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Introduction	  

	  	  	  	  	  	   The	  modulation	   of	   ion	   channels	   by	   protein	   phosphorylation	   is	   a	   dynamic	   process	   that	   is	  

controlled	  by	  the	  opposing	  actions	  of	  protein	  kinases	  and	  phosphatases.	  While	  the	  mechanisms	  by	  

which	   kinases	   modulate	   ion	   channel	   activity	   have	   been	   examined	   extensively,	   the	   role	   of	  

phosphatases	   in	   ion	   channel	   regulation	   has	   received	   less	   attention.	   Because	   both	   kinases	   and	  

phosphatases	   have	   broad	   substrate	   specificities	   in	   vitro,	   and	   can	   phosphorylate	   and	  

dephosphorylate	  numerous	  targets,	  targeting	  of	  these	  enzymes	  to	  distinct	  intracellular	  locations	  is	  

critical	   to	   achieve	   signal	   transduction	   specificity	   in	   vivo.	   The	   association	   of	   kinases	   and	  

phosphatases	  with	   targeting	  proteins,	  which	   specify	   subcellular	   localization	   and	  mediate	  unique	  

protein-‐protein	   interactions	   through	   their	   targeting	   domains,	   compartmentalizes	   signal	  

transduction.	  	  While	  in	  some	  cases	  these	  macromolecular	  complexes	  may	  be	  static,	  simply	  serving	  

as	  a	   scaffold	   to	  bring	  kinases	  and	  phosphatases	   in	   close	  proximity	   to	   their	   substrates,	   emerging	  

evidence	  indicates	  that	  the	  dynamic	  reorganization	  of	  signaling	  complexes	  is	  also	  important.	  This	  

review	   will	   discuss	   the	   current	   state	   of	   knowledge	   regarding	   the	   mechanisms	   by	   which	  

phosphatases	  are	  targeted	  to	  ion	  channels.	  

Structure	  and	  nomenclature	  of	  serine/threonine	  protein	  phosphatases	  

Classification	  of	  serine/threonine	  protein	  phosphatases	  

	  	  	  	  	  	   Protein	  phosphatases	  can	  be	  divided	  into	  three	  distinct	  families:	  (1)	  the	  PPP	  family,	  (2)	  the	  

PPM	  family,	  and	  (3)	  the	  PTP	  family.1	  An	  emerging	  body	  of	  literature	  has	  identified	  a	  prominent	  role	  
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for	  the	  PPP	  family	  of	  phosphatases	  in	  the	  regulation	  of	  ion	  channels,	  and	  will	  be	  the	  focus	  of	  this	  

review.	  PP1,	  PP2A	  and	  PP2B	  are	  the	  principle	  members	  of	  the	  PPP	  family	  (although	  more	  distantly	  

related	  PP4,	  PP5,	  PP6	  and	  PP7	  enzymes	  have	  been	   identified2),	   and	  are	  differentiated	  based	  on	  

their	   substrate	   specificity,	  pharmacological	  properties	  and	   requirement	   for	  divalent	   cations.	  PP1	  

prefers	   the	   β-‐subunit	   of	   phosphorylase	   kinase	   as	   a	   substrate	   and	   is	   inhibited	   by	   nanomolar	  

concentrations	   of	   two	   small	   peptide	   inhibitors,	   inhibitor-‐1	   (I-‐1)	   and	   inhibitor-‐2	   (I-‐2).	   PP2	  

phosphatases	   preferentially	   dephosphorylate	   the	   α-‐subunit	   of	   phosphorylase	   kinase	   and	   are	  

insensitive	  to	  I-‐1	  and	  I-‐2.	  PP2	  phosphatases	  can	  be	  further	  divided	  based	  on	  their	  dependence	  on	  

divalent	   cations.	   PP2A	   does	   not	   require	   divalent	   cations	   for	   its	   activity,	  whereas	   Ca2+	   and	  Mg2+	  

regulate	   the	   activity	   of	   PP2B	   and	   PP2C,	   respectively.	   Microcystin,	   okadaic	   acid	   and	   calyculin	   A	  

potently	  inhibit	  the	  activity	  of	  PP1	  and	  PP2A,	  but	  have	  no	  effect	  on	  PP2B	  and	  PP2C	  activity.1	  	  	  	  

Molecular	  composition	  of	  the	  PPP	  family	  of	  serine/threonine	  protein	  phosphatases	  

	  	  	  	  	  PP1,	  PP2A	  and	  PP2B	  are	  multimeric	  enzyme	  complexes	   that	  share	  a	  high	  degree	  of	   sequence	  

similarity	  in	  their	  catalytic	  domain,	  but	  differ	  in	  their	  association	  with	  regulatory	  proteins.	  

i)	  Protein	  phosphatase-‐1	  (PP1)	  	  	  

	   The	  diverse	   functions	  of	  PP1	  are	   regulated	  by	  different	  holoenzymes,	   in	  which	   the	   same	  

catalytic	   subunit	   (PP1c)	   is	   associated	   with	   distinct	   regulatory	   subunits.	   Each	   regulatory	   subunit	  

contains	   specific	   targeting	   domains	   that	   target	   PP1c	   to	   distinct	   subcellular	   locations	   and	  

substrates.3,4	  In	  addition	  to	  their	  role	  in	  PP1c	  targeting,	  PP1c	  regulatory	  subunits	  may	  also	  alter	  the	  

substrate	  specificity	  or	  phosphatase	  activity	  of	  PP1c.3	  	  

ii)	  Protein	  phosphatase-‐2A	  (PP2A)	  

	   PP2A	   is	   a	   heterotrimeric	   enzyme	   composed	   of	   a	   catalytic	   subunit	   (PP2Ac),	   and	   two	  

regulatory	   subunits	   (A	   and	   B).	   The	   diverse	   functions	   and	   subcellular	   targeting	   of	   PP2A	   are	  
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attributed	  to	  the	  presence	  of	  a	   large	  number	  of	  regulatory	  B-‐subunits	  that	   individually	  assemble	  

with	  a	  core	  heterodimer	  consisting	  of	  PP2Ac	  and	  an	  A-‐subunit.5	  At	  least	  20	  B	  regulatory	  subunits	  

have	  been	  identified,	  and	  are	  divided	  into	  four	  families:	  the	  PR44/B	  family,	  the	  PR56/61/Bʹ′	  family,	  

the	  PR48/59/72/130/Bʹ′ʹ′	  family	  and	  the	  PR93/PR110/Bʹ′ʹ′ʹ′	  family.5	  	  

iii)	  Protein	  phosphatase	  2B	  (PP2B)	  	  	  

	   PP2B	   (or	   calcineurin),	   is	   a	   Ca2+/calmodulin-‐dependent	   protein	   phosphatase.6	   The	   PP2B	  

holoenzyme	   is	   a	   heterodimer	   consisting	   of	   catalytic	   A-‐subunits	   and	   regulatory	   B-‐subunits.	   PP2B	  

has	  a	  much	  higher	   in	  vitro	   substrate	   specificity	   compared	  with	  PP1	  and	  PP2A.6	  Besides	   the	  core	  

catalytic	   region,	   the	   A-‐subunit	   contains	   several	   unique	   structural	   domains,	   including	   a	   B-‐

interaction	   domain,	   a	   calmodulin	   (CaM)-‐binding	   domain,	   and	   an	   autoinhibitory	   domain.	   The	  

autoinhibitory	  domain	  inhibits	  phosphatase	  activity	  in	  the	  absence	  of	  CaM	  binding.	  The	  B-‐subunit	  

is	  a	  Ca2+-‐sensor	  protein	  that	  contains	  four	  EF-‐hand	  motifs.	  When	  cytosolic	  Ca2+	  reaches	  micromolar	  

levels,	  Ca2+-‐CaM	  promotes	  the	  formation	  of	  an	  activated	  A-‐B	  heterodimer.6	  

Protein	  phosphatase	  targeting	  subunits	  –	  key	  players	  in	  signaling	  specificity	  

	  	  	  	  	  Phosphatase	   targeting	   subunits	   have	   emerged	   as	   key	   players	   in	   signal	   transduction.	   Each	  

targeting	   subunit	   contains	   a	   number	   of	   domains	   that	   dictate:	   (1)	   its	   phosphatase	   interacting	  

partner;	   (2)	   its	   interaction	  with	  other	  kinases	  and	   scaffolding	  proteins;	   and	   (3)	   its	   targeting	   to	  a	  

specific	  subcellular	  locations	  (e.g.	  plasma	  membrane	  versus	  nuclear	  membrane).3	  	  

Protein	  sequences	  that	  determine	  interactions	  with	  distinct	  protein	  phosphatase	  subtypes	  	  

i)	  PP1	  

	  	  	  	  	  	   The	  “RVXF”	  motif	  has	  been	  identified	  as	  a	  primary	  PP1c	  binding	  motif.	   It	  conforms	  to	  the	  

consensus	  sequence	  (R/K)X0-‐1(V/I)(P)(F/W),	  where	  X	  can	  be	  any	  residue	  and	  P	  refers	  to	  any	  residue	  

but	  proline.7	  This	  sequence	  is	  necessary	  and	  sufficient	  to	  mediate	  interactions	  between	  PP1c	  and	  
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its	  regulatory	  subunits3.	  The	  RVXF	  binding	  channel	  on	  PP1c	  is	  a	  hydrophobic	  groove	  remote	  from	  

the	   catalytic	   core,	   and	   is	   formed	  by	   the	   top	   rear	   edges	  of	   two	   central	  β-‐sheets.	   This	   channel	   is	  

flanked	  by	  a	  negatively	  charged	  region,	  which	  can	  accommodate	  several	  basic	  residues	  commonly	  

found	   N-‐terminal	   to	   the	   RVXF	   sequence	   in	   many	   targeting	   subunits.8	   The	   requirement	   for	   this	  

short	   degenerate	   sequence	   accounts	   for	   the	   lack	   of	   structural	   similarity	   between	   known	   PP1c	  

targeting	  subunits.	  The	  available	  evidence	  suggests	  that	  the	  RVXF	  motif	  serves	  as	  an	  anchor	  for	  the	  

initial	  binding	  of	  regulatory	  subunits	  to	  PP1c.	  This	  increases	  the	  local	  concentration	  of	  interacting	  

proteins,	  and	   thereby	  promotes	  binding	  at	   secondary,	   lower	  affinity	   sites.8	   It	   is	   these	   secondary	  

interaction	  sites	  that	  are	  believed	  to	  impart	  altered	  activity	  and	  substrate	  specificity	  on	  PP1c.7,9	  	  

ii)	  PP2A	  

	  	  	  	  	  	   Little	  is	  known	  about	  the	  molecular	  basis	  for	  the	  interaction	  of	  B	  subunits	  with	  the	  PP2Ac-‐A	  

heterodimer,	   although	   a	   Huntington/elongation/A-‐subunit/TOR	   motif	   (HEAT)	   motif	   has	   been	  

identified	   as	   important.10	   The	   A-‐subunit	   of	   PP2A	   is	   an	   elongated	   molecule	   that	   consists	   of	   15	  

tandem	   repeats	   of	   39	   amino	   acids,	   termed	   HEAT	   motifs.	   Each	   repeat	   is	   composed	   of	   two	  

superimposed	  α-‐helices.	  The	  stacking	  of	  these	  repeats	  within	  the	  A-‐subunit	  gives	  rise	  to	  a	  stable	  

protein	  with	  an	  overall	   asymmetrical	   and	  elongated	   structure	   that	   resembles	  a	  hook.10	   Exposed	  

hydrophobic	   surfaces	   are	   localized	   to	   intra-‐repeat	   turns	   that	   connect	   two	   helices	   of	   each	  HEAT	  

motif,	  and	  form	  the	  sites	  of	  interaction	  with	  the	  PP2Ac	  and	  B-‐subunits.	  The	  first	  ten	  hydrophobic	  

surfaces	  are	  important	  for	  interactions	  with	  regulatory	  B-‐subunits,	  while	  the	  last	  five	  hydrophobic	  

surfaces	  mediate	  interactions	  with	  PP2Ac.5	  

iii)	  PP2B	  	  

	  	  	  	  	  	   Protein	   sequences	   that	   dictate	   PP2B	   binding	   to	   its	   interacting	   partners	   are	   less	   clear.	   In	  

some	   cases,	   loosely	   defined	   binding	   determinants	   have	   been	   identified.	   For	   example,	   a	   binding	  
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site	  for	  PP2B	  has	  been	  mapped	  to	  the	  C-‐terminal	  region	  of	  AKAP79/150	  between	  residues	  318	  and	  

357.11	  This	  sequence	  has	  some	  similarity	   to	   the	  binding	  sites	  of	  other	  PP2B-‐interaction	  proteins,	  

including	   a	   loosely	   conserved	   “PIXIXIT”	  motif	   (where	   X	   represents	   any	   amino	   acid).11	   Additional	  

sequences	  are	  likely	  to	  contribute	  to	  PP2B	  interactions.11	  	  	  	  

Protein	  phosphatase	  targeting	  by	  A-‐Kinase	  Anchoring	  Proteins	  (AKAPs)	  

	  	  	  	  	   A	   kinase	   anchoring	   proteins	   (AKAPs)	   have	   emerged	   as	   key	   players	   in	   the	   targeting	   of	  

phosphatases	   to	   ion	   channels,	   and	   are	   a	   group	   of	   functionally,	   rather	   than	   structurally,	   related	  

proteins.	   AKAPs	   have	   the	   following	   properties	   in	   common:	   (1)	   they	   interact	   with	   RI	   or	   RII	  

regulatory	   subunits	   of	   protein	   kinase	   A	   (PKA)	   via	   a	   conserved	   amphipathic	   helix;	   (2)	   they	   have	  

unique	  localization	  signals	  and	  targeting	  domains	  that	  direct	  them	  to	  distinct	  subcellular	  locations;	  

and	  (3)	   they	  possess	  a	  subset	  of	  protein-‐interaction	  domains	  that	  allow	  them	  to	  scaffold	  certain	  

combinations	   of	   kinases	   and	   phosphatases.12	   The	   AKAPs	   identified	   as	   important	   for	   targeting	  

phosphatases	  to	  ion	  channels	  will	  be	  discussed	  in	  later	  sections	  of	  this	  review.	  	  	  

Subcellular	  localization	  signals	  as	  important	  determinants	  of	  phosphatase	  targeting	  	  	  	  	  

	  	  	  	  	  	   The	   regulation	   of	   ion	   channels	   by	   phosphatases	   requires	   their	   targeting	   to	   specific	  

subcellular	  locations,	  such	  as	  the	  plasma	  membrane	  or	  the	  sarcoplasmic	  reticular	  membrane.	  This	  

is	  accomplished	  by	  a	  subset	  of	  membrane-‐specific	  targeting	  signals.	  AKAP15/18	  is	  targeted	  to	  the	  

plasma	  membrane	   via	   lipid	  modification	   involving	   both	  myristoylation	   of	   an	   N-‐terminal	   glycine	  

residue	   and	   palmitoylation	   of	   cysteine	   residues13,14	   	   AKAP79/150	   localizes	   to	   the	   neuronal	  

postsynaptic	   membrane	   via	   three	   polybasic	   targeting	   regions	   that	   participate	   in	   electrostatic	  

interactions	   with	  membrane	   phospholipids.15	   mAKAP	   contains	   a	   targeting	   domain	   consisting	   of	  

three	   spectrin-‐like	   repeats;	   this	   domain	   targets	   mAKAP	   preferentially	   to	   the	   perinuclear	  

membrane	  or	  the	  sarcoplasmic	  reticular	  membrane.16	  Subtle	  differences	  in	  membrane	  localization	  
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signals	   on	  phosphatase	   targeting	   subunits,	   combined	  with	   the	   expression	  of	   a	   unique	   subset	   of	  

protein-‐protein	   interactions	  motifs,	   are	   likely	   to	   affect	   the	   targeting	   of	   phosphatases	   to	   distinct	  

membrane	  locations,	  and	  therefore	  influence	  signaling	  specificity.	  

Leucine	  zipper	  motifs	  –	  key	  players	  in	  protein	  phosphatase	  targeting	  to	  ion	  channels	  
	  
	  	  	  	  	  	  	   Recently,	   leucine	   zipper	   (LZ)	   motifs	   have	   been	   identified	   as	   key	   players	   in	   kinase	   and	  

phosphatase	   targeting	   to	  several	   ion	  channels,	   including	  ryanodine	  receptors	   (RyR2),	  L-‐type	  Ca2+	  

channels,	  and	  the	  KCNQ1/KCNE1	  K+	  channel.17-‐20	  Because	  LZ	  motifs	  are	  present	  in	  several	  other	  ion	  

channels,	  including	  the	  Shaker	  K+	  channel21,	  the	  Ca2+-‐activated	  K+	  channel	  SK422,	  cyclic	  nucleotide-‐

gated	  channels23	  and	   inositol	   triphosphate	   receptors24,	   the	   identification	  and	  characterization	  of	  

binding	  sequences	  for	  kinases	  and	  phosphatases	  will	  likely	  have	  broad	  implications.	  	  

Leucine	  zipper	  structure	  	  

	  	  	  	  	  	   The	  LZ	  motif	   is	  a	  α-‐helical	   structure	   that	   forms	  coiled-‐coils.	  Coiled-‐coils	  are	  comprised	  of	  

heptad	  repeats	   (abcdefg)n	   in	  which	  hydrophobic	  residues	  occur	  at	  positions	  “a”	  and	  “d”	  to	   form	  

the	  hydrophobic	   face	  of	   the	  helix;	   “b,	   c,	  e,	   f	   ,	  g”	  are	  hydrophilic	   residues	   that	   form	  the	  solvent-‐

exposed	   part	   of	   the	   coiled-‐coil.25	   In	   canonical	   LZs,	   a	   leucine	   residue	   occupies	   every	   seventh	  

position	  within	   four	   heptad	   repeats,	   allowing	   two	   LZs	   to	   come	   together	   to	   form	   the	   coiled-‐coil	  

structure.	  LZs	  classically	  contain	  a	  leucine	  residue	  at	  position	  “d”	  because	  of	  its	  flexible	  side	  chain,	  

although	   the	   canonical	   leucine	   residue	   can	   be	   replaced	   by	   an	   isoleucine	   or	   valine.25	   Residues	  

occupying	   the	   “e”	  and	  “g”	  positions	  exhibit	   a	   restricted	   range	  of	   substitutions,	   and	  electrostatic	  

interactions	   between	   the	   “e”	   and	   “g”	   side-‐chains	   from	  neighboring	  helices	   are	   believed	   to	   help	  

specify	  binding	  partners.26	  Discontinuities	  in	  coiled-‐coils	  have	  been	  described,	  such	  as	  non-‐helical	  

discontinuities,	  skip	  residues	  (e.g.	  abcdeffg),	  omissions	  of	  three	  residues	  from	  the	  heptad	  pattern	  

(stutters),	  or	  omissions	  of	  four	  residues	  from	  the	  heptad	  pattern.25	  Such	  variations	  are	  also	  likely	  
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to	   influence	  binding	  specificity.	  Substitution	  of	  an	  alanine	  for	  one	  or	  more	  of	  the	  “d”	   leucines	  or	  

isoleucines	   in	   a	   LZ	   is	   sufficient	   to	   diminish	   the	   ability	   of	   the	   LZ	   to	   mediate	   protein-‐protein	  

interactions.27	  Mutation	  at	  this	  position	  has	  been	  used	  experimentally	  to	  study	  the	  role	  of	  LZs	   in	  

mediating	  protein-‐ion	  channel	  interactions.	  

Protein	  phosphatase	  targeting	  to	  ion	  channels	  via	  leucine	  zipper	  motifs	  
	  
	  	  	  	  	  	   The	  targeting	  of	  phosphatases	  to	  ion	  channels	  via	  LZ	  motifs	  has	  been	  studied	  primarily	   in	  

ion	   channels	   that	   participate	   in	   control	   of	   cardiac	   function.	   Three	   ion	   channels	   have	   received	  

particular	   attention:	   RyR2,	   KCNQ1/KCNE1,	   and	   the	   L-‐type	   Ca2+	   channel	   –	   key	   players	   in	   cardiac	  

excitation-‐contraction	   (E-‐C)	   coupling.28	   Stimulation	   of	   the	   sympathetic	   nervous	   system	   (SNS)	   in	  

response	  to	  exercise	  or	  stress	  leads	  to	  activation	  of	  β-‐adrenoceptors	  (β-‐ARs)	  in	  cardiac	  myocytes	  

and	   PKA-‐dependent	   phosphorylation	   of	   numerous	   protein	   targets,	   including	   ion	   channels.	   This	  

culminates	   in	  an	   increase	   in	  heart	   rate	   (associated	  with	  a	  decrease	   in	  action	  potential	  duration)	  

and	  contractility	  (due	  to	  elevations	  in	  contractile	  Ca2+).	  These	  events	  allow	  cardiac	  output	  to	  meet	  

stress-‐induced	  increases	  in	  metabolic	  demand.	  The	  precise	  control	  of	  the	  phosphorylation	  state	  of	  

ion	   channels,	   and	   therefore	   ion	   channel	   activity,	   is	   critical	   in	   order	   maintain	   appropriate	   Ca2+	  

homeostasis	   in	   the	   face	   of	   elevated	   SNS	   activity.29	   In	   this	   context,	   the	   coordinated	   action	   of	  

kinases	  and	  phosphatases,	  compartmentalized	  by	  key	  adapter	  proteins	  such	  as	  AKAPs,	  is	  essential.	  

The	  following	  sections	  describe	  a	  few	  examples	  of	  the	  coordinated	  control	  of	  ion	  channel	  activity	  

by	   macromolecular	   complexes	   containing	   ion	   channels,	   kinases,	   phosphatases	   and	   targeting	  

proteins.	  	  

i)	  Ryanodine	  receptors	  

	  	  	  	  	  	   Ryanodine	  receptors	  (RyRs)	  are	  found	  in	  both	  excitable	  and	  non-‐excitable	  cells,	  functioning	  

as	   Ca2+	   release	   channels	   in	   the	   sarcoplasmic	   reticulum	   (SR)	   or	   endoplasmic	   reticulum	   (ER),	  
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respectively.	   RyR1	   is	   the	   predominant	   isoform	   in	   skeletal	   muscle,	   RyR2	   is	   predominant	   in	   the	  

heart,	  and	  RyR3	  is	  found	  primarily	  in	  smooth	  muscle.30	  RyR2	  is	  a	  tetramer	  composed	  of	  four	  RyR2	  

polypeptides	   and	   four	   FK506-‐binding	   proteins	   (FKBP12.6)	   that	   bind	   to	   the	   cytosolic	   domain	   of	  

RyR2.	  FKBP12.6,	  as	  a	   regulatory	  protein,	   stabilizes	  RyR2	  channel	   function	  and	   facilitates	  coupled	  

gating	   between	   neighboring	   RyRs	   during	   Ca2+-‐induced	   Ca2+	   release	   (CICR).30	   In	   the	   heart,	   Ca2+	  

release	  from	  intracellular	  stores	  represents	  the	  major	  source	  of	  contractile	  Ca2+.31	  	  

	  	  	  	  	  	   RyRs	  contain	  a	  large	  cytosolic	  domain	  that	  participates	  in	  the	  regulation	  of	  channel	  gating,	  

and	  also	  serves	  as	  a	  scaffold	  for	  regulatory	  proteins.31	  Marx	  et	  al.	  (2001)	  identified	  three	  LZ	  motifs	  

in	  the	  cytosolic	  domain	  of	  RyR2,	  and	  subsequently	  determined	  that	  these	  domains	  were	  critical	  for	  

targeting	  PP1,	  PP2A	  and	  PKA	  to	  the	  channel	  via	  three	  distinct	  targeting	  proteins.	  Spinophilin	  was	  

found	  to	  bind	  the	  N-‐terminal-‐most	  LZ	  (LZ1)	  and	  target	  PP1	  to	  RyR2,	  while	  PR130	  targeted	  PP2A	  via	  

its	   interaction	  with	  the	  second	  LZ	  (LZ2);	  mAKAP	  targeted	  PKA	  to	  the	  third	  LZ	  (LZ3)	  motif.17	  Single	  

channel	   experiments	   in	   lipid	   bilayers	   demonstrated	   that	   cAMP-‐dependent	   regulation	   of	   RyR2	  

required	  anchoring	  of	  mAKAP/PKA	  to	  RyRs	  via	  LZ	  interactions;	  peptides	  containing	  LZ	  motifs	  that	  

competitively	   disrupted	   mAKAP-‐RyR2	   interactions	   prevented	   PKA-‐mediated	   phosphorylation	   of	  

the	   channel.17	   To	   establish	   a	   functional	   role	   for	   LZ-‐mediated	   association	   of	   RyR2	   with	  

phosphatases,	   the	   authors	   showed	   that	   protamine-‐induced	   activation	   of	   RyR2-‐bound	  

phosphatases	  dephosphorylated	  RyR2.17	  These	  experiments	  provide	  compelling	  evidence	   for	   the	  

role	  of	  kinase	  and	  phosphatase	  anchoring	  in	  the	  regulation	  of	  RyR2	  in	  vitro;	  future	  studies	  should	  

examine	  the	  functional	  significance	  of	  this	  macromolecular	  complex	  in	  intact	  myocytes.	  	  	  

	  	  	  	  	  	   The	  study	  by	  Marx	  et	  al.	  (2001)	  illustrated	  the	  specificity	  of	  LZ	  interactions	  -‐	  each	  LZ	  motif	  

on	   RyR	   interacted	   with	   a	   distinct	   targeting	   protein.	   This	   unique	   targeting	   is	   likely	   imparted	   by	  

subtle	   differences	   in	   the	   amino	   acid	   sequence,	   and	   therefore	   structure,	   of	   each	   LZ	   motif.	   For	  
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example,	  LZ3,	  which	  interacts	  with	  mAKAP,	  includes	  one	  “skip”	  residue	  (eight	  residues	  instead	  of	  

seven	  between	  “d”	  amino	  acids).	  In	  contrast,	  a	  proline	  residue	  is	  located	  in	  the	  “a”	  position	  within	  

the	  LZ	  motif	  on	  spinophilin.17,32,33	  	  

	   Although	  controversial34,	  some	  reports	  have	  found	  evidence	  of	  RyR2	  hyperphosphorylation	  

in	   human	   failing	   hearts	   that	   is	   associated	   with	   defective	   RyR2	   function.35	   This	  

hyperphosphorylation	  was	  found	  to	  be	  co-‐incident	  with	  reduced	  association	  of	  PP1	  and	  PP2A	  with	  

RyR2,	  suggesting	  that	  dephosphorylation	  might	  be	  impaired	  in	  heart	  failure	  patients.35	   If	  correct,	  

these	  data	  provide	  an	  important	  example	  of	  how	  phosphatase	  targeting	  to	  ion	  channels	  can	  have	  

important	  clinical	  implications.	  	  

ii)	  KCNQ1-‐KCNE1	  

	  	  	  	  	  	   SNS	   stimulation	   of	   the	   heart	   leads	   to	   a	   cAMP-‐dependent	   increase	   in	   the	   activity	   of	   the	  

slowly	   activating	   delayed	   rectifier	   K+	   channel	   (IKs).36	   This	   enhances	   the	   magnitude	   of	   the	  

repolarizing	  current	  during	  the	  cardiac	  action	  potential,	  and	  provides	  an	  important	  counteracting	  

force	  to	  the	  stimulatory	  effects	  of	  PKA	  on	  L-‐type	  Ca2+	  channels.29	  Two	  gene	  products	  form	  IKs:	  the	  

pore-‐forming	  α-‐subunit,	  KCNQ1,	  and	  an	  auxillary	  β-‐subunit,	  KCNE1.	  	  

	  	  	  	  	  	   The	   IKs	   channel	   in	   cardiac	  myocytes	   forms	  a	  macromolecular	   complex	  with	  PP1	  and	  PKA.	  

These	   interactions	  are	  coordinated	  by	  the	  binding	  of	  a	  targeting	  protein,	  Yotiao,	  to	  a	  LZ	  motif	   in	  

the	   KCNQ1	   C-‐terminus	   (residues	   588-‐616	   in	   human	   KCNQ1).36	   Both	   PKA	   and	   PP1	   regulate	   the	  

phosphorylation	  of	  an	  N-‐terminal	  serine	  residue	  (Ser27)	  in	  the	  KCNQ1	  subunit.36	  Reconstitution	  of	  

PKA-‐	   and	   PP1-‐mediated	   regulation	   of	   the	   KCNQ1/KCNE1	   current	   in	   CHO	   cells	   requires	   co-‐

expression	   of	   KCNQ1/KCNE1	   and	   Yotiao.	   Furthermore,	   mutation	   of	   the	   KCNQ1	   LZ	   motif	   that	  

mediates	  KCNQ1’s	   interaction	  with	  Yotiao	  eliminates	   the	   functional	   regulation	  of	   IKs	   currents	  by	  

PKA,	  as	  well	  as	  phosphorylation	  at	  Ser27.36	  	  
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	   Interestingly,	  an	  inherited	  long	  QT	  (LQT)	  syndrome	  mutation	  has	  been	  identified	  in	  Finnish	  

families	  that	  has	  been	  mapped	  to	  the	  first	  “e”	  position	  (G589D)	  in	  the	  C-‐terminal	  LZ	  of	  KCNQ1.37,38	  

In	   the	   presence	   of	   this	   mutation,	   PP1	   and	   PKA	   fail	   to	   co-‐immunoprecipitate	   with	   KCNQ1.	  

Therefore,	  abnormal	  phosphatase	  targeting	  may	  be	  an	  underlying	  mechanism	  of	  LQT	  syndrome.36	  	  	  

iii)	  L-‐type	  Ca2+	  channels	  

	  	  	  	  	  	   PKA-‐dependent	   phosphorylation	   of	   the	   α1c-‐	   and	   β2a-‐subunits	   of	   L-‐type	   Ca2+	   channels	  

enhances	   channel	   open	   probability.39,40	   In	   the	   heart,	   this	   leads	   to	   increased	   Ca2+	   influx	   and	  

enhanced	   cardiac	   contractility.29	   AKAP15/18	   has	   been	   identified	   as	   the	   anchoring	   protein	  

responsible	   for	   the	   targeting	   of	   PKA	   to	   L-‐type	   Ca2+	   channels	   in	   cardiac	   muscle	   (Cav1.2)19	   and	  

skeletal	  muscle	   (Cav1.1)20	   through	  direct	   interactions	  with	  a	  LZ	  motif	  on	   the	  distal	  C-‐terminus	  of	  

the	  pore-‐forming	  α1-‐subunit.	  In	  intact	  cardiac	  myocytes,	  disruption	  of	  the	  LZ-‐mediated	  interaction	  

between	  AKAP15	  and	  Cav1.2	  with	  LZ-‐containing	  peptides	  prevented	  β-‐AR-‐dependent	  regulation	  of	  

channel	  activity.	  Therefore,	  there	  appears	  to	  be	  a	  functional	  significance	  to	  this	  interaction.19	  	  

	  	  	  	  	  	   Neuronal	   Cav1.2	   channels	   form	   a	  macromolecular	   complex	   that	   contains	  β-‐ARs,	   adenylyl	  

cyclase,	   PKA,	   PP2A,	   and	   an	   unknown	   molecular	   scaffold.41	   The	   site	   of	   PP2A’s	   interaction	   with	  

Cav1.2	   has	   been	   mapped	   to	   the	   distal	   C-‐terminus	   of	   the	   channel,	   downstream	   of	   its	   principle	  

phosphorylation	  site	  (Ser1928).42	  While	  truncation	  of	  Cav1.2’s	  α1-‐subunit	  downstream	  of	  Ser1928	  

did	   not	   affect	   its	   phosphorylation	   by	   PKA	   in	   intact	   cells,	   dephosphorylation	   of	   this	   site	   was	  

inhibited,	  indicating	  that	  PKA	  and	  PP2A	  are	  targeted	  to	  Cav1.2	  via	  different	  targeting	  subunits.43	  	  

(end	  of	  excerpt)	  
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