
   this	
   study,	
  we	
   investigate	
   the	
   effect	
   of	
   temperature	
   on	
   the	
   self-­‐assembly	
   of	
   PA	
  

chains	
  by	
  performing	
  MD	
  simulations	
  on	
  a	
  system	
  containing	
  800-­‐PA	
  molecules	
  at	
  a	
  high	
  

concentration	
  of	
  c	
  =	
  85mM	
  over	
  a	
  wide	
  range	
  of	
   temperature.	
  Moreover,	
  we	
  examine	
  the	
  

role	
  of	
  ionic	
  concentration	
  and	
  pH	
  on	
  self-­‐assembly	
  by	
  varying	
  the	
  repulsive	
  strength	
  (εES)	
  

of	
  the	
  electrostatic	
   interactions	
  between	
  charged	
  glutamic	
  acids	
  systematically	
  relative	
  to	
  

the	
  strength	
  of	
  a	
  hydrogen	
  bond	
  (εHB).	
  The	
  results	
  from	
  these	
  simulations	
  are	
  summarized	
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as	
   a	
   phase	
   diagram	
   shown	
   in	
   Figure	
   2.7,	
   which	
   delineates	
   the	
   regions	
   where	
   distinct	
  

structures	
  are	
  stable	
  as	
  a	
  function	
  of	
  the	
  temperature	
  and	
  electrostatic	
  interaction	
  strength.	
  	
  

	
  

	
  
	
  

Figure	
  2.7.	
  Phase	
  diagram	
  obtained	
  from	
  simulation	
  results	
  at	
  various	
  electrostatic	
  interaction	
  strengths	
  and	
  
temperatures.	
   Defined	
   regions	
   are	
   marked	
   indicating	
   the	
   different	
   morphologies	
   exhibited	
   including:	
   (a)	
  
spherical	
  micelles	
  with	
  predominantly	
  α-­‐helices;	
   (b)	
   cylindrical	
  nanofiber	
   structures;	
   (c)	
   spherical	
  micelles	
  
with	
  only	
  β-­‐sheets;	
  (d)	
  mixture	
  of	
  kinetically	
  trapped	
  amorphous	
  aggregates;	
  (e)	
  spherical	
  micelles	
  without	
  
secondary	
  structure	
  elements;	
  (f)	
  oligomers;	
  (g)	
  random	
  coils.	
  

	
  
When	
   the	
   charge-­‐charge	
   repulsion	
   is	
   weak	
   at	
   a	
   low	
   temperature,	
   the	
   high	
  

propensity	
   for	
   PA	
   molecules	
   to	
   form	
   intramolecular	
   interactions	
   result	
   primarily	
   in	
  

spherical-­‐like	
   structures	
   that	
   are	
   comprised	
   of	
   mostly	
   α-­‐helices	
   in	
   addition	
   to	
   β-­‐sheets	
  

(Figure	
  2.7a).	
  With	
  an	
  increase	
  in	
  temperature,	
  predominant	
  spherical	
  micelles	
  containing	
  

α-­‐helices	
   and	
  β-­‐sheets	
   transition	
   into	
   cylindrical	
  nanofibers	
   that	
  have	
  prevalent	
  β-­‐sheets	
  

located	
  on	
   the	
  surface	
  (Figure	
  2.7b).	
   	
  Further	
   increasing	
   in	
   temperature	
  drives	
  a	
  second	
  

morphological	
   transition	
   from	
   cylindrical	
   nanofibers	
   to	
   spherical	
   micelles	
   with	
   only	
   β-­‐

sheets	
  (Figure	
  2.7c).	
  At	
  sufficiently	
  high	
  temperatures,	
  spherical	
  micelles	
  are	
  still	
  present;	
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however,	
  they	
  lose	
  secondary	
  structures	
  as	
  the	
  peptide	
  segments	
  unravel	
  into	
  random	
  coils	
  

(Figure	
  2.7e).	
  	
  At	
  extreme	
  temperatures,	
  small	
  aggregates	
  or	
  oligomers	
  exist	
  (Figure	
  2.7f).	
  

Increasing	
  the	
  temperature	
  further	
  prevents	
  PA	
  molecules	
  to	
  form	
  aggregates;	
  in	
  this	
  case,	
  

PA	
  molecules	
  exist	
  as	
  random	
  coils	
  (Figure	
  2.7g).	
  	
  	
  

When	
   the	
   electrostatic	
   repulsion	
   is	
   strong	
   at	
   low	
   temperatures,	
   a	
   mixture	
   of	
  

kinetically	
   trapped	
   structures	
   is	
   observed	
   (Figure	
   2.7d).	
   Initially,	
   PA	
   molecules	
   quickly	
  

self-­‐assemble	
  into	
  small	
  aggregates;	
  however,	
  the	
  charges	
  of	
  glutamic	
  acids	
  are	
  not	
  only	
  on	
  

the	
  surface	
  but	
  also	
  in	
  the	
  interior	
  to	
  avoid	
  strong	
  electrostatic	
  repulsions.	
  Therefore,	
  a	
  few	
  

PA	
   molecules	
   are	
   able	
   to	
   organize	
   themselves	
   in	
   an	
   opposite	
   orientation	
   to	
   form	
   small	
  

aggregates	
   with	
   alkyl	
   tails	
   exposed	
   on	
   the	
   surface	
   and	
   peptide	
   segments	
   located	
   in	
   the	
  

structure’s	
  interior.	
  Thus	
  by	
  definition,	
  these	
  structures	
  are	
  strictly	
  not	
  micelles.	
  Resulting	
  

structures	
  are	
  due	
  to	
  favorable	
  interactions	
  between	
  alkyl	
  tails	
  of	
  neighboring	
  aggregates	
  

in	
   addition	
   to	
   contributions	
   by	
   occasional	
   peptide	
   segments	
   that	
   protrude	
   further	
   away	
  

from	
   the	
   hydrophobic	
   core	
   to	
   facilitate	
   hydrogen	
   bond	
   formation	
   across	
   different	
  

aggregates.	
   Due	
   to	
   low	
   kinetic	
   energy	
   present	
   in	
   the	
   system,	
   just	
   a	
   few	
   favorable	
  

hydrophobic	
   interactions	
   or	
   hydrogen	
   bonds	
   can	
   hold	
   these	
   aggregates	
   together	
   and	
  

maintain	
   their	
   stability.	
   	
   These	
   interactions	
   serve	
   as	
   strong	
   linkers	
   between	
   multiple	
  

aggregates	
   that	
   undergo	
  minimal	
   structural	
   rearrangement	
   resulting	
   in	
   the	
   formation	
   of	
  

large	
  kinetically	
  trapped	
  amorphous	
  aggregates.	
  While	
  the	
  morphology	
  is	
  ill-­‐defined,	
  these	
  

structures	
  exhibit	
  a	
  significant	
  number	
  of	
  α-­‐helices	
  (~10%)	
  and	
  β-­‐sheets	
  (~13%).	
  They	
  are	
  

different	
   than	
   those	
   at	
   the	
   same	
   low	
   temperature	
   but	
   weaker	
   electrostatic	
   repulsions	
  

(Figure	
   2.7a),	
   wherein	
   every	
   PA	
  molecule	
  within	
   a	
  micelle	
   organizes	
   themselves	
   in	
   the	
  

same	
  orientation	
  (alkyl	
  tails	
  in	
  the	
  interior	
  while	
  peptide	
  segments	
  on	
  the	
  surface	
  forming	
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both	
   α-­‐helices	
   and	
   β-­‐sheets)	
   without	
   linkers	
   between	
   multiple	
   micelles.	
   At	
   higher	
  

temperatures	
  and	
  strong	
  electrostatic	
  strength,	
  small	
  spherical	
  micelles	
  without	
  secondary	
  

structure	
   elements	
   are	
   observed	
   (Figure	
   2.7e).	
   Charge-­‐charge	
   repulsion	
   results	
   in	
   the	
  

uniform	
   distribution	
   of	
   the	
   charges	
   reducing	
   the	
   ability	
   of	
   proximal	
   peptide	
   residues	
   to	
  

form	
   β-­‐sheet	
   structures.	
   Increasing	
   the	
   temperature	
   further	
   destabilizes	
   hydrophobic	
  

interactions,	
   which	
   results	
   in	
   the	
   formation	
   of	
   oligomers	
   (Figure	
   2.7f)	
   and	
   extended	
  

conformations	
  (Figure	
  2.7g).	
  	
  

The	
   phase	
   diagram	
   obtained	
   by	
   the	
   results	
   of	
   our	
   simulation	
   captures	
   a	
   similar	
  

range	
  of	
  morphological	
  structures	
  observed	
  in	
  the	
  Monte	
  Carlo	
  simulations	
  by	
  Velichko	
  et	
  

al.;32	
  however,	
  our	
  phase	
  diagram	
  expands	
  further	
  from	
  their	
  schematic	
  phase	
  diagram	
  due	
  

to	
   our	
   inclusion	
   of	
   additional	
   relevant	
   interactions	
   and	
   realistic	
   representation	
   of	
   the	
  

model	
   PA	
   molecule.	
   First,	
   through	
   the	
   use	
   of	
   the	
   ePRIME	
   model,	
   peptide	
   specificity	
   is	
  

incorporated	
  extending	
  beyond	
  the	
  general	
  chemical	
  structure	
  representation	
  to	
  describe	
  

the	
  hydrophobic	
   interaction	
  between	
   the	
  sidechains	
  of	
   the	
  hydrophobic	
  residues	
  and	
   the	
  

alkyl	
  tails.	
  Second,	
  specification	
  of	
  the	
  twenty	
  natural	
  amino	
  acids	
  further	
  accounts	
  for	
  the	
  

electrostatic	
  interaction	
  between	
  charged	
  residues	
  to	
  examine	
  the	
  different	
  encompassing	
  

factors	
  on	
  the	
  self-­‐assembly	
  process	
  of	
  PA	
  molecules.	
  Third,	
  our	
  model	
  can	
  accommodate	
  

the	
  formation	
  of	
  secondary	
  structures	
  such	
  as	
  α-­‐helices	
  and	
  β-­‐sheets	
  depending	
  upon	
  the	
  

peptide	
   sequence.	
   	
   Therefore,	
   our	
   simulations	
   are	
   able	
   to	
   assemble	
   a	
   wider	
   range	
   of	
  

structures	
  than	
  those	
  observed	
  by	
  Velichko	
  et	
  al.32	
  For	
  example,	
  spherical	
  micelles	
  seen	
  in	
  

our	
   simulations	
   contain	
   both	
   α-­‐helical	
   and	
   β-­‐sheet	
   structures	
   as	
   well	
   as	
   those	
   without	
  

secondary	
  structure	
  elements.	
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2.4	
  	
   	
   Conclusions	
  
	
  

By	
   using	
   our	
   newly-­‐developed	
   coarse-­‐grained	
   model	
   of	
   peptides	
   and	
   polymers	
  

called	
  ePRIME,	
  which	
   is	
  coupled	
  with	
  the	
  very	
   fast	
  DMD	
  technique,	
  we	
  have	
  been	
  able	
  to	
  

examine	
  spontaneous	
  self-­‐assembly	
  of	
  a	
  large	
  system	
  of	
  800	
  PA	
  molecules	
  starting	
  from	
  a	
  

random	
  configuration.	
  Our	
  model	
  of	
  peptide	
  amphiphiles	
  accounts	
  for	
  important	
  molecular	
  

interactions	
  such	
  as	
   steric	
   interactions,	
  hydrogen	
  bonding,	
  hydrophobic	
   interactions,	
   and	
  

electrostatic	
   interactions,	
  allowing	
  MD	
  simulations	
   to	
  capture	
   the	
  essential	
  aspects	
  of	
   the	
  

self-­‐assembly	
   process	
   of	
   PA	
   molecules.	
   The	
   molecular	
   self-­‐assembly	
   process	
   of	
   PA	
  

molecules	
  is	
  found	
  to	
  be	
  dependent	
  upon	
  the	
  external	
  stimuli	
  such	
  as	
  the	
  temperature	
  and	
  

pH	
  /	
  ionic	
  concentration.	
  Resulting	
  self-­‐assembled	
  nanostructures	
  exhibit	
  a	
  wide	
  range	
  of	
  

morphologies	
   including	
   spherical,	
   non-­‐spherical,	
   cylindrical	
   fibers,	
   amorphous	
   structures	
  

with	
  or	
  without	
  the	
  presence	
  of	
  secondary	
  structure	
  elements,	
  small	
  oligomers,	
  and	
  single	
  

molecules	
  with	
  extended	
  conformations	
  as	
   shown	
   in	
  a	
  phase	
  diagram	
   in	
  Figure	
  2.7.	
  The	
  

ability	
   for	
   PA	
   molecules	
   to	
   undergo	
   morphological	
   transitions	
   in	
   response	
   to	
   external	
  

stimuli	
   offers	
   versatility	
   for	
   applications	
   in	
   drug	
   delivery,	
   tissue	
   engineering,	
   and	
  

nanotechnology.	
  	
  

At	
  appropriate	
  conditions,	
  random	
  PA	
  molecules	
  are	
  observed	
  to	
  self-­‐assemble	
  into	
  

large	
   cylindrical	
   nanofiber	
   structures	
   exhibiting	
   the	
   following	
  morphological	
   properties:	
  

(1)	
  the	
  peptide	
  segments	
  are	
  on	
  the	
  surface	
  encapsulating	
  the	
  alkyl	
  tails	
  which	
  reside	
  at	
  the	
  

interior;	
   (2)	
   the	
   micelles	
   have	
   a	
   rod-­‐like	
   or	
   cylindrical	
   shape;	
   and	
   (3)	
   a	
   relatively	
   high	
  

number	
   of	
   peptide	
   residues	
   exhibit	
   β-­‐sheet	
   conformations	
   contributed	
   by	
   valine	
   and	
  

alanine	
  residues	
  whereas	
  glutamic	
  acid	
  residues	
  adopt	
  random	
  coil	
  conformations.	
  These	
  

simulation-­‐observed	
  properties	
   are	
   in	
   agreement	
  with	
   experimental	
   results	
   extracted	
   by	
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Stupp	
  and	
  coworkers.12,13	
  Moreover,	
  our	
  simulation	
  results	
  offer	
  similar	
  structural	
  details	
  

as	
  compared	
  those	
  from	
  a	
  previous	
  all-­‐atom	
  simulation	
  study.29	
  

Our	
   simulation	
   results	
   can	
   provide	
   insights	
   into	
   a	
   kinetic	
   mechanism	
   that	
   is	
  

responsible	
   for	
   self-­‐assembly	
   of	
   large	
   cylindrical	
   nanofiber	
   structures.	
   At	
   a	
   moderate	
  

temperature	
   and	
   weak	
   electrostatic	
   interactions,	
   the	
   formation	
   of	
   multiple	
   spherical	
  

micelles	
  precedes	
   the	
  self-­‐assembly	
  of	
  cylindrical	
  nanofiber	
  nanostructure	
  (Figure	
  2.8a).	
  

Spherical	
   micelles	
   can	
   undergo	
   multiple	
   micelle-­‐merging	
   events	
   to	
   form	
   cylindrical	
  

nanofibers	
   by	
   forming	
   hydrophobic	
   interactions	
   between	
   exposed	
   hydrophobic	
   regions.	
  

The	
  presence	
  of	
   exposed	
  hydrophobic	
  domains	
  on	
   spherical	
  micelles	
   is	
   facilitated	
  by	
   the	
  

formation	
   of	
   inter-­‐molecular	
   hydrogen	
   bonds	
   between	
   neighboring	
   peptide	
   segments	
   to	
  

create	
  β-­‐sheets.	
  As	
  peptide	
  segments	
  move	
  closer	
  to	
  form	
  β-­‐sheets,	
  this	
  process	
  segregates	
  

groups	
   of	
   peptides	
   from	
   one	
   another	
   thus	
   exposing	
   the	
   hydrophobic	
   alkyl	
   tails	
   to	
   the	
  

exterior.	
   The	
   unidirectional	
   transformation	
   of	
   spherical	
   micelles	
   into	
   a	
   cylindrical	
  

nanofiber	
   as	
   opposed	
   to	
   multi-­‐directional	
   transformation	
   of	
   spherical	
   micelles	
   into	
   an	
  

amorphous	
  aggregate	
  is	
  attributed	
  to	
  (1)	
  the	
  lessened	
  amount	
  of	
  charge-­‐charge	
  repulsion	
  

on	
  the	
  ends	
  of	
  the	
  structure	
  and	
  (2)	
  accommodation	
  of	
  the	
  number	
  of	
  increasing	
  PA	
  chains	
  

and	
  maximizing	
  the	
  number	
  of	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tails.	
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Figure	
  2.8.	
  Schematic	
  diagram	
  of	
  three	
  kinetic	
  mechanisms	
  proposed	
  by	
  simulation	
  results.	
  (a)	
  At	
  moderate	
  
temperatures	
   (T*	
   =	
   0.10	
   -­‐	
   0.11)	
   and	
   weak	
   electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%	
   εHB),	
   cylindrical	
  
nanofibers	
   are	
   formed.	
   (b)	
   At	
  moderate	
   temperatures,	
  weak	
   hydrophobic	
   interaction	
   strength,	
   and	
   strong	
  
electrostatic	
   interaction	
   strength	
   (εES	
   >	
   300%	
   εHB),	
   spherical	
   micelles	
   are	
   formed	
   with	
   the	
   absence	
   of	
  
secondary	
  structures.	
  (c)	
  At	
  low	
  temperatures	
  (T*	
  =	
  0.08	
  -­‐	
  0.09),	
  mild	
  hydrophobic	
  interaction	
  strength,	
  and	
  
weak	
   electrostatic	
   interaction	
   strength,	
   spherical	
   micelles	
   with	
   secondary	
   structures	
   (predominantly	
   α-­‐
helices)	
  are	
  stable.	
  

	
  
The	
   kinetic	
  mechanism	
   of	
   PA	
   self-­‐assembly	
   involving	
  micelle-­‐merging	
   events	
   has	
  

also	
   been	
   observed	
   recently	
   via	
   coarse-­‐grained	
   simulations	
   by	
   Lee,	
   Cho	
   et	
   al.33	
   who	
  

employed	
   the	
  MARTINI	
  CG	
  model.34	
  They	
  observed	
   that	
  PA	
  molecules	
   self-­‐assemble	
   into	
  

micelles,	
  each	
  of	
  which	
  is	
  composed	
  of	
  30	
  −	
  50	
  PA	
  molecules;	
  subsequently,	
  these	
  micelles	
  

merge	
  forming	
  a	
  cylindrical	
  fiber	
  at	
  a	
  moderate	
  temperature	
  of	
  T	
  =	
  330K.	
  They	
  found	
  that	
  

peptides	
  are	
  exposed	
  to	
  the	
  fiber	
  surface	
  and	
  the	
  hydrophobic	
  tails	
  are	
  aggregated	
  inside	
  

the	
   fiber,	
   but	
   the	
  hydrophobic	
   core	
   exhibits	
   some	
  discontinuities	
   along	
   the	
   fiber	
   axis.	
  To	
  

observe	
   self-­‐assembly	
   of	
   PA	
  molecules	
   into	
   a	
   fiber	
  with	
   a	
   continuous	
   hydrophobic	
   core,	
  

they	
  performed	
  MD	
  simulations	
  at	
  a	
  much	
  higher	
  temperature,	
  which	
  allows	
  the	
  system	
  to	
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access	
  a	
  relaxed	
  configuration.	
  In	
  comparison,	
  our	
  typical	
  spherical	
  micelles	
  are	
  comprised	
  

of	
   only	
   13-­‐18	
   PA	
   molecules	
   and	
   our	
   cylindrical	
   nanofibers	
   that	
   are	
   self-­‐assembled	
   at	
   a	
  

moderate	
  temperature	
  exhibit	
  a	
  continuous	
  hydrophobic	
  core.	
  These	
  differences	
  might	
  be	
  

attributed	
   to	
   the	
   fact	
   the	
   secondary	
   structure	
   of	
   a	
   peptide	
  was	
   predetermined	
   and	
   fixed	
  

during	
   their	
   simulations;	
   therefore,	
   those	
  PA	
  molecules	
  are	
   relatively	
   rigid.33	
   In	
   contrast,	
  

PA	
  molecules	
  in	
  our	
  simulations	
  started	
  out	
  as	
  flexible	
  random	
  coils,	
  which	
  can	
  undergo	
  an	
  

ordering	
   process	
   by	
   forming	
   β-­‐sheet	
   structures	
   exposing	
   the	
   hydrophobic	
   interior	
   for	
  

micelle-­‐merging	
   events.	
  Moreover,	
   conformational	
   conversion	
   from	
   random	
   coils	
   into	
   β-­‐

sheets	
   within	
   a	
   micelle	
   is	
   reminiscent	
   of	
   the	
   amyloid	
   fibril	
   formation	
   process	
   in	
   which	
  

amorphous	
  oligomers	
  transform	
  into	
  ordered	
  fibril	
  structures	
  as	
  was	
  first	
  shown	
  by	
  Serio	
  

et	
   al.,52	
   in	
   a	
   yeast	
   prion	
   protein	
   Sup35	
   system	
   and	
   has	
   been	
   confirmed	
   by	
   many	
  

experiments	
  and	
  computer	
  simulations	
  in	
  various	
  amyloidogenic	
  proteins	
  systems.37,53-­‐57	
  

Two	
  additional	
  self-­‐assembly	
  mechanisms	
  have	
  been	
  characterized	
  to	
  examine	
  the	
  

effect	
   of	
   the	
   electrostatic	
   interaction	
   strength	
   and	
   temperature	
   on	
   the	
   self-­‐assembly	
   of	
  

nanostructures	
  as	
  shown	
  through	
  a	
  schematic	
  diagram	
  in	
  Figure	
  2.8b	
  and	
  Figure	
  2.8c.	
  At	
  

a	
   moderate	
   temperature	
   and	
   strong	
   electrostatic	
   interactions,	
   peptides	
   experience	
  

significant	
   charge-­‐charge	
   repulsion	
   preventing	
   them	
   from	
   forming	
   intermolecular	
  

hydrogen	
  bonds	
  and	
   thus	
  β-­‐sheets.	
   	
  Consequently,	
   successive	
  micelle-­‐merging	
  events	
  are	
  

not	
   observed;	
   instead,	
   spherical	
   micelles	
   without	
   secondary	
   structure	
   elements	
   are	
   the	
  

predominant	
  morphology	
   (Figure	
   2.8b).	
  When	
   the	
   temperature	
   is	
   low	
   and	
   electrostatic	
  

interaction	
   strength	
   is	
  weak,	
   intramolecular	
   hydrogen	
   bonding	
   is	
   immediately	
   favorable	
  

resulting	
   in	
   the	
   formation	
   of	
   α-­‐helices	
   that	
   assemble	
   into	
   a	
   spherical	
  micelle	
   as	
   a	
   stable	
  

structure,	
  which	
  also	
  contains	
  a	
  small	
  amount	
  of	
  β-­‐sheets	
  (Figure	
  2.8c).	
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   It	
   is	
   hoped	
   that	
   our	
   results	
   as	
   summarized	
   in	
   a	
   phase	
   diagram	
   (Figure	
   2.7)	
   will	
  

provide	
  experimentalists	
  some	
  guidance	
   in	
   locating	
   the	
   temperature	
  and	
  electrostatics	
  at	
  

which	
   to	
   conduct	
   in-­‐vitro	
   self-­‐assembly	
   experiments	
   to	
   seek	
   or	
   avoid	
   the	
   formation	
   of	
  

certain	
   nanostructures.	
   In	
   our	
   simulations,	
   variables	
   for	
   experimental	
   conditions	
   are	
  

expressed	
  in	
  reduced	
  quantities	
  to	
  provide	
  a	
  qualitative	
  frame	
  of	
  reference.	
  While	
  a	
  direct	
  

correspondence	
   to	
   experimental	
   or	
   physiological	
   values	
   is	
   difficult,	
   correlation	
   at	
   a	
  

reference	
  condition	
  can	
  be	
  established	
  by	
   identifying	
  the	
  melting	
  temperature	
  at	
  which	
  a	
  

PA	
  molecule	
  exhibits	
  equal	
  percentage	
  of	
  α-­‐helical	
  and	
  random	
  coil	
  structures	
  as	
  shown	
  in	
  

Figure	
   1d	
   from	
   all-­‐atom	
   and	
   coarse-­‐grained	
   simulations;	
   i.e.,	
   our	
  melting	
   temperature	
   is	
  

T*=0.085	
   which	
   corresponds	
   to	
   ~320K.	
   Morphological	
   transitions	
   at	
   higher	
   or	
   lower	
  

temperatures	
   compared	
   to	
   the	
   melting	
   temperature	
   are	
   meant	
   for	
   a	
   qualitative	
  

interpretation.	
   Similarly,	
   correlation	
  between	
   experimental	
   pH	
   (or	
   ionic	
   strength)	
   values	
  

with	
  our	
  electrostatic	
  interaction	
  strengths	
  can	
  be	
  obtained	
  in	
  a	
  qualitative	
  manner	
  using	
  

our	
  transition	
  value	
  (i.e.,	
  εES	
  =	
  300%εHB)	
  as	
  a	
  reference	
  condition.	
  	
  

	
   From	
  the	
  work	
  described,	
  it	
  is	
  important	
  to	
  note	
  a	
  number	
  of	
  limitations	
  regarding	
  

our	
   model	
   and	
   analysis.	
   Inherently,	
   the	
   model	
   is	
   coarse-­‐grained	
   using	
   a	
   simplified	
  

representation	
   of	
   the	
  PA	
  molecule.	
  Moreover,	
   an	
   implicit	
   solvent	
  model	
   is	
   used	
  with	
   the	
  

absence	
  of	
  water	
  and	
  salt	
  ions	
  resulting	
  in	
  an	
  approximation	
  of	
  the	
  force	
  field	
  of	
  the	
  solvent	
  

but	
   this	
   is	
   instead	
   exchanged	
   for	
   the	
   increase	
   in	
   computational	
   tractability	
   and	
  

performance.	
   Furthermore,	
   hydrophobic	
   interactions	
   are	
   modeled	
   independent	
   of	
  

temperature,	
   which	
   is	
   a	
   simplification	
   of	
   the	
   known	
   models	
   of	
   temperature-­‐dependent	
  

hydrophobicity.58,59	
  Despite	
   these	
   limitations,	
   our	
  model	
   allows	
  us	
   to	
   conduct	
   large-­‐scale	
  

molecular-­‐dynamics	
   simulations	
   to	
   observe	
   a	
   wide	
   range	
   of	
   nanostructures	
   and	
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morphological	
   transitions	
   that	
   are	
   dependent	
   upon	
   the	
   ionic	
   strength	
   and	
   temperature.	
  

Comparison	
   of	
   the	
   observed	
   nanostructures	
   with	
   both	
   experimental	
   and	
   all-­‐atom	
  

simulations	
  have	
  shown	
  to	
  exhibit	
  a	
  high	
  degree	
  of	
  structural	
  resemblance	
   indicating	
  the	
  

lengths	
   at	
   which	
   interactions	
   are	
   modeled	
   and	
   accounted	
   are	
   of	
   biological	
   relevance.	
  	
  

Ongoing	
  research	
  in	
  our	
  group	
  is	
  aimed	
  at	
  using	
  this	
  method	
  to	
  study	
  the	
  effects	
  of	
  varying	
  

the	
  peptide	
  sequence,	
  peptide	
  concentration	
  and	
  hydrophobic	
  interaction	
  strength	
  on	
  the	
  

formation	
   of	
   interesting	
   nanostructures	
   in	
   different	
   environments.	
   These	
   studies	
   can	
  

provide	
  a	
  template	
  to	
  guide	
  experimental	
  efforts	
  in	
  identifying	
  critical	
  interactions	
  that	
  are	
  

possessed	
  by	
  a	
  chosen	
  PA	
  molecule	
  and	
  affected	
  by	
  external	
  environmental	
  conditions	
   in	
  

forming	
  self-­‐assembled	
  structures.	
  We	
  hope	
  to	
  extend	
  our	
  current	
  simulations	
  to	
  aid	
  in	
  the	
  

design	
  and	
  development	
  of	
  bio-­‐inspired	
  materials	
  for	
  the	
  fields	
  of	
  drug	
  delivery,	
  diagnostic	
  

medicine,	
  tissue	
  engineering,	
  and	
  regenerative	
  medicine.	
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2.6	
  	
   	
   Supporting	
  Information	
  
	
  

The	
  model	
  peptide	
  amphiphile	
  (PA)	
  sequence	
  is	
  comprised	
  of	
  a	
  sixteen-­‐carbon	
  alkyl	
  

tail	
  covalently	
  conjugated	
  to	
  nine	
  residues	
  of	
  valine,	
  alanine,	
  and	
  glutamic	
  acids	
  (C16H31O-­‐

Val3Ala3Glu3),	
  which	
  was	
  chosen	
  based	
  on	
  previous	
  experimental	
  work	
  by	
  Pashuck	
  et	
  al.42	
  

Each	
   PA	
   molecule	
   is	
   represented	
   using	
   ePRIME,	
   an	
   extension	
   of	
   PRIME,36-­‐38	
   Protein	
  

Intermediate	
   Resolution	
   Model,	
   accounting	
   for	
   all	
   twenty	
   natural	
   amino	
   acids.	
   For	
   the	
  

peptide	
   segment,	
   the	
   backbone	
   atoms	
   (NH,	
   CαH,	
   and	
  CO)	
   of	
   each	
   amino	
   acid	
   residue	
   are	
  

represented	
  by	
  three	
  spheres.	
  The	
  model	
  for	
  the	
  sidechains	
  of	
  each	
  amino	
  acid	
  is	
  adopted	
  

from	
  the	
  scheme	
  originally	
  developed	
  by	
  Wallqvist	
  and	
  Ullner.40	
  In	
  this	
  case,	
  all	
  amino	
  acid	
  

side	
  chains,	
  except	
  glycine,	
  are	
  represented	
  with	
  at	
  least	
  one	
  sphere.	
  Short	
  side	
  chains	
  are	
  

represented	
   as	
   one	
   sphere	
   while	
   long	
   side	
   chains	
   are	
   represented	
   as	
   two	
   spheres	
   (the	
  

parameters	
  of	
  selected	
  amino	
  acids	
  and	
  the	
  alkyl	
  group	
  are	
  shown	
  in	
  Table	
  2.1).	
  The	
  size	
  

of	
  a	
  sidechain	
  sphere	
   is	
  derived	
   from	
  the	
  solvent	
  accessible	
  area,	
  which	
  was	
  obtained	
  by	
  

Eisenberg	
   and	
   coworkers.39	
   The	
   single-­‐sphere	
   sidechains	
   are	
   used	
   for	
   Ala,	
   Val,	
   Pro,	
   Thr,	
  

Ser,	
  Asn	
  and	
  Asp.	
  The	
  longer	
  sidechains	
  are	
  subdivided	
  into	
  two	
  hydrophobic	
  spheres	
  for	
  

the	
   purely	
   hydrophobic	
   residues	
   Leu,	
   Ile,	
   Phe,	
   Tyr,	
   Trp,	
   Met	
   and	
   Cys.	
   Amphiphilic	
  

sidechains	
  such	
  as	
  Arg,	
  Lys,	
  Glu,	
  Gln,	
  and	
  His	
  are	
  modeled	
  with	
  a	
  hydrophobic	
  first	
  sphere	
  

and	
  a	
  hydrophilic	
  second	
  sphere.	
  Each	
  first	
  sphere	
  of	
  the	
  sidechain	
  is	
  connected	
  to	
  the	
  CαH	
  

atom	
   through	
   a	
   bond	
  whose	
   equilibrium	
   distance	
   corresponds	
   to	
   an	
   average	
   separation	
  

between	
   CαH	
   atom	
   and	
   the	
   center	
   of	
  mass	
   of	
   the	
   atoms	
   represented	
   by	
   first	
   side	
   chain	
  

sphere.	
   For	
   the	
   tail,	
   each	
   alkyl	
   group,	
   -­‐CH2-­‐,	
   is	
   represented	
   as	
   single	
   sphere,	
   which	
   is	
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connected	
   to	
   another	
   alkyl	
   group	
   or	
   the	
   peptide	
   segment	
   through	
   a	
   bond	
   whose	
  

equilibrium	
   distance	
   and	
   fluctuation	
   are	
   extracted	
   from	
   available	
   atomistic	
   parameters.	
  

Each	
   PA	
   molecule	
   C16H31O-­‐Val3Ala3Glu3	
   is	
   represented	
   by	
   55	
   united-­‐atom	
   spheres	
   as	
  

shown	
  in	
  Figure	
  2.1a.	
  

The	
  solvent	
  is	
  modeled	
  implicitly;	
  its	
  effect	
  is	
  factored	
  into	
  the	
  energy	
  function	
  as	
  a	
  

potential	
  of	
  mean	
  force	
  averaged	
  over	
  the	
  solvent	
  degrees	
  of	
  freedom.	
  In	
  other	
  words,	
  the	
  

effect	
  of	
  solvent	
   is	
  wholly	
   incorporated	
  into	
  the	
  effective	
  residue-­‐residue	
  potential	
   that	
   is	
  

based	
  on	
   the	
  hydrophobicity	
  of	
   each	
   sidechain.	
  This	
  potential	
   is	
   essentially	
  a	
  measure	
  of	
  

the	
  free	
  energy	
  of	
  transfer	
  of	
  amino	
  acids	
  from	
  water	
  to	
  octanol	
  as	
  obtained	
  by	
  Eisenberg	
  

and	
   coworkers.39	
   In	
   this	
   case,	
   the	
   potential	
   form	
   was	
   taken	
   to	
   be	
   either	
   a	
   square-­‐well	
  

potential,	
   which	
   approximates	
   an	
   attractive	
   Lennard-­‐Jones	
   potential	
   for	
   purely	
  

hydrophobic	
  side	
  chains	
  like	
  alanine,	
  or	
  a	
  square-­‐shoulder	
  potential,	
  which	
  approximates	
  a	
  

repulsive	
   form	
   of	
   the	
   Lennard-­‐Jones	
   potential	
   for	
   purely	
   hydrophilic	
   side	
   chains	
   like	
  

aspartate.	
   The	
   interaction	
   strength	
   between	
   two	
   sidechain	
   spheres	
   is	
   𝜀!",!" = 𝑅 ∗ (∆𝐺! +

∆𝐺!)	
  where	
  ΔG	
  is	
  the	
  free	
  energy	
  of	
  transfer	
  of	
  amino	
  acids	
  from	
  water	
  to	
  octanol39	
  and	
  R	
  is	
  

a	
  measure	
  of	
   the	
   strength	
  of	
   the	
  hydrophobic/hydrophilic	
   interaction	
   (εHP).	
  The	
  value	
  of	
  

this	
  ratio	
  R	
  is	
  an	
  indication	
  of	
  the	
  type	
  of	
  solvent	
  used,	
  a	
  lower	
  value	
  is	
  for	
  apolar	
  solvent	
  

while	
  a	
  high	
  value	
  is	
  for	
  a	
  non-­‐polar	
  solvent.	
  In	
  this	
  study,	
  the	
  value	
  of	
  R	
  is	
  fixed	
  at	
  R=1/3	
  

for	
  all	
  simulations.	
  Since	
  the	
  alkyl	
  groups	
  of	
  the	
  polymeric	
  tail	
  are	
  non-­‐polar,	
  they	
  are	
  also	
  

allowed	
  to	
  form	
  hydrophobic	
  interactions	
  with	
  polymeric	
  tail	
  of	
  other	
  chains	
  or	
  non-­‐polar	
  

sidechains	
  of	
  the	
  peptide	
  segment.	
  Hydrogen	
  bonding	
  between	
  amide	
  hydrogen	
  atoms	
  and	
  

carbonyl	
  oxygen	
  atoms	
  is	
  represented	
  by	
  a	
  directionally	
  dependent	
  square-­‐well	
  attraction	
  

of	
  strength	
  εHB=12	
  kJ/mol	
  between	
  NH	
  and	
  CO	
  united	
  atoms.	
  Since	
   the	
  sidechains	
  of	
  Lys,	
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Arg,	
  His,	
  Glu,	
  Asp	
  are	
  charged,	
   the	
  electrostatic	
  contributions	
  between	
  two	
  those	
  charged	
  

sidechain	
  groups	
  are	
  treated	
  at	
  the	
  level	
  of	
  Debye-­‐Huckel	
  theory.	
  The	
  effective	
  electrostatic	
  

interaction	
  is	
  implemented	
  using	
  a	
  triple	
  attractive/repulsive	
  square	
  well	
  potential	
  with	
  a	
  

long	
  interaction	
  range	
  of	
  12Å.	
  Such	
  interaction	
  can	
  be	
  represented	
  as	
  a	
  qq'/	
  εdr	
  term	
  where	
  

εd	
   is	
   the	
  dielectric	
  constant	
  using	
  three-­‐step	
  square-­‐well	
  or	
  shoulder-­‐well	
  potentials.	
   	
  For	
  

simplicity,	
   the	
  maximum	
  strength	
  (εES)	
  of	
  an	
  electrostatic	
  repulsion	
  between	
  two	
  charges	
  

on	
  the	
  glutamic	
  acids	
  is	
  εES	
  =	
  I*εHB	
  relative	
  to	
  that	
  of	
  the	
  hydrogen	
  bond,	
  εHB,	
  where	
  I	
   is	
  a	
  

measure	
  of	
  the	
  solvent	
  condition	
  that	
  is	
  affected	
  by	
  changing	
  ionic	
  concentration	
  or	
  pH.	
  

	
  
Table	
   2.1.	
   The	
   ePRIME	
   model:	
   parameters	
   of	
   all	
   united-­‐atom	
   spheres	
   representing	
   the	
   studied	
   peptide	
  
amphiphile	
  molecule:	
  C16H31O-­‐Val3Ala3Glu3.	
  

Name	
   Atoms	
   Hydropathy	
  	
   Radius	
  (Å)	
   ΔG	
  
(kJ/mol)	
   Charge	
  

Backbone	
   -­‐CαH-­‐	
   None	
   1.85	
   0.00	
   None	
  
Backbone	
   -­‐NH	
   None	
   1.65	
   0.00	
   None	
  
Backbone	
   -­‐CO	
   None	
   2.00	
   0.00	
   None	
  
Ala	
  sidechain	
   -­‐CH3	
   Hydrophobic	
   1.77	
   1.76	
   None	
  
Val	
  Sidechain	
   -­‐CH(CH3)2	
   Hydrophobic	
   2.07	
   6.95	
   None	
  
Glu	
  Sidechain	
  1	
  
Glu	
  Sidechain	
  2	
  

-­‐CH2-­‐	
   Hydrophobic	
   1.5	
   1.36	
   None	
  
-­‐CH2-­‐COO-­‐	
   Hydrophilic	
   2.5	
   -­‐2.73	
   Negative	
  

Alkyl	
   -­‐CH2-­‐	
   Hydrophobic	
   1.5	
   1.36	
   None	
  
	
  

Simulations	
  are	
  performed	
  by	
  using	
   the	
  DMD	
  simulation	
  algorithm,41	
   a	
  variant	
  on	
  

standard	
   molecular	
   dynamics	
   that	
   is	
   applicable	
   to	
   systems	
   of	
   molecules	
   interacting	
   via	
  

discontinuous	
   potentials,	
   e.g.,	
   hard-­‐sphere,	
   and	
   square-­‐well	
   potentials.	
   Unlike	
   soft	
  

potentials	
  such	
  as	
  the	
  Lennard-­‐Jones	
  potential,	
  discontinuous	
  potentials	
  exert	
   forces	
  only	
  

when	
   particles	
   collide,	
   enabling	
   the	
   exact	
   (as	
   opposed	
   to	
   numerical)	
   solution	
   of	
   the	
  

collision	
  dynamics.	
  DMD	
  simulations	
  proceed	
  by	
  locating	
  the	
  next	
  collision,	
  advancing	
  the	
  

system	
   to	
   that	
   collision,	
   and	
   then	
   calculating	
   the	
   collision	
  dynamics.	
   For	
   details	
   on	
  DMD	
  

simulations,	
  see	
  papers	
  by	
  Alder	
  and	
  Wainwright41	
  and	
  Smith,	
  Hall,	
  and	
  Freeman60.	
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Simulations	
   are	
   performed	
   in	
   the	
   canonical	
   ensemble	
   with	
   periodic	
   boundary	
  

conditions	
   imposed	
   to	
   eliminate	
   artifacts	
   due	
   to	
   box	
   walls.	
   Constant	
   temperature	
   is	
  

achieved	
  by	
   implementing	
   the	
  Andersen	
   thermostat	
  method.61	
   In	
   this	
   case,	
   all	
   beads	
   are	
  

subjected	
  to	
  random,	
  infrequent	
  collisions	
  with	
  ghost	
  particles	
  whose	
  velocities	
  are	
  chosen	
  

randomly	
   from	
   a	
   Maxwell	
   Boltzmann	
   distribution	
   centered	
   at	
   the	
   system	
   temperature.	
  

Simulation	
   temperature	
   is	
   expressed	
   in	
   terms	
  of	
   the	
   reduced	
   temperature,	
  T*	
  =	
   kBT/εHB,	
  

where	
  kB	
  is	
  Boltzmann's	
  constant,	
  and	
  T	
  is	
  the	
  temperature.	
  Reduced	
  time	
  is	
  defined	
  to	
  be	
  

t*=t/σ(kBT/m)1/2,	
   where	
   t	
   is	
   the	
   simulation	
   time,	
   and	
   σ	
   and	
   m	
   are	
   the	
   average	
   bead	
  

diameter	
  and	
  mass,	
  respectively.	
  

For	
  the	
  self-­‐assembly	
  simulations,	
  starting	
  from	
  a	
  random	
  coil	
  configuration,	
  800	
  PA	
  

molecules	
  were	
  placed	
  in	
  a	
  cubic	
  box	
  with	
  periodic	
  boundary	
  dimensions	
  of	
  250	
  Å	
  x	
  250	
  Å	
  

x	
  250	
  Å.	
  The	
  system	
  containing	
  44,000	
  particles	
  at	
  a	
  PA	
  concentration	
  of	
  c	
  =	
  85	
  mM.	
  Each	
  

simulation	
   was	
   heated	
   at	
   high	
   temperature	
   (T*	
   =	
   5.0)	
   to	
   reach	
   an	
   un-­‐biased	
   initial	
  

configuration,	
  and	
  then	
  quickly	
  cooled	
  to	
  the	
  temperature	
  of	
  interest,	
  T*	
  =	
  0.08-­‐0.15,	
  for	
  a	
  

constant-­‐temperature	
   production	
   run	
   until	
   equilibration.	
   To	
   examine	
   the	
   effect	
   of	
   ionic	
  

concentration	
   or	
   pH	
   on	
   self-­‐assembly,	
   each	
   simulation	
   was	
   conduct	
   at	
   an	
   electrostatic	
  

repulsion	
  strength	
  of	
  εES	
  =	
  I*εHB	
  relative	
  to	
  that	
  of	
  the	
  hydrogen	
  bond,	
  εHB,	
  where	
  I	
  is	
  50%,	
  

100%,	
  200%,	
  300%	
  and	
  500%.	
  At	
  each	
  condition	
  of	
  the	
  middle	
  range	
  of	
  temperature	
  and	
  

electrostatic	
   repulsion	
   strength,	
   10	
   independent	
   simulations	
  were	
   conducted	
   because	
   of	
  

the	
   stochastic	
   nature	
   of	
   self-­‐assembly.	
   At	
   each	
   condition	
   of	
   the	
   extreme	
   ends	
   of	
  

temperature	
  and	
  electrostatic	
  repulsion	
  strength,	
  only	
  three	
  independent	
  simulations	
  were	
  

conducted	
  since	
  variability	
  in	
  the	
  data	
  is	
  relatively	
  low.	
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Quantitative	
   results	
   in	
   this	
   paper	
   are	
   averages	
   of	
   the	
   last	
   10%	
  of	
   simulation	
   data	
  

with	
  error	
  bars	
  taken	
  from	
  the	
  standard	
  deviation.	
   	
  The	
  secondary	
  structures	
  are	
  defined	
  

through	
   the	
   implementation	
   of	
   STRIDE62	
   including:	
   α-­‐helix,	
   310-­‐helix,	
   π-­‐helix,	
   β-­‐

strand/sheet	
   (extended	
   conformation),	
   turn,	
   bridge,	
   isolated	
   bridge,	
   and	
   random	
   coil.	
  	
  

However,	
  we	
  only	
  focus	
  on	
  α-­‐helix,	
  β-­‐strand/sheet,	
  and	
  random	
  coil	
  that	
  also	
  incorporate	
  

turn	
  structures.	
  An	
  aggregate	
  is	
  defined	
  if	
  each	
  peptide	
  in	
  a	
  group	
  of	
  PA	
  molecules	
  has	
  at	
  

least	
   two	
   interpeptide	
   hydrogen	
   bonds	
   or	
   four	
   hydrophobic	
   interactions	
   with	
   a	
  

neighboring	
  PA	
  molecule	
  in	
  the	
  same	
  group.	
  	
  	
  

For	
  model	
  validation,	
  a	
  replica-­‐exchange	
  simulation	
  conducted	
  for	
  a	
  single	
  PA	
  chain	
  

on	
   a	
   system	
   containing	
   16	
   replicas	
   distributed	
   over	
   a	
   broad	
   interval	
   of	
   temperature	
  

ranging	
  from	
  T*	
  =	
  0.07	
  to	
  a	
  high	
  temperature	
  at	
  which	
  each	
  peptide	
  is	
  a	
  random	
  coil	
  (T*	
  =	
  

0.17).	
   Each	
   replica	
   system	
   is	
   simulated	
   at	
   a	
   different	
   temperature	
   T	
   in	
   the	
   canonical	
  

ensemble	
   using	
   the	
   DMD	
   method.	
   The	
   number	
   of	
   replicas	
   and	
   the	
   distribution	
   of	
  

temperatures	
   are	
   chosen	
   to	
   ensure	
   that	
   (1),	
   there	
   is	
   a	
   free	
   random	
  walk	
   in	
   temperature	
  

space,	
   which	
   means	
   that	
   every	
   replica	
   has	
   the	
   same	
   probability	
   of	
   being	
   switched	
   to	
   a	
  

neighboring	
   temperature;	
   (2),	
   the	
   number	
   of	
   replicas	
   and	
   hence	
   temperatures	
   sampled	
  

must	
   be	
   high	
   enough	
   to	
   ensure	
   that	
   the	
   probability	
   of	
   each	
   replica	
   being	
   switched	
   to	
   a	
  

neighboring	
  temperature	
  is	
  >10%;	
  and	
  (3),	
  the	
  highest	
  temperature	
  sampled	
  must	
  be	
  high	
  

enough	
   to	
  prevent	
   the	
   system	
   from	
  becoming	
   trapped	
   in	
  a	
   local	
  energy	
  minimum.	
  These	
  

requirements	
   are	
   the	
   same	
   as	
   those	
   stated	
  by	
   Sugita	
   and	
  Okamoto.63	
   Exchange	
   attempts	
  

occur	
   every	
   t*	
   =	
   5.0	
   reduced	
   time	
  units.	
   This	
   corresponds	
   to	
   a	
   replica-­‐exchange	
   attempt	
  

after	
   ∼6,000,000	
   collisions	
   at	
   each	
   temperature.	
   29,700	
   replica-­‐exchange	
   attempts	
   are	
  

made	
   before	
   equilibrium	
   is	
   reached.	
   The	
   criteria	
   for	
   equilibrium	
   is	
   that	
   the	
   ensemble	
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average	
  of	
   the	
  system’s	
   total	
  potential	
  energy,	
  which	
   is	
  collected	
  at	
   the	
  end	
  of	
  each	
  DMD	
  

run,	
   should	
   vary	
   by	
   no	
  more	
   than	
   2.5%	
   during	
   the	
   second	
   half	
   of	
   all	
   DMD	
   runs	
   at	
   each	
  

temperature.	
  Once	
  equilibrium	
  is	
  reached,	
  the	
  data	
  collection	
  phase	
  begins	
  in	
  which	
  3300	
  

extra	
  replica-­‐exchange	
  attempts	
  are	
  made.	
  

All-­‐atom	
  replica-­‐exchange	
   simulation	
   is	
   also	
  performed	
  using	
  NAMD43	
   for	
  a	
   single	
  

PA	
   chain	
   to	
   serve	
   as	
   a	
   validation	
   of	
   our	
   coarse-­‐grained	
   model.	
   The	
   simulation	
   has	
   16	
  

replicas	
  over	
  a	
  wide	
  range	
  of	
   temperature	
  ranging	
   from	
  T	
  =	
  260K	
   to	
  T	
  =	
  550K	
  using	
   the	
  

CHARMM	
  27	
  force	
  field.64,65	
  A	
  replica-­‐exchange	
  attempt	
  is	
  made	
  at	
  every	
  2000	
  steps,	
  which	
  

corresponds	
   to	
   4ps	
   for	
   each	
   temperature	
   and	
   an	
   approximate	
   85,000	
   replica-­‐exchange	
  

attempts	
  were	
  made.	
  	
  Energy	
  analyses	
  are	
  calculated	
  using	
  the	
  last	
  10%	
  of	
  the	
  simulation	
  

data	
  with	
  error	
  bars	
  corresponding	
  to	
  the	
  standard	
  deviation.	
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CHAPTER	
  3	
  	
   Mechanism	
  of	
  the	
  pH-­‐Controlled	
  Self-­‐Assembly	
  of	
  
Nanofibers	
  from	
  Peptide	
  Amphiphiles	
  

	
  

3.1	
  	
   	
   Abstract	
  
	
  

Stimuli-­‐responsive,	
   self-­‐assembling	
   nanomaterials	
   hold	
   a	
   great	
   promise	
   to	
  

revolutionize	
   medicine	
   and	
   technology.	
   However,	
   current	
   discovery	
   is	
   slow	
   and	
   often	
  

serendipitous.	
  Here	
  we	
  report	
  a	
  multiscale	
  modeling	
  study	
  to	
  elucidate	
  the	
  pH-­‐controlled	
  

self-­‐assembly	
   of	
   nanofibers	
   from	
   the	
   peptide	
   amphiphiles,	
   palmitoyl-­‐I-­‐A3E4-­‐NH2.	
   The	
  

coarse-­‐grained	
  simulations	
  revealed	
  the	
  formation	
  of	
  random-­‐coil	
  based	
  spherical	
  micelles	
  

at	
   strong	
   electrostatic	
   repulsion.	
   However,	
   at	
   weak	
   or	
   no	
   electrostatic	
   repulsion,	
   the	
  

micelles	
   merge	
   into	
   a	
   nanofiber	
   driven	
   by	
   the	
   β-­‐sheet	
   formation	
   between	
   the	
   peptide	
  

segments.	
  The	
  all-­‐atom	
  constant	
  pH	
  molecular	
  dynamics	
  revealed	
  a	
  cooperative	
  transition	
  

between	
  random	
  coil	
  and	
  β-­‐sheet	
  in	
  the	
  pH	
  range	
  6–7,	
  matching	
  the	
  CD	
  data.	
  Interestingly,	
  

although	
  the	
  bulk	
  pKa	
   is	
  more	
   than	
  one	
  unit	
  below	
  the	
   transition	
  pH,	
  consistent	
  with	
   the	
  

titration	
  data,	
   the	
  highest	
  pKa’s	
  coincide	
  with	
   the	
  transition	
  pH,	
  suggesting	
  that	
   the	
   latter	
  

may	
  be	
   tuned	
  by	
  modulating	
   the	
  pKa’s	
  of	
   a	
   few	
  solvent-­‐buried	
  Glu	
   side	
   chains.	
  Together,	
  

these	
  data	
  offer,	
   to	
  our	
  best	
  knowledge,	
  the	
  first	
  multiresolution	
  and	
  quantitative	
  view	
  of	
  

the	
  pH-­‐dependent	
  self-­‐assembly	
  of	
  nanofibers.	
  The	
  novel	
  protocols	
  and	
  insights	
  gained	
  are	
  

expected	
   to	
   advance	
   the	
   computer-­‐aided	
   design	
   and	
   discovery	
   of	
   pH-­‐responsive	
  

nanomaterials.	
  

3.2	
  	
   	
   Introduction	
  
	
  

Peptide	
  amphiphiles	
  (PAs)	
  are	
  peptides	
  with	
  a	
  terminal	
  group	
  covalently	
  linked	
  to	
  a	
  

long	
   hydrophobic	
   chain.	
   Over	
   the	
   past	
   decade,	
   biocompatible	
   PAs	
   have	
   attracted	
   much	
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attention	
   as	
   building	
   blocks	
   of	
   nanomaterials	
   due	
   to	
   the	
   ability	
   to	
   self-­‐assemble	
   into	
  

supramolecular	
   structures	
   at	
   specific	
   solution	
   conditions	
   relevant	
   for	
   biomedical	
   and	
  

biotechnological	
   applications	
   (see	
   a	
   recent	
   review1	
   and	
   references	
   therein).	
   Using	
   TEM,	
  

FTIR,	
   and	
   other	
   techniques,	
   Stupp	
   and	
   co-­‐workers	
   showed	
   that	
   PAs	
   self-­‐assemble	
   into	
  

nanofibers2	
   upon	
   a	
   change	
   in	
   the	
   external	
   stimuli	
   such	
   as	
   solution	
   pH	
   and	
   ionic	
  

concentrations	
  and	
  that	
  the	
  morphology,	
  surface	
  chemistry,	
  and	
  potential	
  bioactivity	
  of	
  the	
  

nanomaterials	
   can	
   be	
   controlled	
   by	
   the	
   selection	
   of	
   amino	
   acid	
   sequence	
   or	
   the	
  

modification	
  of	
   the	
  alkyl	
   tail.3	
  This	
  pioneering	
  work	
  set	
   the	
  stage	
   for	
  designing	
  PA-­‐based	
  

nanomaterials	
  with	
  desired	
  properties	
  to	
  target	
  specific	
  applications.4	
  

Of	
  particular	
   interest	
   to	
  us	
   are	
   the	
  PAs	
   that	
   can	
   form	
  nanocarriers	
   for	
  delivery	
  of	
  

therapeutic	
  or	
   imaging	
  agents	
   in	
  response	
  to	
  endogenous	
  stimuli	
  such	
  as	
  a	
  drop	
   in	
  pH	
  at	
  

tumor	
  site.5	
  Toward	
  this	
  end,	
  Goldberger	
  and	
  co-­‐workers	
  designed	
  a	
  series	
  of	
  PAs	
  that	
  can	
  

self-­‐assemble	
   into	
   nanofibers	
   when	
   the	
   solution	
   pH	
   is	
   decreased	
   from	
   the	
   normal	
  

physiological	
  condition	
  7.4	
  to	
  6.6,	
  the	
  mild	
  acidic	
  condition	
  found	
  in	
  the	
  microenvironment	
  

of	
  malignant	
   tumor	
  tissues.6	
  The	
  PAs	
  used	
  are	
   the	
  charged	
  polypeptides	
  palmitoylated	
  at	
  

the	
  N-­‐terminus,	
  CH3-­‐(CH2)14CO-­‐NH-­‐X-­‐Ala3-­‐Glu4-­‐CO-­‐NH2,	
  where	
  X	
  is	
  a	
  hydrophobic	
  residue,	
  

such	
   as	
   Ile,	
   Phe,	
   Val,	
   or	
   Tyr,	
   with	
   a	
   varying	
   propensity	
   for	
   β-­‐sheet	
   formation.	
   The	
   Glu	
  

residues	
  are	
  present	
  to	
  allow	
  pH	
  response.	
  CD	
  and	
  TEM	
  experiments	
  revealed	
  that,	
  at	
  high	
  

pH,	
  PAs	
  at	
   low	
  concentrations	
  are	
   in	
  random-­‐coil	
  states	
  while	
  PAs	
  at	
  high	
  concentrations	
  

form	
   micelles.	
   Goldberger	
   and	
   co-­‐workers	
   also	
   conducted	
   titration	
   experiments,	
   which	
  

showed	
   that	
   the	
   bulk	
   pKa	
   of	
   the	
   nanofibers	
   remains	
   at	
   4.7,	
   while	
   the	
   self-­‐assembly	
  

transition	
   pH	
   decreases	
   from	
   6.6	
   to	
   6.0,	
   when	
   Ile	
   is	
   substituted	
   by	
   Tyr.	
   Thus,	
   they	
  

concluded	
   that	
   the	
   transition	
   pH	
   is	
   not	
   dependent	
   on	
   the	
   pKa	
   of	
   the	
   Glu	
   side	
   chains	
   but	
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rather	
  on	
  the	
  β	
  propensity	
  of	
  the	
  X	
  residue.	
  The	
  transition	
  pH	
  is	
  shifted	
  lower	
  because	
  Tyr	
  

has	
  a	
  lower	
  beta	
  propensity	
  than	
  Ile.7	
  Below	
  we	
  will	
  refer	
  to	
  the	
  sequence	
  of	
  the	
  PA	
  with	
  X	
  

being	
  Ile	
  as	
  PA1.	
  

In	
  order	
   to	
  systematically	
  design	
  PAs	
   that	
  can	
  self-­‐assemble	
   into	
  nanomaterials	
  at	
  

specified	
   pH	
   conditions	
   with	
   desired	
   properties,	
   it	
   is	
   desirable	
   to	
   learn	
   the	
   detailed	
  

mechanism	
  of	
  the	
  pH-­‐induced	
  self-­‐assembly	
  process	
  and	
  to	
  make	
  quantitative	
  prediction	
  of	
  

the	
  transition	
  pH.	
  Using	
  the	
  standard	
  all-­‐atom	
  molecular	
  dynamics	
  (MD)	
  as	
  well	
  as	
  various	
  

coarse-­‐grained	
  Monte	
   Carlo	
   and	
  MD	
   simulations,	
   studies	
   led	
   by	
   Stupp,	
   Ratner,	
   and	
   de	
   la	
  

Cruz	
  groups	
  have	
  provided	
  valuable	
  insights	
  into	
  the	
  structural	
  and	
  kinetic	
  aspects	
  of	
  the	
  

PA	
   self-­‐assembly.8-­‐11	
   However,	
   there	
   are	
   two	
   limitations	
   of	
   these	
   studies.	
   First,	
   the	
  

secondary	
  structure	
  change	
  that	
  accompanies	
  the	
  nanofiber	
  formation	
  cannot	
  be	
  described	
  

by	
  the	
  coarse-­‐grained	
  models	
  used.	
  And	
  importantly,	
  the	
  pH-­‐dependent	
  mechanism	
  of	
  the	
  

self-­‐assembly	
  cannot	
  be	
  studied	
  by	
  the	
  standard	
  all-­‐atom	
  MD	
  simulations.	
  

Here	
  we	
  present	
  a	
  multiscale	
  MD	
  study	
  to	
  elucidate	
  the	
  pH-­‐dependent	
  kinetic	
  and	
  

thermodynamic	
   aspects	
   of	
   the	
   nanofiber	
   self-­‐assembly	
   from	
   the	
   aforementioned	
   PA	
  

synthesized	
   in	
   the	
   Goldberger	
   lab.6	
   The	
   kinetic	
   details	
   will	
   be	
   qualitatively	
   mapped	
   out	
  

using	
   discrete	
   molecular	
   dynamics	
   with	
   the	
   Protein	
   Intermediate	
   Resolution	
   model	
  

(PRIME)12-­‐14	
   that	
   was	
   originally	
   developed	
   by	
   the	
   Hall	
   group	
   and	
   recently	
   extended	
   by	
  

Nguyen	
   and	
   co-­‐workers	
   (ePRIME).15	
   The	
   mechanism	
   of	
   the	
   pH-­‐dependence	
   will	
   be	
  

quantitatively	
  uncovered	
  by	
  studying	
  the	
  unfolding	
  of	
  a	
  tetrameric	
  β-­‐sheet	
  model	
  using	
  the	
  

recently	
  developed	
  all-­‐atom	
  version16	
  of	
   the	
  continuous	
  constant	
  pH	
  molecular	
  dynamics	
  

(CpHMD)	
  technique17,18	
  with	
  the	
  pH-­‐based	
  replica-­‐exchange	
  protocol.19	
  The	
  CG	
  simulations	
  

showed	
  that	
  the	
  PAs	
  self-­‐assemble	
  into	
  micelles,	
  which	
  merge	
  into	
  an	
  elongated	
  nanofiber	
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driven	
   by	
   the	
   β-­‐sheet	
   formation	
   at	
   low	
   pH	
   conditions.	
   The	
   all-­‐atom	
   CpHMD	
   simulations	
  

revealed	
  a	
  cooperative	
  transition	
  from	
  β-­‐sheet	
  to	
  random	
  coil	
  and	
  were	
  able	
  to	
  determine	
  

the	
  bulk	
  pKa	
  as	
  well	
  as	
  individual	
  pKa’s	
  of	
  Glu	
  side	
  chains,	
  both	
  of	
  which	
  are	
  in	
  quantitative	
  

agreement	
   with	
   the	
   experiment.	
   Surprisingly,	
   the	
   data	
   showed	
   that	
   the	
   transition	
   pH	
   is	
  

determined	
  by	
  the	
  deprotonation	
  of	
  the	
  central	
  Glu	
  residues.	
  The	
  combined	
  coarse-­‐grained	
  

and	
   all-­‐atom	
   simulation	
   data	
   offer,	
   to	
   our	
   best	
   knowledge,	
   the	
   first	
   multiresolution	
   and	
  

quantitative	
  view	
  of	
  the	
  pH-­‐dependent	
  mechanism	
  of	
  PA	
  self-­‐assembly.	
  

3.3	
  	
   	
   Simulation	
  Methods	
  
	
  

3.3.1	
  	
   Coarse-­‐Grained	
  Discontinuous	
  Molecular	
  Dynamics	
  
Simulations	
  

	
  
The	
   self-­‐assembly	
   process	
   was	
   simulated	
   using	
   the	
   discontinuous	
   molecular	
  

dynamics20	
  with	
  our	
  newly	
  developed	
  coarse-­‐grained	
  model	
  ePRIME	
  for	
  the	
  representation	
  

of	
   the	
  PA	
  molecule,	
   CH3-­‐(CH2)14CO-­‐Ile-­‐Ala3-­‐Glu4-­‐CO-­‐NH2.15	
   ePRIME	
   is	
   an	
   extension	
  of	
   the	
  

original	
  PRIME	
  model,	
  in	
  which	
  each	
  amino	
  acid	
  residue	
  is	
  represented	
  by	
  four	
  beads,	
  three	
  

of	
  which	
   represent	
   the	
   backbone	
  while	
   a	
   single	
   bead	
   represents	
   the	
   side	
   chain.12-­‐14	
   The	
  

ePRIME	
   model	
   offers	
   representations	
   for	
   all	
   20	
   amino	
   acid	
   side	
   chains	
   by	
   taking	
   into	
  

account	
   size,	
   hydrophobicity,	
   and	
   charge	
   using	
   well-­‐established	
   experimental	
   data	
   and	
  

modeling	
   parameters.21,22	
   The	
   discontinuous	
   molecular	
   dynamics	
   (MD)	
   is	
   orders	
   of	
  

magnitude	
   faster	
   than	
   regular	
   molecular	
   dynamics	
   because	
   the	
   forces	
   are	
   modeled	
   by	
  

hard-­‐sphere	
  or	
  square-­‐well	
  potentials.	
  Solvent	
  effect	
  is	
  included	
  implicitly	
  as	
  a	
  potential	
  of	
  

mean	
   force	
   in	
   the	
   energy	
   function.	
  Hydrogen	
   bonding	
   between	
   the	
   backbone	
   amide	
   and	
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carbonyl	
   groups	
   is	
   represented	
   by	
   a	
   directionally	
   square-­‐well	
   attraction	
   potential	
   of	
   the	
  

magnitude	
  εHB,	
  which	
  serves	
  as	
  a	
  reference	
  strength	
  for	
  other	
  types	
  of	
  interactions.	
  

The	
  self-­‐assembly	
  simulations	
  were	
  initiated	
  from	
  a	
  configuration	
  in	
  which	
  800	
  PA	
  

molecules	
  were	
  randomly	
  placed	
  in	
  a	
  cubic	
  box	
  with	
  periodic	
  boundary	
  dimensions	
  of	
  250	
  

Å	
  ×	
  250	
  Å	
  ×	
  250	
  Å.	
  The	
  system	
  contained	
  42 400	
  particles	
  representing	
  a	
  PA	
  concentration	
  

of	
  85	
  mM.	
  Each	
  simulation	
  was	
  heated	
  at	
  high	
  temperature	
  (reduce	
  temperature	
  of	
  5.0)	
  to	
  

reach	
   an	
   unbiased	
   initial	
   configuration	
   and	
   then	
   quickly	
   cooled	
   to	
   the	
   temperature	
   of	
  

interest	
   (reduced	
   temperature	
   of	
   0.08–0.15),	
   for	
   a	
   constant-­‐temperature	
   production	
   run	
  

until	
   equilibration.	
   To	
   mimic	
   the	
   effect	
   of	
   pH,	
   each	
   simulation	
   was	
   conducted	
   at	
   an	
  

electrostatic	
   repulsion	
   strength	
   of	
   0%,	
   200%,	
   400%,	
   and	
   600%,	
   relative	
   to	
   that	
   of	
   the	
  

hydrogen	
  bond,	
  εES/εHB.	
  Each	
  simulation	
  was	
   independently	
  repeated	
  ten	
  times	
  to	
  ensure	
  

statistical	
  significance.	
  Quantitative	
  results	
  in	
  this	
  paper	
  are	
  the	
  averages	
  of	
  the	
  last	
  10%	
  of	
  

simulation	
   data	
   with	
   error	
   bars	
   taken	
   from	
   the	
   standard	
   deviation.	
   The	
   secondary	
  

structures	
  were	
  defined	
  through	
  the	
   implementation	
  of	
  STRIDE.23	
  Here	
  we	
   focused	
  on	
  α-­‐

helix,	
  β-­‐strand	
  or	
  β-­‐sheet,	
  and	
  random	
  coil	
  that	
  also	
  contains	
  turn.	
  An	
  aggregate	
  is	
  defined	
  

if	
  each	
  peptide	
  in	
  a	
  group	
  of	
  PA	
  molecules	
  has	
  at	
  least	
  two	
  interpeptide	
  hydrogen	
  bonds	
  or	
  

four	
  hydrophobic	
  interactions	
  with	
  a	
  neighboring	
  PA	
  molecule	
  in	
  the	
  same	
  group.	
  

3.3.2	
  	
  	
   All-­‐Atom	
  Constant	
  pH	
  Molecular	
  Dynamics	
  Simulations	
  
	
  

The	
   initial	
   structure	
   of	
   the	
   tetrameric	
   β-­‐sheet	
   of	
   PA1	
   was	
   built	
   with	
   PyMOL24	
   in	
  

which	
   the	
   four	
  PA1	
  peptides	
  were	
  placed	
   in	
  a	
  well-­‐defined	
  parallel	
  β-­‐sheet	
  conformation	
  

with	
  protonated	
  Glu	
  side	
  chains.	
  The	
  β-­‐sheet	
  was	
  immersed	
  in	
  a	
  cubic	
  box	
  of	
  4296	
  water	
  

molecules,	
  keeping	
  a	
  minimal	
  distance	
  of	
  9	
  Å	
  between	
  the	
  solute	
  and	
  each	
  face	
  of	
  the	
  box.	
  

The	
   system	
   was	
   then	
   subjected	
   to	
   energy	
   minimization	
   prior	
   to	
   a	
   100	
   ns	
   standard	
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molecular	
  dynamics	
  (MD)	
  run	
  with	
  fixed	
  protonation	
  states	
  using	
  the	
  GROMACS	
  package.25	
  

The	
  CHARMM	
  C36	
  force	
  field	
  was	
  used	
  to	
  represent	
  the	
  proteins,26	
  and	
  the	
  modified	
  TIP3P	
  

model	
  was	
  used	
  for	
  water.27	
  The	
  MD	
  run	
  was	
  performed	
  with	
  periodic	
  boundary	
  conditions	
  

at	
   constant	
   temperature,	
   pressure,	
   and	
   fixed	
   protonation	
   states.	
   The	
   temperature	
   was	
  

maintained	
   at	
   298	
   K	
   using	
   the	
   Nosé–Hoover	
   thermostat,28,29	
   while	
   the	
   pressure	
   was	
  

maintained	
  at	
  1	
  atm	
  using	
   the	
  Parrinello–Rahman	
  barostat.30	
  The	
  LINCS	
  algorithm31	
  was	
  

used	
  to	
  constrain	
  all	
  bonds	
  containing	
  hydrogen	
  atoms,	
  allowing	
  an	
  integration	
  time	
  step	
  of	
  

2	
  fs.	
  The	
  coordinates	
  were	
  saved	
  every	
  2	
  ps.	
  The	
  particle-­‐mesh-­‐Ewald	
  method32,33	
  was	
  used	
  

for	
   the	
   calculation	
   of	
   electrostatic	
   interactions,	
   and	
   a	
   cutoff	
   of	
   12	
   Å	
   was	
   used	
   for	
   the	
  

calculation	
  of	
  van	
  der	
  Waals	
  interactions.	
  If	
  not	
  specified,	
  the	
  default	
  setting	
  was	
  used	
  for	
  

all	
  other	
  input	
  parameters.	
  

Final	
  snapshots	
  of	
  the	
  PA1	
  tetramer	
  were	
  extracted	
  from	
  the	
  above	
  simulations	
  to	
  

initiate	
   the	
   all-­‐atom,	
   pH-­‐based	
   replica-­‐exchange	
   (REX)16	
   continuous	
   constant	
   pH	
   MD	
  

(CpHMD)17,18	
  using	
  an	
  in-­‐house	
  modified	
  version	
  of	
  the	
  CHARMM	
  package	
  (c37b1).34	
  The	
  

same	
  force	
  fields	
  as	
  in	
  the	
  GROMACS	
  simulations	
  were	
  used.	
  The	
  tetramer	
  was	
  resolvated	
  

in	
  a	
  cubic	
  box	
  filled	
  with	
  5013	
  TIP3P	
  water	
  molecules.	
  Sixteen	
  co-­‐ions	
  were	
  added	
  to	
  level	
  

the	
   total	
   charge,16	
   while	
   16	
   sodium	
   ions	
   were	
   added	
   for	
   neutralizing	
   the	
   system.	
   No	
  

additional	
   salt	
   ions	
   were	
   added	
   to	
   avoid	
   the	
   possible	
   convergence	
   issue	
   related	
   to	
   the	
  

insufficient	
  sampling	
  of	
  salt	
  ions.	
  In	
  the	
  pH-­‐based	
  REX	
  protocol,19	
  24	
  replicas	
  were	
  placed	
  

in	
  the	
  range	
  of	
  pH	
  3–11	
  with	
  an	
  interval	
  of	
  0.5	
  pH	
  units.	
  The	
  exchange	
  of	
  pH	
  was	
  attempted	
  

every	
  250	
  steps	
  or	
  0.5	
  ps	
  between	
  replicas	
  adjacent	
   in	
   the	
  pH	
   ladder.	
  Additional	
  replicas	
  

were	
  added	
  in	
  order	
  to	
  achieve	
  an	
  exchange	
  ratio	
  of	
  at	
  least	
  15%	
  at	
  all	
  pH	
  conditions.	
  Each	
  

pH	
   replica	
   underwent	
   12	
   ns	
  molecular	
   dynamics	
   at	
   constant	
   temperature,	
   pressure,	
   and	
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pH.	
   The	
   temperature	
  was	
   298	
  K	
   using	
   the	
  Hoover	
   thermostat,29	
  while	
   the	
   pressure	
  was	
  

maintained	
  at	
  1	
  atm	
  using	
  the	
  Langevin	
  piston	
  pressure	
  coupling	
  algorithm.35	
  The	
  SHAKE	
  

algorithm	
  was	
  applied	
  to	
  all	
  the	
  hydrogen	
  bonds	
  and	
  angles	
  to	
  allowed	
  a	
  time	
  step	
  of	
  2	
  fs,	
  

and	
  the	
  coordinates	
  were	
  saved	
  every	
  0.5	
  ps.	
  The	
  electrostatic	
  interactions	
  were	
  calculated	
  

using	
  the	
  generalized	
  reaction	
  field	
  method	
  with	
  a	
  cutoff	
  of	
  14	
  Å.	
  The	
  same	
  cutoff	
  distance	
  

was	
  used	
   in	
   the	
  calculation	
  of	
  van	
  der	
  Waals	
   interactions.	
  The	
  REX	
  all-­‐atom	
  CpHMD	
  was	
  

repeated	
  once	
  by	
  starting	
  from	
  a	
  different	
  set	
  of	
  initial	
  velocities.	
  

Following	
   our	
   previous	
   work,18	
   the	
   protonated	
   and	
   unprotonated	
   forms	
   of	
   a	
  

titratable	
   side	
   chain	
   are	
   defined	
   as	
   the	
   states	
   with	
   λ	
   value	
   below	
   0.1	
   and	
   above	
   0.9,	
  

respectively.	
  After	
  each	
  replica-­‐exchange	
  attempt,	
   the	
  λ	
  values	
  of	
  all	
  Glu’s	
  were	
  recorded.	
  

The	
  unprotonated	
   fractions	
  were	
   calculated	
   for	
   individual	
  Glu’s	
   as	
  well	
   as	
  by	
   taking	
   into	
  

account	
  all	
  16	
  Glu’s.	
  Fitting	
   the	
   former	
  data	
  at	
  different	
   the	
  pH	
  values	
   to	
   the	
  generalized	
  

Henderson–Hasselbalch	
  equation	
  gives	
   the	
  microscopic	
  pKa’s,	
  while	
   fitting	
   the	
   latter	
  data	
  

gives	
  the	
  macroscopic	
  or	
  bulk	
  pKa	
  of	
  the	
  β-­‐sheet.	
  The	
  data	
  from	
  the	
  last	
  2	
  ns	
  (per	
  replica)	
  

was	
  used	
  for	
  analysis	
  and	
  pKa	
  calculations.	
  

3.4	
  	
   	
   Results	
  and	
  Discussions	
  
	
  

3.4.1	
  	
  	
   Kinetic	
  Mechanism	
  of	
  the	
  Self-­‐Assembly	
  Process	
  
	
  

Discrete	
   molecular	
   dynamics	
   with	
   the	
   ePRIME	
  model15	
   was	
   applied	
   to	
   study	
   the	
  

self-­‐assembly	
  process	
  of	
  800	
  PA1	
  molecules	
  (CH3-­‐(CH2)14CO-­‐NH-­‐I-­‐A3-­‐E4-­‐CO-­‐NH2)	
  that	
  were	
  

randomly	
  distributed	
  in	
  the	
  simulation	
  box	
  at	
  the	
  beginning.	
  To	
  mimic	
  the	
  varying	
  degree	
  

of	
   ionization	
   of	
   the	
   EEEE-­‐stretch	
   under	
   different	
   pH	
   conditions,	
   the	
   strength	
   of	
   the	
  

electrostatic	
   repulsion	
   between	
   the	
   peptide	
   segments	
   was	
   varied,	
   relative	
   to	
   that	
   of	
   a	
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hydrogen	
  bond,	
   i.e.,	
   εES/εHB.	
  Driven	
  by	
  hydrophobic	
   forces,	
   small	
   spherical	
  micelles	
  were	
  

quickly	
  formed,	
  burying	
  the	
  alkyl	
  groups	
  in	
  the	
  interior	
  and	
  exposing	
  the	
  peptide	
  segments	
  

on	
  the	
  surface	
  (Figure	
  3.1).	
  However,	
   the	
  next	
  sequence	
  of	
  kinetic	
  steps	
  was	
  determined	
  

by	
   the	
   strength	
   of	
   the	
   electrostatic	
   repulsion	
   between	
   the	
   EEEE-­‐stretches.	
   When	
   the	
  

electrostatic	
  repulsion	
  is	
  strong,	
  i.e.,	
  εES/εHB	
  ≥	
  200%,	
  representing	
  the	
  high	
  pH	
  conditions,	
  

under	
  which	
  some	
  or	
  all	
  of	
  the	
  Glu	
  side	
  chains	
  were	
  deprotonated	
  or	
  charged,	
  the	
  micelles	
  

remain	
   in	
   the	
   spherical	
   arrangement	
   with	
   the	
   peptide	
   segments	
   uniformly	
   distributed	
  

along	
   the	
   surface	
   to	
   minimize	
   repulsion	
   between	
   neighboring	
   EEEE-­‐stretches	
   (Figure	
  

3.1A).	
  

	
  

	
  

Figure	
  3.1.	
  Snapshots	
  of	
  the	
  self-­‐assembly	
  process	
  of	
  PA1	
  molecules	
  as	
  a	
  function	
  of	
  CG	
  simulation	
  time	
  (in	
  
reduced	
   time	
   units).	
   (A)	
   A	
   spherical	
   micelle	
   without	
   β-­‐sheet	
   content	
   is	
   formed	
   at	
   a	
   strong	
   electrostatic	
  
repulsion	
   (200%	
   εHB).	
   (B)	
   A	
   cylindrical	
   nanofiber	
   with	
   β-­‐sheet	
   content	
   is	
   formed	
   at	
   zero	
   electrostatic	
  
repulsion.	
   PA1	
  molecules	
   are	
   colored	
   as	
   follows:	
   alkyl	
   tail	
   in	
   red,	
   isoleucine	
   in	
   green,	
   alanine	
   in	
   blue,	
   and	
  
glutamic	
  acid	
  in	
  pink.	
  

	
  
By	
   contrast,	
   in	
   the	
   absence	
   of	
   electrostatic	
   repulsion,	
   representing	
   the	
   low	
   pH	
  

conditions,	
   under	
   which	
   the	
   Glu	
   side	
   chains	
   are	
   fully	
   protonated	
   or	
   neutral,	
   hydrogen	
  

bonds	
   started	
   to	
   form	
  between	
   the	
  backbone	
  amide	
  and	
  carbonyl	
  groups	
  of	
   the	
  adjacent	
  

peptide	
   segments,	
   leading	
   to	
   the	
   formation	
   of	
   β-­‐sheets	
   (Figure	
   3.1B).	
   As	
   a	
   result,	
   the	
  

peptide	
   segments	
   on	
   the	
   surface	
   of	
   the	
   micelle	
   were	
   no	
   longer	
   uniformly	
   distributed,	
  

creating	
   segregation	
   that	
   facilitates	
   the	
   exposure	
   of	
   hydrophobic	
   alkyl	
   groups	
   to	
   the	
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surface.	
   These	
   micelles	
   subsequently	
   merged	
   at	
   the	
   exposed	
   locations	
   through	
  

hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  groups.	
  Thus,	
  the	
  early	
  stage	
  of	
  the	
  nanofiber	
  

self-­‐assembly	
   was	
   characterized	
   by	
   the	
   sharp	
   increase	
   in	
   the	
   β-­‐sheet	
   content,	
   which	
  

accompanies	
  the	
  highly	
  frequent	
  events	
  of	
  micelle	
  merging.	
  Therefore,	
  a	
  kinetic	
  mechanism	
  

for	
   the	
   formation	
   of	
   nanofibers	
   is	
   deciphered,	
   involving	
   the	
   following	
   steps:	
   (1)	
  

simultaneous	
  formation	
  of	
  multiple	
  spherical	
  micelles	
  driven	
  by	
  hydrophobic	
  interactions	
  

between	
   alkyl	
   tails	
   and	
   (2)	
   micelle-­‐merging	
   events	
   prompted	
   by	
   the	
   exposure	
   of	
   the	
  

hydrophobic	
   core	
   due	
   to	
   the	
   change	
   in	
   the	
   architecture	
   of	
   the	
   spherical	
   micelles	
   that	
  

ultimately	
  leads	
  to	
  the	
  fabrication	
  of	
  one	
  continuous	
  rod-­‐shaped	
  nanostructure.	
  The	
  latter	
  

supports	
   the	
   notion	
   that	
   β-­‐sheet	
   promotes	
   fiber	
   formation	
   based	
   on	
   the	
   existing	
  

experimental	
  data.36	
  

3.4.2	
  Structural	
  Details	
  of	
  the	
  Self-­‐Assembled	
  Nanofiber	
  in	
  Agreement	
  
with	
  Experiment	
  
	
  

The	
   in	
   silico	
   observation	
   that	
  PA1	
  molecules	
   self-­‐assemble	
   into	
   spherical	
  micelles	
  

and	
   a	
   rod-­‐shaped	
   nanofiber	
   at	
   conditions	
   of	
   high	
   and	
   low	
   electrostatic	
   repulsion,	
  

respectively,	
   is	
   in	
  agreement	
  with	
  the	
  CD	
  and	
  TEM	
  data	
  of	
  Goldberger	
   lab,	
  which	
  showed	
  

the	
   formation	
   of	
   spherical	
   micelles	
   at	
   high	
   pH	
   and	
   nanofibers	
   at	
   low	
   pH	
   when	
   the	
   PA	
  

concentrations	
   were	
   high	
   (corresponding	
   to	
   the	
   simulation	
   condition).6	
   The	
   in	
   silico	
  

observation	
  of	
  β-­‐sheet	
  formation	
  in	
  the	
  nanofiber	
  and	
  not	
  in	
  the	
  micelles	
  also	
  agrees	
  with	
  

the	
  aforementioned	
  CD	
  data6	
  as	
  well	
  as	
  the	
  earlier	
  studies	
  of	
  Stupp	
  and	
  co-­‐workers	
  using	
  

FTIR2	
  and	
  CD	
  experiments.4	
  The	
  rod-­‐shaped	
  nanofiber	
  with	
  exposed	
  peptide	
  segments	
  and	
  

buried	
   alkyl	
   tails	
   observed	
   in	
   the	
   simulation	
   is	
   consistent	
   with	
   the	
   model	
   proposed	
   by	
  

Stupp	
  and	
  co-­‐workers	
  over	
  a	
  decade	
  ago	
  based	
  on	
  cryo-­‐TEM	
  imaging	
  and	
  staining,	
  which	
  



66	
  
	
  

showed	
  PA	
  molecules	
   forming	
  cylindrical	
  nanofiber	
  with	
   the	
  charged	
  amino	
  acids	
  on	
   the	
  

surface	
  and	
  alkyl	
  tails	
  buried	
  in	
  the	
  core.2	
  

3.4.3	
  	
   Electrostatic	
  Repulsion	
  Controls	
  the	
  Micelle-­‐to-­‐Nanofiber	
  
Transition	
  

	
  
Since	
  the	
  intermolecular	
  electrostatic	
  repulsion	
  between	
  the	
  charged	
  Glu	
  side	
  chains	
  

favors	
   the	
   formation	
   of	
  micelle,	
   while	
   the	
   backbone	
   hydrogen	
   bonding	
   between	
   peptide	
  

segments	
  drives	
  the	
  distortion	
  and	
  subsequent	
  merging	
  of	
  spherical	
  micelles	
  leading	
  to	
  the	
  

formation	
  of	
  nanofiber,	
  weakening	
  electrostatic	
  repulsion	
  would	
  shift	
  the	
  equilibrium	
  from	
  

micelle	
  to	
  nanofiber.	
  The	
  latter	
  corresponds	
  to	
  a	
  decrease	
  in	
  the	
  degree	
  of	
  ionization	
  of	
  Glu	
  

side	
  chains	
  and	
  therefore	
  mimics	
  the	
  condition	
  of	
  lowering	
  pH.	
  In	
  fact,	
  the	
  coarse-­‐grained	
  

simulations	
   resulted	
   in	
   a	
   nanofiber	
   when	
   the	
   electrostatic	
   repulsion	
   strength	
   is	
   below	
  

200%	
   relative	
   to	
   the	
   hydrogen	
   bonding	
   (εES/εHB)	
   (Figure	
   3.2A).	
   In	
   the	
   absence	
   of	
  

electrostatic	
   repulsion	
   (all	
   Glu	
   side	
   chains	
   are	
   neutral),	
   the	
   self-­‐assembled	
   nanofiber	
  

contains	
   a	
   β-­‐sheet	
   content	
   of	
   almost	
   35%	
   (Figure	
   3.2A).	
   As	
   the	
   relative	
   electrostatic	
  

repulsion	
   strength	
   is	
   at	
   or	
   above	
  200%,	
  β-­‐sheet	
   content	
  drops	
  below	
  5%	
   (Figure	
  3.2A).	
  

The	
  typical	
  size	
  of	
  a	
  β-­‐sheet	
   in	
   the	
  cylindrical	
  nanofiber	
   fluctuates	
  between	
  two	
  and	
   four	
  

(Figure	
   3.2B).	
   The	
   range	
   of	
   β-­‐sheet	
   content	
   observed	
   in	
   our	
   simulation	
   is	
   in	
   good	
  

agreement	
  with	
  the	
  CD	
  data	
  by	
  Stupp	
  and	
  co-­‐workers,	
  who	
  showed	
  the	
  β-­‐sheet	
  population	
  

of	
  IKVAV-­‐bearing	
  PAs	
  to	
  be	
  25	
  ±	
  20%.4	
  The	
  electrostatic	
  repulsion	
  strength	
  at	
  the	
  micelle-­‐

to-­‐fiber	
  transition	
  for	
  PA1	
  is	
   lower	
  than	
  but	
  consistent	
  with	
  that	
  for	
  the	
  palmitoyl-­‐V3A3E3	
  

molecules	
  (εES/εHB	
  ≤	
  300–400%)	
  from	
  our	
  previous	
  work,15	
   likely	
  due	
  to	
  the	
  fact	
  that	
  the	
  

latter	
   sequence	
   has	
   one	
   fewer	
   charged	
   residue	
   and	
   two	
   extra	
   hydrophobic	
   residues	
   as	
  

compared	
  to	
  PA1.	
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Figure	
  3.2.	
  A.	
  β-­‐sheet	
  content	
  at	
  varying	
  strength	
  of	
  electrostatic	
  repulsion	
  in	
  the	
  CG	
  simulation.	
  B.	
  Snapshot	
  
of	
  a	
  typical	
  β-­‐sheet	
  in	
  the	
  CG	
  simulation.	
  

	
  

3.4.4	
  	
   Establishing	
  a	
  Tetrameric	
  β-­‐Sheet	
  Model	
  for	
  the	
  All-­‐Atom	
  
CpHMD	
  Simulations	
  

	
  
The	
  coarse-­‐grained	
  simulations	
  have	
  established	
  the	
  pH-­‐induced	
  β-­‐sheet	
  formation	
  

as	
  the	
  hallmark	
  and	
  driving	
  force	
  for	
  the	
  creation	
  of	
  nanofibers.	
  To	
  understand	
  the	
  details	
  

of	
   the	
   pH-­‐dependent	
   transition	
   between	
   the	
   random	
   coil	
   (as	
   present	
   in	
  micelle)	
   and	
   β-­‐

sheet	
  (nanofiber),	
  we	
  employed	
  the	
  all-­‐atom	
  continuous	
  constant	
  pH	
  molecular	
  dynamics	
  

(CpHMD)	
  simulations	
  with	
  the	
  pH	
  replica-­‐exchange	
  sampling	
  protocol.	
  To	
  make	
  the	
  study	
  

amenable	
   to	
   the	
   current	
   computational	
   capability,	
   we	
   focused	
   on	
   the	
   pH-­‐dependent	
  

stability	
   of	
   a	
   minimal	
   β-­‐sheet	
   model	
   comprising	
   four	
   PA1	
   peptides	
   (NH2-­‐IAAAEEEE-­‐CO-­‐

NH2),	
  consistent	
  with	
  the	
  observed	
  sheet	
  size	
  in	
  the	
  CG	
  simulation	
  (Figure	
  3.2).	
  The	
  alkyl	
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tails	
  were	
  omitted	
  as	
  they	
  do	
  not	
  contain	
   ionizable	
  residues	
  and	
  as	
  such	
  do	
  not	
   influence	
  

the	
   pH	
   dependence.	
   The	
   tetramer	
   was	
   prebuilt	
   with	
   four	
   parallel	
   β-­‐strands,	
   and	
   all	
   Glu	
  

were	
  protonated	
  to	
  represent	
  the	
  least	
  electrostatic	
  repulsion,	
  which	
  is	
  the	
  most	
  favorable	
  

condition	
   for	
   the	
   formation	
   of	
   the	
   β-­‐sheet	
   based	
   nanofiber.	
   The	
   tetramer	
   was	
   then	
  

subjected	
  to	
  the	
  standard	
  all-­‐atom	
  MD	
  simulations	
  with	
  fixed	
  protonation	
  states	
  to	
  verify	
  

stability	
   and	
   establish	
   the	
   starting	
   structure	
   as	
   well	
   as	
   control	
   for	
   the	
   subsequent	
   pH-­‐

dependent	
   simulations.	
   Indeed,	
  within	
   100	
   ns,	
   the	
   PA1	
   tetramer	
   remained	
   stable	
  with	
   a	
  

well-­‐defined	
   β-­‐sheet	
   along	
   the	
   Glu	
   sequences.	
   A	
   snapshot	
   for	
   the	
   tetramer	
   is	
   shown	
   in	
  

Figure	
  3.3.	
  

	
  

	
  

Figure	
  3.3.	
  Snapshot	
  of	
  the	
  PA1	
  tetramer	
  obtained	
  from	
  the	
  100	
  ns	
  standard	
  MD	
  simulation	
  with	
  all	
  Glu	
  side	
  
chains	
   fully	
   protonated.	
   Two	
   views	
   (related	
   by	
   a	
   180°	
   rotation)	
   are	
   presented.	
   The	
   Glu	
   side	
   chains	
   are	
  
highlighted	
  in	
  blue	
  stick	
  representation.	
  The	
  shade	
  of	
  blue	
  (white	
  to	
  blue)	
  corresponds	
  to	
  the	
  pKa	
  value	
  (0	
  to	
  
8).	
  The	
  pKa	
  values	
  are	
  extracted	
  from	
  an	
  explicit-­‐solvent	
  CpHMD	
  simulation	
  (see	
  Figure	
  3.5).	
  

	
  

3.4.5	
  	
   Tetrameric	
  β-­‐Sheet	
  that	
  Undergoes	
  a	
  pH-­‐Dependent	
  
Unfolding	
  Transition	
  

	
  
We	
   next	
   performed	
   the	
   all-­‐atom	
   replica-­‐exchange	
   (REX)	
   CpHMD	
   simulations16	
   on	
  

the	
  PA1	
  tetramer	
  starting	
  from	
  the	
  structures	
  extracted	
  from	
  the	
  aforementioned	
  standard	
  

MD	
  simulations.	
  Two	
  independent	
  runs	
  of	
  REX	
  CpHMD	
  simulations	
  were	
  performed.	
  Each	
  

run	
  of	
   simulations	
   included	
  pH	
  replicas	
   in	
   the	
  pH	
  range	
  3–10.	
  Simulation	
  of	
  each	
   replica	
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lasted	
   12	
   ns	
   per	
   replica.	
   More	
   details	
   are	
   given	
   in	
   Simulation	
   Methods.	
   The	
   discussion	
  

below	
  will	
  focus	
  on	
  simulation	
  run	
  1.	
  Figure	
  3.4a	
  shows	
  the	
  residue-­‐based	
  β-­‐sheet	
  content.	
  

At	
  pH	
  3,	
  the	
  β-­‐sheet	
  is	
  most	
  stable	
  and	
  spans	
  residues	
  2–7	
  (AAAEEE)	
  in	
  the	
  monomer.	
  As	
  

pH	
  is	
  increased	
  to	
  6.5,	
  the	
  β-­‐sheet	
  is	
  shortened	
  to	
  residues	
  4–6	
  (AEEE).	
  As	
  pH	
  is	
  increased	
  

further	
   to	
   8,	
   the	
   β	
   content	
   reduces	
   to	
   below	
   20%	
   in	
   those	
   regions,	
   indicating	
   that	
   the	
  

tetramer	
  is	
  nearly	
  unfolded.	
  It	
  is	
  worthwhile	
  to	
  notice	
  that	
  the	
  β-­‐sheet	
  is	
  less	
  stable	
  in	
  the	
  

two	
  edge	
  monomers	
  as	
  compared	
  to	
  the	
  central	
  ones,	
  as	
  a	
  result	
  of	
  solvent	
  exposure.	
  

	
  

	
  

Figure	
  3.4.	
  pH-­‐dependent	
  β-­‐sheet	
  content	
  of	
  the	
  PA1	
  tetramer.	
  (a)	
  Residue-­‐based	
  β-­‐sheet	
  content	
  calculated	
  
as	
   the	
   percentage	
   residence	
   time	
   of	
   a	
   residue	
   in	
   the	
   β-­‐sheet	
   conformation	
   (assigned	
   using	
   the	
   DSSP	
  
algorithm37).	
  Blue,	
  green,	
  and	
  red	
  represent	
  pH	
  3,	
  6.5,	
  and	
  8,	
  respectively.	
  The	
  four	
  monomers	
  correspond	
  to	
  
residues	
   1–8,	
   9–16,	
   17–24,	
   and	
   25–32,	
   respectively.	
   (b)	
   Total	
   number	
   of	
   backbone	
   hydrogen	
   bonds	
   as	
   a	
  
function	
  of	
  pH.	
  Data	
  points	
  are	
  the	
  averages	
  while	
  the	
  error	
  bars	
  represent	
  the	
  standard	
  deviation.	
  Data	
  from	
  
the	
  last	
  2	
  ns	
  of	
  the	
  all-­‐atom	
  CpHMD	
  simulation	
  run	
  2	
  were	
  used.	
  

	
  
To	
  quantitatively	
  characterize	
  the	
  pH-­‐dependent	
  unfolding	
  transition,	
  we	
  calculated	
  

the	
  total	
  number	
  of	
  backbone	
  hydrogen	
  bonds	
  for	
  each	
  snapshot	
  (Figure	
  3.4b).	
  At	
  low	
  pH	
  

conditions,	
  pH	
  3–6,	
  there	
  are	
  on	
  average	
  11	
  backbone	
  hydrogen	
  bonds,	
  corresponding	
  to	
  a	
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β-­‐sheet	
  content	
  of	
  26%,	
  in	
  good	
  agreement	
  with	
  the	
  coarse-­‐grained	
  data	
  (35%,	
  see	
  Figure	
  

3.2).	
  At	
  high	
  pH	
  conditions,	
  pH	
  7.5–11,	
   the	
  average	
  number	
  of	
  hydrogen	
  bonds	
   is	
  4.5,	
   in	
  

agreement	
  with	
  the	
  β-­‐content	
  found	
  for	
  individual	
  residues	
  (Figure	
  3.4a).	
  Interestingly,	
  a	
  

sharp	
   drop	
   in	
   the	
   number	
   of	
   hydrogen	
   bonds	
   occurs	
   in	
   a	
   narrow	
   pH	
   range	
   of	
   6–7,	
  

indicating	
  that	
  the	
  β-­‐sheet	
  starts	
  to	
  unfold	
  at	
  pH	
  6	
  and	
  the	
  unfolding	
  is	
  complete	
  at	
  pH	
  7.	
  

The	
  latter	
  is	
  in	
  a	
  quantitative	
  agreement	
  with	
  the	
  CD	
  data,	
  indicating	
  that	
  at	
  10	
  μM	
  the	
  PA1	
  

molecules	
  undergo	
  a	
  random-­‐coil	
  to	
  β-­‐sheet	
  transition	
  in	
  the	
  pH	
  range	
  pH	
  6.8–6.0	
  with	
  an	
  

estimated	
   transition	
   pH	
   of	
   6.6.6	
   To	
   verify	
   convergence,	
   a	
   second	
   set	
   of	
   replica-­‐exchange	
  

CpHMD	
  simulations	
  was	
  performed	
   starting	
   from	
  a	
  different	
   velocity	
   seed.	
  The	
   resulting	
  

transition	
  pH	
  region	
  remains	
  the	
  same.	
  

3.4.6	
  	
   pKa	
  Values	
  for	
  the	
  Glu’s	
  in	
  the	
  Central	
  Strands	
  Determine	
  the	
  
Transition	
  pH	
  

	
  
To	
   further	
   understand	
   the	
   pH-­‐dependent	
   β-­‐sheet	
   formation,	
   we	
   examine	
   the	
  

calculated	
  pKa	
  values	
  of	
  individual	
  Glu	
  side	
  chains	
  in	
  the	
  PA1	
  tetramer	
  and	
  their	
  degree	
  of	
  

ionization	
   (also	
   known	
   as	
   unprotonated	
   fractions)	
   at	
   different	
   pH	
   values.	
   The	
   individual	
  

pKa’s	
  range	
  from	
  4.2	
  to	
  6.6	
  with	
  most	
  of	
  them	
  shifted	
  up	
  from	
  the	
  model	
  value	
  of	
  4.4,	
  giving	
  

an	
  average	
  pKa	
  of	
  5.4	
  (Figure	
  3.5a),	
  which	
  is	
  0.7	
  units	
  higher	
  than	
  the	
  measured	
  average	
  

pKa	
   of	
   the	
   PA1	
   solution	
   based	
   on	
   acid-­‐based	
   titration.6	
   We	
   note	
   the	
   second	
   set	
   of	
  

simulations	
   gave	
   an	
   average	
   pKa	
   of	
   5.2.	
   The	
   pKa	
   up-­‐shifts	
   are	
   due	
   to	
   the	
   intermolecular	
  

electrostatic	
  repulsion	
  between	
  the	
  ionized	
  Glu’s	
  on	
  the	
  adjacent	
  β-­‐strands.	
  The	
  pKa	
  shifts	
  

are	
   more	
   pronounced	
   for	
   Glu’s	
   in	
   the	
   central	
   strands	
   (residues	
   13–16	
   and	
   21–24)	
   as	
  

compared	
  to	
  those	
  in	
  the	
  edge	
  strands	
  (residues	
  5–8	
  and	
  29–32),	
  because	
  the	
  central	
  Glu’s	
  

are	
   shielded	
   from	
   solvent,	
   as	
   evident	
   from	
   the	
   significantly	
   smaller	
   solvent	
   accessible	
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surface	
  area	
  of	
  the	
  carboxylic	
  groups	
  in	
  the	
  protonated	
  form	
  as	
  compared	
  to	
  those	
  of	
  the	
  

edge	
  residues	
  (data	
  not	
  shown).	
  Thus,	
  the	
  wide	
  spread	
  in	
  the	
  individual	
  pKa’s	
  is	
  a	
  result	
  of	
  

different	
   local	
   environment	
  of	
  Glu	
   side	
   chains,	
  which	
   can	
  be	
   visualized	
  by	
  projecting	
   the	
  

pKa	
  values	
  onto	
  the	
  initial	
  structure	
  of	
  the	
  PA1	
  tetramer	
  (Figure	
  3.3).	
   It	
  can	
  be	
  seen	
  that	
  

the	
   lowest	
  pKa	
   values	
   are	
   from	
   those	
  Glu	
   side	
   chains	
   in	
   the	
  edge	
   strands	
  pointing	
  out	
   to	
  

solvent,	
  while	
   the	
  highest	
  pKa’s	
  are	
   from	
  those	
  Glu	
  side	
  chains	
   in	
   the	
   two	
  central	
  strands	
  

that	
  are	
   in	
  a	
  confined	
  configuration	
  (Figure	
  3.3).	
   Interestingly,	
   the	
  Glu	
  side	
  chains	
   in	
   the	
  

edge	
  strands,	
  which	
  have	
  a	
  relatively	
  higher	
  pKa	
  value	
  (see	
  n	
  =	
  7	
  and	
  31),	
  point	
  inside	
  the	
  

tetramer	
  and	
  interact	
  with	
  the	
  Glu’s	
  in	
  the	
  central	
  strands	
  (Figure	
  3.3).	
  

	
  

	
  

Figure	
  3.5.	
  Titration	
  of	
  Glu	
  residues	
  in	
  the	
  PA1	
  tetrameric	
  β-­‐sheet.	
  (a)	
  Calculated	
  pKa	
  values	
  of	
  the	
  individual	
  
Glu	
  side	
  chains.	
  The	
  black	
  dashed	
  line	
  indicates	
  an	
  average	
  pKa	
  of	
  5.4.	
  (b)	
  The	
  unprotonated	
  fraction	
  averaged	
  
over	
  all	
  the	
  Glu’s	
  of	
  the	
  PA1	
  tetramer	
  as	
  a	
  function	
  of	
  pH.	
  The	
  curve	
  represents	
  the	
  fitting	
  to	
  the	
  generalized	
  
Henderson–Hasselbalch	
  equation.	
  The	
  obtained	
  bulk	
  pKa	
   is	
  5.4	
  with	
  a	
  Hill	
   coefficient	
  of	
  0.6.	
  The	
  error	
  bars	
  
correspond	
  to	
  the	
  standard	
  deviation	
  among	
  the	
  unprotonated	
  fractions	
  of	
  all	
  the	
  Glu’s.	
  

	
  
Structure	
  analysis	
  revealed	
  that,	
  at	
  low	
  pH	
  conditions,	
  the	
  carboxylic	
  groups	
  of	
  the	
  

Glu’s	
  in	
  the	
  central	
  β-­‐strands	
  form	
  hydrogen	
  bonds,	
  which	
  disappear	
  at	
  high	
  pH	
  conditions	
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(data	
   not	
   shown).	
   These	
   hydrogen	
   bonds	
   stabilize	
   the	
   β-­‐sheet	
   as	
  well	
   as	
   the	
   protonated	
  

state.	
   Thus,	
   in	
   addition	
   to	
   intermolecular	
   charge–charge	
   repulsion,	
   hydrogen	
   bonding	
   is	
  

another	
   contributor	
   to	
   the	
   pKa	
   upshift	
   for	
   the	
   central	
   Glu’s.	
   Interestingly,	
   intermolecular	
  

hydrogen	
  bonding	
  between	
  carboxylic	
  side	
  chains	
  and	
  the	
  effect	
  on	
  the	
  pKa	
  shift	
  have	
  also	
  

been	
  suggested	
  for	
  fatty	
  acids	
  in	
  the	
  premicellar	
  aggregates	
  based	
  on	
  experimental	
  data38	
  

and	
  recently	
  confirmed	
  by	
  simulation.39	
  

Related	
  to	
  the	
  large	
  variation	
  in	
  the	
  pKa’s	
  is	
  the	
  varying	
  degree	
  of	
  ionization	
  of	
  the	
  

individual	
  Glu’s	
  at	
  a	
  specific	
  pH	
  (Figure	
  3.5b).	
  The	
  variation	
  is	
  particularly	
  large	
  in	
  the	
  pH	
  

region	
   where	
   the	
   unfolding	
   of	
   the	
   β-­‐sheet	
   occurs.	
   For	
   example,	
   at	
   pH	
   6,	
   the	
   degree	
   of	
  

ionization	
   for	
   individual	
  Glu’s	
   can	
  be	
   as	
   low	
  as	
  30%	
  and	
  as	
  high	
   as	
  100%	
   (error	
  bars	
   in	
  

Figure	
  3.5b).	
  Similar	
  effects	
  of	
  interpeptide	
  electrostatic	
  repulsion	
  leading	
  to	
  a	
  wide	
  range	
  

of	
   pKa	
   values	
   have	
   been	
   suggested	
   for	
   the	
   β-­‐sheet	
   self-­‐assembly	
   of	
   small	
   peptides	
  

containing	
  Glu	
  and	
  Arg	
  residues.40	
  It	
  is	
  reasonable	
  to	
  hypothesize	
  that	
  the	
  tetramer	
  β-­‐sheet	
  

unfolds	
   when	
   all	
   the	
   Glu	
   side	
   chains	
   become	
   ionized.	
   Indeed,	
   above	
   pH	
   7,	
   when	
   the	
  

unfolding	
  transition	
  is	
  complete	
  (Figure	
  3.4),	
  the	
  Glu’s	
  are	
  at	
  least	
  95%	
  ionized	
  including	
  

those	
  in	
  the	
  two	
  central	
  strands	
  (Figure	
  3.5b).	
  By	
  contrast,	
  at	
  pH	
  6,	
  when	
  the	
  β-­‐sheet	
  starts	
  

to	
  unfold,	
  the	
  Glu’s	
  in	
  the	
  two	
  edge	
  strands	
  are	
  completed	
  ionized,	
  while	
  those	
  in	
  the	
  two	
  

central	
  strands	
  become	
  ionized	
  by	
  at	
  least	
  30%.	
  The	
  average	
  ionization	
  is	
  about	
  65%.	
  Thus,	
  

these	
  data	
  suggest	
  that,	
  to	
  completely	
  unfold	
  the	
  β-­‐sheet,	
  all	
  Glu’s	
  need	
  to	
  be	
  ionized.	
  Since	
  

Glu’s	
  of	
  the	
  central	
  strands	
  ionize	
  at	
  much	
  higher	
  pH	
  than	
  those	
  of	
  the	
  edge	
  strands,	
  their	
  

pKa’s	
   determine	
   the	
   transition	
   pH.	
   The	
   average	
   degree	
   of	
   ionization	
   (unprotonated	
  

fraction)	
   over	
   all	
   the	
   Glu’s	
   as	
   a	
   function	
   of	
   pH	
   can	
   be	
   fit	
   to	
   the	
   Hill	
   equation,	
   giving	
   an	
  

average	
  or	
  bulk	
  pKa	
  of	
  5.4	
  (Figure	
  3.5b),	
  in	
  agreement	
  with	
  the	
  one	
  obtained	
  by	
  averaging	
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the	
  individual	
  pKa’s	
  (Figure	
  3.5a).	
  The	
  Hill	
  coefficient	
  is	
  0.6	
  (Figure	
  3.5b),	
  indicating	
  a	
  high	
  

degree	
   of	
   anticooperativity	
   due	
   to	
   electrostatic	
   repulsion	
   between	
   the	
   charged	
   Glu	
   side	
  

chains.	
  

3.5	
  	
   	
   Conclusions	
  
	
  

In	
   this	
   study	
   we	
   employed	
   the	
   state-­‐of-­‐the-­‐art	
   coarse-­‐grained	
   (CG)	
   and	
   all-­‐atom	
  

molecular	
  dynamics	
  simulations	
  to	
  elucidate	
  the	
  kinetic	
  and	
  thermodynamic	
  mechanisms	
  

of	
  the	
  pH-­‐dependent	
  self-­‐assembly	
  of	
  PA1	
  molecules.	
  The	
  CG	
  simulations	
  revealed	
  that	
  the	
  

PA1	
  molecules	
   initially	
   aggregate	
   to	
   form	
  multiple	
   spherical	
  micelles	
  with	
   the	
   palmitoyl	
  

tails	
  buried	
  in	
  the	
  micellar	
  core	
  and	
  the	
  PA1	
  peptides	
  in	
  the	
  random-­‐coil	
  state	
  exposed	
  to	
  

solvent.	
   When	
   the	
   electrostatic	
   repulsion	
   between	
   the	
   peptide	
   segments	
   is	
   weak,	
  

corresponding	
   to	
   the	
   low	
   pH	
   conditions	
   when	
   the	
   Glu	
   side	
   chains	
   are	
   (mainly)	
   neutral,	
  

interpeptide	
   hydrogen	
   bonds	
   begin	
   to	
   form,	
   which	
   perturbs	
   the	
   spherical	
   shape	
   of	
   the	
  

micelle,	
   leading	
   to	
   the	
  exposure	
  of	
  hydrophobic	
   regions.	
  The	
   latter	
  drives	
   the	
  micelles	
   to	
  

merge,	
   ultimately	
   leading	
   to	
   the	
   formation	
  of	
   one	
   continuous	
   rod-­‐shaped	
  nanofiber	
  with	
  

the	
   PA1	
   peptides	
   aligned	
   in	
   a	
   β-­‐sheet	
   configuration.	
   The	
   kinetic	
   pathway	
   to	
   nanofiber	
  

driven	
  by	
  the	
  β-­‐sheet	
  formation	
  is	
  in	
  agreement	
  with	
  existing	
  experimental	
  work.2,4,6	
  

To	
   investigate	
   the	
  pH-­‐dependent	
   thermodynamic	
  aspect,	
  conformational	
  dynamics	
  

of	
  a	
  PA1	
  tetrameric	
  β-­‐sheet	
  model	
  was	
  studied	
  using	
  the	
  all-­‐atom	
  CpHMD	
  simulations.	
  On	
  

the	
  basis	
  of	
  the	
  number	
  of	
  backbone	
  hydrogen	
  bonds,	
  the	
  unfolding	
  of	
  the	
  β-­‐sheet	
  occurs	
  

between	
   pH	
   6	
   and	
   pH	
   7	
   with	
   the	
   transition	
  midpoint	
   at	
   about	
   pH	
   6.5.	
   Remarkably,	
   the	
  

individual	
  pKa’s	
  of	
  the	
  Glu’s	
  in	
  the	
  tetramer	
  vary	
  widely,	
  and	
  the	
  calculated	
  average	
  or	
  bulk	
  

pKa	
  is	
  5.3	
  (5.4	
  and	
  5.2	
  in	
  two	
  independent	
  runs).	
  The	
  Glu’s	
  of	
  the	
  edge	
  strands	
  are	
  generally	
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solvent	
  exposed	
  and	
  have	
  pKa’s	
  close	
  to	
  the	
  model	
  value	
  of	
  4.4.	
  By	
  contrast,	
  the	
  Glu’s	
  of	
  the	
  

central	
  strands,	
  especially	
  those	
  three	
  next	
  to	
  Ala,	
  are	
  shielded	
  from	
  solvent	
  and	
  have	
  pKa’s	
  

that	
  are	
  shifted	
  to	
  6–6.6.	
  Together,	
  these	
  data	
  suggest	
  that	
  ionization	
  of	
  the	
  three	
  Glu’s	
  next	
  

to	
  Ala	
  in	
  the	
  central	
  peptides	
  induces	
  unfolding	
  of	
  the	
  β-­‐sheet.	
  Their	
  pKa’s	
  determine	
  the	
  pH	
  

condition	
  for	
  the	
  transition	
  from	
  nanofiber	
  to	
  micelle.	
  The	
  cooperative	
  unfolding	
  transition	
  

of	
   PA1	
   β-­‐sheet	
   is	
   reminiscent	
   of	
   the	
   pH-­‐dependent	
   phase	
   behavior	
   of	
   self-­‐assembling	
  

peptides	
   containing	
   Glu’s,	
   for	
   which	
   the	
   ionization	
   of	
   single	
   Glu	
   was	
   suggested	
   to	
   be	
  

responsible.40	
  

Finally,	
   we	
   remark	
   on	
   the	
   caveats	
   of	
   the	
   simulations.	
   In	
   the	
   coarse-­‐grained	
  

simulations,	
   the	
  PA	
  concentration	
  (85	
  mM)	
  was	
  more	
   than	
  3	
  orders	
  of	
  magnitude	
  higher	
  

than	
  the	
  experimental	
  condition	
  (10	
  μM).	
  Therefore,	
  alternative	
  kinetic	
  pathways	
  such	
  as	
  

the	
  direct	
  formation	
  of	
  nanofiber	
  from	
  single	
  PA	
  molecules	
  can	
  not	
  be	
  studied	
  as	
  it	
  would	
  

require	
  orders	
  of	
  magnitude	
  longer	
  simulation	
  time	
  which	
  is	
  currently	
  not	
  feasible.	
  In	
  the	
  

all-­‐atom	
  simulations,	
  since	
  only	
  counterions	
  and	
  no	
  additional	
  salt	
  ions	
  were	
  included	
  (to	
  

avoid	
   the	
   potential	
   convergence	
   problem	
   due	
   to	
   limited	
   sampling	
   of	
   ions),	
   the	
   ionic	
  

strength	
  was	
   lower	
   than	
   that	
   in	
   experiment	
   (150	
  mM).6	
  We	
   suggest	
   that	
   this	
   is	
   a	
  major	
  

cause	
  for	
  the	
  calculated	
  average	
  pKa	
  to	
  be	
  about	
  0.6	
  units	
  higher	
  than	
  the	
  measured	
  value,	
  

as	
   lower	
   ionic	
   strength	
   leads	
   to	
   the	
   overestimation	
   of	
   electrostatic	
   repulsion	
   which	
  

increases	
  the	
  pKa’s.	
  Another	
  limitation	
  of	
  the	
  all-­‐atom	
  simulation	
  is	
  that	
  the	
  concentration	
  

effect	
  is	
  not	
  accounted	
  for	
  due	
  to	
  the	
  nature	
  of	
  the	
  unfolding	
  simulation.	
  However,	
  despite	
  

these	
   limitations,	
   the	
  data	
   show	
   that	
   the	
   combined	
   coarse-­‐grained	
  and	
  all-­‐atom	
  constant	
  

pH	
   molecular	
   dynamics	
   simulations	
   present	
   an	
   attractive	
   strategy	
   that	
   may	
   be	
   used	
   to	
  

guide	
  the	
  design	
  and	
  discovery	
  of	
  pH-­‐responsive	
  nanomaterials.	
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CHAPTER	
  4	
  	
   The	
  Role	
  of	
  Hydrophobicity	
  on	
  Self-­‐Assembly	
  by	
  
Peptide	
  Amphiphiles	
  via	
  Molecular	
  Dynamics	
  
Simulations	
  

	
  

4.1	
  	
   	
   Abstract	
  
	
  

Using	
  a	
  novel	
  coarse-­‐grained	
  model,	
  large-­‐scale	
  molecular	
  dynamics	
  simulations	
  are	
  

performed	
   to	
   examine	
   self-­‐assembly	
   of	
   800	
   peptide	
   amphiphiles	
   (sequence:	
   palmitoyl-­‐

V3A3E3).	
   	
   Under	
   suitable	
   physiological	
   conditions,	
   these	
  molecules	
   readily	
   assemble	
   into	
  

nanofibers	
   leading	
   to	
  hydrogel	
   construction	
  as	
  observed	
   in	
  experiments.	
  Our	
  simulations	
  

capture	
   this	
   spontaneous	
   self-­‐assembly	
   process,	
   including	
   the	
   formation	
   of	
   secondary	
  

structure,	
   to	
   identify	
   morphological	
   transitions	
   of	
   distinctive	
   nanostructures.	
   	
   As	
   the	
  

hydrophobic	
   interaction	
   strength	
   is	
   increased,	
   progression	
   from	
   open	
   networks	
   of	
  

secondary	
  structures	
  towards	
  closed	
  cylindrical	
  nanostructures	
  containing	
  either	
  β-­‐sheets	
  

or	
  random	
  coils	
  are	
  observed.	
  Moreover,	
   temperature	
  effects	
  are	
  also	
  determined	
  to	
  play	
  

an	
   important	
   role	
   in	
   regulating	
   the	
   formation	
   of	
   secondary	
   structures	
   within	
   those	
  

nanostructures.	
  These	
  understandings	
  of	
  the	
  molecular	
  interactions	
  involved	
  and	
  the	
  role	
  

of	
  environmental	
  factors	
  on	
  hydrogel	
  formation	
  provide	
  useful	
  insight	
  for	
  the	
  development	
  

of	
  innovative	
  smart	
  biomaterials	
  for	
  biomedical	
  applications.	
  

4.2	
  	
   	
   Introduction	
  
	
  

Macromolecular	
   self-­‐assembly	
   of	
   amphiphilic	
   peptide-­‐based	
   polymers	
   have	
   been	
  

shown	
   to	
   form	
   well-­‐defined	
   supramolecular	
   architectures	
   that	
   can	
   be	
   exploited	
   for	
   the	
  

fabrication	
  of	
  nanomaterials	
  with	
   tunable	
   chemical	
   and	
  physical	
  properties,1,2	
   prompting	
  

recent	
   advancement	
   in	
   diverse	
   fields	
   such	
   as	
   drug	
   delivery,	
   tissue	
   engineering,	
   medical	
  

imaging	
  and	
  regenerative	
  medicine.3-­‐5	
  Peptide	
  amphiphiles	
  (PA)	
  belong	
  to	
  a	
  subset	
  of	
  these	
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amphiphilic	
  peptide-­‐based	
  polymers	
  that	
  spontaneously	
  assemble	
  into	
  stimuli-­‐responsive	
  

hydrogels,	
   which	
   can	
   mimic	
   the	
   natural	
   extracellular	
   three-­‐dimensional	
   matrix	
  

environment	
   with	
   minimal	
   immunogenic	
   responses	
   for	
   therapeutic	
   applications.6,7	
   The	
  

structural	
   design	
   of	
   PAs	
   parallels	
   prior	
   established	
   peptide-­‐based	
   systems8	
   through	
  

integration	
   of	
   an	
   alkyl	
   tail	
   that	
   provides	
   added	
   mechanical	
   control	
   while	
   retaining	
   a	
  

polypeptide	
   chain	
  with	
   desirable	
   bioactive	
   properties	
   in	
   terms	
   of	
   pharmacokinetics	
   and	
  

degradability.5,9-­‐11	
   The	
   presence	
   of	
   hydrophilic	
   and	
   hydrophobic	
   regions	
   of	
   a	
   typical	
   PA	
  

molecule	
   provides	
   a	
   local	
   domain	
   by	
   which	
   weak,	
   non-­‐covalent	
   interactions	
   (e.g.	
  

electrostatic,	
  hydrophobic,	
  hydrogen	
  bonding,	
  and	
  van	
  der	
  Waals)5,8,12	
  facilitate	
  molecular	
  

self-­‐assembly	
   in	
   such	
   a	
   delicate	
  manner	
   that	
   the	
  balance	
  between	
   these	
   interactions	
   can	
  

largely	
  influence	
  the	
  morphology	
  of	
  the	
  resulting	
  nanostructures.13-­‐15	
  

Current	
   research	
   efforts	
   focus	
   on	
   elucidating	
   the	
   interrelationship	
   between	
   the	
  

microscopic	
   structural	
   properties	
   and	
  macroscopic	
  material	
   characteristics	
   to	
   aid	
   in	
   the	
  

development	
   of	
   a	
   versatile	
   system	
   that	
   exhibits	
   appropriate	
   and	
   suitable	
   functional,	
  

structural,	
  and	
  mechanical	
  properties.16,17	
  This	
  is	
  accomplished	
  by	
  changing	
  the	
  strength	
  of	
  

the	
  intermolecular	
  forces	
  and	
  controlling	
  the	
  ability	
  of	
  PA	
  molecules	
  to	
  form	
  hydrophobic	
  

interactions	
   in	
  addition	
  to	
  other	
  types	
  of	
   interactions.	
  The	
  effect	
  of	
  hydrophobicity	
  on	
  PA	
  

assembly	
  is	
  primarily	
  through	
  modification	
  of	
  the	
  alkyl	
  tail	
  and/or	
  peptide	
  sequence.10,18,19	
  

For	
   example,	
   truncating	
   or	
   shortening	
   the	
   alkyl	
   tail	
   deters	
   formation	
   of	
   a	
   nanofiber	
  

network	
  whereas	
  stabilized	
  ordered	
  structures	
  are	
  observed	
  at	
  an	
  optimal	
  moderate	
  alkyl	
  

tail	
   length	
  of	
  16	
  carbons.	
   In	
  addition,	
   the	
  role	
  of	
   the	
  hydrophobic	
  effect	
  has	
  been	
   further	
  

examined	
  with	
  amphiphilic	
  peptides	
  through	
  substitution	
  of	
  individual	
  amino	
  acids20,21.	
  On	
  

one	
   hand,	
   addition	
   of	
   a	
   few	
   hydrophobic	
   residues	
   can	
   significantly	
   affect	
   secondary	
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structure	
  formation	
  by	
  either	
  having	
  predominant	
  α-­‐helical	
  or	
  β-­‐sheet	
  elements	
  resulting	
  

in	
   different	
   supramolecular	
   properties	
   such	
   as	
   ordering	
   and	
   packing	
   of	
   the	
   aggregate	
  

assemblies20.	
  	
  On	
  the	
  other	
  hand,	
  by	
  interchanging	
  a	
  strong	
  hydrophobic	
  residue	
  with	
  a	
  less	
  

hydrophobic	
  residue,	
  intermolecular	
  hydrogen	
  bonding	
  becomes	
  more	
  favorable	
  extending	
  

the	
  different	
  types	
  of	
  nanostructures	
  to	
  include	
  nanotube	
  and	
  globular	
  micelle	
  in	
  addition	
  

to	
   nanofiber.21	
   	
   	
   Computationally,	
   the	
   effect	
   of	
   hydrophobicity	
   has	
   been	
   examined	
   by	
  

Velichko	
   et	
   al.	
   who	
   used	
   a	
   simplified	
   model	
   to	
   perform	
   Monte	
   Carlo	
   simulations14.	
  

However,	
   their	
   simplified	
   model	
   was	
   unable	
   to	
   capture	
   the	
   formation	
   of	
   a	
   variety	
   of	
  

secondary	
  structures,	
  electrostatic	
  interaction	
  and	
  peptide	
  specificity.	
  

Previously,	
   we	
   examined	
   the	
   role	
   of	
   electrostatic	
   interactions	
   on	
   self-­‐assembly	
  

behavior	
  of	
  a	
  model	
  PA	
  molecule,	
  palmitoyl-­‐V3A3E3	
  (comprised	
  of	
  a	
  hydrophobic	
  alkyl	
  16-­‐

mer	
  tail	
  that	
  is	
  covalently	
  conjugated	
  to	
  a	
  peptide	
  segment	
  of	
  valine,	
  alanine,	
  and	
  glutamic	
  

acids)19,22	
  using	
  our	
  coarse-­‐grained	
  (CG)	
  peptide-­‐polymer	
  model,	
  ePRIME.23	
  The	
  model	
   is	
  

an	
  extension	
  of	
   the	
  Protein	
   Intermediate	
  Resolution	
  Model	
   called	
  PRIME24	
  by	
  accounting	
  

for	
  all	
   twenty	
  natural	
  amino	
  acids.	
   It	
   captures	
   fundamental	
  biological	
   character	
   to	
  mimic	
  

realistic	
   molecular	
   interactions	
   based	
   on	
   amino	
   acids	
   and	
   polymers,	
   yet	
   is	
   simplified	
  

enough	
  for	
  the	
  simulation	
  of	
  large	
  systems	
  over	
  relatively	
  long	
  time	
  scales.	
  Such	
  large-­‐scale	
  

molecular	
   dynamics	
   simulations	
   are	
   capable	
   of	
   capturing	
   spontaneous	
   formation	
   of	
  

secondary	
   structures	
   during	
   the	
   self-­‐assembly	
   process	
   by	
   PA	
  molecules	
   starting	
   from	
   a	
  

random	
  configuration.	
  	
  

This	
   approach	
   is	
   in	
   contrast	
   to	
   the	
   MARTINI25	
   model	
   used	
   by	
   Lee	
   et	
   al.,	
   who	
  

performed	
   MD	
   simulations	
   on	
   a	
   similar	
   PA	
   system	
   in	
   which	
   the	
   amount	
   of	
   secondary	
  

structures	
   was	
   predetermined	
   in	
   advance	
   and	
   fixed	
   throughout	
   the	
   simulation.26	
   We	
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showed	
   that	
   as	
   the	
   strength	
   of	
   the	
   electrostatic	
   interaction	
   increases	
   between	
   charged	
  

residues,	
  a	
  morphological	
  transition	
  from	
  cylindrical	
  nanofibers	
  to	
  spherical	
  micelles	
  was	
  

observed	
   in	
   agreement	
   with	
   experimental	
   results	
   on	
   the	
   effects	
   of	
   pH	
   and	
   ionic	
  

concentrations.18,27,28	
  Moreover,	
  our	
  cylindrical	
  nanofiber	
  structures	
  share	
  high	
  fidelity	
  to	
  

the	
   proposed	
   structure	
   by	
   Stupp	
   and	
   coworkers9	
   based	
   on	
   cryo-­‐TEM	
   and	
   FTIR	
  

spectroscopy	
   data	
   and	
   the	
   atomistic	
   model	
   from	
   simulations	
   performed	
   by	
   Schatz	
   and	
  

coworkers.29	
  	
  

In	
   this	
   study,	
   we	
   investigate	
   the	
   role	
   of	
   hydrophobic	
   interactions	
   on	
   the	
   self-­‐

assembly	
  behavior	
  of	
  the	
  model	
  PA	
  molecules	
  by	
  systematically	
  modifying	
  the	
  strength,	
  εHP,	
  

of	
   the	
   hydrophobic	
   interactions	
   between	
   both	
   domains	
   of	
   the	
   model	
   PA	
   sequence.	
   The	
  

pairwise	
  strength,	
  εHP=R(ΔGi+ΔGj),	
   is	
  modulated	
  by	
  a	
  scale	
   factor,	
  R,	
  where	
  R	
  ranges	
   from	
  

1/8	
  to	
  1.3	
  and	
  ΔG	
  is	
  the	
  free	
  energy	
  of	
  transferring	
  each	
  amino	
  acid	
  or	
  chemical	
  group	
  from	
  

water	
   to	
   octanol.30,31	
   This	
   scale	
   factor,	
   R,	
   is	
   an	
   inclusive	
   parameter	
   that	
   is	
   analogous	
   to	
  

selecting	
  a	
  particular	
  polymer	
  type.	
  Using	
  the	
  alkyl	
  tail	
  as	
  a	
  reference	
  with	
  R=1/3,	
  a	
  higher	
  

value	
   of	
   R	
   corresponds	
   to	
   a	
   strongly	
   hydrophobic	
   polymeric	
   tail	
   (e.g.,	
   polystyrene)32	
  

whereas	
   a	
   lower	
   value	
   of	
   R	
   corresponds	
   to	
   a	
   more	
   hydrophilic	
   polymeric	
   tail	
   (e.g.,	
  

poly(ethylene	
  glycol)).33	
  In	
  addition,	
  the	
  hydrophobicity	
  scale	
  factor	
  R	
  can	
  be	
  considered	
  as	
  

a	
  degree	
  of	
   conjugation	
  corresponding	
   to	
   the	
   length	
  of	
   the	
  alkyl	
   tail.	
  Alternatively,	
   this	
  R	
  

parameter	
  can	
  be	
  interpreted	
  as	
  the	
  degree	
  of	
  hydrophobicity	
  between	
  the	
  polymeric	
  tail	
  

and	
   nonpolar	
   peptide	
   residues	
   that	
   is	
   governed	
   by	
   the	
   particular	
   solvent	
   choice.	
   In	
   this	
  

case,	
  high	
  values	
  of	
  R	
  correspond	
  to	
  polar	
  solvent	
  (or	
  by	
  adding	
  polar	
  cosolutes)	
  whereas	
  

low	
  values	
  of	
  R	
  are	
  associated	
  with	
  nonpolar	
  solvent	
  (or	
  by	
  adding	
  nonpolar	
  cosolutes).34	
  

By	
  performing	
  molecular	
  dynamics	
  simulations	
  at	
  different	
  values	
  of	
  R,	
  we	
  hope	
  to	
  provide	
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a	
  detailed	
  perspective	
  in	
  identifying	
  the	
  transition	
  points	
  between	
  changes	
  in	
  morphology	
  

of	
  self-­‐assembled	
  nanostructures	
  and	
  characterizing	
  additional	
  structures	
  that	
  may	
  not	
  be	
  

as	
  easily	
  isolated	
  in	
  experimental	
  work.	
  	
  

To	
  provide	
  a	
   frame	
  of	
   reference,	
   replica-­‐exchange	
   simulations	
  are	
   first	
  performed	
  

on	
   a	
   single	
   molecule	
   of	
   palmitoyl-­‐V3A3E3	
   using	
   ePRIME23	
   to	
   demonstrate	
   the	
   effect	
   of	
  

hydrophobicity	
   on	
   secondary	
   structure	
   formation.	
   A	
   comparison	
   is	
   then	
   made	
   with	
   the	
  

secondary	
  structures	
  observed	
  from	
  atomistic	
  simulations	
  using	
  the	
  CHARMM2735,36	
  force	
  

field	
  in	
  NAMD37	
  as	
  a	
  form	
  of	
  validation	
  for	
  our	
  coarse-­‐grained	
  model.	
  From	
  the	
  behaviors	
  

learned	
   in	
   single	
   molecule	
   simulations,	
   we	
   extend	
   our	
   study	
   to	
   a	
   large-­‐scale	
   system	
  

containing	
  800	
  PA	
  molecules	
  in	
  random	
  coil	
  conformations	
  as	
  the	
  initial	
  configuration	
  at	
  a	
  

PA	
   concentration	
   of	
   85	
   mM	
   for	
   molecular	
   dynamics	
   simulations.	
   Self-­‐assembled	
  

nanostructures	
   are	
   characterized	
   as	
   a	
   function	
   of	
   hydrophobic	
   interaction	
   strength	
   to	
  

identify	
   morphological	
   transitions.	
   Since	
   hydrophobicity	
   is	
   dependent	
   of	
   the	
  

temperature,38,39	
  the	
  effect	
  of	
  temperature	
  on	
  the	
  structural	
  aspect	
  of	
  the	
  assembly	
  is	
  also	
  

discussed	
   at	
   different	
   hydrophobic	
   interaction	
   strengths.	
   Modification	
   of	
   both	
   of	
   these	
  

variables	
   (i.e.,	
   hydrophobic	
   interaction	
   strength	
   and	
   temperature)	
   together	
   allows	
  

investigation	
   of	
   their	
   influence	
   on	
   the	
   formation	
   of	
   shape-­‐specific	
   nanostructures	
   and	
  

provides	
  a	
  customizable	
  platform	
  for	
  achieving	
  distinctive	
  nanoassemblies.	
  	
  	
  

4.3	
  	
   	
   Methods	
  
	
  

The	
  model	
  peptide	
  amphiphile	
  (PA)	
  sequence	
  is	
  palmitoyl-­‐Val3Ala3Glu3,	
  which	
  was	
  

chosen	
   based	
   on	
   previous	
   experimental	
   work	
   by	
   Pashuck	
   et	
   al.19	
   Each	
   PA	
   molecule	
   is	
  

represented	
  using	
  ePRIME23,	
   an	
  extension	
  of	
   	
   the	
  Protein	
   Intermediate	
  Resolution	
  Model	
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(PRIME),24	
  by	
  accounting	
  for	
  all	
  twenty	
  natural	
  amino	
  acids.	
  For	
  the	
  peptide	
  segment,	
  the	
  

backbone	
   atoms	
   (NH,	
  CαH,	
   and	
  CO)	
  of	
   each	
   amino	
  acid	
   residue	
   are	
   represented	
  by	
   three	
  

spheres.	
   The	
  model	
   for	
   the	
   side	
   chains	
   of	
   each	
   amino	
   acid	
   is	
   adopted	
   from	
   the	
   scheme	
  

originally	
   developed	
   by	
   Wallqvist	
   and	
   Ullner.40	
   In	
   this	
   case,	
   all	
   amino	
   acid	
   side	
   chains,	
  

except	
  glycine,	
  are	
  represented	
  with	
  at	
  least	
  one	
  sphere.	
  Short	
  side	
  chains	
  are	
  represented	
  

as	
  one	
   sphere	
  while	
   long	
   side	
   chains	
  are	
   represented	
  as	
   two	
  spheres.	
  The	
   size	
  of	
   a	
   side-­‐

chain	
  sphere	
  is	
  derived	
  from	
  the	
  solvent	
  accessible	
  area,	
  which	
  was	
  obtained	
  by	
  Eisenberg	
  

and	
   coworkers.30	
   For	
   the	
   polymeric	
   tail,	
   each	
  monomeric	
   group	
   is	
   represented	
   as	
   single	
  

sphere	
   whose	
   bond	
   distance	
   and	
   fluctuation	
   are	
   extracted	
   from	
   available	
   atomistic	
  

parameters.23	
  	
  

The	
  solvent	
  is	
  modeled	
  implicitly	
  by	
  factoring	
  its	
  effect	
  into	
  the	
  energy	
  function	
  as	
  a	
  

potential	
  of	
  mean	
  force	
  averaged	
  over	
  the	
  solvent	
  degrees	
  of	
  freedom.	
  In	
  other	
  words,	
  the	
  

effect	
  of	
  solvent	
   is	
  wholly	
   incorporated	
  into	
  the	
  effective	
  residue-­‐residue	
  potential	
   that	
   is	
  

based	
  on	
  the	
  hydrophobicity	
  of	
  each	
  side	
  chain.	
  	
  In	
  this	
  case,	
  the	
  potential	
  form	
  is	
  taken	
  to	
  

be	
   either	
   a	
   square-­‐well	
   potential,	
   which	
   approximates	
   an	
   attractive	
   Lennard-­‐Jones	
  

potential	
   for	
   purely	
   hydrophobic	
   side	
   chain	
   or	
   polymeric	
   group,	
   or	
   a	
   square-­‐shoulder	
  

potential,	
  which	
  approximates	
  a	
  repulsive	
   form	
  of	
   the	
  Lennard-­‐Jones	
  potential	
   for	
  purely	
  

hydrophilic	
  side	
  chain	
  or	
  polymeric	
  group.	
  The	
  interaction	
  strength	
  between	
  two	
  groups	
  is	
  

𝜀!" = 𝑅(∆𝐺! + ∆𝐺!)	
  where	
  ΔG	
  is	
  the	
  free	
  energy	
  of	
  transferring	
  each	
  group	
  from	
  water	
  to	
  

octanol30,31	
  and	
  R	
  is	
  a	
  measure	
  of	
  the	
  strength	
  of	
  the	
  hydrophobic	
  interaction	
  ranging	
  from	
  

1/8,	
   to	
   	
  1.3.	
   In	
  addition,	
  hydrogen	
  bonding	
  between	
  amide	
  hydrogen	
  atoms	
  and	
  carbonyl	
  

oxygen	
   atoms	
   is	
   represented	
   by	
   a	
   directionally	
   dependent	
   square-­‐well	
   attraction	
   of	
  

strength	
   εHB=12	
   kJ/mol	
   between	
   NH	
   and	
   CO	
   united	
   atoms.	
   Moreover,	
   electrostatic	
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interactions,	
  which	
  are	
  treated	
  at	
  the	
  level	
  of	
  Debye-­‐Huckel	
  theory,	
  are	
  implemented	
  using	
  

three-­‐step	
   square-­‐well	
   or	
   shoulder-­‐well	
   potentials	
  with	
   a	
   12	
  Å	
   cutoff.	
   	
   In	
   this	
   study,	
   the	
  

strength	
  of	
  an	
  electrostatic	
  repulsion	
  between	
  two	
  charges	
  on	
  the	
  glutamic	
  acids,	
  εES,	
  is	
  the	
  

same	
   as	
   that	
   of	
   the	
   hydrogen	
   bond,	
   εHB,	
   as	
   it	
   is	
   the	
   optimal	
   condition	
  where	
   cylindrical	
  

nanofibers	
  were	
  observed	
  in	
  our	
  previous	
  study.23	
  	
  

Simulations	
  are	
  performed	
  by	
  using	
   the	
  DMD	
  (discontinuous	
  molecular	
  dynamics)	
  

simulation	
   algorithm41,	
   a	
   variant	
   on	
   standard	
   molecular	
   dynamics	
   that	
   is	
   applicable	
   to	
  

systems	
   of	
   molecules	
   interacting	
   via	
   discontinuous	
   potentials,	
   e.g.,	
   hard-­‐sphere,	
   and	
  

square-­‐well	
   potentials.	
   Unlike	
   soft	
   potentials	
   such	
   as	
   the	
   Lennard-­‐Jones	
   potential,	
  

discontinuous	
   potentials	
   exert	
   forces	
   only	
   when	
   particles	
   collide,	
   enabling	
   the	
   exact	
   (as	
  

opposed	
   to	
   numerical)	
   solution	
   of	
   the	
   collision	
   dynamics.	
   DMD	
   simulations	
   proceed	
   by	
  

locating	
  the	
  next	
  collision,	
  advancing	
  the	
  system	
  to	
  that	
  collision,	
  and	
  then	
  calculating	
  the	
  

collision	
   dynamics.	
   Simulations	
   are	
   performed	
   in	
   the	
   canonical	
   ensemble	
   with	
   periodic	
  

boundary	
  conditions	
  imposed	
  to	
  eliminate	
  artifacts	
  due	
  to	
  box	
  walls.	
  Constant	
  temperature	
  

is	
  achieved	
  by	
  implementing	
  the	
  Andersen	
  thermostat	
  method42.	
  In	
  this	
  case,	
  all	
  beads	
  are	
  

subjected	
  to	
  random,	
  infrequent	
  collisions	
  with	
  ghost	
  particles	
  whose	
  velocities	
  are	
  chosen	
  

randomly	
   from	
   a	
   Maxwell	
   Boltzmann	
   distribution	
   centered	
   at	
   the	
   system	
   temperature.	
  

Simulation	
   temperature	
   is	
   expressed	
   in	
   terms	
   of	
   the	
   reduced	
   temperature,	
  T*	
   =	
   kBT/εHB,	
  

where	
  kB	
  is	
  Boltzmann's	
  constant,	
  and	
  T	
  is	
  the	
  temperature.	
  Reduced	
  time	
  is	
  defined	
  to	
  be	
  

t*=t/σ(kBT/m)1/2,	
   where	
   t	
   is	
   the	
   simulation	
   time,	
   and	
   σ	
   and	
   m	
   are	
   the	
   average	
   bead	
  

diameter	
  and	
  mass,	
  respectively.	
  

For	
  the	
  self-­‐assembly	
  simulations,	
  starting	
  from	
  a	
  random	
  coil	
  configuration,	
  800	
  PA	
  

molecules	
  were	
  placed	
  in	
  a	
  cubic	
  box	
  with	
  periodic	
  boundary	
  dimensions	
  of	
  250	
  Å	
  x	
  250	
  Å	
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x	
  250	
  Å.	
  The	
  system	
  containing	
  44,000	
  particles	
  at	
  a	
  PA	
  concentration	
  of	
  c	
  =	
  85	
  mm.	
  Each	
  

simulation	
   was	
   heated	
   at	
   high	
   temperature	
   (T*	
   =	
   5.0)	
   to	
   reach	
   an	
   un-­‐biased	
   initial	
  

configuration,	
  and	
  then	
  quickly	
  cooled	
  to	
  the	
  temperature	
  of	
  interest,	
  T*	
  =	
  0.08-­‐0.15,	
  for	
  a	
  

constant-­‐temperature	
   production	
   run	
   until	
   equilibration.	
   The	
   criteria	
   for	
   equilibrium	
   is	
  

that	
  each	
  simulation	
  was	
  conducted	
  for	
  a	
  long	
  period	
  of	
  time	
  until	
  the	
  ensemble	
  averages	
  of	
  

the	
   system's	
   total	
   potential	
   energy	
   varied	
   by	
   no	
  more	
   than	
   2.5%	
   during	
   the	
   last	
   three-­‐

quarters	
  of	
  each	
  simulation	
  run.	
  To	
  examine	
  the	
  effect	
  of	
  hydrophobicity	
  on	
  self-­‐assembly,	
  

each	
  simulation	
  was	
  conduct	
  at	
  a	
  hydrophobicity	
  scale	
  factor,	
  R,	
  ranging	
  from	
  1/8	
  to	
  1.3.	
  At	
  

each	
   condition	
   of	
   the	
   middle	
   range	
   of	
   temperature	
   and	
   hydrophobicity	
   strength,	
   10	
  

independent	
  simulations	
  were	
  conducted	
  because	
  of	
  the	
  stochastic	
  nature	
  of	
  self-­‐assembly.	
  

At	
   each	
   condition	
  of	
   the	
   extreme	
  ends	
  of	
   temperature	
   and	
  hydrophobicity	
   strength,	
   only	
  

three	
   independent	
   simulations	
   were	
   conducted	
   since	
   variability	
   in	
   the	
   data	
   is	
   relatively	
  

low.	
  Quantitative	
  results	
  in	
  this	
  paper	
  are	
  averages	
  of	
  the	
  last	
  10%	
  of	
  simulation	
  data	
  with	
  

error	
  bars	
  taken	
  from	
  the	
  standard	
  deviation.	
  	
  	
  

The	
   secondary	
   structures	
   are	
   defined	
   through	
   the	
   implementation	
   of	
   STRIDE43	
  

including:	
  α-­‐helix,	
  310-­‐helix,	
  π-­‐helix,	
  β-­‐strand/sheet	
  (extended	
  conformation),	
  turn,	
  bridge,	
  

isolated	
  bridge,	
  and	
  random	
  coil.	
   	
  However,	
  we	
  only	
  focus	
  on	
  α-­‐helix,	
  β-­‐strand/sheet,	
  and	
  

random	
  coil	
  that	
  also	
  contains	
  turn.	
  An	
  aggregate	
  is	
  defined	
  if	
  each	
  PA	
  molecule	
  in	
  a	
  cluster	
  

has	
   at	
   least	
   two	
   interpeptide	
   hydrogen	
   bonds	
   or	
   four	
   hydrophobic	
   interactions	
   with	
   a	
  

neighboring	
  PA	
  molecule	
  in	
  the	
  same	
  group.	
  	
  	
  

For	
  model	
  validation,	
  five	
  replica-­‐exchange	
  simulations	
  at	
  different	
  hydrophobicity	
  

scale	
  R	
  values	
  were	
  conducted	
  for	
  a	
  single	
  PA	
  chain.	
  Each	
  simulation	
  contains	
  16	
  replicas	
  

distributed	
   over	
   a	
   broad	
   interval	
   of	
   temperature	
   ranging	
   from	
   T*	
  =	
  0.07	
   to	
   T*	
   =	
   0.17.	
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Exchange	
  attempts	
  occur	
  every	
  t*	
  =	
  5.0	
  reduced	
  time	
  units.	
  This	
  corresponds	
  to	
  a	
  replica-­‐

exchange	
  attempt	
  after	
  ∼6,000,000	
  collisions	
  at	
  each	
  temperature.	
  Approximately	
  29,700	
  

replica-­‐exchange	
   attempts	
   are	
   made	
   before	
   equilibrium	
   is	
   reached.	
   The	
   criteria	
   for	
  

equilibrium	
   is	
   that	
   the	
   ensemble	
   average	
  of	
   the	
   system’s	
   total	
   potential	
   energy,	
  which	
   is	
  

collected	
  at	
  the	
  end	
  of	
  each	
  DMD	
  run,	
  should	
  vary	
  by	
  no	
  more	
  than	
  2.5%	
  during	
  the	
  second	
  

half	
  of	
  all	
  DMD	
  runs	
  at	
  each	
  temperature.	
  Once	
  equilibrium	
  is	
  reached,	
  the	
  data	
  collection	
  

phase	
  begins	
  in	
  which	
  3300	
  extra	
  replica-­‐exchange	
  attempts	
  are	
  made.	
  

All-­‐atom	
  replica-­‐exchange	
   simulation	
   is	
   also	
  performed	
  using	
  NAMD37	
   for	
  a	
   single	
  

PA	
   chain	
   to	
   serve	
   as	
   a	
   validation	
   of	
   our	
   coarse-­‐grained	
   model.	
   The	
   simulation	
   has	
   16	
  

replicas	
  over	
  a	
  wide	
  range	
  of	
   temperature	
   ranging	
   from	
  T	
  =	
  260K	
   to	
  T	
  =	
  550K	
  using	
   the	
  

CHARMM	
  27	
  forcefield35,36.	
  A	
  replica-­‐exchange	
  attempt	
  is	
  made	
  at	
  every	
  2000	
  steps,	
  which	
  

corresponds	
   to	
   4ps	
   for	
   each	
   temperature	
   and	
   an	
   approximate	
   30,000	
   replica-­‐exchange	
  

attempts	
  were	
  made.	
  	
  	
  

4.4	
  	
   	
   Results	
  and	
  Discussions	
  
	
  

4.4.1	
  	
   Increasing	
  the	
  strength	
  of	
  hydrophobic	
  interactions	
  between	
  
polymeric	
  tail	
  and	
  peptide	
  segment	
  hinders	
  secondary	
  
structure	
  formation	
  

	
  
Conformational	
  behavior	
  of	
  a	
  single	
  PA	
  molecule	
  is	
  observed	
  to	
  be	
  a	
  function	
  of	
  the	
  

hydrophobic	
   interaction	
   strength	
   by	
   performing	
   replica	
   exchange	
   molecular	
   dynamics	
  

(REMD)	
  simulations44	
  (consisting	
  of	
  16	
  replicas	
  distributed	
  over	
  a	
  range	
  of	
  temperature	
  T*	
  

=	
   0.07	
   –	
   0.17	
   in	
   reduced	
   values)	
   using	
   our	
   ePRIME	
  model.23	
   Representative	
   equilibrium	
  

conformations	
   from	
   the	
   lowest	
   temperature	
   at	
   5	
   different	
   hydrophobic	
   interaction	
  

strengths	
   (R)	
   are	
   shown	
   in	
   Figure	
   4.1A.	
   At	
   weak	
   hydrophobicity	
   (R=1/8),	
   the	
   peptide	
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segment	
   folds	
   into	
   α-­‐helical	
   conformations	
   while	
   the	
   polymeric	
   tail	
   is	
   positioned	
   away	
  

from	
  the	
  peptide	
  segment	
  as	
  indicated	
  by	
  few	
  number	
  of	
  hydrophobic	
  interactions	
  (Figure	
  

4.1B).	
  As	
  the	
  hydrophobic	
   interaction	
  strength	
  is	
   increased	
  to	
  R	
  =	
  1/2,	
  the	
  polymeric	
  tail	
  

bends	
   in	
   the	
  middle	
   to	
   form	
  hydrophobic	
   interactions	
  with	
  nonpolar	
   residues,	
   especially	
  

proximal	
  valines.	
  The	
  peptide	
  segment	
  is	
  seemingly	
  unperturbed	
  by	
  the	
  polymeric	
  tail	
  as	
  it	
  

remains	
   in	
   an	
   α-­‐helical	
   conformation.	
   However,	
   further	
   increase	
   of	
   the	
   hydrophobic	
  

interaction	
  strength	
  to	
  R	
  =	
  1.0	
  causes	
  both	
  the	
  peptide	
  segment	
  and	
  the	
  polymeric	
  tail	
   to	
  

collapse	
   into	
   a	
   condensed	
   structure	
   that	
   is	
  no	
   longer	
   resemblant	
  of	
   a	
  hierarchical	
   folded	
  

structure.	
  

Predominant	
   conformations	
   exhibited	
   by	
   single	
   PA	
   molecules	
   are	
   α-­‐helical	
   and	
  

random	
   coil	
   structures	
   as	
   a	
   function	
   of	
   the	
   temperature	
   as	
   shown	
   by	
   the	
   percentage	
   of	
  

secondary	
  structures	
   for	
  5	
  different	
  hydrophobic	
   interaction	
  strengths	
   (Figures	
  3.1C-­‐D).	
  

(Increasing	
  values	
  of	
  R	
  from	
  weak	
  to	
  strong	
  hydrophobic	
  interaction	
  strength	
  correspond	
  

to	
   the	
   color	
   scale	
   from	
   black	
   to	
   red	
   shown	
   in	
   Figure	
   4.1A.	
   Standard	
   deviation	
   is	
  

considerably	
   large	
  at	
  about	
  20%	
  but	
   this	
   is	
  an	
   inherent	
  byproduct	
  of	
   short	
  peptides	
   that	
  

exhibit	
  a	
  high	
  degree	
  of	
  structural	
  flexibility).	
  At	
  low	
  temperatures	
  and	
  weak	
  hydrophobic	
  

interaction	
   strength,	
   α-­‐helical	
   structures	
   are	
   prevalent	
   with	
   minimal	
   random	
   coil	
  

structures.	
   However,	
   a	
   transition	
   towards	
   random	
   coil	
   structures	
   is	
   observed	
   as	
   the	
  

temperature	
   increases	
   above	
   the	
  melting	
   temperature,	
  which	
   is	
   observed	
   at	
   T*	
   =	
   0.085.	
  	
  

The	
   effects	
   of	
   temperature	
   can	
   be	
   attributed	
   to	
   the	
   available	
   kinetic	
   energy	
   within	
   the	
  

system.	
  At	
  high	
   temperatures,	
   the	
  kinetic	
  energy	
  disrupts	
   the	
  ability	
   for	
  residues	
   to	
   form	
  

stable	
   interactions	
   as	
   opposed	
   to	
   at	
   lower	
   temperatures.	
   Across	
   all	
   conditions,	
   minimal	
  

amount	
   of	
   β-­‐strand	
   is	
   observed	
   since	
   the	
   chosen	
   peptide	
   sequence	
   is	
   relatively	
   short	
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containing	
  six	
  strong	
  helix-­‐forming	
  residues	
  (alanines	
  and	
  glutamic	
  acids)	
  and	
  just	
  three	
  β-­‐

strand-­‐forming	
  residues	
  (valines).	
  This	
  agrees	
  with	
  the	
  predictive	
  models	
  by	
  Chou	
  et	
  al.45	
  

and	
  Levitt	
   and	
  workers46	
  based	
  on	
   their	
   statistical	
   analysis	
  on	
  a	
   large	
   library	
  of	
  globular	
  

proteins	
  found	
  in	
  nature.	
  	
  

At	
  weak	
  to	
  moderate	
  hydrophobic	
  interaction	
  strengths,	
  R	
  ≤	
  1/2,	
  the	
  overall	
  trend	
  

of	
   conformations	
   observed	
   from	
   CG	
   simulations	
   across	
   a	
   broad	
   range	
   of	
   temperature	
  

shows	
   agreement	
   with	
   the	
   data	
   from	
   atomistic	
   simulation	
   using	
   an	
   alkyl	
   chain	
   for	
   the	
  

polymeric	
   tail	
   (shown	
   in	
   inset).	
   	
   Moreover,	
   equilibrium	
   structures	
   from	
   both	
   CG	
   and	
  

atomistic	
  simulations	
  (not	
  shown)	
  produce	
  a	
  high	
  degree	
  of	
  similarity	
  of	
  conformations	
  by	
  

the	
   peptide	
   segment	
   and	
   the	
   interactions	
   between	
   the	
   polymeric	
   tail	
   and	
   the	
   peptide	
  

segment.	
  

	
  

	
  

Figure	
  4.1.	
   (A)	
  Snapshots	
  of	
  equilibrium	
  conformations	
   for	
  a	
  single	
  PA	
  molecule	
   is	
  shown	
  at	
  T*=0.07	
   for	
  5	
  
different	
  R	
  values.	
  Color	
  scheme	
   for	
   the	
  molecule	
  by	
  using	
  VMD47:	
  hydrophobic	
  polymeric	
   tail	
   (red),	
  valine	
  
(green),	
  alanine	
   (blue),	
   and	
  glutamic	
  acid	
   (pink).	
   (B)	
  The	
  number	
  of	
  hydrophobic	
   interactions	
  between	
   the	
  
polymeric	
  tail	
  and	
  the	
  peptide	
  side	
  chains	
  as	
  a	
  function	
  of	
  R	
  at	
  T*=0.07.	
  The	
  percentage	
  of	
  (C)	
  α-­‐helical	
  and	
  
(D)	
   random	
   coil	
   structures	
   as	
   a	
   function	
   of	
   temperature	
   over	
   a	
   range	
   of	
   R	
   values	
   using	
   coarse-­‐grained	
  
ePRIME.	
   Inset	
   graph	
   provides	
   validation	
   data	
   obtained	
   from	
   atomistic	
   simulation.	
   All	
   data	
   shown	
   is	
   taken	
  
from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data.	
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4.4.2	
  	
   Varying	
  the	
  hydrophobic	
  interaction	
  strength	
  results	
  in	
  the	
  
formation	
  of	
  distinctive	
  nanostructures	
  

	
  

Starting	
   from	
   an	
   initial	
   random	
   configuration,	
   800	
   isolated	
   PA	
   molecules	
   were	
  

observed	
   to	
   spontaneously	
   self-­‐assemble	
   into	
   supramolecular	
   aggregates	
   at	
   a	
   moderate	
  

temperature	
   of	
   T*	
   =	
   0.11	
   for	
   a	
   wide	
   range	
   of	
   hydrophobic	
   interaction	
   strengths.	
   The	
  

nanostructures	
   can	
   be	
   classified	
   as	
   either	
   open-­‐	
   or	
   closed-­‐	
   structures	
   due	
   to	
   the	
  

arrangement	
   of	
   the	
   hydrophobic	
   core	
   that	
   is	
   comprised	
   primarily	
   of	
   polymeric	
   tails	
  

(Figure	
   4.2A).	
   At	
   weak	
   hydrophobic	
   interaction	
   strength	
   (R	
   =	
   1/6),	
   the	
   position	
   of	
   the	
  

polymeric	
   tails	
   with	
   respect	
   to	
   each	
   other	
   lack	
   a	
   coherent	
   structure	
   as	
   compared	
   to	
  

stronger	
  hydrophobic	
   strengths	
   (R	
  >	
  1/6)	
   in	
  which	
   the	
  polymeric	
   tails	
   form	
  an	
  enclosed	
  

core.The	
   preference	
   to	
   form	
   a	
   network	
   can	
   be	
   attributed	
   to	
   the	
   electrostatic	
   repulsion	
  

between	
  charged	
  glutamic	
  acid	
  residues.	
  Weak	
  hydrophobic	
  interaction	
  strength	
  allows	
  the	
  

electrostatic	
  repulsion	
  to	
  be	
  more	
  effective,	
  which	
  promotes	
  the	
  formation	
  of	
  an	
  extended	
  

structure	
   to	
   minimize	
   charge-­‐charge	
   repulsion.	
   As	
   the	
   hydrophobic	
   interaction	
   strength	
  

increases,	
  the	
  electrostatic	
  repulsion	
  between	
  charged	
  glutamic	
  acid	
  residues	
  becomes	
  less	
  

dominant,	
  allowing	
  PA	
  molecules	
   to	
  condense	
   into	
  micelles.	
  This	
   transition	
   in	
   the	
  overall	
  

architecture	
   of	
   nanostructures	
   from	
   scattered	
   to	
   condensed	
   states	
   suggests	
   that	
   the	
  

porosity	
   and	
   swelling-­‐ratio	
   of	
   hydrogels	
   can	
   be	
   controlled	
   by	
   varying	
   the	
   effective	
  

hydrophobicity	
  of	
  self-­‐assembling	
  PA	
  molecules	
  for	
  drug-­‐release	
  applications.48,49	
  	
  

The	
  degree	
  of	
  scattered	
  or	
  condensed	
  disposition	
  of	
  a	
  nanostructure	
  with	
  respect	
  to	
  

the	
   intermolecular	
   interaction	
   strengths	
   can	
   be	
   determined	
   by	
   calculating	
   the	
   average	
  

solvent	
  accessible	
  surface	
  area	
  (SASA)	
  restricted	
  to	
  only	
  the	
  polymeric	
  tail	
  (Figure	
  4.2B).	
  

At	
  weak	
  hydrophobic	
  interaction	
  strength	
  of	
  R	
  =	
  1/6,	
  SASA	
  values	
  are	
  almost	
  twice	
  as	
  large	
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in	
  contrast	
  with	
  moderate	
  and	
  strong	
  hydrophobic	
  interaction	
  strengths.	
  The	
  absence	
  of	
  an	
  

enclosed	
  hydrophobic	
   core	
  at	
  R	
  =	
  1/6	
  exposes	
  both	
   the	
  hydrophobic	
  polymeric	
   tails	
  and	
  

peptide	
   segments	
   to	
   nearby	
   solvent	
   molecules.	
   In	
   contrast,	
   at	
   stronger	
   hydrophobic	
  

interaction	
  strength,	
  R	
  >	
  1/6,	
  the	
  arrangement	
  of	
  the	
  polymeric	
  tails	
   is	
  sequestered	
  away	
  

from	
   the	
   surrounding	
   solvent	
   by	
   a	
   protective	
   barrier	
   that	
   is	
   created	
   by	
   the	
   peptide	
  

residues,	
  which	
  enclose	
   the	
  polymeric	
   tails	
  and	
  reduce	
  possible	
  solvent	
  penetration.	
  This	
  

implies	
   that	
   the	
   formation	
   of	
   compact	
   structures,	
   due	
   to	
   the	
   increase	
   in	
   hydrophobic	
  

interaction	
  strength,	
  is	
  possible	
  by	
  pulling	
  the	
  polymeric	
  tail	
  and	
  hydrophobic	
  amino	
  acids	
  

towards	
  the	
  central	
  axis	
  and	
  condensing	
  each	
  PA	
  molecule.	
  	
  

To	
   investigate	
   the	
   internal	
   organization	
   of	
   self-­‐assembled	
   nanostructures,	
   the	
  

average	
   radius	
   of	
   gyration,	
   Rg,	
   of	
   each	
   peptide	
   segment	
   is	
   calculated	
   for	
   the	
   large-­‐scale	
  

system	
  and	
  was	
  found	
  to	
  be	
  an	
  inverse	
  linear	
  relationship	
  to	
  the	
  hydrophobic	
  interaction	
  

strength	
   (Figure	
   4.2C).	
   The	
   Rg	
   value	
   for	
   the	
   open-­‐network	
   of	
   β-­‐sheets	
   at	
   R	
   =	
   1/6	
   is	
  

relatively	
   larger	
   than	
   for	
   closed	
  structures	
  at	
   stronger	
  hydrophobic	
   strengths.	
   Isolating	
  a	
  

prototypical	
   single	
   molecule	
   conformation	
   in	
   the	
   aggregate	
   at	
   each	
   of	
   the	
   transitioning	
  

point	
  shows	
  pronounced	
  progression,	
  from	
  an	
  extended	
  to	
  a	
  compacted	
  conformation	
  that	
  

is	
  correlated	
  to	
  the	
  number	
  of	
  favorable	
  intermolecular	
  interactions	
  that	
  aids	
  in	
  condensing	
  

the	
  entire	
  nanostructure.	
  	
  The	
  inverse	
  proportional	
  relationship	
  between	
  radius	
  of	
  gyration	
  

and	
   hydrophobic	
   interaction	
   strength	
   observed	
   from	
   our	
   simulations	
   corresponds	
   well	
  

with	
   previous	
   studies,	
   which	
   demonstrated	
   that	
   compact	
   aggregated	
   assemblies	
   are	
  

correlated	
  with	
  significant	
  hydrophobic	
  character	
  of	
  individual	
  PA	
  molecules.21,50	
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4.4.3	
  	
   Formation	
  of	
  secondary	
  structures	
  by	
  individual	
  PA	
  
molecules	
  governs	
  morphological	
  transitions	
  of	
  aggregated	
  
assemblies	
  

	
  
The	
   presence	
   of	
   secondary	
   structure	
   elements	
   provides	
   insight	
   into	
   macroscopic	
  

material	
  properties.	
  Specifically,	
  selective	
  peptide	
  sequences	
  that	
  can	
  form	
  β-­‐sheet	
  due	
  to	
  

intermolecular	
   hydrogen	
   bonding	
   have	
   been	
   correlated	
   with	
   an	
   increase	
   in	
   hydrogel	
  

mechanical	
   properties	
   such	
   as	
   robustness,	
   stiffness,	
   and	
   density.19,51-­‐54	
   Since	
   the	
  

mechanical	
  properties	
  of	
  hydrogels	
  acting	
  as	
  synthetic	
  extracellular	
  matrix	
  can	
  affect	
  cell	
  

adhesion	
  and	
  cell	
  differentiation,	
  such	
  correlation	
  can	
  be	
  used	
  as	
  a	
  parameter	
  to	
  customize	
  

biomaterials	
   for	
   tailored	
  biomedical	
   applications.55	
   Therefore,	
   it	
   is	
   important	
   to	
   examine	
  

the	
   formation	
   of	
   secondary	
   structure	
   of	
   the	
   peptide	
   segment	
   of	
   individual	
   PA	
  molecules	
  

within	
  different	
  nanostructures	
  as	
  a	
  function	
  of	
  the	
  hydrophobic	
  interaction	
  strength.	
  

	
  

	
  
	
  

Figure	
  4.2.	
   (A)	
  Distinctive	
   nanostructures	
   (e.g.	
   network	
   of	
   β-­‐sheets,	
   cylindrical	
   nanofibers,	
   and	
   cylindrical	
  
micelles)	
  at	
  equilibrium	
  are	
  shown.	
   (B)	
  Average	
  solvent	
  accessible	
  surface	
  area	
  restricted	
   to	
   the	
  polymeric	
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tail	
   implemented	
  in	
  VMD,47	
  using	
  a	
  probe	
  of	
  1.4Å	
  radius,	
  (C)	
  average	
  radius	
  of	
  gyration,	
  and	
  (D)	
  secondary	
  
structure	
  formations	
  as	
  a	
  function	
  of	
  hydrophobic	
  interaction	
  strength	
  are	
  plotted	
  at	
  a	
  moderate	
  temperature	
  
of	
   T*	
   =	
   0.11.	
   Inset	
   in	
   plot	
   (C)	
   shows	
   representative	
   single	
   molecule	
   conformation	
   extracted	
   from	
   self-­‐
assembled	
  aggregates	
  at	
  weak,	
  moderate	
  and	
  strong	
  hydrophobic	
  interaction	
  strength.	
  

	
  

For	
   a	
   broad	
   distribution	
   of	
   hydrophobic	
   interaction	
   strengths	
   at	
   a	
   constant	
  

moderate	
   temperature	
   of	
   T*	
   =	
   0.11,	
   β-­‐sheets	
   and	
   random	
   coil	
   are	
   the	
   predominant	
  

secondary	
  structure	
  elements	
  (Figure	
  4.2D).	
  Since	
  the	
  chosen	
  temperature	
  is	
  higher	
  than	
  

the	
  melting	
  temperature	
  at	
  T*=0.085	
  of	
  a	
  single	
  molecule	
  (Figure	
  4.1C),	
  minimal	
  α-­‐helical	
  

structures	
   are	
   seen	
   (Figure	
   4.2D).	
   Instead,	
   β-­‐conformations	
   that	
   are	
   absent	
   in	
   a	
   single	
  

molecule	
   system	
  are	
  now	
  observed	
   for	
   a	
   large-­‐scale	
   system.	
  With	
  multiple	
  PA	
  molecules	
  

present	
   nearby	
   in	
   a	
   concentrated	
   system,	
   peptide	
   residues	
   are	
   able	
   to	
   form	
   favorable	
  

intermolecular	
  hydrogen	
  bonds	
  and	
  arrange	
  themselves	
   into	
  β-­‐sheets.	
   	
  The	
  propensity	
  to	
  

form	
  the	
  most	
  β-­‐sheet	
  content	
  is	
  when	
  the	
  hydrophobic	
  interaction	
  strength	
  is	
  weak	
  at	
  R	
  =	
  

1/6.	
   Interestingly,	
   characterization	
   of	
   open	
   networks	
   indicates	
   that	
   the	
   contribution	
   of	
  

intermolecular	
  hydrogen	
  bonds	
  is	
  to	
  act	
  as	
  an	
  adhesive	
  to	
  hold	
  multiple	
  β-­‐sheets	
  together	
  

and	
   thus	
   support	
   the	
   overall	
   architecture.	
   This	
   type	
   of	
   self-­‐assembled	
   nanostructures	
   is	
  

therefore	
  described	
  as	
  an	
  open-­‐network	
  of	
  β-­‐sheets.	
  	
  

Calculation	
   of	
   the	
   secondary	
   structure	
   formation	
   at	
   moderate	
   and	
   strong	
  

hydrophobic	
   interaction	
   strengths	
   can	
   differentiate	
   rod-­‐like	
   structures	
   into	
   cylindrical	
  

nanofibers,	
  which	
  exhibit	
  β-­‐sheet	
  content,	
  and	
  cylindrical	
  micelles,	
  which	
  exhibit	
  random-­‐

coil	
  content.	
  At	
  a	
  moderate	
  hydrophobic	
  interaction	
  strength,	
  1/3	
  ≤	
  R	
  <	
  2/3,	
  the	
  percentage	
  

of	
  β-­‐sheet	
  content	
  ranges	
  between	
  10%	
  to	
  30%.	
  Such	
  a	
  range	
  of	
  β-­‐sheet	
  amounts	
  observed	
  

in	
   our	
   simulations	
   for	
   cylindrical	
   nanofibers	
   is	
   in	
   good	
   agreement	
   with	
   previous	
  

experiments	
   and	
   simulations.26,29,56,57	
   Moreover,	
   our	
   cylindrical	
   nanofibers	
   share	
   high	
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fidelity	
   to	
   the	
  proposed	
  structure	
  by	
  Stupp	
  and	
  coworkers9	
  based	
  on	
  cryo-­‐TEM	
  and	
  FTIR	
  

spectroscopy	
   data	
   and	
   the	
   atomistic	
   model	
   from	
   simulations	
   performed	
   by	
   Schatz	
   and	
  

coworkers.29	
  These	
  cylindrical	
  nanofibers	
  would	
  create	
  robust	
  hydrogels	
  as	
  suggested	
  by	
  

the	
   correlation	
   between	
   fibrous	
   gels	
   and	
   high	
   mechanical	
   properties	
   based	
   on	
  

experimental	
  observations.19,51-­‐54	
  At	
  strong	
  hydrophobic	
  interaction	
  strength,	
  2/3	
  ≤	
  R	
  ≤1.3,	
  

the	
   percentage	
   of	
   random	
   coil	
   is	
   much	
   larger	
   than	
   those	
   at	
   moderate	
   and	
   weak	
  

hydrophobicity.	
   The	
   absence	
   of	
   β-­‐sheets	
   can	
   be	
   attributed	
   to	
   the	
   increase	
   in	
   favorable	
  

hydrophobic	
  interactions	
  between	
  polymeric	
  tail	
  and	
  peptide	
  residues	
  or	
  between	
  peptide	
  

residues.	
   This	
   interferes	
  with	
   formation	
   of	
   intermolecular	
   hydrogen	
  bonds	
   and	
  β-­‐sheets,	
  

causing	
   each	
   PA	
   molecule	
   to	
   collapse	
   into	
   a	
   condensed	
   conformation	
   as	
   previously	
  

discussed.	
  	
  

The	
   hydrophobic	
   core	
   of	
   cylindrical	
   nanostructures	
   is	
   not	
   only	
   comprised	
   of	
   the	
  

polymeric	
   tail	
   but	
   also	
   of	
   the	
   nearby	
   hydrophobic	
   residues	
   depending	
   upon	
   the	
  

hydrophobic	
   interaction	
   strength.	
   Examination	
   of	
   the	
   cylindrical	
   nanofibers	
   containing	
  

approximately	
  the	
  same	
  number	
  of	
  PAs	
  at	
  moderate	
  hydrophobic	
  interaction	
  strength	
  (R	
  =	
  

1/3)	
  (Figure	
  4.3A)	
  indicates	
  that	
  only	
  some	
  valine	
  residues	
  position	
  themselves	
  within	
  the	
  

interior	
   exhibiting	
   significant	
   random	
   coil	
   conformations	
   (the	
   first	
   valine	
   residue	
   at	
  

position	
   1	
   in	
   Figure	
   4.3B).	
   Instead,	
   the	
   majority	
   of	
   nonpolar	
   peptide	
   residues	
   2	
   to	
   6	
  

contribute	
  to	
  the	
  formation	
  of	
  β-­‐sheets	
  through	
  favorable	
  intermolecular	
  hydrogen	
  bonds	
  

(Figure	
  4.3B).	
  In	
  contrast,	
  at	
  strong	
  hydrophobic	
  interaction	
  strength	
  (R	
  =	
  1.3),	
  significant	
  

hydrophobic	
  interactions	
  between	
  the	
  polymeric	
  and	
  nonpolar	
  peptide	
  residues	
  withdraw	
  

these	
   residues	
   into	
   the	
   interior	
   of	
   cylindrical	
   micelles	
   (Figure	
   4.3C)	
   and	
   prevent	
   the	
  

peptide	
   residues	
   from	
   β-­‐sheet	
   formation,	
   resulting	
   in	
   the	
   presence	
   of	
   random	
   coil	
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conformations	
   for	
   all	
   residues	
   (Figure	
   4.3D).	
   For	
   both	
   cases,	
   the	
   three	
   glutamic	
   acid	
  

residues	
   at	
   positions	
   7	
   -­‐	
   9	
   adopt	
   random	
   coil	
   conformations	
   due	
   to	
   the	
   electrostatic	
  

repulsion	
  between	
  charged	
  side	
  chains.	
  	
  

	
  

	
  

Figure	
   4.3.	
   Representative	
   structures	
   (at	
   a	
   moderate	
   temperature	
   of	
   T*	
   =	
   0.11)	
   shown	
   to	
   highlight	
   the	
  
composition	
   of	
   hydrophobic	
   core	
   of	
   cylindrical	
   nanostructures	
   containing	
   polymeric	
   tails	
   (red),	
   valines	
  
(green),	
  alanines	
  (blue)	
  and	
  the	
  secondary	
  structure	
  as	
  a	
  function	
  of	
  sequence	
  at	
  (A-­‐B)	
  moderate,	
  and	
  (C-­‐D)	
  
strong	
  hydrophobic	
  interaction	
  strength.	
  Valines	
  are	
  at	
  position	
  1-­‐3,	
  alanines	
  at	
  4-­‐6,	
  and	
  glutamic	
  acids	
  at	
  7-­‐9.	
  	
  

	
  

It	
   is	
   interesting	
   that	
   even	
   though	
   more	
   nonpolar	
   residues	
   are	
   in	
   the	
   interior	
  

hydrophobic	
  core	
  at	
   strong	
  hydrophobic	
   interaction	
  strength	
   (R=1.3)	
   than	
   those	
  at	
  weak	
  

hydrophobic	
  interaction	
  strength	
  (R=1/3),	
  cylindrical	
  nanostructures	
  at	
  R=1.3	
  are	
  smaller	
  

in	
  diameter	
   than	
   those	
  at	
  R=1/3	
  (full	
   structures	
  are	
  shown	
   in	
  Figure	
  4.2A).	
   If	
  one	
  could	
  

also	
   correlate	
   the	
   hydrophobic	
   interaction	
   strength	
   (R)	
   as	
   the	
   overall	
   hydrophobic	
  

character	
   of	
   a	
   particular	
   PA	
   sequence	
   of	
   choice,	
   these	
   results	
   provide	
   a	
   suggestion	
   for	
  

future	
   studies	
   wherein	
   replacing	
   alanines	
   with	
   more	
   nonpolar	
   peptide	
   residues	
   might	
  

transform	
   thick	
   nanofibers	
   containing	
   β-­‐sheets	
   into	
   slender	
  micelles	
   containing	
   random	
  

coils.	
  This	
   is	
  plausible	
  since	
  a	
  previous	
  simulation	
  work26	
  demonstrated	
  that	
  replacing	
  β-­‐
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sheet-­‐forming	
  peptides	
   residues	
  with	
   random-­‐coil-­‐forming	
  residues	
  using	
   the	
  MARTINI25	
  

model	
   still	
   results	
   in	
   the	
   assembly	
   of	
   cylindrical	
   micelles	
   (without	
   β-­‐sheet	
   content).	
  

Moreover,	
   the	
   formation	
   of	
   one-­‐dimensional	
   cylindrical	
   nanostructures	
   containing	
   no	
   β-­‐

sheet	
   but	
   high	
   α-­‐helical	
   content	
   has	
   been	
   experimentally	
   observed	
   using	
   a	
   PA	
   mimetic	
  

molecule	
   that	
   incorporates	
   glucagon-­‐like	
   peptide-­‐1.58	
   Furthermore,	
   detecting	
   the	
   fiber	
  

thickness	
  at	
  the	
  nanometer	
  scale	
  is	
  feasible	
  using	
  AFM	
  and	
  TEM	
  as	
  demonstrated	
  by	
  Xu	
  et	
  

al.,59	
   who	
   showed	
   that	
   increase	
   in	
   the	
   hydrophobic	
   region	
   from	
   A6K	
   to	
   A9K	
   causes	
   a	
  

substantial	
  reduction	
  in	
  the	
  diameter	
  by	
  5nm	
  of	
  long	
  nanofibers.	
  	
  

4.4.4	
  	
   At	
  strong	
  hydrophobic	
  interaction	
  strength,	
  temperature	
  
affects	
  the	
  presence	
  of	
  peptide	
  residues	
  within	
  the	
  
hydrophobic	
  core	
  of	
  cylindrical	
  micelles	
  

	
  

When	
   the	
   hydrophobic	
   interaction	
   strength	
   is	
   strong,	
   hydrophobic	
   interaction	
  

becomes	
   a	
   dominant	
   driving	
   force	
   compared	
   to	
   hydrogen	
   bonding	
   and	
   electrostatic	
  

interaction.	
  However,	
   temperature	
  also	
  plays	
  a	
  significant	
  role	
   in	
   the	
  self-­‐assembly	
  of	
  PA	
  

molecules	
   into	
   cylindrical	
  micelles	
   (Figure	
  4.4A).	
  At	
   low	
   temperatures,	
  T*	
  =	
  0.08	
  –	
  0.09,	
  

the	
  discontinuity	
  of	
   the	
  hydrophobic	
  core	
   is	
  a	
   result	
  of	
   the	
  presence	
  of	
  nonpolar	
  peptide	
  

residues	
  (i.e.,	
  valine	
  and	
  alanine)	
  that	
  are	
  located	
  between	
  sections	
  of	
  polymeric	
  tails.	
  The	
  

mechanism	
   that	
   is	
   responsible	
   for	
   forming	
   these	
   nanostructures	
   (Figure	
   4.7)	
   involves	
  

condensation	
   of	
   small	
   and	
   spherical	
   micelles,	
   which	
   tend	
   to	
   aggregate	
   together	
   in	
   a	
  

kinetically	
   trapped	
   state.	
   This	
   causes	
   the	
   formation	
   of	
   nanostructures	
   with	
   ‘branched’	
  

morphology	
   at	
   low	
   temperatures.	
  When	
   the	
   temperature	
   increases,	
   the	
   ratio	
   of	
   peptide	
  

residues	
   to	
   polymer	
   tail	
   that	
   comprise	
   of	
   the	
   hydrophobic	
   core	
   slowly	
   approaches	
   zero.	
  

This	
  yields	
  un-­‐branched	
  cylindrical	
  micelles	
  with	
  continuous	
  hydrophobic	
  cores.	
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Figure	
   4.4.	
   At	
   strong	
   hydrophobic	
   interaction	
   strength	
   of	
   R	
   =	
   1.3:	
   (A)	
   arrangement	
   of	
   the	
   polymeric	
   tails	
  
(red)	
  within	
   the	
   hydrophobic	
   core	
   is	
   shown	
   to	
   emphasize	
   the	
   discontinuity	
  within	
   the	
   central	
   axis	
   of	
   the	
  
representative	
  equilibrium	
  supramolecular	
  aggregates;	
  the	
  (B)	
  average	
  radius	
  of	
  gyration;	
  and	
  (C)	
  secondary	
  
structure	
  as	
  a	
  function	
  of	
  temperature.	
  	
  

	
  
The	
  extent	
  of	
  discontinuity	
  present	
   in	
   the	
  hydrophobic	
  core	
  of	
  cylindrical	
  micelles	
  

as	
   a	
   function	
   of	
   the	
   temperature	
   is	
   the	
   outcome	
   of	
   the	
   competition	
   between	
   intra-­‐	
   and	
  

intermolecular	
   interactions.	
   At	
   low	
   temperatures,	
   each	
   PA	
   molecule	
   collapsed	
   into	
   a	
  

condensed	
   conformation	
   by	
   forming	
   intramolecular	
   hydrophobic	
   interactions	
   before	
  

forming	
   intermolecular	
   interactions	
   with	
   neighboring	
   molecules.	
   In	
   contrast,	
   at	
   higher	
  

temperatures,	
  T*	
  >	
  0.10,	
   each	
  PA	
  molecule	
  has	
   extra	
  kinetic	
   energy	
   to	
   freely	
   explore	
   the	
  

conformational	
   space	
   and	
   form	
   intermolecular	
   interactions	
   with	
   neighboring	
   molecules	
  

without	
  forming	
  intramolecular	
  interactions	
  with	
  itself.	
  These	
  PA	
  molecules	
  can	
  overcome	
  

the	
   kinetically	
   trapped	
   state	
   by	
   re-­‐orienting	
   themselves	
   into	
   extended	
   conformations	
  

(Figure	
  4.4B)	
  such	
  that	
  the	
  polymeric	
  tails	
  are	
  in	
  the	
  interior	
  and	
  peptides	
  residues	
  are	
  on	
  

the	
   surface.	
   This	
   allows	
   them	
   to	
   assemble	
   into	
   more	
   energetically	
   favorable	
   structures.	
  

Regardless	
  of	
  the	
  adopted	
  conformation	
  by	
  the	
  individual	
  PA	
  molecules	
  as	
  either	
  compact	
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or	
  extended	
  as	
  a	
   function	
  of	
   temperature,	
  minimal	
  amounts	
  of	
  α-­‐helices	
  and	
  β-­‐sheets	
  are	
  

present;	
  instead,	
  random	
  coil	
  is	
  the	
  predominant	
  conformation.	
  

4.4.5	
   At	
  weak	
  hydrophobic	
  interaction	
  strength,	
  temperature	
  
affects	
  the	
  formation	
  of	
  secondary	
  structures	
  of	
  open	
  
networks	
  

	
  

	
  

Figure	
   4.5.	
   At	
   weak	
   hydrophobic	
   strength	
   of	
   R	
   =	
   1/6:	
   (A)	
   representative	
   nanostructures	
   are	
   shown	
  
emphasizing	
  the	
  formation	
  of	
  β-­‐sheets	
  (blue)	
  and	
  α-­‐helices	
  (purple);	
  (B)	
  average	
  radius	
  of	
  gyration;	
  and	
  (C)	
  
secondary	
  structure	
  as	
  a	
  function	
  of	
  temperature.	
  

	
  
At	
  a	
  weak	
  hydrophobic	
  interaction	
  strength	
  of	
  R	
  =	
  1/6,	
  hydrophobic	
  interactions	
  are	
  

not	
  as	
  dominant	
  of	
  a	
  driving	
   force	
  compared	
   to	
  hydrogen	
  bonding.	
   	
  Therefore,	
  hydrogen	
  

bonding	
  yields	
  the	
  formation	
  of	
  open	
  networks	
  that	
  contain	
  relatively	
  large	
  amounts	
  of	
  α-­‐

helices	
   and	
   β-­‐sheets	
   (Figure	
   4.5A).	
   Moreover,	
   with	
   respect	
   to	
   the	
   individual	
   peptide	
  

conformation,	
  calculation	
  of	
  the	
  radius	
  of	
  gyration	
  (Figure	
  4.5B)	
  indicates	
  the	
  formation	
  of	
  

compact	
  structures	
  of	
  α-­‐helices	
  at	
  lower	
  temperatures	
  compared	
  to	
  extended	
  structures	
  of	
  

β-­‐sheets	
  at	
  higher	
  temperatures.	
  This	
  is	
  confirmed	
  by	
  the	
  amount	
  of	
  secondary	
  structures	
  

as	
  a	
   function	
  of	
   the	
   temperature	
   (Figure	
  4.5C).	
  At	
   low	
   temperatures,	
  T*	
  =	
  0.08	
  –	
  0.09,	
   a	
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significant	
   percentage	
   of	
   α-­‐helical	
   structures	
   is	
   observed,	
   which	
   can	
   be	
   attributed	
   to	
  

favorable	
   intramolecular	
   hydrogen	
   bonds	
   between	
   peptide	
   residues	
   within	
   the	
   same	
  

molecule.	
  As	
  the	
  temperature	
  increases,	
  T*	
  =	
  0.10	
  –	
  0.11,	
  α-­‐helical	
  structures	
  becomes	
  less	
  

prevalent	
   since	
   the	
  molecule	
   can	
  undergo	
  multiple	
   structural	
   rearrangement	
   resulting	
   in	
  

the	
   disruption	
   of	
   intramolecular	
   hydrogen	
   bonds	
   and	
   shift	
   towards	
   the	
   formation	
   of	
  

intermolecular	
  hydrogen	
  bonds	
  and	
  thus	
  β-­‐sheets.	
  At	
  higher	
  temperatures,	
  T*	
  ≥	
  0.12,	
   the	
  

architecture	
   of	
   aggregates	
   maintains	
   an	
   open-­‐network	
   with	
   the	
   absence	
   of	
   an	
   enclosed	
  

hydrophobic	
  core,	
  however,	
   there	
   is	
  a	
   sharp	
  decrease	
   in	
  α-­‐helical	
  and	
  β-­‐sheet	
   formation.	
  

Instead,	
  a	
  large	
  amount	
  of	
  random	
  coil	
  structures	
  are	
  evident	
  due	
  to	
  increased	
  flexibility	
  of	
  

the	
  PA	
  molecules	
  at	
  high	
  temperatures.	
  	
  

Increasing	
   the	
   temperature	
   from	
   0.08	
   to	
   higher	
   values	
   enhances	
   the	
   structural	
  

order	
   of	
   PAs	
   by	
   increasing	
   the	
   amount	
   of	
   β-­‐sheet	
   and	
   decreasing	
   α-­‐helices	
   as	
   seen	
   in	
  

Figure	
  4.5C.	
  Such	
  temperature-­‐dependent	
  formation	
  of	
  α-­‐helices	
  in	
  a	
  highly	
  concentrated	
  

environment	
   is	
   reflective	
   of	
   the	
   single-­‐molecule	
   behavior	
   as	
   shown	
   in	
  Figure	
  4.1C.	
   As	
   a	
  

single	
  molecule	
   at	
   the	
   start	
   of	
   simulation,	
   PAs	
   prefer	
   to	
   form	
  α-­‐helices	
   especially	
   at	
   low	
  

temperatures	
  of	
  T*	
  =	
  0.08	
  –	
  0.09.	
  However,	
  when	
  there	
  are	
  neighboring	
  molecules	
  nearby,	
  

they	
   can	
   form	
   intermolecular	
   interactions	
   and	
   thus	
   result	
   in	
   β-­‐sheets.	
   	
   When	
   the	
  

temperature	
  increases	
  beyond	
  the	
  melting	
  point	
  (which	
  is	
  at	
  0.085	
  as	
  seen	
  in	
  Figure	
  4.1C),	
  

the	
   amount	
   of	
   α-­‐helices	
   decreases;	
   inversely,	
   β-­‐sheets	
   increase	
   significantly.	
   This	
  

conformational	
   transition	
   from	
   α-­‐helices	
   at	
   low	
   temperatures	
   to	
   β-­‐sheets	
   at	
   high	
  

temperatures	
   is	
   also	
   seen	
   in	
   amyloid	
   fibril	
   formation	
   systems	
   involving	
   amyloidogenic	
  

peptides.60	
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4.4.6	
  	
   Hydrophobic-­‐temperature	
  phase	
  diagram	
  delineating	
  PA	
  
morphological	
  transitions	
  

	
  

The	
   introduction	
   of	
   a	
   scale	
   factor,	
   R,	
   representing	
   the	
   effective	
   hydrophobic	
  

interaction	
   strength	
   has	
   allowed	
  us	
   to	
   examine	
   the	
   choice	
   of	
   polymeric	
   tail	
   and	
   to	
   some	
  

degree	
   both	
   the	
   sequence	
   dependence	
   and	
   aqueous	
   medium	
   on	
   the	
   spontaneous	
   self-­‐

assembly	
  of	
  PA	
  molecules.	
  The	
  results	
  from	
  large-­‐scale	
  CG	
  MD	
  simulations	
  are	
  summarized	
  

as	
   a	
   phase	
   diagram	
   shown	
   in	
   Figure	
   4.6	
   with	
   regions	
   denoted	
   with	
   characteristic	
  

nanostructures	
   that	
   are	
   stable	
   for	
   the	
   associated	
   hydrophobic	
   interaction	
   strength	
   and	
  

temperature.	
  	
  

	
  

	
  

Figure	
  4.6.	
   	
  Phase	
  diagram	
  of	
  representative	
  equilibrium	
  structures	
  as	
   function	
  of	
  hydrophobic	
   interaction	
  
strength	
   and	
   temperature:	
   (A)	
   network	
   of	
   α-­‐helical	
   and	
   β-­‐sheets;	
   (B)	
   network	
   of	
   β-­‐sheets;	
   (c)	
   spherical	
  
micelles	
  with	
  α-­‐helical	
  and	
  β-­‐sheets;	
  (D)	
  cylindrical	
  micelles	
  stabilized	
  by	
  contiguous	
  core	
  of	
  polymeric	
  tails	
  
and	
  peptide	
  residues;	
  (E)	
  cylindrical	
  micelles	
  stabilized	
  by	
  contiguous	
  core	
  of	
  polymeric	
  tails;	
  (F)	
  cylindrical	
  
nanofiber	
   structures;	
   (G)	
   spherical	
   micelles	
   with	
   only	
   β-­‐sheets;	
   (H)	
   spherical	
   micelles	
   with	
   minimal	
  
secondary	
  structure	
  elements;	
  (I)	
  oligomers;	
  (J)	
  random	
  coils.	
  

	
  
At	
   weak	
   hydrophobic	
   interaction	
   strength	
   and	
   low	
   temperatures,	
   the	
   available	
  

kinetic	
   energy	
   is	
   low	
   within	
   the	
   system.	
   Therefore,	
   PA	
   molecules	
   are	
   driven	
   to	
   form	
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intramolecular	
   interactions	
   primarily	
   in	
   the	
   formation	
   of	
   α-­‐helical	
   structures	
   with	
  

intermittent	
   β-­‐sheets	
   (Figure	
   4.6A).	
   	
   As	
   the	
   temperature	
   increases,	
   a	
   transition	
   from	
  α-­‐

helical	
   to	
  more	
  prevalent	
  β-­‐sheet	
  structures	
   is	
  observed	
  since	
  PA	
  molecules	
  tend	
  to	
   form	
  

more	
   favorable	
   intermolecular	
   hydrogen	
   bonds	
   (Figure	
  4.6B).	
   The	
  morphology	
   of	
   these	
  

nanostructures	
  can	
  be	
  generalized	
  as	
  an	
  open-­‐network	
  of	
  either	
  predominantly	
  α-­‐helices	
  

or	
   β-­‐sheets.	
   	
   Weak	
   hydrophobic	
   interaction	
   strength	
   allows	
   the	
   electrostatic	
   repulsion	
  

between	
   charged	
   glutamic	
   acids	
   to	
   be	
   dominant,	
   which	
   promotes	
   the	
   formation	
   of	
   an	
  

extended	
  structure	
  to	
  minimize	
  charge-­‐charge	
  repulsion.	
  	
  

As	
  the	
  hydrophobic	
  interaction	
  strength	
  increases	
  at	
  low	
  temperature,	
  a	
  structural	
  

shift	
   from	
   open-­‐	
   to	
   closed-­‐	
   structures	
   is	
   observed	
   with	
   the	
   emergence	
   of	
   an	
   enclosed	
  

hydrophobic	
   core	
   primarily	
   due	
   to	
   the	
   arrangement	
   of	
   the	
   polymeric	
   tails.	
   To	
  maximize	
  

favorable	
  hydrophobic	
  interactions,	
  nonpolar	
  residues	
  are	
  essentially	
  sequestered	
  from	
  the	
  

surrounding	
  solvent	
  forming	
  small	
  spherical	
  micelles	
  (Figure	
  4.6C).	
  	
  When	
  charge-­‐charge	
  

repulsion	
   is	
   weakened	
   by	
   an	
   increase	
   in	
   hydrophobic	
   interaction	
   strength,	
   spherical	
  

micelles	
   can	
   merge	
   together	
   to	
   form	
   larger	
   continuous	
   rod-­‐like	
   structures.	
   	
   At	
   strong	
  

hydrophobic	
  interaction	
  strength,	
  subtle	
  differences	
  lies	
  within	
  the	
  rod-­‐like	
  nanostructure.	
  

The	
   hydrophobic	
   core	
   of	
   branched	
   nanostructures	
   at	
   low	
   temperatures	
   is	
   comprised	
   of	
  

both	
   the	
   polymeric	
   tail	
   and	
   hydrophobic	
   peptide	
   residues	
   (Figure	
   4.6D).	
   At	
   higher	
  

temperatures,	
   structural	
   rearrangement	
   yields	
   the	
   polymeric	
   tail	
   as	
   the	
   only	
   element	
  

within	
  the	
  hydrophobic	
  core	
  (Figure	
  4.6E).	
  	
  

For	
   moderate	
   hydrophobic	
   interaction	
   strength	
   and	
   moderate	
   temperature,	
   a	
  

cylindrical	
   nanofiber	
   structure	
   is	
   observed	
   with	
   the	
   formation	
   of	
   β-­‐sheets	
   aligning	
   the	
  

surface	
  while	
  maintaining	
  a	
  hydrophobic	
  core	
  (Figure	
  4.6F).	
  However,	
  as	
  the	
  temperature	
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increases,	
   rod-­‐like	
   structures	
   are	
   no	
   longer	
   formed.	
   Instead,	
   unstable	
   interactions	
   break	
  

such	
  nanostructures	
  into	
  smaller	
  spherical	
  micelles;	
  however,	
  large	
  percentage	
  of	
  β-­‐sheets	
  

remains	
  (Figure	
  4.6G).	
  At	
  sufficiently	
  high	
  temperatures	
  and	
  strong	
  hydrophobic	
  strength,	
  

spherical	
   micelles	
   are	
   formed	
   from	
   initial	
   hydrophobic	
   collapse	
   but	
   minimal	
   secondary	
  

structures	
   are	
   observed	
   (Figure	
   4.6H).	
   For	
   weak	
   hydrophobic	
   interaction	
   strength	
   and	
  

high	
  temperatures,	
  small	
  aggregates	
  or	
  oligomers	
  (Figure	
  4.6I)	
  and	
  random	
  coils	
  (Figure	
  

4.6J)	
  are	
  the	
  primary	
  species	
  as	
  large	
  aggregates	
  cease	
  to	
  form.	
  	
  	
  

The	
  nanostructures	
  observed	
   from	
  our	
  CG	
  model	
   can	
  be	
  broadly	
   compared	
   to	
   the	
  

work	
   of	
   Velichko	
   et	
   al.14,	
   who	
   examined	
   the	
   interplay	
   of	
   hydrogen	
   bonding	
   and	
  

hydrophobic	
  forces	
  on	
  PA	
  self-­‐assembly	
  (the	
  strength	
  of	
  their	
  hydrogen	
  bond	
  is	
  inversely	
  

proportional	
   to	
   our	
   reduced	
   temperature).	
   For	
   example,	
   free	
  molecules	
   observed	
   at	
   low	
  

hydrophobic	
   attraction	
   and	
   hydrogen	
   bonding	
   correlate	
  with	
   the	
   oligomers	
   and	
   random	
  

coil	
   that	
   we	
   see	
   at	
   high	
   temperatures.	
   At	
   strong	
   hydrophobic	
   interaction	
   and	
   low	
  

temperature,	
   spherical	
   micelles	
   are	
   observed	
   for	
   both	
   CG	
   models.	
   In	
   general,	
   our	
  

simulations	
   observe	
   a	
   similar	
   range	
   of	
   basic	
   morphologies,	
   which	
   serves	
   as	
   a	
   good	
  

validation	
  for	
  our	
  CG	
  model.	
  However,	
  since	
  our	
  model	
  can	
  accommodate	
  the	
  formation	
  of	
  

secondary	
  structure	
  and	
  accounts	
  for	
  hydrophobic	
  interactions	
  between	
  polymeric	
  tail	
  and	
  

nonpolar	
  residues,	
  our	
  simulations	
  are	
  able	
  to	
  assemble	
  a	
  wider	
  range	
  of	
  structures	
  such	
  as	
  

open	
   networks	
   containing	
   both	
   α-­‐helices	
   and	
   β-­‐sheets	
   in	
   addition	
   to	
   cylindrical	
  micelles	
  

containing	
  disrupted	
  and	
  continuous	
  hydrophobic	
  cores.	
  

The	
  effect	
  of	
  hydrophobicity	
  on	
  PA	
   self-­‐assembly	
   is	
   remarkably	
  different	
   than	
   the	
  

effect	
   of	
   electrostatics	
   as	
   previously	
   studied23.	
   At	
  moderate	
   temperatures,	
   instead	
   of	
   the	
  

progression	
   from	
   open	
   networks	
   of	
   secondary	
   structures	
   towards	
   closed	
   cylindrical	
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nanostructures	
  containing	
  β-­‐sheets	
  and	
  then	
  random	
  coils	
  as	
  the	
  strength	
  of	
  hydrophobic	
  

interactions	
   is	
   increased,	
   cylindrical	
   nanofibers	
   shift	
   to	
   spherical	
   micelles	
   when	
   the	
  

electrostatic	
   repulsion	
   between	
   the	
   charged	
   groups	
   on	
   glutamic	
   acids	
   becomes	
   strong.	
  

Moreover,	
   when	
   such	
   electrostatic	
   repulsion	
   is	
   weak,	
   spherical-­‐like	
   structures	
   that	
   are	
  

comprised	
   of	
   both	
   α-­‐helices	
   β-­‐sheets	
   at	
   low	
   temperatures	
   transition	
   into	
   cylindrical	
  

nanofibers	
  containing	
  prevalent	
  β-­‐sheets	
  on	
  the	
  surface	
  at	
  moderate	
  temperatures.	
  Further	
  

increase	
   in	
   temperature	
   drives	
   a	
   second	
   morphological	
   transition	
   from	
   cylindrical	
  

nanofibers	
   to	
   spherical	
   micelles	
   with	
   only	
   β-­‐sheets.	
   At	
   sufficiently	
   high	
   temperatures,	
  

spherical	
  micelles	
  are	
  still	
  present;	
  however,	
  they	
  lose	
  secondary	
  structures	
  as	
  the	
  peptide	
  

segments	
  unravel	
  into	
  random	
  coils.	
  At	
  higher	
  temperatures,	
  small	
  aggregates	
  or	
  oligomers	
  

exist.	
  Increasing	
  the	
  temperature	
  further	
  prevents	
  PA	
  molecules	
  to	
  form	
  aggregates;	
  in	
  this	
  

case,	
  PA	
  molecules	
  exist	
  as	
  random	
  coils.	
  Furthermore,	
  when	
  the	
  electrostatic	
  repulsion	
  is	
  

strong	
  at	
  low	
  temperatures,	
  a	
  mixture	
  of	
  kinetically	
  trapped	
  amorphous	
  structures,	
  which	
  

is	
   observed	
   at	
   low	
   temperatures,	
   transitions	
   into	
   small	
   spherical	
   micelles	
   without	
  

secondary	
   structure	
   elements	
   at	
   moderate	
   temperatures.	
   Increasing	
   the	
   temperature	
  

further	
  destabilizes	
  attractive	
  interactions,	
  which	
  results	
  in	
  the	
  formation	
  of	
  oligomers	
  and	
  

extended	
  conformations.	
  	
  

4.5	
  	
   	
   Conclusions	
  
	
  

Implementation	
  of	
  our	
  recently	
  developed	
  peptide/polymer	
  coarse-­‐grained	
  model,	
  

ePRIME,23,24	
   coupled	
   with	
   a	
   fast	
   MD	
   algorithm,41	
   has	
   allowed	
   us	
   to	
   understand	
   the	
  

spontaneous	
  self-­‐assembly	
  behavior	
  of	
  peptide	
  amphiphiles.	
  In	
  this	
  study,	
  we	
  examined	
  the	
  

effective	
   effects	
   of	
   either	
   modifying	
   the	
   polymeric	
   tail,	
   peptide	
   sequence,	
   or	
   aqueous	
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medium,	
  and	
  temperature	
  for	
  both	
  single	
  molecule	
  and	
  large-­‐scale	
  concentrated	
  system	
  of	
  

PA	
  molecules.	
   By	
   altering	
   the	
   corresponding	
  model	
   parameters,	
   hydrophobic	
   interaction	
  

strength	
  and	
  temperature,	
  a	
  wide	
  range	
  of	
  distinctive	
  nanostructures	
  are	
  formed	
  that	
  are	
  

reflective	
   of	
   the	
   single	
  molecule	
   behavior.	
   At	
   a	
   constant	
  moderate	
   temperature,	
   β-­‐sheet-­‐

rich	
   cylindrical	
   nanofiber	
   structures,	
   which	
   share	
   high	
   similarity	
   to	
   previous	
  

experiments9,56	
  and	
  simulations26,29,57,	
  transition	
  into	
  either	
  open	
  networks	
  containing	
  	
  β-­‐

sheets	
   or	
   cylindrical	
   micelles	
   containing	
   random	
   coils	
   as	
   a	
   function	
   of	
   hydrophobic	
  

interaction	
  strength.	
  Although	
  such	
  morphological	
   transitions	
  have	
  not	
  been	
  observed	
  on	
  

amphiphilic	
  polymer-­‐peptide	
  conjugates,	
  experimental	
  works	
  on	
  amphiphilic	
  peptides21,59	
  

have	
  shown	
  structural	
  transitions	
  between	
  lamellar	
  sheets,	
  fibers,	
  worm-­‐like	
  micelles,	
  and	
  

short	
   rods	
   as	
   the	
   number	
   of	
   hydrophobic	
   peptide	
   residues	
   increases59.	
   Moreover,	
  

temperature	
  also	
  governs	
  the	
  morphology	
  of	
  self-­‐assembled	
  aggregates	
  via	
  the	
  formation	
  

of	
  secondary	
  structures.	
  The	
   interplay	
  between	
  these	
  two	
  variables	
   is	
  documented	
   in	
  the	
  

form	
  of	
  a	
  phase	
  diagram	
  to	
  identify	
  nanostructures	
  with	
  specific	
  traits.	
  	
  	
  

Structural	
  characterization	
   for	
  each	
  of	
   the	
  nanostructures	
   is	
  measured	
   in	
   terms	
  of	
  

the	
   solvent	
   accessible	
   surface	
   area,	
   secondary	
   structure	
   formation,	
   and	
   the	
   radius	
   of	
  

gyration.	
   The	
   solvent	
   accessible	
   surface	
   area	
   enables	
   differentiation	
   between	
   open-­‐	
   and	
  

closed-­‐	
   structures.	
   Calculation	
   of	
   the	
   secondary	
   structure	
   formation	
   allows	
   further	
  

classification	
  between	
  cylindrical	
  structures	
  that	
  contain	
  β-­‐sheets	
  (nanofibers)	
  or	
  random	
  

coils	
   (micelles),	
   which	
   provides	
   an	
   intuition	
   about	
   the	
   corresponding	
   bulk	
   material	
  

properties	
   such	
   that	
   large	
   amount	
   of	
   β-­‐sheets	
   correlate	
  with	
   stiffer	
  materials.19,51-­‐54	
   The	
  

packing	
   density	
   and/or	
   porosity	
   of	
   the	
   nanostructure	
   can	
   also	
   be	
   extrapolated	
   by	
  

calculating	
  the	
  radius	
  of	
  gyration	
  that	
  essentially	
  describes	
  the	
  internal	
  arrangement	
  of	
  the	
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self-­‐assembled	
   PA	
   molecules.50	
   Through	
   these	
   analysis	
   methods,	
   we	
   hope	
   to	
   establish	
  

appropriate	
  and	
  adequate	
  benchmarks	
  for	
  the	
  design	
  of	
  biomaterials	
  using	
  these	
  molecular	
  

level	
  building	
  blocks.	
  	
  

Our	
  results	
  as	
  summarized	
   in	
  a	
  phase	
  diagram	
  can	
  provide	
  experimentalists	
  some	
  

guidance	
   in	
   using	
   appropriate	
   temperature	
   and	
   polymeric	
   tail	
   to	
   conduct	
   in-­‐vitro	
   self-­‐

assembly	
   experiments	
   to	
   seek	
   or	
   avoid	
   the	
   formation	
   of	
   certain	
   nanostructures.	
   In	
   our	
  

simulations,	
  variables	
   for	
  experimental	
  conditions	
  are	
  expressed	
   in	
  reduced	
  quantities	
   to	
  

provide	
  a	
  qualitative	
  frame	
  of	
  reference.	
  While	
  a	
  direct	
  correspondence	
  to	
  experimental	
  or	
  

physiological	
  values	
   is	
  difficult,	
  correlation	
  at	
  a	
  reference	
  condition	
  can	
  be	
  established	
  by	
  

identifying	
  the	
  melting	
  temperature	
  at	
  which	
  a	
  PA	
  molecule	
  exhibits	
  equal	
  percentage	
  of	
  α-­‐

helical	
  and	
  random	
  coil	
   structures	
  as	
   shown	
   in	
  Figure	
  4.1C-­‐D	
   from	
  all-­‐atom	
  and	
  coarse-­‐

grained	
   simulations;	
   i.e.,	
   our	
   melting	
   temperature	
   is	
   T*=0.085	
   which	
   corresponds	
   to	
  

~320K.	
   Morphological	
   transitions	
   at	
   higher	
   or	
   lower	
   temperatures	
   compared	
   to	
   the	
  

melting	
   temperature	
   are	
   meant	
   for	
   a	
   qualitative	
   interpretation.	
   Similarly,	
   correlation	
  

between	
  polymeric	
  types	
  with	
  our	
  hydrophobic	
  interaction	
  strengths	
  can	
  be	
  obtained	
  in	
  a	
  

qualitative	
  manner	
  by	
  using	
  our	
  hydrophobic	
  parameter	
  R	
  at	
  1/3	
  as	
  a	
  reference	
  condition	
  

for	
  the	
  alkyl	
  tail.	
  These	
  simulation	
  insights	
  on	
  the	
  effect	
  of	
  hydrophobicity,	
  along	
  with	
  those	
  

on	
  the	
  effect	
  of	
  electrostatics23,	
  are	
  valuable	
  in	
  aiding	
  the	
  design	
  and	
  development	
  of	
  bio-­‐

inspired	
  materials	
   for	
   the	
   fields	
  of	
  drug	
  delivery,	
  diagnostic	
  medicine,	
   tissue	
  engineering,	
  

and	
  regenerative	
  medicine.	
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Figure	
   4.7.	
   Snapshots	
   of	
   PAs	
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   a	
   function	
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   time	
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   in	
   reduced	
   time	
   units)	
   showing	
   the	
   formation	
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   a	
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  with	
  discontinuity	
  in	
  its	
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  at	
  T*=0.08	
  and	
  R	
  =	
  1.3.	
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CHAPTER	
  5	
  	
   Solvent	
  Effects	
  on	
  Kinetic	
  Mechanisms	
  of	
  Self-­‐Assembly	
  
by	
  Peptide	
  Amphiphiles	
  via	
  Molecular	
  Dynamics	
  
Simulations	
  

	
  

5.1	
  	
   	
   Abstract	
  
	
  

Peptide	
   amphiphiles	
   are	
   known	
   to	
   form	
   a	
   variety	
   of	
   distinctive	
   self-­‐assembled	
  

nanostructures	
  (including	
  cylindrical	
  nanofibers	
  in	
  hydrogels)	
  dependent	
  upon	
  the	
  solvent	
  

condition.	
  Using	
  a	
  novel	
  coarse-­‐grained	
  model,	
  large-­‐scale	
  molecular	
  dynamics	
  simulations	
  

are	
  performed	
  on	
  a	
  system	
  of	
  800	
  peptide	
  amphiphiles	
  (sequence:	
  palmitoyl-­‐Val3Ala3Glu3)	
  

to	
   elucidate	
   kinetic	
   mechanisms	
   of	
   molecular	
   assembly	
   as	
   a	
   function	
   of	
   the	
   solvent	
  

condition.	
  The	
  assembly	
  process	
   is	
   found	
  to	
  occur	
  via	
  a	
  multi-­‐step	
  process	
  with	
  transient	
  

intermediates	
   that	
   ultimately	
   leads	
   to	
   the	
   stabilized	
   nanostructures	
   including	
   open	
  

networks	
   of	
   β-­‐sheets,	
   cylindrical	
   nanofibers	
   and	
   elongated	
   micelles.	
   Different	
   kinetic	
  

mechanisms	
   are	
   compared	
   in	
   terms	
   of	
   peptide	
   secondary	
   structures,	
   solvent	
   accessible	
  

surface	
   area,	
   radius	
   of	
   gyration,	
   relative	
   shape	
   anisotropy,	
   intra/inter-­‐molecular	
  

interactions	
  and	
  aggregate	
  size	
  dynamics	
  to	
  provide	
  insightful	
  information	
  for	
  the	
  design	
  of	
  

functional	
  biomaterials.	
  	
  	
  	
  

5.2	
  	
   	
   Introduction	
  
	
  

Peptide	
  amphiphiles	
  (PAs),	
  which	
  belong	
  to	
  a	
  class	
  of	
  peptide-­‐polymer	
  conjugates,1,2	
  

contain	
  a	
  hydrophobic	
  monoalkyl	
  tail	
  covalently	
  attached	
  to	
  a	
  hydrophilic	
  peptide	
  sequence	
  

including	
  a	
  bioactive	
  segment.3,4	
  These	
  PA	
  molecules	
  exhibit	
  excellent	
  biocompatibility	
  and	
  

possess	
   dynamic	
   stimuli-­‐responsive	
   properties	
   presenting	
   themselves	
   as	
   “smart”	
  

biomaterials.5-­‐9	
  Upon	
  local	
  environmental	
  cues,	
  PA	
  molecules	
  can	
  readily	
  self-­‐assemble	
  into	
  

a	
   variety	
   of	
   distinctive	
   nanostructures	
   including	
   high	
   aspect	
   ratio	
   cylindrical	
   nanofibers	
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containing	
  alkyl	
  tails	
  residing	
  in	
  the	
  interior	
  with	
  peptides	
  on	
  the	
  surface.4,10,11	
  The	
  ability	
  

for	
   PAs	
   to	
   self-­‐assemble	
   into	
   a	
   multifunctional	
   system	
   is	
   particularly	
   advantageous	
   for	
  

biomedical	
  applications	
  such	
  as	
  targeted	
  vehicles	
   for	
   imaging	
  agent	
  and	
  drug	
  delivery12,13	
  

or	
  as	
  artificial	
  three-­‐dimensional	
  tissue	
  scaffolds.14-­‐16	
  	
  

PA	
  nanostructure	
  formation	
  is	
  heavily	
  dependent	
  on	
  the	
  balance	
  between	
  weak	
  non-­‐

covalent	
   interactions	
   such	
   as	
   electrostatic,	
   hydrophobic,	
   and	
   hydrogen	
   bonding.17-­‐19	
  This	
  

balance	
   can	
   be	
   tuned	
   by	
   sequence	
   specificity	
   and	
   solvent	
   condition.	
   Sequence	
   specificity	
  

can	
   be	
   used	
   to	
   promote	
   either	
   intra-­‐	
   or	
   intermolecular	
   interactions	
   and	
   drive	
   specific	
  

secondary	
  structure	
  formation	
  (i.e.,	
  α-­‐helix,	
  β-­‐sheet).20-­‐22	
  Changes	
  in	
  the	
  aqueous	
  medium	
  

(e.g.,	
   pH,	
   ion	
   concentration,	
   temperature)	
   can	
   also	
   induce	
   phase	
   and	
   morphological	
  

transitions	
  of	
  the	
  system.23	
  Modification	
  of	
  the	
  chemical	
  structure	
  or	
  solvent	
  environment	
  

exemplifies	
  the	
  modular	
  and	
  customizable	
  design	
  of	
  a	
  PA	
  by	
  providing	
  direct	
  control	
  over	
  

the	
   resulting	
   gel’s	
   viscoelastic	
   behavior	
   and	
   related	
   mechanical	
   properties.24,25	
   While	
  

examination	
   of	
   equilibrium	
   structures	
   of	
   static	
   morphologies	
   provide	
   leverage	
   in	
  

biomaterial	
  design	
  with	
  respect	
   to	
  composition	
  and	
   functionality,	
   less	
  emphasis	
  has	
  been	
  

placed	
   on	
   characterizing	
   the	
   dynamic	
   self-­‐assembly	
   process	
   by	
   monitoring	
   structural	
  

changes	
  and	
  identifying	
  kinetically	
  trapped	
  structures.	
  	
  

Developing	
   a	
   biocompatible	
   vehicle	
   that	
   can	
   transform	
   from	
   one	
   morphology	
   to	
  

another	
  in	
  response	
  to	
  specific	
  physiological	
  stimuli	
  could	
  lead	
  to	
  a	
  novel	
  class	
  of	
  sensing,	
  

diagnostic,	
   and	
   therapeutic	
   agents.26-­‐28	
   Focus	
   on	
   the	
   design	
   such	
   peptide-­‐based	
   vehicles	
  

extend	
  beyond	
  the	
  current	
  subset	
  of	
  PAs	
  and	
  can	
  provide	
  the	
  foundation	
  for	
  the	
  exploration	
  

of	
   increasingly	
   complex	
   amphiphilic	
   peptides.	
   Through	
   rational	
   design,	
   several	
  

biocompatible	
  building	
  blocks	
  have	
  been	
  identified	
  and	
  shown	
  to	
  be	
  effective	
  in	
  biomedical	
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applications.29-­‐32	
   To	
   target	
   tumor-­‐specific	
   sites,	
   supramolecular	
   peptide-­‐amphiphile	
  

systems	
   consisting	
   of	
   hydrophilic	
   poly-­‐(L-­‐lysine)	
   dendrimer	
   and	
   hydrophobic	
   poly-­‐(L-­‐

leucine)	
   demonstrated	
   its	
   viability	
   as	
   a	
   smart	
   nanovehicle	
   upon	
   pH-­‐triggered	
  

disassembly.29	
  Other	
  successful	
  approaches	
  to	
  designing	
  drug	
  delivery	
  vehicles	
  includes	
  the	
  

use	
  of	
  multiple	
  hydrophobic	
  tails	
  conjugated	
  to	
  a	
  neuroprotective	
  peptide	
  sequence	
  to	
  favor	
  

non-­‐lamellar	
   architectures	
   due	
   to	
   geometric	
   means30	
   and	
   using	
   enzymatic	
   reactions	
   to	
  

influence	
   the	
   resulting	
   morphology	
   of	
   the	
   amphiphilic	
   polymer-­‐peptides	
   with	
   different	
  

substrates.31	
  For	
  a	
  different	
  system,	
  the	
  strength	
  of	
  hydrogel	
  can	
  be	
  tuned	
  depending	
  on	
  the	
  

redox	
   environment	
   through	
   the	
   introduction	
   of	
   a	
   cysteine	
   residue.32	
  While	
   this	
   class	
   of	
  

molecules	
  can	
  be	
  customized	
  to	
  be	
  responsive	
  to	
  different	
  stimuli,	
  the	
  ability	
  to	
  generalize	
  

comprehensive	
   design	
   principles	
   from	
   existing	
   systems	
   remains	
   to	
   be	
   difficult	
   due	
   to	
   a	
  

large	
   number	
   of	
   poorly	
   elucidated	
   variables.	
   By	
   utilizing	
   an	
   elementary	
   PA	
   molecule	
  

containing	
   only	
   rudimentary	
   properties,	
   key	
   factors	
   that	
   can	
   promote	
   or	
   enhance	
   self-­‐

assembly	
  behavior	
  can	
  be	
  better	
  determined	
  by	
  reducing	
  possible	
  interfering	
  elements.	
  	
  

Our	
  current	
  understanding	
  of	
   the	
  underlying	
  kinetic	
  pathway	
   for	
  PA	
  self-­‐assembly	
  

remains	
   limited.	
   Extraction	
   of	
   kinetics	
   information	
   from	
   in	
   vitro	
   experiments	
   is	
   difficult	
  

while	
   in	
   silico	
   studies	
   involving	
   large-­‐scale	
   systems	
   are	
   computationally	
   intensive.	
  

Nevertheless,	
  previous	
  simulation	
  studies	
  have	
  shown	
  that	
  PA	
  self-­‐assembly	
  is	
  a	
  multi-­‐step	
  

process.33	
  Performing	
  coarse-­‐grained	
  molecular	
  dynamics	
  simulations	
  using	
  MARTINI	
  force	
  

field,34	
   Schatz	
   and	
   co-­‐workers	
   showed	
   that	
   initial	
   association	
   of	
   the	
   hydrophobic	
   tails	
  

facilitates	
   micelle	
   development,	
   which	
   promotes	
   formation	
   of	
   cylindrical	
   nanofibers	
   by	
  

merging	
   micelles	
   together.35	
   Targeted	
   molecular	
   dynamics	
   simulations	
   and	
   umbrella	
  

sampling	
   techniques	
   were	
   further	
   used	
   to	
   propose	
   a	
   more	
   descriptive	
   two-­‐stage	
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mechanism:	
  an	
  initial	
  stage	
  with	
  PA	
  aggregation	
  through	
  contribution	
  of	
  both	
  desolvation	
  

and	
  head-­‐tail	
  conformation	
  followed	
  by	
  a	
  conformational	
  disorder-­‐to-­‐order	
  transition	
  due	
  

to	
  the	
   interaction	
  between	
  peptide	
  segments.35,36	
  Detailed	
   free-­‐energy	
  landscape	
  suggests	
  

that	
   the	
   spherical	
   micelle	
   formation	
   is	
   strictly	
   a	
   transient	
   state.37	
   Instead,	
   the	
   prevalent	
  

transition	
  from	
  a	
  disordered	
  to	
  an	
  ordered	
  state	
  is	
  exemplified	
  by	
  a	
  pillar-­‐like	
  intermediate	
  

followed	
  by	
  the	
  final	
  development	
  of	
  a	
  semifiber.	
  	
  

Recently,	
   Nguyen	
   and	
   collaborators	
   performed	
   multiscale	
   modeling	
   study	
   to	
  

elucidate	
   the	
   effect	
   of	
   electrostatics	
   on	
   PA	
   self-­‐assembly	
   mechanism.38,39	
   Coarse-­‐grained	
  

simulations	
  revealed	
  that	
  when	
  the	
  electrostatic	
  repulsion	
  between	
  the	
  charged	
  groups	
  on	
  

glutamic	
  acids	
  are	
  strong,	
  representing	
  high	
  pH	
  conditions	
  under	
  which	
  some	
  or	
  all	
  of	
  the	
  

Glu	
   sidechains	
   were	
   deprotonated	
   or	
   charged,	
   PA	
   molecules	
   quickly	
   undergo	
   micelle	
  

formation	
  whose	
  driving	
   force	
   is	
   the	
   hydrophobic	
   interactions	
   between	
   alkyl	
   tails.	
  When	
  

the	
   electrostatic	
   repulsion	
   between	
   the	
   charged	
   groups	
   on	
   glutamic	
   acids	
   are	
   weak,	
  

corresponding	
   to	
   the	
   low	
   pH	
   conditions	
   when	
   Glu	
   sidechains	
   are	
   mainly	
   neutral,	
   these	
  

micelles	
  merge	
  together	
  leading	
  to	
  the	
  formation	
  of	
  one	
  continuous	
  rod-­‐shaped	
  nanofiber	
  

in	
  which	
  PA	
  peptides	
  are	
  aligned	
  in	
  multiple	
  β-­‐sheets.	
  These	
  cylindrical	
  nanofibers	
  exhibit	
  

high	
   structural	
   fidelity	
   to	
   the	
   proposed	
   structure	
   based	
   on	
   experimental	
   data.10	
   To	
  

investigate	
  the	
  pH-­‐dependent	
  thermodynamics	
  of	
  the	
  nanofiber	
  formation,	
  conformational	
  

dynamics	
  of	
  a	
  PA	
  tetrameric	
  β-­‐sheet	
  model	
  was	
  studied	
  via	
  all-­‐atom	
  CpHMD	
  simulations.39	
  

Based	
   on	
   the	
   number	
   of	
   backbone	
   hydrogen	
   bonds,	
   the	
   unfolding	
   of	
   the	
   β-­‐sheet	
   occurs	
  

between	
   pH	
   6–7	
   with	
   the	
   transition	
   midpoint	
   at	
   about	
   pH	
   6.5,	
   matching	
   the	
   CD	
   data.13	
  

Moreover,	
  pKa	
  data	
  of	
  Glu	
  residues	
  suggest	
  that	
  ionization	
  of	
  the	
  Glu	
  residues	
  in	
  the	
  central	
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peptides	
   induces	
   unfolding	
   of	
   the	
  β-­‐sheet;	
   therefore,	
   their	
   pKa	
   values	
   determine	
   the	
   pH	
  

condition	
  for	
  the	
  transition	
  from	
  nanofiber	
  to	
  micelle.32	
  	
  

In	
  this	
  work,	
  we	
  examine	
  the	
  role	
  of	
  solvent	
  condition	
  on	
  self-­‐assembly	
  behavior	
  of	
  a	
  

model	
  PA	
  molecule,	
  palmitoyl-­‐Val3Ala3Glu3	
  (comprised	
  of	
  a	
  hydrophobic	
  monoalkyl	
  16-­‐mer	
  

tail	
  that	
  is	
  covalently	
  conjugated	
  to	
  a	
  short	
  peptide	
  segment	
  of	
  valine,	
  alanine,	
  and	
  glutamic	
  

acids)40	
   by	
   systematically	
   modifying	
   the	
   strength,	
   εHP,	
   of	
   the	
   hydrophobic	
   interactions	
  

between	
  both	
  domains	
  of	
   the	
  model	
  PA	
  sequence	
  using	
  our	
  coarse-­‐grained	
  (CG)	
  peptide-­‐

polymer	
  model,	
  ePRIME.38	
  The	
  pairwise	
  strength,	
  εHP=R(ΔGi+ΔGj),	
   is	
  modulated	
  by	
  a	
  scale	
  

factor,	
   R,	
  where	
  R	
   ranges	
   from	
  1/6	
   to	
   1.3	
   and	
  ΔG	
   is	
   the	
   free	
   energy	
   of	
   transferring	
   each	
  

amino	
  acid	
  or	
  chemical	
  group	
  from	
  water	
  to	
  octanol.41,42	
  This	
  scale	
  factor,	
  R,	
  is	
  an	
  inclusive	
  

parameter	
   that	
   can	
   be	
   interpreted	
   as	
   the	
   degree	
   of	
   hydrophobicity	
   between	
   non-­‐polar	
  

groups	
   (such	
   as	
   the	
   alkyl	
   tail	
   and	
   nonpolar	
   peptide	
   residues)	
   and	
   is	
   governed	
   by	
   the	
  

particular	
  solvent	
  choice.	
  For	
  example,	
  low	
  values	
  of	
  R	
  are	
  associated	
  with	
  nonpolar	
  solvent	
  

by	
  either	
  adding	
  organic	
  cosolutes	
  or	
  co-­‐solvent	
  such	
  as	
  hexafluoroisopropanol	
  (HFIP).43	
  In	
  

contrast,	
  high	
  values	
  of	
  R	
  correspond	
  to	
  either	
  polar	
  solvent	
  or	
  by	
  adding	
  polar	
  cosolutes.44	
  

Using	
   aggregate	
   dynamics	
   analysis	
   and	
   examining	
   the	
   dynamic	
   behavior	
   of	
   secondary	
  

structure	
   formation,	
   solvent	
   accessible	
   surface	
   area,	
   radius	
   of	
   gyration,	
   relative	
   shape	
  

anisotropy	
   and	
   intra-­‐/intermolecular	
   interactions,	
  we	
   examine	
   self-­‐assembly	
   behavior	
   of	
  

PA	
   molecules	
   at	
   three	
   representative	
   hydrophobic	
   interaction	
   strengths	
   that	
   yield	
  

distinctive	
  nanostructures.	
  	
  

5.3	
  	
   	
   Methods	
  
	
  



114	
  
	
  

A	
   peptide	
   amphiphile	
   of	
   sequence	
   C16H31O-­‐V3A3E9	
  was	
   chosen	
   based	
   on	
   previous	
  

experimental	
  work	
  by	
  Pashuck	
  et	
  al.40	
   It	
   contains	
   triplets	
  of	
  valine,	
   alanine,	
   and	
  glutamic	
  

acid	
  with	
   the	
   first	
   valine	
   conjugated	
   to	
   the	
  monoalkyl	
   segment	
   of	
   sixteen	
   hydrocarbons.	
  	
  

This	
  sequence	
  is	
  represented	
  using	
  a	
  coarse	
  grained	
  model	
  called	
  ePRIME38,	
  an	
  extension	
  of	
  

the	
  Protein	
  Intermediate	
  Resolution	
  Model	
  (PRIME),45	
  by	
  accounting	
  for	
  all	
  twenty	
  natural	
  

amino	
  acids.	
  The	
  peptide	
  backbone	
  atoms	
  are	
  represented	
  by	
  three	
  spheres	
  for	
  the	
  amide,	
  

alpha	
  carbon,	
  and	
  carbonyl	
  groups	
  (NH,	
  CαH,	
  and	
  CO).	
  Adapting	
  a	
  model	
  by	
  Wallqvist	
  and	
  

Ullner,46	
  the	
  sidechains	
  are	
  represented	
  with	
  either	
  one	
  or	
  two	
  spheres	
  based	
  on	
  the	
  length	
  

of	
  the	
  side	
  chain.	
  The	
  size	
  of	
  the	
  side	
  chain	
  is	
  derived	
  from	
  the	
  experimentally	
  determined	
  

solvent	
  accessible	
  obtained	
  by	
  Eisenberg	
  and	
  coworkers.41	
  For	
  the	
  polymeric	
  tail,	
  each	
  CH2	
  

group	
  is	
  represented	
  as	
  a	
  single	
  sphere	
  whose	
  bond	
  distance	
  and	
  fluctuation	
  are	
  extracted	
  

from	
  available	
  atomistic	
  parameters.38	
  	
  

For	
   the	
  system	
  of	
   interest,	
  an	
   implicit	
  solvent	
  model	
   is	
   implemented	
  to	
  reduce	
  the	
  

system’s	
  size	
   for	
   tractable	
  simulations	
   that	
  can	
  still	
   capture	
   the	
  underlying	
  physics	
  of	
   the	
  

system.	
  The	
  solvent	
  effect	
  is	
  incorporated	
  into	
  the	
  effective	
  residue-­‐residue	
  potential	
  due	
  to	
  

the	
   hydrophobic	
   or	
   hydrophilic	
   character	
   of	
   each	
   peptide	
   residue	
   or	
   alkyl	
   group.	
  

Representation	
   of	
   this	
   behavior	
   is	
   either	
   through	
   a	
   square-­‐well	
   or	
   square-­‐shoulder	
  

potential	
   that	
   approximates	
   an	
   attractive	
   or	
   repulsive	
   continuous	
   potential,	
   respectively.	
  

For	
  example,	
  square-­‐well	
  potential	
  is	
  used	
  for	
  attractive	
  interactions	
  between	
  hydrophobic	
  

side	
   chains	
   and/or	
   polymeric	
   segments	
   while	
   square-­‐shoulder	
   potential	
   is	
   used	
   for	
  

repulsive	
   interactions	
   between	
   hydrophilic	
   side	
   chains	
   or	
   polymeric	
   segments.	
   The	
  

strength	
  of	
  the	
  interaction	
  between	
  two	
  groups	
  is	
  𝜀!" = 𝑅(∆𝐺! + ∆𝐺!)	
  where	
  ΔG	
  is	
  the	
  free	
  

energy	
   of	
   transferring	
   each	
   group	
   from	
   water	
   to	
   octanol41,42	
   and	
   R	
   is	
   a	
   measure	
   of	
   the	
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strength	
   of	
   the	
   hydrophobic	
   interaction	
   ranging	
   from	
   1/8	
   to	
   	
   1.3.	
   From	
   prior	
   work	
  

examining	
  the	
  formation	
  of	
  distinctive	
  equilibrium	
  structures	
  at	
  a	
  wide	
  range	
  of	
  R	
  values,47	
  

three	
  values	
  of	
  R	
  are	
  chosen	
  for	
  this	
  study	
  to	
  form	
  a	
  smaller	
  subset:	
  R	
  =	
  1/6,	
  1/3,	
  and	
  1.3.	
  

The	
   focus	
   on	
   this	
   smaller	
   subset	
   is	
   to	
   provide	
  more	
   in-­‐depth	
   details	
  with	
   respect	
   to	
   the	
  

molecular	
  pathway	
  while	
  highlighting	
  the	
  extreme	
  conditions	
  at	
  small	
  and	
  large	
  values	
  of	
  R.	
  

Although	
   at	
   this	
   stage	
   of	
   the	
   model,	
   R	
   does	
   not	
   provide	
   a	
   direct	
   correspondence	
   with	
  

solvent	
  selection,	
  the	
  range	
  of	
  R	
  selected	
  aims	
  to	
  provide	
  a	
  qualitative	
  understanding	
  that	
  

can	
   be	
   extrapolated	
   by	
   comparing	
   and	
   contrasting	
   with	
   the	
   prototypical	
   cylindrical	
  

nanofiber	
  observed	
  at	
  the	
  reference	
  condition	
  of	
  R	
  =	
  1/3.	
  	
  

Hydrogen	
   bonding	
   is	
   represented	
   by	
   a	
   directionally	
   dependent	
   square-­‐well	
  

attraction	
   of	
   strength	
   εHB=12	
   kJ/mol	
   between	
   NH	
   and	
   CO	
   united	
   atoms.	
   Electrostatic	
  

interactions,	
  which	
  are	
  treated	
  at	
  the	
  level	
  of	
  Debye-­‐Huckel	
  theory,	
  are	
  implemented	
  using	
  

three-­‐step	
  attractive	
  square-­‐well	
  or	
   repulsive	
  shoulder-­‐well	
  potentials	
  with	
  a	
  12	
  Å	
  cutoff.	
  	
  

In	
  this	
  study,	
  the	
  strength	
  of	
  an	
  electrostatic	
  repulsion	
  between	
  two	
  charges	
  on	
  the	
  glutamic	
  

acids,	
  εES,	
  is	
  the	
  same	
  as	
  that	
  of	
  the	
  hydrogen	
  bond,	
  εHB,	
  as	
  it	
  is	
  the	
  optimal	
  condition	
  where	
  

cylindrical	
  nanofibers	
  were	
  observed	
  in	
  our	
  previous	
  study.38	
  	
  

In	
   junction	
   with	
   the	
   coarse	
   grained	
   representation	
   of	
   the	
   system,	
   discontinuous	
  

molecular	
  dynamics	
  (DMD)	
  method	
  is	
  utilized	
  to	
  enable	
  simulations	
  of	
   large	
  system	
  sizes	
  

and	
  extended	
  time	
  scales.	
  	
  As	
  an	
  alternative	
  to	
  standard	
  molecular	
  dynamics,	
  DMD	
  models	
  

bonded	
   and	
   nonbonded	
   interactions	
   through	
   discontinuous	
   potentials,	
   e.g.,	
   hard-­‐sphere	
  

and	
   square-­‐well	
   potentials.	
   Unlike	
   soft	
   potentials	
   such	
   as	
   the	
   Lennard-­‐Jones	
   potential,	
  

discontinuous	
   potentials	
   exert	
   forces	
   only	
   when	
   particles	
   collide,	
   enabling	
   the	
   exact	
   (as	
  

opposed	
   to	
   numerical)	
   solution	
   of	
   the	
   collision	
   dynamics.	
   DMD	
   simulations	
   proceed	
   by	
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locating	
  the	
  next	
  collision,	
  advancing	
  the	
  system	
  to	
  that	
  collision,	
  and	
  then	
  calculating	
  the	
  

collision	
  dynamics.	
  By	
   reducing	
   the	
   interaction	
  details	
   that	
   is	
   needed	
  by	
  being	
   an	
   event-­‐

driven	
  process	
  as	
  opposed	
  to	
  time-­‐driven	
  process,	
  this	
  type	
  of	
  simulation	
  allows	
  for	
  greater	
  

time	
  scales	
  on	
  large	
  systems.	
  Simulations	
  are	
  performed	
  in	
  the	
  canonical	
  ensemble	
  (NVT)	
  

with	
   periodic	
   boundary	
   conditions	
   imposed	
   to	
   eliminate	
   artifacts	
   due	
   to	
   box	
   walls.	
  

Constant	
  temperature	
  is	
  achieved	
  by	
  implementing	
  the	
  Andersen	
  thermostat	
  method48.	
  In	
  

this	
   case,	
   all	
   beads	
   are	
   subjected	
   to	
   random,	
   infrequent	
   collisions	
   with	
   ghost	
   particles	
  

whose	
  velocities	
  are	
  chosen	
  randomly	
  from	
  a	
  Maxwell	
  Boltzmann	
  distribution	
  centered	
  at	
  

the	
   system	
   temperature.	
   Simulation	
   temperature	
   is	
   expressed	
   in	
   terms	
   of	
   the	
   reduced	
  

temperature,	
  T*	
   =	
   kBT/εHB,	
   where	
   kB	
   is	
   Boltzmann's	
   constant,	
   and	
  T	
   is	
   the	
   temperature.	
  

Reduced	
  time	
  is	
  defined	
  to	
  be	
  t*=t/σ(kBT/m)1/2,	
  where	
  t	
  is	
  the	
  simulation	
  time,	
  and	
  σ	
  and	
  m	
  

are	
  the	
  average	
  bead	
  diameter	
  and	
  mass,	
  respectively.	
  While	
  the	
  use	
  of	
  reduced	
  quantities	
  

in	
  silico	
  pose	
  difficulty	
  in	
  achieving	
  an	
  experimental	
  analogue,	
  qualitative	
  correlations	
  can	
  

be	
  extracted.	
  From	
  earlier	
  work	
  examining	
  single	
  molecule	
  behavior	
  using	
  both	
  atomistic	
  

and	
  coarse	
  grained	
  models,47	
  a	
  qualitative	
  frame	
  of	
  reference	
  can	
  be	
  identified	
  correlating	
  

the	
  melting	
  temperature	
  of	
  T*	
  =	
  0.085T	
  to	
  320K.	
  	
  	
  

The	
   initial	
   configuration	
   of	
   each	
   simulation	
   contains	
   800	
   PA	
   molecules	
   (44,000	
  

particles)	
   in	
   a	
   cubic	
   box	
   whose	
   dimension	
   is	
   250	
   Å.	
   This	
   initial	
   configuration	
   was	
  

randomized	
  to	
  remove	
  any	
  bias	
  conformation	
  by	
  heating	
  the	
  system	
  at	
  a	
  high	
  temperature	
  

(T*	
   =	
   5.0)	
   for	
   a	
   short	
   amount	
   of	
   time	
   (<1%	
   of	
   production	
   run)	
   to	
   mimic	
   experimental	
  

conditions.	
  Afterwards,	
   the	
   system	
  was	
  quickly	
  quenched	
   to	
  T*	
  =	
  0.11,	
  which	
   is	
   the	
   final	
  

temperature	
   for	
   the	
  production	
   run	
   for	
   200	
   –	
   400	
   time	
  units	
   until	
   reaching	
   equilibrium.	
  

The	
  criteria	
  for	
  equilibrium	
  is	
  that	
  each	
  simulation	
  was	
  conducted	
  for	
  a	
  long	
  period	
  of	
  time	
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until	
  the	
  ensemble	
  averages	
  of	
  the	
  system's	
  total	
  potential	
  energy	
  varied	
  by	
  no	
  more	
  than	
  

2.5%	
   during	
   the	
   last	
   three-­‐quarters	
   of	
   each	
   simulation	
   run.	
   The	
   sudden	
   change	
   in	
  

temperature	
  should	
  have	
  negligible	
  effects	
  on	
  the	
  system	
  properties	
  as	
  the	
  randomization	
  

is	
  used	
  only	
   for	
   the	
  purpose	
  of	
   removing	
  any	
  computational	
  bias	
  due	
   to	
   the	
   technique	
  of	
  

populating	
   the	
   system	
   with	
   PA	
   molecules.	
   From	
   our	
   previous	
   study	
   on	
   the	
   effects	
   of	
  

temperature,	
   we	
   found	
   that	
   below	
   and	
   at	
   the	
   melting	
   point	
   of	
   T*	
   =	
   0.085,	
   PAs	
   formed	
  

kinetically	
  trapped	
  aggregates	
  that	
  are	
  amorphous.	
  At	
  higher	
  temperatures,	
  T*=0.10-­‐0.11,	
  

cylindrical	
   nanofibers	
   can	
   be	
   formed	
   when	
   R=1/3.	
   Similarly,	
   Schatz	
   and	
   coworkers33	
  

conducted	
   their	
   simulations	
   observing	
   the	
   formation	
   of	
   nanofibers	
   at	
   330K,	
   which	
   is	
  

slightly	
  higher	
  than	
  the	
  melting	
  point.	
  In	
  this	
  study,	
  we	
  varied	
  the	
  R	
  parameter	
  but	
  kept	
  the	
  

temperature	
  constant	
  at	
  T*=0.11.	
  	
  

Analysis	
  was	
  performed	
  on	
  the	
  data	
  collected	
  during	
  the	
  production	
  period.	
  At	
  each	
  

hydrophobic	
  interaction	
  strength,	
  quantitative	
  results	
  reported	
  in	
  this	
  paper	
  are	
  computed	
  

from	
  the	
  averages	
  of	
  10	
  independent	
  simulations	
  with	
  error	
  bars	
  taken	
  from	
  the	
  standard	
  

deviation.	
   Calculation	
   of	
   the	
   secondary	
   structure	
   within	
   the	
   system	
   is	
   through	
   the	
  

implementation	
  of	
  STRIDE49	
  including:	
  α-­‐helix,	
  310-­‐helix,	
  π-­‐helix,	
  β-­‐strand/sheet	
  (extended	
  

conformation),	
  turn,	
  bridge,	
  isolated	
  bridge,	
  and	
  random	
  coil.	
   	
  However,	
  we	
  only	
  focus	
  on	
  

α-­‐helix,	
  β-­‐strand/sheet,	
  and	
  random	
  coil	
   that	
  also	
  contains	
   turn.	
  To	
   identify	
  an	
  aggregate	
  

formed	
  during	
   the	
   trajectory	
  of	
   the	
  simulation,	
   individual	
  PA	
  molecules	
  of	
  a	
  cluster	
  must	
  

form	
   at	
   least	
   two	
   interpeptide	
   hydrogen	
   bonds	
   or	
   four	
   hydrophobic	
   interactions	
  with	
   a	
  

neighboring	
  PA	
  molecule	
   in	
   the	
  same	
  group.50	
  This	
  criterion	
  ensures	
   that	
  an	
  aggregate	
   is	
  

defined	
   by	
   at	
   least	
   two	
   or	
   more	
   chains	
   that	
   form	
   enough	
   stable	
   interactions.	
   Solvent	
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accessible	
  surface	
  area	
  (SASA)	
  is	
  calculated	
  in	
  VMD51	
  with	
  the	
  measure	
  SASA	
  module	
  using	
  

a	
  probe	
  of	
  1.4Å	
  radius.	
  	
  

Relative	
   shape	
   anisotropy	
   (RSA)	
   parameter	
   was	
   also	
   calculated	
   to	
   provide	
   a	
  

quantitative	
  analysis	
  of	
  the	
  variation	
  in	
  shape	
  of	
  the	
  identified	
  aggregates	
  or	
  assemblies.	
  To	
  

do	
  so,	
  the	
  radius	
  of	
  gyration	
  tensor	
  was	
  first	
  calculated	
  to	
  determine	
  the	
  eigenvalues	
  (i.e.,	
  

principal	
   moments	
   of	
   inertia)	
   via	
   diagonalization	
   of	
   the	
   3	
   x	
   3	
   matrix	
   in	
   the	
   Cartesian	
  

coordinates	
   x,	
   y,	
   and	
   z.	
   This	
   calculation	
   provides	
   a	
   direct	
   correspondence	
   of	
   the	
  

distribution	
   of	
   mass	
   of	
   the	
   object	
   as	
   a	
   function	
   of	
   the	
   atom’s	
   position.	
   From	
   the	
  

diagonalization	
  of	
   the	
  matrix,	
   identified	
  eigenvalues,	
  with	
  the	
   listed	
  criteria	
  𝜆!! ≤ 𝜆!! ≤ 𝜆!!,	
  

can	
  be	
  related	
  to	
  determine	
  radius	
  of	
  gyration,	
  Rg,	
  asphericity,	
  b,	
  acylindricity,	
  c,	
  as	
  well	
  as	
  

the	
  RSA	
  value	
  using	
  Equation	
   (1).	
   	
   Further	
  details	
   of	
   the	
   calculation	
   can	
  be	
   found	
   in	
   the	
  

provided	
  references	
  by	
  Vymĕtal	
  et	
  al.,52	
  and	
  Dima	
  et	
  al.53	
  

𝑅𝑆𝐴 = !!!!.!"∗!!

!!!
= 1.5 ∗ !!!

!! !!!
!! !!!

!

!!!!!!!!!!!
! − 0.5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Eqn.	
  1	
  

RSA	
  parameter	
  calculated	
  Equation	
  (1)	
  ranges	
  between	
  the	
  values	
  of	
  0	
  and	
  1.	
  As	
  the	
  

parameter	
  approaches	
  unity,	
  RSA	
  =	
  1,	
  it	
  indicates	
  that	
  the	
  distribution	
  of	
  points	
  of	
  an	
  object	
  

is	
   representative	
  of	
   a	
   line	
   (e.g.,	
   rod-­‐like	
   structure).	
   In	
   contrast,	
   as	
   the	
  parameter	
   reaches	
  

zero,	
  RSA	
  =	
  0,	
  the	
  distribution	
  of	
  points	
  of	
  the	
  aggregate	
  resembles	
  spherically	
  symmetric	
  

conformation	
  (e.g.,	
  spherical	
  structure).	
  In	
  this	
  case,	
  only	
  the	
  carbon	
  atoms	
  of	
  the	
  aliphatic	
  

tail	
  and	
  Cα	
  atoms	
  of	
  the	
  peptide	
  backbone	
  are	
  used.	
  To	
  avoid	
  including	
  misleading	
  values	
  

obtained	
   from	
   single	
   molecules	
   and	
   small	
   oligomers,	
   RSA	
   values	
   were	
   calculated	
   on	
  

aggregates	
  that	
  contain	
  at	
  least	
  5	
  or	
  more	
  PA	
  chains.	
  The	
  RSA	
  parameter	
  at	
  each	
  time	
  point	
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of	
  the	
  simulation	
  is	
  the	
  average	
  of	
  multiple	
  RSA	
  values	
  of	
  different	
  aggregates	
  belonging	
  to	
  

a	
  particular	
  supramolecular	
  structure	
  assembled	
  at	
  equilibrium.	
  	
  

5.4	
  	
   	
   Results	
  and	
  Discussions	
  
	
  

Since	
   this	
   article	
   builds	
   upon	
   our	
   earlier	
   work	
   on	
   self-­‐assembly	
   of	
   peptide	
  

amphiphiles	
   of	
   the	
   same	
   sequence,47	
   it	
   is	
   useful	
   to	
   briefly	
   review	
   those	
   results	
   that	
   are	
  

pertinent	
   to	
   the	
   discussion	
   here.	
   Previously,	
   we	
   investigated	
   the	
   role	
   of	
   hydrophobic	
  

interactions	
   on	
   the	
   self-­‐assembled	
   nanostructures	
   at	
   equilibrium	
   by	
   systematically	
  

modifying	
  the	
  strength	
  of	
  the	
  hydrophobic	
  interactions	
  between	
  both	
  domains	
  of	
  the	
  model	
  

PA	
  sequence	
  as	
  represented	
  by	
  a	
  scale	
  factor,	
  R.47	
  We	
  found	
  that	
  systematic	
  modification	
  of	
  

the	
   hydrophobic	
   interaction	
   strength	
   led	
   to	
   the	
   formation	
   of	
   three	
   distinctive	
  

nanostructures	
  with	
   key	
   structural	
   differences	
   (Figure	
   5.1).	
   At	
   a	
  moderate	
   hydrophobic	
  

interaction	
  strength	
  of	
  R	
  =	
  1/3,	
  cylindrical	
  nanofibers	
  were	
  formed.	
  Cylindrical	
  nanofiber	
  is	
  

an	
  elongated	
  structure	
  whose	
  peptide	
  residues	
  are	
  distributed	
  at	
  the	
  surface	
  exhibiting	
  β–

sheet	
   conformations	
   while	
   the	
   hydrophobic	
   alkyl	
   tails	
   are	
   populating	
   at	
   its	
   core.	
   These	
  

cylindrical	
   nanofibers	
   have	
   no	
   hemispherical	
   cap	
   in	
   each	
   end	
   indicating	
   that	
   they	
   can	
  

potential	
  merger	
   together	
   at	
   longer	
   timescale	
   of	
   simulations.	
   On	
   one	
   hand,	
   reducing	
   the	
  

hydrophobic	
   strength	
   to	
   R=1/6	
   results	
   in	
   the	
   formation	
   of	
   small	
   β-­‐sheets,	
   which	
   are	
  

connected	
  together	
  by	
  both	
  hydrophobic	
  interactions	
  and	
  hydrogen	
  bonds	
  creating	
  an	
  open	
  

network.	
  On	
   the	
   other	
   hand,	
   increasing	
   the	
   hydrophobic	
   strength	
   to	
  R=1.3	
   results	
   in	
   the	
  

formation	
  of	
  closed	
  elongated	
  micelles	
  that	
  are	
  smaller	
  in	
  diameter	
  than	
  that	
  of	
  cylindrical	
  

nanofibers.	
   In	
   this	
   case,	
   alkyl	
   tails	
   and	
   peptide	
   residues	
   are	
   intertwined	
   together	
   in	
   the	
  

interior	
  and	
  the	
  peptide	
  segments	
  exhibits	
  only	
  random-­‐coil	
  conformation	
  without	
  any	
  β-­‐
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sheet	
   elements.	
   At	
   the	
   end	
   of	
   our	
   simulations,	
   aggregates	
   of	
   different	
   sizes	
  were	
   formed	
  

containing	
  up	
  to	
  50	
  PA	
  molecules	
  with	
  a	
  polydisperse	
  distribution	
  of	
  aggregate	
  size.	
  After	
  

an	
  infinitely	
  long	
  time,	
  these	
  aggregates	
  are	
  expected	
  to	
  merge	
  together	
  to	
  form	
  one	
  large	
  

structure.	
   However,	
   that	
   would	
   require	
   multiple	
   orders	
   of	
   magnitude	
   more	
   simulation	
  

times	
  than	
  the	
  current	
  computational	
  methods	
  can	
  afford	
  as	
  also	
  demonstrated	
  by	
  Schatz	
  

and	
   co-­‐workers,33	
  who	
   observed	
   nanostructures	
   of	
   similar	
   size	
   as	
   those	
   seen	
   from	
   our	
  

simulations.	
  	
  

In	
   this	
   study,	
   we	
   performed	
   kinetic	
   analysis	
   on	
   self-­‐assembly	
   dynamics	
   of	
   those	
  

three	
   distinctive	
   nanostructures	
   to	
   provide	
   a	
   complementary	
   understanding	
   to	
   the	
  

previous	
  structural	
  characterization47	
  on	
  equilibrium	
  structures	
  of	
  static	
  morphologies.	
  

	
  

Figure	
   5.1.	
   Distinctive	
   equilibrium	
   nanostructures	
   such	
   as	
   (A)	
   open	
   network	
   of	
   β-­‐sheets,	
   (B)	
   cylindrical	
  
nanofibers	
   and	
   (C)	
   elongated	
  micelles	
   that	
   are	
   self-­‐assembled	
   from	
   large-­‐scale	
   simulations	
   containing	
   800	
  
PAs	
   as	
   a	
   function	
   of	
   hydrophobic	
   interaction	
   strength,	
  R.	
   Color	
   scheme	
   for	
   the	
  molecule	
   by	
   using	
   VMD51:	
  
hydrophobic	
  polymeric	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  (blue),	
  and	
  glutamic	
  acid	
  (pink).	
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5.4.1	
  	
   Cylindrical	
  Nanofibers	
  at	
  Moderate	
  Hydrophobic	
  Interaction	
  
Strength	
  	
  
	
  

Spontaneous	
  self-­‐assembly	
  of	
  PA	
  molecules	
  into	
  a	
  cylindrical	
  nanofiber	
  is	
  observed	
  

through	
   multiple	
   successive	
   stages	
   from	
   Figure	
   5.2,	
   which	
   shows	
   time-­‐dependent	
  

snapshots	
   of	
   39	
   PA	
  molecules	
   selected	
   from	
   the	
   800-­‐PA	
   system	
   for	
   ease-­‐of-­‐viewing	
   at	
   a	
  

moderate	
   hydrophobic	
   interaction	
   strength,	
   R	
   =	
   1/3.	
   Beginning	
   with	
   a	
   random	
   initial	
  

conformation	
  (t*	
  =	
  0.0),	
  isolated	
  PA	
  molecules	
  are	
  driven	
  by	
  hydrophobic	
  collapse	
  between	
  

alkyl	
  tails	
  and	
  quickly	
  condense	
  into	
  small	
  aggregates	
  	
  (t*	
  =	
  8.2).	
  	
  To	
  maximize	
  the	
  number	
  

of	
   favorable	
   hydrophobic	
   interactions,	
   these	
   aggregates	
   merge	
   together	
   leading	
   to	
   the	
  

formation	
   of	
   small	
   micellar	
   structures	
   (t*	
   =	
   14.2).	
   This	
   multi-­‐step	
   process	
   from	
   small	
  

clusters	
  gradually	
  evolving	
  in	
  size	
  into	
  larger	
  micelles	
  shares	
  similarity	
  to	
  previous	
  CG	
  MD	
  

studies	
   that	
   examined	
   amphiphilic	
   peptides	
   of	
   sequence	
   (AF)6H5K1554,55	
   and	
   nonionic	
  

surfactant	
  pentaethylene	
  glycol	
  monododecyl	
  ether.56	
  	
  

The	
   alkyl	
   tails	
   are	
   arranged	
   in	
   the	
   interior	
   of	
   each	
   spherical	
   micelle	
   forming	
   an	
  

enclosed	
   hydrophobic	
   core	
   that	
   sequesters	
   away	
   from	
   the	
   solvent	
   while	
   hydrophilic	
  

residues	
   are	
   positioned	
   on	
   the	
   surface	
   serving	
   as	
   a	
   protective	
   shield	
   (t*	
   =	
   27.4).	
   In	
  

particular,	
  charged	
  segments	
  are	
  uniformly	
  distributed	
  around	
  each	
  micelle	
  to	
  minimize	
  the	
  

charge-­‐charge	
   repulsion	
   (t*	
   =	
   27.4).	
   These	
   micelles	
   undergo	
   a	
   geometrical	
   transition	
   to	
  

yield	
   an	
   oblong	
   structure	
   (t*=59.2)	
   and	
   finally	
   develop	
   into	
   a	
   cylindrical	
   nanofiber	
  

structure	
   (t*	
   =	
   313.2).	
   This	
   geometrical	
   transition	
   can	
  be	
   seen	
  by	
   examining	
   the	
  data	
   on	
  

relative	
   shape	
   anisotropy	
   (RSA)	
   as	
   a	
   function	
   of	
   time	
   in	
   Figure	
   5.3A,	
   which	
   displays	
   a	
  

transition	
  from	
  an	
  average	
  RSA	
  value	
  close	
  to	
  0,	
  which	
  represents	
  spherical	
  micelles,	
  to	
  RSA	
  

value	
   of	
   ~0.30,	
   which	
   represents	
   cylindrical	
   nanofibers.	
   This	
   is	
   in	
   agreement	
   with	
   a	
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previous	
   study,	
   which	
   examined	
   nonionic	
   surfactant	
   pentaethylene	
   glycol	
   monododecyl	
  

ether	
  and	
  demonstrated	
  a	
  spherical-­‐to-­‐rod	
  transition	
  in	
  the	
  range	
  of	
  0.0	
  –	
  0.1	
  based	
  on	
  the	
  

RSA	
  parameter.56	
  

	
  

Figure	
   5.2.	
   Time-­‐dependent	
   snapshots	
   of	
   the	
   self-­‐assembly	
   process	
   for	
   the	
   formation	
   of	
   a	
   cylindrical	
  
nanofiber	
  at	
  moderate	
  hydrophobic	
  interaction	
  strength,	
  R	
  =	
  1/3.	
  

	
  
A	
  quantitative	
  representation	
  of	
  self-­‐assembly	
  is	
  shown	
  in	
  Figure	
  5.3B,	
  which	
  plots	
  

the	
  average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  the	
  total	
  number	
  of	
  aggregates	
  as	
  a	
  

function	
  of	
  reduced	
  time.	
  This	
  plot	
  indicates	
  that	
  10	
  aggregates	
  (each	
  contains	
  about	
  5	
  PA	
  

molecules)	
  are	
   formed	
   instantaneously	
  as	
   the	
  simulation	
  begins.	
  These	
  aggregates	
  merge	
  

together	
   as	
   the	
   average	
   number	
   of	
   PA	
  molecules	
   per	
   aggregate	
   increases	
  while	
   the	
   total	
  

number	
  of	
  aggregates	
  decreases	
  in	
  a	
  step-­‐wise	
  manner.	
  	
  Moreover,	
  as	
  the	
  structure	
  grows	
  in	
  

size,	
   its	
   association	
   with	
   each	
   incoming	
   structure	
   is	
   reliably	
   stable	
   as	
   indicated	
   by	
   few	
  

fluctuations	
  of	
  the	
  aggregation	
  kinetics	
  data.	
  	
  

A	
  typical	
  cylindrical	
  nanofiber	
  grows	
  through	
  the	
  addition	
  of	
  spherical	
  micelles	
  at	
  its	
  

ends	
  (Figure	
  5.2).	
  	
  At	
  t*=59.2,	
  after	
  two	
  micelles	
  have	
  merged	
  together	
  to	
  form	
  an	
  oblong	
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structure;	
  the	
  spherical	
  micelle	
  on	
  the	
  left	
  tries	
  to	
  merge	
  with	
  the	
  oblong	
  structure	
  on	
  the	
  

right	
  via	
  multiple	
  times.	
  	
  When	
  the	
  micelle	
  approaches	
  the	
  oblong	
  structure	
  along	
  its	
  side,	
  it	
  

is	
   unsuccessful	
   due	
   to	
   electrostatic	
   repulsion	
   between	
   charged	
   GLU	
   side	
   chains	
   on	
   the	
  

surface	
   of	
   both	
   structures.	
   Since	
   the	
   density	
   of	
   GLU	
   side	
   chains	
   on	
   the	
   side	
   of	
   oblong	
  

structure	
  is	
  higher	
  than	
  that	
  on	
  its	
  ends,	
  the	
  spherical	
  micelle	
  is	
  more	
  successful	
  merging	
  at	
  

the	
  ends	
  of	
  the	
  oblong	
  structure	
  to	
  minimize	
  the	
  electrostatic	
  repulsion.	
  	
  	
  

As	
  the	
  progression	
  from	
  a	
  randomly	
  dispersed	
  assembly	
  into	
  a	
  cylindrical	
  nanofiber	
  

is	
  observed,	
  SASA	
  values	
  restricted	
  to	
  the	
  polymeric	
  tails	
  are	
  noticeably	
  decreasing,	
  which	
  

indicates	
  that	
  the	
  alkyl	
  tails	
  are	
  buried	
  in	
  the	
  interior	
  away	
  from	
  the	
  solvent	
  (Figure	
  5.3C).	
  

Moreover,	
   the	
   radius	
   of	
   gyration	
   values	
   increases	
   slightly	
   over	
   time	
   indicating	
   each	
   PA	
  

molecule	
   adopts	
   an	
   extended	
   conformation	
   to	
   avoid	
   intramolecular	
   interactions.	
   This	
   is	
  

reflected	
   in	
   the	
   low	
   values	
   calculated	
   for	
   the	
   average	
   number	
   of	
   intramolecular	
  

hydrophobic	
  interactions	
  and	
  hydrogen	
  bonds	
  as	
  shown	
  in	
  Figure	
  5.3D	
  when	
  comparing	
  to	
  

a	
  significantly	
  higher	
  number	
  of	
  intermolecular	
  interactions	
  as	
  discussed	
  below.	
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Figure	
   5.3.	
   For	
   the	
   cylindrical	
   nanofiber	
   shown	
   in	
   Figure	
   5.2,	
   time	
   dependent	
   data	
   are	
   plotted	
   in	
   a	
  
logarithmic	
  scale	
  for	
  (A)	
  Relative	
  shape	
  anisotropy	
  value,	
  (B)	
  Average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  
and	
  total	
  number	
  of	
  aggregates;	
   (C)	
  Average	
  solvent	
  accessible	
  surface	
  area	
  restricted	
  to	
   the	
  polymeric	
   tail	
  
and	
   the	
   radius	
   of	
   gyration;	
   (D)	
   Number	
   of	
   intramolecular	
   interactions	
   per	
   PA	
   molecule	
   (E)	
   Secondary	
  
structure	
   formation;	
   (F)	
  Number	
  of	
   intermolecular	
   interactions	
  per	
  PA	
  molecule.	
  For	
  plots	
   (D)	
  and	
   (F),	
  HP	
  
denotes	
  hydrophobic	
  interactions	
  (red)	
  and	
  HB	
  denotes	
  hydrogen	
  bonds	
  (green).	
  

	
  
The	
  spherical-­‐to-­‐cylindrical	
  transition	
  can	
  be	
  attributed	
  to	
  the	
  dynamic	
  formation	
  of	
  

secondary	
   structure	
   elements,	
   β-­‐sheets,	
   between	
   nearby	
   peptide	
   residues.	
   As	
   more	
   PA	
  

molecules	
   condense	
   into	
   micellar	
   structures	
   from	
   an	
   initial	
   homogenous	
   system,	
   the	
  

formation	
  of	
  β-­‐sheets	
  steadily	
  increases	
  whereas	
  random	
  coil	
  formation	
  decreases	
  (Figure	
  

5.3E).	
   Absence	
   of	
  α-­‐helical	
   structures	
   is	
   attributed	
   to	
   the	
   temperature	
  being	
  higher	
   than	
  

the	
   melting	
   temperature	
   of	
   PA	
   molecules.38,47	
   Ordering	
   of	
   the	
   β-­‐sheets	
   increases	
   the	
  

distance	
  between	
  groups	
  of	
  charged	
  PA	
  molecules	
  due	
  to	
  the	
   formation	
  of	
   intermolecular	
  

hydrogen	
  bonds	
  between	
  nearby	
  peptide	
   residues.	
   Consequently,	
   regions	
   of	
   the	
   enclosed	
  

hydrophobic	
   core	
   are	
   exposed	
   to	
   the	
   solvent;	
   in	
   this	
   case,	
   intermolecular	
   hydrophobic	
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interactions	
  between	
  nearby	
  micelles	
   are	
  promoted.	
  Therefore,	
   the	
   formation	
  of	
  β-­‐sheets	
  

facilitates	
  merging	
  of	
  spherical	
  micelles	
  into	
  oblong	
  nanofibers.	
  	
  

By	
  calculating	
  the	
  number	
  of	
  intermolecular	
  hydrophobic	
  interaction	
  and	
  hydrogen	
  

bonding	
   as	
   a	
   function	
   of	
   time,	
   the	
   ratio	
   between	
   these	
   two	
   quantities	
   can	
   be	
   used	
   as	
   a	
  

reference	
   to	
   differentiate	
   between	
   nanostructures.	
   For	
   the	
   formation	
   of	
   cylindrical	
  

nanofibers,	
   hydrophobic	
   interactions	
   either	
   between	
   alkyl-­‐alkyl	
   tails,	
   alkyl-­‐peptide,	
   or	
  

peptide-­‐peptide	
   dominates	
   over	
   hydrogen	
   bonding	
   by	
   an	
   order	
   of	
   magnitude	
   (Figure	
  

5.3F).	
   Since	
   hydrophobic	
   interactions	
   are	
   isotropic	
  without	
   angle	
   dependence,	
   direction-­‐

dependent	
  hydrogen	
  bonding	
  is	
  much	
  less	
  favorable.	
  Further	
  comparison	
  of	
  the	
  weak	
  and	
  

strong	
  hydrophobic	
  interaction	
  strengths	
  will	
  be	
  discussed	
  below.	
  

5.4.2	
  	
   Open	
  Networks	
  of	
  β-­‐sheets	
  at	
  Weak	
  Hydrophobic	
  Interaction	
  	
  
Strength	
  
	
  

	
  

Figure	
   5.4.	
   Time-­‐dependent	
   snapshots	
   of	
   the	
   self-­‐assembly	
   process	
   for	
   the	
   formation	
   of	
   a	
   network	
   of	
   β-­‐
sheets	
  at	
  weak	
  hydrophobic	
  interaction	
  strengths,	
  R	
  =	
  1/6.	
  

	
  



126	
  
	
  

At	
  weak	
   hydrophobic	
   interaction	
   strength,	
   R	
   =	
   1/6,	
   spontaneous	
   self-­‐assembly	
   of	
  

800	
   PA	
   molecules	
   occurs	
   to	
   form	
   open	
   networks	
   of	
   β-­‐sheets	
   via	
   a	
   multi-­‐step	
   process	
  

(Figure	
   5.4).	
   Following	
   an	
   initial	
   random	
   configuration,	
   hydrophobic	
   collapse	
   is	
   the	
  

driving	
   force	
   for	
   the	
   emergence	
   of	
   small	
   aggregates,	
   each	
   of	
   which	
   contains	
   2-­‐3	
   PA	
  

molecules	
   (t*=4.1).	
   These	
   small	
   aggregates	
   grow	
   in	
   size	
   by	
   forming	
   increasingly	
   more	
  

favorable	
   hydrophobic	
   interactions.	
   However,	
   unlike	
   the	
   scenario	
   at	
   moderate	
  

hydrophobicity	
   in	
   which	
   intermolecular	
   hydrophobic	
   interactions	
   are	
   predominant	
  

between	
  alkyl	
  tails,	
  hydrophobic	
  interactions	
  are	
  now	
  also	
  between	
  alkyl	
  tail	
  and	
  non-­‐polar	
  

peptide	
  side	
  chains.	
  	
  

Over	
   time,	
   intermolecular	
   hydrogen	
   bonds	
   slowly	
   form	
   between	
   nearby	
   peptide	
  

residues	
  resulting	
  in	
  a	
  gradual	
  development	
  of	
  small	
  β-­‐sheets	
  (t*=10.5).	
  	
  However,	
  these	
  β-­‐

sheets	
  have	
  no	
  particular	
  orientation	
  since	
  parallel	
  and	
  anti-­‐parallel	
  β-­‐sheets	
  exist	
  across	
  

different	
  aggregates	
   in	
   the	
  system.	
  A	
   lack	
  of	
  preference	
   for	
  a	
  particular	
  direction	
  thereby	
  

allows	
  both	
  hydrophobic	
  interaction	
  and	
  hydrogen	
  bonding	
  to	
  occur	
  to	
  connect	
  multiple	
  β-­‐

sheets	
  together	
  (t*=42.4).	
  Consequently,	
   larger	
  aggregate	
  structures	
  are	
  stitched	
  together	
  

to	
  maximize	
  the	
  number	
  of	
  favorable	
  interactions	
  (t*=222.2).	
  Finally,	
  large	
  networks	
  of	
  β-­‐

sheets	
  range	
  widely	
  in	
  size	
  from	
  23	
  to	
  48	
  PA	
  molecules	
  (t*=406.2).	
  Our	
  characterization	
  of	
  

a	
  network	
  of	
  β-­‐sheets	
  is	
  in	
  good	
  agreement	
  with	
  a	
  recent	
  computational	
  study	
  performed	
  

by	
  Mu	
  and	
  Yu	
  on	
  self-­‐assembly	
  by	
  a	
  short	
  peptide	
  containing	
  six	
  hydrophobic	
  residues.57	
  

They	
   found	
   that	
   weak	
   hydrophobic	
   interaction	
   strength	
   and	
   moderate	
   temperature	
  

produce	
  single-­‐layered	
  β-­‐sheets.	
  These	
  β-­‐sheets	
  are	
  unable	
  to	
  collapse	
  together	
  to	
  form	
  a	
  

fibril	
   structure	
   without	
   adequate	
   hydrophobic	
   interactions;	
   instead,	
   they	
   predominantly	
  

increase	
  in	
  size	
  by	
  adding	
  more	
  peptide	
  through	
  hydrogen	
  bonds	
  to	
  their	
  β-­‐sheet	
  ends.	
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During	
   self-­‐assembly	
   to	
   form	
   open	
   networks	
   of	
   β-­‐sheets,	
   each	
   growing	
   structure	
  

never	
  undergoes	
  a	
  structural	
  transition	
  as	
  indicated	
  by	
  relatively	
  small	
  and	
  constant	
  values	
  

of	
  the	
  RSA	
  parameter	
  as	
  shown	
  in	
  Figure	
  5.5A.	
  Moreover,	
  the	
  formation	
  of	
  open	
  networks	
  

is	
  slow	
  as	
  seen	
  from	
  Figure	
  5.5B,	
  which	
  shows	
  that	
  the	
  aggregate	
  size	
  gradually	
  grows	
  in	
  

size	
   even	
   though	
   there	
   are	
  multiple	
  merging	
   opportunities.	
   It	
   takes	
  more	
   than	
   300	
   time	
  

units	
   to	
   reach	
   an	
   aggregate	
   containing	
   48	
   PAs	
   compared	
   to	
   80	
   time	
   units	
   at	
   moderate	
  

hydrophobicity	
  (Figure	
  3B).	
  In	
  addition	
  to	
  encountering	
  a	
  barrier	
  for	
  rapid	
  association,	
  the	
  

system	
  at	
  weak	
  hydrophobicity	
  faces	
  difficulty	
   in	
  attaining	
  an	
  equilibrium	
  structure	
  since	
  

minimal	
   energy	
   is	
   required	
   to	
   disrupt	
   the	
   interaction.	
   At	
   the	
   end	
   of	
   the	
   simulation,	
   the	
  

structure	
   undergoes	
   multiple	
   rearrangements	
   as	
   shown	
   by	
   the	
   fluctuation	
   in	
   both	
   the	
  

average	
   number	
   of	
   chains	
   in	
   that	
   aggregate	
   and	
   the	
   total	
   number	
   of	
   aggregate	
   of	
   that	
  

particular	
  assembly	
  (Figure	
  5.5B).	
  	
  

At	
  weak	
  hydrophobicity,	
  the	
  SASA	
  value	
  decreases	
  only	
  slightly	
  as	
  a	
  function	
  of	
  time	
  

(Figure	
  5.5C)	
   indicating	
   that	
   the	
  alkyl	
   tails	
  are	
  quite	
  exposed	
  to	
   the	
  solvent.	
  While	
  small	
  

aggregates	
  can	
  be	
  formed,	
  further	
  maturation	
  into	
  micellar	
  structures	
  is	
  prevented;	
  hence	
  

it	
  lacks	
  an	
  enclosed	
  hydrophobic	
  core	
  within	
  the	
  framework.	
  The	
  radius	
  of	
  gyration	
  value	
  

(Figure	
   5.5C)	
   of	
   each	
   PA	
   molecule	
   is	
   comparable	
   to	
   the	
   scenario	
   by	
   which	
   cylindrical	
  

nanofibers	
  are	
  formed	
  (Figure	
  5.3C)	
  by	
  increasing	
  from	
  its	
  initial	
  value	
  as	
  a	
  random	
  coil,	
  

indicating	
   that	
   PAs	
   stretch	
   out	
   to	
   preferentially	
   form	
   intermolecular	
   instead	
   of	
  

intramolecular	
  interactions	
  as	
  indicated	
  by	
  their	
  small	
  numbers	
  in	
  Figure	
  5.5D.	
  	
  

The	
   formation	
   of	
   secondary	
   structure	
   at	
   weak	
   hydrophobicity	
   (Figure	
   5.5E)	
   is	
  

similar	
  to	
  the	
  condition	
  at	
  moderate	
  hydrophobicity	
  (Figure	
  5.3E).	
  	
  Comparable	
  amount	
  of	
  

β-­‐sheets	
   of	
   about	
   35%	
   at	
   equilibrium	
   is	
   achieved	
  without	
   α-­‐helical	
   structures.	
  However,	
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the	
   rate	
   of	
   β-­‐sheet	
   formation	
   is	
   smaller	
   as	
   compared	
   to	
   the	
   moderate	
   hydrophobic	
  

interaction	
   strength	
   since	
   the	
   system	
   takes	
   a	
   longer	
   time	
   for	
   PAs	
   to	
   achieve	
   stable	
  

aggregate	
  structures.	
  	
  

The	
   numbers	
   of	
   intermolecular	
   hydrophobic	
   interaction	
   and	
   hydrogen	
   bonding	
  

shows	
  that	
  their	
  ratio	
  approaches	
  almost	
  unity	
  as	
  both	
  of	
  these	
  interactions	
  have	
  the	
  same	
  

order	
  of	
  magnitude	
  (Figure	
  5.5F).	
  Comparing	
  this	
  number	
  to	
  the	
  formation	
  of	
  a	
  cylindrical	
  

nanofiber	
  (Figure	
  5.3F)	
  indicates	
  that	
  with	
  a	
  decrease	
  in	
  hydrophobic	
  interaction	
  strength,	
  

the	
   two	
   domains	
   of	
   a	
   PA	
   molecule	
   becomes	
   much	
   more	
   flexible	
   to	
   yield	
   alternative	
  

nanostructures	
  besides	
  the	
  prototypical	
  nanofibers.	
  

	
  

Figure	
  5.5.	
  For	
  the	
  assembly	
  shown	
  in	
  Figure	
  4,	
   time	
  dependent	
  data	
  are	
  plotted	
  in	
  a	
  logarithmic	
  scale	
  for	
  
(A)	
  Relative	
  shape	
  anisotropy	
  value,	
  (B)	
  Average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  
aggregates;	
   (C)	
   Average	
   solvent	
   accessible	
   surface	
   area	
   restricted	
   to	
   the	
   polymeric	
   tail	
   and	
   the	
   radius	
   of	
  
gyration;	
  (D)	
  Number	
  of	
  intramolecular	
  interactions	
  per	
  PA	
  molecule	
  (E)	
  Secondary	
  structure	
  formation;	
  (F)	
  
Number	
   of	
   intermolecular	
   interactions	
   per	
   PA	
   molecule.	
   For	
   plots	
   (D)	
   and	
   (F),	
   HP	
   denotes	
   hydrophobic	
  
interactions	
  (red)	
  and	
  HB	
  denotes	
  hydrogen	
  bonds	
  (green).	
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5.4.3	
  Elongated	
  Micelles	
  at	
  Strong	
  Hydrophobic	
  Interaction	
  Strength	
  
	
  

	
  

Figure	
   5.6.	
   Time-­‐dependent	
   snapshots	
   of	
   the	
   spontaneous	
   self-­‐assembly	
   process	
   are	
   shown	
   for	
   strong	
  
hydrophobic	
  interaction	
  strengths,	
  R	
  =	
  1.3.	
  

	
  
At	
   strong	
   hydrophobic	
   interaction	
   strength,	
   R	
   =	
   1.3,	
   an	
   elongated	
   micelle	
   is	
  

observed	
  at	
  equilibrium	
  with	
  minimal	
  secondary	
  structure	
  elements	
  (Figure	
  5.6).	
  Similar	
  

to	
   the	
   self-­‐assembly	
   mechanism	
   as	
   described	
   for	
   the	
   moderate	
   and	
   weak	
   hydrophobic	
  

interaction	
  strengths,	
  hydrophobic	
  collapse	
  through	
  the	
  alkyl	
  tails	
  drives	
  the	
  formation	
  of	
  

small	
  aggregates	
  of	
  2-­‐4	
  PA	
  molecules	
  (t*=1.6)	
  starting	
  from	
  an	
  initial	
  random	
  configuration	
  

(t*=0.0).	
  The	
  next	
   events	
   involve	
   the	
   formation	
  of	
  moderately	
   sized	
   spherical	
  micelles	
  of	
  

13-­‐18	
  PA	
  molecules	
   that	
  are	
  driven	
  by	
   favorable	
  hydrophobic	
   interactions	
  between	
  alkyl	
  

tails	
   (t*=6.6).	
   	
   Subsequent	
   steps	
   involve	
   merging	
   spherical	
   micelles	
   into	
   an	
   elongated	
  

structure	
  that	
  is	
  significantly	
  smaller	
  in	
  diameter	
  than	
  a	
  cylindrical	
  nanofiber	
  observed	
  at	
  

moderate	
  hydrophobicity	
  (Figure	
  5.1).	
  	
  

The	
   transition	
   from	
   spherical	
   micelles	
   into	
   an	
   elongated	
   structure	
   can	
   be	
  

quantitatively	
   seen	
   by	
   examining	
   the	
   data	
   on	
   relative	
   shape	
   anisotropy	
   as	
   a	
   function	
   of	
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time	
  in	
  Figure	
  5.7A.	
  This	
  shows	
  two	
  major	
  transitions	
  from	
  an	
  average	
  RSA	
  value	
  of	
  0.3,	
  

which	
   represents	
   small	
   micelles,	
   to	
   RSA	
   value	
   of	
   ~0.6,	
   then	
   ending	
   at	
   ~0.8,	
   which	
  

represents	
   large	
   elongated	
   micelles.	
   The	
   RSA	
   values	
   of	
   elongated	
   micelles	
   at	
   R=1.3	
   are	
  

significantly	
   higher	
   than	
   those	
   of	
   cylindrical	
   nanofibers	
   at	
   R=1/3.	
   Since	
   an	
   elongated	
  

structure	
   is	
   remarkably	
  smaller	
   in	
  diameter	
   than	
  a	
  cylindrical	
  nanofiber	
   (Figure	
  5.1),	
   its	
  

aspect	
  ratio	
  is	
  skewed	
  higher;	
  therefore,	
  RSA	
  is	
  also	
  a	
  good	
  measurement	
  of	
  the	
  cylindrical	
  

diameter.	
   Reduction	
   of	
   the	
   diameter	
   of	
   elongated	
   structures	
   without	
   β-­‐sheets	
   is	
   also	
  

observed	
   in	
   experimental	
  work	
   by	
  Missirlis	
  et	
   al.	
  on	
   a	
   PA	
  molecule	
   containing	
   a	
   16-­‐mer	
  

peptide.	
   Upon	
   insertion	
   of	
   four	
   alanines	
   between	
   the	
   alkyl	
   tail	
   and	
   peptide,	
   β-­‐sheet	
  

formation	
   is	
  now	
  allowed	
  resulting	
   in	
  an	
  extended	
  PA	
  conformation	
  that	
  contributes	
  to	
  a	
  

significant	
  growth	
  in	
  diameter	
  of	
  cylindrical	
  structures	
  as	
  well	
  as	
  their	
  stability.22	
  	
  

Similar	
   to	
   the	
  moderately	
   hydrophobic	
   condition,	
   aggregates	
  merge	
   together	
   in	
   a	
  

step-­‐wise	
   manner	
   as	
   indicated	
   by	
   discrete	
   increases	
   of	
   the	
   average	
   number	
   of	
   PA	
  

molecules	
  per	
  aggregate	
  and	
  decreases	
  of	
   the	
  total	
  number	
  of	
  aggregates	
   in	
  Figure	
  5.7B.	
  

This	
  plot	
  indicates	
  that	
  10	
  aggregates	
  (each	
  contains	
  about	
  2-­‐3	
  PA	
  molecules)	
  are	
  formed	
  

instantaneously	
  as	
  the	
  simulation	
  begins.	
  As	
  each	
  structure	
  grows,	
  its	
  association	
  with	
  each	
  

incoming	
   structure	
   is	
   reliably	
   stable	
   as	
   indicated	
   by	
   few	
   fluctuations	
   of	
   the	
   aggregation	
  

kinetics	
  data.	
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Figure	
  5.7.	
  For	
  the	
  elongated	
  micelle	
  in	
  Figure	
  6,	
  time	
  dependent	
  data	
  are	
  plotted	
  in	
  a	
  logarithmic	
  scale	
  for	
  
(A)	
  Relative	
  shape	
  anisotropy	
  value,	
  (B)	
  Average	
  number	
  of	
  PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  
aggregates;	
   (C)	
   Average	
   solvent	
   accessible	
   surface	
   area	
   restricted	
   to	
   the	
   polymeric	
   tail	
   and	
   the	
   radius	
   of	
  
gyration;	
  (D)	
  Number	
  of	
  intramolecular	
  interactions	
  per	
  PA	
  molecule	
  (E)	
  Secondary	
  structure	
  formation;	
  (F)	
  
Number	
   of	
   intermolecular	
   interactions	
   per	
   PA	
   molecule.	
   For	
   plots	
   (D)	
   and	
   (F),	
   HP	
   denotes	
   hydrophobic	
  
interactions	
  (red)	
  and	
  HB	
  denotes	
  hydrogen	
  bonds	
  (green).	
  

	
  
Only	
   the	
  alkyl	
   tails	
  are	
  buried	
   in	
   the	
  hydrophobic	
  core	
  of	
  cylindrical	
  nanofibers	
  at	
  

moderate	
  hydrophobicity;	
  in	
  contrast,	
  both	
  alkyl	
  tails	
  and	
  peptide	
  resides	
  are	
  significantly	
  

buried	
  in	
  the	
  interior	
  of	
  the	
  final	
  structures	
  of	
  elongated	
  micelles	
  at	
  strong	
  hydrophobicity.	
  

This	
  can	
  be	
  seen	
  by	
  considerable	
  decrease	
  of	
  SASA	
  values	
  shown	
  in	
  Figure	
  5.7C	
  compared	
  

to	
   the	
  cases	
  at	
  moderate	
  hydrophobicity	
  (Figure	
  5.5C).	
  Moreover,	
  noticeable	
  decrease	
   in	
  

values	
  of	
  the	
  radius	
  of	
  gyration	
  is	
  observed	
  in	
  Figure	
  5.7C	
  indicating	
  that	
  each	
  PA	
  structure	
  

is	
   more	
   compact	
   and	
   condensed	
   compared	
   to	
   extended	
   conformations	
   at	
   weak	
   and	
  

moderate	
  hydrophobic	
  interaction	
  strengths.	
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A	
  significant	
  number	
  of	
  intra-­‐molecular	
  hydrophobic	
  interactions	
  (Figure	
  5.7D)	
  are	
  

observed	
  between	
  alkyl	
  tails	
  and	
  hydrophobic	
  residues	
  (e.g.,	
  valine	
  and	
  alanine)	
  preventing	
  

the	
   formation	
   of	
   intermolecular	
   hydrogen	
   bonds	
   and	
   contributing	
   to	
   a	
   small	
   amount	
   of	
  

secondary	
   structure	
   (Figure	
   5.7E).	
   	
   Indeed	
   all	
   PA	
   molecules	
   exhibit	
   random-­‐coil	
  

conformations	
   compared	
   those	
   cases	
   at	
   weak	
   and	
   moderate	
   hydrophobic	
   interaction	
  

strengths	
  where	
  35%	
  PAs	
  exhibit	
  β-­‐sheet	
  content.	
  	
  In	
  contrast	
  to	
  the	
  weak	
  hydrophobicity	
  

but	
  similar	
  to	
  the	
  moderate	
  hydrophobic	
  condition,	
  the	
  two	
  domains	
  that	
  comprise	
  of	
  a	
  PA	
  

molecule	
   serve	
   differing	
   roles.	
   	
   The	
   hydrophobic	
   alkyl	
   tail	
   along	
   with	
   the	
   hydrophobic	
  

peptide	
   residues	
   are	
   located	
   at	
   the	
   core	
   of	
   the	
   nanostructure	
   to	
   stabilize	
   the	
   core-­‐shell	
  

structure	
  while	
   the	
  hydrophilic	
   residues	
   frame	
   the	
  periphery.	
  With	
   the	
   charged	
   residues	
  

aligning	
  on	
   the	
  surface	
  of	
   the	
  structure,	
   it	
  acts	
  as	
  a	
  guide	
   to	
  deter	
  micelles	
   from	
  merging	
  

along	
  the	
  sides	
  (t*=30.9)	
  and	
   instead	
  promotes	
  merging	
  at	
   the	
  ends	
  of	
   the	
  nanostructure	
  

(t*=35.7)	
  where	
  the	
  repulsion	
  strength	
  is	
  reduced.	
   	
  The	
  final	
  structure,	
  which	
  is	
  varied	
  in	
  

size	
  between	
  30-­‐39	
  PA	
  molecules,	
  is	
  characterized	
  as	
  an	
  elongated	
  micelle	
  that	
  contains	
  a	
  

continuous	
  hydrophobic	
  core	
  (Figure	
  5.7B).	
  	
  

The	
   number	
   of	
   intermolecular	
   hydrophobic	
   interactions	
   exceedingly	
   outnumbers	
  

the	
   number	
   of	
   hydrogen	
   bonds	
   formed;	
   therefore,	
   the	
   ratio	
   between	
   intermolecular	
  

hydrophobic	
   interactions	
   and	
   hydrogen	
   bonds	
   approaches	
   two	
   orders	
   of	
   magnitude	
  

(Figure	
  5.7F).	
  This	
  indicates	
  that	
  PA	
  molecules	
  are	
  intertwined	
  together	
  to	
  accommodate	
  

the	
   maximum	
   number	
   of	
   hydrophobic	
   interactions	
   over	
   hydrogen	
   bonding.	
   Since	
   the	
  

hydrophobic	
   interaction	
   becomes	
   significantly	
   large,	
   the	
   effective	
   strength	
   of	
   the	
  

electrostatic	
  repulsion	
  is	
  somewhat	
  diminished.	
  Therefore,	
  some	
  charged	
  residues	
  are	
  also	
  

buried	
  in	
  the	
  interior	
  rather	
  than	
  positioning	
  on	
  the	
  surface	
  of	
  elongated	
  micelles.	
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5.5	
  	
   	
   Conclusions	
  
	
  

Employing	
   our	
   peptide/polymer	
   coarse-­‐grained	
   model,	
   ePRIME,38,45	
   which	
   is	
  

coupled	
  with	
  a	
   fast	
  MD	
  algorithm,58	
   large-­‐scale	
  simulations	
  allowed	
  us	
   to	
  understand	
  the	
  

solvent	
  effects	
  on	
  spontaneous	
  self-­‐assembly	
  behavior	
  of	
  peptide	
  amphiphiles.	
  Even	
  though	
  

the	
   solvent	
   condition	
   is	
   discussed	
   throughout	
   this	
   manuscript	
   in	
   terms	
   of	
   the	
  

hydrophobicity	
  scale	
  factor	
  R,	
  this	
  R	
  factor	
  could	
  be	
  interpreted	
  as	
  the	
  character	
  of	
  each	
  PA	
  

molecule.	
   For	
   instance,	
   it	
   represents	
   a	
   particular	
   polymer	
   type.	
   Using	
   the	
   alkyl	
   tail	
   as	
   a	
  

reference	
  at	
  R=1/3,	
  a	
  higher	
  value	
  of	
  R	
  corresponds	
  to	
  a	
  strongly	
  hydrophobic	
  polymeric	
  

tail	
   (e.g.,	
   polystyrene)59	
   whereas	
   a	
   lower	
   value	
   of	
   R	
   corresponds	
   to	
   a	
   more	
   hydrophilic	
  

polymeric	
  tail	
  (e.g.,	
  poly(ethylene	
  glycol)).60	
  Alternatively,	
   the	
  hydrophobicity	
  scale	
  factor	
  

R	
   can	
   be	
   considered	
   as	
   a	
   degree	
   of	
   conjugation	
   corresponding	
   to	
   the	
   length	
   of	
   the	
   alkyl	
  

tail.61-­‐63	
  

In	
   this	
   study,	
   distinctive	
   kinetic	
   mechanisms	
   are	
   delineated	
   dependent	
   upon	
   the	
  

solvent	
   condition,	
   which	
   produces	
   unique	
   nanostructures	
   at	
   moderate	
   temperatures	
   as	
  

summarized	
   in	
  Figure	
  5.8.	
  Multiple	
   successive	
   steps	
   are	
  necessary	
   for	
   the	
   self-­‐assembly	
  

process	
  of	
  PA	
  molecules.	
  At	
  weak	
  hydrophobic	
   interaction	
  strength,	
   initial	
  aggregates	
  are	
  

formed	
   due	
   to	
   both	
   hydrophobic	
   interactions	
   and	
   hydrogen	
   bonding.	
   These	
   aggregates	
  

gradually	
  grow	
   in	
  an	
  arbitrary	
  manner	
   involving	
  many	
  directions	
   into	
  a	
   structure	
  whose	
  

PA	
   molecules	
   are	
   arranged	
   without	
   particular	
   order.	
   This	
   results	
   in	
   an	
   open	
   network	
  

containing	
  β-­‐sheets	
  without	
  a	
  hydrophobic	
  core	
  (Figure	
  5.8A).	
  	
  Even	
  though	
  no	
  PAs	
  have	
  

been	
  observed	
  to	
  form	
  open	
  β-­‐sheet	
  networks,	
  short	
  peptide	
  sequences	
  (without	
  the	
  alkyl	
  

tail)	
   can	
   form	
   structures	
   that	
   are	
   similar	
   to	
   our	
   open	
   β-­‐sheet	
   networks.	
   For	
   example,	
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Bowers	
  and	
  co-­‐workers	
  recently	
  studied	
  the	
  aggregation	
  process	
  of	
  six	
  short	
  peptides	
  that	
  

are	
  NNQQNY	
  mutants:	
  NVVVVY,	
  NVVQIY,	
  NVQVVY,	
  NNVVNY,	
  VIQVVY,	
  and	
  NNVVNV.64	
  They	
  

found	
   that	
   only	
   NVVVVY,	
   due	
   to	
   its	
   strong	
   hydrophobic	
   core,	
   aggregates	
   quickly	
   into	
   β-­‐

sheets,	
  which	
  in	
  turn	
  stack	
  together	
  and	
  form	
  long	
  fibrils	
  with	
  a	
  well-­‐defined	
  morphology	
  

at	
   room	
   temperature.	
   	
   Since	
   the	
   hydrophobicity	
   of	
   the	
   peptide	
   hydrophobic	
   core	
   of	
   the	
  

other	
   peptides	
   is	
   reduced,	
   they	
   can	
   only	
   form	
   either	
   β-­‐sheets,	
   short	
   fibrils	
   with	
   poorly	
  

defined	
  morphologies	
   or	
   amorphous	
   aggregates;	
   therefore,	
   their	
   peptide	
   fibril-­‐formation	
  

capability	
   is	
   weakened.	
   Moreover,	
   previous	
   simulation	
   studies	
   showed	
   that	
   when	
  

hydrophobic	
  interaction	
  strength	
  between	
  non-­‐polar	
  sidechains	
  of	
  short	
  peptides	
  is	
  weak,	
  

β-­‐sheets	
  remain	
  as	
  single	
  layers	
  without	
  stacking	
  into	
  amyloid	
  fibrils.57	
  In	
  our	
  PA	
  case,	
  β-­‐

sheets	
  also	
  remain	
  as	
  single	
  layers;	
  however,	
  they	
  are	
  interconnected	
  due	
  of	
  the	
  presence	
  

of	
  the	
  alkyl	
  tails	
  even	
  when	
  their	
  hydrophobic	
  interaction	
  strength	
  is	
  weak.	
  

As	
  the	
  hydrophobic	
  interaction	
  strength	
  increases,	
  the	
  morphology	
  transitions	
  away	
  

from	
   an	
   open-­‐structure	
   to	
   a	
   closed-­‐structure	
   with	
   the	
   development	
   of	
   an	
   enclosed	
  

hydrophobic	
   core.	
  While	
   initial	
   self-­‐assembly	
   involves	
  hydrophobic	
   interactions	
  between	
  

alkyl	
  tails	
  as	
  the	
  main	
  driving	
  force,	
  inter-­‐peptide	
  hydrogen	
  bonding	
  is	
  not	
  evident	
  until	
  the	
  

later	
  stages.	
  Spherical	
  micelles	
  are	
  first	
  observed	
  with	
  PA	
  molecules	
  arranging	
  themselves	
  

to	
   form	
  a	
  hydrophobic	
  core	
  to	
  ensure	
  a	
  stable	
  structure	
  while	
  maximizing	
  the	
  number	
  of	
  

favorable	
   interaction.	
   	
  The	
  charged	
  peptide	
  segments	
  are	
  aligned	
  on	
   the	
  periphery	
  of	
   the	
  

structure	
   to	
   minimize	
   electrostatic	
   repulsion.	
   As	
   hydrogen	
   bonds	
   between	
   peptide	
  

segments	
   form	
  β-­‐sheets	
   and	
   expose	
   the	
   hydrophobic	
   core	
   to	
   the	
   solvent,	
  micelle-­‐micelle	
  

interactions	
  are	
  promoted	
  for	
  the	
  hydrophobic	
  core	
  to	
  grow	
  in	
  size	
  eventually	
  developing	
  

into	
  a	
  cylindrical	
  nanofiber	
  that	
  contains	
  a	
  large	
  amount	
  of	
  β-­‐sheets	
  (Figure	
  5.8B).	
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Merging	
  of	
   spherical	
  micelles	
   into	
   a	
   cylindrical	
   nanofiber	
   is	
   similarly	
   observed	
  by	
  

Lee	
  et	
  al.	
  who	
  performed	
  MD	
  simulations	
  on	
  a	
   related	
  PA	
  system.	
  However,	
  our	
  ePRIME	
  

model	
   permits	
   spontaneous	
   formation	
   of	
   hydrogen	
   bonds	
   and	
   secondary	
   structures	
  

allowing	
  observation	
  of	
  conformational	
  changes	
  over	
  time.	
  In	
  contrast,	
  Lee	
  et	
  al.	
  used	
  the	
  

MARTINI34	
   model	
   in	
   which	
   the	
   amount	
   of	
   secondary	
   structures	
   was	
   predetermined	
   in	
  

advance	
  and	
  fixed	
  throughout	
  	
  simulations.33	
  Hydrogen	
  bonding	
  and	
  β-­‐sheet	
  formation	
  are	
  

known	
   to	
   play	
   a	
   critical	
   role	
   the	
   self-­‐assembly	
   of	
   PAs	
   into	
   nanofibers.65	
   They	
   also	
  

contribute	
  to	
  the	
  rigidity	
  of	
  nanofibers	
  as	
  demonstrated	
  by	
  Stupp	
  and	
  co-­‐workers	
  who	
  use	
  

EPR	
   spectra	
   of	
   nitroxide	
   spin	
   probes	
   to	
   examine	
   molecular	
   motion	
   within	
   nanofiber	
  

structure.66	
   They	
   observed	
   for	
   a	
   PA	
  molecule	
   that	
   is	
   able	
   to	
   form	
   strong	
   intermolecular	
  

interactions	
  in	
  an	
  uninhibited	
  manner,	
  solid-­‐like	
  motion	
  is	
  detected	
  as	
  opposed	
  to	
  fluid-­‐like	
  

dynamics	
   for	
   a	
   system	
   that	
   is	
   prohibited	
   from	
   β-­‐sheet	
   formation.	
   Therefore,	
   increased	
  

order	
  in	
  the	
  system	
  can	
  be	
  correlated	
  to	
  high	
  propensity	
  for	
  β-­‐sheet	
  formation.	
  

	
  

Figure	
   5.8.	
   	
   Schematic	
   diagram	
   of	
   three	
   kinetic	
   mechanisms	
   proposed	
   by	
   simulation	
   results	
   at	
   a	
   weak	
  
electrostatic	
   interaction	
   strength	
   (εES	
   =	
   100%*εHB)	
   and	
   at	
  moderate	
   temperatures	
   (T*	
   =	
   0.11):	
   (A)	
   at	
  weak	
  
hydrophobic	
  interaction	
  strength	
  (R	
  =	
  1/6),	
  network	
  of	
  β-­‐sheets	
  are	
  formed	
  with	
  the	
  hydrophobic	
  elements	
  
in	
   the	
   system	
  exposed	
   to	
   solvent;	
   	
   (B)	
   at	
  moderate	
  hydrophobic	
   interaction	
   strength	
   (R	
  =	
  1/3),	
   cylindrical	
  
nanofibers	
   are	
   formed;	
   	
   (C)	
   at	
   strong	
   hydrophobic	
   interaction	
   strength,	
   peptide-­‐peptide	
   hydrophobic	
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interaction	
   aids	
   in	
   the	
   micelle-­‐merging	
   process	
   resulting	
   in	
   elongated	
   micelles	
   with	
   minimal	
   secondary	
  
structure	
  elements.	
  

	
  
At	
   strong	
   hydrophobic	
   interaction	
   strength,	
   minimal	
   secondary	
   structures	
   are	
  

present	
   yet	
   rod-­‐like	
   structures	
   can	
   be	
   constructed.	
   Strong	
   hydrophobic	
   interaction	
  

strength	
   inhibits	
   the	
   formation	
   of	
   hydrogen	
   bonding	
   between	
   nearby	
   peptide	
   residues;	
  

therefore,	
  all	
  peptides	
  exhibit	
  random	
  coil	
  conformations	
  without	
   forming	
  β-­‐sheets.	
  Alkyl	
  

tails	
   and	
   nonpolar	
   peptide	
   residues	
   are	
   now	
   driving	
   micellization	
   followed	
   by	
   micelle-­‐

micelle	
   merging	
   events	
   forming	
   a	
   contiguous	
   hydrophobic	
   core	
   that	
   leads	
   to	
   the	
  

development	
  of	
  an	
  elongated	
  structure	
  (Figure	
  5.8C).	
  	
  

The	
  nature	
  by	
  which	
  the	
  morphological	
  and	
  phase	
  transitions	
  can	
  be	
  correlated	
  with	
  

its	
   structure	
   is	
   notable	
   because	
   it	
   provides	
   a	
   method	
   for	
   sensitive	
   control.	
   From	
  

experimental	
   studies,	
   mobility	
   of	
   suspended	
   cells	
   or	
   proteins	
   within	
   a	
   scaffold	
   can	
   be	
  

regulated	
   by	
   the	
   strength	
   of	
   the	
   interaction	
   between	
   self-­‐assembled	
   PA	
  molecules.67	
   By	
  

understanding	
   the	
   rate	
   of	
   formation	
   or	
   degradation	
   of	
   the	
   biomimetic	
   matrix,	
   different	
  

controlled	
   release	
   mechanisms	
   and	
   related	
   functionality	
   can	
   be	
   attained.	
   Recent	
  

experimental	
   work	
   by	
   Stupp	
   and	
   co-­‐workers	
   showed	
   that	
   the	
   formation	
   of	
   β-­‐sheets	
   is	
  

dependent	
   upon	
   the	
   amount	
   of	
   hexafluoroisopropanol	
   (HFIP),	
   which	
   is	
   an	
   organic	
   co-­‐

solvent,	
  in	
  water.43	
  They	
  found	
  when	
  HFIP	
  content	
  is	
  greater	
  than	
  21	
  vol	
  %,	
  no	
  β-­‐sheets	
  are	
  

formed	
   since	
   PA	
   molecules	
   are	
   well	
   solvated	
   as	
   isolated	
   molecules	
   in	
   random	
   coil	
  

conformations.	
   This	
   corresponds	
   to	
   the	
   simulation	
   condition	
   when	
   hydrophobic	
  

interaction	
   strength,	
   R,	
   is	
   zero.	
   In	
   this	
   case,	
   PA	
   molecules	
   are	
   prohibited	
   from	
   forming	
  

intermolecular	
   interactions	
   and	
   thus	
   undergoing	
   no	
   self-­‐assembly,	
   as	
   also	
   observed	
   in	
  

systems	
  of	
  short	
  peptides.57,68	
  Moreover,	
  they	
  examined	
  assembly	
  kinetics	
  of	
  the	
  β-­‐sheets	
  

using	
   circular	
   dichroism,	
   which	
   revealed	
   an	
   increasing	
   rate	
   upon	
   decreasing	
   the	
   HFIP	
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content	
  from	
  21	
  vol	
  %.43	
  This	
  is	
  also	
  observed	
  in	
  our	
  simulations	
  that	
  show	
  that	
  the	
  rate	
  of	
  

β-­‐sheet	
   formation	
   is	
   smaller	
   at	
   R=1/6	
   compared	
   to	
   that	
   at	
   R=1/3.	
   However,	
   our	
  

hydrophobicity	
  condition	
  at	
  R=1.3	
  cannot	
  be	
  compared	
  to	
  their	
  experimental	
  results.	
  This	
  

is	
   an	
   extreme	
   case	
   in	
   which	
   strong	
   hydrophobic	
   interactions	
   due	
   to	
   the	
   replacement	
   of	
  

valine	
  and	
  alanine	
  residues	
   for	
  stronger	
  non-­‐polar	
  peptide	
  residues	
  such	
  as	
   isoleucine	
  or	
  

the	
   replacement	
   of	
   an	
   alkyl	
   tail	
   for	
   a	
   polystyrene	
   tail.	
   In	
   this	
   case,	
   strong	
   hydrophobic	
  

interactions	
  can	
  still	
  allow	
  PAs	
  to	
  assemble	
  into	
  elongated	
  micelles	
  without	
  the	
  presence	
  of	
  

β-­‐sheets.	
   Furthermore,	
   Stupp	
   and	
   co-­‐workers	
   also	
   demonstrated	
   how	
   preparation	
  

protocols	
   of	
  mixing	
  HFIP	
   and	
   PA	
   in	
  water	
   play	
   an	
   important	
   role	
   in	
   regulating	
   different	
  

outcomes	
  of	
  the	
  PA	
  assembly	
  process	
  including	
  hysteresis	
  that	
  is	
  involved	
  in	
  the	
  formation	
  

of	
  β-­‐sheets.43	
  The	
  insights	
  on	
  the	
  effect	
  of	
  such	
  kinetics	
  and	
  hysteresis	
  on	
  PA	
  assembly	
  can	
  

be	
   further	
  elucidated	
   in	
   future	
   computational	
   studies	
   to	
  provide	
  an	
  efficient	
   approach	
   to	
  

select	
   the	
   optimum	
   assembly	
   pathway	
   necessary	
   for	
   formation	
   of	
   supramolecular	
  

structures	
  with	
  targeted	
  functions.	
  	
  

Considering	
  the	
  coarse-­‐grained	
  model	
  used	
  to	
  simplify	
  the	
  atomistic	
  details	
  of	
  a	
  PA	
  

molecule,	
  inherent	
  limitations	
  are	
  present	
  such	
  as	
  the	
  resolution	
  that	
  can	
  be	
  attained	
  with	
  

this	
   methodology.	
   Another	
   limitation	
   involves	
   using	
   an	
   implicit	
   solvent	
   model.	
   Although	
  

this	
   approach	
   significantly	
   decreases	
   the	
   computational	
   time	
   by	
   reducing	
   the	
   number	
   of	
  

degrees	
   of	
   freedom	
   via	
   the	
   absence	
   of	
   explicit	
   solvent	
   molecules,	
   the	
   force	
   field	
   of	
   the	
  

solvent	
   is	
   therefore	
   approximated.	
   Moreover,	
   the	
   hydrophobic	
   interactions	
   within	
   the	
  

system	
  are	
  assumed	
  to	
  be	
  temperature	
  independent,	
  which	
  is	
  a	
  simplification	
  of	
  the	
  known	
  

models	
  of	
   temperature-­‐dependent	
  hydrophobicity.69,70	
  However,	
  despite	
   these	
   limitations,	
  

the	
  data	
  show	
  that	
  our	
  coarse-­‐grained	
  model	
  allows	
  us	
   to	
  conduct	
   large-­‐scale	
  molecular-­‐
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dynamics	
  simulations	
  to	
  observe	
  a	
  wide	
  range	
  of	
  nanostructures.	
  This	
  yields	
  a	
  qualitative	
  

understanding	
  of	
  the	
  effects	
  of	
  solvent	
  condition	
  on	
  self-­‐assembly	
  pathways	
  involved	
  in	
  the	
  

formation	
   of	
   nanostructures	
   that	
   share	
   structurally	
   similarities	
   to	
   those	
   observed	
   from	
  

prior	
  experimental	
  and	
  atomistic	
  computational	
  works.10,71	
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CHAPTER	
  6	
  	
   The	
  Tail	
  of	
  Two	
  Peptide	
  Amphiphiles:	
  Effect	
  of	
  
Conjugation	
  with	
  Hydrophobic	
  Polymer	
  on	
  Folding	
  of	
  
Peptide	
  Sequences	
  

	
  

6.1	
  	
   	
   Abstract	
  

Peptide	
   amphiphiles	
   (PA)	
   offer	
   the	
   potential	
   of	
   incorporating	
   biological	
   function	
  

into	
   synthetic	
   materials	
   for	
   tissue	
   engineering	
   in	
   regenerative	
   medicine.	
   These	
   hybrid	
  

conjugates	
   are	
   known	
   to	
   undergo	
   self-­‐assembly	
   starting	
   from	
   single	
   molecules	
   to	
  

nanofibers	
  before	
  turning	
  into	
  hydrogel	
  scaffolds;	
  such	
  a	
  process	
  involves	
  conformational	
  

changes	
   in	
   secondary	
   structures	
  of	
  peptides.	
  Therefore,	
   insights	
  on	
   the	
  ability	
  of	
  peptide	
  

amphiphiles	
  to	
  form	
  secondary	
  structure	
  as	
  single	
  molecules	
  are	
  useful	
  for	
  understanding	
  

self-­‐assembly	
  behavior.	
  We	
  report	
  here	
  a	
  molecular	
  simulation	
  study	
  of	
  peptide	
  folding	
  by	
  

two	
  PA	
  sequences,	
  each	
  contains	
  an	
  alkyl	
   tail	
  and	
  short	
  peptide	
  segment.	
  The	
  alkyl	
   tail	
   is	
  

observed	
   to	
   play	
   two	
   opposing	
   roles	
   in	
  modulating	
   sequence-­‐dependent	
   folding	
   kinetics	
  

and	
   thermodynamics.	
   	
   On	
   one	
   hand,	
   it	
   restricts	
   conformational	
   freedom	
   reducing	
   the	
  

entropic	
  cost	
  of	
  folding,	
  which	
  is	
  thus	
  promoted.	
  	
  On	
  the	
  other	
  hand,	
  it	
  acts	
  as	
  an	
  interaction	
  

site	
   with	
   nonpolar	
   peptide	
   residues,	
   blocking	
   the	
   peptide	
   from	
   helix	
   nucleation,	
   which	
  

reduces	
  folding.	
  	
  

6.2	
  	
   	
   Introduction	
  
	
  

Hydrogels,	
  which	
  belong	
  to	
  class	
  of	
  biomaterial	
  defined	
  by	
  its	
  3-­‐dimensional	
  cross-­‐

linked	
   polymer	
   networks	
   and	
   its	
   ability	
   to	
   absorb	
   liquid,1	
   can	
   be	
   potentially	
   used	
   in	
   a	
  

variety	
   of	
   applications	
   including	
   diagnostic	
   medicine,	
   drug	
   delivery,	
   and	
   tissue	
  

engineering.2-­‐5	
   Peptide-­‐polymer	
   conjugates,	
   called	
   peptide	
   amphiphiles	
   (PA),	
   have	
   been	
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shown	
   to	
   undergo	
   a	
  molecular	
   self-­‐assembly	
   process	
  with	
   precise	
   control	
   in	
   fabricating	
  

nanostructures	
   as	
   hydrogels.6-­‐10	
   The	
   basic	
  molecular	
   structure	
   of	
   peptide	
   amphiphiles	
   is	
  

composed	
   of	
   two	
  major	
   constituents:	
   a	
   hydrophobic	
   alkyl	
   tail	
   and	
   a	
   hydrophilic	
   peptide	
  

sequence	
  that	
  is	
  conjugated	
  at	
  the	
  N-­‐terminus.	
  The	
  alkyl	
  tail	
   length	
  and	
  peptide	
  sequence	
  

are	
  important	
  parameters	
  that	
  affect	
  self-­‐assembly	
  and	
  control	
  the	
  macroscopic	
  properties	
  

of	
  the	
  gel.11-­‐13	
  

	
   In	
  PA	
  self-­‐assembly,	
  the	
  formation	
  of	
  aggregates	
  containing	
  multiple	
  PA	
  monomers	
  

is	
   driven	
   by	
   the	
   hydrophobic	
   collapse	
   of	
   the	
   alkyl	
   tails,	
   which	
   bury	
   in	
   the	
   interior.	
   The	
  

peptides	
   on	
   the	
   surface	
   form	
   inter-­‐peptide	
   interactions14	
   such	
   as	
   hydrogen	
   bonding13,15	
  

and	
  electrostatic	
  interaction,16	
  which	
  control	
  the	
  shape	
  and	
  stability	
  of	
  aggregates	
  as	
  well	
  

as	
   macroscopic	
   properties	
   of	
   hydrogels.	
   Specifically,	
   the	
   formation	
   of	
   β-­‐sheets	
   via	
  

intermolecular	
  hydrogen	
  bonding	
  drives	
  the	
  morphology	
  of	
  aggregates	
  to	
   long	
  structures	
  

that	
   are	
   often	
   called	
   cylindrical	
   nanofibers.17	
   Moreover,	
   the	
   mechanical	
   properties	
   of	
  

hydrogels	
  are	
  directly	
  related	
  to	
  the	
  nature	
  and	
  degree	
  of	
  β-­‐sheet	
  formation.18,19	
  Therefore,	
  

it	
  is	
  important	
  to	
  examine	
  the	
  ability	
  of	
  peptide	
  amphiphiles	
  to	
  form	
  secondary	
  structures	
  

through	
  not	
  only	
  intermolecular	
  interactions	
  but	
  also	
  intramolecular	
  interactions	
  since	
  the	
  

competition	
   of	
   these	
   two	
   types	
   of	
   interactions	
   affects	
   self-­‐assembly	
   in	
   peptide-­‐based	
  

systems.18,19	
  

	
   Conjugation	
   of	
   peptides	
   to	
   monoalkyl	
   hydrocarbon	
   chains	
   has	
   been	
   shown	
   to	
  

stabilize	
  helix	
  formation	
  of	
  a	
  short	
  peptide	
  segment	
  by	
  Forns	
  et	
  al.20	
  They	
  showed	
  that	
  the	
  

16-­‐residue	
   peptide	
   alone	
   does	
   not	
   form	
   a	
   distinct	
   structure	
   in	
   solution,	
   whereas	
   the	
  

peptide	
  adopts	
  predominantly	
  a	
  α-­‐helical	
  structure	
  in	
  solution	
  when	
  a	
  C6	
  or	
  C16	
  monoalkyl	
  

hydrocarbon	
  chain	
  is	
  N-­‐terminally	
  acetylated.	
  Moreover,	
  the	
  thermal	
  stability	
  of	
  the	
  α-­‐helix	
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is	
   greater	
   upon	
   addition	
   of	
   the	
   C16	
   compared	
   with	
   the	
   C6	
   chain.	
   	
   Conjugation	
   of	
   less	
  

nonpolar	
   polymers	
   than	
   the	
   alkyl	
   chain	
   such	
   as	
   poly(ethylene	
   glycol)	
   can	
   increase	
   helix	
  

formation	
   as	
   demonstrated	
   by	
   Jain	
   et	
   al.,	
   who	
   reported	
   that	
   favorable	
   peptide-­‐polymer	
  

interactions,	
   such	
   as	
   hydrogen	
   bonding	
   and	
   electrostatic	
   attraction,	
   enhance	
   helix	
  

formation.21	
  In	
  contrast,	
  conjugation	
  of	
  more	
  nonpolar	
  polymers	
  than	
  the	
  alkyl	
  chain	
  such	
  

as	
   polystyrene	
   induces	
   helix	
   destabilization	
   near	
   the	
   peptide-­‐polymer	
   interface	
   through	
  

favorable	
   hydrophobic	
   interactions	
   between	
   polystyrene	
   and	
   the	
   adjacent	
   residues	
   as	
  

reported	
  by	
  Shu	
  et	
  al.22	
  Furthermore,	
   the	
  unfolding	
  effect	
  by	
  hydrophobic	
   interactions	
   is	
  

also	
   observed	
   in	
   side-­‐conjugation	
   of	
   polystyrene	
   to	
   the	
   peptide	
   (i.e.,	
   attachment	
   of	
  

polymeric	
   chain	
   to	
   the	
   middle	
   of	
   peptide),23	
   which	
   induces	
   a	
   helix-­‐to-­‐sheet	
   transition.	
  

These	
   studies	
   demonstrate	
   that	
   the	
   effect	
   of	
   conjugation	
   depends	
   on	
   three	
   factors:	
   (1)	
  

polymer	
  type,	
  (2)	
  peptide	
  sequence,	
  and	
  (3)	
  placement	
  of	
  conjugation.	
  

	
   In	
  this	
  study,	
  we	
  aim	
  to	
  elucidate	
  the	
  role	
  of	
  conjugation	
  by	
  a	
  nonpolar	
  polymer	
  to	
  a	
  

peptide	
  on	
  helix	
  stability	
  and	
  its	
  dependency	
  on	
  peptide	
  sequence	
  via	
  atomistic	
  molecular	
  

dynamics	
   (MD)	
   simulations.	
   To	
   do	
   so,	
   we	
   study	
   two	
  model	
   peptide-­‐polymer	
   conjugates,	
  

which	
  are	
  hereafter	
  named	
  PA1	
  and	
  PA2	
  whose	
  sequences	
  are	
  palmitoyl-­‐Val3Ala3Glu3	
  and	
  

palmitoyl-­‐Ala3Val3Glu3,	
   respectively	
   (Fig.	
  4.1a-­‐b).	
  Even	
   though	
   they	
  are	
  comprised	
  of	
   the	
  

same	
  amino	
  acids,	
  reversing	
  the	
  positions	
  of	
  alanine	
  and	
  valine	
  residues	
  results	
  in	
  different	
  

arrangements	
  of	
  secondary	
  structures,	
  which	
  causes	
  PA1	
  to	
  create	
  a	
  stiffer	
  gel	
  than	
  PA2	
  as	
  

demonstrated	
   by	
   Pashuck	
   et	
   al.12.	
   First,	
   we	
   performed	
   replica	
   exchange	
   molecular	
  

dynamics	
   over	
   a	
  wide	
   temperature	
   range	
   from	
   260	
   K	
   to	
   550	
   K	
   on	
   both	
   conjugated	
   and	
  

unconjugated	
   sequences	
   to	
   analyze	
   the	
   free	
   energy	
   landscapes	
   and	
   compare	
   the	
  

thermodynamically	
   favorable	
   structures	
   at	
   equilibrium.	
   Then,	
   we	
   performed	
   constant-­‐
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temperature	
  MD	
  simulations	
  at	
  298	
  K	
  to	
  elucidate	
  the	
  kinetics	
  details	
  of	
  folding,	
  including	
  

conformational	
  change,	
  nucleation,	
  hydrogen	
  bonding,	
  and	
  secondary	
  structure	
  dynamics.	
  	
  	
  

6.3	
  	
   	
   Simulation	
  Methods	
  
	
  
	
   To	
   examine	
   folding	
   kinetics,	
   twenty	
   molecular	
   dynamic	
   simulations	
   for	
   each	
  

molecule	
  of	
  PA1	
  and	
  PA2	
  that	
  are	
  conjugated	
  (full	
  PA	
  sequence),	
  unconjugated	
  (alkyl-­‐tail-­‐

free	
  peptide	
   sequence)	
   and	
   truncated	
   (peptide	
   sequence	
   conjugated	
   to	
   a	
   shortened	
  alkyl	
  

tail	
   of	
   4	
   carbon	
   groups)	
   starting	
   as	
   random	
  coils.	
   These	
   simulations	
  were	
  performed	
   for	
  

200	
  ns	
  at	
   a	
   temperature	
  of	
  298	
  K	
  using	
  NAMD,24	
   a	
  parallel	
  molecular	
  dynamics	
   code	
   for	
  

high	
   performance	
   simulations.	
   To	
   examine	
   folding	
   thermodynamics,	
   replica-­‐exchange	
  

molecular	
  dynamic	
  simulations25	
  were	
  performed	
  for	
  16	
  replicas	
  starting	
  as	
  random	
  coils	
  

over	
  a	
   range	
  of	
  16	
   temperatures	
   from	
  260	
  K	
   to	
  550	
  K	
  using	
  NAMD.24	
  Each	
  replicate	
  was	
  

simulated	
  for	
  4	
  ps	
  before	
  attempting	
  an	
  exchange	
  yielding	
  a	
  total	
  simulation	
  time	
  of	
  400	
  ns	
  

per	
   replica.	
   These	
   replica-­‐exchange	
   simulations	
   were	
   conducted	
   for	
   100,000	
   exchanges	
  

with	
  an	
  acceptance	
  rate	
  of	
  approximately	
  70%.	
  All	
  PA	
  sequences	
  were	
  modeled	
  using	
  the	
  

CHARMM	
   27	
   forcefield26-­‐28	
   unless	
   otherwise	
   specified.	
   The	
   interaction	
   energy	
   cutoff	
  

parameter	
  was	
  set	
  to	
  18Å.24	
  The	
  solvent	
  was	
  modeled	
  using	
  the	
  generalized	
  Born	
  implicit	
  

solvent	
   model.29	
   Free	
   energy	
   calculations	
   were	
   performed	
   using	
   the	
   MBAR	
   program	
  

developed	
   by	
   the	
   Chodera	
   and	
   coworkers.30	
   Secondary	
   structure	
   and	
   hydrogen	
   bond	
  

analysis	
  were	
   obtained	
   from	
   the	
   STRIDE	
   standalone	
   program.31	
   Center	
   of	
  mass	
   distance	
  

calculations	
  between	
  peptide	
  and	
  alkyl	
  tail	
  selections	
  were	
  performed	
  with	
  the	
  Tk	
  Console	
  

extension	
   tool	
   in	
   VMD	
   (Visual	
   Molecular	
   Dynamics),32	
   which	
   was	
   also	
   used	
   for	
   image	
  

rendering	
  of	
  PA	
  conformations.	
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   For	
  the	
  constant-­‐temperature	
  MD	
  simulations,	
   the	
   last	
  10%	
  conformations	
  of	
  each	
  

simulation	
  over	
   a	
   period	
  of	
   20	
  ns	
  were	
  used	
   as	
   the	
   final	
   structures;	
   however,	
   the	
  whole	
  

trajectory	
  was	
  used	
  to	
  extract	
  kinetics	
   information.	
  For	
   the	
  replica-­‐exchange	
  simulations,	
  

which	
  reached	
  equilibrium	
  after	
  280	
  ns,	
  the	
  last	
  10%	
  conformations	
  over	
  40	
  ns	
  were	
  used	
  

as	
  the	
  equilibrium	
  structures	
  which	
  we	
  used	
  to	
  calculate	
  thermodynamics	
  properties.	
  

6.4	
  	
   	
   Results	
  and	
  Discussion	
  

	
  
6.4.1	
   	
   Equilibrium	
  conformations	
  of	
  PA1	
  are	
  more	
  helical	
  than	
  PA2	
  	
  
	
  

At	
   equilibrium,	
   the	
   propensity	
   to	
   form	
   alpha	
   helical	
   structure	
   is	
   similar	
   for	
   both	
  

sequences	
  as	
  seen	
  in	
  Figure	
  6.1c-­‐d,	
  which	
  shows	
  the	
  percentage	
  of	
  secondary	
  structures	
  

as	
  a	
   function	
  of	
   the	
  temperature	
  averaged	
  from	
  the	
   last	
  40	
  ns	
   from	
  two	
  separate	
  replica-­‐

exchange	
   simulations	
   on	
   conjugated	
   PA	
   sequences.	
   These	
   sequences	
   become	
  

predominantly	
  α-­‐helical	
  at	
   low	
  temperatures	
  and	
  random	
  coils	
  at	
  high	
  temperatures.	
  The	
  

transition	
   from	
   α-­‐helix	
   to	
   random	
   coil	
   is	
   relatively	
   sharp	
  without	
   an	
   intermediate	
   state.	
  	
  

Interestingly,	
  the	
  most	
  common	
  type	
  of	
  secondary	
  structures	
  (i.e.,	
  β-­‐structure)	
  is	
  absent	
  at	
  

all	
  temperatures.	
  Since	
  the	
  peptide	
  sequences	
  contain	
  only	
  nine	
  residues,	
  they	
  are	
  too	
  short	
  

to	
  either	
  form	
  a	
  complete	
  β-­‐strand	
  or	
  β-­‐hairpin	
  that	
  is	
  thermodynamically	
  more	
  stable	
  than	
  

a	
  α-­‐helical	
  structure.	
  Also,	
  they	
  contain	
  six	
  strong	
  α-­‐helix-­‐forming	
  residues	
  of	
  alanine	
  and	
  

glutamic	
   acids	
   and	
   only	
   three	
   β-­‐structure-­‐forming	
   residues	
   of	
   valines,33,34	
   α-­‐helix	
   is	
   thus	
  

preferred	
  over	
  β-­‐structure.	
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Figure	
  6.1.	
   (a)-­‐(b)	
  PA1	
  and	
  PA2	
  sequences:	
  numerical	
  order	
   from	
  residue	
  #1	
   to	
  residue	
  #9	
  goes	
   from	
  the	
  
first	
   amino	
   acid	
   that	
   is	
   adjacent	
   to	
   the	
   alkyl	
   tail.	
   	
   (c)-­‐(d)	
   	
   Plots	
   of	
   the	
   percentage	
   of	
   secondary	
   structure	
  
formation	
  as	
  a	
   function	
  of	
   temperature	
  obtained	
   from	
  replica-­‐exchange	
   simulations.	
  Data	
   is	
   averaged	
   from	
  
the	
   last	
   10%	
   of	
   equilibrium	
   data.	
   (e)-­‐(f)	
   Distributions	
   of	
   conformations	
   in	
   various	
   structural	
   states	
   as	
   a	
  
function	
   of	
   temperature.	
   (g)-­‐(h)	
   Equilibrium	
   conformations	
   obtained	
   from	
   replica-­‐exchange	
   temperature	
  
simulation	
  at	
  T	
  =	
  260	
  K	
   showing	
  a	
   folded	
   structure	
   for	
  PA1	
  and	
  a	
  partially-­‐folded	
   structure	
   for	
  PA2.	
  Color	
  
scheme	
  for	
  the	
  molecule	
  by	
  using	
  VMD:	
  hydrophobic	
  polymeric	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  (blue),	
  and	
  
glutamic	
   acid	
   (pink).	
   (i)-­‐(j)	
   2D	
   PMF	
   contour	
   plots	
   of	
   conjugated	
   sequences	
   at	
   T=298	
   K	
   showing	
   the	
   free	
  
energy	
  as	
  a	
  function	
  of	
  the	
  number	
  of	
  hydrogen	
  bonds	
  and	
  radius	
  of	
  gyration.	
  Black	
  contours	
  are	
  drawn	
  every	
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1	
  kcal/mol,	
  beginning	
  at	
  1	
  kcal/mol.	
  Grey	
  contours	
  are	
  drawn	
  every	
  10	
  kcal/mol,	
  beginning	
  10	
  kcal/mol	
  after	
  
the	
   final	
   black	
   contour.	
   (k)-­‐(l)	
   Density	
   curves	
   of	
   the	
   distance	
   between	
   the	
   first	
   half	
   of	
   the	
   alkyl	
   tail	
   and	
  
alanine	
  (blue)	
  and	
  valine	
  (green)	
  residues	
  at	
  298	
  K.	
  Data	
  for	
  PA1	
  is	
  in	
  the	
  left	
  column	
  and	
  PA2	
  is	
  in	
  the	
  right	
  
column.	
  

	
  
	
   However,	
   classifying	
   conformations	
   into	
   three	
   structural	
   states	
   based	
   on	
   helical	
  

content	
  (less	
  than	
  20%	
  of	
  residues	
  that	
  are	
  helical	
  for	
  the	
  unfolded	
  state,	
  between	
  20%	
  and	
  

80%	
  for	
  the	
  partially-­‐folded	
  state,	
  and	
  greater	
  than	
  80%	
  for	
  the	
  folded	
  state35)	
  shows	
  that	
  

PA1	
  has	
  a	
  higher	
  probability	
  than	
  PA2	
  of	
  being	
  in	
  the	
  folded	
  state	
  at	
  low	
  temperatures	
  as	
  

seen	
  in	
  Figure	
  6.1e-­‐f,	
  which	
  shows	
  the	
  distribution	
  of	
  three	
  structural	
  states	
  as	
  a	
  function	
  

of	
  temperature.	
  Indeed,	
  PA1	
  forms	
  nearly	
  two	
  times	
  as	
  many	
  folded	
  structures	
  than	
  PA2	
  at	
  

the	
  lowest	
  temperature	
  of	
  260	
  K.	
  Moreover,	
  PA2	
  has	
  equal	
  probabilities	
  of	
  being	
  in	
  either	
  

the	
  folded	
  or	
  partially	
  folded	
  states.	
  As	
  the	
  temperature	
  increases	
  to	
  room	
  temperature	
  of	
  

298	
   K,	
   PA2	
   is	
  more	
   likely	
   in	
   the	
   partially	
   folded	
   state	
   compared	
   to	
   PA1,	
  which	
   remains	
  

highly	
  in	
  the	
  folded	
  state.	
  Representative	
  conformations	
  for	
  the	
  folded	
  state	
  by	
  PA1	
  and	
  the	
  

partially-­‐folded	
  state	
  for	
  PA2	
  are	
  shown	
  in	
  Figure	
  6.1g-­‐h.	
  The	
  same	
  conclusion	
  is	
  reached	
  

using	
   different	
   definitions	
   (in	
   percentage	
   of	
   helical	
   content)	
   of	
   the	
   unfolded,	
   partially	
  

folded	
  and	
  folded	
  states	
  based	
  on	
  raw	
  distribution	
  data	
  (Figure	
  6.6).	
  	
  	
  	
  

	
   The	
  2D	
  potential	
  of	
  mean	
  force	
  (PMF)	
  as	
  a	
  function	
  the	
  number	
  of	
  hydrogen	
  bonds	
  

and	
  radius	
  of	
  gyration,	
  which	
  is	
  calculated	
  from	
  the	
  replica	
  exchange	
  data	
  at	
  a	
  temperature	
  

of	
  298	
  K,	
  confirms	
  greater	
  folding	
  propensity	
  of	
  PA1	
  compared	
  to	
  PA2	
  (Figure	
  6.1i-­‐j).	
  The	
  

basin	
  of	
  the	
  folded	
  state	
  in	
  PA1,	
  which	
  is	
  enclosed	
  by	
  a	
  1	
  kcal/mol	
  contour,	
  is	
  localized	
  in	
  a	
  

region	
  where	
  PA1	
   can	
   form	
  3-­‐7	
  hydrogen	
  bonds	
  with	
   a	
   radius	
  of	
   gyration	
   less	
   than	
  5	
  Å,	
  

corresponding	
   to	
   the	
   folded	
   state.	
   However,	
   the	
   basin	
   of	
   the	
   folded	
   state	
   in	
   PA2	
  

encompasses	
  a	
  larger	
  region	
  by	
  which	
  PA2	
  can	
  form	
  1-­‐6	
  hydrogen	
  bonds	
  with	
  a	
  radius	
  of	
  



149	
  
	
  

gyration	
   greater	
   than	
   5	
  Å.	
   This	
  means	
   that	
   PA2	
   is	
  more	
   flexible	
   fluctuating	
   between	
   the	
  

folded	
  and	
  partially-­‐folded	
  states.	
  

	
   Competitive	
  interactions	
  with	
  the	
  alkyl	
  tail	
  possibly	
  discourage	
  α-­‐helical	
   folding	
  as	
  

seen	
  in	
  Figure	
  6.1k-­‐l,	
  which	
  shows	
  the	
  distribution	
  of	
  conformations	
  as	
  a	
  function	
  of	
  the	
  

distance	
   between	
   the	
   centers	
   of	
  mass	
   from	
   the	
   first	
   half	
   of	
   the	
   alkyl	
   tail	
   to	
   either	
   three	
  

alanine	
  residues	
  (blue)	
  or	
   three	
  valine	
  residues	
  (green)	
   for	
  both	
  sequences.	
  Although	
  the	
  

cutoff	
  distance	
  for	
  van	
  der	
  Waal	
  interaction	
  is	
  at	
  18	
  Å,	
  the	
  hydrophobic	
  interaction	
  strength	
  

is	
   strongest	
  below	
  12	
  Å;	
   therefore,	
   the	
  critical	
  distance	
  used	
   for	
  comparison	
   is	
  12	
  Å.	
  The	
  

percentages	
   of	
   conformations	
   wherein	
   the	
   alkyl	
   tail	
   is	
   within	
   12	
   Å	
   of	
   the	
   three	
   valine	
  

residues	
   are	
   similar	
   for	
   both	
   sequences.	
   However,	
   the	
   percentage	
   of	
   conformations	
  

wherein	
   the	
   alkyl	
   tail	
   is	
   within	
   12	
   Å	
   of	
   the	
   three	
   alanine	
   residues	
   is	
   at	
   63%	
   for	
   PA2	
  

compared	
  to	
  23%	
  for	
  PA1.	
  This	
  indicates	
  that	
  the	
  alkyl	
  tail	
  might	
  reduce	
  folding	
  of	
  PA2	
  by	
  

binding	
  strongly	
   to	
   the	
  alanine	
  residues.	
   In	
  subsequent	
  sections,	
  helix	
  propensity	
  of	
  both	
  

sequences	
   and	
   the	
   role	
   of	
   the	
   alkyl	
   tail	
   are	
   investigated	
   via	
   constant	
   temperature	
  

simulations	
  at	
  298	
  K,	
  where	
  folding	
  kinetics	
  can	
  be	
  explored	
  in	
  greater	
  detail.	
  	
  	
  	
  

6.4.2	
  	
   Removal	
  of	
  alkyl	
  tail	
  results	
  in	
  all	
  unfolded	
  conformations	
  
	
  

To	
   elucidate	
   the	
   role	
   of	
   the	
   alkyl	
   tail	
   in	
   folding,	
   twenty	
   constant-­‐temperature	
  MD	
  

simulations	
  at	
  298	
  K	
  were	
  performed	
  for	
  each	
  sequence	
  without	
  the	
  alkyl	
  tail	
   for	
  200	
  ns.	
  

These	
   simulations	
   using	
   the	
   CHARMM	
   27	
   force	
   field26,27	
   produce	
   solely	
   unfolded	
  

conformations.	
   Ten	
   additional	
   constant-­‐temperature	
   simulations	
   using	
   the	
   CHARMM	
   36	
  

force	
  field36	
  also	
  yield	
  only	
  structures	
  in	
  the	
  unfolded	
  state.	
  	
  

	
   To	
  confirm	
  that	
  equilibrium	
  conformations	
  of	
  tail-­‐free	
  sequences	
  are	
  truly	
  unfolded,	
  

replica	
  exchange	
  simulations	
  were	
  performed	
  over	
  a	
  temperature	
  range	
  of	
  260	
  K	
  to	
  550	
  K	
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over	
   400	
   ns	
   per	
   replica.	
   The	
   2D	
   potential	
   of	
   mean	
   force	
   as	
   a	
   function	
   the	
   number	
   of	
  

hydrogen	
  bonds	
   and	
   radius	
   of	
   gyration	
   is	
   calculated	
   from	
   the	
   replica	
   exchange	
  data	
   at	
   a	
  

temperature	
  of	
  298	
  K.	
  These	
  contour	
  plots	
  for	
  both	
  tail-­‐free	
  sequences	
  in	
  Figure	
  6.2	
  show	
  

that	
   the	
  global	
  minimum	
   is	
   located	
  at	
  a	
   radius	
  of	
  gyration	
  of	
  7.5	
  Å	
  and	
  0	
  hydrogen	
  bond	
  

corresponding	
   to	
   the	
   unfolded	
   state.	
   Indeed,	
   analysis	
   of	
   the	
   percentage	
   of	
   secondary	
  

structures	
  as	
  a	
  function	
  of	
  the	
  temperature	
  indicates	
  that	
  all	
  residues	
  of	
  the	
  last	
  40	
  ns	
  from	
  

replica-­‐exchange	
  simulations	
  are	
   random	
  coil	
  over	
   the	
  whole	
   temperature	
   range	
   (Figure	
  

6.7).	
   	
   In	
  contrast,	
   the	
  contour	
  plots	
   for	
  conjugated	
  sequences	
   in	
  Figure	
  6.1g-­‐h	
  show	
  that	
  

the	
  global	
  minimum	
  free	
  energy	
  is	
  located	
  at	
  a	
  radius	
  of	
  gyration	
  of	
  4.75	
  Å	
  and	
  5	
  hydrogen	
  

bonds	
  for	
  PA1	
  corresponding	
  to	
  the	
  folded	
  state.	
  Based	
  on	
  these	
  results,	
  the	
  alkyl	
  tail	
  is	
  a	
  

necessary	
  component	
  to	
  produce	
  folded	
  structures.	
  

	
   Unconjugated	
   molecules	
   prefer	
   to	
   be	
   in	
   the	
   unfolded	
   state	
   (Figure	
   6.2)	
   while	
  

conjugated	
  molecules	
  prefer	
   to	
  be	
   in	
   the	
   folded	
  or	
  partially	
   folded	
  state	
   (Figure	
  6.1g-­‐h).	
  

This	
   is	
   due	
   to	
   the	
   freedom	
   of	
   unconjugated	
   molecules	
   that	
   are	
   more	
   flexible	
   than	
  

conjugated	
  molecules	
  to	
  sample	
  more	
  conformations	
  at	
  the	
  unfolded	
  state	
  as	
  indicated	
  by	
  

the	
   high	
   probability	
   of	
   being	
   in	
   the	
   unfolded	
   state	
   compared	
   to	
   the	
   folded	
   state	
   for	
  

unconjugated	
   sequences	
   (Figure	
   6.8).	
   Therefore,	
   entropic	
   cost	
   of	
   folding	
   or	
   the	
   loss	
   of	
  

conformational	
   entropy	
   of	
   main	
   chain	
   and	
   side	
   chain	
   atoms	
   is	
   larger	
   for	
   unconjugated	
  

molecules	
   than	
   that	
   for	
   conjugated	
   molecules.	
   In	
   other	
   words,	
   secondary	
   structure	
  

induction	
  by	
  conjugation	
  is	
  attributed	
  to	
  a	
  reduced	
  conformational	
  freedom	
  of	
  the	
  peptide	
  

segment;	
   thus	
   its	
   entropic	
   cost	
   to	
   folding	
   becomes	
   smaller	
   than	
   those	
   in	
   unconjugated	
  

peptides.	
   Similarly	
   in	
   an	
   experimental	
   setting,	
   Forns	
   et	
   al.	
   20	
   observed	
   the	
   induction	
   of	
  

helical	
  structures	
  after	
  conjugation	
  of	
  an	
  alkyl	
  tail	
  of	
  either	
  6	
  or	
  16	
  carbons	
  to	
  a	
  16	
  residue	
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peptide	
  whose	
  sequence	
  is	
  KAEIEALKAEIEALKA.	
  They	
  showed	
  that	
  the	
  peptide	
  alone	
  does	
  

not	
   form	
   a	
   distinct	
   structure	
   in	
   solution	
   whereas	
   the	
   peptide	
   adopts	
   predominantly	
   α-­‐

helical	
  structures	
  when	
  a	
  C6	
  or	
  C16	
  monoalkyl	
  hydrocarbon	
  chain	
  is	
  N-­‐terminally	
  acetylated.	
  

Moreover,	
  the	
  thermal	
  stability	
  of	
  α-­‐helix	
  is	
  greater	
  when	
  the	
  peptide	
  is	
  conjugated	
  to	
  a	
  C16	
  

tail	
   than	
   to	
   a	
   C6	
   tail	
   indicating	
   that	
   the	
   longer	
   tail	
   is	
   more	
   effective	
   in	
   restricting	
  

conformational	
  freedom	
  of	
  the	
  peptide.	
  

	
  

Figure	
  6.2.	
  2D	
  PMF	
  contour	
  plots	
  of	
  tail-­‐free	
  sequences	
  at	
  T=298	
  K	
  showing	
  the	
  free	
  energy	
  as	
  a	
  function	
  of	
  
the	
   number	
   of	
   hydrogen	
   bonds	
   and	
   radius	
   of	
   gyration.	
   Global	
   minimum	
   for	
   tail-­‐free	
   sequences	
   is	
   at	
   0	
  
hydrogen	
  bond	
  and	
  7.5	
  Å.	
  Black	
  contours	
  are	
  drawn	
  every	
  1	
  kcal/mol,	
  beginning	
  at	
  1	
  kcal/mol.	
  Grey	
  contours	
  
are	
  drawn	
  every	
  10	
  kcal/mol,	
  beginning	
  10	
  kcal/mol	
  after	
  the	
  final	
  black	
  contour.	
  

	
  

6.4.3	
  	
   PA2	
  exhibit	
  increased	
  unfolded	
  conformations	
  as	
  compared	
  
to	
  PA1	
  from	
  constant-­‐temperature	
  simulations	
  	
  

	
  
Table	
   6.1.	
   Distribution	
   of	
   conformations	
   exhibited	
   by	
   PA1	
   and	
   PA2	
   at	
   298	
   K	
   showing	
   the	
   percentage	
   of	
  
simulations	
  result	
  in	
  conformations	
  of	
  a	
  certain	
  state	
  from	
  constant-­‐temperature	
  simulations.	
  

	
  
Sequence	
   Unfolded,	
  %	
   Partially-­‐Folded,	
  %	
   Folded,	
  %	
  
PA1	
   40	
   50	
   10	
  
PA2	
   60	
   35	
   5	
  

	
   	
  	
  
	
   Twenty	
  additional	
  MD	
  simulations	
  were	
  run	
  for	
  200	
  ns	
  for	
  each	
  full	
  PA	
  sequence	
  at	
  

a	
  constant	
  temperature	
  of	
  298	
  K.	
  The	
  final	
  structures	
  are	
  grouped	
  by	
  their	
  average	
  helical	
  

content	
  from	
  the	
  last	
  20	
  ns.	
  The	
  results	
  show	
  that	
  PA1	
  forms	
  unfolded	
  structures	
  in	
  40%	
  of	
  



152	
  
	
  

total	
  simulations	
  while	
  PA2	
  forms	
  unfolded	
  structures	
  in	
  60%	
  of	
  total	
  simulations	
  (Table	
  

6.1).	
   	
   Inversely,	
   PA1	
   forms	
   more	
   partially-­‐folded	
   structures	
   by	
   15%	
   and	
   more	
   folded	
  

structures	
   by	
   5%	
   compared	
   to	
   PA2.	
   The	
   average	
   helical	
   content	
   for	
   PA1	
  partially-­‐folded	
  

structures	
   is	
   about	
   10%	
   higher	
   than	
   that	
   of	
   PA2	
   partially-­‐folded	
   structures	
   (data	
   not	
  

shown).	
  Since	
   the	
   temperature	
  of	
  298K	
  at	
  which	
   these	
  constant-­‐temperature	
  simulations	
  

were	
  conducted	
  is	
  significantly	
  lower	
  than	
  the	
  melting	
  point	
  (that	
  can	
  be	
  extracted	
  at	
  50%	
  

of	
  helicity	
  from	
  Figure	
  6.1c-­‐d),	
  both	
  PA	
  molecules	
  are	
  expected	
  to	
  get	
  kinetically	
  trapped	
  

at	
  local	
  minima	
  resulting	
  in	
  large	
  percentages	
  of	
  unfolded	
  or	
  partially	
  folded	
  structures	
  and	
  

small	
  percentages	
  of	
   folded	
  structures	
  at	
  5-­‐10%	
  (Table	
  6.1).	
  Therefore,	
   it’s	
   important	
   to	
  

decipher	
   detailed	
   kinetics	
   pathways	
   including	
   kinetically	
   trapped	
   events	
   as	
   discussed	
  

below.	
  

	
   Analysis	
   of	
   the	
   probability	
   of	
   forming	
  α-­‐helical	
   hydrogen	
  bonds	
   throughout	
   every	
  

simulation	
   reveals	
   some	
   degree	
   of	
   difficulty	
   by	
   certain	
   hydrogen	
   acceptor-­‐donor	
   groups	
  

(Figure	
  6.3).	
  For	
  PA2,	
  the	
  pairwise	
  hydrogen	
  bond	
  acceptor-­‐donor	
  residues	
  3	
  &	
  7,	
  4	
  &	
  8,	
  

and	
  5	
  &	
  9	
  have	
  a	
  lower	
  probability	
  of	
  forming	
  α-­‐helical	
  hydrogen	
  bonds	
  compared	
  to	
  their	
  

positional	
  counterparts	
  in	
  PA1.	
  Likewise,	
  residues	
  1	
  &	
  5	
  and	
  residues	
  2	
  &	
  6	
  in	
  PA1	
  have	
  a	
  

lesser	
   propensity	
   to	
   form	
   hydrogen	
   bonds	
   compared	
   to	
   their	
   positional	
   counterparts	
   in	
  

PA2.	
   The	
   failure	
   to	
   form	
   these	
   bonds	
   results	
   in	
   unfolded	
   structures,	
   where	
   parts	
   of	
   the	
  

sequence	
  are	
  random	
  coils.	
  

	
   It	
   is	
   well-­‐known	
   that	
   alanine	
   and	
   glutamic	
   acids	
   have	
   a	
   strong	
   preference	
   for	
  

forming	
  α-­‐helices	
  while	
  valine	
  has	
  the	
  highest	
  propensity	
  over	
  other	
  natural	
  amino	
  acids	
  to	
  

form	
  β-­‐sheet	
  than	
  other	
  secondary	
  structures.33,34	
  Therefore,	
  it	
   is	
  not	
  a	
  surprise	
  that	
  PA1,	
  

which	
  has	
  six	
  strong	
  α-­‐helix-­‐forming	
  residues	
  of	
  alanine	
  and	
  glutamic	
  acids	
  in	
  a	
  contiguous	
  



153	
  
	
  

segment,	
   has	
   high	
   probabilities	
   along	
   those	
   residues	
   at	
   positions	
   4-­‐9	
   (AAAEEE)	
   and	
   low	
  

probabilities	
   along	
   valine	
   residues	
   at	
   positions	
   1-­‐3	
   (VVV)	
   (Figure	
   6.3).	
   However,	
   it	
   is	
   a	
  

surprise	
   that	
   PA2	
   can	
   form	
   α-­‐helical	
   hydrogen	
   bonds	
   even	
   with	
   high	
   probability	
   at	
  

positions	
  1-­‐3	
   (AAA)	
   since	
   its	
   six	
   strong	
  α-­‐helix-­‐forming	
   residues	
  of	
   alanine	
   and	
  glutamic	
  

acids	
   are	
   disrupted	
   by	
   three	
   intervening	
   weak	
   α-­‐helix-­‐forming	
   residues	
   of	
   valines	
   at	
  

positions	
  4-­‐6	
  (VVV).	
  Moreover,	
  PA2	
  has	
  a	
  higher	
  probability	
  at	
  the	
  hydrogen	
  bond	
  group	
  1-­‐

5	
  compared	
  to	
  his	
  positional	
  counterpart	
  in	
  PA1.	
  This	
  can	
  be	
  explained	
  the	
  examining	
  the	
  

presence	
  of	
  intervening	
  valine	
  residues.	
  

	
  

	
  

Figure	
  6.3.	
  Probability	
  of	
  forming	
  a	
  α-­‐helical	
  hydrogen	
  bond	
  by	
  all	
  possible	
  hydrogen	
  acceptor-­‐donor	
  groups	
  
of	
  (a)	
  PA1	
  and	
  (b)	
  PA2.	
  The	
  label	
  on	
  the	
  x-­‐axis	
  shows	
  residue	
  positions	
  (as	
  numbers)	
  and	
  amino	
  acid	
  identity	
  
(as	
  letters).	
  	
  

	
  

	
   The	
   presence	
   of	
   valines	
   as	
   intervening	
   residues	
   of	
   any	
   hydrogen	
   bond	
   group	
  

decreases	
   the	
  probability	
  of	
   forming	
  α-­‐helical	
  hydrogen	
  bonds.	
  This	
   is	
  exemplified	
   in	
   the	
  

formation	
   of	
   the	
   terminal	
   hydrogen	
   bond	
   involving	
   residues	
   1	
   &	
   5.	
   The	
   hydrogen	
   bond	
  

group	
  1V5A	
  of	
  sequence	
  PA1	
  contains	
  two	
  valine	
  and	
  one	
  alanine	
  residues	
  in	
  between	
  while	
  

the	
   hydrogen	
   bond	
   group	
   1A5V	
   of	
   sequence	
   PA2	
   contains	
   two	
   alanine	
   and	
   one	
   valine	
  

residues	
   in	
   between.	
   Even	
   though	
  both	
   groups	
  have	
   the	
   same	
   types	
   of	
   end	
   residues,	
   the	
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presence	
   of	
   one	
   additional	
   intervening	
   valine	
   residue	
   causes	
   1A5V	
   of	
   PA2	
   to	
   form	
  nearly	
  

twice	
   the	
   number	
   of	
   α-­‐hydrogen	
   bonds	
   compared	
   to	
   1V5A	
   of	
   PA1	
   (Figure	
   6.3).	
   A	
  

comparison	
  of	
  other	
  hydrogen	
  bond	
  groups	
  amongst	
  PA1	
  and	
  PA2	
  reveals	
  similar	
  results	
  

except	
  the	
  hydrogen	
  bond	
  involving	
  residues	
  2	
  &	
  6	
  whose	
  hydrogen-­‐bonding	
  probabilities	
  

are	
  similar	
  around	
  80%.	
  Overall,	
  PA1	
  exhibits	
  a	
  greater	
  likelihood	
  to	
  form	
  hydrogen	
  bonds	
  

than	
  PA2,	
  which	
  correlates	
  to	
  its	
  higher	
  probability	
  of	
  reaching	
  the	
  folded	
  state.	
  	
  

6.4.4	
  	
   Preferred	
  nucleation	
  site	
  is	
  a	
  310-­‐helical	
  turn	
  with	
  alanine	
  
residues	
  before	
  transitioning	
  into	
  a	
  α-­‐helical	
  conformation	
  

	
  
	
   We	
  observed	
  that	
  the	
  first	
  critical	
  event	
  of	
  successful	
  folding	
  by	
  PA	
  molecules	
  into	
  α-­‐

helical	
  structures	
  requires	
  the	
  creation	
  of	
  a	
  helical	
  turn.	
  However,	
  this	
  turn	
  is	
  different	
  than	
  

a	
   typical	
   α-­‐helical	
   conformation,	
  which	
   involves	
   one	
   hydrogen	
  bond	
   to	
  make	
   a	
   complete	
  

turn	
   of	
   5	
   residues.37,38	
   It	
   turns	
   out	
   that	
   this	
   turn	
   resembles	
   a	
   310-­‐helical	
   conformation,	
  

which	
   requires	
   two	
   hydrogen	
   bonds	
   to	
  make	
   a	
   complete	
   turn	
   of	
   three	
   residues.37,38	
   For	
  

example,	
  a	
  310-­‐helical	
  turn	
  on	
  site	
  4,	
  5,	
  6	
  of	
  PA1	
  is	
  shown	
  in	
  Figure	
  6.4a	
  forming	
  a	
  pair	
  of	
  

hydrogen	
  bonds	
  between	
  residues	
  3	
  and	
  6	
  and	
  between	
  residues	
  4	
  and	
  7.	
   	
  Later,	
  this	
  310-­‐

helical	
  turn	
  transitions	
  into	
  a	
  α-­‐helical	
  turn	
  which	
  spans	
  from	
  residues	
  3	
  through	
  7	
  with	
  a	
  

hydrogen	
  bond	
  between	
  residues	
  3	
  and	
  7	
  as	
  shown	
  in	
  Figure	
  6.4b.	
  	
  

	
   The	
  formation	
  of	
  a	
  310-­‐helical	
  turn,	
  which	
  is	
  identified	
  as	
  a	
  nucleation	
  site	
  since	
  it	
  is	
  

critically	
  created	
  first,	
  is	
  observed	
  in	
  most	
  constant-­‐temperature	
  simulations.	
  In	
  fact,	
  100%	
  

of	
  PA1	
   simulations	
   form	
  310	
   helical	
   turns	
  while	
  90%	
  of	
  PA2	
   simulations	
   form	
  310	
   helical	
  

turns	
  as	
  nucleation	
  sites	
  (10%	
  did	
  not	
  proceed	
  to	
  form	
  any	
  helices).	
  As	
  seen	
  in	
  Figure	
  6.4c-­‐

d,	
   there	
   are	
   five	
   possible	
   sites	
   of	
   forming	
   310-­‐helical	
   hydrogen	
   bonds,	
   beginning	
   at	
   the	
  

second	
  residue	
  and	
  ending	
  at	
  the	
  eighth	
  residue.	
  The	
  site	
  with	
  the	
  greatest	
  probability	
  of	
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forming	
  the	
  first	
  310-­‐helical	
  turn	
  in	
  PA1	
  involves	
  residues	
  4,	
  5,	
  and	
  6	
  as	
  seen	
  in	
  Figure	
  6.4c.	
  

This	
  site	
  has	
  the	
  greatest	
  possible	
  number	
  of	
  alanine	
  residues	
  in	
  a	
  sequential	
  order	
  (AAA).	
  

However,	
   the	
   positional	
   counterpart	
   at	
   positions	
   4,	
   5,	
   and	
   6	
   (VVV)	
   in	
   PA2	
   has	
   a	
   zero	
  

probability	
  of	
  forming	
  due	
  to	
  the	
  lack	
  of	
  alanine	
  residues	
  (Figure	
  6.4d).	
  For	
  PA2,	
  the	
  site	
  

with	
  the	
  most	
  alanines	
  at	
  positions	
  2,	
  3	
  and	
  4	
  (AAV)	
  has	
  the	
  greatest	
  probability	
  of	
  forming	
  

the	
   first	
  310	
  helical	
   turn	
  (Figure	
  6.4d).	
  The	
  positional	
  counterpart	
   in	
  PA1,	
  with	
  a	
   total	
  of	
  

one	
  alanine	
  residue,	
  has	
  a	
  zero	
  probability	
  of	
  forming	
  due	
  to	
  a	
  difference	
  of	
  just	
  one	
  alanine	
  

residue.	
  Based	
  on	
   these	
   results,	
   it	
   can	
  be	
  concluded	
   that	
  nucleation	
  preferably	
  occurs	
  on	
  

sites	
  containing	
  more	
  alanine	
  residues	
  than	
  other	
  hydrophobic	
  amino	
  acids.	
  Even	
  though	
  

site	
  2-­‐3-­‐4	
  in	
  PA1	
  and	
  site	
  4-­‐5-­‐6	
  have	
  zero	
  probability	
  of	
  forming	
  the	
  first	
  310-­‐helical	
  turn	
  as	
  

shown	
  in	
  Figure	
  6.4c-­‐d,	
  they	
  still	
  have	
  an	
  opportunity	
  to	
  form	
  310	
  helical	
  turns	
  later	
  after	
  

other	
  nucleating	
  sites	
  have	
  formed	
  310	
  helical	
  turns	
  elsewhere.	
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Figure	
  6.4.	
   (a)-­‐(b)	
   Snapshots	
   showing	
  a	
  310-­‐helical	
   turn	
   formed	
  on	
   residues	
  4,	
  5,	
   and	
  6	
  of	
  PA1	
  at	
   t=24	
  ns	
  
involving	
  two	
  hydrogen	
  bonds	
  between	
  residues	
  3	
  and	
  6	
  and	
  between	
  residues	
  4	
  and	
  7.	
  At	
  t=36	
  ns,	
  a	
  α-­‐helical	
  
turn	
  on	
  residue	
  3,	
  4,	
  5,	
  6,	
  and	
  7	
  is	
  transitioned	
  from	
  the	
  former	
  310-­‐helical	
  turn	
  by	
  forming	
  one	
  hydrogen	
  bond	
  
between	
   residues	
  3	
   and	
  7.	
   	
   (c)-­‐(d)	
  The	
  probability	
   of	
   forming	
   a	
   310-­‐helical	
   turn	
   as	
   a	
   nucleation	
   site	
   by	
   all	
  
three-­‐residue	
   groups.	
   (e)-­‐(f)	
   The	
   probability	
   of	
   an	
   α-­‐helical	
   hydrogen	
   bond	
   transitioning	
   from	
   its	
  
complementary	
   pair	
   of	
   310-­‐helical	
   hydrogen	
   bonds.	
   The	
   label	
   on	
   the	
   x-­‐axis	
   shows	
   residue	
   positions	
   (as	
  
numbers)	
  and	
  amino	
  acid	
  identity	
  (as	
  letters).	
  	
  
	
  
	
   Once	
   310-­‐helical	
   turns	
   are	
   formed,	
   PA	
   molecules	
   proceed	
   to	
   fold	
   into	
   α-­‐helical	
  

structures	
  by	
  transitioning	
  310-­‐helical	
  turns	
  into	
  α-­‐helical	
  turns	
  as	
  shown	
  in	
  Figure	
  6.4a-­‐b.	
  

Such	
   transitions	
   are	
   relatively	
   frequent	
   as	
   seen	
   in	
   Figure	
   6.4e-­‐f,	
   which	
   shows	
   the	
  

probability	
  that	
  a	
  α-­‐helical	
  hydrogen	
  bond	
  is	
  formed	
  by	
  transitioning	
  a	
  310-­‐helical	
  turn	
  to	
  a	
  

α-­‐helical	
   conformation.	
   A	
   transition	
   is	
   tabulated	
   if	
   a	
   complementary	
   pair	
   of	
   310	
   helical	
  

hydrogen	
  bonds	
   is	
   formed	
  before	
   its	
   corresponding	
  α-­‐helical	
  hydrogen	
  bond.	
  The	
  results	
  

indicate	
   that	
   it	
   is	
   highly	
   probable	
   (77%	
   to	
   100%)	
   that	
   the	
   complementary	
   pair	
   of	
   310-­‐

helical	
   hydrogen	
   bonds	
   form	
   first	
   since	
   they	
   have	
   shorter	
   spacing	
   than	
   the	
   α-­‐helical	
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hydrogen	
  bond	
  by	
  definition.	
  Transitions	
  from	
  other	
  secondary	
  elements	
  to	
  α-­‐helices	
  have	
  

been	
  previously	
  observed	
  by	
  Colombo	
  et	
  al.,39	
  who	
  examined	
  200	
  nucleation	
  events	
  using	
  

MD	
  simulations	
  and	
  found	
  that	
  α-­‐helix	
  nucleation	
  events	
  were	
  preceded	
  by	
  formation	
  of	
  β-­‐

turns	
  and	
  310	
  helices	
  whose	
  frequencies	
  depend	
  upon	
  the	
  sequence.	
  Although	
  the	
  lifetimes	
  

of	
   these	
  structures	
  were	
  short,	
   they	
  acted	
  as	
   important	
  precursors	
  to	
  the	
   formation	
  of	
  α-­‐

helices.	
  	
  	
  

6.4.5	
  	
   Interactions	
  with	
  alkyl	
  tail	
  are	
  disruptive	
  preventing	
  folding	
  	
  	
  
	
  

	
   Favorable	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  first	
  six	
  residues	
  

that	
   are	
   nonpolar	
   of	
   the	
   peptide	
   segment	
   drive	
   conformations	
   to	
   the	
   unfolded	
   state	
   by	
  

preventing	
   helical	
   hydrogen	
   bonds	
   from	
   being	
   formed	
   in	
   constant	
   temperature	
  

simulations.	
   This	
   can	
   be	
   seen	
   in	
   Figure	
   6.5a,	
   which	
   plots	
   the	
   number	
   of	
   the	
   hydrogen	
  

bonds,	
  the	
  average	
  distances	
  between	
  the	
  first	
  half	
  the	
  alkyl	
  tail	
  and	
  the	
  first	
  three	
  or	
  the	
  

middle	
  three	
  residues	
  as	
  a	
  function	
  of	
  time	
  for	
  a	
  constant	
  temperature	
  simulation	
  of	
  PA2	
  at	
  

298	
  K.	
  A	
  dashed	
  red	
  line	
  is	
  drawn	
  at	
  12	
  Å	
  to	
  clearly	
  show	
  the	
  interacting	
  phases	
  between	
  

tail	
  and	
  peptide	
  segment.	
  From	
  0-­‐84	
  ns,	
  the	
  molecule	
  remains	
  in	
  an	
  unfolded	
  conformation	
  

due	
   to	
   the	
   strong	
   hydrophobic	
   interactions	
   between	
   the	
   alkyl	
   tail	
   and	
   peptide	
   segment	
  

being	
   formed	
   as	
   shown	
  by	
   the	
   long	
   durations	
   of	
   tail-­‐peptide	
   contact	
   in	
   the	
  Figure	
  6.5a.	
  

When	
  the	
  alkyl	
   tail	
  ceases	
  to	
   interact	
  with	
  the	
  peptide,	
  310-­‐helical	
  bonds	
  (green)	
  begin	
  to	
  

form	
  with	
  the	
  nucleation	
  of	
  a	
  310-­‐helical	
  turn	
  at	
  residues	
  2,	
  3,	
  and	
  4	
  (AAV)	
  occurring	
  at	
  84	
  

ns	
  as	
  shown	
  in	
  Figure	
  6.5b.	
  Another	
  310-­‐helical	
  turn	
  forms	
  at	
  residues	
  6,	
  7	
  and	
  8	
  (VEE)	
  at	
  

111	
  ns.	
  Subsequently,	
   these	
  310-­‐helical	
   turns	
   transition	
   into	
  a	
  α-­‐helical	
   turn	
  at	
  residues	
  4	
  

through	
   8	
   (VVVEE)	
   at	
   117	
   ns.	
   A	
   complete	
   helix	
   forms	
   at	
   t~185	
   ns.	
   Once	
   a	
   helix	
   is	
  

completely	
   formed,	
   the	
   alkyl	
   tail	
   comes	
   back	
   and	
   becomes	
   more	
   stably	
   attached	
   to	
   the	
  



158	
  
	
  

peptide	
   segment.	
   Moreover,	
   when	
   the	
   alkyl	
   tail	
   binds	
   tightly	
   and	
   continuously	
   with	
   the	
  

peptide	
   especially	
   alanine	
   residues	
   (Figure	
  6.9),	
   the	
   peptide	
   struggles	
   to	
   form	
   even	
   just	
  

one	
   hydrogen	
  bond;	
   therefore,	
   the	
   peptide	
   remains	
   as	
   an	
   unfolded	
   structure	
   throughout	
  

the	
  whole	
  simulation.	
  	
  	
  

	
   The	
  disruptive	
  nature	
  of	
   the	
  alkyl	
   tail	
   that	
  prevents	
  peptide	
   folding	
  when	
   it	
   forms	
  

favorable	
  hydrophobic	
  interactions	
  with	
  the	
  first	
  six	
  nonpolar	
  residues	
  is	
  also	
  observed	
  in	
  

PA1.	
  Even	
  when	
   the	
  peptide	
  has	
  already	
   folded	
   into	
  a	
  partial	
  helix,	
   the	
  alkyl	
   tail	
   can	
  still	
  

prevent	
   it	
   from	
  further	
   folding	
  by	
  forming	
  hydrophobic	
   interactions	
  and	
  ultimately	
  cause	
  

the	
  peptide	
  to	
  unfold	
  (Figure	
  6.10).	
  	
  

	
  

Figure	
  6.5.	
  (a)	
  For	
  the	
  PA2	
  sequence:	
  (top	
  panel)	
  a	
  plot	
  of	
  the	
  number	
  of	
  α-­‐helical	
  hydrogen	
  bonds	
  (red),	
  310	
  
helical	
  hydrogen	
  bonds	
  (green);	
  (middle	
  panel)	
  distance	
  between	
  the	
  center	
  of	
  masses	
  of	
  the	
  first	
  half	
  of	
  the	
  
alkyl	
  tail	
  and	
  valine	
  residues	
  4-­‐6	
  (green);	
  	
  (bottom	
  panel)	
  distance	
  between	
  the	
  center	
  of	
  masses	
  of	
  the	
  first	
  
half	
  of	
  the	
  alkyl	
  tail	
  and	
  alanine	
  residues	
  1-­‐3	
  (blue)	
  as	
  a	
  function	
  of	
  time	
  (ns).	
  A	
  dashed	
  red	
  line	
  is	
  drawn	
  at	
  12	
  
Å	
  showing	
   the	
   interacting	
  phases	
  between	
  alkyl	
   tail	
   and	
  peptide	
  segment.	
  (b)	
   Snapshots	
  of	
  PA2	
  showing	
  a	
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310-­‐helical	
  turn	
  formed	
  on	
  residues	
  2,	
  3	
  and	
  4	
  (AAV)	
  at	
  84	
  ns	
  and	
  another	
  310-­‐helical	
  turn	
  formed	
  on	
  residues	
  
6,7	
   and	
   8	
   (VVE)	
   at	
   111	
   ns	
   before	
   transitioning	
   to	
   α-­‐helical	
   turn	
   on	
   residues	
   4-­‐8	
   (VVVEE).	
   (c)-­‐(d)	
   density	
  
curves	
  of	
  the	
  distance	
  between	
  the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
  and	
  alanines	
  (blue)	
  and	
  valines	
  (green)	
  for	
  PA1	
  
and	
  PA2.	
  Percentage	
  of	
  hydrophobic	
  contacts	
  at	
  12Å	
  and	
  below	
  is	
  shaded.	
  	
  

	
  

	
   The	
   higher	
   rate	
   of	
   unfolding	
   in	
   PA2	
   compared	
   to	
   PA1	
   can	
   be	
   explained	
   by	
   the	
  

frequency	
   of	
   disruptive	
   interactions	
   between	
   the	
   alkyl	
   tail	
   and	
   alanines,	
  which	
   has	
   been	
  

previously	
  shown	
  to	
  be	
  the	
  preferred	
  site	
  for	
  nucleation.	
  According	
  to	
  Figure	
  6.5c-­‐d,	
  PA2	
  

alanines	
  have	
  approximately	
  1.4	
  times	
  the	
  probability	
  (52%)	
  of	
  forming	
  interactions	
  with	
  

the	
  alkyl	
  tail	
  compared	
  to	
  PA1	
  alanines	
  (37%).	
  Since	
  PA2	
  alanines	
  are	
  positioned	
  closer	
  to	
  

the	
   alklyl	
   tail,	
   hydrophobic	
   interactions	
  occur	
  more	
   frequently	
   causing	
   the	
  prevention	
  of	
  

nucleation	
   of	
   forming	
   310	
   helices	
   by	
   alanine	
   sites.	
   The	
   nucleation	
   of	
   PA1	
   is	
   affected	
   to	
   a	
  

lesser	
  degree	
  by	
  interactions	
  with	
  the	
  alkyl	
  tail	
  since	
  alanine	
  residues	
  in	
  PA1	
  are	
  positioned	
  

further	
  away	
  and	
  experiences	
  fewer	
  hydrophobic	
  interactions	
  with	
  the	
  alkyl	
  tail.	
  	
  	
  

	
   Based	
  on	
  this	
  data,	
   the	
  kinetic	
  pathway	
  to	
  an	
  unfolded	
  structure	
   is	
   followed	
  when	
  

favorable	
   interactions	
  between	
  nearby	
  nonpolar	
  residues	
  and	
  conjugated	
  polymer	
   inhibit	
  

helical	
   nucleation.	
   Such	
   disruptive	
   nature	
   of	
   hydrophobic	
   conjugated	
   polymer	
   has	
   also	
  

been	
   observed	
   by	
   Shu	
   et	
   al.22	
   In	
   their	
   experimental	
   study,	
   polystyrene,	
   which	
   a	
  

hydrophobic	
  polymer,	
   is	
   covalently	
  attached	
   to	
  a	
  protein	
   that	
   is	
   capable	
  of	
   folding	
   into	
  a	
  

coiled-­‐coil	
   helix	
   bundle.	
   Strong	
   hydrophobic	
   interactions	
   between	
   polystyrene	
   and	
   the	
  

nearby	
  hydrophobic	
  residues	
  caused	
  partial	
  unfolding	
  of	
  the	
  helix	
  at	
  the	
  peptide-­‐polymer	
  

interface.	
   When	
   unconjugated	
   peptides	
   were	
   mixed	
   in	
   thin	
   films	
   containing	
   free	
  

hydrophobic	
   polymers,	
   less	
   disruption	
   of	
   helix	
   formation	
   was	
   observed	
   relative	
   to	
  

conjugation	
  of	
   the	
  polymer.	
  Hence,	
   this	
   is	
  similar	
  to	
  our	
  results	
   that	
   the	
  closeness	
  of	
  PA2	
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alanines	
  induces	
  a	
  stronger	
  affinity	
  to	
  the	
  alkyl	
  tail	
  relative	
  to	
  the	
  farther	
  position	
  of	
  PA1	
  

alanines.	
  	
  

6.4.6	
  	
   Minimizing	
  alkyl	
  tail	
  interactions	
  results	
  in	
  higher	
  folding	
  
	
  
Table	
  6.2.	
  Distribution	
  of	
  conformations	
  exhibited	
  by	
  PA2	
  with	
  the	
  alkyls	
  tail	
  shortened	
  to	
  4	
  carbons	
  at	
  298	
  K	
  
from	
  constant-­‐temperature	
  simulations.	
  

	
  
Sequence	
   Unfolded,	
  %	
   Partially-­‐Folded,	
  %	
   Folded,	
  %	
  

Truncated	
  PA2	
  	
   45	
   50	
   5	
  
	
   	
  

	
  
	
   To	
   examine	
   the	
   effect	
   of	
   the	
   alkyl	
   tail	
   length	
   on	
   peptide	
   folding,	
   20	
   additional	
  

constant	
   temperature	
   simulations	
   at	
   298	
  K	
   on	
   PA2	
  with	
   a	
   tail	
   length	
   of	
   4	
   carbons	
  were	
  

conducted.	
  Even	
  though	
  this	
  truncated	
  alkyl	
  tail	
  can	
  reduce	
  hydrophobic	
  interactions	
  with	
  

the	
  peptide	
  segment,	
  it	
  is	
  too	
  short	
  to	
  decrease	
  the	
  flexibility	
  of	
  the	
  peptide	
  tail	
  and	
  thus	
  to	
  

reduce	
   the	
   entropy	
   cost	
   of	
   folding,	
   two	
   end	
   carbons	
   of	
   the	
   alkyl	
   tail	
   were	
   held	
   fixed.	
  

Previously,	
   constant	
   temperature	
   simulations	
   on	
   PA2	
   (with	
   a	
   full	
   alkyl	
   tail)	
   exhibit	
   an	
  

unfolding	
   rate	
   at	
  60%	
   (Table	
  6.1).	
  With	
   the	
   alkyl	
   tail	
   length	
   reduced,	
   the	
  unfolding	
   rate	
  

drops	
   to	
   45%	
   (Table	
   6.2).	
   With	
   the	
   main	
   driving	
   force	
   to	
   folding	
   maintained	
   and	
  

disruptive	
   forces	
   reduced,	
   higher	
   rates	
  of	
   folding	
   are	
  observed	
  by	
   a	
  15%	
   increase	
   in	
   the	
  

percentage	
  of	
  simulations	
  that	
  results	
  in	
  the	
  partially-­‐folded	
  state	
  while	
  the	
  percentage	
  of	
  

simulations	
  that	
  results	
  in	
  the	
  folded	
  state	
  remains	
  the	
  same	
  at	
  5%.	
  	
  	
  	
  	
  

6.5	
  	
   	
   Conclusions	
  
	
  
	
   The	
   alkyl	
   tail	
   plays	
   two	
   opposing	
   roles	
   in	
   the	
   folding	
   kinetics	
   of	
   the	
   two	
   peptide	
  

amphiphiles	
  under	
  consideration.	
  On	
  one	
  hand,	
  the	
  alkyl	
  tail	
  acts	
  as	
  a	
  stabilizing	
  force	
  that	
  

induces	
   conformational	
   restriction	
   resulting	
   in	
   decreasing	
   the	
   entropic	
   cost	
   of	
   folding	
  

based	
   on	
   the	
   comparison	
   of	
   free	
   energy	
   profiles	
   of	
   conjugated	
   and	
   unconjugated	
   PA	
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molecules	
   from	
   replica	
   exchange	
   simulations.	
   In	
   this	
   case,	
   it	
   is	
   observed	
   that	
   conjugated	
  

molecules	
   prefer	
   to	
   be	
   in	
   the	
   folded	
   or	
   partially	
   folded	
   state	
   whereas	
   unconjugated	
  

sequences	
  adopt	
  virtually	
  no	
  helical	
  structures	
  due	
   to	
   their	
   inherent	
  high	
  conformational	
  

freedom	
  of	
  being	
  short	
  and	
  flexible	
  peptide	
  sequences.	
  On	
  the	
  other	
  hand,	
  the	
  alkyl	
  tail	
  acts	
  

as	
   a	
   disruptive	
   force	
   that	
   prevents	
   helical	
   folding	
   by	
   blocking	
   nucleating	
   site	
   especially	
  

when	
   such	
   site	
   is	
   adjacent	
   to	
   the	
   alkyl	
   tail.	
   This	
   is	
   based	
   on	
   constant-­‐temperature	
  

simulations	
  at	
  298	
  K,	
  which	
  were	
  performed	
  to	
  analyze	
   the	
  kinetic	
   folding	
  pathways	
  and	
  

elucidate	
  the	
  precise	
  role	
  of	
  the	
  alkyl	
  tail.	
   	
  In	
  this	
  case,	
  it	
  is	
  identified	
  that	
  the	
  first	
  critical	
  

event	
   of	
   folding	
   kinetics	
   requires	
   creating	
   a	
   310-­‐helical	
   turn,	
   which	
   involves	
   alanine	
  

residues	
  and	
  later	
  switches	
  into	
  a	
  α-­‐helical	
  turn.	
  This	
   indicates	
  the	
  critical	
  role	
  of	
  alanine	
  

residues	
   that	
   can	
   influence	
   the	
   overall	
   folding.	
   To	
   compare	
   the	
   amount	
   of	
   interactions	
  

between	
   the	
   alkyl	
   tail	
   and	
   alanine	
   residues	
   of	
   each	
   sequence,	
   the	
   distance	
   between	
   the	
  

centers	
  of	
  masses	
  of	
  the	
  first	
  half	
  of	
  the	
  alkyl	
  tail	
   to	
  the	
  alanine	
  residues	
  were	
  calculated.	
  

PA2	
  alanines	
  experience	
  1.4	
   times	
  as	
  many	
   interactions	
  relative	
   to	
  PA1	
  alanines	
  (52%	
  to	
  

37%)	
  since	
  they	
  are	
  closer	
  to	
  the	
  alkyl	
  tail.	
  The	
  high	
  frequency	
  of	
  tail-­‐peptide	
  interactions	
  

prevents	
  the	
  peptide	
  from	
  folding	
  in	
  PA2	
  relative	
  to	
  PA1.	
  When	
  the	
  alkyl	
  tail	
  is	
  truncated	
  to	
  

four	
  carbon	
  groups	
  and	
  the	
  end	
  carbons	
  are	
  immobile,	
  the	
  main	
  driving	
  force	
  to	
  folding	
  is	
  

maintained	
  and	
  disruptive	
  forces	
  are	
  reduced,	
  higher	
  rates	
  of	
  folding	
  are	
  observed.	
  	
  

	
   We	
   have	
   elucidated	
   the	
   role	
   of	
   the	
   alkyl	
   tail	
   on	
   the	
   folding	
   of	
   two	
   peptide	
  

amphiphiles	
  at	
  infinitely	
  diluted	
  conditions,	
  open	
  questions	
  remain	
  on	
  the	
  ability	
  of	
  these	
  

PA	
  molecules	
   to	
   form	
   intermolecular	
   interactions	
  at	
   concentrated	
   conditions	
  during	
   self-­‐

assembly.	
  The	
  answers	
  to	
  these	
  questions	
  are	
  starting	
  to	
  emerge	
  in	
  understanding	
  the	
  role	
  

of	
  secondary-­‐structure	
  formation	
  on	
  the	
  self-­‐assembly	
  of	
  hydrogel	
  nanostructures	
  that	
  are	
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responsive	
  to	
  external	
  stimuli.40-­‐43	
  For	
  instance,	
  a	
  recent	
  work	
  examined	
  the	
  general	
  role	
  of	
  

hydrophobicity	
   (which	
   is	
   affected	
   by	
   the	
   choice	
   of	
   solvent,	
   polymer	
   type	
   or	
   peptide	
  

sequence)	
   on	
   PA	
   self-­‐assembly.43	
   During	
   the	
   early	
   stage	
   of	
   self-­‐assembly	
   when	
   PA	
  

molecules	
  are	
  still	
  isolated	
  from	
  one	
  another,	
  it	
  was	
  found	
  that	
  intramolecular	
  hydrophobic	
  

interactions	
  between	
  the	
  alkyl	
   tail	
  and	
  non-­‐polar	
  peptide	
  side	
  chains	
  cause	
   individual	
  PA	
  

molecules	
  to	
  collapse	
  into	
  condensed	
  conformations,	
  which	
  interfere	
  with	
  the	
  formation	
  of	
  

intermolecular	
  hydrogen	
  bonds	
  between	
  peptide	
  molecules.	
  	
  	
  This	
  results	
  in	
  the	
  formation	
  

of	
   cylindrical	
   structures	
   that	
   contain	
   peptides	
   in	
   just	
   random-­‐coil	
   conformations.	
   In	
  

contrast,	
  when	
   intramolecular	
  hydrophobic	
   interactions	
  between	
  non-­‐polar	
  polymer	
   and	
  

peptide	
   side	
   chains	
   are	
   low,	
   intermolecular	
   hydrophobic	
   interactions	
   between	
  non-­‐polar	
  

polymers	
  drive	
   the	
   formation	
  of	
   spherical	
  micelles	
  while	
   intermolecular	
  hydrogen	
  bonds	
  

between	
   peptide	
   segments	
   facilitate	
   the	
   merging	
   of	
   multiple	
   spherical	
   micelles	
   into	
  

cylindrical	
  nanofibers	
  that	
  contain	
  a	
  high	
  amount	
  of	
  β-­‐sheets.	
   	
  Further	
  simulation	
  studies	
  

on	
  the	
  role	
  of	
  peptide	
  sequence	
  and	
  conjugation	
  on	
  PA	
  self-­‐assembly	
  will	
  provide	
  valuable	
  

information	
  in	
  aiding	
  the	
  design	
  of	
  functional	
  hydrogel	
  biomaterials.	
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Figure	
  6.6.	
  	
  Distributions	
  of	
  helical	
  conformations	
  from	
  replica-­‐exchange	
  simulations	
  at	
  298K	
  by	
  the	
  full	
  PA1	
  
and	
  PA2	
  sequences.	
  

	
  
	
  

	
  
	
  

Figure	
  6.7.	
   	
  The	
  percentage	
   of	
   secondary	
   structure	
   formation	
   as	
   a	
   function	
   of	
   temperature	
   obtained	
   from	
  
replica-­‐exchange	
  simulations	
  for	
  the	
  (a)	
  PA1	
  and	
  (b)	
  PA2	
  unconjugated	
  sequences.	
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Figure	
  6.8.	
  Probability	
  as	
  a	
  function	
  of	
  psi-­‐phi	
  angles	
  from	
  replica-­‐exchange	
  simulations	
  at	
  all	
  temperatures	
  
(260-­‐550	
  K)	
  for	
  (a)	
  unconjugated	
  PA1,	
  (b)	
  unconjugated	
  PA2,	
  (c)	
  conjugated	
  PA1,	
  (d)	
  conjugated	
  PA2.	
  High	
  
probability	
   at	
   the	
   unfolded	
   state	
   (being	
   a	
   random	
   coil)	
   over	
   the	
   folded	
   state	
   (being	
   a	
   α-­‐helix)	
   for	
   both	
  
unconjugated	
  sequences;	
  the	
  reverse	
  is	
  true	
  for	
  conjugated	
  sequences.	
  	
  

	
  
	
  
	
  
	
  

	
  
	
  

Random'
coil'

α,helix'
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Figure	
  6.9.	
  For	
  the	
  PA2	
  sequence:	
  (a)	
  A	
  plot	
  of	
  the	
  number	
  of	
  alpha	
  helical	
  hydrogen	
  bonds	
  (red),	
  310	
  helical	
  
hydrogen	
  bonds	
   (dark	
  purple),	
   distance	
  between	
   the	
   center	
  of	
  masses	
  of	
   the	
   first	
   half	
   of	
   the	
   alkyl	
   tail	
   and	
  
residues	
   1-­‐3	
   (blue)	
   and	
  4-­‐6	
   (green)	
   vs.	
   Time	
   (ns)	
   (b)	
   Snapshots	
   of	
   folding	
   and	
  unfolding	
   at	
   different	
   time	
  
frames	
  with	
  continuous	
  alkyl	
  tail	
  interactions	
  throughout	
  the	
  whole	
  simulation.	
  

	
  
	
  

	
  
	
  
	
  

Figure	
  6.10.	
  For	
  the	
  PA1	
  sequence:	
  (a)	
  A	
  plot	
  of	
  the	
  number	
  of	
  alpha	
  helical	
  hydrogen	
  bonds	
  (red),	
  310	
  helical	
  
hydrogen	
  bonds	
   (dark	
  purple),	
   distance	
  between	
   the	
   center	
  of	
  masses	
  of	
   the	
   first	
   half	
   of	
   the	
   alkyl	
   tail	
   and	
  
residues	
  1-­‐3	
  (green)	
  and	
  4-­‐6	
  (blue)	
  vs.	
  Time	
  (ns).	
  (b)	
  Snapshots:	
  310	
  helix	
  nucleation	
  at	
  t=6.9	
  ns,	
  interacting	
  
alkyl	
  tail	
  at	
  t=78	
  ns,	
  unfolded	
  structure	
  at	
  t=173	
  ns	
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CHAPTER	
  7	
  	
   Sequence-­‐Dependent	
  Structural	
  Stability	
  of	
  Self-­‐
Assembled	
  Cylindrical	
  Nanofibers	
  by	
  Peptide	
  
Amphiphiles	
  

	
  

7.1	
  	
   	
   Abstract	
  

Three-­‐dimensional	
  networks	
  of	
  nanofibers,	
  which	
  are	
  formed	
  through	
  self-­‐assembly	
  

of	
   peptide	
   amphiphiles,	
   serve	
   as	
   a	
   biomimetic	
   hydrogel	
   scaffold	
   for	
   tissue	
   engineering.	
  

With	
   an	
   emphasis	
   to	
   improve	
   hydrogel	
   properties	
   for	
   cell-­‐specific	
   behavior,	
   a	
   better	
  

understanding	
   between	
   structural	
   characteristics	
   and	
   physical	
   properties	
   of	
   the	
  

macroscopic	
  gel	
  is	
  sought.	
  Large-­‐scale	
  molecular	
  dynamics	
  simulations	
  were	
  performed	
  on	
  

two	
   PA	
   sequences	
   with	
   identical	
   composition	
   (palmitoyl-­‐V3A3E3	
   and	
   palmitoyl-­‐A3V3E3)	
  

showing	
   different	
   self-­‐assembly	
   kinetic	
   mechanisms.	
   While	
   both	
   sequences	
   yielded	
  

cylindrical	
  nanofibers,	
  these	
  structures	
  have	
  contrasting	
  internal	
  arrangement	
  with	
  respect	
  

to	
  the	
  hydrophobic	
  core;	
  the	
  former	
  is	
  continuous	
  with	
  predominately	
  alkyl	
  tails	
  whereas	
  

the	
  latter	
  is	
  disjointed	
  with	
  interconnecting	
  micelles.	
  Two	
  additional	
  sequences	
  (palmitoyl-­‐

V6E3	
  and	
  palmitoyl-­‐A6E3)	
  were	
  examined	
  to	
  determine	
  the	
  effects	
  of	
  a	
  homogenous	
  β-­‐sheet	
  

forming	
   segment	
   that	
   is	
   either	
   strongly	
   or	
  mildly	
   hydrophobic	
   on	
   self-­‐assembly.	
   Results	
  

from	
  this	
  study	
   indicate	
   that	
   internal	
  structural	
  arrangement	
  of	
  nanofibers	
  can	
  provide	
  a	
  

correlation	
  with	
  structural	
  stability	
  and	
  mechanical	
  behavior	
  of	
  hydrogel	
  nanostructures.	
  

7.2	
  	
   	
   Introduction	
  	
  

Design	
   strategies	
   for	
   self-­‐assembling	
   amphiphilic	
   peptides	
   have	
   embraced	
   a	
  

modular	
  approach	
   that	
  yields	
  nanostructures	
  with	
  highly	
   specific	
   structural	
  properties1-­‐3	
  

and	
   biofunctionalities.4-­‐6	
   As	
   surfactant-­‐like	
   peptides,	
   peptide	
   amphiphiles	
   (PA)	
   are	
   an	
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emerging	
   class	
   of	
   biomaterials	
   that	
   are	
   able	
   to	
   undergo	
   spontaneous	
   conformational	
  

transitions	
   as	
   a	
   result	
   of	
   local	
   environmental	
   changes.7-­‐10	
   These	
   molecules	
   primarily	
  

encompass	
  two	
  fundamental	
  elements	
  to	
  promote	
  gelation	
  and	
  self-­‐assembly:	
  a	
  relatively	
  

short	
  hydrophilic	
  peptide	
  sequence	
  that	
  is	
  attached	
  to	
  a	
  synthetic	
  hydrophobic	
  group.11-­‐13	
  

From	
   this	
   template,	
   numerous	
   variations	
   have	
   been	
  made	
   including	
   the	
   use	
   of	
   multiple	
  

hydrophobic	
   fatty	
   acid	
   attachment,14-­‐16	
   modification	
   of	
   peptide	
   sequence,17,18	
   and	
  

incorporation	
  of	
  site-­‐specific	
  bioactive	
  epitope19-­‐21	
  for	
  a	
  broad	
  range	
  of	
  applications	
  such	
  as	
  

diagnostic	
   medicine,	
   controlled	
   and	
   targeted	
   drug	
   delivery,	
   tissue	
   engineering,	
   and	
  

nanofabrication.22-­‐25	
   However,	
   while	
   it	
   is	
   known	
   that	
   certain	
   desired	
   characteristics	
   are	
  

attributed	
   to	
   specific	
  non-­‐covalent	
   interactions	
   through	
   structural	
  modifications,	
   rational	
  

design	
  and	
  systematic	
  understanding	
  remains	
  incomplete.	
  	
  

The	
   self-­‐assembly	
   of	
   a	
   network	
   of	
   fibrillar	
   nanostructures	
   from	
  PA	
  molecules	
   has	
  

been	
   shown	
   to	
   be	
   a	
   promising	
   biomimetic	
   hydrogel	
   scaffold.24,26	
   Individual	
   fibrillar	
  

nanostructures	
  are	
  characterized	
  by	
  cylindrical	
  nanofibers	
  that	
  exhibit	
  β-­‐sheet	
  elements	
  on	
  

the	
   surface	
   with	
   a	
   hydrophobic	
   core.2,11	
   Early	
   design	
   principles	
   of	
   PA	
   molecules	
   have	
  

primarily	
  emphasized	
  structural	
  modifications	
  to	
  improve	
  biocompatibility	
  or	
  to	
  minimize	
  

immunogenic	
   properties;11,27	
   however,	
   with	
   the	
   aims	
   to	
   use	
   PA	
   self-­‐assembled	
  

nanostructures	
   as	
   a	
   synthetic	
   hydrogel	
   scaffold	
   that	
   mimics	
   extracellular	
   matrix,	
  

consideration	
   is	
   also	
   placed	
   on	
   the	
   relationship	
   between	
   structural	
   characteristics	
   and	
  

mechanical	
  behavior.	
  For	
  example,	
  modifying	
  the	
  mechanical	
  rigidity	
  of	
  hydrogels	
  serving	
  

as	
   extracellular	
   matrix	
   results	
   in	
   different	
   cell	
   adhesion	
   and	
   cell	
   differentiation	
  

behaviors.28-­‐30	
   To	
   incorporate	
   this	
   additional	
   design	
   parameter	
   for	
   PA	
   molecules,	
  

experimental	
   studies	
   have	
   found	
   that	
   the	
   stiffness	
   of	
   the	
   gel	
   can	
   be	
   correlated	
  with	
   the	
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presence	
   of	
   secondary	
   structure	
   β-­‐sheet	
   elements,	
   which	
   is	
   attributed	
   to	
   increased	
  

intermolecular	
  hydrogen	
  bonding	
  and	
  structural	
  stability.17,31	
  Similar	
  trends	
  have	
  also	
  been	
  

observed	
   for	
   amphiphilic	
   peptide	
   systems	
   to	
   relate	
   secondary	
   structure	
   formation	
   to	
  

mechanical	
   strength	
   and	
   subsequent	
   molecular	
   arrangement	
   properties.20,32-­‐37	
  

Consequently,	
   the	
  ability	
   to	
  exert	
  control	
  and	
   influence	
  the	
  morphological	
  outcome	
  of	
  PA	
  

self-­‐assembled	
   nanostructures	
   provides	
   a	
   platform	
   to	
   study	
   in-­‐depth	
   the	
   relationship	
  

between	
  structural	
  features	
  and	
  bulk	
  material	
  properties.	
  

	
   The	
  particular	
  choice	
  and	
  arrangement	
  of	
  hydrophobic	
  residues	
  have	
  been	
  shown	
  to	
  

affect	
   not	
   only	
   the	
   supramolecular	
   architecture38,39	
   but	
   also	
   the	
   corresponding	
   gel	
  

stiffness.40,41	
   For	
   PA	
   molecules	
   that	
   have	
   a	
   palmitic	
   alkyl	
   tail	
   (C16H31O-­‐	
   or	
   palmitoyl),	
  

sequence	
  patterns	
  have	
  been	
  designed	
  to	
  manipulate	
  the	
  hydrophobic-­‐to-­‐hydrophilic	
  ratio	
  

to	
   determine	
   the	
   impact	
   on	
   self-­‐assembly	
   behavior.	
   Using	
   a	
   systematic	
   approach	
   and	
  

keeping	
   the	
   number	
   of	
   residues	
   constant	
   in	
   the	
   β-­‐sheet	
   forming	
   region,	
   Pashuck	
   et	
   al.	
  

designed	
   three	
   PA	
   sequences,	
   V4A2E3,	
   V3A3E3,	
   and	
   V2A4E3	
   to	
   examine	
   the	
   effect	
   of	
  

decreasing	
   the	
   number	
   of	
   strong	
   β-­‐sheet	
   formers.17	
   As	
   the	
   number	
   of	
   strong	
   β-­‐sheet	
  

formers	
  is	
  decreased,	
  rheological	
  measurement	
  of	
  the	
  storage	
  modulus	
  shows	
  a	
  decreasing	
  

trend	
   indicative	
   of	
   weaker	
   gel	
   formation.	
   This	
   effect	
   corroborates	
   with	
   the	
   lowered	
  

propensity	
  to	
  form	
  intermolecular	
  hydrogen	
  bonds,	
  which	
  can	
  contribute	
  to	
  minimizing	
  the	
  

rigidity	
  of	
  the	
  nanostructure.	
  Similar	
  decreases	
  in	
  gel	
  stiffness	
  are	
  also	
  observed	
  when	
  the	
  

total	
  number	
  of	
  hydrophobic	
  residues	
  is	
  reduced	
  proportionally	
  using	
  V4A4E3,	
  V3A3E3,	
  and	
  

V2A2E3.	
   	
   	
   In	
   the	
   same	
   study,	
   Pashuck	
   et	
   al.	
   examined	
   the	
   effect	
   of	
   strong	
   β-­‐sheet	
   former	
  

placement	
   with	
   respect	
   to	
   the	
   position	
   of	
   the	
   alkyl	
   tail.17	
   For	
   two	
   PA	
   sequences	
   with	
  

identical	
  composition,	
  V3A3E3	
  and	
  A3V3E3,	
  placement	
  of	
   the	
  strong	
  β-­‐sheet	
   former,	
  valine,	
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further	
   away	
   from	
   the	
   alkyl	
   tail	
   decreased	
   the	
   gel	
   stiffness	
  by	
   a	
   surprising	
  one	
  order-­‐of-­‐

magnitude.	
   Although	
   both	
   sequences	
   formed	
   characteristic	
   nanofibril	
   structure	
   with	
  

comparable	
   β-­‐sheet	
   formation,	
   it	
   was	
   hypothesized	
   that	
   the	
   difference	
   in	
   mechanical	
  

property	
   was	
   attributed	
   to	
   twistedness	
   from	
   misaligned	
   and	
   hyperextended	
   hydrogen	
  

bonding.	
   	
   Although	
   the	
   aforementioned	
   studies	
   suggest	
   that	
   selective	
   placement	
   of	
  

individual	
  residues	
  can	
  provide	
  an	
  additional	
  strategy	
  to	
  influence	
  self-­‐assembly	
  behavior,	
  

the	
   weighted	
   contribution	
   from	
   different	
   non-­‐covalent	
   interactions	
   (e.g.,	
   hydrophobic	
  

interaction,	
  hydrogen	
  bond,	
  electrostatic	
   repulsion)	
   is	
  difficult	
   to	
  evaluate,	
  prompting	
   for	
  

more	
  studies	
  to	
  elucidate	
  such	
  effects	
  at	
  a	
  molecular	
  level.	
  	
  

	
   In	
  this	
  article,	
  we	
  perform	
  molecular	
  dynamics	
  simulations	
  using	
  our	
  coarse-­‐grained	
  

ePRIME	
  model,42	
  which	
  permits	
  spontaneous	
  formation	
  of	
  hydrogen	
  bonds	
  and	
  secondary	
  

structures.	
  These	
  simulations	
  are	
  truly	
  large-­‐scale	
  on	
  multiple	
  systems	
  that	
  contain	
  800	
  PA	
  

molecules,	
   which	
   is	
   at	
   least	
   10	
   times	
   larger	
   than	
   a	
   typical	
   simulation	
   involving	
   short	
  

peptides	
   using	
   other	
   coarse-­‐grained	
   models.43	
   By	
   interchanging	
   blocks	
   of	
   hydrophobic	
  

residues	
  with	
  one	
  another	
  with	
  respect	
  to	
  the	
  position	
  of	
  the	
  palmitic	
  alkyl	
  tail,	
  our	
  studies	
  

showcases	
   the	
   subtle	
   differences	
   in	
   the	
   molecular	
   arrangement	
   to	
   correlate	
   with	
   the	
  

experimental	
   differences	
   observed	
   in	
  mechanical	
   properties.	
   The	
   sequences	
   (Table	
   7.1)	
  

examined	
   in	
   this	
   work,	
  PA1:	
   palmitoyl-­‐V3A3E3	
   and	
  PA2:	
   palmitoyl-­‐A3V3E3,	
   are	
   based	
   on	
  

prior	
  experimental	
  work	
  by	
  Pashuck	
  et	
  al.17	
   	
  From	
  our	
  simulation	
  studies,	
  we	
   found	
   that	
  

the	
  difference	
  between	
  the	
  two	
  sequences	
  is	
  attributed	
  to	
  the	
  packing	
  geometry	
  as	
  a	
  result	
  

of	
  the	
  increased	
  hydrophobic	
  interaction	
  between	
  the	
  peptide	
  sequence	
  and	
  the	
  alkyl	
  tail.	
  

The	
   core	
   of	
   the	
   nanofibril	
   structure	
   is	
   found	
   to	
   be	
   less	
   continuous	
   when	
   the	
   strong	
  

hydrophobic	
   block	
   (valine)	
   is	
   placed	
   further	
   away	
   from	
   the	
   alkyl	
   tail.	
   Two	
   additional	
  



172	
  
	
  

sequences,	
  PA3:	
  palmitoyl-­‐V6E3	
  and	
  PA4:	
  palmitoyl-­‐A6E3	
  (Table	
  7.1)	
  were	
  also	
  examined	
  

to	
   determine	
   the	
   effects	
   of	
   using	
   a	
   homogenous	
   β-­‐sheet	
   forming	
   segment	
   that	
   is	
   either	
  

strongly	
  or	
  mildly	
  hydrophobic.	
  From	
  these	
  four	
  PA	
  sequence	
  variants	
  and	
  their	
  influence	
  

on	
   the	
   corresponding	
   self-­‐assembly	
   behavior,	
   a	
   better	
   understanding	
   can	
   be	
   gained	
  

regarding	
   the	
   role	
   of	
   the	
   β-­‐sheet	
   forming	
   region.	
  We	
   aim	
   to	
   provide	
   further	
   insight	
   and	
  

intuition	
   to	
   customize	
   sequences	
   with	
   desired	
   structure	
   and	
   functionality.	
   	
   Having	
  

previously	
  examined	
  the	
  effects	
  of	
  pH-­‐dependent	
  electrostatics10,42	
  and	
  solvent-­‐dependent	
  

hydrophobicity44,45	
   on	
   the	
   formation	
   of	
   hydrogel	
   nanostructures,	
   this	
   study	
   of	
   sequence	
  

effects	
  adds	
  a	
  more	
  comprehensive	
  understanding	
  of	
  PA	
  self-­‐assembly.	
  	
  

7.3	
  	
   	
   Methods	
  

	
   Two	
   short	
   peptide	
   amphiphile	
   (PA)	
   sequences	
   (Table	
   7.1)	
   represented	
   as	
   PA1:	
  

palmitoyl-­‐V3A3E3	
  and	
  PA2:	
  palmitoyl-­‐A3V3E3,	
  are	
  examined	
  in	
  which	
  the	
  chemical	
  identity	
  

and	
  composition	
  remains	
  identical	
  with	
  the	
  exception	
  of	
  the	
  sequence	
  pattern	
  arrangement	
  

within	
  the	
  β-­‐sheet	
   forming	
  segment.	
  These	
  two	
  sequences	
  was	
  chosen	
  based	
  on	
  previous	
  

experimental	
  work	
  by	
  Pashuck	
  et	
  al.17	
  Two	
  additional	
  sequences,	
  PA3:	
  palmitoyl-­‐V6E3	
  and	
  

PA4:	
   palmitoyl-­‐A6E3,	
   are	
   considered	
   to	
   determine	
   the	
   effects	
   of	
   using	
   a	
   homogenous	
   β-­‐

sheet	
   forming	
   segment	
   by	
   extending	
   the	
   length	
   of	
   a	
   single	
   hydrophobic	
   residue	
   that	
   is	
  

either	
   strongly	
   or	
  mildly	
   hydrophobic.	
   Each	
   PA	
  molecule	
   is	
   represented	
   using	
   a	
   coarse-­‐

grained	
   model	
   ePRIME,42	
   an	
   extension	
   of	
   the	
   Protein	
   Intermediate	
   Resolution	
   Model	
  

(PRIME),46-­‐48	
  that	
  accounts	
  for	
  all	
  twenty	
  naturally	
  occurring	
  amino	
  acids.	
  For	
  the	
  peptide	
  

residues,	
   three	
   spheres	
   are	
  used	
   to	
   represent	
   the	
  backbone	
  atoms:	
   amide,	
  α	
   carbon,	
   and	
  

carbonyl	
  groups	
  (NH,	
  CαH,	
  and	
  CO,	
  respectively).	
  The	
  corresponding	
  amino	
  acid	
  sidechains	
  

is	
  either	
  represented	
  with	
  either	
  one	
  or	
  two	
  spheres	
  based	
  on	
  the	
  length	
  of	
  the	
  side	
  chain	
  



173	
  
	
  

based	
  on	
  the	
  scheme	
  originally	
  developed	
  by	
  Wallqvist	
  and	
  Ullner.49	
  The	
  size	
  of	
  a	
  sidechain	
  

sphere	
   is	
  derived	
  from	
  the	
  solvent	
  accessible	
  area	
  experimentally	
  determined	
  by	
  Wesson	
  

and	
   Eisenberg.50	
   For	
   the	
   hydrophobic	
   palmitoyl	
   tail,	
   each	
   CH2	
   group	
   is	
   represented	
   as	
   a	
  

single	
  sphere	
  whose	
  bond	
  distance	
  and	
  fluctuation	
  are	
  extracted	
  from	
  available	
  atomistic	
  

parameters.42	
  	
  

	
   For	
  the	
  system	
  of	
   interest,	
  an	
  implicit	
  solvent	
  model	
   is	
   implemented	
  to	
  reduce	
  the	
  

system’s	
   size	
   to	
  allow	
   for	
   tractable	
   simulations	
   in	
  order	
   to	
   capture	
   the	
   spontaneous	
   self-­‐

assembly	
   process.	
   The	
   solvent	
   effect	
   is	
   incorporated	
   into	
   the	
   effective	
   residue-­‐residue	
  

potential	
  based	
  on	
  the	
  hydrophobic	
  character	
  of	
  the	
  corresponding	
  peptide	
  residue	
  or	
  alkyl	
  

group.	
  	
  	
  Representation	
  of	
  this	
  behavior	
  is	
  either	
  through	
  a	
  square-­‐well	
  or	
  square-­‐shoulder	
  

potential	
   that	
   approximates	
   an	
   attractive	
   or	
   repulsive	
   continuous	
   potential,	
   respectively.	
  

For	
  example,	
  square-­‐well	
  potential	
  is	
  used	
  for	
  attractive	
  interactions	
  between	
  hydrophobic	
  

side	
   chains	
   and/or	
   polymeric	
   segments,	
   whereas	
   square-­‐shoulder	
   potential	
   is	
   used	
   for	
  

repulsive	
   interactions	
   between	
   hydrophilic	
   side	
   chains	
   or	
   polymeric	
   segments.	
   The	
  

strength	
  of	
   the	
   interaction	
  between	
  two	
  groups	
   is	
  εHP	
  =	
  R(ΔGi	
  +	
  ΔGj)50,51,	
  where	
  ΔG	
  is	
   the	
  

free	
   energy	
   of	
   transferring	
   each	
   group	
   from	
  water	
   to	
   octanol,	
   and	
  R	
   is	
   a	
  measure	
   of	
   the	
  

strength	
  of	
  the	
  hydrophobic	
  interaction.	
  In	
  this	
  study,	
  the	
  value	
  for	
  R,	
  which	
  is	
  interpreted	
  

as	
   the	
   degree	
   of	
   hydrophobicity	
   between	
   nonpolar	
   groups	
   and	
   is	
   governed	
   by	
   the	
  

particular	
  solvent	
  choice,	
  is	
  kept	
  constant	
  at	
  R	
  =	
  1/3	
  based	
  on	
  prior	
  work	
  in	
  our	
  group	
  that	
  

has	
   established	
   this	
   reference	
   condition	
   for	
   the	
   formation	
   of	
   prototypical	
   cylindrical	
  

nanofibers.42,44,52	
  	
  

	
   Hydrogen	
   bonding	
   is	
   represented	
   by	
   a	
   directionally	
   dependent	
   square-­‐well	
  

attraction	
   of	
   strength	
   εHB	
   =	
   12	
   kJ/mol	
   between	
   NH	
   and	
   CO	
   united	
   atoms.	
   Electrostatic	
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interactions,	
  which	
  are	
  treated	
  at	
  the	
  level	
  of	
  Debye−Huckel	
  theory,	
  are	
  implemented	
  using	
  

three-­‐step	
  attractive	
  square-­‐well	
  or	
  repulsive	
  shoulder-­‐well	
  potentials	
  with	
  a	
  12-­‐Å	
  cutoff.	
  

In	
   this	
   study,	
   the	
   strength	
   of	
   an	
   electrostatic	
   repulsion	
   between	
   two	
   charges	
   on	
   the	
  

glutamic	
   acids,	
   εES,	
   is	
   the	
   same	
   as	
   that	
   of	
   the	
   hydrogen	
   bond,	
   εHB,	
   as	
   it	
   is	
   the	
   optimal	
  

condition	
  where	
  cylindrical	
  nanofibers	
  were	
  observed	
  in	
  our	
  previous	
  study.42	
  	
  

	
   In	
  conjunction	
  with	
  the	
  coarse-­‐grained	
  representation	
  of	
  the	
  system,	
  discontinuous	
  

molecular	
   dynamics	
   (DMD)	
   is	
   utilized	
   to	
   enable	
   simulations	
   of	
   large	
   system	
   sizes	
   and	
  

extended	
   time	
   scales.	
   As	
   an	
   alternative	
   to	
   standard	
   molecular	
   dynamics,	
   DMD	
   models	
  

bonded	
   and	
   nonbonded	
   interactions	
   through	
   discontinuous	
   potentials,	
   e.g.,	
   hard-­‐	
   sphere	
  

and	
   square-­‐well	
   potentials.	
   Unlike	
   soft	
   potentials,	
   such	
   as	
   the	
   Lennard−Jones	
   potential,	
  

discontinuous	
   potentials	
   exert	
   forces	
   only	
   when	
   particles	
   collide,	
   enabling	
   the	
   exact	
   (as	
  

opposed	
   to	
   numerical)	
   solution	
   of	
   the	
   collision	
   dynamics.	
   DMD	
   simulations	
   proceed	
   by	
  

locating	
  the	
  next	
  collision,	
  advancing	
  the	
  system	
  to	
  that	
  collision,	
  and	
  then	
  calculating	
  the	
  

collision	
  dynamics.	
  By	
   reducing	
   the	
   interaction	
  details	
   that	
   is	
   needed	
  by	
  being	
   an	
   event-­‐

driven	
  process	
  as	
  opposed	
  to	
  time-­‐driven	
  process,	
  this	
  type	
  of	
  simulation	
  allows	
  for	
  greater	
  

time	
  scales	
  on	
  large	
  systems.	
  Simulations	
  are	
  performed	
  in	
  the	
  canonical	
  ensemble	
  (NVT)	
  

with	
   periodic	
   boundary	
   conditions	
   imposed	
   to	
   eliminate	
   artifacts	
   due	
   to	
   box	
   walls.	
  

Constant	
  temperature	
  is	
  achieved	
  by	
  implementing	
  the	
  Andersen	
  thermostat	
  method.53	
  In	
  

this	
   case,	
   all	
   beads	
   are	
   subjected	
   to	
   random,	
   infrequent	
   collisions	
   with	
   ghost	
   particles	
  

whose	
  velocities	
  are	
  chosen	
  randomly	
  from	
  a	
  Maxwell	
  Boltzmann	
  distribution	
  centered	
  at	
  

the	
   system	
   temperature.	
   Simulation	
   temperature	
   is	
   expressed	
   in	
   terms	
   of	
   the	
   reduced	
  

temperature,	
   T*	
   =	
   kBT/εHB,	
   where	
   kB	
   is	
   Boltzmann’s	
   constant	
   and	
   T	
   is	
   the	
   temperature.	
  

Reduced	
  time	
  is	
  defined	
  to	
  be	
  t*	
  =	
  t/σ(kBT/	
  m)1/2,	
  where	
  t	
  is	
  the	
  simulation	
  time	
  and	
  σ	
  and	
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m	
   are	
   the	
   average	
   bead	
   diameter	
   and	
   mass,	
   respectively.	
   While	
   the	
   use	
   of	
   reduced	
  

quantities	
   in	
   silico	
   poses	
   difficulty	
   in	
   achieving	
   an	
   experimental	
   analogue,	
   qualitative	
  

correlations	
   can	
   be	
   extracted.	
   From	
   earlier	
   work	
   examining	
   single-­‐	
   molecule	
   behavior	
  

using	
  both	
  atomistic	
  and	
  coarse-­‐grained	
  models,42,54	
  a	
  qualitative	
  frame	
  of	
  reference	
  can	
  be	
  

identified	
  correlating	
  the	
  melting	
  temperature	
  of	
  T*	
  =	
  0.085T	
  to	
  320	
  K.	
  	
  

	
   The	
   initial	
   configuration	
   of	
   each	
   simulation	
   contains	
   800	
   PA	
   molecules	
   (44	
   000	
  

particles)	
   in	
   a	
   cubic	
   box	
   whose	
   dimension	
   is	
   250	
   Å.	
   This	
   initial	
   configuration	
   was	
  

randomized	
  to	
  remove	
  any	
  bias	
  conformation	
  by	
  heating	
  the	
  system	
  at	
  a	
  high	
  temperature	
  

(T*	
   =	
   5.0)	
   for	
   a	
   short	
   amount	
   of	
   time	
   (<1%	
   of	
   production	
   run)	
   to	
   mimic	
   experimental	
  

conditions.	
   Afterward,	
   the	
   system	
  was	
   quickly	
   quenched	
   to	
   T*	
   =	
   0.11,	
  which	
   is	
   the	
   final	
  

temperature	
  for	
  the	
  production	
  run	
  for	
  around	
  200	
  time	
  units	
  until	
  reaching	
  equilibrium.	
  

The	
  criteria	
  for	
  equilibrium	
  is	
  that	
  each	
  simulation	
  was	
  conducted	
  for	
  a	
  long	
  period	
  of	
  time	
  

until	
  the	
  ensemble	
  averages	
  of	
  the	
  system’s	
  total	
  potential	
  energy	
  varied	
  by	
  no	
  more	
  than	
  

2.5%	
   during	
   the	
   last	
   three-­‐quarters	
   of	
   each	
   simulation	
   run.	
   The	
   sudden	
   change	
   in	
  

temperature	
  should	
  have	
  negligible	
  effects	
  on	
  the	
  system	
  properties,	
  as	
  the	
  randomization	
  

is	
  used	
  only	
   for	
   the	
  purpose	
  of	
   removing	
  any	
  computational	
  bias	
  due	
   to	
   the	
   technique	
  of	
  

populating	
   the	
   system	
   with	
   PA	
   molecules.	
   From	
   our	
   previous	
   study	
   on	
   the	
   effects	
   of	
  

temperature,42	
  we	
   found	
   that	
   below	
   and	
   at	
   the	
  melting	
   point	
   of	
   T*	
   =	
   0.085	
   PAs	
   formed	
  

kinetically	
   trapped	
   aggregates	
   that	
   are	
   amorphous.	
   At	
   higher	
   temperatures,	
   T*	
   =	
   0.10−	
  

0.11,	
  cylindrical	
  nanofibers	
  can	
  be	
  formed	
  when	
  R	
  =	
  1/3.	
  Similarly,	
  Lee	
  et	
  al.55	
  conducted	
  

their	
  simulations	
  observing	
  the	
  formation	
  of	
  nanofibers	
  at	
  330	
  K,	
  which	
  is	
  slightly	
  higher	
  

than	
  the	
  melting	
  point.	
  In	
  this	
  study,	
  the	
  temperature	
  is	
  constant	
  at	
  T*	
  =	
  0.11.	
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   Quantitative	
   analysis	
   in	
   this	
   paper	
   is	
   performed	
   on	
   the	
   data	
   collected	
   during	
   the	
  

production	
  period.	
  Average	
  properties	
  at	
  equilibrium	
  are	
  computed	
   from	
  the	
   last	
  10%	
  of	
  

simulation	
  data	
  with	
  error	
  bars	
  taken	
  from	
  the	
  standard	
  deviation	
  of	
  at	
  least	
  5	
  independent	
  

simulations	
   for	
  PA1	
   and	
  PA2,	
   and	
   at	
   least	
   2	
   independent	
   simulations	
   for	
  PA3	
   and	
  PA4.	
  

Multiple	
   independent	
   simulations	
   were	
   performed	
   considering	
   the	
   stochastic	
   nature	
   of	
  

self-­‐assembly;	
   however,	
   results	
   indicate	
   variability	
   in	
   the	
   data	
   is	
   relatively	
   minimal.	
  	
  

Calculation	
  of	
  the	
  secondary	
  structure	
  present	
  in	
  the	
  system	
  is	
  through	
  the	
  implementation	
  

of	
   STRIDE,56	
   with	
   primary	
   focus	
   on	
   α-­‐helix,	
   β-­‐strand/sheet,	
   and	
   random	
   coil	
   that	
   also	
  

contains	
   turn	
   structures.	
   To	
   identify	
   an	
   aggregate	
   formed	
   during	
   the	
   trajectory	
   of	
   the	
  

simulation,	
   individual	
   PA	
   molecules	
   of	
   a	
   cluster	
   must	
   form	
   at	
   least	
   two	
   interpeptide	
  

hydrogen	
  bonds	
  or	
   four	
  hydrophobic	
   interactions	
  with	
  a	
  neighboring	
  PA	
  molecule	
   in	
   the	
  

same	
  group.47	
  This	
  criterion	
  ensures	
  that	
  an	
  aggregate	
   is	
  defined	
  by	
  at	
   least	
  two	
  or	
  more	
  

PA	
  molecules	
  to	
  form	
  enough	
  stable	
  interactions.	
  	
  	
  	
  

	
   Calculation	
   of	
   the	
   PA	
   molecule’s	
   velocity	
   is	
   reported	
   based	
   on	
   the	
   13	
   individual	
  

regions	
  of	
  the	
  molecule	
  itself.	
  The	
  16-­‐hydrocarbon	
  alkyl	
  tail	
  is	
  parsed	
  into	
  4	
  equal	
  regions	
  

with	
   the	
   remaining	
  9	
   regions	
   corresponding	
   to	
   each	
   of	
   the	
  peptide	
   residue.	
   The	
   velocity	
  

was	
  calculated	
  for	
  the	
  entire	
  800-­‐PA	
  molecule	
  system	
  and	
  averaged	
  over	
  the	
  independent	
  

simulations.	
   Lindemann	
   criterion	
   was	
   calculated	
   as	
   a	
   function	
   of	
   the	
   z-­‐direction	
   for	
   a	
  

representative	
   aggregate	
   identified	
   in	
   the	
  800-­‐PA	
  molecule	
   system.	
  A	
   total	
   of	
   25	
   regions	
  

were	
  chosen	
  along	
  the	
  fiber	
  axis	
  of	
  the	
  nanostructure	
  to	
  compute	
  the	
  Lindemann	
  criterion	
  

to	
   obtain	
   information	
   in	
   localized	
   regions.	
   The	
   evaluation	
   of	
   the	
   Lindemann	
   criterion	
   is	
  

determined	
  by	
  using	
  equation	
  1.	
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∆!=   
(𝒓𝒊 − 𝒓𝒊 )!/𝑁!

𝑎′ 	
  
	
  

(1)	
  
	
   The	
   total	
   number	
   of	
   atoms	
   is	
   represented	
   by	
  N	
   and	
   a’	
   is	
   the	
  most	
   probable	
   non-­‐

bonded	
  near	
  neighbor	
  distance,	
  ri	
  is	
  the	
  position	
  of	
  atom	
  i,	
  and	
   𝒓𝒊 	
  denotes	
  configurational	
  

average.	
  The	
  value	
  of	
  4.5	
   is	
  used	
   for	
  a’	
  and	
   is	
  obtained	
  from	
  established	
  simulation	
  work	
  

that	
  determined	
  that	
  this	
  parameter	
  is	
  relatively	
  independent	
  of	
  temperature	
  and	
  different	
  

proteins.57	
   Determination	
   of	
   the	
   Lindemann	
   criterion	
   provides	
   a	
   basis	
   as	
   to	
   whether	
  

systems	
  exhibit	
  either	
   solid-­‐like	
  or	
   liquid-­‐like	
  properties.	
  From	
  previous	
  simulation	
  data,	
  

solid-­‐like	
  behavior	
  is	
  observed	
  at	
  ΔL	
  <	
  0.14,	
  and	
  liquid-­‐like	
  characteristics	
  is	
  observed	
  at	
  ΔL	
  

>	
   0.14.57	
   Although	
   the	
   range	
   of	
   values	
   calculated	
   from	
   our	
   studies	
   is	
   within	
   solid-­‐like	
  

behavior,	
  our	
  interpretation	
  of	
  the	
  data	
  is	
  based	
  on	
  the	
  relative	
  values	
  considering	
  that	
  the	
  

parameter	
   is	
   dependent	
   on	
   the	
   total	
   number	
   of	
   atoms,	
   which	
   may	
   affect	
   the	
   actual	
  

magnitude.	
  	
  

7.4	
  	
   	
   Results	
  and	
  Discussion	
  
	
  
Table	
  7.1.	
  Four	
  PA	
  sequence	
  variants	
  are	
  investigated.	
  The	
  color	
  scheme	
  shown	
  is	
  to	
  highlight	
  distinct	
  amino	
  
acid	
  residues	
  for	
  easier	
  differentiation.	
  

	
  	
  
	
   The	
  chemical	
  sequence	
  of	
   the	
   four	
  PA	
  molecules	
   is	
  shown	
  in	
  Table	
  7.1	
  with	
  three	
  

distinct	
   regions:	
   a	
   hydrophobic	
   palmitic	
   alkyl	
   tail,	
   six-­‐residue	
   β-­‐sheet	
   forming	
   region	
   of	
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valines	
  and/or	
  alanines,	
  and	
  a	
  negatively	
  charged	
  group	
  of	
  three	
  glutamic	
  acids.	
  PA1	
  and	
  

PA2	
   have	
   identical	
   chemical	
   composition	
   but	
   different	
   position	
   of	
   the	
   hydrophobic	
  

residues,	
   valine	
   and	
   alanine,	
   in	
   the	
   β-­‐sheet	
   forming	
   region.	
   	
   PA3	
   and	
   PA4	
   are	
  

complementary	
  sequences	
  designed	
  to	
  examine	
  the	
  effects	
  of	
  using	
  a	
  homogenous	
  β-­‐sheet	
  

forming	
   segment	
   that	
   is	
   either	
   strongly	
   or	
   mildly	
   hydrophobic.	
   For	
   the	
   purpose	
   of	
   this	
  

paper,	
  PA1	
  and	
  PA2	
  will	
  be	
  primarily	
  discussed	
  in	
  more	
  details	
  than	
  PA3	
  and	
  PA4	
  whose	
  

additional	
  data	
  and	
  analysis	
  are	
  presented	
  as	
  Supplementary	
  Information.	
  	
  

	
   Our	
   coarse-­‐grained	
   ePRIME	
   model	
   has	
   been	
   previously	
   validated	
   for	
   use	
   in	
   self-­‐

assembly	
  study	
  on	
  PA1.42	
  We	
  performed	
  replica-­‐exchange	
  simulations	
  using	
  both	
  atomistic	
  

CHARMM	
  27	
   force	
   field58-­‐60	
  and	
  ePRIME	
  models	
   to	
  examine	
   the	
  effect	
  of	
   temperature	
  on	
  

the	
  folding	
  process	
  of	
  a	
  single	
  PA1	
  molecule.	
  Equilibrium	
  results	
  showed	
  that	
  our	
  coarse-­‐

grained	
   or	
   all-­‐atom	
   models	
   produce	
   similar	
   conformations	
   over	
   a	
   wide	
   range	
   of	
  

temperatures.42	
  For	
  this	
  paper,	
  we	
  have	
  performed	
  an	
  additional	
  validation	
  study	
  on	
  PA2	
  

obtaining	
   high	
   agreement	
   between	
   ePRIME	
   and	
   CHARMM	
   results	
   on	
   not	
   only	
   the	
  

secondary	
  structure	
  formed	
  by	
  the	
  peptide	
  segment	
  as	
  a	
  function	
  of	
  temperature	
  but	
  also	
  

the	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  peptide	
  segment	
  (Figure	
  7.7).	
  

	
   In	
  addition,	
  we	
  have	
  performed	
  a	
  more	
  detailed	
  study	
  previously	
  on	
  peptide	
  folding	
  

by	
  PA1	
   and	
  PA2	
  using	
   the	
  atomistic	
  CHARMM	
  model.58-­‐60	
  The	
  alkyl	
   tail	
  was	
  observed	
   to	
  

play	
   two	
   opposing	
   roles	
   in	
   modulating	
   sequence-­‐dependent	
   folding	
   kinetics	
   and	
  

thermodynamics.	
  On	
  one	
  hand,	
   it	
   restricts	
  conformational	
   freedom	
  reducing	
   the	
  entropic	
  

cost	
  of	
  folding,	
  which	
  is	
  thus	
  promoted.	
  On	
  the	
  other	
  hand,	
  it	
  acts	
  as	
  an	
  interaction	
  site	
  with	
  

nonpolar	
   peptide	
   residues,	
   blocking	
   the	
   peptide	
   from	
   helix	
   nucleation,	
   which	
   reduces	
  

folding.	
   It	
  was	
   identified	
  that	
  the	
  first	
  critical	
  event	
  of	
   folding	
  kinetics	
  requires	
  creating	
  a	
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310-­‐helical	
   turn,	
  which	
   involves	
   alanine	
   residues	
   and	
   later	
   switches	
   into	
   a	
   α-­‐helical	
   turn.	
  

PA2	
  alanines	
  experience	
  1.4	
   times	
  as	
  many	
  van	
  der	
  Waals	
   interactions	
  with	
   the	
  alkyl	
   tail	
  

compared	
  to	
  PA1	
  alanines	
  since	
  they	
  are	
  closer	
  to	
  the	
  alkyl	
  tail.	
  The	
  high	
  frequency	
  of	
  tail-­‐

peptide	
   interactions	
  prevents	
   the	
  peptide	
   from	
   folding	
   in	
  PA2	
   relative	
   to	
  PA1.	
  When	
   the	
  

alkyl	
   tail	
   was	
   truncated	
   to	
   four	
   immobile	
   carbon	
   groups,	
   disruptive	
   hydrophobic	
  

interactions	
  are	
  reduced	
  to	
  enable	
  higher	
  rates	
  of	
  folding.	
  

7.4.1	
  	
   Switching	
  placement	
  of	
  hydrophobic	
  peptide	
  residue	
  blocks	
  
yield	
  nanostructures	
  with	
  contrasting	
  structural	
  
arrangements	
  	
  

	
  

Figure	
  7.1.	
  Representative	
  equilibrium	
  structure	
  of	
  cylindrical	
  nanofibers	
  showcasing	
  (i)	
  only	
  the	
  alkyl	
  tails,	
  
(ii)	
  plus	
  the	
  next	
  three	
  residues,	
  (iii)	
  plus	
  another	
  three	
  residues,	
  and	
  (iv)	
  the	
  whole	
  sequence	
  of	
  (A)	
  PA1	
  and	
  
(B)	
  PA2.	
  Color	
  scheme	
  using	
  VMD61:	
  alkyl	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  (blue),	
  and	
  glutamic	
  acid	
  (pink).	
  	
  

	
   Starting	
   from	
   initial	
   configurations	
   containing	
   800	
   PA	
   molecules	
   in	
   random	
   coil	
  

conformations	
  at	
  a	
  moderate	
  temperature	
  of	
  T*	
  =	
  0.11,	
  spontaneous	
  self-­‐assembly	
  occurs	
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resulting	
   in	
   the	
   formation	
   of	
   nanofiber	
   structures	
   with	
   an	
   elongated,	
   high-­‐aspect	
   ratio	
  

geometric	
   profile	
   by	
   both	
   sequences	
   PA1	
   and	
   PA2.	
   Representative	
   equilibrium	
   self-­‐

assembled	
   structures	
  of	
  PA1	
   and	
  PA2	
   are	
   shown	
   in	
  Figure	
  7.1A	
  and	
  6.1B,	
   respectively.	
  

Both	
   structures	
   are	
   comprised	
   primarily	
   of	
   hydrophobic	
   alkyl	
   tails	
   shielded	
   by	
   charged	
  

peptide	
  segments.	
  Formation	
  of	
  β-­‐sheet	
  secondary	
  structure	
  is	
  evident	
  along	
  the	
  surface	
  of	
  

each	
  nanostructure.	
  However,	
  upon	
  detailed	
  inspection,	
  the	
  internal	
  spatial	
  arrangement	
  of	
  

these	
  two	
  structural	
  analogues	
  with	
  identical	
  chemical	
  composition	
  is	
  noticeably	
  different.	
  

By	
   visually	
   isolating	
   the	
   alky	
   tails,	
   the	
   local	
   organization	
   of	
   the	
   collected	
   assembly	
   is	
  

highlighted	
  to	
  showcase	
  that	
  the	
  interior	
  hydrophobic	
  core	
  of	
  PA1	
  cylindrical	
  nanofiber	
  is	
  

contiguous	
   (Figure	
   7.1Ai).	
   In	
   contrast,	
   the	
   interior	
   hydrophobic	
   core	
   of	
   PA2	
   cylindrical	
  

nanofiber	
  has	
  multiple	
  discontinuous	
  junctions	
  (Figure	
  7.1Bi).	
  	
  

	
   For	
  PA1,	
   a	
   contiguous	
   inner	
   hydrophobic	
   core	
   comprises	
   predominantly	
   of	
   alkyl	
  

tails	
   are	
   arranged	
   in	
   a	
   compact	
   form	
   to	
   maximize	
   alkyl-­‐alkyl	
   interactions.	
   In	
   addition,	
  

adjacent	
   hydrophobic	
   residues,	
   valine	
   residues,	
   are	
   intertwined	
   with	
   the	
   alkyl	
   tails	
   to	
  

strengthen	
   the	
  hydrophobic	
   interactions	
   (Figure	
  7.1Aii	
   and	
  Figure	
  7.1Aiii).	
  This	
   can	
  be	
  

seen	
  by	
  the	
  relatively	
  high	
  number	
  of	
  intermolecular	
  hydrophobic	
  interactions	
  between	
  the	
  

alkyl	
  tail	
  on	
  each	
  PA	
  molecule	
  and	
  the	
  first	
  three	
  peptide	
  residues	
  (i.e.,	
  valines	
  for	
  PA1)	
  on	
  

nearby	
  PA	
  molecules	
  as	
  shown	
  in	
  Figure	
  7.2A.	
  	
  

	
   In	
   contrast,	
   PA2	
   cylindrical	
   nanofiber	
   contain	
   multiple	
   micelles	
   that	
   are	
  

interconnected	
   at	
   discontinuous	
   junctions	
   (Figure	
  7.1B).	
   The	
   inner	
   hydrophobic	
   core	
   of	
  

each	
  micelle	
  is	
  comprised	
  of	
  only	
  alkyl	
  tails	
  without	
  pulling	
  the	
  first	
  three	
  peptide	
  residues	
  

(i.e.,	
  mildly	
  hydrophobic	
  alanines	
   for	
  PA2)	
   into	
   the	
   interior.	
  This	
   results	
   in	
   the	
   relatively	
  

low	
  number	
  of	
  intermolecular	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  on	
  each	
  PA	
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molecule	
  and	
  alanines	
  on	
  nearby	
  PA	
  molecules	
  as	
  shown	
  in	
  Figure	
  7.2A.	
  Moreover,	
  about	
  

15%	
  molecules	
   in	
  PA2	
  cylindrical	
  nanofibers	
  adopt	
  an	
  opposite	
  orientation	
   in	
  which	
   the	
  

charged	
   segment	
   is	
   located	
   within	
   the	
   inner	
   core	
   to	
   form	
   hydrophobic	
   interactions	
  

between	
  valine	
  residues	
  with	
  other	
  alkyl	
  tails	
  in	
  the	
  interior.	
  In	
  this	
  case,	
  the	
  alkyl	
  tails	
  of	
  

these	
   inverted	
  molecules	
   form	
  hydrophobic	
   interactions	
  with	
  alanine	
  and	
  valine	
  residues	
  

on	
  other	
  molecules	
  to	
  connect	
  multiple	
  micelles	
  at	
  discontinuous	
   junctions.	
  Furthermore,	
  

alanine	
   and	
   valine	
   residues	
   form	
   hydrogen	
   bonds	
   between	
  micelles	
   as	
   shown	
   in	
  Figure	
  

7.1Bii	
   and	
   6.1Biii.	
   Therefore,	
   multiple	
   micelles	
   are	
   held	
   together	
   by	
   a	
   combination	
   of	
  

hydrophobic	
   interactions	
   between	
   nonpolar	
   peptide	
   residues	
   and	
   additional	
   hydrogen	
  

bonds	
  by	
  those	
  residues.	
  	
  

	
   The	
  large	
  number	
  of	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  adjacent	
  valine	
  residues	
  

works	
  together	
  in	
  PA1	
  to	
  condense	
  and	
  bind	
  together	
  creating	
  a	
  hydrophobic	
  core	
  that	
  is	
  

not	
  only	
  composed	
  of	
  the	
  alkyl	
  tails	
  but	
  also	
  strongly	
  hydrophobic	
  valine	
  residues	
  (Figure	
  

7.2B).	
  Since	
  the	
  strong	
  hydrophobic	
  residue	
  group,	
  valines,	
  is	
  placed	
  farther	
  away	
  from	
  the	
  

alkyl	
  tail	
  in	
  PA2,	
  alkyl	
  tails	
  form	
  only	
  a	
  few	
  intermolecular	
  hydrophobic	
  interactions	
  with	
  

weakly	
   hydrophobic	
   alanine	
   residues	
   (Figure	
   7.2A).	
   Therefore,	
   the	
   hydrophobic	
   core	
   is	
  

less	
  compact	
  since	
  each	
  alkyl	
  tail	
  would	
  have	
  to	
  twist	
  and	
  extend	
  itself	
  to	
  form	
  interactions	
  

with	
  valine	
  residues	
  (Figure	
  7.2C).	
  By	
  having	
  a	
  more	
  porous	
  hydrophobic	
  core,	
  the	
  ability	
  

to	
   form	
   β-­‐sheets	
   diminishes	
   since	
   the	
   peptide	
   residues	
   are	
   no	
   longer	
   within	
   optimal	
  

distance	
   to	
   promote	
   intermolecular	
   hydrogen	
   bonding	
   while	
   minimizing	
   charge-­‐charge	
  

repulsion.	
  This	
  can	
  be	
  attributed	
  to	
  the	
  observed	
  difference	
  in	
  the	
  macroscopic	
  gel	
  stiffness	
  

as	
  discussed	
  in	
  subsequent	
  sections.	
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Figure	
  7.2.	
  (A)	
  Average	
  number	
  of	
  intermolecular	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  of	
  each	
  PA	
  
molecule	
   and	
   the	
   first	
   three	
   residues	
   adjacent	
   to	
   the	
   alkyl	
   tail	
   of	
   a	
   neighboring	
   PA	
   molecule	
   within	
   the	
  
interior	
  of	
  cylindrical	
  nanofibers	
  in	
  PA1	
  and	
  PA2	
  systems.	
  Schematic	
  diagram	
  showing	
  a	
  cross-­‐sectional	
  view	
  
of	
  typical	
  cylindrical	
  nanofibers	
  (perpendicular	
  to	
  the	
  elongated	
  direction)	
  illustrating	
  the	
  data	
  shown	
  in	
  (A)	
  
for	
  (B)	
  PA1	
  and	
  (C)	
  PA2.	
  	
  	
  	
  

	
  
7.4.2	
  	
   Sequence-­‐dependent	
  structural	
  difference	
  is	
  caused	
  by	
  

dynamic	
  assembly	
  mechanisms	
  	
  

	
   Through	
   a	
   series	
   of	
   micelle	
   merging	
   events,	
   spontaneous	
   self-­‐assembly	
   of	
   PA	
  

molecules	
  into	
  a	
  cylindrical	
  nanofiber	
  are	
  shown	
  in	
  Figure	
  7.3	
  for	
  PA1	
  and	
  PA2.	
  For	
  PA1,	
  

initial	
  clusters	
  of	
  PA	
  molecules	
  adopt	
  a	
  spherical	
  micelle	
  configuration	
  (Figures	
  6.3A)	
  such	
  

that	
  the	
  charged	
  glutamic	
  acid	
  residues	
  are	
  distributed	
  uniformly	
  to	
  minimize	
  electrostatic	
  

repulsions.	
  The	
   inner	
  core	
   is	
  comprised	
  of	
  alkyl	
   tails	
   that	
  are	
  sequestered	
  away	
   from	
  the	
  

surface.	
  Upon	
  the	
  formation	
  of	
  intermolecular	
  hydrogen	
  bonds	
  by	
  the	
  hydrophobic	
  valine	
  

and	
   alanine	
   residues,	
   the	
   peptide	
   segments	
   on	
   the	
   surface	
   of	
   each	
   micelle	
   undergo	
   an	
  

ordering	
  process	
  by	
  forming	
  multiple	
  separate	
  β-­‐sheets.	
  As	
  a	
  result,	
  the	
  hydrophobic	
  core	
  

is	
  exposed	
  to	
  the	
  surface	
  or	
  solvent,	
  which	
  promotes	
  merging	
  with	
  nearby	
  micelles	
  to	
  grow	
  

into	
   a	
   cylindrical	
   nanostructure.	
   	
   A	
   schematic	
   diagram	
   in	
   Figure	
   7.3B	
   is	
   shown	
   to	
  

generalize	
   a	
   self-­‐assembly	
   kinetic	
   mechanism	
   for	
   PA1	
   from	
   multiple	
   simulations.	
   The	
  

assembly	
  mechanism	
  can	
  be	
  interpreted	
  from	
  the	
  plot	
  shown	
  in	
  Figure	
  7.3C	
  in	
  which	
  the	
  

average	
   number	
   of	
   PAs	
   increases	
   in	
   a	
   stepwise	
   process	
   whereas	
   the	
   total	
   number	
   of	
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aggregates	
   decreases	
   in	
   a	
   reciprocating	
   fashion.	
   At	
   each	
   merging	
   step,	
   structural	
  

reorganization	
   occurs	
   allowing	
   for	
   maximizing	
   the	
   number	
   of	
   hydrophobic	
   interactions	
  

within	
   the	
   core	
   along	
   the	
   length	
   of	
   each	
   elongated	
   nanostructure,	
   which	
   grows	
   into	
   a	
  

longer	
  nanofiber	
  by	
  adding	
  more	
  micelles	
  at	
  its	
  two	
  ends.	
  Lateral	
  growth	
  of	
  the	
  nanofibril	
  

structure	
  is	
  limited	
  due	
  to	
  the	
  majority	
  of	
  charged	
  glutamic	
  acid	
  segments	
  residing	
  on	
  the	
  

side	
  surface	
  compared	
  to	
  its	
  ends.	
  Several	
  key	
  characteristics	
  of	
  the	
  final	
  structure	
  (Figure	
  

7.3A)	
   are	
   identified:	
   alkyl	
   tails	
   with	
   a	
   large	
   degree	
   of	
   entanglement	
   are	
   predominantly	
  

residing	
   in	
   the	
   interior	
   of	
   the	
   nanofiber,	
   β-­‐sheet	
   forming	
   perpendicular	
   to	
   the	
   elongated	
  

core,	
  and	
  charged	
  segments	
  are	
  scattered	
  on	
  the	
  surface.	
  	
  

	
   	
  

Figure	
  7.3.	
  For	
  PA1:	
  (A)	
  Snapshots	
  showing	
  dynamic	
  self-­‐assembly	
  process	
  at	
  different	
  times	
  starting	
  from	
  
random	
  configurations;	
  (B)	
  Schematic	
  diagram	
  generalizing	
  a	
  self-­‐assembly	
  kinetic	
  mechanism	
  for	
  PA1	
  from	
  
multiple	
  simulations;	
  (C)	
  Time-­‐dependent	
  data	
  are	
  plotted	
  on	
  a	
  logarithmic	
  scale	
  for	
  the	
  average	
  number	
  of	
  
PA	
  molecules	
  per	
  aggregate	
  and	
  total	
  number	
  of	
  aggregates.	
  Similarly	
  for	
  PA2:	
  (D)	
  Snapshots;	
  (E)	
  Schematic	
  
diagram;	
  and	
  (F)	
  Quantitative	
  data.	
  
	
  

The	
  early	
  stage	
  of	
  PA2	
  self-­‐assembly	
  process	
  is	
  similar	
  to	
  that	
  of	
  PA1	
  self-­‐assembly	
  

(Figure	
  7.3D	
   and	
  Figure	
  7.3E).	
   Starting	
   from	
   isolated	
  molecules,	
  PA2	
  molecules	
  quickly	
  

condense	
  into	
  small	
  aggregates	
  driven	
  by	
  hydrophobic	
  collapse.	
  As	
  these	
  small	
  aggregates	
  



184	
  
	
  

reach	
   a	
   size	
   that	
   is	
   limited	
   by	
   the	
   number	
   of	
   charged	
   groups,	
   subsequent	
   steps	
   for	
  PA2	
  

aggregates	
   to	
   increase	
   in	
   size	
   diverge	
   from	
   the	
   already	
   described	
   PA1	
   mechanism.	
   In	
  

addition	
   to	
  micelle	
  merging	
   events	
   that	
   occur	
   through	
   the	
   exposure	
   of	
   the	
   hydrophobic	
  

core	
  due	
  to	
  β-­‐sheet	
  formation,	
  hydrophobic	
  interactions	
  between	
  non-­‐polar	
  groups	
  on	
  the	
  

surface	
   of	
   different	
   micelles	
   become	
   more	
   prominent.	
   	
   Since	
   the	
   strongly	
   hydrophobic	
  

residue	
  group	
  of	
  valine	
  residues	
  is	
  placed	
  farther	
  away	
  from	
  the	
  alkyl	
  tail,	
  the	
  hydrophobic	
  

core	
   of	
   each	
  micelle	
   becomes	
   less	
   compact	
   considering	
   that	
   the	
   alkyl	
   tail	
  would	
   have	
   to	
  

twist	
   and	
   extend	
   itself	
   to	
   form	
   interactions	
  with	
   valine.	
   Consequently,	
   the	
   inner	
   core	
   of	
  

each	
   micelle	
   adopts	
   a	
   different	
   structural	
   arrangement	
   in	
   which	
   a	
   few	
   PA2	
   molecules	
  

position	
  in	
  an	
  opposite	
  orientation	
  with	
  the	
  charged	
  segment	
  located	
  within	
  the	
  inner	
  core	
  

while	
   their	
   alkyl	
   tails	
   are	
   exposed	
   to	
   the	
   surface.	
   This	
   allows	
   connection	
   between	
   two	
  

nearby	
   micelles	
   by	
   forming	
   not	
   only	
   by	
   hydrophobic	
   alkyl-­‐alkyl	
   interaction	
   but	
   also	
   by	
  

hydrophobic	
   alkyl	
   –	
   side	
   chain	
   interaction	
   and	
   side	
   chain	
   –	
   side	
   chain	
   interaction	
   in	
  

addition	
  to	
  hydrogen	
  bonds.	
  This	
  suggests	
  that	
  PA2’s	
  discontinuous	
  structure	
  is	
  seemingly	
  

held	
  together	
   through	
  a	
  combination	
  of	
   intermolecular	
  hydrogen	
  bonds	
  and	
  hydrophobic	
  

interactions	
  at	
   the	
   interface	
  of	
  multiple	
   smaller	
  aggregates	
   (Figure	
  7.3E).	
   	
   Subsequently,	
  

structural	
   reorganization	
   is	
   less	
   favored	
   as	
   indicated	
   by	
   absence	
   of	
   large	
   plateaus	
   in	
   the	
  

plot	
  of	
  assembly	
  kintiecs	
  (Figure	
  7.3F).	
  	
  	
  

7.4.3	
  	
   Molecular	
  arrangement	
  of	
  the	
  local	
  environment	
  influences	
  
the	
  internal	
  dynamics	
  of	
  the	
  nanostructure	
  	
  

	
   Calculation	
  of	
  the	
  amount	
  of	
  β-­‐sheets	
  (Figure	
  7.4A)	
  shows	
  that	
  both	
  PA1	
  and	
  PA2	
  

cylindrical	
   nanofibers	
   exhibit	
   significantly	
   large	
   β-­‐sheet	
   formation	
   at	
   24-­‐30%,	
   which	
   is	
  

comparable	
  to	
  experimental	
  results	
  by	
  Niece	
  et	
  al.,12	
  who	
  found	
  the	
  β-­‐sheet	
  population	
  of	
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similar	
   PAs	
   at	
   ~25	
   ±	
   	
   20%.	
   	
  Moreover,	
  PA1	
   has	
   a	
   slightly	
   higher	
   propensity	
   to	
   form	
   β-­‐

sheets	
   than	
  PA2	
   (Figure	
   7.4A).	
   The	
   significance	
   of	
  PA2	
   having	
   a	
   weaker	
   propensity	
   to	
  

form	
  β-­‐sheet	
   compared	
   to	
  PA1	
  may	
   suggest	
   a	
   correlation	
   to	
   the	
  one	
  order	
  of	
  magnitude	
  

difference	
   in	
  bulk	
  material	
  properties	
  as	
  observed	
  by	
  Pashuck	
  et	
  al.17	
  This	
  has	
  also	
  been	
  

seen	
   by	
   other	
   investigators	
   who	
   found	
   the	
   formation	
   of	
   rod-­‐like	
   nanostructures	
   is	
  

associated	
  with	
  the	
  presence	
  of	
  hydrophobic	
  residues	
  with	
  a	
  strong	
  propensity	
  to	
  form	
  β-­‐

sheet	
   structure;	
   in	
   addition,	
   high	
   amount	
   of	
   β-­‐sheets	
   correlates	
   with	
   stiffer	
   hydrogel	
  

properties.12,31,62	
  	
  

	
   However,	
   the	
   experimental	
   study	
   by	
   Pashuck	
   et	
   al.17	
   suggested	
   that	
   the	
   β-­‐sheet	
  

misalignment	
   or	
   twisting,	
   instead	
   of	
   the	
   amount	
   of	
   β-­‐sheets,	
   plays	
   an	
   important	
   role	
   in	
  

influencing	
   the	
   stiffness	
   of	
   the	
   gel.	
   In	
   this	
   case,	
   each	
   cylindrical	
   nanofiber	
   structure	
  was	
  

assumed	
   to	
   contain	
  multiple	
   large	
  β-­‐sheets	
   that	
   are	
   infinitely	
   long,	
   running	
   continuously	
  

along	
   the	
   fiber	
   axis.	
   But	
   prior	
   experimental	
   studies	
  with	
   similar	
  PAs	
  have	
  quantified	
   the	
  

amount	
   of	
   β-­‐sheets	
   to	
   be	
   approximately	
   ~25	
   ±	
   20%,12	
   which	
   is	
   in	
   agreement	
   with	
   a	
  

modeling	
  simulation	
  study	
  using	
  atomistic	
  models	
  by	
  Lee	
  et	
  al.	
  who	
  found	
  the	
  presence	
  of	
  

sparsely	
   distributed	
   small	
   β-­‐sheets	
   along	
   the	
   surface.63	
   Nevertheless,	
   we	
   attempted	
   to	
  

determine	
   the	
   degree	
   of	
   β-­‐sheet	
   twistedness	
   by	
   calculating	
   the	
   angles	
   between	
   one	
  

hydrogen	
  bond	
  to	
  other	
  hydrogen	
  bonds	
  within	
  each	
  β-­‐sheet	
  using	
  PyMOL.64	
  We	
  found	
  no	
  

significant	
   difference	
   of	
   such	
   angle	
   distributions	
   by	
   β-­‐sheets	
   between	
   PA1	
   and	
   PA2	
  

nanofibers	
   (Figure	
  7.8).	
   Perhaps	
   the	
   slightly	
   lower	
  β-­‐sheet	
   formation	
   for	
  PA2	
   than	
  PA1	
  

might	
  be	
  a	
  potential	
  factor	
  for	
  the	
  experimental	
  observation	
  of	
  a	
  tremendous	
  difference	
  in	
  

mechanical	
  property	
  between	
  PA1	
  and	
  PA2.	
  Based	
  on	
  the	
  structures	
  shown,	
  PA2	
  is	
  unable	
  

to	
  maximize	
  the	
  formation	
  of	
  intermolecular	
  hydrogen	
  bonds	
  due	
  to	
  the	
  presence	
  of	
  15%	
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PA	
  molecules	
  in	
  an	
  inverted	
  orientation.	
  Considering	
  the	
  increased	
  propensity	
  for	
  peptide	
  

residues	
   to	
   form	
  hydrophobic	
   interactions	
  at	
  discontinuous	
   junctions,	
   the	
  ability	
   to	
   form	
  

secondary	
   structures	
   is	
   thereby	
   inhibited.	
   These	
   factors	
   not	
   only	
   result	
   in	
   a	
   reduced	
  

amount	
   of	
   β-­‐sheet	
   structure,	
   but	
   also	
   lead	
   to	
   a	
   discontinuous	
   hydrophobic	
   core.	
  

Consequently,	
  it	
  is	
  believed	
  that	
  the	
  amount	
  of	
  β-­‐sheets	
  and	
  the	
  structural	
  integrity	
  of	
  the	
  

hydrophobic	
   core	
   influence	
   the	
   mechanical	
   property	
   of	
   the	
   self-­‐assembled	
   nanofiber	
  

structure.	
  To	
  compare	
  with	
  this	
  experimental	
  speculation,	
  we	
  measured	
  individual	
  peptide	
  

residues	
   likelihood	
   to	
   form	
  β-­‐sheet	
  elements	
  and	
   this	
   is	
   shown	
   in	
  Figure	
  7.4B.	
   For	
  PA1,	
  

residues	
  3-­‐6	
  (-­‐VAAA-­‐)	
  are	
  shown	
  to	
  have	
  a	
  higher	
  propensity	
  to	
  form	
  β-­‐sheets	
  as	
  compared	
  

to	
  PA2	
  for	
  the	
  residues	
  in	
  the	
  same	
  position	
  (-­‐AVVV-­‐).	
  This	
  suggests	
  that	
  the	
  ability	
  for	
  β-­‐

sheets	
   for	
  PA2	
   is	
   inhibited	
   or	
   unfavorable	
   and	
   could	
   be	
   related	
   to	
   the	
   placement	
   of	
   the	
  

hydrophobic	
  residues	
  with	
  respect	
  to	
  the	
  alkyl	
  tail.	
  

	
   In	
  an	
  attempt	
  to	
  provide	
  a	
  more	
  quantitative	
  and	
  concrete	
  correlation	
  between	
  the	
  

subtle	
   difference	
   between	
   the	
   arrangement	
   of	
   the	
   inner	
   core	
   of	
  PA1	
   and	
  PA2	
   and	
   their	
  

structural	
   stability,	
   we	
   also	
   calculated	
   the	
   Lindemann	
   criterion.	
   The	
   dimensionless	
  

parameter	
  can	
  be	
  interpreted	
  as	
  a	
  value	
  to	
  represent	
  the	
  geometric	
  packing	
  or	
  porosity	
  of	
  a	
  

structure.	
   If	
   the	
   Lindemann	
   value	
   is	
   large,	
   it	
   represents	
   that	
   the	
   structure	
   exhibits	
  more	
  

liquid-­‐like	
  properties	
  whereas	
  if	
  the	
  number	
  is	
  small,	
  it	
  exhibits	
  more	
  solid-­‐like	
  dynamics.	
  

From	
  a	
  previous	
  simulation	
  study,	
  solid-­‐like	
  behavior	
  is	
  observed	
  at	
  ΔL	
  <	
  0.14,	
  and	
  liquid-­‐

like	
   characteristics	
   is	
   observed	
   at	
   ΔL	
   >	
   0.14.57	
   Although	
   the	
   range	
   of	
   Lindemann	
   values	
  

calculated	
   from	
  our	
  studies	
   is	
  within	
  solid-­‐like	
  behavior,	
  our	
   interpretation	
  of	
   the	
  data	
   is	
  

based	
   on	
   the	
   relative	
   values	
   considering	
   that	
   the	
   parameter	
   is	
   dependent	
   on	
   the	
   total	
  

number	
  of	
   atoms,	
  which	
  varies	
   from	
  one	
  position	
   to	
   another	
   and	
   thereby	
  may	
  affect	
   the	
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actual	
   magnitude.	
   In	
   Figure	
   7.4C,	
   the	
   Lindemann	
   values	
   are	
   plotted	
   as	
   a	
   function	
   of	
  

position	
  along	
  the	
  fiber	
  axis	
  (or	
  elongated	
  dimension)	
  of	
  a	
  representative	
  nanostructure	
  of	
  

PA1	
  and	
  PA2.	
  Since	
  the	
  end	
  groups	
  are	
  more	
  flexible,	
  comparison	
  should	
  be	
  made	
  between	
  

the	
   two	
   sequences	
   at	
   the	
   central	
   part	
   of	
   the	
   nanostructures.	
   In	
   this	
   case,	
   a	
   noticeable	
  

difference	
   exists	
   in	
   the	
   Lindemann	
   values	
   of	
   PA1	
   and	
   PA2.	
   Unlike	
   PA1	
   in	
   which	
   the	
  

structure	
  shows	
  increasingly	
  more	
  solid-­‐like	
  dynamics	
  towards	
  the	
  core	
  the	
  structure,	
  PA2	
  

shows	
  an	
  inverse	
  trend:	
  the	
  core	
  exhibit	
  more	
  liquid-­‐like	
  dynamics.	
  This	
  suggests	
  that	
  PA1	
  

structure	
  becomes	
  more	
  condense	
  and	
  tighter	
  corroborating	
  with	
  previous	
  speculation	
  due	
  

to	
   the	
   added	
   hydrophobic	
   interactions	
   between	
   the	
   entangled	
   alky	
   tails	
   and	
   alkyl	
   tail	
   –	
  

valine	
   interaction.	
   Moreover,	
   PA2	
   experiences	
   several	
   large	
   spikes	
   that	
   correlate	
   with	
  

discontinuities	
  observed	
  along	
  the	
  inner	
  hydrophobic	
  core	
  of	
  a	
  more	
  porous	
  structure.	
  	
  

	
  

Figure	
  7.4.	
  For	
  both	
  PA1	
  and	
  PA2	
  cylindrical	
  nanofibers	
  at	
  equilibrium:	
  (A)	
  Average	
  amount	
  of	
  β-­‐sheets.	
  (B)	
  
The	
  β-­‐sheet	
  propensity	
  is	
  plotted	
  as	
  a	
  function	
  of	
  the	
  peptide	
  residue.	
  (C)	
  The	
  Lindemann	
  value	
  at	
  different	
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points	
  along	
   the	
   fiber	
  axis.	
   	
   (D)	
  Average	
  velocity	
  of	
   individual	
   regions	
  of	
  each	
  molecule.	
  The	
   first	
  4	
  regions	
  
correspond	
  to	
  the	
  alkyl	
  tail	
  and	
  remaining	
  9	
  regions	
  correspond	
  to	
  9	
  peptide	
  residues.	
  	
  

	
   To	
   gain	
   further	
   insight	
   and	
   to	
   account	
   for	
   the	
   experimentally	
   observed	
   drastic	
  

difference	
  in	
  gel	
  stiffness,	
  dynamics	
  of	
  individual	
  molecules	
  of	
  the	
  collective	
  assemblies	
  are	
  

monitored.	
  For	
  PA1	
  and	
  PA2,	
  each	
  molecule	
  is	
  subdivided	
  into	
  a	
  total	
  of	
  13	
  sections	
  with	
  

the	
  first	
  4	
  sections	
  representing	
  four	
  quarters	
  of	
  the	
  alkyl	
  tail	
  and	
  the	
  remaining	
  9	
  sections	
  

corresponding	
   to	
   each	
  amino	
  acid.	
   For	
   each	
  of	
   the	
  aggregates	
   in	
   the	
   system,	
   the	
  velocity	
  

was	
   calculated	
   for	
   each	
   section	
   as	
   shown	
   in	
  Figure	
  7.4D.	
   The	
   local	
  molecular	
  motion	
   is	
  

largest	
   at	
   the	
   ends	
   of	
   the	
   alkyl	
   tail	
   (Tail	
   1-­‐2)	
   and	
   at	
   the	
   negatively	
   charged	
   glutamic	
  

residues	
  (Res	
  7-­‐9)	
  for	
  both	
  PA1	
  and	
  PA2.	
  The	
  increased	
  molecular	
  motion	
  of	
  the	
  glutamic	
  

acid	
   residues	
   can	
   be	
   attributed	
   to	
   the	
   added	
   flexibility	
   as	
   a	
   result	
   of	
   their	
   peripheral	
  

location	
   on	
   the	
   surface.	
  While	
   the	
   ends	
   of	
   the	
   alkyl	
   tails	
   are	
   buried	
  within	
   and	
   shielded	
  

from	
  the	
  aqueous	
  medium,	
  they	
  exhibit	
  increased	
  molecular	
  motion	
  due	
  to	
  their	
  nature	
  of	
  

hydrophobic	
   interactions,	
   which	
   are	
   isotropic	
   and	
   thus	
   easily	
   broken	
   up	
   and	
   reformed	
  

constantly.	
  This	
  allows	
  them	
  to	
  move	
  around	
  without	
  overcoming	
  any	
  energetic	
  barrier.	
  In	
  

contrast,	
  a	
   slight	
  decrease	
   in	
   the	
  calculated	
  velocity	
   is	
  observed	
  at	
  positions	
  Tail	
  3-­‐4	
  and	
  

Residue	
  1-­‐3,	
  indicating	
  that	
  these	
  groups	
  of	
  molecules	
  are	
  more	
  restricted	
  and	
  experience	
  

less	
  movement	
   due	
   to	
   their	
   non-­‐isotropic	
   interactions	
   (i.e.,	
   hydrogen	
  bonding)	
   by	
   the	
   β-­‐

sheet-­‐forming	
  peptide	
  residues.	
  The	
  aforementioned	
  trends	
  in	
  the	
  velocity	
  are	
  comparable	
  

to	
   experimental	
   findings	
   by	
   Ortony	
   et	
   al.	
   using	
   electron	
   paramagnetic	
   resonance	
  

spectroscopy	
  to	
  probe	
  the	
  internal	
  dynamics	
  of	
  a	
  nanofiber	
  structure.65	
  On	
  one	
  hand,	
  solid-­‐

like	
  dynamics	
  were	
  observed	
  at	
  the	
  middle	
  peptide	
  region	
  due	
  to	
  the	
  significant	
  amount	
  of	
  

β-­‐sheet	
   formation	
  that	
   imposes	
  structural	
  order	
   through	
  directional	
  dependent	
  hydrogen	
  

bonding.	
  On	
  the	
  other	
  hand,	
  fluid-­‐like	
  dynamics	
  were	
  observed	
  at	
  the	
  surface	
  and	
  the	
  core	
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where	
  alkyl	
  tails	
  exist.	
  Faster	
  dynamics	
  at	
  the	
  periphery	
  near	
  the	
  charged	
  residues	
  due	
  to	
  

the	
   reduced	
  amount	
  of	
  hydrogen	
  bonds,	
  which	
  decreases	
   the	
   rigidity	
  of	
   the	
  architecture.	
  

Increased	
  motion	
  at	
  the	
  core	
  is	
  attributed	
  to	
  the	
  flexibility	
  of	
  the	
  end	
  segment	
  of	
  the	
  alkyl	
  

tails	
  and	
  their	
  location	
  that	
  is	
  a	
  large	
  distance	
  away	
  from	
  the	
  peptide	
  residues.	
  

7.4.4	
  	
   Dissociative	
  properties	
  of	
  assembled	
  aggregates	
  suggest	
  a	
  
correlation	
  between	
  structural	
  stability	
  and	
  mechanical	
  
property	
  

	
   Assembled	
  nanostructures	
  that	
  are	
  strongly	
  held	
  together	
  are	
  expected	
  to	
  maintain	
  

their	
   structural	
   stability	
   by	
   resisting	
   morphological	
   changes	
   even	
   at	
   high	
   temperatures.	
  

Therefore,	
   successive	
   constant	
   temperature	
   simulations	
   at	
   increasing	
   temperature	
   were	
  

performed	
  to	
  investigate	
  if	
  the	
  structural	
  differences	
  between	
  PA1	
  and	
  PA2	
  have	
  any	
  direct	
  

influence	
  on	
  the	
  mechanical	
  properties	
  of	
  the	
  collective	
  assembly.	
  Starting	
  at	
  the	
  moderate	
  

temperature	
   of	
   T*	
   =	
   0.11,	
   each	
   system	
   was	
   subjected	
   a	
   temperature	
   increase	
   by	
   an	
  

increment	
  of	
  T*	
  =	
  0.01	
  for	
  about	
  30	
  reduced	
  time	
  units	
  until	
  the	
  final	
  temperature	
  of	
  T*	
  =	
  

0.15	
  was	
  reached.	
  The	
  time	
  interval	
  was	
  chosen	
  to	
  provide	
  a	
  reasonable	
  amount	
  of	
  time	
  for	
  

the	
  system	
  to	
  reach	
  an	
  equilibrated	
  state	
  before	
  raising	
  the	
  temperature	
  again.	
  As	
  seen	
  in	
  

Figure	
  7.5A	
  and	
  6.5B,	
   the	
  same	
  structures	
  from	
  earlier	
  PA1	
  and	
  PA2	
  analysis	
   is	
  selected	
  

for	
  continuity.	
  In	
  Figure	
  7.5A,	
  snapshots	
  of	
  the	
  equilibrated	
  structure	
  for	
  PA1	
  at	
  the	
  end	
  of	
  

each	
  heating	
  interval	
  is	
  shown.	
  For	
  the	
  selected	
  structure,	
  its	
  ability	
  to	
  retain	
  its	
  structural	
  

framework	
  over	
  the	
  course	
  of	
  the	
  successive	
  heating	
  stages	
  is	
  noteworthy.	
  Up	
  to	
  T*=0.14,	
  

the	
   structure	
   seems	
   to	
   stretch	
   out	
   due	
   to	
   the	
   added	
   kinetic	
   energy	
   such	
   that	
   the	
  

hydrophobic	
   core	
   becomes	
   less	
   entangled	
   and	
   more	
   relaxed.	
   Gradually,	
   more	
   hydrogen	
  

bonds	
   are	
   broken	
   resulting	
   in	
   the	
   dissociation	
   of	
   β-­‐sheets	
   as	
   temperature	
   increases;	
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therefore,	
  peptide	
  segments	
  switch	
  from	
  β-­‐strand	
  to	
  random-­‐coil	
  conformation.	
  However,	
  

the	
  structure	
  remains	
  as	
  an	
  elongated	
  micelle	
  since	
   the	
  alkyl	
   tails	
  can	
  still	
  maintain	
   their	
  

hydrophobic	
   interactions.	
   When	
   the	
   temperature	
   is	
   finally	
   reached	
   at	
   T*	
   =	
   0.15,	
   the	
  

structure	
  is	
  observed	
  to	
  undergo	
  dissociation	
  into	
  smaller	
  aggregates.	
  

	
   Unlike	
   the	
   nanostructure	
   for	
  PA1,	
   the	
  PA2	
   nanostructure	
   is	
   more	
   susceptible	
   to	
  

dissociation	
   even	
   when	
   the	
   temperature	
   is	
   only	
   slightly	
   increased.	
   From	
   the	
   snapshots	
  

shown	
  in	
  Figure	
  7.5B,	
  at	
  T*=0.12	
  the	
  cylindrical	
  nanofiber	
  quickly	
  dissociates	
  into	
  clusters	
  

that	
   break	
   into	
   smaller	
   aggregates.	
   When	
   the	
   temperature	
   reaches	
   T*	
   =	
   0.15,	
   the	
  

nanostructure	
   has	
   fully	
   disintegrated	
   into	
   isolated	
   random	
   molecules.	
   By	
   plotting	
   the	
  

average	
  PAs	
  per	
  cluster	
  as	
  shown	
  in	
  Figure	
  7.5C,	
  the	
  aforementioned	
  process	
  for	
  PA1	
  and	
  

PA2	
  can	
  be	
  differentiated	
  by	
  the	
  rate	
  at	
  which	
  the	
  average	
  number	
  of	
  PAs	
  decreases	
  over	
  

time.	
  Throughout	
  the	
  heating	
  process,	
  PA1	
  structure	
  is	
  relatively	
  stable	
  without	
  losing	
  its	
  

structure	
   until	
   an	
   extremely	
   high	
   temperature	
   is	
   reached.	
   In	
   contrast,	
   the	
   plot	
   for	
   PA2	
  

shows	
  sharp	
  decreases	
  indicating	
  the	
  structure	
  is	
  rapidly	
  dissociating.	
  The	
  total	
  number	
  of	
  

aggregates	
   is	
   also	
  monitored	
   (Figure	
  7.5D)	
   as	
   a	
   function	
   of	
   time	
   and	
   supports	
   previous	
  

findings	
   by	
  mirroring	
   the	
   data	
   shown	
   in	
  Figure	
   7.5C.	
   As	
   the	
   temperature	
   increases,	
   the	
  

rate	
   at	
  which	
   the	
   total	
   number	
   of	
   aggregates	
   increases	
   is	
  much	
   faster	
   than	
  PA1.	
   	
   These	
  

results	
   confirm	
   our	
   finding	
   based	
   on	
   the	
   Lindemann	
   criterion	
   that	
   structural	
   stability	
   of	
  

PA1	
  nanofibers	
  is	
  higher	
  than	
  that	
  of	
  the	
  PA2	
  counterpart.	
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Figure	
  7.5.	
  Snapshots	
  of	
  the	
  equilibrated	
  structure	
  at	
  the	
  end	
  of	
  each	
  temperature	
  (T*=0.12	
  –	
  0.15)	
  during	
  
the	
   heating	
   process	
   for	
   (A)	
   PA1	
   and	
   (B)	
   PA2	
   starting	
   from	
   cylindrical	
   nanofiber	
   structures	
   assembled	
   at	
  
T*=0.11.	
  (C)	
  Plot	
  of	
  the	
  average	
  number	
  of	
  PA	
  molecules	
  per	
  cluster	
  as	
  a	
  function	
  of	
  time	
  for	
  PA1	
  and	
  PA2.	
  (D)	
  
Plot	
  of	
  the	
  total	
  number	
  of	
  aggregates	
  as	
  a	
  function	
  of	
  time	
  for	
  PA1	
  and	
  PA2.	
  For	
  (C)	
  and	
  (D),	
  heating	
  intervals	
  
and	
  heating	
  temperatures	
  are	
  indicated	
  by	
  the	
  dashed	
  lines.	
  

7.4.5	
  	
   Composition	
  and	
  residue	
  order	
  of	
  PA	
  sequence	
  affect	
  PA	
  self-­‐
assembly	
  and	
  structural	
  stability	
  	
  	
  

	
   In	
   addition	
   to	
   examining	
  positional	
   influence	
   on	
   the	
   self-­‐assembly	
   behavior	
   of	
   PA	
  

molecules,	
   the	
   effect	
   of	
   increasing	
   the	
   length	
   of	
   a	
   single	
   peptide	
   residue	
   that	
   is	
   either	
  

strongly	
  or	
  mildly	
  hydrophobic	
  to	
  yield	
  a	
  homogenous	
  β-­‐sheet	
   forming	
  segment	
  was	
  also	
  

studied	
  for	
  a	
  more	
  comprehensive	
  understanding.	
  PA3	
  and	
  PA4	
  contain	
  the	
  same	
  number	
  

of	
   residues	
  as	
  PA1	
   and	
  PA2;	
   however,	
   instead	
  of	
  having	
   two	
  different	
   residues	
   in	
   the	
  β-­‐

sheet	
  forming	
  region,	
  the	
  β-­‐sheet	
  forming	
  segment	
  has	
  been	
  replaced	
  to	
  contain	
  only	
  either	
  

valine	
  or	
  alanine	
  residues.	
  	
   PA3	
   assembly	
   results	
   in	
   the	
   formation	
   of	
   cylindrical	
  

nanofibers.	
   From	
   Figure	
   7.6A	
   and	
   Figure	
   7.9A,	
   the	
   equilibrated	
   structure	
   for	
   PA3	
  

resembles	
   PA1	
   in	
   adopting	
   an	
   elongated	
   shape	
   with	
   a	
   continuous	
   hydrophobic	
   core	
  

comprise	
   of	
   alkyl	
   tails.	
  While	
   valine	
   residues	
   are	
   known	
   for	
   high	
   propensity	
   for	
   β-­‐sheet	
  

formation,66	
  the	
  percentage	
  of	
  β-­‐sheets	
  of	
  PA3	
  is	
  8%	
  lower	
  than	
  that	
  that	
  of	
  PA1	
  (Figure	
  

7.10A-­‐B).	
   As	
   observed	
   from	
   its	
   structure	
   (Figure	
   7.6A	
   and	
   Figure	
   7.9A),	
   the	
   increased	
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hydrophobic	
  interaction	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  valine	
  side	
  chain	
  takes	
  precedence	
  

over	
  the	
  likelihood	
  to	
  form	
  hydrogen	
  bonds	
  since	
  valine	
  residues	
  are	
  strongly	
  hydrophobic.	
  

Consequently,	
  the	
  structure	
  is	
  observed	
  to	
  be	
  more	
  compact	
  with	
  the	
  valine	
  residues	
  being	
  

withdrawn	
  into	
  the	
  hydrophobic	
  core.	
  	
  

	
  

Figure	
  7.6.	
  Snapshot	
  of	
  the	
  equilibrated	
  structure	
  for	
  (A)	
  PA3	
  and	
  (B)	
  PA4	
  cylindrical	
  nanofibers.	
  Assembly	
  
kinetics	
  with	
  respect	
  to	
  the	
  average	
  number	
  of	
  PAs	
  per	
  cluster	
  and	
  total	
  number	
  of	
  aggregates	
  is	
  plotted	
  as	
  a	
  
function	
  of	
  time	
  for	
  (C)	
  PA3	
  and	
  (D)	
  PA4.	
  Snapshot	
  of	
  (E)	
  PA3	
  and	
  (F)	
  PA4	
  nanostructure	
  at	
  the	
  temperature	
  
at	
  which	
   the	
  structure	
  starts	
   to	
  dissociate.	
  Dissociation	
  kinetics	
  with	
  respect	
   to	
   the	
  average	
  number	
  of	
  PAs	
  
per	
  cluster	
  and	
  total	
  number	
  of	
  aggregates	
  is	
  plotted	
  as	
  a	
  function	
  of	
  time	
  for	
  (G)	
  PA3	
  and	
  (H)	
  PA4	
  during	
  the	
  
heating	
  process.	
  The	
  heating	
  intervals	
  and	
  temperature	
  are	
  indicated	
  by	
  dashed	
  lines.	
  	
  

	
   When	
   the	
   β-­‐sheet	
   forming	
   region	
   is	
   only	
   of	
   alanine	
   residues	
   for	
   PA4,	
   the	
   self-­‐

assembled	
  nanostructure	
  resembles	
  PA2	
  cylindrical	
  structure	
  with	
  the	
  exception	
  of	
  added	
  

junctions	
   and	
  more	
   discontinuities	
   along	
   the	
   inner	
   core	
   (Figure	
  7.6B	
  and	
   Figure	
  7.9B).	
  

Since	
  alanine	
  is	
  known	
  as	
  weakly	
  hydrophobic,	
  the	
  hydrophobic	
  core	
  is	
  even	
  less	
  compact	
  

than	
   that	
   of	
   PA2	
   cylindrical	
   nanofibers	
   since	
   the	
   alkyl	
   tail	
   form	
   less	
   hydrophobic	
  

interactions	
  with	
  alanine	
  residues.	
  Consequently,	
  alanine	
  residues	
  are	
  not	
  withdrawn	
  into	
  

the	
  hydrophobic	
  core.	
  Instead	
  they	
  form	
  the	
  most	
  amount	
  of	
  hydrogen	
  bonds	
  and	
  thus	
  β-­‐

sheets	
   (Figure	
   7.10A-­‐B)	
   over	
   the	
   other	
   three	
   sequences	
   as	
   expected.66	
   Moreover,	
   the	
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increased	
   propensity	
   for	
   intermolecular	
   hydrogen	
   bonds	
   for	
   PA4	
   facilitate	
   aggregate	
  

growth	
   through	
   added	
   intermolecular	
   hydrogen	
   bonds	
   creating	
   more	
   branched	
   or	
  

disjointed	
  junctions	
  between	
  micelles.	
  	
  

	
   The	
   assembly	
   kinetics	
   of	
   PA3	
   and	
   PA4	
   are	
   shown	
   in	
   Figure	
   7.6C	
   and	
   6.6D,	
  

respectively;	
  details	
  of	
  the	
  entire	
  assembly	
  mechanism	
  are	
  shown	
  in	
  Figure	
  7.11.	
  	
  The	
  self-­‐

assembly	
  mechanism	
  of	
  PA3	
  is	
  similar	
  to	
  that	
  of	
  PA1	
  while	
  the	
  self-­‐assembly	
  mechanism	
  of	
  

PA4	
  is	
  similar	
  to	
  that	
  of	
  PA2.	
  	
  

	
   Upon	
  performing	
  a	
  heated	
   simulation	
   these	
   two	
   systems,	
  mechanical	
   features	
   can	
  

also	
   be	
   extrapolated	
   based	
   on	
   their	
   dissociation	
  mechanism	
   (Figure	
   7.12).	
  Figure	
   7.6E	
  

and	
  6.6F	
  show	
  snapshots	
  of	
  PA3	
  and	
  PA4	
  nanostructures	
  at	
  the	
  temperatures	
  where	
  they	
  

start	
   to	
  disintegrate.	
  Unlike	
  PA4	
   that	
   immediately	
   starts	
   to	
  dissociate	
   into	
   small	
   clusters	
  

and	
  individual	
  molecules	
  at	
  T*=0.12,	
  PA3	
  nanostructure	
  is	
  much	
  more	
  robust	
  and	
  does	
  not	
  

dissociate	
  until	
  higher	
   temperatures	
  of	
  T*=0.14	
  (Figure	
  7.12).	
  As	
  shown	
   in	
  Figure	
  7.6G,	
  

PA3	
   structure	
   is	
   considerably	
   stable	
   throughout	
   the	
   heating	
   simulation.	
   The	
   stability	
   is	
  

most	
   likely	
  attributed	
   to	
   the	
  added	
  hydrophobic	
   interactions	
  due	
   to	
   the	
  presence	
  of	
  only	
  

valine	
  residues	
  that	
  strengthen	
  the	
  core	
  and	
  outweighing	
  the	
  charge-­‐charge	
  repulsion	
  from	
  

the	
  glutamic	
  acid	
  residues.	
  However,	
  PA4	
   is	
  observed	
  to	
  be	
  much	
  more	
  dynamic	
  with	
  the	
  

total	
  number	
  of	
  aggregates	
  quickly	
  increasing	
  indicative	
  of	
  the	
  formation	
  of	
  small	
  clusters	
  

(Figure	
  7.6H).	
   Since	
  disjointed	
  micelles	
  are	
  weakly	
   interconnected	
  at	
  multiple	
   junctions,	
  

PA4	
   nanostructure	
   is	
   more	
   susceptible	
   to	
   disruptions	
   by	
   a	
   slight	
   temperature	
   increase.	
  

Indeed,	
   PA4	
   nanostructures	
   exhibit	
   the	
   most	
   liquid-­‐like	
   dynamics	
   while	
   PA3	
  

nanostructures	
  exhibit	
  the	
  most	
  solid-­‐like	
  dynamics	
  even	
  when	
  being	
  compared	
  with	
  PA1	
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and	
  PA2	
  nanostructures	
  based	
  on	
   the	
  Lindemann	
  parameter	
   (Figure	
  7.13A)	
  and	
  motion	
  

velocity	
  (Figure	
  7.13B).	
  

7.5	
  	
   	
   Conclusions	
  

	
   By	
  simply	
   interchanging	
  the	
  position	
  of	
   two	
  blocks	
  of	
  hydrophobic	
  residues	
  (PA1:	
  

palmitoyl-­‐V3A3E3	
  and	
  PA2:	
  palmitoyl-­‐A3V3E3)	
  within	
  the	
  β-­‐sheet	
  forming	
  region	
  of	
  a	
  model	
  

PA	
   molecule,	
   rod-­‐like	
   structures	
   with	
   distinctive	
   internal	
   structural	
   arrangements	
   were	
  

self-­‐assembled.	
  Characteristics	
  of	
  a	
  prototypical	
  cylindrical	
  nanofiber	
  structure	
  of	
  PA1	
  is	
  identified	
  by	
  the	
  

ability	
   of	
   the	
   alkyl	
   tails	
   to	
   pull	
   the	
   valine	
   residues	
   into	
   the	
   interior	
   of	
   the	
   nanostructure	
   to	
   promote	
  

intermolecular	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  of	
  a	
  PA	
  molecule	
  with	
  the	
  first	
  three	
  peptide	
  

residues	
  (i.e.,	
  valines)	
  on	
  nearby	
  PA	
  molecules.	
  The	
  hydrophobic	
  core	
  of	
  PA1	
  cylindrical	
  nanofibers	
  

is	
   therefore	
   dense	
   and	
   contiguous	
   containing	
   not	
   only	
   the	
   alkyl	
   tails	
   but	
   also	
   of	
   valine	
  

residues.	
  In	
  contrast,	
  the	
  alkyl	
  tails	
  of	
  PA2	
  molecules	
  form	
  significantly	
  less	
  intermolecular	
  

hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  of	
  a	
  PA	
  molecule	
  and	
  the	
  first	
  three	
  peptide	
  

residues	
   (i.e.,	
   weakly	
   hydrophobic	
   alanines)	
   of	
   nearby	
   PA	
   molecules.	
   Therefore,	
   the	
  

hydrophobic	
   core	
   of	
   PA2	
   cylindrical	
   nanofibers	
   contains	
   only	
   the	
   alkyl	
   tails.	
   Moreover,	
  

there	
  are	
  additional	
  hydrophobic	
  interactions	
  between	
  the	
  alkyl	
  tail	
  of	
  inverted	
  molecules	
  

and	
  valine	
  residues,	
  and	
  hydrogen	
  bonds	
  that	
  bridge	
  the	
  interface	
  between	
  micelles	
  along	
  

PA2	
   fiber	
   axis.	
   Since	
   the	
   peptide	
   residues	
   of	
   PA2	
   form	
   an	
   increased	
   number	
   of	
  

hydrophobic	
  interactions	
  at	
  the	
  interface,	
  the	
  total	
  number	
  of	
  hydrogen	
  bonds	
  that	
  can	
  be	
  

formed	
   is	
   subsequently	
   reduced	
   resulting	
   in	
   a	
   lower	
   propensity	
   of	
   β-­‐sheet	
   formation.	
  	
  

While	
  PA1	
  and	
  PA2	
   forms	
  sufficient	
  β-­‐sheet	
  structures	
   to	
  promote	
  one-­‐dimensional	
  self-­‐

assembled	
   structures,	
   calculation	
   of	
   the	
   Lindemann	
   parameter	
   indicate	
   that	
   PA2	
  

nanofibers	
   are	
   structurally	
   less	
   stable	
   than	
   PA1	
   counterparts.	
   Both	
   PA1	
   and	
   PA2	
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nanofibers	
  were	
  then	
  subjected	
  to	
  temperature	
  increases	
  during	
  a	
  heating	
  process	
  showing	
  

that	
  as	
  the	
  temperature	
  increased	
  from	
  T*	
  =	
  0.12	
  to	
  0.15,	
  the	
  rate	
  at	
  which	
  PA2	
  dissociated	
  

into	
   isolated	
   random	
   coil	
   is	
  much	
   faster	
   than	
  PA1.	
   These	
   findings	
   demonstrate	
   a	
   strong	
  

correlation	
  with	
  previous	
  experimental	
  work	
  showing	
  PA2	
  exhibiting	
  weaker	
  mechanical	
  

properties	
  than	
  PA1.17	
  	
  

	
   Compared	
  to	
  the	
  experimental	
  speculation	
  that	
  PA2	
   forms	
  an	
  increased	
  amount	
  of	
  

misaligned	
  hydrogen	
  bonds	
  and	
   twisted	
  β-­‐sheets,	
  our	
   simulation	
   results	
   suggest	
   that	
   the	
  

reduced	
   amount	
   of	
   β-­‐sheets	
   and	
   the	
   arrangement	
   of	
   hydrophobic	
   core	
   are	
   mainly	
  

responsible	
   for	
   the	
   observed	
   decrease	
   in	
   macroscopic	
   bulk	
   material	
   property.	
   This	
  

observation	
  is	
  comparable	
  to	
  previous	
  simulation	
  results	
  by	
  Lee	
  et	
  al.,67	
  who	
  demonstrated	
  

that	
  the	
  difference	
  in	
  mechanical	
  property	
  between	
  palmitoyl-­‐V2A4E3	
  and	
  palmitoyl-­‐V4A2E3	
  

is	
   not	
   β-­‐sheet	
   twistedness	
   since	
   each	
   β-­‐sheet	
   is	
   not	
   infinitely	
   continuous	
   along	
   the	
   fiber	
  

axis	
  as	
  proposed	
  by	
  Stupp	
  and	
  coworkers17	
  but	
  rather	
  small	
  in	
  size	
  containing	
  2-­‐5	
  peptides	
  

as	
   similarly	
  observed	
   in	
  our	
   simulations.	
  Additional	
   study	
  on	
   two	
  more	
  sequences	
   (PA3:	
  

palmitoyl-­‐V6E3	
   and	
  PA4:	
   palmitoyl-­‐A6E3)	
   to	
   examine	
   the	
   effect	
   of	
   having	
   a	
   homogenous	
  

sequence	
  that	
  is	
  either	
  strongly	
  or	
  mildly	
  hydrophobic	
  for	
  the	
  β-­‐sheet	
  forming	
  region	
  was	
  

performed	
   in	
   this	
   study.	
  Our	
  results	
   indicate	
   the	
   formation	
  of	
   two	
  unique	
  self-­‐assembled	
  

nanostructures:	
  elongated	
  micelles	
  and	
  disjointed	
  cylindrical	
  micelles.	
  Comparing	
  all	
   four	
  

sequences,	
   it	
   is	
   shown	
   that	
   the	
   balance	
   between	
   noncovalent	
   interactions	
   is	
   immensely	
  

significant.	
  As	
  the	
  β-­‐sheet	
  forming	
  peptide	
  region	
  become	
  less	
  hydrophobic	
  as	
  in	
  the	
  case	
  of	
  

PA4,	
   the	
   ability	
   to	
   form	
   stable	
   one-­‐dimensional	
   nanofiborus	
   structure	
   with	
   contiguous	
  

hydrophobic	
  core	
  is	
  limited.	
  This	
  agrees	
  with	
  our	
  previous	
  studies	
  that	
  examine	
  the	
  effects	
  

of	
   solvent-­‐dependent	
   hydrophobicity44,45	
   and	
   to	
   some	
   extent	
   pH-­‐dependent	
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electrostatics10,42	
   	
   on	
   PA	
   self-­‐assembly.	
   Through	
   this	
   study,	
   adjusting	
   the	
   position	
   of	
  

individual	
  residues	
  may	
  provide	
  an	
  alterative	
  pathway	
  to	
  achieve	
  desirable	
  structural	
  and	
  

functional	
   characteristics	
   for	
   the	
   development	
   of	
   innovative	
   biomaterials	
   in	
   a	
  more	
   fine-­‐

tuning	
  manner.	
   	
   This	
   would	
   allow	
   using	
  molecular	
   simulations	
   to	
   aid	
   in	
   the	
   design	
   and	
  

development	
  of	
  bio-­‐inspired	
  materials	
  for	
  the	
  fields	
  of	
  drug	
  delivery,	
  diagnostic	
  medicine,	
  

tissue	
  engineering,	
  and	
  regenerative	
  medicine	
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Figure	
   7.7.	
   Snapshots	
   of	
   equilibrium	
   structures	
   of	
   a	
   singe	
   PA2	
  molecule	
   at	
   the	
   lowest	
   temperature	
   from	
  
replica-­‐exchange	
  simulations	
  using	
  (A)	
  coarse-­‐grained	
  ePRIME	
  model	
  and	
  (B)	
  atomistic	
  CHARMM	
  model.	
  The	
  
color	
  scheme	
  is:	
  hydrophobic	
  alkyl	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  (blue),	
  and	
  glutamic	
  acid	
  (pink).	
  	
  Plot	
  of	
  
the	
  percentage	
  of	
  secondary	
  structure	
  formation	
  as	
  a	
  function	
  of	
  temperature	
  for	
  a	
  singe	
  PA2	
  molecule	
  from	
  
replica-­‐exchange	
   simulations	
   using	
   (C)	
   coarse-­‐grained	
   ePRIME	
   model	
   and	
   (D)	
   atomistic	
   CHARMM	
  model.	
  
Data	
  shown	
  is	
  taken	
  from	
  the	
  average	
  of	
  the	
  last	
  10%	
  of	
  equilibrium	
  data	
  and	
  standard	
  deviation	
  is	
  ±20%.	
  	
  

	
  
At	
   the	
   lowest	
   temperature	
   of	
   T∗	
   =	
   0.07,	
   the	
   peptide	
   folds	
   into	
   a	
   α-­‐helical	
  

conformation	
   (Figure	
   7.7A)	
   using	
   our	
   coarse-­‐grained	
   ePRIME	
   model.42	
   Comparing	
   this	
  

structure	
  to	
  the	
  final	
  conformation	
  obtained	
  at	
  T	
  =	
  260K	
  using	
  atomistic	
  CHARMM	
  27	
  force	
  

field58-­‐60	
  model	
  (Figure	
  7.7B)	
  shows	
  a	
  high	
  resemblance	
  in	
  the	
  folded	
  conformation	
  of	
  the	
  

peptide	
  segment,	
  and	
  the	
  interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  peptide	
  segment	
  from	
  

the	
  coarse-­‐grained	
  and	
  all-­‐atom	
  simulations.	
  In	
  both	
  simulations,	
  the	
  peptide	
  segment	
  folds	
  

into	
  an	
  α-­‐helical	
   conformation,	
  with	
   favorable	
  hydrophobic	
   interactions	
  present	
  between	
  

the	
  flexible	
  hydrophobic	
  tail	
  and	
  the	
  sidechains	
  of	
  the	
  corresponding	
  hydrophobic	
  residues.	
  	
  

Equilibrium	
   results	
   obtained	
   from	
   replica-­‐exchange	
   simulations	
   using	
   either	
   our	
  

coarse-­‐grained	
   ePRIME	
   or	
   all-­‐atom	
   CHARMM	
   27	
   force	
   field	
   models	
   produce	
   similar	
  

structures	
  over	
  a	
  wide	
  range	
  of	
   temperatures	
  as	
  shown	
  in	
  Figure	
  7.7C	
  and	
  Figure	
  7.7D,	
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which	
   plot	
   the	
   percentage	
   of	
   secondary	
   structures	
   created	
   by	
   the	
   peptide	
   segment	
   as	
   a	
  

function	
  of	
   temperature.	
  Both	
  show	
  the	
  transition	
  between	
  α-­‐helical	
  conformation	
  at	
   low	
  

temperatures	
  and	
  random	
  coil	
  at	
  high	
  temperatures.	
  This	
  indicates	
  that	
  our	
  coarse-­‐grained	
  

model	
  of	
  the	
  chosen	
  PA	
  molecule	
  has	
  a	
  remarkable	
  ability	
  to	
  predict	
  not	
  only	
  the	
  secondary	
  

structure	
   created	
   by	
   the	
   peptide	
   segment	
   as	
   a	
   function	
   of	
   temperature	
   but	
   also	
   the	
  

interactions	
  between	
  the	
  alkyl	
  tail	
  and	
  the	
  peptide	
  segment.	
  

For	
   the	
   replica-­‐exchange	
  MD	
   simulation	
   using	
   our	
   coarse-­‐grained	
   ePRIME	
  model,	
  

each	
   simulation	
   contains	
   16	
   replicas	
   distributed	
   over	
   a	
   broad	
   interval	
   of	
   temperature	
  

ranging	
  from	
  T*	
  =	
  0.07	
  to	
  T*	
  =	
  0.17.	
  Exchange	
  attempts	
  occur	
  every	
  t*	
  =	
  5.0	
  reduced	
  time	
  

units.	
  This	
  corresponds	
  to	
  a	
  replica-­‐exchange	
  attempt	
  after	
  ∼6	
  000	
  000	
  collisions	
  at	
  each	
  

temperature.	
   Approximately	
   29	
   700	
   replica-­‐exchange	
   attempts	
   are	
   made	
   before	
  

equilibrium	
   is	
   reached.	
   The	
   criteria	
   for	
   equilibrium	
   is	
   that	
   the	
   ensemble	
   average	
   of	
   the	
  

system’s	
  total	
  potential	
  energy,	
  which	
  is	
  collected	
  at	
  the	
  end	
  of	
  each	
  DMD	
  run,	
  should	
  vary	
  

by	
  no	
  more	
  than	
  2.5%	
  during	
  the	
  second	
  half	
  of	
  all	
  DMD	
  runs	
  at	
  each	
  temperature.	
  Once	
  

equilibrium	
   is	
   reached,	
   the	
   data	
   collection	
   phase	
   begins	
   in	
   which	
   3300	
   extra	
   replica-­‐

exchange	
  attempts	
  are	
  made.	
  	
  

All-­‐atom	
  replica-­‐exchange	
   simulation	
   is	
   also	
  performed	
  using	
  NAMD68	
   for	
  a	
   single	
  

PA	
   chain	
   to	
   serve	
   as	
   a	
   validation	
   of	
   our	
   coarse-­‐grained	
   model.	
   The	
   simulation	
   has	
   16	
  

replicas	
  over	
  a	
  wide	
  range	
  of	
  temperatures	
  ranging	
  from	
  T	
  =	
  260	
  K	
  to	
  T	
  =	
  550	
  K	
  using	
  the	
  

CHARMM	
  27	
   force	
   field.	
   A	
   replica-­‐exchange	
   attempt	
   is	
  made	
   at	
   every	
   2000	
   steps,	
  which	
  

corresponds	
   to	
   4	
   ps	
   for	
   each	
   temperature,	
   and	
   an	
   approximate	
   85	
   000	
   replica-­‐exchange	
  

attempts	
  were	
  made.	
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Figure	
   7.8.	
   The	
   probability	
   of	
   β-­‐sheet	
   twisting	
   at	
   a	
   certain	
   angle	
   is	
   plotted	
   for	
   PA1	
   and	
   PA2	
   cylindrical	
  
nanofibers.	
  	
  Angles	
  are	
  determined	
  using	
  PyMOL64	
  implementing	
  the	
  “angle_between_helices.py”	
  open	
  source	
  
script	
  by	
  Thomas	
  Holder.	
  The	
  values	
  are	
  obtained	
  from	
  all	
  simulations	
  for	
  PA1	
  and	
  PA2.	
  	
  

	
  

	
  

Figure	
  7.9.	
  Representative	
  equilibrium	
  structure	
  of	
  cylindrical	
  nanofibers	
  showcasing	
  (i)	
  only	
  the	
  alkyl	
  tails,	
  
(ii)	
  plus	
  the	
  six	
  β-­‐forming	
  residues,	
  and	
  (iii)	
  the	
  whole	
  sequence	
  of	
  (A)	
  PA3	
  and	
  (B)	
  PA4.	
  Color	
  scheme	
  using	
  
VMD61:	
  alkyl	
  tail	
  (red),	
  valine	
  (green),	
  alanine	
  (blue),	
  and	
  glutamic	
  acid	
  (pink).	
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Figure	
  7.10.	
  For	
  four	
  sequences:	
  (A)	
  Average	
  amount	
  of	
  β-­‐sheets	
  on	
  cylindrical	
  nanofibers	
  at	
  equilibrium	
  and	
  
(B)	
  the	
  β-­‐sheet	
  propensity	
  is	
  plotted	
  as	
  a	
  function	
  of	
  the	
  peptide	
  residue.	
  	
  

	
  

	
  

Figure	
  7.11.	
  Snapshots	
  showing	
  a	
  dynamic	
  self-­‐assembly	
  process	
  at	
  different	
  times	
  for	
  (A)	
  PA3	
  and	
  (B)	
  PA4	
  
starting	
  from	
  random	
  configurations.	
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Figure	
  7.12.	
  Snapshots	
  of	
   the	
  equilibrated	
   structure	
  at	
   the	
  end	
  of	
   each	
   increasing	
   temperature	
   (T*=0.12	
  –	
  
0.15)	
   during	
   the	
   heating	
   process	
   for	
   (A)	
   PA3	
   and	
   (B)	
   PA4	
   starting	
   from	
   cylindrical	
   nanofiber	
   structures	
  
assembled	
  at	
  T*=0.11.	
  

	
  

	
  

Figure	
   7.13.	
   For	
   four	
   sequences:	
   (A)	
   the	
   Lindemann	
   value	
   at	
   different	
   points	
   along	
   the	
   fiber	
   axis	
   of	
  
cylindrical	
   nanofibers	
   and	
   (B)	
   the	
   velocity	
   of	
   individual	
   regions	
   of	
   each	
   molecule.	
   The	
   first	
   4	
   regions	
  
correspond	
  to	
  the	
  alkyl	
  tail	
  and	
  remaining	
  9	
  regions	
  correspond	
  to	
  9	
  peptide	
  residues.	
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CHAPTER	
  8	
  	
   Toward	
  Self-­‐Assembly	
  of	
  Nonviral	
  Gene	
  Delivery	
  
Complexes	
  via	
  Molecular	
  Dynamics	
  Simulations	
  

	
  

8.1	
  	
   	
   Abstract	
  
	
  

Coarse-­‐grained,	
   ePRIME	
   model	
   has	
   been	
   further	
   developed	
   into	
   BioModi	
  

(Biomolecular	
  Multiscale	
  Models	
   at	
   UC	
   Irvine)	
   to	
   incorporate	
   and	
   adequately	
  model	
   the	
  

biological	
  behavior	
  of	
  nucleic	
  acids	
  and	
  polyethylene	
  glycol	
  units.	
  	
  Physiologically	
  relevant	
  

behavior	
  is	
  captured	
  from	
  performing	
  atomistic	
  simulations	
  to	
  determine	
  the	
  dynamics	
  of	
  

individual	
  PEGylated-­‐polypeptide	
  and	
  double	
  stranded	
  siRNA	
  molecules.	
  siRNA	
  is	
  modeled	
  

with	
   sequence	
   specificity	
   instead	
   of	
   a	
   simple	
   flexible	
   polymer	
   to	
   account	
   for	
   sequence-­‐

dependent	
   interactions	
   (e.g.	
   base-­‐stacking,	
   electrostatic	
   interactions,	
   solvent-­‐induced	
  

interactions).	
   From	
   performing	
   simulations	
   with	
   large	
   number	
   of	
   PEGylated	
   cationic	
  

polymer	
   (PEG5000-­‐LYSn;	
   n	
   =	
   9,27,50)	
   and	
   siRNA21	
   (5′-­‐CAAGCUGACCCUGAAGUUCdTdT-­‐3′),	
  

complexation	
   is	
   observed	
   between	
   these	
   two	
   species.	
   In	
   particular,	
   shorter	
   cationic	
  

polymer	
  length	
  leads	
  to	
  formation	
  of	
  larger	
  aggregate	
  size	
  and	
  a	
  greater	
  cationic	
  polymer	
  

to	
  siRNA	
  ratio.	
  In	
  accordance	
  with	
  experimental	
  results,	
  longer	
  cationic	
  polymer	
  length	
  at	
  a	
  

higher	
  N/P	
  ratio	
  can	
  yield	
  predominant	
  formation	
  of	
  larger	
  aggregate	
  size.	
  Understanding	
  

the	
  role	
  of	
  the	
  electrostatic	
  interaction	
  in	
  the	
  self-­‐	
  assembly	
  process	
  aids	
  in	
  characterizing	
  

structural	
   and	
   behavior	
   properties	
   of	
   the	
   system	
   for	
   the	
   rational	
   design	
   of	
   a	
   targeted	
  

delivery	
  system	
  for	
  nucleic	
  acids.	
  	
  

	
  

8.2	
  	
   	
   Introduction	
  
	
  

The	
   discovery	
   of	
   RNA	
   interference1,2	
   as	
   a	
   post-­‐transcription	
  mechanism	
   for	
   gene	
  

silencing	
   has	
   been	
   rapidly	
   developed	
   as	
   a	
   therapeutic	
   approach	
   for	
   infectious	
   diseases,	
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cancer	
   treatment,	
   genetic	
   disorders.3	
   Through	
   the	
   use	
   of	
   sequence-­‐specific	
   small	
  

interfering	
  RNA	
   (siRNA),	
   the	
   approach	
   surpasses	
   other	
   conventional	
   drug	
   therapies	
   (e.g.	
  

small	
  molecule	
  protein	
  therapeutics)	
  in	
  that	
  it	
  offers	
  an	
  enticing	
  ability	
  to	
  virtually	
  silence	
  

any	
   gene.4,5	
   However,	
   the	
   greatest	
   challenge	
   in	
   utilizing	
   siRNA	
   rests	
   upon	
   achieving	
  

effective	
   systemic	
   delivery.	
   Naked	
   siRNA	
   injected	
   intravenously	
   is	
   subjected	
   to	
   nuclease	
  

degradation	
  and	
  rapid	
  renal	
  excretion	
  in	
  addition	
  to	
  having	
  non-­‐specific	
  interactions	
  with	
  

serum	
  proteins.6	
  Both	
  viral	
  and	
  non-­‐viral	
  vectors	
  have	
  been	
  designed	
  to	
  be	
  successful	
  gene	
  

carriers;	
  however,	
  due	
  to	
  low	
  cost	
  of	
  production	
  and	
  increased	
  biocompatibility,	
  non-­‐viral	
  

vectors	
  have	
  been	
  considered	
  to	
  be	
  more	
  preferable.	
  General	
  design	
  characteristics	
  of	
  non-­‐

viral	
  vectors	
  are	
  typically	
  cationic	
  in	
  nature	
  to	
  promote	
  complexation	
  with	
  anionic	
  nucleic	
  

acids	
   through	
   attractive	
   electrostatic	
   interactions.	
   In	
   particular,	
   focus	
   will	
   be	
   placed	
   on	
  

using	
  peptide-­‐polymer	
  conjugates	
   that	
  can	
   form	
  polyionic	
  complex	
  micelles	
   to	
  effectively	
  

shield	
  siRNA	
  to	
  improve	
  therapeutic	
  delivery.	
  	
  

The	
  use	
  of	
  small	
  interfering	
  RNAs	
  (siRNA)	
  to	
  correct	
  the	
  over-­‐	
  or	
  under	
  expression	
  

of	
   genes	
   have	
   been	
   shown	
   to	
   be	
   a	
   promising	
   approach	
   for	
   the	
   treatment	
   of	
   diseases.7	
  

Beginning	
  with	
  either	
  a	
  long	
  double-­‐stranded	
  RNA	
  that	
  can	
  be	
  separated	
  into	
  fragments	
  by	
  

the	
  enzyme	
  Dicer	
  or	
  produced	
  synthetically	
  as	
  a	
  sequence	
  of	
  21-­‐25	
  base	
  pairs,	
  siRNA	
  can	
  

be	
   directly	
   introduced	
   into	
   the	
   cell.	
   Next,	
   siRNA	
   is	
   incorporated	
   into	
   the	
   RNA-­‐	
   induced	
  

silencing	
   complex,	
  RISC,	
  which	
   separates	
   the	
   siRNA	
   into	
   two	
   single	
   strands	
   and	
  discards	
  

one	
   of	
   them.	
   The	
   strand	
   that	
   is	
   left	
   behind,	
   antisense	
   strand,	
   directs	
   the	
   RISC	
   to	
  mRNA	
  

molecules	
  and	
  through	
  complementary	
  base	
  pairing,	
   the	
  siRNA	
  can	
  selectively	
   target	
  and	
  

bind	
   to	
   a	
   selected	
   region.	
   Consequently,	
   that	
   specific	
   region	
   is	
   degraded	
   resulting	
   in	
   the	
  

absent	
  expression	
  of	
  a	
  certain	
  gene.	
  Although	
  this	
  method	
  has	
  been	
  shown	
  to	
  be	
  effective,	
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the	
   issue	
   rests	
   upon	
   having	
   a	
   delivery	
   system	
   that	
   can	
   ensure	
   the	
   delivery	
   of	
   siRNA	
  

molecules	
  to	
  target	
  cells.8	
  

Peptide-­‐polymer	
  conjugate	
  molecules	
  are	
  desirable	
  non-­‐viral	
  vectors	
  because	
   they	
  

are	
  less	
  cytotoxic	
  and	
  offer	
  more	
  flexibility	
  in	
  terms	
  of	
  structural	
  and	
  chemical	
  properties	
  

in	
  comparison	
  with	
  viral-­‐vectors.	
  The	
  peptide-­‐polymer	
  conjugate	
  of	
   interest	
   is	
  comprised	
  

of	
   a	
   PEGylated	
   polymer	
   attached	
   to	
   a	
   cationic	
   polypeptide.	
   The	
   benefits	
   of	
   using	
   a	
  

PEGylated-­‐cationic	
   peptide	
   as	
   opposed	
   to	
   a	
   simple	
   cationic	
   polypeptide	
   that	
   can	
   already	
  

neutralize	
   the	
   anionic	
   charges	
   on	
   siRNA	
   for	
   easier	
   cellular	
   internalization,	
   the	
   positive	
  

surface	
  charge	
  can	
  still	
  lead	
  to	
  non-­‐specific	
  interactions	
  with	
  other	
  macromolecules	
  or	
  that	
  

the	
   interaction	
   can	
   be	
   so	
   strong	
   that	
   it	
   does	
   not	
   facilitate	
   an	
   effective	
   dissociation.	
  With	
  

PEGylated	
  species,	
  there	
  is	
  more	
  steric	
  stabilization	
  and	
  can	
  form	
  a	
  protective	
  outer	
  shell	
  to	
  

better	
  encapsulate	
  the	
  gene	
  from	
  physiological	
  surroundings.9	
  

The	
  structural	
  versatility	
  of	
  peptide-­‐polymer	
  conjugates	
  can	
  be	
  further	
  modified	
  to	
  

serve	
   as	
   a	
   non-­‐viral	
   vector	
   specifically	
   as	
   a	
   gene	
   delivery	
   system.	
   The	
   use	
   of	
   small	
  

interfering	
  RNAs	
  (siRNA)	
  to	
  correct	
  over-­‐	
  or	
  under-­‐	
  expression	
  of	
  genes	
  has	
  been	
  shown	
  to	
  

be	
   a	
   promising	
   approach	
   for	
   the	
   treatment	
   of	
   diseases.	
   However,	
   it	
   faces	
   many	
   in-­‐vivo	
  

barriers	
   such	
   as	
   lacking	
   an	
   efficient	
   carrier	
   to	
   reach	
   target	
   cells,	
   avoiding	
   enzymatic	
  

degradation,	
   and	
   ultimately	
   achieve	
   an	
   effective	
   dissociation	
   for	
   gene	
   transfer.7	
  

Experimental	
  work	
  have	
  previously	
  examined	
  the	
  use	
  of	
  PEGylated	
  polyplex	
  micelles	
  that	
  

are	
   comprised	
  of	
   a	
  PEGylated	
  polymer	
  attached	
   to	
  a	
   cationic	
  polypeptide	
   chain	
  as	
  viable	
  

gene	
  vectors.10	
  The	
  choice	
  of	
  using	
  non-­‐viral	
  vectors	
  as	
  opposed	
  to	
  viral	
  vectors	
  parallels	
  

that	
  of	
  selecting	
  biohybrid	
  synthetic	
  polymer	
  in	
  that	
  they	
  offer	
  increased	
  steric	
  stabilization	
  

and	
   less	
   cytotoxicity	
   while	
   offering	
   ability	
   to	
   fine-­‐tune	
   specific	
   properties	
   to	
   enable	
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effective	
   transfection	
   and	
   release	
   of	
   nucleic	
   acids.	
   Simple	
   cationic	
   polymers	
   without	
  

PEGylated	
   species	
   provides	
   a	
  mean	
   for	
   enhanced	
   cellular	
   internalization	
   by	
   neutralizing	
  

positive	
  charges	
  of	
  siRNA	
  however	
  a	
  net	
  surface	
  charge	
  can	
  yield	
  non-­‐	
  specific	
  interactions	
  

with	
  other	
  macromolecules	
  deterring	
  from	
  effective	
  dissociation	
  of	
  the	
  gene.	
  Through	
  the	
  

combination	
  of	
  the	
  PEGylated	
  species,	
  a	
  protective	
  layer	
  owing	
  to	
  the	
  core-­‐shell	
  model	
  can	
  

better	
  encapsulate	
  and	
  shield	
  the	
  gene	
  from	
  the	
  physical	
  environment.	
  	
  

With	
   consideration	
   to	
   rationally	
   design	
   a	
   non-­‐viral	
   vector,	
   previous	
   biological	
  

experiments	
   have	
   shown	
   that	
   multitude	
   of	
   factors	
   can	
   influence	
   the	
   efficacy	
   of	
   a	
   gene	
  

delivery	
   system.	
   These	
   factors	
   include	
   structural	
   arrangement	
   of	
   the	
   carriers,	
  molecular	
  

weight,	
   size,	
   charge	
   density	
   between	
   gene	
   and	
   carrier,	
   and	
   etc.	
   However,	
   comparing	
  

between	
   different	
   common	
   carriers	
   to	
   extrapolate	
   behavioral	
   trends	
   has	
   led	
   to	
   some	
  

contradictory	
  results.	
  For	
  PLL-­‐DNA	
  system,	
  short	
  PLL	
  lengths	
  resulted	
  in	
  more	
  condensed	
  

DNA	
  structures	
  whereas	
   for	
  PAMAM-­‐RNA,	
   increased	
  branching	
  due	
   to	
   additional	
   surface	
  

amines	
  leads	
  to	
  more	
  stable	
  complexes.11	
  

The	
   effect	
   of	
   the	
   cationic	
   polymers’	
   architecture	
   on	
   complexation	
   has	
   been	
  

examined	
   by	
   Smith	
   et	
   al.,12	
   using	
   atomistic	
   MD	
   simulations	
   for	
   six	
   cationic	
   polymers	
   of	
  

varying	
  structures	
  (i.e.	
  PLL	
  vs.	
  PAMAM,	
  as	
  dendritic	
  and	
  linear	
  forms)	
  with	
  siRNA.	
  Through	
  

the	
   use	
   of	
   MD	
   simulations,	
   the	
   intricate	
   process	
   of	
   gene/carrier	
   binding	
   occurs	
   can	
   be	
  

quantified	
   through	
   the	
   binding	
   free	
   energy	
   to	
   provide	
   insight	
   on	
   the	
   disassembly	
  

mechanism.	
  While	
  polymers	
  with	
  greater	
  charge	
  can	
  form	
  stronger	
  complexes,	
  they	
  may	
  be	
  

problematic	
  while	
  accounting	
  for	
  dissociation	
  and	
  delivery	
  of	
  the	
  gene.	
  In	
  a	
  related	
  study	
  to	
  

examine	
  PAMAM-­‐RNA	
  complex	
   at	
  different	
  pH	
  environment	
   to	
  model	
   the	
   late	
   endosome	
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stage,	
  complexes	
  at	
  low	
  pH	
  were	
  observed	
  to	
  form	
  more	
  compact	
  structures	
  than	
  at	
  neutral	
  

pH.13	
  	
  

Modification	
   of	
   the	
   polycation	
   architecture	
   in	
   addition	
   to	
   changing	
   the	
   charge	
  

density	
  between	
  the	
  gene	
  and	
  carrier	
  has	
  been	
  shown	
  to	
  affect	
  the	
  complex	
  stability.	
  In	
  an	
  

attempt	
  to	
  adequately	
  model	
  the	
  in-­‐vitro	
  system	
  that	
  would	
  typically	
  contain	
  more	
  than	
  a	
  

single	
  carrier	
  or	
  a	
  single	
  siRNA	
  molecule,	
  multiple	
  carriers	
  and/or	
  genes	
  were	
  examined	
  to	
  

look	
   at	
   the	
   underlying	
   interaction	
   necessary	
   for	
   complexation.14,15	
   Comparison	
   between	
  

branched	
   PEIs	
   and	
   linear	
   PEIs	
   indicated	
   that	
   linear	
   PEIs	
   are	
   more	
   flexible	
   allowing	
   for	
  

better	
   surface	
   coverage	
   between	
  DNA	
   and	
  PEI	
   and	
   consequently	
  more	
   stable	
   structures.	
  

For	
  a	
  system	
  that	
  has	
  excess	
  of	
  PEI	
  to	
  fully	
  neutralize	
  DNA,	
  stable	
  aggregates	
  are	
  also	
  more	
  

likely	
  to	
  form.	
  	
  

Atomistic	
  MD	
  simulations	
  have	
  shown	
  to	
  be	
  a	
  technique	
  that	
  can	
  provide	
  the	
  means	
  

to	
  examine	
  the	
  detailed	
  binding	
  process	
  as	
  well	
  as	
  investigating	
  the	
  role	
  of	
  certain	
  factors	
  

that	
  can	
  affect	
  the	
  stability	
  of	
  the	
  resulting	
  complex.	
  However,	
  previous	
  simulation	
  studies	
  

have	
   only	
   examined	
   small	
   systems	
   of	
   several	
   siRNA	
   molecules	
   and/or	
   carriers	
   due	
   to	
  

computational	
   constraints.	
   A	
   recent	
   study	
   using	
   coarse-­‐grained	
  molecular	
   dynamics	
   has	
  

examined	
  how	
  the	
  architecture	
  and	
  flexibility	
  of	
  the	
  polycations	
  can	
  affect	
  the	
  structure	
  of	
  

the	
   polyionic	
   complexes.16	
   The	
   ability	
   to	
   examine	
   the	
   formation	
   and	
   subsequently	
  

characterize	
   the	
   interactions	
   of	
   the	
   resulting	
   polyionic	
   complex	
   would	
   be	
   difficult	
   in	
  

atomistic	
  simulations	
  due	
  to	
  the	
  limited	
  timescale.	
  From	
  their	
  simulation	
  studies,	
  Elder	
  and	
  

Jayaraman16	
   indicated	
   that	
   the	
   charge	
   ratio,	
   as	
   defined	
   by	
   the	
   number	
   of	
   positive	
   to	
  

negatively	
  charged	
  groups,	
   largely	
  determines	
   the	
  polyionic	
  complex	
  structure.	
  At	
  charge	
  

neutrality	
   (CR=1)	
   for	
   a	
   fully	
   flexible	
   polyanion,	
   the	
   polyionic	
   complex	
   adopts	
   a	
   globular	
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conformation	
  that	
  is	
  smaller	
  in	
  size	
  and	
  more	
  compact	
  due	
  to	
  elimination	
  of	
  excess	
  charges.	
  

On	
   the	
   other	
   hand,	
   when	
   the	
   charge	
   ratio	
   is	
   greater	
   than	
   one,	
   the	
   polyionic	
   complex	
   is	
  

much	
  larger	
  and	
  anisotropic.	
  At	
  CR>1,	
  changing	
  the	
  architecture	
  of	
  the	
  polycation	
  (e.g.	
  graft	
  

length	
  or	
  graft	
   spacing)	
   suggests	
   that	
   the	
  surface	
  charge	
  of	
   the	
  polyionic	
  complex	
  can	
  be	
  

modified	
   accordingly.	
   Since	
   these	
   molecules	
   are	
   relevant	
   for	
   gene	
   delivery,	
   the	
   need	
   to	
  

possess	
  a	
  net	
  surface	
  charge	
  is	
  important	
  for	
  effective	
  transfection	
  consideration.	
  	
  

For	
   our	
   system,	
  we	
   conjugate	
   PEG	
   onto	
   poly(lysine)	
   and	
   use	
   siRNA	
  with	
   21	
   base	
  

pairs.	
   Poly-­‐L-­‐Lysine	
   is	
   commonly	
   used	
   as	
   a	
   non-­‐viral	
   DNA	
   condensing	
   agent	
   and	
   is	
  

attractive	
  because	
  it	
  is	
  readily	
  biodegradable	
  and	
  PEG	
  is	
  added	
  to	
  increase	
  circulation	
  half-­‐

life.	
  Through	
  mainly	
  electrostatic	
  interactions,	
  we	
  expect	
  to	
  form	
  a	
  polyionic	
  complex	
  with	
  

a	
   core-­‐shell	
   architecture.17	
   The	
   outer	
   shell	
   will	
   consist	
   of	
   the	
   PEG	
   that	
   will	
   enhance	
  

circulation	
  time	
  and	
  the	
  inner	
  core	
  will	
  be	
  of	
  the	
  siRNA	
  with	
  the	
  cationic	
  lysine.	
  The	
  inner	
  

core	
  can	
  also	
  be	
  used	
  as	
  a	
  potential	
  reservoir	
  for	
  drug	
  loading	
  as	
  well.	
  The	
  overall	
  size	
  will	
  

be	
   less	
  than	
  150	
  nm	
  clearance	
  value	
   in	
  which	
  the	
  positive	
  charged	
  complex	
  can	
  attach	
  to	
  

the	
  negative	
  charge	
  on	
  cell	
  surface	
  to	
  be	
  endocytosed.	
  In	
  particular,	
  effective	
  complexation	
  

will	
   be	
   characterized	
   and	
  determined	
   as	
   a	
   function	
   of	
  modifying	
   the	
   length	
   of	
   the	
   lysine	
  

segment	
  and	
  the	
  nitrogen	
  to	
  phosphate	
  ratio	
  of	
  the	
  system.	
  	
  

	
  

8.3	
  	
   	
   Methods	
  

8.3.1	
   	
   Atomistic	
  Models	
  
	
  

Double	
   stranded,	
   α-­‐siRNA	
   (5’-­‐CAAGCUGACCCUGAAGUUCdTdT-­‐3’)	
   was	
   built	
   using	
  

AMBER	
   ff12SB18	
   by	
   first	
   building	
   the	
   structure	
   as	
   if	
   it	
  was	
   an	
  α-­‐DNA	
  molecule	
   and	
   then	
  

converting	
   back	
   to	
   α-­‐RNA.	
   To	
   attain	
   the	
   structure	
   with	
   sticky	
   ends,	
   the	
   complementing	
  



211	
  
	
  

nucleotide	
  of	
  the	
  sticky	
  ends	
  were	
  removed.	
  After	
  the	
  structure	
  is	
  minimized	
  and	
  heated	
  to	
  

the	
  desired	
  temperature,	
  constant	
  temperature	
  simulation	
  is	
  performed	
  using	
  SANDER	
  at	
  T	
  

=	
  270K	
  and	
  T=	
  300K	
  at	
  an	
  ion	
  concentration	
  of	
  0.001	
  M.	
  	
  

Single	
  molecule	
  PEGylated-­‐poly(L-­‐Lysine)	
  (PEG44LYS18)	
  was	
  built	
  using	
  MATCH19,	
  a	
  

Multipurpose	
  Atom-­‐Typer	
  for	
  CHARMM,	
  using	
  the	
  CHARMM	
  22	
  force	
  field.	
  	
  The	
  PEG	
  length	
  

is	
   equivalent	
   to	
   ~PEG2000	
   and	
   is	
   considered	
   to	
   be	
   a	
   smaller	
   representation	
   of	
   the	
  

experimental	
  molecule	
   of	
   PEG5000.	
   Although	
   the	
   length	
   is	
   reduced	
   due	
   to	
   the	
   software	
  

limitation,	
   the	
   resulting	
   dynamic	
   behavior	
   of	
   the	
   polymer	
   is	
   believed	
   to	
   be	
   an	
   adequate	
  

representation	
   for	
   the	
   larger	
  scaled-­‐up	
  molecule.	
  Constant	
   temperature	
  simulations	
  were	
  

performed	
   using	
   NAMD20	
   at	
   an	
   ion	
   concentration	
   of	
   0.001	
   M	
   and	
   T	
   =	
   298	
   K	
   to	
   be	
  

comparable	
   with	
   experimental	
   conditions.	
   	
   A	
   total	
   of	
   50	
   ns	
   was	
   simulated	
   with	
   a	
   2	
   fs	
  

timestep	
  and	
  outputs	
  were	
  written	
  every	
  1	
  ps.	
  End-­‐to-­‐end	
  distance	
  and	
  radius	
  of	
  gyration	
  

for	
   the	
   molecule	
   was	
   calculated	
   using	
   analysis	
   scripts	
   from	
   Visual	
   Molecular	
   Dynamics	
  

(VMD).21	
  

	
  

8.3.2	
  	
  	
   Coarse-­‐grained	
  siRNA	
  and	
  PEGylated-­‐poly(L-­‐lysine)	
  Model	
  
	
  

Development	
  of	
  a	
  coarse-­‐grained	
  model	
  for	
  siRNA	
  has	
  been	
  built	
  upon	
  prior	
  existing	
  

model	
   in	
   our	
   laboratory,	
   BioModi	
   (Biomolecular	
   Multiscale	
   Models	
   at	
   UC	
   Irvine).22	
   This	
  

simulation	
  package	
  incorporates	
  the	
  new	
  model	
  for	
  DNA,	
  with	
  the	
  peptides	
  and	
  polymers	
  

model,	
  ePRIME.23-­‐25	
  Similar	
  to	
  DNA,	
  a	
  3-­‐site-­‐per-­‐nucleotide	
  model	
  was	
  chosen	
  to	
  represent	
  

siRNA	
  as	
  “bead-­‐on-­‐a-­‐string”	
  following	
  the	
  success	
  of	
  other	
  theoretical	
  groups	
  in	
  accurately	
  

representing	
   nucleic	
   acids	
   with	
   the	
   least	
   number	
   of	
   particles.26,27	
   A	
   total	
   of	
   3	
   coarse-­‐

grained	
  beads	
  were	
  used:	
  phosphate	
  (P),	
  sugar	
  (S),	
  and	
  base	
  (B)	
  (Figure	
  8.1).	
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Figure	
   8.1.	
   Coarse-­‐grained	
   representation	
   for	
   siRNA	
   with	
   a	
   3-­‐site-­‐per-­‐nucleotide	
   from	
   atomistic	
  
representation.	
  One	
  bead	
  particle	
   is	
  used	
  to	
  represent	
  each	
  chemical	
  moiety	
  for	
  phosphate,	
  sugar,	
  and	
  base	
  
group.	
  

	
  
For	
   the	
   phosphate	
   and	
   sugar	
   moiety,	
   an	
   effective,	
   united-­‐atom	
   interaction	
   site	
   is	
  

obtained	
   by	
   using	
   the	
   coordinates	
   of	
   the	
   phosphate	
   atom,	
   and	
   the	
   center	
   of	
  mass	
   of	
   the	
  

five-­‐atom	
  ring	
  sugar,	
  respectively.	
  The	
  representation	
  for	
  the	
  base	
  unit	
  is	
  determined	
  at	
  the	
  

N1	
   site	
   for	
   purine	
   bases	
   (adenine	
   and	
   guanine)	
   and	
   the	
   N3	
   position	
   for	
   pyrimidine	
  

(thymine,	
  cytosine,	
  and	
  uracil).	
  	
  Bead	
  sizes	
  are	
  given	
  in	
  Table	
  8.1.	
  	
  

Table	
  8.1.	
  United	
  atom	
  sizes	
  for	
  nucleic	
  acid	
  beads	
  in	
  BioModi.	
  
Particle	
   Bead	
  Diameter	
  (Å)	
  

Phosphate,	
  P	
   5	
  
Sugar,	
  S	
   5	
  
ADE,	
  B	
   2.63	
  
GUA,	
  B	
   2.67	
  
CYT,	
  B	
   2.67	
  
THY,	
  B	
   2.63	
  
URA,	
  B	
   2.63	
  
dCYT,	
  B	
   2.67	
  
dTHY,	
  B	
   2.63	
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   Besides	
   covalent	
   bonds,	
   neighboring	
   beads	
   are	
   constrained	
   by	
   imposing	
   pseudo-­‐

bonds	
   to	
  mimic	
   the	
   chain	
   connectivity	
   and	
   the	
   local	
   geometry	
   such	
   as	
   bond	
   angles	
   and	
  

dihedrals	
  (Figure	
  8.2).	
  	
  

	
  

Figure	
   8.2	
  Covalent	
   bonds	
   are	
   schematically	
   shown	
   as	
   dark	
   black	
   lines	
   connecting	
   united	
   atoms.	
   Pseudo-­‐
bonds	
  are	
  schematically	
  shown	
  as	
  dashed	
  blacks	
   lines	
  and	
  are	
  used	
  to	
  maintain	
  bond	
  angles	
  and	
  dihedrals.	
  
Base-­‐pair	
  interactions	
  (red	
  lines)	
  are	
  directional	
  in	
  orientation.	
  

	
  
A	
   total	
   of	
   31	
   covalent	
   bonds	
   and	
   pseudo	
   bonds	
   (Table	
   8.2)	
  were	
   extracted	
   from	
  

atomistic	
   molecular	
   dynamics	
   simulation	
   of	
   duplex	
   siRNA	
   with	
   19	
   nucleotide	
   	
   (5’-­‐	
  

CAAGCUGACCCUGAAGUUC-­‐3’).	
   The	
   simulation	
   was	
   conducted	
   using	
   NAMD	
   2.8	
   with	
  

implicit	
  solvent	
  and	
  the	
  CHARMM	
  27	
  force	
  field.	
  After	
  minimizing	
  and	
  heating	
  to	
  298	
  K	
  at	
  

an	
  ion	
  concentration	
  of	
  0.001M,	
  the	
  data	
  was	
  collected	
  over	
  a	
  50	
  ns	
  equilibration	
  run.	
  	
  

Table	
   8.2.	
   Average	
   distances	
   and	
   standard	
   deviation	
   of	
   31	
   covalent	
   bond	
   and	
   pseudo-­‐
bonds	
  for	
  double	
  stranded	
  siRNA.	
  	
  

Bond	
  
Type	
  

Average	
  
(Å)	
  

Standard	
  
Deviation	
  

Bond	
  
Type	
  

Average	
  
(Å)	
  

Standard	
  
Deviation	
  

Si-­‐Si+1	
  	
   6.12	
   0.34	
   Pi+1-­‐Bi	
  	
   9.08	
   1.19	
  
Pi-­‐Pi+1	
  	
   6.36	
   0.38	
   Pi+1-­‐Bi	
  	
   9.54	
   0.93	
  
Pi-­‐Si	
  	
   3.49	
   0.07	
   Pi+1-­‐Bi	
   7.18	
   0.86	
  
Si-­‐Pi+1	
  	
   4.36	
   0.14	
   Si+1-­‐Bi	
  	
   8.27	
   1.33	
  
Si-­‐Bi	
  	
   6.78	
   0.13	
   Si+1-­‐Bi	
  	
   8.17	
   1.85	
  
Si-­‐Bi	
  	
   6.71	
   0.14	
   Si+1-­‐Bi	
  	
   8.38	
   1.48	
  
Si-­‐Bi	
  	
   5.29	
   0.11	
   Si+1-­‐Bi	
  	
   7.60	
   1.67	
  
Si-­‐Bi	
  	
   5.37	
   0.12	
   Si+1-­‐Bi	
  	
   8.12	
   1.72	
  
Si-­‐Bi	
   8.57	
   0.59	
   Si-­‐Bi+1	
  	
   8.97	
   0.39	
  
Pi-­‐Bi	
   8.40	
   0.58	
   Si-­‐Bi+1	
  	
   9.29	
   1.02	
  
Pi-­‐Bi	
  	
   7.20	
   0.34	
   Si-­‐Bi+1	
  	
   5.25	
   0.10	
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Pi-­‐Bi	
  	
   7.67	
   0.48	
   Si-­‐Bi+1	
  	
   7.20	
   0.31	
  
Pi-­‐Bi	
  	
   9.15	
   0.52	
   Si-­‐Bi+1	
   7.59	
   0.37	
  
Pi-­‐Bi	
   9.18	
   0.48	
   Pi-­‐Si+1	
  	
   7.60	
   0.94	
  
Pi+1-­‐Bi	
  	
   7.58	
   0.37	
   Si-­‐Pi+1	
  	
   7.58	
   1.66	
  
Pi+1-­‐Bi	
  	
   7.51	
   0.51	
  

	
   	
   	
  	
  
	
   Interactions	
  between	
  nucleotides	
  are	
  modeled	
  by	
  discrete	
  potentials	
  as	
  discussed	
  in	
  

prior	
  simulation	
  work	
  (e.g.	
  hydrogen	
  bonding,	
  base-­‐stacking,	
  electrostatic	
  interaction,	
  and	
  

solvent	
   induced).	
   For	
   more	
   information	
   on	
   the	
   model,	
   please	
   refer	
   to	
   reference	
   by	
  

Markegard	
  et	
  al.22	
  	
  

PEGylated-­‐poly(L-­‐lysine)	
   is	
   modeled	
   using	
   ePRIME23-­‐25.	
   The	
   PEG	
   polymer	
   is	
  

represented	
   with	
   2	
   coarse-­‐grained	
   beads:	
   one-­‐bead	
   for	
   the	
   terminal	
   methyl	
   group	
   and	
  

another	
   bead	
   for	
   the	
   repeating	
   (-­‐OCH2CH2)	
   group.	
   Bond	
   fluctuations	
   are	
   obtained	
   from	
  

atomistic	
   simulations	
   performed	
   using	
   NAMD	
   with	
   the	
   CHARMM	
   22	
   force	
   field.	
   After	
  

minimizing	
  and	
  heating	
  to	
  298	
  K	
  at	
  an	
  ion	
  concentration	
  of	
  0.001M,	
  the	
  data	
  was	
  collected	
  

over	
  a	
  50	
  ns	
  equilibration	
  run.	
  	
  	
  

Table	
   8.3.	
   Average	
   distances	
   and	
   standard	
   deviation	
   of	
   covalent	
   and	
   pseudo-­‐bonds	
   for	
  
PEG.	
  	
  

Bond	
  Type	
   Average	
  
(Å)	
  

Standard	
  
Deviation	
  

PEGi-­‐PEGi+1	
   3.57	
   0.15	
  
PEGi-­‐PEGi+2	
   6.94	
   0.45	
  
PEGi-­‐PEGi+3	
   10.14	
   0.83	
  

	
  
	
   Lysine	
  is	
  modeled	
  with	
  a	
  3	
  coarse-­‐grain	
  bead	
  backbone	
  for	
  the	
  amide,	
  alpha	
  carbon,	
  

and	
  carbonyl	
  groups	
  (NH,	
  CαH,	
  and	
  CO).	
  Adapting	
  a	
  model	
  by	
  Wallqvist	
  and	
  Ullner,28	
   the	
  

side	
  chains	
  are	
  represented	
  by	
  one	
  or	
   two	
  spheres	
  based	
  on	
  the	
   length	
  of	
   the	
  side	
  chain.	
  

The	
  size	
  of	
  the	
  side	
  chain	
  is	
  derived	
  from	
  the	
  experimentally	
  determined	
  solvent-­‐accessible	
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area	
  obtained	
  by	
  Eisenberg	
  and	
  co-­‐workers.29	
   Individual	
  parameters	
   for	
  peptide	
   residue,	
  

lysine	
  are	
  shown	
  in	
  Table	
  8.4.	
  

Table	
  8.4.	
  ePRIME	
  parameters	
  for	
  peptide	
  residue,	
  Lysine.	
  
Amino	
  
Acid	
  

Sidechain	
  
Atom	
   Character	
   ΔG	
  Free	
  Energy	
  

(kJ/mol)	
  
Radius	
  
(Å)	
   Charge	
  

Lysine	
   —	
  (CH2)3-­‐	
  
—(CH2)-­‐NH3+	
  

Hydrophobic	
  
Hydrophilic	
  

3.49	
  
-­‐5.15	
  

2.17	
  
2.80	
  

Positive	
  

	
  
For	
  the	
  system	
  of	
   interest,	
  an	
  implicit	
  solvent	
  model	
   is	
   implemented	
  to	
  reduce	
  the	
  

system’s	
  size	
   for	
  tractable	
  simulations	
  that	
  can	
  still	
  capture	
  the	
  underlying	
  physics	
  of	
   the	
  

system.	
  The	
  solvent	
  effect	
   is	
   incorporated	
  into	
  the	
  effective	
  residue-­‐residue	
  potential	
  due	
  

to	
   the	
   hydrophobic	
   or	
   hydrophilic	
   character	
   of	
   each	
   peptide	
   residue	
   or	
   PEGylated	
  

monomer.	
   Representation	
   of	
   this	
   behavior	
   is	
   either	
   through	
   a	
   square-­‐well	
   or	
   square-­‐

shoulder	
   potential	
   that	
   approximates	
   an	
   attractive	
   or	
   repulsive	
   continuous	
   potential,	
  

respectively.	
  For	
  example,	
  square-­‐well	
  potential	
  is	
  used	
  for	
  attractive	
  interactions	
  between	
  

hydrophobic	
  side	
  chains	
  and/or	
  polymeric	
  segments,	
  whereas	
  square-­‐shoulder	
  potential	
  is	
  

used	
   for	
   repulsive	
   interactions	
   between	
   hydrophilic	
   side	
   chains	
   or	
   polymeric	
   segments.	
  

The	
  strength	
  of	
  the	
  interaction	
  between	
  two	
  groups	
  is	
  εHP	
  =	
  R(ΔGi	
  +	
  ΔGj),	
  where	
  ΔG	
  is	
  the	
  

free	
   energy	
   of	
   transferring	
   each	
   group	
   from	
  water	
   to	
   octanol	
   and	
   R	
   is	
   a	
  measure	
   of	
   the	
  

strength	
  of	
  the	
  hydrophobic	
  interaction	
  ranging	
  from	
  1/6	
  to	
  1.3.	
  For	
  this	
  system,	
  R	
  =	
  1/3.	
  	
  

Coarse-­‐grained	
  representation	
  for	
  the	
  PEGylated-­‐Lysine	
  molecule	
  is	
  shown	
  in	
  Figure	
  8.3.	
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Figure	
   8.3.	
   Coarse-­‐grained	
   model	
   of	
   PEGylated-­‐lysine	
   molecule	
   from	
   atomistic	
   representation.	
   Each	
  
repeating	
   unit	
   of	
   the	
   PEG	
  monomer	
   is	
   represented	
   as	
   one	
   bead	
   and	
   another	
   bead	
   for	
   the	
   terminal	
  methyl	
  
group.	
  For	
  the	
  peptide,	
  3	
  coarse	
  grain	
  beads	
  represent	
  the	
  backbone	
  for	
  NH,	
  CαH,	
  and	
  CO	
  and	
  the	
  sidechain	
  is	
  
represented	
  by	
  2	
  coarse	
  grain	
  beads	
  based	
  on	
  the	
  size	
  and	
  bulkiness	
  of	
  lysine	
  residues.	
  	
  

8.3.3	
  	
  	
   Complexation	
  of	
  siRNA	
  with	
  PEGylated	
  poly(L-­‐lysine)	
  
	
  
	
   A	
  total	
  of	
  three	
  PEGylated	
  poly(L-­‐lysine)x	
  (x	
  =	
  9,	
  27,	
  50)	
  sequences	
  at	
  two	
  different	
  

charge	
  densities	
  (i.e.,	
  N/P	
  =	
  1	
  and	
  N/P	
  =	
  10)	
  at	
  a	
  constant	
  reduced	
  temperature	
  of	
  T*=1.0	
  

and	
  0.001	
  M	
  salt	
  concentration	
  were	
  examined	
  using	
  BioModi,	
  a	
  coarse	
  grained	
  model	
  for	
  

siRNA,	
  peptides,	
  and	
  polymers.	
  Table	
  8.5	
  lists	
  out	
  the	
  simulation	
  parameters	
  used	
  for	
  each	
  

system.	
  A	
  total	
  of	
  at	
  least	
  three	
  simulations	
  at	
  each	
  condition	
  were	
  used	
  in	
  the	
  analysis,	
  as	
  it	
  

was	
   determined	
   that	
   the	
   standard	
   deviations	
  were	
   sufficiently	
   low.	
   The	
   simulation	
   data	
  

analyzed	
  for	
  steady	
  state	
  is	
  the	
  last	
  10%	
  of	
  the	
  simulation.	
  	
  

Table	
   8.5.	
   Parameters	
   listed	
   for	
   the	
   systems	
   of	
   interests	
   to	
   examine	
   the	
   complexation	
  
behavior	
  of	
  PEGylated	
  poly(L-­‐lysine)	
  and	
  siRNA.	
  
	
  

N/P=1	
  
PEG5000-­‐
LYS9	
  

PEG5000-­‐
LYS27	
  

PEG5000-­‐
LYS50	
  

Box	
  size	
  (Å)	
   841	
   847	
   1308	
  
Concentration	
  
(M)	
   1.00E-­‐03	
   1.00E-­‐03	
   2.73E-­‐04	
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Total	
  number	
  of	
  
united-­‐atoms	
   46696	
   52772	
   55781	
  
Number	
  of	
  siRNA	
  
strands	
   108	
   206	
   258	
  
Number	
  of	
  siRNA	
  
duplex	
   54	
   103	
   129	
  
Number	
  of	
  
Peptide-­‐Polymer	
  
molecules	
   250	
   160	
   109	
  

	
   	
   	
   	
  
N/P=2	
  

PEG5000-­‐
LYS9	
  

PEG5000-­‐
LYS27	
  

PEG5000-­‐
LYS50	
  

Box	
  size	
  (Å)	
   N/A	
   N/A	
   1.02E+03	
  
Concentration	
  
(M)	
   N/A	
   N/A	
   3.71E-­‐04	
  
Total	
  number	
  of	
  
united-­‐atoms	
   46696	
   52772	
   55781	
  
Number	
  of	
  siRNA	
  
strands	
   108	
   206	
   258	
  
Number	
  of	
  siRNA	
  
duplex	
   54	
   103	
   129	
  
Number	
  of	
  
Peptide-­‐Polymer	
  
molecules	
   250	
   160	
   109	
  

	
   	
   	
   	
  
N/P=4	
  

PEG5000-­‐
LYS9	
  

PEG5000-­‐
LYS27	
  

PEG5000-­‐
LYS50	
  

Box	
  size	
  (Å)	
   N/A	
   N/A	
   797	
  
Concentration	
  
(M)	
   N/A	
   N/A	
   5.68E-­‐04	
  
Total	
  number	
  of	
  
united-­‐atoms	
   46696	
   52772	
   55781	
  
Number	
  of	
  siRNA	
  
strands	
   108	
   206	
   258	
  
Number	
  of	
  siRNA	
  
duplex	
   54	
   103	
   129	
  
Number	
  of	
  
Peptide-­‐Polymer	
  
molecules	
   250	
   160	
   109	
  

	
   	
   	
   	
  
N/P=10	
  

PEG5000-­‐
LYS9	
  

PEG5000-­‐
LYS27	
  

PEG5000-­‐
LYS50	
  

Box	
  size	
  (Å)	
   389	
   395	
   575	
  



218	
  
	
  

Concentration	
  
(M)	
   7.31E-­‐03	
   4.86E-­‐03	
   1.16E-­‐03	
  
Total	
  number	
  of	
  
united-­‐atoms	
   46696	
   52772	
   55781	
  
Number	
  of	
  siRNA	
  
strands	
   108	
   206	
   258	
  
Number	
  of	
  siRNA	
  
duplex	
   54	
   103	
   129	
  
Number	
  of	
  
Peptide-­‐Polymer	
  
molecules	
   250	
   160	
   109	
  

8.4	
  	
   	
   Results	
  and	
  Discussions	
  

8.4.1	
  	
   Dynamic	
  All-­‐Atomistic	
  Behavior	
  of	
  PEGylated	
  Cationic	
  
Polymer	
  and	
  siRNA	
  can	
  be	
  captured	
  using	
  Coarse-­‐Grained	
  
Model	
  	
  

	
  
Atomistic	
   topology	
   and	
  parameter	
   files	
   are	
   obtained	
   for	
   PEGylated-­‐poly(L-­‐Lysine)	
  

using	
   MATCH,19	
   a	
   Multipurpose	
   Atom-­‐Typer	
   for	
   CHARMM.	
   The	
   initial	
   3D	
   structure	
   and	
  

connectivity	
   of	
   the	
   atoms	
   is	
   determined	
   from	
   ChemDoodle	
   and	
   Maestro	
   software.	
   As	
  

compared	
   to	
   experimental	
   studies,	
   a	
   smaller	
   scale	
   PEGylated-­‐poly(L-­‐Lysine)	
   molecule,	
  

PEG44LYS18,	
  is	
  used	
  for	
  atomistic	
  studies	
  as	
  a	
  result	
  of	
  computational	
  power	
  and	
  time	
  limits.	
  

Even	
   though	
   experimental	
   studies	
   examines	
   the	
  behavior	
   of	
   a	
   bulkier	
  PEG	
   tail	
   of	
  ~5kDa	
  

versus	
   ~2kDa	
   with	
   PEG44LYS18,	
   and	
   different	
   sequence	
   lengths	
   of	
   lysine,	
   the	
   current	
  

molecule	
  is	
  believed	
  to	
  be	
  an	
  adequate	
  and	
  reasonable	
  approximation.	
  For	
  PEG44LYS18,	
  this	
  

molecule	
  was	
  parameterized	
  using	
  MATCH	
  with	
  the	
  CHARMM	
  22	
  force	
  field,	
  and	
  constant	
  

temperature	
  simulations	
  were	
  performed	
  using	
  NAMD20	
  at	
  physiological	
  conditions,	
  [ion]	
  =	
  

0.001M	
  and	
  T	
  =	
  298K.	
  To	
  determine	
  the	
  dynamics	
  of	
  the	
  cationic	
  polymer	
  including	
  its	
  size,	
  

length,	
  and	
  flexibility,	
  the	
  end-­‐to-­‐end	
  distance	
  and	
  radius	
  of	
  gyration	
  for	
  the	
  molecule	
  was	
  

calculated.	
  The	
  end-­‐to-­‐end	
  distance	
  values	
  are	
  shown	
  in	
  Figure	
  8.4A	
  with	
  the	
  values	
  being	
  

normalized	
  by	
  the	
  maximum	
  length	
  of	
  the	
  PEG44LYS18	
  during	
  the	
  trajectory.	
  The	
  ability	
  for	
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the	
   molecule	
   to	
   attain	
   a	
   broad	
   range	
   of	
   end-­‐to-­‐end	
   distance	
   suggests	
   that	
   the	
   overall	
  

molecule	
  can	
  either	
  be	
  arranged	
  in	
  a	
  close-­‐	
  or	
  an	
  extended-­‐	
  configuration.	
  Considering	
  that	
  

the	
   simulation	
   is	
   performed	
   at	
   physiological	
   conditions,	
   this	
   indicates	
   that	
   the	
   current	
  

environmental	
   conditions	
   does	
   not	
   restrict	
   the	
   conformations	
   of	
   PEG44LYS18	
   and	
   instead	
  

promote	
   favorable	
   interaction	
   between	
   PEG44LYS18	
   and	
   other	
   species	
   in	
   the	
   system.	
  

Further	
  calculations	
  of	
  the	
  radius	
  of	
  gyration	
  by	
  separating	
  the	
  PEG	
  tail	
  and	
  the	
  positively	
  

charged	
   lysine	
   segment	
   indicate	
   that	
   the	
   PEG	
   tail	
   is	
   much	
  more	
   flexible	
   than	
   the	
   lysine	
  

counterpart	
   (Figure	
  8.4B).	
  Throughout	
   the	
   trajectory	
  of	
   the	
  simulation,	
  PEG	
   tail	
  exhibits	
  

larger	
  fluctuations	
  indicating	
  that	
  the	
  overall	
  size	
  of	
  the	
  PEG	
  tail	
  changes	
  substantially	
  from	
  

an	
  extended	
  chain	
  to	
  a	
  coiled	
  chain.	
  In	
  contrast,	
  the	
  lysine	
  segment	
  is	
  relatively	
  stable	
  with	
  

minimal	
  fluctuations	
  suggesting	
  that	
  this	
  domain	
  is	
  much	
  more	
  rigid.	
  	
  	
  

	
  

	
  

Figure	
   8.4.	
   (A)	
   Calculated	
   end-­‐to-­‐end	
   distance,	
   normalized	
   by	
   the	
   maximum	
   value,	
   for	
   PEG44LYS18	
   using	
  
atomistic	
  simulation,	
  and	
  (B)	
  radius	
  of	
  gyration	
  for	
  the	
  individual	
  domains:	
  PEG44	
  (PEG2000)	
  and	
  LYS18.	
  (C)	
  
Calculated	
   end-­‐to-­‐end	
   distance,	
   normalized	
   by	
   the	
   maximum	
   value	
   for	
   PEG113LYS27	
   using	
   coarse-­‐grained	
  
simulation,	
  and	
  (B)	
  radius	
  of	
  gyration	
  for	
  the	
  individual	
  domains:	
  PEG113	
  (PEG5000)	
  and	
  LYS27.	
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Unlike	
   the	
   atomistic	
   model,	
   the	
   coarse	
   grained	
   model	
   is	
   able	
   to	
   provide	
   a	
   more	
  

direct	
   comparison	
  with	
   experimental	
   studies	
   even	
   though	
   some	
   details	
   are	
   sacrificed	
   to	
  

increase	
   computational	
   power	
   and	
   time.	
   The	
   PEGylated-­‐poly(L-­‐Lysine)	
   molecule	
   is	
  

represented	
  by	
  113	
  repeating	
  units	
  (ie.	
  each	
  bead	
  represents	
  -­‐OCH2CH2-­‐)	
  corresponding	
  to	
  

a	
   5kDa	
   PEG	
   tail.	
   Longer	
   lysine	
   lengths	
   can	
   also	
   be	
   modeled	
   using	
   ePRIME:	
   the	
   protein	
  

backbone	
   is	
  modeled	
  by	
  3	
  beads	
  corresponding	
   to	
  α-­‐Carbon,	
   carbonyl,	
   and	
  amine	
  group,	
  

and	
  the	
  positively	
  charged	
  sidechains	
  is	
  represented	
  by	
  2	
  beads.	
  By	
  measuring	
  the	
  average	
  

bond	
  distance	
  fluctuations	
  along	
  the	
  PEG	
  tail	
  and	
  of	
  the	
  lysine	
  segment,	
  our	
  coarse-­‐grained	
  

model	
  can	
  capture	
  the	
  dynamic	
  atomistic	
  behavior	
  exhibited	
  by	
  this	
  molecule.	
  As	
  shown	
  in	
  

Figure	
   8.4C,	
   the	
   end-­‐to-­‐end	
   distance	
   of	
   coarse-­‐grained	
   PEG113LYS27	
   can	
   span	
   a	
   similar	
  

range	
  as	
  compared	
  to	
  atomistic	
  PEG44LYS18.	
  Although	
  the	
  coarse-­‐grained	
  model	
  can	
  adopt	
  

more	
   compact	
   conformations	
   compared	
   to	
   atomistic	
   model,	
   the	
   overall	
   behavior	
   of	
   the	
  

molecule	
  is	
  retained	
  as	
  demonstrated	
  by	
  similar	
  trends.	
  Calculating	
  the	
  radius	
  of	
  gyration	
  

for	
   the	
   coarse-­‐grained	
   model	
   also	
   provides	
   a	
   qualitative	
   validation	
   (Figure	
   8.4D).	
  	
  

Considering	
   that	
   the	
   molecules	
   used	
   are	
   different	
   between	
   the	
   atomistic	
   and	
   coarse-­‐

grained	
  model,	
   actual	
   quantitative	
   comparisons	
   are	
   difficult;	
   hence	
   the	
   difference	
   in	
   the	
  

axis	
   range.	
   However,	
   comparing	
   the	
   range	
   of	
   motion	
   exhibited	
   by	
   the	
   molecule,	
   subtle	
  

differences	
  exhibited	
  by	
  the	
  individual	
  domains	
  are	
  kept	
  in	
  the	
  coarse-­‐grained	
  model.	
  	
  

Similar	
  procedure	
   is	
   followed	
   to	
  determine	
   the	
   structural	
  dynamics	
  of	
   siRNA.	
  The	
  

siRNA	
   sequence	
   of	
   interest	
   is	
   5’-­‐CAAGCUGACCCUGAAGUUCdTdT-­‐3’.	
   This	
   19	
   nucleotide	
  

sequence	
   with	
   2	
   nucleotide	
   overhangs	
   on	
   the	
   3’	
   end	
   is	
   built	
   using	
   AMBER	
   ff12SB.18	
  

Constant	
  temperature	
  simulation	
  is	
  performed	
  using	
  SANDER	
  at	
  T	
  =	
  270K	
  and	
  T=	
  300K	
  at	
  

an	
  ion	
  concentration	
  of	
  0.001	
  M.	
  Minimal	
  structural	
  variation	
  is	
  observed	
  for	
  the	
  α-­‐siRNA	
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sequence	
   at	
   either	
   T=	
   270K	
   or	
   T=	
   300K	
   by	
   calculating	
   the	
   major	
   groove	
   width	
   as	
  

determined	
   by	
   the	
   distance	
   between	
   phosphate	
   groups	
   (Figure	
   8.5A).	
   The	
   calculated	
  

major	
   groove	
   width	
   does	
   not	
   include	
   the	
   van	
   der	
   Waals	
   radii	
   of	
   the	
   phosphate	
   group.	
  

Taking	
  the	
  latter	
  into	
  account	
  shows	
  a	
  good	
  correspondence	
  with	
  experimental	
  values	
  of	
  ~	
  

13Å.	
  	
  Overall,	
  structural	
  integrity	
  is	
  preserved	
  with	
  explicit	
  hydrogen	
  bond	
  for	
  base	
  pairing	
  

and	
   base	
   stacking	
   interactions	
   to	
   maintain	
   duplex	
   but	
   helicity	
   is	
   lost.	
   From	
   the	
   bond	
  

fluctuations	
   of	
   the	
   siRNA,	
   coarse-­‐grained	
  model	
   for	
   siRNA	
   is	
   built	
   and	
   is	
   tested	
   across	
   5	
  

different	
  temperatures	
  (T*	
  =	
  0.7	
  –	
  1.1).	
  	
  From	
  the	
  plot	
  shown	
  in	
  Figure	
  8.5B,	
  at	
  T*=1.1,	
  the	
  

siRNA	
  is	
  shown	
  to	
  denature	
  indicating	
  that	
  the	
  melting	
  temperature	
  has	
  been	
  reached	
  at	
  T*	
  

>	
   1.0.	
   	
   For	
   the	
   rest	
   of	
   the	
   coarse-­‐grained	
   simulations,	
   the	
   temperature	
   chosen	
   to	
  

correspond	
  with	
  physiological	
  condition	
  is	
  T*	
  =	
  1.0.	
  	
  

	
  

	
  

Figure	
  8.5.	
  Calculated	
  major	
  groove	
  width	
  for	
  α-­‐siRNA	
  structure	
  at	
  different	
  temperatures	
  for	
  (A)	
  atomistic	
  
and	
   (B)	
   coarse-­‐grained	
  model.	
   The	
  major	
   groove	
  width	
   shown	
   includes	
   the	
   5.8Å	
   VDW	
   radii	
   of	
   phosphate	
  
group	
  so	
  shown	
  values	
  are	
  larger	
  than	
  the	
  experimentally	
  reported	
  value	
  of	
  ~11	
  –	
  13Å.30	
  	
  

	
  

8.4.2	
  	
  	
   Short	
  cationic	
  polymers	
  can	
  form	
  large	
  condensed	
  complexes	
  
	
  

By	
   modifying	
   the	
   cationic	
   polymer	
   length,	
   PEG113LYSn	
   (n	
   =	
   9,	
   27,	
   50),	
   it	
   was	
  

observed	
   that	
   all	
   three	
   sequence	
   variants	
   yielded	
   complexes	
   with	
   one	
   or	
   more	
   siRNA	
  

duplex.	
  In	
  particular,	
  larger	
  condensed	
  complexes,	
  as	
  defined	
  by	
  the	
  total	
  number	
  of	
  siRNA	
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and	
  PEGylated-­‐polymer	
  chains,	
  were	
  formed	
  by	
  PEG113LYS9	
  at	
  low	
  and	
  high	
  N/P	
  ratio	
  of	
  1	
  

and	
  10,	
  respectively	
  (Figure	
  8.6A).	
  The	
  ability	
  for	
  shorter	
  cationic	
  polymer	
  lengths	
  to	
  form	
  

larger	
  aggregates	
  with	
  siRNA	
  may	
  be	
  attributed	
  to	
  the	
  difference	
  in	
  size	
  between	
  the	
  two	
  

species.	
   The	
   primary	
   interaction	
   driving	
   the	
   formation	
   of	
   these	
   aggregates	
   is	
   favorable	
  

attractive	
   electrostatic	
   interaction	
  between	
   the	
  negatively	
   charged	
   siRNA	
  duplex	
   and	
   the	
  

positively	
   charged	
   lysine	
   residues.	
   Accounting	
   for	
   a	
   total	
   of	
   21	
   possible	
   charges	
   on	
   the	
  

siRNA,	
   and	
   9	
   charges	
   on	
   the	
   peptide	
   segment,	
   interactions	
   between	
   several	
   PEGylated-­‐

polymers	
   and	
   siRNA	
   would	
   be	
   promoted	
   to	
   increase	
   enthalpic	
   energy	
   (Figure	
   8.6B).	
  

However,	
   experimental	
   data	
   shows	
   preference	
   for	
   longer	
   cationic	
   polymers	
   to	
   be	
   more	
  

therapeutically	
  effective	
  for	
  sustained	
  circulation	
  time	
  to	
  improve	
  bioavailability.31	
  	
  	
  

	
  

	
  

Figure	
   8.6.	
   (A)	
   Propensity	
   to	
   form	
   aggregates	
   at	
   N/P	
   =	
   1	
   and	
   N/P	
   =	
   10	
   for	
   PEG5kLYS9	
   or	
   PEG113LYS9.	
  
Aggregate	
  composition	
  is	
  denoted	
  as	
  follows:	
  (Number	
  of	
  PEGylated	
  polymer	
  chains,	
  Number	
  of	
  siRNA	
  chain).	
  	
  
(B)	
  An	
  example	
  of	
  an	
  aggregate	
  with	
  2	
  double	
  stranded	
  siRNA	
  shielded	
  by	
  7	
  PEGylated	
  polymer	
  chains.	
  	
  

	
  

8.4.3	
  	
   Long	
  cationic	
  polymers	
  form	
  effective	
  complexes	
  at	
  high	
  N/P	
  
ratios	
  

	
  
Increasing	
   the	
   charge	
  density,	
  N/P	
   ratio	
  was	
   found	
   to	
  yield	
   comparable	
  aggregate	
  

size	
   for	
   longer	
   cationic	
   polymer	
   length	
   similar	
   to	
   the	
   ones	
   formed	
  with	
   shorter	
   cationic	
  

polymer	
  lengths	
  (Figure	
  8.7A).	
  	
  While	
  a	
  broad	
  range	
  of	
  aggregate	
  sizes	
  can	
  be	
  formed	
  with	
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PEG113LYS27	
  at	
  N/P	
  =	
  1,	
  the	
  likelihood	
  for	
  these	
  aggregate	
  formation	
  is	
  relatively	
  low.	
  Not	
  

until	
  did	
   the	
  charge	
  density	
   increase	
   to	
  N/P	
  =	
  10	
   for	
  PEG113LYS27,	
  did	
   the	
  probability	
   for	
  

larger	
   aggregate	
   formation	
   increases	
   substantially.	
   Moreover,	
   this	
   also	
   suggest	
   that	
  

PEG113LYS27	
   is	
  able	
  to	
   form	
  interactions	
  with	
  multiple	
  duplexes	
  at	
  once	
  which	
  aids	
   in	
  the	
  

promotion	
  of	
  forming	
  larger	
  aggregates.	
  Considering	
  that	
  the	
  size	
  ratio	
  between	
  siRNA	
  and	
  

LYS27	
  is	
  slightly	
  lower	
  than	
  LYS9,	
  in	
  order	
  to	
  increase	
  the	
  number	
  of	
  favorable	
  interactions	
  

for	
   lysine,	
  multiple	
  siRNA	
  duplexes	
  would	
  be	
  needed.	
  To	
  compensate	
   for	
  multiple	
  siRNA,	
  

more	
  cationic	
  polymer	
  would	
  be	
  needed	
  as	
  well	
  resulting	
  in	
  a	
  positive	
  feedback	
  loop.	
  The	
  

latter	
  effect	
  seems	
  to	
  be	
  viable	
  since	
  snapshots	
  of	
  these	
  aggregates	
  (Figure	
  8.7B	
  and	
  8.7C)	
  

shows	
  exposed	
  area	
  that	
  can	
  facilitate	
  and	
  accommodate	
  increased	
  number	
  of	
  both	
  siRNA	
  

and	
  PEG113LYS27	
  chains.	
  	
  

	
  

Figure	
   8.7.	
   (A)	
   Propensity	
   to	
   form	
   aggregates	
   at	
   N/P	
   =	
   1	
   and	
   N/P	
   =	
   10	
   for	
   PEG5kLYS27	
   or	
   PEG113LYS27.	
  
Aggregate	
  composition	
  is	
  denoted	
  as	
  follows:	
  (Number	
  of	
  PEGylated	
  polymer	
  chains,	
  Number	
  of	
  siRNA	
  chain).	
  	
  
(B)	
  An	
  example	
  of	
  an	
  aggregate	
  with	
  2	
  double	
  stranded	
  siRNA	
  shielded	
  by	
  5	
  PEGylated	
  polymer	
  chains	
  and	
  
(C)	
  an	
  example	
  of	
  an	
  aggregate	
  with	
  2	
  double	
  stranded	
  siRNA	
  shielded	
  by	
  6	
  PEGylated	
  polymer	
  chains.	
  	
  

	
  
In	
   contrast,	
   for	
   cationic	
  polymer	
   that	
   contains	
  an	
  extremely	
   long	
  peptide	
   segment	
  

such	
  as	
  PEG113LYS50,	
  the	
  ability	
  to	
  form	
  effective	
  complexes	
  is	
  lowered.	
  	
  Since	
  the	
  size	
  ratio	
  

between	
   siRNA	
   and	
   LYS50	
   is	
   smaller,	
   it	
   indicates	
   that	
   one	
   LYS50	
   would	
   be	
   sufficient	
   to	
  

interact	
   with	
   siRNA	
   completely,	
   thereby	
   reducing	
   the	
   total	
   size	
   of	
   an	
   aggregate.	
   From	
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Figure	
  8.8,	
   although	
   increasing	
   the	
  charge	
  density	
   ratio	
   can	
   form	
   larger	
  aggregates	
  with	
  

multiple	
  siRNA	
  duplex,	
  the	
  most	
  probable	
  complex	
  is	
  formed	
  by	
  2	
  PEG113LYS50	
  chains	
  with	
  

a	
   single	
   siRNA	
   duplex.	
   In	
   other	
  words,	
   while	
   the	
   number	
   of	
   interactions	
   are	
  maximized	
  

between	
   cationic	
   polymer	
   and	
   siRNA,	
   the	
   siRNA	
   remains	
   exposed	
   to	
   the	
   surrounding	
  

environment.	
  	
  	
  

	
  

	
  

Figure	
  8.8.	
  Propensity	
  to	
  form	
  aggregates	
  at	
  N/P	
  =	
  1,	
  2,	
  4,	
  and	
  10	
  for	
  PEG5kLYS50	
  or	
  PEG113LYS50.	
  Aggregate	
  
composition	
  is	
  denoted	
  as	
  follows:	
  (Number	
  of	
  PEGylated	
  polymer	
  chains,	
  Number	
  of	
  siRNA	
  chain)	
  

	
  

8.4.4	
  	
   Decreasing	
  cationic	
  polymer	
  length	
  can	
  improve	
  siRNA	
  
shielding	
  	
  

	
  
To	
   achieve	
   an	
   effective	
   complex	
   between	
   siRNA	
   and	
   cationic	
   polymer,	
   several	
  

parameters	
  must	
  be	
  attained.	
  First,	
  an	
  effective	
  complex	
  would	
  contain	
  at	
  least	
  one	
  or	
  more	
  

siRNA	
   duplexes	
   to	
   promote	
   transfection	
   efficiency.	
   Second,	
   siRNA	
   should	
   be	
   well	
  

sequestered	
   away	
   from	
   the	
   aqueous	
  medium	
  with	
   adequate	
   number	
   of	
   bulky	
   PEGylated	
  

tails	
   shielding	
   the	
   siRNA	
   to	
   enhance	
   cellular	
   uptake.	
   Comparing	
   the	
   three	
   different	
  

sequence	
  variants,	
  PEG113LYS27	
  is	
  best	
  able	
  to	
  meet	
  those	
  requirements	
  (Figure	
  8.9A).	
  At	
  a	
  

high	
   charge	
   density	
   ratio	
   of	
   N/P	
   =	
   10	
   in	
   which	
   formation	
   of	
   large	
   aggregates	
   are	
  more	
  

likely	
   for	
   longer	
   cationic	
   polymer	
   lengths,	
   larger	
   aggregates	
   are	
   typically	
   formed	
   by	
  

PEG113LYS9.	
  However,	
   upon	
  examining	
   the	
   ratio	
  of	
   the	
   cationic	
  polymer	
   to	
   siRNA	
   chains,	
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the	
  ability	
  to	
  form	
  complexes	
  with	
  two	
  or	
  more	
  siRNA	
  duplex	
  is	
  not	
  as	
  prevalent	
  compared	
  

to	
   PEG113LYS27	
   (Figure	
   8.9B	
   and	
   8.9C).	
   When	
   complexes	
   are	
   formed	
   between	
   the	
   two	
  

species,	
  since	
  PEG113LYS9	
  has	
  a	
  short	
  peptide	
  segment,	
  multiples	
  of	
   the	
  cationic	
  polymers	
  

versus	
   siRNA	
   would	
   be	
   needed	
   to	
   form	
   optimum	
   number	
   of	
   electrostatic	
   interactions.	
  

Consequently,	
  PEG113LYS27	
  being	
  on	
  the	
  approximate	
  same	
  length	
  scale	
  as	
  siRNA	
  becomes	
  

more	
   favorable	
   to	
   form	
   complexes	
   that	
   are	
   comparable	
   in	
   size	
   with	
   PEG113LYS9	
   while	
  

ensuring	
  siRNA	
  is	
  protected	
  with	
  adequate	
  PEGylated	
  tails.	
  	
  On	
  the	
  other	
  hand,	
  even	
  though	
  

PEG113LYS50	
   is	
  able	
  to	
  form	
  large	
  complexes,	
  the	
  likelihood	
  is	
  significantly	
  reduced	
  and	
  at	
  

the	
  same	
  time,	
  siRNA	
  is	
  much	
  more	
  exposed	
  limited	
  by	
  the	
  number	
  of	
  PEGylated	
  tails	
  that	
  

can	
  form	
  interactions	
  with	
  siRNA	
  (Figure	
  8.9D).	
  	
  

	
  
	
  

Figure	
  8.9.	
  (A)	
  Propensity	
  to	
  form	
  aggregates	
  at	
  N/P	
  =	
  10	
  for	
  PEG5kLYSx	
  (x=	
  9,	
  27,	
  and	
  50)	
  or	
  PEG113LYSx	
  (x=	
  
9,	
  27,	
  and	
  50).	
  Aggregate	
  composition	
  is	
  denoted	
  as	
  follows:	
  (Number	
  of	
  PEGylated	
  polymer	
  chains,	
  Number	
  
of	
  siRNA	
  chain).	
  (B)	
  Represented	
  aggregates	
  for	
  (B)	
  PEG5kLYS9;	
  (C)	
  PEG5kLYS27;	
  and	
  (D)	
  PEG5kLYS50	
  indicating	
  
that	
   effective	
   complexation	
   can	
  be	
  achieved	
  with	
  PEG5kLYS27,	
   a	
   cationic	
  polymer	
   that	
   is	
   sufficiently	
   long	
   to	
  
increase	
  bioavailability	
  while	
  being	
  able	
  to	
  shield	
  and	
  complex	
  with	
  large	
  number	
  of	
  siRNA	
  molecules.	
  	
  

8.5	
  	
   	
   Conclusions	
  
	
  

Current	
   coarse-­‐grained	
   model,	
   BioModi,	
   has	
   been	
   developed	
   and	
   extended	
   to	
  

incorporate	
  and	
  adequately	
  model	
  the	
  biological	
  behavior	
  of	
  peptide	
  residues,	
  nucleic	
  acids	
  

and	
   polyethylene	
   glycol	
   units.	
   Physiologically	
   relevant	
   behavior	
   is	
   captured	
   from	
  

performing	
   atomistic	
   simulations	
   to	
   determine	
   the	
   dynamics	
   of	
   individual	
   PEGylated-­‐
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polypeptide	
   and	
   double	
   stranded	
   siRNA	
  molecules.	
   Interest	
   is	
   focused	
   on	
   examining	
   the	
  

interactions	
  and	
  complexation	
  between	
  cationic	
  polymers	
  with	
  siRNA.	
  Four	
  systems	
  were	
  

examined	
  to	
  study	
  the	
  effects	
  of	
  the	
  length	
  of	
  the	
  cationic	
  polypeptide	
  (PEG5kLYSx;	
  x	
  =	
  9,	
  27,	
  

or	
  50)	
  and	
  changing	
  the	
  charge	
  density	
  of	
  the	
  system	
  (Nitrogen	
  to	
  Phosphate	
  ratio	
  of	
  either	
  

N/P=1	
  or	
  N/P=10).	
  The	
  molecular	
  weight	
  of	
   the	
  PEG	
  chain	
  was	
  kept	
  constant	
  at	
  5000Da.	
  

Concentrations	
  simulated	
  were	
  modeled	
  after	
  experimental	
  conditions.	
  	
  

Factors	
  such	
  as	
  length	
  of	
  PLL	
  and	
  charge	
  density	
  between	
  the	
  gene	
  and	
  carrier	
  are	
  

observed	
  to	
  influence	
  the	
  behavior	
  of	
  these	
  molecules	
  in	
  a	
   large	
  system	
  representative	
  of	
  

experimental	
   studies.	
   Complexation	
   of	
   siRNA	
   and	
   cationic	
   polymer	
   is	
   observed	
   using	
  

coarse-­‐grained	
  model.	
  Shorter	
  cationic	
  polymer	
  length	
  led	
  to	
  formation	
  of	
  larger	
  aggregate	
  

size;	
  in	
  particular	
  with	
  higher	
  cationic	
  polymer	
  to	
  siRNA	
  ratio	
  indicating	
  better	
  shielding	
  of	
  

siRNA	
  to	
  increase	
  its	
  bioavailability.	
  However,	
  since	
  experimental	
  results	
  shows	
  preference	
  

for	
   longer	
   cationic	
   polymer	
   length	
   for	
   increased	
   stability,	
   it	
   was	
   found	
   that	
   similar	
  

aggregate	
  sizes	
  can	
  be	
  observed	
  by	
  increasing	
  the	
  N/P	
  ratio.	
  Future	
  work	
  will	
  incorporate	
  

other	
   sequences	
   to	
   examine	
   the	
   disassembly	
   event.	
   Extension	
   of	
   this	
  model	
   can	
   be	
   used	
  

toward	
  developing	
  more	
  sophisticated	
  system	
  such	
  as	
  larger	
  molecules	
  with	
  more	
  complex	
  

architectures.	
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CHAPTER	
  9	
  	
   	
   Summary	
  and	
  Future	
  Directions	
  	
  

	
  

9.1	
  	
   	
   Summary	
  	
  
	
  
	
   In	
   this	
   dissertation,	
   self-­‐assembly	
   behavior	
   of	
   peptide-­‐polymer	
   conjugates	
   was	
  

studied	
  using	
  our	
  newly	
  developed	
  coarse-­‐grained,	
  ePRIME,	
  model.	
  In	
  Chapter	
  2,	
  formation	
  

of	
   a	
   cylinder	
   nanofiber	
   structure	
   from	
   a	
   large	
   spontaneous	
   self-­‐assembly	
   event	
   was	
  

observed.	
   The	
   characteristics	
   of	
   the	
   structure	
   shared	
   similarities	
   with	
   experimental	
  

findings	
   and	
   provided	
   further	
   insight	
   into	
   developing	
   an	
   improved	
   schematic	
  

representation.	
  Corroborating	
  with	
  experimental	
  studies,	
  at	
  strong	
  electrostatic	
  interaction	
  

strength	
   (i.e.,	
   high	
   pH,	
   low	
   salt	
   concentration)	
   and	
   at	
   high	
   temperatures,	
   cylindrical	
  

nanofiber	
   exhibits	
   a	
  morphological	
   transition	
   into	
   spherical	
  micelles	
   and	
   random	
   coil	
   of	
  

single	
  molecules.	
   In	
  Chapter	
  3,	
   a	
   quantitative	
   view	
  of	
   the	
  pH-­‐dependent	
   self-­‐assembly	
  of	
  

nanofibers	
  is	
  provided	
  through	
  a	
  multiresolution	
  approach	
  by	
  implementing	
  both	
  all-­‐atom	
  

constant	
  pH	
  and	
  coarse-­‐grained	
  molecular	
  dynamics	
  simulations.	
  With	
   the	
  use	
  of	
  both	
  of	
  

these	
   methods,	
   the	
   transition	
   between	
   a	
   cylindrical	
   nanofiber	
   and	
   spherical	
   micelle	
   is	
  

captured	
  and	
  is	
  shown	
  to	
  correlate	
  with	
  experimental	
  data.	
  The	
  kinetic	
  pathway	
  by	
  which	
  

nanostructures	
   are	
   formed	
   are	
   characterized	
   and	
   specific	
   charged	
   residues	
   that	
   induces	
  

secondary	
  structure	
  disruption	
  are	
  also	
  identified.	
  

In	
  Chapter	
  4,	
  the	
  effect	
  of	
  modifying	
  the	
  hydrophobic	
  interaction	
  strength	
  between	
  the	
  

hydrophobic	
   polymer	
   and	
   peptide	
   residues	
   is	
   examined.	
   As	
   the	
   hydrophobic	
   strength	
   is	
  

increased,	
   morphological	
   transitions	
   are	
   observed	
   from	
   open	
   networks	
   of	
   secondary	
  

structures	
   toward	
   closed	
   cylindrical	
   nanostructures	
   are	
   observed.	
   The	
   ability	
   to	
   form	
  

distinctive	
  nanostructures	
  by	
  varying	
   the	
  hydrophobic	
   interaction	
  strength	
   indicates	
   that	
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the	
  particular	
  choice	
  of	
  polymer	
  type	
  or	
  solvent	
  can	
  be	
  considered	
  as	
  an	
  additional	
  design	
  

parameter	
   for	
   the	
   development	
   of	
   innovative	
   biomaterials.	
   Two-­‐dimensional	
   phase	
  

diagrams	
   are	
   delineated	
   to	
   illustrate	
   the	
   delicate	
   interplay	
   between	
   these	
   non-­‐covalent	
  

interactions	
  to	
  better	
  identify	
  the	
  morphological	
  and	
  structural	
  transitional	
  points.	
  Chapter	
  

5	
   presents	
   a	
   detailed	
   quantitative	
   analysis	
   to	
   characterize	
   the	
  multistep	
   process	
   for	
   the	
  

formation	
  of	
  these	
  nanostructures.	
  	
  

In	
  Chapter	
  6,	
  single	
  molecule	
  peptide	
  amphiphile	
  are	
  examined	
  with	
  two	
  sequences	
  that	
  

share	
   the	
   same	
   chemical	
   composition	
   but	
   have	
   different	
   placement	
   of	
   hydrophobic	
  

residues	
  with	
  respect	
  to	
  the	
  polymer	
  tail.	
  From	
  the	
  simulations,	
  as	
  the	
  strong	
  hydrophobic	
  

residue	
  is	
  placed	
  further	
  away	
  from	
  the	
  polymer	
  tail,	
  propensity	
  for	
  the	
  single	
  molecule	
  to	
  

fold	
   is	
   significantly	
   decreased	
   due	
   to	
   hindrance	
   form	
   the	
   favorable	
   interactions	
   between	
  

the	
  polymer	
   and	
  nonpolar	
   peptide	
   residues.	
   Chapter	
  7	
   examines	
   these	
   two	
   sequences	
   in	
  

large	
  self-­‐assembly	
  events	
  and	
  observes	
  that	
  the	
  change	
  in	
  nonpolar	
  residue	
  placement	
  can	
  

affect	
   local	
  structural	
  organization	
  of	
  the	
  resulting	
  nanostructure.	
  Results	
   from	
  this	
  study	
  

provided	
   a	
   correlation	
   with	
   structural	
   stability	
   and	
   mechanical	
   behavior	
   of	
   hydrogel	
  

nanostructures.	
  

In	
  Chapter	
  8,	
  our	
  coarse-­‐grained	
  ePRIME	
  model	
  is	
  extended	
  into	
  BioModi	
  to	
  represent	
  a	
  

heterogeneous	
  system	
  of	
  two	
  different	
  species.	
  This	
  enables	
  simulation	
  studies	
  to	
  examine	
  

the	
   complexation	
   behavior	
   between	
   siRNA	
   and	
   PEGylated	
   block	
   copolymers.	
   	
   Several	
  

parameters	
   were	
   found	
   to	
   influence	
   efficient	
   complexation	
   including	
   the	
   length	
   of	
   the	
  

cationic	
  polymer,	
  and	
  charge	
  density	
  between	
  the	
  gene	
  and	
  carrier.	
  	
  

The	
   ability	
   to	
   use	
   coarse-­‐grained	
   molecular	
   dynamics	
   to	
   simulate	
   peptide-­‐polymer	
  

conjugates	
   aims	
   to	
   provide	
   a	
   complementary	
   understanding	
   to	
   experimental	
   work.	
   By	
  



231	
  
	
  

systematically	
   varying	
   the	
   sequence	
   and	
   examining	
   the	
   role	
   of	
   external	
   stimuli	
   on	
   these	
  

systems	
  aid	
   in	
  the	
  design	
  and	
  development	
  of	
  bioinspired	
  materials	
   for	
  the	
  fields	
  of	
  drug	
  

delivery,	
  diagnostic	
  medicine,	
  tissue	
  engineering,	
  and	
  regenerative	
  medicine.	
  	
  

	
  

9.2	
  	
   	
   Future	
  Work	
  	
  
	
  
	
   The	
  work	
  discussed	
  in	
  this	
  dissertation	
  hopes	
  to	
  further	
  the	
  current	
  understanding	
  

of	
  the	
  self-­‐assembly	
  behavior	
  of	
  peptide-­‐polymer	
  conjugates.	
  However,	
  there	
  are	
  still	
  many	
  

exciting	
   topics	
   worthy	
   of	
   future	
   explorations.	
   Even	
   though	
   several	
   distinct	
   kinetic	
  

mechanisms	
  (Chapter	
  2,4,5,7)	
  have	
  been	
  identified	
  as	
  a	
  function	
  of	
  the	
  external	
  stimuli	
  for	
  

peptide	
  amphiphiles,	
  fundamentals	
  of	
  “micelle-­‐merging”	
  events	
  can	
  be	
  examined	
  in-­‐depth.	
  

Our	
  term	
  for	
  the	
  morphological	
  transition	
  for	
  spherical	
  micelles	
  to	
  merge	
  together	
  to	
  yield	
  

rod-­‐like	
   cylindrical	
   nanofibers	
   shares	
   similarity	
   with	
   “symmetry-­‐breaking”	
   events	
   as	
  

observed	
   in	
   biology1	
   and	
   nanotechnology2	
   related	
   fields.	
   	
   For	
   example,	
   the	
   formation	
   of	
  

anisotropic	
  nanoparticles	
  has	
  been	
  of	
   interest	
  since	
   functionality	
   is	
  heavily	
  corresponded	
  

to	
  the	
  particular	
  shape	
  of	
  the	
  nanoparticle.2	
  Yet,	
  the	
  ability	
  to	
  fine-­‐tune	
  and	
  control	
  desired	
  

growth	
   in	
   a	
   specific	
   direction	
   remains	
   limited.	
   As	
   such,	
   our	
  model	
   could	
   be	
   extended	
   to	
  

study	
  other	
   systems	
   to	
  provide	
   a	
  more	
   comprehensive	
  understanding	
  of	
   the	
   factors	
   that	
  

contributes	
  to	
  structural	
  and	
  morphological	
  transitions.	
  	
  

	
   In	
  Chapter	
  7,	
   the	
  placement	
  of	
  nonpolar	
   residues	
  with	
   respect	
   to	
   the	
  polymer	
   tail	
  

was	
   found	
   to	
   influence	
   the	
   resulting	
   nanostructure’s	
   stability	
   even	
   though	
   the	
   chemical	
  

composition	
   of	
   the	
   peptide	
   amphiphile	
   remained	
   unchanged.	
   This	
   suggests	
   that	
   the	
  

positioning	
  of	
  hydrophobic	
  residues	
  can	
  be	
  an	
  additional	
  design	
  parameter	
  to	
  consider	
  in	
  

order	
  to	
  attain	
  customization	
  of	
  desired	
  structural	
  and	
  mechanical	
  properties.	
  Recent	
  work	
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by	
   Ghosh	
   et	
   al.,	
   have	
   shown	
   that	
   isomerization	
   of	
   a	
   peptide	
   amphiphile	
   molecule	
   can	
  

promote	
   cylindrical	
   nanofiber	
   formation3	
   in	
   addition	
   to	
   replacing	
   peptide	
   residues	
   with	
  

strong	
   hydrophobic	
   residues4.	
   	
   Simulation	
   studies	
   can	
   be	
   performed	
   to	
   obtain	
   a	
   better	
  

understanding	
  as	
  to	
  whether	
  the	
  hydrophobic	
  strength	
  of	
  a	
  residue	
  predominates	
  or	
  if	
  the	
  

placement	
   of	
   the	
   residue	
   governs	
   the	
   self-­‐assembled	
   nanostructures.	
   The	
   weighted	
  

contribution	
  of	
  nonconvalent	
  interactions	
  can	
  be	
  determined	
  to	
  provide	
  further	
  details	
  of	
  

which	
   intermolecular	
   interaction	
   is	
  more	
  significant.	
  Other	
  studies	
  regarding	
  the	
  stability	
  

of	
   the	
   structure	
   can	
   also	
   be	
   examined	
   by	
   performing	
   steered	
   molecular	
   dynamics	
  

simulations.5	
  	
  

	
   A	
  limitation	
  with	
  our	
  current	
  coarse-­‐grained	
  model	
  is	
  the	
  use	
  of	
  reduced	
  quantities	
  

to	
   represent	
   variables	
   for	
   experimental	
   conditions.	
   While	
   a	
   direct	
   correspondence	
   to	
  

experimental	
  or	
  physiological	
  values	
  is	
  difficult,	
  a	
  reference	
  condition	
  is	
  currently	
  obtained	
  

by	
   identifying	
   the	
  melting	
   temperature	
  between	
  our	
   coarse-­‐grained	
  model	
   and	
  atomistic	
  

model.	
  Although	
  qualitative	
  understandings	
  provide	
  benchmarks	
  for	
  experimentalists,	
  the	
  

goal	
  is	
  to	
  eventually	
  achieve	
  a	
  direct	
  correspondence	
  between	
  simulation	
  and	
  experimental	
  

parameters	
  without	
  sacrificing	
  computational	
  power.	
  	
  Future	
  work	
  will	
  be	
  to	
  implement	
  a	
  

method	
  to	
  the	
  current	
  ePRIME	
  model	
  to	
  represent	
  pH	
  dependence	
  behavior.	
  This	
  model	
  he	
  

model	
   will	
   be	
   based	
   upon	
   work	
   previously	
   developed	
   by	
   Tieleman’s	
   group6	
   that	
   has	
  

performed	
   constant	
   pH	
   simulation	
   using	
   coarse-­‐grained	
  MARTINI	
  model	
   to	
   examine	
   the	
  

aggregation	
  behavior	
  of	
  oleic	
  acid.	
  	
  

	
   While	
  ePRIME	
  has	
  been	
  extended	
  to	
  model	
  siRNA	
  and	
  block	
  copolymers,	
  the	
  current	
  

system	
   is	
   considered	
   to	
  be	
  a	
   test	
  model	
   to	
   indicate	
   that	
   the	
  model	
   is	
   able	
   to	
   represent	
  a	
  

heterogeneous	
  system	
  showcasing	
  complexation	
  to	
  occur	
  between	
  the	
  two	
  species.	
  Further	
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work	
  can	
  be	
  placed	
  to	
  examine	
  an	
  alternative	
  cationic	
  polymer	
  that	
  incorporates	
  histidine	
  

residues7,8	
   to	
   leverage	
   its	
   ability	
   to	
   undergo	
   deprotonation	
   at	
   physiological	
   pH.	
   The	
  

incorporation	
   of	
   a	
   “molecular-­‐switch”	
   with	
   the	
   use	
   of	
   histidine	
   residues	
   will	
   enable	
   an	
  

understanding	
  of	
  the	
  disassembly	
  mechanism	
  involved	
  in	
  efficient	
  gene	
  transfection.	
  Other	
  

more	
   sophisticated	
   systems	
   with	
   more	
   complex	
   architectures	
   can	
   also	
   be	
   used	
   such	
   as	
  

bolaamphiphiles,	
  which	
  exhibit	
   low	
  toxicities	
  and	
  high	
  bioavailability	
   in	
  the	
  blood	
  stream	
  

making	
  it	
  an	
  ideal	
  vector	
  for	
  gene	
  silencing.9	
  	
  

	
   In	
   general,	
   the	
   use	
   of	
   coarse-­‐grained	
   molecular	
   dynamics	
   simulations	
   have	
   been	
  

shown	
  to	
  be	
  feasible	
  to	
  guide	
  the	
  design	
  and	
  development	
  of	
  peptide-­‐polymer	
  conjugates	
  

as	
   novel	
   biomaterial	
   for	
   a	
   broad	
   range	
   of	
   applications	
   in	
   drug	
   and	
   gene	
   delivery,	
   tissue	
  

engineering,	
  and	
  regenerative	
  medicine.	
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