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Science	
  Ques(on	
  and	
  Significance:	
  	
  What	
  are	
  the	
  effects	
  of	
  molecular	
  shape	
  change	
  on	
  dynamic	
  assembly	
  of	
  biological	
  and	
  bio-­‐inspired	
  supramolecular	
  materials?	
  	
  U(lizing	
  new	
  computa(onal	
  models	
  and	
  designer	
  synthe(c	
  systems,	
  we	
  
reveal	
  new	
  understanding	
  of	
  mechanisms	
  for	
  conforma(onally-­‐mediated	
  microtubule	
  instability	
  and	
  demonstrate	
  how	
  directed	
  changes	
  in	
  molecular	
  shape	
  can	
  control	
  dynamic	
  nanostructures.	
  These	
  molecular-­‐scale	
  insights	
  collec(vely	
  
advance	
  new	
  strategies	
  to	
  control	
  dynamic	
  and	
  adap(ve	
  materials.	
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Technical	
  Foci:	
  
	
  

•  U(lizing	
  molecular	
  simula(ons	
  to	
  understand	
  driving	
  
forces	
  for	
  dynamic	
  behavior	
  in	
  MTs	
  

•  Intermolecular	
  interac(on	
  strengths	
  
•  Changes	
  in	
  molecular	
  shape	
  to	
  control	
  assembly	
  

•  Develop	
  and	
  study	
  dynamic	
  synthe(c	
  molecular	
  systems	
  
that	
  incorporate	
  iden(fied	
  key	
  driving	
  forces	
  to	
  mimic	
  
dynamic	
  supramolecular	
  behavior	
  seen	
  in	
  biology	
  	
  

	
  Recent	
  Progress	
  

	
  Project	
  Descrip#on	
  	
  
Programma#c	
  Goal:	
  	
  
	
  

	
  We	
  aim	
  to	
  understand	
  and	
  apply	
  key	
  principles	
  and	
  strategies	
  by	
  which	
  
biomolecular	
  and	
  biomime(c	
  systems	
  exhibit	
  programmed	
  or	
  self-­‐directed	
  
dynamic,	
  adaptable	
  assembly,	
  organiza(on,	
  and	
  disassembly.	
  Here,	
  we	
  
explicitly	
  combine	
  theory	
  and	
  experiment	
  to	
  explore	
  synthe(c	
  molecular	
  
systems	
  that	
  mimic	
  elements	
  of	
  structure	
  and	
  dynamic	
  func(on	
  found	
  in	
  
natural,	
  energy	
  consuming	
  protein	
  assemblies,	
  such	
  as	
  microtubules	
  (MTs).	
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Simula#ng	
  MT	
  Instability	
  
Jonathan	
  Bollinger	
  and	
  Mark	
  Stevens	
  (msteve@sandia.gov)	
  

Inspira#on:	
  	
  Dephosphoryla(on	
  of	
  tubulin-­‐bound	
  GTP	
  
is	
  hypothesized	
  to	
  induce	
  molecular	
  shape	
  changes	
  
that	
  destabilize	
  the	
  MT.	
  	
  	
  

Scien#fic	
  Challenge:	
  Can	
  we	
  simulate	
  this	
  process	
  
to	
  understand	
  the	
  role	
  of	
  molecular-­‐scale	
  
mechanical	
  strain	
  on	
  MT	
  dynamics?	
  	
  

Technical	
  Approach:	
  	
  Examine	
  molecular	
  dynamics	
  
(MD)	
  simula(ons	
  of	
  MTs,	
  built	
  from	
  a	
  coarse-­‐
grained	
  model	
  of	
  tubulin:	
  
•  Model	
  α/β-­‐tubulin	
  as	
  tubule-­‐forming	
  wedge-­‐dimers	
  with	
  

patchy	
  aJrac(ons	
  

•  Angle	
  θ=15o	
  mimics	
  compac(on	
  of	
  outer	
  intermediate	
  
domain	
  of	
  a-­‐subunit	
  observed	
  by	
  cryo-­‐EM	
  and	
  resembles	
  
“bent”	
  tubulin	
  

•  Prebuild	
  MTs	
  with	
  uncompacted/compacted	
  dimers	
  
(op(onal	
  cap)	
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•  For	
  uncapped	
  MTs	
  built	
  with	
  compacted	
  dimers,	
  we	
  
observe	
  catastrophic	
  depolymeriza(on	
  at	
  select	
  
aJrac(on	
  strengths	
  

•  Exposed	
  dimers	
  are	
  released	
  from	
  “ram’s	
  horns”,	
  closely	
  
resembling	
  cryo-­‐EM	
  images	
  	
  	
  	
  of	
  depolymerizing	
  MT	
  

•  Depolymeriza(on	
  can	
  be	
  	
  averted	
  by	
  cap	
  region	
  of	
  GTP-­‐
tubulin,	
  as	
  in	
  experiments.	
  	
  (Mitchison	
  T.	
  and	
  Kirschner	
  
M.	
  Nature,	
  312	
  (1984).	
  

•  Sufficiently	
  strong	
  interac(ons	
  prevent	
  dimer	
  
dissocia(on	
  and	
  even	
  unpeeling	
  

MT-­‐Inspired	
  Dynamic	
  Assembly	
  
	
  Brad	
  Jones,	
  Jill	
  Wheeler,	
  Alina	
  MarLnez,	
  Dominic	
  McGrath	
  (U.	
  Ariz),	
  Jeffrey	
  Vervacke	
  and	
  Erik	
  Spoerke	
  

Inspira#on:	
  	
  Observa(ons	
  of	
  biological	
  MTs	
  and	
  our	
  MD	
  simula(ons	
  suggest	
  
that	
  contrac(on	
  (shape	
  change)	
  of	
  self-­‐assembled	
  building	
  blocks	
  can	
  
destabilize	
  supramolecular	
  tubules.	
  Di(phenylalanine)	
  dipep(des,	
  known	
  to	
  
self-­‐assemble	
  into	
  ordered	
  tubules	
  and	
  other	
  extended	
  nanostructures,	
  are	
  
an	
  aJrac(ve	
  plahorm	
  to	
  test	
  this	
  idea	
  in	
  a	
  synthe(c	
  system.	
  	
  	
  	
  	
  

Scien#fic	
  Challenge:	
  Can	
  we	
  introduce	
  a	
  shape-­‐changing	
  element	
  to	
  manipulate	
  dynamic	
  assembly	
  of	
  a	
  synthe(c	
  self-­‐assembling	
  
di(phenylalanine)	
  dipep(de	
  ?	
  

Technical	
  Approach:	
  	
  Incorporate	
  azobenzene	
  deriva(ves	
  into	
  di(phenylalanine)	
  dipep(des	
  and	
  u(lize	
  photoisomeriza(on	
  to	
  
induce	
  shape	
  changes	
  and	
  dynamic	
  assembly.	
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UV-­‐Vis	
  spectroscopy	
  reveals	
  reversible	
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  in	
  AzbFF	
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FTIR	
  spectroscopy	
  correlates	
  changes	
  in	
  AzbFF	
  
secondary	
  structure	
  with	
  AzbFF	
  compac(on	
  
indica(ng	
  disrup(on	
  of	
  pep(de	
  molecular	
  packing.	
  

UV 
light 
off	
  

1)	
  Pep(de	
  is	
  dissolved	
  in	
  HFIP	
  at	
  2	
  mg/mL	
  and	
  
water	
  is	
  introduced.	
  	
  	
  

UV 
light 
on	
  

Peptide precipitate forms.  Scanning electron 
microscopy (SEM) reveals tubules, 
consistent with di(phenylalanine) assembly.  

Precipitate dissolves and SEM reveals loss 
of peptide structure. Concentration of HFIP 
to control bond strength is critical. 

2)	
  In	
  a	
  water	
  bath	
  (heat	
  sink),	
  precipitated	
  pep(de	
  
is	
  exposed	
  to	
  UV-­‐light.	
  	
  

3)	
  UV	
  light	
  is	
  removed	
  and	
  pep(de	
  is	
  allowed	
  
to	
  “recover”	
  in	
  the	
  dark.	
  	
  	
  

Fine precipitate reforms, and SEM reveals a 
fine, fibrous structure. Repeated UV exposure 
shows this to be a cyclable phenomenon. 

Dynamic	
  Pep#de	
  Assembly	
  

with	
  Prof.	
  Dominic	
  McGrath	
  and	
  Edgardo	
  Hernandez	
  (U	
  of	
  AZ)	
  

Sandia	
  Na(onal	
  Laboratories	
  is	
  a	
  mul(-­‐mission	
  laboratory	
  managed	
  and	
  operated	
  by	
  Na(onal	
  Technology	
  and	
  Engineering	
  Solu(ons	
  of	
  Sandia,	
  LLC.,	
  a	
  wholly	
  owned	
  subsidiary	
  of	
  Honeywell	
  Interna(onal,	
  Inc.,	
  for	
  the	
  U.S.	
  Department	
  of	
  Energy’s	
  Na(onal	
  Nuclear	
  Security	
  Administra(on	
  under	
  contract	
  DE-­‐NA0003525.	
  	
  

We	
  gratefully	
  acknowledge	
  support	
  from	
  the	
  Department	
  of	
  Energy,	
  Office	
  of	
  Basic	
  Energy	
  Sciences,	
  Division	
  of	
  Materials	
  Sciences	
  and	
  Engineering,	
  Project	
  KC0203010.	
  This	
  work	
  was	
  performed,	
  in	
  part,	
  at	
  the	
  Center	
  for	
  Integrated	
  Nanotechnologies,	
  an	
  Office	
  of	
  Science	
  User	
  
Facility	
  operated	
  for	
  the	
  U.S.	
  Department	
  of	
  Energy	
  (DOE)	
  Office	
  of	
  Science.	
  	
  

Compaction
induces stress

Cryo-­‐EM	
  images	
  of	
  real	
  depolymerizing	
  MTs,	
  with	
  
red	
  traces	
  highligh(ng	
  characteris(c	
  “ram’s	
  horns.”	
  	
  

Chré(en	
  D.,	
  Fuller	
  S.D.,	
  and	
  Karsen(	
  E.	
  J.	
  Cell.	
  
Biol.,	
  129	
  (1995).	
  

(Len)	
  Close-­‐up	
  of	
  dimer	
  models:	
  each	
  subunit	
  wedge	
  includes	
  27	
  
repulsive	
  beads	
  and	
  8	
  aJrac(ve	
  beads.	
  (Right)	
  Tops	
  of	
  pre-­‐built	
  MTs.	
  	
  

	
  Future	
  Work	
  

Molecular	
  Dynamics	
  Simula#ons	
  

Simula(on	
  snapshots	
  of	
  MTs	
  given	
  various	
  interac(on	
  strengths.	
  MTs	
  that	
  are	
  stable	
  exhibit	
  no	
  unpeeling	
  or	
  breakage.	
  MTs	
  that	
  
exhibit	
  stable	
  leaves	
  unpeel	
  to	
  a	
  quasi-­‐equilibrium	
  length	
  with	
  minimal	
  dimer	
  ejec(on.	
  MTs	
  undergoing	
  catastrophic	
  
depolymeriza(on	
  unpeel	
  and	
  eject	
  dimers	
  (shown	
  as	
  (me-­‐lapse)	
  unless	
  stabilized	
  by	
  an	
  uncompacted	
  cap.	
  MTs	
  are	
  considered	
  
unstable	
  if	
  they	
  exhibit	
  spontaneous	
  breakage	
  even	
  when	
  capped.	
  (J.	
  Bollinger	
  and	
  M.J.	
  Stevens	
  (2017))	
  	
  

Catastrophic depolymerization  
ALateral=2.2 kBT, AVertical=3.2 kBT 

Stable 
AL=2.6, AV=3.2 
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Stable leaves 
AL=2.2, AV=4.4 

Behaviors	
  of	
  compacted	
  MTs	
  as	
  func(on	
  of	
  ver(cal	
  AV	
  and	
  
lateral	
  AL	
  aJrac(on	
  strengths.	
  Secondary	
  axes	
  show	
  the	
  total	
  
absolute	
  aJrac(on	
  energies	
  possible	
  between	
  bonded	
  lateral	
  
or	
  ver(cal	
  surfaces	
  of	
  subunits	
  on	
  two	
  adjacent	
  dimers.	
  Solid	
  
symbols	
  denote	
  where	
  uncapped	
  MTs	
  exhibit	
  catastrophe,	
  
stable	
  leaves,	
  or	
  stability,	
  but	
  capped	
  MTs	
  are	
  perpetually	
  
stable.	
  Open	
  circles	
  denote	
  where	
  compacted	
  MTs	
  are	
  
unstable	
  with	
  or	
  without	
  caps.	
  Blue	
  lines	
  show	
  boundaries	
  of	
  
rapidly	
  increasing	
  stability	
  for	
  uncompacted	
  MTs.	
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  (2014)	
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Depolymeriza(on	
  

•  Vary	
  distribu(on	
  of	
  
compacted	
  en((es	
  and	
  
introduce	
  assembly	
  defects	
  

•  Explore	
  alterna(ve	
  stabilizers	
  
(e.g.,	
  MAPS,	
  Taxol,	
  etc.)	
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A.	
  Mar(nez,	
  E.D.	
  Spoerke,	
  et	
  al.	
  (2017)	
  	
  

Although	
  MT	
  instability	
  has	
  been	
  observed	
  
experimentally,	
  it	
  is	
  extremely	
  difficult	
  to	
  explore	
  these	
  
processes	
  mechanis(cally.	
  	
  Our	
  studies	
  illustrate	
  a	
  
powerful	
  new	
  way	
  to	
  systema(cally	
  interrogate	
  this	
  type	
  
of	
  dynamic	
  system.	
  	
  	
  
•  Biologically,	
  this	
  work	
  helps	
  confirm	
  hypotheses	
  around	
  the	
  

role	
  of	
  molecular	
  contrac(on	
  and	
  GTP	
  hydrolysis	
  on	
  
dynamic	
  instability.	
  

•  In	
  materials	
  science,	
  this	
  work	
  reveals	
  key	
  parameters	
  and	
  
new	
  mechanisms	
  to	
  control	
  dynamic,	
  synthe(c	
  materials.	
  	
  

Compaction
induces stress

Full	
  cycle	
  dynamic	
  assembly	
  	
  

•  Demonstrate	
  MT	
  polymeriza(on	
  	
  
•  Introduce	
  “change	
  of	
  state”	
  
func(on	
  for	
  autonomous	
  dynamic	
  
assembly/disassembly	
  	
  	
  

Simula#on	
  and	
  Modeling	
  
Expanded	
  “switch-­‐based”	
  simula(ons	
  
	
  

•  Create	
  coarse	
  grain	
  model	
  of	
  motor	
  
proteins	
  	
  	
  

•  Explore	
  motor	
  binding	
  and	
  mo(lity	
  
•  Inves(gate	
  mechanical	
  proper(es	
  and	
  

defect	
  impact	
  in	
  dynamic	
  MT	
  “rings”	
  	
  

Bio-­‐Inspired	
  Dynamic	
  Synthe#c	
  Materials	
  

These	
  results	
  represent	
  a	
  synthe(c	
  extrapola#on	
  of	
  biologically	
  and	
  computa#onally	
  observed	
  dynamic	
  materials	
  assembly.	
  
•  Intermolecular	
  interac(ons	
  control	
  nanostructure	
  stability.	
  
•  Reversible	
  building	
  block	
  shape	
  change	
  (molecular	
  contrac(on)	
  can	
  drive	
  dynamic	
  behavior	
  in	
  supramolecular	
  assemblies.	
  	
  
	
  

Taking	
  advantage	
  of	
  key	
  insights	
  from	
  molecular	
  simula(ons	
  inform	
  powerful	
  new	
  approaches	
  to	
  direc(ng	
  the	
  development	
  of	
  new	
  ac(ve	
  and	
  dynamic	
  
materials	
  systems	
  with	
  implica(ons	
  for	
  responsive,	
  adap(ve,	
  and	
  even	
  self-­‐healing	
  materials.	
  	
  	
  

Expanded	
  shape	
  change	
  behavior	
  
	
  

•  Reverse	
  energy/assembly	
  rela(onship	
  to	
  beJer	
  
mimic	
  stabilized	
  “instability”	
  in	
  biological	
  systems	
  

•  Explore	
  alterna(ve	
  s(muli	
  (light,	
  heat,	
  chemical)	
  
•  Introduce	
  more	
  diverse	
  building	
  block	
  
composi(ons	
  

Varied	
  sites	
  of	
  dynamic	
  molecular	
  behavior	
  
	
  

•  Ver(cal	
  versus	
  lateral	
  interac(ons	
  in	
  an	
  assembly	
  
•  Incorporate	
  “weak	
  links”	
  into	
  new	
  molecular	
  	
  
building	
  blocks	
  

•  U(lize	
  orthogonal	
  chemical	
  and	
  physical	
  triggers	
  
for	
  dynamic	
  assembly/disassembly	
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