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The	   goal	   of	   this	   project	   is	   to	   study	   intrinsically	   disordered	   proteins	   (IDPs)	   and	   relate	   their	  
structure	   and	   function	   in	   solution	  with	   the	   adsorbed	   state.	   For	   this	   purpose	  we	   are	   using	  
combined	  theoretical	  and	  experimental	  approach	  and	  the	  aim	  of	  the	  project	  is	  twofold:	  (1)	  
to	  develop	  a	  coarse-‐grained	  model	  for	  IDPs	  based	  on	  experimental	  results	  which	  can	  be	  used	  
for	  modelling	  complex	  mixtures	  as	  saliva,	  and	  (ii)	  achieve	  an	  understanding	  of	  the	  behaviour	  
of	   salivary	   proteins	   and	   to	   connect	   the	   structure	   and	   function	   in	   solution	   with	   adsorbed	  
state.	  
	  
Histatin	   is	  a	  small	  peptide	  of	  24	  amino	  acids	  with	  a	  net	  charge	  of	  +5e	  at	  pH	  7	  as	  shown	   in	  
Figure	  1.	  In	  the	  oral	  cavity,	  pH	  can	  vary	  between	  4-‐8	  during	  consumption	  etc.	  and	  as	  visible	  
in	  Figure	  1,	  it	  clearly	  affects	  the	  net	  charge	  of	  the	  protein.	  Hence,	  it	  is	  reasonable	  to	  believe	  
that	   this	  variance	   in	  net	  charge	   in	  combination	  with	  varying	  salivary	  solution	  conditions	  as	  
monovalent	   and	   divalent	   salts	   have	   large	   effects	   on	   the	   electrostatic	   interactions	   in	   the	  
system.	  	  
	  

	  
	  

Figure	  1.	  Titration	  curve	  for	  Histatin	  5	  obtained	  from	  Monte	  Carlo	  simulations	  	  
using	  the	  inhouse	  simulation	  package	  Faunus.1	  

	  
In	  June	  2013	  we	  performed	  SAXS-‐measurements	  at	  BM29	  for	  Histatin	  5	  for	  different	  solution	  
conditions	  as	  varying	  protein	  concentration,	  pH,	  salt	  concentration	  and	  valency.	  The	  results	  
for	  monovalent	   salt	   and	   pH	   were	   very	   promising	   and	   the	   SAXS-‐experiments	   clearly	   show	  
that	   electrostatic	   interactions	   are	   of	   importance.	   For	   divalent	   salt,	   further	  measurements	  
need	   to	  be	  performed.	  For	  proteins	   solution	  at	  physiological	   salt	   concentrations,	  were	   the	  
electrostatic	   interactions	  are	  screened,	   simulation	  programs	  as	   	   “Flexible-‐meccano”	  can	  be	  
utilized.	   Generation	   of	   1000	   conformations	   were	   performed	   using	   this	   program,2	   and	   the	  
population-‐weighted	  amino	  acid	  specific	  potentials	  are	  derived	  from	  a	  compilation	  of	  non-‐
secondary	   structural	   elements	   of	   high-‐resolution	   X-‐ray	   crystallographic	   protein	   structures.	  
The	  peptide	  chain	   is	  constructed	  by	  using	   the	  selected	   {φ/ψ}	  pairs	   to	  sequentially	  connect	  
peptide	  planes.”	  



	  
Figure	  2.	  Snapshot	  of	  the	  protein	  solution	  using	  Flexible	  Meccano.2	  

	  
The	   preliminary	   results	   indicate	   that	   the	   protein	   is	   fully	   unfolded	   without	   structured	  
elements	  and	  behaves	  like	  a	  polymer	  chain	  and	  the	  averaged	  curve	  is	  in	  excellent	  agreement	  
with	  the	  experimental	  curve,	  see	  Figure	  3.	  
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Figure	  3.	  Intensity	  curve	  obtained	  from	  SAXS	  experiments	  at	  BM29	  and	  	  
simulation	  results	  using	  Flexible	  Meccano.	  

	  
This	  results	  are	  in	  line	  with	  Monte	  Carlo	  simulations	  using	  the	  in-‐house	  simulation	  package	  
Molsim.3	  	  In	  this	  model	  the	  flexible	  chainlike	  protein	  is	  represented	  by	  a	  freely	  jointed	  chain	  
of	  hard	  spheres	  beads	  connected	  by	  harmonic	  bonds,	  where	  a	  bead	   is	  negatively	  charged,	  
positively	  charged,	  or	  uncharged.4-‐6	  The	  nature	  of	  each	  bead	  was	  identified	  from	  the	  amino	  
acid	   sequence,	   and	   it	   is	   assumed	   that	   an	   amino	   acid	   is	   protonated	   at	   pH	   >	   pKa	   and	  
deprotonated	   at	   pH	   <	   pKa.	   The	   charge	   distribution	   of	   the	   protein	   was	   obtained	   using	  
Faunus.1	  A	  bead	   radius	  of	  2	  Å	  provides	  a	   realistic	   contact	   separation	  between	   the	  charges	  
and	  represents	  an	  accurate	  description	  of	  the	  Coulomb	  interaction.	  The	  counterions	  to	  the	  
charged	  amino	  acids	  and	  the	  monovalent	  salt	  were	  treated	  explicitly.	  	  
	  
In	   this	   report,	   results	   are	   declared	   for	   protein	   concentration	   4.7	   mg/ml	   and	   pH≈7,	   but	  
agreement	   between	   simulations	   and	   SAXS	   measurements	   are	   shown	   for	   all	   protein	  
concentrations.	  
	  
Comparison	  between	   simulations	  and	   scattering	  data	   for	   the	  monomeric	  protein	   indicates	  
that	  at	   low	  salt	   concentrations,	   the	  net	   charge	  of	   the	  protein	  determines	   the	  electrostatic	  
interactions	  and	  that	   the	  protein	  can	  be	  modelled	  as	  a	  chain	  with	  smeared	  charge	  density	  

	  



see	   Figure	   4	   (upper).	   At	   higher	   salt	   concentrations,	   the	   heterogeneity	   of	   the	   charge	  
distribution	  needs	  to	  be	  taken	  into	  account,	  see	  Figure	  4	  (lower).	  
	  
 

	  
	   	  

	  
 
	  

Figure	  4.	  SAXS-‐measurements	  performed	  in	  Grenoble	  for	  Histatin	  5	  
at	  low	  	  and	  high	  	  salt	  concentrations,	  upper	  and	  lower	  figure	  respectively.	  	  

The	  protein	  concentration	  is	  4.7	  mg/ml	  and	  pH	  7.	  
	  



To	  the	  authors	  knowledge	  this	  has	  not	  been	  published	  before,	  and	  it	  is	  a	  step	  toward	  a	  more	  
thoroughly	  understanding	  of	  the	  behaviour	  of	  flexible	  proteins.	  The	  software	  available	  today	  
for	  evaluating	  SAXS-‐data	  cannot	  take	  intermolecular	  interactions	  into	  account.	  	  
	  
The	   next	   step	   is	   to	   validate	   the	   hypothesis	   that	   the	   protein	   can	   be	   treated	   with	   a	  
homogenous	   charge	   distribution	   at	   low	   salt	   concentrations,	   and	   with	   a	   heterogeneous	  
charge	  distribution	  at	  high	  salt	  concentrations,	  and	  generalize	  it	  to	  be	  applicable	  for	  flexible	  
proteins	   as	   a	   group	   of	   proteins.	   For	   that	   purpose	   we	   need	   to	   extend	   our	   experimental	  
studies	  by	  performing	  more	  SAXS	  measurements	  at	  different	  solution	  conditions	  and	  protein	  
concentrations,	  especially	  the	  effect	  of	  divalent	  ions,	  and	  to	  develop	  our	  simulation	  program	  
further	   with	   respect	   of	   analysing	   scattering	   data.	   The	   SAXS	   measurements	   will	   be	  
complemented	  with	  CRYO-‐TEM	  and	  NMR	  to	  confirm	  the	  size,	  size	  distribution,	  structure	  and	  
conformation	  of	  the	  proteins/aggregates.	  
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