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ABSTRACT	
  	
  
	
  
Dysfunction	
  of	
  VAMP-­‐associated	
  protein	
  (VAP)	
  is	
  associated	
  with	
  neurodegeneration,	
  both	
  
Amyotrophic	
  Lateral	
  Sclerosis	
  and	
  Parkinson’s	
  disease.	
  Here	
  we	
  summarize	
  what	
  is	
  known	
  
about	
  the	
  intracellular	
  interactions	
  of	
  VAP	
  in	
  humans	
  and	
  model	
  organisms.	
  VAP	
  is	
  a	
  simple,	
  
small	
  and	
  highly	
  conserved	
  protein	
  on	
  the	
  cytoplasmic	
  face	
  of	
  the	
  endoplasmic	
  reticulum	
  
(ER).	
  It	
  is	
  the	
  sole	
  protein	
  on	
  that	
  large	
  organelle	
  that	
  acts	
  as	
  a	
  receptor	
  for	
  cytoplasmic	
  
proteins.	
  This	
  may	
  explain	
  the	
  extremely	
  wide	
  range	
  of	
  interacting	
  partners	
  of	
  VAP,	
  with	
  
components	
  of	
  many	
  cellular	
  pathways	
  binding	
  it	
  to	
  access	
  the	
  ER.	
  Many	
  proteins	
  that	
  bind	
  
VAP	
  also	
  target	
  other	
  intracellular	
  membranes,	
  so	
  VAP	
  is	
  a	
  component	
  of	
  multiple	
  molecular	
  
bridges	
  at	
  membrane	
  contact	
  sites	
  between	
  the	
  ER	
  and	
  other	
  organelles.	
  So	
  far	
  approximately	
  
100	
  proteins	
  have	
  been	
  identified	
  in	
  the	
  VAP	
  interactome	
  (VAPome),	
  of	
  which	
  a	
  small	
  
minority	
  have	
  a	
  “two	
  phenylalanines	
  in	
  an	
  acidic	
  tract”	
  (FFAT)	
  motif	
  as	
  it	
  was	
  originally	
  
defined.	
  We	
  have	
  analyzed	
  the	
  entire	
  VAPome	
  in	
  humans	
  and	
  yeast	
  using	
  a	
  simple	
  algorithm	
  
that	
  identifies	
  many	
  more	
  FFAT-­‐like	
  motifs.	
  We	
  show	
  that	
  approximately	
  50%	
  of	
  the	
  VAPome	
  
binds	
  directly	
  or	
  indirectly	
  via	
  the	
  VAP-­‐FFAT	
  interaction.	
  We	
  also	
  review	
  evidence	
  on	
  
pathogenesis	
  in	
  genetic	
  disorders	
  of	
  VAP,	
  which	
  appear	
  to	
  arise	
  from	
  reduced	
  overall	
  VAP	
  
levels,	
  leading	
  to	
  ER	
  stress.	
  It	
  is	
  not	
  possible	
  to	
  identify	
  one	
  single	
  interaction	
  that	
  underlies	
  
disease.	
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HIGHLIGHTS:	
  
• Proteins	
  that	
  interact	
  with	
  the	
  ER	
  from	
  outside	
  all	
  interact	
  with	
  VAP.	
  
• VAP	
  has	
  a	
  conserved	
  domain	
  with	
  multiple	
  binding	
  sites	
  for	
  different	
  ligands.	
  
• ≥50%	
  of	
  VAP	
  binders	
  have	
  motifs	
  in	
  the	
  general	
  form	
  of	
  “two	
  phenylalanines	
  in	
  an	
  acidic	
  

tract”	
  (FFAT).	
  
• Neurodegeneration	
  is	
  associated	
  with	
  reduced	
  levels	
  of	
  VAP.	
  
• Many	
  myths	
  about	
  VAP	
  pathology	
  result	
  from	
  experiments	
  with	
  over-­‐expression.	
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The	
  network	
  of	
  the	
  endoplasmic	
  reticulum	
  (ER)	
  permeates	
  the	
  entire	
  cell	
  and	
  plays	
  a	
  central	
  
role	
  for	
  biosynthesis	
  of	
  proteins	
  and	
  lipids.	
  Many	
  vital	
  ER	
  processes	
  are	
  carried	
  out	
  by	
  
proteins	
  that	
  are	
  either	
  integrated	
  into	
  the	
  membrane	
  or	
  peripherally	
  associated	
  with	
  it.	
  So	
  
far,	
  only	
  one	
  mechanism	
  has	
  been	
  discovered	
  by	
  which	
  peripheral	
  proteins	
  target	
  the	
  
cytoplasmic	
  face	
  of	
  the	
  ER:	
  they	
  bind	
  to	
  the	
  integral	
  membrane	
  protein	
  Vesicle-­‐associated	
  
membrane	
  protein	
  (VAMP)-­‐Associated	
  Protein	
  (VAP),	
  which	
  is	
  conserved	
  in	
  all	
  eukaryotes.	
  
Vertebrates	
  have	
  two	
  VAPs	
  (VAP-­‐A	
  and	
  VAP-­‐B),	
  while	
  the	
  major	
  yeast	
  protein	
  is	
  called	
  Scs2p.	
  
VAP	
  is	
  clearly	
  important	
  for	
  cellular	
  function,	
  as	
  mutations	
  in	
  VAP-­‐B	
  cause	
  rare	
  forms	
  of	
  late-­‐
onset	
  Spinal	
  Muscular	
  Atrophy	
  and	
  Amyotrophic	
  Lateral	
  Sclerosis-­‐type	
  8	
  (ALS8),	
  rare	
  
inherited	
  motor	
  neuron	
  diseases	
  [1-­‐4].	
  Studies	
  of	
  VAP	
  are	
  clinically	
  important	
  because	
  they	
  
may	
  explain	
  the	
  pathogenesis	
  of	
  sporadic	
  (non-­‐familial)	
  ALS,	
  a	
  relatively	
  common	
  and	
  
devastating	
  disease,	
  and	
  possibly	
  other	
  aspects	
  of	
  neurodegeneration.	
  	
  
	
  
In	
  this	
  review	
  we	
  update	
  the	
  sole	
  previous	
  review	
  on	
  VAP	
  [5].	
  We	
  include	
  individual	
  VAP	
  
interactions,	
  and	
  we	
  also	
  analyze	
  data	
  sets	
  from	
  high-­‐throughput	
  proteomic	
  studies.	
  
Proteolytically	
  cleaved,	
  secreted	
  products	
  of	
  VAP	
  that	
  act	
  extracellularly	
  are	
  not	
  discussed	
  [6,	
  
7].	
  Instead	
  we	
  focus	
  on	
  the	
  intracellular	
  interactions	
  of	
  VAP,	
  which	
  is	
  unique	
  because	
  it	
  
interacts	
  with	
  many	
  proteins	
  that	
  are	
  attached	
  to,	
  or	
  even	
  anchored	
  in	
  other	
  compartments.	
  
This	
  makes	
  VAP	
  a	
  key	
  player	
  for	
  several	
  different	
  membrane	
  contact	
  sites.	
  These	
  nanometer	
  
scale	
  zones	
  specialised	
  for	
  intracellular	
  traffic	
  of	
  material	
  and	
  information	
  have	
  moved	
  center	
  
stage	
  in	
  recent	
  years,	
  and	
  a	
  greater	
  understanding	
  of	
  VAP	
  is	
  important	
  for	
  their	
  full	
  
understanding.	
  	
  
	
  
	
  
1.	
  VAP	
  links	
  the	
  ER	
  to	
  other	
  organelles	
  
	
  
1.1	
  VAMP-­‐associated	
  by	
  name,	
  but	
  not	
  by	
  nature:	
  VAP	
  consists	
  of	
  a	
  7-­‐beta	
  strand	
  globular	
  
domain	
  in	
  the	
  major	
  sperm	
  protein	
  (MSP)	
  family	
  (120-­‐140	
  aa),	
  a	
  linker	
  region	
  (≤100	
  aa)	
  
partly	
  forming	
  a	
  coiled	
  coil	
  in	
  some	
  species,	
  and	
  a	
  C-­‐terminal	
  transmembrane	
  helix	
  tail	
  anchor	
  
that	
  targets	
  the	
  ER	
  (Fig.	
  1A).	
  VAP	
  was	
  named	
  for	
  its	
  interaction	
  with	
  the	
  SNARE	
  protein	
  
VAMP,	
  but	
  although	
  binding	
  to	
  many	
  SNAREs	
  has	
  been	
  reported	
  [8,	
  9],	
  the	
  molecular	
  basis	
  for	
  
any	
  such	
  interaction	
  has	
  not	
  been	
  established	
  [10].	
  Only	
  a	
  minority	
  of	
  protein-­‐protein	
  
interaction	
  studies	
  have	
  identified	
  any	
  directly	
  interacting	
  SNARE	
  [11,	
  12],	
  indicating	
  that	
  VAP-­‐
VAMP	
  binding	
  may	
  only	
  occur	
  under	
  certain	
  lysis	
  conditions.	
  Among	
  SNAREs	
  that	
  bind	
  VAP	
  is	
  
the	
  ER	
  SNARE	
  Sec22b	
  [12],	
  which	
  has	
  significant	
  functions	
  at	
  membrane	
  contacts	
  with	
  the	
  
plasma	
  membrane	
  [13],	
  so	
  it	
  is	
  important	
  to	
  determine	
  if	
  and	
  how	
  VAP	
  binds	
  Sec22b.	
  
	
  
1.2	
  FFAT,	
  a	
  short	
  motif	
  for	
  proteins	
  to	
  bind	
  VAP:	
  The	
  major	
  set	
  of	
  VAP	
  interactors	
  
identified	
  to	
  date	
  are	
  cytoplasmic	
  proteins	
  containing	
  two	
  phenylalanines	
  (FF)	
  in	
  an	
  acidic	
  
tract	
  (the	
  FFAT	
  motif).	
  The	
  motif	
  has	
  a	
  core	
  with	
  six	
  defined	
  elements	
  across	
  a	
  stretch	
  of	
  
seven	
  residues:	
  E1-­‐F2-­‐F3-­‐D4-­‐A5-­‐x-­‐E7	
  (using	
  the	
  single	
  letter	
  amino	
  acid	
  code,	
  where	
  x	
  is	
  any	
  
amino	
  acid).	
  This	
  core	
  is	
  supplemented	
  by	
  a	
  seventh,	
  less	
  well	
  defined	
  element:	
  the	
  flanking	
  
regions.	
  The	
  immediately	
  adjacent	
  residues	
  (especially	
  upstream)	
  contain	
  multiple	
  acids,	
  but	
  
very	
  few	
  basic	
  residues	
  (Fig.	
  1B)	
  [14].	
  	
  Highly	
  conserved	
  residues	
  in	
  VAP	
  contribute	
  to	
  FFAT	
  
binding	
  with	
  a	
  micromolar	
  dissociation	
  constant	
  [15-­‐17].	
  The	
  FFAT	
  binding	
  site	
  forms	
  an	
  
electro-­‐positive	
  face	
  on	
  the	
  major	
  sperm	
  protein	
  globular	
  domain	
  of	
  VAP	
  	
  (Fig.	
  1A).	
  The	
  
critical	
  residues	
  in	
  this	
  binding	
  site	
  have	
  been	
  identified	
  from	
  alanine	
  substitutions	
  as	
  K45,	
  
T47	
  and	
  K118	
  [15].	
  Another	
  way	
  to	
  inhibit	
  FFAT	
  binding	
  is	
  to	
  introduce	
  a	
  double	
  charge	
  
substitution	
  in	
  residues	
  involved	
  in	
  binding	
  F2:	
  K87D/M89D	
  [16],	
  although	
  alanine	
  mutations	
  
show	
  that	
  these	
  two	
  residues	
  are	
  not	
  individually	
  critical	
  for	
  binding	
  [18].	
  By	
  X-­‐ray	
  
crystallography	
  the	
  FFAT	
  motif	
  forms	
  an	
  extended	
  loop	
  that	
  lies	
  across	
  an	
  electro-­‐positive	
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face	
  of	
  the	
  globular	
  domain	
  of	
  VAP,	
  the	
  side-­‐chains	
  of	
  F2	
  and	
  A5	
  binding	
  into	
  two	
  hydrophobic	
  
pockets,	
  and	
  D4	
  involved	
  in	
  multiple	
  interactions	
  [16].	
  NMR	
  has	
  showed	
  that	
  the	
  interaction	
  is	
  
initiated	
  by	
  non-­‐specific	
  electrostatic	
  binding	
  of	
  the	
  acidic	
  tract	
  to	
  the	
  positive	
  surface,	
  and	
  
that	
  binding	
  is	
  then	
  cemented	
  by	
  specific	
  interactions	
  in	
  particular	
  by	
  F2	
  and	
  A5	
  [17].	
  The	
  initial	
  
non-­‐specific	
  binding	
  is	
  interesting	
  because	
  it	
  implies	
  that	
  any	
  cytoplasmic	
  protein	
  with	
  a	
  long	
  
polyacidic	
  (anionic)	
  tract	
  might	
  weakly	
  bind	
  VAP	
  without	
  recognition	
  of	
  specific	
  amino	
  acids.	
  
	
  
1.3	
  VAP	
  interactions	
  at	
  membrane	
  contact	
  sites:	
  Most	
  occurrences	
  of	
  EFFDAxE	
  are	
  in	
  lipid	
  
transfer	
  proteins	
  in	
  three	
  families:	
  oxysterol	
  binding	
  protein	
  (OSBP)-­‐related	
  proteins	
  (ORPs),	
  
ceramide	
  transfer	
  protein	
  (CERT,	
  also	
  called	
  StARD11),	
  and	
  retinal	
  degeneration-­‐B	
  (RdgBα,	
  
also	
  called	
  phosphatidylinositol	
  transfer	
  protein-­‐nm	
  proteins	
  1-­‐3	
  or	
  Nir1-­‐3)	
  [14].	
  There	
  are	
  
also	
  motifs	
  in:	
  Rab3GAP1	
  the	
  GEF	
  for	
  Rab18,	
  which	
  regulates	
  ER	
  morphology	
  [19],	
  and	
  the	
  
yeast	
  transcription	
  factor	
  Opi1p,	
  which	
  regulates	
  phospholipid	
  metabolism	
  [20].	
  All	
  these	
  
proteins	
  function	
  on	
  the	
  ER,	
  and	
  their	
  targeting	
  is	
  mediated	
  by	
  VAP	
  [19-­‐23].	
  ER	
  targeting	
  by	
  
many	
  proteins	
  with	
  FFAT	
  motifs	
  had	
  been	
  overlooked	
  because	
  they	
  have	
  other	
  targeting	
  
domains.	
  For	
  example,	
  OSBP	
  targets	
  Golgi	
  membranes	
  with	
  a	
  pleckstrin	
  homology	
  domain,	
  
and	
  only	
  inactivation	
  of	
  this	
  reveals	
  underlying	
  ER	
  targeting	
  [24].	
  	
  
	
  
Because	
  proteins	
  with	
  FFAT	
  motifs	
  combine	
  this	
  with	
  a	
  second	
  targeting	
  domain,	
  these	
  
proteins	
  have	
  a	
  unique	
  cellular	
  role:	
  targeting	
  both	
  the	
  ER	
  and	
  another	
  organelle	
  at	
  the	
  same	
  
time	
  [25].	
  This	
  leads	
  FFAT	
  proteins	
  to	
  membrane	
  contact	
  sites,	
  which	
  are	
  places	
  where	
  the	
  ER	
  
comes	
  close	
  to	
  (typically	
  10-­‐30	
  nm)	
  other	
  organelles,	
  including:	
  the	
  trans	
  side	
  of	
  the	
  Golgi,	
  
plasma	
  membrane,	
  mitochondria,	
  endosomes,	
  lysosomes,	
  lipid	
  droplets,	
  peroxisomes,	
  
phagosomes	
  and	
  parasitophorous	
  vacuoles.	
  Early	
  electron	
  microscopic	
  studies	
  identified	
  
contacts	
  between	
  the	
  ER	
  and	
  other	
  organelles	
  [26],	
  but	
  because	
  the	
  ER	
  extends	
  throughout	
  the	
  
cell,	
  and	
  no	
  proteins	
  were	
  known	
  to	
  target	
  contacts,	
  it	
  was	
  assumed	
  that	
  they	
  were	
  random	
  
and	
  non-­‐functional.	
  Finding	
  that	
  FFAT	
  proteins	
  target	
  various	
  membrane	
  contact	
  sites	
  has	
  
been	
  instrumental	
  in	
  revealing	
  an	
  entire	
  network	
  of	
  intracellular	
  non-­‐vesicular	
  
communication	
  that	
  relies	
  heavily	
  on	
  VAP.	
  Membrane	
  contact	
  sites,	
  not	
  all	
  of	
  which	
  include	
  
the	
  ER,	
  are	
  discussed	
  comprehensively	
  elsewhere	
  [25,	
  27-­‐29].	
  	
  	
  
	
  
1.4	
  Identifying	
  FFAT-­‐like	
  motifs	
  in	
  other	
  VAP	
  interactors	
  using	
  a	
  simple	
  algorithm:	
  
Apart	
  from	
  the	
  originally	
  defined	
  of	
  FFAT	
  motifs	
  (EFFDAxE),	
  related	
  sequences	
  also	
  bind	
  VAP.	
  
Substitutions	
  of	
  all	
  its	
  elements	
  are	
  tolerated	
  [14,	
  17,	
  30,	
  31],	
  so	
  the	
  number	
  of	
  possible	
  variants	
  is	
  
extremely	
  large,	
  especially	
  if	
  substitutions	
  are	
  allowed	
  at	
  two	
  or	
  more	
  positions.	
  The	
  natural	
  
experiment	
  of	
  evolution	
  provides	
  sequences	
  of	
  homologues	
  of	
  FFAT-­‐positive	
  proteins.	
  In	
  
addition,	
  it	
  has	
  been	
  shown	
  that	
  acidic	
  residues	
  cannot	
  substitute	
  for	
  a	
  small	
  neutral	
  residue	
  
at	
  position	
  5	
  [30],	
  which	
  excludes	
  some	
  potential	
  motifs	
  [32].	
  Thorough	
  analysis	
  was	
  also	
  carried	
  
out	
  for	
  variation	
  at	
  position	
  1,	
  which	
  tolerates	
  a	
  wide	
  range	
  of	
  substitutions	
  [30].	
  Sequences	
  
that	
  bound	
  VAP	
  were	
  then	
  used	
  to	
  generate	
  rules	
  to	
  predict	
  the	
  requirements	
  for	
  FFAT-­‐like	
  
motifs.	
  This	
  included	
  the	
  understanding	
  that	
  position	
  3	
  tolerates	
  considerable	
  variation,	
  
which	
  had	
  been	
  predicted	
  from	
  an	
  X-­‐ray	
  study	
  of	
  VAP-­‐FFAT	
  crystals	
  [16]	
  and	
  was	
  supported	
  by	
  
work	
  on	
  protrudin,	
  which	
  has	
  a	
  FFAT-­‐like	
  motif	
  with	
  lysine	
  at	
  position	
  3	
  [33].	
  	
  
	
  
All	
  relevant	
  sequences	
  were	
  used	
  to	
  generate	
  an	
  algorithm	
  executed	
  in	
  Microsoft	
  Excel™	
  that	
  
scores	
  FFAT-­‐like	
  motifs	
  according	
  to	
  the	
  number	
  of	
  sub-­‐optimal	
  elements,	
  where	
  a	
  “perfect”	
  
FFAT	
  motif	
  scores	
  zero	
  (explained	
  in	
  Box	
  1,	
  and	
  available	
  as	
  Supplementary	
  File	
  1).	
  A	
  key	
  
aspect	
  of	
  this	
  algorithm	
  is	
  deciding	
  how	
  to	
  weight	
  penalties	
  for	
  substitutions	
  of	
  different	
  types	
  
at	
  different	
  residues;	
  much	
  information	
  for	
  this	
  decision	
  is	
  still	
  lacking.	
  	
  Nevertheless,	
  
application	
  of	
  an	
  early	
  form	
  of	
  the	
  algorithm	
  identified	
  21	
  mammalian	
  FFAT-­‐like	
  motifs	
  in	
  
cytoplasmic	
  proteins	
  [30].	
  These	
  motifs	
  differ	
  from	
  the	
  original	
  motif	
  mainly	
  at	
  residues	
  1,	
  3,	
  4	
  



	
  4	
  

and	
  7	
  (Fig.	
  1C).	
  FFAT-­‐like	
  motifs	
  were	
  also	
  judged	
  on	
  the	
  basis	
  of	
  whether	
  they	
  were	
  
conserved	
  across	
  species,	
  and	
  whether	
  they	
  were	
  predicted	
  to	
  be	
  in	
  an	
  unstructured	
  
cytoplasmic	
  peptide	
  loop.	
  Six	
  of	
  the	
  proteins	
  with	
  FFAT-­‐like	
  motifs	
  have	
  since	
  been	
  verified	
  to	
  
bind	
  VAP	
  (see	
  Table	
  1)	
  [11],	
  showing	
  that	
  the	
  predictions	
  have	
  some	
  utility,	
  in	
  particular	
  to	
  
identify	
  residues	
  for	
  mutagenesis.	
  
	
  
An	
  unexpected	
  finding	
  in	
  this	
  field	
  is	
  that	
  ORP3,	
  which	
  has	
  a	
  maximally	
  strong	
  FFAT	
  motif	
  
(450EFFDAQE456	
  score	
  =	
  0)	
  has	
  an	
  additional	
  FFAT-­‐like	
  motif	
  (161HFFSGST167	
  score	
  =	
  4.5,	
  3rd	
  
strongest	
  behind	
  318NYSDGSE324	
  score	
  =	
  4.0)	
  that	
  must	
  be	
  mutated	
  to	
  abolish	
  binding	
  to	
  VAP	
  
[34].	
  This	
  is	
  an	
  important	
  new	
  development,	
  since	
  many	
  VAP	
  interactors	
  have	
  second	
  and	
  even	
  
third	
  FFAT-­‐like	
  motifs	
  of	
  this	
  strength	
  (Fig.	
  1D).	
  Perhaps	
  the	
  evolutionary	
  pressure	
  to	
  bind	
  
VAP	
  applies	
  across	
  the	
  whole	
  protein	
  leading	
  to	
  multiple	
  weak	
  FFAT-­‐like	
  motifs.	
  While	
  this	
  
has	
  important	
  implications	
  for	
  studying	
  how	
  proteins	
  bind	
  VAP,	
  it	
  also	
  makes	
  it	
  difficult	
  to	
  
find	
  all	
  motifs	
  using	
  a	
  tool	
  such	
  as	
  Scan	
  Prosite,	
  which	
  needs	
  a	
  minimal	
  level	
  of	
  complexity	
  to	
  
avoid	
  overload	
  [35].	
  Another	
  advance	
  in	
  this	
  field	
  was	
  the	
  finding	
  that	
  position	
  3	
  tolerates	
  an	
  
even	
  wider	
  range	
  of	
  substitutions	
  than	
  predicted	
  [10].	
  We	
  interpret	
  this	
  to	
  mean	
  that	
  any	
  
substitution	
  is	
  acceptable	
  at	
  position	
  3	
  (see	
  Supplementary	
  Fig.	
  1).	
  
	
  
Overall,	
  defining	
  FFAT-­‐like	
  motifs	
  in	
  silico,	
  although	
  based	
  on	
  incomplete	
  information	
  (Box	
  1),	
  
may	
  be	
  useful	
  for	
  pin-­‐pointing	
  the	
  key	
  residues	
  proteins	
  use	
  to	
  bind	
  VAP.	
  	
  
	
  
1.5	
  VAP	
  has	
  many	
  interactors,	
  a	
  high	
  proportion	
  of	
  which	
  have	
  FFAT-­‐like	
  motifs	
  
identified	
  by	
  our	
  algorithm:	
  Using	
  an	
  algorithm,	
  can	
  FFAT-­‐like	
  motifs	
  be	
  detected	
  where	
  
they	
  have	
  previously	
  been	
  missed?	
  Several	
  proteins	
  that	
  target	
  the	
  ER	
  and	
  interact	
  with	
  VAP	
  
were	
  not	
  considered	
  to	
  have	
  FFAT-­‐like	
  motifs[36-­‐39].	
  The	
  algorithm	
  finds	
  FFAT-­‐like	
  motifs	
  in	
  
many	
  of	
  these,	
  which	
  might	
  guide	
  future	
  experiments	
  (Fig.	
  1E).	
  The	
  scores	
  of	
  these	
  motifs	
  
varies	
  from	
  1.0	
  to	
  3.5	
  or	
  more,	
  and	
  there	
  are	
  not	
  enough	
  of	
  them	
  to	
  judge	
  what	
  strength	
  
correlates	
  with	
  VAP	
  binding.	
  We	
  therefore	
  decided	
  to	
  analyze	
  sequences	
  of	
  much	
  larger	
  
numbers	
  of	
  VAP	
  binding	
  proteins.	
  A	
  successful	
  human	
  VAPome	
  project	
  was	
  included	
  as	
  a	
  
small	
  part	
  of	
  the	
  BioPlex	
  interactome	
  network	
  [11].	
  This	
  found	
  very	
  high	
  numbers	
  of	
  
interactors	
  for	
  VAP-­‐A	
  and	
  –B	
  	
  (56	
  and	
  75	
  respectively),	
  with	
  a	
  considerable	
  overlap	
  between	
  
them	
  (Table	
  1A).	
  Excluding	
  a	
  minority	
  of	
  integral	
  ER	
  proteins,	
  there	
  were	
  86	
  VAP	
  interactors.	
  
12	
  of	
  these	
  have	
  FFAT	
  motifs	
  as	
  originally	
  defined	
  (Table	
  1B).	
  We	
  scanned	
  the	
  remaining	
  74	
  
proteins	
  (65,000	
  residues	
  in	
  total)	
  for	
  FFAT-­‐like	
  motifs	
  using	
  our	
  algorithm,	
  along	
  with	
  286	
  
randomly	
  chosen	
  (negative	
  control)	
  proteins	
  (125,000	
  residues).	
  The	
  VAPome	
  contained	
  24	
  
motifs	
  with	
  less	
  than	
  3.0	
  suboptimal	
  elements,	
  and	
  only	
  two	
  motifs	
  of	
  this	
  strength	
  were	
  
found	
  in	
  the	
  control	
  data	
  set	
  (Fig.	
  2A).	
  We	
  therefore	
  decided	
  to	
  set	
  a	
  score	
  of	
  <	
  3.0	
  as	
  a	
  
threshold	
  for	
  defining	
  strong	
  FFAT-­‐like	
  motifs	
  with	
  high	
  specificity.	
  
	
  
Using	
  this	
  threshold,	
  we	
  predict	
  24	
  FFAT-­‐like	
  motifs	
  as	
  sites	
  for	
  experimental	
  investigation	
  to	
  
determine	
  how	
  proteins	
  bind	
  VAP	
  (Table	
  1C).	
  If	
  all	
  these	
  predictions	
  are	
  correct,	
  then	
  they	
  
would	
  account	
  for	
  the	
  binding	
  to	
  VAP	
  of	
  10	
  other	
  members	
  of	
  the	
  VAPome;	
  these	
  proteins	
  
have	
  weak	
  FFAT-­‐like	
  motifs	
  themselves	
  but	
  they	
  also	
  have	
  well-­‐documented	
  interactions	
  with	
  
a	
  protein	
  with	
  a	
  FFAT	
  motif	
  or	
  with	
  a	
  strong	
  FFAT-­‐like	
  motif	
  (Supplementary	
  Fig.	
  2).	
  Thus,	
  a	
  
search	
  for	
  FFAT-­‐like	
  motifs	
  produces	
  testable	
  hypotheses	
  about	
  the	
  binding	
  of	
  46/86	
  (>50%)	
  
of	
  the	
  VAPome.	
  This	
  is	
  a	
  much	
  higher	
  proportion	
  than	
  previously	
  thought	
  just	
  by	
  applying	
  the	
  
original	
  FFAT	
  criteria	
  (14/86,	
  ~16%)	
  [11].	
  Two	
  additional	
  criteria	
  that	
  have	
  been	
  applied	
  
previously	
  [30]	
  (not	
  forming	
  a	
  helix	
  or	
  sheet	
  [40],	
  and	
  phylogenetic	
  conservation	
  [20])	
  have	
  yet	
  to	
  
be	
  applied	
  to	
  these	
  potential	
  FFAT-­‐like	
  motifs.	
  As	
  support	
  for	
  the	
  validity	
  of	
  our	
  predictions,	
  
the	
  VAPome	
  and	
  controls	
  were	
  searched	
  for	
  their	
  second	
  strongest	
  FFAT-­‐like	
  motifs.	
  The	
  
strength	
  of	
  the	
  second	
  motifs	
  in	
  the	
  interactors	
  with	
  strong	
  FFAT-­‐like	
  motifs	
  was	
  very	
  similar	
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to	
  that	
  of	
  the	
  second	
  motifs	
  in	
  proteins	
  with	
  originally	
  defined	
  FFAT	
  motifs	
  (Fig.	
  2B);	
  by	
  
comparison,	
  second	
  motifs	
  in	
  the	
  interactors	
  with	
  weak	
  FFAT-­‐like	
  motifs	
  (score	
  ≥3.0)	
  were	
  
similar	
  to	
  second	
  motifs	
  in	
  control	
  proteins	
  (Fig.	
  2B).	
  This	
  segregation	
  of	
  second	
  motifs	
  into	
  
two	
  groups	
  suggests	
  that	
  proteins	
  in	
  one	
  group	
  are	
  under	
  evolutionary	
  pressure	
  to	
  bind	
  VAP	
  
via	
  FFAT	
  motifs,	
  while	
  proteins	
  in	
  the	
  other	
  group	
  do	
  not	
  interact	
  at	
  all	
  in	
  this	
  way.	
  This	
  
indicates	
  that	
  the	
  finding	
  that	
  proteins	
  that	
  bind	
  VAP	
  have	
  multiple	
  binding	
  sites	
  may	
  turn	
  out	
  
to	
  be	
  a	
  general	
  feature	
  [34].	
  However,	
  the	
  single	
  example	
  of	
  the	
  functionally	
  important	
  second	
  
motif	
  in	
  ORP3	
  is	
  so	
  weak	
  that	
  we	
  find	
  currently	
  indistinguishable	
  motifs	
  in	
  ~30%	
  of	
  control	
  
proteins	
  (Fig.	
  2B).	
  This	
  indicates	
  that	
  although	
  the	
  algorithm	
  shows	
  that	
  second	
  motifs	
  are	
  a	
  
general	
  feature,	
  it	
  is	
  unable	
  to	
  detect	
  which	
  second	
  motifs	
  are	
  functionally	
  important.	
  	
  
	
  
Compared	
  to	
  humans,	
  the	
  yeast	
  interactome	
  has	
  been	
  studied	
  in	
  great	
  depth	
  over	
  almost	
  15	
  
years	
  [41,	
  42].	
  24	
  of	
  the	
  59	
  protein	
  interactors	
  documented	
  for	
  Scs2p	
  are	
  cytoplasmic,	
  of	
  which	
  4	
  
have	
  originally	
  defined	
  FFAT	
  motifs	
  [14].	
  Applying	
  our	
  algorithm	
  to	
  the	
  rest	
  of	
  the	
  yeast	
  
VAPome	
  we	
  found	
  strong-­‐FFAT-­‐like	
  motifs	
  in	
  five	
  of	
  the	
  remaining	
  20	
  cytoplasmic	
  proteins	
  
(25%),	
  in	
  none	
  of	
  the	
  27	
  membrane	
  proteins,	
  and	
  in	
  one	
  of	
  the	
  8	
  lumenal	
  proteins	
  
(Supplementary	
  Fig.	
  3).	
  Together	
  with	
  the	
  human	
  interactome	
  findings,	
  we	
  suggest	
  that	
  the	
  
algorithm	
  can	
  be	
  used	
  to	
  predict	
  key	
  residues	
  for	
  mutagenesis	
  (position	
  2,	
  possibly	
  combined	
  
with	
  4	
  or	
  5,	
  in	
  strong	
  FFAT-­‐like	
  motifs)	
  in	
  the	
  investigation	
  of	
  VAP	
  binding	
  in	
  any	
  species.	
  	
  
	
  
1.6	
  Cytoplasmic	
  interactors	
  of	
  VAP	
  carry	
  out	
  diverse	
  functions	
  beyond	
  lipid	
  traffic:	
  The	
  	
  
VAP	
  interactors	
  with	
  strong	
  FFAT-­‐like	
  motifs	
  identified	
  by	
  BioPlex	
  include	
  human	
  proteins	
  
with	
  diverse	
  functions	
  that	
  go	
  well	
  beyond	
  the	
  predominance	
  of	
  lipid	
  transfer	
  found	
  originally	
  
in	
  proteins	
  with	
  the	
  FFAT	
  motif	
  [14].	
  The	
  VAPome	
  contains	
  proteins	
  in	
  other	
  functional	
  
categories:	
  cytoskeleton,	
  membrane	
  trafficking,	
  signaling,	
  nucleus	
  (Table	
  2),	
  as	
  well	
  as	
  
functions	
  identified	
  previously	
  in	
  protein	
  insertion	
  into	
  the	
  ER	
  and	
  in	
  ER-­‐associated	
  
destruction	
  (ERAD)	
  [10].	
  For	
  the	
  latter,	
  an	
  extra	
  binding	
  site	
  in	
  VAP	
  has	
  been	
  discovered:	
  two	
  
partially	
  conserved	
  acidic	
  residues	
  in	
  a	
  loop	
  at	
  some	
  distance	
  from	
  the	
  main	
  FFAT	
  binding	
  site	
  
of	
  VAP	
  partly	
  mediate	
  binding	
  by	
  the	
  FFAT-­‐like	
  motif	
  of	
  FAF1,	
  a	
  ubiquitin-­‐binding	
  adaptor	
  
(Fig.	
  1A)	
  [43].	
  This	
  finding	
  suggests	
  that	
  multiple	
  elements	
  in	
  VAP	
  modulate	
  overall	
  affinity	
  for	
  
binding	
  partners.	
  	
  
	
  
An	
  old	
  observation	
  that	
  has	
  yet	
  to	
  be	
  dissected	
  at	
  the	
  molecular	
  level	
  is	
  that	
  VAP	
  binds	
  
microtubules	
  [44],	
  and	
  consistent	
  with	
  this	
  the	
  VAPome	
  includes	
  tubulin-­‐α1C	
  [11].	
  A	
  problem	
  
here	
  is	
  that	
  tubulins,	
  particularly	
  their	
  anionic	
  C-­‐termini,	
  are	
  very	
  sticky.	
  Indeed,	
  tubulins	
  are	
  
the	
  third	
  most	
  common	
  proteins	
  that	
  contaminate	
  precipitation	
  experiments,	
  appearing	
  in	
  
>90%	
  of	
  negative	
  controls	
  [45].	
  In	
  addition,	
  the	
  strong	
  FFAT-­‐like	
  motif	
  at	
  the	
  C-­‐terminus	
  of	
  
tubulin-­‐α1C	
  (417EFSEARE423,	
  score=	
  1.5)	
  is	
  normally	
  hidden	
  by	
  being	
  folded	
  into	
  an	
  alpha	
  
helix.	
  	
  However,	
  there	
  may	
  still	
  be	
  occasions	
  when	
  this	
  motif	
  is	
  exposed:	
  the	
  C-­‐terminus	
  of	
  
detyrosinated	
  tubulin	
  can	
  be	
  partially	
  unfolded	
  by	
  spastin	
  on	
  sorting	
  endosomes	
  [46],	
  so	
  this	
  
process	
  could	
  allow	
  specific	
  access	
  of	
  severed	
  microtubules	
  to	
  VAP	
  at	
  ER-­‐endosomal	
  contacts.	
  
	
  
In	
  the	
  VAPome	
  of	
  budding	
  yeast	
  most	
  of	
  the	
  cytoplasmic	
  proteins	
  bind	
  other	
  VAPome	
  
members,	
  so	
  some	
  may	
  bind	
  VAP	
  indirectly	
  (Supplementary	
  Fig.	
  3).	
  This	
  suggests	
  that	
  the	
  five	
  
new	
  strong	
  FFAT-­‐like	
  motifs	
  we	
  found	
  could	
  be	
  of	
  some	
  overall	
  significance.	
  Three	
  of	
  these	
  
are	
  in	
  proteins	
  that	
  have	
  been	
  studied	
  specifically	
  for	
  FFAT	
  motifs:	
  Pbi1p,	
  Epo1p	
  and	
  Num1p.	
  
In	
  each	
  case	
  the	
  strongest	
  motif	
  we	
  find	
  was	
  not	
  identified	
  previously.	
  As	
  in	
  mammalian	
  cells,	
  
yeast	
  VAP	
  is	
  implicated	
  in	
  lipid	
  traffic,	
  and	
  Pbi1p	
  is	
  a	
  binding	
  partner	
  of	
  the	
  lipid	
  transfer	
  
protein	
  Pdr17p.	
  Although	
  the	
  latter	
  does	
  not	
  bind	
  Scs2p,	
  Pbi1p	
  does	
  [32],	
  and	
  we	
  suggest	
  that	
  
this	
  might	
  be	
  mediated	
  by	
  a	
  FFAT-­‐like	
  motif	
  near	
  its	
  C-­‐terminus	
  (507SFVECFE513).	
  Yeast	
  VAP	
  is	
  
also	
  implicated	
  in	
  physical	
  tethering	
  of	
  the	
  cortical	
  ER.	
  Epo1p	
  is	
  a	
  polarisome	
  protein	
  that	
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anchors	
  the	
  cortical	
  ER	
  to	
  sites	
  of	
  polarised	
  growth	
  [47,	
  48]	
  and	
  binds	
  to	
  the	
  FFAT-­‐binding	
  site	
  
of	
  Scs2p	
  [47].	
  The	
  FFAT-­‐like	
  motif	
  	
  (610EYVTAQE616,	
  score	
  2.5)	
  was	
  not	
  previously	
  detected	
  [48],	
  
but	
  is	
  in	
  a	
  region	
  that	
  binds	
  tightly	
  to	
  Scs2p.	
  The	
  role	
  of	
  this	
  motif	
  might	
  be	
  hard	
  to	
  isolate,	
  
since	
  there	
  are	
  many	
  weaker	
  FFAT-­‐like	
  motifs	
  nearby	
  (residues	
  560-­‐640).	
  A	
  second	
  Scs2p	
  
binding	
  site	
  in	
  Epo1p	
  maps	
  to	
  its	
  C-­‐terminal	
  domain	
  (residues	
  852-­‐943)[48],	
  and	
  this	
  region	
  
contains	
  only	
  a	
  weak	
  FFAT-­‐like	
  motif	
  (859SFDDSSS865	
  score	
  =	
  4.0).	
  Num1p	
  links	
  both	
  cortical	
  
ER	
  and	
  mitochondria	
  to	
  the	
  plasma	
  membrane	
  [49],	
  and	
  a	
  highly	
  anionic	
  region	
  near	
  its	
  N-­‐
terminus	
  was	
  shown	
  to	
  be	
  important	
  for	
  its	
  function	
  and	
  interaction	
  with	
  Scs2p	
  [47].	
  Although	
  
this	
  region	
  might	
  bind	
  Scs2p,	
  it	
  contains	
  no	
  strong	
  motif	
  by	
  our	
  scoring	
  system	
  (315DIFDIVI321	
  
and	
  316IFDIVIE322	
  both	
  score	
  =	
  6.0).	
  In	
  contrast,	
  there	
  is	
  a	
  strong	
  motif	
  distally	
  
(2134MFTDALD2140,	
  score	
  =	
  2.5).	
  This	
  shows	
  that	
  either	
  our	
  scoring	
  system	
  is	
  wrong,	
  or	
  the	
  
biology	
  of	
  Num1p	
  is	
  more	
  complicated	
  than	
  we	
  envisage.	
  In	
  addition	
  to	
  the	
  three	
  new	
  FFAT-­‐
like	
  motifs	
  described	
  above,	
  we	
  found	
  strong	
  FFAT-­‐like	
  motifs	
  in	
  two	
  other	
  yeast	
  VAPome	
  
proteins:	
  Erb1p	
  (52EYESAVE58)	
  and	
  Utp9p	
  (566EFVDASE572).	
  Both	
  Erb1p	
  and	
  Utp9p	
  are	
  
involved	
  in	
  ribosomal	
  biogenesis,	
  so	
  although	
  these	
  interactions	
  have	
  yet	
  to	
  be	
  studied	
  
directly	
  [42],	
  the	
  motifs	
  could	
  be	
  investigated	
  to	
  see	
  if	
  they	
  underlie	
  the	
  weak	
  nucleolar	
  
targeting	
  detected	
  in	
  Scs2p	
  [50].	
  	
  
	
  
1.7	
  Other	
  ways	
  for	
  cytoplasmic	
  proteins	
  to	
  bind	
  VAP:	
  For	
  >40%	
  of	
  VAP	
  interactors	
  there	
  is	
  
no	
  strong	
  FFAT-­‐like	
  motif,	
  and	
  no	
  binding	
  to	
  another	
  protein	
  that	
  has	
  one	
  (Table	
  1).	
  Some	
  of	
  
these	
  may	
  still	
  bind	
  the	
  conserved	
  globular	
  domain	
  of	
  VAP	
  using	
  other,	
  non-­‐FFAT	
  based	
  
binding	
  interactions.	
  A	
  helix	
  in	
  the	
  yeast	
  septin	
  Shs1p	
  binds	
  to	
  a	
  solvent	
  accessible	
  loop	
  
separate	
  from	
  the	
  FFAT	
  binding	
  site	
  (Fig.	
  1A)	
  [47].	
  A	
  third	
  binding	
  site	
  in	
  VAP	
  that	
  overlaps	
  
with	
  the	
  FFAT	
  binding	
  site	
  interacts	
  with	
  unstructured	
  regions	
  of	
  hepatitis	
  C	
  virus	
  proteins,	
  
both	
  NS5A	
  [51]	
  and	
  NS5B	
  [52]	
  (Fig.	
  1A),	
  facilitating	
  viral	
  genome	
  duplication.	
  In	
  both	
  cases,	
  the	
  
key	
  properties	
  of	
  VAP	
  interactors	
  have	
  not	
  yet	
  been	
  defined,	
  so	
  it	
  is	
  not	
  possible	
  to	
  say	
  which	
  
members	
  of	
  the	
  VAPome,	
  if	
  any,	
  use	
  these	
  binding	
  sites,	
  or	
  whether	
  yet	
  more	
  sites	
  are	
  yet	
  to	
  
be	
  discovered.	
  
	
  
2.	
  Interactions	
  within	
  the	
  ER	
  
	
  
In	
  addition	
  to	
  interactions	
  with	
  proteins	
  in	
  the	
  cytoplasm,	
  VAP	
  has	
  many	
  interactions	
  within	
  
the	
  ER,	
  though	
  these	
  have	
  only	
  been	
  treated	
  in	
  a	
  fragmented	
  way	
  so	
  far.	
  The	
  best	
  studied	
  
intra-­‐ER	
  interaction	
  is	
  dimerization.	
  This	
  involves	
  both	
  the	
  transmembrane	
  helix,	
  which	
  has	
  a	
  
GxxxG	
  dimerization	
  motif	
  that	
  is	
  conserved	
  throughout	
  evolution	
  [53],	
  and	
  the	
  coiled	
  coil	
  in	
  the	
  
linker	
  region	
  present	
  in	
  some	
  VAPs.	
  The	
  two	
  dimerization	
  domains	
  might	
  combine	
  to	
  produce	
  
oligomeric	
  chains,	
  although	
  this	
  is	
  not	
  a	
  prominent	
  feature	
  with	
  native	
  human	
  protein	
  at	
  
physiological	
  levels	
  [53].	
  A	
  further,	
  weaker	
  dimerization	
  occurs	
  between	
  two	
  FFAT	
  motifs	
  that	
  
are	
  both	
  binding	
  VAP	
  [16].	
  Thus,	
  a	
  dimeric	
  protein	
  containing	
  a	
  low	
  affinity	
  variant	
  FFAT-­‐like	
  
motif	
  can	
  use	
  the	
  avidity	
  of	
  bivalent	
  interaction	
  with	
  VAP	
  dimers/oligomers	
  to	
  target	
  the	
  ER	
  
quite	
  tightly	
  [30,	
  43].	
  	
  
	
  
VAP	
  interacts	
  not	
  only	
  with	
  itself,	
  but	
  also	
  with	
  other	
  integral	
  ER	
  membrane	
  proteins.	
  
Compared	
  to	
  the	
  human	
  VAPome	
  where	
  <10%	
  of	
  interactors	
  are	
  membrane	
  proteins,	
  in	
  yeast	
  
60%	
  of	
  reported	
  interactors	
  with	
  Scs2p	
  are	
  integral	
  ER	
  membrane	
  proteins.	
  Many	
  of	
  these	
  
interactions	
  may	
  be	
  indirect,	
  as	
  this	
  part	
  of	
  the	
  interactome	
  is	
  highly	
  interconnected	
  
(Supplementary	
  Fig.	
  3).	
  Presumably	
  the	
  network	
  of	
  physical	
  interactions	
  is	
  as	
  dense	
  in	
  
humans	
  as	
  it	
  is	
  in	
  yeast,	
  but	
  not	
  yet	
  documented	
  as	
  well,	
  so	
  proteins	
  like	
  derlin	
  could	
  be	
  
associated	
  with	
  VAP	
  indirectly	
  through	
  complex	
  formation	
  withFAF1	
  or	
  BAP31,	
  other	
  
proteins	
  involved	
  in	
  ERAD	
  [10,	
  43].	
  Several	
  intra-­‐ER	
  interactions	
  have	
  been	
  studied	
  in	
  detail	
  
including	
  (i)	
  Yet1p	
  in	
  yeast,	
  the	
  homologue	
  of	
  BAP31	
  [54-­‐56];	
  (ii)	
  the	
  mammalian	
  ER-­‐stress	
  



	
  7	
  

sensing	
  transcription	
  factor	
  ATF6	
  [43,	
  57];	
  (iii)	
  YIF1A	
  involved	
  in	
  membrane	
  traffic	
  pout	
  of	
  the	
  
ER	
  [58],	
  and	
  (iv)	
  the	
  phosphoinositide	
  4-­‐phosphatase	
  Sac1p	
  [59,	
  60].	
  Sac1p	
  is	
  intimately	
  involved	
  
in	
  communication	
  across	
  contact	
  sites,	
  as	
  hydrolysis	
  of	
  phosphoinositide	
  4-­‐phosphate	
  is	
  
required	
  for	
  lipid	
  countercurrents	
  mediated	
  by	
  ORPs	
  [61].	
  It	
  is	
  likely	
  that	
  lipid	
  hydrolysis	
  by	
  
Sac1	
  takes	
  place	
  after	
  transfer	
  into	
  the	
  ER,	
  but	
  it	
  is	
  also	
  possible	
  that	
  under	
  some	
  
circumstances	
  (e.g.	
  at	
  very	
  narrow	
  contacts)	
  Sac1	
  could	
  work	
  in	
  trans	
  on	
  lipid	
  embedded	
  in	
  
other	
  compartments.	
  This	
  would	
  be	
  facilitated	
  by	
  the	
  interactions	
  that	
  Sac1	
  makes	
  with	
  both	
  
VAP	
  [59]	
  and	
  ORPs	
  [60,	
  62],	
  to	
  potentially	
  make	
  a	
  trimeric	
  VAP-­‐ORP-­‐Sac1	
  complex.	
  However,	
  
Sac1p	
  is	
  not	
  known	
  to	
  concentrate	
  in	
  the	
  cortical	
  ER,	
  so	
  the	
  role	
  of	
  in	
  trans	
  activity	
  at	
  the	
  
plasma	
  membrane	
  remains	
  unclear.	
  Another	
  integral	
  ER	
  protein	
  that	
  binds	
  VAP	
  is	
  protrudin,	
  
which	
  forms	
  bridges	
  to	
  endosomes	
  all	
  by	
  itself	
  through	
  FYVE	
  and	
  Rab11-­‐binding	
  domains.	
  
The	
  VAP	
  interaction	
  is	
  definitely	
  not	
  via	
  the	
  transmembrane	
  helices,	
  as	
  protrudin	
  has	
  a	
  FFAT	
  
motif	
  that	
  binds	
  VAP	
  [33].	
  It	
  has	
  yet	
  to	
  be	
  established	
  how	
  the	
  presence	
  of	
  	
  two	
  anchor	
  points	
  
for	
  the	
  ER	
  in	
  protrudin	
  are	
  important	
  for	
  its	
  function,	
  but	
  this	
  the	
  sole	
  known	
  occurrence	
  of	
  a	
  
FFAT-­‐motif	
  in	
  an	
  integral	
  ER	
  protein.	
  
	
  
Overall,	
  VAP	
  may	
  determine	
  the	
  composition	
  not	
  only	
  of	
  bridges	
  between	
  the	
  ER	
  and	
  other	
  
organelles,	
  but	
  it	
  may	
  also	
  determine	
  (at	
  least	
  in	
  part)	
  the	
  local	
  composition	
  of	
  the	
  ER	
  
membrane	
  adjacent	
  to	
  bridges.	
  	
  
	
  
	
  
3.	
  Function	
  of	
  VAP:	
  a	
  hub	
  for	
  intracellular	
  non-­‐vesicular	
  communication	
  
	
  
VAP	
  binds	
  many	
  proteins	
  outside	
  the	
  ER,	
  including	
  proteins	
  that	
  are	
  anchored	
  by	
  
transmembrane	
  helices	
  into	
  mitochondria	
  or	
  endosomes	
  [31,	
  33,	
  37],	
  as	
  well	
  as	
  proteins	
  that	
  bind	
  
the	
  plasma	
  membrane	
  [60].	
  This	
  means	
  that	
  VAP	
  is	
  part	
  of	
  different	
  bridges	
  between	
  the	
  ER	
  
and	
  other	
  organelles	
  (Fig.	
  3).	
  In	
  yeast	
  deletion	
  of	
  Scs2p	
  reduces	
  ER-­‐plasma	
  membrane	
  
contacts	
  by	
  50%	
  [18,	
  50].	
  The	
  reduction	
  of	
  cortical	
  ER	
  caused	
  by	
  deleting	
  Scs2p,	
  the	
  major	
  yeast	
  
VAP,	
  is	
  not	
  augmented	
  by	
  deletion	
  of	
  Scs22p,	
  the	
  minor	
  VAP	
  in	
  yeast	
  [15].	
  However,	
  a	
  yeast	
  
strain	
  constructed	
  to	
  entirely	
  lack	
  three	
  classes	
  of	
  ER-­‐plasma	
  membrane	
  bridging	
  proteins	
  
including	
  both	
  Scs2p	
  and	
  Scs22p	
  loses	
  90%	
  of	
  ER-­‐plasma	
  membrane	
  contacts	
  [18].	
  A	
  special	
  
role	
  for	
  VAP	
  at	
  contact	
  sites	
  with	
  plasma	
  membrane	
  may	
  arise	
  from	
  its	
  binding	
  to	
  anionic	
  
phospholipids	
  such	
  as	
  phosphatidylinositol	
  4-­‐phosphate,	
  which	
  is	
  enriched	
  in	
  the	
  plasma	
  
membrane	
  and	
  late	
  Golgi	
  [63].	
  In	
  mitochondria	
  VAP	
  binds	
  PTPIP51	
  (also	
  called	
  RMD3)	
  [64],	
  
possibly	
  via	
  two	
  marginal	
  FFAT-­‐like	
  sequences	
  (scores	
  3.0	
  and	
  3.5,	
  Fig.	
  1E).	
  Without	
  this	
  
interaction	
  the	
  extent	
  of	
  contacts	
  between	
  ER	
  and	
  mitochondria	
  is	
  reduced	
  by	
  30%,	
  indicating	
  
that	
  VAP	
  contributes	
  partially	
  to	
  inter-­‐organellar	
  tethering	
  as	
  multiple	
  sites.	
  	
  
	
  
Despite	
  the	
  repeated	
  observation	
  that	
  FFAT-­‐containing	
  proteins	
  target	
  contact	
  sites,	
  it	
  is	
  only	
  
in	
  plants	
  that	
  VAP	
  is	
  clearly	
  concentrated	
  in	
  contacts	
  [39].	
  In	
  mammalian	
  cells	
  and	
  yeast,	
  unless	
  
binding	
  partners	
  such	
  as	
  CERT	
  are	
  over-­‐expressed	
  [65],	
  VAP	
  is	
  uniformly	
  distributed	
  
throughout	
  the	
  ER	
  [47,	
  66].	
  This	
  is	
  a	
  mystery	
  if	
  VAP	
  is	
  a	
  contact	
  site	
  protein,	
  and	
  some	
  advance	
  is	
  
needed	
  to	
  better	
  understand	
  VAP	
  distribution.	
  Accumulation	
  of	
  VAP	
  near	
  the	
  Golgi	
  has	
  been	
  
interpreted	
  as	
  indicating	
  that	
  VAP	
  recycles	
  through	
  the	
  whole	
  Golgi,	
  as	
  it	
  has	
  been	
  reported	
  to	
  
reach	
  the	
  intermediate	
  compartment	
  [67].	
  However,	
  the	
  VAP	
  does	
  not	
  reach	
  mid-­‐Golgi	
  
glycosylation	
  enzymes	
  [68]	
  indicating	
  that	
  its	
  presence	
  near	
  the	
  Golgi	
  is	
  within	
  ER	
  tubules	
  and	
  
cisternae	
  that	
  interdigitate	
  with	
  late	
  Golgi	
  membranes	
  [69].	
  
	
  
The	
  function	
  of	
  membrane	
  contact	
  sites	
  is	
  to	
  facilitate	
  non-­‐vesicular	
  communication	
  between	
  
organelles	
  [25,	
  27,	
  28].	
  The	
  recruitment	
  of	
  many	
  lipid	
  transfer	
  proteins	
  to	
  contact	
  sites	
  suggests,	
  
but	
  does	
  not	
  prove,	
  that	
  this	
  is	
  where	
  lipid	
  traffic	
  takes	
  place.	
  The	
  few	
  instances	
  where	
  the	
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evidence	
  for	
  lipid	
  traffic	
  at	
  contacts	
  is	
  overwhelming	
  involve	
  lipid	
  transfer	
  proteins	
  with	
  FFAT	
  
motifs	
  (Fig.	
  3)	
  [65,	
  70-­‐72].	
  Some	
  organelles	
  elaborated	
  for	
  the	
  replication	
  of	
  intracellular	
  
parasites,	
  either	
  bacteria	
  or	
  viruses,	
  recruit	
  lipid	
  transfer	
  proteins	
  and	
  VAP	
  to	
  deliver	
  lipids	
  
from	
  the	
  ER	
  [73-­‐75].	
  VAP	
  also	
  anchors	
  the	
  ER	
  to	
  other	
  organelles	
  for	
  functions	
  other	
  than	
  lipid	
  
traffic,	
  especially	
  to	
  organise	
  the	
  cytoskeleton	
  (Fig.	
  3).	
  Ca2+	
  traffic	
  is	
  a	
  major	
  contact	
  site	
  
function	
  where	
  VAP	
  has	
  no	
  defined	
  role	
  [76],	
  however	
  it	
  is	
  one	
  of	
  the	
  small	
  number	
  of	
  ER	
  
proteins	
  enriched	
  at	
  ER-­‐plasma	
  membrane	
  contacts	
  where	
  store-­‐operated	
  Ca2+	
  entry	
  takes	
  
place	
  [77].	
  
	
  	
  	
  
4.	
  VAP	
  dysfunction	
  in	
  neurodegeneration	
  and	
  cellular	
  pathology	
  
	
  
The	
  best	
  studied	
  VAP	
  mutation	
  is	
  VAP-­‐B(P56S),	
  a	
  rare	
  autosomal	
  dominant	
  cause	
  of	
  ALS-­‐type	
  
8	
  [1].	
  However,	
  VAP	
  is	
  potentially	
  of	
  general	
  importance	
  in	
  neurodegeneration	
  because	
  low	
  
VAP	
  is	
  found	
  in	
  sporadic	
  ALS	
  (80%	
  control	
  level)	
  [78],	
  and	
  also	
  because	
  another	
  VAP	
  mutation	
  
(VAPB∆V25)	
  is	
  linked	
  to	
  sporadic	
  Parkinson’s	
  Disease	
  [79].	
  Disease	
  associated	
  with	
  P56S	
  
appears	
  to	
  stem	
  from	
  low	
  levels	
  of	
  VAP.	
  The	
  P56S	
  mutation	
  tends	
  to	
  unfold	
  both	
  VAP-­‐A	
  and	
  
VAP-­‐B,	
  exposing	
  hydrophobic	
  patches,	
  leading	
  to	
  formation	
  of	
  micro-­‐aggregates	
  that	
  are	
  
ubiquitinated	
  and	
  rapidly	
  destroyed	
  [80].	
  This	
  is	
  particularly	
  important	
  for	
  VAP-­‐B	
  because	
  it	
  is	
  
more	
  prone	
  to	
  aggregate	
  than	
  VAP-­‐A,	
  either	
  when	
  overexpressed	
  or	
  when	
  destabilized	
  by	
  
ALS-­‐associated	
  mutations	
  in	
  its	
  globular	
  domain	
  or	
  its	
  TMD	
  [4,	
  66].	
  There	
  is	
  some	
  disagreement	
  
on	
  whether	
  clearance	
  	
  of	
  VAP-­‐B	
  aggregates	
  is	
  via	
  ERAD	
  and	
  the	
  proteasome	
  (without	
  
autophagy)	
  [80],	
  or	
  whether	
  autophagy	
  is	
  involved	
  [81].	
  Cells	
  from	
  mice	
  with	
  P56S	
  recombined	
  
at	
  both	
  VAP-­‐B	
  alleles	
  have	
  hardly	
  any	
  VAPB	
  remaining	
  in	
  the	
  ER	
  [81],	
  and	
  a	
  similar	
  dominant	
  
negative	
  mechanism	
  was	
  found	
  for	
  a	
  P56S	
  model	
  of	
  Drosophila	
  VAP	
  [82].	
  In	
  heterozygotes	
  
where	
  P56S	
  is	
  expressed	
  at	
  the	
  correct	
  levels	
  (i.e.	
  not	
  over-­‐expressed),	
  the	
  main	
  pathogenic	
  
mechanism	
  appears	
  to	
  be	
  haploinsufficiency	
  [80].	
  Remaining	
  P56S	
  can	
  have	
  toxic	
  effects	
  
through	
  dimerization	
  with	
  WT	
  protein	
  (VAP-­‐A	
  or	
  –B)	
  that	
  are	
  then	
  also	
  cleared.	
  This	
  may	
  
explain	
  how	
  P56S	
  homozygosity	
  has	
  a	
  worse	
  effect	
  than	
  a	
  null	
  mutation	
  [81],	
  though	
  
degradation	
  of	
  VAP-­‐A	
  has	
  not	
  yet	
  been	
  examined	
  in	
  that	
  system.	
  Thus,	
  heterodimerization	
  
may	
  explain	
  how	
  motor	
  neurons	
  induced	
  from	
  pluripotent	
  stem	
  cells	
  carrying	
  the	
  P56S	
  
mutation	
  show	
  reduced	
  VAP-­‐B	
  levels	
  below	
  50%	
  of	
  control	
  (e.g.	
  25%	
  [83]).	
  	
  

Experiments	
  relating	
  to	
  overall	
  reduction	
  in	
  the	
  levels	
  of	
  VAPB	
  (and	
  VAPA)	
  should	
  be	
  
compared	
  favourably	
  with	
  a	
  large	
  number	
  of	
  other	
  studies	
  where	
  wild-­‐type	
  or	
  mutant	
  VAP	
  
has	
  been	
  over-­‐expressed.	
  This	
  induces	
  several	
  effects:	
  (i)	
  morphological	
  changes	
  in	
  the	
  ER	
  
(for	
  example	
  rosettes	
  and	
  stacks)	
  [16],	
  (ii)	
  sequestration	
  of	
  VAP	
  interactors	
  [68],	
  (iii)	
  altered	
  
membrane	
  traffic	
  [84],	
  and	
  (iv)	
  block	
  in	
  protein	
  degradation	
  [85],	
  all	
  of	
  which	
  contribute	
  to	
  	
  
reduced	
  survival.	
  We	
  question	
  the	
  pathophysiological	
  relevance	
  of	
  any	
  over-­‐expression	
  
experiment,	
  since	
  this	
  is	
  not	
  a	
  feature	
  of	
  cells	
  undergoing	
  neurodegeneration.	
  Nevertheless,	
  
sequestration	
  by	
  VAP	
  continues	
  to	
  be	
  the	
  subject	
  of	
  experiments,	
  for	
  example	
  to	
  determine	
  
which	
  interactors	
  bind	
  to	
  VAP-­‐B	
  differently	
  if	
  it	
  has	
  a	
  disease	
  mutation	
  [11].	
  A	
  re-­‐analysis	
  of	
  
these	
  results	
  in	
  the	
  light	
  of	
  all	
  the	
  strong	
  FFAT-­‐like	
  motifs	
  we	
  describe	
  above	
  might	
  show	
  that	
  
differential	
  binding	
  to	
  VAP	
  variants	
  does	
  not	
  correlate	
  with	
  the	
  presence	
  or	
  absence	
  of	
  these	
  
motifs.	
  The	
  major	
  message	
  is	
  that	
  ALS8	
  mutants	
  can	
  bind	
  FFAT	
  motifs	
  [11,	
  53].	
  Even	
  if	
  the	
  
affinity	
  is	
  affected,	
  the	
  importance	
  of	
  this	
  in	
  pathophysiology	
  is	
  not	
  clear	
  if	
  disease	
  stems	
  from	
  
the	
  lack	
  of	
  VAP	
  that	
  is	
  destroyed	
  after	
  it	
  has	
  aggregated.	
  	
  

How	
  does	
  reduced	
  VAP	
  cause	
  disease?	
  One	
  neuron-­‐specific	
  function	
  of	
  VAP	
  is	
  to	
  facilitate	
  
delivery	
  by	
  protrudin	
  of	
  a	
  microtubule	
  motor	
  on	
  to	
  endosomes,	
  which	
  then	
  travel	
  to	
  donate	
  
membrane	
  to	
  neurites	
  [86].	
  Another	
  VAP	
  function	
  linked	
  to	
  ALS	
  is	
  the	
  extent	
  of	
  ER-­‐
mitochondrial	
  contact,	
  which	
  is	
  regulated	
  by	
  TDP-­‐43,	
  another	
  protein	
  implicated	
  in	
  ALS	
  [64].	
  



	
  9	
  

Yet	
  another	
  possible	
  crucial	
  VAP	
  function	
  is	
  destruction	
  of	
  misfolded	
  proteins	
  via	
  ERAD,	
  and	
  
VAP	
  has	
  been	
  shown	
  to	
  be	
  important	
  for	
  this	
  [43].	
  However,	
  VAP	
  has	
  >100	
  known	
  interactors	
  
and	
  possibly	
  more	
  will	
  be	
  discovered.	
  So	
  it	
  seems	
  most	
  likely	
  that	
  no	
  single	
  interaction	
  is	
  
crucial.	
  Instead,	
  cellular	
  dysfunction	
  is	
  likely	
  to	
  derive	
  from	
  the	
  combined	
  loss	
  of	
  many	
  ER-­‐
related	
  functions,	
  including	
  lipid	
  traffic,	
  membrane	
  traffic,	
  cytoskeleton	
  co-­‐ordination,	
  ERAD	
  
and	
  intranuclear	
  functions	
  (Table	
  2).	
  One	
  place	
  to	
  look	
  for	
  the	
  sum	
  of	
  all	
  these	
  effects	
  is	
  ER	
  
stress.	
  Loss	
  of	
  VAP	
  contributes	
  to	
  ER	
  stress	
  including	
  induction	
  of	
  the	
  unfolded	
  protein	
  
response	
  in	
  both	
  the	
  yeast	
  and	
  fly	
  models	
  [18,	
  87],	
  and	
  in	
  human	
  cells	
  [81].	
  It	
  also	
  may	
  not	
  be	
  that	
  
reduced	
  VAP	
  constitutively	
  stresses	
  the	
  ER,	
  but	
  that	
  when	
  stress	
  does	
  arise	
  the	
  ER	
  is	
  less	
  able	
  
to	
  induce	
  the	
  UPR	
  [88].	
  
	
  
5.	
  Future	
  directions	
  for	
  VAP	
  research	
  
	
  
If	
  the	
  sub-­‐micron	
  scale	
  of	
  contact	
  sites	
  is	
  ideal	
  for	
  regulating	
  the	
  distribution	
  of	
  small	
  
molecules	
  such	
  as	
  Ca2+	
  and	
  lipids,	
  then	
  maybe	
  other	
  sub-­‐micron	
  functions	
  are	
  organized	
  by	
  
VAP	
  at	
  contact	
  sites	
  or	
  other	
  subdomains	
  of	
  the	
  ER.	
  A	
  candidate	
  for	
  such	
  a	
  function	
  is	
  cAMP	
  
signalling,	
  which	
  is	
  compartmentalized	
  into	
  sub-­‐micron	
  domains,	
  and	
  organized	
  by	
  A-­‐kinase	
  
anchor	
  protein	
  (AKAP)	
  platforms	
  that	
  recruit	
  multiple	
  components	
  of	
  the	
  cAMP	
  pathway	
  and	
  
other	
  regulators	
  such	
  as	
  kinases	
  [89].	
  AKAP3	
  (also	
  called	
  AKAP110,	
  SKIP,	
  and	
  SPKAP)	
  and	
  
AKAP11	
  (also	
  called	
  AKAP220)	
  have	
  FFAT	
  motifs	
  [30].	
  VAP	
  binding	
  has	
  been	
  verified	
  for	
  
AKAP11	
  [11].	
  This	
  places	
  cAMP	
  signalling	
  at	
  multiple	
  ER	
  contacts	
  (Fig.	
  3),	
  the	
  significance	
  of	
  
which	
  has	
  yet	
  to	
  be	
  determined.	
  	
  
	
  
Another	
  issue	
  is	
  whether	
  human	
  VAP-­‐B	
  has	
  any	
  physiological	
  function	
  that	
  is	
  not	
  shared	
  by	
  
VAP-­‐A,	
  excluding	
  any	
  differences	
  only	
  associated	
  with	
  pathology.	
  Current	
  results	
  show	
  a	
  large	
  
degree	
  of	
  overlap	
  between	
  VAP-­‐A	
  and	
  VAP-­‐B	
  in	
  their	
  interactions	
  [11]	
  and	
  their	
  intracellular	
  
targeting	
  [31].	
  Their	
  expression	
  patterns	
  are	
  similar	
  across	
  different	
  tissues,	
  including	
  all	
  parts	
  
of	
  the	
  brain	
  (see	
  www.gtexportal.org),	
  and	
  even	
  though	
  VAP-­‐B	
  expression	
  is	
  reported	
  to	
  be	
  
high	
  in	
  motor	
  neurons,	
  it	
  has	
  not	
  been	
  shown	
  that	
  VAP-­‐A	
  expression	
  is	
  low	
  in	
  the	
  same	
  cells	
  
[81,	
  90].	
  One	
  difference	
  that	
  may	
  be	
  significant	
  is	
  that	
  Sac1	
  binds	
  VAP-­‐A	
  more	
  than	
  VAP-­‐B,	
  
making	
  it	
  important	
  to	
  map	
  the	
  VAP-­‐Sac1	
  binding	
  site	
  [62].	
  
	
  
A	
  large	
  task	
  for	
  the	
  future	
  will	
  be	
  to	
  fully	
  catalogue	
  which	
  proteins	
  bind	
  VAP	
  directly,	
  and	
  then	
  
to	
  define	
  how	
  binding	
  to	
  VAP	
  affects	
  their	
  other	
  interactions.	
  In	
  all	
  cases,	
  a	
  molecular	
  
definition	
  of	
  the	
  residues	
  in	
  both	
  VAP	
  and	
  its	
  interactors	
  will	
  be	
  needed	
  so	
  that	
  the	
  
significance	
  of	
  the	
  interaction	
  can	
  be	
  tested.	
  Even	
  though	
  interactions	
  with	
  FFAT	
  motifs	
  
appears	
  straightforward,	
  determining	
  how	
  much	
  variation	
  is	
  tolerated	
  in	
  FFAT-­‐like	
  motifs	
  
still	
  has	
  to	
  be	
  carried	
  out	
  thoroughly.	
  	
  
	
  
SUMMARY:	
  	
  
VAP	
  plays	
  a	
  major	
  part	
  in	
  ER	
  function,	
  particularly	
  in	
  bridging	
  across	
  contact	
  sites.	
  Most	
  VAP	
  
interactors	
  are	
  unstudied,	
  and	
  the	
  roles	
  of	
  their	
  connections	
  to	
  the	
  ER	
  are	
  not	
  known.	
  More	
  
functional	
  knowledge	
  of	
  the	
  complete	
  VAPome	
  is	
  needed	
  to	
  determine	
  how	
  VAP	
  dysfunction	
  
causes	
  neurodegeneration.	
  
	
  
	
  
	
  
ACKNOWLEDGEMENTS:	
  	
  
We	
  thank	
  Sean	
  Munro	
  for	
  information	
  on	
  tubulin,	
  Evan	
  Reid	
  for	
  discussions	
  on	
  Spastin,	
  and	
  
Catherine	
  Rabouille,	
  Pietro	
  de	
  Camilli	
  and	
  Thierry	
  Galli	
  for	
  helpful	
  suggestions	
  about	
  the	
  
manuscript.	
  	
  



	
  10	
  

	
  
FUNDING:	
  	
  
SEM	
  is	
  funded	
  by	
  an	
  iCASE	
  award	
  from	
  the	
  BBSRC	
  (BB/L016028).	
  TL	
  is	
  supported	
  by	
  the	
  
BBSRC	
  Bioinformatics	
  and	
  Biological	
  Resources	
  Fund	
  (BB/M011801).	
  
	
  
	
   	
  



	
  11	
  

LEGENDS:	
  
	
  
Figure	
  1:	
  FFAT-­‐like	
  motifs	
  in	
  proteins	
  that	
  bind	
  VAP	
  
A:	
  Diagram	
  of	
  VAP,	
  a	
  C-­‐terminally	
  membrane	
  anchored	
  protein	
  with	
  three	
  conserved	
  and	
  
partly	
  overlapping	
  binding	
  sites	
  on	
  the	
  N-­‐terminal	
  globular	
  MSP	
  domain:	
  (i)	
  electro-­‐positive	
  
face	
  (blue)	
  binds	
  EFFDAxE	
  and	
  FFAT-­‐like	
  motifs	
  (red)	
  [15-­‐17]	
  as	
  well	
  as	
  anionic	
  lipids	
  [63];	
  (ii)	
  
base	
  (brown	
  =	
  Scs2p	
  residues	
  equivalent	
  to	
  VAP-­‐A	
  S36	
  and	
  D37)	
  binds	
  a	
  helix	
  in	
  Shs1p	
  [47];	
  
and	
  (iii)	
  side	
  (magenta	
  =	
  Q6,	
  M89,	
  V90,	
  Q91,	
  D116,	
  L119,	
  and	
  V122	
  in	
  VAP-­‐A)	
  binds	
  the	
  fuzzy	
  
domain	
  of	
  NS5A	
  and	
  the	
  C-­‐terminus	
  of	
  NS5B,	
  both	
  from	
  hepatitis	
  C	
  virus	
  (HCV)	
  [51,	
  52].	
  In	
  
addition,	
  acidic	
  residues	
  in	
  a	
  loop	
  near	
  the	
  tip	
  (yellow	
  =	
  D77,	
  D79	
  in	
  VAP-­‐A)	
  contribute	
  to	
  
binding	
  by	
  FAF1,	
  a	
  FFAT-­‐positive	
  protein	
  [10,	
  43].	
  Scale	
  bar	
  (2	
  nm)	
  indicates	
  the	
  relative	
  size	
  of	
  
the	
  different	
  domains,	
  except	
  two	
  unstructured	
  segments	
  of	
  the	
  linker	
  (≤8	
  and	
  ≤13	
  nm)	
  that	
  
are	
  not	
  shown.	
  B:	
  Consensus	
  of	
  the	
  flanking	
  regions	
  (10	
  amino	
  acids	
  both	
  sides)	
  in	
  14	
  
eukaryotic	
  sequences	
  that	
  contain	
  EFFDAxE.	
  The	
  amino	
  terminal	
  flank	
  is	
  enriched	
  for	
  acidic	
  
residues.	
  C:	
  Consensus	
  of	
  the	
  core	
  and	
  flanking	
  regions	
  of	
  21	
  predicted	
  FFAT-­‐like	
  motifs	
  [30].	
  
Serines	
  replace	
  acidic	
  residues	
  in	
  multiple	
  positions	
  in	
  the	
  amino-­‐terminal	
  flank,	
  allowing	
  
activation	
  by	
  phosphorylation	
  [65,	
  91].	
  D:	
  Example	
  of	
  second	
  FFAT-­‐like	
  sequences	
  in	
  proteins	
  
with	
  originally	
  defined	
  FFAT	
  motifs;	
  *only	
  the	
  sequence	
  scoring	
  4.5	
  in	
  Orp3	
  has	
  so	
  far	
  been	
  
tested	
  [34].	
  Other	
  motifs	
  fit	
  the	
  criteria	
  F/Y2,	
  D/E/S/T4,	
  and	
  not	
  D/E	
  in	
  position	
  5;	
  all	
  need	
  
verification.	
  Note	
  that	
  the	
  additional	
  FFAT-­‐like	
  motifs	
  in	
  OSBP/Osh1p	
  occur	
  at	
  the	
  extreme	
  C-­‐
terminus	
  of	
  their	
  lipid	
  transfer	
  domains.	
  Other	
  second	
  motifs	
  shown	
  here	
  are	
  all	
  outside	
  
known	
  domains.	
  	
  E:	
  FFAT-­‐like	
  motifs	
  identified	
  in	
  VAP	
  interactors,	
  all	
  human	
  [10,	
  31,	
  33,	
  36-­‐38,	
  40]	
  
except	
  NET3C‡	
  from	
  Arabidopsis	
  [39].	
  Non-­‐conservative	
  substitutions	
  for	
  F/Y3	
  that	
  were	
  
previously	
  excluded	
  [30]	
  are	
  highlighted	
  in	
  yellow.	
  *	
  indicates	
  motifs	
  studied	
  before	
  in	
  
molecular	
  detail.	
  In	
  D	
  and	
  E	
  the	
  number	
  of	
  suboptimal	
  elements	
  was	
  calculated	
  using	
  the	
  
algorithm	
  in	
  Box	
  1,	
  and	
  amino	
  acids	
  are	
  colored	
  by	
  (possible)	
  charge:	
  D/E	
  =	
  red,	
  S/T	
  =	
  orange,	
  
K/R	
  =	
  blue.	
  	
  	
  
	
  
Figure	
  2:	
  24	
  newly	
  described	
  VAP	
  interactors	
  in	
  BioPlex	
  have	
  strong	
  FFAT-­‐like	
  motifs	
  
A.	
  The	
  overall	
  strength	
  of	
  originally	
  defined	
  FFAT	
  motifs	
  (n=12)	
  was	
  compared	
  to	
  that	
  of	
  
FFAT-­‐like	
  motifs	
  in	
  74	
  undefined	
  VAP	
  interactors	
  (the	
  “VAPome”)	
  in	
  BioPlex.	
  The	
  graphs	
  
show	
  the	
  numbers	
  of	
  suboptimal	
  elements.	
  Also	
  shown	
  are	
  data	
  on	
  the	
  strongest	
  FFAT-­‐like	
  
motifs	
  in	
  286	
  control	
  proteins.	
  While	
  all	
  the	
  original	
  FFAT	
  motifs	
  score	
  1.0	
  or	
  less	
  [14],	
  and	
  
controls	
  score	
  on	
  average	
  4	
  –	
  5,	
  the	
  VAP	
  interactors	
  have	
  an	
  intermediate	
  score.	
  Using	
  a	
  cut-­‐
off	
  of	
  <3	
  suboptimal	
  elements	
  (dashed	
  line,	
  see	
  Table	
  1),	
  24	
  (~30%)	
  VAP	
  interactors	
  were	
  
identified	
  as	
  having	
  a	
  strong	
  FFAT-­‐like	
  motif,	
  while	
  less	
  than	
  1%	
  of	
  control	
  proteins	
  score	
  this	
  
low.	
  B.	
  All	
  sequences	
  from	
  A	
  were	
  scanned	
  for	
  their	
  second	
  strongest	
  FFAT-­‐like	
  motifs.	
  The	
  12	
  
proteins	
  with	
  originally	
  defined	
  FFAT	
  motifs	
  have	
  strong	
  second	
  FFAT-­‐like	
  motifs.	
  Among	
  the	
  
VAP	
  interactors	
  identified	
  in	
  BioPlex,	
  the	
  24	
  with	
  strong	
  FFAT-­‐like	
  motifs	
  had	
  second	
  motifs	
  
of	
  strength	
  similar	
  to	
  the	
  12	
  proteins	
  with	
  originally	
  defined	
  FFAT	
  motifs.	
  In	
  contrast,	
  the	
  50	
  
proteins	
  with	
  weak	
  FFAT-­‐like	
  motifs	
  had	
  second	
  motifs	
  that	
  were	
  close	
  to	
  those	
  found	
  in	
  
controls.	
  
	
  
Figure	
  3:	
  VAP	
  links	
  the	
  ER	
  to	
  several	
  other	
  organelles	
  	
  
Many	
  functions	
  on	
  the	
  cytoplasmic	
  face	
  of	
  the	
  ER	
  are	
  organised	
  by	
  VAP.	
  Cylinders	
  (hollow	
  if	
  
material	
  flows	
  through	
  them)	
  represent	
  separate	
  functional	
  complexes	
  that	
  include	
  VAP;	
  
many	
  of	
  these	
  are	
  at	
  membrane	
  contact	
  sites:	
  lipid	
  transfer	
  proteins	
  (blue),	
  with	
  transferred	
  
lipid	
  where	
  known	
  	
  [31,	
  60,	
  65,	
  70-­‐72,	
  91-­‐94]	
  (intracellular	
  parasitophorous	
  vacuoles	
  recruit	
  similar	
  
complexes	
  –	
  not	
  shown	
  [73-­‐75]);	
  tethers	
  and	
  cytoskeleton	
  (black)	
  [38,	
  39,	
  63,	
  86];	
  cAMP	
  signaling	
  
platforms	
  (green)[95,	
  96];	
  and	
  other	
  ER	
  functions	
  (yellow)	
  [10,	
  97].	
  Ca2+	
  traffic	
  also	
  occurs	
  at	
  
contacts	
  (red,	
  dashed	
  lines).	
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Supplementary	
  Figure	
  1:	
  FFAT-­‐like	
  motifs	
  found	
  in	
  new	
  VAP	
  interactors	
  
Sequences	
  of	
  the	
  strongest	
  two	
  FFAT-­‐like	
  motifs	
  (with	
  6	
  N-­‐terminal	
  flanking	
  residues)	
  in	
  86	
  
cytoplasmic	
  VAP	
  interactors	
  from	
  BioPlex	
  [11]	
  listed	
  in	
  Table	
  1.	
  A.	
  12	
  interactors	
  with	
  FFAT	
  
motifs	
  as	
  originally	
  defined.	
  B.	
  74	
  other	
  cytoplasmic	
  interactors	
  from	
  BioPlex.	
  In	
  each	
  section,	
  
interactors	
  are	
  sorted	
  in	
  order	
  of	
  increasing	
  number	
  of	
  suboptimal	
  elements	
  in	
  the	
  FFAT-­‐like	
  
motif	
  as	
  defined	
  in	
  Box	
  1	
  (i.e.	
  decreasing	
  resemblance	
  to	
  FFAT).	
  Amino	
  acids	
  are	
  colored:	
  D/E	
  
–	
  red,	
  S/T	
  –	
  orange,	
  K/R	
  –	
  blue,	
  F/Y	
  (in	
  positions	
  2/3)	
  –	
  yellow.	
  Potential	
  motifs	
  with	
  non-­‐
conservative	
  substitutions	
  for	
  F3	
  are	
  included	
  on	
  the	
  basis	
  of	
  experimental	
  findings	
  [10,	
  33].	
  The	
  
effects	
  of	
  non-­‐conservative	
  substitutions	
  at	
  F2	
  are	
  not	
  known,	
  and	
  such	
  motifs	
  have	
  been	
  
excluded.	
  Note	
  that	
  two	
  extra	
  criteria	
  used	
  previously	
  to	
  eliminate	
  irrelevant	
  motifs	
  
(conservation	
  and	
  predicted	
  not	
  to	
  be	
  a	
  helical	
  structure	
  [30])	
  have	
  not	
  been	
  applied	
  here.	
  
	
  
Supplementary	
  Figure	
  2:	
  Physical	
  Interactions	
  among	
  the	
  86	
  non-­‐ER	
  reported	
  
interactors	
  of	
  VAP	
  in	
  humans,	
  and	
  the	
  presence	
  of	
  FFAT	
  motifs	
  
All	
  86	
  non-­‐ER	
  members	
  of	
  the	
  human	
  VAPome	
  in	
  BioPlex	
  	
  [11]	
  (56,000	
  interactions	
  available	
  at	
  
wren.hms.harvard.edu/BioPlex/downloadInteractions.php	
  -­‐	
  	
  version	
  4)	
  were	
  submitted	
  to	
  
Genemania.org	
  to	
  identify	
  previously	
  known	
  physical	
  interactions	
  among	
  them,	
  with	
  VAP-­‐A	
  
and	
  VAP-­‐B	
  also	
  included	
  (stars).	
  Proteins	
  with	
  an	
  originally	
  defined	
  FFAT	
  motif	
  are	
  indicated	
  
by	
  a	
  red	
  background.	
  Proteins	
  with	
  strong	
  FFAT-­‐like	
  motifs	
  are	
  indicated	
  by	
  yellow	
  
background.	
  Blue	
  backgrounds	
  indicate	
  proteins	
  that	
  bind	
  to	
  those	
  with	
  either	
  defined	
  or	
  
strong	
  FFAT	
  motifs.	
  Heavy	
  black	
  outlines	
  indicates	
  that	
  the	
  VAPome	
  member	
  has	
  been	
  
described	
  previously	
  to	
  interact	
  with	
  VAP.	
  Possible	
  binding	
  to	
  Tubulin-­‐α1C	
  (TUBA1C,	
  red	
  
outline)	
  is	
  discussed	
  in	
  detail	
  in	
  section	
  1.5.	
  Details	
  of	
  all	
  predicted	
  FFAT	
  motifs	
  are	
  given	
  in	
  
Supplementary	
  Fig.	
  1.	
  Alternate	
  names	
  and	
  functions	
  of	
  all	
  VAP	
  interactors	
  are	
  given	
  in	
  
Supplementary	
  Table	
  1.	
  
	
  
Supplementary	
  Figure	
  3:	
  Physical	
  Interactions	
  among	
  the	
  59	
  reported	
  interactors	
  of	
  
VAP	
  in	
  yeast	
  
All	
  59	
  proteins	
  binding	
  yeast	
  VAP	
  (Scs2p)	
  identified	
  in	
  the	
  literature	
  (obtained	
  from	
  the	
  
Saccharomyces	
  Genome	
  Database)	
  together	
  with	
  Shs1p	
  and	
  Epo1p	
  	
  [47]	
  were	
  submitted	
  to	
  
Genemania.org	
  to	
  identify	
  previously	
  known	
  physical	
  interactions	
  among	
  them,	
  omitting	
  
Scs2p	
  from	
  the	
  network.	
  Only	
  5	
  proteins	
  do	
  not	
  interact	
  with	
  any	
  other.	
  24	
  soluble	
  proteins	
  
(blue	
  outlines)	
  include	
  4	
  with	
  FFAT	
  motifs	
  as	
  originally	
  defined	
  (red	
  background)	
  and	
  5	
  with	
  
strong	
  FFAT-­‐like	
  motifs	
  found	
  by	
  our	
  algorithm	
  (yellow	
  background).	
  All	
  other	
  proteins	
  
(n=35)	
  are	
  either	
  integral	
  to	
  membranes	
  with	
  some	
  cytoplasmic	
  domain(s)	
  (black	
  outlines)	
  or	
  
largely	
  lumenal	
  (green	
  outlines);	
  a	
  strong	
  FFAT-­‐like	
  motif	
  is	
  found	
  in	
  the	
  lumenal	
  domain	
  of	
  	
  
Ost1p	
  (yellow	
  asterisk).	
  Pink	
  backgrounds	
  for	
  Sac1p	
  and	
  Yet1p	
  indicate	
  that	
  they	
  (or	
  their	
  
human	
  homologues)	
  are	
  known	
  to	
  interact	
  with	
  Scs2p/VAP	
  via	
  transmembrane	
  helices	
  [54,	
  59].	
  
The	
  physical	
  linkage	
  of	
  most	
  proteins,	
  particularly	
  the	
  integral	
  membrane	
  proteins,	
  into	
  a	
  
highly	
  interconnected	
  single	
  network	
  shown	
  by	
  the	
  lines,	
  means	
  that	
  only	
  a	
  minority	
  of	
  these	
  
proteins	
  need	
  to	
  bind	
  Scs2	
  to	
  co-­‐precipitate	
  many	
  others.	
  Note	
  that	
  the	
  FFAT-­‐positive	
  
interactors	
  tend	
  to	
  be	
  more	
  peripheral	
  in	
  this	
  physical	
  network	
  (with	
  fewer	
  documented	
  
physical	
  interactions),	
  as	
  they	
  bind	
  VAP	
  directly,	
  not	
  indirectly	
  via	
  the	
  network.	
  
	
  
Supplementary	
  File	
  1:	
  FFAT	
  calc	
  workbook	
  
Up	
  to	
  30	
  protein	
  sequences	
  at	
  least	
  13	
  residues	
  long	
  (no	
  more	
  than	
  25,000	
  residues	
  in	
  total)	
  
entered	
  into	
  column	
  E	
  (starting	
  at	
  E12)	
  will	
  be	
  	
  scanned	
  for	
  the	
  four	
  strongest	
  FFAT	
  motifs	
  in	
  
each.	
  Only	
  type	
  in	
  boxes	
  with	
  green	
  fill.	
  Sequences	
  pasted	
  in	
  multiple	
  lines	
  into	
  the	
  box	
  
A3:A42	
  will	
  be	
  assembled	
  into	
  a	
  single	
  linear	
  sequence	
  in	
  E3	
  that	
  is	
  scored	
  in	
  situ,	
  but	
  should	
  
be	
  copied	
  out	
  (using	
  Paste	
  Special>Values)	
  into	
  a	
  lower	
  part	
  of	
  column	
  E.	
  The	
  scoring	
  system	
  
can	
  be	
  re-­‐weighted	
  by	
  altering	
  the	
  pink	
  squares	
  from	
  AK3:AW23.	
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Box	
  1.	
  Identifying	
  FFAT-­‐like	
  motifs	
  
	
  
	
  
FFAT	
  motifs	
  clearly	
  tolerate	
  some	
  substitutions	
  (for	
  example,	
  at	
  the	
  third	
  position	
  [10,	
  33]),	
  but	
  
the	
  full	
  range	
  has	
  not	
  yet	
  been	
  tested.	
  Instead	
  we	
  have	
  devised	
  an	
  approximate	
  scoring	
  
system,	
  ranking	
  stronger	
  FFAT-­‐like	
  motifs	
  in	
  inverse	
  correlation	
  to	
  the	
  number	
  of	
  suboptimal	
  
elements	
  they	
  contain.	
  We	
  scan	
  all	
  possible	
  sequences	
  of	
  13	
  amino	
  acids,	
  where	
  the	
  N-­‐
terminal	
  6	
  residues	
  are	
  the	
  potential	
  acidic	
  tract	
  and	
  the	
  C-­‐terminal	
  7	
  residues	
  make	
  up	
  the	
  
core	
  motif	
  (see	
  Fig.	
  1D/E).	
  The	
  total	
  score	
  indicates	
  divergence	
  from	
  canonical	
  FFAT	
  motifs,	
  
which	
  score	
  0.	
  These	
  scores	
  are	
  updates	
  of	
  those	
  used	
  previously	
  [30]	
  to	
  fit	
  current	
  literature.	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Residues	
  at	
  positions	
  1	
  –	
  5	
  and	
  7	
  in	
  the	
  core	
  of	
  the	
  motif	
  are	
  allocated	
  scores	
  indicating	
  
the	
  extent	
  to	
  which	
  they	
  are	
  suboptimal.	
  Squares	
  in	
  yellow	
  indicate	
  an	
  ideal	
  residue	
  for	
  
that	
  position,	
  which	
  scores	
  zero.	
  The	
  score	
  for	
  the	
  acidic	
  tract	
  is	
  derived	
  from	
  the	
  six	
  
residues	
  upstream,	
  each	
  of	
  which	
  is	
  scored	
  as	
  indicated‡;	
  the	
  total	
  from	
  all	
  six	
  residues	
  
(varying	
  between	
  -­‐6	
  and	
  +6)	
  is	
  then	
  converted	
  to	
  a	
  overall	
  score.	
  This	
  set	
  of	
  scores	
  was	
  
devised	
  from	
  testing	
  of	
  a	
  limited	
  range	
  of	
  substitutions	
  in	
  motifs	
  and	
  from	
  an	
  analysis	
  
of	
  homologues	
  of	
  proteins	
  with	
  FFAT	
  motifs	
  [30],	
  and	
  then	
  updated	
  in	
  the	
  light	
  of	
  
subsequent	
  discoveries	
  [10,	
  34].	
  However,	
  much	
  more	
  testing	
  of	
  FFAT-­‐like	
  motifs	
  is	
  
needed	
  to	
  improve	
  accuracy.	
  Canonical	
  FFAT	
  motifs	
  score	
  zero;	
  random	
  protein	
  
sequences	
  score	
  on	
  average	
  11.2	
  (S.D.	
  ±1.8;	
  maximum	
  =	
  13.5).	
  The	
  average	
  best	
  FFAT-­‐
like	
  sequence	
  in	
  286	
  control	
  proteins	
  scored	
  4.6	
  (S.D.	
  ±0.9),	
  see	
  Fig.	
  2A.	
  An	
  editable	
  
Microsoft	
  Excel™	
  workbook	
  that	
  scans	
  proteins	
  for	
  their	
  four	
  strongest	
  FFAT-­‐like	
  
motifs	
  is	
  supplied	
  as	
  Supplementary	
  File	
  1.	
  Substitution	
  at	
  position	
  2	
  (other	
  than	
  Y)	
  is	
  
heavily	
  penalized	
  because	
  no	
  unequivocal	
  instance	
  has	
  been	
  reported	
  of	
  a	
  FFAT-­‐like	
  
sequence	
  that	
  lacks	
  either	
  F2	
  or	
  Y2.	
  To	
  reflect	
  this,	
  the	
  workbook	
  highlights	
  any	
  motif	
  
detected	
  that	
  might	
  be	
  optimal	
  in	
  many	
  ways,	
  except	
  that	
  it	
  is	
  substituted	
  at	
  position	
  2.	
  

	
  
	
   	
  

	
   Amino	
  acid	
  (single	
  letter	
  code)	
  
POS.	
   A	
   C	
   D	
   E	
   F	
   G	
   H	
   I	
   K	
   L	
   M	
   N	
   P	
   Q	
   R	
   S	
   T	
   V	
   W	
   Y	
  
1	
   1	
   1	
   0	
   0	
   1	
   1	
   1	
   1	
   1.5	
   1	
   1	
   1	
   1	
   1	
   2	
   0.5	
   0.5	
   1	
   1	
   1	
  
2	
   4	
   4	
   4	
   4	
   0	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   4	
   2	
   0.5	
  
3	
   1	
   1	
   1	
   1	
   0	
   1	
   0.5	
   1	
   1	
   1	
   1	
   1	
   1	
   1	
   1	
   1	
   1	
   1	
   0.5	
   0	
  
4	
   2	
   2	
   0	
   0	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   0.5	
   0.5	
   2	
   2	
   2	
  
5	
   0	
   0	
   4	
   4	
   2	
   1	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   2	
   3	
   0.5	
   0.5	
   2	
   2	
   2	
  
7	
   1	
   1	
   0	
   0	
   1	
   1	
   1.5	
   1	
   1.5	
   1	
   1	
   1	
   1	
   1	
   1.5	
   0.5	
   0.5	
   1	
   1	
   1	
  

flank	
  
x6‡	
   	
   	
   1	
   1	
   	
   	
   	
   	
   -­‐1	
   	
   	
   	
   	
   	
   -­‐1	
   0.5	
   0.5	
   	
   	
   	
  

overall	
   Add	
  all	
  6	
  flank	
  scores:	
  ≥4	
  à	
  0	
  (optimal);	
  	
  ≥3	
  à0.5;	
  ≥2.0	
  à	
  1;	
  <2	
  à	
  1.5	
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Table	
  1:	
  Detailed	
  analysis	
  of	
  FFAT-­‐like	
  motifs	
  in	
  the	
  VAPome	
  reported	
  by	
  BioPlex	
  
	
  
A.	
  	
  Summary	
  of	
  overlap	
  between	
  VAP	
  interactors	
  in	
  BioPlex	
  and	
  in	
  the	
  original	
  study	
  of	
  
FFAT	
  motifs	
  

	
  	
  	
  	
  	
  integral	
  ER	
  
	
   as-­‐bait	
  	
  as-­‐target	
  	
  total	
  	
  	
  membrane	
  	
  	
  cytoplasmic	
  	
  	
  	
  EFFDAxE[14]	
   	
  
VAP-­‐A	
  	
  	
  	
  	
  56°	
   	
  	
  	
  	
  	
  	
  	
  	
  5	
   	
  	
  	
  	
  	
  	
  60	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  55	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  11	
  	
  	
  	
  	
  	
   	
  
VAP-­‐B	
  	
  	
  	
  	
  75	
   	
  	
  	
  	
  	
  	
  	
  	
  4°	
  	
   	
  	
  	
  	
  	
  	
  78°	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  77	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  12	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
overall	
  	
  	
  	
  85	
   	
  	
  	
  	
  	
  	
  	
  	
  8	
   	
  	
  	
  	
  	
  	
  92	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  6	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  86	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  12	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  leaving:	
  	
  74	
  not	
  previously	
  studied	
  
B.	
  	
  Originally	
  defined	
  FFAT	
  motifs	
  	
  (n=12)	
  
suboptimal	
  
score	
   Protein	
  name	
  

0	
   OSBP,	
  ORP4,	
  RdgBαI,	
  RdgBαII,	
  RdgBαIII‡	
  
0.5	
   Rab3GAP1b,,	
  Rabphilin-­‐11	
  
1	
   ORP3,	
  ORP6,	
  ORP9a	
  
1.5	
   ORP1,	
  ORP2	
  

	
  
C.	
  	
  Other	
  VAP	
  interactors	
  	
  (n	
  =	
  74)	
   	
   	
   	
   	
   	
   	
  
suboptimal	
  

score	
   Protein	
  name	
  

strong	
  
(n=24)	
  

0	
   VPS13C*	
  
0.5	
   	
  
1	
   AKAP11*c,,	
  LSG1,	
  TACC1*,	
  VPS13A*	
  
1.5	
   LARG*,	
  FAM73B*,	
  JMY•[38],	
  TubulinA1C	
  
2	
   AHCTF1,	
  CEBPZ,	
  NACAD,	
  RASSF1d‡[98],	
  Secernin-­‐1,	
  SNX2e,	
  SPEG,	
  TTC39B	
  
2.5	
   ACBD5,	
  Aftiphilin,	
  FAM170A,	
  GPN3,	
  MAP4K3,	
  Synergin-­‐γ,	
  TPR1•[36]	
  

weak	
  
(n=50)	
  

	
  
Label	
  A-­‐E	
  

x10	
  àbind	
  
proteins	
  
above	
  a-­‐e	
  

3	
   FAM83G,	
  PCTP,	
  PTPIP51•[37],	
  RBCC1,	
  SNX25,	
  USP20•[97],	
  ZDBF2	
  
3.5	
   Ankycorbin,	
  BRIP1,	
  CELSR2,	
  DOP1,	
  HEATR5B,	
  	
  

MICAL3,	
  ORP10A,	
  ORP11A,	
  RMD2,	
  STK3D,	
  STK4D,	
  USP33•[97]	
  
4	
   CCNB2,	
  NBR1,	
  SLC25A35,	
  SLC6A15,	
  TRIOBP	
  
4.5	
   FAM118B,	
  PRKAR1AC,	
  PSTPIP2,	
  Rab3GAP2B,	
  SerpinB9,	
  SLC26A2,	
  SLC39A8,	
  

TNFRSF3,	
  ZFPL1	
  
5	
   CTU2,	
  MPRIP,	
  NDUF	
  2	
  subunits,	
  NOL11,	
  PKA	
  C-­‐βC,	
  PTPN12,	
  SNX5E,	
  SNX6E	
  
5.5	
   NDUF	
  x2	
  subunits,	
  PKA	
  C-­‐γ,	
  PRKAR1BC,	
  SLC39A9,	
  SLC7A2	
  
6	
   NDUF	
  x1	
  subunit,	
  
6.5	
   NDUF	
  x1	
  subunit	
  

	
  
A.	
  56,000	
  human	
  protein	
  interactions	
  from	
  BioPlex	
  [11]	
  were	
  mined	
  for	
  VAP-­‐A	
  and	
  VAP-­‐B	
  
entries	
  both	
  as	
  baits	
  and	
  as	
  targets.	
  Integral	
  ER	
  membrane	
  proteins	
  (EIF2AK3,	
  MOSPD2,	
  
nesprin	
  2,	
  TRIC-­‐B	
  and	
  protrudin,	
  the	
  latter	
  having	
  been	
  studied	
  in	
  detail	
  [33])	
  were	
  excluded.	
  
This	
  left	
  86	
  non-­‐redundant	
  cytoplasmic	
  interactors,	
  of	
  which	
  12	
  had	
  originally	
  defined	
  FFAT	
  
motifs	
  [14].	
  °includes	
  VAP-­‐A—VAP-­‐B	
  interaction.	
  	
  B	
  and	
  C.	
  The	
  86	
  cytoplasmic	
  VAP	
  interactors	
  
were	
  scored	
  for	
  the	
  number	
  of	
  sub-­‐optimal	
  elements	
  in	
  their	
  strongest	
  FFAT-­‐like	
  motif	
  using	
  
the	
  algorithm	
  in	
  Box	
  1.	
  B:	
  12	
  VAP	
  interactors	
  with	
  originally	
  defined	
  FFAT	
  motifs	
  are	
  shown	
  
in	
  order	
  of	
  increasing	
  number	
  of	
  suboptimal	
  elements	
  in	
  the	
  motif.	
  All	
  but	
  one	
  protein‡	
  bound	
  
both	
  VAP-­‐A	
  and	
  VAP-­‐B.	
  C:	
  74	
  human	
  VAP	
  interactors	
  in	
  BioPlex	
  are	
  shown	
  in	
  order	
  of	
  
increasing	
  number	
  of	
  suboptimal	
  elements	
  in	
  their	
  strongest	
  FFAT-­‐like	
  motif.	
  The	
  red	
  line	
  
indicates	
  the	
  cut-­‐off	
  we	
  use	
  to	
  divide	
  strong	
  (n=24)	
  and	
  weak	
  (n=50)	
  FFAT-­‐like	
  motifs	
  (see	
  
Fig.	
  2A).	
  Motifs	
  from	
  parts	
  B	
  and	
  C	
  are	
  shown	
  in	
  detail	
  in	
  Supplementary	
  Fig.	
  1.	
  Previous	
  
findings	
  curated	
  at	
  Genemania.org	
  indicate	
  that	
  10	
  VAP	
  interactors	
  with	
  weak	
  motifs	
  (A—E	
  in	
  
bottom	
  half	
  of	
  C)	
  may	
  bind	
  VAP	
  indirectly,	
  as	
  they	
  bind	
  proteins	
  in	
  B	
  a,b	
  or	
  in	
  the	
  top	
  half	
  of	
  C	
  
c,d,e	
  (see	
  Supplementary	
  Fig.	
  2).	
  For	
  alternate	
  protein	
  names,	
  see	
  Supplementary	
  Table	
  1.	
  
Notes:	
  •Two	
  strong	
  and	
  three	
  weak	
  interactors	
  have	
  been	
  studied	
  in	
  detail	
  without	
  detection	
  
of	
  the	
  motif.	
  *Six	
  interactions	
  were	
  previously	
  predicted	
  [30].	
  ‡	
  RASSF1	
  isoform	
  C	
  only.	
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Table	
  2:	
  Functions	
  of	
  VAP	
  interactors	
  via	
  FFAT	
  or	
  strong	
  FFAT-­‐like	
  motifs	
  
	
  
	
  
Lipids:	
  	
   PI4P,	
  cholesterol,	
  others:	
  OSBP,	
  ORP1-­‐4	
  &	
  6,9,10*,11*	
  	
  [21,	
  24,	
  34,	
  91]	
  
	
   PI,	
  PC,	
  PA:	
  RdgBαI-­‐III	
  [71,	
  72,	
  92]	
  
	
   Fatty	
  acids:	
  ACBD5	
  
	
   PI3P	
  (on	
  ER):	
  SPEG	
  
	
  
Membrane	
  traffic:	
  ER	
  morphology:	
  Rab3GAP1	
  &	
  2*	
  [19]	
  
	
   	
  Post-­‐Golgi:	
  Aftiphilin,	
  Secernin-­‐1,	
  Synergin-­‐γ	
  

	
   	
  Endosomes:	
  Rabphilin-­‐11,	
  SNX2/5*/6*,	
  VPS13A	
  &	
  C	
  	
  
	
  
Cytoskeleton:	
  	
   Microtubules:	
  TACC1,	
  Tubulin-­‐α1C	
  	
  
	
   Actin:	
  JMY[38],	
  LARG,	
  	
  
	
  
Signaling:	
   cAMP:	
  AKAP11,	
  PRKACB*,	
  PRKAR1A*,	
  PRKAR1B*	
  
	
   other	
  pathways:	
  MAP4K3,	
  NACAD,	
  RASSF1‡,	
  STK3*,	
  STK4*,	
  TPR1[36]	
  
	
  
Nuclear:	
  	
  AHCTF1,	
  CEBPZ,	
  FAM170A,	
  GPN3,	
  LSG1	
  
	
  
Unknown:	
   FAM73B,	
  TTC39B	
  
	
  
*	
  *	
  *	
  *	
  *	
  *	
  
	
  
Identified	
  Previously:	
  
	
  
ER-­‐associated	
  degradation:	
  FAF1	
  [10]	
  
ER	
  insertion	
  of	
  tail-­‐anchored	
  proteins:	
  ASNA1	
  [10]	
  
	
  
Legend:	
  
Overall	
  function	
  groupings	
  are	
  listed	
  for	
  46	
  VAP	
  interactors	
  identified	
  by	
  BioPlex	
  either	
  that	
  
have	
  FFAT	
  motifs,	
  or	
  that	
  have	
  strong	
  FFAT-­‐like	
  motifs	
  as	
  defined	
  in	
  Fig.	
  3A,	
  or	
  that	
  bind	
  to	
  
one	
  of	
  these	
  proteins*.	
  Also	
  function	
  identified	
  by	
  Baron	
  et	
  al.	
  (2014)	
  are	
  shown	
  [10].	
  ‡	
  The	
  
FFAT	
  in	
  RASSF1c	
  was	
  overlooked	
  previously	
  [30];	
  this	
  isoform	
  (270	
  aa)	
  has	
  a	
  strong	
  FFAT-­‐like	
  
motif	
  residues	
  33-­‐39),	
  while	
  in	
  isoform	
  A	
  (340	
  aa)	
  residues	
  1-­‐49	
  are	
  replaced	
  with	
  an	
  
alternate	
  123	
  residues.	
  References	
  indicate	
  studies	
  that	
  previously	
  showed	
  proteins	
  to	
  be	
  
associated	
  with	
  the	
  ER.	
  Alternate	
  names	
  and	
  explanations	
  of	
  acronyms	
  for	
  proteins	
  are	
  given	
  
in	
  Supplementary	
  Table	
  1.	
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Supplementary Table 1:  Description of 74 novel VAP interactors in BioPlex 
   
Protein Alternative gene names Uniprot Full name Function 

ACBD4   ACBD4  Acyl-CoA-binding domain-containing protein 4 Lipid 
ACBD5 KIAA1996 ACBD5 Acyl-CoA-binding domain-containing protein 5 Lipid 
AFTPH AFTH AFTIN Aftiphilin Membrane traffic  
AHCTF1 ELYS, TMBS62 ELYS Protein ELYS Nuclear 
AKAP11 AKAP220, KIAA0629 AKA11 A-kinase anchor protein 11 Signalling 
Ankycorbin KIAA1334, NORPEG RAI14 Ankycorbin Cytoskeleton 
BRIP1 BACH1, FANCJ FANCJ Fanconi anemia gp J pr, BRCA1-interacting pr Nuclear 
CCNB2  CCNB2 G2/mitotic-specific cyclin-B2 Signalling 
CEBPZ CBF2 CEBPZ CCAAT/enhancer-binding protein zeta Nuclear 
CELSR2  CDHF10, EGFL2,  MEGF3 CELR2  Cadherin EGF LAG 7-pass G-type receptor 2 Signalling 
CTU2 C16orf84, NCS2 CTU2 Cytoplasmic tRNA 2-thiolation protein 2 Signalling 
DOPEY1 KIAA1117 DOP1 Dopey-1 Membrane traffic 
FAM118B   F118B  Protein FAM118B Nuclear 
FAM170A ZNFD F170A Protein FAM170A Nuclear 
FAM73B C9orf54 FA73B Protein FAM73B Unknown 
FAM83G PAWS1 FA83G  Protein FAM83G Signalling 
GPN3 ATPBD1C GPN3 GPN-loop GTPase 3 Nuclear 
HEATR5B KIAA1414  HTR5B  HEAT repeat-containing protein 5B Unknown 
JMY  JMY Junction-mediating and -regulatory protein Cytoskeleton 
LARG ARHGEF12, KIAA0382 ARHGC Rho guanine nucleotide exchange factor 12 Cytoskeleton 
LSG1   LSG1 Large subunit GTPase 1 homolog Nuclear 
MAP4K3 RAB8IPL1 M4K3 MAP kinase kinase kinase kinase 3 Signalling 
MICAL3  KIAA0819, KIAA1364 MICA3 Protein-methionine sulfoxide oxidase MICAL3 Membrane traffic 
MPRIP  KIAA0864, MRIP, RHOIP3 MPRIP Myosin phosphatase Rho-interacting protein Cytoskeleton 
NACAD KIAA0363 NACAD NAC-alpha domain-containing protein 1 Membrane traffic 
NBR1 1A13B, KIAA0049, M17S2 NBR1 Next to BRCA1 gene 1 protein Signalling 
NDUFA12 DAP13 NDUAC }  } intra-mitochondrial 
NDUFA7  NDUA7 }                    subunits of } intra-mitochondrial 
NDUFB3  NDUB3 }  NADH dehydrogenase [ubiquinone] 1 } intra-mitochondrial 
NDUFB8           NDUB8 }      i.e. complex I in the mitochondrial } intra-mitochondrial 
NDUFS4  NDUS4 }           electron transport chain } intra-mitochondrial 
NDUFS6  NDUS6 } } intra-mitochondrial 
NOL11  NOL11 Nucleolar protein 11 Nuclear  
PCTP STARD2  PPCT Phosphatidylcholine transfer protein Lipid 
PRKACB PKA C- KAPCB   } } 
PRKACG PKA C- KAPCG   } cAMP-dependent protein kinase type I- } 
PRKAR1A PKR1, PRKAR1, TSE1 KAP0   }          regulatory subunits }  Signalling 
PRKAR1B PRKX, PKX KAP1   } } 
PSTPIP2  PPIP2 Pro-ser-thr phosphatase-interacting pr-2 Cytoskeleton  
PTPIP51  FAM82A2, FAM82C, RMDN3 RMD3  Regulator of microtubule dynamics pr-3 Signalling 
PTPN12  PTN12 Tyrosine-pr phosphatase non-receptor type 12 Signalling 
RASSF1  RDA32 RASF1 Ras association domain-containing pr 1 Nuclear 
RB1CC1 KIAA0203, RBICC RBCC1 RB1-inducible coiled-coil protein 1 Signalling 
RMDN2 FAM82A1 (see PTPIP51) RMD2 Regulator of microtubule dynamics pr-2 Signalling  
Secernin-1 KIAA0193 SCRN1 Secernin-1 Membrane traffic 
SerpinB9 PI9 SPB9 Serpin B9 Signalling 
SLC25A35  S2535 Solute carrier family 25 member 35 Membrane traffic 
SLC26A2 DTD, DTDST S26A2  Sulfate transporter Membrane traffic  
SLC39A8 BIGM103, ZIP8 S39A8 Zinc transporter ZIP8 Membrane traffic 
SLC39A9 ZIP9 S39A9 Zinc transporter ZIP9 Membrane traffic 
SLC6A15  S6A15 Na+-dependent neutral aa transporter B(0)AT2 Membrane traffic 
SLC7A2 ATRC2, CAT2 CTR2 Cationic amino acid transporter 2 Membrane traffic 
SNX2   SNX2  Sorting nexin-2 Lipid 
SNX25   SNX25  Sorting nexin-25 Membrane traffic 
SNX5   SNX5 Sorting nexin-5 Membrane traffic 
SNX6  SNX6 Sorting nexin-6 Membrane traffic 
SPEG APEG1, KIAA1297 SPEG Striated muscle preferentially expressed kinase Lipid 
STK3  KRS1, MST2 STK3 Serine/threonine-protein kinase 3 Signalling 
STK4  KRS2, MST1 STK4 Serine/threonine-protein kinase 4 Signalling 
Synergin- AP1GBP1, SYNG SYNRG Synergin gamma Membrane traffic 
TACC1  KIAA1103 TACC1 Transforming acidic coiled-coil-containing pr1 Nuclear 
TNFRSF3 LTBR, TNFCR, TNR3 TNF receptor superfamily member 3 Signalling  
TPR1 TTC1 TTC1 Tetratricopeptide repeat protein 1 Protein folding 
TRIOBP KIAA1662, TARA TARA TRIO and F-actin-binding protein Cytoskeleton 
TTC39B C9orf52 TT39B Tetratricopeptide repeat protein 39B Signalling 
Tubulin1C TUBA6 TBA1C Tubulin alpha-1C chain Cytoskeleton 
USP20  KIAA1003, LSFR3A, VDU2 UBP20  Ubiquitin carboxyl-terminal hydrolase 20 Signalling 
USP33 KIAA1097, VDU1 UBP33 Ubiquitin carboxyl-terminal hydrolase 33 Signalling 
VPS13A CHAC, KIAA0986 VP13A Vacuolar protein sorting-associated pr 13A Membrane traffic  
VPS13C KIAA1421 VP13C Vacuolar protein sorting-associated pr 13C Membrane traffic 
ZDBF2  KIAA1571   ZDBF2  DBF4-type zinc finger-containing protein 2 Unknown 
ZFPL1  ZFPL1 Zinc finger protein-like 1 Membrane traffic 

 
    Excludes 12 proteins with originally defined FFAT-motifs, and 6 that are integral ER membrane proteins. 
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A.	
  12	
  known	
  motifs	
  
OSBP	
   0.0	
   DEDDENEFFDAPE 2.2	
   THIYRGEYWECKE	
  
ORP4	
   0.0	
   EEDEDTEYFDAME 3.2	
   ACVYKGGYWEAKE	
  
PITM1	
   0.0	
   ENSSEEEFFDAHE 3.2	
   PHLFHASYWESAD	
  
PITM2	
   0.0	
   DESSDDEFFDAHE 3.2	
   PHLFHASYWESTD	
  
PITM3	
   0.0	
   VESSDDEFFDARE 3.2	
   PHLFHASYWESTD	
  
Rab3GAP1	
   0.5	
   WSDSEEEFFECLS 2.5	
   EVFEITDFTTASE	
  
Rabphilin11	
   0.5	
   SESDTEEFYDAPE 4	
   CCFQHIDFVTAIA	
  
ORP9	
   1.0	
   YSSSEDEFYDADE 3.5	
   YNAGLLSYYTSKD	
  
ORP3	
   1.0	
   ITDSLSEFFDAQE 4	
   DFGEEKNYSDGSE	
  
ORP6	
   1.0	
   MSESVSEFFDAQE 4	
   HLCEEMEYSELLD	
  
ORP2	
   1.5	
   XMNGEEEFFDAVT 3	
   SDNSSGEFSEANQ	
  
ORP1	
   1.5	
   SILSEDEFYDALS 4.5	
   SDNSSGEFSEANQ	
  
	
   	
    	
   	
  
	
  
B.	
  74	
  other	
  VAP	
  interactors	
  
VPS13C	
   0.0	
   ESESDDEYFDAED 3.5	
   FRFNLDLYPDATE	
  
AKAP11	
   1.0	
   SDSEVSEFFDSFD 2	
   VSSIEDDFVTAFE	
  
LSG1	
   1.0	
   TDEDDSEYEDCPE 3.5	
   YHFDPDNFDESMD	
  
TACC1	
   1.0	
   EPEEDLEYFECSN 3.5	
   YHFDPDNFDESMD	
  
VPS13A	
   1.0	
   EDDSEEEFFDAPC 3.5	
   PFGLIREFSEGVE	
  
JMY	
   1.5	
   ETDDPEEYYESLS 3.5	
   EKRDEVVYYDTYE	
  
FAM73B	
   1.5	
   SLTSEDSFFSATE 4	
   AEKSPKGFLESYE	
  
TubulinA1C	
   1.5	
   EGMEEGEFSEARE 4	
   DDSFNTFFSETGA	
  
ARFGEF12	
   1.5	
   LDDSGEHFFDARE 4.5	
   RKFDSVAFGESQS	
  
SCRN1	
   2.0	
   DEVQEVVYFSAAD 2.5	
   PAEVGDLFYDCVD	
  
CEBPZ	
   2.0	
   ESDDEENFIDAND 3	
   EDVDDEEFEELID	
  
SNX2	
   2.0	
   DDDREDLFAEATE 3.5	
   LEDGEDLFTSTVS	
  
ELYS	
   2.0	
   SDETTLEYQDAPS 4	
   WLIDHNDYESGLD	
  
NACAD	
   2.0	
   SDSDSASYAEADD 4	
   ASDTYVVFGEAKI 
RASF1C	
   2.0	
   SDSELEQYFTART 5	
   SSTTSSGYCQEDS	
  
SPEG	
   2.0	
   LESSDDSYVSAGE 4	
   LSVASDLYGSAFS	
  
TT39B	
   2.0	
   LEADEDVFEDALE 4	
   NLFLSNKFTDALE	
  
Aftifilin	
   2.5	
   NGDSSNDFVTCND 2.5	
   DSMSDATFEESSE	
  
SYNRG	
   2.5	
   EEDDFQDFQDASK 2.5	
   TDDGFTDFKTADS	
  
M4K3	
   2.5	
   LDSSEEIYYTARS 3	
   ELPDSDGFLDSSE	
  
Fam170A	
   2.5	
   EVTSTSEYCSCVS 3.5	
   SLSSYSSYKTCVS	
  
GPN3	
   2.5	
   SSMFDEYFQECQD 4	
   QYGEDLEFKEPKE	
  
ACBD5	
   2.5	
   SDSDSEVYCDSME 5	
   LLRVIGPFYEIVE	
  
TPR1	
   2.7	
   DQGEEECFHDCSA 3	
   EQFKKGDYIEAES	
  
Fam83G	
   3.0	
   ASSVSEEYFEVRE 3.5	
   EEEDDDDYVTLSD	
  
PTPIP51	
   3.0	
   STGSSSVYFTASS 3.5	
   TASSGATFTDAES	
  
RBCC1	
   3.0	
   AESPESDFMSAVN 4	
   ECLTRHSYRECLG	
  
USP20	
   3.0	
   RSPSEDEFLSCDS 4	
   LEDCLAAFFAADE	
  
SNX25	
   3.2	
   DKRALISFWESVE 4	
   GEIYQNFFVESKE	
  
ZDBF2	
   3.2	
   SDSPASLYHSAHD 4	
   IAKNHEEFFSNMD	
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PCTP	
   3.2	
   GSFSEEQFWEACA 5	
   PTLLADIYMDSDY	
  
CELR2	
   3.5	
   DVVSPLDYETTKE 3.5	
   EDDQSGSYASTHS	
  
FANCJ	
   3.5	
   KKLKACPYYTARE 3.5	
   QIQHHSTFESALE	
  
MICA3	
   3.5	
   REEVRKSFVESVE 3.5	
   ADDVEDTYDDKTE	
  
DOP1	
   3.5	
   PEEHATYYFTTFS 4	
   KQKTSKEYLSAFL	
  
HTR5B	
   3.5	
   YLLDENSFASASS 4.5	
   EMDDDTMFTTLGE	
  
ORP11	
   3.5	
   HPPVSGFYAECTE 4.5	
   SEVASSVFSSSST	
  
USP33	
   3.5	
   KSQSDVDFQSCES 4.5	
   CPPLTQFFLDCGG	
  
STK3	
   3.5	
   QRPSFMDYFDKQD 5	
   DLWIVMEYCGAGS	
  
STK4	
   3.5	
   AKPSFLEYFEQKE 5	
   DLWIVMEYCGAGS	
  
ORP10	
   3.5	
   HPPISCFYCECEE 5.2	
   NPIIGETFHCSWE	
  
RMD2	
   3.5	
   EAESEGGYITANT 5.5	
   MWRFARAYGDMYE	
  
RAI14	
   3.7	
   ADLSFDSYHSTQT 4	
   KAFLFEKYQEAQE	
  
S6A15	
   4.0	
   EDAADDAFKTSEL 4	
   TGLAFIAFTEAMT	
  
CCNB2	
   4.0	
   EENLCQAFSDALL 4.5	
   LQSINPHFLDGRD	
  
NBR1	
   4.0	
   SINSQGEYEEALK 4.5	
   TCQQEETFLLAKE	
  
TARA	
   4.0	
   WGGTSREYKESWG 4.5	
   QDNPQTSFPTCTP	
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