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Abstract	  

This	  PhD	  project	  studies	  the	  effects	  of	  cholesterol	  in	  phospholipid	  bilayer	  using	  

molecular	   dynamics	   (MD)	   simulations.	   Dipalmitoylphosphatidylcholine	   (DPPC)	  

bilayers	  with	  cholesterol	  concentrations	  between	  0%	  and	  40%	  were	  simulated	  

using	  all-‐atom	  CHARMM36	   force	   filed.	  The	  main	  concerned	  aspects	  of	   the	   lipid	  

bilayer	   with	   cholesterol	   include	   structural	   properties,	   the	   lipid	   dynamics	   and	  

mechanical	   properties	   of	   the	   bilayer.	   It	   was	   found	   that	   the	   lipid	   bilayer	   was	  

condensed	   when	   it	   was	   embedded	   with	   cholesterol	   molecules.	   Addition	   of	  

cholesterol	   in	  bilayer	  systems	   induced	  a	  smaller	  average	  surface	  area	  occupied	  

by	  DPPC	  molecules,	  a	  more	  ordered	  hydrocarbon	  chains	  of	  DPPC	  molecules,	  and	  

a	   thickened	   bilayer.	   The	   effects	   of	   cholesterol	   on	   dynamics	   properties	   of	   lipid	  

bilayer	  were	  also	  observed	  as	  a	  decrease	  in	  the	  lateral	  diffusion	  coefficients	  for	  

both	   cholesterol	   and	   DPPC	   in	   DPPC-‐cholesterol	   mixture	   bilayer.	   Furthermore,	  

lateral	  pressure	  profiles	  were	  calculated	  to	  look	  into	  the	  local	  stress	  distribution	  

along	   the	   bilayer	   norm.	   It	   was	   found	   that	   cholesterol	   introduced	   extra	  

contraction	  troughs	  in	  the	  profiles	  at	  the	  position	  under	  the	  head	  groups	  of	  DPPC,	  

which	  explained	  the	  structural	  changes	  observed	  in	  the	  study.	  Bending	  moduli	  of	  

the	  bilayer	  with	  and	  without	  cholesterol	  were	  estimated	  by	  calculating	  the	  splay	  

modulus	  of	  pairs	  of	  each	  bilayer	  components.	  It	  was	  found	  that	  the	  involvement	  

of	   cholesterol	   reduced	   the	   splay	   angles	   of	   each	   pair	   of	   bilayer	   component,	  
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resulting	  in	  a	  higher	  bending	  modulus	  of	  the	  structure.	   	  
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Chapter	  1	    Introduction	  

1.1	    Cell	  membrane	  and	  lipid	  bilayer	  

Cell	  membrane	   is	   a	   biological	  membrane	   that	   separates	   cellular	   interiors	   from	  

extracellular	   environment.	   Biological	   membrane	   controls	   movement	   of	  

substances	   across	   the	   structure,	   and	   gets	   involved	   in	   a	   variety	   of	   cellular	  

processes	   such	   as	   cell	   adhesion,	   ion	   conductivity	   and	  mechanotransduction	   of	  

cells.	   	  

	  
Figure	  1	  Plasma	  membrane	  diagram.	   	  

The	  image	  was	  adopted	  from	  the	  textbook	  (David	  W.	  Ball,	  2011)	  

	  

Singer	   and	   Nicolson	   (1972)	   proposed	   the	   first	   comprehensive	   model	   of	   the	  

plasma	  membrane	  with	  the	  fluid-‐mosaic	  model	  (shown	  in	  Figure	  1).	  The	  model	  

described	   a	   complicated	   asymmetric,	   possibly	   heterogeneous	   distribution	   of	  
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lipids	   forming	   a	   fluid	   substrate	   in	   which	   the	   proteins	   and	   other	   membrane	  

substances	   are	   embedded.	   In	   the	   two-‐dimensional	   liquid	   substrate,	   lipids,	  

proteins	   and	   other	  membrane	   components	   can	   diffuse	   around	   to	   some	   extent	  

within	  the	  planar	  structure.	  The	  fundamental	  fluid-‐like	  structure	  is	  a	  lipid	  bilayer,	  

and	   the	   key	   materials	   forming	   a	   bilayer	   are	   phospholipids.	   Physically,	  

phospholipids	  molecules	   aggregate	   into	   a	   two-‐lipids	   thick	   layer	   spontaneously	  

with	   their	   hydrophilic	   groups	   pointing	   outward	   the	   water	   phase	   and	   the	  

hydrophobic	  groups	  pointing	  inward	  the	  centre	  of	  the	  bilayer.	  The	  outer	  side	  of	  

the	  lipid	  bilayer	  is	  covered	  with	  glycocalyx	  complex,	  which	  is	  a	  macromolecular	  

film	   consisting	   of	   glycoproteins	   and	   proteoglycans	   with	   glycosaminoglycans	  

chains	   attached	   to	   their	   core	   proteins.	   On	   the	   inner	   side	   of	   the	   bilayer,	   the	  

structure	  is	  connected	  and	  supported	  by	  the	  membrane-‐associated	  cytoskeleton,	  

in	  particular	  to	  actin	  filaments.(Cantor,	  1999b)	  

	  

Though	   lipid	   bilayer	   only	   occurs	   a	   small	   fraction	   of	   the	   total	   mass	   of	   most	  

membranes,	   particularly	   compared	   to	   membrane	   proteins,	   it	   is	   the	   structural	  

matrix	  for	  other	  membrane	  components	  to	  be	  arranged	  in	  or	  around.	  The	  bilayer	  

structure	   is	   formed	  via	  self-‐assembly	  with	  a	  complex	  mixture	  of	   the	   lipids.	  The	  

driving	   forces	   for	   forming	   the	   bilayer	   structure	   arise	   from	   the	   Van	   der	  Waals,	  

electrostatic,	   hydrogen	   bond,	   and	   other	   inter-‐molecular	   interactions.	   The	  

hydrophobic	  effect	  is	  considered	  as	  the	  major	  factor	  to	  form	  the	  bilayer	  structure,	  

since	  the	  non-‐polar	  hydrocarbon	  chains	  of	  phospholipids	  are	  repulsed	  by	  water	  
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molecules	  and	  packed	  into	  a	  nearly	  insulated	  environment	  away	  from	  water,	  and	  

the	   hydrophilic	   polar	   head	   of	   lipids	   are	   arranged	   in	   line	   via	   energetically	  

favourable	  interactions	  with	  water	  molecules	  or	  other	  molecules	  in	  the	  aqueous	  

environment	  (Yeagle,	  1989).	   	  

	  

	  

Figure	  2	  Chemical	  structral	  of	  phosphlipids	  in	  model	  membrane.	  

Carbon	   atoms	   in	   each	   molecule	   are	   numbered.	   The	   figure	   was	   adopted	   from	  

reference	  (Rog	  et	  al.,	  2009)	  

	  

1.1.1	    Phospholipids	  

In	   a	   real	   plasma	   membrane,	   the	   lipids	   species	   involved	   of	   forming	   the	   lipid	  

bilayer	  are	  of	  enormous	  diversity.	  For	   instance,	   in	  a	  recent	  study,	   thousands	  of	  
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lipids	  species	  were	  found	  in	  a	  single	  sample	  of	  adipose	  tissue	  (Pietilainen	  et	  al.,	  

2011,	  Rog	  and	  Vattulainen,	  2014).	  The	  huge	  diversity	  comes	  from	  variations	   in	  

different	   parts	   of	   the	   phospholipids	   molecules.	   For	   example,	   a	  

glycerol-‐phospholipid	   molecule	   can	   be	   considered	   with	   three	   different	  

compositional	  parts.	  Firstly,	  the	  glycerol	  group	  is	  located	  at	  the	  centre	  part	  of	  the	  

molecule,	   acting	   as	   the	   backbone,	   to	   which	   two	   hydrophobic	   fatty	   acid	  

hydrocarbon	  chains	  are	  attached	  at	  the	  position	  sn-‐1	  and	  sn-‐2,	  respectively,	  and	  

a	   phosphoric	   group	   is	   attached	   at	   position	   sn-‐3.	   The	   group	   attached	   to	   the	  

phosphoric	  acid	  can	  be	  various	  such	  as	  choline,	  ethanolamine,	  serine,	  glycerol	  or	  

inositol	   (Yeagle,	   1989).	   The	   attached	   group	   and	   the	   phosphoric	   acid	   group	  

together	  are	  called	  the	  head	  group	  of	  phospholipid.	  Based	  on	  the	  added	  group	  in	  

head	   group,	   the	   glycerol-‐phospholipids	   are	   named	   more	   specifically,	   such	   as	  

Phosphatidyl-‐cholines	   (PC),	   phosphatidyl-‐ethanolamines	   (PE),	  

Phosphatidyl-‐serines	   (PS).	  Aside	   from	   the	  diversity	   of	   the	  head	  group,	   the	   two	  

hydrocarbon	  chains	  at	  sn-‐1	  and	  sn-‐2	  can	  vary	  in	  both	  length	  and	  saturation	  state	  

(number	  of	  double	  bonds	   in	  chains)	   (Yeagle,	  1989).	  Based	  on	   the	  saturation	   in	  

the	   hydrocarbon	   chains,	   phospholipids	   can	   also	   be	   categorized	   into	   saturated	  

lipids	   and	   unsaturated	   lipids.	   Besides	   the	   glycerol-‐phospholipids,	   other	  

backbone	   groups	   can	   replace	   the	   backbone	   glycerol	   and	   result	   in	   other	   lipid	  

species	   (Yeagle,	   1989)	   as	  well.	   For	   example,	   sphingomyelin	   (SM)	   is	   one	   of	   the	  

most	   studied	   phosphosphingolipids,	   and	   the	   SM	  molecule	   is	   synthesized	   from	  

the	  sphingosine	  group	  rather	  than	  glycerol	  group.	  Due	  to	  complex	  compositions	  
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of	   a	   real	   cell	  membrane,	   a	  model	  membrane	   system	  consisting	  of	   one	  or	  more	  

lipid	   types	   is	   often	   constructed	   with	   fundamental	   features	   in	   laboratory	   or	   in	  

computer	   simulation	   for	   cell	  membrane	   study.	   Figure	  2	   shows	   several	  popular	  

phospholipids	   used	   in	   modelling	   a	   membrane	   because	   of	   their	   representative	  

chemical	   structure	   among	   the	   huge	   diversity	   of	   the	   phospholipid	   species	   in	  

nature.	  In	  present	  study,	  the	  dipalmitoylphosphatidylcholine	  (DPPC,	  16:0/16:0),	  

which	   is	   composed	   of	   a	   choline	   phosphoric	   head	   group,	   glycerol	   and	   two	  

saturated	   fatty	   acid	   tails,	   is	   used	   as	   the	   constituent	   of	   the	   modelled	   lipid	  

membrane,	   because	   it	   is	   an	   artificially	   synthesized	   lipid	   species	   for	   research	  

purposes	   in	  studying	   liposomes,	   lipid	  bilayers	  and	  biological	  membrane	  model.	  

Since	  it	  has	  been	  studied	  widely	  in	  both	  experiments	  and	  computer	  simulations,	  

DPPC	   lipid	   bilayer	   has	   been	   regarded	   as	   a	   benchmark	   for	   the	   membrane	  

modelling.	   	  

	  

1.1.2	    Cholesterol	   	  

Besides	  phospholipids,	  cholesterol	   is	  one	  of	  the	  most	   important	   lipid	  species	   in	  

nature,	   it	   occurs	   at	   relatively	   high	   concentrations	   in	   animal	   cell	   membranes.	  

Typically,	   the	   cholesterol	   concentration	   is	   about	   20-‐30	   mol%	   in	   biological	  

membranes,	   and	   it	   is	   found	  as	  much	  as	  50	  mol%	   in	   red	  blood	   cell	   (Sackmann,	  

1995).	   Cholesterol	   plays	   numerous	   important	   roles	   in	   membranes.	  

Physiologically,	   cholesterol	   is	   one	   important	   precursor	   to	   hormones	   and	  
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vitamins.	   Physically,	   it	   gets	   involved	   in	   modulating	   mechanical	   properties	   of	  

membranes	  and	  controlling	  thermodynamics	  phase	  states	  of	  a	  lipid	  bilayer	  (Rog	  

et	  al.,	  2009).	   	  

	  

Figure	  3	  Structure	  of	  cholesterol	  molecule.	   	  

(a)	  The	  numbering	  of	  carbon	  atoms	  and	  rings	  (labelled	  with	  A,	  B,	  C,	  D);	  (b)	  The	  

stick	  model	   of	   three-‐dimensional	   structure	   of	   cholesterol;	   (c)	   The	   space-‐filling	  

model	   of	   cholesterol,	   with	   the	   smooth	   α	   side,	   and	   the	   rough	   β	   side	   labeled.	  

Figure	  was	  adopted	  from	  reference	  (Rog	  et	  al.,	  2009)	  
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As	   to	   the	   chemical	   structure	   shown	   in	   Figure	   3,	   cholesterol	   is	   composed	   of	   a	  

tetracyclic	   fused	   ring	   backbone,	   with	   a	   single	   hydroxyl	   group	   at	   carbon	   3,	   a	  

double	   bond	  between	   carbons	   5	   and	   6,	   and	   a	   short	   hydrocarbon	   side	   chain	   at	  

carbon	  17.	  The	  rings	  are	   trans	   fused	   into	  multi-‐ring	  structure	  and	   it	   is	   flat	  and	  

rigid,	   which	   characterises	   cholesterol	   and	   most	   of	   its	   analogues.	   From	   the	  

three-‐dimensional	   view	   (see	   Figure	   3	   (c)),	   it	   is	   worth	   mentioning	   that	   the	  

hydroxyl	  (-‐OH)	  group,	  the	  two	  individual	  methyl	  groups	  C18	  and	  C19,	  attached	  

at	  positions	  10	  and	  13	  respectively,	  are	  positioned	  on	  the	  same	  side	  of	  the	  ring	  

skeleton	  in	  cis	  orientations,	  and	  this	  face	  of	  the	  ring	  structure	  is	  called	   β-‐side	  or	  

rough	   side	  of	   cholesterol.	  Accordingly,	   the	   flat	   side	   of	   cholesterol	   is	   commonly	  

known	   as	   𝛼-‐side.	   In	   the	   cholesterol	  molecule	   the	   only	   additional	   group	   is	   the	  

3β-‐hydroxyl	  group,	  while	   in	  other	  sterols	   there	  are	  many	  possible	  substituents	  

oriented	  toward	   𝛼-‐	  or	   β-‐side.	  Most	  part	  of	  cholesterol	  is	  hydrophobic	  except	  the	  

polar	   hydroxyl	   group,	   which	   adds	   hydrophilic	   property	   to	   cholesterol,	   so	  

cholesterol	  is	  also	  an	  amphiphilic	  molecule	  similar	  with	  phospholipids.	  In	  a	  lipid	  

membrane	   with	   cholesterol,	   cholesterol	   molecules	   are	   found	   to	   be	   oriented	  

parallel	   to	   phospholipids	   and	   aligned	   with	   the	   polar	   hydroxyl	   group	   pointing	  

outward	  to	  head	  groups	  of	  phospholipids	  molecules	  and	  no-‐polar	  part	  buried	  in	  

the	  hydrocarbon	  chains	  of	  the	  phospholipids	  (Ohvo-‐Rekila	  et	  al.,	  2002).	   	  

	  



	   8	  

1.1.3	    Thermodynamics	   phase	   behaviours	   of	   lipid	  

bilayer	  and	  cholesterol’s	  effect	  

	  
Figure	  4	  Thermodynamics	  states	  of	  a	  lipid	  bilayer	  in	  fluid	  environment.	   	  

Scheme	  demonstrating	  the	  different	  phase	  behaviours	  of	  a	  lipid	  bilayer,	  and	  the	  

water	   regions	   are	   not	   shown	   in	   the	   figure	   for	   clarity.	   Note:	   T!	   refers	   to	   the	  

transition	   temperature.	   The	   figure	   was	   adopted	   from	   reference	   (Eeman	   and	  

Deleu,	  2010)	  
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One	   of	   the	  most	   important	   properties	   of	   a	   lipid	   bilayer	   is	   the	   fluidity.	   A	   lipid	  

molecule	   in	  a	  bilayer	  can	  move	  around	   laterally	   in	  plane	  and	  rotate	  on	   its	   site,	  

and	  the	  mobility	  of	  molecules	  is	  affected	  by	  temperature	  and	  composition	  of	  the	  

lipid	   bilayer.	   The	   phase	   behaviour	   of	   a	   lipid	   bilayer	   is	   commonly	   categorised	  

with	   the	   ordering	   state	   of	   the	   hydrocarbon	   chain	   quantitatively.	   As	   seen	   in	  

Figure	  4,	   a	   pure	   lipid	   bilayer	   is	   characterised	  with	   a	   transition	   temperature	   at	  

which	   bilayer	   undergo	   transition	   from	   the	   gel	   phase	   S!	   to	   fluid	   phases	   L!.	   In	  

the	   gel	   or	   solid-‐ordered	   phase,	   the	   tails	   of	   the	   lipids	   are	   ordered	   and	   tilted	  

slightly	   with	   respect	   to	   the	   bilayer	   normal,	   and	   the	   mobility	   of	   the	   lipids	   in	  

bilayer	  is	  restricted	  to	  the	  slowest	  level.	  Upon	  heating	  the	  bilayers,	  some	  of	  the	  

lipids	   become	   active	   and	   the	   tails	   of	   them	  become	  disordered,	   and	   the	   bilayer	  

occurs	   ripple	   structure	   on	   the	   surface.	   Then	  when	   it	   is	   above	   the	  main	   phase	  

transition	   temperature	   (T!),	   the	   hydrocarbon	   chains	   of	   lipids	   become	   fully	  

melted	  into	  liquid	  like	  conformation	  with	  relatively	  higher	  degrees	  of	  rotational	  

and	  translational	  freedom.	  A	  lipid	  bilayer	  at	  a	  temperature	  above	  the	   T!	   is	  often	  

called	   a	   fluid	   or	   liquid-‐like	   lipid	   bilayer,	   which	   is	   mainly	   considered	   phase	  

behaviour	  in	  lipid	  bilayer	  research.	  (Karplus	  and	  McCammon,	  2002)	  
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Figure	  5	  Phase	  behaviours	  diagrams	  for	  binary	  mixture	  of	  cholesterol	  and	  DPPC	  

in	  water	  environment.	   	  

Cholesterol	  induces	  co-‐existence	  of	  liquid-‐disordered	   L!	   and	  liquid-‐ordered	   L!	  

thermodynamics	  states	  at	  temperatures	  above	  main	  transition	  temperature,	  and	  

it	   also	   induces	   transition	   phase	   with	   ripple	   phase	   P!	   and	   liquid-‐ordered	   L!	  

phase	   at	   lower	   temperatures.	   The	   figure	   was	   adapted	   from	   reference	   (Eeman	  

and	  Deleu,	   2010,	   Vist	   and	  Davis,	   1990)	   Copyright	  ©	  1990,	   American	   Chemical	  

Society.	  

	  

Besides	   the	   bilayer-‐forming	   lipids,	   cholesterol	   by	   itself	   doesn’t	   form	   bilayer	  

phases,	   but	   it	   induces	   an	   intermediate	   state,	   the	   liquid-‐ordered	   phase	   L!,	   in	   a	  

lipid	  bilayer	  (see	  Figure	  4).	  This	  remarkable	  phase	  not	  only	  has	  a	  high	  ordering	  

state	   like	   a	   bilayer	   in	   solid	   phase,	   but	   also	   features	   with	   a	   relatively	   high	  

translational	  mobility	  of	  a	  bilayer	  in	  fluid	  phase.	  In	  a	  phospholipids	  bilayer	  with	  

cholesterol	   (see	   Figure	   5),	   the	   gel-‐fluid	   transition	   phase	   of	   the	   bilayer	   was	  

broadened	   upon	   heating	   the	   system.	   At	   a	   certain	   temperature	   below	   T!,	   the	  
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lipid	   bilayer	   in	   gel	   or	   ripple	   phase	   undergoes	   transition	   into	   a	   liquid-‐ordered	  

thermodynamics	   state	   L! 	   with	   increasing	   cholesterol	   concentration.	   At	  

temperatures	   above	   the	   main	   T! ,	   upon	   adding	   cholesterol	   into	   the	   bilayer	  

system	   the	   fluid	   lipid	   bilayer	   occurs	   a	   co-‐existence	   of	   the	   liquid-‐ordered	   and	  

liquid-‐disordered	   states	   (L! + L!).	   At	   cholesterol	   concentrations	   25	   mol%	   or	  

even	   higher,	   the	   disordered	   phospholipids	   are	   further	   restricted	   and	   they	   are	  

arranged	   into	   more	   ordered	   or	   aligned	   configurations.	   Briefly	   speaking,	  

cholesterol	   increases	   the	   fluidity	   of	   the	   hydrocarbon	   chains	   and	   prevents	  

phospholipids	   from	   forming	   gel	   phase	   at	   low	   temperature.	   By	   contrast,	  

cholesterol	  decreases	  the	  membrane	  fluidity	  and	   induces	  more	  aligned	  packing	  

state	  among	  the	  hydrocarbon	  chains	  of	  lipids	  at	  high	  temperature	  (Ohvo-‐Rekila	  

et	  al.,	  2002,	  Bennett	  and	  Tieleman,	  2013,	  Yeagle,	  1989).	  

	  

1.1.4	    Lipid	  Rafts	  

As	  cholesterol	  affects	  physical	  properties	  of	   lipid	  membrane,	  cholesterol	   is	  also	  

involved	  of	  manipulating	  the	   functions	  of	  proteins	  embedded	   in	   the	  membrane	  

via	  direct	  or	  indirect	  approach.	  Many	  membrane	  proteins,	  including	  ion	  channels,	  

membrane	   receptors	   and	   enzymes,	   are	   found	   to	   be	   sensitive	   to	   mechanical	  

modification	   of	   the	   surrounding	   domains.	   Some	   proteins	   are	   found	   to	   interact	  

with	   cholesterol	  molecules	   to	  manipulate	   either	   activation	   or	   inactivation.	   The	  

mediation	   of	   the	   activity	   of	   the	   cholesterol-‐regulated	   proteins	   is	   probably	  
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associated	   with	   sterol-‐sensing	   domains.	   In	   addition,	   some	   proteins	   that	   are	  

compartmentalized	   into	   lipid	   rafts	   are	   also	   dependent	   on	   cholesterol,	   since	  

cholesterol	   is	   involved	   of	   lipid	   raft	   formation.	   (Simons	   and	   Ikonen,	   1997,	  

Gullingsrud	  and	  Schulten,	  2004,	  Ohvo-‐Rekila	  et	  al.,	  2002)	  

	  

Lipid	   rafts	   are	   commonly	   referred	   to	  micro-‐domains	   enriched	  with	   cholesterol	  

and	   sphingolipids	   in	   a	   lipid	  membrane.	  These	  highly	  ordered	  domains	  provide	  

platforms	   where	   specific	   proteins	   are	   concentrated	   and	   segregated	   from	   the	  

surrounding	   bilayer	   (Simons	   and	   Ikonen,	   1997).	   While	   the	   relevance	   of	   such	  

domains	   and	   their	   roles	   in	   modulating	   the	   functions	   of	   the	   proteins	   are	   still	  

much	   debated,	   though	   lipid	   rafts	   are	   believed	   to	   be	   important	   for	   many	  

biological	   processes	   including	   neurotransmission	   (Allen	   et	   al.,	   2007)	   and	  

amyloid	  diseases	   (Bucciantini	   et	   al.,	   2014).	   In	   contrary,	   the	   integral	  membrane	  

proteins	   also	   affect	   the	   dynamics	   of	   the	   surrounding	   lipids.	   The	   motional	  

freedom	  of	  the	  lipids	  neighbouring	  the	  proteins	  is	  constrained	  due	  to	  their	  direct	  

interactions	   with	   the	   protein.	   These	   lipids	   are	   known	   as	   annular	   lipids.	  

Additionally,	   lipids	   may	   also	   reside	   in	   non-‐annular	   sites	   such	   as	   clefts	   on	   the	  

protein	  surface	  or	  in	  the	  space	  between	  protein	  subunits.	  These	  lipids,	  known	  as	  

non-‐annular	  lipids,	  may	  interact	  with	  the	  protein	  with	  a	  higher	  affinity,	  and	  have	  

less	   accessibility	   to	   the	   bulk	   lipids.	   Compared	   to	   the	   annular	   lipids,	   the	  

non-‐annular	  lipids	  are	  less	  possible	  to	  exchange	  with	  lipids	  from	  the	  bulk	  regions.	  



	   13	  

It	   has	   been	   observed	   that	   non-‐annular	   lipids	   may	   participate	   in	   mediating	  

protein	   function	  and	  oligomerization.	   (Paila	  and	  Chattopadhyay,	  2010,	  Grouleff	  

et	  al.,	  2015)	   	  

	  

1.2	    Molecular	  scale	  study	  of	  lipid	  membrane	  

Molecular	  scale	  interactions	  of	  membrane	  components	  drive	  the	  membrane	  lipid	  

bilayer	   self-‐assembly	  and	   functioning	  of	   the	   living	   cells.	   Chemical	   structures	  of	  

the	  involved	  molecules	  are	  of	  great	  importance	  in	  the	  interactions.	  Therefore,	  the	  

knowledge	  of	  the	  steric	  structure	  of	  lipids	  at	  atomic	  level	  resolution	  is	  essential	  

for	  a	  complete	  understanding	  of	  their	  functional	  role.	  It	  is	  very	  helpful	  to	  deepen	  

our	   understandings	   on	   lipid	   conformations,	   molecular	   interactions	   and	  

membrane	  dynamics	  in	  biological	  membrane	  study.	   	  

	  

1.2.1	    Experimental	   techniques	   to	   characterise	   lipid	  

bilayer	   	  

Experimental	   techniques	   such	   as	   X-‐ray	   crystallography	   and	   nuclear	   magnetic	  

resonance	   (NMR)	   are	   used	   to	   produce	   the	   detailed	   structure	   of	   the	   biological	  

macromolecules,	  like	  lipids,	  proteins,	  peptides,	  DNA	  and	  RNA.	  For	  example,	  X-‐ray	  

crystallography	   is	   the	   primary	   technique	   to	   derive	   the	   three-‐dimensional	  
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structure	  in	  the	  solid	  state.	  It	  is	  capable	  to	  determine	  the	  relative	  positions	  of	  the	  

atoms	   in	   space	   finely,	   and	   yield	   bond	   length,	   angles,	   and	   torsion	   angles.	  More	  

information	   about	   packing	   arrangement	   of	   molecules	   and	   distances	   between	  

molecules	   can	   be	   obtained	   as	   well.	   But	   the	   picture	   derived	   from	   X-‐ray	  

crystallography	  and	  NMR	  reveals	   an	   averaged	   static	   state	  of	   the	  matter.	   In	   the	  

equilibrium	   structure,	   biological	   macromolecules	   undergo	   substantial	  

fluctuations,	   and	   the	   equilibrium	   structure	   can	   be	   altered	   greatly	   when	  

compared	   to	   the	   static	   picture	   taken	  by	   structural	   imaging	   techniques.	   In	   lipid	  

membrane,	  the	  function	  of	  the	  membrane	  is	  closely	  associated	  with	  the	  dynamic	  

alterations	  in	  the	  lipid	  bilayer.	  (Yeagle,	  2004)	  

	  

Alterations	   in	   lipid	   dynamics	   influence	   various	   cellular	   functions	   such	   as	  

mechanical	   signal	   transduction,	   substances	   transportation	   across	   the	   structure	  

and	   lateral	   diffusion	   of	   membrane	   component	   in	   the	   bilayer	   (Yeagle,	   2004,	  

Yeagle,	  1989).	  Therefore,	  measuring	  the	  dynamics	  properties	  of	  bio-‐membranes	  

is	   critical	   in	   studying	   the	  biological	   function.	  However,	   due	   to	   the	   limitation	  of	  

current	   experimental	   techniques,	   molecular	   dynamics	   of	   membrane	   is	   not	  

comprehensively	   investigated	   in	   experiments.	   In	   previous	   literatures,	  

Fluorescence	   spectroscopy	   is	   a	   widely	   used	   technique	   to	   characterize	   the	  

dynamics	  of	   bio-‐membranes.	  Nevertheless,	   the	   spatial	   and	   temporal	   resolution	  
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of	  the	  technique	  is	  not	  capable	  enough	  to	  resolve	  the	  details	  of	  biomembrane	  at	  

molecular	  level.	   	   	  

	  

1.2.2	    Computational	   techniques	   to	   model	   lipid	  

membrane	  

In	  biophysics,	   biological	  membranes	   can	  be	   treated	   at	  different	   scale	   levels.	  At	  

the	   cellular	   scale	   or	   macroscopic	   level,	   the	   membrane	   is	   regarded	   as	   a	   thin	  

pseudo	   planar	   film,	   and	   its	   properties	   and	   characteristics	   can	   be	   extensively	  

understood	   in	   terms	  of	  phenomenological	  elastic	  models.	  Moving	  a	   little	  closer	  

into	  the	  membrane,	   the	  membrane	  appears	  as	   the	   ‘fluid	  mosaic’.	  Different	   lipid	  

blocks	  form	  a	  matrix	  with	  embedded	  proteins.	  At	  the	  molecular	  level,	  the	  view	  of	  

cell	  membrane	  becomes	  a	  broad,	  hydrophilic	  surface	   that	  creates	  an	   interfacial	  

barrier	   between	   the	   aqueous	   solvent	   and	   the	  hydrophobic	  membrane	   interior.	   	  

From	  the	  microscopic	  view,	  the	  membrane	  is	  a	  collection	  of	  molecules,	  and	  each	  

molecule	   is	   composed	   of	   a	   group	   of	   atoms.	   The	   macroscopic	   properties	   of	  

membrane	   have	   been	   extensively	   investigated	   by	   experiments	   and	   continuum	  

model.	   However,	   the	   atomic	   level	   structural	   and	   dynamical	   information	   of	  

membranes	   are	   fragmentary.	   It	   is	   mainly	   because	   there	   is	   no	   existing	  

experimental	   technique	   that	   can	   directly	   reveal	   the	   positions	   and	   motions	   of	  

atoms.	  The	  situation	  has	  been	  improved	  since	  more	  powerful	  computers	  became	  
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available	  to	  boost	  the	  development	  of	  computational	  study.	  Molecular	  dynamics	  

simulation	   has	   become	   a	   powerful	   complementary	   technique	   to	   experiments,	  

and	   the	   method	   shed	   light	   on	   understanding	   the	   mechanical	   and	   dynamical	  

properties	  of	  the	  lipid	  membrane.	  With	  molecular	  dynamics	  simulations,	  details	  

of	  a	  computer-‐based	  lipid	  membrane	  model	  at	  the	  microscopic	  level	  (molecular	  

or	   atomic	   level)	   can	   be	   explored	   explicitly,	   including	   the	   positions	   of	   each	  

particle	   in	   the	   system	   at	   every	   moment	   with	   system	   evolvement.	   Also	   the	  

corresponding	  velocities	  of	  the	  particle	  and	  the	  forces	  exerted	  on	  each	  particle	  at	  

each	   time	   point	   can	   be	   obtained	   from	   the	   computer	   simulation.	   From	   the	  

movement	   of	   each	   particle	   in	   the	   system,	   the	   dynamics	   properties	   of	   each	  

molecule	  or	  the	  whole	  system	  itself	  can	  be	  evaluated.	  Moreover,	  the	  microscopic	  

information	   can	   be	   converted	   into	  macroscopic	   observables	   such	   as	   pressure,	  

energy,	  heat	  capacities,	  etc.	  via	  statistical	  mechanics.	  (Tieleman	  et	  al.,	  1997)	   	  

	  

Molecular	   dynamics	   simulations	   have	   been	   extensively	   used	   in	   cell	  membrane	  

research	  (Tieleman	  et	  al.,	  1997,	  Scott,	  2002,	  Saiz	  et	  al.,	  2002,	  Rog	  and	  Vattulainen,	  

2014,	  Rog	  et	  al.,	  2009).	  They	  are	  capable	  to	  provide	  atomic	  level	  information	  that	  

helps	   understand	   the	   mechanisms	   behind	   the	   behaviours,	   which	   are	   not	  

accessible	   by	   any	   current	   experimental	   techniques.	  Moreover,	   as	   experimental	  

measurements	  sometimes	  need	  probes,	  which	  may	  perturb	  the	  system	  and	  lead	  

inaccuracy	   in	   results.	  While	   measurements	   by	   MD	   simulations	   do	   not	   require	  

additional	  probes,	  and	  MD	  simulations	  can	  even	  investigate	  effects	  of	  the	  probes	  
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in	   experiments	   (Repakova	   et	   al.,	   2006,	   Stimson	   et	   al.,	   2007).	   Furthermore,	  MD	  

simulation	   is	  capable	   to	  provide	   insights	   into	  a	   lipid	  membrane.	  An	  example	  of	  

such	   observable	   is	   the	   lateral	   pressure	   profile	   inside	   a	   lipid	   bilayer,	   which	  

provide	   important	   information	   about	   the,	   but	   it	   is	   very	   hard	   to	   gauge	   in	  

experiments.	   Combining	   the	   MD	   simulations	   and	   experiments	   provides	   a	  

comprehensive	   understanding	   on	   the	   behaviours	   of	   the	   system	   at	   different	  

length	   and	   timescale	   since	   different	   methods	   can	   be	   correlated	   with	   each	  

other(Rog	  et	  al.,	  2009).	   	  

	  

1.3	    Aim	  of	  current	  study	  

The	   aim	   of	   the	   study	   is	   to	   investigate	   the	   effect	   of	   cholesterol	   on	   the	   physical	  

properties	   of	   the	   DPPC	   bilayer	   with	   all-‐atom	   molecular	   dynamics	   simulation	  

method.	   A	   series	   of	   simulations	   of	   DPPC	   bilayer	   at	   various	   cholesterol	  

concentrations	  are	  performed	  to	  study	  the	  effects	  of	  cholesterol	  on	  lipid	  bilayer	  

from	  various	  concerned	  aspects:	  

l Structural	  properties	  of	  the	  lipid	  bilayer	  

l Lipid	  dynamics	  in	  the	  bilayer	   	  

l Effect	  of	  cholesterol	  on	  lateral	  pressure	  profile	  

l Mechanical	  properties	  of	  the	  lipid	  bilayer	  
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Though	  the	  most	  PC	   lipids	   in	  nature	  are	  unsaturated	  and	  most	  saturated	   lipids	  

are	   sphingolipids,	   DPPC	   is	   a	   good	   candidate	   for	   bilayer	   simulation	   from	  many	  

aspects	   considerations.	  First,	   saturated	  PC	  has	  been	   investigated	   in	  majority	  of	  

the	   experiments,	   and	   the	   available	   experimental	   data	   are	   supportive	   for	   force	  

field	   development	   and	   refinement.	   Second,	   most	   lipids	   in	   membrane	   have	   at	  

least	   one	   saturated	   hydrocarbon	   chain,	   as	   it	   was	   reported	   that	   interactions	   of	  

cholesterol	   with	   saturated	   chain	   is	   essential	   to	   affect	   the	   overall	   structural	  

properties.	  Third,	  there	  have	  been	  a	  plenty	  of	  simulations	  for	  saturated	  PC	  lipids	  

with	   cholesterol	   in	   literatures	   using	   different	   force	   fields,	   and	   the	   simulation	  

results	  can	  be	  used	  to	  validate	  our	  model	  and	  compare	  our	  results.	   	  

	  

The	  recently	  updated	  all-‐atom	  CHARMM	  force	  field	  sets	  for	  DPPC	  (Klauda	  et	  al.,	  

2010)	   and	   cholesterol	   (Lim	  et	   al.,	   2012)	   are	   employed	   in	   our	   simulations.	   The	  

improved	   parameters	  were	   reported	   to	   show	   better	   accuracy	   and	   consistency	  

with	  experimental	  data.	  To	  my	  knowledge,	  the	  updated	  force	  fields	  haven’t	  been	  

used	  for	  a	  systematic	  study	  of	  properties	  of	  DPPC	  bilayer	  containing	  cholesterol.	   	  
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Chapter	  2	    Molecular	  dynamics	  method	  

In	  computational	  experiments,	  simulations	  are	  used	  to	  study	  virtually	  all	  kinds	  of	  

systems	   in	   many	   scientific	   disciplines.	   Roughly,	   computer	   simulations	   can	   be	  

performed	   on	   continuum	   model	   and	   particle-‐based	   model	   to	   solve	   different	  

problems.	   Continuum	   simulations	   are	   usually	   used	   for	   the	   dynamics	   of	   fields	  

consisting	   of	   a	   large	   number	   of	   particles.	   Particle-‐based	   simulations	   usually	  

focus	   on	   the	  motion	   of	   discrete	   constituents,	   and	   the	   particle	   can	   be	   either	   an	  

atom	  or	  a	  coarse-‐grained	  bead	  representing	  a	  group	  of	  atoms.	   	  

	  

2.1	    Molecular	  dynamics	  

In	   an	   all-‐atom	  molecular	   dynamics	   (MD)	   simulation,	   each	   atom	   in	   a	   simulated	  

system	  is	  modelled	  as	  one	  particle,	  and	  interactions	  between	  any	  two	  atoms	  are	  

defined	   by	   energy	   potential	   function.	   The	   position	   and	   velocities	   of	   the	   atoms	  

evolve	   according	   to	   the	   Newton’s	   equation	   of	   motion	   (Tildesley,	   1987).	   In	   a	  

phospholipid	  bilayer	  model,	  assuming	  the	  system	  consisting	  of	  a	  collection	  of	   𝑁	  

atoms	  with	  each	  mass	   𝑚! 	   for	  atom	   𝑖,	  the	  equations	  of	  motion	  of	  the	  N	  particles	  

can	  be	  expressed	  with	  Newton’s	  second	  law,	   	  

	   𝑚!   
d!𝑟!
d𝑡! = 𝑚!𝑎! = 𝐹!   ,        𝑖 = 1,2,3…… ,𝑁.	   (2.1)	  

Where	   𝑎! 	   is	  the	  acceleration	  of	  atom	  i,	   𝑟! 	   is	  the	  position	   (𝑥! ,𝑦! , 𝑧!)	   of	  atom	  i	  in	  
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space	  at	  a	  given	  time	  instant,	  and	   𝐹! 	   is	  the	  force	  exerted	  on	  atom	  i.	  

	  

The	  individual	  forces	   𝐹! 	   acting	  on	  atom	  i	  in	  the	  system	  can	  also	  be	  expressed	  by	  

the	  gradient	  of	  the	  potential	  energy,	  

	   𝐹! = −∇!𝑈 = −
d𝑈
d𝑟!
	   (2.2)	  

Combing	  the	  equations	  (2.1)	  and	  equation	  (2.2)	  yields:	  

	   −
d𝑈
d𝑟!

= 𝑚!   
d!𝑟!
d𝑡!     	  

(2.3)	  

Where	   U	   is	   the	   potential	   energy	   of	   the	   system.	   The	   negative	   signs	   in	   the	  

equations	   (2.2)	   and	   (2.3)	   indicate	   the	   system	   tends	   to	   move	   towards	   a	  

configuration	  with	  relatively	  lower	  potential	  energy.	   	   	  

	  

The	   differential	   equations	   of	   motion	   are	   integrated	   with	   some	   designed	  

numerical	   algorithms	   such	   as	   the	   Verlet	   algorithm	   and	   its	   modifications	  

(Tildesley,	  1987,	  Swope	  et	  al.,	  1982).	  According	  to	  the	  integration	  algorithm,	  the	  

positions	   and	  velocities	  of	   each	  particle	   are	  updated.	   For	   instance,	   the	  velocity	  

Verlet	  algorithm	  describes	  the	  equations	  of	  motion	  with	  

	   𝑟! 𝑡 + ∆𝑡 = 𝑟! 𝑡 + 𝑣! 𝑡 ∆𝑡 +
𝐹!(𝑡)
2𝑚!

∆𝑡!	   (2.4a)	  

	   𝑣! 𝑡 + ∆𝑡 = 𝑣! 𝑡 +
𝐹! 𝑡 + ∆𝑡 + 𝐹! 𝑡

2𝑚!
∆𝑡   (2.4b)	  

where	   ∆𝑡	   is	   the	   time	   step	   used	   to	   propagate	   the	   equations	   of	   motion.	   For	  

all-‐atom	   MD	   simulations,	   the	   time	   step	   ∆𝑡	   is	   1	   fs	   in	   common,	   and	   it	   can	   be	  
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doubled	  to	  be	  2	  fs	  with	  constrained	  bond	  lengths	  to	  boost	  simulation	  efficiency.	   	  

	  

2.2	    	   Force	  field	  

In	   classic	  mechanics,	   the	   forces	  between	  atoms	  depend	  only	  on	   the	  position	  of	  

the	  atoms,	  and	  are	  not	  explicit	  on	  time.	  The	  forces	  can	  be	  determined	  from	  the	  

gradient	  of	  a	  potential	  function	  as	  shown	  in	  equation	  (2.2).	  In	  order	  to	  define	  the	  

physical	   model	   of	   an	   atomic	   system,	   the	   potential	   energy	   function	   describing	  

pairwise	   interactions	   of	   all	   atoms	   has	   to	   be	   given	   or	   approximated,	   and	   the	  

potential	  function	  is	  the	  so-‐called	  force	  field.	   	  

	  

Classically,	   the	   total	   potential	   of	   a	   system	   of	  N	  atoms	   can	   be	   divided	   into	   two	  

categories,	   namely,	   the	   bonded	   and	   the	   non-‐bonded	   interactions	   terms.	   The	  

bonded	   interactions,	   referring	   to	   interactions	   among	  atoms	   that	   are	   connected	  

with	   each	   other	   by	   covalent	   bonds,	   include	   bond,	   angle	   and	   dihedral	   terms.	  

Non-‐bonded	   interactions	   include	   the	   electrostatics	   and	   van	   der	   Waals	   forces	  

terms.	  Hence,	  a	  general	  form	  of	  the	  potential	  energy	  function	  consists	  of	  several	  

terms	  with	  a	  simple	  expression:	  (Tildesley,	  1987)	  

	   𝑈!"!#$ = 𝑈!"#$ + 𝑈!"#$% + 𝑈!"#$!%&' + 𝑈!"!#$%&'$($)#' + 𝑈!"#	   (2.5)	  
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The	  equation	  (2.5)	  shows	  the	  different	  contributors	  to	  the	  total	  potential	  energy	  

𝑈!"!#$.	  The	  bond	  and	  angle	  term	  are	  often	  modelled	  with	  harmonic	  potentials,	  

	   𝑈!"#$ =
1
2 k!"

! 𝑟!" − 𝑟!"!
!	   (2.6)	  

	   𝑈!"#$% =
1
2 k!"#

! 𝜃!"# − 𝜃!"#!
!	   (2.7)	  

where	   𝑟!" 	   is	  the	  distance	  between	  atom	  i	  and	  j,	   𝜃!"# 	   is	  the	  angle	  between	  atoms	  

i,	   j	   and	   k;	   The	   equilibrium	   distances	   and	   angles,	   𝑟!"! 	   and	   𝜃!"#! 	   ,and	   the	   force	  

constants,	   k!"! 	   and	   k!"#! ,	   are	   fit	   parameters,	   respectively.	   The	   dihedral	   angle	  

energy	  is	  given	  with	  a	  cosine	  expansion,	  

	   𝑈!"#$!%&' = k! 1+ cos 𝑛 𝜙 − 𝜙! 	   (2.8)	  

where	   𝜙	   is	   the	  value	  of	   the	  dihedral	  angle	   ,	   the	  equilibrium	  value	   𝜙!	   and	   the	  

force	  constant	   k!	   determining	  the	  energy	  barrier	  height	  and	  the	  multiplicity	  n	  

giving	   the	   number	   of	   the	   corresponding	   energy	   minima	   states	   as	   the	   bond	   is	  

rotated	  through	  360°.	  The	  electrostatic	  interaction	  is	  defined	  with	  the	  Coulombic	  

term,	  

	   𝑈!"!#$%&'$($)#' =
𝑞!𝑞!

4πℰ!𝑟!"!!!

	   (2.9)	  

where	   𝑞! 	   and	   𝑞! 	   are	   partial	   charges	   of	   atoms	   i	   and	   j,	   and	   ℰ!is	   the	   vacuum	  

permittivity.	  The	  van	  der	  Walls	  interaction	  between	  atoms,	  describing	  the	  strong	  

repulsion	   at	   very	   short	   distances	   and	   the	   London	   dispersion	   forces	   at	   long	  

distances,	  is	  often	  modelled	  with	  the	  famous	  Lennard-‐Jones	  (LJ)	  potential,	  
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	   𝑈!"# =
A!"
𝑟!"!"

−
B!"
𝑟!"!!!!

	   (2.10)	  

where	   A!" 	   and	   B!" 	   are	  Lennard–Jones	  fit	  parameters	  describing	  the	  interaction	  

strength	  of	  repulsion	  and	  dispersion,	  respectively.	   	  

	  

2.3	    Ensembles	   	  

An	   ensemble	   refers	   to	   a	   conceptual	   collection	   of	   a	   large	   number	   of	   identical	  

systems.	  Each	  participant	   in	  the	  ensemble	  is	  characterized	  with	  its	  microscopic	  

parameters.	   In	   classical	   MD	   simulation,	   each	   particle	   in	   the	   system	   has	   the	  

positions	   and	   velocities,	   but	   all	   of	   the	   particles	   share	   the	   same	   macroscopic	  

parameters.	   A	   MD	   simulation	   with	   standard	   equations	   of	   motion	   samples	   the	  

trajectory	   in	   the	  microcanonical	   ensemble	   (NVE).	  The	   system	   is	   a	   collection	  of	  

particles	  with	  different	  positions	  and	  velocities,	  but	  it	  is	  specified	  with	  the	  same	  

number	   of	   particles,	   N,	   volume,	   V,	   and	   total	   energy,	   E.	   The	   NVE	   ensemble	   is	  

useful	  to	  check	  integration	  accuracy	  and	  energy	  conservation,	  however	  it	   is	  not	  

quite	   related	  with	   the	   experimental	   conditions.	   In	  membrane	   simulations,	   it	   is	  

more	  common	  to	  control	  the	  absolute	  temperature	  T	  with	  a	  thermostat,	  and	  thus	  

to	   produce	   the	   standard	   canonical	   ensemble	   (NVT).	   In	   both	   NVE	   and	   NVT	  

ensembles,	   the	   volume	   of	   the	   system	   is	   required	   to	   be	   constant,	   and	   it	   is	  

problematic	  in	  the	  mixtures	  of	  various	  lipid	  species	  membrane	  system	  since	  the	  

accurate	  data	   for	   the	  surface	  area	  per	   lipid	  and	  the	  thickness	  of	   the	  membrane	  
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are	   unknown	   in	   most	   cases.	   The	   constant	   volume	   may	   cause	   unnatural	  

dimensions	   of	   the	   system,	   and	   unphysical	   fluctuations	   in	   membrane	   due	   to	  

inflexible	   boundaries.	   Of	   further	   interest	   are	   simulations	   in	   the	  

isothermal-‐isobaric	   ensemble	   (NpT)	   where	   the	   pressure	   and	   temperature	   are	  

controlled	  to	  be	  constant,	  and	  the	  simulation	  box	  size	  must	  be	  allowed	  to	  change	  

to	   obtain	   desired	   pressure	   in	   NpT	   ensemble.	   The	  most	   popular	   NpT	  methods	  

used	  in	  membrane	  simulation	  are	  the	  scaling	  algorithm	  of	  Berendsen	  et	  al.	  (1984)	  

and	  the	  Nose-‐Hoover	  method	  (Nose	  and	  Klein,	  1983,	  Hoover,	  1985).	  In	  fact,	  the	  

Berendson	  weak-‐coupling	  algorithm	  doesn’t	  produce	  an	  NpT	  ensemble,	  but	  it	  is	  

usually	   most	   efficient	   in	   reaching	   desired	   reference	   values.	   The	   Nose-‐Hoover	  

method	   results	   in	   an	   NpT	   ensemble	   by	   coupling	   system	   to	   an	   external	  

temperature	   and	   pressure	   bath,	   but	   it	   can	   undergo	   unnecessary	   oscillating	  

movements	  when	  the	  system	  is	  started	  far	   from	  equilibrium.	  Therefore,	  a	  good	  

way	  to	  perform	  a	  membrane	  simulation	  in	  NpT	  ensemble	  is	  to	  use	  a	  Berendsen	  

algorithm	   for	   system	   equilibration	   and	   a	   Nose-‐Hoover	  method	   for	   production	  

simulations.	   	  
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2.4	    Limitations	  of	  molecular	  dynamics	  simulations	  

2.4.1	    Reliability	  of	  energy	  potential	  function	  

Description	  of	  the	  potential	  energy	  of	  the	  interactions	  of	  all	  atoms	  in	  the	  systems	  

requires	  a	  large	  number	  of	  parameters.	  The	  current	  available	  force	  fields	  haven’t	  

achieved	   to	   mimic	   all	   the	   forces	   experienced	   by	   the	   ‘real’	   atoms.	   Force	   field	  

parameters	   are	   often	   empirically	   obtained	   from	   experiments	   and	   quantum	  

mechanics	  calculations.	  Ideally,	  empirical	  force	  fields	  should	  be	  transferable	  and	  

applicable	  to	  many	  systems	  under	  different	  conditions.	  However,	  parameters	  in	  

different	  force	  field	  sets	  are	  usually	  self-‐consistent,	  which	  means	  parameters	  in	  

one	  set	  are	  normally	  used	  for	  specific	  molecules	  or	  systems.	  Because	  force	  fields	  

are	   often	   parameterized	   and	   refined	   by	   fitting	   the	   model	   to	   the	   available	  

experimental	  data	  on	  specific	  system.	  Therefore	  different	  force	  fields	  may	  not	  be	  

compatible	  to	  each	  other.	  The	  available	  force	  fields,	  such	  as	  AMBER	  (Dickson	  et	  

al.,	   2014),	   CHARMM	   (Vanommeslaeghe	   et	   al.,	   2010)	   or	   GROMOS	   (Baran	   and	  

Mazerski,	   2002)	   have	   proved	   to	   be	   pretty	   accurate	   regarding	   kinetic	   and	  

thermodynamics	  properties	  for	  proteins,	  nucleic	  acids,	  and	  lipids.	   	  

The	  classical	  force	  fields	  are	  approximated	  form	  of	  the	  potential	  energy	  functions.	  

Simulations	   performed	   by	   classical	   interactions	   can	   predict	   many	   important	  

motions	   of	   atoms	   and	   dynamical	   properties	   of	   the	   system,	   while	   these	  

simulations	  are	  poorly	  suitable	  to	  study	  chemical	  events	  such	  as	  bond	  breaking	  
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and	  bond	  making	  where	  quantum	  effects	  are	  essential.	  Aside	  from	  that,	  another	  

event	   involved	   of	   quantum	  mechanical	   effect,	   electronic	   polarization,	   which	   is	  

caused	  by	  the	  uneven	  distribution	  of	  electrons	  between	  one	  nucleus	  and	  another	  

covalently	   bonded	  nucleus	   among	   groups	   of	   atoms,	   is	   generally	   not	   taken	   into	  

account	  in	  the	  force	  fields.	  In	  classical	  description,	  each	  atom	  is	  distributed	  with	  

a	  fixed	  partial	  charge	  throughout	  the	  simulation.	  However,	  in	  reality,	  the	  electron	  

clouds	  around	  atoms	  are	  constantly	  shifting	   in	  response	  to	  their	  environments,	  

so	   the	   partial	   charges	   of	   atoms	   in	   force	   fields	   would	   better	   be	   dynamic	   and	  

responsive.	  With	  fixed	  partial	  charge,	  average	  effects	  of	  polarization	  are	  retained	  

while	  detailed	   effects	   are	  poorly	   represented.	  At	  present,	   however,	   a	   generally	  

recognized	   polarizable	   force	   field	   is	   still	   not	   available.(Tieleman	   et	   al.,	   1997,	  

Tildesley,	  1987)	  
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2.4.2	    	   Length	  scale	  and	  timescale	  limitations	  

	  

Figure	  6	  A	  two-‐dimensional	  periodic	  system.	   	  

Molecules	  can	  enter	  and	   leave	  each	  box	  across	  each	  of	   the	   four	  edges.	  Adapted	  

from	  the	  book	  (Tildesley,	  1987)	  

	  

Another	  principal	   limitation	  of	  MD	  method	  is	  the	  high	  computational	  expenses.	  

The	   size	   and	   duration	   of	   the	   modelled	   system	   is	   often	   limited	   to	   be	   small	  

compared	   to	   the	   natural	   system,	   which	   is	   greatly	   restrained	   by	   the	   high	  

computational	   demands	   to	   perform	   MD	   simulations.	   However,	   with	   dramatic	  

increase	  in	  the	  computational	  power	  in	  the	  past	  decade,	  it	  is	  now	  possible	  to	  run	  
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simulations	   for	   more	   than	   one	   millisecond	   on	   high	   performance	   computers	  

(Shaw	   et	   al.,	   2008).	   But	   most	   routine	   simulations	   are	   still	   limited	   under	   one	  

microsecond	   due	   to	   the	   high	   computational	   demand.	   For	   example,	   it	   takes	  

several	  months	   to	  complete	  a	  one-‐microsecond	  simulation	  of	  a	   relatively	   small	  

system	   (approximately	   25,000atoms)	   on	   a	   powerful	   computer	   with	   24	   cores	  

(Durrant	  and	  McCammon,	  2011).	  In	  terms	  of	  system	  size	  limitation,	  the	  solution	  

is	  to	  apply	  periodic	  boundary	  condition	  on	  the	  system,	  and	  it	   in	  effects	  extends	  

the	   system	   into	   infinite	   periodic	   lattices.	   As	   a	   two-‐dimensional	   version	   of	   the	  

periodic	  boundary	  conditions	  is	  shown	  in	  Figure	  6,	  the	  original	  box	  containing	  N	  

atoms	   is	   replicated	   in	   the	  plane	   to	   form	  an	   infinite	  plane.	   In	   a	   simulation,	   as	   a	  

particle	  moves	  in	  the	  original	  box	  (the	  central	  one),	  its	  imaginary	  atoms	  in	  each	  

of	   the	   neighbouring	   boxes	   move	   in	   exactly	   the	   same	   way.	   Thus,	   as	   the	   atom	  

moves	   across	   the	   boundary	   of	   the	   original	   box,	   one	   of	   its	   images	  will	   re-‐enter	  

through	  the	  opposite	  side.	  However,	  this	  treatment	  can	  introduce	  artefacts	  into	  

the	  system,	  especially	  for	  non-‐bonded	  forces	  calculations.	  The	  size	  of	  simulation	  

system	  must	  be	  big	  enough	  to	  prevent	  periodic	  artefacts,	  since	  if	   the	  box	  is	  too	  

small,	   a	   macromolecule	   may	   interact	   with	   its	   own	   imaginary	   molecule	   in	   a	  

neighbouring	  box.	  (Tildesley,	  1987,	  Tieleman	  et	  al.,	  1997)	  
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2.4.3	    	   Treatment	  of	  long-‐range	  interactions	  

The	  calculations	  of	   the	  non-‐bonded	   interactions	  (in	  equations	  (2.9)	  and	  (2.10))	  

are	  most	  expensive	  as	  such	  calculations	  should	  be	  performed	  between	  all	  atoms	  

of	   the	   simulated	   system.	   A	   system	   with	   N	   atoms	   leads	   to	   a	   computational	  

complexity	   that	   increases	   as	   𝑁!,	   and	   the	   N	   is	   pretty	   large	   for	   the	   biological	  

systems.	   To	   achieve	   fast	   calculations,	   various	  methods,	   such	   as	   truncation,	   the	  

Ewald	   summation	   and	   its	   modifications	   are	   often	   applied	   to	   reduce	   the	  

complexity	   of	   the	   simulation	   algorithm.	   For	   Lennard-‐Jones	   (LJ)	   interactions,	   a	  

truncation	  can	  be	  defined	  to	  neglect	  the	  interactions	  outside	  the	  cutoff	  distance.	  

As	  the	  LJ	  interactions	  are	  fairly	  short-‐ranged,	  a	  cutoff	  around	  1.0	  nm	  is	  typically	  

enough	   to	   minimize	   truncation	   artifacts	   if	   shifted-‐force	   algorithm	   is	   used	   to	  

make	  the	  potential	  go	  smoothly	  to	  zero	  at	  the	  cutoff	  distance.	  The	  evaluation	  of	  

Coulombic	   interactions	   is	  more	  problematic.	  As	   the	  potential	   energy	  decays	   as	  

𝑟!!	   and	  it	   is	  still	  substantial	  even	  at	  a	  pretty	   long	  distance.	  If	   the	  electrostatics	  

interactions	  are	  truncated	  like	  LJ	  interactions,	  truly	  bad	  situation	  can	  occur,	  such	  

as	   accumulation	   of	   charges	   at	   the	   cutoff	   boundary	   or	   significantly	   wrong	  

energies.	  The	  problem	  has	  severely	  restricted	  to	  MD	  simulations	  for	  a	  long	  time.	  

Currently,	  one	  of	  the	  best	  approaches	  for	  long-‐range	  interactions	  is	  based	  on	  the	  

Ewald	   summation	   (Darden	   et	   al.,	   1993,	   Essmann	   et	   al.,	   1995),	   which	   is	   an	  

efficient	  method	  to	  calculate	  the	  interactions	  between	  a	  charged	  particle	  and	  its	  

imaginary	   copies	   in	   the	   infinite	   periodic	   boxes.	   The	   calculation	   is	   divided	   into	  
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two	  parts.	  One	  short-‐ranged	  part	  converges	  quickly	  in	  real	  space,	  and	  the	  other	  

long-‐ranged	   part	   is	   solved	   quickly	   in	   Fourier	   space.	   Also,	   Fast	   Fourier	  

Transforms	   (FFT)	   algorithm	   can	  be	  used	   to	   accelerate	   the	   Fourier	   calculations	  

(Deserno	  and	  Holm,	  1998).	  
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Chapter	  3	    Effects	   of	   cholesterol	   on	  

structural	  properties	  of	  DPPC	  bilayer	  

3.1	    Introduction	  

Many	   cell	  membrane	   activities	   are	   associated	  with	   the	   structural	   properties	   of	  

the	   phospholipids	   bilayer.	   Therefore	   membrane	   structural	   parameters	   have	  

been	   defined	   to	   estimate	   structural	   properties	   of	   the	   membrane,	   including	  

average	   surface	   area	   per	   lipid,	   thickness	   of	   the	   hydrophobic	   region,	   overall	  

thickness	   of	   the	   bilayer,	   and	   deuterium	   order	   parameters.	   These	   structural	  

parameters	  obtained	  from	  experimental	  data	  can	  be	  used	  to	  validate	  simulated	  

bilayer	  systems	  (Nagle	  and	  Tristram-‐Nagle,	  2000).	   	  

	  

One	  of	  most	  important	  cholesterol	  effects	  on	  bilayer	  structure	  is	  ordering	  effect.	  

For	  a	  lipid	  bilayer	  in	  the	  fluid	  phase,	  the	  acyl	  chains	  of	  lipid	  molecules	  are	  pretty	  

flexible	   and	   disordered	   to	   some	   extent.	   Embedding	   cholesterol	  molecules	   into	  

the	  system	  induces	  increased	  ordering	  of	  the	  hydrocarbon	  chains	  of	  lipids,	  which	  

is	   called	   ordering	   effect	   of	   cholesterol.	   Ordering	   effect	   is	   a	   generic	   effect	   of	  

cholesterol	  on	  a	  lipid	  bilayer	  under	  the	  physiologically	  relevant	  fluid	  phase,	  and	  

it	  was	   observed	   in	   experiments	  with	   various	   experimental	   techniques	   such	   as	  

X-‐ray	   crystallography,	   NMR,	   fluorescence	   spectroscopy	   and	   so	   on	   (Rog	   et	   al.,	  
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2009).	   In	   MD	   simulations,	   the	   ordering	   of	   the	   lipid’s	   acyl	   chains	   can	   be	  

quantitatively	  evaluated	  by	  order	  parameter,	  which	   is	   a	  parameter	   that	   can	  be	  

calculated	   from	   deuterium	   NMR	   experiments.	   Therefore,	   the	   order	   parameter	  

from	  simulations	   can	  be	  directly	   compared	   to	  experimental	  data.	  Basically,	   the	  

order	  parameter	  reflects	  how	  much	  the	  acyl	  chains	  align	  along	  the	  bilayer	  norm.	  

Higher	   values	   of	   order	   parameter	   indicate	   the	   hydrocarbon	   tails	   means	   more	  

aligned	   and	   less	   flexible,	   and	   lower	   values	   mean	   hydrophobic	   region	   of	   the	  

bilayer	  is	  more	  flexible	  and	  less	  ordered.	  Aside	  of	  the	  order	  parameter,	  ordering	  

effects	  can	  also	  be	  evaluated	  by	  other	  way	  such	  as	  analysing	   tilt	  angles	  of	   lipid	  

molecules	   respect	   to	   the	   bilayer	   norm.	   Probability	   distribution	   of	   tilt	   angles	  

explores	  the	  preferred	  orientation	  of	  the	  molecules	  respect	  to	  the	  bilayer	  norm,	  

and	  therefore	  shows	  how	  the	  molecules	  are	  aligned	  in	  a	  bilayer	  structure,	  which	  

can	  be	  analysed	  pretty	  straightforward	  for	  MD	  simulations	  (Rog	  and	  Vattulainen,	  

2014)	  .	  

	  

Another	   widely	   discussed	   effect	   of	   cholesterol	   is	   condensing	   effect.	  

Interpretations	   of	   condensing	   effect	   can	   be	   different	   depending	   on	   how	   it	   is	  

evaluated.	   Initially,	   condensing	   effect	   was	   defined	   as	   cholesterol	   increases	   the	  

packing	  density	  of	  membrane	  surface	  regions	  (Marsh	  and	  Smith,	  1973),	  but	  then	  

it	   has	   been	   interpreted	   as	   cholesterol	   leads	   reduction	   of	   the	   surface	   area	  

occupied	  by	  PC	   lipid	   (Phosphatidylcholine)	  molecules	   in	   cholesterol-‐containing	  

bilayers	  (Yeagle,	  1985)	  .	   	  
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In	  a	  single	  component	  bilayer,	  calculating	  the	  surface	  area	  occupied	  by	  one	  lipid	  

molecule	   is	   as	   simple	   as	   dividing	   the	   overall	   surface	   area	   of	   one	   leaflet	   by	  

number	  of	   lipids.	  However,	   it	   is	   not	   an	   easy	   task	   in	   bilayer	   composed	  of	  more	  

than	   two	   components.	   In	   mixed	   bilayer	   with	   cholesterol,	   to	   evaluate	   the	  

condensing	   effect	   needs	   consider	   the	   areas	   per	   PC	   lipid	   (<APC>)	   as	  well	   as	   the	  

areas	  per	  cholesterol	  (<AChol>).	  A	  series	  of	  experimental	  studies	  by	  Smaby	  et	  al.	  

(1997,	  1994,	  1996)	  on	  monolayer	  systems	  proposed	  a	  method	  to	  derive	  area	  per	  

phospholipid	   by	   assuming	   the	   area	   per	   cholesterol	   to	   be	   a	   constant	   value	  

(0.39  nm!),	   which	   is	   measured	   from	   monolayer	   studies	   (Hyslop	   et	   al.,	   1990).	   	  

However	  it	  may	  not	  be	  fully	  justified	  at	  all	  times.	  It	  was	  argued	  that	  the	  surface	  

area	  taken	  by	  cholesterol	  varies	  depending	  on	  the	  distance	  of	  the	  steroid	  ring	  of	  

cholesterol	  from	  bilayer	  centre	  (Rog	  and	  Vattulainen,	  2014).	   	  

	  

Condensing	  effects	  is	  also	  reflected	  to	  the	  thickness	  of	  the	  bilayer.	  As	  the	  bilayer	  

is	  a	  relative	  soft	  structure	  with	  no	  obvious	  boundary,	  there	  are	  several	  ways	  to	  

define	   and	  measure	   the	   thickness	   of	   bilayer.	   In	   simulations,	   the	  most	   common	  

approach	  is	  to	  average	  the	  distance	  between	  phosphorus	  atoms	  of	  the	  PC	  lipids	  

in	  opposite	  monolayers.	  An	  alternative	  approach	  is	  to	  calculate	  electron	  density	  

profile	  (EDP)	  of	  water	  and	  lipids	  along	  the	  bilayer	  norm,	  and	  then	  to	  measure	  the	  

distance	   between	   the	   crossing	   points	   where	   the	   densities	   of	   water	   and	   lipids	  

molecules	   are	   equal.	   The	   two	   planes	   along	   the	   bilayer	   surface	   at	   the	   crossing	  
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points	  represent	  the	  interfacial	  surfaces	  between	  bilayer	  and	  bulk	  water.	  A	  series	  

of	   simulations	   of	   lipid	   bilayers	   containing	   cholesterol	   showed	   an	   increase	   in	  

thickness	   as	   cholesterol	   concentration	   increases,	   and	   it	   was	   observed	   in	  

experiments	   (Gallova	  et	   al.,	   2004,	  McIntosh,	  1978)	  and	  simulations	   (Hofsass	  et	  

al.,	  2003).	  

	  

In	   this	   chapter,	   the	   effects	   of	   cholesterol	   on	   structural	   properties	   of	   the	  

DPPC/cholesterol	  mixture	  bilayer	  systems	  are	  investigated	  with	  MD	  simulations.	  

The	  mainly	  concerned	  parameters	  are	  studied	   in	   this	  chapter,	  such	  as	  area	  per	  

lipid,	  order	  parameters	  and	  so	  on.	  Moreover,	  Voronoi	  tessellation	  method	  (Lukat	  

et	   al.,	   2013)	   was	   used	   to	   investigate	   the	   area	   distribution	   among	   DPPC	   and	  

cholesterol	  molecules.	   	  

	  

3.2	    Computational	  details	  

3.2.1	    Initial	  structure	  assembly	  

There	  are	  six	  DPPC/cholesterol	  bilayer	  systems	  with	  different	  concentrations	  of	  

cholesterol	  at	  0%,	  5%,	  10%,	  20%,	  30%,	  and	  40%.	  Each	  bilayer	  system	  contains	  

128	   lipid	   molecules	   (DPPC	   and	   cholesterol),	   and	   each	   bilayer	   system	   was	  

hydrated	  with	  3840	  water	  molecules.	   	  
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The	   initial	   lipid	   bilayer	   configurations	   were	   constructed	   from	   DPPC	   and	  

cholesterol	  molecules.	  The	  single	  molecular	  structures	  of	  DPPC	  and	  cholesterol	  

were	   obtained	   from	  CHARMM36	   force	   field	   package	   (Klauda	   et	   al.,	   2010),	   and	  

they	  were	   replicated	  and	  assembled	   into	   the	   initial	   bilayer	   configuration	  using	  

Packmol	  program	  (Martinez	  et	  al.,	  2009).	  The	  lipids	  molecules	  were	  distributed	  

randomly	  with	  their	  polar	  part	  orienting	  outward	  from	  the	  bilayer	  centre	  in	  each	  

leaflet,	   and	  water	  molecules	  were	   allocated	   above	   the	   upper	   leaflet	   and	  below	  

the	   lower	   leaflet,	   respectively.	   For	   example,	   in	   the	   DPPC	   bilayer	   system	  

containing	  40%	  cholesterol	  molecules,	  each	  leaflet	  contains	  26	  cholesterols	  and	  

38	   DPPCs,	   and	   1920	   water	   molecules	   were	   generated	   into	   layers	   along	   polar	  

surface	  of	  each	  leaflet,	  respectively.	  Atomic	  CHARMM36	  lipid	  parameter	  set	  was	  

used	  for	  DPPC	  and	  standard	  CHARMM	  TIP3P	  water	  model	  (Klauda	  et	  al.,	  2010).	  

For	   cholesterol,	   a	   recent	   modified	   description	   based	   on	   CHARMM36	   for	  

cholesterol	   C36c	   was	   applied	   in	   simulations	   (Lim	   et	   al.,	   2012).	   At	   last,	   the	  

assembled	  configuration	  files	  and	  force	  field	  CHARMM36	  parameters	  files	  were	  

integrated	   and	   converted	   into	   LAMMPS	   input	   files	   using	   charmm2lammps	   tool	  

from	  LAMMPS	  toolbox	  kit	  (LAMMPS	  website,	  Plimpton,	  1995).	   	  

	  

3.2.2	    MD	  Simulation	  conditions	  

Prior	   to	   all	   actual	  MD	   simulations,	   energy	  minimization	  was	   performed	   on	   all	  

initial	   structure	   using	   conjugate	   gradient	   algorithm	   to	   remove	   any	   bad	   steric	  
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contacts	   between	   atoms.	   The	   simulations	   were	   carried	   out	   using	   LAMMPS	  

molecular	   dynamics	   simulator	   package	   (9-‐Dec2014	   version)	   (LAMMPS	  website,	  

Plimpton,	   1995),	   on	   a	   Cray	   XC30	   supercomputer	   (Archer,	   the	   UK	   National	  

Supercomputing	  service).	   	  

	  

Periodic	   boundary	   conditions	   were	   applied	   in	   all	   three	   directions	   of	   the	  

simulation	   box.	   SHAKE	   algorithm	   (Andersen,	   1983)	  was	   used	   to	   constrain	   the	  

bond	   length	   and	   angular	   values	   involving	   hydrogen	   atom.	   With	   the	   SHAKE	  

constraints,	  the	  time	  step	  was	  set	  to	  2	  fs	  with	  integration	  algorithm.	  The	  Van	  der	  

Waals	   interactions	   were	   described	   by	   Lennar-‐Jones	   potentials.	   A	   force-‐based	  

switching	  function	  was	  applied	  to	  smoothly	  decay	  the	  energy	  and	  force	  to	  zero	  

between	   8   Å 	   and	   12 Å .	   For	   electrostatic	   interaction,	   Particle-‐Particle	  

Particle-‐Mesh	   (PPPM)	   method	   (Hockney	   and	   Eastwood,	   1988)	   was	   used	   with	  

truncation	   radius	   at	   12	   Å.	   All	   the	   simulations	   were	   carried	   out	   in	   the	   NpT	  

ensemble	  with	   constant	   pressure	   at	   1	   atm	   and	   constant	   temperature	   at	   323k.	  

During	  the	  equilibration	  period,	  Langevin	  thermostat	  (Schneider	  and	  Stoll,	  1978)	  

was	   used	   to	   control	   temperature	   at	   323k	   with	   relaxation	   time	   at	   2ps.	   The	  

pressure	   was	   maintained	   at	   1	   atm	   using	   semi-‐isotropic	   berendsen	   barostat	  

(Berendsen	   et	   al.,	   1984)	   with	   x-‐direction	   and	   y-‐direction	   coupled	   together	   to	  

fluctuate	  independently	  from	  z-‐direction,	  and	  relaxation	  time	  was	  set	  to	  2	  ps.	  For	  

production	   simulations,	   the	   temperature	   and	   pressure	   were	   controlled	   using	  

Nose-‐Hoover	  algorithm	  with	  a	  damping	  time	  of	  0.1ps	  and	  1ps,	  respectively,	  and	  
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xy	   plane	   of	   the	   simulation	   box	   fluctuates	   independently	   from	   Z	   direction	   like	  

equilibration	  runs.	  Each	  of	  the	  systems	  was	  equilibrated	  at	  least	  120	  ns,	  and	  then	  

60	   ns	   production	   simulations	   were	   performed	   as	   production	   period	   for	   data	  

collection.	  As	  some	  analyses	  are	  based	  on	  analysing	  the	  trajectory	  of	  the	  atoms	  in	  

the	  systems,	  coordinates	  of	  all	  of	  the	  atoms	  in	  every	  system	  were	  saved	  every	  10	  

ps	  over	  the	  production	  simulation.	   	  

	  

3.3	    Analysis	   	  

3.3.1	    Area	  

In	   order	   to	   investigate	   the	   effects	   of	   cholesterol	   on	   the	   structural	   properties,	  

several	   parameters	   were	   employed	   to	   analyse	   the	   changes	   led	   by	   cholesterol	  

molecules.	  Surface	  area	   is	  a	   fundamental	  parameter	  to	  characterise	  the	  state	  of	  

lateral	  packing	  of	  the	  bilayer	  structure.	  In	  pure	  DPPC	  bilayer	  system,	  the	  area	  per	  

DPPC	  refers	  to	  the	  projected	  area	  on	  xy	  plane	  of	  bilayer	  structure.	  It	  was	  simply	  

calculated	   by	   dividing	   the	   xy-‐plane	   area	   (L!×L!)	   of	   simulation	   box	   by	   the	  

number	  of	  DPPC	  molecules	  (N!""#)	  in	  one	  leaflet.	   	  

	  

In	  DPPC/cholesterol	  mixture	  bilayer	  systems,	   it	   is	  not	  straightforward	  to	  know	  

how	  the	  area	  of	  simulation	  box	  is	  distributed	  for	  DPPC	  and	  cholesterol	  molecules.	  

To	  calculate	  area	  per	  DPPC	  and	  area	  per	  cholesterol,	  Voronoi	  tessellation	  method	  
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was	   employed	   to	   revolve	   the	   structural	   organisation	   of	   the	   bilayer	   structure	  

using	  APL@Voro	  software	  (Lukat	  et	  al.,	  2013).	  To	  perform	  Voronoi	   tessellation	  

analysis,	   C1,	   C21,	   C31	   atoms	   in	   DPPC	   molecules	   and	   O3,	   C2,	   C4	   atoms	   in	  

cholesterol	   molecules	   were	   selected	   as	   key	   atoms	   for	   DPPC	   and	   cholesterol	  

respectively.	   In	   each	   configuration	   of	   the	   trajectory,	   two-‐dimensional	   Voronoi	  

diagram	   was	   constructed	   in	   each	   monolayer	   by	   projecting	   the	   selected	   key	  

atoms’	  coordinates	  to	  xy	  bilayer	  plane	  and	  assigning	  a	  polygon	  to	  each	  atom.	  As	  

three	  atoms	  were	  selected	  for	  DPPC	  and	  cholesterol,	  respectively,	  the	  area	  of	  the	  

three	   corresponding	   polygons	   is	   considered	   as	   the	   area	   of	   one	   molecule.	   The	  

area	   per	   DPPC	   and	   area	   per	   cholesterol	   is	   obtained	   by	   averaging	   over	   all	  

polygons	  in	  both	  monolayers	  for	  each	  configuration	  and	  over	  all	  configurations	  

of	  production	  simulations.	   	  

	  

3.3.2	    Thickness	  

Along	   the	   direction	   of	   bilayer	   norm,	   thickness	   (D)	   of	   the	   bilayer	   is	   the	   most	  

evaluated	  parameter	  for	  bilayer.	  Various	  definitions	  were	  proposed	  for	  thickness	  

for	  bilayer,	  because	  there	  are	  no	  apparent	  boundaries	  for	  this	  dynamic	  structure	  

hydrated	  with	  water.	  In	  this	  study,	  thickness	  of	  bilayer	  was	  simply	  defined	  as	  the	  

distance	  between	  phosphorus	  atoms	  of	  DPPC	  molecules	  in	  opposite	  leaflets.	   	  
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3.3.3	    Electron	  Density	  Profile	  

Besides	   thickness,	   additional	   structural	   information	   in	   the	   direction	   of	   bilayer	  

norm	   can	   be	   obtained	   by	   computing	   electron	   density	   profiles	   for	   the	   whole	  

systems,	   specific	   type	   of	   component	   or	   certain	   atoms.	   The	   profiles	   provide	  

insights	   on	   atoms	   distribution	   in	   the	   norm	   direction.	   The	   electron	   density	  

profiles	   were	   obtained	   by	   dividing	   simulation	   box	   into	   bins	   along	   z-‐direction.	  

Then	  the	  number	  of	  electrons	  located	  in	  each	  bin	  was	  counted,	  and	  the	  electron	  

density	  in	  each	  bin	  can	  be	  derived	  from	  dividing	  the	  total	  number	  of	  electrons	  by	  

the	  volume	  of	  the	  bin.	  At	  last,	  the	  electron	  density	  distribution	  along	  the	  normal	  

direction	  of	  a	  bilayer	  can	  be	  obtained	  as	  a	  profile.	  

	  

3.3.4	    Order	  parameter	  

Conformational	   changes	   in	   lipid	   hydrocarbon	   chains	   led	   by	   cholesterol	   can	   be	  

monitored	   by	   deuterium	   order	   parameter	   ( 𝑆!" ),	   which	   is	   measured	   by	  

deuterium	  NMR	  experiments.	  Order	  parameter	   characterises	   the	  order	  of	   lipid	  

bilayer,	  and	  it	  can	  be	  calculated	  for	  each	   CH!	   group	  in	  lipid	  chains	  as:	  

	   𝑆!" =
!
!
(3cos!𝜃!" − 1) ,	   (3.1)	  

where	   𝜃	   is	   the	   angle	   between	   a	   carbon-‐deuterium	   (CD)	   bond	   vector	   (in	   the	  

experiment)	   or	   a	   CH-‐bond	   (in	   the	   simulation)	   and	   the	   bilayer	   norm,	   and	   the	  

angular	   bracket	   indicates	   ensemble	   average	   over	   two	   bonds	   in	   each	   CH!,	   all	  
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DPPC	  lipids	  and	  the	  production	  period.	  The	   CH!	   groups	  are	  numbered	  from	  2	  to	  

15	   according	   to	   the	   carbon	   atoms	  position	   in	   each	   chain.	   As	   carbon	  number	   1	  

refers	   to	   carbonyl	  group	  and	  number	  16	   refers	   to	   the	   CH!  group	  at	   the	  end	  of	  

each	  chain,	  they	  are	  not	  included	  in	  order	  parameter	  calculations.	  

	  

3.3.5	    Electrostatics	  potential	   	  

The	   electrostatics	   potential	   across	   the	   lipid	   bilayer	   was	   calculated	   by	   double	  

integration	  of	  Poisson’s	  equation	  with	  the	  charge	  density	  across	  the	  bilayer.	  The	  

equation	  of	  electrostatic	  potential	  is	  written	  as,	  

	   ϕ z − ϕ 𝑧! = −
1
𝜖!

𝑑𝑧!
!

!!
𝜌(𝑧!!)d𝑧!!

!!

!!
  	   (3.2)	  

with	   𝜌	   is	  charge	  density,	   𝜖!	   is	  the	  permittivity	  of	  free	  space,	  z	  is	  the	  coordinate	  

along	  the	  z-‐axis.	  The	  charge	  density	  was	  calculated	  as	   the	  partial	  charges	  of	  all	  

atoms	   in	   each	   bin	   along	   z-‐axis	   divided	   by	   the	   volume	   of	   its	   bin,	   and	   then	  

numerically	  integrating	  the	  charge	  densities	  twice	  over	  the	  simulation	  box.	   	  
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3.4	    Results	  and	  discussion	  

	  

Figure	  7	  The	  snapshots	  of	  the	  equilibrated	  bilayer	  systems.	   	  

(A)	  on	  the	  left	  is	  the	  DPPC	  bilayer	  without	  cholesterol	  molecules	  ,	  and	  (B)	  on	  the	  right	  

is	   the	  DPPC	  bilayer	  with	  40%	  cholesterol	  molecules.	  The	  cyan	  molecules	   represent	  

water	   molecules,	   the	   yellow	  molecules	   represent	   DPPC	  molecules,	   and	   the	   green	  

molecules	  in	  (B)	  represent	  cholesterol	  molecules.	   	  

	  

All	   systems	  were	   simulated	   for	   equilibration	  over	  140ns	  before	   collecting	  data	  

from	  the	  production	  period,	  and	  only	  the	  last	  60ns	  simulation	  data	  were	  used	  for	  

data	  analysis.	  The	  snapshots	  of	   the	  equilibrated	  DPPC	  bilayer	  systems	  with	  0%	  

and	  40%	  cholesterol	  were	  shown	  in	  Figure	  7.	  
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Figure	  8	  Area	  per	  molecule	  evolves	  with	  simulation	  time.	  

Plots	   in	   different	   colour	   represent	   different	   cholesterol	   concentration	   in	   the	  

bilayers:	  0	  mol%	  (blue),	  5	  mol%	  (red),	  10	  mol%	  (green),	  20	  mol%	  (magenta),	  30	  

mol%	  (orange),	  40	  mol%	  (black)	  cholesterol.	  

	  

3.4.1	    Area	   and	   thickness	   of	   the	   simulated	   DPPC	  

bilayers	  

Area	  per	  molecule,	  which	  was	  calculated	   in	   the	   same	  way	  as	  deriving	  area	  per	  

DPPC	   in	   cholesterol-‐free	   bilayer,	  was	   used	   to	   examine	   the	   equilibrium	  of	   each	  

system.	  Figure	  8	  shows	  the	  evolution	  of	  area	  per	  molecule	  for	  each	  system	  over	  

the	   last	   60	   ns	   production	   simulations,	   and	   all	   area	   plots	   are	   considered	   as	  
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converged.	  In	  addition,	  the	  amplitudes	  of	  fluctuating	  curves	  of	  the	  area	  indicate	  

the	   level	   of	   stability	   of	   the	   systems,	   and	   it	   is	   noted	   that	   fluctuation	   is	   less	  

pronounced	  with	  higher	  cholesterol	  content.	  The	  decrease	  in	  area	  per	  molecule	  

with	  addition	  of	  cholesterol	  may	  suggest	  condensing	  effect.	   	  

	  

Table	   1	   Averages	   areas	   and	   thickness	   in	   all	   bilayer	   systems	   with	   different	  

cholesterol	  concentrations.	   	  

	  

	   0%	   5%	   10%	   20%	   30%	   40%	  

Area/molecule	  

(nm!)	  

0.638	  

±0.0002	  

0.615	  

±0.0002	  

0.584	  

±0.0002	  

0.546	  

±0.0001	  

0.517	  

±0.0001	  

0.492	  

±0.0001	  

Area/DPPC	  

(nm!)	  

0.638	  

±0.0002	  

0.623	  

±0.0001	  

0.604	  

±0.0001	  

0.582	  

±0.0003	  

0.566	  

±0.0200	  

0.552	  

±0.0002	  

Area/cholesterol	  

(nm!)	  
N/A	  

0.429	  

±0.0006	  

0.421	  

±0.0003	  

0.408	  

±0.0002	  

0.402	  

±0.0002	  

0.403	  

±0.0001	  

Thickness	  

(nm)	  

3.812	  

±0.0006	  

3.863	  

 ±0.0006	  

3.944	  

±0.0006	  

4.052	  

±0.0006	  

4.120	  

±0.0006	  

4.139	  

±0.0006	  

	  

To	  further	  examine	  condensing	  effect	   led	  by	  cholesterol,	   the	  surface	  area	  taken	  

by	  DPPC	  and	  cholesterol	  needs	  to	  be	  found	  out.	  The	  obtained	  areas	  for	  DPPC	  and	  

cholesterol	   by	   Voronoi	   analysis	   are	   listed	   in	   Table	   1.	   The	   average	   of	   the	   area	  

occupied	   by	   one	   DPPC	   molecule	   decreases	   from	   0.638	   nm! 	   to	   0.552	   nm!	  

gradually	   with	   cholesterol	   concentration	   increasing	   from	   0%	   to	   40%.	   The	  
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condensing	   effect	   led	   by	   cholesterol	   is	   observed	   in	   our	   simulated	  

bilayer-‐cholesterol	   systems.	  As	   for	   area	   taken	  by	   cholesterol	   (see	  Table	  1),	   the	  

value	  of	  the	  area	  is	  not	  obviously	  influenced	  by	  the	  cholesterol	  concentration,	  as	  

it	  decreases	  only	  by	  0.026	   nm!	   from	  5%	  to	  40%	  cholesterol	  systems.	  It	  is	  worth	  

mentioning	   that	   the	  value	  remains	  at	   the	  same	   level	  about	  0.40	   nm!	   at	  higher	  

cholesterol	  concentrations.	   It	  means	  that	  area	  per	  cholesterol	   is	  barely	  affected	  

by	  the	  amount	  of	  itself	  in	  the	  systems	  at	  high	  cholesterol	  concentrations.	   	  

	  

In	   comparison	   with	   experimental	   data,	   results	   observed	   here	   show	   good	  

agreements.	   As	   there	   are	   no	   available	   experimental	   data	   for	   DPPC-‐cholesterol	  

bilayers	   currently,	   only	   area	   per	   DPPC	   for	   pure	   bilayer	   system	   is	   available	   in	  

experiment.	  A	  recent	  experiment	  study	  of	  fluid	  pure	  DPPC	  bilayer	  at	  323K	  found	  

that	   the	   area	   per	  molecule	  was	   0.631	   nm!	   (Kucerka	   et	   al.,	   2011),	  which	   is	   in	  

good	  agreement	  with	  63.8	   nm!	   obtained	  here.	   	   As	  for	  area	  per	  cholesterol,	  the	  

area	   obtained	   in	   present	   simulations	   are	   in	   range	   of	   0.40	   to	   0.43	   nm!,	   which	  

agrees	   well	   with	   the	   area	   in	   the	   range	   of	   0.39-‐0.41	   nm! 	   observed	   in	  

experiments	  of	  pure	  cholesterol	  monolayer	  (Brzozowska	  and	  Figaszewski,	  2002,	  

Hyslop	   et	   al.,	   1990).	   Furthermore,	   the	   observed	   small	   range	   of	   area	   per	  

cholesterol	   in	   my	   study	   (see	   Table	   1)	   is	   supportive	   with	   the	   fact	   that	   many	  

researchers	   used	   the	   assumed	   constant	   value	   0.39	   nm!   for	   cholesterol	   to	  

estimate	  the	  area	  assigned	  to	  the	  rest	  DPPC	  molecules.	   	  

	  



	   45	  

In	   comparison	  with	   previous	   simulation	   studies,	   different	   levels	   of	   condensing	  

effect	   on	   DPPC	   bilayer	   were	   observed.	   Chiu	   et	   al.	   (2002)	   carried	   out	   similar	  

simulations	   study	   of	   DPPC-‐cholesterol	   bilayer	   systems.	   Their	   results	   have	  

showed	  more	  apparent	  condensing	  effect,	  as	  the	  area	  per	  molecule	  decreased	  to	  

about	   0.40	   nm!	   at	   33%	   cholesterol,	   which	   is	   much	   smaller	   than	   0.492	   nm!	  

obtained	   from	   my	   simulation	   at	   40%	   cholesterol	   concentration.	   In	   their	  

simulations,	  external	  surface	  tension	  was	  applied	  on	  each	  monolayer	  to	  contract	  

the	   surface	   plane	   of	   bilayer	   to	   the	   area	   per	   molecule	   in	   agreement	   with	  

experimental	   result.	  However,	   the	   tension	   force	  were	  adjusted	  and	  determined	  

only	   in	   pure	   DPPC	   bilayer,	   and	   the	   same	   tension	   was	   applied	   to	   all	  

cholesterol-‐containing	  systems.	  That	  is	  reasonable	  for	  pure	  DPPC	  bilayer,	  but	  it	  

may	   cause	   problem	   for	   DPPC-‐cholesterol	   bilayer	   systems.	   Because	   cholesterol	  

may	   break	   the	   previous	   dynamic	   balance	   artificially	   achieved	   in	   a	   pure	   DPPC	  

bilayer	  system.	   In	  my	  case,	  no	  external	   tension	  forces	  were	  applied	  on	  bilayers	  

and	  the	  final	  results	  are	  only	  determined	  by	  the	  interactions	  between	  molecules.	  

In	  a	  recent	  review	  paper	  (Rog	  et	  al.,	  2009),	  the	  author	  argued	  that	  the	  degree	  of	  

condensation	   in	   DPPC	   bilayer	   is	   a	   bit	   too	   high	   in	   previous	   simulation	   studies	  

(Chiu	  et	  al.,	  2002,	  Hofsass	  et	  al.,	  2003,	  Patra,	  2005),	  because	  the	  area	  per	  DPPC	  is	  

below	  the	  area	  observed	  in	  gel-‐phase	  bilayer.	   	  
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3.4.2	    Electron	  density	  profiles	  across	   the	  membrane	  

systems	  

	  

Figure	   9	   electron	   density	   profiles	   of	   DPPC	   bilayer	   with	   0	   (blue),	   5	   (red),	   10	  

(green),	  20	  (magenta),	  30	  (orange),	  and	  40	  (black)	  mol%	  cholesterol.	  

	  

Condensation	  of	  bilayer	   is	  also	  reflected	  on	  changes	   in	  thickness	  of	  bilayer	  and	  

density	  profile	  along	  bilayer	  norm.	  As	  the	   lateral	  packing	  density	   increases,	   the	  

thickness	   of	   the	   structure	   increases.	   Besides	   thickness,	   electron	   densities	  

distribution	  along	  bilayer	  norm	  provide	  additional	  information,	  and	  the	  profiles	  

obtained	  from	  simulations	  can	  be	  directly	  compared	  to	  results	  obtained	  by	  x-‐ray	  

and	  neutron	  diffraction	  experiment.	  Figure	  9	  shows	  the	  total	  electron	  densities	  

profiles	   for	   DPPC	   bilayers	   with	   different	   cholesterol	   concentrations.	   The	   two	  

maxima	   in	   each	   curve	   are	   observed	   at	   the	   approximate	   locations	   of	   the	  
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phosphate	  groups,	  and	  the	  trough	  occurs	  at	  the	  centre	  of	  the	  bilayer,	  where	  the	  

terminal	   carbon	   groups	   reside.	   With	   increasing	   cholesterol	   concentration,	   the	  

two	   peaks	   in	   each	   curve	   were	   shifted	   away	   from	   the	   bilayer	   centre,	   which	  

indicate	   that	   the	   bilayer	   is	   thickened.	   At	   the	   bilayer	   centre,	   the	   densities	  

gradually	   decrease	   with	   more	   cholesterol	   involved,	   while	   densities	   around	  

regions	  at	  ±1	  nm	  show	  a	  monotonic	  increase.	  These	  regions	  are	  locations	  of	  the	  

cholesterol	   fused	   ring	   structure	   in	   each	   leaflet,	   since	   the	   rigid	   fused	   rings	  

structure	   is	   of	   a	   higher	   electron	  density	   compared	   to	   the	   flexible	   hydrocarbon	  

chains	  of	  DPPC	  molecules.	   	  
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Figure	  10	  Partial	  electron	  density	  profiles.	  

The	  upper	  plot	  shows	  partial	  electron	  density	  profiles	  of	  lipid	  bilayer	  (solid	  line)	  

and	   water	   (dashed);	   the	   lower	   plot	   shows	   the	   density	   profiles	   of	   phosphorus	  

(dotted	   line)	   and	   carbonyl	   carbon	   atoms	   (solid	   line)	   of	   DPPC	   and	   hydroxyl	  

oxygen	   (dashed	   line)	   of	   cholesterol	   in	   bilayer	   systems	   with	   0	   (blue),	   20	  

(magenta),	  and	  40	  mol%	  cholesterol	  (blue).	   	  
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Furthermore,	   it	   is	   interesting	  to	  see	  partial	  density	  profile	  of	  specific	  molecules	  

or	  specific	  atoms	  to	  the	  overall	  electron	  density	  profiles,	  which	  cannot	  be	  easily	  

assessed	   by	   experiments.	   It	   is	   clearly	   shown	   in	   Figure	   10	   that	   all	   profiles	   are	  

shifted	  toward	  bulk	  water	  region,	  which	  is	  consistent	  with	  the	  increase	  of	  bilayer	  

thickness	  with	   cholesterol	   embedded.	   The	   density	   profiles	   of	   water	  molecules	  

indicate	   that	   it	   becomes	   more	   difficult	   to	   penetrate	   into	   bilayer.	   As	   it	   is	   well	  

known	   that	   the	  hydrophobic	   region	   is	   repulsive	   to	  water	  molecules	  because	  of	  

unfavourable	  energetic	  interactions.	  In	  presence	  of	  cholesterol,	  the	  hydrophobic	  

interior	  of	  the	  bilayer,	  which	  roughly	  refers	  to	  the	  distance	  between	  maxima	  in	  

the	   density	   profiles	   of	   the	   carbonyl	   carbon	   atoms,	   is	   thickened,	   and	   also	   the	  

increase	   in	   electron	   density	   near	   the	   boundaries	   of	   hydrophobic	   region	   can	  

further	   restrict	   water	   molecules	   penetrating.	   As	   shown	   in	   the	   lower	   plot	   in	  

Figure	   10,	   the	   hydroxyl	   oxygen	   atoms	   of	   cholesterol	   molecules	   reside	   slightly	  

closer	   to	   the	   bilayer	   centre	   compared	   to	   the	   carbonyl	   carbon	   atoms	   of	   DPPC,	  

hence	   cholesterol	   molecules	   are	   located	   in	   the	   hydrophobic	   region	   just	   under	  

DPPC’s	  head	  groups.	   	   	  
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Figure	  11	  Order	  parameter	  profiles	  for	  each	  chain.	   	  

Upper	  plots	  are	   for	   sn-‐1	  chains	  and	   lower	  plots	  are	   for	   sn-‐2	  chains	  of	  DPPC	  at	  

different	  cholseterol	  concentrations:	  0	  (blue),	  5	  (red),	  10	  (green),	  20	  (magenta),	  

30	  (orange),	  and	  40	  (black)	  mol%	  cholesterol.	  
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3.4.3	    Order	   parameters	   of	   the	   hydrocarbon	   tails	   of	  

the	  DPPC	  molecules	  

Another	  main	  effect	  of	  cholesterol	   is	  ordering	  effect	   in	  bilayer,	  which	   is	  closely	  

related	   with	   condensing	   effect.	   The	   order	   in	   bilayer	   is	   often	   characterized	   by	  

order	   parameters	   in	   acyl	   chains	   in	   DPPC	   bilayer.	   Order	   parameters	   versus	  

carbon	   atoms’	   position	   in	   two	   chains	   of	   DPPC	   molecules	   were	   computed	   and	  

plotted	  in	  Figure	  11.	  It	  is	  clearly	  visible	  that	  quantities	  of	  order	  parameters	  area	  

increased	  in	  both	  tails	  upon	  more	  cholesterol	  getting	  involved,	  and	  the	  increase	  

in	   order	   parameters	   of	   each	   methylene	   group	   is	   almost	   linear,	   which	   is	   in	  

agreement	  with	  the	  observation	  in	  experiment	  study	  by	  Pare	  and	  Lafleur	  (1998).	  

The	   characteristic	   plateau	   region	   for	   pure	   DPPC	   is	   observed	   in	   the	   upper	   and	  

middle	   part	   of	   the	   tails,	   where	   the	   order	   parameters	   vary	   slightly.	   With	  

cholesterol	   concentration	   increasing,	   the	   plateau	   disappears	   gradually.	   In	  

addition,	   more	   pronounced	   ordering	   effects	   were	   observed	   in	   the	   upper	   and	  

middle	   segments	   for	   carbon	   number	   5	   to10.	   The	   ordering	   effects	   in	   the	   rest	  

methylene	   groups	   are	   comparatively	   modest.	   Apparently,	   it	   is	   the	   rigid	   ring	  

structure	   in	   cholesterol	   that	   orders	   the	   flexible	   hydrocarbon	   chains	   of	   the	  

neighbouring	   DPPC.	   That	   is	   because	   the	   location	   of	   the	   rigid	   structure	   of	  

cholesterol	   in	   bilayer	   is	   at	   similar	   depth	   of	   bilayer	  with	   the	   upper	   and	  middle	  

part	  of	   the	  chains.	  By	  contrast,	   smaller	  ordering	  effect	  occurs	  at	   the	  end	  of	   the	  

chains,	  which	  probably	  only	  interact	  with	  the	  flexible	  tail	  of	  cholesterol.	   	  
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In	  comparison	  with	  previous	  studies	  of	  pure	  DPPC	  bilayer,	  the	  order	  parameter	  

profiles	  of	  both	  chains	  are	  in	  good	  agreement	  with	  experiments	  and	  simulations	  

(Falck	   et	   al.,	   2004,	   Hofsass	   et	   al.,	   2003,	   Petrache	   et	   al.,	   2000).	   As	   for	   the	  

cholesterol	   containing	   systems,	   it	   was	   found	   in	   the	   experiment	   by	   Pare	   and	  

Lafleur	  (1998)	  that	  the	  order	  parameters	  were	  increased	  almost	  by	  a	  factor	  of	  2	  

when	  33%	  of	  the	  DPPC	  molecules	  area	  replaced	  by	  cholesterol	  at	  temperature	  of	  

323	  K,	   and	   similar	   results	  were	   obtained	   in	   other	   experiments	   or	   simulations.	  

Compared	   to	   these	   studies,	   the	   ordering	   effect	   in	   present	   study	   seems	   to	   be	  

weaker,	   and	   it	   was	   also	   mentioned	   in	   the	   paper	   for	   introducing	   the	   updated	  

CHARMM36	   force	   field	   (Klauda	  et	  al.,	  2010).	  But	   the	  overall	  progression	  of	   the	  

changes	   in	   the	   order	   parameters	   profiles	   is	   consistent	   with	   other	   simulation	  

studies	  (Chiu	  et	  al.,	  2002,	  Hofsass	  et	  al.,	  2003)].	   	  

	  

3.4.4	    Electrostatics	  potential	  of	  the	  bilayer	  

The	   electrostatics	   potential,	   also	   known	   as	   dipole	   potential,	   arises	   from	   the	  

non-‐random	   orientation	   of	   the	   lipids	   molecules	   and	   water	   molecules	   in	   the	  

interfacial	  region	  of	  bilayer.	  Figure	  12	  shows	  the	  overall	  and	  partial	  electrostatic	  

potential	  profiles	  for	  the	  systems	  with	  various	  cholesterol	  concentrations.	   	   For	  

all	  electrostatics	  potential	  profiles,	  the	  potential	  rises	  at	  the	  interfacial	  region	  of	  

lipids	  and	  water,	   and	   the	  overall	  potential	   is	  mostly	  determined	   in	   this	   region.	  

The	  experimentally	  measured	  dipole	  potential	  for	  pure	  DPPC	  bilayer	  was	  in	  the	  
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range	  of	  220-‐280mV	  (Siu	  et	  al.,	  2008,	  Clarke,	  2001).	  All	  of	  the	  dipole	  potentials	  in	  

bilayer	  centre	  in	  present	  studies	  were	  over	  600	  mV,	  which	  is	  in	  agreement	  with	  

other	  simulation	  studies	  (Hofsass	  et	  al.,	  2003,	  Chiu	  et	  al.,	  2002,	  Robinson	  et	  al.,	  

2011),	   but	   all	   simulation	   results	   are	   overestimated	   compared	   to	   experimental	  

data.	   	  
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Figure	  12	  Electrostatics	  potential	  profiles	  across	  bilayer.	  

Total	  Electrostatics	  potential	  (upper	  plot),	  and	  partial	  contributions	  (lower	  panel)	  

of	   lipid	   dipoles	   (solid	   line)	   and	   water	   dipole	   (dashed	   line),	   in	   bilayers	   with	   0	  

(blue),	   5	   (red),	   10	   (green),	   20	   (magenta),	   30	   (orange),	   and	   40	   (black)	   mol%	  

cholesterol.	  
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It	   is	   clearly	   seen	   in	   Figure	   12	   that	   the	   total	   dipole	   potential	   at	   bilayer	   centre	  

monotonically	  increased	  by	  about	  200	  mV,	  with	  cholesterol	  concentration	  from	  0%	  

to	  40%,	  which	  is	  reasonably	  consistent	  with	  the	  gradient	  difference	  measured	  in	  

experiments	   (McIntosh	   et	   al.,	   1989).	   It	   seems	   that	   the	   overall	   potential	   was	  

increased	   by	   cholesterol	   molecule,	   and	   it	   can	   be	   explained	   as	   the	   cholesterol	  

induced	  higher	  packing	  density	  in	  the	  bilayer	  interior	  so	  that	  the	  contribution	  of	  

the	  overall	  dipole	  potential	  from	  the	  lipid	  region	  was	  enhanced.	   	  

	  

3.5	    Summary	  

The	  most	  important	  ordering	  effect	  and	  condensing	  effect	  of	  cholesterol	  on	  lipid	  

bilayer	   were	   observed	   in	   current	   study,	   and	   obtained	   results	   are	   in	   good	  

agreement	  with	  data	  from	  experiments	  and	  simulations.	  Moreover,	  the	  values	  of	  

the	  obtained	  surface	  areas	  appear	  to	  be	  more	  reasonable	  than	  previous	  studies.	  

It	  may	   be	   related	   to	   the	  method	   used	   for	   deriving	   partial	   areas	   for	   DPPC	   and	  

cholesterol,	   and	   also	   it	   is	   likely	   to	   be	   attributed	   to	   the	  CHARMM36	   force	   field.	  

The	   findings	   here	   suggest	   that	   the	   bilayer	  model	   is	   reasonably	   assembled	   and	  

equilibrated,	   and	   the	   obtained	   structural	   parameters	   are	   in	   good	   consistency	  

with	  previous	  studies.	  
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Chapter	  4	    Effect	   of	   cholesterol	   on	   the	  

dynamic	  properties	  of	  DPPC	  bilayer	  

4.1	    Introduction	  

Membrane	  dynamics	  plays	  important	  roles	  in	  a	  variety	  of	  cellular	  activities	  such	  

as	  signalling,	  substances	  transportation	  across	  membrane,	  and	  formation	  of	  lipid	  

rafts.	   The	   effects	   of	   cholesterol	   on	   the	   properties	   of	   phospholipid	   bilayer	   are	  

diverse.	  In	  terms	  of	  lipid	  dynamics,	  it	  was	  reported	  that	  cholesterol	  suppressed	  

lateral	  diffusion	  of	  lipid	  molecules	  in	  bilayers,	  and	  changed	  the	  fluidity	  states	  of	  

the	  membrane	  in	  experiments	  and	  simulations	  (Almeida	  et	  al.,	  1992,	  Polson	  et	  al.,	  

2001,	  Hofsass	  et	  al.,	  2003,	  Falck	  et	  al.,	  2004,	  Lindblom	  and	  Oradd,	  2009).	  

	  

Moreover,	   the	   dynamics	   properties	   of	   lipid	   bilayer	   can	   be	   reasonably	   related	  

with	  the	  structural	  properties	  of	  the	  lipid	  bilayer,	  based	  on	  the	  free	  area	  theory	  

(Falck	   et	   al.,	   2004,	   Kupiainen	   et	   al.,	   2005).	   Free	   area	   refers	   to	   the	   unoccupied	  

space	  by	  molecules,	  and	  the	  theory	  suggests	  that	  the	  amount	  and	  distribution	  of	  

the	   free	   area	   in	   membrane	   are	   correlated	   with	   the	   dynamics	   properties	   of	  

bilayer,	   such	   as	   permeability	   and	   lateral	   diffusion.	   More	   specifically,	   lipid	  

diffusion	  in	  bilayer	  requires	  occurrence	  of	  the	  free	  area	  adjacent	  to	  the	  diffusing	  

molecule,	  and	  the	  unoccupied	  area	  should	  be	  larger	  than	  some	  critical	  value.	  In	  
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addition,	   before	   long-‐distance	   diffusion	   occurs,	   the	   molecule	   usually	   takes	  

relatively	  long	  time	  to	  rattle	  in	  the	  cage	  formed	  by	  the	  neighbours	  (Tieleman	  et	  

al.,	   1997,	   Falck	   et	   al.,	   2004,	   Vattulainen	   and	  Mouritsen,	   2004,	   Kupiainen	   et	   al.,	  

2005).	   	  

	  

In	   this	   chapter,	   the	   effects	   of	   cholesterol	   on	   dynamics	   properties	   of	   the	   DPPC	  

bilayer	  were	  studied	  from	  two	  aspects,	  the	  lipid	  lateral	  diffusion	  rate	  in	  bilayer	  

and	  the	  intra-‐molecular	  reorientation	  dynamics.	   	  

	  

4.2	    Method	  

4.2.1	    Lateral	  diffusion	   	  

The	  lipid	  diffusion	  in	  the	  plane	  of	  the	  bilayer	  is	  evaluated	  by	  the	  lateral	  diffusion	  

coefficient.	  Traditionally	   in	  experiments,	   several	   techniques	  were	  often	  used	   to	  

evaluate	   lateral	  diffusion	  such	  as	   the	  nuclear	  magnetic	   resonance,	   fluorescence	  

recovery	   after	   photo	   bleaching,	   and	   single-‐particle	   tracking	   (Vattulainen	   and	  

Mouritsen,	  2004).	  In	  simulation,	  the	  motion	  of	  the	  single	  particle	  in	  the	  plane	  of	  

the	  bilayer	  can	  be	  quantified	  by	  the	  lateral	  diffusion	  coefficient	  D,	  defined	  with:	  

	   𝐷 =    lim
!→!

1
2𝑑𝑡 𝑟 𝑡 ! 	   (4.1)	  

where	  d=2	   is	   the	   dimension	   of	   the	   bilayer	   and	   𝑟(𝑡) ! 	   is	   the	   averaged	  mean	  

squared	  displacement	  (MSD)	  over	  M	  atoms	  of	  the	  given	  molecule	  species	  and	  N	  
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molecules	  in	  the	  bilayer	  system.	  Calculation	  of	  the	   𝑟 𝑡 ! 	   is	  expressed	  with:	  

	   𝑟 𝑡 ! ≡
1

𝑁×𝑀 𝑟!" 𝑡 − 𝑟!" 0
!

!

!!!

!

!!!

	   (4.2)	  

where	   𝑟!" 𝑡 	   is	  the	  position	  of	  the	  atom	  j	  in	  the	  molecule	  i	  at	  time	  t	  .	  

It	   is	   worth	   noted	   that	   the	   centre	   of	   mass	   (CM)	   of	   the	   either	   monolayer	   in	   a	  

bilayer	  may	  drift	  during	  the	  simulations.	  If	  the	  monolayer’s	  drifts	  were	  not	  taken	  

into	  account,	   the	   results	  may	   reflect	   the	  motions	  of	   the	  monolayer	   rather	   than	  

diffusion	  of	  the	  lipid	  molecule	  in	  the	  leaflet.	  Therefore	  the	  motion	  of	  each	  particle	  

with	  respect	  to	  the	  corresponding	  monolayer	  was	  calculated	  by	  subtracting	  the	  

monolayer’s	   CM	   motion.	   Similar	   methods	   for	   treating	   the	   monolayer’s	   drifts	  

were	  reported	  in	  literatures	  (Falck	  et	  al.,	  2004,	  Ollila	  et	  al.,	  2007b).	   	  

	  

In	  current	  study,	  only	  the	  last	  60	  ns	  simulation	  trajectories	  of	  each	  system	  were	  

divided	  into	  6	  blocks	  for	  MSD	  calculations.	  Block	  average	  over	  the	  6	  blocks	  was	  

performed	  to	  obtain	  converged	  result,	  since	  the	  randomness	  of	  the	  lipid	  motions	  

introduces	  great	  uncertainties	  in	  the	  results,	  and	  the	  simulation	  time	  and	  system	  

size	  is	  not	  long	  and	  big	  enough	  to	  offset	  these	  fluctuations.	  Similar	  approach	  for	  

the	  calculation	  was	  reported	  in	  literature	  (Siu	  et	  al.,	  2008).	   	  

	  

4.2.2	    Rotational	  diffusion	  

In	  experiments,	  nuclear	  magnetic	  resonance	  (NRM)	  technique	  was	  often	  used	  to	  
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study	   intra-‐molecular	   dynamics.	   Computational	   studies	   using	   rotational	  

autocorrelation	   functions	   can	   provide	   complementary	   data	   for	   experimental	  

results.	   To	   look	   insight	   into	   the	   effect	   of	   cholesterol	   on	   lipid	   orientational	  

dynamics,	   the	   autocorrelation	   functions	   of	   different	   vectors	   for	   DPPC	   were	  

considered	  in	  present	  study.	  Three	  vectors	  were	  selected	  for	  DPPC:	  (a)	  The	  P-‐N	  

vector	   was	   used	   to	   represent	   head	   groups	   of	   DPPC,	   (b)	   the	   vector	   (C21-‐C31)	  

joining	  the	  respective	  carbonyl	  carbon	  atom	  in	  sn-‐1	  and	  sn-‐2	  tails	  represents	  the	  

glycerol	  backbone,	  (c)	  C2-‐C216	  represent	  the	  sn-‐2	  hydrocarbon	  chain,	  where	  C2	  

is	   the	   carbon	   in	   glycerol	   group	   connecting	   the	   sn-‐2	   chain,	   and	   C216	   is	   the	  

terminal	   carbon	   in	   sn-‐2	   chain.	   In	   practice,	   the	   second-‐order	   reorientation	  

autocorrelation	  function	  was	  employed:	  

	   𝐶! 𝑡 =
1
2 3 𝜇(𝑡)− 𝜇(0) ! − 1 	   (4.3)	  

where	   𝜇(𝑡)	   is	  a	  unit	  vector	  that	  describes	  the	  chosen	  rotational	  mode.	   	  
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4.3	    Results	  and	  discussion	  

4.3.1	    Lateral	  mean	  square	  displacement	  of	  DPPC	  and	  

cholesterol	  

	  
Figure	  13	  The	  MSD	  of	  DPPC	  in	  the	  bilayer	  at	  various	  cholesterol	  concentrations.	   	  

Cholesterol	  concentrations:	  0	  %	  (blue),	  5	  %	  (red),	  10	  %	  (green),	  20	  %	  (magenta),	  

30	  %	  (orange),	  40	  %	  (black)	  cholesterol	   in	  a	  DPPC	  bilayer.	  Note:	  the	   last	  60	  ns	  

trajectory	  was	  divided	  into	  six	  blocks	  and	  the	  MSD	  was	  calculated	  separately	  in	  

each	  blocks	  and	  then	  averaged	  as	  the	  result	  shown	  here.	   	  

	  

Lipids	  in	  the	  bilayer	  at	  liquid	  crystalline	  state	  diffuse	  laterally	  in	  the	  plane	  due	  to	  

the	  intermolecular	  interactions.	  The	  lipid	  diffusion	  can	  be	  roughly	  classified	  into	  

two	   regimes.	   One	   is	   the	   fast	   fluctuation	   of	   lipid	   in	   the	   cage	   formed	   by	   the	  
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neighbouring	  lipids	  and	  solvation,	  and	  this	  kind	  of	  motion	  is	  often	  known	  as	  the	  

rattling	  in	  a	  cage.	  Another	  regime	  is	  the	  long	  distance	  but	  slow	  lateral	  diffusion	  in	  

the	  bilayer,	  which	  comes	  from	  the	  Brownian	  motion	  of	  lipids	  in	  a	  viscous	  fluid.	   	  

	  

As	  shown	  in	  Figure	  13,	  the	  lateral	  MSD	  curves	  of	  DPPC	  for	  all	  simulated	  bilayer	  

systems	   show	   the	  existence	  of	  both	   classified	   lipid	  diffusive	  behaviours.	  At	   the	  

beginning	   stage	   with	   timescale	   of	   0	   to	   2	   ns,	   a	   nonlinear	   rapid	   increase	   is	  

observed	  in	  MSD,	  and	  it	  indicates	  the	  fast	  rattling	  motion	  of	  DPPC	  in	  a	  cage.	  Then,	  

the	  increasing	  trend	  of	  MSD	  is	  slowed,	  and	  it	  implies	  that	  DPPC	  molecule	  escapes	  

from	  the	  cage	  and	  switches	  to	  the	  slow	  diffusion	  mode,	  where	  the	  MSD	  increases	  

with	   time	   linearly.	   As	   for	   the	   trend	   for	   increasing	   cholesterol	   content,	   the	  

obtained	   results	   suggest	   that	   cholesterol	  weakens	   the	   lateral	  mobility	   of	  DPPC	  

molecules	  for	  both	  motion	  modes.	  The	  effect	  of	  cholesterol	  on	  the	  lateral	  motion	  

is	  closely	  related	  to	  the	  distributed	  surface	  area,	  or	  the	  volume	  of	  the	  cage.	  As	  it	  

was	  discussed	  in	  Chapter	  3	  that	  cholesterol	  reduced	  the	  distributed	  surface	  area	  

for	  each	  molecule,	  the	  occurrence	  of	  vacancy	  defect	  for	  lateral	  diffusion	  is	  further	  

limited	   correspondingly.	   The	   more	   cholesterol	   molecules	   are	   involved	   in	   the	  

bilayer,	   the	   less	   lateral	   mobility	   the	  molecules	   can	   achieve.	   In	   addition	   to	   the	  

indirect	  effect	  of	  cholesterol,	  cholesterol	  may	  also	  directly	  affect	  the	  diffusion	  by	  

forming	  complex	  with	   the	  saturated	  DPPC	  molecules.	  As	  cholesterol	   is	   short	   in	  

size	   and	   buried	   under	   the	   head	   groups	   of	   DPPC	  molecules	  with	   the	   rigid	   ring	  

structure	  contacting	  the	  upper	  segment	  of	  the	  tails	  of	  DPPC,	  two	  types	  of	   lipids	  
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may	   form	   a	   complex	   and	   jointly	   move	   together	   rather	   than	   independently.	  

Therefore	  the	  mobility	  of	  a	  jointly	  combined	  group	  is	  likely	  to	  be	  hindered	  due	  to	  

larger	   structure.	   Evidences	   for	   forming	   complexes	   among	   cholesterol	   and	  

phospholipids	   in	   bilayer	   have	   been	   found	   in	   both	   experiments	   and	   simulation	  

studies	  (Lindblom	  and	  Oradd,	  2009,	  Rog	  et	  al.,	  2009).	   	  

	  

As	   for	   the	  motion	  of	   cholesterol	   in	   the	  bilayers,	   aside	   from	   its	   lateral	  diffusion	  

within	  one	  leaflet,	  cholesterol	  can	  also	  occasionally	  translocate	  its	  position	  from	  

one	   leaflet	   to	   the	   opposite	   leaflet.	   This	   rare	   occurring	   event	   is	   known	   as	  

cholesterol	   flip-‐flop,	   and	   the	   evidence	   of	   occurrence	   of	   flip-‐flop	   motion	   is	  

discussed	  later.	  Here,	  the	  existence	  of	  translocation	  between	  the	  two	  monolayers	  

can	   result	   in	   somewhat	   improper	   results	  of	   the	   lateral	  MSD	   for	   cholesterol.	  To	  

consider	  the	   individual	  molecule’s	  motion	  with	  respect	  to	  the	  collective	  motion	  

of	   the	   monolayer,	   the	   CM	   (centre-‐of-‐mass)	   motion	   of	   the	   monolayer	   was	  

subtracted	  from	  the	  MSD	  for	  the	  individual	  cholesterol.	  However,	  it	  is	  confusing	  

about	  which	  monolayer’s	  motion	   is	  considered	  for	   the	   flip-‐flopping	  cholesterol.	  

In	   practice,	   the	   MSD	   of	   cholesterol	   was	   considered	   with	   respect	   to	   the	  

instantaneous	  monolayer’s	   CM	  motion.	   For	   example,	   one	   cholesterol	   molecule	  

was	  originally	  located	  in	  the	  upper	  monolayer	  for	  a	  period	  of	  time,	  so	  the	  upper	  

monolayer’s	   CM	   motion	   was	   considered	   during	   this	   period.	   	   Then	   the	  

cholesterol	   is	   tumbled	   and	   transferred	   to	   the	   opposite	   monolayer,	   and	   the	  

corresponding	  CM	  motion	  of	  this	  monolayer	  was	  considered.	  Apparently,	  it	  is	  no	  
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a	   good	   solution	   to	   address	   this	   issue,	   however,	   it	   is	   reasonable	   for	  most	   cases	  

because	  the	  flip-‐flop	  event	  is	  rare	  to	  occur.	  Even	  if	  it	  might	  not	  reveal	  the	  actual	  

diffusive	  behaviour,	  it	   is	  still	  suggestive	  for	  the	  lateral	  motions	  of	  cholesterol	  in	  

lipid	  bilayer.	  

	  

	  

Figure	   14	   The	   MSD	   of	   cholesterol	   in	   the	   DPPC	   bilayer	   at	   various	   cholesterol	  

concentrations.	  

Cholesterol	   concentrations:	   5%	   (red),	   10%	   (green),	   20%	   (magenta),	   30%	  

(orange),	  40%	  (black)	  Note:	  the	  last	  60	  ns	  trajectory	  was	  divided	  into	  six	  blocks	  

and	  the	  MSD	  was	  calculated	  separately	  in	  each	  blocks	  and	  then	  averaged	  as	  the	  

result	  shown	  here.	   	  

	  

As	   seen	   in	   Figure	   14,	   the	   obtained	   MSD	   curves	   of	   cholesterol	   are	   more	  

fluctuating	   than	   those	   of	   DPPC	   in	   Figure	   13,	   especially	   in	   the	   bilayer	   systems	  
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with	   low	  cholesterol	   content.	  These	   remarkable	   fluctuations	  may	  be	  attributed	  

to	   two	   factors.	   One	   is	   that	   the	   poor	   sampling	   due	   to	   insufficient	   amount	   of	  

cholesterol	  in	  system.	  As	  it	  is	  observed	  that	  the	  curves	  become	  increasingly	  less	  

fluctuating	   upon	   increasing	   cholesterol	   concentration.	   Interestingly,	   at	   40%	  

cholesterol	  concentration,	  the	  MSD	  (the	  black	  curve	  in	  Figure	  13)	  is	  almost	  linear	  

over	   the	   whole	   timescale.	   Another	   possible	   factor	   may	   be	   associated	   with	  

flip-‐flop	   translocation	   of	   cholesterol	   between	   two	   leaflets	   of	   the	   bilayer.	   The	  

cholesterol	  can	  exist	   in	  the	  bilayer	  centre	  and	  orient	   itself	  perpendicular	  to	  the	  

bilayer	   normal.	   Due	   to	   less	   restriction	   from	   surrounding	   molecules,	   the	  

rotational	   and	   lateral	   diffusion	   can	   occur	   much	   easier	   compared	   with	   being	  

oriented	  parallel	  to	  the	  bilayer	  normal.	   	  

	  

In	  addition	  to	  the	  fluctuation,	  the	  motions	  of	  cholesterol	  seem	  to	  be	  absent	  from	  

the	  stage	  of	  rattling	  motion	   in	  a	  cage,	  which	  was	  observed	   in	   the	  MSD	  of	  DPPC	  

(see	   Figure	   13).	   Besides	   the	   5%	   cholesterol	   system,	   the	   MSD	   of	   cholesterol	  

increases	  at	  a	  steady	  pace	  rather	  than	  the	  rapid	  increase	  at	  beginning	  and	  slow	  

down	  later.	  This	  is	  probably	  because	  cholesterol	  molecules	  are	  mostly	  located	  in	  

the	  hydrophobic	   region	  of	  bilayer,	  where	   less	   restriction	  was	  applied	   from	   the	  

neighbouring	   flexible	   hydrocarbon	   chains	   of	   DPPC,	   and	   also	   cholesterol	  

molecules	  are	  barely	  affected	  by	  water	  molecules.	  As	  for	  the	  overall	  trend	  of	  the	  

MSD	  of	  cholesterol,	  the	  obtained	  results	  (in	  Figure	  14)	  indicate	  that	  cholesterol’s	  

motion	   in	   the	   lateral	   plane	   is	   slowed	   by	   its	   concentration,	  which	   is	   consistent	  
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with	  the	  findings	  for	  that	  of	  DPPC.	   	  

	  

4.3.2	    The	  lateral	  diffusion	  of	  DPPC	  is	  slowed	  down	  in	  

presence	  of	  cholesterol	  

To	  quantify	  the	  lateral	  motions	  along	  the	  bilayer	  surface,	  the	  diffusion	  coefficient	  

can	  be	  derived	   from	  the	   lateral	  MSD.	  As	   it	  was	  mentioned	  that	   the	   fast	  rattling	  

motion	   in	   a	   cage	   is	   more	   closely	   related	   to	   the	   volume	   of	   the	   cage,	   only	   the	  

long-‐range	   lipid	  diffusive	  behaviours	  are	  concerned	  here.	   In	  practice,	   the	  DPPC	  

diffusion	  coefficient	  was	  determined	  from	  the	  MSD	  by	  linear	  fitting	  over	  the	  time	  

window	   of	   5	   to	   10	   ns.	   The	   chosen	   time	   scale,	   where	   MSD	   increases	   almost	  

linearly	  with	   time,	   is	  more	   closely	   related	   to	   the	   long-‐time	  diffusive	  behaviour	  

(Patra	  et	  al.,	  2004,	  Siu	  et	  al.,	  2008,	  Ollila	  et	  al.,	  2007b,	  Terama	  et	  al.,	  2008).	  As	  for	  

cholesterol,	  the	  linear	  fitting	  for	  the	  diffusion	  coefficient	  was	  performed	  over	  the	  

timescale	   of	   0	   to	   5	   ns	   to	   avoid	   fluctuating	   segments.	   During	   this	   period,	   each	  

cholesterol	  molecule	  in	  all	  cases	  has	  approximately	  moved	  about	  6	  angstroms	  or	  

more.	  This	  is	  roughly	  the	  distance	  between	  two	  lipids	  in	  cholesterol-‐free	  bilayer,	  

and	   the	  distance	  can	  be	  even	  shorter	   in	  presence	  of	   cholesterol.	  Moreover,	   the	  

MSD	   segment	   in	   this	   time	   interval	   is	   reasonably	   linear	  with	   fewer	   fluctuations	  

than	  rest	  parts.	  
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Figure	  15	  Lateral	  diffusion	  coefficients	  D	  for	  DPPC	  (red	  square)	  and	  cholesterol	  

(green	  circle)	  in	  the	  bilayer	  systems	  at	  different	  cholesterol	  concentrations.	   	  

The	  errors	  were	  estimated	   from	  the	   linear	   fitting,	  and	  most	  of	   the	  added	  error	  

bars	  were	  overlapped	  by	  the	  symbols.	  

	  

Figure	   15	   showed	   that	   the	   obtained	   lateral	   diffusion	   coefficient	   of	   DPPC	   and	  

cholesterol.	   In	  all	  cases,	   the	   lateral	  diffusion	  of	  cholesterol	   is	   faster	  than	  that	  of	  

DPPC,	  and	  similar	  trend	  was	  also	  found	  in	  previous	  simulation	  study	  (Hofsass	  et	  

al.,	  2003).	  The	  slowed	  diffusion	  of	  DPPC	  can	  be	  explained	  from	  several	  aspects.	  

First,	  the	  location	  of	  cholesterol	  molecule	  is	  in	  the	  hydrophobic	  region	  just	  under	  

head	   groups	   of	   DPPC	   molecules,	   where	   the	   electron	   density	   of	   the	   region	  

cholesterol	   molecules	   reside	   is	   lower	   than	   the	   membrane-‐water	   interfacial	  

region.	  It’s	  sensible	  to	  argue	  that	  the	  vacancy	  defects	  are	  more	  likely	  to	  occur	  in	  
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less	   crowd	   region,	   and	   those	   free	   transient	   spaces	   facilitate	   lipid	   diffusion.	   So	  

cholesterol	   is	  more	   likely	   to	   take	  up	   to	   free	  space	   to	  diffuse	   faster.	   In	  addition,	  

the	  DPPC	  got	   large	  dipole	  moment	   that	   that	  of	  cholesterol,	   it	  was	  believed	  that	  

the	   electrostatics	   interactions	   among	   head	   groups	   and	   water	   molecules	   are	  

essential	   to	   slow	   down	   the	   lateral	   diffusion	   of	   DPPC	   (Hofsass	   et	   al.,	   2003)	  

Another	   possible	   reason	   for	   the	   faster	   motion	   of	   cholesterol	   is	   the	   effect	   of	  

entanglements.	   The	   lateral	  motion	   of	   lipids	  with	   long	   enough	   chains	   is	   slowed	  

due	  to	  the	  chains	  entangled	  with	  other	  chains.	  So	  cholesterol	  is	  less	  likely	  to	  be	  

entangled	  among	  chains	  due	  to	  its	  short	  chain.	  

	  

Comparing	   the	  obtained	   results	   (see	  Figure	  15)	  with	   the	   experimental	   studies,	  

the	  results	  here	  are	  in	  good	  agreement	  with	  the	  study	  by	  Lindblom	  et	  al.	  (2006),	  

who	   systematically	   measured	   the	   lateral	   diffusion	   in	   single	   component	   DPPC	  

bilayer	  and	  cholesterol-‐containing	  systems	  based	  on	  pulsed-‐field	  gradient	  NMR	  

technique.	  For	  the	  pure	  DPPC	  system,	  the	  obtained	  lateral	  diffusion	  coefficient	  of	  

DPPC	   here	   is	   16.3  ×  10!!   cm! s 	   in	   reasonably	   agreement	   with	  

14  ×  10!!   cm! s	   measured	   in	   their	   experimental	   study	   at	   323	   K.	   As	   for	   the	  

system	   in	   presence	   of	   cholesterol,	   Filippov	   et	   al.	   found	   a	   lateral	   diffusion	  

coefficient	  of	   7.2×  10!!   cm! s	   at	  31%	  cholesterol	   concentration	   (Lindblom	  et	  

al.,	  2006).	  The	  decreasing	  trend	  in	  experiment	   is	   in	  reasonable	  agreement	  with	  

the	  simulation	  results	  here.	  However,	  in	  the	  previous	  similar	  simulation	  study	  by	  

Falck	  et	  al.	  (2004),	  they	  found	  that	  the	  lateral	  diffusion	  coefficient	  of	  DPPC	  was	  
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decreased	  almost	  by	  a	  factor	  of	  10	  at	  30%	  cholesterol.	  Considering	  the	  compared	  

experimental	   results	   above	   (Lindblom	   et	   al.,	   2006),	   the	   damping	   effect	   of	  

cholesterol	  on	  lipid	  lateral	  diffusion	  was	  suggested	  to	  be	  overestimated	  in	  their	  

findings.	   Moreover,	   it	   is	   not	   surprising	   about	   the	   overestimation,	   since	   it	   has	  

been	   discussed	   in	   literature	   that	   the	   condensing	   effect	   of	   cholesterol	   in	   their	  

study	  was	   too	  high	   (Rog	   et	   al.,	   2009,	   Edholm	  and	  Nagle,	   2005).	   Therefore,	   the	  

results	   in	   present	   study	   are	  more	   reasonable	   than	  previous	   similar	   simulation	  

works	  (Hofsass	  et	  al.,	  2003,	  Falck	  et	  al.,	  2004).	   	  

	  

4.3.3	    Cholesterol	  Flip-‐Flop	  motion	  

In	   addition	   to	   lateral	   diffusion,	   cholesterol	   also	   undergoes	   intra-‐membrane	  

exchange,	   which	   is	   often	   called	   flip-‐flop	   of	   cholesterol.	   Since	   the	   cholesterol’s	  

flip-‐flop	  motion	   is	   less	   concerned	   in	   present	   study,	   I	   attempted	   a	   very	   simple	  

way	  to	  track	  down	  the	  motion	  of	  the	  flip-‐flopped	  cholesterol	  molecule.	  

	  

In	  practice,	  a	  direction	  vector	  for	  cholesterol	  is	  defined	  between	  the	  oxygen	  atom	  

(O)	  and	  the	  carbon	  atom	  (C25)	  in	  the	  hydrocarbon	  chain	  of	  cholesterol.	  Then	  the	  

orientation	  of	  each	  cholesterol	  molecule	  in	  each	  bilayer	  system	  during	  the	  last	  60	  

ns	   simulation	  were	  monitored	  and	  analysed.	  Among	   the	   cholesterol	  molecules,	  

the	  one,	  which	  switched	  its	  direction	  along	  z-‐axis	  most	  frequently,	  was	  chosen	  as	  

the	  molecule	   that	  possibly	   flip-‐flopped	  during	   the	  simulation.	  Details	  about	   the	  
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screening	  procedure	  can	  be	  found	  in	  the	  in	  my	  self-‐coded	  program	  in	  Appendix	  

A.	  

	  

Figure	   16	   shows	   the	   positions	   and	   the	   orientations	   of	   the	   chosen	   cholesterol	  

molecule	  in	  the	  DPPC	  bilayer	  with	  5%	  cholesterol.	  It	  shows	  that	  the	  cholesterol	  

molecule	  evidently	  flip-‐flopped	  from	  the	  lower	  monolayer	  to	  the	  opposite	  layer	  

one	   time	   during	   the	   simulation,	   and	   the	   tumbling	   process	   lasts	   about	   10	   ns.	  

During	   the	   midway	   of	   the	   flip-‐flop	   process,	   the	   molecule	   oscillated	   a	   few	  

nanoseconds	   in	   the	   liquid-‐like	   tail-‐tail	   interfacial	   region	   at	   the	   bilayer	   centre,	  

where	   the	   cholesterol	   molecule	   can	   move	   freely	   with	   least	   restrictions	   from	  

surrounding	  molecules,	   and	   it	   tumbled	  around	  before	  diffuse	   into	   the	  opposite	  

layer.	   In	   terms	   of	   the	   flip-‐flop	   rate,	   the	   chosen	   cholesterol	   molecule	   is	   pretty	  

active	  over	  the	  simulation	  period,	  but	  only	  one	  complete	  the	  flip-‐flop	  process	  has	  

been	  observed,	  which	  indicate	  the	  cholesterol	  flip-‐flop	  a	  rare	  event.	   	  

	  



	   70	  

	  
Figure	   16	   The	   flip-‐flop	   motion	   of	   the	   chosen	   cholesterol	   molecule	   in	   5%	  

cholesterol	  bilayer	  system.	   	  

The	  upper	  panel	  shows	  the	  z-‐axis	  positions	  of	  oxygen	  O	  (blue)	  and	  carbon	  atom	  

C25	   (red)	   in	   the	   hydrocarbon	   chain	   over	   the	   simulation	   period,	   and	   the	   two	  

dashed	  lines	  indicate	  the	  average	  position	  of	  phosphorus	  in	  each	  monolayer.	  The	  

lower	   panel	   shows	   the	   cosine	   of	   the	   angle	   𝜃	   between	   the	   direction	   vector	   of	  

cholesterol	   connecting	   O	   and	   C25	   and	   the	   z-‐axis	   unit	   vector	   pointing	   upward	  

([0,0,1]).	   	  
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In	   the	  DPPC	  bilayer	  with	  40%	  cholesterol,	  more	   interesting	   flip-‐flop	  event	  was	  

found.	  As	  introduced,	  the	  selected	  cholesterol	  is	  the	  most	  active	  one	  among	  the	  

molecules	   in	   the	   bilayer.	   As	   seen	   in	   Figure	   17,	   the	   cholesterol	   molecule	   was	  

reoriented	   towards	   the	  opposite	  direction	   in	   the	   time	   interval	  between	  25	  and	  

30	  ns,	  whereas	  the	  molecule	  still	  stays	  in	  the	  upper	  leaflet	  where	  it	  was.	  The	  way	  

the	  cholesterol	  presents	   is	  energetically	  unfavourable,	   since	   the	  polar	  hydroxyl	  

group	   of	   cholesterol	   is	   positioned	   in	   the	   hydrophobic	   bilayer	   centre,	   and	   the	  

hydrocarbon	   tail	   is	   very	   close	   to	   the	   head	   groups	   of	   the	  DPPC	  molecules.	   This	  

bizarre	  phenomenon	  is	  probably	  related	  to	  the	  structure	  of	  the	  bilayer	  with	  high	  

cholesterol	  content.	  At	  40%	  cholesterol,	   the	  DPPC	  molecules	  are	  much	  ordered	  

and	   the	   bilayer	   is	   packed	   tighter	   with	   reduced	   area	   per	   molecule.	   As	   it	   was	  

discussed	   in	   Chapter	   3,	   the	   electron	   density	   in	   the	   region	   where	   cholesterol	  

resides	   increased	   remarkably.	   Then	  when	   the	   cholesterol	   undergoes	   tumbling	  

motion	   and	   attempts	   to	   diffuse	   to	   the	   opposite	   layer,	   no	   enough	   free	   space	   is	  

available	  to	   fit	   it	   in.	  Theoretically,	  provided	  the	  simulation	  continues	  for	   longer	  

time,	  the	  cholesterol	  should	  be	  able	  to	  transfer	  to	  the	  opposite	  layer,	  or	  switch	  its	  

orientation	   into	   the	   energetically	   favourable	   way.	   However,	   the	   cholesterol	  

flip-‐flop	   is	   not	   the	   mainly	   concerned	   aspect	   in	   present	   study.	   Anyway,	   the	  

illustrated	   cases	   have	   provided	   evidences	   of	   the	   occurrence	   of	   the	   cholesterol	  

flip-‐flop	  motion.	   	  
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Figure	   17	   The	   flip-‐flop	   motion	   of	   the	   chosen	   cholesterol	   molecule	   in	   40%	  

cholesterol	  bilayer	  system.	   	  

The	  upper	  panel	  shows	  the	  z-‐axis	  positions	  of	  oxygen	  O	  (blue)	  and	  carbon	  atom	  

C25	   (red)	   in	   the	   hydrocarbon	   chain	   over	   the	   simulation	   period,	   and	   the	   two	  

dashed	  lines	  indicate	  the	  average	  position	  of	  phosphorus	  in	  each	  monolayer.	  The	  

lower	   panel	   shows	   the	   cosine	   of	   the	   angle	   𝜃	   between	   the	   direction	   vector	   of	  

cholesterol	   connecting	   O	   and	   C25	   and	   the	   z-‐axis	   unit	   vector	   pointing	   upward	  

([0,0,1]).	   	  
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4.3.4	    Dual	   effects	   of	   cholesterol	   on	   rotational	  

dynamics	  of	  DPPC	   	  

	  

Figure	  18	  Rotational	  autocorrelation	   functions	   for	  different	  vector	   in	   the	  DPPC	  

molecule.	  

Vectors	   include	  P-‐N	   in	  head	  group,	   the	  C21-‐C31	   joining	   the	  carbonyl	   carbon	   in	  

sn-‐1	  and	  sn-‐2	  chain,	  and	  the	  vector	  C2-‐C216	  for	  the	  sn-‐2	  chain	  of	  DPPC.	   	  

	  

To	   look	   insight	   into	   the	   intra-‐molecular	   lipid	   dynamics,	   the	   rotational	  

autocorrelation	   functions	   (Equation	   4.3)	   of	   the	   chosen	   vectors	   describing	   the	  

lipids	  were	  considered	  to	  reveal	  the	  re-‐orientational	  dynamics	  in	  different	  parts	  

of	   the	   lipids.	  As	  shown	   in	  Figure	  18,	   the	  autocorrelation	   functions	  (ACF)	  of	   the	  

three	   representative	   vectors	   for	   DPPC	   in	   the	   cholesterol-‐free	   bilayer	   system	  

show	  different	  decaying	  trends	  with	  development	  of	  time	  lag.	  The	  ACF	  of	  the	  P-‐N	  
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vector	  in	  the	  head	  group	  of	  DPPC	  molecule	  decays	  fastest,	  and	  it	  means	  the	  head	  

group	   is	   the	   most	   dynamic	   in	   re-‐orienting.	   Then	   the	   C21-‐C31	   vector	   for	   the	  

middle	  part	  of	  DPPC	  comes	   in	   the	   second	  place,	   and	   the	   slowest	  ACF	  decaying	  

occurs	  in	  the	  vector	  joining	  the	  C2	  in	  glycerol	  group	  and	  the	  terminal	  carbon	  in	  

sn-‐2	   chain.	   The	   finding	   here	   is	   consistent	   with	   recent	   simulations(Yang	   et	   al.,	  

2014,	  Ollila	  et	  al.,	  2007b,	  Terama	  et	  al.,	  2008).	  
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Figure	  19	  Rotational	  autocorrelation	  functions	  for	  the	  vectors	  of	  DPPC.	  

(a)	   P-‐N,	   (b)	   C21-‐C31,	   (c)	   C2-‐C216	   in	   the	   DPPC	   bilayer	   with	   0%	   (blue),	   20%	  

(magenta),	   40%	   cholesterol	   (black).	   For	   simplicity,	   the	   results	   of	   the	   rest	  

systems	  are	  not	  shown.	   	  

	  

The	  effect	  of	  cholesterol	  on	  rotation	  dynamics	  of	  different	  parts	  of	  DPPC	  can	  be	  
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opposite.	  As	  seen	  in	  Figure	  19,	  the	  correlation	  times	  in	  the	  ACF	  of	  the	  P-‐N	  vector	  

decrease	  monotonically	  with	  increasing	  cholesterol	  concentration,	  which	  means	  

cholesterol	   enhances	   the	   rotation	   dynamics	   of	   the	   head	   group	   of	   DPPC.	   By	  

contrast,	   opposite	   trend	   is	   observed	   in	   the	   ACFs	   for	   the	   other	   two	   vectors	   for	  

DPPC,	   hence	   it	   indicates	   that	   cholesterol	   damps	   the	   rotation	   dynamics	   of	   the	  

backbone	  region	  and	  sn-‐2	  chain	  of	  DPPC.	   	  

	  

The	   dual	   effects	   of	   cholesterol	   on	   the	   rotation	   dynamics	   of	   DPPC	   are	   closely	  

associated	  with	   the	   location	   of	   cholesterol	   in	   the	   lipid	   bilayer.	   In	   lipid	   bilayer,	  

cholesterol	  is	  located	  under	  the	  head	  groups	  of	  DPPC,	  neighbouring	  the	  carbonyl	  

groups	   and	   the	   hydrocarbon	   chains.	   The	   hydrocarbon	   chains	   of	   DPPC	   become	  

more	  aligned	  along	  the	  bilayer	  normal	   in	  presence	  of	  cholesterol,	  and	  then	  less	  

space	  is	  available	  for	  rotational	  motion.	  So	  the	  damping	  effect	  of	  cholesterol	  on	  

rotational	  dynamics	  of	  DPPC	  is	  sensibly	  associated	  with	  the	  condensing	  effect	  of	  

cholesterol.	  The	  reason	  for	  the	  damped	  dynamics	  is	  similar	  with	  the	  slowed	  lipid	  

lateral	   diffusion,	  which	   is	   that	   the	   lipid	   dynamics	   is	   closely	   related	   to	   the	   free	  

space	  for	  motion.	  In	  addition,	  the	  decrease	  of	  correlation	  times	  due	  to	  cholesterol	  

seems	   to	   be	   larger	   for	   the	   sn-‐2	   tail	   vector	   C2-‐C216	   vector	   than	   the	   laterally	  

oriented	   C21-‐C31	   vector	   close	   to	   the	   backbone	   region.	   Obviously,	   it	   is	  

determined	  by	  the	  vector’s	  definition.	  The	  rotational	  dynamics	  of	  sn-‐2	  tail	  largely	  

indicates	   the	   tail’s	   tilting	   motion,	   while	   the	   carbonyl	   carbons	   vector	   mostly	  

reflects	   the	   DPPC’s	   rotating	   around	   the	   axis	   of	   DPPC.	   Cholesterol	   is	   more	  



	   77	  

restrictive	   to	   the	   tilting	  motion	   of	  DPPC	   then	   the	   self-‐rotating	  mode,	   since	   the	  

tilting	  motion	  requires	  more	  space.	   	  

	  

However,	  the	  enhancing	  effect	  of	  cholesterol	  on	  dynamics	  of	  the	  head	  region	  of	  

DPPC	  is	  tricky	  to	  explain,	  since	  it	  seems	  to	  be	  inconsistent	  with	  the	  well-‐known	  

condensing	  effect	  of	   cholesterol.	  One	  possible	  explanation	   is	   that	   the	  enhanced	  

dynamics	   is	   associated	   with	   hydrogen	   bonding	   between	   the	   head	   groups	   and	  

water	  molecules.	  As	  the	  polar	  hydroxyl	  in	  cholesterol	  may	  form	  hydrogen	  bonds	  

with	  either	  the	  DPPC	  head	  groups	  or	  the	  water	  molecules,	  and	  hence	  it	  perturbs	  

the	  interactions	  between	  water	  and	  DPPC,	  this	  may	  speed	  up	  the	  dynamics	  of	  the	  

head	  group.	  The	  regime	  on	  enhanced	  dynamics	  of	  lipid	  molecules	  was	  suggested	  

in	  recent	  simulations	  of	  the	  lipid	  bilayer	  with	  ethanol	  (Terama	  et	  al.,	  2008).	  
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Figure	  20	  The	  effective	  average	  area	  for	  the	  head	  groups	  of	  each	  DPPC	  molecule	  

in	  the	  systems	  with	  various	  cholesterol	  concentrations.	   	  

	  

In	  addition	  to	  that,	  another	  reasonable	  explanation	  for	  the	  enhanced	  dynamics	  is	  

actually	   attributed	   to	   the	   increased	  effective	  area	   for	   the	  head	  groups	  of	  DPPC	  

molecules.	   The	   conventional	   approach	   for	   evaluating	   the	   distributed	   area	   for	  

each	  molecule	   takes	   cholesterol	   into	   account.	   Therefore,	   the	   obtained	   average	  

area	  actually	  reflects	  the	  cross-‐sectional	  area	  of	  the	  region	  below	  head	  groups	  of	  

DPPC.	  In	  fact,	  if	  one	  only	  concerns	  the	  distributed	  area	  for	  each	  molecule	  in	  the	  

hydrophilic	   cross-‐sectional	   region,	   the	   contribution	   of	   cholesterol	   can	   simply	  

ignored	   because	   cholesterol	   molecules	   are	   mainly	   located	   in	   the	   hydrophobic	  

region	  of	   lipid	  bilayer.	  Based	  on	   that	  assumption,	   the	  area	  distributed	   for	  each	  

DPPC	  is	   the	  effective	  area	  for	  the	  head	  groups	  of	  DPPC.	  As	  shown	  in	  Figure	  20,	  
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the	  effective	  area	  for	  DPPC	  increases	  with	  increasing	  cholesterol	  content,	  and	  it	  

is	   consistent	   with	   the	   enhanced	   dynamics	   of	   the	   head	   groups	   of	   DPPC.	   In	  

addition,	   it	   suggests	   that	   the	   dynamics	   of	   the	   hydrophilic	   part	   of	   DPPC	   are	  

influenced	  by	  cholesterol	  in	  an	  unspecific	  regime.	  

	  

4.4	    Summary	   	  

In	  this	  chapter,	  I	  focus	  on	  the	  effect	  of	  cholesterol	  on	  the	  lipid	  dynamics	  from	  two	  

aspects,	   the	   lipid	   lateral	   diffusion,	   and	   rotation	   dynamics.	   It	   was	   found	  

cholesterol	   slowed	   down	   the	   lateral	   diffusion	   rate	   of	   DPPC	   and	   that	   of	  

cholesterol.	   In	   addition,	   occurrence	   of	   flip-‐flop	   motion	   of	   cholesterol	   was	  

identified	  in	  some	  of	  the	  present	  simulations.	  Lastly,	  cholesterol	  is	  found	  to	  play	  

dual	   role	   in	   affecting	   rotation	   dynamics	   of	   DPPC.	   The	   rotation	   motion	   of	   the	  

backbone	  and	  tail	  region	  of	  DPPC	  is	  damped	  in	  presence	  of	  cholesterol,	  while	  the	  

head	  groups	  of	  DPPC	  is	  influenced	  in	  an	  opposite	  way.	  
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Chapter	  5	    The	   effect	   of	   cholesterol	   on	  

lateral	  pressure	  profiles	  

5.1	    Introduction	  of	  lateral	  pressure	  in	  membrane	  

Simons	  and	  Ikonen	  (1997)	  proposed	  lipid	  raft	  model	  for	  the	  structure,	  which	  is	  

typically	   enriched	   in	   cholesterol,	   sphingomyelin	   and	   saturated	   phospholipids,	  

and	   cholesterol	  was	   suggested	   to	   be	   the	   central	   part	   in	   formation	   of	   the	   lipid	  

rafts.	  Lipid	  rafts	  were	  found	  to	  be	  closely	  associated	  with	  many	  cellular	  activities	  

such	   as	   signal	   transduction,	   regulating	   functionalities	   of	   integral	   proteins,	   and	  

cholesterol	  was	   suggested	   to	   be	   crucial	   in	  many	   of	   these	   activities.	   As	   the	   fact	  

that	   the	   bilayer	   compositional	   change	   can	   alter	   the	   structural	   properties	   was	  

believed	  to	  have	  impacts	  on	  the	  embedded	  proteins	  (Bloom	  et	  al.,	  1991,	  Cantor,	  

1999a),	   Cantor	   (1997)	   proposed	   an	   indirect	   mechanism	   that	   changes	   in	   the	  

lateral	   pressure	   profile	   of	   a	   lipid	   membrane	   may	   affect	   the	   activities	   of	  

membrane	   proteins,	   such	   as	   mechanosensitive	   channels	   (Cantor,	   1999a).	   The	  

lateral	  pressure	  profile	  depicts	  the	  distribution	  of	  the	  local	  lateral	  pressure	  in	  a	  

lipid	  bilayer,	  and	  can	  provide	  microscopic	  interpretations	  for	  many	  macroscopic	  

measureable	  properties	  of	  lipid	  bilayer,	  such	  as	  the	  surface	  tension,	  surface	  free	  

energy,	  and	  spontaneous	  curvature	  (Tildesley,	  1987,	  Safran,	  1994,	  Cantor,	  1999b,	  

Jensen	  et	  al.,	  2001)	  
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The	  lateral	  pressure	  has	  been	  suggested	  to	  play	  important	  biological	  roles	  in,	  for	  

example,	  the	  phenomena	  as	  general	  anaesthesia	  (Cantor,	  1997,	  Eckenhoff,	  2001,	  

Terama	  et	  al.,	  2008),	  or	   regulation	  of	  protein	   function	   (deKruijff,	  1997,	  Cantor,	  

1999a,	   Samuli	  Ollila	   et	   al.,	   2007).	  However,	   gauging	   lateral	  pressure	  profiles	   is	  

very	  difficult	  due	  to	  absence	  of	  good	  probes	  in	  experiments.	  Only	  one	  experiment	  

study	   was	   reported	   by	   Templer	   et	   al.	   (1998)	   at	   present.	   Molecular	   dynamics	  

simulations	  of	  lipid	  bilayer	  have	  shed	  light	  on	  estimation	  of	  the	  lateral	  pressure	  

inside	   the	   bilayer	   structure.	   Several	   previous	   studies	   have	   revealed	   that	   the	  

pressure	   profiles	   are	   pretty	   complex	   and	   the	   local	   pressures	   can	   be	   various	  

depending	  on	  the	  compositions.	  In	  addition,	  quantities	  of	  the	  local	  pressure	  can	  

be	  as	  high	  as	  the	  order	  of	  1000	  bars	  (Lindahl	  and	  Edholm,	  2000b,	  Samuli	  Ollila	  et	  

al.,	  2007),	  and	  it	  is	  evident	  that	  it	  is	  capable	  to	  influence	  proteins	  by	  favouring	  a	  

certain	  conformation.	  Moreover,	  it	  was	  found	  that	  the	  lateral	  pressure	  profiles	  of	  

the	   lipid	   bilayer	   with	   polyunsaturated	   lipids	   are	   notably	   different	   from	   the	  

profiles	  of	  saturated	  lipid	  bilayer.	  With	  increasing	  the	  number	  of	  double	  bonds,	  

the	  peak	   in	   the	  middle	  becomes	   less	  repulsive	  (Carrillo-‐Tripp	  and	  Feller,	  2005,	  

Ollila	  et	  al.,	  2007b).	  In	  terms	  of	  cholesterol	  related	  studies,	  Patra	  (2005)	  carried	  

out	   the	   first	   study	   on	   the	   effect	   of	   cholesterol	   on	   lateral	   pressure	   profile	   in	  

phospholipid	   bilayer	   and	   found	   that	   the	   cholesterol	   induced	   qualitatively	  

changes	   in	   regional	   pressures	   inside	   the	   bilayer	   at	   higher	   cholesterol	  

concentrations	  (over	  20%).	  In	  DPPC-‐cholesterol	  bilayer,	  extra	  positive	  pressure	  
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regional	   peaks	   and	   negative	   troughs	   were	   introduced	   in	   the	   pressure	   profile	  

compared	   to	   the	   pressure	   profile	   found	   in	   pure	   DPPC	   bilayer,	   and	   the	  

magnitudes	   of	   local	   lateral	   pressure	   become	   higher	   with	   increasing	   the	  

cholesterol	  content	  (Patra,	  2005).	  Later,	  Samuli	  Ollila	  et	  al.	  (2007)	  compared	  the	  

lateral	  pressure	  profiles	  in	  the	  lipid	  membranes	  with	  different	  sterol	  types,	  and	  it	  

was	   found	   that	   the	   lateral	   pressure	   profiles	   were	   sensitive	   to	   the	   sterol	   type,	  

though	  these	  sterols	  have	  very	  similar	  chemical	  structure	  with	  cholesterol.	  

	  

In	   this	   Chapter,	   I	   focused	   on	   investigating	   the	   lateral	   pressure	   in	   the	   DPPC	  

bilayer	   with	   and	   without	   cholesterol	   molecules.	   Since	   most	   of	   the	   previous	  

studies	  on	  the	  similar	  topic	  used	  simplified	  united-‐atom	  force	  fields,	  the	  present	  

study	  using	  the	  recently	  improved	  all-‐atom	  CHARMM36	  force	  field	  (Klauda	  et	  al.,	  

2010,	  Lim	  et	  al.,	  2012)	  is	  necessary	  to	  fill	  the	  gap.	   	  

	  

5.2	    Calculations	  of	  the	  lateral	  pressure	  profile	  

In	  present	  study,	  the	  pressure	  tensor	  was	  computed	  with	  the	  built-‐in	  function	  of	  

the	  LAMMPS	  package	  (Plimpton,	  1995),	  and	  the	  data	  were	  collected	  during	  the	  

last	  20	  ns	  simulation.	  To	  obtain	   the	   lateral	  pressure	  profile,	   the	  simulation	  box	  

was	  divided	  into	  thin	  slabs	  at	  1	   Å	   width	  along	  bilayer	  normal	  (z-‐axis),	  and	  then	  

the	  local	  lateral	  pressure	   𝑃  (𝑧)	   in	  each	  slab	  is	  defined	  as:	  
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	   𝑃 𝑧 =
𝑃!!(𝑧)+ 𝑃!!(𝑧)

2 − 𝑃!!(𝑧)	   (5.1)	  

where	   𝑃!! 𝑧 ,𝑃!! 𝑧 ,𝑃!!(𝑧)	   are	   the	   diagonal	   elements	   of	   the	   local	   pressure	  

tensor	   in	   slab	   𝑠.	   The	   expression	   describes	   the	   difference	   between	   the	   lateral	  

pressure	   (𝑃! =    (𝑃!!(𝑧)+ 𝑃!!(𝑧)) 2)	   and	   the	   normal	   pressure	   (𝑃! = 𝑃!!(𝑧))	  

components	   of	   the	   pressure	   tensor,	   which	   actually	   is	   not	   the	   lateral	   pressure	  

itself	  but	  rather	  equivalent	  to	  the	  surface	  tension	  inside	  the	  bilayer	  (Lindahl	  and	  

Edholm,	   2000b,	   Patra,	   2005).	   However,	   the	   expression	   is	   still	   conventionally	  

named	   as	   the	   lateral	   pressure	   profile.	   Quantitatively,	   the	   positive	   𝑃 𝑧 	   means	  

that	  a	  bilayer	   tends	   to	  expand	  along	   the	  membrane	  plane	   (x-‐y	  plane)	   in	  slab	   𝑠	  

and	  the	  negative	   𝑃 𝑧 	   means	  a	  contraction	  in	  this	  slab.	   	  

	  

As	  it	  was	  noted	  in	  the	  LAMMPS	  manual,	  the	  overall	  pressure	  can	  be	  decomposed	  

into	  two	  partial	  terms:	  

	   𝑃 𝑧 = 𝑃!"(𝑧)+ 𝑃!"#(𝑧)	   (5.2)	  

where	   the	   𝑃!"(𝑧)	   refers	   to	  a	  kinetic	   energy	   term,	   and	   the	   𝑃!"#(𝑧)	   refers	   to	  a	  

virial	  term.	  Moreover,	   𝑃!"(𝑧)	   was	  calculated	  with:	  

	   𝑃!" 𝑧 =
1
𝑉 𝑚!𝑣! ⊗ 𝑣!

!

	   (5.3)	  

where	   the	   ⊗ 	   sign	   denotes	   tensor	   product,	   𝑚! 	   and	   𝑣! 	   are	   the	   mass	   and	  

velocity	  of	  atom	   𝑖,	  respectively,	  and	   𝑉	   is	  the	  volume	  for	  the	  corresponding	  slab.	  

All	  angular	  brackets	  in	  present	  and	  following	  equations	  in	  this	  section	  represent	  

an	  average	  over	  the	  simulation	  time.	   	  
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The	  virial	   term	   includes	   all	   potential	   energy	   terms	  except	   kinetic	   energy	   term,	  

and	  the	  general	  form	  can	  be	  expressed	  in	  terms	  of	  atomistic	  positions,	  velocities	  

and	  forces	  as:	  

	   𝑃!"# 𝑧 =
1
𝑉 𝑓!" ⊗ 𝑟!"

!!!
!∈!

	   (5.4)	  

For	  example,	  the	  pairwise	  non-‐bonded	  term,	  which	  includes	  Lennard-‐Jones	  and	  

electrostatics	  interactions,	   𝑃!" 𝑧 	   is	  calculated	  with:	  

	   𝑃!" 𝑧 =
1
2𝑉 (𝑟!𝑓!" + 𝑟!𝑓!")

!
!!!

!
!∈!

	  
(5.5)	  

where	   𝑟! 	   and	   𝑟! 	   are	   the	   positions	   of	   atom	   𝑖 	   and	   atom	   𝑗 ,	   𝑓!" 	   is	   the	   force	  

exerted	  on	  atom	   𝑖	   ,and	   𝑓!" 	   is	  the	  corresponding	  opposite	  force	  on	  atom	   𝑗.	  Note	  

that	  atom	   𝑖	   belongs	  the	  volume	   𝑉.	  

The	   bonded	   interaction   𝑃! 𝑧! 	   between	   atom	   𝑖 	   and	   atom	   𝑗 	   is	   similarly	  

computed	  with:	   	  

	   𝑃! 𝑧! =
1
2𝑉!

(𝑟!𝑓!" + 𝑟!𝑓!")
!
!!!

!
!∈!"

	  
(5.6)	  

The	   calculation	   is	   similar	   with	   the	   previous	   non-‐bonded	   term	   one	   except	   the	  

counted	  forces	  arise	  from	  the	  bond	  between	  atom	   𝑖	   and	  atom	   𝑗.	   	  

	  

The	  expressions	  of	  per-‐atom	  pressure	  for	  2-‐body	  virial	  term	  in	  equation	  5.5	  and	  

5.6	  are	  equivalent	   to	  Harasima	  (H)	  expression	   for	   the	   local	  pressure	   tensor	   for	  
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the	  virial	  term	  (Sonne	  et	  al.,	  2005).	  Basically,	  in	  terms	  of	  a	  pair	  of	  atoms	  in	  two	  

different	  slabs,	  Harasima	  expression	  depicts	  that	  the	  half	  lateral	  pressure	  arising	  

from	  the	  interaction	  between	  atom	   𝑖	   and	  atom	   𝑗	   is	  assigned	  to	  the	  slab	  where	  

atom	   𝑖	   exists,	   and	   the	  other	  half	   of	   the	   lateral	  pressure	  arising	   from	   the	   same	  

pair	  is	  assigned	  to	  the	  slab	  where	  j	  exists.	  In	  addition	  to	  the	  Harasima	  expression,	  

another	  more	  popular	  expression	  for	  the	  local	  pressure	  tensor	  is	  the	  Irving	  and	  

Kirkwood	  (IK)	  (Sonne	  et	  al.,	  2005).	  The	  IK	  expression	  distribute	  the	  viral	  terms	  

evenly	  on	  the	  slabs	  where	  the	  straight	  line	  connecting	  atom	   𝑖	   and	  atom	   𝑗	   goes	  

through.	  Therefore	  the	  contribution	  to	  the	  local	  pressure	  from	  this	  interaction	  is	  

the	  same	  in	  all	  slabs	  that	  are	  in	  the	  region	  between	  the	  two	  atoms.	  According	  to	  

the	  previous	   study	  by	   Sonne	   et	   al.	   (2005),	   both	   the	  pressure	  profiles	   obtained	  

from	  the	  H	  and	  the	  IK	  expressions	  qualitatively	  reproduced	  the	  essential	  features	  

for	  lipid	  bilayer	  obtained	  in	  previous	  studies	  (Goetz	  and	  Lipowsky,	  1998,	  Lindahl	  

and	  Edholm,	  2000b,	  Gullingsrud	  and	  Schulten,	  2004)	  .	  Moreover,	  it	  was	  observed	  

that	   there	   were	   no	   qualitative	   and	   negligible	   quantitative	   differences	   in	   the	  

lateral	   pressure	   profiles	   obtained	   by	  H	  method	   compared	   to	   the	   results	   by	   IK	  

approach.	   The	   H	   approach	   is	   used	   in	   present	   study	   because	   its	   well-‐tested	  

implementation	  in	  LAMMPS	  package	  (LAMMPS	  website,	  Plimpton,	  1995,	  Orsi	  and	  

Essex,	  2013).	   	  
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5.3	    Results	  and	  discussion	  

5.3.1	    The	   lateral	   pressure	   in	   the	   DPPC	   bilayer	  

without	  cholesterol	  

	  

Figure	  21	  The	  lateral	  pressure	  profile	  of	  pure	  DPPC	  bilayer	  

The	   vertical	   dotted	   lines	   represent	   the	   average	   position	   of	   the	   corresponding	  

atoms.	  The	  label	  P	  and	  CL	  represent	  the	  average	  position	  of	  phosphorus	  and	  the	  

carbonyl	  carbon	  respectively.	   	  

	  

The	  lateral	  pressure	  arises	  from	  the	  average	  local	  forces	  acting	  on	  the	  atoms	  as	  

well	  as	   the	  kinetic	  motions	  of	   the	  atoms	   in	  each	  slab.	  Since	  the	  DPPC	  bilayer	   is	  

inhomogeneous	   in	   the	   norm	   direction	   of	   the	   bilayer,	   the	   local	   pressures	   at	  

different	  depth	  are	  expected	  to	  be	  various.	  As	  shown	  in	  Figure	  21,	  the	  obtained	  
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lateral	  pressure	  for	  the	  pure	  DPPC	  bilayer	  system	  shows	  alternating	  positive	  and	  

negative	  regions	  along	  bilayer	  normal,	  where	  the	  positive	  regions	  represent	  the	  

tendency	  of	  expansion	  and	  the	  negative	  regions	  correspond	  to	  contraction	  in	  the	  

lateral	  plane,	  respectively.	  

	  

In	  the	  lateral	  pressure	  profile	  of	  DPPC,	  both	  positive	  peaks	  and	  negative	  troughs	  

were	  found	  in	  the	  hydrophilic	  head	  group	  region,	  and	  a	  shallow	  positive	  region	  

at	   the	   bilayer	   centre	   where	   the	   terminal	   methyl	   groups	   of	   the	   hydrocarbon	  

chains	   reside.	   The	   result	   obtained	   here	   is	   consistent	   with	   the	   conventionally	  

identified	  regimes	  for	  the	  interactions	  across	  lipid	  membrane.	  At	  the	  outmost	  of	  

the	  bilayer,	  a	  repulsive	  contribution	  occurs	  in	  the	  hydrophilic	  head	  group	  due	  to	  

electrostatic	   and	   steric	   interaction,	   and	  hydrogen	   repulsion.	  Then	   a	   bit	   further	  

down	  in	  the	  bilayer-‐water	  interfacial	  region,	  there	  exists	  an	  attractive	  interaction	  

arising	   from	  the	   interfacial	  energy	  between	  the	  water	  and	  hydrophobic	  core	  of	  

the	  lipid	  bilayer.	  At	  last,	  a	  repulsive	  contribution	  exists	  inside	  the	  membrane	  due	  

to	  steric	  interactions	  between	  the	  hydrocarbon	  chains	  (Israelachvili	  et	  al.,	  1980,	  

Marsh,	  1996,	  Samuli	  Ollila	  et	  al.,	  2007).	  In	  present	  study,	  the	  positive	  pressure	  at	  

bilayer	   centre	  was	   found	   to	  be	  over	  250	  atm,	   suggesting	   that	   the	  hydrocarbon	  

chains	   tried	   to	   distance	   from	   each	   other.	   While	   in	   the	   membrane-‐water	  

interfacial	   region,	   the	   lateral	   pressure	   drops	   quickly	   from	   positive	   500	   atm	   to	  

negative	  pressure	  700	  atm.	  The	   solvation	  energy	  between	  water	  and	   the	  polar	  

head	   is	   dominant	   in	   this	   region,	   and	   the	   strong	   attraction	   in	   the	  
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membrane-‐water	   interfacial	  region	  suggests	  that	  the	  bilayer	  tries	  to	  reduce	  the	  

area	  to	  prevent	  more	  water	  penetrate	  inside	  the	  hydrophobic	  region.	  Most	  of	  the	  

attractive	   pressure	   is	   compensated	   by	   the	   repulsive	   pressure	   between	   water	  

molecules,	   because	   water	  molecules	   becomes	   ordered	   due	   to	   the	   electrostatic	  

field	  produced	  by	  zwitterionic	  polar	  head,	  and	  then	  they	  attempt	  to	  gain	  entropy	  

(Lindahl	   and	   Edholm,	   2000b,	   Patra,	   2005).	   Despite	   pressure	   in	   this	   region	  

appears	  to	  be	  huge	  compared	  with	  external	  pressure	  (1	  atm),	  the	  local	  pressure	  

of	   this	   order	   has	   been	  predicted	   in	   earlier	   theoretical	   estimation	  based	  on	   the	  

thickness	   of	   the	   membrane-‐water	   interfacial	   region	   and	   the	   corresponding	  

interfacial	  tension(Cantor,	  1997,	  Cantor,	  1999b,	  Gullingsrud	  and	  Schulten,	  2004).	   	  

	  

Compared	  with	  the	  other	  similar	  studies,	  the	  lateral	  pressure	  profile	  found	  here	  

shows	   a	   reasonable	   agreement	   with	   the	   results	   from	   previous	   atomic-‐level	  

simulation	  studies	  (Lindahl	  and	  Edholm,	  2000b,	  Patra,	  2005,	  Sonne	  et	  al.,	  2005,	  

Samuli	   Ollila	   et	   al.,	   2007),	   though	   slightly	   differences	   occur	   in	   quantities.	   The	  

differences	   can	   be	   caused	   for	   many	   reasons,	   such	   as	   force	   fields,	   simulation	  

conditions	  (Sonne	  et	  al.,	  2005)	  and	  so	  on.	  It	  was	  noticed	  that	  using	  different	  force	  

field	   in	   simulation	   could	   result	   in	   discrepancies	   in	   the	   profile.	   In	   the	   previous	  

study	   by	   Patra	   (2005),	   DPPC	   molecules	   were	   described	   with	   the	   united-‐atom	  

force	  filed	  (Berger	  et	  al.,	  1997).	  In	  the	  model,	  the	  hydrogen	  atoms	  in	  DPPC	  were	  

implicitly	   considered	   to	   increase	   computational	   efficiency,	   and	   importantly,	   no	  

partial	  charges	  were	  assigned	  to	  the	  particles	   in	  the	  hydrocarbon	  chains.	  Using	  
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this	  model,	  Patra	  (2005)	  observed	  a	  positive	  region	  near	  the	  carbonyl	  group	  in	  

DPPC,	   indicating	   repulsive	   interactions	   between	   water	   molecules	   and	  

hydrocarbon	   chains	   due	   to	   hydrophobicity.	   Whereas	   in	   my	   study,	   the	   local	  

pressure	  at	   the	  same	  position	  only	  shows	  an	   increasing	   trend	  but	  still	   remains	  

negative	   (in	  Figure	  21),	  and	  similar	   results	  were	  observed	   in	  another	  study	  by	  

Sonne	  et	  al.	  (2005),	  who	  used	  all-‐atom	  CHARMM27	  force	  field,	  the	  predecessor	  

of	  CHARMM36	  force	  field.	  Therefore,	  different	  force	  fields	  do	  have	  an	  impact	  on	  

lateral	  pressure	  profiles.	  In	  real	  membrane,	  it’s	  not	  clear	  how	  the	  local	  pressure	  

at	   this	   position	  would	  perform	  due	   to	   technical	   limitations,	   but	   it’s	   sensible	   to	  

argue	   that	   there	   exist	   noticeable	   attractive	   interactions	   in	   this	   region,	   since	  

hydrogen	  bonding	  can	  be	  formed	  between	  water	  molecules	  and	  carbonyl	  oxygen	  

atoms	  (Ohvo-‐Rekila	  et	  al.,	  2002,	  Starke-‐Peterkovic	  et	  al.,	  2006,	  Olsen	  et	  al.,	  2009,	  

Rog	  et	  al.,	  2009,	  Berkowitz,	  2009,	  Rog	  and	  Vattulainen,	  2014).	   	  
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5.3.2	    The	   lateral	   pressure	   in	   the	   DPPC	   bilayer	   with	  

cholesterol	  

	  

Figure	  22	  The	  lateral	  pressure	  profiles	  of	  the	  DPPC-‐cholesterol	  mixture	  bilayers.	  

Cholesterol	  concentrations	  include	  5	  %	  (Red),	  10	  %	  (Green),	  20	  %(Magenta),	  30	  %	  

(Orange),	  40	  %	   (Black)	   cholesterol.	  And	   the	  vertical	  dotted	   lines	   represent	   the	  

average	  position	   of	   the	   corresponding	   atoms	   in	   the	  40%	  cholesterol	   system.	  P	  

and	  CL	  represent	  the	  phosphorus	  and	  carbonyl	  carbon	  in	  DPPC,	  respectively,	  and	  

C3	  and	  C17	  represent	  carbon	  atoms	  in	  the	  ring	  structure	  of	  cholesterol.	  

	  

As	   for	   the	   lateral	   pressure	   profile	   in	   the	   DPPC	   bilayers	   with	   cholesterol,	   the	  

calculated	   lateral	   pressure	   profiles	   are	   shown	   in	   Figure	   22.	   Upon	   increasing	  

cholesterol	  concentration,	  pronounced	  changes	  in	  the	  profiles	  were	  observed	  in	  

the	   region	  where	   cholesterol	   resides.	   In	   the	   four-‐ring	   region,	  which	   is	   roughly	  
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the	   region	  between	  C3	  and	  C17	  shown	   in	  Figure	  22,	  well-‐pronounced	  negative	  

troughs	  were	  gradually	  developed	  at	  the	  middle	  part	  of	  the	  ring	  structure	  of	  the	  

cholesterol,	  while	   they	  were	  not	  present	   in	   the	   lateral	  pressure	  profile	  of	  pure	  

DPPC	   bilayer.	   And	   the	   magnitude	   of	   the	   lateral	   pressure	   in	   the	   region	   was	  

monotonically	   increased	  by	  almost	   a	   factor	  of	  5,	   reaching	  about	  negative	  1000	  

atm.	  A	  bit	  further	  down	  at	  the	  bilayer	  centre,	  the	  local	  pressure	  was	  enhanced	  to	  

be	  over	  800	  atm	  in	  the	  40%	  cholesterol	  bilayer,	  whereas	  it	  was	  only	  250	  atm	  in	  

pure	  DPPC	  bilayer.	   	  

	  

Apparently,	   the	   amplified	  magnitudes	   of	   the	   local	   pressures	   in	   the	   regions	   are	  

closely	   associated	  with	   cholesterol	   in	   the	  bilayer.	   In	   cholesterol,	   the	   fused	   ring	  

structure	   provides	  much	  more	   complicated	   chemical	   structure	   compared	  with	  

the	  linear	  tails	  of	  DPPC	  molecules,	  and	  the	  polar	  hydroxyl	  group	  attached	  on	  the	  

steroid	  ring	  makes	  it	  even	  more	  complex	  by	  offering	  hydrophilic	  property	  to	  the	  

ring.	   It	   was	   reported	   that	   the	   interactions	   of	   lipids	   with	   cholesterol	   largely	  

depends	  on	  the	  attractive	  van	  der	  Waals	  interactions	  between	  the	  steroid	  rings	  

of	  cholesterol	  and	  the	  acyl	  chains,	  and	  the	  attractive	   interactions	  of	  cholesterol	  

with	   unsaturated	   lipids	   can	   be	   weakened	   due	   to	   the	   presence	   of	   kinks	   in	   the	  

cis-‐bond	  (Ohvo-‐Rekila	  et	  al.,	  2002).	  In	  present	  study,	  the	  obtained	  attractive	  local	  

pressures	   in	   the	   region	   with	   cholesterol	   ring	   are	   consistent	   with	   the	   above	  

arguments.	   It	   is	   sensible	   to	   consider	   that	   the	   negative	   pressure	   in	   this	   region	  

further	  reduces	   the	  cross-‐sectional	  area	  of	   the	   interfacial	   region,	  and	  results	   in	  
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ordering	  in	  the	  tails	  of	  DPPC,	  especially	  in	  the	  upper	  segment	  of	  the	  tails.	  Then	  in	  

the	   region	   close	   to	   the	   bilayer	   centre,	   the	   local	   pressures	   displayed	   stronger	  

repulsions	  among	  the	  tails	  to	  compensate	  the	  attraction.	  It	  was	  reported	  that	  the	  

repulsion	  is	  due	  to	  steric	  interaction,	  while	  I	  would	  argue	  that	  the	  entropy	  in	  the	  

nonpolar	   hydrophobic	   region	   is	   an	   important	   factor	   for	   the	   expanding	   trend,	  

since	  the	  ordered	  tails	  have	  lost	  degree	  of	  freedom	  in	  motion	  due	  to	  the	  Van	  der	  

Waals	  attraction	  with	  the	  cholesterol	  ring	  structure.	  In	  fact,	  the	  two	  explanations	  

are	  consistent	  in	  essence,	  since	  both	  imply	  an	  expanding	  tread	  in	  this	  region.	   	  

	  

By	   contrast,	   as	   shown	   in	   Figure	   21	   and	   Figure	   22,	   the	   local	   pressures	   in	   the	  

regions	   of	   the	   polar	   head	   of	   DPPC	   were	   barely	   affected	   with	   increasing	  

cholesterol	   content.	   The	   observation	   is	   reasonable	   since	   cholesterol	  molecules	  

can	  hardly	  access	  to	   the	  polar	  head	  region,	  where	  the	  solvation	  between	  water	  

and	   the	   polar	   head	   groups	   is	   the	   dominant	   interactions	   (Marsh,	   2002,	   Patra,	  

2005).	   The	   finding	   here	   is	   consistent	   with	   the	   argument	   in	   the	   previous	  

investigation	   Marsh	   (2002),	   which	   suggested	   that	   the	   lateral	   pressure	   of	   this	  

region	   was	   weakly	   associated	   with	   the	   cholesterol	   concentration	   because	   the	  

hydration	   energy	   in	   this	   region	   is	   weakly	   dependent	   on	   the	   area	   per	   lipid.	  

However,	  Patra	  (2005)	  found	  that	  the	  local	  pressures	  in	  the	  region	  of	  head	  group	  

were	  also	  strongly	  influenced,	  and	  the	  magnitudes	  of	  pressure	  were	  increased	  by	  

up	  to	  thousands	  of	  bars	  upon	  at	  high	  cholesterol	  concentrations.	  It	  was	  explained	  

as	   a	   generic	   and	   unspecific	   effect	   associated	  with	   reduction	   in	   surface	   area	   of	  



	   93	  

bilayer.	  Indeed,	  the	  condensing	  effect	  of	  cholesterol	  in	  his	  study	  is	  much	  stronger	  

than	  the	  study	  here.	  Nevertheless,	  it	  was	  reported	  that	  the	  condensation	  at	  this	  

level	  is	  overestimated	  (Rog	  et	  al.,	  2009,	  Ferreira	  et	  al.,	  2013,	  Rog	  and	  Vattulainen,	  

2014).	   So	   it	   can	  be	  concluded	   that	   the	  obtained	  results	  here	  have	  shown	   to	  be	  

more	  reasonable	  than	  previous	  simulation	  studies	  (Chiu	  et	  al.,	  2002,	  Hofsass	  et	  

al.,	  2003,	  Patra,	  2005,	  Ollila	  et	  al.,	  2007a).	  

	  

5.4	    Summary	   	  

In	   this	   chapter,	   I	   investigated	   the	   lateral	   pressure	   profile	   of	   the	   pure	   DPPC	  

bilayer	  and	  also	  the	  DPPC-‐cholesterol	  mixed	  bilayer.	  It	  was	  found	  the	  cholesterol	  

introduced	   specific	   characteristics	   in	   the	   lateral	   pressure,	   and	   the	   obtained	  

lateral	   pressure	   profiles	   are	   reasonably	   agreed	   with	   previous	   investigations	  

qualitatively.	   In	   addition,	   it	   was	   found	   different	   force	   fields	   have	   noticeable	  

impacts	  on	  the	  lateral	  pressure	  by	  comparing	  current	  study	  with	  previous	  ones,	  

especially	  in	  the	  cholesterol-‐containing	  systems.	  However,	  it’s	  not	  clear	  how	  the	  

local	   pressure	   is	   distributed	   in	   real	   membrane	   due	   to	   no	   proper	   probes	   for	  

accurate	   measurement	   of	   the	   local	   pressure	   inside	   a	   bilayer.	   It	   needs	   further	  

developments	   in	   experimental	   techniques	   to	   produce	   more	   reliable	  

experimental	  data	  to	  validate	  the	  simulated	  systems.	   	  
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Chapter	  6	    Elastic	   properties	   of	   the	   lipid	  

bilayer	  with	  and	  without	  cholesterol	  

6.1	    Introduction	   	  

The	  elastic	  properties	  of	   lipid	  membranes	  have	  been	  suggested	  to	  be	  critical	   in	  

modulating	   the	   conformational	   properties	   and	   functions	   of	   the	   proteins	  

(Zimmerberg	   and	   Kozlov,	   2006,	   Andersen	   and	   Koeppe,	   2007,	   Marsh,	   2007,	  

Soubias	   et	   al.,	   2010).	   Previous	   investigations	   on	   lipid	   rafts	   have	   found	   that	  

cholesterol-‐enriched	   domains	   possessed	   the	   distinguished	   mechanical	  

properties.	   Moreover,	   Lipid	   rafts	   have	   been	   suggested	   to	   be	   thicker	   and	  

relatively	   rigid	   toward	   bending	   compared	  with	   the	  more	   fluid	   non-‐raft	   bilayer	  

region	   (Mouritsen	   and	   Zuckermann,	   2004,	   Andersen	   and	   Koeppe,	   2007,	  

McIntosh	   and	   Simon,	   2006,	  Khelashvili	   and	  Harries,	   2013a).	   Earlier	   studies	   on	  

structural	  properties	  of	  cholesterol-‐containing	   lipid	  bilayer	  have	  found	  that	   the	  

cholesterol	  molecules	  in	  lipid	  bilayer	  are	  oriented	  by	  a	  preferred	  tilt	  angle	  with	  

respect	   to	   the	   bilayer	   normal,	   and	   the	   tilt	   angles	   are	   closely	   related	   to	   the	  

cholesterol	   concentration	   (Mouritsen	   and	   Zuckermann,	   2004,	   Veatch,	   2007,	  

Korade	  and	  Kenworthy,	  2008,	  Marsh,	  2009,	  Elson	  et	  al.,	  2010,	  Khelashvili	  et	  al.,	  

2010a,	  Khelashvili	  et	  al.,	  2010b).	  
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On	  the	  basis	  of	  analysing	  the	  MD	  simulation	  trajectory,	  Khelashvili	  et	  al.	  (2010b)	  

recently	   proposed	   an	   energetic	   parameter,	   cholesterol	   tilt	   modulus	   𝜒 ,	   to	  

quantify	   the	   energetic	   cost	   of	   tilting	   cholesterol	   inside	   the	   lipid	   bilayers.	  

Cholesterol	   tilt	   modulus	   is	   derived	   from	   the	   distribution	   of	   cholesterol	  

orientations	   with	   respect	   to	   bilayer	   normal	   in	   the	   lipid	   membrane,	   and	   it	  

establishes	   a	   link	   between	   the	   structural,	   thermodynamics	   and	   mechanical	  

properties	   of	   the	   cholesterol-‐containing	   bilayers.	  Moreover,	   sterol	   tilt	  modulus	  

can	  be	  considered	  as	  a	  quantitative	  measure	  of	  the	  sterol-‐induced	  aligning	  field	  

in	  lipid	  bilayer.	  Then,	  the	  authors	  further	  extended	  the	  methodology	  to	  estimate	  

the	   splay	  modulus	   𝜒!"	   for	   pairwise	   interactions,	   which	   is	   associated	  with	   the	  

free	   energy	   cost	   for	   splaying	   one	   lipid	   molecule	   with	   respect	   to	   another.	  

Different	   from	   cholesterol	   tilt	   modulus	   𝜒,	   the	   splay	   modulus	   𝜒!"	   is	   derived	  

based	  on	  the	  splay	  angle	  between	  two	  closely	  located	  molecules.	  For	  instance,	  in	  

a	  DPPC-‐cholesterol	  binary	  system,	  three	  different	  pairs	  can	  be	  found	  to	  calculate	  

the	   splay	   modulus	   𝜒!":	   DPPC-‐DPPC,	   cholesterol-‐cholesterol,	   DPPC-‐cholesterol.	  

Then	  the	  contributions	  from	  the	  corresponding	  splay	  modulus	  of	  each	  molecular	  

pair	  can	  be	  analogously	  weighed	   to	  extract	   the	  overall	  bending	  modulus	  of	   the	  

membrane	   (Khelashvili	   et	   al.,	   2013,	  Khelashvili	   et	   al.,	   2014).	   In	   fact,	   the	   global	  

membrane	   deformation	   stems	   from	   the	   local	   lipid	   splay	   deformation,	  which	   is	  

most	  significant	  microscopic	  mode	  of	  the	  deformations	  in	  lipid	  bilayer.	  Moreover,	  

the	   idea	   is	   common	   to	   many	   classical	   theories	   of	   statistical	   and	   condensed	  

matter	   physics	   by	   making	   the	   connection	   between	   the	   macroscopic	   material	  
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properties	   of	   a	   many	   particle	   system	   and	   the	   average	   pairwise	   interactions	  

(Chaikin	  and	  Lubensky,	  2000).	   	  

	  

It	  was	  found	  that	  the	  method	  (Khelashvili	  et	  al.,	  2013)	  had	  shown	  advantageous	  

aspects	  over	  another	  popular	  method	  for	  bending	  modulus	  prediction	  based	  on	  

the	   spectral	   analysis	   of	   bilayer	   undulations	   (Goetz	   et	   al.,	   1999,	   Lindahl	   and	  

Edholm,	   2000a,	   Chiu	   et	   al.,	   2003,	   Olsen	   et	   al.,	   2009,	   Brandt	   et	   al.,	   2011,	  

Khelashvili	   et	   al.,	   2011).	   The	   spectral	   analysis	   method	   has	   been	   applied	   to	  

calculate	   bending	   modulus	   for	   the	   single-‐component	   phospholipid	   bilayers	   in	  

fluid	  phase  (L!),	  and	  the	  result	  was	  in	  good	  agreement	  with	  experimental	  value	  

(Lindahl	  and	  Edholm,	  2000a,	  Chiu	  et	  al.,	  2003,	  Brandt	  et	  al.,	  2011).	  However,	  the	  

limitations	  of	  the	  spectral	  analysis	  method	  have	  been	  reported	  previously.	  This	  

approach	   requires	   large	   enough	   simulated	   membranes	   to	   sustain	  

long-‐wavelength	   undulations,	   and	   it	   also	   requires	   sufficiently	   long	   simulation	  

time-‐length	   to	   efficiently	   sample	   the	   shape	   fluctuations	   (Lindahl	   and	   Edholm,	  

2000a,	  Hofsass	   et	   al.,	   2003).	   In	   addition,	   it	  was	   reported	   that	   these	   limitations	  

result	   in	  a	  statistical	  error	  of	  20-‐24%	  for	   the	  bending	  moduli,	   and	   this	  method	  

greatly	  underestimated	  the	  bending	  rigidity	  for	  the	  cholesterol-‐containing	  liquid	  

ordered	   (L!)	   lipid	   bilayer	   (Hofsass	   et	   al.,	   2003,	   Khelashvili	   et	   al.,	   2011).	   It	   is	  

interpretable	  as	  the	  fact	  that	  this	  technique	  relies	  on	  large	  amount	  of	  sampling	  of	  

membrane	   undulations.	   However,	   it	   has	   been	   known	   that	   cholesterol	   can	   lead	  

condensing	  effect	  in	  lipid	  bilayer,	  so	  such	  undulations	  in	  the	  liquid-‐ordered	   (L!)	  



	   97	  

bilayer	   are	   highly	   suppressed.	   Therefore	   it	   is	   still	   very	   hard	   to	   assess	   in	  

simulations,	   even	   for	   large	   bilayer	   systems	   and	   very	   long	   simulation	   time.	   	   In	  

contrast,	   the	   method	   proposed	   by	   Khelashvili	   et	   al.	   (2013)	   can	   obtain	   the	  

bending	  modulus	  parameter	  for	  lipid	  membranes	  of	  arbitrary	  lipid	  composition	  

irrespective	  of	  the	  phase	  behaviours	  of	  the	  membrane.	  In	  addition	  to	  the	  fact	  that	  

it	  has	  predicted	  the	  bending	  rigidity	  for	  a	  ternary	  lipid	  bilayer	  with	  remarkable	  

consistency	   with	   the	   experimental	   values,	   the	   method	   can	   quantitatively	  

evaluate	  the	  contributions	  from	  the	  splaying	  of	  different	  pairs	  of	  molecules	  in	  the	  

ternary	  bilayer	  to	  the	  overall	  bending	  rigidity.	  Furthermore,	  It	  was	  reported	  that	  

the	  computational	  framework,	  taking	  advantages	  of	  local	  splaying	  interactions,	  is	  

extendable	   to	  more	   complex	   systems	   such	   as	   lipid	  membranes	  decorated	  with	  

peptides	  or	  even	  multi-‐helical	  proteins	  (Khelashvili	  et	  al.,	  2013).	   	  

	  

In	   this	   chapter,	   I	  will	   calculate	   the	   bending	  modulus	   for	  DPPC	  bilayer	   systems	  

with	   and	   without	   cholesterol	   in	   the	   novel	   approach	   (Khelashvili	   et	   al.,	   2013),	  

thus	   to	   evaluate	   how	   cholesterol	   influences	   the	   elastic	   properties	   of	   DPPC	  

bilayers.	  Before	  investigating	  the	  splay	  modulus	  for	  each	  pairwise	  interaction,	  I	  

first	  discussed	  the	  cholesterol	  tilt	  and	  its	  implications	  on	  energetic	  aspect	  of	  the	  

cholesterol-‐containing	  lipid	  bilayers.	  Then	  the	  splay	  moduli	  and	  bending	  moduli	  

of	  each	  simulated	  bilayer	  systems	  were	  studied.	   	  
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6.2	    Method	  

6.2.1	    Deriving	   bending	   modulus	   from	   the	   splay	  

moduli	  

The	  calculations	  of	  bending	  rigidities	   𝐾! 	   for	  all	  simulated	  bilayer	  systems	  were	  

carried	  out	  with	  myself-‐coded	  tool	  (Appendix	  B)	  following	  the	  method	  proposed	  

by	  Khelashvili	   et	  al.	   (2013).	  The	  basic	   idea	   for	   the	  method	   is	  based	  on	   the	   fact	  

that	   the	   bending	   deformation	   in	   lipid	   bilayers	   is	   closely	   associated	   with	   the	  

localized	  pairwise	  splay	  interactions.	  To	  evaluate	  the	  local	  splay	  deformation,	  the	  

splay	  modulus	   𝜒!"	   was	  proposed	  as	  an	  energetic	  parameter	  that	  quantifies	  the	  

free	  energy	  costs	   for	  splaying	  one	  molecule	  away	  from	  the	  other	  one.	  Then	  the	  

splay	  modulus	  for	  all	  possible	  pairs	  of	  molecules	  in	  the	  lipid	  bilayer	  is	  calculated,	  

respectively.	   For	   instance,	   three	   different	   pair	   types	   are	   found	   in	   binary	  

DPPC-‐cholesterol	   mixture,	   namely	   DPPC-‐DPPC,	   cholesterol-‐cholesterol,	  

DPPC-‐cholesterol.	   Finally,	   the	   bending	   rigidity	   𝐾!	   of	   the	   lipid	   bilayer	   can	   be	  

determined	  by	  weighting	   the	  corresponding	  splay	  contributions	   (Khelashvili	   et	  

al.,	  2013).	   	  

	  
1
𝑘!

=
1

𝜑!"!#$
𝜑!"
𝜒!"
!"

!,!

	   (6.1)	  

where	     𝑘! = 𝐾! 2	   	   is	   the	  monolayer	  bending	  modulus,	   𝜒!"
!" 	   denotes	   the	  splay	  

modulus	   per	  monolayer	   between	  molecular	   pairs	   of	   types	   𝑖	   and	   𝑗,	   and	   𝜑!" 	   is	  

the	   number	   of	   near-‐neighbouring	   𝑖𝑗	   encounters,	   derived	   from	   the	   simulation	  
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trajectories;	  At	  last,	   𝜑!"!#$ = 𝜑!"!" 	   represents	  the	  total	  number	  of	  encounters	  

in	  the	  simulations	  for	  all	  possible	  near-‐neighbouring	  pairwise	  contributions   𝑖, 𝑗 ,	  

for	  which	  the	  splay	  angles	  considered.	   	  

	  

6.2.2	    Calculations	  of	  splay	  modulus	   	  

To	  obtain	  the	  splay	  modulus	   𝜒!"
!" ,	  which	  measures	  the	  energetic	  cost	  for	  splaying	  

𝑖, 𝑗 	   molecular	   type	   pairs,	   the	   local	   lipid	   direction	   vector	   𝑡	   should	   be	   defined	  

first	   to	   calculate	   the	   splay	   angle	   𝛼	   of	   the	   near-‐neighbouring	   encounters.	   The	  

direction	   vector	   𝑡 	   for	   DPPC	   molecule	   is	   the	   vector	   that	   connects	   from	   the	  

geometric	   centre-‐of-‐mass	   of	   the	   three	   terminal	   carbons	   to	   the	   midpoints	  

between	   phosphorus	   and	   the	   glycerol	   C2	   atoms.	   For	   cholesterol	  molecule,	   the	  

director	  vector	  connects	  the	  C23	  in	  the	  middle	  segment	  of	  the	  hydrocarbon	  chain	  

to	  the	  C3	  at	  the	  hydroxyl	  group	  of	  cholesterol.	  Then,	  the	  splay	  angles	   𝛼	   between	  

different	   𝑡 	   vectors	   for	   all	   possible	   pairs	   (i.e.	   DPPC-‐DPPC,	   DPPC-‐cholesterol,	  

DPPC-‐cholesterol)	   were	   collected	   from	   simulation	   trajectories.	   After	   that,	   the	  

corresponding	   splay	   angle	   probability	   distributions	   𝑃  (𝛼)	   for	   each	   pair	   were	  

constructed	   by	   creating	   a	   normalized	   splay	   angular	   histogram	   in	   the	   range	   of	  

[0°;   90°].	   	  

	  

According	   to	   the	   Helfrich	   continuum	   elastic	   theory	   of	   membrane	   deformation	  

(Helfrich,	   1973,	   Kozlovsky	   and	   Kozlov,	   2002,	   May	   et	   al.,	   2004,	   Fosnaric	   et	   al.,	  
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2006),	   the	   splay	   energy,	   𝑓!"#$% ,	   is	   proportional	   to	   the	   quadratic	   expansion	  

(∇ ∙ 𝜃)!	   in	  local	  direction	  vector	   𝑡	   (Kozlovsky	  and	  Kozlov,	  2002):	   	  

	   𝑓!"#$% =
𝑘!
2 (∇ ∙ 𝜃)

! ≈
𝑘!
2 (∇ ∙ 𝛼)

!	   (6.2)	  

where	   𝑘!	   represents	  the	  splay	  modulus,	  and	   𝜃	   is	  the	  tilt	  angle	  between	  vector	  

𝑡	   and	   the	   bilayer	   norm.	   Since	   the	   expression	   of	   𝑓!"#$%	   is	   strictly	   valid	   for	   the	  

small	   splay	   angles	   𝛼	   range	   (Kozlovsky	   and	   Kozlov,	   2002,	   Khelashvili	   et	   al.,	  

2014),	   the	   𝑃  (𝛼)	   probability	   distributions	   only	   count	   the	   pairs	  where	   at	   least	  

one	  of	   the	  participant	  molecules	   is	   tilted	  no	  more	   than  𝜃 = 10°	   away	   from	   the	  

bilayer	   norm	   vector.	  Moreover,	   to	   limit	   the	   splay	   analysis	   to	   near	   neighbours,	  

only	   the	   pairs	   of	  molecules	  within	   10	   Å	   from	   each	   other	  were	   considered.	   At	  

last,	   the	   𝜒!"
!" 	   splay	  modulus	   can	   be	   obtained	   by	   performing	   a	   quadratic	   fitting	  

over	   small	   𝛼   angle	   range	   in	   potential	   of	   mean-‐force	   function,	  

PMF = −𝑘!𝑇 ln 𝑃 𝛼 sin𝛼 .	  PMF	  (𝛼)	  describes	  the	  free	  energy	  cost	  for	  pairwise	  

splaying,	   and	   sin𝛼 	   in	   PMF	   represents	   the	   probability	   distribution	   for	   a	  

hypothetical	  system	  of	  non-‐interacting	  molecules	  (Kessel	  et	  al.,	  2001)].	  The	  value	  

of	  the	  splay	  modulus	   𝜒!"
!" 	   for	  splaying	   𝑖, 𝑗 	   corresponds	  to	  the	  coefficient	  of	  the	  

quadratic	  term	  of	  the	  best	  fit.	  In	  this	  approach,	  the	  obtained	  splay	  modulus	   𝜒!"
!" 	  

obtained	  is	  consistent	  with	   𝑘!	   in	  equation	  (6.2)	  (Khelashvili	  et	  al.,	  2014)	  .	   	   	  
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6.2.3	    Methodological	   issues	   for	   calculating	   splay	  

moduli	  

In	  terms	  of	  the	  reliability	  of	  the	  resultant	  splay	  moduli	  with	  the	  fitting	  procedure,	  

the	  method	   is	   required	   to	   start	  with	   a	   simulation	   trajectory	  where	   the	   bilayer	  

system	  is	  well	  equilibrated	  and	  it	  requires	  adequate	  sampling	  of	  splay	  angles	  for	  

calculating	  splay	  moduli.	  In	  present	  study,	  the	  last	  60ns	  segment	  in	  simulations	  

trajectories	  were	  taken	  from	  the	  simulations	  introduced	  in	  Chapter	  3	  for	  bending	  

rigidities	  analysis.	  Before	  the	  trajectories	  were	  collected,	  all	  of	  the	  systems	  have	  

run	  at	   least	  more	   than	  120	  ns	   simulation,	   so	   the	  simulations	  used	   for	  analyses	  

are	  deemed	  as	  dynamical	  equilibrium	  periods.	   	  

	  

6.2.3.1 Evaluating	  sampling	  quality	  of	  splay	  angle	  for	   𝑷 𝜶 	  

In	   present	   study,	   the	   DPPC/cholesterol	   bilayer	   systems	   span	   a	   wide	   range	   of	  

cholesterol	  concentrations,	  and	  systems	  containing	  small	  fractions	  of	  cholesterol	  

can	   result	   in	   statistically	  poor	   sampling	  of	  pairwise	   splay	  angles,	   especially	   for	  

the	   splay	   pair	   cholesterol-‐cholesterol.	   However,	   the	   calculation	   of	   the	   splay	  

modulus	   requires	   adequate	   samplings	   of	   slay	   angles	   for	   performing	   quadratic	  

fitting	  to	  PMF	  (𝛼).	  In	  practice,	  the	  sampling	  quality	  was	  evaluated	  by	  monitoring	  

the	  number	  of	  times	  that	  the	  specific	  splay	  pair	  visits	  a	  certain	  [𝛼 + 𝛿𝛼]	  angular	  

bin.	  Regarding	  to	  the	  poor	  sampled	  splay	  pairs,	   the	  contributions	  from	  them	  to	  
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the	  overall	   bending	   rigidities	  were	   ignored.	   For	   instance,	   in	   either	  5%	  or	  10%	  

cholesterol	   systems,	   the	   splay	   angles	   of	   cholesterol-‐cholesterol	   pair	   visit	   each	  

angular	  bin	   less	  than	  80	  times	  during	  the	  60	  ns	  simulations,	  while	  the	  times	  of	  

visit	  to	  the	  angular	  bins	  for	  the	  DPPC-‐cholesterol	  and	  DPPC-‐DPPC	  splay	  pairs	  are	  

significantly	   larger	   than	   that	   for	   cholesterol	   pair.	   So	   the	   contributions	   to	   the	  

global	  bending	  rigidities	  from	  the	  cholesterol	  pairs	  in	  such	  systems	  can	  be	  safely	  

ignored.	  As	  for	  the	  20%,	  30%	  and	  40%	  cholesterol	  systems,	  it	  was	  found	  that	  the	  

cholesterol	  splay	  pairs	  visit	  each	  bin	  in	  angular	  range	  [5°,	  40°]	  at	  least	  200	  times,	  

so	   the	   𝑃 𝛼 	   distributions	   are	   considered	   to	   be	   well-‐converged,	   at	   least	   for	  

𝛼 ∈    [5°, 40°].	   	  

	  

6.2.3.2 Quadratic	   fitting	   intervals	   and	   estimation	   of	   uncertainties	   in	  

splay	  moduli	  

As	  for	  fitting	  procedure	  in	  present	  study,	  the	  [12°,	  24°]	  was	  taken	  as	  the	  interval	  

of	  small	  splay	  angle	   for	  quadratic	   fitting	   to	  PMF	  (𝛼)	   in	  relatively	  more	  ordered	  

systems	  with	   20%,	   30%	   and	   40%	   cholesterol,	   and	   the	   interval	   [15°,	   30°]	   was	  

used	  in	  relatively	  disordered	  systems	  with	  0%,	  5%,	  10%	  cholesterol.	  The	  fitting	  

intervals	  here	  are	  consistent	  with	   those	  used	   in	  previous	  similar	  studies	   [2014	  

Jan,	  2012	  tilt,	  2013	  sterol	  tilt].	  In	  addition,	  the	  chosen	  intervals	  were	  compared	  

to	   the	   confidence	  angular	   intervals	   in  𝑃 𝛼 	   distribution,	  which	  were	  estimated	  

by	   fitting	   Gaussian	   distribution	   to	   corresponding	   𝑃 𝛼 .	   The	   chosen	   angular	  
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ranges	   [12°,	   24°]	   and	   [15°,	   30°]	   are	  mostly	  within	   the	   ranges	  of	   the	   calculated	  

confidence	  intervals	  for	  all	  systems.	  Therefore	  the	  intervals	  used	  here	  represent	  

the	   best-‐sampled	   regions	   with	   relatively	   high	   probability	   density,	   and	   also	  

remain	   within	   small	   angle	   range	   eligible	   for	   deriving	   splay	   moduli	   from	  

quadratic	  fitting	  (Kozlovsky	  and	  Kozlov,	  2002,	  Khelashvili	  et	  al.,	  2014)	  .	   	  

	  

To	   estimate	   uncertainties	   in	   obtained	   splay	   moduli,	   the	   quadratic	   fitting	  

procedures	  were	  repeated	  by	  using	  smaller	  angular	  window	  within	  the	  original	  

interval,	   and	   drifting	   the	   fitting	   windows.	   Then	   the	   standard	   deviations	   were	  

calculated	  from	  this	  series	  of	  fits.	  For	  example,	  the	  original	  fitting	  was	  performed	  

in	   the	   [12°,	   24°]	   range,	   then	   a	   series	   of	   10°	   angular	   intervals	   were	   used	   for	  

repeating	   the	   quadratic	   fitting	   in	   [12°, 22°],	   [13°, 23°],	   and	   [14°, 24°]	   ranges.	  

Similarly,	  for	  [15°,	  30°]	  interval,	  a	  series	  of	  fitting	  intervals	  with	  angular	   	   range	  

of	  12°	   can	  be	  used	  for	  the	  quadratic	  fitting	  to	  calculate	  the	  standard	  deviations.	  

The	  approach	  used	  here	  is	  similar	  with	  many	  previous	  studies	  (Khelashvili	  and	  

Harries,	  2013b,	  Khelashvili	  et	  al.,	  2013,	  Khelashvili	  et	  al.,	  2014,	  Khelashvili	  et	  al.,	  

2010b).	   	  

	  

Since	   the	   splay	   moduli	   are	   derived	   from	   the	   local	   splaying	   interactions,	   the	  

obtained	  errors	  are	  related	   to	  monolayer	  rigidity	   𝑘!.	   So	   the	  error	  bars	   for	   the	  

bending	  rigidity	   𝐾! 	   of	   the	  bilayer	  were	  set	  as	   2  ×  𝜎!""#" ,	  where	   𝜎!""#" 	   is	   the	  

standard	  error	  in	  monolayer	  rigidity	   𝑘!,	  following	  the	  approximation	  approach	  
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introduced	  by	  Khelashvili	  et	  al.	  (2014).	  

	  

6.3	    Result	  and	  discussion	  

6.3.1	    Molecular	  orientations	  of	  cholesterol	  and	  DPPC	  

in	  the	  membrane	  

As	  it	  was	  investigated	  in	  Chapter	  3,	  cholesterol	  condenses	  the	  DPPC	  bilayers	  with	  

reduced	   area	   per	   lipid,	   thickened	   bilayers	   and	   increased	   order	   parameters.	   In	  

addition,	  condensing	  effect	  is	  also	  reflected	  in	  the	  molecular	  orientations,	  which	  

is	  represented	  by	  the	  tilt	  angle  𝜃.	  The	  tilt	  angle  𝜃	   is	  defined	  as	  the	  angle	  between	  

the	  molecule’s	  direction	  vector	   𝑡	   and	  the	  bilayer	  normal	  (z-‐axis),	  hereby	   𝜃 = 0°	  

represents	   that	   the	   molecule	   is	   oriented	   parallel	   to	   the	   bilayer	   normal.	   To	  

analyse	   the	   orientation	   of	   molecules	   in	   each	   bilayer	   system,	   tilt	   angles	   𝜃	   for	  

DPPC	  and	  cholesterol	  were	  obtained	  from	  the	  respective	  simulation	  trajectories	  

and	  then	  the	  tilt	  angles	  were	  constructed	  into	  histogram	  in	  the	  angular	  intervals	  

of	   	   [0°;	   90°].	   The	   normalized	   histograms	   for	   tilt	   angles	   (𝑃  (𝜃))	   represent	   the	  

probability	  for	  finding	  a	  molecule	  that	  is	  oriented	  at	  a	  tilt	  angle	   𝜃	   with	  respect	  

to	  bilayer	  normal.	  Figure	  23	  shows	   the	  calculated	   tilt	  angle	  distributions	   𝑃  (𝜃)	  

of	  DPPC	  and	  cholesterol	  in	  all	  systems.	  In	  addition,	  the	  lower	  panel	  of	  Figure	  23	  

also	   includes	   the	   hypothetical	   probability	   distribution	   𝑃!(𝜃)	   of	   tilt	   angles	   for	  

cholesterols	   in	   an	   ideal	   condition,	  where	  non-‐interacting	   cholesterol	  molecules	  
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are	   oriented	   randomly	   and	   the	   number	   of	   accessible	   orientation	   states	   is	  

maximized.	   The	   assumption	   was	   proposed	   by	   (Khelashvili	   et	   al.,	   2010b),	   who	  

defined	  the	  random	  distribution	  as	   𝑃! 𝜃 = sin𝜃,	  since	  the	  molecule	  tilted	  at	  an	  

angle	   𝜃 	   with	   respective	   to	   bilayer	   normal	   can	   possess	   more	   possible	  

orientational	   states	   compared	   to	   the	   position	   that	   is	   upright	   in	   the	   normal	  

direction,	  and	  the	  degeneracy	  is	  proportion	  to	   sin𝜃.	   	  
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Figure	  23	  Probability	  distributions	  of	  tilt	  angle	   𝜃	   with	  respect	  to	  the	  bilayer	  normal	  

𝑃   𝜃 	   for	  DPPC	  (upper	  panel)	  and	  cholesterol	  (lower	  panel)	  in	  DPPC	  bilayers	  with	  0%	  

(blue),	  5%	  (red),	  10%	  (green),	  20%	  (magenta),	  30%	  (orange),	  40%	  (black)	  cholesterol	  

concentrations.	  

	  

Upon	   increasing	   cholesterol	   concentration	   (in	   Figure	   23),	   the	   tilt	   angle	  

distributions	   𝑃   𝜃 	   for	   both	   of	   DPPC	   and	   cholesterol	   become	   narrower	   and	  
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develop	   well-‐defined	   peaks	   at	   decreasingly	   lower	   tilt	   angles.	   The	   narrowing	  

𝑃   𝜃 	   distributions	  indicate	  that	  both	  of	  DPPC	  and	  cholesterol	  molecules	  become	  

more	  aligned	  along	  bilayer	  normal	  with	  cholesterol	  concentration	  increasing.	   It	  

is	  noted	  that	  all	  of	   the	  distributions	   𝑃   𝜃 	   of	  cholesterol	  are	  relatively	  broader	  

than	  those	  of	  DPPC,	  especially	  in	  the	  systems	  at	  low	  cholesterol	  concentrations.	  

It	  is	  not	  surprising	  that	  DPPC	  molecules	  possess	  narrow	  tilt	  angle	  distributions.	  

As	  DPPC	  is	  responsible	  for	  sustaining	  the	  bilayer	  structure	  so	  that	  they	  appear	  to	  

be	  well	  organised.	  In	  contrast,	  the	  cholesterol	  shows	  stronger	  dependence	  on	  its	  

concentration	   in	   the	   DPPC	   bilayers.	   At	   low	   concentrations	   (in	   Figure	   23),	  

non-‐zero	   distributions	   of	   cholesterol	   are	   observed,	   indicating	   that	   cholesterol	  

molecules	   can	   be	   found	   at	   pretty	   large	   tilt	   angles.	   	   Then	   non-‐zero	   regions	  

disappeared	  when	  cholesterol	  concentration	  goes	  up,	  and	  cholesterol	  molecules	  

are	  preferentially	  oriented	  at	  relatively	  smaller	  tilt	  angles.	  This	  behaviour	  of	  the	  

alignment	   is	   analogous	   with	   the	   isotropic-‐nematic	   (I-‐N)	   transition	   in	   liquid	  

crystals	  (de	  Gennes	  and	  Prost,	  1993),	  where	  hard-‐rod	  molecules	  are	  aligned	  with	  

preferred	  orientations	  with	  its	  increased	  concentration.	   	  
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Figure	   24	   Correlation	   between	   average	   cholesterol	   tilt	   angle	   𝜃 	   and	   bilayer	  

thickness	   𝐷!! 	   in	   the	   DPPC/cholesterol	   systems	   at	   different	   cholesterol	  

concentrations.	  

𝜃 	   was	  obtained	  from	  the	   𝑃   𝜃 	   shown	  in	  Figure	  23,	  and	  𝐷!!	   was	  defined	  as	  the	  

average	  distance	  between	  the	  phosphorus	  atoms	  from	  the	  opposite	  monolayers,	  and	  

data	  adapted	  from	  Chapter	  3.	  

	  

The	   alignment	   of	   cholesterol	   upon	   increasing	   cholesterol	   concentration	   can	  be	  

correlated	  with	  changes	  in	  structural	  properties	  of	  the	  bilayers.	  The	  cholesterol	  

alignment	   states	   can	   be	   monitored	   by	   the	   average	   cholesterol	   tilt	   angle	   𝜃 ,	  

which	   is	  defined	  by	   𝜃 = 𝜃𝑃  (𝜃)  𝑑𝜃!"°
! .	  Here,	   the	   cholesterol	   𝜃 	   at	  different	  

cholesterol	   concentration	   is	   correlated	   with	   bilayer	   thickness	   𝐷!! ,	   since	  

thickness	   is	   closely	   associated	   with	   the	   ordering	   in	   the	   lipid	   tails.	   Figure	   24	  

shows	  that	  cholesterol	  tilt	   is	  strongly	  anti-‐correlated	  with	  the	  bilayer	  thickness	  
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𝐷!!	   over	   the	   5%-‐30%	   cholesterol	   concentrations.	   Then	   it	   seems	   to	   be	   less	  

correlated	  when	   cholesterol	   concentration	   increasing	   from	  30%	   to	   40%,	   since	  

tilt	   angles	   𝜃 	   decreases	   from	   25.3°	   to	   21.6°	   while	   thickness	   only	   increases	  

slightly.	   It	   may	   suggest	   the	   system	   may	   enter	   liquid-‐ordered	   thermodynamic	  

state	   at	   and	   above	   30%	   cholesterol,	   where	   the	   lipid	   molecules	   have	   been	  

condensed	  and	  ordered	  to	  an	  extent	  so	   that	   the	   thickening	  procedure	  becomes	  

relatively	   independent	   from	  cholesterol	   tilt	   angle.	  Basically,	   cholesterol	   tilt	   can	  

be	  deemed	  as	  an	  effective	  indicator	  of	  the	  ordering	  effect	  induced	  by	  cholesterol	  

(Olsen	  et	  al.,	  2009,	  Aittoniemi	  et	  al.,	  2006,	  Rog	  and	  Vattulainen,	  2014).	  

	  

6.3.2	    Mechanisms	   of	   cholesterol	   alignment	   along	  

bilayer	  normal	  in	  membrane	  

To	   explore	   the	  mechanisms	   of	   cholesterol	   alignment	   in	   lipid	   bilayer,	   energetic	  

and	   entropic	   factors	   can	   be	   considered	   to	   account	   for	   the	   orientation	   of	  

cholesterol	   molecules	   (Khelashvili	   et	   al.,	   2011).	   Since	   interactions	   between	  

cholesterols	   are	   less	   energetic	   favourable	   compared	   with	   those	   between	  

cholesterol	   and	  DPPC,	   cholesterol	  molecules	   tend	   to	   be	   apart	   from	   themselves	  

upon	  increasing	  cholesterol	  content	  in	  the	  membrane.	  In	  turn,	  the	  energetically	  

preferred	   interactions	   between	   DPPC	   and	   cholesterol	   contribute	   to	   forming	  

stable	  complexes	  in	  bilayer	  (Simons	  and	  Vaz,	  2004),	  which	  is	  closely	  associated	  

with	   forming	   lipid	   raft.	   Aside	   from	   the	   energetic	   consideration,	   each	  molecule	  
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owns	  degrees	  of	  freedom	  associated	  with	  translational	  and	  orientational	  entropy	  

of	  the	  molecule	  within	  the	  bilayer	  structure.	  When	  a	  molecule	  that	  is	  tilted	  by	  an	  

angle	   𝜃 	   with	   respect	   to	   the	   bilayer	   normal,	   the	   molecule	   can	   span	   more	  

configurations	  than	  the	  molecule	  positioned	  upright	  in	  the	  bilayer.	  On	  the	  basis	  

of	   pure	   orientational	   entropy	   considerations,	   cholesterol	  molecules	   tend	   to	   be	  

oriented	  away	  from	  the	  bilayer	  normal	  direction	  by	  ‘lying	  down’	  in	  the	  bilayer	  to	  

maximize	  the	  number	  of	  possible	  orientations,	  and	  thus	  gain	  degrees	  of	  freedom	  

in	  rotations.	  Khelashvili	  et	  al.	  (2010b)	  found	  that	  the	  cholesterol	  tilt	  angle	   𝑃  (𝜃)	  

for	   1%	   cholesterol	   DMPC/cholesterol	   system	   shares	   partly	   overlapped	  

probabilities	   in	   the	   angular	   interval	   [45°;	   60°]	   with	   the	   hypothetic	   tilt	   angle	  

distribution	   𝑃! 𝜃 = sin𝜃,	   which	   indicates	   random	   angle	   distribution	   of	   the	  

non-‐interacting	  molecules.	  The	  idealized	  non-‐interacting	  state	  is	  solely	  governed	  

by	   entropic	   tendencies,	   and	   it	   only	   exists	   in	   a	   hypothetical	   system.	   In	   present	  

study,	   I	   followed	   the	   assumption	   for	   the	   randomly	   distributed	   system	   as	   the	  

reference	  state.	  

	  

Upon	  increasing	  in	  cholesterol	  content,	  cholesterol	  molecules	  undergo	  transition	  

from	  ‘lying	  down’	  to	  ‘standing	  up’	  in	  the	  bilayer.	  It	  largely	  relies	  on	  the	  interplay	  

between	  the	  energetic	  and	  entropic	  contributions	  discussed	  above.	  The	  tendency	  

is	   first	   due	   to	   cholesterol	   trying	   to	   gain	   ‘’free	   volume’’	   and	   thereby	   attain	  

translational	  entropy.	  But	  it	  compromises	  by	  orientational	  entropy	  loss.	  Besides	  

that,	   the	   tendency	  can	  also	  be	  partly	  attributed	   to	   lipid-‐mediated	  unfavourable	  
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cholesterol-‐cholesterol	   interactions	   (Khelashvili	   et	   al.,	   2005).	   In	   an	   attempt	   to	  

distance	   themselves	   from	   each	   other,	   cholesterol	   molecules	   adopt	   the	  

nematic-‐like	  ordering	  means	  to	  be	  aligned,	  and	  become	  preferentially	  engaged	  in	  

interacting	   with	   the	   surrounding	   lipids.	   In	   such	   a	   way,	   the	   molecules	   in	   the	  

membrane	  become	  well	  packed	  and	  condensed,	  and	  the	  lipid	  tails	  become	  more	  

ordered,	  accordingly.	   	  

	  
Figure	   25	   Cholesterol	   orientational	   entropy	   loss	   ∆𝑆 	   with	   increasing	   cholesterol	  

concentration	  in	  units	  of	  Boltzmann’s	  constant	  k.	   	  

	  

6.3.3	    Cholesterol	   orientational	   entropy	   loss	   upon	  

increasing	  cholesterol	  concentration	  

The	  losses	  in	  cholesterol	  orientational	  entropy	  (∆𝑆)	  upon	  increasing	  cholesterol	  

concentration	  can	  be	  quantified	  by	  the	  approach	  proposed	  by	  (Khelashvili	  et	  al.,	  
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2011).,	  and	   ∆𝑆	   is	  defined	  as:	   	  

	  
∆𝑆 = −K! 𝑃   𝜃 ln  (

  𝑃  (𝜃)
sin  𝜃

!"°

!°

)d𝜃	   (6.3)	  

The	  definition	   ∆𝑆	   is	  zero	  for	  the	  hypothetic	  non-‐interacting	  molecules,	  which	  is	  

regarded	  as	   the	   reference	   state.	  However,	   for	   the	   realistic	   anisotropic	  oriented	  

cholesterol	   molecules,	   ∆𝑆	   is	   expected	   to	   be	   non-‐zero	   and	   negative.	   Figure	   25	  

shows	   the	   calculated	   ∆𝑆 	   for	   all	   DPPC/cholesterol	   bilayers	   at	   different	  

cholesterol	   concentrations.	   Upon	   increasing	   cholesterol	   concentration,	   the	   ∆𝑆	  

decreases	  monotonically.	   At	   low	   cholesterol	   concentrations	   (5%	   and	   10%),  ∆𝑆	  

remains	  relatively	  high	  with	  slight	  decrease,	  then	  the	  pronounced	  drops	  can	  be	  

found	   at	   10%-‐20%,	   and	   30%-‐40%	   cholesterol	   concentrations	   intervals,	  

respectively.	  The	   results	  obtained	  here	  show	  great	  qualitative	  and	  quantitative	  

consistency	  with	  previous	  studies	  on	  DMPC/cholesterol	  systems	  [(Khelashvili	  et	  

al.,	   2010b)].	   With	   cholesterol	   fraction	   increasing,	   the	   cholesterol	   molecules	  

undergo	   transition	   of	   ‘lying	   down’	   to	   ‘standing	   up’,	   and	   procedure	   sacrifices	  

degrees	   of	   freedom	   in	   orientation.	   Therefor	   transition	   is	   expected	   to	   gain	   free	  

energy	  in	  other	  forms	  to	  compensate	  for	  the	  entropy	  loss.	  Earlier	  study	  on	  free	  

energy	  estimation	  of	   transferring	  cholesterol	   from	  a	  disordered	   lipid	  bilayer	   to	  

an	  ordered	  lipid	  bilayer	  suggested	  the	  transfer	  is	  energetic	  favourable	  (Zhang	  et	  

al.,	   2008).	   Moreover,	   another	   study	   by	   Bennett	   el	   al.	   found	   the	   process	   of	  

cholesterol	   desorption	   from	   an	   ordered	   lipid	   bilayer	   consisting	   of	   saturated	  

lipids	   costs	  more	  energy	   than	   that	   from	  a	   less	  ordered	   lipid	  bilayer	   containing	  
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poly-‐unsaturated	  lipid	  species	  (Bennett	  et	  al.,	  2009).	  The	  findings	  are	  consistent	  

with	  the	  observed	  loss	   in	  orientational	  entropy	  upon	  increasing	  the	  cholesterol	  

concentration	   in	   present	   study.	   Therefore,	   ∆𝑆 	   additionally	   provides	   an	  

energetic	   insight	   into	   the	   condensation	   of	   lipid	   bilayer	   induced	   by	   cholesterol.	  

The	   losses	   in	   cholesterol	   orientational	   entropy	   are	   closely	   associated	  with	   the	  

condensation	  states	  of	  the	  lipid	  bilayer.	   	  

	  

6.3.4	    Splay	  angle	  probability	  distribution	  

It	  was	  reported	  that	  cholesterol	  tilt	  deformation	  was	  an	  important	  contributor	  to	  

the	   mechanical	   properties	   of	   lipid	   bilayer,	   and	   it	   can	   be	   quantified	   with	  

cholesterol	  tilt	  modulus	   𝜒	   (Khelashvili	  et	  al.,	  2013).	  Based	  on	  that	  point	  of	  view,	  

pairwise	   splaying	   deformations	   between	   molecules	   in	   membrane	   are	   more	  

related	   to	   the	   mechanical	   properties.	   Indeed,	   the	   molecules	   in	   a	   membrane	  

undergoing	   bending	   deformation	   comply	   with	   the	   deforming	   trend	   via	  

rearrangement	  of	  their	  orientations	  in	  the	  bilayer,	  therefore	  it	  is	  sensible	  that	  the	  

molecules	  possess	  a	  more	  splayed	  configurations	  with	  respect	  to	  each	  other.	  The	  

pairwise	  splaying	  deformation	  in	  lipid	  bilayers	  can	  be	  energetically	  evaluated	  by	  

splay	   modulus	   𝜒!"
!" ,	   which	   predicts	   the	   energy	   cost	   for	   splaying	   one	   molecule	  

with	  respect	  to	  each	  other	  in	  lipid	  pairs	  of	  type	   𝑖	   and	   𝑗.	  Furthermore,	  evaluating	  

splaying	   deformation	   in	   this	   approach	   can	   consider	   not	   only	   the	   cholesterol	  

molecules	  but	   also	   any	  other	   components	   in	   the	  membrane.	   (Khelashvili	   et	   al.,	  
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2013,	  Khelashvili	  et	  al.,	  2014)	  

	  
Figure	  26	  Quadratic	  fittings	  in	  the	  intervals	  of	  small	  angular	  range	  for	  splay	  moduli	  of	  

the	  pair	  of	  DPPC	  and	  DPPC	  

(Upper	  panel)	   the	  normalized	  probability	  densities	   𝑃  (𝛼)	   of	   finding	  a	  pair	  of	  DPPC	  

and	  DPPC	  at	  an	  angle	   𝛼	   with	  respect	  to	  each	  other	  in	  DPPC	  bilayers	  at	  0%	  (blue),	  10%	  

(green),	   40%	   (black)	   cholesterol	   concentration.	   (Lower	   panel)	   the	   solid	   curves	  

presents	   the	   potential	   of	   mean	   force	   (PMF   (𝛼) )	   corresponding	   to	   𝑃  (𝛼)	  

distributions	   shown	   in	   upper	   graph,	   and	   the	   dashed	   curves	   represent	   the	   best	  

quadratic	  fits	  for	  PMF	  curves.	  The	  [15°,	  30°]	  interval	  was	  used	  for	  fitting	  in	  0%	  and	  10%	  

cholesterol	  systems,	  and	  the	  [12°,	  24°]	  interval	  was	  used	  in	  40%	  cholesterol	  systems.	   	  
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In	   present	   study,	   three	   different	   splaying	   pairs	   occur	   in	   the	  

cholesterol-‐containing	   DPPC	   bilayers,	   including	   DPPC/DPPC,	   DPPC/Chol,	   and	  

Chol/Chol	   (Chol	   for	   cholesterol).	   Figure	   26	   illustrates	   the	   procedure	   to	   derive	  

splay	   modulus	   𝜒!"	   for	   the	   example	   of	   all	   DPPC	   pairs	   in	   0%,	   10%	   and	   40%	  

cholesterol	   systems.	   The	   splay	   angle	   probability	   distributions	   𝑃   𝛼 	   for	   DPPC	  

pairs	  in	  Figure	  26	  show	  similar	  trend	  with	  the	  DPPC	  tilt	  angle	  distributions  𝑃   𝜃 	  

(in	  Figure	  23).	  The	  splay	  angles	  between	  DPPC	  molecules	  are	  decreasingly	  lower	  

upon	  increasing	  cholesterol	  content,	  thereby	  the	  molecules	  are	  aligned	  with	  each	  

other.	   Different	   from	   𝑃   𝜃 ,	  more	   limitations	  were	   applied	   to	   𝑃   𝛼 	   to	   ensure	  

that	   only	   local	   splay	   fluctuations	   were	   counted.	   The	   analysis	   is	   limited	   to	   the	  

near-‐neighbouring	  pairs	  so	  that	  only	  pairs	  of	  molecules	  within	  10	   Å	   from	  each	  

other	   are	   taken	   into	   account.	  Moreover,	   considerations	  were	   only	   given	   to	   the	  

DPPC	  pairs,	  for	  which	  at	  least	  one	  DPPC	  molecule	  in	  each	  pair	  should	  be	  tilted	  by	  

no	   more	   than	   10°	   with	   respect	   to	   the	   bilayer	   normal.	   As	   it	   was	   introduced	  

earlier,	  such	  a	  limitation	  is	  required	  to	  validate	  the	  small	  angle	  regime	  for	  splay	  

modulus	  calculation	  from	  the	  quadratic	  fitting	  to	   PMF  (𝛼).	  Using	  the	  probability	  

distributions	   of	   splay	   angle,	   potential	   of	   mean	   forces	   for	   splaying	   two	   DPPC	  

molecules	  was	  calculated	  with	   PMF = −𝑘!𝑇ln  (𝑃 𝛼 sin𝛼),	  shown	  in	  Figure	  26	  

(bottom),	  where	  PMF  (𝛼)	   curves	  appear	  to	  be	  quadratic	  not	  only	  in	  the	  intervals	  

of	  small	  angles	  but	  also	  throughout	  the	  angular	  range.	  Then	  the	  dashed	  curves	  in	  

the	  same	  graph	  represent	  the	  best	  quadratic	  fits	  performed	  in	  small	   𝛼	   ranges	  of	  

the	   PMF  (𝛼)	   for	   the	   corresponding	   bilayer	   systems,	   respectively.	   Apparently,	  
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the	   plots	   of	   quadratic	   fitting	   became	   steeper	   upon	   increasing	   cholesterol	  

concentrations,	   which	   indicates	   the	   higher	   energy	   cost	   for	   splaying	   two	   DPPC	  

molecules.	   	  

	  
Figure	  27	  Quadratic	  fittings	  in	  the	  intervals	  of	  small	  angular	  range	  for	  splay	  moduli	  of	  

the	  pair	  of	  DPPC	  and	  cholesterol	  

(Upper	   panel)	   the	   normalised	   probability	   density	   𝑃  (𝛼) 	   of	   finding	   a	   pair	   of	  

DPPC/cholesterol	   (solid	   curves)	   and	   cholesterol/cholesterol	   (dashed	   curves)	   at	   an	  
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angle	   𝛼	   with	   respect	   to	   each	   other	   in	   DPPC	   bilayers	   at	   10%	   (green),	   40%	   (black)	  

cholesterol	  concentrations.	  (Lower	  panel)	  the	  potential	  of	  mean	  forces	  (PMF  (𝛼))	  for	  

corresponding	   𝑃  (𝛼)	   distributions	  shown	  in	  upper	  graphs.	   	  

	  

As	  for	  the	  cholesterol-‐involved	  splay	  pairs,	  Figure	  27	  illustrates	  the	  examples	  of	  

𝑃  (𝛼)	   and	   PMF  (𝛼)	   for	   the	   cholesterol-‐involved	   splay	   pairs	   in	   10%	   and	   40%	  

cholesterol	   systems.	   The	   𝑃  (𝛼)	   distributions	   for	   Chol/Chol	   and	  DPPC/Chol	   (in	  

Figure	   27)	   are	   slightly	   wider	   than	   that	   for	   DPPC/DPPC.	   It	   is	   expected	   that	  

cholesterol-‐involved	  splay	  pairs	  have	  wider	  angle	  distributions	  since	  cholesterol	  

molecules	  are	  orientated	  not	  as	  aligned	  along	  bilayer	  normal	  as	  DPPC	  molecules	  

are	  (in	  Figure	  23).	   	  

	  

It	   is	   noticeable	   in	   Figure	   27	   where	   curves	   for	   Chol/Chol	   splay	   pair	   in	   10%	  

cholesterol	  system	  are	  pretty	  zigzagging,	  indicating	  that	  the	  splay	  angles	  are	  not	  

adequately	   sampled.	   The	   quality	   of	   the	   sampled	   data	   for	   𝑃  (𝛼)	   and	   PMF  (𝛼)	  

need	   be	   carefully	   examined	   to	   get	   reliable	   results	   of	   splay	   moduli.	   As	   it	   was	  

discussed	   in	   method	   section,	   the	   sampling	   quality	   of	   cholesterol-‐cholesterol	  

splay	   angles	   was	   found	   to	   be	   pretty	   poor	   in	   low	   cholesterol	   concentration	  

systems	  (5%,	  10%)	  due	  to	  the	  small	  amount	  of	  cholesterol	  molecules	  existing	  in	  

these	  systems.	  Furthermore,	  the	  encounters	  of	  cholesterol/cholesterol	  splay	  pair	  

in	  5%	  and	  10%	  bilayers	  only	  takes	  up	  very	  limited	  fraction,	  in	  comparison	  with	  

those	   of	   DPPC	   pair	   and	   DPPC/cholesterol	   pair.	   Therefore,	   it	   is	   sensible	   to	  

approximately	   estimate	   the	   overall	   bending	   moduli	   without	   considering	   the	  
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contributions	  of	  the	  Chol/Chol	  pair	  in	  such	  systems.	   	  

	  

	  
Figure	  28	  Splay	  moduli	  for	  all	  possible	  pairs.	  

DPPC/DPPC	  (blue),	  DPPC/cholesterol	  (red)	  and	  cholesterol/cholesterol	  (purple)	  in	  the	  

corresponding	   DPPC	   bilayer	   systems	   containing	   0%,	   5%,	   10%,	   20%,	   30%	   40%	  

cholesterol.	   Error	   bars	   present	   the	   standard	   deviations	   from	   similar	   fitting	   over	  

[12°, 22°],	  [13°, 23°],	  and	  [14°,	  24°]	  for	  20%,	  30%	  and	  40%	  cholesterol	  systems,	  and	  

[15°, 27°],	  [16°, 28°],	  [17°,	  29°]	  and	  [18°,	  30°]	  for	  pure	  DPPC,	  5%	  and	  10%	  cholesterol	  

systems.	   	  

	  

6.3.5	    Cholesterol	  stiffens	  the	  DPPC	  bilayer	  

The	  values	  of	   splay	  moduli	   𝜒!"	   correspond	   to	   the	   coefficients	  of	   the	  quadratic	  

fitting	   to	  PMF  (𝛼)	   in	   the	   interval	   of	   small	   splay	   angle.	   In	   all	   cases,	   the	   interval	  

[15°,	  30°]	  was	  used	  for	  fitting	  in	  0%,	  5%	  and	  10%	  cholesterol	  systems,	  and	  the	  

interval	  [12°,	  24°]	  was	  used	  in	  the	  bilayer	  at	  high	  cholesterol	  concentrations	  30%	  
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and	   40%.	   Those	   chosen	   intervals	   represent	   the	   best-‐sampled	   region	   in	  

corresponding	   𝑃  (𝛼),	  and	  remain	  within	  small	  angle	  ranges	  eligible	  for	  deriving	  

splay	  modulus	  from	  quadratic	  fitted	  plots.	  

	  

Figure	  28	  shows	  the	  calculated	  splay	  moduli	   𝜒!"	   for	  all	  possible	  splaying	  pairs	  

in	  the	  simulated	  DPPC	  bilayers	  with	  and	  without	  cholesterol.	  As	  discussed	  above,	  

splay	   moduli	   for	   cholesterol	   pair	   in	   5%	   and	   10%	   were	   not	   shown	   and	   not	  

included	  in	  calculating	  the	  overall	  bending	  rigidities.	  Upon	  increasing	  cholesterol	  

concentration,	   splay	  moduli	   of	   the	   DPPC	   pair	  were	   increased	   by	   a	   factor	   of	   2,	  

indicating	  substantial	   increase	   in	   the	  energy	  cost	   for	  splaying	  a	  DPPC	  molecule	  

from	  the	  other	  one.	  Compared	  with	  previous	  investigations	  on	  the	  DOPC	  bilayer	  

with	   cholesterol	   (Khelashvili	   et	   al.,	   2014),	   the	   DPPC	   splay	  moduli	   obtained	   in	  

present	  study	  are	  in	  excellent	  agreement	  with	  their	  results.	  The	  splay	  moduli	  of	  

DPPC	  obtained	  here	  are	  slightly	  higher	  by	  about	   3~5	   in  𝐾!𝑇	   units	  than	  those	  of	  

POPC	  pair	  at	  each	  available	  cholesterol	  concentration.	  The	   finding	   is	  consistent	  

with	   the	   fact	   that	   POPC	   bilayer	   is	   more	   fluid-‐like	   at	   the	   same	   cholesterol	  

concentration	  due	  to	  its	  mono-‐unsaturated	  hydrocarbon	  chain	  [(Pan	  et	  al.,	  2008,	  

Pan	  et	  al.,	  2009,	  Khelashvili	  and	  Harries,	  2013a).	  

	  

It	   was	   found	   that	   the	   DPPC/DPPC	   pair	   in	   general	   has	   highest	   splay	   modulus	  

among	   the	   three	   splay	   pairs	   at	   different	   concentrations,	   except	   for	   the	   5%	  

cholesterol	   bilayer.	   Moreover,	   the	   splay	   pair	   of	   DPPC	   molecules	   is	   the	   major	  
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contributor	   to	   the	   overall	   bending	   rigidities	   due	   to	   the	   high	   probability	   of	   the	  

DPPC/DPPC	   encounter	   in	   these	   bilayer	   systems.	   It	   was	   observed	   that	   the	  

uncertainties	   in	   cholesterol-‐involved	   splay	   moduli	   are	   pretty	   large,	   which	   is	  

probably	  because	   the	  orientation	  distributions	  of	   the	  cholesterol	  molecules	  are	  

rather	  dispersing	  in	  the	  low	  cholesterol	  content	  system,	  while	  the	  splay	  moduli	  

of	   DPPC/DPPC	   appear	   to	   be	   relatively	   reliable.	   These	   statistical	   errors	   can	   be	  

attributed	   to	   the	   chosen	   fitting	   intervals	   and	   error	   estimation	   approach	  

(Khelashvili	   et	   al.,	   2014).	   In	   previous	   simulation	   studies	   using	   different	  

approaches,	  similar	  levels	  of	  the	  uncertainties	  were	  also	  observed	  (Khelashvili	  et	  

al.,	  2013).	  Though	  there	  are	  noticeable	  errors	  in	  the	  present	  study,	  an	  increasing	  

trend	  in	  splay	  moduli	  for	  each	  pair	  was	  observed	  in	  the	  systems	  with	  cholesterol	  

concentration	   increasing,	   and	   also	   the	   obtained	   values	   are	   in	   reasonably	  

agreement	   with	   the	   results	   from	   previous	   studies	   (Khelashvili	   and	   Harries,	  

2013a,	  Khelashvili	  et	  al.,	  2014).	  
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Figure	   29	   Bilayer	   bending	   rigidities	   𝐾! ,	   for	   DPPC/cholesterol	   bilayers	   with	  

cholesterol	  concentrations	  from	  0%	  to	  40%	  

	  

Figure	  29	  shows	  the	  corresponding	  bending	  rigidity	   𝐾! 	   in	   the	  simulated	  DPPC	  

bilayers	  with	  or	  without	  cholesterol.	  The	  bending	  rigidities	  were	  calculated	  using	  

equation	  (6.1)	  by	  weighing	  the	  contributions	  of	  each	  splay	  modulus,	   𝐾! 	   for	  pure	  

DPPC	  bilayer	  is	  about	  30	   𝐾!𝑇,	  and	  then	  it	  increases	  substantially	  to	  54	   𝐾!𝑇	   in	  

the	   DPPC	   bilayer	   containing	   40%	   cholesterol.	   The	   results	   indicate	   that	   the	  

cholesterol	   substantially	   stiffens	   the	  DPPC	  bilayer	  by	   almost	   a	   factor	   of	   2	  with	  

increasing	  cholesterol	  concentration	  from	  0	  to	  40	  %.	   	  

	  

In	  comparison	  with	  experimental	   studies,	   since	  DPPC	  bilayer,	  whose	   transition	  

temperature	  is	  about	  41	  ℃,	  is	  at	  gel-‐like	  state	  at	  room	  temperature,	  many	  of	  the	  
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experiments	  were	  carried	  out	  at	  room	  temperature.	  It	  was	  reported	  in	  literature	  

that	   the	   bending	  modulus	   of	   DPPC	   bilayer	   at	   room	   temperature	   is	   about	   200	  

𝐾!𝑇	   (Lee	  et	  al.,	  2001).	  In	  the	  same	  study,	  the	  DPPC	  bilayer	  was	  melted	  into	  fluid	  

phase,	   and	   the	   corresponding	   the	   bending	  modulus	  was	   found	   to	   decrease	   by	  

almost	   tenfold,	   hence	   it	   is	   roughly	   about	   20~30	   𝐾!𝑇.	   In	   addition	   to	   that,	   the	  

elasticity	  of	  the	  fluid-‐like	  DPPC	  bilayer	  at	  47.5	  ℃	   was	  reported	  to	  be	  about	  34.6	  

𝐾!𝑇	   (Heimburg,	   1998).	   Overall,	   the	   obtained	   bending	   modulus	   for	   the	   pure	  

DPPC	  bilayer	  is	  comparable	  with	  these	  compared	  experimental	  data.	   	  

	  

As	   for	   the	   DPPC/cholesterol	   bilayer	   system,	   to	   my	   knowledge,	   relevant	  

experimental	  data	  were	  not	  available	  in	  literature.	  But	  the	  experiment	  studies	  of	  

the	   lipid	   bilayer	   composed	   of	   other	   lipid	   types	  were	   available	   for	   comparison.	  

For	   instance,	   the	   X-‐ray	   scattering	   study	   of	   DMPC/Cholesterol	   bilayer	   were	  

performed	  by	  Pan	  et	  al.	  (2009),	  and	  the	  bending	  rigidity	  for	  DMPC/cholesterol	  at	  

30%	  cholesterol	  was	   found	   to	  be	   increased	  by	  a	   factor	  of	  4,	   reaching	  about	  65	  

𝐾!𝑇.	  By	  comparing	  their	  data	  with	  the	  obtained	  results	  here,	  the	  stiffening	  effect	  

of	  cholesterol	  on	  DMPC	  bilayer	  in	  experiment	  is	  noticeably	  stronger	  than	  that	  in	  

current	  simulation	  study.	  However,	  I	  would	  argue	  that	  the	  difference	  in	  stiffening	  

effect	   could	   be	   reasonably	   explained.	   As	   the	   transition	   temperature	   for	   pure	  

DMPC	  bilayer	   is	  much	   lower	   than	  that	   for	  pure	  DPPC	  bilayer,	   the	  DPPC	  bilayer	  

with	   cholesterol	  was	   simulated	  at	   constant	  323	  K,	  while	   the	  experiment	  of	   the	  

DMPC	  system	  was	  performed	  at	  room	  temperature	  about	  300K.	  Accordingly,	  it	  is	  
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expected	  that	  the	  cholesterol	  is	  more	  dynamic	  at	  higher	  temperature	  than	  that	  at	  

lower	  temperature.	  Therefore,	  it	  is	  reasonable	  to	  deduce	  that	  the	  more	  dynamic	  

cholesterol	  may	  weaken	  its	  stiffening	  effect	  on	  the	  bending	  rigidity	  of	  the	  DPPC	  

bilayer.	   	  

	  

6.4	    Summary	   	  

In	   summary,	   upon	   increasing	   cholesterol	   concentration,	   the	   molecules	   in	   the	  

bilayer	  became	  more	  aligned	  with	  the	  bilayer	  normal,	  and	  then	  the	  average	  splay	  

angles	   in	  each	  pair	  became	  smaller	  concomitantly.	  Moreover,	   it	  was	   found	   that	  

splaying	   a	   pair	   of	   more	   aligned	   molecules	   cost	   more	   energy,	   so	   the	  

corresponding	   splay	  modulus	  was	   increased	   at	   high	   cholesterol	   concentration.	  

By	  weighing	  the	  contributions	  of	  the	  different	  splay	  pairs,	  the	  bending	  moduli	  of	  

the	  all	  simulated	  bilayer	  were	  obtained,	  and	  the	  results	  showed	  that	  cholesterol	  

stiffened	  the	  DPPC	  bilayer	  substantially.	  
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Chapter	  7	    Discussion	  and	  future	  work	  

7.1	    Cholesterol	  effects	  on	  DPPC	  bilayer	  

The	   obtained	   results	   from	   the	   project	   advance	   our	   knowledge	   of	   the	   effect	   of	  

cholesterol	  on	  the	  DPPC	  phospholipid	  bilayer.	  Several	  concerned	  aspects	  of	   the	  

bilayer	   property	   were	   investigated	   with	   the	   molecular	   dynamics	   simulation	  

method,	   including	   the	   structural	   properties,	   the	   dynamics	   properties,	   the	   local	  

lateral	  pressure	  profile	  and	  the	  mechanical	  properties	  of	  the	  lipid	  bilayer.	   	  

	  

From	   study	   of	   the	   structural	   properties	   of	   the	   bilayers	   with	   and	   without	  

cholesterol,	   the	   two	   most	   discussed	   condensing	   effect	   and	   ordering	   effect	   of	  

cholesterol	  were	   observed	   in	   present	   study.	   The	   ordering	   effect	   of	   cholesterol	  

was	   characterized	  with	  more	   ordered	   hydrocarbon	   chains	   of	   DPPC	  molecules,	  

and	   the	   condensing	   effect	   was	   characterized	   with	   the	   decreased	   partial	   area	  

occupied	  by	  individual	  DPPC	  molecule.	  Accordingly,	  the	  dynamical	  properties	  of	  

the	   lipid	  molecules	   in	   the	   bilayer	  were	   affected	   by	   cholesterol.	   In	   presence	   of	  

cholesterol,	  the	  lateral	  diffusion	  of	  DPPC	  was	  slowed.	  Moreover,	  it	  was	  found	  that	  

the	  motion	  of	  cholesterol	  in	  the	  bilayer	  was	  special,	  since	  it	  could	  not	  only	  diffuse	  

laterally	   but	   also	   undergo	   flip-‐flop	  motion	   across	   the	   two	  monolayers.	   Besides	  

that,	   it	   was	   found	   that	   cholesterol	   had	   diverse	   effects	   on	   the	   intra-‐molecular	  

dynamics	   for	  different	  parts	  of	  DPPC	  molecules.	  The	  enhanced	  dynamics	  of	   the	  
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head	   groups	   of	   DPPC	   was	   observed,	   whereas	   the	   rotation	   dynamics	   of	   the	  

backbone	  and	  tail	  region	  of	  DPPC	  was	  damped.	  The	  completely	  opposite	  effects	  

of	  cholesterol	  seem	  to	  be	  closely	  related	  to	  its	  position	  in	  the	  DPPC	  bilayer.	   	  

	  

The	  condensing	  effect	  and	  ordering	  effect	  of	  cholesterol	  can	  be	  closely	  associated	  

with	  the	  lateral	  pressure	  profile	  across	  the	  bilayer.	  The	  lateral	  pressure	  profile	  of	  

the	  pure	  DPPC	  bilayer	  showed	  both	  strong	  repulsive	  and	  attractive	  interactions	  

in	   the	   hydrophilic	   region	   of	   the	   bilayer.	   Moreover,	   it	   is	   the	   huge	   attractive	  

interaction	   in	   the	   membrane-‐water	   interfacial	   region	   that	   contributes	   to	  

preventing	  the	  bilayer	  structure	  from	  falling	  apart,	  and	  accordingly,	  it	  is	  the	  most	  

condensed	  region	  with	  highest	  electron	  density	  over	  the	  rest	  part	  of	  the	  bilayer.	  

In	   presence	   of	   cholesterol,	   extra	   remarkable	   negative	   attractions	   were	  

introduced	   in	   the	   region	  where	   cholesterol’s	   ring	   structure	   is	   located,	   and	   the	  

stronger	   repulsion	   occur	   at	   the	   bilayer	   centre.	   Furthermore,	   it	  was	   found	   that	  

cholesterol	   barely	   influenced	   the	   local	   lateral	   pressure	   of	   the	   region	   where	   it	  

couldn’t	   physically	   assess.	   Therefore,	   it	   can	   be	   concluded	   that	   the	   condensing	  

effect	   mostly	   relies	   on	   the	   interactions	   between	   the	   fused	   ring	   structure	   of	  

cholesterol	  and	  the	  hydrocarbon	  chains	  of	  DPPC.	   	  

	  

All	  of	  the	  mentioned	  findings	  above	  can	  be	  reasonably	  connected	  with	  the	  effect	  

of	   cholesterol	   on	   the	   mechanical	   properties	   of	   the	   simulated	   bilayers.	   Taking	  

advantages	   of	   the	   novel	   method	   by	   Khelashvili	   et	   al.	   (2013),	   the	   membrane	  
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bending	   moduli	   of	   different	   bilayer	   systems	   were	   obtained	   from	   the	   local	  

pairwise	   spaying	   fluctuations	   of	   the	  membrane	   components,	   and	   it	  was	   found	  

that	   the	   DPPC	   bilayer	   was	   substantially	   stiffened	   in	   presence	   of	   cholesterol.	  

Moreover,	  the	  increased	  bending	  rigidity	  is	  closely	  correlated	  with	  the	  ordering	  

effect	   of	   cholesterol.	   Since	   the	   bending	   modulus	   is	   derived	   from	   the	   splay	  

deformations	  between	  two	  molecules,	  the	  more	  ordered	  molecules	  tend	  to	  have	  

a	   smaller	   splay	   angle	   with	   each	   other,	   and	   the	   energy	   for	   splaying	   the	  

more-‐aligned	  pair	  is	  higher	  accordingly.	  In	  addition,	  the	  findings	  about	  the	  lipid	  

dynamics	   suggest	   that	   cholesterol	   may	   increase	   the	   bending	   rigidity	   of	   the	  

bilayer	  via	  enhancing	  the	  stiffness	  of	  region	  where	  cholesterol	  resides,	  because	  

the	  head	  groups	  of	  DPPC	  became	  more	  dynamic	  with	  existence	  of	  cholesterol	  in	  

bilayer	  system.	  The	  deduction	  is	  also	  consistent	  with	  the	  findings	  from	  the	  local	  

lateral	  pressure.	   	  

	  

7.2	    The	  implications	  of	  the	  location	  of	  cholesterol	  

Based	   on	   the	   findings	   from	   current	   study,	   many	   of	   cholesterol	   effects	   on	   the	  

DPPC	   bilayer	   are	   closely	   related	   to	   the	   vertical	   location	   of	   cholesterol	   ring	  

structure.	  As	  it	  was	  found	  in	  the	  order	  parameter	  investigations	  in	  the	  Chapter	  3,	  

the	  carbon	  groups	  in	  upper	  segment	  of	  the	  tails	  became	  more	  ordered	  than	  those	  

in	   lower	   part	   in	   presence	   of	   cholesterol.	   Actually,	   the	   hydroxyl	   group	   of	  

cholesterol	   is	   located	   very	   close	   to	   the	   carbonyl	   groups	   of	   the	   chains,	   and	   the	  
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ring	  structure	  corresponds	  to	  the	  segment	  of	  the	  tails	  near	  the	  glycerol	  backbone	  

of	  DPPC.	  In	  addition,	  at	  the	  ring-‐located	  depth	  of	  bilayer,	  pronounced	  monotonic	  

increase	   in	   electro	   density	   profile	  was	   observed,	   and	   huge	   attractive	   tendency	  

were	  observed	  in	  the	  lateral	  pressure	  profile.	  Therefore,	  it	  can	  be	  concluded	  that	  

the	   cholesterol-‐induced	   condensation	   probably	   occurs	   in	   the	   region	   below	   the	  

membrane-‐water	   interface	   where	   the	   head	   groups	   of	   DPPC	   are	   located.	   The	  

conclusion	  here	  is	  consistent	  with	  a	  recent	  simulation	  study	  by	  Alwarawrah	  et	  al.	  

(2010),	   who	   suggested	   that	   the	   condensing	   effect	   of	   cholesterol	   was	   mostly	  

resulted	  from	  the	  packing	  at	  the	  depth	  where	  the	  steroid	  ring	  was	  located.	   	  

	  

From	  this	  point	  of	  view	  on	  the	  condensation	  location,	  the	  current	  study	  showed	  

an	   excellent	   example	   on	   estimating	   the	   partitioned	   surface	   area	   for	   DPPC	   and	  

cholesterol	  in	  binary	  bilayer.	  In	  present	  study,	  the	  Voronoi	  tessellation	  approach	  

was	   used	   to	   estimate	   surface	   area	   partition	   for	   DPPC	   and	   cholesterol,	  

respectively.	   However,	   as	   the	   Voronoi	   tessellation	   approach	   is	   strongly	  

influenced	  by	  the	  positions	  of	  the	  selected	  key	  atoms	  and	  the	  number	  of	  atoms	  

for	  each	  molecule,	  it’s	  hard	  to	  find	  out	  a	  perfect	  strategy	  for	  choosing	  key	  atoms.	  

In	  the	  previous	  study	  by	  Edholm	  and	  Nagle	  (2005),	  some	  improper	  settings	  for	  

Voronoi	  tessellation	  method	  have	  been	  discussed.	  For	  instance,	  one	  typical	  form	  

is	  using	  the	  centre	  of	  mass	  of	  each	  molecule	  to	  project	  and	  tessellate	  its	  area	  on	  

plane,	  which	  has	  been	  explicitly	  criticised	  for	  over	  weighting	  the	  area	  of	  smaller	  

molecules.	   In	   contrast,	   the	   present	   study	   considered	   three	   atoms	   in	   glycerol	  
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group	  for	  DPPC,	  and	  three	  atoms	  for	  cholesterol	  are	  located	  almost	  at	  the	  same	  

level.	   More	   importantly,	   the	   chosen	   atoms	   are	   mostly	   located	   in	   the	   effective	  

region	  for	  the	  condensations	  led	  by	  cholesterol.	  In	  this	  way,	  the	  obtained	  partial	  

areas	  for	  DPPC	  are	  directly	  associated	  the	  condensations	  in	  lipid	  bilayer,	  and	  the	  

obtained	   areas	   for	   cholesterol	   mostly	   reflect	   the	   vertical	   location	   and	   the	  

orientation	   of	   ring	   structure.	   Therefore,	   the	   chosen	   key	   atoms	   are	   appropriate	  

for	   constructing	   Voronoi	   diagrams	   in	   present	   case	   of	   the	   DPPC	   bilayer	   with	  

cholesterol,	   and	   the	   obtained	   the	   partial	   areas	   of	   DPPC	   and	   cholesterol	   have	  

shown	  great	  consistency	  with	  the	  experimental	  data.	   	  

	  

7.3	    The	  implications	  of	  the	  orientation	  of	  cholesterol	  

Besides	   the	   important	   findings	   about	   cholesterol’s	   location,	   a	  more	   interesting	  

aspect	  of	  cholesterol,	  the	  orientation	  of	  cholesterol,	  was	  not	  explicitly	  discussed	  

in	   present	   study.	   The	   orientation	   of	   cholesterol	   was	   often	   evaluated	   by	   the	  

cholesterol	   tilt	  angle	  with	  respect	   to	   the	  bilayer	  normal.	   In	   fact,	   the	  cholesterol	  

tilt	   is	   closely	   correlated	   with	   its	   vertical	   location	   in	   lipid	   bilayer.	   As	   it	   was	  

discussed	  in	  the	  Chapter	  6	  that	  cholesterol	  molecules	  underwent	  transition	  from	  

‘lying	   down’	   to	   ‘standing	   up’	   in	   the	   lipid	   bilayer	   upon	   increasing	   cholesterol	  

concentration.	   During	   the	   process,	   the	   vertical	   location	   of	   cholesterol	   was	  

correlated	  with	  the	  increasing	  thickness,	  and	  the	  polar	  hydroxyl	  group	  migrated	  

towards	   the	   water	   phase	   with	   a	   smaller	   tilt	   angle.	   Compared	   to	   the	   vertical	  
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location,	  cholesterol	  tilt	  angle	  as	  a	  parameter	  is	  more	  convenient	  for	  quantitative	  

comparison	  with	  results	  from	  other	  studies.	   	  

	  

Recently,	   the	   importance	   of	   cholesterol	   tilt	   has	   been	   reviewed	   in	   literatures	  

(Khelashvili	  et	  al.,	  2010b,	  Khelashvili	  et	  al.,	  2011,	  Khelashvili	  and	  Harries,	  2013b,	  

Khelashvili	   and	   Harries,	   2013a),	   cholesterol	   tilt	   or	   sterol	   tilt	   has	   become	   an	  

increasingly	  concerned	  parameter	  that	  correlates	  with	  the	  degrees	  of	  condensing	  

effect	  and	  ordering	  effect	  of	  cholesterol	  on	  lipid	  bilayer	  (Aittoniemi	  et	  al.,	  2006,	  

Olsen	  et	  al.,	  2009).	  Aittoniemi	  et	  al.	  (2006)	  first	  showed	  that	  a	  sterol	  with	  smaller	  

tilt	  angle	  corresponds	   to	  a	  stronger	  ordering	  effect	  on	   the	  acyl	  chain	  of	  nearby	  

lipids.	  In	  the	  recent	  study	  by	  Khelashvili	  et	  al.	  (2010b),	  the	  possible	  mechanism	  

for	  the	  changes	  of	  cholesterol	  tilt	  with	   increasing	  cholesterol	  concentration	  has	  

been	   explained	   by	   the	   interplay	   between	   the	   entropy,	   which	   is	   related	   to	   the	  

tendency	  for	  cholesterol	  orienting	  randomly,	  and	  the	  energetically	  unfavourable	  

interactions	   between	   cholesterol	   molecules.	   Based	   on	   the	   findings,	   they	   first	  

built	  the	  connection	  between	  the	  mechanical	  properties	  of	  the	  lipid	  bilayer	  and	  

cholesterol	   tilt,	   and	   then	   they	   proposed	   the	   method	   to	   calculate	   the	   bending	  

rigidity	   of	   a	   multi-‐component	   lipid	   bilayer	   from	   the	   splaying	   fluctuations	  

between	   any	   pair	   of	   the	  molecules	   in	   the	   bilayer	   (Khelashvili	   et	   al.,	   2013).	   In	  

another	  recent	  study	  by	  de	  Joannis	  et	  al.	  (2011)	   ,	   the	  importance	  of	  cholesterol	  

tilt	  was	   studied	   in	   simulations	   of	   ternary	  mixtures	   containing	   saturated	  DPPC,	  

unsaturated	  DOPC,	  and	  cholesterol,	  where	  cholesterol	   tilt	  was	   found	  correlated	  
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with	   the	   relative	   affinity	   of	   DPPC	   and	   DOPC	   in	   cholesterol-‐rich	   domain,	   and	  

higher	  affinity	  was	  observed	  in	  the	   interactions	  between	  DPPC	  and	  cholesterol.	  

All	   in	  all,	  the	  importance	  of	  cholesterol	  tilt	  has	  been	  realized,	  so	  more	  concerns	  

should	  be	  given	  in	  cholesterol-‐involved	  lipid	  bilayer	  research	  in	  future.	   	   	  

	  

7.4	    Force	  field	  issue	  for	  lipid	  bilayer	  simulation	  

Force	  field	  (FF)	  is	  determinant	  for	  simulation	  results,	  and	  the	  development	  of	  FF	  

is	   a	   particularly	   dynamic	   topic	   for	   MD	   simulation	   studies	   (Monticelli	   and	  

Tieleman,	   2013,	   Antila	   and	   Salonen,	   2013,	   Rog	   and	   Vattulainen,	   2014).	   The	  

recently	   optimized	   force	   field	  CHARMM	   (version	  36)	   for	  DPPC	   and	   cholesterol	  

(Lim	  et	  al.,	  2012,	  Klauda	  et	  al.,	  2012,	  Klauda	  et	  al.,	  2010)	  were	  used	   in	  present	  

simulations,	   and	   the	   obtained	   results	   showed	   reasonable	   agreement	   with	  

experimental	  data	  in	  most	  cases.	  Compared	  with	  earlier	  simulation	  studies	  using	  

other	  force	  fields,	  the	  CHARMM36	  produced	  more	  reasonable	  results.	  In	  addition,	  

the	   parameters	   sets	   for	   other	   lipid	   types	   for	   lipid	   bilayer	   research	   were	   also	  

available	   with	   proper	   modification	   as	   well,	   such	   as	   raft-‐forming	   lipid	  

sphingomeylin,	   which	   is	   actively	   involved	   of	   forming	   raft-‐like	   domains.	   The	  

parameterisation	   of	   the	   CHARMM	   force	   field	   was	   based	   on	   computationally	  

demanding	  high-‐level	  quantum-‐mechanical	  calculations,	  and	  the	  resultant	  force	  

field	  was	  validated	  against	  experimental	  NMR	  data	  (Klauda	  et	  al.,	  2004).	  
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In	   terms	   of	   the	   force	   field	   for	   cholesterol,	   most	   atomistic	   simulations	   of	  

cholesterol-‐containing	  lipids	  bilayer	  have	  used	  the	  default	  parameters	  for	  given	  

atom	  types	  in	  cholesterol	  molecule.	  This	  simple	  approach	  has	  shown	  reasonable	  

results	  with	  the	  Slipids	  force	  field,	  with	  the	  order	  parameter	  data	  of	  acyl	  chains	  

consistent	  with	  experimental	  observations	  (Jambeck	  and	  Lyubartsev,	  2013,	  Rog	  

and	   Vattulainen,	   2014).	   However,	   in	   combination	   of	   the	   popular	   Berger	   lipids	  

force	   fields	   (Hofsass	   et	   al.,	   2003,	   Berger	   et	   al.,	   1997),	   the	   cholesterol	   model	  

described	  with	   the	  GROMOS	   force	   field	   is	   reasonable	   to	   reproduce	  comparable	  

order	   parameters	   of	   hydrocarbon	   chains	   and	   the	   short	   chain	   of	   cholesterol	   at	  

small	   cholesterol	   concentrations,	   to	   overestimate	   the	   cholesterol-‐led	  

condensation	   level	   at	   higher	   concentrations	   (over	   30	  mol%)	   (Rog	   et	   al.,	   2009,	  

Ferreira	   et	   al.,	   2013,	   Rog	   and	   Vattulainen,	   2014).	   Moreover,	   another	   study	   by	  

Tieleman	   et	   al.	   (2006),	   suggested	   that	   the	   interactions	   between	   Berger	   lipids’	  

tails	   and	   peptides,	   which	   were	   parameterised	   with	   the	   GROMOS	   force	   field,	  

resulted	   in	   overestimated	  membrane	   condensations.	   The	   two	   cases	   suggested	  

the	   incompatibility	   in	   the	  widely	   used	   combination	   between	   the	   Berger	   lipids	  

and	  GROMOS	  force	   field.	  By	  contrast,	   the	  parameters	   for	  cholesterol	   in	  present	  

study	  were	  thoroughly	  re-‐parameterized	  for	  the	  CHARMM	  force	  field	  C36(Lim	  et	  

al.,	  2012).	  As	  to	  validation	  of	  the	  model,	  the	  updated	  parameters	  were	  validated	  

in	  a	  series	  of	  simulations	  of	  a	  mixture	  of	  heptane	  representing	  the	  hydrocarbon	  

chain	   and	   decalin	   representing	   the	   first	   two	   rings	   of	   cholesterol,	   and	   the	  

obtained	   molar	   volumes	   were	   found	   to	   be	   reasonably	   consistent	   with	  
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experimental	  data.	  The	  findings	  suggested	  sufficient	  accuracy	  of	  the	  non-‐bonded	  

parameters	   in	   the	   model	   though	   small	   deviations	   between	   simulation	   and	  

experimental	  data	  were	  observed.	   	  

Back	  to	  the	  present	  study	  of	  the	  DPPC	  bilayer	  with	  cholesterol	  in	  framework	  of	  

CHARMM	   force	   field	   (Klauda	   et	   al.,	   2004,	   Klauda	   et	   al.,	   2010,	   Lim	   et	   al.,	   2012,	  

Klauda	  et	  al.,	  2012),	   the	  obtained	  results	  showed	  better	  consistency	  than	  many	  

existing	  cholesterol-‐related	  bilayer	  simulation	  studies.	  For	  instance,	  the	  ordering	  

and	  condensing	  effects	  of	  cholesterol	  on	  lipid	  membrane	  were	  found	  with	  more	  

reasonable	  degree	  of	  condensation	  than	  previous	  simulations	  (Chiu	  et	  al.,	  2002,	  

Hofsass	  et	  al.,	  2003,	  Ollila	  et	  al.,	  2007a,	  Ollila	  et	  al.,	  2007b).	  As	  for	  the	  cholesterol	  

effect	  on	  lipid	  lateral	  diffusion,	  the	  calculated	  diffusion	  coefficients	  here	  are	  more	  

comparable	   with	   NMR	   experimental	   data	   (Lindblom	   et	   al.,	   2006,	   Ollila	   et	   al.,	  

2007b)	   than	   those	   found	   in	   the	   study	   by	   Falck	   et	   al.	   (2004).	   Moreover,	   the	  

obtained	   lateral	  pressure	  across	   the	   lipid	  bilayer	  showed	  relatively	  explainable	  

profiles	   over	   the	   findings	   from	   simulation	   work	   by	   Patra	   (2005).	   Overall,	   the	  

current	   simulations	  with	   the	   latest	   released	   CHARMM	   force	   field	   for	   lipid	   and	  

cholesterol	   produced	   comparable	   results	   with	   experimental	   data,	   and	   the	  

obtained	  data	  here	  have	  shown	  to	  be	  more	  reasonable	  than	  previous	  simulation	  

studies	  using	  other	  popular	  force	  fields.	  
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7.5	    Conclusion	  and	  future	  work	  

The	   aim	   of	   the	   project	   has	   been	   achieved,	   as	   cholesterol	   effects	   on	   the	   DPPC	  

bilayer	   have	   been	   systematically	   studied	   in	   present	   study.	   Despite	   that	   the	  

cholesterol	   effect	   has	   been	   studied	   extensively	   in	   earlier	   experiments	   and	  

simulations	  for	  the	  past	  decades,	  the	  current	  simulation	  study	  further	  advances	  

our	   understanding	   on	   the	   effects	   of	   cholesterol	   on	   several	   aspects	   of	   bilayer	  

properties.	  The	  obtained	  results	  here	  provided	  evidences	  for	  the	  most	  distinctive	  

condensing	  effect	  of	  cholesterol	  on	  lipid	  bilayer	  from	  different	  concerned	  aspects,	  

and	  built	  connections	  between	  cholesterol	  condensing	  effect	  and	  its	  remarkable	  

effects	  on	  other	  aspects,	  such	  as	  lipid	  dynamics,	  lateral	  pressure,	  and	  mechanical	  

properties	  of	  the	  membrane.	  Moreover,	  the	  findings	  highlighted	  the	  importance	  

of	   cholesterol	   tilt	   in	   influencing	   the	   properties	   of	   the	   lipid	   bilayer.	   Besides	   the	  

findings	   of	   the	   cholesterol	   effects,	   the	   present	  work	   also	   filled	   the	   gap	   for	   the	  

cholesterol-‐containing	  lipid	  bilayer	  simulation	  study	  using	  the	  latest	  CHARMM36	  

force	   field	   (Klauda	   et	   al.,	   2010,	   Lim	   et	   al.,	   2012),	   and	   the	   findings	   here	   have	  

suggested	   that	   simulations	   with	   CHARMM36	   can	   produce	   relatively	   reliable	  

results	  as	  complementary	  information	  for	  lipid	  bilayer	  research	  in	  experiments.	  

	  

Future	  work	  can	  be	  concerned	  with	  more	  complex	  lipid	  bilayers	  with	  cholesterol	  

and	  larger	  in	  size	  of	  the	  membrane	  systems,	  since	  the	  real	  biological	  membranes	  

are	   composed	   of	   a	   complex	  mixture	   of	   numerous	   lipid	   species	   (Niemela	   et	   al.,	  
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2009).	  In	  a	  recent	  study,	  it	  was	  found	  that	  thousands	  of	  lipid	  species	  existed	  in	  a	  

single	  sample	  of	  adipose	  tissue	  (Pietilainen	  et	  al.,	  2011).	  Huge	  diversity	  of	  lipids	  

arises	   from	  variations	   in	  polar	  head	  groups,	   length	  and	  degree	  of	   saturation	   in	  

the	  hydrocarbon	  chains.	  Obviously,	  it	  is	  not	  possible	  to	  reproduce	  the	  diversity	  of	  

lipids	   in	   a	   real	   biological	   membrane,	   but	   generally	   a	   proper	   mixture	   of	  

cholesterol,	   saturated	   and	   unsaturated	   lipids	   is	   representative	   to	   cover	   most	  

lipid	  species	  properties.	  In	  model	  membranes,	  the	  behaviour	  of	  this	  lipid	  mixture	  

is	  well	  characterized	  (Almeida,	  2009)	  Moreover,	  it	  is	  known	  that	  cholesterol	  can	  

separate	  saturated	  lipids	  into	  a	  liquid-‐ordered	  (L!)	  phase	  by	  forming	  a	  relatively	  

stable	  complex,	  which	  was	  often	  referred	  as	  lipid	  rafts,	  whereas	  the	  unsaturated	  

lipids	  segregate	  into	  a	  liquid-‐disordered	  (L!)	  phase	  (Rheinstädter	  and	  Mouritsen,	  

2013).	   In	   simulations,	   evidences	   from	   coarse-‐grained	   simulations	   of	   a	   ternary	  

mixture	   have	   shown	   that	   cholesterol	   is	   preferentially	   interacted	   with	   long	  

saturated	   lipid	   types	   over	   polyunsaturated	   lipids.	   Typically,	   unsaturated	   lipid	  

bilayer	   is	   characterized	   by	   a	   lower	   transition	   temperature,	   and	   addition	   of	  

unsaturated	   lipids	   into	   bilayer	  mixture	  with	   cholesterol	  was	   found	   to	   increase	  

the	  fluidity	  of	  the	  membrane	  (Ollila	  et	  al.,	  2007b).	  Furthermore,	  it	  was	  found	  that	  

the	  orientation	  of	  cholesterol	  in	  saturated	  DMPC	  bilayer	  occurred	  different	  from	  

its	  orientation	  in	  polyunsaturated	  lipids	  (Kucerka	  et	  al.,	  2010).	  From	  the	  point	  of	  

view	  of	   raft-‐like	  domain,	   the	  atomistic	   simulations	  with	   ternary	  or	  higher	   lipid	  

mixture	   are	   very	   interesting	   and	   they	   may	   potentially	   shed	   light	   on	   the	  

underpinnings	  for	  forming	  raft-‐like	  domain	  in	  future.	   	  
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In	  addition,	  the	  cholesterol	  has	  been	  suggested	  to	  be	  involved	  of	  modulating	  the	  

properties	  of	  membrane	  proteins	  via	  direct	  and	  indirect	  approach.	  The	  indirect	  

effect	  of	   cholesterol	  on	  properties	   is	  mainly	  associated	  with	   the	  changes	  of	   the	  

membrane	   properties.	   The	   membrane	   thickness	   is	   involved	   of	   hydrophobic	  

matching	   with	   trans-‐membrane	   properties,	   and	   the	   lateral	   pressure	   profile	   is	  

correlated	   with	   the	   elasticity	   of	   the	   membrane.	   In	   addition,	   the	   dynamics	  

property	  of	  membrane	  is	  engaged	  to	  the	  lifetime	  of	  functional	  complexes	  formed	  

by	   lipids	   and	   proteins.	   Aside	   from	   the	   indirect	   effect,	   the	   functions	   of	   the	  

properties	   are	   also	   affected	  by	   the	  direct	   interactions	  between	   cholesterol	   and	  

proteins’	   functional	   units.	   In	   many	   cases,	   there	   is	   no	   distinguished	   boundary	  

between	  direct	  and	  indirect	  cholesterol	  effects,	  and	  it	  is	  hard	  to	  determine	  which	  

effect	   is	   main	   contributing	   factor	   for	   the	   altered	   protein	   conformation	   and	  

function.	   As	   it	   was	   found	   that	   cholesterol	   effects	   mostly	   occurred	   in	   the	  

hydrophobic	   region	   where	   the	   ring	   structure	   is	   located,	   the	   future	   work	   may	  

focus	  on	  the	  hydrophobic	  matching	  between	  proteins	  and	  lipids.	  It	  is	  reasonable	  

to	   start	   with	   simulations	   of	   the	   relatively	   simpler	   peptides	   embedded	   in	   the	  

cholesterol-‐containing	   lipid	   bilayer,	   and	   then	   move	   to	   more	   complicated	  

interactions	  with	  proteins.	  In	  future	  work,	  the	  cholesterol	  tilt	  parameter,	  which	  

is	  potentially	   indicative	   for	  protein	   functions,	   should	  be	  highly	   concerned	  with	  

respect	  to	  the	  changes	  of	  the	  proteins	  conformation.	  
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Appendix	  A	  

This	  python	  programme	  is	  used	  to	  track	  cholesterol	  that	  most	  likely	  underwent	  

flip-‐flop	  motions	  via	  checking	  how	  much	  times	  one	  switch	   its	  orientation	  along	  

z-‐axis	  over	  last	  60ns	  production	  simulations.	  

	  

MDAnalysis	   software	   library	   was	   used	   in	   this	   code.	   (Michaud-‐Agrawal	   et	   al.,	  

2011)	  

	  

Michaud-‐Agrawal,	   N.,	   Denning,	   E.	   J.,	   Woolf,	   T.	   B.	   and	   Beckstein,	   O.	   (2011)	  

'Software	   News	   and	   Updates	   MDAnalysis:	   A	   Toolkit	   for	   the	   Analysis	   of	  

Molecular	   Dynamics	   Simulations',	   Journal	   of	   Computational	   Chemistry,	  

32(10),	  pp.	  2319-‐2327.	  

	  

#-‐-‐-‐-‐-‐-‐Codes	  start-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

import	  sys,	  string	  

import	  numpy	  as	  np	  

from	  MDAnalysis	  import	  *	  

	  

if	  len(sys.argv)	  !=4	  :	  

	   	   print	  "Syntax:	  flip_flop.py	  psf.file	  dcd.file	  mol%	  "	  

	   	   sys.exit()	  

	  

skip	  =	  1	  

	  

time_interval=0.010*skip	  

	  

universe	  =	  Universe(sys.argv[1],sys.argv[2])	  

	  

box=universe.trajectory.ts.dimensions[:3]	  
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x_half=box[0]/2	  

y_half=box[1]/2	  

z_half=box[2]/2	  

	  

selection_C25	  =	  "resname	  CHL1	  and	  name	  C25"	  

C25_group	  =	  universe.selectAtoms(selection_C25)	   	   	   	   	  

C25_data	  =	  universe.trajectory.timeseries(C25_group,	  &	  

	   	   	   	   	   	   	   	   	   	   &format="afc",	  skip=skip)	  

	  

selection_O3	  =	  "resname	  CHL1	  and	  name	  O3"	  

O3_group	  =	  universe.selectAtoms(selection_O3)	  

O3_data	  =	  universe.trajectory.timeseries(O3_group,&	  

	   	   	   	   	   	   	   	   	   &format="afc",	  skip=skip)	  

	  

no_frame=C25_data.shape[1]	  

no_mol=C25_data.shape[0]	  

chol_vector=np.zeros((no_mol,no_frame,3))	  

	  

count_pbc=0.00	  

	  

for	  i	  in	  range	  (no_mol):	  

	   	   	   	   for	  j	  in	  range(no_frame):	  

	   	   	   	   	   	   	   	   if	  C25_data[i,j,0]-‐O3_data[i,j,0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,0]=C25_data[i,j,0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   elif	  C25_data[i,j,0]-‐O3_data[i,j,0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,0]=C25_data[i,j,0]+2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  C25_data[i,j,1]-‐O3_data[i,j,1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,1]=C25_data[i,j,1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   elif	  C25_data[i,j,1]-‐O3_data[i,j,1]<-‐y_half:	  
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	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,1]=C25_data[i,j,1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  C25_data[i,j,2]-‐O3_data[i,j,2]>z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,2]=C25_data[i,j,2]-‐2*z_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   elif	  C25_data[i,j,2]-‐O3_data[i,j,2]<-‐z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   C25_data[i,j,2]=C25_data[i,j,2]+2*z_half	  

	   	   	   	   	   	   	   	   	  

	  

chol_vector=O3_data-‐C25_data	  

	  

chol_length=np.sqrt(np.sum(np.power(chol_vector,2),axis=-‐1))	  

	  

unit_chol=np.zeros((no_mol,no_frame,3))	  

	  

for	  i	  in	  range(no_mol):	  

	   	   	   	   for	  j	  in	  range(no_frame):	  

	   	   	   	   	   	   	   	   unit_chol[i,j,:]=chol_vector[i,j,:]/chol_length[i,j]	  

chol=chol_vector	  

	  

cos_theta=np.dot(unit_chol,(0,0,1))	  

theta=np.arccos(cos_theta)	  

theta=np.rad2deg(theta)	  

	  

#print	  cos_theta.shape,theta.shape	  

	  

flip_flop=[]	  

	  

for	  i	  in	  range(no_mol):	  

	   	   	   	   for	  j	  in	  range(no_frame):	  

	   	   	   	   	   	   	   	   if	  chol[i,j,2]>0:	  

	   	   	   	   	   	   	   	   	   	   	   	   flip_flop.append(int(1))	   	   	  
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	   	   	   	   	   	   	   	   elif	  chol[i,j,2]<0:	  

	   	   	   	   	   	   	   	   	   	   	   	   flip_flop.append(int(-‐1))	  

flip_flop=np.asarray(flip_flop)	  

	  

flip_flop=flip_flop.reshape(no_mol,no_frame,1)	  

	  

no_flips=np.zeros((no_mol,1))	  

	  

	  

for	  i	  in	  range(no_mol):	  

	   	   	   	   count_flip=0	  

	   	   	   	   for	  j	  in	  range(no_frame):	  

	   	   	   	   	   	   	   	   if	  j==0:	  

	   	   	   	   	   	   	   	   	   	   	   	   ref_direction=flip_flop[i,0]	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  flip_flop[i,j]	  ==	  -‐ref_direction:	  

	   	   	   	   	   	   	   	   	   	   	   	   count_flip=count_flip+1	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   ref_direction	  =	  flip_flop[i,j]	  

	   	   	   	   	   	   	   	   	  

	   	   	   	   no_flips[i]=count_flip	   	   	   	   	  

	  

total_flips=0	  

	  

fliped_chol=0	  

for	  i	  in	  range(no_mol):	  

	   	   	   	   if	  no_flips[i]!=0:	  

	   	   	   	   	   	   	   	   fliped_chol=fliped_chol+1	  

	   	   	   	   total_flips=total_flips+no_flips[i]	  

	  

print	  'total	  flips:',total_flips	  

print	  'no_flipped	  chol',	  fliped_chol,	  ',in	  total	  number	  of	  cholesterol',	  no_mol	  

print	  'no	  of	  occurance	  of	  flip-‐flop:\n',no_flips	  
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out=open('%s_traj_for_most_flipped.dat'%(sys.argv[3]),'w')	  

out2=open('%s_angular_for_most_flipped.dat'%(sys.argv[3]),'w')	  

max_flip=max(no_flips)	  

	  

for	  i	  in	  range(no_mol):	  

	   	   	   	   if	  no_flips[i]	  ==	  max_flip:	  

	   	   	   	   	   	   	   	   for	  j	  in	  range(no_frame):	  

out.write('%f	  \t	  %f	  \t	  %f	  \n'%(j*&	  

	   	   	   	   	   	   	   	   &time_interval,	  O3_data[i,j,2],C25_data	  [i,j,2]))	  

	   	   	   	   	   	   	   	   	   	   	   	   out2.write('%f	  \t	  %f	  \n'%(j*time_interval,cos_theta[i,j]))	  

out.close()	  

out2.close()	  

	  

#-‐-‐-‐-‐-‐-‐Codes	  end-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  
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Appendix	  B	  

This	   python	   code	   is	   used	   to	   collect	   splay	   angles	   of	   three	   pairs:	   DPPC-‐DPPC,	  

DPPC-‐cholesterol,	   and	   cholesterol-‐cholesterol	   pairs	   in	   a	   cholesterol-‐containing	  

DPPC	  bilayer.	  The	  last	  60ns	  trajectory	  file	  was	  used	  for	  the	  collection.	  

	  

MDAnalysis	   software	   library	   was	   used	   in	   this	   code.	   (Michaud-‐Agrawal	   et	   al.,	  

2011)	  

	  

Michaud-‐Agrawal,	  N.,	  

	   Denning,	  E.	  J.,	  Woolf,	  T.	  B.	  and	  Beckstein,	  O.	  (2011)	  'Software	  News	  and	  Updates	  

MDAnalysis:	   A	   Toolkit	   for	   the	   Analysis	   of	   Molecular	   Dynamics	  

Simulations',	  Journal	  of	  Computational	  Chemistry,	  32(10),	  pp.	  2319-‐2327.	  

	  

#-‐-‐-‐-‐-‐-‐Codes	  start-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

import	  sys	  

from	  MDAnalysis	  import	  *	  

from	  numpy	  import	  *	  

from	  MDAnalysis.core.distances	  import	  *	   	   	   	   	   	   	   	   	  

from	  scipy.stats	  import	  norm	  

	  

skip=1	  

if	  len(sys.argv)	  !=4	  :	  

	   	   print	  "Syntax:	  splay_angle_collection.py	  psf_file	  dcd_123	  mol%_info"	  

	   	   sys.exit()	  

	  

limit_tilt=10	   	   #limit	  tilt	  angle	  for	  DPPC	  in	  splay	  angle	  pairing	  

limit_tilt_chl=10	  #limit	  tilt	  angle	  for	  cholesterol	  in	  splay	  angle	  pairing	  

limit_dis=10	   	   #limit	  molecular	  lateral	  distance	  for	  DPPC	  in	  splay	  angle	  pairing	  
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#########reading	  trajectory	  data	  files	  #############	  

	  

u=Universe(sys.argv[1],sys.argv[2])	  

	  

box	  =	  u.trajectory.ts.dimensions[:3]	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐Reading	  DPPC	  data-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

pc_head_P=u.selectAtoms('resname	  DPPC	  and	  name	  P')	  

pc_head_C=u.selectAtoms('resname	  DPPC	  and	  name	  C2')	  

	  

pc_tail_2C1=u.selectAtoms('resname	  DPPC	  and	  name	  C216')	  

pc_tail_2C2=u.selectAtoms('resname	  DPPC	  and	  name	  C215')	  

pc_tail_2C3=u.selectAtoms('resname	  DPPC	  and	  name	  C214')	  

	  

pc_tail_1C1=u.selectAtoms('resname	  DPPC	  and	  name	  C316')	  

pc_tail_1C2=u.selectAtoms('resname	  DPPC	  and	  name	  C315')	  

pc_tail_1C3=u.selectAtoms('resname	  DPPC	  and	  name	  C314')	  

	  

	  

pc_HP=u.trajectory.timeseries(pc_head_P,format='fac',skip=skip)	   	  

pc_HC=u.trajectory.timeseries(pc_head_C,format='fac',skip=skip)	  

	  

pc_T_2C1=u.trajectory.timeseries(pc_tail_2C1,format='fac',skip=skip)	  

pc_T_2C2=u.trajectory.timeseries(pc_tail_2C2,format='fac',skip=skip)	  

pc_T_2C3=u.trajectory.timeseries(pc_tail_2C3,format='fac',skip=skip)	   	   	  

	  

pc_T_1C1=u.trajectory.timeseries(pc_tail_1C1,format='fac',skip=skip)	  

pc_T_1C2=u.trajectory.timeseries(pc_tail_1C2,format='fac',skip=skip)	  

pc_T_1C3=u.trajectory.timeseries(pc_tail_1C3,format='fac',skip=skip)	  

	  

shape_pc=pc_HC.shape	   	   	   	  

frame=shape_pc[0]	  
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natoms_pc=shape_pc[1]	   	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐remove	  PBC	  and	  prepare	  DPPC	  vector-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

#remove	  PBC	  

x_half=box[0]/2	  

y_half=box[1]/2	  

z_half=box[2]/2	  

	  

pc_head=zeros((frame,natoms_pc,3))	  

pc_tail=zeros((frame,natoms_pc,3))	  

	  

#before	   get	   the	   midpoint,	   need	   to	   remove	   periodic	   boundary	   conditions	   #for	  

each	  molecule	  

#to	  do	  that,	  need	  chose	  one	  reference	  point,	  and	  calculate	  the	  distance	  in	  #x,y,z	  

direction,respectively.	  

#this	  is	  the	  easiest	  way	  to	  obtain	  that.chose	  Phosphate	  P	  as	  the	  reference	  point	  

	  

Candidates=[pc_HC,pc_T_1C1,pc_T_1C2,pc_T_1C3,pc_T_2C1,pc_T_2C2,pc_T_2C3]	  

	  

for	  i	  in	  range(frame):	   	   	   	  

	   	   	   	   for	  j	  in	  range(natoms_pc):	  

	   	   	   	   	   	   	   	   for	  z	  in	  range(len(Candidates)):	  

	   	   	   	   	   	   	   	   	   	   	   	   if	  pc_HP[i,j,0]-‐Candidates[z][i,j,0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,0]=Candidates[z][i,j,0]+2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   elif	  pc_HP[i,j,0]-‐Candidates[z][i,j,0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,0]=Candidates[z][i,j,0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   if	  pc_HP[i,j,1]-‐Candidates[z][i,j,1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,1]=Candidates[z][i,j,1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   elif	  pc_HP[i,j,1]-‐Candidates[z][i,j,1]<-‐y_half:	  
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	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,1]=Candidates[z][i,j,1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   if	  pc_HP[i,j,2]-‐Candidates[z][i,j,2]>z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,2]=Candidates[z][i,j,2]+2*z_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   elif	  pc_HP[i,j,2]-‐Candidates[z][i,j,2]<-‐z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   Candidates[z][i,j,2]=Candidates[z][i,j,2]-‐2*z_half	  

	  

#-‐-‐-‐-‐get	  PC	  midpoint	  in	  head	  and	  get	  geometric	  center	  of	  terminal	  three	  C	  #from	  

both	  tails	  -‐-‐-‐-‐-‐-‐-‐	  

	  

for	  i	  in	  range(frame):	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   for	  j	  in	  range(natoms_pc):	  

	   	   	   	   	   	   	   	   pc_head[i,j,:]=(pc_HP[i,j,:]+pc_HC[i,j,:])/2.0	   	   	  

	   	   	   	   	   	   	   	   pc_tail[i,j,:]=(pc_T_1C1[i,j,:]+pc_T_1C2[i,j,:]+pc_T_1C3[i,j,:]&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &+pc_T_2C1[i,j,:]+pc_T_2C2[i,j,:]+pc_T_2C3[i,j,:])/6.0	   	  

	  

del(pc_head_P,pc_head_C,pc_tail_2C1,pc_tail_2C2,pc_tail_2C3,&	  

	   	   	   &pc_tail_1C1,	  pc_tail_1C2,	  pc_tail_1C3)	  

del(pc_T_2C1,pc_T_2C2,pc_T_2C3,pc_T_1C1,pc_T_1C2,pc_T_1C3,&	  

	   	   	   &pc_HP,pc_HC)	  

	  

#DPPC	  orientation	  vector,	  point	  from	  the	  center	  of	  bilayer	  to	  edge	  

pc_vector=zeros((frame,natoms_pc,3))	  

	  

pc_vector=pc_head-‐pc_tail	   	   	   	   #DPPC	  's	  direction	  vector	  t	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐PC	  tilt	  angle	  calculation-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

length_pc=zeros((frame,natoms_pc))	  

z_dis_pc=abs(pc_vector[:,:,2])	  
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for	  i	  in	  range(frame):	  

length_pc[i,:]=sqrt((pc_vector[i,:,0])**2+pc_vector[i,:,1]**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   &pc_vector[i,:,2]	  **2)	   	  

	  

cos_theta_pc=z_dis_pc/length_pc	  

	  

theta_pc=arccos(cos_theta_pc)	  

theta_pc=rad2deg(theta_pc)	   	   	   #convert	  radian	  into	  degrees	  

	  

angle_length=open('first_frame_length_angle.dat','w')	  

angle_length.write('atom_no_j	   	   length_PC	   	   theta_PC	  \n')	  

	  

for	  j	  in	  range(natoms_pc):	  

	   	   	   	   	   angle_length.write('%d	  %f	  %f	  \n'%(j+1,length_pc[0,j],theta_pc[0,j]))	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐read	  data	  for	  CHOL	  from	  trajectory	  -‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

chl_3=u.selectAtoms('resname	  CHL1	  and	  name	  C3')	  

chl_17=u.selectAtoms('resname	   CHL1	   and	   name	   C23')	   	   	   ##	   redefined	   C3-‐C23	  

vector	  for	  cholesterol	  

chl_c3=u.trajectory.timeseries(chl_3,format='fac',skip=skip)	   	   	  

chl_c17=u.trajectory.timeseries(chl_17,format='fac',skip=skip)	   	  

	  

shape_chol=chl_c3.shape	  

frame_chol=shape_chol[0]	  

natoms_chl=shape_chol[1]	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐Chol	  vector	  preparation:	  remove	  PBC-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

chl_x_pbc=0	  

chl_y_pbc=0	  

chl_z_pbc=0	  

	  



	   167	  

for	  i	  in	  range(frame):	   	   	   	  

	   	   	   	   for	  j	  in	  range(natoms_chl):	  

	   	   	   	   	   	   	   	   #-‐-‐-‐-‐-‐-‐-‐-‐-‐for	  x-‐direction-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  chl_c3[i,j,0]-‐chl_c17[i,j,0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,0]=chl_c17[i,j,0]+2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_x_pbc=chl_x_pbc+1	  

	   	   	   	   	   	   	   	   elif	  chl_c3[i,j,0]-‐chl_c17[i,j,0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,0]=chl_c17[i,j,0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_x_pbc=chl_x_pbc+1	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   #-‐-‐-‐-‐-‐-‐-‐-‐-‐for	  y-‐direction-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  chl_c3[i,j,1]-‐chl_c17[i,j,1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,1]=chl_c17[i,j,1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_y_pbc=chl_y_pbc+1	  

	   	   	   	   	   	   	   	   elif	  chl_c3[i,j,1]-‐chl_c17[i,j,1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,1]=chl_c17[i,j,1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_y_pbc=chl_y_pbc+1	  

	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   #-‐-‐-‐-‐-‐-‐-‐-‐-‐for	  z-‐direction-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   if	  chl_c3[i,j,2]-‐chl_c17[i,j,2]>z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,2]=chl_c17[i,j,2]+2*z_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_z_pbc=chl_z_pbc+1	  

	   	   	   	   	   	   	   	   elif	  chl_c3[i,j,2]-‐chl_c17[i,j,2]<-‐z_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_c17[i,j,2]=chl_c17[i,j,2]-‐2*z_half	  

	   	   	   	   	   	   	   	   	   	   	   	   chl_z_pbc=chl_z_pbc+1	  

	  

chl_vector=chl_c3-‐chl_c17	   	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐CHOL	  tilt	  angle	  calculation-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

	  

theta_chl=zeros((frame_chol,natoms_chl))	   	  

length_chl=zeros((frame_chol,natoms_chl))	  
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z_dis_chl=abs(chl_vector[:,:,2])	  

	  

for	  i	  in	  range(frame_chol):	  

	   	   	   length_chl[i,:]=sqrt((chl_vector[i,:,0])**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &chl_vector[i,:,1]**2+chl_vector[i,:,2]**2)	  

	  

cos_theta_chl=z_dis_chl/length_chl	  

	  

theta_chl=arccos(cos_theta_chl)	  

theta_chl=rad2deg(theta_chl)	   	   	  

	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐DPPC-‐Cholesterol	  splay	  angle	  calculation-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

angle_a_upper=[]	  

angle_a_lower=[]	  

angle_a_total=[]	  

	  

##upper_layer	  

for	  i	  in	  range(frame):	  

	   	   	   	   for	  j	  in	  range(natoms_pc):	  

	   	   	   	   	   	   	   	   if	  pc_vector[i,j,2]>0:	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(natoms_chl):	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  chl_vector[i,k,2]>0:	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

if	  theta_pc[i,j]<=limit_tilt	  

or	  theta_chl[i,k]<=limit_tilt_chl:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=pc_head[i,j,:]-‐chl_c3[i,k,:]	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  
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	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

cos_a=dot(pc_vector[i,j],chl_vector[i,k])/&	  

	   	   	   	   	   &(length_pc[i,j]*length_chl[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_upper.append(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	  

##lower_layer	  

for	  i	  in	  range(frame):	   	   	   	   	  

	   	   	   	   for	  j	  in	  range(natoms_pc):	  

	   	   	   	   	   	   	   	   if	  pc_vector[i,j,2]<0:	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(natoms_chl):	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  chl_vector[i,k,2]<0:	   	   	   	   	   	   	   	  

if	  theta_pc[i,j]<=limit_tilt	  

or	  theta_chl[i,k]<=limit_tilt_chl:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=pc_head[i,j,:]-‐chl_c3[i,k,:]	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  
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	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2+&	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   cos_a=dot(pc_vector[i,j],chl_vector[i,k])&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &/(length_pc[i,j]*length_chl[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_lower.append(angle_a)	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	  

angle_a_upper=asarray(angle_a_upper)	  

angle_a_lower=asarray(angle_a_lower)	  

angle_a_total=asarray(angle_a_total)	  

	  

bin_z=arange(0,91,1)	  

	  

his_z=histogram(angle_a_total,bin_z,normed=False)	   	  

	  

pdf_alpha=his_z[0]	  

	  

file_tilt_angle=open('%s_PC_CHL_angle.dat'%sys.argv[3],'w')	  

	  

for	  i	  in	  range(len(pdf_alpha)):	  

	   	   	   	   file_tilt_angle.write('%i	  '%(bin_z[i+1])+'	  %.8f'%pdf_alpha[i]+'\n')	  

	  

file_tilt_angle.close()	   	  

del(angle_a_upper,angle_a_lower,angle_a_total)	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐DPPC-‐DPPC	  splay	  angle	  calculation-‐-‐-‐-‐-‐-‐-‐-‐	  

angle_a_upper=[]	  
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angle_a_lower=[]	  

angle_a_total=[]	  

	  

##upper_layer	  

for	  i	  in	  range(frame):	  

	   	   	   	   for	  j	  in	  range(natoms_pc-‐1):	  #go	  over	  all	  pairs	  of	  pc-‐pc	  pairs	  

	   	   	   	   	   	   	   	   if	  pc_vector[i,j,2]>0:	   	   	   #to	  discard	  flipped	  lipids	  

	   	   	   	   	   	   	   	   	   	   	   #up_1=up_1+1	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(j+1,natoms_pc):	  #	  over	  all	  pairs	  of	  pc-‐pc	  pairs	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  pc_vector[i,k,2]>0:	   	   #discard	  flipped	  lipids	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   #filter	  out	  theta	  over	  10	  degree	   	  

if	  theta_pc[i,j]<=limit_tilt	  

or	  theta_pc[i,k]<=limit_tilt:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=pc_head[i,j,:]-‐pc_head[i,k,:]	   	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &+vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   cos_a=dot(pc_vector[i,j],pc_vector[i,k])/&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &(length_pc[i,j]*length_pc[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  
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	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_upper.append(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	  

##lower_layer	  

for	  i	  in	  range(frame):	  

	   	   	   	   for	  j	  in	  range(natoms_pc-‐1):	  

	   	   	   	   	   	   	   	   if	  pc_vector[i,j,2]<=0:	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(j+1,natoms_pc):	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  pc_vector[i,k,2]<=0:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   #filter	  the	  theta	  over	  limit_tilt	   	  

if	  theta_pc[i,j]<=limit_tilt	  

or	  theta_pc[i,k]<=limit_tilt:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=pc_head[i,j,:]-‐pc_head[i,k,:]	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   cos_a=dot(pc_vector[i,j],pc_vector[i,k])/&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &(length_pc[i,j]*length_pc[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  



	   173	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_lower.append(angle_a)	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	  

angle_a_upper=asarray(angle_a_upper)	  

angle_a_lower=asarray(angle_a_lower)	  

angle_a_total=asarray(angle_a_total)	  

	  

bin_z=arange(0,91,1)	   	   #create	  a	  bin	  array	  from	  0	  to	  90	  

	  

his_z=histogram(angle_a_total,bin_z,normed=False)	   	   #	  not	  normalized	  

	  

pdf_alpha=his_z[0]	   	   	   #get	  the	  probability	  distribution	  data	  

	  

file_tilt_angle=open('%s_PC_PC_angle.dat'%sys.argv[3],'w')	  

	  

for	  i	  in	  range(len(pdf_alpha)):	  

	   	   	   	   file_tilt_angle.write('%i	  '%(bin_z[i+1])+'	  %.8f'%pdf_alpha[i]+'\n')	  

	  

file_tilt_angle.close()	   	  

	  

del(angle_a_upper,angle_a_lower,angle_a_total)	  

	  

#-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐CHL-‐CHL	  splay	  angle	  calculation-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  

angle_a_upper=[]	  

angle_a_lower=[]	  

angle_a_total=[]	  

	  

up_1=0	  

up_2=0	  

##upper_layer	  

for	  i	  in	  range(frame):	  

	   	   	   	   for	  j	  in	  range(natoms_chl-‐1):	  

	   	   	   	   	   	   	   	   if	  chl_vector[i,j,2]>0:	  
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	   	   	   	   	   	   	   	   	   	   	   	   up_1=up_1+1	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(j+1,natoms_chl):	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  chl_vector[i,k,2]>0:	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

if	  theta_chl[i,j]<=limit_tilt_chl	  or	  &	  

&	  theta_chl[i,k]<=limit_tilt_chl	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=chl_c3[i,j,:]-‐chl_c3[i,k,:]	  #	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   cos_a=dot(chl_vector[i,j],chl_vector[i,k])&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &/(length_chl[i,j]*length_chl[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_upper.append(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

low_1=0	  

##lower_layer	  

for	  i	  in	  range(frame):	   	   	   	   	  
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	   	   	   	   for	  j	  in	  range(natoms_chl-‐1):	  

	   	   	   	   	   	   	   	   if	  chl_vector[i,j,2]<0:	  

	   	   	   	   	   	   	   	   	   	   	   	   low_1=low_1+1	  

	   	   	   	   	   	   	   	   	   	   	   	   for	  k	  in	  range(j+1,natoms_chl):	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  chl_vector[i,k,2]<0:	   	   	   	   	   	   	   	  

if	  theta_chl[i,j]<=limit_tilt_chl	  or	  &	  

&	  theta_chl[i,k]<=	  limit_tilt_chl:	  

	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk=chl_c3[i,j,:]-‐chl_c3[i,k,:]	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[0]>x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]-‐2*x_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[0]<-‐x_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[0]=vector_jk[0]+2*x_half	  

	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  vector_jk[1]>y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]-‐2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   elif	  vector_jk[1]<-‐y_half:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   vector_jk[1]=vector_jk[1]+2*y_half	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   jk_distance=sqrt(vector_jk[0]**2+&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &vector_jk[1]**2+vector_jk[2]**2)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   if	  jk_distance	  <=limit_dis:	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   cos_a=dot(chl_vector[i,j],chl_vector[i,k])&	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   &/	  (length_chl[i,j]*length_chl[i,k])	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=arccos(cos_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a=rad2deg(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_lower.append(angle_a)	   	   	   	   	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   angle_a_total.append(angle_a)	  

	   	   	   	   	   	   	   	   	   	   	  

	  

angle_a_upper=asarray(angle_a_upper)	  
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angle_a_lower=asarray(angle_a_lower)	  

angle_a_total=asarray(angle_a_total)	  

	  

bin_z=arange(0,91,1)	  

	  

his_z=histogram(angle_a_total,bin_z,normed=False)	   	  

	  

pdf_alpha=his_z[0]	  

	  

file_tilt_angle=open('%s_CHL_CHL_angle.dat'%sys.argv[3],'w')	  

	  

for	  i	  in	  range(len(pdf_alpha)):	  

	   	   	   	   file_tilt_angle.write('%i	  '%(bin_z[i+1])+'	  %.8f'%pdf_alpha[i]+'\n')	  

	  

file_tilt_angle.close()	   	  

del(angle_a_upper,angle_a_lower,angle_a_total)	  

	  

#-‐-‐-‐-‐-‐-‐Codes	  End-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐-‐	  


