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LC-­‐MS/MS	
   liquid	
  chromatography	
  tandem	
  mass	
  spectrometry	
  

LOD	
   	
   limit	
  of	
  detection	
  

LOQ	
   	
   limit	
  of	
  quantitation	
  

LTD	
   	
   long-­‐term	
  depression	
  

LTP	
   	
   long-­‐term	
  potentiation	
  

LRP	
   	
   labeled	
  reference	
  peptide	
  

mGluR	
   	
   metabotropic	
  glutamate	
  receptor	
  

MHD	
   	
   Munc	
  homology	
  domain	
  

MRM	
   	
   multiple	
  reaction	
  monitoring	
  

NMDAR1	
   N-­‐methyl-­‐d-­‐aspartate	
  receptor-­‐1	
  

PMSF	
   	
   phenylmethanesulfonyl	
  fluoride	
  



xii.	
  

RGS	
   	
   regulator	
  of	
  G	
  protein	
  signaling	
  

PLC	
   	
   phospholipase	
  C	
  

PRE	
   	
   presynaptic	
  

PSD-­‐95	
   	
   postsynaptic	
  density	
  95	
  

PSD	
   	
   postsynaptic	
  density	
  

R7BP	
   	
   R7	
  family	
  binding	
  protein	
  

RGS	
   	
   regulators	
  of	
  G	
  protein	
  signaling	
  

RIPA	
   	
   radioimmunoprecipitation	
  assay	
  

RT	
   	
   retention	
  time	
  

RWG	
   	
   resonant	
  waveguide	
  	
   	
  

SD	
   	
   standard	
  deviation	
  

SERT	
   	
   serotonin	
  transporter	
  

SID	
   	
   stable	
  isotope	
  dilution	
  

SM	
   	
   Sec-­‐1/Munc-­‐18	
  	
  

S/N	
   	
   signal	
  to	
  noise	
  

SNAP	
   	
   synaptosome-­‐associated	
  protein	
  

SNARE	
   	
   soluble	
  N-­‐ethylmaleimide-­‐sensitive	
  factor	
  attachment	
  protein	
  receptors	
  

Str	
   	
   striatum	
  

Sup	
   	
   depleted	
  supernatant	
  

TBS	
   	
   tris	
  buffered	
  saline	
  

TCA	
   	
   tricholoroacetic	
  acid	
  

TX-­‐100	
   	
   triton	
  X-­‐100	
  

QC	
   	
   quality	
  control	
  

VAChT	
   	
   vesicular	
  acetylcholine	
  transporter	
  



xiii.	
  

VAMP	
   	
   vesicle-­‐associated	
  membrane	
  protein	
  

VDCC	
   	
   voltage-­‐dependent	
  calcium	
  channels	
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CHAPTER	
  I	
  

INTRODUCTION	
  

Portions	
  of	
  this	
  chapter	
  are	
  published	
  under	
  the	
  title	
  “GPCR	
  mediated	
  regulation	
  of	
  synaptic	
  

transmission”	
  in	
  Progress	
  in	
  Neurobiology	
  	
  

	
  

Heterotrimeric	
  G	
  proteins	
  play	
  essential	
  roles	
  in	
  cellular	
  communication	
  by	
  transducing	
  

extracellular	
  signals	
  from	
  G	
  protein	
  coupled	
  receptors	
  (GPCRs)	
  to	
  a	
  wide	
  range	
  of	
  downstream	
  

effectors.	
  The	
  fidelity	
  of	
  this	
  process	
  depends	
  in	
  part	
  upon	
  the	
  G	
  protein	
  itself,	
  as	
  it	
  requires	
  

guanine	
  nucleotide-­‐binding	
  α	
  subunits	
  to	
  exchange	
  GDP	
  for	
  GTP	
  and	
  reversibly	
  disassociate	
  

from	
  βγ	
  dimers	
  before	
  each	
  can	
  interact	
  with	
  effectors1.	
  Within	
  the	
  central	
  nervous	
  system,	
  Gβγ	
  

subunits	
  play	
  an	
  important	
  role	
  in	
  ensuring	
  efficient	
  communication	
  between	
  neurons	
  by	
  

regulating	
  membrane	
  voltage	
  and	
  neurotransmitter	
  release	
  at	
  the	
  synapse.	
  Activated	
  by	
  

inhibitory	
  auto-­‐	
  and	
  heteroreceptors,	
  Gβγ	
  subunits	
  help	
  guard	
  against	
  overstimulation	
  by	
  

interacting	
  with	
  effectors	
  such	
  as	
  voltage-­‐dependent	
  calcium	
  channels,	
  potassium	
  channels,	
  and	
  

the	
  exocytotic	
  machinery,	
  to	
  inhibit	
  further	
  transmitter	
  release.	
  While	
  these	
  effects	
  are	
  known,	
  

however,	
  we	
  have	
  little	
  understanding	
  of	
  which	
  Gβγ	
  isoforms	
  exist	
  in	
  vivo,	
  the	
  factors	
  

controlling	
  their	
  distribution	
  to	
  specific	
  synaptic	
  terminals,	
  whether	
  specificity	
  plays	
  a	
  role	
  in	
  

regulating	
  G	
  protein	
  interactions	
  with	
  the	
  receptor	
  and/or	
  subsequent	
  effector,	
  what	
  impact	
  

this	
  may	
  have	
  in	
  the	
  context	
  of	
  the	
  whole	
  organism.	
  Examining	
  the	
  distribution	
  and	
  specificity	
  of	
  

G	
  protein	
  interactions	
  following	
  receptor	
  activation	
  will	
  be	
  of	
  particular	
  importance	
  to	
  

understanding	
  regulatory	
  factors	
  modulating	
  synaptic	
  transmission	
  as	
  it	
  will	
  help	
  elucidate	
  

which	
  of	
  the	
  many	
  possible	
  Gβγ	
  combinations	
  are	
  likely	
  to	
  occur	
  physiologically,	
  what	
  roles	
  each	
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may	
  play	
  in	
  regulating	
  signaling	
  cascades	
  within	
  the	
  brain,	
  and	
  how	
  these	
  may	
  be	
  disrupted	
  by	
  

injury	
  and	
  disease.	
  

Synaptic	
  Transmission	
  	
  

In	
  its	
  most	
  elementary	
  form,	
  synaptic	
  transmission	
  is	
  simply	
  the	
  communication	
  

between	
  one	
  presynaptic	
  neuron	
  and	
  a	
  single	
  postsynaptic	
  cell	
  as	
  well	
  as	
  the	
  processing	
  by	
  the	
  

postsynaptic	
  cell	
  of	
  the	
  signal	
  that	
  it	
  receives.	
  At	
  chemical	
  synapses,	
  signal	
  transduction	
  is	
  

achieved	
  through	
  the	
  rapid	
  conversion	
  of	
  an	
  arriving	
  electrical	
  signal	
  into	
  a	
  chemical	
  one	
  that	
  

diffuses	
  between	
  the	
  cells2,3.	
  Membrane	
  depolarization	
  caused	
  by	
  the	
  arrival	
  of	
  presynaptic	
  

action	
  potentials	
  induces	
  the	
  opening	
  of	
  voltage-­‐dependent	
  calcium	
  channels	
  (VDCC),	
  with	
  the	
  

resulting	
  calcium	
  transients	
  stimulating	
  fusion	
  of	
  synaptic	
  vesicles	
  at	
  the	
  active	
  zone	
  of	
  the	
  

presynaptic	
  terminal4.	
  Such	
  regulated	
  exocytosis	
  releases	
  neurotransmitter	
  into	
  the	
  synaptic	
  

cleft	
  whereupon	
  it	
  activates	
  receptors	
  or	
  channels	
  on	
  the	
  postsynaptic	
  membrane	
  to	
  mediate	
  

voltage	
  changes	
  in	
  the	
  postsynaptic	
  cell4,5.	
  	
  

Organization	
  of	
  Synaptic	
  Terminals	
  

Structurally,	
  chemical	
  synapses	
  are	
  complex,	
  asymmetrical	
  cell-­‐cell	
  contact	
  sites	
  formed	
  

from	
  the	
  axon	
  terminal	
  membrane	
  of	
  the	
  presynaptic	
  neuron,	
  juxtaposed	
  with	
  the	
  postsynaptic	
  

density	
  (PSD)	
  on	
  the	
  postsynaptic	
  cell3,4.	
  	
  Three	
  morphological	
  features	
  of	
  the	
  presynaptic	
  active	
  

zone	
  are	
  conserved	
  across	
  species,	
  location	
  in	
  the	
  CNS,	
  or	
  neuron	
  type:	
  an	
  electron-­‐dense,	
  

proteinaceous	
  plasma	
  membrane,	
  precise	
  alignment	
  with	
  the	
  PSD,	
  and	
  a	
  web-­‐like	
  cytomatrix	
  

responsible	
  for	
  organizing	
  the	
  area	
  and	
  facilitating	
  neurotransmitter	
  release2.	
  Electron	
  

micrographs	
  suggest	
  the	
  cytomatrix	
  exists	
  as	
  a	
  ‘particle	
  web’	
  formed	
  by	
  a	
  hexagonal	
  array	
  of	
  

electron-­‐dense,	
  pyramid-­‐shaped	
  particles	
  extending	
  into	
  the	
  cytoplasm	
  that	
  consist	
  of	
  a	
  wide	
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variety	
  of	
  scaffolding	
  proteins2,3,6.	
  Particles	
  are	
  further	
  interconnected	
  by	
  a	
  meshwork	
  of	
  

cytoskeletal	
  fibrils,	
  creating	
  slots	
  for	
  synaptic	
  vesicles	
  to	
  dock	
  and	
  fuse,	
  as	
  well	
  as	
  long,	
  

filamentous	
  strands	
  which	
  align	
  synaptic	
  vesicles	
  with	
  active	
  zone	
  proteins2,3,6,7.	
  	
  Although	
  the	
  

precise	
  function	
  of	
  many	
  of	
  the	
  scaffolding	
  proteins	
  is	
  still	
  unknown,	
  it’s	
  believed	
  they	
  act	
  

together	
  to	
  maintain	
  distinct	
  pools	
  of	
  vesicles	
  at	
  the	
  presynaptic	
  terminal	
  and	
  facilitate	
  fast	
  

exocytosis	
  by	
  regulating	
  the	
  maturation	
  steps	
  that	
  render	
  a	
  vesicle	
  fusion	
  competent.	
  

Additionally,	
  two	
  distinct	
  types	
  of	
  vesicles	
  are	
  observed	
  at	
  chemical	
  synapses:	
  small,	
  clear	
  

synaptic	
  vesicles	
  which	
  are	
  filled	
  with	
  classical	
  neurotransmitters	
  such	
  as	
  acetylcholine,	
  

glutamate,	
  and	
  the	
  monoamines,	
  and	
  large	
  dense-­‐core	
  vesicles	
  filled	
  with	
  neuropeptides	
  and	
  

neurohormones.	
  Although	
  they	
  differ	
  in	
  morphology,	
  release	
  kinetics,	
  and	
  distribution,	
  both	
  

types	
  of	
  vesicles	
  maintain	
  conserved	
  machinery	
  for	
  fusion	
  events,	
  and	
  exhibit	
  calcium-­‐

dependence	
  for	
  exocytosis8.	
  

The	
  Exocytotic	
  Machinery	
  

Regulatory	
  Components	
  Controlling	
  Vesicle	
  Docking,	
  Priming,	
  and	
  Exocytosis	
  at	
  the	
  
Presynaptic	
  Membrane	
  
 

The	
  short	
  latency	
  between	
  calcium	
  influx	
  at	
  a	
  presynaptic	
  terminal	
  and	
  the	
  release	
  of	
  

neurotransmitter	
  suggests	
  that	
  a	
  population	
  of	
  vesicles	
  sits	
  poised	
  to	
  fuse	
  with	
  the	
  plasma	
  

membrane	
  immediately	
  following	
  calcium	
  entry9,10.	
  To	
  achieve	
  such	
  temporal	
  precision,	
  vesicles	
  

undergo	
  a	
  series	
  of	
  maturation	
  steps	
  at	
  the	
  presynaptic	
  membrane	
  known	
  as	
  docking	
  and	
  

priming	
  in	
  order	
  to	
  become	
  fusion	
  competent	
  (Figure	
  1).	
  Docked	
  vesicles	
  were	
  traditionally	
  

defined	
  morphologically	
  based	
  on	
  electron	
  micrographs	
  as	
  those	
  without	
  measurable	
  distance	
  

between	
  vesicle	
  and	
  plasma	
  membrane11.	
  Based	
  on	
  this	
  definition,	
  docked	
  vesicles	
  were	
  often	
  

reported	
  to	
  cluster	
  around	
  electron-­‐dense	
  pyramidal	
  densities	
  at	
  the	
  presynaptic	
  terminal,	
  and	
  

were	
  suggested	
  to	
  make	
  direct	
  contact	
  with	
  the	
  active	
  zone10,12.	
  Unfortunately,	
  while	
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ultrastructure	
  studies	
  are	
  unmatched	
  in	
  resolution,	
  they	
  cannot	
  easily	
  be	
  used	
  to	
  study	
  vesicle	
  

dynamics	
  and	
  preclude	
  identification	
  of	
  different	
  docked	
  states,	
  while	
  potentially	
  

overestimating	
  the	
  number	
  of	
  docked	
  vesicles	
  through	
  inclusion	
  of	
  those	
  which	
  are	
  primed	
  

and/or	
  being	
  endocytosed10,13.	
  Further,	
  chemical	
  fixation	
  required	
  for	
  electron	
  microscopy	
  is	
  

known	
  to	
  introduce	
  crosslinking	
  artifacts,	
  which	
  can	
  alter	
  the	
  distribution	
  of	
  synaptic	
  vesicles	
  at	
  

a	
  presynaptic	
  terminal12.	
  More	
  recent	
  studies	
  observing	
  single	
  synaptic	
  vesicles	
  using	
  tools	
  such	
  

as	
  total	
  internal	
  reflection	
  fluorescence	
  microscopy	
  show	
  evidence	
  for	
  three	
  distinct	
  docking	
  

states	
  by	
  which	
  vesicles	
  approach	
  the	
  plasma	
  membrane	
  for	
  variable	
  lengths	
  of	
  time	
  and	
  

contact	
  it	
  only	
  during	
  fusion	
  events10,12.	
  Such	
  studies	
  suggest	
  that	
  docking	
  may	
  be	
  an	
  easily	
  

reversible	
  event	
  prior	
  to	
  priming,	
  where	
  stable	
  interactions	
  with	
  the	
  plasma	
  membrane	
  would	
  

be	
  established10,12.	
  Despite	
  increasing	
  numbers	
  of	
  perturbation	
  and	
  biophysical	
  studies,	
  

however,	
  relatively	
  few	
  docking	
  phenotypes	
  have	
  been	
  associated	
  with	
  genetic	
  mutations	
  

compared	
  to	
  secretion	
  phenotypes11.	
  Given	
  the	
  spatial	
  fidelity	
  by	
  which	
  synaptic	
  vesicles	
  cluster	
  

at	
  an	
  active	
  zone,	
  however,	
  it	
  is	
  likely	
  that	
  specific	
  molecular	
  recognition	
  mechanisms	
  mediate	
  

attachment	
  of	
  the	
  vesicles	
  to	
  the	
  target	
  membrane	
  during	
  the	
  docking	
  process.	
  	
  	
  

Comparatively	
  more	
  is	
  known	
  about	
  priming,	
  a	
  vesicle	
  maturation	
  process	
  wherein	
  

vesicles	
  transition	
  from	
  a	
  docked	
  but	
  unprimed	
  pool	
  to	
  a	
  releasable	
  pool	
  which	
  can	
  fuse	
  with	
  

the	
  plasma	
  membrane	
  immediately	
  upon	
  calcium	
  entry10,14,15.	
  While	
  the	
  fidelity	
  of	
  vesicle	
  

priming	
  and	
  subsequent	
  exocytosis	
  has	
  been	
  shown	
  to	
  depend	
  on	
  the	
  coordinated	
  actions	
  of	
  a	
  

large	
  number	
  of	
  proteins,	
  the	
  core	
  machinery	
  underlying	
  this	
  process	
  revolves	
  around	
  members	
  

of	
  the	
  SNARE	
  complex:	
  syntaxin,	
  SNAP-­‐25,	
  and	
  synaptobrevin/VAMP.	
  Further	
  regulation	
  is	
  

provided	
  by	
  a	
  series	
  of	
  ancillary	
  proteins	
  such	
  as	
  the	
  Sec-­‐1/Munc-­‐18	
  (SM)	
  proteins	
  Munc-­‐18	
  and	
  

Munc-­‐13,	
  and	
  the	
  calcium	
  sensor,	
  synaptotagmin16.	
  The	
  SM	
  proteins	
  have	
  been	
  shown	
  to	
  have	
  

important	
  interactions	
  with	
  syntaxin	
  1A	
  that	
  regulate	
  the	
  docking	
  of	
  vesicles	
  to	
  the	
  synaptic	
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membrane	
  by	
  influencing	
  the	
  open	
  and	
  closed	
  state	
  of	
  the	
  SNARE	
  protein4,13,17-­‐23.	
  In	
  contrast,	
  

synaptotagmin	
  1	
  plays	
  a	
  role	
  in	
  both	
  docking	
  and	
  priming	
  through	
  its	
  ability	
  to	
  interact	
  with	
  and	
  

stabilize,	
  t-­‐SNARE,	
  the	
  complex	
  of	
  SNAP-­‐25	
  and	
  syntaxin	
  1A	
  at	
  the	
  synaptic	
  membrane,	
  such	
  that	
  

it	
  can	
  further	
  interact	
  with	
  VAMP	
  2	
  on	
  the	
  synaptic	
  vesicle24.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



6	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  1.	
  Overview	
  of	
  neurotransmission	
  across	
  a	
  synapse.	
  In	
  the	
  presynaptic	
  neuron,	
  
synaptic	
  vesicles	
  expressing	
  VAMP2,	
  among	
  other	
  proteins	
  embedded	
  in	
  their	
  membrane,	
  

are	
  loaded	
  with	
  neurotransmitters.	
  Simplistically,	
  docking	
  of	
  the	
  vesicle	
  occurs	
  via	
  
interaction	
  of	
  VAMP2	
  with	
  t-­‐SNARE	
  (SNAP-­‐25/syntaxin	
  1A),	
  a	
  process	
  that	
  is	
  guided	
  and	
  
regulated	
  by	
  numerous	
  proteins,	
  while	
  priming	
  has	
  been	
  described	
  as	
  further	
  zippering	
  of	
  
the	
  SNARE	
  complex	
  with	
  interaction	
  of	
  other	
  major	
  components	
  such	
  as	
  synaptotagmin,	
  
Munc-­‐13,	
  and	
  Munc-­‐18.	
  Upon	
  the	
  arrival	
  of	
  an	
  action	
  potential,	
  VDCCs	
  facilitate	
  a	
  large	
  
increase	
  in	
  intracellular	
  calcium	
  concentration.	
  This	
  rise	
  is	
  sensed	
  by	
  proteins	
  within	
  the	
  

synaptic	
  complex	
  of	
  the	
  vesicle	
  at	
  the	
  membrane	
  such	
  that	
  fusion	
  of	
  the	
  vesicle	
  membrane	
  
with	
  the	
  presynaptic	
  membrane	
  occurs,	
  resulting	
  in	
  release	
  of	
  neurotransmitter	
  into	
  the	
  
synaptic	
  cleft	
  to	
  activate	
  its	
  respective	
  receptor	
  on	
  the	
  post-­‐synaptic	
  neuron	
  ensuring	
  

propagation	
  of	
  action	
  potentials	
  from	
  one	
  neuron	
  to	
  another.	
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Soluble	
  N-­‐ethylmaleimide-­‐sensitive	
  factor	
  attachment	
  protein	
  receptor	
  (SNARE)	
  proteins	
  

The	
  protein	
  machinery	
  that	
  drives	
  and	
  regulates	
  exocytosis	
  is	
  remarkably	
  conserved,	
  

with	
  SNARE	
  proteins	
  ubiquitously	
  used	
  for	
  membrane	
  fusion	
  in	
  organisms	
  ranging	
  from	
  yeast	
  to	
  

humans16,25.	
  A	
  mechanistic	
  model	
  has	
  subsequently	
  emerged	
  termed	
  the	
  ‘SNARE	
  Hypothesis’	
  

whereby	
  membrane	
  fusion	
  is	
  thought	
  to	
  occur	
  through	
  formation	
  of	
  a	
  four-­‐helix	
  bundle	
  which	
  

draws	
  opposing	
  membranes	
  into	
  close	
  proximity	
  and	
  releases	
  enough	
  free	
  energy	
  to	
  drive	
  

fusion	
  events25-­‐28.	
  Central	
  to	
  this	
  hypothesis	
  are	
  the	
  three	
  proteins	
  that	
  make	
  up	
  the	
  SNARE	
  

complex	
  (Figure	
  2).	
  The	
  representative	
  major	
  isoforms	
  in	
  brain	
  of	
  t-­‐SNAREs	
  are	
  syntaxin	
  1A	
  and	
  

synaptosome-­‐associated	
  protein	
  of	
  25	
  kDa	
  (SNAP-­‐25),	
  and	
  of	
  the	
  v-­‐SNARE	
  is	
  

synaptobrevin/VAMP	
  (vesicle-­‐associated	
  membrane	
  protein)-­‐2.	
  When	
  the	
  structure	
  of	
  syntaxin	
  

1A	
  is	
  examined,	
  three	
  conserved	
  domains	
  are	
  apparent:	
  a	
  carboxy-­‐terminal	
  transmembrane	
  

domain	
  anchored	
  to	
  the	
  presynaptic	
  membrane,	
  and	
  two	
  conserved	
  α-­‐helical	
  structures	
  -­‐	
  a	
  

SNARE	
  domain	
  single	
  α–helix	
  and	
  an	
  amino-­‐terminal	
  triple	
  α–helix	
  Habc	
  domain	
  -­‐	
  which	
  play	
  a	
  

role	
  in	
  regulating	
  synaptic	
  transmission	
  (Figure	
  2A).	
  The	
  SNARE	
  domain	
  mediates	
  interaction	
  of	
  

syntaxin	
  with	
  other	
  members	
  of	
  the	
  SNARE	
  complex	
  to	
  form	
  the	
  exocytotic	
  machinery.	
  By	
  

folding	
  back	
  on	
  itself	
  to	
  cover	
  the	
  SNARE	
  domain,	
  the	
  Habc	
  domain	
  places	
  syntaxin	
  in	
  a	
  ‘closed’	
  

conformation	
  and	
  prevents	
  the	
  formation	
  of	
  the	
  core	
  fusion	
  complex	
  through	
  further	
  

interaction	
  with	
  chaperone	
  proteins	
  such	
  as	
  Munc-­‐184,29.	
  Similarly,	
  synaptobrevin	
  is	
  also	
  a	
  

transmembrane	
  protein	
  whose	
  cytoplasmic	
  domain	
  forms	
  an	
  α-­‐helical	
  SNARE	
  domain	
  (Figure	
  

2A).	
  While	
  in	
  vitro	
  studies	
  have	
  suggested	
  synaptobrevin	
  may	
  interact	
  with	
  other	
  synaptic	
  

proteins	
  such	
  as	
  voltage-­‐dependent	
  calcium	
  and	
  sodium	
  channels30,	
  the	
  primary	
  role	
  for	
  these	
  

proteins	
  at	
  this	
  time	
  appears	
  to	
  be	
  mediating	
  vesicle	
  endo-­‐	
  and	
  exocytosis31,32.	
  The	
  final	
  member	
  

of	
  the	
  SNARE	
  complex,	
  SNAP-­‐25,	
  is	
  unique	
  in	
  that	
  while	
  it	
  is	
  found	
  localized	
  to	
  the	
  presynaptic	
  

membrane,	
  it	
  lacks	
  a	
  transmembrane	
  domain.	
  Rather,	
  it	
  is	
  anchored	
  via	
  post-­‐translational	
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palmitoylation	
  of	
  four	
  cysteine	
  residues	
  located	
  near	
  the	
  central	
  region	
  of	
  the	
  molecule	
  

between	
  two	
  α-­‐helical	
  SNARE	
  domains33	
  (Figure	
  2A).	
  Two	
  other	
  members	
  of	
  this	
  family,	
  SNAP-­‐

23	
  and	
  SNAP-­‐29,	
  have	
  also	
  been	
  shown	
  to	
  be	
  important	
  for	
  regulating	
  exocytotic	
  events,	
  but	
  

despite	
  these	
  isoforms	
  co-­‐localizing	
  to	
  regions	
  such	
  as	
  the	
  cerebellar	
  cortex,	
  SNAP-­‐25	
  appears	
  to	
  

be	
  the	
  major	
  homolog	
  mediating	
  regulated	
  exocytosis	
  in	
  the	
  brain33.	
  	
  

The	
  predominant	
  view	
  of	
  SNARE	
  complex	
  formation	
  is	
  that	
  initial	
  assembly	
  of	
  the	
  

intermediate	
  binary	
  complex	
  between	
  syntaxin	
  and	
  SNAP-­‐25	
  (t-­‐SNARE)	
  is	
  followed	
  by	
  formation	
  

of	
  the	
  ternary	
  complex	
  through	
  interactions	
  with	
  synaptobrevin	
  on	
  the	
  secretory	
  vesicle	
  as	
  the	
  

vesicle	
  is	
  drawn	
  to	
  the	
  presynaptic	
  membrane	
  during	
  priming	
  (Figure	
  2B).	
  As	
  vesicles	
  approach	
  

the	
  presynaptic	
  membrane,	
  the	
  SNARE	
  motifs	
  interact	
  in	
  a	
  process	
  referred	
  to	
  as	
  “zippering”,	
  

forming	
  a	
  stable,	
  four-­‐helical	
  bundle	
  that	
  brings	
  the	
  vesicle	
  progressively	
  closer	
  to	
  the	
  

presynaptic	
  membrane	
  to	
  allow	
  fusion	
  to	
  occur	
  (Figure	
  2B).	
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Figure	
  2.	
  The	
  SNARE	
  complex.	
  A)	
  Domain	
  structure	
  of	
  syntaxin,	
  synaptobrevin,	
  and	
  SNAP	
  25.	
  B)	
  
Cartoon	
  showing	
  the	
  crystal	
  structure	
  of	
  the	
  SNARE	
  complex	
  with	
  the	
  NMR	
  structure	
  of	
  the	
  syntaxin	
  	
  
Habc	
  domain.	
  Adapted	
  from	
  Rizo,	
  J.,	
  Chen,	
  X.,	
  Arac,	
  D.,	
  2006.	
  Unraveling	
  the	
  mechanisms	
  of	
  	
  
Synaptotagmin	
  and	
  SNARE	
  function	
  in	
  neurotransmitter	
  release.	
  Trends	
  Cell	
  Biol.	
  16(7),	
  339-­‐50.	
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Sec-­‐1/Munc-­‐18	
  (SM)	
  Proteins	
  

While	
  formation	
  of	
  the	
  SNARE	
  complex	
  has	
  been	
  shown	
  to	
  be	
  sufficient	
  to	
  drive	
  

exocytosis,	
  a	
  number	
  of	
  studies	
  examining	
  fusion	
  kinetics	
  have	
  suggested	
  that	
  additional	
  

proteins	
  may	
  be	
  required.	
  One	
  group	
  of	
  such	
  proteins	
  includes	
  the	
  cytosolic	
  SM	
  proteins,	
  Munc-­‐

18	
  and	
  Munc-­‐134.	
  All	
  members	
  of	
  the	
  SM	
  family	
  are	
  composed	
  of	
  a	
  conserved	
  ≈600	
  amino	
  acid	
  

sequence	
  which	
  folds	
  into	
  an	
  arch-­‐shaped	
  structure	
  important	
  for	
  protein-­‐protein	
  interactions22.	
  

Munc-­‐18	
  is	
  thought	
  to	
  serve	
  multiple	
  roles	
  in	
  exocytosis,	
  the	
  first	
  being	
  as	
  an	
  inhibitory	
  protein	
  

which	
  prevents	
  assembly	
  of	
  the	
  SNARE	
  complex	
  at	
  inopportune	
  times	
  and	
  which	
  plays	
  an	
  

important	
  role	
  in	
  mediating	
  vesicle	
  docking13,17,23,34,35.	
  Evidence	
  for	
  a	
  second,	
  post-­‐docking	
  role	
  

for	
  this	
  SM	
  protein,	
  however,	
  comes	
  from	
  analysis	
  of	
  Munc-­‐18-­‐1	
  knockout	
  mice	
  which	
  exhibit	
  a	
  

total	
  block	
  of	
  neurotransmitter	
  release11,37.	
  Recent	
  evidence	
  suggests	
  that	
  rather	
  than	
  dissociate	
  

completely,	
  Munc-­‐18	
  actually	
  remains	
  anchored	
  to	
  syntaxin	
  by	
  its	
  N-­‐terminal	
  lobe,	
  allowing	
  it	
  to	
  

take	
  on	
  an	
  additional	
  regulatory	
  role.	
  As	
  ternary	
  SNARE	
  formation	
  proceeds,	
  Munc-­‐18	
  is	
  

believed	
  to	
  fold	
  back	
  over	
  the	
  four	
  helix	
  SNARE	
  bundle	
  and	
  in	
  doing	
  so,	
  restrict	
  the	
  diffusion	
  of	
  

the	
  SNARE	
  proteins	
  in	
  the	
  membrane	
  such	
  that	
  they	
  are	
  maintained	
  in	
  the	
  correct	
  orientation	
  

for	
  fusion	
  to	
  occur,	
  as	
  well	
  as	
  allow	
  energy	
  transduction	
  to	
  the	
  membranes21,22.	
  	
  

A	
  second	
  SM	
  protein,	
  Munc-­‐13,	
  has	
  also	
  been	
  shown	
  to	
  play	
  a	
  prominent	
  role	
  in	
  vesicle	
  

exocytosis,	
  although	
  as	
  opposed	
  to	
  Munc-­‐18,	
  Munc-­‐13	
  primarily	
  regulates	
  the	
  priming	
  process	
  

to	
  increase	
  the	
  number	
  of	
  primed	
  vesicles.	
  Munc-­‐13	
  null	
  mice	
  demonstrate	
  total	
  abolishment	
  of	
  

both	
  evoked	
  and	
  spontaneous	
  neurotransmitter	
  release	
  while	
  docking	
  remains	
  unaffected38,	
  

and	
  this	
  phenotype	
  is	
  also	
  found	
  in	
  knockouts	
  of	
  homologs	
  in	
  both	
  C.	
  elegans39	
  and	
  Drosophila40.	
  

Its	
  actions	
  appear	
  to	
  be	
  downstream	
  of	
  Munc-­‐18	
  as	
  overexpression	
  of	
  Munc-­‐13	
  does	
  not	
  affect	
  

the	
  number	
  of	
  docked	
  vesicles,	
  while	
  open	
  forms	
  of	
  syntaxin	
  1A	
  are	
  able	
  to	
  at	
  least	
  partially	
  

rescue	
  the	
  unc-­‐13	
  null	
  phenotype	
  in	
  worms41	
  but	
  not	
  that	
  of	
  unc-­‐1811,42.	
  It	
  is	
  thought	
  that	
  this	
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role	
  in	
  priming	
  is	
  mediated	
  through	
  both	
  its	
  C-­‐terminal	
  C2	
  domain	
  as	
  well	
  as	
  the	
  Munc	
  

homology	
  domains	
  (MHD)	
  located	
  in	
  the	
  C-­‐terminal	
  third	
  of	
  the	
  protein.	
  These	
  MHDs	
  allow	
  

binding	
  to	
  syntaxin	
  1A	
  after	
  it	
  forms	
  a	
  heterodimer	
  with	
  SNAP-­‐25	
  or	
  the	
  fully	
  formed	
  SNARE	
  

complex14,21,43.	
  In	
  doing	
  so,	
  Munc-­‐13	
  may	
  help	
  transform	
  syntaxin	
  to	
  an	
  open	
  conformation	
  to	
  

facilitate	
  SNARE	
  complex	
  formation,	
  or	
  stabilize	
  the	
  exocytotic	
  machinery	
  to	
  promote	
  vesicle	
  

fusion	
  once	
  the	
  complex	
  is	
  fully	
  formed.	
  

	
  Synaptotagmins	
  

In	
  addition	
  to	
  SM	
  proteins,	
  synaptotagmin	
  has	
  also	
  been	
  shown	
  to	
  be	
  essential	
  for	
  

vesicle	
  fusion	
  to	
  occur	
  (Brose	
  et	
  al.,	
  1992).	
  Synaptotagmins	
  are	
  a	
  family	
  of	
  calcium	
  binding	
  

proteins44-­‐46.	
  Genetic	
  ablation	
  of	
  synaptotagmin-­‐1	
  results	
  in	
  abrogation	
  of	
  fast,	
  synchronous	
  

neurotransmitter	
  release	
  without	
  affecting	
  asynchronous	
  events,	
  leading	
  to	
  the	
  suggestion	
  that	
  

this	
  protein	
  acts	
  as	
  a	
  calcium	
  sensor	
  for	
  calcium-­‐dependent	
  vesicle	
  fusion20,47-­‐49.	
  This	
  is	
  

supported	
  by	
  gene	
  mutation	
  in	
  mice	
  targeting	
  the	
  calcium-­‐binding	
  site	
  of	
  synaptotagmin.	
  When	
  

calcium	
  binding	
  is	
  disrupted	
  but	
  other	
  structural	
  features	
  of	
  the	
  protein	
  remain	
  intact,	
  calcium	
  

sensitivity	
  of	
  neurotransmitter	
  release	
  is	
  reduced,	
  but	
  no	
  effect	
  is	
  seen	
  in	
  regards	
  to	
  the	
  size	
  or	
  

spontaneous	
  release	
  of	
  the	
  ready	
  releasable	
  pool	
  of	
  synaptic	
  vesicles50.	
  Synaptotagmin-­‐1	
  is	
  

localized	
  to	
  both	
  synaptic	
  and	
  large	
  dense	
  core	
  vesicle	
  membranes	
  and	
  is	
  characterized	
  by	
  two	
  

tandem,	
  cytoplasmic,	
  PKC-­‐like	
  C2	
  domains:	
  C2A	
  and	
  C2B	
  respectively.	
  Two	
  of	
  the	
  most	
  important	
  

binding	
  partners	
  for	
  this	
  protein	
  are	
  SNARE	
  proteins	
  and	
  the	
  lipid	
  membrane,	
  and	
  it’s	
  believed	
  

that	
  through	
  cooperative	
  interactions	
  with	
  each	
  of	
  these,	
  the	
  C2	
  domains	
  play	
  an	
  important	
  role	
  

in	
  exocytosis.	
  Specifically,	
  calcium	
  influx	
  has	
  been	
  shown	
  to	
  induce	
  binding	
  of	
  synaptotagmin-­‐1	
  

to	
  both	
  syntaxin	
  and	
  the	
  C-­‐terminal	
  of	
  SNAP-­‐25,	
  as	
  well	
  as	
  t-­‐SNARE	
  heterodimers	
  and	
  fully	
  

formed	
  SNARE	
  complexes20,51-­‐53.	
  This	
  process	
  may	
  be	
  mediated	
  at	
  least	
  in	
  part	
  through	
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interactions	
  between	
  acidic	
  residues	
  on	
  SNAP-­‐25	
  and	
  basic	
  residues	
  in	
  the	
  second	
  loop	
  of	
  the	
  

C2A	
  domain54,	
  or	
  perhaps	
  with	
  the	
  polybasic	
  region	
  of	
  the	
  C2B	
  domain21.	
  

Anionic	
  phospholipids	
  are	
  a	
  second	
  important	
  effector	
  for	
  synaptotagmin-­‐155-­‐57	
  and	
  

mutations	
  that	
  reduce	
  calcium-­‐dependent	
  synaptotagmin	
  binding	
  to	
  the	
  lipid	
  membrane	
  exhibit	
  

a	
  decrease	
  in	
  synaptic	
  release	
  probability53	
  suggesting	
  that	
  this	
  function	
  is	
  essential	
  for	
  its	
  role	
  in	
  

exocytosis.	
  While	
  calcium-­‐dependent	
  binding	
  of	
  synaptotagmin	
  to	
  both	
  SNARE	
  proteins	
  and	
  lipid	
  

membranes	
  is	
  essential	
  for	
  fast	
  exocytosis,	
  debate	
  still	
  exists	
  as	
  to	
  how	
  exactly	
  this	
  occurs.	
  One	
  

possibility	
  is	
  that	
  synaptotagmin	
  interacts	
  with	
  SNARE	
  complexes	
  prior	
  to	
  calcium	
  influx,	
  

bringing	
  the	
  vesicle	
  and	
  plasma	
  membranes	
  into	
  close	
  apposition.	
  This	
  would	
  be	
  expected	
  to	
  

promote	
  vesicle	
  fusion	
  as	
  it	
  would	
  enable	
  tighter	
  coiling	
  of	
  the	
  SNARE	
  complex,	
  while	
  

subsequent	
  interactions	
  with	
  the	
  lipid	
  bilayer	
  upon	
  calcium	
  entry	
  may	
  accelerate	
  membrane	
  

fusion	
  through	
  electrostatic	
  interactions	
  acting	
  to	
  perturb	
  the	
  lipid	
  bilayer	
  and	
  overcome	
  the	
  

energy	
  barrier	
  to	
  fusion21.	
  Another	
  unanswered	
  question	
  is	
  how	
  synaptotagmin	
  interacts	
  on	
  a	
  

molecular	
  level	
  with	
  the	
  SNARE	
  complex.	
  Fluorescence	
  resonance	
  energy	
  transfer–based	
  studies	
  

detected	
  an	
  interaction	
  of	
  the	
  SNARE	
  complex	
  on	
  the	
  opposing	
  surfaces	
  of	
  the	
  C2	
  domains	
  of	
  

synaptotagmin58.	
  Further,	
  NMR	
  data	
  demonstrated	
  a	
  primary	
  interaction	
  interface	
  with	
  SNARE	
  

may	
  be	
  through	
  a	
  polybasic	
  region	
  on	
  the	
  C2B	
  domain51.	
  Most	
  recently,	
  electron	
  paramagnetic	
  

resonance	
  spectroscopy	
  data	
  reveal	
  a	
  structurally	
  heterogeneous	
  interaction	
  maintaining	
  the	
  

polybasic	
  and	
  C2B	
  domain	
  interactions,	
  but	
  also	
  a	
  site	
  near	
  loop	
  2	
  of	
  the	
  calcium	
  binding	
  site	
  in	
  

C2A;	
  an	
  interaction	
  not	
  seen	
  in	
  the	
  other	
  two	
  studies	
  mentioned59.	
  These	
  authors	
  suggest	
  that	
  

this	
  new	
  binding	
  mode	
  allows	
  for	
  simultaneous	
  interaction	
  with	
  the	
  SNARE	
  complex	
  as	
  well	
  as	
  

two	
  membrane	
  surfaces	
  in	
  apposition	
  such	
  as	
  the	
  cell	
  membrane	
  and	
  the	
  docked	
  synaptic	
  

vesicle.	
  Regardless	
  of	
  how	
  exactly	
  this	
  process	
  functions,	
  however,	
  synaptotagmin	
  clearly	
  plays	
  a	
  

major	
  role	
  in	
  regulating	
  synchronous	
  release	
  with	
  both	
  SNARE	
  interactions	
  and	
  phospholipid	
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binding	
  playing	
  a	
  crucial	
  part.	
  Further,	
  synaptotagmins	
  or	
  other	
  calcium	
  sensors	
  may	
  play	
  an	
  

important	
  role	
  in	
  regulating	
  asynchronous	
  release	
  events,	
  which	
  are	
  unrelated	
  to	
  action	
  

potentials.	
  Studies	
  examining	
  synaptotagmin	
  1	
  and	
  2	
  knockout	
  mice	
  both	
  demonstrate	
  increases	
  

in	
  the	
  frequency	
  of	
  spontaneous	
  release,	
  suggesting	
  an	
  important	
  role	
  for	
  these	
  proteins	
  in	
  

regulating	
  this	
  process60,61,	
  doc2,	
  a	
  protein	
  that	
  is	
  related	
  to	
  synaptotagmin	
  in	
  that	
  it	
  also	
  has	
  

two	
  homologous	
  calcium-­‐binding	
  domains,	
  has	
  been	
  shown	
  to	
  act	
  as	
  the	
  calcium	
  sensor	
  for	
  

asynchronous	
  release	
  in	
  cerebellar	
  slices62	
  and	
  cultured	
  hippocampal	
  neurons62,63,	
  highlighting	
  

the	
  importance	
  of	
  these	
  sensors	
  in	
  many	
  aspects	
  of	
  vesicle	
  exocytosis.	
  

Complexin,	
  tomosyn,	
  and	
  heterotrimeric	
  G	
  proteins	
  

Taken	
  together,	
  the	
  SNARE	
  proteins,	
  as	
  well	
  as	
  ancillary	
  players	
  such	
  as	
  SM	
  proteins	
  and	
  

synaptotagmin,	
  function	
  as	
  the	
  classical	
  exocytotic	
  machinery	
  required	
  for	
  fusion	
  events	
  to	
  

occur.	
  Studies	
  in	
  which	
  individual	
  components	
  have	
  been	
  removed	
  or	
  inhibited,	
  display	
  severe	
  

disruption	
  of	
  synaptic	
  transmission.	
  Further	
  exploration	
  of	
  processes	
  that	
  modulate	
  their	
  

function	
  has	
  provided	
  useful	
  information	
  about	
  how	
  exocytosis	
  is	
  regulated.	
  Several	
  additional	
  

proteins	
  such	
  as	
  complexin,	
  tomosyn,	
  and	
  heterotrimeric	
  G	
  proteins	
  have	
  also	
  been	
  shown	
  to	
  

interact	
  with	
  either	
  the	
  SNARE	
  proteins	
  individually,	
  the	
  t-­‐SNARE	
  dimer,	
  or	
  the	
  full	
  ternary	
  

SNARE.	
  Complexin	
  is	
  a	
  regulatory	
  protein	
  thought	
  to	
  play	
  a	
  role	
  in	
  calcium-­‐sensitive	
  fusion49,64	
  	
  

as	
  well	
  as	
  vesicle	
  priming49,65,66.	
  X-­‐ray	
  crystallography	
  studies	
  demonstrate	
  that	
  it	
  interacts	
  with	
  

the	
  ternary	
  SNARE	
  complex	
  by	
  binding	
  as	
  a	
  fifth	
  α-­‐helix	
  to	
  the	
  SNARE	
  bundle	
  of	
  ternary	
  

SNARE67,68.	
  More	
  recent	
  x-­‐ray	
  crystallography	
  and	
  FRET	
  data	
  suggest	
  that	
  complexins	
  can	
  

simultaneously	
  bind	
  to	
  two	
  neighboring	
  incompletely	
  “zippered”	
  SNARE	
  complexes	
  stabilizing	
  a	
  

structural	
  state	
  that	
  is	
  incompatible	
  with	
  fusion.	
  After	
  full	
  incorporation	
  of	
  VAMP2	
  into	
  the	
  

ternary	
  SNARE	
  bundle,	
  complexin	
  remains	
  bound	
  to	
  the	
  SNARE	
  complex,	
  but	
  loses	
  its	
  interaction	
  

with	
  the	
  neighboring	
  SNARE	
  complex69.	
  Tomosyn	
  is	
  a	
  protein	
  that	
  binds	
  to	
  the	
  t-­‐SNARE	
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complex70	
  and	
  prevents	
  the	
  association	
  of	
  VAMP271.	
  Tomosyn	
  has	
  two	
  domains,	
  an	
  N-­‐terminal	
  

domain	
  of	
  two	
  sets	
  of	
  7	
  WD	
  40	
  repeats	
  that	
  form	
  two	
  tandem	
  7-­‐bladed	
  β-­‐propellers,	
  and	
  a	
  C-­‐

terminal	
  domain	
  with	
  a	
  SNARE	
  binding	
  motif.	
  Both	
  domains	
  are	
  needed	
  to	
  regulate	
  exocytosis	
  in	
  

vivo72.	
  The	
  C-­‐terminal	
  SNARE	
  motif	
  binds	
  to	
  t-­‐SNARE	
  in	
  a	
  way	
  similar	
  to	
  that	
  of	
  VAMP2	
  binding	
  

to	
  t-­‐SNARE73.	
  Finally,	
  the	
  G-­‐protein	
  dimer,	
  Gβγ,	
  interacts	
  with	
  ternary	
  SNARE	
  as	
  well	
  as	
  the	
  

individual	
  SNARE	
  proteins	
  to	
  mediate	
  inhibition	
  of	
  exocytosis	
  by	
  GPCRs74-­‐81.	
  This	
  novel	
  

interaction	
  and	
  its	
  role	
  in	
  the	
  context	
  of	
  GPCR	
  regulation	
  of	
  synaptic	
  transmission	
  is	
  the	
  subject	
  

of	
  the	
  remainder	
  of	
  this	
  introduction.	
  

GPCR	
  Mediated	
  Regulation	
  of	
  Synaptic	
  Transmission	
  

	
  G	
  protein	
  Coupled	
  Receptors	
  

GPCRs	
   are	
   a	
   large	
   superfamily	
   of	
   proteins	
   that	
   convey	
   the	
   majority	
   of	
   signal	
  

transduction	
  across	
  cell	
  membranes	
  and	
  mediate	
  a	
  vast	
  array	
  of	
  cellular	
  responses	
  necessary	
  for	
  

the	
  normal	
  physiology	
  of	
  the	
  body1,82,83.	
  Encoded	
  by	
  nearly	
  800	
  different	
  genes	
  in	
  humans,	
  these	
  

proteins	
  are	
  activated	
  by	
  a	
  wide	
  variety	
  of	
   ligands	
  ranging	
   from	
  single	
  photons,	
  odorants,	
  and	
  

amino	
   acids	
   to	
   hormones,	
   neurotransmitters,	
   and	
   proteolytic	
   enzymes	
   as	
   well	
   as	
   many	
  

others1,84.	
  All	
  GPCRs	
  share	
  a	
  common	
  architecture	
  consisting	
  of	
  seven	
  transmembrane-­‐spanning	
  

α-­‐helices,	
  an	
  extracellular	
  N-­‐terminus,	
  an	
   intracellular	
  C-­‐terminus,	
  and	
   three	
   interhelical	
   loops	
  

on	
   each	
   side	
   of	
   the	
   membrane	
   (Figure	
   3A)1,	
   but	
   exhibit	
   unique	
   combinations	
   of	
   signal	
  

transduction	
   pathways	
   as	
   well	
   as	
   complex	
   regulatory	
   processes	
   controlling	
   their	
   activity	
   and	
  

expression85.	
   At	
   present,	
   these	
   receptors	
   are	
   phylogenetically	
   divided	
   into	
   five	
  main	
   families:	
  

Glutamate,	
   Rhodopsin,	
   Adhesion,	
   Frizzled-­‐Taste-­‐2,	
   and	
   Secretin,	
   based	
   on	
   sequence	
   and	
  

structural	
  similarities86,	
  with	
  each	
  family	
  exhibiting	
  unique	
  ligand	
  binding	
  properties.	
  	
  Schiöth	
  et	
  

al.	
  give	
  an	
  in-­‐depth	
  description	
  of	
  their	
  GRAFS	
  classification	
  system	
  in	
  their	
  publication,	
  but	
  the	
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families	
  will	
   be	
   briefly	
   described	
  here	
   based	
  on	
   their	
   review86.	
   The	
  Glutamate	
   family	
   includes	
  

mostly	
  the	
  glutamate	
  receptors,	
  but	
  also	
  GABA	
  receptors	
  and	
  the	
  taste	
  1	
  receptor.	
  	
  A	
  common	
  

feature	
  is	
  a	
  large	
  bilobed	
  N-­‐terminus,	
  which	
  is	
  the	
  binding	
  site	
  for	
  their	
  respective	
  ligands.	
  	
  The	
  

largest	
   and	
  most	
   diverse,	
   the	
  Rhodopsin	
   family	
   are	
   activated	
  by	
   a	
   variety	
   of	
   ligands	
   including	
  

peptides,	
   glycoproteins,	
   prostaglandins	
   as	
  well	
   as	
   photons	
   of	
   light.	
   This	
   group	
   can	
   be	
   divided	
  

into	
   4	
   subgroups:	
   α,	
   β,	
   γ,	
   and	
   δ,	
   although	
   common	
   amongst	
   them	
   is	
   a	
   relatively	
   short	
   N-­‐

terminus.	
  Comparatively,	
  the	
  Adhesion	
  family	
  is	
  mostly	
  comprised	
  of	
  orphan	
  receptors	
  without	
  

known	
   ligands.	
   Receptors	
   in	
   this	
   family	
   generally	
   have	
  many	
  N-­‐terminal	
   serine	
   and	
   threonine	
  

residues	
  that	
  are	
  sites	
  of	
  glycosylation,	
  and	
  most	
  have	
  proteolytic	
  recognition	
  sites	
  that	
  result	
  in	
  

cleavage	
   of	
   the	
   extracellular	
   N-­‐terminus.	
   The	
   Frizzled-­‐Taste-­‐2	
   family	
   is	
   a	
   phylogenetic	
  

combination	
   of	
   two	
   groups	
   of	
   GPCRs,	
   the	
   frizzled	
   receptors,	
   most	
   notably	
   F2DR	
   being	
   the	
  

receptor	
  for	
  the	
  Wnt	
  glycoprotein	
  involved	
  in	
  controlling	
  cell	
  fate,	
  proliferation	
  and	
  polarity,	
  and	
  

the	
  taste-­‐2	
  receptors,	
  which	
  largely	
  have	
  unknown	
  functions	
  except	
  their	
  expression	
  in	
  tongue	
  

and	
  palate	
  suggests	
  a	
  probable	
  role	
  in	
  bitter	
  taste.	
  	
  The	
  last	
  group	
  is	
  the	
  Secretin	
  family,	
  which	
  in	
  

some	
  classification	
  systems	
  was	
  grouped	
  with	
  the	
  Adhesion	
  receptor	
  family.	
  Schioth	
  et	
  al.	
  make	
  

their	
  reasoning	
  clear	
  that	
  despite	
  structural	
  similarities,	
  evolutionarily	
  the	
  secretin	
  receptors	
  are	
  

a	
   separate	
   family87.	
   These	
   receptors	
   typically	
   have	
   long	
   N-­‐terminal	
   domains	
   with	
   frequent	
  

conserved	
   cysteine	
   bridges,	
   and	
   it	
   is	
   through	
   these	
   large	
   N-­‐termini	
   that	
   they	
   bind	
   typically	
  

peptide	
  ligands86.	
  	
  

GPCRs	
  are	
  known	
  to	
  mediate	
  their	
  effects	
  through	
  coupling	
  to	
  heterotrimeric	
  G	
  proteins	
  

in	
  order	
  to	
  modulate	
  downstream	
  effectors,	
  but	
  it	
  is	
  only	
  recently	
  that	
  combinations	
  of	
  

biochemical,	
  crystallographic,	
  and	
  biophysical	
  studies	
  have	
  begun	
  to	
  elucidate	
  the	
  structural	
  

basis	
  by	
  which	
  this	
  is	
  accomplished85.	
  These	
  studies	
  demonstrate	
  a	
  complex	
  picture	
  by	
  which	
  

specific	
  ligands	
  stabilize	
  unique	
  active	
  state	
  receptor	
  conformations	
  for	
  interaction	
  with	
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particular	
  effector	
  molecules85.	
  The	
  results	
  of	
  these	
  conformational	
  changes	
  is	
  an	
  increase	
  the	
  

receptor’s	
  affinity	
  for	
  the	
  G	
  protein	
  heterotrimer,	
  resulting	
  in	
  the	
  formation	
  of	
  a	
  transient	
  

ligand-­‐GPCR-­‐G	
  protein	
  ternary	
  complex	
  necessary	
  for	
  G	
  protein	
  activation88.	
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Figure	
  3.	
  Structure	
  of	
  G	
  protein	
  Coupled	
  Receptors	
  and	
  Heterotrimeric	
  G	
  proteins.	
  Shown	
  
in	
  ribbon	
  diagrams	
  are	
  representative	
  examples	
  of	
  GPCRs	
  and	
  heterotrimeric	
  G	
  proteins.	
  A)	
  
The	
  structure	
  of	
  rhodopsin	
  (PDB	
  ID:	
  1F88)	
  (Palczewski	
  et	
  al.,	
  2000)	
  is	
  shown	
  in	
  orange,	
  and	
  

it	
  depicts	
  the	
  seven	
  transmembrane	
  α-­‐helices	
  and	
  the	
  respective	
  extracellular	
  and	
  
intracellular	
  surfaces	
  that	
  interact	
  with	
  agonists	
  and	
  heterotrimeric	
  G	
  proteins,	
  

respectively.	
  B)	
  The	
  structure	
  of	
  the	
  heterotrimer	
  transducin	
  (PDB	
  ID:	
  1GOT)	
  (Lambright	
  et	
  
al.,	
  1996)	
  is	
  shown.	
  The	
  Gα	
  subunit	
  (green)	
  has	
  two	
  domains,	
  a	
  GTPase	
  domain	
  and	
  an	
  α-­‐
helical	
  domain.	
  Within	
  the	
  GTPase	
  domain,	
  there	
  are	
  three	
  regions	
  termed	
  Switch	
  I,	
  II,	
  and	
  
III,	
  (C),	
  that	
  have	
  different	
  orientations	
  depending	
  on	
  which	
  guanine	
  nucleotide	
  is	
  present.	
  
In	
  the	
  GDP-­‐bound	
  form,	
  Switches	
  I–III	
  form	
  the	
  major	
  interface	
  that	
  interacts	
  with	
  the	
  Gβγ	
  
dimer.	
  The	
  structure	
  of	
  the	
  Gβ	
  subunit	
  (red)	
  is	
  an	
  N-­‐terminal	
  α-­‐helix	
  followed	
  by	
  a	
  series	
  of	
  
β	
  sheets	
  that	
  make	
  a	
  seven-­‐bladed	
  propeller	
  or	
  toroid.	
  A	
  single	
  blade	
  (light	
  blue)	
  is	
  based	
  
on	
  the	
  amino	
  acid	
  motif	
  termed	
  WD-­‐40	
  repeat.	
  The	
  structure	
  of	
  the	
  Gγ	
  subunit	
  (dark	
  blue)	
  
is	
  two	
  tandem	
  α-­‐helices	
  that	
  form	
  interactions	
  with	
  the	
  N-­‐terminal	
  α-­‐helix	
  of	
  Gβ	
  and	
  a	
  

surface	
  of	
  the	
  Gβ	
  toroid	
  on	
  the	
  opposite	
  face	
  from	
  where	
  Gα	
  interacts	
  with	
  Gβ.	
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Heterotrimeric	
  G	
  proteins	
  

Despite	
  the	
  diversity	
  of	
  the	
  GPCR	
  superfamily,	
  interestingly	
  enough,	
  they	
  mediate	
  their	
  

effects	
  through	
  relatively	
  few	
  heterotrimeric	
  G	
  proteins.	
  G	
  proteins	
  consist	
  of	
  α,	
  β and	
  γ	
  

subunits,	
  and	
  in	
  humans,	
  16	
  genes	
  and	
  11	
  splice	
  variants	
  account	
  for	
  27	
  Gα	
  isoforms89,90,	
  while	
  5	
  

and	
  12	
  genes	
  encode	
  5β	
  and	
  12γ	
  protein	
  subunits,	
  respectively91,92.	
  Heterotrimers	
  are	
  generally	
  

classified	
  into	
  four	
  families,	
  Gs,	
  Gi/o,	
  Gq,	
  and	
  G12/13,	
  based	
  on	
  the	
  functional	
  similarity	
  of	
  the	
  Gα	
  

subunit93,	
  but	
  all	
  Gα	
  subunits	
  share	
  a	
  similar	
  tertiary	
  structure	
  composed	
  of	
  two	
  domains:	
  a	
  

GTPase	
  domain	
  and	
  a	
  helical	
  domain1.	
  Crystal	
  structures	
  demonstrate	
  that	
  the	
  GTPase	
  domain	
  is	
  

conserved	
  among	
  all	
  members	
  of	
  the	
  G	
  protein	
  superfamily,	
  including	
  small	
  G	
  proteins	
  and	
  

elongation	
  factors1.	
  This	
  domain	
  contains	
  the	
  site	
  of	
  GTP	
  hydrolysis	
  as	
  well	
  as	
  the	
  sites	
  for	
  

binding	
  to	
  the	
  Gβγ	
  dimer,	
  receptors,	
  and	
  a	
  wide	
  variety	
  of	
  effectors.	
  In	
  contrast,	
  the	
  helical	
  

domain	
  is	
  unique	
  to	
  the	
  heterotrimeric	
  Gα	
  subunit	
  and	
  functions	
  as	
  a	
  lid	
  to	
  cover	
  the	
  

nucleotide-­‐binding	
  pocket	
  such	
  that	
  it	
  is	
  retained	
  deep	
  within	
  the	
  core	
  of	
  the	
  protein	
  (see	
  Figure	
  

3B).	
  Further,	
  post-­‐translational	
  modifications	
  at	
  the	
  N-­‐terminus	
  of	
  all	
  Gα	
  subunits	
  help	
  regulate	
  

membrane	
  localization	
  and	
  protein-­‐protein	
  interactions1.	
  	
  

G	
  protein	
  β	
  subunits	
  are	
  made	
  up	
  of	
  two	
  structurally	
  distinct	
  regions,	
  an	
  amino	
  terminal	
  

segment	
  which	
  is	
  an	
  α	
  helix	
  of	
  approximately	
  20	
  amino	
  acids,	
  and	
  a	
  propeller-­‐like	
  structure	
  

comprising	
  seven	
  blades	
  of	
  four	
  anti-­‐parallel	
  β	
  strands	
  known	
  as	
  a	
  WD	
  repeat94-­‐96	
  (see	
  Figure	
  

3C).	
  In	
  contrast,	
  the	
  Gγ	
  subunit	
  is	
  much	
  smaller,	
  composed	
  of	
  only	
  two	
  α-­‐helices,	
  a	
  carboxy-­‐

terminal	
  helix	
  which	
  extends	
  across	
  the	
  surface	
  of	
  blade	
  5	
  on	
  Gβ	
  as	
  well	
  as	
  a	
  small	
  section	
  of	
  the	
  

N-­‐terminal	
  region,	
  and	
  an	
  amino	
  terminus	
  helix	
  which	
  forms	
  a	
  coiled-­‐coil	
  with	
  the	
  amino	
  

terminal	
  non-­‐WD	
  repeat	
  region	
  of	
  the	
  β	
  subunit94	
  (see	
  Figure	
  3C).	
  All	
  Gγ	
  subunits	
  are	
  post-­‐

translationally	
  modified	
  at	
  the	
  C-­‐terminus	
  with	
  a	
  methylation	
  group	
  as	
  well	
  as	
  either	
  a	
  farnesyl	
  

or	
  geranylgeranyl	
  moiety,	
  which	
  aids	
  in	
  membrane	
  localization	
  and	
  may	
  play	
  a	
  role	
  in	
  receptor	
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interactions96,97.	
  Together,	
  Gβ	
  and	
  Gγ	
  form	
  a	
  functional	
  dimer	
  as	
  subunits	
  cannot	
  be	
  dissociated	
  

except	
  with	
  denaturants96	
  and	
  neither	
  subunit	
  can	
  signal	
  on	
  its	
  own.	
  	
  

Specificity	
  of	
  Gβγ 	
  Interactions	
  	
  

Sequence	
  comparisons	
  show	
  that	
  Gβ1-­‐4	
  share	
  up	
  to	
  90%	
  sequence	
  identity	
  compared	
  to	
  

50%	
  identity	
  for	
  Gβ5	
  while	
  Gγ	
  subunits	
  are	
  much	
  more	
  divergent,	
  with	
  isoforms	
  sharing	
  only	
  30-­‐

70%	
  sequence	
  identity96,98.	
  Given	
  the	
  high	
  sequence	
  identity	
  shared	
  among	
  the	
  isoforms,	
  it	
  

might	
  be	
  expected	
  that	
  functional	
  dimerization	
  of	
  all	
  isoforms	
  would	
  be	
  possible.	
  	
  While	
  most	
  

Gβ and	
  Gγ	
  subunits	
  have	
  been	
  shown	
  to	
  form	
  dimer	
  pairs	
  in	
  vitro,	
  studies	
  have	
  shown	
  that	
  

subtypes	
  do	
  not	
  randomly	
  associate,	
  but	
  rather	
  show	
  distinct	
  affinities	
  for	
  one	
  another,	
  and	
  

even,	
  that	
  certain	
  combinations	
  are	
  unable	
  to	
  pair.	
  As	
  with	
  Gβγ dimerization,	
  it	
  is	
  increasingly	
  

becoming	
  evident	
  that	
  unique	
  Gβγ combinations	
  play	
  specific	
  roles	
  in	
  mediating	
  interactions	
  

with	
  receptors	
  and	
  effectors99-­‐101.	
  Indeed,	
  while	
  early	
  biochemical	
  studies	
  found	
  few	
  clear	
  

functional	
  differences	
  in	
  the	
  ability	
  of	
  isoform	
  combinations	
  to	
  regulate	
  effectors	
  in	
  vitro,	
  

subsequent	
  studies	
  using	
  anti-­‐sense	
  oligonucleotides,	
  site	
  directed	
  ribozymes,	
  and	
  genetic	
  

deletion	
  have	
  suggested	
  very	
  specific	
  roles	
  for	
  Gβ	
  and	
  Gγ	
  isoforms	
  in	
  signaling	
  in	
  intact	
  cells95.	
  

For	
  example,	
  Gγ7	
  knockout	
  mice	
  exhibit	
  reduced	
  expression	
  of	
  Gαolf	
  and	
  reduced	
  adenylyl	
  

cyclase	
  activity102,	
  while	
  Gγ3	
  knockout	
  mice	
  show	
  increase	
  susceptibility	
  to	
  seizures,	
  reduced	
  

body	
  weight,	
  and	
  decreased	
  adiposity.	
  It	
  is	
  possible	
  even,	
  that	
  isoforms	
  may	
  show	
  tissue-­‐

dependent	
  specificity	
  for	
  an	
  individual	
  effector103.	
  Given	
  that	
  most	
  cell	
  types	
  express	
  multiple	
  

Gα,	
  Gβ,	
  and	
  Gγ	
  subtypes,	
  a	
  greater	
  understanding	
  of	
  Gβγ-­‐effector	
  regulation	
  is	
  necessary	
  to	
  

fully	
  elucidate	
  how	
  specificity	
  is	
  achieved.	
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Gβγ  Interaction	
  with	
  Effectors	
  

Initially,	
  Gβγ was	
  thought	
  to	
  play	
  a	
  passive,	
  inhibitory	
  role	
  by	
  facilitating	
  the	
  completion	
  

of	
  intracellular	
  information	
  transfer	
  by	
  merely	
  returning	
  Gα	
  to	
  a	
  heterotrimeric	
  state	
  while	
  also	
  

preventing	
  Gα-­‐mediated	
  signaling	
  in	
  the	
  absence	
  of	
  receptor	
  activation104.	
  	
  One	
  of	
  the	
  earliest	
  

independent	
  roles	
  in	
  cellular	
  signaling,	
  however,	
  was	
  shown	
  in	
  1987	
  when	
  Logothetis	
  et	
  al.	
  

showed	
  that	
  Gβγ	
  subunits	
  could	
  activate	
  potassium-­‐selective	
  ion	
  channels	
  in	
  cardiac	
  atrial	
  

cells105.	
  Today,	
  Gβγ subunits	
  are	
  known	
  to	
  regulate	
  a	
  wide	
  variety	
  of	
  effectors	
  including	
  

phospholipase	
  C-­‐β,	
  adenylyl	
  cyclase,	
  calmodulin,	
  PI	
  3-­‐kinase,	
  and	
  components	
  of	
  the	
  mitogen-­‐

activated	
  protein	
  kinase	
  cascade	
  (among	
  others).	
  Additional	
  effectors	
  such	
  as	
  voltage-­‐gated	
  

calcium	
  and	
  potassium	
  channels,	
  as	
  well	
  as	
  members	
  of	
  the	
  exocytotic	
  machinery	
  regulate	
  

membrane	
  voltage	
  and	
  neurotransmitter	
  release75,77,81,96,104	
  	
  (Figure	
  4).	
  	
  	
  

Although	
  Gβγ-­‐effector	
  interaction	
  sites	
  were	
  initially	
  hypothesized	
  to	
  be	
  localized	
  to	
  the	
  

Gα	
  interface,	
  this	
  is	
  not	
  the	
  only	
  site	
  important	
  for	
  effector	
  regulation.	
  	
  Mutagenesis	
  studies	
  

have	
  since	
  identified	
  binding	
  regions	
  within	
  the	
  blades	
  of	
  the	
  Gβ	
  propeller	
  and	
  along	
  its	
  N-­‐

terminal	
  coiled-­‐coil,	
  as	
  well	
  as	
  areas	
  outside	
  of	
  the	
  Gα	
  subunit	
  interface,	
  and	
  regions	
  on	
  

Gγ subunits94,96,106-­‐108.	
  An	
  example	
  of	
  this	
  is	
  the	
  interaction	
  between	
  Gβγ and	
  the	
  GIRK	
  channels.	
  	
  

Zhao	
  et	
  al.	
  (2003)	
  demonstrated	
  that	
  mutation	
  of	
  residues	
  Thr-­‐86,	
  Thr-­‐87,	
  and	
  Gly-­‐131	
  on	
  Gβ1,	
  

which	
  are	
  outside	
  of	
  the	
  Gα	
  binding	
  site,	
  resulted	
  in	
  decreased	
  GIRK	
  activity109.	
  As	
  such,	
  while	
  

the	
  Gα	
  interface	
  likely	
  represents	
  a	
  core	
  site	
  for	
  effector	
  binding	
  being	
  that	
  it	
  is	
  primarily	
  

exposed	
  when	
  a	
  GPCR	
  has	
  activated	
  the	
  Gα	
  subunit,	
  other	
  regions	
  may	
  also	
  play	
  important	
  roles	
  

in	
  facilitating	
  downstream	
  signaling	
  for	
  Gβγ	
  subunits.	
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Mechanisms	
  of	
  Presynaptic	
  Regulation	
  By	
  Heterotrimeric	
  G	
  proteins	
  

GPCRs	
  have	
  been	
  shown	
  to	
  play	
  an	
  important	
  role	
  in	
  controlling	
  synaptic	
  transmission,	
  

as	
  activation	
  of	
  presynaptic	
  Gi/o-­‐coupled	
  auto-­‐	
  and	
  heteroreceptors	
  such	
  as	
  5HT1	
  serotonin	
  

receptors,	
  D2	
  dopamine	
  receptors,	
  M4	
  muscarinic	
  receptors,	
  α2A	
  adrenergic	
  receptors,	
  opioid	
  

receptors,	
  as	
  well	
  as	
  many	
  others,	
  is	
  known	
  to	
  inhibit	
  evoked	
  transmitter	
  release110,111.	
  Such	
  

regulation	
  is	
  attributed	
  to	
  the	
  actions	
  of	
  both	
  the	
  α	
  and	
  Gβγ	
  subunits	
  of	
  heterotrimeric	
  G	
  

proteins.	
  Activation	
  of	
  Gα	
  subunits	
  leads	
  to	
  diffusible	
  second	
  messengers	
  that	
  can	
  have	
  effects	
  

at	
  a	
  distance	
  from	
  the	
  site	
  of	
  activation.	
  The	
  Gα	
  subunits	
  of	
  Gs	
  and	
  Gq	
  have	
  facilitatory	
  roles	
  on	
  

exocytosis	
  through	
  activation	
  of	
  adenylyl	
  cyclase	
  and	
  phospholipase	
  C,	
  leading	
  to	
  second	
  

messengers	
  that	
  activate	
  downstream	
  kinases	
  (protein	
  kinase	
  A,	
  by	
  increasing	
  cyclic	
  adenosine	
  

monophosphate	
  levels	
  by	
  Gαs	
  activation	
  of	
  adenylyl	
  cyclase,	
  and	
  protein	
  kinase	
  C,	
  by	
  Gαq	
  

activation	
  of	
  phospholipase	
  Cβ).	
  The	
  phosphorylation	
  of	
  proteins	
  involved	
  in	
  vesicle	
  

recruitment,	
  docking,	
  and	
  fusion	
  can	
  cause	
  either	
  inhibition,	
  or	
  facilitation	
  of	
  synaptic	
  

transmission112.	
  Activation	
  of	
  presynaptic	
  Gαq	
  has	
  been	
  described	
  to	
  play	
  a	
  role	
  in	
  slow	
  voltage-­‐

independent	
  inhibition113,114	
  through	
  activation	
  of	
  phospholipase	
  C	
  and	
  reduction	
  of	
  the	
  second	
  

messenger	
  phosphatidylinositol-­‐4,	
  5-­‐bisphosphate	
  (PIP2)115.	
  Other	
  regulatory	
  pathways	
  

downstream	
  of	
  GPCRs	
  include	
  arrestin	
  signaling,	
  which	
  can	
  also	
  affect	
  second	
  messenger	
  

systems116.	
  Arrestin	
  signaling	
  processes	
  can	
  affect,	
  for	
  example,	
  scaffolding	
  of	
  

phosphodiesterase	
  close	
  to	
  Gs-­‐coupled	
  receptors117.	
  	
  

The	
  activation	
  of	
  presynaptic	
  GPCRs	
  also	
  leads	
  to	
  dissociation	
  of	
  Gβγ subunits	
  whose	
  

actions	
  remain	
  local	
  as	
  they	
  are	
  membrane-­‐associated	
  via	
  Gγ	
  C-­‐terminal	
  prenylation.	
  

Autoreceptors	
  sensing	
  neurotransmitter	
  released	
  from	
  the	
  activated	
  synapse,	
  or	
  

heteroreceptors,	
  sensing	
  neurotransmitters	
  from	
  neighboring	
  nerve	
  terminals,	
  activate	
  Gi/o	
  

receptors,	
  and	
  release	
  Gβγ. Obviously,	
  the	
  effects	
  of	
  neurotransmitters	
  depend	
  not	
  only	
  on	
  the	
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pharmacology	
  of	
  the	
  receptors,	
  but	
  also	
  on	
  the	
  spatial	
  arrangement	
  in	
  relation	
  to	
  the	
  sites	
  of	
  

transmitter	
  release.	
  Some	
  presynaptic	
  GPCRs	
  are	
  found	
  distant	
  from	
  the	
  active	
  zone118,	
  and	
  thus	
  

are	
  not	
  likely	
  to	
  affect	
  active	
  zone	
  processes,	
  but	
  most	
  probably	
  work	
  by	
  traditional	
  mechanisms	
  

of	
  second	
  messenger	
  generation.	
  Those	
  presynaptic	
  Gi/o-­‐coupled	
  GPCRs	
  that	
  are	
  localized	
  to	
  the	
  

active	
  zone	
  or	
  peri-­‐active	
  zone	
  region119	
  are	
  likely	
  to	
  generate	
  Gβγ subunits	
  that	
  can	
  diffuse	
  to	
  

the	
  exocytotic	
  machinery	
  and	
  mediate	
  fast	
  regulation	
  of	
  exocytosis75-­‐77.	
  The	
  detailed	
  localization	
  

of	
  GPCRs	
  must	
  be	
  done	
  by	
  electron	
  microscopic	
  immunocytochemistry,	
  and	
  though	
  there	
  are	
  

perhaps	
  hundreds	
  of	
  presynaptic	
  receptors,	
  fine	
  localization	
  is	
  limited	
  to	
  a	
  very	
  few	
  subtypes	
  

(see	
  Table	
  1).	
  Further	
  work	
  will	
  be	
  needed	
  to	
  determine	
  subcellular	
  localization	
  of	
  other	
  Gi/o-­‐

coupled	
  presynaptic	
  receptors.	
  On	
  the	
  other	
  hand,	
  there	
  is	
  much	
  more	
  information	
  on	
  the	
  

ability	
  of	
  presynaptic	
  GPCRs	
  to	
  influence	
  postsynaptic	
  responses	
  in	
  paired	
  recordings.	
  Whether	
  

they	
  work	
  by	
  modifying	
  voltage-­‐gated	
  Ca2+	
  channels,	
  or	
  downstream	
  of	
  Ca2+	
  entry	
  directly	
  on	
  

the	
  exocytotic	
  machinery	
  is	
  known	
  in	
  some	
  cases	
  via	
  studies	
  of	
  the	
  effects	
  of	
  blocking	
  various	
  

voltage-­‐dependent	
  calcium	
  channels	
  or	
  inhibition	
  of	
  “minis”	
  (see	
  Table	
  1).	
  Presynaptic	
  

Gβγ modulation	
  of	
  synaptic	
  transmission	
  occurs	
  mainly	
  through	
  three	
  mechanisms:	
  inhibition	
  of	
  

voltage-­‐dependent	
  calcium	
  channels	
  at	
  presynaptic	
  nerve	
  terminals,	
  regulation	
  downstream	
  of	
  

calcium	
  entry	
  via	
  direct	
  interaction	
  with	
  of	
  one	
  or	
  more	
  of	
  the	
  components	
  of	
  the	
  exocytotic	
  

machinery120,	
  or	
  regulation	
  of	
  GIRK	
  channels	
  that	
  affect	
  the	
  shape	
  of	
  the	
  invading	
  action	
  

potential121	
  (Figure	
  5).	
  Such	
  diversity	
  highlights	
  the	
  physiological	
  importance	
  of	
  G	
  proteins	
  in	
  

regulating	
  synaptic	
  transmission	
  but	
  also	
  raises	
  numerous	
  questions	
  about	
  which	
  mechanism	
  

functions	
  at	
  particular	
  synapses,	
  the	
  relevance	
  of	
  each	
  mechanism	
  in	
  vivo,	
  and	
  the	
  contribution	
  

of	
  each	
  mechanism	
  to	
  modulation.	
  While	
  we	
  attempt	
  to	
  highlight	
  some	
  of	
  the	
  key	
  findings	
  for	
  

each	
  mechanism	
  below,	
  further	
  work	
  is	
  needed	
  to	
  clarify	
  these	
  questions	
  and	
  assess	
  the	
  

importance	
  of	
  each	
  at	
  a	
  systems	
  level.	
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Table	
  1.	
  Inhibitory	
  GPCR	
  function	
  at	
  synapses	
  and	
  cell	
  bodies	
  in	
  the	
  central	
  nervous	
  
system.	
  	
  Listed	
  are	
  examples	
  of	
  Gi/o-­‐coupled	
  GPCRs	
  known	
  to	
  inhibit	
  synaptic	
  
transmission	
  via	
  actions	
  on	
  voltage-­‐dependent	
  calcium	
  channels	
  or	
  exocytotic	
  

machinery	
  downstream	
  of	
  calcium	
  entry.	
  Receptors	
  are	
  separated	
  depending	
  on	
  
localization	
  to	
  the	
  synapse	
  or	
  soma	
  of	
  neurons	
  in	
  the	
  central	
  nervous	
  system.	
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Figure	
  4.	
  	
  The	
  interactions	
  with	
  Gβγ  during	
  exocytosis.	
  Gβγ subunits	
  are	
  known	
  to	
  have	
  a	
  
variety	
  of	
  interactions	
  during	
  exocytosis	
  -­‐	
  GPCRs	
  and	
  Gα	
  subunits	
  during	
  its	
  activation,	
  as	
  
well	
  as	
  a	
  number	
  of	
  effectors.	
  Shown	
  are	
  the	
  structures,	
  if	
  known,	
  of	
  those	
  proteins	
  that	
  

interact	
  with	
  Gβγ and	
  play	
  a	
  role	
  in	
  exocytosis.	
  THE	
  GPCRs	
  and	
  Gα	
  are	
  discussed	
  in	
  Figure	
  3.	
  
The	
  SNARE	
  proteins	
  (SNAP-­‐25/Syntaxin	
  1A/VAMP2)	
  form	
  a	
  trimeric	
  complex	
  through	
  

interaction	
  of	
  their	
  α-­‐helical	
  SNARE	
  motifs,	
  SNAP-­‐25	
  having	
  2	
  two	
  of	
  them	
  (PDB	
  ID:	
  1SFC)	
  
(Sutton	
  et	
  al.,	
  1998).	
  VAMP2	
  (purple)	
  and	
  syntaxin	
  1A	
  (cyan)	
  have	
  transmembrane	
  domains	
  
through	
  which	
  they	
  interact	
  with	
  membranes.	
  SNAP-­‐25	
  (green)	
  has	
  a	
  palmitoylation	
  site	
  

near	
  the	
  C-­‐terminal	
  portion	
  of	
  its	
  first	
  SNARE	
  motif	
  by	
  which	
  it	
  is	
  tethered	
  to	
  the	
  
membrane.	
  Not	
  shown	
  is	
  the	
  N-­‐terminal	
  helical	
  domain	
  of	
  syntaxin	
  1A,	
  Habc.	
  The	
  crystal	
  

structure	
  of	
  syntaxin	
  1A	
  without	
  the	
  transmembrane	
  domain	
  confirms	
  the	
  triple	
  helix	
  Habc	
  
domain	
  at	
  its	
  N-­‐terminus.	
  The	
  GIRK	
  channel	
  is	
  represented	
  by	
  the	
  crystal	
  structure	
  for	
  the	
  

structurally	
  similar	
  ATP-­‐sensitive	
  Kir	
  channel	
  10,	
  which	
  is	
  a	
  tetramer	
  with	
  both	
  
transmembrane	
  and	
  intracellular	
  domains	
  (PDB	
  ID:	
  2X6A)	
  (Clarke	
  et	
  al.,	
  2010).	
  There	
  is	
  no	
  

structure	
  determined	
  yet	
  for	
  VDCC;	
  it	
  is	
  shown	
  as	
  a	
  simple	
  transmembrane	
  cartoon.	
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Gβγ  Regulation	
  of	
  Presynaptic	
  Voltage-­‐Dependent	
  Calcium	
  Channels	
  	
  

As	
  mentioned,	
  GPCR	
  mediated	
  regulation	
  of	
  synaptic	
  transmission	
  has	
  been	
  shown	
  to	
  

occur	
  through	
  multiple	
  mechanisms,	
  the	
  best	
  characterized	
  of	
  which	
  is	
  through	
  direct	
  inhibition	
  

of	
  VDCC	
  (Figure	
  5).	
  These	
  channels	
  play	
  an	
  essential	
  role	
  in	
  regulating	
  vesicle	
  exocytosis	
  as	
  they	
  

control	
  calcium	
  influx	
  into	
  the	
  cell.	
  As	
  the	
  presynaptic	
  membrane	
  is	
  depolarized,	
  VDCC	
  become	
  

activated	
  resulting	
  in	
  an	
  influx	
  of	
  calcium	
  into	
  the	
  cell,	
  which	
  can	
  then	
  bind	
  to	
  synaptotagmin	
  to	
  

trigger	
  exocytotic	
  events.	
  At	
  present,	
  five	
  classes	
  of	
  VDCC	
  have	
  been	
  identified	
  in	
  mammals	
  

based	
  on	
  their	
  pharmacological	
  and	
  electrophysiological	
  properties,	
  with	
  further	
  delineation	
  of	
  

subtypes	
  into	
  low-­‐voltage	
  (T-­‐type)	
  and	
  high-­‐voltage	
  (N-­‐,	
  P/Q-­‐,	
  and	
  R-­‐type)	
  activated	
  channels	
  

based	
  on	
  the	
  strength	
  of	
  depolarization	
  necessary	
  to	
  trigger	
  them122.	
  The	
  core	
  of	
  the	
  calcium	
  

channel	
  complex	
  that	
  forms	
  the	
  channel	
  is	
  the	
  α1	
  subunit.	
  This	
  subunit	
  has	
  4	
  transmembrane	
  

subdomains	
  and	
  is	
  believed	
  to	
  organize	
  and	
  form	
  the	
  pore.	
  Other	
  subunits	
  that	
  have	
  been	
  

determined	
  to	
  associate	
  with	
  and	
  modulate	
  the	
  calcium	
  channel	
  are	
  an	
  intracellular	
  β	
  subunit	
  

and	
  an	
  α2δ	
  subunit	
  complex.	
  Lastly,	
  there	
  is	
  a	
  γ	
  subunit	
  with	
  variable	
  tissue	
  expression	
  that	
  also	
  

is	
  part	
  of	
  some	
  calcium	
  channels122.	
  Gβγ	
  can	
  directly	
  bind	
  to	
  N-­‐and	
  P/Q-­‐type	
  calcium	
  channels122-­‐

127.	
  Examination	
  of	
  the	
  structural	
  determinants	
  which	
  underlie	
  this	
  modulation	
  have	
  identified	
  

regions	
  within	
  the	
  N-­‐terminal	
  loop128,	
  the	
  I–II	
  loop124,129,	
  and	
  the	
  C-­‐terminal	
  loop130-­‐132	
  of	
  the	
  

pore-­‐forming	
  α1-­‐subunit	
  of	
  the	
  calcium	
  channels	
  which	
  are	
  important	
  for	
  Gβγ modulation.	
  

Within	
  the	
  I–II	
  loop,	
  there	
  are	
  two	
  regions	
  that	
  have	
  been	
  implicated	
  in	
  binding	
  to	
  the	
  Gβγ	
  

dimer.	
  The	
  first	
  overlaps	
  with	
  the	
  α-­‐interaction	
  domain	
  (AID)	
  and	
  contains	
  the	
  consensus	
  

sequence	
  QXXER124,129,133.	
  A	
  second	
  domain	
  within	
  the	
  I–II	
  loop	
  is	
  located	
  C-­‐terminal	
  to	
  the	
  AID,	
  

and	
  is	
  termed	
  the	
  G	
  protein	
  interaction	
  domain129.	
  Although	
  still	
  subject	
  to	
  a	
  great	
  deal	
  of	
  study,	
  

it’s	
  believed	
  that	
  Gβγ binding	
  actually	
  stabilizes	
  the	
  channel	
  in	
  a	
  conformational	
  state	
  which	
  

permits	
  only	
  reluctant	
  opening,	
  thus	
  preventing	
  vesicle	
  exocytosis134-­‐139.	
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G	
  protein	
  inhibition	
  of	
  inward	
  calcium	
  currents	
  was	
  initially	
  demonstrated	
  by	
  Dunlap	
  

and	
  Fischbach	
  (1978)	
  when	
  they	
  were	
  able	
  to	
  show	
  that	
  the	
  contribution	
  of	
  calcium	
  channels	
  to	
  

action	
  potentials	
  in	
  chick	
  dorsal	
  root	
  ganglion	
  neurons	
  was	
  reduced	
  following	
  activation	
  of	
  

gamma-­‐aminobutyric	
  acid	
  (GABA)B,	
  serotonin,	
  or	
  adrenergic	
  receptors140.	
  Subsequent	
  studies	
  

over	
  the	
  next	
  20	
  years	
  have	
  implicated	
  primarily	
  Gi/o-­‐coupled	
  GPCRs	
  in	
  this	
  regulation	
  as	
  

muscarinic,	
  opioid,	
  dopamine,	
  and	
  many	
  other	
  Gi/o-­‐coupled	
  receptors	
  all	
  have	
  the	
  propensity	
  to	
  

exert	
  negative	
  control	
  over	
  calcium	
  currents	
  and	
  exhibit	
  sensitivity	
  to	
  pertussis	
  toxin134,	
  136,137,139.	
  

However,	
  it	
  should	
  be	
  noted	
  that	
  modulation	
  of	
  VDCC	
  may	
  not	
  occur	
  solely	
  through	
  the	
  actions	
  

of	
  Gi/o-­‐coupled	
  GPCRs	
  as	
  activation	
  of	
  Gs	
  and	
  Gz-­‐coupled	
  G	
  proteins	
  has	
  also	
  been	
  shown	
  to	
  

mediate	
  voltage-­‐dependent	
  inhibition	
  of	
  N-­‐type	
  calcium141.	
  Whether	
  this	
  reflects	
  a	
  ubiquitous	
  

mechanism	
  of	
  regulation	
  remains	
  unclear;	
  however,	
  it	
  is	
  apparent	
  that	
  inhibition	
  of	
  calcium	
  

channels	
  by	
  GPCRs	
  is	
  widespread	
  and	
  an	
  important	
  regulatory	
  factor	
  mediating	
  control	
  of	
  

neurotransmitter	
  release.	
  

In	
  addition	
  to	
  Gβγ regulation	
  of	
  VDCC,	
  there	
  is	
  evidence	
  of	
  syntaxin	
  1A	
  regulation	
  of	
  the	
  

channels	
  themselves,	
  as	
  well	
  as	
  an	
  intersection	
  between	
  VDCC,	
  syntaxin,	
  and	
  Gβγ. Syntaxin	
  1A	
  

was	
  initially	
  found	
  to	
  be	
  associated	
  with	
  N-­‐type	
  calcium	
  channels	
  in	
  a	
  pre-­‐fusion	
  complex142-­‐144;	
  

however,	
  later	
  studies	
  confirmed	
  the	
  molecular	
  and	
  functional	
  interactions	
  between	
  these	
  

proteins145,146.	
  Further,	
  in	
  addition	
  to	
  the	
  previously	
  mentioned	
  studies	
  of	
  Gβγ regulation	
  of	
  

VDCC	
  above,	
  there	
  is	
  evidence	
  of	
  syntaxin	
  1A	
  promoting	
  inhibition	
  of	
  VDCC	
  by	
  Gβγ138,145	
  and	
  that	
  

this	
  may	
  occur	
  through	
  Gβγ	
  and	
  VDCC	
  binding	
  to	
  separate	
  domains	
  of	
  syntaxin	
  1A138.	
  

Gβγ  Regulation	
  of	
  G	
  protein-­‐Activated	
  Inward	
  Rectifying	
  (GIRK)	
  Potassium	
  Channels	
  

GIRK	
  channels	
  are	
  largely	
  believed	
  to	
  be	
  expressed	
  somatodendritically121,147,148	
  	
  where	
  

they	
  act	
  to	
  hyperpolarize	
  the	
  cell	
  membrane,	
  making	
  it	
  harder	
  to	
  reach	
  the	
  threshold	
  for	
  

initiation	
  of	
  an	
  action	
  potential148,149.	
  They	
  are	
  members	
  of	
  the	
  inwardly	
  rectifying	
  potassium	
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channel	
  (Kir)	
  superfamily	
  of	
  proteins	
  and	
  are	
  abundantly	
  distributed	
  in	
  atrial	
  cells	
  and	
  neurons	
  

where	
  they	
  function	
  to	
  regulate	
  heart	
  rate	
  and	
  neuronal	
  excitability94,151.	
  Upon	
  activation,	
  they	
  

facilitate	
  efflux	
  of	
  potassium	
  ions	
  out	
  of	
  the	
  cell,	
  hyperpolarizing	
  the	
  cell	
  membrane	
  and	
  

dampening	
  electrical	
  activity	
  by	
  making	
  it	
  more	
  difficult	
  to	
  elicit	
  an	
  action	
  potential153.	
  To	
  date,	
  

four	
  mammalian	
  GIRK	
  subunits	
  (GIRK	
  1–4)	
  have	
  been	
  identified	
  which	
  assemble	
  to	
  form	
  

functional	
  channels	
  although	
  studies	
  have	
  shown	
  that	
  generally	
  only	
  heterotetramers	
  composed	
  

of	
  GIRK	
  1/2	
  and	
  to	
  a	
  lesser	
  extent	
  GIRK	
  2/3	
  as	
  well	
  as	
  GIRK	
  2	
  homotetramers	
  are	
  expressed	
  in	
  

the	
  brain108,152-­‐154.	
  	
  

Unique	
  to	
  the	
  Kir	
  family,	
  however,	
  the	
  activity	
  of	
  postsynaptic	
  GIRK	
  channels	
  is	
  regulated	
  

through	
  activation	
  of	
  Gi/o-­‐coupled	
  GPCRs	
  such	
  as	
  opioid,	
  M2	
  muscarinic,	
  α2	
  adrenergic,	
  5-­‐HT1a	
  

serotonin,	
  and	
  GABAB	
  receptors150,155,156,	
  with	
  activation	
  occurring	
  as	
  a	
  result	
  of	
  direct	
  

interactions	
  of	
  Gβγ subunits	
  with	
  the	
  N	
  and	
  C-­‐termini105,154,157	
  (Figure	
  5).	
  As	
  with	
  many	
  

Gβγ effectors,	
  regulation	
  of	
  GIRK	
  channels	
  was	
  initially	
  proposed	
  to	
  occur	
  at	
  sites	
  along	
  the	
  Gα-­‐

Gβγ interface.	
  Studies	
  by	
  Ford	
  et	
  al.158	
  and	
  Albsoul-­‐Younes	
  et	
  al.159	
  demonstrated	
  that	
  eight	
  

residues	
  falling	
  within	
  this	
  region	
  (Leu55,	
  Lys78,	
  Ile80,	
  Lys89,	
  Trp99,	
  Asp228,	
  Asp246	
  and	
  

Trp332)	
  were	
  important	
  for	
  channel	
  activation.	
  Subsequent	
  work	
  went	
  on	
  to	
  identify	
  additional	
  

sites	
  of	
  interaction	
  with	
  Absoul-­‐Younes	
  et	
  al.	
  first	
  showing	
  that	
  mutation	
  of	
  residues	
  along	
  or	
  

near	
  the	
  loops	
  connecting	
  blades	
  1	
  and	
  2	
  of	
  the	
  Gβ	
  torus	
  was	
  sufficient	
  to	
  disrupt	
  GIRK	
  channel	
  

activation.	
  Subsequent	
  work	
  by	
  Mirshahi	
  et	
  al.160	
  and	
  Zhao	
  et	
  al.161	
  narrowed	
  this	
  to	
  five	
  specific	
  

residues	
  within	
  these	
  loops	
  (Ser67,	
  Thr86,	
  Thr87,	
  Thr128,	
  and	
  Gly131)	
  as	
  playing	
  a	
  crucial	
  role	
  in	
  

GIRK	
  activation,	
  while	
  Li	
  et	
  al.162	
  recently	
  reported	
  the	
  ability	
  of	
  the	
  C-­‐terminal	
  region	
  of	
  Gβ2	
  

(residues	
  271–305)	
  to	
  induce	
  GIRK	
  channel	
  activation.	
  It	
  should	
  be	
  noted,	
  however,	
  that	
  in	
  

addition	
  to	
  Gβ,	
  Gγ	
  has	
  been	
  shown	
  to	
  be	
  essential	
  for	
  G	
  protein	
  activation	
  of	
  GIRK	
  channels.	
  A	
  

recent	
  study	
  by	
  Peng	
  et	
  al.	
  demonstrated	
  that	
  residues	
  35–71	
  of	
  Gγ2	
  are	
  required	
  for	
  full	
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stimulation	
  of	
  GIRK4	
  currents	
  by	
  Gβ1γ2
108.	
  Further,	
  within	
  this	
  region,	
  ten	
  residues	
  form	
  an	
  

intricate	
  network	
  of	
  interactions	
  with	
  Gβ to	
  determine	
  the	
  stimulatory	
  effects	
  on	
  the	
  channel	
  

while	
  Asp36	
  and	
  Asp48	
  maintain	
  the	
  conformation	
  of	
  the	
  Gβ1γ2	
  subunits	
  to	
  allow	
  full	
  stimulation	
  

of	
  GIRK4.	
  Together,	
  these	
  results	
  highlight	
  the	
  fact	
  that	
  Gβγ	
  regulation	
  of	
  GIRK	
  channels	
  may	
  be	
  

much	
  more	
  complicated	
  than	
  originally	
  believed	
  and	
  illustrate	
  the	
  need	
  for	
  further	
  research	
  in	
  

this	
  area.	
  

Studies	
  examining	
  specificity	
  of	
  GIRK	
  channel	
  regulation	
  have	
  further	
  shown	
  that	
  only	
  

Gβγ dimers	
  containing	
  Gβ1–4	
  could	
  enhance	
  GIRK	
  channel	
  activity	
  while	
  those	
  containing	
  Gβ5	
  

subunits	
  actually	
  suppress	
  it163-­‐168.	
  While	
  the	
  exact	
  reason	
  for	
  this	
  discrepancy	
  is	
  still	
  being	
  

elucidated,	
  a	
  plausible	
  explanation	
  presented	
  by	
  Lei	
  et	
  al.is	
  that	
  Gβ5	
  containing	
  dimers	
  actually	
  

displace	
  activating	
  Gβγ pairs	
  by	
  competitively	
  binding	
  to	
  the	
  same	
  regions	
  on	
  the	
  cytoplasmic	
  

domains	
  of	
  the	
  GIRK	
  channels169.	
  Although	
  no	
  hypothesis	
  was	
  put	
  forth	
  to	
  explain	
  how	
  this	
  

would	
  prevent	
  channel	
  opening,	
  given	
  that	
  Gβγ5	
  is	
  the	
  most	
  divergent	
  of	
  the	
  Gβ subunits,	
  it	
  is	
  

possible	
  that	
  while	
  sufficient	
  sequence	
  identity	
  exists	
  between	
  the	
  isoforms	
  to	
  permit	
  binding	
  to	
  

cytoplasmic	
  domains,	
  critical	
  residues	
  necessary	
  for	
  channel	
  activation	
  may	
  be	
  missing.	
  As	
  such,	
  

by	
  competitively	
  displacing	
  activating	
  Gβγ dimers,	
  Gβ5	
  pairs	
  could	
  occupy	
  binding	
  sites	
  and	
  

prevent	
  channel	
  activation.	
  Conversely,	
  however,	
  Xie	
  et	
  al.	
  recently	
  showed	
  that	
  Gβ5	
  subunits	
  in	
  

complex	
  with	
  members	
  of	
  the	
  Regulator	
  of	
  G	
  protein	
  Signaling	
  (RGS)	
  7	
  family	
  bound	
  to	
  the	
  C-­‐

terminal	
  cytoplasmic	
  domains	
  of	
  GIRK	
  channels	
  in	
  order	
  to	
  facilitate	
  their	
  coupling	
  to	
  GABAB	
  

receptors170.	
  In	
  doing	
  so,	
  they	
  found	
  that	
  the	
  Gβ5/RGS	
  complex	
  acted	
  to	
  influence	
  the	
  sensitivity	
  

of	
  the	
  inhibitory	
  signaling	
  pathway	
  in	
  hippocampus	
  and	
  that	
  further,	
  the	
  absence	
  of	
  the	
  Gβ5	
  

subunits	
  disrupted	
  the	
  temporal	
  fidelity	
  of	
  the	
  GIRK	
  response.	
  Such	
  discrepancies	
  highlight	
  that	
  

the	
  role	
  of	
  Gβ5	
  subunits	
  in	
  regulating	
  potassium	
  currents	
  merits	
  further	
  investigation.	
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While	
  a	
  postsynaptic	
  role	
  for	
  GIRK	
  channels	
  has	
  been	
  recognized	
  in	
  many	
  studies,	
  

consistent	
  presynaptic	
  labeling	
  of	
  these	
  channels	
  via	
  immunostaining	
  and	
  electron	
  microscopy	
  

in	
  the	
  proximity	
  of	
  the	
  active	
  zone	
  also	
  hints	
  for	
  a	
  role	
  in	
  modulating	
  exocytotic	
  release121,155,171-­‐

173.	
  At	
  least	
  in	
  the	
  case	
  of	
  GABA	
  signaling,	
  there	
  is	
  evidence	
  to	
  support	
  this	
  assumption	
  as	
  recent	
  

reports	
  from	
  Ladera	
  et	
  al.171	
  as	
  well	
  as	
  Michaeli	
  and	
  Yaka173	
  suggest	
  new	
  mechanisms	
  in	
  which	
  

presynaptic	
  GIRK	
  channels	
  play	
  a	
  significant	
  role.	
  For	
  example,	
  Ladera	
  et	
  al.	
  demonstrated	
  via	
  

electron	
  microscopy,	
  that	
  GIRK	
  channels	
  and	
  GABAB	
  receptors	
  were	
  co-­‐expressed	
  in	
  a	
  restricted	
  

subset	
  of	
  cerebrocortical	
  nerve	
  terminals	
  and	
  that	
  further,	
  these	
  GIRK	
  channels	
  mediated	
  the	
  

inhibition	
  of	
  glutamate	
  release171.	
  Similarly,	
  Michaeli	
  and	
  Yaka	
  recently	
  proposed	
  a	
  new	
  

mechanism	
  for	
  dopamine-­‐induced	
  inhibition	
  of	
  GABAA	
  neurotransmission	
  whereby	
  activation	
  of	
  

D2-­‐like	
  receptors	
  is	
  thought	
  to	
  lead	
  to	
  activation	
  of	
  presynaptic	
  GIRK	
  channels	
  in	
  ventral	
  

tegmental	
  neurons173.	
  As	
  opposed	
  to	
  postsynaptic	
  GIRK	
  regulation,	
  however,	
  such	
  effects	
  may	
  

not	
  be	
  mediated	
  through	
  Gβγ subunits.	
  In	
  the	
  case	
  of	
  the	
  GABAB	
  receptor-­‐GIRK	
  pathway	
  in	
  

cerebrocortical	
  nerve	
  terminals,	
  responses	
  exhibited	
  resistance	
  to	
  pertussis	
  toxin,	
  whereas	
  in	
  

the	
  case	
  of	
  GABAA	
  currents	
  in	
  the	
  ventral	
  tegmental	
  area,	
  the	
  authors	
  propose	
  regulation	
  

through	
  protein	
  kinase	
  A	
  substrates	
  given	
  attenuation	
  of	
  effects	
  with	
  protein	
  kinase	
  A	
  inhibitors.	
  

It	
  remains	
  to	
  be	
  elucidated	
  whether	
  this	
  represents	
  regulation	
  unique	
  to	
  presynaptic	
  GIRK	
  

channels	
  in	
  addition	
  to	
  the	
  well-­‐characterized	
  regulation	
  by	
  Gβγ subunits.	
  

Although	
  a	
  great	
  deal	
  of	
  work	
  has	
  been	
  done	
  to	
  decipher	
  the	
  mechanism	
  by	
  which	
  

Gβγ subunits	
  regulate	
  activation	
  of	
  GIRK	
  channels	
  and	
  thus	
  synaptic	
  transmission,	
  many	
  

questions	
  remain	
  unanswered.	
  Given	
  the	
  diversity	
  of	
  binding	
  sites	
  on	
  both	
  the	
  channel	
  and	
  the	
  

G	
  protein,	
  it	
  is	
  possible	
  that	
  multiple	
  dimers	
  bind	
  to	
  the	
  channel	
  at	
  the	
  same	
  time	
  to	
  elicit	
  the	
  

rotation	
  and	
  expansion	
  of	
  the	
  N-­‐	
  and	
  C-­‐termini	
  required	
  for	
  GIRK	
  channel	
  activation154.	
  How	
  this	
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may	
  occur	
  and	
  how	
  it	
  would	
  affect	
  synaptic	
  regulation	
  remains	
  to	
  be	
  seen	
  but	
  such	
  a	
  possibility	
  

certainly	
  highlights	
  that	
  a	
  great	
  deal	
  of	
  work	
  still	
  remains.	
  

Modulation	
  of	
  Synaptic	
  Transmission	
  Downstream	
  of	
  Ion	
  Channels:	
  Gβγ  Modulation	
  of	
  SNARE	
  
Proteins	
  
	
  

While	
  G	
  protein	
  modulation	
  of	
  calcium	
  and	
  potassium	
  entry	
  is	
  well	
  established,	
  more	
  

recently,	
  modulation	
  of	
  synaptic	
  transmission	
  distal	
  to	
  calcium	
  entry	
  has	
  been	
  demonstrated.	
  G	
  

protein	
  modulation	
  of	
  vesicle	
  release	
  in	
  a	
  manner	
  independent	
  of	
  calcium	
  entry	
  via	
  calcium	
  

channels	
  was	
  first	
  noted	
  by	
  Silinsky	
  in	
  1984,	
  who	
  observed	
  that	
  evoked	
  acetylcholine	
  release	
  at	
  

the	
  frog	
  neuromuscular	
  junction	
  could	
  be	
  reduced	
  following	
  activation	
  of	
  presynaptic	
  adenosine	
  

A1	
  receptors174.	
  He	
  suggested	
  that	
  this	
  inhibition	
  was	
  exerted	
  at	
  an	
  intracellular	
  site	
  associated	
  

with	
  the	
  exocytotic	
  process,	
  such	
  as	
  the	
  synaptic	
  vesicles	
  or	
  the	
  active	
  zone,	
  as	
  miniature	
  end	
  

plate	
  potentials	
  could	
  still	
  be	
  reduced	
  when	
  the	
  normal	
  route	
  of	
  calcium	
  entry	
  was	
  

bypassed174,175.	
  These	
  observations	
  have	
  been	
  corroborated	
  over	
  the	
  years	
  as	
  studies	
  

investigating	
  receptor	
  function	
  in	
  the	
  hippocampus	
  and	
  other	
  brain	
  regions	
  have	
  indicated	
  that	
  

activation	
  of	
  Gi/o-­‐coupled	
  presynaptic	
  receptors	
  such	
  as	
  such	
  as	
  GABAB,	
  muscarinic,	
  

metabotropic	
  glutamate	
  (mGluR),	
  serotonergic,	
  and	
  opioid	
  receptors	
  all	
  result	
  in	
  a	
  reduction	
  in	
  

the	
  frequency	
  of	
  miniature	
  excitatory	
  post-­‐synaptic	
  currents175.	
  Similarly,	
  the	
  use	
  of	
  agents	
  such	
  

as	
  ionomycin	
  and	
  α-­‐latrotoxin	
  which	
  enhanced	
  secretion	
  while	
  bypassing	
  calcium	
  channels	
  lent	
  

further	
  support	
  to	
  this	
  conclusion	
  as	
  GPCR-­‐mediated	
  inhibition	
  was	
  maintained	
  in	
  permeabilised	
  

cells75,176.	
  Taken	
  together,	
  these	
  results	
  suggested	
  the	
  presence	
  of	
  a	
  novel	
  mechanism	
  

controlling	
  vesicle	
  release	
  which	
  needed	
  to	
  be	
  characterized.	
  

Given	
  that	
  receptor-­‐mediated	
  inhibition	
  can	
  be	
  mimicked	
  by	
  treatment	
  with	
  non-­‐

hydrolyzable	
  GTP	
  analogues177-­‐179,	
  a	
  great	
  deal	
  of	
  work	
  went	
  into	
  identifying	
  the	
  G	
  protein	
  

responsible	
  for	
  mediating	
  the	
  effect.	
  This	
  was	
  initially	
  challenging	
  due	
  to	
  an	
  inability	
  of	
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exogenous	
  peptides	
  to	
  access	
  presynaptic	
  terminals	
  but	
  was	
  overcome	
  by	
  direct	
  injection	
  of	
  

Gβγ subunits	
  into	
  the	
  Calyx	
  of	
  Held180	
  and	
  lamprey	
  reticulospinal-­‐motor	
  neuron	
  synapses74.	
  In	
  

the	
  latter	
  case,	
  Gβγ subunits	
  not	
  only	
  were	
  able	
  to	
  inhibit	
  evoked	
  transmitter	
  release,	
  but	
  did	
  so	
  

without	
  an	
  effect	
  on	
  presynaptic	
  calcium	
  entry74	
  suggesting	
  that	
  these	
  subunits	
  were	
  

responsible	
  for	
  the	
  observed	
  inhibition.	
  Subsequent	
  injection	
  of	
  a	
  Gβγ scavenger,	
  G	
  protein-­‐

coupled	
  receptor	
  kinase	
  2	
  (GRK2)74	
  or	
  phosducin75	
  supported	
  this,	
  as	
  the	
  inhibitory	
  actions	
  of	
  

Gβγ were	
  completely	
  alleviated.	
  Investigations	
  into	
  the	
  mechanism	
  by	
  which	
  Gβγ inhibited	
  

vesicle	
  exocytosis	
  initially	
  focused	
  on	
  known	
  effectors	
  in	
  Gβγ signaling	
  cascades.	
  However,	
  as	
  

blockade	
  of	
  classical	
  effectors	
  did	
  little	
  to	
  attenuate	
  Gβγ-­‐mediated	
  inhibition74	
  and	
  the	
  onset	
  of	
  

inhibition	
  due	
  to	
  laser	
  uncaging	
  of	
  5HT	
  was	
  too	
  rapid	
  to	
  affect	
  docking	
  and	
  priming	
  

mechanisms76,	
  it	
  was	
  proposed	
  that	
  Gβγ may	
  act	
  directly	
  upon	
  the	
  already-­‐primed	
  exocytotic	
  

machinery.	
  In	
  fact,	
  inhibition	
  was	
  already	
  initiated	
  by	
  20	
  ms	
  after	
  uncaging	
  5HT,	
  suggesting	
  that	
  

both	
  the	
  GPCR	
  and	
  the	
  Gβγ were	
  close	
  to	
  the	
  active	
  zone.	
  Interestingly,	
  the	
  ability	
  of	
  Gβγ to	
  

modulate	
  the	
  inhibitory	
  effect	
  on	
  exocytosis	
  was	
  abolished	
  by	
  treatment	
  with	
  botulinum	
  toxin	
  

A,	
  which	
  cleaves	
  9	
  amino	
  acids	
  from	
  the	
  C-­‐terminus	
  of	
  SNAP-­‐2576,77,81,181,182.	
  The	
  relevance	
  of	
  this	
  

C-­‐terminal	
  region	
  of	
  SNAP-­‐25	
  was	
  additionally	
  demonstrated	
  as	
  the	
  C-­‐terminal	
  14	
  amino	
  acid	
  

peptide	
  from	
  SNAP-­‐25	
  itself	
  eliminated	
  the	
  Gβγ-­‐mediated	
  inhibition75,76.	
  In	
  addition,	
  removal	
  of	
  

the	
  C-­‐terminal	
  residues	
  from	
  SNAP-­‐25	
  decreased	
  binding	
  to	
  Gβγ in	
  vitro79,81,185.	
  These	
  findings	
  

provided	
  a	
  “fingerprint”	
  for	
  studies	
  of	
  the	
  mechanism	
  of	
  inhibition	
  of	
  exocytosis	
  downstream	
  

from	
  modulation	
  of	
  voltage-­‐dependent	
  Ca2+	
  channels	
  directly	
  on	
  the	
  exocytotic	
  fusion	
  apparatus	
  

that	
  later	
  studies	
  have	
  taken	
  advantage	
  of77,183,184,185	
  	
  

In	
  vitro	
  binding	
  studies	
  also	
  demonstrated	
  direct	
  interaction	
  between	
  Gβγ	
  subunits	
  and	
  

syntaxin	
  1A,	
  SNAP-­‐25B	
  and	
  VAMP/synaptobrevin	
  that	
  make	
  up	
  the	
  SNARE	
  complex74,75,79,81	
  while	
  

subsequent	
  electrophysiological	
  studies,	
  fluorescence-­‐based	
  assays,	
  and	
  PC12	
  “cracked	
  cell”-­‐
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based	
  amperometry	
  studies	
  provided	
  evidence	
  of	
  Gβγ binding	
  to	
  the	
  H3	
  SNARE	
  domain	
  of	
  

syntaxin	
  and	
  confirmed	
  the	
  importance	
  of	
  the	
  carboxy-­‐terminal	
  residues	
  of	
  SNAP-­‐2579,185.	
  

Additional	
  sites	
  of	
  interaction	
  may	
  be	
  important	
  including	
  the	
  Habc	
  domain79	
  or	
  even	
  the	
  C-­‐

terminal	
  transmembrane	
  domain	
  of	
  syntaxin,	
  which	
  has	
  been	
  suggested	
  to	
  potentially	
  form	
  a	
  

binding	
  pocket	
  for	
  anesthetic	
  molecules186.	
  Similarly,	
  mutagenesis	
  studies	
  suggest	
  SNARE	
  

binding	
  sites	
  on	
  Gβγ subunits	
  may	
  reside	
  outside	
  the	
  Gα	
  binding	
  face,	
  the	
  site	
  of	
  interaction	
  

with	
  many	
  Gβγ effectors75,186	
  demonstrated	
  that	
  mutation	
  of	
  residues	
  that	
  contact	
  Gα	
  subunits,	
  

as	
  well	
  as	
  numerous	
  other	
  effectors	
  such	
  as	
  adenylyl	
  cyclase,	
  GRK2,	
  and	
  phospholipase	
  C	
  β2,	
  did	
  

not	
  induce	
  a	
  loss	
  of	
  function	
  in	
  the	
  ability	
  of	
  the	
  Gβγ subunit	
  to	
  inhibit	
  calcium-­‐triggered	
  

exocytosis.	
  Rather,	
  several	
  mutations	
  demonstrated	
  increased	
  potency	
  for	
  inhibiting	
  secretion;	
  

suggesting	
  further	
  studies	
  are	
  necessary	
  to	
  characterize	
  the	
  binding	
  surface	
  required	
  for	
  Gβγ-­‐

SNARE	
  interactions.	
  

Regardless	
  of	
  the	
  site	
  at	
  which	
  Gβγ binds	
  to	
  SNARE	
  proteins,	
  in	
  doing	
  so,	
  it	
  is	
  thought	
  to	
  

prevent	
  the	
  tight	
  zippering	
  of	
  the	
  SNARE	
  complex	
  necessary	
  to	
  drive	
  membrane	
  fusion,	
  and	
  thus	
  

can	
  inhibit	
  vesicle	
  exocytosis.	
  However,	
  the	
  H3	
  domain	
  and	
  the	
  C-­‐terminus	
  of	
  SNAP-­‐25	
  are	
  also	
  

known	
  to	
  constitute	
  functionally	
  important	
  calcium-­‐dependent	
  synaptotagmin	
  binding	
  sites,	
  and	
  

detailed	
  examination	
  has	
  revealed	
  that	
  Gβγ subunits	
  and	
  synaptotagmin	
  actually	
  compete	
  with	
  

one	
  another	
  for	
  binding	
  to	
  the	
  SNARE	
  proteins	
  as	
  calcium	
  levels	
  increase;	
  at	
  low	
  intracellular	
  

calcium,	
  Gβγ binding	
  predominates,	
  while	
  after	
  increasing	
  intracellular	
  calcium,	
  synaptotagmin	
  

binding	
  actually	
  competes	
  with	
  Gβγ9.	
  Although	
  the	
  significance	
  of	
  such	
  competition	
  is	
  as	
  yet	
  

unknown,	
  the	
  current	
  working	
  hypothesis	
  is	
  that	
  Gβγ inhibits	
  exocytosis	
  by	
  competing	
  with	
  

synaptotagmin	
  for	
  binding	
  to	
  the	
  SNARE	
  proteins.	
  Increasing	
  intracellular	
  calcium	
  due	
  to	
  

repetitive	
  stimulation	
  of	
  neurons	
  may	
  serve	
  to	
  attenuate	
  this	
  by	
  increasing	
  synaptotagmin’s	
  

affinity	
  for	
  the	
  SNARE	
  proteins	
  and	
  allowing	
  it	
  to	
  displace	
  Gβγ subunits	
  from	
  the	
  exocytotic	
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machinery.	
  Thus,	
  depending	
  on	
  presynaptic	
  Gi/o-­‐coupled	
  GPCR	
  activation	
  and	
  calcium	
  influx	
  in	
  

response	
  to	
  synaptic	
  activity,	
  it	
  is	
  possible	
  that	
  Gβγ-­‐mediated	
  regulation	
  of	
  synaptic	
  

transmission	
  could	
  occur	
  independently	
  through	
  more	
  than	
  one	
  mechanism,	
  or	
  potentially	
  even	
  

be	
  additive	
  or	
  synergistic	
  at	
  a	
  particular	
  synapse	
  (see	
  Figure	
  5).	
  These	
  has	
  recently	
  been	
  

corroborated,	
  as	
  Hamid	
  et	
  al.,	
  demonstrated	
  that	
  5HT1b	
  and	
  GABAB	
  receptors	
  colocalized	
  to	
  the	
  

same	
  terminal	
  inhibited	
  evoked	
  release	
  through	
  different	
  mechanisms77.It	
  should	
  be	
  noted,	
  

however,	
  that	
  regardless	
  of	
  whether	
  G	
  protein	
  modulation	
  occurs	
  via	
  calcium	
  currents	
  or	
  not,	
  

intact	
  SNARE	
  proteins	
  have	
  been	
  shown	
  in	
  each	
  instance	
  to	
  be	
  required	
  for	
  the	
  effect	
  to	
  be	
  

seen188,189,190.	
  Furthermore,	
  synaptotagmin	
  or	
  another	
  calcium	
  sensor	
  in	
  addition	
  to	
  intact	
  

SNARE	
  was	
  important	
  for	
  G	
  protein	
  modulation	
  of	
  calcium	
  dependent	
  miniature	
  endplate	
  

potentials,	
  but	
  not	
  calcium	
  independent	
  miniature	
  endplate	
  potentials188.	
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Figure	
   5.	
   Hypothesis	
   of	
   Gβγ 	
   regulation	
   of	
   presynaptic	
   vesicle	
   release.	
   Synaptic	
  
vesicles	
  are	
  primed	
  by	
  a	
  tethering	
  interaction	
  between	
  VAMP2	
  on	
  the	
  vesicle	
  and	
  the	
  
SNAP-­‐25/syntaxin	
   1A	
   dimer	
   at	
   the	
   plasma	
   membrane.	
   At	
   low	
   intracellular	
  
concentrations	
   of	
   calcium,	
   activation	
   of	
   Gi/o-­‐coupled	
   receptors	
   results	
   in	
   release	
   of	
  
Gβγ that	
   will	
   bind	
   to	
   the	
   SNARE	
   proteins	
   and	
   prevent	
   binding	
   of	
   synaptotagmin.	
  
However,	
   high	
   enough	
   intracellular	
   calcium	
   concentrations,	
   such	
   as	
  with	
   repetitive	
  
neuronal	
   stimulation,	
   synaptotagmin	
   is	
   able	
   to	
   compete	
   with	
   Gβγ for	
   binding	
   to	
  
SNARE,	
   and	
   thereby	
   promote	
   fusion	
   of	
   the	
   vesicles	
   with	
   the	
   plasma	
   membrane.	
  
Figure	
  adapted	
  from	
  Wells	
  et	
  al.	
  (Wells	
  et	
  al.,	
  2011).	
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While	
  the	
  implications	
  for	
  such	
  a	
  graded	
  physiological	
  mechanism	
  are	
  profound,	
  

currently	
  little	
  is	
  known	
  about	
  the	
  occurrence	
  or	
  relevance	
  of	
  this	
  mechanism	
  in	
  vivo.	
  Studies	
  

examining	
  rhythmic	
  motor	
  activities	
  in	
  vertebrate	
  species,	
  have	
  suggested	
  a	
  role	
  for	
  

Gβγ interactions	
  in	
  modulating	
  fictive	
  locomotion,	
  which	
  drives	
  the	
  coordinated	
  contraction	
  of	
  

muscles	
  necessary	
  for	
  behaviors	
  such	
  as	
  swimming.	
  In	
  their	
  2005	
  paper,	
  Schwartz	
  et	
  al.,	
  

demonstrated	
  that	
  inhibition	
  of	
  glutamate	
  release	
  via	
  activation	
  of	
  5HT1D	
  receptors	
  prolonged	
  

the	
  frequency	
  of	
  ventral	
  root	
  bursting	
  in	
  lamprey	
  reticulospinal	
  neurons	
  by	
  presynaptically	
  

inhibiting	
  synaptic	
  transmission191.	
  In	
  doing	
  so,	
  5-­‐HT	
  was	
  shown	
  to	
  slow	
  the	
  rhythm	
  of	
  fictive	
  

locomotion76,78,191,192.	
  As	
  extensive	
  evidence	
  previously	
  demonstrated	
  a	
  role	
  for	
  Gβγ/SNARE	
  

interactions	
  in	
  the	
  lamprey	
  during	
  serotonergic	
  modulation,	
  the	
  authors	
  suggest	
  that	
  5-­‐HT	
  

mediates	
  its	
  effects	
  through	
  activation	
  of	
  presynaptic	
  receptors	
  to	
  inhibit	
  transmitter	
  release	
  

and	
  decrease	
  glutamatergic	
  synaptic	
  drive191.	
  This	
  mechanism	
  was	
  elucidated	
  further	
  in	
  2009,	
  

when	
  Gerachshenko	
  et	
  al.	
  demonstrated	
  that	
  5-­‐HT1D	
  receptor-­‐mediated	
  reductions	
  in	
  glutamate	
  

release	
  acted	
  to	
  modulate	
  locomotor	
  rhythms76.	
  During	
  physiologically	
  relevant	
  trains	
  of	
  activity	
  

similar	
  to	
  those	
  that	
  evoke	
  locomotion,	
  the	
  authors	
  were	
  able	
  to	
  show	
  that	
  5-­‐HT/Gβγ-­‐mediated	
  

inhibition	
  is	
  relieved	
  over	
  time,	
  consistent	
  with	
  the	
  idea	
  that	
  rising	
  presynaptic	
  calcium	
  

concentrations	
  permit	
  synaptotagmin	
  competition	
  with	
  Gβγ76.	
  As	
  a	
  result,	
  frequency-­‐dependent	
  

increases	
  in	
  synaptic	
  concentrations	
  of	
  glutamate	
  are	
  observed	
  which	
  serve	
  to	
  reestablish	
  

synaptic	
  vesicle	
  release76.	
  Modulation	
  of	
  locomotor	
  patterns	
  and	
  motor	
  outputs	
  by	
  presynaptic	
  

GPCRs	
  has	
  further	
  been	
  explored	
  in	
  other	
  vertebrate	
  species	
  including	
  Xenopus193,	
  neonatal	
  

rats194,	
  and	
  zebrafish	
  192.	
  For	
  example,	
  Gabriel	
  et	
  al.	
  show	
  that	
  5-­‐HT	
  is	
  endogenously	
  released	
  

during	
  fictive	
  locomotion	
  in	
  juvenile	
  and	
  adult	
  zebrafish	
  and	
  acts	
  to	
  potentiate	
  inhibitory	
  

synaptic	
  transmission	
  resulting	
  in	
  a	
  decrease	
  in	
  the	
  locomotor	
  frequency,	
  similar	
  to	
  that	
  seen	
  in	
  

lamprey192.	
  While	
  the	
  exact	
  mechanism	
  is	
  not	
  elucidated	
  in	
  their	
  papers,	
  it	
  is	
  conceivable	
  that	
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much	
  like	
  what	
  is	
  seen	
  in	
  lamprey,	
  release	
  of	
  Gβγ subunits	
  modulate	
  SNARE	
  function	
  to	
  limit	
  

frequency	
  and	
  duration	
  of	
  synaptic	
  vesicle	
  release	
  and	
  thus	
  alter	
  locomotor	
  behaviors.	
  

While	
  such	
  effects	
  in	
  lower	
  vertebrate	
  species	
  is	
  interesting,	
  extrapolating	
  these	
  results	
  

to	
  mammals	
  is	
  difficult,	
  particularly	
  as	
  very	
  few	
  of	
  the	
  mechanisms	
  by	
  which	
  Gi/o-­‐coupled	
  GPCRs	
  

modulate	
  synaptic	
  transmission	
  in	
  humans	
  have	
  been	
  fully	
  explored;	
  further,	
  those	
  that	
  have	
  

primarily	
  point	
  to	
  activated	
  Gβγ modifying	
  channel	
  properties.	
  Some	
  recent	
  studies	
  have	
  begun	
  

to	
  counteract	
  this,	
  giving	
  evidence	
  for	
  the	
  relevance	
  of	
  the	
  Gβγ/SNARE	
  mechanism	
  in	
  a	
  variety	
  

of	
  systems.	
  For	
  example,	
  insulin	
  secretion	
  from	
  pancreatic	
  β	
  cells	
  has	
  been	
  shown	
  to	
  be	
  reduced	
  

following	
  activation	
  of	
  GPCRs	
  in	
  a	
  number	
  of	
  ways,	
  the	
  most	
  powerful	
  of	
  which	
  is	
  a	
  distal	
  

inhibitory	
  effect	
  occurring	
  downstream	
  of	
  increased	
  intracellular	
  calcium195.	
  Zhao	
  et	
  al.,	
  

demonstrated	
  in	
  2010	
  that	
  the	
  ability	
  of	
  noradrenaline	
  to	
  mediate	
  this	
  inhibition	
  was	
  due	
  to	
  a	
  

reduction	
  in	
  the	
  number	
  of	
  exocytotic	
  events	
  without	
  changes	
  in	
  vesicle	
  size	
  or	
  fusion	
  pore	
  

properties185.	
  Further	
  efforts	
  attributed	
  these	
  effects	
  to	
  Gβγ subunits	
  as	
  the	
  βγ-­‐activating	
  

peptide,	
  mSIRK,	
  inhibited	
  exocytosis	
  to	
  a	
  similar	
  extent	
  as	
  noradrenaline,	
  while	
  anti-­‐Gβγ	
  

antibodies	
  were	
  able	
  to	
  eliminate	
  it185.	
  Further,	
  the	
  authors	
  went	
  on	
  to	
  suggest	
  that	
  such	
  

modulation	
  occurs	
  via	
  Gβγ binding	
  directly	
  to	
  SNARE	
  proteins,	
  as	
  pretreatment	
  with	
  botulinum	
  

toxin	
  A,	
  which	
  cleaves	
  the	
  C-­‐terminal	
  9	
  amino	
  acids	
  of	
  SNAP	
  25,	
  a	
  functionally	
  important	
  

Gβγ binding	
  site79,	
  was	
  able	
  to	
  prevent	
  noradrenaline	
  from	
  inhibiting	
  exocytosis.	
  Finally	
  when	
  

the	
  duration	
  of	
  calcium	
  influx	
  was	
  extended	
  via	
  longer	
  depolarizing	
  pulses,	
  the	
  authors	
  were	
  

able	
  to	
  show	
  that	
  both	
  noradrenaline-­‐induced	
  and	
  mSIRK-­‐mediated	
  inhibition	
  was	
  abolished,	
  

consistent	
  with	
  the	
  idea	
  that	
  with	
  higher	
  calcium	
  synaptotagmin	
  is	
  able	
  to	
  successfully	
  compete	
  

with	
  Gβγ for	
  binding	
  to	
  SNAP-­‐2575,76,185.	
  While	
  the	
  relative	
  importance	
  of	
  this	
  mechanism	
  in	
  vivo	
  

has	
  yet	
  to	
  be	
  fully	
  elucidated,	
  it	
  is	
  conceivable	
  that	
  it	
  may	
  play	
  an	
  important	
  modulatory	
  role,	
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which	
  is	
  disrupted,	
  in	
  diabetic	
  patients.	
  As	
  such,	
  further	
  efforts	
  into	
  understanding	
  its	
  role	
  may	
  

provide	
  insight	
  into	
  disease	
  progression	
  and	
  highlight	
  new	
  avenues	
  of	
  treatment.	
  

Such	
  actions	
  also	
  appear	
  to	
  exist	
  in	
  the	
  central	
  nervous	
  system	
  as	
  Delaney	
  et	
  al.	
  recently	
  

provided	
  evidence	
  to	
  support	
  the	
  idea	
  that	
  the	
  nociceptive	
  actions	
  of	
  noradrenaline	
  may	
  be	
  

mediated	
  through	
  Gβγ/SNARE	
  interactions	
  in	
  the	
  central	
  nucleus	
  of	
  the	
  amygdala183.	
  This	
  region	
  

receives	
  dense	
  ascending	
  noradrenergic	
  projections	
  and	
  exhibits	
  high	
  levels	
  of	
  α2A	
  adrenergic	
  

receptors,	
  stimulation	
  of	
  which	
  modulates	
  nociceptive	
  information	
  into	
  the	
  amygdala	
  via	
  a	
  

presynaptic	
  mechanism183.	
  Using	
  whole-­‐cell	
  recording	
  techniques,	
  the	
  authors	
  were	
  able	
  to	
  

show	
  that	
  both	
  noradrenaline	
  and	
  clonidine	
  dose-­‐dependently	
  inhibited	
  parabranchial	
  

excitatory	
  input	
  into	
  the	
  central	
  amygdala,	
  an	
  effect	
  that	
  was	
  reversed	
  through	
  application	
  of	
  

the	
  selective	
  α2-­‐adrenoceptor	
  antagonist,	
  yohimbine183.	
  Using	
  strontium,	
  they	
  went	
  on	
  to	
  

demonstrate	
  that	
  the	
  effect	
  occurred	
  via	
  a	
  presynaptic	
  mechanism	
  while	
  application	
  of	
  pertussis	
  

toxin	
  or	
  the	
  sulphydryl	
  alkylating	
  agent	
  N-­‐ethylmaleimide	
  both	
  abolished	
  inhibition,	
  confirming	
  

a	
  Gi/o-­‐mediated	
  effect183.	
  Such	
  actions	
  were	
  further	
  attributed	
  to	
  Gβγ subunits	
  as	
  application	
  of	
  

a	
  Gβγ binding	
  peptide	
  blocked	
  the	
  effect	
  of	
  noradrenaline,	
  while	
  examination	
  of	
  changes	
  in	
  the	
  

action	
  potential-­‐driven	
  rise	
  in	
  terminal	
  free	
  calcium	
  levels	
  confirmed	
  the	
  effect	
  was	
  downstream	
  

of	
  calcium	
  entry183.	
  Finally,	
  direct	
  interactions	
  with	
  SNARE	
  proteins	
  were	
  confirmed	
  through	
  

incubation	
  with	
  botulinum	
  toxin	
  A,	
  yielding	
  similar	
  results	
  to	
  previously	
  published	
  reports75,76,79	
  

whereby	
  noradrenergic	
  inhibition	
  was	
  reduced	
  with	
  increasing	
  incubation	
  times183	
  .	
  Similarly	
  

Iremonger	
  and	
  Bains	
  demonstrated	
  that	
  dynorphin	
  released	
  from	
  dendritic	
  vesicles	
  in	
  response	
  

to	
  postsynaptic	
  activity	
  acted	
  in	
  a	
  retrograde	
  manner	
  to	
  inhibit	
  excitatory	
  neurotransmission	
  

through	
  a	
  presynaptic	
  mechanism	
  downstream	
  of	
  calcium	
  entry	
  in	
  the	
  hypothalamus196.	
  Using	
  

whole-­‐cell	
  patch	
  recordings	
  from	
  magnocellular	
  neurosecretory	
  cells	
  in	
  the	
  paraventricular	
  

nuclei	
  of	
  the	
  hypothalamus,	
  the	
  authors	
  showed	
  that	
  dynorphin	
  produced	
  a	
  robust	
  inhibition	
  of	
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glutamate	
  release	
  onto	
  vasopressin-­‐expressing	
  magnocellular	
  neurosecretory	
  cells	
  via	
  activation	
  

of	
  presynaptic	
  κ-­‐opioid	
  receptors.	
  Further,	
  they	
  showed	
  that	
  this	
  effect	
  did	
  not	
  require	
  

inhibition	
  of	
  the	
  adenylyl	
  cyclase/protein	
  kinase	
  A	
  pathway,	
  and	
  that	
  it	
  persisted	
  despite	
  

inhibition	
  of	
  N-­‐	
  or	
  P/Q-­‐type	
  calcium	
  channels.	
  Rather,	
  the	
  authors	
  suggest	
  that	
  activation	
  of	
  

presynaptic	
  κ-­‐opioid	
  receptors	
  directly	
  modulates	
  glutamate	
  release	
  through	
  direct	
  interaction	
  

of	
  the	
  Gβγ subunits	
  with	
  the	
  exocytotic	
  machinery,	
  given	
  that	
  such	
  inhibition	
  could	
  be	
  alleviated	
  

through	
  rising	
  intracellular	
  calcium,	
  consistent	
  with	
  competition	
  for	
  binding	
  to	
  SNARE	
  proteins	
  

by	
  synaptotagmin196.	
  	
  

While	
  these	
  examples	
  support	
  the	
  idea	
  that	
  Gβγ/SNARE	
  interactions	
  play	
  important	
  

roles	
  in	
  transient	
  presynaptic	
  inhibition,	
  questions	
  remain	
  as	
  to	
  whether	
  they	
  play	
  a	
  role	
  in	
  long-­‐

term	
  alterations	
  of	
  presynaptic	
  signals	
  associated	
  with	
  long-­‐term	
  potentiation	
  (LTP)	
  or	
  long-­‐term	
  

depression	
  (LTD).	
  Activity	
  dependent,	
  long-­‐term	
  changes	
  in	
  synaptic	
  strength	
  associated	
  with	
  

LTP	
  and	
  LTD	
  play	
  important	
  roles	
  in	
  CNS	
  functions	
  such	
  as	
  learning	
  and	
  memory,	
  development	
  

of	
  neural	
  networks,	
  and	
  fine-­‐tuning	
  of	
  synaptic	
  connections184.	
  GPCRs	
  have	
  been	
  shown	
  to	
  be	
  

central	
  to	
  induction	
  of	
  LTD,	
  but	
  until	
  recently	
  it	
  was	
  believed	
  that	
  this	
  process	
  was	
  primarily	
  

mediated	
  by	
  Gαi	
  subunits.	
  This	
  was	
  recently	
  questioned	
  as	
  Zhang	
  et	
  al.	
  sought	
  to	
  investigate	
  

whether	
  Gβγ released	
  along	
  with	
  Gαi	
  may	
  also	
  be	
  necessary	
  for	
  the	
  transition	
  from	
  transient	
  

inhibition	
  to	
  presynaptic	
  LTD	
  in	
  the	
  hippocampus184.	
  Using	
  botulinum	
  toxin-­‐A,	
  the	
  authors	
  

showed	
  that	
  the	
  C-­‐terminus	
  of	
  SNAP	
  25	
  is	
  critical	
  for	
  LTD	
  but	
  not	
  LTP	
  at	
  Schaffer	
  collateral-­‐CA1	
  

synapses.	
  Cleavage	
  of	
  residues	
  198–206	
  on	
  SNAP	
  25	
  completely	
  prevented	
  the	
  induction	
  of	
  

stimulus-­‐evoked	
  LTD,	
  but	
  alterations	
  in	
  extracellular	
  calcium	
  concentrations	
  demonstrated	
  that	
  

this	
  reduction	
  by	
  botulinum	
  toxin-­‐A	
  was	
  not	
  simply	
  due	
  to	
  a	
  reduction	
  in	
  vesicle	
  release	
  

probabilities184.	
  To	
  examine	
  the	
  possibility	
  that	
  binding	
  of	
  Gβγ to	
  SNAP	
  25	
  was	
  a	
  necessary	
  step	
  

in	
  mediating	
  the	
  presynaptic	
  component	
  of	
  LTD,	
  the	
  authors	
  then	
  went	
  on	
  to	
  electroporate	
  a	
  14	
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amino	
  acid	
  peptide	
  of	
  the	
  C-­‐terminus	
  of	
  SNAP	
  25	
  into	
  presynaptic	
  CA3	
  pyramidal	
  neurons	
  as	
  this	
  

peptide	
  had	
  previously	
  been	
  shown	
  to	
  scavenge	
  free	
  Gβγ.	
  Compared	
  to	
  a	
  scrambled	
  peptide,	
  

infusion	
  of	
  the	
  SNAP-­‐25	
  peptide	
  significantly	
  reduced	
  mGluR-­‐mediated	
  presynaptic	
  depression	
  

and	
  stimulus-­‐evoked	
  LTD.	
  Further,	
  infusion	
  of	
  a	
  Gβγ	
  binding	
  peptide,	
  mSIRK,	
  which	
  similarly	
  

blocked	
  induction	
  of	
  LTD,	
  suggested	
  that	
  scavenging	
  of	
  Gβγ at	
  Schaffer	
  collateral	
  release	
  sites	
  

could	
  reverse	
  GPCR	
  mediated	
  reductions	
  in	
  transmitter	
  release184.	
  Finally,	
  imaging	
  of	
  calcium	
  

concentrations	
  showed	
  that	
  presynaptic	
  calcium	
  influx	
  was	
  not	
  significantly	
  altered	
  following	
  

cleavage	
  of	
  SNAP	
  25,	
  suggesting	
  that	
  presynaptic	
  LTD	
  is	
  not	
  a	
  result	
  of	
  long-­‐term	
  reductions	
  in	
  

calcium	
  concentrations184.	
  Taken	
  together,	
  such	
  data	
  led	
  the	
  authors	
  to	
  conclude	
  that	
  

Gβγ released	
  along	
  with	
  Gαi	
  may	
  play	
  an	
  important	
  role	
  in	
  mediating	
  long	
  term	
  changes	
  at	
  

presynaptic	
  release	
  sites	
  and	
  postulate	
  that	
  a	
  greater	
  understanding	
  of	
  such	
  molecular	
  

mechanisms	
  will	
  be	
  critical	
  to	
  evaluating	
  the	
  role	
  that	
  presynaptic	
  long-­‐term	
  plasticity	
  plays	
  in	
  

persistent	
  changes	
  associated	
  with	
  learning	
  and	
  memory184.	
  	
  

Additionally,	
  recent	
  studies	
  examined	
  the	
  role	
  of	
  microarchitecture	
  in	
  mediating	
  

inhibition	
  of	
  evoked	
  exocytosis	
  through	
  different	
  Gi/o-­‐coupled	
  GPCRs	
  at	
  the	
  same	
  terminal.	
  

Hamid	
  et	
  al.	
  (2014)	
  showed	
  5HT1B	
  and	
  GABAB	
  receptors	
  localized	
  to	
  the	
  same	
  presynaptic	
  

terminal	
  in	
  CA1	
  pyramidal	
  neurons	
  in	
  the	
  hippocampus	
  each	
  inhibited	
  evoked	
  release	
  through	
  

the	
  actions	
  of	
  Gβγ	
  subunits,	
  but	
  did	
  so	
  through	
  different	
  mechanisms;	
  i.e.	
  inhibition	
  of	
  calcium	
  

channels	
  (GABAB	
  receptors)	
  or	
  direct	
  interaction	
  with	
  the	
  SNARE	
  complex	
  (5HT1B	
  receptors)77.	
  

The	
  authors	
  propose	
  selectivity	
  of	
  effectors	
  is	
  regulated	
  through	
  microarchitecture	
  whereby	
  Gβγ	
  

prefers	
  the	
  nearest	
  effector.	
  By	
  removing	
  SNARE	
  complexes	
  using	
  botulinum	
  neurotoxin	
  Type	
  C	
  

(BoNT/C),	
  the	
  authors	
  showed	
  the	
  5HT1B	
  receptors	
  were	
  now	
  able	
  to	
  inhibit	
  calcium	
  channels,	
  

suggesting	
  that	
  effectors	
  of	
  5HT1B	
  and	
  GABAB	
  receptors	
  are	
  at	
  opposite	
  ends	
  of	
  primed	
  SNARE	
  

complexes,	
  and	
  this	
  separation	
  is	
  sufficient	
  to	
  confer	
  Gβγ	
  specificity77.	
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Implications	
  of	
  G	
  protein	
  Modulation	
  of	
  Synaptic	
  Transmission	
  for	
  Disease	
  

As	
  many	
  Gi/o-­‐coupled	
  GPCRs	
  act	
  as	
  feedback	
  regulators	
  for	
  transmitter	
  release	
  from	
  

presynaptic	
  terminals,	
  a	
  greater	
  understanding	
  of	
  the	
  mechanisms	
  by	
  which	
  they	
  operate	
  will	
  be	
  

important	
  for	
  understanding	
  normal	
  neural	
  processing,	
  but	
  also	
  because	
  dysregulation	
  of	
  this	
  

process	
  can	
  have	
  serious	
  health	
  consequences.	
  For	
  example,	
  mutations	
  in	
  the	
  promoter	
  of	
  the	
  

5HT1a	
  serotonin	
  receptor	
  results	
  in	
  abnormally	
  high	
  autoreceptor	
  expression,	
  decreased	
  

serotonin	
  release,	
  and	
  increased	
  susceptibility	
  to	
  depression197.	
  Patients	
  known	
  to	
  carry	
  a	
  risk-­‐

associated	
  α2a-­‐adrenergic	
  receptor	
  (ADRA2A)	
  polymorphism	
  have	
  been	
  shown	
  to	
  express	
  

increased	
  levels	
  of	
  presynaptic	
  α2A-­‐adrenergic	
  receptors	
  and	
  reduced	
  glucose-­‐stimulated	
  insulin	
  

release,	
  resulting	
  in	
  higher	
  incidences	
  of	
  diabetes198.	
  This	
  effect	
  was	
  also	
  seen	
  in	
  mice	
  with	
  

restricted	
  overexpression	
  of	
  ADRA2A	
  in	
  pancreatic	
  islet	
  cells199.	
  In	
  Alzheimer’s	
  patients,	
  

activation	
  of	
  M2	
  autoreceptors	
  during	
  anticholinesterase	
  treatment	
  has	
  been	
  suggested	
  to	
  

actually	
  contribute	
  to	
  disease	
  progression	
  by	
  reducing	
  acetylcholine	
  release200	
  while	
  continuous	
  

D2	
  autoreceptor–mediated	
  attenuation	
  of	
  dopamine	
  release	
  during	
  dopamine	
  agonist	
  treatment	
  

is	
  thought	
  to	
  contribute	
  to	
  the	
  deterioration	
  of	
  cognitive	
  function	
  in	
  Parkinson’s	
  patients201,202.	
  

As	
  such,	
  these	
  receptors	
  represent	
  major	
  targets	
  in	
  drug	
  development,	
  with	
  agonists	
  such	
  as	
  

risperidone203-­‐205	
  targeting	
  the	
  D2	
  dopamine,	
  5HT1a	
  serotonin,	
  and	
  α2A	
  adrenergic	
  receptors	
  for	
  

the	
  treatment	
  of	
  schizophrenia,	
  anxiety	
  disorders,	
  and	
  attention	
  deficit	
  hyperactivity	
  disorder,	
  

respectively.	
  In	
  addition,	
  a	
  number	
  of	
  drugs	
  at	
  various	
  stages	
  in	
  the	
  development	
  pipeline	
  target	
  

this	
  class	
  of	
  receptors,	
  such	
  as	
  M4	
  muscarinic	
  receptors	
  for	
  schizophrenia,	
  Parkinson’s	
  disease,	
  

psychosis	
  and	
  dystonia,	
  H3	
  histamine	
  receptors	
  for	
  cognitive	
  deficits,	
  sleep-­‐wake	
  disorders,	
  and	
  

attention-­‐deficit	
  disorder,	
  mGluR2	
  and	
  3	
  metabotropic	
  glutamate	
  receptors	
  for	
  schizophrenia	
  

and	
  anxiety,	
  and	
  mGluR4	
  receptors	
  for	
  Parkinson’s	
  disease	
  and	
  dystonia.	
  Unfortunately,	
  many	
  

current	
  therapies	
  exhibit	
  significant	
  side	
  effects	
  that	
  limit	
  their	
  efficacy.	
  For	
  instance,	
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risperidone	
  is	
  often	
  associated	
  with	
  severe	
  weight	
  gain	
  while	
  guanfacine	
  can	
  induce	
  orthostatic	
  

hypotension	
  in	
  patients.	
  In	
  some	
  cases,	
  these	
  side	
  effects	
  may	
  be	
  due	
  to	
  off-­‐target	
  effects	
  such	
  

as	
  seen	
  with	
  risperidone	
  where	
  weight	
  gain	
  is	
  thought	
  to	
  be	
  mainly	
  associated	
  with	
  an	
  affinity	
  of	
  

the	
  molecule	
  for	
  serotonin	
  5HT2A	
  receptors;	
  in	
  others,	
  the	
  effects	
  may	
  be	
  because	
  these	
  

receptors	
  modulate	
  differing	
  functions	
  in	
  various	
  brain	
  regions.	
  Regardless,	
  these	
  examples	
  

highlight	
  the	
  fact	
  that	
  targeting	
  the	
  GPCRs	
  directly	
  may	
  mediate	
  both	
  the	
  therapeutically	
  

desirable	
  effect	
  but	
  also	
  untoward	
  side	
  effects.	
  As	
  such,	
  a	
  better	
  understanding	
  of	
  the	
  

downstream	
  mechanisms	
  by	
  which	
  presynaptic	
  inhibitory	
  GPCRs	
  modulate	
  exocytosis,	
  such	
  as	
  

through	
  Gβγ/SNARE	
  interactions,	
  may	
  reveal	
  more	
  disease-­‐selective	
  targets	
  for	
  therapeutic	
  

intervention.	
  

Conclusion	
  

GPCR	
  mediated	
  regulation	
  of	
  synaptic	
  transmission	
  is	
  complex	
  and	
  transcends	
  many	
  

different	
  pathways.	
  While	
  a	
  great	
  deal	
  has	
  been	
  learned	
  to	
  date,	
  numerous	
  questions	
  still	
  

remain	
  as	
  to	
  the	
  mechanisms	
  underlying	
  this	
  process	
  in	
  the	
  brain	
  as	
  well	
  as	
  other	
  systems.	
  

While	
  interactions	
  between	
  Gβγ	
  subunits	
  and	
  classical	
  effectors	
  are	
  well	
  established,	
  newer	
  

mechanisms	
  such	
  as	
  Gβγ-­‐SNARE	
  interactions	
  highlight	
  levels	
  of	
  intricacy	
  as	
  yet	
  unknown.	
  

Further	
  research	
  into	
  this	
  novel	
  protein-­‐protein	
  interaction	
  will	
  be	
  essential	
  for	
  elucidating	
  its	
  

role	
  in	
  regulating	
  synaptic	
  transmission,	
  as	
  well	
  as	
  its	
  integration	
  with	
  other	
  effectors.	
  Only	
  in	
  

doing	
  so	
  will	
  it	
  be	
  possible	
  to	
  accurately	
  describe	
  normal	
  synaptic	
  functioning	
  as	
  well	
  as	
  develop	
  

strategies	
  to	
  correct	
  situations	
  where	
  it	
  has	
  gone	
  awry.	
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CHAPTER	
  II	
  

PROJECT	
  RATIONALE	
  AND	
  SPECIFIC	
  AIMS	
  

	
  

Synaptic	
  transmission	
  is	
  characterized	
  by	
  exocytotic	
  events,	
  which	
  mediate	
  the	
  release	
  

of	
  chemical	
  transmitters	
  to	
  facilitate	
  neuronal	
  communication.	
  	
  Inhibitory	
  presynaptic	
  GPCRs	
  act	
  

as	
  feedback	
  regulators	
  in	
  this	
  process,	
  limiting	
  transmitter	
  release	
  from	
  presynaptic	
  terminals	
  

via	
  the	
  actions	
  of	
  their	
  G	
  protein	
  βγ 	
  subunits.	
  Although	
  Gβγ	
  subunits	
  have	
  been	
  shown	
  to	
  

regulate	
  exocytosis	
  through	
  direct	
  interaction	
  with	
  the	
  exocytotic	
  machinery	
  (the	
  SNARE	
  

proteins)	
  to	
  limit	
  both	
  the	
  number	
  and	
  duration	
  of	
  fusion	
  events,	
  relatively	
  little	
  is	
  known	
  about	
  

the	
  specificity	
  of	
  this	
  interaction	
  or	
  its	
  physiological	
  consequences.	
  Given	
  the	
  diversity	
  of	
  β	
  and	
  γ	
  

isoforms,	
  and	
  the	
  number	
  of	
  effectors	
  they’ve	
  been	
  shown	
  to	
  act	
  upon,	
  it	
  is	
  conceivable	
  that	
  

regulatory	
  mechanisms	
  exist	
  which	
  define	
  the	
  signaling	
  pathways	
  specific	
  Gβγ isoforms	
  

participate	
  in.	
  In	
  the	
  case	
  of	
  Gβγ modulation	
  of	
  SNARE	
  function,	
  in	
  vitro	
  data	
  supports	
  this	
  idea,	
  

as	
  G	
  protein	
  isoforms	
  exhibit	
  differential	
  abilities	
  to	
  bind	
  and	
  inhibit	
  SNARE	
  function74.	
  This	
  led	
  

us	
  to	
  hypothesize	
  that	
  endogenous	
  G	
  protein	
  βγ  subunits	
  exhibit	
  specificity	
  when	
  interacting	
  

with	
  SNARE	
  proteins	
  to	
  modulate	
  synaptic	
  transmission.	
  	
  	
  To	
  address	
  this,	
  we	
  proposed	
  the	
  

following	
  two	
  aims:	
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Specific	
  Aim	
  1:	
  Evaluate	
  the	
  subcellular	
  distribution	
  of	
  Gβγ 	
  subunits	
  in	
  the	
  central	
  
nervous	
  system	
  and	
  examine	
  localization	
  of	
  unique	
  isoforms	
  to	
  presynaptic	
  terminals	
  
expressing	
  α2A	
  adrenergic	
  receptors	
  

1a:	
  Evaluate	
  the	
  distribution	
  of	
  Gβγ	
  isoforms	
  at	
  pre-­‐	
  and	
  postsynaptic	
  terminals	
  	
  	
  
in	
  the	
  hippocampus,	
  striatum,	
  cerebellum,	
  and	
  cortex	
  

1b:	
  Evaluate	
  the	
  localization	
  of	
  Gβγ	
  isoforms	
  at	
  presynaptic	
  terminals	
  expressing	
  
α2A	
  adrenergic	
  receptors	
  	
  

	
  
Specific	
  Aim	
  2:	
  Determine	
  if	
  Gβγ 	
  subunits	
  known	
  to	
  interact	
  with	
  α2A	
  adrenergic	
  
receptors	
  may	
  act	
  to	
  modulate	
  noradrenaline	
  release	
  via	
  interactions	
  with	
  SNARE	
  
proteins	
  

2a:	
  Determine	
  which	
  Gβγ	
  isoforms	
  couple	
  to	
  the	
  α2A	
  adrenergic	
  receptor	
  upon	
  
receptor	
  activation	
  

2b:	
  Characterize	
  which	
  Gβγ	
  isoforms	
  activated	
  by	
  α2A	
  adrenergic	
  receptors	
  go	
  
on	
  to	
  interact	
  with	
  SNARE	
  proteins	
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CHAPTER	
  III	
  

DIFFERENTIAL	
  LOCALIZATION	
  OF	
  G	
  PROTEIN	
  βγ  SUBUNITS	
  

Portions	
  of	
  this	
  chapter	
  have	
  been	
  published	
  under	
  the	
  same	
  title	
  in	
  Biochemistry	
  

	
  

Introduction	
  

Heterotrimeric	
  G	
  proteins	
  play	
  essential	
  roles	
  in	
  cellular	
  communication	
  by	
  transducing	
  

extracellular	
  signals	
  from	
  G	
  protein	
  coupled	
  receptors	
  (GPCRs)	
  to	
  a	
  wide	
  range	
  of	
  downstream	
  

effectors.	
   The	
   fidelity	
   of	
   this	
   process	
   depends	
   in	
   part	
   upon	
   the	
  G	
  protein	
   itself,	
   as	
   it	
   requires	
  

guanine	
   nucleotide-­‐binding	
   α	
   subunits	
   to	
   exchange	
   GDP	
   for	
   GTP	
   and	
   reversibly	
   disassociate	
  

from	
  βγ dimers	
  before	
  each	
  can	
  interact	
  with	
  effectors1.	
  Originally,	
  signaling	
  was	
  thought	
  to	
  be	
  

mediated	
  solely	
  through	
  Gα	
  subunits206;	
  however,	
  Gβγ complexes	
  are	
  now	
  widely	
  recognized	
  as	
  

independent	
  signaling	
  molecules,	
  with	
  effectors	
  such	
  as	
  adenylyl	
  cyclase,	
  phospholipase	
  C-­‐β,	
  PI	
  

3-­‐kinase	
  and	
  components	
  of	
  the	
  mitogen-­‐activated	
  protein	
  kinase	
  cascade94,104,207-­‐210.	
  Additional	
  

effectors	
   such	
   as	
   voltage-­‐gated	
   calcium	
   and	
   potassium	
   channels,	
   as	
   well	
   as	
   members	
   of	
   the	
  

exocytotic	
   machinery,	
   regulate	
   membrane	
   voltage	
   and	
   neurotransmitter	
   release74-­‐

76,79,81,123,124,154,157.	
   With	
   such	
   diversity,	
   it	
   is	
   hardly	
   surprising	
   that	
   Gβγ subunits	
   are	
   a	
   highly	
  

expressed,	
   structurally	
   diverse	
   family,	
   with	
   5	
   and	
   12	
   genes	
   encoding	
   5	
   β	
   and	
   12	
   γ 	
   protein	
  

subunits,	
  respectively91,92.	
  Historically,	
  specificity	
  has	
   largely	
  been	
  attributed	
  to	
  the	
  α 	
  subunits	
  

as	
  only	
  modest	
  functional	
  differences	
  were	
  observed	
  in	
  the	
  ability	
  of	
  βγ isoform	
  combinations	
  to	
  

regulate	
   effectors	
   in	
   vitro211,212.	
   More	
   recent	
   evidence	
   indicates	
   this	
   may	
   not	
   be	
   the	
   case	
   in	
  

intact	
   cells,	
   however,	
   as	
   studies	
   have	
   suggested	
   very	
   specific	
   roles	
   for	
   Gβ	
   and	
  

Gγ isoforms102,184,213-­‐216.	
   However,	
   while	
   specific	
   receptors	
   and	
   effectors	
   may	
   utilize	
   unique	
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complements	
  of	
  G	
  protein	
  α β and	
  γ subunits,	
  we	
  have	
  little	
  understanding	
  of	
  which	
  G	
  protein	
  

heterotrimers	
  exist	
   in	
  vivo,	
   the	
  factors	
  controlling	
  their	
  distribution	
   in	
  tissues,	
   their	
  subcellular	
  

expression,	
  or	
   their	
   functional	
   relevance	
   in	
   the	
   context	
  of	
   the	
  whole	
  organism.	
   To	
   this	
   end,	
   a	
  

greater	
   understanding	
   of	
   the	
   tissue	
   localization	
   and	
   subcellular	
   distribution	
   of	
   Gβγ isoforms	
  

throughout	
  the	
  CNS,	
  as	
  well	
  as	
  at	
  specific	
  synaptic	
  terminals,	
  will	
  be	
  of	
  particular	
  importance	
  in	
  

determining	
  which	
  of	
   the	
  many	
  possible	
  combinations	
  are	
   likely	
   to	
  occur	
  physiologically,	
  what	
  

roles	
  each	
  may	
  play	
  in	
  regulating	
  signaling	
  cascades,	
  and	
  their	
  impact	
  in	
  disease.	
  	
  	
  

The	
  majority	
  of	
  G	
  protein	
  β	
  and	
  γ	
  subunits	
  have	
  been	
  detected	
  in	
  the	
  central	
  nervous	
  

system	
  (CNS)91,217-­‐222.	
  Our	
  understanding	
  of	
  their	
  distributions	
  largely	
  stems	
  from	
  in	
  situ	
  

hybridization	
  studies;	
  specifically,	
  RNA	
  from	
  some	
  β and	
  γ  	
  isoforms	
  exhibit	
  wide	
  distributions,	
  

while	
  others	
  show	
  more	
  restricted	
  expression	
  to	
  specific	
  brain	
  regions	
  and	
  cell	
  types,	
  possibly	
  

reflecting	
  unique	
  functions98,223-­‐227.	
  Although	
  a	
  few	
  studies	
  have	
  examined	
  protein	
  

expression223,226-­‐229	
  ,	
  efforts	
  at	
  this	
  level	
  have	
  been	
  less	
  reliable	
  as	
  high	
  sequence	
  identity	
  

between	
  isoforms	
  has	
  limited	
  the	
  development	
  of	
  reliable	
  subunit-­‐specific	
  reagents230.	
  

Proteomic	
  analysis	
  offers	
  a	
  powerful	
  way	
  to	
  deepen	
  our	
  understanding	
  of	
  the	
  regional	
  and	
  

subcellular	
  localization	
  patterns	
  of	
  Gβγ isoforms	
  as	
  they	
  can	
  be	
  undertaken	
  using	
  endogenous	
  

tissue	
  without	
  the	
  need	
  for	
  isoform	
  specific	
  antibodies.	
  	
  Studies	
  examining	
  synaptic	
  proteomes	
  

to	
  date	
  have	
  largely	
  focused	
  on	
  analyzing	
  the	
  global	
  expression	
  of	
  proteins	
  involved	
  in	
  synaptic	
  

functions231-­‐240	
  and	
  as	
  yet	
  no	
  study	
  has	
  sought	
  to	
  specifically	
  examine	
  G	
  protein	
  localization	
  

patterns.	
  As	
  a	
  result,	
  while	
  a	
  few	
  β and	
  γ isoforms	
  have	
  been	
  identified	
  or	
  even	
  localized	
  to	
  

subcellular	
  fractions	
  in	
  discovery-­‐based	
  experiments241-­‐245,	
  the	
  majority	
  have	
  yet	
  to	
  be	
  

described.	
  Such	
  studies	
  demonstrate	
  that	
  even	
  at	
  isolated	
  nerve	
  endings,	
  cells	
  express	
  large	
  

numbers	
  of	
  proteins,	
  making	
  identification	
  of	
  all	
  of	
  the	
  proteins	
  in	
  a	
  sample	
  problematic.	
  

Further,	
  highly	
  abundant	
  proteins	
  may	
  mask	
  those	
  expressed	
  at	
  lower	
  levels.	
  To	
  overcome	
  these	
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problems,	
  we	
  applied	
  a	
  targeted	
  proteomics	
  approach	
  known	
  as	
  multiple	
  reaction	
  monitoring	
  

(MRM)246,247,	
  which	
  enabled	
  us	
  to	
  accurately	
  identify	
  unique	
  G	
  protein	
  isoforms	
  in	
  complex	
  

mixtures.	
  Using	
  this	
  approach	
  we	
  analyzed	
  regional	
  and	
  subcellular	
  localization	
  patterns	
  of	
  Gβ	
  

and	
  Gγ 	
  isoforms	
  in	
  different	
  brain	
  regions	
  before	
  specifically	
  looking	
  at	
  localization	
  patterns	
  at	
  

synaptic	
  terminals.	
  Interestingly,	
  we	
  found	
  that	
  these	
  subunits	
  exhibit	
  distinct	
  regional	
  and	
  

subcellular	
  localization	
  patterns	
  throughout	
  the	
  CNS,	
  suggesting	
  roles	
  for	
  individual	
  subunits	
  in	
  

regulating	
  specific	
  signaling	
  pathways.	
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Experimental	
  Procedures	
  

Part	
  A:	
  Examining	
  regional	
  and	
  subcellular	
  localization	
  of	
  G	
  protein	
  βγ 	
  subunits	
  within	
  the	
  CNS	
  

Protein	
  Standards.	
  Gβ1γ1	
  was	
  purified	
  from	
  bovine	
  retina	
  as	
  described	
  previously248.	
  

Recombinant	
  Gβ1γ2	
  and	
  Gβ5γ2	
  were	
  expressed	
  in	
  Sf9	
  cells	
  and	
  purified	
  via	
  a	
  His6-­‐tagged	
  Gγ2	
  

using	
  nickel-­‐nitrilotriacetic	
  acid	
  affinity	
  chromatography	
  (Sigma-­‐Aldrich,	
  St.	
  Louis,	
  MO).	
  Human	
  

Gγ	
  subunit	
  cDNAs	
  for	
  Gγ4,5,7,11,13	
  were	
  subcloned	
  by	
  PCR	
  from	
  pcDNA3.1+	
  clones	
  (Missouri	
  S&T	
  

cDNA	
  Resource	
  Center)	
  into	
  pGEX-­‐6p-­‐1	
  (GE	
  Healthcare).	
  The	
  resultant	
  vectors,	
  

hGgamma(x).pGEX-­‐6p-­‐1,	
  were	
  sequence	
  verified	
  and	
  GST-­‐fusion	
  proteins	
  were	
  expressed	
  in	
  

Rosetta™	
  Competent	
  Cells	
  (EMD	
  Millipore).	
  After	
  induction	
  with	
  1mM	
  IPTG	
  followed	
  by	
  a	
  four	
  

hour	
  incubation	
  at	
  37°C,	
  the	
  resultant	
  Gγ	
  proteins	
  were	
  batch	
  purified	
  using	
  Glutathione	
  

Sepahrose	
  4	
  Fast	
  Flow	
  (GE	
  Healthcare)	
  and	
  eluted	
  with	
  10	
  mM	
  reduced	
  free	
  acid	
  glutathione	
  

(Calbiochem).	
  	
  

Animals.	
  	
  Adult,	
  male	
  C57Bl6/J	
  mice	
  were	
  decapitated	
  and	
  cortex,	
  cerebellum,	
  neostriatum	
  

(referred	
  to	
  as	
  striatum),	
  and	
  hippocampus	
  dissected,	
  frozen	
  on	
  dry	
  ice,	
  and	
  stored	
  at	
  -­‐80°C	
  until	
  

processed.	
  To	
  minimize	
  post-­‐mortem	
  differences,	
  all	
  brain	
  regions	
  were	
  dissected	
  at	
  the	
  same	
  

time	
  and	
  processed	
  in	
  parallel.	
  All	
  animal	
  protocols	
  were	
  carried	
  out	
  in	
  accordance	
  with	
  the	
  

recommendations	
  in	
  the	
  Guide	
  for	
  the	
  Care	
  and	
  Use	
  of	
  Laboratory	
  Animals	
  of	
  the	
  NIH,	
  and	
  were	
  

approved	
  by	
  the	
  Vanderbilt	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee.	
  

Antibodies.	
  The	
  following	
  primary	
  antibodies	
  were	
  used	
  for	
  immunoblotting	
  (dilutions	
  

indicated):	
  	
  rabbit	
  anti-­‐	
  Gβ,	
  (Santa	
  Cruz,	
  catalog	
  #sc-­‐378,	
  1:15,000);	
  mouse	
  anti-­‐N-­‐Methyl-­‐D-­‐

Aspartate	
  Receptor-­‐1	
  (NMDAR1)	
  (BD	
  Pharmingen,	
  catalog	
  #556308,	
  1:2000);	
  mouse	
  anti-­‐

postsynaptic	
  density-­‐95	
  (PSD-­‐95)	
  (Neuromab,	
  catalog	
  #75-­‐028,	
  1:20,000);	
  mouse	
  anti-­‐
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Glyceraldehyde-­‐3-­‐Phosphate	
  Dehydrogenase	
  (GAPDH)	
  (Millipore,	
  catalog	
  #MAB374,	
  1:20,000),	
  

and	
  mouse	
  anti-­‐syntaxin-­‐1	
  (Santa	
  Cruz,	
  catalog	
  #sc-­‐12736,	
  1:2000).	
  Horseradish	
  peroxidase-­‐

conjugated	
  secondary	
  antibodies	
  were	
  obtained	
  from	
  Perkin-­‐Elmer	
  and	
  used	
  at	
  the	
  following	
  

dilutions:	
  goat	
  anti-­‐rabbit	
  (1:20,000)	
  and	
  goat	
  anti-­‐mouse	
  (1:10,000	
  for	
  NMDAR1	
  and	
  syntaxin;	
  

1:20,000	
  for	
  PDS-­‐95	
  and	
  GAPDH).	
  	
  

Synaptosome	
  preparation	
  and	
  subcellular	
  fractionation.	
  Subcellular	
  fractions	
  were	
  prepared	
  

using	
  a	
  modified	
  protocol	
  based	
  on	
  Phillips	
  et	
  al	
  (2001)249.	
  Briefly,	
  four	
  whole	
  mouse	
  cortex	
  

(CTX),	
  cerebellum	
  (CRB),	
  striata	
  (Str),	
  or	
  hippocampi	
  (Hippo)	
  were	
  pooled	
  and	
  homogenized	
  in	
  

10ml	
  of	
  a	
  0.32M	
  sucrose	
  solution	
  [0.32M	
  sucrose,	
  4.2mM	
  potassium	
  4-­‐(2-­‐hydroxyethyl)-­‐1-­‐

piperazineethanesulfonate	
  (HEPES)	
  pH	
  7.4,	
  0.1mM	
  CaCl2,	
  1mM	
  MgCl2,	
  1.54µM	
  aprotinin,	
  

10.7µM	
  leupeptin,	
  0.95µM	
  pepstatin,	
  and	
  200mM	
  phenylmethylsulfonyl	
  fluoride	
  (PMSF)].	
  

Homogenates	
  were	
  centrifuged	
  at	
  1,000	
  x	
  g	
  at	
  4°C	
  for	
  10	
  minutes	
  to	
  pellet	
  nuclei	
  and	
  

membrane	
  debris	
  before	
  supernatants	
  were	
  transferred	
  to	
  clean	
  conical	
  tubes.	
  Pellets	
  were	
  

resuspended	
  in	
  10ml	
  0.32M	
  sucrose,	
  the	
  centrifugation	
  step	
  repeated,	
  and	
  supernatants	
  

combined.	
  Following	
  mixing,	
  supernatants	
  were	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  20	
  minutes	
  

to	
  produce	
  crude	
  synaptosome	
  preps.	
  Supernatants	
  were	
  discarded	
  and	
  pellets	
  gently	
  

resuspended	
  in	
  4ml	
  hypotonic	
  lysis	
  buffer	
  (20mM	
  Tris	
  pH	
  6.0,	
  0.1mM	
  CaCl2,	
  1mM	
  MgCl2,	
  1%	
  

Triton	
  X-­‐100,	
  1.54µM	
  aprotinin,	
  10.7µM	
  leupeptin,	
  0.95µM	
  pepstatin,	
  and	
  200µM	
  PMSF)	
  before	
  

being	
  incubated	
  on	
  ice	
  for	
  20	
  minutes	
  to	
  lyse	
  membranes.	
  Lysates	
  were	
  cleared	
  via	
  

ultracentrifugation	
  at	
  100,000	
  x	
  g,	
  4°C	
  for	
  2	
  hours	
  in	
  a	
  SW-­‐55	
  Ti	
  rotor	
  (Beckman	
  Coulter)	
  and	
  

supernatants	
  (consisting	
  of	
  the	
  ‘perisynaptic/cytosolic’	
  fraction)	
  transferred	
  to	
  clean	
  conical	
  

tubes.	
  Pellets	
  were	
  resuspended	
  in	
  1ml	
  Tris	
  buffer	
  (20mM	
  Tris	
  pH	
  8.0,	
  1%	
  Triton	
  X-­‐100	
  1.54µM	
  

aprotinin,	
  10.7µM	
  leupeptin,	
  0.95µM	
  pepstatin,	
  and	
  200µM	
  PMSF)	
  and	
  incubated	
  on	
  ice	
  for	
  20	
  

minutes.	
  Lysates	
  were	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  30	
  minutes	
  and	
  supernatants	
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containing	
  enriched	
  presynaptic	
  fractions	
  collected.	
  Finally,	
  pellets	
  were	
  resuspended	
  in	
  200ml	
  

1x	
  phosphate	
  buffered	
  saline/1%	
  SDS	
  and	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  30	
  minutes.	
  

Supernatants	
  containing	
  enriched	
  postsynaptic	
  fractions	
  were	
  collected.	
  Protein	
  concentrations	
  

were	
  determined	
  with	
  a	
  BCA	
  assay	
  kit	
  (Pierce).	
  	
  

Immunoblot	
  analysis.	
  To	
  examine	
  enrichment	
  of	
  pre-­‐	
  and	
  postsynaptic	
  fractions,	
  Western	
  blot	
  

analysis	
  was	
  performed.	
  7µg	
  of	
  each	
  fraction	
  was	
  diluted	
  in	
  4X	
  SDS-­‐PAGE	
  sample	
  buffer	
  

containing	
  100mM	
  dithiothreitol,	
  heated	
  for	
  5	
  minutes	
  at	
  70°C,	
  and	
  resolved	
  on	
  10	
  or	
  15%	
  SDS-­‐

PAGE	
  gels.	
  Proteins	
  were	
  transferred	
  electrophoretically	
  to	
  a	
  nitrocellulose	
  membrane	
  in	
  cold	
  

transfer	
  buffer	
  consisting	
  of	
  200ml	
  3-­‐[cyclohexylamino]	
  1-­‐propanone-­‐sulphonic	
  acid	
  (CAPS),	
  

200ml	
  methanol,	
  and	
  1600ml	
  water.	
  Following	
  transfer,	
  membranes	
  were	
  ponceau	
  stained	
  and	
  

cut	
  between	
  appropriate	
  molecular	
  weight	
  markers.	
  Membranes	
  were	
  blocked	
  with	
  slight	
  

agitation	
  for	
  1	
  hour	
  in	
  a	
  buffer	
  of	
  tris-­‐buffered	
  saline	
  (TBS)	
  with	
  5%	
  milk	
  and	
  0.1%	
  Tween-­‐20	
  

(Sigma-­‐Aldrich).	
  Membranes	
  were	
  then	
  washed	
  5	
  times	
  for	
  5	
  minutes	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐

20	
  on	
  a	
  shaker	
  before	
  being	
  incubated	
  with	
  appropriate	
  primary	
  antibodies	
  in	
  TBS	
  with	
  5%	
  milk	
  

and	
  0.2%	
  Tween-­‐20	
  on	
  a	
  shaker	
  table	
  at	
  4°C	
  overnight.	
  The	
  next	
  day,	
  membranes	
  underwent	
  

five	
  5-­‐minute	
  washes	
  on	
  a	
  shaker	
  table	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐20	
  before	
  appropriate	
  

secondary	
  antibodies	
  were	
  diluted	
  into	
  TBS	
  with	
  5%	
  milk	
  and	
  0.2%	
  Tween-­‐20	
  followed	
  by	
  gentle	
  

agitation	
  on	
  a	
  shaker	
  with	
  the	
  membranes	
  for	
  1	
  hour	
  at	
  room	
  temperature.	
  Finally,	
  membranes	
  

were	
  washed	
  three	
  times	
  for	
  10-­‐minute	
  washes	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐20	
  followed	
  by	
  two	
  15-­‐

minute	
  washes	
  in	
  TBS.	
  Immunoblots	
  were	
  developed	
  using	
  Western	
  Lightning™	
  

Chemiluminescence	
  Reagent	
  Plus	
  (NEL104)	
  from	
  Perkin-­‐Elmer	
  as	
  per	
  their	
  published	
  protocols.	
  	
  

Imaging	
  was	
  collected	
  using	
  a	
  Bio-­‐rad	
  Imager.	
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Development	
  and	
  Validation	
  of	
  Targeted	
  Mass	
  Spectrometry	
  Methods.	
  Purified	
  Gβγ isoforms	
  

or	
  enriched	
  protein	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  were	
  separated	
  by	
  SDS-­‐PAGE	
  (15%	
  

acrylamide)	
  and	
  stained	
  with	
  colloidal	
  Coomassie	
  Blue	
  (Invitrogen).	
  Gel	
  bands	
  corresponding	
  to	
  

the	
  molecular	
  weights	
  of	
  Gβ and	
  Gγ	
  subunits	
  were	
  excised,	
  chopped	
  into	
  1mm3	
  pieces,	
  reduced	
  

with	
  100mM	
  dithiothreitol,	
  alkylated	
  with	
  200mM	
  iodoacetamide,	
  and	
  digested	
  with	
  trypsin.	
  

Individual	
  G	
  protein	
  subunit	
  digests	
  from	
  purified	
  proteins	
  were	
  analyzed	
  via	
  nanoflow	
  reverse-­‐

phase	
  liquid-­‐chromatography-­‐tandem	
  mass	
  spectrometry	
  (LC-­‐MS/MS)	
  on	
  an	
  LTQ-­‐Orbitrap	
  XL	
  

mass	
  spectrometer	
  (Thermo	
  Scientific)	
  while	
  those	
  from	
  enriched	
  protein	
  synaptic	
  fractions	
  

were	
  analyzed	
  on	
  an	
  LTQ-­‐Orbitrap	
  Velos	
  mass	
  spectrometer	
  (Thermo	
  Scientific).	
  Peptides	
  were	
  

loaded	
  onto	
  a	
  capillary	
  reverse	
  phase	
  analytical	
  column	
  (360mm	
  O.D.	
  x	
  100mm	
  I.D.)	
  using	
  an	
  

Eksigent	
  NanoLC	
  HPLC	
  and	
  autosampler.	
  The	
  analytical	
  column	
  was	
  packed	
  with	
  20cm	
  of	
  C18	
  

reverse	
  phase	
  material	
  (Jupiter,	
  3mm	
  beads,	
  300Å,	
  Phenomenex),	
  equipped	
  with	
  a	
  laser-­‐pulled	
  

emitter	
  tip.	
  Peptides	
  were	
  gradient-­‐eluted	
  at	
  a	
  flow	
  rate	
  of	
  500nL/min,	
  and	
  the	
  mobile	
  phase	
  

solvents	
  consisted	
  of	
  0.1%	
  formic	
  acid,	
  99.9%	
  water	
  (solvent	
  A)	
  and	
  0.1%	
  formic	
  acid,	
  99.9%	
  

acetonitrile	
  (solvent	
  B).	
  	
  A	
  45-­‐minute	
  gradient	
  was	
  performed	
  for	
  purified	
  G	
  protein	
  samples,	
  

consisting	
  of	
  the	
  following:	
  	
  0-­‐10	
  min,	
  2%	
  B	
  (during	
  sample	
  loading);	
  10-­‐28	
  min,	
  2-­‐40%	
  B;	
  28-­‐34	
  

min,	
  40-­‐90%	
  B;	
  34-­‐35	
  min,	
  90%	
  B,	
  35-­‐37	
  min,	
  90-­‐2%	
  B,	
  37-­‐45	
  min,	
  2%	
  B	
  (column	
  equilibration).	
  

In	
  comparison,	
  a	
  90	
  minute	
  gradient	
  was	
  performed	
  for	
  G	
  protein	
  samples	
  isolated	
  from	
  

enriched	
  protein	
  presynaptic	
  fractions	
  consisting	
  of	
  the	
  following:	
  	
  0-­‐10	
  min,	
  2%	
  B;	
  10-­‐50	
  min,	
  2-­‐

35%	
  B;	
  50-­‐60	
  min,	
  35-­‐90%	
  B;	
  60-­‐65	
  min,	
  90%	
  B,	
  65-­‐70	
  min,	
  90-­‐2%	
  B,	
  70-­‐90	
  min,	
  2%	
  B.	
  	
  	
  Upon	
  

gradient-­‐elution,	
  peptides	
  were	
  mass	
  analyzed	
  on	
  a	
  LTQ	
  Orbitrap	
  XL	
  or	
  LTQ	
  Orbitrap	
  Velos	
  mass	
  

spectrometer	
  (Thermo	
  Scientific).	
  The	
  instruments	
  were	
  operated	
  using	
  a	
  data-­‐dependent	
  

method	
  with	
  dynamic	
  exclusion	
  enabled.	
  Full	
  scan	
  (m/z	
  300-­‐2000)	
  spectra	
  were	
  acquired	
  with	
  

the	
  Orbitrap	
  as	
  the	
  mass	
  analyzer	
  (resolution	
  60,000),	
  and	
  the	
  five	
  most	
  abundant	
  (LTQ	
  Orbitrap	
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XL)	
  or	
  sixteen	
  most	
  abundant	
  ions	
  (LTQ	
  Orbitrap	
  Velos)	
  in	
  each	
  MS	
  scan	
  were	
  selected	
  for	
  

fragmentation	
  via	
  collision-­‐induced	
  dissociation	
  (CID)	
  in	
  the	
  LTQ.	
  For	
  selected	
  LC-­‐MS/MS	
  

analyses,	
  the	
  LTQ	
  Orbitrap	
  Velos	
  was	
  operated	
  using	
  a	
  combination	
  method	
  of	
  data-­‐dependent	
  

and	
  targeted	
  scan	
  events.	
  Targets	
  were	
  of	
  specific	
  m/z	
  values	
  corresponding	
  to	
  unique	
  Gβ	
  or	
  

Gγ peptides	
  selected	
  from	
  theoretical	
  in	
  silico	
  digestions	
  of	
  the	
  G	
  protein	
  subunits.	
  In	
  silico	
  

digests	
  were	
  generated	
  by	
  importing	
  FASTA	
  sequences	
  for	
  the	
  G	
  protein	
  isoforms	
  from	
  the	
  

UniprotKB	
  protein	
  database	
  (www.uniprot.org)	
  into	
  MS	
  Digest	
  

(http://prospector.ucsf.edu/prospector/mshome.htm)	
  and	
  performing	
  theoretical	
  tryptic	
  

digests.	
  	
  Theoretical	
  digests	
  accounted	
  for	
  variable	
  modifications	
  of	
  carbamidomethylation	
  of	
  

cysteine	
  and	
  oxidation	
  of	
  methionine.	
  Digest	
  results	
  were	
  then	
  imported	
  into	
  spreadsheets	
  and	
  

sorted	
  to	
  identify	
  and	
  remove	
  precursor	
  peptides	
  that	
  shared	
  identical	
  m/z	
  values	
  as	
  well	
  as	
  any	
  

precursors	
  that	
  contained	
  missed	
  cleavages.	
  The	
  remaining	
  peptides	
  further	
  screened	
  for	
  

uniqueness	
  by	
  performing	
  a	
  protein	
  basic	
  alignment	
  search	
  tool	
  (BLAST)	
  search.	
  Unique	
  

peptides	
  identified	
  from	
  data-­‐dependant	
  and	
  targeted	
  Velos	
  scans	
  were	
  identified	
  via	
  database	
  

searching	
  with	
  Sequest250	
  (Thermo	
  Scientific).	
  Tandem	
  mass	
  spectra	
  were	
  searched	
  against	
  Bos	
  

taurus,	
  Mus	
  musculus,	
  or	
  Homo	
  sapiens	
  subsets	
  of	
  the	
  UniprotKB	
  protein	
  database,	
  and	
  search	
  

results	
  were	
  assembled	
  using	
  Scaffold	
  3.0	
  (Proteome	
  Software).	
  Although	
  isoforms	
  were	
  

purified	
  from	
  bovine	
  retina,	
  as	
  well	
  as	
  cloned	
  using	
  human	
  sequences,	
  peptides	
  unique	
  to	
  each	
  

Gβγ isoform	
  being	
  monitored	
  were	
  shown	
  to	
  be	
  identical	
  across	
  all	
  three	
  species	
  enabling	
  use	
  of	
  

these	
  proteins	
  for	
  assay	
  development.	
  All	
  searches	
  were	
  configured	
  to	
  use	
  variable	
  

modifications	
  of	
  carbamidomethylation	
  on	
  cysteine	
  and	
  oxidation	
  of	
  methionine.	
  The	
  selected	
  

peptides	
  from	
  each	
  G	
  protein	
  β and	
  γ	
  subunit	
  were	
  validated	
  via	
  manual	
  interrogation	
  of	
  the	
  

raw	
  tandem	
  mass	
  spectra	
  using	
  QualBrowser	
  software	
  (Xcalibur	
  2.1.0,	
  Thermo	
  Scientific)	
  against	
  

theoretical	
  fractionation	
  patterns	
  generated	
  in	
  MS	
  Product	
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(http://prospector.ucsf.edu/prospector/mshome.htm).	
  As	
  an	
  additional	
  validation	
  criterion,	
  the	
  

observed	
  monoisotopic	
  m/z	
  value	
  was	
  required	
  to	
  be	
  within	
  5ppm	
  of	
  the	
  theoretical	
  m/z	
  value	
  

for	
  a	
  given	
  peptide.	
  PPM	
  was	
  calculated	
  using	
  the	
  formula:	
  	
  

𝑝𝑝𝑚 =
𝑜𝑏𝑒𝑟𝑣𝑒𝑑  𝑚𝑜𝑛𝑜𝑖𝑠𝑜𝑡𝑜𝑝𝑖𝑐  𝑚𝑎𝑠𝑠 −   𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  𝑚𝑜𝑛𝑜𝑖𝑠𝑜𝑡𝑜𝑝𝑖𝑐  𝑚𝑎𝑠𝑠

𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  𝑚𝑜𝑛𝑜𝑖𝑠𝑜𝑡𝑜𝑝𝑖𝑐  𝑚𝑎𝑠𝑠
    𝑥  1  𝑚𝑖𝑙𝑙𝑖𝑜𝑛	
  

where	
  monoisotopic	
  mass	
  refers	
  to	
  the	
  monoisotopic	
  mass	
  of	
  the	
  precursor	
  peptide.	
  Identified	
  

peptides	
  unique	
  to	
  G	
  protein	
  isoforms	
  were	
  selected,	
  and	
  their	
  MS/MS	
  spectra	
  examined	
  to	
  

select	
  precursor/product	
  ion	
  transitions	
  for	
  targeted	
  MRM	
  experiments.	
  MRM	
  methods	
  were	
  

generated	
  in	
  Skyline251	
  before	
  being	
  exported	
  and	
  employed	
  for	
  G	
  protein	
  targeted	
  experiments	
  

on	
  a	
  TSQ	
  Vantage	
  triple	
  quadrupole	
  mass	
  spectrometer	
  (Thermo	
  Scientific).	
  Unscheduled	
  MRM	
  

runs	
  were	
  performed	
  on	
  purified	
  Gβγ	
  isoforms	
  when	
  available,	
  as	
  well	
  as	
  enriched	
  pre-­‐	
  and	
  

postsynaptic	
  fractions	
  from	
  mouse	
  cortex,	
  to	
  evaluate	
  intensities	
  of	
  precursor	
  and	
  product	
  ions	
  

identified	
  in	
  early	
  discovery	
  proteomic	
  runs.	
  The	
  resulting	
  MRM	
  data	
  were	
  imported	
  and	
  

analyzed	
  in	
  Skyline.	
  Extracted	
  ion	
  chromatographic	
  peaks	
  were	
  manually	
  interrogated	
  and	
  

correct	
  peaks	
  chosen	
  based	
  on	
  retention	
  times,	
  how	
  well	
  the	
  relative	
  distribution	
  of	
  transition	
  

ions	
  matched	
  those	
  from	
  discovery	
  experiments,	
  and	
  dot	
  product	
  values.	
  Dot	
  product	
  values	
  

were	
  calculated	
  by	
  comparison	
  of	
  transition	
  ion	
  intensities	
  in	
  MRM	
  data	
  relative	
  to	
  product	
  ion	
  

intensities	
  observed	
  in	
  tandem	
  mass	
  spectra	
  acquired	
  in	
  LTQ-­‐Orbitrap	
  discovery	
  experiments.	
  	
  

Following	
  validation,	
  precursor	
  and	
  product	
  ion	
  lists	
  were	
  refined	
  to	
  only	
  include	
  the	
  optimal	
  

precursor	
  and	
  transitions	
  necessary	
  to	
  accurately	
  identify	
  each	
  G	
  protein	
  isoform.	
  Refined	
  

methods	
  were	
  required	
  to	
  include	
  at	
  least	
  two	
  distinct	
  peptides	
  for	
  each	
  G	
  protein	
  isoform,	
  as	
  

well	
  as	
  three	
  transitions	
  for	
  each	
  peptide	
  being	
  monitored.	
  These	
  data	
  and	
  criteria	
  were	
  then	
  

used	
  to	
  generate	
  scheduled	
  MRM	
  methods	
  that	
  could	
  be	
  applied	
  to	
  pre-­‐	
  and	
  postsynaptic	
  

fractions	
  from	
  different	
  brain	
  regions.	
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Application	
  of	
  targeted	
  proteomics	
  methods	
  to	
  enriched	
  synaptic	
  fractions.	
  Once	
  refined,	
  

scheduled	
  MRM	
  methods	
  were	
  applied	
  to	
  in-­‐gel	
  digested	
  proteins	
  from	
  mouse	
  brain	
  enriched	
  

pre-­‐	
  and	
  postsynaptic	
  fractions	
  isolated	
  from	
  cortex,	
  cerebellum,	
  hippocampus,	
  and	
  striatum.	
  

50µg	
  of	
  total	
  protein	
  from	
  each	
  fraction	
  was	
  separated	
  by	
  SDS-­‐PAGE	
  for	
  each	
  brain	
  region	
  and	
  

digested	
  as	
  described.	
  Gβ peptides	
  were	
  analyzed	
  by	
  a	
  single	
  60	
  minute	
  scheduled	
  MRM	
  

analysis	
  while	
  Gγ	
  peptides	
  were	
  split	
  into	
  two	
  60	
  minute	
  scheduled	
  MRM	
  runs.	
  	
  Biological	
  

samples	
  were	
  randomized	
  to	
  ensure	
  any	
  drift	
  in	
  assay	
  performance	
  would	
  not	
  affect	
  subsets	
  

disproportionally.	
  	
  Briefly,	
  utilizing	
  a	
  trap	
  column	
  setup,	
  peptides	
  were	
  first	
  loaded	
  onto	
  a	
  100	
  

μm	
  x	
  4	
  cm	
  C18	
  reverse	
  phase	
  column,	
  which	
  was	
  connected	
  in	
  line	
  to	
  a	
  20cm	
  by	
  100mm	
  (Jupiter	
  

3mm,	
  300Å),	
  analytical	
  column.	
  	
  Peptides	
  were	
  gradient-­‐eluted	
  into	
  a	
  TSQ-­‐Vantage	
  (Thermo	
  

Scientific)	
  using	
  a	
  nanoelectrospray	
  source.	
  Peptides	
  were	
  resolved	
  using	
  an	
  aqueous	
  to	
  organic	
  

gradient	
  with	
  a	
  60	
  minute	
  total	
  cycle	
  time.	
  Scheduled	
  instrument	
  methods	
  encompassing	
  a	
  10	
  

minute	
  window	
  around	
  the	
  measured	
  retention	
  time	
  along	
  with	
  calculated	
  collision	
  energies	
  

were	
  created	
  using	
  Skyline.	
  Q1	
  peak	
  width	
  resolution	
  was	
  set	
  to	
  0.7,	
  collision	
  gas	
  pressure	
  was	
  1	
  

mTorr,	
  and	
  a	
  cycle	
  time	
  of	
  5	
  seconds	
  was	
  utilized.	
  The	
  resulting	
  RAW	
  instrument	
  files	
  were	
  

imported	
  into	
  Skyline	
  for	
  peak-­‐picking	
  and	
  quantitation.	
  Data	
  analysis	
  using	
  Skyline	
  was	
  

performed	
  to	
  assess	
  enrichment	
  of	
  individual	
  G	
  protein	
  subunits	
  in	
  pre-­‐	
  or	
  postsynaptic	
  

fractions.	
  Transition	
  ion	
  intensities	
  were	
  summed	
  for	
  each	
  precursor	
  and	
  these	
  data	
  were	
  used	
  

to	
  generate	
  extracted	
  ion	
  chromatographic	
  peaks	
  of	
  co-­‐eluting	
  transitions.	
  As	
  described	
  

previously,	
  chromatographic	
  peaks	
  were	
  manually	
  interrogated	
  and	
  correct	
  peaks	
  chosen	
  based	
  

on	
  retention	
  times,	
  dot	
  product	
  values,	
  and	
  relative	
  distributions	
  of	
  transition	
  ions.	
  For	
  peptides	
  

where	
  a	
  correct	
  peak	
  could	
  confidently	
  be	
  chosen,	
  a	
  signal	
  to	
  noise	
  (S/N)	
  ratio	
  of	
  at	
  least	
  30	
  was	
  

required	
  to	
  be	
  included	
  in	
  analyses;	
  those	
  that	
  did	
  not	
  meet	
  this	
  criterion	
  were	
  removed	
  from	
  

further	
  analyses.	
  Four	
  internal	
  reference	
  peptides,	
  SSAAPPPPPR,	
  TASEFDSAIAQDK,	
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ELGQSGVDTYLQTK,	
  and	
  LTILEELR	
  (Table	
  2)	
  were	
  used	
  to	
  evaluate	
  drift	
  in	
  assay	
  performance	
  as	
  

well	
  as	
  enable	
  data	
  to	
  be	
  normalized.	
  Each	
  reference	
  peptide	
  (5fmol)	
  was	
  spiked	
  in	
  to	
  all	
  

samples	
  and	
  monitored	
  throughout	
  all	
  MRM	
  experiments.	
  	
  BSA	
  controls	
  were	
  monitored	
  at	
  

regular	
  intervals	
  between	
  samples	
  to	
  evaluate	
  instrument	
  performance.	
  The	
  integrated	
  area	
  

under	
  the	
  curve	
  was	
  calculated	
  for	
  all	
  transitions.	
  	
  Coefficients	
  of	
  variation	
  (CV)	
  were	
  calculated	
  

for	
  BSA	
  controls	
  and	
  spiked	
  in	
  reference	
  peptides	
  using	
  𝐶𝑉 =    (!"#$!%#  !"!#$  !"!)
!"  !"  !"!#$  !"#

,	
  where	
  AUC	
  

represents	
  the	
  integrated	
  area	
  under	
  the	
  curve	
  for	
  all	
  transitions,	
  and	
  SD	
  represents	
  the	
  

standard	
  deviation	
  of	
  the	
  total	
  AUC.	
  To	
  allow	
  comparison	
  between	
  experiments	
  done	
  on	
  

different	
  days,	
  the	
  integrated	
  area	
  under	
  the	
  curve	
  for	
  each	
  peptide	
  was	
  normalized	
  relative	
  to	
  

the	
  internal	
  reference	
  peptide	
  that	
  was	
  closest	
  in	
  retention	
  time	
  to	
  it.	
  	
  This	
  generated	
  a	
  

normalized	
  total	
  area	
  for	
  each	
  peptide.	
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Table	
  2.	
  Internal	
  reference	
  peptides	
  and	
  MRM	
  transitions	
  added	
  to	
  all	
  	
  	
  	
  	
  	
  
	
  G	
  protein	
  samples.	
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A	
  modified	
  labeled	
  reference	
  peptide	
  (LRP)	
  method252	
  was	
  applied	
  using	
  the	
  internal	
  reference	
  

peptides	
  described	
  above	
  to	
  compare	
  brain	
  regions	
  and	
  subcellular	
  fractions	
  for	
  each	
  G	
  protein	
  

isoform.	
  To	
  evaluate	
  expression	
  of	
  each	
  G	
  protein	
  isoform	
  using	
  this	
  method,	
  a	
  ratio	
  between	
  

the	
  normalized	
  total	
  area	
  for	
  each	
  peptide	
  being	
  monitored	
  and	
  the	
  total	
  area	
  for	
  one	
  internal	
  

reference	
  peptide,	
  ELGQSGVSTYLQTK,	
  was	
  calculated.	
  The	
  ratios	
  for	
  all	
  peptides	
  monitored	
  for	
  a	
  

given	
  isoform	
  were	
  then	
  averaged	
  and	
  the	
  averages	
  plotted	
  for	
  each	
  protein.	
  	
  Fold	
  differences	
  

were	
  calculated	
  to	
  compare	
  expression	
  of	
  each	
  G	
  protein	
  isoform	
  in	
  pre-­‐	
  and	
  postsynaptic	
  

fractions	
  within	
  a	
  brain	
  region,	
  as	
  well	
  as	
  pre-­‐	
  or	
  postsynaptic	
  fractions	
  between	
  brain	
  regions.	
  

To	
  compare	
  expression	
  within	
  a	
  brain	
  region,	
  the	
  average	
  normalized	
  total	
  area	
  calculated	
  from	
  

the	
  postsynaptic	
  fraction	
  was	
  divided	
  by	
  the	
  average	
  normalized	
  total	
  area	
  calculated	
  from	
  the	
  

presynaptic	
  fraction	
  of	
  that	
  same	
  region	
  (e.g.	
  CTX	
  post	
  normalized	
  total	
  area	
  /CTX	
  pre	
  

normalized	
  total	
  area).	
  To	
  compare	
  expression	
  in	
  presynaptic	
  fractions	
  of	
  different	
  brain	
  

regions,	
  the	
  average	
  normalized	
  total	
  area	
  from	
  a	
  presynaptic	
  fraction	
  in	
  one	
  brain	
  area	
  was	
  

divided	
  by	
  the	
  average	
  normalized	
  total	
  area	
  from	
  a	
  presynaptic	
  fraction	
  from	
  another	
  brain	
  

region	
  (e.g.	
  CTX	
  pre	
  normalized	
  total	
  area/CRB	
  pre	
  normalized	
  total	
  area).	
  This	
  was	
  also	
  done	
  for	
  

comparisons	
  of	
  postsynaptic	
  fractions	
  between	
  brain	
  regions.	
  	
  	
  

Statistical	
  Analysis.	
  To	
  evaluate	
  data	
  for	
  comparison	
  of	
  brain	
  regions	
  and	
  subcellular	
  fractions,	
  a	
  

two	
  way	
  ANOVA	
  was	
  used	
  to	
  account	
  for	
  differences	
  in	
  isoform	
  expression	
  that	
  could	
  be	
  due	
  to	
  

location	
  in	
  the	
  CNS	
  (i.e.	
  CTX,	
  CRB;	
  referred	
  to	
  as	
  brain	
  region	
  effect),	
  subcellular	
  location	
  (i.e.	
  

pre-­‐	
  or	
  postsynaptic;	
  referred	
  to	
  as	
  fraction	
  effect)	
  or	
  the	
  combination	
  of	
  the	
  two	
  (referred	
  to	
  as	
  

interaction	
  effect).	
  	
  To	
  determine	
  where	
  specific	
  differences	
  in	
  expression	
  occurred,	
  a	
  Tukey	
  

post	
  hoc	
  test	
  was	
  used.	
  In	
  the	
  case	
  of	
  Gβ5,	
  data	
  was	
  evaluated	
  using	
  an	
  unpaired	
  t-­‐test.	
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Part	
  B.	
  Pilot	
  studies	
  examining	
  localization	
  of	
  G	
  protein	
  βγ 	
  subunits	
  at	
  specific	
  synaptic	
  
terminals	
  	
  

Note:	
  all	
  flow	
  cytometry	
  and	
  cell	
  sorting	
  experiments	
  were	
  done	
  in	
  collaboration	
  with	
  Dr.	
  Ran	
  
Ye	
  from	
  Dr.	
  Randy	
  Blakely’s	
  laboratory	
  at	
  Vanderbilt	
  University.	
  

Animals.	
  	
  Adult,	
  male	
  C57Bl/6	
  mice	
  or	
  adult	
  male	
  HA-­‐tagged	
  α2A	
  adrenergic	
  receptor	
  (α2AAR)	
  KI	
  

mice	
  (C57Bl/6	
  background;	
  provided	
  by	
  Qin	
  Wang	
  at	
  University	
  of	
  Alabama)	
  were	
  decapitated	
  

and	
  brains	
  dissected,	
  frozen	
  in	
  liquid	
  nitrogen,	
  and	
  stored	
  at	
  -­‐80°C	
  until	
  processed.	
  To	
  minimize	
  

post-­‐mortem	
  differences,	
  all	
  brains	
  were	
  dissected	
  at	
  the	
  same	
  time	
  and	
  processed	
  in	
  parallel.	
  

Similarly,	
  adult,	
  male	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice	
  and	
  ChAT-­‐ChR2(123R)-­‐EYFP	
  mice	
  (provided	
  

by	
  Randy	
  Blakely	
  at	
  Vanderbilt	
  University)	
  were	
  decapitated	
  and	
  midbrains	
  dissected	
  

immediately	
  prior	
  to	
  use	
  in	
  flow	
  cytometry	
  or	
  cell	
  sorting	
  experiments.	
  All	
  animal	
  protocols	
  

were	
  carried	
  out	
  in	
  accordance	
  with	
  the	
  recommendations	
  in	
  the	
  Guide	
  for	
  the	
  Care	
  and	
  Use	
  of	
  

Laboratory	
  Animals	
  of	
  the	
  NIH,	
  and	
  were	
  approved	
  by	
  the	
  Vanderbilt	
  Institutional	
  Animal	
  Care	
  

and	
  Use	
  Committee.	
  

Antibodies.	
  The	
  following	
  primary	
  antibody	
  was	
  used	
  for	
  flow	
  cytometry	
  experiments	
  (dilution	
  

indicated):	
  	
  mouse	
  anti-­‐HA	
  Alexa	
  Fluor	
  647	
  (Cell	
  Signaling,	
  1:50).	
  The	
  following	
  primary	
  

antibodies	
  were	
  used	
  for	
  immunoblotting	
  (dilutions	
  indicated):	
  rabbit	
  anti-­‐SERT	
  (Frontier	
  

Science	
  Institute,	
  catalog	
  	
  #HTT-­‐GP-­‐Af1400,	
  1:2500),	
  rabbit	
  anti-­‐vesicular	
  acetylcholine	
  

transpoter	
  (VAChT)	
  (Synaptic	
  Systems,	
  catalog	
  #139	
  103,	
  1:500),	
  mouse	
  anti-­‐Syntaxin	
  1A	
  (Sigma,	
  

catalog	
  #S0664,	
  1:10,000).	
  Horseradish	
  peroxidase-­‐conjugated	
  secondary	
  antibodies	
  were	
  

obtained	
  from	
  Jackson	
  ImmunoResearch	
  and	
  used	
  at	
  1:10,000.	
  

Synaptosome	
  preparation	
  and	
  enrichment.	
  Synaptosomes	
  were	
  prepared	
  as	
  described	
  in	
  Part	
  

A.	
  Initial	
  experiments	
  with	
  HA-­‐tagged	
  α2AAR	
  (HA-­‐α2AAR)	
  mice	
  and	
  later	
  experiments	
  using	
  TPH2-­‐

ChR2(H13R)-­‐EYFP	
  and	
  ChAT-­‐ChR2(123R)-­‐EYFP	
  mice,	
  made	
  use	
  of	
  a	
  discontinuous	
  sucrose	
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gradient	
  in	
  an	
  attempt	
  to	
  enrich	
  synaptosomes	
  and	
  remove	
  any	
  cellular	
  components	
  that	
  may	
  

interfere	
  with	
  flow	
  cytometry.	
  For	
  gradient	
  experiments,	
  crude	
  synaptosome	
  pellets	
  were	
  

resuspended	
  in	
  3ml	
  of	
  0.32M	
  sucrose	
  solution	
  following	
  centrifugation.	
  To	
  create	
  sucrose	
  

gradients,	
  3ml	
  of	
  0.8,	
  1.0,	
  and	
  1.2M	
  sucrose	
  solutions	
  were	
  layered	
  in	
  14ml	
  ultracentrifuge	
  

tubes	
  (Beckman	
  Coulter)	
  at	
  room	
  temperature.	
  Layers	
  were	
  added	
  to	
  the	
  bottom	
  of	
  the	
  tube	
  

slowly	
  by	
  increasing	
  density	
  (i.e.	
  0.8M	
  first,	
  followed	
  by	
  1.0M	
  and	
  finally	
  1.2M).	
  	
  Once	
  gradients	
  

were	
  created,	
  3ml	
  of	
  crude	
  synaptosomes	
  were	
  added	
  to	
  the	
  top	
  of	
  the	
  gradient	
  and	
  samples	
  

centrifuged	
  at	
  100,000	
  x	
  g,	
  4°C	
  for	
  2	
  hours	
  in	
  a	
  SW-­‐40	
  Ti	
  rotor	
  (Beckman	
  Coulter).	
  Enriched	
  

synaptosomes	
  were	
  collected	
  from	
  the	
  1.0/1.2M	
  sucrose	
  interface	
  and	
  transferred	
  to	
  clean	
  

15ml	
  conical	
  tubes.	
  Fractions	
  were	
  washed	
  with	
  3ml	
  of	
  0.32M	
  sucrose	
  and	
  centrifuged	
  at	
  

100,000	
  x	
  g,	
  4°C	
  for	
  30	
  minutes	
  in	
  a	
  SW-­‐40	
  Ti	
  rotor	
  (Beckman	
  Coulter).	
  Supernatants	
  were	
  

discarded	
  and	
  pellets	
  resuspended	
  in	
  500ul	
  of	
  stimulation	
  buffer	
  	
  [1	
  part	
  10x	
  DPBS	
  pH	
  6.8-­‐7.0	
  

(26.7mM	
  KCl,	
  14.7mM	
  KH2PO4,	
  1379mM	
  NaCl,	
  80mM	
  Na2HPO4	
  x	
  7H20),	
  10mM	
  Hepes	
  pH	
  7.4,	
  

1.54µM	
  aprotinin,	
  10.7µM	
  leupeptin,	
  0.95µM	
  pepstatin,	
  and	
  200µM	
  phenylmethylsulfonyl	
  

fluoride	
  (PMSF)].	
  	
  

Flow	
  cytometry	
  and	
  cell	
  sorting.	
  To	
  fluorescently	
  detect	
  synaptosomes	
  expressing	
  the	
  HA-­‐

α2AAR,	
  enriched	
  synaptosome	
  preps	
  were	
  generated	
  from	
  the	
  whole	
  brain	
  of	
  WT	
  or	
  KI	
  mice	
  as	
  

described	
  above.	
  Synaptosomes	
  were	
  resuspended	
  in	
  200µl	
  of	
  stimulation	
  buffer	
  and	
  incubated	
  

with	
  anti-­‐HA	
  antibody	
  for	
  two	
  hours	
  on	
  ice.	
  Samples	
  were	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  20	
  

minutes	
  and	
  the	
  supernatants	
  discarded.	
  Pellets	
  were	
  resuspended	
  in	
  3ml	
  of	
  stimulation	
  buffer	
  

and	
  the	
  centrifugation	
  step	
  repeated.	
  Supernatants	
  were	
  discarded	
  and	
  pellets	
  resuspended	
  in	
  

500µl	
  stimulation	
  buffer.	
  These	
  samples	
  were	
  further	
  diluted	
  1:25	
  in	
  stimulation	
  buffer	
  before	
  

being	
  analyzed	
  on	
  a	
  FACS	
  Canto	
  II	
  (Becton	
  Dickson).	
  Fluorescence	
  intensity	
  was	
  determined	
  for	
  

100,000	
  events	
  within	
  the	
  synaptosome	
  gate.	
  Data	
  were	
  analyzed	
  via	
  FACS	
  DiVA	
  acquisition	
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software	
  (Becton	
  Dickson).	
  To	
  fluorescently	
  detect	
  synaptosomes	
  expressing	
  EYFP,	
  enriched	
  

synaptosome	
  preps	
  were	
  generated	
  from	
  the	
  midbrains	
  of	
  four	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  or	
  

ChAT-­‐ChR2(123R)-­‐EYFP	
  mice	
  and	
  enriched	
  using	
  a	
  discontinuous	
  sucrose	
  gradient.	
  

Synaptosomes	
  were	
  resuspended	
  and	
  analyzed	
  as	
  above.	
  Preliminary	
  experiments	
  aimed	
  at	
  

isolating	
  serotonergic	
  terminals	
  used	
  fluorescently-­‐activated	
  cell	
  sorting	
  (FACS).	
  Enriched	
  

synaptosomes	
  from	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice	
  were	
  prepared	
  as	
  described	
  above	
  using	
  the	
  

midbrains	
  from	
  four	
  pooled	
  animals,	
  and	
  samples	
  sorted	
  on	
  a	
  BD	
  FACS	
  Aria	
  II	
  flow	
  cytometer	
  

based	
  on	
  EYFP	
  intentisy	
  and	
  forward	
  scatter,	
  using	
  a	
  wildtype	
  control	
  and	
  1µm	
  beads	
  for	
  

reference.	
  The	
  fluorescence	
  excitation	
  wavelength	
  was	
  488nm	
  and	
  the	
  emission	
  was	
  measured	
  

with	
  a	
  filter	
  of	
  530	
  nm	
  (with	
  a	
  30nm	
  band	
  pass).	
  Non-­‐fluorescent,	
  low	
  fluorescence	
  (containing	
  

fluorescent	
  and	
  non-­‐fluorescent	
  particles),	
  and	
  high	
  fluorescence	
  fractions	
  were	
  collected	
  for	
  

analysis.	
  Following	
  collection,	
  fractions	
  were	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  20	
  minutes	
  to	
  

pellet	
  synaptosomes	
  before	
  being	
  frozen	
  at	
  -­‐80°C	
  for	
  later	
  use	
  in	
  western	
  blot	
  analysis	
  or	
  

targeted	
  proteomics	
  experiments.	
  

Immunoblot	
  analysis	
  of	
  synaptosome	
  fractions	
  collected	
  via	
  cell	
  sorting.	
  To	
  examine	
  the	
  

expression	
  of	
  SERT,	
  VAChT,	
  and	
  synaptic	
  markers	
  in	
  sorted	
  synaptosome	
  fractions	
  collected	
  

during	
  FACS	
  experiments,	
  Western	
  blot	
  analysis	
  was	
  performed	
  by	
  Dr.	
  Ran	
  Ye.	
  10µg	
  of	
  each	
  

fraction	
  was	
  diluted	
  in	
  2X	
  SDS-­‐PAGE	
  sample	
  buffer,	
  equilibrated	
  at	
  RT	
  for	
  10	
  minutes,	
  and	
  

resolved	
  on	
  10%	
  SDS-­‐PAGE	
  gels.	
  Proteins	
  were	
  transferred	
  electrophoretically	
  to	
  a	
  PDVF	
  

membrane	
  in	
  cold	
  Tris	
  Glycine	
  transfer	
  buffer	
  consisting	
  of	
  25mM	
  Tris	
  and	
  192mM	
  glycine.	
  

Following	
  transfer,	
  membranes	
  were	
  blocked	
  with	
  slight	
  agitation	
  for	
  1	
  hour	
  in	
  a	
  buffer	
  of	
  TBS	
  

with	
  5%	
  milk	
  and	
  0.1%	
  Tween-­‐20	
  (Sigma-­‐Aldrich)	
  before	
  being	
  incubated	
  with	
  appropriate	
  

primary	
  antibodies	
  in	
  TBS	
  with	
  5%	
  milk	
  and	
  0.2%	
  Tween-­‐20	
  on	
  a	
  shaker	
  table	
  at	
  4°C	
  overnight.	
  

The	
  next	
  day,	
  membranes	
  underwent	
  three	
  10-­‐minute	
  washes	
  on	
  a	
  shaker	
  before	
  appropriate	
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secondary	
  antibodies	
  were	
  diluted	
  into	
  TBS	
  with	
  5%	
  milk	
  and	
  0.2%	
  Tween-­‐20	
  followed	
  by	
  gentle	
  

agitation	
  on	
  a	
  shaker	
  with	
  the	
  membranes	
  for	
  1	
  hour	
  at	
  room	
  temperature.	
  Finally,	
  membranes	
  

were	
  washed	
  three	
  times	
  for	
  10-­‐minute	
  washes	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐20.	
  Immunoblots	
  were	
  

developed	
  using	
  ECL	
  Chemiluminescence	
  Reagent	
  from	
  Perkin-­‐Elmer	
  and	
  Amersham	
  X-­‐ray	
  films.	
  	
  

Targeted	
  proteomic	
  analysis	
  of	
  fluorescent	
  synaptosome	
  fractions	
  collected	
  via	
  cell	
  sorting.	
  To	
  

examine	
  expression	
  of	
  Gβγ	
  isoforms	
  at	
  serotonergic	
  terminals,	
  scheduled	
  MRM	
  methods	
  were	
  

applied	
  to	
  in-­‐gel	
  digested	
  proteins	
  from	
  a	
  single	
  fluorescent	
  fraction	
  collected	
  during	
  FACS	
  

experiments	
  using	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice.	
  The	
  sample	
  was	
  resuspended	
  in	
  20µl	
  of	
  2X	
  SDS-­‐

PAGE	
  sample	
  buffer	
  containing	
  100mM	
  dithiothreitol,	
  heated	
  for	
  5	
  minutes	
  at	
  70°C,	
  and	
  

resolved	
  on	
  a	
  15%	
  SDS-­‐PAGE	
  gel	
  before	
  being	
  stained	
  with	
  colloidal	
  Coomassie	
  Blue	
  (Invitrogen).	
  

Gel	
  bands	
  corresponding	
  to	
  the	
  molecular	
  weights	
  of	
  Gβ	
  and	
  Gγ	
  subunits	
  were	
  excised	
  and	
  

proteins	
  digested	
  with	
  trypsin	
  as	
  described	
  in	
  Part	
  A.	
  Scheduled	
  MRM	
  methods	
  were	
  applied	
  to	
  

in-­‐gel	
  digested	
  proteins	
  as	
  described.	
  Data	
  analysis	
  using	
  Skyline	
  was	
  performed	
  as	
  described	
  in	
  

Part	
  A	
  to	
  assess	
  expression	
  of	
  individual	
  G	
  protein	
  subunits	
  at	
  serotonergic	
  terminals.	
  Transition	
  

ion	
  intensities	
  were	
  summed	
  for	
  each	
  precursor	
  and	
  these	
  data	
  were	
  used	
  to	
  generate	
  extracted	
  

ion	
  chromatographic	
  peaks	
  of	
  co-­‐eluting	
  transitions.	
  As	
  described	
  previously,	
  chromatographic	
  

peaks	
  were	
  manually	
  interrogated	
  and	
  correct	
  peaks	
  chosen	
  based	
  on	
  retention	
  times,	
  dot	
  

product	
  values,	
  and	
  relative	
  distributions	
  of	
  transition	
  ions.	
  Four	
  internal	
  reference	
  peptides,	
  

SSAAPPPPPR,	
  TASEFDSAIAQDK,	
  ELGQSGVDTYLQTK,	
  and	
  LTILEELR	
  (Table	
  2)	
  were	
  used	
  to	
  

evaluate	
  drift	
  in	
  assay	
  performance.	
  Each	
  reference	
  peptide	
  (5fmol)	
  was	
  spiked	
  in	
  to	
  all	
  samples	
  

and	
  monitored	
  throughout	
  all	
  MRM	
  experiments.	
  	
  BSA	
  controls	
  were	
  monitored	
  at	
  regular	
  

intervals	
  between	
  samples	
  to	
  evaluate	
  instrument	
  performance.	
  As	
  only	
  a	
  single	
  sample	
  was	
  

analyzed	
  from	
  FACS	
  experiments	
  involving	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice,	
  the	
  integrated	
  area	
  

under	
  the	
  curve	
  was	
  summed	
  for	
  all	
  peptides	
  that	
  met	
  S/N	
  criteria	
  and	
  net	
  AUC	
  plotted	
  for	
  each	
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isoform.	
  Statistical	
  analysis	
  was	
  not	
  possible	
  as	
  the	
  results	
  are	
  from	
  a	
  single	
  sample	
  and	
  isoforms	
  

cannot	
  be	
  directly	
  compared.	
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Results	
  

Part	
  A:	
  Examining	
  regional	
  and	
  subcellular	
  localization	
  of	
  G	
  protein	
  βγ 	
  subunits	
  within	
  the	
  CNS	
  

Synaptosome	
  Subcellular	
  Fractionation	
  Efficiency	
  	
  	
  

In	
  order	
  to	
  assess	
  the	
  localization	
  patterns	
  of	
  different	
  G	
  protein	
  isoforms,	
  we	
  made	
  use	
  

of	
  a	
  brain	
  synaptosomal	
  preparation	
  and	
  subcellular	
  fractionation	
  protocol	
  that	
  would	
  allow	
  us	
  

to	
  reduce	
  sample	
  complexity	
  (Figure	
  6A).	
  Synaptosomes	
  are	
  a	
  widely	
  used	
  preparation	
  for	
  

studying	
  synaptic	
  biochemistry	
  as	
  they	
  contain	
  the	
  complete	
  presynaptic	
  terminal,	
  including	
  

mitochondria	
  and	
  synaptic	
  vesicles,	
  as	
  well	
  as	
  the	
  postsynaptic	
  membrane	
  and	
  postsynaptic	
  

density	
  (PSD)44,53.	
  To	
  verify	
  the	
  efficiency	
  of	
  our	
  fractionation	
  protocol,	
  we	
  examined	
  the	
  

enrichment	
  of	
  well-­‐established	
  synaptic	
  markers	
  in	
  our	
  pre-­‐	
  and	
  postsynaptic	
  fractions.	
  	
  Protein	
  

(7mg	
  of	
  total	
  protein)	
  from	
  each	
  isolated	
  fraction	
  was	
  separated	
  on	
  SDS-­‐PAGE	
  gels,	
  

electroblotted	
  onto	
  nitrocellulose	
  membranes	
  and	
  immunostained	
  with	
  antibodies	
  against	
  

NMDAR1,	
  PSD-­‐95,	
  GAPDH,	
  syntaxin-­‐1	
  and	
  Gβ,	
  respectively.	
  	
  Figure	
  6B	
  reveals	
  the	
  high	
  

enrichment	
  of	
  NMDAR1	
  and	
  PSD-­‐95	
  in	
  the	
  postsynaptic	
  fraction	
  whereas	
  syntaxin-­‐1	
  is	
  enriched	
  

in	
  the	
  presynaptic	
  fraction.	
  Although	
  syntaxin-­‐1	
  is	
  thought	
  to	
  be	
  primarily	
  concentrated	
  at	
  the	
  

site	
  of	
  neurotransmitter	
  release	
  in	
  neurons,	
  it	
  has	
  also	
  been	
  shown	
  to	
  be	
  expressed	
  

postsynaptically253,	
  accounting	
  for	
  its	
  presence	
  in	
  the	
  postsynaptic	
  fraction	
  following	
  enrichment	
  

in	
  the	
  present	
  study.	
  	
  Conversely,	
  GAPDH,	
  a	
  cytosolic	
  protein,	
  shows	
  equal	
  expression	
  in	
  both	
  

fractions,	
  although	
  expression	
  in	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  was	
  lower	
  than	
  that	
  seen	
  in	
  

cytosolic	
  fractions	
  (data	
  not	
  shown).	
  	
  Similarly,	
  Gβ	
  was	
  expressed	
  equally	
  in	
  both	
  pre-­‐	
  and	
  

postsynaptic	
  factions	
  using	
  a	
  pan-­‐Gβ	
  antibody	
  (Figure	
  6B).	
  	
  	
  

	
  



63	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  6.	
  Distribution	
  of	
  marker	
  proteins	
  in	
  pre-­‐	
  and	
  postsynaptic	
  fractions.	
  A)	
  
Experimental	
  protocol	
  for	
  the	
  isolation	
  of	
  synaptosomes	
  from	
  mouse	
  brain	
  tissue	
  and	
  the	
  

enrichment	
  of	
  pre-­‐	
  and	
  postsynaptic	
  fractions.	
  B)	
  Representative	
  immunoblots	
  for	
  
NMDAR1,	
  PSD-­‐95,	
  GAPDH,	
  syntaxin-­‐1,	
  and	
  Gβγ	
  isolated	
  from	
  enriched	
  pre-­‐	
  and	
  

postsynaptic	
  fractions	
  of	
  adult	
  mice.	
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Development	
  and	
  Validation	
  of	
  Targeted	
  Mass	
  Spectrometry	
  Methods	
  

Target	
  peptides	
  and	
  transitions	
  for	
  MRM	
  studies	
  were	
  obtained	
  by	
  analyzing	
  purified,	
  

recombinant	
  Gβγ proteins	
  (Gβ1,	
  Gβ5,	
  and	
  Gγ2,4,5,7,11,13	
  respectively)	
  when	
  available,	
  as	
  well	
  as	
  

enriched	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  from	
  mouse	
  cortex.	
  Figure	
  7A	
  illustrates	
  a	
  schematic	
  of	
  

the	
  workflow	
  for	
  targeted	
  MRM	
  development.	
  In	
  silico	
  tryptic	
  digests	
  were	
  initially	
  performed	
  

and	
  peptides	
  pre-­‐selected	
  that	
  were	
  unique	
  to	
  a	
  single	
  G	
  protein	
  isoform.	
  Peptides	
  were	
  then	
  

further	
  screened	
  for	
  uniqueness	
  by	
  performing	
  a	
  protein	
  BLAST	
  search.	
  Only	
  precursor	
  peptides	
  

unique	
  to	
  a	
  single	
  G	
  protein	
  isoform	
  and	
  not	
  found	
  in	
  protein	
  sequences	
  belonging	
  to	
  related	
  or	
  

unrelated	
  proteins	
  were	
  chosen.	
  Following	
  tryptic	
  digestion,	
  extracted	
  peptides	
  from	
  purified	
  G	
  

protein	
  samples	
  were	
  initially	
  analyzed	
  on	
  an	
  LTQ-­‐Orbitrap	
  XL	
  mass	
  spectrometer	
  while	
  those	
  

from	
  enriched	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  were	
  analyzed	
  on	
  an	
  LTQ-­‐Orbitrap	
  Velos	
  mass	
  

spectrometer.	
  Data-­‐dependent	
  LC-­‐MS/MS	
  runs	
  identified	
  >200	
  proteins	
  in	
  synaptic	
  fractions	
  

from	
  gel	
  regions	
  corresponding	
  to	
  the	
  expected	
  molecular	
  weight	
  of	
  Gβ	
  and	
  Gγ	
  subunits	
  (data	
  

not	
  shown).	
  	
  From	
  these	
  initial	
  experiments,	
  peptides	
  corresponding	
  to	
  four	
  of	
  the	
  five	
  Gβ	
  

isoforms	
  (Gβ1,2,4,	
  and	
  5)	
  were	
  identified	
  and	
  validated,	
  as	
  well	
  as	
  8	
  of	
  the	
  Gγisoforms	
  

(Gγ2,3,4,5,7,11,12,	
  and	
  13	
  respectively).	
  Unique	
  peptides	
  corresponding	
  to	
  Gβ3,	
  Gγ8,	
  and	
  Gγ10	
  were	
  

not	
  identified	
  in	
  subcellular	
  fractions	
  during	
  discovery	
  experiments.	
  	
  Polymorphisms	
  in	
  the	
  Gβ3	
  

gene	
  have	
  been	
  shown	
  to	
  dramatically	
  alter	
  its	
  amino	
  acid	
  sequence254	
  while	
  Gγ8	
  is	
  expressed	
  

only	
  in	
  olfactory	
  and	
  vomeronasal	
  neuroepithelia255	
  and	
  Gγ10	
  is	
  only	
  a	
  minor	
  isoform	
  in	
  the	
  

CNS228.	
  Such	
  factors	
  may	
  account	
  for	
  why	
  we	
  were	
  unable	
  to	
  identify	
  unique	
  peptides	
  using	
  

published	
  sequences.	
  These	
  isoforms	
  were	
  excluded	
  from	
  the	
  targeted	
  LC-­‐MS/MS	
  analysis.	
  

Further,	
  Gγ1	
  was	
  not	
  investigated,	
  as	
  its	
  expression	
  is	
  limited	
  to	
  the	
  retina256.	
  Figure	
  7B	
  shows	
  a	
  

representative	
  spectrum	
  for	
  the	
  LC-­‐MS/MS	
  identification	
  of	
  a	
  Gβ1	
  peptide,	
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ACADATLSQITNNIDPVGR.	
  Gβγ precursor	
  peptides	
  with	
  appropriate	
  m/z	
  values	
  (<	
  5ppm	
  relative	
  

to	
  theoretical	
  values)	
  were	
  fragmented	
  to	
  generate	
  MS/MS	
  spectra.	
  Unique	
  precursor	
  peptides	
  

identified	
  in	
  data-­‐dependent	
  runs	
  were	
  verified	
  by	
  manual	
  interrogation	
  of	
  the	
  MS/MS	
  spectra	
  

and	
  product	
  ions	
  ranked	
  based	
  on	
  intensity.	
  Discovery	
  experiments	
  were	
  leveraged	
  such	
  that	
  

isoform	
  specific	
  peptides	
  showing	
  both	
  strong	
  signal	
  and	
  fragmentation	
  were	
  chosen	
  as	
  

precursors	
  and	
  transitions	
  to	
  monitor	
  via	
  MRM.	
  Chromatographic	
  peaks	
  were	
  selected	
  using	
  

criteria	
  previously	
  described.	
  	
  If	
  purified	
  samples	
  were	
  available,	
  peptides	
  identified	
  in	
  complex	
  

mixtures	
  had	
  to	
  match	
  the	
  RTs	
  for	
  those	
  of	
  the	
  purified	
  sample	
  (Figure	
  7C).	
  Similarly,	
  relative	
  

intensities	
  of	
  transitions	
  were	
  required	
  to	
  mirror	
  those	
  of	
  purified	
  samples	
  and	
  correlate	
  closely	
  

with	
  that	
  seen	
  in	
  discovery	
  experiments	
  (Figure	
  7C).	
  Dot	
  product	
  values	
  were	
  used	
  as	
  an	
  aid	
  to	
  

assess	
  how	
  well	
  MRM	
  results	
  matched	
  MS/MS	
  data	
  obtained	
  with	
  the	
  Orbitrap.	
  MRM	
  methods	
  

were	
  refined	
  to	
  pare	
  down	
  the	
  number	
  of	
  peptides	
  and	
  transition	
  ions	
  being	
  evaluated.	
  Table	
  3	
  

shows	
  the	
  list	
  of	
  finalized	
  precursor	
  peptides	
  and	
  product	
  ions	
  being	
  monitored	
  in	
  MRM	
  

experiments	
  for	
  each	
  G	
  protein	
  isoform	
  in	
  experimental	
  samples.	
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Figure	
  7.	
  Development	
  and	
  validation	
  of	
  targeted	
  mass	
  spectrometry	
  methods.	
  A)	
  
Workflow	
  for	
  the	
  development	
  and	
  validation	
  of	
  multiple-­‐reaction	
  monitoring	
  (MRM)	
  
methods.	
  B)	
  LC–MS/MS	
  identification	
  of	
  the	
  Gβ1	
  peptide,	
  ACADATLSQITNNIDPVGR.	
  
The	
  top	
  panel	
  shows	
  the	
  mass	
  spectrum	
  of	
  peptides	
  eluting	
  at	
  42	
  min.	
  The	
  peak	
  at	
  
m/z	
  1008.5	
  (blue)	
  corresponds	
  to	
  the	
  [M	
  +	
  2H]2+	
  precursor	
  ion	
  of	
  the	
  Gβ1	
  peptide.	
  
The	
  inset	
  shows	
  the	
  base	
  peak	
  chromatogram;	
  the	
  asterisk	
  denotes	
  the	
  peak	
  of	
  the	
  
peptide	
  at	
  42	
  min.	
  The	
  bottom	
  panel	
  shows	
  the	
  MS/MS	
  spectrum	
  of	
  the	
  ion	
  at	
  m/z	
  
1008.5.	
  Observed	
  b-­‐	
  and	
  y-­‐type	
  product	
  ions	
  are	
  labeled,	
  and	
  sites	
  of	
  amide	
  bond	
  

cleavage	
  are	
  denoted	
  with	
  brackets.	
  Circles	
  indicate	
  product	
  ions	
  imported	
  into	
  initial	
  
MRM	
  methods	
  for	
  evaluation.	
  C)	
  Chromatographic	
  traces	
  for	
  each	
  transition	
  
generated	
  from	
  fragmentation	
  of	
  the	
  [M	
  +	
  2H]2+	
  precursor	
  (m/z	
  1008.5)	
  to	
  its	
  

corresponding	
  y	
  product	
  ions	
  (y4–y9;	
  different	
  colours)	
  during	
  MRM.	
  Transition	
  peaks	
  
were	
  readily	
  observed	
  following	
  analysis	
  of	
  purified	
  Gβ1	
  (top),	
  and	
  equivalent	
  

transitions	
  were	
  evident	
  upon	
  analysis	
  of	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  isolated	
  from	
  
mouse	
  brain	
  cortical	
  tissue	
  (middle	
  and	
  bottom,	
  respectively).	
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Table	
  3.	
  Precursor	
  peptides	
  and	
  MRM	
  transitions	
  used	
  for	
  the	
  identification	
  of	
  Gβ	
  and	
  
Gγ	
  isoforms	
  in	
  enriched	
  pre-­‐	
  and	
  postsynaptic	
  fractions.	
  	
  Letters	
  C	
  and	
  M	
  in	
  bold	
  
represent	
  carbamidomethylation	
  and	
  oxidation	
  of	
  cysteine	
  and	
  methionine,	
  

respectively.	
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Evaluating	
  regional	
  and	
  subcellular	
  G	
  protein	
  localization	
  patterns	
  	
  	
  

We	
  next	
  applied	
  our	
  refined	
  MRM	
  method	
  to	
  subcellular	
  fractions	
  isolated	
  from	
  mouse	
  

cortex,	
  cerebellum,	
  hippocampus,	
  and	
  striatum.	
  All	
  four	
  of	
  the	
  beta	
  isoforms	
  (Gβ1,2,4,	
  and	
  5)	
  

being	
  targeted	
  were	
  detected	
  in	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  in	
  all	
  four	
  brain	
  regions,	
  as	
  well	
  

as	
  6	
  of	
  the	
  8	
  gamma	
  isoforms	
  (Gγ2,	
  3,	
  4,	
  7,	
  12,	
  and	
  13	
  respectively).	
  Chromatographic	
  peaks	
  of	
  

monitored	
  transition	
  ions	
  could	
  not	
  be	
  confidently	
  identified	
  for	
  Gγ5	
  and	
  Gγ11	
  despite	
  target	
  

peptides	
  having	
  been	
  validated	
  using	
  recombinant	
  proteins	
  in	
  the	
  development	
  phase.	
  Gγ11	
  is	
  

thought	
  to	
  be	
  a	
  minor	
  isoform	
  in	
  the	
  brain	
  with	
  expression	
  highest	
  in	
  lung	
  and	
  platelets41.	
  In	
  

addition,	
  both	
  Gγ5	
  and	
  Gγ11	
  exhibit	
  unique	
  attributes	
  that	
  were	
  not	
  accounted	
  for	
  in	
  method	
  

development	
  and	
  could	
  explain	
  why	
  peptides	
  could	
  not	
  be	
  confidently	
  identified	
  in	
  CNS	
  

fractions.	
  For	
  example,	
  the	
  amino	
  terminus	
  of	
  Gγ11	
  contains	
  an	
  unmodified	
  proline,	
  whereas	
  

most	
  Gγ	
  isoforms	
  are	
  thought	
  to	
  be	
  acetylated	
  in	
  this	
  region228.	
  	
  Further,	
  similar	
  to	
  Gγ1,	
  this	
  

isoform	
  is	
  believed	
  to	
  exist	
  in	
  both	
  a	
  methylated	
  and	
  unmethylated	
  form228.	
  If	
  peptides	
  being	
  

monitored	
  carried	
  such	
  a	
  modification,	
  they	
  would	
  not	
  be	
  detected	
  with	
  the	
  current	
  MRM	
  

method.	
  Comparatively,	
  Gγ5	
  is	
  unique	
  in	
  that	
  the	
  major	
  variant	
  of	
  this	
  isoform	
  contains	
  a	
  C	
  

terminus	
  that	
  is	
  not	
  proteolytically	
  processed257.	
  If	
  the	
  processed	
  form	
  of	
  this	
  isoform	
  was	
  in	
  

lower	
  abundance,	
  this	
  could	
  explain	
  why	
  the	
  C	
  terminal	
  peptide	
  being	
  monitored	
  in	
  our	
  MRM	
  

experiments	
  was	
  not	
  readily	
  observed.	
  Neither	
  isoform	
  was	
  included	
  in	
  analyses.	
  	
  No	
  significant	
  

variance	
  in	
  system	
  performance	
  was	
  observed	
  across	
  quality	
  control	
  (QC)	
  runs	
  as	
  measured	
  by	
  

examining	
  BSA	
  peptide	
  peak	
  areas	
  across	
  the	
  experiment,	
  or	
  peak	
  area	
  CVs	
  for	
  replicate	
  QC	
  

analyses	
  (Figure	
  8).	
  	
  Similarly,	
  no	
  significant	
  drift	
  in	
  assay	
  performance	
  was	
  observed	
  as	
  

measured	
  by	
  monitoring	
  peak	
  areas	
  as	
  well	
  peak	
  area	
  CVs	
  for	
  internal	
  reference	
  peptides	
  

(Figure	
  9	
  and	
  10).	
  Although	
  stable	
  isotope	
  dilution	
  (SID)	
  is	
  the	
  gold	
  standard	
  for	
  quantifying	
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protein	
  expression252,258,	
  the	
  cost	
  prohibitive	
  nature	
  prevented	
  its	
  use	
  when	
  trying	
  to	
  evaluate	
  a	
  

large	
  number	
  of	
  G	
  protein	
  isoforms.	
  	
  Instead,	
  application	
  of	
  an	
  LRP	
  method252	
  allowed	
  relative	
  

abundance	
  of	
  G	
  protein	
  isoforms	
  to	
  be	
  examined.	
  With	
  this	
  method,	
  direct	
  comparisons	
  

between	
  isoforms	
  cannot	
  be	
  made;	
  rather,	
  comparisons	
  are	
  only	
  possible	
  across	
  brain	
  regions	
  

and	
  subcellular	
  fractions	
  for	
  each	
  individual	
  isoform,	
  as	
  described	
  below.	
  	
  As	
  a	
  result,	
  average	
  

normalized	
  areas	
  for	
  each	
  isoform	
  were	
  each	
  plotted	
  on	
  different	
  axes	
  in	
  Figures	
  11	
  and	
  12.	
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Figure	
  8.	
  Total	
  area	
  under	
  the	
  curve	
  for	
  BSA	
  controls	
  run	
  between	
  
experimental	
  samples	
  during	
  MRM	
  experiments.	
  Dots	
  represent	
  total	
  

summed	
  area	
  for	
  all	
  peptides	
  being	
  monitored	
  in	
  BSA	
  control	
  samples.	
  BSA	
  
runs	
  are	
  arranged	
  in	
  chronological	
  order	
  in	
  which	
  they	
  were	
  analysed	
  via	
  

MRM.	
  CV:	
  0.22.	
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Figure	
  9.Total	
  area	
  under	
  the	
  curve	
  for	
  internal	
  reference	
  peptides	
  A)	
  ELGQSGVDTYLQTL,	
  B)	
  
LTILEELR,	
  C)	
  SSAAPPPPPR,	
  and	
  D)	
  TASEFDSAIAQDK	
  added	
  to	
  Gβ 	
  experimental	
  samples.	
  Dots	
  
represent	
  total	
  area	
  for	
  each	
  experimental	
  sample.	
  Samples	
  are	
  arranged	
  in	
  chronological	
  

order	
  in	
  which	
  they	
  were	
  analysed	
  on	
  MRM.	
  CTX,CRB	
  and	
  Hippo,Str	
  samples	
  were	
  evaluated	
  
separately	
  as	
  they	
  were	
  run	
  on	
  separate	
  days	
  (depicted	
  by	
  dashed	
  line).	
  ELGQSGVDTYLQTL	
  

CTX,CRB	
  VS:	
  0.05;	
  Hippo,Str	
  CV	
  0.08;	
  LTILEELR	
  CTX,CRB	
  CV:	
  0.04;	
  Hippo,Str	
  CV:	
  0.10;	
  
SSAAPPPPPR	
  CTX,CRB	
  VS:	
  0.05;	
  Hippo,Str	
  CV	
  0.05;	
  TASEFDSAIAQDK	
  CTX,CRB	
  CV:	
  0.03;	
  

Hippo,Str	
  CV:	
  0.05.	
  CTX:	
  cortex;	
  CRB:	
  cerebellum;	
  Hippo:	
  hippocampus;	
  Str:	
  striatum;	
  pre:	
  
presynaptic	
  fraction;	
  post:	
  postsynaptic	
  fraction	
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Figure	
  10.Total	
  area	
  under	
  the	
  curve	
  for	
  internal	
  reference	
  peptides	
  A)	
  ELGQSGVDTYLQTL,	
  
B)	
  LTILEELR,	
  C)	
  SSAAPPPPPR,	
  and	
  D)	
  TASEFDSAIAQDK	
  added	
  to	
  Gγ 	
  experimental	
  samples.	
  

Dots	
  represent	
  total	
  area	
  for	
  each	
  experimental	
  sample.	
  Samples	
  are	
  arranged	
  in	
  
chronological	
  order	
  in	
  which	
  they	
  were	
  analysed	
  on	
  MRM.	
  CTX,CRB	
  and	
  Hippo,Str	
  samples	
  
were	
  evaluated	
  separately	
  as	
  they	
  were	
  run	
  on	
  separate	
  days	
  (depicted	
  by	
  dashed	
  line).	
  

ELGQSGVDTYLQTL	
  CTX,CRB	
  VS:	
  0.06;	
  Hippo,Str	
  CV	
  0.03;	
  LTILEELR	
  CTX,CRB	
  CV:	
  0.03;	
  Hippo,Str	
  
CV:	
  0.05;	
  SSAAPPPPPR	
  CTX,CRB	
  VS:	
  0.06;	
  Hippo,Str	
  CV	
  0.06;	
  TASEFDSAIAQDK	
  CTX,CRB	
  CV:	
  
0.05;	
  Hippo,Str	
  CV:	
  0.07.	
  CTX:	
  cortex;	
  CRB:	
  cerebellum;	
  Hippo:	
  hippocampus;	
  Str:	
  striatum;	
  

pre:	
  presynaptic	
  fraction;	
  post:	
  postsynaptic	
  fraction	
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Gβ 	
  isoforms	
  

Subcellular	
  localization	
  patterns	
  were	
  evaluated	
  for	
  each	
  of	
  the	
  four	
  Gβ	
  isoforms	
  being	
  

monitored	
  by	
  MRM.	
  	
  Although	
  there	
  was	
  a	
  trend	
  toward	
  higher	
  expression	
  of	
  Gβ1	
  and	
  Gβ4	
  in	
  the	
  

cortex	
  and	
  cerebellum,	
  expression	
  levels	
  were	
  not	
  significantly	
  different	
  within	
  or	
  across	
  most	
  

brain	
  regions	
  for	
  three	
  of	
  the	
  four	
  isoforms	
  (Figure	
  11A,B,C).	
  Within	
  the	
  striatum,	
  however,	
  Gβ1,	
  

Gβ2,	
  and	
  Gβ4	
  were	
  all	
  expressed	
  at	
  significantly	
  greater	
  levels	
  in	
  the	
  postsynaptic	
  fraction	
  

compared	
  to	
  the	
  presynaptic	
  fraction	
  (Figure	
  11A,B,C).	
  	
  An	
  interaction	
  effect	
  was	
  seen	
  for	
  Gβ1	
  

(ANOVA	
  p-­‐value	
  =	
  0.0321);	
  specifically:	
  Gβ1	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  2.63,	
  p-­‐value	
  <0.05	
  

(Table	
  4),	
  whereas	
  there	
  was	
  a	
  brain	
  region,	
  fraction,	
  and	
  interaction	
  effect	
  for	
  Gβ2	
  (ANOVA	
  p-­‐

value	
  =	
  0.0362,	
  0.0039,	
  and	
  0.0023,	
  respectively;	
  Gβ2	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  3.78,	
  p-­‐

value	
  <0.001;	
  Table	
  5)	
  and	
  a	
  fraction	
  effect	
  for	
  Gβ4	
  (ANOVA	
  p-­‐value	
  =	
  0.0066;	
  Str	
  post/Str	
  pre	
  

fold	
  difference:	
  4.06,	
  p-­‐value	
  <0.05;	
  Table	
  6).	
  In	
  addition,	
  postsynaptic	
  expression	
  of	
  Gβ2	
  was	
  

significantly	
  greater	
  in	
  the	
  striatum	
  compared	
  to	
  postsynaptic	
  fractions	
  from	
  the	
  cortex,	
  

cerebellum,	
  or	
  hippocampus	
  (Figure	
  11B;	
  Str	
  post/CTX	
  post	
  fold	
  difference:	
  1.55,	
  p-­‐value	
  <0.05;	
  

Str	
  post/CRB	
  post	
  fold	
  difference:	
  1.08,	
  p-­‐value	
  <0.01;	
  Str	
  post/Hippo	
  post	
  fold	
  difference:	
  2.08,	
  

p-­‐value	
  <0.05;	
  Table	
  5).	
  	
  In	
  comparison,	
  Gβ5	
  was	
  only	
  detected	
  in	
  the	
  striatum	
  based	
  on	
  our	
  

peak	
  criteria	
  and	
  S/N	
  requirements	
  (Figure	
  11D).	
  As	
  was	
  seen	
  for	
  the	
  other	
  Gβ	
  isoforms,	
  

expression	
  of	
  Gβ5	
  was	
  significantly	
  higher	
  in	
  the	
  postsynaptic	
  fraction	
  compared	
  to	
  the	
  

presynaptic	
  fraction	
  (Figure	
  12D;	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  4.07,	
  p-­‐value	
  <0.05;	
  Table	
  7).	
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Figure	
  11.	
  Gβ 	
  isoforms	
  exhibit	
  differential	
  regional	
  and	
  subcellular	
  localization	
  
patterns	
  within	
  the	
  mouse	
  brain.	
  Expression	
  of	
  specific	
  Gβ	
  isoforms	
  A)	
  Gβ1,	
  B)	
  Gβ2,	
  C)	
  
Gβ4,	
  and	
  D)	
  Gβ5	
  in	
  cortex,	
  cerebellum,	
  hippocampus,	
  and	
  striatum.	
  Data	
  for	
  panels	
  A–
C	
  were	
  compared	
  by	
  a	
  two-­‐way	
  ANOVA.	
  The	
  two-­‐way	
  ANOVA	
  results	
  were	
  as	
  follows:	
  
A)	
  Gβ1	
  interaction	
  effect	
  p	
  =	
  0.0321;	
  (B)	
  Gβ2,	
  brain	
  region	
  affect	
  p	
  =	
  0.0362,	
  fraction	
  
effect	
  p	
  =	
  0.0039,	
  and	
  interaction	
  effect	
  p	
  =	
  0.0023;	
  C)	
  Gβ4,	
  fraction	
  effect	
  p	
  =	
  0.0066.	
  
Post	
  hoc	
  analysis	
  was	
  achieved	
  by	
  Tukey’s	
  multiple-­‐comparison	
  test.	
  *p	
  <	
  0.05.	
  **p	
  <	
  
0.01.	
  ***p	
  <	
  0.001.	
  ****p	
  <	
  0.0001.	
  Data	
  for	
  panel	
  D	
  were	
  evaluated	
  by	
  an	
  unpaired	
  t	
  
test	
  (p	
  =	
  0.01).	
  Comparison	
  to	
  cortex	
  represented	
  by	
  #,	
  to	
  cerebellum	
  by	
  &,	
  and	
  to	
  
hippocampus	
  by	
  $.	
  Significance	
  for	
  each	
  symbol	
  as	
  indicated	
  for	
  asterisks.	
  N.D.,	
  not	
  

detected.	
  N	
  =	
  4	
  for	
  all	
  brain	
  regions.	
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Gγ 	
  isoforms	
  

In	
  contrast	
  to	
  the	
  Gβ	
  isoforms,	
  the	
  Gγ	
  isoforms	
  showed	
  greater	
  diversity	
  in	
  their	
  

subcellular	
  and	
  regional	
  localization	
  patterns.	
  Gγ2,3,4,7,12,	
  and	
  13	
  were	
  clearly	
  detected	
  in	
  each	
  of	
  

the	
  four	
  brain	
  regions	
  being	
  studied.	
  	
  In	
  the	
  case	
  of	
  Gγ2,	
  no	
  significant	
  differences	
  in	
  regional	
  or	
  

subcellular	
  fractions	
  were	
  observed,	
  except	
  within	
  the	
  hippocampus.	
  	
  Expression	
  of	
  this	
  isoform	
  

was	
  found	
  to	
  be	
  significantly	
  greater	
  in	
  the	
  postsynaptic	
  fraction	
  of	
  the	
  hippocampus	
  compared	
  

to	
  the	
  cerebellum	
  (Figure	
  12A).	
  There	
  was	
  a	
  brain	
  region	
  and	
  fraction	
  effect	
  for	
  Gγ2	
  (ANOVA	
  p-­‐

value	
  =	
  0.002	
  and	
  0.0035,	
  respectively);	
  specifically,	
  Gγ2	
  Hippo	
  post/CRB	
  post	
  fold	
  difference:	
  

3.61,	
  p-­‐value	
  <0.05	
  (Table	
  8).	
  Additionally,	
  there	
  was	
  a	
  trend	
  toward	
  greater	
  expression	
  in	
  the	
  

postsynaptic	
  fraction	
  of	
  the	
  hippocampus	
  and	
  striatum	
  compared	
  to	
  presynaptic	
  fractions	
  

within	
  these	
  same	
  regions	
  (Figure	
  12A).	
  	
  Similar	
  patterns	
  of	
  expression	
  were	
  observed	
  for	
  Gγ3.	
  

No	
  significant	
  differences	
  were	
  observed	
  across	
  the	
  four	
  brain	
  regions.	
  When	
  comparisons	
  were	
  

made	
  between	
  subcellular	
  fractions,	
  however,	
  there	
  was	
  a	
  trend	
  towards	
  higher	
  expression	
  in	
  

postsynaptic	
  fractions,	
  although	
  this	
  was	
  only	
  significant	
  within	
  the	
  striatum	
  (Figure	
  12B).	
  In	
  this	
  

case,	
  there	
  was	
  also	
  a	
  brain	
  region	
  and	
  fraction	
  effect	
  (ANOVA	
  p-­‐value	
  =	
  0.0125	
  and	
  0.0003,	
  

respectively);	
  specifically,	
  Gγ3	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  2.60,	
  p-­‐value	
  <0.05	
  (Table	
  9).	
  Gγ4	
  

and	
  Gγ7	
  were	
  somewhat	
  different	
  in	
  that	
  significant	
  differences	
  were	
  observed	
  in	
  both	
  regional	
  

and	
  subcellular	
  expression.	
  	
  There	
  was	
  a	
  brain	
  region,	
  fraction,	
  and	
  interaction	
  effect	
  for	
  both	
  

isoforms	
  (Gγ4	
  ANOVA	
  p-­‐value	
  =	
  0.0093,	
  0.001,	
  and	
  0.04	
  respectively;	
  Gγ7	
  ANOVA	
  p-­‐value	
  =	
  

<0.0001	
  for	
  all	
  three	
  affects).	
  In	
  the	
  case	
  of	
  Gγ4,	
  postsynaptic	
  expression	
  in	
  the	
  hippocampus	
  

and	
  striatum	
  was	
  found	
  to	
  be	
  significantly	
  greater	
  than	
  that	
  in	
  the	
  cerebellum	
  (Figure	
  12C;	
  

Hippo	
  post/CRB	
  post	
  fold	
  difference:	
  4.00,	
  p-­‐value	
  <0.05;	
  Str	
  post/CRB	
  post	
  fold	
  change:	
  3.83,	
  p-­‐

value	
  <0.05;	
  Table	
  10).	
  	
  Further,	
  while	
  there	
  was	
  a	
  trend	
  toward	
  higher	
  expression	
  in	
  the	
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postsynaptic	
  fraction	
  compared	
  to	
  the	
  presynaptic	
  fraction	
  within	
  both	
  the	
  hippocampus	
  and	
  

striatum,	
  it	
  was	
  only	
  significant	
  within	
  the	
  striatum	
  (Figure	
  12C;	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  

3.71,	
  p-­‐value	
  <0.05;	
  Table	
  10).	
  Expression	
  of	
  Gγ7	
  was	
  not	
  significantly	
  different	
  between	
  pre-­‐	
  and	
  

postsynaptic	
  fractions	
  in	
  the	
  cortex,	
  cerebellum,	
  and	
  hippocampus.	
  	
  Within	
  the	
  striatum,	
  

however,	
  expression	
  was	
  significantly	
  higher	
  in	
  the	
  postsynaptic	
  fraction	
  compared	
  to	
  the	
  

presynaptic	
  fraction	
  (Figure	
  12D;	
  Str	
  post/Str	
  pre	
  fold	
  difference:	
  5.55,	
  p-­‐value	
  <0.0001;	
  Table	
  

11).	
  Further,	
  postsynaptic	
  expression	
  of	
  this	
  isoform	
  was	
  significantly	
  higher	
  in	
  the	
  striatum	
  

compared	
  to	
  the	
  postsynaptic	
  expression	
  in	
  each	
  of	
  the	
  other	
  three	
  brain	
  regions	
  (Figure	
  12D;	
  

Str	
  post/CTX	
  post	
  fold	
  difference:	
  5.47,	
  p-­‐value	
  <0.0001;	
  Str	
  post/CRB	
  post	
  fold	
  difference:	
  8.41,	
  

p-­‐value	
  <0.0001;	
  Str	
  post/Hippo	
  post	
  fold	
  difference:	
  3.13,	
  p-­‐value	
  <0.0001;	
  Table	
  11).	
  Gγ12	
  was	
  

unique	
  among	
  the	
  isoforms	
  in	
  that	
  although	
  no	
  regional	
  differences	
  were	
  observed,	
  subcellular	
  

expression	
  was	
  significantly	
  higher	
  in	
  postsynaptic	
  fractions	
  across	
  all	
  brain	
  regions	
  compared	
  to	
  

presynaptic	
  fractions	
  (Figure	
  12E).	
  There	
  was	
  a	
  brain	
  region	
  and	
  fraction	
  effect	
  for	
  Gγ12.	
  

Specifically,	
  CTX	
  post/CTX	
  pre	
  fold	
  difference:	
  2.81,	
  p-­‐value	
  <0.01;	
  CRB	
  post/CRB	
  pre	
  fold	
  

difference:	
  3.16,	
  p-­‐value	
  <0.001;	
  Hippo	
  post/Hippo	
  pre	
  fold	
  change:	
  5.36,	
  p-­‐value	
  <0.05;	
  and	
  Str	
  

post/Str	
  pre	
  fold	
  difference	
  10.46,	
  p-­‐value	
  <0.001;	
  Table	
  12).	
  	
  Finally,	
  Gγ13	
  exhibited	
  both	
  

regional	
  and	
  subcellular	
  differences	
  in	
  localization	
  and	
  there	
  was	
  both	
  a	
  brain	
  region	
  and	
  

fraction	
  effect	
  for	
  this	
  isoform	
  (ANOVA	
  p-­‐value	
  <0.0001	
  in	
  both	
  cases).	
  Expression	
  of	
  this	
  

isoform	
  in	
  the	
  cortex	
  was	
  found	
  to	
  be	
  significantly	
  higher	
  in	
  both	
  the	
  pre-­‐	
  and	
  postsynaptic	
  

fractions	
  as	
  compared	
  to	
  the	
  hippocampus	
  and	
  striatum	
  (Figure	
  12F;	
  CTX	
  pre/Hippo	
  pre	
  fold	
  

difference:	
  4.03,	
  p-­‐value	
  <0.05;	
  CTX	
  pre/Str	
  pre	
  fold	
  difference:	
  8.76,	
  p-­‐value	
  <0.01;	
  CTX	
  post/Str	
  

post	
  fold	
  difference:	
  2.86,	
  p-­‐value	
  <0.05;	
  Table	
  13).	
  	
  Similarly,	
  expression	
  of	
  Gγ13	
  was	
  found	
  to	
  be	
  

significantly	
  higher	
  in	
  the	
  postsynaptic	
  fraction	
  of	
  the	
  cerebellum	
  when	
  compared	
  to	
  the	
  

postsynaptic	
  fractions	
  of	
  the	
  hippocampus	
  and	
  striatum	
  (Figure	
  12F;	
  CRB	
  post/Hippo	
  post	
  fold	
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difference:	
  2.38,	
  p-­‐value	
  <0.01;	
  CRB	
  post/Str	
  post	
  fold	
  difference:	
  3.06,	
  p-­‐value	
  <0.01;	
  Table	
  13).	
  	
  

No	
  significant	
  differences	
  in	
  subcellular	
  localization	
  were	
  observed	
  in	
  the	
  cortex,	
  hippocampus,	
  

or	
  striatum	
  but	
  expression	
  was	
  significantly	
  higher	
  in	
  the	
  postsynaptic	
  fraction	
  within	
  the	
  

cerebellum	
  compared	
  to	
  the	
  presynaptic	
  fraction	
  (Figure	
  12F;	
  CRB	
  post/CRB	
  pre	
  fold	
  difference:	
  

2.22,	
  p-­‐value	
  <0.01;	
  Table	
  13).	
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Figure	
  12.	
  Gγ 	
  isoforms	
  exhibit	
  differential	
  regional	
  and	
  subcellular	
  localization	
  patterns	
  
within	
  the	
  mouse	
  brain.	
  Expression	
  of	
  specific	
  Gγ	
  isoforms	
  A)	
  Gγ2,	
  B)	
  Gγ3,	
  C)	
  Gγ4,	
  D)	
  Gγ7,	
  E)	
  
Gγ12,	
  and	
  F)	
  Gγ13	
  in	
  cortex,	
  cerebellum,	
  hippocampus,	
  and	
  striatum.	
  Data	
  were	
  compared	
  by	
  
a	
  two-­‐way	
  ANOVA.	
  The	
  two-­‐way	
  ANOVA	
  results	
  were	
  as	
  follows:	
  A)	
  Gγ2,	
  brain	
  region	
  effect	
  p	
  
=	
  0.002	
  and	
  fraction	
  effect	
  p	
  =	
  0.0035;	
  B)	
  Gγ3,	
  brain	
  region	
  effect	
  p	
  =	
  0.0125	
  and	
  fraction	
  
effect	
  p	
  =	
  0.0003;	
  C)	
  Gγ4,	
  brain	
  region	
  effect	
  p	
  =	
  0.0093,	
  fraction	
  effect	
  p	
  =	
  0.001,	
  and	
  

interaction	
  effect	
  p	
  =	
  0.04;	
  D)	
  Gγ7,	
  brain	
  region	
  effect	
  p	
  <	
  0.0001,	
  fraction	
  effect	
  p	
  <	
  0.0001,	
  
and	
  interaction	
  effect	
  p	
  <	
  0.0001;	
  E)	
  Gγ12,	
  brain	
  region	
  effect	
  p	
  =	
  0.0304	
  and	
  fraction	
  effect	
  p	
  
<	
  0.0001;	
  F)	
  G	
  Gγ13,	
  brain	
  region	
  effect	
  p	
  <	
  0.0001	
  and	
  fraction	
  effect	
  p	
  <	
  0.0001.	
  Post	
  hoc	
  
analysis	
  was	
  achieved	
  by	
  Tukey’s	
  multiple-­‐comparison	
  test.	
  *p	
  <	
  0.05.	
  **p	
  <	
  0.01.	
  ***p	
  <	
  
0.001.	
  ****p	
  <	
  0.0001.	
  Comparison	
  to	
  cortex	
  represented	
  by	
  #,	
  to	
  cerebellum	
  by	
  &,	
  to	
  
hippocampus	
  by	
  $,	
  and	
  to	
  striatum	
  by	
  +.	
  Significance	
  for	
  each	
  symbol	
  as	
  indicated	
  for	
  

asterisks.	
  N	
  =	
  4	
  for	
  all	
  brain	
  regions.	
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Part	
  B:	
  Pilot	
  studies	
  examining	
  localization	
  of	
  G	
  protein	
  βγ 	
  subunits	
  at	
  specific	
  synaptic	
  
terminals	
  

	
  
To	
  evaluate	
  G	
  protein	
  distribution	
  at	
  specific	
  synaptic	
  terminals,	
  in	
  collaboration	
  with	
  

the	
  Blakely	
  lab,	
  we	
  performed	
  pilot	
  studies	
  using	
  a	
  synaptosomal	
  preparation	
  as	
  it	
  would	
  allow	
  

us	
  to	
  detect	
  fluorescently	
  tagged	
  HA-­‐α2AAR	
  or	
  EYFP	
  expressing	
  terminals	
  using	
  flow	
  cytometry	
  	
  

(Figure	
  13A).	
  Initial	
  studies	
  were	
  carried	
  out	
  using	
  transgenic	
  mice	
  expressing	
  HA-­‐α2AAR	
  (Figure	
  

13B)	
  to	
  evaluate	
  the	
  feasibility	
  of	
  this	
  approach.	
  Synaptosomes	
  enriched	
  from	
  the	
  whole	
  brain	
  

of	
  wildtype	
  or	
  transgenic	
  mice	
  were	
  incubated	
  with	
  an	
  anti-­‐HA	
  primary	
  antibody	
  conjugated	
  to	
  

Alexa	
  Fluor	
  647	
  before	
  being	
  analyzed	
  by	
  flow	
  cytometry.	
  Figure	
  13C	
  shows	
  forward	
  scatter	
  and	
  

fluorescence	
  plots	
  of	
  events	
  detected	
  by	
  the	
  flow	
  cytometer	
  from	
  wildtype	
  and	
  transgenic	
  

samples.	
  	
  While	
  fluorescent	
  populations	
  (purple	
  particles)	
  from	
  transgenic	
  synaptosomes	
  

spanned	
  a	
  range	
  of	
  sizes	
  (as	
  denoted	
  by	
  forward	
  scatter),	
  they	
  represent	
  only	
  a	
  minor	
  subset	
  of	
  

particles	
  detected	
  (7%)	
  which	
  is	
  appropriate	
  given	
  the	
  low	
  abundance	
  of	
  HA-­‐expressing	
  

synaptosomes	
  in	
  samples	
  compared	
  to	
  total	
  synaptosome	
  populations.	
  	
  Significantly	
  more	
  

fluorescent	
  particles	
  were	
  detected	
  in	
  transgenic	
  samples	
  (7%;	
  lower	
  panel)	
  compared	
  to	
  

wildtype	
  (0.9%;	
  upper	
  panel)	
  suggesting	
  specific	
  labeling	
  of	
  HA-­‐α2AAR.	
  Experiments	
  carried	
  out	
  

with	
  synaptosomes	
  isolated	
  from	
  midbrains	
  of	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  and	
  ChAT-­‐ChR2(123R)-­‐

EYFP	
  mice	
  showed	
  similar	
  increases	
  in	
  fluorescence	
  when	
  compared	
  to	
  wildtype	
  samples	
  (data	
  

not	
  shown).	
  Subsequent	
  experiments	
  used	
  FACS	
  to	
  collect	
  serotonergic	
  synaptosomes	
  from	
  

TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice	
  	
  for	
  use	
  in	
  western	
  blot	
  and	
  proteomic	
  studies.	
  Synaptosomes	
  

were	
  generated	
  from	
  the	
  pooled	
  midbrains	
  of	
  four	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice	
  and	
  enriched	
  

on	
  a	
  sucrose	
  gradient.	
  Samples	
  were	
  sorted	
  and	
  non-­‐fluorescent,	
  low,	
  and	
  high	
  fluorescence	
  

fractions	
  collected	
  for	
  analysis	
  (Figure	
  14A).	
  Immunoblots	
  revealed	
  enrichment	
  of	
  

synaptophysin,	
  and	
  syntaxin	
  in	
  the	
  low	
  fluorescence	
  and	
  high	
  fluorescence	
  fractions	
  compared	
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to	
  the	
  non-­‐fluorescent	
  fraction	
  (Figure	
  14B)	
  suggesting	
  that	
  the	
  collected	
  fractions	
  contained	
  

intact	
  synaptosomes.	
  Enrichment	
  of	
  SERT	
  in	
  these	
  two	
  fractions	
  confirmed	
  that	
  serotonergic	
  

synaptosomes	
  had	
  been	
  collected	
  (Figure	
  14B).	
  To	
  evaluate	
  G	
  protein	
  expression,	
  we	
  next	
  

applied	
  our	
  refined	
  MRM	
  method	
  (described	
  in	
  Part	
  A)	
  to	
  a	
  high	
  fluorescence	
  fraction	
  collected	
  

from	
  a	
  FACS	
  experiment	
  using	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice.	
  Midbrains	
  from	
  four	
  transgenic	
  

mice	
  were	
  pooled,	
  and	
  non-­‐fluorescent,	
  low,	
  and	
  high	
  fluorescence	
  fractions	
  collected.	
  Only	
  the	
  

high	
  fluorescence	
  fraction	
  was	
  used	
  for	
  MRM	
  experiments	
  as	
  this	
  showed	
  the	
  greatest	
  

enrichment	
  of	
  SERT	
  in	
  WB	
  analysis	
  (Figure	
  14B).	
  	
  Chromatographic	
  peaks	
  of	
  monitored	
  transition	
  

ions	
  could	
  only	
  be	
  confidently	
  identified	
  for	
  Gβ1	
  and	
  Gβ2	
  (Figure	
  14C).	
  As	
  these	
  results	
  are	
  from	
  

a	
  single	
  biological	
  sample,	
  data	
  was	
  not	
  normalized.	
  Rather,	
  transition	
  ion	
  intensities	
  were	
  

summed	
  for	
  each	
  precursor	
  to	
  generate	
  the	
  total	
  AUC	
  seen	
  in	
  Figure	
  14C.	
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Figure	
  13.	
  Fluorescent	
  detection	
  of	
  synaptosomes	
  expressing	
  HA-­‐tagged	
  α 2A	
  
receptors	
  (HA-­‐α 2AAR).	
  A)	
  General	
  experimental	
  protocol	
  for	
  the	
  isolation	
  of	
  
synaptosomes	
  from	
  mouse	
  brain	
  tissue	
  and	
  the	
  fluorescent	
  labeling	
  of	
  tagged	
  

receptors	
  for	
  use	
  in	
  flow	
  cytometry	
  and	
  FACS	
  experiments.	
  B)	
  Targeting	
  strategy	
  for	
  the	
  
generation	
  of	
  HA-­‐α2AAR	
  mice	
  (Lu	
  et	
  al.,	
  2009).	
  Boxes	
  show	
  flow	
  cytometry	
  of	
  HA-­‐α2AAR	
  
on	
  the	
  surface	
  of	
  synaptosomes	
  from	
  wildtype	
  (top)	
  and	
  transgenic	
  (bottom)	
  mice.	
  	
  %	
  
positive	
  indicates	
  the	
  positive	
  fraction	
  for	
  representative	
  plots	
  of	
  fluorescent	
  anti-­‐HA	
  

antibody.	
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homogenate 

Synaptosomes 
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Ab 

Flow cytometry 
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Figure	
  14.	
  Identification	
  of	
  G	
  protein	
  βγ 	
  isoforms	
  localized	
  to	
  serotonergic	
  neurons.	
  A)	
  
Top	
  panel:	
  targeting	
  strategy	
  for	
  the	
  generation	
  of	
  TPH2-­‐ChR2-­‐EYFP (Zhao	
  et	
  al.,	
  2011).	
  
Bottom	
  panel:	
  Flow	
  cytometric	
  detection	
  of	
  fluorescent	
  populations	
  of	
  synaptosomes	
  

isolated	
  from	
  midbrain	
  of	
  TPH2	
  transgenic	
  mice.	
  Gating	
  was	
  based	
  on	
  size	
  and	
  fluorescence	
  
to	
  collect	
  3	
  fractions	
  using	
  FACS	
  –	
  nonfluorescent	
  (P1),	
  low	
  fluorescence	
  (P2),	
  and	
  high	
  
fluorescence	
  (P3).	
  B)	
  Representative	
  immunoblots	
  of	
  sorted	
  fractions	
  blotted	
  for	
  SERT,	
  
synaptophysin,	
  and	
  syntaxin.	
  	
  SERT	
  expression	
  is	
  quantified	
  in	
  lower	
  panel.	
  Immunoblots	
  

performed	
  by	
  Dr.	
  Ran	
  Ye.	
  C)	
  Total	
  integrated	
  area	
  under	
  the	
  curve	
  for	
  all	
  peptides	
  unique	
  to	
  
a	
  G	
  protein	
  isoform	
  that	
  were	
  detected	
  in	
  MRM	
  experiments	
  from	
  high	
  fluorescence	
  

fraction	
  (P3).	
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Discussion	
  

G	
  protein	
  βγ	
  subunits	
  are	
  known	
  to	
  play	
  essential	
  roles	
  in	
  cellular	
  communication	
  via	
  

complex	
  regulatory	
  mechanisms.	
  Increasingly,	
  studies	
  are	
  demonstrating	
  that	
  receptors	
  and	
  

effectors	
  preferentially	
  interact	
  with	
  unique	
  complements	
  of	
  Gβγ isoforms213,214,230,259-­‐261,	
  

suggesting	
  that	
  precise	
  regulation	
  of	
  expression	
  and	
  localization	
  is	
  important77	
  for	
  maintaining	
  

the	
  fidelity	
  of	
  signaling	
  pathways.	
  Transcript	
  expression	
  suggests	
  these	
  isoforms	
  are	
  distributed	
  

across	
  many	
  brain	
  regions	
  but	
  less	
  is	
  known	
  about	
  protein	
  localization	
  as	
  high	
  sequence	
  identity	
  

makes	
  development	
  of	
  subunit	
  specific	
  antibodies	
  difficult.	
  The	
  novel	
  application	
  of	
  MRM	
  

techniques	
  to	
  this	
  question	
  allows	
  accurate	
  identification	
  and	
  quantification	
  of	
  endogenous	
  

Gβγ subunits	
  from	
  complex	
  mixtures	
  of	
  brain	
  tissue.	
  With	
  this	
  approach,	
  we	
  demonstrate	
  brain	
  

region	
  specific	
  differences	
  in	
  the	
  protein	
  expression	
  patterns	
  of	
  individual	
  G	
  protein	
  Gβ	
  and	
  Gγ	
  

isoforms	
  in	
  pre	
  and	
  postsynaptic	
  fractions.	
  Further,	
  we	
  present	
  pilot	
  study	
  data	
  suggesting	
  

synaptic	
  terminals	
  expressing	
  different	
  neurotransmitters	
  may	
  express	
  only	
  a	
  subset	
  of	
  G	
  

protein	
  isoforms.	
  To	
  look	
  at	
  subcellular	
  expression	
  patterns,	
  we	
  employed	
  an	
  LRP	
  method	
  to	
  

evaluate	
  the	
  relative	
  expression	
  of	
  each	
  isoform,	
  as	
  SID	
  methods	
  that	
  include	
  labeled	
  internal	
  

protein	
  standards	
  for	
  each	
  peptide	
  being	
  monitored	
  are	
  cost-­‐prohibitive	
  given	
  the	
  number	
  of	
  

peptides	
  to	
  be	
  analyzed.	
  	
  Zhang	
  et	
  al.	
  recently	
  showed	
  that	
  an	
  LRP	
  method	
  is	
  a	
  reasonable	
  

alternative	
  to	
  SID	
  as	
  it	
  is	
  well	
  suited	
  for	
  comparing	
  relative	
  protein	
  levels,	
  and	
  is	
  capable	
  of	
  

detecting	
  the	
  same	
  significant	
  differences	
  in	
  biological	
  samples252.	
  Application	
  of	
  this	
  technique	
  

to	
  the	
  current	
  study	
  is	
  a	
  first	
  required	
  step	
  toward	
  a	
  more	
  complete	
  understanding	
  of	
  specificity	
  

in	
  Gβγ signaling.	
  The	
  observed	
  differences	
  suggest	
  neuronal	
  cells	
  would	
  be	
  able	
  to	
  channel	
  

information	
  differentially	
  through	
  signaling	
  complexes	
  and	
  second	
  messenger	
  pathways	
  in	
  

different	
  brain	
  regions.	
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Differential	
  expression	
  and	
  distribution	
  of	
  Gβγ  isoforms	
  between	
  brain	
  regions	
  

Several	
  studies	
  have	
  demonstrated	
  that	
  Gβ	
  and	
  Gγ	
  isoforms	
  show	
  differential	
  patterns	
  

of	
  expression	
  throughout	
  the	
  CNS.	
  Although	
  the	
  data	
  obtained	
  in	
  those	
  studies	
  are	
  in	
  general	
  

agreement	
  with	
  those	
  presented	
  here,	
  ours	
  is	
  the	
  first	
  to	
  provide	
  a	
  comprehensive	
  map	
  of	
  their	
  

protein	
  distribution	
  to	
  distinct	
  subcellular	
  fractions;	
  previously,	
  only	
  Gβ1	
  has	
  been	
  reported	
  at	
  

both	
  the	
  presynaptic	
  active	
  zone243	
  and	
  PSD244.	
  Gβ1	
  is	
  expressed	
  ubiquitously	
  throughout	
  the	
  

brain98,226,	
  correlating	
  well	
  with	
  our	
  findings	
  that	
  this	
  isoform	
  was	
  detectable	
  at	
  comparable	
  

levels	
  within	
  pre-­‐	
  and	
  postsynaptic	
  fractions	
  across	
  most	
  of	
  the	
  brain	
  regions	
  examined	
  (Figure	
  

11A)	
  but	
  also	
  at	
  serotonergic	
  terminals	
  (Fig14C).	
  A	
  similar	
  range	
  of	
  expression	
  was	
  observed	
  for	
  

Gβ2	
  (Figure	
  11A;	
  Figure	
  14C)	
  and	
  Gβ4	
  (Figure	
  11A).	
  	
  In	
  vitro	
  data	
  show	
  that	
  Gβ1,	
  Gβ2,	
  and	
  Gβ4	
  can	
  

all	
  pair	
  with	
  numerous	
  Gγ	
  isoforms,	
  as	
  well	
  as	
  couple	
  to	
  a	
  variety	
  of	
  receptors	
  and	
  effectors262.	
  

While	
  this	
  implies	
  involvement	
  in	
  a	
  wide	
  range	
  of	
  signaling	
  pathways	
  and	
  supports	
  the	
  broad	
  

distribution	
  we	
  observed,	
  their	
  function	
  in	
  vivo	
  is	
  poorly	
  understood.	
  	
  What	
  is	
  known	
  is	
  that	
  Gβ1	
  

plays	
  an	
  important	
  role	
  in	
  neural	
  development;	
  its	
  removal	
  is	
  perinatally	
  lethal	
  and	
  pups	
  exhibit	
  

reduced	
  cortical	
  thickness,	
  brain	
  volume,	
  and	
  impaired	
  neural	
  progenitor	
  cell	
  proliferation263.	
  

Comparatively,	
  Gβ2	
  may	
  play	
  a	
  role	
  in	
  neuronal	
  excitability	
  as	
  mice	
  in	
  which	
  Gγ3	
  is	
  lost	
  exhibit	
  a	
  

severe	
  seizure	
  phenotype	
  and	
  a	
  reduction	
  of	
  Gβ2	
  within	
  the	
  cortex,	
  cerebellum,	
  and	
  

striatum102,264.	
  Further,	
  knockdown	
  studies	
  demonstrate	
  Gβ1,	
  Gβ2,	
  and	
  Gβ4	
  each	
  signal	
  

downstream	
  of	
  specific	
  GPCRs	
  found	
  throughout	
  the	
  CNS265,266.	
  The	
  extensive	
  expression	
  

patterns	
  we	
  observed	
  for	
  each	
  isoform	
  may	
  thus	
  be	
  expected,	
  as	
  a	
  broad	
  distribution	
  would	
  be	
  

required	
  to	
  support	
  such	
  diverse	
  signaling	
  pathways.	
  

	
   In	
  contrast	
  to	
  the	
  other	
  Gβ isoforms,	
  expression	
  of	
  Gβ5	
  was	
  seen	
  exclusively	
  within	
  the	
  

striatum,	
  as	
  levels	
  within	
  the	
  cortex,	
  cerebellum,	
  and	
  hippocampus	
  were	
  below	
  the	
  limit	
  of	
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detection	
  (Figure	
  11D).	
  Similarly,	
  levels	
  were	
  below	
  the	
  limit	
  of	
  detection	
  looking	
  at	
  serotonergic	
  

terminals	
  from	
  the	
  midbrain	
  (Fig.	
  14C).	
  This	
  result	
  differs	
  from	
  previously	
  published	
  reports	
  that	
  

suggested	
  a	
  wide	
  distribution	
  similar	
  to	
  that	
  of	
  the	
  other	
  Gβ	
  isoforms98,226,227.	
  While	
  we	
  cannot	
  

rule	
  out	
  that	
  such	
  disparity	
  reflects	
  physiological	
  differences	
  in	
  the	
  expression	
  of	
  the	
  protein	
  

product	
  or	
  differential	
  post-­‐translational	
  processing	
  between	
  brain	
  regions,	
  such	
  a	
  limited	
  

distribution	
  may	
  also	
  correspond	
  to	
  the	
  interaction	
  of	
  Gβ5	
  with	
  regulators	
  of	
  G	
  protein	
  signaling	
  

(RGS)	
  proteins.	
  Gβ5	
  forms	
  a	
  stable	
  obligate	
  dimer	
  with	
  members	
  of	
  the	
  RGS	
  R7	
  subfamily	
  to	
  

modulate	
  Gi-­‐mediated	
  signal	
  transduction	
  pathways267-­‐271.	
  One	
  member,	
  RGS9-­‐2,	
  is	
  enriched	
  in	
  

the	
  striatum	
  and	
  the	
  complex	
  of	
  RGS9-­‐2/	
  Gβ5	
  is	
  localized	
  to	
  the	
  membrane	
  through	
  its	
  

interaction	
  the	
  R7	
  family	
  binding	
  protein	
  (R7BP)269,272-­‐274.	
  Conversely,	
  RGS7/	
  Gβ5	
  complexes	
  are	
  

found	
  intracellularly	
  throughout	
  the	
  CNS269,274.	
  	
  This	
  may	
  explain	
  why,	
  in	
  the	
  present	
  study,	
  Gβ5	
  

was	
  only	
  detectable	
  in	
  the	
  striatum.	
  	
  Our	
  fractionation	
  protocol	
  aimed	
  to	
  enrich	
  the	
  presynaptic	
  

active	
  zone	
  membrane	
  fraction	
  as	
  well	
  as	
  the	
  PSD	
  membrane	
  fraction,	
  while	
  cytosolic	
  fractions	
  

were	
  not	
  analyzed.	
  The	
  Gβ5/RGS9-­‐2	
  association	
  with	
  the	
  plasma	
  membrane	
  in	
  the	
  striatum	
  is	
  

consistent	
  with	
  our	
  detection	
  of	
  Gβ5	
  in	
  this	
  region.	
  Further,	
  as	
  R7BP	
  and	
  RGS9-­‐2	
  co-­‐localize	
  

predominantly	
  to	
  postsynaptic	
  membranes273,275,	
  enrichment	
  of	
  Gβ5	
  in	
  postsynaptic	
  fractions	
  

within	
  this	
  region	
  would	
  be	
  expected	
  (Figure	
  12D).	
  If,	
  in	
  other	
  brain	
  regions,	
  Gβ5	
  is	
  primarily	
  

complexed	
  with	
  RGS7	
  and	
  found	
  intracellularly,	
  it	
  would	
  not	
  have	
  been	
  detected	
  in	
  our	
  current	
  

study	
  as	
  these	
  fractions	
  were	
  not	
  analyzed.	
  Conversely,	
  intracellular	
  Gβ5	
  could	
  have	
  been	
  

detected	
  in	
  serotonergic	
  synaptosomes	
  collected	
  from	
  pilot	
  studies	
  using	
  FACS	
  ,	
  as	
  these	
  

samples	
  were	
  not	
  fractionated	
  into	
  pre-­‐	
  and	
  postsynaptic	
  fractions.	
  As	
  a	
  result,	
  both	
  membrane-­‐

bound	
  and	
  cytosolic	
  Gβ5	
  would	
  have	
  been	
  present	
  and	
  detectable.	
  	
  The	
  lack	
  of	
  Gβ5	
  in	
  these	
  

samples	
  is	
  consistent	
  with	
  the	
  idea	
  that	
  this	
  isoform	
  is	
  only	
  highly	
  expressed	
  in	
  the	
  striatum,	
  

however,	
  it	
  must	
  be	
  noted	
  that	
  these	
  results	
  are	
  preliminary	
  and	
  reflect	
  only	
  one	
  biological	
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sample.	
  Further	
  efforts	
  will	
  be	
  needed	
  to	
  determine	
  whether	
  Gβ5	
  is	
  detectable	
  in	
  cytosolic	
  

fractions	
  to	
  address	
  this	
  hypothesis.	
  	
  	
  

In	
  comparison,	
  the	
  Gγ	
  subunits	
  show	
  more	
  varied	
  expression	
  patterns;	
  however,	
  with	
  

the	
  exception	
  of	
  Gγ5	
  and	
  Gγ11,	
  each	
  isoform	
  was	
  clearly	
  identifiable	
  within	
  each	
  of	
  the	
  four	
  brain	
  

regions	
  examined	
  (Figure	
  12).	
  Conversely,	
  Gγ	
  isoforms	
  could	
  not	
  be	
  confidently	
  identified	
  in	
  

samples	
  collected	
  using	
  FACs	
  from	
  the	
  midbrains	
  of	
  TPH2-­‐ChR2(H13R)-­‐EYFP	
  mice.	
  Since	
  G	
  

proteins	
  are	
  found	
  as	
  a	
  functional	
  dimer,	
  it	
  is	
  assumed	
  that	
  serotonergic	
  synapses	
  express	
  both	
  

Gβ	
  and	
  Gγ	
  isoforms.	
  The	
  lack	
  of	
  Gγ	
  isoforms	
  identified	
  in	
  the	
  collected	
  midbrain	
  samples	
  likely	
  

reflects	
  a	
  lack	
  of	
  material	
  and	
  as	
  such	
  future	
  studies	
  will	
  need	
  to	
  pool	
  more	
  animals	
  to	
  ensure	
  

detection	
  of	
  the	
  various	
  G	
  proteins.	
  	
  

Although	
  immunohistochemical	
  studies	
  have	
  localized	
  particular	
  isoforms	
  to	
  the	
  CNS	
  in	
  

general,	
  a	
  detailed	
  examination	
  of	
  their	
  expression	
  to	
  brain	
  regions	
  and	
  cell	
  types	
  has	
  been	
  

limited	
  to	
  transcript	
  levels226,276.	
  	
  For	
  some	
  Gγ	
  isoforms,	
  transcript	
  expression	
  reported	
  

previously	
  correlates	
  well	
  with	
  the	
  localization	
  patterns	
  observed	
  in	
  the	
  present	
  study,	
  whereas	
  

in	
  others	
  it	
  differs	
  notably.	
  	
  For	
  example,	
  using	
  in	
  situ	
  hybridization,	
  Betty	
  et	
  al.98	
  showed	
  strong	
  

expression	
  of	
  Gγ7	
  within	
  the	
  striatum,	
  followed	
  closely	
  by	
  the	
  hippocampus,	
  cortex,	
  and	
  

cerebellum,	
  similar	
  to	
  what	
  is	
  seen	
  in	
  the	
  present	
  study	
  (Figure	
  12D).	
  Conversely,	
  the	
  authors	
  

reported	
  Gγ4	
  to	
  be	
  highly	
  expressed	
  in	
  the	
  hippocampus	
  and	
  cerebellum	
  but	
  lower	
  in	
  the	
  

striatum,	
  whereas	
  our	
  analyses	
  show	
  the	
  opposite:	
  strong	
  expression	
  in	
  the	
  striatum	
  but	
  

significantly	
  lower	
  levels	
  in	
  the	
  cerebellum	
  (Figure	
  12C).	
  It	
  is	
  difficult	
  to	
  say	
  whether	
  these	
  

differences	
  reflect	
  physiological	
  effects	
  relating	
  to	
  the	
  expression	
  of	
  the	
  protein	
  product	
  or	
  

possible	
  protein	
  modifications	
  that	
  were	
  not	
  accounted	
  for	
  in	
  the	
  present	
  study.	
  One	
  factor	
  that	
  

may	
  contribute	
  to	
  the	
  disparities,	
  however,	
  is	
  that	
  the	
  present	
  study	
  examined	
  expression	
  

patterns	
  at	
  subcellular	
  levels.	
  In	
  comparison,	
  previous	
  in	
  situ	
  studies	
  were	
  only	
  able	
  to	
  evaluate	
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Gγ	
  expression	
  at	
  the	
  cellular	
  level,	
  which	
  would	
  have	
  included	
  both	
  the	
  soma	
  as	
  well	
  as	
  the	
  

nerve	
  terminals.	
  Thus,	
  direct	
  comparison	
  between	
  such	
  studies	
  is	
  not	
  possible.	
  	
  

Little	
  is	
  known	
  about	
  the	
  subcellular	
  distribution	
  of	
  Gγ	
  isoforms	
  within	
  the	
  CNS.	
  

Moricano	
  et	
  al.	
  localized	
  Gγ3	
  to	
  the	
  presynaptic	
  active	
  zone,	
  but	
  subcellular	
  localization	
  patterns	
  

for	
  the	
  remaining	
  Gγ	
  isoforms	
  have	
  not	
  been	
  previously	
  evaluated243.	
  The	
  wide	
  discrepancy	
  in	
  

expression	
  patterns	
  within	
  subcellular	
  fractions	
  and	
  across	
  the	
  four	
  brain	
  regions	
  could	
  reflect	
  

unique	
  contributions	
  by	
  each	
  isoform	
  to	
  unique	
  signaling	
  pathways.	
  This	
  is	
  supported	
  by	
  the	
  

distinct	
  phenotypes	
  observed	
  when	
  Gγ	
  isoforms	
  are	
  genetically	
  knocked	
  out.	
  In	
  the	
  case	
  of	
  Gγ3,	
  

genetic	
  deletion	
  results	
  in	
  mice	
  with	
  increased	
  susceptibility	
  to	
  seizures,	
  as	
  well	
  as	
  resistance	
  to	
  

diet	
  induced	
  obesity;	
  implying	
  a	
  role	
  in	
  neuronal	
  excitability	
  and	
  regulation	
  of	
  appetite	
  or	
  

metabolism215,264.	
  	
  Loss	
  of	
  Gγ3	
  suppresses	
  expression	
  of	
  Gβ1	
  and	
  Gβ2	
  within	
  the	
  cortex,	
  

cerebellum,	
  and	
  striatum,	
  implicating	
  a	
  Gβ1/2γ3	
  dimer	
  within	
  these	
  regions	
  and	
  in	
  agreement	
  

with	
  our	
  expression	
  results	
  (Figure	
  12B).	
  Of	
  note,	
  significant	
  enrichment	
  of	
  Gγ3	
  was	
  observed	
  in	
  

the	
  postsynaptic	
  fraction	
  of	
  the	
  striatum.	
  	
  Although	
  further	
  efforts	
  are	
  needed	
  to	
  understand	
  

the	
  physiological	
  consequences	
  of	
  this	
  finding,	
  one	
  possibility	
  may	
  be	
  related	
  to	
  the	
  activity	
  of	
  µ-­‐

opioid	
  receptors	
  within	
  this	
  region.	
  	
  Loss	
  of	
  Gγ3	
  results	
  in	
  defective	
  signaling	
  through	
  the	
  µ-­‐

opioid	
  receptor264.	
  	
  Within	
  the	
  striatum,	
  these	
  receptors	
  have	
  been	
  implicated	
  in	
  the	
  hedonic	
  

response	
  to	
  food277,278,	
  and	
  act	
  via	
  a	
  postsynaptic	
  mechanism279.	
  As	
  a	
  result,	
  the	
  enrichment	
  

seen	
  in	
  the	
  postsynaptic	
  fraction	
  of	
  the	
  striatum	
  could	
  represent	
  an	
  important	
  signaling	
  cascade	
  

activated	
  by	
  µ-­‐opioid	
  receptors	
  and	
  involving	
  the	
  Gγ3	
  subunit;	
  further	
  efforts	
  will	
  be	
  needed	
  to	
  

explore	
  this	
  possibility.	
  In	
  comparison,	
  animals	
  in	
  which	
  Gγ7	
  has	
  been	
  knocked	
  out	
  exhibit	
  an	
  

increased	
  startle	
  response,	
  which	
  may	
  result	
  from	
  defective	
  D1	
  dopamine	
  and	
  A2A	
  adenosine	
  

receptor	
  activation	
  within	
  the	
  striatum102,280,281.	
  	
  This	
  correlates	
  well	
  with	
  our	
  findings,	
  and	
  

previously	
  published	
  reports98,282,	
  that	
  Gγ7	
  is	
  most	
  highly	
  expressed	
  in	
  the	
  striatum	
  (Figure	
  12D).	
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While	
  further	
  efforts	
  will	
  be	
  needed	
  to	
  confirm	
  the	
  exact	
  mechanism,	
  given	
  that	
  both	
  D1	
  and	
  A2A	
  

receptors	
  are	
  localized	
  primarily	
  to	
  dendritic	
  spines283,284,	
  and	
  that	
  we	
  observed	
  significant	
  

enrichment	
  of	
  Gγ7	
  within	
  the	
  postsynaptic	
  fraction	
  (Figure	
  12D),	
  suggests	
  a	
  predominately	
  

postsynaptic	
  role	
  for	
  Gγ7	
  within	
  this	
  region.	
  	
  

Although	
  no	
  genetically	
  modified	
  animals	
  are	
  available	
  for	
  Gγ2	
  and	
  Gγ4,	
  knockdown	
  of	
  

these	
  isoforms	
  offers	
  insight	
  into	
  the	
  expression	
  patterns	
  we	
  observed.	
  Early	
  work	
  by	
  

Kalkbrenner	
  et	
  al.285	
  demonstrated	
  that	
  silencing	
  of	
  endogenous	
  Gγ2	
  and	
  Gγ4	
  in	
  cultured	
  cells	
  

reduced	
  galanin-­‐induced	
  calcium	
  inhibition.	
  	
  More	
  recently,	
  a	
  role	
  in	
  nociception	
  was	
  suggested	
  

for	
  Gγ2,	
  as	
  injection	
  of	
  antisense	
  oligonucleotides	
  into	
  the	
  CNS	
  of	
  mice	
  attenuated	
  the	
  analgesic	
  

effects	
  of	
  opioid,	
  cannabinoid,	
  and	
  adrenergic	
  agonists286,287	
  .	
  Such	
  a	
  range	
  of	
  effector	
  

interactions	
  would	
  be	
  expected	
  to	
  contribute	
  to	
  the	
  observed	
  localization	
  patterns.	
  Galanin,	
  

cannabinoid,	
  and	
  adrenergic	
  receptors	
  all	
  exhibit	
  a	
  broad	
  distribution	
  in	
  the	
  CNS288,	
  while	
  opioid	
  

receptor	
  subtypes	
  are	
  highly	
  expressed	
  within	
  the	
  striatum	
  and	
  cortex289-­‐291.	
  As	
  a	
  result,	
  if	
  Gγ2	
  

and	
  Gγ4	
  acted	
  via	
  these	
  receptors	
  in	
  vivo,	
  the	
  wide	
  distribution	
  we	
  observed	
  (Figure	
  12A)	
  could	
  

be	
  because	
  their	
  expression	
  parallels	
  that	
  of	
  their	
  target	
  GPCRs.	
  

	
   Finding	
  Gγ13	
  within	
  each	
  of	
  the	
  brain	
  regions	
  we	
  examined	
  was	
  exciting	
  as	
  this	
  G	
  protein	
  

has	
  largely	
  been	
  reported	
  in	
  sensory	
  tissues,	
  where	
  it	
  is	
  required	
  for	
  olfactory	
  and	
  gustatory	
  

transduction292.	
  	
  While	
  transcript	
  expression	
  within	
  the	
  brain	
  closely	
  mirrors	
  our	
  results293,294	
  

(Figure	
  12F),	
  little	
  is	
  known	
  about	
  the	
  function	
  of	
  this	
  isoform	
  in	
  the	
  CNS.	
  Gγ13	
  has	
  been	
  shown	
  

to	
  interact	
  with	
  the	
  third	
  PDZ	
  domain	
  of	
  PSD-­‐95	
  via	
  a	
  PDZ	
  binding	
  C-­‐terminal	
  sequence,	
  and	
  the	
  

two	
  proteins	
  can	
  be	
  efficiently	
  pulled	
  down	
  together	
  from	
  brain	
  lysates295.	
  It	
  is	
  possible	
  that	
  this	
  

association	
  aids	
  in	
  targeting	
  the	
  G	
  protein	
  to	
  particular	
  subcellular	
  locations	
  and/or	
  facilitates	
  

interactions	
  with	
  appropriate	
  effectors	
  such	
  as	
  GIRK	
  channels	
  and	
  PLCβ2
293,	
  accounting	
  for	
  the	
  

greater	
  expression	
  of	
  Gγ13	
  in	
  postsynaptic	
  fractions	
  (Figure	
  12F).	
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Additional	
  factors	
  that	
  may	
  contribute	
  to	
  differential	
  expression	
  patterns	
  

In	
  addition	
  to	
  signaling	
  requirements,	
  other	
  factors	
  are	
  likely	
  to	
  influence	
  the	
  observed	
  

localization	
  patterns.	
  	
  A	
  striking	
  feature	
  from	
  our	
  data	
  was	
  that	
  while	
  most	
  G	
  protein	
  isoforms	
  

were	
  found	
  in	
  all	
  four	
  brain	
  regions,	
  prominent	
  differences	
  were	
  observed	
  between	
  regions.	
  

Such	
  disparity	
  may	
  reflect	
  G	
  protein	
  expression	
  within	
  individual	
  cells	
  types	
  as	
  well	
  as	
  patterns	
  

of	
  innervation	
  to	
  specific	
  brain	
  regions.	
  This	
  is	
  supported	
  by	
  our	
  preliminary	
  data	
  examining	
  G	
  

protein	
  localization	
  at	
  serotonergic	
  synapses	
  within	
  the	
  midbrain.	
  When	
  specific	
  synapses	
  were	
  

isolated	
  using	
  FACS,	
  only	
  a	
  subset	
  of	
  G	
  protein	
  isoforms	
  were	
  found	
  to	
  be	
  expressed.	
  While	
  this	
  

result	
  is	
  preliminary,	
  and	
  we	
  can’t	
  rule	
  out	
  that	
  the	
  discrepancy	
  is	
  due	
  to	
  lack	
  of	
  sample	
  material	
  

and/or	
  only	
  having	
  a	
  single	
  biological	
  replicate,	
  it	
  does	
  suggest	
  that	
  cell	
  type	
  and	
  innervation	
  

could	
  play	
  important	
  roles	
  in	
  controlling	
  which	
  G	
  proteins	
  are	
  expressed.	
  	
  For	
  example,	
  the	
  

striatum	
  is	
  composed	
  largely	
  of	
  γ-­‐aminobutyric	
  acid	
  (GABA)-­‐containing	
  medium	
  spiny	
  neurons	
  

yet	
  receives	
  excitatory	
  inputs	
  from	
  the	
  cortex	
  and	
  dopaminergic	
  innervations	
  from	
  the	
  

midbrain296,297.	
  Glutamatergic	
  pyramidal	
  neurons	
  predominate	
  in	
  the	
  hippocampus,	
  but	
  this	
  

region	
  also	
  receives	
  monoamine	
  and	
  cholinergic	
  inputs	
  from	
  the	
  median	
  raphe298,299,	
  locus	
  

coeruleus300,	
  and	
  basal	
  forebrain301.	
  In	
  contrast,	
  the	
  cerebellum	
  could	
  be	
  considered	
  more	
  

homogeneous	
  as	
  Purkinje	
  cells	
  represent	
  the	
  sole	
  output	
  of	
  the	
  cerebellar	
  cortex,	
  but	
  even	
  

these	
  integrate	
  excitatory	
  afferent	
  pathways	
  as	
  well	
  as	
  strong	
  inhibitory	
  GABAergic	
  inputs302.	
  

Such	
  diversity	
  in	
  cell	
  type	
  and	
  innervation	
  patterns	
  may	
  provide	
  clues	
  as	
  to	
  why	
  differences	
  in	
  G	
  

protein	
  expression	
  patterns	
  were	
  observed	
  between	
  brain	
  regions	
  as	
  well	
  as	
  subcellular	
  

fractions.	
  This	
  is	
  supported	
  by	
  early	
  work	
  by	
  Betty	
  et	
  al.98	
  and	
  Liang	
  et	
  al.226,	
  as	
  well	
  as	
  more	
  

recent	
  efforts	
  from	
  Schwindinger	
  et	
  al.102.	
  Thus,	
  G	
  protein	
  expression	
  within	
  particular	
  cell	
  types,	
  

as	
  well	
  as	
  the	
  innervation	
  within	
  a	
  brain	
  region,	
  would	
  influence	
  the	
  results	
  seen	
  in	
  the	
  current	
  

study.	
  Synaptosomal	
  preparations	
  and	
  subcellular	
  fractionation	
  techniques	
  such	
  as	
  those	
  



100	
  
	
  

described	
  do	
  not	
  allow	
  for	
  Gβγ expression	
  patterns	
  to	
  be	
  evaluated	
  endogenously	
  within	
  

specific	
  cell	
  types.	
  However,	
  with	
  recent	
  advances	
  in	
  optogenetics,	
  transgenic	
  mice	
  such	
  as	
  the	
  

ones	
  used	
  in	
  the	
  present	
  study	
  are	
  becoming	
  available	
  that	
  express	
  fluorescent	
  proteins	
  under	
  

the	
  control	
  of	
  cell-­‐type	
  specific	
  promoters.	
  By	
  taking	
  advantage	
  of	
  these	
  mice	
  in	
  future	
  studies,	
  

it	
  will	
  be	
  possible	
  to	
  evaluate	
  localization	
  patterns	
  within	
  specific	
  neuron	
  populations	
  and	
  

subcellular	
  fractions	
  in	
  order	
  to	
  determine	
  if	
  these	
  factors	
  contribute	
  to	
  the	
  expression	
  of	
  

specific	
  isoforms.	
  	
  	
  	
  	
  

Summary	
  

In	
  summary,	
  we	
  report	
  that	
  G	
  protein	
  β	
  and	
  γ	
  isoforms	
  exhibit	
  distinct	
  patterns	
  of	
  

localization	
  across	
  brain	
  regions	
  as	
  well	
  as	
  to	
  subcellular	
  fractions.	
  This	
  is	
  particularly	
  interesting	
  

as	
  it	
  implies	
  specific	
  functions	
  for	
  individual	
  isoforms	
  in	
  modulating	
  cellular	
  responses	
  and	
  

signaling	
  cascades.	
  Further	
  efforts	
  will	
  be	
  necessary	
  to	
  determine	
  the	
  relevance	
  of	
  these	
  

patterns	
  of	
  distribution,	
  evaluate	
  which	
  Gβγ dimers	
  exist	
  endogenously,	
  and	
  the	
  contribution	
  

each	
  makes	
  to	
  cellular	
  communication.	
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CHAPTER	
  IV	
  

EXAMINING	
  THE	
  ROLE	
  OF	
  G	
  PROTEIN	
  βγ 	
  SPECIFICITY	
  IN	
  MODULATING	
  SYNAPTIC	
  

TRANSMISSION	
  

	
  

Introduction	
  

Efficient	
  communication	
  between	
  neurons	
  is	
  crucial	
  to	
  the	
  normal	
  functioning	
  of	
  the	
  

central	
  and	
  peripheral	
  nervous	
  systems	
  as	
  it	
  ensures	
  efficient	
  integration	
  of	
  both	
  external	
  and	
  

internal	
  sensory	
  input	
  and	
  permits	
  the	
  generation	
  of	
  appropriate	
  behaviours.	
  As	
  a	
  result,	
  

understanding	
  the	
  factors	
  controlling	
  synaptic	
  transmission	
  is	
  essential	
  to	
  understanding	
  how	
  

normal	
  processes	
  are	
  coordinated,	
  but	
  also	
  how	
  they	
  may	
  be	
  disrupted	
  by	
  injury	
  and	
  disease.	
  	
  

At	
  chemical	
  synapses,	
  signal	
  transduction	
  is	
  regulated	
  by	
  a	
  series	
  of	
  complex	
  mechanisms	
  that	
  

ensure	
  precise	
  control	
  of	
  release.	
  Inhibitory	
  GPCRs	
  play	
  an	
  important	
  role	
  in	
  this	
  process	
  as	
  they	
  

guard	
  against	
  overstimulation	
  by	
  inhibiting	
  evoked	
  transmitter	
  release	
  through	
  the	
  actions	
  of	
  

released	
  G	
  protein	
  βγ	
  subunits303,304.	
  While	
  these	
  receptors	
  act	
  through	
  numerous	
  mechanisms,	
  

regulation	
  of	
  fast,	
  membrane-­‐delimited	
  inhibition	
  has	
  largely	
  been	
  attributed	
  to	
  the	
  action	
  of	
  βγ	
  

subunits	
  on	
  VDCC112,124,	
  although	
  activation	
  of	
  presynaptic	
  potassium	
  channels	
  has	
  also	
  been	
  

reported305.	
  In	
  addition,	
  GPCR-­‐mediated	
  inhibition	
  of	
  transmitter	
  release	
  has	
  been	
  reported	
  at	
  

sites	
  distal	
  to	
  calcium	
  entry74,75,	
  138,174,306-­‐308	
  with	
  Gβγ	
  subunits	
  binding	
  directly	
  to	
  members	
  of	
  the	
  

exocytotic	
  machinery74,75,79,309.	
  In	
  doing	
  so,	
  Gβγ	
  subunits	
  compete	
  with	
  the	
  calcium	
  sensor,	
  

synaptotagmin,	
  to	
  limit	
  the	
  number	
  and	
  duration	
  of	
  fusion	
  events74,75,79,309.	
  Despite	
  an	
  

understanding	
  of	
  the	
  mechanisms	
  by	
  which	
  feedback	
  inhibition	
  occurs,	
  however,	
  the	
  factors	
  

controlling	
  the	
  specificity	
  of	
  G	
  protein	
  interactions	
  are	
  poorly	
  understood.	
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Traditionally,	
  G	
  protein	
  specificity	
  has	
  been	
  attributed	
  to	
  Gα	
  subunits	
  as	
  in	
  vitro	
  studies	
  

examining	
  Gβγ	
  combinations	
  revealed	
  only	
  modest	
  discrimination	
  during	
  receptor	
  and	
  effector	
  

interactions212,213.	
  More	
  recently,	
  however,	
  cell-­‐based	
  and	
  in	
  vivo	
  studies	
  have	
  suggested	
  that	
  

the	
  composition	
  of	
  Gβγ	
  subunits	
  plays	
  an	
  important	
  role	
  in	
  defining	
  the	
  specificity	
  of	
  GPCR	
  

mediated	
  signaling	
  cascades.	
  Membrane	
  reconstitution	
  studies	
  demonstrated	
  a	
  preference	
  of	
  

Adenosine	
  A1	
  and	
  5HT1A	
  receptors	
  for	
  G	
  proteins	
  containing	
  Gγ11,	
  while	
  α2AAR	
  and	
  µ-­‐opioid	
  

receptors	
  were	
  shown	
  to	
  bind	
  more	
  potently	
  to	
  subunits	
  containing	
  Gγ7310.	
  Similarly,	
  antisense	
  

studies	
  from	
  Kleuss	
  et	
  al.	
  revealed	
  a	
  requirement	
  for	
  Gβ3	
  and	
  Gγ4	
  in	
  the	
  M1	
  muscarinic	
  receptor	
  

signaling	
  pathway	
  in	
  rat	
  pituitary	
  cells213,214,	
  while	
  those	
  from	
  Varga	
  et	
  al.	
  demonstrated	
  a	
  role	
  

for	
  Gγ2	
  in	
  nociception	
  through	
  the	
  attenuation	
  of	
  opioid,	
  cannabinoid,	
  and	
  adrenergic	
  

agonists286,287.	
  Perhaps	
  most	
  convincingly,	
  however,	
  genetic	
  deletion	
  of	
  particular	
  G	
  protein	
  

isoforms	
  results	
  in	
  mice	
  with	
  distinct	
  phenotypes	
  including	
  seizures102,264,	
  increased	
  startle	
  

responses102,280,281,	
  severe	
  heart	
  defects311,	
  widespread	
  neural	
  malformation,	
  as	
  well	
  as	
  impaired	
  

development	
  and	
  motor	
  learning312.	
  While	
  none	
  of	
  these	
  studies	
  specifically	
  looked	
  at	
  G	
  

protein/SNARE	
  interactions,	
  in	
  vitro	
  data	
  suggest	
  that	
  different	
  G	
  protein	
  isoforms	
  could	
  have	
  

differential	
  effects	
  on	
  SNARE	
  function.	
  Blackmer	
  et	
  al.74	
  demonstrated	
  a	
  40	
  fold	
  difference	
  in	
  the	
  

ability	
  of	
  Gβ1γ2	
  to	
  bind	
  SNARE	
  proteins	
  compared	
  to	
  Gβ1γ1.	
  Similarly	
  Gβ1γ2	
  isoforms	
  were	
  20	
  fold	
  

more	
  potent	
  at	
  inhibiting	
  calcium-­‐trigged	
  exocytosis	
  than	
  Gβ1γ1.	
  Taken	
  together,	
  this	
  suggests	
  

that	
  isoforms	
  may	
  exhibit	
  differences	
  in	
  their	
  ability	
  to	
  modulate	
  SNARE	
  function	
  endogenously.	
  

α2AARs	
  are	
  of	
  interest	
  in	
  understanding	
  the	
  functional	
  consequence	
  of	
  Gβγ/SNARE	
  

interactions	
  as	
  they	
  operate	
  as	
  the	
  main	
  feedback	
  regulator	
  of	
  noradrenaline	
  release	
  from	
  

presynaptic	
  terminals304,313,314.	
  	
  Polymorphisms	
  in	
  the	
  ADRA2A	
  gene	
  results	
  in	
  expression	
  of	
  

increased	
  levels	
  of	
  presynaptic	
  α2AARs	
  and	
  predispose	
  patients	
  to	
  alcohol	
  dependence,	
  reduced	
  

glucose-­‐stimulated	
  insulin	
  release315,	
  changes	
  in	
  memory	
  and	
  behaviour316,	
  as	
  well	
  as	
  reduced	
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response	
  to	
  antidepressants317.	
  Additionally,	
  dysregulation	
  of	
  these	
  receptors	
  has	
  been	
  

associated	
  with	
  enhanced	
  fear	
  memory318	
  and	
  deficits	
  in	
  spatial	
  working	
  memory319,	
  making	
  

them	
  important	
  targets	
  for	
  therapeutic	
  intervention.	
  While	
  these	
  receptors	
  operate	
  through	
  

numerous	
  effectors,	
  α2AAR-­‐mediated	
  inhibition	
  of	
  neurotransmitter	
  release	
  has	
  been	
  shown	
  to	
  

occur	
  downstream	
  of	
  calcium	
  entry	
  in	
  both	
  the	
  amygdala183	
  and	
  pancreatic	
  β	
  cells185,	
  with	
  Gβγ	
  

subunits	
  inhibiting	
  vesicle	
  fusion	
  in	
  both	
  instances	
  through	
  direct	
  interactions	
  with	
  the	
  SNARE	
  

proteins.	
  	
  

When	
  considering	
  how	
  Gβγ-­‐selective	
  targeting	
  to	
  SNARE	
  proteins	
  could	
  occur,	
  two	
  

potential	
  sites	
  of	
  interaction	
  may	
  play	
  a	
  role.	
  The	
  first	
  is	
  at	
  the	
  level	
  of	
  the	
  receptor/G	
  protein	
  

interaction,	
  where	
  activated	
  α2AARs	
  may	
  preferentially	
  release	
  particular	
  Gβγ	
  subunits	
  in	
  order	
  

to	
  modulate	
  SNARE	
  function.	
  Alternatively,	
  the	
  GPCR	
  could	
  be	
  promiscuous	
  and	
  not	
  

discriminate	
  between	
  which	
  heterotrimers	
  it	
  interacts	
  with;	
  instead	
  targeting	
  could	
  be	
  defined	
  

at	
  the	
  level	
  of	
  the	
  effector,	
  with	
  only	
  a	
  subset	
  of	
  released	
  Gβγ	
  subunits	
  able	
  to	
  bind	
  to	
  SNARE	
  

proteins	
  and	
  inhibit	
  vesicle	
  fusion.	
  To	
  distinguish	
  between	
  these	
  possibilities,	
  we	
  utilized	
  a	
  

transgenic	
  mouse	
  line	
  in	
  which	
  tagged	
  α2A	
  receptors	
  are	
  only	
  expressed	
  presynaptically	
  at	
  

noradrenergic	
  terminals.	
  Using	
  immunoprecipitation	
  and	
  targeted	
  proteomics,	
  we	
  were	
  able	
  to	
  

assess	
  which	
  Gβγ	
  isoforms	
  interacted	
  with	
  the	
  receptor	
  or	
  SNARE	
  proteins	
  following	
  stimulation	
  

of	
  the	
  receptor.	
  Interestingly,	
  we	
  found	
  that	
  α2A	
  receptors	
  preferentially	
  interact	
  with	
  a	
  subset	
  

of	
  Gβγ	
  isoforms	
  when	
  activated,	
  suggesting	
  receptor/G	
  protein	
  specificity	
  could	
  be	
  important	
  

for	
  directing	
  SNARE	
  modulation.	
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Experimental	
  Procedures	
  

Animals.	
  	
  Adult,	
  FLAG-­‐tagged	
  α2A	
  adrenergic	
  receptor	
  transgenic	
  or	
  α2A	
  knockout	
  303,	
  304	
  mice	
  

were	
  decapitated	
  and	
  tissue	
  immediately	
  homogenized	
  to	
  produce	
  synaptosomes	
  as	
  described	
  

below.	
  All	
  animal	
  protocols	
  were	
  carried	
  out	
  in	
  accordance	
  with	
  the	
  recommendations	
  in	
  the	
  

Guide	
  for	
  the	
  Care	
  and	
  Use	
  of	
  Laboratory	
  Animals	
  of	
  the	
  NIH,	
  and	
  were	
  approved	
  by	
  the	
  

Vanderbilt	
  Institutional	
  Animal	
  Care	
  and	
  Use	
  Committee.	
  

Antibodies.	
  The	
  following	
  primary	
  antibodies	
  were	
  used	
  for	
  immunoprecipitation:	
  mouse	
  anti-­‐

FLAG	
  (Sigma,	
  catalog	
  #F3165)	
  rabbit	
  anti-­‐SNAP	
  25	
  (Sigma,	
  catalog	
  #S9684),	
  rabbit	
  ChromePure	
  

IgG	
  (Jackson	
  Immuno	
  Research,	
  catalog	
  #	
  011-­‐030-­‐003).	
  The	
  following	
  primary	
  antibodies	
  were	
  

used	
  for	
  immunoblotting	
  (dilutions	
  indicated):	
  rabbit	
  anti-­‐FLAG	
  (Sigma,	
  catalog	
  #F7425,	
  1:100),	
  

rabbit	
  anti-­‐Gβ,	
  (Santa	
  Cruz,	
  catalog	
  #sc-­‐378,	
  1:10,000);	
  mouse	
  anti-­‐SNAP	
  25	
  (Santa	
  Cruz,	
  catalog	
  

#sc-­‐378,	
  1:500).	
  Horseradish	
  peroxidase	
  (HRP)-­‐conjugated	
  secondary	
  antibodies	
  were	
  obtained	
  

from	
  Perkin-­‐Elmer	
  and	
  used	
  at	
  the	
  following	
  dilutions:	
  goat	
  anti-­‐rabbit	
  (1:10,000),	
  goat	
  anti-­‐

mouse	
  (1:10,000).	
  Additionally,	
  an	
  HRP-­‐conjugated	
  mouse	
  anti-­‐rabbit	
  light	
  chain	
  specific	
  

secondary	
  was	
  used	
  for	
  Gβ	
  blots	
  (Jackson	
  Immuno	
  research,	
  1:7500).	
  	
  

Synaptosome	
  preparation	
  and	
  stimulation	
  protocol.	
  Synaptosomes	
  were	
  prepared	
  as	
  described	
  

in	
  Chapter	
  III.	
  Briefly,	
  	
  mouse	
  brains	
  from	
  KO	
  and	
  Tg	
  animals	
  were	
  homogenized	
  in	
  20ml	
  of	
  a	
  

0.32M	
  sucrose	
  solution	
  [0.32M	
  sucrose,	
  4.2mM	
  Hepes	
  pH	
  7.4,	
  0.1mM	
  CaCl2,	
  1mM	
  MgCl2,	
  

1.54mM	
  aprotinin,	
  10.7mM	
  leupeptin,	
  0.95mM	
  pepstatin,	
  and	
  200mM	
  PMSF]	
  and	
  homogenate	
  

divided	
  into	
  two	
  equal	
  aliquots.	
  Homogenates	
  were	
  centrifuged	
  at	
  1,000	
  x	
  g	
  at	
  4°C	
  for	
  10	
  

minutes	
  to	
  pellet	
  nuclei	
  and	
  membrane	
  debris	
  before	
  supernatants	
  were	
  transferred	
  to	
  clean	
  

conical	
  tubes.	
  Pellets	
  were	
  resuspended	
  in	
  20ml	
  0.32M	
  sucrose,	
  the	
  centrifugation	
  step	
  

repeated,	
  and	
  supernatants	
  combined.	
  Following	
  mixing,	
  supernatants	
  were	
  centrifuged	
  at	
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10,000	
  x	
  g	
  at	
  4°C	
  for	
  20	
  minutes	
  to	
  produce	
  crude	
  synaptosome	
  preps.	
  Supernatants	
  were	
  

discarded	
  and	
  pellets	
  gently	
  resuspended	
  in	
  2ml	
  stimulation	
  buffer	
  that	
  did	
  not	
  contain	
  

epinephrine	
  (10X	
  DPBS	
  (26.7mM	
  KCl,	
  14.7mM	
  KH2PO4,	
  1379	
  mM	
  NaCl,	
  80mM	
  Na2HPO4	
  x	
  

7H2O,	
  pH	
  6.8-­‐7),	
  1uM	
  prazosin	
  (Sigma,	
  catalog	
  #P7791),	
  1uM	
  propranolol	
  (Sigma,	
  catalog	
  

#P0884),	
  and	
  1uM	
  JP	
  1302	
  (Tocris,	
  catalog	
  #2666))	
  before	
  being	
  transferred	
  to	
  6ml	
  culture	
  vials	
  

and	
  placed	
  on	
  ice.	
  For	
  experiments	
  examining	
  receptor/G	
  protein	
  specificity,	
  FLAG-­‐tagged	
  

α2AARs	
  were	
  stimulated	
  by	
  adding	
  2ml	
  of	
  stimulation	
  buffer	
  containing	
  epinephrine	
  (10X	
  DPBS	
  

(26.7mM	
  KCl,	
  14.7mM	
  KH2PO4,	
  1379	
  mM	
  NaCl,	
  80mM	
  Na2HPO4	
  x	
  7H2O,	
  pH	
  6.8-­‐7),	
  1uM	
  

prazosin	
  (Sigma,	
  catalog	
  #P7791),	
  1uM	
  propranolol	
  (Sigma,	
  catalog	
  #P0884),	
  1uM	
  JP	
  1302	
  

(Tocris,	
  catalog	
  #2666)and	
  200uM	
  epinephrine	
  (Sigma,	
  catalog	
  #E4642)	
  to	
  each	
  vial	
  and	
  gently	
  

mixing.	
  For	
  experiments	
  examining	
  G	
  protein/SNARE	
  specificity,	
  FLAG-­‐tagged	
  α2AARs	
  were	
  

stimulated	
  by	
  adding	
  2ml	
  of	
  stimulation	
  buffer	
  containing	
  epinephrine	
  (10X	
  DPBS	
  (26.7mM	
  KCl,	
  

14.7mM	
  KH2PO4,	
  1379	
  mM	
  NaCl,	
  80mM	
  Na2HPO4	
  x	
  7H2O,	
  pH	
  6.8-­‐7),	
  1uM	
  propranolol	
  (Sigma,	
  

catalog	
  #P0884),	
  1uM	
  JP	
  1302	
  (Tocris,	
  catalog	
  #2666),	
  10mM	
  ethylenediaminetetraacetic	
  acid	
  

(EDTA),	
  and	
  200uM	
  epinephrine	
  (Sigma,	
  catalog	
  #E4642)	
  to	
  each	
  vial	
  and	
  gently	
  mixing.	
  Final	
  

concentrations	
  of	
  epinephrine	
  were	
  100uM.	
  In	
  both	
  cases,	
  following	
  mixing,	
  vials	
  were	
  placed	
  in	
  

a	
  37°C	
  water	
  bath	
  for	
  2	
  minutes	
  before	
  being	
  transferred	
  back	
  to	
  ice	
  and	
  incubated	
  with	
  the	
  

lipid	
  soluble	
  crosslinker,	
  3,3’-­‐dithiobis[sulfosuccinimydlypropinate]	
  (DSP)	
  (Pierce,	
  catalog	
  

#22585)	
  for	
  30	
  minutes.	
  The	
  requirement	
  of	
  a	
  crosslinker	
  for	
  immunoprecipitatation	
  (IP)	
  

experiments,	
  as	
  well	
  as	
  the	
  concentration	
  needed,	
  was	
  determined	
  empirically.	
  At	
  the	
  end	
  of	
  30	
  

minutes,	
  crosslinking	
  reactions	
  were	
  quenched	
  with	
  20mM	
  Tris,	
  pH	
  7.4	
  For	
  15	
  minutes	
  on	
  ice.	
  

Samples	
  were	
  then	
  were	
  centrifuged	
  at	
  10,000	
  x	
  g	
  at	
  4°C	
  for	
  20	
  minutes	
  to	
  pellet	
  the	
  

synaptosome,	
  washed	
  in	
  4ml	
  stimulation	
  without	
  epinephrine	
  (10X	
  DPBS	
  (26.7mM	
  KCl,	
  14.7mM	
  

KH2PO4,	
  1379	
  mM	
  NaCl,	
  80mM	
  Na2HPO4	
  x	
  7H2O,	
  pH	
  6.8-­‐7),	
  1uM	
  prazosin	
  (Sigma,	
  catalog	
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#P7791),	
  1uM	
  propranolol	
  (Sigma,	
  catalog	
  #P0884),	
  and	
  1uM	
  JP	
  1302	
  (Tocris,	
  catalog	
  #2666),	
  

and	
  the	
  centrifugation	
  step	
  repeated.	
  After	
  centrifugation,	
  supernatants	
  were	
  discarded	
  and	
  

pellets	
  frozen	
  in	
  liquid	
  nitrogen	
  until	
  used	
  in	
  immunprecipitation	
  experiments.	
  	
  

Immunoprecipitation.	
  Frozen	
  synaptosome	
  pellets	
  were	
  thawed	
  and	
  resuspened	
  in	
  2ml	
  of	
  

radioimmunoprecipitation	
  assay	
  (RIPA)	
  buffer	
  (50mM	
  Tris,	
  pH	
  7.4,	
  150mM	
  NaCl,	
  0.1%	
  SDS,	
  1%	
  

sodium	
  deoxycholate,	
  1%	
  Triton	
  X-­‐100,	
  1mM	
  EDTA,	
  1.54uM	
  aprotinin,	
  10.7uM	
  leupeptin,	
  0.948	
  

uM	
  pepstatin,	
  200uM	
  PMSF)	
  before	
  being	
  passed	
  through	
  a	
  25-­‐gauge	
  needle	
  6-­‐8	
  times	
  to	
  lyse	
  

membranes.	
  A	
  BCA	
  protein	
  assay	
  was	
  performed	
  and	
  samples	
  diluted	
  to	
  1mg/ml	
  in	
  RIPA	
  buffer	
  

before	
  being	
  placed	
  on	
  a	
  rotator	
  in	
  the	
  cold	
  room	
  for	
  1	
  hour.	
  300ul	
  of	
  homogenate	
  was	
  

transferred	
  to	
  a	
  1.5ml	
  eppendorf	
  tube	
  and	
  combined	
  with	
  100ul	
  of	
  4x	
  sample	
  buffer	
  containing	
  

DTT	
  as	
  well	
  as	
  5%	
  β-­‐mercaptoethanol	
  (BME)	
  before	
  being	
  heated	
  at	
  70°C	
  for	
  5min	
  and	
  frozen	
  at	
  

-­‐80°C	
  for	
  later	
  use.	
  The	
  remaining	
  homogenate	
  was	
  transferred	
  to	
  2ml	
  eppendorff	
  tubes	
  and	
  

centrifuged	
  at	
  14,000rpm	
  for	
  10	
  minutes	
  at	
  4°C	
  to	
  separate	
  the	
  triton	
  soluble	
  and	
  insoluble	
  

fractions.	
  After	
  centrifugation	
  supernatants	
  were	
  transferred	
  to	
  clean	
  2ml	
  eppendorff	
  tubes	
  and	
  

precleared	
  for	
  1	
  hour	
  in	
  the	
  cold	
  room	
  with	
  50ul	
  of	
  Protein	
  G	
  agarose	
  beads	
  (Pierce,	
  catalog	
  

#20398.	
  	
  Triton	
  insoluble	
  fractions	
  were	
  resuspended	
  in	
  1ml	
  of	
  2x	
  containing	
  DTT	
  as	
  well	
  as	
  5%	
  

BME,	
  heated	
  at	
  70°C	
  for	
  5min,	
  and	
  frozen	
  at	
  -­‐80°C.	
  After	
  preclearing,	
  samples	
  were	
  centrifuged	
  

at	
  14,000rpm	
  for	
  1	
  minute	
  to	
  pellet	
  beads.	
  300ul	
  of	
  lysate	
  was	
  transferred	
  to	
  1.5ml	
  eppendorff	
  

tubes	
  and	
  combined	
  with	
  100ul	
  4x	
  sample	
  buffer	
  containing	
  DTT	
  as	
  well	
  as	
  5%	
  BME	
  before	
  being	
  

heated	
  at	
  70°C	
  for	
  5	
  minutes	
  and	
  frozen	
  at	
  -­‐80°C	
  for	
  later	
  use	
  as	
  input	
  samples	
  during	
  western	
  

blot	
  analysis.	
  The	
  remaining	
  lysate	
  was	
  transferred	
  to	
  clean	
  1.5ml	
  eppendorf	
  tubes	
  in	
  400ul	
  

aliquots	
  and	
  incubated	
  for	
  1	
  hour	
  at	
  4°C	
  with	
  either	
  an	
  anti-­‐FLAG	
  primary	
  antibody	
  for	
  

receptor/G	
  protein	
  specificity	
  experiments	
  or	
  an	
  anti-­‐SNAP25	
  antibody	
  for	
  G	
  protein/SNARE	
  

specificity	
  experiments.	
  IgG	
  controls	
  were	
  used	
  in	
  SNAP	
  experiments	
  as	
  no	
  true	
  KO	
  animal	
  was	
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available.	
  After	
  1	
  hour,	
  50ul	
  of	
  agarose	
  beads	
  was	
  added	
  to	
  each	
  tube,	
  and	
  tubes	
  placed	
  on	
  

rotators	
  at	
  4°C	
  overnight.	
  The	
  following	
  day,	
  samples	
  were	
  centrifuged	
  at	
  14,000	
  rpm	
  for	
  1	
  

minute	
  to	
  pellet	
  beads	
  and	
  300ul	
  of	
  supernatant	
  transferred	
  to	
  clean,	
  labeled	
  1.5ml	
  eppendorf	
  

tubes.	
  	
  Supernatants	
  were	
  combined	
  with	
  100ul	
  of	
  4x	
  sample	
  buffer	
  containing	
  DTT	
  as	
  well	
  as	
  

5%	
  BME	
  before	
  being	
  heated	
  at	
  70°C	
  for	
  5min	
  and	
  frozen	
  at	
  -­‐80°C	
  for	
  later	
  use	
  in	
  western	
  blot	
  

analysis.	
  The	
  remaining	
  supernatant	
  was	
  aspirated	
  from	
  the	
  beads,	
  and	
  beads	
  washed	
  twice	
  for	
  

5	
  minutes	
  in	
  500ul	
  IP	
  buffer	
  (50mM	
  Tris,	
  pH	
  7.4,	
  150mM	
  NaCl,	
  0.5%	
  Triton	
  X-­‐100,	
  1.54uM	
  

aprotinin,	
  10.7uM	
  leupeptin,	
  0.948	
  uM	
  pepstatin,	
  200uM	
  PMSF).	
  Following	
  the	
  second	
  wash,	
  

beads	
  were	
  resuspended	
  in	
  500ul	
  IP	
  buffer	
  and	
  transferred	
  to	
  clean	
  1.5ml	
  eppendorf	
  tubes.	
  	
  

Elution	
  and	
  TCA	
  precipitation	
  of	
  IP	
  samples.	
  For	
  receptor/G	
  protein	
  specificity	
  experiments,	
  

following	
  final	
  washes,	
  the	
  receptor/G	
  protein	
  complex	
  was	
  eluted	
  from	
  the	
  anti-­‐FLAG	
  antibody	
  

using	
  a	
  FLAG	
  peptide	
  (Sigma,	
  catalog	
  #F3290)	
  product	
  number).	
  	
  Stock	
  aliquots	
  of	
  5mg/ml	
  FLAG	
  

peptide	
  were	
  diluted	
  with	
  122.2ul	
  of	
  1x	
  TBS	
  and	
  40ul	
  added	
  to	
  IP	
  beads	
  for	
  a	
  final	
  amount	
  of	
  

28ng	
  FLAG	
  peptide.	
  Samples	
  were	
  placed	
  on	
  a	
  vortex	
  shaker	
  at	
  medium	
  speed	
  at	
  4°C	
  for	
  30min,	
  

centrifuged	
  at	
  14,000rpm	
  for	
  1	
  minute	
  to	
  pellet	
  beads,	
  and	
  supernatants	
  transferred	
  to	
  clean	
  

1.5ml	
  eppendorf	
  tubes.	
  The	
  elution	
  was	
  repeated	
  a	
  second	
  time	
  and	
  the	
  supernatants	
  pooled.	
  

Supernatants	
  for	
  all	
  IP	
  samples	
  from	
  an	
  animal	
  were	
  pooled	
  together	
  following	
  elution.	
  For	
  

MRM	
  experiments,	
  IP	
  samples	
  from	
  two	
  mice	
  were	
  pooled	
  together	
  to	
  yield	
  enough	
  protein	
  for	
  

proteomic	
  detection.	
  For	
  G	
  protein/SNARE	
  specificity	
  experiments,	
  complexes	
  were	
  eluted	
  using	
  

100mM	
  glycine	
  (pH	
  2.5).	
  IP	
  beads	
  were	
  resuspended	
  in	
  40ul	
  of	
  glycine	
  and	
  placed	
  on	
  a	
  vortex	
  

shaker	
  at	
  medium	
  speed	
  for	
  5	
  minutes	
  at	
  room	
  temperature.	
  	
  Samples	
  were	
  then	
  centrifuged	
  at	
  

14,000rpm	
  for	
  1	
  minute	
  to	
  pellet	
  beads	
  and	
  supernatants	
  transferred	
  to	
  clean	
  1.5ml	
  eppendorf	
  

tubes	
  before	
  repeating	
  the	
  elution	
  for	
  a	
  second	
  time.	
  Supernatants	
  for	
  all	
  IP	
  samples	
  from	
  an	
  

animal	
  were	
  pooled	
  together	
  following	
  elution.	
  For	
  MRM	
  experiments,	
  IP	
  samples	
  from	
  two	
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mice	
  were	
  pooled	
  together	
  to	
  yield	
  enough	
  protein	
  for	
  proteomic	
  detection.	
  	
  For	
  both	
  

receptor/G	
  protein	
  experiments	
  and	
  G	
  protein/SNARE	
  experiments,	
  following	
  elution,	
  IP	
  

samples	
  were	
  TCA	
  precipitated	
  to	
  concentrate	
  the	
  G	
  proteins	
  for	
  MRM	
  analysis.	
  	
  Samples	
  were	
  

incubated	
  with	
  25%	
  trichloroacetic	
  acid	
  (TCA)	
  (Sigma,	
  catalog	
  #T6399)	
  	
  on	
  ice	
  for	
  30	
  minutes	
  

before	
  being	
  centrifuged	
  at	
  14,000rpm	
  at	
  4°C	
  for	
  30	
  minutes.	
  	
  Following	
  centrifugation,	
  

supernatants	
  were	
  aspirated	
  off.	
  	
  Pellets	
  were	
  washed	
  with	
  500ul	
  of	
  cold	
  actetone	
  and	
  

centrifuged	
  at	
  14,000	
  rpm,	
  4°C	
  for	
  15	
  minutes	
  before	
  carefully	
  aspirating	
  off	
  supernatants.	
  	
  The	
  

wash	
  step	
  was	
  repeated	
  but	
  following	
  centrifugation,	
  supernatants	
  were	
  carefully	
  removed	
  

using	
  a	
  pipettor	
  before	
  being	
  dried	
  down	
  in	
  the	
  speed	
  vac	
  for	
  5	
  minutes.	
  	
  Following	
  TCA	
  

precipitation,	
  samples	
  were	
  resuspended	
  in	
  1x	
  sample	
  buffer.	
  	
  

Immunoblot	
  analysis.	
  To	
  examine	
  the	
  results	
  of	
  immunoprecipitation,	
  Western	
  blot	
  analysis	
  

was	
  performed.	
  Equal	
  volumes	
  of	
  Input,	
  IP,	
  and	
  Depleted	
  Supernatant	
  samples	
  were	
  resolved	
  on	
  

10%	
  or	
  15%	
  SDS-­‐PAGE	
  gels	
  (10%	
  to	
  confirm	
  FLAG/G	
  protein	
  immunoprecipitation	
  and	
  12.5%	
  to	
  

confirm	
  G	
  protein/SNAP	
  25	
  immunoprecipitation).	
  Input	
  and	
  depleted	
  supernatant	
  samples	
  

were	
  diluted	
  1:1	
  with	
  blanks	
  due	
  to	
  the	
  amount	
  of	
  G	
  protein	
  present	
  in	
  each	
  sample.	
  Proteins	
  

were	
  transferred	
  electrophoretically	
  to	
  a	
  nitrocellulose	
  membrane	
  in	
  cold	
  transfer	
  buffer	
  

consisting	
  of	
  200ml	
  10X	
  CAPS,	
  200ml	
  methanol,	
  and	
  1600ml	
  water.	
  Following	
  transfer,	
  

membranes	
  were	
  ponceau	
  stained	
  and	
  cut	
  between	
  appropriate	
  molecular	
  weight	
  markers.	
  

Membranes	
  were	
  blocked	
  with	
  slight	
  agitation	
  for	
  1	
  hour	
  in	
  a	
  buffer	
  of	
  TBS	
  with	
  5%	
  milk	
  and	
  

0.1%	
  Tween-­‐20	
  (Sigma-­‐Aldrich).	
  Membranes	
  were	
  then	
  washed	
  5	
  times	
  for	
  5	
  minutes	
  in	
  TBS	
  

with	
  0.1%	
  Tween-­‐20	
  on	
  a	
  shaker	
  before	
  being	
  incubated	
  with	
  appropriate	
  primary	
  antibodies	
  in	
  

TBS	
  with	
  5%	
  milk	
  and	
  0.2%	
  Tween-­‐20	
  on	
  a	
  shaker	
  table	
  at	
  4°C	
  overnight.	
  The	
  next	
  day,	
  

membranes	
  underwent	
  five	
  5-­‐minute	
  washes	
  on	
  a	
  shaker	
  table	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐20	
  

before	
  appropriate	
  secondary	
  antibodies	
  were	
  diluted	
  into	
  TBS	
  with	
  5%	
  milk	
  and	
  0.2%	
  Tween-­‐20	
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followed	
  by	
  gentle	
  agitation	
  on	
  a	
  shaker	
  with	
  the	
  membranes	
  for	
  1	
  hour	
  at	
  room	
  temperature.	
  

Finally,	
  membranes	
  were	
  washed	
  three	
  times	
  for	
  10-­‐minute	
  washes	
  in	
  TBS	
  with	
  0.1%	
  Tween-­‐20	
  

followed	
  by	
  two	
  15-­‐minute	
  washes	
  in	
  TBS.	
  Immunoblots	
  were	
  developed	
  using	
  Western	
  

Lightning™	
  Chemiluminescence	
  Reagent	
  Plus	
  (NEL104)	
  from	
  Perkin-­‐Elmer	
  as	
  per	
  their	
  published	
  

protocols.	
  	
  Imaging	
  was	
  collected	
  using	
  a	
  Bio-­‐rad	
  Imager.	
  

Limit	
  of	
  detection.	
  To	
  estimate	
  the	
  number	
  of	
  IPs	
  that	
  would	
  be	
  necessary	
  for	
  MRM	
  

experiments,	
  a	
  limit	
  of	
  detection	
  experiment	
  was	
  performed.	
  A	
  dilution	
  series	
  of	
  purified	
  Gβ1γ1	
  

from	
  1pg	
  to	
  10ng	
  was	
  resolved	
  on	
  a	
  15%	
  SDS-­‐PAGE	
  gel	
  and	
  the	
  Gβ1	
  bands	
  tryptically	
  digested	
  as	
  

described	
  in	
  Chapter	
  III.	
  Targeted	
  MRM	
  methods	
  were	
  applied	
  to	
  the	
  dilution	
  series	
  to	
  estimate	
  

the	
  limit	
  of	
  detection	
  (LOD)	
  and	
  limit	
  of	
  quantification	
  (LOQ)	
  for	
  our	
  studies.	
  With	
  the	
  LOD	
  

estimate,	
  quantitative	
  western	
  blots	
  were	
  done	
  using	
  IP	
  samples	
  to	
  estimate	
  the	
  amount	
  of	
  G	
  

protein	
  that	
  was	
  co-­‐immunoprecipitated	
  following	
  IP	
  of	
  the	
  FLAG-­‐tagged	
  α2AAR	
  or	
  SNAP	
  25.	
  This	
  

could	
  then	
  be	
  used	
  to	
  estimate	
  the	
  number	
  of	
  IPs	
  (and	
  subsequent	
  number	
  of	
  animals)	
  that	
  

would	
  need	
  to	
  be	
  pooled	
  MRM	
  experiments.	
  Quantitative	
  western	
  blots	
  were	
  done	
  using	
  IP	
  

sample	
  following	
  coimmunoprecipitation	
  of	
  both	
  FLAG/Gβγ and	
  SNAP	
  25	
  Gβγ.	
  40ul	
  of	
  IP	
  sample	
  

was	
  resolved	
  on	
  10%	
  or	
  15%	
  SDS-­‐PAGE	
  gels	
  along	
  with	
  a	
  dilution	
  series	
  of	
  purified	
  Gβ1γ1	
  from	
  

1pg	
  to	
  4ng.	
  Gels	
  were	
  transferred	
  and	
  immunoblotted	
  as	
  described.	
  G	
  protein	
  estimates	
  were	
  

done	
  by	
  analyzing	
  images	
  for	
  densitometry	
  using	
  ImageJ	
  (available	
  from	
  

http://rsbweb.nih.gov.proxy.library.vanderbilt.edu/ij/index.html). 	
  

Application	
  of	
  targeted	
  proteomics	
  methods	
  to	
  immunoprecipitated	
  samples.	
  

Immunoprecipitated	
  Gβγ isoforms	
  were	
  separated	
  by	
  SDS-­‐PAGE	
  (15%	
  acrylamide)	
  and	
  stained	
  

with	
  colloidal	
  Coomassie	
  Blue	
  (Invitrogen).	
  Gel	
  bands	
  corresponding	
  to	
  the	
  molecular	
  weights	
  of	
  

Gβ	
  and	
  Gγ subunits	
  were	
  excised,	
  chopped	
  into	
  1mm3	
  pieces,	
  reduced	
  with	
  dithiothreitol,	
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alkylated	
  with	
  iodoacetamide,	
  and	
  digested	
  with	
  trypsin.	
  Gβ	
  and	
  Gγ	
  peptides	
  were	
  each	
  

analyzed	
  by	
  a	
  single	
  90	
  minute	
  scheduled	
  MRM	
  analysis.	
  Scouting	
  runs	
  were	
  performed	
  initially	
  

using	
  postsynaptic	
  samples	
  isolated	
  from	
  striatum	
  (described	
  in	
  Chapter	
  III)	
  to	
  confirm	
  isoforms	
  

could	
  be	
  detected	
  with	
  the	
  90	
  minute	
  gradient,	
  as	
  well	
  as	
  narrow	
  the	
  scheduled	
  window.	
  

Biological	
  samples	
  were	
  randomized	
  to	
  ensure	
  any	
  drift	
  in	
  assay	
  performance	
  would	
  not	
  affect	
  

subsets	
  disproportionally.	
  	
  Briefly,	
  utilizing	
  a	
  trap	
  column	
  setup,	
  peptides	
  were	
  first	
  loaded	
  onto	
  

a	
  100	
  μm	
  x	
  4	
  cm	
  C18	
  reverse	
  phase	
  column,	
  which	
  was	
  connected	
  in	
  line	
  to	
  a	
  20cm	
  by	
  100mm	
  

(Jupiter	
  3µm,	
  300Å),	
  analytical	
  column.	
  	
  Peptides	
  were	
  gradient-­‐eluted	
  into	
  a	
  TSQ-­‐Vantage	
  

(Thermo	
  Scientific)	
  using	
  a	
  nanoelectrospray	
  source.	
  Peptides	
  were	
  resolved	
  using	
  an	
  aqueous	
  

to	
  organic	
  gradient	
  with	
  a	
  90	
  minute	
  total	
  cycle	
  time.	
  Scheduled	
  instrument	
  methods	
  

encompassing	
  a	
  6	
  minute	
  window	
  around	
  the	
  measured	
  retention	
  time	
  along	
  with	
  calculated	
  

collision	
  energies	
  were	
  created	
  using	
  Skyline.	
  Q1	
  peak	
  width	
  resolution	
  was	
  set	
  to	
  0.7,	
  collision	
  

gas	
  pressure	
  was	
  1.5	
  mTorr,	
  and	
  a	
  cycle	
  time	
  of	
  3	
  seconds	
  was	
  utilized.	
  The	
  resulting	
  RAW	
  

instrument	
  files	
  were	
  imported	
  into	
  Skyline	
  for	
  peak-­‐picking	
  and	
  quantitation.	
  Data	
  analysis	
  

using	
  Skyline	
  was	
  performed	
  to	
  assess	
  enrichment	
  of	
  individual	
  G	
  protein	
  subunits	
  in	
  KO	
  or	
  Tg	
  

samples.	
  Transition	
  ion	
  intensities	
  were	
  summed	
  for	
  each	
  precursor	
  and	
  these	
  data	
  were	
  used	
  

to	
  generate	
  extracted	
  ion	
  chromatographic	
  peaks	
  of	
  co-­‐eluting	
  transitions.	
  As	
  described	
  

previously,	
  chromatographic	
  peaks	
  were	
  manually	
  interrogated	
  and	
  correct	
  peaks	
  chosen	
  based	
  

on	
  retention	
  times,	
  dot	
  product	
  values,	
  and	
  relative	
  distributions	
  of	
  transition	
  ions.	
  Three	
  

internal	
  reference	
  peptides,	
  SSAAPPPPPR,	
  TASEFDSAIAQDK,	
  and	
  LTILEELR	
  (Table	
  2)	
  were	
  used	
  to	
  

evaluate	
  drift	
  in	
  assay	
  performance.	
  Each	
  reference	
  peptide	
  (5fmol)	
  was	
  spiked	
  in	
  to	
  all	
  samples	
  

and	
  monitored	
  throughout	
  all	
  MRM	
  experiments.	
  	
  BSA	
  controls	
  were	
  monitored	
  at	
  regular	
  

intervals	
  between	
  samples	
  to	
  evaluate	
  instrument	
  performance	
  as	
  previously	
  described.	
  To	
  

allow	
  comparison	
  between	
  G	
  proteins	
  immunoprecipitated	
  from	
  Tg	
  or	
  KO	
  animals,	
  fold	
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differences	
  were	
  calculated	
  by	
  dividing	
  the	
  integrated	
  area	
  under	
  the	
  curve	
  for	
  all	
  KO	
  or	
  Tg	
  

animals	
  by	
  the	
  average	
  of	
  the	
  integrated	
  AUC	
  for	
  the	
  KO	
  animals.	
  An	
  N	
  of	
  2	
  Tg	
  and	
  2	
  KO	
  animals	
  

was	
  quantified	
  for	
  FLAG-­‐tagged	
  α2A	
  coimmunoprecipitation	
  experiments.	
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Results	
  

Crosslinker	
  Efficiency	
  	
  	
  

In	
  order	
  to	
  assess	
  the	
  specificity	
  of	
  G	
  protein	
  interactions	
  with	
  the	
  α2A	
  adrerengic	
  

receptor	
  or	
  SNARE	
  proteins	
  following	
  receptor	
  activation,	
  we	
  made	
  use	
  of	
  a	
  synaptosomal	
  

preparation	
  that	
  would	
  allow	
  us	
  to	
  IP	
  tagged	
  α2AARs	
  or	
  SNAP	
  25	
  in	
  complex	
  with	
  Gβγ	
  (Figure	
  

15A).	
  To	
  ensure	
  the	
  receptor/G	
  protein	
  or	
  G	
  protein/SNARE	
  complexes	
  remained	
  intact	
  during	
  

IP	
  experiments,	
  a	
  lipid	
  soluble	
  crosslinker,	
  DSP,	
  was	
  added	
  to	
  samples	
  following	
  stimulation.	
  To	
  

determine	
  the	
  optimal	
  concentration	
  of	
  crosslinker	
  for	
  these	
  experiments,	
  synaptosomes	
  

isolated	
  from	
  HA-­‐tagged	
  α2AAR	
  transgenic	
  mice	
  were	
  incubated	
  with	
  increasing	
  concentrations	
  

of	
  DSP.	
  The	
  amount	
  of	
  Gβγ	
  coimmunoprecipitating	
  with	
  the	
  HA-­‐tagged	
  α2AAR	
  was	
  determined	
  

by	
  western	
  blot	
  analysis.	
  Figure	
  15B	
  reveals	
  a	
  concentration	
  dependent	
  increase	
  in	
  the	
  amount	
  

of	
  Gβγ	
  pulled	
  down	
  with	
  the	
  HA-­‐tagged	
  α2AAR	
  in	
  the	
  presence	
  of	
  DSP.	
  Maximal	
  recovery	
  

occurred	
  in	
  the	
  presence	
  of	
  2mM	
  DSP.	
  As	
  a	
  result,	
  all	
  future	
  experiments	
  used	
  this	
  

concentration	
  of	
  crosslinker.	
  	
  

CoImmunoprecipitation	
  of	
  FLAG-­‐tagged	
  α2AARs	
  with	
  G	
  protein	
  βγ  subunits	
  	
  

	
   Transgenic	
  mice	
  expressing	
  a	
  FLAG-­‐tagged	
  α2AAR	
  under	
  the	
  control	
  of	
  dopamine	
  beta	
  

hydroxylase	
  promoter	
  were	
  used	
  for	
  MRM	
  studies.	
  These	
  animals	
  only	
  express	
  the	
  α2AAR	
  

presynaptically	
  on	
  noradrenergic	
  neurons	
  (Figure	
  16A),	
  making	
  them	
  useful	
  for	
  investigating	
  

both	
  receptor/G	
  protein	
  interactions	
  as	
  well	
  as	
  G	
  protein/SNARE	
  interactions.	
  KO	
  mice	
  lacking	
  

both	
  the	
  α2A	
  and	
  α2C	
  adrenergic	
  receptors	
  were	
  used	
  as	
  controls.	
  Brain	
  homogenates	
  from	
  Tg	
  

and	
  KO	
  were	
  split	
  in	
  half	
  when	
  generating	
  synaptosomes	
  such	
  that	
  each	
  animal	
  could	
  act	
  as	
  its	
  

own	
  internal	
  control	
  during	
  stimulation	
  experiments.	
  To	
  evaluate	
  the	
  interaction	
  between	
  the	
  

FLAG-­‐tagged	
  α2AAR	
  with	
  Gβγ	
  subunits,	
  synaptosomes	
  were	
  generated	
  from	
  Tg	
  and	
  KO	
  mice	
  and	
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stimulated	
  with	
  100µM	
  of	
  epinephrine	
  or	
  an	
  equal	
  volume	
  of	
  buffer	
  and	
  incubated	
  with	
  DSP.	
  

Complexes	
  were	
  immunoprecipitated	
  and	
  interactions	
  confirmed	
  by	
  western	
  blot	
  analysis.	
  

Figure	
  17B	
  shows	
  that	
  stimulation	
  with	
  epinephrine	
  significantly	
  increases	
  the	
  amount	
  of	
  Gβγ	
  

that	
  is	
  coimmunoprecipitated	
  with	
  the	
  FLAG-­‐tagged	
  receptor.	
  This	
  interaction	
  is	
  specific	
  as	
  it	
  is	
  

absent	
  in	
  the	
  KO	
  animals.	
  	
  Using	
  a	
  dilution	
  series	
  of	
  purified	
  Gβ1,	
  a	
  limit	
  of	
  detection	
  experiment	
  

was	
  performed	
  (Figure	
  17).	
  Peaks	
  for	
  the	
  four	
  Gβ1	
  peptides	
  being	
  monitored	
  by	
  MRM	
  

ACADATLSQITNNIDPVGR,	
  ELAGHTGYLSCCR,	
  LLLAGYDDFNCNVWDALK	
  and	
  LFVSGACDASAK)	
  could	
  

confidently	
  be	
  identified	
  well	
  above	
  the	
  noise	
  in	
  samples	
  containing	
  10pg	
  of	
  purified	
  Gβ1.	
  The	
  

limit	
  of	
  quantitation	
  were	
  of	
  quantitation	
  was	
  estimated	
  to	
  be	
  around	
  250pg	
  as	
  this	
  was	
  the	
  

bottom	
  of	
  the	
  linear	
  range	
  within	
  the	
  dilution	
  series	
  (Figure	
  17).	
  Quantitative	
  western	
  blot	
  

experiments	
  estimated	
  between	
  400-­‐700ng	
  of	
  G	
  protein	
  was	
  pulled	
  down	
  with	
  the	
  FLAG-­‐tagged	
  

α2A	
  receptor	
  per	
  IP	
  sample	
  (data	
  not	
  shown).	
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Figure	
  15.	
  Coimmunoprecipitation	
  of	
  Gβγ 	
  with	
  the	
  HA-­‐tagged	
  α2A	
  adrenergic	
  
receptor	
  (HA-­‐α2AAR)	
  in	
  the	
  presence	
  of	
  a	
  lipid	
  soluble	
  crosslinker.	
  A)	
  Schematic	
  

showing	
  coimmunoprecipitation	
  of	
  the	
  HA-­‐α2AAR	
  with	
  Gβγ	
  subunits	
  from	
  stimulated	
  
synaptosomes.	
  B)	
  Top:	
  chemical	
  structure	
  of	
  the	
  lipid	
  soluble	
  crosslinker,	
  DSP.	
  

Bottom:	
  representative	
  immunoblots	
  of	
  the	
  coimmunoprecipitation	
  of	
  the	
  HA-­‐α2AAR	
  
and	
  Gβ	
  following	
  stimulation	
  of	
  synaptosomes	
  with	
  epinephrine	
  in	
  the	
  presence	
  of	
  
increasing	
  concentrations	
  of	
  crosslinker.	
  IP:	
  immunoprecipitated	
  fraction;	
  Inp:	
  Input;	
  

Sup:	
  depleted	
  supernatant	
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Figure	
  16.	
  Coimmunoprecipitation	
  of	
  Gβγ 	
  with	
  the	
  FLAG-­‐tagged	
  α 2A	
  adrenergic	
  
receptor	
  (FLAG-­‐α 2AAR).	
  A)	
  Schematic	
  showing	
  generation	
  of	
  FLAG-­‐α2AAR	
  transgenic	
  mice	
  
(Gilsbach	
  and	
  Hein,	
  2012)	
  B)	
  Representative	
  immunoblots	
  of	
  the	
  coimmunoprecipitation	
  

of	
  the	
  FLAG-­‐α2AAR	
  and	
  Gβ	
  following	
  stimulation	
  of	
  synaptosomes	
  with	
  buffer	
  
(unstimulated)	
  or	
  100µM	
  epinephrine	
  (stimulated).	
  IP:	
  immunoprecipitated	
  fraction;	
  Sup:	
  

depleted	
  supernatant	
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Figure	
  17.	
  Estimation	
  of	
  the	
  limit	
  of	
  detection	
  and	
  limit	
  of	
  quantitation	
  for	
  MRM	
  
experiments.	
  Total	
  area	
  under	
  the	
  curve	
  for	
  Gβ1	
  peptides	
  A)	
  ACADATLSQITNNIDPVGR,	
  
ELAGHTGYLSCCR,	
  and	
  LLLAGYDDFNCNVWDALK	
  and	
  B)	
  LFVSGACDASAK,	
  monitored	
  by	
  

MRM	
  across	
  a	
  dilution	
  series	
  of	
  purified	
  Gβ1.	
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Evaluating	
  specificity	
  of	
  interactions	
  between	
  the	
  FLAG-­‐tagged	
  α2A	
  adrenergic	
  receptor	
  and	
  G	
  

protein	
  βγ 	
  subunits	
  

To	
  examine	
  the	
  specificity	
  of	
  interactions	
  between	
  the	
  FLAG-­‐α2AAR	
  and	
  G	
  protein	
  βγ	
  

isoforms	
  at	
  presynaptic	
  terminals,	
  we	
  applied	
  our	
  refined	
  MRM	
  method	
  (described	
  in	
  Chapter	
  

III)	
  to	
  IP	
  samples	
  that	
  had	
  been	
  TCA	
  precipitated	
  and	
  digested.	
  Synaptosomes	
  were	
  generated	
  

from	
  whole	
  brains	
  of	
  four	
  Tg	
  and	
  KO	
  mice	
  and	
  stimulated	
  with	
  100	
  µM	
  of	
  epinephrine	
  or	
  an	
  

equal	
  volume	
  of	
  buffer	
  in	
  the	
  presence	
  of	
  DSP	
  as	
  described.	
  Synaptosomes	
  were	
  processed	
  by	
  

immunoprecipitation	
  to	
  isolate	
  receptor/G	
  protein	
  complexes	
  from	
  noradrenergic	
  terminals.	
  To	
  

maximize	
  the	
  amount	
  of	
  G	
  proteins	
  recovered	
  from	
  IPs,	
  the	
  entire	
  volume	
  of	
  precleared,	
  

1mg/ml	
  homogenate	
  from	
  each	
  animal	
  was	
  aliquoted	
  and	
  incubated	
  with	
  anti-­‐FLAG	
  antibody	
  

(~15	
  IPs	
  per	
  animal).	
  Following	
  immunoprecipitation,	
  IP	
  samples	
  were	
  eluted	
  with	
  FLAG	
  peptide	
  

and	
  TCA	
  precipitated	
  to	
  concentrate	
  the	
  G	
  proteins.	
  	
  Initial	
  experiments	
  with	
  Tg	
  and	
  KO	
  samples	
  

stimulated	
  with	
  epinephrine	
  (+epi)	
  utilized	
  sequential	
  precipitations	
  to	
  pool	
  IPs	
  from	
  two	
  

animals	
  (≈	
  30	
  IPs	
  were	
  pooled	
  for	
  each	
  genotype).	
  Subsequent	
  experiments	
  with	
  Tg	
  and	
  KO	
  

samples	
  that	
  were	
  not	
  stimulated	
  with	
  epinephrine	
  (no	
  epi)	
  only	
  pooled	
  IPs	
  from	
  a	
  single	
  animal	
  

(i.e.	
  ~15	
  IPs	
  total	
  for	
  each	
  sample).	
  As	
  a	
  result	
  at	
  the	
  time	
  of	
  writing	
  this	
  dissertation,	
  we	
  had	
  an	
  

N=2	
  for	
  +epi	
  samples	
  and	
  N=4	
  for	
  no	
  epi	
  samples	
  Following	
  tryptic	
  digest,	
  the	
  refined	
  MRM	
  

method	
  was	
  applied	
  to	
  IP	
  samples.	
  Fold	
  differences	
  were	
  calculated	
  against	
  KO	
  no	
  epi	
  samples	
  

to	
  allow	
  comparison	
  between	
  G	
  proteins	
  identified	
  in	
  KO	
  and	
  Tg	
  samples	
  with	
  and	
  without	
  

stimulation	
  with	
  epinephrine.	
  All	
  four	
  of	
  the	
  beta	
  isoforms	
  (Gβ1,2,4,	
  and	
  5)	
  being	
  targeted	
  were	
  

detected	
  in	
  KO	
  and	
  Tg	
  samples,	
  as	
  well	
  as	
  6	
  of	
  the	
  8	
  gamma	
  isoforms	
  (Gγ2,3,4,7,12,	
  and	
  13	
  

respectively).	
  Chromatographic	
  peaks	
  of	
  monitored	
  transition	
  ions	
  could	
  not	
  be	
  confidently	
  

identified	
  for	
  Gγ5	
  and	
  Gγ11.	
  	
  Neither	
  isoform	
  was	
  included	
  in	
  analyses.	
  	
  Gγ4	
  was	
  ultimately	
  left	
  

out	
  of	
  analysis	
  as	
  chromatographic	
  peaks	
  for	
  only	
  one	
  peptide	
  in	
  the	
  KO	
  no	
  epi	
  samples	
  could	
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confidently	
  be	
  identified.	
  	
  As	
  a	
  result,	
  this	
  isoform	
  could	
  not	
  be	
  assessed	
  and	
  as	
  such	
  fold	
  

differences	
  could	
  not	
  be	
  evaluated	
  in	
  Tg	
  no	
  epi	
  or	
  KO	
  and	
  Tg	
  +	
  epi	
  samples.	
  No	
  significant	
  drift	
  in	
  

assay	
  performance	
  was	
  observed	
  as	
  measured	
  by	
  monitoring	
  peak	
  areas	
  as	
  well	
  peak	
  area	
  CVs	
  

for	
  internal	
  reference	
  peptides	
  (data	
  not	
  shown).	
  Fold	
  differences	
  showed	
  clear	
  enrichment	
  of	
  

Gβ1	
  in	
  Tg	
  samples	
  that	
  were	
  stimulated	
  with	
  epinephrine	
  compared	
  to	
  compared	
  to	
  both	
  KO	
  

and	
  Tg	
  unstimulated	
  samples	
  (Figure	
  18A).	
  Comparatively	
  Gβ2	
  was	
  enriched	
  in	
  Tg	
  unstimulated	
  

samples	
  as	
  well	
  as	
  KO	
  stimulated	
  samples	
  compared	
  to	
  KO	
  unstimulated	
  samples,	
  yet	
  fold	
  

differences	
  did	
  not	
  differ	
  between	
  these	
  conditions.	
  Similar	
  to	
  Gβ1,	
  however,	
  the	
  greatest	
  fold	
  

differences	
  were	
  observed	
  in	
  Tg	
  samples	
  stimulated	
  with	
  epinephrine	
  as	
  Gβ2	
  was	
  greatly	
  

enriched	
  as	
  compared	
  to	
  all	
  other	
  conditions	
  (Figure	
  18A).	
  In	
  contrast,	
  Gβ4	
  and	
  Gβ5	
  were	
  not	
  

enriched	
  in	
  any	
  condition	
  (Figure	
  18A).	
  Comparatively,	
  4	
  of	
  the	
  5	
  detected	
  gamma	
  isoforms	
  (Gγ2,	
  

7,	
  12	
  and	
  13	
  respectively)	
  showed	
  clear	
  fold	
  increases	
  in	
  Tg	
  samples	
  following	
  stimulation	
  with	
  

epinephrine	
  (Figure	
  18B).	
  	
  In	
  contrast,	
  Gγ2	
  was	
  not	
  enriched	
  in	
  any	
  of	
  the	
  samples	
  compared	
  to	
  

KO	
  unstimulated	
  samples	
  (Figure	
  18B).	
  These	
  results	
  indicate	
  a	
  preference	
  of	
  α2A	
  receptors	
  for	
  

heterotrimers	
  containing	
  Gβ1,	
  Gβ2,	
  Gγ2,	
  7,	
  12	
  and	
  13	
  (Figure	
  18).	
  Fold	
  differences	
  for	
  Gβ4,	
  Gβ5	
  and	
  

Gγ3	
  were	
  found	
  to	
  be	
  equal	
  to	
  unstimulated	
  KO	
  samples	
  and	
  thus	
  assumed	
  to	
  be	
  nonspecific.	
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Figure	
  18.	
  α 2A	
  receptors	
  exhibit	
  specificity	
  when	
  interacting	
  with	
  G	
  protein	
  βγ 	
  
subunits.	
  G	
  protein	
  βγ	
  subunits	
  were	
  co-­‐immunoprecipitated	
  with	
  the	
  α2A	
  receptor	
  

following	
  stimulation	
  of	
  the	
  receptor	
  with	
  epinephrine	
  in	
  FLAG-­‐tagged	
  α2A	
  	
  
adrenergic	
  receptor	
  transgenic	
  (Tg)	
  and	
  α2A	
  / α2C	
  double	
  KO	
  (KO)	
  mice.	
  Fold	
  

differences	
  were	
  calculated	
  for	
  the	
  expression	
  of	
  A)	
  Gβ	
  isoforms	
  and	
  B)	
  Gγ	
  isoforms	
  
in	
  Tg	
  IP	
  samples	
  compared	
  to	
  KO	
  IP	
  samples.	
  N.D.,	
  not	
  detected.	
  N	
  =	
  4	
  for	
  no	
  epi	
  

samples	
  and	
  N	
  =	
  2	
  for	
  +	
  epi	
  samples.	
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CoImmunoprecipitation	
  of	
  SNAP	
  25	
  with	
  G	
  protein	
  βγ  subunits	
  	
  

To	
  evaluate	
  the	
  interaction	
  between	
  the	
  Gβγ	
  subunits	
  and	
  SNAP	
  25,	
  synaptosomes	
  were	
  

generated	
  from	
  Tg	
  and	
  KO	
  mice,	
  stimulated	
  with	
  100µM	
  of	
  epinephrine	
  or	
  an	
  equal	
  volume	
  of	
  

buffer,	
  and	
  incubated	
  with	
  DSP.	
  Complexes	
  were	
  immunoprecipitated	
  and	
  interactions	
  

confirmed	
  by	
  western	
  blot	
  analysis.	
  G	
  proteins	
  were	
  detected	
  in	
  stimulated	
  and	
  unstimulated	
  IP	
  

samples	
  in	
  both	
  Tg	
  and	
  KO	
  animals	
  (Figure	
  19A).	
  Association	
  of	
  Gβγ	
  and	
  SNAP25	
  in	
  stimulated	
  in	
  

KO	
  samples	
  cannot	
  be	
  attributed	
  to	
  activation	
  α1	
  or	
  β−adrenergic	
  receptors,	
  as	
  these	
  were	
  

blocked	
  using	
  specific	
  antagonists.	
  Rather,	
  we	
  expect	
  that	
  the	
  association	
  is	
  caused	
  through	
  

non-­‐adrenergic	
  GPCRs	
  such	
  as	
  dopamine	
  D2	
  receptors,	
  as	
  epinephrine	
  has	
  previously	
  been	
  

shown	
  to	
  activate	
  them.	
  Coimmunoprecipitation	
  of	
  G	
  proteins	
  with	
  SNAP	
  25	
  in	
  the	
  absence	
  of	
  

epinephrine	
  activation	
  was	
  surprising	
  in	
  both	
  KO	
  and	
  Tg	
  animals.	
  To	
  ensure	
  this	
  result	
  wasn’t	
  

due	
  to	
  an	
  effect	
  of	
  the	
  crosslinker,	
  coimmunoprecipitation	
  studies	
  were	
  done	
  in	
  the	
  presence	
  

and	
  absence	
  of	
  both	
  crosslinker	
  and	
  epinephrine.	
  	
  Western	
  blots	
  reveal	
  that	
  while	
  

coimmunoprecipitation	
  of	
  the	
  G	
  protein/SNARE	
  complex	
  requires	
  the	
  addition	
  of	
  a	
  crosslinker,	
  

the	
  interaction	
  is	
  specific,	
  as	
  little	
  non-­‐specific	
  binding	
  was	
  observed	
  in	
  IgG	
  controls	
  (Figure	
  19B).	
  

Given	
  that	
  the	
  G	
  protein/SNARE	
  association	
  is	
  low	
  affinity,	
  the	
  requirement	
  for	
  a	
  crosslinker	
  was	
  

not	
  surprising79.	
  Consequently,	
  crosslinker	
  was	
  used	
  in	
  all	
  future	
  MRM	
  experiments.	
  

Quantitative	
  western	
  blot	
  experiments	
  estimated	
  ≈1000ng	
  of	
  G	
  protein	
  was	
  pulled	
  down	
  with	
  

SNAP	
  25	
  per	
  IP	
  sample	
  (data	
  not	
  shown).	
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Figure	
  19.	
  Coimmunoprecipitation	
  of	
  Gβγ 	
  with	
  SNAP	
  25. A)	
  Representative	
  immunoblots	
  
of	
  the	
  coimmunoprecipitation	
  of	
  SNAP	
  25	
  and	
  Gβ	
  following	
  stimulation	
  of	
  FLAG-­‐tagged	
  α2A	
  
adrenergic	
  receptor	
  transgenic	
  mouse	
  or	
  α2A	
  / α2C	
  double	
  KO	
  mouse	
  synaptosomes	
  with	
  

buffer	
  (-­‐)	
  or	
  100µM	
  epinephrine	
  (+).	
  B)	
  Representative	
  immunoblots	
  of	
  the	
  
coimmunoprecipitation	
  of	
  SNAP	
  25	
  and	
  Gβ or	
  IgG	
  controls	
  following	
  stimulation	
  of	
  WT	
  

synaptosomes	
  with	
  buffer	
  (-­‐)	
  or	
  100µM	
  epinephrine	
  (+)	
  in	
  the	
  presence	
  or	
  absence	
  of	
  DSP.	
  
IP:	
  immunoprecipitated	
  fraction;	
  Sup:	
  depleted	
  supernatant	
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Evaluating	
  specificity	
  of	
  interactions	
  between	
  the	
  G	
  protein	
  βγ 	
  subunits	
  and	
  SNARE	
  proteins	
  

To	
  examine	
  the	
  specificity	
  of	
  interactions	
  between	
  the	
  G	
  protein	
  βγ	
  isoforms	
  and	
  SNARE	
  

proteins	
  at	
  presynaptic	
  terminals,	
  we	
  applied	
  our	
  refined	
  MRM	
  method	
  to	
  IP	
  samples	
  that	
  had	
  

been	
  stimulated	
  with	
  epinephrine	
  or	
  buffer	
  alone.	
  Data	
  collection	
  was	
  hampered	
  by	
  an	
  

inconsistent	
  contaminant	
  within	
  the	
  samples,	
  which	
  caused	
  degradation	
  of	
  column	
  performance	
  

for	
  certain	
  samples.	
  	
  This	
  was	
  likely	
  to	
  be	
  excess	
  coomassie	
  stain	
  based	
  on	
  observations	
  of	
  the	
  

tubes.	
  Degradation	
  was	
  manifested	
  by	
  wider	
  or	
  tailing	
  peaks	
  and	
  chromatographic	
  shifts	
  which	
  

were	
  sometimes	
  great	
  enough	
  as	
  to	
  shift	
  the	
  peak	
  outside	
  of	
  the	
  time	
  window	
  in	
  which	
  it	
  was	
  

being	
  monitored	
  (data	
  not	
  shown).	
  Significant	
  experimental	
  and	
  instrument	
  drift	
  was	
  observed	
  

when	
  internal	
  reference	
  peptides	
  and	
  BSA	
  controls	
  were	
  examined	
  but	
  degradation	
  appeared	
  to	
  

be	
  sample	
  dependent	
  as	
  a	
  single	
  blank	
  or	
  QC	
  injection	
  was	
  sufficient	
  to	
  recover	
  performance.	
  

Although	
  preliminary	
  data	
  was	
  collected,	
  no	
  consistent	
  criteria	
  could	
  be	
  resolved	
  to	
  allow	
  it	
  to	
  

be	
  confidently	
  analyzed	
  and	
  thus	
  it	
  was	
  excluded	
  from	
  this	
  dissertation	
  until	
  samples	
  could	
  be	
  

redone.	
  At	
  the	
  time	
  of	
  writing	
  this	
  dissertation,	
  experimental	
  conditions	
  had	
  been	
  revised	
  

resolve	
  contamination	
  issues	
  and	
  allow	
  samples	
  to	
  be	
  analyzed	
  by	
  MRM.	
  Synaptosomes	
  were	
  

generated	
  from	
  whole	
  brains	
  of	
  Tg	
  and	
  KO	
  mice	
  and	
  stimulated	
  as	
  described	
  above.	
  

Synaptosomes	
  were	
  processed	
  by	
  immunoprecipitation	
  to	
  isolate	
  G	
  protein/SNAP	
  25	
  complexes	
  

from	
  noradrenergic	
  terminals.	
  To	
  maximize	
  the	
  amount	
  of	
  G	
  proteins	
  recovered	
  from	
  IPs,	
  the	
  

entire	
  volume	
  of	
  precleared,	
  1mg/ml	
  homogenate	
  from	
  each	
  animal	
  was	
  aliquoted	
  and	
  

incubated	
  with	
  anti-­‐SNAP	
  antibody	
  (~15	
  IPs	
  per	
  animal).	
  Following	
  immunoprecipitation,	
  IP	
  

samples	
  were	
  eluted	
  with	
  glycine	
  and	
  TCA	
  precipitated	
  to	
  concentrate	
  the	
  G	
  proteins.	
  	
  To	
  avoid	
  

contamination	
  issues,	
  only	
  half	
  of	
  the	
  IPs	
  were	
  pooled	
  (~7-­‐8)	
  and	
  precipitated	
  together.	
  Both	
  

halves	
  were	
  then	
  run	
  out	
  on	
  gels	
  and	
  digested	
  yielding	
  more	
  digestions	
  but	
  less	
  IgG	
  

contamination	
  of	
  gels.	
  Digested	
  samples	
  were	
  then	
  sequentially	
  resolubilized	
  in	
  formic	
  acid	
  prior	
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to	
  being	
  analyzed	
  on	
  the	
  Vantage	
  to	
  ensure	
  coomassie	
  contamination	
  was	
  as	
  reduced	
  as	
  

possible.	
  At	
  the	
  time	
  of	
  writing	
  this	
  dissertation,	
  an	
  N=2	
  for	
  +epi	
  samples	
  and	
  N=4	
  for	
  no	
  epi	
  

samples	
  have	
  been	
  digested	
  and	
  are	
  waiting	
  to	
  be	
  analyzed	
  by	
  MRM.	
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Discussion	
  

Gi/o-­‐coupled	
  GPCRs	
  such	
  as	
  the	
  α2AAR	
  play	
  an	
  important	
  role	
  in	
  the	
  CNS	
  as	
  they	
  act	
  as	
  

feedback	
  regulators	
  to	
  mediate	
  inhibition	
  of	
  presynaptic	
  release.	
  	
  Upon	
  stimulation,	
  these	
  

GPCRs	
  release	
  G	
  protein	
  βγ	
  subunits	
  which	
  act	
  to	
  prevent	
  neurotransmitter	
  realease	
  through	
  

actions	
  on	
  VDCC,	
  potassium	
  channels,	
  and	
  members	
  of	
  the	
  exocytotic	
  

machinery74,75,79,81,124,112,305,309.	
  While	
  the	
  actions	
  of	
  βγ subunits	
  are	
  known,	
  an	
  understanding	
  of	
  

how	
  they	
  are	
  directed	
  toward	
  specific	
  effectors	
  is	
  lacking.	
  With	
  the	
  majority	
  of	
  the	
  5β	
  and	
  12γ	
  

isoforms	
  able	
  to	
  form	
  dimers,	
  and	
  in	
  vitro	
  studies	
  showing	
  significant	
  redundancy	
  in	
  the	
  ability	
  

of	
  different	
  dimers	
  to	
  interact	
  with	
  receptors	
  and	
  effectors213,262,320,	
  questions	
  persist	
  about	
  

whether	
  Gβγ	
  subunits	
  paly	
  a	
  role	
  in	
  defining	
  the	
  specificity	
  of	
  signaling	
  pathways.	
  Countering	
  

this,	
  are	
  cell	
  based	
  assays	
  and	
  genetic	
  models	
  which	
  suggest	
  specific	
  G	
  protein	
  β	
  and	
  γ	
  isoforms	
  

play	
  distinct	
  roles	
  within	
  an	
  organism102,215,263,280.	
  In	
  this	
  study	
  we	
  have	
  demonstrated	
  that	
  α2AAR	
  	
  

preferentially	
  interact	
  with	
  a	
  subset	
  of	
  G	
  protein	
  βγ	
  isoforms	
  at	
  presynaptic	
  terminals	
  suggesting	
  

that	
  the	
  receptor/	
  Gβγ	
  interaction	
  may	
  be	
  important	
  in	
  determining	
  effector	
  interactions.	
  	
  

The	
  central	
  noradrenergic	
  system	
  modulates	
  diverse	
  biological	
  functions	
  including	
  

attention,	
  arousal,	
  learning	
  and	
  memory,	
  stress	
  responses,	
  and	
  sensory	
  information	
  

processing321-­‐323.	
  Innervation	
  is	
  extensive,	
  as	
  noradrenergic	
  fiber	
  bundles	
  originate	
  from	
  clusters	
  

of	
  cell	
  bodies	
  within	
  the	
  pons	
  and	
  medulla	
  oblongata,	
  extending	
  to	
  the	
  midbrain,	
  thalamus,	
  

amygdala,	
  hippocampus,	
  cortex,	
  and	
  cerebellum,	
  among	
  others321,324,325.	
  Of	
  the	
  nine	
  adrenergic	
  

GPCR	
  subtypes,	
  the	
  α2AAR	
  plays	
  an	
  important	
  role	
  in	
  regulating	
  synaptic	
  transmission,	
  acting	
  

presynaptically	
  as	
  auto-­‐303,	
  304	
  and	
  heteroreceptors326	
  in	
  feedback	
  mechanisms,	
  but	
  also	
  

postsynaptically	
  and	
  soma-­‐dendritically	
  to	
  mediate	
  hyperpolarization	
  and	
  reduce	
  firing327,328.	
  

Direct	
  measurements	
  of	
  GPCR-­‐G	
  protein	
  interactions	
  in	
  reconstituted	
  systems	
  has	
  not	
  revealed	
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a	
  high	
  degree	
  of	
  discrimination	
  at	
  the	
  level	
  of	
  the	
  receptor	
  as	
  many	
  GPCRs	
  are	
  able	
  to	
  couple	
  to	
  

heterotrimers	
  containing	
  multiple	
  Gα	
  or	
  Gβγ	
  subunits213,262,320.	
  This	
  paucity	
  for	
  GPCR	
  specificity	
  

has	
  been	
  seen	
  for	
  the	
  α2A	
  receptor	
  as	
  overexpression	
  studies	
  revealed	
  that	
  α2AAR	
  	
  could	
  couple	
  

to	
  both	
  Gαi	
  and	
  Gαo,	
  but	
  also	
  activate	
  phospholipase	
  C	
  via	
  a	
  Gq/11	
  pathway	
  and	
  stimulate	
  	
  

adenylyl	
  cyclase	
  through	
  Gs
329-­‐331.	
  A	
  greater	
  fidelity	
  of	
  α2AAR-­‐G	
  protein	
  interactions	
  appears	
  

physiologically,	
  however,	
  as	
  virtually	
  all	
  α2AAR-­‐mediated	
  effects	
  are	
  mediated	
  through	
  pertussis-­‐

sensitive	
  Gi/o	
  pathways332-­‐335.	
  	
  

Gα	
  and	
  Gβγ	
  subunits	
  may	
  both	
  define	
  selectivity	
  of	
  G	
  protein	
  activation	
  by	
  α2AARs.	
  

Using	
  FRET,	
  Gibson	
  and	
  Gilman333	
  demonstrated	
  that	
  endogenous	
  α2AARs	
  preferentially	
  

stimulated	
  Giα1	
  heterotrimers	
  that	
  were	
  paired	
  with	
  Gβ1	
  or	
  Gβ4	
  subunits.	
  In	
  contrast,	
  Gβ2	
  

permitted	
  2-­‐fold	
  higher	
  activation	
  by	
  α2AARs	
  when	
  bound	
  to	
  Giα3	
  yet	
  this	
  was	
  lost	
  when	
  Gβ2	
  

was	
  replaced	
  by	
  Gβ1.	
  Similarly,	
  Richardson	
  and	
  Robishaw335	
  showed	
  higher	
  levels	
  of	
  coupling	
  of	
  

Gαi	
  containing	
  heterotrimers	
  to	
  the	
  α2AAR	
  in	
  the	
  presence	
  of	
  Gβ1γ3	
  and	
  Gβ1γ7	
  compared	
  to	
  

Gβ1γ1	
  or	
  Gβ1γ10.	
  Further,	
  α	
  or	
  βγ-­‐mediated	
  selectivity	
  may	
  be	
  specific	
  to	
  a	
  physiological	
  function	
  

as	
  Albarrán-­‐Juárez	
  et	
  al.334	
  demonstrated	
  individual	
  Gαi	
  isoforms	
  mediated	
  sedative	
  anesthetic-­‐

sparing	
  effects	
  but	
  not	
  inhibition	
  of	
  evoked	
  release.	
  Although	
  Gα subunits	
  were	
  not	
  investigated	
  

in	
  the	
  current	
  study,	
  this	
  raises	
  the	
  possibility	
  that	
  specificity	
  of	
  evoked	
  released	
  through	
  the	
  

α2AAR	
  could	
  be	
  mediated	
  by	
  Gβγ	
  subunits.	
  This	
  is	
  consistent	
  with	
  our	
  finding	
  that	
  only	
  a	
  subset	
  

of	
  Gβ	
  and	
  Gγ	
  isoforms	
  interact	
  with	
  the	
  receptor	
  following	
  stimulation	
  with	
  epinephrine.	
  Gβ1	
  

and	
  Gβ2	
  were	
  previously	
  shown	
  to	
  support	
  strong	
  G	
  protein	
  activation	
  through	
  the	
  α2AAR,	
  as	
  

were	
  Gγ2,3,4,	
  and	
  7
333,335,	
  similar	
  to	
  what	
  was	
  observed	
  the	
  present	
  study	
  (Figure	
  18A,B).	
  

Conversely,	
  Gβ4	
  was	
  previously	
  shown	
  to	
  be	
  very	
  effective	
  at	
  facilitating	
  activation	
  of	
  G	
  protein	
  

heterotrimers	
  whereas	
  in	
  our	
  study,	
  fold	
  differences	
  examining	
  the	
  expression	
  of	
  Gβ4	
  subunits	
  

in	
  IP	
  samples	
  were	
  almost	
  the	
  same	
  between	
  Tg	
  and	
  KO	
  animals.	
  Whether	
  these	
  discrepancies	
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represent	
  experimental	
  differences	
  in	
  cell-­‐based	
  vs	
  tissue	
  systems	
  remains	
  to	
  be	
  determined.	
  

Given	
  the	
  low	
  number	
  of	
  biological	
  samples	
  in	
  the	
  current	
  study,	
  additional	
  experiments	
  will	
  be	
  

needed	
  to	
  elucidate	
  this.	
  Similar	
  to	
  Gβ4,	
  Gβ5	
  showed	
  no	
  specific	
  interaction	
  with	
  the	
  α2AAR	
  

following	
  stimulation	
  of	
  the	
  receptor	
  (Figure	
  18A).	
  Although	
  in	
  vitro	
  Gβ5	
  has	
  been	
  shown	
  to	
  pair	
  

with	
  Gγ	
  isoforms,	
  in	
  vivo,	
  Gβ5	
  forms	
  a	
  stable	
  obligate	
  dimer	
  with	
  members	
  of	
  the	
  RGS	
  R7	
  

subfamily	
  to	
  modulate	
  Gi-­‐mediated	
  signal	
  transduction	
  pathways267-­‐271.	
  This	
  may	
  explain	
  why,	
  in	
  

the	
  present	
  study,	
  no	
  specific	
  interaction	
  with	
  the	
  α2A	
  receptor	
  was	
  observed.	
  	
  	
  

Although	
  MRM	
  data	
  could	
  not	
  yet	
  be	
  completed	
  for	
  Gβγ	
  associations	
  with	
  SNARE	
  

proteins	
  following	
  activation	
  of	
  the	
  α2AAR,	
  in	
  vitro	
  data	
  suggests	
  specificity	
  at	
  this	
  site	
  of	
  

interaction	
  could	
  occur.	
  Binding	
  studies	
  and	
  calcium-­‐trigged	
  exocytosis	
  experiments	
  

demonstrated	
  functional	
  differences	
  in	
  the	
  ability	
  of	
  Gβγ	
  isoforms	
  to	
  modulate	
  SNARE	
  proteins	
  

(Blackmer	
  et	
  al	
  2005).	
  Similarly,	
  Hamid	
  et	
  al.77	
  recently	
  demonstrated	
  that	
  SNARE	
  complexes	
  

govern	
  the	
  mechanisms	
  by	
  which	
  5HT1b	
  and	
  GABAB	
  receptors	
  inhibit	
  exocytotic	
  release	
  at	
  the	
  

same	
  synaptic	
  terminal.	
  Although	
  it	
  wasn’t	
  examined,	
  the	
  authors	
  note	
  that	
  Gβγ	
  identity	
  could	
  

add	
  a	
  further	
  layer	
  to	
  effector	
  targeting.	
  Our	
  western	
  blot	
  analysis	
  raises	
  some	
  interesting	
  

questions	
  about	
  the	
  microarchitecture	
  surrounding	
  Gβγ/SNARE	
  associations.	
  Gβγ	
  subunits	
  were	
  

found	
  associated	
  with	
  SNAP	
  25	
  regardless	
  of	
  receptor	
  stimulation	
  (Figure	
  19A);	
  an	
  effect	
  which	
  

was	
  not	
  the	
  result	
  of	
  a	
  crosslinker	
  artifact	
  (Figure	
  19B).	
  While	
  we	
  can’t	
  rule	
  out	
  the	
  possibility	
  

that	
  G	
  proteins	
  and	
  SNARE	
  complexes	
  are	
  in	
  such	
  close	
  apposition	
  at	
  the	
  membrane	
  that	
  we	
  

can’t	
  distinguish	
  movements	
  from	
  the	
  receptor	
  to	
  the	
  effector	
  with	
  stimulation,	
  the	
  possibility	
  

that	
  G	
  proteins	
  may	
  be	
  precoupled	
  to	
  SNARE	
  complexes	
  also	
  exists.	
  The	
  fast	
  rate	
  of	
  SNARE	
  

mediated	
  inhibition	
  suggests	
  that	
  the	
  components	
  must	
  only	
  diffuse	
  small	
  distances	
  upon	
  

receptor	
  activation,	
  if	
  at	
  all.	
  It	
  is	
  possible	
  therefore,	
  that	
  G	
  proteins	
  and	
  SNARE	
  proteins	
  may	
  be	
  

scaffolded	
  together	
  prior	
  to	
  receptor	
  activation,	
  which	
  in	
  turn	
  would	
  allow	
  for	
  fast,	
  receptor-­‐
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mediated	
  activation.	
  The	
  existence	
  of	
  precoupled	
  complexes	
  between	
  GPCRs	
  and	
  G	
  proteins	
  has	
  

been	
  shown	
  previously	
  for	
  the	
  α2AAR	
  and	
  Adenosine	
  1	
  receptors	
  using	
  FRET,	
  and	
  were	
  proposed	
  

to	
  increase	
  effector	
  activation	
  and	
  possibly	
  play	
  a	
  role	
  in	
  ensuring	
  signaling	
  fidelity336.	
  If	
  a	
  similar	
  

mechanism	
  existed	
  for	
  G	
  protein/SNARE	
  associations,	
  it	
  could	
  contribute	
  to	
  the	
  specificity	
  of	
  the	
  

signaling	
  pathway.	
  If	
  precoupled	
  complexes	
  exist,	
  questions	
  remain	
  as	
  to	
  the	
  composition	
  of	
  the	
  

G	
  protein	
  subunits.	
  Stimulation	
  could	
  theoretically	
  alter	
  the	
  G	
  proteins	
  that	
  can	
  bind	
  to	
  SNARE	
  

proteins	
  as	
  an	
  added	
  measure	
  of	
  selectivity,	
  or	
  alternatively,	
  different	
  binding	
  sites	
  on	
  the	
  

SNARE	
  proteins	
  may	
  be	
  important	
  following	
  receptor	
  activation.	
  Multiple	
  Gβγ	
  binding	
  sites	
  have	
  

been	
  demonstrated	
  on	
  the	
  amino-­‐	
  and	
  carboxy-­‐terminus	
  of	
  SNAP	
  2574,79,81	
  yet	
  the	
  physiological	
  

relevance	
  of	
  this	
  is	
  unknown.	
  Potentially	
  activation	
  of	
  the	
  α2AAR	
  could	
  result	
  in	
  a	
  conformational	
  

shift	
  such	
  that	
  Gβγ	
  could	
  more	
  effectively	
  compete	
  with	
  synaptotagmin	
  to	
  inhibit	
  exocytosis.	
  

Detailed	
  proteomic	
  analysis	
  will	
  help	
  answer	
  some	
  of	
  these	
  questions	
  but	
  additional	
  efforts	
  will	
  

be	
  needed	
  to	
  elucidate	
  these	
  and	
  other	
  questions.	
  

Summary	
  

In	
  summary,	
  we	
  report	
  that	
  α2AAR	
  exhibits	
  specificity	
  in	
  their	
  interactions	
  with	
  G	
  protein	
  

βγ	
  subunits.	
  This	
  is	
  interesting	
  as	
  it	
  implies	
  that	
  specificity	
  of	
  signaling	
  pathways	
  could	
  be	
  in	
  part,	
  

mediated	
  through	
  the	
  receptor.	
  Further	
  efforts	
  will	
  need	
  to	
  be	
  made	
  to	
  determine	
  if	
  further	
  

selectivity	
  is	
  applied	
  at	
  the	
  SNARE	
  complex,	
  and	
  the	
  physiological	
  consequences	
  of	
  this	
  to	
  the	
  

organism.	
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CHAPTER	
  V	
  

DEVELOPMENT	
  OF	
  SMALL	
  MOLECULE	
  	
  MODULATORS	
  OF	
  THE	
  Gβγ/SNARE	
  INTERACTION	
  

This	
  chapter	
  has	
  been	
  published	
  under	
  the	
  title	
  “Label-­‐free	
  detection	
  of	
  G	
  protein-­‐SNARE	
  

interactions	
  and	
  screening	
  for	
  small	
  molecule	
  modulators”	
  in	
  ACS	
  Chemical	
  Neuroscience.	
  

	
  

Introduction	
  

Release	
  of	
  chemical	
  transmitters	
  by	
  regulated	
  exocytosis	
  underlies	
  many	
  forms	
  of	
  

intercellular	
  communication.	
  	
  In	
  the	
  brain,	
  neurotransmitter	
  release	
  is	
  controlled	
  by	
  a	
  series	
  of	
  

intricate	
  regulatory	
  mechanisms,	
  the	
  best	
  characterized	
  of	
  which	
  includes	
  formation	
  of	
  the	
  

SNARE	
  complex.	
  Formation	
  of	
  this	
  complex	
  occurs	
  as	
  the	
  SNARE	
  domains	
  of	
  three	
  proteins:	
  

syntaxin,	
  SNAP25,	
  and	
  synaptobrevin,	
  interact	
  to	
  form	
  a	
  stable,	
  four-­‐helical	
  bundle	
  which	
  brings	
  

the	
  vesicle	
  and	
  presynaptic	
  membranes	
  into	
  close	
  proximity16,25.	
  As	
  intracellular	
  calcium	
  rises	
  

due	
  to	
  membrane	
  depolarization,	
  it	
  induces	
  a	
  tight	
  association	
  between	
  the	
  SNARE	
  proteins	
  and	
  

the	
  calcium	
  sensor,	
  synaptotagmin,	
  bringing	
  the	
  vesicle	
  into	
  close	
  apposition	
  with	
  the	
  

membrane47.	
  In	
  doing	
  so,	
  the	
  energy	
  barrier	
  for	
  fusion	
  is	
  reduced,	
  and	
  neurotransmitter	
  is	
  

released	
  into	
  the	
  synaptic	
  cleft4.	
  This	
  simplistic	
  view	
  of	
  fusion	
  events	
  is	
  complicated	
  by	
  intricate	
  

interactions	
  with	
  a	
  number	
  of	
  proteins	
  that	
  define	
  stages	
  in	
  the	
  process	
  including	
  priming,	
  

docking,	
  and	
  modes	
  of	
  fusion	
  such	
  as	
  full	
  fusion	
  or	
  kiss-­‐and-­‐run4.	
  Such	
  a	
  complicated	
  mechanism	
  

requires	
  new	
  techniques	
  and	
  probes	
  to	
  identify	
  and	
  define	
  the	
  importance	
  of	
  the	
  spectrum	
  of	
  

protein-­‐protein	
  and	
  protein-­‐lipid	
  interactions	
  that	
  transpire.	
  

GPCRs	
  are	
  seven	
  transmembrane-­‐spanning	
  proteins	
  that	
  transduce	
  extracellular	
  signals	
  

such	
  as	
  hormones	
  or	
  light	
  into	
  intracellular	
  pathways	
  through	
  heterotrimeric	
  G	
  proteins	
  which	
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consist	
  of	
  three	
  subunits:	
  Gα	
  which	
  has	
  a	
  nucleotide-­‐binding	
  domain	
  specifically	
  for	
  guanosine	
  

nucleotides,	
  and	
  Gβγ,	
  a	
  functional	
  dimer	
  that	
  dissociates	
  from	
  Gα	
  upon	
  activation	
  of	
  the	
  

heterotrimer	
  by	
  a	
  stimulated	
  GPCR.	
  Activation	
  is	
  initiated	
  via	
  exchange	
  of	
  GDP	
  for	
  GTP	
  in	
  the	
  

Gα subunit,	
  yet	
  terminates	
  through	
  the	
  actions	
  of	
  an	
  inherent	
  GTPase	
  activity	
  within	
  Gα,	
  which	
  

hydrolyzes	
  the	
  terminal	
  phosphate	
  of	
  GTP	
  to	
  result	
  in	
  a	
  Gα-­‐GDP	
  with	
  renewed	
  affinity	
  for	
  

binding	
  to	
  Gβγand	
  reforming	
  the	
  heterotrimer.	
  Gi/o-­‐coupled	
  GPCRs	
  play	
  an	
  intricate	
  role	
  in	
  

controlling	
  neurotransmitter	
  release,	
  as	
  G	
  protein	
  βγ,	
  subunits	
  are	
  known	
  to	
  interact	
  directly	
  

with	
  voltage-­‐dependent	
  calcium	
  channels	
  to	
  inhibit	
  calcium	
  influx	
  at	
  the	
  presynaptic	
  terminal123-­‐

127.	
  Examples	
  of	
  such	
  GPCRs	
  include	
  adenosine,	
  GABAB,	
  CB1,	
  and	
  mGluR	
  III	
  receptors	
  as	
  

demonstrated	
  by	
  Straiker	
  et	
  al.	
  in	
  their	
  studies	
  on	
  cultured	
  rat	
  hippocampal	
  cells337.	
  In	
  addition,	
  

Gi/o-­‐coupled	
  GPCRs	
  are	
  known	
  to	
  inhibit	
  sites	
  distal	
  to	
  calcium	
  entry,	
  with	
  G	
  protein	
  Gβγ	
  

subunits	
  modulating	
  synaptic	
  transmission	
  by	
  binding	
  directly	
  to	
  the	
  SNARE	
  proteins	
  

themselves,	
  thereby	
  limiting	
  the	
  number	
  and	
  duration	
  of	
  fusion	
  events	
  (Figure	
  20A)75,79,185.	
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Figure	
  20.	
  Role	
  of	
  Gβγ 	
  interaction	
  with	
  SNARE	
  proteins	
  and	
  the	
  scheme	
  to	
  detect	
  that	
  
interaction	
  with	
  EPIC.	
  A)	
  Upon	
  activation	
  of	
  a	
  presynaptic	
  Gi/o	
  coupled	
  receptor,	
  Gβγ will	
  
interact	
  with	
  the	
  ternary	
  SNARE	
  complex	
  of	
  VAMP2/SNAP	
  25/Syntaxin	
  1A.	
  Upon	
  sufficient	
  
elevation	
  of	
  intracellular	
  calcium,	
  synaptotagmin	
  with	
  be	
  able	
  to	
  compete	
  for	
  interaction	
  
with	
  the	
  SNARE	
  complex,	
  displacing	
  Gβγ,	
  and	
  thereby	
  promoting	
  fusion	
  of	
  the	
  synaptic	
  
vesicle.	
  B)	
  Gβγ that	
  is	
  immobilized	
  to	
  the	
  surface	
  on	
  the	
  waveguide	
  of	
  the	
  microplate	
  will	
  
result	
  in	
  a	
  specific	
  reflected	
  wavelength	
  when	
  exposed	
  to	
  broadband	
  light.	
  Binding	
  of	
  t-­‐
SNARE	
  complex	
  to	
  immobilised	
  Gbg	
  results	
  in	
  increased	
  size	
  and	
  mass	
  on	
  the	
  surface	
  of	
  the	
  
microplate,	
  resulting	
  in	
  a	
  reflected	
  wavelength	
  that	
  will	
  be	
  shifted	
  to	
  a	
  higher	
  wavelength	
  
(waveshift,	
  reported	
  in	
  picometers)	
  when	
  exposed	
  again	
  to	
  broadband	
  light.	
  	
  

demonstrated by Straiker et al. in their studies on cultured rat
hippocampal cells.13 In addition, Gi/o-coupled GPCRs are
known to inhibit sites distal to calcium entry, with G protein βγ
subunits modulating synaptic transmission by binding directly
to the SNARE proteins themselves, thereby limiting the
number and duration of fusion events (Figure 1A).2,3,14−16

We have shown that this direct effect on the exocytotic
apparatus downstream of calcium entry works both on small
clear synaptic vesicles as well as large dense core granules.17

Additionally, such regulation of vesicle fusion by Gβγ has been
reported by others in several areas of the brain,18,19 as well as
non-neuronal tissues such as the pancreas.16 Further, this
binding occurs in the same molecular region on the SNARE
proteins as that seen for the calcium sensor, synaptotagmin, and
a competitive interaction between Gβγ and synaptotagmin for
binding SNARE has been demonstrated.2 Thus, the effects of
Gβγ on calcium channels and on the exocytotic fusion
machinery may be additive or synergistic, and depend on
synaptic activity.2

New methods are needed to study the novel association of
Gβγ with SNARE and how it relates to SNARE binding with
synaptotagmin or other binding partners in the regulated
cascade of exocytosis. High-throughput screening systems
would allow examination of binding partners, as well as permit
testing of small molecule libraries which could later be taken
forward into in vitro or in vivo assays of exocytosis. At present,
the majority of screens require modification of one or more of
the reaction components via enzymatic-, radio-, or fluorescent-
labeling to report binding interactions. While such assays are
robust in their responses, the addition of labels may interfere
with molecular interactions by occluding binding sites or
introduce significant background which limits signal-to-noise
ratios.20−22 Label-free technology is an emerging field that
overcomes the need for labeling of one or more of the binding
partners of interest.20 Such technology is advantageous as it
enables noninvasive and sensitive measurements of many
cellular responses and protein−protein interactions, yet
requires minimal manipulation of the reactants and does not
suffer from potential assay artifacts seen in more traditional

Figure 1. Role of Gβγ interaction with SNARE proteins and the scheme to detect that interaction with EPIC. (A) Upon activation of a presynaptic
Gi/o-coupled receptor, Gβγ will interact with the ternary SNARE complex of VAMP2/SNAP25/Syntaxin1A. Upon sufficient elevation of intracellular
calcium, synaptotagmin will be able to compete for interaction with the SNARE complex, displacing Gβγ, and thereby promoting fusion of the
synaptic vesicle. (B) Gβγ that is immobilized to the surface on the waveguide of the microplate will result in a specific reflected wavelength when
exposed to broadband light. Binding of t-SNARE complex to immobilized Gβγ results in increased size and mass on the surface of the microplate,
resulting in a reflected wavelength that will be shifted to a higher wavelength (waveshift, reported in picometers) when exposed again to broadband
light.

ACS Chemical Neuroscience Research Article
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We	
  have	
  shown	
  that	
  this	
  direct	
  effect	
  on	
  the	
  exocytotic	
  apparatus	
  downstream	
  of	
  

calcium	
  entry	
  works	
  both	
  on	
  small	
  clear	
  synaptic	
  vesicles	
  as	
  well	
  as	
  large	
  dense	
  core	
  granules79.	
  	
  

Additionally,	
  such	
  regulation	
  of	
  vesicle	
  fusion	
  by	
  Gβγ	
  has	
  been	
  reported	
  by	
  others	
  in	
  several	
  

areas	
  of	
  the	
  brain183,184,	
  as	
  well	
  as	
  non-­‐neuronal	
  tissues	
  such	
  as	
  the	
  pancreas185.	
  	
  Further,	
  this	
  

binding	
  occurs	
  in	
  the	
  same	
  molecular	
  region	
  on	
  the	
  SNARE	
  proteins	
  as	
  that	
  seen	
  for	
  the	
  calcium	
  

sensor,	
  synaptotagmin,	
  and	
  a	
  competitive	
  interaction	
  between	
  Gβγ	
  and	
  synaptotagmin	
  for	
  

binding	
  SNARE	
  has	
  been	
  demonstrated79.	
  Thus,	
  the	
  effects	
  of	
  Gβγ	
  on	
  calcium	
  channels	
  and	
  on	
  

the	
  exocytotic	
  fusion	
  machinery	
  may	
  be	
  additive	
  or	
  synergistic,	
  and	
  depend	
  on	
  synaptic	
  

activity79.	
  

New	
  methods	
  are	
  needed	
  to	
  study	
  the	
  novel	
  association	
  of	
  Gβγ	
  with	
  SNARE	
  and	
  how	
  it	
  

relates	
  to	
  SNARE	
  binding	
  with	
  synaptotagmin	
  or	
  other	
  binding	
  partners	
  in	
  the	
  regulated	
  cascade	
  

of	
  exocytosis.	
  	
  High-­‐throughput	
  screening	
  systems	
  would	
  allow	
  examination	
  of	
  binding	
  partners,	
  

as	
  well	
  as	
  permit	
  testing	
  of	
  small	
  molecule	
  libraries	
  which	
  could	
  later	
  be	
  taken	
  forward	
  into	
  in	
  

vitro	
  or	
  in	
  vivo	
  assays	
  of	
  exocytosis.	
  	
  At	
  present,	
  the	
  majority	
  of	
  screens	
  require	
  modification	
  of	
  

one	
  or	
  more	
  of	
  the	
  reaction	
  components	
  via	
  enzymatic-­‐,	
  radio-­‐,	
  or	
  fluorescent-­‐labelling	
  to	
  

report	
  binding	
  interactions.	
  	
  While	
  such	
  assays	
  are	
  robust	
  in	
  their	
  responses,	
  the	
  addition	
  of	
  

labels	
  may	
  interfere	
  with	
  molecular	
  interactions	
  by	
  occluding	
  binding	
  sites	
  or	
  introduce	
  

significant	
  background	
  which	
  limits	
  signal	
  to	
  noise	
  ratios338-­‐340.	
  Label-­‐free	
  technology	
  is	
  an	
  

emerging	
  field	
  that	
  overcomes	
  the	
  need	
  for	
  labeling	
  of	
  one	
  or	
  more	
  of	
  the	
  binding	
  partners	
  of	
  

interest328.	
  	
  Such	
  technology	
  is	
  advantageous	
  as	
  it	
  enables	
  non-­‐invasive	
  and	
  sensitive	
  

measurements	
  of	
  many	
  cellular	
  responses	
  and	
  protein-­‐protein	
  interactions,	
  yet	
  requires	
  

minimal	
  manipulation	
  of	
  the	
  reactants	
  and	
  does	
  not	
  suffer	
  from	
  potential	
  assay	
  artifacts	
  seen	
  in	
  

more	
  traditional	
  methods,	
  such	
  as	
  autofluorescence339,341.	
  	
  Innovations	
  in	
  this	
  field	
  include	
  

impedance-­‐based,	
  optical	
  biosensor-­‐based,	
  automated	
  patch	
  clamp,	
  and	
  mass	
  spectrometry	
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technologies,	
  to	
  name	
  a	
  few;	
  however,	
  for	
  the	
  sake	
  of	
  this	
  article	
  we	
  will	
  focus	
  solely	
  on	
  optical	
  

biosensors	
  (for	
  detailed	
  review	
  of	
  these	
  and	
  other	
  label-­‐free	
  technologies,	
  please	
  see	
  references	
  

338-­‐341).	
  	
  	
  

	
  Optical	
  biosensor-­‐based	
  technologies	
  include	
  surface	
  plasmon	
  resonance	
  (SPR)	
  and	
  

resonant	
  waveguide	
  grating	
  (RGW),	
  both	
  of	
  which	
  use	
  evanescent	
  waves	
  to	
  characterize	
  

changes	
  in	
  refractive	
  index	
  at	
  the	
  surface	
  of	
  a	
  sensor.	
  	
  In	
  the	
  case	
  of	
  SPR,	
  light	
  energy	
  is	
  

transferred	
  to	
  electrons	
  on	
  a	
  metallic	
  surface,	
  resulting	
  in	
  the	
  propagation	
  of	
  charged	
  density	
  

waves,	
  surface	
  plasmons,	
  along	
  the	
  surface	
  of	
  the	
  metal338,339.	
  	
  When	
  the	
  surface	
  of	
  the	
  metal	
  is	
  

exposed	
  to	
  polarized	
  light,	
  a	
  reduction	
  in	
  the	
  amount	
  of	
  reflected	
  light	
  is	
  observed	
  due	
  to	
  the	
  

resonant	
  transfer	
  of	
  energy	
  from	
  the	
  incoming	
  light	
  to	
  the	
  surface	
  plasmons	
  generated	
  at	
  the	
  

metal	
  interface338,339.	
  	
  As	
  a	
  result,	
  by	
  monitoring	
  the	
  shift	
  in	
  the	
  observed	
  resonant	
  angle,	
  it	
  is	
  

possible	
  to	
  detect	
  molecular	
  binding	
  events	
  in	
  real	
  time.	
  	
  Similarly,	
  RWG	
  also	
  employs	
  an	
  

evanescent	
  wave	
  for	
  detection.	
  	
  In	
  this	
  case,	
  however,	
  RWG	
  uses	
  a	
  nanograting	
  structure	
  to	
  

couple	
  light	
  into	
  a	
  waveguide	
  composed	
  of	
  plastic	
  and	
  a	
  thin	
  dielectic	
  coating	
  via	
  diffraction,	
  in	
  

order	
  to	
  generate	
  the	
  wave339,341.	
  By	
  then	
  exposing	
  the	
  sensors	
  to	
  wide	
  spectrum	
  light	
  and	
  

measuring	
  changes	
  in	
  the	
  wavelength	
  of	
  the	
  light	
  that	
  is	
  reflected,	
  it	
  is	
  possible	
  to	
  analyze	
  

biomolecular	
  interactions.	
  	
  	
  

Such	
  technology	
  was	
  recently	
  developed	
  by	
  Corning	
  to	
  detect	
  protein-­‐protein	
  

interactions.	
  	
  Immobilization	
  of	
  a	
  target	
  protein	
  to	
  a	
  384-­‐well	
  plate	
  can	
  be	
  screened	
  for	
  its	
  ability	
  

to	
  interact	
  with	
  various	
  binding	
  partners	
  by	
  measuring	
  waveshifts	
  at	
  the	
  surface	
  of	
  the	
  plate,	
  

with	
  changes	
  proportional	
  to	
  changes	
  in	
  mass	
  and	
  indicative	
  of	
  binding	
  interactions.	
  When	
  

incorporated	
  with	
  liquid	
  handling,	
  this	
  technology	
  permits	
  high-­‐throughput	
  screening	
  both	
  of	
  

potential	
  binding	
  partners,	
  as	
  well	
  as	
  small	
  molecules	
  that	
  may	
  inhibit	
  or	
  enhance	
  that	
  

interaction.	
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Experimental	
  Procedures	
  

Plasmids.	
  The	
  open	
  reading	
  frames	
  for	
  the	
  SNARE	
  component	
  proteins	
  were	
  subcloned	
  into	
  the	
  

glutathione-­‐s-­‐transferase	
  (GST)	
  fusion	
  vector,	
  pGEX6p1,	
  (GE	
  Healthcare,	
  Chalfont	
  St.	
  Giles,	
  

Buckinghamshire,	
  UK)	
  for	
  expression	
  in	
  bacteria.	
  

Preparation	
  and	
  purification	
  of	
  SNARE	
  proteins.	
  	
  Recombinant	
  bacterially	
  expressed	
  GST	
  fusion	
  

proteins	
  were	
  expressed	
  in	
  Escherichia	
  coli	
  strain	
  BL21(DE3).	
  	
  Protein	
  expression	
  was	
  induced	
  

with	
  0.1	
  mM	
  isopropyl	
  β-­‐D-­‐thiogalactoside	
  for	
  16	
  h	
  at	
  room	
  temperature.	
  	
  Bacterial	
  cultures	
  

were	
  pelleted,	
  washed	
  with	
  1x	
  phosphate-­‐buffered	
  saline,	
  and	
  then	
  re-­‐suspended	
  in	
  lysis	
  buffer	
  

[50	
  mM	
  NaCl,	
  50	
  mM	
  Tris,	
  pH	
  8.0,	
  5	
  mM	
  EDTA,	
  0.1%	
  Triton	
  X-­‐100,	
  2	
  mM	
  PMSF,	
  and	
  1	
  mM	
  DTT].	
  	
  

Cells	
  were	
  lysed	
  with	
  a	
  sonic	
  dismembrator	
  at	
  4°C.	
  	
  GST-­‐SNAP25	
  was	
  purified	
  from	
  cleared	
  

lysates	
  by	
  affinity	
  chromatography	
  on	
  glutathione-­‐agarose	
  (GE	
  Healthcare),	
  following	
  the	
  

manufacturer’s	
  instructions.	
  	
  While	
  the	
  proteins	
  were	
  bound	
  to	
  the	
  column,	
  the	
  buffer	
  was	
  

exchanged	
  to	
  20mM	
  HEPES,	
  pH	
  7.4,	
  100mM	
  NaCl,	
  0.05%	
  n-­‐octyl	
  β-­‐D-­‐glucopyranoside	
  (OG),	
  and	
  

5	
  mM	
  DTT.	
  	
  The	
  proteins	
  were	
  eluted	
  by	
  cleaving	
  from	
  GST	
  with	
  PreScission	
  protease	
  (GE	
  

Healthcare)	
  for	
  4	
  h	
  at	
  4°C.	
  GST-­‐H3	
  domain	
  of	
  syntaxin1A	
  was	
  purified	
  from	
  the	
  sonicated	
  

bacterial	
  supernatant	
  by	
  affinity	
  chromatography	
  on	
  glutathione-­‐agarose	
  (GE	
  Healthcare)	
  in	
  10	
  

mM	
  HEPES,	
  pH	
  7.4,	
  0.05%	
  OG,	
  and	
  2	
  mM	
  DTT.	
  Protein	
  concentrations	
  were	
  determined	
  with	
  a	
  

Bradford	
  assay	
  kit	
  (Pierce,	
  Rockford,	
  IL),	
  and	
  purity	
  was	
  verified	
  by	
  SDS/PAGE	
  analysis.	
  

t-­‐SNARE	
  Complex	
  Reassembly.	
  	
  A	
  slight	
  excess	
  of	
  SNAP25	
  (4	
  µM)	
  to	
  GST-­‐H3	
  (3	
  µM)	
  on	
  

glutathione-­‐agarose	
  beads	
  was	
  incubated	
  overnight	
  at	
  4°C	
  in	
  20	
  mM	
  HEPES,	
  pH	
  7.4,	
  100	
  mM	
  

NaCl,	
  0.1%	
  OG,	
  and	
  2.0	
  mM	
  DTT.	
  The	
  binary	
  t-­‐SNARE	
  complex	
  (SNAP25	
  with	
  the	
  H3	
  domain	
  of	
  

syntaxin	
  1A)	
  was	
  washed	
  three	
  times	
  with	
  phosphate-­‐buffered	
  saline	
  and	
  eluted	
  from	
  the	
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column	
  by	
  removing	
  GST	
  with	
  PreScission	
  protease	
  (GE	
  Healthcare)	
  for	
  4	
  h	
  at	
  4°C.	
  Equimolar	
  

protein	
  –	
  protein	
  interaction	
  was	
  confirmed	
  by	
  SDS-­‐PAGE/Coomassie	
  staining	
  analysis.	
  

Gβγ	
  Purification.	
  Gβ1γ1	
  was	
  purified	
  from	
  bovine	
  retina	
  as	
  described	
  previously.	
  Recombinant	
  

Gβ1γ2	
  was	
  expressed	
  in	
  Sf9	
  cells	
  and	
  purified	
  via	
  a	
  His6	
  tag	
  on	
  Gγ2	
  using	
  nickel-­‐nitrilotriacetic	
  

acid	
  affinity	
  chromatography	
  (Sigma-­‐Aldrich,	
  St.	
  Louis,	
  MO).	
  	
  

Resonant	
  waveguide	
  grating	
  biosensor	
  detection.	
  	
  A	
  beta	
  version	
  of	
  the	
  Corning	
  EPIC™	
  was	
  

used	
  for	
  all	
  experiments.	
  Briefly,	
  binding	
  interactions	
  between	
  Gβγ	
  subunits	
  and	
  SNARE	
  proteins	
  

were	
  evaluated	
  using	
  a	
  novel,	
  label-­‐free	
  system	
  from	
  Corning,	
  called	
  the	
  EPIC™,	
  which	
  allows	
  

detection	
  of	
  protein-­‐protein	
  interactions	
  without	
  the	
  need	
  for	
  fluorescent-­‐	
  or	
  radio-­‐labeling.	
  

The	
  system	
  comprises	
  two	
  components:	
  an	
  optical	
  reader	
  and	
  a	
  384	
  well	
  microplate	
  containing	
  

an	
  optical	
  sensor	
  within	
  each	
  well,	
  known	
  as	
  a	
  resonant	
  waveguide	
  (RWG).	
  When	
  plates	
  are	
  

illuminated	
  with	
  broadband	
  light,	
  one	
  dominant	
  wavelength	
  of	
  light	
  resonates	
  within	
  the	
  

waveguide,	
  and	
  is	
  strongly	
  reflected.	
  The	
  addition	
  of	
  proteins	
  to	
  the	
  surface	
  of	
  the	
  plate,	
  

however,	
  changes	
  the	
  local	
  index	
  of	
  refraction,	
  changing	
  the	
  resonant	
  wavelength	
  that	
  is	
  

reflected	
  (known	
  as	
  a	
  waveshift).	
  These	
  waveshifts	
  (measured	
  in	
  picometers	
  (pm))	
  can	
  therefore	
  

be	
  used	
  to	
  evaluate	
  protein-­‐protein	
  interactions.	
  Further,	
  each	
  well	
  is	
  partitioned	
  to	
  allow	
  for	
  

self-­‐referencing.	
  This	
  is	
  accomplished	
  by	
  only	
  applying	
  binding	
  chemistry	
  to	
  one	
  half	
  of	
  each	
  

well,	
  thereby	
  allowing	
  for	
  simultaneous	
  measurement	
  of	
  target	
  protein	
  interactions	
  with	
  

immobilized	
  partners	
  as	
  well	
  as	
  interactions	
  with	
  the	
  well	
  surface	
  itself.	
  

Detection	
  of	
  t-­‐SNARE	
  (SNAP25-­‐syntaxin1A	
  H3)	
  on	
  the	
  EPIC™.	
  	
  The	
  initial	
  step	
  of	
  the	
  assay	
  is	
  the	
  

immobilization	
  of	
  either	
  Gβ1γ1	
  or	
  Gβ1γ2	
  to	
  the	
  plate.	
  	
  A	
  variety	
  of	
  conditions	
  were	
  explored	
  as	
  

described	
  in	
  the	
  Results	
  section.	
  	
  The	
  resulting	
  common	
  immobilization	
  protocol	
  from	
  this	
  work	
  

was	
  the	
  addition	
  of	
  25ug/ml	
  of	
  either	
  Gβ1γ1	
  or	
  Gβ1γ2	
  in	
  20	
  mM	
  sodium	
  acetate,	
  pH	
  5.0	
  and	
  5%	
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glycerol	
  to	
  the	
  respective	
  wells	
  overnight	
  at	
  4°C.	
  	
  This	
  timeframe	
  ensured	
  quenching	
  the	
  plate	
  

chemistry	
  that	
  did	
  not	
  react	
  with	
  Gβγ.	
  	
  The	
  following	
  day,	
  wells	
  were	
  then	
  washed	
  twice	
  with	
  20	
  

mM	
  sodium	
  acetate,	
  pH	
  5.0,	
  with	
  5%	
  glycerol	
  followed	
  by	
  two	
  washes	
  with	
  a	
  common	
  HEPES	
  

binding	
  buffer	
  (20	
  mM	
  HEPES,	
  pH	
  7.5,	
  5%	
  glycerol,	
  2	
  mM	
  magnesium	
  chloride,	
  10	
  uM	
  guanosine	
  

diphosphate	
  (GDP),	
  and	
  5%	
  DMSO).	
  This	
  HEPES	
  binding	
  buffer	
  was	
  determined	
  by	
  a	
  series	
  of	
  

experiments	
  to	
  determine	
  the	
  tolerances	
  of	
  the	
  microplate	
  and	
  of	
  the	
  detection	
  of	
  interaction	
  

between	
  immobilized	
  Gβγ	
  and	
  t-­‐SNARE.	
  The	
  plates	
  were	
  allowed	
  to	
  thermally	
  equilibrate	
  in	
  the	
  

EPIC™	
  before	
  an	
  initial	
  immobilization	
  read	
  was	
  done.	
  Purified	
  t-­‐SNARE	
  or	
  other	
  binding	
  

partners	
  were	
  then	
  added	
  to	
  wells,	
  and	
  the	
  plate	
  was	
  allowed	
  to	
  re-­‐equilibrate	
  for	
  one	
  hour	
  

before	
  a	
  binding	
  reading	
  was	
  done.	
  Figure	
  error	
  bars	
  represent	
  within-­‐experiment	
  errors	
  based	
  

on	
  each	
  plate	
  tested.	
  

Chemical	
  Synthesis	
  and	
  Purification.	
  All	
  1H	
  &	
  13C	
  NMR	
  spectra	
  were	
  recorded	
  on	
  Bruker	
  AV-­‐400	
  

(400	
  MHz)	
  or	
  Bruker	
  AV-­‐NMR	
  (600	
  MHz)	
  instrument.	
  Chemical	
  shifts	
  are	
  reported	
  in	
  ppm	
  

relative	
  to	
  residual	
  solvent	
  peaks	
  as	
  an	
  internal	
  standard	
  set	
  to	
  δH	
  7.26	
  or	
  δC	
  77.0	
  (CDCl3)	
  and	
  

δH	
  3.31	
  or	
  δC	
  49.0	
  (CD3OD).	
  Data	
  are	
  reported	
  as	
  follows:	
  chemical	
  shift,	
  multiplicity	
  (s	
  =singlet,	
  

d	
  =	
  doublet,	
  t	
  =	
  triplet,	
  q	
  =	
  quartet,	
  br	
  =	
  broad,	
  m	
  =	
  multiplet),	
  integration,	
  coupling	
  constant	
  

(Hz).	
  IR	
  spectra	
  were	
  recorded	
  as	
  thin	
  films	
  and	
  are	
  reported	
  in	
  wavenumbers	
  (cm-­‐1).	
  Low	
  

resolution	
  mass	
  spectra	
  were	
  obtained	
  on	
  an	
  Agilent	
  1200	
  LCMS	
  with	
  electrospray	
  ionization.	
  

High	
  resolution	
  mass	
  spectra	
  were	
  recorded	
  on	
  a	
  Waters	
  Qtof-­‐API-­‐US	
  plus	
  Acquity	
  system.	
  The	
  

value	
  Δ	
  is	
  the	
  error	
  in	
  the	
  measurement	
  (in	
  ppm)	
  given	
  by	
  the	
  equation	
  Δ	
  =	
  [(ME	
  –MT)/	
  MT]	
  ×	
  

106,	
  where	
  ME	
  is	
  the	
  experimental	
  mass	
  and	
  MT	
  is	
  the	
  theoretical	
  mass.	
  The	
  HRMS	
  results	
  were	
  

obtained	
  with	
  ES	
  as	
  the	
  ion	
  source	
  and	
  leucine	
  enkephalin	
  as	
  the	
  reference.	
  Optical	
  rotations	
  

were	
  measured	
  on	
  a	
  Perkin	
  Elmer-­‐341	
  polarimeter.	
  Analytical	
  thin	
  layer	
  chromatography	
  was	
  

performed	
  on	
  250	
  μM	
  silica	
  gel	
  60	
  F254	
  plates.	
  Visualization	
  was	
  accomplished	
  with	
  UV	
  light,	
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and/or	
  the	
  use	
  of	
  ninhydrin,	
  anisaldehyde	
  and	
  ceric	
  ammonium	
  molybdate	
  solutions	
  followed	
  

by	
  charring	
  on	
  a	
  hot-­‐plate.	
  Chromatography	
  on	
  silica	
  gel	
  was	
  performed	
  using	
  Silica	
  Gel	
  60	
  (230-­‐

400	
  mesh)	
  from	
  Sorbent	
  Technologies.	
  Analytical	
  HPLC	
  was	
  performed	
  on	
  an	
  Agilent	
  1200	
  

analytical	
  LCMS	
  with	
  UV	
  detection	
  at	
  214	
  nm	
  and	
  254	
  nm	
  along	
  with	
  ELSD	
  detection.	
  Solvents	
  

for	
  extraction,	
  washing	
  and	
  chromatography	
  were	
  HPLC	
  grade.	
  All	
  reagents	
  were	
  purchased	
  

from	
  Aldrich	
  Chemical	
  Co.	
  and	
  were	
  used	
  without	
  purification.	
  All	
  polymer-­‐supported	
  reagents	
  

were	
  purchased	
  from	
  Biotage,	
  Inc.	
  Flame-­‐dried	
  (under	
  vacuum)	
  glassware	
  was	
  used	
  for	
  all	
  

reactions.	
  All	
  reagents	
  and	
  solvents	
  were	
  commercial	
  grade	
  and	
  purified	
  prior	
  to	
  use	
  when	
  

necessary.	
  Mass	
  spectra	
  were	
  obtained	
  on	
  a	
  Micromass	
  Q-­‐Tof	
  API-­‐US	
  mass	
  spectrometer	
  was	
  

used	
  to	
  acquire	
  high-­‐resolution	
  mass	
  spectrometry	
  (HRMS)	
  data.	
  

	
  

General	
  Procedure:	
  	
  	
  

	
  

	
  

To	
  a	
  10	
  mL	
  vial	
  was	
  placed	
  1-­‐(piperidin-­‐4-­‐yl)-­‐1H-­‐benzo[d]imidazol-­‐2(3H)-­‐one	
  (0.1	
  mmol)	
  and	
  

diluted	
  with	
  2	
  mL	
  of	
  DCE,	
  followed	
  by	
  tert-­‐butyl	
  2-­‐oxoethylcarbamate	
  (0.12	
  mmol).	
  NaB(OAc)3H	
  

(0.25	
  mmol)	
  was	
  added	
  and	
  the	
  vial	
  placed	
  on	
  a	
  rotator	
  for	
  6	
  hours,	
  followed	
  by	
  an	
  aqueous	
  

wash	
  and	
  extraction	
  with	
  DCM	
  (2	
  x	
  5	
  mL).	
  The	
  crude	
  extract	
  was	
  then	
  treated	
  with	
  4.0	
  M	
  HCL	
  in	
  

dioxane	
  for	
  1	
  hour,	
  which	
  provided	
  full	
  deprotection	
  of	
  the	
  Boc	
  group,	
  and	
  uniformly	
  affording	
  

the	
  crude	
  primary	
  amine	
  in	
  >95%	
  purity	
  as	
  judged	
  by	
  liquid	
  chromatography	
  mass	
  spectrometry	
  

(LCMS)	
  and	
  nuclear	
  magnetic	
  resonance	
  (NMR).	
  Finally,	
  the	
  crude	
  amine	
  was	
  dissolved	
  in	
  DCM,	
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Et3N	
  added	
  (1.5	
  equiv.)	
  and	
  one	
  of	
  48	
  ROCls	
  (1.2	
  equiv.)	
  added	
  and	
  allowed	
  to	
  rotate	
  for	
  24	
  

hours.	
  	
  Concentration	
  and	
  mass-­‐directed	
  high	
  performance	
  liquid	
  chromatography	
  (HPLC)	
  

afforded	
  the	
  final	
  compounds	
  in	
  excellent	
  yields	
  (70-­‐99%)	
  and	
  purity	
  (>98%).	
  

Screening	
  of	
  the	
  ligand	
  library.	
  	
  Microtiter	
  plates	
  with	
  immobilized	
  Gβγ were	
  prepared	
  as	
  

above.	
  	
  Compounds	
  were	
  then	
  added	
  at	
  a	
  concentration	
  of	
  250	
  µM	
  individually	
  to	
  groups	
  of	
  at	
  

least	
  four	
  wells	
  in	
  the	
  presence	
  of	
  t-­‐SNARE.	
  To	
  assess	
  non-­‐specific	
  waveshift	
  changes	
  induced	
  by	
  

interaction	
  of	
  the	
  compounds	
  with	
  either	
  Gβγ or	
  the	
  plate	
  itself,	
  at	
  least	
  four	
  wells	
  were	
  

exposed	
  to	
  compound	
  alone.	
  	
  The	
  difference	
  between	
  the	
  waveshift	
  of	
  compound	
  alone	
  with	
  

Gβγ and	
  in	
  the	
  presence	
  of	
  t-­‐SNARE	
  was	
  defined	
  as	
  the	
  effect	
  of	
  the	
  compound	
  on	
  the	
  

interaction	
  between	
  Gβγ and	
  t-­‐SNARE.	
  	
  For	
  select	
  “hits”	
  that	
  produced	
  a	
  significant	
  change	
  from	
  

waveshifts	
  seen	
  for	
  t-­‐SNARE	
  binding	
  to	
  Gβγ	
  alone,	
  a	
  concentration	
  response	
  curve	
  was	
  

determined	
  with	
  at	
  least	
  four	
  wells	
  for	
  each	
  concentration	
  of	
  compound.	
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Results	
  

The	
  ability	
  of	
  Gβγ to	
  directly	
  bind	
  to	
  SNARE	
  proteins	
  has	
  been	
  previously	
  

determined74,76,185.	
  	
  Small	
  molecules	
  that	
  can	
  alter	
  this	
  interaction	
  are	
  needed	
  to	
  evaluate	
  and	
  

manipulate	
  it	
  at	
  a	
  cellular	
  level	
  to	
  further	
  investigate	
  exocytosis	
  and	
  the	
  role	
  that	
  Gβγ 	
  plays	
  in	
  

its	
  regulation.	
  	
  High-­‐throughput	
  screening	
  of	
  this	
  bimolecular	
  interaction	
  would	
  be	
  

advantageous	
  not	
  only	
  for	
  characterizing	
  the	
  protein-­‐protein	
  interactions	
  but	
  also	
  for	
  

development	
  of	
  small	
  molecule	
  modulators	
  that	
  would	
  allow	
  further	
  definition	
  of	
  the	
  role	
  of	
  this	
  

interaction	
  in	
  cells	
  and	
  tissues.	
  	
  In	
  this	
  study	
  we	
  sought	
  to	
  develop	
  a	
  method	
  to	
  examine	
  

Gβγ/SNARE	
  interactions	
  in	
  vitro	
  using	
  this	
  label-­‐free	
  technology.	
  	
  After	
  establishing	
  conditions	
  

necessary	
  to	
  reproducibly	
  immobilize	
  Gβγ	
  and	
  bind	
  SNARE	
  proteins,	
  a	
  library	
  of	
  biased	
  protein-­‐

protein	
  modulator	
  ligands	
  was	
  screened	
  to	
  examine	
  the	
  ability	
  of	
  individual	
  compounds	
  to	
  alter	
  

this	
  interaction.	
  	
  This	
  library	
  has	
  compounds	
  containing	
  a	
  piperidine	
  benzimidazolone	
  moiety,	
  a	
  

well-­‐known	
  GPCR	
  privileged	
  structure	
  that	
  has	
  been	
  shown	
  to	
  enhance	
  protein-­‐protein	
  

interactions	
  between	
  the	
  pleckstrin	
  homology	
  (PH)	
  domains	
  and	
  the	
  catalytic	
  domains	
  of	
  both	
  

Akt,	
  a	
  kinase,	
  and	
  phospholipase	
  D,	
  a	
  lipid	
  signaling	
  enzyme339-­‐344.	
  	
  Use	
  of	
  the	
  Corning	
  EPICTM	
  in	
  

this	
  manner	
  resulted	
  in	
  the	
  discovery	
  of	
  3	
  compounds	
  with	
  50-­‐100	
  µM	
  activity	
  that	
  represent	
  

lead	
  compounds	
  in	
  iterative	
  development	
  of	
  small	
  molecular	
  probes	
  that	
  affect	
  the	
  ability	
  of	
  

Gβγ to	
  bind	
  to	
  SNARE	
  proteins.	
  

Protein	
  Immobilization	
  

	
   Binding	
  interactions	
  between	
  Gβγ subunits	
  and	
  SNARE	
  proteins	
  were	
  evaluated	
  using	
  

the	
  EPIC™	
  system.	
  The	
  experimental	
  scheme	
  began	
  with	
  covalently	
  immobilizing	
  purified	
  Gβ1γ1	
  

or	
  Gβ1γ2	
  to	
  the	
  surface	
  of	
  a	
  microplate	
  as	
  depicted	
  in	
  Figure	
  20B	
  through	
  primary	
  amine	
  coupling	
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chemistry	
  in	
  a	
  384-­‐well	
  microplate.	
  	
  Changes	
  in	
  waveshift	
  were	
  used	
  to	
  evaluate	
  the	
  effects	
  of	
  

compound	
  addition	
  on	
  t-­‐SNARE	
  binding	
  to	
  Gβγ.	
  

To	
  optimize	
  immobilization	
  of	
  the	
  Gβγ	
  dimer	
  to	
  the	
  plate,	
  we	
  tested	
  the	
  pH,	
  salt,	
  and	
  

glycerol-­‐dependence.	
  	
  The	
  pH	
  dependence	
  of	
  Gβ1γ1 attachment	
  to	
  the	
  plate	
  was	
  investigated	
  by	
  

varying	
  pH	
  from	
  4.0	
  to	
  7.2.	
  As	
  can	
  be	
  seen	
  in	
  Figure	
  21A,	
  the	
  largest	
  waveshift	
  detected	
  

occurred	
  at	
  a	
  pH	
  of	
  5.0.	
  	
  	
  This	
  waveshift	
  was	
  comparable	
  to	
  that	
  obtained	
  for	
  a	
  positive	
  control,	
  

streptavidin.	
  	
  Selecting	
  the	
  optimal	
  sodium	
  acetate	
  buffer	
  of	
  pH	
  5.0,	
  the	
  buffer	
  was	
  then	
  further	
  

tested	
  for	
  the	
  effect	
  of	
  other	
  reagents	
  on	
  the	
  ability	
  to	
  immobilize	
  Gβγ to	
  the	
  plate.	
  	
  The	
  

addition	
  of	
  100	
  mM	
  sodium	
  chloride,	
  5%	
  glycerol,	
  or	
  a	
  combination	
  of	
  both,	
  to	
  the	
  20mM	
  

sodium	
  acetate	
  immobilization	
  buffer	
  yielded	
  no	
  changes	
  in	
  waveshift	
  as	
  seen	
  in	
  Figure	
  21B.	
  To	
  

test	
  for	
  saturation	
  of	
  immobilization	
  of	
  Gβγ,	
  serial	
  dilutions	
  of	
  Gβγ	
  were	
  exposed	
  to	
  a	
  microplate	
  

overnight	
  and	
  analyzed	
  the	
  next	
  day.	
  	
  As	
  can	
  be	
  seen	
  in	
  Figure	
  21C,	
  there	
  was	
  a	
  steep	
  decline	
  in	
  

immobilized	
  protein	
  as	
  detected	
  by	
  the	
  EPIC	
  plate-­‐reader	
  below	
  a	
  Gβγ	
  concentration	
  of	
  10	
  

µg/ml.	
  	
  Based	
  on	
  the	
  above	
  data,	
  the	
  optimal	
  immobilization	
  buffer	
  used	
  for	
  all	
  subsequent	
  

assays	
  was	
  20mM	
  sodium	
  acetate,	
  pH	
  5.0,	
  and	
  5%	
  glycerol.	
  

We	
  then	
  turned	
  to	
  optimization	
  of	
  binding	
  of	
  partner	
  proteins	
  to	
  Gβγ to	
  establish	
  

conditions	
  that	
  would	
  allow	
  optimal	
  detection	
  of	
  interaction	
  with	
  SNARE	
  proteins.	
  We	
  altered	
  

the	
  concentration	
  of	
  Gβγ immobilized	
  over	
  the	
  range	
  of	
  25-­‐100	
  µg/ml.	
  The	
  partner	
  protein	
  of	
  

Gβγ,	
  Gαt,	
  was	
  successfully	
  detected	
  at	
  all	
  Gβγ	
  protein	
  immobilization	
  concentrations,	
  although	
  

not	
  to	
  saturation.	
  	
  Similarly,	
  we	
  could	
  detect	
  the	
  binding	
  of	
  t-­‐SNARE	
  to	
  the	
  plate.	
  	
  Over	
  this	
  

range	
  of	
  concentrations	
  of	
  immobilized	
  Gβγ,	
  there	
  was	
  no	
  effect	
  on	
  the	
  ability	
  of	
  t-­‐SNARE	
  to	
  

bind	
  as	
  seen	
  by	
  similar	
  waveshifts	
  in	
  all	
  cases	
  (Figure	
  21D).	
  	
  We	
  also	
  included	
  a	
  negative	
  control,	
  

bovine	
  serum	
  albumin	
  (BSA),	
  a	
  protein	
  with	
  no	
  expected	
  binding	
  affinity	
  for	
  Gβγ.	
  It	
  had	
  no	
  

measurable	
  interaction	
  with	
  Gβγ	
  bound	
  to	
  the	
  microplate.	
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Figure	
  21.	
  Optimization	
  of	
  immobilization	
  of	
  Gβγ . 	
  A)	
  Gβ1γ1	
  was	
  diluted	
  in	
  20mM	
  
sodium	
  acetate	
  of	
  varying	
  pH	
  from	
  4.0	
  to	
  7.2	
  to	
  a	
  final	
  concentration	
  of	
  25µg/ml.	
  

Streptavidin	
  was	
  mixed	
  in	
  20mM	
  sodium	
  acetate,	
  pH	
  5.5	
  as	
  a	
  control.	
  After	
  allowing	
  to	
  
immobilized	
  overnight	
  and	
  quenching	
  the	
  remaining	
  aminereactive	
  coupling	
  on	
  the	
  
plate,	
  plates	
  were	
  washed,	
  thermally	
  equilibrated	
  within	
  the	
  EPIC	
  plate-­‐reader,	
  and	
  

then	
  an	
  immobilization	
  read	
  was	
  measured.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  64	
  
wells	
  for	
  pH	
  4.0-­‐6.0	
  and	
  16	
  wells	
  for	
  pH	
  7.2	
  and	
  for	
  streptavidin.	
  B)	
  Gβ1γ1	
  was	
  diluted	
  
into	
  20mM	
  sodium	
  acetate,	
  pH	
  5.0	
  either	
  alone,	
  with	
  100mM	
  sodium	
  chloride,	
  5%	
  
glycerol,	
  or	
  a	
  combination	
  of	
  both.	
  Again,	
  streptavidin	
  was	
  added	
  as	
  control	
  as	
  in	
  A).	
  
After	
  overnight	
  immobilization,	
  washes,	
  and	
  thermal	
  equilibration,	
  an	
  immobilization	
  
measurement	
  was	
  taken.	
  	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  64	
  wells	
  for	
  buffer	
  

alone,	
  NaCl,	
  and	
  glycerol;	
  128	
  wells	
  for	
  NaCl	
  +	
  glycerol;	
  and	
  16	
  wells	
  for	
  streptavidin.	
  C)	
  
Gβ1γ1	
  was	
  diluted	
  to	
  varying	
  concentrations	
  as	
  shown	
  in	
  20mM	
  sodium	
  acetate,	
  pH	
  5.5.	
  
As	
  above,	
  the	
  plate	
  was	
  washed	
  and	
  thermally	
  equilibrated	
  prior	
  to	
  an	
  immobilization	
  

read	
  being	
  taken.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  48	
  wells.	
  	
  

methods, such as autofluorescence.21,23 Innovations in this field
include impedance-based, optical biosensor-based, automated
patch clamp, and mass spectrometry technologies, to name a
few; however, for the sake of this Article we will focus solely on
optical biosensors (for detailed review of these and other label-
free technologies, please see refs 20−23).
Optical biosensor-based technologies include surface plas-

mon resonance and resonant waveguide grating (RWG), both
of which use evanescent waves to characterize changes in
refractive index at the surface of a sensor. In the case of surface
plasmon resonance, light energy is transferred to electrons on a
metallic surface, resulting in the propagation of charged density
waves, surface plasmons, along the surface of the metal.20,21

When the surface of the metal is exposed to polarized light, a
reduction in the amount of reflected light is observed due to the
resonant transfer of energy from the incoming light to the
surface plasmons generated at the metal interface.20,21 As a
result, by monitoring the shift in the observed resonant angle, it
is possible to detect molecular binding events in real time.
Similarly, RWG also employs an evanescent wave for detection.
In this case, however, RWG uses a nanograting structure to
couple light into a waveguide composed of plastic and a thin
dielectic coating via diffraction, in order to generate the
wave.21,23 By then exposing the sensors to wide spectrum light

and measuring changes in the wavelength of the light that is
reflected, it is possible to analyze biomolecular interactions.
Such technology was recently developed by Corning to

detect protein−protein interactions. Immobilization of a target
protein to a 384-well plate can be screened for its ability to
interact with various binding partners by measuring waveshifts
at the surface of the plate, with changes proportional to changes
in mass and indicative of binding interactions. When
incorporated with liquid handling, this technology permits
high-throughput screening both of potential binding partners,
as well as small molecules that may inhibit or enhance that
interaction.

■ RESULTS AND DISCUSSION
The ability of Gβγ to directly bind to SNARE proteins has been
previously determined.2,3,14−16 Small molecules that can alter
this interaction are needed to evaluate and manipulate it at a
cellular level to further investigate exocytosis and the role that
Gβγ plays in its regulation. High-throughput screening of this
bimolecular interaction would be advantageous not only for
characterizing the protein−protein interactions but also for
development of small molecule modulators that would allow
further definition of the role of this interaction in cells and

Figure 2. Optimization of immobilization of Gβγ. (A) Gβ1γ1 was diluted in 20 mM sodium acetate of varying pH from 4.0 to 7.2 to a final
concentration of 25 μg/mL. Streptavidin was mixed in 20 mM sodium acetate, pH 5.5 as a control. After allowing to immobilize overnight and
quenching the remaining aminereactive coupling on the plate, plates were washed, thermally equilibrated within the EPIC plate-reader, and then an
immobilization read was measured. Shown are the averages and SEM over 64 wells for pH 4.0−6.0, and 16 wells for pH 7.2 and for streptavidin. (B)
Gβ1γ1 was diluted into 20 mM sodium acetate, pH 5.0 either alone, with 100 mM sodium chloride, 5% glycerol, or a combination of both. Again,
streptavidin was added as control as in (A). After overnight immobilization, washes, and thermal equilibration, an immobilization measurement was
taken. Shown are the averages and SEM over 64 wells for buffer alone, NaCl, and glycerol; 128 wells for NaCl + glycerol; and 16 wells for
streptavidin. (C) Gβ1γ1 was diluted to varying concentrations as shown in 20 mM sodium acetate, pH 5.5. As above, the plate was washed and
thermally equilibrated prior to an immobilization read being taken. Shown are the averages and SEM over 48 wells. (D) Gβ1γ1 was immobilized on
plates at three concentrations that were detectable during immobilization reads, 25, 50, and 100 μg/mL. Immobilization reads were taken the next
day as above. After the initial read, increasing amounts of t-SNARE, Gαt, or BSA were exposed to the plate for one hour. A second read was
performed with resulting waveshifts in the presence of those additional proteins shown. t-SNARE complex (red triangles) and Gαt (blue triangles)
resulted in an increase in waveshift, whereas BSA (black squares), a protein not expected to bind to Gβ1γ1, had no increase in waveshift at all
concentrations tested. Binding curves were similar across the three immobilization concentrations performed. Shown are the averages and SEM over
five wells for each point on each of the curves.
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Optimization	
  of	
  Ligand	
  Interaction	
  

After	
  optimizing	
  Gβγ immobilization,	
  the	
  binding	
  of	
  t-­‐SNARE	
  was	
  then	
  optimized.	
  	
  As	
  

noted	
  above,	
  immobilization	
  of	
  differing	
  amounts	
  of	
  Gβγ had	
  little	
  or	
  no	
  effect	
  on	
  t-­‐SNARE	
  

binding	
  as	
  measured	
  by	
  the	
  waveshift.	
  	
  However,	
  selection	
  of	
  a	
  buffer	
  to	
  perform	
  the	
  binding	
  

did	
  have	
  an	
  effect.	
  Initially,	
  the	
  presence	
  or	
  absence	
  of	
  sodium	
  chloride	
  or	
  glycerol	
  was	
  tested	
  

compared	
  to	
  buffer	
  alone,	
  20	
  mM	
  HEPES,	
  pH	
  7.5.	
  The	
  presence	
  of	
  100	
  mM	
  sodium	
  chloride	
  

appeared	
  to	
  attenuate	
  the	
  signal	
  of	
  t-­‐SNARE	
  binding	
  to	
  Gβγ	
  as	
  seen	
  in	
  Figure	
  22A.	
  	
  Conversely,	
  

the	
  addition	
  of	
  glycerol	
  to	
  the	
  binding	
  buffer	
  improved	
  the	
  signal	
  detected	
  as	
  compared	
  to	
  

buffer	
  alone.	
  	
  In	
  fact,	
  across	
  almost	
  all	
  immobilization	
  and	
  binding	
  conditions,	
  a	
  binding	
  buffer	
  of	
  

20	
  mM	
  HEPES,	
  pH	
  7.5	
  that	
  included	
  5%	
  glycerol	
  yielded	
  significantly	
  higher	
  waveshifts	
  (p<0.001	
  

–	
  p<0.05).	
  Based	
  on	
  this	
  result,	
  binding	
  buffers	
  contained	
  5%	
  glycerol.	
  

	
   Two	
  other	
  binding	
  buffer	
  variables	
  explored	
  included	
  the	
  effect	
  on	
  waveshifts	
  in	
  the	
  

presence	
  of	
  dimethyl	
  sulfoxide	
  (DMSO)	
  or	
  detergent.	
  	
  DMSO	
  concentrations	
  were	
  examined	
  as	
  

the	
  small	
  molecules	
  to	
  be	
  screened	
  were	
  dissolved	
  in	
  100%	
  DMSO.	
  	
  The	
  EPIC™	
  system	
  was	
  

reported	
  to	
  be	
  able	
  to	
  tolerate	
  up	
  to	
  5%	
  DMSO	
  without	
  an	
  effect	
  on	
  the	
  signal	
  or	
  deterioration	
  

of	
  the	
  plate.	
  	
  A	
  wide	
  variety	
  of	
  DMSO	
  concentrations	
  were	
  examined	
  for	
  their	
  effect	
  on	
  the	
  

Figure	
  21	
  continued.	
  Optimization	
  of	
  immobilization	
  of	
  Gβγ . 	
  D)	
  Gβ1γ1	
  was	
  immobilized	
  
on	
  plates	
  at	
  three	
  concentrations	
  that	
  were	
  detectable	
  during	
  immobilization	
  reads,	
  25,	
  
50,	
  and	
  100ugml.	
  Immobilization	
  reads	
  were	
  taken	
  the	
  next	
  day	
  as	
  above.	
  After	
  the	
  
initial	
  read,	
  increasing	
  amounts	
  of	
  t-­‐SNARE,	
  Gat,	
  or	
  BSA	
  were	
  exposed	
  to	
  the	
  plate	
  for	
  
one	
  hour.	
  A	
  second	
  read	
  was	
  performed	
  with	
  resulting	
  waveshifts	
  in	
  the	
  presence	
  of	
  

those	
  additional	
  proteins	
  shown.	
  t-­‐SNARE	
  complex	
  (red	
  triangles)	
  and	
  Gat	
  (blue	
  
triangles)	
  resulted	
  in	
  an	
  increase	
  in	
  waveshift,	
  whereas	
  BSA	
  (black	
  squares),	
  a	
  protein	
  
not	
  expected	
  to	
  bind	
  Gβ1γ1,	
  had	
  no	
  increase	
  in	
  waveshift	
  at	
  all	
  concentrations	
  tested.	
  
Binding	
  curves	
  were	
  similar	
  across	
  the	
  three	
  immobilization	
  concentrations	
  performed.	
  
Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  5	
  wells	
  for	
  each	
  point	
  on	
  each	
  of	
  the	
  curves.	
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waveshift	
  detected	
  during	
  the	
  interaction	
  between	
  t-­‐SNARE	
  protein	
  and	
  immobilized	
  Gβγ.	
  As	
  

seen	
  in	
  Figure	
  22B,	
  no	
  degradation	
  of	
  signal	
  was	
  apparent	
  in	
  the	
  presence	
  of	
  DMSO	
  up	
  to	
  5%,	
  

the	
  maximum	
  concentration	
  allowable	
  for	
  screening.	
  Similarly,	
  to	
  evaluate	
  if	
  a	
  detergent	
  

affected	
  the	
  detection	
  of	
  t-­‐SNARE–Gβγ interactions,	
  the	
  effect	
  of	
  the	
  addition	
  of	
  various	
  

concentrations	
  of	
  CHAPS	
  was	
  tested.	
  	
  Figure	
  22C	
  shows	
  that	
  the	
  addition	
  of	
  up	
  to	
  0.1%	
  CHAPS	
  

did	
  not	
  deteriorate	
  the	
  signal	
  detected	
  when	
  t-­‐SNARE	
  was	
  exposed	
  to	
  immobilized	
  Gβγ,	
  

although	
  it	
  did	
  statistically	
  increase	
  the	
  waveshift	
  detected	
  in	
  the	
  presence	
  of	
  t-­‐SNARE.	
  CHAPS	
  

was	
  not	
  included	
  in	
  the	
  final	
  buffer	
  to	
  simplify	
  the	
  constituents	
  of	
  that	
  buffer.	
  	
  Additionally,	
  10	
  

µM	
  GDP	
  and	
  2	
  mM	
  magnesium	
  chloride	
  were	
  added	
  to	
  all	
  buffers,	
  as	
  they	
  are	
  necessary	
  for	
  

stability	
  of	
  the	
  Gα	
  subunit.	
  	
  In	
  each	
  case,	
  no	
  deleterious	
  effect	
  on	
  signal	
  was	
  observed.	
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tissues. In this study, we sought to develop a method to
examine Gβγ/SNARE interactions in vitro using this label-free
technology. After establishing conditions necessary to reprodu-
cibly immobilize Gβγ and bind SNARE proteins, a library of
biased protein−protein modulator ligands was screened to
examine the ability of individual compounds to alter this
interaction. This library has compounds containing a piperidine
benzimidazolone moiety, a well-known GPCR privileged
structure that has been shown to enhance protein−protein
interactions between the pleckstrin homology (PH) domains
and the catalytic domains of both Akt, a kinase, and
phospholipase D, a lipid signaling enzyme.24−29 Use of the
Corning EPIC in this manner resulted in the discovery of three
compounds with 50−100 μM activity that represent lead
compounds in iterative development of small molecular probes
that affect the ability of Gβγ to bind to SNARE proteins.
Protein Immobilization. Binding interactions between

Gβγ subunits and SNARE proteins were evaluated using the
EPIC system. The experimental scheme began with covalently
immobilizing purified Gβ1γ1 or Gβ1γ2 to the surface of a
microplate as depicted in Figure 1B through primary amine
coupling chemistry in a 384-well microplate. Changes in
waveshift were used to evaluate the effects of compound
addition on t-SNARE binding to Gβγ.
To optimize immobilization of the Gβγ dimer to the plate,

we tested the pH, salt, and glycerol-dependence. The pH
dependence of Gβ1γ1 attachment to the plate was investigated
by varying pH from 4.0 to 7.2. As can be seen in Figure 2A, the
largest waveshift detected occurred at a pH of 5.0. This
waveshift was comparable to that obtained for a positive
control, streptavidin. Selecting the optimal sodium acetate
buffer of pH 5.0, the buffer was then further tested for the effect
of other reagents on the ability to immobilize Gβγ to the plate.
The addition of 100 mM sodium chloride, 5% glycerol, or a
combination of both, to the 20 mM sodium acetate
immobilization buffer yielded no changes in waveshift as seen
in Figure 2B. To test for saturation of immobilization of Gβγ,
serial dilutions of Gβγ were exposed to a microplate overnight
and analyzed the next day. As can be seen in Figure 2C, there
was a steep decline in immobilized protein as detected by the
EPIC plate-reader below a Gβγ concentration of 10 μg/mL.
Based on the above data, the optimal immobilization buffer
used for all subsequent assays was 20 mM sodium acetate, pH
5.0, and 5% glycerol.
We then turned to optimization of binding of partner

proteins to Gβγ to establish conditions which would allow
optimal detection of interaction with SNARE proteins. We
altered the concentration of Gβγ immobilized over the range of
25−100 μg/mL. The partner protein of Gβγ, Gαt, was
successfully detected at all Gβγ protein immobilization
concentrations, although not to saturation. Similarly, we
could detect the binding of t-SNARE to the plate. Over this
range of concentrations of immobilized Gβγ, there was no
effect on the ability of t-SNARE to bind as seen by similar
waveshifts in all cases (Figure 2D). We also included a negative
control, bovine serum albumin (BSA), a protein with no
expected binding affinity for Gβγ. It had no measurable
interaction with Gβγ bound to the microplate.
Optimization of Ligand Interaction. After optimizing

Gβγ immobilization, the binding of t-SNARE was then
optimized. As noted above, immobilization of differing amounts
of Gβγ had little or no effect on t-SNARE binding as measured
by the waveshift. However, selection of a buffer to perform the

binding did have an effect. Initially, the presence or absence of
sodium chloride or glycerol was tested compared to buffer
alone, 20 mM HEPES, pH 7.5. The presence of 100 mM
sodium chloride appeared to attenuate the signal of t-SNARE
binding to Gβγ as seen in Figure 3A. Conversely, the addition

of glycerol to the binding buffer improved the signal detected as
compared to buffer alone. In fact, across almost all
immobilization and binding conditions, a binding buffer of 20
mM HEPES, pH 7.5 that included 5% glycerol yielded
significantly higher waveshifts (p < 0.001 − p < 0.05). Based
on this result, binding buffers contained 5% glycerol.

Figure 3. Optimization of the detection of t-SNARE binding to
immobilized Gβ1γ1. (A) Gβ1γ1 was immobilized to the microplate in
20 μM sodium acetate, pH 5.0 either alone, or in the presence of 100
mM NaCl, 5% glycerol, or both. After washing, t-SNARE was then
diluted to 2uM in either binding buffer alone, or with addition of 100
mM NaCl, 5% glycerol, or both. Shown are the averages and SEM over
four wells. (B) Varying amounts of DMSO ranging from 0.1 to 5% was
added to the binding buffer when a fixed concentration of t-SNARE
was exposed to immobilized Gβ1γ1. The waveshifts detected are similar
to that without any addition of DMSO. Shown are the averages and
SEM over five wells. (C) Varying amounts of a detergent, CHAPS,
from 0.01 to 0.1% were added to the binding buffer to assess effect of
presence of detergent on detection of t-SNARE binding to Gβ1γ1. The
waveshifts detected in the presence of CHAPS are similar to that
obtained without the presence of the detergent. Shown are the
averages and SEM over five wells.
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Figure	
  22.	
  Optimization	
  of	
  the	
  detection	
  of	
  t-­‐SNARE	
  binding	
  to	
  immobilized	
  Gβ1γ 1.	
  A)	
  
Gβ1γ1	
  was	
  immobilized	
  to	
  the	
  microplate	
  in	
  20mM	
  sodium	
  acetate,	
  pH	
  5.0	
  alone,	
  or	
  in	
  
the	
  presence	
  of	
  100mM	
  NaCl,	
  5%	
  glycerol,	
  or	
  both.	
  After	
  washing,	
  t-­‐SNARE	
  was	
  then	
  
diluted	
  to	
  2uM	
  in	
  either	
  binding	
  buffer	
  alone,	
  or	
  with	
  the	
  addition	
  of	
  100mM	
  NaCl,	
  5%	
  
glycerol,	
  or	
  both.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  four	
  wells.	
  B)	
  Varying	
  amounts	
  

of	
  DMSO	
  ranging	
  from	
  0.1	
  to	
  5%	
  was	
  added	
  to	
  the	
  bindng	
  buffer	
  when	
  a	
  fixed	
  
concentration	
  of	
  t-­‐SNARE	
  was	
  exposed	
  to	
  immobilized	
  Gβ1γ1.	
  The	
  waveshifts	
  detected	
  
are	
  similar	
  to	
  that	
  without	
  any	
  addition	
  of	
  DMSO.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  
5	
  wells.	
  C)	
  Varying	
  amounts	
  of	
  a	
  detergent,	
  CHAPS,	
  from	
  0.01	
  to	
  0.1%	
  were	
  added	
  to	
  the	
  
binding	
  buffer	
  to	
  assess	
  effect	
  of	
  presence	
  of	
  detergent	
  on	
  detection	
  of	
  t-­‐SNARE	
  binding	
  
to	
  Gβ1γ1.	
  The	
  waveshifts	
  detected	
  in	
  the	
  presence	
  of	
  CHAPS	
  are	
  similar	
  to	
  that	
  obtained	
  
without	
  the	
  presence	
  of	
  the	
  detergent.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  over	
  five	
  wells.	
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As	
  seen	
  in	
  Figure	
  23A,	
  Gαt	
  and	
  t-­‐SNARE	
  had	
  significantly	
  increased	
  waveshifts	
  when	
  compared	
  

to	
  Gβγ	
  exposed	
  to	
  buffer	
  alone	
  or	
  BSA.	
  	
  To	
  examine	
  whether	
  the	
  binding	
  between	
  Gβγ	
  and	
  Gα	
  

was	
  physiologically	
  relevant,	
  we	
  tested	
  the	
  ability	
  of	
  Gα-­‐GTPγS	
  to	
  bind	
  to	
  Gβγ.	
  This	
  non-­‐

hydrolysable	
  guanine	
  nucleotide	
  decreases	
  the	
  affinity	
  of	
  Gα	
  for	
  Gβγ subunits,	
  and	
  as	
  such	
  

would	
  be	
  expected	
  to	
  reduce	
  binding	
  of	
  Gα	
  to	
  immobilized	
  Gβγ.	
  	
  As	
  expected,	
  the	
  addition	
  of	
  

GTPγS	
  reduced	
  the	
  detected	
  waveshift	
  of	
  Gαt	
  significantly	
  (p<0.0001)	
  compared	
  to	
  GDP-­‐Gαt	
  

(Figure	
  23A).	
  Concentration	
  response	
  curves	
  were	
  generated	
  examining	
  the	
  ability	
  of	
  increasing	
  

concentrations	
  of	
  t-­‐SNARE,	
  Gαt,	
  or	
  BSA	
  to	
  bind	
  to	
  immobilized	
  Gβγ.	
  	
  As	
  was	
  seen	
  with	
  t-­‐SNARE,	
  

waveshifts	
  detected	
  for	
  Gαt	
  increased	
  in	
  a	
  concentration	
  dependent	
  manner	
  (Figure	
  21D).	
  	
  

Similarly,	
  the	
  ability	
  of	
  immobilized	
  Gβγ	
  to	
  recognize	
  and	
  interact	
  with	
  another	
  binding	
  partner,	
  

Gαi,	
  was	
  also	
  explored	
  (Figure	
  23B).	
  As	
  seen	
  for	
  Gαt,	
  Gαi	
  was	
  also	
  able	
  to	
  bind	
  to	
  immobilized	
  

Gβ1γ1	
  in	
  a	
  concentration	
  dependent	
  manner.	
  	
  Again,	
  similar	
  concentrations	
  of	
  BSA	
  

demonstrated	
  very	
  little	
  change	
  in	
  waveshift	
  when	
  compared	
  with	
  those	
  found	
  with	
  t-­‐SNARE	
  or	
  

Gαi.	
  When	
  compared	
  to	
  Gαt,	
  Gαi	
  produced	
  a	
  greater	
  waveshift	
  when	
  exposed	
  to	
  the	
  same	
  

concentration	
  of	
  t-­‐SNARE.	
  	
  However,	
  when	
  compared	
  to	
  t-­‐SNARE,	
  Gαi	
  had	
  very	
  similar	
  

waveshifts	
  across	
  multiple	
  concentrations	
  (Figure	
  23B).	
  	
  The	
  difference	
  between	
  Gαi	
  and	
  Gαt	
  is	
  

either	
  due	
  to	
  plate-­‐to-­‐plate	
  differences,	
  or	
  the	
  specific	
  activity	
  of	
  our	
  source	
  of	
  Gαt	
  was	
  reduced	
  

compared	
  to	
  GαI	
  and	
  therefore	
  bound	
  less.	
  

Finally,	
  the	
  interaction	
  of	
  t-­‐SNARE	
  with	
  another	
  Gβγ	
  dimer,	
  Gβ1γ2,	
  was	
  determined	
  to	
  

explore	
  both	
  if	
  a	
  different	
  dimer	
  could	
  be	
  immobilized	
  and	
  participate	
  in	
  binding	
  as	
  has	
  been	
  

demonstrated	
  with	
  Gβ1γ1,	
  as	
  well	
  as	
  to	
  determine	
  if	
  differences	
  in	
  waveshift	
  would	
  be	
  detected	
  

depending	
  on	
  the	
  Gβγ isoform	
  immobilized.	
  	
  Immobilization	
  of	
  Gβ1γ2	
  was	
  comparable	
  to	
  that	
  of	
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Gβ1γ1	
  (Figure	
  24A).	
  Concentration	
  response	
  experiments	
  were	
  carried	
  out	
  with	
  results	
  shown	
  in	
  

Figure	
  24B.	
  	
  Gβ1γ1	
  and	
  Gβ1γ2	
  both	
  had	
  similar	
  concentration	
  response	
  curves	
  as	
  seen	
  with	
  the	
  

increase	
  in	
  waveshift	
  with	
  increasing	
  concentrations	
  of	
  t-­‐SNARE	
  bound	
  to	
  the	
  respective	
  

Gβγ dimer.	
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Figure	
  23.	
  Evaluation	
  of	
  binding	
  of	
  immobilized	
  Gβγ 	
  by	
  Gα t	
  and	
  Gα i.	
  A)	
  Gβ1γ1	
  was	
  
immobilized	
  as	
  described	
  previously.	
  Equal	
  concentrations	
  of	
  Gαt-­‐GDP,	
  Gαt-­‐GTPγS,	
  BSA,	
  
and	
  t-­‐SNARE	
  were	
  allowed	
  to	
  bind	
  to	
  the	
  immobilized	
  Gβγ	
  for	
  1	
  hour	
  before	
  a	
  read	
  was	
  
taken.	
  The	
  waveshift	
  for	
  Gαt-­‐GDP	
  was	
  significantly	
  different	
  from	
  buffer	
  alone,	
  BSA,	
  or	
  
Gαt-­‐GTPγS,	
  suggesting	
  that	
  Gαt-­‐GDP	
  was	
  binding	
  to	
  immobilized	
  Gβγ.	
  The	
  t-­‐SNARE	
  had	
  a	
  
significantly	
  greater	
  waveshift	
  than	
  Gαt-­‐GDP,	
  as	
  well	
  as	
  the	
  waveshifts	
  for	
  buffer,	
  BSA,	
  
and	
  Gαt-­‐GTPγS.	
  Shown	
  are	
  the	
  averages	
  and	
  SEM	
  for	
  at	
  least	
  12	
  wells	
  on	
  the	
  plate.	
  B)	
  

Gβ1γ1	
  was	
  immobilized	
  as	
  described	
  previously.	
  Increasing	
  amounts	
  of	
  t-­‐SNARE,	
  Gαi,	
  and	
  
BSA	
  were	
  exposed	
  to	
  the	
  plate	
  for	
  1	
  hour.	
  A	
  second	
  read	
  was	
  performed	
  with	
  resulting	
  
waveshifts	
  in	
  the	
  presence	
  of	
  those	
  additional	
  proteins	
  shown.	
  t-­‐SNARE	
  complex	
  (red	
  

triangles)	
  and	
  Gαi	
  (blue	
  triangles)	
  resulted	
  in	
  an	
  increase	
  in	
  waveshift	
  whereas	
  BSA	
  (black	
  
squares),	
  a	
  protein	
  not	
  expected	
  to	
  bind	
  Gβ1γ1,	
  had	
  no	
  increase	
  in	
  waveshift	
  at	
  all	
  

concentrations	
  tested.	
  Shown	
  are	
  averages	
  and	
  SEM	
  over	
  five	
  wells	
  on	
  the	
  plate	
  for	
  each	
  
point	
  on	
  the	
  concentration	
  response	
  curves.	
  	
  

Two other binding buffer variables explored included the
effect on waveshifts in the presence of DMSO or detergent.
DMSO concentrations were examined as the small molecules
to be screened were dissolved in 100% DMSO. The EPIC
system was reported to be able to tolerate up to 5% DMSO
without an effect on the signal or deterioration of the plate. A
wide variety of DMSO concentrations were examined for their
effect on the waveshift detected during the interaction between
t-SNARE protein and immobilized Gβγ. As seen in Figure 3B,
no degradation of signal was apparent in the presence of
DMSO up to 5%, the maximum concentration allowable for
screening. Similarly, to evaluate if a detergent affected the
detection of t-SNARE−Gβγ interactions, the effect of addition
of various concentrations of CHAPS was tested. Figure 3C
shows that the addition of up to 0.1% CHAPS did not
deteriorate the signal detected when t-SNARE was exposed to
immobilized Gβγ, although it did statistically increase the
waveshift detected in the presence of t-SNARE. CHAPS was
not included in the final buffer to simplify the constituents of
that buffer. Additionally, 10 μM GDP and 2 mM magnesium
chloride were added to all buffers as they are necessary for
stability of the Gα subunit. In each case, no deleterious effect
on signal was observed.
As seen in Figure 4A, Gαt and t-SNARE had significantly

increased waveshifts when compared to Gβγ exposed to buffer
alone or BSA. To examine whether the binding between Gβγ
and Gα was physiologically relevant, we tested the ability of
Gα-GTPγS to bind to Gβγ. This nonhydrolyzable guanine
nucleotide decreases the affinity of Gα for Gβγ subunits, and as
such would be expected to reduce binding of Gα to
immobilized Gβγ. As expected, the addition of GTPγS reduced
the detected waveshift of Gαt significantly (p < 0.0001)
compared to GDP- Gαt. Concentration response curves were
generated examining the ability of increasing concentrations of
t-SNARE, Gαt, or BSA to bind to immobilized Gβγ. As was
seen with t-SNARE, waveshifts detected for Gαt increased in a
concentration dependent manner, Figure 2D. Similarly, the
ability of immobilized Gβγ to recognize and interact with
another binding partner, Gαi was also explored, Figure 4B. As
seen for Gαt, Gαi was also able to bind to immobilized Gβ1γ1 in
a concentration dependent manner. Again, similar concen-
trations of BSA demonstrated very little change in waveshift
when compared with those found with t-SNARE or Gαi. When
compared to Gαt, Gαi produced a greater waveshift when
exposed to the same concentration of t-SNARE. However,
when compared to t-SNARE, Gαi had very similar waveshifts
across multiple concentrations, Figure 4B. The difference
between Gαi and Gαt is either due to plate-to-plate differences,
or the specific activity of our source of Gαt was reduced
compared to Gαi and therefore bound less.
Finally, the interaction of t-SNARE with another Gβγ dimer,

Gβ1γ2, was determined to explore both if a different dimer
could be immobilized and participate in binding as has been
demonstrated with Gβ1γ1, as well as to determine if differences
in waveshift would be detected depending on the Gβγ isoform
immobilized. Immobilization of Gβ1γ2 was comparable to that
of Gβ1γ1, Figure 5A. Concentration response experiments were
carried out with results shown in Figure 5B. Gβ1γ1 and Gβ1γ2
both had similar concentration response curves as seen with the
increase in waveshift with increasing concentrations of t-
SNARE bound to the respective Gβγ dimer.
Use of EPIC in High-Throughput Screening of a

Chemical Library. As the detection method for protein−

protein interactions seemed reproducible and robust, we chose
to use it in a search for small molecule modulators of the Gβγ−
SNARE interaction. The initial library was designed based on
known chemotypes which modulate protein−protein inter-
actions (α-helical mimetics, β-turn mimetics (types I−VI), flat
surface interaction ligands)30,31 as well as GPCR-biased ligands
known to enhance protein−protein interactions24−29 with
compounds added simultaneously with t-SNARE to react
with the immobilized Gβ1γ1. Compounds were added at a final
concentration of 250 μM using a volume equal to that in the
well, with stock concentrations of 500 μM in DMSO. Final well
volume was 40 μL in each well. Waveshifts were assessed in at
least four replicates for each compound in the presence or
absence of t-SNARE.
Screening of this library of biased protein−protein modulator

ligands24−29 identified four lead compounds from two
structural series (Figure 6A), three of which greatly diminished
the waveshift produced upon Gβγ binding to SNARE (63V,

Figure 4. Evaluation of binding of immobilized Gβγ by Gαt and Gαi.
(A) Gβ1γ1 was immobilized as described previously. Equal
concentrations of Gαt-GDP, Gαt-GTPγS, BSA, and t-SNARE were
allowed to bind to the immobilized Gβγ for 1 h before a read was
taken. The waveshift for Gαt-GDP was significantly different from
buffer alone, BSA, or Gαt-GTPγS, suggesting that Gαt-GDP was
binding to immobilized to Gβγ. The t-SNARE had a significantly
greater waveshift than Gαt-GDP, as well as the waveshifts for buffer,
BSA, and Gαt-GTPγS. Shown are averages with SEM for at least 12
wells on the plate. (B) Gβ1γ1 was immobilized as described previously.
Increasing amounds of t-SNARE, Gαi, and BSA were exposed to the
plate for 1 h. A second read was performed with resulting waveshifts in
the presence of those additional proteins shown. t-SNARE complex
(red triangles) and Gαi (blue triangles) resulted in an increase in
waveshift whereas BSA (black squares), a protein not expected to bind
to Gβ1γ1, had no increase in waveshift at all concentrations tested.
Shown are averages and SEM over five wells on the plate for each
point on the concentration response curves.
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Figure	
  24.	
  Similarity	
  between	
  immobilized	
  Gβγ 	
  dimers	
  binding	
  to	
  t-­‐SNARE.	
  A)	
  Gβ1γ2	
  (blue)	
  
was	
  immobilized	
  onto	
  the	
  microplate	
  in	
  previously	
  described	
  buffer	
  alongside	
  Gβ1γ1	
  (red).	
  
Gβ1γ2	
  appeared	
  to	
  have	
  an	
  increased	
  immobilization	
  efficiency	
  with	
  the	
  plate	
  as	
  seen	
  by	
  

the	
  greater	
  increase	
  in	
  initial	
  waveshift	
  detected	
  after	
  the	
  immobilization	
  step.	
  Data	
  shown	
  
are	
  averages	
  with	
  SEM	
  over	
  126	
  wells	
  for	
  Gβ1γ1,	
  126	
  wells	
  for	
  Gβ1γ2,	
  and	
  16	
  wells	
  for	
  buffer	
  
alone.	
  B)	
  This	
  difference	
  did	
  not	
  result	
  in	
  a	
  difference	
  of	
  binding	
  of	
  t-­‐SNARE.	
  Increasing	
  
amounts	
  of	
  t-­‐SNARE	
  were	
  exposed	
  to	
  the	
  immobilized	
  Gβγ	
  dimers	
  with	
  a	
  corresponding	
  
increase	
  in	
  waveshift.	
  There	
  was	
  very	
  little	
  difference	
  between	
  fitted	
  curves	
  for	
  binding	
  to	
  
the	
  two	
  isoforms.	
  Each	
  point	
  on	
  the	
  curves	
  are	
  the	
  averages	
  with	
  SEM	
  over	
  at	
  least	
  four	
  

wells	
  on	
  the	
  plate.	
  	
  

85M and 85B) and one (6EQ) which significantly enhanced it.
An example of a screen of thirty of the initial 69 compounds is
shown in Figure 6B. Nonspecific binding (as measured by
SNARE binding to streptavidin coated wells) was subtracted
from the Gβγ-SNARE binding signal, resulting in the black line
for the basal level of binding. By comparison to the waveshift
achieved by interaction with t-SNARE alone (yellow column),
most compounds had minimal to no effect. Based on the
activities of the first four hits, further iterative synthesis and
screening of related small molecules resulted in the discovery of
additional compounds with modulatory effects on the
interaction of Gβγ with t-SNARE.
To further examine lead compounds mentioned above as

well as a number of other compounds in the initial screen,
concentration response curves were obtained for those that
showed a possible effect on the interaction of Gβγ with t-
SNARE. The respective compounds were tested over the given
range with at least replicates across 4 wells. These studies
demonstrate that a signal of sufficient intensity using low
volumes in a 384 well plate can be easily detected. The
structures for representative lead compounds are shown in
shown in Figure 7A with concentration response curves for
each of those compounds in Figure 7B. Compound 85M (see
screen in Figure 6A) appeared to be a weak inhibitor at higher
(μM) concentrations with an estimated EC50 of 100 μM, Figure
7B. Compound 634 and 8HA were selected based on an initial

screen of the remaining 39 compounds from the library (data
not shown). Compound 634 appeared to be a weak enhancer
of the interaction of t-SNARE with immobilized Gβγ with an
estimated EC50 of 10 μM. Lastly, compound 8HA also
appeared to be a weak enhancer with an estimated EC50 also
of 10 μM. Current efforts are directed to making derivatives of
these lead compounds with improved potency.

■ SIGNIFICANCE

The label-free EPIC system provides a novel means to screen
for modulators of protein−protein interactions in an in vitro
setting with scalability to high-throughput screening of libraries
of compounds. The ability of t-SNARE to bind immobilized
Gβγ in this assay is reproducible and physiologically relevant as
shown by the ability to correctly assess Gβγ’s interaction with
its cognate partner Gα in the presence of GDP but not in the
presence of GTPγS. This system allows relevant testing of an
interaction between two unlabeled proteins. As well, the
immobilized Gβγ dimer was able to interact with other known
ligands, Gαt and Gαi. Although immobilized Gβγ had a higher
affinity for t-SNARE than its cognate partner Gα, we expect
this difference is due to this system being a plate-based assay. In
solution, we would expect Gα to have a higher affinity for Gβγ.
The ability for either Gα or t-SNARE to bind Gβγ suggests not
only the physiologic relevance of the detected interaction, but
also further generalization of the EPIC for extending this initial
work to examining other interactions with immobilized Gβγ
dimers in the future, such as other Gα subunits or other
effectors such as phospholipase B, phosphoinositide 3-kinase,
or interaction of other Gβγ isoforms with other Gα subunits or
effectors. Furthermore, initial screens have yielded compounds
that either weakly inhibit or enhance the interaction of Gβγ
with t-SNARE. The compounds are the subject of further
refinement for potency, efficacy, and selectivity. As well, this
system is readily adapted to structure−function studies of
mutant Gβγ or SNARE proteins or screening of peptides from
the interaction surface for their ability to modulate the
interaction of Gβγ with t-SNARE (data not shown).
The direct interaction of Gβγ with the exocytotic machinery

to regulate exocytosis has been shown in multiple areas of the
brain2,15,18,32 as well as in chromaffin cells33 and β cells of the
endocrine pancreas.16 There is a need to understand the
physiological relevance of this interaction in further detail.
Compounds specific for this interaction that either inhibit or
potentiate the interaction would allow imaging and electro-
physiological studies of synaptic exocytosis. The generality of
this inhibitory mechanism on exocytosis, working both on small
clear vesicles at synapses as well as large dense core vesicles,
leads to the possibility that the effects of these small molecule
inhibitors and enhancers of the Gβγ-SNARE interaction may
affect the workings of many synapses. By their drug-like nature,
the small molecule compounds that have emerged from this
screen would likely pass through the cell membrane, and thus
following testing of their specificity for the Gβγ − t-SNARE
interaction, could be used in cellular and tissue settings such as
slice preparations. Such studies have the potential to greatly
enhance our understanding of the role of Gβγ regulation of
exocytosis in vitro. Future studies will optimize these initial tool
compounds into potent druglike modulators with properties
suitable for evaluation in vivo, including enhanced bioavail-
ability and central penetration.

Figure 5. Similarity between immobilized Gβγ dimers binding to t-
SNARE. (A) Gβ1γ2 (blue) was immobilized onto the microplate in
previously described buffer alongside Gβ1γ1 (red). Gβ1γ2 appeared to
have an increased immobilization efficiency with the plate as seen by
the greater increase in initial waveshift detected after the
immobilization step. Data shown are averages with SEM over 126
wells for Gβ1γ1, 126 wells for Gβ1γ2, and 16 wells for buffer alone. (B)
This difference did not result in a difference in binding of t-SNARE.
Increasing amounts of t-SNARE were exposed to the immobilized Gβγ
dimers with a corresponding increase in waveshift. There was very
little difference between fitted curves for binding to the two isoforms.
Each point on the curves are the averages with SEM over at least four
wells on the plate.
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Use	
  of	
  EPIC™	
  in	
  high-­‐throughput	
  screening	
  of	
  a	
  chemical	
  library	
  

As	
  the	
  detection	
  method	
  for	
  protein-­‐protein	
  interactions	
  seemed	
  reproducible	
  and	
  

robust,	
  we	
  chose	
  to	
  use	
  it	
  in	
  a	
  search	
  for	
  small	
  molecule	
  modulators	
  of	
  the	
  Gβγ/SNARE	
  

interaction.	
  	
  The	
  initial	
  library	
  was	
  designed	
  based	
  on	
  known	
  chemotypes	
  which	
  modulate	
  

protein-­‐protein	
  interactions	
  (α-­‐helical	
  mimetics,	
  β-­‐turn	
  mimetics	
  (types	
  I-­‐VI),	
  flat	
  surface	
  

interaction	
  ligands)345,346	
  as	
  well	
  as	
  GPCR-­‐biased	
  ligands	
  known	
  to	
  enhance	
  protein-­‐protein	
  

interactions339-­‐344	
  with	
  compounds	
  added	
  simultaneously	
  with	
  t-­‐SNARE	
  to	
  react	
  with	
  the	
  

immobilized	
  Gβ1γ1.	
  Compounds	
  were	
  added	
  at	
  final	
  concentration	
  of	
  250	
  µM	
  using	
  a	
  volume	
  

equal	
  to	
  that	
  in	
  the	
  well,	
  with	
  stock	
  concentrations	
  of	
  500	
  mM	
  in	
  DMSO.	
  Final	
  well	
  volume	
  was	
  

40µL	
  in	
  each	
  well.	
  	
  Waveshifts	
  were	
  assessed	
  in	
  at	
  least	
  four	
  replicates	
  for	
  each	
  compound	
  in	
  

the	
  presence	
  or	
  absence	
  of	
  t-­‐SNARE.	
  	
  	
  

Screening	
  of	
  this	
  library	
  of	
  biased	
  protein-­‐protein	
  modulator	
  ligands339-­‐344	
  identified	
  four	
  

lead	
  compounds	
  from	
  two	
  structural	
  series	
  (Figure	
  25A),	
  three	
  of	
  which	
  greatly	
  diminished	
  the	
  

waveshift	
  produced	
  upon	
  Gβγ binding	
  to	
  SNARE	
  (63V,	
  85M	
  and	
  85B),	
  and	
  one	
  (6EQ)	
  which	
  

significantly	
  enhanced	
  it.	
  	
  An	
  example	
  of	
  a	
  screen	
  of	
  thirty	
  of	
  the	
  initial	
  69	
  compounds	
  is	
  shown	
  

in	
  Figure	
  25B.	
  	
  Non-­‐specific	
  binding	
  (as	
  measured	
  by	
  SNARE	
  binding	
  to	
  streptavidin	
  coated	
  wells)	
  

was	
  subtracted	
  from	
  the	
  Gβγ−SNARE	
  binding	
  signal,	
  resulting	
  in	
  the	
  black	
  line	
  for	
  the	
  basal	
  level	
  

of	
  binding.	
  By	
  comparison	
  to	
  the	
  waveshift	
  achieved	
  by	
  interaction	
  with	
  t-­‐SNARE	
  alone	
  (yellow	
  

column),	
  most	
  compounds	
  had	
  minimal	
  to	
  no	
  effect.	
  	
  Based	
  on	
  the	
  activities	
  of	
  the	
  first	
  four	
  

hits,	
  further	
  iterative	
  synthesis	
  and	
  screening	
  of	
  related	
  small	
  molecules	
  resulted	
  in	
  the	
  

discovery	
  of	
  additional	
  compounds	
  with	
  modulatory	
  effects	
  on	
  the	
  interaction	
  of	
  Gβγ	
  with	
  t-­‐

SNARE.	
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Figure	
  25.	
  Screening	
  of	
  chemical	
  compounds	
  for	
  modulation	
  of	
  Gβ1γ 1	
  
binding	
  to	
  t-­‐SNARE.	
  A)	
  Shown	
  are	
  the	
  chemical	
  structures	
  for	
  four	
  

compounds	
  from	
  an	
  initial	
  screen	
  of	
  a	
  library	
  of	
  compounds	
  that	
  had	
  a	
  
waveshift	
  detected	
  that	
  differed	
  significantly	
  from	
  the	
  waveshift	
  for	
  t-­‐
SNARE	
  alone	
  exposed	
  to	
  immobilized	
  Gβ1γ1.	
  B)	
  Gβ1γ1	
  was	
  immobilized	
  

overnight	
  as	
  described	
  before.	
  For	
  each	
  compound	
  listed	
  in	
  the	
  bar	
  graph,	
  
a	
  compound	
  was	
  mixed	
  either	
  with	
  buffer	
  alone	
  in	
  four	
  wells,	
  or	
  buffer	
  
with	
  2µM	
  t-­‐SNARE	
  in	
  four	
  wells,	
  and	
  allowed	
  to	
  thermally	
  equilibrate	
  
before	
  a	
  binding	
  read	
  was	
  taken.	
  The	
  waveshift	
  of	
  buffer	
  alone	
  with	
  

compound	
  was	
  subtracted	
  from	
  that	
  of	
  compound	
  with	
  t-­‐SNARE,	
  with	
  the	
  
difference	
  shown	
  in	
  the	
  bar	
  graph.	
  For	
  comparison,	
  t-­‐SNARE	
  alone	
  without	
  

compound	
  in	
  eight	
  wells	
  of	
  this	
  plate	
  was	
  seen	
  to	
  have	
  an	
  average	
  
waveshift	
  of	
  265	
  pm	
  shown	
  in	
  the	
  first	
  column	
  (yellow).	
  Red	
  signifies	
  an	
  
example	
  of	
  a	
  compound	
  that	
  enhanced	
  the	
  waveshift,	
  black	
  signifies	
  
compounds	
  that	
  significantly	
  reduced	
  the	
  waveshift,	
  and	
  blue	
  is	
  a	
  
compound	
  that	
  reduced	
  the	
  waveshift	
  and	
  showed	
  a	
  concentration	
  

dependent	
  reduction	
  in	
  waveshift	
  (Figure	
  26).	
  Error	
  bars	
  shown	
  are	
  SEM.	
  	
  

■ METHODS
Plasmids. The open reading frames for the SNARE component

proteins were subcloned into the glutathione-s-transferase (GST)
fusion vector, pGEX6p1, (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, U.K.) for expression in bacteria.
Preparation and Purification of SNARE Proteins. Recombi-

nant bacterially expressed GST fusion proteins were expressed in
Escherichia coli strain BL21(DE3). Protein expression was induced
with 0.1 mM isopropyl β-D-thiogalactoside for 16 h at room
temperature. Bacterial cultures were pelleted, washed with 1×
phosphate-buffered saline, and then resuspended in lysis buffer [50
mM NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA, 0.1% Triton X-100, 2
mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol (DTT)].
Cells were lysed with a sonic dismembrator at 4 °C. GST-SNAP25 was
purified from cleared lysates by affinity chromatography on
glutathione-agarose (GE Healthcare), following the manufacturer’s
instructions. While the proteins were bound to the column, the buffer
was exchanged to 20 mM HEPES, pH 7.4, 100 mM NaCl, 0.05% n-
octyl β-D-glucopyranoside (OG), and 5 mM DTT. The proteins were
eluted by cleaving from GST with PreScission protease (GE
Healthcare) for 4 h at 4 °C. GST-H3 domain of syntaxin1A was
purified from the sonicated bacterial supernatant by affinity
chromatography on glutathione-agarose (GE Healthcare) in 10 mM

HEPES, pH 7.4, 0.05% OG, and 2 mM DTT. Protein concentrations
were determined with a Bradford assay kit (Pierce, Rockford, IL), and
purity was verified by SDS/PAGE analysis.

t-SNARE Complex Reassembly. A slight excess of SNAP25 (4
μM) to GST-H3 (3 μM) on glutathione-agarose beads was incubated
overnight at 4 °C in 20 mM HEPES, pH 7.4, 100 mM NaCl, 0.1% OG,
and 2.0 mM DTT. The binary t-SNARE complex (SNAP25 with the
H3 domain of syntaxin 1A) was washed three times with phosphate-
buffered saline and eluted from the column by removing GST with
PreScission protease (GE Healthcare) for 4 h at 4 °C. Equimolar
protein−protein interaction was confirmed by SDS-PAGE/Coomassie
staining analysis.

Gβγ Purification. Gβ1γ1 was purified from bovine retina as
described previously.34 Recombinant Gβ1γ2 was expressed in Sf9 cells
and purified via a His6 tag on Gγ2 using nickel-nitrilotriacetic acid
affinity chromatography (Sigma-Aldrich, St. Louis, MO).

Resonant Waveguide Grating Biosensor Detection. A beta
version of the Corning EPIC was used for all experiments. The details
of this system have been previously described.35,36 Briefly, binding
interactions between Gβγ subunits and SNARE proteins were
evaluated using a novel, label-free system from Corning, called the
EPIC, which allows detection of protein−protein interactions without
the need for fluorescent- or radio-labeling. The system comprises two
components: an optical reader and a 384 well microplate containing an

Figure 6. Screening of chemical compounds for modulation of Gβ1γ1 binding to t-SNARE. (A) Shown are the chemical structures for four
compounds from an initial screen of a library of compounds that had a waveshift detected that differed significantly from the waveshift for t-SNARE
alone exposed to immobilized Gβ1γ1. (B) Gβ1γ1 was immobilized overnight as described before. For each compound listed in the bar graph, a
compound was mixed either with buffer alone in four wells, or buffer with 2 μM t-SNARE in four wells, and allowed to thermally equilibrate before a
binding read was taken. The waveshift of buffer alone with compound was subtracted from that of compound with t-SNARE, with the difference
shown in the bar graph. For comparison, t-SNARE alone without compound in eight wells of this plate was seen to have an average waveshift of 265
pm shown in the first column (yellow). Red signifies an example of a compound that enhanced the waveshift, black signifies compounds that
significantly reduced the waveshift, and blue is a compound that significantly reduced the waveshift and showed a concentration dependent reduction
in waveshift (Figure 7). Error bars shown are SEM.
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To	
  further	
  examine	
  lead	
  compounds	
  mentioned	
  above	
  as	
  well	
  as	
  a	
  number	
  of	
  other	
  

compounds	
  in	
  the	
  initial	
  screen,	
  concentration	
  response	
  curves	
  were	
  obtained	
  for	
  those	
  that	
  

showed	
  a	
  possible	
  effect	
  on	
  the	
  interaction	
  of	
  Gβγ with	
  t-­‐SNARE.	
  	
  The	
  respective	
  compounds	
  

were	
  tested	
  over	
  the	
  given	
  range	
  with	
  at	
  least	
  replicates	
  across	
  4	
  wells.	
  These	
  studies	
  

demonstrate	
  that	
  a	
  signal	
  of	
  sufficient	
  intensity	
  using	
  low	
  volumes	
  in	
  a	
  384	
  well	
  plate	
  can	
  be	
  

easily	
  detected.	
  	
  The	
  structures	
  for	
  representative	
  lead	
  compounds	
  are	
  shown	
  in	
  shown	
  in	
  

Figure	
  26A	
  with	
  concentration	
  response	
  curves	
  for	
  each	
  of	
  those	
  compounds	
  in	
  Figure	
  26B.	
  	
  

Compound	
  85M	
  (see	
  screen	
  in	
  Figure	
  25A)	
  appeared	
  to	
  be	
  a	
  weak	
  inhibitor	
  at	
  higher	
  (µM)	
  

concentrations	
  with	
  an	
  estimated	
  EC50	
  of	
  100	
  µM	
  (Figure	
  26B).	
  	
  Compound	
  634	
  and	
  8HA	
  were	
  

selected	
  based	
  on	
  an	
  initial	
  screen	
  of	
  the	
  remaining	
  39	
  compounds	
  from	
  the	
  library	
  (data	
  not	
  

shown).	
  	
  Compound	
  634	
  appeared	
  to	
  be	
  a	
  weak	
  enhancer	
  of	
  the	
  interaction	
  of	
  t-­‐SNARE	
  with	
  

immobilized	
  Gβγ with	
  an	
  estimated	
  EC50	
  of	
  10	
  µM.	
  	
  Lastly,	
  compound	
  8HA	
  also	
  appeared	
  to	
  be	
  a	
  

weak	
  enhancer	
  with	
  an	
  estimated	
  EC50	
  also	
  of	
  10	
  µM.	
  	
  Current	
  efforts	
  are	
  directed	
  to	
  making	
  

derivatives	
  of	
  these	
  lead	
  compounds	
  to	
  improve	
  their	
  potency.	
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optical sensor within each well, known as a RWG. When plates are
illuminated with broadband light, one dominant wavelength of light
resonates within the waveguide, and is strongly reflected. The addition
of proteins to the surface of the plate, however, changes the local index
of refraction, changing the resonant wavelength that is reflected
(known as a waveshift). These waveshifts (measured in picometers
(pm)) can therefore be used to evaluate protein−protein interactions.
Further, each well is partitioned to allow for self-referencing. This is
accomplished by only applying binding chemistry to one-half of each
well, thereby allowing for simultaneous measurement of target protein
interactions with immobilized partners as well as interactions with the
well surface itself.
Detection of t-SNARE (SNAP25-syntaxin1A H3) on the

EPIC. The initial step of the assay is the immobilization of either
Gβ1γ1 or Gβ1γ2 to the plate. A variety of conditions were explored as
described in the Results and Discussion section. The resulting
common immobilization protocol from this work was the addition
of 25 μg/mL of either Gβ1γ1 or Gβ1γ2 in 20 mM sodium acetate, pH
5.0 and 5% glycerol to the respective wells overnight at 4 °C. This time
frame ensured quenching the plate chemistry that did not react with
Gβγ. The following day, wells were then washed twice with 20 mM
sodium acetate, pH 5.0, with 5% glycerol followed by two washes with
a common HEPES binding buffer (20 mM HEPES, pH 7.5, 5%
glycerol, 2 mM magnesium chloride, 10 uM guanosine diphosphate
(GDP), and 5% DMSO). This HEPES binding buffer was determined
by a series of experiments to determine the tolerances of the
microplate and of the detection of interaction between immobilized
Gβγ and t-SNARE. The plates were allowed to thermally equilibrate in
the EPIC before an initial immobilization read was done. Purified t-
SNARE or other binding partners were then added to wells, and the
plate was allowed to re-equilibrate for 1 h before a binding reading was
done. Figure error bars represent within-experiment errors based on
each plate tested.
Chemical Synthesis and Purification. All 1H and 13C NMR

spectra were recorded on Bruker AV-400 (400 MHz) or Bruker AV-
NMR (600 MHz) instrument. Chemical shifts are reported in ppm
relative to residual solvent peaks as an internal standard set to δH 7.26
or δC 77.0 (CDCl3) and δH 3.31 or δC 49.0 (CD3OD). Data are

reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, br = broad, m = multiplet), integration,
coupling constant (Hz). IR spectra were recorded as thin films and are
reported in wavenumbers (cm−1). Low resolution mass spectra were
obtained on an Agilent 1200 LCMS with electrospray ionization. High
resolution mass spectra were recorded on a Waters Qtof-API-US plus
Acquity system. The value Δ is the error in the measurement (in ppm)
given by the equation Δ = [(ME − MT)/ MT] × 106, where ME is the
experimental mass and MT is the theoretical mass. The HRMS results
were obtained with ES as the ion source and leucine enkephalin as the
reference. Optical rotations were measured on a Perkin-Elmer-341
polarimeter. Analytical thin layer chromatography was performed on
250 μM silica gel 60 F254 plates. Visualization was accomplished with
UV light, and/or the use of ninhydrin, anisaldehyde and ceric
ammonium molybdate solutions followed by charring on a hot-plate.
Chromatography on silica gel was performed using Silica Gel 60
(230−400 mesh) from Sorbent Technologies. Analytical HPLC was
performed on an Agilent 1200 analytical LCMS with UV detection at
214 and 254 nm along with ELSD detection. Solvents for extraction,
washing and chromatography were HPLC grade. All reagents were
purchased from Aldrich Chemical Co. and were used without
purification. All polymer-supported reagents were purchased from
Biotage, Inc. Flame-dried (under vacuum) glassware was used for all
reactions. All reagents and solvents were commercial grade and
purified prior to use when necessary. Mass spectra were obtained on a
Micromass Q-Tof API-US mass spectrometer was used to acquire
high-resolution mass spectrometry (HRMS) data.

General Procedure. To a 10 mL vial was placed 1-(piperidin-4-
yl)-1H-benzo[d]imidazol-2(3H)-one (0.1 mmol) and diluted with 2
mL of DCE, followed by tert-butyl 2-oxoethylcarbamate (0.12 mmol).
NaB(OAc)3H (0.25 mmol) was added and the vial placed on a rotator

Figure 7. Concentration response curves for compounds that inhibit or enhance binding between Gβγ and t-SNARE. (A) Shown are the chemical
compounds (85M, 634, and 8HA) that had significantly affected the waveshift of the interaction between t-SNARE and immobilized Gβ1γ1. (B)
Compounds 85M, 634, and 8HA were tested in a concentration dependent manner on the detected waveshift of constant t-SNARE concentration
exposed to immobilized Gβ1γ1. Shown are the concentration response curves from those compounds. Each point in the three concentration response
curves represents the average of four wells on a plate.
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Figure	
  26.	
  Concentration	
  response	
  curves	
  for	
  compounds	
  that	
  inhibit	
  or	
  enhance	
  
binding	
  between	
  Gβγ 	
  and	
  t-­‐SNARE.	
  A)	
  Shown	
  are	
  the	
  chemical	
  compounds	
  (85M,	
  

634,	
  and	
  8HA)	
  that	
  had	
  significantly	
  affected	
  the	
  waveshift	
  of	
  the	
  interaction	
  between	
  
t-­‐SNARE	
  and	
  immobilized	
  Gβ1γ1.1B)	
  Compounds	
  85M,	
  634,	
  and	
  8HA	
  were	
  tested	
  in	
  a	
  
concentration	
  dependant	
  manner	
  on	
  the	
  detected	
  waveshift	
  of	
  constant	
  t-­‐SNARE	
  
concentration	
  exposed	
  to	
  immobilized	
  Gβ1γ.	
  Shown	
  are	
  the	
  concentration	
  response	
  
curves	
  from	
  those	
  compounds.	
  Each	
  point	
  in	
  the	
  three	
  concentration	
  response	
  curves	
  

represents	
  the	
  average	
  of	
  four	
  wells	
  on	
  a	
  plate.	
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Discussion	
  

The	
  label-­‐free	
  EPIC™	
  system	
  provides	
  a	
  novel	
  means	
  to	
  screen	
  for	
  modulators	
  of	
  

protein-­‐protein	
  interactions	
  in	
  an	
  in	
  vitro	
  setting	
  with	
  scalability	
  to	
  high-­‐throughput	
  screening	
  of	
  

libraries	
  of	
  compounds.	
  	
  The	
  ability	
  of	
  t-­‐SNARE	
  to	
  bind	
  immobilized	
  Gβγ in	
  this	
  assay	
  is	
  

reproducible	
  and	
  physiologically	
  relevant	
  as	
  shown	
  by	
  the	
  ability	
  to	
  correctly	
  assess	
  Gβγ’s	
  

interaction	
  with	
  its	
  cognate	
  partner	
  Gα	
  in	
  the	
  presence	
  of	
  GDP	
  but	
  not	
  in	
  the	
  presence	
  of	
  GTPγS.	
  	
  

This	
  system	
  allows	
  relevant	
  testing	
  of	
  an	
  interaction	
  between	
  two	
  unlabeled	
  proteins.	
  	
  As	
  well,	
  

the	
  immobilized	
  Gβγ dimer	
  was	
  able	
  to	
  interact	
  with	
  other	
  known	
  ligands,	
  Gαt	
  and	
  Gαi.	
  	
  

Although	
  immobilized	
  Gβγ had	
  a	
  higher	
  affinity	
  for	
  t-­‐SNARE	
  than	
  its	
  cognate	
  partner	
  Gα,	
  we	
  

expect	
  this	
  difference	
  due	
  to	
  this	
  system	
  being	
  a	
  plate-­‐based	
  assay.	
  	
  In	
  solution,	
  we	
  would	
  

expect	
  Gα	
  to	
  have	
  a	
  higher	
  affinity	
  for	
  Gβγ.	
  	
  The	
  ability	
  for	
  either	
  Gα	
  or	
  t-­‐SNARE	
  to	
  bind	
  

Gβγ suggests	
  not	
  only	
  the	
  physiologic	
  relevance	
  of	
  the	
  detected	
  interaction,	
  but	
  also	
  further	
  

generalization	
  of	
  the	
  EPIC™	
  for	
  extending	
  this	
  initial	
  work	
  to	
  examining	
  other	
  interactions	
  with	
  

immobilized	
  Gβγ dimers	
  in	
  the	
  future,	
  such	
  as	
  other	
  Gα	
  subunits	
  or	
  other	
  effectors	
  such	
  as	
  

phospholipase	
  B,	
  phosphoinositide	
  3-­‐kinase,	
  or	
  interaction	
  of	
  other	
  Gβγ isoforms	
  with	
  other	
  Gα	
  

subunits	
  or	
  effectors.	
  Furthermore,	
  initial	
  screens	
  have	
  yielded	
  compounds	
  that	
  either	
  weakly	
  

inhibit	
  or	
  enhance	
  the	
  interaction	
  of	
  Gβγ with	
  t-­‐SNARE.	
  	
  The	
  compounds	
  are	
  the	
  subject	
  of	
  

further	
  refinement	
  for	
  potency,	
  efficacy,	
  and	
  selectivity.	
  	
  As	
  well,	
  this	
  system	
  is	
  readily	
  adapted	
  

to	
  structure-­‐function	
  studies	
  of	
  mutant	
  Gβγ	
  or	
  SNARE	
  proteins	
  or	
  screening	
  of	
  peptides	
  from	
  the	
  

interaction	
  surface	
  for	
  their	
  ability	
  to	
  modulate	
  the	
  interaction	
  of	
  Gβγ with	
  t-­‐SNARE	
  (data	
  not	
  

shown).	
  	
  	
  

The	
  direct	
  interaction	
  of	
  Gβγ with	
  the	
  exocytotic	
  machinery	
  to	
  regulate	
  exocytosis	
  has	
  

been	
  shown	
  in	
  multiple	
  areas	
  of	
  the	
  brain76,79,183,347	
  as	
  well	
  as	
  in	
  chromaffin	
  cells348	
  and	
  β	
  cells	
  of	
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the	
  endocrine	
  pancreas185.	
  	
  There	
  is	
  a	
  need	
  to	
  understand	
  the	
  physiological	
  relevance	
  of	
  this	
  

interaction	
  in	
  further	
  detail.	
  	
  Compounds	
  specific	
  for	
  this	
  interaction	
  that	
  either	
  inhibit	
  or	
  

potentiate	
  the	
  interaction	
  would	
  allow	
  imaging	
  and	
  electrophysiological	
  studies	
  of	
  synaptic	
  

exocytosis.	
  The	
  generality	
  of	
  this	
  inhibitory	
  mechanism	
  on	
  exocytosis,	
  working	
  both	
  on	
  small	
  

clear	
  vesicles	
  at	
  synapses	
  as	
  well	
  as	
  large	
  dense	
  core	
  vesicles,	
  leads	
  to	
  the	
  possibility	
  that	
  the	
  

effects	
  of	
  these	
  small	
  molecule	
  inhibitors	
  and	
  enhancers	
  of	
  the	
  Gβγ/SNARE	
  interaction	
  may	
  

affect	
  the	
  workings	
  of	
  many	
  synapses.	
  By	
  their	
  drug-­‐like	
  nature,	
  the	
  small	
  molecule	
  compounds	
  

that	
  have	
  emerged	
  from	
  this	
  screen	
  would	
  likely	
  pass	
  through	
  the	
  cell	
  membrane,	
  and	
  thus	
  

following	
  testing	
  of	
  their	
  specificity	
  for	
  the	
  Gβγ/t-­‐SNARE	
  interaction,	
  could	
  be	
  used	
  in	
  cellular	
  

and	
  tissue	
  settings	
  such	
  as	
  slice	
  preparations.	
  	
  Such	
  studies	
  have	
  the	
  potential	
  to	
  greatly	
  

enhance	
  our	
  understanding	
  of	
  the	
  role	
  of	
  Gβγ regulation	
  of	
  exocytosis	
  in	
  vitro.	
  	
  Future	
  studies	
  

will	
  optimize	
  these	
  initial	
  tool	
  compounds	
  into	
  potent	
  drug-­‐like	
  modulators	
  with	
  properties	
  

suitable	
  for	
  evaluation	
  in	
  vivo,	
  including	
  enhanced	
  bioavailability	
  and	
  central	
  penetration.	
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CHAPTER	
  VI	
  

SUMMARY	
  AND	
  FUTURE	
  DIRECTIONS	
  

	
  

Since	
  the	
  onset	
  of	
  the	
  research	
  project	
  presented	
  in	
  this	
  dissertation,	
  much	
  progress	
  has	
  

been	
  made	
  in	
  understanding	
  the	
  functional	
  significance	
  of	
  unique	
  G	
  protein	
  isoforms	
  as	
  well	
  as	
  

the	
  role	
  Gβγ/SNARE	
  interactions	
  may	
  play	
  within	
  the	
  CNS	
  and	
  rest	
  of	
  the	
  body.	
  Heterotrimeric	
  G	
  

proteins	
  mediate	
  the	
  actions	
  of	
  many	
  GPCRs	
  to	
  regulate	
  a	
  wide	
  variety	
  of	
  signaling	
  pathways.	
  

With	
  such	
  a	
  large	
  number	
  of	
  different	
  β	
  and	
  γ	
  isoforms,	
  parsimony	
  would	
  dictate	
  that	
  that	
  the	
  

compositions	
  of	
  the	
  heterotrimer	
  activated	
  by	
  a	
  particular	
  GCPR	
  would	
  play	
  a	
  role	
  in	
  defining	
  

effector-­‐targeting.	
  Despite	
  this,	
  identifying	
  which	
  isoforms	
  exists	
  in	
  vivo	
  and	
  how	
  they	
  function	
  

physiologically	
  has	
  been	
  challenging.	
  High	
  sequence	
  identity	
  between	
  Gβγ	
  subunits	
  has	
  

hampered	
  the	
  development	
  of	
  subtype	
  specific	
  antibodies	
  that	
  would	
  aid	
  in	
  localization	
  studies,	
  

while	
  in	
  vitro	
  promiscuity	
  suggested	
  isoforms	
  were	
  functionally	
  interchangeable.	
  Gene	
  targeted	
  

deletion	
  of	
  specific	
  isoforms	
  has	
  done	
  much	
  to	
  counter	
  this.	
  In	
  the	
  past	
  six	
  years	
  distinct	
  

phenotypes	
  have	
  been	
  described	
  for	
  two	
  of	
  the	
  beta	
  and	
  four	
  of	
  the	
  gamma	
  isoforms	
  following	
  

genetic	
  inactivaton,	
  supporting	
  the	
  notion	
  that	
  functional	
  specificity	
  of	
  the	
  Gβγ	
  dimers	
  exists	
  

and	
  plays	
  an	
  important	
  role	
  in	
  physiological	
  processes102,264,280,281,312.	
  Similarly,	
  the	
  acceptance	
  

and	
  understanding	
  of	
  G	
  protein/SNARE	
  interactions	
  has	
  grown	
  substantially	
  in	
  the	
  past	
  six	
  years.	
  	
  

Early	
  work	
  using	
  purified	
  proteins	
  and	
  in	
  lower	
  organisms	
  was	
  viewed	
  with	
  skeptiscm	
  as	
  

inhibition	
  of	
  evoked	
  transmission	
  was	
  primarily	
  attributed	
  to	
  channel	
  modulation.	
  In	
  the	
  

intervening	
  years,	
  however,	
  this	
  modulatory	
  effect	
  has	
  been	
  shown	
  to	
  be	
  physiologically	
  

important	
  in	
  animal	
  models	
  and	
  humans,	
  affecting	
  processes	
  such	
  as	
  diabetes,	
  pain,	
  and	
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learning	
  and	
  memory	
  through	
  a	
  variety	
  of	
  GPCRs	
  and	
  raising	
  the	
  possibility	
  that	
  it	
  may	
  be	
  a	
  

widespread	
  regulatory	
  mechanism198,	
  315-­‐317.	
  

While	
  the	
  long-­‐term	
  research	
  objectives	
  of	
  studying	
  Gβγ/SNARE	
  interactions	
  are	
  to	
  

determine	
  the	
  extent	
  to	
  which	
  this	
  modulatory	
  effect	
  operates	
  within	
  an	
  organism	
  and	
  to	
  

decipher	
  the	
  roles	
  that	
  individual	
  subunits	
  may	
  play,	
  the	
  goals	
  of	
  this	
  current	
  study	
  were	
  to	
  

examine	
  the	
  expression	
  of	
  different	
  G	
  protein	
  isoforms	
  throughout	
  the	
  CNS,	
  study	
  the	
  functional	
  

specificity	
  of	
  α2AAR	
  receptor	
  mediated	
  Gβγ/SNARE	
  interactions,	
  and	
  develop	
  compounds	
  which	
  

would	
  allow	
  its	
  modulation.	
  Development	
  of	
  a	
  targeted	
  mass	
  spectrometry	
  approach	
  overcame	
  

the	
  obstacles	
  previously	
  faced	
  as	
  it	
  allowed	
  differentiation	
  of	
  unique	
  isoforms	
  from	
  complex	
  

mixtures.	
  Application	
  of	
  this	
  assay	
  indicated	
  a	
  wide	
  distribution	
  of	
  most	
  G	
  protein	
  isoforms	
  

across	
  brain	
  regions	
  and	
  at	
  synaptic	
  terminals	
  with	
  distinct	
  localization	
  patterns	
  observed	
  for	
  

different	
  Gβ	
  and	
  Gγ	
  subunits.	
  While	
  some	
  isoforms	
  such	
  as	
  Gβ1,	
  Gβ2,	
  and	
  Gγ2	
  exhibit	
  broad	
  

distributions,	
  others	
  such	
  as	
  Gβ5	
  and	
  Gγ7	
  showed	
  more	
  resticted	
  patterns.	
  A	
  greater	
  

understanding	
  of	
  G	
  protein	
  localization	
  has	
  important	
  implications	
  for	
  mechanistic	
  studies	
  as	
  it	
  

helps	
  inform	
  what	
  is	
  currently	
  known	
  while	
  directing	
  new	
  hypotheses.	
  In	
  the	
  case	
  of	
  Gγ7,	
  

previous	
  studies	
  indicated	
  expression	
  was	
  highest	
  within	
  the	
  striatum	
  with	
  this	
  isoform	
  acting	
  

through	
  D1	
  dopamine	
  and	
  A2A	
  adenosine	
  receptors98,102,280-­‐282.	
  While	
  this	
  correlates	
  well	
  with	
  our	
  

findings,	
  definitive	
  localization	
  may	
  inform	
  researchers	
  to	
  focus	
  on	
  postsynaptic	
  signaling	
  as	
  Gγ7	
  

was	
  significantly	
  enriched	
  within	
  this	
  region.	
  	
  Additionally,	
  for	
  isoforms	
  such	
  as	
  Gγ12	
  and	
  Gγ13	
  

where	
  little	
  functional	
  data	
  is	
  available,	
  these	
  localization	
  results	
  may	
  provide	
  a	
  first	
  step	
  to	
  

assessing	
  the	
  function	
  of	
  these	
  isoforms	
  within	
  the	
  brain.	
  Expression	
  suggests	
  a	
  postsynaptic	
  

signaling	
  role	
  or	
  a	
  role	
  in	
  controlling	
  motor	
  control	
  that	
  researchers	
  could	
  pursue.	
  	
  

	
   	
   Efforts	
  were	
  also	
  extended	
  to	
  investigate	
  the	
  functional	
  specificity	
  of	
  SNARE	
  modulation	
  

through	
  the	
  α2AAR.	
  These	
  receptors	
  operate	
  as	
  the	
  main	
  feedback	
  regulator	
  of	
  noradrenaline	
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release	
  from	
  presynaptic	
  terminals304,313,314	
  and	
  are	
  important	
  therapeutic	
  targets315,316,317.	
  

α2AAR-­‐mediated	
  inhibition	
  of	
  neurotransmitter	
  release	
  has	
  been	
  shown	
  to	
  occur	
  through	
  direct	
  

interactions	
  with	
  the	
  SNARE	
  proteins	
  in	
  both	
  the	
  amygdala183	
  and	
  pancreatic	
  β	
  cells185	
  yet	
  little	
  is	
  

known	
  about	
  the	
  factors	
  controlling	
  specificity.	
  	
  Using	
  immunoprecipitation	
  and	
  targeted	
  mass	
  

spectrometry,	
  α2AARs	
  were	
  found	
  to	
  exhibit	
  specificity	
  in	
  their	
  interactions	
  with	
  Gβγ	
  subunits	
  

upon	
  receptor	
  activation	
  as	
  only	
  a	
  subset	
  of	
  Gβ	
  and	
  Gγ	
  isoforms	
  were	
  enriched	
  in	
  Tg	
  samples.	
  

Taken	
  together	
  with	
  previous	
  studies	
  that	
  show	
  preferences	
  of	
  the	
  α2AAR	
  for	
  unique	
  Gβγ	
  

isoforms,	
  this	
  implies	
  that	
  specificity	
  of	
  signaling	
  pathways	
  could	
  be	
  in	
  part,	
  mediated	
  through	
  

the	
  receptor.	
  While	
  detailed	
  proteomic	
  analysis	
  of	
  Gβγ/SNARE	
  interactions	
  have	
  yet	
  to	
  be	
  

finished,	
  in	
  vitro	
  data	
  and	
  western	
  blot	
  analysis	
  suggest	
  this	
  may	
  add	
  an	
  additional	
  layer	
  of	
  

selectivity.	
  Using	
  immunoprecipitation	
  and	
  immunoblotting,	
  Gβγ	
  subunits	
  were	
  found	
  

associated	
  with	
  SNAP	
  25	
  regardless	
  of	
  receptor	
  stimulation	
  suggesting	
  the	
  possibility	
  that	
  G	
  

proteins	
  may	
  be	
  precoupled	
  to	
  SNARE	
  complexes.	
  Although	
  this	
  remains	
  to	
  be	
  elucidated,	
  

scaffolding	
  could	
  allow	
  for	
  fast,	
  receptor-­‐mediated	
  activation,	
  which	
  would	
  account	
  for	
  the	
  rate	
  

at	
  which	
  SNARE	
  inhibition	
  occurs.	
  

As	
  many	
  Gi/o-­‐coupled	
  GPCRs	
  act	
  as	
  feedback	
  regulators	
  for	
  transmitter	
  release	
  from	
  

presynaptic	
  terminals,	
  a	
  greater	
  understanding	
  of	
  the	
  mechanisms	
  by	
  which	
  they	
  operate	
  will	
  be	
  

important	
  for	
  understanding	
  normal	
  neural	
  processing	
  as	
  well	
  as	
  disease	
  states.	
  GPCRs	
  such	
  as	
  

the	
  α2AAR	
  have	
  been	
  shown	
  to	
  act	
  through	
  different	
  mechanisms	
  in	
  different	
  regions	
  of	
  the	
  

brain,	
  while	
  presynaptic	
  terminals	
  have	
  been	
  shown	
  to	
  express	
  multiple	
  GPCRs	
  that	
  mediate	
  

inhibition	
  through	
  different	
  mechanisms.	
  At	
  present	
  little	
  is	
  known	
  about	
  how	
  the	
  type	
  of	
  

inhibition	
  is	
  determined	
  at	
  a	
  synapse,	
  or	
  whether	
  the	
  effects	
  of	
  Gβγ	
  on	
  calcium	
  channels	
  and	
  on	
  

the	
  exocytotic	
  fusion	
  machinery	
  may	
  be	
  additive	
  or	
  synergistic.	
  Using	
  a	
  label-­‐free	
  system	
  to	
  

screen	
  for	
  modulators	
  of	
  protein-­‐protein	
  interaction,	
  we	
  identified	
  three	
  lead	
  compounds	
  that	
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had	
  an	
  effect	
  on	
  the	
  interaction	
  of	
  Gβγ	
  with	
  SNARE	
  proteins.	
  Despite	
  needing	
  further	
  

refinement	
  to	
  enhance	
  potency,	
  efficacy,	
  and	
  selectivity,	
  these	
  initial	
  efforts	
  highlighted	
  the	
  

possibility	
  that	
  small	
  molecules	
  can	
  be	
  developed	
  to	
  target	
  a	
  specific	
  form	
  of	
  inhibition	
  at	
  

synapses.	
  This	
  has	
  important	
  implications	
  for	
  understanding	
  the	
  role	
  of	
  Gβγ	
  regulation	
  of	
  

exocytosis	
  such	
  compounds	
  could	
  be	
  used	
  as	
  a	
  tool	
  to	
  tease	
  apart	
  the	
  contribution	
  this	
  form	
  of	
  

modulation	
  makes	
  at	
  a	
  given	
  synapse.	
  	
  Additionally,	
  compounds	
  may	
  have	
  important	
  

therapeutic	
  uses.	
  	
  Many	
  Gi/o	
  coupled	
  GPCRs	
  are	
  drug	
  targets	
  yet	
  current	
  therapies	
  targeting	
  the	
  

receptor	
  often	
  exhibit	
  significant	
  side	
  effects	
  that	
  limit	
  their	
  efficacy.	
  Compounds	
  which	
  

selectively	
  target	
  Gβγ/SNARE	
  interactions	
  could	
  alleviate	
  some	
  of	
  these	
  effects	
  as	
  synergistic	
  

actions	
  could	
  allow	
  the	
  same	
  effect	
  but	
  at	
  lower	
  doses.	
  	
  

In	
  summary,	
  the	
  results	
  of	
  the	
  research	
  aims	
  discussed	
  here	
  contribute	
  to	
  a	
  better	
  

understanding	
  of	
  G	
  protein	
  signaling	
  within	
  the	
  CNS	
  as	
  well	
  as	
  the	
  role	
  of	
  specificity	
  in	
  α2AAR	
  

modulation	
  of	
  SNARE	
  function.	
  Further	
  advancements	
  such	
  as	
  those	
  outlined	
  below	
  would	
  

provide	
  additional	
  information	
  about	
  this	
  complex	
  modulatory	
  system.	
  

Do	
  α2A	
  heteroreceptors	
  mediate	
  feedback	
  in	
  the	
  same	
  manner	
  as	
  autoreceptors?	
  

α2AAR	
  exist	
  at	
  both	
  pre-­‐	
  and	
  postsynaptic	
  sites	
  within	
  the	
  CNS.	
  Presynaptically,	
  they	
  act	
  

as	
  both	
  auto-­‐	
  and	
  heteroreceptors	
  to	
  limit	
  exocytotic	
  events.	
  Autoreceptors	
  are	
  localized	
  to	
  

adrenergic	
  neurons	
  and	
  reduce	
  the	
  release	
  of	
  noradrenaline303,324,	
  whereas	
  heteroreceptors	
  

modulate	
  release	
  of	
  other	
  neurotransmitters	
  such	
  as	
  5HT,	
  GABA,	
  and	
  dopamine326.	
  	
  Using	
  the	
  

FLAG-­‐tagged	
  α2A	
  mice	
  described	
  in	
  the	
  current	
  study,	
  Gilsbach	
  et	
  al.304	
  recently	
  dissected	
  what	
  

functions	
  of	
  the	
  α2A	
  receptor	
  are	
  mediated	
  through	
  autoreceptors	
  or	
  receptors	
  located	
  on	
  

nonadrenergic	
  neurons	
  (these	
  included	
  both	
  heteroreceptors	
  and	
  postsynaptic	
  receptors).	
  

Although	
  they	
  determined	
  feedback	
  regulation	
  was	
  limited	
  to	
  autoreceptors,	
  both	
  auto-­‐	
  and	
  



158	
  
	
  

heteroreceptors	
  are	
  thought	
  to	
  operate	
  in	
  this	
  manner.	
  	
  What	
  isn’t	
  known,	
  however,	
  is	
  whether	
  

they	
  mediate	
  inhibition	
  in	
  the	
  same	
  manner.	
  HA-­‐tagged	
  mice	
  described	
  in	
  the	
  current	
  study	
  

express	
  the	
  tagged	
  receptor	
  on	
  noradrenergic	
  and	
  non-­‐adrenergic	
  sites,	
  offering	
  a	
  chance	
  to	
  

compare	
  how	
  specificity	
  may	
  change	
  depending	
  on	
  the	
  type	
  of	
  neuron.	
  Using	
  

immunoprecipitation	
  and	
  MRM,	
  it	
  would	
  be	
  possible	
  to	
  determine	
  whether	
  heteroreceptors	
  

also	
  act	
  through	
  Gβγ/SNARE	
  interactions.	
  The	
  G	
  proteins	
  identified	
  from	
  experiments	
  using	
  the	
  

HA	
  mice	
  could	
  be	
  compared	
  to	
  those	
  from	
  the	
  current	
  study	
  (after	
  proteomic	
  analysis	
  is	
  

finished)	
  to	
  assess	
  a)	
  whether	
  activation	
  of	
  heteroreceptors	
  mediates	
  Gβγ/SNARE	
  interactions	
  

and	
  b)	
  if	
  so,	
  whether	
  it	
  does	
  so	
  through	
  a	
  unique	
  compliment	
  of	
  G	
  proteins.	
  	
  

Is	
  α2A	
  specificity	
  affected	
  by	
  drug	
  treatment?	
  

α2AARs	
  are	
  thought	
  to	
  play	
  a	
  role	
  in	
  a	
  number	
  of	
  disesases315-­‐319	
  and	
  as	
  such	
  are	
  

important	
  therapeutic	
  targets	
  with	
  drugs	
  such	
  as	
  the	
  α2	
  agonist,	
  clonidine	
  and	
  the	
  α2A	
  agonist,	
  

guanfacine,	
  both	
  being	
  used	
  for	
  ADHD	
  and	
  anxiety	
  and	
  panic	
  disorders.	
  An	
  interesting	
  extension	
  

of	
  the	
  current	
  study	
  would	
  be	
  to	
  assess	
  the	
  differences	
  in	
  specificity	
  mediated	
  through	
  these	
  

drugs	
  as	
  compared	
  to	
  epinephrine.	
  	
  Although	
  clonidine	
  will	
  affect	
  all	
  three	
  α2	
  subtypes,	
  its	
  

effects	
  through	
  the	
  α2A	
  receptor	
  could	
  be	
  directed	
  through	
  the	
  use	
  of	
  specific	
  antagonists.	
  Using	
  

synaptosomes	
  from	
  HA-­‐	
  and	
  FLAG-­‐tagged	
  α2A	
  mice,	
  immunoprecipitation,	
  and	
  mass	
  

spectrometry,	
  it	
  would	
  be	
  possible	
  to	
  determine	
  whether	
  specificity	
  of	
  receptor/G	
  protein	
  

interactions	
  following	
  drug	
  treatment	
  is	
  the	
  same	
  as	
  seen	
  with	
  epinephrine.	
  	
  Similarly,	
  as	
  

clonidine	
  has	
  inhibitory	
  effects	
  on	
  catecholamine	
  release,	
  this	
  agonist	
  could	
  also	
  be	
  used	
  to	
  

examine	
  G	
  protein/SNARE	
  associations.	
  Although	
  it	
  might	
  be	
  expected	
  that	
  activation	
  of	
  the	
  α2A	
  

receptor	
  would	
  have	
  the	
  same	
  effect	
  with	
  all	
  treatments,	
  it	
  is	
  possible	
  that	
  the	
  drugs	
  utilize	
  

unique	
  compliments	
  of	
  G	
  proteins	
  to	
  modulate	
  their	
  effect	
  or,	
  if	
  they	
  all	
  utilize	
  the	
  same	
  ones,	
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that	
  the	
  preference	
  for	
  one	
  subunit	
  over	
  another	
  may	
  vary.	
  This	
  could	
  have	
  implications	
  for	
  

potency	
  and	
  efficacy	
  of	
  one	
  drug	
  compared	
  to	
  another.	
  	
  

How	
  do	
  G	
  protein	
  modifications	
  affect	
  inhibition	
  of	
  evoked	
  release?	
  

Gγ5	
  and	
  Gγ11	
  could	
  not	
  be	
  detected	
  in	
  enriched	
  fractions	
  from	
  any	
  of	
  the	
  four	
  brain	
  

regions	
  examined,	
  despite	
  precursor	
  and	
  transition	
  ions	
  being	
  determined	
  from	
  purified	
  

proteins.	
  Gγ2,	
  Gγ5,	
  and	
  Gγ11	
  are	
  known	
  to	
  include	
  multiple	
  variants	
  which	
  undergo	
  

posttranslational	
  modifications	
  (PTM)	
  and/or	
  differential	
  regulation228,257	
  .	
  We	
  posited	
  that	
  this	
  

may	
  explain	
  why	
  these	
  isoforms	
  weren’t	
  identified	
  in	
  brain	
  samples	
  despite	
  transcript	
  levels	
  

suggesting	
  they	
  should	
  be.	
  Using	
  the	
  published	
  literature	
  on	
  these	
  isoforms,	
  it	
  would	
  be	
  possible	
  

to	
  identify	
  modified	
  peptides	
  such	
  as	
  methylated	
  forms	
  of	
  Gγ11	
  or	
  unprocessed	
  C	
  termini	
  of	
  Gγ5	
  	
  

on	
  a	
  high-­‐sensitivity	
  mass	
  spectrometer	
  such	
  as	
  the	
  LTQ-­‐Orbitrap	
  Velos,	
  and	
  use	
  that	
  

information	
  to	
  modify	
  the	
  current	
  MRM	
  protocol.	
  In	
  doing	
  so,	
  it	
  would	
  be	
  possible	
  to	
  more	
  

accurately	
  determine	
  whether	
  the	
  α2AAR	
  receptor	
  and	
  SNARE	
  proteins	
  also	
  interacted	
  with	
  

these	
  isoforms	
  within	
  the	
  CNS.	
  Aside	
  from	
  just	
  what	
  is	
  known	
  from	
  the	
  published	
  literature,	
  

however,	
  further	
  efforts	
  could	
  be	
  undertaken	
  to	
  examine	
  potential	
  PTMs	
  or	
  variants	
  of	
  all	
  of	
  the	
  

G	
  protein	
  isoforms.	
  This	
  will	
  be	
  an	
  important	
  step	
  for	
  the	
  future	
  because	
  it	
  will	
  be	
  interesting	
  to	
  

determine	
  which	
  forms	
  of	
  the	
  G	
  proteins	
  have	
  the	
  greatest	
  role	
  in	
  regulating	
  interactions	
  with	
  

specific	
  receptors	
  as	
  well	
  as	
  Gβγ/SNARE	
  interactions.	
  	
  In	
  the	
  current	
  studies,	
  we	
  found	
  that	
  the	
  

α2A	
  receptor	
  exhibits	
  specificity	
  toward	
  some	
  G	
  protein	
  isoforms	
  over	
  others.	
  In	
  this	
  case	
  we	
  

were	
  looking	
  only	
  at	
  unmodified	
  forms	
  of	
  the	
  G	
  proteins.	
  	
  Are	
  we	
  seeing	
  all	
  the	
  regulation	
  that	
  is	
  

happening	
  at	
  a	
  synapse	
  or	
  does	
  that	
  represent	
  only	
  a	
  small	
  subset	
  of	
  the	
  regulation	
  that	
  is	
  

occurring	
  since	
  most	
  utilizes	
  modified	
  forms	
  of	
  the	
  G	
  proteins?	
  It	
  is	
  possible	
  that	
  some	
  receptors	
  

utilize	
  different	
  forms	
  of	
  the	
  G	
  proteins,	
  and	
  similarly	
  that	
  specificity	
  for	
  Gβγ/SNARE	
  interactions	
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is	
  achieved	
  in	
  this	
  way	
  as	
  well.	
  	
  Only	
  by	
  systematically	
  examining	
  the	
  different	
  modifications	
  of	
  

each	
  of	
  the	
  G	
  protein	
  isoforms,	
  however,	
  will	
  it	
  be	
  possible	
  to	
  determine	
  whether	
  this	
  is	
  an	
  

added	
  layer	
  of	
  complexity	
  in	
  the	
  CNS	
  or	
  not.	
  	
  	
  	
  

Does	
  heterotrimer	
  composition	
  affect	
  specificity	
  of	
  α2AAR	
  interactions?	
  

Previous	
  work	
  has	
  suggested	
  that	
  both	
  Gα	
  and	
  Gβγ	
  subunits	
  may	
  selectivity	
  of	
  G	
  protein	
  

activation	
  by	
  α2AARs333,335.	
  While	
  Albarrán-­‐Juárez	
  et	
  al.334	
  demonstrated	
  individual	
  Gαi	
  isoforms	
  

did	
  not	
  mediate	
  inhibition	
  of	
  evoked	
  release,	
  trains	
  of	
  electrical	
  stimulation	
  were	
  used	
  to	
  elicit	
  

neurotransmitter	
  release	
  from	
  prefrontal	
  cortex	
  slices.	
  Gβγ	
  inhibition	
  of	
  SNARE	
  occurs	
  through	
  

competition	
  with	
  synaptotagmin	
  for	
  binding	
  sites	
  necessary	
  to	
  evoke	
  fusion	
  events.	
  High	
  levels	
  

of	
  calcium	
  have	
  been	
  shown	
  to	
  favor	
  synaptotagmin	
  actions	
  over	
  Gβγ	
  inhibition75,79.	
  	
  Trains	
  of	
  

stimuli	
  such	
  as	
  those	
  used	
  by	
  Albarrán-­‐Juárez	
  et	
  al.	
  may	
  act	
  to	
  increase	
  calcium	
  levels	
  enough	
  

that	
  synaptotagmin	
  would	
  outcompete	
  Gβγ	
  for	
  binding	
  to	
  SNARE	
  leading	
  to	
  the	
  assertion	
  that	
  

Gα subunits	
  do	
  not	
  play	
  a	
  role	
  in	
  conferring	
  specificity.	
  Using	
  immunoprecipitation	
  and	
  

immunoblotting,	
  Gα	
  subunits	
  that	
  are	
  pulled	
  down	
  with	
  the	
  receptor/Gβγ	
  complex	
  could	
  be	
  

assessed.	
  If	
  subunit	
  specific	
  antibodies	
  were	
  unavailable,	
  a	
  targeted	
  approach	
  such	
  as	
  that	
  for	
  

Gβγ	
  could	
  be	
  developed	
  and	
  used	
  to	
  identify	
  which	
  isoforms	
  were	
  present.	
  This	
  information	
  

could	
  identify	
  another	
  possible	
  way	
  by	
  which	
  G	
  protein	
  specificity	
  is	
  achieved.	
  

What	
  role	
  does	
  Gβγ/SNARE	
  play	
  in	
  disease?	
  

Gi/o-­‐coupled	
  GPCRs	
  are	
  important	
  drug	
  targets	
  as	
  dysregulation	
  of	
  these	
  receptors	
  has	
  

serious	
  health	
  consequences197,198,199,200.	
  A	
  major	
  goal	
  for	
  the	
  development	
  of	
  compounds	
  that	
  

modulate	
  the	
  Gβγ/SNARE	
  interaction,	
  is	
  to	
  determine	
  if	
  they	
  could	
  be	
  used	
  in	
  combination	
  with	
  

current	
  therapies	
  in	
  a	
  synergistic	
  manner.	
  	
  While	
  our	
  initial	
  efforts	
  identified	
  a	
  few	
  lead	
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compounds	
  that	
  could	
  be	
  developed,	
  continued	
  efforts	
  will	
  be	
  needed.	
  Although	
  initial	
  leads	
  

looked	
  promising,	
  later	
  work	
  was	
  hampered	
  by	
  the	
  inherent	
  stickiness	
  of	
  Gβγ	
  in	
  a	
  plate-­‐based	
  

assay.	
  Another	
  graduate	
  student	
  in	
  the	
  lab,	
  Zack	
  Zurawski,	
  has	
  since	
  developed	
  a	
  high-­‐

throughput,	
  solution-­‐based	
  screening	
  assay,	
  which	
  is	
  conducive	
  to	
  high-­‐throughput	
  screening	
  of	
  

small	
  molecules	
  (Figure	
  27A).	
  The	
  assay	
  makes	
  use	
  of	
  Amplified	
  Luminescent	
  Proximity	
  

Homogeneous	
  Assay	
  (AlphaScreen)	
  technology	
  whereby	
  recombinant	
  biotinylated	
  SNAP	
  25	
  

forms	
  a	
  complex	
  with	
  a	
  His-­‐tagged	
  Gβγ subunit.	
  These	
  complexes	
  are	
  captured	
  on	
  Ni-­‐NTA-­‐

conjugated	
  acceptor	
  beads	
  before	
  the	
  protein-­‐acceptor	
  bead	
  complexes	
  further	
  captured	
  on	
  

streptavidin-­‐coated	
  donor	
  beads	
  and	
  permitted	
  to	
  equilibrate	
  in	
  solution.	
  	
  Upon	
  irradiation	
  with	
  

680nm	
  light,	
  dye	
  molecules	
  attached	
  to	
  the	
  donor	
  beads	
  generate	
  singlet	
  oxygen,	
  which	
  is	
  

capable	
  of	
  traveling	
  up	
  to	
  200nm	
  in	
  solution	
  and	
  striking	
  an	
  acceptor	
  bead.	
  	
  	
  Acceptor	
  beads	
  are	
  

conjugated	
  to	
  molecules	
  that	
  will	
  generate	
  520-­‐620nm	
  light.	
  The	
  520-­‐620nm	
  light	
  produced	
  is	
  

then	
  measured	
  by	
  the	
  plate	
  reader.	
  	
  If	
  the	
  biotinylated	
  SNAP-­‐25	
  is	
  unable	
  to	
  form	
  a	
  complex	
  

with	
  Gβγ	
  few	
  acceptor	
  beads	
  are	
  within	
  200nm	
  and	
  minimal	
  620nm	
  light	
  is	
  generated.	
  Zack	
  has	
  

made	
  significant	
  progress	
  in	
  screening	
  compounds	
  and	
  developing	
  Gβγ/SNARE	
  inhibitors	
  (Figure	
  

27Bi)	
  that	
  are	
  selective	
  (Figure	
  27Bii,	
  Biii).	
  These	
  compounds	
  have	
  further	
  been	
  applied	
  in	
  

physiologically	
  relevant	
  settings	
  (Figure	
  28).	
  Using	
  paired	
  recordings	
  in	
  lamprey,	
  application	
  of	
  

the	
  small	
  molecule,	
  VU0476078,	
  has	
  been	
  shown	
  to	
  block	
  5HT	
  and	
  Gβγ	
  mediated	
  inhibition	
  of	
  

exocytosis.	
  	
  Application	
  of	
  such	
  compounds	
  could	
  be	
  used	
  in	
  mouse	
  models	
  looking	
  at	
  

depression,	
  fear	
  conditioning,	
  or	
  working	
  memory	
  to	
  assess	
  the	
  role	
  of	
  α2AAR	
  mediated	
  

Gβγ/SNARE	
  interaction.	
  Although	
  early	
  compounds	
  may	
  not	
  have	
  favourable	
  DMPK	
  profiles,	
  

canulation	
  of	
  mice	
  should	
  allow	
  direct	
  application	
  of	
  the	
  compounds	
  to	
  areas	
  of	
  the	
  brain	
  such	
  

as	
  the	
  cortex	
  that	
  are	
  known	
  to	
  be	
  important	
  centers	
  for	
  α2A	
  activity.	
  In	
  doing	
  so,	
  it	
  would	
  be	
  

possible	
  to	
  use	
  behavioural	
  models	
  to	
  assess	
  whether	
  Gβγ/SNARE	
  interactions	
  play	
  a	
  role	
  in	
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normal	
  functioning	
  such	
  as	
  specific	
  types	
  of	
  learning	
  and	
  memory.	
  	
  Further,	
  by	
  doing	
  the	
  same	
  

experiments	
  in	
  disease	
  models	
  known	
  to	
  affect	
  memory,	
  it	
  would	
  be	
  possible	
  to	
  determine	
  how	
  

the	
  process	
  was	
  dysregulated.	
  For	
  example,	
  if	
  the	
  introduction	
  of	
  an	
  inhibitor	
  caused	
  worsening	
  

of	
  symptoms,	
  it	
  might	
  indicate	
  that	
  the	
  normal	
  functioning	
  of	
  Gβγ/SNARE	
  was	
  downregulated	
  in	
  

some	
  way.	
  	
  Conversely,	
  if	
  the	
  inhibitor	
  alleviated	
  the	
  symptoms	
  then	
  it	
  might	
  suggest	
  that	
  

Gβγ/SNARE	
  interactions	
  were	
  upregulated	
  for	
  some	
  reason	
  in	
  the	
  disease	
  state.	
  	
  Additionally	
  

transgenic	
  mouse	
  models	
  such	
  as	
  the	
  FLAG	
  and	
  HA-­‐tagged	
  α2A	
  models	
  used	
  in	
  this	
  dissertation	
  

could	
  be	
  used	
  to	
  tease	
  apart	
  whether	
  the	
  contributing	
  receptors	
  were	
  hetero-­‐	
  or	
  autoreceptors.	
  

One	
  possibility	
  such	
  knowledge	
  would	
  yield	
  is	
  that	
  it	
  could	
  allow	
  for	
  the	
  development	
  of	
  more	
  

specific	
  treatments.	
  This	
  could	
  be	
  through	
  further	
  development	
  of	
  small	
  molecules	
  that	
  would	
  

target	
  specific	
  types	
  of	
  receptors	
  or	
  G	
  protein	
  isoforms,	
  or	
  simply	
  allow	
  drugs	
  to	
  be	
  used	
  

synergistically,	
  thereby	
  maximizing	
  efficacy	
  while	
  minimizing	
  potential	
  side	
  effects.	
  	
  

In	
  vivo	
  behavioural	
  models,	
  as	
  well	
  as	
  biochemical	
  assays	
  such	
  as	
  those	
  used	
  in	
  the	
  

present	
  study	
  could	
  provide	
  important	
  information	
  about	
  the	
  role	
  of	
  Gβγ/SNARE	
  in	
  disease	
  

states	
  as	
  well	
  as	
  examine	
  how	
  specificity	
  could	
  be	
  affected	
  under	
  different	
  physiological	
  

conditions.	
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A. 

B. 

C. 

i. ii. iii. 

i. ii. iii. Figure	
   27.	
   Continued	
   development	
   of	
   compounds	
   that	
   modulate	
  
Gβγ/SNARE	
   interactions.	
   A) Alphascreen	
   assay	
   utilized	
   to	
   screen	
   small	
  
molecule	
   modulators	
   of	
   the	
   Gβγ/SNARE	
   interaction.	
   B)	
   Inhibitor	
   4	
  
selectively	
  inhibits	
  Gβγ/SNARE	
  interactions	
  (see	
  structures	
  in	
  panel	
  C).	
  Bi)	
  4	
  
inhibits	
   the	
   Gβγ/SNARE	
   interaction	
  with	
  micromolar	
   potency	
   as	
  measured	
  
via	
   Alphascreen.	
   Bii)	
   Inhibitor	
   4	
   does	
   not	
   inhibit	
   Gβγ-­‐GIRK	
   channel	
  
interactions,	
  as	
  measured	
   in	
   cells	
  expressing	
  GIRK1/2	
  and	
   the	
  Gi/o-­‐coupled	
  
GPCR	
  mGluR8,	
  along	
  with	
  an	
  EC50	
  concentration	
  of	
  glutamate	
  (8mM).	
  Biii)	
  
Inhibitor	
  4	
  does	
  not	
   inhibit	
  Gβγ-­‐phospholipase	
  C	
   interactions,	
  as	
  measured	
  
by	
  calcium	
  flux	
  assays	
  in	
  cell	
  lines	
  containing	
  the	
  Gi/o-­‐coupled	
  M2	
  muscarinic	
  
receptor	
  at	
  an	
  EC50	
  concentration	
  of	
  acetylcholine	
  of	
  800nM.	
  Data	
  provided	
  
by	
  Zack	
  Zurawski,	
  Shaun	
  Stauffer,	
  Craig	
  Lindsley,	
  and	
  Dave	
  Weaver.	
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Figure	
   28.	
   Small	
   molecules	
   block	
   5HT-­‐	
   and	
   Gβγ 	
   mediated	
   inhibition	
   of	
   exocytosis	
   in	
  
neurons.	
   A)	
   Top:	
   Chemical	
   structure	
   of	
   VU0476078,	
   a	
   small	
   molecule	
   identified	
   as	
  
inhibiting	
  Gbg/SNARE	
  interactions.	
  Bottom:	
  Schematic	
  diagram	
  showing	
  paired	
  recordings	
  
between	
   reticulospinal	
   axons	
   and	
   ventral	
   horn	
   neurons	
   in	
   the	
   lamprey.	
   B)	
   Postsynaptic	
  
recordings	
  from	
  the	
  lamprey.	
  Application	
  of	
  5HT	
  causes	
  a	
  reduction	
  in	
  the	
  excitatory	
  post	
  
synaptic	
   potentials.	
   This	
   inhibition	
   is	
   blocked	
   with	
   application	
   of	
   VU0476078.	
   C)	
  
Concentration	
   response	
   curve	
   of	
   VU0476078	
   showing	
   increased	
   postsynaptic	
   potential	
  
amplitude	
   with	
   increasing	
   concentration	
   of	
   compound.	
   Data	
   provided	
   by	
   Zack	
   Zurawski	
  
and	
  Simon	
  Alford.	
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