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CHAPTER  I  

  

INTRODUCTION  

  

1.1  Introduction  Overview  

The  processes  underlying   learning  and  memory,   and   their   dysfunction   in   neurological  

disorders,   are   a   major   focus   of   neuroscience   research.   On   a   molecular   level,   the  

experience  of  learning  occurs  as  sustained  changes  in  the  synaptic  connections  between  

neurons.  This  phenomenon,  termed  synaptic  plasticity,  rapidly  alters  the  size  and  protein  

composition   of   the   synapse   and   the   electrophysiological   properties   of   the   various  

receptors  and  channels  expressed  on  the  synaptic  membrane.  In  addition,  longer-­term  

activity-­dependent   changes   in   gene   transcription,   protein   translation   and   protein  

degradation  are  important  in  consolidating  these  rapid  effects  as  sustained  increases  or  

decreases  in  synaptic  strength  that  can  last  a  lifetime.    

  

The   body   of  work   presented   in   this   dissertation   focuses   on  multiple   aspects   of   these  

signaling  processes  and  how  they  are  regulated.  This  introduction  will  briefly  describe  the  

structure  and  function  of  the  synapse  and  its  plasticity.  I  will  then  introduce  three  major  

players:   Ca2+/calmodulin-­dependent   protein   kinase   II   (CaMKII),   SH3   and   ankyrin-­rich  

repeat  domains  protein  3  (Shank3),  and  L-­type  Ca2+  channels.  Finally,  I  will  highlight  work  

that  has  been  previously  published  relating  these  proteins  to  activity-­dependent  signaling  

to   the  nucleus,  and  how   these  are  known   to  be  disrupted   in  various  neurological  and  

neurodevelopmental  disorders.    
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1.2  The  Synapse  

1.2.1  Synaptic  Transmission  

The  human  brain  contains  billions  of  individual  neurons,  the  majority  of  which  do  not  make  

direct  cell-­cell  contact.  In  order  to  communicate  with  each  other,  neurons  use  specialized  

points  of  contact  known  as  synapses.  Neuronal  axons  form  multiple  presynaptic  terminals  

containing   hundreds   of   synaptic   vesicles   filled   with   cell-­specific   neurotransmitter  

molecules.  Upon  firing  of  a  presynaptic  action  potential,  membrane  depolarization  and  

biochemical   changes   allow   for   these   vesicles   to   fuse   with   the   plasma   membrane,   a  

process  known  as  exocytosis.  This  releases  the  neurotransmitter  cargo  outward  into  the  

synaptic   cleft,   where   it   binds   to   the   extracellular   domains   of   postsynaptic   receptors  

(Kandel  et  al.,  2013).    

  

At   excitatory   synapses,   the   synaptic   vesicles   contain   glutamate,   and   the   synaptic  

terminals   are   typically   closely   opposed   to   dendritic   spines;;   these   spines   are   small  

protrusions  from  dendrites,  the  large  network  of  branches  that  extend  from  the  cell  soma.  

Several  glutamate  receptors  are  localized  to  these  dendritic  spines,  precisely  positioned  

to  respond  very  efficiently  to  any  release  of  glutamate.  Glutamate  binding  to  ionotropic  

glutamate   receptors,   such   as   α-­amino-­3-­hydroxy-­5-­methyl-­4-­isoxazolepropionic   acid  

(AMPA)  and  N-­methyl-­D-­aspartic  acid  (NMDA)  receptors,  allows  for  receptors   to   influx  

Na+  and  Ca2+  into  the  cell  (for  review,  see  (Nakanishi  et  al.,  1998;;  Traynelis  et  al.,  2010;;  

Zhu  and  Gouaux,  2016)).  As  these  ions  enter  the  cell,  the  cell  depolarizes  and  voltage-­

dependent  Na+  and  Ca2+  channels  are  opened  (Catterall,  2000a).  Together,   this   influx  
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generates  an  action  potential  in  the  postsynaptic  neuron,  thereby  transmitting  an  electrical  

signal  to  the  soma  and  the  axon,  communicating  the  signal  from  one  neuron  to  another.  

In  addition,  glutamate  can  bind  to  metabotropic  glutamate  (mGlu)  receptors.  Members  of  

the  metabotropic  glutamate  receptor  family  do  not  directly  pass  ions  through  the  plasma  

membrane.   Instead,   they   act   indirectly   by   generating   a   second   messenger   signaling  

cascade  inside  cells   to  biochemically  effect   ion  channels  or   intracellular  stores  of  Ca2+  

ions  (Niswender  and  Conn,  2010).    

  

Synaptic  transmission  is  critical  for  all  aspects  of  neuronal  function  in  the  central  nervous  

system.   Specialized   pre-­   and   post-­synaptic   proteins   regulate   synaptic   structure   and  

function,  and  mutation  of  these  proteins  is  associated  with  various  neurological  disorders.  

This  dissertation  will   focus  on  postsynaptic   signaling  molecules   localized   to  excitatory  

glutamatergic   synapses,   their   binding   interactions,   and   the   molecular   mechanisms  

required  to  initiate  a  downstream  signal  to  the  nucleus,  which  can  be  up  to  hundreds  of  

microns  away  (Terenzio  et  al.,  2017).  

  

1.2.2  The  Postsynaptic  Density  

The  postsynaptic  density  (PSD)  is  attached  to  the  postsynaptic  membrane  of  the  synaptic  

cleft.  The  PSD  is  a  three-­dimensional,  electron-­dense  complex  of  both  transmembrane  

and   intracellular   proteins   that   allows   the   neuron   to   biochemically   respond   to   synaptic  

signals   (Figure   1.1A)   (Sheng   and   Hoogenraad,   2007).   This   tightly   bound   structure  

includes  the  AMPA  and  NMDA  receptors  that  allow  for  initial  Na+  and  Ca2+  influx  upon  

glutamate  binding,  while  mGlu  receptors  are  localized  to  the  PSD  periphery.  Beneath  the  
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core  of  the  PSD  lies  the  pallidum  layer,  which  contains  PSD-­associated  proteins  that  are  

incorporated   in   an   activity-­dependent   manner   (Dosemeci   et   al.,   2016).   The   major  

categories  of  PSD  proteins   include   scaffolding  proteins,   cell   adhesion  molecules,   and  

regulators  of  the  actin  cytoskeleton  (Figure  1.1B).  

  

  

Figure  1.1:  Overview  of  the  synapse  and  postsynaptic  density.  
A.  Electron  micrograph   image  of  an  excitatory  synapse.  The  presynaptic   terminal   is   filled  with  
vesicles  ready  to  be  released  across   the  synaptic  cleft   (example  vesicles  are  marked  with  red  

arrowheads).  The  postsynaptic  density  core  and  pallium  are  electron-­dense  structures  beneath  

the  postsynaptic  membrane.  Scale  bar,  0.1  µm.  Adapted  from  (Dosemeci  et  al.,  2016).  B.  Diagram  
of   postsynaptic   scaffolding   proteins   and   their   interactions.   Ionotropic   glutamate   receptors   are  

shown   in   pink   and   purple;;   metabotropic   glutamate   receptors   in   black;;   scaffolding   proteins   in  

yellow,   blue,   and   green;;   actin-­binding   proteins   in   orange;;   F-­actin   filaments   in   grey;;   and   cell  

adhesion  molecules  in  brown.  Adapted  from  (Vyas  and  Montgomery,  2016).  

  

Scaffolding  proteins  play  a  major  role  in  the  formation  and  stabilization  of  PSDs.  These  

proteins   contain   multiple   protein   binding   domains   to   bring   together   multi-­protein  

complexes.  Scaffolding   proteins   can   also   regulate   the   various   functions   of   its   binding  

partners.  Broadly,  PSD  scaffolding  proteins  keep  receptors  and  signaling  molecules  from  

diffusing   away   from   the   synaptic   cleft.   One   of   the   most-­well-­characterized   neuronal  
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scaffolding  proteins  is  PSD-­95  (postsynaptic  density  protein,  95  kDa)  (Cho  et  al.,  1992).  

Its   specific   localization   to   PSDs   makes   it   a   useful   postsynaptic   marker   in  

immunohistochemistry  and  biochemical  studies   (for  example,  see  (Gustin  et  al.,  2011;;  

Verpelli  et  al.,  2011)).  PSD-­95  contains  3  distinct  PDZ  (PSD-­95/DLG  tumor  suppressor  

protein/ZO-­1)   domain   repeats,   which   can   bind   to   the   very   C-­terminal   tail   of   NMDA  

receptors  to  directly  localize  these  receptors  in  the  PSD  (Kornau  et  al.,  1995).  Therefore,  

NMDA  receptor  signaling  is  not  only  regulated  by  changes  in  the  receptor  itself,  but  can  

also   be  modulated   by   changes   to  PSD-­95   and   its   binding   partners.  Other   scaffolding  

proteins  found  in  the  PSD,  such  as  Shanks,  GKAP,  and  Homer,  are  described  in  Section  

1.3.  

  

Cell   adhesion  molecules   (CAMs)   ensure   that   PSDs   are   formed   opposite   excitatory  

presynaptic   terminals  and   retain   this  opposition   throughout   the   lifespan  of   a   synapse.  

They   play   a   critical   role   in   axonal   migration,   neural   pathfinding,   and   ultimately   the  

establishment  of  a  synapse  (Sudhof,  2017).  Multiple  families  of  pre-­  and  post-­synaptic  

CAMs   form   trans-­synaptic   interactions.   Conversely,   CAMs   are   also   involved   in   the  

elimination   of   unnecessary   connections   during   synapse   pruning.   CAMs   also   contain  

intracellular   domains   that   are   known   to   bind   to   scaffolding   proteins,   such   as   PSD-­95  

binding  to  the  CAM  neuroligin.  These  intracellular  domains  may  also  function  in  signal  

transduction,  though  this  has  not  been  fully  characterized  (Sudhof,  2018).        

  

The  actin  cytoskeleton  is  the  primary  structural  element  of  both  the  PSD  and  the  larger  

dendritic  spines.  As  such,  it  dictates  the  overall  morphology  of  the  spine,  which  is  a  key  
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feature  in  dendritic  spine  function  and  is  often  dysregulated  in  neurological  disorders  (Yan  

et   al.,   2016).  Actin   accumulates   in   dendritic   spines  at   higher   levels   than   in   dendrites,  

especially  at  the  PSD  (Matus,  2000).  Microtubules  are  the  primary  cytoskeletal  filament  

in  dendrites,  and  only  influence  spine  morphology  under  specific  conditions  (Shirao  and  

Gonzalez-­Billault,   2013).   Therefore,   actin   dynamics   primarily   regulate   the   overall  

morphology   and   function   of   a   dendritic   spine   and   PSD   by   providing   the   underlying  

molecular  framework.  

  

To   interact   with   the   PSD,   actin   filaments   form   complexes  with   actin-­binding   proteins.  

These  proteins  function  to  dynamically  remodel  the  cytoskeleton  in  response  to  changes  

in  intracellular  signaling.  For  example,  the  protein  complex  Arp2/3  induces  nucleation  and  

branching  of  actin  filaments  and  alterations  in  spine  size  in  an  activity-­dependent  manner  

(Pollard,  2007).  Arp2/3  is  activated  by  the  WAVE  Complex,  a  multiprotein  that  is  sensitive  

to  members  of  the  Rho  family  of  GTPase  signaling  molecules  (Soderling  and  Scott,  2006).  

ABI1,  a  vital  subunit  of  the  WAVE  Complex,  is  described  in  Section  1.4.2.  

  
1.2  Mechanisms  of  Synaptic  Plasticity  

The  strength  of  synaptic   transmission  can  be  enhanced  or   reduced  based  on   internal  

cellular  activity.  These  activity-­dependent  changes  in  synaptic  transmission  are  thought  

to   underlie   learning  and  memory   consolidation.  This   activity   can   remodel   one  or   both  

sides  of  the  synapse,  by  altering  the  release  of  neurotransmitters  from  the  presynaptic  

terminal,  or  by  adjusting  the  response  to  neurotransmitters  on  the  postsynaptic  side.  This  

dissertation   will   focus   on   postsynaptic   mechanisms   of   plasticity,   which   can   alter   the  

protein   composition   of   the   PSD   or   the   surrounding   space,   resulting   in   larger  



   7  

morphological   changes   to   the   dendritic   spine,   as   well   as   sustained   changes   in   the  

activities  of  various  glutamate  receptors.  Deficits  in  synaptic  plasticity  in  a  specific  brain  

region   correlate   with   similar   disruption   of   behaviors   related   to   that   region.   These  

mechanisms  have  been   studied  extensively   in   vitro   and   in   vivo,   establishing  a   strong  

connection  between  these  cellular  changes  and  the  larger  phenomena  of   learning  and  

memory   (Citri   and   Malenka,   2007).   Typical   experiments   use   electrophysiological  

recordings  in  order  to  capture  postsynaptic  responses  to  controlled  electrical  stimulations  

(Figure  1.2A).  

  

  

Figure  1.2:  Experimental  design  of  hippocampal  LTP,  LTD,  and  L-­LTP  in  vitro.  
A.  Drawing  of  a  hippocampal  brain  slice  typically  used  for  electrophysiological  experiments.  Rec:  
recording  electrode;;  Stim:  stimulating  electrode;;  SC:  Schaffer  collaterals;;  MF:  Mossy  fibers;;  DG:  

dentate  gyrus.  B.  Example  electrophysiological  recordings  from  hippocampal  CA1  neurons.  Left,  
LTP  is   induced  by  high-­frequency  tetanic  stimulation  (100  Hz  stimulation  for  1  s;;  black  arrow).  

Right,  LTD  is  induced  by  low-­frequency  stimulation  (5  Hz  stimulation  for  3  min  given  twice  with  a  

3  min   interval;;  open  arrow)  A  and  B,  Adapted  with  permission   from  Springer  Nature  (Citri  and  

B. 

A. C. L-LTP
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Malenka,   2007).   C.   Measuring   L-­LTP   in   hippocampal   neurons.   Slices   were   incubated   in   the  

absence  or  presence  of  mRNA  inhibitor  actinomycin  D  before  and  during  stimulation.  Note  the  

change  in  time  scale  on  the  X  axis  between  panels  B  and  C.    Adapted  from  (Vickers  et  al.,  2005).    

  

1.2.1  Early  Long-­Term  Potentiation  

Since   the   discovery   almost   50   years   ago   that   repetitive   stimulation   of   excitatory  

hippocampal   neurons   alters   their   electrophysiological   properties   (Bliss   and   Gardner-­

Medwin,  1973;;  Bliss  and  Lomo,  1973),   this  enhancement  of  synaptic  strength,   termed  

Long-­Term  Potentiation  (LTP),  has  been  shown  to  occur   in  numerous  brain  regions   in  

different  forms  (Malenka  and  Bear,  2004).    

The  most   studied   form   of   LTP   occurs   in   the   CA1   region   of   the   hippocampus   and   is  

mediated   by  NMDA   receptors   and   occurs   concurrently  with  membrane   depolarization  

(Figure  1.2B)  (Lüscher  and  Malenka,  2012).  Along  with  depolarization,  intracellular  Ca2+  

influx  is  also  required  for  proper  LTP  induction  (Lynch,  1989).  This  form  of  hippocampal  

LTP  is  input-­specific:  potentiation  of  a  single  dendritic  spine,  and  the  resulting  changes,  

are  contained  and  do  not  immediately  affect  adjacent  spines  (Matsuzaki  et  al.,  2004).  This  

potentiation  can  be  increased  with  repetitive  stimulation,  and  occurs  on  a  rapid  timescale,  

and  is  able  to  be  maintained  for  up  to  an  hour.  Along  with  electrophysiological  changes,  

potentiated  spines  also  undergo  structural  and  biochemical  changes.  Spine  enlargement  

occurs   through  actin   remodeling  pathways,  while   the  protein  composition  of   the  PSD,  

including   the   total   number   of   ionotropic   glutamate   receptors   as   well   as   CaMKII  

holoenzymes,  is  increased  (for  comprehensive  reviews,  see  (Hell,  2014;;  Shonesy  et  al.,  

2014)).  For  instance,  increased  AMPA  receptor  expression  at  the  plasma  membrane  is  

essential  for  LTP  (Lu  et  al.,  2010).  Changes  in  receptor  function  and  targeting  result  in  
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increased  excitatory  postsynaptic  currents  (EPSCs)  that  translate  to  an  increase  in  the  

likelihood  of  an  action  potential  firing  (EPSP,  excitatory  postsynaptic  potential,  graphed  

in  Figure  1.2B,  C).  The  potentiation  of  NMDA  receptor  currents  can  also  occur  through  

Group   I  mGlu   receptor  activation.  Under  experimental   conditions  with  a  sub-­threshold  

stimulus  that  does  not  result  in  LTP,  the  addition  of  a  positive  modulator  of  mGlu5  can  

generate  LTP  (Rosenbrock  et  al.,  2010).  Complementary  studies  have  shown  that  mGlu5  

knockout  mice  have  impaired  hippocampal  LTP  (Lu  et  al.,  1997).  In  addition,  there  are  

NMDA   receptor-­independent   forms   of   LTP   that   require   voltage-­gated   Ca2+   channels  

(Morgan  and  Teyler,  1999).  The  function  of  these  Ca2+  channels  will  be  discussed  in  depth  

in  Section  1.5.    

  

1.2.2  Long-­Term  Depression  

LTP   is   not   the   only   outcome   of   repetitive   synaptic   stimulation.   Synaptic   plasticity   is  

bidirectional,   allowing   for   both   the   enhancement   and   diminishment   of   signaling.   The  

diminishment  of  synaptic  strength,  termed  Long-­Term  Depression  (LTD),  is  an  important  

component  of  synaptic  physiology  as  it  can  counterbalance  potentiated  neurons  to  fine-­

tune  synaptic  strength  (for  review,  see  (Ito,  1989)).  LTD  can  be  produced  by  weaker  or  

low-­frequency   stimulation   of   the   presynaptic   terminal   over   a   prolonged  period   of   time  

relative   to   hippocampal   LTP   (Lüscher   and  Malenka,   2012).   Some   forms   of   LTD   also  

require  NMDA  receptors,  highlighting  some  similarities   in   the  mechanisms  of  LTP  and  

LTD  (Dudek  and  Bear,  1992).  Similarly,  one  of   the  most  well-­studied   forms  of  LTD  at  

excitatory  synapses  requires  group  I  mGlu  receptors,  which  are  also  are  involved  in  LTP  

(mGlu-­LTD).  This  form  of  LTD  requires  novel  protein  synthesis  in  order  for  LTD  to  persist  
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(Snyder  et  al.,  2001).  In  addition,  both  NMDA  receptor-­dependent  and  mGlu-­dependent  

LTD  require  the  internalization  of  AMPA  receptors  (Carroll  et  al.,  1999;;  Oliet  et  al.,  1997).  

This  internalization  of  AMPA  receptors  results  in  decreased  surface  expression,  and  thus  

less   current   can   be   generated   in   the   postsynaptic   neuron.   However,   the   literature  

presents  conflicting  evidence  on  whether  this  form  of  LTD  requires  intracellular  Ca2+  or  

not  (Fitzjohn  et  al.,  2001;;  Holbro  et  al.,  2009).  

  

1.2.3  Late  Long-­Term  Potentiation  

Long-­term  changes   in  synaptic  plasticity  are  critical   for  normal  brain  development  and  

learning.   Therefore,   neurons   must   have   a   mechanism   to   convert   short-­term,   labile  

changes,  such  as   transient  Ca2+   influx  and  protein  phosphorylation,   into   longer-­lasting  

alterations.  These  mechanisms  occur  during  the  late  phase  of  LTP,  also  known  as  L-­LTP  

(versus   E-­LTP,   early   phase   long-­term   potentiation).   Though   L-­LTP   follows   E-­LTP,   it  

requires  distinct  mechanisms  to  properly  potentiate  neurons  on  a  longer  timescale  (3-­24  

hr)  (Baltaci  et  al.,  2018).  Initial  studies  heavily  focused  on  E-­LTP  mechanisms  due  to  the  

technical   restraints   of   maintaining   an   electrophysiological   for   the   time   required   to  

efficiently   study  L-­LTP.  Since   then,  we  have  made  great   strides   in   understanding   the  

importance  of  L-­LTP  (Citri  and  Malenka,  2007)  and  have  shown  that  this  phenomenon  

can  lasts  for  months  and  up  to  a  year  in  animal  models  (Abraham  et  al.,  2002).  

  

L-­LTP   requires   local   protein   translation  within   potentiated   spines.   A   variety   of  mRNA  

species  are  present  within  dendritic  spines,   including  mRNA  encoding  AMPA  receptor  

subunits,  CaMKIIa,  and  other  key  postsynaptic  proteins  (Grooms  et  al.,  2006;;  Mayford  et  
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al.,  1996).  This  pre-­existing  mRNA  is  translated  in  an  activity-­dependent  manner  in  order  

to  increase  the  amount  of  key  synaptic  proteins  directly  in  spines.  However,  de  novo  gene  

transcription   to   express   additional   mRNAs   is   another   mechanism   critical   for   L-­LTP  

(Pittenger   and  Kandel,   2003).   The   encoding   of  many   longer-­lasting   forms   of   synaptic  

plasticity  may  require  remodeling  of  epigenetic  factors  in  the  nucleus  (Kandel  et  al.,  2013).  

Epigenetic  factors  are  covalent  alterations  in  chromatin  structure  that  do  not  change  the  

underlying  DNA  sequence,  but   rather  alter  how   it   is  expressed.  Epigenetic  alterations,  

such  as  histone  acetylation  and  DNA  methylation,  occur  in  brain  region-­specific  forms  of  

LTP  and  memory.    

  

Importantly,   inhibition  of  RNA  synthesis  and  de  novo   gene   transcription  during  critical  

periods  of  LTP  induction  results  in  an  eventual  loss  of  L-­LTP,  even  if  E-­LTP  is  achieved  

(Figure  1.6C)  (Nguyen  et  al.,  1994;;  Vickers  et  al.,  2005).  This  de  novo  gene  transcription  

and  mRNA  translation  increases  the  expression  of  synaptic  proteins,  transcription  factors,  

and   growth   signaling  molecules   that   promote   synaptic   strength   and   neuronal   survival  

(Flavell  and  Greenberg,  2008).  The   following  chapters  will   focus  on  one  pathway   that  

alters  gene  expression  in  an  activity-­dependent  manner:  L-­type  Ca2+  channels  and  their  

signaling  to  the  nucleus.  

  

1.3  Overview  of  Ca2+/Calmodulin-­dependent  Protein  Kinase  II  (CaMKII)  

In  addition  to  the  various  components  of  the  PSD  described  in  Section  1.2.2,  the  PSD  

also   contains   a   variety   of   signaling   proteins,   such   as   those   involved   in   transducing  

glutamate   receptor   activation   into   second   messenger   cascades,   post-­translational  
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modifications,   and   lipid   signaling.  These  molecules   are   vital   for   turning   transient  Ca2+  

increases   into   downstream   biochemical   changes.   Here,   I   discuss   one   of   the   major  

signaling  molecules  present  in  dendritic  spines  and  PSDs,  CaMKII.    

  

1.3.1  CaMKII  Structure  and  Function  

The   influx   of   Ca2+   into   neurons   upon   stimulation   allows   for   Ca2+   ions   to   interact   with  

calmodulin   (CaM),   a   ubiquitous   Ca2+   sensor   protein.   Although   Ca2+   on   its   own   can  

activate  some  signaling  molecules  (Villalobo  et  al.,  2019),  Ca2+  binding  to  CaM,  a  17  kDa  

protein,  alters   the  conformation  of  CaM   to  expose  hydrophobic   residues  and  promote  

binding  to  over  100  other  proteins  in  a  Ca2+-­dependent  manner  (Shen  et  al.,  2005).  The  

Ca2+/CaM   complex   can   then   trigger   downstream   signaling   processes   through   direct  

protein   interactions   (Hoeflich  and   Ikura,  2002).  One  major  effector  of  Ca2+/CaM   is   the  

aptly  named  Ca2+/CaM-­dependent  protein  kinase  II  (CaMKII)  (Kennedy  and  Greengard,  

1981).  CaMKII,  a  member  of  the  CaM  kinase  family  (CaMKs),  phosphorylates  serine  or  

threonine  residues  on  target  substrates  to  propagate  downstream  signals  (Swulius  and  

Waxham,  2008).  In  the  forebrain,  CaMKII  can  comprise  as  much  as  1%  of  total  protein  

(Erondu  and  Kennedy,  1985).  CaMKII  activity  is  tightly  regulated  by  Ca2+/CaM  binding,  

though   CaMKII   is   capable   of   becoming   Ca2+/CaM-­independent   through   further  

modifications  (see  below).  

  

Each  individual  molecule  of  CaMKII  consists  of  three  distinct  structural  domains:  an  N-­

terminal   catalytic  domain,  a   central   regulatory  domain   that   can  be   further  divided   into  

autoinhibitory   and  CaM-­binding   regions,   and   a  C-­terminal   association   domain   (Figure  
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1.3A).  At  basal  concentrations  of  Ca2+  in  the  cell,  interaction  between  the  autoinhibitory  

domain  and  the  catalytic  domain  of  each  subunit  inhibits  substrate  binding  (Figure  1.3B).  

Interactions  between  the  association  domains  of  multiple  CaMKII  subunits  mediate  the  

formation   of   large   holoenzymes,   typically   containing   twelve   subunits,   arranged   in   two  

stacked  hexameric  rings.  Single  hexameric  rings  are  depicted  in  Figure  1.3C  and  D,  while  

the  full  dodecameric  holoenzyme  is  depicted  in  Figure  1.3E.  
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Figure  1.3:  Structure  and  organization  of  CaMKII.  

A.   Diagram   of   CaMKIIa   and   CaMKIIb   domains,   with   an   N-­terminal   catalytic   domain   (pink),  

regulatory  domain  (blue/purple),  CaMKIIb-­specific  F-­actin  binding  domain  (grey),  and  C-­terminal  

E.
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association   domain   (teal).   Important   phosphorylation   sites   and   CaM-­binding   site   are   also  

highlighted.  B.  Structure  of  a  single  CaMKII  subunit  in  autoinhibited  conformation.  This  individual  

subunit   structure   was   “excised”   from   a   structure   (PDB:3SOA)   of   an   intact   inactive   CaMKIIa  

holoenzyme   structure   using  PyMol   (DeLano  Scientific).  Domains   and   key   residues   in  CaMKII  

were  colored  as  in  A.  The  yellow  structure  in  the  center  is  a  CaMKII  inhibitor  bound  in  the  kinase  

active  site  in  this  structure.  C.  Cartoon  of  the  compact  inactive  CaMKII  holoenzyme  structure.  The  
kinase  catalytic  domains  (pink)  decorate  the  outside  of  a  hexameric  central  hub  formed  by  the  

association  domains   (teal),   linked  by   the   regulatory  domains.  Autoinhibitory   interactions  of   the  

regulatory  and  catalytic  domains  hold  the  kinase  domains  in  a  compact  closed  con-­  formation.  

For   clarity,   the   illustration   includes  a  single   ring,  whereas   the   intact  dodecameric  holoenzyme  

consists  of  a  stacked  pair  of  rings.  D.  Cartoon  illustrating  conformational  changes  associated  with  
CaMKII  activation.  Binding  of  Ca2+/CaM  disrupts  interactions  of  the  regulatory  (blue)  and  catalytic  

(pink)  domains  (see  B);;  the  kinase  domains  swing  away  from  the  hub  of  the  holoenzyme  in  an  

open  conformation  such  that  the  active  site  is  accessible  to  ATP  and  protein  substrates.  E.  Crystal  
structure   of   the   human   CaMKII   holoenzyme   in   an   autoinhibited   state   at   4.0   Å.   Kinase   and  

regulatory  domains  are  colored,  while  the  association  domain  is  greyed  out.  A-­D,  adapted  from  

(Shonesy  et  al.,  2014)  with  permission  from  Elsevier.  E,  adapted  from  (Chao  et  al.,  2011)  with  

permission  from  Elsevier.    

  

The   CaMKII   family   consists   of   isoforms   transcribed   by   four   distinct   genes;;   CaMKIIa,  

CaMKIIb,   CaMKIIg,   and  CaMKIId.   Ubiquitously   expressed   throughout   the   body,   these  

protein  kinases  play  important  roles  in  the  brain,  heart,  and  pancreas  (Hell,  2014;;  Norling  

et  al.,  1994;;  Wu  and  Anderson,  2014).  The  catalytic  and  regulatory  domains  are  highly  

conserved   between   the   four   isoforms   but   the   association   domains   are  more   variable    

(Hudmon  and  Schulman,  2002).  Moreover,  alternative  mRNA  splicing  introduces  a  linker  

domain  of  variable  length  that  can  confer  unique  features,  such  as  the  packing  of  subunits  

in   the   holoenzyme   or   subcellular   targeting.      For   example,   among   the   >25   total   spice  

variants  that  have  been  identified  to  date,  some  CaMKIIb  variants  of  the  linker  domain  

encode  an  F-­actin-­binding  domain,  whereas  some  CaMKIIa/g/δ  splice  inserts  contain  a  
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nuclear  localization  signal  (Cook  et  al.,  2018).  In  the  mammalian  forebrain,  CaMKIIa  is  

the  most   abundantly   expressed,   followed   by  CaMKIIb   (Gaertner   et   al.,   2004)   (Figure  

1.3A).  The  function  of  neuronal  CaMKIIg  as  a  shuttle  to  the  nucleus  has  become  more  

prominent  in  recent  literature  (Cohen  et  al.,  2018;;  Malik  et  al.,  2014).  While  CaMKIId  is  

expressed   in   the   cerebellum,   it   is   primarily   studied   for   its   role   in   cardiac   physiology  

(Grueter  et  al.,  2007).  

  
1.3.2  CaMKII  Autophosphorylation  and  Activation  in  Neurons  

CaMKII  possesses  a  unique  activation  process  that  involves  conformational  changes  as  

a   response   to  changes   in  Ca2+  concentration.  As  mentioned  above,   the  autoinhibitory  

domain  prevents  substrate  binding  and  phosphorylation  by  the  catalytic  domain  at  basal  

levels  of  intracellular  Ca2+  (Chao  et  al.,  2011)  (Figure  1.3C).  Ca2+-­bound  CaM  releases  

this   inhibition   by   binding   to   the   nearby   CaM-­binding   domain,   releasing   the   catalytic  

domain   to   pivot   outward   from   the   hub   of   the   CaMKII   holoenzyme.   In   this   ‘open’  

conformation,   ATP,   CaMKII   substrates,   and   binding   partners   can   all   interact   with   the  

catalytic  domain  (Figure  1.3D).  When  two  adjacent  subunits  bind  Ca2+/CaM  and  are  in  

the   ‘open’   activated   conformation,   the   catalytic   domain   of   one   subunit   can  

autophosphorylate  Thr286   in   the   regulatory   domain   of   the   adjacent   activated   subunit.  

Since  Thr286  autophosphorylation  prevents  the  regulatory  domain  from  re-­binding  to  the  

catalytic  domain  once  Ca2+/CaM  has  dissociated,  this  mechanism  generates  a  Ca2+/CaM-­

independent  form  of  CaMKII  that  prolongs  physiological  responses  to  transient  increases  

of  Ca2+   (Miller   and  Kennedy,   1986),   leading   to   its   nickname  as  a   “memory  molecule”  

(Lisman,  1985),  for  review,  see  (Lisman  et  al.,  2002).  However,  because  this  mechanism  

requires   coincident   binding   of   Ca2+/CaM   to   neighboring   subunits,   the   holoenzyme  
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structure  is  essential  in  allowing  CaMKII  to  generate  different  biochemical  outputs  based  

on  the  frequency,  duration  and  amplitude  of  intracellular  Ca2+  transients  (De  Koninck  and  

Schulman,  1998).  

    

CaMKII  regulation  by  autophosphorylation  at  Thr286  is  critical  for  normal  kinase  activity  

as  well  as  large-­scale  neurological  functions.  Mice  with  a  knock-­in  mutation  of  Thr286  to  

a  phospho-­null  Ala  display   reduced   targeting  of  CaMKII   to  PSD   (Gustin  et   al.,   2011).  

Furthermore,  these  mice  show  synaptic  impairments  in  the  hippocampal  LTP  as  well  as  

cognitive   impairments   with   novel   object   recognition   and   learning   and   memory   tasks  

(Giese  et  al.,  1998).  Interestingly,  these  knock-­in  mice  are  still  able  to  form  memory  after  

‘intense’  behavioral   training,  suggesting  separate  roles   for  CaMKII   in   the  processes  of  

contextual   learning   and   memory   (Irvine   et   al.,   2011).   Therefore,   CaMKII  

autophosphorylation   may   be   differentially   regulated   between   learning   states,   adding  

another  layer  of  complexity  to  how  CaMKII  transduces  Ca2+  signals.  

  

Autophosphorylation  not  only  plays  a  role  in  CaMKII  activation,  but  also  inhibits  activity.  

CaMKII  is  autophosphorylated  at  multiple  residues  in  vitro  and  in  vivo  in  addition  to  Thr286  

(Baucum  et  al.,  2015),   including  Thr305  and  Thr306  which  functionally  reduce  CaMKII  

activity  (Colbran  and  Soderling,  1990).  Thr305  and  Thr306  are  within  the  CaM-­binding  

domain,  and  their  autophosphorylation  prevents  Ca2+/CaM  binding  (Colbran,  1993).  Prior  

autophosphorylation   at   Thr286   greatly   enhances   Thr305/306   autophosphorylation,  

producing  a  constitutively  active  form  of  CaMKII  that  is  unable  to  bind  Ca2+/CaM.  In  this  

state,  CaMKII  must  be  dephosphorylated  at  Thr286  to  be  inactivated  (Hashimoto  et  al.,  
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1987).   Thus,   the   autophosphorylation   of   CaMKII   at   multiple   sites   allows   for   complex  

CaMKII  regulation  by  dynamic  changes  in  intracellular  Ca2+  concentrations,  in  addition  to  

the  opposing  protein  phosphatases.  

  

1.3.3  Dual  Roles  of  CaMKII  in  LTP  and  LTD  

Due  to  its  important  function  in  the  transduction  of  Ca2+  signals,  CaMKII  has  been  well-­

studied  in  the  context  of  multiple  forms  of  synaptic  plasticity.  CaMKII  plays  an  important  

role  in  hippocampal  LTP  induction.  Genetic  mutations  that  disrupt  CaMKII  activation  or  

kinase  activity  disrupt  hippocampal  LTP  (ex:   (Giese  et  al.,  1998;;  Mayford  et  al.,  1995;;  

Silva   et   al.,   1992),   for   review,   see   (Elgersma   et   al.,   2004)).  Moreover,   expression   of  

constitutively  active  CaMKII  in  postsynaptic  neurons  increases  synaptic  strength  (Lledo  

et  al.,   1995;;  Pettit   et   al.,   1994).   Interestingly,   recent  experiments  with  better   temporal  

resolution  indicate  that  CaMKII  kinase  activity  is  important  for  the  induction  of  LTP,  but  

not  maintenance  (Murakoshi  et  al.,  2017).    

  

CaMKII  is  also  an  important  signaling  molecule  in  hippocampal  LTD  as  well.  Hippocampal  

LTD  that  occurs  through  NMDA  receptors  or  through  activation  of  Group  I  mGlu  receptors  

require  CaMKII  activation,  and  that  acute  inhibition  of  CaMKII  disrupts  LTD  (Marsden  et  

al.,  2010;;  Mockett  et  al.,  2011).  CaMKII  inhibition  also  prevented  mGlu-­mediated  protein  

synthesis  after  a  LTD-­inducing  stimulus  (Mockett  et  al.,  2011).  The  role  of  CaMKII  in  LTD,  

at   least   in   the   cerebellum,   is   isoform-­specific.  CaMKIIb   knockout  mice,  when   given   a  

stimulation   to   invoke   LTP   at   Purkinje   cell   synapses,   instead   display   LTD,   while   LTD  

protocols  produce  LTP  (van  Woerden  et  al.,  2009).  



   19  

  

As  mentioned  in  Section  1.2.2,  many  proteins  in  the  PSD  function  in  synaptic  plasticity  

under  conditions  that  favor  both  LTP  and  LTD.  The  unique  properties  of  CaMKII  activation  

and   autophosphorylation   allow   for   tight   regulation   of   activity   within   neurons   upon  

stimulation.  As  CaMKII  is  sensitive  to  the  frequency  and  amplitude  of  Ca2+  influx  during  

stimulation  (De  Koninck  and  Schulman,  1998;;  Hanson  et  al.,  1994)  (see  Section  1.3.2),  it  

may   decode   these   stimulations   for   targeting   and   signaling   to   different   receptors.  

Therefore,  it  is  hypothesized  that  autophosphorylated  CaMKII  responds  to  different  kinds  

of  Ca2+  influx  and  synaptic  activity  in  order  to  properly  promote  LTP  or  LTD.  

  

1.3.4  CaMKII  Phosphorylation  of  Other  Substrates  

Once  the  catalytic  domain  of  CaMKII  has  been  exposed,  ATP  and  substrate  binding  allow  

for   CaMKII   to   phosphorylate   a   number   of   different   proteins   besides   other   CaMKII  

molecules.  The  general  consensus  sequence  for  CaMKII  phosphorylation  is  R-­X-­X-­S/T,  

where   R   is   arginine,   X   is   any   amino   acid,   and   S/T   is   the   serine/threonine   being  

phosphorylated.   However,   CaMKII   can   phosphorylate   sites   that   do   not   follow   this  

sequence   (White   et   al.,   1998).   CaMKII   phosphorylation   sites   have   been   identified   on  

multiple  postsynaptic  proteins,  altering  their  function  and  localization.  I  will  briefly  discuss  

two  well-­studied  CaMKII   phosphorylation   sites:  Ser831   of   the  AMPA   receptor   subunit  

GluA1  and  Ser1303  of  the  NMDA  receptor  subunit  GluN2B.  

  

Phosphorylation  of  the  intracellular  regions  of  AMPA  receptor  subunit  GluA1,  especially  

in   its   C-­tail,   regulate   multiple   channel   properties   (Carvalho   et   al.,   2000).   CaMKII  
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phosphorylates   Ser831   (Barria   et   al.,   1998;;   Barria   et   al.,   1997;;   Roche   et   al.,   1996),  

increasing  the  channel  conductance  in  an  activity-­dependent  manner  (Benke  et  al.,  1998).  

Phosphorylation   also   promotes   opening   of   receptors   to   regulate   channel   gating  

(Kristensen  et  al.,  2011).  Recent  evidence  suggests  that  the  C-­tail  of  AMPA  receptors,  

and  subsequent  regulation  by  phosphorylation,  may  not  be  as  physiologically  important  

as  initial  studies  claimed  (Herring  and  Nicoll,  2016).  Neurons  lacking  the  entire  C-­tail  of  

GluA1  undergo  LTP  the  same  as  unaltered  neurons  (Granger  et  al.,  2012).  Indeed,  the  

relative   amount   of   phosphorylated   GluA1   is   almost   negligible   in   the   adult   mouse  

hippocampus  (Hosokawa  et  al.,  2014).  However,   the  specific  context  and  form  of  LTP  

induced,   as   well   as   slight   variations   in   experimental   design,   may   dictate   the   overall  

importance  of  this  phosphorylation  site  (Huganir  and  Nicoll,  2013).  As  a  result,  the  idea  

that  the  C-­terminal  domain  of  GluA1  AMPA  receptors  is  not  involved  in  synaptic  plasticity  

is  still  controversial.      

  

Another  CaMKII  phosphorylation  site  on  GluA1  is  Ser567  (Lu  et  al.,  2010).  Unlike  Ser831,  

which  is  located  in  the  long  intracellular  C-­tail  of  GluA1,  Ser567  is  located  in  a  smaller  

intracellular  loop.  This  region  is  phosphorylated  by  CaMKII  but  not  PKA  or  PKC,  the  other  

major   kinases   that   phosphorylate   the   GluA1   C-­tail.   This   provides   a   CaMKII-­specific  

regulation   of   GluA1   in   this   region.   Phosphorylation   of   this   residue   increases   after  

hippocampal   LTD   in   acute   brain   slices,   in   contrast   to   GluA1   Ser831   phosphorylation  

(Coultrap  et  al.,  2014).  Regulation  of  GluA1  by  phosphorylation  at  a  site  outside  the  GluA1  

C-­tail  may  explain  why  neurons  may  behave  normally  when  the  GluA1  C-­tail  is  deleted  

(Granger  et  al.,  2012).    
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CaMKII  phosphorylation  of  the  NMDA  receptor  subunit  GluN2B  occurs  at  Ser1303  within  

the  intracellular  C-­tail  (Omkumar  et  al.,  1996).  Phosphorylation  of  this  residue  reduces  

the  desensitization  of   the  channel  under  physiological  conditions,  again  demonstrating  

how   CaMKII   can   regulate   channel   properties   (Tavalin   and   Colbran,   2016).   CaMKII  

phosphorylation   of   GluN2B   also   regulates   its   binding   interaction   with   the   C-­tail,   as  

discussed  in  the  following  section.    

  

1.3.5  CaMKII-­Associated  Proteins  (CaMKAPs)  and  Binding  Interactions  

Our  lab  pioneered  the  concept  that  physiological  functions  of  CaMKII  are  directed  through  

interactions  with  CaMKII-­Associated  Proteins   (CaMKAPs).  We   found   that  a  number  of  

cellular   processes   are   regulated   by   CaMKII   activity,   binding   interactions,   and/or  

phosphorylation.  The  most  well-­studied  CaMKAP   is   the  GluN2B  subunit  of   the  NMDA  

receptor;;  Thr286-­autophosphorylated  CaMKII  binds   to   residues  1290-­1309   in  GluN2B,  

which  include  the  CaMKII  phosphorylation  site  at  Ser1303  (Omkumar  et  al.,  1996;;  Strack  

and  Colbran,  1998;;  Strack  et  al.,  2000a).  This  binding  region  plays  a  large  role  in  targeting  

CaMKII  from  extra-­synaptic  space  to  the  PSD  upon  NMDA  receptor  activation  and  Ca2+  

influx.  For  instance,  activity-­dependent  translocation  of  CaMKII  to  the  PSD  is  disrupted  in  

mutant  mice  harboring  two  point  mutations  in  the  CaMKII-­binding  region  of  GluN2B  that  

specifically  prevent  CaMKII  binding  (Halt  et  al.,  2012a).  Intriguingly,  phosphorylation  of  

Ser1303  may  promote  CaMKII  dissociation  from  GluN2B  (Raveendran  et  al.,  2009;;  Strack  

et   al.,   2000a).   However,   formation   of   the   CaMKII-­NMDA   complex   also   increases   the  

affinity  of  CaMKII  to  ATP  and  ‘locks’  the  kinase  in  an  open  conformation  (Bayer  et  al.,  
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2001;;  Bayer  et  al.,  2006).  This   interaction  keeps  CaMKII   translocated   to   the  PSD  and  

promotes   longer-­lasting   autonomous   CaMKII   activity,   a   function   critical   for   synaptic  

remodeling  and  plasticity.  

  

While  GluN2B  plays  an  important  role  in  anchoring  CaMKII  to  the  PSD,  the  number  of  

CaMKII  holoenzymes  in  a  dendritic  spine  greatly  outnumbers  GluN2B-­containing  NMDA  

receptors  (Feng  et  al.,  2011).  Therefore,  other  CaMKAPs  may  target  separate  pools  of  

CaMKII  for  distinct  postsynaptic  functions.  CaMKII  may  play  a  structural  role  in  the  PSD,  

in  part  because  it  binds  to  many  scaffolding  proteins,  such  as  GluN2B,  a-­actinin,  densin,  

spinophilin,   and   SAP-­97   (Hell,   2014;;   Jalan-­Sakrikar   et   al.,   2012;;   Jiao   et   al.,   2011;;  

Nikandrova  et  al.,  2010;;  Robison  et  al.,  2005b).  Many  of   these   interactions  occur   in  a  

CaMKII  activity-­dependent  manner;;  however,  CaMKII  can  bind  to  some  CaMKAPs  under  

non-­autophosphorylated  conditions.  For  example,  the  interaction  between  the  C-­terminal  

domain   of   densin   and   the   association   domain   of   CaMKII   does   not   require   CaMKII  

autophosphorylation   (Strack   et   al.,   2000b).   In   comparison,   the   interaction   between  

CaMKII   and   alpha-­actinin   is   actually   disrupted   by   CaMKII   phosphorylation   at   Thr306  

(Jalan-­Sakrikar  et  al.,  2012).    

  

1.3.6  Shank3  as  a  novel  CaMKAP  

Our   lab   conducted   an   unbiased   shotgun   proteomics   analysis   of   immunoprecipitated  

CaMKII  complexes  isolated  from  synaptic  fractions  of  mouse  forebrain  in  order  to  identify  

novel   CaMKAPs.   While   several   established   CaMKAPs   were   detected,   Shank3   was  

unexpectedly  the  third-­most  abundant  protein  detected  using  this  method  (Baucum  et  al.,  
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2015).  The  detection  of  Shank3  as  a  prominent  component  of  synaptic  CaMKII  complexes  

had  potentially  exciting  implications  given  the  known  roles  of  Shank3,  as  will  be  discussed  

below.   Subsequent   studies   showed   that   Shank3   and   CaMKII   can   be   co-­

immunoprecipitated  when  co-­expressed   in  HEK293T  cells,  a  heterologous  cell  system  

that  does  not  highly  express  the  previously  mentioned  neuronal  proteins  (Stephenson  et  

al.,   2017).   However,   such   co-­immunoprecipitation   data   can   arise   from   both   direct   or  

indirect   interactions   of   the   proteins   involved,   and   several   synaptic   proteins   known   to  

interact   directly   with   both   Shank3   and   CaMKII   might   facilitate   an   indirect   association  

between  Shank3  and  CaMKII,  such  as  CaV1.3  (Wang  et  al.,  2017b;;  Zhang  et  al.,  2005),  

densin   (Quitsch  et  al.,  2005;;  Strack  et  al.,  2000b),  NMDAR/PSD-­95/GKAP  complexes  

(Naisbitt  et  al.,  1999;;  Strack  and  Colbran,  1998),  and  Homer/mGlu5  complexes  (Marks  et  

al.,   2018;;   Tu   et   al.,   1999).   However,   I   tested   the   hypothesis   that   this   association   is  

mediated   via   a   direct   Shank3-­CaMKII   interaction,   establishing   Shank3   as   a   novel  

CaMKAP  (see  Chapter  III).    

  

1.4  Shank3,  a  Master  Scaffold  of  the  PSD  

1.4.1  Shank3  Structure  and  Expression  

Shank3  (SH3  and  multiple  ankyrin  repeat  domains  3)  is  one  major  scaffolding  protein  in  

the  PSD  of  excitatory  synapses  (see  Section  1.2.2).  While  Shank3  was  initially  discovered  

as  a  binding  partner   of   the  postsynaptic   scaffold  GKAP   (Naisbitt   et   al.,   1999),   further  

analyses   identified   multiple   conserved   domains   known   to   mediate   protein-­protein  

interactions:   six   ankyrin   repeats,   SH3   (SRC  Homology   3)   and   PDZ   domains,   a   large  

proline-­rich  region,  and  a  C-­terminal  SAM  (sterile  a  motif)  domain  (Figure  1.4A).  Other  
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research  groups  simultaneously  and  independently  cloned  the  same  gene,  giving  rise  to  

the  use  of  several  other  names,  including  ProSAP2  and  Spank,  but  only  the  name  Shank3  

is  commonly  used  today  (Boeckers  et  al.,  1999;;  Sheng  and  Kim,  2000).  Shank3  is  heavily  

studied   in   the   brain,   though   it   is   also   present   in   the   peripheral   nervous   system,  

cardiomyocytes,  and  perhaps  the  pancreas  (Han  et  al.,  2016;;  Lim  et  al.,  1999;;  Redecker  

et  al.,  2007).    

  

  

Figure  1.4:  Shank3  protein  and  gene  structure.  
A.   Schematic   of   canonical   Shank3   protein   from   rat   (UniProtKB:   Q9JLU4   Isoform   2).   Binding  
domains  and  amino  acid  sequence  from  left  to  right:  ANK,  Ankyrin  repeat  domains,  aa  123-­313;;  

SH3,  Src  Homology  3  domain,  aa  473-­524;;  PDZ:  PSD-­95/Dlg   tumor  suppressor/ZO-­1  binding  

domain,  aa  572-­663;;  ABI1  binding  motif,  aa  677-­684;;  PRR,  Proline-­rich  region,  aa  1165-­1446;;  

Homer  binging  motif,  aa  1307-­1316;;  Cortactin  binging  domain  motif,  aa  1408-­1417;;  SAM,  Sterile  

alpha  motif,  aa  1647-­1737.  B.  Schematic  of  mouse  Shank3  gene.  Exons  are  numbered  1-­22,  
promoters  are  labeled  A-­F.  Adapted  with  permission  from  Springer  Nature  (Monteiro  and  Feng,  

2017).  
  

Several  variants  of  Shank3  can  be  expressed  (Waga  et  al.,  2013).  The  SHANK3  gene  

contains   one   5’   promoter   and   five   separate   intragenic   promoters,   and   multiple   stop  
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codons  produced  by  alternative  mRNA  splicing   (Figure  1.4B)   (Wang  et  al.,  2014)   that  

together  give   rise   to  over  20  protein  variants  with  a  wide   range  of  sizes.  This  splicing  

occurs   in   a   brain   region-­   and   developmental-­specific   manner   and   is   controlled   by  

epigenetic   mechanisms,   such   as   DNA   methylation   (Beri   et   al.,   2007).   These   splice  

variants  contain  different  combinations  or  truncations  of  Shank3  and  its  binding  domains.  

As   a   result,   splice   variants   are   targeted   differently   within   neurons   and   form   distinct  

macromolecular  complexes.  Longer  splice  variants,  which  contain  the  C-­terminal  regions  

and   the  SAM  domain,  are  specifically   targeted   to  PSDs,  while  shorter  variants   lacking  

these   regions   are   more   cytosolic   (Boeckers   et   al.,   2005).   In   addition,   some   Shank3  

alternative  splicing  may  be  regulated  by  neuronal  depolarization,  providing  an  additional  

layer  of  complexity  to  the  physiological  function  of  Shank3  (Wang  et  al.,  2014).    

  

Shank3   is   a  member   of   the   larger  Shank3   family   of   proteins,   along  with  Shank1   and  

Shank2.   All   three   proteins   share   an   overall   similar   domain   structure   and   highly  

homologous  sequences  within  the  canonical  binding  domains.  All  members  of  the  Shank  

family  can  oligomerize  with  themselves  and  each  other  via  their  SAM  domain  (Boeckers  

et  al.,  2002;;  Naisbitt  et  al.,  1999).  Despite  these  similarities,  the  three  Shank3  proteins  

are  not  functionally  redundant.  The  sequences  outside  these  canonical  domains  have  low  

similarity,  between  35-­40%  (Lim  et  al.,  1999).  Shank1  is  a  brain-­specific  isoform,  while  

Shank2  mRNA  can  be  detected  in  multiple  tissues  and  Shank3  is  primarily  detected  in  

the  heart  and  brain  (Figure  1.5,  left).  In  the  brain,  all  three  proteins  are  expressed  to  some  

extent  in  the  hippocampus,  cortex,  and  cerebellum  (Figure  1.5,  right).  In  addition,  Shank3  
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is  highly  enriched  at  glutamatergic  spines  in  the  striatum,  while  Shank1  and  Shank2  are  

not  detected  (Peca  et  al.,  2011).    

  

  

Figure  1.5:  mRNA  expression  of  Shank  family  members.  
Left,  Northern  blot  of  Shank1,  2,  and  3  mRNA  from  various  rat  tissues.  Adapted  from  (Lim  et  al.,  

1999).  Right,  Diagrams  of   the  mouse  brain  showing  relative  mRNA  expression  of  each  Shank  

family   member.   Darker   color   indicates   stronger   expression.   Adapted   with   permission   from  

Springer  Nature  (Monteiro  and  Feng,  2017).  

  

1.4.2  Scaffolding  Interactions  

The  primary   function  of  Shank3   is   to  assemble  multi-­protein   complexes.  The  modular  

protein-­protein   interaction   domains   described   above   allow   Shank3   to   bring   together  

various   receptors,   channels,   signaling  molecules,   and   the   actin   cytoskeleton   in   close  

proximity  to  signal  efficiently.  Below,  I  will  briefly  describe  some  of  the  Shank3  binding  

partners  not  yet  discussed  in  this  dissertation  and  their  roles  in  synaptic  physiology.  

  

Shank1

Shank2

Shank3
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Homer:  A  companion  study  to  Naisbitt  et  al.,  1999,  published  in  the  same  issue  of  Neuron,  

characterized  a  homer-­binding  motif  in  the  proline-­rich  region  of  Shank3  (Tu  et  al.,  1999).  

Like   Shanks,   Homer   proteins   are   scaffolding   proteins   in   the   PSD   of   glutamatergic  

excitatory  synapses.  The  most  studied  isoform  of  Homer  in  the  brain  is  Homer1,  which  

produces  three  variants:  Homer1a,  1b,  and  1c  (Shiraishi-­Yamaguchi  and  Furuichi,  2007).  

An   N-­terminal   EVH1   (Enabled/vasodilator-­stimulated   phosphoprotein   Homology   1)  

domain  in  all  three  Homer  variants  can  interact  with  Shank3,  mGlu1,  mGlu5,  or  the  ER-­

associated  IP3  and  ryanodine  receptors.  Both  Homer1b  and  Homer1c  are  longer  variants  

and  contain  C-­terminal  coiled-­coil  domains  that  allow  the  proteins  to  multimerize.  Homer  

1b/c  multimers  are  able  to  bind  multiple  proteins  simultaneously,  bringing  Shank3  in  close  

proximity  to  all  the  receptors  listed  above.  Homer1a,  however,  is  a  truncated  version  of  

the   protein   and   does   not   possess   this   coiled-­coil   domain;;   therefore,   it   does   not  

multimerize.  Homer1a  acts  as  a  dominant  negative   to  disrupt   signaling   complexes  by  

competing   with   longer   Homer   variants   (Clifton   et   al.,   2019).   Homer1b   and   1c   are  

constitutively  expressed,  while  Homer1a  expression  is  activity-­dependent  (Brakeman  et  

al.,   1997).   As   a   result,   activity-­dependent   expression   of   Homer1a   uncouples  Group   I  

mGlu  receptors  from  some  of  their  binding  partners  and  effectors,  such  as  the  NMDA  and  

IP3  receptors  and  Shank3  (Hu  et  al.,  2010;;  Kammermeier  and  Worley,  2007).    

  

Cortactin:  The  cortactin  binding  motif  on  Shank  proteins  was  originally  discovered  on  

Shank2,  formerly  known  as  CortBP1  (Cortactin-­Binding  Protein  1)  (Du  et  al.,  1998).  This  

same  binding  motif  was  also   identified   in   the  original   characterization  of  Shank3,  and  

helped  to  establish  CortBP1  as  a  member  of  the  Shank  family  (Lim  et  al.,  1999;;  Naisbitt  
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et  al.,  1999).  Cortactin  promotes  actin  nucleation  through  recruitment  of  Arp2/3  to  F-­actin  

filaments  (Uruno  et  al.,  2001).  Shank3  targets  and  stabilizes  cortactin  in  dendritic  spines,  

as  loss  of  all  three  Shank  family  proteins  results  in  reduced  actin  and  cortactin  levels  in  

dendritic  spines  and  more  diffuse  cortactin  expression  (MacGillavry  et  al.,  2015).  While  

Shank3  does  not  directly  bind  actin,  interacting  proteins  like  cortactin  place  Shank3  at  the  

interface  between  core,  membrane-­associated  PSD  proteins  and  the  actin  cytoskeleton  

of  the  larger  dendritic  spine.  

  

GKAP/SAPAP-­1:  GKAP  was  identified  as  one  of  the  first  Shank3  binding  partners,  using  

a   yeast   2-­hybrid   screen   (Naisbitt   et   al.,   1999).  GKAP,   also   known   as   SAPAP-­1,   is   a  

member  of   the  SAPAP  family  of  scaffolding  proteins  and   is  one  of   the  most  abundant  

scaffolding  proteins  in  the  PSD  (Sheng  and  Hoogenraad,  2007;;  Takeuchi  et  al.,  1997).  

All  members  of  the  SAPAP  family  bind  to  PSD-­95  at  their  N-­terminus  and  to  Shank3  at  

their  C-­terminus   (Lee  et  al.,  2018).  Therefore,  GKAP  couples  PSD-­95/NMDA  receptor  

complexes  to  Shank3/Homer/mGlu5  receptor  complexes.  Genetic  deletion  of  SAPAP-­3,  

a  striatal-­specific  member  of  the  GKAP/SAPAP  family,  results  in  pronounced  anxiety  and  

compulsive   behaviors,   analogous   to   human   patients   with   Obsessive   Compulsive  

Disorder.   Interestingly,  CaMKII  phosphorylation  of  GKAP  at  Ser54  disrupts   the  GKAP-­

PSD-­95   interaction,   and   phosphorylated  GKAP   is   then   targeted   for   ubiquitination   and  

degradation  (Shin  et  al.,  2012).  Unlike  other  proteins  that  interact  with  the  Shank3  PDZ  

domain,  the  GKAP-­Shank3  interaction  involves  a  non-­canonical  motif  located  N-­terminal  

to  the  Shank3  PDZ  domain  (Zeng  et  al.,  2016).  Work  in  this  dissertation  provides  evidence  
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that  CaMKII  can  disrupt  GKAP  binding  to  Shank3  by  phosphorylation  Shank3  at  Thr551  

in  this  region,  further  detailed  in  Chapter  VI.  

  

ABI1:  Discovery  and  characterization  of  the  ABI  binding  motif  in  Shank3  occurred  later  

than   the   other   binding   regions   discussed   above   (Proepper   et   al.,   2007).   ABI1   is   an  

indispensable  member  of  the  WAVE  Complex,  which  activates  Arp2/3  in  a  Ras  GTPase-­

dependent  manner  (Chen  et  al.,  2010).  Interestingly,  the  ABI1  binding  motif  is  conserved  

between  Shank2  and  Shank3,  but  is  not  present  in  Shank1  (Lim  et  al.,  1999).  Regulation  

of  ABI1   binding   to  Shank3   via  CaMKII   and  PKA  phosphorylation  will   be   discussed   in  

Chapter  V.    

  

1.4.3  SHANK3  as  an  Autism  Spectrum  Disorder  (ASD)  gene  

Autism  spectrum  disorder  (ASD)  is  generally  defined  by  core  abnormal  behaviors  that  fall  

under   two   broad   categories:   social   and   communication   deficits,   and   restrictive   and  

repetitive   behaviors,   that   can   both   vary   in   their   presentation   as   well   as   severity  

(Bourgeron,  2009).  ASD  has  a  high  co-­morbidity  with  other  neurological  disorders,  such  

as   abnormal   sensory   sensitivity   (sound,   touch,   pain),   epilepsy   and   attention   deficit  

hyperactivity  disorder  (ADHD)  (Lukmanji  et  al.,  2019;;  Zablotsky  et  al.,  2017).  ASD  also  

has  high  co-­morbidity  with  overactive  immune  systems  and  gastrointestinal  dysfunction,  

suggesting  that  the  developing  immune  system  or  the  gut-­brain  axis  are  related  to  ASD  

etiology   (Goyal   and   Miyan,   2014;;   Wasilewska   and   Klukowski,   2015).   Just   as   the  

behaviors  are  heterogeneous,  so  too  are  the  genetics  of  ASD.  In  genetic  studies,  genes  
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encoding  synaptic  proteins  and  proteins  involved  in  neuronal  development  have  become  

candidate  genes  for  monogenic  and  syndromic  forms  of  ASD  (Carbonetto,  2014).  

  

In   humans,   haploinsufficiency  of   the  SHANK3   gene   is   one  of   the  most   prevalent   and  

penetrant  causes  of  monogenic  ASD.  This  is  the  result  of  a  deletion  of  the  distal  end  of  

the  long  arm  of  chromosome  22  (Figure  1.6A)  (Harony-­Nicolas  et  al.,  2015).  Known  as  

22q13.3   deletion   syndrome   or   Phelan-­McDermid   Syndrome,   patients   exhibit   neonatal  

hypotonia,  facial  dysplasia,  and  developmental  delay  (Phelan  et  al.,  2001).  Comorbidity  

between  Phelan-­McDermid  Syndrome  and  ASD  is  common  amongst  patients  (Soorya  et  

al.,  2013).  The  other  genes  of  the  Shank  family,  SHANK1  and  SHANK2,  have  also  been  

associated   as   risk   genes   for   ASD   (Leblond   et   al.,   2014).   Altogether,   SHANK   genes  

account   for  a  higher  percentage  of  ASD  cases  compared   to  almost  a   thousand  other  

ASD-­associated  genes  (Moessner  et  al.,  2007),  highlighting  the  overall  importance  of  the  

Shank  family  in  neuronal  function.  

  

In  addition   to   large-­scale  disruptions   in   the  SHANK3  gene,  many  missense  mutations  

have  been  identified  in  the  SHANK3  gene  of  patients  with  neurological  disorders  (Figure  

1.6B)  (Arons  et  al.,  2012;;  Durand  et  al.,  2012;;  Gauthier  et  al.,  2010).  Characterization  of  

these   missense   mutations   has   shown   that   many   disrupt   specific   Shank3   binding  

interactions,  while  other   functions  may   remain   intact.  For   instance,   a  S685I  missense  

mutation  in  Shank3  was  identified  in  a  human  patient  with  ASD  (De  Rubeis  et  al.,  2014).  

Ser685   is  a  PKA  phosphorylation  site   that   regulates  Shank3  binding   to  ABI1,  and   the  

S685I   mutation   prevents   phosphorylation   and   disrupts   ABI1   binding.   I   will   describe  
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studies   showing   that   Ser685   can   also   be   phosphorylated   by   CaMKII   in   Chapter   V.  

Physiologically,   this   mutation   causes   deficits   in   dendritic   morphology   and   synaptic  

transmission,  a  common  phenotype   in  Shank3  mutant  studies.  A  mouse  model  of   the  

S685I  mutation   displays   some  ASD-­associated   behavior,   but   not   the   stereotypic   self-­

grooming  seen  in  most  Shank3  mouse  lines  (Wang  et  al.,  2019b).  These  studies  highlight  

how  mutations  in  specific  regions  of  Shank3  can  result  in  distinct  phenotypes.  As  a  result,  

different  studies  have  targeted  various  signaling  pathways  to  reverse  or  ameliorate  ASD-­

associated  phenotypes,  including  mGlu5,  CLK2,  PAK,  and  Ih  channels  (Bidinosti  et  al.,  

2016;;   Duffney   et   al.,   2015;;   Vicidomini   et   al.,   2016;;   Yi   et   al.,   2016).   However,   these  

treatments   may   only   benefit   a   subset   of   patients   based   on   the   specific   underlying  

SHANK3  gene  mutation.  

  

To   study   various   mutations   and   deletions   of   the   SHANK3   gene   found   in   humans,  

researchers   have   generated   over   a   dozen   different   Shank3   mouse   models.   These  

different  models  target  the  various  exons  to  delete  the  larger,  PSD-­associated  isoforms  

of  Shank3,  while  others  target  the  entire  gene/protein  (Monteiro  and  Feng,  2017).  Other  

studies   have   generated  mouse  models   from   specific  missense  mutations   identified   in  

humans,  such  as  the  S685I  mutant  mentioned  above.  However,  these  different  models  

display  distinct  phenotypes.  While   the  majority  of  mutant  mice  have   reduced  dendritic  

spine   density,   abnormal   social   behavior   and   ultrasonic   vocalizations,   repetitive   self-­

grooming,  and  disrupted  targeting  of  other  synaptic  proteins,  some  mouse  models  display  

a  subset  of  phenotypes,  or  variations,  such  as  allo-­grooming  versus  self-­grooming  (Jiang  

and  Ehlers,  2013;;  Wang  et  al.,  2019b).    
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The   clinical   heterogeneity   in   human   patients   with   Shank3  mutations   and   the   varying  

phenotypes   displayed   by   Shank3   mutant   mice   could   potentially   be   explained   by   the  

complexity  of  Shank3  alternative  slicing  (see  above)  (Jiang  and  Ehlers,  2013;;  Zhou  et  al.,  

2015).  Compensatory  increases  in  different  Shank3  splice  variants  has  been  reported  in  

some  Shank3  mutant  mice  (Jin  et  al.,  2019).  Therefore,  comparisons  between  the  various  

Shank3  mutant  mice  must  acknowledge  the  caveat  that  similar  genetic  disruptions  may  

not  result   in  exact  disruption  in  Shank3  expression  and/or  function.  Further  analysis  of  

Shank3  isoform  expression  and  splicing  in  these  mutant  mouse  lines,  and  their  distinct  

synaptic  and  behavioral  phenotypes,  will  be  required  to  fully  understand  the  physiological  

function  of  specific  Shank3  isoforms.  

  

  

Figure  1.6:  Shank3  disruptions  in  Phelan-­McDermid  Syndrome  and  ASD  patients.  
A.  Depiction  of  human  chromosome  22  short  arm  (p)  and  long  arm  (q).  The  long  arm  is  enlarged  
to  show  the  distal  end,  which  is  further  expanded  to  highlight  the  genes  typically  truncated  or  lost  

A.

B.
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in  Phelan-­McDermid  Syndrome.  Adapted  with  permission   from  Springer  Nature   (Costales  and  

Kolevzon,   2015).  B.   Diagram   of   Shank3   protein   and   identified   missense   mutation   from   ASD  
patients,  as  of  2014.  Since  then,  many  more  mutations  have  been  uncovered.  Green  mutation  =  

predicted  mild  impact  on  protein  function;;  Orange  mutation  =  moderate;;  Red  =  severe.  Black  stars  

indicate  mutants  that  have  been  tested  in  vitro  at  the  time  of  publication.  Adapted  from  (Leblond  

et  al.,  2014).    

  

Both   increases   and   decreases   in   gene   dosage   have   been   linked   to   various  

neuropsychiatric  disorders  (Toro  et  al.,  2010).  Intriguingly,  there  is  growing  evidence  that  

duplication  of  the  SHANK3  gene,  known  as  Shank3  Duplication  Syndrome,  produces  a  

distinct  neurodevelopmental  disorder  from  ASD.  Duplications  in  the  SHANK3  gene  have  

been   identified   in  human  patients  with  schizophrenia  and  ADHD  (Durand  et  al.,  2006;;  

Failla  et  al.,  2007).  Transgenic  mice  expressing  1.2-­fold  to  2-­fold  higher  levels  of  Shank3  

protein  relative  to  non-­transgenic  mice  display  unique  manic-­like  behaviors,  sensitization  

to  amphetamine,  and  disrupted  circadian   rhythms  (Han  et  al.,  2013).  Pharmacological  

treatment  with  valproate,  but  not  lithium,  reduced  mania  in  Shank3  overexpressing  mice.  

These  behavioral  phenotypes,  along  with  a  resistance  to  lithium,  align  more  closely  with  

models  of  bipolar  disorder  than  ASD.  (Gitlin,  2006).  These  data  highlight  the  importance  

of  dose-­dependent  changes  in  Shank3  function,  as  too  little  or  too  much  Shank3  causes  

synaptic  imbalance  and  abnormal  phenotypes  in  mice.  

  

1.5  L-­Type  Ca2+  Channel  (LTCC)  Signaling  

1.5.1  Molecular  Components  of  LTCCs  

Ca2+  influx  into  cells  occurs  through  numerous  different  ion  channels.  Voltage-­gated  Ca2+  

channels   are   a   large   family   of   ion   channels   that   are   activated   upon   membrane  

depolarization.  Under  basal  conditions,  typical  resting  neuronal  membrane  potentials  are  
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in  the  range  of  -­90  to  -­70  mV  (Kandel  et  al.,  2013).  T-­type  Ca2+  channels  are  activated  by  

relatively  modest  membrane  depolarizations  (e.g.,  -­55  to  -­20  mV),  while  L-­,  P/Q-­,  N-­,  and  

R-­type  Ca2+  channels  require  stronger  depolarization  in  order  to  be  activated  (e.g.,  -­40  to  

+20   mV)   (Nowycky   et   al.,   1985;;   Xu   and   Lipscombe,   2001).   Therefore,   T-­type   Ca2+  

channels  are  referred  to  as  low-­voltage  activated  channels  (LVA)  while  the  remainder  are  

referred  to  as  high-­voltage  activated  channels  (HVA)  (Catterall,  2011).  N-­,  P/Q-­,  and  R-­

type  Ca2+  channels  play  a  role  in  synaptic  transmission  at  the  presynaptic  terminal,  where  

Ca2+   influx   initiates  synaptic   vesicle  exocytosis  and  neurotransmitter   release   (Stanley,  

1997).  R-­type  Ca2+  channels  are  also  expressed  postsynaptically  (Yasuda  et  al.,  2003),  

but  this  dissertation  will  primarily  focus  on  mechanisms  of  postsynaptic  LTCC  signaling.  

  

Four  members  of  the  voltage-­aged  Ca2+  channel  gene  family  encode  LTCCs,  numbered  

CaV1.1-­4   (Ertel   et   al.,   2000).   CaV1.1   is   exclusively   expressed   in   skeletal  muscle   and  

CaV1.4   in   the   retina.   CaV1.2   and   CaV1.3   are   expressed   in   many   cell   types   that   are  

regulated  by  electrical  excitation,  such  as  the  brain,  endocrine  cells,  cardiac  cells,  and  

auditory  cells  (Zamponi  et  al.,  2015).  The  CaV1  a1  subunits  are  a  single  protein  composed  

of  four  repetitive  domains,  labeled  I-­IV.  Large  intracellular  linkers  between  each  domain  

allow   for   regulation  by  protein  binding  and  phosphorylation.  Each  domain  contains  six  

transmembrane  helices,  with   the   fifth  and  sixth  helices   from  each  domain   forming   the  

channel  pore  (Wu  et  al.,  2016).    

  

LTCCs  must  form  a  multi-­protein  complex  in  order  to  function  properly.  These  complexes  

are   composed   of   the   pore-­forming   CaV1  a1   subunit,   an   intracellular   b   subunit   and   a  
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membrane-­associated  a2-­d   subunit   formed   by   disulfide   bonds   (Figure   1.7)   (Catterall,  

2000b).  The  auxiliary  b  subunit  binds  to  the  intracellular  linker  that  connects  domains  I  

and   II   (I-­II   linker)  of   the  a1  subunit,  at   the  AID   (a-­interacting  domain).  The  b   subunits  

modulate  Ca2+  channel  kinetics  based  on  different  patterns  of  localization  and  expression  

(Obermair  et  al.,  2009;;  Schlick  et  al.,  2010).  The  a2-­d  subunit  is  a  unique  protein  within  

HVA  channels;;  it   is  composed  of  distinct  a2  and  d  subunits  that  are  linked  by  disulfide  

bonds,  yet  originate  from  the  same  gene  (De  Jongh  et  al.,  1990).  The  protein  is  located  

in  the  extracellular  space,  with  the  d  portion  tethered  to  the  membrane.  They  function  to  

properly  traffic  Ca2+  channels  to  the  plasma  membrane  and  increased  expression  of  these  

subunits  also  increases  channel  current  (Davies  et  al.,  2007).  

  

  

Figure  1.7:  Structure  and  subunits  of  L-­type  Ca2+  channels.  

The  a1  subunit  is  depicted  as  black  lines  and  cylinders  representing  transmembrane  helices.  In  

and  Out  refer  to  inside  and  outside  the  plasma  membrane,  respectively.  The  four  domain  repeats  

of  the  are  numbered  I-­IV.  VSD:  voltage-­sensing  domain,  voltage  sensor  V4  highlighted  in  yellow.  

PD:   pore   domain.   Auxiliary   b   and  a2-­d   subunits   are   pictured   in   yellow   and  magenta/orange,  

respectively.  Adapted  from  (Zamponi  et  al.,  2015).  
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1.5.2  LTCCs  and  Excitation-­Transcription  (E-­T)  Coupling  

The  vital  function  of  LTCCs  is  to  transform  an  electrical  input  (depolarization)  into  a  Ca2+  

dependent  physiological  output   that  alters  cell   function.   In  muscle  cells,  LTCC  current  

causes  contraction  of  muscle  cells  upon  membrane  depolarization,  known  as  excitation-­

contraction  coupling  (Bers,  2002).  LTCC  activation  in  the  pancreatic  b  cell  is  a  critical  step  

in   the  secretion  of   insulin,  and   this  excitation-­secretion  coupling   is   vital   in  maintaining  

glucose  homeostasis  (Braun  et  al.,  2008;;  Rorsman  et  al.,  2012).  Finally,  LTCC  activation  

in  neurons  can  induce  synaptic  plasticity  and  downstream  activation  of  gene  transcription  

in  the  nucleus  (Moosmang  et  al.,  2005;;  Zhang  et  al.,  2006).  This  process  is  known  as  

excitation-­transcription  (E-­T)  coupling  (Hardingham  et  al.,  2017).    

  

Broadly,  E-­T  coupling  can  occur  through  a  variety  of  different  receptors  and  pathways,  

but  these  signaling  cascades  converge  on  a  small  number  of  nuclear  transcription  factors.  

The   best-­studied   transcription   factor   is   cyclic   AMP-­dependent   responsive   element  

binding  protein  (CREB).  CREB  is  activated  not  only  by  cAMP/PKA-­dependent  pathways,  

but   also  MAPK  cascades  and  Ca2+   influx   (Figure  1.8)   (Kandel,   2012).  This  allows   for  

multiple   forms   of   neuronal   excitation   to   signal   downstream   to   CREB.   Under   basal  

conditions,  CREB  exists  as  a  monomer  in  the  nucleus.  Neuronal  stimulation  can  initiate  

numerous  signaling  cascades  that  lead  to  the  phosphorylation  of  CREB  at  Ser133  (Puri,  

2019).  This  phosphorylation  occurs  through  the  activation  of  the  nuclear  kinase  CAMKIV  

which  can  be  activated  directly  by  Ca2+/CaM  or  indirectly  through  upstream  activation  of  

nuclear  CaMKK  (Soderling,  1999).  Phosphorylated  CREB  (pCREB)  homo-­dimerizes  and  

binds   to   regions   of   DNA   known   as   cyclic   AMP/Ca2+-­dependent   responsive   elements  
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(CREs)   (Carlezon   et   al.,   2005).   When   bound   to   DNA,   pCREB   promotes   histone  

deacetylation  and  chromatin  remodeling,  recruitment  of  RNA  polymerase  II,  and  initiation  

of  gene  transcription.  

  

  

Figure  1.8:  Activity-­dependent  signaling  to  phosphorylate  nuclear  CREB.  
Diagram  of  a  cell  and  the  many  pathways  that  lead  to  CREB  phosphorylation  in  the  nucleus:  the  

MAPK/ERK   pathway,   the   Ca2+   pathway,   and   the   PKA/PKC/GPCR   pathways.   All   pathways  

converge  downstream  to  phosphorylate  the  transcription  factor  CREB  at  Ser133.  Phosphorylated  

CREB   then   dimerizes   and   binds   to   CRE   in   DNA   to   initiate   gene   expression.   Adapted   from  

(Chowanadisai  et  al.,  2014).  

  

Activation   of   CREB   and   other   activity-­dependent   transcription   factors   results   in   the  

expression  of  a  specific  set  of  genes,  termed  immediate  early  genes.  These  genes  are  

translated   into   a   number   of   vital   neuronal   proteins,   such   as   BDNF   (brain-­derived  

neurotrophic  factor),  Homer1a,  and  c-­Fos  (Bading,  2013;;  Benito  et  al.,  2011;;  Dolmetsch,  

2003;;  Flavell  and  Greenberg,  2008).  Gene  expression  of  c-­Fos  is  a  widely-­used  marker  

Ca2+ ChannelRTK GluR
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of  neuronal  activity,  due  to  its  low  basal  expression  and  relatively  short  half-­life  (Gall  et  

al.,  1998).  These  activity-­dependent  changes  in  gene  expression  and  protein  translation  

can  affect  whole  cell  physiology  and  alter  the  function  of  larger  neural  circuits.  

  

Other   transcription   factors   work   to   suppress   excitatory   transmission,   such   as   MEF2.  

MEF2  is  dephosphorylated  by  the  Ca2+-­responsive  Ser/Thr  phosphatase  calcineurin  upon  

neuronal  stimulation,  which   increases  expression  of  Arc   to   restrict   the   total  number  of  

synapses  on  a  neuron  (Flavell  et  al.,  2006).  Therefore,  E-­T  coupling  is  tightly  regulated  

to  ensure  that  different  stimuli  have  specific  effects  on  overall  neuronal  physiology.  

  

In  neurons,  E-­T  coupling  can  occur  through  both  LTCCs  CaV1.2  and  CaV1.3,  as  well  as  

CaV2   (N-­,  P/Q-­,   and  R-­type)   channels   (Wheeler   et   al.,   2012).  However,   this   signaling  

occurs  through  two  very  different  mechanisms.  LTCCs  act  locally,  while  CaV2  channels  

broadly  contribute  to  a  global  increase  in  Ca2+  levels  inside  the  cell.  Under  conditions  that  

result  in  robust  CREB  signaling  through  CaV1  channels,  signaling  to  CREB  through  CaV2  

channels   is   about   ~70-­fold   weaker,   demonstrating   the   overall   contribution   of   CaV1  

channel  signaling  is  much  greater  than  CaV2  channels.    

  

1.6  Mechanisms  of  LTCC-­Dependent  Signaling  to  the  Nucleus  

E-­T  coupling  can  occur  through  multiple  pathways  that  increase  intracellular  Ca2+  levels.  

However,  evidence  suggests   that  a  change   in  global  Ca2+   is  not  necessary   for  LTCC-­

dependent  CREB  phosphorylation.  As  a  result,  the  current  model  of  LTCC  signaling  to  

the  nucleus  revolves  around  the  generation  of  a  Ca2+  “nanodomain”  located  at  the  LTCC  
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channel   pore.   This   section   will   define   the   Ca2+   nanodomain,   highlight   important  

interactions  for  CaV1.3-­specific  signaling,  and  how  this  model  is  associated  with  a  number  

of  neurological  disorders.  

  

1.6.1  LTCC  Nanodomain  Signaling  

Ca2+   influx   from  LTCCs  at   the  plasma  membrane  can   initiate  signaling  to   the  nucleus,  

which  may  be  hundreds  of  microns  away.  If  this  occurs  without  a  change  in  global  Ca2+  

levels,   then   a   Ca2+-­sensitive   mechanism   within   the   Ca2+   nanodomain   must   initiate  

downstream  signaling.  CaMKIIa/b  are  known  to  cluster  in  punctae  around  CaV1  channels  

during  E-­T  coupling  (Wheeler  et  al.,  2008;;  Wheeler  et  al.,  2012).  However,  a  2014  study  

revealed  that  it  is  CaMKIIg  that  is  the  critical  shuttle  protein  that  translocates  to  the  nucleus  

during   E-­T   coupling   (Ma   et   al.,   2014).   This   translocation   occurs   under   specific  

circumstances:   First,   Ca2+   influx   through   LTCCs   promotes   formation   of   Ca2+/CaM,  

activation   of   CaMKIIa/b,   and   Thr286/287   autophosphorylation.   Second,   the  

autophosphorylated  CaMKIIa/b   trans-­phosphorylates  Thr287  in  a  CaMKIIg  subunit   in  a  

separate   holoenzyme.  When   Thr287   is   phosphorylated,   this   increases   the   affinity   for  

Ca2+/CaM  ~1000  fold,  a  phenomenon  known  as  CaM  trapping  (Meyer  et  al.,  1992).  Third,  

CaMKIIg  is  dephosphorylated  by  the  phosphatase  calcineurin  (CaN)  at  Ser334  at  the  cell  

surface.   Once   dephosphorylated,   this   reveals   a   nuclear   localization   signal   (NLS)   on  

specific   splice   variants   of   CaMKIIg,   shuttling   CaMKIIg   and   Ca2+/CaM   to   the   nucleus.  

Finally,   the   Ca2+/CaM   appears   to   be   released   from   CaMKIIg   to   activate   CaMKK   and  

CaMKIV,  ultimately  phosphorylating  CREB  at  Ser133  (Figure  1.9).    
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Figure  1.9:  A  Ca2+  nanodomain  for  LTCC-­dependent  E-­T  coupling.  
Schematic  of  the  CaMKII  pathway  for  LTCC-­dependent  signaling  to  the  nucleus.  Upon  neuronal  

depolarization,  Ca2+  influx  through  CaV1  channels  generates  a  Ca2+  nanodomain  and  promotes  

nearby  CaMKII  holoenzymes  to  undergo  Thr286/287  autophosphorylation.  Activated  CaMKIIa/b  

holoenzymes  then   trans-­phosphorylate  a  CaMKIIg  holoenzyme.  Dephosphorylation  of  CaMKIIg  

by  calcineurin  (CaN)  at  Ser334  reveals  a  nuclear  localization  signal  (NLS).  Once  in  the  nucleus,  

Ca2+/CaM  activates  CaMKK  and/or  CaMKIV  to  phosphorylate  CREB.  Adapted  from  (Ma  et  al.,  

2014)  with  permission  from  Elsevier.  

  

Experiments   with   different   Ca2+   chelators   support   the   nanodomain   model.   Neurons  

loaded  with  the   ‘fast’  Ca2+  chelator  BAPTA,  which  prevents  both  global  and   local  Ca2+  

increases,   completely   disrupted  E-­T   coupling   through  CaV1   channels   (Wheeler   et   al.,  

2012).  In  contrast,  the  ‘slow’  Ca2+  chelator  EGTA  prevents  a  rise  in  global  Ca2+  while  still  

allowing   for  Ca2+   to   influx   immediately  around   the  channel  pore.  Neurons   loaded  with  

EGTA  were  still  able  to  signal  to  phosphorylate  CREB  upon  depolarization,  though  the  

kinetics  are  slightly  slowed  (Wheeler  et  al.,  2012).  EGTA  also  did  not  disrupt  the  formation  
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of   CaMKII   punctae   during   depolarization,   while   BAPTA   completely   prevented   puncta  

formation.  Therefore,   local  Ca2+  influx  around  CaV1  channels  generates  a  nanodomain  

that  is  necessary  for  E-­T  coupling.    

  

Further  evidence   that  CaMKIIg   plays  a   specific   shuttling   role   comes   from  studies   that  

generated  mice  with  CaMKIIg  knocked  out  specifically  in  excitatory  neurons  (Cohen  et  al.,  

2018).  WT  and  CaMKIIg-­KO  mice  had  similar  levels  of  immediate  early  genes  under  basal  

conditions.  After  bouts  of  training  in  the  Morris  Water  Maze,  WT  mice  had  significantly  

increased   levels   of   nuclear   CaM   and   c-­Fos,   while   CaMKIIg-­KO   mice   had   neither.  

Complementary  studies  showed   that  E-­T  coupling   is  disrupted  by  a  CaMKIIg  mutation  

that   is   linked   to   intellectual   disability.   These   studies   highlight   that   multiple   CaMKII  

isoforms  play  important  roles  within  the  Ca2+  nanodomain.    

  

Membrane  depolarization  during  E-­T  coupling  causes  a  conformational  change  within  the  

transmembrane   regions  of   the  CaV1  a1   subunit,   at   the  S4   voltage   sensor   (Wu  et   al.,  

2015).   However,   intracellular   conformational   changes   also   occur,   and   can   influence  

LTCC   signaling   (Kobrinsky   et   al.,   2002).   Recent   studies   show   that   these   intracellular  

conformational  changes,  independent  of  Ca2+  influx,  are  necessary  for  LTCC-­dependent  

CREB   phosphorylation   (Li   et   al.,   2016).   However,   the   exact   molecular   mechanisms  

underlying   these   changes   in   the   LTCC   nanodomain,   such   as   specific   protein   binding  

interactions,  remain  incompletely  understood.  There  may  be  cooperation  between  these  

conformational   changes   and   intracellular   protein-­protein   interactions,   such   as  CaMKII  

clustering  mentioned   above,   that   regulate   the   precise   localization   of   all   the   signaling  
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proteins  within  such  a  small  Ca2+  nanodomain.  This  nanodomain  model  applies  to  both  

CaV1.2  and  CaV1.3  signaling,  as  CaMKII  interacts  with  both  channels  in  a  similar  manner  

(Wang  et  al.,  2017b).  However,  the  majority  of  this  dissertation  will  focus  on  E-­T  coupling  

from  CaV1.3  channels  because  Shank3  specifically   interacts  with  CaV1.3  and  not  1.2  

(see  below)  (Zhang  et  al.,  2005).    

  

1.6.2  CaV1.3-­Shank3  and  CaV1.3-­CaMKII  Interactions  in  LTCC  Signaling  

Both  CaMKII  and  Shank3  play  a   role   in  multiple   signaling  pathways   in   the  PSD.  This  

dissertation   focuses   on   their   coordinated   regulation   of   E-­T   coupling   through   LTCCs.  

Previous  studies  primary  focused  on  the  importance  of  the  CaMKII-­CaV1.3  or  Shank3-­

CaV1.3  interactions,  which  I  will  summarize  below.  

  

An  association  between  the  LTCC  CaV1.3  and  Shank3  has  been  previous  characterized  

in  the  literature  (Zhang  et  al.,  2005).  The  four  C-­terminal  amino  acids  of  CaV1.3,  2161Ile-­

Thr-­Thr-­Leu2164,  form  a  PDZ-­binding  motif  that  interacts  with  theShank1  or  Shank3  PDZ  

domains.   Interestingly,   this   interaction   is   specific   to   CaV1.3,   as   the   C-­terminus   PDZ  

binding  motif  of  CaV1.2,  2168Val-­Ser-­Ser-­Leu2171,  does  not  interact  with  Shank1  or  Shank3  

PDZ   domains.   Additionally,   only   the   longest   splice   variant   of   the   CaV1.3   C-­terminus  

contains  this  PDZ-­binding  motif  (Stanika  et  al.,  2016;;  Zhang  et  al.,  2005).    

  

In  the  characterization  of  the  CaV1.3-­Shank3  interaction,  a  secondary  binding  interaction  

was  identified  between  the  Shank3  SH3  domain  and  a  –PxxP–  binding  motif  located  in  

the  CaV1.3  CTD  (Zhang  et  al.,  2005).  This  binding  interaction  was  able  to  support  CaV1.3-­
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Shank3   binding   by   itself,   but   was   strengthened   by   the   presence   of   the   Shank3   PDZ  

domain.   Our   unpublished   data   suggest   this   interaction,   if   present,   is   not   sufficient   to  

support  CaV1.3-­Shank3  binding  and  are  discussed  more  in-­depth  in  Appendix  C.  

  

The  role  of  the  CaV1.3-­Shank3  interaction  in  E-­T  coupling  was  tested  in  primary  neuronal  

cultures   expressing   a   recombinant   CaV1.3  with   a   deletion   of   the   last   five   amino   acid  

residues,  encompassing  the  ITTL  PDZ  binding  motif  (Zhang  et  al.,  2005).  A  90  second  

depolarization  of  neurons  with  20  mM  KCl   induced  CREB  phosphorylation   in  neurons  

transfected  with  the  full-­length  channel,  but  not  in  neurons  expressing  the  mutant  channel.  

Intriguingly,  no  difference  in  CREB  phosphorylation  was  observed  in  neurons  expressing  

the  two  channels  when  using  a  stronger  depolarization  of  45  mM  KCl,  suggesting  other  

mechanisms  might  come  into  play  when  using  stronger  depolarizations.  

  

More   recently,   a   novel   interaction   between   the  CaV1.3  N-­terminal   domain   (NTD)   and  

CaMKII  was  identified  (Wang  et  al.,  2017b).  This  interaction  requires  CaMKII  activation  

by  Thr286  autophosphorylation  or  by  Ca/CaM  binding.  Deletion  of  CaV1.3  residues  69-­93  

or  mutation  of  CaV1.3  residues  83RKR85  to  Ala  (AAA  mutant)  completely  disrupted  binding.  

While  deletion  of  residues  69-­93  did  not  affect  CaV1.3  Ca2+  influx,  it  did  disrupt  nuclear  

signaling   to   phosphorylate   CREB.   A   mutation   of   CaMKIIa   Val102   to   Glu   (V102E)  

selectively   disrupts  CaMKII   binding   to  CaV1.3,   but   not  Densin-­IN,  Densin-­CTD,   or  b2a  

binding  domains.  Knockdown  of  endogenous  CaMKIIa/b  and  re-­expression  of  CaMKII-­

V102E   failed   to   rescue  CREB  phosphorylation   compared   to   knockdown  alone.  Taken  
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together,  these  observations  indicate  that  direct  interaction  of  activated  CaMKII  with  the  

NTD  of  CaV1.3  is  required  for  efficient  E-­T  coupling.    

  

In  summary,  individual  protein-­protein  interactions  between  CaV1.3-­Shank3  and  CaV1.3-­

CaMKII  are  required  for  proper  signaling  to  the  nucleus.  Based  on  the  knowledge  that  

CaMKII  holoenzymes  can  bind  multiple  proteins  simultaneously  (Robison  et  al.,  2005b)  

and  our  preliminary  data  that  Shank3  is  a  novel  CaMKAP,  we  hypothesized  that  CaV1.3,  

CaMKII,  and  Shank3  are  part  of  a  larger  tri-­partite  protein  complex  where  each  protein  is  

bound  to  the  other  two  proteins  (Figure  1.10).  

  

  

Figure  1.10:  CaMKII-­CaV1.3-­Shank3  complex  in  LTCC  E-­T  coupling.  
Schematic  of  LTCC/Ca2+  nanodomain.  We  hypothesize  the  protein-­protein  interactions  between  

CaMKII,  CaV1.3,  and  Shank3  all  play  a  role  to   increase  CREB  phosphorylation   in  the  nucleus.  
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Phosphorylated  CREB  enhances  gene  expression  and  ultimately  protein  translation  of  immediate  

early   genes,   such   as   c-­Fos.   Insert,   E-­T   coupling   can   occur   in   dendritic   spines,   hundreds   of  

microns  away  from  the  nucleus.    

  

1.6.3  Disruptions  of  E-­T  Coupling  in  Neurological  Disorders  

Disruptions   in   activity-­dependent   gene   expression   are   associated   with   multiple  

neuropsychiatric  disorders  (Ebert  and  Greenberg,  2013;;  Gallo  et  al.,  2018)  that  have  been  

linked  to  mutations  in  Ca2+  signaling  proteins,  including  L-­type  calcium  channels  (LTCCs)  

and  CaMKII  (Table  1.1)  (Akita  et  al.,  2018;;  Chia  et  al.,  2018;;  Cohen  et  al.,  2018;;  Dick  et  

al.,  2016;;  Hofer  et  al.,  2020;;  Kury  et  al.,  2017;;  Limpitikul  et  al.,  2016;;  Moon  et  al.,  2018;;  

Nyegaard   et   al.,   2010;;   Pinggera   et   al.,   2015;;   Pinggera   et   al.,   2017;;   Pinggera   and  

Striessnig,   2016;;   Proietti   Onori   et   al.,   2018;;   Stephenson   et   al.,   2017).   For   example,  

Timothy  Syndrome  is  caused  by  mutations  in  the  CaV1.2  LTCC  a1  subunit  that  can  disrupt  

neuronal  E-­T  coupling  (Li  et  al.,  2016),  contributing  to  neurobehavioral  symptoms  of  this  

complex   disorder,   including   ASD.   Proper   activity-­dependent   gene   expression   of   the  

immediate   early   gene   c-­Fos   is   also   dysregulated   in  multiple   rodent  models   of   autism  

(Dubiel  and  Kulesza,  2015;;  Orlandini  et  al.,  1996;;  Williams  and  Umemori,  2014).  Recent  

studies   have   shown   that   initiation   of   this   LTCC-­dependent   E-­T   coupling   requires  

recruitment  of  multiple  CaMKII  holoenzymes  to  a  nanodomain  close  to  LTCCs  (Ma  et  al.,  

2014;;  Wang  et  al.,  2017b;;  Wheeler  et  al.,  2008),  and  that  E-­T  coupling  is  disrupted  by  a  

CaMKII   mutation   linked   to   intellectual   disability   (Cohen   et   al.,   2018).   Therefore,   we  

hypothesized  that  these  proteins,  and  their  interactions,  are  all  required  for  the  normal  E-­

T  coupling  within  the  LTCC/Ca2+  nanodomain,  and  that  proper  binding  and  function  of  all  
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three   proteins   –   CaMKII,   CaV1.3,   and   Shank3   –   are   required   for   LTCC-­dependent  

signaling  to  the  nucleus  and  subsequent  activity-­dependent  gene  expression.  

  
Protein   Gene   Mutations  

CaMKIIɑ   CAMK2A   F98S,  E109D,  A112V,  P212L,  H282R,  T286P,  H477Y  (ID),  E183V  
(ASD/ID)  

CaMKIIβ   CAMK2B   R29X,  E110K,  P139L,  E237K,  K301E  (ID)  
CaMKIIγ   CAMK2G   R292P  (ID)  

CaV1.3   CACNA1D   G403D,  I750M  (PASNA),  G407R,  A749G  (ASD/ID),  V401L,  V584I,  A760G  (ASD),  S625L  (UND)  

Shank3   SHANK3   Haploinsufficiency  (Phelan-­McDermid  Syndrome),  Duplication  (22q13  
Duplication  Syndrome)  

ASD:  autism  spectrum  disorder;;  ID:  intellectual  disability;;  

PASNA:  primary  aldosteronism  with  seizures  and  neurological  abnormalities;;  

UND:  undiagnosed  neurodevelopmental  disorder  

Table  1.1.  Mutations  in  LTCC  nanodomain  proteins  linked  to  neurological  disorders.  

  

1.7  Overview  of  Work  to  be  Presented  in  this  Thesis  

I hypothesize that CaMKII can directly interact with the scaffolding protein Shank3. I also 

hypothesize that CaMKII can phosphorylate Shank3, which can occur regardless of a 

direct CaMKII-Shank3 interaction. Finally, I hypothesize that the formation of a complex 

containing LTCC CaV1.3, CaMKII, and Shank3 is necessary for LTCC-dependent 

signaling to the nucleus to phosphorylate the transcription factor CREB and initiate 

activity-dependent de novo expression of immediate early genes, such as c-Fos.  

 

In the following chapters, I will present data that supports the hypotheses generated 

above. To begin, Chapter II provides the methodology and describes the materials used 

to conduct these studies.  
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Chapter III tests the hypothesis that Shank3 and CaMKII bind directly. I show that this 

interaction is regulated by CaMKII autophosphorylation at Thr286 and only partially 

supported by Ca/CaM binding. The CaMKII binding motif in Shank3 is found in a central, 

uncharacterized region of Shank3 that has some homology to the CaMKII binding motifs 

identified in CaV1.3 and mGlu5. Like these other motifs, mutation of three basic residues 

in this binding motif disrupts CaMKII binding in vitro in a selective and specific manner. 

This mutation also disrupts co-localization of Shank3 and CaMKII in striatal progenitor 

cells, complementing our biochemical studies. 

 

Chapter IV tests the hypothesis that Shank3 is a substrate of CaMKII phosphorylation. 

Analysis by mass spectrometry identifies a number of residues phosphorylated by CaMKII 

in vitro. I then validate four putative CaMKII phosphorylation sites on Shank3 using 

purified protein and phospho-null Ala mutations.  

 

Chapter V focuses on a phosphorylation site identified in Chapter IV, Ser685, that was 

previously identified as a PKA phosphorylation site. I confirm that this residue is 

phosphorylated by both CaMKII and PKA using a phospho-null mutation of Ser685 to Ala. 

Finally, I demonstrate that CaMKII phosphorylation of Shank3 at Ser685 enhances 

binding between ABI1 and Shank3.   

 

Chapter VI expands upon the phosphorylation data in Chapter IV to test the hypothesis 

that CaMKII phosphorylation of Shank3 Thr551 disrupts binding between GKAP and 
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Shank3. I demonstrate that Thr551 is phosphorylated by CaMKII in vitro. Phospho-

mimetic mutation of Thr551 to Asp reduces GKAP co-immunoprecipitation in 

heterologous cells, as does co-expression with constitutively active CaMKII. This 

phosphorylation site may be a novel mechanism for selectively targeting the GKAP-

Shank3 interaction without disrupting other PDZ binding partners.  

 

Finally, Chapter VII tests the hypothesis that Shank3 expression, as well as the 

interactions of Shank3 with CaMKII and CaV1.3, are both required for proper signaling to 

the nucleus and subsequent activity-dependent gene expression.  

 

Taken together, the data reported in this thesis significantly advance our understanding 

of the of molecular signaling mechanisms in the PSD that allow for efficient signaling to 

the nucleus. 
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CHAPTER  II  

  

MATERIALS  AND  METHODS  

  

2.1  Molecular  Biology  and  Biochemistry  

2.1.1  DNA  Constructs  

A  construct  encoding  GFP-­Shank3  was  a  generous  gift  from  Dr.  Craig  Garner  (Stanford  

University).  The  construct  expressing  shRNA  (pLL3.7)  was  a  gift  from  Dr.  Luk  Van  Parijs  

(Massachusetts  Institute  of  Technology).  This  plasmid  was  modified  to  replace  the  CMV  

promoter  with  a  0.4kb  fragment  of  the  mouse  CaMKII  promoter  (designated  as  pLLCK)  

that  is  primarily  active  only  in  excitatory  neurons  (Dittgen  et  al.,  2004).  Control  shRNA  (5’-­

TCGCTTGGGCGAGAGTAAG-­3’)  was  designed  following  Boudkkazi  et  al.  (Boudkkazi  et  

al.,   2014).   Shank3   shRNA   (5’-­GGAAGTCACCAGAGGACAAGA-­3’)   was   designed  

following  Verpelli  et  al.  (Verpelli  et  al.,  2011).  Sequences  encoding  shRNA  were  inserted  

into  pLLCK  at  HpaI  and  XhoI   restriction   sites.  The  Shank3  shRNA-­resistant   construct  

(Shank3R)  was  designed  by  introducing  6  “silent”  nucleotide  mutations  in  the  target  site  

that  do  not  alter  amino  acid  sequence  at  Arg1187,  Lys1188,  Ser1189,  and  Pro1190.  Knockdown  

and  shRNA-­resistance  were  confirmed  by  immunoblot  and  immunostaining.    

  

The  mAp-­Shank3  construct  was  generated  by  inserting  Shank3  cDNA  into  pmApple-­C1  

construct   at   BglII   and   EcoRI   restriction   sites.   The   Shank3   shRNA-­resistant   construct  

containing   a   deletion   of   the  PDZ  domain   (mAp-­Shank3R-­∆PDZ)  was   generated   by   in-­

frame  PCR  deletion  of  the  entire  270bp  region  encoding  572Iso-­Val661  from  mAp-­Shank3R.  
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GST-­Shank3   constructs   were   created   by   PCR   amplification   of   the   relevant   cDNA  

fragments   for   insertion  between  EcoR1  and  BamH1  restriction  sites   in  pGEX6P-­1;;   the  

numbering  of  Shank3  residues  is  from  the  canonical  rat  sequence  (UniProtKB:  Q9JLU4  

Isoform  2).  The  Shank3  truncation  and  mutagenesis  primers  are  listed  in  Table.  2.1.  GST-­

GluA1  and  GST-­GluN2B  were  described  previously   (Barria   et   al.,   1998;;  Strack  et   al.,  

2000a).    

  

Rat  CaV1.3  complete  coding  sequence  (Genbank  accession  number  AF370010)  was  a  

gift  from  Dr.  Diane  Lipscombe  (Brown  University).  A  plasmid  encoding  CaV1.3-­CTD  with  

an   N-­terminal   HA-­tag   (HA-­CaV1.3-­CTD,   for   co-­immunoprecipitation)   was   made   by  

inserting  rat  CaV1.3  cDNA  encoding  1469Met-­Leu2164  into  the  pCGNh  vector  between  Xba1  

and  BamHI   restriction  sites,  a  gift   from  Dr.  Winship  Herr   (Université  de  Lausanne).  A  

truncation   of   this   plasmid   lacking   the  PDZ  binding  motif   (HA-­CaV1.3-­CTD-­∆PDZ)  was  

generated   by   in-­frame   PCR   deletion   of   2161Ile–Leu2164   from   HA-­CaV1.3-­CTD.   Rabbit  

CaV1.2  cDNA   (Genbank  accession  number  X15539)  was  a  gift   from  Dr.  William  Thiel  

(University  of   Iowa).  A  plasmid  encoding  CaV1.2-­CTD  with  an  N-­terminal  HA-­tag   (HA-­

CaV1.2-­CTD)  was  made  by  inserting  rabbit  CaV1.2  cDNA  encoding  1507Asp–Leu2171  into  

the  pCGNh  vector  between  Xba1  and  BamHI  restriction  sites.    

  

Rat   GKAP   cDNA   was   a   generous   gift   from   Dr.   Terunaga   Nakagawa   (Vanderbilt  

University).  Full-­length  GKAP  was  PCR  amplified  and   inserted   into   the  pCGNh  vector  

between  Xba1  and  BamHI   restriction  sites   to  generate  HA-­tagged  GKAP.  The  eGFP-­

ABI1  vector  was  purchased  from  Addgene  (#74905).  DNA  encoding  full-­length  ABI1  was  
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PCR  amplified  and  inserted  into  the  pCGNh  vector  between  Xba1  and  BamHI  restriction  

sites   to   generate   N-­terminal   HA-­tagged   ABI1.   All   constructs   were   confirmed   by   DNA  

sequencing.  

  
Primer   5'  to  3'  Sequence  
GST-­Shank3  (1-­324)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCATGGACGGCCCCGGG  

GST-­Shank3  (1-­324)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCAATGGCCACCTGGAAGG
C  

GST-­Shank3  (325-­536)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCATTGCAGGGAACTTTG
AGC  

GST-­Shank3  (325-­536)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAATGCCGTGTGTCATA
CTGTCGC  

GST-­Shank3  (537-­828)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCGAAACTCGAGAGGACC
GG  

GST-­Shank3  (537-­828)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCGTAGTAGGGCGCGGGTG
GGGGT  

GST-­Shank3  (829-­1130)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCGACTCCGGGCCACCC
CCCACC  

GST-­Shank3  (829-­1130)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAGGGGGACCGGGAAG
G  

GST-­Shank3  (1131-­1467)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCACACCCGTGCACAGTC
C  

GST-­Shank3  (1131-­1467)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAGAGGTAGCGAGGGC
GG  

GST-­Shank3  (1468-­1740)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCTTCCAGAGAAGGTCCA
AGCTGTGGGGGG  

GST-­Shank3  (1468-­1740)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTCAGCTGCCATCCAGC  

GST-­Shank3  (829-­930)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCTTCGACTCCGGGCCA  

GST-­Shank3  (829-­930)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAGGGACTATCAGGGC
CTGA  

GST-­Shank3  (931-­1014)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCGCCAACCTGGGCGCC
TT  

GST-­Shank3  (931-­1014)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAAGGGCTAGGGCCGC
C  

GST-­Shank3  (1015-­1130)  Fw   CTGGAAGTTCTGTTCCAGGGGCCCCTGGGATCCGGCCCAGTCAA
GGA  

GST-­Shank3  (1015-­1130)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATCCTTAGGGGGACCG
GGAAGGTGTTT  

GST-­Shank3  (473-­571)  Fw   TCTGTTCCAGGGGCCCCTGGGATCCCGCAAGTTCATCGCTGTGA
AGG  

GST-­Shank3  (473-­571)  Rv   TCGACCCGGGAATTCCGGTCAAGCCACCTTATCATCAATGACATA
ATCA  

GST-­Shank3  (473-­664)  Fw   TCTGTTCCAGGGGCCCCTGGGATCCCGCAAGTTCATCGCTGTGA
AGG  

GST-­Shank3  (473-­664)  Rv   TCGACCCGGGAATTCCGGTCAGGTAACAGACACAACCTTCATGA
CCA  

GST-­Shank3  (473-­664)  ∆543-­
564  Fw  

AGAGGACCGGGTCATTGATGATAAGGTGGCTATCCTGCAAAAAC
GG  

GST-­Shank3  (473-­664)  ∆543-­
564  Rv  

CATCAATGACCCGGTCCTCTCGAGTTTCATGCCGTGTGTCAT  
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GST-­Shank3  (537-­663)  Fw   TGTGTCTGTTTGACCGGAATTCCCGGGTCGACTCGAG  

GST-­Shank3  (537-­663)  Rv   ATTCCGGTCAAACAGACACAACCTTCATGACCAGACGGTTG  

GST-­Shank3  (566-­671)  Fw   CTGTTCCAGGGGCCCCTGGGATCCATTGATGATAAGGTGGCTAT
CCTGC  

GST-­Shank3  (566-­671)  Rv   CGAGTCGACCCGGGAATTCCGGTCAACTATCCTCCTCTGGCTTC
CTG  

GST-­Shank3  (572-­691)  Fw   CTGTTCCAGGGGCCCCTGGGATCCATCCTGCAAAAACGGGAC  

GST-­Shank3  (572-­691)  Rv   GATGCGGCCGCTCGAGTCGACCCGGGAATTCCGGTCACCGCAG
GGTCAG  

Shank3  949RRK951/AAA  Fw   CGAAACCGCAGGCCGCCGCGAGTCCGCTGGTGAAGCAGCTTCA
G  

Shank3  949RRK951/AAA  Rv   CCAGCGGACTCGCGGCGGCCTGCGGTTTCGACGGAGCAAAGAG
G  

Shank3  T551A  Forward   CTTTTCCGCCACTACGCTGTGGGTTCCTATGACAGCCTC  

Shank3  T551A  Reverse   GGAACCCACAGCGTAGTGGCGGAAAAGACGCTTCGTC  

Shank3  T551D  Forward   GCCACTACGATGTGGGTTCCTATGACAGCCTCACTTCACAC  

Shank3  T551D  Reverse   AACCCACATCGTAGTGGCGGAAAAGACGCTTCGTCCGG  

Shank3  S557A  Forward   GGGTTCCTATGACGCCCTCACTTCACACAGTGATTATG  

Shank3  S557A  Forward   GTGTGAAGTGAGGGCGTCATAGGAACCCACAGTGTAG  

Shank3  S557D  Forward   CCTATGACGACCTCACTTCACACAGTGATTATGTCATTGATGATAA
GGTGG  

Shank3  S557D  Reverse   GAAGTGAGGTCGTCATAGGAACCCACAGTGTAGTGGCG  

Shank3  S685A  Forward   GCCCCCGCCACCACGCTGACCCTGCGGTCCAAGTCC  

Shank3  S685A  Reverse   AGCGTGGTGGCGGGGGCCCTCTTGGGAGGTGGTGG  

Shank3  S685D  Forward   GCCCCCGACACCACGCTGACCCTGCGGTCCAAGTCC  

Shank3  S685D  Reverse   AGCGTGGTGTCGGGGGCCCTCTTGGGAGGTGGTGG  

Table  2.1.  Primers  used  in  generating  Shank3  truncations  and  point  mutants.  

  

2.1.2  Recombinant  Protein  Purification  

Expression   and   purification   of   recombinant   mouse   CaMKIIa   has   been   described  

previously  (Mcneill  and  Colbran,  1995).  The  vectors  encoding  GST  fusion  proteins  were  

transformed   into   BL21   (DE3)   pLysS   bacteria   cells,   and   proteins   were   purified   as  

previously  described  (Robison  et  al.,  2005a).  Protein  expression  was   induced  at   room  

temperature  for  ~3  hours  to  reduce  the  degradation  seen  at  37°C.  Purified  bovine  heart  
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PKA  for   in  vitro  kinase  assays  was  a  generous  gift   from  Dr.  Jackie  Corbin   (Vanderbilt  

University).  

  

2.1.3  GST  Pulldown  Assay  with  Purified  CaMKIIa  

CaMKIIa  (1.25  µM  subunit)  was  incubated  on  ice  for  90  s  with  50  mM  HEPES,  pH  7.5,  

10  mM  magnesium  acetate,  0.5  mM  CaCl2,  1  µM  CaM,  and  1  mM  DTT,  with  or  without  

400   µM   ATP   (T286-­autophosphorylated   or   basal,   respectively),   and   reactions   were  

terminated  with  45  mM  EDTA.  Separate  reactions  incubated  CaMKIIa (1.25  µM  subunit)  

with  50  mM  HEPES,  pH  7.5,  10  mM  magnesium  acetate,  0.5  mM  CaCl2,  1  µM  CaM,  1  

mM  DTT  with  no  EDTA  or  ATP  added  (Ca/CaM).  The  reaction  was  then  diluted  10-­fold  

using  1X  GST  pulldown  buffer  (50  mM  Tris-­HCl  pH  7.5;;  200  mM  NaCl;;  1%  (v/v)  Triton  X-­

100),   supplemented  with   10  mM  magnesium   acetate   and   0.5  mM  CaCl2   for   Ca/CaM  

incubations.  CaMKIIa (125  nM  subunit)  was  incubated  with  GST  or  GST-­fusion  protein  

(125   nM)   and   Pierce   Glutathione   Agarose   beads   (Thermo   Fisher   Scientific,   catalog  

16101,  10  µL  packed  resin).  Reactions  were  rocked  for  1  hr  at  4°C.  Beads  were  washed  

three   times   with   GST   buffer,   supplemented   as   described   above   where   appropriate.  

Proteins  were  eluted  with  20  mM  glutathione,  pH  8.0  for  10  minutes  (Sigma,  St.  Louis,  

MO).  

  

2.1.4  In  Vitro  Kinase  Assay  with  [g-­32P]  ATP  

GST  fusion  proteins  were  incubated  at  30°C  for  the  indicated  time  in  50  mM  HEPES,  pH  

7.5,   10   mM  magnesium   acetate,   1   μM   dithiothreitol,   400   μM   [γ-­32P]   ATP   (700-­1,000  

c.p.m./pmol)   containing   either   purified   CaMKIIa   (10   nM),   2   mM   CaCl2,   and   2   μM  
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calmodulin  or  purified  PKA  (10  or  50  nM).  After  addition  of  LDS  sample  buffer  (Invitrogen),  

samples  were  heated  (70°C,  10  min)  and  resolved  by  SDS-­PAGE.  Gels  were  stained  with  

Coomassie  (InstantBlue,  VWR)  and  then  exposed  to  X-­ray  film  (Phenix)  for  2-­18  hours  at  

-­80°C.  In  some  experiments,  gel  bands  were  excised  and  phosphorylation  stoichiometries  

were   determined   by   quantifying   32P   incorporation   using   a   scintillation   counter.  

Phosphorylation   (mol/mol)   was   calculated   using   total   amount   of   GST-­fusion   protein  

loaded  into  the  gel  and  calculating  the  specific  radioactivity  of  [g-­32P]  ATP  used  in  each  

experiment.  

  

2.1.5  In  Vitro  Kinase  Assay  for  Mass  Spectrometry  

CaMKII   phosphorylation   for   mass   spectrometry   was   performed   as   described   above,  

except   with   non-­radiolabeled   ATP.   To   fully   maximize   phosphorylation   of   GST-­fusion  

proteins,  reactions  were  incubated  for  25  min  at  30°C  and  stopped  with  addition  of  LDS  

Sample  buffer  (Invitrogen).  Samples  were  heated  (70°C,  10  min)  and  resolved  by  SDS-­

PAGE.  Gels  were  stained  with  Colloidal  Blue  (Thermo  Fisher  Scientific,  Cat.  LC6025)  for  

three  hours  and  washed  with  deionized  water  overnight.  The  band  corresponding  to  full-­

length  protein  was  then  excised  and  incubated  with  100  mM  ammonium  bicarbonate,  pH  

8,   reduced  with   4  mM  DTT   or   TCEP,   alkylated  with   8  mM   iodoacetamide   and   finally  

digested  overnight  with  trypsin  (10  ng/μl;;  37  °C).  Peptides  were  then  analyzed  by  mass  

spectrometry  at  the  Vanderbilt  University  Mass  Spectrometry  Core  Lab.    

  



   55  

2.1.6  Immunoblotting  and  Semi-­Quantitative  Analysis  

Samples   were   resolved   on   10%   SDS-­PAGE   gels   and   transferred   to   nitrocellulose  

membrane   (Protran,   Camp   Hill,   PA).   The   membrane   was   blocked   in   blotting   buffer  

containing  5%  nonfat  dry  milk,  0.1%  Tween  20,  in  Tris-­buffered  saline  (20  mM  Tris,  136  

mM  NaCl)  at  pH  7.4  for  30  min  at  room  temperature.  The  membrane  was  incubated  with  

primary  antibody  (see  dilutions  below)  in  blotting  buffer  for  1  hr  at  room  temperature  or  

overnight   at   4°C.   After   washing,   membranes   were   incubated   with   HRP-­conjugated  

secondary   antibody   for   1   hr   at   room   temperature,  washed  again,   and   then   visualized  

using   enzyme-­linked   chemi-­luminescence   using   the   Western   Lightening   Plus-­ECL,  

enhanced  chemiluminescent  substrate  (PerkinElmer,  Waltham,  MA)  and  visualized  using  

Premium  X-­ray  Film  (Phenix  Research  Products,  Candler,  NC)  exposed  to  be  in  the  linear  

response  range.  Images  were  quantified  using  ImageJ  software.  Signals  detected  in  the  

negative   control   lanes   were   used   a   background   value,   and   were   subtracted   from  

experimental   lanes.   Secondary   antibodies   conjugated   to   infrared   dyes   (LI-­COR  

Biosciences)  were  used  for  development  with  an  Odyssey  system  (LI-­COR  Biosciences).  

  

2.1.7  Antibodies  

The  following  antibodies  were  used  for  immunoblotting  at  the  indicated  dilutions:  mouse  

anti-­CaMKIIα  6G9  (Thermo  Fisher  Scientific,  Waltham,  MA;;  catalog  MA1–  048,  1:5000),  

pT286  CaMKIIα   (Santa  Cruz  Biotechnology,  Dallas,  TX;;   catalog  sc-­12886-­R,  1:3000),  

mouse   anti-­Shank3   (University   of   California   at   Davis/National   Institutes   of   Health  

NeuroMab  Facility,  Davis,  CA;;  catalog  N367/62,  1:2000),  rabbit  monoclonal  anti-­Shank3  

(D5K6R)   (Cell   Signaling,   Danvers,   MA;;   catalog   64555,   1:3000),   goat   anti-­GST   (GE  
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Healthcare   Life   Sciences,   Marlborough,   MA;;   catalog   27-­4577-­01,   1:5000),   polyclonal  

goat  CaMKII  antibody  (RRID:  AB_2631234,  1:5000)  (Mcneill  and  Colbran,  1995),  mouse  

anti-­PSD-­95   (NeuroMab,   catalog   75-­028,   1:50,000),   mouse   anti-­GFP   (Vanderbilt  

Antibody  and  Protein  Resource,  Nashville,  TN;;  catalog  1C9A5,  1:3000),  mouse  anti-­HA  

(Biolegend,   San   Diego,   CA;;   catalog   901503,   1:3000),   HRP-­conjugated   anti-­rabbit  

(Promega,   Madison,   WI;;   catalog   W4011,   1:6000),   HRP-­conjugated   anti-­mouse  

(Promega,   catalog   W4021,   1:6000),   HRP-­conjugated   anti-­goat   (Abcam,   Cambridge,  

United  Kingdom;;  catalog  Ab6741,  1:3000),  IR  dye-­conjugated  donkey  anti-­mouse  800CW  

(LI-­COR  Biosciences,  Lincoln,  NE;;  catalog  926-­32213,  1:10,000),  and  IR  dye-­conjugated  

donkey  anti-­goat  680LT  (LI-­COR  Biosciences,  catalog  926-­68022,  1:10,000).  

  

2.2.  Heterologous  Cell  Experiments  

2.2.1  HEK293T  Cell  Culture,  Transfection,  and  Immunoprecipitation  

HEK293T  cells  (ATCC,  Manassas,  VA;;  catalog  CRL-­3216)  were  cultured  and  maintained  

in  DMEM  containing  10%  FBS,  L-­glutamine,  and  1%  penicillin/streptomycin  at  37°C   in  

5%  CO2.  Cells  plated  on  10  cm  dishes  were  transfected  with  5-­10  µg  of  DNA.  After  24-­48  

hr,  cells  were  rinsed  in  ice-­cold  PBS  and  lysed  in  ice-­cold  lysis  buffer  (150  mM  NaCl,  25  

mM  Tris-­HCl,  pH  7.5,  1%  Triton-­X  100,  1  mM  DTT,  0.2  mM  PMSF,  1  mM  benzamidine,  

10   μg/ml   leupeptin,   and   10   μM   pepstatin).   Where   indicated,   lysis   buffer   was  

supplemented  with  2  mM  EDTA  and  2  mM  EGTA.    

  

HEK293T   cell   lysates  were   incubated  with   rabbit   anti-­GFP   (Thermo   Fisher   Scientific,  

catalog   A-­11222)   and   rocked   end-­over-­end   at   4°C   for   1   hour   with   10   µl   prewashed  
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Dynabeads   Protein   A   (Thermo   Fisher   Scientific,   catalog   10001D).   Where   indicated,  

HEK293T   lysates  were   supplemented  with   1.5  mM  CaCl2   and   1   µM   calmodulin   (final  

concentrations)  to  partially  activate  CaMKII  during  immunoprecipitation.  The  beads  were  

isolated  magnetically  and  washed  three  times  using  lysis  buffer  before  eluting  proteins  

using  2X  SDS-­PAGE  sample  buffer.  Inputs  and  immune  complexes  were  immunoblotted  

side  by  side  as  indicated.  

  

2.2.2  GST  Pulldown  Assay  with  HEK293T  Cell  Lysates  

HEK293T  cells  were  transfected  and  lysed,  as  described  above,  and  incubated  with  GST  

or  GST-­fusion  protein  (250  nM)  and  Pierce  Glutathione  Agarose  beads  (Thermo  Fisher  

Scientific,  catalog  16101,  10  µL  packed  resin).  Reactions  were  rocked  for  1  hr  at  4°C.  

Beads  were  washed   three   times  with  GST   buffer,   supplemented   as   described   above  

where  appropriate.  Proteins  were  eluted  with  20  mM  glutathione,  pH  8.0  for  10  minutes  

(Sigma).  

  

2.2.3  Pre-­Phosphorylated  GST  Pulldown  Assay  with  HEK293T  Cell  Lysates  

Purified  CaMKIIa  (10  nM)  was  incubated  with  GST  fusion  protein  or  GST  alone  (2.5  µM)  

in  50  mM  HEPES,  pH  7.5,  10  mM  magnesium  acetate,  0.5  mM  CaCl2,  1  µM  CaM,  1  mM  

DTT,  and  400  µM  non-­radiolabeled  ATP  at  30°C   for  5-­20  min.  Control   reactions  were  

performed   in   the  absence  of  CaMKIIa.  After  addition  of  EDTA  (12  mM  final),  samples  

were  diluted  ten-­fold  in  HEK293T  cells  soluble  fractions,  and  GST  proteins  were  isolated  

as  described  in  2.2.2.  
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2.2.4  ST  Hdh  Q7/Q7  Cell  Culture  and  Transfection  

STHdhQ7/Q7   cells   (Trettel   et   al.,   2000),   a   gift   from   Dr.   Aaron   Bowman   (Vanderbilt  

University),  were  cultured  and  maintained  in  DMEM  containing  10%  FBS,  L-­glutamine,  

1%  penicillin/streptomycin,  and  400  µg/ml  G418  (Mediatech,  Tewksbury,  MA)  at  33°C  in  

5%  CO2.  Cells  were  plated  onto  15  mm  coverslips  pre-­treated  with  poly-­D-­lysine  in  12-­

well  plates  and  transfected  with  3  µg  of  DNA  overnight.  Media  was  then  removed  and  

cells  were   incubated   in   serum-­free  DMEM  containing   either   0.49%  dimethyl   sulfoxide  

(Pierce)   or   a   differentiation   medium   (serum-­free   DMEM   supplemented   with   10   ng/ml  

fibroblast  growth  factor  (Promega),  240  µM  isobutylmethylxanthine  (Sigma),  20  µM  12-­

O-­tetradecanoylphorbol-­13-­acetate   (Sigma),   48.6   µM   forskolin   (Sigma),   and   5   µM  DA  

(Sigma).  After  8-­14  hours,  cells  were  fixed  in  ice-­cold  4%  paraformaldehyde-­4%  sucrose  

in   0.1  M  Phosphate  Buffer   pH  7.4   for   3  minutes  and   -­20°C  methanol   for   10  minutes.  

Coverslips  were  mounted  on  microscope  slides  using  ProLong  Gold  antifade  reagent  with  

DAPI  (Thermo  Fisher  Scientific,  catalog  P36931).  

  

2.2.5  ST  Hdh  Q7/Q7  Colocalization  Studies  

Images   of   differentiated   STHdhQ7/Q7   cells   were   collected   using   a   Zeiss   880   inverted  

confocal  microscope  using  63X  objective.  Thresholding  and  intensity  correlation  analysis  

to   compare   normalized   pixel   intensities   in   each   color   channel   were   performed   using  

ImageJ  as  previous  described  (Baucum  et  al.,  2010).  GFP  and  mApple  channels  were  

automatically  thresholded  before  calculating  the  intensity  correlation  quotient  (ICQ).  This  

method  interprets  ICQ  values  in  the  following  ranges:  0  <  ICQ  ≤  +0.5,  dependent  overlap  
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of  fluorescent  signals;;  ICQ  =  0,  random  overlap  of  fluorescent  signals;;  and  0  >  ICQ  ≥  -­

0.5,  segregation  of  fluorescent  signals  (Li  et  al.,  2004).  

  

2.3  Mouse  Experiments  

2.3.1  Mice  

All  mice  were  housed  on  a  12  h  light-­dark  cycle  with  food  and  water  ad  libitum.  CaMKIIα-­

KO  and  Camk2atm2Sva   (CaMKIIαT286A)  mice  on  a  C57B/6J  background  were  described  

previously   (Giese   et   al.,   1998;;  Marks   et   al.,   2018).  Wild-­type   (WT)   and   homozygous  

littermates  were  generated  using  a  HetxHet  breeding   strategy.  Both  male  and   female  

mice   age   P28-­30   were   used   for   biochemical   studies.   All   animal   experiments   were  

approved  by  the  Vanderbilt  University  Institutional  Animal  Care  and  Use  Committee  and  

were  carried  out  following  the  US  National  Institutes  of  Health  Guide  for  the  Care  and  Use  

of  Laboratory  Animals.  

  

2.3.2  Mouse  Forebrain  Fractionation  and  Immunoprecipitation  

Forebrains  were  dissected  and  fractionated  as  previously  described  (Baucum  et  al.,  2015;;  

Stephenson   et   al.,   2017).   Briefly,   P28-­30   mice   were   anesthetized   with   isoflurane,  

decapitated,  and  forebrains  were  quickly  dissected,  cut  in  half  down  the  midline,  and  a  

half  forebrain  was  immediately  homogenized  in  an  isotonic  buffer  (150  mM  KCl,  50  mM  

Tris  HCl,  pH  7.5,  1  mM  DTT,  0.2  mM  PMSF,  1  mM  benzamidine,  1  µM  pepstatin,  10  mg/L  

leupeptin,  1  µM  microcystin).  The  homogenate  (~5  ml)  was  rotated  end-­over-­end  at  4°C  

for  30  min,  at  which  point  an  aliquot  of  the  ‘whole  forebrain’  input  was  collected.  Samples  

were  then  centrifuged  at  100,000  x  g  for  1  hr.  After  removing  the  supernatant  (cytosolic  
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S1  fraction),  the  pellet  was  resuspended  in  the  isotonic  buffer  containing  1%  (v/v)  Triton  

X-­100,  triturated  until  homogeneous,  and  then  rotated  end-­over-­end  at  4°C  for  30  min.  

Homogenates  were  then  centrifuged  at  10,000  x  g  for  10  min,  and  the  supernatant  (Triton-­

soluble  membrane  S2  fraction)  was  removed.  The  second  pellet  (Triton-­insoluble  synaptic  

P2   fraction)   was   resuspended   in   isotonic   buffer   containing   1%   Triton   X-­100   and   1%  

deoxycholate  and  then  sonicated.  The  P2  fraction  was  then  mixed  with  4X  SDS-­PAGE  

sample  buffer  or  used  for  immunoprecipitation  studies.  

  

Mouse   forebrains   fractions   were   incubated   with   either   mouse   anti-­CaMKIIα   (Thermo  

Fisher  Scientific,  catalog  #MA1-­048)  or  rabbit  anti-­Shank3  (Bethyl,  catalog  A304-­178A)  

and  rocked  end-­over-­end  at  4°C  for  1  hour  with  10  µl  prewashed  Dynabeads  Protein  G  

(Thermo   Fisher   Scientific,   catalog   10002D,   for   mouse)   or   Protein   A   (Thermo   Fisher  

Scientific,  catalog  10001D,  for  rabbit).  The  beads  were  isolated  magnetically  and  washed  

three  times  using  lysis  buffer  before  eluting  proteins  using  2X  SDS-­PAGE  sample  buffer.  

Inputs  and  immune  complexes  were  immunoblotted  side  by  side  as  indicated.  

  

2.4  Neuronal  Cultures  

2.4.1  Primary  Hippocampal  Neurons  

Dissociated  hippocampal  neurons  were  prepared  from  E18  Sprague  Dawley  rat  embryos,  

as  previously  described  (Shanks  et  al.,  2010).  Sex  of  the  embryos  was  not  determined.  

Neurons  were  transfected  at  7-­9  days  in  vitro  (DIV)  using  Lipofectamine  2000  following  

the  manufacturer’s   directions   (Thermo   Fisher   Scientific).   A   total   of   1   µg   of   DNA  was  
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transfected   for   each   well   of   a   12-­well   plate   for   2-­3   hours   before   switching   back   to  

conditioned  media.  

  

2.4.2  LTCC-­CREB  Assay  and  c-­Fos  Expression  

At  DIV  13-­14,  neurons  were  pre-­incubated  for  2  hr  with  5K  Tyrode’s  solution  (150  mM  

NaCl,  5  mM  KCl,  2  mM  CaCl2,  2  mM  MgCl2,  10  mM  glucose  and  10  mM  HEPES  pH  7.5  

(~313   mOsm))   with   1   µM   TTX,   10   µM   APV   and   50   µM  CNQX   to   suppress   intrinsic  

neuronal  activity  by  blocking  sodium  channels,  NMDA  receptors  and  AMPA  receptors,  

respectively.  Neurons  were  then  treated  with  either  5K  Tyrode’s  or  40K  Tyrode’s  solution  

(adjusted   to   40   mM   KCl   and   115   mM   NaCl,   with   all   three   inhibitors   present)   for   90  

seconds.  For  the  analysis  of  pCREB  levels,  neurons  were  immediately  fixed  using  ice-­

cold  4%  paraformaldehyde-­4%  sucrose  in  0.1  M  Phosphate  Buffer  pH  7.4  for  3  minutes  

and   -­20°C   methanol   for   10   minutes.   For   the   analysis   of   c-­Fos   expression,   Tyrode’s  

solution  was  aspirated  after  90  seconds  and  replaced  with  conditioned  media  for  3  hours  

before   fixation.  Fixed  neurons  were  washed   three   times  with  PBS,  permeabilized  with  

PBS+0.2%  Triton  X-­100,  and  then  incubated  with  blocking  solution  for  one  hour  (1X  PBS,  

0.1%  Triton  X-­100  (v/v),  2.5%  BSA  (w/v),  5%  Normal  Donkey  Serum  (w/v),  1%  glycerol  

(v/v)).   Neurons   were   then   incubated   with   blocking   solution   overnight   with   primary  

antibodies:  rabbit  anti-­pCREB  (Cell  Signaling,  catalog  9198,  1:1000)  or  rabbit  anti-­c-­Fos  

(EMD  Millipore,  catalog  ABE457,  1:500),  and  mouse  anti-­CaMKIIα  6G9  (Thermo  Fisher  

Scientific,   catalog  MA1–048,   1:1000).   The   following   day,   neurons  were  washed   three  

times  in  PBS+0.2%  Triton  X-­100,  then  incubated  with  blocking  solution  for  1  hour  with  

secondary  antibodies:  donkey  anti-­rabbit  647  Alexa  Fluor  647  (Thermo  Fisher  Scientific,  
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catalog  A-­31573)  and  donkey  anti-­mouse  Alexa  Fluor  546  (catalog  A-­10036).  Neurons  

were  washed  with  PBS  three  times  and  mounted  on  slides  using  Prolong  Gold  Antifade  

Mountant  with  DAPI.  

  

2.4.3  DHPG-­CREB  Assay  

At  DIV  20-­21,  neurons  were  pre-­incubated  for  2  hr  with  5K  Tyrode’s  solution  (150  mM  

NaCl,  5  mM  KCl,  2  mM  CaCl2,  2  mM  MgCl2,  10  mM  glucose  and  10  mM  HEPES  pH  7.5  

(~313   mOsm))   with   1   µM   TTX,   10   µM   APV   and   50   µM  CNQX   to   suppress   intrinsic  

neuronal  activity  by  blocking  sodium  channels,  NMDA  receptors  and  AMPA  receptors,  

respectively.  Neurons  were  then  treated  with  either  5K  Tyrode’s  or  5K  Tyrode’s  solution  

containing  100  µM  DHPG   (Tocris)   for   30  minutes.  For   nimodipine   treatment,   neurons  

were  incubated  in  5K  Tyrode’s  solution  containing  10  µM  nimodipine  (plus  TTX,  APV,  and  

CNQX)  for  about  5  min  before  switching  to  5K  Tyrode’s  solution  plus  10  µM  nimodipine,  

DHPG,   TTX,   APV,   and   CNQX.   Neurons   were   immediately   fixed   using   ice-­cold   4%  

paraformaldehyde-­4%  sucrose  in  0.1  M  Phosphate  Buffer  pH  7.4  for  3  minutes  and  -­20°C  

methanol   for   10   minutes.   Fixed   neurons   were   washed   three   times   with   PBS,  

permeabilized  with  PBS+0.2%  Triton  X-­100,  and  then  incubated  with  blocking  solution  for  

one  hour  (1X  PBS,  0.1%  Triton  X-­100  (v/v),  2.5%  BSA  (w/v),  5%  Normal  Donkey  Serum  

(w/v),  1%  glycerol  (v/v)).  Neurons  were  then  incubated  with  blocking  solution  overnight  

with  primary  antibodies:   rabbit  anti-­pCREB   (Cell  Signaling,   catalog  9198,  1:1000)  and  

mouse   anti-­CaMKIIα   6G9   (Thermo   Fisher   Scientific,   catalog   MA1–048,   1:1000).   The  

following   day,   neurons   were   washed   three   times   in   PBS+0.2%   Triton   X-­100,   then  

incubated  with  blocking  solution  for  1  hour  with  secondary  antibodies:  donkey  anti-­rabbit  
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647  Alexa  Fluor  647  (Thermo  Fisher  Scientific,  catalog  A-­31573)  and  donkey  anti-­mouse  

Alexa  Fluor   546   (catalog  A-­10036).  Neurons  were  washed  with  PBS   three   times   and  

mounted  on  slides  using  Prolong  Gold  Antifade  Mountant  with  DAPI.  

  

2.4.4  Neuronal  Imaging  and  Quantification  

The  experimenter  was  blinded  to  the  transfection  conditions  by  coding  the  culture  dishes  

prior  to  microscopy  and  image  analysis.  Images  were  collected  using  a  Zeiss  880  inverted  

confocal  microscope  with  a  40x/1.30  Plan-­Neofluar  oil   lens.  Non-­transfected  excitatory  

neurons  were   identified  by  CaMKIIα   immunostaining.  The  binocular   lens  was  used   to  

identify   transfected  neurons  based  on  EGFP  expression  from  the  shRNA  construct.   In  

experiments  with  mAp-­Shank3R  rescue,  mAp  expression  was  also  confirmed  in  EGFP-­

positive  cells.  The  DAPI  channel  was  then  used  to  focus  on  the  z-­plane  that  yielded  the  

highest  DAPI  signal  (one  that  presumably  runs  through  the  nuclei)  for  image  acquisition.  

Images  were  then  collected  in  all  channels  and  MetaMorph  Microscope  Automation  and  

Image  Analysis  Software  (Molecular  Devices,  San  Jose,  CA)  was  used  to  quantify  pCREB  

or  c-­Fos  signals.  Briefly,  nuclei  were  identified  by  thresholding  the  DAPI  channel  to  create  

and  select  the  nuclear  regions  of  interest  (ROIs).  The  ROIs  were  then  transferred  to  other  

channels   to  measure   the  average  pCREB  or  c-­fos   intensity.  ROIs  were  collected  from  

transfected   (EGFP-­positive)   neurons   and   nearby   non-­transfected   (EGFP-­negative)  

neurons.   The   relative   intensity   was   calculated   as   [(channelx-­   channel5K)/(channel40K-­

channel5K)],  where  channelx  is  the  signal  being  calculated,  and  channel5K  and  channel40K  

are  the  average  signals  of  the  5K  and  40K  (or  5K+DHPG,  when  performing  DPHG-­CREB  

assays)   conditions   in   that   batch   of   cultured   neurons,   respectively.   Sample   size   was  
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calculated  based  on  previous  experimental  design  (Wang  et  al.,  2017b).  Data  shown  were  

collected   from   images  of   the   indicated   total   number  of   neurons   from  3-­5   independent  

cultures.  

  

2.4.5  Ca2+  Imaging  of  Primary  Neurons  

Dissociated   rat   hippocampal   neurons   were   cultured   in   35-­mm   glass   bottom   dishes  

(Cellvis,   catalog   D35-­10-­1.5-­N)   coated   with   2.5   µg/mL   laminin   (Roche,   Basel,  

Switzerland)  and  37.5  µg/mL  poly-­L-­lysine  (Sigma),  as  described  previously  (Sala  et  al.,  

2003).   Cultures   were   transfected   with   a   total   of   2.5   µg   of   DNA/dish   after   DIV   8,   as  

described  above.  To  allow   for  Ca2+   imaging  using  Fura-­2,  shRNA  constructs  were   re-­

engineered  to  co-­express  an  mApple  fluorescent  reporter  rather  than  GFP.  Transfected  

neurons  were  imaged  on  DIV  12-­14.  Cells  were  incubated  for  30  min  at  37°C  in  5%  CO2  

in   conditioned   culture   medium   (see   above)   supplemented   with   2   µM   Fura-­2  

acetoxymethyl  ester  AM  (Thermo  Fisher  Scientific,  catalog  F1221),  then  incubated  in  5K  

Tyrode’s  solution  with  TTX,  APV,  and  CNQX  (see  above)  for  5  min  at  37°C.  Cells  were  

incubated  in  2.5  mL  solution  and  perifused  at  a  flowrate  of  2  mL/min  at  32°C  with  identical  

buffer  for  at  least  300  seconds  then  flow  was  changed  to  40K  Tyrode’s  solution  with  TTX,  

APV,   and   CNQX   for   at   least   150   seconds.   Intracellular   Ca2+   was  measured   every   5  

seconds  as  a   ratio  of  Fura-­2  emission   (510  nm)  by  excitation  at  340  nm  and  380  nm  

(F340/F380)   using   a   Nikon   Eclipse   Ti2   microscope   equipped   with   an   epifluorescence  

illuminator  (Sutter  Instrument,  Novato,  CA),  a  Prime  95B  equipped  with  25  mm  CMOS  

sensors   camera   (Photometrics   Scientific,   Tucson,   AZ),   and   Nikon   Elements   software  

(Nikon,  Melville,  NY  RRID:SCR_014329).  Transfected  (mApple  positive)  cell  somas  were  
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selected  as  regions  of  interest  (ROIs)  using  Nikon  Elements  software  and  Ca2+  responses  

were  quantified  as  a  function  of  time  by  the  change  in  Fura-­2  fluorescence  ratio  above  

baseline  (∆F  =  (F340/F380)  /  (F340/F380)baseline).  Daily  averages  from  12-­90  transfected  cells  

for  each  condition  (control/Shank3  shRNA)  were  generated  for  4  independent  biological  

replicates.  Areas  under   the  curve  (AUC)  of   the  averaged  Fura-­2  responses  during   the  

first  90  seconds  of  stimulation  were  quantified  as  an  indicator  of  the  change  in  intracellular  

Ca2+  for  each  replicate.  Alternatively,  we  expressed  the  average  ΔF/F0  values  in  Shank3  

shRNA   cells   as   a   percentage   of   average   ΔF/F0   values   in   control   cells   for   each  

experiment.  Averaging  normalized  data  across  four  experiments  revealed  a  modest  10-­

20%  reduction   in  Ca2+   influx  following  Shank3  knockdown  at  each  time  point   following  

depolarization  with  p=0.041  for  the  primary  time  effect  (One-­way  ANOVA  with  repeated  

measures).  However,  none  of  the  individual  time  points  were  significantly  different  from  

baseline  (Dunnett’s  multiple  comparison  test).  
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CHAPTER  III  

  

MOLECULAR  DETERMINANTS  OF  A  NOVEL  SHANK3-­CAMKII  BINDING  

INTERACTION  

  

3.1  Introduction  

CaMKII   has   critical   roles   in   neuronal   signaling   and   plasticity.   Ca2+/calmodulin   (CaM)  

binding  to  12-­subunit  CaMKII  holoenzymes  stimulates  inter-­subunit  autophosphorylation  

at  Thr286  (in  CaMKIIa),  a  key  mechanism  underlying  learning  and  memory  (reviewed  in  

(Hell,   2014;;   Lisman   et   al.,   2012;;   Shonesy   et   al.,   2014)).   Thr286-­autophosphorylated  

CaMKII   can   remain   autonomously   active   after   the   initial   Ca2+   influx   dissipates   and  

Ca2+/CaM  dissociates   (Lai  et  al.,  1986;;  Miller  and  Kennedy,  1986;;  Miller  et  al.,  1988),  

leading   to   sustained   phosphorylation   of   downstream   targets.   Activated   CaMKII   also  

interacts  with  a  number  of  other  synaptic  proteins.  For  example,  activated  CaMKII  binding  

to  NMDA  receptor  GluN2B  subunits  is  important  for  CaMKII  targeting  to  dendritic  spines  

and  for  normal  synaptic  plasticity  (Bayer  et  al.,  2001;;  Bayer  et  al.,  2006;;  Halt  et  al.,  2012b;;  

Strack  and  Colbran,  1998).  The neuronal protein densin-180 can bind to both CaV1.3 

LTCCs and CaMKII, thereby suppressing Ca2+-dependent inactivation of CaV1.3 and 

facilitating overall Ca2+ entry (Jenkins et al., 2010; Jiao et al., 2011). In addition, a recent  

study  showed  that  CaMKII  binding  to  mGlu5  metabotropic  glutamate  receptors  modulates  

the  mobilization  of  intracellular  Ca2+  stores  (Marks  et  al.,  2018).  This  emerging  evidence  

supports   the   hypothesis   that   direct   interactions   of   CaMKII   with   CaMKII-­Associated  

Proteins  (CaMKAPs)  are  important  for  synaptic  signaling.    
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In  a  recent  proteomics  study,  we  identified  Shank3  as  one  of  the  most  abundant  proteins  

detected   in   CaMKII   complexes   isolated   from   a   Triton   X-­100/deoxycholate-­solubilized  

synapse-­enriched  subcellular  fraction  (Baucum  et  al.,  2015).  Canonically,  the  full-­length  

Shank3  protein  contains  an  N-­terminal  ankyrin  repeat  domain,  SH3  and  PDZ  domains,  a  

proline-­rich   region   with   binding   sites   for   homer   and   cortactin,   and   a   C-­terminal   SAM  

domain  that  mediates  oligomerization  (Naisbitt  et  al.,  1999).  Diverse  mutations  in  Shank3  

are  strongly  linked  to  ASD  and  schizophrenia  (Leblond  et  al.,  2014;;  Soler  et  al.,  2018),  

while  a  chromosomal  deletion  causes  haploinsufficiency  of  the  SHANK3  gene  in  22q13  

deletion  syndrome  (Phelan-­McDermid  Syndrome),  another  neurodevelopmental  disorder  

associated   with   ASD   (Harony-­Nicolas   et   al.,   2015).   Indeed,   knockdown   of   Shank3  

expression   in   cultured   hippocampal   neurons   reduces   dendritic   spine   formation   and  

mEPSC  frequency  (Verpelli  et  al.,  2011),  and  several  unique  Shank3  mutant  mouse  lines  

display  different  combinations  of  deficits   in  synaptic   transmission,  social  behavior,  and  

learning  (reviewed  in  (Monteiro  and  Feng,  2017)).    

  

Here   we   identify   a   novel   binding   site   for   CaMKII   in   Shank3   and   show   that   CaMKII  

activation,  either  by  Ca2+/CaM-­binding  or  Thr286  autophosphorylation,  is  required  for  this  

interaction.  Using  site-­directed  mutagenesis,  we  identified  three  residues  in  Shank3  that  

are  critical  for  this  interaction.  Mutation  of  these  residues  in  full-­length  Shank3  disrupts  

co-­immunoprecipitation  and  colocalization  with  CaMKII.  
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3.2  CaMKIIa  and  Shank3  Interact  in  the  Mouse  Forebrain  

Our  previous  proteomics  study  detected  numerous  peptides  originating  from  the  Shank3  

protein   in   immunoprecipitated   CaMKII   complexes   isolated   from   solubilized   synaptic  

fractions  of  mouse  forebrain  (Baucum  et  al.,  2015).  To  extend  this  observation,  we  first  

compared   the  distribution  of  Shank3  and  CaMKII  across  cytosolic   (S1),  Triton-­soluble  

membrane   (S2),   and   Triton-­insoluble   synaptic   (P2)   fractions   isolated   from   mouse  

forebrain   extracts.   The   Shank3   antibody   detected   two   major   bands   in   whole   mouse  

forebrain  extracts  –  the  expected  ~180  kDa  band,  plus  an  ~125  kDa  band.  Both  Shank3  

bands  were  undetectable   in  S1  or  S2   fractions  and  were   relatively  enriched   in   the  P2  

fraction,   similar   to   other   synaptic   proteins,   such   as   PSD-­95   (Figure   3.1A,   left).   Since  

Shank3   undergoes   complex   transcriptional   and   post-­transcriptional   regulation   through  

intragenic  promoters  and  alternative  splicing  (Waga  et  al.,  2013;;  Wang  et  al.,  2011),  the  

two  bands  may  represent  different  Shank3  variants.  In  contrast,  similar  levels  of  CaMKII  

were  detected  in  the  S2  and  P2  fractions,  with  lower  levels  in  S1,  consistent  with  our  prior  

studies  (Gustin  et  al.,  2011).  Thus,  a  subpopulation  of  CaMKII  and  essentially  all  of  the  

Shank3  are  present  in  mouse  forebrain  subcellular  fractions  enriched  in  synaptic  proteins  

in  wild-­type  mice.  

  

In   order   to   further   investigate   the   association   of   Shank3   with   CaMKIIa,   synaptic   P2  

fractions  were  isolated  in  parallel  from  wild-­type  or  CaMKIIa-­KO  littermates  (as  a  negative  

control)  and  solubilized  by  sonication  in  sodium  deoxycholate  plus  Triton  X-­100  to  at  least  

partially  disrupt   the  postsynaptic  density   (see  Methods),  were   incubated  with  a  control  

IgG  antibody  or  a  CaMKIIa-­specific  monoclonal  antibody.  Immunoblotting  confirmed  that  
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CaMKIIa-­KO  mice  do  not  express  CaMKIIa,  and  revealed  that  the  levels  of  Shank3  in  

whole  forebrain  lysates  (both  major  bands)  and  the  distribution  of  Shank3  between  the  

S1,  S2  and  P2  fractions  were  similar  in  WT  and  CaMKIIa-­KO  mice  (Figure  3.1A  and  3.1B,  

left).   Shank3   was   readily   detected   in   CaMKIIa   complexes   isolated   from   WT   mouse  

forebrain,  but  not  from  CaMKIIa-­KO  mouse  forebrain,  and  not   in  any  samples  isolated  

using  a  control  IgG  (Figure  3.1C).  Interestingly,  the  ratio  of  the  higher  and  lower  molecular  

weight  Shank3  bands  was  consistently  higher  in  CaMKII  immune  complexes  than  in  the  

P2  input,  perhaps  suggesting  that  CaMKII  preferentially  interacts  with  the  larger  Shank3  

protein.  Taken  together,  these  data  demonstrate  that  Shank3  is  specifically  associated  

with  CaMKIIa  complexes  in  mouse  brain  extracts.  

  

We  next  tested  for  reciprocal  co-­immunoprecipitation  of  CaMKIIa  with  complexes  isolated  

using  a  Shank3  antibody.  Since  interactions  between  CaMKII  and  other  proteins  are  often  

enhanced  by  Thr286  autophosphorylation,  we  compared  the  association  of  CaMKIIa  with  

Shank3  in  solubilized  synaptic  P2  fractions  isolated  from  WT  mice  and  CaMKIIaT286A  mice  

with   a   knock-­in   mutation   of   Thr286   to   Ala,   preventing   CaMKII   regulation   by   Thr286  

autophosphorylation  (Giese  et  al.,  1998).  Immunoblotting  confirmed  that  whole  forebrain  

lysates   from  WT   and   CaMKIIaT286A   mice   contain   similar   total   levels   of   CaMKIIa   and  

Shank3   (both  major   bands)   (Figure   3.1B,   right).  Moreover,   the   distribution   of   Shank3  

between  S1,  S2  and  P2  fractions  was  similar  in  WT  and  CaMKIIaT286A  mice  (Figure  3.1A),  

although  CaMKIIa  was  partially  re-­distributed  from  P2  to  S2  fractions  from  CaMKIIaT286A  

(Figure  3.1A),  as  previously   reported  (Gustin  et  al,  2011).  Shank3   immune  complexes  

isolated  from  WT  and  CaMKIIaT286A  mice  contained  similar   levels  of  Shank3,  but  there  



   70  

was   a   substantial   reduction   in   levels   of   co-­immunoprecipitated   CaMKIIa   from  

CaMKIIaT286A  compared  to  WT  tissue  (Figure  3.1D,  compare  CaMKIIa  signal  in  lanes  5  

and  6)   (93±4%  reduced  compared   to  WT,  p=0.0008,  one  sample  Student’s   t-­test  with  

equal   variance   compared   to   the   theoretical   normalized   WT   value   of   100,   n   =   3).   In  

combination,  these  data  indicate  that  Shank3  interacts  directly  or  indirectly  with  CaMKII  

in  deoxycholate-­solubilized  synaptic  fractions  of  mouse  brain,  and  that  this  association  is  

regulated  by  Thr286  autophosphorylation  of  CaMKII.  

  

  

Figure   3.1:   Reciprocal   co-­immunoprecipitation   of   Shank3   and   CaMKIIa   from   mouse  

forebrain  extracts.  
A.  Whole  forebrain  lysates  (Input),  cytosolic  (S1),  membrane-­associated  (S2),  and  synaptic  (P2)  

subcellular   fractions   from  wild-­type,  CaMKIIa-­KO,  and  CaMKIIaT286A  mice  were   immunoblotted  

for  localization  of  Shank3  (Cell  Signaling  antibody),  PSD-­95,  and  CaMKIIa.  The  Shank3  antibody  

detected  two  bands  of  (open  and  solid  arrowheads)  that  are  primarily  localized  in  P2  fractions,  

which  were  also  enriched  for  CaMKIIa.  B.  The  upper  and  lower  Shank3  bands  in  whole  forebrain  

lysates   from   WT   and   CaMKIIa-­KO   mice   (left)   or   WT   and   CaMKIIaT286A   mice   (right)   were  
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quantified.  Signals  were  corrected  for  protein  loading  based  on  Ponceau  stained  membranes  and  

normalized   to   the   levels  of   the  upper  Shank3  band   in  WT  samples.  C.  Synaptic   (P2)   fractions  

from   WT   or   CaMKIIa-­KO   mouse   forebrains   were   immunoprecipitated   using   control   IgG   or  

CaMKIIa-­specific  antibodies,  and  immunoblotted  using  Shank3  (Cell  Signaling  antibody)  and  pan-­

CaMKII  antibodies.  The  CaMKIIa  and  CaMKIIb  bands  are  indicated  by  arrows.  CaMKIIa  and  co-­

immunoprecipitated  Shank3  were  not  detected  in  samples  isolated  from  CaMKIIa-­KO  mice.  D.  

Synaptic   (P2)   fractions   from  WT   or   CaMKIIaT286A  mouse   forebrains   were   immunoprecipitated  

using   control   IgG   or   Shank3   (Bethyl)   antibodies,   and   immunoblotted   using   Shank3   (Cell  

Signaling)   and  CaMKIIa   antibodies.   The   levels   of   co-­precipitated  CaMKIIa   from  CaMKIIaT286A  

mice  were  significantly  reduced  (93±4%  reduction  in  lane  6  compared  to  lane  5,  n=3,  p  <  0.001,  

one   sample   Student’s   t-­test   with   equal   variance   compared   to   theoretical   value   of   100).   All  

immunoblots  are  representative  of  ≥3  biological  replicates.    

  

3.3  Thr286-­Autophosphorylated  CaMKIIa  Directly  Binds  to  Shank3  (829-­1130)  

To  determine  whether  CaMKIIa  directly   interacts  with  Shank3,  we   first  expressed  and  

purified  a  series  of  six  non-­overlapping  GST  fusion  proteins  spanning  the  full   length  of  

Shank3   (Figs.   3.2A,   3.2B).   Some   of   the   purified   proteins   contained   proteolytic  

degradation   fragments   and   the   full-­length   proteins   are   denoted   by   asterisks   in  Figure  

3.2B.   Since   co-­immunoprecipitation   of   CaMKIIa   with   Shank3   from   brain   extracts  was  

strongly  reduced  in  the  absence  of  Thr286  autophosphorylation,  each  purified  GST  fusion  

protein  was  incubated  with  purified  Thr286-­autophosphorylated  CaMKIIa  and  complexes  

were   isolated  using  glutathione  agarose.  A  GST  fusion  protein  containing  the  CaMKII-­

binding   domain   of   the  NMDA   receptor  GluN2B   subunit   (residues   1260-­1309),   a  well-­

established  CaMKAP  (Strack  and  Colbran,  1998),  was  used  as  a  positive  control.  Similar  

amounts  of  activated  CaMKIIa  bound  to  a  GST-­Shank3  fusion  protein  containing  residues  



   72  

829-­1130   (GST-­Shank3   #4   in   Figure   3.2)   and   to   GST-­GluN2B,   but   there   was   no  

consistently  detectable  interaction  with  any  other  Shank3  fragment  (Figure  3.2B).    

  

CaMKII   is   initially   activated   by   Ca2+/CaM-­binding   alone   followed   by   Thr286-­

autophosphorylation,   which   is   sufficient   to   maintain   the   activated   conformation   even  

following   dissociation   of   Ca2+/CaM.   Since   CaMKAPs   display   distinct   preferences   for  

binding  to  various  active  and  inactive  conformations  of  CaMKII,  we  tested  the  binding  of  

different  CaMKIIa   conformations   to  GST-­Shank3   (829-­1130)   in   parallel   (Figure  3.2C).  

Pre-­activation  of  CaMKII   is  essential   for  binding   to  GST-­Shank3   (829-­1130),  because  

there  was  no  interaction  with  inactive  kinase  (Figure  3.2C).  Inactive  CaMKIIa  also  did  not  

bind   to   any   other  GST-­Shank3   proteins   compared   to  GST   negative   control   (data   not  

shown).  GST-­Shank3  (829-­1130)  bound  to  the  active  conformations  of  CaMKIIa  induced  

by   Ca2+/CaM-­binding   alone   or   by   Thr286   autophosphorylation,   but   Ca2+/CaM-­binding  

alone  supported  substantially  reduced  binding  (23±5%;;  mean  ±  SEM).   In  combination,  

these   data   show   that   activated   CaMKIIa   can   directly   bind   to   a   central,   poorly  

characterized   domain   in   the   Shank3   protein,   and   that   Thr286   autophosphorylation  

significantly  enhances  the  interaction.  
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Figure  3.2.  T286-­phosphorylated  CaMKIIa  specifically  binds  to  Shank3  (829-­1130).  
A.  Domain  structure  of  full-­length  Shank3  and  the  six  GST-­Shank3  fusion  proteins  used  in  these  
studies   that  span   the  entire  Shank3  protein.  Canonical  Shank3  domains  are  depicted  as  gray  

boxes   with   residue   numbers   listed   in   parentheses.   ANK   =   ankyrin-­rich   repeats,   SH3   =   Src  

homology   3   domain,   PDZ   =   PSD95/Dlg1/zo-­1   domain,   PRR   =   proline-­rich   region   containing  

binding  sites  for  Homer  and  Cortactin,  SAM  =  Sterile  alpha  motif   involved  in  multimerization  of  

Shank3.   B.   Glutathione   agarose   co-­sedimentation   assay   shows   that   pre-­activated   (Thr286-­

autophosphorylated)   CaMKIIa   specifically   binds   to   GST-­Shank3   #4   (829-­1130)   and   positive  

control  GST-­GluN2B  (1260-­1309).  Full-­length  GST  fusion  proteins  denoted  with  asterisks  on  the  

GST  immunoblot.  C.  Glutathione  agarose  co-­sedimentation  assay  shows  that,  in  the  absence  of  

Ca2+/CaM-­binding   or   Thr286   autophosphorylation,   CaMKIIa   (Basal)   does   not   bind   to   GST-­

Shank3  #4;;  in  vitro  binding  of  CaMKIIa  is  partially  supported  by  Ca2+/CaM-­binding  (Ca/CaM),  and  

maximally  enhanced  by  pT286-­autophosphorylation.  The  bar  graph  reports  levels  of  each  form  of  

CaMKII  bound  to  GST-­Shank3  #4  (or  the  GST  negative  control)  (mean  ±  SEM)  relative  to  levels  
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of   pT286-­CaMKIIa   binding   to  GST-­GluN2B.   Immunoblots   are   representative   of   3-­4   biological  

replicates.  
  

3.4  A  Shank3  Tri-­basic  Residue  Motif  is  Required  for  CaMKII  Binding  

Residues   829-­1130   of   Shank3   connect   the   canonical   PDZ   domain   to   the   proline   rich  

motif,  and  the  functional  role(s)  of  this  region  is  poorly  understood  (Naisbitt  et  al.,  1999;;  

Tu  et  al.,  1999).  In  order  to  identify  CaMKII-­binding  determinants  within  this  domain,  we  

initially  generated  and  purified  three  smaller  GST-­Shank3  fusion  proteins  (Figure  3.3A).  

Similar   amounts   of   Thr286-­autophosphorylated   CaMKII   bound   to   GST-­Shank3   (931-­

1014)  (protein  4b  in  the  figure)  and  GST-­Shank3  (829-­1130),  but  there  was  no  detectable  

interaction   with   GST-­Shank3   proteins   containing   residues   829-­930   (protein   4a)   or  

residues  1015-­1130  (protein  4c)  (Figure  3.3B).  Examination  of  the  amino  acid  sequence  

of  Shank3   residues  931-­1014   revealed  a   region  sharing  some  similarity  with   recently-­

characterized  CaMKII  binding  domains  in  the  N-­terminal  domain  of  the  LTCC  CaV1.3  a  

subunit  (Wang  et  al.,  2017b)  and  the  C-­terminal  domain  of  mGlu5  (Marks  et  al.,  2018)  

(Figure  3.3A).  Since  mutation  of  the  tri-­basic  residue  motifs  in  CaV1.3  (83Arg-­Lys-­Arg85)  

and  mGlu5  (866Lys-­Arg-­Arg868)  prevented  CaMKIIa  binding,  we  mutated  the  conserved  

Shank3   949Arg-­Arg-­Lys951   motif   to   Ala   residues   within   GST-­Shank3   (829-­1130).   This  

RRK/AAA   mutation   essentially   abrogates   the   binding   of   Thr286-­autophosphorylated  

CaMKIIa   (Figure   3.3C).   These   data   indicate   that   949Arg-­Arg-­Lys951   in   Shank3   are  

essential  for  the  direct  binding  of  Thr286-­autophosphorylated  CaMKII  in  vitro.    
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Figure  3.3.  Characterization  of  the  CaMKII-­binding  motif  in  Shank3.  
A.  Top,  Diagram  of  3  truncations  used  to  map  the  CaMKII  interaction  site  within  GST-­Shank3  #4  
(829-­1130).   Bottom,   Sequence   alignment   of   human   Shank3   residues   941-­959   with   the  

corresponding  Shank3  residues  in  other  species  and  the  CaMKII-­binding  domain  in  the  N-­terminal  
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domain  of  the  Rattus  norvegicus  CaV1.3  a1  subunit  (Wang  et  al.,  2017b)  and  the  C-­terminal  tail  

of   the  Rattus   norvegicus   mGlu5   (Marks   et   al.,   2018),   with   conserved   residues   in   black   and  

dissimilar   residues   in  grey.  The  conserved   tri-­basic   residue  motif   is  highlighted   in   red  box.  B.  

Glutathione  agarose  co-­sedimentation  assay  comparing  binding  of  activated  CaMKIIa   to  GST-­

Shank3  #4  (829-­1130)  and  3  non-­overlapping  fragments  (4a,  4b,  and  4c).  Full-­length  GST  fusion  
proteins   denoted  with   asterisks.  GST-­Shank3   #4   (829-­1130)   and   #4b   (931-­1014)   bind   similar  

amounts  of  pT286-­autophosphorylated  CaMKIIa,  but  there  is  no  detectable  binding  to  the  other  

Shank3  fragments.  C.  Mutation  of  amino  acids  949RRK951  to  AAA  in  GST-­Shank3  #4  (829-­1130)  

blocks   CaMKIIa   binding   in   glutathione   agarose   co-­sedimentation   assay   (98±4%   reduced  

compared  to  WT,  n=3,  p  <  0.001,  one  sample  Student’s  t-­test  with  equal  variance  compared  to  

theoretical  value  of  100).  All  immunoblots  are  representative  of  3  biological  replicates.  
  

3.5  The  RRK/AAA  Mutation  of  Full-­Length  Shank3  Disrupts  Binding  to  CaMKII  but  

not  to  CaV1.3  

In  order  to  determine  whether  the  949Arg-­Arg-­Lys951  motif  is  essential  for  association  of  

CaMKII  with  full-­length  Shank3,  we  generated  the  RRK/AAA  mutant  in  GFP-­tagged  full-­

length  Shank3  (GFP-­Shank3-­AAA).  CaMKIIa  was  co-­expressed  with  GFP,  GFP-­Shank3-­

WT,  or  GFP-­Shank3-­AAA   in  HEK293T  cells.  Excess  Ca2+/CaM  was  added   to   the  cell  

lysates   to   activate   CaMKIIa   and   a   GFP   antibody   was   used   for   immunoprecipitation.  

Similar  robust  GFP  protein  signals  were  detected  in  samples   immunoprecipitated  from  

each  lysate;;  CaMKIIa  was  detected  in  immune  complexes  containing  GFP-­Shank3-­WT,  

but  not  GFP  negative  control  or  GFP-­Shank3-­AAA  complexes  (Figure  3.4A).  Thus,  the  

949Arg-­Arg-­Lys951  motif  in  Shank3  is  required  for  CaMKIIa  association.  

  

To  test  whether  the  RRK/AAA  mutation  has  broader  effects  on  protein  binding  to  Shank3,  

we   performed   a   similar   co-­immunoprecipitation   experiment   using   an   HA-­tagged   C-­
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terminal  domain  (CTD)  of  the  L-­type  calcium  channel  CaV1.3  a  subunit,  which  can  interact  

with  the  nearby  PDZ  domain  (residues  572-­661)  of  Shank3  (Zhang  et  al.,  2005).  Lysates  

of  HEK293T  cells  expressing  the  HA-­CaV1.3-­CTD  and  either  GFP,  GFP-­Shank3-­WT,  or  

GFP-­Shank3-­AAA  were  immunoprecipitated  using  a  GFP  antibody.  Similar  amounts  of  

the   HA-­CaV1.3-­CTD   co-­immunoprecipitated   with   both   GFP-­Shank3-­WT   and   GFP-­

Shank3-­AAA   immune   complexes,   but   not   with   GFP   alone   (Figure   3.4B).   Thus,   the  

interaction  of  CaV1.3  with  Shank3   is  not  affected  by  mutation  of   the   949Arg-­Arg-­Lys951  

motif,   indicating   that   this  mutation  does  not  have  broader   (non-­specific)  effects  on   the  

interactions  of  other  proteins  with  GFP-­Shank3.    
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Figure  3.4.  A  Shank3  949RRK951  to  AAA  mutation  disrupts  association  with  CaMKIIa,  but  

does  not  with  the  CaV1.3  C-­terminal  domain.  

A.  Soluble   fractions  of  HEK293T  cells  expressing  CaMKIIa  with  GFP  or  GFP-­Shank3   (WT  or  
949RRK951   to  AAA  mutant)  were   immunoprecipitated  using  a  GFP  antibody.  Co-­precipitation  of  

CaMKIIa  with  GFP-­Shank3-­AAA  is  significantly  reduced  by  95±10%  compared  to  GFP-­Shank3-­

WT   (***  p  <  0.001,  one-­sample  Student’s   t-­test  with  equal  variance  compared   to  a   theoretical  

value  of  100).  B.  Soluble   fractions  of  HEK293T  cells  expressing  GFP  or  GFP-­Shank3   (WT  or  

AAA)  with  the  HA-­tagged  C-­terminal  domain  of  the  CaV1.3  a1  subunit  (HA-­CaV1.3-­CTD),  were  

immunoprecipitated   as   in   panel   A.   The   AAA   mutation   has   no   significant   effect   on   the   co-­
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precipitation   of  HA-­CaV1.3-­CTD   (p  =   0.84).  All   immunoblots   are   representative   of   4   biological  

replicates.  Bar  graphs  show  the  mean  ±  SEM.  
  

3.6  Co-­localization  of  Fluorescent  CaMKII  and  Shank3  in  Striatal  Progenitor  Cells    

To   investigate  whether  Shank3   interacts  with  CaMKIIa   in   intact  cells,  we  performed  a  

series  of  colocalization  experiments  in  STHdh+/+  cells.  This  striatal  progenitor  cell  line  can  

be   pharmacologically-­induced   to   initiate   a   neuronal   differentiation   program   (see  

Methods),  extending  neurite-­like  outgrowths  containing  microtubule-­associate  protein  2,  

a   dendritic   marker   (Trettel   et   al.,   2000).   However,   STHdh+/+   cells   do   not   express  

detectable  levels  of  endogenous  Shank3  or  CaMKIIa  before  or  after  differentiation  (Figure  

3.5A,  left  and  center).  Therefore,  they  represent  an  excellent  heterologous  cell  model  to  

explore  the  colocalization  of  Shank3  and  CaMKIIa  in  a  neuron-­like  environment,  without  

potentially  confounding  effects  of  high  levels  of  endogenous  CaMKIIa,  Shank3  or  other  

CaMKAPs  that  might  compete  for  the  interactions  of  the  expressed  proteins.    

  

Since  our  in  vitro  studies  indicate  that  CaMKII  activation  and  Thr286  autophosphorylation  

is   a   critical  modulator   of   Shank3   binding,   we   first   investigated   colocalization   of  GFP-­

Shank3-­WT  with  either  mAp-­CaMKIIa-­WT,  mAp-­CaMKIIa-­T286D  (phospho-­mimetic),  or  

mAp-­CaMKIIa-­T286A   (phospho-­null)   in   fixed,   differentiated   cells.   GFP-­Shank3-­WT  

(green  channel)  was  concentrated  in  puncta  in  the  soma  and  in  neurite-­like  outgrowths  

(Figure  3.5B),  but  the  appearance  of  the  mApple  fluorescence  (magenta)  varied  with  the  

CaMKIIa   Thr286   mutation.   Signals   from   mAp-­CaMKIIa-­WT   and   CaMKIIa-­T286D  

displayed   punctate   characteristics   in   the   soma   and   in   neurite-­like   outgrowths   that  

appeared   to  partially   overlap  with  GFP-­Shank3-­WT  punctae,  whereas   the   signal   from  
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mAp-­CaMKIIa-­T286A  was  generally  diffuse  throughout  the  cell  and  the  limited  number  of  

visible   punctae   did   not   align   with   GFP-­Shank3-­WT   punctae   (Figure   3.5B,   see   inset  

images   of   neurite-­like   outgrowths).   To   provide   an   unbiased   assessment   of   the  

colocalization  of  the  mApple  and  GFP  signals  across  multiple  cells,  we  analyzed  images  

of  whole  transfected  cells  using  image  correlation  analysis,  which  quantifies  colocalization  

on  an  ICQ  scale   from  -­0.5  (mutually  exclusive  signals)   to  +0.5  (perfect  colocalization),  

with  0  representing  random  overlap  (Li  et  al.,  2004).  The  ICQ  values  for  overlap  of  GFP-­

Shank3-­WT  with  mAp-­CaMKIIa-­WT,  mAp-­CaMKIIa-­T286D,   and  mAp-­CaMKIIa-­T286A  

were   0.29±0.02,   0.36±0.02,   and   0.17±0.02,   respectively   (Figure   3.5C).   These   data  

confirm  that  mAp-­CaMKIIa-­WT  and  mAp-­CaMKIIa-­T286D  significantly  colocalized  with  

GFP-­Shank3-­WT  in  these  cells,  whereas  the  colocalization  of  mAp-­CaMKIIa-­T286A  with  

GFP-­Shank3-­WT  was  much  weaker  (p<0.0001).  The  unexpectedly  robust  colocalization  

of  mAp-­CaMKIIa-­WT  with  GFP-­Shanks3-­WT  may  be  explained  by  the  observation  that  

mAp-­CaMKIIa-­WT  is  significantly  phosphorylated  at  Thr286  in  STHdh+/+  cells  under  these  

conditions   (Figure   3.5A,   right).   Taken   together,   these   data   show   that   Shank3  

colocalization   with   CaMKII   in   intact   cells   is   sensitive   to   Thr286   modification,  

commensurate  with  our  biochemical  data  (Figure  3.2C).  

  

If  the  colocalization  of  mAp-­CaMKIIa-­WT  with  GFP-­Shank3  requires  the  direct  interaction  

that  we  identified  in  vitro,  the  RRK/AAA  mutation  in  the  central  domain  of  Shank3  should  

interfere   with   colocalization.   Therefore,   a   second   series   of   studies   compared   the  

colocalization  of  mAp-­CaMKIIa-­WT  with  GFP-­Shank3-­WT  or  GFP-­Shank3-­AAA;;  as  an  

additional  negative  control,  we  examined  the  colocalization  of  soluble  mApple  with  GFP-­
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Shank3-­WT  (Figure  3.5D).  GFP-­Shank3-­WT  and  GFP-­Shank3-­AAA  adopted  a  punctate  

localization  pattern  similar  to  that  observed  in  Figure  3.5B.  However,  mAp-­CaMKIIa-­WT  

overlapped   with   GFP-­Shank3-­WT   punctae,   but   not   GFP-­Shank3-­AAA   (Figure   3.5D,  

compare  top  to  center).  The  soluble  mApple  diffusely  filled  the  cell,  with  minimal  overlap  

with  GFP  punctae  (Figure  3.5D,  bottom).  This  qualitative  assessment  was  confirmed  by  

image   correlation   analysis,   with   ICQ   values   for   overlap   of   0.31±0.02,   0.07±0.01   and  

0.09±0.02.  respectively  (Figure  3.5E).  These  data  indicate  that  the  colocalization  of  mAp-­

CaMKIIa-­WT  with  GFP-­Shank3-­WT  punctae  in  intact  cells  is  disrupted  by  the  RRK/AAA  

mutation   that  we  have  shown  disrupts   the  direct   interaction  of  CaMKII  with  Shank3   in  

vitro.  
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Figure   3.5.   Shank3   949RRK951   to   AAA   mutation   disrupts   colocalization   of   activated  

CaMKIIa.  
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A.  Immunoblots  of  undifferentiated,  differentiated,  and  transfected/differentiated  STHdh+/+  cells,  

with   a   wild-­type   mouse   forebrain   lysate   as   positive   control.   Shank3   and   CaMKIIa   are   not  

expressed   in   non-­transfected  STHdh+/+   cells,   and   transfected  mApple-­tagged  CaMKIIa   (mAp-­

CaMKIIa)   is   T286-­phosphorylated.  B.   Representative   images   of   differentiated   STHdh+/+   cells  

expressing   GFP-­Shank3-­WT   with   mAp-­CaMKIIa-­WT   (left),   mAp-­CaMKIIa-­T286D   (center),   or  

mAp-­CaMKIIa-­T286A   (right).   Inset   images   show   regions   (dash-­lined   box)   of   the   processes  

containing  punctate  GFP  signals  (arrowheads)   that  overlap  with  mApple  signal   from  CaMKIIa-­

WT  and  -­T286D,  but  not  -­T286A.  C.  Intensity  correlation  analysis  quantifying  the  colocalization  of  
GFP  and  mAp  signals  in  transfected  and  differentiated  STHdh+/+  cells  in  panel  B.  Each  data  point  

represents  an  ICQ  value  from  a  single  cell,  with  7-­12  cells  analyzed  from  each  of  3  independent  

cultures/transfections.   ICQ   values   for   GFP-­Shank3-­WT   and   either   mAp-­CaMKIIa-­WT  

(mean±SEM:  0.29±0.02)  or  mAp-­CaMKIIa-­T286D  (0.36±0.02)  were  significantly  more  colocalized  

compared   to   mAp-­CaMKIIa-­T286A   (0.17±0.02)   (1-­way   ANOVA,   F(2,71)   =   21.35,   p   <   0.0001.  

Tukey’s  post-­hoc  test,  ***  p  <  0.001,  ****  p  <  0.0001).  D.  Representative  images  of  differentiated  

STHdh+/+  expressing  GFP-­Shank3-­WT  or  GFP-­Shank3-­AAA  with  soluble  mAp  or  mAp-­CaMKIIa-­

WT.  Inset  images  show  expanded  regions  of  the  processes,  as  in  panel  B.  E.  Intensity  correlation  
analysis  quantifying  the  colocalization  of  GFP  and  mAp  signals  in  transfected  and  differentiated  

STHdh+/+  cells  in  panel  C.  GFP-­Shank3-­WT  and  mAp-­CaMKIIa-­WT  (0.31±0.02)  are  significantly  

more  colocalized   than  GFP-­Shank3-­WT  and  mAp  (0.07±0.01)  or  GFP-­Shank3-­AAA  and  mAp-­

CaMKIIa  (0.09±0.02)  (1-­way  ANOVA,  F(2,70)  =  39.55,  p  <  0.0001.  Tukey’s  post-­hoc  test,  ****  p  <  

0.0001).  All  scale  bars  in  panels  B  and  D:  2.5  µm.  

  

3.7  Discussion  

We   recently   used   a   proteomics   approach   to   show   that   synaptic   CaMKII   complexes  

immunoprecipitated   from   mouse   forebrain   contain   many   other   proteins,   including  

substantial  amounts  of  Shank3,  a  synaptic  scaffolding  protein  (Baucum  et  al.,  2015).  In  

addition,   we   found   that   complexes   containing   Shank3   and   CaMKII   can   be   co-­

immunoprecipitated  from  transfected  HEK293T  cells  (Stephenson  et  al.,  2017).  However,  

the  co-­immunoprecipitation  of  two  proteins  may  arise  from  direct  or  indirect  interactions  
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of   the   proteins   involved.   Here,   we   explicitly   demonstrate   a   direct   interaction   between  

purified   Shank3   and   purified   CaMKII   and   define   its   regulation   by   CaMKII   activation.  

Thr286-­autophosphorylated  CaMKIIa  robustly  and  directly  binds  to  a  central  domain  in  

Shank3  with  no  previously  defined  biochemical  or  physiological  function,  and  mutation  of  

three  basic  residues  within  this  domain  to  Ala  (AAA  mutation)  largely  prevents  binding.  

Moreover,   in   vitro,   this   Shank3   domain   binds   weakly   to   CaMKIIa   activated   only   by  

Ca2+/calmodulin-­binding.   The   colocalization   of   CaMKII   with   Shank3   in   intact   cells   is  

regulated  by  CaMKII  activation  and  disrupted  by  the  AAA  mutation,  concordant  with  our  

in  vitro   findings.  Moreover,  the  strong  co-­immunoprecipitation  of  CaMKIIa  with  Shank3  

from  mouse  forebrain  extracts  is  largely  abrogated  by  a  knock-­in  Thr286  to  Ala  mutation,  

showing  that  CaMKIIa  Thr286  autophosphorylation  is  required  for  robust  CaMKII-­Shank3  

interactions  in  vivo.  

  

CaMKII   has   diverse   physiological   functions,   in   part   due   to   its   regulation   by   different  

CaMKAP  interactions.  Like  Shank3,  most  CaMKAPs  preferentially  bind  activated  CaMKII  

conformations,  induced  by  either  Ca2+/CaM-­binding  and/or  Thr286  autophosphorylation.  

Therefore,  CaMKII  activation  acts  as  a  switch  to  stimulate  Shank3  binding.  Interestingly,  

Shank3   selectivity   for   different   activated   conformations   of   CaMKII   differs   from   that   of  

GluN2B   subunits   of   the   NMDA   receptor.   Ca2+/CaM   binding   alone   is   insufficient   for  

GluN2B  binding  but  partially  supports   interactions  with  Shank3  and  densin,   relative   to  

Thr286  autophosphorylated  CaMKIIa  (Jiao  et  al.,  2011;;  Robison  et  al.,  2005a;;  Wang  et  

al.,   2017b).  While   the   physiological   significance   of   these   differences   is   unclear,   they  

presumably  reflect  subtle  variations  in  how  these  CaMKAPs  interact  with  CaMKIIa.  In  this  
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regard,   it   is   interesting   to   note   that   CaMKII-­binding   domains   of   activation-­dependent  

CaMKAPs  can  be  sub-­classified  based  on  sequence  homology.  CaMKII-­binding  domains  

in  GluN2B  subunits  and  LTCC  b1/2  subunits  share  sequence  homology  with  the  auto-­

regulatory   domain   surrounding   the   Thr286   autophosphorylation   site   of   CaMKIIa   itself  

(Grueter  et  al.,  2008;;  Strack  et  al.,  2000a).  However,  the  sequence  of  an  internal  CaMKII-­

binding  domain  in  densin,  another  synaptic  scaffolding  protein,  is  distinct,  resembling  that  

of   the   naturally-­occurring   CaMKII   inhibitor   protein   CaMKIIN   (Jiao   et   al.,   2011).  

Furthermore,  recently  identified  CaMKII-­binding  domains  in  LTCC  CaV1.2  and  CaV1.3  a1  

subunits  and  the  mGlu5  metabotropic  glutamate  receptor  contain  critical  tri-­basic  residue  

motifs  (Marks  et  al.,  2018;;  Wang  et  al.,  2017b),  similar  to  that  in  Shank3  identified  here  

(Figure  3.3).  However,  the  tri-­basic  residue  motif  alone  is  insufficient  for  CaMKII  binding,  

because  Thr286-­autophosphorylated  CaMKIIa  does  not  bind  two  GST-­Shank3  proteins  

(#3  and  #4a)   that  contain   tri-­basic  sequences  (707Arg-­Arg-­Lys709  and  919Lys-­Arg-­Arg921,  

respectively)  (Figs.  3.2B,  3.3B).  Further  studies  will  be  needed  to  explore  contributions  of  

residues   surrounding   the   tri-­basic   binding   motifs,   and   perhaps   secondary   or   tertiary  

structure,  to  CaMKII  binding  with  Shank3.  

  

It  is  well  established  that  activated  CaMKII  and  Shank3  are  highly  enriched  in  dendritic  

spines  (Boeckers  et  al.,  2005;;  Shen  and  Meyer,  1999),  and  are  also  found  in  complexes  

containing  NMDA  receptors  and  other  CaMKAPs  (Naisbitt  et  al.,  1999).  Since  dendritic  

spines  contain  several  CaMKAPs,  it  can  be  difficult  to  discern  their  individual  contributions  

to  modulating  CaMKII  localization  and  function.  However,  knock-­in  mutations  of  GluN2B  

subunits  of  the  NMDA  receptor  in  mice  that  block  CaMKII  binding  reduce  the  amount  of  
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CaMKII  in  postsynaptic  densities  and  impair  both  synaptic  plasticity  and  memory  recall  

(Halt   et   al.,   2012b).   While   Shank3   knockdown   has   been   shown   to   disrupt   NMDAR-­

mediated  postsynaptic  currents  and  DHPG-­induced  long-­term  depression  (Duffney  et  al.,  

2013;;  Verpelli  et  al.,  2011),  the  roles  of  specific  protein  interactions  with  Shank3  are  poorly  

understood.  We  posit  that  one  of  the  functions  of  Shank3  is  to  target  a  subpopulation  of  

CaMKII  holoenzymes  to  specific  postsynaptic  complexes.  
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CHAPTER  IV  

  

CAMKII  PHOSPHORYLATION  OF  SHANK3:  IDENTIFICATION  OF  

PHOSPHORYLATION  SITES  IN  VITRO  

  

4.1  Introduction  

The  scaffolding  protein  Shank3  interacts  directly  or  indirectly  with  receptors,  ion  channels,  

cytoskeletal  proteins,  and  signaling  molecules  to  regulate  their  targeting  and  anchoring  

to  postsynaptic  densities  and  dendritic  spines  in  excitatory  neurons  (Monteiro  and  Feng,  

2017;;  Sala  et  al.,  2001).  These  interactions  are  mediated  by  well-­defined  binding  domains  

in  Shank3,   including  multiple  ankyrin  repeats,  SH3  and  PDZ  domains,  a  novel  CaMKII  

binding  motif,  distinct  proline-­rich  regions  for  binding  to  ABI1,  homer,  and  cortactin,  and  

a   C-­terminal   SAM   domain   (Du   et   al.,   1998;;   Naisbitt   et   al.,   1999;;   Perfitt   et   al.,   2019;;  

Proepper  et  al.,  2007;;  Tu  et  al.,  1999).  Mutations  in  the  SHANK3  gene  are  often  linked  to  

neurodevelopmental  and  neuropsychiatric  disorders,  such  as  autism  spectrum  disorder  

(ASD)   (Durand   et   al.,   2006).   Moreover,   disruptions   of   Shank3   expression   in   multiple  

mouse  models  result  in  deficits  in  synaptic  transmission,  abnormal  neuronal  morphology,  

and   diverse   behavioral   phenotypes   (Wang   et   al.,   2014;;   Zhou   et   al.,   2015).   Since  

phenotypes  of  these  mouse  models  vary  with  the  specific  Shank3  mutation,  which  often  

target   different   exons,   understanding   physiological   signaling   mechanisms   coupled   to  

different   regions   of   Shank3   will   provide   better   targeted   therapy   for   Shank3-­related  

neuropsychiatric  disorders.  
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Chapter  III  identified  Shank3  as  a  CaMKAP  (CaMKII-­Associated  Protein).  As  described  

in  Chapter  I,  many  CaMKAPs  are  also  phosphorylated  substrates.  Phosphorylation  may  

occur  directly  at   the  CaMKII  binding  site,  affecting   the  protein-­protein   interaction,  or  at  

other  residues  of  the  protein  to  regulate  separate  functions.  As  Shank3  is  a  large  protein  

containing   many   Ser/Thr   residues,   we   hypothesized   that   CaMKII   might   be   able   to  

phosphorylate   Shank3.   Therefore,   we   sought   to   generate   a   list   of   putative  

phosphorylation   sites   using   mass   spectrometry   and   validate   these   findings   using  

phospho-­null  point  mutants.    

  

4.2  CaMKII  Phosphorylates  Multiple  Residues  In  Vitro  

To  first  test  for  CaMKII  phosphorylation  of  Shank3,  we  used  a  library  of  non-­overlapping  

GST-­tagged   fusion   proteins.   These   proteins   were   separately   incubated   with   purified  

CaMKIIa  and  radiolabeled  [g-­32P]  ATP.  A  GST  fusion  protein  containing  residues  1269-­

1309  of  the  GluN2B  subunit  of  the  NMDA  receptor,  which  is  phosphorylated  by  CaMKII  

at  Ser1303,  was  included  as  a  positive  control.  To  improve  the  chance  of  detecting  robust  

CaMKII   substrates   that   are   more   likely   to   be   physiologically   relevant,   proteins   were  

incubated   for  a   relatively  short  period  (2  min)  before  reactions  were  stopped.  Proteins  

were  run  on  a  gel,  stained,  and  then  exposed  to  film  to  detect  32P  incorporation  (Figure  

4.1).   We   detected   robust   32P   incorporation   in   GST-­Shank3   #2   (325-­536)   and   GST-­

Shank3   #3   (537-­828),  which   contain   the  SH3   and  PDZ  domains,   respectively.   These  

proteins  had  a  stronger  32P  incorporation  than  GST-­GluN2B,  which  contains  exactly  1  

phosphorylation   site   at  Ser1303.   Therefore,  we   hypothesized   that   these  GST-­Shank3  

fusion  proteins  contain  multiple  phosphorylated  residues.  Weaker  signal  was  observed  
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with  GST-­Shank3  #6  (1468-­1740),  and  a  weaker  and  less  consistent  signal  was  observed  

with  GST-­Shank3  #4  (829-­1130)  which  contains   the  CaMKII  binding  motif   (see  Figure  

3.2).  No  phosphorylation  was  observed  on  our  GST  negative  control,  GST-­Shank3  #1  (1-­

324),  or  GST-­Shank3  #5  (1131-­1467).    

  

  

Figure  4.1:  CaMKII  phosphorylates  multiple  GST-­Shank3  fusion  proteins  in  vitro.  
A.  Diagram  of  GST-­Shank3  fusion  proteins  used  for  phosphorylation  studies,  same  as  Figure  3.2.  

B.  After  incubation  with  CaMKII  and  [g-­32P]  ATP,  GST-­Shank3  proteins  were  run  on  SDS-­PAGE  

gel,  stained  (top),  and  exposed  to  film  to  determine  32P  incorporation  (bottom).  GST  and  GST-­

GluN2B  are  negative  and  positive  controls,  respectively.  Robust  32P  incorporation  is  seen  in  GST-­

Protein Stain

Autoradiograph 
(32P)

BSA

1 2 3 4    5 6

GST-Shank3     

B.
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Shank3  #2  (325-­536)  and  3  (537-­828),  with  weaker  signals  in  #4  (829-­1130)  and  6  (1468-­1740).  

Representative  of  at  least  3  replicates.  

  

4.3  Identification  of  Phosphorylated  Residues  by  Mass  Spectrometry  

To  identify  the  multiple  CaMKII  phosphorylation  sites  detected  by  autoradiography,  we  

utilized   a   mass   spectrometry   approach   to   generate   phospho-­proteomics   data.   GST-­

Shank3   fusion   proteins   (325-­536),   (537-­828),   (829-­1130),   and   (1468-­1740),   the   four  

truncations   that   demonstrated   32P   incorporation   in   Figure   4.1,   were   heavily  

phosphorylated  by  CaMKII  with  non-­radiolabeled  ATP  for  a  longer  time  period  (25  min)  in  

an  effort   to  bolster  signal   from  weakly  phosphorylated  sites.  These  proteins  were  then  

submitted  to  the  Vanderbilt  Mass  Spectrometry  Core  for  spectral  analysis.  The  findings  

of  this  study  are  summarized  in  Table  4.1.  
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Amino Acid Shank3b Residue Phosphorylated Spectral Counts Detected   In Vivo
Ser 361 18% -
Ser 373 60% +
Ser 375 20% +
Thr 391 1.2% -
Ser 421 9% -
Ser 436 10% +

Amino Acid Shank3b Residue Phosphorylated Spectral Counts Detected   In Vivo
Thr/Ser 551/557 77% + (557)

Ser 685 65% +
Ser 694 59% +
Thr 724 2% -
Thr 779 <1% +
Ser 781 69% +
Ser 801 43% +

Amino Acid Shank3b Residue Phosphorylated Spectral Counts Detected   In Vivo
Ser/Thr 873/875 7% -

Ser 891 60% +
Ser 898 40% +

Ser/Ser 938/940 30% -
Ser 973 1% -
Ser 980 17% -

Ser/Ser 1000/1001 8% + (1000)
Thr 1008 7% +

Amino Acid Shank3b Residue Phosphorylated Spectral Counts Detected   In Vivo
Ser 1472 15% +
Ser 1481 2% -
Ser 1511 63% +
Ser 1548 <1% -
Ser 1549 20% -
Ser 1554 3% -
Ser 1555 <1% -
Ser 1570 3% -
Ser 1587 <1% -
Ser 1593 50% -
Thr 1617 1% -
Ser 1622 <1% -
Ser 1623 61% -
Ser 1654 <1% -

64% Sequence Coverage

GST-Shank3 (1468-1740)
87% Sequence Coverage

GST-Shank3 (325-536)
45% Sequence Coverage

GST-Shank3 (325-536)
63% Sequence Coverage

GST-Shank3 (829-1130)
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Table  4.1:  Putative  CaMKII  phosphorylation  sites  identified  by  mass  spectrometry.  

Phosphorylated   serine   or   threonine   residues   from   four   GST-­Shank3   fusion   proteins   after  

incubation  with  CaMKII.  Quantification  of  phosphorylated  spectral  counts  measures  the  relative  

abundance  of  a  phosphorylated  peptide  compared  to  the  total  abundance  of  the  peptide.  Rows  

with  two  residues  listed  indicate  that  the  exact  phosphorylation  site  was  unable  to  be  identified.  

Data  for  in  vivo  mass  spectrometry  from  (Huttlin  et  al.,  2010;;  Wang  et  al.,  2019b).  Data  from  one  

technical  replicate.      

  

Our  proteomics  data  contained  six  putative  sites  on  GST-­Shank3  #2  (325-­536),  7-­8  sites  

on  GST-­Shank3  #3(537-­828),  8-­11  sites  on  GST-­Shank3  #4  (829-­1130),  and  14  sites  on  

GST-­Shank3   #6   (1468-­1740).   Some   peptides   contained   multiple   serine/threonine  

residues  and  we  were  unable  to  precisely  define  which  residue  was  phosphorylated.  In  

addition,   we   observed   a   wide   range   of   relative   levels   of   phosphorylation   between  

residues.  To  quantify  phosphorylated  peptides,  we  calculated  the  AUC  of  the  extracted  

ion  chromatograms  corresponding  to  an  identified  phospho-­peptide.  We  then  normalized  

the  phospho-­peptide  AUC  as  a  percentage  of  the  total  peptide  AUC.  Using  this  method,  

we  identified  22  phosphorylation  sites  that  were  moderately  or  strongly  phosphorylated  

(greater   than   5%   phosphorylated),   and   13   sites   that   are   likely   to   be   non-­specifically  

phosphorylated  (less   that  5%  phosphorylated).  The  22   likely  phosphorylation  sites  are  

shown  in  Figure  4.2  as  well  as  their  general  position  on  Shank3.      
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Figure  4.2:  Putative  CaMKII  phosphorylation  sites  on  Shank3.  
Diagram  of  22  likely  CaMKII  phosphorylation  sites  detected  on  Shank3  in  vitro.  Only  those  sites  

detected  with  >5%  phosphorylated  spectral  counts  are  shown  in  this  figure.    

  

4.4  Validation  of  Previously-­Identified  CaMKII  Phosphorylation  Sites  on  Shank3  

Two  previous  phospho-­proteomics  studies  attempted  to  identify  CaMKII  phosphorylation  

sites  on  PSD  associated  proteins  (Dosemeci  and  Jaffe,  2010;;  Jaffe  et  al.,  2004).  These  

studies  identified  Shank3  Ser694,  Ser1511,  Ser1587,  and  Ser1593  as  potential  CaMKII  

phosphorylation   sites.   In   our   phospho-­proteomics   study,   all   four   sites  were   identified,  

though   they  were  phosphorylated  at  varying  percentages.  However,  other  kinases  are  

present  in  the  PSD,  such  as  PKA,  PKC,  and  MAPK  (Carr  et  al.,  1992;;  Suzuki  et  al.,  1995;;  

Suzuki   et   al.,   1993).   Therefore,   we   sought   to   directly   test   whether   these   sites   are  

phosphorylated  by  CaMKII  in  vitro.    

  

We  generated  a  GST-­Shank3  (537-­828)  fusion  protein  with  Ser694  mutated  to  phospho-­

null   Ala   (S694A).   In   addition,  we   generated   three   separate  GST-­Shank3   (1468-­1740)  

fusion  proteins   that   each   contained  a  mutation  of  Ser1511,  Ser1587,   and  Ser1593   to  

aa	1				N- -C				aa	1740SAMSH3 PDZANK
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phospho-­null   Ala   (S1511A,   S1587A,   and   S1593,   respectively).   We   then   directly  

phosphorylated   WT   or   mutant   GST-­Shank3   proteins   for   2   min   with   CaMKII   and  

radiolabeled   ATP   to   assess   32P   incorporation   (Figure   4.3A).   As   protein   loading   was  

slightly  uneven  between  mutants,  we  also  calculated  phosphorylation  (mol/mol)  for  each  

protein  (Figure  4.3B).  In  GST-­Shank3  (537-­828),  the  S694A  mutation  trends  towards  a  

significant  reduction  in  phosphorylation.  In  GST-­Shank3  (1468-­1740),  only  the  S1511A  

mutation  significantly  reduced  phosphorylation,  while  S1587A  and  S1593A  did  not  (n=4,  

p  <  0.001,  paired  t-­test  with  equal  variance).  

  

  

Figure  4.3:  Validation  of  previously  identified  Shank3  phosphorylation  sites.  
A.  The  indicated  GST  fusion  proteins  were  incubated  with  10  nM  CaMKII  for  2  minutes  before  
being  separated  by  SDS-­PAGE  and  exposed   to   film.  Representative  of  2-­4   replicates.  B.  Gel  
bands  from  A  were  excised  and  measured  in  a  liquid  scintillation  counter.  S694A  mutation  trends  
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towards  a  significant  reduction  in  phosphorylation  in  GST-­Shank3  (537-­828).  S1511A  significantly  

reduces  phosphorylation  in  GST-­Shank3  (1468-­1740),  while  S1587A  and  S1593  do  not  (paired  

Student’s  t  test  with  equal  variance,  ***  p  =  0.0002).  C.  The  indicated  GST  fusion  proteins  were  
incubated  with  10  nM  CaMKII  for  2  minutes  before  being  separated  by  SDS-­PAGE  and  exposed  

to   film.  D.  Autoradiograph   signals   were   normalized   to   protein   stain,   and   S1511A   significantly  
reduces   phosphorylation   (43.7±6%   reduced   compared   to  WT,   n=4,   **   p   =   0.006,   one-­sample  

Student’s   t-­test   with   equal   variance   compared   to   a   theoretical   value   of   100).   C.   and   D.,  

representative  of  4  replicates.  

  

  

Mutation  of  Ser1511  to  Ala  produced  the  largest  reduction  of  32P  incorporation.  Therefore,  

we  sought  to  investigate  Ser1511  phosphorylation  more  rigorously.  Separate  reactions  of  

GST-­Shank3   (1468-­1740)  WT  or  S1511A  were   incubated   for   2  min  with  CaMKII   and  

radiolabeled  ATP   to  assess  32P   incorporation   (Figure  4.3C).  With  more  equal  protein  

loading  compared  to  Figure  4.3A,  we  were  better  able  to  quantify  a  significant  reduction  

of  32P   incorporation   in  GST-­Shank3  (1468-­1740)  S1511A  (44±6%  reduction  relative   to  

WT,  n=4,  p  <  0.01,  one  sample  Student’s  t-­test  compared  to  a  theoretical  value  of  100)  

(Figure  4.3D).  

  

4.5  Discussion  

Although  GST-­Shank3  #4  (829-­1130)  and  #6  (1468-­1740)  were  weakly  phosphorylated  

relative   to   the   other   GST-­Shank3   fusion   proteins   in   Figure   4.1,   more   putative  

phosphorylation  sites  were  detected  in  the  mass  spectrometry  study.  This  may  be  a  result  

of  the  mass  spectrometry  samples  being  phosphorylated  for  longer  (2  versus  25  min).  A  

longer  phosphorylation  would  allow  for  more  non-­specific  phosphorylation  to  occur,  as  we  

observed  many  putative  sites  that  did  not  meet  our  somewhat  arbitrary  >5%  threshold  on  
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these   proteins.   In   addition,   CaMKII   may   preferentially   phosphorylate   other   Shank3  

residues,  such  as  those  near  the  SH3  and  PDZ  domains,  before  phosphorylating  those  

near  the  CaMKII  binding  motif  and  the  SAM  domain.  GST-­Shank3  #6  (1468-­1740)  also  

had   the   highest   sequence   coverage,   which   may   contribute   to   the   higher   number   of  

putative  phosphorylation  sites  identified.    

  

Not  all  Ser/Thr  residues  within  these  fusion  proteins  were  recovered,  as  indicated  by  the  

sequence  coverage  under  each  protein   (Table  4.1).  This   is   likely  due   to   trypsin  digest  

creating  peptides  that  could  not  be  recovered  after  mass  spectrometry,  either  due  to  size  

or   other   biochemical   properties.   Other   protease   digests,   such   as   elastase   or  

endoproteinase  AspN,  which  cleave  proteins  differently  than  trypsin,  may  provide  a  more  

complete   coverage.  However,   this  would  only   be  necessary   if  mutation  of   all   putative  

phosphorylation  sites  to  phospho-­null  Ala  within  a  given  GST-­Shank3  protein  still  resulted  

in  32P  incorporation.  

  

In  our  validation  of  previously  identified  putative  phosphorylation  sites,  slight  to  moderate  

reductions   were   observed   with   all   single   phospho-­null   mutants   tested   (Figure   4.3A).  

Ser1511  phosphorylation  in  GST-­Shank3  (1468-­1740)  accounted  for  approximately  43%  

of  all  phosphorylation  events  on  the  WT  protein,  suggesting  that  other  sites  still  contribute  

to   overall   phosphorylation.   The   other   phosphorylation   sites   tested   did   not   reach   any  

statistically   significant   reduction   in  phosphorylation;;   however,  with  only   two   replicates,  

these   results  may   be   underpowered.   As   none   of   these  mutants   completely   disrupted  
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phosphorylation,  it  does  provide  evidence  that  multiple  CaMKII  phosphorylation  sites  are  

present  within  these  proteins.    

  

A  recent  kinome-­wide  siRNA  screen  identified  Shank3  as  a  substrate  for  ERK2  (Wang  et  

al.,  2019a).  Similar  to  our  studies,  this  report  identified  putative  phosphorylation  sites  in  

vitro  using  purified  Shank3  fragments  separately  incubated  with  the  kinases  ERK2,  PKA,  

GSK3b,   or   casein   kinase  2   followed  by  mass   spectrometry.  ERK2  phosphorylation  at  

Shank3  Ser1134,  Ser1163,  and  Ser1253  were  identified  as  regulators  of  Shank3  stability,  

while   Shank3   with   all   three   sites   mutated   to   Ala   had   a   longer   half-­life   and   reduced  

ubiquitination.  All  three  of  these  sites  are  present  in  GST-­Shank3  #5  (1131-­1467),  which  

was  not  phosphorylated  by  CaMKII.  However,  this  data  identified  a  number  of  residues  

phosphorylated  by  other  kinases  that  also  appear  in  our  CaMKII  proteomics  data  (Table  

4.2).  ERK2,  GSK3b,  and  casein  kinase  2  all  shared  1-­2  phosphorylation  sites  identified  

in   our   CaMKII   phospho-­proteomics,   with   the   functional   relevance   of   these   sites   still  

unknown.   PKA   and   CaMKII   shared   multiple   phosphorylation   sites;;   one,   Ser685,   is  

explored  in-­depth  in  the  following  chapter.    

  

  

Table  4.2:  Comparison  of  Shank3  phosphorylation  sites  from  in  vitro  kinase  assays.  

Residue Detected   In Vivo CaMKII ERK2 PKA GSK3B CK2
Ser375 + ++ nd + + +

Thr551/Ser557 + (557) ++ nd + nd nd
Ser685 + ++ nd ++ nd nd
Ser781 + ++ nd + nd nd
Ser801 + + nd + nd nd
Ser875 - + ++ nd + nd
Ser891 + ++ nd + nd nd
Ser1472 + + nd ++ nd nd

Identified    In Vitro
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Identification   of   putative   phosphorylation   sites   between   multiple   in   vitro   kinase   assays   using  

different   Ser/Thr   kinases.   Since   results   for   CaMKII   and   the   other   kinases   were   performed  

different,  positive  results  are  indicated  with  (+),  phosphorylated,  (++),  strongly  phosphorylated,  or  

nd,  no  detection.  Data  for  in  vivo  mass  spectrometry  from  (Huttlin  et  al.,  2010;;  Wang  et  al.,  2019b).  

Data  for  ERK,  PKA,  GSK3b,  and  casein  kinase  2  from  (Wang  et  al.,  2019a).     
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CHAPTER  V  

  

CAMKII  PHOSPHORYLATION  OF  SHANK3:  SER685  PHOSPHORYLATION  

MODULATES  ABI1-­SHANK3  INTERACTION  

  

5.1  Introduction  

Phosphorylation  of  scaffolding  proteins  can  regulate  their  binding  interactions,  subcellular  

distribution,   and   ultimately   their   physiological   function   (Iasevoli   et   al.,   2012).   Several  

phospho-­proteomics   studies   have   reported   that   Shank3   is   phosphorylated   at  multiple  

sites  when   isolated   from  brain   tissues,  and   in  some   instances   the  kinase  and   residue  

have  been  identified.  For  example,  ribosomal  S6  kinase  2  (RSK2)  phosphorylates  Shank3  

at  Ser1648  in  vitro  and  in  primary  neurons  (Thomas  et  al.,  2005).  Recently,  Shank3  was  

shown  to  be  phosphorylated  in  vivo  at  Ser685,  immediately  adjacent  to  the  ABI1  binding  

motif   (Wang   et   al.,   2019b).   A   phospho-­null   S685A   mutation   or   a   missense   S685I  

mutation,   identified   in   a   patient   with   ASD,   reduced   the   ABI1-­Shank3   interaction   and  

impaired  dendritic  spine  development  and  synaptic  transmission.  In  vitro  studies  indicated  

that  PKA,  but  not  ERK2,  GSK3b,  or  casein  kinase  2,  phosphorylated  Ser685  (Wang  et  

al.,  2019b).  However,  a  direct  effect  of  Shank3  Ser685  phosphorylation,  or  of  a  phospho-­

mimetic  mutation  of  Ser685  to  an  acidic  residue,  on  ABI1  binding  was  not  reported.      

  

Synaptic   plasticity   involves   dynamic   changes   in   the   actin   cytoskeleton   and   spine  

morphology  that  are  modulated  by  both  Ca2+  and  cAMP  signaling  (Borovac  et  al.,  2018;;  

Dell'Acqua  et  al.,  2006;;  Lee  et  al.,  2009;;  Strack  et  al.,  1997;;  Zhong  et  al.,  2009).  Both  
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CaMKII  and  PKA  are  able   to  phosphorylate   the  same  residue   in  various  proteins.  For  

instance,   both   CaMKII   and   PKA   can   phosphorylate   the   C-­terminus   of   connexin43   at  

Serine  364,  365,  369,  or  373,  which  alter  gap   junction  assembly   (Huang  et  al.,  2011;;  

Lampe  and  Lau,  2004).  Furthermore,  both  kinases  can  phosphorylate  Ser120  on  the  Rpt6  

subunit  of  the  26  S  proteasome  to  enhance  proteasome  activity  in  neurons  (Djakovic  et  

al.,  2009;;  Zhang  et  al.,  2007).  However,  CaMKII  and  PKA  can  phosphorylate  the  same  

protein   at   different   residues,   resulting   in   different   physiological   outcomes.   The  GluA1  

subunit   of   the   AMPA-­type   glutamate   receptor   is   such   a   protein,   where   CaMKII  

phosphorylation  at  Ser831   increases   single   channel   conductance   (Barria  et   al.,   1998;;  

Kristensen  et  al.,  2011),  while  PKA  phosphorylation  of  Ser845  increases  surface  GluA1  

expression  (Oh  et  al.,  2005;;  Roche  et  al.,  1996).  Notably,  phospho-­proteomics  analyses  

revealed  that  phosphorylation  of  several  sites  in  Shank3  is  increased  following  CaMKII  

activation   in   isolated  synaptic   fractions  (Dosemeci  and  Jaffe,  2010;;  Jaffe  et  al.,  2004),  

Thus,  it  seems  likely  that  both  PKA  and  CaMKII  can  target  Shank3,  but  the  potential  role  

of  CaMKII  in  Shank3  Ser685  phosphorylation  has  not  been  investigated.  

  

In   the   previous   chapter,   Shank3   Ser685   was   identified   as   a   potential   CaMKII  

phosphorylation   site   based   on   our   proteomics   data.   In   this   chapter,   we   tested   the  

hypothesis  that  Shank3  Ser685  is  also  targeted  by  CaMKII  for  phosphorylation.  We  found  

that  both  PKA  and  CaMKII  can  phosphorylate  a  GST-­Shank3  fusion  protein  containing  

residues  572-­691,  and  that  this  phosphorylation  is  prevented  by  mutation  of  Ser685  to  a  

phospho-­null   alanine   residue.   Consistent   with   prior   studies,   any   mutation   of   Ser685  
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disrupts  Shank3  interactions  with  ABI1.  However,  we  show  for  the  first  time  that  Ser685  

phosphorylation  by  CaMKII  significantly  enhances  ABI1  interaction  with  Shank3.     

  

5.2  CaMKII  and  PKA  Phosphorylate  Shank3  685  

As  an  initial  test  of  our  hypothesis  that  CaMKII  can  phosphorylate  Shank3  at  Ser685,  a  

site  previously  shown  to  be  phosphorylated  by  PKA,  we  generated  a  GST  fusion  protein  

containing   Shank3   amino   acids   572-­691,   which   includes   the   PDZ   domain   and   the  

adjacent   ABI1-­binding  motif.   GST  was   used   as   a   negative   control   and   a  GST   fusion  

protein  containing  the  AMPA  receptor  subunit  GluA1  C-­terminal  residues  827-­901  was  

used  as  a  positive  control  because  CaMKII  and  PKA  specifically  phosphorylate  Ser831  

(Barria   et   al.,   1998)   and  Ser845   (Roche  et   al.,   1996),   respectively.   These   three  GST  

proteins  were   separately   incubated  with   equimolar   catalytic   domain   concentrations   of  

purified  CaMKIIa  or  PKA  for  1-­5  minutes  and  then  analyzed  by  SDS-­PAGE  followed  by  

autoradiography  (Figure  5.1).  As  expected,  GST  alone  was  not  phosphorylated,  but  GST-­

GluA1   was   phosphorylated   by   both   CaMKIIa   and   PKA.   GST-­Shank3   was   similarly  

phosphorylated   by   both   CaMKIIa   and   PKA   over   a   5-­min   time   course.   While   PKA  

reproducibly  phosphorylated  Shank3  more  efficiently  than  GluA1,  CaMKII  displayed  the  

reverse  substrate  preference.  Nevertheless,   these   in  vitro  data  show   that  CaMKII  can  

phosphorylate  Shank3  in  a  region  of  the  protein  that  is  also  phosphorylated  by  PKA.  
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Figure  5.1:  CaMKIIa  and  PKA  phosphorylate  Shank3  in  vitro.  

The  indicated  GST  fusion  proteins  were  incubated  with  CaMKIIa  (10  nM)  or  PKA  (10  nM)  and  [γ-­
32P]ATP  (see  Methods),  and  then  analyzed  by  SDS-­PAGE  followed  by  Coomassie  blue  staining  

(bottom)  and  autoradiography  to  detect  32P-­incorporation  (top).  Reactions  ran  for  1-­5  minutes  as  

indicated,   before   stopping   with   4X   sample   buffer.   Black   arrowhead   indicates   CaMKIIa  

autophosphorylation.  Representative  of  at  least  3  biological  replicates.  From  (Perfitt  et  al.,  2020).  

  

Ser685  had  been  previously  identified  as  the  main  site  of  PKA  phosphorylation  within  this  

region  of  Shank3   (Wang  et   al.,   2019b).   To   confirm   this   finding  and  also   test  whether  

CaMKIIa  also  phosphorylates  Ser685  within  GST-­Shank3  (572-­691),  we  mutated  Ser685  

in  the  GST-­Shank3  fusion  protein  to  a  phospho-­null  Ala  residue  (S685A).  GST-­Shank3-­

WT  or  -­S685A  were  incubated  with  CaMKIIa  or  PKA  (Figure  5.2),  with  GST-­GluA1  as  a  

positive  control,  as  in  Figure  5.1.  While  GST-­Shank3-­WT  was  strongly  phosphorylated  by  

both   CaMKIIa   and   PKA,   32P-­incorporation   into   GST-­Shank3-­S685A   was   barely  

detectable  following  incubation  with  either  kinase.  These  data  demonstrate  that  Ser685  

in  Shank3  is  the  major  site  within  this  domain  that  can  be  phosphorylated  in  vitro  by  both  

CaMKII  and  PKA.  



   103  

  

  

Figure  5.2:  CaMKIIa  and  PKA  phosphorylate  Shank3  at  Ser685.  

The  indicated  GST  fusion  proteins  were  phosphorylated  by  CaMKIIa  (10  nM)  or  PKA  (50  nM)  for  

5   min   and   then   analyzed   as   in   Figure   5.1.   Black   arrowhead   indicates   CaMKIIa  

autophosphorylation.  Representative  of  at  least  3  biological  replicates.  From  (Perfitt  et  al.,  2020).  

  

5.3  Mutation  of  Ser685  Interferes  with  ABI1  Binding  

Ser685  lies  immediately  C-­terminal  to  the  ABI1  binding  motif  in  Shank3  (Proepper  et  al.,  

2007).   WT   Shank3   may   be   partially   phosphorylated   at   Ser685   when   expressed   in  

HEK293   cells   because   a   phospho-­null   S685A   mutation   reduces   ABI1   co-­

immunoprecipitation  with  Shank3  (Wang  et  al.,  2019b).  Therefore,  we  hypothesized  that  

a  phospho-­mimetic  Ser685  to  aspartate  (S685D)  mutation  may  enhance  the  interaction  

with  ABI1  relative  to   the  S685A  mutant.  To  test   this  hypothesis,  we  co-­expressed  HA-­

tagged  ABI1  and  GFP-­tagged  full  length  Shank3  with  either  the  wild  type  (WT)  sequence  

or  with  mutations  of  Ser685  to  alanine  (S685A),  or  a  phospho-­mimetic  aspartate  (S685D)  

in  HEK293T  cells.  Cells  were  lysed  and  Shank3  was  immunoprecipitated  using  a  GFP  

antibody  (Figure  5.3A).  We  detected  a  robust  and  specific  co-­immunoprecipitation  of  ABI1  
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with  GFP-­Shank3-­WT,  as  previously  demonstrated.  Moreover,  S685A  mutation  in  GFP-­

Shank3  significantly   reduced   the   levels  of   co-­immunoprecipitated  HA-­ABI1,   consistent  

with   a   prior   report.   However,   there   was   a   quantitatively   similar   reduction   in   the   co-­

immunoprecipitation  of  HA-­ABI1  with  the  GFP-­Shank3-­S685D  mutant.  As  a  control,  we  

used  a  similar  approach  to  test  for  effects  of  the  Shank3  S685A  and  S685D  mutations  on  

co-­immunoprecipitation  of  the  HA-­tagged  C-­terminal  domain  of  the  L-­type  Ca2+  channel  

CaV1.3  (HA-­CaV1.3-­CTD),  which  binds  to  the  canonical  PDZ  domain  (residues  572-­663)  

in  Shank3  (Zhang  et  al.,  2005)   in  close  proximity  to  the  ABI1  binding  site  and  Ser685.  

However,  neither  Ser685  mutation  had  an  effect  on  the  levels  of  co-­immunoprecipitated  

HA-­CaV1.3-­CTD.  Therefore,  the  Ser685  mutations  specifically  interfere  with  ABI1-­Shank3  

binding,  presumably  by  disrupting  interactions  involving  amino  acids  adjacent  to  the  core  

ABI1  binding  motif.  However,  since  introduction  of  negative  charge  by  S685D  mutation  

has   the   same  effect   as   the  uncharged  S685A  mutation,   it   is   unclear  whether  Shank3  

Ser685  phosphorylation  affects  the  interaction  with  ABI1.  

  

  

Figure  5.3:  Mutation  of  GFP-­Shank3  Ser685  disrupts  ABI1  binding.  
A,  B.  Lysates  of  HEK293T  cells  expressing  HA-­ABI1  (A)  or  HA-­CaV1.3-­CTD  (B)  and  either  empty  
vector,  GFP-­Shank3-­WT,  GFP-­Shank3-­S685A,  or  GFP-­Shank3-­S685D  were  immunoprecipitated  



   105  

(IP)  using  a  GFP  antibody.  Input  samples  and  IP  complexes  were  resolved  by  SDS-­PAGE  and  

immunoblotted   for  GFP-­Shank3  and  HA-­ABI1   (A)  or  HA-­CaV1.3-­CTD   (B).  HA/GFP  signals   for  
each  IP  lane  were  calculated  and  normalized  to  GFP-­Shank3-­WT.  Both  GFP-­Shank3-­685A  and  

GFP-­Shank3-­685D  significantly   reduce  HA-­ABI1  co-­immunoprecipitation  (GFP-­Shank3-­S685A:  

37±11%  reduced  compared  to  WT,  **  p  <  0.01,  GFP-­Shank3-­S685D:  32±8%  reduced  compared  

to  WT,  ***  p  <  0.001,  one  sample  Student’s   t-­test  with  equal  variance  compared   to   theoretical  

mean  of  100).  Mutation  of  S685  had  no  effect  on  HA-­CaV1.3-­CTD  co-­immunoprecipitation  (one  

sample   Student’s   t-­test   with   equal   variance   compared   to   theoretical   mean   of   100).   The  

immunoblots  shown  are  representative  of  4-­5  biological  replicates  that  were  quantified.  Error  bars,  

mean  ±  SEM.  From  (Perfitt  et  al.,  2020)  

  

5.4  Phosphorylation  of  Ser685  by  CaMKIIa  Enhances  ABI1-­Shank3  Binding    

We  directly   tested   for  an  effect  of  Shank3  Ser685  phosphorylation  on  ABI1  binding   in  

vitro.  The  GST-­Shank3-­WT  or  GST-­Shank3-­S685A  proteins  were  phosphorylated  for  an  

extended  time  (20  min)  using  purified  CaMKIIa  (see  Methods)  or  incubated  under  control  

conditions  (lacking  CaMKIIa)  and  then  mixed  with  lysates  of  HEK293T  cells  expressing  

HA-­ABI1.  Immunoblot  analysis  of  GST  protein  complexes  revealed  that  specific  binding  

of   HA-­ABI1   to   non-­phosphorylated   control   GST-­Shank3-­WT   and  GST-­Shank3-­S685A  

was  indistinguishable  (Figure  5.4).  However,  pre-­phosphorylation  of  GST-­Shank3-­WT  by  

CaMKIIa  increased  ABI1  binding  by  about  50%,  and  this  effect  was  abrogated  by  S685A  

mutation   (Figure   5.4).   These   data   directly   demonstrate   that   Shank3   Ser685  

phosphorylation  can  enhance  the  association  with  ABI1.  
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Figure  5.4:  CaMKIIa  phosphorylation  of  Shank3  Ser685  enhances  ABI1  binding.  

Left,  GST,  GST-­Shank3  WT,  or  GST-­Shank3-­S685A  were  pre-­phosphorylated  with  CaMKIIa  and  

incubated   with   HEK293T   cell   lysate   expressing   HA-­ABI1.   Control   protein   samples   were   pre-­

incubated   in   the   absence   of   CaMKIIa.   Isolated   GST   complexes   were   then   analyzed   by  

immunoblotting  as   indicated   (see  Methods).   Immunoblots  are   representative  of  5   independent  

experiments.  Right,  HA/GST  signals  from  each  pulldown  lane  were  normalized  to  GST-­Shank3-­

WT/no  CaMKII   condition.   Incubation  with  CaMKIIa   significantly   increases  HA-­ABI1   binding   to  

GST-­Shank3-­WT  (148±14%  increased  relative  to  no  CaMKII  condition,  *  p  <  0.05,  one  sample  

Student’s  t-­test  with  equal  variance  compared  to  theoretical  mean  of  100),  which  is  not  observed  

with   GST-­Shank3-­S685A   (unpaired   Student’s   t-­test   with   equal   variance).   Error   bars,   mean   ±  

SEM.  From  (Perfitt  et  al.,  2020).  

  

5.5  Discussion  

Dynamic   changes   in   the   size   and   morphology   of   dendritic   spines   and   postsynaptic  

densities  during  synaptic  development  and  synaptic  plasticity  are  mediated  in  part  by  the  

re-­organization  of  multiprotein  complexes  that  are  assembled  by  numerous  scaffolding  

proteins  (Sheng  and  Hoogenraad,  2007).  Phosphorylation  of  some  synaptic  proteins  has  

been  shown  to  modulate  their   interaction  with  scaffolding  proteins  (Chung  et  al.,  2004;;  

Zacchi  et  al.,  2014).  Here,  we  provide  direct  evidence   that  phosphorylation  of  a  major  
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synaptic  scaffolding  protein,  Shank3,  specifically  modulates  the  binding  of  ABI1,  a  key  

synaptic  modulator  of  F-­actin  cytoskeleton.          

  

Shank3  is  a  member  of  a  larger  family  of  proteins  that  also  includes  Shank1  and  Shank2.  

All   three   Shanks   have   been   linked   to   ASD,   as   well   as   intellectual   disability   and  

schizophrenia  (Eltokhi  et  al.,  2018;;  Monteiro  and  Feng,  2017;;  Sala  et  al.,  2015).  They  

also  share  a  similar  overall  domain  organization,  with  high  amino  acid  sequence  similarity  

in  SH3,  PDZ,  and  SAM  domains.  Although  there  is  low  overall  sequence  similarity  outside  

of   the   canonical   protein   interaction   domains,   the   proline-­rich   ABI1   binding   motif   is  

conserved  between  Shank2  and  Shank3,  but  not  Shank1  (Lim  et  al.,  1999;;  Proepper  et  

al.,  2007).  Our  data  significantly  extend  prior  studies  by  showing  that  Ser685  in  Shank3,  

immediately   adjacent   to   the   ABI1   binding   motif   (residues   677-­684),   can   be  

phosphorylated   by   CaMKII,   and   confirm   a   prior   report   that   PKA   phosphorylates   this  

residue.  Although  several  proteomics  studies  have  shown  that  Shank3  phosphorylation  

in   isolated   postsynaptic   densities   is   increased   under   conditions   that   favor   CaMKII  

activation  (Dosemeci  and  Jaffe,  2010;;  Jaffe  et  al.,  2004),  this  is  the  first  study  to  show  

that  CaMKII  phosphorylates  Shank3  using  purified  proteins.  Moreover,  we  show  for  the  

first   time   that   Ser685   phosphorylation   directly   enhances   binding   of   ABI1   in   vitro.  

Interestingly,  comparison  of  the  amino  acid  sequences  surrounding  the  ABI1-­binding  sites  

in  Shank3  and  Shank2   reveals   that  Shank3  Ser685   is   conserved  as  Shank2  Thr153.  

Further   studies   will   be   required   to   determine   whether   phosphorylation   of   Thr153   in  

Shank2  by  CaMKII,  PKA  or  other  kinases  can  also  modulate  ABI1  binding.    
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As  noted  above,   a  prior   study   reported  Shank3  Ser685  phosphorylation  by  PKA,  and  

confirmed   that   Ser685   is   phosphorylated   in   vivo   by   proteomics   analysis   and   using  

phospho-­site  specific  antibodies  (Wang  et  al.,  2019b).  Ser685  mutation  to  alanine  was  

also   shown   to   decrease   ABI1   binding   to   Shank3,   consistent   with   the   hypothesis   that  

Shank3   Ser685   phosphorylation   by   PKA   enhances   the   interaction   with   ABI1   in   situ.  

Moreover,   co-­immunoprecipitation  of   the   two  proteins   from   lysates  of   cortical   neurons  

was  decreased  following  pre-­treatment  with  H89,  a  PKA  inhibitor  (Wang  et  al.,  2019b).  

However,   neither   the   putative   effect   of   H89   to   decrease   Ser685   phosphorylation   in  

neurons  nor  a  direct  effect  of  Ser685  phosphorylation,  or  a  phospho-­mimetic  mutation  of  

Ser685  to  aspartate  or  glutamate,  to  enhance  the  interaction  with  ABI1  was  reported  in  

this  prior  study.  Nevertheless,  given  these  prior  findings,  it  was  surprising  that  our  current  

studies  revealed  that  phospho-­mimetic  S685D  and  phospho-­null  S685A  mutations  had  

quantitatively   similar   effects   to   decrease   the   association   of   ABI1.   However,   neither  

mutation  affected  binding  of  the  C-­terminal  domain  of  CaV1.3  to  the  nearby  Shank3  PDZ  

domain.    

  

Since  our  findings  using  the  GFP-­Shank3-­S685D  protein  called  into  question  the  role  of  

Ser685   phosphorylation   in   modulating   the   interaction   with   ABI1,   it   was   important   to  

directly   investigate   the   putative   effect   of   phosphorylation.   We   found   that   CaMKII  

phosphorylation  of  the  GST-­Shank3-­WT  protein   in  vitro  enhanced  the  binding  of  ABI1,  

while  the  pre-­incubation  of  GST-­Shank3-­S685A  with  CaMKII  and  ATP  had  no  effect  on  

ABI1  binding.  Thus,  our  findings  directly  demonstrate  for  the  first  time  that  Shank3  Ser685  

phosphorylation   indeed  enhances   the  binding  of  ABI1.  Notably,  while  S685A  mutation  
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had  no  effect  on  in  vitro  binding  of  ABI1  to  GST-­Shank3,  the  same  mutation  significantly  

reduced  co-­immunoprecipitation  of  HA-­ABI1  with  GFP-­Shank3  when  the  proteins  were  

co-­expressed  in  mammalian  (HEK293)  cells.  This  discrepancy  may  be  explained  by  the  

partial   phosphorylation   of   GFP-­Shank3   at   Ser685   by   endogenous   PKA,   CaMKII   or  

another   kinase   in  mammalian   cells,   enhancing   the   interaction  with  HA-­ABI1,  whereas  

GST-­Shank3   purified   from   bacteria   is   not   phosphorylated.   It   is   also   noteworthy   that  

indistinguishable   amounts   of  HA-­ABI1   co-­immunoprecipitate  with  GFP-­Shank3-­S685A  

and  -­S685D;;  thus,  the  S685D  mutation  is  not  a  phospho-­mimetic  mutation  in  this  context.  

The  failure  of  phospho-­mimetic  mutations  is  not  unprecedented  and  is  presumably  under-­

reported  in  the  literature  because  it  is  a  negative  result.  This  may  be  explained  by  the  fact  

that  aspartate  (or  glutamate)  residues  carry  only  a  single  negative  charge  as  compared  

to  the  nominal  two  negative  charges  on  much  larger  phosphorylated  serine  or  threonine  

residues  at  physiological  pH.    

  

In  summary,  the  present  findings  directly  demonstrate  that  phosphorylation  of  Shank3  at  

Ser685   can   enhance   ABI1   binding.   The   potential   importance   of   this   mechanism   is  

reinforced  by  studies  of  an  ASD-­linked  de  novo  S685I  mutation  in  Shank3,  which  has  the  

same   effect   as   the   S685A   mutation   to   decrease   ABI1   binding   by   preventing  

phosphorylation  (Wang  et  al.,  2019b).  Expression  of  Shank3-­S685I  in  cultured  neurons  

results  in  complex  synaptic  changes  and  knock-­in  Shank3-­S685I  mutant  mice  display  a  

subset  of  ASD-­related  behavioral  phenotypes  (Wang  et  al.,  2019b).  Since  Ser685  can  be  

phosphorylated  by  either  PKA  or  CaMKII,   it  will  be  important  to  investigate  the  relative  

importance   of   cAMP   and   Ca2+   signaling   in   physiological   regulation   of   Ser685  
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phosphorylation  and  ABI1  interaction  with  Shank3,  and  the  role  of  these  mechanisms  in  

synaptic   plasticity.   Further   studies   should   determine   whether   Shank3   Ser685  

phosphorylation  is  altered  in  mouse  models  of  neuropsychiatric  disorders,  including  mice  

carrying  CaMKII  mutations  that  have  been  linked  to  ASD  and  intellectual  disability  (Cohen  

et  al.,  2018;;  Doshi-­Velez  et  al.,  2013;;  Stephenson  et  al.,  2017).      
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CHAPTER  VI  

  

CAMKII  PHOSPHORYLATION  OF  SHANK3:  THR551  IN  THE  NON-­CANONICAL  

PDZ  DOMAIN  REGULATES  GKAP-­SHANK3  INTERACTION  

  

6.1  Introduction  

Chapter  IV  identified  a  number  of  putative  CaMKII  phosphorylation  sites  on  Shank3.  For  

most   of   these   residues,   the   physiological   relevance   and   functional   impact   of  

phosphorylation   is   unknown.   To   begin   characterizing   these   sites,   we   compared   their  

location  to  known  protein-­binding  domains  in  Shank3.  Interestingly,  we  identified  Thr551  

and  Ser557  as  two  putative  phosphorylation  sites  that  lie  N-­terminal  to  the  Shank3  PDZ  

domain   (residues   543-­564).   Thr551   and   Ser557   are   on   the   same   phospho-­peptide  

detected  in  our  mass  spectrometry  analysis,  but  we  were  unable  to  definitively  determine  

if   one   or   both   sites   were   phosphorylated.   This   region   of   Shank3   lies   immediately   N-­

terminal  to  the  canonical  PDZ  domain.  A  recent  study  determined  the  crystal  structure  of  

the  PDZ  domain  with  this  the  N-­terminal  extension  in  complex  with  the  PDZ-­binding  motif  

of  GKAP  (Zeng  et  al.,  2016).  Intriguingly,  the  GKAP  peptide  interacts  with  both  the  PDZ  

domain  and  the  N-­terminal  extension  (Figure  6.1A).  The  CaMKII  phosphorylation  sites  

Thr551  and  Ser557  are  both  located  on  b  sheets  that  interact  with  GKAP  (Figure  6.1A,  

orange  and  black  residues).  Phosphorylation  of  either  residue  could  potentially  misalign  

these  b  sheets.  Therefore,  we  hypothesized  that  CaMKII  phosphorylation  of  the  Shank3  

N-­terminal  extension  could  modulate  the  GKAP-­Shank3  interaction.  
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Figure  6.1:  Thr551   is   the  primary  CaMKII  phosphorylation  site   in   the  Shank3  PDZ  N-­

terminal  extension.  
A.  Crystal  structure  of  the  GKAP-­Shank3  complex  (PDB:  5izu).  Green:  Canonical  Shank3  PDZ  
domain;;  magenta:  Shank3  PDZ  N-­terminal  extension;;  cyan:  GKAP  C-­tail;;  orange:  Thr551  putative  

phosphorylation  site;;  black:  Ser557  putative  phosphorylation  site.  B.  Left,  GST-­fusion  proteins  
were   incubated  with   10   nM  CaMKII   and   radiolabeled  ATP   for   2  minutes,   separated   by  SDS-­

PAGE,  and  exposed  to  film  to  measure  32P  incorporation.  Representative  of  3-­4  replicates.  Right,  

quantification   of   32P/protein   signals   relative   to   GST-­Shank3   PDZ   WT   (537-­663).   T551A   and  

551/557AA  are  significantly  less  phosphorylated  relative  to  WT,  while  S557A  is  not.  Error  bars,  

mean  ±  SEM.  

  

6.2  CaMKII  Phosphorylates  Shank3  Thr551  

Since  Thr551  and/or  Ser557  could  be  phosphorylated,  we  generated  GST-­Shank3  fusion  

proteins   expressing   residues   537-­663,   containing   the   N-­terminal   extension   and   the  

canonical  PDZ  domain.  This   fusion  protein   contains  no  other  CaMKII  phosphorylation  

sites   detected   in   our   initial   proteomics   analysis   (see   Figure   4.2).  We   then   introduced  

phospho-­null  Ala  mutations  at  Thr551  or  Ser557  individually  or  together  to  generate  GST-­

Shank3  T551A,  S557A,  and  551/557AA,  respectively.  GST-­Shank3  was  incubated  with  

purified  CaMKII  and  [g-­32P]  ATP  for  2  min.  Separate  reactions  with  GST  and  GST-­GluA1  

acted  as  negative  and  positive  controls,  respectively  (Figure  6.1B).    Both  GST-­GluA1  and  
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GST-­Shank3   WT   were   robustly   phosphorylated.   However,   GST-­Shank3   T551A   and  

551/557AA  had  significantly  less  phosphorylation  relative  to  WT  (T551A:  82±2%  reduced  

compared  to  WT;;  551/557AA:  83±4%  reduced  compared  to  WT,  n=4,  ****  p  <  0.0001,  

one  sample  Student’s  t-­test  with  equal  variance  compared  to  theoretical  value  of  100).  

While  GST-­Shank3  S557A  had  slightly  less  32P  incorporation  that  WT,  the  reduction  was  

not  statistically  significant.  In  addition,  phosphorylation  of  GST-­Shank3  551/557AA  was  

not  significantly  reduced  compared  to  T551A  single  mutant  (n=4,  p  =  0.84,  paired  t-­test  

with  equal  variance).  Therefore,  Thr551  is  the  primary  CaMKII  phosphorylation  site  within  

the  Shank3  N-­terminal  extension  of  the  PDZ  domain.  

  

6.3  GKAP  Binding  Requires  the  Canonical  Shank3  PDZ  Domain  

To  confirm  that  GKAP  primarily  binds  through  the  Shank3  PDZ  domain,  we  expressed  

HA-­GKAP   with   mAp-­Shank3-­WT   or   mAp-­Shank3-­∆PDZ   (which   has   a   deletion   of   the  

canonical  PDZ  domain,  but  retains  the  N-­terminal  extension)  in  HEK293T  cells.  Shank3  

was  immunoprecipitated  from  soluble  cell   lysates,  and  complexes  were  immunoblotted  

for  HA-­GKAP  (Figure  6.2).  As  expected,  HA-­GKAP  robustly  co-­immunoprecipitates  with  

mAp-­Shank3-­WT,  but  not  mAp-­Shank3-­PDZ.  These  data  confirm  prior  observations  that  

the  Shank3  PDZ  domain  is  essential  for  GKAP  binding,  and  that  the  N-­terminal  extension  

of   the  Shank3  PDZ   domain   is   not   sufficient   to   support  GKAP   co-­immunoprecipitation  

under  these  conditions.    
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Figure  6.2:  GKAP  binding  to  Shank3  requires  the  canonical  Shank3  PDZ  domain.  
Soluble  fractions  of  HEK293T  cell  lysates  expressing  HA-­GKAP  and  mAp-­Shank3-­WT  or  mAp-­

Shank3-­PDZ   were   immunoprecipitated   using   a   Shank3   antibody.   HA-­GKAP   co-­

immunoprecipitates   with   mAp-­Shank3-­WT,   but   not   mAp-­Shank3-­∆PDZ.   Representative   of   3  

biological  replicates.  

  

6.4  CaMKII  and  Thr551  Affect  GKAP-­Shank3  Interaction  

As  an  initial  test  for  an  effect  of  Shank3  Thr551  phosphorylation  on  the  binding  of  GKAP,  

we  mutated  Thr551  in  full-­length  GFP-­Shank3  to  phospho-­null  Ala  (GFP-­Shank3-­T551A)  

or  phospho-­mimetic  Asp  (GFP-­Shank3-­T551D).  We  hypothesized  that  if  phosphorylation  

disrupted   GKAP-­Shank3   binding,   then   the   co-­immunoprecipitation   of   HA-­GKAP   with  

GFP-­Shank3-­T551D   should   be   reduced   relative   to   co-­immunoprecipitation   with   GFP-­

Shank3-­T551A.   Indeed,   we   detected   a   significant   reduction   in   HA-­GKAP   co-­

immunoprecipitation  with  GFP-­Shank3-­T551D   relative   to  GFP-­Shank3-­T551A   (45±9%  

reduced  relative  to  GFP-­Shank3-­T551A,  n=4,  *  p  <  0.05,  one  sample  Student’s  t-­test  with  

equal  variance  compared  to  theoretical  value  of  100)  (Figure  6.3A).  If  this  reduction  in  co-­

immunoprecipitation   is   due   to   the   T551D   mutation   mimicking   phosphorylation,   then  

endogenous   phosphorylation   should   also   disrupt   GKAP   binding.   To   test   this,   we  
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transfected   HEK293T   cells   with   HA-­GKAP   and   GFP-­Shank3-­WT   in   the   absence   or  

presence  of  CaMKIIa-­T286D/T305A/T306A  (CaMKIIa-­D/AA),  a  constitutively  active  form  

of  the  kinase  (Marks  et  al.,  2018).  Both  HA-­GKAP  and  GFP-­Shank3  signals  from  cells  co-­

expressing  CaMKIIa-­D/AA  show  decreased  electrophoretic  mobility,  indicating  that  both  

proteins  are  robustly  phosphorylated  by  CaMKII  (Figure  6.3B).  Co-­immunoprecipitation  

of   HA-­GKAP   with   GFP-­Shank3   was   significantly   reduced   when   constitutively   active  

CaMKII  was  co-­expressed  compared  to  lysates  expressing  HA-­GKAP  and  Shank3  alone  

(49±12%   reduced   compared   to   no   CaMKII   condition,   n=4,   *   p   <   0.05,   one   sample  

Student’s  t-­test  with  equal  variance  compared  to  theoretical  value  of  100).    

  

To  test  if  other  Shank3  PDZ  binding  partners  are  affected  by  Thr551  phosphorylation,  we  

compared  the  interactions  of  T551A-­  or  T551D-­mutated  GFP-­Shank3  with  the  C-­terminal  

domain  of  L-­type  Ca2+  channel  CaV1.3.  HEK293T  cells  expressing  an  HA-­tagged  CaV1.3  

C-­terminal   domain   (HA-­CaV1.3-­CTD)   with   GFP-­Shank3-­WT,   GFP-­Shank3-­T551A,   or  

GFP-­Shank3-­T551D  were  lysed  and  immunoprecipitated  using  a  GFP  antibody  (Figure  

6.3C).  We  observed  no  statistically  significant  difference  in  how  much  HA-­GKAP  was  co-­

immunoprecipitated  between  the  different  GFP-­Shank3  constructs  (n=4,  p  >  0.05,  one  

sample  Student’s  t-­test  with  equal  variance  compared  to  theoretical  value  of  100).  These  

data  suggest  that  CaMKII  phosphorylation  at  Shank3  Thr551  specifically  disrupts  binding  

of  GKAP  to  Shank3.  
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Figure  6.3:  GFP-­Shank3-­T551D  and  CaMKII  activity  disrupt  GKAP-­Shank3  binding.  
A.  HEK293T  cell  lysates  expressing  HA-­GKAP  and  GFP-­Shank3-­T551A  or  GFP-­Shank3-­T551D  
were   immunoprecipitated   for   GFP   and   immunoblotted   as   indicated.   HA-­GKAP   co-­immuno-­

precipitates   significantly   less   with   GFP-­Shank3-­T551D   compared   to   GFP-­Shank3-­T551A.   B.  
HEK293T  cell  lysates  expressing  HA-­GKAP  and  GFP-­Shank3-­WT  in  the  absence  or  presence  of  

co-­transfected  CaMKIIa-­D/AA  were  immunoprecipitated  for  GFP  and  immunoblotted  as  indicated.  

HA-­GKAP   co-­immunoprecipitates   significantly   less   with   GFP-­Shank3-­WT   in   the   presence   of  

CaMKII.  Note  the  reduced  mobility  of  GFP-­Shank3  and  HA-­GKAP  in  the  presence  of  CaMKII.  C.  
HEK293T   cell   lysates   expressing   HA-­CaV1.3-­CTD   and   GFP-­Shank3-­WT,   -­T551A,   or   -­T551D  

were  immunoprecipitated  for  GFP  and  immunoblotted  as  indicated.  No  significant  difference  in  

co-­immunoprecipitated  HA-­CaV1.3-­CTD  is  detected.  Immunoblots  representative  of  4  biological  

replicates.  Error  bars,  mean  ±  SEM.  

  

Our   in   vitro   phosphorylation   data   indicated   that   Shank3   Ser557   may   be   weakly  

phosphorylated   by   CaMKII.   Therefore,   we   compared   the   effects   of   phospho-­mimetic  

(Asp)  and  phospho-­null  (Ala)  mutations  at  Thr551  or  Ser557  in  GST-­Shank3  (537-­828)  in  
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the  binding  of  GKAP  in  transfected  HEK293T  cell  lysates.  GST  complexes  were  isolated  

and  separated  by  SDS-­PAGE  and   immunoblotted   for  GKAP  and  GST-­Shank3  (Figure  

6.4).  Neither  phospho-­null  mutation  had  an  effect  on  GKAP  binding,  but  both  the  T551D  

and   S557D   mutations   significantly   reduced   GKAP   binding   (T551D:   62±5%   reduced  

compared   to  WT,  n=4,  p  <  0.001;;  S557D:  38±9%  reduced  compared   to  WT,  n=4,  p  <  

0.05,  one  sample  Student’s  t-­test  with  equal  variance  compared  to  theoretical  value  of  

100).  Therefore,  phosphorylation  at  Ser557  may  also  play  a   role   in  modulating  GKAP  

binding.  

  

  

Figure  6.4:  GKAP  binding  is  reduced  by  Shank3  T551D  or  S557D  mutations.  
GST-­Shank3   fusion   proteins  were   incubated  with  HEK293T   cell   lysates   expressing   untagged  

GKAP,   isolated   using   glutathione   agarose,   separated   by   SDS-­PAGE   and   immunoblotted   as  

indicated.  Both  T551D  and  S557D  significantly  pulled  down  less  GKAP  compared  to  WT  GST-­

Shank3  (537-­828).  Representative  of  4  biological  replicates.  Error  bars,  mean  ±  SEM.  

  

6.5  CaMKII  Phosphorylation  at  Thr551  Reduces  GKAP  Binding  

We  directly  tested  for  an  effect  of  Shank3  Thr551  phosphorylation  on  GKAP  binding   in  

vitro.  The  GST-­Shank3-­WT  or  GST-­Shank3-­T551A  proteins  were  phosphorylated  for  an  

extended   time   (20  min)   using   purified  CaMKIIa   or   incubated   under   control   conditions  

(lacking  CaMKIIa)  and  then  mixed  with  lysates  of  HEK293T  cells  expressing  HA-­GKAP.  
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Immunoblot   analysis   of  GST   protein   complexes   revealed   that   specific   binding   of   HA-­

GKAP   to   non-­phosphorylated   control   GST-­Shank3-­WT   and   GST-­Shank3-­T551A   was  

indistinguishable   (Figure   6.5A).   However,   pre-­phosphorylation   of   GST-­Shank3-­WT   by  

CaMKIIa   decreased   GKAP   binding   by   about   50%,   and   this   effect   was   abrogated   by  

T551A   mutation   (Figure   6.5A).   As   an   additional   control,   we   performed   a   similar  

experiment   with   HEK293T   lysates   expressing   HA-­CaV1.3-­CTD,   another   Shank3   PDZ  

domain  binding  protein.  Neither  CaMKII  phosphorylation  or  the  T551A  mutation  had  any  

effect  on  HA-­CaV1.3-­CTD  binding   (Figure  6.5B).  These  data  directly  demonstrate   that  

Shank3  Thr551  phosphorylation  specifically  disrupts  binding  of  GKAP  to  Shank3.  

  

  

Figure  6.5:  CaMKII  Phosphorylation  at  Thr551  directly  reduces  GKAP  binding.  

A.  GST,  GST-­Shank3  WT,  or  GST-­Shank3-­S685A  were  pre-­phosphorylated  with  CaMKIIa  and  

incubated  with  HEK293T  cell   lysate  expressing  HA-­GKAP.  Control   protein   samples  were  pre-­
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incubated   in   the   absence   of   CaMKIIa.   Isolated   GST   complexes   were   then   analyzed   by  

immunoblotting  as  indicated.  T551A  -­/+  conditions  are  not  statistically  different  from  WT  or  from  

each  other.  B.  Parallel  experiments  were  performed  with  HEK293T  cell  lysates  expressing  HA-­
CaV1.3-­CTD.   No   significant   difference   in   pulled   down   HA-­CaV1.3-­CTD   is   observed.  

Representative  of  2-­3  replicates.  Error  bars,  mean  ±  SEM.  

  

6.6  Discussion  

In   this   chapter,   we   show   that   Shank3   Thr551   is   the   preferred   site   of   CaMKII  

phosphorylation  in  the  Shank3  N-­terminal  extension  of  the  canonical  PDZ  domain.  The  

Shank3  N-­terminal  extension  is  critical  for  high  affinity  binding  of  GKAP  to  Shank3,  and  

several  of  our  observations  support  the  conclusion  that  CaMKII  phosphorylation  at  Thr551  

reduces   the  binding  of  GKAP.  We  demonstrate   that  mutations  of  Thr551   to  phospho-­

mimetic  Asp  reduce  GKAP  co-­immunoprecipitation  and  overexpression  of  a  constitutively  

active  CaMKII  in  HEK293T  cells  results  in  phosphorylation  of  Shank3  and  reduces  GKAP  

binding  as  well.  We  also  show  that  direct  phosphorylation  of  a  GST-­Shank3  fusion  protein  

containing  Thr551  disrupts  GKAP  binding  and  this  is  prevented  in  a  phospho-­null  T551A  

mutant.  

  

We   show   that   GKAP   co-­immunoprecipitation   with   mAp-­Shank3   from   HEK293T   cells  

requires   the  canonical  PDZ  domain  of  Shank3  (Figure  6.2).  This  observation  supports  

previous  characterization  of  GKAP  binding  to  Shank3.  In  those  studies,  deletion  of  the  

BC  loop  in  the  canonical  Shank3  PDZ  domain  completely  prevented  GKAP  binding.  In  

contrast,  deletion  of  the  N-­terminal  extension  only  reduced  GKAP  binding  by  50%  (Zeng  

et  al.,  2016).  Our  observation  that  phosphorylation  of  Thr551  does  not  completely  disrupt  

the  interaction  between  Shank3  and  GKAP  (Figure  6.5)  is  consistent  with  these  findings,  
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leading  us  to  hypothesize  that  the  reduction  of  GKAP  binding  to  Shank3  following  Thr551  

phosphorylation  will  allow  for  an  increase  in  the  relative  binding  of  other  PDZ  interacting  

proteins  that  are  not  sensitive  to  modification  at  Thr551,  such  as  CaV1.3  (Figure  6.3C).  

Future  studies  will  determine  which  Shank3  PDZ-­binding  proteins  are  affected  and  the  

functional  relevance  of  this  mechanism.  

  

Although  Thr551  is  the  primary  phosphorylation  site  identified  in  the  N-­terminal  extension,  

Ser557  may  also  be  phosphorylated.  There  is  no  difference  in  phosphorylation  between  

T551A  and  551/557AA  mutants,  suggesting   that  Ser557   is  not  phosphorylated   in  vitro  

under   the   conditions   used   here.   Future   studies  will   need   to   determine   if   CaMKII   can  

significantly   phosphorylate   Ser557   using   longer   incubation   times   and/or   in   vivo.  

Alternatively,  Ser557  may  be  targeted  by  other  kinases.  These  studies  are  very  significant  

because  Ser557  mutation  to  Asp  can  decrease  GKAP  binding  to  GST-­Shank3(537-­828)  

to  a  similar  extent  as  a  Thr551  mutation  to  Asp.    Thus,  dual  phosphorylation  of  both  sites  

may  have  a  synergistic  effect  to  decrease  the  binding  of  GKAP.    Functional  studies  should  

include  Shank3-­551/557AA  or  Shank3-­551/557DD  mutants  to  properly  block  or  mimic  the  

dual  phosphorylation  in  the  N-­terminal  extension.    

  

Our   studies   also   show   that   the   electrophoretic  mobility   of   both  GFP-­Shank3  and  HA-­

GKAP   is   markedly   reduced   by   the   co-­expression   of   constitutively   active   CaMKII  

(CaMKIIa-­D/AA).  This  reduction  likely  indicates  that  CaMKII  can  phosphorylate  several  

sites  in  both  Shank3  (see  Figure  4.2)  and  GKAP.  CaMKII  phosphorylation  of  GKAP  has  

been   previously   described   at   N-­terminal   residues   that   affect   other   GKAP   protein  
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interactions,  such  as  binding  with  PSD-­95  (Shin  et  al.,  2012).  This  does  not  exclude  the  

possibility  that  CaMKII  phosphorylation  of  GKAP  may  also  affect  GKAP-­Shank3  binding.  

CaMKII  phosphorylation  of  GKAP  could  be   tested  by  mutating  known  phosphorylation  

sites  to  phospho-­null  Ala,  or  looking  for  CaMKII  phosphorylation  of  a  GST-­GKAP  fusion  

protein   containing   the   C-­terminus   that   binds   to   Shank3.   Alternatively,   HEK293T   cell  

cultures   could   be   separately   transfected   with   either   HA-­GKAP   or   GFP-­Shank3   and  

CaMKIIa-­D/AA,   so   that  CaMKII   can  only  phosphorylate  either  GKAP  or  GFP-­Shank3,  

respectively   prior   to   cell   lysis   for   protein   interaction   assays.   The   potential   biological  

implications  of  the  reduced  binding  of  GKAP  to  Shank3  following  Thr551  phosphorylation  

will  be  discussed  in  Chapter  VIII.       
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CHAPTER  VII  

  

ROLE  OF  SHANK3  IN  LTCC-­DEPENDENT  SIGNALING  TO  THE  NUCLEUS  AND  

ACTIVITY-­DEPENDENT  GENE  EXPRESSION  

  

7.1  Introduction  

Neuronal   depolarization   stimulates   Ca2+   influx   and   multiple   intracellular   signaling  

pathways   that   are   essential   for   normal   brain   functions.   One   example   is   excitation-­

transcription  (E-­T)  coupling:  Ca2+-­dependent  phosphorylation  of  the  nuclear  transcription  

factor  CREB  at  Ser133  stimulates   the   transcription   of   immediate   early   genes  encoding  

multiple  proteins  (e.g.,  c-­Fos,  BDNF,  homer1a)  that  play  key  roles  in  learning  and  memory  

(Bading,   2013;;   Benito   et   al.,   2011;;   Dolmetsch,   2003;;   Flavell   and   Greenberg,   2008).  

Disruptions   in   activity-­dependent   gene   expression   are   associated   with   multiple  

neuropsychiatric  disorders  (Ebert  and  Greenberg,  2013;;  Gallo  et  al.,  2018)  that  have  been  

linked  to  mutations  in  Ca2+  signaling  proteins,  including  L-­type  calcium  channels  (LTCCs)  

and  calcium/calmodulin-­dependent  protein  kinase  II  (CaMKII)  (Akita  et  al.,  2018;;  Chia  et  

al.,  2018;;  Cohen  et  al.,  2018;;  Dick  et  al.,  2016;;  Kury  et  al.,  2017;;  Limpitikul  et  al.,  2016;;  

Moon  et  al.,  2018;;  Nyegaard  et  al.,  2010;;  Pinggera  et  al.,  2015;;  Pinggera  et  al.,  2017;;  

Pinggera  and  Striessnig,  2016;;  Proietti  Onori  et  al.,  2018;;  Stephenson  et  al.,  2017).  For  

example,  Timothy  Syndrome  is  caused  by  mutations  in  the  CaV1.2  LTCC  a1  subunit  that  

can   disrupt   neuronal   E-­T   coupling   (Li   et   al.,   2016),   contributing   to   neurobehavioral  

symptoms  of  this  complex  disorder,   including  autism  spectrum  disorder  (ASD).  Recent  
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studies   have   shown   that   the   initiation   of   this   LTCC-­dependent   E-­T   coupling   requires  

recruitment  of  multiple  CaMKII  holoenzymes  to  a  nanodomain  close  to  LTCCs  (Ma  et  al.,  

2014;;  Wang  et  al.,  2017b;;  Wheeler  et  al.,  2008),  and  that  E-­T  coupling  is  disrupted  by  a  

CaMKII   mutation   linked   to   intellectual   disability   (Cohen   et   al.,   2018).   Disruptions   of  

CaMKII   binding   to   the   NTD   of   CaV1.3   disrupt   E-­T   coupling   (Wang   et   al.,   2017b).   In  

addition,  binding  of  the  Shank3  PDZ  domain  to  a  C-­terminal  PDZ-­binding  motif  in  CaV1.3  

LTCCs  is  important  for  LTCC  clustering  in  neuronal  dendrites  and  signaling  to  increase  

CREB  phosphorylation  (Zhang  et  al.,  2005).  Although  these  protein-­protein  interactions  

may  support  the  organization  and  function  of  this  LTCC  nanodomain,  the  exact  role  of  

Shank3,   as   well   as   the   Shank3-­CaMKII   interaction,   remain   incompletely   understood.  

Therefore,   we   hypothesized   that   the   direct   interaction   of   CaMKII   with   Shank3  

characterized  in  chapter  3  is  important  for  CaMKII  function  within  the  LTCC  nanodomain  

that  is  required  for  neuronal  E-­T  coupling.    

  

7.2  Effects  of  Shank3  Overexpression  on  LTCC  Signaling  to  the  Nucleus  

Previous  studies  indicate  that  Shank3  is  critical  for  optimal  LTCC  signaling  that  increases  

Ser133   phosphorylation   of   the   CREB   transcription   factor   in   the   nucleus   (Zhang   et   al.,  

2005).   This   pathway   can   be   initiated   by   local   Ca2+   influx,   without   requiring   global  

increases  in  Ca2+,  and  requires  CaMKII  recruitment  to  this  LTCC  nanodomain  (Ma  et  al.,  

2014;;  Wang  et  al.,   2017b;;  Wheeler  et  al.,   2008).  Since  Shank3   interacts  with  several  

other  proteins,  in  addition  to  the  C-­terminal  domain  of  CaV1.3  LTCCs  (via  its  PDZ  domain  

(Zhang   et   al.,   2005))   and   CaMKII   (current   observation),   any   effects   of   manipulating  

Shank3  expression  on  signaling  to  the  nucleus  may  involve  multiple  mechanisms.  The  
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role  of  CaMKII-­binding  to  Shanks  may  be  revealed  by  comparing  the  effects  of  expressing  

Shank3-­WT  and  Shank3-­AAA  (which  cannot  bind  CaMKII).  As  a  complementary  tool,  we  

also  generated  a  Shank3  mutant  lacking  the  entire  PDZ  domain  (Shank3-­∆PDZ)  that  is  

unable   to   interact  with   the  C-­terminal  domain  of  CaV1.3   (Figure  7.1A).  Comparing   the  

effects  of  expressing  Shank3-­WT  and  Shank3-­∆PDZ  in  neurons  reveals  the  role  of  the  

Shank3  PDZ  domain  binding  to  CaV1.3,  and  potentially  other  proteins.    

  

  

Figure  7.1:  Effects  on  Shank3  overexpression  on  LTCC  signaling  to  the  nucleus.  
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A.   Shank3   was   immunoprecipitated   from   soluble   fractions   of   HEK293T   cells   expressing   HA-­
CaV1.3-­CTD  with  mAp-­Shank3R-­WT  or  mAp-­Shank3R-­∆PDZ.   Immunoblots   (representative  of  3  

biological   replicates)   demonstrate   that   HA-­CaV1.3-­CTD   co-­immunoprecipitates   with   mAp-­

Shank3R-­WT,  but  not  with  mAp-­Shank3R-­∆PDZ.  B.  Schematic  of  experimental  protocols.  Primary  
hippocampal   neurons   were   transfected   (see   below)   and   then   incubated   to   stimulate   LTCC  

signaling  to  the  nucleus  (see  Methods).  Neurons  were  either  fixed  and  stained  using  DAPI  and  

pSer133-­CREB   antibodies   after   a   90   s   depolarization   (top:   for   panel   C),   or   incubated   for   an  

additional   3   hours   in   conditioned   media   before   fixation   and   staining   with   DAPI   and   c-­Fos  

antibodies  (bottom:  for  panel  D).  C.  Overexpression  of  mAp-­Shank3-­WT,  but  not  mAp-­Shank3-­
AAA  or  mAp-­Shank3-­-­∆PDZ,  increases  the  levels  of  pCREB  staining  relative  to  non-­transfected  

neurons   under   basal   and   depolarized   conditions   (2-­way   ANOVA   with   2   factors   (Mutant,  

Stimulation)  Mutant  F(3,179)  =  17.86  p  <  0.0001,  Stimulation  F(1,179)  =  1108  p  <  0.0001,  Interaction  

F(3,179)  =  4.442  p  <  0.01,  Dunnett’s  multiple  comparisons  test,  **  p  <  0.01,  ****  p  <  0.0001).  D.  The  
expression  of  c-­Fos  is  not  affected  by  overexpression  of  mAp-­Shank3-­WT,  mAp-­Shank3-­AAA  or  

mAp-­Shank3-­-­∆PDZ.   (2-­way   ANOVA   with   2   factors   (Mutation,   Stimulation)   Mutation   F(3,166)   =  

2.152,   Stimulation   F(1,166)   =   830.1   p   <   0.0001,   Interaction   F(3,166)   =   0.3284,   Dunnett’s  multiple  

comparisons  test).  The  bar  graphs  reports  the  mean  ±  SEM,  with  the  superimposed  data  points  

representing   values   from   single   cells   accumulated   from   3-­5   independent   neuronal  

cultures/transfections.   Images   below   the   bar   graphs   are   of   representative   nuclei   for   each  

condition.  Scale  bars,  5  µm.    

  

We   initially   compared   the   effects   of   overexpressing   the   wildtype   or   mutated   Shank3  

proteins  on  LTCC/CaMKII-­dependent  signaling   to   the  nucleus   in  cultured  hippocampal  

neurons  using  a  well-­established  stimulation  paradigm  (Figure  7.1B,  top)  (Li  et  al.,  2016;;  

Ma  et  al.,  2014;;  Wang  et  al.,  2017b;;  Wheeler  et  al.,  2008).  Intrinsic  neuronal  activity  was  

blocked  by  pre-­incubation  in  5  mM  K+  Tyrode’s  solution  (5K)  containing  APV  and  CNQX  

(to   block   activation   of   NMDA-­   and   AMPA-­type   glutamate   receptors)   and   tetrodotoxin  

(TTX:  to  inhibit  voltage-­dependent  sodium  channels).  Neurons  were  then  depolarized  by  

replacing   the  solution  with  40  mM  K+  Tyrode’s  solution  (40K)   in   the  presence  of  APV,  

CNQX,   and   TTX   for   90   seconds.   It   is   well   established   that   this   treatment   robustly  
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increases   nuclear   staining   detected   using   a   phospho-­Ser133-­specific   CREB   antibody  

(pCREB   intensity)   that   can   be   completely   disrupted   by   the   selective   LTCC   blocker  

nimodipine  (10  µM)  (Wheeler  et  al.,  2012)  (Wang  et  al,  2017).  To  determine  whether  this  

depolarization  also  induces  gene  expression,  the  depolarization  buffer  was  replaced  with  

conditioned  media  after  90  s,  and  neurons  were  fixed  3  hours  later  to  immuno-­stain  them  

for   expression   of   the   c-­Fos   immediate   early   gene   (Figure   7.1B,   bottom).   The   brief  

neuronal  depolarization  is  sufficient  to  induce  a  robust  increase  in  c-­Fos  protein  staining  

3  hour  later  (Figure  7.1D),  that  can  be  completely  blocked  by  preincubation  with  10  µM  

nimodipine  (Perfitt  and  Colbran,  unpublished  observation).  

  

In   order   to   identify   transfected   neurons,   Shank3-­WT,   -­AAA,   and   -­∆PDZ   were  

overexpressed   as   mApple-­tagged   proteins.   Approximately   3   days   after   transfection,  

cultures  were  fixed  under  basal  (5K)  conditions  or  after  the  90  s  40K  depolarization  (see  

above)  and  examined  by  confocal  microscopy  to  quantify  pCREB  signals  in  mApple-­  and  

CaMKIIα-­expressing  DAPI  stained  nuclei   relative   to  CaMKIIα-­expressing  DAPI  stained  

nuclei  in  non-­transfected  cultures.  The  overexpression  of  mAp-­Shank3-­WT  resulted  in  a  

small  but  significant   increase  in  pCREB  intensity   in  both  unstimulated  and  depolarized  

neurons   relative   to   non-­transfected   neurons   (Figure   7.1C,   compare   green   and   black  

bars).   Notably,   this   increase   of   pCREB   intensity   was   not   detected   in   neurons  

overexpressing  similar  levels  of  mAp-­Shank3-­AAA  or  mAp-­Shank3-­∆PDZ  (Figure  7.1C,  

blue   and   purple   bars).   However,   the   modest   increases   in   pCREB   intensity   following  

overexpression  of  mAp-­Shank3-­WT  were  not  sufficient  to  enhance  c-­Fos  expression  in  

unstimulated  or  depolarized  neurons  (Figure  7.1D).  Taken  together,  these  data  indicate  



   127  

that  under  these  conditions  the  overexpression  of  Shank3  has  relatively  limited  effects  on  

LTCC  signaling  to  the  nucleus,  perhaps  because  these  cells  contain  significant  levels  of  

endogenous  Shank3.  

  

7.3  Shank3  is  Required  for  LTCC-­CREB  Phosphorylation  and  Gene  Expression  

In  order  to  further   investigate  the  role  of  Shank3  in  LTCC  signaling  to  the  nucleus,  we  

adopted   an   shRNA   knockdown   approach   to   suppress   the   expression   of   endogenous  

Shank3.  First,  we  confirmed  that  a  previously  used  shRNA  targeting  Shank3  (Verpelli  et  

al.,  2011)  essentially  completely  suppressed  the  expression  of  mAp-­Shank3-­WT  or  mAp-­

Shank3-­AAA  in  HEK293  cells,  whereas  a  control  shRNA  (Boudkkazi  et  al.,  2014)  has  no  

effect   (Figure   7.2A,   lanes   2   and   3).   Moreover,   the   Shank3   shRNA   has   no   effect   on  

expression  of  an  shRNA-­resistant  form  of  Shank3  (mAp-­Shank3R)  (Figure  7.2A,  lanes  6-­

8).   Subsequent   studies   showed   that   staining   for   Shank3   protein   in   CaMKII-­positive  

primary  hippocampal  neurons  was  reliably  decreased  in  neurons  expressing  the  Shank3  

shRNA  relative  to  nearby  non-­transfected  neurons  (Figure  7.2B),  further  demonstrating  

its  efficacy.    

Prior  studies   indicated  that  deletion  of   five  C-­terminal  amino  acids   from  CaV1.3,  which  

prevents  binding  to  Shank3,  has  little  impact  on  LTCC  gating,  or  on  the  whole  cell  LTCC  

current   amplitude   or   current-­voltage   relationship   in   heterologous   cells   and   in   cultured  

neurons,  or  on   total  CaV1.3-­LTCC-­mediated  neuronal  Ca2+   influx   (Zhang  et  al.,  2005).  

However,  the  impact  of  neuronal  Shank3  knockdown  on  LTCC-­mediated  Ca2+  influx  has  

not   been   determined.   Therefore,   we   used   Fura-­2   to   assess   somatic   Ca2+   responses  

during  a  40K  depolarization,  implemented  as  for  our  studies  of  pCREB  levels  and  c-­Fos  
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expression  (see  Methods).  Comparison  of  average  Ca2+  responses  (ΔF/F0)  over  time  in  

neurons   expressing   control   or   Shank3   shRNA   from   four   independent   experiments  

revealed   no   statistically   significant   difference   (Figure   7.2C,   left).   Similarly,   Shank3  

knockdown  had  no  statistically  significant  impact  on  total  Ca2+  influx,  as  estimated  from  

the  areas  under  the  curve  from  each  experiment  (Figure  7.2C,  right),  However,  there  was  

a  trend  for  a  small  reduction  of  Ca2+  influx  in  Shank3  shRNA  neurons.  Taken  together,  

these  data   indicate   that   knockdown  of  Shank3  expression   results   in   little   reduction  of  

global  Ca2+  influx  via  LTCCs  under  these  conditions.  
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Figure  7.2.  Shank3  knockdown  disrupts  pCREB  signaling  and  c-­Fos  expression.  
A.  Validation  of  Shank3  shRNA  and  mApple-­Shank3  shRNA-­resistant  (mAp-­Shank3R)  expression  
vectors.  Expression  of   shRNA,  mAp-­Shank3  and  mAp-­Shank3R   in  HEK293T  cells.   Lysates  of  

cells  expressing  (as  indicated  above)  a  control  shRNA  or  Shank3  shRNA,  along  with  mAp-­Shank3  

constructs  with  the  wild  type  shRNA  target  sequences  (mAp-­Shank3-­WT  and  mAp-­Shank3-­AAA)  

or   contain   ‘silent’   mutations   that   confer   shRNA   resistance   (mAp-­Shank3R   constructs)   were  

immunoblotted   for   Shank3   (NeuroMab   antibody).   B.   DIV13   primary   hippocampal   neurons  
transfected   at   DIV10   with   Shank3   shRNA   (GFP+)   and   stained   for   Shank3   (magenta:   CST  

antibody)  and  CaMKIIa  (a  marker  of  excitatory  neurons,  white).  Neurons  expressing  the  Shank3  

shRNA  contain  substantially  reduced  levels  of  Shank3  (reduced  by  91±2%  relative  to  nearby  non-­

transfected  excitatory  neurons:  ****  p  <  0.0001,  one-­sample  unpaired  Student’s  t-­test  with  equal  

variance  compared  to  a  theoretical  value  of  100).  The  bar  graph  reports  the  mean  ±  SEM,  with  

each   data   point   representing   a   single   cell   accumulated   from   3   independent   neuronal  

cultures/transfections.  Scale  bars,  20  µm.  C.  Shank3  knockdown  has  little  effect  on  global  Ca2+  
influx.   Left,   Fura-­2-­loaded   hippocampal   neurons   transfected   with   control   shRNA   (nRNA)   or  

Shank3  shRNA  were  equilibrated  with  Tyrode’s  solution  containing  5  mM  KCl   for  3-­5  min  and  

switched  (black  arrow)  to  Tyrode’s  solution  containing  40  mM  KCl  for  90  s.  The  graph  plots  mean  

±  SEM  ΔF/F0  values  for  the  last  30  s  of  the  equilibration  period  and  during  the  90  s  depolarization  

from  four  independent  experiments  (12-­90  cells  per  replicate).  The  data  were  analyzed  using  a  

2-­way   repeated   measures   ANOVA:   Factor   1   (time),   F(1.342,8.049)=32.63,   p=0.0003.   Factor   2  

(control/shRNA),   F(1,6)=1.703   p=0.2398.   Interaction,   F(35,210)=0.8281,   p=0.7423.   Right,  

Comparison  of  average  areas  under  the  curve  (AUC)  from  each  independent  experiment  revealed  

no  statistically  significant  difference  (n=4,  p=0.13.  Paired  Student’s  t  test  with  equal  variance).  D.  
The   robust   increase   in   pCREB   levels   following   a   brief   depolarization   (as   in   Figure   6A)   is  

significantly  reduced  in  cells  expressing  the  Shank3  shRNA  (red  bar),  but  not  control  shRNA  (grey  

bar)   (5K   versus   40K:   unpaired   Student’s   t-­test   with   equal   variance,   ****   p   <   0.0001;;   40K  

stimulations:  1-­way  ANOVA,  F(2,98)  =  38.17,  p  <  0.0001.  Tukey’s  post-­hoc  test,  ****  p  <  0.0001).  

E.   Similarly,   the   robust   increase   in   c-­Fos   expression   3   hours   after   the   brief   depolarization   is  
significantly  reduced  in  cells  expressing  Shank3  shRNA  (red  bar),  but  not  control  shRNA  (grey  

bar)   (5K   versus   40K:   unpaired   Student’s   t-­test   with   equal   variance,   ****   p   <   0.0001;;   40K  

stimulations:  1-­way  ANOVA,  F(2,90)  =  9.990  p  <  0.001,  Tukey’s  post-­hoc  test,  ***  p  <  0.001).  The  

bar  graph  report  the  mean  ±  SEM  with  each  data  point  representing  a  single  cell  accumulated  

from   3   independent   neuronal   cultures/transfections.   Images   below   the   bar   graphs   are   of  

representative  nuclei  for  each  condition.  Scale  bars,  5  µm.    
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Neuronal  cultures  were  then  transfected  to  express  either  control  or  Shank3  shRNA  and  

depolarized  for  90  s.  While  control  shRNA  had  no  effect  on  pCREB  intensity  (Figure  7.2D,  

grey  bar),  neurons  expressing  Shank3  shRNA  had  a  significant,   if  partial,   reduction   in  

pCREB   intensity   relative   to   non-­transfected   neurons   and   control   shRNA   expressing  

neurons  (Figure  7.2D,  red  bar).  This  decrease  in  pCREB  intensity  in  neurons  expressing  

the   Shank3   shRNA   was   mirrored   by   a   parallel   decrease   of   c-­Fos   expression   when  

assessed  3  hours  after  the  brief  depolarization  (Figure  7.2E,  red  bar),  whereas  c-­Fos  was  

robustly  expressed  in  non-­transfected  neurons  and  neurons  expressing  control  shRNA  3  

hours  after  stimulation.  Thus,  Shank3  expression  appears   to  be  necessary   for   the   full  

extent   of   both   CREB   phosphorylation   as   well   as   c-­Fos   expression   following   a   brief  

neuronal  depolarization.  

  

7.4  Rescue  of  shRNA  Effects  by  Shank3-­WT,  but  not  Shank3-­AAA  or  -­∆PDZ.  

We   then   investigated   whether   the   Shank3   shRNA-­induced   suppression   of   CREB  

phosphorylation   and   c-­Fos   expression   following   neuronal   depolarization   could   be  

rescued   by   Shank3   re-­expression   from   shRNA-­resistant   constructs   (mAp-­Shank3R).  

Neurons  were  transfected  to  express  Shank3  shRNA  alone  or  Shank3  shRNA  plus  either  

mAp-­Shank3R-­WT,  mAp-­Shank3R-­AAA,  or  mAp-­Shank3R-­∆PDZ.  Following  a  brief  90  s  

depolarization,  pCREB  staining  was  quantified  in  neurons  expressing  the  shRNA,  and  in  

nearby  non-­transfected  neurons  within  the  same  dish,  to  provide  an  internal  control  for  

each  experiment  with  a  similar  robust  increase  of  the  pCREB  intensity  under  all  conditions  

(Figure   7.3A,   black   bars).   As   seen   in   Figure   6.2D,   expression   of   the  Shank3   shRNA  
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significantly,  if  partially,  reduced  the  pCREB  signal  (Figure  6.3A,  red  bar),  but  expression  

of  mAp-­Shank3R-­WT  rescued  pCREB  intensity  to  a  level  slightly  but  significantly  higher  

than   that   in   non-­transfected   neurons   (Figure   7.3A,   green   bar).   However,   the   level   of  

pCREB  intensity  was  not   rescued  by  expression  of  either  mAp-­Shank3R-­AAA  or  mAp-­

Shank3R-­∆PDZ   (Figure   7.3A,   blue   and   purple   bars).   Moreover,   analysis   of   parallel  

neuronal  cultures  3  hours  following  the  end  of  the  brief  depolarization  revealed  that  the  

partial  suppression  of  c-­Fos  expression  by  the  Shank3  shRNA  was  also  rescued  by  mAp-­

Shank3R-­WT,   but   not   by   mAp-­Shank3R-­AAA   or   mAp-­Shank3R-­∆PDZ   (Figure   7.3B).  

However,  c-­Fos  expression   in  neurons  expressing  both   the  Shank3  shRNA  and  mAp-­

Shank3R-­WT  was  not  significantly  different  from  c-­Fos  levels  in  nearby  non-­transfected  

neurons,   in   contrast   to   pCREB   intensity   levels  with   this   transfection   condition.   Taken  

together,  these  findings  significantly  extend  previous  studies  by  showing  that  the  Shank3  

PDZ  domain   is   important   for  LTCC  signaling  to   the  nucleus,  presumably  by  binding  to  

CaV1.3  (Zhang  et  al.,  2005),  and  that  CaMKII  binding  to  Shank3  also  plays  a  key  role  in  

this  pathway.  Importantly,  these  interactions  with  Shank3  play  a  key  role  not  only  in  the  

depolarization-­induced  increases  of  CREB  phosphorylation,  but  also  for  the  downstream  

increase  in  the  expression  of  c-­Fos,  an  important  immediate  early  gene.    

     



   132  

  

Figure  7.3.  Rescue  of  pCREB  signaling  and  c-­Fos  gene  expression  after  Shank3  shRNA  

knockdown.  
The  Shank3  shRNA  construct  was  transfected  alone  or  with  shRNA-­resistant  mAp-­Shank3R-­WT  

(green  bar),  mAp-­Shank3R-­AAA  (blue  bar),  or  mAp-­Shank3R-­∆PDZ  (purple  bar).  Neurons  were  

depolarized  for  90  s  and  the  levels  of  pCREB  (A)  and  c-­Fos  (B)  were  determined  (see  Methods)  

in  transfected  (colored  bars)  and  nearby  non-­transfected  (black  bars)  neurons.  A.  The  expression  
of  mAp-­Shank3R-­WT,  but  not  mAp-­Shank3R-­AAA,  or  mAp-­Shank3R-­∆PDZ  rescued  signaling  to  

pCREB  relative   to  shRNA  alone.   In  addition,  neurons  expressing  Shank3-­WT  had  significantly  

higher  pCREB  signal  relative  to  nearby,  non-­transfected  neurons.  (2-­way  ANOVA  with  2  factors  

(Mutant,  Transfection)  Mutant  F(3,156)  =  10.14  p  <  0.0001,  Transfection  F(1,156)  =  22.70  p  <  0.0001,  

Interaction   F(3,156)   =   12.29   p   <   0.0001,   comparison   between   mutants:   Dunnett’s   multiple  

comparisons  test,  ****  p  <  0.0001;;  comparison  between  transfected/non-­transfected  cells:  Sidak’s  

multiple  comparisons   test,   *  p  <  0.05).  B.  The  expression  of  mAp-­Shank3R-­WT,  but  not  mAp-­
Shank3R-­AAA,  or  mAp-­Shank3R-­∆PDZ  rescued  signaling  to  increase  c-­Fos  expression  relative  to  

shRNA  alone.   (2-­way  ANOVA  with  2   factors   (Mutant,  Transfection)  Mutant  F(3,150)  =  13.80  p  <  

0.0001,  Transfection  F(1,150)  =  26.52  p  <  0.0001,  Interaction  F(3,150)  =  8.149  p  <  0.0001,  comparison  

between  mutants:   Dunnett’s  multiple   comparisons   test,   ****   p   <   0.0001;;   comparison   between  

transfected/non-­transfected  cells:  Sidak’s  multiple  comparisons  test).  The  bar  graph  reports  the  
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mean  ±  SEM,  with  each  data  point  representing  a  single  cell,  accumulated  from  4-­5  independent  

neuronal  cultures/transfections.  Images  below  the  bar  graphs  are  of  representative  nuclei  for  each  

condition.  Scale  bars,  5  µm.  

  

7.5  Discussion  

Our  studies  show   that  Shank3  has   important   roles   in  E-­T  coupling   initiated  by  LTCC-­

dependent  Ca2+  influx,  which  activates  CaMKII  to  stimulate  CREB  phosphorylation  and  

c-­Fos   expression.   Precise   regulation   of   gene   transcription   is   important   for   long-­term,  

activity-­dependent   changes   in   synaptic   properties   and   behavior.   Diverse   stimulation  

paradigms   increase  Ser133  phosphorylation  of   the  nuclear  CREB  transcription  factor   to  

stimulate   immediate  early  gene   transcription,   and  CREB   is   important   for   learning  and  

long-­term  memory   (reviewed   in   (Alberini,   2009;;  Kandel,   2012;;  Kida   and  Serita,   2014;;  

Shaywitz   and   Greenberg,   2000).   Plasma   membrane   LTCCs   are   major   regulators   of  

nuclear   CREB   phosphorylation   and   immediate   early   gene   expression   following  

depolarization  (Bading,  2013;;  Dolmetsch,  2003;;  Flavell  and  Greenberg,  2008;;  Wheeler  

et   al.,   2008).  Both  of   the  major  neuronal  LTCC  a1  subunits,  CaV1.2  and  CaV1.3,   can  

initiate  LTCC-­CREB  signaling,  depending  on  the  brain  region  (Hetzenauer  et  al.,  2006)  

and  the  strength  of  depolarization  (Zhang  et  al.,  2006).  The  C-­terminal  domains  (CTDs)  

of  both  CaV1.2  and  CaV1.3  contain  canonical  binding  motifs  for  class  1  PDZ  domains,  and  

deletion  of  these  motifs  disrupts  channel  trafficking  and  clustering,  as  well  as  downstream  

signaling  to  increase  CREB  phosphorylation,  although  these  mutations  do  not  appear  to  

affect   global   increases   in   Ca2+   following   neuronal   depolarization   (Weick   et   al.,   2003;;  

Zhang  et  al.,  2005).  These  CTD  mutations  might  disrupt  CREB  signaling  by  interfering  

with  the  local  LTCC  nanodomain  and/or  with  conformational  changes  in  LTCCs  that  are  
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required  for  E-­T  coupling  (Li  et  al.,  2016).  However,  CTDs  of  CaV1.2  and  CaV1.3  interact  

with  distinct  proteins.  The  CTD  of  CaV1.3,  but  not  CaV1.2,  can  interact  with  PDZ  domains  

of   Shank1   or   Shank3   (Zhang   et   al.,   2005),   but   the   roles   of   Shanks   in   LTCC-­CREB  

signaling  have  not  been  previously   investigated.  Our  shRNA  experiments  showed  that  

the  expression  of  Shank3  is  essential  for  maximal  LTCC-­CREB-­c-­Fos  signaling,  with  a  

little   impact   on   global   increases   in   Ca2+   concentrations.   Moreover,   shRNA   rescue  

experiments   revealed   that   the   PDZ   domain   in   Shank3   is   required   for   this   signaling,  

consistent  with  the  idea  that  interaction  of  the  Shank3  PDZ  domain  with  the  CaV1.3  CTD  

is   important   for   the   initiation  of  E-­T  coupling,  and  significantly  extending  prior   findings.  

Residual   E-­T   coupling   following   Shank3   knockdown   may   be   mediated   by   Shank3-­

independent  Cav1.2   LTCC   signaling,   although   our   data   cannot   preclude   contributions  

from   low   levels   of   residual   Shank3   expression   or   from   Shank1.   Nevertheless,   our  

observations  strongly  support  a  model   in  which  Shank3  actions  within   the  LTCC/Ca2+  

nanodomain   are   required   for   efficient   E-­T   coupling   to   increase   both   CREB  

phosphorylation  and  c-­Fos  expression.  

  

The  form  of  LTCC-­dependent  E-­T  coupling  studied  herein  also  requires  direct  interaction  

of   CaMKII   with   the   N-­terminal   domain   of   CaV1.3  a1   subunits   in   LTCC   nanodomains  

(Wang  et  al.,  2017b;;  Wheeler  et  al.,  2008).  How  can  this  observation  be  reconciled  with  

the  current  finding  that  LTCC-­CREB  signaling  is  also  disrupted  by  mutation  of  the  tri-­basic  

residue  motif  in  Shank3  to  prevent  CaMKII-­binding?  Since  CaMKII  holoenzymes  can  bind  

simultaneously  to  multiple  CaMKAPs  (Robison  et  al.,  2005b),  different  subunits  within  a  

single   dodecameric   CaMKII   holoenzyme   may   interact   with   CaV1.3   and   Shank3,  
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potentially  providing  a  conformational  constraint  on  LTCC  cytoplasmic  domains  that  could  

affect   Ca2+   influx.   Alternatively,   CaV1.3   and   Shank3  may   recruit   two   different   CaMKII  

holoenzymes   to   the   LTCC   nanodomain   to   facilitate   a   trans-­holoenzyme  

autophosphorylation  that  appears  to  be  required  for  shuttling  Ca2+/CaM  to  the  nucleus  to  

stimulate  CREB  phosphorylation  (Cohen  et  al.,  2018;;  Ma  et  al.,  2014).  Both  hypotheses  

predict  that  loss  of  any  one  of  these  three  proteins  or  disruption  of  any  one  of  their  mutual  

interactions  would  interfere  with  this  form  of  E-­T  coupling.    

  

Although   mutual   interactions   of   CaMKII,   Shank3   and   CaV1.3   LTCCs   are   required   to  

initiate   this   form   of   E-­T   coupling,   the   precise   role   of   these   interactions   remains  

unresolved.  Knockdown  of  CaMKII  or  Shank3  expression  has  at  most  a  rather  modest  

effect  on  depolarization-­induced  global  Ca2+  signals  under  our  conditions  (Wang  et  al.,  

2017b)   (Figure  #).  However,   it   remains  possible   that  CaMKII  and/or  Shank3  modulate  

Ca2+  concentrations  within  the  LTCC  nanodomain.  CaMKII  can  potentiate  net  Ca2+  influx  

via   CaV1.3   LTCCs   by   decreasing   Ca2+-­dependent   inactivation   in   heterologous   cells  

(Jenkins  et  al.,  2010);;  critically,  this  modulation  requires  co-­expression  of  densin,  another  

synaptic  CaMKAP  containing  a  PDZ  domain  that  binds  to  the  CaV1.3  CTD.  Like  Shank3,  

densin  has  no  direct  effect  on  the  biophysical  properties  of  LTCCs  (Jenkins  et  al.,  2010;;  

Zhang  et  al.,  2005),  but  Shank3  presumably  competes  with  densin  for  binding  to  the  CTD  

of  CaV1.3,  perhaps  disrupting  CaMKII-­  and  densin-­dependent  facilitation  of  Ca2+  influx  via  

CaV1.3.  However,  since  this  would  reduce  overall  Ca2+  influx,  it  seems  unlikely  that  such  

a  competition  plays  a  role  in  initiating  E-­T  coupling,  although  it  is  possible  that  Shank3  

can  support  CaMKII  modulation  of  CaV1.3  inactivation  in  a  similar  (or  perhaps  distinct)  
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manner.  CaMKII  also  was   reported   to  mediate   the  effects  of   IGF1   to   facilitate  CaV1.3  

currents  at  weaker  depolarizing  membrane  potentials,  as  well  as  CREB  phosphorylation  

(Gao  et  al.,  2006).  Specific  mechanisms  underlying  both  of  these  effects  of  CaMKII  on  

CaV1.3  remain  poorly  understood,  but  it  is  possible  that  CaMKII  phosphorylation  of  CaV1.3  

a1   or   b   subunits   or   Shank3   is   involved.   A   significant   challenge   in   elucidating   these  

mechanisms   will   be   to   assess   their   impact   within   the   context   of   the   LTCC/Ca2+  

nanodomain  that   initiates  E-­T  coupling.  Clearly,   further  studies  will  be  needed  to  more  

precisely  define  these  biochemical  mechanisms  within  the  LTCC  nanodomain.  

  

Shank3   is   a   commonly   mutated   gene   in   individuals   diagnosed   with   ASD   or   other  

neuropsychiatric  disorders  (Gauthier  et  al.,  2010;;  Herbert,  2011),  and  c-­Fos  expression  

is  dysregulated  in  rodent  models  of  autism  (Dubiel  and  Kulesza,  2015;;  Orlandini  et  al.,  

1996;;  Williams   and  Umemori,   2014).   Interestingly,   increases   or   decreases   in   Shank3  

expression  appear  to  be  associated  with  distinct  neuropsychiatric  phenotypes  (Bozdagi  

et  al.,  2010;;  Han  et  al.,  2013;;  Uchino  and  Waga,  2013).  Moreover,   three  unique  point  

mutations  in  CaV1.3  identified  in  patients  with  ASD  result  in  gain-­of-­function  phenotypes  

(Pinggera  et  al.,  2015;;  Pinggera  et  al.,  2017)  and  a  point  mutant   in  CaV1.2  associated  

with  Timothy  Syndrome  increases  CREB  phosphorylation  (Li  et  al.,  2016),  indicating  that  

CREB   may   be   hyper-­phosphorylated   in   some   neuropsychiatric   disorders.   Diverse  

changes   in  E-­T   coupling  may   result   from   disruption   of   the   LTCC  nanodomain   due   to  

altered   interactions  between  ASD-­linked  postsynaptic  proteins   (Bourgeron,  2009).  Our  

recent   work   showed   that   an   ASD-­linked   de   novo   CaMKIIa-­E183V   mutation   disrupts  

interactions  with  Shank3  and  several  other  CaMKAPs  (Stephenson  et  al.,  2017),  including  
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the   CaV1.3-­NTD   (Perfitt,   Stephenson,   and   Colbran,   unpublished   observations).   Thus,  

even  though  initial  studies  failed  to  detect  gross  changes  in  CaMKII  expression  following  

genetic  disruptions  of  Shank3  (e.g.,  (Peca  et  al.,  2011)),  the  present  findings  suggest  that  

more  detailed  investigations  of  the  role  of  CaMKII  in  animal  models  of  neuropsychiatric  

disorders  are  warranted.  
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CHAPTER  VIII  

  

DISCUSSION  AND  FUTURE  DIRECTIONS  

  

8.1  Summary  of  Results  

The  work  presented  in  this  dissertation  provides  novel  insights  into  the  complex  roles  of  

CaMKII  and  interacting  proteins,  such  as  Shank3  and  LTCC  CaV1.3,  in  initiation  of  E-­T  

coupling   to   the   nucleus.  We  have   biochemically   characterized   a   novel   protein-­protein  

interaction  between  CaMKII  and  Shank3.  The  CaMKII-­binding  domain  of  Shank3  has  no  

previously  known  function,  but  has  similarities  to  the  CaMKII-­binding  domains  of  CaV1.3  

and  mGlu5.  Together,   these  proteins  form  a  novel  subclass  of  CaMKAPs  containing  a  

tribasic  residue  motif  that  is  essential  for  CaMKII-­binding.  Shank3  is  also  phosphorylated  

by  CaMKII  at  multiple  sites,  well  separated  from  the  CaMKII-­binding  domain  in  the  primary  

amino  acid  sequence.  These  phosphorylation  sites  have  distinct  functional  roles,  such  as  

enhancing   the   ABI1-­Shank3   interaction   (Ser685)   and   disrupting   the   GKAP-­Shank3  

interaction   (Thr551).   On   a   cellular   level,   the   CaMKII-­Shank3   interaction   is   a   critical  

component  of  LTCC  signaling  from  the  synapse  to  the  nucleus  in  excitatory  hippocampal  

neurons.  Collectively,  these  findings  present  a  thorough  investigation  of  the  hypotheses  

presented  in  Chapter  I  and  throughout  the  dissertation.  

  

Future  research  into  the  biochemical  and  biophysical  properties  of  the  CaMKII-­CaV1.3-­

Shank3  complex  are  still  warranted,  along  with  further  identification  of  the  functional  role  

of  the  many  CaMKII  phosphorylation  sites  identified  in  our  mass  spectrometry  data.  Our  
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investigation  into  LTCC  signaling  was  conducted  in  cultured  hippocampal  neurons,  a  well-­

established  model  system.  Translation  of  our  findings  into  in  vivo  mouse  models  would  

allow   future   researchers   to   test   animal   behavior   and   electrophysiological   changes   to  

complement  and  extend  the  findings  presented  here.  Below  are  some  considerations  for  

such  future  experimental  studies.    

  

8.2  Molecular  Determinants  of  the  CaMKII-­CaV1.3-­Shank3  Complex  

The   work   presented   in   Chapter   III   demonstrates   that   CaMKII   directly   interacts   with  

Shank3   in   a   Thr286   autophosphorylation-­dependent   manner.   Previous   studies   had  

characterized  the  CaMKII-­CaV1.3  and  CaV1.3-­Shank3  interactions  (Wang  et  al.,  2017b;;  

Zhang   et   al.,   2005).   Of   note,   CaMKII   seems   to   bind   similarly   to   CaV1.3-­NTD   in   the  

presence  of  Ca2+/CaM  or  after  Thr286  phosphorylation,  while  my  studies  find  Ca2+/CaM  

only  partially  supports  the  Shank3-­CaMKII  interaction  (Figure  3.2C).  Our  hypothesis  for  

functional   studies   with   these   three   proteins   assumed   all   three   existed   in   a   complex  

simultaneously.   Indeed,  CaMKII  holoenzymes  normally  contain  12  subunits  which  can  

support  multiple  interactions  with  different  postsynaptic  proteins  (Robison  et  al.,  2005b).  

Heterologous  cell  experiments  in  this  dissertation  use  a  construct  that  only  expressed  the  

CTD  of  CaV1.3  and  not  the  full-­length  protein.  Co-­immunoprecipitation  studies  with  our  

various  WT  and  binding  mutant  proteins,  would  provide  a  simple  experiment   setup   to  

further  explore  the  exact  stoichiometry  of  proteins  in  these  complexes.  

  

Recent  studies  of  LTCCs  in  neurons  demonstrate  that  they  exist  in  clusters  on  the  plasma  

membrane  (Moreno  et  al.,  2016;;  Zhang  et  al.,  2016).  Preliminary  data  from  our  lab  has  
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tested  if  CaMKII  plays  a  role  in  this  clustering.  HEK293  cells,  co-­expressing  HA-­tagged  

CaV1.3,  FLAG-­tagged  CaV1.3,  and  CaMKIIa.  Immunoprecipitation  of  HA-­CaV1.3  using  a  

HA  antibody  weakly   co-­immunoprecipitated  CaMKII   under   basal   conditions.  However,  

when   cell   lysates  were   treated   to   activate  CaMKIIa,   HA-­CaV1.3   not   only   robustly   co-­

immunoprecipitated   CaMKIIa,   but   FLAG-­CaV1.3   as   well,   presumably   through   protein-­

protein  interactions  (X.  Wang,  unpublished  observations).  The  co-­immunoprecipitation  of    

FLAG-­CaV1.3  is  reduced  by  deletion  of  the  CaMKII  association  domain,  suggesting  that  

holoenzyme  formation  is  one  mechanism  for  channel  clustering.  Similarly,  Shank3  can  

oligomerize  with   itself   through   its  C-­terminal  SAM  domain   (Naisbitt  et  al.,  1999).  As  a  

scaffolding   protein,   Shank3  may   be   regulating   CaV1.3   channel   clustering   specifically,  

since  it  does  not  bind  to  CaV1.2  (Figure  9.4)  (Zhang  et  al.,  2005).  Initial  experiments  would  

parallel   the  HEK293   co-­immunoprecipitation   experiment   described   above,   substituting  

CaMKII   for  Shank3.   If  Shank3   is  able   to  co-­immunoprecipitate  HA-­CaV1.3  and  FLAG-­

CaV1.3,  then  deletion  of  the  Shank3  binding  domain  required  for  oligomerization  (Shank3-­

∆SAM)  could  be  tested.  Further  experiments  could  include  co-­expression  of  CaMKII  as  

well  as  the  CaMKII-­binding  mutant  Shank3-­AAA.  Future  studies  to  directly  test  for  channel  

clustering  could  compare  CaV1.3  clusters  using  super-­resolution  microscopy  or  STORM  

in  the  absence  or  presence  of  Shank3  in  intact  neurons.    

  

The   Ca2+   nanodomain   model   presented   in   Section   1.6.1   suggests   that   a   CaMKIIg  

holoenzyme   is   trans-­phosphorylated   by   a   CaMKII   subunit   located   within   a   different  

holoenzyme  (Ma  et  al.,  2014).  This  phosphorylation  traps  Ca2+/CaM  with  CaMKIIg  as  it  

shuttles  to  the  nucleus.  This  phosphorylation  does  not  require  autophosphorylation  within  
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the  same  holoenzyme,  as  kinase-­dead  CaMKIIg-­K43R  was  shown  to  be  phosphorylated  

by   CaMKIIb.   However,   trans-­phosphorylation   between   holoenzymes   is   inefficient   or  

requires  high  concentrations  of  CaMKII  (Hanson  et  al.,  1994).  One  explanation  for  trans-­

phosphorylation   to   occur   in   vivo   is   that   the  CaMKII   binding   sites   on  both  CaV1.3   and  

Shank3   position   two   separate   CaMKII   holoenzymes   in   a   way   that   favors   trans-­

phosphorylation.  Combination  of  HEK293  cell  lysates  separately  transfected  to  express  

kinase-­dead  CaMKIIg-­K43R  or  WT  CaMKIIa/b  alone  would  unlikely  result  in  substantial  

phosphorylation   of   Thr287   on   CaMKIIg   as   the   catalytically-­active   CaMKII   would   be  

located  a  separate  holoenzyme.  Preliminary  data   from  our   lab  shows  that  when  these  

separate  holoenzymes  are  tethered  in  close  proximity,  using  the  FKBP-­rapamycin-­FRB  

system   in   vitro,   that   CaMKIIg-­K43R   can   be   phosphorylated   at   Thr287   (X.   Wang,  

unpublished   observations).   Co-­expression   of   CaMKII   with   CaV1.3   and   Shank3   may  

increase  phosphorylation  on  CaMKIIg,  while  co-­expression  of  CaV1.3  or  Shank3  binding  

mutants  would  reduce  phosphorylation.    

  

Recent  studies  in  multiple  brain  regions  and  cell  types  point  to  CaMKIIg  as  the  specific  

CaMKII  isoform  that  localizes  to  the  nucleus  for  E-­T  coupling  (Cohen  et  al.,  2018;;  Ma  et  

al.,  2014).  Our  biochemical  studies  primarily  used  CaMKIIa,  as   it   is   the  major   isoform  

found   in   the   mammalian   forebrain   (Bennett   et   al.,   1983).   Our   current   data   suggests  

Shank3   binds   CaMKII   in   the   catalytic   domain,   which   is   highly   conserved   between  

isoforms  (Zalcman  et  al.,  2018).  However,  CaMKII  isoforms  could  display  different  binding  

affinities  to  Shank3  or  CaV1.3.  If  a  difference  was  discovered,  it  may  point  to  Shank3  or  
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CaV1.3   as   the   preferred   binding   site   for   CaMKIIg   holoenzymes   during   CaMKII   trans-­

phosphorylation  described  above.  

  

8.3  Functional  Roles  of  CaMKII  Phosphorylation  Sites  on  Shank3  

Our  in  vitro  phospho-­proteomics  data  identified  22  putative  CaMKII  phosphorylation  sites  

on  Shank3  over   the   full   length  of   the  protein.  Two  of   these  sites,  Ser685  and  Thr551,  

have   functional   relevance   for   modulating   Shank3   binding   to   ABI1   and   GKAP,  

respectively.   However,   the   potential   function   for   the   other   phosphorylation   sites   is  

unknown.      

  

One   potential   function   for   CaMKII   phosphorylation   may   be   the   regulation   of   Shank  

oligomerization.  Shank  proteins  homo-­  and  hetero-­oligomerize  via   the  C-­terminal  SAM  

domain.  Shank  oligomerization  is  a  dynamic  process;;  for  example,  previous  studies  have  

shown  that  the  interaction  between  Shank  SAM  domains  can  be  regulated  based  on  Zn2+  

binding   (Arons   et   al.,   2016).   CaMKII   has   putative   phosphorylation   sites   at   Shank3  

Ser1593  and  Ser1623,  which  lie  approximately  40  residues  N-­terminal  of  the  SAM  domain  

and  Zn2+  binding  site.  We  have  shown  that  CaMKII  phosphorylation  can  affect  ABI1  and  

GKAP  binding  even  though  the  relevant  sites  lie  outside  their  canonical  binding  domains,  

so  phosphorylation  near  the  C-­terminal  SAM  domain  may  also  affect  how  Shank3  binds  

to   other   Shank  molecules.   Unlike   Shank1,   which   is   targeted   to   the   PSD   via   its   PDZ  

domain,  the  C-­terminal  region  of  Shank2  and  Shank3  targets  these  proteins  to  the  PSD  

(Boeckers  et  al.,  2005;;  Sala  et  al.,  2001).  Therefore,  phosphorylation  of  residues  within  
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the  minimum  targeting   region  of  Shank2  and  Shank3  may  also  affect   their  subcellular  

localization  in  neurons.      

  

Our   studies   of   CaMKII   phosphorylation   utilized   in   vitro   phosphorylation   of   purified  

proteins.  However,  an  in  vitro  phosphorylation  site  cannot  be  physiologically  relevant  if  it  

is  not  phosphorylated   in  vivo.  Multiple  mass  spectrometry  datasets  show   that  Shank3  

Ser685   is   phosphorylated   in   vivo   (Huttlin   et   al.,   2010;;  Wang  et   al.,   2019b).  However,  

Thr551  phosphorylation   in  vivo  has  not  been  detected.  This  could  be  due  to  the  single  

long   tryptic   peptide   fragment   containing   Thr551   being   poorly   detected   in   these  mass  

spectrometry  studies,  or  it  could  be  hard  to  identify  in  samples  containing  the  multitude  of  

proteins   in   the  PSD.  Therefore,  any  further   functional  studies   into   this  phosphorylation  

site  should  confirm  that  it  is  phosphorylated  in  brain  tissue.  Our  in  vitro  mass  spectrometry  

used  purified  CaMKII  and  GST-­Shank3   fusion  proteins;;  potential   in  vivo   studies  could  

immunoprecipitate  Shank3  from  mouse  forebrain,  excise  the  Shank3  band  after  running  

on  a  gel,  and  send  that  enriched  Shank3  sample  for  mass  spectrometry  analysis  using  

alternative  proteases  predicted  to  generate  smaller,  more  easily  detected  fragments  that  

can  clearly  distinguish  Thr551  and  Ser557  phosphorylation.  For  example,  Asp  N  digest  

would  generate  a  peptide  containing  Thr551,  N-­DRTKRLFRHYTVGSY-­C,  and  another  

containing  Ser557,  N-­DSLTSHS-­C.  Both  peptides  are  smaller  than  the  peptide  generated  

by   trypsin   in   the   present   studies,   N-­HYTVGSYDSLTSHSDYVIDD-­C.   These   smaller  

peptides  should  allow   for  better   resolution  and  quantification  of   these  phosphorylation  

sites  by  mass  spectrometry.   Ideally,   this  method  would   identify  Thr551  and  any  other  

phosphorylation  sites  that  have  not  yet  been  detected  in  vivo.  
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Shank3  isolation  and  analysis  by  mass  spectrometry  may  also  provide  functional  data  on  

protein  interactions.  For  instance,  GST-­fusion  proteins  containing  the  C-­terminal  regions  

of  GKAP  or  CaV1.3,  which  both  bind   to  Shank3  at   the  PDZ  domain,  could  be  used   to  

perform  pulldowns  from  brain  lysates.  Thr551-­phosphorylated  Shank3  would  not  bind  as  

strongly  to  GST-­GKAP  compared  to  GST-­CaV1.3.  Brain  lysate  from  CaMKIIa-­KO  mice,  

which  may  have  reduced  Thr551  phosphorylation,  could  also  be  tested.  Reduced  Thr551-­

phosphorylated  Shank3  would  result  in  a  more  similar  pulldown  of  Shank3  between  the  

two   GST-­fusion   proteins.   These   experiments   may   not   only   identify   phosphorylated  

Shank3  Thr551   in   vivo,   but   also   provide   evidence   for   its   functional   importance   in   the  

regulation  of  binding  interactions.  

  

An   alternative   approach   to   identify   Thr551   in   vivo   is   to   develop   a   phospho-­antibody  

against   this   site.  As   this   residue   and   the   12   amino   acids   flanking   it   are   conserved   in  

Shank1   (Thr635)   and   Shank2   (Thr229),   generation   of   a   Shank3-­specific   pThr551  

antibody   may   be   difficult.   However,   a   phospho-­antibody   could   be   used   to   detect  

phosphorylation   at   those   residues   following   specific   immunoprecipitation   of   all   three  

Shank  family  members.  Since  phosphorylation  of  Thr551  may  be  differentially  regulated  

amongst  the  three  Shank  family  members,  an  antibody  that  could  detect  phosphorylation  

of  the  3  proteins  would  be  a  useful  biochemical  tool  to  study  these  mechanisms.    
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The   Shank3   Thr551   phosphorylation   site,   which   disrupts   GKAP   binding,   may   have  

broader  physiological   functions   in   intact  neurons.  For   instance,  phosphorylation  at   this  

site  has  no  effect  on  CaV1.3-­CTD  binding  to  Shank3  (Figure  6.5).  Thr551  phosphorylation  

may  be  a  mechanism  to  uncouple  GKAP-­Shank3  and  allow  for  CaV1.3  to  bind  to  Shank3.  

Increased   CaV1.3-­Shank3   binding   may   enhance   excitation-­transcription   coupling   to  

increase  pCREB.  Therefore,  we  hypothesized   that  expression  of  GFP-­Shank3-­T551A,  

which   cannot   be   phosphorylated   by   CaMKII   to   disrupt   binding,   would   have   weaker  

pCREB  signal   compared   to  GFP-­Shank3-­WT.   In  a  preliminary   test   for   the   role  of   this  

phosphorylation   site   in   LTCC-­dependent   CREB   signaling,   we   overexpressed   GFP-­

Shank3-­WT   or   GFP-­Shank3-­T551A   in   primary   hippocampal   neurons.   Cultures   were  

stimulated  to  activate  LTCC-­dependent  signaling  to   the  nucleus,   fixed,  and  stained  for  

pCREB.  Our  preliminary  data  shows  that  GFP-­Shank3-­WT  overexpression  causes  the  

same   slight   increase   in   pCREB   relative   to   non-­transfected   neurons   that  we  observed  

previously  (Figure  7.1C).  However,  neurons  transfected  with  GFP-­Shank3-­T551A  show  

a  reduced  signal  compared  to  WT-­overexpressing  and  non-­transfected  neurons  (Figure  

8.1).  While  the  T551A  mutation  may  alter  binding  of  other  PDZ  binding  proteins  besides  

CaV1.3,  our  preliminary  evidence  suggests  that  LTCC  binding  and  therefore  signaling  to  

the  nucleus  may  be  modified  by  phosphorylation  at  Thr551.  Further  studies  are  needed  

to   expand   upon   this   preliminary   data,   including   testing   of   phospho-­mimetic   Shank3-­

T551D.    
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Figure  8.1:  Shank3  Thr551  mutation  may  affect  LTCC  signaling  to  the  nucleus.  
Overexpression  of  GFP-­Shank3-­WT  causes  a  slight   increase   in  pCREB  intensity   in  stimulated  

primary   hippocampal   neurons,   but   overexpression   of   GFP-­Shank3-­T551A   may   prevent   this  

increase,   and   even   reduce   pCREB   intensity   relative   to   non-­transfected   control   neurons   (5K  

versus  40K:  unpaired  Student’s  t-­test  with  equal  variance,  ****  p  <  0.0001;;  40K  stimulations:  1-­

way  ANOVA,  F(2,16)  =  1.596,  p  =  0.23.  Tukey’s  post-­hoc  test,  WT  vs  T551A,  p  =  0.21).  Preliminary  

data  from  one  biological  replicate.  

  

8.4  Relevance  of  the  Shank3-­CaMKII  Interaction  In  Vivo  

Our  studies  overexpressing  mAp-­Shank3  in  primary  hippocampal  cultures  reveal  that  WT  

Shank3   overexpression   results   in   increased   CREB   phosphorylation,   but   our   binding  

mutants  do  not  (Figure  7.1C).  My  initial  hypothesis  was  that  the  binding  mutants  Shank3-­

AAA  and  Shank3-­∆PDZ  would  result  in  a  significant  decrease  in  CREB  phosphorylation  

relative   to  non-­transfected  neurons  and  neurons   transfected  with  Shank3-­WT.     These  

data  would  suggest  that  our  binding  mutants  do  not  act  as  dominant  negatives,  as  pCREB  

intensity  is  similar  to  non-­transfected  cells.  However,  their  overexpression  in  neurons  may  

have   some   other   effect   on   synaptic   physiology   or   animal   behavior   that   cannot   be  

observed   in  primary  cultures.  Therefore,   future  directions   for   this  study  would  express  

mAp-­Shank3-­WT,  mAp-­Shank3-­AAA,  or  mAp-­Shank3-­∆PDZ  using  Herpes  Simplex  Virus  
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(HSV)  viral  vectors  to  be  injected  into  the  dorsal  hippocampus  of  Shank3B  KO  mice,  to  

complement  our  studies  performed  in  primary  hippocampal  neurons.  HSV  allows  for  the  

insertion  of  large  DNA  coding  sequences  and  stable  expression  of  the  protein  of  interest  

in  neurons  for  weeks  at  a  time  (Lachmann,  2004).  This  method  would  allow  for  testing  of  

many   hippocampal-­dependent   learning   tasks,   such   as  Morris  Water  Maze   and   novel  

object  recognition,  followed  by  brain  slice  physiology  to  test  for  basic  synaptic  properties.  

In  these  animals,  we  may  observe  more  drastic  dominant-­negative  effects  that  we  did  not  

observe   in   our   pCREB   and   c-­Fos   assays.   (Figure   7.3B).   In   addition   to   studying   the  

electrophysiological  and  behavioral  phenotypes  of  these  mice,  overexpression  of  these  

different  mutants  may  disrupt  normal  activity-­dependent  gene  transcription.  Expression  

of  c-­Fos  after  exploration  of  a  novel  area  or  object  may  be  reduced  in  mice  expressing  

mutant  Shank3.  These  studies  may  be  broadened  outside  the  hippocampus  to  test  the  

role  of  LTCC-­dependent  signaling  in  other  brain  regions.    

  

To   fully   address   the   physiological   function   of   the   AAA  mutation,   a   transgenic  mouse  

model  would  provide  more  flexibility.  CRISPR/cas9  could  be  used  to  generate  a  global  

knock-­in   of   the   AAA   mutation.   As   Shank3   mutation   may   cause   developmental  

abnormalities   between   genotypes,   an   inducible   model   of   the   AAA  mutation   could   be  

considered  another  approach.  The  sequence  encoding  949RRK951  lies  within  mouse  exon  

22,   and  mice   already   exist   with   this   exon   floxed   at   its   3’   end   (Wang   et   al.,   2016).   A  

Shank3-­∆PDZ   mouse   may   prove   more   difficult   to   generate,   as   floxing   the   exons  

containing  the  PDZ  domain  instead  results  in  reduced  expression  of  Shank3  (Monteiro  

and  Feng,  2017).  An  alternative  method  would  be  to  use  a  BAC  transgene  expressing  
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Shank3-­∆PDZ   in  Shank3   knockout  mice.  This   could   provide  a   start   for   generating   an  

inducible  mouse  model   to   test  both  normal   learning,   followed  by  expression  of  mutant  

Shank3  to  test  for  memory  recall.  Of  course,  any  experimental  manipulation  of  the  Shank3  

gene  should  be  coupled  with  an  analysis  of  Shank1  and  Shank2,  to  see  if  there  is  any  

upregulation   or   compensatory   mechanism   (Jin   et   al.,   2019).   This   will   be   especially  

important   for   any   studies   in   the   hippocampus,   where   Shank1   and   Shank2   are   also  

expressed.    

  

In   contrast   to   experiments   in   the  hippocampus,  Shank3   is   the  primary  Shank   isoform  

expressed   in   medium   spiny   neurons   in   the   striatum   (Peca   et   al.,   2011).   Unlike   the  

hippocampus,  the  striatum  received  both  glutamatergic  and  dopaminergic  inputs,  which  

may  affect  signaling.    While  the  striatum-­associated  restrictive  and  repetitive  behaviors  

are  heavily  studied  in  the  ASD  field,  the  striatum  is  also  important  for  normal  motor  activity  

and   habit   learning   (Lerner   and   Kreitzer,   2011).   Shank3B   KO   mice   injected   with   our  

Shank3  viral  vectors  listed  above,  this  time  in  the  dorsal  striatum.  It  will  be  interesting  to  

determine  whether  these  virally  infected  mice  display  any  autism-­associated  phenotypes,  

even   though   the  mutations  are  not   designed   to  mimic  a  human  ASD-­linked  mutation.  

However,   disruption   of   the   Shank3-­CaMKII   interaction   could   result   in   other   striatal  

phenotypes,  such  as  changes  in  locomotor  activity,  Evidence  suggests  Shank3  plays  a  

more   prominent   role   in   indirect   pathway/D2   dopamine   receptor-­expressing   striatal  

medium  spiny  neurons  (MSNs)  (Wang  et  al.,  2017a).  Indeed,  a  translational  profiling  of  

D1-­  and  D2-­expressing  MSNs  only  identified  Shank3  in  D2-­expressing  neurons  (Doyle  et  
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al.,  2008).  This  suggests  that  disruptions   in  Shank3  may  result   in  D2-­expressing  MSN  

hypoactivity  and  striatopallidal  dysfunction.    

  

8.5  Non-­Neuronal  Roles  of  CaMKII-­Shank3  Signaling  

Since  its  initial  characterization,  Shank3  has  been  detected  in  the  heart  (Lim  et  al.,  1999).  

However,  research  into  the  role  of  cardiac  Shank3  has  been  limited.  Shank3  protein  has  

been   reported   to  co-­immunoprecipitate  with  a  cardiac-­specific  Phospholipase  C   (PLC)  

isoform,   PLCb1b,   which   contains   an   alternatively-­spliced  C-­tail   that   interacts   with   the  

Shank3  SH3  domain  (Grubb  et  al.,  2011a;;  Grubb  et  al.,  2015).  In  this  role,  Shank3  targets  

PLCb1b  and  Shank3  knockdown  reduces  PLCb1b  activity  (Grubb  et  al.,  2011a).  Shank3  

may   be   scaffolding   PLCb1b   in   close   proximity   to   Homer/mGlu5   complexes   in  

cardiomyocytes,  as  mGlu5  is  a  Gq  coupled  GPCR  that  stimulates  PLC  activation  (Grubb  

et  al.,  2011b;;  Iglesias  et  al.,  2007;;  Neves  et  al.,  2002).  Shank3  may  therefore  be  acting  

as  a  scaffold  in  cardiomyocytes  to  bring  signaling  molecules  in  close  proximity  to  each  

other,  similar  to  its  function  in  the  PSD.  This  scaffolding  may  be  distinct  from  the  PSD,  

however,  due  to  different  signaling  molecules  expressed  in  cardiac  cells  versus  neurons.  

  

CaMKIId  is  the  major  CaMKII  isoform  expressed  in  cardiomyocytes,  where  it  plays  a  role  

in   adverse   cardiac   remodeling,   hypertrophy,   and   other   disease   states   (Grueter   et   al.,  

2007;;  Hoch  et  al.,  1999;;  Kreusser  and  Backs,  2014;;  Wu  and  Anderson,  2014).  Shank3  

scaffolding  could  play  a  role  in  this  response;;  neonatal  rat  myocytes  expressing  Shank3-­

AAA  or  a  mouse  model  of  the  Shank3-­AAA  mutant  discussed  in  Section  8.4  would  provide  

a   useful   system   to   study   the   importance   of   cardiac   Shank3   scaffolding   in   a  



   150  

pathophysiological   state.   Although  most   patients  with   Phelan-­McDermid  Syndrome   or  

other  Shank3  gene  mutations   do  not   have  major   heart  malfunction,  multiple   cases  of  

congenital  heart  disease  and  unusual  arterial  dilation  have  been  reported  in  PMS  patients  

(Deibert   et   al.,   2019).   Similarly,   cardiac   phenotypes   have   not   been   reported   in   the    

multitude  of  available  Shank3  mutant  mice,  but  the  cardiac  phenotype  may  be  relatively  

mild   with   little   impact   on   neurological   studies.   In-­depth   evaluation   of   cardiomyocyte  

function   in   Shank3   mouse   models   may   reveal   novel   phenotypes   that   may   help   to  

elucidate  the  role  of  Shank3  in  the  heart.  

    

There  is  some  evidence  that  Shank3  may  be  expressed  in  pancreatic  b  cells  (mentioned  

in   (Redecker  et  al.,   2007),  but  data  not   shown).  However,   there   is  more  evidence   for  

Shank2  protein  expression  in  the  pancreas,  which  contains  the  CaMKII  binding  motif  and  

PDZ  domain   (Redecker  et  al.,  2001).  Ca2+   influx   through  LTCCs  occurs  after  glucose  

stimulation  and  depolarization  in  pancreatic  b  cells  (Braun  et  al.,  2008)  and  CaMKII  can  

facilitate  LTCCs  in  b  cells  to  properly  secrete  insulin  (Dadi  et  al.,  2014).  If  Shank2/3  is  

scaffolding  CaMKII  and  CaV1.3  within  b  cells   (Sandoval  et  al.,  2017),   then   loss  of   this  

close  proximity  may  affect  insulin  secretion.  If  Shank2  is  the  primary  scaffold  in  pancreatic  

endocrine  cells,  then  human  patients  with  SHANK3  mutations  would  not  demonstrate  any  

pancreatic  abnormalities.  However,  there  are  Shank2  mutant  mouse  lines  that  have  been  

generated  and  could  be  used  to  study  pancreatic  Shank2  function   in  vivo.  LTCC  Ca2+  

influx   may   also   trigger   E-­T   coupling   to   CREB.   CREB   has   been   shown   to   promote  

expression   of  b   cell-­specific   genes   after   application   of  PKA  agonist   forskolin   (Van   de  

Velde  et  al.,  2019).  However,  it  is  unknown  if  depolarization  or  glucose-­stimulated  LTCC  
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activation   stimulates   CREB   through   CaMKII-­dependent   mechanisms.   Further   studies  

would  need  to  test  for  expression  of  CaMKIIg  with  the  NLS  in  pancreatic  b  cells,  but  if  so,  

LTCC-­dependent   E-­T   coupling  may   offer   another   pathway   to   stimulate  b   cell-­specific  

gene  expression.  

  

8.6  Final  Summary  Statement  

In   conclusion,   this   dissertation   demonstrates   the   importance   of   protein-­protein  

interactions  for  efficient  and  specific  signaling  in  excitatory  neurons.  Disruptions  of  these  

protein  interactions  through  our  experimental  manipulations  significantly  affects  signaling  

from   the   synapse   to   the   nucleus   and   activity-­dependent   gene   expression.   The  

biochemical  tools  generated  from  this  project  will  provide  the  foundation  for  further  studies  

of  Shank3  binding  and  Shank3  phosphorylation  in  activity-­dependent  regulation  of  gene  

transcription,  synaptic  plasticity,  learning,  and  memory.  
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APPENDIX  

  

A.  DEVELOPMENT  AND  VALIDATION  OF  A  NOVEL  PLATE-­BINDING  ASSAY  

  

Ca2+/calmodulin-­dependent  protein  kinase  II  (CaMKII)  is  a  multifunctional  Ser/Thr  kinase  

with  a  large  interactome.  Improved  mechanistic  understanding  of  how  various  CaMKII-­

associated  proteins  (CaMKAPs)  interact  with  CaMKII  can  provide  invaluable  insight  into  

their  biological  roles.  Previous  work  by  our  lab  and  others  has  examined  the  functional  

relevance   of   single   protein-­protein   interactions   with   CaMKII,   but   the   large   CaMKII  

interactome  has  made  the  physiological  consequences  of  specific  interactions  difficult  to  

study.  To  address  this  problem,  we  aim  to  identify  point  mutations  in  CaMKII  that  disrupt  

binding  interactions  with  specific  CaMKAPs  while  retaining  essentially  normal  binding  to  

others.   In   order   to   identify   CaMKII   mutants   with   specific   binding   deficits,   we   have  

designed  a  medium-­throughput  screen  to  selectively  disrupt  specific  interactions.  Positive  

hits   from   this   screen   will   be   further   characterized   in   biochemical,   functional,   and  

physiological  studies   (see  Figure  9.1   for   final  experimental  design).  This  appendix  will  

document  the  validation  process  of  this  plate-­binding  assay  as  well  as  provide  preliminary  

data  from  the  initial  screen  of  point  mutants.  

  

The  current  protocol,  as  published  (Stephenson  et  al.,  2017;;  Wang  et  al.,  2017b):  GST-­

fusion   protein   [GST,   GST-­GluN2B   (1260-­1309),   GST-­CaV1.3   (1-­126),   GST-­b2a   (full-­

length  protein),  GST-­Densin-­IN  (793-­824),  and  GST-­mGlu5  (827-­964)]  were  expressed  

in   Escherichia   coli   and   purified   essentially   as   described   previously   (Robison   et   al.,  
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2005a).  Wells  of  glutathione-­coated  96-­well  plates  (Thermo  Fisher  Scientific)  were  coated  

with  the  indicated  GST  protein  (200  pmol  in  100  µl  binding  buffer:  50  mM  Tris-­HCl,  pH  

7.5,  200  mM  NaCl,  0.1  mM  EDTA,  5  mM  2-­mercaptoethanol,  0.1%  v/v  Tween  20,  5  mg/ml  

BSA)  at  4°C  overnight  and  then  washed  to  remove  unbound  protein.  Soluble  fractions  of  

HEK293FT  cells  expressing  mApple,  mApple-­CaMKIIa-­WT,  or  mApple-­  CaMKIIa-­(point  

mutant)  prepared  in  cold  low  ionic  strength  lysis  buffer  were  adjusted  to  ~150  nM  mApple-­

CaMKIIa   subunit   concentration   (see   above).  Where   indicated,   soluble   fractions   were  

supplemented  with  2.5  mM  CaCl2,  1  µM  calmodulin,  10  mM  MgCl2,  and  400  µM  ADP  

(final  concentrations).  Our  previous  studies  have  shown  that  binding  of  Ca2+/calmodulin  

and  adenine  nucleotides   induces  conformational   changes   that   fully   support  binding   to  

many  CaMKAPs,  such  as  GluN2B  and  the  densin-­IN  domain  (Robison  et  al.,  2005b;;  Jiao  

et  al.,  2011),  without   the  need   for  Thr286  autophosphorylation.  Soluble   fractions  were  

then  added  to  the  pre-­coated  wells  of  glutathione-­coated  plate  at  4°C  for  2  h.  The  wells  

were  washed  in  wash  buffer  (50  mM  Tris-­HCl,  pH  7.5,  150  mM  NaCl,  0.5%  v/v  Triton  X-­

100,   and   2.5  mM  CaCl2)   2   times   and   bound  mApple-­CaMKIIa   was   detected   using   a  

fluorescent   plate   reader   at   592   nm.   Data   from   quadruplicate   wells   were   averaged   to  

provide   1   data   point.   Analyses   were   repeated   3   times   using   independently   prepared  

HEK293  cell-­soluble  fractions.  
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Figure  9.1:  Experimental  design  of  fluorescent  plate-­binding  assay.  
Diagram  of  plate-­binding  assay.  Briefly,  glutathione-­coated  96-­well  plates  are  incubated  with  GST  

fusion   proteins   containing   canonical   CaMKAP   sequences.   HEK293   cell   lysates   expressing  

mApple-­tagged  CaMKIIa  are  then  incubated  in  each  well  and  washed  to  remove  unbound  protein.  

Wells  are  then  excited  using  a  fluorescence  plate  reader  to  detect  bound  mApple  signal.  Emitted  

mApple  signal  is  then  used  as  a  proxy  for  CaMKII  binding.  

  

Initial  experiments  in  this  plate-­binding  assay  used  GFP-­tagged  CaMKIIa.  We  validated  

that   fluorescent   signal   from   GFP-­CaMKIIa   could   be   enhanced   by   the   addition   of  

Ca2+/CaM  and  ADP  in  cell   lysates  to  activate  the  kinase  and  promote  binding  to  GST-­

GluN2B  (Fig  9.2A).  In  addition,  no  fluorescence  is  detected  from  non-­transfected  or  GFP-­

expressing   cell   lysates,   and   no   fluorescence   is   detected   with   GST   negative   control  

(Figure   9.2B).   Fluorescence   could   be   disrupted   by   the   addition   of   a   CaMKII   inhibitor  

peptide,  CaMKIIN-­tide,  to  HEK  cell  lysates  (Figure  9.3C).  Further  studies  were  conducted  
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with   mApple-­tagged   CaMKIIa   to   reduce   background   fluorescence   at   wavelengths  

associated  with  GFP.    

  

A  library  of  point  mutations  in  the  CaMKII  catalytic  and  regulatory  domains  was  generated  

using  site-­directed  mutagenesis.  Point  mutations  were  selected  based  on  the  structure  of  

binding  sites  within  the  catalytic  domain,  in  an  effort  to  specifically  and  selectively  disrupt  

binding   interactions   between   CaMKII   and   CaMKAPs.   This   initial   screen   identified   a  

number  of  mutants  that  had  some  disruption  in  CaMKAP  binding  (Table  9.1).  From  these  

studies,   a  point  mutation  of  Val102   to  Glu   (CaMKIIa-­V102E)  was   found   to   selectively  

disrupt  binding  to  the  NTD  of  the  a1  subunit  of  CaV1.3  L-­type  Ca2+  channel.  After  ensuring  

proper   kinase   activity   and   expression,   this  mutant   was   used   for   functional   studies   in  

heterologous  cells  and  primary  neurons  (Wang  et  al.,  2017b).  This  exemplifies  the  future  

applications  of  point  mutants  identified  in  this  screening  process.      

  

Figure  9.2:  Validation  of  specific  CaMKII-­binding  in  assay.  
A.  CaMKII  binding  to  GluN2B  requires  calcium/calmodulin  (Ca2+/CaM)  and  adenosine  nucleotide  
binding.  Addition  of  each  component  individually  enhanced  fluorescence,  while  addition  of  both  
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substantially   increased   fluorescence.   B.   Non-­transfected   (NT)   or   GFP-­transfected   HEK293  
lysates  did  not  significantly  bind  to  GST-­GluN2B,  while  activated  GFP-­CaMKII  displayed  a  robust  

fluorescence.  No  fluorescence  was  observed  with  GST  negative  control.  C.  Incubation  of  GFP-­
CaMKII   lysates   in   the   absence   or   presence   of   inhibitor   peptide   CaMKIIN-­tide   (5   µM),   which  

substantially  blocked  fluorescence.  Panels  A.  and  C.  were  performed  by  Christian  Marks.  

  

  

Table  9.1:  Positive  hits  from  original  point  mutation  screen.  

Binding  interactions  are  denoted  by  black  (+);;  no  detected  binding  denoted  by  red  (-­).  
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GST - - - - - - - - - -
GluN2B + + - + - + - + + +
CaV1.3 + - - + - + - + - +
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Densin-CTD + + + + + + + + + +
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B.  CREB  SIGNALING  THROUGH  GROUP  I  mGlu  RECEPTORS  

The   transcription   factor  CREB  can  be  phosphorylated  as   a   result   of  multiple   different  

signaling   cascades.  Previous   studies  have   shown   that   a  30  min  DHPG  application   to  

cultured   neurons   can   increase  CREB   phosphorylation,   and   that   this   is   dependent   on  

Shank3  expression  (Verpelli  et  al.,  2011).  At  30  min,  Group  1  mGlu  receptors  would  have  

already  signaled  to  release  intracellular  Ca2+  stores  (Mao  and  Wang,  2003).  Ca2+  influx  

after   this   initial   peak   occurs   by   extracellular  Ca2+   influx   through  NMDA   receptors   and  

LTCCs.  Therefore,  we  sought  to  confirm  that  DHPG-­dependent  CREB  signaling  required  

LTCCs  using  a  modified  stimulation  protocol  utilized  in  Chapter  VII.    

  

We  utilized  DIV21  neurons  for  these  studies,  since  previous  reports  indicated  that  more  

neurons  were  responsive  to  DHPG  at  DIV21  compared  to  DIV13  (Mao  and  Wang,  2003).  

Similar   to   LTCC-­dependent   CREB   signaling,   cultures   were   incubated   in   5K   Tyrode’s  

solution  for  two  hours  along  with  inhibitors  to  NMDA  receptors,  AMPAR  receptors,  and  

voltage-­gated   sodium   channels   to   prevent   action   potential   firing   (Figure   9.3A).   Two  

minutes  before  stimulation,  some  cultures  were  incubated  with  10  µM  nimodipine  to  block  

LTCCs.  Cultures  were  stimulation  by  the  addition  of  100  µM  DHPG  in  5K  Tyrode’s,  100  

µM  DHPG  with  10  µM  nimodipine,  or  were  unstimulated  with  5K  Tyrode’s  solution  as  a  

negative   control.   As   this   signaling   occurs   beyond   the   initial  Ca2+   signal   generated   by  

DHPG,  we  tested  multiple  time  points,  up  to  30  min  (Figure  9.3B).  At  90  s,  the  time  point  

of  our  LTCC-­dependent  CREB  signaling  with  depolarization,  no  significant  pCREB  signal  

was  observed.  At  5  min,  a  slight  increase  in  pCREB  signal  in  DHPG-­stimulated  neurons  

was  observed.  However,  both  10  and  30  min  time  points  had  robust  pCREB  signal,  which  
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was  completely  blocked  by  nimodipine.  A   further  comparison  of   this  30  min   time  point  

shows  that  the  application  of  DHPG  results  in  a  robust  increase  in  pCREB  signal,  which  

is   lost   with   pre-­incubation   of   the   LTCC   blocker   nimodipine   (Two-­way   ANOVA,   n=3  

biological  replicates,  ****  p  <  0.0001)  (Figure  9.3C).  

  

These   results   provide   preliminary   data   that   Group   I   mGlu   receptor   activation,   in   the  

absence   of   NMDA   receptor,   AMPA   receptor,   and   sodium   channel   activity,   is   able   to  

increase  CREB  phosphorylation  in  the  nucleus  via  LTCC  Ca2+  influx.  As  mGlu  receptors  

couple   to  postsynaptic   complexes  via  Homer/Shank   interactions,  The  CaMKII-­CaV1.3-­

Shank3  multiprotein  complex  may  also  play  a  role  in  this  signaling  pathway.  Further  tests  

could   also   pharmacologically   determine   whether   mGlu1   or   mGlu5   are   the   primary  

receptor  activated  in  this  signaling  cascade.    

  

Figure  9.3:  DHPG-­CREB  signaling  is  dependent  on  LTCCs.  
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A.  Schematic  of  experimental  protocol.  DIV21  neurons  were  incubated  with  inhibitors  of  NMDA-­  
and  AMPA-­type  glutamate  receptors  and  voltage-­gated  sodium  channels  (APV,  CNQX,  and  TTX)  

in  5  mM  KCl  (5K)  Tyrode’s  solution  for  2  hours,  and  then  treated  with  5K  Tyrode’s  solution  (control)  

or  5K  +  100  µM  DHPG  (a  Group  I  mGlu  receptor  agonist)  for  30  minutes  before  fixation.  B.  Time-­
course  of  relative  pCREB  intensity  after  90  s,  5  m,  10  m,  or  30  m  stimulation  before  fixation.  DIV21  

neurons  were  stimulated  with  100  µM  DHPG  in  the  absence  or  presence  of  10  µM  nimodipine,  

and  LTCC  blocker.  Averages  of  16-­28  neurons  from  two  biological  replicates.  C.  DIV21  neurons  
were  stimulated  with  100  µM  DHPG  in  the  absence  or  presence  of  10  µM  nimodipine.  After  30  

minutes,  pCREB  signal  is  significantly  increased  in  DHPG-­treated  neurons,  which  is  disrupted  in  

the  presence  of  nimodipine  (Two-­way  ANOVA,  ****p<0.0001)  Scale  bar,  5  µm.       
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C.  CHARACTERIZATION  OF  THE  CAV1.3-­SHANK3  INTERACTION  

  

Initial   characterization   of   the   interaction   between   CaV1.3   and   Shank3   is   described   in  

Section  1.  These  observations  are  based  from  experiments  showing  that  deletion  of  the  

very  C-­terminal  amino  acids  from  CaV1.3  (including  the  –ITTL  PDZ-­binding  motif)  could  

still   bind   to   GST-­Shank3   construct   containing   the   SH3   and   PDZ   domains,   provided  

CaV1.3   still   contained   a   –PxxP–   binding  motif   (Zhang   et   al.,   2005).   However,   recent  

studies  solving  the  atomic  structure  of  the  Shank3  SH3  domain  have  questioned  whether  

this  domain  can  bind  typical  SH3  ligands  such  as  a  –PxxP–  motif  (Ishida  et  al.,  2018).  A  

similar  study  using  surface  plasmon  resonance  found  that  the  Shank3  SH3  domain  could  

interact  with  a  –PxxP–  motif  from  CaV1.3,  but  that  it  was  a  weak  interaction  (Ponna  et  al.,  

2017).   Moreover,   in   our   studies   using   mAp-­Shank3-­∆PDZ,   in   which   the   entire   PDZ  

domain  is  deleted,  we  observed  no  discernable  binding  of  mAp-­Shank3-­∆PDZ  and  HA-­

CaV1.3-­CTD  (Figure  7.1).  In  theory,  the  Shank3  SH3  domain  and  –PxxP–  motif   in  HA-­

CaV1.3-­CTD  should  have  some  detectable  interaction.  Therefore,  we  sought  to  rigorously  

test  the  molecular  determinants  of   the  CaV1.3-­Shank3  interaction  at  both  the  SH3  and  

PDZ  domains.  

  

We  expanded  our  studies  in  Figure  7.1  to  test  the  specificity  of  binding  between  Shank3  

and  the  two  neuronal  LTCC  a1  subunits,  CaV1.2  and  CaV1.3.  To  complement  our  HA-­

CaV1.3-­CTD  construct,  we  generated  a  N-­terminal  HA-­tagged  construct  encoding  the  C-­

terminal   domain   of   CaV1.2   (HA-­CaV1.2-­CTD).  We   expressed   these   two   proteins   with  

either   soluble   GFP   or   GFP-­Shank3   in   HEK293T   cells,   and   soluble   cell   lysates   were  
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immunoprecipitated   with   a   GFP   antibody   (Figure   9.4A).   HA-­CaV1.3-­CTD   co-­

immunoprecipitated  with  GFP-­Shank3,  but  not  HA-­CaV1.2-­CTD,  confirming  that  only  the  

PDZ  binding  motif  in  CaV1.3  interacts  with  Shank3  (Zhang  et  al.,  2005).  

  

We  then  tested  the  importance  of  the  –ITTL  PDZ-­binding  motif  found  at  the  C-­terminus  

of  CaV1.3.  We  generated  a  HA-­CaV1.3-­CTD  construct  with  a  deletion  of  the  –ITTL  motif  

(HA-­Ca1.3-­CTD  ∆ITTL).  We  expressed  this  construct  alone  or  with  mAp-­Shank3  (WT  and  

∆PDZ)  in  HEK293T  cells,  and  soluble  cell  lysates  were  immunoprecipitated  with  a  Shank3  

antibody   (Figure   9.4B).   We   detected   co-­immunoprecipitation   of   HA-­CaV1.3-­CTD   with  

mAp-­Shank3-­WT   but   not   mAp-­Shank3-­∆PDZ,   as   previous   described   (Figure   7.1A).  

However,   no   co-­immunoprecipitation   was   detected   with   HA-­CaV1.3-­CTD   ∆ITTL,  

suggesting  that  the  putative  Shank3  SH3/CaV1.3  –PxxP–  binding  interaction  is  not  able  

to  support  co-­immunoprecipitation  from  heterologous  cells.    

  

  

Figure   9.4:   Shank3-­CaV1.3   interaction   requires   the   Shank3   PDZ   domain   and   CaV1.3  

PDZ-­binding  motif.  
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A.  Soluble  fractions  of  HEK293T  cells  expressing  GFP  or  GFP-­Shank3  and  HA-­CaV1.2-­CTD  or  
HA-­CaV1.3-­CTD   were   immunoprecipitated   using   a   GFP   antibody.   Only   HA-­CaV1.3-­CTD   co-­

immunoprecipitated   with   GFP-­Shank3.  B.   Soluble   fraction   of   HEK293T   cells   expressing   HA-­
CaV1.3-­CTD  (WT  or  ∆ITTL)  and  mApple-­Shank3  (WT  or  ∆PDZ)  were  immunoprecipitated  using  

a  Shank3  antibody.  Co-­immunoprecipitation  was  only  consistently  detected  with  HA-­CaV1.3-­CTD  

and  mAp-­Shank3-­WT,  but  not  either  mutant.   Immunoblots  are   representative  of  3-­4  biological  

replicates.  

  

We  generated  a  library  of  GST-­Shank3  fusion  proteins  from  the  SH3  domain  to  the  ABI1  

binding  motif,  which  lies  C-­terminal  to  the  PDZ  domain  (Figure  9.5  A).  These  truncations  

also  included  a  deletion  of  the  region  N-­terminal  of  the  PDZ  domain;;  this  non-­canonical  

region  has  been  shown  to  be  important  for  GKAP  binding  to  the  PDZ  domain,  but  no  other  

binding  partners  tested  (Zeng  et  al.,  2016).  The  previous  study  reported  an  interaction  

between  CaV1.3  and  a  Shank3  fragment  containing  the  SH3  domain  and  this  N-­terminal  

region.  We  hypothesized  that  this  N-­terminal  region  was  the  potential  site  of  binding,  not  

the  SH3  domain.  

  

In  our  GST  pulldown  assay,  we   found   that  no  HA-­CaV1.3-­CTD  bound   to  GST-­Shank3  

proteins  containing  the  SH3  domain  or  the  SH3  +  N-­terminal  region,  a  direct  contradiction  

with   previous   findings   (Figure   9.5B).   Binding   was   observed   with   GST-­Shank3   fusion  

proteins  473-­664,  473-­664  ∆N-­term  (543-­564),  537-­663,  and  566-­671,  all  of  which  contain  

the  PDZ  domain.  Binding  was  not  consistently  detected  with  GST-­Shank3  572-­691,  even  

though  the  PDZ  domain  is  present;;  this  may  be  due  to  a  short  linker  of  13  amino  acids  

between   the  GST   tag   and   the  PDZ   domain   prevented   proper   binding.   Therefore,   our  

preliminary  data  indicate  that  any  weak  interaction  between  the  Shank3  SH3  domain  and  

a  –PxxP–  binding  motif  in  CaV1.3  may  not  be  physiologically  relevant.  
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Figure  9.5:  No  detection  of  binding  between  Shank3  SH3  domain  and  CaV1.3  CTD.  
A.  Schematic  of  GST-­Shank3  truncations  and  deletions  generated  for  this  experiment.  SH3,  aa  
473-­524;;  non-­canonical  N-­terminal  PDZ  extension  (N-­term),  aa  543-­564;;  PDZ,  aa  572-­663;;  ABI1  

binding   motif,   aa   677-­684.   B.   GST   pulldown   assay   of   HA-­CaV1.3-­CTD   with   indicated   GST-­
Shank3.  HA-­CaV1.3-­CTD  only  binds   to  GST-­fusion  proteins   that  contain   the  PDZ  domain  and  

part  of  the  N-­terminal  region.  Representative  of  three  biological  experiments.  
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